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1 Introduction

Fluid dynamics [1, 2] is an effective long-wavelength description of most classical or quan-
tum many-body systems at nonzero temperature. For neutral fluids in flat space, the hydro-
dynamic equations are derivable from conservation of the fluid’s stress-energy tensor 71),,,

0", = 0. (1.1)
For relativistic fluids, 7}, is conveniently written as
Ty = (e + Pluyuy + Py + 1L, (1.2)

where ¢, u, are the fluid’s energy density and four-velocity field, whereas 7, stands for
Minkowski metric tensor. The pressure P is specified through equation of state P = P(e),
calculable from underlying microscopic theory. Deviations from thermal equilibrium are
collectively encoded in dissipation tensor II,,

1 (6% 1 (0%
() = 5@735 (Mo + Mga) — 3PP Fll,5. (1.3)

where P, = 1, + uuu, is a projector on spatial directions.

At each order in derivative expansion, II,, is fixed by thermodynamics and symme-
tries, up to some transport coefficients. The latter have to be calculated from microscopic
description of the fluid rather than from hydrodynamics itself. In what follows, we focus
on conformal fluids in 4D Minkowski spacetime, so the condition T/ = 0 implies ¢ = 3P.
The first order derivative expansion gives the Navier-Stokes term

I = —2n,0uu, (1.4)



where 7, is a shear viscosity. At second order, there are five additional transport coeffi-
cients [3, 4].

AdS/CFT correspondence [5] relates strong coupling physics of gauge theories with
large number of colors N to weakly coupled gravity in (asymptotic) AdS space. As a partic-
ular example, it maps hydrodynamic fluctuations of a boundary fluid into long-wavelength
gravitational perturbations of a stationary black brane in asymptotic AdS space [6-8]. Vis-
cosity and all other transport coefficients could be computed from the gravity side of the
correspondence. The ratio of 7, over the entropy density s was computed in [6, 7, 9]

Us 1

il (1.5)
and was found to be universal for all gauge theories with Einstein gravity duals [10-12].
The value (1.5) was further conjectured to be Nature’s lower bound for n,/s [13].

The relativistic Navier-Stokes hydrodynamics is well known to violate causality, that is
it admits propagation of signal faster than the speed of light. Inclusion of any finite number
of additional derivative terms in II,,, would not render the theory into causal. All-order
derivative resummation is necessary to restore causality. In [14-16], we built upon the work
of [17] and linearly resummed derivative terms (see [18-22] for boost invariant case) for
fluids dual to pure Einstein gravity. In a parametrically controllable approximation, where
we only collect terms linear in amplitude of the fluid velocity, II,,, has a compact form,

I, = =210 [u®0n, 0%04s] Opuy — ( [u®0n, 0%00) 0,0,0%uq. (1.6)

Here n and ( are derivative operators, which upon expansion in a series would generate
the usual gradient expansion. Thanks to linearization, we can study these operators in
Fourier space, via replacement 0, — (—iw,7¢). Then the operators 1 and ( are turned
into functions of momenta and are referred to as viscosity functions. In momentum space,
the constitutive relation (1.6) is

I, (w, q) = —2n(w, ¢*)iguun(w, q) + {(w, ¢*)iququq*ua (w, ). (1.7)

The viscosity functions 1 and ¢ were computed exactly in [14-16] and were observed to
vanish at very large momenta, signaling restoration of causality in the dual CFT. For
self-consistency of presentation we will flash these results in section 3 below.

Vanishing of the viscosities at large frequencies is a necessary condition for causality
restoration. To better understand the physical role of the viscosity functions, we turn them
into memory functions via inverse Fourier transform of (1.7)

T, (t) = — /_ Tt [277(15 — ', 2D (t') + C(t — t’,q2)8u(9,,80‘ua(t')] . (L8)

where

i) = [ e )= [T e )



Figure 1. Memory function 7j(t,¢?) evaluated in [16] for hydrodynamics dual to pure Einstein
gravity. Left: 3D plot as function of ¢ and ¢?. Right: 2D plots as functions of time ¢: different
curves display results with different ¢® (from the rightmost: ¢ = 0,1,2,3).

Here 7j(t, ¢%) and ¢ (t,q?) are memory functions in mixed-(¢, ¢?) representation. Causality®
requires memory functions to have no support in the future: 7(t —t') ~ ©(t — t') and

¢(t—t") ~O(t—1t'). In other words, the current II,, (t) at time ¢ should be affected by the
state of the system in the past only. So, for a causal theory II,,,, becomes

¢

L, (1) = / dt’ [ﬁ(t — 1, ) (t) + E(t— 1, qQ)BM&,@aua(t')] . (1.10)
— 0o

As has been discussed in [16], a typical memory function-based formalism [2, 24], as a

phenomenological model, would set the low limit of integration in (1.10) to zero, turning

thus defined hydrodynamics into a well-posed initial value problem.

In [16], the memory function 7(t) was evaluated from exact computations in the dual
Einstein gravity. It was indeed found to be proportional (up to numerical noise) to O(t)
as could be seen from figure 1 (in units 77" = 1).

Beyond N — oo and 't Hooft coupling A — oo limits, the ratio (1.5) gets corrected.
Finite N or A corrections arising from stringy or quantum effects introduce, beyond Einstein
gravity, terms with higher derivatives of curvature. Exact forms of these terms generated in
string theory are not known in general: the first higher derivative correction is expected to
be the curvature squared. Of particular interest is a ghost-free Gauss-Bonnet combination,
which generates equations of motion of second order only. Adding a Gauss-Bonnet term to
the gravitational action is equivalent to introducing some O(1/N) corrections in the dual
gauge theory, whereas the Gauss-Bonnet coupling « is related to the difference between
two central charges of the dual CFT.

From the string theory point of view, the Einstein-Gauss-Bonnet (EGB) gravity should
be considered as phenomenological effective low energy theory. One may, however, con-
sider EGB gravity on its own, as a UV complete theory. Still applying the rules of the
AdS/CFT correspondence, one finds that the Gauss-Bonnet correction violates the lower

n the limit N — oo and A — oo, causality of N' = 4 super-Yang-Mills plasma was analyzed [23] by
studying pole structures of retarded correlators.



bound (1.5) [25, 26] (see also [27-32]). Non-perturbative Gauss-Bonnet corrections to sec-
ond order transport coefficients in conformal fluids dual to EGB gravity were considered
in [33-35]. Furthermore, causality of the dual CFT sets constraints on possible values of the
Gauss-Bonnet coupling. In [26, 36-38], the coupling « (stripped of units) was constrained
to be

T 9 1.11
72 = =900 (L.11)

where the lower (upper) bound was obtained by requiring the front-velocity in the sound
(scalar) channel of the dual CFT not to exceed the speed of light. Positivity of energy flux
in thought experiments done in conformal colliders [39] also constrains values of « [40-42].
Remarkably, constraints on « from causality and positivity of energy flux were found to
match [38, 40-42]. Stability of the dual plasma also sets constraints on « [43, 44]. More
recently, causality violating effects due to higher derivative corrections to Einstein-Hilbert
action were discovered in high energy scattering processes of gravitons off shock waves [45]
and strings off branes [46]. Pure EGB gravity was concluded to be a-causal for « of order
one. Causality is restored by adding an infinite tower of extra massive particles with spins
higher than two [45].

