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ABSTRACT: We construct the theory of dissipative hydrodynamics of uncharged fluids liv-
ing on embedded space-time surfaces to first order in a derivative expansion in the case
of codimension-1 surfaces (including fluid membranes) and the theory of non-dissipative
hydrodynamics to second order in a derivative expansion in the case of codimension higher
than one under the assumption of no angular momenta in transverse directions to the sur-
face. This construction includes the elastic degrees of freedom, and hence the corresponding
transport coefficients, that take into account transverse fluctuations of the geometry where
the fluid lives. Requiring the second law of thermodynamics to be satisfied leads us to
conclude that in the case of codimension-1 surfaces the stress-energy tensor is character-
ized by 2 hydrodynamic and 1 elastic independent transport coefficient to first order in
the expansion while for codimension higher than one, and for non-dissipative flows, the
stress-energy tensor is characterized by 7 hydrodynamic and 3 elastic independent trans-
port coefficients to second order in the expansion. Furthermore, the constraints imposed
between the stress-energy tensor, the bending moment and the entropy current of the
fluid by these extra non-dissipative contributions are fully captured by equilibrium parti-
tion functions. This analysis constrains the Young modulus which can be measured from
gravity by elastically perturbing black branes.
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1 Introduction

Recently, in the first study of the transport properties of stationary fluids living on subman-

ifolds embbeded in a background space-time (fluid branes), it was shown, using equilibrium

partition function techniques, that such fluids are characterized by three sets of transport

coeflicients to second order in a derivative expansion that can be split into hydrodynamic,

elastic and spin transport coefficients [1]. Hydrodynamic transport coefficients are related

to derivatives of the fluid variables and Riemann curvature terms of the embedded sub-

manifold, while elastic transport coefficients are related to the extrinsic curvature of the

submanifold and spin response coefficients to the angular momenta of the fluid in transverse



directions to the submanifold.! It was shown that such fluids were characterized by a fam-
ily of 3 hydrodynamic, 4 elastic and 1 mixed fluid-elastic transport coefficient? in the case
of codimension-1 surfaces and by a family 3 hydrodynamics, 3 elastic and 1 spin transport
coefficient in the case of codimension higher than one, ignoring certain dimension specific
contributions [1]. The corresponding entropy current analysis due to these corrections is
carried out in [2].

It was also shown recently that in the case of space-filling uncharged fluids (which are
not confined to a submanifold), the equilibrium partition function, which only applies to
fluids in stationary motion, captures 3 hydrodynamic transport coefficients [3, 4]. Further-
more, by relaxing the assumption of stationarity, and appealing to symmetry arguments
and the second law of thermodynamics, dissipative uncharged fluid configurations are char-
acterized by a set of 12 hydrodynamic independent transport coefficients [5] to second order
in the derivative expansion.? Hence, relaxing stationarity allows for the appearance of 9
other transport coefficients. It is therefore interesting to ask (i) whether new dissipative
elastic and spin transport coefficients appear in the case of fluids living on submanifolds
if one considers non-stationary configurations and, if not, then (ii) are the constraints im-
posed by the second law of thermodynamics fully captured by the equilibrium partition
function?

The motivation for answering these questions is many-fold. First of all, fluids confined
to a submanifold are relevant systems for theoretical biology and soft condensed matter
physics as they describe the effective dynamics of fluid membranes [6-8]. Therefore, the
construction of this theory of dissipative fluid dynamics in a derivative expansion is in-
teresting in its own right both in the relativistic and the non-relativistic cases. Secondly,
there has been a large body of work in the past few years on gravitational systems dual to
fluid dynamics. In particular, long wavelength fluctuations along worldvolume/boundary
directions of black branes are effectively described by the dynamics of viscous fluid flows [9]
while perturbations along transverse directions are described by the dynamics of thin elas-
tic branes [10-15]. Worldvolume perturbations, via the gauge/gravity duality, have allowed
us to gain insights into quantum field theories and furthermore, to constrain the possible
structures characterizing those theories. Therefore it is interesting to try to understand
whether transverse perturbations of black branes can also lead to valuable insight. Thirdly,
it has been shown in different settings that the fluid configurations dual to black brane ge-
ometries need not live on the boundary of the space-time but can live in an intermediate
region between the horizon and the boundary [16, 17]. Speculating that the dynamics
of such black branes may be described by more general holographic dualities in terms of
a dual quantum field theory, then a generic analysis of confined fluids would constrain

LA spinning particle moves along a worldline and is endowed with a spin-two tensor characterising its
rotation along transverse planes to the worldline. Here, the spin coefficients associated to fluid branes
describe the rotation of the brane in transverse planes to its worldvolume [1].

2 Already to second order in the case of codimension-1 surfaces, though in general for any codimension to
third or higher order, transport coefficients can exhibit mixed hydrodynamic, elastic and spin behaviour [1].

3The analysis of [5] has shown that the stress-energy tensor of these fluids is characterised by a total of
2 independent transport coefficients at first order and that at second order 10 more independent transport
coefficients appear.



those theories. The goal is then to search for a complete classification of the quantities
characterizing confined fluids and hence the classification of the structures, such as the
stress-energy tensor and the bending moment, that can be obtained from gravity by a
generic perturbation of black branes dual to uncharged fluids.

The work presented here will not fully answer the questions put forth in the beginning
of this section due to several limitations that we briefly comment here and further explain
during the course of this work. For codimension-1 surfaces we only construct the theory to
first order in the derivative expansion. The reason for this is that in order to push one order
further it would be necessary to derive the equations of motion for curved branes to pole-
quadrupole order, an endeavour that is yet to be accomplished.* In the case of codimension
higher than one we restrict ourselves, due to the same reason, to the non-dissipative sector
and construct the theory to second order in the derivative expansion but we ignore spin
transport coefficients which are generically proportional to the extrinsic twist potential of
the embedded submanifold. The inclusion of intrinsic spin along transverse directions to
the surface in confined fluids requires a modification of the first law of thermodynamics as
the intrinsic spin may be seen as a conserved U(1) charge [2]. Before attempting such clas-
sification, one should first go through the exercise of constructing the theory of dissipative
charged fluids. Therefore, we do not consider spinning fluids in the sense explained above.
Given these assumptions, and some more technical ones that will be explained in section 2,
we show that the most general stress-energy tensor to first order in a derivative expansion
for codimension-1 surfaces is characterized by 2 hydrodynamic and 1 elastic independent
transport coefficient. In the case of codimension higher than one in the non-dissipative
sector we show that the stress-energy tensor is characterized by 7 hydrodynamics and 3
elastic independent transport coefficients. Furthermore, the constraints obtained between
the entropy current, the bending moment and the stress-energy tensor involving these ex-
tra transport coefficients are fully captured by equilibrium partition functions. The extra
transport coefficients are thus non-dissipative, as expected from classical elasticity theory.’?

This work is organized as follows. In section 2 we begin by defining some properties
and geometric structures associated with embedded space-time surfaces. The generic form
of the equations of motion is given and the structures appearing in the equations of motion
and entropy current are classified as well as the terms appearing in the divergence of the
entropy current. Our assumptions in the construction of these theories are clearly stated.
In section 3 we first calculate the divergence of the entropy current and organize the
several terms appearing in such operation according to the independent fluid-elastic data.
Afterwards, we impose positivity of the divergence of the entropy current and solve for the
constraints between the several parameters entering the entropy current, bending moment
and stress-energy tensor. In section 4 we compare our results with those obtained from
equilibrium partition functions. Finally, in section 5 we summarize our work and comment
on open questions and future research directions.

4See ref. [1] for a specific case of pole-quadrupole equations of motion derived from an equilibrium
partition function with a mixed fluid-elastic transport coefficient.
®This is also observed in theories of viscoelastic fluids [18].
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Figure 1. Submanifold embedded in a background space-time locally patched with a perfect fluid.

2 Classification of fluid-elastic data

In this section we review the necessary tools for dealing with the geometry of embedded
surfaces and the tensor structures that characterize it. We then present the equations of
motion that any material living on a surface must satisfy in the probe approximation when
the surface is taken to have a finite thickness. These equations of motion are determined
in terms of a set of tensors structures which, in order to construct a generic theory of dis-
sipative hydrodynamics, need to be classified in terms of independent components. These
components consist of all possible contributions which are allowed by symmetry and are
on-shell independent. This classification is given at the end of this section and it will be
the starting point for imposing the second law of thermodynamics and constraining the
allowed contributions.

