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Abstract

We explore several methods for calculating the two shear viscosities and three bulk viscosities of
magnetohydrodynamics for a quark-gluon plasma using improved holographic QCD. First we look
at a method based on fluctuation equations. We work both with UV expansions and with a method
based on the membrane paradigm. We calculate the shear viscosities, and describe some problems
you stumble upon when calculating the bulk viscosities. Then we look at methods based on dually
mimicking fluid equations, in this case Fick’s law and the entropy current equations, we manage to
extract several viscosities, but there seems to be a restriction on which viscosities you can extract
based on the zero temperature boost symmetry breaking. Lastly, we calculate the a magnetic field
dependent bulk viscosities for analytic two-dimensional model related to a gravity dual of the ABJM
model.



Contents

|Acknowledgements|

1 Introduction|
1.1 Quark-gluon plasmal . . . . . . .. ..
I1.2 Holography| . . . . . . . . e
03 % Hooft Thmitl . . . . .« .
[L.4 Improved holographic QCD| . . . . .. ...... ... ... ... ...........

[[5 Shear VISCOSIEY| . . « « « o v o e e e e e e e

I1.7  Bulk viscosity| . . . . . . . .
1.8 Relativistic magnetohydrodynamics|. . . . . . .. .. ... oo
1.9 Calculating viscosities| . . . . . . . . . . . e
[1.10 Outside holography|. . . . . . . . . . . .

2 Relativistic magnetohydrodynamics

2.2 Physics of fluids|. . . . . . . . .
2.3 Thermal equilibrium| . . . . . . .. ...
2.4 Hydrodynamic expansion] . . . . . . . . .. . .. L

3.4  Phase diagram| . . . . . . . ...
3.5 Background equations| . . . . ... ...

4.3 UViexpansion|. . . . . . . . . . o e e e
4.4 Helicity blocks| . . . . . . . .o
4.5 Dhear viscositlesl . . . . . ... e

(=}

19
19
19
19
20

22
22
22
23
24
24
25



CONTENTS 4

[6_Calculating viscosities: mimicking fluid equations]| 34
Bl Tnfroductionl. - « .« v vt oo e e e 34
B2 TIRSTAW - - o o o o oo e 34
b.3  Null Raychaudhuri equation| . . . . . . . .. ... .. . oo 35
.4 Isotropic boosting] . . . . . ... 36
.o Four-dimensional metric] . . . . . . . ... Lo 37

5.6 Null geodesics|. . . . . . ... ... 38
[B.7 Deviation equation] . . . . . . . . .o e 39

5.8 Anisotropic boosting| . . . . . ... ..o 42
6 Bulk viscosity for 241 dimensional analytic model| 44
[6.1 Tntroductionl. . . . . . . . . . e 44
6.2 The analytical solution|. . . . . . . ... ... o 44
6.3 FEOMI. . . . . e 45
6.4 Resultl . . . . . e 46
|7 Comparison of results with literature| 47
7.1  Experimental data] . . . . . .. ... 47
7.2 Lowest Landau level approximations| . . . . . . .. .. ... .. ... 0., 48
[B_Conclusion 51
8.1 Resultsl. . . . . . . e 51
B2 Outlookl . . . . . . oo 51
A ppend 54
IA_Zeroth order EOM]| 54
IB Transformations of perturbative modes| 56
IC_First order EOM for shear modes| 58
ID Rescaling invariance of perturbative modes| 62
[EE_Kaluza-Klein reductionl 63
IF_First order EOM for bulk modes| 66
I&_Green’s functionl 72
(H_Numerical method| 77
I Finding the massless bulk mode] 80
J  Anisotropic dissipative shear term for axion| 81
IK Decomposition of shear tensor| 83
IL Bulk viscosity for analytical GGPT solution| 84

IM Numerical calculations for analytical model| 86




CONTENTS

IN' Fluid Gravity|

89

91



Acknowledgements

Firstly, I would like to thank Umut Giirsoy for the opportunity to study this incredibly interesting
topic. Because of its deeply theoretical but also applied nature, Improved Holographic QCD is a topic
which very much matches what I like to do in physics. Apart from that I would also like to thank
you for being an inspiring, expert and patient guide in this project.

Secondly, I would like to thank Govert Nijs for his ever-available advice, assistance and for be-
g a very good companion throughout the entire journey.

Lastly, I would like to thank Matti Jarvinen for many useful discussions.



Chapter 1

Introduction

1.1 Quark-gluon plasma

In nature we find baryons. These are subatomic particles composed of an odd number of quarks,
held together by the strong force. The medium of this strong force is a massless boson called a gluon.
The most prominent examples of baryons are neutrons and protons, which together compose the
atomic nuclei. The strong force has its name for a reason, and it is therefore very difficult to destroy
the bond that holds the quarks in neutrons and protons together. However, in the Relativistic
Heavy Ion Collider located at Brookhaven National Laboratory, USA as well as in the Large Hadron
Collider located at CERN, Switzerland, gold ions are accelerated to a point where the collision
temperature is so high, namely about 450-600MeV [45] (~ 10'? K), that this bond is broken (see
figure . Again stressing how hot this is, this is a million times hotter than the core of the sun
[12]. Because the ‘pancake’-shaped ion clouds do not completely overlap, some baryons, which carry
electric charge when they are protons, move around the collision site in a uniform way (see figure
. This generates a very large magnetic field (about 10%-10° Gauss). When the bond is broken,
the quarks become deconfined and a quark-gluon plasma (QGP) is formed. Apart from being a
phenomenon that can be studied in a laboratory under bizarre artificial circumstances, a QGP may
have existed a few microseconds after the Big Bang and perhaps still is present in the inner core of
neutron stars [60]. Studying this plasma is therefore of great scientific value. When studying this
plasma, it is important to note that unlike baryonic matter, a quark gluon plasma can be treated as
a fluid [73], and thus its fluid properties, such as the bulk and shear viscosity, can be studied, which
is what will be done in this thesis. Lastly, both in the early universe and neutron stars, similar to
heavy ion collisions, the magnetic effect on QGP needs to be considered [91], [50].

1.2 Holography

Studying a QGP is a difficult task. The dynamics of this plasma is quantum chromodynamics
(QCD), which is the quantum field theory (QFT) which describes how gluons interact with quarks
and with themselves. Because this fluid is strongly coupled, we cannot rely on perturbative QCD.
Another route would be lattice QCD. However, because of the euclidean time nature of this method,
incorporating dynamic effects comes with many systematic and statistical errors [45]. Yet another
method would be holography, where we map a QFT to a higher dimensional semi-classical theory
of gravity [5]. But also this method comes with disadvantages. The main problem is that it is often
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Figure 1.1: Venn diagram of subatomic particles in the Standard Model [88].

Spectators, P

Participants

before collision after collision

Figure 1.2: Schematic picture of a QGP formed by a heavy ion collision [45], because of deconfinement
the baryons (zero color charge) decompose into quarks with red, blue and yellow color charge. Before
the collision the ions have a ‘pancake’ shape due to special relativistic length contraction [22].

difficult to find a top down derivation of the gravitational theory. Such a top down derivation was
first found by Maldacena in [74] for N' = 4 Supersymmetric Yang-Mills (SYM) Theory, a conformal
theory with gauge group SU(N). This theory is found to be dual, i.e. mathematically identical, to
critical type IIB superstring theory AdSs x S°. Several constants of the two dual theories can be
related to eachother in the following way:

A
N 27gs (L.1)
L4

Here A\ and g5 are the ‘t Hooft coupling and string coupling constant and L and [s are the radius
of curvature and the string length respectively. The ‘t Hooft coupling is given by: X\ = g% ,,N,
with gy s the Yang-Mills coupling constant. The duality of N'= 4 SYM to IIB superstring theory
AdS5 x S5 follows from comparing the open- and closed-string perspective. These perspectives
become tractable in opposite limits for gsN. Specifically, N D3-branes can be described by by open
strings on a flat hyperplane (see figure for gsN < 1. The low energy limit is N'= 4 SYM. In
addition, N D3-branes can be described by closed strings in curved space-time for g, /N > 1. In the
low energy limit this becomes type IIB superstring theory AdSs x S° [22].
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Figure 1.3: Schematic picture of a QGP formed by a heavy ion collision, during this collision a
strong magnetic field is produced [45]. This is denoted by the B-arrow

1.3 ‘t Hooft limit

From equation it follows that if we take the weak coupling limit on the string theory side, but
keep %4 constant, we get that only the tree level diagrams of string perturbation theory matter, i.e.
we have removed the quantum degrees of freedom and the theory reduces to classical string theory.
For this to hold it follows from equation [I.I] and [I.2] that N needs to be large. This is called the ‘t
Hooft limit, and was first suggested by ‘t Hooft in [92]. Since X is kept constant this means gy s
should be small. One could think that this means that we also work in the weak coupling limit for
the QFT, which means that we might as well use perturbative QFT. However, since the number of
components in the fields simultaneously becomes large [2], the significance of higher order diagrams
remains invariant in this limit. Proceeding, we can also assume the radius of curvature to be large
compared to the string length, which effectively turns strings into point-like particles, thus reducing
classical string theory to classical supergravity. Contrary to perturbative QFT, this requires the
coupling to be large on the field-theory side (but still small compared to N), which is the case for
the running coupling constant of QCD for a specific regime with an energy scale that is not too
far in the UV. Thus we conclude that when combining the ‘t Hooft limit with the strong coupling
limit, that A" = 4 SYM, which is a conformal field theory, is dual to AdSs classical supergravity.
It is also possible to use bottom up reasoning to arrive at this duality [22]. We do this by starting
from that N' = 4 SYM is conformal, which means that the theory is unaffected by a change in the
energy scale. We then say that this energy scale is holographically dual to the r-coordinate, the
fiftth dimension in the dual five-dimensional gravitational theory. From the requirement that this
five-dimensional theory should be invariant under a transformation of the r-coordinate follows that
the theory of gravity should be AdS5. Lastly, we note that dual theories have the same symmetries.
For example, AdS and the conformal group are both SO(2,d). Where d are the spatial dimensions.
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N

Figure 1.4: Excitations of the system in the open and closed string description [5]

1.4 Improved holographic QCD

There is no string theory which is proven to be dual to QCD and there are doubts whether such a
theory exists. For example, in [79] Ooguri conjectures that all vacua spaces known to be used for
holographic constructions, which are space that are asymptotically AdS and break supersymmetry,
are unstable. Avoiding this troublesome exercise, we instead use a bottom up theory, which assumes
that some ‘low-lying’ operators of QCD can be treated separately from the rest of the Hilbert space
[45], because the other operators are O(gs) and are therefore suppressed due to the ‘t Hooft limit.
We then build a bottom up theory with these operators and their dual sources which mimicks the
properties of QCD in a 5D gravitational theory. Whenever we now say ‘dual’ we no longer mean
that two things are mathematically equivalent, but instead mean that two things correspond to
each other based on the assumption that the bottom-up theory is a good holographic description
of our QFT. The properties we want to mimick are asymptotic freedom, chiral symmetry breaking
and confinement. With the holographic theory in place, we can use the Gubser-Klebanov-Polyakov-
Witten (GKPW) rule [42] to extract information about the operators of the field theory from the
sources at the boundary of the dual theory [58]:

<exp [— i/ddx¢00}> = ¢~ #grav[p(r—ro0)=¢o (1.3)

The model that describes QCD with this method is called Improved Holographic QCD (ihQCD).
This theory will be one of the main topics of this thesis. Table shows all the operators and dual
sources that we will work with in this thesis [45]. In this context the ‘t Hooft limit means taking the
amount of colors N, to be large [30]. Because the gluons transform in the adjoint representation,
this limit affects the glue sector of our model. However, since magnetic field couples not to gluon but
to quarks, which transform in the fundamental representation, we also need to consider the flavor
sector. The way we add flavor to the model is by also taking the the amount of flavors to be large,
but keep the ratio z = N./N; at a fixed value. This limit is called the Veneziano limit and the
model that includes flavor this way is also called Veneziano QCD. This way of incorporating quarks
has the advantage that, unlike methods where quarks are studied in the probe limit (see for example
[35]), it considers the backreaction of the quarks and can therefore describe the behavior of quarks
at high densities. The downside is that, as explained in [3], in the Veneziano limit, unlike for the
‘t Hooft limit, not all string loops are suppressed, and these contributions are extremely difficult to
take into account, for one because the full string theory is unknown. When using ihQCD, we don‘t
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Table 1.1: Operators and their dual sources.

boundary: operator bulk: source
energy momentum tensor 7'# metric tensor g,
current J, gauge field A4,
scalar glueball operator trF?2 dilaton ¢
axionic glueball operator trF' A F axion x
quark condensate (¢q) tachyon 7

have to rely on faith to know whether it is actually a quantitatively valid way of modeling QCD.
For example, we can look the glueball spectrum [45], which are the gluon eigenvalues of QCD in the
confined phase. We can compare the result that follows from ihQCD with results from lattice theory
(see figure . In [6] the meson and glueball spectra of thQCD with the Veneziano limit are fully
analyzed. Since these methods are completely independent, it is a strong indication that ihQCD is
a quantitatively valid way of modeling QCD.

JPY | Lattice (MeV) | Our model (MeV) | Mismatch
0T+ 1475 (4%) 1475 0
2++ 2150 (5%) 2055 1%
O+ 2755 (4%) 2753 0
2+ 2880 (5%) 2991 4%
O+ 3370 (4%) 3561 5%
Qe 3990 (5%) 4253 6%

Figure 1.5: Comparison of glueball spectra as found via lattice QCD and via ihQCD (‘our model’)
[45].

1.5 Shear viscosity

Shear viscosity is the transport coefficient for the dissipation that occurs when two layers of fluid
slide over each other (see ﬁgure [77]. Shear viscosity explains why honey, which is a more viscous
fluid than water, very slowly moves out of a jar when you hold it upside down, whereas water moves
out almost instantly. In figure a schematic figure the shear viscosities of several very non-viscous
fluids, including a QGP, is given. In [82], Policastro, Son and Starinets (PSS) calculate the shear
viscosity of A/ =4 SYM by assuming a large ‘t Hooft coupling, which allowed PSS to map the QFT
to AdS5. The result they find is:

Z ! (1.4)

T ar
What is noteworthy is that this result is extremely low and temperature independent. Far from the
UV where holographic QCD is valid, this result has been confirmed experimentally (see [12] and

figure [7.2). Kovtun, Son and Starinets (KSS) then propose in [69] that this result could serve as a
lower bound for a wide class of systems, such as the QGP. They argue that this holds because lower
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Figure 1.6: Non-zero shear viscosity causes shear stress when there is a velocity gradient between
two layers of fluid [31]

values would violate Heisenberg’s uncertainty principle. In [19], Buchel and Liu (BL) make an even
stronger claim. They claim that this bound is saturated for any gauge field. The conjecture of both
BL and KSS are proven to not be generally true. For example, Cremonini, Gursoy and Szepietowski,
show in [26] that shear viscosities of theories with a non-trivial scalar profile no longer obey equation
Instead the shear viscosity becomes temperature dependent and can drop below the proposed
universal bound. Also, anisotropic QFTs do not adhere necessarily to this lower bound. Examples
of this are given in [34] and [84]. For the anistropic case, Rebhan and Steineder show that when the
zero temperature SO(3) rotational symmetry is broken in the z-direction by an axion linear in z the
shear viscosity is defined by the horizon geometry in the following way [84] :

X
T]i — igxm(rh)
s 4m g, (rp)

(1.5)

Similarly, Critelli et al. show that when this is done by a magnetic field in the z-direction, we get
the flipped result:

B
M1 gaa(rn)

s AT guu(rn)

(1.6)

7. is invariant under this symmetry breaking. In [23], In [59], Jain, Samanta and Trivedi gener-
alised this by proposing that anisotropic shear viscosities might be determined by looking at the
boost symmetry, which is the part of Lorentz group that relates time to the spatial dimensions.
This symmetry is present for the isotropic theory of gravity at zero temperature. We define z the
dimension for which the boost symmetry is left intact and x the dimension for which this symmetry
is broken. A general formula, consistent with the previous results, for the shear viscosity parallel to
the anisotropy direction would then be:

m i Gz (Th)

s Ax 922 (1)

(1.7)
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Figure 1.7: Schematic plotes of shear viscosities of several fluids [26], T. means the temperature
where vaporization for Ho0 and He, superfluid transition for ultracold Fermi gas and deconfinement
for QGP occurs respectively

1.6 Lieb-Robinson bound

In [51], Hartman, Hartnoll and Mahajan (HHM) argue in favor of the conjectured KSS bound in a
more sophisticated way by deriving it from the Lieb-Robinson bound. The Lieb-Robinson bound
follows from the observation that operators spread linearly in time, which means for operators A

and B [64]:
I[A(z, t), B(0,0)]||< ce™ ") (1.8)

Here v is the Lieb-Robinson velocity, which tells how fast an operator spreads. This bound establishes
an effective light-cone for relativistic as well as non-relativistic theories. Based on this requirement
HHM derive the following lower bound (see figure :

g > 0?77, (1.9)
v is 1 in relativistic theories, 7" is the temperature and 7., is the local equilibration time, which
is time it takes till we are in the diffusive regime. Using values for T'r., for tensorial fluctuations
calculated in [76], HHM find v*T'7., ~ ﬁ. The violation of the KSS bound can perhaps be explained
by looking at the way HHM formulated this bound. When you calculate 7, you no longer look at
tensorial fluctuations when calculating 7.,7". Instead you look at vectorial fluctuations, which couple
to other modes and therefore no longer give the universal ﬁ value. Because the imaginary frequency
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Figure 1.8: t —x diagram which shows allowed and disallowed diffusion based on the Lieb-Robinson
bound. Note that here diffusion is momentum diffusion, i.e. shear stress. From requiring that the

diffusive regime starting from 7., is in the lightcone a lower bound for the shear viscosity can be
derived [51]

tells you how quickly a mode decays in time we have the following identity for 7.4:

1

Imwgnm

(1.10)

Teq

Wgnm is the frequency of the quasinormal mode lowest to the real axis. A quasinormal mode is a
solution to the holographic fluctuation equations. They are the holographic dual of the poles of
the retar In [29], the quasinormal modes for the shear modes for a QGP with magnetic field are
calculated as a function of magnetic field (see ﬁgure. From this it becomes clear that anisotropy
tightens the bound for 7. It is plausible that for an action with an axion the quasinormal modes
would increase, leading to a relaxation of the Lieb-Robinson bound which would allow for a violation
of the KSS bound as is found by Rebhan and Steineder in [84].