In this work, we would like to explore the effects of the Gauss-Bonnet corrections on
transport coefficients, beyond known results at first and second order. To this goal we
consider hydrodynamics dual to EGB gravity and calculate Gauss-Bonnet correction to
viscosity functions 1 and {. Given previous constraints on «, we limit our study to small
« only. To linear order in «, the fluid’s energy density and pressure are

e =3P =3(1+3a)(xT)*. (1.12)
The entropy density is evaluated from s = dP/dT
s = 47(1 + 3a) (xT)*. (1.13)

In the hydrodynamic limit, the viscosity functions are expandable in momenta,

1, ¢%) = (1= 50) + 3 [(2—n2) — (21 ~ 51n2) o] ics — [418 (67— = + 24

1
—36In2 + 121n%2) — 6.53(280)04} w? — (8 - 2.11(320)a> ¢+, (114)

1
C(w,q?) =15 [(6—7—2In2) + (1567 — 87+ 30In2)a] +---,
where the fluid’s temperature is normalized to 77 = 1 and all the momenta are set to be
measured in these units. For a positive «, the first term in 7 yields violation of the viscosity
to entropy bound [25, 26, 47, 48],

Mo 1

—=—(1-8a). 1.15
. = 1 (1—8q) (1.15)
The second term in 7 is the relaxation time, calculated in [33, 49]. The remaining terms are
new third order transport coefficients. The underlined terms are our numerical results for



a-corrected pieces. To resum the derivative terms to all orders, we numerically compute the
viscosity functions for generic w and ¢%. The viscosity functions are formally expanded in o

n=nD+anM+0@*, ¢(=¢+a(M+0(?), (1.16)

where 7(?) and ¢(9) are the viscosity functions computed for pure Einstein gravity in [14, 15].
The results of this calculation, particularly new results on n(Y) and ¢V, are presented in
subsection 3.2.2. When Fourier transformed into memory functions, we find that the Gauss-
Bonnet correction 7 (¢) (and also ¢(V)(£)) is also vanishing at negative times (see figure 9).2

In section 2, we present the holographic setup. A boosted black hole solution of the
EGB gravity in asymptotic AdSs space is introduced. Following [4], gravitational pertur-
bation is induced by locally varying boost velocity and black hole temperature. We then
parameterize additional bulk metric corrections in terms of ten functions h, k, j; and a;;,
which are both functions of holographic coordinate and functionals of the fluid velocity
u,. The boundary stress-energy tensor is read off from holographic renormalization, being
expressed in terms of near-boundary behavior of h, k, j; and «;;. In section 3, we solve
the Einstein equations for the metric corrections. Thanks to linearization in the velocity
amplitude, all bulk metric corrections can be decomposed in the basis formed from u;. As a
result, in Fourier space, the Einstein equations turn into second order ordinary differential
equations for decomposition coefficients. Solutions to these equations reveal the informa-
tion about the viscosities. We then discuss effects of the Gauss-Bonnet correction on the
viscosity functions. Section 4 is devoted to summary and discussion. Some computational
details are provided in appendix A.

2 Holographic setup for Einstein-Gauss-Bonnet gravity

Our representation is largely based on [50]. We start from the EGB gravity with a negative

cosmological constant A = —6/1% in 5D spacetime manifold M,
1
= dz\/—g (R —2A + ol’L sur + Se 2.1
S 167TGN/M zv/—=g (R + al’LaB) + Ssur + St (2.1)

where the Gauss-Bonnet term Lgp is
Lgg = RMNPQRMNPQ — 4RMNRMN + R?. (2.2)

We use a mostly plus signature for the bulk metric gpsny. To have a well-defined variational
principle, the surface term Sg,y computed in [51, 52] was added to (2.1),

_ 1
871Gy

Ssur / d*z/=7 [K — 2ad* (J + 2G, K*)] (2.3)
oM

where the first term is the Gibbons-Hawking surface action. The tensor J,, is defined as

1
Tuw = =5 (K KypKY + Kpo K7 Ky — 20K, K7 Ko,y — K’K,,), (2.4)

2In the first version of this preprint, we made a wrong statement on causality violation based on numerical
Fourier transform, which was later found to be lacking sufficient accuracy.



where K, = 7, Van, and vy, ny are the induced metric/outing normal vector on/to a
constant r-slice M. The Einstein tensor G, and V, are compatible with -, .

In asymptotic AdS space, UV divergences near conformal boundary can be removed
by holographic renormalization [53, 54]. For the EGB gravity, the counter-term action S .
was first constructed in [50] following previous studies [55-57],

_ 1 " 92
Set. = S70n /a/\/l d*z\/— ((51 5 R[’y]) , (2.5)

with the coefficients §; and Jo having the forms

1-8a+vI—8a o
So t B0 a0 324 0@?),

" Vaal2\/1-V1-28a I

V4al? (3 —8a — 3v1 —8a)
09 = @ ( a Oé)ig)lJrs—laJrO(cﬁ).

2(1—yT—8a)*? 2 2

Up to a conformal factor, the stress-energy tensor of the boundary CFT is obtained by

1

varying (2.1) with respect to ,,. The boundary stress-energy tensor is [50],
Ty = lim T}, (r)

r—00

. 7,2 9 1 (27)
= _rhalgo m K;w - K’Y/w - 61’7;u/ - 62G;w — 2al Q;w - gQ’Y;w .
The tensor ), is defined as
Quv = 3y — 2KRy — RK 1 + 2K R po + AR NK ), (2.8)

where the calligraphic tensor R .o is the Riemann curvature of +,,. For convenience, we
set the overall scale of the stress tensor to one, | = 167Gy = 1.
The field equations for the metric gy;ny are
0=FEun =Run — %QMNR — bgmN — %OégMNLGB
(2.9)
+ 2« (RMABcRNABC — QRMANBRAB - QRMAR]é] + RRMN) .

A black hole solution with a flat boundary was found in [58] following previous work [59].
In the ingoing Eddington-Finkelstein coordinate, the metric is

ds* = 2Nydvdr — ]\f;&er(br)alv2 +r?8;datdr?, 0§ =1,2,3. (2.10)
To linear order in «, we have

N# = 1—06+O(062),

f(T’):l—r%—i—Qa (14_:8) + 0(a?). (2.11)

Thermodynamics of the EGB black holes was analyzed in [58, 59]. The horizon radius rg
and Hawking temperature 1" are

1—« 1 -2«
T = .
b ’ b

rH = (2.12)

The conformal boundary is at r = co.



To construct fluid dynamics from gravity, we follow [4]. First, the static black hole
geometry (2.10) is boosted along boundary directions z® with a constant boost parameter
uy,. Then, u, and b are promoted into arbitrary local functions of x%, resulting in an
inhomogeneous geometry

ds* = —2Nyu,,(z*)dzdr — Nifrjf (b(z*)r) uu(x®)u, () dztdz” + r* Py datds”, (2.13)

where wu,,(z) is identified with the fluid velocity and is normalized as n*u,(x%)u, (z%) =
—1. In general, the metric (2.13) no longer solves the field equations (2.9). Suitable metric
corrections to (2.13) are needed to make (2.9) satisfied. These corrections are dual to
parts of II(,,,y. Instead of the order-by-order boundary expansion [4], we will collect the
derivatives in a unified way, as proposed in [14-16] to resum all order linear structures in
Ty, We linearize u,(z®) and b(z®)

uy () = (=1, eui(z¥)), b(x®) =bg + eby(z?), (2.14)

where € is an order-counting parameter to be set to unity at the end. Subsequent calcu-

lations are accurate up to linear order in e. The constant by corresponds to equilibrium

temperature. For convenience of calculation we set by = 1. This is equivalent to setting

7l = 1 — 2a, whereas eventually we would like to present our results in units of 77 = 1.

This is easily achieved by rescaling all the momenta by the corresponding (1 — 2«)-factors.
The linearized version of (2.13) is

d52eeq = 2Ngdvdr — Nr? f(r)dv® + r?6;;da’da’

4o b1

. , . ) N (215)
—€ {QN#uidazldr + 4Ny <1 - 4> —dv” +2r [1- N#f(r)] uidvdxl}
rt ) or

which is referred to as a seed metric. Formally, we write the full metric as

ds* = gyndzMdz™ = ds 4 + ds? (2.16)

corr?

where ds?

Zorr TEDPresents metric corrections. We choose a “background field” gauge [4]

-1
Grr =0,  gry xu,, Tr [(g(o)) 9(1)] =0, (2.17)

where ¢(°) corresponds to the first line in (2.15) and ¢(!) denotes metric corrections. Un-
der (2.17), ds2,,, can be parameterized in the form

ds>

=€ {f;dv? — 3Nghdvdr + r*hdz® + 2r? [1 — f(r)] jidz'dv + r?a;;dx’da? } , (2.18)
where «;; is a traceless symmetric tensor of rank two. The functions h, k, j; and «;; depend
on the holographic coordinate r and, through the field equations (2.9), are functionals of
the fluid velocity w,,.