2.1 Geometry of embedded surfaces

We consider submanifolds that span a (p+ 1)-dimensional worldvolume W, embedded in
background D = n + p + 3-dimensional space-time with metric g, () and coordinates z
(see figure 1). The submanifold is parametrized by a set of coordinates ¢ and its position
in the ambient space-time is parametrized by a set of mapping functions X*(c%). An
arbitrary vector with support on the worldvolume can be decomposed into tangential and
orthogonal components using the respective projectors u*, and n#; satisfying u“anui =0,
where the indices a,b,c... label worldvolume directions and the indices %, j, k... label
transverse directions.

Introducing a complete set of adapted tangential and orthogonal basis in the form
et = {e®uty,nint;} we can decompose an arbitrary covector vy as vyet = veet + v’
where v, and v; are, respectively, the tangent and orthogonal projections of v, for example
Ve = u’qv,. Given the set of tangential projectors u*, = 0,X* there is a natural form
for the induced metric on the submanifold v, = g u”quty where g, is evaluated on
the surface z® = X%*(0?). Since that we will be dealing with tensors with support on
the worldvolume, covariant differentiation is only well defined along tangential directions.
Therefore, we introduce the tangential projection of the space-time covariant derivative V,
compatible with both the induced and space-time metrics such that acting on an arbitrary

5Tt is possible to have well defined covariant differentiation along orthogonal directions provided we
consider a foliation of surfaces [19]. However we will not consider this here.



tensor field v°P reads
u! Vv = Vv = 0,0 + 'yabcvbp + Flpwu“avc” , (2.1)

where 74, are the Christoffel symbols associated with v, and I', the Christoffel sym-
bols associated with g,,,. Given this, the generalization of the classical Gauss-Weingarten
equations follows

Va <€buMb> = uyalec + Vi Kap'e” (2.2)
Va (nln“l) = —uKpin; — n“jwaijni ,

where K ' = nﬂivau“b is the extrinsic curvature of the embedding, symmetric in its
two worldvolume indices a, b, and w,” = —n#;V,n,,* is the extrinsic twist potential, anti-
symmetric in its two transverse indices i, j. Therefore, eqs.(2.2) tell us that the extrinsic
curvature is a measure of how the normal basis n’ changes along the worldvolume directions
while the the extrinsic twist potential tells us how the normals are twisted around when
displaced in a tangent direction along W,1.

It is useful to deal with tangential and orthogonal projections of space-time tensors
while still working with space-time indices. For this reason one can introduce the first
fundamental form v = ~4®u#,u”; in order to project along Wp+1 and the orthogonal
projector LM= ntin¥; = g — 4™ satisfying 1 Yup = 0, to project orthogonally to
Wp+1. Using these structures one can rewrite the second fundamental form as

K;Ll/p = ’}/)\M"}/UVV)\’YPU = —’}//\M’}/UVVALPO— s (23)

which is by definition tangential in its two indices u, v and orthogonal in the index p. Using
utq and n*; in (2.3) one obtains the extrinsic curvature with worldvolume and transverse
indices K,' = u“au”bnpiKWp. Furthermore, the tangential projector u*, is naturally
tangential in its space-time index such that u*, = ~* u”,. Similarly, the orthogonal
projector n*; is naturally orthogonal in its space-time index.

The Gauss-Weingarten equations (2.2) do not completely specify the embedded sub-
manifold and must be supplemented by the Gauss-Codazzi, Codazzi-Mainardi and Ricci
integrability conditions given by, respectively,

Raped = Raved — Kac' Kpai + Kad' Kiei
Ricba = VbKaci - vachi + 2Kc[ajwb]ij ) (24)
Rap? = Qap? — Koo K7 + Kp' Ko7
where we have introduced the Riemann curvature tensor of the background R, »,, the Rie-
mann curvature tensor of the worldvolume R ;¢ and the outer curvature tensor associated
with the extrinsic twist potential [20],
Qabij = Vawbij — waflj —I—waikwbkj - wbikwakj . (25)

The vanishing of Qg% is the necessary condition for we,” to be locally gauged away. For
surfaces of codimension-1 both the outer curvature as well as the extrinsic twist potential
vanish, as there is only one transverse direction. This completes our review of the geometry
of embeddings.



2.2 Equations of motion

The equations of motion satisfied by a space-filling uncharged fluid, ignoring backreaction
onto the background, are simply those encompassed by the conservation of the stress-energy
tensor T associated with the fluid. When confining the fluid to live on an embedded
surface the equations of motion, under the same assumptions, are those first obtained by
Carter for probe branes [21] which decompose, respectively, into fluid (intrinsic) and elastic
(extrinsic) dynamics as

VoI =0, T®K, =0 . (2.6)

If one considers corrections to the dynamics of these objects in a derivative expansion,
namely the effects of fluctuations of the induced metric, it is necessary to take into account
the small, but finite, thickness of the surface itself, and hence expand the stress-energy
tensor in a multipole expansion in the manner

Y (39 /wfflg = (BW(X@(&))‘W v, (B“””(X“(o“))W) +. )
2.7)

where we have slightly generalized the formalism of [22] by allowing the structures B*”
and B""P to depend on the scalars X*(c) instead of just on the worlvolume coordinates

a

0% (see appendix A). These structures introduced above have support on the embedded

surface and can be decomposed as

Bab _ Tab + 2D(aCiKb)ci 7 BY — pia — _nipvbpabp + Sbinabj 7
B’Lj — _Dab(iKabj) , Babi — _Dabi , Baij — Sa’ij ) (28)

The tensor structures introduced here can be interpreted in the following way. 7% is the
worldvolume stress-energy tensor, D is the bending moment of the material and S*/ is
the spin current that gives rise to angular momenta in transverse directions to the surface.
T and D™ are both symmetric in their worldvolume indices while S is antisymmetric
in its transverse indices.
The equations of motion are then obtained by imposing conservation of the space-time
stress-energy tensor
v, T" =0, (2.9)

which upon using the methods of [22] can be written in the following way [1]
VT =, V,V D — DWRY, i — 80, (2.10)
T Ky’ = 0 Vo VD™ + D Rl — 20,9 (SMKD)) + SRy (211)
0,1, VS = DK, (2.12)

In the case where the dipole correction B*“? vanishes, and consequently also D' and
S eqs. (2.10)-(2.12) reduce to egs. (2.6). In fact the first two equations above are
the modified intrinsic and extrinsic dynamics, respectively, of egs. (2.6) while eq. (2.12) is
interpreted as a conservation equation for the spin current S,



These equations are invariant under field redefinitions where the position of the surface
is displaced by a small amount & (c®) such that X*(6%) — X%(0%)+£&*(c®) while the stress-
energy tensor, bending moment and spin current transform as (see appendix A)

T bi b i ij ~2
St DM =T8S =0(2) (2.13)

5T = T™EK; —

where K* = 4% K% is the mean extrinsic curvature of the embedded surface. This is the
usual ambiguity related to the definition of the bending moment D for point particles
which in such case can be naturally fixed by choosing the gauge representing the center
of mass. For higher dimensional surfaces, there is no natural way of fixing the gauge and
hence the bending moment D must be dealt with together with this ambiguity. So far
we have been very general and not considered what kind of material 7% represents. Below,
we focus in the case of confined fluids and state our assumptions for constructing a theory
of dissipative hydrodynamics in a derivative expansion.

2.3 Confined uncharged and unspinning fluids

We now wish to apply the equations of motion (2.10)—(2.12) to the case of uncharged
perfect fluids. For that matter we decompose the stress-energy tensor 7% as

7% =T + 1, (2.14)

where II% denote higher order corrections in the derivative expansion and T(%% denotes the
perfect fluid stress-energy tensor which we write in the form

T(%g = Py + (e + P)uu® (2.15)

where P is the fluid pressure, € its energy density and u® the fluid velocity. Furthermore,
one should imagine that each patch of the submanifold where the fluid lives is described
by a stress-energy tensor of the form (2.15) to leading order and hence the fluid variables
P, ¢,u® v are promoted to functions of X*(c%) on the worldvolune Wp+1. The fluid obeys
the first law of thermodynamics and the Gibbs-Duhem relations

de=Tds , e+P=Ts , dP=sdT , (2.16)

where s and T denote the local entropy density and temperature of the fluid. Generically,
the local thermodynamic fluid variables can be expressed as functions of T, therefore we
consider the set of variables 7, u®, v that fully characterize the fluid.”

Given this, we now state our assumptions for the construction of the hydrodynamic
theory of confined (non)-dissipative fluids:

e Asmentioned above, we assume that the fluid does not backreact onto the background
and hence that the equations of motion are those given in (2.10)-(2.12).

