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Foreword

The origin of Hawking radiation and the perplexing problem of information loss in black holes has been at
the center of decades of discussions. Recently the subject has seen renewed interest as new ideas, approaches
and paradoxes have been suggested. Progress in our understanding of this mystery has far reaching conse-
quences on all aspects of theoretical physics, from cosmology to quantum gravity. These are what motivated
my decision to bring together the leading experts and the founding fathers of this field, for a week-long
working session of concentrated effort focused on stimulating progress in the topic. Everyone I contacted
enthusiastically agreed with this initiative. That is how the Hawking Radiation conference came about.

Due to Stephen Hawkings difficulty with travelling to the USA, we had to hold the conference in Europe
instead of in Chapel Hill, USA. I am especially indebted to Nordita, that together with KTH Royal Swedish
Institute and Stockholm University, graciously offered to co-host us and co-sponsor the conference with
UNC-Chapel Hill.

UNC-Chapel Hill leadership, from the Chancellors office, the Provosts office and the Deans office for
the College of Arts and Science, fully encouraged and supported this initiative from the beginning. Despite
the difficulties that prevented us from holding the conference in Chapel Hill, they decided to bring Chapel
Hill to the conference, wherever it was held. The Chancellor Carol Folt, Vice Chancellor for University
Development David Routh, Executive Vice Provost and Chief International Officer Ronald P. Strauss, the
Dean of the College of Arts and Science Kevin Guskiewicz, and a full team of support from UNC-Chapel
Hill, flew to Stockholm to help with all aspects of the organization, to extend Chapel Hills hospitality,
and, to welcome the conference participants, through a series of events that included a public lecture by S.
Hawking. I am very grateful to them for their support and commitment to the advancement of science. I
would like to thank the UNC Global director and her staff, and the UNC Department of Communications,
who offered continuous help both, during the organizing of the conference, and in the work needed afterwards
in compressing, archiving and posting the video recording.

I would like to thank the Rektor of KTH, Peter Gudmundson, and vice Rektor of Stockholm University,
Astrid Soderbergh Widding, for their warm welcome and hospitality. The conference was sponsored by
UNC-Chapel Hill, Nordita, DAMTP Cambridge University, and the Julian Schwinger Foundation.

I am grateful to Yen Chin Ong at Nordita and Malcolm J. Perry at DAMTP Cambridge University
from the organizing committee, the director of Nordita Katie Freese, and to Katrin Morck and Philip von
Segebaden at KTH, for their help with all aspects of the conference, and especially to my student, Dillon
Morse at UNC-Chapel Hill, for transcribing the video recording. I would also like to thank my two colleagues
at UNC, Jack Ng and Steve Christensen for offering their support, including help with editing the transcript.

The Hawking Radiation conference, which took place August 24-30 2015, was a special and historic event
that brought together founding fathers of modern physics. We are making the video recording of the whole
week of talks and discussions and the proceedings here, publicly available. We have here recorded the week
long talks and discussions in the hope of sharing the results, discussions, debates, enthusiasm, and ideas that
came up during the conference, with those interested in the field, especially the current and future young
researchers. We hope that reading this material will make every researcher feel they are participating in the
conference. The video recording of this proceeding can be accessed here:

https://www.youtube.com/playlist?list=PLJC1iUpAADPKTZuyk0lwWWQ9LRJpiRgUv

We have tried to stay as close as possible to the recorded words of each speaker. Due to technical
difficulties and financial limitations that allowed for only one camera recording, there may be a few minutes
or sentences missing here and there, for example if a participant did not use the microphones provided.
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https://www.youtube.com/playlist?list=PLJC1iUpAADPKTZuyk0lwWWQ9LRJpiRgUv


Any statements in this transcript are exclusively the property of the individual speaker.
If used elsewhere, they should be quoted accordingly and have the explicit permission of the
speaker.

You will notice that the voice of one special person, Jacob Bekenstein, the man who helped lay the
foundations of the field, a friend and a scientist I greatly admired, is missing. He passed away a few days
before the conference. I would like to dedicate this report to his memory.

Laura Mersini-Houghton
Department of Physics and Astronomy
UNC-Chapel Hill
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1 Opening Remarks

peter gudmundson: I’m extremely honored to welcome such distinguished scientists to KTH as well
as to Stockholm. We are all very proud to take part in this event. KTH is a university of
science and technology and, in technology or engineering we are the largest and oldest university
in Sweden. I myself studied engineering physics in the beginning then became a professor, and
finally ended up as president of KTH. So I have studied some physics but I don’t know very much
about black holes. What I know more about is black holes in economy. We don’t have so many
of those, we have, of course, some of them but that’s another story. We have, as a university, a
motto which we think is very nice: it’s called science and art. So we are both science and art,
mainly engineering art but also art in itself. I think this conference is for science but perhaps
also a bit of art. There are beautiful theories and beautiful equations in this area so I think it’s
a bit of art as well. With that, I will give the word to my colleague Astrid Söderbergh Widding
who is the vice-chancellor of Stockholm University.

astrid söderbergh widding: Thank you. Today it’s a great honor and a true pleasure for me as
vice-chancellor of Stockholm University, which is also co-hosting Nordita together with KTH,
to join with my colleague President Gudmundson in welcoming all of you and, in particular, of
course, Professor Stephen Hawking. We are extremely pleased and proud to co-host this con-
ference, and that so many distinguished scholars have come here to take part in this historical
Hawking radiation conference. Stockholm University has a strong research tradition in the Gen-
eral Theory of Relativity and black holes, and therefore it is also, scientifically, very exciting for
us to take part in this conference. We are extremely grateful to the University of North Car-
olina and it’s also a particular pleasure to welcome Chancellor Folt and also her team, of course,
Laura Mersini-Houghton for all efforts in arranging this together with Nordita and its director
Katie Freese. I am convinced that we are all looking forward to intense, exciting, and rewarding
scholarly exchanges during these days to come. Thank you.

carol folt: Thank you. I too extend my greetings. I have a number of colleagues with me from UNC
Chapel Hill and it’s such a privilege and honor to be here with you. I want to say how wonderful
and welcoming we’ve been treated, and to come in to this beautiful room, which was designed
perfectly to facilitate the amazing conversations that are going to take place in the coming week,
it’s such a fantastic tradition and is the perfect setting for your discussions.
UNC Chapel Hill, which is in North Carolina, is a comprehensive university that some of you
may have visited. It has 14 schools. It is not old by European standards, but it is the first
public university in America, graduating its first students in the 1700’s. Major research goes on
across the campus, and we are very proud of our long history of research in theoretical physics.
In particular, our department of Physics and Astronomy was the first faculty home of Professor
John Wheeler, who, of course, popularized the term black hole.
As a research scientist in the field of Biology, another exciting moment for me was the opportunity
to visit the Nobel museum yesterday. While I was reading some of the citations and quotes, I
was really taken by a Eugene O’Neill quote that said, “Happiness is for the timid, scientists are
not timid.” So this is a place not for the timid, where you have come to debate and think about
a forty-year-old puzzle, as Professor Hawking called it.
I want to say a special thanks to my colleague, Dr. Laura Mersini-Houghton, who is one of
the people who spent so much time organizing this special gathering. She told me that she was
having telephone conversations with many people about these great subjects of debate. And in a
world of e-communication and social media everybody just said: Why are we doing this online?
Let’s get together, face-to-face, and have a conversation. So I believe this is fantastic that you are
moving from Facebook to in-person, face-to-face conversations to move this discussion process
forward. We’re so pleased and honored to be here. Thank you.

katie freese: Hi, I’m Katie Freese, director of Nordita. Well welcome everybody, I wanted to say a
few words about Nordita. I came from Michigan to Stockholm because Nordita is one of the most
wonderful, prestigious international institutes for theoretical physics in the world. It was founded
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in 1957 in a rather interesting situation. CERN, the center for research nucleaire, Copenhagen
was competing for it. Well, they lost to Geneva so Niels Bohr decided to create an institute in
Copenhagen in 1957 and it was illustrious from the beginning. Very many famous people there,
many Nobel prize winners working there for a long long time. This is now a sixty year old place
which, in 2007, moved here to Stockholm hosted by the two universities and you’ve heard from
the leaders of these two universities. We have, just so you know, in-house four faculty members,
up to twenty Nordita fellows who all get jobs afterward as post-docs and then go on to faculty
positions elsewhere, so it’s a great place. We’re very happy to have everybody here for this
wonderful conference and very grateful to Laura for getting this going. So welcome and I’ll pass
it on to you.

laura mersini-houghton: You are all here! Thank you for coming! I am extremely pleased, hon-
ored, and humbled that we have all of you here, three Chancellors, from KTH, Stockholm Univer-
sity and UNC-Chapel Hill, and the Provost and the Dean of UNC-Chapel Hill. Some of you have
flown halfway across the world to be here today. Recently, especially because of the economic
crises that the world has been going through, support has been gradually shifting away from
science and the universities which are, first and foremost, temples of knowledge. So, the fact
that we have these Chancellors here to honor us and welcome us to this conference shows that
these universities really stress their goal and attention on the mission of remaining temples of
knowledge and discovery. So, we have to come up with the solution to the black hole problem
this week. Otherwise.., no pressure!

There is a story, maybe many of you have heard, about Faraday. The British Chancellor of The
Exchequer, equivalent to a Minister of Finance, visited the lab where Faraday was demonstrating
electricity. At the end he said: ‘this is all very impressive, and it sounds fascinating. Most of it
is above my head, but what is it good for?’ Faraday’s answer was: ‘well I don’t know Sir but I’m
sure you’ll tax it one day.’ So, that’s another aspect of knowledge, that although the discoveries
and breakthroughs are motivated by knowledge for the sake of knowledge, their implications
are not immediately obvious. But of course, this is the century of technology and science, thus
everything around us is based on these discoveries and developments.

I’d like to say a word about a friend and a colleague, Jacob Bekenstein. He was invited here
and he would have come. But he didn’t... because he died last week. It was sudden. It was a
heart attack. He wrote to me only a month ago. He was one of the founding father of black hole
thermodynamics, and it’s very sad for us that he’s not here.

We’ll start the conference now. Thank you for coming. Thank you.
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2.1 Backreaction and Conformal Symmetry
Gerard ’t Hooft
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Backreaction and Conformal Symmetry
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On the Renormalizability of Quantum Gravity

Gerard ’t Hooft
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Stockholm, Sweden

1 / 24



Intro

The electroweak theory (summary)

- The Fermi interaction (= the large distance limit)

- → Dirac monopoles are singular

- Auxiliary fields

- Divergences and counter terms

- Adding the kinetic terms

- The local symmetry algebra

- Result: A renormalizable theory

- → Magetic monopoles are now regular solitons
(in extended, grand unified theories)
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Gravity (summary)

- The Einstein Hilbert action (= the large distance limit)

- → Black holes are singular

- Auxiliary fields

- Divergences and counter terms

- Adding a kinetic term

- The local symmetry algebra

- Result: A renormalizable theory

- → Black holes are now regular solitons
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The electroweak theory (A non-historic derivation)

The fundamental Fermi interaction:

µ

i
µ

ie

e

LF = 1
2 g 2

F JµJµ ; Jµ = ψγµ
1
2 (1 + γ5)ψ .

Auxiliary field: Aµ:

L = −1
2 A2

µ + gFAµJµ . Solve: Aµ = gF Jµ → L = LF

Second auxilary field: φ:

q

V(q)

F

V (φ) = 1
2λφ(φ2 − F 2)2

1
2 A2

µ → 1
2 A2

µφ
2

Fermion mass terms: −λY ψ φψ
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Divergences and counter terms

The only dynamical fields are the ψ fields. Divergent diagrams:

A A q q q q

A

∼ k2 A2
µ ∼ k2 φ2 ∼ k φ2 Aµ

Therefore, extra terms are needed in L:

−1
4 FµνFµν − 1

2 (∂µφ)2 − Aµ φ∂µφ

or: −1
2 (Dµφ)2 , Dµ = ∂µ + gFAµ

All terms that can arise as divergences must be added to L.
The new terms all vanish as k → 0

One has to be aware of all possible local symmetries.
This leads to the Yang-Mills theory.
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Exactly the same program can be applied to

the gravitational force!

But it is not trivial. One has to choose the right auxiliary fields.
And the right algebra must still be guessed.

The following attempt appears to be successful.
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L = LEH + Lmatter + Lkin

LEH = 1
16πG

√−g (R − 2Λ)

Lmatter = LYM(A) + Lbos(A, φ, gµν) + Lferm(A, ψ, φ, gµν)

In the theory without Lkin , black holes are exceptional solutions,
unavoidable, but with a horizon and a singularity inside.

There is an information problem with the black hole microstates.
Something is not right.

Now, introduce auxiliary fields. Write:

gµν = ω2(~x , t) ĝµν . L = L(ω, ĝµν , Aµ, ψ, φ)

“Trivial” local symmetry:
ĝµν → Ω2(~x , t)ĝµν , ω → Ω−1ω , φ→ Ω−1φ , ψ → Ω−3/2ψ .

this is a local, conformal ivariance.
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The ω field defines sizes of things, and the duration of time.

ĝµν defines the light cones.

The field combinations ϕ/ω and ψ/ω3/2 play the roles of the usual
fields φ and ψ.

Sizes of atoms are always to be measured with respect to
ω−1(~x , t).

ω behaves as a renormalizable field, but now ĝµν does not yet have
a kinetic term:
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LEH =
√−ĝ

(
1

16πG (ω2 R̂ + 6ĝµν∂µω∂νω) − Λ
8πG ω

4
)

Lmatter = − 1
4 FµνFµν +

√−ĝ
(
−1

2 ĝµνDµφDνφ− 1
2 m2ω2φ2 − 1

12 R̂φ2 − λ
8φ

4
)

+ Lferm

This seems to be a perfectly renormalizable Lagrangian!

Except, there is no kinetic term for the field ĝµν . . .

(The Einstein-Hilbert term entirely morphed

into the kinetic terms for our new ω field)

Indeed, there are still divergences in the pure gravity diagrams, for
which no counter terms are to be found in the above Lagrangian:
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All these diagrams diverge quartically: ∼ k4 (δĝµν)n

Only one term exists that obeys local conformal invariance:
the Weyl term:

LW = 1
2κW

Cµναβ Cµναβ → − 1
4κW

(∂2ĝ transverse
µν )2

(contracted using ĝµν , while ω drops out)

According to the rule, which was perfectly valid for the SM, every
counter term that is needed in the Lagrangian, must also be put in
the “bare” Lagrangian. That certainly also holds for kinetic terms.
If we accept LW as a kinetic term for gravity, the theory becomes
renormalizable.

The κW expansion is the usual perturbation expansion

However,
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However,

this kinetic term is not of the usual form. It has (k)4 terms,
including terms of order (k0)4.

Consequence:

negative metric states

This we postpone for a moment
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This theory differs from the standard one if we use
ĝµν instead of gµν to define the renormalization counter terms,
particularly when ω → 0.

Standard theory would generate ∂ω/ω and (∂ω/ω)2 terms –
which would not be allowed here!

These must cancel out
(does not happen automatically: constraint on theory?)

This demand, plus the requirement that all conformal anomalies
must cancel out, makes our theory non-trivial. It is this extra
ingredient that we shall need to describe black holes.
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Black holes

A decaying black hole has an information problem: how do the
microstates reflect the in-going and out-going information?

How are the microstates related to the vacuum
fluctuations in locally flat space-time (Rindler space)?

How should we handle the horizon and the singularity ?

Does an observer falling in, experience a firewall ?

An observer falling in traverses the horizon when the
black hole still has its original mass M.
An outside observer sees the mass M shrink to 0 while

the ingoing observer is still lingering on the horizon.

Who is right?
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Black hole complementarity:

needs “modified theory” saying both are right and both wrong!

their metrics differ by a conformal factor: gµν → Ω2(~x , t) gµν

keeps the light cones in place, so that this does not interfere with
causality.

As before, write: gµν ≡ ω2(~x , t)ĝµν .

Both ω and ĝµν are dynamical fields; the transformation

ĝµν → Ω2(~x , t) ĝµν ; ω → Ω−1(~x , t)ω

is an exact local conformal symmetry. Why is this non-trivial ?

We have to use this transformation to transform the
Hartle-Hawking vacuum into a Boulware vacuum.

The vacuum experctation value of ω is different in
these two vacua.
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Local conformal symmetry: firewall?

vacuum with atom vacuum with
scaled atom

matter
(typically
Hawking
radiation)

Out going shells of matter typically cause θ jumps in the
(gradients of the) overall factors of the metric tensor.
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A black hole’s mass is not conformally invariant, or,
observers may be using different vacuum expectation values for the
ω field, because they define the vacuum state differently.

Black Hole Complementarity

The ĝµν metric is

ds2 = M2(t̃)
(
−dt2(1− 2

r ) + dr2

1−2/r + r 2(dθ2 + sin2 θdϕ2)
)

M2(t̃) is different for different observers: they use a different ĝµν .
They are allowed to, if they also use a different ω field.

t̃ may be taken to be the either advanced or retarded time.

For an outside observer, there is no horizon. Of course (s)he sees
no singularity. According to that observer, the black hole mass
shrank to zero.
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conformally symmetric black hole is a locally regular soliton:

b)a) horizon caustic

singularity

matter

imploding

si
ng
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ho
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common
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very
early
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late
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What conformal symmetry can do:

Important new feature:

the ω field can go to zero without producing physical singularities:

space

time

flat

flat

Schwarzschild Schwarzschild

matter  in

matt
er 

 ou
t

R =/ 0 R =/ 0
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This would turn the black hole into a regular soliton,

comparable to the magnetic monopole in gauge theories

with BEH mechanism ...

Note, that such a theory must imply baryon number non
conserving forces

they are already there in the Standard Model . . .
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Gravity now appears to be renormalizable

But that is not all . . . !

The local symmetry only works if the anomalies cancel out.
Here, all conformal anomalies must cancel out

All couplings must be scale-invariant: We must be at a fixed point
of the ren. group, or:

All β functions must be zero

There are as many β functions as there are physical constants. So:
we have as many equs. as there are “unknown” constants.

All constants, including all masses, cosmological constant, and
Weyl constant, must be computable.

The only unknown is the SM algebra.
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The negative metric

Weyl2 action, together with EH action, with κW ≈ M2/M2
Planck,

gives:

• 1/(k2 − iε) pole: 2 degrees of freedom, helicity ±2:
the spin 2 massless graviton;

• 1/(k2 + M2 − iε) pole: 5 d.o.f.: helicities ±2, ±1, and 0.

gravitello: a massive spin 2 particle, with negative metric:

1/k2 − 1/(k2 + M2) = 1/(k2 + λW k4)

How do we deal with a negative metric spin 2 particle?

Enstein’s equations: Gµν → Tµν(ω). (10− 4 = 6), therefore:

Tmatter
µν = Tµν(ω) + T gravitello

µν

6 = 1 + 5
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Connection to the asymptotic safety idea (Weinberg)

At the non-trivial fixed point, this theory is also controlled by
effective operators with dimension 4.
The Landau ghost in this theory is equivalent to our gravitello.
What we added is the possibility to do perturbation expansions.

But beware, we also have to go to the conformal fixed point!
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Conclusions

Gravity can be handled as a candidate – renormalizable theory.

Local conformal symmetry then appears to be an exact, but
spontaneously broken, symmetry.

Black holes are now ordinary solitons — without information
problems — just as magnetic monopoles.

Price: theory must be at its conformal fixed point: all β functions
vanish.

For that, the SM algebra must be modified, e.g. in a GUT.

The indefinite metric problem can be addressed, but
self-consistency still has to be investigated.

It is suspected that local conformal symmetry is essential also in

the resolution of this problem.
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∼ The End ∼
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Discussion

ford: Can you say a little bit about whether your idea on conformal symmetry will lead to a viable
classical limit. It is well known that if you add quadratic terms, R2 terms, in to the classical
Lagrangian you run in to problems with the stability of flat space and agreement with various
tests of general relativity. Can you comment on that?

’t hooft: Well I haven’t made those studies as extensively as I wanted to as I was involved with
another project as well. In principle of course the whole Lagrangian has a classical limit. The
anomalies have to cancel and in the classical limit they might not. That’s not not totally obvious.
In principle there is a conformally invariant theory and it means that scales of things are not
what you think they are and you always have to keep that in mind when you consider this theory.
My proposal is to put the negative metric gravitello field, which is the cause of the problems that
you mentioned because of the negative metric is unstable. But I put it to the other side of the
equation. I have the energy momentum tensor of matter, that generates a gravitational field
which you get by solving such-and-such differential equations and then that tells you that there
is a gravitational field. The 1/k4 propagator suggests that gravity will be screened at very small
distances, so much so that it never becomes too strong at the Planck scale and that would be its
internal reason for being renormalizable: that gravity would very inevitably shrink at very small
distances. That’s what this theory would suggest.

stelle: I’m going to disagree with you about spin 2 fields. You get rid of the apparent ghost for the ω
field simply because you have conformal symmetry, that actually removes it from the spectrum
so its apparent wrong sign is of no consequence. A spin 2 massive field, however, it’s really there
and you can’t gauge it away; so moving it to the right hand side is just shuffling the cards, you’re
not going to get rid of the problem.

’t hooft: This would have been my reaction too. So you’re quite right. Maybe there is a way out
along these lines, I haven’t figured out all the details. I sympathize very much with what you
say.

stelle: There are two things I could say about that. One is that the asymptotic safety idea is one
that has been pursued, in particular by Niedermaier who has written a living reviews long article
with Reuter. The idea there is to use the renormalizable R plus R2 plus Weyl squared theory
and the asymptotic freedom of the two quadratic curvature terms such that the negative metric
states are, in principle, present within the Hilbert space. The coupling to those states can go to
zero at large momentum so that you never wake them up basically. That’s essentially the idea.
The question in any asymptotic safety discussion is: does it really happen? There are violent
arguments back and forth about scheme dependence and so forth and for that you would need
another whole conference.

’t hooft: The only thing I can say to my defense, I understand what you say is that, in conformal
symmetry, familiar notions such as energy and time and distance all disappear so you have to
realize that a conformal transformation is quite a big departure from the situation where you
can have intuitive ideas about stability, about positivity and so on. All these go down the drain
quite a bit, so you have to think twice before you say this can’t be right. So I said okay, normally
speaking I would say exactly the things that you said, I agree with that, but this is not an
ordinary theory. This involves space and time itself, you have to gauge transform to get the right
coordinates and then you have to realize that the coordinates I use are not representing ordinary
distances and time scales correctly and mass and energy don’t mean anything. Now you have
to think again what do you really mean when you talk about stability of a solution. That then
becomes the nasty question and I don’t have a ready answer to it. I’ll only say maybe the answer
is more complicated than just a straight rejection as one would be inclined to do. Only a few
months ago I would have exactly the same answer, say no, this doesn’t make any sense because
of the wrong sign. But maybe the answer is not that simple.

stelle: I can add one other thing which is classical, and it may be a rather dangerous point of view, I
understand from Toby Wisman that the classic proof of stability of flat space in general relativity
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extended to general relativity plus a scalar field still works even if you flip the sign of the scalar
field so that you make it a ghost. The largely dispersive nature of gravity causes flat space
still to be stable within perturbation theory. If you consider non perturbative theory it’s a bad
solution. So it’s possible that the spin 2 modes here behave in the same way. Whether you want
to trust yourself to live in a theory that’s only perturbatively stable I think I leave to a philosophy
conference.

’t hooft: Anyway, I won’t be claiming that I have the correct theory of gravity before I have the
answer to such questions, and I can’t answer your question today. So that must be noted, there
is still a lot of work to be done and maybe this is a false alley like so many other alleys.

stelle: Also, about the conformal anomalies, if you really insist that all conformal anomalies cancel
then I don’t have any objection to your having only the Weyl squared term as the counterterm,
but you do have to take into account that gravity has its own conformal anomalies because of
the Gaus-Bonnet invariant. You have to make sure that that coefficient, as well as everything
else in the standard model, that all the other conformal anomalies cancel out. So that’s a rather
tight constraint.

’t hooft: Yes it is very tight, so probably the bottom line is that we have to find a better formalism
to build this in so that these things happen automatically and not by brute force. It’s going
to be a tremendous amount of work and you fail in the end because you forgot something. So
yes, but the thing I was very much intrigued about is that if I look at the standard model with
this ω field added and the other field added and then demand that it has to be on a fixed point
in this renormalization group, that’s a very interesting demand. It’s not totally silly and it’s
not hopeless, there may be a model to be found that happens to sit at that fixed point with
interesting values of these couplings, which are all calculable now by the demand that you have
to be at that fixed point. So that makes it, to my mind, an exciting possibility which it still
remains to be seen if it makes any sense or not.

parker: The particle, you could call it something like the gravitino, it has a mass term in it and
does it also interact with other forms of matter, you know where it has more degrees of freedom
because of the spins and I was wondering if it could affect the classical limit of gravitation?

’t hooft: I didn’t quite understand the question.
parker: You know, there is the paradox where if you have a massive graviton that you have this effect

on the Mercury orbit and the path of light because of the extra degrees of freedom.
’t hooft: I have a massive graviton, but I also have the original graviton. The massive graviton

has a mass which could be anywhere between a TeV and the Planck scale, it could be a wide
range of possibilities which does not affect the motion of planets or classical general relativistic
experiments, of course I would insist that general relativity as you know it today still makes
sense in the large scale domain of the universe. Only at very tiny scales something has to go,
and of course the black holes we are most worried about are the microscopic black holes. The
divergences that we are worried about are divergences at the Planck scale, so there you want to
cure the theory, but I don’t want to modify the theory at very large scales.

parker: I see. Thank you.
stelle: It generates Yukawa terms. It generates Yukawa terms so depending on the scale of the mass

you either worry about those or you don’t.
’t hooft: In my case the Yukawa terms will kill gravity at distances much shorter, it would make it

1/k4 instead of 1/k2. So that means that the gravitational force will dwindle beyond that scale
and it has been tested until a millimeter or so or a few microns. There this apparently doesn’t
happen, but who knows what happens beyond that.

stelle: I’ll talk about some of those things in my talk.
mottola: As I recall the conformal anomaly terms, the terms that contribute to the anomaly coeffi-

cients, tend to enter with the same sign for both the Weyl squared and the Euler, Gaus-Bonnet.
Even in super Yang-Mills, N = 4 I believe, there is a still a non zero anomaly. Do we know of
any theory which has an exactly zero conformal anomaly?
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’t hooft: I don’t know. I think that if there is such a theory it should be constructed by methods
totally different than what we’re used to now to build that. But, as you say, some anomalies
have very obnoxious constant signs. I thought there was something about the gravitino

stelle: Pure Weyl squared supergravity has vanishing conformal anomaly if it is coupled to a matter
sector with a dimension four gauge group. Funny constraint which doesn’t fit the standard model.

’t hooft: Thank you for that remark. There is a way to construct such theories but I personally think
that is not the theory we really want because it has too much symmetry. The super Yang-Mills,
supergravity theories, to my taste, have too much symmetry to be good candidates for the real
world. But maybe I’m wrong there and maybe one can turn those theories in to useful theories.

mottola: We’ll then have to work to break that symmetry spontaneously to reach our world.
’t hooft: To find how to make such a theory will be a big question, yes.
ford: I’d like to go back to the question of semi-classical phenomenology a little bit more. It’s well

known that in Einstein’s theory if we write down an equation for gravity waves in an expanding
universe that equation is not conformally invariant. In fact it looks, in the transverse trace-free
gauge, like a massless minimally coupled scalar field and that fact is used, for example, in trying
to predict the gravity wave modes we might expect to see in inflationary models. If gravity is
exactly conformally invariant, would you expect to see deviations on cosmological scales?

’t hooft: The words I’ve been using might have been a bit confusing because I’m not claiming a
big modification of physics at the scales we are familiar with. The ordinary Einstein gravity
should still hold exactly, I don’t want to touch that, and that includes many of the cosmological
conservations one has in cosmological models. That is still in the domain of physics where I
would not expect a major modification of gravity. But when you talk about scale in that case
you talk about, again, the relevant scales, the φ field divided by the field I called ω. Those ratios
are now the things that you normally call scales. I have no constraint on that. But I have the
constraint that, if you disentangle those fields, then if one of those fields goes to zero nothing
should happen. And that is a big deviation from what we normally think. But that always
means it’s information about the infinitely small distance limit of nature. So this dilaton field I
introduced, there is no 1/ω term means that if this ω field goes to zero nothing happens. What
it really means is that if you go to distance scales much shorter than the Planck scale you will
see nothing happening. And that is the piece of physics that we have very bad intuitions about,
we don’t understand it very well. So this is why your remark is somewhat unusual, but it should
not affect physics at very mundane scales. So you can continue doing cosmology the way you are
used to.

dowker: Is one of the ambitions for your candidate theory that you should be able to calculate the
low energy cosmological constant, the one that we actually measure and observe today, from it?

’t hooft: The cosmological constant, I’m not sure I understood your question correctly, but the
cosmological constant is one of those parameters which should be completely calculable. The
thing that I miss completely and I don’t understand is the hierarchy problem, what is it that
makes the cosmological constant as small as it is today? That question has not been answered
by my theory unfortunately, I wish it had but I have to confess that no, I do not have a good
answer as to why this number is so tremendously small. This is a big mystery today, but the
remarkable thing about the theory is: small or big or whatever, it’s calculable. It should be a
number you can work out with a fancy Mathematica program and you will find the first hundred
and twenty two decimal places to be zero. Why that is so, there should be an answer to that but
I don’t have it.

dowker: There is no indication about how that might emerge?
’t hooft: It’s calculable but we don’t understand why it is so small and that’s because there are too

many details of this theory which are totally mysterious.
dowker : One might say that one would expect it to be of order one.
’t hooft: Of course, as has been remarked by umpteen people, if you just plug in the numbers you

expect the cosmological constant to be equal to one. That’s completely wrong, for many reasons
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it can’t be right. So nature chose another way, I’m sure there will be people doing physics as
long as we don’t have the answer to the question why this is so. We want to have the answer to
that question.

fulling: I’m trying to understand the second half of the talk and so I have several related questions.
First, did I understand correctly that the split of the standard Einstein tensor into ω times ĝ,
is something that is somewhat arbitrary? So there is something like a gauge transformation in
a generalized sense and you said that observers outside the black hole should use a different one
than observers falling in. So the first question is, why is that so? Why shouldn’t any observer
be free to use any frame or any gauge?

’t hooft: The way anybody would set up a theory of gravitation and other forces is by defining a
field as compared to the value it has in the vacuum. So we say that the vacuum expectation
value of that field is one, then you do your perturbations. Unfortunately the different observers
around black holes disagree about the vacuum state. So then they disagree about the vacuum
state when one says ‘my ω field is a field, is 1 or 1/G, in vacuum and this is the field I’ll use.’
The other says ‘no I’m going to use a different ω field because I want my field to be exactly that
value but in my vacuum not in yours.’ So they disagree about which number to take and that
disagreement will linger on in the other disagreements that they have. One observer sees that if
you throw a pebble into a black hole it will shrink in size because the black hole slowly shrinks
in size as well. The other observer says ‘no, no. I go with the pebble, I don’t see it shrink at all.’
So they disagree about sizes. Because they do that they disagree about everything else as well.

fulling: So that’s what I’m trying to understand. I know what a Boulware vacuum is for a scalar
field or an electromagnetic field, when you say the Boulware vacuum are you talking about the
Boulware vacuum for the ω field? Or for every field?

’t hooft: For all the fields, as you know, all the particle species that you can make up in your
standard model will all be radiated away by the black hole. So they all contribute to whatever
vacuum you have, whether its the Hartle-Hawking vacuum or the Boulware vacuum. All these
particles contribute so you have to take them all together. Maybe I haven’t answered the question
sufficiently.

fulling: I’ve always thought that the big contribution that Bill Unruh made was to understand that
what is interesting about the Rindler quantization was not the Rindler vacuum, which would
be the Boulware vacuum in a black hole theory, but the Minkowski vacuum or Hartle-Hawing
vacuum looked at from a Rindler point of view. If you are in an accelerated state of motion you
perceive thermal radiation. But there is still a unified physical picture of what’s going on. The
two pictures are not really in contradiction. The physical state is either a Hartle-Hawking type
vacuum or an Unruh type vacuum depending on initial conditions. Why do we even need to talk
about Boulware vacuum?

’t hooft: The situation is simple and transparent as long as you don’t take the backreaction into
account. The fact is that all these Hawking particles actually do carry the gravitational field
whether you like it or not, because they’re particles they are the source of gravitational fields.
In the standard description of Rindler space and, of course, the black hole horizon you don’t
take that into account properly, you are very much tempted to leave it out. But leaving it
out is actually a big mistake. Primarily so because Hawking radiation has basically an infinite
spectrum. If you do it naively you just follow the rules and you forget about backreaction you
find that the Hawking spectrum, in fact the Boulware vacuum, cannot exist because it is an
infinite departure from the states of the Hilbert space because it diverges at the horizon. This
divergence means that Hawking particles would carry away an infinite amount of energy and
mass and then would generate an unlimited gravitational field. Something is completely wrong
if you do that, it’s obvious that you have to somehow handle the backreaction more carefully.
That’s why this meeting is very important. This is about the backreaction of Hawking particles.
We have to understand the backreaction. It’s there where you discover that particles carry an
enormous amount of gravity with them so that spacetime behind these particles looks totally
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different for that observer. But the ingoing observer doesn’t see those Hawking particles so they
disagree, they don’t disagree about the matter tensor so much at our side of the horizon but
they disagree what it is at the other side. If you go beyond that curtain of Hawking particles,
what is the matter tensor there? Now they both disagree because one says ‘no, you have to take
those particles in to account, they are the source of gravitational fields. The matter that will
obey Einstein’s equations will be different behind than it was before.’ But the other observer
says ‘no, no, Hawking particles are just mathematical artifacts of you sitting in the wrong frame.
I’m sitting in the right frame, I see no Hawking particles, so I also see no change in the metric
tensor.’ So now you see where the clash comes, the clash is not just general relativity and
coordinate transformations and as such the clash is in a more basic question, what does the
metric tensor mean? What does it stand for? And how come the different observers must see
a different number there? That’s not just a general coordinate transformation, it’s something
more, and that’s what I’m interested in.

fulling: But a covariantly renormalized stress tensor, the expectation value of the stress tensor in a
particular state, is absolutely defined. It doesn’t depend on what Fock space you are using. Now
I agree I do not know how to take account of backreaction in detail.

’t hooft: If you do that, people have tried to do that and usually find that energy momentum tensor,
the vacuum expectation value, is very small or zero for Hawking particles. But you also know
that can’t be right because Hawking particles can eventually carry away all the mass and energy
of the black hole.

fulling: It depends on where you’re looking.
’t hooft: They must carry lots of energy and momentum eventually. So that number cannot be as

small as some people claim it is. They claim it is small because there are these particles which
go in to the black hole which balance out in a sense so that it looks very small. But you also
know very far away from the black hole that the particles did come out, eventually carrying away
all the mass. So you can’t have it that cheaply. There is something that needs to be further
explained and worked out in a proper theory, how do we take into account this backreaction of
the matter?

rovelli: I have a very naive question, it’s probably related to what Stephen was saying just now,
I realize there is something I got confused about. At the very beginning you sort of build the
theory in two steps. First you just replace g with the two fields ω and ĝ, then you said that
ĝ knows about conformal structure, the light cone structure, which of course is obvious and ω
knows about the scale. I would say, at least at this stage, that ω does not know about the scale,
only the product ωĝ knows about the scale, because of the previous interpretation and because
what we do in GR is not to just define the scale but read out the scale from the behavior of
matter, how it couples to the gravitational field. I guess the question is, is what I said right or
not and does it change when you actually modify the theory by changing the Lagrangian? So are
you giving to ω a physical interpretation related to scale which only appears at the second point,
or are you making a hypothesis that ω knows about the scale just by itself and not together with
ĝ as I would suspect at the first step?

’t hooft: All this is very much a question of gauge fixing because now we have added a new local
gauge symmetry, called conformal symmetry, which has to be fixed somehow by choosing your
gauge. When I looked at this the first time I really thought about gauge fixing by just gauge
fixing ĝ. Say, for instance, the determinant of ĝ is one. That’s a nice way to fix the gauge. Once
you say that then all the rest is done by the ω field and then ω fixes the scale, so that remark
was a remnant of that insight. Now I no longer am so much interested in fixing the gauge by
saying the determinant of ĝ has to be one, the gauge fixing can be done at any later stage any
way you like, it doesn’t really matter much how you fix the gauge.

rovelli: Right, if you gauge fix ĝ, determinant of ĝ equal to one for instance, then of course the scale
is coded into ω. If you don’t it’s not, is that right?
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’t hooft: Right right. So basically you have a theory where the coordinates mean even less than
they did before. So the coordinates themselves are no longer insisting what the scales are. You
need these coordinates to renormalize the theory, you have to go to very small distances and
then make a subtraction. But if you make that subtraction, matter should be free of anomalies
so there should not be a β function associated with that because then you’re in trouble. This is
now the main ingredient of this theory.

whiting: You suggested during your talk that if you submitted a paper with this ω theory in it it
might well not get published. What do you think it would take to have something that was
physically calculable from the things you have described today so that we could say, well, this
doesn’t measure up or this does.

’t hooft: I think the second half of the talk contains the things where I deviate from standard
physics. One of the big deviations is what happens when this ω field which I introduced, when
it goes to zero. I claim nothing should happen because in the Higgs case also nothing happens
when the Higgs field goes to zero and thats a big deviation from standard physics. Now I’m
proposing something physically nontrivial. I think at least whether it’s right or it’s wrong at
least its something one can discuss. But I’m proposing a physical change, a change in our view
of what’s happening physically. What predictions it will eventually give, nobody knows. I made
one prediction which is that everything is calculable, next question is to calculate it and I’ve not
succeeded in doing that, that’s much more difficult.

whiting : Does that mean that there must be some other fundamental constants other than things
like the speed of light and the gravitational constant?

’t hooft: No, just algebra. I think the constants will come by postulating the algebra of the standard
model particles and gravity interacting with them and so on and so forth. All this is algebra. So
you give me the algebra and I’ll calculate everything else.

mottolla: As one more followup to these questions, your example of the electroweak theory was
very nice but we know the scale there was set by the Fermi constant and the scale at which new
physics comes in is therefore set by that. So I think this was asked already but I wasn’t clear
on the answer, are you suggesting this conformal symmetry, the new symmetry, will come in at
the Planck scale, as the Newtonian constant sets the scale just like the Fermi scale, or are you
suggesting a different scale?

’t hooft: No, well, you could ask a similar question for the electroweak theory, you could ask is the
electroweak theory locally gauge invariant at the Fermi scale or at what scales? Of course the
only correct answer is that it is locally gauge invariant on any scale. So conformal invariance
happens at all scales. The fact is, of course, that we don’t recognize it today in ordinary physics,
everything has definite size. That is because this field I called ω is a dominant and important
field, its value determines everything and so the sizes of atoms and sizes of people and sizes of
planets all compare to this ω field. If I vary the ω field people look smaller or larger but in
ordinary physics it’s irrelevant, you just say well this is just a dummy nonsensical field, I put it
equal to one and then everything is fine again and then you have a definite scale. But it becomes
particularly relevant at the Planck scale where you want microscopic black holes and also we
want to understand these divergences of gravity and you want to understand where the standard
model comes from. All these questions have not been answered today and so we are searching for
answers there and we all believe that the answers are somewhere near the Planck domain. How
near is again a question of discussion, some people think the Planck domain could be just across
the LHC, then that would be marvelous if true but I don’t believe it. Anyway, the question
becomes completely irrelevant at the Planck scale just like in the electroweak theory the question
of local symmetry became irrelevant at the Fermi scale.

mottolla: I agree but a question I guess that we’ll discuss much of the rest of the week is how
something at the Planck scale, new physics, could help us with large black holes?

’t hooft: I don’t believe it helps us much with large black holes. I think large black holes don’t need
quantum mechanics for their existence and understanding their physics. But for large black holes

41



in principle, you know large black holes emit Hawking particles but emission is so tremendously
weak that nobody can ever see it. It would be much much weaker than the cosmic background
radiation that they are submerged in anyway. So it would be completely manageable in all
reasonableness, so for that reason the black holes at the centers of galaxies or black holes which
arise from collapsing stars, for all those the Hawking radiation is highly irrelevant. It’s there in
a formal sense, mathematically it’s there, but it’s not important.

mottolla: So in that regime do you expect we can use semi-classical gravity?
’t hooft: Yes.
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2.2 Backreaction of Hawking Radiation and Singularities
Laura Mersini-Houghton
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A Bit of History 

•    Eddington and Chandrasekhar ’34: ‘Stellar Buffoonery’!  

 

•    Oppenheimer-Snyder ‘39: Wheeler Opposed!  

 

•    Wheeler Coins ‘Black holes’ ’67 

 

•    Bekenstein ‘72-’74: BH Entropy 

 

•    Hawking ‘74-’75: Hawking Radiation 

•    Parker ‘75, Davies, Christensen, Fulling, Unruh ’76:  

      Particle Creation by Changing Gravitational Field  

 

 

 

 



Problem 

PARADOXES 

• Information Loss 

 

• Complementarity 

 

• Firewalls 

  

This is Probably the Worst Problem in History of Science:   

  

 

Iconic Objects for GR and QFTH. Inconsistent with Both !!! 



Black Hole Diagram:  

First photon: 

Collapse starts 

Last photon: 

Collapse ends 

Hawking Radiation 

“Surface of Last Influence” 

Last photon escaping to infinity to join Hawking radiation is before horizon forms. 

LH = Ls (1 – 2M/R) 

LH=0   for   R=2M 



Particle Creation in Curved Space 

Hawking Radiation 
- Changing Gravitational Potential (aka Curved Spacetime) 

leads to Particle Creation: A result of energy conservation. 

Think of a quantum field coupled to the gravitational field. 

- Becomes Hawking Radiation when Applied to the 

Gravitational Field of Collapsing Star. Star Loses Mass as 

a result. 

- Initial Conditions on the field in the far past:  

1. Hartle Hawking  Thermal Bath of Radiation  

2. Unruh  Hawking Flux of Radiation  

 

 Similar to a Moving Mirror along Star’s Surface 



Star’s Interior 

-The metric in the interior of a spherically symmetric 

star, can be written in the general form 

 

ds2
in= −e2φdt2 + eλdr2 + R(r, t)2 dῼ 2  

 

where dῼ2
 = dθ2 + sin2θdφ2, and R(r, t) is area radius. 

- Metric approximately Schwarzschild metric in the exterior of the 

star (in fact it is Vaidya) 

ds2
extt = −(1 −2m/r) dt2     +

𝒅𝒓𝟐

𝟏−𝟐𝒎/𝒓
 + r2

  dῼ2 

 



Hartle-Hawking Vacuum: rH = 3 pH 

Interior as Closed FRW Universe 
Define: 

where 

Normalization of 4-velocity leads to: 

Then Interior Metric Becomes a Closed FRW Universe 



Steps: 

 
- Match exterior and interior metrics at Moving star’s surface, via 

 

  

 
- A Dust Perfect Fluid Star:  

- Hawking Radiation: Use H-H Initial Condition, ρrad =3prad  

 

- Use moving Star’s Surface to Estimate Hawking Radiation, (mirror). 

 

- Include Negative Energy Hawking Radiation into the Star’s Interior 
Einstein and Hydrodynamic Equations.  

 

- Solutions are: 

 

 

-  



Solutions for Star’s Interior Including Backreaction 

of Hawking Radiation: H-H Vacuum 

Solving for the Star’s Radius:   Recall 

There Always Exists a Bounce Solution of Nonzero Radius ! 

The Solutions is : 



Trapped Surfaces? 

• The Condition on Schwarzschild Surfaces  

 

 

• where :                               and                               

 

• From Einstein Equations we have: 

• Thus : 

 

• then :    

 

 

 



Discussion 

• Bounce Stage is Reached Before the Event Horizon and 
Singularity Form 

 

• There May Be a Temporary Trapped Surface Around the 
Bounce. This Depends on Details of Collapse. Area swept by 
photons:                                              .                 

 

                     

   Thus                   gives: 

 

 

• Idealized System of Dust Star and H-H Thermal Bath of 
Hawking Radiation. 

 

• Next Stage is Solve the Combined Einstein and Hydrodynamic 
Equations for the Hawking Flux in Unruh Initial Vacuum. 



Backreaction of Hawking Flux on Star’s Interior 
Unruh Vacuum: Outgoing Null Hawking Flux During Collapse. 

 

         Pair Creation 
t 

r 

Ingoing 

Flux Outgoing 

Flux 

Based on Pair Creation:  

Ingoing Negative Energy Flux: 

  

𝞽𝒂𝒃 = −𝒒𝑯 𝒌𝒂 𝒌𝒃,  
𝒌𝒂 = 𝒊𝒏𝒈𝒐𝒊𝒏𝒈 𝒏𝒖𝒍𝒍,

𝒒𝑯 =  𝑳/𝟒π 𝑹𝟐  
 

Star Dust:   𝑻𝒂𝒃 =  𝒏 𝟏 + 𝒆 𝒖𝒂𝒖 𝒃 

  
Solve Einstein, Baryon and Energy Conservation Equations = Hydrodynamic Equations     

 

𝛁𝑻𝒂𝒃
𝒕𝒐𝒕𝒂𝒍 =  𝟎,   𝛁 𝒏 𝒖 =  𝟎,  

𝑮𝒂𝒃 =  𝟖 𝜋 𝑻𝒂𝒃
 
𝒕𝒐𝒕𝒂𝒍  



The Set of Einstein and Energy Conservation Equations 



Useful Quantities: Boundary Conditions 



The Result is: The Collapsing Star Bounces Before Reaching Singularity 



Findings: 

• Backreaction of Hawking  
Flux Produced During Collapse,  
Reverses Collapse Before Horizon and 
 Singularity Form 

 
• Physical Reason: Violation of Energy 
 Condition of Singularity Theorem by  
Quantum Effects 

 
• There is no Information Loss  
Paradoxes Due to the Absence 
 of Horizon and Singularity. 

 
• Far away due to time dilation, the  
explosion (shock waves?) appears as if the 
 star fizzles away slowly.  

 
 
 



Discussion

davies: I’m sure its coming up again and again this week, but people talk about the information
paradox. Going back to [classical general relativity] there was never a paradox because there
was a singularity and information could disappear in to the singularity, there was no reason to
suppose that it would come out and so everything was consistent. Of course you could argue
that if you have a fully quantized theory that singularity would be replaced by something else,
it might be replaced by another spacetime region, an asymptotically flat spacetime region. The
problem about unitarity is it’s got to be unitary on the whole superspace or whatever you want
to call it, there is no reason it needs to be unitary in our cosmic patch. So I’ve never understood
why this is fundamentally a problem. I can see that that may be the wrong picture.

mersini-houghton: In that approach you have just offered one way of getting around the information
paradox.

davies: Right, you never used to worry about information because you defined it at the singularity.
Everyone knew it wasn’t really lost. Stephen wrote a paper in, what, 1978, and it seemed that
issue was un-contentious. I can understand that some people might want to replace the singularity
with some more complex thing.

mersini-houghton: For me the hard part is how can anyone take the existence of singularities se-
riously? We had this problem in cosmology, that the universe was supposed to start with a
singularity. That was a mathematical finding, nobody really thought that physically there was a
singularity there.

mersini-houghton: [Responding to a question about the horizon finder experiment] I haven’t paid
attention to the details. I heard about it this May actually, from Ferreira, but it’s called the
Horizon Finder. I should have looked it up in more detail, we can check it later.

bardeen: Its a microwave interferometer, long baseline interferometer, sub-millimeter experiment
which will resolve the black hole in the center of our galaxy. The hope is to be able to see the
shadow of an event horizon.

mersini-houghton: Do you know when it will be launched?
bardeen: It involves coordinating very short microwave radio telescope interferometry on long base-

lines between Hawaii, the South Pole, Chile, a couple of places in Europe I think, in California,
and so on. A lot of different baselines to be able to say something about the image of the black
hole in the center of our galaxy. When implemented it will have the resolution to resolve things
on the scale of the event horizon, in particular one can try to see if there is a shadow. Of course
it is complicated by the fact that you have accreting gas falling in the the black hole, swirling
around in an accretion disk perhaps, which is radiating. It involves some modeling, but for a
large range of models one should see some sort of shadow along lines of sight that would be
coming from the inside of the black hole.

davies: Laura, I would just like to make what I think will be a helpful comment about your presen-
tation which is that this discussion of temperature versus stress-energy-momentum tensor. Out
at infinity there is of course a very simple relationship between them, it’s a thermal flux and
we know what Tµν is for that. In the region of high spacetime curvature there is a complete
breakdown between the particle language and the Tµν language. For Einstein’s theory it’s only
Tµν that counts. Particles are defined globally on the whole manifold, Tµν is defined locally and
that is the quantity that is going to determine what happens to the collapsing star, which is what
I think you were saying. It’s worth emphasizing that. It’s only out at infinity that you get a
simple relationship between the two.

mersini-houghton: I completely agree! Also we need to emphasize that you can speak of temperature
after you have thermalized.

davies: That’s right.
mersini-houghton: Only then it makes sense to have this parameter to describe the spectrum.
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whiting: Laura, can you go back to your last transparency again, the one where you had your con-
clusions? Here it is saying that the collapse reverses before the horizon or the singularity forms,
and yet the diagram you have there shows both the singularity and an horizon. I would be much
more interested in knowing what comes out of your calculations in showing what’s not on the
right hand side of your diagram. You say that you can’t complete the evolution but you must
have up to a certain point.

mersini-houghton: It’s really very very close to this region here where the bounce occurs, but the
numerical program breaks down very close.

whiting: But you must at least have that sketched in curve.
mersini-houghton: Definitely you can see the turn around the bounce you can see that it bounces.

But what you can’t see is does it explode after that? Does it have shell crossing?
davies: So if I take a point, say where r = 2M , which is just where the turnaround is occurring, if I

take a null line in from there it hits the singularity. Now in your evolution, can you construct
that null line?

mersini-houghton: Yes, through the parameter θ, through θ the expansion parameter. We did check
that the singularity will never be there because θ never becomes zero. It never crosses zero.

davies: So that means something is already different in your calculation from what you show in that
diagram, up to the part that you can.

mersini-houghton: Yes, that was meant as a sketch to show the bounce of the star.
whiting: I understand, but I really want to know what you do see.
mersini-houghton: We check the expansion parameter and it never crosses zero so I know there will

never even be a trapped surface, not even a temporary trapped surface.
whiting: So if we take the the domain computed and look at the Penrose diagram for that.
mersini-houghton: I should have stopped this diagram, this hand drawn sketch really here.
whiting: But you do see the null curves that go from your last surface, you do see the null curves

that go right into r = 0?
mersini-houghton: Yes, that’s where the boundary conditions are, of course, we can follow the

evolution inside all the way to r = 0. Yes.
whiting: I’d like to see the Penrose diagram for that.
mersini-houghton: I wish someone would do it. I can’t do the numerics. I want to know does this

star explode or does it just hang around forever like that? In reality I really don’t know what
happens after the bounce. Look at how soon after the bounce has occurred the program breaks
down. We know for sure that the star bounces, it turns around, the collapse first slows down
and then it stops, but then Harold’s program breaks down. So, I really don’t know how the star
evolves after that.

bardeen: Laura, you say you look at the conservation laws, energy and momentum conservation, in
the interior of the star right? But I believe that there is a serious problem with global conservation
in that you have a sudden transition from outgoing positive energy just outside the star, a very
large energy flux to overcome the gravitational redshift, and then a very large negative energy flux
going inward. Well the energy flux is positive, it’s positive energy going out outside and negative
energy going in inside. Now that means that there is a very large discontinuity in the radial
stress at the surface of the star or wherever that transition occurs. That violates momentum
conservation violently. At the surface of the star the radial stress has to be continuous, you can’t
have a step function. That means then that since you have positive pressure outside, in the
outgoing positive energy, outgoing radiation, negative pressure inside, there’s a huge force acting
on the star inwards due to the imbalance. Which I don’t think you’ve taken into account.

mersini-houghton: Just so that I understand, you are talking about the fuzzy region outside, near
the surface of the star, where the pair creation is taking place. If we were to solve for energy
conservation there in this picture of a flux of positive energy particles going away from the star
and the ingoing flux of ‘negative energy‘ going in to the star.

bardeen: Yes, so energy conservation is okay, it’s momentum conservation that I believe is not okay.
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mersini-houghton: If we were to solve for stress energy conservation outside the star, which I haven’t,
since I’m only concerned about the interior dynamics of the star for. You think we have a problem?
For all practical purposes in this approach all I worried about is modeling radiation crossing the
surface of the star going in. Inside the star everything is conserved because I explicitly solved
for energy conservation. But outside, in this picture, where these particles, this flux, is produced
you are saying that if I were to solve in this fuzzy region where the pair creation is occurring then
I would find out that the radial component of the stress-energy tensor would not be conserved?

bardeen: You’ll find that your assumption about what you’re assuming about the energy-momentum
tensor going from the interior to the exterior.

mersini-houghton: No, the other way around. We assumed the ingoing flux crosses the surface from
the exterior towards the center of the star.

bardeen: Well, either way. It’s inconsistent with momentum conservation.
mersini-houghton: So the picture of pair creation, where a positive energy particle flies off to future

infinity and the ‘negative energy’ part loosely speaking, an ingoing negative energy flux crossing
the surface of the star, you’re saying that’s incorrect because it breaks the radial component?

bardeen: That’s inconsistent if you insist that it happens over an infinitesimal distance just outside
the star, and if you insist that the magnitude of the energy momentum flux be much much larger
than what I think any reasonable estimate would be which is of order M2

Planck/M
4 which is what

you’d expect for this sort of Hawking flux if it’s not produced right at the surface of the star.
What I’m saying, your assuming it’s produced just outside the surface of the star is inconsistent
with momentum conservation.

mersini-houghton: There are two things there: one is if I assume that this pair creation occurs very
close to the surface of the star, which I think is what you would argue in favor of, is that correct?
And the second question was how big is the magnitude of the luminosity at the surface. If I
understood this is what you are trying to ask me. . .

bardeen: So you are extrapolating back from future null infinity, the only way you can get a large
backreaction if you say that that energy flux is coming, you know positive energy going out,
is coming from very close to where r = 2M . Because of the gravitational redshift the energy
flux has to be huge and it can be much larger than, it can cancel, the very small M2

Planck/M
4 by

correcting it by an enormous redshift factor, going backwards in time it’s a blue shift factor. Now
the problem with that is that if you have then a sudden transition from positive energy density
outside the star and negative energy inside, for your model of the radiation that also implies a
positive radial pressure, radial stress, outside and a negative radial stress inside and there’s a
delta function in the gradient of the pressure which is not balanced by anything.

mersini-houghton: Okay I’ll break this in three bite sizes. Is this pair creation occurring very close
to the surface of the star? Not necessarily! We have had this discussion before, the region where
particle creation is occurring is that fuzzy region which can be anywhere outside the surface of
the star all the way up to 3M , which I think is what you believe is happening and what Don Page
believes. It’s a fuzzy region, it doesn’t make sense to talk of particles or where they’re created
as Paul mentioned, just of the stress-energy tensor.

bardeen: The magnitude of the negative energy flux into the star depends critically on how close.
mersini-houghton: That was your second question, what is the luminosity at the surface?
bardeen: At what radius do you assume, the assumption about the radius at which there’s a transition

from ingoing negative energy to positive outgoing energy. If that occurs at r = 3M or something
then there’s not a large redshift correction and the Hawking flux, which is very low, means that
the negative energy flux going inward is very small, order M2

Planck/M
4, but that has a negligible

affect on the dynamics of the star. The only way you get a significant affect on the dynamics
of the star is if you assume that transition occurs infinitesimally close to the surface of the star
when the surface of the star is infinitesimally close to r = 2M .

mersini-houghton: No, no, I understand the rest of how, what the implications would be, but the
three problems you are talking about is, you need the particle creation to be, which really you

62



should be speaking in terms of stress energy because only that makes sense, you need that flux
to be really close to the surface of the star. Your second claim is that you need the luminosity of
that radiation to be really large, like infinite, to obtain any significant effect, correct?

bardeen: You need a huge energy flux, negative energy flux which is very large compared to what
you would expect dimensionally for a quantum process.

mersini-houghton: [Pointing at the slide] So this is the boundary condition for the flux luminosity.
The redshift, F (s), is evaluated at the surface and U is the stellar material velocity evaluated at
the surface.

bardeen: I think what you basically assume is that the radiation is produced right at the surface of
the star, right?

mersini-houghton: No. LS is just the luminosity at the star’s surface which is just the one you’d
obtain, the redshifted version of what you would obtain for Hawking luminosity at infinity, the
one which gives the surface temperature. So that is an input. There is the consistency condition
that this surface luminosity is the one that would give you the correct expression for Hawking
luminosity at future infinity.

bardeen: The point, then, as the surface of the star approaches there is a very large redshift of
the radiation going outward, which means that, compared to the Hawking luminosity, you need
to have a luminosity just outside the surface of the star which is larger to compensate for the
redshift. Now when the surface of the star gets very very close to r = 2M , because the redshift
is infinite at r = 2M , you can have an arbitrarily large energy flux and pressure and energy
density just outside the surface of the star. But what I’m saying is that in order to get significant
backreaction on the star from the negative energy going in that has to be so large that you have
an unacceptable discontinuity in the radial stress because outgoing radiation streaming outward
with positive energy has a positive radial stress, equal to the energy density and the energy flux,
while the negative energy going inward has a negative radial stress and energy density. That
means then that there is a delta function gradient in the radial stress which implies a huge force
on something.

mersini-houghton: I understand the radial stress concern, but don’t you have the exact same prob-
lem in the traditional picture of vacuum pair creation outside the star? In this problem I’m not
concerned at all what is happening outside, assuming the typical picture to be correct. All I care
about is that there is this flux coming inside the star and we are only studying the interior of the
star. But don’t you have that exact same problem in the usual picture of Hawking radiation in
terms of pair creation?

bardeen: No. Because it’s not coming from the surface of the black hole. What I’m going to argue in
my talk is that it’s coming from r = 3M where the redshift is modest, it’s a factor of 2 or so, and
therefore the energy flux that you have when you make the transition from positive energy going
out to negative energy flux going in, for one thing its not concentrated over a small distance it’s
over a range of order M in radius and it’s also not very large.

mersini-houghton: These are different questions. The flux in my approach is not arbitrarily large
either, and it is not produced at the surface. The magnitude of the energy flux or the radial
pressure is one question, conserving it is a different question. So whether particle pair creation
happens at r = 2M or r = 3M or r = 5M doesn’t matter: if you have got a problem with the
conservation of pressure you have it at 2M , 3M , and so on.

bardeen: So energy conservation is one issue and that requires that the energy flux behave in a certain
way which takes into account the redshift. You also have to have momentum conservation.

mersini-houghton: Yes absolutely. As I said, we didn’t worry about the exterior of the star because
we took the standard picture, the pictorial way of it being vacuum pair creation.

bardeen: You have to be able to argue that nothing is going drastically wrong elsewhere when you’re
looking at just a certain part of a problem.

mersini-houghton: No no, I’m not saying it’s going right or wrong, I’m saying that we didn’t even
bother with the exterior because we have no reason to think the standard picture in the exterior
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is drastically wrong. We haven’t solved for the exterior. We just assumed the typical picture of
vacuum pair creation where you have one particle going in, the other flying away. I understand
what you are saying, in that picture you would have a radial pressure build up because you
wouldn’t satisfy the total stress energy conservation. In that case all you have outside is vacuum,
the only thing you have is radiation. That is the only thing you have to conserve. I haven’t
studied the exterior of the star, because I know that it has already been studied, why is that a
problem? So placing this radiation at radius 2M or radius 3M does not make a difference when
it comes to the conservation law. It makes a difference on the magnitude pf radial pressure, how
big it is or how little their difference is, but it does not change the violation of the conservation
law. It’s two separate questions.

bardeen: No, you can construct perfectly smooth solutions satisfying momentum conservation.
mersini-houghton: So the one that satisfies conservation: are you saying that the stres-energy tensor

of radiation should not have this form for the partner that goes inside the star?
bardeen: Well that’s another issue but I’m giving you that.
fulling: Could I try to clarify this a little bit. I think that the problem comes from, if you’ll go back

to your picture of the negative radiation coming from the surface of the star. You have a region,
if I understand correctly, you assume or you assert that pair creation occurs on a surface which
is the surface of the star.

mersini-houghton: No no, that was a confusion that we really fought hard for six months. I ab-
solutely do not assume that pair creation occurs on the surface. It’s vacuum pair creation. It
occurs outside on empty space.

fulling: If that is the case then there will be a large region, a four dimensional spacetime region in
which this pair creation is taking place. There will be positive flux going outward and negative
flux going inward in the same place, they aren’t separated into two sides.

mersini-houghton: Yes, that’s exactly the picture.
fulling: If you already accept that then a lot of the disagreement I think disappears. That isn’t what

some of us understood you were saying.
bardeen: The thing is, if that doesn’t occur right at the surface of the star. . .
fulling: It occurs just outside the horizon and all the way out.
bardeen: Then the negative energy coming in is not enough to have any real effect on the dynamics

of the star, that’s the issue. Either the pair creation is concentrated in a thin layer at the surface
of the star, so there is a huge gravitational redshift when the radiation propagates out, or it is
spread out and in that case there isn’t a huge gravitational redshift and in that case the negative
energy coming in is much less than she assumes and has no effect on the dynamics of the star.

mersini-houghton: So there are two issues here, stress-energy conservation and the magnitude. How
big it is. That is I think what Jim is asking.

fulling: Jim, isn’t the argument that goes back to Hawking in 1975 by energy conservation the total
energy flux over the horizon must balance what comes out and therefore the apparent horizon
must shrink?

bardeen: Because of the gravitational redshift the magnitude of that flux is very small, of order
M2

Planck/M
4, at some radius which is not close to r = 2M .

fulling: I think we’re arguing the same side of the question. I agree with you, that is the correct
picture. What I wanted to recall was that in the 70’s we had detailed calculations of the stress
tensor for the two dimensional model of the Schwarzschild solution and it didn’t take into account
back reaction but it gives a very nice consistent picture in which the conservation law for the
stress tensor reduces to ODE’s in which in each case there is a source which is the curvature
scalar. It has nothing to do with the matter, it comes from the curvature scalar. So something
is happening all the way out, not just inside the star or at the surface of the star, and nothing
much is happening at the early stages where the curvature is not yet big.

mersini-houghton: I made that point too, that most of it occurs as you are getting close to the
horizon.
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davies: The mischief comes because people insist on talking about particles when Tµν is the only
relevant thing. Forget particles. They’re not well defined.

mottolla: Can I just ask a question Laura, do you or do you not have a conserved stress tensor?
mersini-houghton: I do in the interior.
mottolla: But not across the surface?
mersini-houghton: No, I didn’t bother because I took the standard picture for the outside. All I

care is that from the standard picture there is a flux coming in.
mottolla: I don’t want a picture. I just want to know, is it conserved everywhere?
mersini-houghton: No, I did not study the exterior.
mottolla: You didn’t study it? Or it is not conserved.
mersini-houghton: I did not study it. I wouldn’t go out of my way to choose a picture where the

stress energy is not conserved.
mottolla: I just cannot follow the equations so I’m just asking.
mersini-houghton: Let me describe those equations in three sentences. Assume everything in exte-

rior is exactly as has been calculated in the 70’s, as in the ‘bible’ of the field, Birrell and Davies.
Take that calculation and worry only about the part of the flux that goes in the interior of the
star. That part is new, that wasn’t studied before. That’s where the interesting stuff lies. You
say whatever happens outside was studied before, we know the answer, now let me sit in the
interior of the star and find out what happens to the star if I have the flux coming from the
outside through the surface.

mottolla: But I think the issue is that that’s supposed to be continuous, and if it’s continuous then
you have conservation everywhere and there isn’t a problem. Jim, I don’t understand where this
discontinuity comes from unless you put it in.

bardeen: No, the discontinuity comes from the fact that a radial flux of radiation doesn’t just have
an energy flux, it also has necessarily an energy density and radial stress.

mottolla: Right, now does she put that in or not?
bardeen: Its the discontinuity in the radial stress that raises the problem with momentum conserva-

tion.
mottolla: But Jim, it depends on what her equations do. If she’s put that in properly then the

conservation is there. But you’re saying, or tell me if I’m wrong, that she has not put that in
properly.

bardeen: Well she, I think, did not check energy momentum conservation outside.
mersini-houghton: No because I know its been done before and it is conserved. Those are the

seminal papers. All I took is that flux, that partner in the pair creation, that’s all I care about.
If we are in this room and there is something coming from the door and someone has already
worried about conserving stuff outside the door, why would I care about what’s left outside? All
I care about is what flux is coming in this room.

bardeen: In the rest frame of the star, how big the energy flux is depends critically on where you
start the negative energy flux from and in order for it to be big enough to have the absorption
of that negative energy flux by the star impact the dynamics of the star appreciably, it has to
come from infinitesimally close to the surface of the star.

mersini-houghton: How big it is and can it stop the collapse, that is a totally different issue, it’s a
question of magnitude not conservation. Which is the reason why I bothered to solve the same
problem with the very simple analytic approach because here we can’t hide behind numerics and
say this is what the plot looks like. Here we can follow the story. It is very easy to see whatever
the magnitude of this radiation that goes in is: you will always find a bounce solution to this
Friedman equation no matter how small or big the incoming flux is. a is the scale factor of the
interior metric in this very simple approach, so you have a ‘closed universe’ inside your star and
you ask ‘can I find a bounce point for this metric?’ It’s only three ingredients that define the
evolution of the collapse, it’s a very easy problem: curvature, matter, radiation. And the answer
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is that there’s always a solution no matter what your radiation flux is, how big or how small.
But there’s always a bounce solution!

misner: My take away from this is that, according to Jim, if you’re going to get radiation going out
and generate it from a region near the horizon, as the surface of the star gets near the horizon, you
are going to generate radiation going out. You want to get a desired result at infinity, and because
the redshift that means you’re going to have huge amounts in the rest frame of the star’s surface.
Counteracting that, he says, there will be a negative flow of radiation into the material and that’s
accompanied by essentially a negative pressure. Now it’s well known that with negative pressure
you can avoid a singularity and get a bounce. That occurs even in cosmological solutions. If you
want a bounce it doesn’t help to make the equation of state harder and harder. You have to get
negative pressure to allow a bounce. So it appears to be what’s happening is that a moderate
amount of outgoing radiation, if it’s generated near the horizon as the matter surface gets near
the horizon, is going to be huge there and the counterbalancing negative energy radiation pouring
into the star is going to be huge and if it is big enough it will produce a bounce sooner.

mersini-houghton:
bardeen: Yes, so it needs to be huge and then you’re violating momentum conservation at the surface.
ford: I would like to clarify a little bit more the issue of the scale at which this bounce occurs.