Boundary conditions for the metric corrections were discussed in details in [15]. The
first one is that all the metric components in (2.18) are required to be regular over the



whole range of r. Second, since the boundary metric is fixed to be 7,,, near r = co we
demand

h<O (1), k<o), ji<O ("), a;; <O (7). (2.19)
Finally, the fluid velocity w,, is defined in Landau frame
utTy,, = —eu, = ul'll ) = 0. (2.20)

Under these boundary conditions, expressions for TW greatly simplify. We summarize them
in appendix A.

3 From gravity to fluid dynamics

In this section, we derive the stress-energy tensor of the boundary fluid by solving the
field equations (2.9). There are fourteen independent components, which are split into ten
dynamical equations and four constraints. As in [14-16], our strategy will be to first solve
the dynamical equations, without imposing the constraints. This turns out to be sufficient
to uniquely fix the transport coefficients, or in other words we construct an “off-shell”
stress-energy tensor of the dual fluid. The remaining four constraints are the conservation
law of the stress-energy tensor. This equivalence is demonstrated in appendix A.

3.1 Deriving the fluid dynamics

The dynamical equation E,, = 0 yields
(1 — 4o+ dar™) (50,h + roZh) = 0. (3.1)

The asymptotic constraint h < O (ro) and Landau frame convention Il = 0 lead to
h = 0. The dynamical equation for k is read off from E,, =0,

0 = 3r20,k — 6r10u — r30,0u + 207 + rd,0j + rgﬁif)jaij
+ % [7487“/{: +3 (47“2 — 37“6) Oyk + 8 (37‘8 + 7‘4) ou + (57“7 — 47“3) 0y 0u (3.2)
—4 (37‘4 + 5) 8] -2 (37‘5 — 7‘) 87~8j — (57‘7 + 4’/“3) aif)jaij} )

which will be solved by direct integration, once solutions for j; and «;; are obtained.

From E,; = 0, we arrive at the dynamical equation for j;,

0= Ta,%jz — 30rJ; + r?’ﬁrajaij + r82ui — 7r0;0u + 37“281)1141'

= = (51" = 20) i = 3 (5r" = 2) Dy + 4 (7 +1%) D, 050 (3.3)

+ (5r° 4 7) (0%us — 8;0u) + 4 (3r° + %) Dyuy]



which is coupled with o;; only. For the tensor mode «;j, we find it more convenient to
consider the combination E;; — %&jEkk =0,

0= (r"—r3) 02ay; + (57° — %) Oravij + 2r°0,0rvij + 3ridyay; + r[[a]]i
+ (1 =70, [[f]lij + (6r* +2r38,) 0yj — % [2 (! = 3r%) 020
+2 (510 + 9r2) Braij + 2 (3r° + 4r°) 9y 0rcuij + (9r° — 4 By (3.4)
+4 (" = 3r%) [[al)ij +5 (r* +6) [[i]lsg — (5r° +6r) [[1]]i5
+ (18r® — 8r*) 0y + 8 (r™ +17) Byoyj]

where the notations [[a];j, [[j]]i; and o4 are defined as

2
[[]ij = 0%ai; — (@@c%’k + 0;0ka, — 35ij3k3104k1> , 53
3.5

. . . 2 . 2
[[7]lij = 0ijj + 0j4i — 552']'3]7 20i; = Ojuj + Oju; — 552'3'3“-

Notice that, as in [15], source terms in (3.3), (3.4) are only constructed from w;. To
solve these partial differential equations, we first decompose j; and «;; in a basis formed
from wu;,

{ ji = a (0, 0%,7) u; + b (0y, 9%, 1) 0;0u, 56)

Qi = 2c (61,, 82, T‘) 044 +d (&,, 82, ’I") Tij,
where o;; is defined in (3.5) and m;; = aiajau—%aija%u. Then, in Fourier space, dynamical

equations (3.3), (3.4) translate into a system of second order ordinary differential equations
for the decomposition coefficients

( 0= rafa —30,.a — q2r38rc — (jQr — 3iwr? — % [(57‘4 — 2) (7“83@ — 38,@)
r
7462 (7“7 + 7“3) opc — (j2 (57“5 + 7“) — 4iw (3r6 + 7"2)] ,

0= r@fb — 30,b — g(fﬁ’&d + %r?’&c —r— % [(57“4 — 2) (r@?b — 38Tb)

*g (r"+7%) 0, (2¢°d —¢) — (57" +71) |,
0= (r7 - 7“3) 330 + (57“6 - 7“2) Oyc — 2iwr®d,c — rdya + a — iwrtc
S 20 =) 02+ 2 (5 + 9r) Oy
—2i@ (3r7 + 41°) Opc —iw (9r® — ) c+ 5 (r* +6) a
— (57° 4 67) Ora + (9r® — 4r*) — diw (r7 +17)],

—iord 4 3rt —

0= (7“7 — 7"3) 83d + (57”6 — 7“2) Oprd — 2@'@7’5&(1 — %r?’ (2c — q2d) 4 92b
= 200,b = Birtd — 7 [2(r' = 8r%) 92+ 2 (501 4 9r) Oy
r

—2iw (3r + 4r°) 9,d — i@ (9r® — 4rt) d — g (r" — 3r®) (2c — ¢*d)

+10 (r* 4 6) b — 2 (5r° + 67) 0,b] .



Equation (3.2) becomes

da 16 , 1.2 L
0:(1—30{-{-T4>3rk:—r5k—{27“ —gzwr—ﬁ(a—q b)

L (oa— o) - 2a (2d — L
3 (87«@ q Brb) L (q d 26) + " [3%}(57" 4r)

(3.8)
+3*2T (3r* = 1) (9ra — G*0,b) + gq% (57° + 4r) (¢*d — 2c)
4 ~ 8
bty (3 +5) (a - ) — 5 (30 + ﬂ)] } o

The barred momenta are defined as @ = (1 — 2a)w and § = (1 — 2a)g, which emerge as a
result of the above mentioned rescaling of units.

We first study the large r behavior of the metric corrections, which propagates into
the expression for the fluid’s stress tensor. The velocity dependence of T}, enters via the
decomposition (3.6). Examining equations (3.7) near the conformal boundary r = oo, it is
straightforward to show that

T—00 - 1 r—00 1 1
a%—zw(l%—a)r?’—%O(T), b;—grz—i-(’)(r),
- . (3.9)
rooe. l—a G (@, 1 oo Dy (@0, 1
c = a+”(wq)+(’)—, d-= b(wq)+0—,
r ri 7o rd rd

where Cgl and DZ1 are unknown coefficients, which cannot be determined from the asymp-
totic analysis alone. To compute them, we have to integrate (3.7) over the entire bulk.
Regularity of the metric components in (2.18) imposes two boundary conditions at r = ry,
which are sufficient to fix C’;} and Dgl uniquely. The large r behavior of k is

kH—OO>{g(l—a)rg—l—;(1—2a)iwr2}8u+(’)<1>. (3.10)
T

Boundary conditions (2.19), (2.20) were imposed in deriving (3.9), (3.10).
Plugging (3.9), (3.10) into (A.1), (A.2), (A.3), we obtain the boundary stress-energy
tensor

Too =3 (1 —5a) (1 —4by),
Toi = Tio = —4 (1 — ba) u;,
Tij = 52']' (1 - 50&) (1 - 4b1)
+4(1—-3a) [2021 (@, QQ) (1+6a)o0i; + D (@,(22) (14 20) 7] -

(3.11)

Covariantization of (3.11) gives standard expressions (1.2), (1.6) of T},,,, with € and P given
by (1.12). The viscosity functions 1 and ¢ re-expressed in units of 77" =1 are

1 (w,¢%) = =4 (1 =30) Gy [(1 = 20) w, (1 = 4a) ¢*] (1 + 6a) ,

3.12
¢ (w, qQ) = —4(1 - 3a) D} [(1-2a)w, (1 - 4a) q2] (1+2a). (3.12)

~10 -



3.2 (Gauss-Bonnet corrections to the viscosity functions

To determine the viscosity functions, we are now ready to fully solve the dynamical equa-
tions (3.7). In the next subsection, we start with the hydrodynamic limit and solve (3.7)
perturbatively in momenta. In this way, we reproduce some known results in the literature
and also obtain a set of new third order transport coefficients. In the subsection to follow,
we address our main goal of resumming all-order derivative terms. This will be achieved
by numerically solving (3.7) for generic values of @ and .

