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Abstract

Recent analysis of heavy ion collisions has shown clear signs of a temperature dependence of
the shear viscosity to entropy ratio. However, it is very difficult to compute the shear viscosity
theoretically in strongly coupled plasmas using traditional methods. One alternative method
is to use holographic correspondence. However, the standard holographic computation yields a
universal value for the shear viscosity to entropy ratio that is independent of temperature. In
this thesis, we modify the bottom-up QCD-like holographic theories with the goal of matching
the T-dependence of the shear viscosity to entropy ratio to the one observed for quark-gluon
plasma. For this, we use the Bayesian analysis of heavy ion collisions.
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1 Introduction

The strong nuclear force is the fundamental interaction that binds protons and neutrons
in the atom’s nucleus. The strength of this interaction is what causes the nucleus to store
a great amount of energy, around a million times more than the energy stored in electrons
bound in the typical atom. The prevailing theory describing the strong force is Quantum
Chromodynamics (QCD)[I]. In this theory, the strong force is a result of fundamental particles
called quarks and gluons interacting together. The strength of the interaction is encapsulated
in the coupling constant, a fundamental parameter of the theory. One of the most striking facts
of Quantum Field Theory (QFT) is that the value of this constant depends on the energy scale
-or equivalently length scale- of the experiment that probes the theory.

For QCD the coupling constant turns out to be small at high energies and becomes large
at low energies [2]. This presents a big challenge when doing theoretical calculations as the
traditional physics approach of calculating small perturbations around an exact solution, no
longer works. However, there are a number of other approaches for doing calculations in QCD
which can be summarized into two camps: Effective Field Theory and Lattice QCD. The former
is based on an effective description of the degrees of freedom in hadrons interacting weakly and
the latter is based on doing computer simulations of the theory on a lattice. Even though both
approaches are very successful in their own right, they both have limitations. The effective
field theory approach breaks down close to the QCD energy scale and the lattice field theory is
only effective at very small baryon chemical potential. This leaves many unanswered questions
regarding the phases of nuclear matter.

One such extreme phase of nuclear matter is Quark-Gluon Plasma (QGP). This is a phase
produced at the Relativistic Heavy Ion Collider (RHIC) and Large Hadron Collider (LHC)
in heavy ion collision experiments where heavy nuclei usually Au or Pb collide at very high
energies. This creates a hot, dense, strongly interacting plasma of quarks and gluons that is not
confined inside hadrons as we experience in everyday life. Studies have shown that this plasma
can be modeled very well as a relativistic fluid using hydrodynamics [3, 4]. The important
property of a fluid that distinguishes it from an ideal gas is dissipation. That is the return
of the fluid to equilibrium after a perturbation. For example, throwing a pebble at a pond
creates waves that propagate in the fluid which then quickly decay, and the fluid returns to
equilibrium. This effect is encapsulated in a parameter called viscosity. However, the shear
viscosity cannot be computed from hydrodynamics. Instead, it depends on the microscopic
details of the fluid and must be given as input to the theory. But as mentioned before, this
state of matter is strongly interacting, making it very hard to perform this calculation from first
principles. However, there is another technique called holographic correspondence, otherwise
known as AdS/CFT or gauge-gravity duality.

The holographic correspondence [3], [0, [7] is the idea that two seemingly quite different
theories are equivalent descriptions of an underlying physical system. On the one side, we have
a semi-classical gravitational theory in five dimensions, and on the other side a four dimensional
quantum field theory in four dimensions. The upside of this duality is that when the the QFT is
strongly coupled, the dual gravitational theory is weakly curved allowing us to make calculations
for QFT observables at strong coupling using the dual theory. One of the most elegant results
of this method to this day remains the calculation of the shear viscosity to entropy ratio for

strongly coupled plasmas[8|, [9]:
h
n_ . (1.1)
S 4k B
This simple result was very successful when compared with initial data from accelerators and
lattice QCD. What is remarkable, is that it is a generic prediction of a wide class of gravitational

theories. However, we don’t expect this result to be accurate at all temperatures. In particular,




the viscosity is roughly proportional to the mean free path which becomes longer as the cou-
pling becomes weaker. Thus since the QCD coupling becomes smaller as energy increases, one
would expect the shear viscosity to increase. This intuitive argument is supported by recent
results coming from Bayesian analysis of heavy ion collisions that have shown a temperature
dependence for the shear viscosity to entropy ratio [15] [17].