1.7 Bulk viscosity

Bulk viscosity is the transport coefficient for the dissipation that occurs when a fluid is being
compressed. For molecular fluids, it is related to the vibrational energy of the molecules [25].
Monatomic fluids such as He therefore have no bulk viscosity. Bulk viscosity is also zero for N' = 4
SYM, as well as all conformal field theories. In [43], GPR calculate the bulk viscosity for a theory
of gravity which is dual to a non-conformal field theory, and they find that:

o ldv
s Vdr
More details are provided in chapter 4l Here V is the dilaton potential which is the term in the

gravitational action which causes deviation from AdS of the bulk, which is dual to non-conformality
in the field theory. As will be explained in chapter [3] V' can be related to the beta function. Unlike

(1.11)
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Figure 1.9: Imaginary frequencies of quasinormal modes of the vectorial shear mode plotted as a
function of magnetic field [29]

the isotropic shear viscosity, the isotropic bulk viscosity is temperature dependent. Also for the bulk
viscosity a lower bound for bulk viscosity is proposed:

¢ 22(1—%) (1.12)
n 3

Here vy is the speed of sound of the fluid. This is called Buchel’s bound [I6]. However, Buchel
himself shows that this bound can be violated in an anisotropic counterexample [17]. In [46], Gursoy
et al. apply the GPR method to the ihQCD model and derive a plot for the bulk viscosity given in
figure Similarly, Critelli et al. also studied the bulk viscosity with a bottom-up model in [27],
the result is in figure [[.17]

1.8 Relativistic magnetohydrodynamics

Using ihQCD, we can calculate the transport coefficients of our QFT. As mentioned, we can treat
the QGP as a fluid, and therefore we can use relativistic hydrodynamics to give an order by order
prediction of which transport coefficients should emerge from the holographic calculations. As
mentioned in section [[I} a very strong magnetic field is produced during a heavy ion collision.
Furthermore, neutron stars are known to have strong magnetic fields [15], [50], [75]. This motivates
this thesis, which studies the viscosities of a QGP in a strong magnetic field. In [55], Hernandez and
Kovtun (HK) make a hydrodynamic expansion for the entropy current in the presence of a magnetic
field at first order. This result is elaborated on in chapter 2] KH find seven independent coefficients
(which are, following from the fact that they contribute to the entropy current, dissipative): two
conductivities, two shear viscosities and three bulk viscosities. There are two shear viscosities
because shear-stress is a two-dimensional phenomenon (see figure . Consistent with the remaining
zero temperature SO(2) symmetry of the theory, n, describes shear stress where the z- and y-
dimension are involved and 7, describes shear stress where the z-direction and either the z- or y-
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Figure 1.10: Plot of % as a function of temperature as found in [46]. The squares represent lattice
data and the line comes from the GPR method applied to the ihQCD model

dimension is involved. For bulk viscosity the three bulk viscosities ¢;,{1 and (,, relate to dissipation
due to compression in the z-direction, the x- or y-direction and two both direction simultaneously
respectively. As is be discussed in section the values for the shear viscosities are very well
established. Our main focus in this thesis is therefore to calculate the three bulk viscosities. The
attempt made previously that comes closest to this goal is in the dissertation of Critelli [28], where
the bulk viscosity for an Einstein-Maxwell action, i.e. an action with non-conformality induced
by a magnetic field, is calculated. At this time it was not yet known that there where three bulk
viscosities, and Critelli find that the that the two anisotropic bulk viscosities vanish for this action.
From [43], we know that this does not happen when the non-conformality is induced by a dilaton
potential, which is the case we will study in this thesis, where we will look for all five viscosities.

1.9 Calculating viscosities

There are several holographic routes towards the shear and bulk viscosities. One way is by looking
at the dispersion relation of sound waves [83], [11], [6I]. Hydrodynamics predicts the following
dispersion relations for the shear and sound mode:

_ N 0 3
ws = Zie—i—Pk + O(k?) (1.13)
1 4
W\ ZUJ,]{—Z'6+P(C+§77)R2+O(]€3) (1.14)
dpP

Here vy is the speed of sound. Second, you can work with fluid-gravity correspondence [14], [56],
[13], which is a theory where you take a family of solutions to your holographic Einstein equations
and make an ultra-local expansion of the parameters belonging to that family for the space-time
dimensions. You then solve the Einstein equations at first order, that arise from this expansion
and calculate the stress-energy tensor at the boundary as is done in [8]. This stress energy tensor
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Figure 1.11: Several plots of the bulk viscosity [36] as a function of temperature using different
methods. The solid red line uses the GPR method, the dashed green line is an extrapolation
of perturbative QCD results [7], the blue squares come from parton-hadron-string dynamics (this
method is similar to the one disccued in section model [80], and the black points are found using
the hadron resonance gas model [65].

is dual to the stress energy tensor of the fluid, which has the viscosities as coefficients of the first
order terms. Another method is a Green’s functions method where we look at the leading and sub-
leading term of a boundary expansion of the dual source corresponding to a field-theory operator
(in our case the energy-momentum tensor), which gives the transport coefficients of the relativistic
fluid via the GKPW rule [52], [66]. This method is discussed in chapter |4} Similar to this, there
is the Gubser-Pufu-Rocha (GPR) method which uses the membrane paradigm [58|. Specifically, it
considers a Green’s function at the horizon [43], instead of the boundary. For QCD this method can
only be used in the deconfined phase, as there is a thermal gas solution without a horizon in the
bulk when the field theory is confined [45]. This method is further explored in [46]. A method based
on the GPR method is also discussed in chapter [d] Lastly, a completely different method is the
Eling-Oz (EO) formula [33], which uses the Raychaudhuri equation. The Raychaudhuri equation,
or null focusing equation, describes the evolution of the horizon entropy. This is dual to the entropy
current equation of the fluid, and the coefficients of this equation give the viscosities. A new formula
based on the EO-formula is discussed in chapter [o} In this thesis we will only use method based
on the GPR method and the Eling-Oz formula to calculate the viscosities. We use both of these
methods because that way we can check for consistency, and also confirm that the Eling-Oz formula,
which is a relatively new and unexplored as well as a very simple formula, indeed can calculate the
bulk viscosity. Such a comparison has already been done in [18] for an isotropic QGP, i.e. without a
magnetic field. In chapter 3| we describe the gravitational method which is the basis for any attempt
at holographically calculating viscosities.
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1.10 Outside holography

We will compare the results in this thesis to methods that do not utilize holography as well. We will
look at experimental data in section and at a computational non-holographic method based on
the lowest Landau level approximation, which is discussed in section [7.2]



Chapter 2

Relativistic magnetohydrodynamics

2.1 Introduction

In [55], HK make a hydrodynamic expansion of the entropy current for a fluid in a magnetic field,
which results in two conductivities, two shear viscosities and three bulk viscosities. In this chapter
the parts of this paper useful for this thesis are summarized.

2.2 Physics of fluids

Relativistic hydrodynamics studies the physics of relativistic fluids in a magnetic field. First, it is
useful to note what we mean when we talk about a fluid. A fluid is continuous system where every
infinitesimal volume can be seen as close to local thermal equilibrium [60], with only the averages
of the microscopic fluctuations affecting the macroscopic dynamics of zeroth order. Only the slowly
varying quantities such as the conserved quantities contribute in this case. Rapidly fluctuating
contributions, such as dissipative contributions, only affect the system at a perturbative level. This
is the hydrodynamic limit. The quantitative requirement for calling something a fluid is a small
Knudsen number [33].

2.3 Thermal equilibrium

As is consistent with our definition of a fluid, we start our expansion at zeroth order, where we require
that our fluid is in thermodynamic equilibrium. Thermodynamic equilibrium can be enforced by
requiring that there is a time-like Killing vector V', such that the Lie derivative of the thermodynamic
sources and quantities with respect to V vanishes [63]. Phrased more simply, we have a time-
independent system. This requirement yields the following equations:

Ta)\(%)+(l)\ﬂfE)\ =0 (2.1)
1
ay + fa)\T =0 (2.2)
1
V oty + Uy, + §€uvaﬁua96 =0 (2.3)
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Here u,, is the fluid velocity, a,, is the fluid acceleration, €2, is the fluid vorticity, 7" is the temperature
and p is the chemical potential. The external fields are the electric field F, and magnetic field B,,,
given by the following equations, in the fluid rest frame:

E,=F,u" (2.4)
1
B, = §5vau”Fm (2.5)

Here F},, is the electromagnetic tensor. In this thesis we will always consider a strong electromagnetic
field, i.e. F),, is a zeroth order tensor. However, E, does not affect the zeroth order free energy,
because from equation it follows that since £, is in an equation with the derivative of the zeroth
order term g, it will be screened at first order. In this thesis ¢ and F, will be kept zero, but for
completeness it will be taken into account in this chapter. Whereas equation 2.1} [2:2] and 2-3] will no
longer hold once thermal equilibrium is broken, the following two conservation equations will remain
valid. They can be found by requiring gauge and diffeomorphism invariance of the free energy:

V. Jh =0 (2.6)
vV, T = F" (2.7)

The same holds for the Bianchi identity, which upholds current conservation of the magnetic field
lines [40].

V, I = eV Fopg = 0 (2.8)

2.4 Hydrodynamic expansion

For the hydrodynamic expansion we start off by decomposing the energy-momentum tensor 7, and
the current J,, with respect to the fluid velocity.

T,u.l/ = SUHUU + PA;LV + Qﬂuu + Quup. + 7:1,1/ (29)
Ty = Ny + J, (2.10)

Here A, is the projector orthogonal to the fluid velocity:
Apy =Y + U (2.11)

With «y,, the metric tensor. The coeflicients of this decomposition have zeroth and first order
component:

E=¢e(T,pu,B? + fe (2.12)
P =II(T, i, B?) + fp (2.13)
N =n(T, u, B®) + fn (2.14)
7;w = Oé(T, M, BQ)(BMBV - %AMVBZ) + fTHV (215)

Thermodynamics tells us that e = —p + T'(9p/0u), I = p — %8]9/832 and n = dp/du. The only
vector that @, and J,, could be composed of at zeroth order is B,,, but because B, has even parity
(so it is actually a pseudovector) this is not allowed and therefore @, and J, don’t contribute at
zeroth order. Now that the zeroth order is fully established, we can go to first order, were there
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are, among other terms, dissipative terms. Unlike for ideal fluids, the definition of local rest frame
now becomes ambiguous [60]. We can choose to define the velocity by the flow of particles or by the
flow of energy. These two frame choices are called the Eckart frame and the Landau-Lifshitz frame
respectively. The Eckart frame leads to

Jaut =0 = J,=0 (2.16)
The Landau-Lifshitz frame requires:
Tut = (T, 1, BHu, — Q, =0 (2.17)

We choose however yet another frame called the thermodynamic frame, which is introduced in [63].
For this frame choice, p, T' and u, remain unchanged when thermal equilibrium is broken. This
requires:

TRoMedyt = (2.18)
JRomedytt — () (2.19)

So all non-equilibrium contributions, which can be but are not necessarily dissipative, are absorbed
by fp and fr,., and J,. We can then list all possible scalars, vectors and tensors that can appear in
E, P, Qu, Thw, T, and N at first order, and discard terms based on parity and because of dependence
that follows from equation and This is described in detail by KH in [68]. The entropy
current is as follows:
P u E %

VP«SM = VM(T’U’V) = Trﬁ;;l—eqvﬂ% + J#on—eq(% - al»l« T) (220)
Here non-equilibrium is explicitly stated because subtraction of equilibrium contributions is necessary
to make the entropy current well defined. We then find the following result:

BV 1
v,5" =0, B Loy BV + S (@)? %

2 (2.21)

C||Sﬁ + 26 S S+ ¢St
With B,, = A,, — 282 e - TAMY,(1u)T), 01,0 = 3(B*'B,, + BB, — B*B,,)0™ and
Y= BMJ’\”bP. From this we can conclude that magnetohydrodynamics is characterized by two
conductivities, two shear viscosities and three bulk viscosities. Note that the result for the viscosities
is independent of E,, or p. This is consistent with linear response theory. In linear response theory,
viscosities are coefficients which tell us how source gives rise to an expectation value of the operator
[40] [52]. We can write this down in the following way:

(0T12) = iwni6g12 (2.22)
<5T13> = ZCU?]H(Sglg (223)

(o) = e (S8 &) () a2

The 7, enters in the bulk matrix because when you break the SO(3) symmetry an ambiguity emerges
when you want to couple modes to transport coefficients, we will elaborate on this in chapter [4



Chapter 3

Gravitational action

3.1 Introduction

In this section we will work out the theory of gravity which we will use to mimick QCD. We will
first work out the bulk geometry at zeroth order. At this order we have time independence, which is
required for the dual QFT to be thermodynamically stable at zeroth order, and thus fluid-like. The
starting point is writing out the action. The action that will be used in this thesis was constructed
in [62] and [4]. [45], [30], [6] and [48], among others, further explore this action. The action consists
of a glue sector and a flavor sector and gives the Einstein equations which fix the metric at zeroth
order. For this metric g,, the following Ansatz will be used:

2B |

7o) (3:1)
This metric is written in the ¢ = r gauge or Gubser gauge, as will be clarified in Appendix[A] ¢ here
roughly plays the role of the inverse energy scale [48]. €>4(") incorporates the (non-)conformality
and e?4(") incorporates the anisotropy of the field theory. f is the blackening factor, which is
characteristic for a theory of gravity dual to a deconfined fluid, because it means that the flux tubes
that confine quarks dissolve when the tip of the string reaches the horizon. In the next section the
glue and flavor sector of this action will be worked out.

ds? = AP (—f(p)dt? + da® + dy® + 2V (D dz?) +

3.2 Glue sector
The glue sector action is as follows:
372 5 1 2
Sg=M°NZ: | dz°\/—g(R — 5(3(;5) +Vy) (3.2)
Here ¢ is the dilaton with its potential V. M is the five-dimensional Planck constant. We further

have a Ricci scalar in the action, which is always there in a theory of gravity. To constrain Vg, the
following mapping from the field theory to gravity is made [45]:

8
\/; In\=¢ (3.3)

InE=A (3.4)
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Here F is the energy scale and ) is the 't Hooft coupling. The \/g is just convention. With this

identification, the equations of motion (EOM) can be used to constrain the UV asymptoptics of V;
such that the renormalization group flow is QCD-like, i.e. shows asymptotic freedom. This means
we get the following requirement from the beta function of QCD:

_ D
T dlnE dA

BA) (3.5)
The IR asymptotics of V are found by requiring that A should have a minimum somehwere in the
bulk. This minimum makes sure that for low temperatures the field theory shows quark confinement,
which in the dual setting means that a gluon flux tube is formed from the quark to the anti-quark
at this minimum (see figure . Such a potential which satisfies these requirements, is one that
will be used for our numerical calculations.

Ag

r .
min

e e R

Figure 3.1: Holographic representation of confinement of a quark-antiquark pair mediated by a gluon
flux tube [45].

3.3 Flavor sector

The flavor sector relates to quarks, and it should therefore mimic a phenomenon that is observed
for quarks: chiral symmetry breaking. This is done with the following action:

Sy = —xM3*N? /da:E’Vf\/det(gW +wF,, + £0,T0,T) (3.6)

Here F),, is the electromagnetic tensor and 7 is the tachyon. This action is called Sen’s action and
is essentially a DBl-action. The derivation of this action therefore originates from string theory,
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where it was observed that brane-antibrane systems encode several features which are related to
chiral symmetry breaking [57]. Specifically, when we take quarks to be massless they have a chiral
SU(Ny) x SU(Ny)g symmetry which is broken to SU(Ny)+r because of the non-trivial vacuum
expectation value of the quark condensate (gq) [45], which is the order parameter of chiral symmetry
breaking. This phenomenon is reproduced with Ny space-filling D4-D4 brane-antibrane pairs in the
theory of gravity. Dual to the quark-antiquark pair, the SU(Ny) symmetry of the individual the
branes and antibranes will be broken in the IR, which is achieved by properly tuning V¢, w and
k. Such tuned functions will be used for our numerical calculations. For magnetic field in the
z-direction, the electremagnetic tensor is given by:

Fu, =0,A, (3.7)
1 1
AH« = {07 _§Bmya §Bm.’li, 07 O} (38)
The magnetic susceptibility of our QGP is given by:
1 0

XB = A (J:M3Nf/dx5vf \/det(gu,, +wkF,, + l*ia,ﬂ'ayT)) (3.9)

8 Th
=35 (a:M3N02 /O drVy \/det(g,w +wF,, + KZ@MT&,T)) (3.10)

Where we define Vy = [ da*.

3.4 Phase diagram

In [62], three distinct phases were found for this model: the confined phase, and two deconfined
phases, one with chiral symmetry and one with broken chiral symmetry. The phase affects the UV
asymptotics of the tachyon [48]:

7(r) = mgr(—log A) + (@q)r*(—log Ar)? (3.11)

In this thesis we set quark mass m, to zero. In the symmetric phase, which is the only phase we
will consider in this thesis, we have (gg) = 0. From the tachyon EOM we know that if 7, = 0,
7, and 7, are also zero. Combining this with that we have a zero m, and (gg) and that 7 = 0
everywhere is allowed we conclude that it is the only allowed solution. The phase diagram is given
in figure[3.2] For x = 0.1 there is a fourth phase, but since we will not come close this this value for
x it is not worth discussing in this thesis. As explained in [5], the field theory entropy is dual the
Bekenstein-Hawking entropy, which is found integrating the extrinsic curvature over the boundary
and regularizing by subtracting the entropy of the Minkowski vacuum. This leads to:

s = spg = ATM®N?, /;9‘ = 4m M3 N2BAG)TW (6n) (3.12)
900955 ' ¢=0n

Similarly, temperature is dual to the Hawking temperature of the black hole of our dual theory [43]:

T =Ty = ,f/i(ﬁh)efl(%)*B(tﬁh) (3.13)
T

3.5 Background equations

With this action, and the Ansatz given by equation [3.1] we can find the background equations of
our theory of gravity. This is done in Appendix [A]
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Figure 3.2: Phase diagram for QCD with magnetic field calculated by Gursoy, latrakis, Nijs and
Jarvinen in [48]

3.6 Axion

In this thesis we will look at anisotropy induced by a magnetic field. However, a anisotropy can also
be induced by an axion, and we will use this example several times for comparison. An axion is a
source term for the axionic glueball operator on the field theory side. This term needs to be added
if want to describe CP-odd phenomena [30] [47]. In its simplest form, the following term needs to
be added to the action to include the axion:

: 5 1
8= ~MN? [ d*y=g32(0) 00" (3.14)
X = az (3.15)
We have an ’anisotropic susceptibility’ [49] (the axion equivalent of a magnetization), is given by:

Th

Yo =~ 5 MONE [PV 200N = -MN2 [ doviz e (310
This is not entirely true as this term is still UV divergent but since we won’t calculate the suscepti-
bility we won’t elaborate on this here. The important difference between an axion and a magnetic
field is that when SO(3) symmetry is broken to an SO(2) symmetry for the z- and y-direction, an
axion breaks zero temperature boost symmetry for the z—direction, whereas a magnetic field breaks
it for the z- and y-direction [59]. This difference will turn out to be very important and we will
mainly use the axion as a method for comparison so that we can better understand magnetic field
induced anisotropy.



Chapter 4

Calculating viscosities: fluctuation
equation

4.1 Introduction

In [43], Gubser, Pufu and Rocha (GPR) calculate the shear and bulk viscosity for an isotropic
background. They do this by introducing time dependent fluctuations at first order. They then
solve the fluctuation equations and find the Green’s function located at the horizon which give the
desired transport coeflicients. This method is considerably more difficult for the bulk viscosity than
for the shear viscosity, because the transformation properties of the shear modes under the SO(2)
symmetry guarantee that these modes do not couple to other modes, and we get massless EOM,
which give trivial flow. In this chapter we will employ this method to calculate the viscosity for an
anisotropic fluid with a magnetic field.