3.2.1 Analytical results: hydrodynamic expansion

We introduce power counting parameter A by w — A and ¢ — Ag;, and expand the
decomposition coefficients (3.6) in powers of A,

[e.9]

W iy T Z/\nan W, G, T), b(quiyr) = Z)‘nbn ((quiar)a

"0 (3.13)
(@, i, 7 Z Nep (@, qi,7r), d(w,q,r) = Z)\"dn (@, qi,) -

n=0

At each order in A, there is a system of ordinary differential equations for a, etc, whose
solutions are double integrals. In appendix A, we summarize these results. Then, C{} and
Dl‘f are expanded as

CH@,3?) = —i (1—8a) — %i@ [(2—1n2) — (23 —61In2)a] + ¢ {312 — 0.497(227)04}

1
+@? { 92 (6 — 7* +24 — 36In2 + 12In*2) — 1.56(140)a} +--,  (3.14)

1
D@, ¢*) = = (77—5—}—21112)—}——4( 1—7r—14In2)a +---,

where in C’b we have only numerical results for the linear in « second order terms. The
viscosities (1.14) are obtained by substituting (3.14) in (3.12).
Taking plane wave ansatz for u; and by, the conservation law 0#T),, = 0 results in

dispersion equations

1
shear wave : (1 + 3a)w + Ztin (w, q2) =0,
. (3.15)
sound wave : (1 + 3a) (¢* — 3w?) — iwg®n (w, ¢*) + §iwq4< (w,q?) = 0.

In the hydrodynamic limit, the dispersion equations (3.15) could be solved perturbatively.
For the lowest modes they read

shear wave : w 4(1—804)(1 —5[1—10g2+(8#1 40 +161og2) o] ¢* + - - -,

q 7 1 3

sound wave : w = +— — — (1 — 8« + ——[3—-2log2+ (16log2 — 38) «

ﬁ 6 )¢ 24\/3[ g2+ (161og )alq
—@ (7% — 24 + 241log 2 — 121og® 2 + (#1 + 14445 — 294
—90m — 37% + 60log 2 + 361log”2) o] ¢* + -+ -, (3.16)
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Figure 2. The viscosity 1 as function of w and ¢?.

where #; = 6.53(280) and #2 = 2.11(320) are known numerically only. These hydrody-
namic modes should agree with the lowest quasi-normal modes of the EGB gravity.

3.2.2 Numerical results: all-order resummed hydrodynamics

For generic values of w and ¢2, we resort to a shooting technique and solve (3.7) numerically.
Our numerical procedure is essentially the same as that of [15]. We start with a guess
solution at the horizon r = ry and integrate (3.7) until the conformal boundary r = oo.
Then, we fine-tune the initial guess until thus generated solution satisfies the boundary
conditions at r = oo.

Numerical results for the viscosities are shown as 3D plots in figures 2 and 3, and then
sliced at ¢ = 0 or w = 0 in figures 4, 5 and 6. A marking behavior of all the functions is
that they vanish at very large momenta, a behavior necessary for restoration of causality.
Damped oscillations are clearly visible reflecting a complex pole structure of the viscosities
as functions of complex w. These are the quasi-normal modes of the so-called scalar (or
tensor) channel [60-62].

Without the Gauss-Bonnet corrections, the viscosities 7(°) and ¢(9) display only a weak
dependence on spatial momentum ¢, meaning the dissipation is quasi-local in space. In
contrast, n(l) and §(1) introduce a much more noticeable space dependence. In order to
see relative correction to viscosity function due to Gauss-Bonnet term, in figure 7 we com-
bined 7(®) and 7™ for upper and lower bounds of o. We observed that the Gauss-Bonnet
correction does introduce a profound spatial dependence for the viscosity. In addition,
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Figure 4. The viscosity n as function of w with ¢ = 0.
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Figure 7. The viscosity 7 as function of w and ¢* for a = 9/200 (top) and o = —7/72 (down).

the Gauss-Bonnet correction changes shape of the viscosity noticeably in the intermediate
regime of momenta where the amplitude of oscillation is enhanced.

Another interesting observation concerns imaginary parts of n. While Im[n(o)] is always
positive, Im[n(l)] changes sign. This implies that for certain values of «, both positive and
negative, Im[n] may become negative. To clearly see this behavior, in figure 8 we plot
Im[n] as function of w (¢ = 0) and a (within the causality interval (1.11)). Im[n] becomes
negative when « goes below the critical value —0.05. With ¢ increased, this critical value
gets larger. If the viscosity function had an interpretation of a correlation function, then its
imaginary part would be a spectral function and would have to be positive. Yet, beyond the
first order in the gradient expansion the correlation functions get additional contributions
from so-called gravitational susceptibilities of the fluid [3, 16, 17]. So, while the possibility
that Im[n] becomes negative for some values of o does not immediately imply a problem,
we take it as a signal for possible issues with causality in the theory.

To better explore the effect of the Gauss-Bonnet corrections, we now represent our
results as memory functions in real time. Let perform an inverse Fourier transform of
n(w, ¢*) with respect to w only,

it q*) = /_OO j—;—ﬂn(w, q*)e " (3.17)
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Figure 8. The viscosity 7 as function of w (¢ = 0) and « within the causality interval (1.11). The
hole around w = 4 indicates the region where Im[7] < 0.

~(0)

~(1)
n
10¢

-10r

9 ' | 1 _15)

e’ -20]

Figure 9. Memory function 7j(t, ¢?). Left: 3D plot as a function of time ¢t and momentum squared
¢>. Right: 2D plots as function of time ¢: different curves correspond to different ¢* (¢ =0,1,2,3
from the rightmost for 7(®) and from the bottommost for 7).

In figure 9, we plot the time dependence of the memory function 7(, ¢?). As has been
pointed out in Introduction, 7(9) vanishes for negative times, consistency with causality
requirement. The Gauss-Bonnet correction '77(1) also has support in positive times only.
Similar effect is also found for the second memory function 5 .
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4 Summary and discussion

In this work, we discussed effects of Gauss-Bonnet corrections on holographically dual fluid
dynamics. For bulk EGB gravity, we found a boosted black brane solution with locally
perturbed horizon. Our construction is accurate to linear order in amplitudes of fluid
velocity w,(z), temperature T'(x), and the Gauss-Bonnet coupling a. This black brane
solution is dual to all-order linearly resummed fluid dynamics, and «a-corrected viscosity
functions were read off from it.

In the hydrodynamic limit, we reproduced known results for a-corrected shear viscosity
and relaxation time. As a new result, we expanded the knowledge on transport coefficients
by computing « corrections to the third order coefficients. Beyond the hydrodynamic limit,
we computed Gauss-Bonnet-corrected viscosity functions. We observe two qualitatively
new effects induced by the corrections. First, the viscosities become less local in real space.
Second, due to « corrections, Im[n| can become negative.

Finally, we Fourier transformed the viscosity functions into real time, where they play
a role of memory functions. For positive times, we observed a pattern of damped oscillation
reflecting a structure of complex poles. Interestingly, the poles of n(*) are apparently shifted
compared to the ones of 7(°). Given that the EGB memory function does not display any
causality violation, we do not expect any dramatic a-induced effects on EGB quasi-normal
modes. However, we think a study of EGB quasi-normal modes might provide additional
insight on the problem. This is, however, beyond the scope of the current paper.

A Computational details

In this appendix, we provide some computational details which were omitted in deriving
the boundary fluid dynamics.

