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Non equilibrium holography

CFT: late-time quantum physics of black holes  

AdS: extract universal notions of non equilibrium physics from gravity

Holography:

quantum gravity = quantum field theory

Thermalization/non-equilibrium ➛ BH formation (& evaporation)



Let us consider stationary flows of strongly coupled liquids

The moral of this tale

Universal features of spatial structure of NESS are determined cleanly by

⌘/s
Signatures in thermoelectric probes of strongly coupled liquids

translation invariance along the flow is broken. In this case the system will arrange itself in

such a way that there exists an asymptotic flow velocity, v
L

, far from the obstacle and ‘to

the left’ and a generally di↵erent asymptotic flow velocity, v
R

, far from the obstacle and ‘to

the right’. See Figure 1.1 for an illustration. In between these asymptotic regions the flow

will be complicated and strongly non-linear. Nevertheless, as we show, the spatial approach

towards the asymptotic regions can be universally characterized using non-analytic features

of correlation functions in the complex momentum plane. Holographically these correspond

to linear modes of the perturbed black hole which are both regular at the future horizon and

which decay appropriately as one of the asymptotic spatial regions is approached. These modes

are what we call spatial collective modes (SCM), as they correspond to collective excitations

governing the spacelike relaxation of the strongly coupled theory.
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Figure 1.1: Schematic illustration of the nonequilibrium steady state corresponding to flow
across an obstacle. Far to the left (x ! �1) and far to the right (x ! +1) the flow returns
to a steady, homogeneous flow, di↵erent on each side. In the vicinity of the obstacle (hatched
region) the flow is nonlinearly deformed. Connecting these two regions are a set of spatial
collective modes which describe the exponential (and sometimes oscillatory) spatial relaxation
back to equilibrium.

In situations where the underlying theory enjoys a boost invariance, an alternative point of

view on these types of steady states is provided by transforming into the frame where the fluid

on the upstream side of the obstacle is at rest. In this frame, then, the physical picture is one

of dragging a co-dimension one obstacle through a fluid at rest, building up a bow wave in front

and leaving a wake behind, whose spatial and temporal profiles are precisely what is captured

universally by the SCM described in this paper. A fixed position in the fluid at rest experiences

modes which grow exponentially with time until the obstacle arrives (the bow wave), and then

decay exponentially in time after the obstacle recedes (the wake). This alternative point of

view is schematically depicted in Figure 1.2.

We give the definition of these SCM in full generality, underlining their universal appeal,

but we also find it instructive to illustrate this fact by exhibiting these modes in a number of
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old tails of quenches
Nonequilibrium dynamics of holographic superfluid  

[Bhaseen, Gauntlett, JS, Simons, Wiseman, PRL 110 (2013)]



Quench dynamics in holographic CFT

�7

global AdSd+1

| ii

• Initial state: initial condition or 
result of operator deformation 

• Quench is non-linear, but quickly 
gives way to linear QNM 

• Can track n-pt functions, EE post 
quench 

• Closed quantum system, but at 
late times can think of (large) BH 
as bath



Example: Order Parameter Quench
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static holographic superfluid

non-linear non-equilibrium 
evolution

final state at effective 
temperature

J (t) = �e�(t/⌧̄)2

| ii

hO(t, x)i
conjugate to
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Holographic superconductor quench in Poincaré AdS



Universal Relaxation Dynamics
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The dynamics of this quench give rise to three distinct regimes  

I. Oscillation 

II.Decay to finite gap 

III.Decay to zero gap  

3

FIG. 1. Schematic representation of the space-time coordi-
nates (2). We show data for the time evolution of the real
part of the scalar field  (t, z) following a Gaussian quench at
t = 0 with � = 0.15, from a superfluid black hole initial state
as t ! �1 with Ti/Tc = 0.5. The behaviour near the AdS
boundary at z = 0 is used to extract the dynamics of the
superfluid order parameter hO(t)i shown in Figs 2,3.

that for large quench strengths we exit the initial super-
fluid phase completely. In contrast, in region II it exhibits
non-oscillatory exponential decay with Re(!) = 0 to-
wards |hOif | 6= 0. As we shall see later, this corresponds
to the presence of a gapped “amplitude” mode and a
gapless “phase” mode in the superfluid phase. However,
in region I it exhibits exponentially damped oscillations
with Re(!) 6= 0 towards |hOif | 6= 0, so that for smaller
quench strengths there is another regime of dynamics.
For the parameters used in Fig. 2, the transition from
I to II occurs at a critical quench strength �⇤ ⇡ 0.14,
whilst the transition from II to III occurs at �c ⇡ 0.21.

The behaviour shown in Fig. 2 is reminiscent of the
dynamical phase diagram for a BCS superconductor
[16], despite the fact that the holographic superfluid is
strongly coupled, and that the e↵ects of thermal damp-
ing are incorporated. Indeed, the persistent oscillations
of the integrable BCS Hamiltonian are replaced here by
an under-damped approach towards |hOif | 6= 0, whilst
the power-law damped BCS oscillations are replaced by
an exponentially damped approach. The transition at
�⇤ provides a finite temperature and collision dominated
analogue of the collisionless Landau damping transition
[16].

Emergent Temperature Scale.— We can gain further
insight by considering the phase diagram as a function
of the final temperature, Tf , corresponding to the equi-
librium temperature of the final state black hole. In

FIG. 2. (a) Dynamical phase diagram of the holographic su-
perfluid showing the final order parameter, |hOif |, at late
times. We start in the superfluid state with Ti = 0.5Tc, and
monitor the time evolution with increasing quench strength
�. The dynamics exhibits three regimes of behaviour; for the
chosen parameters the transitions between these regimes oc-
cur at �⇤ ⇡ 0.14 and �c ⇡ 0.21. (b) In region I we observe
damped oscillations towards |hOif | 6= 0. (c) In region II we
find a non-oscillatory approach towards |hOif | 6= 0. (d) In
region III we find a non-oscillatory decay towards |hOif | = 0.
The dashed lines in (b), (c), and (d) correspond to the dom-
inant quasi-normal modes of the final state black holes for
temperatures Tf/Tc = 0.73, 0.95, 1.48 respectively.