"The local fluid variables vary along the surface. One should see the surface as being locally patched
with a perfect fluid to leading order. See figure 1.



e We truncate the dissipative theory to first order in the derivative expansion for the
case of codimension-1 surfaces and the non-dissipative theory to second order in the
derivative expansion in the case of codimension higher than one. In these cases,
egs. (2.10)—(2.12) capture the full dynamics. In the case of codimension-1 surfaces
to second order these equations would have to be modified by including quadrupole
corrections [1]. Moreover, in order to obtain the right constraints to second order
in a dissipative theory it is always necessary to expand the entropy current to third
order [5], which would again require quadrupole corrections. The full form of these
equations has not yet been derived in full generality.

e We assume that the fluid does not carry any spin current, that is, S* = 0. If this was
the case, the thermodynamic properties of the fluid (2.16) would be those analogous
to a charged fluid [2]. While this is an interesting problem, we leave it for future
work. In such situations egs. (2.10)—(2.11) reduce to

Vol =0, DN Kool =2V, (DKM (2.17)

TKy' =n',V,VyD® + DR (2.18)

where we have made use of eq. (2.4). Furthemore, eq. (2.12) reduces to the integra-
bility condition
DUIK I =0 . (2.19)

Note, however, that for codimension-1 surfaces S*/ vanishes anyway, due to the an-
tisymmetry in its two transverse indices and the fact that there is only one transverse
index.

e As a consequence of the last two assumptions, most of the hydrodynamic corrections
that 1%’ can acquire have been classified in [5], provided one replaces the Riemann
curvature tensor considered in [5] by the purely tangential projection of the back-
ground Riemann tensor R,p.q or the worldvolume Riemann tensor Rgu.q since they
are related via the Gauss-Codazzi equation given in (2.4). Therefore the corrections
1% can be decomposed into hydrodynamic and elastic in the form

M =1eb, + 1% . . (2.20)

ydro elastic

Hﬁgdm consist of all the corrections considered in [5] which involve the last worldvol-

ume projection of the background Riemann curvature written in (2.4) while Hgf’astic

consists of all the corrections involving K;'. Furthermore, as it will be clear below,
to the order that we are working, there are no corrections of hydrodynamic nature
to the bending moment D,

e We assume a hierarchy of scales between the length scale R associated with the
variations of the fluid variables in a neighbourhood of a particular point and the
inverse of the local temperature 7 at that particular point, namely,

,1r <R . (2.21)



The length scale R is set by the smallest of the scales associated with the mean extrin-
sic curvature, intrinsic curvature radius or the curvature radius of the background
space-time which are typically of the same order according to the Gauss-Codazzi
equation (2.4).

e We do not consider corrections which are proportional to transverse derivatives of the
fluid variables. This is simply because they have been defined as tensor structures
with support on the surface as we are not considering a foliation of such surfaces.
We do not account for any corrections proportional to projections of the background
Riemann tensor besides those given in eq. (2.4). So far, there are no known exam-
ples of fluid configurations with such corrections. Furthermore, we do not consider
dimension-dependent corrections, which may be important in the spinning or charged
cases [1].

e Finally, we assume that the fluid is also characterized by a worldvolume entropy
current J¢ which we require to obey the second law of thermodynamics, that is,

Vo3>0 . (2.22)

The requirement of J¢ being purely tangential is motivated by two facts. Firstly, there
are no known examples where the entropy current acquires transverse components.
Secondly, in the case of non-dissipative corrections where V,J? = 0 one can show
that, on general grounds, requiring an arbitrary space-time current J*(x®), expanded
in a similar manner as in (A.2), to be divergenceless, results in the conservation of
a purely tangential worldvolume current [2, 23, 24]. Furthermore, due to the above
assumptions, the divergence of this entropy current can be analyzed independently
for the hydrodynamic and elastic corrections to this order. This in fact means that
the results obtained in [5] for the corrections there considered still hold in the present
case where all quantities should now be treated as worldvolume quantities.

Under the assumptions above, in order to construct the theory of dissipative hydrodynam-
ics, it is only necessary to classify the structures appearing in the stress-energy tensor,
bending moment and entropy current. In particular, the entropy current can be written as

Jg = su+V* (2.23)

where V% includes all the possible higher order corrections. Therefore, we only need to
classify all the possible higher order corrections to I1%°, D and V* in terms of derivatives
of the fluid variables 7, u® v* and of the background metric 9w However, note that
these fluid variables are not unambiguously defined due to frame transformations and field
redefinitions.

Frame transformations and field redefinitions. Under a frame transformation of
the form

T—=T+6T , u*—=>u*+ou®, ugou®=0, (2.24)



the corrections to the stress-energy tensor II1?° and entropy current V® transform as

% — 1% + 56T~ + (s + Tg;,) STuu’ 4 2T sul?6u? | (2.25)
V& — V44 E&Tua + séu® (2.26)
oT ' '

A standard and convenient choice that we now make is to fix this freedom by choosing the
Landau frame, defined as

%y, =0 . (2.27)

Note that the field redefinition (2.24) does not affect the bending moment D% to the order
that we are working. This is because D™ enters in the equations of motion (2.17)—(2.18)
by contributing with second or third order terms depending on the surface codimension.
Therefore, D" can only consist of zeroth order contributions in the case of codimension-1
and of first order contributions in the case of codimension higher than 1.

Besides the freedom given by the frame transformations (2.24), there is still the freedom
of displacing the embedded surface by a small amount according to (2.13). Defining the
transformed bending moment as D% = pabi —i—T(%b) g%, this freedom can be fixed by different

choices of the vector & that can be obtained by imposing certain constraints, such as

(i) Dy =0,
(ii) D®uqup =0 ,

(iii) DY P, =0,

where P,, = 7Yap + uqup projects orthogonally to the fluid flows. The most convenient
choice which we will consider here is none of the above list but instead we require that no
terms proportional to u*u?K’ should appear in D%, One should think of first fixing the
choice of surface using the freedom given in (2.13) and then imposing the Landau frame
condition (2.27). Alternatively, we can impose the Landau frame before fixing the choice
of surface, in that case the field redefinition X%(c%) — X?(c%) + & (c?) yields the transfor-
mation rules written in appendix A. We consider another choice of surface in appendix C.

2.4 Independent fluid-elastic data

Given the assumptions made in the previous section and the frame choices taken we are
now ready to classify all the possible on-shell independent higher order corrections to
1% D and J. &. We classify the necessary new structures to study the case of codimension-
1 to first order and of codimension higher than one to second order. We review the
classification scheme for hydrodynamic corrections in appendix B. For this purpose it is
useful to introduce the fluid expansion 6, acceleration a?, shear % and vorticity w?® as

b
0 =Vu® , a®=uVyu'

0
Uab = PaCPbd <V(cud) - p")/cd> s wab = PachdV[cud] . (2.28)

~10 -



Using this we can decompose the two-tensor V, u; as
0
Vallpy = —UagQp + Ogp + Wap + EPYab . (229)

Our method follows closely [5] but now incorporates other tensor structures which are
characteristic of embedded surfaces. The method consists in classifying all possible on-
shell independent tensor structures that can appear at a given order in I1%°, D and Jg.
These are constructed from derivatives of the fluid variables as well as from the extrinsic
curvature, which is a first order correction by definition, and the Riemann curvature tensor
of the background and of the worldvolume.

In order to classify the independent fluid-elastic data one must use the equations of
motion (2.17)—(2.18) to exchange certain derivatives by others. For example, to leading
order the intrinsic equation of motion (2.6) can be projected along parallel and orthogonal
directions to the fluid flows, allowing us to express derivatives of the local temperature in
terms of the expansion and the acceleration as

T
Os

Furthermore, one can always write fluid velocities u® with space-time indices as u* =

u'V,T = ———s0 , P®V,T =—-Ta® . (2.30)

utqu® and hence the decomposition of (2.28) could be written in terms of space-time
indices. However, due to the support of these structures on W, only the fluid acceleration
can acquire a transverse component as a' = nuiuavau“. The leading order extrinsic
equation (2.6) allows us to exchange terms proportional to a’, as well as terms of the form
uub K g by terms proportional to the mean extrinsic curvature, yielding

PK' = —(e+ P)u"u’K,' , PK'=—(e+P)a", (2.31)

where this trivial equality follows from the property that for any purely tangential vector
v® we have that v*v? K¢ = o' with the definition 0% = nuivavav“. Using a similar logic
for other types of corrections allows us to proceed and classify the possible structures.

Since we will only construct the theory to first order in a derivative expansion in
the case of codimension-1 surfaces, the presented analysis will be complete. Therefore, in
table 1 we list the full relevant first order classification of both hydrodynamic and elastic
corrections.

From table 1 we see that there are 7 extra structures that enter the classifica- tion
when the elastic degrees of freedom are taken into account. Note that we have classified
the elastic contributions according to their transformation under worldvolume coordinate
transformations. Furthermore, in our classification of tensors we have only considered
symmetric tensors in their worldvolume indices, this is because the two tensor structures
that we need to classify 7% and D%* are symmetric in their worldvolume indices.