Normally we would expect if we were doing backreaction with a quantum stress tensor that you
would get a large effect on the geometry only at the Planck scale. If I understand correctly you
are talking about a bounce at a much larger scale, is that correct?

mersini-houghton: Hm. . . Yes for the masses that we checked, but the mass parameters that we
managed to program were from 4 Planck units to 80 Planck units, so it’s not a very firm yes.

ford: So in your numerical study you really are talking about close to the Planck scale, you are not
really talking about large stars at all then. So it’s not so clear that you would get a bounce with
an astrophysical sized star, is that correct?

mersini-houghton: Well, 80 Planck masses, that’s the closest one can get to astrophysical size with
numerics.

ford: I would still call that as pretty close to the Planck scale.
mersini-houghton: Sure, Steve promised me for a year that he was going to do this for me, but he

hasn’t.
davies: Can I just add to the mischief here by saying, when people talk about where do the pairs

get created, where do the particles come from, I keep wanting to say that if you have an excited
state of the hydrogen atom it will decay by emitting a photon and the backreaction is that the
electron gets returned to its ground state. We could spend hours saying ‘does the photon come
from the surface of the electron, or the surface of the proton, or halfway in between, or three
radii out?’ It’s all nonsense.

stodolsky: In particle physics we have the concept of the Formation Zone, which is the distance it
takes to create a particle This is a very familiar concept and it means that, for example, a high
energy photon hitting the nucleus produces a pion and also it produces the pion over a distance
which is much bigger than the nucleus. This just follows from the Lorentz factor which is the
inverse of the Compton wavelength of the pion. There are experimental manifestations of this. So
I agree that you guys should be careful talking about where particles are coming from, especially
when you have these enormous redshifts and so on. This an established experimentally proven
concept. My understanding is that we are always working with locally defined energy momentum
tensor quantities which are defined at a point and we have forgotten the uncertainty principle.
So watch out. For example, to define a field at a point you need coherence over different energy
states, or different momentum states, as I’ll explain in my talk on Friday. You have some kind of
coherence between the different multiplicities, there are some phases in there which are playing
a role. I don’t understand this stuff well enough in detail to say more about it, but you should
be aware that you are making some very strong assumptions.
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’t hooft: I’m a bit confused about the arguments about the energy-momentum tensor. I heard
someone say that you shouldn’t talk about particles but you should talk about energy-momentum
tensors, but the energy-momentum tensor is also an operator. So if you haven’t got it diagonalized
in the frame that you are looking at then you don’t know exactly what spacetime you are looking
at because your spacetime metric depends on your energy-momentum tensor. So there are all
these ambiguities which confuse the whole issue, which is why I thought that we have to introduce
extra symmetry notions to say that you have the option to transform this spacetime into that
spacetime. You are discussing the same physics but you are using a different metric. I think
one of these days we have to go in that direction to understand fully what we are doing. For
instance, in one of the pictures that you showed, Laura, there was a picture where you have this
pair creation happening at this point zero but the flux that goes in is negative, right? So that
should balance out with the flux at the positive side so there is nothing at that zero, not even a
purple line, it is just going more like that. But then that should also, possibly but not obviously,
modify your Penrose diagram. I don’t believe why there should be a singularity in your Penrose
diagram. I think that is something from the more classical picture, that there ought to be a
Penrose diagram for a black hole but I think also that thing is an operator, not just something
that you can draw on a piece of paper just like that. And the altered picture will probably be
that you need the trivial Penrose diagram if you want to get some categorization for all states in
Hilbert space, but even that could be problematic. So we have to learn that we have to modify
and extend our theory to get the proper language to describe these things. The classical language
doesn’t seem to work very well to me.

mersini-houghton: Thank you. I completely agree. I wanted to talk about the geometry and I
didn’t because your discussion about the conformal field and particle creation, but absolutely,
one has to find out what the geometry of the interior of the star is and solve for these functions
φ, λ, and R. That depends on what extra stuff comes in inside the star.

whiting: I wonder if I could draw something on the board since we have a board here? So I’d like to
hear more about what’s done in high energy physics will fit in to this picture.

s

s̄

Figure 1:

s̄′

s′

Figure 2:

If we consider some spacetime region [shown in Figure 1] we consider essentially the same amount
of spacetime region but defined with respect to the null cone this way [shown in Figure 2]. If
there is some flux going out here [right arrows of Figure 1] then basically the affine length [s]
of this null line tells us something about the density of this flux and the affine length [s̄] of this
null line tells us something about the density of the flux [left arrows in Figure 1], and since these
affine lengths don’t have to be, as I’ve drawn them they’re nowhere near equal, the flux densities
are effectively very different. On the other hand the same volume of spacetime, just essentially
flipped in with respect to out, would have a relatively higher flux here [left arrows of Figure 2]
than here [right arrows of Figure 2]. It always turns out that we can draw a timelike line [dashed
line in Figure 1] in here because this is a null cone and this is somewhere in the interior of the null
cone, so if this timelike line were to represent the orbit of some particle or the orbit of the surface
of the star or something like that, this would look like a high flux going out and a low flux going
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in, but simply by boosting it to this frame locally it would look like a low flux going out or a high
flux going in. The difference between these, although I got them by flipping them, the difference
between them is a boost. So unless we know in what local frame we should be constructing these
local fluxes we don’t really know whether one is high and one is low or the other way around. The
reason I would like to hear more about the high energy physics discussion is because it affects the
total volume that we should be putting in here whether we want to discuss either one of these or
the other. I think the arguments that we’ve been having about whether the flux is high or low
depend on some local frame that we don’t know very much about. I claim we don’t know very
much about it because, if we go back to a paper more than twenty years ago, when we’re trying
to look at a two dimensional problem and a null shell collapsing and expanding we were able to
construct, because it was very simple. We had a null shell, we had flat space on the inside and
flat space on the outside, we had some kind of geometry like this so that this was flat Minkowski,
this was Schwarzschild. We had some r = constant line that we could draw here [bottom of
Figure 3] and since this was flat there was some other r = constant line we could draw here [top
of Figure 3]. But it turns out that in the natural scale, the natural choice of frames that were
relevant for discussing some non-boosted Schwarzschild on the outside the effective place where
r = 0 was was being boosted away from the point of the intersection. So I don’t know whether we
should consider this point as being boosted away from where we’re trying to emit the radiation
or if it’s more like this which is typically what people might be thinking of. So I claim we don’t
know, I sort of rather regret we didn’t follow up understanding this further when we did this
because this is boosted very close to null. Whereas when we typically look at how r = 0 goes
closer and closer to null as the singularity forms it’s actually curving towards that null, the null
for outgoing radiation, rather than the null for ingoing radiation. So I don’t really understand
why this disparity happens, this was a result that we never followed up on. But I do think that
this discussion about densities of ingoing and outgoing flux can only be concrete when we know
what frame we want to hold that discussion in, but I don’t think we have it yet.

Schwarzschild

Minkowksi

r=const

r=const

Figure 3:
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Discussion

ford: I’d like to comment a little bit on the validity of the semi-classical theory. I think basically I
agree with the picture that you’ve given in the early part of your talk, with maybe one refinement
and that is that the states we are dealing with are not eigenstates of stress-energy so that means
that there are going to be quantum fluctuations on the stress tensor. So of course what you’re
dealing with is an expectation value which is doing some sort of an average and I would suggest
that probably it’s at best a time average. You can see that from just considering the fact that a
distant observer watching the Hawking flux as it comes out sees about one quantum per horizon
crossing time come out.

bardeen: Even less, it’s actually very small.
ford: Less than that then. Still it’s clear that there are going to be large statistical fluctuations and

the flux only has a meaning as a time average over many horizon crossing times. Of course as
you go further inward it becomes less clear how big the fluctuations are so that at the very best
you’re dealing with some type of time average.

bardeen: I agree, anything except a time average doesn’t make any sense in the semi-classical treat-
ment.

rovelli: I want to follow up on this, the slide before that you said that the semi-classical theory,
the quantum field theory on curved spacetime, should be taken very seriously which obviously
is true. Everything you said is obviously totally consistent within this framework but we know
that physically this framework does neglect the fluctuations of the geometry itself, of the light
cone itself, which might be large. In fact it seems to me that in your own work you mention at
the beginning, as well as what Giddings has been doing recently, and what we have been doing
recently with Planck stars, there is a number of attempts to explore the possibility that the
fluctuations of the geometry in the region outside the horizon might not be captured by quantum
field theory on curved spacetime. This seems to me a direction which has not been explored
enough.

bardeen: You could say that, on the other hand, for a very large black hole those fluctuations are
very small. It’s true that over a long time they might. . . but you wouldn’t expect coherence over
a long time. What you can show, if you accept as a long term time average this semi-classical
energy-momentum tensor, you can calculate the first order back reaction on the geometry. What
you find is that the geometry basically stays Schwarzschild with a decreasing mass. You can use
advanced Eddington-Finklestein coordinates in terms of the advanced time, you can show that
the general spherical mass function has a time derivative which is the same at all radii, it doesn’t
depend on radius at all. So the exterior geometry, in the semi-classical approximation, remains
Schwarzschild and fluctuations, if they’re very small and not coherent over long times, shouldn’t
produce a very large affect.

rovelli: But this is within the approximation itself because, just exactly what we heard a moment
ago, you’re using the expectation value of Tµν . In other words, you are treating the geometry
classically again. If there is a possible entanglement with the geometry, it might be small of course,
but I don’t think, given the confusion we have about black holes so far, this can be dismissed by
just saying any actual fluctuation of the geometry which is not captured by quantum field theory
on curved spacetime is relevant. Your own recent suggestion, in some sense, required that.

bardeen: I agree there could be effects of that kind.
bardeen: [responding to a question about a slide] It doesn’t make a difference to Schwarzschild.

I think there is an issue with some of the attempts to derive analytic formulas for the energy
momentum tensor in that they involve considering an ultra-static conformally transformed metric
where you consider a conformal transformation, where you take out the gtt as a conformal factor,
and there then of course the Ricci tensor is not zero in the ultra-static metric, so you have a
much more complicated conformal anomaly. Furthermore they consider a local effective action
in order to derive an energy momentum tensor with terms in the action which are related to
the coefficients in the conformal anomaly plus a part which is associated with the conformally
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invariant part of the field. So for spin zero the results they got from this method seemed to
work reasonably well, not perfectly by any means. For spin one there are a lot of issue where
people got results which were in really violent disagreement with the numerical results and
furthermore weren’t even internally consistent and they had singular behavior at infinity or on
the horizon. That’s discussed in the Jensen and Ottewill paper where they compare some of the
different formulas. There was a history where people got very widely different results. Also this
whole business of using an effective action. Then they get the results, then they do a conformal
transformation back to the physical spacetime to get the physical energy momentum tensor. I
don’t claim to understand all the subtleties of that but it seems to me, certainly in my mind
anyway, that there are reasons to suspect that that whole procedure might not be valid. Gravity is
intrinsically non-local, assuming you have a local effective action may not be valid. Certainly not
for the gravitational perturbations of the field, maybe for the lower spins. Whether the conformal
anomalies are really being treated correctly by the conformal transformation back to the physical
space, I’m not entirely sure. They do sort of a fudge where they correct the conformal anomaly
in the physical spacetime by adding a term but that makes me suspect the whole procedure.

’t hooft: To return to your conclusions, one of your conclusions was that we should not consider much
information on the stretched horizon, one of the last slides. You said it in the beginning and you
say it in the end again, no information can be stored in a stretched horizon. I would say quite the
opposite, if you look at the outgoing Hawking particles but you take their wavefunctions and you
look at their wavefunctions in position space. Now if you then go back to the past, you find those
being blueshifted by exponential amounts so that means that the most minute displacement of
the horizon there will give you a totally different spectrum of outgoing particles as if the most
minute information of the metric at the event horizon in the past contains all the information
you ever wanted to have, and even more, about the outgoing particles. Indeed these positions
are being jiggled around by the ingoing particles, the ingoing particles move around the horizon
because of their backreaction and the outgoing particles immediately depend on that. So the
stretched horizon is exactly a place where you can transfer ingoing information into outgoing
information that way. That you can calculate, you get even more information than you want.
Thats the basic problem there.

bardeen: My response is that you shouldn’t try to extrapolate the outgoing Hawking radiation wave-
function back to inside around r = 3M .

’t hooft: No, not inside, on the horizon. In fact on the stretched horizon if you will, so it’s just about
visible for the outside world if you wait long enough. There is an enormous amount of information
there, but it all depends on which basis you use for Hilbert space. Again the comment also has
to be made, if you say things classically you don’t know what Hilbert space and you think your
statements are universally valid. But now we say no no, these things are all operators and if they
are diagonal in one basis they are not diagonal in another basis. Since we are doing quantum
mechanics I would say that we have to look at the particles in any basis we like, let’s take a
basis where we identify their positions on the horizon, or near the horizon, and then all this
information turns out to be extremely crucial to describe the outgoing particles.

bardeen: My argument against that is that there is no real existence of those particles anywhere that
close to the horizon.

’t hooft: Well you can turn time around and just extrapolate a certain state to that state which
you’ve got

bardeen: Take the outgoing Hawking radiation basis and extrapolate backward?
’t hooft: Right, and that all depends on how you represent your states in Hilbert space, whether you

can do that or not. I guess you are looking at the picture where the energy momentum tensor
is diagonalized and for some reason you come to the opposite conclusion. But if, I claim, we do
quantum mechanics we can describe things in any basis that we find convenient to us and the
most convenient basis is the one where you see the information of the outgoing particles.
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bardeen: Yes but it’s sort of like in Rindler space where you just have ordinary Minkowski spacetime
and you consider a basis, a Rindler basis.

’t hooft: We are talking about the vacuum at the horizon and the vacuum is full of vacuum fluctua-
tions at all stages, these vacuum fluctuations they are transmitted into the future from the past,
they just follow some sort of rule.

bardeen: You certainly have vacuum fluctuations and the question is does something happening, say
in the distant past near the horizon, have any effect on the vacuum fluctuations at a much later
time at the horizon.

’t hooft: What happens there is that you have ingoing particles making a black hole. So there are
particles going in to the horizon which produce the black hole, and later perhaps some more
particles, but anyway whatever particle goes in to the horizon it jiggles about the coordinates of
that horizon so that outgoing particles are being dragged along, just a tiny little amount, but
it’s sufficient because that is expanded exponentially in time, so very soon whatever the ingoing
particles did on the horizon is going to be imaged by the outgoing particles. This is my way of
seeing how the information can creep back out, just with this effect. That means that there are
enormous amounts of information just exactly at the stretched horizon.

stodolsky: I think that feeds in to a question which always confuses me when I hear these discussions:
what the devil is information? You’re talking about it as if it’s a quantity which moves around
and stays here for a while then goes someplace else and so on. When I learned physics I learned
about conservation of momentum, charge; I never heard of conservation of information. So what,
when you talk about information, what quantity actually is it in your calculations?

bardeen: You can think of it as a Von Neumann entropy, though you have to be careful because
if you take a sharp surface then there are vacuum correlations in just the vacuum fluctuations
across that surface which are very large.

stodolsky: Yes but for instance when you spoke about the information doing this and that, which
of your quantities did you use from your previous slides?

bardeen: I’m not sure I know how to answer that.
stodolsky: This is not just a question to Jim; this is a question to anybody who can explain this to

me, because first of all even if you want to use entropy there is some problem about defining a
local entropy rigorously, right?

’t hooft: Think of, when you do particle physics, how do you store the information? You say well,
I’ll surround the whole the thing with detectors and they say ‘click’ one at a time. Those clicks
are the real pieces of information. So imagine a black hole, it emits Hawking particles, for a long
time you have detectors all around it and they go off every now and then. You say hey there’s a
particle there, there’s a particle there, that’s information.

stodolsky: It’ll click whether I have an ordered system or a disordered system.
’t hooft: Well that doesn’t matter. A particle goes by and the detector says ‘click.’ That was a

particle. If you make a registration of all this, you have a way to distinguish different states the
black hole can be in. So in another case you have detectors around a black hole and they say
‘click’ at different moments so that’s another state in Hilbert space. This is how you could, in
principle, characterize the out-states, say, of Hilbert space. Same thing with the in-states. You
have someone carefully monitoring the ingoing particles that make a black hole.

stodolsky: He said the information is here or there, did you square something and subtract it from
something else or what? Which quantities do you manipulate to find this local information?

bardeen: The point is that if you just measure the particles escaping, the Hawking quanta. . .
stodolsky: You mentioned the particles, at infinity, or locally. . .
bardeen: at infinity, then that tells you nothing about the entanglement.
’t hooft: You extrapolate back, as well as you can, where these particles were in the past. Whatever

that is, you have a bookkeeping system saying those particles were there, there, and there; now
in quantum mechanics, as you know, you have to make superpositions. Okay, fine, we do that.
In principle there is a way of doing the bookkeeping of particles.
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stodolsky: We just agreed earlier that there is no such thing as a local particle.
’t hooft: Well there is such a thing as a local detector going off, a detector saying ’click,’ that would

be the definition of a particle.
stodolsky: Okay regardless of these profound discussions, there must be something you calculate

when you say the information is here or it’s there.
bardeen: You calculate the Von Neumann entropy of the Hawking radiation.
stodolsky: But that’s a global quantity, Von Neumann entropy. Trace ρ log ρ of the density matrix.
bardeen: If you assume that you started from an initial pure state. . .
stodolsky: Then the entropy is zero okay.
bardeen: and you assume nothing really hangs around. . .
stodolsky: Just here you had some quantities, did you do some operation? So you could if it is on

the horizon or if it’s not on the horizon or is this just some intuitive way of interpreting the
solution.

bardeen: Certainly what I did was more intuitive. I think there are some certainly very deep issues
from quantum gravity. Once you admit sort of significant quantum backreaction as affecting the
overall geometry of the spacetime, either by evaporating the black hole or by something else, it
seems to me that you’re ending up with essentially a bunch of sort of classical histories which
are part of the overall wavefunction but don’t really interact with each other much, at least
after a certain time. For instance imagine a Schrodinger cat experiment in which some quantum
event which triggers something which causes some violent destruction, say blows up the Earth or
something. You’re creating a very macroscopic change from some quantum fluctuation and how
you deal with that in the full theory of quantum gravity I have no idea. This is I think a very
deep issue which has to be addressed.

’t hooft: Shouldn’t your question be: how do I characterize a state in Hilbert space? In particle
physics we have states, states containing n particles each containing momentum pi and so on,
and we have a Fock space of particles by which we characterize all states that you can get. In the
case of black holes there is an in-state, a Fock space of particles with momentum distributions or
positions or whatever you like to use to characterize your state, and there is an out-state. The
problem is, how do the in-states determine what the out-states are doing? Now you ask where
that information is, well it’s in my notebook because I have this list of momenta of particles that
I’ve seen. That characterizes the state in Hilbert space. Now the question is, how do the outgoing
particles form a Hilbert space and how are those states related to the Hilbert space states of the
in-going particles? That is what we call the black hole scattering matrix. The ingoing things
make a black hole, the black hole does all sorts of things, and then things come out.

stodolsky: That’s the same as the S-matrix in particle physics.
’t hooft: Where that information is located is perhaps not so easy to tell but you can say the particles

have. . .
stodolsky: Certainly in S-matrix theory there is no information any place.
’t hooft: Well, there is lots of coefficients, but the in-state that you are looking at is characterized

by a certain number of numbers. Well, you could also say the black hole has micro states and
you have to put your finger on which micro state are we looking at, and that’s information. Now
conventionally you put that information on the horizon of a black hole. The black hole has micro
states, the number of micro states is an exponential function of the surface area of the black
hole; so you have to say which element of the micro states I am looking at. Micro states would
be one way of characterizing the state that the black hole is in. By saying that there are ones
and zeroes distributed over the horizon, you have to say exactly where those ones and zeroes
are and that’s the information that fixes the micro state of the black hole. Now there’s a very
complicated unitary transformation from those micro states to either the in-states of particles,
all the momentum distributions of the in-particles, a huge Hilbert space of possible states which
uses a basis, then you get out of that a particular state of ingoing particles. Then you ask the
same thing about the outgoing particles. Now you ask about the unitary transformation that
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transforms the in-states in to the out-states. This is how I would like to see a theory of black
holes being formed. My question is, how does this relation between the in and out-states for a
black hole, how could I deduce that from knowing what happens at the horizon? That’s why we
say the information is on the horizon, because I need how these particles behave at the stretched
horizon to figure out how the in-states could be related to the out-states. But that’s only the
beginning of an argument because, if you try to work out the details, you find how difficult it is
to do this right. I say that the first step is to look at the gravitational backreaction that in and
out going particles have on to each other. They interact gravitationally for sure. If the ingoing
particles come in very early and the outgoing particles go out very late then there is a very very
tiny region at the stretched horizon where they all meet. The minute displacement effect caused
by one particle has a big effect on the other particle going out. That’s why I said it all happens
at the stretched horizon, where the ingoing particles meet the outgoing particles. But apparently
that’s a quite different language from what the speaker is now using.

mersini-houghton: If I understand correctly you are saying, if the information is at the horizon I
am in trouble, I end up with a firewall basically. You are saying if information is located in the
stretched horizon then you would end up with something very bad which would be very similar
to a firewall. So you want to have information at the center rather than the stretched horizon
and then, in the next slide, you are saying that doesn’t help the problem, it brings us to square
one. Either we lose information or we have a firewall and most likely we end up with both. But
the way out is postulating that there is some chaotic foamy core inside and then you still end up
needing an inward flow of negative energy. I just don’t understand, the moment you, by hand,
throw away the singularity and say well, I’ll postulate there is no singularity there is a chaotic
core, from that moment everything is solved. Why, on top of that, throw a second postulate like
the Bousso entropy bound and then a third postulate of inward negative energy flow? Where
would that inward negative energy flow come from?

bardeen: There are vacuum fluctuations, that’s where they come from.
mersini-houghton: But you would need just the right amount to make sure the Bousso entropy

bound is correct.
bardeen: There are a lot of very drastic assumptions made in that model, I’m not claiming that I

have any at all solid argument that it works. Once this of course has existed for a long time it
may be that the inner apparent horizon becomes quite singular if you have energies greater than
the Planck scale and so on, it may be that there is no way to really continue the spacetime inside
the inner apparent horizon, then you have to go to some string description or something.

mersini-houghton: A more simple question, you have a statement there about the collapse not being
the source of Hawking radiation. Do you mean the source as in physical location, or duration?

bardeen: My understanding of Hawking radiation, and I think most people’s understanding of Hawk-
ing radiation, it has nothing to do with a collapsing star. There are just vacuum fluctuations
existing near the horizon which evolve and get distorted by the tidal effects. Certainly null
geodesics are being pulled away from both sides of the outer horizon.

mersini-houghton: But then how do you get an asymmetric flux, there is no collapse before but
there is a collapse after?

bardeen: Initially there is a given very small, potentially very short, wavelength fluctuation. Essen-
tially you renormalize away their effect because on short scales the spacetime is Minkowskian,
you have a local inertial frame. The vacuum, locally for very short wavelengths small compared
to the scale of the curvature, there are fluctuations just like there are in Minkowski space. Now
of course there is a problem of why does Minkowski space have zero energy density, or maybe
not quite zero because of the cosmological constant.

mersini-houghton: No, my question was much simpler than that. There is no particle now, some-
thing happens, the star collapses, then suddenly we have a flux of particles. So clearly the collapse
is very important to break the time symmetry. No before, yes after.
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bardeen: The vacuum fluctuations evolve, parts of them sort of leak through the potential barrier and
go off to infinity, and at infinity they can be interpreted as particles by reference to Minkowski
ground state at infinity. Near the black hole and inside the black hole they may not have any
simple particle interpretation but they’re going to evolve in some way which basically involves
a given fluctuation, of course when we talk about fluctuations we’re not talking about real
fluctuations but just sort of different possibilities in the wave function for things happening, they
evolve into the horizon. It seems to me the apparent horizon of a black hole is locally, on short
wavelengths, indistinguishable from the Rindler horizon in flat spacetime. So for instance if you
use a Hilbert space based on the Rindler modes it looks like there is something that becomes very
singular, very high energy, going far backwards in time, but that doesn’t stop us from thinking in
the actual Minkowski spacetime that there’s no energy there. It seems to me that the black hole
horizon is locally no different, it’s only when you consider wavelengths that are of the horizon
that you start getting effects which deviate from just local Minkowski space.

mersini-houghton: [A question about accelerated observers in flat spacetime].
bardeen: In flat spacetimes, if you consider a system of uniformly accelerating observers, you can

define a quantum state based on splitting it up in to modes, the Killing time for those acceler-
ating observers, those modes become singular on the Rindler horizon. But Rindler horizons are
everywhere, any null surface in flat spacetime can be considered a Rindler horizon for some class
of observers.

mersini-houghton: But then we would have very non-thermal radiation.
bardeen: It doesn’t stop us from considering Minkowski spacetime as basically something that’s inert

and doesn’t create particles and so on.
spindel: I’m afraid what I will say is a rephrasing of a previous comment. If we think, for instance,

about the Schwinger pair particle creation in a strong electric field, and if we compute the charge
density in the vacuum state, you obtain zero due to charge conservation. If, instead, looking at
the matrix elements, we look at the situation where we have a pair created with one particle
here and the one with the opposite charge there, and we compute in-out matrix elements of the
charge density, what we obtain is that the charges are localized on the past null cone and you see
the creation of charge. In the same sense, I think, when you want to compute the backreaction
in quantum gravity at first level, what you have to do is not an explicit computation of matrix
elements but an in-out computation and use the in-out expectation value of the energy momentum
tensor as the source of the linearized correction to the Einstein equation. What you obtain in
such case is a complex metric but you need not worry about that because that complex metric
will give a saddle point in the path integral from which one we can compute for specific situations,
for specific black holes, effects that are not the ones that you could describe when you just take
expectation values in which case you obtain thermodynamical results. That’s my comment.

ford: While I’ve been waiting to ask my question, a comment has arisen on the intervening discussion.
I think that they’ve been talking past each other. Jim is talking about a Hartle-Hawking state,
Laura is talking about an Unruh state, one of them is time reversal symmetric and the other is
not. By the way could we please stop calling these states vacuum, or at least the next time you
say vacuum put in your paper a disclaimer ‘the term vacuum is purely of a historical origin.’ Now
my real question is, what is special about r = 3M as opposed to any other value of r between
r = 3M and r = 2M? Is that a maximum of some curvature invariant?

bardeen: If you look at the mode equations for perturbations, say of an electromagnetic field in a
Schwarzschild background, they have sort of a potential barrier which is partly a centrifugal
barrier and partly associated with the spacetime curvature. For high l’s it’s mainly a centrifugal
barrier. So if you have a wave on one side it has some difficulty in getting through to the other
side.

ford: So this is something that because of the transverse direction. . .
bardeen: And the peak of that barrier corresponds essentially to the circular photon orbit which for

very high l obviously. . .
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ford: I know about that.
bardeen: So that’s at r = 3M . I’m not saying that the particles are created right at r = 3M by

any means, you can’t localize their creation to any particular radius. You just have vacuum
fluctuations which are leaking through and you can’t really interpret them as particles until you
get out to some very large radius where you have a well defined vacuum.

ford: From the point of view of someone far away, r = 3M is close to the horizon. So to say that the
pairs, the fluxes, are created close to the horizon would appear to be consistent with what you
said.

bardeen: What I mean by close is like a Planck length from the horizon.
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Forty years ago I wrote a paper on the predictability in gravitational collapse in which I claimed there
would be loss of predictability of the final state if the black hole evaporated completely. This was because
one could not measure the quantum state of what fell in to the black hole. The loss of information would
have meant the outgoing radiation was in a mixed state and the S-matrix was not unitary. The paper was
very controversial. It was rejected by The Physical Review and accepted only after much argument, and
a delay of a year. Since the publication of the paper the ADS/CFT correspondence has shown there is no
information loss. This is the information paradox: how does the information of the quantum state of the in
falling particles re-emerge in the outgoing radiation?

This has been an outstanding problem in theoretical physics for the last forty years. Despite a large
number of papers, see the [Almheiri, Marolf, Polchinski, Sully] firewall paper for a list, no satisfactory
resolution has been advanced. I propose that the information is stored not in the interior of the black hole
as one might expect but on its boundary, the event horizon, in the form of supertranslations of the horizon.
This is a form of holography: recording the state of the four dimensional region on its boundary, the horizon.

The concept of supertranslations was introduced in 1962 by Bondi, Metzner, and Sachs, BMS, to describe
the asymptotic group of asymptotically flat space in the presence of gravitational radiation. The BMS group
is a semi-direct product of the Lorentz group with supertranslations. A supertranslation α moves each point
of future null infinity a distance α to the future along the null geodesic generators of future null infinity I+

while keeping θ and φ on the two sphere unchanged. In other words, the retarded time u is replaced by
u′ = u+α. The usual time and space translations form a four-parameter subgroup of the infinite dimensional
supertranslations, but they are not an invariant subgroup of the BMS group.

Listening to a lecture by Strominger on the BMS group at a workshop this summer I realized that
stationary black hole horizons also have supertranslations. In this case the advanced time v is shifted by α,
v′ = v + α. I discussed my idea with Malcolm Perry and Andrew Strominger.

The null geodesic generators of the horizon need not have a common past endpoint and there is no
canonical cross section of the horizon. I take the tangent vector l to the horizon to be normalized to agree
with the killing vector: time translation plus rotation, on the horizon.

Classically a black hole is independent of its past history. I shall assume this is also true in the quantum
domain. How then can a black hole emit information about the particles that fell in? The answer, I propose,
is that the information is stored in a supertranslation of the horizon that the ingoing particles caused.

In his recent paper, ’Chaos in the black hole S-matrix,’ Polchinski has used a shock wave approximation
to calculate a shift on the generator of the horizon caused by an ingoing wave packet. Even though the cal-
culation may need corrections, this shows in principle that the ingoing particles determine a supertranslation
of the horizon. This, in turn, will determine varying delays in the emission of wave packets along each null
geodesic generator.

The information about ingoing particles is returned, but in a chaotic and useless form. This resolves the
information paradox. For all practical purposes, the information is lost.
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Discussion

rovelli: Is the supertranslation changing the classical metric or the quantum state, and if it is chang-
ing the quantum state how is it doing so?

hawking: Sorry, what did you say?
rovelli: If supertranslations act on the horizon the question is: does it change the classical metric or

does it change the quantum state? In the second case, how does it change the quantum state?
parker: I certainly don’t fully understand yet what Stephen is saying, but somehow I suppose it

would have to be related to supertranslations on I+ that’s left in the outgoing radiation that
goes to I+ from the horizon backwards when the black hole evaporates.

rovelli: Gerard, there seems to be a relation with your way of viewing what happens because the
incoming particles affect the manner of the outgoing particle that’s emitted and that’s how
information gets out.

’t hooft: I would like to remark that this is indeed the way I’ve been looking at black holes quite
some time ago. In my paper on the scattering matrix twenty years ago I do exactly this. From the
ingoing particles they give a translation in the v variable, the outgoing particles give a translation
in the u variable, these translations must be θ, φ dependent that’s very important, I haven’t seen
that here in his talk.

rovelli: I think that’s what Stephen meant, that α is depending on θ, φ. These are the supertrans-
lations right, this is local in the sphere.

t’ hooft: The translation depends on θ and φ and as such affects the wavefunction of the ingoing
particles or conversely the wavefunction of the outgoing particles. If you see how that connection
goes you get a unitary S-matrix. However, it works in a too-large Hilbert space. We still
have the problem of getting technically the things right. The particles also seem to obey the
algebraical rules as a closed string theory in that the outgoing particles look very much like
closed strings. That’s because in such a description the particles behave like insertions in the
bulk of a string, that of course is an insertion of an external closed string particle. That’s how
the in and outgoing particles seem to behave, as if string theory is a way to address this problem
perhaps in it’s own language. The strange consequence of this is that all particles are exclusively
characterized by their contribution to the ingoing momentum because their momentum causes
the supertranslations and so it is as if you characterize the particles only by their momentum
and not by an other internal property like baryon number or god knows what. All that must be
going down the drain at the Planck scale.

hawking: A supertranslation delays the emission of wavepackets thus it affects the final state. The
idea is that the supertranslations are a hologram of the ingoing particles. Thus, they contain all
the information that would otherwise be lost.

rovelli: I understand this, if there were two scalar fields, different, couldn’t two different kind of
particles generate the same supertranslation and that’s still having information loss.

bardeen: So I’m going to give my take on this, people can discuss it and maybe Stephen can comment.
As I understand it, a particle falling in will shift, if the particle falls in to a large black hole
with mass very large compared to the mass of the particle or wavepacket or whatever, the
supertranslation shift will be very tiny compared to the timescale of the mass, the light crossing
time of the black hole, what that means then it seems to me is that the shift in the timing of
propagation of the vacuum fluctuations along the horizon which eventually will give rise to the
Hawking radiation, will be very tiny compared to M , and as a shift in advanced time there is
no redshift involved in that timing so when the Hawking radiation is eventually produced, the
wavelength eventually becomes on the order of the radius of the black hole then it will still have
a very tiny effect on the timing of the emission of the Hawking quantum. But the Hawking
quantum is some sort of wavepacket which is spread over a time of quite a few M probably, or
several M , and that means then that any shift in that wavepacket by a tiny fraction of that will
essentially be unmeasurable. Which I think is my take on it because the only way you could ever
measure a tiny shift is by having many many repeated experiments where you prepare things
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in exactly the same way and measured the statistics of the timing of the detection of individual
Hawking photons from repeated experiments. Since you can’t repeat the experiment it seems to
me in principle that there is no way you can actually retrieve that information even if in principle
it’s there in the tiny modification of the overall wavepacket. Anyway, people are welcome to
challenge that if they wish or comment further.

davies: Does the argument go through for a black hole deSitter?
hawking: Sorry, what did you say?
davies: Does the argument go through in the case of a black hole deSitter spacetime? So not asymp-

totically flat, but when there’s a cosmological constant.
hawking: It applies to black holes in any background.
ford: I wanted to follow up on Jim Bardeen’s question. I’ll talk for a moment, but then I’m going

to formulate a yes or no question for Stephen. I understand what Jim was talking about, the
concern about the size of the wavepackets and I think there’s a related issue that I was thinking
of and that is spacetime geometry of horizon fluctuations. So far what we’ve heard deals with a
fixed classical background but we know that of course there are going to be fluctuations of the
background and I’m wondering how sensitive that will be to that. Maybe to speed things along
I’ll pose this as a yes or no question: will quantum fluctuations of the background geometry be
relevant here? At infinity. I’m talking about will they be relevant for the outgoing radiation and
the resolution of the information paradox.

t’ hooft: If done well the calculation should take such fluctuations of the background in to account.
The ingoing particles have a gravitational field, that’s the backreaction, by which they drag along
that trajectories of the outgoing particles such that the wavefunction of the outgoing particles
now depends on the wavefunctions of the ingoing particles. So if you take that in to account you
get a scattering matrix which is unitary but in a Hilbert space which is still too large. The reason
for that is that it’s very hard technically to take in to account the transverse gravitational forces.
If that could be done correctly we would get exactly the scattering matrix which describes black
hole formation and evaporation.

bardeen: My understanding is that Stephen is saying that it is the fluctuations in the background
geometry are important and the fluctuations induced by the infalling particle are important. If
you have a large black hole the induced fluctuations are going to be very small in terms of the
metric or whatever. That means the supertranslations induced will be extremely tiny, the ∆v
will be infinitesimally small compared to M and it seems to me then that makes any hope of
trying to measure the effect on the outgoing Hawking radiation essentially impossible.

’t hooft: That effect blows up exponentially in time.
bardeen: Well I don’t see why they should grow exponentially in time.
rovelli: I’m confused. One issue is how hard or difficult it is to measure something and a separate

issue is where is information going.
bardeen: The information could be there in terms of these very shifts. In terms of imagining some-

body say at large r trying to extract that information, to actually measure that information.
rovelli: Sure, so you’re not challenging what Stephen is saying? You’re just saying that if the

information is scrambled in that manner and goes out in this time delay then it is not easily
recovered. That’s what your saying? But that’s what Stephen is saying as well.

bardeen: I don’t see how any observer can actually measure those tiny time delays by trying to detect
the Hawking quanta. I just don’t see any possibility of that.

rovelli: We don’t see how any observer could recover the information about an encyclopedia after it
has been burned. But this doesn’t raise these concerns about the loss of information when you
burn a book. So they’re two different questions here, aren’t they?

bardeen: So in principle the information is there but in practice I don’t see any way to retrieve it.
’t hooft: As Stephen says, the calculation is a classical one. All you have to do is calculate the

classical gravitational fields of ingoing particles and you can compute the effect they have on the
outgoing particles and that blows up exponentially in time. So you just wait a few seconds and
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then any ingoing particle will completely modify the spectrum of the outgoing particles. In other
words, the outside observer will detect particles coming from a black hole by means of detectors,
detectors saying click or saying click not click at all sorts of places. Whatever that observer
detects will be completely effected by an early ingoing particle no matter how weak, it could be
a single photon, a single neutrino, it’s sufficient to completely alter the spectrum of all outgoing
particles if you wait long enough. So the effect is always very big, it explodes exponentially in
time.

bardeen: I just don’t believe that. At least if what Stephen is saying about supertranslations is
correct, the supertranslation is a translation in advanced time which is constant and doesn’t
change.

’t hooft: No but you have to look at the coordinates used by distant observers. So the translation
blows up exponentially in one direction and decreases exponentially in the other direction. So I
think it’s the v coordinate which blows up, well one of the two coordinates blows up and the other
one shrinks exponentially in terms of external time. So no matter how small the supertranslation
is it will become dominant in due time for one of the observers.

rovelli: Gerard, if nothing falls in to the black hole later on the incoming particles are the ones that
collapsed in the first place. Is that right?

’t hooft: Yes, the incoming particles is the entire set if ingoing particles which make the black hole,
which give rise to the emergence of a black hole in the first place, yes. You take them all together.
The way I would phrase this is that you add one extra particle and you ask ‘what does that do
to the spectrum of the outgoing particles?’ You look at the quantum state of the whole thing,
how is this quantum state modified by adding one single ingoing particle no matter how soft it
is? The answer is yes, it has an effect on the outgoing particles, but maybe you have to wait for
a while before the effect exponentiates sufficiently to become visible in the outgoing spectrum.

rovelli: There’s something that always disturbed me in the usual story which is the following: matter
collapses, that’s the usual classical story, and very rapidly all information is radiated away except
for mass and spin and charge. What you’re saying is that this is not true as far as the Hawking
radiation is concerned because Hawking radiation is affected strongly by the details of the collapse
to start from. So it’s not true that all information is radiated away with the first oscillations of
the black hole, but is actually still affecting the Hawking quanta which are emitted much later,
which are received much later.

’t hooft: I’m sure there are many different ways of formulating what actually happens. My preferred
way of seeing it is consider a black hole formed by some collapsing object, whatever that is, and
that black hole sits in a special quantum state, it will produce a quantum state of outgoing
particles as well. That’s the S-matrix. Now what that state is I don’t know and I find difficult
to calculate. But what I can calculate much easier is if we take a small modification. So now
I consider a small modification in the in-state by adding or removing one particle for instance.
That small modification will produce a small modification in the out-state but this I can calculate
because I can calculate the gravitational effect of that extra ingoing particle which was there or
was removed there. So that gravitational effect modifies the spectrum of the outgoing particles
ever so slightly it seems, as Jim said, but if you wait long enough that effect becomes very big
so even the most minute change on the in-state makes a big affect on the out-state. All that
should be described by a unitary matrix if done correctly, but to do this correctly is very difficult
technically and that’s why this procedure hasn’t really shown up much earlier in the literature
as the answer, because we are unable to do all the technical calculations correctly. They are
very hard. But the basis is there, the basis is just look at the gravitational field of the ingoing
particles, look how it affects the outgoing particles, here you are you get the scattering matrix.
It’s unitary, yes, but in the wrong Hilbert space. So, you still have to work at that. The Hilbert
space is wrong because there are certainly effects which have been ignored, which are not the
supertranslations but the other translations. Not the non-supertranslations. If you ignore that
you get only part of the truth but not the complete truth.
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3.2 Black Hole Memory
Malcolm Perry
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First of all I’d like to thank the organizers, KTH, University of Stockholm, and Nordita for their marvelous
hospitality providing us with a very stimulating meeting or at least so far stimulating. What I wanted to
do was to carry on a little bit from what Stephen Hawking said this morning as he was describing the work
that Andy Strominger, myself, and Stephen were doing. I thought the best thing to do right now was to
describe a little bit about what the BMS group is and how it is related to extra black hole charges.

So we’re all used to the idea of the information paradox coming about because black holes only have a
limited amount of hair given by the mass, the charge, and the angular momentum of the black hole. But
we need to first of all see why this is and to see how you might go around trying to change this. What one
usually does when talking about black hole space times is to think about stationary or static black holes
and ask what the degrees of freedom are that are associated with them and it has been well known since the
proof of the uniqueness theorems back in the 1970’s that they are categorized by M , J , and Q; the mass,
the angular momentum, and the charge. Or, if you want to be a little more precise about this the l = 0 and
1 degrees of freedom of the gravitational field which give rise to the mass and the angular momentum. We
could also add to that the linear momentum of the black hole if we wanted to, and for the electromagnetic
field we have of course the electric charge (we could have had a magnetic monopole charge, if we wanted to)
but in each of these cases you could generalize it to other gauge fields where you can have electric charges
or magnetic charges. One reason why this is kind of limited is that because spacetimes that you’re looking
at are static or stationary these charges are things that you can measure at i0, at spacelike infinity. So
these are things which are sort of fossilized in the spacetime. They’re there forever because we’re dealing
with stationary or static black holes. These are the sort of an irreducible set of things the black hole is
described by. However, in any realistic situation one is at a different position, one sits at I+ and typically
one will observe what is going on by looking at rays or matter coming out of the spacetime, of course I+ is
where astronomers live, and you would be observing a black hole or perhaps a collapsing star, who knows
what, by looking at what happens at I, not what happens at i0. And for that reason you really want to be
considering what the degrees of freedom are going to be at I+ not at i0. At i0 the asymptotic symmetry
group of the spacetime will be, at least for asymptotically flat spacetimes, will just be the Poincare group.
But, as we’ve just discussed, you need to consider what happens at I+ because that is where the dynamics
of the situation is going on. One isn’t going to be able to understand the evolution of a system without
asking what happens up here [at I+]. So that’s what the BMS group is going to describe and that’s what
I’m, going to concentrate on for the rest of this talk.

So what exactly is the BMS group? The way to describe it is to think about the metric on the spacetime
near I+. There’s going to be a retarded time coordinate u which measures how far up I you actually are,
there will be a radial coordinate r which tells you how far you might be from some central object, and there
will be a set of coordinates which we will call z and z̄ which parametrize the two sphere, that represent
sections of I+. Near infinity you expect spacetime to be flat and so you expect if you try to ask yourself
what is the metric you would start of by writing something like

ds2 = −du2 − 2dudr + r2γzz̄dzdz̄ + correction terms (1)

which is just flat space written in u, r, z, z̄ coordinates where γzz̄ is the metric on the unit two sphere, plus
corrections. The first correction that you come across will simply be due to the mass. There will be a term
that looks like

2mB

r
du2 (2)

where mB is usually referred to as the Bondi mass and is related gravitational mass of the stuff inside. The
second correction term tells you that this sphere here will in general be somewhat warped, it will be a term
that looks like, again a sub-leading term

r
(
Czzdz

2 + Cz̄z̄dz̄
2
)
. (3)

This is a sort of warp factor of the sphere and it’s damped by one power in r. And there will be some extra
stuff

DzCzzdudz +Dz̄Cz̄z̄dudz̄ (4)
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and then higher order stuff that, at least for the time being, we’re not going to pay any attention to. These
objects C and mB are related to physical things going on in I. mB , as I said is Bondi mass, but the Bondi
mass can evolve because spacetime a dynamical object and the evolution of the Bondi mass is given by

∂mB

∂u
=

1

4

[
D2
zN

zz +D2
z̄N

z̄z̄
]
− 1

4
NzzN

zz − 4πG
(
Tmatter
uu as r →∞

)
(5)

what this is telling you is that the rate of change of the Bondi mass is given by this term here and these two
terms Tmatter

uu simply represent the flux of energy through I this object here Nzz is the Bondi news function
and represents the flux of gravitational radiation through I.

Nzz =
∂

∂u
Czz. (6)

So this the situation in which the spacetime can evolve, in this particular case this equation tells you about
the mass loss. You could write other evolution equations, you could do it for C you could do it for N , but
they would be more complicated, they would represent the flux of other objects through I. But now we
are in a position to be able to say what the BMS group is. The BMS group is, as Stephen told us earlier
today, composed of the semi-direct product of the Lorentz group with the supertranslations, here we are
only going to be interested in supertranslations and the idea is to figure out what objects, what coordinate
transformation preserves the asymptotic form of the metric. The metric as r →∞ is preserved by (I’ll leave
out Lorentz transformations because they’re not really relevant to this) supertranslations and in terms of
coordinates this is just simply the shift of u, the retarded time, by any function on the sphere f (z, z̄)

u→ u− f (z, z̄) . (7)

You also need to make changes in r and z and they are given by

r → r −DzDzfz → z +
1

r
Dzf. (8)

This capital D is a covariant derivative with respect to the unit two-sphere with metric γ. So this is the
asymptotic symmetry, you can immediately see from this that this group is an infinite dimensional abelian
group.

Another way of looking at the same thing would be to ask yourself what would be the infinitesimal, the
vector field, that generates this transformation. We’ll call that vector field ξ, and it’s going to be something
like

ξ = f
∂

∂u
+DzDzf

∂

∂r
− 1

r

(
Dzf

∂

∂z
+ c.c

)
. (9)

So there’s a nice vector field that is associated with this and roughly speaking pick any real function f (z, z̄)
will generate a transformation, and that’s why this thing generates an infinite dimensional group. The fact
that it is abelian follows from the fact that all you’re doing as adding f here in an additive fashion, and this
gives rise to the fact that it is abelian. You can see that this object changes both the Bondi mass and the
warp factor because if you compute the Lie derivative with respect to ξ of the Bondi mass it’s going to be

LξmB = fmB . (10)

That’s a physical change in the spacetime that leaves the asymptotic form invariant. Similarly you can
change the warp factor:

LξCzz = fNzz − 2D2
zf (11)

This tells you that if there is gravitational radiation going through I it will change Czz but it corresponds
to a supertranslation. So that is part of the physical meaning of the BMS transformation.

You can do a bit better than that. There are two things you can do, you can say ‘what is the effect of,
say, some gravitational radiation going through I?’ Let’s suppose that we have some gravitational radiation
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going through I and [on I+] we put an initial point and a final point [further along I+] and the radiation
is concentrated in that region [between the points]. What would be the effect of that radiation? Well the
easiest way to work this out is to think about this function Czz, the warp factor for the metric. The simplest
thing to to do is to observe that it obeys the equation

D2
zCzz − c.c = 0. (12)

That implies that there is a scalar potential for Czz, call it C. So

Czz = −2D2
zC. (13)

If you perform a BMS transformation you just shift this potential by f , C → C + f .
You can do a bit more than that, you can for example suppose that you have gravitational radiation

[between the initial and final points on I+] and ask yourself what kind of BMS transformation do you
actually find as a result of some gravitational radiation going through I. We can write down a nice little
formula for that which I think most simply is written in the following way: the change in C from before any
radiation happened to after there was any radiation is given by

∆C =

∫
d2z′γz′z̄′G (z, z̄, z′, z̄′)

(∫ ufinal

uinitial

duTuu+mB

)
(14)

with G some kind of Green’s function which I’m not going to write down, and where Tuu contains two pieces:
the effective little bit due to gravitational radiation, and the bit due to matter content

Tuu =
1

4
NzzN

zz + 4πGTmatter
uu . (15)

What this shows you is that if you allow gravitational radiation to flow through I then it’s affect is just
a BMS transformation, so spacetimes which are flat asymptotically are not necessarily all the same they
will differ by BMS transformations. One way in which you could observe this is by what’s usually called
gravitational memory. This was discovered in the context of gravitational wave astronomy.

Suppose you have the Earth and you had some satellites that were sitting around the Earth [forming
a circular ring] perhaps equally spaced. Suppose that these satellites are somewhere near I and they were
equally spaced and you allow gravitational radiation from somewhere to flow through the system for a short
time and ask yourself what will happen to these satellites. Well, of course, after the gravitational radiation
is gone the spacetime is still flat, but it’s a different spacetime, it isn’t the same one you started with. After
gravitational radiation has passed through that region of spacetime these satellites will have moved in various
directions reflecting the fact that this function C has changed. So the initial and final spacetimes differ by
a BMS transformation. In this example I chose the satellites to be inertial, but you could do things in a
different way if you wanted to. You could do the same for clocks on these satellites, it could be that they
start out all synchronized but by the time they have moved they will be displaying different times.

So that’s one way in which you can think about BMS transformations, but there’s another way which
makes contact with an idea about charges at infinity. So you can have BMS charges, how are these going
to be defined? Well the simplest way of doing this is to think back to the work of Peierls, but subsequently
many others, it started with him as he wanted to construct a covariant way of looking at Poisson brackets.
What he did for an arbitrary relativistic field theory was to give an algorithm for constructing a covariant
form of the Poisson bracket, one that would not require you to pick a particular time coordinate. This was
followed in the case of general relativity by Ashtekar, Crnkovic, Witten, and subsequently many others, one
of the most important for us was Wald, Lee, and Zoupas. They had a covariant way of describing Poisson
brackets, that means that they invented a symplectic form on the space of all metrics and first derivatives.
The form of this function is quite complicated, so I won’t write it down in detail, but just tell you what it is,
we’ll call it Ω as most symplectic forms are called Ω, it depends on some background metric and it depends
on two perturbations on that background, h and h′.

Ω(g, h, h′) =

∫

Σ

tαd3x
√
γz,z̄ [h∇h′ − h′∇h]α (16)
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where Σ is any spacelike surface, tα is a unit normal to it, and γ is the induced metric on it. If h and h′

obey the linearized equations of motion this object [the current inside the square brackets] is divergence free.
This enables you to define a charge. You can’t easily fix the charge but you can easily fix the variation of the
charge. Suppose g → g+h and h′ was the gauge transformation associated to the vector field that generates
the symmetry,

h′ab = ∇aξb +∇bξa. (17)

Then you will have an object which is essentially a conserved charge. What Ω (g, h,∇ξ) then represents is
the variation in the charge due to a perturbation h corresponding to the symmetry ξ.