Fig. 3(a) we plot Tf versus �, showing that stronger
quenches lead to greater final temperatures, consistent
with the notion that the quench leads to heating. Using
this relationship we may re-plot the data in Fig. 2 as a
function of Tf ; see Fig. 3(b). The data collapse on to the
equilibrium phase diagram of the holographic superfluid
[35], as indicated by the solid line. The transition from
II to III is associated with increasing Tf above Tc. How-
ever, Fig. 3(b) contains more information than the equi-
librium phase diagram; there is an emergent dynamical
temperature scale T⇤, associated with �⇤, where the time

dynamical phase transition 



Universal Relaxation Dynamics
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Universal explaination in terms of QNM: poles in correlation functions at real 
momentum and complex frequency

I. Oscillation
 II. Pure Decay

region I (T<T*): oscillatory decay to nonzero order parameter

28

• dominant QNMs have

• now                          so
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FIG. 1. Schematic representation of the space-time coordi-
nates (2). We show data for the time evolution of the real
part of the scalar field  (t, z) following a Gaussian quench at
t = 0 with � = 0.15, from a superfluid black hole initial state
as t ! �1 with Ti/Tc = 0.5. The behaviour near the AdS
boundary at z = 0 is used to extract the dynamics of the
superfluid order parameter hO(t)i shown in Figs 2,3.

that for large quench strengths we exit the initial super-
fluid phase completely. In contrast, in region II it exhibits
non-oscillatory exponential decay with Re(!) = 0 to-
wards |hOif | 6= 0. As we shall see later, this corresponds
to the presence of a gapped “amplitude” mode and a
gapless “phase” mode in the superfluid phase. However,
in region I it exhibits exponentially damped oscillations
with Re(!) 6= 0 towards |hOif | 6= 0, so that for smaller
quench strengths there is another regime of dynamics.
For the parameters used in Fig. 2, the transition from
I to II occurs at a critical quench strength �⇤ ⇡ 0.14,
whilst the transition from II to III occurs at �c ⇡ 0.21.

The behaviour shown in Fig. 2 is reminiscent of the
dynamical phase diagram for a BCS superconductor
[16], despite the fact that the holographic superfluid is
strongly coupled, and that the e↵ects of thermal damp-
ing are incorporated. Indeed, the persistent oscillations
of the integrable BCS Hamiltonian are replaced here by
an under-damped approach towards |hOif | 6= 0, whilst
the power-law damped BCS oscillations are replaced by
an exponentially damped approach. The transition at
�⇤ provides a finite temperature and collision dominated
analogue of the collisionless Landau damping transition
[16].

Emergent Temperature Scale.— We can gain further
insight by considering the phase diagram as a function
of the final temperature, Tf , corresponding to the equi-
librium temperature of the final state black hole. In

FIG. 2. (a) Dynamical phase diagram of the holographic su-
perfluid showing the final order parameter, |hOif |, at late
times. We start in the superfluid state with Ti = 0.5Tc, and
monitor the time evolution with increasing quench strength
�. The dynamics exhibits three regimes of behaviour; for the
chosen parameters the transitions between these regimes oc-
cur at �⇤ ⇡ 0.14 and �c ⇡ 0.21. (b) In region I we observe
damped oscillations towards |hOif | 6= 0. (c) In region II we
find a non-oscillatory approach towards |hOif | 6= 0. (d) In
region III we find a non-oscillatory decay towards |hOif | = 0.
The dashed lines in (b), (c), and (d) correspond to the dom-
inant quasi-normal modes of the final state black holes for
temperatures Tf/Tc = 0.73, 0.95, 1.48 respectively.

Fig. 3(a) we plot Tf versus �, showing that stronger
quenches lead to greater final temperatures, consistent
with the notion that the quench leads to heating. Using
this relationship we may re-plot the data in Fig. 2 as a
function of Tf ; see Fig. 3(b). The data collapse on to the
equilibrium phase diagram of the holographic superfluid
[35], as indicated by the solid line. The transition from
II to III is associated with increasing Tf above Tc. How-
ever, Fig. 3(b) contains more information than the equi-
librium phase diagram; there is an emergent dynamical
temperature scale T⇤, associated with �⇤, where the time

hOf i 6= 0

T > Tc
T = Tc

T = T⇤ T < T⇤T⇤ < T < Tc

Monday, 26 November 12

Re(!) 6= 0 Im(!) 6= 0

|hO(t)i|2 = |hO(t)i+ ce�i!t|2
= |hOf i|2 + |c|2e2Im(!)t

+2eIm(!)t
⇣
Re [hOf ic⇤] cos(Re(!)t)

�Im [hOf ic⇤] sin(Re(!)t)
⌘

region II (T*<T<Tc): pure decay to nonzero order parameter
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• dominant QNMs have

• now                          so
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FIG. 1. Schematic representation of the space-time coordi-
nates (2). We show data for the time evolution of the real
part of the scalar field  (t, z) following a Gaussian quench at
t = 0 with � = 0.15, from a superfluid black hole initial state
as t ! �1 with Ti/Tc = 0.5. The behaviour near the AdS
boundary at z = 0 is used to extract the dynamics of the
superfluid order parameter hO(t)i shown in Figs 2,3.

that for large quench strengths we exit the initial super-
fluid phase completely. In contrast, in region II it exhibits
non-oscillatory exponential decay with Re(!) = 0 to-
wards |hOif | 6= 0. As we shall see later, this corresponds
to the presence of a gapped “amplitude” mode and a
gapless “phase” mode in the superfluid phase. However,
in region I it exhibits exponentially damped oscillations
with Re(!) 6= 0 towards |hOif | 6= 0, so that for smaller
quench strengths there is another regime of dynamics.
For the parameters used in Fig. 2, the transition from
I to II occurs at a critical quench strength �⇤ ⇡ 0.14,
whilst the transition from II to III occurs at �c ⇡ 0.21.

The behaviour shown in Fig. 2 is reminiscent of the
dynamical phase diagram for a BCS superconductor
[16], despite the fact that the holographic superfluid is
strongly coupled, and that the e↵ects of thermal damp-
ing are incorporated. Indeed, the persistent oscillations
of the integrable BCS Hamiltonian are replaced here by
an under-damped approach towards |hOif | 6= 0, whilst
the power-law damped BCS oscillations are replaced by
an exponentially damped approach. The transition at
�⇤ provides a finite temperature and collision dominated
analogue of the collisionless Landau damping transition
[16].