To second order, many more terms of hydrodynamic nature can be added. Since most
of them have been classified in [5], we leave this analysis for appendix B. In table 2 we list
the new terms that can appear due to the presence of the elastic degrees of freedom.

A few comments are now in place. In table 2 we have only classified the relevant tensors
for our purpose. First of all, there are many more tensor structures that could be added

- 11 -



1st order data

Before imposing EOM

EOM

Independent data

Scalars fluid (1) u'N,T , 0 up VT =0 0

Vectors fluid (1) P, T . a® PV, T% =0 a¢

Tensors fluid (1) o oab

Scalars elastic (1) al , KU, utubK )t ThK 0 =0 Kt
Vectors elastic (2) up KW |yt K up K K
Kabi , uaubKi Kabi , uaubKi

Tensors elastic (4)

,yabKi 7 ucu(ach)i

’}/abKi 7 ucu(ach)i

Table 1. Classification of independent fluid-elastic data to first order in derivatives.

2nd order data

Before imposing EOM

EOM

Independent data

Scalars elastic (3)

K'K; , K%Ky,
5 .
uy KaCleci

K'K; , K®Kg,
b )
uu KaCZKbci

Scalars
fluid-elastic (5)

0K | oKt
a“ub Ko . utV KP
WV Ko, uubucV Ky

uVe (TKqy") =0

0K | oKt
a“u Kyl utV KP
Uavaabp

Vectors elastic (4)

KK, ut K K,
uaubuchdZchi , ubKabz

. bei
WKK; , K"K,
uaubUCKbdZchi , ubKabz

Vectors
fluid-elastic (11)

aaKi ; abKabi

o.abuchci ’ wabuchci
VeK? | VK%
. b )
uK" | u®c’ Kt
wabut Ky, utucV KP

Oup K, PubucV Kot

PUN 4 (T*Ky”) =0

aaKi , abKabi
o.abuchCi ’ wabuchci
VOKP , VK
wOK | utcb K,
wabut Ky, ututV KP
QubKabi

Tensors elastic (6)

KabiKi , K(aCiKb)Ci
ucu(aKb)CiKi , PabKiKi
Pachdichi
Pubucuchei K

KabiKz_ , K(aciKb)Ci
ucu(aKb) ciKi , PabKiKi
Pachdichi
Pabucuchei K

Table 2. Classification of independent fluid-elastic data to second order in derivatives.
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3rd order data Before imposing EOM EOM Independent data

OK'K; , 0K ™K,

b ) b i
Outu’ Ko Ky , 0V Kap'K; GKZKZ 7 eKabiKabi

ab ct
0K " Kpe i 2
ab,,c d{}( ché euaubKameci 3 UabKablKi
o uu" Ko Kpgi ab e ci
! o 0K, Ky
0w Ko Ky aub KoKy abyend e i
o®u‘u bdi
b ac
WRpVaKT ) Ky VIR 0w Ko K, atul KOG,
Scalars up K,V FP WKV (TKaf) =0 | ape O en | yagg, WhEo
. . . . . U U” L ap
fluid-elastic uaKbchbecp Codazzi-Mainardi pra K’V Kabapp
Up
b pel
(16) uK® pvachp €q- (24) agbe 7, K P
K,V W N g
c bpVa Kabp K¢
a, b, d & te va v
uuu Kd pvaacp c ab
¢, arbd uck praK ’
uguu®K® V. K
R ) uuPul K PV Kaep
uquu® K%,V Kqe uducu“Kbd Vo Kof
a
YUK R e, UK, RP g S
uquu Kb, RP

Table 3. Classification of independent fluid-elastic data to third order in derivatives.

to the last row, for example y® K'K;. Moreover, there are many tensors belonging to the
category ‘Tensors fluid-elastic’ but these will not be necessary. However, it is necessary
to classify third order scalars, as the divergence of a second order quantity — the entropy
current — naturally yields third order scalars. The relevant scalars are listed in table 3.

Note that we did not need to classify any structures involving Qup or R4, introduced
in (2.4) since it would require the fluid to be spinning in transverse directions. Moreover
note that if the Riemann curvature of the background geometry vanishes then according
to the Codazzi-Mainardi equation (2.4) there would be three less independent scalars. For
example if the contraction v**ubK pRP o vanishes then we have the identity K,u*V,K? =
K, ubV K.

3 Divergence of the entropy current

In this section we compute the divergence of the entropy current to first order in the case of
codimension-1 surfaces and to second order in the case of codimension higher than one. The
requirement of the second law of thermodynamics to be satisfied imposes constraints on the
stress-energy tensor, bending moment and entropy current. We obtain these constraints
towards the end of this section.

3.1 Codimension-1 surfaces

For codimension-1 surfaces and up to first order, our analysis will be fully general and
we will describe it here in detail. Using the tables presented in the previous section and
appendix B we can write down the most general stress-energy tensor, bending moment and
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entropy current as
ab __ ab ab ab ab a b cd
T = T +no® + E0P™ + 5y K P + 5y P PPy K (3.1)
Dab _ 191’Yab
Jo = su® + BOu’ 4+ va® + T Ku® 4+ mulKp® .

S

Note that in the above expressions we have omitted the transverse index since for
codimension-1 surfaces there is only one transverse direction. Note that all transport
coeflicients 7, &£, k1 ... are functions of the local temperature 7. Furthermore, due to the
presence of the elastic degrees the freedom, there are 2 extra contributions to the stress-
energy tensor and entropy current of the fluid to first order in derivatives.

Calculating the divergence we now find

Vad? = noap0™ + £6°

+0u'Vop + aVay + <ﬁ + g) 02 + ~ (wabwba + JabO'ab>
+ (B47) uVab +yu'u"Rap

K1 P 6191 87r1 P67r2
+(_T_Zﬂ6@_8as+m_Tﬁw>K0

1 0 oY
—+ 5 (—@ + 7T2> PabKab + <—7—7T2 — Ty — 21) u“abKab + <_@ + 772) UabKab

T oT oT T
2 9
+ <7,1 + 7T2> ubVaK“b + <7r1 — 7}) u'V, K .

(3.4)

The first three lines of this computation are purely hydrodynamic and have been already
computed in [5]. The last three lines are new and constitute the effect of placing the fluid
on an embedded surface.

Solving for the constraints. We now require the divergence (3.4) to be positive definite.
The procedure for the first three lines is as in [5] which we now review. Since the third line
contains terms linear in the fluid data then we must require

B=y=0, (3.5)

since otherwise unphysical configurations for which u*V,60 or yu®ubR 4, are negative would
be allowed. This simultaneously eliminates all the terms appearing in the second line. The
first line contains only terms which are quadratic in the fluid data, therefore we should
only require

n>0, >0, (3.6)

as previously known in the fluid literature. We now proceed to the analysis of the last
three lines. First, we note that all terms appearing in these lines are linear in the fluid
data so they must all vanish. The two terms appearing in the last line are proportional to
independent fluid data and hence must be set to zero separately, therefore we must require

b2

T =— , Ty = T (3.7)
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The second of these constraints ensures that the second term in the fifth line in (3.4)
vanishes. The last term in the fifth line is also independent therefore we must require

ke =Tmy , (3.8)

which ensures that the first term in the fifth line also vanishes. Finally, the term in the
fourth line must vanish which therefore requires

. P o om Omy
R1 = _277‘% - TSE + T7Tl - PE . (39)

There are three comments worth making about this result. Since 71 and 7y are expressed
in terms of 91 then so is k1. Therefore, all elastic contributions to the stress-energy tensor
and entropy current are uniquely determined in terms of the coefficient 1, appearing in the
bending moment. Furthermore, since all the contributions from these elastic corrections to
the divergence (3.4) were required to vanish then such corrections can never be dissipative.
This is expected from classical elasticity theory. Moreover, as we have mentioned at the
end of section 2.4, if the Riemann curvature tensor of the background geometry vanishes
then we have some dependent scalars. In particular the two scalars involved in the last
line of (3.4) would be equal to each other. However, the second term in the fifth line
of (3.4), being composed of linear independent data has to vanish and hence requires
that both contributions in the last line vanish independently. Finally, we note that terms
proportional to K are not invariant under a parity transformation of the normal vector
n'. However, since the description of fluid membranes [6-8] contains such terms we have
considered this possibility here.