That tells you that for any supertranslation you are able to define a conserved charge which takes your
favorite ξ, that means you choose your favorite f , decide you’re going to vary the metric by adding, say, for
example, C to it given by (1) and this gives rise to a charge which you can compute. So what you discover
is that this spacetime, rather than being static, even though the black hole itself might be fairly static, there
will be a whole collection of BMS charges which characterize the spacetime beyond the M , J , and Q that
we had earlier. This could be a black hole spacetime, it couldn’t really be a static black hole spacetime it
would be a spacetime that is evolving, but there will be a whole collection of charges which would change
as functions of time (as the black hole evolves). So what we’ve done is to construct an infinite number of
charges that relate to the black hole. Well that’s just the BMS charge at infinity. We heard this morning
about the BMS charge associated with event horizons. Perhaps I shouldn’t say event horizons, I think I
really mean isolated horizon because an event horizon requires a global construct whereas it seems to me we
should be thinking about local constructs here.

A clue that such a thing is possible, at least this is how I thought of it, Stephen may have his own way
of thinking about it, but this is the way in which I thought about it when listening to Andy Strominger, we
go back to our picture of the Earth surrounded by collections of satellites. Of course, I said the satellites
to be out at I, out near infinity but in actual fact it doesn’t make the slightest bit of difference where they
are, you’re just looking at them from Earth so you could really sort of let them go down any null ray you
like and the physics of what’s going on wouldn’t change. The calculational details will change because what
we did for the BMS group relied on being able to expand things in powers of 1/r nicely and had some kind
of asymptotic region and controllable path series expansion telling you what happens as you get towards I.
But that doesn’t change the physics of it, you could just simply bring these things in and at some point, well
if it was the Earth you’d stop when they crashed but if it was a black hole you would have to stop when you
got to the event horizon. So you need to ask what kind of structure would you have to have on the event
horizon?

I’ll talk about isolated horizons. These are null surfaces with topology S2 × R, what I mean by null is
any normal to it is going to be tangent to it, so the corresponding vector would be l and I would like the
convergence of the null geodesics associated with l to have zero convergence. What that means in practice
is that

Θ = hab∇alb = 0 (18)

where hab is the metric on the S2. Under those circumstances you can write down what you think the metric
is going to be in general terms it will look something similar to the way things look at I, one could say there
is something times du2 then there will be something involving a dudr and then there will be some stuff that
tells you about what happens on the sphere and distortions of it:

ds2 = Udu2 − e2βdudr + gAB
(
dxA −WAdu

) (
dxB −WBdu

)
(19)

U , β, W , and g will be functions of coordinates, but they are such that on the horizon U = WA = 0. Then
you can ask yourself what is the corresponding symmetry which preserves the form of the metric in the same
way that the supertranslations preserves the asymptotic symmetry for an asymptotically flat spacetime at
infinity. The answer is, the corresponding vector field is

ξ = f(XA)
∂

∂u
−
(∫ r

rHorizon

gBC∂Bfdr
′
)

∂

∂xC
−
(∫ r

rHorizon

WB∂Bfdr
′
)
∂

∂r
. (20)
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Those are generators of BMS transformations on the horizon. Similarly, you can construct a collection of
BMS charges on the horizon. What this tells you is that, rather than black hole being dead objects specified
by small number of quantum numbers, this tells you that there are in fact classically an infinite number of
charges which are essentially conserved objects, and for that reason it gives you a potential way out of the
information paradox. That essentially is the observation that led to what Stephen was talking about this
morning.

Various questions emerge from all of this some of which were hinted at earlier. The first is that this is
an entirely classical calculation it’s not a quantum mechanical calculation and to understand the entropy of
the black holes coming from Bekenstein-Hawking entropy formula, one really should be doing a quantum
mechanical version of this calculation. The second problem is that the way was expressed was just in terms
of perturbation theory what one should really be doing is calculating BMS charges at past infinity and asking
how the whole system evolves as you move to the future where there is both a black hole horizon and I+.
The third question, which should have been asked this morning, but didn’t seem to have been, especially
given that there was a lot of talk yesterday about it, is that black holes made of baryons and black hole
made of anti-baryons look the same. Whereas in this kind of picture where things arise from gauge charges
that could not possibly happen. The answer is perhaps controversial, but relates to what Gerard ’t Hooft
was saying this morning, it restricts the kind of models that would be compatible with this kind of picture.
Baryon number is a global charge, and as such it is different to a gauge charge. In string theory there are
no global charges. Baryon number will result from a collection of other things which are associated with
gauge charges having to do with how one generates the standard model from fundamental string theory. So,
in string theory you would not face that problem. But, if you just simply constructed a general arbitrary
model then you would.

Another question that is important is, is this enough charge to resolve the information paradox? Or
perhaps too much? I can’t really give the answer to those questions, however for gauge fields, not just the
gravitation field, there is an analog of the BMS group. So, for example, for the Maxwell field there is an
analog of the BMS group at I which would enable you to say something about the electromagnetic hair of
the black hole not just its gravitational hair.

Lastly, and related to a point also made this morning by Paul who asked about black holes in other
space times, since this effect is associated with horizons, not necessarily just what happens at I, there will
be this effect at whatever kind of horizon you have embedded in whatever kind of spacetime there is. At
any form of infinity, there will be some analog of the BMS group, whether it’s a timelike infinity or, perhaps
unpleasantly, a spacelike infinity which you probably don’t really want to contemplate. But, also there will
be an analog of the BMS group at cosmological horizons which we have not scratched the surface of yet.

So as you can see this is sort of a brief sketch of what is going on and plainly there is ample scope for
rather more work and firming up this to make sure that it really does work properly.

Thank you for your attention.
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Discussion

ford: If I understand, what you’ve described is a way of classifying classical gravity wave perturbations
of a black hole, you say there are an infinite number of conserved charges, that’s a way of
classifying the infinite number of ways you can gravitationally perturb a black hole. That is all
classical. It seems like there’s still a big jump from that to seeing how these charges or perturbs
leave an imprint on the outgoing Hawking radiation. Do you have any ideas about that?

perry: None that I can discuss at the moment. Will visit Strominger late Sept to start a draft, Andy
will visit Cambridge end of Oct to finish the draft.

duff: You said that M, Q, and J are the only quantum numbers that classify a black hole, but in
the case of supersymmetric theories the extremal black holes form a supermultiplet and the
other members of the supermultiplet could carry spin or non abelian quantum numbers. It’s the
fermionic hair that supplies those. Does that enter into your considerations?

perry: Well, it has not entered in to our consideration. I’d classify this question as being part of ‘is
there enough hair?’ So certainly the supersymetric theories, it’s presumably the case for some
analog of the gravitino. Although I have not made any attempts to investigate what that might
be. For supersymmetric gauge theories then of course since we know that there is an analog of
electromagnetism then you’d have thought that there should have been an analog of fermionic
superparticles of the photon in a supersymmetric setting. So I would think that the answer would
be, yes, there should be such things, but we have not seen them yet.

bardeen: Could you comment on the quantum cloning issue. You’re saying that you’re getting the
information essentially on the horizon through these BMS translations and, on the other hand, the
particle that’s falling in is not curved very much crossing through the horizon, so it should have,
essentially, all the entanglement with the outside. In some sense, there is cloning of information
and on the other hand I think you could argue that there’s no one observer that could detect both
copies of the information because the information is coming out at late time and the Hawking
radiation is spread out over essentially the whole future history of the black hole while there’s
no observer that can both measure that and also detect something inside the black hole. Do you
have any comments on that?

perry: I think that you have put your finger on the heart of black hole complementarity which I will
confess that I have always found a little puzzling, perhaps I’m not unique in that respect. I
don’t know if Stephen is going to agree with what I’m about to say, but I find myself in Gerard
’t Hooft’s camp on this subject. It is presumably the case that the two different observers are
telling you different faces of the same thing. How that can come about is absolutely unclear to
me. The alternative is simply that the nature of reality is not as objective as you think. You
may take your pick. Maybe Stephen would like to say something on the subject.

stodolsky: Would these considerations mean that the radiation seen at infinity is different from the
usual thermal source?

perry: Do you mean would they be precisely Planckian?
stodolsky: Not only Planckian but the lack of all kinds of correlations and so on.
perry: Well I think what would actually happen is that at the beginning of the evaporation process

they would actually look fairly Planckian, but by the time you got to the end there would be
significant deviation from that because that’s where you would expect the correlations to lie.

stodolsky: So it’s no longer a perfect thermal source?
perry: It would not be perfectly thermal, there would be corrections, and in particular large correc-

tions when the temperature became large.
rovelli: Just a thought, the imprint you’re looking at on the horizon is not just on the horizon it’s

also outside the horizon. In fact you can find it, the metric, somehow in the region outside the
horizon just from what you said, it seems to me. You’re looking at its value at the horizon, but
there is a similar imprint at various radii.
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perry: But you have to have a surface on which there is a collection of symmetries which can you
regard as a sort of boundary of the spacetime you’re interested in if you want to define charges,
otherwise yes. The point is, of course, that you need a surface, which would be a timelike or
a null surface, but if that doesn’t have any isometries, or any approximate isometries then you
can’t really find conserved charges on it. What you’re saying is that, I think, that if you’re very
careful and calculated all the back reaction properly you should be able to account for processes
like this simply by being very careful. That’s true at the classical level, I don’t know about the
quantum level. The quantum level is something we have to investigate more.

rovelli: Your answer is the answer of a mathematician, if I want to define proper charges in that
case to take in to account where the information is stored, then I can use these charges. But
physically the metric outside, of course if I am a great mathematician I can compute it, still has
this information. Is there any sense for which what you said implies that information is precisely
on the horizon as opposed to just outside the horizon?

perry: The answer to that is not clear, however you can make it clear by doing calculations which
are in progress which involve doing expansions of what happens near the horizon when you drop
things in and asking what the charges are before and after you’ve done that. That’s a calculation
that’s in progress. It could be, that you discover that the charges are not zero, in which case you
would say it is exactly on the horizon or it could be that you discover that all the charges were
zero in which case you would have to say that it’s outside the horizon because you’re dealing
with conserved charges. So that’s at least it’s on my mind.

ford: I would like to understand a little bit better the nature of these charges. So let’s talk purely at
the classical level for a moment. We have a Schwarzschild black hole and we perturb it a little bit
with some gravity waves, now normally of course as seen by distant observer the perturbation will
decay away exponentially. After a while the black hole looks almost exactly as it was before the
gravity wave came in and perturbed it. You’re telling us that there is in some sense a conserved
quantity, an imprint of that, so that this conserved charge says that in some sense once you kick
a black hole it’s never the same again. Is that a fair statement?

perry: That’s right.
ford: But then that says that this imprint must be very very hard to detect classically because we’re

dealing with something that is decaying away exponentially in time.
perry: What you’re asking is whether or not this is enough to solve the information problem?
ford: I’m still trying to understand the nature of these charges even in the classical theory. I can

see there is a formal construction of them, but I think I would be a little hard pressed to
ask an astrophysicist how to construct something to measure these charges. Especially if our
perturbation happened a very long time ago. Can you say anything about that?

perry: On the subject of how you would measure the black hole, I am not sure of the answer because
that’s a bit hard. If you want to measure the charges at infinity then experiments of the type of
the satellite experiment, observations that we were talking about, should be sufficient. At least
in principle if even not in practice.

ford: What I think you’re talking about there is the gravity wave comes by, there’s some geodesic
deviation which occurs, and as a result of that geodesic deviation the orbits then are different
from what they would have been.

perry: That’s exactly correct.
ford: That remains the same. But in the case of a horizon, it’s much harder to see what remains to

be observed at a later time.
perry: Well I think Gerard was talking about how you get around that particular problem this

morning. I don’t feel I could put it much better than he did.
’t hooft: The way I see this is that you have to look at the states asymptotically when Hawking

radiation comes out of a black hole it can come out in very many ways. You make a detection
of particles, you have the detectors all around the planet Earth, or the black hole, much like you
sketched, all these detectors detect particles, yes or no. Some of them go off some of them do not
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go off. That gives you a tremendous amount of information about the final state. Now whenever
you tangle, ever so little, with the ingoing states in the black hole the outgoing states will be
different. From that moment on you’re looking at a different states which means that different
detectors will go off at sufficiently late time.

rovelli: But this is not the classical GR that he’s considering. This is in the full theory.
’t hooft: Hawking radiation of course is not classical GR, Hawking radiation is a quantum effect. It

is in that radiation where you see all these differences take place.
rovelli: The question was about classical GR charges, if I understood it correctly.
ford: I was just trying to understand that, classically we expect perturbations to decay exponentially

in time. Certainly as a matter of principle a decaying exponential is never strictly zero, but it
gets awfully close. So this conserved charge seems to be a very subtle quantity. Very hard to
measure, even in the classical theory.

rovelli: If you have a sphere of satellites that stay just outside the horizon for a very long time and
they have clocks, at some point they’re all synchronized. Then they wait long enough then the
difference between the clocks will read their charges.

perry: That’s fine except you’ve got to keep them there somehow.
hawking: Can you calculate entropy?
perry: We have not done so yet. The problem is that you see infinite number of charges here, that

comes from looking at the classical phase space of the system, whereas what you want to do to
calculate entropy is to look at the quantum mechanical version of the phase space. That requires
you to make a modified structure of the phase space, typically by deforming Poisson brackets in
to commutators or something of that type. In this particular case, I do not know how to do this.
Various people have made various suggestions. One suggestion was that you just simply put in
some type of cutoff. But how you would arrange that cutoff to give you precisely the right thing
in a way that didn’t depend on how you did it is beyond me. What one should be doing is looking
at the quantum version of phase space and then seeing if you can reconstruct the entropy from
that without doing anything strange. As of this moment, I don’t know how to do that, though I
thought you did.

rovelli: The two metric that you foliate, the two-metric is null?
perry: The three-metric on the horizon is null, the two-metric is sections of that which exist on the

sphere. The same is true on I. The three-metric is a null, degenerate, metric but sections of it
at constant advanced or retarded time will be two spheres.

rovelli: Is exactly a two-sphere, is a geometrical two-sphere? Not a topological two-sphere?
perry: Yes.
rovelli: So the charges are not written in this two-metric?
perry: In this particular case, this could be any metric on a two-sphere, the case of what happens at

I, then you can use a unit two-sphere and it wouldn’t be a problem. Here you’ve got to be a bit
more general because you don’t really know what shape the horizon is, it could be squashed for
example, then it wouldn’t be the same thing as a two-sphere, it would be conformal to it.

rovelli: I’m confused. Suppose we have a Schwarzschild in to which things have fallen, different
charges mean that the geometry is not exactly a two-sphere?

perry: Different charges would mean the geometry is not exactly, it will be deformed away from
whatever it was when you started.

rovelli: So this is exactly the picture that the entropy Stephen Hawking was asking about. Count
the possible deformations of the two-sphere.

perry: Well classically there is an infinite number of those.
rovelli: Classically, right classically, which of course are infinite. In the old way, I’m not doing this

anymore, but in the old way of loop quantum gravity the counting was the number of quantum
states, the number of quantum geometries which they are discrete because of Planck length,
with a certain condition. The condition being that the total area is fixed. I wonder if there
is any. . . The old loop quantum gravity calculations were based on the idea that you can view
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the horizon as a shaking sphere. Classically it just rapidly goes to an exact geometrical sphere,
quantum mechanically it keeps shaking.

perry: You’re basically saying that you could excite the horizon by making it vibrate. The entropy
is due to the thermodynamic nature of all those vibrations.

rovelli: Yes.
perry: You would fix a temperature, then ask what is the entropy given that then energy is whatever

it is?
rovelli: Yes, exactly.
perry: Maybe.
rovelli: I’m not asking about that, I’m asking if there is a similar story here. In a sense you’re

viewing the information stored in to those geometrical deformations of the horizon.
perry: Yes. We have had some discussions about that, or at least Andy and I have, I think Stephen

had discussions along those lines in April. That has not yet been made precise. It’s the kind of
thing you might try to do but we haven’t completed that yet.

mersini-houghton: Does it matter if you have an eternal black hole or a black hole that formed from
a collapse?

perry: Well an eternal black hole would be static, it’s been there forever and it’s unchanging, those
seems to be the things that we’re not really interested in. Here one is really interested in the
question of black hole formation and evaporation, or at least black hole evolution. Eternal black
holes are a little bit different. We could have a discussion about zero temperature black holes
and entropy counting due to things like how you construct things with those particular quantum
numbers out of branes, that works fine, but it only really works for zero temperature black holes.
Those are static and the charges corresponding to the brane charges are always measured at i0.
So in some sense those aren’t really what we’re interested in.

mersini-houghton: Can you also use this approach of supertranslations for deSitter space?
perry: Yes. There is an analog of the BMS group on cosmological horizons.
mersini-houghton: So in that manner you would be able to mine information for what’s beyond the

horizon?
perry: Perhaps. Or what went through it would be a better way of putting it.
mersini-houghton: So we shouldn’t expect thermal spectrum for deSitter space?
perry: Well maybe for pure deSitter space you would. But deSitter space that contains some stuff. . .
mersini-houghton: Pure deSitter should have zero entropy because it’s a pure state.
perry: deSitter space which contains some matter of some kind, which is more or less deSitter space,

then the answer is yes.
mersini-houghton: But if you change the temperature of the spectrum would that imply a sort of

decay of the cosmological constant?
perry: I don’t see how that would come about.
ford: Can you define these charges on any null surface? Or does it have to be a horizon or I+?
perry: I think it has to be something that has some type of symmetry group associated with it so that

you can define a vector field which generates that symmetry and its charges would be associated
with those vector fields. So the answer is no, not any null surface.

freese: If at inflation you have something non-thermal, can you test this?
perry: That relates to the question about deSitter space again. All I can say is that if you have

deSitter space then on the cosmological horizon there is an analog of the BMS group. You can
have a black hole in deSitter space, there is an analog of the BMS group on its horizon. I don’t
really know about anywhere else.

mersini-houghton: So that would also provide a distinction between radiation from a black hole and
radiation obtained from an accelerated observer since the latter wouldn’t have the symmetries.
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perry: Well an accelerated observer has a horizon, the Rindler horizon, and if you are going to ask
whether that has a symmetry group associated with it the answer is going to be yes. There
must be some similar thing that tells you about things that may have fallen through the Rindler
horizon say, for example, inertial objects compared to the accelerated one.

ford: I thought you just told me I couldn’t take an arbitrary null surface? But surely I can take a null
surface and find an observer who is asymptotic to that. I don’t understand the relation between
your answer to my question and your answer to the last question.

perry: This is something special about the Rindler horizon.
ford: Well I can take any null surface and find some observer who is asymptotic to that, and then

that surface becomes a Rindler horizon. A moment ago, you said you could not have conserved
charges associated with any null surface. Now you seem to be saying that a Rindler horizon
would have conserved charges. There seems to be a contradiction, or am I missing something?

perry: I don’t think for an arbitrary null surface there is a collection of observers that have that as
there horizon.

ford: Why not? Just take some timelike observer who is accelerating closer and closer to the speed
of light so that observer is asymptotically approaching that null surface. Doesn’t that surface
become a Rindler horizon for that observer?

perry: You’re asking the opposite question, aren’t you? You’re saying, given a null surface can you
always find a classical observer such that it’s their horizon? I’m not sure if that’s true. Is it?

ford: It seems to me that the answer should be yes. Fairly obvious that you can take some timelike
observer, an observer who’s worldline asymptotes to a given null line. Then that makes that line
a Rindler horizon for that observer.

perry: You need a whole surface.
ford: Take a family of observers. I see a contradiction between your two answers, unless there’s

something left out here.
perry: I reserve the right to think about that.
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3.3 Black to White Hole Tunnelling: Before or After Hawking Radiation?
Carlo Rovelli
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Discussion

stodolsky: We now have some remnants around of these expanding moons and they’re made of
what? of ordinary matter?

rovelli: Yes, in a sense this is completely conventional physics. So ordinary matter, ordinary general
relativity, ordinary quantum mechanics. There’s nothing non-conventional here. The hypotheses
are that the were primordial black holes and a common idea in cosmology is that they were made
by just fluctuations of whatever was there, typically photons because a typical moment where
they could be created is when there is a lot of photons around. So it’s photons coming in and
what would come out is just photons again. Plus whatever other standard physics.

spindel: Just for clarification, the formula m2 you want to recover from covariant loop quantum
gravity and so you would like to calculate the path integral in this region 3 and somehow calculate
the scattering time shift or something like that and to arrive at an exact expression with a
prefactor.

rovelli: Exactly, exactly.
spindel: The main difficulty is because you cannot evaluate this fully, or you have to go to a semi-

classical approximation of the path integral? What is the main difficulty?
rovelli: There are two main difficulties. One is that loop quantum gravity transition amplitudes are

nice and beautiful when you write them as a theoretician, but when you start trying to compute
with them are a nightmare. Just to do this integral, this complicated integral, this is an integral
of SL (2,C), these are Wigner matrices, and these are the Wigner matrices of SL (2,C) which
are complicated things, which are hypergeometric functions and so when you actually try to do
with that, we don’t know how to do the integrals. The other difficulty, more conceptual, is that
these amplitudes are given order by order in some approximation so you’re actually taking these
two surfaces and approximating them, sort of discretizing them in some sense, and computing
the transition amplitude with increasing approximations. So the question is are we sure we can
do that with a simple enough truncation, or do we have to go up with the truncations, we don’t
know yet.

spindel: I see.
rovelli: So that’s conceptual. This is all finite integrals, these have been proven to be finite, the

reason we can write these finite expressions is that we are in a truncation and the idea is that
the degrees of freedom that matter are large scale degrees of freedom not small scale degrees of
freedom, so you can do that.

spindel: You described the transition from a black hole to a white hole with emission of energy in
terms of the dynamics of the null shell that will constitute the black hole. What would be the
time reversed process?

rovelli: Very good.
stodolsky: What was the question?
rovelli: ‘What is the time reverse of the process?’ is the question.
stodolsky: For a white hole to become a black hole? It’s not the same?
rovelli: Yes, exactly. The idea here, the Hawking radiation and the black hole they’re both time

oriented. In fact, by itself, the Hawking radiation is a dissipative phenomenon in the usual
picture. You transform mechanical energy and heat. The idea here is that if this phenomenon
is faster than the Hawking radiation, then the Hawking radiation is a small correction over this
phenomenon, so we can neglect it. The picture I gave is neglecting Hawking radiation. The
phenomenon is completely mechanical, it is quantum mechanical, but it is mechanical, it’s not
thermodynamical, and it’s exactly time reversal invariant. The idea is that a shell collapses,
bounces, comes out and this is a time reversible process. It’s like if you take a ball, you let it go,
it comes down, and then you ask how does it come up? Well it comes up exactly in the way it
went down, but time reversed.

spindel: At the mechanical level, the motion of the shell, it’s clear. The point that I didn’t see is the
extra emission of energy during the transition and all that.
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rovelli: No no, the energy that comes out is the energy that goes in. There is no extra emission
of energy. The energy of the explosion is the energy of the incoming shell. Energy is conserved
and the phenomenon is time reversible. There is no other energy besides this one. The thing
that comes out is the shell that went in, with it’s own energy. Of course, in the real situation,
on top of this, one should include the Hawking radiation which is small, M3 so it’s MPlanck/M

∗

so it’s many orders of magnitude smaller, but it’s not time reversal invariant. It’s a dissipative
phenomenon. So it’s like if I let a ball fall it doesn’t really come out the same manner because
a little bit of energy is left in the heat of the ground and that would be the Hawking radiation
effect. A small effect on top of a big one.

dowker: Do you have any model that goes beyond this spherically symmetric ansatz that you’ve used
here?

rovelli: We wanted to do Kerr because Kerr is supposed to be more realistic, in the universe every-
thing is turning, but we haven’t done it yet because this is recent. But I think it has to be done.
The other thing, I think to start believing this we should understand what happens not with a
single shell, but with two shells, so with a continuum of matter or at least two shells. To put it
very naively, if I have two shells do they come out like this or do I come out like that [with their
order reversed]? I don’t know.

dowker: Even Kerr is very symmetric, the thing is when you don’t have an event horizon you can’t
appeal to the uniqueness theorems in solving equations of motion. Then you open up a Pandora’s
box of possibilities. You would need not to just look at examples based on very symmetric
situations, but you would have to see how perturbations might affect that.

vidotto: There is a possibility that this bounce ends up in a very un-isotropic situation. Let’s say
that the collapse is not exactly the same as the expanding part of the process, exactly because
of what you say of the chaotic nature of the collapse it could be very likely that the resulting
metric in the end is something very un-isotropic. What is interesting to me is that probably on
the phenomenological point of view the characteristic signature should be more or less the same.

dowker: Your construction relied on being able to to do the matching between the white hole and the
black hole, but in a non-spherically symmetric, generic situation I don’t know what confidence
do you have that you’d be able to do such a matching.

rovelli: The first part of the matching is mathematically to be done sort of, but physically, it’s trivial.
The matching here is trivial. Imagine you have a deformed shell, you let it fall, whatever it does
it does. Outside, there will be whatever it is and inside there will be whatever it is. Physically,
there is always a solution of the matching here, so the question is if we can time reverse it and
if we can think there is an elastic bounce.

vidotto: In loop quantum cosmology, there is this result that the universe can be coming from
a contracting phase and then expanding nowadays. There the results are much more widely
explored and in particular the result holds in the case of Bianchi IX, Bianchi I, and so on so this
gives confidence that in the case of the black holes maybe we can do something similar.

whiting: I wanted to ask about the two shell case. Suppose we have one shell that we want to
represent a shell with a large mass so it would form a large black hole and then much later in
time we want to send in a very small shell, basically a test shell, from I. In principle, if I tried to
send it in so that it intersected your hole’s central line after the δ, the way you did you matching
would it have to bounce out from the middle of nowhere? If you go back to the plot you had up
with the cut and the matching.

rovelli: No it just goes through. That would break the time reversal invariance of the process of
course. If I have a big ball and a small ball, the big ball comes out first. If I send a shell here
it just goes through, bounces here, and goes out. It is a test shell. Maybe I misunderstood the
question.

whiting: I see, so you’d basically create a new bounce process in flat space at the top?
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rovelli: Yes. What is dangerous, if I send it just here it comes very close to here then, it’s strongly
blue shifted by coming down here so it might take away energy from this and move it out, in fact
we’re looking at the stability of the solution with respect to perturbations of this sort.

ford: The fact that this is not exponentially suppressed seems very surprising here. I’m trying to
understand, I can see that you’ve put things together with matching but that looks maybe a
little artificial. Suppose you try to do this in a path integral approach where you start with
an initial configuration and you sum over amplitudes. Normally you’d naturally expect to get
exponentials unless maybe there are such a very very large number of configurations that all these
exponentials sum up to some other function, but usually tunneling amplitudes are exponentials.
Can you comment a little but more on that?

rovelli: Yes, we don’t have a strong answer to that. We don’t have a strong argument saying no,
this is not what is going to happen. We have a weak argument which is the following: if you do
the saddle point approximation of the integral you get exponential of the action gives a strong
depression of the probability, but then you have a phase factor which counts the number of states
you can tunnel through in a sense. Now there’s an argument by Mottola which says that in
similar situation there is an almost exact cancellation between the two because you have a lot
of states to tunnel through once you consider the full geometry. Remember in the path integral,
there isn’t just a spherically symmetric metric, you’re summing over all. So if you want to know
how many states there are available there, roughly it’s the number of states that the path integral
assigned to the black hole which is the exponential of the entropy. And the exponential of the
entropy is again M2. So you have two exponentials of M2 which come with the opposite sign.
Now if you say ‘alright can you Carlo prove this mathematically and convince me solidly?’ No.
If you have objections I’ll shut up. That’s an indication that we sort of used, what suggested to
us M2 is anoter argument.

ford: I can certainly see if you have a very large number of intermediate states then they can sum up
to something other than an exponential, but they have to be things that go between your initial
configuration your final configuration, that seems to be the missing part here.

rovelli: Absolutely. It’s not exactly tunneling in the usual sense. It’s a phenomenon which is, strictly,
related to tunneling, but once you write it down it’s not the standard tunneling. One way of
viewing this is that in computing tunneling probability you compute a dimensionless number,
which is exponent, times a typical time of the process which usually you add by hand sort of.
Right, if you want to know a Uranium atom when it decays, you sort of tunnel through the
potential barrier and you get the exponent of some number, but then you have to multiply by
something with the dimension of time and you just imagine that the thing is bouncing back
and forth and you use the frequency of the bounce. That’s what people do in nuclear physics,
very naively. Here there is no natural time scale to start with, and the transition is not out of a
stationary solution, the time comes in very indirectly from the outside. It’s a funny game because
remember that the time I’m talking about, which is the proper time of an observer here, it’s just
a proper time of an observer here, it’s not something which is there. It’s related to a geometrical
quantity there which is the radius of a point here. And it’s related logarithmically. All this to
say that one cannot take the usual intuition of tunneling and transform it directly to this case.
Which, of course, is not an answer therefore it’s obviously not that. But it’s not obvious that it’s
that either.

stodolsky: I had a sort of similar question. In ordinary tunneling you have a barrier and a particle
confined in some region and you can say it wants to tunnel because of the uncertainty principle
energy that tries to get through the barrier. Is there some similar understanding about why
the gravitational field wants to tunnel? What is it that’s fluctuating? Why does it want to get
through the barrier?

rovelli: Because it doesn’t know what to do here. If I use a classical theory there is a line here
where the curvature keeps increasing. If I follow a line up here, classically the curvature keeps
increasing. On this line the curvature becomes Planckian. It doesn’t want to be Planckian.
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It’s like squeezing something beyond the Heisenberg relations. It wants to make a transition to
something else.

stodolsky: So it is again a kind of uncertainty energy?
rovelli: Yes, except that this is played in a slightly different manner in which we don’t have clear

control. So yes, it’s Heisenberg relations forbidding it to evolve to r =∞ here, or if you want to
squeeze the shell too much here at some point it’s going to increase the probability of making a
transition to something else. The only something else by symmetry that it can be is the same
thing going out.
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3.4 A new Quantum Black Hole Phenomenology
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How long is the bounce from outside?

Upper limit: 

Firewall argument (Almheiri, Marolf, Polchinski, Sully):“something” unusual 
must happen before the Page time (~ 1/2 evaporation time) 

⟹ the hole lifetime must be shorter or of  the order of  ~ m3 

Lower limit: 

For something quantum to happens, semiclassical approximation must fail. 

Typically in quantum gravity: high curvature     Curvature ~ (LP)-2 

!

Typically in quantum tunneling:                  Curvature × (time) ~ (LP)-1 

⟹ the hole lifetime must be longer or of  the order of  ~ m2
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The smoking gun: distance/energy relation
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FIG. 1: White hole signal wavelength (unspecified units) as
a function of z. Notice the characteristic flattening at large
distance: the youth of the hole compensate for the redshift.

The received signal is going to be corrected by standard
cosmological redshift. However, signals coming form far-
ther away were originated earlier, namely by younger,
and therefore less massive, holes, giving a peculiar de-
crease of the emitted wavelength with distance. The re-
ceived wavelength, taking into account both the expan-
sion of the universe and the change of time available for
the black hole to bounce, can be obtained folding (1) into
the standard cosmological relation between redshift and
proper time. A straightforward calculation gives
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where we have reinserted the Newton constant G and
the speed of light c while H0,⌦⇤ and ⌦M are the Hub-
ble constant, the cosmological constant, and the matter
density. This is a very slowly varying function of the
redshift. The e↵ect of the hole’s age almost compesates
for the red-shift. The signal, indeed, varies by less than
an order of magnitude for redshifts up to the decoupling
time (z=1100). See Figure 1.

If the redshift of the source can be estimated by using
dispersion measures or by identifying a host galaxy, given
su�cient statistics this flattening represents a decisive
signature of the phenomenon we are describing.

Do we have experiments searching for these signals?
There are detectors operating at such wavelengths, begin-
ning by the recently launched Herschel instrument. The
200 micron range can be observed both by PACS (two
bolometer arrays and two Ge:Ga photoconductor arrays)
and SPIRE (a camera associated with a low to medium
resolution spectrometer). The predicted signal falls in be-
tween PACS and SPIRE sensitivity zones. There is also a
very high resolution heterodyne spectrometer, HIFI, on-
board Herschel, but this is not an imaging instrument, it
observes a single pixel on the sky at a time. However, the
bolometer technology makes detecting short white-hole
bursts di�cult. Cosmic rays cross the detectors very of-
ten and induce glitches that are removed from the data.
Were physical IR bursts due to bouncing black hole regis-
tered by the instrument, they would most probably have
been flagged and deleted, mimicking a mere cosmic ray

noise. There might be room for improvement. It is not
impossible that the time structure of the bounce could
lead to a characteristic time-scale of the event larger than
the response time of the bolometer. In that case, a
specific analysis should allow for a dedicated search of
such events. We leave this study for a future work as
it requires astrophysical considerations beyond this first
investigation. An isotropic angular distribution of the
bursts, signifying their cosmological origin, could also be
considered as an evidence for the model. In case many
events were measured, it would be important to ensure
that there is no correlation with the mean cosmic-ray flux
(varying with the solar activity) at the satellite location.

Let us turn to something that has been observed.
Fast Radio Bursts. Fast Radio Bursts are intense iso-

lated astrophysical radio signals with milliseconds dura-
tion. A small number of these were initially detected
only at the Parkes radio telescope [39–41]. Observations
from the Arecibo Observatory have confirmed the detec-
tion [42]. The frequency of these signals around 1.3 GHz,
namely a wavelength

�observed ⇠ 20 cm. (7)

These signals are believed to be of extragalactic origin,
because the observed delay of the signal arrival time with
frequency agrees well with the dispersion due to ionized
medium as expected from a distant source. The total
energy emitted in the radio is estimated to be of the
order 1038 erg. The progenitors and physical nature of
the Fast Radio Bursts are currently unknown [42].

There are three orders of magnitude between the pre-
dicted signal (5) and the observed signal (7). But the
black-to-white hole transition model is still very rough. It
disregards rotation, dissipative phenomena, anisotropies,
and other phenomena, and these could account for the
discrepancy.

In particular, astrophysical black holes rotate: one may
expect the centrifugal force to lower the attraction and
bring the lifetime of the hole down. This should allow
larger black holes to explode today, and signals of larger
wavelength. Also, we have not taken the astrophysics of
the explosion into account. The total energy (3) avail-
able in the black hole is largely su�cient –9 orders of
magnitude larger– than the total energy emitted in the
radio estimated by the astronomers.

Given these uncertainties, the hypothesis that Fast Ra-
dio Burst could originate from exploding white holes is
tempting and deserves to be explored.

High energy signal. When a black hole radiates by
the Hawking mechanism, its Schwarzschild radius is the
only scale in the problem and the emitted radiation has
a typical wavelength of this size. In the model we are
considering, the emitted particles do not come from the
coupling of the event horizon with the vacuum quan-
tum fluctuations, but rather from the time-reversal of
the phenomenon that formed (and filled) the black hole.
Therefore the emitted signal is characterized by second

 distant signals  
originated in younger  
and smaller sources 

 distance ∝ 1/wave length 

 taking into account the 
redshift the resulting function 
is very slowly varying
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This shows that although the mean wavelength does
decreases as a function of k in both cases, it does not
follow the same general behavior. It scales with k� 1

2

for the low energy component and as k� 1
4 for the high

energy one.

The following conclusions can be drawn:

• The low energy channel leads to a better single-
event detection than the high energy channel.
Although lower energy dilutes the signal in a
higher astrophysical background, this e↵ect is over-
compensated by the larger amount of photons.

• The di↵erence of maximal distances between the
low- and high energy channels decreases for higher
values of k, i.e. for longer black-hole lifetimes.

• In the low energy channel, for the smaller values
of k, a single bounce can be detected arbitrary far
away in the Universe.

• In all cases, the distances are large enough and ex-
perimental detection is far from being hopeless.

III. INTEGRATED EMISSION

In addition to the instantaneous spectrum emitted by a
single bouncing black hole, it is interesting to consider the
possible di↵use background due to the integrated emis-
sion of a population of bouncing black holes. Formally,
the number of measured photons detected per unit time,
unit energy and unit surface, can be written as:

dNmes

dEdtdS
=

Z
�ind((1+z)E, R)·n(R)·Acc·Abs(E, R)dR,

(7)
where �ind(E, R) denotes the individual flux emitted
by a single bouncing black hole at distance R and at
energy E, Acc is the angular acceptance of the detector
multiplied by its e�ciency (in principle this is also a
function of E but this will be ignored here), Abs(E, R)
is the absorption function, and n(R) is the number of
black holes bouncing at distance R per unit time and
volume. The distance R and the redshift z entering
the above formula are linked. The integration has to
be carried out up to cosmological distances and it is
therefore necessary to use exact results behind the linear
approximation. The energy is also correlated with R
as the distance fixes the bounce time of the black hole
which, subsequently, fixes the emitted energy.

It is worth considering the n(R) term a bit more in
detail. If one denotes by dn

dMdV the initial di↵erential
mass spectrum of primordial black holes per unit volume,
it is possible to define n(R) as:

n(R) =

Z M(t+�t)

M(t)

dn

dMdV
dM, (8)

leading to

n(R) ⇡ dn

dMdV

�t

8k
, (9)

where the mass spectrum is evaluated for the mass cor-
responding to a time (tH � R

c ). If one assumes that pri-
mordial black holes are directly formed by the collapse
of density fluctuations with a high-enough density con-
trast in the early Universe, the initial mass spectrum is
directly related to the equation of state of the Universe
at the formation epoch. It is given by [18, 19]:

dn

dMdV
= ↵M�1� 1+3w

1+w , (10)

where w = p/⇢. In a matter-dominated universe the
exponent � ⌘ �1 � 1+3w

1+w takes the value � = �5/2.
The normalization coe�cient ↵ will be kept unknown
as it depends on the details of the black hole formation
mechanism. For a sizeable amount of primordial black
holes to form, the power spectrum normalized on the
CMB needs to be boosted at small scales. This can
be achieved, for example, through Staobinsky’s broken
scale invariance (BSI) scenario. The idea is that the
mass spectrum takes a high enough value in the relevant
range whereas it is naturally suppressed at small masses
by inflation and at large masses by the BSI hypothesis.
We will not study those questions here and just consider
the shape of the resulting emission, nor its normalisation
which depends sensitively on the bounds of the mass
spectrum, that are highly model-dependent. As this part
of the study is devoted to the investigation of the shape
of the signal, the y axis on the figures are not normalized.

Fortunately, the results are weakly dependent upon
the shape of the mass spectrum. This is illustrated in
Fig. 5 where di↵erent hypothesis for the exponent � are
displayed. The resulting electromagnetic spectrum is
almost exactly the same. Therefore we only keep one
case (� = �5/2, corresponding to w = 1/3). The black
holes are assumed to be uniformly distributed in the
Universe, which is a meaningful hypothesis as long as
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This shows that although the mean wavelength does
decreases as a function of k in both cases, it does not
follow the same general behavior. It scales with k� 1

2

for the low energy component and as k� 1
4 for the high

energy one.

The following conclusions can be drawn:

• The low energy channel leads to a better single-
event detection than the high energy channel.
Although lower energy dilutes the signal in a
higher astrophysical background, this e↵ect is over-
compensated by the larger amount of photons.

• The di↵erence of maximal distances between the
low- and high energy channels decreases for higher
values of k, i.e. for longer black-hole lifetimes.

• In the low energy channel, for the smaller values
of k, a single bounce can be detected arbitrary far
away in the Universe.

• In all cases, the distances are large enough and ex-
perimental detection is far from being hopeless.

III. INTEGRATED EMISSION

In addition to the instantaneous spectrum emitted by a
single bouncing black hole, it is interesting to consider the
possible di↵use background due to the integrated emis-
sion of a population of bouncing black holes. Formally,
the number of measured photons detected per unit time,
unit energy and unit surface, can be written as:
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where �ind(E, R) denotes the individual flux emitted
by a single bouncing black hole at distance R and at
energy E, Acc is the angular acceptance of the detector
multiplied by its e�ciency (in principle this is also a
function of E but this will be ignored here), Abs(E, R)
is the absorption function, and n(R) is the number of
black holes bouncing at distance R per unit time and
volume. The distance R and the redshift z entering
the above formula are linked. The integration has to
be carried out up to cosmological distances and it is
therefore necessary to use exact results behind the linear
approximation. The energy is also correlated with R
as the distance fixes the bounce time of the black hole
which, subsequently, fixes the emitted energy.

It is worth considering the n(R) term a bit more in
detail. If one denotes by dn
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where the mass spectrum is evaluated for the mass cor-
responding to a time (tH � R

c ). If one assumes that pri-
mordial black holes are directly formed by the collapse
of density fluctuations with a high-enough density con-
trast in the early Universe, the initial mass spectrum is
directly related to the equation of state of the Universe
at the formation epoch. It is given by [18, 19]:

dn

dMdV
= ↵M�1� 1+3w

1+w , (10)

where w = p/⇢. In a matter-dominated universe the
exponent � ⌘ �1 � 1+3w

1+w takes the value � = �5/2.
The normalization coe�cient ↵ will be kept unknown
as it depends on the details of the black hole formation
mechanism. For a sizeable amount of primordial black
holes to form, the power spectrum normalized on the
CMB needs to be boosted at small scales. This can
be achieved, for example, through Staobinsky’s broken
scale invariance (BSI) scenario. The idea is that the
mass spectrum takes a high enough value in the relevant
range whereas it is naturally suppressed at small masses
by inflation and at large masses by the BSI hypothesis.
We will not study those questions here and just consider
the shape of the resulting emission, nor its normalisation
which depends sensitively on the bounds of the mass
spectrum, that are highly model-dependent. As this part
of the study is devoted to the investigation of the shape
of the signal, the y axis on the figures are not normalized.

Fortunately, the results are weakly dependent upon
the shape of the mass spectrum. This is illustrated in
Fig. 5 where di↵erent hypothesis for the exponent � are
displayed. The resulting electromagnetic spectrum is
almost exactly the same. Therefore we only keep one
case (� = �5/2, corresponding to w = 1/3). The black
holes are assumed to be uniformly distributed in the
Universe, which is a meaningful hypothesis as long as
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Fast Radio Burst

A real-time FRB 5

Figure 2. The full-Stokes parameters of FRB 140514 recorded in the centre beam of the multibeam receiver with BPSR. Total intensity,
and Stokes Q, U , and V are represented in black, red, green, and blue, respectively. FRB 140514 has 21 ± 7% (3-�) circular polarisation

averaged over the pulse, and a 1-� upper limit on linear polarisation of L < 10%. On the leading edge of the pulse the circular polarisation

is 42 ± 9% (5-�) of the total intensity. The data have been smoothed from an initial sampling of 64 µs using a Gaussian filter of full-width
half-maximum 90 µs.

source given the temporal proximity of the GMRT observa-
tion and the FRB detection. The other two sources, GMRT2
and GMRT3, correlated well with positions for known ra-
dio sources in the NVSS catalog with consistent flux densi-
ties. Subsequent observations were taken through the GMRT
ToO queue on 20 May, 3 June, and 8 June in the 325 MHz,
1390 MHz, and 610 MHz bands, respectively. The second
epoch was largely unusable due to technical di�culties. The
search for variablility focused on monitoring each source for
flux variations across observing epochs. All sources from the
first epoch appeared in the third and fourth epochs with no
measureable change in flux densities.

4.4 Swift X-Ray Telescope

The first observation of the FRB 140514 field was taken us-
ing Swift XRT (Gehrels et al. 2004) only 8.5 hours after the
FRB was discovered at Parkes. This was the fastest Swift
follow-up ever undertaken for an FRB. 4 ks of XRT data
were taken in the first epoch, and a further 2 ks of data
were taken in a second epoch later that day, 23 hours af-
ter FRB 140514, to search for short term variability. A final
epoch, 18 days later, was taken to search for long term vari-
ability. Two X-ray sources were identified in the first epoch
of data within the 150 diameter of the Parkes beam. Both
sources were consistent with sources in the USNO catalog
(Monet et al. 2003). The first source (XRT1) is located at
RA = 22:34:41.49, Dec = -12:21:39.8 with RUSNO = 17.5
and the second (XRT2) is located at RA = 22:34:02.33 Dec
= -12:08:48.2 with RUSNO = 19.7. Both XRT1 and XRT2
appeared in all subsequent epochs with no observable vari-
ability on the level of 10% and 20% for XRT1 and XRT2,
respectively, both calculated from photon counts from the
XRT. Both sources were later found to be active galactic
nuclei (AGN).

4.5 Gamma-Ray Burst Optical/Near-Infrared
Detector

After 13 hours, a trigger was sent to the Gamma-Ray Burst
Optical/Near-Infrared Detector (GROND) operating on the
2.2-m MPI/ESO telescope on La Silla in Chile (Greiner et al.
2008). GROND is able to observe simultaneously in J , H,
and K near-infrared (NIR) bands with a 100 ⇥ 100 field of
view (FOV) and the optical g0, r0, i0, and z0 bands with a
60 ⇥ 60 FOV. A 2⇥2 tiling observation was done, providing
61% (JHK) and 22% (g0r0i0z0) coverage of the inner part
of the FRB error circle. The first epoch began 16 hours af-
ter FRB 140514 with 460 second exposures, and a second
epoch was taken 2.5 days after the FRB with an identical
observing setup and 690 s (g0r0i0z0) and 720 s (JHK) ex-
posures, respectively. Limiting magnitudes for J , H, and K
bands were 21.1, 20.4, and 18.4 in the first epoch and 21.1,
20.5, and 18.6 in the second epoch, respectively (all in the
AB system). Of all the objects in the field, analysis iden-
tified three variable objects, all very close to the limiting
magnitude and varying on scales of 0.2 - 0.8 mag in the NIR
bands identified with di↵erence imaging. Of the three ob-
jects one is a galaxy, another is likely to be an AGN, and
the last is a main sequence star. Both XRT1 and GMRT1
sources were also detected in the GROND infrared imaging
but were not observed to vary in the infrared bands on the
timescales probed.

4.6 Swope Telescope

An optical image of the FRB field was taken 16h51m after
the burst event with the 1-m Swope Telescope at Las Cam-
panas. The field was re-imaged with the Swope Telescope on
17 May, 2 days after the FRB. No variable optical sources
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Summary

1. QUANTUM BLACK HOLE can be singularity free  

             and they can tunnel into a white hole  

* repulsive force @ Planck density 

2. PHENOMENOLOGY depends on mass and bounce time  

* new experimental window for quantum gravity 

3. PRIMORDIAL BLACK HOLES  
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short GRB{
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Discussion

novak: You mentioned here at the end the possibility if maybe seeing these models through gravita-
tional waves, how do you see these? Or how do you model these?

vidotto: Well it depends of course if the explosion is totally symmetric, I don’t think there will be a
signal. We need the explosion to be asymmetric, but in principle I expect to have gravitational
waves associated with the explosion and imagining that in the future we will be able to capture
very well gravitational waves one possibility is to see coincidence between one of the signals,
whether in the low energy channel or in the high energy channel, and the gravitational waves.
I don’t have more insight about this because I am still waiting for gravitational waves to be
detected.

kiefer: For the formation of the primordial black holes you have the usual scenarios, so you don’t
differ from these? Theirs starts from an inflationary phase and derives the power spectrum, on
which the details of the formation rates depend, is this what you use? But there it seems that
there are only very few primordial black holes being produced because we have the spectral index
smaller than one, point-nine-something, from the Planck data.

vidotto: You mean the density contrast?
kiefer: If you create primordial black holes from the fluctuations that emerge in inflation, the result

depends on the power spectrum. It depends on the spectral index, p(k) ∝ kns and ns is the
scalar index. The smaller the ns is, the more unlikely it is that you have primordial black holes.
So my point is, I think this is a nice scenario, but you need the primordial black holes.

vidotto: Sure, I am pretty new to the subject because I have started to get interested in primordial
black holes very recently because of this work and so I had the chance to chat, for instance,
with Ilia Musco and John Miller who have done very recently some studies. In their scenario,
the formation of primordial black holes is very likely, in their case it is just because of density
fluctuations. What they found is that the density contrast is enough to be 0.45 in order to have
the formation of primordial black holes with a very wide spectrum of masses. The measured one
is 0.5, so this is below and so this allows a rich phenomenology of primordial black holes. This
is the picture in which I used to think about the formation of primordial black holes. In the last
work that we have done with Barrau, Weimer, and Bolliet we mentioned the fact that their could
be different possibilities for primordial black holes. For instance, in the case of exotic objects
like cosmic strings and so on you can have also the formation of primordial black holes and this
is not being taken in to account in the study that we have done so far. Maybe it’s something
we can do in the next work or maybe I can suggest it to people who like cosmic strings. Carlo,
please, if you have more comments.

rovelli: One of the reasons people have been interested in primordial black holes is as a component
of dark matter. At some point it was a hope, I believe somebody still has the hope, that at least
a visible component of dark matter could be black holes.

kiefer: Yes it’s true, we have long ago also discussed a model where primordial black holes contribute
to dark matter. But there we had to use particular models, not the simple scale free models of
inflation. For example, if you used the Starobinsky model of 1992, where you have a discontinuity
in the derivative of the inflationary potential, you can create many primordial black holes. So
there are models.

vidotto: You can have the production peak on the mass that you prefer also.
kiefer: Right, but if I go to the very simplest inflationary models, then somehow it seems at least

that there are not enough primordial black holes.
rovelli: Right, the question raised is how many there are and there are these results which are that

there are not enough, but they’re not enough for dark matter. For being detected if they explode,
they could be detected even if there are much less than the ones needed to account for dark matter
or for a part of dark matter.

vidotto: I think that something that is very exciting to me in this model is the fact that the physics
of primordial black holes changes completely because all the studies that have been done so far,
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for instance even the recent papers by Barnacka, they all constrain the primordial black hole
using Hawking radiation. So in this case Hawking radiation is negligible and therefore the signal
associated with them changes completely and new phenomenology maybe also new physics for
cosmology and for the physics of structure formation can appear. I think it’s open. If I could
also add one more comment about this, I was mentioning this during my talk, that the best
studies that we have so far excluding primordial black holes as candidates for dark matter they
are coming from micro-lensing, for instance the Kepler mission, and its very interesting the fact
that they don’t observe black holes, objects provoking the micro-lensing, that are in the range of
between 1021 and 1023 kilograms. As I said, if you believe this model all the black holes up to
1023 kilograms they have already exploded so of course you don’t see them.

ford: I think you said that the observed radio bursts tend to have circular polarization. Does your
model say anything about polarization?

vidotto: Not yet.
ford: Obviously there is an obvious astrophysical explanation which would be synchrotron radiation,

so in some sense you’re competing.
stodolsky: Could they be rotating black holes?
ford: Yes, or could there be some kind of angular momentum involved that would give a sense of

rotation.
vidotto: We know that most black holes are rotating at their maximum possible speed so it’s very

likely that we have to take this in to account in our model. Thank you for suggestion, this is
something that we have to do.

spindel: I don’t understand. In the wave function of the universe, you have two branches and you
cannot say that you are on one branch and that you follow a trajectory to another one. In quan-
tum mechanics when you have a stationary wave it’s a superposition of incoming and outgoing
waves and you cannot say that you are first on the incoming path and then you bounce and go
on the outgoing path. I don’t understand what you say.

vidotto: The idea is that you take a semi-classical wavepacket and you follow this semi-classical
wavepacket back in time, it gets closer to the the big bang, but at a certain point you see. . .

spindel: The semi-classical approximation is not anymore valid if you insist on this point.
rovelli: But, that’s the point. You use the full quantum equations, you evolve the wavepacket, and

you see what happens. What happens is that instead of following the classical trajectory which
would be to go smaller and smaller, it continues on the other.

spindel: How could you put an arrow of time in this description? There is just two parameters, a
scalar field and a geometrical factor. There is no time.

vidotto: The scalar field is introduced as a clock in order to...
rovelli: It’s an intrinsic time. Look there is half a century of discussion on that. The t parameter,

it’s gauge in GR so you just express the evolution in terms of relative evolution of one variable
with respect to another one and you can arbitrarily choose...

spindel: I agree that there is a long discussion about it, but I disagree with the interpretation of the
proposal of the solution you have been talking about.

vidotto: I agree that this region is a region in which you are in the full quantum regime and instead
of using the semi-classical equations you want to use the full quantum gravity theory, in fact you
can do this and make this picture credible on the basis of the result in the full theory. I would
be happy to discuss this more with you because I think it’s related with some of your work.

whiting: Do your calculations in loop quantum gravity give you any concrete information about the
quantum region of spacetime that’s involved?

rovelli: Good question. No. Like the functional integral doesn’t, in a sense. The transition amplitude
is computed order by order in some approximation so it’s a truncation, to a given order we just
have a number associated to an initial state and a final state. Of course, given a classical metric
you need the classical metric and the extrinsic curvature, right? You need p and q initial and p
and q final. Then you want to see what the probability amplitude of going from one to the other.
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That’s like an overlap of wavepackets, it would be like you evolve a wavepacket very close to the
wall then see what is the probability of being on the other side of the wall, in a sense. You don’t
have any information from this kind of calculation about the trajectory of the particle through
the wall.

whiting: But you could have some kind of expectation of the most likely position as it evolves. This
is the kind of thing that Claus and Petr were able to do.

rovelli: Yes, so far I would say no. At least in the first order truncations we are using there is very
little we can say about the intermediate states. Maybe to higher order, less truncations, a higher
order approximation, you could say more but on the other hand the hope is that those are not
needed because otherwise we can’t do a calculation.

vidotto: If I can just say one thing. Just to be sure, we don’t know exactly but for sure it’s not
singular, so there is no singularity there.

whiting: I wasn’t worried about that, I was worried about causal behavior where, say, r = constant
lines are effectively spacelike or timelike. Because I have to change in that region, I wondered if
you could explore that.

rovelli: Inside r = constant is obviously spacelike.
whiting: Not everywhere.
rovelli: Inside, yes. Very much inside there so, very much outside not. Right, exactly. So, I don’t

know. No idea.
whiting: In particular, it would affect what you would portray as the apparent horizon in this dis-

cussion.
rovelli: In a sense the interesting thing is not what happens at this point, at r = 0, it’s what

happened near the tip of the thing.
whiting: Right, yes, I agree totally. So just to elaborate about r = 0, what you plot it looks as though

the shell is going to r = 0 but in fact it’s only getting to this minimum which you’ve calculated
so it’s spatially separated from zero.

rovelli: Yes, r = 0 doesn’t exist.
whiting: Well, exist as something regular. So that raises another question, that means that around

the edge of the shell you have a flat region that’s everywhere flat. You must be able to actually
join those flat regions together in some smooth way.

rovelli: You mean inside?
whiting: Inside the shell, yes. Inside rmin, which is very small, 10−12cm or something, but logarith-

mically it’s far away from zero.
rovelli: Yes, the gray region is flat so the past gray region and the future gray region in a sense can

be joined.
whiting: So they can be, have you actually done that?
rovelli: The actual quantum region is only this funny shaped one there, so if I follow around r = 0...

let me put it this way: nothing prevents me to write the bounce just at finite r and inside have a
continuity between the past flat region and the future quantum region. What I’m saying is that
if I’m inside the shell I expect that basically I don’t see anything, I see the shell approaching and
then bouncing out. If I am very very small near r = 0, I just have my clock.

whiting: The question is, when you try and match those two flat regions whether you’ll basically
have to be strongly red shifted or blue shifted from the shell in order to get the matching to be
smooth. It’s not totally trivial.

rovelli: In fact, in the paper we wrote a metric for the quantum region, and effective metric, which
we don’t want to give particular importance to but, nevertheless, we wrote it exactly to answer
these questions like the question that she raised about smoothness. So we in fact have a metric
filling up everything which is just written somehow smoothly joining, and in that metric which
fails to satisfy the Einstein equations, in fact fails to have satisfied the energy conditions in the
quantum region, basically goes smoothly to flatness when you go to r = 0 and the dramatic
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things in the region where you were mentioning, outside. Because the dramatic thing is the light
cones are bent in before t = 0 and then quite rapidly they have to bend out.

whiting: I think there is something dramatic happening at the bounce because there is one point in
where I’d like to disagree with Francesca’s diagram. I would argue that the apparent horizon, or
that the trapped region, is bounded by the collapsing shell and the expanding shell and there’s
only one trapped region not two. On the outward going, they’re bounded by the two parts that
were the horizon.

rovelli: You need two, if you fill out the metric you need two by continuity, by topology. There is
a topological thing that prevents it to be one. A trapped region is where r = constant becomes,
inside it’s spacelike and outside it’s timelike. But r = constant can be spacelike in two different
manners, r = constant is like that in Minkowski but it can be spacelike this way or spacelike
the other way, and you can not go continuously from one to the other. To going spacelike this
way, this is spherically symmetric, to spacelike the other way you have to go through timelike.
So, therefore, the trapped region upstairs and the trapped region downstairs must be separated
by a region which is not trapped which is where the r = constant from spacelike goes back to
timelike and spacelike again. We had a long confusion about that because that was what was
preventing us to write this metric at first, because initially everybody had been thinking about
a single trapped region. But a single trapped region is not compatible with a white hole and a
black hole for the reason I just said.

whiting: But it must be bound by the shell because once the shell goes inside the horizon it’s bound
by timelike...

rovelli: Yes, it’s bound by the shell, I agree.
whiting: So then it must go to the point where the shells intersect. The apparent horizon of each

portion must go to the point where the shells intersect.
rovelli: No no, the inner horizon can separate from the shell earlier if you allow the Einstein equation

to be violated.
whiting: If it’s exactly Schwarzschild outside that wouldn’t happen. What you originally were doing

was mapping flat space and Schwarzschild and the only part that you were changing was this
little quantum wedge.

rovelli: Yes. Inside the quantum wedge, at some point the trapped region has to separate. We’re
still in the quantum region, in my effective metric, the inner horizon separates from the shell and
comes in. The light cone on t = 0 must be symmetric. It can be neither this way nor that way.
So r = 0 must be perfectly vertical in that diagram by symmetry. We are violating the Einstein
equations inside of course.

whiting: I think if you do the matching it doesn’t have to be true that r = 0 is vertical, it only has
to happen that it’s not spacelike. It could still be symmetric even if it’s not vertical.

rovelli: This has been all the endless confusion we went through when we wrote this metric.
vidotto: I have a question for this outstanding audience, because probably the most interesting thing

to do after finding this metric is not to go directly to rotating black holes but maybe to to trying
to find a solution for not a shell but a dense sphere, so I was wondering if any of you have an idea
for how this metric for a dense collapsing sphere should look like and if you have suggestions.

stodolsky: Your shell is freely falling, there is no equation of state or anything?
vidotto: Well you can use the equation of state for photons because basically what is forming it is

just radiation.
’t hooft: You can also regard this sphere as a large set of collapsing shells.
stodolsky: Any way that these are formed in the early universe they’re mostly neutrinos and photons

and so forth, not much matter, so I don’t know what comes out.
rovelli: Photons, that’s what I expect to come out.
vidotto: Even though the explosion then gives some production of quarks. The high energy signal

during the explosion can make the appearance of gluons. In fact, I forgot to mention this during
my talk, in the last paper what we have done for the high energy signal was to use a code that is
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called Pythia, it’s a standard tool for high energy processes. We have studied all the production
of these particles.
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Hawking radiation

���
���
���
���
���
���
���
���
���
���
���
���
���
���
���
���
���
���
���
���
���
���
���
���
���
���
���
���
���
���
���
���
���
���
���
���
���
���
���
���

���
���
���
���
���
���
���
���
���
���
���
���
���
���
���
���
���
���
���
���
���
���
���
���
���
���
���
���
���
���
���
���
���
���
���
���
���
���
���
���

collapsing

singularity

γ

II

γH

γH

horizon

I

future

star

event

-

+

i
o

TBH =
~

8πGkBM
≈ 6.2 × 10−8M⊙

M
K

〈nk〉 =
1

e8πωGM − 1
:

(average number of particles) with ω = |k| ≡ k

S. W. Hawking (1975)



◮ Black holes have a finite lifetime:

τBH ≈ 8895

(
M0

mP

)3

tP ≈ 1.159 × 1067

(
M0

M⊙

)3

yr

from the emission of gravitons and photons (D. Page 1976)

◮ The semiclassical approximation breaks down if the black
hole approaches the Planck mass mP.

