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1 Introduction and summary

For well over two decades there has been an ongoing program to apply the holographic
gauge/gravity duality to gain insights into the dynamics of strongly coupled quantum phases
of matter [1]. Indeed, the techniques of holography have been adopted to probe the transport
properties of a wide spectrum of strongly correlated systems, ranging from the QCD quark
gluon plasma (QGP) to high temperature superconductors, strange metals and a variety
of electronic materials. Within this program, the most elegant result to date remains the
universality [2, 3] of the shear viscosity n to entropy s ratio,

n h

s Arkp’ (1.1)
which holds in strongly coupled gauge theories in the limit of an infinite number of colors,
N — oo, and infinite 't Hooft coupling, A — oo. These theories are dual to Einstein
gravity coupled to an arbitrary matter sector, with the result (1.1) relying on the additional
assumption that rotational invariance is preserved.’

The significance of (1.1) can be traced not only to its universal nature, but also to
the fact that its value is remarkably close to the experimental range extracted from the
QGP data at RHIC and at the LHC. This led to the compelling KSS proposal [5, 6] that
the shear viscosity might obey a fundamental lower bound in nature, % > ﬁ (from now
on we take i = kp = 1). Despite its appeal, it is now well understood that the KSS
bound can be violated in a number of ways, either by relaxing symmetries or by introducing

'For a recent discussion of 1/s in anisotropic theories we refer the reader to [4].



higher derivative curvature corrections to the low-energy gravitational action (see i.e. [7]
for a review). Indeed, notable early examples of the effects of higher derivatives include
Weyl* corrections to Einstein gravity [8], which encode finite \ effects in the dual gauge

2 corrections [9, 10], which describe finite N effects in the dual theory.?

theory, and Riemann
Holographic models involving a more complicated matter sector have been used to study
the temperature dependence of /s [11, 12| and have direct applications to the QGP, where
the temperature variations of 1 are expected to play an important role (see e.g. the recent
review [13]). A key lesson that has emerged from these studies is that the universality
of n/s is generically lost once we move away from the limits A\, N — oo (or appropriately
break symmetries). Moreover, other transport coefficients have failed to exhibit the simple
universal behavior encoded in (1.1).

In addition to n, the bulk viscosity ¢ has also attracted considerable attention in
holography (see e.g. [14-23]), largely because of its relevance to the physics of the QGP
near the deconfinement transition, where ( is expected to rise dramatically. As non-zero
bulk viscosity requires theories with broken conformal symmetry, holographic model building
has typically involved adding bulk scalars with non-trivial profiles. Since the latter also
yields a non-trivial temperature dependence for 7/s, such holographic models have played a
prominent role in the attempts to build realistic models of QCD [24, 25].

In holography, transport coefficients such as 1 and ¢ can be extracted in a number
of complementary ways, e.g. computing correlators of the stress energy tensor and using
Kubo formulas, or from linearized quasi-normal modes on black brane backgrounds, which
in the hydrodynamic limit correspond to shear and sound modes of the dual field theory.
The standard holographic dictionary instructs us to extract correlators from the boundary
behavior of fluctuating bulk fields, appropriately supplemented with boundary conditions
at the horizon. However, hydrodynamics is an effective description of the system at long
wavelengths and small frequencies, and thus one would expect it to be encoded in properties
of the geometry and its fluctuations in the IR, i.e. near the horizon. Thus, a natural question
is to what extent the horizon of a black brane can fully capture the hydrodynamic behavior
of a strongly coupled plasma, and its transport properties. Indeed, the diffusive modes
can be understood [5, 26] as fluctuations of the black brane horizon using the membrane
paradigm [27, 28], which identifies the horizon with a fictitious fluid. This approach was made
more precise in [29] and led to various formulations for extracting transport coefficients entirely
from the horizon geometry. However, these methods have been limited to special cases.

In this paper we revisit some of these questions, and set up a universal — and efficient —
framework for extracting the shear and bulk viscosities of strongly coupled gauge theories
with holographic duals involving higher derivative corrections. A crucial step in our analysis
is the realization that the terms needed to compute both 1 and ¢ can be extracted from
radially conserved currents, even in the presence of higher derivatives. In turn, this implies
that they can be evaluated at the black brane horizon. As we will see, one clear advantage of
our framework is that it avoids having to compute dispersion relations. In our analysis we will

2

consider both Weyl* corrections and Riemann? corrections, encoding, respectively, finite 't

Hooft coupling and finite N effects. Moreover, our gravitational dual has an arbitrary number

2These are due to non-equal central charges ¢ # a of the gauge theory at the UV fixed point.



of scalars, with an arbitrary interaction potential. Having such a framework is especially
valuable for theories with higher derivatives, where the computations are intrinsically more
cumbersome and a number of subtleties arise, related to the presence of, for instance,
additional boundary terms and counterterms.

In closing we should mention that the recent paper [30] has also examined the connection
between horizon and boundary data and has put forth an efficient method for computing
transport coefficients directly from the horizon.? However, their analysis is restricted to
two-derivative theories, and to matter sectors involving, in addition to Einstein gravity
and a U(1) gauge field, only one scalar field. In our analysis, on the other hand, we have
included an arbitrary number of scalars and allowed for curvature corrections to the leading
gravitational action.

1.1 Summary of results

We will work with a five-dimensional theory of gravity in AdS coupled to an arbitrary number
of scalars, described by

1
S5 = /df’FL
5T 16nGy S, VIS
1

167G N

(1.2)

/M d’z\/—g {R +12 — %Z (04:)* = V{si} + B-6L],

i
where 6L denote terms involving higher derivative corrections to Einstein gravity. In particular,
in this paper we consider two classes of models, to leading order? in f:

o four-derivative curvature corrections described by:
0Ly = a1 R® 4 ag Ry R™ + azR, )R, (1.3)

o eight-derivative curvature corrections described by:
5L = Chmnkc C, TSP lchkmnc C, TP 1.4
4 = pmnqg“h rsk + 9 pgmn“h rsk s ( . )

where C' is the Weyl tensor.

For the shear viscosity to the entropy ratio we find, respectively:

‘ ZM 24;(“5';043(‘/—12)); (1.5)
y g . = 4171_(1 -8 %(V —12) [3 ;(&V)z +5(V — 12)2}> , (1.6)

where 9;V = gd‘ji'

3See also [31-33] for related earlier treatment.

4Throughout the paper we keep the subscripts 2 or 4 in reference to models (1.3) and (1.4). The parameter
B is assumed to be perturbatively small. The asymptotic AdS radius is set L = 1, in the absence of the higher
derivative corrections.



All the quantifies in (1.5) and (1.6) are to be evaluated at the horizon of the dual black
brane solution. Since the O(B°) results are universal [3], it is sufficient to evaluate the scalar
potential and its derivatives to leading O(3°) order only.

For the bulk viscosity to the entropy ratio we find, respectively:

. gﬂg . = (1_§(V—12)(5a1 +a2—043)5> ;ZZO
+B‘4(5§€;a§2_)a3) Z(Zi,()’aiv)2; (1.7)
C B i _ 3 2 i _ AN 2
. o> b <1+144B(V 12) )Zzo B (V-12) Xi:(zz,o ARV)2. (1.8)

Once again, all the quantifies in (1.7) and (1.8) are to be evaluated at the horizon of the dual
black brane solution. Here z; o are the values of the gauge invariant scalar fluctuations, at
zero frequency, evaluated at the black brane horizon, see section A.3 and in particular (A.69).
While the scalar potential and its derivatives can be evaluated to the leading O(3°) order of
the background black brane solution, the horizon values of the scalars z; o must be evaluated
including O(8) corrections.

The rest of the paper is organized as follows. In section 2 we present the analysis for
some specific models, and provide extensive checks on the general formalism. We conclude
in section 3 and highlight future directions. The formal proofs of the main results — the
final expressions (1.5), (1.6) for the shear viscosity, and (1.7), (1.8) for the bulk viscosity
are delegated to appendix A. We discuss the background black brane geometry in A.1, g
is computed in section A.2, and % is computed in section A.3.

2 Applications

In this section we use simple toy models to validate the general formulas reported in (1.5)—(1.8).
First and foremost, note that if the boundary gauge theory is a CFT with

V=0, (2.1)
we find® from (1.5) and (1.6)
n|CFT n|CFT 1
= =—(1-0-8a3), = =—(1+4+p5-120), (2.2)
S 6£2 ™ S 5[:4 ™

reproducing [9] and [8, 35, 36] correspondingly.
We discuss the following models:

o (Aza): 0L2 model with
{alaa27a3}:{07071}1 (23)

with
2

vz%¢2, m2<1+§,6’>:A(A—4). (2.4)

5The bulk viscosity of a CFT plasma vanishes; see [34] for the original analysis of ' =4 SYM.