4.2 Green’s function

To find a Green’s function (or correlator, propagator or two-point function) for an operator @, you
need to take the functional derivative for our path integral <exp [z i d4x¢0(9}> with respect to its
source ¢ twice [89]. For viscosities, the operator we are interested in is the energy momentum

tensor %Tij, and at first order, the corresponding source is the metric fluctuation h;;. In Minkowski

space-time, we can choose from the following Green’s functions and all their linear combinations
[87]:

Gr(k) = *i/dﬁe*ik'w@(t)([o(@aO(U)D (4.1)

Ga(k) = i/dx4e_ik'w9(—t)([(’)(x),(9(0)]) (4.2)

G(k) = [ date " ({O(), O0O)}) 43)

With {...} being anti-commutators. (¢) is the Heaviside step function. As will be explained later, we
will work with a Minkowski retarded function (equation [4.1)). This is consistent with [43], where it

is shown that this Green’s function is mathematically equivalent to the Euclidean Green’s function,
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for which there is only the Matsubara Green’s function to choose from. Because work in the fluid
rest frame we have k = 0. The following definition of the thermal Green’s function is as general as
is necessary for our computations:

Gijri(w) = —i / dtd?’mei“tH(t)([%ﬂj, %TMD (4.4)

This Green’s function can be related to the expectation value of the linear response of a perturbation
of the metric using a Kubo formula. In [43], GPR derive the following relation:

HT5(w)) = — 5 i ()G w) (45)

We will only need the imaginary part of this linear response to calculate the viscosities. GPR find
the following equation for Im ¢75;.

w 2
Im 6T} (w) = §hkl(w) (77(5%5]'5 + 0501 — §5ij5kl) + <5ij5kl> (4.6)

However, this is equation no longer holds when the magnetic field breaks the SO(3) symmetry of
the QGP into an SO(2) symmetry. We can decompose ¢;; into a part parallel to the magnetic field
b; and a part orthogonal to the magnetic field j3;;:

0ij = Bij + bib; (4.7)

We get the following more general equation for the linear response consistent with the current
symmetries:

Im 6T} (w) = ghkl(w) (nl(ﬂkiﬂlj + BiiBrj) + 1 (brbiBis + bib;Bri + brb; B + bibiBr;)
(4.8)

2 2 4

+(CL — gnl)ﬁijﬂkl + (Gn — gnu)(ﬂijbkbl + Bribibj) + () + gn*)bibjbkbl>

Considering the symmetries of our system, we could now turn the coefficients inside the brackets
into single coefficients to find that this is consistent with what was predicted by KH in [55]:

C1L— %m (L (4.9)
Cm - %Uu — Cm (410)
g+ gm =) (4.11)

This is an arbitrary choice which is consistent with [40]. Note that the original definition of a bulk
viscosity, i.e. the trace part of the first order dissipation, no longer has any meaning, and we don’t
get that turning off magnetic field gives that the result reduces to the isotropic result. Instead,
we should think of these ‘bulk viscosities’ as the scalar or spin zero dissipative coefficients. ‘Shear
viscosities’, which were previously the traceless part of the first order dissipation of the are then
vectorial or tensorial dissipative coefficients. The extract transport coefficients can then be extracted
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in the following way:

1 1 1 ;
— lim —ImG,, = — hm —ImGi212 = hm — /dtdeemﬁ(t)QTlg,TlgD =nL (4.12)
w0 W 50 w 50 w
1 1 .
- hrr}) —ImGy) = — hm —ImGlglg = hrr}) — /dtd?’me“"tf)(t)qu,T13]> =1 (4.13)
w—> w
1 1
— hr% —ImG,, = — hr% —ImB" B Gy pe =
w—0 W w
4.14
lim L dtd%eiwte(t)wﬂeT-- ﬁktTle =(L+nL o
w0 W 2777 2
1 1 1 1. 1
— lim —ImGy,, = —= hm —Imb“b”ﬁp”GWW - = hm —ImB*b°b° Gy po =
w—0 W w—0 W w—0 w (4 15)
L. 1 8 iw 117 iw 7J' 1 .
plim = [ dtd%(e OB LT3y, B Tial) + € 00089 3T BH L Tia])) = 3G
1 1
— lim —ImGy| = — hm —Imb"b"b°b° G 1 por
w—0 W —0 w
1 _ (4.16)
= lim — / dtd®ze™0(t)([b'd? = Tz],bkbl TMD 74”
w—0 w

We have T2 and not %Tm7 because we must treat his and hgp in a symmetric way (i.e. hoy = hia)
which gives a factor two. These Green’s functions can be found using holography. According to
the GKPW rule, our four-dimensional path integral is equal to e~* in the dual five-dimensional
theory of gravity if we move to the boundary. But we can use the membrane paradigm (see [58] and
Appendix @, to justify that we can also look at the horizon. We can therefore take a functional
derivatives on e~* and arrive at the Green’s function this way. However, a functional derivative
meant for a four-dimensional path integral is not well defined for a five-dimensional integral. To
perform the functional differentiation properly we instead first solve the equations of motion and
substitute them back into the action, making it an on-shell action. The Lagrangian in an on-shell
action is a total derivative:

Los = 0pJ (4.17)

Using Gauss’ law we find that the action then becomes a boundary integral at the horizon. This
boundary integral has to be canceled [58], yielding a term which can be subjected to a functional
derivative in order to get our desired Green’s function. However, we don’t take the functional
derivative with respect to the entire mode h;;, only the part which depends on the space-time
dimensions:

hij(r, £, ) = (h(r)&(t, ©)) i (4.18)

In our case we have homogeneity for the spatial dimensions, so {(t,Z) = &(¢). Note that, from
the structure of the Ricci scalar it follows that the Lagrangian contains only terms with no more
than two derivatives. Furthermore, one can subtract the Euler-Lagrange equation from the original
Lagrangian to get the on-shell Lagrangian [43]:

oL _, oL

Los=0J=L—h TWZ)

”(Bh* (4.19)
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Since all other terms in the Lagrangian are real, we can combine these two facts to find that Green’s
function must have the following form:

) 6
= M’NZF (4.20)
= M2NZP(r)(hij (r,w)hiy (r,w) = hij(r,w)hi (r,w))

+ V(r)(hz‘j (r,w)hg(r,w) — h;‘j (r,w)hg(r,w))

—iSos

P will follow from the holographic computations, and F is the graviton flux. As the GKPW rule
prescribes, the r-coordinate must be the boundary radius » = 0 in this computation, i.e. G(w) =
G(w,0). However, because the graviton flux is conserved, we have [5]:

0,F=0 (4.21)

We can therefore choose any value for r we like. As will be shown in Appendix [C] it turns out to
be very convenient to look at the Green’s function for » = 75, which is what is done in the GPR
method. As mentioned, the Green’s function gives us the linear response to a source, in our case the
metric perturbation. For our anisotropic case, these responses of the operators can be represented
in the following matrix form.

(&3) = (gﬁ%i?of) %LIIE%ZT((;UD (?Z;;) (4.22)

The can be related to the matrix in equation [2:24]

4.3 UV expansion

When we want to find the transport coefficients, we don’t have to go to the horizon. The more
conventional way is to look at the UV expansion of the perturbative modes. For example, in [39],
this method is used to find the shear and Hall viscosity for a 2-+1-dimensional holographic model
for chiral superfluiditiy. To better understand this concept we will first work with a scalar field ¢
dual to O, but this result for any p-form [5]. For ¢, the bulk action is as follows:

Shulk = —% /drddm\/—g(g“”alL(b@l,d) + m?$? + interactions) (4.23)

At the boundary, we also have to include the Gibbon-Hawking term [45]:

1
Son == 5 / A%z X /Y XF 90, b (4.24)
Yuv :gaﬁaaXyaﬁXu (425)

v is the induced metric at the boundary. X is space-time dependent only. This term is needed
to make sure that the boundary action only depends on first derivatives [37]. This term does not
contribute to the equations of motion, but does contribute to the Greens function. Near the boundary
our metric becomes AdS and looks as follows:

2
ds® =~ %(nﬂydaﬁ“dm” + dr?) (4.26)
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Here R is the AdS radius. The EOM that follows from this is:

ri19, (r'=10,®) — k*r?’® — m*R?® =0 (4.27)
o(zh,r) —/ d’k eik'x@(x“ T) (4.28)
I - (27T)d 9 .

This yields the following UV expansion for k? — 0 (we will comment later on what happens when
you don’t work in this limit):

(r, k) ~ A(k)ri=2 4+ B(k)r® (4.29)

d / d?

The two-point function or Green’s function can be found from the action, after counterterms have
been added to deal with UV divergences. We won’t go into detail here (for this see [95]), but the
result is:

(O(w, k) = 2(A — g)A(k) (4.31)
(O(—w, —k)O(w, k)) = 2(A — Z)AE;]:)) (4.32)

We arrive at Green’s functions for the field theory operators because we are at the boundary, where
the GKPW rule (equation [1.3)) holds. For a p-index function I', we can generalize this. At the bulk,
the action then has the following structure:

Shulk X /drddx\/—g(g“”go‘ﬁ...g”"@,ifam,,@,j Ig. .o+ mQI%_“p -+ interactions) (4.33)

The indices of I' can also be anti-symmetrized like for the electromagnetic tensor but this would not
change this derivation and this therefore holds for any two-derivative kinetic term. With the same
method, this gives the following UV expansion [5]:

Wiy = Am..-ﬂprdipiA + Bm...upTAip (4.34)
m’R? = (A —p)(A+p—d) (4.35)
This works for the shear channel (i.e. the helicity one and two block), but as will become clear in

section 77, the situation for the scalar channel, or the helicity zero block, is more complicated than
this.

4.4 Helicity blocks

With the magnetic field turned on, the SO(3) symmetry that was there for the isotropic case,
turns into an SO(2) symmetry. As explained in [34], the metric fluctuations are characterized by
their transformation properties under this symmetry. Based on this, we can divide 17 different
perturbative modes in blocks where perturbative modes are only coupled to the other modes in the
same block. Because of the SO(2) symmetry, we can take hq; = hg;, for any i, except for the hio
mode. The three blocks we get then look as follows.

helicity two : hio (4.36)
helicity one : h()l, h13, h15, §A1 (437)
helicity zero : hoo, hos, hos, hi1, h33, h3s, hss, 8¢, 07,5 A, 0A3,6As (4.38)
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However, not all fluctuations have to be considered. For the helicity zero block, §7 can be ignored
because we have 7 = 0 in all of our calculations. Since 7 only appears quadratically in the action it
doesn’t appear in the first order EOM. The same holds for all gauge fields (see Appendix. This is
unlike the case where we have a non-zero baryon chemical potential, where coupling to the gauge field
perturbations does happen [34]. Proceeding, we can also use diffeomorphism and gauge invariance of
the perturbative modes to remove some fluctuations. The metric and dilaton fluctuations transform
as follows [43)]:

5 = 06+ "0, (4.39)

h,uz/ = h;w + vufu (440)

For helicity two, there are no transformations possible, so the h1s mode stays. For helicity one, the
ho1 mode can be gauged away (see Appendix . The Einstein equation we will find for the his
mode is hy5 = 0, so we can ignore it as well. For helicity zero, we can gauge away three modes. We
choose to throw away hgs, hos and d¢. We are left with hgg, hss, hss and hss. As it turns out, one
of the Einstein equations when including the h3s mode we get is hgs = 0, so we can dispose of this
mode in advance also.

4.5 Shear viscosities

This section is about the helicity one and helicity two blocks of equation[£:38] These compuations are
relatively simple and analogous to the computations done by Critelli et al. in [27]. The reason that
it is simple is because the modes decouple from all the other modes and are massless. Formulated
differently, they satisfy a 5D-wave equation [44]. The perturbative modes introduce time dependence
to the EOM. Because this is the only time-dependence in the EOM and because the equation is
linear for these modes, we know that there is harmonic time dependence [43]. We can therefore say
hij(é,t) = €™h;j(¢). The rest of the computations are performed in Appendix |[C} The end result
is:

L 1

S T (441)
2W (¢n)

n e

= (442)

This is consistent with what Critelli et al. find in [27] for an Einstein-Maxwell-dilaton action.

4.6 Bulk viscosities

This section discusse the helicity zero block, which is the block with the bulk modes, we choose,
similar to [43], the following perturbative metric g, + 6g,..

iwt iwt
)\hoo(;ﬁ)e + )\h11(2¢)€ )2(d.’1?2 + dy2)

Ah33(¢)et? Mhss(p)eit ., e2B(@)
2W (¢) 33 27,2 2
e t— ) dz®) + (1 + 5 7@

Unlike the shear modes we study in Appendix [C] the bulk modes cannot be made massless with a
simple rescaling, which would give us trivial flow. As explained in Appendix[D] the only requirement

ds® = 4 (—f(9) (1 + )2dt? + (1
(4.43)

+(
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for this rescaling is that it becomes unity at the boundary. As a side note, one could think that
a new method for understanding the flow of the modes is by deriving the rescaling which would
make the mode massless. This concept is further elaborated in Appendix [[j where it is also shown
that this is of no use. The EOM are derived in Appendix [F} In Appendix [G] we work out how we
the Green’s function method at the horizon outlined by GPR in [43], would work for magnetic field
induced anisotropy, though we will not use this method.

4.7 Scalar channel UV expansion

As mentioned in section [£.58] the UV expansion of the helicity zero fluctuation is more complicated
than equation [£.35] and will be worked out in this section. In the UV, boost symmetry breaking
induced by the black hole solution is undone. In the isotropic case, we therefore have three modes
in the helicity zero block: hss, ¥ and §¢. In r-variables, the metric then becomes:

ds? = eQA(r){(l + Mp(p, 7)) (—dt? + da® + dy? + dz?) + (1 + Ahss (@, r))er} (4.44)

In [67], a very simple fluctuation equation is found for this channel in the UV:

¢+ (3A’ + 2%)4' YR =0 (4.45)
_ % (4.46)

_ 1%
(=v-%2 (4.47)

Here ( is the gauge-invariant variable, which can be replaced by either d¢ or v via a gauge trans-
formation. Note that this source corresponds to the scalar glueball operator and the trace of the
energy momentum tensor simultaneously, this follows from the fact that QCD has the following trace
anomaly [9]:

-2

2 trF? (4.48)

In [6], the following UV asymptotics are found for ¢’ and A:

, 1
~_ 4.4
¢ rlog(r) (4.49)
A= —log(r) (4.50)
From this it follows that:
X~ (4.51)
~ log(r) '

For k2 — 0, we can solve equation to get:
(=C+f(r) (4.52)
C/ _ Ke—fd?"’{3A'(7"/)+210g(X(r'))’}
= Ke *4 X% = Kr®log*(r) (4.54)
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Here C and K are constants. We thus conclude that at leading and sub-leading order, we have:
¢ ~ A(k) + B(k)r*log?(r) (4.55)

Specifically, for our anisotropic case where we look only at time dependence:

w

Cimn— ¢4WT brrtlog?(r) + O(r°) (4.56)
LW,
G%jTii (0,w) x _2477Tbi (4.57)
n 1 Tn

Here n € {0,1} depending on our boundary condition at the boundary, which follows from whether
this mode is a source or not (n =1 (n =0) for i = j (i # j)), so:

¢ =G (4.59)
(L= (4.60)
Cm = C? = Cg (461)

The particular choice for ™ is for convenience as will become clear in Appendix [H} Note that the
UV expansion for h;; is actually more complicated than equation suggests, because ( is not
space-time homogeneous, which gives rise to terms in the UV expansion of O(r?) [49], this follows
from the k? term in equation When solving a decoupled fluctuation equation, these terms are
real when w is real and since the bulk viscosities are found by looking at the imaginary part of the
UV expansion, it is still possible to extract them. For a coupled set of fluctuation equations, this is
not necessarily the case, but since the contribution is proportional to w we can still extract the bulk
viscosities from the UV expansion in the w — 0 limit as we will show in Appendix [H} In equation
58| we only have a proportionality for the bulk viscosity, not an equality. We can find the precise
equality through an extremely tedious computation analogous to [8] and [86], but we don’t need it.
Instead, we can simply use ‘isotropic normalization’, meaning that we only look at the ratio of the
anisotropic bulk viscosities with respect to the isotropic one, which is very well establised [43]. This
works as follows:

G_ by G b ¢ by b

=3 =1 === 4.62

G bY G bl ¢ bl bl (162
Here (; and b} are the bulk viscosity and the sub-leading term with magnetic field turned off
respectively. The particular choice for (,, is because in the isotropic case there is no notion of a mix
bulk viscosity to normalize with.



Chapter 5

Calculating viscosities: mimicking
fluid equations

5.1 Introduction

In this chapter we will discuss two methods to calculate viscosities. Here we don’t look at thermal
fluctuations flowing from the bouundary to the horizon like we did in chapter Instead, the
underlying theme is to rewrite the Einstein equations at the horizon in a form so that the equation
can be dually equated to a fluid equation which describes our relativistic fluid. First, we will do this
by using a Kaluza Klein reduction to arrive at Fick’s law, from which we can extract the diffusion
equation. Second, we will do this by calculating the null Raychaudhuri equation and equating it to
the entropy current equation, from which we can calculate all viscosities.

5.2 Fick’s law

One way to obtain the anisotropic shear viscosities is to mimick Fick’s law. In [84], Rebhan and
Steineder (RH) do this for a QGP with anisotropy induced by an axion with a method derived in
[69]. Steineder provides more details in his dissertation [90]. Anisotropy due to an axion means
that flavor sector studied in this thesis is replaced by an kinetic axion term like in section
The computation they perform is worked out in Appendix [E] This eventually leads to the following
formula for the shear viscosities:

n_ g 5 / gy 900(") 55 (1) (5.1)
s 4w M2N? J, g11(r")\/—g(r") .
Mot | [ g el et (52)
s Ar M2N? g33lr=ry Jo g1 (r')/—g(r’) .

This method works because when you perform the Kaluza Klein reduction in the z-direction, there
is no coupling of the axion term to the Maxwell equations, unlike for a Kaluza Klein reduction in
the z-direction which would yield a mass term. When you have anisotropy due to a magnetic field,
we cannot use this method because the flavor action will couple to the Maxwell equations, yielding
a mass term. We should therefore instead perform a Kaluza Klein reduction in the z-direction,
because in this direction the magnetic field does not give a mass term. However, in this case it is

34
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only possible to acces the parallel shear viscosity, yielding:

W Va [ o) s
e+ Pl g11y/90095592 ;¢ lr=rn Jo —g(r') '
Our anisotropy is given by:
1 2

Py —PL=5xsB, (5.4)

and the following thermodynamic identities [93]:
g=—F1 (5.5)
f=-P (5.6)

1

e=g+Ts— §XBB§1 (5.7)
=f+Ts (5.8)

So we have: P =¢ —T's. Concluding:

m_p_ S 93
S 47TM2N3911

/Th dr! 900(7”I)g55(7“’) (5.9)
r=rdo g =)

We also have:
MQNCS " 900(7“/)955(7”/) -1
T=—= dr’' —————— 5.10
s (/0 " s () —g(r'>> (310
M2N2 ¢ [ goo(¢')gs5(4)) \~1
C d _JUYUNT JIIINT J
(e )

(5.11)

e—SA—W bn 82A+QB 1
7) ( / d¢’ ) (5.12)
47 b=én \ J_ e2A+2W  /c8A+2W+2B

(oo}

e 3A-W Ph —1
7’ (/ d¢/eB_3W_4A) (5'13)
A lo=¢n

— 00

We have confirmed this result numerically. For n, there’s seems to not be a simple way to calculate
it with a Kaluza Klein reduction, we would have to perform the Kaluza Klein-reduction from scratch
and consider the presence of mass terms to see what the new Fick’s law would look like. It is likely
that similar to the shear computations in chapter we can rescale the gauge fields to remove the
mass term, but at the moment of making this thesis the computational power to perform such an
analytical computation was not available. It is also unclear whether we can use a Kaluza Klein
reduction to find the bulk viscosity.

