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strongly coupled, uncharged, and nonconformal relativistic fluid that is the holo-
graphic dual of the compactified, near-extremal black D4-brane. We also show
that the nonconformal fluid considered in this work is free of causal problems
and admits the relation 41 — 2 =2

Keywords: Fluid/gravity correspondence, nonconformal relativistic fluid,
second-order dynamical transport coefficients

Introduction

Relativistic hydrodynamics is an effective theory that successfully describes
the dynamics of large numbers of classical or quantum particles in the long-
wavelength, low-frequency limit at nonzero temperature and/or chemical poten-
tial. It has been applied with great success to phenomena across a wide range

of areas, including high-energy nuclear collisions, astrophysics, and cosmology
[?7, 7).

Fluid dynamics is governed by the conservation of energy, momentum, and net
charge number, with the equations of motion given by the conservation equa-
tions for the energy-momentum tensor Tp and vector currents Ju. To uniquely
solve these partial differential equations, one must specify appropriate initial
conditions. In the first-order hydrodynamical theories developed by Eckart [?]
and Landau [?], the conserved quantities are expanded in terms of macroscopic
degrees of freedom—local energy density , pressure p, charge densities na, four-
velocity up, metric gn (in curved spacetime), and their gradients. However,
as pointed out in Ref~[?], Eckart’ s theory suffers from a severe problem: it
permits infinite propagation speed for heat transfer, violating FEinstein’ s princi-
ple of relativity. Building on earlier work [?, ?], Ref.~[?] attempted to remedy
this by generalizing the heat conduction equations and redefining the heat flow
four-vector. Although Kranys made further progress, the story was not yet com-
plete. Miiller [?] and later Israel and Stewart [?, ?, ?] identified that Kranys’
s work was problematic because it only considered first-order viscous terms in
the entropy flux expression, which could be corrected by adding second-order
viscous terms. Subsequent investigations [?, 7] demonstrated that the Miiller-
Israel-Stewart type second-order theory is the correct framework for relativistic
dissipative hydrodynamics.

The primary driving force behind the development of relativistic hydrodynam-
ics has been experiments at the Relativistic Heavy Ion Collider (RHIC), with
Muronga being the first to apply second-order relativistic hydrodynamics to
RHIC physics [?, ?, ?, ?]. Strictly speaking, the Miiller-Israel-Stewart the-
ory is not the complete second-order theory, prompting theorists to search for
the correct and complete second-order formulation from both weak-coupling
[?, 7,7, 7, 7] and strong-coupling regimes [?, 2,7, 7, 2,2, 2,2, 72, 2,2, 7,7, 7,
7,0,0,7,7, 7.
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Before reviewing these literatures, we provide some general background on
second-order relativistic fluids. In second-order theories of dissipative fluids,
spacetime evolution of thermodynamic quantities depends not only on the equa-
tion of state but also on dissipative, non-equilibrium processes. Consequently,
the conserved energy-momentum tensor must be expanded to include dissipa-
tive quantities such as viscosity, thermal conductivity, diffusion, and relaxation
coefficients. Second-order theories have a hyperbolic structure that leads to
well-posed initial-value (Cauchy) problems and causal propagation. The distin-
guishing feature of second-order theories is the relaxation time, which allows
us to study the evolution of dissipative fluxes. For an uncharged nonconformal
relativistic fluid in the Landau frame, the most general constitutive relation can
be written as:

T, =pP,, +eu,u, —2no,, — (PWQ

1
+ 207, <DJW + §UW6‘> + 275 (04, Ins)

+K <2upu‘7RﬂMl,> + K" <2u”u"RPU>

+ 4)\10;)#0’),, + 2)\20;)#9‘),, + )\3QWQP,,

+ P, (CrDO + 48,0 ,,0°* + £,0% 4 £3Q,,Q°* + £, PPAV ,V, In s
+&R + £6upu)‘Rp/\) + AV, InsV, Ins.

Here P, = g,,,+u,u, is the spatial projection tensor, = V ju” is the expansion
term, and R, R, ,, are the Ricci and Riemann tensors associated with the
metric g,,,. We adopt the same nomenclature for second-order transport coeffi-
cients as in Ref.~[?], which provides a standard prescription for constructing the
energy-momentum tensor for uncharged relativistic fluids. The only difference
from Ref.~[?] is that our shear tensor ¢, is half of theirs: 0, = P, P}V ,u,,.
To compensate, we include an additional factor of 2 in all viscous terms con-
taining the shear tensor, which is why the viscous terms in Eq.~(1.1) have extra
factors of 2 or 4 compared to Ref.~[?]. We also define the temporal or comoving
derivative D = u"V, and the spatial-projected traceless symmetrized tensor,
e.g., Vi Uy = %(Vpug + V,u,) — %PPUV/\U)‘. With this definition, the shear
viscous tensor is automatically spatial-projected and traceless: o, = oy,,,. The

vorticity tensor is defined as Q,, = P}, P,V u, = 5 PL.P%(V ju, —V,u,).

From Eq.~(1.1), we see that describing the dissipative properties of an uncharged
nonconformal relativistic fluid up to second order requires 2 + 15 transport
coefficients. Among these, 2 are first-order (n and () and 15 are second-order.
However, if the fluid is conformal and uncharged, only 1+ 5 coeflicients remain:
n at first order and 7., K, A 53 at second order. The coefficients x, K", &5 ¢
are related to curved spacetime and vanish for fluids in Minkowski space, which
is appropriate for hot dense plasma in heavy ion collisions. Similarly, A\, and
&, should not appear, according to constraints on second-order thermodynamic
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transport coefficients [?].