Note the O(5) modification of the relation between the mass of the bulk scalar and
the dimension A of the dual boundary operator.® We consider A = {2,3}. The bulk
viscosity in these models was not discussed in the literature before.

Models A; A are interesting in that the gravitational holographic bulk is higher derivative
and the black brane horizon Wald entropy differs from its Bekenstein entropy, see (A.28).

o (Bg,a): 0L2 model with
{041, a9, ag}:{l,—4, 1}, (2.5)

with )
v="C m2<1+2,8>:A(A—4). (2.6)

The O(B) modification of the relation between the mass of the bulk scalar and the
dimension A of the dual boundary operator is precisely as reported in [37]. We consider
A = {2,3}. The bulk viscosity in these models was considered in [37], but only to
leading order in the non-normalizable coefficient of the scalar ¢ (albeit to all orders in
B). Here we consider leading perturbative in 5 corrections to transport in these models,
but to all orders in the conformal symmetry breaking parameter, i.e., non-perturbatively
in the non-normalizable coefficient of the bulk scalar ¢.

Models By A are interesting in that the gravitational holographic bulk represents a
two-derivative model: the coefficients in (2.5) assemble Riemann squared terms into
the Gauss-Bonnet combination. Notice that for the black branes in these models the
Wald entropy is identical to their Bekenstein entropy, see (A.28).

e (Cya): 6L2 model with
{alaaQ)a3}:{071)]—}a (27)
with

m2

V=6 m2<1+2,6’>:A(A—4). (2.8)
The O(B) modification of the relation between the mass of the bulk scalar and the
dimension A of the dual boundary operator is identical to the one in models (Bz a).
We consider A = {2,3}. The bulk viscosity in these models was not discussed in the

literature before.

Models C A are interesting in that the gravitational holographic bulk is higher-derivative,
but the horizon physics is effectively two-derivative: as in the case above, in these
models there is no difference between the Wald and the Bekenstein entropies of the
dual black brane horizon.

o (Dya): 0L4 model with

V=—2¢, mi=A(A-14). (2.9)

5See [37] where the need for such a modification was first pointed out.



Notice that here the Weyl* higher derivative corrections to the gravitational action (1.4)
do not modify the bulk scalar mass/dimension of the dual operator relation. We consider
A = {2,3}. The bulk viscosity in these models was not discussed in the literature
before.

Models Dy A are interesting in that here the higher derivative corrections are associated
with finite 't Hooft coupling corrections of the UV fixed point CFT, rather than with
the difference between the central charges of the UV CFT, encoded by - a3 = < *, as
in models {A, B,C}a.A.

In the models just introduced we compute the shear and the bulk viscosities using (1.5)—
(1.8), and compare the results with direct computation of these quantities from the dispersion
relation of the shear and the sound modes,

2
shear : w=—i ? a° +0(q%),
2.10)
4 (
sound : m—cs-q—im<1+3c>q2+0(q?’)-
3s 4n

These are the appropriate quasinormal modes of the dual black brane [38]. The first non-
conformal gauge theory computations of the bulk viscosity from the dispersion relation were
performed in [15]. In genuinely higher-derivative holographic models the shear and the sound
mode dispersion relations where studied only in conformal A/ =4 SYM in [34]. In this paper,
we generalize (and combine) the computation methods of [15] and [34]. Such analysis are
much more involved and are extremely technical. We will not provide any details — in fact
our motivation of developing the framework explained in sections A.2 and A.3 was precisely to
avoid computation of the dispersion relations in the first place. As we already emphasized, here
we use such dispersion computations in models A — D as a check on our general framework.

Finally, we mention one additional test we performed. The speed of the sound waves
¢s in (2.10) is related to the equation of state P = P(€) of the holographic gauge theory
plasma via

o OP
S 0E ’

Aa=const

. (2.11)

where in computing derivatives of the pressure P with respect to the energy density £ one
has to keep the non-normalizable coefficient Aa of the bulk scalar (i.e., the coupling constant
of the dual operator Ox explicitly breaking the conformal invariance) constant.

As we explicitly show in this section, all the validations pass with excellence.

2.1 Shear viscosity in models A — D

Given (1.5), we find that in all models A — C the shear viscosity to the entropy density is

Ui

S

A(A — 4)

) @ho?, (219
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Figure 1. Corrections to the shear viscosity in models A — C due to the UV fixed point central
charges ¢ # a are universal, see (2.12). In the left panel we consider non-conformal gauge theories with
a UV fixed point deformed by a dimension A = 3 operator, CF'T" — CFT + m;Os, while in the right
panel a UV fixed point is deformed by an operator of dimension A =2, CFT — CFT + m?Os. Solid
curves represent the corrections to the shear viscosity extracted from the shear channel quasinormal
mode of the background black brane (2.10), while the red dashed curves are obtained applying (2.12).

while from (1.6) in models D the shear viscosity to the entropy density is

B h

S'D:;(Hg.g};A) , 57?A:712(A(A ‘;)(%,0)212))(
1 2

x <5 (2A(A—4)(¢>’(}70)2—12> +3A2(A—4)2(¢6‘,o)2) ,

(2.13)
where ¢3,0 is the leading O(°) order horizon value of the bulk scalar. It is computed

numerically solving the leading order O(3°) background equations of motion (A.7)-(A.10),
using the metric parameterization (A.23), subject to the boundary conditions:

Ag-T-ee, when A =3;
" 0: frlter,  gelte, o~
Xo-r?Inr+---, when A=2,
. h h
T—=Th: S04 g~900t P~ g
(2.14)

Without loss of generality we can fix r, = 1, provided we present all results as dimensionless
quantities. From (A.14) we find

A4 — A)

2T = 9(])170 <2 + D

(@) (215)

Comparisons between the corrections to the shear viscosity (see (2.12) and (2.13)) for
the holographic models A — D extracted from the dispersion relation of the shear modes
using (2.10) (the solid curves) and using (2.12) and (2.13) (dashed red curves) are presented
in figures 1-2. In the left panels we consider models with A = 3 with the non-normalizable
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Figure 2. Corrections to the shear viscosity in models D due to finite 't Hooft coupling corrections,
see (2.13). In the left panel we consider non-conformal gauge theories with a UV fixed point deformed
by a dimension A = 3 operator, CF'T — CFT + m;Os, while in the right panel a UV fixed point
is deformed by an operator of dimension A = 2, CFT — CFT + m30s. Solid curves represent
the corrections to the shear viscosity extracted from the shear channel quasinormal mode of the
background black brane (2.10), while the red dashed curves are obtained applying (2.13).

gravitational bulk scalar coefficient A3 identified as a fermionic mass term A3 = my of
the boundary gauge theory. In the right panels we consider models with A = 2 with the
non-normalizable gravitational bulk scalar coefficient A9 identified as a bosonic mass term
Ao = m% of the boundary gauge theory.” The difference between the solid and the dashed
red curves is ~ 1078 ---107° % over the ranges of Aa /T~ reported. When my = 0 and
mg = 0 we recover the conformal gauge theory results (2.2):

A,B,C
A =-8, 4P =120. (2.16)

mf:mgzﬂ mf:ml%:O

2.2 Bulk viscosity in models A — D

Unlike the shear viscosity, the bulk viscosity in models A and B, C differs: using (1.7) we find

q 4
5 ) 2370+,8-5éA7
A
8 8 (1 16 AXA —4)%(gh)’
0En = 2200201 + 5= (A(A —4)(pf )2 — 12) 20— = : 2,
A9 27\ 2 : 0727 TA(A —4) (@2 —12 O
4 5 caBe
- §Z§,O 577;7A’ 9 (217)
¢ 8 4
E B = § 23,0 + /6 ’ 5§£7 52£ = §zo70z0,1 — 52370 5:;}56, (2.18)

"We adopted m; and mj} labels from [39)].



and

4
C‘ :§Zg,o+5'5?;m
o0y = 32 [0 (Laa—aygt )2 123 (2.19)
GA = 5%00 |11 \ 2 (A —=4)(ppo)” — .
5

1 8 4
~ 51 (A8 = (6 ~ 12) A& = D2(6h0 | + Grn0501 — 500

where qb](io is the leading O(°) order horizon value of the bulk scalar. In (2.17), (2.18)
and (2.19) we denoted

2i0 = 20,0+ B 20,1, (2.20)

since our toy models have a single bulk scalar. To proceed further we need to evaluate the gauge
invariant bulk scalar fluctuations zp at the horizon to order O(/3) as emphasized in (2.20).
We present details for the model A3 o—3, and only the final results for the other models.