◮ If the black hole left only thermal radiation behind, a pure
state for a closed system would evolve into a mixed system
“information-loss problem”

◮ This would be in contradiction to ordinary quantum theory
where the entropy

S = −kBTr(ρ ln ρ)

is conserved for a closed system (unitary evolution).



◮ Information is lost during the evaporation,

ρ → $ρ 6= SρS†

◮ The full evolution is unitary, but this cannot be seen in the
semiclassical approximation

◮ The black hole leaves a remnant carrying all the
information

Final answer only within quantum gravity!

Focus here on the second option



◮ At no point in the calculation by Hawking (and others) is an exact
mixed (canonical) state used in the formalism.

◮ The coherent superposition used by Hawking is
indistinguishable from a local thermal mixture (L. Parker 1975).

◮ The reduced state of each mode in a two-mode squeezed state
is a thermal state (canonical ensemble); in the special case of a
black hole, the temperature is independent of k (universality).

◮ We can consider a spatial hypersurface that enters the horizon
or a hypersurface that is locked at the bifurcation point (used in
the following).
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For a massless scalar field φ on this background,
an initial vacuum state evolves into Ψ =

∏
k ψk with

ψk ∝ exp
[
−k coth(2πkGM + ikt)|φ(k)|2

]
.

This is a pure state, but 〈ψk|nk|ψk〉 = 1
e8πωGM −1

two-mode squeezed state

J.-G. Demers and C.K. (1996)



The above pure state can be written as

ψk ∝ exp

[
−k1 + e2iϕk tanh rk

1 − e2iϕk tanh rk
|φ(k)|2

]

≡ exp
[
−(ΩR + iΩI)|φ(k)|2

]

with the squeezing parameter tanh rk = exp(−4πωGM) and
the squeezing angle ϕk = −kt. Thus,

rk → 0 for k → ∞
rk → ∞ for k → 0.

At maximum of Planck spectrum: r ≈ 0.25

kt = 0: Squeezing in φ
kt = π/2: Squeezing in pφ

Ratio of corresponding widths is tanh2(2πkGM)
(≈ 0.37 at maximum of Planck spectrum)



Decoherence

S A✲ E✲✲✲

Now, the superposition principle leads to
(∑

n

cn|n〉|Φn〉
)

|E0〉 t−→
∑

n

cn|n〉|Φn〉|En〉

All local observations follow from the reduced density matrix of
system plus apparatus:

ρSA ≈
∑

n

|cn|2|n〉〈n| ⊗ |Φn〉〈Φn| if 〈En|Em〉 ≈ δnm

“The interferences exist, but they are not there.”
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x’
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(a)
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From: E. Joos et al., Decoherence and the appearance of a classical world in quantum

theory (2003)



Wigner function

W (x, p) =
1

π~

∫ ∞

−∞
dy ei2py/~ρ(x− y, x+ y)

x

p

(a)

x

p

(b)



Left: Decoherence through particle collisions.
Right: Decoherence through heating of fullerenes.

From: M. Arndt and K. Hornberger, Quantum interferometry with complex
molecules, arXiv:0903.1614v1



◮ Squeezed states are very sensitive to decoherence.

◮ This sensitivity is responsible, for example, for the
quantum-to-classical transition for the primordial
fluctuations in the early Universe. (During inflation, the
Wigner ellipse becomes frozen.)

◮ The degree of decoherence can conveniently be studied
with the Wigner function.



Hawking radiation from decoherence

◮ Wigner ellipse rotates with a timescale 14GM ≪ typical
observation times; thus, a coarse-graining with respect to the
squeezing angle ϕ is justified

◮ This yields the entropy

Sk = (1 + nk) ln(1 + nk) − nk lnnk
rk≫1−→ 2rk

◮ Integration over all modes gives S = (2π2/45)T 3
BHV , the entropy

of Hawking radiation

◮ The pure squeezed state is thus indistinguishable from a
canonical ensemble with Hawking temperature TBH (although
the hypersurface remains outside the horizon), except for times
smaller than ≈ 14GM which is about 1.7 × 10−23 s for a
primordial black hole with mass ≈ 5 × 1014 g

◮ Thermal nature of Hawking radiation thus arises from
decoherence

◮ These arguments may not apply after the ‘Page time’ (when the
Bekenstein–Hawking entropy equals the semiclassical radiation
entropy)



Decoherence of black holes by Hawking radiation

The total state of black holes and Hawking radiation can be
approximated at the semiclassical level (of canonical quantum
gravity) by

Ψ ≈ eiS0ψ

If one considers a superposition of the form

Ψ ≈ eiS0ψ + e−iS0ψ⋆

(superposition of black hole with white hole)
or a superposition of the form

Ψ ≈ eiS0ψ + e−iS
(0)
0 ψvac

(superposition of black hole with no hole),
one can show – by tracing out the Hawking radiation – that
decoherence occurs, i.e., that the superposition cannot be
distinguished from a corresponding mixture.
J.-G. Demers and C.K. (1996)



Decoherence for string black holes

◮ For BPS states (‘mass=charge’):
increasing g: D-branes → black holes;
Sstrings = SBH

◮ Myers (1997); Amati (1999):
averaging over all string excitations of mass M leads to
information loss by decoherence; thus, black holes exist only as
macrostates

◮ Environment?
Many non-metric coupled fields of excited string modes



Quasi-normal modes

For the Schwarzschild black hole, one has for fixed ℓ (angular
momentum of perturbation) a countable infinity of modes
(labelled by integers n), with the spectrum

ωn = − i(n+ 1
2)

4GM
+

ln 3

8πGM
+ O

(
n−1/2

)

= −iκ

(
n+

1

2

)
+

κ

2π
ln 3 + O

(
n−1/2

)

The real part has the universal value

Reωn ≡ ωQNM =
ln 3

8πGM
≡ ln 3 TBH

~
≈ 8.85

M⊙
M

kHz

Connection to quantum properties of black hole?



Hawking temperature as minimal noise temperature

Idea: Treat the black hole as a ‘harmonic oscillator’ with
frequency ωQNM.

In quantum optics, the measurement of an oscillator position
(here, the field amplitude) possesses a fundamental limitation
beyond the uncertainty relation if an amplifier is coupled to the
system (Caves 1982). In this process, a minimal noise
temperature is added to the system. It leads to the ultimate
position resolution

∆xQL =

√
~

ln 3mω
≈ 1.35∆x

This is relevant for experiments that attempt to reach the
quantum limit (e.g. coupling a nano-mechanical oscillator to a
single-electron transistor).



By the coupling of the system to an amplifier, a minimal noise
temperature is added according to

Tn =
~ω
kB

ln−1

(
3 ± G−1

1 ± G−1

)
,

where G denotes the gain of the amplifier.

In the limit of infinite gain (needed because the signal is
strongly damped in the limit n → ∞), this leads in the
black-hole case to

Tn =
~ωQNM

kB ln 3
≡ TBH.

The minimal noise temperature equals the Hawking
temperature!

C.K. (2004)



Black-hole entropy from quasi-normal modes?

Universality of the Bekenstein–Hawking entropy

SBH =
kBA

4l2P
?

The spectrum of quasi-normal modes is also universal. Can
one recover the Bekenstein–Hawking entropy from the
entanglement between these modes and the black hole?



Insight from canonical quantum gravity

Model black hole and Hawking radiation by a set of coupled
oscillators (the coupling strength being a measure for the ‘back
action’ of the radiation on the black hole)

◮ Without back action, the black hole assumes a strongly
squeezed state.

◮ Including back action, the squeezing is suppressed;
◮ the reduced density matrices for black hole and Hawking

radiation become similar in the late evaporation phase, i.e.
the difference between black hole and radiation vanishes;

◮ there is one strongly entangled quantum state.

C.K., J. Marto, and P.V. Moniz (2009)



Density matrix for the black hole

Restrict to diagonal elements (“probabilities”)

ρxx = tryρ =

∫
|〈x, y|x, y〉|2dy
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Figure: Time evolution of ρxx, with mP = ~ = ωx = x0 = 1; t0 = 0 and p0 = −1 for

simplicity, and µ (graphics from left to right and top to bottom) assuming the values of

the set {0, 0.5, 1, 5, 10, 20, 50, 100} , ωy = ωx × 105/2, my = mP × 10−5.



Density matrix for the Hawking radiation

Restrict again to diagonal elements (“probabilities”)

ρyy = trxρ =

∫
|〈x, y|x, y〉|2dx
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Figure: Time evolution of ρyy, with mP = ~ = ωx = x0 = 1 and p0 = −1; t0 = 0 for

simplicity, and µ (graphics from left to right) assuming the values of the set {0, 1, 5, 10},

ωy = ωx × 105/2, my = mP × 10−5 . For large values of µ the results look qualitatively

similar to the results for ρxx. If the back reaction is large, the difference between the

black hole and the Hawking radiation begins to disappear.



Summary and outlook

◮ Black holes arise from decoherence (‘classical irreversible’
object). This is analogous to the emergence of particle
trajectories in the classical limit of quantum mechanics.

◮ A black hole is thus an open quantum system and should be
treated in this way.

◮ The information-loss problem can only refer to the total system
of black hole plus Hawking radiation plus other interacting
degrees of freedom; it can be solved only by a full quantum
theory of gravity (fate of singularity is crucial).

◮ The thermal nature of Hawking radiation can be understood to
emerge from decoherence.

◮ If decoherence is inefficient, one can have a superposition of
‘black’ and ‘white’ holes.

◮ The quasi-normal modes of the black hole may play an important
role for understanding black-hole temperature and entropy.



Discussion

ford: Could you go back to the slide where you had the expression for your multi-mode squeezed
state. You have that the squeezing angle is a linear function of time, I assume the Schwarzschild
time.

kiefer: It is, yes.
ford: If you look at ψ(k), because it has exponential of the squared modulus of φ in it, you can see it’s

decaying as the exponential of the square of time. That’s, of course, exactly what you’d expect
for an interference term in decoherence. I assume φ(k) is the same as φk, isn’t it?

kiefer: This φ is the massless scalar field, I have small φ and...
ford: That’s not the same φ then.
kiefer: Sorry if I was not clear. What we considered here was a massless scalar field capital Φ on the

background of the collapsing star, and for this Φ we have studied the Schrodinger picture and
this is the exact solution for the quantum state. Here if you look at that that is just the capital
Φ, you start from a Gaussian and because of the massless scalar field it stays a Gaussian but it
becomes a non-trivial Gaussian. This is a re-phrasing in terms of the quantum optics language.
This small φ is the squeezing angle, it has no relation.

ford: But if you have the squeezing angle, the phase angle, rapidly changing in time and say you look
at an interference term and you average over that isn’t hat going to cause that interference term
to decay rapidly in time?

kiefer: Yes, I think this is just an observation that you have when you have decoherence. If you had
maybe no rotation at all and you really had this ellipse sitting there then you would have to
deal with the pure state. The point is that the pure state corresponds to the ellipse which has
vanishing entropy. Then you see that the ellipse, the Wigner ellipse, rotates like that and then if
you smear it out to this circle then of course you get an entropy. This is what decoherence gives
you. This will be the disappearance of the interference fringes.

ford: Right, and in a sense you already get decoherence at this level by just averaging over the phase
angle.

kiefer: This is true, but this is, if you like, a phenomenological description of the more fundamental
thing, you also had Paul Davies’ question, if you have, say in quantum optical system, the
environment and the coupling and then you solve the full Schrodinger equation you have the
full entangled state and you trace out over part of it, then you have the microscopic description.
One can often show that at a heuristic level this corresponds to this smearing out of the Wigner
ellipse.

ford: I guess the thing that confuses me about your description of the environment is, it’s a little
vague what the environment is and in particular what the coupling parameters are. Usually we
expect decoherence times to depend sensitively on the coupling constants.

kiefer: Typically, it’s one over the coupling constant.
ford: It looks like you really have, in fact, decoherence that does not depend on any coupling constant

if you just average over this phase angle.
kiefer: Yes, I admit that it’s vague in that sense. But vague in a certain way because such situations

are frequently discussed in quantum optics and you can, for example, base them... well there
different levels. The most fundamental level, is you could do the calculations, is to have the full
system having the full wavefunction and calculating the exactly the Schrodinger equation and
tracing out part of it. This you can only do in very simple cases. The next level is to discuss
the master equations because one can show that a huge class of such models gives you the same
form of master equation which is a Lindblad form of the master equation so you have the usual
unitary term, the [ρ,H] commutator, and then you have this LρL†, and so on. This means that
many details of this coupling, that of course I’m vague, I have not written down, go in to this
Lindblad operators. From these master equations you can draw such general conclusions that it
corresponds to the smearing out. Of course, if you go to some experiment, then you will have
to go to the more microscopic description. For example, in cosmology we have done that for
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the quantum to classical transitions for the primordial transitions. There we have used really
concrete models of fields and their interactions, for example coming from string effective actions,
and calculated this. There you can also translate it in to this language which I have not done
here, I have just used here this phenomenological language of smearing out.

stodolsky: I’m not sure I understood correctly, but you showed that you were getting the number
distribution according to the Planck distribution, you were getting the Planck result for the
number distribution, and then you said something about that certain correlation functions are
different. Does that mean that you get that the Hawking radiation is not purely thermal, it’s
different than a classic thermal source?

kiefer: What I mean is the following, here this particle number operator for mode k is a†kak, if you
go to that pure state and you calculate that expectation value you get the Planck form. If you
calculate, for example, 〈a†kaka

†
kak〉 they don’t factorize as they would for some ensemble. They

have more information, if you could measure or you could calculate it and write it down then you
would explicitly see that for such expectation values you have a difference between the canonical
ensemble and this state. You could measure this radiation, you could see this is not thermal.

stodolsky: Do you think that the Hawking radiation, if it’s ever observed, is not truly thermal?
kiefer: I would think so, yes.
stodolsky: Is this what the experts say, or not? I always read in the newspapers that it’s supposed

to be truly thermal.
kiefer: I think that this is the issue that we’ll discuss here at the conference. Whether it’s exactly

thermal or whether there are some correlations that go beyond thermality. Certainly as you see
from this, I mentioned at the beginning that also in the original calculation by Hawking, and I
mentioned Parker’s calculation from 1975, that he did not use a canonical ensemble exactly. He
makes these calculations of expectation values.

stodolsky: The reason that you think this is true is because of this squeezed state argument?
kiefer: Yes.
whiting: First of all, can you explain why you described this as a two mode squeezed state rather

than a three. Just from what you’ve said here I don’t know how you can tell modes there are.
kiefer: Actually this is a result, it’s not that this is an input. This here is the result of the calculation,

so the quantum state. This state, how does it come? It’s the solution of the functional Schrodinger
equation with an initial state, so the initial state of course you need and this was at early times the
Bunch-Davies state. Just the vacuum state for harmonic oscillators, in this collapsing background
you get this state. This you can re-write in this form, this is just an algebraic re-writing in terms
of these two parameters and looking at this and comparing it with quantum optics treatments
you see that this is what is called a two mode squeezed state. A one mode squeezed state, if you
start with the vacuum the one mode squeezed state is, if I remember correctly

eτa
2
k |0〉 = |1 mode 〉

with some parameter τ . The two mode squeezed state is if you have a mode with wavenumber k
and one with wavenumber −k then you have

eaka−k |0〉.

If you do that, if you start say with the harmonic oscillator in quantum mechanics with your
ground state, applying this you get a Gaussian state that has this form.

whiting: Sorry I didn’t understand the terminology, you really mean two modes per k or two modes
per frequency?

kiefer: Yes two modes. So k and −k.
whiting: My second question concerns what you were saying when you were doing this quantum

gravity calculation where you had one mode, in a different sense, for the black hole and one
for the Hawking radiation and you said you had a back-action between them. Did you use the
semi-classical result for that back action?
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kiefer: Do you mean the last part of my talk?
whiting: Yes.
kiefer: No, there this was an exact calculation but the model itself was oversimplified.
whiting: What in particular did you use for the back action?
kiefer: Linear interaction terms between the oscillators to have it as an exactly calculable model.

What we did was the following, and these are things that are often used in quantum mechanics,
having the black hole degree of freedom described by x as an oscillator but having an indefi-
nite kinetic term to have a property from the Wheeler-DeWitt equation impressed. This was
important actually for the result, having a positive definite you would not have got it. Then we
have an oscillator term for the Hawking radiation, to mimic it, and the back reaction you have
then mimicked by a term µ where µ was a coupling strength. This is what was varied here in
this. The µ times x times y, so a linear interaction term so that you start from a product state
of oscillators then you can calculate this exactly because the interaction term is just bi-linear,
otherwise it would not be possible. We have a full entangled state which is certainly not the
correct state because they’re oscillators, but to see some aspects, for example this indefinitnss of
the kinetic term, and then it’s a long expression and here we calculate then the black hole part
by integrating out the Hawking radiation part, then the next slide just the opposite.

whiting: Basically µ was treated as a free parameter?
kiefer: Yes it was, but as a free parameter of the model which gives the strength of the back reaction

and it increases. Here is no back reaction so this means we have an initial Gaussian state so it
will just evolve as a free Gaussian state, but then it becomes stronger and stronger then you see
here that this very different picture emerges.

whiting: Would you expect that it would be more appropriate from a physical perspective to have µ
as k-dependent? Or not?

kiefer: Yes, of course. It would have to be k-dependent. There would be many steps needed to make
this more realistic and one step would be to have it k-dependent, right.

davies: You’ve explained very nicely how the decoherence with the environment might solve the
information paradox, but we use information in two different contexts here. Most of the discussion
takes place around retaining the phase information, or the coherence, of the quantum state, but
we have other information-al labels as well, like the baryon number for example. Presumably,
that still has to be violated in the decay process, and any of those other labels we might like to
attach, the necessary gauge fields conserved. Is that correct?

kiefer: That is correct I would say, this is not considered here.
davies: Right, when we’re couching this information problem it’s as well to be clear because we often

say ‘you can’t tell what a black hole is made of, whether it’s matter or anti-matter, or green
cheese, or all that stuff.’ But actually, the issue is not really so much about that, the issue is
about retaining the phase information from the wavefunction. We still have to give up the other
things. As John Wheeler long ago used to say, ‘A black hole transcends all of these things.’ But
Maybe it doesn’t transcend the quantum coherence.

kiefer: My talk was really on this quantum coherence and the issue of the pure state to mixed state,
or pure state to pure state issue.

davies: Right.
kiefer: You’re right, I agree with what you said.
’t hooft: As for the thermal nature of black hole radiation, it was pointed out that there is a way to

get non-thermal Hawking radiation if you put a black hole in a strict vacuum, then it slowly emits
particles so it’s mass decreases, it’s temperature increases, and since temperature isn’t constant
that isn’t quite thermal. On the other hand, if I were to put a black hole in a heat bath then it
would be in equilibrium with it’s surroundings and then, of course, it would be perfectly thermal.
It would be perfectly thermal if you put a black hole in a heat bath with the same temperature
as the Hawking temperature, then it would be in complete thermal equilibrium then all we know
about thermodynamics would then say the state has an exact thermal spectrum, the radiation
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that comes out. I don’t know what kind of deviations you’re thinking of. If there would be no
interaction between ingoing things and outgoing things it wouldn’t matter what you immerse
your black hole in, it would continue to emit a perfectly thermal spectrum except there is a
cutoff at high angular momentum and things like that. Also, if you look at the calculations it is
not so easy to get non-thermal effects because also spacetime as you know, a complex spacetime
has a perfect periodicity with the inverse temperature so that all field theories you do in there
automatically becomes a perfectly thermal field theory. Only if you take back reactions in to
account do you get deviations from that.

kiefer: Yes, I agree, it would certainly mimic thermality. It would be, in a sense, the case of what
you have in quantum Brownian motion, in quantum mechanics where you also have a quantum
particle, but put it in a heat bath and you can solve it at a quantum mechanical level, but
effectively you see just that: the classical Brownian motion, but somehow justified from the
fundamental quantum theory.

kiefer: So, if there are no questions, then maybe I can ask a question, if someone has more information
about these quasi-normal modes in this context, or some opinion about the relevance of quasi-
normal modes in the discussion of here.

davies: A thought occurred when you were discussing that. When we’re thinking about the back
reaction, is this going to excite those quasi-normal modes? Is that part of the back reaction
calculation?

kiefer: Maybe, I don’t know. My opinion is that one should take that in to account, those quasi-
normal modes, they are really a fingerprint of the black hole. It’s not if you are inventing some
action from string theory or somewhere else, this is something that is there already and should
be taken seriously. In classical relativity it’s a standard issue to be discussed, there are many
results. I tried, I found this result with the minimal noise temperature, but I did not get any
possibility to really calculate an entropy.

davies: Another thought occurred to me, this may be irrelevant. Black holes have an intrinsic
impedance, electrical impedance, it seems to me that’s got to be related to this if you just
think in terms of circuits and noise and impedance.

whiting: On the question of the quasi-normal modes, we could describe the perturbation, well some
perturbed field in terms of an integral along the real axis in ω if we have some state. But if
we tried to deform that contour around the quasi-normal modes by pushing it down we end up
with a contribution, so we can pick out the quasi-normal modes as we go down, but there are
also contributions around the branch cut. It turns out that there are branch cuts not just at
ω = 0, but at each one of the algebraically special frequencies. Nobody has a good sense of
being able to say that the quasi-normal modes are complete in that since that you can describe
every perturbation by a sum of quasi-normal modes. So I think that while it may be true we can
understand things from the quasi-normal modes, if you excite the horizon then the quasi-normal
modes are excited, they will evolve. It’s not clear that they are enough, and it’s definitely not
clear that they give you all you want for the entropy.

kiefer: Thank you. Yes, Laura.
mersini-houghton: A few questions, the first one is how much does the result depend on the scheme

of coarse graining?
kiefer: You are referring to the earlier? Not the quasi-normal mode issue?
mersini-houghton: Yes. If you were to choose a different environment?
kiefer: Good question, this also was related to the question about the details of the decoherence

mechanism. I can say the following, this is only done at this heuristic level. We have done in
a similar context, the primordial fluctuations in cosmology, we have done extensive calculations
to see. There you can really do some concrete calculations that you have, for example in the
fields some φ4 coupling or others, of course depending on the interaction you get different results.
But this whole class of models that you can discuss can be mimicked by Linblad type of master
equations. If you discuss that and discuss the decoherence times there of course you’ll get a

188



dependance on the coupling strengths, you get a bit different result for the decoherence time,
but all in all qualitatively the result is the same. So, it’s rather robust. The details of the coarse
graining do not enter unless you make some very peculiar coarse grainings. For example you
could, of course, for some coarse graining that just squeezes the ellipses somehow in a weird way.
I would say that here also it is rather robust though it’s not calculated.

mersini-houghton: Okay, because the mass/temperature relation of Hawking radiation is universal
while normally coarse graining schemes have some degree of fine tuning built with them from
the choice of what you call the environment and system. I was trying to understand if obtaining
Hawking radiation from this method is as universal, does it have the universal feature built in to
it or not?

kiefer: Yes, it has this universal feature that as long as you go here, well I start from this model
where you have this pure state here, this pure state that has this form in the language of two
mode squeezed states, and for that if we have this rotation of the Wigner ellipse which happens
on that time scale, so this is basically 14 or 17 times the Schwarzschild radius, which if you insert
here some astrophysical models or even primordial black holes are very small numbers. We have
a rapid rotation of this Wigner ellipse here, so you have here this picture that you have the p and
the x, well in quantum mechanics you talk about field amplitudes of course, and you have here
the Wigner ellipse which corresponds to the pure state but then you have here the rotation. For
any situation where you can not resolve time smaller than this the situation is indistinguishable
from having this circle and if you calculate the entropy of that then you get the standard result
which, if you integrate over all modes, gives you the entropy of the Planck temperature. The
limitation in this simple picture is that if you could observe it, well first have a primordial black
hole, you observe the Hawking radiation, and somehow you have to do measurements on a very
short time scale and having correlation functions maybe of this type that refer to these small
time scales. If you could do that then you could really see the quantum effect.

mersini-houghton: A related question to what was discussed yesterday morning as well, if we think
of Hawking radiation as being obtained by this method and we have the wavepacket that in
real spacetime would correspond to a black hole plus radiation, and you throw a particle in it
and you expect the outgoing to be correlated to what goes in, how does that translate in your
picture? Would that mean that the wavepacket would shift to a new classical trajectory in the
phase space?

kiefer: You have the picture of having a particle described by a wavepacket putting in to a black
hole?

mersini-houghton: You obtain the solutions you have here and then you decide to throw a particle
by hand in there, introduce a new particle that you throw in to the system. What would happen
to the wavepacket solution?

kiefer: If I understood correctly, if you threw something in to the black hole then it would no longer
serve as an environment in this sense I would say. It has a relevance for the black hole quantum
state but not for this issue with the Hawking radiation probably, at least not at a qualitative
level. Maybe some numbers would be changed.

mersini-houghton: And that would correspond to a new classical path of this wavepacket ψ(k)? So
if you were to throw a particle in to there what would happen to it?

kiefer: Of course, it would increase the mass of it, to do it in full you would have to have the
backreaction on it, this is certainly not included, but if you have just a test particle described by
a wavepacket then, of course, it would have to be added to the initial state and it would basically
modify the mass, at least on short time scales. I’m not talking about time scales longer than this
Page time because if you assume unitary evolution then we expect that something happens at
that time, but at least at times smaller than that it just increases the mass.

mersini-houghton: The reason I ask is because that expression depends only on the mass, so the
only way you would recover any information about whatever you throw in to the black hole.

189



kiefer: This is not yet a state that gives an entanglement with the black hole as a quantum object.
This is mimicked later in this way, well here we just address the Hawking radiation in this
background of the collapsing star, this is an exact solution. Here in these considerations there
we start from the full Wheeler-DeWitt equation actually of the black hole, this was done for
the dilatonic black hole, for the CGHS black hole because there the calculations could be done.
There you could solve the Wheeler-DeWitt equation in this semi-classical way we just have
not included technical details here, but I could certainly say something more. S0 obeys the
Hamilton-Jacobi equation which gives you then the background, actually we chose then this
solution so that it corresponds to this incoming shockwave CGHS black hole. There is a concrete
expression for the S0. This then gives a correlation between the black hole quantum state and
the Hawking radiation, but approximately only. We have no theory where we have exactly here
the full quantum state of the black hole and the Hawking radiation. Then, if you have such
superpositions and you integrate out the Hawking radiation, then you can have decoherence
factors of this form, so for example the black hole and the white hole the non-diagonal terms of
the density matrix which are something like D± ≈ e−some number and then of course you have
some infrared divergence because you have infinitely many modes and, if the volume is infinite,
what you get actually is something like D± ≈ e−some number×L/4GM3

where L would be the length,
the linear size of the box where you put in the black hole. Of course, you would trivially get
here this goes to zero for L→∞, but this is often the case for infrared divergences. You would
have to think about some appropriate cutoff. This is what we did here, this is from the Wheeler
DeWitt equation.

mersini-houghton: The last question, tracing out the Hawking radiation to obtain the decoherence,
is there any connection with the back reaction that I was talking about on Monday? This is
a different method where everything is done in a minisuperspace and with the Wheeler-DeWitt
equation.

kiefer: You mean the connection with your talk on Monday? I would have to think about it, we
should discuss this. If I remember, you did not have the full quantum gravity right? You had
just a collapsing star and some classical ansatz for your τab, perhaps one could have a quantum
picture of it, but I think it’s not yet quantum gravity. We should discuss this.

whiting: I’m a little surprised by this expression you wrote down for the entropy of the Hawking
radiation. This looks as though you are treating the Hawking radiation as something in flat
space, not as something that’s living in the spacetime of the black hole. Is that correct? This is
what Laura’s calculation takes in to account, the fact that quantum states around black holes,
especially near them, are very different from quantum states of radiation in flat space. You don’t
seem to be including that, is that correct?

kiefer: You are right, it does not follow from this simple coarse graining picture. I would say this a
little simple to have the corrections from the vicinity of the black hole. If you had this quantum
state given, wherever it came from, it would give you the local equivalence to this thermal state.
The information about the black hole is somehow encoded in to this state. You would also get
such a state from just having the Unruh radiation where there is no black hole if you calculate
Unruh radiation in the functional Schrodinger picture, depends on the acceleration.

whiting: This state is position independent, we would expect some position dependence around a
black hole. The energy density can be negative close to the black hole even if it’s positive far
away, for example.

kiefer: But the quantum state in the Schrodinger picture only depends on the configuration space
of the field, right, and on the parameters of the black hole. How should here some dependence
come in?

whiting: Let’s go to the calculation, what did you actually do to get the entropy of the radiation?
You end up with a volume, there’s no volume in this, but you end up with a volume. Does the
volume come from just putting in an ansatz of a flat space integration? Or are you using a curved
spacetime integration to get that?
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kiefer: To get that quantum state?
whiting: To get the entropy.
kiefer: Well actually this is just found at this general level of having in quantum mechanics a two

mode squeezed state of that form and doing that coarse graining. Using the analogy of the state
ψ(k) with a squeezed state in quantum mechanics and then just taking this quantum mechanical
state and doing this, then you get this which is actually a standard result. The analogy with the
black hole has only been encoded in this squeezing parameter r and then the squeezing angle φ,
but if you did not know that then you would just have an ordinary laboratory squeezed state
and you would do that coarse graining. That’s how it’s found.

whiting: It’s treating that quantum state like a laboratory squeezed state in a flat spacetime.
kiefer: Yes, that’s true.
ford: I would like to ask about the last comment on this slide. Given that your decoherence time

seems to be very short, it’s not clear why anything special should happen at the Page time. Why
shouldn’t this hold even after the Page time?

kiefer: The idea here is based on that you have this semi-classical Hawking radiation and then the
black hole. Page starts also from the assumption that the full evolution is unitary and that after
a certain time the Hawking radiation is no longer in this thermal state.

ford: I thought that was in the context of a model where you think that there has to be some
correlations to solve the information problem. It looks like if you’ve already had decoherence
perhaps you don’t need that picture. I’m not sure the Page time has any special significance in
this model.

kiefer: Your opinion is that this discussion could extend even beyond the Page time? In principle
sure, but for the quantitative details...

ford: It would appear if things have already decohered on a few times M it’s not clear that the Page
time has any significance any more.

kiefer: If you, say, started this after the Page time so the black hole is already in a state far evolved.
Page time is of order M3 and you start then with this consideration, this is what I had in mind.
Of course if I had earlier decoherence the Page time is of no relevance but if you started later for
developed primordial black hole.

ford: If you’re not relying on correlations in the Hawking radiation to solve any problems then in a
sense if you see a black hole of mass M it’s past history is not that important, whether it came
from the evaporation of a black hole of 10M or it’s a fairly recently formed black hole they should
be essentially identical.

kiefer: You mean it should be robust on the result?
ford: Yes, at least it would seem that way in this picture.
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4.2 Particle Creation From Vacuum in Gravitational Expansion and Collapse
Leonard Parker
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Discussion

mersini-houghton: The origin of Hawking radiation. How important is the collapse process to
producing the particles, what later becomes the Hawking flux at I+?

parker: Let’s take an example, for example from Misner, Thorne, and Wheeler. There is a discussion
of a collapsing dust cloud with a finite extent joined to Schwarzschild, with at least the first
and second derivatives of a(t) continuous. That’s why I call this gravitational expansion and
contraction. Yes, in that model it is clear there is particle production and you can calculate it
in a very similar way. Because of the collapse of the dust cloud, you get a lot of red shifting as
Stephen did a very elegant calculation, much more elegant than I would have been able to do, to
show that. He didn’t use the actual geometry that you can solve for in that simple case, more
general. There is a lot of particle production that is occurring and the particles that are being
created are created in pairs as you approach the horizon before you go in, of course, there is a
particle that goes out along the event horizon which hasn’t yet appeared, and another one that is
pair created and in order to conserve energy you have to have that go in and bring negative energy
in to the black hole relative to infinity. You do have pair creation outside. Did I understand your
question?

mersini-houghton: Yes. There has been some of discussing about this, if I were to talk about my
understanding I think the collapse is crucial because you need the changing gravitational field to
get the mixing of positive and negative frequencies and end up with a particle production process,
and also to explain the time asymmetry of getting a flux, there was no particles before, but then
something happens and you have some particles later. Another argument, and we have been
having this discussion with Jim Bardeen and Bill Unruh and Don Page for quite a while now, but
the other argument is once the black hole forms we speak of a surface gravity and the temperature
and an entropy of the horizon assuming the hole is in equilibrium with the surrounding radiation.
That would imply that the radiation should already have been produced in order to speak of a
temperature of radiation and associate that with a temperature of the horizon. That has been
the debate. There are others, and I’ll let Jim speak about this, that take the view that radiation
is produced after the black hole has formed. It would be good to know which one is the case. I
personally don’t see how a semi-stationary object can give rise to a flux of particles. Let’s think
of an eternal black hole for example, and I also don’t see how that object would break the time
symmetry, and why, and what meaning the temperature of the horizon of that object have if
particles do not exist yet, if the radiation is not produced yet. But I should let the others argue
about this.

bardeen: I think nobody questions that there is particle production during the collapse, but the
question is how much and what fraction of the mass of the black hole was radiated due to
particle creation during the collapse phase, as opposed to later on. What’s your opinion on the
order of magnitude, in terms of the Planck mass and the mass of the black hole, of the fraction
of the star’s mass that would be radiated due to pair creation during the collapse?

parker: Let me just try understand fully your question. You’re saying how did the Planck mass come
in to it? You’re getting to the point where the black hole is down to the Planck mass you’re
saying?

bardeen: During the collapse, up until the time the collapse is over and the star is inside the black
hole, which is the usual picture, what fraction of the mass of the star do you think would be
radiated during that phase of the evolution? As expressed in terms of the Planck mass and the
mass of the star, or the shell?

parker: So let’s give them names, the mass of your star is M or something before.
bardeen: Say you have a star of mass M and then ~ in GR units is the square of the Planck Mass,

so I would guess that it’s proportional to M2
Planck/M which is incredible small for a large black

hole. Would you agree with that or not?
parker: Off the top of my head what you’re saying sounds reasonable, but I’d have to sit down and

talk to you about it I don’t want to just give a top of the head answer. Since you two have had
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perhaps discussions about this it’s premature for me to try to. You’re saying you can get this
out of just dimensional considerations?

bardeen: Basically.
parker: Right, that seems reasonable, I guess. If I understand what you’re saying, which I probably

don’t fully.
stodolsky: Your exponential growth on the previous slide, there’s nothing to stop it, it just keeps

going? Or is there some back reaction we have to take in to account?
parker: I was thinking about that, in fact, of course, that’s the question ‘how do we get reheating?’
stodolsky: Even within the context of the abstract calculation, it just keeps going? Or have we made

some approximation where there is some back reaction, perhaps, which has been neglected?
parker: My calculation was just based on the ten dimensional deSitter symmetries. I’ve been con-

sidering the possibility for another mechanism for reheating which I’ll just throw out there, I
think that probably it’s been considered by Stephen I would bet. In any event, if you have your
exponentially expanding universe, I would think that you would have a certain probability for
black hole production, black holes which as you’re going they would be producing radiation, or
evaporating, and the model I was hoping to think about, which you guys can probably do much
quicker than I can, is where you have energy produced by the set of evaporating black holes which
is created during this exponential stage. There is a number of little points to it that maybe I
could get some advice from people about but it strikes me that as these black holes evaporate
they could serve as a source of reheating at some point. You could get some calculation of the
possibility that they could end the inflationary stage at some point and bring you in to a radiation
dominated expansion. Here, I would like to ask you all a question, during this situation suppose
that since the dark matter, we don’t know what dark matter is, but one thing we do know is
that it interacts gravitationally, or it seems to, it’s sitting in galaxies and so forth, so it could
be weakly interacting matter or whatever, but the point is that whatever it is it’s going to be
created by the black holes that get produced as part of the inflationary expansion. If you take
that in to account you should be able to get an idea about what temperature the radiation would
reheat the universe to. It might tell you something about the content of the universe because of
the fact that even things which only interact gravitationally uniquely get created by the black
hole. That includes dark matter. I think that could be important. This is just some thoughts I
was having and I’d be very interested to know what’s wrong with it, there’s probably stuff wrong
with it.

stodolsky: Presumably, your effects also produce dark matter right, you’ve only done the zero mass
field or something, but in principle it should also produce dark matter.

parker: Yes, I guess so. Here I’m thinking from black hole production, as far as I know there’s no
reason why you wouldn’t also get dark matter created. It’s just through gravitation. I don’t
know. I’d be interested to get feedback. Is it obvious what’s wrong, is anything wrong with this
possibility? It can give you numerical results which you can try to test. The presence of the
dark matter, you want to get the right percentage of that, and you have a reheating temperature
you want to get to to exit inflation, and you can actually try to put that together and figure out
what happens. If it works.

whiting: Dark matter is usually considered cold, presumably if there is a dark matter particle it is
heavy and if the dark matter particle is heavy it’s going to be emitted only at the very end of
the evaporation of the black hole. So it can’t be a dominant part of the total energy generated.

parker: Here I’m talking about microscopic, very tiny black holes created during inflation.
whiting: You could calculate what the number?
parker: They evaporate at a very high temperature according to Stephen’s calculation.
whiting: So you could use your model to put a constraint on the number density of small black holes

in the early universe because there’s only a limited amount of dark matter available.
parker: Things like that, yes, if we run in to contradictions in temperature, yes.
mersini-houghton: You studied the neutrino flux production in the 1960’s, 1965 I think the paper?
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misner: You’re asking about what?
mersini-houghton: I think you studied a similar problem to what is being discussed here, but for

neutrinos produced a black hole.
misner: I don’t recall discussing particles produced by black holes, no.
parker: I think Charlie looked at neutrino viscosity.
misner: Oh, yes, I played that game of neutrino viscosity, but that just assumed that there were

neutrinos there and hoped that they would do something useful. That was in connection with
Mixmaster business that never fit in to the real universe.

mersini-houghton: If there are no more questions can we bug Malcolm to give us the answer to the
question he promised to Larry and I yesterday? About deSitter, flat, Rindler...

perry: The Rindler horizon is not an isolated horizon, it has expansion associated with it, whereas
the horizons we were considering have zero expansion, so that’s the explanation of what’s going
on in the case of Rindler. That deals with Larry’s other question.

mersini-houghton: So you would the effect on deSitter, but not on Rindler?
perry: That’s correct.
mersini-houghton: Which means that we would be able to tell the difference between accelerated

observers and pure radiation?
perry: Yes.
mersini-houghton: Malcolm, one last question: why don’t the correlations between the ingoing and

outgoing particles create a firewall problem?
perry: I have not thought about this.
mersini-houghton: Tomorrow.
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4.3 Gravitational Condensate Stars or What’s the (Quantum) Matter with
Black Holes
Emil Mottola

196
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       And if     Tμν = 0  on the horizon: 
Solns. Depend on the Stress-Energy Tensor 



Black Holes and Entropy 

•  A fixed classical solution usually has no entropy :  
 (What is the “entropy” of the Coulomb potential Φ = Q/r  ?) 

     … But if matter/radiation disappears into the black hole,  
  what happens to its entropy? (Only M, J, Q remain) 

•  Horizon area A  (which always increases) a kind of “entropy”? 
   To get units of entropy need to divide A by (length)2 

    … But there is no fixed length scale in classical Gen. Rel.  
•  Planck length                       involves  
•  Bekenstein suggested   SBH = γ kB A/LPl

2    with γ ~ O(1) 
•  Hawking (1974) argued black holes emit thermal radiation at 
 
 

   Apparently then the classical relation dE = κ dA/8πG  
  becomes first law, dE  = TH dSBH  fixes γ = 1/4 
  (multiply & divide by       )     But … 

  

€ 

ℓ Pl
2 = "G /c 3   

€ 

!

  

€ 

TH =
!c 3

8πGkBM

  

€ 

!



A few problems remained … 

•  Hawking Effect involves trans-Planckian frequencies  
•  SBH ∝ A  is non-extensive  and  HUGE  
•  In the classical limit TH → 0 (cold) but SBH → ∞ (?) 
•  E ∝ T-1 implies negative heat capacity 

     ⇒ highly unstable 

  Can Equilibrium Thermodynamics be applied at all? 
•  Information Paradox: Information ‘disappears’ ? 

  (Pure states → Mixed States? Unitarity ?) 
•  What is the statistical interpretation of SBH ? 

       Boltzmann asks:   S = kB ln W ?? 
   

€ 

dE
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Statistical Entropy of a Relativistic Star 

•  S = kB ln W(E) (microcanonical) is equivalent to 
! ! !    S = - kB Tr (ρ ln ρ)   

•  Maximized by canonical thermal distribution 
  Eg. Blackbody Radiation E ~ V T4 ,  S ~ V T3!

!! !S ~ V1/4 E3/4 ~ R3/4 E3/4"

!For a fully collapsed relativistic star E = M , R ~ 2GM , 
    so  S ~ kB (M/MPl)3/2      ← note 3/2 power!

SBH ~ M2 is a factor (M/MPl)1/2 larger or 1019 for M = M�!

•  No way apparent to get SBH ~ M2  by any standard  
!statistical thermodynamic counting of states  



Black ‘Holes’… or Not 
Singularity Theorems 

  Black Holes ‘inevitable’ in Gen. Rel. if  
•   A Trapped Surface forms  
•  One of Energy Conditions: 

•  Weak Energy Condition (Penrose 1965) 
    

Violated by Quantum Fields, e.g. by Casimir Effect  
•  Strong Energy Condition (Hawking-Penrose 1970) 

    
 
Violated by Hadronic ‘Bag’, Cosmological Dark Energy,  

 Inflation V(φ):  
Negative Pressure  Defocusing Effective Repulsion 

pi = �⇢ < 0

⇢+ pi � 0 i = 1, 2, 3

⇢+
3X

i=1

pi � 0



Gravitational Vacuum Condensate Star Proposed (2001) 
Today: It’s Realized in Schwarzschild Soln.II (1916) 

dynamical 



Static, Spherical Symmetry 
•   2 Metric Fns.  
                                                        Misner-Sharp Mass 
 
 

•  3 Stress Tensor Fns. 

 

•   2 Einstein Eqs.                

•   1 Conservation Eq. 
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Buchdahl Bound (1959) 
Assuming classical Einstein eqs. &  
•  Static Killing time:                              

•  Spherical Symmetry: 

   

•  Isotropic Pressure:    

•  Positive Monotonically Decreasing Density:  

•  Metric Continuity at Surface of Star r=R  

•  Then        
           or the pressure must diverge in the Interior  

           Note this R is outside horizon 
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Schwarzschild Interior (1916)  

•  Importance of Buchdahl Bound is: 
    Under Adiabatic Compression Something Happens       

 Inside-- Before the Event Horizon is Reached 
•  Bound is Saturated by Schwarzschild Interior Soln.  
•  Constant Density  
•  Solve for Pressure p(r): 

p(r) + ⇢̄ = 2 ⇢̄

p
1�Rs/R

D

D ⌘ 3
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1�Rs r2/R3
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Schwarzschild Interior Solution 
•   Constant Density 
 

      Saturates  
Buchdahl Bound 
 

•   Pressure 

 

•   Diverges at                iff  

•                                                                                      Vanishes at R0 

•   Pressure becomes negative  for  0 < r < R0 
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Interior Pressure 

As  R  9/8 Rs  from above  
central pressure diverges 

0.2 0.4 0.6 0.8 1.0 r

-2

-1

1

2
p

0.2 0.4 0.6 0.8 1.0 r

-150

-100

-50

50

100

150

pR > 9
8
Rs

R= 1.25 Rs  
 

R= 1.126 Rs  
 
 



Interior Pressure  
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Interior Redshift 
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R=Rs Limit is Grav. Condensate Star (2001-4)  
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No divergence in p 
p = �⇢̄

h(r) = 1�H2r2

f(r) = 1
4 h(r)

H = 1/Rs

      but non-analytic cusp  
    Discontinuity (classically) 
 Interior is de Sitter space in  
 (modified) static coordinates 
   (Time runs slower inside) 

w=-1 



Komar Mass-Energy Flux (1959-62)  
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Transverse Pressure 

Cusp in Redshift produces Transverse Pressure 
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Surface Tension 
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First Law 

dM = dEv + ⌧s dA

Surface Area is Surface Area not Entropy 
Surface Gravity is Surface Tension not Temperature  

p + ⇢ = s T + µ N = 0
Gibbs Relation 

Schw. Interior Soln. in           Limit describes 
  a Zero Entropy/Zero Temperature Condensate 

Classical Mechanical Conservation of  Energy  

  Discontinuity in κ implies non-analytic behavior 
No Trapped Surface, Truly Static, t is a Global Time 

R→ Rs



Rindler-like        Coordinates  
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      Generalizes Israel Jcn. Condition to Null Boundary 
Faithful to Einstein Equivalence Principle as originally 
    conceived for real coordinate transformations 
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Surface Oscillations  

•  Energy Minimized by minimizing A for fixed Volume 
•  Surface Tension acts as a restoring force 
•  Surface Oscillations are Stable 
•  Surface Normal Modes are Discrete 
•  Characteristic Frequency   

•  Discrete Gravitational Wave Spectrum 
•  Striking Signature for LIGO/VIRGO if   

dM = dEv + ⌧s dA
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Remarks 
•  Non-Analyticity Characteristic of  a Phase Boundary  

 Freezing of  Time     Critical Slowing Down 

•         is everywhere timelike: Hamiltonian exists & is 
 Hermitian w. proper b.c. at 0 and ∞ 

•  Quantum State of  Test Field ~ Boulware State (No Flux) 

•  Energy Density  

•  Violates Both Weak & Strong Energy Conditions 

•  Significant Backreaction when 

•  Occurs at Physical Length  

•  Also time delay ~ ln (ε) 

•  All Regulated by finite ε  
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Quantum Effective Theory 

  Needs to have 3 elements 

•  Consistent with Quantum Theory & General Covariance 

•  Important Effects Near Macroscopic (Apparent) Horizons 

•  Allows Vacuum Energy to Change (Quantum Phase Transition) 

      Note: QCD also provides                  Vacuum Energy    
       in Bag Constant (Gluon Condensate) 

 

 
    Relevant in NS’s near Mass Limit esp. if  Density Dependent  

  QCD Conformal Anomaly       General Conformal Anomaly 
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4⇡R3 = 10.5GeV

fm3

⇣
M�
M

⌘2

$ B = 75MeV
fm3

p = �⇢



Effective Action for the Trace Anomaly 
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•  Non-Local Covariant Form (logarithmic propagator) 

 
•  Local Covariant Form 
 
 
  
•  Dynamical Scalar in Conformal Sector 
 

•  Expectation Value/Classical Field is Scalar Condensate 
 (responsible for Casimir Energy)  
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IR Relevant Term in the Action 

Fluctuations of scalar degree of freedom 
can generate a Quantum Phase Transition in Gravity  

The effective action for the trace anomaly scales  
logarithmically with distance, is a relevant operator 
 and therefore should be included in the low energy  

EFT description of gravity — 
Compare chiral anomaly in meson EFT of QCD 

   Not given purely in terms of  Local Curvature    

This is a non-trivial modification of classical General 
Relativity from quantum effects 

SEFT [g,'] = Scl[g] + Sanom[g,']



Why is this Important for Black Holes? 
Stress Tensor of the Anomaly 

Variation of  the Effective Action with respect 
to the metric gives stress-energy tensor 

•   Quantum Vacuum Polarization in Terms of  (Semi-) 
 Classical Scalar ‘Potential’ 

•    ϕ is a scalar degree of  freedom in low energy 
      gravity which depends upon the global topology  
         of  spacetime and its boundaries, horizons 
•  ϕ describes Non-Local Quantum Pair Correlations  

T anom
µ⌫ [g,'] = � 2p�g

�Sanom

�gµ⌫



2D Ward Identity and Massless Poles 

 Effects of  Anomaly may be seen in flat space amplitudes 

✚ ✚ 
Tcd Tab 

Conservation of  Tab Ward Identity in 2D implies 

Anomalous Trace Ward Identity in 2D implies 
at  k2 = 0   massless boson pole 
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Anomaly Scalar in Schwarzschild Space 
•  Gen. soln. of  ϕ(r) is easily found in Schwarzschild background 
 

 

 
•  q, cH, c∞ are integration constants, q a topological charge 

•  Linear time dependence can be added to get flux (Unruh) 
•  Only way to have vanishing ϕ as r → ∞ is c∞ = q = 0 
•  But only way to have finiteness on the horizon is  

   cH = 0, q = 2  
•  Topological obstruction to finiteness vs. falloff  of  stress tensor  
•  2 conditions on 3 integration constants for horizon finiteness 
•  Most states have large backreaction on the horizon 
•  Should show up in fluctuations                                 there hTµ⌫(x) T↵�(x0)i



Stress-Energy Tensor in Boulware 
Vacuum – Radial Component 

Spin 0 field 

Dots – Direct Numerical Evaluation of  <Ta
b>   (Jensen et. al. 1992) 

Solid – Stress Tensor from the Auxiliary Fields of the Anomaly (E.M & R. Vaulin 2006) 
Dashed – Page, Brown and Ottewill approximation (1982-1986) 

Diverges on horizon—Large macroscopic effect  



Summary  
•  Buchdahl Bound  Under Adiabatic Compression  
     Interior Pressure Divergence Develops  before Event 
        Horizon Forms for 

•  Constant Density Interior Schwarzschild Solution 
 Saturates Bound &  shows the generic behavior: 

•  Infinite Redshift at the Central Pressure Divergence 

•  But gives Integrable Komar Energy 

•  Implies Formation of  a δ-fn. Surface & Surface  
 Tension 

•  A Non-Singular (de Sitter                  )  ‘BH’ Interior 

p = �⇢
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R > 9
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Summary  
•  Area term is Classical Mechanical Surface Energy 

not Entropy 
•  QM, Unitarity ✓   No ‘Information Paradox’ 
•  Condensate Star negative pressure already realized/

 inherent in Classical General Relativity 
   in Schwarzschild Interior Solution (1916) 

•  Cold Quantum Final State of  Gravitational Collapse 
•  Full Non-Singular Soln. Requires Quantum  
      Effective  Theory of  the Conformal Anomaly 
•  Dynamical Vacuum Condensate Energy 
•  Regulated Finite Thickness Boundary layer 
 



Gravitational Vacuum Condensate Stars 

Gravastars as Astrophysical Objects 
•  Cold, Dark, Compact, Arbitrary  M, J 
•  Accrete Matter just like a black hole 
•  But matter does not disappear down a ‘hole’ 
•  Relativistic Surface Layer can re-emit radiation 
•  Can support Electric Currents, Large Magnetic Fields 
•  Possibly more efficient central engine for Gamma Ray  

 Bursters, Jets, UHE Cosmic Rays 
•  Formation should be a violent phase transition converting    

gravitational energy and baryons into HE leptons and entropy 
•  Interior could be completely non-singular dynamical condensate 
•  Dark Energy = Condensate  -- Finite Size effect of boundary 

conditions at the horizon  Implications for Cosmology 
 
  
 



• Gravitational Condensate Stars resolve all ‘black hole’  
       paradoxes  
•  Discrete Grav. Wave Signatures of  Surface Modes 
•  Astrophysics of  gravastars & ‘no-hair’ testable  
(LIGO / Sgr A* mm imaging by Event Horizon Telescope)   

BH and Dark Energy Problems are related 
and may be solved by the same theory  



Discussion

’t hooft: I wonder if you have a material where the density is constant? Does that mean it is
incompressible and therefore the speed of sound is infinite? Suppose you impose the constraint
that the speed of sound should not be bigger than the speed of light, then what would you get?

mottola: In fact that was Einsteins objection to Schwarzschild’s second paper, he didn’t like it
because constant density meant exactly that, which violates, of course, relativity. I don’t think
this should be taken seriously. These intermediate states, which I went through the sequence of
solutions, I don’t think are physical. It was simply a model to get to where I want to get to, and
once you get to the deSitter interior you don’t have this problem because the deSitter system is
a vacuum. There is no speed of sound that you can calculate that way. If you just take pure
deSitter space I don’t know what the speed of sound is, it’s ill defined in fact. You have to put
some material in, the vacuum itself has no speed of sound. I think I perfectly agree that each one
of these members of this sequence is not sensible but I would like to take seriously the limiting
case as a dark energy interior.

ford: On your last remarks, I was a little confused about whether you were suggesting that all the
things that we think are black holes are really these objects?

mottola: Yes. I’m going to go way out on a limb and suggest that.
ford: You’re thinking that all the things in the centers of galaxies are really these and not black

holes? You solve the black hole problem by not having any black holes anymore.
mottola: It’s nothing short of that, yes. I mean that’s a speculation, to be sure. There was a

comment the other day, I think in Laura’s talk, about whether or not black hole horizons have
been observed, and of course I’m intensely interested in that question, and I would say that
the issue is still open. Astrophysicists think they can argue that there is an event horizon, but
the argument goes something like this: We know something about accretion on several of these
objects so something is falling in, but then if it were to hit a surface it should thermalize. Then
we should calculate the flux and see what’s coming out, and there’s no thermal radiation and
therefore there’s no surface. That’s roughly their argument. Of course that depends on what
happens to the material as it hits the surface, does it thermalize? Does it get bounced back?
Does it re-radiate? Or does it get absorbed? If it gets absorbed, or mostly absorbed, you won’t
see it.

ford: At least in classical relativity you can form black holes of extremely low density, so it would
seem hard to see why the physics that gives rise to this special phase would apply if we tried to
make sufficiently large black holes.

mottola: Well I was going to try to explain that but I ran out of time. The point is that the vacuum
polarization effects, as you well know, for example in a Boulware like state, always get large
near the horizon no matter how big the black hole is. It’s just a matter of getting closer, this ε
parameter gets smaller, so you have to make this f(r) smaller before it blows up. But no matter
how small the curvature is this is a quantum correlation effect which has nothing to do with the
local curvature ultimately, it has to do with non-local correlations which I think are described by
the conformal anomaly. But I agree, it’s a challenge to understand how this is formed, that’s of
course the open problem I’m working on. I think the possibility is there.

spindel: Just a remark, it’s not mine by the way, about the constant density, this remark came from
the book of Misner, Thorne, and Wheeler, Gravitation, when you solve the Einstein equation
even if you have a solution with constant density, you can imagine some specic matter such that
it’s always constant and the pressure is a mechanical pressure, it’s not the thermodynamical one.
What you need is an equation of state.

mottola: Yes, here there’s no equation of state, I just solved the equilibrium, hydrostatic equilibrium.
spindel: So we cannot say anything about the velocity of sound if we don’t have any equation of state.
mottola: Well, okay. It’s one reason I think the Schwarzschild solution was cast aside for many years,

because the master, Einstein, didn’t like it for exactly the point you raised. I think that simply
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doesn’t arise in a deSitter universe. We don’t talk about the speed of sound of dark energy, it
has no speed of sound.

duff: Normally you think if you have a theory of elementary particles where the particles are heavier
than the Planck mass they would qualify as black holes. Does your theory rule out those too?

mottola: No, I have nothing to say about Planck scales. I’m not trying to solve the problem of
quantum gravity all the way to the shortest distances, I’m trying to work in an effective language
for large black holes.

duff: I’m sorry, I thought I heard you say there are no black holes.
mottola: Well, okay, if you talk about Planck scale black holes I have no idea. I tried to say that the

thickness of this shell is the geometric mean of the Planck scale and the Schwarzschild horizon
radius. It’s very small, it’s like Fermi, for astrophysics but it’s very large compared to the Planck
scale and there we should still be able to do something like semi-classical methods. It’s your
favorite topic, the conformal anomaly, which comes in there. I want to not cancel the anomaly,
at least at these low energies, I want to use it in the same way I have an effective in low energy
pion physics which comes from QCD and the chiral anomaly, I want to use the conformal anomaly
to tell me something about these effective quantum correlations.

louko: Could you draw the conformal diagram of the spacetime?
mottola: Not easily enough because this region is completely blown up [in the conformal diagram].

