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Plan

• Holography (standard framework) 

• Behind the horizon: Approaching the singularity

• Gravitational collapse at the boundary

• Holography with dynamical boundary gravity

• Can we see evaporation?
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Thermal physics = Black hole physics

Black Hole

Thermal State



The power of holography

QFT out
 of

equilibrium

Time evolution in 
classical gravity



Holography with Dynamical 
Boundary Gravity



Dynamical gravity at the boundary

• The framework I have just described corresponds to: 

Out-of-equilibrium quantum matter in Minkowski space



Dynamical gravity at the boundary

• But many problems require:

Out-of-equilibrium quantum matter + Classical dynamical gravity

‣ Cosmology
‣ Astrophysics
‣ Inflation
‣ (P)reheating
‣ Black hole formation & evaporation
‣ Etc
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Dynamical gravity at the boundary

• So we would like a new holographic framework:

Out-of-equilibrium quantum matter + Classical dynamical gravity
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• In this framework the boundary geometry obeys:

Renormalised QFT stress tensor in curved 
dynamical background



Dynamical gravity at the boundary

• These equations follow from the action:
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Dynamical gravity at the boundary

• So if we form a BH at the boundary:
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Dynamical gravity at the boundary
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• We are interested in the case in which we can use:

Holography
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• From this perspective, the 5D bulk is just a tool to compute 
the 4D stress tensor:

CERN-TH-2021-137

Holographic Evolution with Dynamical Boundary Gravity

Christian Ecker,1 Wilke van der Schee,2 David Mateos,3, 4 and Jorge Casalderrey-Solana3

1
Institut für Theoretische Physik, Goethe Universität,

Max-von-Laue-Str. 1, 60438 Frankfurt am Main, Germany
2
Theoretical Physics Department, CERN, CH-1211 Genève 23, Switzerland

3
Departament de Física Quàntica i Astrofísica & Institut de Ciències del Cosmos (ICC),

Universitat de Barcelona, Martí i Franquès 1, 08028 Barcelona, Spain
4
Institució Catalana de Recerca i Estudis Avançats (ICREA), Lluís Companys 23, Barcelona, Spain

Holography has provided valuable insights into the time evolution of strongly coupled gauge
theories in a fixed spacetime. However, this framework is insufficient if this spacetime is dynamical.
We present a novel scheme to evolve a four-dimensional, strongly interacting gauge theory coupled
to four-dimensional dynamical gravity in the semiclassical regime. We use holography to evolve the
quantum gauge theory stress tensor. The four-dimensional metric evolves according to the four-
dimensional Einstein equations coupled to the expectation value of the stress tensor. We focus
on Friedmann-Lemaître-Robertson-Walker geometries and evolve far-from-equilibrium initial states
that lead to asymptotically expanding, flat or collapsing Universes.
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1. Introduction. Holography relates the quantum-
mechanical time evolution of a strongly coupled, four-
dimensional (4D) gauge theory to that of classical gravity
in a five-dimensional (5D) asymptotically anti de Sitter
(AAdS) spacetime. The power of this correspondence is
that it allows the use of classical gravity in 5D to tackle
otherwise intractable problems on the gauge theory side.

The spacetime where the gauge theory is formulated is
identified with the boundary of AAdS. We will refer to
its 4D metric as the “boundary metric”, and to the 5D
metric in AAdS as the “bulk metric”. In many applica-
tions of holography the boundary metric is taken to be
non-dynamical. For example, this metric is flat in the
holographic description of the quark-gluon plasma [1, 2]
or in applications to condensed matter systems [3–5]. Ap-
plications with a curved metric include gauge dynamics
in black hole backgrounds [6] or in de Sitter (dS) space
[7–12]. In all these cases the boundary metric influences,
but is unaffected by, the gauge theory dynamics. In other
words, the backreaction of the gauge degrees of freedom
on the metric is not included.

Despite its successes, this framework is insufficient if
the boundary metric is dynamical. This limits potential
applications of holography to cosmological defects, phase
transitions in the early Universe, neutron star mergers,
inflation, pre- or re-heating, cosmological instabilities,
etc. The purpose of this letter is to present a scheme
capable of evolving a strongly interacting 4D gauge the-
ory coupled to 4D dynamical gravity.

We are interested in the semiclassical gravity regime in
which the gauge theory is quantum mechanical but the
metric obeys the classical Einstein equations sourced by
the expectation value of the gauge theory stress tensor:

Rµ⌫ �
1

2
R gµ⌫ + ⇤ gµ⌫ = 8⇡G hTµ⌫i . (1)

All quantities in this equation, including Newton’s con-
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are given in terms of �2(t), a(t) and their deriva-
tives by expressions of the form

�n

⇣
M, a, ȧ, . . . , a

(n)
,�2, �̇2, . . . ,�

(n�2)
2

⌘
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M, a, ȧ, . . . , a

(n)
⌘

. (5b)

There is a similar expression for the fall-off of
the five-dimensional bulk metric with one unde-
termined coefficient a4(t). The GTST depends
on the undetermined coefficients and on the scale
factor via expressions of the form [6]

E (a4,�2, a, ȧ, ä) , P (a4,�2, a, ȧ, ä) . (6)

gµ⌫(t0) , Tµ⌫(t0) (7)

We are now ready to discuss the implications
of the corner conditions, namely the fact that the
initial data in the bulk and at the boundary can-
not be specified independently. From the bulk
viewpoint, the function �(r, t0) and the coeffi-
cient a4(t0) at an initial time t0 are free data.
Moreover, if this data and a(t0) are known, then
integration of the constraints coming from the
Einstein-scalar equations in the bulk determines
the rest of the five-dimensional fields on the ini-
tial time slice. Knowledge of �(r, t0) determines
the scale factor and all its derivatives at t0. This
follows from (5) together with the fall-off coeffi-
cients of other fields that we have not displayed.

derivatives of order n � 2 of the scale fac-
tor at t0 in terms of M, a(t0) and ȧ(t0). Note
that this follows form the coefficients  n(t0) of
the logarithmic terms. In the absence of these
terms, the constraints imposed by the �n(t0) co-
efficients could be interpreted as constraints on
the derivatives of �2(t) at t0, leaving the scale
factor unconstrained.

However, the requirement that the boundary
metric obeys the Friedman equations (2) and the
continuity equation (3) with the stress tensor (??)
constraints the bulk initial data. The reason is
that these equations, together with the knowl-
edge of the �n(t) coefficients, determine all the
derivatives of the scale factor at any given time
t in terms of a(t), a4(t) and �2(t), and this then
fixes all the logarithmic terms in (4). To see how
these constraints arise, consider

For dynamical gravity there are a few technical
challenges.

We first show a sample evolution starting with
flat space initial conditions with a4 = �100 with
several different values of ⇤. These lead to a late

time de Sitter state, a big crunch and an asymp-
totically Minkowski solution (Fig. 2). We also
show the temperatures, where it can be seen that
the temperature extracted from the horizons lag
behind by the temperature extracted from the en-
ergy density by a time of about 1/4T . This shift
in time is a feature of our particular (Eddington-
Finkelstein) time slicing in the bulk.

Secondly, we take the ⇤ = 0 solution (labelled
IC 1) and change the initial conditions to IC 2 and
IC 3 respectively by shifting �̃0(z) by a constant
of +2 and -2.5. These values were maximised to
obtain a regular bulk solution as indicated by a
stable evolution with small constraint violation.
Indeed these two initial conditions initially show
far-from-equilibrium dynamics, with large pres-
sure anisotropies (see Fig. 4 middle). The zoom
of the late time dynamics shows that within a
time of approximately 1/T the solutions are well
described by viscous hydrodynamics, with an im-
portant contribution from the bulk viscosity.

DISCUSSION
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FIG. 1. Penrose diagram of our evolution scheme. The di-
agonal blue lines are four-dimensional null slices in the bulk.
Each point on the vertical black line is a three-dimensional
spatial slice of the boundary spacetime.

stant G and a possible cosmological constant ⇤, refer
to the 4D boundary theory. Hereafter we will refer to
the gauge theory stress tensor simply as “the stress ten-
sor”. Since this is O(N2) in the large-N limit, we as-
sume that G is O(N�2) in order to have a finite back-
reaction. In the following we work with N -independent
quantities defined via the rescalings Tµ⌫ !