For the weak-coupling literature mentioned above, Refs.~[?, ?, ?] work in the
dilute gas limit using kinetic theory via Grad’ s moment expansion [?], while
Refs.~[?, ?] employ conventional linear response theory where transport coeffi-
cients are calculated through Kubo formulas [?, ?] (for a modern pedagogical
treatment, see Ref.~[?]). All strong-coupling works listed above use hologra-
phy. Ref~[?] directly calculates second-order (in derivative expansion) 2-point
correlated transport coefficients x and 7, for N' = 4 SYM plasma via the Green-
Kubo formalism [?, ?, ?] of fluid/gravity duality. Recognizing that the original
Green-Kubo formalism only handles 2-point correlators, Ref.~[?] generalized it
to 3-point correlators, enabling Ref.~[?] to directly calculate second-order, 3-
point correlated transport coefficients A, 5 5.

Refs.~[?, 7,7, 7,27, 7,2, 7, ?] study second-order transport coeflicients for var-
ious fluid systems within the BDE formalism of fluid/gravity correspondence.
Refs.~[?, 2, 2, 27, ?] investigate 4D relativistic fluids using asymptotic AdS;
backgrounds. Among these, [?, ?] establish the BDE formalism and study
second-order coefficients [?] and entropy flux [?] for uncharged conformal flu-
ids. Since Ref.~[?] is particularly representative, we record its result here in our
conventions to help readers understand our work better:

H 2n "H 0,0
w = 53 | Puw +3u,u, — —t0,, + - (nTTr(DaW> + K(2uPu’R )
2K¢ T 2
+A10—pu0—py + )\QUWQ’),, + >\3ququ)] ,
with
3 2 2
Ty T TH 1 1
— =l 2Ty o~ N =——In2, Ay =0
n 252 M= 3 "7 3 L7 8r 2 8t 3

We have also included x = r%/(87) from Ref.~[?], obtained by directly calcu-
lating the 2-point Green-Kubo formula in AdS; black hole background. This
result was also derived in the Weyl-covariant formulation of the BDE formalism
[?]. Thus, the above equation provides a complete summary of the constitutive
relation for strongly coupled uncharged SYM plasma corresponding to the AdS;
black hole (with 2x2 = 1). Note that 4\; — Ay = 217, a relation we will discuss
in detail later.

Variations of this system, such as including a dilaton-dependent forcing term [?]
or a U(1) conserved charge [?, 7], have also been investigated. Generalizations
to different dimensional asymptotic AdS spacetimes include Ref~[?] in AdS,
and Refs.~[?, 7, 7] in AdS,, ;. Among these, Ref.~[?] adds matter fields to the
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AdS, ; black hole background of [?], while Ref.~[?] generalizes to curved bound-
aries. A corrections to second-order transport coefficients of SYM plasma are
studied in Refs.~[?, ?, 7, 7], and fluids corresponding to Gauss-Bonnet theories
are examined in Refs.~[?, 7, ?].

It is also worthwhile to discuss classifications and constraints for the 2 + 15
transport coefficients. These can be categorized as follows [?]: (1) From pertur-
bative field theory, n, ¢, 7., 71, K, K, and &5 ¢ can be calculated from 2-point
correlation functions in the Green-Kubo formalism, while Try M2,3,40and & 554
come from 3-point correlation functions. In an effective action formalism, the
former are related to “linear” terms and the latter to “nonlinear” terms in the ef-
fective Lagrangian. (2) Regarding spacetime curvature, only x, x*, and &5 ¢ are
related to curved metric. (3) From conformality, only 7, 7., &, and A; 5 3 appear
in conformal fluids; any other coefficients indicate nonconformal behavior. (4)
From the thermodynamic vs. dynamic perspective, r, K, A3 4, and &3 4 5 6 are
thermodynamic coefficients, while 7, ¢, 7., 71, T, Ay 5, and & 5 are dynamic.

The reason for this distinction can be found in Ref.~[?].

The above remarks come from Ref.~[?], to which we add one observation: (5)
Ref~[?] shows that the 8 thermodynamic coefficients (x, k%, A3 4, §34.56) are
constrained by positivity of the divergence of entropy flux, with 5 constraints,
while the dynamic sector is free from these constraints. Thus, the number of in-
dependent second-order coefficients for any nonconformal uncharged relativistic
fluid is 10. But why 5 constraints? A possible explanation is that all dynamic
coefficients are related to either the shear tensor o, or expansion 6, so the
corresponding viscous tensors can all increase entropy. The thermodynamic vis-
cous tensors capture curvature and the inner heat flow P*,V, InT of the fluid.
Only viscous tensors involved in heat flux can cause entropy growth. Since
the number of independent viscous tensors that the heat flux can compose is 3:
V,InT, P’f,a””Vp InT, and P‘LQVPVP InT, the number of constraints should
be 8 —3 =5.

The references on second-order transport coefficients of strongly coupled rela-
tivistic fluids discussed above all concern conformal situations. Kanitscheider
et al.~[?] studied first-order nonconformal hydrodynamics in Dp-branes using
the BDE formalism in Fefferman-Graham coordinates [?], predicting a rough
form for the second-order energy-momentum tensor but without explicit analyt-
ical results for second-order transport coefficients. Using this method, Ref.~[?]
provided the first analytic second-order transport coefficients for nonconformal
relativistic fluid corresponding to a scalar-deformed AdS; black hole background.
The first numerical calculation of second-order transport coefficients for noncon-
formal fluid was performed in Ref.~[?], based on an Einstein+Scalar bottom-up
holographic model. The authors numerically plotted the temperature-dependent
behavior of 7, K, k", A3 4, and &3 4 5 ¢ using Kubo relations from Ref.~[?] and
the 5 constraints from Ref.~[?]. This numerical result represents the first step
toward nontrivial temperature dependence for second-order transport properties
of nonconformal fluid in the strong-coupling regime, offering crossover informa-
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tion for quark-gluon plasma (QGP).