3.2 Codimension higher than one

For codimension higher than one we will be only considering the non-dissipative sector of
the theory. We will also only consider here in detail the new terms that appear due to
the elastic corrections, since the hydrodynamic corrections have been already considered
in [5]. These results however will be reviewed towards the end of section 5. The most
general stress-energy tensor, bending moment and entropy current up to second order can
be written as

T = T+ T + T yaro + (01K K + 02 K K + aguu Ko/ Kopi ) P

| | | (3.10)
+ PP, (a4KCdZ-KZ + o KO KT+ Oé6UfUhKCfiKhdl> ;

Dabi — /\l,yabKi + )\2Kabi + Agu(“ch)iuc , (311)

Jg = su® + V() |hydro + (51KiKz‘ + Bo K K gy + 53ucuchﬁdei> ut (3.12)

+ Baup KK+ Bsu KV K,

In the above expressions we have introduced H‘(l{’) which contains the first order corrections
to the stress-energy tensor. Since there can be no elastic corrections to first order for
codimension higher than one we have that

() = no® + 0P (3.13)
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where 1 and ¢ must satisfy (3.6). We have also introduced H?é’)\hydro and V(CLQ)]hydm to
denote the hydrodynamic corrections classified in [5]. There are thus 6 additional terms in

the stress-energy tensor and 5 additional terms in the entropy current.

For clarity of presentation we present the divergence of the entropy current for each
individual contribution to the bending moment (3.11) and only taking into account the
new elastic corrections since the hydrodynamic ones have been considered in [5] and can
be analyzed separately provided neither Rgp.q nor Rgpq vanish. For the correction cor-
responding to A\; we only need to turn on the contributions that contain g, ay, 51, 54,
obtaining the divergence

a o _20M 9B POBs 4 _r i
Vzst|/\1ele3Ls‘clc = ( T ﬁl T Os S Ds T Ds + - ( ,T +/B4) (1 TS)> K"K

oM _(%4 abre ipe o (_ %4 abpe g
+< QW /84 W)U ClKabeL"_( ?"‘64)0’ KabK,L

A A
+ (,rl + 2ﬂ1> u'KPV,K, + <2T1 + B4> (up KV K, + up K,V K*P)
(3.14)

Next, we focus on the contribution coming from Ao, in this case we only need to turn
on the contributions as, as, B2, f5 and find the divergence

VaJ§ [ aselastic = <—O7ég + B2 — 8? + = <—% + ﬁ5)> 0K K gy
+ <—T3 + 2;8;; +s aaﬁ"’ += (—a—;’ + 65)) Ouque ki K
+ ( 2((;;% — Bs — ?ﬁ?) ual K Kpei + <—%§ + 55) o K, Kye;
+ <—;3 + 262> UKV Kapp
+ <2;% + 55) (uCK“prachp + uchchaKabp)

(3.15)

Finally, we consider the contribution from the term proportional to A3 which requires
turning on the terms proportional to a1, as, ag, 83, 84. The divergence can be computed as

e = [0 PO pAs 0 (PN s 2% ) oxc
VaJs|>\3elast1c - ( T T s +PT2 0s <T3> + T <TS> Os ) OR'K

1 P 2046 P P)\S 7
+p<‘<n> TW( n)‘m)””‘
863 88)\3 1

S IO S T o Ougue Ky KO
+ﬁ3 83+7' T s p’r(%“?‘))““ b

854 A38<P) P )3

I T adeKciKi
T T \Ts TsaT>““““ ac Thbd
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Qe A3 ab 1~ ci ! )‘3> ab i
= T K" Kpei = Kuy' K;
( T T> 7 ' (54 TsT7)7 "

7

P A
+ (64 — 53> (u“Kaprpr + uprVaK“b”) . (3.16)

A
+ <2ﬁ3 + 3) uuput KPPV Ky,

This finalizes the calculations of the divergences. We now proceed and solve for the
constraints.

Solving for the constraints. Since we are interested in the dissipative sector of the
theory we impose
VoJd =0, (3.17)

which requires all terms appearing in the divergence to vanish. The constraints can be
found by imposing (3.17) for each contribution Aj, A2, A3 and in the end summing up the
individual contributions to each transport coefficient.

We begin by requiring (3.14) to vanish. Note that the last line in (3.14) is made of
independent fluid-elastic data. Therefore one immediately obtains

_1M
-2,

A
ﬁ4|)\1 — 7271 ) (318)

b1 -

which in turn leads to the vanishing of the first term in the second line of (3.14). The last
term in the second line is also made up of independent fluid-elastic data and hence one
must require

ag=TPBy (3.19)

which leads to the vanishing of the last term in the first line. Requiring the remaining term
in the first line to vanish sets

P o 9B 04
= —2———Ts——P— . 3.20
athy = Thr T 0Os Ts 0s 0s (3.20)
Continuing, we impose the vanishing of (3.15). We first note that the last line in (3.15)
is constituted by independent fluid-elastic data, therefore we have that
1 As Ao
=_-= =—-2= 3.21
5T Bs T (3.21)
which leads to the vanishing of the first term in the third line in (3.15). The last term in
the third line is also composed of independent data, hence

Ba

as =TPs , (3.22)

leading to the vanishing of the last term in the first and second lines. The last two remaining

terms are required to vanish as well and thus we obtain

I Sy
ar=Th—Ts5= aslx, = 2s 55 " as (3.23)
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Lastly, we impose the vanishing of (3.16). The last line in (3.16) being composed of
independent data leads to the constraints

Ly P
27 7 TsT '
which leads to the vanishing of the fourth line, fifth line and of the second term in the sixth

B3 = — Balrs = (3.24)

line. The first term on the sixth line, being composed of independent data is required to
vanish, yielding
g — *)\3 y (325)

leading to the vanishing of the last term in the third line. For the remaining terms we find

DB 38 (P P \? 0\
s = P PR (7)*(7) s (3.26)
oA
asly, =TBs—T 3%4‘)\ - 8783 . (3.27)

The full system is solved provided one adds up the individual contributions to a1, as
and f4 such that oy = aq|x, + a1y, without summing over repeated terms and similarly
for the other two transport coefficients. We thus obtain the final solution

8/\1 aﬁl 864 X3 d (P P\? 0\
= 28—8)\2 +Ts % + T B3 — Tsﬂ + A3 — % ; (3.29)
0s 0s
A P )\3
= —27 —_— = . .
b= "2rt 5T (3.30)

Again, as in the case of codimension-1 surfaces, all transport coefficients are determined in
terms of the coefficients A1, A2, A3 appearing in the bending moment. Also, as in the case of
codimension-1 surfaces, if the Riemann tensor of the background geometry vanishes then
some of the terms involved in the last line of (3.14)—(3.16) are equal to each to other. How-

ever all the terms involving the acceleration a®

are composed of linearly independent data
and requiring them to vanish leads to the vanishing of the individual contributions involv-
ing derivatives of the extrinsic curvature. Therefore, the constraints remain unchanged.
We will now show that these constraints are the same as those obtained from equilibrium

partition functions.

4 Comparison with equilibrium partition functions

In this section we compare the results of the previous section with the analysis of equi-
librium partition functions for confined fluids performed in [1] and of the corresponding
entropy current perfomed in [2]. We will show that the constraints arising from these anal-
yses matches the ones found in this work via the study of the divergence of the entropy
current.
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To understand how the partition function is obtained according to the analysis of [1]
we begin by considering the Lorentzian action with the form

I[XM] = / dp+10£ (\/ _777-7 ka:Vab7vaaKabi) ) (4'1)
Wo+1
where k® is the worldvolume Killing vector field with modulus k = | — fyabk“kbﬁ, required

for stationarity of the fluid configuration. The dependence of £ on 7 can be exchanged
by the dependence on the ratio 7'/k where T is the global (constant) temperature of the
overall configuration since T is related by a local redshift of the local temperature via

T =kT . (4.2)

The equilibrium partition function can be obtained by first Wick rotating (4.1) and then
integrating over the time circle with radius 1/7" obtaing the free energy

1 )
'/—-'[XM] = _T/ L (ROdVv(p%Tv kaﬂab, vaa Kabz) 5 (43)

P

where we have considered the worldvolume geometry W,11 = R x B, and embeddings
where \/—7" = RodV|,) with dV}, being the volume form on B),. The partition function Z
is then obtained simply via the relation

In Z[X") = —F[X"] . (4.4)

Since we are interested in the constraints that arise from (4.3) for the stress-energy
tensor, bending moment and entropy current, it is useful to write how these are obtained
from (4.3) [1, 2]:

2 9 1 ) T
Tabzi E , Dabizii , S:—a( F) , (45)
M 6’7ab M 0K ap' oT

where S is the total entropy. The entropy current J¢ can be obtained from S and reads [2]

. ToL
TS =T o

We will now analyze specific cases of the action (4.1) and compare it with the results of

a (4.6)

the previous section.