What you should do is put in a regulator, if I put in this ε then the surfaces are really spacelike
tubes and then I can draw a conformal diagram. If you take it literally to be null, I’m not sure
how to do that, so it’s an interesting little exercise. We can do it, but I haven’t done it.

louko: Can you draw it with a regulator in place?
mottola: Yes I think so, I think then it’s just a star. It’s a star. You have a region of deSitter and

you have a region of Schwarzschild separated by some finite boundary which is spacelike.
louko: By some timelike boundary.
mottola: Yes. If you take that limit it’s kind of tricky, so you have to be careful.
bardeen: Do you have any ideas about what would happen astrophysically if something like this

existed, in terms of what sort of signal you would see?
mottola: Well that’s what I discussed.
bardeen: If there was accretion, for instance.
mottola: In order to talk about matter? That’s what astrophysicists want to know is what happens

with rotation, what happens with magnetic fields, and what happens with matter? All great
questions and I’ve only scratched the surface on that, I’d love to hear some ideas. Basically these
are speculations. I don’t see any reason why the system could not support currents, for example,
so the way black holes just absorb energy and the magnetic field collapses may not actually be
the case if you have something like a real current sheet there. That involves putting the standard
model interactions in to this surface which is going to take a lot more work, but I think it can be
done in principle. The first thing I’m trying to do is actually construct, this goes back to your
talk also Gerard, you mentioned the monopole and how you get a singular solution until you
put in some extra term that regularizes it, and that’s exactly what I’m trying to do: to put in
the extra terms coming from the anomaly, essentially, and demonstrate a non-singular solution.
Once you have a non-singular solution then we can talk about small fluctuations in a meaningful
way and we can talk about interactions with standard model fields. At the moment, with this
very simplified model, I can’t do that. I don’t have enough physics in it yet. The only thing I
can say qualitatively is that if it’s a closed surface and I hit it it should act like a soap bubble, it
should oscillate at normal mode frequencies without an imaginary part, as in the quasi-normal
mode description, and that is a stunning signature if you would ever see it in gravitational waves.

stodolsky: The properties of your condensate are just given by gravitational quantities? The Planck
mass, speed of light, ~? Or are you waiting until you include the standard model?
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mottola: I tried to motivate the idea that a condensate could form even from QCD because we know
that are such condensates in QCD, so that’s sort of starting the process, but no, the full answer
has to involve standard model fields, the conformal anomaly, and the formation of a condensate.
They’re going to interact with each other, it’s not just pure gravity, it’s not just pure standard
model.

stodolsky: The parameters of this condensate are not just pure gravity?
mottola: Well, if this object exists at any scale then the condensate has to be density dependent,

has to be able to adjust. So, yes, in that sense it’s the gravitational effect that’s dominating. It
may be seeded by standard model processes but in the end this has to be a gravitational object,
right, where I can discuss it all in terms of the gravitational field equations with some corrections,
that’s the goal anyway.

’t hooft: According to general relativity there are many other ways to make a black hole, you could
simply collide two very energetic particles and make a black hole. My favorite is a cloud made of
television sets as large as the galaxy. You let these television sets attract each other gravitationally
and while they go through their own horizon the cloud is still so dilute that all television sets
are still working. In other words, ordinary laws of physics apply while they go through the
horizon. All you use is the principle of general relativity, that coordinates are equivalent, and
nothing more. And then you get already that they have to go through the horizon, am I assuming
something?

mottola: You’re assuming classical matter. You’re assuming essentially an energy condition. You’re
assuming that I have ordinary particles, that can be television sets, but they’re just ordinary
particles.

’t hooft: The energy condition is trivially satisfied by those television sets, they’re classical objects
that we totally understand, and they’re very dilute so the density is much less than that of water.
And still you can make a black hole.

mottola: The point is here that dilution is a local concept, it is not what determines whether or not
this condensate forms. The question is whether in the preparation of the quantum state, which
is not in your description with television sets, whether or not the quantum vacuum can produce
vacuum polarization effects near to the forming horizon which can trigger this process. That’s
not in the classical picture at all, right?

’t hooft: What would be wrong with the television set solution?
mottola: What would be wrong is that that would leave out the quantum effects. There’s nothing

that tells you that quantum effects have to be small on macroscopic scales, because we have
superconductors, right? What would be wrong with assuming that a cold superconducting system
behaves classically? Because there are quantum correlations that are not behaving that way.

’t hooft: Okay, here we have a system of a substance that we think we have completely under
control, we understand everything about it. But now you’re saying we understand nothing about
it, something happens on large distances. I still can’t quite grasp what it is.

mottola: I grant you that’s the challenge. I grant you. I was going to try to describe how the
conformal anomaly and vacuum fluctuation could produce exactly that effect, for any scale. For
this to work it has to work at any scale, except the Planck scale, but anything larger than that it
has to be the same mechanism essentially. Here, I agree, I chose a sequence of configurations and
adiabatically compressed them, I think this a reasonable thing to do also for stars. If you want to
do something else, like throw television sets in, then I have to do a different calculation and show
it, we’re trying to do that right now looking at 2-D collapse. It may not be sufficient, we have
to go all the way to 4-D because of the transverse pressure playing an important role. That’s
the question, whether or not vacuum fluctuations and the polarization effects, which I think are
encapsulated in the anomaly effective action, can actually do that. Those are the effects which
are left out, of course, from the classical picture. I agree that’s a challenge, it has to be shown,
it has not been shown yet.
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misner: I think it’s very intriguing to have these new theoretical objects that we could go searching
the universe for, it would be great to find them, as against whether all black holes, so called
now, could be explained this way I have very strong doubts. Particularly because, by now, you
concentrated mainly on the equilibrium state and a little bit of perturbations away from that, but
nothing substantial about how you would form them in real practice. On the other hand we’ve
been worrying about conventional black holes for so long that now there’s a lot of studies on how
to form them and I think there are computer models, classically, classical computer models of
ordinary type material found in large mass stars, how the core will collapse and so forth. Those
all seem very plausible.

mottola: There’s no doubt, Charlie, if you take classical matter and classical relativity you will get
black holes. There’s no doubt.

misner: Okay. Once you have taken that, if the quantum mechanics doesn’t come in and cancel some
of the assumptions you’ve made under reasonable conditions where you think you know what’s
going on, the black hole will have formed and the quantum mechanics can’t come in and undo
the horizon once it’s actually been formed. I think it would be very strange if all black holes
could be substituted with these things.

mottola: I think this is a different form of the question Gerard was asking. I mean, you’re challenging
me to show you, take some other situation like throwing matter in, Oppenheimer-Snyder, called
them television sets or air conditioners it doesn’t matter, the question is: how do the quantum
effects arise near the horizon that can trigger something like this? That, I agree, requires a
different calculation than anything I’ve shown you. It’s a much harder problem.

misner: It also requires an imagination that the horizon can be sensed by the matter while it’s trying
to obey the laws of physics.

mottola: Can be sensed by the quantum vacuum polarization which, remember, is from where it
came. Namely, an initial state with a very very diffuse form of matter, almost Minkowskian.
That’s all you need.

misner: Well, supposedly there are ten-billion solar mass black holes in the catalog. Now for something
like that the scale is about fifteen hours for the light crossing time and the curvature, predicted
horizon, is much weaker than the curvature in this room, it’s very modest.

mottola: I keep saying that, the curvature has nothing to do with it, it’s a non-local effect.
misner: I can’t imagine how something thrown in is going to feel this non-local effect before the

horizon is formed.
mottola: I can’t show you the last half of the talk, but I’ll be happy to tell you the idea. Now

whether the idea works I’ll freely admit I don’t know yet. That’s the challenge, but that’s a hard
problem. You agree, right, that’s a much harder problem. It’s easier to look for static solutions
under a lot of symmetry than it is to solve a dynamical problem. We are thinking about exactly
this problem, okay, I have ideas. I can tell you about them. I haven’t solved it.

freese: I worked with Cosimo Bambi on something even more speculative, this was motivated by
a talk that I heard by Petr Horava in Berkeley where in string theory you could possibly have
super-spinning black holes with the spin bigger than the mass, and the issues of event horizon
and singularity I won’t touch, but what we looked at is the observational consequences. What
it affects is the shadows of black holes, if you have something behind the black hole then you’ve
got this black region that you can look at. In that case, instead of having a sort of relatively
spherical shadows you would have slivers and you could tell the difference. I’m just thinking
about observational things. I don’t think that would happen here, but then I also remind you
that LIGO is coming up, the gravity waves might be another test. I don’t know, just throwing
all this out there.

mottola: It’s up there, yes.
stodolsky: When you drew those light rays, you mean light really goes through it?
mottola: Yes, light really goes through it. Of course that’s geometrical optics, the question is whether

actually photons would interact with the matter, then they could be scattered and it would be a
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more complicated situation. All I did there was solve the geodesic equation, so it’s just geometrical
optics without any scattering. How it scatters, of course, is a question about how it interacts
with matter on the surface.

bardeen: Would you agree that if LIGO does see a gravitational wave burst with a waveform that
agrees with the standard general relativistic calculations corresponding to a black hole merger
that that would destroy your model?

mottola: Alright, put me on the spot, yes. Put me on the spot. I know you’re anxious to do that. I
think we have to put these ideas to test, we have to stop talking, if you’ll excuse the phrase, in
a vacuum, and start making predictions and see if it works. On one hand there are theoretical
issues that have to be addressed and that’s very challenging, but on the other hand it’s time to
start putting these things to the test. If one doesn’t see anything like this that, of course, argues
against it.

dowker: Is the horizon that you’re considering an event horizon?
mottola: No.
dowker: How would define it?
mottola: You’re asking about the idealized model? Or you’re asking about more realistically, if I

regulate it with something finite? The thing I showed has, in a sense, a marginal horizon. It
has exactly one radius, the Schwarzschild radius, where things become null. It’s, if you wish, a
marginally trapped surface but there are no surfaces inside which are trapped. Now if I regulate
that a little bit by pushing it away from zero then there are literally no trapped surfaces. No
horizon.

dowker: It’s locally defined?
mottola: It’s locally defined, yes, I don’t need to talk about what happens at infinity. Of course this

was a static solution so it’s kind of trivial.
ford: Presumably in your model there is no particular limit on the angular momentum versus mass

relation like there are for rotating black holes?
mottola: I can’t solve the equation for rotating yet.
ford: Okay, but astrophysically it is observed that most astrophysical black holes are very close to

the extreme Kerr limit so that seems to be a piece of observational evidence in favor of the black
hole hypothesis and against your hypothesis.

mottola: Why do you say that this wouldn’t have a very similar limit? I don’t know.
ford: But you haven’t shown that yet?
mottola: No, I haven’t show that because to try to generalize this to rotation is a much more

complicated problem and it just hasn’t been done. It did take fifty years to go from Schwarzschild
to Kerr, so give me break. It’s a hard problem. By the way, an interesting thing which can be
done, it’s tedious but possible, is to put slow rotation and just see how things behave just to get
some feeling. That’s a well defined problem. If I had a student I would try to get them to do it.

stodolsky: How do you want to solve the dark energy problem?
mottola: Ahh, you want me to get even more out on a limb and speculate. Obviously, for this to

work I need vacuum energy to be dynamical. It’s not a constant, it’s not a cosmological constant.
It’s something which depends on the external conditions, on the boundary conditions.

stodolsky: You want to have the condensate everywhere?
mottola: Yes, so now you know you’re in the condensate. Except there’s matter and radiation so

you have to rethink a lot of things. I haven’t done that.
’t hooft: The fact that light is de-focused, does mean that light goes faster than coordinate-frame

light? The index of refraction is less than one, in a sense. That suggests that the speed of light
inside this object is faster than the coordinate speed of light. That’s not directly an objection,
that’s just an observation.
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mottola: I hadn’t thought about that. That’s an interesting observation. Can that be used for
something? I don’t know. The other thing I could mention is if I, I went too fast but, if you
had this literal delta function of course it would still take an infinite coordinate time to reach the
horizon. However as soon as you put in a finite ε that time becomes logarithmic, the logarithm
of ε, so there would be a time delay. In addition to the de-focusing, if you had a transient source
behind you could compare the light signals going passed and the light signals coming through,
there would be a significant time delay in the light coming through. Another kinematic effect of
that.
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Plan

1. Particle creation by spacetime kinematics
I Outcome of Hawking evaporation?

−→ Firewall paradox

2. Breaking correlations in Minkowski
I Build a wall by hand

3. Falling through a flat space firewall
I Excitations and correlations

4. Summary



1. Particle creation by spacetime kinematics

Kinematics in/of spacetime mixes and creates quanta!

Dynamical Casimir Effect Moore 1970
−→ Observed in analogue microwave cirquit Wilson et al 2011

Cosmological particle creation Parker 1968
−→ Origin of cosmological structures 1980s → present

Black hole radiation Hawking 1974

I Classical collapsing star + quantum matter (eg photon field)

I Early times: “usual vacuum”

I Late time prediction: flux of outgoing thermal quanta
(carrying energy)

Back-reaction? Yes, but nothing drastic at the (slowly)
shrinking horizon.



Outcome of BH evaporation? Almheiri et al 2013

singularity

I
_

I +

BA S1

S2

C

B’

C’

S0

Suppose BH evaporates fully and
the process preserves unitarity

I Pure state on Σ2 ⇒
B ′ and C ′ strongly correlated

I Evolution ⇒
B and C strongly correlated

I Hawking ⇒
B and A strongly correlated

Contradicts entanglement
monogamy theorem ?!?

Almheiri at al (AMPS) 2013
resolution proposal:

A–B correlations broken by “drama”
at the shrinking horizon even for
macroscopic BH

“Firewall”

Cf Fuzzball Mathur 2002
Energetic Curtain

Braunstein 2009 et al 2013



2. Breaking correlations in Minkowski Brown and JL 2015

1+1 Minkowski

φ(t, x) massless

∂2
t φ− ∂2

xφ = 0

→ ∂2
t φ−∆θ(t)φ = 0

µ infrared cutoff
(required) forming wall,

Dirichlet
wall

detector

duration
x

t

1/λ

I Total energy radiated: 〈Etot〉 ∝ λ ln(λ/µ) −−−→
λ→∞

∞
Divergent for sharp wall formation Cf Anderson and DeWitt 1986

I Atom coupled to φ: use Unruh-DeWitt detector
Transition probability finite for sharp wall formation

Moral: sharp wall formation singular gravitationally but
nonsingular for matter couplings



3. Rindler Firewall JL 2014 (Suggested by Marolf)

1+1 Minkowski

φ(t, x) massless

Unruh-DeWitt detector

Detector

t

xL R

F

Recall Minkowski vacuum |0M〉: R and L correlated⇒ Unruh effect

Define mixed state ρFW:

1. In R: ρR := TrL

(
|0M〉〈0M|

)
indistinguishable from |0M〉

In L: ρL := TrR

(
|0M〉〈0M|

)
indistinguishable from |0M〉

2. In R ∪ L: ρFW := ρR ⊗ ρL No correlations between R and L

3. Evolved into F by null propagation

Firewall: ρFW is singular (non-Hadamard) at t = |x |. How strong?



Rindler Firewall

F
(1)
FW (ω)− F

(1)
|0M〉(ω)

• ω: detector energy gap
• F (1)(ω) ∝ transition probability
• χ(τ) switching: ∝ coupling strength
• Firewall crossing at τ = 0
• µ: infrared cutoff

=
[χ(0)]2

2π
ln (|ω|/µ) ←− dominant at adiabatic

and large gap limits

+
χ(0)

2π

∫ ∞

0
ds cos(ωs)

[
χ(0)− χ(−s)

]

s

+
χ(0)

2π

∫ ∞

0
ds

[
1− cos(ωs)

]

s
χ(s)





Sharp
kick at
Firewall
crossing

+
1

2π

∫ ∞

0
ds

[
χ(s)− χ(0)

]

s
χ(s)

+
1

2π

∫ ∞

0

ds

s2

∫ s

0
du χ(u)

[
χ(u − s)− χ(u)

]

− 1

2π

∫ ∞

0
ds

[
1− cos(ωs)

]

s2

∫ s

0
du χ(u)χ(u − s)





Severed
correlations
across
Firewall

Finite!



Entanglement across Rindler Firewall Mart́ın-Mart́ınez and JL 2015

Detector pair:
Alice and Bob

Initial state:

1√
2

(
|↓〉A |↓〉B + |↑〉A |↑〉B

)

Entanglement maximal:

Negativity = 1
2

2

Hence ⇢T = ⇢0 + ⇢
(1)
T + ⇢

(2)
T + O(�3), where

⇢
(1)
T = U (1)⇢0 + ⇢0U

(1)†
, (3a)

⇢
(2)
T = U (1)⇢0U

(1)†
+ U (2)⇢0 + ⇢0U

(2)†
. (3b)

When the initial state has the form ⇢0 = ⇢d,0 ⌦ ⇢�,0,
where ⇢d,0 and ⇢�,0 are respectively the initial state of
the two-detector subsystem and the initial state of the
field, and assuming that ⇢�,0 satisfies

Tr�
�
�(x)⇢�,0

�
= 0 , (4)

we find that the final state of the two-detector subsystem
is

⇢d,T = Tr�(⇢T ) = ⇢d,0 + ⇢
(2)
d,T + O(�3) , (5a)

⇢
(2)
d,T =

X
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(5b)

where W [x⌫(⌧), x⌘(⌧
0)] denotes the pullback of the

Wightman function on the detectors’ worldlines,

W [x⌫(⌧), x⌘(⌧
0)] = Tr�

�
�
�
x⌫(⌧)

�
�
�
x⌘(⌧

0)
�
⇢�,0

�
. (6)

Detectors with a Rindler firewall.— We now
specialise to (1 + 1)-dimensional Minkowski spacetime,
ds2 = �dt2+dx2 = �du dv, where u = t�x and v = t+x.

We take � to be massless and ⇢�,0 to be the Rindler
firewall state described in [8]. The one-point function of
⇢�,0 satisfies (4), as follows by extending the Wightman
function discussion given in [8] to the one-point function.
The Wightman function of ⇢�,0 is

WF (x, x0) = Tr�
�
�(x)�(x0)⇢�,0

�

= W0(x, x
0) + �W (x, x0) , (7)

where W0 is the Wightman function in the Minkowki vac-
uum |0ih0| and �W is the correction due to the firewall.
For W0 we have

W0(x, x
0) =

�1

4⇡
log
⇥
⇤2(✏+ i�u)(✏+ i�v)

⇤
, (8)

where �u = u � u0, �v = v � v0, the positive constant
⇤ is an infrared cuto↵, the logarithm takes its principal

x

t

Alice Bob

R

Tf

xA

T

Figure 1. Spacetime diagram of the two-detector systems with
the Rindler firewall. The dashed line at t = x is the firewall.
The solid lines are the worldlines of the Alice detector and
the Bob detector, switched on at t = 0 and o↵ at t = T > 0.
Alice crosses the firewall during the detectors’ operation (at
t = Tf = xA in the diagram) but Bob does not.

branch and ✏! 0+. The full expression for �W (x, x0) is
lengthy but reduces for v > 0 and v0 > 0 to

�W (x, x0) =
1

4⇡

h
⇥(u)✓(�u0) + ✓(�u)✓(u0)

i

⇥
⇣
log(⇤ |u� u0|) + i

⇡

2
sgn(u� u0)

⌘
. (9)

In words, (8) and (9) show that when x and x0 are
to the future of the left-going Rindler horizon t = �x
but on opposite sides of the right-going Rindler horizon
t = x, WF (x, x0) is missing the contribution from the
right-moving part of the field. This absence of correla-
tions across the Rindler horizon models the absence of
correlations that is argued to develop dynamically in an
evaporating black hole spacetime [3].

For the detectors in the presence of the firewall, we
take the worldline of detector A (Alice) to be at x =
xA > 0 and the worldline of detector B (Bob) to be at
x = xA + R, where R > 0 is the spatial separation. The
detectors are switched on at t = 0, and they are switched
o↵ at a time when Alice has already crossed the firewall
at t = x but Bob has not, as shown in Figure 1.

We ask: If Alice and Bob are initially entangled, how
does Alice’s crossing the firewall a↵ect this entangle-
ment?

Methods.— We assume each detector to be a two-
level system. We denote the respective energy gaps
by ⌦⌫ , the ground states by |g⌫i and the excited states
by |e⌫i. The monopole moment operators are then
µ⌫(⌧) = �+

⌫ ei⌦⌫⌧ + ��
⌫ e�i⌦⌫⌧ , where the nonvanishing

matrix elements of the raising and lowering operators �±
⌫

are he⌫ |�+
⌫ |g⌫i = hg⌫ |��

⌫ |e⌫i = 1.
For each of the the individual detectors we may intro-

duce a two-by-two matrix representation in which (sup-
pressing the detector index)

|gi =

✓
1
0

◆
, |ei =

✓
0
1

◆
, µ(⌧) =

✓
0 e�i⌦⌧

ei⌦⌧ 0

◆
. (10)
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Final state:
entanglement changed

• Firewall crossing has
a modest effect
• sign of effect:

not fixed!
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Summary

I Flat spacetime QFT model of a black hole firewall
I Modest jolt on crossing the firewall
I Memories of outside world (mostly) retained

I Missing: firewall energy is large
I Spacetime will react. How?
I Gµν = 8π〈Tµν〉 ? May or may not suffice. . .

I Fully-developed firewall?
I Quantum theory of spacetime needed



Appendix: pointlike detector in quantum field theory
(Unruh-DeWitt)

Quantum field Two-state detector (atom)

D spacetime dimension ‖0〉〉 state with energy 0

φ real scalar field ‖1〉〉 state with energy ω

|0〉 (initial) state x(τ) detector worldline,
τ proper time

Interaction: one of

H
(0)
int (τ) = cχ(τ)µ(τ)φ

(
x(τ)

)
←− usual UDW

H
(1)
int (τ) = cχ(τ)µ(τ) d

dτ φ
(
x(τ)

)
←− derivative-coupling

c coupling constant
χ switching function, C∞0
µ detector’s monopole moment operator



Probability of transition

‖0〉〉 ⊗ |0〉 −→ ‖1〉〉 ⊗ |anything〉

in first-order perturbation theory:

P(ω) = c2
∣∣〈〈0‖µ(0)‖1〉〉

∣∣2
︸ ︷︷ ︸

detector internals only:
drop!

× F (ω)︸ ︷︷ ︸
trajectory and |0〉:
response function

F (0)(ω) =

∫ ∞

−∞
dτ ′
∫ ∞

−∞
dτ ′′ e−iω(τ ′−τ ′′) χ(τ ′)χ(τ ′′)W (τ ′, τ ′′)

F (1)(ω) =

∫ ∞

−∞
dτ ′
∫ ∞

−∞
dτ ′′ e−iω(τ ′−τ ′′) χ(τ ′)χ(τ ′′) ∂τ ′∂τ ′′W (τ ′, τ ′′)

W (τ ′, τ ′′) = 〈0|φ
(
x(τ ′)

)
φ
(
x(τ ′′)

)
|0〉 Wightman function

(distribution!)



Discussion

bardeen: My question is, where does the energy for the firewall come from?
louko: Right!
bardeen: There’s no obvious source for it.
louko: Right. It’s hard to get a calculation going.
davies: Is it not the case that the correlations between A and B are destroyed by decoherence? If you

have an entangled pair and one goes down the black hole and the other doesn’t the entanglement
is lost because of decoherence due to the Hawking radiation. That’s the sort of simple statement
I’ve heard people make. The same is true in deSitter space. Did I just get that wrong, or is that
part of the story, is that simply resolved? Are you talking about entanglement? Well, you are
talking about entanglement not just correlations. You’re talking about entanglement between
A and B. I’m a bit confused, is this intended to be like a pair of particles that are entangled
and not just a correlation between two different outgoing particles? Because B and C are both
like outgoing particles. What are B and C actually? Sorry to keep asking all these questions
together. So B and C these are blobs?

louko: I’ve drawn B and C as sort of regions on this spacelike hypersurface and A as a region on this
spacelike hypersurface.

davies: I’m not sure what that means.
louko: The thinking is in terms of localized wavepackets and we think of them as the correlated

particle pairs that appear in the two-mode squeezed states in the standard picture of the Hawking
radiation. I am aware that it is difficult to make that sense of localization there fully rigorous as
well.

davies: Is everybody here agreed on the simple statement, which is that if you have an entangled pair
and one goes down the black hole you lose the entanglement by decoherence? Maybe even that
is not agreed here.

louko: Well this is supposed to happen on Σ1, at that particular hypersurface and you’re still supposed
to have a pure state over there. Now if you’re saying there is decoherence with some other degrees
of freedom, perhaps.

davies: Yes. I think that’s what the claim is. There is a particular calculation by Gerard Milburn that
looks at this, and also for deSitter space. This is really single particle quantum mechanics rather
than quantum field theory adding entangled pairs of particles in that background and looking at
the fate of the entanglement and it decoheres at late times. The simple thing is that the Hawking
radiation scrambles the phases. I hope I’m not garbling Milburn’s result but I think that’s the
gist of it. It may not be directly relevant to what you’re saying but whenever I see something
inside and outside and you want it still to be entangled I’m not sure that that’s correct.

louko: Thank you, I should look in to this.
davies: I’m just thinking out loud here, I’m sorry to interrupt you but it seems like a really good

opportunity for us to have a discussion about this.
stodolsky: I would like to make an extended comment about the remarks that seem to be the basis

of many of the things we’ve been saying, which is that if you have a pure state you need some kind
of mysterious correlations between different regions of spacetime. Let me give you a totally trivial
example which looks equally mysterious but has nothing to do with general relativity, singularties,
or anything. This has to do with the fact that, in studying multi-particle production, one of the
most common and oldest models is, in fact, a thermodynamic model. You take the energy in
some process and you distribute it equally over all states. That’s, of course, the microcanonical
ensemble and you get something which looks thermodynamic at the end. To reduce my example
to the most absurd limit consider that I have a big complex system, like a uranium nucleus, and
I’ve brought in an anti-uranium nucleus and I let them annihilate. I have uranium anti-uranium,
let’s say. These capture processes are usually in the S-wave. This is a single quantum pure state
in the initial state, let’s say they’re spin-zero uranium isotopes, and it’s just one quantum state.
Now when they annihilate what’ll I get? In the simplest model, two pions, three pions, going
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up to maybe 600 pions because I have 600 nucleons there, and maybe some remnant protons,
and so on. This system will look pretty thermodynamic. Tell me, where is the mysterious
missing information that I had a pure state in the initial state? You don’t see it. There’s no
need to correlate different regions of spacetime or anything, this has nothing to do with general
relativity. So where is the missing information? Well, there are some phase relations which we
can’t see between the two-pion state and the three-pion state and so on, obviously, because of
the kind of detectors we use in this case we can’t see those phases. But of course they must be
there. Here something totally elementary happened in terms of quantum mechanics. There’s no
general relativity or anything involved. For example, if you did this with photons you might see
something like Glauber states in the initial state and the final state where there are correlations
between different number states. The fact that you start with a pure state and get a thermal
looking state is nothing that mysterious, in my opinion.

ford: I had a question for Jorma. It seems like maybe part of what’s going on is that you’re using
a very simple model for a detector, which is a two-level system. In particular, such a system
can only absorb a finite amount of energy. In some sense you can’t do anything too drastic to
it. One question would be, could you generalize these to a slightly more complicated model such
as a harmonic oscillator in it’s ground state? A harmonic oscillator in it’s ground state can, in
principle, absorb an unbounded amount of energy. So this is really more of a comment that it
might be interesting to see what would happen in your models for such a detector.

louko: Those formulas that I showed they were done in first order perturbation theory for the Unruh-
DeWitt detector so all the backreaction of the detector on the field is neglected there. It would
be important to understand what the effect of that backreaction is. As you mentioned the
harmonic oscillator, if you use the harmonic oscillator instead of a two-level system, and you
still work to first order in perturbation theory, the answer is unchanged. The reason is that this
linear coupling between the detector and the field in first order perturbation theory it only does
transitions between neighboring energy levels. If you just plug in a harmonic oscillator rather
than a two-state system and otherwise do exactly the same things you will get exactly the same
formulas.

parker: There was an old paper by Peleg and Bose and myself in which we actually did a two-
dimensional model, it was relatively simple, but those were the days they had introduced these
two dimensional models and I don’t remember exactly, I would have to look up what went on,
but we did have a kind of a related spacetime and the thing could be solved exactly and this
involved the energy and momentum tensor. What you found was that you had to have, this is
why I asked about the negative energy flux, at just the point at which this singularity disappears
somehow in this model you get a flux from infininty, I think, give or take my memory, that goes
right in to that point where you have the sharp right angle. That’s an exact model. We’d have
to look it up, it’s in physical review or maybe PRL.
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5.2 Black Hole Evaporation and Classical Gravitational Waves: Comparison of
Calculation Techniques
Bernard Whiting
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Black hole evaporation and 
classical gravitational waves: 
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Hawking Radiation, singularities, and the related information loss  
24-29th August, 2015



outline
• black hole perturbations 

• gravitational waves 

• Green’s functions 

• singularities in QFT calculations 

• singularities in self-force calculations 

• the problem of evolution in SF calculations 

• the problem of evolution for Hawking Radiation



black hole perturbations - the 
gravitational self force problem
• tools of the trade 

• fully numerical (Detweiler, Barack, etc); semi-analytical (MST) 

• motion is geodesic in g=g0+h, where h is locally a vacuum solution  

• choices - can work in frequency or time domain 

• Regge-Wheeler, Zerilli 

• Teukolsky; must reconstruct metric 

• harmonic gauge (plus lapse fix) 

• easy gauge 

• L=0,1 handled separately 

• can’t yet evolve a changing orbit!!



singularities in quantum field 
theory

• products of fields at same space-time event 

• typically use a Green’s function as a proxy 

• singularity understood in terms of Hadamard expansion 

• point splitting allows for regularization and subtraction 
to avoid infinities 

• calculations based on mode sum representations 

• results are different for different vacuum states



singularities in the self force 
problem

• arise from modeling a small mass as a point source 

• point represented by an integrated Dirac delta function source 
along its entire world-line 

• can integrate against Green’s function to find solution 

• regularization gives smooth (locally vacuum) residual solution in 
neighborhood of source 

• subtraction lies outside future light cone and outside past light 
cone 

• its necessary to regularize both the gravitational field (metric) and 
its derivative



evolution in self force 
calculations

• particle radiates as it moves along “geodesic” 

• need to adjust orbit as the particle moves in time 

• need a method capable of evolving over 100,000 
orbits, but first order perturbation analyst not enough 

• two-time schemes are under development 

•  need to go to second order in perturbation analysis 

• several schemes, but no calculation so far



space-time evolution in the 
presence of Hawking Radiation
• typically, equilibrium (plus corrections) state used to define quantum 

stress tensor 

• physical arguments used to determine some space-time symmetries of 
quantum source (spherical, conserved, etc) 

• quantum arguments used to determine trace anomaly, etc 

• have one more unknown than equations - this situation has not changed in 
almost forty years 

• different authors make different choice about how to deal with this missing 
information unless they use exact numerical data for the stress tensor 

• don’t have any exact results for the quantum state during evaporation



space-time evolution in the 
presence of Hawking Radiation
• need to understand quantum state properties better than we do - can 

physical intuition help in ways we have missed so far?  

• we only have numerical solutions with which to describe quantum states 
accurately 

• series expansions have not helped to inspire a better understanding 

• can’t separately characterize the dependence of the state on the ingoing 
and the outgoing radiation 

• what can we understand about vacuum polarization in a curved 
geometry? 

• can we use Parker type analysis to explore the black hole problem further?



Discussion

fulling: It seems to me that most of the things you’ve been discussing are technical problems of
numerical analysis rather than conceptual problems.

whiting: No, I wouldn’t argue that.
fulling: That’s what I don’t understand. You seem to be mixing them together in a way I don’t

follow.
whiting: A model problem like the one I suggested, of taking a fixed horizon, throwing in some neg-

ative energy, and getting a smaller horizon, that’s not a numerical problem. It’s not a numerical
problem that we’re technically stuck on, it should be a problem that we can basically calculate
just on the basis of equilibrium states that we already know. That is not a problem with numer-
ical analysis and the problem that Laura has I don’t think we could argue that brighter minds
will solve those numerical problems, I think brighter minds will find the correct physics so that
the numerical problems which they have, of going further in to that part of the geometry, will be
different and they’ll be solvable.

fulling: I don’t understand, what physics is missing? Is the theory incomplete in some way? The
macroscopic backreaction problem?

whiting: Let’s take Laura’s problem as an example. She’s putting some interior in by hand, okay?
So she’s talking about Schwarzschild outside and some interior she puts in by hand. That leads
her up against some point where she can’t evolve numerically. If she changed the assumption
about what she put inside, would that still happen?

fulling: But not everybody agrees that she has to make that kind of an ansatz in the first place. For
example, in the two dimensional model, for the given background we have an exact unambiguous
formula for the renormalized stress tensor.

whiting: Right.
fulling: The problem, of course, in two dimensions is you don’t have an Einstein equation so it’s

not clear what the backreaction problem means. But the vacuum polarization side of it would
not be a problem. Could you go back to the previous slide, I thought I agreed and understood
the statement that you’re making. You say ‘we have one more unknown than equations and this
situation has not changed in almost forty years,’ then the next line is ‘different authors make
different choice about how to deal with this missing information unless they use exact numerical
data for the stress tensor.’ So you’re saying that if you actually write down the normal modes,
do you not agree that there is a completely well defined stress tensor in these four dimensional
problems, and progress toward finding out what it is was reported in Jim Bardeen’s talk, for
example?

whiting: Of course, the places where exact calculations can be done are not evaporation spacetimes,
they’re fixed background geometries. While we can do those calculations I would argue that
they’re not enough. This model problem where we throw in some negative energy and look at
what happens. . .

fulling: Why do you have to throw in extra energy? Why can’t we just take the problem that we
have and try to solve it self-consistently? You have a stress tensor, you require that the spacetime
now satisfies the Einstein equation with that stress tensor.

whiting: What would you say we write down for the stress tensor, in a completely unambiguous way,
if the geometry is evaporating? What should we write down? Is it completely un-ambiguous?

fulling: In principle yes.
whiting: Yes, in principle.
fulling: It’s a harder problem because you have a time dependent background, but in principle you

could solve the quantum field theory problem in that background.
whiting: Nobody has done a calculation where they can, time slice by time slice, with the evolving

geometry, completely evaluate the quantum state and calculate it’s stress tensor in order to go
to the next step. Each one of those is basically an infinite exercise and nobody has done that.
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bardeen: It seems to me we can calculate the stress tensor for a stationary black hole geometry, right?
Okay, now if you use that stress tensor as a source of the Einstein equations I think it’s a very
sensible to first order, the change in the geometry can be calculated. Now if that change is slow
and well behaved then the fact that when you did the original calculation of the stress tensor
you assumed the geometry wasn’t changing shouldn’t make much difference. If the change in
geometry is hugely long compared to the dynamical time, relaxation time, of fields around the
black hole. Now where there’s a real problem, which I certainly don’t know how to address, is
when there’s a large change in geometry. Then you get in to a situation where if you are thinking
of evolving from some initial quantum state. Because the evolution is quantum you don’t really
know which classical geometry you should be perturbing around and therefore you have to go
to some multiple history sort of picture, which I think is very hard to really understand how to
do that in a proper way and I certainly don’t understand it. But as long as you’re dealing with
slow semi-classical evolution then I think there’s no problem. Back in 1991 I wrote a paper on
the evolution of the black hole geometry and it’s very straightforward. The geometry just stays
Schwarzschild.

whiting: Well, I know how to do that calculation, many people have done it. I would argue against
your premise. The core of my argument would be, during the evaporation you say the changes
are small, but with every change what happens is that r = constant lines which are timelike on
the inside of the black hole become spacelike on the outside of the black hole.

bardeen: Yes.
whiting: I argue that’s not a small geometric change.
bardeen: Why? You can use coordinates which are perfectly regular across the horizon, advanced

Eddington-Finklestein.
whiting: That doesn’t really solve the problem. What’s happening is part of the geometry that’s

on the inside is essentially now coming out, it’s not a coordinate problem. I use coordinates to
describe it simply, but it’s not a coordinate problem. You’re bringing spacetime from inside the
horizon to outside the horizon and I argue that that’s not small.

bardeen: Okay well yes, conceivably there could be some firewall inside the horizon which is going
to do strange things, but on the other hand I think it’s hard to argue very seriously that that’s
really going to happen in the real world.

ford: I just wanted to comment that I think one of the limitations of the approach that you’re talking
about is that this is the semi-classical theory assuming a fixed classical background. Usually it’s
stated that that should be okay as long as you’re well above the Planck scale but I think we
should be a little careful about that. Partly reiterating the point that I made after Jim’s talk,
that in fact the stress tensor is really fluctuating and those fluctuations in dimensionless terms
are not small, they’re of order one. It’s true that you can time average them, and I think that
you get a very plausible picture for a very long time if you think of the expectation value of the
stress tensor as describing the time averaged effect. If you ask about what’s happening on time
scales on the order of light travel times I think it’s a little misleading. In fact, the effects of the
geometry are undergoing quantum fluctuations around this mean which is of the same order as
the change that the semi-classical theory predicts. Of course, as the black hole gets smaller that’s
going to become more important and it’s something we should keep in mind, that you’re using
at best an incomplete theory in this framework.

whiting: I would agree. I think semi-classical theories are incomplete, but we could at least try and
understand what the semi-classical theory says. We may find out it was a silly thing to do, but
we still don’t know that answer.

’t hooft: I just want to remark that I would definitely object if someone says that no new physics is
needed. I definitely think that new physics is essential here because gravity is not a renormalizable
theory. If this were Maxwell’s theory we would know exactly what to calculate even if your
problem has run away solutions, we can handle that in a quantized version of Maxwell’s theory
in principle. But we cannot handle it in gravity because gravity is not renormalizable which
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means at small distances everything goes haywire, including, in particular, if you try to calculate
the energy momentum tensor and see how it back reacts on the metric. Things start to diverge
in an uncontrollable way and that’s the problem. That’s the reason no one does this calculation,
because it comes out nonsensical. Something has to be done about that, we have to see how to
make gravity finite at the Planck scale basically, or renormalizable at least. But without that
nobody can ever do these calculations, because they lead to misleading and nonsensical results.
You see it all the time when you compare, say, the Hartle-Hawking vacuum and the Boulware
vacuum and such things, these things diverge at the horizon and that’s where all the difficulties
come from.

mottola: I just wanted to remark, it seems to me that we’re talking a little bit cross purposes.
Semi-classical methods are a reasonable first step, I think is what Stephen Fulling is trying to
say. That is a difficult calculation to try to do the backreaction in the time-dependent fields,
but one could in principle set that up. It’s coupled pde’s with a very complicated backreaction,
you have to do the renormalization. I think the way to handle the divergences is reasonably well
understood, that there are higher derivative terms because the Einstein action, as you know, is
not renormalizable by itself, but there are techniques to remove the higher derivative terms which
you would get even in flat space. Various things are being said, I’m just making a remark, people
know all of this, but the real question I think is not technical, the real question is whether or
not the semi-classical approximation truly remains viable all the way down to the horizon and
whether one can trust just replacing the stress tensor by its expectation value and whether or
not there might be corrections to that. But it’s certainly a reasonable zeroth order thing and we
did that in electromagnetism where you can just solve the semi-classical equations, for example
in a background electric field, and let the current of the created pairs back-react on the electric
field and one gets a reasonable evolution. The only new feature in gravity is that you have these
R2 terms that you have to handle.

’t hooft: The R2 terms are not just a solution, it’s not that easy. Because then you generate
unphysical configurations as well which you have to consider, you have to handle, so that’s my
claim that new physics is needed.

mottola: Certainly new physics is needed to understand quantum gravity, no one is saying that’s not
true. I’m saying that over the years that people in this room, Leonard and so on, have developed
methods to basically remove the unphysical degrees of freedom which are at the Planck scale.
As long as you’re interested in macroscopic objects, black holes the size of kilometers, it’s not
unreasonable to say that I’m going push the Planck scale physics far away from my problem and
just solve an effective field theory, if you wish.

’t hooft: There is also the problem of the micro-states which, of course, do occur at this very sensitive
length and time scale, the Planck length. That’s where these micro-states basically stop being
micro-states. There you can’t just ignore the small distance structure on gravity. New, and I
believe very elegant, physics is needed to get everything in place there.

mottola: I’m not going to argue against new physics or elegance, I’m just saying that one could
imagine the semi-classical approximation as a first attempt and there are techniques to handle
this problem.

’t hooft: You’ll get very incomplete answers then.
mottola: You certainly don’t get the full answer and I, in fact, am arguing, I did in my talk yesterday,

that one has to look at corrections to it. The real question is: what are the nature of those
corrections? Do we really need a full blow quantum theory of gravity? Or can we imagine
handling these corrections in some controllable way? It’s like doing pion physics, do we really
have to have the full microscopic theory or can we develop something like a chiral perturbation
theory where we can handle the higher order terms in a controllable way? It’s not easy, but it’s
imaginable.

’t hooft: The theories we had in the past were all renormalizable in the very end, or could be made
renormalizable. That’s not the case with gravity unless you severely mutilate the physics.
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mottola: It’s like pions, pions are not renormalizable.
parker: I thought that’s what Gerard is saying and that’s not a problem that I or anybody has really

solved.
mottola: The full quantum theory?
parker: Yes, quantum gravity could well be impacting these kind of things. I think that’s what he’s

saying.
mottola: We are not contradicting each other, I’m just trying to clarify. Various things have been

said.
’t hooft: We’re not contradicting, I would put the emphasis somewhere else than other people do.
mottola: Okay, fair enough.
whiting: So Leonard, let me ask you. You said yesterday that you think you’re technique you could

show that you get Hawking radiation out of gravitational collapse. Even at the semi-classical
level. Using your techniques can you show what goes in to the horizon. Can you show what the
quantum state inside is?

parker: I can’t solve the problems of the world. That’s a problem I think where we don’t know the
full answer because we don’t know the full quantum gravity.

whiting: But your analysis could treat it semi-classically?
parker: Semi-classically? Maybe you could have problems semi-classically is the point. Due to the

fact that we have divergences in the full quantum gravity theory which we don’t really know how
to deal with at this point, what the full theory is that would be renormalizable, for example.
That’s what I think Professor ’t Hooft was talking about in his talk.

whiting: But in your calculation of particle calculation you didn’t need to use quantum geometry to
get that result.

parker: That was because of the fact that that was a problem you could do because we knew what
goes on, that’s a very important point in fact, the fact that we looked at limits in which we already
knew what goes on in Minkowski space, either experimentally or not, and we were also not dealing
with real full problems of quantum gravity. We saw that already because what happens is that we
had well defined states in Minkowski space, ignoring full quantum gravity, when I was a student
I didn’t really know what people referred to as quantum gravity. I always thought it had to be
the full quantum gravity that is being talked about, but that’s not a fully solved problem. So it
turned out by having these limits you could calculate the particle production and what went on
in between, we did find these infinities that we didn’t know how to deal with in between. That
was the whole point of having these intermediate situations that we did know how to deal with.
Now in your situation that you’re talking about, maybe there’s some analogous thing where the
problems of quantum gravity, full quantum gravity, would not come in at certain stages where
you have well defined situations. If you could do that and avoid the really big problems of full
quantum gravity that might be a possibility. I don’t know, but it’s a possible approach maybe.

ford: I want to comment also that I think there’s an intermediate range between trying to have a full
quantum theory of gravity where we solve the non-renormalizability problem and strictly using
semi-classical theory with a fixed background. I think there is a reasonably well defined theory of
small fluctuations where you imagine a weakly fluctuating geometry driven either by linearized
quantized gravitational perturbations or by a fluctuating stress tensor. That has been discussed
to some extent but I don’t think it has been worked out as much as it should be. One of the
reasons, I think, to think there could be new physics in this is the classical concept of the horizon.
It’s not clear how robust that is because, after all, the horizon in classical theory is a discrete
boundary between histories of rays that necessarily get out to I+ and those that necessarily fall
in to the singularity, and that’s a very thin line. If you start allowing horizon fluctuations that
line has to get blurred out a little bit. A little bit of work’s been done on that, for example about
ten years ago a student Robert Thompson and I wrote a paper where we asked whether or not
small fluctuations would upset the original derivation of the Hawking effect. Would it be large
enough to interfere with the outgoing modes that become the Hawking radiation? At least at
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the level of analysis that we concluded we decided that probably the fluctuations do not do that,
so in some sense the simple picture is relatively robust under small fluctuations. I think there is
still room to look at that more carefully.

whiting: Certainly the horizon is a rather odd construct and the problems we’re really interested in,
if there is evaporation, it’s that there is no really event horizon or we’re not interested in an
event horizon, it’s an apparent horizon which fortunately is something that can be determined
locally. I would argue that with the right tools, and if we had ways of writing down geometries
with apparent horizon behavior, we could make progress. Even if it’s ad hoc, what we’re doing
now is we’re behaving in ways that don’t focus on that particular content.

bardeen: Of course it’s very true that nobody has ever done a calculation of the semi-classical energy
momentum tensor for gravitational perturbations of a black hole. There’s certainly conceptual
problems even at the semi-classical level because there is no real gravitational energy momentum
tensor, it’s very gauge dependent. But again my own feeling is that, if one is willing to accept
long term time averages, that there should be some sense in which averaging over some long
period of time we can get a definite answer. Nobody’s really done that so that is something that
needs to be worked on.
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5.3 Gravity = (Yang-Mills)ˆ2
Michael Duff
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1.0 Basic idea

Strong nuclear, Weak nuclear and Electromagnetic forces described
by Yang-Mills gauge theory (non-abelian generalisation of Maxwell).

Gluons, W, Z and photons have spin 1.

Gravitational force described by Einstein’s general relativity.

Gravitons have spin 2.

But maybe (spin 2) = (spin 1)2. If so

(1) Do gravitational symmetries follow from those of Yang-Mills?

(2) What is the square root of a black hole?



1.2 Local and global symmetries from Yang-Mills

LOCAL SYMMETRIES: general covariance, local lorentz invariance,
local supersymmtry, local p-form gauge invariance

[ arXiv:1408.4434
A. Anastasiou, L. Borsten, M. J. Duff, L. J. Hughes and S. Nagy]

GLOBAL SYMMETRIES eg G = E7 in D = 4, N = 8 supergravity

[arXiv:1301.4176 arXiv:1312.6523 arXiv:1402.4649
A. Anastasiou, L. Borsten, M. J. Duff, L. J. Hughes and S. Nagy]

YANG-MILLS SPIN-OFF (interesting in its own right): Unified
description of (D = 3; N = 1, 2, 4, 8), (D = 4; N = 1, 2, 4),
(D = 6; N = 1, 2), (D = 10; N = 1) Yang-Mills in terms of a pair of
division algebras (An,AnN ), n = D � 2 [arXiv:1309.0546

A. Anastasiou, L. Borsten, M. J. Duff, L. J. Hughes and S. Nagy]

GENERALIZED SELF-MIRROR CONDITION, VANISHING
CONFORMAL ANOMALIES AND LOG CORRECTIONS TO
BLACK HOLE ENTROPY



1.3 Product?

Although much of the squaring literature invokes taking a product of
left and right Yang-MiIls fields

Aµ(x)(L)⌦ A⌫(x)(R)

it is hard to find a conventional field theory definition of the product.
Where do the gauge indices go? Does it obey the Leibnitz rule

@µ(f ⌦ g) = (@µf )⌦ g + f ⌦ (@µg)

If not, why not?



1.4 Convolution

Here we present a GL ⇥ GR product rule :

[Aµ
i (L) ? �ii 0 ? A⌫

i 0(R)](x)

where �ii 0 is the “spectator” bi-adjoint scalar field introduced by
Hodges [Hodges:2011] and Cachazo et al [Cachazo:2013] and where
? denotes a convolution

[f ? g ](x) =

Z
d4yf (y)g(x � y).

Note f ? g = g ? f , (f ? g) ? h = f ? (g ? h), and, importantly obeys

@µ(f ? g) = (@µf ) ? g = f ? (@µg)

and not Leibnitz

@µ(f ⌦ g) = (@µf )⌦ g + f ⌦ (@µg)



1.5 Gravity/Yang-Mills dictionary

For concreteness we focus on
N = 1 supergravity in D = 4, obtained by tensoring the (4 + 4)
off-shell NL = 1 Yang-Mills multiplet (Aµ(L),�(L), D(L)) with the
(3 + 0) off-shell NR = 0 multiplet Aµ(R).
Interestingly enough, this yields the new-minimal formulation of
N = 1 supergravity [Sohnius:1981] with its 12+12 multiplet
(hµ⌫ , µ, Vµ, Bµ⌫)

The dictionary is,

Zµ⌫ ⌘ hµ⌫ + Bµ⌫ = Aµ
i (L) ? �ii 0 ? A⌫

i 0(R)

 ⌫ = �i (L) ? �ii 0 ? A⌫
i 0(R)

V⌫ = D i (L) ? �ii 0 ? A⌫
i 0(R),



1.6 Yang-Mills symmetries

The left supermultiplet is described by a vector superfield V i (L)
transforming as

�V i (L) = ⇤i (L) + ⇤̄i (L) + f i
jkV j(L)✓k(L)

+ �(a,�,✏)V i (L).

Similarly the right Yang-Mills field A⌫
i 0(R) transforms as

�A⌫
i 0(R) = @⌫�

i 0(R) + f i 0
j0k0A⌫

j0(R)✓k0
(R)

+ �(a,�)A⌫
i 0(R).

and the spectator as

��ii 0 = �f j
ik�ji 0✓

k(L)� f j0
i 0k0�ij0✓

k0
(R) + �a�ii 0 .

Plugging these into the dictionary gives the gravity transformation rules.



1.7 Gravitational symmetries

�Zµ⌫ = @⌫↵µ(L) + @µ↵⌫(R),
� µ = @µ⌘,
�Vµ = @µ⇤,

where
↵µ(L) = Aµ

i (L) ? �ii 0 ? �i 0(R),

↵⌫(R) = �i (L) ? �ii 0 ? A⌫
i 0(R),

⌘ = �i (L) ? �ii 0 ? �i 0(R),

⇤ = D i (L) ? �ii 0 ? �i 0(R),

illustrating how the local gravitational symmetries of general covariance,
2-form gauge invariance, local supersymmetry and local chiral symmetry
follow from those of Yang-Mills.



1.8 Supersymmetry

We also recover from the dictionary the component supersymmetry
variation of [Sohnius:1981],

�✏Zµ⌫ = �4i ✏̄�⌫ µ,

�✏ µ = � i
4�

k�✏@kg�µ + �5✏Vµ

� �5✏Hµ � i
2�µ⌫�5✏H⌫ ,

�✏Vµ = �✏̄�µ�
��5@ �.



1.9 Lorentz multiplet

New minimal supergravity also admits an off-shell Lorentz multiplet
(⌦µab

�, ab,�2Vab
+) transforming as

�Vab = ⇤ab + ⇤̄ab + �(a,�,✏)Vab. (1)

This may also be derived by tensoring the left Yang-Mills superfield V i (L)
with the right Yang-Mills field strength F abi 0(R) using the dictionary

Vab = V i (L) ? �ii 0 ? F abi 0(R),

⇤ab = ⇤i (L) ? �ii 0 ? F abi 0(R).



1.10 Bianchi identities

The corresponding Riemann and Torsion tensors are given by

R+
µ⌫⇢� = �Fµ⌫

i (L) ? �ii 0 ? F⇢�
i 0(R) = R�

⇢�µ⌫ .

T+
µ⌫⇢ = �F[µ⌫

i (L)?�ii 0?A⇢]
i 0(R) = �A[⇢

i (L)?�ii 0?Fµ⌫]
i 0(R) = �T�

µ⌫⇢

One can show that (to linearised order) the gravitational Bianchi
identities follow from those of Yang-Mills

D[µ(L)F⌫⇢]
I (L) = 0 = D[µ(R)F⌫⇢]

I 0(R)



1.11 To do

Convoluting the off-shell Yang-Mills multiplets (4 + 4, NL = 1) and
(3 + 0, NR = 0) yields the 12 + 12 new-minimal off-shell N = 1
supergravity.
Clearly two important improvements would be to generalise our
results to the full non-linear transformation rules and to address the
issue of dynamics as well as symmetries.



2.1 Division algebras

Mathematicians deal with four kinds of numbers, called Divison
Algebras.
The Octonions occupy a privileged position :

Name Symbol Imaginary parts

Reals R 0
Complexes C 1
Quaternions H 3
Octonions O 7

Table : Division Algebras



2.2 Lie algebras

They provide an intuitive basis for the exceptional Lie algebras:

Classical algebras Rank Dimension

An SU(n + 1) n (n + 1)2 � 1
Bn SO(2n + 1) n n(2n + 1)
Cn Sp(2n) n n(2n + 1)
Dn SO(2n) n n(2n � 1)

Exceptional algebras

E6 6 78
E7 7 133
E8 8 248
F4 4 52
G2 2 14

Table : Classical and exceptional Lie alebras



2.3 Magic square

Freudenthal-Rozenfeld-Tits magic square

AL/AR R C H O

R A1 A2 C3 F4
C A2 A2 + A2 A5 E6
H C3 A5 D6 E7
O F4 E6 E7 E8

Table : Magic square

Despite much effort, however, it is fair to say that the ultimate
physical significance of octonions and the magic square remains an
enigma.



2.4 Octonions

Octonion x given by
x = x0e0 + x10e1 + x2e2 + x3e3 + x4e4 + x5e5 + x6e6 + x7e7,
One real e0 = 1 and seven ei , i = 1, . . . , 7 imaginary elements, where
e⇤0 = e0 and e⇤i = �ei .
The imaginary octonionic multiplication rules are,

eiej = ��ij + Cijkek [ei , ej , ek ] = 2Qijklel

Cmnp are the octonionic structure constants, the set of oriented lines
of the Fano plane.

{ijk} = {124, 235, 346, 457, 561, 672, 713}.

Qijkl are the associators the set of oriented quadrangles in the Fano
plane:

ijkl = {3567, 4671, 5712, 6123, 7234, 1345, 2456},

Qijkl = � 1
3!

Cmnp"mnpijkl .



2.5 Fano plane

The Fano plane has seven points and seven lines (the circle counts as a
line) with three points on every line and three lines through every point.

Fano plane



Big Bang

 ½ BPS  
   and non-BPS   

© Imperial College London Page 52 

S0(4,4) 
__________________ 
SO(2;3;R) x [(5+1)^2]   
 

+  -  + 
- 
+ 
- 
+ 
PhysRevLett.105.100507  



2.6 Gino Fano

Gino Fano (5 January 1871 to 8 November 1952) was an Italian
mathematician. He was born in Mantua and died in Verona.
Fano worked on projective and algebraic geometry; the Fano plane, Fano
fibration, Fano surface, and Fano varieties are named for him.
Ugo Fano and Robert Fano were his sons.



2.8 Cayley-Dickson

Octonion

O = O0e0 + O1e1 + O2e2 + O3e3 + O4e4 + O5e5 + O6e6 + O7e7

= H(0) + e3H(1)

Quaternion

H(0) = O0e0+O1e1+O2e2+O4e4 H(1) = O3e0�O7e1�O5e2+O6e4

H(0) = C (00) + e2C (10) H(1) = C (01) + e2C (11)

Complex

C (00) = O0e0 + O1e1 C (01) = O3e0 � O7e1

C (10) = O2e0 � O4e1 C (11) = �O5e0 � O6e1

C (00) = R(000) + e1R(100) C (01) = R(001) + e1R(101)

C (10) = R(010) + e1(110) C (11) = R(011) + e1R(111)

Real

R(000) = O0 R(100) = O1 R(001) = O3 R(101) = �O7

R(010) = O2 R(110) = �O4 R(011) = �O5 R(111) = �O6



2.7 Division algebras

Division: ax+b=0 has a unique solution
Associative: a(bc)=(ab)c
Commutative: ab=ba

A construction division? associative? commutative? ordered?

R R yes yes yes yes
C R + e1R yes yes yes no
H C + e2C yes yes no no
O H + e3H yes no no no

S O + e4O no no no no

As we shall see, the mathematical cut-off of division algebras at
octonions corresponds to a physical cutoff at 16 component spinors
in super Yang-Mills.



2.8 Norm-preserving algebras

To understand the symmetries of the magic square and its relation
to YM we shall need in particular two algebras defined on A.
First, the algebra norm(A) that preserves the norm

hx |yi :=
1
2
(xy + yx) = xayb�ab

norm(R) = 0
norm(C) = so(2)

norm(H) = so(4)

norm(O) = so(8)



2.9 Triality Algebra

Second, the triality algebra tri(A)

tri(A) ⌘ {(A, B, C )|A(xy) = B(x)y+xC (y)}, A, B, C 2 so(n), x , y 2 A.

tri(R) = 0
tri(C) = so(2) + so(2)

tri(H) = so(3) + so(3) + so(3)

tri(O) = so(8)

[Barton and Sudbery:2003]:



3.1 Yang-Mills spin-off: interesting in its own right

We give a unified description of
D = 3 Yang-Mills with N = 1, 2, 4, 8
D = 4 Yang-Mills with N = 1, 2, 4
D = 6 Yang-Mills with N = 1, 2
D = 10 Yang-Mills with N = 1
in terms of a pair of division algebras (An,AnN ), n = D � 2
We present a master Lagrangian, defined over AnN -valued fields,
which encapsulates all cases.
The overall (spacetime plus internal) on-shell symmetries are given
by the corresponding triality algebras.
We use imaginary AnN -valued auxiliary fields to close the
non-maximal supersymmetry algebra off-shell. The failure to close
off-shell for maximally supersymmetric theories is attributed directly
to the non-associativity of the octonions.
[arXiv:1309.0546
A. Anastasiou, L. Borsten, M. J. Duff, L. J. Hughes and S. Nagy]



3.2 D = 3, N = 8 Yang-Mills

The D = 3, N = 8 super YM action is given by

S =

Z
d3x

✓
�1

4
FA

µ⌫F
Aµ⌫ � 1

2
Dµ�

A
i Dµ�A

i + i �̄A
a �

µDµ�
A
a

�1
4
g2fBC

AfDE
A�B

i �
D
i �

C
j �

E
j � gfBC

A�B
i �̄

Aa�i
ab�

Cb
◆

,

where the Dirac matrices �i
ab, i = 1, . . . , 7, a, b = 0, . . . , 7, belong

to the SO(7) Clifford algebra.
The key observation is that �i

ab can be represented by the octonionic
structure constants,

�i
ab = i(�bi�a0 � �b0�ai + Ciab),

which allows us to rewrite the action over octonionic fields



3.3 Transformation rules

The supersymmetry transformations in this language are given by

��A =
1
2
(FAµ⌫ + "µ⌫⇢D⇢�

A)�µ⌫✏+
1
2
gfBC

A�B
i �

C
j �ij✏,

�AA
µ =

i
2
(✏̄�µ�

A � �̄A�µ✏), (2)

��A =
i
2
ei [(✏̄ei )�

A � �̄A(ei✏)],

where �µ⌫ are the generators of SL(2,R) ⇠= SO(1, 2).



