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Abstract

In this thesis, some aspects of hydrodynamics on systems with non-trivial
spin degrees of freedom are studied. We start by identifying the relevant spin
degrees of freedom and how they can be incorporated in the hydrodynamic
expansion. After this has been achieved we modify the constitutive relations
to include such degrees of freedom, this is done in a way compatible with
the second law of thermodynamics. Conformal symmetry in the presence
of spin degrees of freedom is also analyzed and is used to write down an
idealized model that resembles the quark gluon plasma generated in heavy
ion collisions. From this model the expected polarization of particles after
such a collision is computed and compared to experimental data. Finally,
we use the fluid gravity correspondence and a five dimensional gravitational
toy model to exemplify how the new spin related transport coefficients of
a strongly interactive quantum field theory can be computed from a dual
gravitational theory.
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Chapter 1

Introduction

Hydrodynamics is a robust effective theory, valid on distance scales much
longer than the typical mean free path, capable of describing a wide variety
of phenomena, ranging from stellar evolution through fluid flow in a pipe to
heavy ion collisions. The dynamics of fluid flow are captured by the conser-
vation laws of the underlying many body theory at hand, supplemented by
constitutive relations which parametrize the conserved currents as local func-
tions of the dynamical variables. For example, energy can be parametrized
by a local temperature field and energy conservation serves as a dynamical
equation for it.

In a relativistic theory, on Minkowski spacetime, translation invariance
implies that the energy momentum tensor, 7", is conserved. In relativistic
hydrodynamics the constitutive relations for the energy momentum tensor
are expressed in terms of a temperature field 7" and a velocity field u* nor-
malized such that u#u, = —1. As in any effective theory, the constitutive
relations are the most general ones possible, compatible with the physical
constraints of the problem. In hydrodynamics these include [1-3] symmetries,
unitarity, the second law of hydrodynamics and various Onsager relations.
Once the constitutive relations are available (usually in terms of a derivative
expansion), the equations of motion for 7" and u* are given by energy momen-
tum conservation and from the relativistic Navier-Stokes equations. Over the
last few years there has been increasing interest in a theory of hydrodynamics
in the presence of an independently conserved angular momentum density,
JMP or, alternatively, a non vanishing spin current, S**;

JHOP = gV TR0 — P T — SHP, (1.1)
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In flat spacetime, the conservation of energy and angular momentum implies
9T =0, 058 =21l (1.2)

Equations (1.2) will rule the evolution of the flow on a fluid with non-
vanishing spin current S*¥. The spin current S™* will be present when
underlying canonical fields carry nontrivial spin. An instructive example is
to look at free Dirac fermions, i.e. the quantum field theory of spinors ¢ with
mass m that evolve according to the Lagrangian

U] = [ daleli (0, — m) . (13)

with v, the Dirac gamma matrices. From the Noether procedure it can be
shown that conservation of angular momentum fixes the spin current to be

i
S = —5¥ (VY + V™) ¥, (1.4)

with v, = %% — %Y, (1.4) is the simplest example of a theory with
non-vanishing spin current as the scalar field will have a vanishing S™* as
expected.

Relativistic hydrodynamics plays an important role during heavy ion col-
lisions. In these collisions the quark gluon plasma (QGP) is produced along
with strong magnetic fields, see figure 1.1.

PROJECTILE

~ TARGET
SPECTATORS

Figure 1.1: Schematic view of the collision with the yellow arrow indicating
the direction of the flow.Figure taken from [4].



In off-central collisions the QGP is characterized by a large vorticity,
which together with the large magnetic fields that are generated can induce
a global polarization of the final hadrons [4]. In particular, there is experi-
mental evidence for correlations between the spin polarization of A-hyperons
and the angular momentum of the quark gluon plasma in off center colli-
sions [5, 6], see figure 1.2.
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Figure 1.2: Results and figure taken from [5] where the average polarization
Py for A-hyperons (H = A) and A-hyperions (H = A) is plotted against the
beam energy per nucleon /syy for 20-50% central Au+Au collisions. The
results of [5] are shown together with the ones from [7] for 62.4 and 200 GeV
collisions. Boxes indicate systematic uncertainties.

Fluid-like description of spin dynamics in non-relativistic systems are also
crucial in spintronics [8,9] and quantum spin liquids [10]. The experimental
realization of spin currents induced by vorticity in liquid metals [11], see
figure 1.3, is a recent example. Spin hydrodynamics in (nearly) defect-free
crystals might give insights on the spin transport, energy dissipation, and
efficiency of the system [12].
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Huid
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Figure 1.3: Comparison of electron hall effect (left) and an equivalent spin
effect in liquid metals due to non-vanishing vorticity (right). Figure taken
from [11].

A proper theoretical understanding of these phenomenon necessitates a
consistent hydrodynamic theory of spin currents. While there has been a
significant amount of work on the matter, see, e.g., [13-33] and [34-38], a fully
consistent theory of hydrodynamics of spin currents is lacking. Therefore the
main goal of this thesis is to show the steps we have taken into developing an
exhaustive and consistent theory of spin hydrodynamics. One of the main
issues when trying to develop spin hydrodynamics is the general disregard of
the spin current due to the Belinfante-Rosenfeld (BR) symmetry [39,40], an
invariance of (1.2) under the shift

1.
T — T 4 EV/\ (BM — BV — B (1.5)
S/)\,uu _ S)\,LW 4 ‘B)\MV7 (16)

where BM¥ is antisymmetric on the last two indices and in principle can
then be chosen judiciously to completely remove the spin current from the
description, leaving the symmetric Belinfante-Rosenfeld energy momentum
tensor T as the only relevant current

1.
Thiy =T = SVa (S = SM — 5 (1.7)

10
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This conclusion was challenged in [20] (see also [22,23]) where it was argued
that, even though the definition of the spin current operator is subject to
the transformation (1.6) this symmetry might be broken by the thermody-
namic state of the theory, hence the different choices of BM* would lead to
different observables. Our approach to the BR symmetry consisted on intro-
ducing sources into the description. Once the proper sources of the energy
momentum tensor and the spin current were identified the BR symmetry
was broken, allowing us to work in an unambiguous way. This identification
is the jumping point into exploring the dynamics of the spin current in a
consistent way. Although we did not manage to do an exhaustive study of
all aspects associated to the spin dynamics we did develop the first steps into
a systematic approach to studying relativistic hydrodynamics with spin.

In the rest of this chapter we will discuss how the spin current is con-
sistently sourced, we will review the classical relativistic theory of hydrody-
namics and how we can consistently include the spin degrees of freedom into
the description. Finally we will mention how spin hydrodynamic transport
can be studied using holographic techniques. These topics on themselves are
explored on the remaining chapters. In chapter 2 the introduction of spin de-
grees of freedom into the hydrodynamic description of a theory is performed
in a systematic way. Chapter 3 is used to explore conformal symmetry in
the presence of spin, we later use this symmetry to simplify the computation
of spin polarization in a model containing some of the main features found
in the quark gluon plasma generated in heavy ion collisions finding a good
fit with collision data. Chapter 4 is relatively self contained and in there
we use a holographic five dimensional toy model to show that it is possible
to compute hydrodynamic transport via holographic techniques. Finally in
chapter 5 we discuss the next steps that should be taken to fully flesh out
the hydrodynamic description of systems with spin.

1.1 Sourcing the spin current

The dynamics of a finite temperature many body system at a given energy
scale are encoded on the partition function Z[Jo, ®.], where J are sources
coupled to the operators O of the theory and ®. are the microscopic degrees
of freedom relevant at such energy scale. Such partition function is obtained
after integrating out the high energy degrees of freedom of the microscopic
theory up to the chosen scale.

11
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From the partition function the quantum effective action W can be de-
fined as

eWlo®l = 71 Jp, @] . (1.8)

By taking variations of W{[Jo ¢_.] with respect to the sources we can find the
correlation functions of the theory for the operators O. In the hydrodynamic
limit only conserved currents enter the description, meaning that we only
need to know how those can be sourced. As we already discussed, for an un-
derlying theory invariant under translations and rotations there will be two
operators associated to the Noether currents of these symmetries, the energy
momentum tensor 7" and the total angular momentum J*. In flat space-
time the conservation laws for these currents will be (1.2). In the context
of hydrodynamics, which our work will focus on, these two currents will be
the only relevant ones for the dynamics while all the higher energy degrees
of freedom have been integrated out, namely Z = Z[Jr, Jg|. We know that
for theories with vanishing spin the energy momentum tensor can be sourced
by coupling the underlying QFT to a generic curved background, with the
metric g, of such background acting as the source of T#”. To illustrate how
the spin current can be sourced it is, once again, enough to understand how
Dirac fermions couple to gravity. To place fermions in curved spacetime it
is necessary to change from a formulation in terms of the background met-
ric g, to a first order formulation in terms of the vielbein fields ef [41-43],
related to the metric by

ezegnab = Guv - (19)
The vielbein introduce a flat tangent space at every point in spacetime on
which the Clifford algebra can be locally defined. This results in the Dirac
Lagrangian

{

S[y] = /d“xlelw {v“ ((% + 2wab“’7ab) — m] U+ cc., (1.10)

where |e| is the determinant of the vielbein fields, and w, is the spin connec-
tion introduced to make the theory invariant under local Lorentz transfor-
mation. The connection is minimally coupled to the fermions hence sources
the spin current operator —%15 (7)‘7#1, + %1,7)‘) ¥. Comparing this coupling
with (1.4) it becomes clear that the spin connection will act as the source of
Sy,

12



1.1. SOURCING THE SPIN CURRENT

When the sources in (1.10) are only background fields hence not subject
to variations, there is no reason to choose the connection to be Levi-Civita'.
It can be more general

F;Aw - %g)\p (0uGvpo + OvGup — OpGp) + K)\vu ) (1.11)
where the first term is the Levi-Civita connection fﬁyand the second term,
K is called contorsion and its antisymmetric on its first two indices. The
metricity requirement (vanishing covariant derivative of the metric) does not
fix K. Instead, it is determined completely in terms of the torsion 7¢,,,
through

T, =2, = K, — K (1.12)

[1Z%)

while torsion itself is related to both the vielbein and spin connection through
T, = Opey + wab[uez] . (1.13)

In the presence of a non-trivial 7%, the vielbein and the spin connection stay
independent.

We can now extend the discussion from free fermions to a more general
QFT with an action I[e,w, V] with U a non-trivial representation of the
Lorentz algebra, coupled to a first order gravitational background. One then
defines the effective action We, w]

eiW[e,w] — /D‘Ileil[e,w,\ll] : (114)
with a variation of the form

1
W = /ddx|e] {T“aéez + éSAabéw“b)\ : (1.15)
Coupling the underlying theory to a torsionful spacetime will unambiguously
define the spin current through (1.15), we will take this relation as the def-
inition of S*¥. At this point we can note that taking the affine connection
to be the Christoffel connection,

1
Lo = 59" (Oubow + Ouon = Orgi) - (1.16)

! Choosing the Levi-Civita connection is equivalent to symmetrizing the energy momen-
tum tensor and removing the spin current through a BR transformation.

13
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will make the connection and the vielbein not independent and will recover
the usual symmetric Belinfante-Rosenfeld energy momentum tensor [39,40]
and a vanishing spin current. It is then crucial to keep the connection inde-
pendent throughout any computation to have unambiguous definitions, we
are free to set torsion to zero once the relevant macroscopic quantities of
interest have been computed.

1.2 Relativistic hydrodynamics

Hydrodynamics is a universal low energy effective field theory of many body,
finite temperature systems. The equations of motion of hydrodynamics con-
sist of local conservation laws (e.g. energy momentum conservation or charge
conservation, we will focus on the set of equations (1.2)). The dynamical
variables are given by a temperature field T, a velocity field u#* (which we
normalize such that u#u, = —1 for the relativistic setting we are working
in), and chemical potentials associated with other conserved charges present.
In the current context angular momentum conservation leads to a (non-
)Jeonservation equation for the spin current, which implies the existence of a
spin potential fi4p, i.e. the spin analog of electric chemical potential.

To obtain the explicit form of the equations of motion for the hydrody-
namic variables one needs a set of constitutive relations whereby the energy
momentum tensor and spin current are expressed in terms of T, u*, the
relevant chemical potentials and their derivatives. Often, such constitutive
relations are expressed in terms of a truncated expansion in derivatives of
the hydrodynamics variables. In particular we would like to classify all in-
dependent and symmetry allowed tensor structures at any given order of
the expansion to write down the most general set of constitutive relations.
The proportionality constants between the currents and each of the relevant
tensor structures are usually called transport coefficients. For example, the
constitutive relations for T*" up to first order in derivatives of an uncharged
fluid with trivial spin is known to be of the form

T = o(T)ulu” + P(T)A™ — ((T)OAM — y(T)o™,  (1.17)

where ¢ is the energy density, P is the pressure, the projector A" to the
space orthogonal to u* is defined as

AP = g +ur'u” (1.18)

14



1.2, RELATIVISTIC HYDRODYNAMICS

the transport coefficients {(,n}, known as the bulk and shear viscosities,
appear next to the first order in derivative terms {6, o*} respectively. These
first order tensors are related to the gradient of the four velocity through

0= V,u", (1.19)
AP AL\
o = (A*@Ag) - 15) veu?, (1.20)

with d the dimension of the spacetime and V is the Christoffel covariant
derivative. In general the constitutive relations must satisfy certain criteria
which have been shown to be captured by the second law of thermodynam-
ics, at least to leading order in derivative expansion. For the particular case
of (1.17) we know these constraints are translated into the positivity of the
viscosities {¢,n}. One of the main goals of this work was to derive the equiv-
alent of (1.17) for a system with both a non-trivial spin current and spin
chemical potential. We will later motivate that the spin potential is natu-
rally associated with terms which are first order in derivatives, this will alter
the way we will truncate the theory. We will write down the most general
constitutive relations for the energy momentum tensor and spin current of a
parity invariant theory on d-dimensional flat spacetime, this will be shown in
chapter 2. It is important to mention that this counting will not be the only
possible counting on the hydrodynamic derivative expansion, in chapters 2
and 4 we will briefly discuss some alternatives and in [44, 45] some other
proposed alternatives can be found.

1.2.1 Classification of constitutive relations

The tensor structures appearing on the constitutive relations for the currents
can be classified into two categories: equilibrium and non-equililbrium. The
non-equilibrium tensors are defined such that they vanish under local ther-
modynamic equilibrium, while the equilibrium part corresponds to the hydro-
static limit. A fluid which is acted on by time independent external forces will
settle down to a hydrostatically equilibrated configuration. Since a hydro-
statically equilibrated configuration must be a solution to the hydrodynamic
equations of motion, the explicit form of the hydrostatic configuration must
be compatible with the constitutive relations of the fluid. Put differently,
the existence of hydrostatic equilibrium poses constraints on the constitutive
relations of the fluid. Therefore, if we can generate a valid hydrostatically

15
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equilibrated configuration we may use it to simplify the construction of the
constitutive relations for the fluid.

To obtain a valid hydrostatically equilibrated configuration we use the
methods developed in [46,47]: Consider a hydrostatically equilibrated state.
In such state Euclidean correlation functions of generic operators at equal
Euclidean time will decay exponentially at large distances (assuming we are
not at a critical point or that there are no long range forces at play). That
is, there exists a power series expansion of zero frequency correlation func-
tions of generic operators around zero spatial momentum. Let us consider a
generating function for such correlation functions valid up to, say, m powers
of spatial momentum. In real space such a generating function will contain
m derivatives of its arguments, the sources for the operators in question.
For instance, the hydrostatic generating function for the energy momentum
tensor will be a local function of the background metric and its derivatives.
Thinking of hydrodynamics as an expansion around this hydrostatic state
justifies the use of a truncated derivative expansion.

There exists an abundant body of literature on the construction of the
hydrostatic generating function, and the associated constraints on constitu-
tive relations for a variety of operators and sources. See e.g., [48-77]. For
the current work, we are interested in hydrostatics in the presence of a spin
current, as defined in (1.15). To this end, we need to construct a Lorentz
and coordinate invariant generating function associated with a time inde-
pendent external vielbein, e, and spin connection, w#“b (and their covariant
derivatives).