4.1 Codimension-1 surfaces

For the codimension-1 surfaces we analyze the most general first order action which takes
the form [1]

11x%) = /W v (P + (T /0K) (4.7)

where we have omitted the transverse index in the extrinsic curvature. Using (4.5) and
noting that for this case £ = /—v (P(T/k) + S\(T/k)K) we find

T% = T() + MT/k)K~y® — kN (T/k)Kuu® , D* = 9 (T/k)y* , (4.8)
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where the ’ denotes the derivative with respect to k while we have that

a a a a ka
T = P(T/k)y" — kP (T/k)u’u’ , u® = * (4.9)
Using (4.6) we find the entropy current [2]
0
J¢ = su + QKUG , (4.10)

s oT
where we have used (2.16), (4.2) and suppressed the dependence of the transport coefficient
on 7. The stress-energy tensor (4.8) and entropy current (4.10) are not written in the
Landau gauge (2.27) and so one must use (2.25)—(2.26) to set it in that form. We find that
the frame transformation

—lal- q 87151 £~ a __ i ac, d
57'—7_88 (191 T(?'T 27_8191>K, ou’ = 27_8P uKeq , (4.11)

brings (4.8) and (4.10) to the Landau gauge, such that

s 0T 5 90 2P6Tq§1> KP® _ 29, peepbif,,

Tab:Tab Q o Y5 _
(0)+<191+7'83 L™ %5 T2 Os

(4.12)

N - 9 0
DW= Yyt | Jd = sut + %Kua — Q%UbKab )

Note that, as mentioned in the previous section, the bending moment does not transform
under a frame transformation to this order. Comparing the above results (4.12) with those
of section 3.1 in the stationary case for which the contributions proportional to 6 and ¢®
vanish and using (3.7)—(3.9) we find exact agreement provided we identify

91 =D . (4.13)

4.2 Codimension higher than one

For codimension higher than one the most general action to second order with extrinsic
curvature corrections can be written in the form [1]

I[X" = / V= <P + MEKK; 4+ MK Ky + XguaubKaciKbci) , (4.14)
Wh+1

where all transport coefficients are functions of the ratio 7'/k. The second order contribu-
tions to the stress-energy tensor and the bending moment are summarized in table 4.

In particular, the bending moment can be written in the form D = YK ;i where
Yed is the Young modulus of the confined fluid and reads

yabcd —9 (leabvcd + 5\2,ya(c,yd)b + S\SU(a’yb)(cud)) . (4.15)

The entropy current can be obtained as previously and reads [2]

a _ a 875‘1 1’ 875‘2 bei . i & . & b, cr di . a
Jd = su +<8TKK,+8TK Kbcz—'_(@T <k2> 2T>uuKb Kegi | u® . (4.16)
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Scalar H‘(’é’) |elastic pabi

MKK; MK K™ — NMkK Kjutu® — 4\ KK 207y K

N KUK g Ao (K) KU K iy — Mk KU K gyutul — 40 K9, K0, 20 Kb

~ v ~ . ¢ . ~ y ~ 'l
Muub Ko Ky | AuCu K S K goiy™ — (%)’kBucuch”Kdeiu“ub — gucul Koy Kb | 22qucule KV,

Table 4. Stress-energy tensor and bending moment of elastic corrections for codimension higher
than one.

The stress-energy tensor and the entropy current are not in the Landau gauge. In order to
do so we perform a frame transformation with the parameters

10T o P PN? N i (5 0%
0T = T Bs (( 7'67_—47_)\1+2<7_S> )\3>KK1—|—</\2 T8T>K K“>

1T <4x2_;3_fr”3> ,

T 9s T
1 - L
but = — —P", (4>\1ubKd’iK1 Lol K Kyt + 2X3upu ueKdebe,->
S

(4.17)

This transformation brings the stress-energy tensor given in the table above and entropy
current (4.16) to the form (3.10)—(3.12) with the coefficients

- P A P2 oT - - A
a1=A1<+38T 4)—38)\1—1—2 T 5, . a2:A2<1+SaT>—sm2,

T o Ts T3s Os T 0Os ds
oT oT oT O\ ~ ~ ~
@ = 78A2+A3<1_;—as>_sasa7§’ —h, a5 =—dha, as =2
)\1 5\2 5\3 4 - P )\3 5\2
517.,52 7.,53 7.,54 7.1+7.7. Bs = T

(4.18)

The relations between these coefficients are in exact agreement with the results obtained
in section 3.2 provided we identify

M =2\, Aa=2Xy, A3=2\3 . (4.19)

5 Discussion

In this work, we have constructed the theory of dissipative hydrodynamics to first order
in a derivative expansion in the case of codimension-1 surfaces.® In such cases, the most

general stress-energy tensor, entropy current and bending moment read

T% = T +10® + 0P + k1 K P + kg P PP K (5.1)
Jd = su + mKu® + moul K, D =94 | (5.2)

8In the case of higher codimension, to first order there are no elastic corrections
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where the relations between the several transport coefficients are listed in section 3.1.
Hence, the stress-energy tensor is characterized by 2 hydrodynamic and 1 elastic inde-
pendent transport coefficient. The extra transport coefficient associated with the elastic
behaviour is non-dissipative in nature and the way it affects the stress-energy tensor and
entropy current is fully determined in terms of the bending moment.

For codimension higher than one, we have constructed the theory of non-dissipative
hydrodynamics to second order in a derivative expansion. The most general stress-energy
tensor using the results of [5] together with those of section 3.2 is given by”

T = T( + o™ + 0P
+ 7-(71ucvcd<ab> + ’727?,<ab> + ')/3F<ab> + 7400“1)
F 15090 4 70w 4 <t 78a<aab>>
+ T (GueVed + QR+ GuuReq + (187 + (500a0™ + owears™ + Groa, ) P
(K K+ 0K Koy + asuu KT Kopi ) P
+ PP, (a4K6diKi + asK 9K + aguful K fiKhdi) :

(5.3)

while the entropy current to second order reads

JE = su + 2V, (§uVIT) + Ve (©Tw™)

ac_} ac é’i % a7 _ pcd a
+ &3 (R 57 R>uc+(7'+87'> (9VT PV qu VC'T)

+ <§4wcdwdc + 5592 + fgaCdacd> u® + &7 (VesVesu® + 2s0V%) (54)
+ </81KiKi + Bo KM K o + ﬁ3ucuchfinf¢> u®

+ Baup G + Bsuc K K
and the bending moment is given as
DY = My K+ MK 4 Aqucul" K (5.5)

The relations between the \; coefficients and the §; and «; coefficients are those given in
section 3.2. The relations between the remaining coefficients were obtained in [5] and we
write them here for completeness. There are two cases: the case of non-dissipative flows
with zero viscosities and the case of non-dissipative and stationary flows with non-zero
viscosities.

9See appendix B for the definition of F°® and the operation < ab >.
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For the case of zero viscosities the transport coefficients obey the following relations
for p = 3 [25]
O¢&s
= = 0 = 2 s = s = 7-7
n=¢ N=7+2, 12=E§, 73 o7
O

Tt =8 sy~ 25T T€77 Vs =73, V=734,

e 3—25772(35) C =250 2o st - oTs gy

T2 T ds 3 oT
G = (?fj—?) ; C3=2C2—73—27-8§;-f77

6T <5-§5-—§> ?“(25-35-—1)

Cr =T2s g;gg;Jr(? <g;,> +4Ts W+2T2 §;>€7+2(73+72§27§§> ,

(5.6)

where we have defined {g = £3/T +0¢3/0T . In this case, 13 of the hydrodynamic transport
coefficients appearing in (5.3) are fixed in terms of 5 transport coefficients appearing in the
entropy current (5.4). Including the elastic degrees of freedom, such fluids have a total of 7
hydrodynamic and 3 elastic independent transport coefficients. If the Riemann curvature
tensor of the background or the worldvolume geometry vanishes, then there will be a total
of 4 independent transport coefficients due to Gauss-Codazzi eq. (2.4).

Now, focusing on the case for which the fluid is stationary, i.e., # = ¢® = 0, the
stress-energy tensor (5.3) and entropy current (5.4) become

ab _ T(%b) T <72R<ab> g F<ab> o <acy, b> a<“ab>)
+T (CQR + GuuReg + Coweaw™ + C7acac> pab
+ (alKiKi + 0o KU K s + aguCu K, inﬁ) pab
+ PPy (g KK+ as KK+ agul oK)
J¢ = su® 4 2V, (flu[aVC]T) + Ve (&Tw™)
Le <Rac _ % ,yacR) (53 0&3

T o7
+ 6-4"‘ch("}dC “+ £7VCSVCSU
+ (ﬁlKiKz‘ + Bo KV K o + ﬁsuCUchﬁdei> u®
+ Brup G K™ + Bru KV Ky,

The relations between the hydrodynamic transport coefficients are those presented in (5.6)

) PN quV . T
(5.8)

but now the viscosities are allowed to be n > 0, & > 0. Such relations for hydrody-
namic transport coefficients can also be obtained from equilibrium partition functions as
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in section 4 and this has been done in [3]. The 8 non-dissipative hydrodynamic coefficients
appearing in the stress-tensor (5.7) are now fixed in terms of the 3 independent transport
coefficients appearing in the entropy current (5.8). In this case there are 3 hydrodynamic
and 3 elastic independent transport coefficients to second order in the expansion when
including the elastic degrees of freedom and a total of 4 if the Riemann tensor of the
background or the worldvolume geometry vanishes.