4.1 Global symmetries of supergravity in D=3

MATHEMATICS: Division algebras: R, C , H, O

(DIVISION ALGEBRAS)2 = MAGIC SQUARE OF LIE ALGEBRAS

PHYSICS: N = 1, 2, 4, 8 D = 3 Yang �Mills

(YANG �MILLS)2 = MAGIC SQUARE OF SUPERGRAVITIES

CONNECTION: N = 1, 2, 4, 8 ⇠ R, C , H, O

MATHEMATICS MAGIC SQUARE = PHYSICS MAGIC SQUARE

The D = 3 G/H grav symmetries are given by ym symmetries

G (grav) = tri ym(L) + tri ym(R) + 3[ym(L)⇥ ym(R)].

eg
E8(8) = SO(8) + SO(8) + 3(O⇥O)

248 = 28 + 28 + (8v , 8v ) + (8s , 8s) + (8c , 8c)



4.2 Squaring R,C,H,O Yang-Mills in D = 3

Taking a left SYM multiplet

{Aµ(L) 2 ReAL, �(L) 2 ImAL, �(L) 2 AL}
and tensoring with a right multiplet

{Aµ(R) 2 ReAR , �(R) 2 ImAR , �(R) 2 AR}
we obtain the field content of a supergravity theory valued in both AL
and AR :

Grouping spacetime fields of the same type we find,

gµ⌫ 2 R,  µ 2
✓
AL
AR

◆
, ' 2

✓
AL ⌦AR
AL ⌦AR

◆
, � 2

✓
AL ⌦AR
AL ⌦AR

◆



4.3 Grouping together

Grouping spacetime fields of the same type we find,

gµ⌫ 2 R,  µ 2
✓
AL
AR

◆
, ',� 2

✓
AL ⌦AR
AL ⌦AR

◆
. (3)

Note we have dualised all resulting p-forms, in particular vectors to
scalars. The R-valued graviton and AL �AR -valued gravitino carry
no degrees of freedom. The (AL ⌦AR)2-valued scalar and Majorana
spinor each have 2(dimAL ⇥ dimAR) degrees of freedom.
Fortunately, AL �AR and (AL ⌦AR)2 are precisely the
representation spaces of the vector and (conjugate) spinor. For
example, in the maximal case of AL,AR = O, we have the 16, 128
and 1280 of SO(16).



4.4 Final result

The N > 8 supergravities in D = 3 are unique, all fields belonging
to the gravity multiplet, while those with N  8 may be coupled to
k additional matter multiplets [Marcus and Schwarz:1983; deWit,
Tollsten and Nicolai:1992]. The real miracle is that tensoring left
and right YM multiplets yields the field content of N = 2, 3, 4, 5, 6, 8
supergravity with k = 1, 1, 2, 1, 2, 4: just the right matter content to
produce the U-duality groups appearing in the magic square.



4.5. Conclusion

In both cases the field content is such that the U-dualities exactly
match the groups of of the magic square:

AL/AR R C H O

R SL(2,R) SU(2, 1) USp(4, 2) F4(�20)

C SU(2, 1) SU(2, 1)⇥ SU(2, 1) SU(4, 2) E6(�14)

H USp(4, 2) SU(4, 2) SO(8, 4) E7(�5)

O F4(�20) E6(�14) E7(�5) E8(8)

Table : Magic square

The G/H U-duality groups are precisely those of the Freudenthal
Magic Square!

G : g3(AL,AR) := tri(AL) + tri(AR) + 3(AL ⇥AR).

H : g1(AL,AR) := tri(AL) + tri(AR) + (AL ⇥AR).



4.6 Magic Pyramid: G symmetries



4.7 Summary Gravity: Conformal Magic Pyramid

We also construct a conformal magic pyramid by tensoring
conformal supermultiplets in D = 3, 4, 6.
The missing entry in D = 10 is suggestive of an exotic theory with
G/H duality structure F4(4)/Sp(3)⇥ Sp(1).



4.8 Conformal Magic Pyramid: G symmetries



5.1 Generalized mirror symmetry: M-theory on X 7

We consider compactification of (N = 1, D = 11) supergravity on a
7-manifold X 7 with betti numbers (b0, b1, b2, b3, b3, b2, b1, b0) and
define a generalized mirror symmetry

(b0, b1, b2, b3)! (b0, b1, b2 � ⇢/2, b3 + ⇢/2)

under which
⇢(X 7) ⌘ 7b0 � 5b1 + 3b2 � b3

changes sign
⇢! �⇢

[Duff and Ferrara:2010]
Generalized self-mirror theories are defined to be those for which
⇢ = 0



5.2 Anomalies

Field f �A 360A 360A0 X 7

gMN gµ⌫ 2 �3 848 �232 b0
Aµ 2 0 �52 �52 b1
A 1 0 4 4 �b1 + b3

 M  µ 2 1 �233 127 b0 + b1
� 2 0 7 7 b2 + b3

AMNP Aµ⌫⇢ 0 2 �720 0 b0
Aµ⌫ 1 �1 364 4 b1
Aµ 2 0 �52 �52 b2
A 1 0 4 4 b3

total �A 0
total A �⇢/24
total A0 �⇢/24

Table : X 7
compactification of D=11 supergravity



5.3 Vanish without a trace!

Remarkably, we find that the anomalous trace depends on ⇢

A = � 1
24
⇢(X 7)

So the anomaly flips sign under generalized mirror symmetry and
vanishes for generalized self-mirror theories.
Equally remarkable is that we get the same answer for the total A
and total A’ ( the numbers of [Grisaru et al 1980]).
See, however, [Bern et al 2015]: 2-loop counterterms different but
finite parts the same.
Suggests (to me) that the Euler density coefficienct c is defined only
up to an integer.



5.4 Squaring Yang-Mills in D = 4 and the self-mirror
condition

Tensoring left and right supersymmetric Yang-Mills theories with
field content (Aµ, NL�, 2(NL � 1)�) and (Aµ, NR�, 2(NR � 1)�)
yields an N = NL + NR supergravity theory.

L \ R Aµ NR� 2(NR � 1)�

Aµ gµ⌫ + 2� NR( µ + �) 2(NR � 1)Aµ

NL� NL( µ + �) NLNR(Aµ + 2�) 2NL(NR � 1)�

2(NL � 1)� 2(NL � 1)Aµ 2(NL � 1)NR� 4(NL � 1)(NR � 1)�

Table : Tensoring NL and NR super Yang-Mills theories in D = 4. Note

that we have dualized the 2-form coming from the vector-vector slot



5.5 Betti numbers from squaring Yang-Mills

The betti numbers may then be read off from the Table and we find

(b0, b1, b2, b3) =

(1, NL + NR � 1, NLNR + NL + NR � 3, 3NLNR � 2NL � 2NR + 3)

Consequently

⇢
�
X 7� = 7b0 � 5b1 + 3b2 � b3 = 0

(4)

Similar results hold in D = 5 where

(c0, c1, c2, c3) = (1, NL +NR�2, NLNR�1, 2NLNR�2NL�2NR +4)

Consequently

�
�
X 6� = 2b0 � 2c1 + 2c2 � c3 = 0

(5)



6.1 Black hole entropy

Log corrections=anomaly +zero mode terms [Sen 2014]:

�S =
1
12

(23� 11(N � 2)� nV + nH)logAH (6)

N = 4 nH � nV = �1

N = 6 nH � nV = �3

N = 8 nH � nV = �5

�S vanishes for N=4 but not N=8. Counter-intuitive.



Discussion

davies: Is there anything in Yang-Mills theory that tells us why spacetime should have 4 dimensions?
duff: Is 4 picked out as a special number when you square and get General Relativity? No. You can

have super Yang-Mills in 3, 4, 6, and 10 you can have super-gravity in 3, 4, 6, and 10, at least.
In fact you can have it in up to 11 but it doesnt pin it down to 4, no. If you could explain why
Yang-Mills had to be in 4, yes. You could argue Yang-Mills is only renormalizable in 4 but I dont
think thats a good argument because the gravity you get is non-renormalizable.

stelle: You presented the way the supersymmetry transformations actually emerge on the field, for
the duality symmetries you’re giving us a rather abstract presentation of the group. Is there a
way to actually get the duality transformations out of the field as well?

duff: You’re referring to the dualities that live inside this non-compact G, is that right?
stelle: Yes, in particular.
duff: Well let’s look at four dimensions that’s more familiar. In maximal four-dimensional super-

gravity there’s an E7(7) and there are 28 photons and the 28 field strengths and their 28 duals
transform as an irreducible 56 under the E7, it’s an electric-magnetic duality because it takes F
into its dual. Kelly is asking can we see the origin of that from the Yang-Mills perspective? Well
we looked at that and it’s a bit of a puzzle because the only place we could see it coming from
was the Yang-Mills dualities, on the other hand the Yang-Mills dualities are non-perturbative.
The F into ?F operation in Yang-Mills is not one you can see in the classical field equations.
On the other hand I can’t see any other place where it could come from. That’s the best I can
answer at the moment, it looks like it’s coming from the Yang-Mills duality but it’s strange that
a non-perturbative Yang-Mills symmetry is giving you a perturbative gravitational symmetry.

stelle: You have the divisor group, SU(8) for the N = 8 theory, and then you have the coset
generators. Does this tell you that the super-gravity theory should have the 70 scalars that sit
in the coset?

duff: Yes, it tells you that. Let me be a bit more careful with what we actually derive. These gravita-
tional theories have scalars that belong in a coset G/H. G is a global non-compact symmetry, H is
a local maximal subgroup. In the case of N = 8 the global symmetry is E7(7), the maximal local
subgroup is SU(8). Now when we do the squaring what were actually deriving is H rather than
G to be honest. Thats what we can justify. If we make the assumption that its a homogeneous
space that uniquely fixes G, but thats an assumption. It doesnt come out of the squaring, theres
an extra step. If you make that extra step then it immediately tells you that G/H is 70 and in
the three-dimensional case it was E8/SO(16) so it was 256.

stodolsky: We have Yang-Mills theory so we can perform local isospin rotations, you’re two isospin
rotations do they somehow give general coordinate invariance or something?

duff: Yes. That’s what we’re saying. Let’s go back to the beginning, for the fields we’re saying the
field is given by the square of two Yang-Mills with this spectator field sandwiched in between. For
the gauge parameters something similar. The general coordinate parameter is what you would
call isospin times a vector with a scalar sandwiched in between to soak up the indices.

stodolsky: I’m trying to visualize what these isospins are.
duff: Let’s take the simple case where both left and right is SU(2). This is an SU(2) gauge field,

this is an SU(2) parameter, and then I multiply them together and soak up the indices with this
spectator that’s in the adjoint of SU(2) × SU(2) and I get a vector field which is local because
this is local. That’s the diffeomorphism of the general coordinate transformation.

stodolsky: It’s not the vector fields of the vierbein it’s some other kind of vector field.
duff: It’s the parameter, I’m talking about the symmetry here, this is the amount by which the metric

changes under a diffeomorphism. Is there anything I can do to convince you more?
stodolsky: I’m trying to visualize what it would be, what these isospins or whatever would be.
duff: I mean I have conceptual problems asking what does it mean to start with a flat space Yang-

Mills theory and end up with a curved space gravity theory. But that’s what you get. I’m sure
there’s much deeper questions about that, just doing the calculation this is what we get.
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(Someone speaking softly.)
duff: Can someone... my hearing’s not very good.
whiting: He says you’re getting flat space gravity not curved space gravity.
duff: Well, gravity to the linearized order. It’s curved because there’s a linearized Riemann tensor,

as I showed you.
stelle: Just to come back to this issue of the SU(2) indices, not in direct relation to what Mike’s

been telling you, but in somewhat analogous calculations of Zvi Bern, Lance Dixon, and company
when they obtain super-gravity amplitudes, full super-gravity non-linear amplitudes from Yang-
Mills they do it in a color-stripped fashion. They are multiplying left and right but then they
actually strip out the color indices by basically assigning them in a four-point interaction, colors
one, two, three, four and a fixed order. The details of the Yang-Mills group don’t really come in
to it, it just has to be more than Maxwell.

duff: Which G left and G right you choose seems to play no role in what you end up, they’re arbitrary
as far as we can tell.
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5.4 Black Holes and Other Solutions in Higher Derivative Gravity
Kellogg Stelle
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Quantum Context

One-loop quantum corrections to General relativity in
4-dimensional spacetime produce ultraviolet divergences of
curvature-squared structure.
G. ’t Hooft and M. Veltman, Ann. Inst. Henri Poincaré 20, 69 (1974)

Inclusion of
∫
d4x
√−g(αCµνρσC

µνρσ + βR2) terms ab initio in
the gravitational action leads to a renormalizable D = 4 theory,
but at the price of a loss of unitarity owing to the modes arising
from the CµνρσC

µνρσ term, where Cµνρσ is the Weyl tensor.
K.S.S., Phys. Rev. D16, 953 (1977).

[In D = 4 spacetime dimensions, this (Weyl)2 term is equivalent,
up to a topological total derivative via the Gauss-Bonnet theorem,
to the combination α(RµνR

µν − 1
3R

2)].
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Despite the apparent nonphysical behavior, quadratic-curvature
gravities continue to be explored in a number of contexts:

• Cosmology: Starobinsky’s original model for inflation was
based on a

∫
d4x
√−g(−R + βR2) model.

A.A. Starobinsky 1980; Mukhanov & Chibisov 1981

This early model has been quoted (at times) as a good fit to
CMB fluctuation data from the Planck satellite.
J. Martin, C. Ringeval and V. Vennin, 1303.3787

• The asymptotic safety scenario considers the possibility that
there may be a non-Gaussian renormalization-group fixed
point and associated flow trajectories on which the ghost
states arising from the (Weyl)2 term could be absent.
S. Weinberg 1976, M. Reuter 1996, M. Niedermaier 2009
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Classical gravity with higher derivatives

I shall not enter here into a philosophical debate about various
attitudes that can be taken towards the interpretation of quantum
corrections, but shall simply adopt a point of view taking seriously
the higher-derivative terms in the effective action and their
consequences for gravitational solutions.

Accordingly, consider the gravitational action

I =

∫
d4x
√−g(γR − αCµνρσCµνρσ + βR2) .

The field equations following from this higher-derivative action are

Hµν = γ

(
Rµν −

1

2
gµνR

)
+

2

3
(α− 3β)∇µ∇νR − 2α2Rµν

+
1

3
(α + 6β) gµν2R − 4αRηλRµηνλ + 2

(
β +

2

3
α

)
RRµν

+
1

2
gµν

(
2αRηλRηλ −

(
β +

2

3
α

)
R2

)
=

1

2
Tµν
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Full nonlinear field equations for spherical symmetry

Use Schwarzschild coordinates
ds2 = −B(r)dt2 + A(r)dr2 + r2(dθ2 + sin2 θdϕ2)

The first equation contains the third-order derivative B(3) = B ′′′
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The second equation contains the third-order derivative A(3) = A′′′:
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Separation of modes in the linearized theory

Solving the full nonlinear field equations is clearly a challenge. One
can make initial progress by restricting the metric to infinitesimal
fluctuations about flat space, defining hµν = κ−1(gµν − ηµν) and then
restricting attention to field equations linearized in hµν , or equivalently
by restricting attention to quadratic terms in hµν in the action.

The action then becomes

ILin =

∫
d4x{−1

4
hµν(2α�− γ)�P(2)

µνρσh
ρσ

+
1

2
hµν [6β�− γ]�P(0;s)

µνρσh
ρσ}

P(2)
µνρσ =

1

2
(θµρθνσ + θµσθνρ)− P(0;s)

µνρσ

P(0;s)
µνρσ =

1

3
θµνθρσ θµν = ηµν − ωµν ωµν = ∂µ∂ν/� ,

where the indices are lowered and raised with the background metric
ηµν .
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From this linearized action one deduces the dynamical content of
the linearized theory KSS 1978 :

• positive-energy massless spin-two

• negative-energy massive spin-two with mass m2 = γ
1
2 (2α)−

1
2

(aka “gravitello” ↔ “mooring buoy”)

• positive-energy massive spin-zero with mass m0 = γ
1
2 (6β)−

1
2
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Static and spherically symmetric solutions

Now we come to the question of what happens to spherically
symmetric gravitational solutions in the higher-curvature theory.
In the linearized theory, one finds the general solution to the
source-free field equations HL

µν = 0, where
C ,C 2,0,C 2,+,C 2,−,C 0,+,C 0,− are integration constants:

A(r) =

1− C 20

r
− C 2+ em2r

2r
− C 2− e

−m2r

2r
+ C 0+ em0r

r
+ C 0− e

−m0r

r
+1

2C
2+m2e

m2r − 1
2C

2−m2e
−m2r − C 0+m0e

m0r + C 0−m0e
−m0r

B(r) =

C +
C 20

r
+ C 2+ em2r

r
+ C 2− e

−m2r

r
+ C 0+ em0r

r
+ C 0− e

−m0r

r

9 / 37



• As one might expect from the dynamics of the linearized
theory, the general static, spherically symmetric solution is a
combination of a massless Newtonian 1/r potential plus rising
and falling Yukawa potentials arising in both the spin-two and
spin-zero sectors.

• When coupling to non-gravitational matter fields is made via
standard hµνTµν minimal coupling, one gets values for the
integration constants from the specific form of the source
stress tensor. Requiring asymptotic flatness and coupling to a
point-source positive-energy matter delta function
Tµν = δ0µδ

0
νMδ3(~x), for example, one finds

A(r) = 1 + κ2M
8πγr −

κ2M(1+m2r)
12πγ

e−m2r

r − κ2M(1+m0r)
48πγ

e−m0r

r

B(r) = 1− κ2M
8πγr + κ2M

6πγ
e−m2r

r − κ2M
24πγ

e−m0r

r

with specific combinations of the Newtonian 1/r and falling
Yukawa potential corrections arising from the spin-two and
spin-zero sectors.
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Note that in the Einstein-plus-quadratic-curvature theory, there is
no Birkhoff theorem. For example, in the linearized theory,
coupling to the stress tensor for an extended source like a perfect
fluid with pressure P constrained within a radius ` by an elastic
membrane,

Tµν = diag[P, [P−1
2`δ(r−`)]r2, [P−1

2`δ(r−`)]r2 sin2 θ, 3M(4π`3)−1] ,

one finds for the external B(r) function

B(r) = 1− κ2M

8πγr
+
κ2e−m2r

γr

{
M

2π`3

[
` cosh(m2`)

m2
2

− sinh(m2`)

m3
2

]

−P
[

sinh(m2`)

m3
2

− ` cosh(m2`)

m2
2

+
`2 sinh(m2`)

3m2

]}

−κ
2e−m0r

2γr

{
M

4π`3

[
` cosh(m0`)

m2
0

− sinh(m0`)

m3
0

]

−P
[

sinh(m0`)

m3
0

− ` cosh(m0`)

m2
0

+
`2 sinh(m0`)

3m0

]}

which limits to the point-source result as `→ 0.
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Frobenius Asymptotic Analysis

Asymptotic analysis of the field equations near the origin leads to
study of the indicial equations for behavior as r → 0. KSS 1978

Let

A(r) = asr
s + as+1r

s+1 + as+2r
s+2 + · · ·

B(r) = btr
t + bt+1r

t+1 + bt+2r
t+2 + · · ·

and analyze the conditions necessary for the lowest-order terms in
r of the field equations Hµν = 0 to be satisfied. This gives the
following results, for the general α, β theory:

(s, t) = (1,−1) with 4 free parameters

(s, t) = (0, 0) with 3 free parameters

(s, t) = (2, 2) with 6 free parameters

Lü, Perkins, Pope & K.S.S., 1508.00010
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Now suppose one puts an “egg-shell” δ-function source at some
small distance ε from the origin. Consider solving these sourced
equations, similarly to the linearized theory analysis. Inside the
shell, the solution can only be of the (0,0) nonsingular type, which
needs no source. Suppose that outside one has a solution that
would be of (2,2) type if one continued it all the way in to r = 0.

Count parameters: 3 inside + 6 outside = 9 initially. However,
there are 6 continuity and ‘jump’ conditions coming from the field
equations. So one really has 9-6=3 parameters still free. These 3
so-far unfixed parameters are just what is needed for 2 boundary
conditions at infinity, to eliminate the rising exponential solutions,
plus the ‘trivial’ parameter that is fixed by requiring g00 → −1 as
r →∞.

Conclusion: the exterior (2,2) solution works well with a source in
the full non-linear theory. Exterior (1,-1) and (0,0) solutions would,
however, be overdetermined. So coupling to a standard
positive-energy source works only in the (2,2) family.
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No-hair Theorems and Horizons
W. Nelson, Phys.Rev. D82 (2010) 104026; arXiv:1010.3986; H. Lü, A. Perkins, C.N. Pope & K.S.S., 1508.00010

• For β > 0 (i.e. for non-tachyonic m2
0 > 0), take the trace of the

Hµν = 0 field equation:
(
�− γ

6β

)
R = 0. Then multiply by λ

1
2R

and integrate with
∫√

h over a 3D spatial slice at a fixed time, on
which hab is the 3D metric and λ = −tatbgab is the norm2 of the
timelike Killing vector ta orthogonal to the slice. Integrating by
parts, one obtains

∫
d3x
√
h[Da(λ

1
2RDaR)− λ 1

2 (DaR)(DaR)−m2
0λ

1
2R2] = 0

where Da is a 3D covariant derivative on the spatial slice.

From this, provided the boundary term arising from the total
derivative gives a zero contribution, and for m2

0 > 0, one learns
R = 0. The boundary at spatial infinity gives a vanishing
contribution provided R → 0 as r →∞.
• The inner boundary at a horizon null-surface will give a zero

contribution since λ = 0 there.
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Consequently, for asymptotically flat solutions with a horizon, one
concludes that one must have R = 0. This already excludes the
possibility of the scalar m0 Yukawa correction found in the limit as
r →∞. So, for solutions that do have such a scalar Yukawa
correction to the classic GR behavior, one directly concludes:
there can be no horizon.

What about the non-trace part of the field equation and the
spin-two m2 Yukawa corrections? Nelson’s paper would have
allowed one to make a similar conclusion for the rest of Rµν .
Unfortunately, detailed analysis of his paper shows that it has a
fundamental flaw: instead of a sum of squares of the same sign,
one gets squares of opposite signs. Lü, Perkins, Pope & K.S.S., 1508.00010
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If one assumes the existence of a horizon and assumes also
asymptotic flatness at infinity, one obtains R = 0 as above. The
field equations then become identical to those in the special β = 0
case, i.e. with just a (Weyl)2 term and no R2 term in the action.

Counting parameters in an expansion around the horizon, subject
to the R = 0 condition, one finds just 3 free parameters. This is
the same count as in the (1,-1) family of the expansion around the
origin when subjected to the R = 0 condition. So asymptotically
flat solutions with a horizon must belong uniquely to the (1,-1)
family, which contains the Schwarzschild solution itself. The
Schwarzschild solution is characterized by two parameters: the
mass M of the black hole, plus the trivial g00 normalization at
infinity. So in the higher-derivative theory, there is just one
“non-Schwarzschild” (1,-1) parameter.
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Away from Schwarzschild in the (1,-1) family

Considering variation of this “non-Schwarzschild” parameter away
from the Schwarzschild value, it is clear that changing it has to do
something to the solution at infinity. For a solution assumed to
have a horizon, and holding R = 0, the only thing that can happen
initially is that the rising exponential is turned on, i.e. asymptotic
flatness is lost. So, for asymptotically flat solutions with a horizon
in the vicinity of the Schwarzschild solution, the only spherically
symmetric static solution is Schwarzschild itself.

This conclusion is formalized by considering infinitesimal variations
of a solution away from Schwarzschild and proving a no-hair
theorem for the linearized equation in the variation. This can
successfully be done for coefficients α that are not too large (i.e.
for spin-two masses m2 that are not too small). One concludes
that the Schwarzschild black hole is at least in general isolated as
an asymptotically flat solution with a horizon.
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Non-Schwarzschild Black Holes

Lü, Perkins, Pope & K.S.S., PRL 114, 171601 (2015); arXiv 1502.01028

Now the question arises what happens when one moves a finite
distance away from Schwarzschild in terms of the (1,-1)
non-Schwarzschild parameter. Does the loss of asymptotic flatness
persist, or does something else happen, with solutions arising that
cannot be treated by a linearized analysis in deviation from
Schwarzchild?

This can only be answered numerically. In consequence of the
trace no-hair theorem, the assumption of a horizon together with
asymptotic flatness requires R = 0 for the solution, so the
calculations can effectively be done in the R − C 2 theory with
β = 0, in which the field equations thankfully can be reduced to a
system of two second-order equations.
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The study of non-Schwarzschild solutions is more easily carried out
with a metric parametrization

ds2 = −B(r)dt2 +
dr2

f (r)
+ r2(dθ2 + sin2 θdφ2) ,

i.e. by letting A(r) = 1/f (r).

For B(r) vanishing linearly in r − r0 for some r0, analysis of the
field equations shows that one must then also have f (r) similarly
linearly vanishing at r0, and accordingly one has a horizon. One
can thus make near-horizon expansions

B(r) = c
[
(r − r0) + h2 (r − r0)2 + h3 (r − r0)3 + · · ·

]

f (r) = f1 (r − r0) + f2 (r − r0)2 + f3 (r − r0)3 + · · ·
and the parameters hi and fi for i ≥ 2 can then be solved-for in
terms of r0 and f1. For the Schwarzschild solution, one has
f1 = 1/r0, so it is convenient to parametrize the deviation from
Schwarzschild using a non-Schwarzschild parameter δ with

f1 =
1 + δ

r0
.
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The task then becomes that of finding values of δ 6= 0 for which
the generic rising exponential behavior as r →∞ is suppressed.
What one finds is that there do indeed exist asymptotically flat
non-Schwarzschild black holes provided the horizon radius r0
exceeds a certain minimum value rmin

0 . For α = 1
2 , one finds the

following phases of black holes:

0.8 1.0 1.2 1.4
r0

-1.0

-0.5

0.5

M

Black-hole masses as a function of horizon radius r0, with a branch point

at rmin
0 ' 0.876; the dashed line denotes Schwarzschild black holes and

the solid line denotes non-Schwarzschild black holes.
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Properties of the non-Schwarzschild black holes

One can see from the mass M versus horizon radius r0 that there is a
maximum mass Mmax = 1

2 r
min
0 ∼ 0.438

√
2αγ > 0 for the

non-Schwarzschild branch of black holes. The non-Schwarzschild black
hole is found to have a spin-two falling g00 Yukawa term −C2−

r e−m2r

with a coefficient C 2− that is of the same sign as M. This sign is
opposite to that expected from the linearized theory’s coupling to a
standard positive-energy shell source. Otherwise, the solution extending
from the origin out to spatial infinity looks generally similar to the
Schwarzschild black hole and belongs to the (1,-1) solution class.

1 2 3 4
r

-1.5

-1.0

-0.5

0.5

(B(r),f(r))

Non-Schwarzschild black hole for α = 1
2 , M ∼ .276 with a horizon at r = 1.

The dashed line denotes B(r) and the solid line denotes f (r) = 1/A(r).
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Note that the mass M of the non-Schwarzschild black hole
decreases as r0 increases. Consequently, there is a horizon radius
rm=0
0 ' 1.143 at which it becomes massless. The relation between

the mass M and the Hawking temperature T is shown by

0.10 0.15 0.20 0.25
T

-0.6

-0.4

-0.2

0.2

0.4

0.6

M

Non-Schwarzschild black hole mass M as function of temperature T . The

dashed line denotes Schwarzschild black holes and the solid line denotes

non-Schwarzschild black holes

The specific heat C = ∂M/∂T is negative for both Schwarzschild
and non-Schwarzschild black holes. At a given temperature T ,
C is more negative for the non-Schwarzschild black hole.
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(2,2) solutions without horizons

For asymptotically flat solutions with nonzero spin-two Yukawa
coefficient C 2− 6= 0, one finds numerical solutions that can
continue on in to mesh with the (2,2) family obtained from
Frobenius asymptotic analysis around the origin. Such solutions
have no horizon; numerical solutions have been found in the
m2 = m0 theory B. Holdom, Phys.Rev. D66 (2002) 084010 and in the R + C 2

theory Lü, Perkins, Pope & K.S.S., 1508.00010

Horizonless solution in R + C 2 theory, behaving as r2 in both A(r) and

B(r) as r → 0.
23 / 37



I This is in accord with generic conclusions from the parameter
count for solutions with horizons and from the linearized
no-hair theorem. Generic asymptotically free solutions have to
break free from the parameter-count restriction (three) for
solutions with horizons, and need the full parameter set (six)
found for (2,2) family solutions. For a generic R − C 2 + R2

theory solution, there will be both spin-two and spin-zero
falling Yukawa terms as one approaches spatial infinity.
Together with the trivial time-rescaling parameter and the
mass M, this makes four welcome parameters. One then needs
two more solution parameters to ensure cancellation of the
unwelcome rising spin-two and spin-zero exponential terms.

I Although there is a curvature singularity at the origin in the
(2, 2) class of solutions (e.g. for this class, one has
RµνρσR

µνρσ = 20a−22 r−8 + · · · ), this is a timelike singularity,
unlike the spacelike singularity of the Schwarzschild solution.
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Wormholes

Another solution type found numerically has the character of a
“wormhole”. Such solutions can have either sign of M ∼ −C 20

and either sign of the falling Yukawa coefficient C 2−. As an
example, one finds a solution with M < 0 in the R − C 2 theory

2.8 3.0 3.2 3.4 3.6 3.8 4.0
r

0.1

0.2

0.3

0.4

0.5

B(r)

f(r)

In this solution, f (r) = 1/A(r) reaches zero at a point where
B(r) = a20 > 0. Making a coordinate change r − r0 = 1

4ρ
2, one

then has

ds2 = −(a20 + 1
4h
′(r0)ρ2)dt2 +

dρ2

f ′(r0)
+ (r20 + 1

2 r0ρ
2)dΩ2

which is Z2 symmetric in ρ and can be interpreted as a
“wormhole”, with the r < r0 region excluded from spacetime.
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Stability Issues

What does this all mean for “physical” black holes? The above
static analysis does not yet consider the issue of stability, i.e. what
happens to time-dependent solutions obtained from perturbations
away from the static solutions. Since no closed-form version of the
exact non-Schwarzschild (1,-1) or (2,2) solutions is available, this
is not an easy question to address. However, one can get some
information by considering the stability of the Schwarzschild
solution itself within the higher-derivative theory.

I In the R + R2 theory, study of the normal modes about the
Schwarzschild solution shows it to be stable. This is perhaps
not surprizing, since that theory is classically equivalent to
ordinary Einstein gravity plus a scalar field KSS 1978 with a
peculiar potential, for which the ordinary GR stability
considerations and no-hair theorem should apply. Whitt, Starobinsky
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I When the (Weyl)2 term is present in the action, however, the
stability situation is different: there may be a phase structure,
depending on the value of µ = m2M

M2
Pl

, where m2 is the spin-two

particle mass, M is the mass of the black hole and MPl is the
Planck mass. For µ� 1, i.e. “largeish” black holes, one
obtains stability for the Schwarzschild solution. For µ ≤ 1, on
the other hand, stability is not guaranteed.

I This was studied by Brian Whitt Phys. Rev. D32 (1985) 379 , who
showed that the R − (Weyl)2 theory should be stable for
µ ≥ 0.44 but raised the question of whether an instability
could set in for µ < 0.44. Indeed, he suggested that there
could be a bifurcation of the spherically symmetric solution
set into two branches at this value.
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I Whitt’s detailed calculation seemed to show, nonetheless, that
there was still no instability, at least in a static perturbation
analysis (i.e. for k = 0 momentum modes).

I This analysis has, however, been challenged in a paper by Y.S.
Myung Phys.Rev. D88 (2013) 2, 024039; arxiv:1306.3725 who argues that Whitt
did not do the Schwarzschild stability analysis properly and
instead does find, from a nonstatic k 6= 0 analysis, an
instability of the Schwarzschild solution for µ < O(1). This is
similar to Schwarzschild instabilities found in massive gravity
theories Babichev & Fabbri; Brito, Cardoso & Pani

This raises the possibility of a phase structure for black hole
solutions in higher-derivative gravity. Could there be a hierarchy of
stabilities involving the Schwarzschild and non-Schwarzschild black
holes and the (2,2) solution with a naked singularity?
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Conclusions

With quadratic-curvature higher-derivative terms included in the
gravitational action, one finds new classes of spherically symmetric
solutions in addition to the classic Schwarzschild solution:

• Non-Schwarzschild black holes, branching off from the
Schwarzschild solution at a certain maximum mass
Mmax ∼ 0.438

√
2αγ, depending on the coefficient α of the

(Weyl)2 term and the usual γ coefficient of R.

• Wormholes, in the Z2 symmetric case traversable smoothly
into another universe.

• Horizonless solutions, agreeing with the (2, 2) indical family at
the origin. Both A = grr and B = −g00 components of the
metric vanish quadratically in r , so such solutions have
singular curvature. But the singularity is timelike, since there
is no flip of the light cones. These are the solutions that are
capable of coupling to an ordinary shell distributional stress
tensor.
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Black-Hole Thermodynamics

For a theory of gravity including higher-derivative terms in the
action

∫ √−gL, one needs to use the Wald formula for the entropy

S = −1

8

∫
dΣ
√
h εabεcd

∂L

∂Rabcd
,

while the temperature is given by the usual relation to the surface
gravity

T =
κ

2π
.
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For the β = 0, γ = 1 theory I =
∫
d4x
√−g(R − αCµνρσCµνρσ)

and the metric

ds2 = −B(r)dt2 +
dr2

f (r)
+ r2(dθ2 + sin2 θdφ2) ,

One finds for a black hole with horizon radius r0

T =
1

4π

√
B ′(r0)f ′(r0)

S = πr20 − 4παδ ,

where δ is the “non-Schwarzschild” parameter

f1 =
1 + δ

r0
.
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Plotting the entropy S as a function of ADM mass M for the
Schwarzschild (dashed line) and non-Schwarzschild (solid line)
black holes, one has

0.1 0.2 0.3 0.4 0.5
M

-1

1

2

3

S

where for the non-Schwarzschild black holes one has

M ≈ 0.168 + 0.131 S − 0.00749S2 − 0.000139S3 + · · ·
T ≈ 0.131− 0.0151S − 0.000428 S2 + · · ·

verifying approximately the continued validity of the first law of
black-hole thermodynamics

dM = TdS .
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Asymptotic Safety

A possible context for the occurrence of quadratic-curvature terms
in the gravitational effective action is expressed in the proposal
that gravity could be an asymptotically safe theory. Put forward
initially by Steven Weinberg, this has given rise to a certain
amount of discussion. M. Reuter 1996, M. Niedermaier 2009

The asymptotic-safety proposal extends the family of acceptable
quantum theories beyond the strictly renormalizable ones to
theories where there is a finite set of ‘relevant’ couplings lying on
an ultraviolet critical surface within the (infinite) space of coupling
constants. This includes ordinary renormalizable and
asymptotically free theories, where there is a Gaussian fixed point
at the origin of coupling-constant space, but can also include
theories with non-trivial fixed points away from the origin, which
would be of an essentially non-perturbative nature.
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One claim is that the Hessian matrix for the residues of the
effective-theory propagator can be free of negative eigenvalues for
appropriately chosen renormalization-group trajectories, so that
instabilities arising from ghost states need not actually occur.

� �
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Renormalization-group trajectories in coupling-constant space ending on a

non-Gaussian fixed point with finite gNewton and cosmological constant Λ.

Niedermaier 2009
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R + R2 theory

The massive spin-two ghost can be eliminated at the classical level
by setting α→ 0+, for which m2 →∞. Choosing β > 0 makes
the spin-zero mode non-tachyonic, and the resulting∫
d4x
√−g(−R + βR2) theory is equivalent to GR coupled to a

non-ghost scalar field KSS 1978 . This remains true at the full
nonlinear level B. Whitt 1984 , with an action (including also a
cosmological term)

IR+spin zero =

∫
d4x
√−g(−R + βR2 − 2Λ)

↔
∫

d4x
√−g(−R

−6β2(1 + 2βφ)−2(∇µφ∇µφ+
1

6β
φ2 +

1

3β2
Λ))
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• One can redefine the scalar field φ = (eφ̃/
√
3 − 1)/2β in order

to produce a scalar Lagrangian with a canonical kinetic term
and a transformed potential −1

2∇µφ̃∇µφ̃− V (φ̃), where

V (φ̃) =
1

4β
(1− e−φ̃/

√
3)2 + 2Λe−2φ̃/

√
3

• It is thus clear that, for large φ̃, the potential V (φ̃) becomes
very flat. This was the reason for the attractiveness (at times)
of the

∫
d4x
√−g(−R + βR2) theory for inflation purposes.

A.A. Starobinsky 1980; Mukhanov & Chibisov 1981

The coefficient β sets the scale for the potential. Restoring a
1/κ2 coefficient for the Einstein-Hilbert action

∫ √−gR, the
mass of the scalar mode is m2

0 = (6κ2β)−1; applications for
inflation typically take this mass scale to be something like
10−6 of the Planck scale.
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Discussion

ford: Have you looked in to any issues with black hole thermodynamics?
stelle: Yes, I happen to have a couple of slides on that. Because we have the curvature squared terms

in the action, the notion of entropy that one should use is Bob Wald’s proposal for entropy, the
integration over the horizon of the variation of the Lagrangian with respect to the curvature. The
temperature is given by the usual relation to surface gravity and in that case, let’s look at the
R and Weyl squared theory, again with this form of the metric B and 1/f , we get the following
expressions for the temperature and the entropy. The temperature is still given in terms of a nice
geometrical quantity, the entropy you have to go and calculate in terms of the details of the A
and the B functions but for the non-Schwarzschildality parameter, near Schwarzschild, you see
we end up with this expression for the entropy, this δ is the same δ I was talking about before.
Then you get the following graph of entropy, Wald entropy, versus mass. The solid line here is the
new solutions and the dashed line is Schwarzschild. What you get from the numerical analysis
here, the mass and temperature in terms of the entropy, you find that this does still verify,
approximately, the first law of black hole mechanics. That aspect of thermodynamics seems to
be in good order. About second law and so forth, well we were talking about his over lunch with
Fay, I don’t know what to say. I don’t know if there is a good second law of thermodynamics
for these systems. Fay may have some comments on that tomorrow, she was of the opinion that
there should be a second law of thermodynamics for this case. Is that a fair quote?

dowker: Exactly about your case I don’t know. What I do know is that for Lovelock black holes
the second law is violated even at the classical level. Two merging Lovelock black holes don’t
satisfy the entropy increase law but, I was just looking online, Aron Wall has proved that at
the linearized level higher derivative theories do satisfy a generalized second law. It’s just when
highly nonlinear events like black hole mergers occur that can’t be described at the linearized
level that there is an apparent violation. But if you restrict yourself to the linear theory then
apparently there is a second law.

stelle: That brings to mind, I should stay, about stability there is a point that were discussing a bit
in Gerard’s talk. The ghosts, prima facie, look very bad but there are indications that at least
for perturbative excursions away from flat space, or other positive energy solutions of the theory,
they may not immediately lead to runaways. An example of this is Christodoulou’s proof of the
stability of flat space in GR which can be extended to GR plus a scalar and I have it from Toby
Wiseman this even works if you flip the sign of the scalar kinetic term so that you make it a
ghost. Still, flat space is stable. It’s basically the dispersive nature of gravity that is causing this
to happen. Of course general relativity with a wrong-sign scalar eventually can have instabilities
but they would have to be non-perturbative. So that seems similar to what you were just saying.

davies: Just to follow up on that, in these higher derivative theories there are certainly cosmological
solutions where the deSitter-like horizon will shrink with time, so violating the generalized second
law, when you extend it to cosmological as well as black hole horizons. It’s been known for some
years.

stelle: Are you referring to Lovelock type gravities? I know there’s some comments about that for
Lovelock.

davies: If you just take these higher derivative theories and then just take the usual, I don’t know
with the Wald definition, but just take the usual horizon area definition for the cosmological
horizon then you certainly have solutions where that will decrease with time. Then that opens
the question about whether one wants to use that as a criterion to rule out those theories,
in a general sense do we say we are so fixated on the second law of thermodynamics that, as
Eddington said, any theory violates it should collapse in deepest humiliation? Should we use it
as a criterion for ruling out such theories? Or should we only rule out the solutions which have
decreasing generalized entropy and still retain the other solutions in the theory? It’s a more
philosophical question than a physical question.
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stelle: I’m quite aware of philosophical debates about this kind of thing, for example with Cliff
Burgess who is very much involved with effective field theories. His point of view on effective
field theories is you should only consider the solutions of the original second-order differential
equation with small perturbations and discard everything else. I don’t know how to engage in
that. He says he is rather Taliban on that subject, he wants to insist that this is the way you
have to do it. To me it seems, for example Gerard’s proposal, if you’re going to have this Weyl
squared term because it’s renormalizable then, if that’s your theory, you should take it seriously
and look at what the theory has. You can’t at that late point, decide to pick and choose the
solutions you like and you don’t. You can impose boundary conditions, boundary conditions that
have no rising Yukawa’s at infinity and so forth, but once you’ve satisfied those the theory gives
you what it gives you.

’t hooft: I want to play the Devil’s advocate, if you have this gravitello you can produce negative
energy particles and positive energy particles. I was worried about positive energy and negative
energy states that together have zero energy and therefore should be very easy to produce out
of nothing which would be an indication of the vacuum itself being unstable against productions
of such a thing. You start with an infinitesimal field configuration that infinitesimally deviates
from the vacuum and then that should blow apart because no energy conservation law stops it
from growing.

stelle: Absolutely.
’t hooft: Did you find any of such phenomena?
stelle: No, all I can say is, again, I refer to these studies of the stability of flat space in theories with

ghosts where, even though there are negative kinetic energy terms in the action, nonetheless flat
space can still be stable. That’s the only thing I can respond to that with.

’t hooft: Is it all stable or are there are cases for α and β and so on where you can construct such
configurations?

stelle: I’m not claiming that I know that in this theory, the examples there are general relativity with
a wrong-sign scalar. The massive spin two ghost is more complicated and nobody has tried to
analyze that, but it’s a possibility that the dispersive nature of general relativity is still powerful
enough to not allow a runaway to develop in the way that you’re suggesting. I should say, another
person who takes this attitude is Andrei Smilga who has a series of papers on theories ostensibly
with ghosts but which you can live with. It’s basically the same idea, that you don’t necessarily
excite the runaway solutions just because you have a negative kinetic energy term.

ford: It is interesting that there seems to be a black hole that has zero entropy in this theory. Does
that have a nonzero temperature at that point?

stelle: I think it does, yes. Well you just have the equation here so you have to solve that.
ford: Okay, yes. In any case there presumably couldn’t be any kind of a microscopic definition of

entropy in terms of state counting for this type of black hole because if its entropy is zero it could
only have one state yet it’s still a thermodynamic system that radiates.

stelle: Maybe one point of view in all this is that there are enough strange features of these solutions
that you decide that, you really come to the conclusion that, you shouldn’t allow this at all. Or
maybe they’re just artifacts of something like a string theory expansion which goes on forever
and yet higher terms remove the un-palatable aspects of these solutions.

’t hooft: Then the other possibility is to add a symmetry, such as local conformal symmetry, which
could say yes, all these instabilities do occur but only in the gauge sectors which are equivalent
to the vacuum so that we won’t see anything of this, this would just be a gauge ghost. So if
you promote some of those ghosts that you see as being gauge artifacts, then maybe you can get
away with it.

stelle: Except that the spin two ghost is not a gauge artifact. That would affect a scalar. By the
way, the R2 scalar here is perfectly innocent, it doesn’t produce any problems at all. In fact it’s
exactly what people want for inflation.
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’t hooft: But that is I think an example of this because you rescale the metric tensor to remove the
R2 term.

stelle: Yes. Well so there is, at least at the linearized level, a reformulation with an auxiliary field
introduced to get rid of the Weyl squared term in favor of a Pauli-Fierz type action with, however,
the wrong sign. You can, similarly, introduce an auxiliary field to have second order differential
equations.

’t hooft: That’s how I derived this gravitello by making this transformation.
stelle: Yes, right, exactly.
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6.1 Quantum Damping or Decoherence. Lessons from Molecules, Neutrinos,
and Quantum Logic Devices
Leo Stodolsky
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‘Quantum

Damping’ or

‘Decoherence’

–A Short Review



Too Good to Be True

Back in the 1970’s we were looking for ‘neutral cor-

rents’.. e−-proton/nucleus parity violating weak

interactions [1].

Differences between L and R chiral isomers?

Our guesstimate: ε < 10−15eV . Or (∼ 1/1sec)

Spectroscopy–hopeless

But an neat idea:

Analogy to Ko strangeness oscillations:

L-R oscillations

H =

(
ε δ
δ −ε

)

δ = tunneling energy ε = parity violating energy



There exist chiral molecules with δ < 1/sec (In fact

most)



Tunneling problem L-R, energy splitting δ

Both potential wells exactly same if parity conserved.

ε = 0.

Want to see tiny ε

Easy...



Can make ε/δ big.

Soo easy to measure << 10−15eV ?????



Why not: Decoherence

Molecule must hit something in one sec!!

How to Treat?

Does a collision “Stop the Clock” or what??

What does oscillation plot become?



Introduce density matrix ρ

For two-state system [2],[3]

ρ= 1/2(1 +P · σ) ,

L, R two basis states of a ‘spin’, |+ >, .|− >

Internal evolution (tunneling L,R + parity viol.)

H = σ · V

ρ̇= i[H, ρ] gives Ṗ = V ×P

|P| = 1

molecule: Vz = ε Vx = δ



Imbed in a big system (x1...xn)

Ψ = α|+ > φ+(x1...xn) + β|− > φ−(x1...xn) ,

If φ+ = φ− two states of ‘spin’ perfectly coherent.

If < φ+|φ− >= 0 states of ‘spin’ cannot interfere.

That is, density matrix for ‘spin’ obtained by not

observing (x1...xn) is

ρ =

(
|α|2 < φ+|φ+ > αβ∗< φ+|φ− >

α∗β< φ−|φ+ > |β|2 < φ−|φ− >

)

or

ρ =

(
how much + coherence between +,−

(coherence between +,−)∗ how much −

)



The Decherence Rate D [2]

Starting with a pure state φ+ = φ−
That is,‘Spin’ and surroundings uncorrelated

Decreasing < φ+|φ− > as particles of environment

interact with ‘spin’.

Consider one ‘collision’, S-matrix makes initial wave-

function → final wavefunction

< φ+|φ− >→< φ+|S†
+S−|φ− >

Find (slow moving internal state, fast interaction

with environment)

dρ+−
dt

= −Dρ+−



————————— ——————————

D = (flux) Im i < i|(1− S
†
+S−)|i >

————“The Unitarity Deficit”——————-

Interesting limits

S+ = S− D = 0 , no decoherence

Must ‘measure’ to get decoh.

Not all collisions ‘stop the clock’ LHe example

or

S− = 1 D = 1/2× scattering rate on (+)

(Use optical theorem.)

D is Im –dissipative quanity.

Real part also has meaning–level shift.

Be suspicious of claims where it’s not an Im .



Final equation for ρ = 1
2(1 +P · σ)

Ṗ = P×V −DPT

PT ‘direction’ chosen by environment,

Usually perp. to ‘quality’

(Assuming environment conserves Pz, no barrier hopping )[5]

Rotation and ‘shrinking’ of P,

P < 1 implying decoherence.

So, knowing V and D can find evolution of ‘quality’

Pz (chirality of molecule, neutrino flavor, value of

q-bit... )



For |V| and D comparable:

-1

-0.5

 0

 0.5

 1

 0  2000  4000  6000  8000  10000

P
z

Time

Non-zero D, loss of “info.” For example

d(Entropy)

dt
=
d(−Tr[ρlnρ])

dt
= +DP ·PT

(small P approx.)

Is positive. Arrow of Time is correct[4].

Mis-match of two Unitary Ops is intrinsically positive



The Paradoxes

Hund’s: Why do we see L,R molecules in real life

when ground state is 1√
2
(|L > ±|R >) ?

Hund said–Long tunnel time (not always true, see

pg 3)

We could say– strong parity violation ε = Vz >> δ =

Vx Not always

Real answer– Decoherence: Environment ‘fixes’ state

Solution for Ṗ when D >> |V|

Pz = e−(V 2/D)t

Big D inhibits relaxation–keeps shrinking PT . Colli-

sions interrupt tunneling!

Turing’s: If measurement causes ”collapse of the

wavefunction”, then keep meauring and system will

never move?!(AKA ‘Watched Pot Effect’)

True. Is property of Ṗ eqtn: Pz = e−(V 2/D)t means

‘quality’ never (very slowly) changes for big D.



Big D causing initial loss of length followed by

‘Watched Pot’



Why do outside influences stop tunneling?

One nice way of understanding (suggested to me by

M. Berry): Tunneling requires near degeneracy of

the two states. If these are constantly being moved

up-and-down, degeneracy always being lifted.

This can be used to answer the worst ‘Paradox’:

Decay Paradox: Observe if a particle , nucleus, atomic

level... has decayed. It is ‘frozen’ in original, unde-

cayed ????

Crazy, but seems to follow from Turing’s Pdx.

But.... Unlike our two-level problem, in decay we

have a transition to the continuum, with many (infi-

nite number of) levels involved. If a continuum level

is moved away from degeneracy, another one takes

it’s place.



Neutrino Mixing

Inhibition of mixing can influence progress of Super-

nova. Real physical “force”. Also affects behavior

of neutrinos in Early Universe[6][7].



Quantum Logic Devices, Quantum-Classical Transition

For the ‘Quantum Computer’ decoherence is the most

important problem. Need to engineer[8] this and

measure relevant D’s.

φ = flux in SQUID



Adiabatic passage for NOT (0 → 1)

Wiggling Wells with noise term makes decoherence

Quantum-Classical transition:

Fast enough, deco unimportant, have tunneling

Too slow, D blocks tunneling, have classical

Not too fast, must remain adiabitic

Can measure D this way [9]



Decoherence Kills the Clock

To have a clock Something must move, oscillate.

Single state ψ ∼ e−iEt doesn’t oscillate. |ψ|2 ∼ 1

Need two states: αe−im1t|K1 > +β e−im2t|K2 >

Now |ψ|2 ∼ ...+ cos[(m1 −m2)t](The Ko clock)

Gravity interacts differently with m1,m2,

“ decohere’s” them.

(They get different phase factors in a gravtl field)

Estimate D for high T near the Planck scale [10]

D ≈ T3(G∆M)2 = T3

(
m1 −m2

M2
planck

)2

(Can do same for ruler, range of momenta needed

to define position)



—- Some Questions—-

Decoherence-Fluctuation Relation?

D is a dissipative parameter like Resistance

in electricty. (Except here not energy but order or

info. is being dissipated.)

There is the famous

Fluctuation-Dissipation theorem,

e.g. Johnson noise ( current flucutuations ∼ RT ).

Exists analog for D? What is conjugate quantity–

maybe measurement fltns? [11],[12]

Noise always equivalent to decoherence?

To model our quantum logic devices with decoher-

ence we took the Hamiltonian for the given device

(rf Squids) and solved the Shroedinger Eq. many

times, each time with a different small random noise

signal added H. Then averaged to get the density

matrix[5][8].

ρ = ψ∗ψ



Evidently a mixed state.

Same as tracing over an external environment? Or

under what conditions or approximations is it equiv-

alent?

Beyond two levels

Would like to extend to multilevels, continuum.

Good luck[3].
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Discussion

misner: Just a comment that the first half of your talk on chiral molecules has been re-done by some
computer chemists a few years ago. I’m sure you would be interested to read this. They go
beyond the two levels, they actually deal with one hundred or more levels. They’ve got a chiral
molecule which they chose to be deuterium disulfide for strange reasons, but it’s chiral, it’s a
very small chiral molecule.

stodolsky: And do they actually calculate the scattering amplitude?
misner: Using a master equation they calculate the evolution of the density matrix where that molecule

is in a bath of helium.
stodolsky: Okay, some of the things I’ve seen of this they’ve got mixed up between the real part and

the imaginary part.
misner: I don’t know. I only read reviews of the paper but I can give you the references. I’m sure

you will find it amusing because it did say they had to invent new computer techniques and then
run a computer for a month doing hundreds-by-hundreds matrices, or maybe it was thousands-
by-thousands.

stodolsky: This original experiment that we proposed with the left tunneling to the right is a beau-
tiful experiment waiting to be done, a Nobel prize level experiment if anybody can do it.

misner: They chose this particular molecule with the hope that it could be done experimentally. Their
estimate of the oscillation rate was I think 170 Hz or something like that. It looks like hydrogen
peroxide but they didn’t want to use hydrogen peroxide because in reality that’s explosive when
it’s pure and so this wanted this disulfide and then they found, well, if we use deuterium instead of
hydrogen some of these numbers get closer to what experimentalists might like. Anyway, they’ve
done this work which seems to be an example of exactly what you’re talking about but keyed to
a more real world where they might do the experiments.

ford: I have a question about the watched-pot effect. I’m a little bit puzzled. If I have a system with
let’s say a time-dependent wave function but where the amplitude for something, say, to have
made a transition after a relatively short time is very small. It’s certainly true that if I measure it
and then restore it back in it’s original state it’s not going to decay. Isn’t maybe a better way to
think of it is imagine you have a very large ensemble of such systems. You have a large ensemble
of systems that you’ve prepared identically so then when you start measuring them it’s true that
most of the time you’ll put them back in the original state but there’ll be some fraction you’ll
find, even after a short time, will have decayed.

stodolsky: Well, this is why I insist that the right thing for doing such a problem is the density
matrix. There you’ve averaged over ensembles and there’s nothing to worry about. There is one
time-dependent density matrix and that answers all questions.

ford: But isn’t the density matrix throwing away some information? I think you’re missing something
by looking only at the density matrix.

stodolsky: No. By the way this reminds me of another comment I want to make that’s not about
decoherence. We had some discussions earlier where wave packets were coming up and here’s a
paper by me that you might be interested in where I explain that most of the time when you’re
talking about wave packets you actually don’t need them. Talking about ensembles and wave
packets is all unnecessary, you just take the density matrix and this answers all questions. In
particular when you have a stationary problem there can be no coherence between different energy
states. The thing I don’t understand about the black hole problem is do we have a stationary
problem really or not? That I don’t know. This is not on this subject but you might be interested
in this paper.

davies: I think if you couple the system to, say, a von Neumann detector then the interaction Hamil-
tonian with the detector is such that it’s not like having an ensemble of freely decaying particles
and you just sample them. The interaction actually knocks the thing back to the initial state
with a very high probability. That’s all been worked out in quite some detail. You have to take
in to account that interaction.
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ford: High probability, not probability one.
davies: No no, of course not, no. But in the limit of continuous measurements then it is probability

one. By the way, didn’t Wigner tell us that there is a superselection rule which means you can’t
have superpositions of wavefunctions of different masses?

stelle: Is that a question?
davies: Do you know? I would have thought you would know the answer to that Kelly.
stelle: No I do not. No.
fulling: I think the superselection rule doesn’t say that you can’t have a superposition of different

masses, what it says is that a superposition is indistinguishable from a mixture.
davies: Right, okay.
stelle: I just wanted to know the bottom line about biology. Are you telling us that the preference

of one for another, for example in sugars, is really related...
stodolsky: Is what?
stelle: In biology. What’s the bottom line of your comments? Is it really related to weak interactions?
stodolsky: In biology, this is a question that often comes up, we can explain if you start with one

chirality why you stay there but we can’t, at the level of decoherence, we can’t explain why you
choose one rather than the other initially.

stelle: Abdus Salam towards the end of his life had some comments on this but I don’t think they
were taken very seriously.

davies: He had a paper on it. The very last paper he sent to me.
stelle: Yes I know, that’s what I meant.
davies: The point is anything that breaks the chirality and lots of things that can break it and

then if you iterate and amplify it doesn’t matter how you started off. Doesn’t have to be weak
interactions, could be chiral surfaces, catalytic surfaces, for example. Or even polarized star
light, these things would all give you an enantiomeric excess which could then, in principle, be
amplified. Nobody quite knows the details though my collaborator Sara Walker did her entire
PhD thesis on it.

ford: You didn’t really say anything, you mentioned gravity briefly at the end, but you didn’t say
anything about black holes. Do you have any thoughts about decoherence in black holes?

stodolsky: Well, there’s lots of things I haven’t understood in the discussion this week. In this
example I gave yesterday it’s easy to have a system that looks thermal but is actually a pure
state, like in my pion gas. In the case of black holes one of the things I’m confused about, more
in connection with this issue here, is that is the black hole really stationary? Or do I have to
consider the whole process including when the black hole is gone and I just have the radiation at
infinity? It seems to me if you do that you’ll end up again with a pure state but that’s just my
gut feeling without any real calculation. Because what you’re doing is throwing in something in
a short time and then it’s coming out spread out over an enormous time. That must imply some
kind of very tricky phase coherence if you view it as the global process. Most of the things I’ve
talked about are stationary or quasi-stationary problems.
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Puzzle pieces 
Do any fit? 
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Primarily Questions 

•  Can a graviton be observed or certified? 
•  Is Hawking Radiation realized? 

–  i.e. Will any black hole, known or expected in our 
Universe, see its mass reduced by HR? 

•  Can an horizon be identified with enough 
locality to permit a reaction to it to be 
implemented? 

•  Can missing information, like missing energy 
be a “quiet dog” negative fact. 

Hawking Radiation, Stockholm 2015 2 
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Odd pieces of gravity 

•  “Workout radiation” – occasional quanta, no 
classical wave 

•  “Quiet dog” facts gave early evidence for 
neutrinos and gravitational waves.  Any such 
for H R and/or gravitons? 

•  Currently identified black holes are all so cold 
they inhale even cosmic microware radiation. 

•  An “apparent horizon” is identifiable in a 
computer simulation, but needs to compare 
data at space-like related events. 

Hawking Radiation, Stockholm 2015 3 
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Odd pieces of gravity 

•  The “chemist’s” thermodynamics cannot be 
defined for large self-gravitating systems. 
–   They have no equilibrium states between which 

reversible paths allow entropy differences to be 
computed. 

–  The negative specific heat of self-gravitating 
systems makes entropy differences odd. 

•  Statistical entropies (information) might also 
have peculiar properties? 
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“Workout Radiation” 

Can I easily contribute a bit to the gravitational 
radiation background? 
I tried (on paper) swinging kilogram weights in 
and out at about one cycle per second. 
In one cycle of the emitted gravitational waves 
(Grav’l luminosity times cycle period) divide by 
the quantum energy of one graviton, to find  the 
number of gravitons in one cycle of the emitted 
gravitational wave.  
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“Workout Radiation” 

My result was that the number of gravitons per 
cycle of radiation was 
  
          (32/15) π5 (m/MPl)2 (R/ λGW)4 
  
which we could call the classicality measure for 
that radiation 
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“Workout Radiation” 

•  For the Hulse–Taylor binary pulsar this 
classicality measure gives about 1065 

gravitons per cycle. 
•  But for “workout radiation” it gives (m=1kg, 

R=1m) about 10-14 , or one graviton each 107 
yr. 