To make time independence of the sources manifest, we denote by V# the
Killing vector along which the vielbein and connection are time independent.
Then, time independence of w,”” and e®, amounts to the condition £(...) =0
for any tensor and source of the theory. The existence of V# will allow us to
find a solution of the dynamical variables in terms of the sources {ef, w®,}.
For the ideal fluid, namely a fluid with only energy and pressure taken into
account, this solution looks like

T— 0 ut = (1.21)

with T, ! the parametric length of a compact Euclidean time direction on
which the effective action W has been computed. Through (1.21) the equi-
librium /hydrostatic effective action W for the ideal fluid can be written in

16
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terms of the dynamical variables as
W= /dda:|e| P(T), (1.22)

with P(T) the hydrostatic pressure, this identification will follow once we
compute the variation of W using (1.21). In addition to the pressure identi-
fication the Gibbs-Duhem relation and first law also follow from this partition
function, namely

e=—P+sT, (1.23)
lg

S=or (1.24)

de = Tds (1.25)

where we have identified g—? with the entropy s, this identification follows
from matching the result of the variation of W with the standard thermody-
namic relations expected to be valid at local equilibrium. We can go beyond
the ideal case and find the equilibrium corrections to the constitutive rela-
tions at any given order of the derivative expansion, this can be done by
adding to W all independent equilibrium scalars made out of gradients of
the dynamical variables at the desired order. It is important to note that the
equilibrium condition, Ly (...) = 0, imposes certain relations between the dy-
namical variables. For the uncharged fluid the following equilibrium relations
can be derived from the background metric Killing equation, Ly g,, = 0,

V,.T
— 1.26
a;u' T Y ( )
0=0, (1.27)
o =0, (1.28)
with a the acceleration defined as
a, = ul’%yuu : (1.29)

If we were to take %NT as the independent equilibrium vector we will be left
with the vorticity 2#, defined below, as the only independent equilibrum
part of the velocity gradient

Q= AOATV |y (1.30)

17
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In addition to these equilibrium identities we will have u“@MT = 0, following
from LyT = 0, allowing us to conclude that there are no non-vanishing
first order scalars for the uncharged fluid’?. We can conclude the first order
corrections to the ideal fluid constitutive relations should only be of the
non-equilibrium type. There are 2 non-equilibrium scalars {Q,UM%MT}, 1
non-equilibrium vector a,, + V;,T, and 1 non-equilibrium tensor ¢*” resulting
in the first order constitutive relation®

THY — (5 + nlup%pT + n29> ulu” + (p + n3up%pT + n49> AR (1.31)
v
+ 15 <a(“ +— ) ) — ot

with n; some functions of temperature. We can note (1.31) is not of the form
discussed in (1.17), the reason for this is that there are still two simplifica-
tions we can make*. The first one consists on writing down the constitutive
relations on-shell at any given order in the derivative expansion, meaning
we can use the equations of motion order by order to write a subset of the
non-equilibrium tensors in terms of another independent subset at any given
order. For the uncharged fluid we have two projections of the equations of
motion at first order in derivatives

u,V,T" =0, (1.32)
ALY, TH = (). (1.33)

From (1.32) it follows that u”%pT is related to 6 on shell, allowing to change
(nguPV , T 4+ nyf) — —(6 and leaving only the bulk viscosity ¢ as the inde-

pendent transport coefficient. The second equation (1.33) will set a* + %
to zero. The second simplifications consist on performing a so called frame
transformation of the dynamical variables, this transformation is of the form

T —T+6T, (1.34)
ut — u* 4 dut (1.35)

2This is true for a parity invariant theory. If we allow for parity breaking contributions
to W there might be equilibrium contributions at first order.

3The uncharged fluid has a symmetric energy momentum tensor.

41f this simplifications are not made the constitutive relations will have an ambiguity
on them as the transport coefficients will not uniquely characterize the fluid.

18



1.2, RELATIVISTIC HYDRODYNAMICS

with {07, 0u*} first order in derivatives. Such transformation is related to
the ambiguity in defining microscopically the dynamical variables and we can
note that such shift will not change the equations of motion at the order we
are taking into account. We can note that under this transformations the
projections of (1.31) transforms, up to O (0), as

d (u,u, ") =0, d(ALTH) =0, (1.36)
5 (AyusT) = — (¢ +p) du, (1.37)
3 (A,ATP) =0. (1.38)

From (1.37) we can choose du,, such that 7" u,, is parallel to the four velocity,
this choice of frame is known as the Landau frame and will be our choice
for the whole work. After fixing du this way we are left with 67, to fix this
transformation we can look closely at (1.36) and note that under the frame
transformation the energy and pressure transform as

e(T) — e(T) + g—;éT, (1.39)
p(T) — p(T) + g—géT. (1.40)

We can then pick 67 to absorb (nlu”%pT + n29>. We are then left with the
constitutive relations on the Landau frame

T = e(T)utu” 4+ p(T) A" — ((T)0A" — n(T)o™ . (1.41)

This whole discussion can be repeated for the case of a fluid with non-trivial
spin current and non-vanishing spin potential. After we have chosen the
derivative order on which u® is to be considered we can classify all tensor
structures on the theory in terms of the equilibrium condition and their order
in the expansion. For the equilibrium piece we can write down the effective
action W up to a desired order in derivatives by using a solution of the
dynamical variables analogous to (1.21), in particular the spin potential will
be related to the spin connection via

w VH
p = —HV2 : (1.42)
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The number of non-equilibrium tensors can then be reduced by using the
equations of motion at the desired order in the expansion. This systematic
classification of a fluid with spin is one if, if not the, main results of this
work.

1.2.2 Constraints on transport coefficients

The coefficients appearing on the constitutive relations (1.41) are generically
not unconstrained. They will be restricted by the existence of an entropy
current S*, namely we will ask for the existance a vector S* such that, on-
shell, its divergence is positive definite

V5" > 0. (1.43)

Equation (1.43) is the hydrodynamic version of the second law of thermo-
dynamics. Following the canonical approach of deriving such current [1] we
can look at the following equation of motion

o

w,V, T = —u“@ua —0(c+ P) + 0% +no"o,,, (1.44)

using the thermodynamic relations %#5 = T%us and € + P = sT we can
rewrite (1.44) as

UV%NT‘W =-T (u“@ﬂs + 50) +&0* + noto,, (1.45)

that, on-shell, can be rewritten as

@ not o ‘

vﬂ (Suu> - T T

(1.46)

If we are to assume S* = su* then for (1.43) to be satisfied we would need
¢>0, n>0. (1.47)

However there could exists a non-canonical part® on the entropy current,
namely the entropy current can take the form S* = su* + S . .., with
Sk a judiciously chosen first order vector such that (1.43) is still satis-

non—can

fied. Although it can be shown that the canonical part is enough to capture

®Generically the canonical part of the entropy current is Seqn = su* —% (TH — T ).
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the entropy current of an uncharged fluid we know that not taking the non-
canonical piece into account can lead to incomplete results, see [78] to see
its importance on anomalous transport. When analyzing spin transport an
analogous analysis should be done, in this case the canonical part of the spin
current will take the form

SH

can

U’V v v H’ Lo} g loa
= su’ — T (T“ - EZeal) - # (SMP - Si'tl’;al) ’ (148)

A . . . . . .
where T/ . and S;I», are the ideal pieces of the constitutive relations®. To
determine the non-canonical piece we need to assume the most general first

order vector’ and impose (1.43).

1.3 Holography

Two theories are called dual when you can map the observables from one
theory into the observables of the other one. A very successful duality has
been the holographic correspondence, that on its original and more general
form relates a string theory in an AdS5 xS5 background with AV = 4 super
Yang-Mills (SYM) theory with SU(N) gauge group living in four spacetime
dimensions [80]. In its stronger form the mapping between these two theories
is conjectured to be given by [81]

ZcrT [O(é(O)} = ZStm'ng‘(ﬁ( (149)

2,Z)boundary =¢0 () ’
where Zcpr is the SYM partition function, Zgsing is the string partition
function, O is some SYM operator and ¢(x, z) is a general field propagating
on the AdS bulk with coordinates (z,x), note that x are the coordinates of
the 4D spacetime on which SYM is evolving. What (1.49) is telling us is that
the boundary value of the bulk field acts as source for the corresponding
operator @. On the SYM side there are two relevant couplings: the SYM
coupling gy s and the number of colors N, while on the string side there is
the string length [ and the string coupling constant g;. The relation between

SFrom the point of view of the hydrostatic partition function P we refer to the ideal
part as the one coming from the contributions to the pressure P involving no explicit
derivatives.

"We are assuming (1.43) is satisfied up to O (82), for an analysis when higher order
terms are taken into account look at [79].
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these couplings is

L4
oy = 27gs 29y N = T (1.50)

with L the AdS radius. On the g, — 0 and % — 0 limit the string theory
can be approximated by classical supergravity, the corresponding limit on the
CFT side will correspond to the t'Hooft limit [82] N — oo and A = ¢ ,,N
large. Namely the large N and strongly coupled CFT can be approximated
by the on-shell supergravity action Ssygra, in Euclidean signature, through

Zerpr [0 = €_SSUGR'A‘¢( (1.51)

2,@)boundary =¢0(z)
Strong arguments for (1.51) have been made [80] in the particular case of
Type IIB supergravity and strongly coupled N' =4 SYM. However, for com-
putational purposes, it is possible to assume that (1.51) is a good approxi-
mation to compute observables on any given strongly coupled QFT once an
adequate choice of dual gravitational theory has been chosen®.

Assuming (1.51) works for our theory of interest we can note from com-
paring (1.51) and (1.8) that Ssygra takes the role of the effective quantum
action. As suggested from (1.15) the boundary value of the supergravity
metric will source the energy momentum tensor. In addition to the gravita-
tional fields we would need to include fields for all the relevant operators of
the theory, however on the hydrodynamic limit these operators are the ones
associated to conserved currents, for us they will be the energy momentum
tensor and the spin current. This means the class of gravitational theories
that are of interest to us are those of the Einstein-Cartan type [83-85], where
the vielbein and the spin connection are the gravitational independent vari-
ables

Ssuara = Ssucralenn Wit (1.52)
where we are using bulk spacetime and tangent space indices {M, N, ..} and
{A, B, ..} respectively. In practice what has to be done is to propose a gravi-
tational action based on the symmetries of the expected dual CFT, and then
solve the equations of motion to evaluate the on-shell gravitational action and
its fluctuations. From the fluctuations of Sgygra the correlations functions

8This type of holography is known as bottom up holography and the dual gravitational
theory is usually chosen based on the symmetries of the particular QFT of interest.
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of the theory can be computed. When using holography for computing the
constitutive relations it is possible to directly use the hydrodynamic expan-
sion on the gravitational side [86,87]. This procedure consists on solving the
gravitational equations of motion order by order in the derivative expansion.
This will allow us to compute the correlation functions to any desired order
in the gradient expansion. In chapter 4 we will look at a particular gravi-
tational action satisfying this characteristics that will allow us to compute
different spin transport coefficients in an analytic and controlled manner.
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Chapter 2

Hydrodynamics

As discussed in the introduction, the first step in setting up a hydrodynamic
theory of spin currents is to construct a well defined spin current. The
challenge that arises when working in flat spacetime is the inherent ambiguity
in the definition of the stress tensor constructed via Noether’s procedure due
to improvement terms. These improvement terms modify the structure of the
angular momentum density and therefore the structure of the spin current,
as defined in (2.6). In what follows we will go over the origin of the ambiguity
of the spin current and we will make two observations. The first one is that
the ambiguity in the spin current is removed once the theory is placed on
a torsionful background geometry. Thus, by coupling the theory to torsion
one can obtain a well defined spin current. Our second observation is that
the ambiguity in the spin current does not affect the combined dynamics of
the stress tensor and spin current. Therefore, to obtain a well defined spin
current we can couple our theory to a torsionful background and take the
torsionless limit to obtain physical results. Along the way we will introduce
some notation relevant for the rest of this work. While the material contained
in this section is known, it is central to our construction, so we present it
here for completeness.

Given an action S[¢; x| with dynamical fields ¢ and couplings x, we define
the variation

5S[6: x] = / C-6x+ E - 69| d'z, 2.1)

such that F denotes the equations of motion. If §S = 0 and dy = 0 for a
particular d¢, we say that d¢ is an infinitesimal symmetry. If S = 0 for
a particular (non vanishing) dy and d¢ we say that dx and d¢ constitute a
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spurionic symmetry. If we parametrize an infinitesimal symmetry via d¢ =
Aor¢ with A\ a constant, then for a spacetime dependent A\ we necessarily
have

6S[p; x] = — / JIV A = / E - Myod'x (2.2)

which gives Noether’s theorem, V,J# = 0, under the equations of motion.

The transformation associated with d¢ = A(x)d ¢ is not a symmetry.
But, if we manage to couple the action to a source x, such that a generic
transformation of the action yields

3S[o; X, Xul = /J“(SXM +C-6x + E-dodx, (2.3)

then d¢ = A(z)dr¢ and dx, = V, A will be a spurionic symmetry with the
associated conservation law V,J* = 0. Conversely, suppose 65 = 0 for some
spurionic symmetry d¢ = F'(A(x)), 0x = x(A(x)) and dx,, = X, (A(z)) where
F, X and X, are linear functions of A with (possibly) a finite number of
derivatives acting on them. Then, J* defined in (2.2) will satisfy a certain
identity under the equations of motion. Often, this identity is referred to as
a conservation equation even though, as it should be clear from the above
construction, it will result in V,J* = 0 only for dx, = V, A and dx = 0. In
what follows we will refer to identities associated with the above spurionic
symmetry as conservation laws if they lead to a conservation equation of the
form V,J# = 0 and to non conservation laws otherwise. Our entire discussion
can be mapped to a quantum field theory (modulo a treatment of anomalies)
where the non conservation laws are referred to as Ward identities.

Before applying this somewhat abstract construction to the vielbein and
spin connection, let us first discuss it in a more familiar setting. Consider a set
of dynamical fields ¢ coupled to an external metric g, and an external gauge
field, A, such that the action is coordinate reparameterization invariant and
gauge invariant. In this case, the coordinate reparameterizations and gauge
transformations are spurionic symmetries. A general variation of the fields
and sources is given by

1
05[6; Guvs Aul = / (iT“”égW + JHOA, + E - ¢) Vodiz . (2.4)

Only the gauge field transforms under gauge transformations so J* will sat-
isty a conservation law, V,J#* = 0. On the other hand coordinate reparam-
eterizations will modify the metric and the gauge field which leads to the

26



non-conservation law

v, =F"*"],, (2.5)
with F'*” the field strength associated with the external gauge field A,,. Mov-
ing on to our particular setup, consider a field theory with dynamical fields

¢, coupled to a vielbein e, and spin connection wlﬂb. The variation of the
action associated with this theory is given by

1
W = /ddx\e] [T“a&ez + QS)‘ab&u“b)\ : (2.6)

Such an action can be made invariant under coordinate reparameterizations,
&' and local Lorentz transformations, 6%, as long as the dynamical fields
transform as appropriate tensors, e.g.,

0Q" = £eQ% — 0%Q", (2.7)
for some tensor Q%,, and the vielbein and spin connection transform as

det, =Lee, — Qabebu ,

2.8
dw™, =Lew™, +V,0%. 28)

Here £, is a Lie derivative along £, and V,, denotes a covariant derivative,
v,.Q% =90,V +w, Ve, =T, V. (2.9)

If w®, and e, are independent fields, the transformations (2.8) will lead
to two non conservation laws: one for 7%, and one S*,,. Conversely, if wff’ is
determined from e®, then the only current is the stress tensor and (2.8) will
lead to a non conservation law for it. The improvement term which allows
for an ambiguity in the definition of the spin current can be traced to the
latter and its absence to the former. Before showing this explicitly, let us

introduce some notation. We define the torsion free spin connection w®,, via
d}abu =e,° <8M6Vb + f\uaueab> ’ (210&)
where
no 1 ad
g, = 59 (0895 + 0985 — 0594 - (2.10Db)
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The covariant derivative associated with w®), or I 3y will be denoted by %M.
For instance,

V,Q% =0,V + %, Ve, — T, V. (2.11)

Likewise, R 3vs and other ringed curvature tensors are associated with ringed
connections in contrast to their non-ringed counterparts, e.g., R%g,s5. The
difference between the spin connection and the ringed spin connection is the
contorsion tensor

w?, =, + K™, (2.12)
The contorsion tensor, K “bu, is related to the torsion tensor, T%g., defined
via
I, =I5 =T%,, (2.13)
through
7%, =K, — K%, . (2.14)

Going back to (2.8), suppose that w®, = &,. In this case (2.8) will reduce
to

65, ey, wabu(e)]

- /(Tgaée““ +E-¢)leld’z, (2.15)

ab —:ab
W =W

where

PP S DY LN )
TEu(x) =T, (z) + ] /25 e(Y) (5(2“#(1’)

The conservation equations associated with the spurionic symmetries (2.8)
read

le(y)|d%y . (2.16)

VI =0, T -T¢=0. (2.17)
Note that in our current formulation, the absence of an antisymmetric com-
ponent of the energy momentum tensor is a dynamical statement. That is,
it is satisfied only if the equations of motion, ' = 0, are satisfied. We will
come back to this feature shortly. So far, we have set w,® = &,% and then
taken the variation (2.6) in order to get the stress tensor. We could have
carried out the same procedure in the reverse order, first take the variation
(2.6) and then set w™, = @,. In this case we would have obtained the non
conservation equations

e

o

o 1.
VT = SR agy 877, T =T = VoS (2.18)
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Note that the first equality in (2.18) can be written in the equivalent form,
o 1. o
VvV, = §VMVQ (S — Grav — gram) (2.19)

The second equality in (2.18) is equivalent to angular momentum conserva-
tion, c.f., (1.1).