5.3 Null Raychaudhuri equation

In [33], an equation is found for the null Raychaudhuri equation expanded hydrodynamically at
second order, which is dual to the entropy current equation on the fluid side. By reading off the
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coefficients Eling and Oz (EO) find the famous 7 = ﬁ for the isotropic shear viscosity. More
importantly, they find a very simple formula for the isotropic bulk viscosity, the EO-formula:
¢ ( doy de}! )2
2= "‘ 5.14
S ; 5 ds tp dp® ( )

This is a result for multiple scalar fields ¢; and a gauge field Af;. This equation is an applied form
of the null Raychaudhuri equation, which is an equation which describes the trace of the deviation
of the null geodesic u,. In their article it is suggested that this equation can accurately describe the
bulk viscosity in the high temperature limit and for an adiabatic approximation. However Buchel,
Gursoy and Kritsitis (BGK) show that the result holds much more generally, because with this
formula you don’t need to look at the variation of ¢ at ¢; to get the bulk viscosity, but instead
look at the variation of the constant ¢, which is a free parameter of your black hole solution. BGK
find that the EO formula perfectly matches the GPR result, which unlike the EO-formula involves
a numerically calculated constant cp11. Ignoring charge and working with a single scalar field, they
found the following match:

(Eo 1 (GPR 1 2
_ B —— = = |Cb11 ‘ (5 15)
s 36m(Git)? le=an s 36m(“uot)? b=

The EO formula is also confirmed for using fluid gravity [94] for the Sakai-Sugimoto model, which
is a holographic QCD model that includes flavours [85]. For this model the ratio between shear and
bulk viscosity that is found with both methods is:

Gss _ 4

T (5.16)

In this chapter we will repeat Eling and Oz’ computation, but now with an Ansatz which considers
symmetry breaking caused by an external magnetic field.

5.4 Isotropic boosting
We have a bulk metric g4p, and the metric associated with the dual hydrodynamic theory, which
we call v,,,. The indices are defined in the following way: x4 = (r,z"), i.e. capital letters are bulk
indices and Greek letters are hypersurface or horizon indices. In regular coordinates, this metric is
as follows:
1
ds® = *A(—fdt* + ?dﬂ + dx?) (5.17)
dx? = da® + dy? + *V d2? (5.18)

For mathematical convenience we chose a different gauge for the fifth dimension coordinate:

1
ds® = —eQAfdt2 + eiZA?dUQ + e24dx? (5.19)

Define u* such that du* = %du We get:

ds? = —e®A fdt? + dudu* + >4 dx>
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To get to Eddington Finkelstein coordinates, we make the following changes of variables:
du* = dv — dt
dt = dv — du”
We get:
ds® = 2dvdu + dudu* + 24 (— fdv? 4+ dx* — fdu®")

= 2dvdu + 24 (—fdv? + dx?)
We then proceed to boosting our metric. In the isotropic case, the solution to the gravity action
has four degrees of freedom. Firstly, we can choose the horizon radius, which is dual to choosing
the temperature of the QFT. Secondly, we can go to a boosted frame for the space-time dimensions,

which is, not unexpectedly, dual to considering a boosted frame for the fluid. For the isotropic case,
we have the following identities for boosting [94]:

dv — —u,dz* (5.20)
zixt — A atr” (5.21)

Boosting like this is not valid for the anisotropic case, but we will will first work this out before we
comment on how things change for the anisotropic case. We end up with:

ds%p = —2datu,du + 2 (— f(dz,ut)? + A, detdz)

Here A, = 7w + uuu, is the projector, which projects to the subspace orthogonal to the fluid
four-velocity u,. We have:

-1
Uy = 5.22
= (%) (5.2
1
V= 5.23
Vi (529
With B; the fluid velocity and « is the Lorentz factor. This is what we raise and lower our indices
with in a boosted frame. Because we have a boosted black brane, which means we have to use
projectors instead of metric tensors to raise and lower our hypersurface indices. Since we work with
a Minkowski signature, we have the following constraint for the four-velocity magnitude:

Y uu, = -1 (5.24)
Using this, we find that the projector satisfies the following identities:
APy, =0 AMPA,, = APy, = AL ALAMY =3 (5.25)

5.5 Four-dimensional metric

In the isotropic case, which is described in [33], 7,, is the Minkowski metric, but we will consider
an anisotropic metric, which, as will become clear in section [5.§| gives some complications. When
we have anisotropy induced by a magnetic field or an axion, one would assume that we have:

ds? = —dt? + da® + dy? + 2V (P2 (5.26)
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However, using the freedom to choose our five-dimensional coordinate, we can also have:
ds3, = —dt* + (da” + dy?)e 2W(@n) 4 52 (5.27)

To prove this, we start from:

—2A

ds? = e2A(—fdt* + dx?) + eruQ (5.28)
dx® = da? + dy? + e*Vd2? (5.29)
We perform the following transformations:
e (5.30)
[ e (5.31)
du — e W du* (5.32)

And then redefine A* = A, f* = f and u* = u.

5.6 Null geodesics

We have the fluid velocity of u4 (capital letters are five-dimensional indices, Greek letters are four-
dimensional indices), which is null in five dimensions. We define 4 = 6% = dr, which is also null.
We change variables to the Eddington-Finkelstein metric and we boost:

ds? = —2datu,du — 4 f(du,at)? + 24 A, dat da” (5.33)

Note again that this boosting is not actually necessarily allowed for an anisotropic bulk metric, we
will ignore this for now and comment on this later. We have the following identities:

g Plaup = g, = u'u, = —1 (5.34)
g BlAlp =0 (5.35)
g Busup =0 (5.36)

This first identity is necessary for the projector we want to define later on. It is important to note
that u”u, # uasu®. Furthermore we have:

1BV qup = uBVaug =18V Alg

5.37
1PV pus = —1°V qup + 0(9) = 0+ 0(0) (5.37)
Here we used Killing’s equation, which holds for u, at first order and equation m We further
have:

1BCD

uBVpla = PTGl =—3u"yg (—OpgaB + 0agep + OBgap)lc

U=UPR

U=Up

) YT (5.38)
= 7562‘4(“’1) f'up)la = 20Tl

1
= iuBuC(aAch)

U=UR

We define the projector which projects to the subspace T'| orthogonal to u4 and [4:

Qap = e 2 gap +ualp +upla (5.39)
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Since this projector is orthogonal to the r-direction we can also talk about Q¥ Looking at equation
5.33] we find that at the horizon this precisely becomes:

dsg), = Appdatda” (5.40)

ie. Quu(un) = Ayy. Unlike in [21], we have:

£0 (5.41)

U=up,

uAVAuB

As would be required due to the geodesic equation. This is because the up is not an affine parameter
at the horizon. We instead have:

= KUB (5.42)

U=UPR

uAVAuB

Here & is the the surface gravity, which is the acceleration that is experienced at the horizon from
a point of view at the boundary (from a point of view at the horizon this acceleration would be
infinite). It measures the extent to which u, is not affinely parametrized at the horizon [I0]. We
can find k() by using that u, is a Killing vector at zeroth order, and Killing’s equation therefore
holds [21]:

V(AUB) = (9(8) (5.43)
’U,AVB’U,A = 7I<L(0)7.LB (544)
U=URp
—uT'G yuc = (5.45)
U=Up
~u?g®P(~0pgap + 0agrp + Opgap)uc = (5.46)
U=up
—ug"(=0rgan)uc = (5.47)
U=Up
We conclude:
1
Koy = — (—=1)2= ) f () = 27T (5.48)

2
We find, for a vector V,, in the subspace 1| orthogonal to u, and [,:
L VA =uPvpva

VBV 5(@AVH) (5.49)

5.7 Deviation equation

Having defined the projectors, we will now define the second rank tensor Bap, which is the failure

of the deviation of a geodesic to be parallel transported [2I] (see figure [5.1). If the geodesic is ua
and the deviation is V4, this means:

L, VA =uPvpvA = BavE (5.50)

B = Vpu? (5.51)
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Figure 5.1: A geodesic u,, (fluid velocity) and the deviation V,, from this geodesic [21]
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Here we used:
[u, V] = VBupVA —upVPVA =0 (5.52)
This follows from the fact that V4 has a constant orientation with respect to u (which is orthogonal,
see figure |5.1). Use equation and
L, VA =uPvgvA

=uPVE(QLVY)

= uBQUVEVA +uPVAV(u'la) + uPVAV s (1Hu,) (5.53)

= QpuP QN vV

= BV
We thus know that éyu = Qﬁ‘Qf B,p. We can make the following decomposition for B/w:

1 1
Bl“’ = 50'#1, + geA#V -+ WIU‘V (554)

Here w,,, describes the rotation, which is zero in this system. o, and 6 describe the traceless and
trace part respectively:

o = ALATV (pug) — %Af’”vpu(, (5.55)
0 =AY yu, (5.56)
. Then we write down an equation for the evolution of Bﬂuz
L,B,, = QEQE(UAVABBC) = QEQE(UJAVAVBUC)

= QP QY (u*VV auc — Rapopu®u?) (5.57)
=QFQC(Vp(uVauc) — (Vput)(Vauc) — Rapcpu®u?)
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We use equation [5.42}

= QI QS (vxBpc — BgBoa — Rapepu”u’)

R A 5.58)
= kB, — BzB,,p — QEQSRABCDUDUA (
Taking the trace of this equation, the null Raychaudhuri equation becomes:
df 200 B D, A
o= L,0 = k0 — B B,, — Rpau”u (5.59)
-

In B you can now substitute equation We are allowed to ignore the projectors on the Riemann
tensor because we take the trace with @),,. We can substitute the following identity for the Ricci
tensor using the Einstein equation:

1 1 ) 1 dD 1
== - —ViVD) = Vp——e——— + = .
RAB QgAB(R 2(8¢) +V Vf ) Vf\/ﬁdgAB + 28A¢GB¢ (5 60)
D=1+ w2%FABFAB (5.61)

Because gapu”u® = 0 the terms proportional to g4p don’t enter the null focusing equation. Fur-

thermore, we have:

x E? (5.62)

u - u dgAB

This part relates to conductivities, and therefore will not be considered. The Raychaudhuri equation
is as follows as first order:

0y = 0(9?) (5.63)
We use [21]:

1

0=V, u"
g —g

0u(V=gu") = L0, (au") = 3, (u"s) (5.64)

ﬁ

Where a is the area density. We have the following identity at second order [33]:

1 1 27T
—Luby — §9(21) + R(0)02) + EAWAVBUWUMJ =~ Oululs) + 0(8%) (5.65)
The null focusing equation is now given by:
S oA S
Opu(ut's) = 8TTN AP 5,005 + m(cuth)? (5.66)
We then use the ideal entropy conservation law:
Ou(su”) =0 — u"dys = —sO,ut (5.67)

For magnetic field we use the zeroth order definition of the flux of the magnetic field lines found by
Igbal, Grozdanov and Hofman in [40] and in equation

I0) = 2pup,b, (5.68)
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Here p is the conserved flux density. The Bianchi identity, i.e. equation [2.8] tells us that:

ot 0) _ (b Lo — Uyﬁb)p‘F pu[uaﬂby] — pb[ﬂa“uy] =0 (569)

nv
We use pb, = B,:

w0, B, = —B,0,u" + B"0,u, + u,0,B" (5.70)

= —Byauu” + B“auuy .
This is the ‘ideal conservation law for magnetic field’. The last step is because rightmost term
vanishes due to Gauss’s law for magnetism. Unlike the example that EO considers where ¢, depends
on charge and entropy, it now depends on magnetic field and entropy. We can therefore rewrite the
Lie derivative on ¢y, in the following way:

Lu6 = (0) 2 4 (0,8,) 9y = (520 1 3, 9%y N9, + By OO A,
0B, 0s YOB, 0B,

96 96 D6n (5.71)
_ h h af
=—(s s +BaB)A 8a5+BaBS
_ ad)h af (bh
=—(s 95 —— AP u 8B —5)) (5.72)

We we have used that:
BrBY
BrBY
SL = (A#U — ?)auul/ (574)

For a system with only u, as a vector available at zeroth order, it follows that when ¢; depends on
the parameters p;, we always have the following ideal conservation law:

"I oc 0" (uypi) = 0 (5.75)
We thus have, for ¢, depending on any set of scalars, similar to the original result of EO:

Obn
Op;

2
Ou(u*s) = 2 TAWA”%W%5+ = T(Zp )Z(Aaﬁaauﬁ) (5.76)

Y

For the parameter yx it is unclear what the ideal conservation law is and thus we cannot find the bulk
viscosities. In Appendix [J] we comment on how the anisotropic shear term in the entropy current
would give new ‘bulk viscosity terms’. An analogous derivation holds for magnetic field induced
anisotropy.

5.8 Anisotropic boosting

As mentioned many times now in this thesis, anisotropy induced by an axion or a magnetic field
breaks the zero temperature space-time boost symmetry for the theory of gravity in the z- and
y-direction and the z-direction respectively. This means that not all boosts that previously were
valid solutions to the Einstein equations still are. Therefore the projector we worked with A, can



CHAPTER 5. CALCULATING VISCOSITIES: MIMICKING FLUID EQUATIONS 43

only take specific forms in order to still represent a valid result. For an axion, we can still boost
with 8; = {Bs, Bz, 0}. For magnetic field, we can still boost with 8; = {0,0, 3. }. From this we can
immediately conclude for the shear viscosity that:

1
w= o (5.77)
X 672W(uh)
M= "4z (5.78)
2W(uh)
B e
== (5.79)

This is consistent with [59]. The reason that we can find 1, for the axion case because it doesn’t
require boosting with 3., but for finding 7, we do need to boost with 3, or 3,. Note that this
situation is analogous to the one we had for Kaluza Klein reduction discussed in section [5.2) For the
helicity zero sector, we can only conclude:

1 0¢p
B
- = 5.80
‘i 47" 05 (5.80)
This result is consistent with [28], where it was shown that a magnetic field induced breaking of
conformal symmetry does not imply a non-zero bulk viscosity. To get a non-zero bulk viscosity you
need a non-trivial dilaton profile. Clearly, we have not been able to extract all viscosities with this

method.



Chapter 6

Bulk viscosity for 2+1 dimensional
analytic model

6.1 Introduction

In [38], Gnecchi, Gursoy, Papadoulaki and Toldo (GGPT) find an analytic solution for a gravity
dual based on 4D AN = 2 Fayet-Iloupolos gauged supergravity. This gravitational theory is dually
related to the ABJM model [1]. This is a strongly coupled field theory, which is dual to AdSy x S7.
4D N = 2 Fayet-Iloupolos gauged supergravity is used to understand quantum phase transitions
at strong coupling in condensed matter systems and is therefore not related to a QGP, which is a
high energy physics phenomenon. However, the same methods used to calculate the viscosities of a
QGP can also be used to calculate the bulk viscosity of this system. In this thesis the conventions
of GGPT are changed to ours, how this is done is shown in Appendix [[]

6.2 The analytical solution

We work with the following action:

Vb(<25)FWFW) (6.1)

1 2
5= [veate(r- O v - MO
This is a version of the Einstein Maxwell dilaton action, as described in [30]. In order to use this
solution, we cannot work in the ¢ = r-gauge, because this would require us to analytically solve u
as a function of ¢ which is not possible for this analytic solution. To be consistent with GGPT, we
therefore work instead with u which satisfies: e?4dr = e~24du. We get the following analytic results
for g, Vp and V:

44
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du?
ds® = —— 9 a4 + JHoH3 (Y 4+ u2(da? + dy? 6.2
HolT? oH7( p ( y°)) (6.2)
3b
Hy=1-= )
0 " (6.3)
b
H1:1+7 (6.4)
32 B2 3b b
—_Zm 4 37m 1-5)1+-2)3 .
2bu+3 + u%( u)( +u) (6.5)
b+u
¢ = \f ( ) (6.6)
—u 4b
= 6— 1 )
v b+u u—3b+ (6.7)
u—3b
V, =6 3 (6.8)

6.3 EOM

Similar to Chapter [3] we have to start with the background equations. From the choice of the

u-coordinate it follows that we have the following Ansatz:

672Adu2
f

For the GPR method, the Green’s function calculation is slightly different with respect to [43], we
now have the following matrix:

ds? = 2 (= fdt? + da® + dy?) + (6.9)

010
M =e34"Bfl1 1 0 (6.10)
0 00
A'f
MY =3B Ly poaf (6.11)
0
We use:
2fhy (A" + f (4A2 — 1
o = S ( Lgf?/{;?( ) + non-contributing terms (6.12)
h/
hss = W + non-contributing terms (6.13)

Our Green’s function is given by:

1 1 1 1
— lim —ImG = — hnb aImn“”n"”GWW = hm — /dtd3:ce““t9( W =Ty, ™ =Tw]) = ¢ (6.14)

w—0 W 2 2
This part is still in the ¢ = r gauge. We get: F = fw(h’flh’n hiihi1), and s = 433475,
We have the following EOM at the horizon:
4A g1 ad gy Whi
{e* fhy + e fThiy + bumsu, =0 (6.15)

f
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Solving for h1; = C(u — up)?, we again find the same boundary expansion:

_ Z(JJ 72A(uh) _ 'L(JJ 6 ]_6
P= Flun)© AT (6.16)
hiy ~ ¢ (1+Zilo (ufu)) (6.17)
11 =~ C11 InT g h .
This leads to:
1 1 1 1 1 1
¢ = —— lim —ImG(w) = - lim —F = - lim T 2|cb11\2
S S w—0 w S w—0 K S w—0 4%2(%) bd=on
. (6.18)
2
=————¢
167r(%jj>)2‘ Cl P
6.4 Result

In Appendix[[]and [M] the details of the compuation are worked out. The result is given in figure
We see that the bulk viscosity increases as a function of magnetic field and decreases as a function
of temperature (from Appendix we know that larger b means smaller 7). The temperature
dependence is similar to results found by GPR in [43]. Also, we can conclude that for b € [1, 00),
i.e. for low temperatures, the ‘fluid’ is not in the hydrodynamic limit because the bulk viscosity is
~ 1. For b = 0.5, the influence of magnetic field is very small.
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Figure 6.1: % found as a function of B, for b = 0.5 (blue), b =1 (yellow) and b = 2 (green)



Chapter 7

Comparison of results with literature

7.1 Experimental data

Experimental data on the transport properties can only come from the LHC and RHIC, as these are
the only places on earth where a temperature can be reached that is high enough to produce a QGP.
In the past decade, the main focus of research has been on the shear viscosity [81] as this transport
property is strongly related to other measurements such as the azimuthal momentum distributions
of charged hadrons. For the isotropic shear viscosity, holography and experimental physics are
consistent and a value of n/s = 1/4rx is found [12]. Unfortunately, there is no data available on the
magnetic field dependence of the shear viscosity. As for the bulk viscosity, one thing that is known
is that for high temperatures (larger than 1 GeV), the bulk viscosity vanishes. This is consistent
with theory as QCD becomes conformal in the high temperature limit. For temperatures near the
deconfinement temperature, large bulk viscosities are possible. In a statistical analysis of data from
both the LHC and the RHIC, Paquet et al. find that the peak bulk viscosity is ~ 0.2. The LHC and
the RHIC give mixed signals on this, but the temperature at which this maximum occurs is at around
0.2 GeV (see figure [7.1). In [12], using a Bayesian method for estimating the isotropic viscosities of

25 ,

RHIC e ]
LHC e ]

—
g N

Probability density

o
o o

0.145  0.17 0195 0.22
Bulk peak position (GeV)

Figure 7.1: Probability density of the location of the maximum of bulk viscosity as a function of
temperature for both ion accelerators [81].
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a QGP, Bernhard finds the graphs of figure[7.2] This is the best experimental data available on bulk

Shear viscosity Bulk viscosity
0.4 7 0.08 7
—— Posterior median
07 e ]: T -
0.3 - 90% credible region 0.06
=029 S 0.04
0.1 / 0.02 1
1/4m
0.0 T T 1 0.00 T T 1
150 200 250 300 150 200 250 300
Temperature [MeV] Temperature [MeV]

Figure 7.2: Estimations of bulk and shear viscosity of a QGP as a function of temperature as found
in [12]

viscosity. Unfortunately, there is no data available on the magnetic field dependence of the bulk
viscosity. As a last note, in a not yet published work [32], Nijs uses holographic QCD to describe the
merging of neutron stars. The data that comes out of this computations could perhaps be compared
to gravitational wave data. This link between holography and experiment could then possibly allows
us to also learn more about the transport coefficients of QGP.