�
2⇡

2
/N

2
�
Tµ⌫

and G !
�
N

2
/2⇡

2
�
G.

The key point in the semicalssical regime is to deter-
mine the quantum-mechanical evolution of the stress ten-
sor, which must be done self-consistently in the presence
of the dynamical metric gµ⌫ . We use holography to deter-
mine this evolution (see Fig. 1). The initial state at time
t0 is defined by the 5D fields on a bulk null slice, together
with the 4D metric on a boundary spatial slice. These
two sets of initial data must satisfy non-trivial “corner”
consistency conditions that we will analyse below (see
[13–16] for related discussions). For the moment, it suf-
fices to say that the leading term in the near-boundary
fall-off of the bulk metric must coincide with the bound-
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• This is the standard framework (and explains why the 
counterterms are the same) …
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1. Introduction. Holography relates the quantum-
mechanical time evolution of a strongly coupled, four-
dimensional (4D) gauge theory to that of classical gravity
in a five-dimensional (5D) asymptotically anti de Sitter
(AAdS) spacetime. The power of this correspondence is
that it allows the use of classical gravity in 5D to tackle
otherwise intractable problems on the gauge theory side.

The spacetime where the gauge theory is formulated is
identified with the boundary of AAdS. We will refer to
its 4D metric as the “boundary metric”, and to the 5D
metric in AAdS as the “bulk metric”. In many applica-
tions of holography the boundary metric is taken to be
non-dynamical. For example, this metric is flat in the
holographic description of the quark-gluon plasma [1, 2]
or in applications to condensed matter systems [3–5]. Ap-
plications with a curved metric include gauge dynamics
in black hole backgrounds [6] or in de Sitter (dS) space
[7–12]. In all these cases the boundary metric influences,
but is unaffected by, the gauge theory dynamics. In other
words, the backreaction of the gauge degrees of freedom
on the metric is not included.

Despite its successes, this framework is insufficient if
the boundary metric is dynamical. This limits potential
applications of holography to cosmological defects, phase
transitions in the early Universe, neutron star mergers,
inflation, pre- or re-heating, cosmological instabilities,
etc. The purpose of this letter is to present a scheme
capable of evolving a strongly interacting 4D gauge the-
ory coupled to 4D dynamical gravity.

We are interested in the semiclassical gravity regime in
which the gauge theory is quantum mechanical but the
metric obeys the classical Einstein equations sourced by
the expectation value of the gauge theory stress tensor:

Rµ⌫ �
1

2
R gµ⌫ + ⇤ gµ⌫ = 8⇡G hTµ⌫i . (1)

All quantities in this equation, including Newton’s con-
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3

are given in terms of �2(t), a(t) and their deriva-
tives by expressions of the form

�n

⇣
M, a, ȧ, . . . , a

(n)
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(n�2)
2

⌘
, (5a)
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M, a, ȧ, . . . , a

(n)
⌘

. (5b)

There is a similar expression for the fall-off of
the five-dimensional bulk metric with one unde-
termined coefficient a4(t). The GTST depends
on the undetermined coefficients and on the scale
factor via expressions of the form [6]

E (a4,�2, a, ȧ, ä) , P (a4,�2, a, ȧ, ä) . (6)

gµ⌫(t0) , Tµ⌫(t0) (7)

We are now ready to discuss the implications
of the corner conditions, namely the fact that the
initial data in the bulk and at the boundary can-
not be specified independently. From the bulk
viewpoint, the function �(r, t0) and the coeffi-
cient a4(t0) at an initial time t0 are free data.
Moreover, if this data and a(t0) are known, then
integration of the constraints coming from the
Einstein-scalar equations in the bulk determines
the rest of the five-dimensional fields on the ini-
tial time slice. Knowledge of �(r, t0) determines
the scale factor and all its derivatives at t0. This
follows from (5) together with the fall-off coeffi-
cients of other fields that we have not displayed.

derivatives of order n � 2 of the scale fac-
tor at t0 in terms of M, a(t0) and ȧ(t0). Note
that this follows form the coefficients  n(t0) of
the logarithmic terms. In the absence of these
terms, the constraints imposed by the �n(t0) co-
efficients could be interpreted as constraints on
the derivatives of �2(t) at t0, leaving the scale
factor unconstrained.

However, the requirement that the boundary
metric obeys the Friedman equations (2) and the
continuity equation (3) with the stress tensor (??)
constraints the bulk initial data. The reason is
that these equations, together with the knowl-
edge of the �n(t) coefficients, determine all the
derivatives of the scale factor at any given time
t in terms of a(t), a4(t) and �2(t), and this then
fixes all the logarithmic terms in (4). To see how
these constraints arise, consider

For dynamical gravity there are a few technical
challenges.

We first show a sample evolution starting with
flat space initial conditions with a4 = �100 with
several different values of ⇤. These lead to a late

time de Sitter state, a big crunch and an asymp-
totically Minkowski solution (Fig. 2). We also
show the temperatures, where it can be seen that
the temperature extracted from the horizons lag
behind by the temperature extracted from the en-
ergy density by a time of about 1/4T . This shift
in time is a feature of our particular (Eddington-
Finkelstein) time slicing in the bulk.

Secondly, we take the ⇤ = 0 solution (labelled
IC 1) and change the initial conditions to IC 2 and
IC 3 respectively by shifting �̃0(z) by a constant
of +2 and -2.5. These values were maximised to
obtain a regular bulk solution as indicated by a
stable evolution with small constraint violation.
Indeed these two initial conditions initially show
far-from-equilibrium dynamics, with large pres-
sure anisotropies (see Fig. 4 middle). The zoom
of the late time dynamics shows that within a
time of approximately 1/T the solutions are well
described by viscous hydrodynamics, with an im-
portant contribution from the bulk viscosity.

DISCUSSION
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stant G and a possible cosmological constant ⇤, refer
to the 4D boundary theory. Hereafter we will refer to
the gauge theory stress tensor simply as “the stress ten-
sor”. Since this is O(N2) in the large-N limit, we as-
sume that G is O(N�2) in order to have a finite back-
reaction. In the following we work with N -independent
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The key point in the semicalssical regime is to deter-
mine the quantum-mechanical evolution of the stress ten-
sor, which must be done self-consistently in the presence
of the dynamical metric gµ⌫ . We use holography to deter-
mine this evolution (see Fig. 1). The initial state at time
t0 is defined by the 5D fields on a bulk null slice, together
with the 4D metric on a boundary spatial slice. These
two sets of initial data must satisfy non-trivial “corner”
consistency conditions that we will analyse below (see
[13–16] for related discussions). For the moment, it suf-
fices to say that the leading term in the near-boundary
fall-off of the bulk metric must coincide with the bound-
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… except that the 4D metric is not prescribed a priori but 
evolved coupled to the stress tensor.
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1. Introduction. Holography relates the quantum-
mechanical time evolution of a strongly coupled, four-
dimensional (4D) gauge theory to that of classical gravity
in a five-dimensional (5D) asymptotically anti de Sitter
(AAdS) spacetime. The power of this correspondence is
that it allows the use of classical gravity in 5D to tackle
otherwise intractable problems on the gauge theory side.

The spacetime where the gauge theory is formulated is
identified with the boundary of AAdS. We will refer to
its 4D metric as the “boundary metric”, and to the 5D
metric in AAdS as the “bulk metric”. In many applica-
tions of holography the boundary metric is taken to be
non-dynamical. For example, this metric is flat in the
holographic description of the quark-gluon plasma [1, 2]
or in applications to condensed matter systems [3–5]. Ap-
plications with a curved metric include gauge dynamics
in black hole backgrounds [6] or in de Sitter (dS) space
[7–12]. In all these cases the boundary metric influences,
but is unaffected by, the gauge theory dynamics. In other
words, the backreaction of the gauge degrees of freedom
on the metric is not included.