Using (2.10) and (2.16) it is straightforward to show that S is related
to T¢, via

1.
T = T — SV, (S = 5M — 5% (2.20)

Thus, equations (2.17) and (2.18) are, obviously, equivalent, and no informa-

tion is lost by solving one or the other. In fact, since w®, is a function of €%,

the dependence of the action, S, on the spin connection &, is ambiguous:
we may always shuffle a dependence of the action on &, into a dependence

on e, and its derivatives. Thus, in general, we find

o 1o 2
VI = SR, SO0 T = T = VS (2.21)
where 1
T/ =T 4 SV (B — B" — B"™) . (2.22a)
with
pom _ grow _ gouw (2.22b)

Equations (2.17) and (2.18) are special cases of (2.21).

Let us emphasize once again that given an action, S, equations (2.17),
(2.18) and (2.21) are all equivalent and will take the same functional form.
The difference between T"” and T"*” exhibited in equation (2.22a), is often
referred to as an improvement term, and amounts to exchanging derivatives
of the vielbein in the action between the spin connection and the stress tensor.
In equations, it amounts to a decomposition of the stress tensor TE” of the
form

1o
TE =T — Vo (S — S/ — §r) | (2.23)

Colloquially, due to the similarity between (2.21) and (2.18), one oftentimes
refers to the decomposition in (3.30) as an ambiguity in the spin current. The
construction presented in this section makes it clear that the modification
of the spin current a la (2.22b) is compensated by a modification of the
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energy momentum tensor given by (2.22a) so that the equations of motion
are unchanged.

Let us now turn our attention to the somewhat simpler situation where
wﬂab and e?, are independent parameters. Coordinate invariance and local
Lorentz invariance imply the non-conservation equations

: 1
v, T = 5RPUV*SW — T, K€ e, , (2.24)
%)\SAHV = 2T[/W] + QSAp[Mey]aepbKAab . (2.25)

Since w, and e®, are independent sources the freedom leading to (3.30) is
absent and the stress tensor and spin current can not be transmuted into one
another. It is particularly insightful to rewrite equations (2.24) and (2.25)

as’

: 1 1.
VM Tgﬁ + isupaKpUV = §S>\pUVVKpU)\ s (226)
T = S K7, (2.27)

where Tgg is the Belinfant-Rosenfeld energy momentum tensor defined as
1.
Thr =T + 5% (S“’\” 4 SvAH SA’W) , . (2.28)

In the torsionless limit equations these equations reduce to (2.18) (or equiv-
alently, (2.17) or (2.21)) as expected. We will focus on the constitutive
relations for {7+, S} when there is no background torsion, meaning that
most contributions of the spin current will be reabsorbed into the antisym-
metric part of the energy momentum tensor. However the spin chemical
potential will still be present and ng} = 0 will be nothing but the dynami-
cal equation for ;2. Although we will focus on the zero torsion case we will
keep it around for as long as possible both on the constitutive relations and
on the equations of motion. The reason for this is that even when K “bu is set
to zero its fluctuation with respect to both the vielbein and connection is not
necessarily vanishing meaning that it will generically contribute, either to
the constitutive relations from appearing in W or to higher point functions
when appearing on the constitutive relations. We will not look, in detail, be-
yond the one point functions however we want to leave as much groundwork

!To get to this form it is enough to use the definition of the Riemann tensor as the
commutator of covariant derivatives.
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done as possible for any future work. The main use of torsion, when describ-
ing theories without it, is to remove the ambiguity introduced by the shift
(2.28), and to allow for a well defined set of hydrodynamic currents through
the identification of their respective sources. Before moving on there are a
couple of observations we can make around the set of equations (2.24) and
(2.25) (or alternatively (2.26) and (2.27)):

1.

The derivative expansion: From (2.25) we can note that if the spin
current is at least O (1) in the derivative expansion then the antisym-
metric part of the energy momentum tensor will have to be at least

0 ().

. Dynamical degrees of freedom: The dynamical variables for the hydro-

dynamic equations (2.24) and (2.25) will be the temperature T, the four
velocity u#, and the spin potential u®. Equation (2.24) compromises
d equations which will allow us to solve for 7" and u*, while equation

(2.25) contains the @ equations necessary to solve for p%.

Order of u® and K abu: In principle we are allowed to freely choose
the order of the spin potential and external torsion, each choice will
correspond to a different physical setting. The main application we
have in mind, heavy ion colllisions, sets the external torsion to zero
meaning that an adequate counting can be done by assuming K “bu ~
O (9) before eventually setting it to zero. Taking K*°, ~ O (1) should
be a valid assumption when other systems, such a condensed matter
settings, are taken into account. In equilibrium we will identify the spin
potential with the spin connection making u® ~ O (9) a natural choice.
We can note that it could be possible for us to consider p® ~ O (1)
once we are far from equilibrium, however we are assuming for the
hydrodynamic limit to be valid mostly near equilibrium states.

. Equation of motion for ;®: The order on which u® is considered im-

plies its dynamical equation will appear at O (9?). If we want to write
down dynamical equations for all the hydrodynamic degrees of freedom
we will need to go up to O (9?) on the antisymmetric piece of T"", per
the previous observations.

. We can note that due to the assumed order of w®, we will have a de-

crease in the derivative order when computing variations with respect
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to it, namely when computing correlation functions involving the spin
connection. This means that an O(9?) scalar on the effective parti-
tion function might contribute to the O (9) spin current constitutive
relation.

The program of hydrodynamics aims to find a solution for the dynamical
variables order by order in gradients. For this we need to provide the consti-
tutive relations order by order in the expansion as well. Our goal will be to
write down the constitutive relations up to O (9) on the symmetric piece of
the energy momentum tensor, O (9) on the spin current, and O (9%) on the
antisymmetric piece of the energy momentum tensor, see the aforementioned
observations. It is particularly useful to decompose both currents by means
of the four velocity u* and its transverse projector A" as

T = Eulu” + PAM + (¢"u” + uhq¢”) + (W*u” — ul'h”) E* + 71 (2.29)
Sx\uu — u)\p;ux + (uujku o uyj)\u) + l)\uy’

with the projections {&, P, q, h, p, j, 1} given by

E =u,u, T,
1

d—1

N —AgugT(pU)

- AgAZT(M) 7

(2.31)

P= (2.32)
(2.33)

(2.34)

Wi = — Al TWo) (2.35)
(2.36)

(2.37)

(2.38)

(2.39)

ATH

Y

- Ag AZT[PU] 7
p;w — —’LL)\SA“V 7
J = AFATua ST
l)\,uu — A)\A,LLAZ/SHPCT
K—p—0c :
What follows is to write down the projections (2.31)-(2.39) in terms of the
equilibrium and non-equilibrium tensor structures at the relevant hydrody-

namic order. To write the lowest order dynamical equation for the hydrody-
namic degrees of freedom we would need the following:

e All independent equilibrium scalars up to O (9?) so that we can write
down the hydrostatic partition function W by means of the equilibrium
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ansatz. Once again we can recall the reason for wanting the partition
function up to this order is twofold, first we need the antisymmetric
parts of the energy momentum up to O (9%) and second we can recall
that the variations with respect to the spin connection lower the order
in the derivative expansion.

o {£,P,¢", X"} up to O(9). This means we will need all independent
non-equilibrium scalars up to O (9), all independent non-equilibrium
transverse vectors up to O (9), and all independent non-equilibrium
symmetric traceless and transverse rank 2 tensors up to O (0).

o {h* 7} up to O (9?). This means we will need all independent non-
equilibrium transverse vectors up to O (9%), and all independent non-
equilibrium rank 2 transverse antisymmetric tensors up to O (9?).

o {p, j# 1™} up to O (). The density p* can still be further de-
composed into a transverse vector and a transverse antisymmetric ten-
sor. The reason for not doing this decomposition explicitly is because
p will take the role of a thermodynamic spin density and is more
intuitive to leave it as a whole. After considering this further split-
ting we note we will need all non-equilibrium transverse vectors up to
O (0), all non-equilibrium transverse rank-2 tensors up to O (9), and all
non-equilibrium transverse rank-3 tensors with a pair of antisymmetric
indices up to O (9).

In the following sections we will do a recap of the equilibrium ansatz follow
up by the classification for all relevant aforementioned tensor structures.

2.1 Tensorial Classification

We can recall that the equilibrium condition implies the existence of a time-
like Killing vector V#, this Killing vector then allow us to write down an
ansatz for the dynamical variables in term of the sources

Ti %5 ab YA

T=—=2_|, ut = —, /ﬂb:w#, (2.40)

YD) 12 12
with Tj the inverse Euclidean time length. From the Killing condition on the
background metric Ly g,, = 0 we find the equilibrium conditions
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v, T
a, = — 7‘: : (2.41)
0=0, (2.42)
o =0, (2.43)

with {a, 6,0} the acceleration, compressibility, and shear tensor as defined
from the velocity gradient decomposition

o 1
V,u, = FHAW — Upy + O + QU (2.44)
0 =V,u, (2.45)
a’ = u'V,u” (2.46)
Oy = AATV Uy (2.47)
ot = AP g (2.48)

where we defined A**7 as
1

AMpr — AP _ _Z AW NPT (2.49)

d—1

In addition to the Killing equation we also have the Killing condition of the
vielbein €, resulting in

K“buu“ = pu® + el (" — Qu[“a”]) = u + Te“peb"ﬁ[p (%) , (2.50)

with Q* the previously defined vorticity. The second term on the right
hand side of (2.50) can be rewritten as the thermal vorticity, defined as

z [6p (%) — Ve, (%)} allowing us to identify (2.50) with the known relation
between thermal vorticity and spin potential [88], while generalizing it in the

presence of torsion. The last equilibrium relation that can be found follows
from the Killing condition on the spin connection and results in

ab
Tepqey VA% = R\, u”, (2.51)

with V and R)‘Mw the covariant derivative and Riemann tensor respectively
associated to the torsionful affine connection. The spin potential itself can
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also be decomposed as

u® = um® — ubm® + M (2.52)
m® = pu®uy (2.53)
M® = ACAb (2.54)

Before moving on, it is convenient to split the contorsion into its projections
along and transverse to the four velocity

o]
KA
Kabu = —Uy (uakb — ubk + Kab) +2ult | = (“S)b] pt (’iA)b] I

d—1
_1 [a b] ab ab
+ o A () + (Kn)™, + (Ka)™ (2.55)
with the properties
(Kr)*, =0, (Kp)lPrN =0, (Ka)"N = (KCa)loV

with the inverse projections

a ab

k* = ufup, K%,
ab __ aAb, urcd
K* = AAul K,

cd

k= equgK”,

(KS)MV _ A;u/pcuchdp 7

(2.56)
(2.57)
(2.58)
(2.59)
(5 = ( AFAPY — AgAup> e 260,
(2.61)
(2.62)
(2.63)

2 P’
(Kv)" = 205 AZK™,
(ICA),OJ)\ _ A([:pAgA)\]acha 7

1
af aAd AV T7cd a Bl af
(Kr)*™”, = ALAGAYK V——d_QAL ()™ = (Ka)™, .

In summary, the contorsion tensor can be decomposed into a scalar x, two
transverse vectors {k%, (KCy/)"}, two transverse antisymmetric rank-2 tensors
{K® (k,)"}, a symmetric traceless transverse rank-2 tensor ()", a trace-

less transverse rank-3 tensor (ICT)QB u, and a totally antisymmetric transverse
rank-3 tensor (K4)””". It is convenient to use this decomposition to rewrite
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(2.50) as

Et =mt —at, (2.64)
KM = MM 4 Qu (2.65)

We will now look at tensor structures vanishing/non-vanishing under equi-
librium conditions (2.44)-(2.48), (2.51), (2.64), and (2.65).

2.1.1 Equilibrium Terms

For the equilibrium piece we only need to use (2.40) to write down the equi-
librium partition function W, for this we in principle need all independent
equilibrium scalars up to O (9%). We list these, parity invariant, scalars on
the following table

sy
T
sV
K
SP SP S SP
(ka)" M, K" M, m,, k" my (Kv)"
SO 59 e SO
S
89 Sll(/) ‘?:11 ‘?}12
(Kv)" (Kv), (k)" K | (k)" (ka),, | (ks)™ (K5),,
2 2
5¢ iy
(KA)"™ (Ka)p | Kr)™ (Kr) 0

Table 2.1: Summary of zeroth, first and second order independent equilib-
rium scalars.

We have denoted the nth scalar of order i as Sfli). Not all second order
scalars will contribute to the currents once torsion is set to zero, however all
of them will contribute to the two point functions of the theory.
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2.1.2 Non-equilibrium terms

The classification for the non-equilibrium tensors will be shown in tables
2.1.2-2.1.2 and will be organized slightly different than how the equilibrium
scalars were previously presented. First we have to note that there are no
zeroth order non-equilibrium terms while the first and second order structures
are listed on their own tables, two for each order. The first table, for each
order, shows all independent tensors for each relevant tensor structure that
are not composed of products of other tensor structures, we will then show
the equations of motion and constraints that will allow us to reduce the
number of terms, we will then list the remaining independent structures and
finally we will mention which of these remaining independent tensors are
non-equilibrium. The second table, for each order, will list the independent
tensor composed of products of other independent tensors. There is one
last caveat that should be mentioned before moving on, we are using the
equation of motion L* as if it appeared first at second order in derivatives.
The reasoning for this will be discussed at the end of the chapter.

Type Before Eqm Ind. Ind.
eqm Data Non-eq
’ Scalar ‘ u'V,T,0, Kk ‘ u, D ‘ 0,k ‘ 0 ‘
Vector AN, T + Tat,mt, | ALDY mh, mH
m“) k#7 (ICV)M k,u’ (ICV)M
| S. Traceless | ot (kg)"” ‘ | o™ (ke)™ | o™ ]
Antisymmetric MH M MM M+
Kp,u’ (/@A)w’ Kuu} (KA)'WI
Spin (AP (I )™ (k)P
Symmetry ()P

Table 2.2: Relevant non-composite first order tensor structures.

Type Composite data
Spin Symmetry NGRS

Table 2.3: Relevant composite non-equilibrium first order tensor structures.
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where we defined {r, M} as

mt =mt — k* — o, 2.66)
MM = MM — K 4 QW 2.67)
and where we are denoting the equations of motion as
Dt =V, T" — .., 2.68)
LM = V5™ — . (2.69)
At second order we simply need the vectors and tensors
;II§2)M mg)# mi(f)# mf)# mg)# gl]éZ)/i
o1, M#Pm, M+, eom* | km# at’m,,
2 2 2 2 2
;II;Q)N mé )" mg )" mgo)# mgl)ﬂ gl]SQ)H
ok, K*Pm, M+Pm, Mk, | o#*IC, | (ks)"’ 1,
2 2 2 2 2 2
;Ilg?’)ﬂ Qj&éﬁ# ngs)# mg(i)# Q}g?)ﬂ Q]SS)H
M¥PIC, (ka)"” 1, (Kr)* 0,5 | Om# Ok O
2 2 2
;Iigg)ﬂ ngo)# Q]gl)#
(KAl My | (o)™ Ny | (o) Ny

Table 2.4: Relevant composite non-equilibrium second order vectors.

Q[EQ)H ng)# Q[:(f)# Qdf)ﬂ Q{éQ)H
VN | G A | S A | A G
2 2 2 2 2
Qlf(s )z ng K Q«[é ) ng K Q[go)ﬂ
oMM 0K 0 (k)" mltmY] k]
2 2 2 2 2
ngl)# ng;” ngg)ﬂ ng4)ﬂ ngg’)ﬂ
mli e | (Ka)™” y | (Kp)™my, | 1w, (’CT)/)[WJ J[up (ks) v
2 2 2 2 2
ngG)H Ql§7)“ ngg)ﬂ ngg)fi ngo)ﬂ
ol K7 | ol (HA)V]P (Hs)[“ SN | K N (,{A)[# BYRE

Table 2.5: Relevant composite non-equilibrium second order tensors.
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2.1. TENSORIAL CLASSIFICATION
’ Before eqm ‘ Egm ‘ Ind. Data ‘ Ind. Non-Eq ‘
AN N ,T | AP, DY | A™Y,0 APV ,0
A’“’VO,,H, u,A*V, DP AV K ALL k"
AN K Abu, LP? A‘V‘E%m”, ALL k"
Aﬁﬁ%m”, Aﬁﬁ% (Kv)y Aﬁﬁ% (/Cv)y
ALLuva AVAVRT s ALV o8
Aljﬁ%k’y, Agﬁg (/-is)aﬁ AZ%ﬁMuﬂ
ALLy ()" ALVMe?
AZVBUQB AZVgMaﬁ
ARV (1) AV ()"
APV g MOP
APV g MOP
AV 5 (1)
fDZaVA“O‘uﬁ

Table 2.6: Relevant non-composite second order vectors.