Although Refs.~[?, 7] cover all second-order transport coefficients for uncharged
nonconformal relativistic fluid, they both employ bottom-up holographic mod-
els. To better understand relativistic fluids from top-down models, further work
is needed. With this goal, and building on our previous work [?] where we gen-
eralized the BDE formalism of fluid/gravity correspondence [?] to compactified,
near-extremal black D4-branes at first order, we now proceed to second order
in the same background to calculate transport coefficients. Through Ref.~[?]
and the present work, we aim to provide a nonconformal counterpart to Bhat-
tacharyya et al.” s AdS; construction [?] and improve our understanding of
second-order transport properties for nonconformal relativistic fluids.

This paper is organized into 7 sections. Section 1 provides background and
highlights our motivations. Section 2 briefly reviews the fluid /gravity correspon-
dence techniques and first-order results for nonconformal fluid. Section 3 covers
preliminaries for the second-order calculation. Section 4 addresses second-order
constraint equations from the boundary fluid viewpoint, which will be helpful
when investigating dynamical equations in Section 5 and expressing the consti-
tutive relation in Section 6. Using the second-order metric perturbations solved
in Section 5, we calculate the boundary stress tensor in Section 6 and discuss
the final results in Section 7.

2 Brief Review of the First Order

In this section, we briefly review our framework at first order to prepare for the
second-order calculation. Readers secking more detail should consult Ref.~[?],
where we developed a nonconformal version of fluid/gravity correspondence us-
ing compactified, near-extremal black D4-branes. The action for this system
is

1
S = Shu — ?/d%\/—g (2K + L),

where the second term is the Gibbons-Hawking term and the third is the coun-
terterm, K is the trace of the extrinsic curvature, and the bulk action is

1 1 10 5
Suute = g3 [ 275 [R = 5007 — T (047 = {08 ~ V(6. 4.5)].

with

5A+8B 5A+2B
3 —€e 3 .

V($, A, B) = %e
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The equations of motion are

ov 1oV 10V
Eyn —Tyn =0, V2¢—a—¢=0, V2A_T087:O’ VzB_E@:O’

where Ey; v = Ryyn — %gMNR is the 5D Einstein tensor and

10 5 1 5 5
8M¢8N¢+gaMAaNAJrgaMBaNB—gMN Z(&;5)2 + g(8,4)2 + 6(63)2 +V

N

TMN

is the bulk energy-momentum tensor. These equations are solved by the metric
and scalar profiles

2
ds? — —r3/2f(r)dt2+r3/2d§§2+ dr eb — p3/4 gA _ 3/20 B _ ,.3/5
/,13/2 (’]")7 b b b
with
3
flry=1-"4

which is reduced from the compactified near-extremal black D4-brane back-
ground. The metric is 5D asymptotically flat with a curvature singularity at
r = 0. The Hawking temperature is T' = 37‘%2 /(4m), which also gives the

thermal equilibrium temperature of the system.

Re-expressing the metric in Eddington-Finkelstein coordinates dv =
dt + dr/(r*?f(r)) and boosting the coordinates as z* — z* + utdzt,
we obtain

ds? = —7‘3/2f(r)uuul,dx“da:” + 7‘3/2Pwdx“dx" — 27‘3/2uudac“dr,

with P, =7, +u,u,, u, =v(1,5;), and v = 1/4/1 — 37. One can verify that

both forms satisfy the Einstein equations given that uu, = —1.

In the BDE formalism of fluid/gravity correspondence [?], ry and u* in the
metric are promoted to z#-dependent functions ry — rgy(z#) and u* — ut(z"),
called collective modes. They capture deviations from thermal equilibrium in
the bulk metric. Note that the boundary where the fluid lives is flat, as in the
original BDE formulation [?]. Therefore, second-order viscous terms related to
Kk, k", and &5 ¢ should not appear, as these coefficients only emerge when the
fluid resides in curved spacetime. Similarly, A, and £, should not be present,

chinarxiv.org/items/chinaxiv-201609.00027 Machine Translation


https://chinarxiv.org/items/chinaxiv-201609.00027

ChinaRxiv [$X]

according to constraints on second-order thermodynamic transport coefficients
[?]. Thus, we can preliminarily identify the potential candidates among the 15
second-order coefficients that our work may determine: 7., 77, 71, A 3, and
§1,2,3- It turns out that A; and &3 are trivial, similar to the case of A; in N =4
SYM plasma [?, ?].

We elaborate further on these 9 candidates. Since 7, and 77 are relaxation times
due to shear and expansion dissipation, respectively, they should appear in this
paper. 7 indicates entry into the nonconformal regime associated with 7. and
should also be present. Regarding A, 5 3 and & 5 3, the only certainty is that
&, should appear since it is associated with §2. For the rest, we can only state
that if any (or both) of {; 5 appear, the corresponding \; ; must also appear, as
viscous terms related to &; 5 , are the “trace” parts of those related to A; 5 4.