7.2 Lowest Landau level approximations

There is a method for calculating the bulk viscosities in a magnetic field that does not use holography,
but instead uses a lowest Landau level (LLL) approximation. As shown by Landau [72], a uniform
magnetic field induces harmonic oscillator-like quantization for charged particles. This is called
Landau quantization. The LLL approximation means assuming that the magnetic field is so large
that compared to temperature, i.e. T2 < eB, that all charged particles, in our case quarks, are in
the LLL because higher Landau levels are surpressed by a factor ¢~VeB/T  The Landau levels are
as follows [71]:

1 hk2
B, = hwo(= z 7.1
el +m)+ ()
Here w. = |e|B/m is the cyclotron frequency. The LLL approximation is different from Bose-

Einstein condensation (and therefore does not violate the Pauli exclusion principle), because the
system is highly degenerate due to the fact that the lowest Landau levels and thus also the LLL, are
independent of k; and k,. Moving on from the LLL approximation, this method also requires that
the quark self-energy does not affect the bulk viscosity, which requires a,eB/T? < 1. Combining
these limits, we thus are allowed to use this approximation in the following limit [54]:

aseB < T? < eB (7.2)

As can be seen from equation [7.1} when all quarks are in the LLL, the quarks have a 1+1 dimensional
dispersion relation, i.e. only movement parallel to the magnetic field is allowed. This means that
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the magnetic field induced contribution to the bulk viscosity will be to the parallel bulk viscosity.
Using the Kubo formula, Hattori et al. analytically find the following result for the bulk viscosity:

4 2
Cr 0120 ¢~ 0.031BImr (7.3)
T Tn(T/M,)

In ﬁgurethe result of Hattori et al. is given. In the blue (red) region the LLL approximation is not
valid because the left (right) part of equation [7.2]is violated. In [70] Kurian and Chandra (KC) also

0.1
0.08
S
:E 0.06
2z
= 0.04
L
(2 —
0.02
0 I P B
200 300 400 500

Figure 7.3: Temperature dependence of the longitudinal bulk viscosity as found in [53].

calculate the bulk viscosity using the LLL approximation. However, instead of the Kubo formula,
the Boltzmann equation is used. Furthermore, a more general hot QCD medium is considered,
with a numerical quark fugacity which serves as an input for the quark distribution function, this is
called the effective fugacity quasiparticle model. This quark fugacity that comes from a lattice QCD
equation of state (EoS). At high temperatures, the result is similar to Hattori et al. (see figure[7.4),
as expected.
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Figure 7.4: Temperature dependence of the longitudinal bulk viscosity for different lattice QCD EoS
for |eB|= 0.3 GeV as found in [70)].



Chapter 8

Conclusion

8.1 Results

In this thesis we used holography to study the viscosities an anisotropic relativistic fluid, in particular
a QGP with anisotropy induced by a magnetic field. In chapter we briefly walked through topics
like QGP, holography, ihQCD and hydrodynamics. In chapter [2| we summarized [55] and explained
how there for relativistic magnetohydrodynamics there are three bulk viscosities and two shear
viscosities. In chapter |3] we described the gravity setup that is mainly used in this thesis and which
is based on [62] and [4]. The results of our thesis are as follows:

1. We showed in chapter [d] that everything we know about shear viscosities for an EMD-action
also holds for more complicated ihQCD actions which include magnetic field

2. We showed in chapter [5| how to compute n|]|3 using a Kaluza Klein-reduction
3. We showed in chapter [4| how to compute 7Y, nﬁ< and CﬁB using the EO formula

4. We found consistency with [28], were it was found that conformal symmetry breaking (in this
case caused by a magnetic field) does not imply a non-zero bulk viscosity

5. In chapter [ we calculated magnetic field dependent ¢ for an analytic two-dimensional ABJM
model

6. We made progress in calculating the three viscosities of relativistic magnetohydrodynamics in
chapter [ and [5}

In chapter [7] we looked at experimental data and predictions based on the lowest Landau level
approximation relating to bulk viscosities in a magnetic field. Unfortunately, we did not get to the
point where we could compare this to holographic predictions.

8.2 Outlook

8.2.1 Introduction

In this section we will discuss several things that could be studied proceeding the research that was
done in this thesis. In the first paragraph we discuss some open problems in this thesis which could
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be studied further and then after that we will go through some more general topics related to this
thesis which could be studied in the future.

8.2.2 Follow-up

There are several things discussed in this thesis on which the book is not completely closed. In
particular, we did not finish the computation of the bulk viscosities in chapter [l Here we described
how we could find the three bulk viscosities of magnetohydrodynamics for a QGP by looking at the
fluctuation equations. This can be done by looking either at the horizon or at the boundary. Both
methods have problems. For the UV expansion, it seems plausible that we should look at the ratio
of the sub-leading over leading term, but it is not entirely clear what the right proportionality factor
should be. In the membrane paradigm, the problem is that for (,, the term o< (h};h33—h11h33)3—e),
is present in the Green’s function, which is divergent when using the Green-Kubo relations to find
the bulk viscosity. Furthermore, in chapter [5] we looked at ways to mimic fluid equations so that
viscosities can be extracted from it, but we encountered problems related to zero-temperature boost
symmetry violation, which prevented us from looking at certain viscosities. It would be nice if
these problem could be better understood so that we know how to get around this problem and
still manage to extract all viscosities. In particular, we should find how we can boost our solution
when magnetic field is introduced. We would also like to calculate the bulk viscosities with the
EO formula for the axion, and for this we would need some ideal conservation law, more on this
Then there is also the problem, which holds generally for both chapter [4] and [5| (and is also
elaborated in Appendix , which is that it is hard to have one well-defined notion of anisotropic
bulk viscosities. This will be needed if we eventually wish to find consistency between the results
that could follow the methods described in chapter [5] and [4]

8.2.3 Relativistic hydrodynamics

Relativistic hydrodynamics is a very hot field in physics. New tools are made available to analyze
the behavior of fluid, which uset he quasinormal modes as input [61], [41]. If we include momentum
dependence, these methods can be applied to the fluctuation equations of this thesis. Furthermore, as
disccused in section[L.6] we can learn more about hydrodynamics by seeing how [51] different forms of
diffusion are related to eachother. In particular, it would be interesting to see how bulk viscosity fits
into this picture of diffusion. Lastly, in chapter[2] we discussed in great detail a paper from Hernandez
and Kovtun of all first order transport coefficients of magnetohydrodynamics. Something similar
could perhaps be done for ‘axiohydrodynamics’, and this would help us understand how to deal with
bulk viscosity in the case of axion. We assumed in this thesis that just like magnetohydrodynamics
that there are three bulk viscosities for axiohydrodynamics, even though the steps decribed in section
and [55] clearly do not assume a general form a rotational symmetry breaking. Considering [84]
it is extremely plausible that there are only two shear viscosities in a system with axion induced
anisotropy, but perhaps there are more or less than three helicity zero transport coefficients.

8.2.4 Complications of the gravity background

One of the strengths of improved holographic QCD is that it is very easy to see how other physical
phenomena can be included so that more phenomena of QCD can be studied. For example it is very
clear how we could take chemical potential, conductivity (equation , Chern-Simons diffusion
rate, quark mass and the chirally non-symmetric deconfined phase (section . Furthermore, it is
also possible to get a more accurate holographic prediction by doing some more work. For example,
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you can get a more realistic temperature dependent prediction for shear viscosity by including a
Gauss-Bonnet term [26] and, though very difficult, try to look at string loop contributions for the
dual theory [3].

8.2.5 Expansion of the framework

Apart from improving the dual theory of gravity, it would also be nice to better understand the
tools with which we can extract information from this dual theory. This is what this thesis was
mainly about, but the work done here can be proceeded and other things can be looked at. As
mentioned section [8.1] we could for look into Kaluza Klein reduction and how we could find all
diffusion constants using this method. We could, similar to what was discussed in section look
at whether we could fit bulk viscosity into this picture. Furthermore, in Appendix [N we briefly
discuss how could find general consistency with the EO formula and fluid gravity, something that
has already been achieved for the Sagai-Sugimoto model, The reason this was not done in this thesis
is because the computations were too heavy for Mathematica, but perhaps there is a way to simplify
these computations.

8.2.6 Statistical analysis of experimental data

In [12], Bernhard uses a Bayesian method for finding the isotropic viscosities of quark-gluon plasma
as a function of temperature (see figure . The method involves modelling the fluid behavior of
a QGP and tuning the parameters of this model so that the output is consistent with data from
the LHC and RHIC. A similar analysis where magnetic field dependence instead of temperature
dependence is considered would be extremely useful to check the holographic predictions presented
in this thesis and in previous works.



Appendix A

Zeroth order EOM

We work with the following Lagrangian:

L= V4R~ 5(06)* +Vy ~ aV;VD)
With:

D = det(6;, + wEFag9™")
Fuy = 0, Ay

1 1
AH’ = {07 _§Bmy, §Bmx, 0, 0}

This yields the following Einstein equations:

1 1 1 5 1 Vi 1 dD
Ruu - §gul/R - §au¢8u¢ + Zguu(a(b) - 59;11/‘/9 + $7(9HV@ - ﬁdgj)
For 7 =0, D becomes:
1 0 0 0
0 1 —e24B, 0 0
D=det [0 e24B, 1 0 0
0 0 0 1 0
0 0 0 0 1

1
=1+ wQBfngllg22 =1+ wQane_M‘ =1+ w2§F‘“’FMV =Q?

(A.6)

(A7)

We also have the dilaton EOM which is redundant but is useful as a check for possible errors in your

calculations:
04D

== =
2vD

1 rr

(A.8)

The Einstein equations consist of an Einstein tensor G/, and an energy-momentum tensor 7},,:

Guw+T,, =0

54

(A.9)
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Because it is easier to work with our convention of stress-energy tensor 7}, has a sign difference
with respect to the standard energy-momentum tensor. Since the ¢ monotonously increases as a
function of r, we can redefine our fifth dimension to be ¢. This is called the ¢ = r gauge, also called
the Gubser gauge [43]. From this follows an equation constraining B:

etdr = eBdg (A.10)

With this gauge, we get the following energy momentum tensors (i.e. the part of the Einstein
equations that does not come from the Einstein Hilbert action):

Vv 2,24-2B
Too = _fe2Ax?fQ + fe?AV, — i 1 (A.11)
Y 24 oA fe2A—2B
T11 —.’Ega — € Vg—’—T (A12)
v 2A+4+2W—2B
T3 = 62A+2Wx?fQ — AWy Je I (A.13)
e?B Vi e?B 1
Tss = 736762 - TVg 1 (A.14)
We then get five EOM, with one being redundant:
A/l — A/ (B/ _|_ W/)
1/1 B? xe2B*4AVfw2 1 (A.15)
+ = 7f,W/ _ m ) -
f (3 6Q 6
W" =W' (-4A" + B' = W')
1 s B2 pe2B—44 2 A.16
?( - xe - Viw® f’W’) ( )
2 ,.,2B—4A 2
F=f (—4A + B —W') + B xe 5 Viw (A.17)
1
V=e 2B (BA + W)+ e 2P f(124'W' + 244 — 1
€ f( + )+2€ f( + )+ (A.lS)
LL‘VfQ
/ / / f/ —2B / /
0=4A"+W'-B +7)f€ + V' —2V;Q
g2 (A.19)
— foe_4A7ww m
Q
At the horizon we find:
B72nxe2B(¢h)74A(¢h)V w2
s ) = o on) (4.20)
w U)l 2
1 _ V(¢n) — 2Vi(on)Q — fo(%)e_‘lA(%)% (A21)

3A (¢n) + W' (on) V(én) — xVi(6n)Q(dn)



Appendix B

Transformations of perturbative
modes

5 ={&,&2,8&3,&4, &5} is the vector with which modes can be removed using gauge and diffeomorphism

invariance. Because the modes depend only on r and ¢, E can only depend on these variables as well.
For the helicity one block the modes transform in the following way:

hov(t,r) =ho1(t,1) — iw&y (r,t) (B.1)

So we can fix £ to put hg; to zero. For the helicity zero block the modes transform the following
way:

hos(t,7) = hos(t,r) — iw&3(r,t) (B.2)
hos(t, ) = hos(t,7) + 8,0 (t, ) — iwEs(r,t) — s

’ B.3

= hOS(ta T) + ar&O(t T) - Z'("~)€E)(7A7 t) + %f2e2A_2B(2A/ + f?)éO(Ta t) ( )

3(t,r) =06 (t,7) + fe P &5010(r) (B.4)

We fix &5 to put d¢ to zero. We then have &, and &3 left to put hgz and hgs to zero. Consider the
Einstein equations at zeroth order:
The only way dA; could affect the Einstein equations is via D. For helicity 1, D 4+ § Dy becomes:

1 0 0 —0A3(r,t) —8AL(r,t)
0 1 —e 4B, 0 0
D + 8Dy = det 0 e 4B, 1 0 0 (B.5)
5 As(r,t) 0 0 1 —5AL(r,t)
SAL(r,t) 0 0 AL (r,t) 1
For helicity 0, D + 6Dy becomes:
1 —6A,(r,1) 0 0 0
5 A (r,t) 1 —e 4B, 0 —6A(r,1)
D + 6Dy = det 0 e ?AB,, 1 0 0 (B.6)
0 0 0 1 0
0 SA! (r,t) 0 0 1
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From this it follows that gauge field perturbations do not give first order contribution to the pertur-
bative Einstein equations.



Appendix C

First order EOM for shear modes

C.1 Fluctuation equations

We start off with the following Ansétze:

2B(9)

ds? = 4@ (—f(p)dt? + da® + dy? + 2V D d2? + 2\hyo(p)e“ dady)) + 9 d¢? (C.1)
, ¢2B(#)
ds? = 24P (—f($)dt® + da® + dy? + 2V D dz? 4 22hy3(@)e™ dadz)) + 9 d¢? (C.2)

Formulated differently, when considering a metric perturbation of g, + dg.,, we work with the
mode: hy, = g''6g,,. The EOM have the following structure:

5Gy + 6T,y =0 (C.3)

The first order contribution from the energy-momentum tensor 67}, to the first order EOM is as
follows:

1 22V,

5Ty = 162%;112(% e 2Bf_ov) (C.4)
1

6Ty = Z621“Ahlg(2asvfc2 +e 2B 21V (C.5)

Note that the V; term is different because for k2 you also have to consider functional differentiation
of the term ¢'2g?' FyoFo;.

2h
— [eATB (AR — By + iy + higW') — e2A2B fpl, — % —0 (C.6)
21 h
— [ AP (AA R g — B’y + hiy — W) — 4728 fhl, + eQAVfQ g s w2 f” =0 (C7)

This result is consistent with [29].
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C.2 Perpendicular shear viscosity

We will first calculate the shear viscosity 7, which corresponds to the mode his, as the EOM for
this mode are already massless. At the horizon the EOM reduce to:

W2hise—2A+2B
fhlo+ fhlg + — 2 —— 7 ~ 0 (C.8)
This can be solved by plugging in the trial solutions his = cliz(gzﬁh — $)*P. Which gives: p = 4i;JT.
This is a universal result for any perturbative mode breaking thermodynamic equilibrium [52]. We
will therefore find the following solution to the EOM at the horizon for all the metric perturbations.

hig = cl(on — 6% + cij(on — 0) % (C9)
Before we solve this EOM we will first write down the boundary conditions. Our horizon is a future
horizon, dual to positive temperature, which requires in-falling boundary conditions for regularity
at the horizon. This means that ¢f, = 0. For convenience we will now define ¢j, = ¢12. Our second
boundary is simply the requirement that the mode converges to one near the boundary. For the hqs
mode we can work this out analytically. We do this by solving the EOM twice. We solve it once for
an infinitesimal distance from the horizon for w # 0, as we have already done. Then we solve it for
the entire bulk for w = 0, which gives:

e—4A—W+B

[}
hi2 = a1z + 512/ d¢’ (C.10)

0 f
If we take the limit w — 0, we can equate these two solutions near the horizon:

~ D12 —4(én)+B@n)-W(on) ~ w
his =~ a2 + f/(¢h)e log(pn — @) =~ c12 (1 T log(on (;5)) (C.11)

From our boundary condition at the boundary we then know that a;2 = ¢19 = 1. As explained in
section[L.2] to get to the Green’s function, we also need to find the flux. We can do this by expanding
the Lagrangian up to second order:
Lo = 187264A+B+WR()\) A—0 (C.12)
2 0N? ’ '
From equation we know that we only need to look at double derivative terms, from the other
terms do not contribute to the end result.

1

Lio = ﬁe—3+5W(e2(A+B (3h2, + 4hyohio) + e* f2(=3h72 — 4hi2hY,)) + non-contributing terms
(C.13)
We subtract total derivatives:
A 1 .
L1y = —e BHOW(_edAp2p2 4 2(A+B))2 ) | non-contributing terms (C.14)

2f
We thus get:

i _ . .
Fia = = fetATBEIW (B, — hihhio) (C.15)
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We can confirm that this is the correct result by looking at whether the flux is conserved (see
equation [4.21)). At the horizon we can simplify in the following way:

Fia = f% fe4A*B+3W(h*2h' — hi5hi)
= —ife4A_B+3W (c’{z (1 + — 4 T log(ép — ¢)))8¢ <612 (1 — Z—OJT log(¢n — ¢)))
+ 8¢ (‘312(1 T T 4 T log(¢n — ‘b))) (c”(l - 4 T log(¢h - ¢)))

(C.16)
SEE L CACE= Tlog on=9)) (247 5—)
o) (a1 o)
= |ero|PwedAtW
We conclude:
— lim Tm GL MAN3F, —» 1 = L (C.17)
w—0 s 4

As expected, the shear viscosity perpendicular to the magnetic field is unaffected by the symmetry
breaking. We can also derive this result, as is done in [59], [58], by writing equation in the
following way:

95 (v/—gPg™dsh13) — v/—gNw?g"h1a = 0 (C.18)

With P and N functions that depend on ¢ only, in this case we have P = 1 and N = —1. EOM
that have this structure have a corresponding action that looks like this:

S = -MN? [ s (5P (Oulna)? — 5 Ng" @ula)?) (C.19)

From this Lagrangian, you can immediately extract the shear viscosity via a Green’s function the
following way:
G II
n. = — lim —= = lim (C.20)

w—0 fw w—0 jwhig lp——oo

Because of the way the action is written down you don’t have to filter out the real part as is done
in equation II is the canonical momentum given by:

6S
= m = —M3NC2\/ —gg558¢h12 (021)
From equation we also find:
V=89 2 00
OsIl = w“g  hia (C.22)
o T MBN?