AALLa M | AGALY, Dy | ARALLLK? NN
ABNZUPN G MP7 | ABAYLPT | ABALL. (k)" | ABAY Ly (ka)”
ABNY Lo P APIAYITN jing | APIRAYIZV i,
AEALL (14)” APIEAMTN
APIEAMN i, APIEATON k,
APIEAYON i, APIEAT ().
APEAN K, Vi (K4)™
APEATTY  (Ky), Vo (Kp)*®
Vo (Ka)™ AY ALV (Kr)
%a (ICT>IWQ
AMAIN ()

Table 2.7: Relevant non-composite second order rank 2 antisymmetric ten-
sors.
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2.2 Hydrostatic Partition Function

The most general hydrostatic partition function contributing to the desired
order can be written by using the independent scalars summarized in table
2.1. The resulting partition function can be split as®.

W = I/Videal + Wmixed + Wtorsion ) (270)

where the ideal, mixed and torsion pieces are defined as

Wident — / dalelp(T, m?, M?), (2.71)

Woixed = / a’ale] [ (<0)" Moy + 387 K My + X mk (272)
Xy ()] |

Wiorsion = / d%z|e| [ Wk + TP + YOk b + TP K™ K, (2.73)

+T(2) (K )" + T (Ko ) (Kv),

k,

D (k)" K W+T”<m) (Ka)u
@ (k)™ (w ) + T8 ()™ (K a)
&

o (Eo)p]

pvp

Where x; and T; are all functions of temperature. We call W4 the ideal
piece as it only depends on the dynamical variables with no explicit deriva-
tive dependence. The W iceq is linear in torsion and will contribute to the
constitutive relations even in the zero torsion limit. The terms in Wission
with coefficients Y; are quadratic in torsion and will only contribute to the
constitutive relations whenever torsion is kept, however it will contribute to
the two point functions even in the absence of torsion.

2The ideal term can take a more general form once parity invariance is broken or we
allow for higher order contributions. The ideal term valid at all orders in derivatives is
shown in appendix A.
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2.2. HYDROSTATIC PARTITION FUNCTION

2.2.1 1Ideal constitutive relations

From the fluctuation of Wigea we find the ideal constitutive relations

dp dp
, Y g v mr o _
(T‘ldeal) Euu + pA 2 (8m2 + 48M2

(Sideal))\lw - UA,OW y (275)

> u*MPm, (2.74)

with the energy density € and spin density p defined as

Jp 1
=-p+ 8_TT + Paﬂﬂ (2.76)
a O yrap 9 9P (o a
PP _88M2M A . 5 (u m? —mu’) . (2.77)

From (2.76) and (2.77) together with the analytic structure of the pressure
we find the following differential relations

1 0 0

dp = sdT + S peadpe® + [2 ( o P 5 ]\52) mdec] duc, (2.78)
1 cd 8]? Gp d c

de =Tds + §,Lbcdd,0 — |:2 <W + 4(?M2 m Mdc du s (279)

where we defined the entropy density s = g—g. We can then identify (2.79)
with the first Law of thermodynamics and (2.78) with the Gibbs-Duhem
relation. A couple of observations are in order

e Even in the ideal case there will be an antisymmetric piece on the
energy momentum tensor as long as both projections of the chemical
potential are turned on.

e The spin density p° and spin potential u°? satisfy the expected ther-
modynamic relation (2.76). However the first law is modified as seen
n (2.79). This modification will be crucial when asking for the second
law of thermodynamics to hold.

2.2.2 Contorsion variation and Belinfante completion

The zero torsion contributions to the constitutive relations and two point
functions from {Wiixed, Wiorsion } Will necessarily contain a variation of the
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CHAPTER 2. HYDRODYNAMICS

contorsion tensor, in particular the two point function contributions from T
coefficients will come only from contorsion fluctuations as all other contribu-
tions will vanish on the torsionless limit. It is then convenient to note the
following identity

/ddx|6|BMab(5Kabu _ /ddl"e‘ [%)\ (B)\/w _ Bu/\zx . BuAu) eal/(sez} (2.80)

+/ddx|e| [(B“ab) 5w“bu] ,

That follows from the fluctuation identity

(5K“bu = 5wabu — [Du (e”[“éeg]) — ZO)U (e”[“éefj) — lo)g (ea[ae’)b]ec#éef))} )
We note that as expected there is a contribution to the spin current follow-
ing from the coupling with contorsion, however it is more notable that the
contribution to the energy momentum tensor is nothing but the Belinfante
improvement associated to the spin current contribution, see (2.28)

(T)"™ =V (B — B — B | (2.81)
(Sp)™ =2BM (2.82)

We will call (2.81) the Belinfante completion of the spin contribution B,
Note that this completion includes not only equilibrium terms but also non-
equilibrium contributions. Even though terms containing variations of this
form will be derived from the hydrostatic partition function we will keep
the associated non-equilibrium pieces coming from (2.81). The main reason
for this is two-fold: Using (2.81) without specifying the equilibrium condi-
tion allows for a compact notation and second, we will show that the non-
equilibrium terms encoded in (2.81) will be necessary for the second law of
thermodynamics to hold?.

2.2.3 Mixed Constitutive relations

The variation of the term Wi, ieq Will contribute to the first order part of the
spin current and to the second order part of the energy momentum tensor, of

3We will actually only show this for 1) as all other contributions will be subleading
on the entropy production.
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2.2. HYDROSTATIC PARTITION FUNCTION

which we will only be concerned with the antisymmetric piece. The resulting
constitutive relations take the form

(T = (Thed)" + (TEQ) (2.83)
(Smpea) ™ = 2 (Busixea) ™ + (SEOMYM (2.84)

Where we defined

(T,ﬁxed)uy - %)\ [(Bmixed))\wj - (Bmixed)u)\y - (Bmixed),})\u] ) (285)
(Buea) ™ = 0 [ M — x| — P a e (2:86)
+ QXZ?)AM“m”} ,
(2) v
v 1 4[e3 1 4[e7 K/Mu
(TE) = XDl [(00r) 1 + ()™ Mag + X2 (2.8)

(2)
Xi o lupgm1s (2),,| V1B
+2(d_2)u“M (Kv)g —2x7" u (ka)™" mg

XM [(14) o (55) o] — 208l (MY + K

— Xéz)u[” (M”}O‘ka + K”]ama) + 2xf12) (KA myg

(2)
+ o ()1 g, + 24 (1) — Dl (i)

(@-2) °
@) 2y (d - 2)
+ 2x4 ult [(KJA)V]Q - (KS)V]Q} Ma + Eld—l)/{u[“my] + o
(S = 2ut [ () + P = 3P uln] (2.88)

_ Qxf)u/\u[u (ICV)V} 7

where +... represents terms irrelevant at the order in derivatives taken into
account for either the one point functions or the two point functions, this
means O (9?) in the antisymmetric piece of 7" and keeping contorsion up to
its linear terms. In the absence of torsion only the Belinfante-Rosenfel (BR)
like terms (2.85) and (2.86) will be left, however due to their BR nature they
will not contribute to the equations of motion in this limit.
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2.2.4 Torsion constitutive relations

There are two types of contributions coming from Wi, son. The first one is
the single contribution with the y(!) coefficient, this contribution will be of
zeroth order to the spin current and of first order to the energy momentum
tensor. The second type of contribution comes from the terms with T co-
efficients. These terms are quadratic in contortion and as such we will only
keep their O (9) contribution to the spin current and their O (9?) linear in
contorsion contribution to the antisymmetric piece of the energy momentum
tensor, namely all relevant constitutive relations will come from the fluctua-
tion of contortion. With all these considerations taken into account we will
decompose the constitutive relations as

(Tiorion)™ = (T525)" + (T22)" + (T2 (2.89)
(StOTSiDU)AMV = 2 (Bi?grsion)AHV + 2 (Bgrsion)AMV ) (290)
Where we defined
y d—2 .
(T X)) = —OxWDuru” + (—d 10)((1) + u’\V,\X(l)> A (2.91)

_ UMAV/\@AX(D + X(l)u”a“ _ X(l)cr’“’ + X(l)QuV :
(T20)" = Vi [(Biisioﬂ)w — (BT — (BY )”A"] , (2.92)

(B o)™ = x M AN (2.93)
(BE )™M = 20PorANFu! 4 [200 kb a4+ 200 KP4 T (k4)™] (2.94)
[Ty (1) ¥ wl| + 2880 [Ty + 274 (Kv)”|
— Y KA — 20 (k)M u + 275 (kg) M 0]
+ 275 (a) ™ + 2709 (Kp )",

oxW d—2
ey = (1% -0 o war s [O9=2 2

1 v v v
+ 2 W) + §X(1)u“ (Kv)” = xW (k)" = XM (ka)" .

In the absence of torsion only the x(!) contribution is left, although it will
have no contribution to the equations of motion as it becomes a BR like term
on this limit.
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2.3 Non-equilibrium Constitutive Relations

We have already taken care of writing down the equilibrium part of the
constitutive relations and we are left to write the non-equilibrium piece.
To write these terms we will use the relevant independent non-equilibrium
structures and write the most general constitutive relations that we can build
from them. The relations are decomposed as

= (10" (TR + (T2L)

) hon-eq horeq honeq (

(T5,.)" = 59 [(Suonce)™ — (Suomaa)™ = (Sromea)™] . (2.97)
(T )" = —€0A" — o™ + ol — oMM (2.98)
(T Y™ = Al [ MV50%7 4+ AV NI 4 ALk + ML (/CV)“}

2.96)

T AATUIV + ALAT ALy K 4 ALy (14) ]

29 49
+ AAMAIY g + 3 AP+ 3T AP (2.99)
i=9 =30
(Snon_eq))‘“l' = (QUlu[“fn”] + QJQM‘“’) + 2030 ANyl + 95,0 Y]
+ 205 MMy 4 20 AN (2.100)

This encompasses 53 non-equilibrium transport coefficients on the energy
momentum tensor and 8 non-equilibrium transport coefficients on the spin
current, note that according to our decomposition of the currents the spin
current transport coefficients will only contribute to the equations of mo-
tion when torsion is non-vanishing. We have also chosen a frame where
(Thonea) ™ 1, = 0.

2.4 Summary of Constitutive Relations

To avoid confusion we summarize the form of the constitutive relations

T = (T‘ideal)wj + (Tmixed)wj + (TLOFSiOH),uV + (Tnon‘e(l)uy ’ <2101)
SNW = (Sideal))\lw + (Smixed)AMV + (Storsion))\uy + (SHOH-GQ)AMV : <2102)

The explicit form can be found after using (2.74), (2.75), (2.83),(2.84), (2.89),
(2.90), (2.96), and (2.100).
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2.5 First Order Constraint

When the equations of motion are being solved order by order in the deriva-
tive expansion we expect for the dynamical equation of motion for the spin
dynamical degrees of freedom to appear as second order equations. The first
order spin current equation should either be identically satisfied or should
impose constraints on transport. From (2.74), (2.75), (2.83), (2.84), (2.89),
(2.90), (2.96), and (2.100) the first order spin current equation of motion
becomes

ol + oMM = (). (2.103)

There are two possibilities for this equation to be satisfied. Either the first or-
der transport coefficients {07, og} are zero or the non-equilibrium spin chemi-
cal potentials are zero at this order in derivatives, meaning the spin potential
is equal to thermal vorticity up to O (9%) terms. Choosing the former option
keeps the constitutive relations just as were shown in this chapter, choosing
the latter allow us to remove the { Ay 8- 14,16,17—22,24—26,30,32— 34,3843 4749, 012,56 }
contributions®. For chapter 3 we will assume {07, 03} to see the implications
of having a dynamically independent variable on a heavy ion collision setting.

Before moving on we have to note that there is an additional possibil-
ity to avoid (2.103) showing up, this involves modifying the derivative ex-
pansion by the inclusion of an additional expansion parameter [44,45] that
parametrizes the scaling of the transport coefficients {07, 0g}. The hierarchy
of this new scaling can be chosen such that O (9) and O (9?) equations, un-
der an ordinary derivative counting, mixes allowing for m and M to become
dynamically independent variables, namely they are not forced into their
equilibrium value at leading order. This scaling is known as the spin hy-
drodynamic limit [44,45]. Under this novel scaling the constitutive relations
that we wrote down will need to be revised.

2.6 Entropy Current

We are interested on computing an entropy current S* such that

VSt >0+ 0 (6% . (2.104)

4Note that when {07, 05} are not vanishing we can in principle perform a frame trans-
formation on the spin potentials such that the whole non-equilibrium second order terms
can be absorbed into it.
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2.6. ENTROPY CURRENT

To achieve this we need to analyze the canonical and non-canonical pieces
of the entropy current. We will start by analyzing only the ideal piece and
noting that it satisfies

N o dp
w,V, I =—u'V,e—0(p+e)+2 (8 EYE

) a,m, M"" (2.105)
o 1 R 1 B
= —Tu'V,s — éuagvup — 0 sT+ SPaslt
o 1 o
= =TV, (su") = Sfta sV (up°P)

ideal

= _T%u (su®) — %Naﬁﬁu (SWB> J

where we have used the first law (2.79) and the thermodynamic relation
(2.76). Note that, given (2.74) and (2.75), (2.105) is true to all orders in
derivatives’. From the definition of the canonical entropy current (1.48) and
(2.105) it follows that

o Uy = v 1/,L o " v ° Uy,
VSt = = VT = SEEVASM — (T — Tl )V, (T) (2.106)
1 o Apo Moo
- 5 <S)\,0 Szd/;al) V)\ ( 7& >
Uy 1 oV oV Moo o a o
:_T <§Rp /\Sxpa—TpaKp )_%(Tp —gA PK,, /\)
v v = Uy 1 o Apo > Mpo
- (T,LL ,‘Tzl:leal) v# (T) - 5 (S)\P - Sidizal) VA ( jﬂi‘ ) )

where we have used the equations of motion (2.24) and (2.25). At this point

5The ideal terms discussed in this chapter are valid up to O (82) in the derivative ex-
pansion. However it is possible to write down an ideal term valid to all order in derivatives,
this is done in appendix A where an analogous relation to (2.105) is also derived. From
such relation it is also shown, to all order in derivatives, that an ideal fluid with spin has
an entropy current with a vanishing divergence.
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we will only keep terms of O (9?) in® (2.106), this reduces (2.106) to

%Msétan - _% (UVRPUVA - 2Kpﬂ)\:ugﬂ) (Bsg)rsion))\pa' (2107)
(KP? — p?) B— EOM (1)
- (1B, + (TR, + (T8,

- [y ey + (1)) v, (4)

torsion torsion non-eq T

— (B Vs (B2) + 0 (7).
CH? nof’ o, o7 Mg agMp"MpU B X“Wama
T T T T T
XYV, (0+8) x0(0+ k) © o D
T T P oT T
00+ r) (Tax—“’ - X<l>)
sT oT
- % e +0(0%) .
oT

Where we have used the constitutive relations (2.89) and (2.96) as well as
the first order equation uuD(l)“ = 0. The next step is to write down the
non-canonical part of the entropy current, this is done by writing the most
general independent first order vector. This will restrict the form of the
non-canonical piece to

S;L\on—can = (n1® + 712/{) U'A + n3m>\ + 77,4&)\ + n5k5>\ + N (}CV))\ ) (2108)
where n; are functions of the temperature to be fixed by imposing (2.104).
By taking the choice

(1)
ny = XT, TL4:O,
M
N9 = T, Ny = O, (2109)
(1)
ng = XT’ ne =0,

we find the quadratic form

.5 C6? n NoP°0,, o7, 0gMPT M,
A p——
T T T T ’
5When the fluid is an ideal fluid it is not necessary to truncate the theory as the
divergence will vanish to all orders, as expected.