In terms of the metric corrections (2.18), the tensor T}, is
- 2
Too =3(1 — 5a)(1 — 4eby) + € <3k: —2r30u + =05 — 9r*h — 3r50,h — r*9%h
T
3 Lo 3 12, 4 5
—37r°0,h + 57’ 0;0ja5 | +ea | 8r°0u — 9k — 7&7 —27r*h 4+ 9r°90,.h (A.1)

+5120%h + 12r30,h — ;ﬂaiajaij) :

- ] 1 . 1 ) 1 )
Tio = — 4e(1 = 5aju; + € (431' = 120ui + —Oik = 10:ji = 550%i + 5 50:0]
1 2 2 3 3 . 3 7 2.
+§r OpOk it — 1°0y0;h — 5" Oih | + ea | 20j; — 4r°Opu; — ﬁf) Ji (A.2)

4
+—0ik = 5ro,ji + 2—;&&7 - gr28v8kaik — 5r20,0;h — 6r38ih) :
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[ 1
Ti; =0i; (1 — 5a) (1 — 4eby) + €8y <2r38u + 9r*h 4+ 2r°0.h — 30, h + 5r262h
1 1 2 1 1
—TZagh +k— 10k 4+ ~0pk — —0%k — 20§ + —0,0] — =r’0p0am
r 272 r r2 2
1 3 L o 5 1 9.0
+ € ﬁ&@]k - T (alu] + ajuz) — 57“ alajh - T araij — 57“ 8 Oéij

1 1 1
—7"3(91;041‘]' + (7“ — 274281,) (&‘jj + Ojji) + 57"2 (8i8kajk + 8j6kaik)

(A.3)

1 4
—0—27"2830%] — eady; <8r38u + 3k — 3r0,k + —0yk — 72520% —27r*h
r T

5 7 12 5
+3r50,h + 4r30,h + 57«20% — 5r20%h + 772avaj — 783' — 2r28k81akl>

6 7

) )

67,) (034 + 057i)

2

where we have dropped terms that explicitly vanish at r = oco.

For consistency, constraints in (2.9) have to be satisfied by the gravity solution pre-
sented in section 3. We find it more convenient to consider suitable combinations of
Epyn = 0. The first one is Eyy, + r2f(r) By = 0,

5 5 5
—37"587042']' — 47’3({91,6%']‘ — 77‘282041']‘ + 57’285a7;j + 57’2 (&'akajk + a,-akaik)] ,

0 = 4130u + 720°b; — 1239, by — (r2 + ?"6) 00U — 4r38j — 1r20%k + 3r30,k

+ 220,05 + (' = 1) 9,0 — =5 [20° (31" +7) D+ 241'9%b1 — 60r°0, by

(35431 — 2) 0,0u—2 (1P — ) ) — 4 (1 — 1) %k — (+* — 1) DD .
+3 (3r° — 4r) Ok + 4 (3r* = 1) 0,05 — 3 (r" — %) 9,k + 4 (r® — 2r?) 0,05] .
The combination E,; + r?f(r)E.; = 0 yields
0 = r40%u; — r*9;0u + 4rd;by — drdyu; — r*0%u; — 0%j; + 0;05 — rdik + 4rdyJj;
+ 140,00k + (18 — 1) 0,00 + 120,05k — 120,0,j; — % [(3r° — 230°) Dy
+20r°9;b1 + (5r® + 3r) (9%u; — 9;0u) — 4 (r® — r*) 92u; — (3r° — 20r) Ok (A5)

—6 (r* +1) (0%; — 0:05) +20r°9yj; — 3 (r" — r*) 9,5 + (3r® — 4r?) 0,0k
— (5r% = 2r%) 0,0,j; + (r® — r*) 025; + 2 (2r'% — 1% — 3r?) 9, Ok viy
+4 (T8 + r4) avﬁkozik] .

With the near r = oo behaviors (3.9), (3.10) at hand, the large = limit of (A.4), (A.5) can
be shown to produce the conservation law 0T, = 0.
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In the hydrodynamic limit, we perturbatively solved holographic RG flow equa-
tions (3.7). Recall the formal expansion (3.13)

W y Qis T ZAnan W, q;,T), b(@,q},r) = Z)\nbn (fD 7

"0 (A.6)
w Q’H ZAncn w an ) d(quiﬂ") = Z)\ndn ((Duth) .

n=0

Then, perturbative solutlons for the metric corrections can be expressed as double integrals.
We here summarize the main results,

=0 (A7)
> dx z ) ) _2
- -3 9y2 — 4 d
Co /T (x5—x)—2a(x5—3m—3)/m[ y+a(y y )] Y
r—soo 1 — 1 — 8« 1
- 5 A.
r ard +O<r5>’ (A.8)
2
me [(1 tary ﬂ | (A.9)
r 20 —x=2a(z®=327?) J,, v
—aiw [(9y" —4y7) coly) +2 (3y° +4y™) yeoly) — dy +12y7°]} (A.10)

r—00 10w 1
— ~54 2—-In2—-a(23—-6In2)]4+ O (7‘5> ,

B y—y*0yco(y)/3+ a4 (y® +y 1) dycoly) — (5y +y73)]
b=~ / xdx/ : y4—a(5y4—2;j

r—00 1 2
- = — — A1l
8+3a 3" +O<r> ( )

B /°° 5 /°° FyPoyco(y) + ¢y — a [48% (v* +y 1) 9yco(y) + ¢ By +y°) ]
as = drx dy
r T y4 -« (5y4 - 2)

r—oo. 1 o 1
e — — A12
S -10)40( ), (A12)

> dx (2 2 2
=- Z9,b0(y) — —boly) + =
do /T 25—z — 20 (25 — 3z-3) /TH {y b0 (y) 2 o(y) + 31100(1/)

o] (2 B ot - (g + B+ 5 - w Y aw] b @

) 1
rooo, [5—7r—21n2—a(82—147T—281n2)]+0(7,5>7

w

48r4
Co = — /OO dz /z dy {21’(1)3/38 c1(y) + 3ioy?ei(y) + vy 10,az(y)
2 rox—x = 2a(xd —3x73) /., Y Y
—y as(y) — a [2i@ (3y° + 4y~ 1) Oyer (y) + i@ (9y° — 4y~ 2) e1(y) (A.14)

—5(y 2+ 6y %) az(y) + (5y~' + 6y7°) ya2(y)] }
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where ry = 1 — « as defined in (2.12). From large r behavior of these functions, we arrive
at the power expansion (1.14) of the viscosity functions.

Acknowledgments

We would like to thank I. Arefeva, G. Beuf, R. Brustein, A. Buchel, R. Janik, A. Kovner,
J. Maldacena, G. Policastro, K. Skenderis and A. Starinets for informative discussions
related to this work. We thank the Galileo Galilei Institute for Theoretical Physics for the
hospitality and the INFN for financial support during the workshop “Holographic Methods
for Strongly Coupled Systems” where this work was completed. This work was supported
by the ISRAELI SCIENCE FOUNDATION grant #87277111, BSF grant #012124, the
People Program (Marie Curie Actions) of the European Union’s Seventh Framework under
REA grant agreement #318921; and the Council for Higher Education of Israel under the
PBC Program of Fellowships for Outstanding Post-doctoral Researchers from China and
India (2014-2015).

Open Access. This article is distributed under the terms of the Creative Commons
Attribution License (CC-BY 4.0), which permits any use, distribution and reproduction in
any medium, provided the original author(s) and source are credited.

References

[1] L.D. Landau and E.M. Lifshitz, Course of Theoretical Physics. Vol. 6: Fluid Mechanics,
Butterworth-Heinemann, Burlington U.S.A. (1965).

[2] D. Forster, Hydrodynamic Fluctuations, Broken Symmetry, and Correlation Functions,
Westview Press, Boulder U.S.A. (1995).

[3] R. Baier, P. Romatschke, D.T. Son, A.O. Starinets and M.A. Stephanov, Relativistic viscous
hydrodynamics, conformal invariance and holography, JHEP 04 (2008) 100
[arXiv:0712.2451] [INSPIRE].

[4] S. Bhattacharyya, V.E. Hubeny, S. Minwalla and M. Rangamani, Nonlinear Fluid Dynamics
from Gravity, JHEP 02 (2008) 045 [arXiv:0712.2456] [INSPIRE].

[5] J.M. Maldacena, The large-N limit of superconformal field theories and supergravity, Int. J.
Theor. Phys. 38 (1999) 1113 [hep-th/9711200] [INSPIRE].