When considering the measurement of these transport coefficients from gravity, in
particular those associated with the elastic degrees of freedom, the object which can be
measured directly is B® instead of 7%, even though one can always be exchanged by the
other using relation (2.8). It is therefore useful to present the results for B% in the Landau
gauge and corresponding entropy current. This is done in the end of appendix C.

We note that we have only constructed the theory to first order for codimension-
1 surfaces and the non-dissipative sector to second order for codimension higher than
one. This was due to the fact that in order to allow for dissipation to second order it is
necessary to obtain the pole-quadrupole equations of motion in the spirit of [22]. However,
it is expected from classical elasticity theory that all corrections induced via the bending
moment to this order are non-dissipative and hence the results here apply even in the case
of dissipative flows where the results of [5] for the hydrodynamic corrections should be
taken into account. We leave a precise check of this for future work.

Finally, allowing for the fluid to be electrically charged or spinning in transverse direc-
tions to the surface would provide interesting connections to charged and doubly-spinning
black holes. Moreover, perturbing a black brane both intrinsically and extrinsically in a
time-dependent setting would allow to observe the different relations between the trans-
port coefficients. Understanding the role of the elastic corrections in an AdS/CFT context
would be worthwhile pursuing.
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A Generalization of the multipole expansion formalism

As mentioned in section 2.2, in order to work with fluids living on embedded surfaces it
is necessary to make a slight extension of the formalism developed in [22], in particular
the tensor structures B*” and B*”?, as well as other structures appearing at higher orders
in the expansion, should be allowed to depend on the set of mapping functions X*(c?)
instead of just on the worldvolume coordinates ¢®. This generalization does not modify
the results of [22] except for the transformations of these tensor structures under the field
redefinition'®

XH (o) — XH (o) = XH(o%) +E*(o") , (A1)
where X (0%) represents the set of mapping functions describing the position of the new
surface. Under this transformation the induced metric on the surface as well as the stress-
energy tensor components change to 7., B*(X%(0%)), B*P(X%(c?)). Using (A.1), we
find that the stress-energy tensor (A.2) transforms to

D % — YV @
T}LV(LEO() — /de—i—lo_\/j (B'U‘V(X(O'a))(s ( \/%( ))

-V, <B”””(X(a“))5D($a\;§a(0a))> +> . (A2)

where the new tensor structures differ from the old ones by'!

§BM = —BMy® V&P — 28PT My BV — BHV &P §BHYP = _BRVEP (A.3)
where we have defined the tensor E#”, symmetric in the indices pu, v as
oBH
(L
EM, = X (A.4)

The appearance of E*, in eq. (A.3) is the main difference from the work of [22]. Under
these transformation rules, the equations of motion presented in section 2.2 remain invari-
ant. This implies that the worldvolume stress-energy tensor 7% and the bending moment
D transform as

5T = TS K; + (écch“b - 2TC(aVc5b)) — E®, 6D =T (A.5)

where we have decomposed the deformation vector as é* = &%ut, + &nt;. The variation
of the spin current is of higher order.

These transformation rules can also be seen from the equations of motion. The field
redefinition (A.1) is only non-trivial along transverse directions as it coincides with world-

12

volume reparametrizations along wordvolume directions,™* so it suffices to analyze the

extrinsic equation of motion (2.18) evaluated on the surface X (c%),

/w "o/ =5 (Tabi(;b — 0!,V VD — Dabi R;jb) =0 . (A.6)
p+1

10This field redefinition was coined by the authors of [22] as ‘extra symmetry 2.

"Note that in deriving these transformation rules, we have used that 9,B"*(X*(¢®)) = 0 since B"” is
evaluated on the surface X (o%).

12This is true except at the boundary [22].
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Here we have not taken into account the spin current since it does not transform under
field redefinitions to this order. Here we have also written the equations of motion with
the integration over the surface since this is the form in which they are obtained [22].
Including the integration does not modify the equation of motion but it is necessary in
order to obtain the correct transformation properties under (A.1). We now write eq. (A.6)
in terms of quantities evaluated on the surface X*(0?) using the transformation rules along
transverse directions for the induced metric and extrinsic curvatures [1]

V= = —VEK; , 0Ku' =n', VoV — Ry | (A7)

bringing (A.6) to the form

/ dp“rlo.m ((T{lb o TabéiKi + E(lbiéi)Kabi
Wp+1
i,V V(D — Tbzm) — (Dbi _ pabgi) *;jb) =0 . (AS8)

We see that the stress-energy tensor and the bending moment have transformed in the
opposite way as (A.5) and hence yield the equation of motion on the surface X*(o%).

Frame transformations under field redefinitions. Here we analyze the transforma-
tion properties in the case for which T is of the perfect fluid form to leading order. In this
case, the field redefinition (A.3), besides introducing new contributions to the stress-energy
tensor, also induces a frame transformation in the fluid variables. According to (A.5) the
variation of the stress-energy tensor is

. OP de+ P oul . :
5Tab — T(aob)gzKi _ <8Xi,yab + (8)(z'>uaub + 2(6 + P)a)(zub)> & PKabiéz ] (A9)
Indeed the middle term above can be interpreted as a frame transformation with parameters

6T ~i 8 a__aua
axi- 9" T Toax

Furthermore, in the case of stationary fluids [1], the fluid variables depend on the scalars

6T = — g . (A.10)

X?(0) only via the induced metric. In this case the variation (A.9) can be rewritten as

6T = nggim — Epobedpg iz, (A.11)
where £ is the elasticity tensor of the confined fluid to leading order defined as [13]
ab
paved — 010 (A.12)
ar)/cd

The transformation properties of the entropy current can be obtained by generalizing the
analysis of [23, 24] and promoting the worldvolume functions to functions of the scalars
X*"(o). From this generalization presented in [2], one finds the transformation rule for the
fluid entropy current,

g . (A.13)

a axi g 0s ou®
0Jg = sue' K; — <8Xi +88Xi>
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2nd order data Before imposing EOM EOM Independent data

utVeb , V, VT
wubV,Vy T, R
’Vac’ybdRabcd ’ uaubRab

upu®V, VI =0
Vo VT =0 Vel , R, uubRe
Gauss-Codazzi eq. (2.4)

Scalars fluid (3)

uaub’YCd Racbd

P®yeV.ay , PPV .Veu, PtV .V T% =0

ab a be
Vectors fluid (3) | Pav,0 , PV, (uV,)T U PO 4T = 0 POV, PYWWVeo

PabR c
PYPRyu¢, P®y%Rypecu’| Gauss-Codazzi eq. (2.4) belt
PachdueVeUCd
Tensors fluid (3) V<aViT VaaVeTy, =0 Po PyutV coeq
Reab> 5, Feab> Gauss-Codazzi eq. (2.4) Reab> 5 Fear>
"YCdRC<adb> ) ucudR<acb>d
Spin-3 (1) V <o Vties V<aVites

Table 5. Classification of independent fluid data to second order in derivatives.

Again, we can see this variation as a frame transformation with parameters (A.10). As
mentioned in section 2.3, one can present these transformations in Landau gauge. In order
to do so we perform the frame transformation with parameters

10T P2\ oT _; P d < out

6T = =29 (e ) EK, + oa8 | ou® = — o PPaug K8 + g | (A4

T T 0Os <6+TS>E T oxic " Ts ottt i T oxic ( )
bringing the variations to the form

2
o7 = (p— s 29T P OT pavsige, _ ppe phyced st | spebi 0E
T os T? s

P (A.15)

5];7‘ = — %uaéiKi — ?ubKabigi

B Review of independent fluid data

Here we review the fluid data classified in [5] which is necessary for obtaining the results
of section 3.1 and section 5 for the hydrodynamic corrections.

To first order in the expansion we have already classified the relevant independent fluid
data in section 2.4. To second order the independent data is listed in table 5, where we

have defined the tensor F;, as
Fab = ucudRacbd ) (Bl)

as well as the operation < ab > on any two-tensor A, as

Acqg + Age o PefA@f) (B 2)

cd

A<ab> = PCanb ( 9
p

To second order we also have the composite independent data presented in table 6. To
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2nd order data

Independent composite data

Scalars fluid (4) 6% , aa. , oo™ , wepw?®
Vectors fluid (3) ad , aqw® , ao®
Tensors fluid (5) O0uy , 0°caOb> » WocaOeh> » WocaqWehs , Ocalps

Table 6. Classification of independent composite fluid data to second order in derivatives.