(2.110)
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with the entropy current given by

M -
SA=SA S [s + (agT ) n] u — U;T; . (2.111)

From (2.110) and (2.104) we can conclude that the viscosities {¢, } should be
greater than zero. The same condition seems to be true for {07, og}, however
if these viscosities are non-vanishing then we can use the first order spin
equation to set m and M to zero at this order on the derivative expansion,
keeping the sign of {07, 03} unfixed.
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Chapter 3

Conformal Symmetry in the
presence of spin

We will now analyze conformal symmetry in the presence of a spin current.
We can recall that conformal symmetry is the invariance of the theory under
scaling of the background metric. In an uncharged fluid this can be translated
into the vanishing of

55 = / VTS = 0. (3.1)

whenever dg,,, = 2¢g,, with ¢ an arbitrary function of the coordinates. This
condition will imply the energy momentum is traceless. The generalization
to a theory with a non-trivial spin current is given by the vanishing of

58 = / le] [Tﬂaaez + %s*abawa% ~0, (3.2)

under the Weyl transformations [89]

e, = pey, (3.3)
sw®, = (1-q) (eZebl’ — e’;e‘“’) 0,90,

where ¢ is a parameter that shifts between the spin connection transforming
as the Christoffel connection at ¢ = 0, and the spin connection being invariant
when we set ¢ = 1. Note that torsion can only be set to zero consistently
when ¢ = 0, namely when torsion is invariant under Weyl transformations,
whenever g # 0 torsion gets reintroduced through a Weyl transformation.
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SPIN

Condition (3.2) under (3.3) and (3.4) implies the following relation
T, = (1-q)V, (SH\™M) . (3.5)

Invariance of the equations of motion under (3.3) and (3.4) imply the currents
should transform as

ST = —(d+ 2)¢T™ + (q — 1)S"*9,6 — (¢ — 1)S, 9" ¢, (3.6)
5SM = —(d+2)pSM
The transformation of the hydrodynamic variables is
0T = —o¢T', (3.8
out = —out, (3.9
om? = (1 —q) AP0z, (3.10
SMP = —3¢pM*P | (3.11

where the transformation rules of the spin potentials were inferred from their
relation with the spin connection in hydrostatic equilibrium.

3.1 Weyl connection

Let’s assume there exists a one form A, satisfying the transformation prop-
erties

§A, = 0,0, (3.12)

We can then note that the transformation rule for the Christoffel connection
and the contorsion can be written as

oI, = —0A,, (3.13)
0K N =6 [0 (9™ — 6267) As] (3.14)

where we defined
A,’\w = g,WAA — 52./4” — 53./4” , (3.15)

Given any field lel that transforms uniformly under Weyl transformation
with weight w, namely

005 = wl (3.16)
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we can look for a Weyl covariant derivative [90] D such that
0 (DuQ5) = wDuQ3) (3.17)
This can be achieved by defining D as
DuQ = V,uQ5 — wAQS T — AL Qo+ L+ AZL Q7+ ... (3.18)

Making use of this connection we can define the field strength F associated
to A, Weyl invariant contorsion (Ky )", its Weyl invariant field strength
(GW)/\ apo, & Weyl invariant Riemann tensor (RW)’\ auv, and a Weyl invariant

chemical potential (zy)* as
Fuw =V, A -V, A,, (3.19)
(Kw) vy = K — q (909 — 6207) Ay (3.20)

(GW)A apo — DP (KW))\ aoc T Da (KW))\ ap + (KW)/\ Bp (KW)ﬂ ao (3'21)
- (KW)/\ﬁtT (KW)ﬁ ap s

(Rw)® auw = R + VAL, — VAL, + A5 A5, — AL AS, (3.22)
+ (GW)a Apv s
() = p® = (1 = q) (u"A* — u" A" (3.23)

The Weyl commutator of a tensor will be related to the field strength F, and
the Weyl invariant curvature Ry through

[D;u Dl/] V)\ = _(’U'F;,LVV)\ - (RW - GW)a )\;u/voc ) (324)

From the transformation rules (3.8)-(3.11) we can note there are multiple
choices for connections depending on the value of ¢, see table 3.1. As we
want to eventually set torsion to zero we will mainly work with ¢ = 0, and
we will pick A; as our connection of choice. From (3.6) we can see that
the energy momentum tensor does not transform covariantly under Weyl
rescaling, unless ¢ = 1. However we can define a modified energy momentum
tensor (Tyw )" that does, through

(Tw)" =T — (¢ —1)S" A, + (g — 1)SHy™ A, (3.25)
o (Tw)" = —(d+2)¢ (Tw)", (3.26)
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A; q=0)q=1)|q¢#{0,1}
(A1), = au — 227, v v v
(A2), = q11mu 7 Uy v X v
(Ag) 2q(d 2)( a)u d®1u X v v
("44) u + q(d 1)“;4 X v v
(A5) —=m,, + (d 1)% X X v
(As),, = o 2)( o)+ agle | X v v

Table 3.1: Different connection options given the value of q.

We can try to rewrite the equations of motion in an explicit Weyl covariant
way by writing them in terms of the covariant tensors {S*™¥ (Tw )", F,
(Rw)* auvs (Kw)* 1} and their Weyl covariant derivatives, finding

In% (RW)pmjA S/\pa pov Ay
D, (L) = 20 (T (Ko™ 4 A = DS, (3.27)
DASMY = (T )M 4 2820 (K )Y e (3.28)

where we used the equation of motion for the spin current, the trace condition
(3.5), as well as the weights for the currents with all upper indices equal to
wr = wg = —(d + 2). We can note that the form of the equations is almost
the same as simply changing the fields for their Weyl versions, however for
q # 1 there is an additional coupling between the spin current and the Weyl
connection field strength.

3.2 Constitutive Relations

The constitutive relations will be of the generic form (2.101) and (2.102),
however conformal symmetry will restrict the transport coefficients and will
fix their temperature dependence. We are interested on studying polarization
on heavy ion collisions when the spin potential becomes an independent
degree of freedom. This means we will focus on 3+1-dimensions and set
q = 0, torsion to zero and {07,083} to zero'. Under this assumptions the

Tt is not standard to set transport coefficients to zero in arbitrary way, however the
theory on this limit is quite distinct from the one when they do not vanish. We want to
explore the consequences on polarization on the limit when spin matters the most.
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constitutive relations take the form
1 v
TW) —eo T*ulu” + 560T4AW — T30 + Tgﬁ%) +0(0%),
T2 At (6Da0 + DN ) + LA AN i
+ Lol oV, + Csult M, + Cou MY P,

+ g7g[upMV]p + Ega["pM"]p + EgM[“pM”l”

X (3.29)
— T2glkwle (ap _ g@u/))

1 v
4+ 72 (S”p[“a”] _ §@SPP[NUV1> + T][; ] :
T_QS“VP = 8p0u>‘M,,p + 2$1u)‘u[,,mp] + QSQUAMVP + SB)‘,,p ,
with

v le
Ty :§v>\ (Sp"™ + Sp" — Sp™H) |
SB/\;W :2T3X1AA[Hul,] + 2T2X2M’\[ﬂu,,] + 201T20)‘[Mu,,] (3.30)
+ 202T2M’\[Mu14 + 203T2A’\Mmy] ,

where {€g, po, M0, {19, S1-2, X1-2, 01_3 } are constants and the Weyl derivatives
are explicitly given by

Do’ = Vo0 — 3a,0"7

- S . 3.31
D M =V M — a, M7, (331)

3.3 An application to heavy ion collisions

We do not presume to carry out a full fledged analysis of heavy ion collision
experiments with possible spin currents manifesting during the short colli-
sion period. Instead, we consider a perturbed solution to the hydrodynamic
equations of motion in the presence of spin, in the limit of dynamical spin,
with an underlying Bjorken (SO(1,1) x ISO(2) x Z3) symmetry [91]. We
then attempt to relate the dependence of the spin potential on the initial
temperature to the dependence of the average hyperon polarization vector
on the beam energy. Of course, a complete analysis, which we do not carry
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out, should include a proper treatment of initial conditions, a full hydrody-
namic simulation, and a comprehensive treatment of hadronization of the
quark gluon plasma before reaching the detector.

Consider a collision of two gold ions of radii R initially moving with a
relativistic velocity directed along a Cartesian ‘2’ coordinate. Let’s assume
that the fluid formed after the collision has Bjorken symmetry, that is, it is
invariant under boosts along the beam direction, translations and rotations
along the ‘@’ and ‘y’ directions, and under z/t — —z/t. Going to a Milne
coordinate system, ds? = —dr? + 72dn? + da* + dy? where 7 = /12 — 22 and
n = arctanh(z/t) are proper time and pseudo-rapidity respectively, we find
that )

=1, T=T, (@>3—ﬂ, (3.32)
T 2e0T
with all other components of u* and gy, vanishing, solve the equations of
motion. Here T} is the temperature at the initial time 75 when the fluid
description is a viable one. Note that the shear viscosity to entropy ratio,
n/s, satisfies /s = 3ny/4ep.

Since the spin potential vanishes on account of Bjorken symmetry, let’s
consider linear perturbations of Bjorken flow which break transverse transla-
tions and axial rotation, T — T+ [ d?qdTe @0y yt — yi+ [ d>qdutel(t==+awy)
and flap — fap + [ d2q0pape’ ==Y To mimic the experiment, we consider
a peripheral collision with impact parameter b along the ‘x’ axis. Glancing
beams are expected to create a non-trivial velocity gradient in the x direction
at initial proper time 7y at which we assume hydrodynamics becomes appli-
cable. To this end, we consider an initial velocity profile where ju" () o bqy,
and other components of the perturbations to the velocity vanish. As a re-
sult, we find that om”, OM" = §M"ig, and dM™ = §M"iq, are non zero
while the temperature perturbations and all other components of the spin
potential vanish.

To solve the equations of motion we will use the Floerchinger-Wiedemann
(FW) approximation [92], where i—l’%% is perturbatively small but qQTQi—Z%%
(with ¢* = ¢2 + qz) is finite. In this approximation, only the leading term for
the temperature in (3.32) becomes relevant, the velocity field perturbations
take the form

2 4
5 _ 99 noTo(L>3

ou" = iugbg, 7 3e 16700 : (3.33)

0

and 6M" and dm" are determined algebraically from du" and its derivatives.
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3.3. AN APPLICATION TO HEAVY ION COLLISIONS

Presumably, the stress tensor and spin current will evolve according to
hydrodynamic theory from an initial Bjorken time 7y to a final time 7, when
matter hadronizes, T'(7y) = Ty ~ 150MeV. The hadrons yield is then col-
lected by the detector which measures its properties. Converting a hydrody-
namics spin current and energy momentum tensor to a Hadron distribution
is fraught with difficulty. One often used prescription for doing so works un-
der the assumption that the particle distribution after hadronization follows
a thermal distribution with temperature, velocity and chemical potential of
the hydrodynamic configuration leading to it [93]. Within this framework
the polarization vector reads

1 [dSpBu”

T, (p) = — ey pyq e d oo MBI 3.34
(p) TR 2 [ dE\prnp (3:34)

where f dX, is an integral over the hadronization surface, d¥, = 70, dndxdy
in Bjorken coordinates, p* is the particle momentum, m its mass, ng is the
Fermi Dirac distribution and B is an additional distributional quantity that
depends on u* and T'. See, e.g., [17,94] for details.

It is tempting to use our solution to evaluate (3.34) and compare to
data. However, one should keep in mind that our hydrodynamic solution is
rather simple minded, involving a linear perturbation on Bjorken symmetry
on top of which we used the FW approximation. This perturbation should
presumably capture a non vanishing impact parameter. Realistic collisions
at mid centrality have an impact parameter of order of the nucleus size and
are unlikely to resemble Bjorken flow. They should generate a large enough
vorticity for a non trivial spin current to be generated which makes the
validity of our linearized approximation somewhat suspect. Still, we have at
our disposal an analytic solution to the hydrodynamic equations of motion
with spin and it is hard to resist the temptation to compare it with the
experimental results using (3.34). Hence, throwing caution to the wind, and
inserting the perturbed Bjorken solution into (3.34), we find

aT% e
o e 3 AT eoy2
16be 7m0 UOW%T?CCOGS (€1 + £o)Erf ( 9T§n232> _pyOI(l)
() = D < o |
2TmT? ng leTy” et

(3.35)
where now rp = R — g, Yo = 1/ R?* — % and we have integrated over the
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range —xrp < x < x9 and —yy < y < 1o which approximates the area of
overlap of the two colliding nuclei. The expressions for I are given by

Jdn B (p7)"
219 X 2yo X [ dnnpp™|

[™(rp) = : (3.36)

Tf

and Erf denotes the error function.

We are particularly interested in the dependence of the spin polarization
on the initial temperature, related to the beam energy. Making the reckless
approximation that energy and nucleons are distributed uniformly in the
nucleus and that the relation between energy density and temperature is of
the form € = ¢yT* as dictated by conformal invariance, we find

2N 1 1
Ty = (—) SHN s (3.37)

TR%eymo

where N is the number of nucleons, \/syx is the beam energy per nucleon,
and we approximated the volume of the nucleus as mR?ry. It is clear that
each of these approximations may be improved and upgraded, but as a pre-
liminary order of magnitude estimate relating our hydrodynamic solution to
the polarization vector, they are good enough.

Using, g = 12, Ty = 150MeV, n/s = 1/4n, 19 = 1fm, R = Tfm and
b=10fm (see [92,95-97]), we find

ATjeory 5.1 AT{eoys 55 (338)
9T§mero ( SNN )3 IT§noro ( SNN >136 .

GeV~ GeV~

The overall scaling of IT in terms of the energy per nucleon is of the form

exp | ——21 3 Erf 5:5 5
_SNN _ _SNN _
I=a (GGVQ) % (G6V2> 7 (339)
SNN
<GeV2>

where we have replaced the overall constant in (3.35), which depends on the
undetermined initial value for the velocity field perturbations ug, and on the
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Figure 3.1: A comparison of our estimate (3.39) of the average hyperon
polarization (blue) to the STAR measurement [5]. Since a magnetic field
was not incorporated in our setting, we have compared our estimate to the
average value of the polarization of A and A.

o —

coefficients ¢; and /5, with a. To compare to experimental data we need to
work out II, in the center of mass frame of the hyperon. Such a Lorentz
transformation will not affect the dependence of II, on syy. Therefore, we
can attempt to fit (3.39) to experiment by fitting to a single parameter, «.
Using the data from [5], we find a surprisingly good fit to a = 286 + 52.
See figure 3.1. We emphasize that our phenomenological analysis crucially
depend on the new transport coefficients ¢, ¢, added to the constitutive
relations.
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Chapter 4
Holography

In this section we will look at a particular example where we use the fluid
gravity correspondence [86,87] to derive the constitutive relations for a fluid
with a dynamical spin current. We can recall that the holographic corre-
spondence amounts to reading the currents from the relation

1
0Sgraw = /dda:|e\ {T“a(SeZ + 55’\ab5wab/\ ; (4.1)

where Sgpq0 i a dual gravitational action with both a dynamical and in-
dependent vielbein def and spin connection dw®y, and {T%,S**} are the
conserved currents of the dual quantum field theory (QFT). The fluid gravity
treatment will amount to finding gravitational solutions order by order in a
gradient expansion, and using the holographic prescription (4.1) to compute
the currents. We will focus on 3+1 QFT’s, namely we will work on a dual
5D gravitational theory.

For this purpose we focus on the 5 dimensional Lovelock-Chern-Simons
(LCS) gravity without matter [85,98,99]. We pick this theory for two reasons:
unlike Einstein gravity (1) the spin connection and vielbein are independent,
and (2)the equations of motion can be reduced to algebraic equations. The
first point is crucial for obtaining a non-trivial spin current as discussed
above. The second is practical. We will first review the Chern-Simons model
of [85] and the holographic prescription for obtaining the currents is derived
as well. We later present an ansatz for the holographic model that is suitable
for the fluid-gravity correspondence. We then solve the dynamical equations
of motion to all orders in the hydrodynamic derivative expansion by reducing
them to a set of constraint equations.
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After this generic treatment we then consider zeroth order hydrodynam-
ics, namely constant sources, and present two zeroth order gravitational
blackhole solutions. These are the only solutions with independent and un-
constrained spin sources. The energy momentum tensor, spin current, and
thermodynamic potentials for the solutions are derived. We then promote
all the sources to slowly varying functions of the boundary coordinates and
obtain the corresponding first order solutions and constitutive relations.

4.1 5D Lovelock Chern-Simons Gravity

The holographic backgrounds that we consider in this work as dual to quan-
tum field theories with a non-trivial spin current, are 5-dimensional back-
grounds that solve the Chern-Simons action.