[6] G. Policastro, D.T. Son and A.O. Starinets, The shear viscosity of strongly coupled N = 4
supersymmetric Yang-Mills plasma, Phys. Rev. Lett. 87 (2001) 081601 [hep-th/0104066]
[INSPIRE].

[7] G. Policastro, D.T. Son and A.O. Starinets, From AdS/CFT correspondence to
hydrodynamics, JHEP 09 (2002) 043 [hep-th/0205052] [INSPIRE].

[8] G. Policastro, D.T. Son and A.O. Starinets, From AdS/CFT correspondence to
hydrodynamics. 2. Sound waves, JHEP 12 (2002) 054 [hep-th/0210220] [INSPIRE].

[9] P. Kovtun, D.T. Son and A.O. Starinets, Viscosity in strongly interacting quantum field
theories from black hole physics, Phys. Rev. Lett. 94 (2005) 111601 [hep-th/0405231]
[INSPIRE].

—90 —


http://creativecommons.org/licenses/by/4.0/
http://dx.doi.org/10.1088/1126-6708/2008/04/100
http://arxiv.org/abs/0712.2451
http://inspirehep.net/search?p=find+EPRINT+arXiv:0712.2451
http://dx.doi.org/10.1088/1126-6708/2008/02/045
http://arxiv.org/abs/0712.2456
http://inspirehep.net/search?p=find+EPRINT+arXiv:0712.2456
http://dx.doi.org/10.1023/A:1026654312961
http://dx.doi.org/10.1023/A:1026654312961
http://arxiv.org/abs/hep-th/9711200
http://inspirehep.net/search?p=find+EPRINT+hep-th/9711200
http://dx.doi.org/10.1103/PhysRevLett.87.081601
http://arxiv.org/abs/hep-th/0104066
http://inspirehep.net/search?p=find+EPRINT+hep-th/0104066
http://dx.doi.org/10.1088/1126-6708/2002/09/043
http://arxiv.org/abs/hep-th/0205052
http://inspirehep.net/search?p=find+EPRINT+hep-th/0205052
http://dx.doi.org/10.1088/1126-6708/2002/12/054
http://arxiv.org/abs/hep-th/0210220
http://inspirehep.net/search?p=find+EPRINT+hep-th/0210220
http://dx.doi.org/10.1103/PhysRevLett.94.111601
http://arxiv.org/abs/hep-th/0405231
http://inspirehep.net/search?p=find+EPRINT+hep-th/0405231

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

28]

A. Buchel and J.T. Liu, Universality of the shear viscosity in supergravity, Phys. Rev. Lelt.
93 (2004) 090602 [hep-th/0311175] INSPIRE].

N. Igbal and H. Liu, Universality of the hydrodynamic limit in AdS/CFT and the membrane
paradigm, Phys. Rev. D 79 (2009) 025023 [arXiv:0809.3808] [INSPIRE].

R. Brustein and A.J.M. Medved, The ratio of shear viscosity to entropy density in
generalized theories of gravity, Phys. Rev. D 79 (2009) 021901 [arXiv:0808.3498] [INSPIRE].

P. Kovtun, D.T. Son and A.O. Starinets, Holography and hydrodynamics: Diffusion on
stretched horizons, JHEP 10 (2003) 064 [hep-th/0309213] [iINSPIRE].

Y. Bu and M. Lublinsky, All order linearized hydrodynamics from fluid-gravity
correspondence, Phys. Rev. D 90 (2014) 086003 [arXiv:1406.7222] InSPIRE].

Y. Bu and M. Lublinsky, Linearized fluid/gravity correspondence: from shear viscosity to all
order hydrodynamics, JHEP 11 (2014) 064 [arXiv:1409.3095] INSPIRE].

Y. Bu and M. Lublinsky, Linearly resummed hydrodynamics in a weakly curved spacetime,
JHEP 04 (2015) 136 [arXiv:1502.08044] [iNSPIRE].

M. Lublinsky and E. Shuryak, Improved Hydrodynamics from the AdS/CFT, Phys. Rev. D
80 (2009) 065026 [arXiv:0905.4069] [INSPIRE].

G. Beuf, M.P. Heller, R.A. Janik and R. Peschanski, Boost-invariant early time dynamics
from AdS/CFT, JHEP 10 (2009) 043 [arXiv:0906.4423] [INSPIRE].

M.P. Heller, R.A. Janik and P. Witaszczyk, The characteristics of thermalization of
boost-invariant plasma from holography, Phys. Rev. Lett. 108 (2012) 201602
[arXiv:1103.3452] [INSPIRE].

M.P. Heller, R.A. Janik and P. Witaszczyk, A numerical relativity approach to the initial
value problem in asymptotically Anti-de Sitter spacetime for plasma thermalization — an
ADM formulation, Phys. Rev. D 85 (2012) 126002 [arXiv:1203.0755] [INSPIRE].

M.P. Heller, R.A. Janik and P. Witaszczyk, Hydrodynamic Gradient Ezpansion in Gauge
Theory Plasmas, Phys. Rev. Lett. 110 (2013) 211602 [arXiv:1302.0697] [InSPIRE].

J. Jankowski, G. Plewa and M. Spalinski, Statistics of thermalization in Bjorken Flow, JHEP
12 (2014) 105 [arXiv:1411.1969] [INSPIRE].

I. Amado, C. Hoyos-Badajoz, K. Landsteiner and S. Montero, Hydrodynamics and beyond in
the strongly coupled N = 4 plasma, JHEP 07 (2008) 133 [arXiv:0805.2570] [INSPIRE].

L.P. Kadanoff and P.C. Martin, Hydrodynamic equations and correlation functions, Annals
Phys. 24 (1963) 419.

Y. Kats and P. Petrov, Effect of curvature squared corrections in AdS on the viscosity of the
dual gauge theory, JHEP 01 (2009) 044 [arXiv:0712.0743] [InSPIRE].

M. Brigante, H. Liu, R.C. Myers, S. Shenker and S. Yaida, Viscosity Bound Violation in
Higher Derivative Gravity, Phys. Rev. D 77 (2008) 126006 [arXiv:0712.0805] NSPIRE].

A. Buchel, R.C. Myers and A. Sinha, Beyond n/s = 1/4w, JHEP 03 (2009) 084
[arXiv:0812.2521] [INSPIRE].

R.-G. Cai, Z.-Y. Nie and Y.-W. Sun, Shear Viscosity from Effective Couplings of Gravitons,
Phys. Rev. D 78 (2008) 126007 [arXiv:0811.1665] [INSPIRE].