2.2.1 Model A27A=3

Since we will need the gauge invariant bulk scalar fluctuations zg at the horizon to order
O(B), we need the background geometry to order O(/3). It is convenient to use the metric
warp-factor parameterization as in (A.23). Explicitly,

YA g+ B gia 1 B 1-13 B
1 = r ) CQ_;a c3_7,f1/2(1_|_ﬂ 9271)7 ¢_¢0+/8¢1 (221)
From (A.7)-(A.10) we find
0=r -+ Bt (222)
0=4g +5()r. (2.23)
11 1 Qb% 4 / 3¢)0
0= 0+<_2rf_rf>¢0+r2f’ (2.24)

at order O(°), and

3
0=}~ <¢° ) L o= L o) o+ 14160

2rf " rf
—}—3(;507"2((;56)34—(3rf+27"—8;—;f¢3—(2; )%)(%)2
(P () e
0=gi1-+ 5 (66) 0.+ % 0401 - “’ﬁfg)gg +9%00: #2795 5 203
_11f+16)(¢6)4—§9¢07’2(¢o) ++%( 0 —203(3f —8)+ 72248 +64) (¢))?
_29¢0(¢i-}-8f+8)¢0 . f<¢é 802(3f —2)+96(f — 1)) (2.26)



60 —r(p5+8) )
r2f
o

12f

1 2 4 r—3

2rf rf
5 3 )
+%(¢6)7+;—6(2¢3+7f+16)(¢6)5_%(¢6)4+
/\3_ P0(65—8f+8) o
+64)(d0)° ~ e

at order O(f3). The background equations (2.22)—(2.27) are solved subject to the following
asymptotics:

(¢6+265(f+8)—80 >

(60)°+ = (05— 8¢5 (3f —8)+96(f —1)?), (2.27)

» near the AdS boundary, i.e., as r — 0,
3 1.3 5 L oy2 4
¢ = AT +1° | o3 + 6/\3 Inr)+O(°Inr), g=1-— " A5+ O(r*Inr),
1 1
f=1+ 6T2/\§ + 7 (f4 + E)\g lnr> +O@r%n?r),
2
é =7 <¢>1;3 - g)\g In r> + O Inr), (2.28)
W 1o, 2 1 .
gia=r *g)\g - §>\3¢0;3 — 5)\3¢1;3 +2g21.4 ) +O(17),

1 1
921 = —§r2/\§ + 7 <9271;4 — §)\§ In r) +O@rn?r),

where A\3 = m; is the non-normalizable coefficient of the bulk scalar, and the coefficients
{03, fa,$1.3,92.1.4} are related to the thermal expectation values of various boundary gauge
theory operators;

= in the vicinity of the black brane horizon, i.e., as y = (1 —r) — 0,

do=d00+0W), g=glo+0W), f= (4 + ;(¢3,0)2) y+ 0@y,

$1=0¢10+0W), gr1=gl10+0W), (2.29)

oy = (Oho)! + 280602 1200k 196
. 12((6f,9)? +8) ’

specified by the set of coefficients {@6‘70, g(}io, Qb}lL,o» 9?,1;0}-
Using (2.29), from (A.14) we compute

. (98,0)1/2 h \2
2nT =so+ B - s1, S0 = 4 (¢0,0) +8/,

(sho)
s1 = B8 (1268008 08k + 60t (6600 +8) — dho ()" + 24(o)? +64) .

48
(2.30)

It is important that s; # 0, since as we will show it affects the representation of (5&‘,‘A:3
in the plots.

,10,



We continue with the equations of motion for the gauge invariant fluctuations zg o (at
leading order in ) and zp; at order O(f3), see (A.66), (A.69) and (2.20),

¢ 2f—F8 Z&o
3f 00T Gy

2 f 01+ 2f

<4¢0+7f+32><¢0> —3¢or?(80)*+

S
0= 20,0

((¢6)27"2(¢(2)+8)—127’¢0¢6+18> | (2.31)

5
(e @+9)-12r000p+18) + [ g1

R/
0*20,1_

36 (3% 645(f—8)

~16(7+2)(57-6) ) 6+

af
——684¢8r4—144r¢0(21j¥—38)>¢% o f,<¢0

frf
324

1
108rf(
+4¢3(3gz,1—6f+40>—12¢1¢o+96g2,1+96<f—1>2)} 2ot [

¢07“

(¢0)%+ ( b

i
+7f+32)(¢()° -

¢0T 1 <
2f 36f

+969g2,1 —480f—|—1152) (¢6)2+

2
(6h)>+ ( é—22¢%f+16¢3—80f2—188f+64) (6

36f
Toa+403 (3921 —6f+88) —12¢1¢9—96 f2

r (g +8)dp—6¢0
3rf

+8T(3gz,1f—6f2+16f+8)¢o—12f¢17“) $h—

(P53 +8f+8)(¢))%—

S+ g7z S+
a2,

f2T2

(2.32)

The fluctuations zp and zp1 are then solved subject to the following asymptotics:
m near the AdS boundary, i.e., as r — 0,

1 1
200 = §>\3r + 73 (2070;3 + Z)\g In r) +O(r°Inr), 20,1 = r3 (2071;3 — )\§ In r) +O(r°Inr),

(2.33)
where we note that the non-normalizable coefficients of {200, 201}, i.e., { %)\3, 0} are precisely
as required by (A.72);
= in the vicinity of the black brane horizon, i.e., as y = (1 —r) — 0,

200 = 2500 + Oy) 201 = 210+ Oy). (2.34)

Even though we will not present the equations for z;1 = 21 = 21,0 + 3 - 21,1, we solved
them as well, to validate the conservation of the imaginary part of the current (A.77) along
the radial flow. Specifically, see (A.79),

1
hszF@:§&qw, lim F=F" =

r—0 r—rp=1

(0o + 8) (hoo)?,  (235)

— 11 —
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Figure 3. Bulk viscosity in model (A2 a—3), (2.3). The solid curves represent the leading O(3°)
order bulk viscosity (the left panel) and its O(/3) correction (the right panel) extracted from the sound
wave channel quasinormal mode of the background black brane (2.10). The red dashed curves are
obtained from (2.17).

where 21 0.3 is the normalizable coefficient of z; o (similar to zp,0.3 of 200 in (2.33)), and

1 1
}ii% SF=6F® = <Z1,0;3+2’1,1;3> A3,

6 2
lim 6F=6F" = (20 ,.)? (gb0)""” —(PR ) +72(0h )2 —64 +gf7“° (PR )2 +8
pm OFE = (20,0,0 96 0,0 0,0 16(gl o)1/ 0,0
1 1
+5 (b 2@ o)oho )+ ;hooloho) ebne (GhoR+8) . (230)

where 21 1.3 is the normalizable coefficient of z;; (similar to 29 .3 of 200 in (2.33)). Conser-
vation of the imaginary part of current (A.77) in particular requires that

F(b) SF®)
sy =00 gy —1=0, (2.37)
and provides a stringent test on our numerics.

In practice we solve numerically (2.22)—(2.27), (2.31)—(2.32), along with the equations
for 219 and 21,1, parameterized by A3 = my. We use (2.17) to extract the bulk viscosity,
and compare the results with the quasinormal modes computations® (2.10). It is important
to present the physical results as dimensionless quantities, as we fixed the overall scale on
the gravitational side of the computations setting r, = 1. From (2.30), the dimensionless
quantity ms/T is O(B3) corrected,

my
21T
Assume that we have a dimensionless quantity I that is O(f5) corrected, and that is ex-

tracted from the numerics as a functions of A3, but we need to present it as a function
of my/(2nT). Then,
d/CQ(.iL‘)
dx

K = Ko(z + 8- 62) + 8- Kn(z+ 8- 62) = Kol) + 5 - (595 +/c1(x)) C(2.39)

8As we already mentioned, these computations are too technical to report in details here.
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Figure 4. Numerical test of the conservation of the imaginary part of current (A.77) in model
(A2 a—3) to leading order O(8°) (the left panel), and to subleading order O(3) (the right panel).
See (2.37) for more details.
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Figure 5. To order O(S") there is a perfect agreement between the ratio of bulk viscosity to the
shear viscosity evaluated using our novel formula (2.41), shown in the solid curves, and the Eling-Oz
expression (2.40), shown in the dashed green curves.

i.e., the O(p) correction of the quantity K receives an extra derivative in the Ky term. This
was not an issue in our discussion of the shear viscosity to the entropy density ratio in
section A.2, since there the appropriate quantity Ko = ﬁ is a constant.

In figure 3 we compare the leading O(3°) (the left panel) and the subleading O(f3)
correction (the right panel) of the ratio of the bulk viscosity to shear viscosity using the
formalism of section A.3 (the red dashed curves), and the same quantities obtained from the
computation of the sound channel quasinormal mode of the background black brane (2.10).
The difference between the solid and the dashed red curves is ~ 1076...107% %.

In figure 4 we numerically validate the conservation of the imaginary part of cur-
rent (A.77).