•  Thus some would-be radiators are too weak 
to sponsor a single quantum 
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“Workout Radiation” 

•  If Nature gives an observable system 
radiating more like 103 gravitons per period, 
one might infer the existence of gravitons 
from the shot noise in the energy decrease. 
But such luck seems unlikely. 
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“quiet dog” facts 

•  Gregory (Scotland Yard detective): “Is there 
any other point to which you would wish to 
draw my attention?” 

•  Holmes: “To the curious incident of the dog in 
the night-time.” 

•  Gregory: “The dog did nothing in the night-
time.” 

•  Holmes: “That was the curious incident.” 
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[Quoting from a Sherlock Holms story] 



28 August 2015 

“quiet dog” facts 

“[Sherlock] Holmes drew a conclusion from a 
fact (barking) that did not occur, which can be 
referred to as a ‘negative fact’,“ 
says a lawyer on his blog about the process of 
writing appellate court briefs . 
   Einstein 1907 found that quantum limitations 
prevented some oscillator degrees of freedom 
from participating in thermal activity, leading to 
a lowered specific heat in simple crystals at low 
temperatures. 
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28 August 2015 

Important negative facts 

•  Einstein 1907: at low temperatures, some 
modes of oscillation don’t participate in 
thermal excitations 

•  Neutrinos were inferred for two decades from 
energy missing in beta-decay 

•  Gravitational waves were inferred from 
energy losses otherwise unexplained in a 
binary pulsar system 

•  Missing solar neutrinos suggested neutrino 
masses.  
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28 August 2015 

Search for negative facts? 

•  The workout radiation example shows that 
some classical sources of gravitational 
radiation can be inhibited by quantum limits. 

•  Missing gravitational wave energy is likely 
hard to notice, but could missing graviton 
phase information be found even at low 
energies?  Would that be relevant to EPR 
entanglement questions? Could one detect 
the loss of information into black holes? 
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28 August 2015 

EPR in curved spacetime 

The EPR “paradox” or “spooky action at a 
distance” can be very different in a spacetime 
with horizons. 
      An idealized EPR test has three epochs: 
entanglement, measurements, auditing. 
The third (audit) may be impossible if one of the 
two measurement events is lost, before the 
audit, beyond an horizon where the auditor can’t 
see its report. 
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28 August 2015 

EPR in curved spacetime 

 An idealized EPR test has three epochs: 
1)  An entangled state is created (e.g. a spin 

zero particle decays into two spin ½ 
particles) 

2)  The two entangled properties (e.g. spin 
direction) are measured at spacelike related 
events (thus neither is intrinsically earlier 
than the other). 

3)  An auditor later checks the two reported 
results for consistency. 
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28 August 2015 

EPR in curved spacetime 

•  Correlations between spacelike separated 
events are at the heart of EPR 

•  But apparent horizons in black holes are 
properties of spacelike 2-spheres,hence of  
correlations between spacelike separated 
events. 

•  Thus an apparent horizon can “know” it is 
such only by responding to correlations 
between points on such a 2-sphere, perhaps 
requiring quantum entanglement relations?  
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28 August 2015 

Gravitational entropy 

•  Another Puzzle Piece (odd feature of gravity) 
is its relation to entropy.   
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Gravitational entropy 
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•  “Heat Death of the Universe”, a late 19th 
century concern, has been cancelled. 

•  “Heat Birth of the Universe” is now the 
Standard Model in Cosmology 

•  The mid Big Bang (Mev temperatures) is the 
very model of a high entropy state: hot, 
homogeneous, uniform temperatures, no 
route for heat flow to allow work to be done. 

•  Gravity works “out of the box”! 
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Gravitational entropy 
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A crucial factor for thermodynamics in the 
presence of large self-gravitating systems is 
that  these objects (stars, star clusters, 
planetary system, galaxies, …) have a 
negative specific heat. 

This follows from the virial theorem which, for 
(Newtonian) gravity says  
   E ≡ K.E. + P.E = - K.E. 
Thus, when energy is added (E increases), 
kinetic energy (temperature) decreases. 
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Gravitational entropy 
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•  Fang Li Zhi and Li Shu Xian 
Creation of the Universe (especially Chapter 6) World 
Scientific, 1989, ISBN 9971-50-601-7 translated by T. 
Kiang from the 1987 Beijing edition 
 

•  D. Lynden-Bell, “Negative Specific Heat in 
Astronomy, Physics and Chemistry”, arXiv:cond-mat/
9812172, 10 Dec 1998 
 

•  Freeman J. Dyson: A Many-Colored Glass (U VA 
Press, 2007) ISBN 978-0-8139-2663-6, Chapter 4 "A 
Friendly Universe" (pp.61--82) 
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Gravitational entropy 
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The same is true for black holes.  If mass/
energy is added to a black hole, its 
Bekenstein-Hawking temperature decreases. 

Fang argues that “as long as self-gravitating 
systems are present [in a larger system], a 
stable thermal equilibrium does not exist.” 

From the Chandrasekhar (white dwarf) limit, 
through neutron stars limits, and the 
Oppenheimer-Snyder “continuing collapse” 
we know that sufficiently large systems 
reach no equilibrium. 
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Gravitational entropy 

So thermodynamic (chemist’s) entropy 
misbehaves in large self-gravitating systems, 
including black holes. 
 
But statistical or information based entropies 
may well be defined.  Do they inherit any 
diseases from the thermodynamic entropy?  Do 
they merely count the number of different ways 
a given black hole might have been formed? 
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Discussion

freese: We have advanced LIGO taking data very soon and they’re expecting to be able to see
collisions of black holes. They expect to see gravity waves from colliding black holes. I’m
wondering what can we learn from that other than the fact that these are giant objects colliding.
Is that the only thing that matters or do you learn something about black holes? I don’t know
the answer to that question.

misner: My guess would be that things will go as expected and you don’t need any quantum mechanics
and that GR will work perfectly well for solar mass black holes or intermediate mass or huge
black holes. All those things probably can live their lives essentially as handled by the numerical
implementations which one hopes is giving a picture of what the actual solutions of the Einstein
equations would look like. Whatever is going on deep inside the black holes where their could
be quantum mechanics or new laws of physics at high energies or who knows what. Whatever is
going on in there will be irrelevant to what we can see.

whiting: Just a follow up on the question, well a comment to the question. If we had two astrophysical
objects that inspiral and collide and we compare the case where those two objects are both black
holes, or one black hole one neutron star, or two neutron stars of equal mass, then the initial
inspiral wave would be the same but the final merger and ringdown waveform would be different.
So from observation we can distinguish between astrophysical states that contain black holes and
ones that don’t. A neutron star would be different so we could learn something about that. In
the neutron star case we actually would like to be able to learn something about the equation of
state in the interior which, again, is telling us something quite quantum mechanical. So we may
learn something about nuclear matter from seeing a gravitational wave.

misner: Not only that but in the case of if they were two black holes, you hope to be able to check
some of the details from the ringdown times, these special frequencies that are associated with
black holes when they’ve been disturbed. If you have enough signal to noise ratio to begin to
see that kind of stuff, it will have severe tests on whether classical non-quantum relativity is in
charge of the situation.

mersini-houghton: Getting back to the very difficult heavy-duty topics, the entropy and the EPR
tests, when it comes to the thermodynamic entropy I completely agree. Of course we all know
that gravity is a negative capacity system so it would do the opposite of what normal would do,
which is a positive heat capacity system. But we do have an out-of-equilibrium thermodynamics
which is well defined so I was a bit confused why can’t we use that? Although the system, as
you said, will be out of equilibrium, the self-gravitating system will be out of equilibrium, but
we can still define a thermodynamic entropy for this out-of-equilibrium system correct?

misner: I’m not familiar enough with that, I know the field exists but I’ve never studied it. If it can
handle the things, great, I’m just not familiar with it. Obviously you’re right in saying that that
is an appropriate tool to attack these problems with.

mersini-houghton: And the second question the EPR: using that on a black hole setting, which
sounds extremely interesting and that’s related to the comment Paul made, if Hawking radiation
can break this entanglement for two spacelike separated events that are correlated with one
another wouldn’t we run in to the same trouble of firewalls? Because breaking the correlation
that energy has to go somewhere, it has to build up somewhere. If we wanted to run experiments
to test EPR on the horizon of a black hole and we wanted to break this correlation to do the
auditing part, wouldn’t we end up with surplus energy which is incredibly blue shifted near the
horizon?

misner: In the usual EPR there is no energy considerations, if you do measure things in the compatible
directions so you can check them, or the incompatible directions so that they’re independent of
what the expected measurements are, all those things take place with exactly no penalty of energy
which way you do it.

mersini-houghton: But in this case you are very near the horizon where half of the events are beyond
the horizon and you are just trying to obtain information being outside.
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misner: Yes but it’s only the information that’s changing, it’s not the mass or the velocity or any other
property of the object that fell in, it’s only the phase of the wavefunction is somehow getting lost
it’s correlation with something outside.

davies: These calculations have been done, Milburn I mentioned, but also Robert Mann at the Perime-
ter institute, looking at entanglement with Dirac fields in a non-inertial frames. I think the
conclusion is that entanglement does not survive one of the pairs going down the black hole.
As I said earlier, it had better not survive otherwise we’ve got additional information about the
interior of the black hole over and above what is given to us by the no hair theorem. I don’t
know how that fits in with what we were hearing from Stephen and Malcolm earlier in the week
about BMS hair but that’s classical.

mottola: I just want to remark that correlations on the apparent horizon giving rise to effects is
basically exactly what I was talking about in my talk, there’s no reason why there can’t be
macroscopic quantum effects even on the scale of an apparent horizon of a large black hole. It
doesn’t violate causality because of course it came from some initial condition in the original
collapse in the same way EPR doesn’t violate causality.

misner: It doesn’t violate causality but can it provoke something happening locally? That was my
question. Does it know enough to provoke the kindling of this firewall?

mottola: Yes, well I wouldn’t call it a firewall because that’s a different term, but there can be such
effects. That’s what the vacuum polarization in certain states actually shows. Now you can argue
about whether those states are going to be produced and that’s of course a dynamical calculation
that has to be done, but that doesn’t violate any fundamental principles in quantum mechanics.

ford: I wanted to comment on your remark about energy conservation. I think the lesson from,
say, dark energy is that energy conservation is fine but it’s just that the fundamental energy
conservation is local, the covariant divergence of the stress tensor being zero, that’s the thing
that is still really valid. Of course it doesn’t make much sense to talk about a global integrated
energy being constant. We don’t really know whether the dark energy is w = −1 or some other
value and of course the local conservation law is very relevant in trying to probe that, what the
nature of the dark energy really is observationally.

misner: I always like to think that dark energy is like the early universe where there was also a false
vacuum and an exponential expansion that went on for some time and then somehow it hit a
limit and all this wonderful expanded space turned in to all kinds of matter. Well nature likes to
play a theme in variations, it gave us gauge theories with E&M and then after we studied things
a little farther we found gauge theories all over the place. If nature did a big inflation a long time
in the past maybe we’re just entering another inflation on a different time scale, instead of having
the time scale be the crossing time of a meson or something like that the time scale will be scale
of the e-folding of the present universe under the so-called dark energy and therefore instead of
a heartbeat being a second a heartbeat will be 1010 billion years or something like that. There’s
plenty of time so interesting things could happen they just happen more slowly.

ford: I think it’s worth recalling that the observational evidence for inflation doesn’t necessarily prove
that it was deSitter inflation, after all power law expansion models with a sufficiently high enough
exponent also fit the data just as well as deSitter expansion.

freese: Anything superluminal.
ford: deSitter is simpler so that’s what people assume but we don’t really know that. Actually

I thought I’d maybe throw in another comment, you recall of course many years ago Roger
Penrose had an idea about gravitational entropy being associated with Weyl curvature. I think
that idea has been pretty much discredited. Paul and I and Don Page wrote a paper against that,
but of course I think part of his idea, what motivated him, was thinking of stochastic gravity
waves. Even if you can’t put gravitons in a box, you can certainly imagine the universe filled
with some bath of stochastic gravitational radiation and it’s perfectly reasonable to attach an
entropy to that.
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freese: I wanted to comment back on this question about the future of the universe with a cosmo-
logical constant, if it is really a constant then we do die a heat death because the universe keeps
cooling off until eventually you reach the temperature of the microwave background and at that
point, anything living has to metabolize, there’s no way of eliminating the heat anymore. So if
it’s a constant we do die a heat death. Now if it’s not a constant, then you can sort of eek along
a probably unpleasant existence to our taste, but anyway you can keep going.

stodolsky: I want to make a comment about your first point, which you didn’t really mention, which
is: can we ever detect a graviton? The graviton and the photon are degenerate systems, they
both have zero mass, so one should be able to mix with the other. There’s a paper by myself
and Georg Raffelt, we were mainly concerned with axions but we also treated gravitons, where
in a magnetic field (which you need to make up the missing spin) the photon can turn in to
a graviton and vice versa. Conceivable a high energy photon, or maybe better a high energy
graviton, coming from someplace could produce a very high energy photon. Of course the rate is
rather small until you get near the Planck energy and you need large regions of uniform magnetic
fields, but it’s not conceptually impossible.

bardeen: I think the whole question of the entropy of black holes and what it really means is something
I think is far from settled. We have the Bekenstein-Hawking entropy, which I would think
represents basically some ignorance about what’s inside the black hole in a very coarse-grained
sense. We also have some sort of Von Neumann entropy of the black hole measuring the number
of quantum degrees of freedom that are inside the black hole and I don’t think those two entropies
in general have much to do with each other. Perhaps the Bekenstein-Hawking entropy represents
a maximum possible Von Neumann entropy but even that’s debatable. At least for a young black
hole the number of quantum degrees of freedom excited above vacuum is presumably much less
than the Bekenstein-Hawking entropy. Anyway, I’m just throwing that out and if people want
to disagree that’s fine.
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Discussion with Malcolm Perry

ford: I think it might be useful to have a preliminary discussion. I know I’m confused but I’m not
sure on what level. Let me see if I can, the way I understand it, recapitulate, Malcolm, what I
think you said on Tuesday. Go back first to the BMS group for asymptotically flat spacetime. As
I understand that’s a way of encoding all the information that could possibly escape in gravity
waves. Is that a fair statement? You have an asymptotically flat spacetime in which gravity
waves could be radiated off to I+.

perry: What happens in gravitational radiation in asymptotically flat spacetimes is that as gravita-
tional radiation passes through I it induces a BMS translation. The particular BMS transfor-
mation in question encodes the information from the Bondi news function, but I would imagine
that there are other things that it could encode, well, could be encoded, that I did not include.
I think that there is more information in gravitational radiation than just found in the BMS
transformations. I’m not absolutely certain of that.

ford: The discussion of supertranslations in that sense is the discussion of at least some of the infor-
mation carried by gravity waves to I+.

perry: Yes that’s correct, that’s absolutely correct.
ford: As I understood, what you were telling us though, the corresponding supertranslations on the

horizon are encoding information that could go down the black hole.
perry: Yes, I think what we should do is take one step back first. At I+ there are going to be

a collection of charges which contain some of this information. There is a similar collection of
charges on the horizon. That’s a classical statement, but if you ask me about quantum mechanical
information I do not know how to make the link between that and those charges.

ford: Let’s first understand it at the classical level. As I understand it the charges on the horizon are
encoding information about waves that enter a black hole.

perry: That’s absolutely correct.
ford: The supertranslations, or the collection of conserved charges, are telling us about things that

went across the horizon. As you pointed out, there is a certain sense in which black holes have
an infinite amount of hair. Now of course people like John Wheeler were aware of this sort of
thing, their statement about black holes having no hair was referring to what observers far away
would be able to actually observe after a finite time.

perry: At i0, yes.
ford: That is, that the effects on the horizon apparently exponentially decay as seen by the distant

observers. I think the question I’m wondering about is what is the next step? If you want to use
this in trying to solve the information problem then somehow this information... I can understand
formally that the information, gravity waves for example, going across the horizon is encoded
there. How does that get out?

perry: I think that the next step to try to take would be to attempt to answer what Stephen asked
during my talk which is, can you use this to calculate the entropy of a black hole? I have spent
the last day or so making attempts at doing that. I have not really had a great deal of success
at the moment. The basic problem is that there is an infinite amount of hair. That means that
you’re dealing with systems with infinite numbers of degrees of freedom, and one thing that is
clear is that black holes do not have an infinite number of degrees of freedom, the entropy is a nice
function. It’s bounded by the mass squared which is faster than most things, but nevertheless
it is bounded by that. In order to get an answer that looks like the area it seems, at least what
I had to do to get any answer at all, would be to apply some kind of length scale cutoff on the
horizon.

davies: Could you put it in a box?
perry: No because the reason for the divergence is the fact that the number of modes on the horizon

has no bound.
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whiting: Technically we have the same problem if we consider a box of thermal radiation. The
number of states we can have at arbitrarily low energy is arbitrarily large. And yet there is a
finite amount of entropy in radiation at a finite temperature.

perry: Yes that comes about because you’ve got a Boltzmann factor which cuts things off for you.
Here it is not clear that you do. The problem could be resolved by imposing a length scale cutoff
on the horizon. Putting it in a box isn’t going to help because putting a black hole in a box
isn’t going to do anything about high angular momentum modes on the horizon. Essentially
the angular momentum on the horizon is classified basically by spherical harmonics. Those are
unbounded in l, l can go up as much as you like, and it’s that divergence which causes a problem.
But nevertheless if you think about how these modes behave on the horizon they’ll have nodes,
they’ll oscillate, and if you thought there had to be a cutoff because you couldn’t have too many
oscillations, that is to say there was some kind of length scale on the horizon, then you could
cut it off and get a reasonable answer and it would be proportional to the area. However I don’t
know that that’s a sensible thing to do and the problem with length scale cutoffs is to make sure
that you have a sensible way of doing this that doesn’t violate Lorentz invariance. Fay is more of
an expert on not violating Lorentz invariance with finite length schemes than I am, so maybe she
could tell us a bit more about that. The only way in which I could justify, or hope, that this is
not as bad as it sounds, to have a length scale cutoff, would be to say, well, this only is working
on null surfaces and they’re going to be a bit special. That is very ad hoc.

ford: One thought that occurred to me, it’s unfortunate that Gerard ’t Hooft isn’t here now because
he made some comments, I think, after both your and Stephen’s talks which were related I think
to the idea that he had perhaps twenty years ago studied of interactions between ingoing modes
and outgoing modes leading to a well defined S-matrix. As I understand, his idea is that if you
have ingoing modes that enter the horizon, which would be essentially what you’re dealing with
in your formalism, those will scatter in some way off of outgoing modes, and that could leave
some imprint and hence some correlations in the outgoing Hawking radiation. The part at least
to me it seems is missing, that I would like to, if anyone understands it, clarify, it seems like there
is still something carried across the horizon that is not encoded in those modes. I think Gerard
is trying to define an S-matrix, he was hoping to find a theory in which black hole evaporation
could be defined by an S-matrix which would then clearly be a unitary process, but until you can
say what happens to the modes that go across the horizon and that information, then you’re still
dealing with the same problem, as Jorma talked about in his talk, of the correlations between
the things that cross the horizon and outside the horizon. There still seems to be a paradox.

perry: I’m not going to disagree with you. I have no idea how information crossing the horizon can
be completely preserved. For it to be completely preserved would require you to violate the
no-cloning theorem, certainly some of the information that is passing through is going to get in.
I don’t see how you can get all of it. But nevertheless I think the matter should be investigated
further.

ford: I thought the whole idea of yours and Stephen’s approach is to solve the information problem.
perry: What we have done is to identify an infinite collection of charges which should assist us in

understanding what is going on. I don’t know that it’s a solution to the whole problem, however
I must say that Stephen is rather more optimistic than I sound.

ford: I guess what I’m doing is I’m expressing a little bit of skepticism that this program can work
unless you can deal with what happens to the information that goes across the horizon.

perry: That’s fine, I mean I’m not going to object to that.
mersini-houghton: Malcolm, if you have a supertranslation invariance of some scattering matrix

why do you need to introduce a cutoff? Unitarity is already built in there, the moment you have
a cutoff you break unitarity, and all the other bad stuff that goes with it. Cutoff dependence and
all that.

perry: Well the question that I was trying to answer was, can you use these thoughts to generate the
correct entropy for black holes. What I was saying was that unless I introduced a cutoff I did not
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succeed in doing that, but I didn’t really want to introduce a cutoff. I’m not quite sure where
that leaves us, it may just mean that the right calculation hasn’t been done yet.

whiting: Can you associate these charges corresponding to the supertranslations with vibrations at
the horizon?

perry: The answer is quite possibly, because they are basically classified by the spherical harmonics
and that is precisely the same kind of thing. Maybe.

ford: I thought that was what you were telling us on Tuesday, that essentially these charges are ways
of describing the classical perturbations.

perry: Yes, they are the classical perturbations due to ingoing stuff. But as he points out, those
excitations will die out.

whiting: On the horizon?
perry: On the horizon.
stodolsky: So they die out asymptotically but I’m not sure what happens to them on the horizon.
davies: They die out because they’re damped.
perry: Well they’re just damped because of the usual sort of arguments about quasi-normal modes.

So they all die out.
ford: That’s the reason that it’s plausible to say that black holes really have no hair, because there

all these infinite number of degrees of excitation that might be excited when the black hole forms
but they decay exponentially.

davies: Through gravitational radiation.
bardeen: It’s a combination of emission to infinity and in to the black hole. There’s radiation both

ways.
davies: Can you define a friction for the surface of the black hole? Some sort of intrinsic coefficient

of friction?
perry: You’re asking about some kind of dissipation?
davies: Yes.
perry: Well there is for electrical resistance so there probably is for other things.
davies: That’s what I’m thinking. I’ve never seen it discussed.
perry: Do the membrane paradigm people discuss it?
davies: Yes I was thinking the membrane people should like this.
perry: I don’t know very much about that.
ford: Bernard isn’t it right, if you excite a normal mode it’s going to decay?
whiting: I’d like to make a distinction between two separate cases. One is where you excite the

quasi-normal mode outside the black hole and it definitely decays in time, I’m not so sure what
happens if the quasi-normal mode is excited on the horizon by the infalling photon or whatever it
is. For example if it’s excited on the horizon and we ignore black hole evaporation for a moment,
we just work with these classical charges and this classical geometry, excitations on the horizon,
which we acknowledge can exist, are not going to radiate to infinite because the horizon is null.
They can radiate to the interior, possible, but they can’t radiate to the exterior.

davies: Can we connect this with what Charlie was just saying? If the particles that are falling in are
too feeble to ever emit one graviton then they’re not going to excite the modes on the black hole,
is that right? So if Charlie falls in doing this [waves hands] it’s not going to make any difference.

ford: That only makes the problem even worse because then in some sense there’s less way to encode
information in the horizon isn’t it?

davies: Right.
perry: I think what you’re asking for is to ask what effect does this have on the Hawking radiation

that is going out. That’s really the question that you want ask, well it’s one of the questions you
want to ask, at this stage I do not know the answer to that question.

ford: I think Gerard’s given a partial answer, or at least tried to give a partial answer to it, though
at least to skeptics like me it’s not clear how that could be a complete answer. How that can
preserve unitarity by itself.
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bardeen: It seems to me this mechanism of these supertranslations is a way of preserving some of the
information at least about the classical perturbations, stuff falling in to the black hole, without it
decaying. The perturbation in the affine parametrization of the geodesics lasts forever, it doesn’t
dissipate. It’s hard for me to see how it really encodes all the quantum information that you
would need to reconstruct a pure state in the exterior for one thing. Then what one would hope is
that somehow, I certainly don’t have any detailed picture, but somehow the vacuum fluctuations
which will eventually become Hawking radiation in part, as they redshift and as their wavelengths
become the order of the radius of the black hole, some sort of phasing of those is affected by this
supertranslation distortions of the geodesics, the generators of the horizon, and that then can
induce correlations in the outgoing Hawking radiation. That’s a very handwaving argument.

perry: The answer is to put some meat on to that, isn’t it? You’ve got to be able to do that calculation,
that’s what needs to be done.

bardeen: That’s, I think, highly non-trivial but yeah it certainly would be important to understand
that.

parker: The string theory formulation, though not entirely applicable to all black holes, that at least
gives you a very concrete picture in some situations of D-branes and vibrating strings.

perry: Yes, so what Leonard is talking about are essentially zero temperature black holes. These are
ones for which you could imagine an internal state made of branes and essentially you can get
the entropy by counting up the number of different configurations consistent with those charges.
That’s a very concrete realization. Of course that really is in the limit in which G is gone to
zero because you’re using a flat-space argument to list the configurations nevertheless it does
reproduce the correct entropy formulae. It sort of works when you perturb away from T = 0
and I suppose that that’s, at some level, some evidence that there is some microscopic structure
associated with these things but in that particular case it doesn’t seem to have anything to
do with any horizon. After all when you think about things like that there are no horizons to
think about. The picture that you’re talking about also works particularly well for black holes
in dimensions 4 and 5 where the picture is quite clear, outside those dimensions it doesn’t work
too well. But I don’t see how that fits in with these configurations at all. It’s a bit of a mystery
really.

parker: I was wondering if it was just possible to combine these kinds of concepts.
perry: Well maybe because in one case there is a clear statistical mechanical interpretation, even

if it’s a bit obscured by the fact that the model doesn’t seem to be entirely coherent. In this
particular case it looks like, again, you have got a series of configurations where you can identify
some statistical mechanical system but in this case, as I said, I could not satisfactorily reproduce
the entropy formulae. Maybe that’s just a defect of trying to do it here when too many other
things are going on.

mersini-houghton: Still, back to the basics and trying to get at the most basic picture. Can you
play this supertranslation symmetry game in any background? Or do you need the asymptotic
flatness to even define the BMS?

perry: What I needed to make anything work nicely was a concept of an isolated horizon. That’s a
null surface with topology S2 × R, it’s a null surface and the null geodesics that are outgoing, I
assume that there is a concept of outgoing, have zero convergence.

mersini-houghton: So you are not defining the BMS group at I+?
perry: I+ is a little bit different because that’s sort of at infinity, but cosmological horizons are okay,

Rindler horizons are not because they are not S2 × R.
mersini-houghton: Can you explain why the dS space is okay and the Rindler space would be

different? That’s important, that’s a statement about Unruh’s accelerated observers detecting
something completely different from black hole radiation.

perry: I can’t at the moment.
mersini-houghton: Okay.
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whiting: Two questions: one is in the case of isolated horizons, which just exist for a finite amount
of affine time, can you still get an infinite number of BMS?

perry: Yes because the BMS transformations are classified by spherical harmonics.
whiting: The supertranslations?
perry: Yes, the supertranslations. You see it’s just a real function of the coordinates on the sphere,

so if you want that to be real valued those are just the ordinary spherical harmonics.
whiting: The second question is about not when you have isolated horizons but when you have an

apparent horizon instead of a null surface. In the case of an apparent horizon, which isn’t null,
how does any of your argument go through at all?

perry: I have no idea, I haven’t tried it.
whiting: Thank you.
bardeen: Would you agree that the same sort of supertranslation memory occurs in basically any

null surface in a certain sense. Any sort of object crossing, say, a Rindler horizon in Minkowski
spacetime, will generate supertranslations in the Rindler horizon.

perry: Yes well that’s a followup to Larry’s question about the Rindler horizon, I’m not sure about
Rindler horizons. There has to be something different about those.

bardeen: I don’t see how. What I would say is different is that the vacuum fluctuations on the Rindler
horizon stay vacuum fluctuations, they don’t become Hawking radiation. It’s only because,
for in the black hole case, they become Hawking radiation that they really have any physical
consequence.

ford: It’s worth remembering though that the things that become Hawking radiation are really modes
not on the horizon but just outside the horizon.

bardeen: Well it’s definitely close.
ford: They have to be close to the horizon but they’re not strictly on the horizon or they never would

get out. They have to be, strictly speaking, modes outside the horizon. Those are the ones that
you need to imprint if you’re going to produce correlations in the Hawking radiation that will
carry away information.

bardeen: Hawking radiation at late times is associated with modes which have highly sub-Planckian
wavelengths within highly sub-Planckian distances from the horizon at early time. To all practical
purposes they’re on the horizon.

perry: I should say that it is very early days.
ford: I didn’t mean to put you on the spot, I just thought that you raised so many interesting

questions in your talk that haven’t been resolved and we have a few minutes, it was useful to air
them and see if we could make any more progress.

mersini-houghton: And the firewall question is the other one that I know you don’t have the answer
to that yet.

perry: I have nothing to say about firewalls.
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Fay Dowker
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Bardeen, Carter, Hawking 1973The Laws of Black Hole Mechanics

Thermo Black Hole

Zeroth 
Law

    is constant throughout system in 
equilibrium 

       is constant on horizon of stationary 
black hole

1st Law

2nd Law                                       Hawking’s Area  
                                     Theorem

3rd Law cannot be reduced to zero in 
a finite process

cannot be reduced to zero in 
a finite process



dM =
1

8⇡G
 dA� workdE = TdS � work

T

dS � 0 dA � 0

T 

     is the surface gravity of the horizon of a stationary black hole,       is the surface 
area of the horizon 
 A

Remarkable, but there was more..



Bekenstein, Hawking

The greatest unity yet achieved in physics

The Laws of Black Hole Thermodynamics

proposed by Bekenstein

To perfect this unity we need (at least)	

1.  The stat mech of black hole entropy  and    2. Proof of the GSL 

• A black hole has a temperature and an entropy

TH = ~


2⇡
, SBH = 2⇡

A

l2p

where l2p = 8⇡G~

• Zeroth Law: T is constant over the horizon of a stationary black hole

• First Law: dM = TdS � work

• Generalized Second Law (GSL): dStot = dSBH + dSext � 0



Further inspiring unity : Causal Horizon Thermodynamics

• It has been suggested that all causal horizons obey the laws of 
thermodynamics, where a causal horizon is the boundary of the causal past of 
a future-infinite timelike trajectory:  Black hole horizons, DeSitter horizons 
(Gibbons and Hawking) and Rindler horizons (Jacobson). 	


• Every causal horizon looks locally like a Rindler horizon and the 
thermodynamics of horizons springs from this and the structure of quantum 
states of field theories in Minkowski space, their nonlocal, entangled structure 
(2 mode squeezed states) and the fact that the usual Minkowski vacuum is a 
thermal state for the Hamiltonian that generates boosts (Bisognano&Wichmann, 
Sewell, Unruh,…) 

• We should think fundamentally about horizon entropy not merely black 
hole entropy (Jacobson & Parentani). 



The Second Law
!
!
“ The law that entropy always increases—the second law of thermodynamics—
holds the supreme position among the laws of Nature. If someone points out to 
you that your pet theory of the universe is in disagreement with Maxwell’s 
equations—then so much the worse for Maxwell’s equations. If it is found to be 
contradicted by observation—well, these experimentalists do bungle things 
sometimes. But if your theory is found to be against the second law of 
thermodynamics I can give you no hope; there is nothing for it but to collapse in 
deepest humiliation.” 	

!
A. Eddington, The Nature of the Physical World, Gifford Lectures 1926-27	


Perhaps this is an exaggeration, but probably the exhibition of a perpetuum 
mobile within a theory or model would be a severe disincentive to continue 
working on it. 	

!
More persuasive perhaps is the subtlety by which attempts at counterexamples	

fail. The box lowering example of Bekenstein, as analysed by Unruh and Wald is 
a case in point. 	

!
!
!



The Second Law as a guide
It isn’t enough to identify potential microstates giving rise to the area relation for 
black holes, the GSL also needs to be proved (Sorkin).  Turning this around — we 
can use the GSL to guide us towards finding those microstates: the two tasks go 
hand in hand.  	

!
Sorkin proposed two proofs of the GSL, a sketch of a proof that would hold in full 
quantum gravity and a more fully worked out proof in a semiclassical approximation. 	

Both rely on certain powerful results about entropy and relative entropy. 	

!
Definition:  The relative entropy between  two quantum states      and        is⇢ �

S(⇢ k�) = Tr(⇢ log ⇢� ⇢ log �)!
!
Theorem:  If       and        evolve in time according to a completely positive linear, 
trace-preserving map,   then                           is non-increasing.  (Lindblad)                                                 

⇢t �t

S(⇢t k�t)

(Uhlmann)

Theorem: If ⇢ and � are states on an algebra of observables A and ⇢t and �t

are their restrictions to a subalgebra At ✓ A then

S(⇢t k�t)  S(⇢ k�)



The existence of an equilibrium state 

S(⇢ k�) = Tr(⇢ log ⇢� ⇢ log �)

So, if       is preserved by  the evolution, we have a quantity that just depends on       and 
is non-decreasing with time.  	

!
Sorkin’s semiclassical GSL argument proceeds thus: 

� ⇢

Consider a quasi-stationary situation in which a large black hole is well-approximated 
by a Schwarzschild metric at any stage.  Matter is quantum.

⌃t1

⌃t2 Surfaces of constant t, 
compatible with Killing 
vec tor expres s i ng 
stationarity

Horizon

The state of the external matter is given by  ⇢t on ⌃t

2⇡A2 � Tr(⇢2 log ⇢2) � 2⇡A1 � Tr(⇢1 log ⇢1)We want:



Autonomous evolution and Hartle Hawking state 

⌃t1

⌃t2 Surfaces of constant t, 
compatible with Killing 
vec tor expres s i ng 
stationarity

The state of the external matter is given by  

Horizon

⇢t on ⌃t

⇢t       evolves autonomously due to the causal nature of the horizon	

There exists an equilibrium state, the Hartle Hawking state,	

 
The theorem thus gives us a non-decreasing function of 

⇢HH = Z�1e��H

⇢

�S(⇢ k ⇢HH) = �Tr(⇢ log ⇢)� � Tr(⇢H)� � log Z

= Sext � � < Eext > �� log Z

Conservation of energy and 1st Law: � < Eext >= ��MBH = �T �SBH

So that: �(Sext + SBH) � 0

Note: formally divergent 	

quantities here



The lacuna (Wall)

⌃t1

⌃t2
Horizon

This H is the Hamiltonian on surfaces that pass through the bifurcation 2-
surface, not the        required for the argument, the Hamiltonian on the 
t=constant surfaces.  

⇢HH = Z�1e��H

Hext

Can Sorkin’s conceptually elegant proof be completed? Is the Hartle-Hawking state 
thermal on “nice slices”? Is there a more subtle resolution involving a boundary 	

contribution at the horizon?	

What about charged, rotating black holes: replace      by                            ?

Wall has produced an alternative proof using an algebra of observables defined on 
the horizon. 

H H � ⌦J � �Q



Using the GSL to rule things out 
Aron Wall:	

1) Introduces the concept of a “quantum trapped surface” on which the generalised 

entropy is decreasing on future-outgoing null normals. Uses this to prove that the 
energy condition in the Penrose/Hawking singularity theorems can be replaced by 
the GSL. Roughly, if the GSL holds (and spacetime is globally hyperbolic) and a 
quantum trapped surface exists then the spacetime is singular. GSL rules out 
bouncing universes, nonsingular black holes, traversable wormholes, and viable baby 
universes (in which the metric is everywhere Lorentzian and nonsingular).	


2) Shows in a 1+1 dimensional model that the GSL is violated for any horizon other 
than the causal horizon (e.g. dynamical, or trapping). He explicitly shows that the 
validity of the GSL rests on the teleological —  nonlocal — nature of the causal 
horizon. 	


!
Bianchi, de Lorenzo and Smerlak:  	

look at entanglement entropy production during gravitational collapse and evaporation 
in a concrete model of nonsingular black holes with no event horizon. They find a (not 
very surprising) violation of the GSL in the “purifying phase”. The Planck star model of 
Haggard, Rovelli&Vidotto can’t be treated so concretely due to the unknown nature of 
part of the metric but, if that metric is non-singular, it will be covered by Wall’s theorem 
and also violate the GSL. 	

!
!



Summary

• Proving the GSL is a crucial part of understanding black hole entropy (not just the 
Area-Entropy relation) and causal horizon entropy more generally. 	


• Since black hole entropy holds the key to quantum gravity, the GSL can be a guide 
towards quantum gravity	


• Sorkin: the GSL arises from the non-decreasing nature of minus the relative entropy 
between any external state and a state that is constant under the autonomous 
evolution outside the horizon. 	


• Sorkin’s semiclassical proof of the GSL has a lacuna (Wall) — how to complete the 
proof? Is the Hartle-Hawking state thermal on “nice slices”? Can we show that the 
non-increasing quantity guaranteed to exist by the theorem is (proportional to) the 
appropriate free energy. (What else could it physically be?) 	


• Though many approaches/models claim an Area-Entropy relation for horizons, the 
GSL can point the way. Work by Wall shows this: the GSL can rule out nonsingular 
black holes and bouncing black holes. (Can we exhibit a perpetuum mobile in any of 
these cases?) Wall provides evidence that the GSL supports the event horizon over 
the dynamical or trapping horizons. 	


• If the GSL holds in full quantum gravity it would be a beautiful unification and it would 
mean that the discovery of Hawking radiation was the historic moment which opened 
the door to that achieving that unity.
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Discussion

davies: A couple of points: one is that what you’ve said could be the jumping off point for the
next great phase of investigation, which is to look at black holes in systems which are far from
equilibrium. There’s been a lot of recent advances, not in anything to do with black holes, but in
non-equilibrium statistical mechanics and the second law. There is something called Jarzynski’s
inequality, the work of Jeremy England is particularly noteworthy I think. I think there’s been
a really major advance in this field conceptually in the last five years or so; the other point I
was going to make is you mentioned in passing about rotating black holes and there’s no Hartle-
Hawking. I can remember Roger Penrose saying a long time ago if you put a rotating black
hole in a box then it eventually will reach equilibrium and there will be some rotating pattern of
radiation. There will be a state, anyway, in which it can be in equilibrium. I suppose that would
be a sort of analog of the Hartle-Hawking state, whatever it is. I don’t think anyone has worked
it out.

whiting: I guess I’m asking for clarification, it looks to me as though you’re saying [Aron] Wall shows
that if the generalized second law holds, and we have smooth Lorentzian metrics, then we must
end up with black holes.

dowker: No. You’re saying that if the generalized second law holds then you can’t have smooth
Lorentzian metrics, there has to be a singularity. There has to be null-geodesic incompleteness,
the proof goes forward just as Penrose’s original singularity theorem.

whiting: Right, he’s arguing that we must have singularities.
dowker: Yes he’s arguing we must have them.
whiting: Which I would say is a black hole.
dowker: Oh I see, right, if we assume that cosmic censorship holds then there must be what I would

call black holes. Because people have been using ‘black hole’ to mean non-singular things I didn’t
want to assume to say ‘black hole’ means that there is a singularity. I would agree with you.

whiting: A corollary would be that if, say, Stephen and Malcolm are correct and we now understand
that there is no information loss in black holes, and we understand that they can evaporate
completely, then the generalized second law can’t hold.

dowker: Well, the generalized second law would have to mean something else I suppose. In some
sense this is almost a fine grained generalized second law, in the sense that the coarse graining
that you have to do to get this result is the most objective coarse graining you could possibly
imagine, which is just to trace out what is unobservable behind the horizon. It’s sort of objective
in a certain sense that the coarse grainings that you usually have to do when you’re proving
a second law are not. But if there’s no event horizon and you therefore don’t trace out over
anything, then the second law kind of holds trivially in some sense because the state is just
pure and it remains pure and the entropy is zero and it always is zero. I think the onus is then
on people that think that the evolution is always unitary to explain it is that they mean by a
generalized second law.

whiting: The proof that you demonstrated of the generalized second law required a horizon.
dowker: Yes. In this work, so for example showing that the generalized second law doesn’t hold for

the dynamical horizon, I think there he’s just assuming that you do the same thing. That you
trace of the states of the matter inside the, in this case, dynamical horizon. You choose the area
of the dynamical horizon to be the entropy of the black hole, the non-singular thing, and you so
that that quantity, the sum of those two things can decrease. You do what you would do if it
were an event horizon and you show that that quantity will decrease.

whiting: In that calculation was the dynamical horizon taken to be spacelike or timelike?
dowker: A dynamical horizon is, Malcolm do you know? I think it’s spacelike actually, I think it’s

spacelike, the dynamical horizon.
ford: In your discussion you didn’t say anything about assuming an energy condition, I think it must

have been implicit in the proof of the generalized second law that you sketched. You pretty much
have to have some kind of assumption about energy conditions. You could have a pretty clear
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counter example, that is if you could create a pure quantum state that had unlimited amounts
of negative energy in it then you just shine that negative energy on to the black hole and you
evaporate it. You basically decrease the area without necessarily a corresponding increase in
entropy someplace else. Could you say where the energy condition, where does it slip in?

dowker: Are you assuming the first law?
ford: Well the proof of the second law, I think there must be an energy condition somewhere. Not sure

where. It doesn’t have to be a local energy condition, it could be an averaged energy condition.
davies: Is it somehow implicit in the Hartle-Hawking state?
ford: Well it could be in this case. But I think more general, the generalized second law has to say

something about energy conditions. I’m pretty sure that [Aron] Wall’s proofs have some type of
an average energy condition as one of the postulates.

dowker: I think that’s not true, I think that the generalized second law in that case is an assumption
rather than a conclusion.

ford: Yes, in that case, but in the cases where you try to prove the generalized second law starting
from other assumptions, I think one of the assumptions has to be something that involves an
energy condition or an equivalent to avoid the counter-example that I just gave.

dowker: So what would be violated in that case? That’s a good question.
ford: I think with the Hartle-Hawking state there probably isn’t any problem because the matter here

is just thermal radiation which necessarily automatically satisfies the energy conditions. This was
kind of getting to the next point I wanted to make that when you’re using the generalized second
law, for example to restrict wormholes, I think another way of saying what’s going on is that
both the generalized second law and restrictions on your ability to build wormholes depend on
quantum field theories having restrictions in them. Call them quantum inequalities, that is that
they’re, in flat space you can prove fairly rigorously, they’re restrictions on the sample time-
integrated energy density along geodesic observers’ paths. Those are fulfilled by quantum field
theory and of course they carry some of the same content that the generalized second law has.
They’re what prevent you from giving the blatant counter-example that I gave. But they also
show why you can’t, for example, build traversable wormholes, at least macroscopic traversable
wormholes, because you would violate these inequalities.

dowker: I agree with that, I think one could ask which of the two conditions is stronger. Perhaps an
assumption that the generalized second law holds perhaps implies these average energy conditions.

ford: I think you can work it both ways, there’s some equivalence, but if you want to try to prove the
generalized second law starting from, say microphysics, then I think you have to go through some
restrictions on energy. That kind of brings me to the next point that is the quantum inequalities
have been proven fairly rigorously, at least in flat space and certain other spacetimes, for free
fields. They haven’t really been proven for interacting fields so I think there is still a question
then, I mean we expect them to hold, but I think that still is an open question, to what extent
the generalized second law on the one hand or the quantum inequalities on the other hand will
hold for general interacting field theories. I don’t think that’s really been explored well enough
yet.

vidotto: I would like to make a comment in the same direction of what Larry just said, usually when
you work in trying to do singularity solution in quantum gravity, at least in loop quantum gravity,
you start from the full theory in which you have a fundamental spacetime discreteness. Then
you work out your effective equations and you find a new term, this new term is a modification
of the gravitational part of the Einstein equation. Once you went to semi-classical well you can
decide to move this new term on the matter part and say, oh okay everything goes as if there
was a violation of the energy condition. In your fundamental theory, if you do things properly,
you have never violated the energy condition. It’s just that when you want to describe things
out of the regime in which you originally worked, then you can think as things were violating the
energy condition. I am of the impression that here there is some confusion about the domain of
application of the theorems that we are talking about because, so there is in this state an equality
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between the energy condition and the generalized second law. But it seems to me that this is
something valid in the domain in which the quantum field theory in curved spacetime is valid but
if you want to describe bouncing cosmologies, bouncing black holes, then in that specific region
you should use a full quantum gravity theory.

dowker: Probably none of these questions can be fully resolved until we have a full theory of quantum
gravity. Even questions of exactly what quantum field theory in curved spacetime means can’t
really be resolved until we have a full theory of quantum gravity, but if one pins ones hope
on, or is guided by or inspired by the unity of physics, then hoping to get out a generalized
second law, having it be true in the full theory, I don’t mean that it means anything in the deep
quantum regime because, of course as far as we know, to even talk about entropy increase we
have to have some notion of entropy at one time which, for now, we just have to associate to
some hypersurface, and entropy at some other time which, for now, we have to associate to some
hypersurface, those are semi-classical concepts. What I mean by saying that the generalized
second law holds in the full theory is that when we have the full theory, in a state in which the
semi-classical approximation holds, then using the full theory in that situation will give us the
generalized second law. I don’t mean that it has any meaning or you can make sense of increase
necessarily, maybe it does in fact. But it may be that we can’t even make sense of it in the
deep quantum regime where there is no spacetime at all to talk about. But I suppose what I’m
advocating is that the generalized second law can be used as a guide, so for example if you have
a non-singular black hole model then can you try and produce what I would call a gross violation
of the second law, in other words a perpetual motion machine, that would be, I would consider
that to be a bad thing. You could just say the generalize second law just doesn’t hold, okay, you
might be able to live with that but I think being able to produce a system which is in perpetual
motion that’s a bad thing. For example Ted Jacobson and Aaron and another collaborator argued
that in Einstein ether theories where you have more than one metric, in bi-metric theories for
example where black holes have two horizons defined by the different causal structures of these
two different metrics, then in such theories you can produce perpetual motion machines from
such black holes. That seems to me to be quite a black mark against such theories, I personally
would think that was something which dis-favored such models.

whiting: I’d like to come back to the dynamical horizons again, I think it may bear on some of the
comments we’ve just had. I think you’re right if we’re dealing with classical general relativity
and matter does obey the energy conditions so that positive energy can fall in to the horizon, but
not negative energy, then the dynamical horizon will be spacelike. But as you pointed out earlier,
quantum fields violate the energy conditions and so we can have near a thing that is forming a
black hole, we can have negative energy density. If some of that falls in to the black hole the
apparent horizon is no longer spacelike and becomes timelike. My question would be, it would be
much more interesting to see if, in the case of timelike dynamical horizons, they can show that,
in other words, if we allow the black to hole collapse instead of just expand, to evaporate instead
of just grow indefinitely, is the generalized second law recovered? You’re saying if we allow it to
expand indefinitely then it doesn’t hold, but if we allow it to evaporate is it possible that it does
hold?

dowker: My understanding is that that’s ruled out by Aaron’s theorem.
whiting: But how? It depends whether he is using dynamical horizons which are spacelike or timelike.
ford: Could I comment on that? I think this is a point where it is very important, as Fay pointed

out, that you’re talking about the full event horizon and not the apparent horizon. That’s very
crucial in this. You give a simple example, that is, quantum field theory does allow you to have
local negative energy, but at least if we’re dealing with quantum field theory in flat spacetime
the magnitude and duration of the negative energy fluxes are highly limited. What’s more they
have to be followed within a fairly short time by compensating positive energy. If you create
a negative energy flux you can send it in to the black hole but then you must send in a larger
amount of positive energy within a fairly short time. In fact the longer you wait the more positive
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energy that it would have to be. That’s what Tom Roman and I called the quantum interest
conjecture. It was actually proven so it’s more of a principle. Now here you can see how that
saves the generalized second law because the true event horizon does not respond locally to the
instantaneous energy, it’s a global construct. In this teleological sense, the true horizon knows the
future, it depends upon the future positive energy that’s going to come in because it’s the future
history of the rays that in the end are just barely trapped. That future history is dependent upon
the positive that is going to come in after the negative energy. So in fact, as long as you use the
full horizon for your generalized second law you’re okay, but you would run in to a trouble if you
tried to use the apparent horizon.

whiting: If black hole evaporation occurs so that there is no event horizon then the only theorem we
can...

dowker: Why do you say that Bernard? Here’s a picture of black hole evaporation.
ford: You have the thermal radiation too though.
whiting: Well that’s a black hole evaporation with a remnant.
dowker: No, no there’s no remnant. It just disappears. It is completely regular, there is no remnant.

Nobody knows whether that’s right, do we know it’s not right? Then there’s an event horizon
because the boundary of the causal past of I+ is this.

whiting: Okay so if we have singularities then we can use this theorem, if we have no singularities
we can’t have an event horizon. If the evaporation leads to a completely regular spacetime so we
don’t have singularities...

dowker: I suppose the general idea is that if there is no singularity and then I suppose the overall
idea is that there is no way to define a generalized second law. You would have to say that nature
is malicious right, I mean this you would have to say ‘yeah yeah, you thought that was so at
some stage of science but actually it’s not.’ That would be malicious. Nature is subtle but not
malicious I would say. Without a singularity, without an event horizon, I think the idea is that
there is no generalized second law.

whiting: In the kinds of geometries that Francesca was looking at those apparent horizons exist for
the duration of the evaporation which can be many times the life of the universe, but technically
there is no event horizon. There is no singularity there is no event horizon.

dowker: Then I think that the claim is that any attempt to define what you mean by a generalized
second law to associate entropy to the object, the object which has this horizon, any attempt to
do that and have a generalized entropy that always increases, fails. You could just say, so what?

whiting: That’s what I’m trying to understand. In those geometries that she described, the apparent
horizon there are parts of it which are timelike. In particular they’re timelike during evaporation.
I’d like understand if the theorem that you quoted from Wall, Aaron Wall, holds for timelike
dynamical horizons or only for spacelike dynamical horizons?

dowker: I don’t know, we can look and see.
whiting: I consider it important because if it holds for timelike dynamical horizons, then this entropy

that we can associate with hidden behind this dynamical horizon, could allow the generalized
second law to be restored. First of all defined, then to hold.

dowker: We can see.
ford: As long as you have the large positive entropy in the thermal radiation going outward then it

may be okay for the black hole entropy to decrease. That’s the usual picture of the Hawking
evaporation.

whiting: Right.
dowker: If the total dynamics is Unitary then eventually the radiation will all be in a pure state.
ford: Then everything is zero.
dowker: Then everything goes back to zero so that’s sort of trivial, it’s violated.
whiting: Well we could imagine the quantum field states that are causing the collapse not to be pure

states, to be mixed states, so we could allow that there is entropy to begin with. So it wouldn’t
necessarily go back to zero.
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dowker: So it would go back to whatever it was in the beginning, it would decrease to whatever it
was in the beginning.
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7 Saturday, August 29 2015
Convener: L Mersini-Houghton
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7.1 Wrap-up Discussion
S. Fulling

fulling: I don’t propose to lead the entire discussion I just want to kick things off early in the
morning when I’m awake, I seem to become non-functional from lunch on. I’m very grateful to
the organizers, not only for allowing me to speak right now but for supporting me on the entire
visit. I come as a information paradox skeptic. That is, I’ve never been convinced that there’s
really a problem, but I’ve also been acutely aware that that may be due to my ignorance because
I have no strong opinions about quantum gravity at all. My own contributions to this field have
been concentrated at level (ii) [below] and even that, as far as any relevance to the subject matter
of this conference, stopped about twenty years ago.

I would like to review a little bit of history which is largely the history, of my own understanding
of the subject. But I think it’s chronologically accurate and of course I will welcome anyone
else who wants to interrupt at some point. To start with, in the 1950’s and early 1960’s there
was quite a lot of talk about the existence of black hole singularities being inconsistent with the
conservation of baryon number. I never really understood what that was all about, it seemed
quite clear to me that if you had a singularity, a particle could reach the singularity in a finite
proper time and disappear and who cared? That just meant that the topology of the space was
such that the particle disappeared. That’s not inconsistent with conservation of charge or baryon
number or anything else, in our theories conservation laws basically come from, let’s write it
here, local conserved currents, which under certain conditions can be integrated to give global
conservation laws. There’s no reason why, in a complicated geometry and topology of space,
that this should give some quantity that is absolutely conserved if the structure of the space says
otherwise. So I never understood why there was a problem.

(A)

(B)

Figure 4:

Then we began doing quantum field theory on a curved background, without considering back-
reaction, and we get similar situations where to draw the famous diagram [Figure 4] . We have
some kind of flux created that goes out here [(A) in figure 4], some kind of negative flux being
created that goes in here [(B) in figure 4], and if you want to consider a Cauchy surface for this
spacetime when you push it as far to the future as you can, it’s going to be like that [dashed
line in figure 4] if you’re going to stay outside the horizon. Everything is perfectly unitary as
people say, or if you are going to allow observations inside the black hole you can go in there
and get something that is perfectly unitary. No problem. You get to the singularity in a finite
time, but again who cares? Nothing, as far as I can see, is wrong or strange there. I never really
thought much about this problem until recently when I suddenly began to realize why people are
concerned. If you assume that by energy conservation the horizon must actually be shrinking
and eventually it gets to zero size so that the singularity in some sense disappears, carrying lots
of the ingoing stuff with it, then that does seem a bit strange.

425



Let me tentatively draw a line across here and take a poll, is there a consensus that there is no
paradox above this line?

(i) Classical physics on a curved background.

(ii) QFT on a curved spacetime.

(iii) Semi-classical gravity (with backreaction).

(iv) Quantum gravity.

parker: You mean down to that line?
fulling: Yes, no paradox down to [the line]. If so we have at least one consensus.
mersini-houghton: So you want us to take a vote if there is an information paradox or not?
fulling: Is there an information paradox within the theories at this level [above the line] or this level?
mersini-houghton: Okay, let’s take a vote.
mottola: Can I rephrase the question, is there a way to get the Hawking effect entropy only above

that line, in a way that makes sense and is completely consistent with statistical mechanics as
we know it?

fulling: Again I plead ignorance. I’m not a statistical mechanician.
mottola: That’s a different question but it’s part of what of the information paradox contains, where

is the number of states that go in to the entropy formula? So you want those.
mersini-houghton: Let’s take two votes then. Let’s go to the more general question of information

loss and then go to the details.
fulling: Can I just respond to Emil’s point. This Penrose diagram, which I drew here, refers to these

physical theories above the line, so I should have drawn the line down like that. In this picture
nothing has shrunk, so is there any problem with having lots of entropy there?

mottola: I still don’t know how to calculate it.
spindel: Maybe this is not a paradox but a difficulty because the point is how should you define

the Wightman function or, in other words, how will you define the vacuum state on a curved
background. We know, for instance, if we use the Boulware state, it’s perfectly defined outside
a star, but if the star collapses we have to use the Unruh vacuum and all that. In general I
think we do not know the precise answer how to do precisely quantum field theory on a general
background.

fulling: Okay there are two questions there. One is the question what the quantum state is, what
initial conditions did you choose, and I think that if you start with a stable star back here and
then it collapses, a strong argument can be made that the exact state is well approximated in this
region of spacetime by the Unruh state. The second question is what to do with it when you have
it, can you actually do any calculations? That’s a technical question. As long as we’re simply not
discussing backreaction, but simply taking quantum field theory on a fixed background, I think
there is no problem. The conceptual problems were settled in the 1970’s, the technical problems
remain because these calculations are hard.

parker: I gather what you’re saying is that if you don’t worry about the evaporation of the black
hole the formalism is fine.

fulling: Just calculate the expectation values of stress tensors.
parker: Once we get to the second half of your blackboard, then we do face the question of what

happens as the black hole evaporates and what’s left, do you get back all the information and so
on? Things like that.

fulling: As I see it the big controversy surrounds level number three and the issue of whether passing
to level number four will or will not resolve it. Are we agreed with that?
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whiting: I don’t think I quite understand your position even on (i), it may not be that it’s controversial
but I’d still like some clarification. Just purely classically, forgetting all quantum physics, we can
make black holes, classical black holes, different ways. Once we have a black hole we can’t tell
how it’s made. At a classical level I would suggest that in some sense that implies there is a loss
of information in having a black hole, because knowledge about how the black hole formed is not
determinable from the classical matter outside it. I wouldn’t say it’s controversial but I find it
difficult to vote in support of saying there’s no information loss at level (i) in this sense.

fulling: Certainly if we’re going to time-reverse the evolution we have to give some initial data. You
turn the picture upside down, stuff is coming out of the black hole. You have to say what it is.
It’s not determined by the black hole.

whiting: If you’re asking is it deterministic then I would say yes.
mersini-houghton: If I understand Stephen, if you include quantum fields on curved spacetime you

will end up with Hawking radiation and that produces the time asymmetry in to the setup of
the problem. You cannot reverse the situation. If you have classical physics only then you can
always reverse.

whiting: Right, but above level (iii) he’s not allowing evaporation.
mersini-houghton: He is allowing it, quantum fields on curved spacetime produces particles.
whiting: No, level (i) and (ii) have no backreaction.
mersini-houghton: Yes, backreaction is a different story. Just a quantum field on curved space

would give you Hawking radiation.
fulling: You’re arguing about the definition of evaporation. I have Hawking radiation but I’m not

allowing it to change the background spacetime.
ford: Even for level (i) I think you need to be a little clear about what we’re just talking about. If

you have a classical black hole then in a sense you do have the paradox that Jacob Bekenstein
identified. Namely, before there was any notion that the black hole had any entropy you could
throw hot objects in to the black hole and decrease the entropy of the universe. Now of course
Jacob saw a way to correct that by assigning an entropy to the black hole. So I think even at
level (i) there is a potential paradox if you don’t include Jacob’s idea of black hole entropy.

mottola: To follow up on that, it seems to me the logic of your position is: who cares? Entropy
decreases because it goes through the singularity and I don’t care about the second law at all, it
goes in to some other space or god knows where, it doesn’t matter to me on the outside.

fulling: I could shoot hot matter off to infinity too and say that it’s no longer relevant.
whiting: So on point (ii) you would argue that you have outgoing radiation but you have something

totally unphysical. The total energy in that outgoing radiation is infinite, so this state that
you put on this spacetime is nothing that we could build physically or would be interested in
physically. You may be able to define it, but it’s relationship to physics is thin. To say that
it implies you have outgoing radiation in a spacetime is, I think, not possible. In a physical
spacetime.

fulling: You’re saying the Unruh state evolves in to something that is singular on the horizon?
whiting: No, I’m worried at I+. You say you have outgoing radiation there and the total energy. . .
fulling: It’s not infinite density. It goes on forever, eternally.
whiting: The total energy going to infinity is infinite and we can’t create states like that.
fulling: If you don’t have backreaction then you’re not going to have energy conservation, in that

sense. You still have energy conservation for the scalar field because of negative flux over here,
but you’re right there’s an infinite amount going out.

parker: Can I make a suggestion? The big question is what happens after the black hole starts
evaporating and so forth, and you might say that the no-hair theorem is false because, at least
in the way that Stephen Hawking is looking at things now, you’re actually saying that there is
some kind of hair on the event horizon of a black horizon. These sort of holographic remnants,
you might say, of what went in. Well that’s a violation, in a way, of the no-hair theorem. The
no-hair theorem doesn’t work in that case, you can’t prove it. I think this is one way of getting
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a solution to the problem and it would be very interesting to see if it works. It’s a very natural
kind of solution, there are other possible solutions as well.

fulling: I’m about to turn matters over to other people because, as I said, I don’t know much below
here but I see Paul has something to say.

davies: I wanted to hear what you had to say about (iii) and (iv).
fulling: Oh, well what I have to say about (iii) and (iv) will not be at all conclusive but I come

as an emissary from another conference. There were two conferences on this same topic this
month and I believe I am the only person who attended both. You may think of me as the
last photon that arrived before these two groups went over each other’s respective horizons. The
conference was two weeks ago at the Perimeter institute and was in honor of the 70th anniversary
of Bill Unruh. Heavily represented there were people like Bill Unruh and Bob Wald who believe
that information is lost in singularities, even in quantum gravity, and it’s not a problem. They
were feeling so strongly on this that I got the impression that when I got here I would face the
opposite party and the room would be full of people who were violent proponents of firewalls and
fuzzballs. That is not what happened. There have been people talking about firewalls but I get
the impression mostly grudgingly, trying to defend the more traditional general relativity and
quantum field theory from the more modern speculative ideas. What I want to do is just briefly
report my understanding of the other position as represented extremely well by Bob Wald and
his previous talk at the Santa Barbara workshop and list the alternatives for dealing with steps
(iii) and (iv).

parker: You’re saying they argued that there is no information paradox?
fulling: That there is information loss and you shouldn’t be upset by that.
mersini-houghton: Stephen, before we move to (iii) and (iv) can we take a vote on: is there an

information loss paradox with this open minded crowd here?
fulling: We’re still up here?
mersini-houghton: Yes. Let’s take a vote.
fulling: Okay, is there an information loss paradox at level number (i).
whiting: There is information loss but it’s not paradoxical.
fulling: I tried to place the emphasis on the paradox rather than on the loss.
bardeen: There’s certainly a paradox if you have Hawking radiation going out to infinity and youre

not having backreaction. That’s a paradox.
fulling: That’s a breakdown of the model, surely, but whether it’s actually a paradox. . .
mersini-houghton: Let’s take a vote.
fulling: Okay, vote on number (i), yes there is a paradox or no. On number (ii), yes there is a

paradox, no?
bardeen: Repeat the statement please, I don’t know what I’m voting on.
davies: I want to hear about (iii).
fulling: Is there a paradox at this level?
duff: How would you describe Stephen’s first paper?
fulling: His first paper, I don’t remember everything that was in that paper but I think the original

paper was at this level [(ii)] and then there was later paper at this level [(iii)] which was the one
about breakdown of predictability.

davies: Can we hear about what Bob Wald says?
fulling: Yes, this is Wald’s hierarchy, for lack of a better word, slightly edited by me. I will write

things in the opposite order from the order he gives them. Starting with zero which is his own
position, that information is lost in singularities even at level (iv). His mantra is: the creation
of mixed states from pure states by tracing out certain degrees of freedom is not a breakdown
of quantum physics. It is a prediction of quantum physics. There is no reason why one should
start modifying agreed-upon quantum physics and agreed-upon general relativity at the level of
a macroscopic black hole where we think we understand things in order to try to avoid that.
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mersini-houghton: Can I ask a question there? Unitarity is also a prediction of quantum physics
and that’s violated by singularities.

fulling: No, when you go from a Cauchy surface to something smaller you should go from a pure
state to a mixed state. That’s what quantum physics says. It’s not a violation. It just means
you’re looking at a subsystem. Let me go on to complete this list.