Despite its successes, this framework is insufficient if
the boundary metric is dynamical. This limits potential
applications of holography to cosmological defects, phase
transitions in the early Universe, neutron star mergers,
inflation, pre- or re-heating, cosmological instabilities,
etc. The purpose of this letter is to present a scheme
capable of evolving a strongly interacting 4D gauge the-
ory coupled to 4D dynamical gravity.

We are interested in the semiclassical gravity regime in
which the gauge theory is quantum mechanical but the
metric obeys the classical Einstein equations sourced by
the expectation value of the gauge theory stress tensor:

Rµ⌫ �
1

2
R gµ⌫ + ⇤ gµ⌫ = 8⇡G hTµ⌫i . (1)

All quantities in this equation, including Newton’s con-

AAdS

BoundaryHorizon

3

are given in terms of �2(t), a(t) and their deriva-
tives by expressions of the form

�n

⇣
M, a, ȧ, . . . , a

(n)
,�2, �̇2, . . . ,�

(n�2)
2

⌘
, (5a)

 n

⇣
M, a, ȧ, . . . , a

(n)
⌘

. (5b)

There is a similar expression for the fall-off of
the five-dimensional bulk metric with one unde-
termined coefficient a4(t). The GTST depends
on the undetermined coefficients and on the scale
factor via expressions of the form [6]

E (a4,�2, a, ȧ, ä) , P (a4,�2, a, ȧ, ä) . (6)

gµ⌫(t0) , Tµ⌫(t0) (7)

We are now ready to discuss the implications
of the corner conditions, namely the fact that the
initial data in the bulk and at the boundary can-
not be specified independently. From the bulk
viewpoint, the function �(r, t0) and the coeffi-
cient a4(t0) at an initial time t0 are free data.
Moreover, if this data and a(t0) are known, then
integration of the constraints coming from the
Einstein-scalar equations in the bulk determines
the rest of the five-dimensional fields on the ini-
tial time slice. Knowledge of �(r, t0) determines
the scale factor and all its derivatives at t0. This
follows from (5) together with the fall-off coeffi-
cients of other fields that we have not displayed.

derivatives of order n � 2 of the scale fac-
tor at t0 in terms of M, a(t0) and ȧ(t0). Note
that this follows form the coefficients  n(t0) of
the logarithmic terms. In the absence of these
terms, the constraints imposed by the �n(t0) co-
efficients could be interpreted as constraints on
the derivatives of �2(t) at t0, leaving the scale
factor unconstrained.

However, the requirement that the boundary
metric obeys the Friedman equations (2) and the
continuity equation (3) with the stress tensor (??)
constraints the bulk initial data. The reason is
that these equations, together with the knowl-
edge of the �n(t) coefficients, determine all the
derivatives of the scale factor at any given time
t in terms of a(t), a4(t) and �2(t), and this then
fixes all the logarithmic terms in (4). To see how
these constraints arise, consider

For dynamical gravity there are a few technical
challenges.

We first show a sample evolution starting with
flat space initial conditions with a4 = �100 with
several different values of ⇤. These lead to a late

time de Sitter state, a big crunch and an asymp-
totically Minkowski solution (Fig. 2). We also
show the temperatures, where it can be seen that
the temperature extracted from the horizons lag
behind by the temperature extracted from the en-
ergy density by a time of about 1/4T . This shift
in time is a feature of our particular (Eddington-
Finkelstein) time slicing in the bulk.

Secondly, we take the ⇤ = 0 solution (labelled
IC 1) and change the initial conditions to IC 2 and
IC 3 respectively by shifting �̃0(z) by a constant
of +2 and -2.5. These values were maximised to
obtain a regular bulk solution as indicated by a
stable evolution with small constraint violation.
Indeed these two initial conditions initially show
far-from-equilibrium dynamics, with large pres-
sure anisotropies (see Fig. 4 middle). The zoom
of the late time dynamics shows that within a
time of approximately 1/T the solutions are well
described by viscous hydrodynamics, with an im-
portant contribution from the bulk viscosity.

DISCUSSION
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M, a, ȧ, . . . , a

(n)
,�2, �̇2, . . . ,�

(n�2)
2

⌘
, (5a)

 n

⇣
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FIG. 1. Penrose diagram of our evolution scheme. The di-
agonal blue lines are four-dimensional null slices in the bulk.
Each point on the vertical black line is a three-dimensional
spatial slice of the boundary spacetime.

stant G and a possible cosmological constant ⇤, refer
to the 4D boundary theory. Hereafter we will refer to
the gauge theory stress tensor simply as “the stress ten-
sor”. Since this is O(N2) in the large-N limit, we as-
sume that G is O(N�2) in order to have a finite back-
reaction. In the following we work with N -independent
quantities defined via the rescalings Tµ⌫ !

�
2⇡

2
/N

2
�
Tµ⌫

and G !
�
N

2
/2⇡

2
�
G.

The key point in the semicalssical regime is to deter-
mine the quantum-mechanical evolution of the stress ten-
sor, which must be done self-consistently in the presence
of the dynamical metric gµ⌫ . We use holography to deter-
mine this evolution (see Fig. 1). The initial state at time
t0 is defined by the 5D fields on a bulk null slice, together
with the 4D metric on a boundary spatial slice. These
two sets of initial data must satisfy non-trivial “corner”
consistency conditions that we will analyse below (see
[13–16] for related discussions). For the moment, it suf-
fices to say that the leading term in the near-boundary
fall-off of the bulk metric must coincide with the bound-
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• This means we have to solve 4D gravity coupled to 5D 
gravity … 
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1. Introduction. Holography relates the quantum-
mechanical time evolution of a strongly coupled, four-
dimensional (4D) gauge theory to that of classical gravity
in a five-dimensional (5D) asymptotically anti de Sitter
(AAdS) spacetime. The power of this correspondence is
that it allows the use of classical gravity in 5D to tackle
otherwise intractable problems on the gauge theory side.

The spacetime where the gauge theory is formulated is
identified with the boundary of AAdS. We will refer to
its 4D metric as the “boundary metric”, and to the 5D
metric in AAdS as the “bulk metric”. In many applica-
tions of holography the boundary metric is taken to be
non-dynamical. For example, this metric is flat in the
holographic description of the quark-gluon plasma [1, 2]
or in applications to condensed matter systems [3–5]. Ap-
plications with a curved metric include gauge dynamics
in black hole backgrounds [6] or in de Sitter (dS) space
[7–12]. In all these cases the boundary metric influences,
but is unaffected by, the gauge theory dynamics. In other
words, the backreaction of the gauge degrees of freedom
on the metric is not included.

Despite its successes, this framework is insufficient if
the boundary metric is dynamical. This limits potential
applications of holography to cosmological defects, phase
transitions in the early Universe, neutron star mergers,
inflation, pre- or re-heating, cosmological instabilities,
etc. The purpose of this letter is to present a scheme
capable of evolving a strongly interacting 4D gauge the-
ory coupled to 4D dynamical gravity.