2.2.2 Models A —D

Analysis of the remaining models proceeds as detailed for the model (Ag A—3) in section 2.2.1.
As for model (Ag a—3), there is an excellent agreement between the general computation
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Figure 6. At order O(f) there is a disagreement between the ratio of bulk viscosity to the shear
viscosity evaluated using (2.17) (the left panel) and (2.18) (the right panel), shown in the solid curves,
and the extension of the Eling-Oz formula (2.40) to order O(f8), shown in the dashed green curves.

0.00 -

-0.15 -

0.0 0.5 1.0 1.5 20

my /(27T

Figure 7. We compare O(f) correction to %

from the quasinormal mode (2.10) analysis, the red dashed curve is obtained from (2.42), and the
green dashed curve is the application of the EO formula (2.43).

in the holographic model Bs 3: solid curve is obtained

framework of section A.3 and the alternative extraction of the bulk viscosity from the
quasinormal modes (2.10).

A simple formula to compute the bulk viscosity in two-derivative holographic models
was proposed in [22] (EO):

, (2.40)

Aa=const

= ngi: <8(?jfiT>2

n

where ¢, is the speed of the sound waves in the holographic plasma (2.11), and the bulk
scalar derivatives are evaluated at the black brane horizon, keeping the non-normalizable
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Figure 8. Although models A — C have the same value of the higher derivative coupling ag = 1, and
the coupling constants «; and as can be removed by a metric redefinition, such a redefinition modifies
the scalar sector of the model resulting in distinct bulk viscosity corrections. Black curves represent
Ay A models, blue curves represent By o models, and magenta curves represent Co A models.
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Figure 9. Bulk viscosity corrections in the D4 3 model (the left panel) and in the D4 2 model (the
right panel). Solid curves represent corrections extracted from the sound wave channel quasinormal
mode of the background black brane (2.10). The red curves are obtained from (2.19).

coefficients of these scalars — the mass terms of the boundary gauge theory — fixed [20, 23].
The EO was extensively tested in many models, and it is verified to leading order O(3°) in

the models discussed here. Specifically, in figure 5 we compare % for A — D models with

0
A = 3 and A = 2 (the green gashed curves) with the predictions (1.7) of the framework
discussed in section A.3 (the solid curves):

¢

S

1 2
=;Zzi,o = -
0 T 0

We stress that (2.41) is a simple, novel expression for the bulk viscosity in two-derivative
holographic models: unlike [18], there is no restriction to a single bulk scalar, and there is no
need to compute scalar derivatives at the horizon — z; o are values of the gauge invariant scalar
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Figure 10. We parameterize the speed of the sound waves in the gauge theory plasma as in (2.44).
The solid curves represent (41,0)? and 311 in the holographic model Dy 3 obtained from the sound
wave channel quasinormal mode (2.10); the dashed red curves represent the same data obtained
applying the equation of state (2.11).

fluctuations® at zero frequency evaluated at the horizon. Furthermore, the first expression
in (2.41) is true even in higher-derivative holographic models, provided the dual gravitational
physics is effectively two-derivative (as in the Gauss-Bonnet models By a)), or, at least,

effectively two-derivative at the horizon!? (as in the class of models Cia,n)), see (1.7),
¢ 1
> - 4 2.42
slge 9IS %i0> ( )

where z; o has to be evaluated at the horizon including O() corrections.

Figure 6 demonstrates that the naive application of the EO formula (2.40) does not work
in higher-derivative models. By “naive” application we mean the evaluation of the speed of
the sound waves and the background scalar derivatives at the horizon in (2.40) to order O(f).
Again, the solid curves represent the corrections!'! to the bulk viscosity from (2.17) (the left
panel) and (2.18) (the right panel), and the dashed green curves indicate corrections from
the EO formula (2.40). Interestingly, there is a disagreement even for models belonging to
class B (the right panel), which are effectively two-derivative in the bulk. One might wonder
whether the comparison of the ratio %, which is somewhat more universal as it is partly

applicable to higher-derivative theories (see (2.42)), would fare better. From [22],

% B frz (a?f%y

7

(2.43)

Aa=const

As we show in figure 7, this is not the case for the effective two-derivative in the bulk model
Ba3: the solid curve represents the O(f) correction 5% extracted from the quasinormal

9From the quasinormal mode perspective, the z;’s are spatially SO(3) invariant background scalar fluctua-
tions of the sound channel which decouple from the metric fluctuations as ¢ — 0.

10Recall that we refer to the physics as being effective two-derivative at the horizon if there is no distinction
between the Bekenstein and the Wald entropy densities, see (A.28).

"The quasinormal mode analysis (2.10) validates these results.
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mode (2.10) analysis, the red dashed curve is obtained from (2.42), and the green dashed
curve is the application of the EO formula (2.43). It should probably not come as a surprise
that the EO formula for the bulk viscosity fails in higher derivative as well as in Gauss-
Bonnet holographic models: the naive application of the EO formalism does not capture the
Gauss-Bonnet coupling correction to the shear viscosity either [9].

In the holographic models A — C (1.3) doing a metric field redefinition removes the bulk
higher derivative coupling constants «; and as [9]. However, in the presence of the scalar
sector, as in (1.2), such a redefinition generates new higher derivative coupling constants in
the scalar sector of the form R-(9¢)? and R* 0,90, ¢. Because computing the shear viscosity
involves only the metric fluctuations, see (A.30), such a redefinition does not affect it, and
the final correction is universal for all these models, see (2.12). On the contrary, computing
the bulk viscosity necessitates turning on the bulk scalar fluctuations, see (A.62). As a result,
the bulk viscosity is different in models A A, B2 A and Cy A even though all these models
have the same value of a3 = 1. This is shown explicitly in figure 8. Black curves represent
Aj A models, blue curves represent By o models, and magenta curves represent Cy o models.

In figure 9 we present bulk viscosity corrections in the models D43 (the left panel)
and Dy o (the right panel). The solid curves show the bulk viscosity corrections extracted
from the dispersion relation (2.10), and the dashed red curves represent (2.19). This is
an excellent validation of our computational framework in holographic models with Weyl*
higher derivative corrections.

We conclude this section mentioning one of the numerous consistency tests we performed.
The speed of the sound waves ¢s can be extracted from the dispersion relation of the sound
channel quasinormal modes of the background black brane (2.10), or from the background
black brane equations of state (2.11). We parameterize the speed of the sound waves as

cs = f}g (1 +B- /81,1) : (2.44)

In figure 10 we compare results for (810)? (the left panel) and 311 (the right panel). Solid

curves indicate data from the dispersion relation (2.10), and the dashed red curves are the
corresponding results obtained from the equation of state (2.11) in the holographic model Dy 3.

3 Conclusion

In this paper we developed a novel framework for computing transport coefficients in holo-
graphic model with higher derivative corrections. This allowed us to produce compact
expressions (1.5)—(1.8) for the shear and bulk viscosities in large classes of non-conformal
holographic models with higher derivative corrections. We expect that these formulas would
be useful in exploring conditions under which the shear viscosity [6] or the bulk viscosity [17]
bounds are violated. The explicit expressions for the Wald entropy density (A.28) would be
useful in searches of stable holographic conformal order [40-44]. Moreover, since holographic
models with scalar fields have been used, depending on the choice of scalar potential, to
generate a wide spectrum of temperature dependence for 7, in addition to a non-zero (,
our analysis is also useful for direct comparison to the physics of the QGP. In particular,
our simple expressions for the shear and bulk viscosities in the presence of arbitrary scalars
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can facilitate holographic model building and guide the efforts to describe the behavior of
the QGP near the deconfinement transition.

We demonstrated that there are particularly simple and universal expressions for the
ratio g, see (2.42), valid even in models with higher derivatives in the bulk, but effectively
two-derivative physics at the horizon, specifically when there is no distinction between the
Bekenstein and the Wald entropies of the gauge theory thermal state dual black brane horizon.
We also explored the applicability of the Eling-Oz formula for the bulk viscosity [22], and
demonstrated that its naive application fails even in effectively two-derivative holographic
Gauss-Bonnet models. At this stage it is not clear to us how to extend [22] to capture theories
with higher derivatives and whether that construction can be generalized in a simple way.

Specific models discussed in section 2 can be of interest to phenomenological applications
in heavy ion collisions. To facilitate these applications we recall the relations of some of
the parameters used on the gravitational side of the holographic correspondence to the
gauge theory observables:

e If ¢ and a are the two central charges of a gauge theory UV fixed point,

B-az= 68_6“. (3.1)

The holographic coupling as appears in models A — C. We are not aware of the simple
relation for the other two coupling constants, as and a3, in the models By A and Ca a.