Emergent Temperature Scale.— We can gain further
insight by considering the phase diagram as a function
of the final temperature, Tf , corresponding to the equi-
librium temperature of the final state black hole. In

FIG. 2. (a) Dynamical phase diagram of the holographic su-
perfluid showing the final order parameter, |hOif |, at late
times. We start in the superfluid state with Ti = 0.5Tc, and
monitor the time evolution with increasing quench strength
�. The dynamics exhibits three regimes of behaviour; for the
chosen parameters the transitions between these regimes oc-
cur at �⇤ ⇡ 0.14 and �c ⇡ 0.21. (b) In region I we observe
damped oscillations towards |hOif | 6= 0. (c) In region II we
find a non-oscillatory approach towards |hOif | 6= 0. (d) In
region III we find a non-oscillatory decay towards |hOif | = 0.
The dashed lines in (b), (c), and (d) correspond to the dom-
inant quasi-normal modes of the final state black holes for
temperatures Tf/Tc = 0.73, 0.95, 1.48 respectively.

Fig. 3(a) we plot Tf versus �, showing that stronger
quenches lead to greater final temperatures, consistent
with the notion that the quench leads to heating. Using
this relationship we may re-plot the data in Fig. 2 as a
function of Tf ; see Fig. 3(b). The data collapse on to the
equilibrium phase diagram of the holographic superfluid
[35], as indicated by the solid line. The transition from
II to III is associated with increasing Tf above Tc. How-
ever, Fig. 3(b) contains more information than the equi-
librium phase diagram; there is an emergent dynamical
temperature scale T⇤, associated with �⇤, where the time

T > Tc
T = Tc

T = T⇤ T < T⇤T⇤ < T < Tc

Monday, 26 November 12

hOf i 6= 0

Re(!) = 0 Im(!) 6= 0

|hO(t)i|2 = |hO(t)i+ ce�i!t|2
= |hOf i|2 + |c|2e2Im(!)t

+2|c|eIm(!)tRe [hOf ic⇤]• almost all results on transport (conductivity, viscosity, ...) rely on smallness of 

III. Destruction of order 
(with pure decay)


region III (T>Tc): pure decay to zero order parameter
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T > Tc
T = Tc

T = T⇤ T < T⇤T⇤ < T < Tc

Monday, 26 November 12

• dominant QNMs have

Re(!) 6= 0 Im(!) 6= 0

• but                          sohOf i = 0

|hO(t)i| = |hO(t)i+ ce�i!t|
= |c|eIm(!)t
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FIG. 1. Schematic representation of the space-time coordi-
nates (2). We show data for the time evolution of the real
part of the scalar field  (t, z) following a Gaussian quench at
t = 0 with � = 0.15, from a superfluid black hole initial state
as t ! �1 with Ti/Tc = 0.5. The behaviour near the AdS
boundary at z = 0 is used to extract the dynamics of the
superfluid order parameter hO(t)i shown in Figs 2,3.

that for large quench strengths we exit the initial super-
fluid phase completely. In contrast, in region II it exhibits
non-oscillatory exponential decay with Re(!) = 0 to-
wards |hOif | 6= 0. As we shall see later, this corresponds
to the presence of a gapped “amplitude” mode and a
gapless “phase” mode in the superfluid phase. However,
in region I it exhibits exponentially damped oscillations
with Re(!) 6= 0 towards |hOif | 6= 0, so that for smaller
quench strengths there is another regime of dynamics.
For the parameters used in Fig. 2, the transition from
I to II occurs at a critical quench strength �⇤ ⇡ 0.14,
whilst the transition from II to III occurs at �c ⇡ 0.21.

The behaviour shown in Fig. 2 is reminiscent of the
dynamical phase diagram for a BCS superconductor
[16], despite the fact that the holographic superfluid is
strongly coupled, and that the e↵ects of thermal damp-
ing are incorporated. Indeed, the persistent oscillations
of the integrable BCS Hamiltonian are replaced here by
an under-damped approach towards |hOif | 6= 0, whilst
the power-law damped BCS oscillations are replaced by
an exponentially damped approach. The transition at
�⇤ provides a finite temperature and collision dominated
analogue of the collisionless Landau damping transition
[16].

Emergent Temperature Scale.— We can gain further
insight by considering the phase diagram as a function
of the final temperature, Tf , corresponding to the equi-
librium temperature of the final state black hole. In

FIG. 2. (a) Dynamical phase diagram of the holographic su-
perfluid showing the final order parameter, |hOif |, at late
times. We start in the superfluid state with Ti = 0.5Tc, and
monitor the time evolution with increasing quench strength
�. The dynamics exhibits three regimes of behaviour; for the
chosen parameters the transitions between these regimes oc-
cur at �⇤ ⇡ 0.14 and �c ⇡ 0.21. (b) In region I we observe
damped oscillations towards |hOif | 6= 0. (c) In region II we
find a non-oscillatory approach towards |hOif | 6= 0. (d) In
region III we find a non-oscillatory decay towards |hOif | = 0.
The dashed lines in (b), (c), and (d) correspond to the dom-
inant quasi-normal modes of the final state black holes for
temperatures Tf/Tc = 0.73, 0.95, 1.48 respectively.

Fig. 3(a) we plot Tf versus �, showing that stronger
quenches lead to greater final temperatures, consistent
with the notion that the quench leads to heating. Using
this relationship we may re-plot the data in Fig. 2 as a
function of Tf ; see Fig. 3(b). The data collapse on to the
equilibrium phase diagram of the holographic superfluid
[35], as indicated by the solid line. The transition from
II to III is associated with increasing Tf above Tc. How-
ever, Fig. 3(b) contains more information than the equi-
librium phase diagram; there is an emergent dynamical
temperature scale T⇤, associated with �⇤, where the time

strength of quench

! ! !

�10

Boundary between I & II is a dynamical phase transition. Also observed in e.g. 
BCS . [Barankov, Levitov, Spivak]



tails of steady states
Universal structure of non equilibrium steady states  

[JS, Benjamin Withers, PRL 119 (2017), Igor Novak, JS, Benjamin Withers (2018)]



Nonequilibrium Steady States

NESS: out of equilibrium, but independent of time

 12

Example I: current-driven steady states (apply E field)

Example II: heat-driven steady states (local thermal quench)

[JS, Andrew Green]

[J. Bhaseen, Doyon, A. Lucas, K. Schalm;…]

- Non-linear conductivity 

- out-of-equilibrium fluctuation theorem

- Characterisation of steady state region 

- full out-of-equilibrium fluctuation relations

[A. Karch, A. O’Bannon; A. Karch, S. Sondhi]
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Fluid NESS

Consider a stationary flow of a strongly coupled liquid over an obstacle

Compresssible flow non-linearly disturbed by the obstacle

J

g

(x) = �e

�(x/x̄)2
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Perspective: ’Spatial Quench’

boundary condition / quench

horizon
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Holographic dual:

Turn a ‘standard’ quench by 
90 degrees 

Duals are stationary black 
holes with nonKilling horizon

(have compactified spatial direction)
x
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[Figueras & Wiseman (2013)]



Tails of NESS

translation invariance along the flow is broken. In this case the system will arrange itself in

such a way that there exists an asymptotic flow velocity, v
L

, far from the obstacle and ‘to

the left’ and a generally di↵erent asymptotic flow velocity, v
R

, far from the obstacle and ‘to

the right’. See Figure 1.1 for an illustration. In between these asymptotic regions the flow

will be complicated and strongly non-linear. Nevertheless, as we show, the spatial approach

towards the asymptotic regions can be universally characterized using non-analytic features

of correlation functions in the complex momentum plane. Holographically these correspond

to linear modes of the perturbed black hole which are both regular at the future horizon and

which decay appropriately as one of the asymptotic spatial regions is approached. These modes

are what we call spatial collective modes (SCM), as they correspond to collective excitations

governing the spacelike relaxation of the strongly coupled theory.

x

e�Imk
R

x

eik
L

x

non-universaluniversal universal

· · · · · ·

flow v

L

f
L

flow v

R

f
R

Figure 1.1: Schematic illustration of the nonequilibrium steady state corresponding to flow
across an obstacle. Far to the left (x ! �1) and far to the right (x ! +1) the flow returns
to a steady, homogeneous flow, di↵erent on each side. In the vicinity of the obstacle (hatched
region) the flow is nonlinearly deformed. Connecting these two regions are a set of spatial
collective modes which describe the exponential (and sometimes oscillatory) spatial relaxation
back to equilibrium.

In situations where the underlying theory enjoys a boost invariance, an alternative point of

view on these types of steady states is provided by transforming into the frame where the fluid

on the upstream side of the obstacle is at rest. In this frame, then, the physical picture is one

of dragging a co-dimension one obstacle through a fluid at rest, building up a bow wave in front

and leaving a wake behind, whose spatial and temporal profiles are precisely what is captured

universally by the SCM described in this paper. A fixed position in the fluid at rest experiences

modes which grow exponentially with time until the obstacle arrives (the bow wave), and then

decay exponentially in time after the obstacle recedes (the wake). This alternative point of

view is schematically depicted in Figure 1.2.

We give the definition of these SCM in full generality, underlining their universal appeal,

but we also find it instructive to illustrate this fact by exhibiting these modes in a number of

4

How is asymptotic equilibrium reached (e.g. energy density)?

✏(t,x) = ✏L,R + eik·x�✏

Seek time independent mode on background with finite velocity

(! 2 R)
<latexit sha1_base64="jPUPr5IFIf+lWKI6o666iP5qpVI=">AAACC3icbVA9SwNBEN3zM8avqKXNkiDEJtyJoGXQxjKK+YBcCHubuWTJ3t6xOyeEI72Nf8XGQhFb/4Cd/8bNR6GJDwYe780wMy9IpDDout/Oyura+sZmbiu/vbO7t184OGyYONUc6jyWsW4FzIAUCuooUEIr0cCiQEIzGF5P/OYDaCNidY+jBDoR6ysRCs7QSt1C0ZcQYtmPI+gz6gtF/YjhIAiyu7GvRX+Ap91Cya24U9Bl4s1JicxR6xa+/F7M0wgUcsmMaXtugp2MaRRcwjjvpwYSxoesD21LFYvAdLLpL2N6YpUeDWNtSyGdqr8nMhYZM4oC2zk51Cx6E/E/r51ieNnJhEpSBMVni8JUUozpJBjaExo4ypEljGthb6V8wDTjaOPL2xC8xZeXSeOs4rkV7/a8VL2ax5Ejx6RIysQjF6RKbkiN1Aknj+SZvJI358l5cd6dj1nrijOfOSJ/4Hz+AJGOmr0=</latexit><latexit sha1_base64="jPUPr5IFIf+lWKI6o666iP5qpVI=">AAACC3icbVA9SwNBEN3zM8avqKXNkiDEJtyJoGXQxjKK+YBcCHubuWTJ3t6xOyeEI72Nf8XGQhFb/4Cd/8bNR6GJDwYe780wMy9IpDDout/Oyura+sZmbiu/vbO7t184OGyYONUc6jyWsW4FzIAUCuooUEIr0cCiQEIzGF5P/OYDaCNidY+jBDoR6ysRCs7QSt1C0ZcQYtmPI+gz6gtF/YjhIAiyu7GvRX+Ap91Cya24U9Bl4s1JicxR6xa+/F7M0wgUcsmMaXtugp2MaRRcwjjvpwYSxoesD21LFYvAdLLpL2N6YpUeDWNtSyGdqr8nMhYZM4oC2zk51Cx6E/E/r51ieNnJhEpSBMVni8JUUozpJBjaExo4ypEljGthb6V8wDTjaOPL2xC8xZeXSeOs4rkV7/a8VL2ax5Ejx6RIysQjF6RKbkiN1Aknj+SZvJI358l5cd6dj1nrijOfOSJ/4Hz+AJGOmr0=</latexit><latexit sha1_base64="jPUPr5IFIf+lWKI6o666iP5qpVI=">AAACC3icbVA9SwNBEN3zM8avqKXNkiDEJtyJoGXQxjKK+YBcCHubuWTJ3t6xOyeEI72Nf8XGQhFb/4Cd/8bNR6GJDwYe780wMy9IpDDout/Oyura+sZmbiu/vbO7t184OGyYONUc6jyWsW4FzIAUCuooUEIr0cCiQEIzGF5P/OYDaCNidY+jBDoR6ysRCs7QSt1C0ZcQYtmPI+gz6gtF/YjhIAiyu7GvRX+Ap91Cya24U9Bl4s1JicxR6xa+/F7M0wgUcsmMaXtugp2MaRRcwjjvpwYSxoesD21LFYvAdLLpL2N6YpUeDWNtSyGdqr8nMhYZM4oC2zk51Cx6E/E/r51ieNnJhEpSBMVni8JUUozpJBjaExo4ypEljGthb6V8wDTjaOPL2xC8xZeXSeOs4rkV7/a8VL2ax5Ejx6RIysQjF6RKbkiN1Aknj+SZvJI358l5cd6dj1nrijOfOSJ/4Hz+AJGOmr0=</latexit><latexit sha1_base64="jPUPr5IFIf+lWKI6o666iP5qpVI=">AAACC3icbVA9SwNBEN3zM8avqKXNkiDEJtyJoGXQxjKK+YBcCHubuWTJ3t6xOyeEI72Nf8XGQhFb/4Cd/8bNR6GJDwYe780wMy9IpDDout/Oyura+sZmbiu/vbO7t184OGyYONUc6jyWsW4FzIAUCuooUEIr0cCiQEIzGF5P/OYDaCNidY+jBDoR6ysRCs7QSt1C0ZcQYtmPI+gz6gtF/YjhIAiyu7GvRX+Ap91Cya24U9Bl4s1JicxR6xa+/F7M0wgUcsmMaXtugp2MaRRcwjjvpwYSxoesD21LFYvAdLLpL2N6YpUeDWNtSyGdqr8nMhYZM4oC2zk51Cx6E/E/r51ieNnJhEpSBMVni8JUUozpJBjaExo4ypEljGthb6V8wDTjaOPL2xC8xZeXSeOs4rkV7/a8VL2ax5Ejx6RIysQjF6RKbkiN1Aknj+SZvJI358l5cd6dj1nrijOfOSJ/4Hz+AJGOmr0=</latexit>