We are interested in the semiclassical gravity regime in
which the gauge theory is quantum mechanical but the
metric obeys the classical Einstein equations sourced by
the expectation value of the gauge theory stress tensor:

Rµ⌫ �
1

2
R gµ⌫ + ⇤ gµ⌫ = 8⇡G hTµ⌫i . (1)

All quantities in this equation, including Newton’s con-

AAdS

BoundaryHorizon

3

are given in terms of �2(t), a(t) and their deriva-
tives by expressions of the form

�n

⇣
M, a, ȧ, . . . , a

(n)
,�2, �̇2, . . . ,�

(n�2)
2

⌘
, (5a)

 n

⇣
M, a, ȧ, . . . , a

(n)
⌘

. (5b)

There is a similar expression for the fall-off of
the five-dimensional bulk metric with one unde-
termined coefficient a4(t). The GTST depends
on the undetermined coefficients and on the scale
factor via expressions of the form [6]

E (a4,�2, a, ȧ, ä) , P (a4,�2, a, ȧ, ä) . (6)

gµ⌫(t0) , Tµ⌫(t0) (7)

We are now ready to discuss the implications
of the corner conditions, namely the fact that the
initial data in the bulk and at the boundary can-
not be specified independently. From the bulk
viewpoint, the function �(r, t0) and the coeffi-
cient a4(t0) at an initial time t0 are free data.
Moreover, if this data and a(t0) are known, then
integration of the constraints coming from the
Einstein-scalar equations in the bulk determines
the rest of the five-dimensional fields on the ini-
tial time slice. Knowledge of �(r, t0) determines
the scale factor and all its derivatives at t0. This
follows from (5) together with the fall-off coeffi-
cients of other fields that we have not displayed.

derivatives of order n � 2 of the scale fac-
tor at t0 in terms of M, a(t0) and ȧ(t0). Note
that this follows form the coefficients  n(t0) of
the logarithmic terms. In the absence of these
terms, the constraints imposed by the �n(t0) co-
efficients could be interpreted as constraints on
the derivatives of �2(t) at t0, leaving the scale
factor unconstrained.

However, the requirement that the boundary
metric obeys the Friedman equations (2) and the
continuity equation (3) with the stress tensor (??)
constraints the bulk initial data. The reason is
that these equations, together with the knowl-
edge of the �n(t) coefficients, determine all the
derivatives of the scale factor at any given time
t in terms of a(t), a4(t) and �2(t), and this then
fixes all the logarithmic terms in (4). To see how
these constraints arise, consider

For dynamical gravity there are a few technical
challenges.

We first show a sample evolution starting with
flat space initial conditions with a4 = �100 with
several different values of ⇤. These lead to a late

time de Sitter state, a big crunch and an asymp-
totically Minkowski solution (Fig. 2). We also
show the temperatures, where it can be seen that
the temperature extracted from the horizons lag
behind by the temperature extracted from the en-
ergy density by a time of about 1/4T . This shift
in time is a feature of our particular (Eddington-
Finkelstein) time slicing in the bulk.

Secondly, we take the ⇤ = 0 solution (labelled
IC 1) and change the initial conditions to IC 2 and
IC 3 respectively by shifting �̃0(z) by a constant
of +2 and -2.5. These values were maximised to
obtain a regular bulk solution as indicated by a
stable evolution with small constraint violation.
Indeed these two initial conditions initially show
far-from-equilibrium dynamics, with large pres-
sure anisotropies (see Fig. 4 middle). The zoom
of the late time dynamics shows that within a
time of approximately 1/T the solutions are well
described by viscous hydrodynamics, with an im-
portant contribution from the bulk viscosity.

DISCUSSION
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stant G and a possible cosmological constant ⇤, refer
to the 4D boundary theory. Hereafter we will refer to
the gauge theory stress tensor simply as “the stress ten-
sor”. Since this is O(N2) in the large-N limit, we as-
sume that G is O(N�2) in order to have a finite back-
reaction. In the following we work with N -independent
quantities defined via the rescalings Tµ⌫ !

�
2⇡

2
/N

2
�
Tµ⌫

and G !
�
N

2
/2⇡

2
�
G.

The key point in the semicalssical regime is to deter-
mine the quantum-mechanical evolution of the stress ten-
sor, which must be done self-consistently in the presence
of the dynamical metric gµ⌫ . We use holography to deter-
mine this evolution (see Fig. 1). The initial state at time
t0 is defined by the 5D fields on a bulk null slice, together
with the 4D metric on a boundary spatial slice. These
two sets of initial data must satisfy non-trivial “corner”
consistency conditions that we will analyse below (see
[13–16] for related discussions). For the moment, it suf-
fices to say that the leading term in the near-boundary
fall-off of the bulk metric must coincide with the bound-
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5D classical 
gravity

… with mixed boundary conditions for 5D gravity:
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Holography has provided valuable insights into the time evolution of strongly coupled gauge
theories in a fixed spacetime. However, this framework is insufficient if this spacetime is dynamical.
We present a novel scheme to evolve a four-dimensional, strongly interacting gauge theory coupled
to four-dimensional dynamical gravity in the semiclassical regime. We use holography to evolve the
quantum gauge theory stress tensor. The four-dimensional metric evolves according to the four-
dimensional Einstein equations coupled to the expectation value of the stress tensor. We focus
on Friedmann-Lemaître-Robertson-Walker geometries and evolve far-from-equilibrium initial states
that lead to asymptotically expanding, flat or collapsing Universes.

Keywords: gauge/gravity duality, QFT on curved background, cosmology, hydrodynamics

1. Introduction. Holography relates the quantum-
mechanical time evolution of a strongly coupled, four-
dimensional (4D) gauge theory to that of classical gravity
in a five-dimensional (5D) asymptotically anti de Sitter
(AAdS) spacetime. The power of this correspondence is
that it allows the use of classical gravity in 5D to tackle
otherwise intractable problems on the gauge theory side.

The spacetime where the gauge theory is formulated is
identified with the boundary of AAdS. We will refer to
its 4D metric as the “boundary metric”, and to the 5D
metric in AAdS as the “bulk metric”. In many applica-
tions of holography the boundary metric is taken to be
non-dynamical. For example, this metric is flat in the
holographic description of the quark-gluon plasma [1, 2]
or in applications to condensed matter systems [3–5]. Ap-
plications with a curved metric include gauge dynamics
in black hole backgrounds [6] or in de Sitter (dS) space
[7–12]. In all these cases the boundary metric influences,
but is unaffected by, the gauge theory dynamics. In other
words, the backreaction of the gauge degrees of freedom
on the metric is not included.

Despite its successes, this framework is insufficient if
the boundary metric is dynamical. This limits potential
applications of holography to cosmological defects, phase
transitions in the early Universe, neutron star mergers,
inflation, pre- or re-heating, cosmological instabilities,
etc. The purpose of this letter is to present a scheme
capable of evolving a strongly interacting 4D gauge the-
ory coupled to 4D dynamical gravity.

We are interested in the semiclassical gravity regime in
which the gauge theory is quantum mechanical but the
metric obeys the classical Einstein equations sourced by
the expectation value of the gauge theory stress tensor:

Rµ⌫ �
1

2
R gµ⌫ + ⇤ gµ⌫ = 8⇡G hTµ⌫i . (1)

All quantities in this equation, including Newton’s con-

AAdS

BoundaryHorizon

3

are given in terms of �2(t), a(t) and their deriva-
tives by expressions of the form

�n

⇣
M, a, ȧ, . . . , a

(n)
,�2, �̇2, . . . ,�

(n�2)
2

⌘
, (5a)

 n

⇣
M, a, ȧ, . . . , a

(n)
⌘

. (5b)

There is a similar expression for the fall-off of
the five-dimensional bulk metric with one unde-
termined coefficient a4(t). The GTST depends
on the undetermined coefficients and on the scale
factor via expressions of the form [6]

E (a4,�2, a, ȧ, ä) , P (a4,�2, a, ȧ, ä) . (6)

gµ⌫(t0) , Tµ⌫(t0) (7)

We are now ready to discuss the implications
of the corner conditions, namely the fact that the
initial data in the bulk and at the boundary can-
not be specified independently. From the bulk
viewpoint, the function �(r, t0) and the coeffi-
cient a4(t0) at an initial time t0 are free data.
Moreover, if this data and a(t0) are known, then
integration of the constraints coming from the
Einstein-scalar equations in the bulk determines
the rest of the five-dimensional fields on the ini-
tial time slice. Knowledge of �(r, t0) determines
the scale factor and all its derivatives at t0. This
follows from (5) together with the fall-off coeffi-
cients of other fields that we have not displayed.

derivatives of order n � 2 of the scale fac-
tor at t0 in terms of M, a(t0) and ȧ(t0). Note
that this follows form the coefficients  n(t0) of
the logarithmic terms. In the absence of these
terms, the constraints imposed by the �n(t0) co-
efficients could be interpreted as constraints on
the derivatives of �2(t) at t0, leaving the scale
factor unconstrained.