« Assume for simplicity'? that the UV fixed point is A” = 4 SU(N,) supersymmetric
Yang-Mills theory with a gauge coupling g%M. Then, in models Dy a,

HEONCNA R (3.2)

b=

In this paper we focused on the first-order transport coefficients, i.e., n and ¢, of the
hydrodynamics theory derivative approximation. Stability and causality of the Landau-frame
hydrodynamics can be ensured including higher-order transport coefficients. Holographic
computations of the second-order transport coefficients of conformal gauge theories were first
done in [46, 47],'3 and finite 't Hooft coupling corrections were discussed in [49-52]. It would
be interesting, albeit challenging, to extend the computational framework proposed here to
the analysis of these coefficients in holographic models with higher derivative corrections. We
expect that such results will be sensitive to the holographic renormalization of the models, as
well as to the details of the proper formulation of the variational principle, i.e., the precise
expressions for the Gibbons-Hawking terms.

In the future, it would also be interesting to extend the results reported here to holographic
models with conserved charges, and to capture the effects of a chemical potential. It is natural
to wonder whether, in the presence of generic higher derivative terms, the conductivity can
also be extracted from a radially conserved current, and thus entirely from the horizon of the
geometry. Finally, it would be useful to extend our framework to magnetohydrodynamics,
again in the presence of higher derivatives. We leave these questions to future work.

23ee [45] for more examples.
13See also [48] for some extensions to nonconformal models.
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A Transport coefficients from Kubo formulas

A.1 Black brane geometry dual to thermal states of the boundary theory

The background geometry dual to a thermal equilibrium state of a boundary gauge theory
takes form

dst = —c2 dt* + &3 dx® + ¢ dr?, (A.1)

where ¢; = ¢;(r), and additionally ¢; = ¢;(r). The radial coordinate is r € [0, ry], with r,
being the location of the regular black brane horizon,

lim ¢; =0. (A.2)

T—Th
Notice that at this stage we do not fix the residual diffeomorphism associated with the
reparametrization of the radial coordinate.
One can efficiently compute the background equations of motion from the effective one

dimensional action,

1
S, = 167TGN/0 dr{I—i—B-éZ}, (A.3)

obtained from the evaluation of (1.2) on the ansatz (A.1). Here (' = 4),

3 2¢f  6cy  6(ch)? 6chch  6cicy 2y 1 N9
I=cicye3( 12— —5——5——5 3 T3 _ﬁz(d’i) -V, (A4)
6163 6203 C2C3 CQCS 026163 0163 263 i
with the higher derivative contributions in model (1.3) given by
2
ST — o103 3¢k dl iy 3cidy  3chch,  3(ch)? 6] chcly
2 = c16c3( 4oy 2 27 3 2 3 72| to 2. A
6203 ClC3 ClCS 626163 CQCS 6263 626163
/] /] / 1\2 ./ ! /\3 ./ /(N2 /o
_ bdiegdy  bcheze]  6ci(ea) )Py 24cpdhey 12(ch) s | 6chch(cs)” | Bciad]
CQCng czclcg C%Clcg C%C% C%C% CQClcg CQC%C%
/o /() \3 Ay /N /N2 . A /12 /\4
6cicy  12c)(c)) 12(ch)"ch  Adiesd]  6(cy)chcy | 2(d)) N 12(ch)
cocy c§ c% c1 c% cg’ c§ c% cg co c% cg c% cg c% c%
IN2( A \2 IN2( A \2 11\ 2 IN\2/( A \2 /12 IN\N2/( A \2
2(ch)*(c3) 12(c})*(cy) 12(ch) 12(ch)*(c3) 4(d)) 12(c})*(c3)
+ c2c8 + 23k c2ch + c2c8 tos c2ct + c2c2ch
163 2€1€3 2€3 2€3 163 2€1C3
/12 /\4 /] /N IN\2/( A \2 IN\2/( A \2
+ 12(c5) 12(c3) _ 8ciezer 24cyc309 4(c1)*(c5) 12(c5)*(c5) }
2 4 4.4 2.5 2.5 2 6 2 6 )
C3€C3 CaC3 C1C3 C3C3 Ci€C3 €2C3
(A.5)
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and in model (1.4) by

’ ’o /\2 ' 7 noN 4
9 3 C1C2 ey () C3Co =l Co A6
01y = 5oc16503 5T 3T 55 T 3T 5t 5. (A.6)
36 cacicy  C1C3 c5c3 CoC3  C1C3 €203

From (A.3) we obtain the following equations of motion:'*

2

pcilcg)” | 26 1 [ }
_ . N - —12 A A.
o 2 st e [o]
! /\2 1
0=y 2% (@ 1 (o) + GtV =12 +5- |-, (A8)
C3 C2 12
12(ch)?  12d)¢c
0— ne _ 2) 290 9.2 19 {} A9
;(gbz) c% ye1 Cg( ) + B ) ( )
1 1 ]
0— (b;/ _ ¢ic3 + 3¢i62 + cl¢z _ C% 61‘/ (AlO)
C3 C2 C1

We verified that the constraint (A.9) is consistent with the remaining equations to order
O(B) inclusive.

On-shell, i.e., evaluated when (A.7)—(A.10) hold, the effective action (A.3) is a total
derivative. Specifically, we find

63 d( 2
T+8-0T=—2L . eq.(A8) + { 25 4 g 56} (A.11)
Cc3 dr Cc3
with the higher derivative terms §B given by
3 /// o m /N3
Co c5C ¢
0By = — 4(2a1 4 g + 203) 221 — 6(4ay + ag) a 2 2 4+ 12(4oq + a2)¥
C3 C3 C3
2 /\2 4
+ @ (24clgczc§oz1 + 6cheacaan — 8chcicsan — dcyciezan — 80303630[3) N 02561 (
0361 63

/! /! /" / / /
2 caczan + dicaczan + 2dhcaesas + 12(ch) cAay + 3(ch) chan + 6(ch)*chas
/ / / / / / /
+ 6cheaczarchy 4 3cheacsanchy 4 6chcaczazch — 6(ch)*caar — 3(ch) cian — 6(63)203(13)

cac1ch(ch)?
1

2
c5cy
— 4201 + g + 2a3) Z (3020301 — 3cheac) — 20203cl> + 6(4aq + a2) .
C3C 3

/!

2
csc c
+ 6(4aq + ) 26;) 2 (cg03 — 3(cg)2> + 6(4aq + 062)% <—c’2026§01 + 363030301) ,
3

]
(A.12)

4The - - represent the O(f) terms that we omit for readability. Of course, these terms must be taken into
account to obtain the correct results.
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2
5B 5 ((0’2)2 ches cy  che) Ay N c’1’> (30%’0’10% 3c1cychcl 30’1”02
4 == —5 —_— e — .

2 T 8 8 7
I\ ¢ c3Ca C2 C2C] C3C1  C1 3 c3 c3

2 2. .2 2.3/ /(N2 ! 2 / 23 /A2
Beich'es  4(c)) ches  4A(ch) escy | 2¢i(ch) e cichescy  Acicse] | 2chcsdh

7 7 8 7 - 8 7 7
2 /\3 /\2 / 2 / /" ! 2( A0\ 2 3.

90162(63) +201(02) Sei(ch)eacy  cheze]  Beicheach | 9eiches(cy)” | 9esched

3 cl A3 s ci 3 A
9cyc2chcl

252 ). (A.13)

c

3

In what follows we will need the entropy density s and the temperature 71" of the boundary
thermal state. The temperature is determined by requiring the vanishing of the conical deficit
angle of the analytical continuation of the geometry (A.1),

/ / / /
2T = lim {—02 (Cl” — lim [—Cl+%] — lim [—Cl] , (A.14)

T—=Th Cc3 Co T—=Th Cc3 CoC3 T—Th Cc3

where to obtain the last equality we used (A.2). The thermal entropy density of the boundary
gauge theory is identified with the entropy density of the dual black brane [53]. Since our
holographic model contains higher-derivative terms, the Bekenstein entropy sg,

3

c
= i 2 A.15
p = Jim 12 (19
must be replaced with the Wald entropy sy [54],
1 oL
Sy = lim |¢3 €epn—m—— > (A.16)

87TGN T—=Th 6Rul/p)\

i.e., s = sy. The simplest way to compute the Wald entropy density is instead to use the
boundary thermodynamics:

= According to the holographic correspondence [55, 56], the on-shell gravitational action
Si, properly renormalized [57], has to be identified with the boundary gauge theory free
energy density F as follows,

1 Th d 2e3¢
—F = = dr — =21 ) } li
F=5 167TGN/ " dr{ c3 +5-08 +r1~r>r(1)

San + sct] . (A7)

on—shell

where we used (A.11). Sgp is a generalized Gibbons-Hawking term [8], necessary to have a
well-defined variational principle, and S, is the counter-term action — we will not need the
explicit form of either of these corrections.

m eq. (A.17) can be rearranged to explicitly implement the basic thermodynamic relation
—F = sT — & between the free energy density F, the energy density £ and the entropy
density s [58]:

- 1
167Gy ™o

3./
1 . [ 20201+ﬁ 5[5] hm[ 1 (_20201+5.5B>—|—SGH+S(315:|.(A.18)