The subsequent steps are standard: (1) expand the boundary-dependent metric
with respect to derivatives of collective modes; (2) add perturbations to the
expanded metric and solve them from the 5D bulk equations of motion; (3)
calculate the boundary stress tensor using the full 5D bulk metric with all
perturbations present to extract the transport coefficients.

The full metric with first-order perturbations from [?] is
ds? = —7"3/2]”(7’11(:10)7 r)uuul,cl:zc“dac”—i—r?’/2 [P/w + F(ry(x), r)aw] datdzy —2r3/2 [1 + Fj(TH(:,E), r)apup] u, dzta

where F(r), F}(r), and Fy(r) are solved from first-order dynamical equations
for metric perturbations:

Pl = S0 [t (L) - Y

(r3 +2r3,)F(r)
3r3 '

Fir) ==, Fy(r) =

Note that notation like F(r) indicates 7y is z-independent, while F(r4(x),r)
indicates z-dependence. The boundary stress tensor for the 5D theory is defined
as

TLV: Kiuih’uK+ hu/ )
/ 2r3 [ " lags !

from which the boundary stress tensor for the relativistic fluid with first-order
viscous terms is

3
O+1) _ "H 2n ¢
11“/ = 27[422 l:PHV + 3’LLMUV — 7’?0’”” + TTQOUPPNV .
5 H H
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In the above and throughout this paper, we set 2% = 1 and will restore it at

the end. T,S?) is the ideal fluid energy-momentum tensor containing only the
first two terms on the right-hand side of Eq.~(2.15).

3 Setup of the Second Order Calculation

At each order in the BDE formalism, the first step is to obtain the correctly
expanded bulk metric. The second-order calculation is significantly more com-
plicated than the first order. In this section, we provide a detailed derivation of
the second-order expanded metric.

We begin by expanding 7 (z) and §;(z) to second order in Eq.~(2.12):

08:05;
(o) =m0y, 5 = 0808%, wia) = (14 5 55,4 62,
where we denote rpy = rg) and 0#,0%# are shorthand for z10,# and

ztxv0,,0,#, respectively. T‘(Iy is the first-order collective mode for the bound-

ary relativistic fluid, independent of the first-order source x“@urgp that comes

from derivative expansion of rg). Then f(ry(x),r), F(rg(z),r), F;(ry(z),r),
and Fy,(rgy(x),r) in Eq.~(2.12) can be expanded as

_ 3rydry  3ridiry N 67 7 (077 )? N 3r2,6r')

Jrat@).m) = f0)

7f.3 7"3 ’l"3 7’3 ’
F(ry(z),r) = F(r)+ F'(r)ory + F'(r)8%ry; + %F”(T)((er)Q + F(r)orly,
Fy(ry(x),r) = Fy(r) + F}(r)ory + F}(r)6%r; + % V() (0ry)? + F (r)orly
Fy(ry(z),m) = F(r) 4+ F(r)ory + F(r)8*rg + % W (r)(6rp)? + Flé(r>57’g>7

where f(r), F'(r), Fj(r), and Fj(r) denote functions with 7 independent of z.
For any of them, e.g., F(r), we simply denote it as F' and its derivatives as F”,
F”, etc., to simplify notation.

Thus, Eq.~(2.12) can be expanded to second order in boundary derivatives as
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ds? = —r3/2f(r)uuul,d:v“dx” + r3/2Pde“d:E” — 2r3/2uudx“dr
1
+ r3/2 [Fk(r)apu” + Fé(r)érHapup + §F]:(T)(57”H)28pup + F,;(r)érg)apu”} u,u, drtdz”
1
+ r3/2 {F(T)JW + F’(T)&”HUW + §F” (r)(érH)zch + F’(T)MS)JW] dz*dz?
1
— op3/2 [Fj(r)apu” + Fj((r)érHapu” + iFj{/(r)(érH)Qapup + F;(r)érg)apu”] u,, dztdr
+ terms from expanding u*(z) and rg(x).

The complete expanded form is given in Eq.~(3.3) of the original text, where
05 = 0,B;, 0y = 0,,, and 56@35]_) = %(6@80@ +68,00;)-

4 The Second Order Constraints and Navier-Stokes Equa-
tions

In this section, we discuss constraint equations and Navier-Stokes equations at
second order. The constraint equation is

0 _
9,0,T) =0,

and the Navier-Stokes equation is

9,1 = .

From Eq.~(4.1), setting u, v to 0 or i, we derive constraint relations satisfied by
second-order spatial viscous terms:

Uy + Vg + 251 + vy + 205 — v — S3 =0,
S, + 5. =0,

Vi — Vo +2V5, =0,

Vo =4V — Vi — vy + 15,5 + 215, = 0,
Vi =0,

Vi =0,

1 1 1 1

The explicit forms of these terms are given in Table 1 . Here [; = ¢€,;,0,05,, is the

and 0;; = 8@@) — 1. 05

pseudo-vector associated with the vorticity tensor €2 304

are the spatial components of 7,,,,.

nZ
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It is necessary to explain the meaning of these constraints, Eqs.~(4.3)-(4.8).
They arise from expanding all components of Eq.~(4.1) to second order:
Eqgs.~(4.3) and (4.4) are the (00) and (i7) components; (4.5) and (4.6) are the
(0¢) and (i0) components; the last two are the antisymmetric and symmetric
parts of the traceless tensor sector, respectively.

The Navier-Stokes equations at second order are obtained by expanding
Eq.~(4.2) to second order. For v = 0:

6/LT(0+01)“ 2 120,rY + (terms involving dryy, 88) = 0.