However, the requirement that the boundary
metric obeys the Friedman equations (2) and the
continuity equation (3) with the stress tensor (??)
constraints the bulk initial data. The reason is
that these equations, together with the knowl-
edge of the �n(t) coefficients, determine all the
derivatives of the scale factor at any given time
t in terms of a(t), a4(t) and �2(t), and this then
fixes all the logarithmic terms in (4). To see how
these constraints arise, consider

For dynamical gravity there are a few technical
challenges.

We first show a sample evolution starting with
flat space initial conditions with a4 = �100 with
several different values of ⇤. These lead to a late

time de Sitter state, a big crunch and an asymp-
totically Minkowski solution (Fig. 2). We also
show the temperatures, where it can be seen that
the temperature extracted from the horizons lag
behind by the temperature extracted from the en-
ergy density by a time of about 1/4T . This shift
in time is a feature of our particular (Eddington-
Finkelstein) time slicing in the bulk.

Secondly, we take the ⇤ = 0 solution (labelled
IC 1) and change the initial conditions to IC 2 and
IC 3 respectively by shifting �̃0(z) by a constant
of +2 and -2.5. These values were maximised to
obtain a regular bulk solution as indicated by a
stable evolution with small constraint violation.
Indeed these two initial conditions initially show
far-from-equilibrium dynamics, with large pres-
sure anisotropies (see Fig. 4 middle). The zoom
of the late time dynamics shows that within a
time of approximately 1/T the solutions are well
described by viscous hydrodynamics, with an im-
portant contribution from the bulk viscosity.

DISCUSSION
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tives by expressions of the form

�n

⇣
M, a, ȧ, . . . , a

(n)
,�2, �̇2, . . . ,�

(n�2)
2

⌘
, (5a)

 n

⇣
M, a, ȧ, . . . , a

(n)
⌘

. (5b)

There is a similar expression for the fall-off of
the five-dimensional bulk metric with one unde-
termined coefficient a4(t). The GTST depends
on the undetermined coefficients and on the scale
factor via expressions of the form [6]

E (a4,�2, a, ȧ, ä) , P (a4,�2, a, ȧ, ä) . (6)

gµ⌫(t0 + �t) , Tµ⌫(t0 + �t) (7)

We are now ready to discuss the implications
of the corner conditions, namely the fact that the
initial data in the bulk and at the boundary can-
not be specified independently. From the bulk
viewpoint, the function �(r, t0) and the coeffi-
cient a4(t0) at an initial time t0 are free data.
Moreover, if this data and a(t0) are known, then
integration of the constraints coming from the
Einstein-scalar equations in the bulk determines
the rest of the five-dimensional fields on the ini-
tial time slice. Knowledge of �(r, t0) determines
the scale factor and all its derivatives at t0. This
follows from (5) together with the fall-off coeffi-
cients of other fields that we have not displayed.

derivatives of order n � 2 of the scale fac-
tor at t0 in terms of M, a(t0) and ȧ(t0). Note
that this follows form the coefficients  n(t0) of
the logarithmic terms. In the absence of these
terms, the constraints imposed by the �n(t0) co-
efficients could be interpreted as constraints on
the derivatives of �2(t) at t0, leaving the scale
factor unconstrained.

However, the requirement that the boundary
metric obeys the Friedman equations (2) and the
continuity equation (3) with the stress tensor (??)
constraints the bulk initial data. The reason is
that these equations, together with the knowl-
edge of the �n(t) coefficients, determine all the
derivatives of the scale factor at any given time
t in terms of a(t), a4(t) and �2(t), and this then
fixes all the logarithmic terms in (4). To see how
these constraints arise, consider

For dynamical gravity there are a few technical
challenges.

We first show a sample evolution starting with
flat space initial conditions with a4 = �100 with
several different values of ⇤. These lead to a late

time de Sitter state, a big crunch and an asymp-
totically Minkowski solution (Fig. 2). We also
show the temperatures, where it can be seen that
the temperature extracted from the horizons lag
behind by the temperature extracted from the en-
ergy density by a time of about 1/4T . This shift
in time is a feature of our particular (Eddington-
Finkelstein) time slicing in the bulk.

Secondly, we take the ⇤ = 0 solution (labelled
IC 1) and change the initial conditions to IC 2 and
IC 3 respectively by shifting �̃0(z) by a constant
of +2 and -2.5. These values were maximised to
obtain a regular bulk solution as indicated by a
stable evolution with small constraint violation.
Indeed these two initial conditions initially show
far-from-equilibrium dynamics, with large pres-
sure anisotropies (see Fig. 4 middle). The zoom
of the late time dynamics shows that within a
time of approximately 1/T the solutions are well
described by viscous hydrodynamics, with an im-
portant contribution from the bulk viscosity.

DISCUSSION
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FIG. 1. Penrose diagram of our evolution scheme. The di-
agonal blue lines are four-dimensional null slices in the bulk.
Each point on the vertical black line is a three-dimensional
spatial slice of the boundary spacetime.

stant G and a possible cosmological constant ⇤, refer
to the 4D boundary theory. Hereafter we will refer to
the gauge theory stress tensor simply as “the stress ten-
sor”. Since this is O(N2) in the large-N limit, we as-
sume that G is O(N�2) in order to have a finite back-
reaction. In the following we work with N -independent
quantities defined via the rescalings Tµ⌫ !

�
2⇡

2
/N

2
�
Tµ⌫

and G !
�
N

2
/2⇡

2
�
G.

The key point in the semicalssical regime is to deter-
mine the quantum-mechanical evolution of the stress ten-
sor, which must be done self-consistently in the presence
of the dynamical metric gµ⌫ . We use holography to deter-
mine this evolution (see Fig. 1). The initial state at time
t0 is defined by the 5D fields on a bulk null slice, together
with the 4D metric on a boundary spatial slice. These
two sets of initial data must satisfy non-trivial “corner”
consistency conditions that we will analyse below (see
[13–16] for related discussions). For the moment, it suf-
fices to say that the leading term in the near-boundary
fall-off of the bulk metric must coincide with the bound-
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• Clarification for the experts:  This is not brane-world-holography.



Dynamical gravity at the boundary

Casalderrey, Ecker, DM & van der Schee ‘21

• Has been successfully applied in very symmetric cases:

‣ De Sitter
‣ Inflation+Reheating: Ecker, Kiritsis & van der Schee ‘22

• Today we will apply it to the hallmark of dynamical gravity: 
Gravitational collapse



Gravitational Collapse at the 
Boundary



Gravitational collapse at the boundary

• Consider matter collapsing…

DM, Serantes & Sole  (in preparation)



Gravitational collapse at the boundary

• Consider matter collapsing… to form a BH:



• This is a hard problem:

4D classical gravity
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Gravitational collapse at the boundary



• We will work in the limit in which the matter can be 
described as a fluid (for some time).

• This is a very physical limit.

• It simplifies the problem dramatically for 2 reasons.

Gravitational collapse at the boundary



• First, we can evolve the boundary independently. 

4D classical gravity + Fluid with EoS
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• Second, we can use fluid/gravity to construct bulk solution.

4D classical gravity + Fluid with EoS
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• Will also assume a conformal and ideal fluid: Rµ⌫ �
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• Not essential but:

‣ Conformal simplifies EoS and implies bulk is pure gravity.
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• Not essential but:

‣ Conformal simplifies EoS and implies bulk is pure gravity.