C3 r—0 167TGN C3
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= Finally, we identify!®

3/
1 i | 2c5¢]
167TGN r—="Th c3

sT =swT = +5-6B|. (A.19)
Notice that to leading order O(%), using (A.14), we recover from (A.19) the Bekenstein

entropy (A.15); the order O(f) term implements the correction to get the Wald entropy
density. In what follows we will need the ratio of the Wald and the Bekenstein entropy
densities of the black brane, evaluated at the same temperature:

Swo_ . _ C3

§:1+IBTIL>I¥I’1}1/€(T)7 ﬁ:_fgcﬁalg (AQO)
We proceed to evaluate x for our two holographic models (1.3) and (1.4). Since we work
to order O(p) in (A.20), we can evaluate 0B to leading order in 3, i.e., we can use the
leading order equations of motion (A.7)-(A.10), and algebraically eliminate ¢{’, ¢y, ¢/, 5
from 0B and 6Bj4:

203 2¢}
5Bs = (1601 + 5as + das) gicl SOV - — ((28a1 +1las + 16a3)3—21
3 5 3
6c1 36¢1(ch)? 24cca(ch)?
+ (doy + ag)— 2>V - 1(3 2) (4aq + ) — %(2)(9041 + 3ag + 2a3)
3C2 3 3
36¢3ch(c))? 8cic T2c3che
- %(l)(zal + g + 203) + —21(280; + 11ag + 16a3) + —22" (day + az)
C3C1 C3 C3
(A.21)
5By — 15(ch)2 /1y b\ [ (cer — cécl)cgv 12djc3  12c1che3  7(c))3che3
4= T T2\ 5 ——5 T 5 7
7c (¢ 2 14 /\3 :
ch(cy) e c1(cy)
+ o - 7 .
3 3

We need to evaluate (A.21) and (A.22) at the horizon, i.e., as r — 7. It is convenient to
fix the residual diffeomorphism in (A.1) as'®

1/2 1/2
Cl:f (9+0(8)) 7 02:}7 o 1

r r ~ 21+ 0(8)
where {f,g} = {f,g}(r). Given (A.7)—(A.9), to leading order in f3,

(A.23)

r_ i 2 ﬁ K . 4 r_gr 2
f - 6r zl:(gi)l) + r + 3r 7,,’ g = 3 zl:(qbz) . (A24)
From (A.2), the horizon is located at rj, such that
Jlim f=0. (A.25)

15Strictly speaking, (A.19) is correct up to an arbitrary constant. But this constant must be set to zero
from the comparison with thermal AdS, in which case the black brane geometry is dual to a thermal state of a
boundary CFT with vanishing entropy in the limit 7" — 0.

160f course, final results are independent of this choice.
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Regularity of ¢; at the horizon then implies from (A.10) that!”

30,V

L OB . A2
rv—12)7 T (58.26)

@ ~
Using (A.24) and (A.26) we find from (A.21), (A.22) and (A.20)

2
rz v o (V—12)(5n +az —az)  and  mg~ _i(v —12)° as r—r, (A27)

144
i.e.,
St %(V —12)(ba1 + ag — as), when 0L = 6Lo;
Wo_148. (A.28)
B — (V= 12)3, when 6L = 0Ly,

where all quantities in (A.28) are to be evaluated at the black brane horizon.
Finally, note that in the class of models d L5 there are two special cases for which the
Wald and Bekenstein entropies coincide to order O(f):

e a1 =1, a9 =—4, a3 =1 — the combination in (1.3) assembles into a Gauss-Bonnet
2

1
term, which renders the full gravitational action (1.2) two-derivative;

o a1 =0, ag = a3 = 1 — the gravitational action (1.2) is higher-derivative in the bulk,
but is effectively two-derivative in the vicinity of the black brane horizon.

This will be relevant to our discussion later on, when we examine the applicability of the
Eling-Oz construction [22].

A.2 7 with higher derivative corrections

Following [2, 8], we use the Kubo formula to compute the shear viscosity from the two-point
retarded correlation function of the boundary stress-energy tensor with indices along the
spatial directions 12,

1 ,

n=-— lim0 —ImGRr(w), Gr(w) = —i/dtdwezth(tX[Tlg(t, x),T12(0,0)]) . (A.29)
w—0 W

To compute the retarded thermal two-point function of the components of the stress-energy

tensor entering (A.29) we add the bulk metric perturbation

dst — ds? + 2hya(t,r) doidas . (A.30)

Simple symmetry arguments [59] show that all the remaining metric and bulk scalars fluc-
tuations can be consistently set to zero; additionally, we can restrict to SO(3) invariant
metric perturbations.

It is convenient to use the idea of the complexified effective action for the fluctuations
introduced in [18]. This complexified action is a functional of ki3, (r) and hiy (1) = hi2,—w(7)

1 Th
5@ — / dr Le{his., It A31
167G N Jo ez, 12’w} ’ ( )
"We use l.h.s. ~ r.h.s. to denote that limy—r,, izZ‘_SS‘_ =1.
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and is constructed in such a way that the hi2,, equation of motion obtained from Lc,

65®
B 5h’>{2,w ’

(A.32)

is identical to the one obtained from the effective action (1.2), assuming the harmonic
dependence for the fluctuations hia(t,7) = e “hig,,(r). In practice, it is straightforward to
construct Lc:

= Evaluate (1.2) to quadratic order in the fluctuations (A.30).

m Complexify every term of the resulting quadratic action as follows: e.g., replace

1
h12 agrhn — 5 (h12 @frh’{g + hy{2 8T2Th12) s
or (A.33)

1
Othaa Ohas — 5 (0uhis B3 hia + Othia Ohas) -

m Introduce the harmonic dependence as

h12 = €_iwth127w(7") 5 hTQ = eiwth127,w(7") . (A34)

m The resulting action gives Lc.
For the model (1.3) we find L¢ = Lc;2,

"

By " /
12,01 > (

. " " /
Loz =By hiy _y, 12,02, —w T2 — 127w>

1
— 5(33w2 — Ay —B4) (h/1/27wh127_w+h/1/277wh127w) + (Blow2+Bll +A4) h/127w /12’7w

1
~3 ((Bs—Bo)w?— A5 — Bis) (h’lz,whm,—w +h’12,,wh12,w)

+hi2,whi2,—w (B5w4 —w?(By—Bsg+ Ay — A3)+ B3 +A6> ;
(A.35)

where the connection coefficients A;(r) = O(3°) and B;(r) = O(B) are functionals of the
background geometry (A.1). Coefficients A; are presented in appendix B; coefficients B; are
too long to be reported here. For the model (1.4) we find L¢ = L4 of the form as in (A.35),
albeit with a distinct set of the connection coefficients B;.

On-shell, the effective action (A.35) can be re-expressed as a total derivative,

55
E(C = ].67TGN . hTQ,w T + (9er, (A36)
5h12,w
with a current
_ " & / 1 2_4 / " 1y
Jw = |Bihig,, + 5 M2w ~ 2(ng — Ay — Ba)hiaw | hig, oy + | —Bihis,, — Bihia,,

1 1 1 1
+ (<Bw + 233> w? — §B§ + B11 + A — 5141 - 234) /12,10
1, 1

1 1 1 1 1
——Bs+ =By + =By |w?> — A, — —B,+ -As + =B )h ]h Cw.
+(< 5 6+2 9+2 3>w 5417 5 4+2 5+2 12 | P12w | N12,—w

(A.37)
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A crucial observation originally made in [18] was that an analog of .J,, in two-derivative
holographic models (no B; coefficients in (A.37)) has a radially conserved imaginary part,
on-shell. It is straightforward to verify that this property holds, even in the presence of
higher derivatives of the effective action:

On(Ju — J—u) =2 9,Im J,, =0. (A.38)

on—shell on—shell

The conservation law (A.38) is a direct consequence of the exact U(1) symmetry of L¢ (A.31)
that rotates the phase of fluctuations, namely hi2, — eiohmw and hig .y — e_i9h127,w.
The conserved Noether charge associated with this symmetry is precisely ImJ,,. Indeed,
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=i 0,0 (Ju— J ), (A.39)

for infinitesimal f-rotations. In [18] this conserved charge was interpreted as the radially
conserved number flux of gravitons!'® 1

Essentially following the discussion of [60], the retarded two point correlation function of
the stress-energy tensor (A.29) has to be identified with the boundary limit (i.e., r — 0) of
the current J,, (A.37). It is easy to see that J,, diverges as one approaches the AdS boundary
— it must be regularized and renormalized [57] by adding an appropriate counter-term Jg.
Additionally, one must add a generalized Gibbons-Hawking boundary term Jgg [8, 61] to

have a well-defined variational principle for S). Thus,

Gr(w) lim (Jy + Jau + Jet) - (A.40)

- &Gy =0

Recall from (A.29) that, in order to extract the shear viscosity, we need only the imaginary part

of Gr(w). However, both Jgi and J.; can not contribute to ImGg. For example, from the

representation (A.36), the variation gﬁﬁ would produce a boundary term —A1h12.4-0h]g _p-
12,w ’

Such a term must be cancelled with the appropriate term in the variation of Jgyu:
5<+A1 (hlz,whﬁz,—w + hlz,wh'm,w)) = +Arhig - 0hy - (A.41)

However, Im[A4; (hlg,whﬁz,w + h12,_wh1127w>} = 0. Clearly, this will be the case for all terms
in Jogg and Jg: indeed, originally the Gibbons-Hawking term and the counterterms are real,
and the complexification as in (A.33) will not change this fact. As a result,

ImGRr(w)

= 8Gn }11)1’(1) ImJ, = e Tllg}h ImJ,, , (A.42)

where in the second equality we used the fact that ImJ,, is conserved along the radial flow,
and so can be evaluated at the horizon. Of course, this is the reason underlying the original
claims of the universality of the shear viscosity in two-derivative holographic models [3, 62].