~ 91 —


http://dx.doi.org/10.1103/PhysRevLett.93.090602
http://dx.doi.org/10.1103/PhysRevLett.93.090602
http://arxiv.org/abs/hep-th/0311175
http://inspirehep.net/search?p=find+EPRINT+hep-th/0311175
http://dx.doi.org/10.1103/PhysRevD.79.025023
http://arxiv.org/abs/0809.3808
http://inspirehep.net/search?p=find+EPRINT+arXiv:0809.3808
http://dx.doi.org/10.1103/PhysRevD.79.021901
http://arxiv.org/abs/0808.3498
http://inspirehep.net/search?p=find+EPRINT+arXiv:0808.3498
http://dx.doi.org/10.1088/1126-6708/2003/10/064
http://arxiv.org/abs/hep-th/0309213
http://inspirehep.net/search?p=find+EPRINT+hep-th/0309213
http://dx.doi.org/10.1103/PhysRevD.90.086003
http://arxiv.org/abs/1406.7222
http://inspirehep.net/search?p=find+EPRINT+arXiv:1406.7222
http://dx.doi.org/10.1007/JHEP11(2014)064
http://arxiv.org/abs/1409.3095
http://inspirehep.net/search?p=find+EPRINT+arXiv:1409.3095
http://dx.doi.org/10.1007/JHEP04(2015)136
http://arxiv.org/abs/1502.08044
http://inspirehep.net/search?p=find+EPRINT+arXiv:1502.08044
http://dx.doi.org/10.1103/PhysRevD.80.065026
http://dx.doi.org/10.1103/PhysRevD.80.065026
http://arxiv.org/abs/0905.4069
http://inspirehep.net/search?p=find+EPRINT+arXiv:0905.4069
http://dx.doi.org/10.1088/1126-6708/2009/10/043
http://arxiv.org/abs/0906.4423
http://inspirehep.net/search?p=find+EPRINT+arXiv:0906.4423
http://dx.doi.org/10.1103/PhysRevLett.108.201602
http://arxiv.org/abs/1103.3452
http://inspirehep.net/search?p=find+EPRINT+arXiv:1103.3452
http://dx.doi.org/10.1103/PhysRevD.85.126002
http://arxiv.org/abs/1203.0755
http://inspirehep.net/search?p=find+EPRINT+arXiv:1203.0755
http://dx.doi.org/10.1103/PhysRevLett.110.211602
http://arxiv.org/abs/1302.0697
http://inspirehep.net/search?p=find+EPRINT+arXiv:1302.0697
http://dx.doi.org/10.1007/JHEP12(2014)105
http://dx.doi.org/10.1007/JHEP12(2014)105
http://arxiv.org/abs/1411.1969
http://inspirehep.net/search?p=find+EPRINT+arXiv:1411.1969
http://dx.doi.org/10.1088/1126-6708/2008/07/133
http://arxiv.org/abs/0805.2570
http://inspirehep.net/search?p=find+EPRINT+arXiv:0805.2570
http://dx.doi.org/10.1016/0003-4916(63)90078-2
http://dx.doi.org/10.1016/0003-4916(63)90078-2
http://dx.doi.org/10.1088/1126-6708/2009/01/044
http://arxiv.org/abs/0712.0743
http://inspirehep.net/search?p=find+EPRINT+arXiv:0712.0743
http://dx.doi.org/10.1103/PhysRevD.77.126006
http://arxiv.org/abs/0712.0805
http://inspirehep.net/search?p=find+EPRINT+arXiv:0712.0805
http://dx.doi.org/10.1088/1126-6708/2009/03/084
http://arxiv.org/abs/0812.2521
http://inspirehep.net/search?p=find+EPRINT+arXiv:0812.2521
http://dx.doi.org/10.1103/PhysRevD.78.126007
http://arxiv.org/abs/0811.1665
http://inspirehep.net/search?p=find+EPRINT+arXiv:0811.1665

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

R.-G. Cai, Z.-Y. Nie, N. Ohta and Y.-W. Sun, Shear Viscosity from Gauss-Bonnet Gravity
with a Dilaton Coupling, Phys. Rev. D 79 (2009) 066004 [arXiv:0901.1421] InSPIRE].

N. Banerjee and S. Dutta, Higher derivative corrections to shear viscosity from graviton’s
effective coupling, JHEP 03 (2009) 116 [arXiv:0901.3848] [INSPIRE].

R.C. Myers, M.F. Paulos and A. Sinha, Holographic hydrodynamics with a chemical
potential, JHEP 06 (2009) 006 [arXiv:0903.2834] [INSPIRE].

S. Cremonini, K. Hanaki, J.T. Liu and P. Szepietowski, Higher derivative effects on eta/s at
finite chemical potential, Phys. Rev. D 80 (2009) 025002 [arXiv:0903.3244] [nSPIRE].

N. Banerjee and S. Dutta, Holographic Hydrodynamics: Models and Methods,
arXiv:1112.5345 [iNSPIRE].

S. Grozdanov and A.O. Starinets, Zero-viscosity limit in a holographic Gauss-Bonnet liquid,
Theor. Math. Phys. 182 (2015) 61 [INSPIRE].

S. Grozdanov and A.O. Starinets, On the universal identity in second order hydrodynamics,
JHEP 03 (2015) 007 [arXiv:1412.5685] [INSPIRE].

M. Brigante, H. Liu, R.C. Myers, S. Shenker and S. Yaida, The Viscosity Bound and
Causality Violation, Phys. Rev. Lett. 100 (2008) 191601 [arXiv:0802.3318] [INSPIRE].

A. Buchel and R.C. Myers, Causality of holographic hydrodynamics, JHEP 08 (2009) 016
[arXiv:0906.2922] [INSPIRE].

A. Buchel et al., Holographic GB gravity in arbitrary dimensions, JHEP 03 (2010) 111
[arXiv:0911.4257] [INSPIRE].

D.M. Hofman and J. Maldacena, Conformal collider physics: energy and charge correlations,
JHEP 05 (2008) 012 [arXiv:0803.1467] [INSPIRE].

D.M. Hofman, Higher Derivative Gravity, Causality and Positivity of Energy in a UV
complete QFT, Nucl. Phys. B 823 (2009) 174 [arXiv:0907.1625] [INSPIRE].

J. de Boer, M. Kulaxizi and A. Parnachev, AdS7;/CFTs, Gauss-Bonnet gravity and viscosity
bound, JHEP 03 (2010) 087 [arXiv:0910.5347] [INSPIRE].

X.0. Camanho and J.D. Edelstein, Causality constraints in AdS/CFT from conformal
collider physics and Gauss-Bonnet gravity, JHEP 04 (2010) 007 [arXiv:0911.3160]
[INSPIRE].

X.-H. Ge, Y. Matsuo, F.-W. Shu, S.-J. Sin and T. Tsukioka, Viscosity bound, causality
violation and instability with stringy correction and charge, JHEP 10 (2008) 009
[arXiv:0808.2354] INSPIRE].

X.-H. Ge and S.-J. Sin, Shear viscosity, instability and the upper bound of the Gauss-Bonnet
coupling constant, JHEP 05 (2009) 051 [arXiv:0903.2527] [InSPIRE].

X.0. Camanho, J.D. Edelstein, J. Maldacena and A. Zhiboedov, Causality Constraints on
Corrections to the Graviton Three-Point Coupling, arXiv:1407.5597 [nSPIRE].

G. D’Appollonio, P. Vecchia, R. Russo and G. Veneziano, Regge behavior saves String Theory
from causality violations, JHEP 05 (2015) 144 [arXiv:1502.01254] [INSPIRE].

S. Dutta, Higher derivative corrections to locally black brane metrics, JHEP 05 (2008) 082
[arXiv:0804.2453] INSPIRE].

—99 _


http://dx.doi.org/10.1103/PhysRevD.79.066004
http://arxiv.org/abs/0901.1421
http://inspirehep.net/search?p=find+EPRINT+arXiv:0901.1421
http://dx.doi.org/10.1088/1126-6708/2009/03/116
http://arxiv.org/abs/0901.3848
http://inspirehep.net/search?p=find+EPRINT+arXiv:0901.3848
http://dx.doi.org/10.1088/1126-6708/2009/06/006
http://arxiv.org/abs/0903.2834
http://inspirehep.net/search?p=find+EPRINT+arXiv:0903.2834
http://dx.doi.org/10.1103/PhysRevD.80.025002
http://arxiv.org/abs/0903.3244
http://inspirehep.net/search?p=find+EPRINT+arXiv:0903.3244
http://arxiv.org/abs/1112.5345
http://inspirehep.net/search?p=find+EPRINT+arXiv:1112.5345
http://dx.doi.org/10.1007/s11232-015-0245-7
http://inspirehep.net/search?p=find+J+Theor.Math.Phys.,182,61
http://dx.doi.org/10.1007/JHEP03(2015)007
http://arxiv.org/abs/1412.5685
http://inspirehep.net/search?p=find+EPRINT+arXiv:1412.5685
http://dx.doi.org/10.1103/PhysRevLett.100.191601
http://arxiv.org/abs/0802.3318
http://inspirehep.net/search?p=find+EPRINT+arXiv:0802.3318
http://dx.doi.org/10.1088/1126-6708/2009/08/016
http://arxiv.org/abs/0906.2922
http://inspirehep.net/search?p=find+EPRINT+arXiv:0906.2922
http://dx.doi.org/10.1007/JHEP03(2010)111
http://arxiv.org/abs/0911.4257
http://inspirehep.net/search?p=find+EPRINT+arXiv:0911.4257
http://dx.doi.org/10.1088/1126-6708/2008/05/012
http://arxiv.org/abs/0803.1467
http://inspirehep.net/search?p=find+EPRINT+arXiv:0803.1467
http://dx.doi.org/10.1016/j.nuclphysb.2009.08.001
http://arxiv.org/abs/0907.1625
http://inspirehep.net/search?p=find+EPRINT+arXiv:0907.1625
http://dx.doi.org/10.1007/JHEP03(2010)087
http://arxiv.org/abs/0910.5347
http://inspirehep.net/search?p=find+EPRINT+arXiv:0910.5347
http://dx.doi.org/10.1007/JHEP04(2010)007
http://arxiv.org/abs/0911.3160
http://inspirehep.net/search?p=find+EPRINT+arXiv:0911.3160
http://dx.doi.org/10.1088/1126-6708/2008/10/009
http://arxiv.org/abs/0808.2354
http://inspirehep.net/search?p=find+EPRINT+arXiv:0808.2354
http://dx.doi.org/10.1088/1126-6708/2009/05/051
http://arxiv.org/abs/0903.2527
http://inspirehep.net/search?p=find+EPRINT+arXiv:0903.2527
http://arxiv.org/abs/1407.5597
http://inspirehep.net/search?p=find+EPRINT+arXiv:1407.5597
http://dx.doi.org/10.1007/JHEP05(2015)144
http://arxiv.org/abs/1502.01254
http://inspirehep.net/search?p=find+EPRINT+arXiv:1502.01254
http://dx.doi.org/10.1088/1126-6708/2008/05/082
http://arxiv.org/abs/0804.2453
http://inspirehep.net/search?p=find+EPRINT+arXiv:0804.2453