k 2 C
<latexit sha1_base64="1dh1XVgl8NiO0S1M8xbs/sRqk7A=">AAAB+XicbVBNSwMxFHypX7V+rXr0EiyCp7Irgh6LvXisYGuhu5Rsmm1Ds9klyRbK0n/ixYMiXv0n3vw3Zts9aOtAYJh5jzeZMBVcG9f9RpWNza3tnepubW//4PDIOT7p6iRTlHVoIhLVC4lmgkvWMdwI1ksVI3Eo2FM4aRX+05QpzRP5aGYpC2IykjzilBgrDRxngn0usR8TMw7DvDUfOHW34S6A14lXkjqUaA+cL3+Y0Cxm0lBBtO57bmqCnCjDqWDzmp9plhI6ISPWt1SSmOkgXySf4wurDHGUKPukwQv190ZOYq1ncWgni4R61SvE/7x+ZqLbIOcyzQyTdHkoygQ2CS5qwEOuGDViZgmhitusmI6JItTYsmq2BG/1y+uke9Xw3Ib3cF1v3pV1VOEMzuESPLiBJtxDGzpAYQrP8ApvKEcv6B19LEcrqNw5hT9Anz/olZMu</latexit><latexit sha1_base64="1dh1XVgl8NiO0S1M8xbs/sRqk7A=">AAAB+XicbVBNSwMxFHypX7V+rXr0EiyCp7Irgh6LvXisYGuhu5Rsmm1Ds9klyRbK0n/ixYMiXv0n3vw3Zts9aOtAYJh5jzeZMBVcG9f9RpWNza3tnepubW//4PDIOT7p6iRTlHVoIhLVC4lmgkvWMdwI1ksVI3Eo2FM4aRX+05QpzRP5aGYpC2IykjzilBgrDRxngn0usR8TMw7DvDUfOHW34S6A14lXkjqUaA+cL3+Y0Cxm0lBBtO57bmqCnCjDqWDzmp9plhI6ISPWt1SSmOkgXySf4wurDHGUKPukwQv190ZOYq1ncWgni4R61SvE/7x+ZqLbIOcyzQyTdHkoygQ2CS5qwEOuGDViZgmhitusmI6JItTYsmq2BG/1y+uke9Xw3Ib3cF1v3pV1VOEMzuESPLiBJtxDGzpAYQrP8ApvKEcv6B19LEcrqNw5hT9Anz/olZMu</latexit><latexit sha1_base64="1dh1XVgl8NiO0S1M8xbs/sRqk7A=">AAAB+XicbVBNSwMxFHypX7V+rXr0EiyCp7Irgh6LvXisYGuhu5Rsmm1Ds9klyRbK0n/ixYMiXv0n3vw3Zts9aOtAYJh5jzeZMBVcG9f9RpWNza3tnepubW//4PDIOT7p6iRTlHVoIhLVC4lmgkvWMdwI1ksVI3Eo2FM4aRX+05QpzRP5aGYpC2IykjzilBgrDRxngn0usR8TMw7DvDUfOHW34S6A14lXkjqUaA+cL3+Y0Cxm0lBBtO57bmqCnCjDqWDzmp9plhI6ISPWt1SSmOkgXySf4wurDHGUKPukwQv190ZOYq1ncWgni4R61SvE/7x+ZqLbIOcyzQyTdHkoygQ2CS5qwEOuGDViZgmhitusmI6JItTYsmq2BG/1y+uke9Xw3Ib3cF1v3pV1VOEMzuESPLiBJtxDGzpAYQrP8ApvKEcv6B19LEcrqNw5hT9Anz/olZMu</latexit><latexit sha1_base64="1dh1XVgl8NiO0S1M8xbs/sRqk7A=">AAAB+XicbVBNSwMxFHypX7V+rXr0EiyCp7Irgh6LvXisYGuhu5Rsmm1Ds9klyRbK0n/ixYMiXv0n3vw3Zts9aOtAYJh5jzeZMBVcG9f9RpWNza3tnepubW//4PDIOT7p6iRTlHVoIhLVC4lmgkvWMdwI1ksVI3Eo2FM4aRX+05QpzRP5aGYpC2IykjzilBgrDRxngn0usR8TMw7DvDUfOHW34S6A14lXkjqUaA+cL3+Y0Cxm0lBBtO57bmqCnCjDqWDzmp9plhI6ISPWt1SSmOkgXySf4wurDHGUKPukwQv190ZOYq1ncWgni4R61SvE/7x+ZqLbIOcyzQyTdHkoygQ2CS5qwEOuGDViZgmhitusmI6JItTYsmq2BG/1y+uke9Xw3Ib3cF1v3pV1VOEMzuESPLiBJtxDGzpAYQrP8ApvKEcv6B19LEcrqNw5hT9Anz/olZMu</latexit>

SCM:



Spatial Collective Modes (SCM)

Depending on sign of Im k can have diverging mode. Regularity:

Im k > 0 =) right mode

Im k < 0 =) left mode
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Approach of expectation value of some operator at position x:

� h�(t, x)i =
Z 1

�1
F (x0)(�i)✓(x� x

0)h[�(t, x),�(t0, x0)]i
<latexit sha1_base64="RApxFpQZ6FnFD3YxKifG+cNBsB8="></latexit><latexit sha1_base64="RApxFpQZ6FnFD3YxKifG+cNBsB8="></latexit><latexit sha1_base64="RApxFpQZ6FnFD3YxKifG+cNBsB8="></latexit><latexit sha1_base64="hP+6LrUf2d3tZaldqaQQvEKMXyw=">AAAB2XicbZDNSgMxFIXv1L86Vq1rN8EiuCozbnQpuHFZwbZCO5RM5k4bmskMyR2hDH0BF25EfC93vo3pz0JbDwQ+zknIvSculLQUBN9ebWd3b/+gfugfNfzjk9Nmo2fz0gjsilzl5jnmFpXU2CVJCp8LgzyLFfbj6f0i77+gsTLXTzQrMMr4WMtUCk7O6oyaraAdLMW2IVxDC9YaNb+GSS7KDDUJxa0dhEFBUcUNSaFw7g9LiwUXUz7GgUPNM7RRtRxzzi6dk7A0N+5oYkv394uKZ9bOstjdzDhN7Ga2MP/LBiWlt1EldVESarH6KC0Vo5wtdmaJNChIzRxwYaSblYkJN1yQa8Z3HYSbG29D77odBu3wMYA6nMMFXEEIN3AHD9CBLghI4BXevYn35n2suqp569LO4I+8zx84xIo4</latexit><latexit sha1_base64="kXXjNHlhm7ecNgHKeXYqmFh+7JQ="></latexit><latexit sha1_base64="kXXjNHlhm7ecNgHKeXYqmFh+7JQ="></latexit><latexit sha1_base64="mWnLfAN0wZBBnm2lUzm8/5Iuk6w="></latexit><latexit sha1_base64="RApxFpQZ6FnFD3YxKifG+cNBsB8="></latexit><latexit sha1_base64="RApxFpQZ6FnFD3YxKifG+cNBsB8="></latexit><latexit sha1_base64="RApxFpQZ6FnFD3YxKifG+cNBsB8="></latexit><latexit sha1_base64="RApxFpQZ6FnFD3YxKifG+cNBsB8="></latexit><latexit sha1_base64="RApxFpQZ6FnFD3YxKifG+cNBsB8="></latexit><latexit sha1_base64="RApxFpQZ6FnFD3YxKifG+cNBsB8="></latexit>

G

[&](x� x

0)
<latexit sha1_base64="iiYaVFWdJF+789z1HW3ZG+fXHKk=">AAACEXicbVA9SwNBEN3zM8avqKXNYhBjYbgTQcughZYRjBFyZ9jbzCWLex/szmnCkb9g41+xsVDE1s7Of+MmXqHGBzM83pthd56fSKHRtj+tqemZ2bn5wkJxcWl5ZbW0tn6p41RxaPBYxurKZxqkiKCBAiVcJQpY6Eto+jcnI795C0qLOLrAQQJeyLqRCARnaKR2qXJ6nbmaK5Fg3nEggbZcDUyp+M4bVvp7/Z1d2i6V7ao9Bp0kTk7KJEe9XfpwOzFPQ4iQS6Z1y7ET9DKmUHAJw6KbakgYv2FdaBkasRC0l40vGtJto3RoECtTEdKx+nMjY6HWg9A3kyHDnv7rjcT/vFaKwZGXiShJESL+/VCQSooxHcVDO0IBRzkwhJk8zF8p7zHFOJoQiyYE5+/Jk+Ryv+rYVef8oFw7zuMokE2yRSrEIYekRs5InTQIJ/fkkTyTF+vBerJerbfv0Skr39kgv2C9fwGqYp17</latexit><latexit sha1_base64="iiYaVFWdJF+789z1HW3ZG+fXHKk=">AAACEXicbVA9SwNBEN3zM8avqKXNYhBjYbgTQcughZYRjBFyZ9jbzCWLex/szmnCkb9g41+xsVDE1s7Of+MmXqHGBzM83pthd56fSKHRtj+tqemZ2bn5wkJxcWl5ZbW0tn6p41RxaPBYxurKZxqkiKCBAiVcJQpY6Eto+jcnI795C0qLOLrAQQJeyLqRCARnaKR2qXJ6nbmaK5Fg3nEggbZcDUyp+M4bVvp7/Z1d2i6V7ao9Bp0kTk7KJEe9XfpwOzFPQ4iQS6Z1y7ET9DKmUHAJw6KbakgYv2FdaBkasRC0l40vGtJto3RoECtTEdKx+nMjY6HWg9A3kyHDnv7rjcT/vFaKwZGXiShJESL+/VCQSooxHcVDO0IBRzkwhJk8zF8p7zHFOJoQiyYE5+/Jk+Ryv+rYVef8oFw7zuMokE2yRSrEIYekRs5InTQIJ/fkkTyTF+vBerJerbfv0Skr39kgv2C9fwGqYp17</latexit><latexit sha1_base64="iiYaVFWdJF+789z1HW3ZG+fXHKk=">AAACEXicbVA9SwNBEN3zM8avqKXNYhBjYbgTQcughZYRjBFyZ9jbzCWLex/szmnCkb9g41+xsVDE1s7Of+MmXqHGBzM83pthd56fSKHRtj+tqemZ2bn5wkJxcWl5ZbW0tn6p41RxaPBYxurKZxqkiKCBAiVcJQpY6Eto+jcnI795C0qLOLrAQQJeyLqRCARnaKR2qXJ6nbmaK5Fg3nEggbZcDUyp+M4bVvp7/Z1d2i6V7ao9Bp0kTk7KJEe9XfpwOzFPQ4iQS6Z1y7ET9DKmUHAJw6KbakgYv2FdaBkasRC0l40vGtJto3RoECtTEdKx+nMjY6HWg9A3kyHDnv7rjcT/vFaKwZGXiShJESL+/VCQSooxHcVDO0IBRzkwhJk8zF8p7zHFOJoQiyYE5+/Jk+Ryv+rYVef8oFw7zuMokE2yRSrEIYekRs5InTQIJ/fkkTyTF+vBerJerbfv0Skr39kgv2C9fwGqYp17</latexit><latexit sha1_base64="iiYaVFWdJF+789z1HW3ZG+fXHKk=">AAACEXicbVA9SwNBEN3zM8avqKXNYhBjYbgTQcughZYRjBFyZ9jbzCWLex/szmnCkb9g41+xsVDE1s7Of+MmXqHGBzM83pthd56fSKHRtj+tqemZ2bn5wkJxcWl5ZbW0tn6p41RxaPBYxurKZxqkiKCBAiVcJQpY6Eto+jcnI795C0qLOLrAQQJeyLqRCARnaKR2qXJ6nbmaK5Fg3nEggbZcDUyp+M4bVvp7/Z1d2i6V7ao9Bp0kTk7KJEe9XfpwOzFPQ4iQS6Z1y7ET9DKmUHAJw6KbakgYv2FdaBkasRC0l40vGtJto3RoECtTEdKx+nMjY6HWg9A3kyHDnv7rjcT/vFaKwZGXiShJESL+/VCQSooxHcVDO0IBRzkwhJk8zF8p7zHFOJoQiyYE5+/Jk+Ryv+rYVef8oFw7zuMokE2yRSrEIYekRs5InTQIJ/fkkTyTF+vBerJerbfv0Skr39kgv2C9fwGqYp17</latexit>

‘decay to right correlator’

This object has SCM poles in upper-half complex momentum plane

“The QNM of breaking spatial translation symmetry”
[see also: Amado, Hoyos, Landsteiner, Montero]



Aside: relation to QNM

But aren’t these just the usual quasinormal modes?