Equivalent to using the masslessness of our EOM in the previous method, we now use that from
equation [C.1§it follows that that dII = 0, so we also have:

I1(4n) MPNZ\/=gPg*dyhia
7N, = lim =1
w—0 th12(¢h) whig P=dn

(C.23)
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We can now write down a differential equation for 7, :

-1 8¢H(¢>h) H(¢h)a¢h12(¢h)
0 =1 lim ( — + ) C.24
¢77J_ w—0 whm(gbh) Wh%Q (¢h) ( )
Substituting equation and gives:
UET vV —4 00 MgNgv_QQ%(aqﬁhm)Q)‘
Opm.. = Zilamo ( M3NZ2 e wh?, b=dn (€-25)
. 955 'l 3 A72 googss Wi
0 = iw —(—7M NZ + )‘ C.26
s 900 V900955 —g M3NZ/lg=¢ (€:26)
At the horizon, regularity requires that the part inside that brackets is zero, which gives:
-9 3 2‘ N1 1
— M3N N Cc.27
- 900955 “lo=on s 4 ( )

C.3 Parallel shear viscosity

For the 7, we can choose a new perturbative mode so that the same trick can be used as was
used for the h19 mode:

hig — e®V Zy3 (C.28)

As explained in Appendix @ because €2V converges to unity at the boundary this does not change

the end result. From this rescaling it follows that we work with the following Ansatz:

, 2B(¢)
ds? = 4@ (— f(§)dt + da® + dy® + €2V D dz? + 22 Zy5(p) e dwdz)) + & @ dg?  (C.29)
So we have: Z13 = 6g13¢>2. This gives the following EOM:
2A-2B 171 171 " / / Izl w2Z13
—e (f(4A'Z13 — B'Z15 + Zy3 + 3213W') + [ Z13) — 7 (C.30)
The second order expanded Lagrangian is as follows:
~ 1 .
L3 = ﬁeM*B*gW(—sz% + €2B=2472 ) 4 non-contributing terms (C.31)
So we find:
T]H 62W(¢h)
Fiz = WC%SG3A(¢h)+3W(¢h) N " = i (C.32)
We could define this result in terms of the horizon geometry in the following way:
| 1 9zz
L L2 C.33
S 4m Gux '9=¢n ( )

When writing the EOM of equation in the form of equation [C.18] we get P = 2"V (#r) and we
get the identical result.
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Rescaling invariance of perturbative
modes

Consider the mode ¢ and the rescaled mode ¥* = p, with p being a factor that converges to unity
at the boundary. ¢ and ¥* is dual to O and O*. At the boundary we have ¥ (ry) = ¢¥* (1), so using
the GKPW rule:

d 0 _g 5 6 .
_ 2~ ~iSrav e — _ —iSgrav = G e D.1
5 6b - R e sy OO (D-1)
The transport coefficient o that relates ¢ to (O) is given by:
.1 | 1 N R
o=—lim —ImGpe =i lim —KF(rp) = — lim —ImGo+p~ = lim —K*F*(rp) (D.2)
w—0 w w—0 w w—0 w w—0 w

K and K* are constants. For the dual operator we can also conclude O = O*. Because the flux is
conserved, we have:

dF dF*
- = = D.
dr dr 0 (D-3)
So:
ul)li% ;K]:(T}L) = ul;lg%) EK F*(rn) (D.4)

So we can rescale our modes with any factor that becomes unity at the boundary, without it changing
the result for the transport coefficient we wish to calculate.
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Appendix E

Kaluza-Klein reduction

In [84], Rebhan and Steineder use a Kaluza Klein reduction of an gravitational background with
anisotropy caused by an axion, similar to section In this Appendix we summarize computations
similar to [69] that leads to this result. With G, being the non-compactified metric of our 5-
dimensional theory, we perform the following Kaluza-Klein reduction:

ds? = —Goodt2 + Gu(dxz + dyQ) + G33dZ2 + C:,-T»Cl’l“2

(E.1)
— —goodt® + gr1da” + gs3dz® + gssdr?
After this dimensional reduction, small metric perturbations now are gauge fields:
Ai=g"hy;  i€{0,1,3,5} (E.2)

The Maxwell equations that will be used in this derivation, are the ones that follow from variation
with respect to Ag and As, components of the gauge fields are not coupled to the matter terms.
This gauge field is also called a graviphoton, whose dynamics is governed by the Maxwell action:

1 v
Sgauge X /d‘r’a:\/—g(gQ—F“ FW) (E.3)
eff

gess is an r-dependent factor that follows from y-dependant part of the metric. This yields the
following Maxwell equations:

Ou( 2V gF*) = 0 (E-4)

ers
Because the background metric only depends on 7, we can work with a plane wave solution with
momentum oriented towards the z-direction: 4, = A, (t,r)e*. We also work with the radial gauge
A, = 0. From the Maxwell action the Poisson equation (variation with respect to As) follows. Using
the Maxwell equation that follows from variation with respect to Ag KSS show that if the distance
from the horizon is not exponentially small compared to %22 we have:

F01 = 80141 — 81A0 ~ —61140 (E5)
For k£ — 0, the adiabatic approximation becomes exact and the Poisson equation then becomes:
— . rr 00
0.( VY9 _5,40) =0 (E.6)
erf
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This equation has the following solution:

,.900 N grr(r )geff( ')
CQ/ dr —g( N (E.7)

For the same limit as used in equation KSS show that at zeroth order a momentum dependent
Ag has the same form:

) Th gOO(T/)gTT(TI)QQ (T/) T°
_ ikx / eff L
Ao(r,t.2) = Co(t)e /O dr I (%) (E.8)
We also find that:
2 /
i ngOgT’I‘ge (’f‘ )
F05 = —8TA0 =~ Co(t)@ k ?]‘;f — (Eg)
We thus get:
A — Th r r g r
0 ~_V 92 / ar 9oo(1")g55(1") g2y (r") (E.10)
Fos| .~ 9009559cps Ir=rn Jo —g(r')

Going back to the Maxwell action, we can require gauge invariance and find that the membrane
current at the horizon is given by [58]:

Tmp = — % 11F51’ (E.11)

T=Th

955

eff
0
me -

55400 . ’ (E.12)

T=Th

eff

At the horizon, we require regularity, which means that there can be no divergences in the metric.
Going to the Eddington-Finkelstein coordinates, one finds that this means that we want the following
to hold for the Eddington-Finkelstein coordinate dv:

955(rn) 4. (E.13)

dv = dt +
900( )

From this we get:
—V=9v9559" 9% F51 = v/=g+/9009"" 9”01 Ao (E.14)

Using equation [E.I0}
= ()
01 F{
goog Fos/ %

Jﬁqb ~—V—g

(E.15)

T=rp

Using, equation We then get get the following equation for our membrane current, which is
dual to Fick’s law for the fluid:

JLy = —D,0,J%,

D V9 V=g / d,goo( ") gss5(r )geff( ) L (E.16)
C 91190095592 5 lr=rn —g(r’) et Py
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Here € is the energy density and P, is the pressure orthogonal to the magnetic field. Since it this
result is k£ independent, it is exact. For a perfect fluid, i.e. at zeroth order, we have:

(Ty) = diag(e, P, PL, P)) (E.17)
In units of energy density, the anisotropy is given by:
PJ_ - P” = Xaa2 (E18)

Here x, is the anisotropic susceptibility [49]. We also have the following thermodynamic identities
for an anisotropic fluid with zero chemical potential [20] [24]:

f=-PL (E.19)
g=—P (E.20)
e=f+Ts (E.21)

=g+ Ts — xqa° (E.22)

Here f and g are the Helmholtz and Gibbs free energy density respectively. This leads to: e+ P, =
Ts.

— Th r’ g2, . (1’
neo_ V=9 i / dr,goo( )955(1") g2 5 (") (£.23)
Ts  g11/9009559¢ 55 lr=rn Jo —g(r")
Taking k in the z-direction, we find similarly:
b = _Dzazjronb
_ V=g /T“ dr,QOO(T/)955(””/)9§H(7’/) _ M (E.24)
933\/900955g§ff r=rn Jo —g(r") e+ P,
Which yields:
mo_ V=9 /”” dr,900(7’/)955(7"/)95]0]0(7"/) (E.25)
Ts 933\/90095592” T=Tn Jo —g(r) '

One can find gf¢, by expanding the non-Kaluza Klein reduced Einstein Hilbert action at at first
order for A, = G hy;. KSS find:

11
V=GR = —=—5—+/—gF""F,, + tensor and scalar terms (E.26)

195rf

Defining the result for gy and rescaling to the non-reduced metric and using equation @ we
find:

L Ts -/Th / GOO (T‘/)G55 ('f’/)

S T 1N | E.27
s 47 M2N3 J, Gi1(r')/—G(r) ( )
Yl Ts Gn /” , Goo(r")Gss5(r)

5 = InMENG Gan dr E.28
s 4mMZ2N3 Gszlr=ry Jo G11(r)\/—G(r) ( )

Rebhan and Steineder confirm in [84] that these results are consistent with the results given in
section Using these results, we then have the following identity for the temperature:

_ MPNG o o Goo(r)Gss (') \~!
= 8 (/0 ’ Gui(r') —G(T/)) (1:29)




Appendix F

First order EOM for bulk modes

Since only the first order of g,, + dg,. is relevant, it can also be written in a form that is simpler
for these calculations:

ds? = A (— f($)(1 + Mrgo(d)e™h)dt? + (1 + A1 (d)e™?)(da? + dy?)
e2B®) | (F.1)
f(9)

Now we look at the contributions from the energy-momentum tensor. For this, we first focus on the
flavor part (5Tlfy, i.e. the part of the perturbative energy-momentum tensor that comes from the
flavor sector:

+ (1 + Mgz (9)e™h)2e2W (@) d22) + (1 + Ahss(p)e™?)

6Gyu + 0T, + 679, =0 (F.2)

To keep it simple we will take g1 = goo for parts where there is no derivative with respect to g11:
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1 (VD + 6v/D)
vD+6VD 9™ )
= x% ((gw + §guu)\/1 + w2B2,gllgll 4+ 2w2 B2 §gllgll
1
B VI +wB2gllgh + 20282 gl glt
d(w?B2,g1g?2 4 w2 B2 8¢ g2 + szgl(;nggu))
dgrv

%
7], + 0T}, = 2L (g + 69.)(VD + 6v/D) -

iz nv 9

wQBZldgllgll

1+'lU2B72ngllgll

_( 1 B wQB’?négllgll )
\/1+w237%,1911911 \/(1+w2B7%Lgllgll)3

(w?B2g" + wrB2,69") (540 + 0202) )

~—

v,
= fcgf ((g;w + 09u) (V1 +w?BE gtlgtt +

szf,ﬁgugn
1+ ’UJQB%,Lgllgll

1%
— Iff (59w 1+ wB2glig 4 g,

_ ( 1 w2 B2 st
/1 +w233ng11911 m99
2132 5411411
_ wob,09 g U/2B72ngll)(51511,+52512,))
\/(1 +W2B?n911911)3 H H

Now we use dg'! = —hy1e724 to write out the individual contributions to the Einstein equations at
first order:

2p2
w Bmhu

V1+w?B2e 44
Vy B2 h

5T, = 2L (hy1e®4\/1 + w2 B2 e—44 — 24 W Om
2 V1+w?B2Ze 44

1 ’LUzBZPLhH

V1+w?Bie 4 V(1 + w?B2, e~ 143
V, ’LU2B2 hll
5T — 2 (haae2At2W g 232 p—4A _ o—2A+2W m F6
=T (hsze \/1+w?BZe e 1—&-’(1)231%16_4’4) (F.6)

Vi 1 1 ’LU2B2 h11
6Tf — 2f —h ZBm _ —_,2B—4A m F.7
55 =T (f 55€ +w*Bje fe W) (F.7)

Simplifying:

v
0Ty =~ (hoo f&** /1 + w2 BZe~44 — fe =>4 ) (F.4)

—( (—w?Bj,ha)e™ + (w?Bj,e”%))
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V _oaw?B2h
0Ty = = (fe* hao@ — fe I 1) (F.8)
V, hllezA(2Q2 — 1)
V B2 h
Iy = o5 (g2 Q — 24l =it (F.10)
\% w?B2 h
TS — 2L (here2BO — o2B-44Y Zmll11 P11
55 352f( s5€ Q@ —e 0 ) ( )
From the glue sector we get:
2
61—‘(‘;]0 = geQAVg - %62A72B(h00 - h55)
1
6Tiql = 7§€2Avg + £€2A72B(h11 - h55)
1
6Ty = —562A+2WV9 + £62A+2W72B(h33 — hss)
1
5T = —§e2BVg

Now we can derive the fluctuation equations, the procedure is as follows: use the 05 Einstein equation
to derive and expression for hss, then use the 55 Einstein equation to get an expression for h,, and
then use this to get two coupled differential equations with only hi; and hgs in it from the 11 and
33 Einstein equations. We solve for ¢f; and g45. The 00 Einstein equation becomes trivial upon
substitution of the equation for the hss mode and the background equations. What we get is:
—2hy1 [ — has ' +4fh1y +2fh3s 4+ 2fhss W'
hss = (F.12)
2f (BA’ + W)
, 2 1
hoo = (-
AT+ W' 8f2(3A’+ W)
+ has(f' — 2fW') — 2f(2h}; + hi3))

4B2 x fhy Viw?e2B—44 , (F.13)
- +2f f' (2R}, + h%3) — 3A'R
B?ne—‘lAwQ 1 Ir ( 11 33) 11

we2B—24 (2h1 1+ h33)

212

(2f' (BA" + W) + fF12AW' 4 24A"% — 1)) (2hy1y f'

—huW')

3
—§A’ Ly —

This is the g4; equation:
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1
8fQPw(3A + W')?
_ 2462A+QB+2fog11VfwA'W/2Q4 _ 862A+23xf933VfwA’W'2Q4
+ 462A+2B+2W$fglle}Wl2Q4 4 4€2A+2B+2W$f911Vfw/Wl2Q4
4 1262A+23+2fogllvfwA/Q4 + 662A+2B1’f933VfU)AIQ4 2A+2B+2W1'911Vf'UJA/2f/Q4
o 1262A+2BI933Vf’LUA/2f,Q4 + 4862A+2B+2szvfwA/Qg Q4 + 2462A+2B$fowA/2g33Q4
4 3662A+2B+2W.ngll’lUA/2V}Q4 4 3662A+2B+2WIfgllva12w Q4
_ 96€2A+23+2W$fg11Vf’wAIQW/Q4 + 462A+2B+2W$fgllvf'lUW/Q4
+ 262A+23xf933Vwa'Q4 . 862A+ZB+2Wxg11VfwA’f’W'Q‘l . 462A+2Bx933VfwA’f'W’Q4
+ 1662A+2B+2W$fowA/g/11W/Q4 + 862A+2B$fowAlgé3WIQ4
+ 2e 2A+2B+2fogllwA/Vf/W/Q4 + 2462A+2B+2foguVfA/w/W/Q4
4 72e2BH2W 20 ABQP — 72e2Bu?gasw ABQP — 462Af2g33wW’3Q3
+16€2Afg33’w14/f W/3Q3+2462A+2Wf2wA/g/ W/SQS 96€2Af2g 3wA/3W/2Q3+1662A+2Wg wA/f/2W/2Q3
+862Ag33wA/f/2W/2Q3+24e2B+2W 29 1wA W/2Q3 28€2Af2g33wA W/2Q3 4€2Af2933wB W/2Q3
+9662A+2ngllwA12f/W/2Q3 +9662Afggg’wA/2f W12Q3 +462A+2ngllwf W12Q3+262Afg33wf W/2Q3
_1262A+2Wf2wg/11W/2Q3 _2462A+2Wf2wA/B/gi W/2Q3 862A+2waA/f/g/1W/2Q3 2462Af2wA/2g/ W/2Q3

262Af2wgé3W/2Q3_1662AfwA/f/g:/33W/2Q3_1262B+2W 2g wA QS 662B QQSSWA Q3+2€2A+2ngl ’ll)f Q3
+62Afg33wf'Q3 . 1262A+2nguwA'B’f’Q3—662AfgggwA'B 1 Q3+288€2A+2Wf2 A'4qu3
*4862A+2Wf2wA/2g/11Q3 —462A+2Wf2wg’11Q3 *7262A+2Wf2wA/3B/g/11Q3 +3662A+2Wf2wA/B/g/11Q3
+7262A+2waA/3f/g/HQ3 _1262A+2waA/f/g/HQ3 —28862Af2wA/4gé3Q3—2462Af2wA'29é3Q3

% 2Af2wg/3Q3+7262Af2 A’BB/g/3Q3+18€2Af2wA/B/g/ QB 72€2AfwA'3f'g§,3Q3 662AfwA/f/gé3Q3
+96623+2W Zg wA/2W Q3 24€2B 2933wA/2W Q3+4862A+2ng wA/Qf/QW Q3+2462A933wA/2f/2W Q3

— e 2B+2W 2911’LUW Q3 QB 2933U}W QS +262Af2933wW Q3 2Af2g33wA B %74 Q3
+19262A+2ng1 ’LUAISf W Q3+9662Af933w14’3f w Q3 4€2A+2ng wA/f/W/Q3 262Af933’wAlf/W/Q3

—4e 2A+2ngl ’lUB f %74 Q3 2€2Af933U)B f %74 Q3+7262A+2Wf2wA/3 W Q3 20€2A+2Wf2’wAl / WIQ3
—96e 2A+2Wf2 A/QB/g/HW Q3+1262A+2Wf2w3/g/11W Q3_462A+2waf/g/11W Q3—7262Af2 AlBg;’;gW/QB
+1462Af2 A/g/3W/Q3+2462Af2 AIQB/ / W/Q3+662Af2 B/g/ W/QS 7262AfwA/2f/g/3W/Q3
7262Afwf g33W Q3+7262A+2Wf2 A/39//1Q3+2462A+2Wf2 A/W/2g QS 1262A+2Wf2 Al /1/1Q3
+9662A+2Wf2 A/2W/g//1Q3 462A+2Wf2 W/g/ Q3 7282Af2 AISQII QS 662Af2 A/g/ QS

2Af2wA/2W/g// Q3 262Af2 W/g/ QB 72€2A+2B$fg33‘/f’u)14 3@2_|_16€2A+23+2fogllVfwA/W12Q2

18 2A+23xfgggiwA W/2Q2 —4e 2A+2B+2W-ngllefW/2Q2 12¢ 2A+23+2fogllvf1UA Q2
_ 6€2A+2B$fg33VfUIAIQ2 + 24€2A+2B+2W5E911VfwAl2le2 + 1262A+2Bl’g33VfU}A/2f/Q2
—4862A+2B+2foVfwA'2gilQ2 _2462A+2BvafwA/2gé3Q2 _3662A+2B+2foguwA/2 V}Qz
+48€2A+ZB+2Wa:fg11VfwA’QW’QZ _462A+2B+2fognvwa/Q2 - 262A+2B.Tf933Vf’LUW/Q2
+862A+23+2Wxg11VfwA’f’W’QQ +462A+2Bxg33VfwA'f’W'Q2 _ 1662A+QB+2foVfwA/g/11W/QQ
8?42 By fViw A gl W Q? — 2462A+23+2W$f911’U)A/VJ{W/Qz +72e2AT2BT2W g 1, Viw A
+ 8€2A+2B+2W1'f911VfwAIW/2 o 462A+23+2W:Efgquw’W'2 _ 36€2A+2B+2W.’Ef911VfA/2U1/
4 4862A+2B+2fogllvfwA/2W/ o 2462A+2B+2W1,fgllVfA/w/W/)) =0