‣ Ideal simplifies hydro evolution and fluid/gravity map.  
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Gravitational collapse at the boundary



• After we find the solution we will verify the assumptions:

Let us first start by considering a quantum system in global thermal equilibrium. We can perturb
away from this equilibrium state, allowing the thermodynamic variables of the theory to fluctuate.
If we choose a perturbation such that the wavelength of the resulting fluctuations is large compared
to the scale set by local parameters like the temperature or energy density, it is well-known that the
system can be described using an effective theory known as hydrodynamics [16]. If this is the case,
the theory behaves like a fluid and is said to be in its hydrodynamic limit, where the key dynamical
equation to consider4 is the conservation of the stress-energy tensor

rµT
µ⌫ = 0. (3)

Now, let’s consider a QFT living on a d-dimensional spacetime with a fixed metric gµ⌫ . The
hydrodynamic description of the theory will be characterized by a number of dynamical degrees of
freedom, such as the local energy density E , the pressure P or the fluid velocity uµ, which is usually
unit-normalized such that gµ⌫uµu⌫ = �1. The stress-energy tensor in Eq. (3) can be expressed in
terms of these variables. For instance, in thermal equilibrium, the tensor takes the form

Tµ⌫ = (P + E) uµu⌫ + Pgµ⌫ , (4)

which is that of an ideal fluid (a fluid which has no dissipation).
We can now start to make the connection to AdS/CFT. If we had a CFT on the boundary with

slowly varying parameters (the so-called long wavelength regime, which refers to the gradients of
the fluctuating parameters being sufficiently small), that would suggest that the dynamics of the
gravitational bulk theory in d + 1 dimensions reduce to solving the equations of fluid dynamics in
d dimensions. This map between gravity and fluid dynamics was first verified in [17], and is now
known as the fluid/gravity correspondence.

Let us now consider how this correspondence can be used in the problem at hand. Recall that in
the previous subsection, it was argued that thermal states on the boundary map to black hole space-
times in the bulk. In particular, a state in thermal equilibrium will be dual to a stationary, planar
black hole, while moving arbitrarily far away from equilibrium will perturb the planar black hole
accordingly. In the long wavelength regime, we will find domains on the boundary where the fluid
variables are nearly constant, since these will be slowly varying. Thus, we can extend these domains
radially into the bulk, such that in each bulk "tube" we will have a solution close to the equilibrium
form [13]. Crucially, note that these bulk solutions constructed from the boundary parameters using
fluid/gravity will be approximate due to the perturbative origins of the correspondence.

To show this explicitly, consider a planar black hole in the bulk, whose dual on the boundary
we know to be a CFT in global thermal equilibrium in flat space. The metric of this bulk geometry
is given by:

ds2 = �⇢2f(⇢/T )dt2 +
d⇢2

⇢2f(⇢/T ) + ⇢2dx2, f(⇢) ⌘ 1�
✓
4⇡

d⇢

◆
d

, (5)

where T is the temperature of the black hole and ⇢ represents the radial coordinate in the bulk.
As outlined in [18], by boosting and carrying out an appropriate coordinate transformation we can
rewrite this in the following form:

ds2 = �2uµdx
µd⇢� ⇢2f(⇢/T )uµu⌫dx

µdx⌫ + ⇢2Pµ⌫dx
µdx⌫ , (6)

where uµ is the horizon boost velocity of the (still stationary) black hole, and Pµ⌫ ⌘ uµu⌫ + ⌘µ⌫
is a projection operator onto spatial directions orthogonal to uµ.

4
Note that if there are charged currents Jµ

I
for I = {1, 2, ..., } which lead to global charges, these must also be

conserved, giving further dynamical equations: rµJ
µ

I
= 0.
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• Before details, here is an overview:

Homogeneous fluid gives FLRW

Gravitational collapse at the boundary



Homogeneous fluid gives FLRW

Receding horizon

Gravitational collapse at the boundary



Receding horizon

Small over-density

Gravitational collapse at the boundary



Starts to collapse

Gravitational collapse at the boundary



Starts to collapse

Construct bulk 
using fluid/gravity

Gravitational collapse at the boundary
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Gravitational collapse at the boundary



Formation of boundary 
event horizon

Formation of a 
black funnel

Hubeny, Marolf & Rangamani ‘09

(cf Emparan, Luna, Suzuki, Tomasevic & Way ’23)

Gravitational collapse at the boundary



Boundary BH grows

Funnel expands

(cf Emparan, Luna, Suzuki, Tomasevic & Way ’23)

Gravitational collapse at the boundary



• Calculation is identical to PBH formation. 

• With the solution in hand we can analyse its causal structure. 

Gravitational collapse at the boundary
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• At leading order there are two corrections:

Rµ⌫ �
1

2
Rgµ⌫ = 8⇡GTµ⌫ (1)

T
µ⌫

= (E + P )uµu⌫ + Pg
µ⌫

, P = E/3 (2)

Rµ⌫ �
1

2
Rgµ⌫ = 8⇡G hTµ⌫i (3)

N
2

(4)

✏ = 100⇥
R+ 20

20
(5)

⇢ = 1 z = 0 (6)

ds
2
= �2uµ dx

µ
d⇢+ ⇢

2
gµ⌫dx

µ
dx

⌫
+

E

⇢2
uµu⌫ dx

µ
dx

⌫
(7)

ds
2
= �2uµ dx

µ
d⇢� ⇢

2

✓
1�

E

⇢4

◆
uµu⌫ dx

µ
dx

⌫
+ ⇢

2
(uµu⌫ + gµ⌫) dx

µ
dx

⌫
(8)

E(x) , u
µ
(x) , gµ⌫(x) (9)

Tij = T
ideal

ij � ⌘rhivji � ⇠

⇣
rkv

k
⌘
�ij +O(r

2
) (10)

�
2

⌘

⇣
rhivji

⌘⇣
r

hi
v
ji
⌘

(11)

✓
2

⌘

⇣
r

k
vk

⌘2
(12)

Tµ⌫ = T
ideal

µ⌫ + ⌘rhµu⌫i � ⇠ (r↵u
↵
) gµ⌫ +O(r

2
) (13)

�
2

⌘

⇣
rhµu⌫i

⌘⇣
r

hµ
u
⌫i
⌘

(14)

✓
2

⌘ (r
↵
u↵)

2
(15)

� ⌘

q�
rhµu⌫i

� �
rhµu⌫i

�

E1/4
(16)

100⇥
�

E1/4
, 100⇥

✓

E1/4
(17)

✓

E1/4
⇠

1
p
t

(18)

1

Corrections to ideal fluid



• At leading order there are two corrections:

• Will plot:
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• Shooting geodesics from each point we determine the EH:
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• Bulk EH agrees with boundary EH at all times: 
(within our precision)
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Event Horizon (EH) vs Apparent Horizon (AH)
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Entropy Density

• Which horizon is related to the entropy density at the boundary?

• In general this is ill-posed because entropy is only defined in 
equilibrium. 

• However, an ideal fluid is in local thermal equilibrium. 

• So compare the fluid entropy with the AH / EH area densities. 



50 100 150
r

0.01

0.02

0.03

0.04

0.05

0.06

0.07

s
49.9184

Boundary fluid

Bulk EH

Bulk AH

Entropy Density

t =



50 100 150
r

0.01

0.02

0.03

0.04

0.05

0.06

0.07

s
49.9184

Boundary fluid

Bulk EH

Bulk AH

Entropy Density

t =

Initially do not match because 
gradients in FLRW are not small

0

20

40

60

80

100

Tµ⌫ = T
ideal

µ⌫ + ⌘rhµu⌫i + ⇠ (r↵u
↵
) gµ⌫ +O(r

2
) (1)

�
2

⌘

⇣
rhµu⌫i

⌘⇣
r

hµ
u
⌫i
⌘

(2)

✓
2

⌘ (r
↵
u↵)

2
(3)

� ⌘

q�
rhµu⌫i

� �
rhµu⌫i

�

E1/4
(4)

�

E1/4
, 100⇥

✓

E1/4
(5)

✓

E1/4
⇠

1
p
t

(6)

�/E
1/4

, ✓ (7)

Rij = �4gij (8)

3X

i=1

pi = 1 + 8⇡GN
2
⇤
2
,

3X

i=1

p
2
i = 1 (9)

pi ! p
0

i ! p
00

i ! · · · (10)

ds
2
= �dt

2
+

3X

i=1

|t|
2pi dx

2
i (11)

ds
2
= �dt

2
+ |t|

2p1 dx
2
1 + |t|

2p2 dx
2
2 + |t|

2p3 dx
2
3 (12)

� = 8⇡GN
2
⇤
2

(13)