18See [18] for further discussion and related earlier work.
19Tt is an interesting open question as to why the quadratic action for the fluctuations has this peculiar
property, (A.36).
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Before we can evaluate J,, at the black brane horizon, we need to derive the equation
of motion for hja,. From (A.32) we find

1 1
0= (A; — Ay) iy, + (A] — A)) K, (2A/1’ - 514% + Ag + (A3 — A2)w2) h12.w

1
+ {Bl 120+ 2B1 oy, (Bf + 535 + By — By —w?(Bs + B10)> PP

1 1 1

+ <2B§’ — B, +B,— (B, + Bgo)uP) Pigw + (B5w4 + <38 — Br + 53& — 53{9
1B” 2+ B 1B” 1B’ h A.43

_§3w+ 13+§ 4= 551 ) Maw (A.43)

All the terms in the bracket {} above are O(f3), and the equation (A.43) can reduced to a
second order equation for hiz,, eliminating hY5 ,,, b5, , by, with B; connection coefficients
using the O(S%) equation of motion. We will need to solve the equation (A.43) in the

hydrodynamic approximation, specifically to order O(w). It is convenient to introduce

e\ .
hi2.w = ¢ Hizw, Hyo o = (;) (Ho +iw Hyp) , (A.44)
where we set
L w
T

With (A.44), the incoming wave boundary condition for the fluctuations, and the correct

(A.45)

normalization at the boundary, result in

lim Hyo(r) =1, lim Hi(r) =0,
r—0 0( ) r—0 1( ) (A.46)
lim Hy(r) = finite, lim Hi(r) = finite.

T—Th T—Th

Using the black brane background equations of motion (A.7)—(A.10), the equation for
the fluctuations (A.43), and (A.44), we can evaluate the O(w) part of J,, from (A.37)

Ju=Jo—iv Ji, Ji=F+p-F, (A.47)
2 A 3
JA L Tl VP GG N A (A.48)
203 263

while for the model (1.3), §F = >,

2 2
0y = — g (HS(CQCII — 8/2(31) — Cgcl(H()H{ — H6H1)> ( (20{1 + a9 + 2a3)V
C3

ey 5)? 3(ch)? 243
- ( 212 4 (e 2) ) (9a1 + 9as + 24a3) + ( §) az — —2(2a1 + ag + 2a3)>
ey c c3 3
(A.49)
and for the model (1.4), 0F = §Fy,
/ / /\2 / /\2 /
02 (0102 - 0261) 2 / / ! / 2402(01) 4801
OFa= - 4 (HO(CQCl — &a1) = excr(HoHh — HoHh) cic3cl - cieacs
96ch,  117(ch)%c)  111(ch)3 4¢) 80’2
233 c3edel + 2chel + (030 51T 32 5) V) . (A.50)
162€3 162€3 162€3 feac  ciese3
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Finally, from (A.29) and (A.42) we obtain

1 . 1 Ry 1 . to 1 1
im —ImJ, = — .
8GN w—0 w v 87G N w—0 w 87rGN onT

’)7:

(F+p-0F) .

(A.51)
Further simplifications occur when (A.48), (A.49) and (A.50) are evaluated at the
horizon. Using (A.23)—(A.26), see also footnote 17,

F~ (4Gysp)(enT) - (53 |

0Fy ~ (4GNSB)(27TT) . (L;g : (V — 12)<5041 + 062)) > (A52)

2

§Fy ~ (4G nsp)(2nT) - (fgg (V- 12) l5(v —122 42 (8¢V)2]> :

where the Bekenstein entropy density is given by (A.15) and the temperature is determined
by (A.14).

Notice that in (A.52) we only need to know the value of Hy at the black brane horizon.
The equation of motion for Hy is determined from (A.43) setting w = 0,

3 /
0:H6’+H6[n6102 + - deq, (A.53)
3
where for the model (1.3), deq = deqa,
1801(02)2

deqg =

4H! 54(c}
0 [ (c 2) (a1 + a9 + 3a3) — (4dag + 4ae + 11a)

32
3 C3C3 a 203

12 / 6 /\2
+ 9 _ 02(2612 (3aq + 3ag + 8az) +

2 /
@ (90[1 + 9as + 26&3) + 2(2&1 + a9
&)

/ /

C
+2a3) YOV - ¢ — ((9a1 1 9 + 26a3)z—z + é(zaal + 3a9 + 8a3)) v} ,
[

(A.54)

and for the model (1.4), deq = deqy,

Seqs = Hé(c’l B c'2> {1202(20102 + cach) Za Vg (2002 4cy >V2 N (4800’2

6 \c1 ¢ 010302 302 cgcl 0302
96c,  849(ch)®  639c)(ch)? 96(01) ch 2880c,  576c;  10188(ch)3
+ ey 4.3 4.2 AL 2 V- 2 T2 4.3
7668¢)(ch)?  1152(c))%ch,  5994(ch)5  8316c)(ch)t  3402(c))?(ch)?
+ 4.2 + 4. 2 5.6 4.6 2.3 .6
432(¢ I3[ \2
_ B2a) (%) (3 )2 (602) ] . (A.55)
We seek solution of (A.53) recursively in f,
Hy = H()’() + 5 H071 . (A56>
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To leading order, we have

Hoo =Ci0+C2p / dr 573 : (A.57)

Regularity of Hy o at the horizon fixes Ca 9 = 0 (see (A.23) and (A.25)), while the normalization
as r — 0 sets C1 o = 1. With Hypg = 1, the general solution for Hp; once again takes the
form (A.57), albeit now the boundary conditions (A.46) set C;; = C2; = 0. Thus, putting
all this together, we have

Hy(r) =1+ 0O(3%). (A.58)

Finally, collecting (A.51), (A.52) and (A.58) we find

n %(50(1 + a9)(V —12), when 0L = 0Ly
dr— =147 (A.59)
5B — (V= 12) [5(V = 12)2 425, (BV)?],  when 6L = 6L
Noting that
anl = 4n L. B , (A.60)
s SB  Sw

and using (A.28) we arrive at the results reported in (1.5) and (1.6) for the final shear
viscosity to entropy ratio in the presence of higher derivative corrections.

A.3 % with higher derivative corrections

The computation of the bulk viscosity ¢ parallels the discussion of section A.2. The starting
point is the Kubo formula [18]

¢= —g lim lImGR(w), Gr(w) = —z’/dtdweiwtﬁ(tm%ﬂ(t,w), 177(0,0)]). (A.61)

To compute the relevant retarded correlation function we consider the decoupled set of SO(3)
invariant metric fluctuations and the bulk scalars

ds? — ds? + hy(t,r) dt* + hyy(t,7) dz? + 2hy,(t,7) dtdr + he(t,7) dr?,
Gi = & +ilt,r).