(e7 2B (=722 AT2BHIW 0 £01 ViwABQ* 4 726> 128 1 f g3 Viw A3 Q* (F.14)
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The ¢7, equation:
1
8fQ3w(3A + W')3
o 36€2A+23117f933VfU)A/3Q4 + 1262A+23+2fogllvwa/3Q4
4 462A+2B$f933Vwa,3Q4 + 6062A+23+2W$f911VfwA/W/2Q4
+ 462A+2Bxf933VfwA’W’2Q4 + 462A+23+2Wxgnvfwf/W/2Q4
+ 262A+23x933Vfwf’W’2Q4 _ 8€2A+23+2Wl‘fowg£1W/2Q4 _ 4€2A+QB$fo’u)gé3W/2Q4
+ 4€2A+2B+2Wmfglle;W12Q4 4 462A+23+2fogllvfw/W12Q4
+ 1262A+2B+2fo911VfWA/Q4 + 6€2A+2B(L'f933VfU/AIQ4 4 1262A+2B+2W1,g11Vf,wA/2f/Q4
+ 662A+2Bxg33VfwA’2f/Q4 . 2462A+2B+2W1'fowAl29/11Q4 . 1262A+2BvafwA/2g§3Q4
+ 3662A+23+2WIfgnwA/2V;Q4 + 36€2A+2B+2Wzfgllva12le4
+ 84€2A+QB+2W$fg11Vf’u)AIQWIQ4 _ 3662A+2B1‘fg33VfwA/2W/Q4
+ 462A+2B+2W$fgllva)W/Q4 4 2€2A+23.’Bf933VfUJW/Q4
+1662A+2B+2W$guVfu}A/f/W/Q4+8€2A+23wgg3Vf’u}A,f/WIQ4—3262A+23+2W.%'fo’u}A/giIWIQ4
_ 1662A+2B15foU}AIg:/33W/Q4+24€2A+2B+2fogll’lUA/V/WIQ4+24€2A+2B+2W$f911VfAI’lU/WIQ4
*862Afg33wf'W/4Q3 . 1262A+2Wf2wg/11W/4Q3 73662B+2ww2g wA/3Q3+3662szg 3wA’3Q3
+4862Af2g33wA/2W/3Q3_8€2A+2nglwf/2W/3Q3 _4€2A 33wf’2W’3Q3— 12€2B+2W 2g wW’BQg
—4862A+2ng11wA/f/W/3Q3—56€2Af933wA/f/W/3Q3— 1262A+2Wf2wA/g/11W/3Q3+12 2A+2Wf2 B/g/HW/BQB
+4€2A+2waflg/11W/3Q3+1262Af2wA/gé3W/3Q3 +862Afwf’g§)3W’3Q3+48€2Af2g33wA’3W/2Q3
—3262A+2ng1wA’f’2W'2Q3—1662Ag33wA’f’2W’2Q3—6OeZB+2W Qg wA’ W/2Q3+12€2B 2933wA'W’2Q3
6€2Af2933’wAIWI2Q3 _ 4e2Af2933wB’W’2Q3 _ 144€2A+2Wf911w14/2f W/2Q3
_9662Af933wA/2f/W/2Q3+862A+2ng wf’W’2Q3+462Af933wf'W’2Q3 3662A+2Wf2 A/2 / W/2Q3
—920e 2A+2Wf2wg1 W/2Q3+6062A+2Wf2wA B/g/11W12Q3+462A+2waA f/g/11W/2Q3+4862Af2wA12 3W/2Q3
2Af2wg W/2Q3 1262Af2’(UA,B/g§3W/2Q3+4462Af’u}A f W/ZQ& 1262B+2W 29 U)A Q
6P g A Q2P 10 QO P g QP — 126 g A B QP66 g A B QP
—144e 2A+2Wf2wA/4 1Q3 48€2A+2Wf2 A/2 1Q3 4€2A+2Wf2wg 1Q3+36€2A+2Wf2wA/3B/ /1Q3
+36€2A+2Wf2wA B/gilQB_3662A+2waA/3f/g;1Q3_12€2A+2waA f/glllQ3+144e2Af2 A/4gégQ3
462Af2wA'Qg§3Q3—262Af2wg§3Q3 36€2Af2 A/3B/g/ Q3+1862Af2wA/B/gl Q3+3662Afw14/3f/g/ Q3
6€2Af’lUA/f/gégQ3—84€2B+2W 2g lwA/ZW Q3+4862B 29331UA/2W Q3 2462A+2W91 wA/Qf/QW Q3
_1262A933wA/2f/2W/Q3_462B+2W 2g 1U)W Q3 2623 2933wW Q3+262Af2933wW QS 1262Af2933’wA B %% Q3
—96e 2A+2ng wA/Sf/W/Q3 4862Af933w14/3f %% Q3+862A+2ngl ’U}A f %% Q3+462Af933w14 f w QS
—4e 2A+2ng U)BfWQ3 2€2Afgg3waWQ3 180e 2A+2Wf2wA/3 WQS 44e 2A+2Wf2wA/g/ WQS
Jr8462A+2Wf2 A/2B/g’11W Q3+1262A+2Wf2w3/glnw Q373662A+2wa14/2f 11W Q37462A+2waf/glnw Q3
+180e>4 fPw A" gha W QP +2e* fPw A’ ghy W QP —48¢ fPwA” B! gy W' QP +6¢*4 2w B’ g W' Q°
+72€2Af’wA/2f/ / W/QB 262Afwf’g’3W’Q3 3662A+2Wf2wA/3g// QS 12€2A+2Wf2 W/3g//1Q3
—60e 2A+2Wf2wA W/2g// Q3 1262A+2Wf2 A/g/ QS 84€2A+2Wf2 A/QW/g// Q3 462A+2Wf2 W/g/llQ?)
+3662Af2 A/SQ Q3+1262Af2wA’W'Zg Q3 662Af2 A/g/ Q3+48€2Af2 A/QW/g/ Q3 2€2Af2 W/g/ Q3
+ 36€2A+2B$f933Vf1UA/3Q2 _ 8e 2A+23+2W$fg11VfIUW 3Q2 _ 4€2A+2Bl‘fg33VfU)W/3Q2
_ 3262A+2B+2Wa:fgquwA’W’zQ2 . 462A+2B£L'f933VfU}AIW/2Q2
_462A+2B+2W:L,gllvf,wf/W/2Q2 o 2€2A+2B$933Vfwf/W/2Q2 +862A+23+2fovfwg/11 W/2Q2
+4€2A+2B$foWQé3W,2Q2 *462A+2B+2W17f911wVf/W/2Q2 o 1262A+2B+2fogll VfwAIQQ o 6€2A+2Bl‘f933VfwA/Q2
_ 12€2A+23+2W1‘911VfU)AIQf/QQ —662A+2B$g33VfwA/2f/Q2 +24€2A+2B+2W$foUJAlzg£1Q2
+ 1262A+2B.’1?foU}Alzgé3Q2 —36€2A+2B+2W-ngllwA,2Vf/Q2 _2462A+23+2wxfgllvfwAl2W/Q2
+ 3662A+2B£Cf933 VfwA/2 WIQ2 o 4€2A+QB+2W1,fgquwW/Q2 o 2€2A+2B1'f933VfUIW,Q2
—16e 2A+2B+2WxgllvfwA/f/W/Q2 *8€2A+2B$933Vf'ZUA/fIW/Q2+32€2A+2B+2foVf’lUA/g/11WIQ2
+ 1662A+2BfofwA'g33W’Q2 — 2462A+28+2W:vfgllwA'V}VV'Q2 —36e2AT2BT2W 01y VfwA'3
_4e 2A+23+2W$f911Vf7~UW/3 . 2862A+23+2W$f911VfwA/W/2 . 4€2A+23+2W$f911Vfw/W/2
—3662A+23+2Wa:fgl1VfA’2w’—6062A+2B+2fog11VfwA’2W’ —2462A+ZB+2W$fgl1VfA’w’W’))
=0

(e—QB—QW(3662A+23+2fogllVfwA/3Q4 (F.15)
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At the horizon we have:

o2A—2B o2A—2B w2hi
5 (6A'W' + 647 — 1) fhY, + (—2A'W' +6A% — 1) f'hy; + (6AW +6A7% —1) of
o2A—2B o2A—2B w2hs
- (1242 + 1) fhys — T(8A’W’ + 1242 + 1) f'hys — (12472 +1) 7
n B2 xe 2 AV,w? A’ (2R), + hly3)
Q
—2(A+B) B2 2e2BV, w2 A’
+€ f (QWIf/A/€4A 4 mTe fo w )(2h11 + h33) ~0
(F.16)
Using equation this reduces to the following simple form:
2h
€2A72th‘/1/1 + €2A72Bf/h/11 + w11
2f (F.17)
1247 +1 9A_2B w?hs3 -
_ — h// 2A—-2B /h/ ~0
(6A'W’+6A’2—1)(fe 33+e f 33+ 4f )

If you split this calculation up into two calculations, for which we take the boundary condition

911(¢n) = 0 and gs3(¢n) = 0 respectively it reduces to the same simple horizon EOM for a fluctuation.
For the 11 equation at the horizon we get same thing:

2A—-2B eQA—QB
"
B fhiy + 2
1 2h
—S QAW £ 3A% = W'(r)? + 1)f by — (GAW 434 4+ 3W" + 1)‘”2f11
(6A'W' 4+ 64" — 1)€T(12A’2 1) Rt
_ F.18
2428 117! 2 2 171 117/ 2 w?hs3 ( )
1 (10A'W' + 6A + AW — 1) f'hgs + (AW’ + 64 — 1) if
B2 xe 2 AV,w? A/ (2R), + hly3)

2Q

)(2h11 + hs33) = 0

—(6A'W' + 347 +3W"2 4+ 1)°

2A-2B

+e*2(A+B) (ZW/f/A/64A N B?nzGQBfo’U/QA/
f Q

Again we get that using equation [A:20] this reduces to a very simple form:

w2h11

2f
I 2 9 (F.19)
6A W' +6A"" —1 w?hs3

_ 2A—-2B " 2A—2B pry./ ~
6A’W’+3A’2+3W’2+1(fe hss +e fh33+74f )~ 0

2A-2B " 2A—2B g1/
e fhll +e f hll +




Appendix G

Green’s function

G.1 Introduction

The way we calculate the Green’s function is similar to the way GPR do it [43]. We introduce the
following vector: h” = (hoo hi1  hss h55), and decompose the second order expansion as follows:

S =M3N? / e (G-1)
L=L+0L+ 8¢£¢ (G2)
£=TRT MM+ LT MR 1 RTMR 4 LR (@.3)

It follows from section [£.2] we get the following equation for the flux F:
F=—TImJ = % (ﬁ’*T(M¢¢E + M®h) — (BT M9*T] + E*M¢T)E) (G.4)
F is related to the Green’s function in the following way:

1 .
M3NZF = — lim — Im 696" G ;) (w) (G.5)

w—0 w
Where i is a spatial index. So F is the total flux, i.e. the sum over all possible Green’s function
contributions that are part of the helicity zero sector. For an isotropic fluid F is proportional to a
Wronskian: Fiso o< hijhi1 — h11h];. For a coupled set of differential equations a Wronskian does
not exist so the structure of F will be more complicated. We won’t calculate all matrix elements for

all matrices, but just the terms that contribute to the Green’s function, this follows from equation
in section We see that for fluxes relating to (1 and ¢, we have:

Fu o< hihay = Wby, (G.6)

We can thus use a method very similar to the GPR method. For (,, it becomes a lot more messy
because we also have a contribution to the flux oc h11hss — hi11h35. Furthermore, cpiicjs5 is not
necessarily real, meaning that the expansion that was done earlier for shear in equation [C.16} which

72
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allowed us to decompose the product of perturbative modes into real part constant for w and an
imaginary part linear for w now looks as follows for the one-derivative part of the mixed flux:

Fmid X —%eA_Bf(hﬁ*lhgg — Rl his) +1+ 3
2 (et (14 1108000 — 9)) )0 (33 (1 — s o(on — 9)))

7

+ 28¢(c 3(1 + — 4 10g(¢>h - ¢>))) (m(l - %log(% —¢))) +1+3

7 w 1
_ = el QG.
T2 (Cll (1 YT 10g(¢ ¢))> (63347TT on — ¢>) (G8)
i/, iw 1
*5( 47rT¢h—¢)(C“(1 o Tlog(¢h*¢>))+1H3
-2
= %(@1033 + criciz)w + Z%T(Cﬁciss —c11¢53) log(pn — @) +1 < 3

= 2Re(c];c33)w
For (,,, a much larger fraction of the work needs to be done numerically, we will comment on this
later. For now we will will focus on ¢, and (.
G.2 Orthogonal and parallel term
We can then write the £ with the terms that contribute for these bulk viscosities:
L :%H’TM‘WFL’ + BT M hss + non-contributing terms (G.9)

The second order Lagrangian is calculated as follows:

10 [ yaiwen Moo Mty Ahss Ahss
L= 26}\2(6 RO+ 551+ 021+ =521+ =5 )), A—0

We perform the computations in the ¢ = r-gauge or Gubser gauge, however the end result will be
independent of the gauge choice. We work with the following Ansatz:

ds® = 4P (= f(9) (1 + Moo (¢, 1))dt* + (1 + Ah11 (¢, 1)) (da® + dy?)

2B(¢) G.10
o (G.10)

+ (2@ 4 Nhas(¢,1))2dz?) + (1 + Mhss (0, 1) ef(¢)

However it turns out that harmonic time dependence allows us to immediately discard all the terms
which involve derivatives with respect to time. For the double derivative sector we get:

2AB-W
‘C¢¢7 == 4f (262 f2 (2h11(62wh6/0 + 62Wh/1,1 + hg3)
+ 26" hihly + hiohiss + hgohss — € highgs — €™V hijohss (G.11)

+ hoo(2¢*™ hYy + hi) + 2k hiys + 2R has — 2¢*"V By hi
—2*W B! hss + €2V B3 — Bigghly — hijzhss))
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Subtracting total derivatives yields:

~ 1 n
Loy = §f€4A B=W (hio(2e2W Ry, + hlgg) + hiy (2 iy + 2hf3)) (G.12)
For the 55 sector So:
0 1 %6*2W 0
1 1 e 0
M®® — _ fAA+B+W 1w o 0 0 (G.13)
0 0 0 0

There is a factor —1 because as explained in section we don’t look to for the boundary term
itself, but instead for the current that is induced at the horizon due to this boundary term so that
this boundary term is canceled. The result is identical to what Critelli finds in [28]. Similarly, for
the 55 sector:
1
555 — _H< gSeZA—B—W(_8f262A+2WA/h00 _ 16f2€2A+2WA/h11 _ 8€2Af2A/h33 _ fe2A+2Wf/hOO
_ 2f62A+2Wf/h11 _ €2Aff/h33 _ 2f262A+2WW/h00 _ 4f262A+2WW/h11 4 262Af2w/h33))
1
_ E( 15562A737W(_8f262A+2WA/hOO _ 16f262A+2WA/h11 _ 862Af2A/h33 _ f62A+2Wf/hOO
_ 2f62A+2Wf/h11 _ €2Aff/h33 _ 2f262A+2WW/hOO _ 4f2€2A+2WW/h11 + 262Af2w/h33))
(G.14)

Subtraction of the total derivatives gives:

4 1
£55 — 7EhgseQAfow(78f262A+2WA/h00 . 16f262A+2WAlh11 o 8€2Af2A/h33 . f62A+2Wf/hOO
o 2f€2A+2Wf/h11 . 62Aff/h,33 . 2f262A+2WW/h00 . 4f262A+2WW/h11 + 2€2Af2W/]’L33)
(G.15)
This term is different but the total derivative from the double derivative sector also changes:
1 !/
Lrp = ff(4A/ - B + =+ WI>(€2A_B+W(2€2A(hoo(—h55) — 2h11h55)))
4 : ! (G.16)
- 1(414' - B+ 7 W) f(2e*A= BV (e72W hyshss)
So we find:
6A'h 4+ 2W'h
2A+B+W / / /
6_ € 12A’h + 4W'h + 2h
M5 - 4 (GA/h + h/)e—QW (G'17)
0
We now have:
4 h/ 2 —2Wh/
hss = f21fl (—gA;fj g 33 | non-contributing terms (G.18)
B = f/BA + W) (2hyy + e 2Whis) + f(2h)1 (642 —2W'2 — 1) + e 2W R, (6A'W’ + 6A"2 — 1))

2f(3A" + W')2
+ non-contributing terms

(G.19)
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Yielding:
f€4A_B+W 2W 2 ’ 2W ’ 1! 2
F={- (hy3e 2" ((124” + 1)Rlge 2V — 20}, (6A'W' + 642 — 1))
4(3A" + W)? ( 33 1 (G.20)
+2h11 (20 (6A'W' + 3A + 3W'2 + 1) + hiyge W (—6A'W' — 64 + 1))) Yo in
Similar to Appendix [C] we find:
ni+C¢ g (647 +3AW! + 3W"2 + 1) ‘ (G21)
s Am(3A" + W')2 d=dn -
2(1247% +1
G _ | sl ( + 2) ‘ (G.22)
s 4 (BA" + W')* lo=¢n

As explained in section this does not reduce to GPR’s result in the zero magnetic field limit.