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

Y.-P. Hu, H.-F. Li and Z.-Y. Nie, The first order hydrodynamics via AdS/CFT
correspondence in the Gauss-Bonnet gravity, JHEP 01 (2011) 123 [arXiv:1012.0174]
[INSPIRE].

E. Shaverin and A. Yarom, Universality of second order transport in Gauss-Bonnet gravity,
JHEP 04 (2013) 013 [arXiv:1211.1979] [INSPIRE].

Y. Brihaye and E. Radu, Five-dimensional rotating black holes in Einstein-Gauss-Bonnet
theory, Phys. Lett. B 661 (2008) 167 [arXiv:0801.1021] [INSPIRE].

R.C. Myers, Higher Derivative Gravity, Surface Terms and String Theory, Phys. Rev. D 36
(1987) 392 [INSPIRE].

S.C. Davis, Generalized Israel junction conditions for a Gauss-Bonnet brane world, Phys.
Rev. D 67 (2003) 024030 [hep-th/0208205] [INSPIRE].

M. Bianchi, D.Z. Freedman and K. Skenderis, Holographic renormalization, Nucl. Phys. B
631 (2002) 159 [hep-th/0112119] [INSPIRE].

K. Skenderis, Lecture notes on holographic renormalization, Class. Quant. Grav. 19 (2002)
5849 [hep-th/0209067| [INSPIRE].

M. Henningson and K. Skenderis, The holographic Weyl anomaly, JHEP 07 (1998) 023
[hep-th/9806087] [INSPIRE].

V. Balasubramanian and P. Kraus, A stress tensor for Anti-de Sitter gravity, Commun.
Math. Phys. 208 (1999) 413 [hep-th/9902121] [INSPIRE].

K. Skenderis, Asymptotically Anti-de Sitter space-times and their stress energy tensor, Int. J.
Mod. Phys. A 16 (2001) 740 [hep-th/0010138] [INSPIRE].

R.-G. Cai, Gauss-Bonnet black holes in AdS spaces, Phys. Rev. D 65 (2002) 084014
[hep-th/0109133] [INSPIRE].

D.G. Boulware and S. Deser, String generated gravity models, Phys. Rev. Lett. 55 (1985)
2656 [INSPIRE].

P.K. Kovtun and A.O. Starinets, Quasinormal modes and holography, Phys. Rev. D T2
(2005) 086009 [hep-th/0506184] [INSPIRE].

E. Berti, V. Cardoso and A.O. Starinets, Quasinormal modes of black holes and black branes,
Class. Quant. Grav. 26 (2009) 163001 [arXiv:0905.2975] [INSPIRE].

R.A. Konoplya and A. Zhidenko, Quasinormal modes of black holes: from astrophysics to
string theory, Rev. Mod. Phys. 83 (2011) 793 [arXiv:1102.4014] [INnSPIRE].

~ 93 -


http://dx.doi.org/10.1007/JHEP01(2011)123
http://arxiv.org/abs/1012.0174
http://inspirehep.net/search?p=find+EPRINT+arXiv:1012.0174
http://dx.doi.org/10.1007/JHEP04(2013)013
http://arxiv.org/abs/1211.1979
http://inspirehep.net/search?p=find+EPRINT+arXiv:1211.1979
http://dx.doi.org/10.1016/j.physletb.2008.02.005
http://arxiv.org/abs/0801.1021
http://inspirehep.net/search?p=find+EPRINT+arXiv:0801.1021
http://dx.doi.org/10.1103/PhysRevD.36.392
http://dx.doi.org/10.1103/PhysRevD.36.392
http://inspirehep.net/search?p=find+J+Phys.Rev.,D36,392
http://dx.doi.org/10.1103/PhysRevD.67.024030
http://dx.doi.org/10.1103/PhysRevD.67.024030
http://arxiv.org/abs/hep-th/0208205
http://inspirehep.net/search?p=find+EPRINT+hep-th/0208205
http://dx.doi.org/10.1016/S0550-3213(02)00179-7
http://dx.doi.org/10.1016/S0550-3213(02)00179-7
http://arxiv.org/abs/hep-th/0112119
http://inspirehep.net/search?p=find+EPRINT+hep-th/0112119
http://dx.doi.org/10.1088/0264-9381/19/22/306
http://dx.doi.org/10.1088/0264-9381/19/22/306
http://arxiv.org/abs/hep-th/0209067
http://inspirehep.net/search?p=find+EPRINT+hep-th/0209067
http://dx.doi.org/10.1088/1126-6708/1998/07/023
http://arxiv.org/abs/hep-th/9806087
http://inspirehep.net/search?p=find+EPRINT+hep-th/9806087
http://dx.doi.org/10.1007/s002200050764
http://dx.doi.org/10.1007/s002200050764
http://arxiv.org/abs/hep-th/9902121
http://inspirehep.net/search?p=find+EPRINT+hep-th/9902121
http://dx.doi.org/10.1142/S0217751X0100386X
http://dx.doi.org/10.1142/S0217751X0100386X
http://arxiv.org/abs/hep-th/0010138
http://inspirehep.net/search?p=find+EPRINT+hep-th/0010138
http://dx.doi.org/10.1103/PhysRevD.65.084014
http://arxiv.org/abs/hep-th/0109133
http://inspirehep.net/search?p=find+EPRINT+hep-th/0109133
http://dx.doi.org/10.1103/PhysRevLett.55.2656
http://dx.doi.org/10.1103/PhysRevLett.55.2656
http://inspirehep.net/search?p=find+J+Phys.Rev.Lett.,55,2656
http://dx.doi.org/10.1103/PhysRevD.72.086009
http://dx.doi.org/10.1103/PhysRevD.72.086009
http://arxiv.org/abs/hep-th/0506184
http://inspirehep.net/search?p=find+EPRINT+hep-th/0506184
http://dx.doi.org/10.1088/0264-9381/26/16/163001
http://arxiv.org/abs/0905.2975
http://inspirehep.net/search?p=find+EPRINT+arXiv:0905.2975
http://dx.doi.org/10.1103/RevModPhys.83.793
http://arxiv.org/abs/1102.4014
http://inspirehep.net/search?p=find+EPRINT+arXiv:1102.4014

	Introduction
	Holographic setup for Einstein-Gauss-Bonnet gravity
	From gravity to fluid dynamics
	Deriving the fluid dynamics
	Gauss-Bonnet corrections to the viscosity functions
	Analytical results: hydrodynamic expansion
	Numerical results: all-order resummed hydrodynamics


	Summary and discussion
	Computational details