One might expect an equation for 807“5&,) with second-order viscous terms in
the scalar sector, as in [?]. The offending z-dependent terms should vanish by
themselves, which can be shown using first-order constraint equations [?]:

2
aorH == 8iTH = — =

=00

Then the z-dependent part can be re-expressed as

3 3
S [ourtd = (50005 + 1097 + 5008.8,6,) ] =0

where the bracketed terms correspond to Eq.~(4.3) and Eq.~(4.6). Thus, the
v = 0 component of Eq.~(4.2) finally yields one of the Navier-Stokes equations
for nonconformal hydrodynamics at second order:

The v = ¢ component of Eq.~(4.2) gives

5 7O n _ 3 1/2

T o7 0, TH + (terms involving Or g, 98) = 0,

where the z-dependent part can be rewritten using Eq.~(4.5) and Eq.~(4.8),
yielding another Navier-Stokes equation at second order:

8717“([_}) = 0.

Equations (4.12) and (4.15) can be derived as constraint equations from the
bulk gravity theory, as we will show in the next section.
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5 The Second Order Perturbations

In this section, we solve the second-order perturbations. Following the scheme
of [?], we work in the gauge where g, = 0 and g, < u,. This gauge offers
the convenience that we need not consider fluctuations of the (rr) and (ir)
components of the bulk metric. The perturbation ansatz at second order is:

gffy) =k (r)u,u, + 2w§i) (r)u,) + r3/2 [h<2)(r)6ij + ozg)(r)] dxidzd.

All unknown functions have the form

F;(r) x (2nd order viscous terms),

where F;(r) are functions of r and the second-order viscous terms are listed

in Table 1. Although h(?) and ag? come from different sectors, we write them
together to emphasize their similarities in solving the equations of motion, since
h is related to the trace part of «;;. For simplicity, we set ry =1 from now on
and will restore it when presenting our final results.

5.1 The Tensor Part
(2)

We begin with the tensor part. The equation of motion for o is

1
E;; — *5z‘j5klEkl = Tz’j -

ij 3 57"75le]¢[

1
3
Substituting the second-order expanded metric (3.3) yields the differential equa-
(2),

tion for a;;:

(2)
d [ 4p 9%\ _
dr(Tf(T) dr>_sij7

where the source term SZ(;O is given by a lengthy expression involving various
combinations of F', F;, I, and their derivatives, multiplied by different viscous
terms (t3;;, T1:55 Thij» Toij> Trij)- The full expression is provided in Eq.~(5.4) of
the original text.

This second-order differential equation is much more complex than its first-
order counterpart and generally does not admit an analytical solution. Since we
only care about its large-r behavior, we perform a large-r expansion during the
solving process. Remarkably, the left-hand side of Eq.~(5.4) is the same as at
first order (if multiplied by 2r), manifesting key features of the BDE formalism:
(1) the formalism is linear in the r direction but nonlinear in z* directions; (2)
the homogeneous part of the differential equations in 7 is the same at every
order, while the nonhomogeneous source terms differ order by order.
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We write the formal solution of Eq.~(5.4) as

@, _ [ _dr [T (@)
Q5 () —/OO 2 f (@) /TH dyysi_j (v),

where the source term Sﬁ;‘) (y) has several independent branches, as each second-
order viscous term can be treated independently. For example, we may solve
Eq.~(5.4) with only #5;; present first, then with only T};;, and so on. The final
solution is obtained by summing all these “subsolutions.”

Since we cannot integrate Eq.~(5.4) directly to obtain an analytic solution, we
proceed as follows: (1) perform the inner integration directly; (2) expand the
first integrated result at large r; (3) perform the outer integration. The final re-
sult, keeping terms up to 1/73 (which contribute to the boundary stress tensor),
is:

@), 9v3 —2In3 2In3—9v3 4
gy (r) = 3 l(m (tsi; + Thij) + 53 Ty + 5 L6i; +

Regarding integration constants: based on first-order experience, each branch
has two constants—one fixed by regularity at r = rj;, the other by normalization
at infinity. Additional constants are fixed by the Landau frame condition when
expressing the boundary stress tensor. In general, we should write the solution
as

@, _ [ _dx [" () m [ dx (1)
Qi (T>—/OO x4f(a:)/ dyyS;; (y) + C) / x4f(x)+02 )

TH [e%S)
where I is summed over all viscous terms in Si(;‘). Since Eq.~(5.6) is already reg-

ular at r = rj and asymptotically vanishes, all constants in the above equation
should be zero.

5.2 The Vector Part

The constraint equation for the vector part is

9ro(Eoi — Toi) + gpr(Epi — T,4) = 0.

Using the second-order expanded metric (3.3), this gives

81-7“([_}) + (terms involving vy, vs;, V4, Vai, V) = 0.
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Expanding to 1/r® order yields the vector constraint equation at second order:
1
Oiry + g(%i + sy + Vi — Vo — V3) =0,

which is precisely the second Navier-Stokes equation (4.15).

The dynamical equation of the vector sector is

E.—T,=0,

T T

which gives

d (4, dw®\
% (T‘ f('f') dr - S’L )

where ng is the source term for vector perturbations. Three of its five branches
(2)

%

contain the divergence part 4V;; 4 2V, +4V;;, so w

W@~ [S@),
fo= [ Sy

(r) can be integrated as

The solution is

1
w?(r) = 72(4‘/11' + 2Vy; + V) + (other terms involving vy;, vs;, Vigs Vo, Vag)-

The term r—2(4V,;+2V,;+ V3, ) comes from the indefinite integral of the divergent

part of the source term Sgw). In fact, the vector perturbation does not contribute
to the boundary stress tensor because it is trivial in our framework, similar to
the case in Ref.~[?]. Perturbations only contribute to the boundary stress tensor
if they contain terms of order 1/r3.