Sz/(]-"/\f/\.A—%f/\A/\A/\AjL%A/\A/\A/\A/\A), (4.2)

where ( ) indicates a group trace over the SO(4,2) algebra with generators
Ji on which the connection one form A is valued, and, where the field
strength is defined as usual F = dA+ A A A. It was shown in [85] that, for
this five dimensional gravitational Chern-Simons (CS) theory a certain class
of gauge allows for a finite Fefferman-Graham (FG) expansion. Therefore
a well defined holographic recipe can be established for this theory. Their
work was generalized in [100] to any odd dimension gravitational CS theory
where an analysis of the boundary gauge symmetries was also performed.
Here, we first outline the necessary details of the theory. Our discussion
closely follows the presentation in [85]. The SO(4,2) indices A can be written
as a pair of antisymmetric indices via A = AB, A6 with the indices A =
0,1,2,3,5. Using this index decomposition the following identification can be
done {Ju = Pa, Tap = Jap} with P4 and J4p the generators of translations
and Lorentz transformations in five dimensions satisfying the SO(4,2) algebra

[Pa, Pg| = Jag, (4.3)
(P4, Jpc| = napPc — nacPp,
[Jag, Jog| = necJag + NagJe — NacIBe — MBEJAB - (4.5)
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The action (4.2) is invariant under infinitesimal gauge transformations

A =dr+[A 1], (4.6)
1
T =n"Py+ §AABJAB , (4.7)

with gauge parameters {n?, \B} representing local translations and Lorentz
transformations, up to a boundary term

55:—%/ (dr A (ANA+dANA+ANANA) .  (48)
OMs

1

To connect to the five dimensional gravity the 5D vielbein® and the spin
~AB

connection w** are identified as components of the gauge connection A via
[101]

1

A=éPy+ 5@ABJAB : (4.9)
. 1 /.

F=14Py+ 5 (R +e* neP) Jup, (4.10)

where T4 and RAB are the five dimensional torsion and curvature two forms
defined as

TA = dé? + g NéP (4.11)

RAP = di® 4+ ot n P (4.12)

Using the identification (4.9) the CS action (4.2) can be written in the more
familiar form

PP 2 . 1
SLes = Kos / €ABCDE [RABRCDéE + S RAPeCePel 4 —efefelelel | |
Ms 3 5
(4.13)
where for notational simplicity we omit the wedge product symbol. Here kcg
is the CS parameter that arises from the non-vanishing group trace

K

(TapIcpTes) = %EABCDE : (4.14)

!Below we denote the 5D quantities with a hat symbol to distinguish them from the
corresponding quantities in 4D.
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The equations of motion for action (4.13) are
€ABCDE (RAB + éAéB> (RAB + éAéB> —0, (4.15)
€ABCDE (RAB + éAéB) TE =0, (4.16)

and can be compactly written in the CS form
9apcFEFC =0, (4.17)

where gi36 = (Ji1JgJe) is the trilinear symmetric invariant trace whose
only non-vanishing component is given by (4.14). There exist non-trivial
solutions to (4.15) and (4.16) with non-vanishing torsion 74 # 0, see [102,
103]. We will indeed find such novel solutions later in this section.

4.2 Gauge Fixing and Fefferman-Graham ex-
pansion

We look for asymptotically AdS solutions to (4.15) and (4.16) to find holo-
graphic duals to fluids with spin degrees of freedom. We work with a radial
foliation of the spacetime coordinates ™ = (x#,r) and similarly of the tan-
gent space indices A = (a, 5) where the asymptotic boundary of the manifold
is located at r = ry which wee send to infinity rq — oo after holographic
renormalization. For metric formulations of gravity Fefferman-Graham (FG)
theorem tell us that the metric near this boundary takes the form [104]
2

ds?® = Z—ZQ + %guy (", p) dxtdx" (4.18)
where we have introduced the FG coordinate p = %2 On even d-dimensional
boundary spacetimes, g,,, admits the expansion

d
G (2", p) = gy, () + o+ p2 gy, (24) . (4.19)

To derive the equivalent of (4.18) in the first order formulation, it is conve-
nient to use the CS form (4.17) of the equations of motion [85] and note that
under the radial foliation they split as

gapee” P FL L, FCus =0, (4.20)
gapce” P FP L, FCa = 0. (4.21)
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Equation (4.20) contains no radial derivative and can be regarded as a con-
straint that holds at every value of r. It was shown in [85] that the Ward
identities of the dual CFT are contained in this set of constraints. The bulk
dynamics of the theory are contained in (4.21) and it is from this expression
that the FG structure arises. Equations (4.20) and (4.21) are not indepen-
dent and for a generic solution of (4.20) it follows that (4.21) implies [105]

FB,, = FB, N, (4.22)
with N arbitrary functions. Equation (4.22) can be rewritten as
0,A%, = D,A" +FB N, (4.23)

where D,, denotes a covariant derivative. We note that the right hand side
of (4.23) corresponds to a gauge transformation parametrized by A, and a
diffeomorphism? with parameter N”. This means A,(r 4+ 0r) is determined
from A,(r) by means of a gauge transformation and a diffeomorphism, allow-
ing us to choose the functions {A,, N*} at will. By fixing diffeomorphisms
on the transverse direction z# we can set N* = 0 leaving only A, to be
fixed by a gauge transformation. One crucial remark here is that different
gauge choices for A, give rise to non-equivalent boundary theories [100] as
the CS action is only gauge invariant up to boundary terms. We consider
the following parametrization of the gauge choice A,

1
A, = H(r,z)Ps+ H}(r,x)J + H (r,x)J; + QHab(r, x)Jap (4.24)

with J£ = P, 4+ J,5 and where {H, H%, H®} are arbitrary functions of the
holographic coordinate and of the boundary coordinates. Setting { H%, H}
to zero and H = H(r) corresponds to the gauge choice” in [85,100]. Here we
will work with a slight generalization by allowing H = H(r,z). In particular
we assume H (7, x) to assume the following form

1
H= TR (4.25)

2We are using the gauge invariant form for diffeomorphisms [106] that differs from a
Lie derivative by a local gauge transformation with parameter 7 = A4,£".

3The simplest gauge sets {H, H*, H**} to zero, however this will result in a degenerate
metric.
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with g(r,z) playing the role of a blackening factor which in principle can
be fixed by making use of the remaining radial diffeomorphism. In particu-
lar, in [85] it is set to 1 with the corresponding solution being global AdS.
However when ¢(r, x) has poles, as in a blackhole, the radial diffeomorphism
required to set g to unity would be singular. These give rise to a class of black-
hole solutions distinct from the global AdS solutions considered in [85,100].
We therefore consider g(r,z) with simple poles. A generic near boundary
asymptotic is then given by

glr,z) =1+ Z C;Z(fl) : (4.26)

with ¢;(x) some real functions. The solution to (4.23) in this gauge becomes
A(p, l’) _ e—PPser,w)dpA(oj l’)ePS J H(rz)dp + P [dl‘”@u / H(T‘, ZE)} ) (427)

For convenience we switched back to the FG coordinates and where A(0, x)
is the boundary condition for the gauge connection at the AdS boundary.
One finds, using (4.25) and (4.26), that the function H when integrated over
the radial coordinate satisfies the following asymptotic expansion

1 —3 B2
Hdp= -2 4 copt + L%, G- 200t & g (4.28)
2 2 3
c3 — cp+ 3cker — A — 2cp0s 2 (4.20)

4

On the other hand, using the gauge choice discussed above, the boundary
condition A(0,x) can be parametrized as

1
A0, z) = e*(2)J + k() J; + §w“b(:c)Jab, (4.30)

Combining (4.27), (4.28), and (4.30) the near boundary expansion of é* and

OMN g

|:éa + pi{,a] ’ 5 — |:éa _ p]%a] : oW — wa,b7

S
Sil-
Sil-
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with % and k¢ a shorthand notation for

oo 1 s copt 4 Gy 22— Cotr g By —deoes =3 426 5, T o
i 2 5 24
(4.32)
~ [ 2¢2 —
= |1 - cop? + 002 |k (4.33)

Here we only show the terms that are relevant for the thermodynamics of the
solutions. The near boundary expansion (4.31) is the equivalent of the FG
expansion (4.18) in the first order formulation of gravity. The asymptotic
expansion (4.31) should still satisfy the constraint equation (4.20). As it
was shown in [85,100], the constraint implies the hydrodynamic equations of
motion for the energy momentum tensor and spin current, leaving the fields
e® and w® unconstrained, which will then be identified with the sources for
the currents.

4.3 Holographic Counterterm Action

An important aspect of the holographic theory is renormalization. In order to
identify the on-shell gravity action with the effective action of the field theory,
we should first construct a finite action which at the same time preserve the
boundary symmetries

Iren = 111% [Son_sheu(e) — V(E)] s (434)

where V' (¢) is the counterterm action and e a cutoff for the FG coordinate.
The renormalized action (4.34) should have a well defined variational prob-
lem, so that, upon the holographic identification of I,¢, = Sjep in (4.1), it
becomes the generating function in the dual field theory. Following a pro-
cedure analogous to the one in [85], we obtain the following counterterm
action

erebece
6e? 2¢ ’
(4.35)

gt @@ (Rt + 3ok

V= 4KCS€abcd/ / (Rab + e“kb) ke +
My

with R = dw® + w®;w the boundary field strength of the source w®. The
first term of (4.35) is a Gibbons-Hawking term, while the last two terms
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cancel the divergences in Songhen. By varying 61,., and identifying it with
the variation of the boundary generating function the energy momentum and
spin curren three forms are found as*

Ta = —8Kcs€aped (R™ + 2€"k) k7 (4.36)
Oap = 16K s€apealk?, (4.37)

with T¢ the torsion coming from the boundary sources e® and w®, and with
the three forms 7, and o,, related to the usual currents through

6p0’>\l/ E)xpm'

le]

Following [85] it follows that the conservation equations for currents are the
expected ones. The chosen gauge leaves not only these symmetries as residual
boundary symmetries but also Weyl symmetry and a particular non-abelian
symmetry are present [100]. These last two symmetries become anomalous
and it has been suggested in [85] that the non-abelian anomaly could be re-
lated to a chiral anomaly through the antisymmetric part of the spin current.

T =

b A ab
e ' Th pox » St = €ne,0ab por - (4.38)

le]

4.4 Thermodynamic properties of the black-
hole solutions

In equilibrium we can Wick rotate the theory to Euclidian signature, allowing
us to identify the (grand-)canonical free energy F,.. as

BFfree = 6 Ffree = [[€7W]onfshell ) (439)
Ms

with S the inverse temperature which equals the length of the thermal cycle
and Fge the free energy density integrated over the spatial boundary Ms;.
We are also interested in the thermal entropy Sinermar- For blackhole solu-
tions the entropy can be computed as the Noether charge associated with

4We note that the form of these currents correspond to a particular choice of finite
counterterms given in (4.34).
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diffeomorphisms® and is found to be

A 1

_ CD »sF ~C 2D ~F AB

Sthermal = Sthermal - 477/ €EABCDF (R e + 56 e e n ,
M M

(4.40)

where M} denotes the horizon manifold, n4? = DIA¢Bl is the binormal at
the horizon, and ¢ the Killing vector generating the horizon. We denote the
entropy density by Sinermar- Expression (4.40) is obtained from the general
entropy formula (B.19) which is valid for a generic Lovelock gravity®. This
formula is the analogue of Wald’s entropy formula [108] for the first order for-
mulation of gravity and its derivation is shown in appendix B. Our derivation
closely follows [109,110] where a similar formula was derived for torsionless
theories”. The free energy and the entropy satisfy the Smarr relation and
the first law of thermodynamics

ffree =M — TSthermal - ,UIQly (441)

dffree = _SthermaldT - Qldﬂla (442)

with M = My — u;Q' the mass of the blackhole, iy represent all independent
components of torsion, and ); = ag—[;“. This mass can be independently

computed from the energy tensor and the spin current as

1
M = d*x {nuﬁyT‘“’ + —naSA e (4.43)
M3 2

with n, the normal to the timelike direction.

4.5 Generic Holographic Background

In this section we introduce a hydrodynamic ansatz for {¢™, oMV} suitable
for a blackhole solution. We will introduce this ansatz in a form appropriate

5To be precise, here we consider the gauge invariant diffeomorphisms discussed below
equation (4.23).

6To see another concrete analysis of blackhole thermodynamics in a higher derivative
theory see [107] for the thermodynamics of Ads and dS blackholes in Gauss-Bonnet gravity.

"There exist some subtleties for deriving a first law in the context of the first order
formalism.
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to perform the hydrodynamic expansion in (boundary) derivatives, allowing
us to interpret the currents of the solutions as those of a thermal conformal
fluid. Just as in the derivation of the holographic currents above, we consider
the following gauge

oo + 9, </ @) dz" (4.44)
rg rg

& =%, =0, =14, = F®,=0. (4.45)

where FA8 = RAB 1 e4ePB is the Chern-Simons field strength. We know that
solving for FAP,, = 0 and T;;‘L = ( is sufficient to determine the radial depen-
dence of the functions {&},w*,,&",} leaving a set of constraint equations
for the integration constants and sources. The dynamical equations we need
to solve are

9™, =0, (4.46)
W™, = rgdé (4.47)

Sa 1 Sa
Oy (rgo,es) = Ee#. (4.48)

This system of equations has a simple solution which was already presented.
We will rewrite such solution in an alternative form by using the hydrody-
namic ansatz presented in the rest of this section. This manipulation will
allow us to solve the remaining constraint equations more easily in terms of
the hydrodynamic derivative expansion. This, in particular, entails a decom-
position of the background ansatz in terms of the fluid velocity u* and the
projection operator A¥.

4.5.1 Ansatz for the vielbien

The one form e* can be decomposed as

e =0, [F(x, rYulu, + Fy(2, r)ut A + F,(x,7) AP, + Foy (2, 1) APPAT| da
(4.49)

where {F, F,, F »; Foe are functions of both the boundary and the holographic
coordinate and 6 us a boundary vielbein that is related to the vielbein e in
the previous section as

e = 0 (u'u, + AY) dz” . (4.50)
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The corresponding bulk metric reads

dr? . )
a5 = S+ | = (F? = FuBps™ ) wu, + 2 (FuFpp A = FF, ) u, A
r2g
+ (FapFpo A — F,F, ) ANAT] datda . (4.51)

The AdS boundary conditions for the functions {g, F, Fy, E,, F,.} are such
that

dr?
lim ds® ~ — + ry,datda” (4.52)
r—00 r
where 7, is the boundary metric coupled to the dual CFT. For simplicity
we take 7., = 7, In the rest of the paper. It is now possible to write down
an ansatz for the functions {g, F, F;;, F,, F),,} as an expansion in derivatives

oo I3,
F(z,r)=—rf(r)+ Z Z emrfi[::}(r, x)s?ﬁ(m) : (4.53)
m=1in=1
o I},
Fy(z,r)A%" = Z Z emrlz[:] (r, x)vl[:]”(x) : (4.54)
m=1i,,=1
oo I},
Fy(a,r) A =" N el (r, o™ (x) (4.55)
m=1im=1
oo I,
Foo(z,7)APEATY = rh(r, z) A" + Z Z emrhgz} (r, x)t%]uy(m) ,  (4.56)

m=11iy,=1

where f is a function of the radial coordinate®, {h, fi[:}, ll[:], ﬂi:j], hyr:]} func-
tions of both the holographic and the boundary coordinates’; index [m] indi-
cates the order of appearance in the derivative expansion, € is a book keeping
parameter explicitly counting the number of derivatives. Here 32[-77:}, UZ[ZLM , and
tg:]“ " are, respectively, a scalar, a vector, and a tensor form the corresponding
I5, I, and I' independent quantities constructed from all available sources

m) Tm?

8Using radial diffeomorphisms f can be chosen to depend only on the holographic co-
ordinate.

9Dependence on the boundary coordinates in these functions arises from their temper-
ature dependence.
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with m number of derivatives. Although the ansatz in (4.53)-(4.56) is formal
it is possible to find solutions for all the functions in terms of the blackening
factor f as follows'’

ho + (rf)?
_ A
g oy (4.57)
h— (ho + h1)<7’f) + (ho — hl) h() + (Tf)2 ’ (458)
27’h0
f[m] [m] rf—/ho+ (rf)? (4.59)
2Th0 .
ol — g (71 = v/ o & (/)7 (4.60)
tm tm 27"]10 .
—+/h
= (2 o+ (rf)” (4.61)
m m 27”hg
plt _ gl (71 = v/ ho & (rf)” (4.62)
tm tm 27“h0 '
with prime denoting a radial derivative, {hy, K’Z], me LG ,dl[-m}} integration

constants that a priori are functions of the boundary coordinates, and where
the asymptotic AdS boundary conditions have already been implemented.
As seen from (4.57)-(4.62) we have rewritten the solution for the functions
{g,h, fi[:j], ll[-:], g:}, hﬁjj]} as algebraic functions of f. This function f is arbi-
trary and can be fixed via the remaining diffeomorphisms of the holographic
coordinate.