G.3 Mix term

As mentioned, for (,, the situation is more complicated. We will need the full matrix My:

L :%H’TM 9¢h' + h'T M?h + non-contributing terms (G.23)

With F given by [43]:
F=-ImJ=—1Im (%H’*TMWE + %E*TM‘M’E’ + H*TM¢E) (G.24)
= %(E*TMWE’ + BT MOOR + BT MOR 4 T M) (G.25)

With steps similar to the ones shown previously in this Appendix, we find:

0 _% / _i(f/+2fW2/&/€_2W ) —%f(?)A/—I—W/)
_ 0 0 —fW'e~ —= (6fA" + f' +2fW'
M, = eMA-B+W 0 0 f 0 _zjf(éfA’Jrff’)eLW) (G.26)
0 0 0 0

If we perform the same operation of adding total derivatives to the result in [28], we again find
consistency for the upperleft 3 x 3 matrix (Critelli only considers this part). Here we have used the
fact that for a Lagrangian you can add total derivatives to eliminate all terms on the main diagonal
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as well as the lower triangle. We use the EOM:

e W (2h11®V [ + hasf' — 4fe*W hy — 2fhbs + 2fhssW')

- _ 2
fiss 2f (BA' + W) (G.27)
I 672(A+W) 2A 4 ! / 2W 1 I
h’OO = 4f2Q(3A/ T W’)Q (Q(2€ f(f (3A +W )(26 h’ll + h33)
+ f(2e2W R (A% —2W"? — 1)+
Rys (6A'W' 4+ 6A% — 1)) — haz(6A" (224 f f'W' + 22 f7? 4 2w2e?B)
— UPAFAR (W' — 1)+ 2W (242 4+ 20%e?B) — 24 f 1 — 224 f2 V) (G.28)
o 2h11€2W(Q(6A,(262Aff/W/ + €2Af/2 + 20.}262B)
+ 24€2AfA/2f/ 4 2wl<62Af12 + 2&)2623) _ €2Aff/)
— 20 fQ*Vp X AB)(3A" + W) 4 22 f V2 AB) (347 + W)))
This leads to:
Fm = {%P( T1has — h11h33) o e, + derivative term (G.29)
e2A-B-w 2/ 4 24 212 24 (211772 2 2B
P= 2fQ2(3A’+W’)2<Q (A'(=3e* f% 4 20e*” fSW'* — 12w%e”")
(G.30)

+ 6€2AfA/2(4fW/ _ f/) _ 3662Af2A/3 o WI(62Af/2 + 4w2623)
+ AL QW 1)+ EA W AW 1)) + 2 f(QF - DQVEAT I (34 + W)

Because we won’t use this result anyway it has not been subjected to extensive checks (one such
check would be flux conservation, see equation but it gives some confidence that hgg precisely
cancels as it should. However, there is an % term in the result which suggests that there may be
some error, it could also be because hi;hss — h11his < f'(¢n)(¢ — ¢p). When you turn off the
magnetic field, the result trivially reduces to GPR’s result because then the imaginary part of the
non-derivative term vanishes. If we were to use this method to obtain the bulk viscosity, we would
have to take a w — 0 limit for the entire thing, i.e. we would have to solve the perturbative EOM
for many different w values near w = 0 and look for the linear part of F,, as a function of w, as is
done by Critelli in [28]. In Appendixwe explain how we could have calculated cp1; and cp33 using
linearity if we would have used this method.
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Numerical method

Because this is the way the C++ code used works, we will work in A-coordinates, with A being the
term in the exponential term of our Ansatz. At the horizon our equations of motion now become:

! (JJ2 B
{955 + f79§3 + Pe 2% (A)gss}rmo ~ 0 (H.1)
So the BC are:
g3s ~ (A — Ap) ' 7eR A Ay (H.2)
d(A — Ap) Ter
Ghs ~ ( dz) A= Ay (H.3)
f/eA B df

= 47T (H.4)

q ‘A—)Ah Cdrlasa,

Same for g11. In order to calculate ¢, we use the NDSolve tool from Mathematica and the numerically
calculated background described in section We have a linear second order differential equation
with two boundary conditions, which follow from regularity at the horizon and normalization to
unity at the boundary. Regularity at the horizon is imposed in the following approximate way:

hij(¢n — 0¢n) = Cij0¢, " (H.5)
a3, =T
R -6 = Cjj—2ht— H.6

i (¢h ¢h) J aaqSh ( )
Here C}; is a numerical constant and d¢y, is a small offset from the horizon; The second boundary
condition will be imposed after solved the numerical calculation by rescaling, i.e. replacing Cj;
with the properly fixed c;;, for our numerical solution. For the bulk viscosity, we have two coupled
differential equations, which, similar to [66], we solve twice, once for C1; = 1, C33 = 0 and once

for C11 = 0, C33 = 1. After solving we can use linear algebra to make sure that the boundary

conditions are satisfied. We require:
ar a1 c
1 o _
(&) (-0 =

7
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Where «;, a; are the values at the boundary for the mode h;; for the respective initial boundary
conditions and ¢, ¢ are the constants for the linear combination of these two solutions. We then

finally get:
¢ 1 az — o
¢) ~ Gso1—dnas H.8
<C> Q3 — Q3 <—a3 + a1> (H.8)

However, we will extract the transport coefficients by using a method which is different from the
GPR method, instead we will use a method similar to the one described in [52], where we will study
the boundary expansion the follows from numerically solving the fluctuations. As explained in [4.2]
we have the following UV expansion for the perturbative modes:
biswrt log?(r)
~ 2 2
hij = ai; + krew® — Z”T (H.9)
The bulk viscosity is given by b;;/a;;. Here all coefficients are real. We can find transport coefficient
by looking at how operators respond linearly to sources. A source of a metric perturbation is switched
on when a;; = 1, it is switched off when a;; = 0. This is different from the GPR method where all
sources are put on. When all sources are put off except for one, the Green’s function follows from
looking at the linear response, which is given by:
1 8h” bij

—;ImGijkl x —il_}molm B an (H.10)

For one differential equation, we could just solve numerically and rescale afterwards so that a;; = 0,
and we would be sure that b;; and x were real. However, as mentioned, when we solve set of
coupled differential equation we have to solve the differential equation multiple times and make
linear combinations afterwards, which could cause mixing of real and imaginary terms. Therefore,
we instead explicitly expand in w order by order [78] so that contributions from the x term as well
as contributions from w in the EOM are second order. We do this in the following way: we first
solve the EOM twice for zeroth order, once for Cy; = 1, C33 = 0 and once for C';; = 0,C33 = 1. The
horizon boundary conditions also has to be expanded in w:

hij (@1, = 36n) = Ciy(1 = - log(36n)) + O(w?) (H.11)

Our horizon boundary conditions then become:
Q5 ((bh — 5¢h) =C;; (H.12)
a;;j(on —0¢n) =0 (H.13)

Regardless of what kind of boundary conditions you take at the horizon, the EOM will always have
the structure of equation [H.9at the boundary. Because we look at zeroth order in w, the expansion
reduces to:

a; = agq) + a(lll)r4 log?(r) (H.14)
a1l = Eﬁ) + 5511)7'4 log?(r) (H.15)

We do it again for first order. Because we don’t want to deal with divergences we define e®i = B;;.
We then have the following boundary conditions:

Bij(on — ddn) = Cijdpy (H.16)
Bj;(¢n — d¢pn) = —Cij (H.17)
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The boundary expansion for by is identical to the one for a1, because dependence of w only comes
in at second order:
b1 = bg(i) + 6511)7"4 log?(r) (H.18)
511 = Eﬁ’ + bgll)?“4 logz(r) (H.19)

We fix the appropriate boundary conditions at the boundary as follows. When we look at the
response of a hi; source we have:

(1) _ al — iz alQ) — i bl (Cn(w)> (H.20)
0) = \ald) i) ) — i) Less(e)
When we look at the response of a hgs source we have:
0 0) (0 . 0
<0) _ agé) 477Tb( : agol) - Z47rTb(0) (Cll(w)> (H.21)
1 aés) - mbg?} ~( ) - imbés) c33(w)

We note that ¢, is the response of (T11) to a hi; source, () is the response of (T33) to a hszz source
and (,, is the response of (T71) to a hszs source or the response of (T53) to a hy; source. We then
extract the transport coeflicients in the following way:

(G ) <<aggumb<l> aggqu) <aggu-mb<0> o iz

m-— 1 . ~(1 . 1
Cm q dw a:(),:;) e bgs) g )i InT b:(%3)

w—0
(H.22)

Checking that the off-diagonal bulk viscosity results match is a useful way to check that the calcu-
lations are done working properly.
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Finding the massless bulk mode

GPR find the constant ¢, by solving the equation of motion for the bulk mode hi; numerically:

e 24 2 2,28
h = g 6 T B[~ 186° PP A By + 6 oy A (L1)

+ 6P FA Iy + 242 ARG — A fha f -+ 262 i)

They do this by using in-falling boundary conditions at the horizon and convergence to unity at the
boundary. It is also possible to again use a method similar to section where we looked at the
mode choice which gave massless EOM, by performing the transformation:

hi1 — kZn (1.2)

We can now fix k so that the EOM become massless for the mode Z1;, which we know gives trivial
flow. We can prove analytically that this method is correct because the EOM for k that follows
from that requirement rather trivially gives us the EOM we started with but with hy; replaced
by k, which proves that the two approaches are identical and we thus do not gain anything. One
could think that perhaps we could also use the same trick as a different and perhaps simpler way
to calculate viscosities in the anisotropic case. However, in this case the EOM have the following
structure when the modes have not been redefined yet to require masslessness:

Mv =20
_(An 0 Cun Du (BEn+An 672;;23 w?) Fiy (13)
- —2A+42B .
0 Asz Cz3 Ds3 Es3 (F33 + A3z 2 w?)
v= ( i hys hiy hiy hn h33)
With every term ¢ or r dependent. We then rescale as follows:

hi1 —kZia (1.4)
h33 —)lZgg (15)

However, in order to get trivial flow one would have to fix k and [ such that Fyq, F33, F1; and Fs3
vanish simultaneously, which is not always possible.
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Appendix J

Anisotropic dissipative shear term for
axion

We can decompose our projector in the following way, with b, oriented parallel to the anisotropy
direction (so in the z-direction for our metric Ansatz), and B,, a tensor which projects to all
directions apart from the anisotropy field direction:

A, =B, + b,b, eV (@) (J.1)

Using what we know from chapter [5] we have the following fluid entropy balance law:

S (e} v
Ou(ut's) = &T—TA” AP 5,045 + bulk terms (J.2)
2
o = ALAT O pusy — gAWA”Uapug (J.3)
Defining S| = B??0,u, and S| = b’b70,u,, we use the a decomposition of the shear tensor from

[55], which is derived in Appendix [K| for an isotropic tensor. With the projector we use this shear
tensor has the following form

Ouv = 01w + 0,5, +0,2,+

bﬂbu(%s“ - gsﬁwwh)) + (- %BWS|\e—2W<¢h> + %) (14)
Before we calculate A**AYP 0,w0a8, it Will be useful to note that the following holds:
B*B,, =2 (J.5)
B0, =0 (J.6)
The symmetry broken squared shear tensor looks as follows:
AMQAV’BUW/JQﬁ =00 0p(BPY + bubae—2W(¢h))(Buﬁ + bvb/ﬂe—2W(¢h)) a

=04 0ap(BHBYP 4 2BAb b e 2W (@n) 4 prpoprpfe1W (o))
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The squared scalar terms are given by:

( - g'3#”5\\6*2W<“>h) + M)2
83 8 ’ 2 (J.8)
= 5 Ste O — TSmO + 251
And:
(4bubvsl\ -~ 2b,tbuSL62W(¢"))2
3 3
165] 16 2W(gn) . % g2 aw(en) H)
=79 KSHSJ—G "o+ §S’J_e h
We finally arrive at:
AuaAV,BO_ Onp — 2 2 —2W (¢n) 2Si
uv9ap = 0| +23% + 3 + (J].O)
8
52 —AW(en) §S||SJ_6_2W(¢") (J.11)
Now we go back to the fluid entropy balance law:
Oulut's) = i (of 42522V
252
52 —AW (¢n) _ §SHSL€*2W(%) + TJ_) (J.12)

+bulk terms o« {Sﬁ, 518,57}

Similar to [55], we could now just read off the coefficients with the following general fluid entropy
balance law.

1
Ou(u's) = niod + %) + (CJ_SJQ_ + ¢ Sff + 26m Sy S1)

1

T 73 2
However, the new "bulk viscosity terms’ that come from decomposing the shear tensor are merely a
product of the decomposition which was necessary for showing how the different terms are affected
by anisotropy due to the magnetic field, they are not the product of the magnetic field itself because
these terms are there without a magnetic field if you decompose the shear tensor for any direction
(this is what is done in Appendix . This again shows that, similar to what was described in
section there is not a clear map from the isotropic trace transport coefficient to the more three
anisotropic helicity zero viscosities.



Appendix K

Decomposition of shear tensor

To get the decomposition given in [55], start off by writing the shear tensor as follows (i.e. project
the shear tensor to everything, with the proper normalization):

1 1 o
Opv = (g(AuaAvtf + Avalus — ApAag) + §AWAaﬂ)U g (K.1)
Decompose the projector in a part that is parallel and orthogonal to the magnetic field:

1
Ouv = (5((Bna + buba)(BuB + bvbl?) + (Bva + bvba)(B/tﬂ + bubﬂ) (K 2)
1 .
~(Byuy +buby)(Bag + babs)) + 5 (Buy + bub ) (Bap + babg))o™’
Extract from this the identities o, ,, = %(B“ABW, + B”ABW — B/“’B,\p)UA” and ¥, = BW\U)‘f’bp:

1 1
Opw = 0L + Suby +Tby, + (§(bubabybﬁ + b,babubs) + 5BWBaﬁ)aaﬁ (K.3)

No we use o, = AZAgﬁ(pug) — %A,L,,A””apug to decompose the last part of the tensor.

2
o7 = BB, + 267075 — S (B +0707)(S1 + 5)) (K.4)
We then get:

1 2 4 2
Opy =01l + E#by -+ Zyb# + Bw(gSL — gSH) -+ b#by(gSH — gSL)) (K5)
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Appendix L

Bulk viscosity for analytical GGPT
solution

GGPT work with the following Lagrangian:

. R (8¢*)2 * (1% —\/gqb* S AE Y
E—\/—g(g— =V (¢7) —3e FrF )
1 * * * —/2¢* Eyng
=5vV=9(R— (967 =2V (¢") = e~V By, o)
L1
F,, :§Bmdx/\dy

* indicates a different convention. They give the following analytic result:

du?
ds® = — dt* + HH3—+u da® +d
\/HOT \/ Ho (g ( )
Hy—1-20
u
b
Hi=1+—
u
(p1)2 (p1)2 2 3b bg
E— 1— 22\ (1+ =
g 2bu +32u2 +u( u)( +u)

3 b+u
¢ _\/7 u—3b
* = —3cosh \[qﬁ

The Lagrangian we want to work with:

E:H(R—M_V(@_W)
Flu/ - Bmdﬂf N dy
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The different conventions are therefore related in the following way:
. 1
5=t
L 1
V= §V

So in our convention, we have the following analytic result:

3 b+u
b= \/ZIOg (u - 3b>
V=-6 cosh(\/ggﬁ) = —3(6%05 + e_%qﬁ)

b—u 4b

:6b+u u—3b

+1

u—3b
u+b

Vi = 6B2 ¢~ Vi4 = 6B2

To be consistent with GGPT we work with the following metric:

6_2Adu2
ds® = —fe*Adt* + T + *(dz? + dy?)
Now we match the metric terms of the GPR convention and the GGPT solution:
24 7,2 g 2
e i dtt = —————dt
f HyH}
e*da® = \/ HoH}u da?
From this we get:
o g
f N H()Hi))uz

1
A= 3 log \/ HyH}u?

We can find uy, in the following way:

B2

-1 m —

- g
Fra) = Ho(up)H? (up)u? B 2b(b + up)3

2
= b4 (/=2
Up, + 2%

With the same method we used in Appendix [C] we get the following temperature:

Sy

)
47

For the entropy we have:

s = \/I’I()I{:f'u2

U=up
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Appendix M

Numerical calculations for analytical

model

We start off with the following Ansatz:

ds? = €24 (= f(u)(1 + Moo (w)e™?)dt? + (1 + Moyy (u)e'™?) (dz? + dy?)

L it e 2A(u) i (M.1)
+ (1 + Ahss(u)e )W u
We define our perturbative Einstein equations as follows:
0Gu + 61, =0 (M.2)
We then have:
elA 024 o—24
0Too =(hss — hoo)f2¢/27 - hoofTV + (2h11 — hoo)BEnVEaf 1 (M.3)
oA e24 24
0T, :fT(hu — hss)d'? + - Vhu + B?anThn (M.4)
o—24 o—64
6T55 :h557V + (hss — 2h11)B,2anT) (M.5)
This leads to the following EOM.
2fhiy — ha f’

55 = L1/ M.6
hss oA (M.6)
; 676‘4 (866Af2A/h/11 + 2€6Aff/h/11 + 2€4Afh55v + 4UJ262Ah11 — 2fh11BTfL2VE; + fh55B,2an)

00 — T 4f2A
(M.7)
" e_GA 6A INIAN] /2 6A 12 ¢ 112 6A 1l o
hiy = —W(‘l@ FA R0 —4e fhit A f'¢7° — 4e” fhi1 A f'¢'¢
(M.8)

4 2466Af2A/2h/11¢/2 4 866Af2A/h/11¢/¢// o 8fh11A/2‘/bl
_ 4fh11%14/¢l2 + 4w2€2Ah11A/¢/2 _ 66Afh11f/¢/4 4 266Af2h/11¢/4)
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At the horizon, the fluctuation equation gets the following familiar form, yielding the boundary
condition which follows from the requirement of regularity at the horizon:
—4A 1
2, € /
{w h11 f2 + h/117
We can also check whether the following background equations vanish to confirm that there are no
errors in the computation:

1
A" == (—4A? — ¢ M.10
1 8?) (M.10)
f"=e B2V, —4A'f' (M.11)
1
V= 5e—‘“‘ (—eS4 (4A'f + f (12472 — ¢?)) — B2 V) (M.12)
V' o4 24 A
g = e QSI (4fA/ + f/) + fe QSH — T (M].?))
The near horizon solution is:
hiy ~ Ce i G (M.14)
B2 u—3b
foaa 1 3B/ toru)
T=|— = M.1
It T (M.15)
Before rescaling, we have the following boundary conditions:
hai (up, + Sup) = duy T (M.16)
dou, T
11 (un + up) = T;Uh (M.17)

dup, is a small offset with respect to the horizon. In figure the numerical result found for ¢; is
given. It is important to note that the range in which we can compute ¢; is bounded from below
because the solution is not well defined when r;, < 3b, because in this case there is naked singularity.
Physically this means that the black hole solution is unstable at low temperatures. In figure [6.1] the
bulk viscosity result is given.
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Figure M.1: The numerical constant ¢, found as a function of By, for b = 0.5 (blue), b = 1 (yellow)

and b = 2 (green)



Appendix N

Fluid Gravity

N.1 Ansatz

In this Appendix we work out what a calculation of the isotropic shear and bulk viscosity for a
general non-conformal non-zero temperature strongly coupled relativistic fluid roughly should look
like, this is mainly based on a paper of Wu, Chen and Huang (WCH) [94], where WCH computation is
performed for a non-conformal computation for compactified D4-branes. We work with the following
boosted Eddington Finkelstein metric Ansatz:

ds? = —2dz"u,dr + e**(— f(du,2*)? + P, dz"dz") (N.1)
At zeroth order, we start with the following ultra-local expansion:

ds%o) = QeB_A(dvdr — Ax“@ub’?dxidr) + €2A( — O dv? + dayda’

. © (N.2)
+22219, 80 (1 — f©)daidv — Azuaﬂrhafaiwdv?)
Th
A gives the order of expansion. Where we performed the following expansion:
Uy = —62 + )\x"ayﬁféz (N.3)
(0)
f=7r04 Ax”@urhiaf (N.4)
6rh
For the energy momentum tensor we have the following identity:
1 1 9 1
T = §9uVVg(T) — Zgw(ﬁr) + §8M7‘8,,7" (N.5)

We can split up our Ansatz into three sectors [04], the scalar, vector and tensor sector. Our boundary
conditions are: convergence to zero at the boundary and regularity at the horizon. Also we work in
the Landau frame:

T u =0 (N.6)

Our gauge is: gfﬁ) =0 and gﬁ) = 0. All these choices fully constrain our solution.
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N.2 Scalar sector

We work with the following very general Ansatz:

dstyy = k(r)dv? + h(r)dzidz" + j(r)dvdr

Constraint equations:

Dynamical equations:

Err = TTT
Erv = Trv
By =Ty, i€{1,2,3}
E’uv = Lo
1
0yVy = ——Gr(x/—gg”' rqﬁ)
T Vg

N.3 Vector sector
We work with the following very general Ansatz:
ds%l) = w;(r)dz'dv
The constraint equation:
9" (Evi = Tvi) + 9" (Eri = Ti) = 0
The dynamical equation:

E.—T.,;=0

N.4 Tensor sector

We work with the following very general Ansatz:
ds%l) = ;j(r)dz'dr’
The dynamical equation:

1 1
Ei; — §5¢j5klEkl =T — §5ij5lekl

Solution

Having determined the first order metric, we calculate the boundary action:

S = Spuik +Sar + Set
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(N.17)

(N.18)

(N.19)

(N.20)
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S.t is the counterterm action which removes UV divergences and Sy is the Gibbon Hawking action
which makes sure that the boundary action only depends on first order derivatives, as is required
for the path-integral approach [37]. We then take the variation with the boundary metric to get the
boundary stress-energy tensor from which we can extract the shear and bulk viscosities as follows:

Tfjl, =pP,, + euyuy, — 200 — (0,u’ Py, (N.21)

As mentioned in section [5.3] WCH already succesfully calculated the bulk viscosity for the Sakai-
Sugimoto model in [94] which was found to be consistent with the Eling-Oz formula [33].
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