5.3 The Scalar Part

The scalar sector remains the most complicated part at second order, but we
benefit greatly from our first-order experience.

The scalar part contributes to the stress tensor of the boundary fluid, so we
must solve all three scalar perturbations explicitly.

The scalar constraint equations are:

9rr(Erg — Top) + 9,0(Egg — Too) = 0,

chinarxiv.org/items/chinaxiv-201609.00027 Machine Translation


https://chinarxiv.org/items/chinaxiv-201609.00027

grr<E7‘r - Trr) + grO(ErO - T’I‘O) =0.

The first gives

807°g> + (terms involving S, S,, S5) = 0.

Expanding to order 1/r* yields

1
dyry) + 5(251 + 8, +5;) = 0.
Note that the terms in the second bracket correspond to Eq.~(4.4) and thus
equal zero. So we reproduce the first Navier-Stokes equation (4.12).

The second scalar constraint equation gives a relation between h(?, 2 and
k):

3(5r3 — 2)h/2) — 30725 — gF’k’(2> = (source terms).

There are 7 dynamical equations in the scalar part, but only 3 are indepen-
dent: the (rr) and (#) components of the Einstein equation (2.3) and the scalar
field equation (2.4). Following our first-order procedure, we choose the (rr)
component of the Einstein equation

6rh”? + 9n'(2) 1+ 1057® = (source terms),

the scalar field equation

1
rf(r)i ) + 62 + k2 — §r3f(7‘)h’<2> = (source terms),

together with the second scalar constraint (5.20) to solve the scalar perturba-
tions.

First, we use Egs.~(5.20), (5.21), and (5.22) to eliminate j and k, obtaining the
differential equation for h(%):

d dh® h h h h h
o (P05 ) = 5= g 05+ 085+ 8 1S,

where S, is the source term and the coefficient functions ¢! (r) are given by
expressions involving F', F;, Fj and their derivatives (see Eqs.~(5.24) in the
original text).
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Thus, h? can be solved by

w = [ s [ s

(2) . .
ij » except that after the inner integra-

tion we must expand to at least order 1/76. This is because the three scalar
perturbations are mixed and have different asymptotic behaviors:

This integral is performed similarly to «

F(r)y~—, F.(r)~ %6, F,(r) ~ constant.

The largest gap in asymptotic behavior is 1/73 between F ; and Fy. Terms of
order 1/r% in Fj still affect terms of order 1/r® in F}, when solving the scalar
perturbation equations. Since terms of order 1/r% contribute to the boundary
stress tensor, we must solve h(?) and j® to order 1/7% to obtain correct 1/r3
terms in k().

The integrated result for h(?)(r) is

1| (4 —21 —21 45v/3 — 21 45v/3 — 21 4
hO(r) = & 05v3—2In3 - 9v/3 —2In3 5,4 5v/3—2In3 5, + 53 —2In3 e
r 2703 54v/3 270v/3 270v/3

Here h(?) (r) has no nontrivial integration constants, as seen from the asymptotic
behavior of its first-order counterpart F(r) (5.26).

Regarding integration constants for the scalar sector: in our first-order solution
[?], only one branch (9,3;) was present, with 4 integration constants—two for h
and one each for j and k—because the differential equation for h is second-order
in r while those for j and k are first-order. The situation is the same at second
order, except there are now 5 branches: sg, Sy, S5, 54, and S5. Thus, the total
number of integration constants should be 4 x 5 = 20, with 10 belonging to
h(?) and 5 each to j and k). From the solution for h?), we see that all 10
integration constants must be zero.

The differential equation for j is

JPr) = 8; = (1)sy + & (1)S) + ¢ (1) Sy + ¢ (1), + ¢ (1)S5

where the coefficient functions ¢\ (r) are given in Eqs.~(5.31)-(5.32). The solu-
tion is
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which yields

) 1 36v3 —21n3 18v/3 —21In3 270v/3 —21n 3 36v/3 —2In3
P ==l —)— |3+ | ————— | S, + | ———— | S+ | —=
76 270v/3 270v/3 270v/3 270v/3

From the large-r behavior of F; (5.27), we see that no integration constants are
needed here either.

Substituting A?) and 5 into Eq.~(5.20) gives the differential equation for k(?:

K@ (r) = S, = ¢ (r)sg + ¢y (1)8) + ¢ ()5 + ¢ ()8, + e (r)Ss,

where the coefficient functions ¢*) (1) are given in Eqs.~(5.35). The asymptotic
behavior of S}, contains a divergent term 8rS; in the S; branch, which con-
tributes to the result as an indefinite integral [ 8rdr = 472, Thus, k® can be
solved by

k<2)(7") = 47“251*\/ (Sk(:ﬂ)f8m51)dx+ck1$3+0k251 +Ck353+0k454+0k555,

where C}; to C;5 are integration constants fixed by requiring the boundary
stress tensor to be in the Landau frame:

90v/3 —21In3 453 —21n3 45v/3 —21n3
Clcl:Ck:4: = =

These constants are necessary because the lowest term in F}, starts from a con-
stant (r5.28), and one cannot obtain constant terms from only the integration
part foo(Sk(x) —8x5,)dx in Eq.~(5.37). Thus, we must add the C;; “by hand.”