� ⇠ R (14)

R ⇠ 500m ! f =
c

�
⇠ 0.6MHz (15)

⇢GW ⇠ h
2
, hij ⇠ T

TT
ij ⇠ (E + P)vivj (16)

⌧ ⇠ 1ms � 1 fm/c = 10
�23

s (17)

10
72

⇠ ⌧
�1

(18)

� = �
dS

d⇤

d⇤

dt
=

✓
�⇤

dS

d⇤

◆✓
1

⇤

d⇤

dt

◆
(19)

1

⌧
⇠

1

1ms
⇠ 10

5
m (20)

1



Entropy Density
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As time goes by gradients decrease and matching improves
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Entropy Density

t =

50 100 150
r

0.01

0.02

0.03

0.04

0.05

0.06

0.07

s
3993.6

Boundary fluid

Bulk AH



Entropy Density

t =

50 100 150
r

0.2

0.4

0.6

0.8

1.0

s
4892.16

Boundary fluid

Bulk AH



N
2
d.o.f. (1)

Mspecies ⇠
MPlanck

N
(2)

Mpathologies � Mspecies (3)

S =
1

16⇡G4

Z
p
gR+ SGH � logZQFT[g] (4)

S
5D
EH + S

5D
GH + Sct (5)

Rµ⌫ �
1

2
Rgµ⌫ = 8⇡GTµ⌫ (6)

T
µ⌫

= (E + P )uµu⌫ + Pg
µ⌫

, P = E/3 (7)

Rµ⌫ �
1

2
Rgµ⌫ = 8⇡G hTµ⌫i (8)

N
2

(9)

✏ = 100⇥
R+ 20

20
(10)

⇢ = 1 z = 0 (11)

ds
2
= �2uµ dx

µ
d⇢+ ⇢

2
gµ⌫dx

µ
dx

⌫
+

E

⇢2
uµu⌫ dx

µ
dx

⌫
(12)

ds
2
= �2uµ dx

µ
d⇢� ⇢

2

✓
1�

E

⇢4

◆
uµu⌫ dx

µ
dx

⌫
+ ⇢

2
(uµu⌫ + gµ⌫) dx

µ
dx

⌫
(13)

E(x) , u
µ
(x) , gµ⌫(x) (14)

Tij = T
ideal

ij � ⌘rhivji � ⇠

⇣
rkv

k

⌘
�ij +O(r

2
) (15)

�
2

⌘

⇣
rhivji

⌘⇣
r

hi
v
ji

⌘
(16)

✓
2

⌘

⇣
r

k
vk

⌘2
(17)

Tµ⌫ = T
ideal

µ⌫ + ⌘rhµu⌫i � ⇠ (r↵u
↵
) gµ⌫ +O(r

2
) (18)

�
2

⌘

⇣
rhµu⌫i

⌘⇣
r

hµ
u
⌫i

⌘
(19)

✓
2

⌘ (r
↵
u↵)

2
(20)

1

Conclusion

AH captures the fluid entropy
(more generally the QFT entropy) 
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Conclusion

EH area is divergent

AH captures the fluid entropy
(more generally the QFT entropy) 
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Bekenstein-Hawking entropy 
not captured by the bulk

Agrees with Figueras, Hubeny, Rangamani & Ross ‘09

AH captures the fluid entropy
(more generally the QFT entropy) 
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Bekenstein-Hawking entropy 
comes from bdry action

Similar phenomenon observed by  Figueras, Hubeny, Rangamani & Ross ‘09

AH captures the fluid entropy
(more generally the QFT entropy) 



DM, Serantes & Sole  (work in progress)

What about droplets?

• They may or may not form if the boundary BH is small enough.the horizon of the boundary black hole extends into the bulk, presenting two distinct cases: either
the two horizons connect in the bulk, forming a black funnel, or they remain disconnected, forming
a black droplet, as illustrated in Figure 1.

(a) (b)

Figure 1: A sketch of the bulk solutions: a black funnel (a) and a black droplet (b) above a deformed
planar black hole. The top line in each figure denotes the conformal boundary to the AAdS bulk,
where the CFT lives. The dots represent horizons of the boundary black holes, while the shading
marks regions inside the bulk horizons.

The intuition on why the horizon of the boundary black hole extends into the bulk comes from
the fact that in gauge/gravity, a disturbance of size R on Bd falls off into the bulk and typically
extends to z s R, where z is a radial coordinate in AdS such that the boundary is at z ! 0. Thus,
as conjectured in [14], assuming that the boundary and planar black holes have the same fixed
Hawking temperature TH , since the planar black hole horizon is at z = d

4⇡TH

, we can see that for
RTH ⌧ d

4⇡ , we would simply expect the boundary black hole horizon to extend some distance into
the bulk but remain suspended above the planar black hole, which would be somewhat deformed
by the perturbation. Here the horizons would be disconnected, corresponding to the black droplet
solution. However, for a larger disturbance R such that RTH � d

4⇡ , the planar black hole should be
strongly perturbed, while the boundary black hole horizon should extend far into the bulk, leading
to the horizons merging into a single connected entity, a black funnel. A number of works have been
carried out constructing black funnel and droplet solutions for a variety of boundary theories and
AdS geometries [12, 15].

Having discussed the bulk dual solutions to introducing a black hole on the boundary, we can
now return to the problem at hand. By having a black hole form on the boundary from some initial
near-equilibrium thermal state, rather than simply setting Bd to be a black hole spacetime, the hope
is that we would be able to study the evolution of the planar black hole in the bulk as it perturbs due
to the boundary gravitational collapse into one of the two bulk dual solutions hypothesized above.
Furthermore, by forming boundary black holes of varying sizes R, we could explore the conjectured
transition between the black droplet and funnel solutions, shedding light into the inner workings of
the duality.

2.3 Fluid/gravity correspondence

To truly achieve the goal of this work is ultimately a very ambitious task; it would require to solve
a gravitational collapse on the boundary and on the bulk self-consistently, one time step at a time.
This is a daunting exercise, both in terms of general complexity and computational cost. Thankfully,
there exists a regime where we can use the fluid/gravity correspondence to approach the problem.

5

Hubeny, Marolf & Rangamani ‘09



Can we see evaporation?



• Should be possible because        radiation channels. N
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• But then “classical GR+ fluid” description must break down. 

• Boundary: Suggested by growth of corrections near horizon.
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Can we see evaporation?



• Bulk: Suggested by Gregory-Laflamme instability.
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• Studied by Gregory for a fixed boundary metric. 
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Can we see evaporation?
(work in progres)



• So horizon can “slip off” the boundary.
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(cf Emparan, Luna, Suzuki, Tomasevic & Way ’23)

Can we see evaporation?
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• Making this concrete requires solving coupled 4D+5D evolution. 
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Approaching a Cosmological 
Singularity



Application to cosmological singularities

• Classical GR predicts spacetime singularities.

• Most mysterious ones are spacelike singularities 
(Big Bang, interior of BH, etc). 



Application to cosmological singularities

• What happens to spacetime as we approach the singularity.

• Classically: Dynamics is oscillatory and chaotic (BKL behaviour).
Belinsky, Khalatnikov & Lifshitz ‘70



Application to cosmological singularities

• BKL = Infinite sequence of Kasner epochs with rapid transitions 
between them:
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We will see that the gauge theory is driven ar-
bitrarily far from equilibrium as the singularity
is approached. In particular, the energy density
diverges in this limit as E / t�2. As a con-
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is solely controlled by the ultraviolet (UV) fixed
point of the gauge theory. Moreover, in this limit
the dual bulk geometry simplifies to a universal
form, suggesting that the divergence of the stress
tensor is universal for any gauge theory with a
gravity dual. After determining the stress tensor
in a fixed Kasner geometry, we will compute its
perturbative backreaction on the Kasner metric
to leading order in G. We will find that this mod-
ifies the right-hand side of eqs. (5) in a way that
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FIG. 1. Energy density and interaction measure of
the gauge theory.
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scalar is subject to a potential such that the so-
lutions are asymptotically locally anti-de Sitter
(AdS), as shown in Fig. (2). The energy scale M
arises on the gravity side as a boundary condi-
tion on �. Additionally, since we are interested
in the behaviour of the gauge theory in a Kasner
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Application to cosmological singularities

• Considered a fundamental achievement in GR.