3rd order data

Before imposing EOM

EOM

Independent data

Scalars fluid (3)

UV (uiVab) , V.V
uV o (ulV 4 (ubVyT))
uV VyVIT
UVR , uVe(uuPRap)
uq VR
u Ve (YY" Rapea)
Ucvc(uaub’)/deRdaeb)
Uavb('chRcadb)

ucudvd(ueVeVbTbc) =0
UV, V,VpT% =0
u Vg ViV, T =0
ucecabde“efgveRbdfg =0
Gauss-Codazzi eq. (2.4)

uCVc(udVdQ)

VR, uVe(uuPRap)

Table 7. Classification of independent fluid data to third order in derivatives.

3rd order data

Independent composite data

Scalars fluid (16)

uvVel , (VT)VaVau® , (VT ulVaVeT | oapVOVPT | Fupo® | Repo®

UepR?® | OR , QutuPRyy , 6%, 0%oy8 , w®wpel , 0,00 , g0 | 0qeoCyo

waco.cbwba

ba

Table 8. Classification of independent composite fluid data to third order in derivatives.

third order we only need to classify the relevant scalars. These are (for p = 3) list in table 7.
Finally, we also have independent composite scalars to third order in the expansion, which
listed in table 8. This completes the classification of the relevant independent structures

appearing in the divergence of the entropy current.

C Another choice of surface for elastic corrections

In section 2.3 we mentioned that particular choices of surfaces can eliminate certain terms
in the bending moment. Our choice of surface consisted in not considering terms in the
bending moment D of the form u®u’K?. Here we consider another choice of surface in
which terms of the form v*K* do not appear in the bending moment. Therefore we wish

to consider a contribution of the form

Dab

a, b
= Puu’

~ 98 —

(C.1)




in the case of codimension-1 surfaces and
D% = \uu’K* (C.2)

in the case of codimension higher than one. Below, we consider such terms and compare
the results with those arising from equilibrium partition functions. We then consider a
specific combination of such terms that gives rise to the elasticity tensor. Finally, we write
down the tensor B® in the Landau gauge.

C.1 Divergence of the entropy current and comparison with equilibrium par-

tition functions

Here we first consider the case of codimension-1 surfaces and then of higher codimension.

Codimension-1 surface. For codimension-1 surfaces we consider the effect of adding a
term of the form (C.1). Computing the divergence we find

K1 8771 s 0 P s 0 P 2 P
a g elastic — I — S — = | =/ 2—— [ — —_ = K
Vol lpzct < T %8s " Tos (n)ﬁ T s (7'3192> 773192) f

+<7T17€81;,> GVK .
(C.3)

Each of these terms is composed of independent fluid-elastic data and hence must vanish
separately. Thus we find

P9
7T1|’l92 — ﬂ% ) (04)
0 8 P 0 P
Rl’ﬂ2 = T7T1 - ng — o5 (TS) '192 + 25 <ﬁ§2> - zﬁﬁQ . (05)

We now wish to compare this with the corresponding equlhbrlum partition function. The
relevant action is of the form

I[XH] = / V= P+192uuKab> . (C.6)
Wi+

The stress-energy tensor and bending moment read [1]

~ /
P ~ ~
T% = T(%b) - ﬁK <1927ab - (i;) k3u“ub> . DY = dyutul | (C.7)

while the entropy current reads [2]

~ !/ ~
a — a_£ 2i & _ ﬁ a
J¢ = su T (k T <k2> 27,) Ku® . (C.8)

By performing a frame transformation with parameters

1 PAT a0y .
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the stress-energy tensor and entropy current are brought to the form

- P s 0T 8192 z P 9,

TP =TH + —K |-+ =— — pet gt = ——=Ku* . (C.10

o 75 < 2T T s Tos =TT (C.10)

These are in exact agreement with the results obtained above from the entropy current
provided one identifies

Po =vy . (C.11)

Codimension higher than one. For codimension higher than one we consider the
effect of a term of the form (C.2). To analyze this case we only need to consider the terms
appearing in the stress-energy tensor (3.10) and entropy current (3.12) proportional to a;
and B1. The divergence of this piece reads

P 2 P ,
Vajg‘/\zlelastic: < — + 51— 87681 - ig < ) A4 +2£2 <7_S)\4> )\4) K"K,

T 0s T os\Ts T Os T Ts
3 a
+ <—TT)\4+261> u vaaKp

(C.12)

Each of the above terms are proportional to linear independent fluid-elastic data and hence
must be set to zero independently. Solving for the constraints we find

3 P
Bila, = §ﬁ)\4 : (C.13)
and
0 o (P o (P P
arx, =TH—Ts % — S <T3> A+ 255 <7-S>\4> —2= M (C.14)

We now wish to compare these results with those obtained in [1, 2]. We consider an
action of the form

I[X*] = / V= (P+X4uau”ucudKabichi> . (C.15)
Wh+1

The stress-energy tensor and bending moment that follow from here are of the form [1]

~ /
< A . . P - ,
T% = T(%b) + ()\47‘”’ — (ki> k5uaub) ucudueuchd’Kefi , D — —2?)\4uaubK1 ,

s
(C.16)
while the entropy current reads [2]
P\? )
J¢ = su® + <Ts> 687, <A4> K K'Ku® — 4;_11 wCutu Ky K geiu® (C.17)

In order to bring these structures to the Landau gauge we perform a frame transformation
with parameters

_ 1 oT O\ a
0T = — T(TS> D5 (3)\4+Ta7,> K ou® =0, (C.18)
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such that the stress-energy tensor becomes

- P\? ([« .s0T< O\
Jab _ ab = _32 70N, = s 2 ) KK, P 1
0) T <7's> (A“ ST s ™M 5 0s ) ’ (C-19)
while the entropy current reads [2]
- P\%)\ .
Jo = su — 3 <TS> %KzKiu“ . (C.20)

This is in complete agreement with the previous results obtained from requiring the diver-
gence of the entropy current to vanish provided

P -
M=-22 A (C.21)

C.2 The elasticity tensor

The elasticity tensor arises naturally in a equilibrium partition function analysis as the con-
tribution to the stress-energy tensor from terms that can be removed by a field redefinition
as written in section 2.3. Namely, from a contribution to the action of the form

I1X*] :/ V= kT&)%KabiKi ; (C.22)
Wh+1

where k is a function of 7. The contribution to the stress-energy tensor and bending
moment are of the form

T% = kE K ' K; , D™ = kPy"K' + kT su®u’K* | (C.23)

where E%¢d is the elasticity tensor introduced in eq. (A.12). We see that this gauge-
variant contribution to the partition function is captured by our previous results provided
we identify

M=kP , \M=kTs . (C.24)

Such terms can be removed from the stress-energy tensor and bending moment by per-
forming a field redefinition of the form (A.11) with parameter

& =kK" (C.25)
in agreement with [1].

C.3 The tensor B* in the Landau gauge

As mentioned in section 5, when performing a measurement from gravity of the several
transport coefficients what is measured directly is B as defined in eq. (2.8). Therefore,
in the case of codimension-1 surfaces and performing the following frame transformation
such that B is in the Landau gauge,

2
OT = ———8191K , out = ﬁ%PacudKCd ; (C.26)
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we find

a s 0T oth .
B b|(1)e1astic = (191 + 7*.%191 - Sas> KPP, (C.27)
and the corresponding entropy current
a () a
JS ‘(1)elastic = ?K’U, . (C28)

In the case of codimension higher than one, the following frame transformation,

2
5T — 10T ((2 P A\ <P> )\3> K'K; — (2X —)\S)UbudeCiKbci> ,  (C.29)

T Tos \\TTs™ T \Ts
1 ; i
out = ﬂpac <(2)\1 - )\3> udKCdei + <2)\2 - )\23> ubKCdebdi> ) (030)

brings the tensor B* to the Landau gauge and reads

2 P aT - -
B|(2)elastic = ((Oél + >\1) K'K; + a2K“b’Kabi> p

T Ts 0s (31)
+ |« —236—7-)\ +ial-)\ uu K S K g P '
ST T s P T T s ¢ oA
while the entropy current in this gauge reads

a _ ) cbi 3 )‘3 c, dy- fi a

Jel@elastic = | B Ki + Bo K" K + | B3 + o ) w K" Kafi | u
) (C.32)

N3 abi r-c
+ 2TUCK K bi -
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