The final result for &? is

1
2 _ 2
K )(7”) = 4r Sl“rﬁ

675v/3 675v/3

Collecting all second-order perturbations solved in this section with Eq.~(3.3),
we obtain the complete metric in global form up to second order:
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ds? = =32 f(ry(x), r)u#uudz”d:c”JrrS/Q [P;w + h(z,7)P,, +a,,(z, r)| datda?—2r32 [1 + j(z,7)] u, datdr4r

where #(z,7) = #W(x,r) + #P (z,7) for # = k, h,j,a,,, and the first-order
perturbations are

kW (2, 7) = Fy(ryg(@),r)d,u’
h(l (z,7) = F(rg(z), )611,

W (,r) = Fi(ry(x),r)d,u?,
a L) (x,r) = F(ry(z),m)0,,.

The second-order perturbations #(2) (x, r) are given by the corresponding results
solved in this section, and wf) is given by Eq.~(5.15).

6 The Boundary Stress Tensor at Second Order

Similar to first order, the second-order boundary stress tensor contains tensor
and scalar parts:

1.3 = mi + P, 12

The tensor part extracted from the Brown-York energy-momentum tensor of
the second-order full metric is

3
@ _ 1| (9/3-2In3 2In3 —9v/3 4 2In3 —45V/3
(2) — VT2 (s + T 270 VO T S0 OV T
ﬂ—zj 2I€ 7"3 l( 45\/§ (32J+ 11])+ 45\/3 4’Lj+5 67,j+ 45\/3 Tig |
and the scalar part is

3.1 45v/3 —21n3 45v/3—21n3 45v/3—2In3 45v/3—21n3
me — "2 - 45v/3 —2In3 Sq+ 45v/3 —2In3 S, + 45v/3 —2In3 Sy + 45V3—2In3 S, +
2K2 7 675v/3 675v/3 675v/3 675v/3

To obtain the covariant form of the boundary stress tensor, we use the replace-
ments
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t31j = 800'1‘7 — Do—y,l/7
1
_ p
Tlij = a’u/Bia'qu - 56”51 — UMPO- Vs
Ty =0;;05 = 0,,0,u,
1 P 1 oA
Toij = OiOkj — gdisz = 0,00 — gPWUpAC’ ,

Trij = 2e960 5l — 0,2 + 0,0,
for the tensor sector, and

S = 8i2rH — P“”@H@VTH,
Sy = 0yB;0y8; = Du*Du,,
Sy = (9;8,)* — (9, u")?,
54 == llll — l'ulu - QQMVQ’U'U7
Sy = 0,i0;; = 0,0,

ijv g

for the scalar sector. The scalar sector then becomes

31 453 —21n3 453 —21n3 45+/3 —21n3 4
ne = T | [ 2V2 T2 puvg g g | Z2V2 T2 g ey [ 2V2 T2 ) o que g [ 2
2k2 13 675v/3 woviH 675v/3 (9,u") 675v/3 m

To match the definition of the constitutive relation for nonconformal fluid in [?],
we use the covariant form of Eq.~(4.4),

3 1
Do, u* = P*9,,0,ry + iDu“DuH — g(auu“)Q + 8,08,

to re-express I11?) as

301 | [(45v3 21 225 — —61 45v/3 — 21
1@ LHQT; 5V3—2In3 Dot + 5—675v/3—61In3 (0,2 + 5V3—2In3 —an
2k3 T 675v/3 675v/3 675v/3

Thus, the final form of the boundary stress tensor up to second-order derivative
expansion is
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7‘3 277 C
pv 2/{% N2 + Uuuy TdHUuy TSH pu v
1 *

g (nTﬁ<DUW> * 777'7r<0W8puf’> - AlaMPUpV + /\2UuprV + )‘3Quﬂ9pu>

+P,, (CruD,uP + £,0,,0°* + £,(9,uP)? + £Q,,9°)] .

_|_

Here we have restored 7y and k5. Comparing with the standard energy-
momentum tensor of relativistic fluid, we can read off all transport coefficients:

51:7

2/{% (6 3
2
_ ™ (5  Ind
,'77—71'_2,{%(6\/5—"_ 6)7
\ _ Th (225—675V/3—6In3
LT 2k2 675v3 ’
N ThH 45v/3 —21In3
27 2k2 6753 ’
Ay =0,

¢ _ 1% (225—675V/3—6In3
? 6753 ’

63 = O.
The appearance of 77, 7y, and &; 5 indicates that we are in the nonconformal

regime. There are two simple relations among the second-order coefficients in
Eq.~(6.10), given that ¢2 = 1/5:

1 1
Te =T, & = g(l -3, &= 5(1 —3c)T,.

These relations match predictions made in [?] about nonconformal fluids [?].
However, some relations from [?] are not satisfied in our work, such as 722 =
(1 — 3¢2)7,. This may be due to different asymptotic behaviors of the bulk
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metric in the first 4 directions: in Ref.~[?] it is proportional to 72, while in our
case it is 73/2. This changes the power law between thermal (and hydrodynamic)
quantities such as entropy density and temperature. For example, the power
law between entropy density and temperature is s oc T? in our work. It is these
deviations in power law that modify some nonconformal transport coefficients
and violate certain relations predicted in [?].