Let’s look at BTZ for simplicity

! = ±q � 4⇡iT

✓
�

2
+ n

◆

Boosting SCM into the fluid rest frame →

k =
4⇡iT

�(v ± 1)

✓
�

2
+ n

◆

SCM is boosted QNM and then analytically continued to complex k.  
This also applies in higher dimensions

But there is no such argument in a nonrelativistic fluid!

! = ��kv , q = �k
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Example: hydro

Such modes can be constructed in hydro

✏(t,x) = ✏L,R + eik·x�✏

Seek time independent mode on background with finite velocity

2 longitudinal

1 transverse

k = �iT
s

d�2
d�1⌘ + 1

2⇣

p
1� c2s(v ± cs) +O(k)2

k = �iT
s

⌘
v +O(k)2 (angles suppressed)

(in charged case also have a mode analogous to charge diffusion)

 18



Beyond hydro

SCM of charged planar AdS4 black hole

�1.0 �0.5 0.0 0.5 1.0

v

�2

�1

0

1

2

Im
k
/"

1/
3

c
s

µ = 1.0

longitudinal channel

hydro sound
hydro charge diffusion

Figure 2.5: (color figure) Spectrum of SCMs in the longitudinal channel for values of µ = 1.0
(left panel) and µ = 1.5 (right panel). As before purely imaginary-k poles are shown in orange,
while poles with both imaginary and real parts are shown in blue. In the longitudinal channel
there are two kinds of pole collisions, where these behaviors transition into one another, one
indicated by turquoise diamonds, and the other by yellow diamonds. Green and yellow lines
show the predictions on the basis of our hydrodynamic e↵ective theory.

The dispersion relations for the light modes in AdS were given in [43] at charge neutral-

ity, order-by-order in powers of 1/d. In order to compute the corresponding SCM dispersion

relations we simply perform a Lorentz boost to introduce a background velocity v, which trans-

forms the frequency and wavenumber (!, q) of [43] to a perturbation with zero frequency and

wavenumber k(v) which we analytically continue into the complex plane. Restricting for sim-

plicity to the case where q, v, k are all in the x direction, the Lorentz transformation relates

them as follows,

! = ��vk, q = �k. (2.92)

From these relations and the large-d scaling of !, q we immediately see that we should treat

v = O(!/q) = O(d�1/2), which is in keeping with the scaling of the speed of sound for a

conformal theory, c
s

= O(d�1/2). We further conclude that � = O(d0) and thus k = O(d1/2).

Based on these scalings, let us define the order d0 quantities:

k̄ ⌘ kp
d
, v̄ ⌘

p
dv, (2.93)

Our goal is to now find k̄(v̄) order-by-order in d�1 from the dispersion relations given in [43].

This can be achieved by replacing !, q using (2.92) then converting to barred quantities (2.93).

We then expand

k̄(v̄) =
1X

i=0

k̄
i

(v̄)

di

, (2.94)
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Figure 2.2: (color figure) Spectrum of SCMs in the transverse channel for values of µ = 1.0 (left
panel) and µ = 1.5 (right panel). The motion of the imaginary part of the complex momentum
is shown as a function of background velocity. Parts of the spectrum where the mode is purely
imaginary are shown in orange, while blue dots correspond to the parts where the mode has
non-trivial imaginary and real parts. These behaviors transition into each other at the collision
points indicated by turquoise diamonds. The red dashed line shows the SCM as predicted in
our charged hydrodynamic e↵ective theory.

where a prime denotes a derivative with respect to v, gives the critical exponent ↵ in (2.87)

when evaluated at the critical velocity, i.e. ↵ = ↵(v
c

). We use this relation to plot the behaviour

of the critical exponent. By plotting the behaviour of this combination of derivatives for the

range of velocities at which there exists a real part of the momentum (see Figure 2.3), one can

see that it converges to 1
2

as we approach the critical velocity. This corresponds to the value of

the critical exponent one might expect from a mean-field theory of this transition.

We also analyzed how the critical velocity depends on the dimensionless ratio µ/T . The

results are shown in Figure 2.4. One can see that for very low µ/T (the high-temperature limit)

the critical velocity approaches values nearing 1.

2.5.2 Longitudinal channel

The perturbation equations in the longitudinal channel are unwieldy and un-enlightening, so we

do not give them here. We repeat a similar analysis as in the transverse case, mutatis mutandis.

From the hydrodynamic analysis in section 2.3.2, in the longitudinal channel we expect to

find hydrodynamic sound modes

k = �i
2 cos ✓

�(1 � sin2 ✓v2
0)

2�0

(v ⌥ v0) + O(k2), (2.89)

25

We get ‘hydro SCM’ and, additionally, more rapidly decaying non-hydro 
ones

Pole motion leads to interesting hydro-to-nonhydro phase transitions of 
NESS!



Connection to non-linear NESS

Can construct dual geometry to full non-linear NESS: nonKilling black 
holes in AdS4  using ‘generalized harmonic’ method (deTurck)�1.0 �0.5 0.0 0.5 1.0
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Figure 4.7: Matching the downstream asymptotics of the subsonic flow solution (b) (left column)
and the supersonic flow solution (c) (right column) to spatial collective modes. Upper panels
show the leading pole structure in the complex-k plane as computed in [5] in the neutral case of
relevance here, and in section 2.5 with finite charge density. Lower panels show the asymptotic
behaviour of " using log-linear axes. The black dots are the nonlinear solutions and the solid
lines are the spatial collective modes. As v

R

is increased through c
s

the hydrodynamic spatial
collective mode (red) transitions from downstream to upstream and the long-range behaviour
downstream jumps to the longest non-hydrodynamic mode (blue).