(0) Information lost in singularities.

(0.5) Baby universes.

(1) Remnants.

(2) Final bursts.

(2.5) Fireworks.

(3) Firewalls.

(4) Fuzzballs, EPR = ER.

The next one is remnants, where the idea is quantum theory modifies the collapse to such extent
that the singularity is averted and you have something left over, Planck sized something or other
left over. I would put up here something he didn’t mention, but Paul has mentioned, which is baby
universes, where the missing degrees of freedom are somewhere they’re just not connected to our
universe. Then there is what we can call ‘final bursts,’ which says that something happens in the
very late stages at Planck scale, or somewhere getting down towards Planck scale, that causes the
black hole to explode, dissipate, or whatever. The partisans of this are, of course, Hawking since
2005, Bardeen, Hayward, Frolov, and others. I’m going to put another line. Then the remaining
things are those that propose drastic modifications of physics at fairly early times, when we are
looking just at traditional macroscopic black holes. We’re going backwards in time here, the
farther you are on the list the earlier and more drastic the modification is. So the firewalls go
here, the fuzzballs and EPR = ER, wormholes, go there, and I think we should insert here Laura’s
fireworks. This [(2.5)] is a kind of burst, but it occurs much earlier than this[(2)]. Here is where
the controversial line is. The position of Wald and Unruh, with which I’m sympathetic although
I don’t know enough to make a strong statement in that direction, is that all these things below
the line are rather drastic modifications of what we think we know. These above the line are all,
for some reason, regarded as physically unsatisfactory by the proponents of these below the line.
I think at that point I should surrender the floor to other people who have more to say. Wald’s
position is this [(1)], but he also will allow one of these above the line but say ’I don’t see that
it solves any interesting problem.’ He doesn’t really say that these are impossible. My personal
position is that it might well happen, for all I know that when the full problem is solved quantum
theoretically, the outcome might depend on the initial conditions, say the mass of the system
just as for supernovae. If you have a fairly small star you have a nova and it collapses to a white
dwarf, if I remember correctly, if it’s bigger you have a supernova and it goes to a neutron star.
I don’t see why you can’t also have some systems that go to true singularities and some that go
to remnants and bursts. Now I’m just speculating completely beyond my expertise and so I will
sit down and shut up.

ford: I don’t think I have any great pronouncements to make. I can spell out, very quickly, my
position on many of these questions, the bottom line is I don’t know. Early on, if you asked are
there paradoxes at the classical level or at the level of quantum field theory in curved spacetime,
I think not if you have defined things carefully. At the classical level, as long as you understand
there must be a resolution to the Bekenstein paradox and black holes must have some kind of
entropy, then there isn’t a classical paradox. At level of quantum field theory in curved spacetime
without backreaction, as long as you say there must be some backreaction someplace but we’re
not yet taking it in to account then there’s no paradox. Where things get tricky is then when
you include backreaction and you ask what’s going to happen to the black hole, then things are
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a lot less clear. I think I would add one thing, though, to the list there and that is the issue:
can there be correlations in the outgoing Hawking radiation? Certainly the typical thing that we
might think of is, we take a piece of paper and write a message on it and then burn the paper.
Atomize the ashes. Then nobody feels that that’s paradoxical, where did the information go?
It went off in phase relations between the various photons which we have no hope of catching
them, but they’re there. That could well happen with the Hawking radiation for some reason. If
I understand things like Gerard ’t Hooft’s resolution, presumably the only way to use Malcolm
and Stephen Hawking’s ideas on supertranslations, is that these have to leave an imprint on the
outgoing Hawking radiation. How that happens and whether there is a plausible mechanism, is
not clear. That’s, I think, kind of the level, of course for a full quantum gravity it’s too early to
speculate. I think that’s about all I can say.

mersini-houghton: I can ask a very simple question. Back in the 70’s when you were all working
on deriving black hole radiation from quantum field in curved spacetime, what is the origin of
Hawking radiation? Is it produced during the collapse of the star? Is it produced long after the
black hole has formed and the horizon and singularities are there? Is the collapse crucial, do you
need that in order to produce particles?

whiting: I think we tried to answer that in this very simplified model we did with Chris Stephens
and ’t Hooft where we collapsed a shell to some point and then, by acting as supreme beings
we reversed the shell and made it go out. Almost everywhere this spacetime obeys Einstein’s
equations except at the bounce. What we found is as we allowed the bounce to go closer and
closer to the horizon that the outgoing quantum state became more and more like a thermal
state. In this geometry there was no horizon anywhere and there was no singularity, well there
was a singularity at the point of the bounce, but there was no horizon. Even though the outgoing
state became more and more thermal, a thermal distribution, globally we had a unitary evolution
so there had to be correlations that we couldn’t find, spread all over I+ that preserved the pure
state even though locally next to the bounce, the radiation became more and more thermal-like.
I think we know the answer to that.

mersini-houghton: Thank you. So the collapse of the shell was important and I know Philippe has
a beautiful review of the subject, I think you calculated Hawking radiation in your review paper.

spindel: I think it’s a kind of re organization of the definition of vacuum according to the Cauchy
surface you consider. If you remain outside and make only measurements outside the horizon
obviously you have to trace on the inside Hilbert space and this produces an effective thermal
distribution. It’s mainly our definition of the vacuum that you need when you evolve in the
collapse framework.

davies: What Bernard was saying, you can do the same thing with an accelerating mirror. You can
pick one that gives you something very close to thermal output, and then just smoothly join it to
a uniform velocity at the end. All is good up to that point. It doesn’t seem to be connected with
the horizon. Another telling case, I had a student many years ago look at uniform acceleration in
a compact space. So there is no horizon because you go around and around and the light cones
go around and around, again you get the thermal result. In that case you accelerate forever. You
get the thermal result, but in that case it’s thermal radiation appropriate to a compact space,
you have discretized modes.

mersini-houghton: But the acceleration is crucial, one obviously could not get particle creation if
the mirror was not in uniform acceleration or if the star is not collapsing.

davies: Right, but I must take you to task about your terminology which a lot of people conflate.
When they say the origin of the Hawking radiation, what do you mean by radiation? Are you
talking about particles, or are you talking about energy fluxes?

mersini-houghton: Well the stress energy tensor is the only thing that makes sense in this case
because particles don’t have a meaning.

davies: Right right, a lot of people just flip from one language to the other which confuses lots of
people. And if we’re just clear about there is a Tµν , in two dimensions we can write it down.
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You can argue, and Stephen Fulling was taking me to task about how to represent the terms in
that, you know, where they most appropriately belong and so forth, and that’s possibly an issue.
But it’s only an issue of semantics really because it’s there for all to see. We can predict from
those calculations exactly what any given observer moving on any trajectory is going to see and
everything has got to be self consistent because it’s a covariant object, the expectation value of
Tµν .

ford: I had a comment on those models. An important part of that is that what you’ve discussed is
only one side of the mirror. Those particular trajectories are ones that accelerate away from an
observer and emit a thermal spectrum of particles, let’s say to the right, but of course there’s
also correlated radiation going off to the other side of the mirror. As long as you take those in
to account there is always a pure state. And including if you wrap around the universe if you
include what goes off on both sides of the mirror then definitely everything stays in a pure state.
It’s just that in this model the thing that goes off to, let’s say, the left side of the mirror, or
away from the mirror, is analogous to what goes down the horizon. Except here it’s not lost, it’s
available to be caught later.

parker: Can I just make a comment? When I was working on my PhD thesis in the 1960’s I worried
about something like an information loss. Namely, pairs of particles are created by the expanding
universe and one pair goes off in to the distance and the other one is near us, say, so we can’t ob-
serve the other member of the pair but it’s correlated. If you look at the Einstein-Rosen-Podolsky
paradox, I was wondering is there any kind of correlation where if we make a measurement, or
rather if somebody in this galaxy far away that we don’t see, makes a measurement of one of
those photons in that pair, it’s correlated with the photon sitting here in our galaxy or coming
toward us and we should then have our photon somehow correlated. There’s no obvious way to
get the correlation between the two because of relativity and so that brought me to the question
of what’s going on, how do you end up destroying such correlations between the particles in
the pair created? At that time that was sort of like an information paradox. It reminds me
of what goes on inside the horizon of a black hole and outside, this question which has come
up about the correlations between the members of the pair. It seems to be no problem in the
expanding universe, I guess, ultimately. I had a solution, you can solve the problem in another
way in the expanding universe. But I guess for the black hole it doesn’t work because of the total
evaporation that’s supposed to take place. Anyways, it’s interesting.

fulling: Since the Penrose diagram of star collapsing to a black hole is on the board I want to make
a quick comment following up on Paul’s comment in response to Laura’s question. I put in a
collapsing body. I just want to say that I believe very strongly in this picture that I drew with the
blue arrows, where there is something going in to the black hole out here. It is not originating
in the body. I believe that, because in the two dimensional model I can calculate it exactly.
No approximations. No uncertainty in what the formulas are. It’s very simple formulas and
they describe this. Positive flux going out here towards I+, negative flux going here over the
horizon, in to the black hole. This positive flux does not originate down here near the collapsing
body. Let me remove that. I understand, Laura, why you’re concerned about the fact that the
curvature that is acting as the source of this. And that was another big contribution of Bill
Unruh’s, to notice that in two dimensions, specifically, the conservation law for the stress tensor
is a set of first order differential equations that tells you that the Tvv and Tuu, the independent
components of the stress tensor that are not determined by the curvature, are determined by first
order equations that have the curvature scalar itself as the source. Your question, as I understand
it from your question of Leonard several days ago: how is it possible that this phenomenon is
not invariant under time reversal? Why does the radiation go in to the future and not in to the
past? The point is that this is a very special situation which is similar to classical radiation from
a uniformly accelerated charge and also analogous to the quantum field theory phenomena called
the Klein paradox or the Schwinger effect where there is a degeneracy of the vacuum state. For
thermodynamic reasons we usually assume that you start with nothing and radiation comes out.
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But there are other solutions in which the radiation is coming in and disappearing and other
solutions in which you have as much coming out as you have coming in. That’s a very close
analogy to the distinction between the Hartle Hawking state and the Unruh state.

mersini-houghton: So are you saying that the collapse is not crucial to obtaining Hawking radiation?
fulling: The role of the body, the collapsing body, is to produce a Schwarzschild metric that extends

all the way down to r = 2M . Once you get that vacuum solution, in two dimensions it’s not a
vacuum solution but it is essentially a reduction of the four dimensional vacuum solution to the
t, r plane, then you can do quantum field theory in that background and you find this kind of
Hawking effect. But you don’t need the body to produce the particles directly, it’s a two step
process.

mersini-houghton: When we do the calculation for the quantum field we define the state at past
infinity. Suppose you choose the Unruh vacuum, then you discover what happens near the surface
of the collapsing star.

fulling: In the Unruh vacuum you don’t even need a collapsing star.
mersini-houghton: Yes, that’s my question. Then you sit at future infinity with a detector that

clicks when a Hawking radiation particle arrives there. Are you claiming that you can actually
get the Hawking flux without the collapse phase? Is that what you are saying?

fulling: Yes, if you take the Unruh vacuum in the full spacetime without any collapsing body there
at all then you get that result. You also get it if you start with a static star back here and then
allow it to collapse. The point of the Unruh vacuum was that it mocked up that result without
actually having to consider the collapsing body explicitly.

mersini-houghton: So a static object, or nearly static object such as black hole, would give you the
Hawking flux?

fulling: It’s not really static.
mersini-houghton: Well it evaporates, a solar mass black hole takes 1075 years to evaporate. That’s

pretty static.
fulling: If you start with, say, a neutron star or something, and then it collapses, then it’s not a

static situation.
mersini-houghton: No no, we’re going in circles now, I said forget about collapse because you claim

the collapse is not important. We start with a static star and then have this nearly stationary
black hole.

fulling: I’m saying ignore the star entirely. Don’t worry about it.
mersini-houghton: Yes, so you still get the Hawking flux.
fulling: The point is, you have a horizon. You have something that looks like the Schwarzschild

metric including the place where the coordinate system changes from static to. . .
mersini-houghton: Yes, that’s exactly the situation I’m looking at. You have a static star and then

there is a black hole, no collapse. The black hole takes such a long time to evaporate you can
think of it as nearly stationary. Are you claiming that you start with nothing and suddenly there
is a Hawking flux for this nearly stationary black hole without collapse?

fulling: I’m claiming, and I’ll probably get the formulas wrong, but the basic formulas are ∂
∂vTvv = R

plus metric coefficients and so on that I don’t remember.
mottola: The point is the equations are time-reversal symmetric but it’s not the initial that you’re

imposing, you have to argue that those are the right conditions to impose. You could argue about
that. But the initial conditions that are being imposed are time asymmetric.

fulling: Thank you, that’s precisely my point. Thank you for making it more clearly.
bardeen: Right, so if you really have a static star then there is no Hawking radiation. There’s also

no horizon. But the existence of a future horizon means that the spacetime is not static because
there is that region inside the future horizon that is definitely not static.

ford: I think there is no plausible way to generate the Unruh vacuum without collapse.
mersini-houghton: Exactly.
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ford: Formally I agree with what Steve’s saying but I don’t think in terms of physics without collapse
you have any plausible way to get an Unruh vacuum state.

mersini-houghton: That was the question, can you get it without collapse?
ford: In that sense the collapse is absolutely crucial.
fulling: I agree with Larry but that doesn’t mean that the outward radiation flux is originating inside

the body.
mersini-houghton: I never made a statement about it originating inside the body, I was just inter-

ested in the time when that is produced.
ford: I think there is one thing, of course the original Hawking derivation from the problem of trans-

Planckian modes. That is, the modes that enter the body have to be extremely high and then be
redshifted. Of course, as Jim pointed out in his talk, it’s not very well defined where the particles
are created. They’re apparently created somewhere in this region outside the collapsing body.

mersini-houghton: No, that problem it’s easily addressed by speaking in terms of the stress energy
tensor. The average wavelength of those particles is bigger than the size of the star so of course
it doesn’t make sense to say they are produced inside or outside or somewhere 3M away.

ford: There is a difference between the stress energy and particles, we have to be careful about that.
I think there is one thing that I don’t think has been mentioned in this meeting and should
be brought up, that’s the Corley and Jacobson idea to get rid of the trans-Planckian modes by
having a nonlinear dispersion relation. Of course that has its price, it means you’re giving up
local Lorentz invariance. But if you do that, they’ve shown that you can in fact get Hawking
radiation without trans-Planckian modes through a mode regeneration mechanism that creates
the needed modes just when they’re needed to be populated. Of course they still need the collapse
in order for their process to work but it’s happening outside the star and you don’t need these
modes at very high frequency skimming close to the horizon in their model.

mersini-houghton: Just one comment, there is still confusion about that: how important the collapse
is to actually producing the flux, to the point that you’ll hear people bring up the analogy with
the Schwinger pair creation. That argument goes: well you can get a Schwinger pair created
under a constant electric field. Again the confusion there is the electric field might be a constant
but the potential associated with it is not. That’s exactly what is producing the Schwinger pair.
I just wanted to make the point.

mottola: No, I disagree with that. The gauge invariant quantity is the electric field. Once again the
boundary conditions, the initial conditions, that are asymmetric.

mersini-houghton: The electric potential is not though.
mottola: You can do it in a static gauge, that’s a gauge dependent statement. The electric field is

time-reversal invariant. A constant, uniform electric field is a time-reversal invariant state of the
field and there exist states in which particles are coming in from infinity and being destroyed,
but you don’t use those states because you think that’s unphysical and you put a different initial
condition in which the particles are created. I think the situation is analogous here. I think it’s
less clear, to me, so I’ll use this opportunity to say I would like to add one more thing on that
list, which I’m sure from your point of view is the most extreme. That is that the Unruh state is
not necessarily the unique initial condition and there are nearby states in which there are large
effects near the horizon and something may happen at the horizon at formation. Now the only
reason that’s considered extreme in this community is because physics is upside down. You’re
willing to accept singularities, you’re willing to accept information loss which usually in other
areas in physics would be considered a problem. But if you take that point of view then having
something happen at the horizon looks extreme. On the other hand, trying to explain things
by what I would call ‘normal physics,’ namely counting states and ensembles we have about 150
years of experience with, that is the way normal physics works. Not information being lost and
singularities. But that’s my pitch, I’ll end.

stodolsky: I have a question that maybe somebody here can answer, but before I get to my question
I want to say that I agree with Larry about what he said a few minutes ago about burning the
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piece of paper. That’s what the point I was trying to make with my example a couple of days ago
about a uranium anti-uranium nucleus producing a pion gas. It’s very easy to start with a pure
state and get something that looks thermal. There’s no big mystery about the whole thing and
think that is what Larry was trying to say. Anyway, here is my question: in atomic or nuclear
physics when we emit a photon we say the photon is emitted in the s-wave or the p-wave. It has
angular momentum zero or one or two. Can somebody tell me what is the angular momentum
of the photons from Hawking radiation? If you naively multiply the energy times the size of the
black hole you get a rather low angular momentum which would mean that there are correlations
in some sense in different directions.

ford: It’s emitted in all l modes but the angular momentum barrier highly suppresses the very high
modes.

stodolsky: So I made a mistake? The angular momentum is not low?
ford: It’s intermediate, but it’s a range of angular momenta.
stodolsky: Okay so then you’ve got correlations, some kind of quantum correlations in different

directions. This question, originally I was asking Jim at breakfast to explain what Hawking said
and there was something happening on two-spheres at infinity which of course you would get if
you have spherical harmonics with low angular momentum. Where is the peak of the angular
momentum distribution you’re talking about?

ford: I think it depends a little bit on the spin of the field you’re dealing with but it’s on the order
of a few.

stodolsky: Let’s take spin zero fields.
ford: Jim do you remember?
bardeen: I’m not sure.
davies: We can just Google it.
stodolsky: The angular momentum is a dimensionless number so it must be some number you

concoct up from existing quantities.
bardeen: If you’re talking about electromagnetic radiation there is no s-wave, for instance.
ford: Yes. The angular momentum barrier is proportional to l2 so it’s going to grow very greatly as

l gets large compared to 1. If you want a number: 2, 3, 4. Something like that.
stodolsky: Yes, that’s what I sort of got. Does that mean then that if you have low angular mo-

mentum, of course there’s some kind of correlations in different directions.
bardeen: In the case of Hawking radiation it’s very difficult for high angular momentum particles

with the Hawking energy to get through the potential barrier. It’s a very large centrifugal barrier
centered around r = 3M which prevents modes from going from inside to outside. Most of the
Hawking radiation you expect to be in the lowest possible multipoles.

stodolsky: Yes, so then you’ve got correlations in different directions. There’s some kind of coher-
ence.

mottola: There’s nothing unusual about that.
stodolsky: No, but it means that there’s something coherent in the problem, right, with respect to

different directions.
bardeen: Sure, Hawking radiation does not come out in one specific direction. The quantum state,

as it evolves, you have the Hawking radiation going out in all directions. There are correlations
between different directions but you can’t say that a given Hawking quantum comes out in a
particular direction. It comes out in all directions.

stodolsky: Yes but when you have an atom decaying in the s-wave of course it’s equal in all directions
but there’s a certain coherence in which you don’t have a totally random statistical emission.

bardeen: Sure. In connection with what Emil was talking about, the fact that you have the Unruh
state which is well behaved on the horizon and then neighboring states which aren’t. There’s
an interesting paper by Lenny Susskind which came out in July called ‘The typical state para-
dox, diagnosing horizons with complexity.’ As a typical Lenny Susskind, paper there’s a lot of
conjecture, but I think it is an interesting paper and addresses this issue of how most quantum
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states in the vicinity of the horizon will involve things like firewalls and very messy physics. If
you’re talking about something evolving from nice initial conditions, as in the case of the Unruh
vacuum, then while there may be some tendency to develop in to these much more complex
states, the timescale for that, he argues, is much longer than the evaporation time of the black
hole so it’s not really relevant to the evaporation problem. If you’re interested, read the paper.

mersini-houghton: We have about three or four minutes left for this session so I’m wondering if we
could go quickly through points (iii) and (iv) in what Stephen wrote. I can say something about
point (iii), we had three people talking on Monday about it. I suppose the problem is very well
defined, there is a collapsing star or a black hole and there is a Hawking flux associated with
it, the question is how does that flux modify the evolution of the star, of the collapsing star or
the black hole. In terms of procedure and formalism, all we have to do is solve a set of Einstein
equations and the stress energy tensor conservation, and we are done. Whatever comes out of
it that is the answer. We saw three different approaches to the problem of the backreaction, by
Gerard ’t Hooft, Jim Bardeen, and myself. They look different, I am curious I think there is
quite a bit of overlap between the three approaches. For example Jim and I were both talking
about negative energy fluxes going in to the hole and doing something to the interior. That will
be an interesting problem, to see how the three approaches overlap. When it comes to point
(iv), quantum gravity, I think you may have noticed, that word always comes up when we are
stuck with a kind of problem that we either don’t understand or where our theories break down,
such as Einstein’s theory of gravity and quantum field theory. That’s almost like a code word
for saying we don’t understand singularities and we don’t understand what happens to these
trans-Planckian modes being blue-shifted to infinite energies near the horizon. I suggest we take
a vote on singularities. We all know that mathematically we do end up with singularities at the
center of a black hole, that’s been known since the 1930’s, but mathematically and physically are
two different things, and we have learned that not all mathematical objects do necessarily exist.
I’d like to take a vote on how many people think there are really such physical objects in the
universe, singularities.

bardeen: In terms of backreaction I would just say that given, as I believe along with Stephen Fulling,
that Hawking is not generated in a collapsing star, and you can calculate the backreaction
using the semi-classical energy momentum tensor. It does not have any singularity near the
horizon, the fractional effects are of order mPlanck/M

2 in a freely falling frame, and you can
calculate the evolution of this assuming that since the semi-classical energy momentum tensor
for a Schwarzschild black hole is spherically symmetric, you can still have a spherically symmetric
spacetime, to first order anyway in the backreaction. You can calculate the change in the metric as
a result of the backreaction using the Einstein equations, again just to first order outside, what I
claim the semi-classical approximation allows you to do. But it’s a straightforward calculation and
you find that nothing strange happens. The geometry stays Schwarzschild, with small corrections.

ford: If you’re asking about mathematical singularities in classical relativity I think, like most people,
I would say that quantum gravity probably has to do something to it. Probably close to the Planck
scale. But what, I have no idea. And whether that would solve an information problem is also a
lot less clear. I think I would have to turn in to something else but what is not clear at all to me.

duff: I dont know the answer to the information paradox any more than the rest of you but one
question I would ask is: in looking for a theory that might give us the right answer, does it first
give us the right answer for the microscopic Bekenstein-Hawking entropy? If it doesnt do that,
its chances of answering this more difficult question are not very high. Now string and M-theory
have an answer to the first question, maybe there are other theories that do. But Id like someone
to address the question of how they think theyre going to solve the information paradox without
first solving the entropy problem.

ford: Let me just comment quickly on Mike’s question. Certainly string and M-theory have a calcula-
tion of entropy for extremal or near-extremal black holes, so it’s a partial answer, but it appears
that it’s a state counting argument. It would not surprise me to expect that there are a lot of the-
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ories that, when they’re worked out, will be able to do similar state counting arguments. I agree
that that’s something that is a necessary requirement but I think it’s far from sufficient. You
need a lot more than counting states to be able to say what’s going to happen near a singularity.
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7.2 Status Report
Stephen Hawking

It has been a pleasure for me to participate in the Hawking radiation conference and spend a week of
intense discussions with old friends and colleagues on fundamental problems in black hole physics. It is
many years since we experienced similar excitement on this topic in the forty years since Hawking radiation
was discovered. As is often the case, a breakthrough in an important field creates a set of new and more
difficult puzzles. In this case, the discovery of Hawking radiation leads to the mystery of the information
loss paradox.

Soon after I discovered that black hole’s evaporate I realized, since we cannot measure the quantum
state of what fell in the the black hole, then we could not recover this information when the black hole
had completely evaporated. I raised this concern in my paper ‘Breakdown of predictability in gravitational
collapse’ in 1976. There is a whole body of literature dedicated to the information loss paradox ever since.
Various attempts to solve the problem have been tried and have, so far, failed. The problem was recently
restated in the more dramatic description of firewalls around a black hole. In Jan 2014 I suggested that
black holes may not exist at all. Such a possibility requires a precise understanding of the origin of Hawking
radiation and implies that singularities do not exist. The singularity theorem can be evaded by quantum
effects. We heard three talks on Monday by ’T Hooft, Mersini-Houghton, and Bardeen exploring such a
possibility through backreaction. The overlap in the approaches in the three proposals remains to be further
explored.

Hawking radiation observed at future infinity is produced by vacuum pair creation near the surface due
to the changing gravitational surface near the collapsing star, as I described in 1973. The precise location
in the exterior where pair creation takes place, cannot be given accurately since particles lose meaning in
curved spacetime. But the stress energy tensor is well defined locally. That the process is asymmetric in the
collapse phase is crucial to particle creation and the breaking of symmetry. When the star has collapsed into
a black hole, the horizon temperature is given by the temperature of the thermal bath of Hawking radiation.
The average wavelength of the produced particles for a star with mass M is about order M , and the time
interval during which the star collapses is order of M−1, and thus the uncertainty principle is satisfied.

Black holes are not stationary. They evaporate, albeit very slowly. A solar mass black hole takes about
1075 years to evaporate. Since black holes evaporate, the process of pair creation continues although at an
incredibly low rate.

Indirect evidence suggests that black holes exist. We will soon know the answer to this question ob-
servationally when data from the Event Horizon Finder experiment becomes available. Even if black holes
exist, information about the particles that fell in them is not lost. I described my proposal for solving the
information loss paradox on Tuesday.

The solution to the information paradox lies in the supertranslation invariance of the gravitational scat-
tering matrix that connects the ingoing and outgoing particles. I realized that the BMS symmetry, with
supertranslations as its subgroup, can be defined on the horizon of a stationary black hole. Every time an
ingoing particle falls through the horizon, the horizon shifts by a certain amount. A supertranslation moves
each point of I+ a distance α to the future along the null geodesic generator of the horizon on I+. This is
equivalent to the advanced time v being shifted by an amount α where α is a function on the two sphere. The
information about the horizon shift induced by the incoming particles falling though the horizon is stored
in the supertranslation. This corresponds to a delay of the emission of the wavepacket registered as part of
Hawking radiation at I+. The information about ingoing particles, registered in the form of emission delays
of the outgoing particles, is scrambled. Although scrambled, this information is fully recovered since the
scattering matrix is supertranslation invariant and thus preserves unitarity. A cutoff of high energy modes
near the horizon is not needed. I conclude that the solution to information loss paradox is supertranslation.

The solution of the information paradox can be applied to a black hole on any background, including
those that are not necessarily asymptotically flat.
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7.3 Concluding Remarks
Paul Davies

davies: Ladies and gentlemen let me first start by thanking the organizers of this meeting. It has
been quite an exhausting week, five and a half days, I think I’ve probably heard as much about
evaporating black holes in the last five and a half days as I need for the next forty years. But
we’ve certainly done the subject proud. Of course we wouldn’t be here if it were not for Stephen’s
work forty years ago. The worst part of every conference, I’m sure you’ll all agree, is the group
photo and you’ll remember this being done a couple of days ago. I dug this one out, this is
another group photo from 1970, summer of 1970, and here is Stephen in the front row with
Martin Rees and there’s a very youthful looking Paul Davies standing in the back. It’s a pleasure
to be here all these years on and to be with so many old friends and colleagues, Stephen in
particular. Thank you Stephen for summing up so well in the last ten or fifteen minutes what
your position as regards the whole black hole information issue.

I want to take a somewhat broader sweep and what I have prepared here is a mixture of things
we’ve been talking about over the last few days and one or two things we have only just touched
upon, so these are really what I would regard as un-resolved issues. I think this subject is not
closed, there’s still plenty of work for young people to do which is good.

Let me begin first with the observational aspects. A lot of people forget that Stephen’s first
paper on this was called black hole explosions and there the emphasis was less on things like
information, more on whether it might be possible to observe the end-state of black holes as an
astronomical phenomenon. Now the point here is that if microscopic black holes were to form in
the very early universe then over the age of the universe the runaway evaporation process would
become quite explosive and they’d disappear in a puff of charged particles. If this takes place
in an astronomical background magnetic field then there would be a pulse of electromagnetic
radiation which could be detected and observations were carried out to see if this phenomenon
was taking place. It would be truly wonderful if such pulses of radiation were detected. Well
that whole subject sort of faded away, partly because I think people exhausted the observational
capabilities although that could be easily resurrected with something like the square kilometer
array, but I think also because of a general sense that microscopic black holes were unlikely to
exist. These would be primordial black holes made in the very dense phase just after the big
bang. Current thinking is that they’re probably not there. But I wonder if we’re being a little
too quick in dismissing the possibility of black holes of subatomic dimension. So maybe there is
still room for resurrecting this observational program.

I don’t want to dwell anymore on that because mostly the people here are theoreticians and we
have all sorts of discussions and I’m not going to summarize the back and forth of the last several
days about the information paradox, breakdown of unitarity, existence of firewalls, the stress
energy momentum tensor and the backreaction, and a lot of issues that have swirled around
depend on the consistency of the semi-classical approximation and where it might break down.
Whether it breaks down at Planck scales or something above that. These are really unresolved
issues. I always remember Mike Duff years and years ago drawing caution to the use of the semi-
classical approximation in which we couple the expectation value of Tµν to a classical geometry,
and the circumstances under which that may or may not apply. I think there are many unresolved
issues around that.

The last one Stephen Fulling put in at point 1.5 or point 0.5 or something, he quite rightly says
that we really weren’t worried about information loss back in the good old days because there
was a singularity inside the black hole, the information could go into it and disappear. It’s true
that quantum gravity may change the singularity, and we don’t know in to what, but it’s entirely
likely that it changes it in to something with a more complex or complicated topology. These
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things come in to fashion and go out of fashion but there have certainly been phases when people
have thought of black holes as portals to other asymptotically flat regions of spacetime. Other
universes if you like, connected by wormholes or bridges or spacetime foam. There’s all this sort
of terminology, a lot of it going back to Wheeler in the 1950’s. We certainly cannot rule out that
even if the singularity is removed, that quantum gravity replaces it by a more elaborate topology.
Under those circumstances unitarity is meaningful, of course, only if we take a god’s eye view on
the entire spacetime and not just in our restricted region of spacetime. There seems to me lots of
escape clauses that could in the future be used to get around the information loss problem. For
those people that have a problem with it. Everyone here is working under the assumption that
quantum mechanics has got to be the correct and the ultimate theory of the universe as a whole
and it doesn’t break down anywhere on any scale or size or complexity or any other parameter.
If you go to the great wide world outside and you talk to physicists very few of them would
be so bold. I think they would all entertain the possibility that we cannot extrapolate unitary
evolution to the universe as a whole. I’m sort of agnostic on that point but many theoretical
physicists would think it’s simply going too far.

I want to turn now to some of the things that only got touched upon. In the discussion we just
had the question of trans-Planckian modes was raised. This is Stephen’s original construction
where we have to trace the modes from I+ back through the collapsing star to I− and perform a
Bogolubov transformation between the in-states and the out-states. This famously leads to these
exponential factors which is the same as the exponentially escalating red-shift and so what this
means is that Hawking radiation with, say everyday photon wavelengths out here, would lead to
stupendously high frequencies down here. The question is what should we do about this? Should
we simply say well this is just a formal mathematical construction, it doesn’t really matter, it
is just an intermediate part of a calculation which gives us a result which we believe and so
we’ll ignore this. And it has been largely ignored but Ted Jacobson has recently resurrected
it. It was pointed out way back in the mid 70’s that this is an issue which perhaps should be
addressed. What we would really like is to be able to derive the Hawking radiation by some sort
of alternative calculation that doesn’t get tangled up with this. The point being that if you put
a cutoff in here, say at the Planck length or a trillion Planck lengths, then this whole calculation
gets messed up. So that’s one issue I don’t propose any more about.

The question of gravitational entropy: so Fay gave us a lovely talk yesterday in which she
introduced this set of ideas that go all the way back to Tolman, really, in the 1930’s, but was
particularly championed by Roger Penrose in the late 70’s. The issue is very easily explained,
when we look at the history of the universe the state of the universe just after the big bang was
one of smoothness and uniformity, the ripples in the CMB, remember, are only one part in 105

or so. The universe starts out with matter and energy distributed very smoothly and then over
time the material is clumped together. This type of gravitational aggregation or clumping is
what drives most of the irreversible processes we see in daily life, gives us the so-called arrow
of time, and the natural end-state of the clumping is, of course, a black hole. We can think of
the black hole as the completion of the process of aggregation, and for the black hole we have
a precise formula for the entropy. Many people, and particularly, as I’ve mentioned, Penrose,
feel that somehow one ought to be able to capture the concept of entropy and inexorable rise of
entropy, in this case the inexorable rise of clumpiness, by some sort of measure of the degree of
inhomogeneity of the gravitational field. The square of the Weyl tensor was one idea that was
mentioned briefly in passing. This issue is unresolved. One of the big problems about trying to
generalize gravitational entropy from the black hole case to this more general gravitational field
is that the black hole formula has Planck’s constant in it and this is a collection of stars. There’s
no obvious connection here with quantum effects.

Yesterday Fay raised the issue about how far the generalized second law can be generalized. The
generalized second law, let me remind you, is where we include the entropy of black hole horizons
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with the overall thermodynamics of the system so that there can be a tradeoff, an exchange of
energy and entropy between a black hole and its environment. I think we all believe that if you
take the sum of the black holes and the entropy of the environment that the generalized second
law will be respected. That is, the total entropy is not going to go down. The question is:
is the horizon area always a good measure of entropy? In particular when we extend horizons
to cosmology and the classic cases, deSitter space, when we do that is it always the case that,
say one square centimeter of black hole horizon, is worth the same as one square centimeter of
cosmological horizon. If we wish to make a strong statement that the generalized second law
should apply in all cases to all horizons and all matter in the universe, can we use that as a filter
to rule out theories where that goes wrong? And, again, we had some discussion about that. I
want to just pick up a couple of points.

Let’s take deSitter space as the case that is much studied. It is certainly true that a particle
detector sitting at the center of coordinates in deSitter space will click click click and register a
thermal spectrum with a temperature that depends on the radius of deSitter space, or on the
cosmological constant, that seems like a very close analogy to black hole horizon entropy. It’s
been taken as such, I think, by most people since. But when you dig a little bit more deeply in
to this there are some differences, it’s not so completely clear. The first thing is that the stress
tensor that you calculate for the vacuum state that gives rise to the thermal response does not
correspond to thermal radiation. When you calculate the stress tensor of the Hawking effect
out at infinity it looks just like a flux of thermal radiation, or in the Hartle-Hawking case a
bath of thermal radiation. You might expect deSitter space to have a Tµν corresponding to a
bath of thermal radiation, it doesn’t. That would be that, that’s what you actually get. It just
renormalizes the cosmological constant. Is there an information paradox for deSitter space? Well
I’m not sure what that even means. You can allow a galaxy to go across the deSitter horizon, it’s
gone, it’s disappeared from your patch of the universe. How much information is hidden behind
it? Well, an infinite amount. So unlike in the case of the black hole where, as Bekenstein told
us many years ago, the implosion of N particles in to a black hole means we’ve lost roughly N
bits of information, in the case of deSitter space it seems to be infinite. deSitter space doesn’t
evaporate, it doesn’t give us back entropy in the form of thermal radiation that we might have
previously attributed to the horizon. So there are these differences and the question is do we
have any right, given the somewhat suspect nature of the deSitter event horizon, do we have any
right to suppose that a generalized second law will apply there as well?

Well this is a question that actually, and Larry Ford mentioned this a couple of days ago, that he
and I worked on quite some years ago because we looked at the case where there’s a black hole at
the center of the universe, so to speak, and here’s the deSitter horizon. So we have two horizons,
this one is hot and that one is cooler, there’s a flow of heat from the black hole to the deSitter
horizon and eventually the black hole evaporates and you’re just left with deSitter space. If you
want to be really clever you can put a shell of matter around the black hole, a static shell of
matter, and that depresses the effective temperature outside of the system so you can then get a
back-flow of radiation, the deSitter horizon can actually be hotter than the black hole horizon.
You can play those sorts of games and you can ask if there’s a tradeoff of horizon area, if it’s
going from here to here or the other way, if the black hole is giving some of its horizon area to
deSitter space or vice versa, will the books always balance?

I don’t know if Larry Ford has the same recollection as I do, but I think we were working in
Newcastle and we had all the equations up on the board and it turned out that Don Page was
coming. This is a story about Don Page which you may appreciate. Don Page was coming to
give a seminar and he walked in and said ‘What are you doing?’ and we explained this, he took
up the chalk and he started writing on the board and then he wrote more and more and we sort
of sat back. He covered the entire board with chalk and then at the bottom ‘greater than or
equal to zero.’ That’s it. Proved. It’s a typical Don Page story that one. That’s the paper that
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came out of it.

Anyway, the upshot is that if you try to look at the interplay between black hole horizon and
deSitter horizon everything comes out in the wash. Some years later with Tamara Davis, who
incidentally was at Nordita when it was in its Copenhagen phase, and Charley Lineweaver, we
looked at a gas of black holes in a universe with a cosmological constant and then just evolved
that with the Friedmann equations. Thus allowing the gas of black holes to disappear across the
deSitter horizon and taking their entropy with it. Then the question is, does the deSitter horizon
increase in area enough to pay for the black holes that you’ve lost touch with? The answer is:
yes it does.

So all that seems good. But now, okay we can believe that it may work with deSitter horizons
because they’re sort of more or less static, but what about more general cosmological models
where you have an event horizon but it’s time dependent? That would be a situation, for example,
if the dark energy were not to be precisely constant. You can still have a horizon but it becomes a
time dependent horizon. What happens then? That’s something I took a look at some years ago.
You can define an instantaneous horizon, incidentally the question about the teleological nature
of horizons came up at this meeting. I think it is really important to remember that a horizon is
the boundary of the past of I+ and it depends on all the things that are going to happen in the
future. A lot of the difficulty, I think, in wrapping our heads around what’s going on with black
holes and so forth is that somehow whatever is happening when we’re talking about a horizon
has no local significance, only globally it’s defined. You might imagine that in the case where the
horizon is time dependent, as it would be in this case, that’s the horizon radius and this is the
conformal coordinate defined in the familiar way. You can define a horizon like that. You might
expect under those circumstances there would be maybe a violation of the generalized second
law but it turns out that there isn’t. So long as this energy condition, ρ+ p ≥ 0 is satisfied then
the horizon area is non-decreasing with time. This is like a cosmological version of the Hawking
area theorem. I can give the reference to that paper to anybody who wants it.

You can solve some models exactly, this is a radiation filled model with a Λ term, that’s its
behavior, and then you can look at a horizon volume with the radiation entropy. So you’ve got
an entropy to start of with, you’ve got just radiation entropy plus horizon entropy, and then
you can evolve it forward and at the end all the radiation is gone and it’s just deSitter space.
And again you check that the horizon area just keeps going up, and it does. This is even more
remarkable because there’s no well defined temperature in the case of time dependent horizons.
For deSitter space I’ve showed you that there is, told you that there is, but in the case of time
dependent horizons a particle detector would not even have a steady state response let alone a
thermal spectrum. Yet it seems that the GSL (generalized second law) is doing its best to be
satisfied even in these sorts of cases.

You can ask yourself well, what sort of violence do you have to do to physics and cosmology
in order to get a decrease in the generalized entropy. You can do that. There’s certainly cases
where you can do it, one of these has come up already. When we have higher order terms in the
gravitational Lagrangian, there can be circumstances there in which you can get a violation of
the generalized second law. The case that is perhaps of most contemporary interest is if we have
a violation of the energy condition, that is if the dark energy is increasing with strength over
time, ρ+ p < 0, or the w parameter is less than minus one. Under those circumstances we live in
an approximation to deSitter space but the deSitter parameter gets bigger and bigger with time,
or smaller and smaller the thing accelerates faster and faster. That leads to the famous big rip
demise of the universe. If you take the trouble to calculate the total entropy on the approach to
the big rip, which is to say that you take any sort of radiation that might be around plus the
horizon entropy, then this certainly shrinks down to zero as you approach the big rip.

441



You can get violations of the generalized second law but that leads me to the question: so what?
Do we simply say, well, the generalized second law can be generalized beyond what we originally
thought but not to everything; or should we, as Fay said, cling to it with Eddington’s quote,
and say that if we discover scenarios where the generalized entropy decreases we should reject
those scenarios? There are really two attitudes you can take about violations of something as
fundamental as the second law of thermodynamics. One is to reject any theory that possesses
solutions corresponding to a decrease of total entropy, the other is that you just reject those
solutions. The problem about just rejecting the solutions is that we can always imagine a super
civilization that can manipulate spacetime geometry and matter such as to contrive one of the
solutions that would violate the generalized second law and thus, in effect, create a perpetuum
mobile. I don’t propose to dwell any more on the philosophical aspects of that, but if we really
are going to take, as Fay I think pointed out so well, Stephen’s great contribution has been to
draw the connection between thermodynamics, gravitation, quantum field theory. There seems
to be something deep still to be explicated about that linkage, that if we’re to do that we’re going
to regard that as sort of a foundational principle for doing physics and cosmology. Anything we
place at that foundation we had better take seriously and so we might well want to eliminate
theories, and there are going to be many many of them, your favorite theory, it might be string
theory or it might be something else, if it’s found to be in violation of this generalized second
law. Then we might want to reject it on those grounds. That’s sort of ending on a dramatic
note.

The last thing I want to talk about is another trip down memory lane and some of you know we’ve
had some discussions on this in the last few days. Back in the 1970’s when we were struggling
to make sense of calculating the stress-energy-momentum tensor to put in the semi-classical
equations there was a sort of dispute going on, known as the in-in or in-out dispute, between
two groups of people. I think we all agree that in the semi-classical approximation we have some
sort of geometrical terms on the left and something on the right representing the quantum field,
the question is what is this quantity here in the wedge around the Tµν? Bryce DeWitt, who was
very influential in getting this whole subject off the ground, drew inspiration from Schwinger’s
effective action as applied to QED. When you do that you’re led very naturally from an action
principle to consider the quantity in-out. That is, take the Tµν operator and sandwich it between
an in-state, doesn’t have to be a vacuum state but it’s simplest to think of that, an in-vacuum
and an out-vacuum, and this is a normalization factor. That quantity, for those people who came
under DeWitt’s influence, was the thing that tended to be put on the right hand side of these
semi-classical gravitational equations. Is that so? Sure, here we have Dowker and Critchley and
there it is. Here we have Hartle and Hu, there it is, the in-out quantity. And here, I’m pleased
to say, we have Gibbons and Perry. So, again, that’s the in-out. This was considered, you know,
maybe the right thing to do. But a number of others of us insisted that what you should put
on the right hand side is a true expectation value and not the in-out. They’re related through
the Bogolubov transformation in a complicated way. The key thing is all the divergences, which
were the main purpose of studying this (how to get rid of the infinite terms in the right hand side
quantity), all these divergences are the same in the in-in or the in-out. It didn’t really matter for
what we regarded as the main job, which was to get rid of those divergences. There the matter
may have rested because, I think, by about 1980 everyone was persuaded that this expectation
value was the appropriate quantity.

Everything may have been left there were it not for this gentleman, Yakir Aharonov, one of the
founders of modern quantum mechanics. I’ve been collaborating with him for about the last ten
years on a sector of quantum mechanics which has always been there but it’s been overlooked in
most of the history of the subject. An extraordinary thing to think all these years on that ordinary,
basic, non-relativistic quantum mechanics can still contain a sector with predictive power that
has not been tested until recently, but it does. This has to do with what are known as weak
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measurements. I’m not going to go in to this in any detail but I just want to give you a broad-
brush idea. When we make a measurement in quantum mechanics, a normal strong or projective
or von Neumann type of measurement, in an idealized system you couple the quantum system
to, say, von Neumann measuring apparatus and then, to use the politically unfavorable incorrect
language, you collapse the wave function. That’s a strong projective collapse. Now in a weak
measurement you turn down the interaction between the measured the system and the measuring
apparatus to allow arbitrarily small coupling. Why would you do that? Because then that means
that the results of your measurement, the noise smears them all out and it’s no use to you. And
it’s true that you don’t collapse the wavefunction but you don’t get any information out, however
you can compensate for that by having a very large ensemble of identically prepared systems. An
identical initial state. Then you can take a statistical average over that large ensemble. That’s
something you can do, you can do a lab experiment to actually test this. The statistical average
is called the weak value, and there it is, that’s Aharonov’s weak value. You take the initial state,
this is the operator corresponding to the observable of interest, you take the final state, and
you divide by that quantity there. In classical mechanics you can’t do this because in classical
mechanics the initial state suffices to fix the states for all time. In quantum mechanics if you
have a large ensemble of identically prepared systems there will always be a sub-ensemble that
will satisfy a final boundary condition as well as an initial boundary condition. You can take that
sub-ensemble and consider weak measurements in between the preparation phase and the final
phase. That’s what this weak value represents. Of course that’s just what DeWitt was telling us
about.

This sort of long running, not dispute, but long running confusion as to what to put on the right
hand side of the semi-classical equations, I think, is at last resolved. We now have a physical
interpretation of DeWitt’s version and that physical interpretation is that this quantity is the
weak value of the stress-energy-momentum tensor. It’s the value you would get if you make
repeated weak measurements in a system where, if you have identically prepared systems, if
you imagine having an ensemble of them, then if you take a sub-ensemble that satisfies a final
boundary condition where that out-state is not just the unitary evolution of the in-state, if you
do that then that’s the value you get. The question is, is that relevant at all to the real universe?
Aharanov has conjectured that the effect of a special natural final boundary condition would
seem to us as a new fundamental law of nature. If we live in a universe where there’s not only
a natural initial state, maybe the Hartle-Hawking state, but also a natural final state then there
may well be consequences. I’m not going to dwell to much on this. Aharanov calls this quantum
miracles. You might notice something very strange. One case that’s just come out, and we’ve
been discussing it, is if you were to take the initial state of a collapsing state to be the Unruh
vacuum, you could take the final state to be the Boulware vacuum, and then you would certainly
have a divergence. This in-out quantity, this weak measurement, this weak value, would certainly
diverge on the horizon. There would be a firewall. Interpreted in that way you could certainly
have firewalls. The question is, what is the final boundary condition on the universe? Can we say
anything at all about the final state of the universe? We all have this prejudice that somehow the
universe should be born in a simple or natural quantum state but we’re largely agnostic as to how
it’s going to end up in the future. You could take the attitude that we shouldn’t be prejudiced.
That the universe may have been born simple and it may die simple. If it’s the case, as Charlie
Misner was saying yesterday, that we’re living at an atypical phase between two deSitter spaces,
the inflationary one and the one in the far future of the universe dominated by dark energy, we’re
just in this transition phase, it may be rather natural to pick a vacuum in the final phase and
vacuum in the initial phase. Because the initial vacuum will not propagate unitarily to form the
final vacuum, the weak values that you would get from cosmological measurements would depart
from the expectation values which is the thing that we have known about.

As it seems fitting at a conference like this where deliberations have been really rather conserva-
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tive, I thought I might end on a speculative note. The subject of cosmology is normally regarded
as purely observational or theoretical, the question is could it be experimental? So just for a bit
of fun I thought I would say well, yes, there has been at least one cosmology experiment. This
was by Bruce Partridge back in the 1970’s. It was to test the Wheeler-Feynman absorber theory
of radiation by taking a microwave antenna to the top of a mountain and beaming it out in to
the universe and in to an absorbing material and comparing the two. In the Wheeler-Feynman
theory, because the existence of retarded radiation depends on a future absorber, a future bound-
ary condition of the universe, it would show up in the power drain of the antenna. Well needless
to say, he didn’t find anything but it’s interesting that this was actually a cosmological experi-
ment. So, in that spirit, I’d like to finish by proposing this experiment: that we have a natural
initial condition for the universe, which would be some deSitter space, something corresponding
to inflation, we pick one in the end of the universe, the dark-energy dominated phase, then the
question is how would we know? Of course if it is open, you know, who is the great selector at the
end of the universe, but let’s leave that aside, how would we know? Well here’s an experiment
that may be able to tell you. If you shine a laser beam in to the sky out of the plane of the Milky
Way then a simple calculation shows that most of the photons are going to escape to infinity,
they won’t be absorbed. And if it’s the case that the far future of the universe is the vacuum
state of the electromagnetic field then those photons had better not be emitted in the first place
because otherwise it can’t be a vacuum. And so imagine that we have this absorbing material
and there’s a gap here, this is a photo-detector, and here we have the decay of a particle, and
this is an EPR type setup, and so we can detect a photon here and deduce that there’s one going
the other way there, and then we rotate the whole thing like that, and what you should find is
that if this is pointing up to the sky in the appropriate direction then you don’t detect anything
here.

stodolsky: You then what?
davies: You would not detect a photon here under those circumstances if it is the case that the far

future of the universe is a vacuum state. And so with that somewhat tongue-in-cheek proposal
to convey this entire field in to the experimental domain I think I would just like to thank once
again the organizers and it’s great to see old friends, I particularly thank Laura for her tireless
work in putting this together and in arranging so much food. I think maybe a week or two of
reduced intake is probably called for for everybody.

I wasn’t terribly clear exactly whether I am supposed to sort of round it up and say ‘goodbye,
go home, drive safely,’ or are we going to have some Q&A and, in particular, is Stephen going
to come back and answer some questions? I’m going to hand it over to you because you’re in
charge.
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7.4 A Tribute to Stephen Hawking
Michael Duff

duff: Laura, may I take two minutes to make a personal comment to Stephen? Stephen, you may
recall that I spoke at the 1974 conference where you made your famous announcement. In those
forty years I’ve come to value, as has everyone else, your contributions to theoretical physics.
But some of us are grateful to you in ways you may not be aware of and I’d be kicking myself
if I missed this golden opportunity to tell you why. In 2008 I was diagnosed with Parkinson’s
disease, a degenerative disorder of the central nervous system, as you know. My first reaction
was to feel sorry for myself, why me? But then I said to myself ‘look at Stephen Hawking, he’s
lots worse off than you but he didn’t sit around feeling sorry for himself, he grasped life by the
scruff of its neck, lead life to the full, and so can you.’

Now, while I’ve got everyone’s attention, I want to point out that my own college, Imperial
College, happens to be the home of the Parkinson’s UK brain bank and they’re looking for
donations. If anybody wants to contribute to this area of research they’re looking for healthy
brains as well as Parkinson’s ones. Personally I think it’s a no-brainer. Although there is no cure
for Parkinson’s it responds well to medication and I feel very fortunate that seven years down the
line the medication has so-far kept in check the worst symptoms and I don’t think it’s affected
my research.

That brings me, Stephen, to the reason why I’m telling you all this. Whatever the future may
bring, and I think I speak for others in situations similar to mine, we’d like you to know that if
we can muster just a fraction of the courage that you have mustered, if we can summon just a
fraction of that mulish stubbornness in the face of adversity that you have summoned, and if,
above all, we can retain the same sense of humor that you’ve retained, then we’ll be very lucky
people. I wanted to say it and to say it out loud: thank you Stephen, you’re an inspiration to us
all.
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8 Closing Remarks

mersini-houghton: It’s lunch time but I’d like to thank a few people before we close and head for
lunch. Thank you Stephen [Hawking], thank you Paul [Davies], and thank you Mike [Duff] for
your remarks. That was beautiful, thank you! I would like to invite a few people up here for two
minutes. They have really been the driving force behind everything that was arranged locally
for this conference: Katrine, Elizabeth, Pouya, Yen Chin. Please come up here. And Malcolm,
who forgot he was on the organizing committee himself, when he thanked the organizers. These
are the people that made everything possible and it’s been more than hard work. What I have
enjoyed and loved is that they made us all feel part of a family. Besides the hard work, they’ve
also extended all their warmth, and hospitality, to all of us. It’s been a roller coaster at times.
Poor Yen Chin had to survive three women shouting at him from all sides. But everybody has
been absolutely wonderful and helpful, and dedicated to making this happen. Thanks to you
Malcolm (Perry) and Yen Chin (Ong) for being on the organizing committee. Thanks to you
Katrin (Morck), you arranged everything I asked from you, from the public lecture venue to
this beautiful room for our conference. And you, Elizabeth (Yang), who every time the phone
rang (which was daily) everything was fixed by that afternoon thank you. And Pouya for doing
everything we asked you to help us with.
Thank you all of you for coming and participating in the conference. I don’t know what you were
thinking when I wrote to you and invited you to this conference only 2 months ago, in June, but
I am delighted that you are here! People have been wondering and have asked me: ‘how did you
end up gathering this amazing group of scientists in one room, and why did you think of doing
it?’ In my case it was very simple. We need to solve the black hole information loss problem.
So, I was thinking: ‘who are the people whose work I deeply respect and admire?’ and that was
the list of people that I sent an invitation to. And here we are. Thank you so much for coming
and contributing to the conference. Thank you. And many thanks to Nordita for being very
supportive and for being the first to sponsor this conference, after which, everyone else followed.
I am very grateful to UNC-Chapel Hill for putting their full support from day one behind my
initiative to hold this conference. The conference is now closed.
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[24] H. Lü, A. Perkins, C. N. Pope, and K. S. Stelle Phys. Rev. Lett. 114, 171601 (2015). DOI: 10.1103/Phys-
RevLett.114.171601

448


	Monday, August 24 2015  Convener: J. Ng 
	Opening Remarks
	Backreaction and Conformal Symmetry  Gerard 't Hooft 
	Backreaction of Hawking Radiation and Singularities  Laura Mersini-Houghton 
	Physical Interpretation of the Semi-Classical Energy-Momentum Tensor  James Bardeen 

	Tuesday, August 25 2015  Convener: L. Mersini-Houghton 
	The Information Paradox  Stephen Hawking 
	Black Hole Memory  Malcolm Perry 
	Black to White Hole Tunnelling: Before or After Hawking Radiation?  Carlo Rovelli 
	A new Quantum Black Hole Phenomenology  Francesca Vidotto 

	Wednesday, August 26 2015  Convener: F. Vidotto 
	Black Holes as Open Quantum Systems  Claus Kiefer 
	Particle Creation From Vacuum in Gravitational Expansion and Collapse  Leonard Parker 
	Gravitational Condensate Stars or What's the (Quantum) Matter with Black Holes  Emil Mottola 

	Thursday, August 27 2015  Convener: P. Moniz 
	Did the Chicken Survive the Firewall  Jorma Louko 
	Black Hole Evaporation and Classical Gravitational Waves: Comparison of Calculation Techniques  Bernard Whiting 
	Gravity = (Yang-Mills)^2  Michael Duff 
	Black Holes and Other Solutions in Higher Derivative Gravity  Kellog Stelle 

	Friday, August 28 2015  Convener: L. Ford 
	Quantum Damping or Decoherence. Lessons from Molecules, Neutrinos, and Quantum Logic Devices  Leo Stodolsky 
	Puzzle Pieces: Do Any Fit?  Charles Misner 
	The Generalized Second Law and the Unity of Physics  Fay Dowker 

	Saturday, August 29 2015  Convener: L Mersini-Houghton 
	Wrap-up Discussion  S. Fulling 
	Status Report  Stephen Hawking 
	Concluding Remarks  Paul Davies 
	A Tribute to Stephen Hawking  Michael Duff 