Another important relation satisfied by the coefficients in Eq.~(6.10) is

AN — Ay =207,

first found in Ref.~[?] for charged AdS; black hole systems and shown to hold
for any chemical potential. The authors of [?] also pointed out that this relation
is satisfied in asymptotic AdS black holes of any dimension [?]. Later, Ref.~[?]
proved it holds for a large class of strongly coupled conformal plasmas with
matter fields in any dimension. Further study [?] showed it remains valid under
A corrections. Even with Gauss-Bonnet terms added to the AdS; black hole
background, this relation holds at first order in the Gauss-Bonnet correction
Acp [?], though exceptions occur at second order in Ao 5 [?, ?]. Together with
the results of [?] and ours, we see that if high-order derivative terms in bulk
gravity are not considered, the relation 4\; — Ay = 27, has a strong possibil-
ity of being universal for both conformal and nonconformal strongly coupled
relativistic hydrodynamics.

The dispersion relations are obtained by working in the linearized regime of the
fluid [?, ?7]:

wip(k) = —i— k2 44T,

€e+p (e+p)
2 2 1
wL(k) = icsk —1 /’7/63—:_])4/ k2 + 1777—(7;—1_;22))(2’7-“ 4,

where “T” and “L” denote transverse (shear) and longitudinal (sound) modes,
respectively.

Grozdanov et al.~[?] derived dispersion relations for relativistic fluid at third
derivative order. Counting only contributions up to second-order viscous tensors,
the dispersion relations for nonconformal fluid up to k* are:

. n 2 . ULES 4
k) =— k k
wp (k) z€+p +z(€+p>2 ,
2n/34¢/2 T, + 2T
wy (k) = +ek —i n/e—i—pC/ k2+zn(€+;)§2nk4.

Using the first-order (2.15) and second-order (6.10) transport coefficients of our
model, one can verify that Eqs.~(6.12) and (6.13) are consistent.
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Finally, we discuss causality for the boundary fluid in this paper. According to
[?, 7], a relativistic fluid respects causality when the group velocities of both
shear and sound modes are less than the speed of light (unity in natural units)
in the large-k limit. Using the relevant formulas from [?], we find

+ 1
M gsg <1, Tt e g0 o,
e+p e+p

Thus, the boundary relativistic fluid in our framework is causal.

7 Discussions and Outlooks

In this paper, we continue our investigation of second-order transport coeffi-
cients for the compactified, near-extremal black D4-brane, building on our pre-
vious study [?] via the BDE formalism of fluid/gravity duality [?]. We directly
calculate 9 second-order transport coefficients for the nonconformal relativistic
fluid living on the boundary. Our work successfully generalizes the BDE for-
malism to nonconformal backgrounds and provides a new set of directly and
analytically calculated second-order transport coefficients for strongly coupled,
nonconformal relativistic fluid.

We compare known transport coefficients between the uncharged AdS; black
hole and the compactified black D4-brane in Table 2 . For the AdS; case,
we show results from both Green-Kubo and BDE formalism approaches. In
the AdS; columns, coefficients that exist only in the nonconformal case are
marked with “—" . Ref.~[?], based on [?, ?], reformulated the BDE formalism
in Weyl-covariant language, allowing the boundary to be a curved spacetime
within the same conformal class. This Weyl-covariant version can determine
for conformal fluids, but it is unknown whether a similar reformulation exists
for nonconformal fluids, so we mark this with “?” for the compactified D4-brane
case.

Our results cover the entire sector of dynamical second-order transport coef-
ficients. These coefficients satisfy some relations predicted in [?], while the
violation of other relations is due to differences in the asymptotic behavior of
the bulk metric. Compared to [?], we derive 5 additional second-order coeffi-
cients: 7, 7r, and & 5 3, which indicate nonconformality. A3 and {3 remain
zero in this work, similar to the case of A5 in [?, ?].

To study transport properties beyond second order, one should start from the
complete second-order metric (5.40) and expand it to third order in boundary
derivatives, following the same procedure as in this paper. However, this will
be very challenging, as according to Grozdanov et al.~[?], a total of 68 new
transport coeflicients appear at third order for uncharged nonconformal fluid
(reducing to 20 in the conformal limit). A fascinating question is whether rela-
tions like 4\, — A, = 297, persist at third or higher orders. Recent frameworks

chinarxiv.org/items/chinaxiv-201609.00027 Machine Translation


https://chinarxiv.org/items/chinaxiv-201609.00027

ChinaRxiv [$X]

for exploring higher-order hydrodynamics [?, ?, ?] may be helpful in this direc-
tion. Another approach is the linearized limit [?, ?, 7, ?], though this may not
answer questions about nonlinear coefficients like A; 5.

Given the literature on second-order strongly coupled hydrodynamics and our
achievements in this paper, several aspects merit future exploration. First, one
could use the Green-Kubo formula to calculate the thermodynamic second-order
coefficients for the background in this paper. Due to its structure, the BDE
formalism seems unable to derive thermodynamic transport coefficients in non-
conformal backgrounds, but as shown in [?], the Green-Kubo formalism excels
at extracting them. We expect to obtain at least x, x*, and &5, not only because
they come from 2-point correlation functions and are relatively easier to calcu-
late, but also because these three coefficients form closed constraint equations

7).
Second, calculating the entropy flux would be valuable. While [?, 7, ?] on
strongly coupled nonconformal fluids do not mention entropy flux, this subject

is accessible in the BDE formalism [?] and represents a good direction for future
work.

Third, given the nonconformal version we have developed in [?] and this paper, it
is straightforward to calculate second-order coefficients for near-extremal black
Dp-branes [?, ?] to test the method of [?].

Finally, it would be interesting to add smeared DO-brane charge to the compact-
ified D4-brane [?] to study nonconformal fluid with a background axial vector
charge. The transport coefficients would then depend on both temperature and
the theta angle, providing another fascinating subject for investigation.
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