It is instructive to look at the zeroth order metric

ds®> = —— +1° (= fPuuu, + B°A,,) do'dz” (4.63)

This corresponds to a non-extremal blackhole with a horizon at r;, if the
function f satisfies f2(rp) = 0 and (f")* (ry) # 0. Then the blackhole tem-
perature T'(x) can be related to hg by

ho = (20T)* . (4.64)

10This choice of ansatz with the corresponding AdS asymptotic behavior identifies the
boundary source as in (4.50).
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4.5.2 Ansatz for the connection

ab

The connection w® can be decomposed in a similar fashion

095 — 0 [K(x, rutu, + Ky (x, r)utA) + f(p(a:, r) AP, + Ko (2, 1) APEAY | dat
(4.65)
where {K, K, K », K, o} are functions of the holographic and the boundary

coordinates. From (4.46)-(4.48) we see that these functions are solved in
terms of {F, F,, F,, F,, } as

K = (rf)F', (4.66)
K, = (rg)F,, (4.67)
o = (rg)Fy, (4.68)
KPU = (’I"g)F;)U ’ (469)

where prime denotes a derivative with respect to . From (4.46)-(4.48) it
also follows that the connection @ should be independent of the holographic
coordinate and can only depend on the boundary coordinates. These, then,
corresponds to the external spin sources w® in the dual field theory.

4.6 Solutions dual to zeroth order hydrody-
namics

We first consider the zeroth order in the derivative expansion where all
sources are taken to be constant and of O (1). Using (4.57)-(4.62) we reduce
the equations of motion to a set of algebraic constraints. Before attempting
to solve this set of constraints, we will first limit the space of solutions by
analyzing the behavior of the Ricci scalar R near the horizon and demanding
that it stays finite. At the horizon the Ricci scalar behaves as

R (Th + E) = —% (/Cv)a k’a + 2 (/{a)aﬁ Kaﬁ +3 (ho — hl)} + O (60) . (470)

A particular solution reads

hl - —ho, (471)
« 1 (0%
(k)" K5 = =5 (Kv)" ko (4.72)
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Clearly (4.71)-(4.72) is not the most general regular solution, but it is easy to
show that this condition automatically implies the first law (4.42) of blackhole
thermodynamics is satisfied. We found two classes of solutions compatible
with (4.71)-(4.72)

e Vanishing {(k,)" , &, k*, (k4)" '} and independent sources { (Kr)"* , K,

((IC A K} We will refer to this solution as the Scalar-Vector-

Tensor solution. The reason for this is that in 341 dimensions the
sources (KKA)™, (Kp)™ and K™ can be dualized into a scalar, a
symmetric traceless rank 2 tensor, and an axial vector respectively.

e Vanishing {(rg)" , (Kp)™" k. k", (Ky)", (KKA)™ , K} and the sin-
gle independent source (k4)". We will refer to this solution as the
Axial solution. Once again, the reason for this name is that (k4)" can
be dualized into an axial vector.

Below we analyze these two solutions by computing their zeroth order con-
stitutive relations and determining their thermodynamic behavior.

4.6.1 Scalar-Vector-Tensor solution

For sake of clarity we present the explicit form of the metric and the torsion

2
. . . . . T
with non-vanishing scalar-vector-tensor in a convenient gauge'! f2 =1 — %.

ds® = —@ + 72 (—fZUMuV + thW) dxtdz”
2
2 "
f -+ ﬁ )
g2= _ﬁ 1_7”,%—47T2T2
r? r? ’ (4.73)
2 2772
9 ri, — 4mT
h*=1- = :
K Kr),,*
T = rh6’ {Kﬂpug _ ! Z)"Ag —(Ka),, ¥ — % dz? A da”

75 =0.

"' This gauge puts the blackhole solution in the familiar form in higher derivative gravity,
e.g. the Gauss-Bonnet gravity with Gauss-Bonnet coupling set to Agp = 1/4, see for
example [107,111,112].
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The energy momentum tensor of the holographic dual fluid follows from
(4.36) as

T = 327T4/<005T4

(1 | 3(n)ays (Kr)™ = (Ka) g, (K™

127T2T2 ) (4uﬂuu +,}/Mu>

w ((Kr)"? + (K4)") K L ) s (Kr)"™ = (K)o ()"

_|_

272712 212712
wa (16 (), (7)™ + (K0)° (), ) + (Kv)" ()"
a 32127
« 124 nLovo Vo ou ;,LKV
_(ICV> ((ICA) a+<’CT) a (ICT> a u a) ’ (4.74)
82T

The energy momentum is traceless and satisfies the usual equation of
state p = —% for a conformal fluid. There exists a non-vanishing shear

(traceless symmetric) component when (7)™ and (Ky)" are non vanishing.
Also we observe that the energy momentum tensor is not symmetric unless
(K™ (Ky)"} or {K™ (Kp)™ , (K4)™} vanish. Finally, we observe several
novel transport coefficients associated to the spin sources appear in (4.74).
The spin current in this holographic fluid follows from (4.37) as

S — 872 kg T? [4 ()™ =2 (Kp)"™™ — 20 (Ky)" (4.75)
FARAN 4 AN (1)

An interesting observation here is that, there exists a non-trivial spin cur-
rent, due to the presence of non-trivial spin sources, even when the energy
momentum tensor is symmetric.

Finally the thermodynamic potentials which correspond to the mass Mj,
the axial charge QY. the vector charge v, and the tensor charge QM.
the free energy density, and the entropy density of the holographic fluid are

given by

3 2
My = 967" ks T (1 — %’;GTHQ) : (4.76)
3 2
Firee = =32t ks T (1 -3 : 251;) : (4.77)
3 2
Sthe'rmal = ]_287T4K/CST3 (]_ - 4:;;_{2) s (478)
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Q)M = —16m2kesT? (KM, (4.79)
(Qv)u = —27T2I<LCST2 (’Cv)u 3 (480)
Q)™ = 1677 (Kr)™" (4.81)

where we defined an effective potential fi.¢¢ through

1 1 1
'ugff = 6 (,CA))\;I,V (’CA))\#V - 6 (’CT))\;W (’CT))\VM + E (’Cv)a (Kv)a , (4.82)
which enters into the free energy and the entropy density. We note that
the energy of the fluid, and the total mass of the blackhole agrees with
e = u,u, TH = My — p;Q". Positivity of the thermal entropy requires pry <
# for kog > 0 and prepp > 4“?2 for kcg < 0. It can be easily verified
that the thermodynamic potentials satisfy the first law of thermodynamics

dffree = _’SthermaldT - <QA))\,LW d (’CA)MW - (QV);L d (ICV)“ (483)
- (QT))\;W d (’CT>>\W’ :

The thermodynamic stability of the solution requires positivity of the specific
heat ¢, and the chemical susceptibilities y;,

02 F; e
= 7Lt gguntpnTd (1 — 26t 4.84
Cyv 972 384T ks < 422 >0, ( 8 )
aQ)\pO'
X = J(K A)n_;w = —96m° ks T AN APFATY > 0, (4.85)
A
ny o an‘; 2 2 A\ Qv
Xy = a(K:V>V = —-327 /icsT AP > O, (486)
o Apo
X;pmuu = J(K T)'fu—u = 16m2 ks TEPAMAPEFATY > (). (4.87)
T

To analyze (4.84)-(4.87) we need to distinguish the two cases: k > 0 and
k < 0. For k > 0 we first observe that the positivity of the susceptibilities
requires setting (K4)™ = (Ky)* = 0. Then, from (4.82) we find 1l >
0 hence there are no further conditions that arise from positivity of the
specific heat or positivity of the entropy. We conclude that, for k > 0 the
black hole with a tensor source is thermodynamically stable. For x < 0, on
the other hand, positivity susceptibilities require the vanishing of the tensor
source. From positivity of the specific heat then we obtain an upper bound
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on the temperature T" < fp.rr/2m. Dynamical stability of the solutions is
another question which can be settled by considering perturbations around
the background and calculating the quasi-normal modes. We will no further
investigate the dynamical stability of the solutions.

4.6.2 Single axial solution

Now we consider the second class of solutions to the constraint equations,
outlined in the beginning of this section: the blackholes with a single axial
charge. The explicit forms of the metric and the torsion, choosing once again

T2
the gauge f? =1 — -4, reads

dr? Y
ds? = _rz_gz + 72 (—fQUMuV + hQAW) dxtdz”
2
2 Ty
f -+ ﬁ7
2 2 272
2 T ri — 4mT
r2 — 47277

T =10, (/@'A))‘p [(f = 2Rh)urutu, — fAN UG + hutyyp Vo] daf A dz?
T° =0.

We find the following energy-momentum tensor

(Ka)” (Ka) p (Wu” + A) =2 (k)" (ka)" o

T = 321t kegT | 4uru” +4H +

42 T2

(4.89)

We observe that the energy momentum tensor for the single axial fluid is

traceless and symmetric with a shear component. The spin current follows
from (4.37) as

S = —32m ks T? [u (k)" + (ka) W w1 (4.90)

As in the previous example we note that there exists a non-trivial spin current
sourced by the torsion even though the energy-momentum tensor is symmet-
ric. As for the thermodynamics, there is an axial charge (Q4)"" associated

7
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to (k4)" as shown in the following thermodynamic potentials

K Kka)"
My = 967 ks T (1 + %) , (4.91)
(Qa)" = 167%kesT? (ka)" (4.92)
K 0
‘Ffree = _3277'4/QCST4 <1 + %) ) (493)
K k)P
Sthermal = 1287T4/£CST3 (1 + (A)Sl;'%) . (494)

We again observe that the energy ¢ = u,u,T"" agrees with the total mass
My. We also note that positivity of thermal entropy automatically discards
the case Kk < 0. The aforementioned thermodynamic potentials satisfy the
first law in the form

dffree - _SthermaldT - (KA) d<ffA)wj . (495)

7%

The stability of the solution is determined from the condition on the specific
heat and the susceptibilities

82]: ree K v \F "
0 m
(xa)""" = ‘a((gj))p—a = 16m° kT AMPA >0, (4.97)

We observe that the thermodynamic stability is guaranteed for x > 0.

4.7 Solutions Dual to First Order Hydrody-
namics

We now promote the hydrodynamic variables u* and T' as well as the spin
sources w®, to slowly varying functions of the boundary coordinates to study
hydrodynamic expansion at first order in derivatives. For this purpose we
consider the generic solution in (4.57)-(4.62) to solve the constraint equa-
tions (4.20) up to first order in the derivative expansion. For simplicity we
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explicitly treat only two cases: non vanishing (K A)’\“ ” and non vanishing

(Kyv)”. This is sufficiently rich to explore the spin dependent transport in
2

our holographic model. For all cases we can choose the gauge 2 =1 — :—3 as

before. In this gauge the generic solution for the metric at first order can be
written as

d 2
ds” = 7"2_22 + 72 [= fPupuy + B Ay, + 5 (2heru,, — 2 fbruyvy, + hdlt{wn dxtdz”
2
2 _ Th
f =1- T_27
¢ = ( —%) (1— r%_iWQTQ) :
r r
7“,21 — A7?T?

2 _

=1t

-1 /l_r%_\/l_r,%—éhr?Tz
j_Qho r2 r2

where {cwi, blvﬁ} denotes two distinct combinations of linearly independent
vectors with a single derivative of any of the hydrodynamic (u*,T') or spin
sources w®,, and {d;t},} the same for linearly independent tensors. To
obtain the solution we used the regularity of the metric determinant to set
F = —rf in the metric ansatz (4.51) and (4.53). The corresponding torsion
two form at first order for non-vanishing {(K4)™", (Kv)", (Ko)™" , (k4)"}
is given by

)

(4.98)

7 =02 |r (20 ) = 5 () AF = (07 = (en)™) (4.99)
(—fu5uy + hAg, + ju,gbwl{ + jul,cfvé + jdlté#) + AZf’;LhO + 4horju,0)tq)
_ huaty, — fAay +;r(hu(l}cfcl;b;' uabﬂ)ﬁ) +drt, &,h()] dz" A dz”
T5 = % [drt,, + w,(br — dp)v)] da* A da . (4.100)
The regularity of the Ricci scalar at the horizon can be written as
Attt = —ay (Ky)" +2Qu, (ka)" . (4.101)
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Below we derive the constraint equations to be satisfied by the sources and
the integration constants {bﬂ)ﬁ, clvﬁ, dﬂffw} for the particular solutions.

4.7.1 Non-vanishing (K 4)™"

The solution at first order in derivatives is found to be

b[ =cCr, (4102)

22 B
el = — 4T L 7, (4.103)

Capuu® (Ka)

dtl, =0, (4.104)
0=0, (4.105)
a" =0, (4.106)
8,T =0, (4.107)
u®d, (KM =0. (4.108)

The energy momentum tensor and spin current are found to be

afB
T = 321tk egT? (1 — (Ka) (KA)QBA

127277

) (AuFu” 4+ ) (4.109)

Au Q) 2u” (K a)" 0 + 0, (K4)"
B T 52 T2
EaﬁAnua (ICA) n

S = 397272 {(/CA)A“” + UM 4u[“9”“} : (4.110)

We note the energy-momentum tensor is generically non-symmetric and
traceless. The spin current (4.110) is totally antisymmetric so it can be
dualized into an axial current J,4 given

T\ = =325 T? [y (K4) ., 0 + 2] (4.111)

puv

This axial current comprises a charge density ps = 327%kcsT?e” " u, (K 4) "
and a linear response proportional to the vorticity with coefficient 3272k gT?.
This last contribution has the same form as the known chiral separation vor-
tical effect (CVSE) [113,114] that is typically associated to anomalous trans-

port in chiral fluids. We note however it resembles more the chiral torsional
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effect [115] where an axial current is generated due to the presence of defects.
The appearance of vorticity as a source of the spin current in (4.110) is inter-
esting, implying magnetization by rotation, akin to the Barnett effect [116].

4.7.2 Non vanishing (ICV)A

Next, we work out an example with a non-vanishing vector-like spin source.
The solution to (4.20) for this choice of sources is

b[ =cCr, (4112)
167272 (0 (Ky), — 290, (Ky)")

crvl = v VP , 4.113

o ). () (4.113)

t, =0, (4.114)

together with the flow solution

_ w0 (K (4.115)
647272 — (Ky)*’ '
w v
o = 9 (AMV _ 3 UCV) <]2CV) ) : (4116)
6 (Kv)
a* =0, (4.117)
0.T =0. (4.118)

We note that whenever the vector source (Ky )" is time independent, both
the compressibility and the shear tensor vanish. Using (4.36) we arrive at
the following energy momentum tensor

v __ 4 4 v v (ICV)# (ICV)V + u,uul/ (ICV)2
T = 321 kesT™ |4ut'u” + " — 3927 (4.119)
W (Ky), | 8uQ" (Ky), AHEAY + 2urlo Al 00 ()
8272 (Kv)? 4m2T? oV

(Kv)"u” 4 2u* (Kv)” 16ut (Ky))
+ ( 87272 (Kv)Q > 9] )
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We observe that the energy momentum tensor is not symmetric but it remains
traceless. Using (4.37) the spin current is found to be

Al V] A, [u V]
S 327T2RCST2 AN (K ) +42u u (KCy) Ny (1120)
(ICV)A (ICV)[N uu]g 2 (ICV)"‘ <UAQ[/‘K (]CV)V] + u[“ (ICV)V] QA;{)
+ + |
(’CV)Z (ICV)Q

A tensor-axial current is contained within the spin current from the projec-
tion

1

Jh = 3 (€aavolia — €aprotiy) U’y S2P (4.121)
p VN
= —167T2/<JCST2 (’Y‘uy — —(ICV) (IC2V> ) QU .
(Kv)

Perhaps the most remarkable finding in this analysis is this last equation: a
novel type of torsional anomalous transport in the direction proportional to
the projection of vorticity transverse to the spin source vector.
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Chapter 5

Discussion and Outlook

In this thesis we took some first steps towards a consistent and exhaustive
treatment of relativistic hydrodynamics with spin degrees of freedom. The
first step was to identify the relevant current associated to spin, the spin
current SM¥ | as well as providing a consistent definition in terms of its cou-
pling to sources, background torsion. Just as with any current there will
exist an associated canonical charge, which we denoted as the spin potential
p. This associated charge will be the dynamical degree of freedom whose
equation of motion will correspond to the (non-)conservation equation of the
spin current. Together with the temperature 7" and the four velocity u* it
will form a closed system of equations that describe the evolution of spin,
temperature, and flow of the fluid of interest.