• But what about quantum effects?
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Application to cosmological singularities

Quantum Gravity?

• Main challenge: Matter is pushed far from equilibrium.

Quantum Matter + 
Classical Gravity

• But this regime can be described holographically. 
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approaching from negative t, and the Kasner ex-
ponents obey

3X

i=1

pi = 1 ,
3X

i=1

p2i = 1 . (5)

The Hubble or expansion rates in each direction
are given by

Hi =
ȧi
ai

=
pi
t
, (6)

and the curvature scales as

R ⇠ t�2 . (7)

We will see that the gauge theory is driven ar-
bitrarily far from equilibrium as the singularity
is approached. In particular, the energy density
diverges in this limit as E / t�2. As a con-
sequence, the stress tensor near the singularity
is solely controlled by the ultraviolet (UV) fixed
point of the gauge theory. Moreover, in this limit
the dual bulk geometry simplifies to a universal
form, suggesting that the divergence of the stress
tensor is universal for any gauge theory with a
gravity dual. After determining the stress tensor
in a fixed Kasner geometry, we will compute its
perturbative backreaction on the Kasner metric
to leading order in G. We will find that this mod-
ifies the right-hand side of eqs. (5) in a way that
suggests that the BKL behaviour may be avoided.

In this paper we will describe the physical re-
sults in the simplest possible way. Further details
will be presented in [10].
2. Set-up. We consider the model introduced
in [11] in the case in which the gauge theory
describes a renormalization group flow between
an UV and an infrared (IR) fixed point. The
crossover between the two takes place at a char-
acteristic energy scale M . This is illustrated by
the thermodynamics of the theory, as shown in
Fig. (1). The energy density approaches T 4 at
temperatures above and below M , as expected
from conformal invariance near the fixed points.
Similarly, the deviation from conformality, as
measured by the so-called interaction measure

I = (E �
3X

i=1

Pi)/E , (8)

approaches zero in these limits. We will measure
all dimensionful quantities, including t and xi in
(4), in units of M .

The holographic dual consists of gravity in
five dimensions coupled to a scalar field �. The

FIG. 1. Energy density and interaction measure of
the gauge theory.
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Event Horizon

Apparent Horizon
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4D Kasner  
metric

Vacuum solution + linear perturbation

Initial state

AdS

FIG. 2. Penrose diagram of the five-dimensional ge-
ometry dual to a four-dimensional gauge theory in
the Kasner spacetime (4).

scalar is subject to a potential such that the so-
lutions are asymptotically locally anti-de Sitter
(AdS), as shown in Fig. (2). The energy scale M
arises on the gravity side as a boundary condi-
tion on �. Additionally, since we are interested
in the behaviour of the gauge theory in a Kasner
spacetime, we impose the four-dimensional Kas-
ner metric (4) as a boundary condition on the
five-dimensional metric.

Since we will use a characteristic formulation
of the Einstein plus Klein-Gordon (EKG) equa-
tions, we choose to foliate the five-dimensional ge-

• Consider Kasner metric at the boundary:
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scalar is subject to a potential such that the so-
lutions are asymptotically locally anti-de Sitter
(AdS), as shown in Fig. (2). The energy scale M
arises on the gravity side as a boundary condi-
tion on �. Additionally, since we are interested
in the behaviour of the gauge theory in a Kasner
spacetime, we impose the four-dimensional Kas-
ner metric (4) as a boundary condition on the
five-dimensional metric.

Since we will use a characteristic formulation
of the Einstein plus Klein-Gordon (EKG) equa-
tions, we choose to foliate the five-dimensional ge-

• Consider Kasner metric at the boundary:

• Universal stress tensor near singularity: 

3

ometry with null slices, as indicated in Fig. (2).
We specify the initial state at Mtini = �20 on
the initial slice shown as a blue line in the figure.
We then evolve the EKG equations in time us-
ing numerical methods along the lines of [12–29].
From the near-boundary behaviour of the five-
dimensional metric we read off the gauge theory
stress tensor [30].
3. Numerical evolution. For concreteness,
in this section we choose a Kasner geometry (4)
with p1 = p2 = 2/3, p3 = �1/3 and impose ro-
tational symmetry in the 12-plane, so that the
pressures obey P1 = P2. We choose the initial
state to be near equilibrium. In particular, its ini-
tial temperature T (tini) = 0.48M is higher than
the instantaneous expansion rates at the initial
time, Hi(tini) = 0.05piM . These conditions en-
sure that the early stages of the evolution are well
described by hydrodynamics. This is illustrated
in Fig. (3), where we compare the exact pres-
sures, normalized to the energy density, with the
predictions of first-order, viscous hydrodynamics.
The proximity between the two vertical lines in
the figure indicates that hydrodynamics begins to
fail once the expansion rate becomes larger than
the local temperature.

In Fig. (3) we also show the deviation from
conformality (8). The fact that this approaches
zero at t = 0 indicates that this limit is controlled
by the UV fixed point of the theory. In this limit
the energy and the pressures diverge as

E =
⇤2

t2
, Pi = pi E , T / E1/4 , (9)

where ⇤ is a constant with dimensions of mass
that depends on the initial conditions. This be-
haviour is illustrated in Fig. (4), where we see
that t2E and t2Pi approach finite limits at t = 0.
The ratios between the extrapolations of these
quantities to t = 0 are consistent with (9). By
conformal invariance the temperature scales as

T ⇠ E1/4 ⇠
✓
⇤

t

◆1/2

. (10)

This means that higher and higher gradients in
the hydrodynamic expansion diverge faster and
faster, confirming its complete breakdown.
4. Universality. We will now show that the be-
haviour (9) is solely determined by the UV fixed
point of the theory. We begin by noting that,
since (4) is Ricci-flat, the five-dimensional metric

ds2
5D

=
ds2

K
+ du2

u2
(11)

FIG. 3. Comparison between the exact pressures
(solid curves) and the prediction of first-order, vis-
cous hydrodynamics (dashed curves). The dotted
grey curves indicate extrapolation to t = 0. The solid
vertical line indicates the time after which hydrody-
namics fails by more than 10%. The dashed vertical
line indicates the time after which the largest expan-
sion rate exceeds the local temperature, i.e. H1 > T .
The purple curve shows the deviation from confor-
mality (8).

is a solution of the bulk EKG equations provided
we set � = 0. In the gauge theory this condition
corresponds to setting M = 0, namely to replac-
ing the entire non-conformal theory by its UV
fixed point. Moreover, the boundary stress ten-
sor associated to the metric (11) vanishes. This
suggests that one should think of (11) as the “vac-
uum solution” dual to the “vacuum state” of the
UV theory.

The change of coordinates

v = u , ⌧ = t� u (12)

puts the metric (11) in the Eddington-
Finkelstein-like (EF) form

ds2 =
1

v2

h
�d⌧2�2d⌧dv+

3X

i=1

⇣
�⌧ �v

⌘2pi

dx2

i

i
.

(13)
The boundary is at v = 0, and there t = ⌧ . This
metric possesses a curvature singularity on the
spacelike hypersurface vsing = |⌧ |, indicated by a
horizontal line in Fig. (2). The goal of Refs. [31–
33] was to use the boundary gauge theory to un-
derstand this bulk singularity. Our purpose is
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is a solution of the bulk EKG equations provided
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fixed point. Moreover, the boundary stress ten-
sor associated to the metric (11) vanishes. This
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• This allows for 3 +ve p’s and makes 
Kasner stable.

• Suggests chaotic behaviour may be 
avoided. 
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DM, Serantes & Sole  (work in progress)

Corrections to ideal fluid

50 100 150 r

10

20

30

40

θ/ϵ1/4 (%)

Time
t = 100
t = 200
t = 500
t = 1000
t = 2000
t = 3000
t = 5000