PdCoO2 [52] and graphene [53]. In [5] we have estimated these decay lengths for graphene at

charge neutrality as well as N = 4 SYM, and we give a few more details about these analyses

49

In all cases the strongly non-linear behaviour around the obstacle 
transitions rapidly to fall-offs predicted by SCM analysis



A fully analytical example

In AdS3 can construct black Janus, a finite-temperature defect solution

where

f(µ)�1 =

p
1 + k

2⇡T
cd

✓
2⇡Tµp
1 + m

,m

◆
, (3.3)

e
1
2� =

1 +
p

k sn
⇣

2⇡Tµp
1+m

,m
⌘

dn
⇣

2⇡Tµp
1+m

,m
⌘ , (3.4)

where sn, cd and dn are Jacobi elliptic functions and m is the elliptic modulus7.

This is a solution to the Einstein-massless scalar equations of motion for d = 2 with negative

cosmological constant [30]. It is described by an angular coordinate µ and a radial coordinate

p. The angle is bounded by |µ|  µ0 ⌘
p

1+m
2⇡T

K(m) where K is the complete elliptic integral of

the first kind, the limit being saturated on the AdS boundary. The defect itself can be reached

by taking p ! 1 at fixed µ. An illustration of the geometry and the coordinates employed is

given in Figure 3.1.

µ = +µ0µ = �µ0

p = 0

p = 1

µ
=

0

µ
=

�µ 0
/2 µ

=
µ
0 /2

defect, p ! 1

Figure 3.1: Coordinates for the black Janus solution. The defect is located at the origin p = 0.
We reach the asymptotic regions on either side by taking p ! 1 with angular coordinate
µ = ±µ0 . In the asymptotic regions the scalar field approaches the limiting value �(±µ0) =

±2 log
⇣

1+
p
mp

1�m

⌘
.

Finally, the solution is parameterised by the elliptic modulus m, which is the parameter that

determines the size of the step, i.e. it dictates the value of the scalar field source on either side

of the defect, through the relation

�(±µ0) = ±2 log

✓
1 +

p
mp

1 � m

◆
. (3.5)

7This is denoted ‘k’ in the original references, but we prefer to relabel is ‘m’ in order to avoid any confusion
with the momentum k.
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3.1 One-point functions

We first focus our attention on the CFT one-point functions, which we compute by going

to Fe↵erman-Graham coordinates, (t, x, ⇢), near the boundary on either side of the defect,

i.e µ = ±µ0. In the new coordinates the boundary is given by ⇢ = 0, and the coordinate

transformation is given by

⌧ = t + O(⇢)4

µ = ±µ0 + csch(2⇡Tx) ⇢ � 1

24
(2⇡T )2 csch3(2⇡Tx)(5 + 3 cosh(4⇡Tx)) ⇢3 + O(⇢)4

p = � 1

⇡T
log (± tanh(⇡Tx)) � ⇡T coth(2⇡Tx) csch(2⇡Tx) ⇢2 + O(⇢)4 (3.6)

Note that we take x > 0 for all 0  p < 1 at µ = µ0 and similarly x < 0 for all 0  p < 1 at

µ = �µ0. We do not consider the defect location x = 0 directly. The metric and scalar field in

these coordinates are given by the expressions,

ds2 =
d⇢2

⇢2
�
✓

1

⇢2
� (2⇡T )2

2

◆
dt2 +

✓
1

⇢2
+

(2⇡T )2

2

◆
dx2 + O(⇢)2, (3.7)

� = ±
 

2 log

✓
1 +

p
mp

1 � m

◆
�

p
k(2⇡T )2 csch2(2⇡Tx)

1 + k
⇢2 + O(⇢)4

!
. (3.8)

where the upper sign corresponds to the right asymptotic region and the lower sign to the left

asymptotic region. There is no ⇢2 log ⇢ term since the source is constant on either side of the

defect. Going into the bulk, the metric eventually becomes deformed by the scalar backreaction

at order ⇢2 as we outline below. From the above results, using holographic renormalisation [47],

we find the expectation values

hT
ab

i = (2⇡T )2�
ab

(3.9)

hO
�

i = ⌥2

p
m(2⇡T )2

1 + m
csch2(2⇡Tx). (3.10)

3.2 Extracting the SCM

We begin our comparison by studying the behaviour of the one-point functions. For this we

recall that the spectrum of SCM for a scalar field on BTZ were computed in (2.105). In the

present analysis we only need the v = 0 cases. Specializing to a massless field, we have � = 2,

whence

k±
n

= ±i4⇡T (1 + n). (3.11)
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Contains scalar field with

k±n = ±i4⇡T (1 + n)
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Inverse Laplace

Matches precisely SCM spectrum of BTZ black hole

Fun corollary: can understand emergence of branch cut in T → 0 limit  
which gives power law spatial decay

[Bak, Gutperle, Janik]



Accessing ⌘/s

Decay length of transverse mode depends cleanly on ⌘/s

k = �iT
s

⌘
cos ✓ +O(k2)

Setup NESS in strongly coupled material, use spatial structure to 
measure ⌘/s (See also [Falkovich & Levitov, Crossno et al.]  and  

poster on Poiseuille flow at this conference)

Decay lengths at in real life (graphene near charge neutrality):

Estimate using Geim group parameters:
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|Imk|�1 = 0.7µm
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at room temperature for normal incidence



Conclusions

A ubiquitous notion throughout holography: collective phenomena 
manifest as damped poles on complex w/k plane 

Time dependent case (QNM): hydro and beyond + transitions between 
them  
→ nonequilibrium phase transitions, critical phenomena 

Stationary case (SCM): hydrostatic and beyond + transitions between 
them  
→ excellent numerical and analytical evidence of relevance of SCM  
→ nonequilibrium phase transitions, critical phenomena  
→ stationary manifestation of shear viscosity 

Nonlinear: both time dependent and NESS case under full control at 
large N, thanks to holography → new nonKilling horizons
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Outlook

Broadly speaking: a key task to my mind is to understand QNM/SCM 
beyond holography 
 
microscopic approach?  
resurgent gradient expansion [Heller & Spalinski, Withers]? 
…. 

More focused:  
Large space of NESS to be explored  
(spatial oscillations, relation to black funnels & droplets)  
nonrelativistic case (SCM independently defined)  
 
How far can we push this idea in graphene or other strongly correlated 
materials exhibiting hydro behavior? Relevant to experiment?
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