We will summarize the advances presented in this work

e Belinfante-Rosenfeld (BR) symmetry: The ambiguity when defining
the spin current was resolved by the inclusion of sources. Adding tor-
sion to the background breaks the BR symmetry and allows for an
unambiguous treatment of the spin current. Torsion can be set to zero
at the end of any physical computation but this way of computing the
quantities will have observable effects in the expectation values of these
observables.

e Order of n® and torsion on the derivative expansion: It was argued
that the most natural order in which both of these quantities should
be treated is O (0). The possibility of having O (1) torsion is not dis-
carded, but such theory of torsion hydrodynamics should be treated
independently.
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e Hydrostatic limit: The most general parity invariant hydrostatic parti-
tion function and hydrostatic constitutive relation, contributing up to
O (9?) to the equations of motion was derived, see (2.70). From here 15
equilibrium transport coefficients associated to the spin potential and
the background torsion were identified, in addition to the hydrostatic
ideal pressure p.

o Non-equilibrium transport: In addition to the bulk ¢ and shear vis-
cosities 7 there are two additional O (9) non-equilibrium viscosities
{07,038} associated to the antisymmetric part of the energy momentum
tensor, and six O (0) transport coefficients {o1_¢} associated to the
spin current. The way we structured the constitutive relations (2.101)
and (2.102) implies {0;_¢} will only contribute to the equations of mo-
tion in the presence of torsion. There are in principle additional O (9?)
transport coefficients associated to the antisymmetric piece of T*” that
will contribute to the second order equations of motion. However their
inclusion requires some extra term

1. Independent spin degrees of freedom: When {og,07} are non-
vanishing the equations of motion imply that, up to O (9?), the
spin potentials take their equilibrium value and are completely
determined by the vorticity and acceleration of the fluid. This
implies the spin degrees of freedom are not independent. To have
independent spin degrees of freedom it is needed that {og, o7}
vanish or an alternative expansion counting is taken into account,
see [44,45] for an example of a novel counting proposal.

2. O (9% transport coefficients: When {cg, 07} are non-vanishing,
and no additional scaling is assumed on the coefficients, it is pos-
sible to absorb all higher order transport coefficients associated to
the antisymmetric part of the energy momentum tensor into the
spin potential projections {m?, M}, namely we can remove all
related higher order transport coefficients through a frame trans-
formation. However on the independent spin limit, either from
vanishing {og, 07} or when some exotic scaling is assumed, the
second order transport coefficients cannot be removed and we are
left with 49 spin related transport coefficients. It is on this inde-
pendent spin limit where we analyzed a toy model of polarization
on the quark gluon plasma, see chapter 3.
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3. Entropy current analysis: Asking for the second law to hold up to
O (0?) constraints the shear and bulk viscosities to be positive. All
other transport coefficients will contribute at a higher order. We
can note that {og, 07} appear in a quadratic form that upon using
the equations of motion contributes at O (9*) to the divergence of
the entropy current. This seems to suggest that {og, 07} should
also be subject to a positivity constraint, however in principle
a higher order analysis analogous to the one of [79] should be
performed to verify this. There might be a simpler argument, that
so far has escaped us, to impose positivity on those coefficients
without having to do such higher order analysis.

o Conformal symmetry: We identified the conformal transformations for
the energy momentum tensor and spin current by asking invariance
of the conservation equations under such transformations. A conse-
quence of the found transformations was that the energy momentum
tensor does not transform uniformly under conformal transformations
whenever the spin current is non-trivial.

e Holography: We showed with a particular example that the fluid gravity
correspondence can be successfully used to compute the currents, and
consequently the transport coefficients, of a theory with non-trivial spin
degrees of freedom.

There are still many things to be done and questions to be answered regarding
the hydrodynamic description of spin, to conclude this work we will list some
of the future direction we want to explore

e Kubo formulas: From the constitutive relations presented in (2.101)
and (2.102) it is straightforward, albeit involved, to compute the vari-
ation of the current on a flat background. Allowing us to compute
the two point functions and ideally resulting in Kubo formulas for all
transport coefficients involved.

e Holographic computation of viscosities: We already showed that a holo-
graphic computation of the spin current in holography is possible. A
natural next step is to go beyond the CS toy model and perform a
fluid gravity analysis to compute the spin transport coefficients on a
more realistic dual theory. Alternatively, once the Kubo formulas are
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derived a holographic two point function analysis can be performed to
compute these transport coefficients as well.

e Polarization in quark gluon plasma: We have shown, on a particular
spin limit, that taking into account spin transport and solving, in a
naive way, the hydrodynamic equations give a good match with data
(see figure 3.1). A natural step from this is to go beyond the Bjorken
approximation of the background flow and do a more robust computa-
tion of hyperion polarization.

e Torsion hydrodynamics and condensed matter: The constitutive rela-
tions we provided are valid even in the presence of torsion. Although in
heavy ion collisions torsion is not present, we know that in some con-
densed matter systems it can appear as lattice defects [117-119]. The
hydrodynamic equations in the presence of torsion might give further
insights into this type of materials.
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Samenvatting

In dit proefschrift worden aspecten van hydrodynamica op systemen met non-
triviale spinvrijheidsgraden bestudeerd. We beginnen met het identificeren
van de relevante spinvrijheidsgraden en hoe deze in de hydrodynamische ex-
pansie kunnen worden opgenomen. Nadat dit is bereikt passen we de con-
stitutieve relaties aan zodat ze deze vrijheidsgraden meenemen, wat gedaan
wordt op een manier die verenigbaar is met de tweede wet van de thermody-
namica. Conforme symmetrie in de aanwezigheid van spinvrijheidsgraden is
ook geanalyseerd en wordt gebruikt om een geidealiseerd model op te schri-
jven dat op het quark-gluon plasma lijkt wat gegenereerd wordt in zware
ionenbotsingen. Met dit model wordt de verwachte polarisatie van deelt-
jes na een dergelijke botsing uitgerekend en vergeleken met experimentele
data. Tenslotte gebruiken we de vloeistof-zwaartekrachtcorrespondentie en
een vijfdimensionaal gravitationeel versimpeld model om te illustreren hoe
de nieuwe spingerelateerde transportcoéfficiénten van een sterk interagerende
kwantumveldentheorie uitgerekend kan worden middels een duale gravita-
tionele theorie.
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Appendix A

Ideal fluid with spin

The generating function whose variation will give us constitutive relations
with no explicit derivatives is given by

W = P(T, u", u®, e®,) + O (6, K,ﬂb> . (A1)

A fluid whose constitutive relations are obtained by varying the leading term
on the right hand side of (A.1) is often referred to as an ideal fluid. Ideal
fluids are fluids whose constitutive relations contain no explicit derivatives
of the hydrodynamic variables. Note that we have phrased the previous
sentence rather carefully. In most instances an equivalent definition of an
ideal fluid is one whose constitutive relations are zeroth order in derivatives.
We will see shortly that in our current scheme, these two definitions of an
ideal fluid are not interchangeable.

From the projections {m® M} of the spin potential we find that the
available scalars in a generic number of spacetime dimensions d are given by
contractions of chains of M?,

M(n)ab = ]\4a62]\462C2 o MOy n>1, (A2)

with a pair of m,’s or with themselves:

c cd
M) = M M an)“my, (A.3)
M@y = Mn)“e.
For notational convenience it is useful to define
My"s = 0%, (A4)
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so that m ) = m.m*® and M) = d are well defined. The number of possible
independent scalars is bound by the dimensionality of M and m?. In a
generic number, d, of spacetime dimensions the independent scalars are given
by my, - - -, M| a2y, and My, ..., M(L%J) Of course, in addition to
(A.3) one may construct various dimension dependent pseudo scalars using
the Levi Civita tensor. For example, in 3 4+ 1 dimensions one may use,

M = ey my Moy . (A.5)

Since M2 = 4myy — 2M1ym o) we should replace m ;) with M. Unless stated
otherwise, in what follows we will consider contributions to the constitutive
relations for a generic d dimensional spacetime theory.

The dependence of the ideal stress tensor and current on the external
fields can now be computed by varying P(m,), M, T?) with respect to the
vielbein or spin connection respectively. Inserting (A.1) into (2.6) and de-
noting the resulting stress tensor and spin current by (Tige.)" and (Sigea)™”
we find

(ﬂdeal)uy = eu*u” + PA* + u* AP, ,

(A.6)
(Sideal) A,u,l/ = u’\PW )

where € is given by

1
€e=—P+sT+ §pa5uaﬁ : (A.7)

and s, p,, and P, are given by the variation of the pressure with respect to
the variables T', ;% and u?,

oP 1 oP oP

T A Gl v

(A.8)

Their explicit dependence on derivatives of the pressure with respect to our
basis of scalars is given by

2] op 252
Pab =4 Z W meM 2n) [atly] + Z mcM(k)C[aM(Qn—l—k)b}dmd
n=0 n k=0
)
OP
-1 n M 2n—1)ab s
; OM(,y " Y
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|25 ]
P, =-2 Z o M(pytia — MM zni1)'a + Z MM (21— ) "a (1)
n k=0

oP
—4 Z n mbM(2n—1)ba i)
(A.10)

where square brackets represent an antisymmetric combination, Ay, =
5 (A — Ay,). Note that the stress tensor is not symmetric due to the term
proportional to (the transverse part of) P*.

A few comments are in order. The relations given in (A.G) describe the
dependence of the energy momentum tensor and spin current on the external
sources which have been conveniently packaged into the variables, T', ;® and
u® given in (2.40). Since these are hydrostatically equilibrated configurations
the resulting stress tensor and current should also be expressible in terms of
solutions to the hydrodynamic equations. This interpretation allows us to
identify T as the temperature, u* as the velocity field and p® as the spin
chemical potential. From this point of view, the relations (A.6) are the
constitutive relations for an ideal fluid and (2.40) give the dependence of the
hydrodynamic values on the external sources once hydrostatic equilibrium is
achieved.

Once the hydrodynamic variables T, u* and p® have been ascertained,
we may identify P with the pressure, € with the energy density, s with the
entropy density, p,pg with the spin charge density and P, with what we refer
to as a momentum density. With the above interpretation of thermodynamic
variables, equation (A.7) can be interpreted as the Gibbs Duhem Relation
relating energy density and pressure. This expression together with (A.8)
gives us the first law of thermodynamics

1
de = Tds + i,u‘lbdpab — P,du®. (A.11)

From (A.11) (or (A.8)) we observe that the momentum density is the
variable conjugate to the velocity field, u®. Such a quantity is absent in
relativistic thermodynamics as long as the velocity field is the only tensor
which breaks Lorentz invariance. Thus, normal, charged and uncharged flu-
ids, do not support such variable. The two component model of superfluids
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includes a superfluid velocity field which further breaks Lorentz invariance
but since the superfluid flow is a gradient flow thermodynamic quantities are
packaged in a somewhat different way than here. The instance we are aware
of where the momentum density plays a thermodynamic role similar to the
one in (A.11) is in non relativistic thermodynamics without boost invariance.
See [120].
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Appendix B

Thermal Entropy in
Riemann-Cartan Spacetimes

An entropy formula and the corresponding first law for blackhole solutions in
arbitrary theories of gravity carrying a metric and a Levi-Civita connection
was derived in [108] by Lee and Wald. An analogous formula for gravitational
theories described in vielbein formalism, albeit with vanishing torsion, was
not addressed until much later' in [121-123]. In this appendix we derive the
blackhole entropy formula for gravitational theories in the first order formal-
ism of gravity, with independent vielbein and connection, by extending the
approach in [123]. We first present a quick review of the necessary covariant
phase space formalism — for a more complete review see [124-126] — and
then we apply it to gravitational theories that we are interested in.

B.1 Covariant phase space formalism

To start the discussion let us consider a local Lagrangian £ = £(¢) depend-
ing on canonical fields {¢}. Through the variation of the Lagrangian one
obtains not only the equations of motion Ey4 but also the so called symplec-
tic potential 0(d¢)

5L = Eydep+ do(56) . (B.1)

!The complication arises from the internal degrees of freedom of the vielbein associated
to the Lorentz symmetry of the tangent space. See the discussion in [121] for a summary.
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SPACETIMES

It is important to note that # is not uniquely defined as any exact form da
could be added to it. We instead consider a class of symplectic potentials ©
defined by

O =0+da, (B.2)

where the form a will be used to fix the gauge invariance of the symplectic
potential. The anti-symmetrized field variation of © defines a symplectic
form € as

Q(51,0) = 5,0 — 6,0 (B.3)

For a symmetry parametrized by w, the symplectic structure allow us to
define a Hamiltonian flow by

Mﬂ:/Q@@% (B.4)

where ¥ denotes the spacetime manifold. For a diffeomorphism £ we expect
all linear variations J¢ to vanish, as this is a symmetry of the theory, implying
that the Hamiltonian flow should also vanish, namely 0 H = 0. In Riemann-
Cartan spacetimes there is, in addition to diffeomorphisms, local Lorentz
symmetry parametrized by A2, so we will equivalently ask for absence of an
associated charge by demanding 0 Hy = 0. This allows us to fix a.

It is also possible to use the symplectic potential to define a Noether
current associated to diffeomorphisms £. This can be done by noting that, if
we define this current J; as

Je=0(0) ~ L€, (B.5)

then dJ = 0 on shell using (B.1). This implies we should be able to write
the current as an exact form

Je = dQ¢ (B.6)

where Q¢ will be the Noether charge. The Noether charge and the Hamilto-
nian flow for a diffeomorphism can easily be related by noticing that

§2(6,0¢) = d (0Qc — ©(0) - €) , (B.7)
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which implies the Hamiltonian flow is given by a boundary term

st = | 15— 00) €], (B3)

whenever © - £ = §B with B being some differential form. We then say the
theory is integrable. We are concerned with theories where 9% is formed
by a Killing horizon, i.e. & = 0 on this surface, and with an asymptotic
boundary at oco. Taking this into account together with the vanishing of the
Hamiltonian flow we are left with

[ st - /a ez o) (B.9)

This equation is the first law of thermodynamics when the left hand side
identified with TH0 Sinermal. We now proceed to calculate the relevant Noether
charge.

B.2 Gauge Invariant symplectic potential

To compute Q¢ it is necessary to find a form « such that 0 H, = 0. Asin [123]
we rather proceed via a simpler road by requiring for the symplectic potential
itself to be invariant, namely ©(d,) = 0. For completeness, we show below
the relevant local Lorentz transformations for the coframes and connection *

A A AF

B.10
5/\(,<JAB = D/\AB s ( )

We now consider gravitational Lagrangians that are functions of both the
coframes e” and the connection w4?. In particular we expect the Lagrangian
to depend on the local Lorentz covariant forms {e?, T4, RAB}, ie. L =

L(e,T,R).

The corresponding variation of the Lagrangian can then be written as

0L = 6 Ey + 0wBE g + dO(de, dw) , (B.11)

2Note that at this point we are working in arbitrary dimensions and A represent D-
dimensional indices, not necessarily the 5D ones.
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with E4, F4p the equations of motion and © the symplectic potential given

by
oL oL
Pa=geat P (aT) 7
oL oL
Eup = €B3TA +D <—8RAB) 7 (B.12)
L OC

oL
_ 5.4 9% AB
O(de, dw) = de STA + dw SRAD

+ dox.

We obtain

/@((5,\):/ |:—>\AF€F oL + DAAB oL +da(5)\)]
2 )

oT4 ORAB

oL oL oL
A A
:_/ZAB[eB_aTAjLD(aRAB)]JF/a {A BaRAB+CX(5A)

oL
:_/AABEAB+/8 |:/\AB8RAB —|-05(5)\):| .

Requiring on-shell gauge invariance of the potential fixes o as

oL
8Rab :
We note that the form of « is valid for any theory in a Riemann-Cartan space-

time. To calculate the Noether charge we will need to specify a particular
Lagrangian.

(B.13)

ald) = — (e““éei)

(B.14)

B.3 Noether Charge in 5D Lovelock Gravity

We consider a (non necessarily Chern-Simons) 5D Lovelock Lagrangian char-
acterized by the action

c c

S = /EABCDF [clRABRCDeF + gRABeCeDeF + g?’eAeBeceDeF} , (B.15)

with free parameters {ci, ¢z, c3}. The equations of motion for this action read
Ex = eapepr [t RPCRPY + ¢;RPCePe + czePeCePe’]

B.16
Eap = €apcpr [201R7P + c2¢e”] T" (B.16)
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with the symplectic potential ©
© = €aBcDF (201RABGC + %€A6360> SwPt (B.17)
and the symplectic current
J=d [EABCDF (201RAB + %eAeBec) (ePHTh e + DDfF)} (B.18)
+ B (wap - ) + EY (ea - §)

We can now read off the Noether charge and evaluate it at the horizon, by
noting that DF¢Fl — nPF. This yields the following expression for the
entropy

oL
S = 27r/ [nAB AB] = 27?/ eapcprn*? 2C1RAB+26AeBeC] )
Ms; 8R Ms; 3
(B.19)

with the 27 a normalization factor. Setting ¢; = 1 and ¢; = 2 we find the
result of (4.40).
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