For convenience, we fix the axial gauge as

(A.62)

hir = hyy = 0. (A.63)

To study the equations of motion for the fluctuations, it is convenient to introduce new
variables HOO, Hu

heg(t, 1) = e 2 Hoo(r), hi(t,r) = e~ 3 Hyy(r), (A.64)
and the gauge invariant scalar fluctuations Z; as in [15]

¢§ C2
/
2c,

Pi(t,r) = e twt <Z,~(r) + Hll(r)> . (A.65)
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The equations of motion for Z; completely decouple from the equations for the metric

fluctuations,
3\’ 2w2 2 2
0=2{+ (ln Cf) Zit B Zi— o (V1) 205 307
3 1 ) A
2 ’ (A.66)
0203 9 9
~ 5% (aiv sz.¢;+¢§ Zajv-zj) —c3 ZZJ'@-J-VJrﬁ- []
J J j
Furthermore, we have
C/ C3C2
Hy=-2H, 0=H 7z, [} A6
T e T34 XZ: P9t h ) (A.67)
€2 1 3csw?  9cichy,  3(c))?
00 36/2 zl: ¢z 7 3 3( ) C% C3CaCl 030%
c2 2 ;) ,  cacd
— W cre205(V = 12) + 3cqcy zi:Zi.qﬁi_ 30, Zi:aiv'zi"‘ﬁ' .
(A.68)

where once again we omit the O(f) terms for readability. We will need to solve the equa-
tions (A.66)—(A.68) in the hydrodynamic approximation, specifically to order O(w) (see (A.45)
for the definition of tv),

—i
Z; = (?) (Z,‘70+im Zi,l) , H = Hyp+ito Hy, Hyy = H0070+Z't’0 HOO,I . (A.69)
2

The set of the gauge invariant scalar equations is solved first. The incoming wave boundary
condition implies that z; o and z; 1 must be regular at the black brane horizon. To correctly
normalize the retarded correction function in (A.61) we must set

lim Hll(’l“) =1 5 lim HOQ(T) =0. (A?O)

r—0 r—0

Additionally, the coefficients of 1; that are non-normalizable near the AdS boundary must
vanish [15]. From (A.65) this implies that if the non-normalizable coefficient \; of the
background scalar ¢; dual to a gauge theory operator of dimension 4A; is nonzero, i.e.,

T asr — 0, (A.71)
the near-AdS boundary asymptotic of Z; much be

m 2 AT Ay, A0 lim L
r—0 7‘4_Ai 2 t r—0 ?”4_Ai’ r—0 7“4_Ai

=0. (A.72)

As we show shortly, we will need only the values of the scalars z; o near the horizon. These
would have to be determined numerically.

Parallel to our discussion in section A.2, we compute the complexified action for the
fluctuations. This action is a functional of {hoo.w, h11,w, Piw},

hue(t,r) = €™ hoo.w hii(t,r) = e ™ it ), Yit,r) =e ™ pi oy, (A.73)
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and their complex conjugates:

5@ = / dr Le{hovw > v s Diws o Pt s Pk (A.74)

167TGN
with

1 1
Le =5 (P1.h00,-w + Py —hoow) + 342 (Pl + R —hin)

1
543 (hOO,whll,*w + hg(),—whll,w> + 544 ( 00,7100, + th,—whOO,w)

1
- As ( 11,000, —w + hlll,—whE)O,w> + §A6 (hlll,whOO,—w + hlll,—whOO,w)

1
2
1
2
1 1

5147 (hll whit,—w + My _phin w) + As (hn —whow + P11,whio, w)
1

*A9 (hOO —who . + Po0.whio, w) + A13h00,7w 00,w

+ 3 Z Az (hOO,—wme + h007w10@-,7w) + 3 ZAl&i : <h117—wpli,w + h11,wP§,7w>
7 r
/ / 1 2
+ A19 Y Pl + 5(1416 + w*(A12 — A10)) (hoo,—whi1,w + hoo.whit,—w)
1
+ A14h00 whoo,—w + (A15 — w? A11)h11.whit,—w + 3 > Agsi - (Piwhoo,—w + Pi—whoow)
p

1
+ Z(A21,i + w?As) * PiwPi—w + 3 Z Az i - (h11,—wPiw + P11,wPi—w)

+ A 7 2% u}+ 1,—WwW w + { :|
; 24,15 (PiwPj,— Pi,—wPjw) + B (A.75)

where for readability we suppressed O(j3) terms. The O(3°) connection coefficients A; are
collected in appendix C.
On-shell, the effective action (A.75) can be re-expressed as a total derivative,

552 552 552
Lo = 167Gy - <h(’§0,w i i Pl ) + O, (A.76)

with a current given by

Ay As

A A
Jw:|: h00w+ 2 ! 2

1
—hn w:| 00,—w + { hoo,w + hllw:| 1w+ [2(A5 — A1)ho

1
A2h11 w (A7 — AY)hiw + 5 (Aﬁ — AY)ha, w:| hi1,—w + {2(145 — A3)h1

Az
2

1
+ <A13 - 2A4> 00w + §(A9 — A))hoo,w + 5(148 - Aé)hn,w} hoo,—w + [ hoo,w

A i
+ 18 —=h11 wt A19pz w]pz —w + /6{ } (A77)

Parallel to the discussion of the shear channel fluctuations in section A.2, the imaginary part
of Jy, in (A.77) is radially conserved. The same arguments as in section A.2 lead to

lim ImJ,, , (A.78)

87TGN T—=Th

ImGgr(w) =
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with (see (A.69))

Jo=Jo—iw Ji, Ji=F+3-6F, (A.79)
c2(cac) — cher) e
F= _# Z}Z@O)z + 2273 Z (#4120 = 2h0%1) (A.80)

where we used the equations of motion (A.67) and (A.68) to eliminate all derivatives of
Hy; and Hyy. What is remarkable is that the final result (A.80) depends only on z; ¢ and
z;1. While we will not present here the results for §F’s, we note that they are functionals
of z;0 and z;1 only as well.

As in section A.2, further simplification occurs when J; is evaluated at the horizon.
We find:

F ~ (4G ns5)(27T) - (; Z(zwf) , (A.81)
SE 2(5Qq + o —-ag) ' 12

b ~ (4Gnsp)(2nT) - 3V 12) Z(z%o S0V, (A.82)
SFy ~ (AGnsp)(2nT) - <—458(V ~12) Y (o 0N)2> , (A.83)

(A.84)

where the Bekenstein entropy density is given by (A.15) and the temperature is determined
by (A.14). As before, we used 0F = 0F5 to refer to the model (1.3), and 0F = 0Fy to
refer to the model (1.4).

Finally, using (A.78) and (A.84), we obtain from (A.61) the following expressions for
the bulk viscosity,

_sp 4 2
C_47T 9{ 221704-

3. % Si(zio-0;V)?, when 6L =0Ls;
—2(V —12) (20 0;V)?, when 6L = 5Ly
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(A.85)
Noting that
9nS —gn S . 5B (A.86)
S SB  Sw
and using (A.28), we arrive at the results reported in (1.7) and (1.8).
B Connection coefficients of (A.35)
A= 2 (B.1)
Co2C3
I (B.2)
C1C9
303
Az = — B.3
3 26102’ ( )



361

Ay = , B.4
4 20203 ( )
2cich  6cqch 2
A5 = — 23 — "5 : ! ; (B5)
C2C3 C5C3 CoC3
c3cq c1 6cser  chey dhcher  B(ch)%er c/
AG — V Z((b;)Z . . g + 3222 ( g) 1
262 40263 - C9 C5C3 C5C3 C5C3 CoC3
(2
A cid (B.6)
cock  c3es’ '
C Connection coefficients of (A.75)
302
Ay = : C.1
! 20361 ( )
3c1
Ay = — C.2
2 2coc3 (C.2)
362
Az = : C.3
3 20361 ( )
3
¢
Ay = —2, C.4
4 2036? ( )
362
As = : C.5
g 20361 ( )
3ead]  3cach
Ag = — - —, C.6
0 2c¢2c3  2c163 (C-6)
3¢ 3¢y
A= — 2 3 C.7
7 20203 2020% ( )
As— 30220’1 3 3020{; 3ch ’ (C.8)
cics 2c1c5  2c1c3
Ao — — 304%0’1 B c%gcg2 30%0’2 7 (C.9)
cics  2cijcs  2cic3
30263
Ao = : C.10
10 20:% ( )
363
Ay = , C.11
H 26261 ( )
Apy = 3208 (C.12)
12 — 26% ) ’
Ay = 2 (C.13)
B 2c3c} '
Ay — cies V4 c Z(d)Q B 3c3cs  3c3cy B 3c3c  3c3(ch)?  3cdcidh
MR 16¢3¢3 ’ 2¢3 deged descd e 4cct
B 9c3cy cy B 3c3chcy  3ea(ch)? (C.14)
deged 4c3ct deged '
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A= — 3esen v_ 3ec1 Z( / 5 9czcq N 30’2/(:; B 3c/§cg 30/10’3
862 166302 P 202 46362 40302 46362 40362
_ Beidhes 3c1(ch)? (C.15)
4cc3 4escs '
3cacs BRI o 9cacs 3chy 3cac]  3ea(c))?  3eadidh
A = Vv v _
16 461 + 80163 ;(¢z) C1 + 20103 26%63 C%Cg 26%6%
3cich,  3chey  3(ch)? (C.16)
2c%cs 20163 2c9c103 '
A
A7 = Sencs i s (C.17)
36201
Aig; = — 5 qb;, (C.18)
clcg’
Ag = — 2 (C.19)
C%Cg
3
Asii= — 0262361 OV, (C.21)
3
A= — 62;361 oV, (C.22)
CgC%
Ags i = e oV, (C.23)
A24’Z']' = — 026361 812]‘/ . (0.24)
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