Motivated by this recent analysis, in this thesis, we explore the temperature dependence of
the shear and bulk viscosities by including higher derivative corrections to existing holographic
models. We constrain the nature of these higher derivative corrections by fitting to the Bayesian
results for the shear viscosity and we show that the only two derivative term contributing to
the shear viscosity is the Riemann squared term, even when the higher derivative terms are
coupled to the dilaton. We calculate the bulk viscosity to entropy ratio for a class of theories
with non-minimal dilaton coupling and compare it to data from heavy ion collisions. Finally,
we explore the UV and IR asymptotics of the modified theory and show that under certain
assumptions the theory still exhibits confinement.

This thesis is organized as follows. The second chapter is a brief review of the holographic
viscosity. The third and fourth chapters discuss the calculation of the shear viscosity to entropy
ratio for higher derivative theories and the fitting to the data from Bayesian analysis. The fifth
chapter discusses the general curvature squared action. The sixth chapter is devoted to the
calculation of the bulk viscosity and its comparison to Bayesian data. Finally, the seventh
chapter explores the equations of motion with a focus on the asymptotic behavior of the theory
and confinement.



2 Holographic viscosity

2.1 The Classic Viscosity Picture

An excellent introduction into AdS/CFT and applications is the book by Natsuume "AdS/CFT
Duality User Guide" [32]. Much of what is covered in this subsection follows this book.

Let’s start by recalling the classical physics picture for the definition of shear viscosity in Figure
[[] We have two plates separated by a distance L, with a viscous fluid between them. If we give

Top Plate (Moving)

v

—
Bottom Plate (Stationary) F

Figure 1: Classical picture for the definition of viscosity. Two plates are separated by a fluid,
the top plate is moving and the bottom plates feels a force due to friction in the fluid.

some velocity to the top plate v, then due to momentum transferring between the molecules
this will manifest as a force acting on the bottom plate. This force per unit area will be pro-
portional to the velocity v and inversely proportional to the distance L with a proportionality

constant 7:
F v

=07 (2.2)

This proportionality constant 7 is the shear viscosity. So the higher 7 is the more force the
bottom plate experiences for the same top plate velocity. Now let’s do some dimensional analysis
to the formula . n has units of [n] = kg x m™! x s71. So supposing that it depends on the
mass density p, mean particle velocity v and mean free path [ then by dimensional analysis:

n~pul. (2.3)

So the shear viscosity is proportional to the mean free path, this means the more strongly
interacting a fluid is the lower it’s mean free path and thus the smaller it’s viscosity. Later when
we come to talk about quark-gluon-plasma we will discuss the famous result of n/s = 1/4m.
This is the lowest such ratio compared to other fluids in nature due to the strongly coupled
nature of QGP. In addition, when considering the fact that QCD becomes weakly coupled at
high energies then intuitively we expect the shear viscosity to increase as temperature increases
for QGP. This will be discussed in depth in the following sections of this thesis.

The next logical step is considering the viscosity for a relativistic fluid. But first let’s recall
the definition of the energy momentum tensor for the perfect fluid:

T = (e + P)utu” + Pn™”, (2.4)
where € is the energy density, P is the pressure density and 7, is the Minkowski metridf] If we

go to the rest frame of the fluid then the four velocity is simply u* = (1,0,0,0). This means
that the enrgy momentum tensor take the simple form:

T = (2.5)

oo oM
OO’*UO
ONUOO
'*UOOO

*We use the (-+++) convention.



Notice that here T% = € and due to the rest frame P! = T% = 0. Also all the off-diagonal
elements are zero which, roughly speaking, means that we don’t have any friction between fluid
layers. Instead T% = P§% i.e. we have an isotropic fluid, meaning that the pressure is the same
in all directions.

But we can go a step further instead of just including functions of the four velocity we can
include also first derivatives of the four velocity. This will account for dissipation within the
fluid since now we will also include the variation of the four-velocity. The energy-momentum
tensor now takes the form:

™" = (e + P)u"u” + Pn*" + 1", (2.6)

where 7" is a new symmetric tensor we introduce to account for dissipation. To simplify things
we go to the rest frame, defining 7% = € as before. Now the extra term we introduced can
depend only on first derivatives of u* and it has to be symmetric, therefore there are only two
possible terms we can include:

2
Tig = —1 (azu] + ajUi - 351]8kuk) — C(Sl]akuk . (27)
trace

traceless

The coefficients multiplying these terms can be generic but we write them in such a way
to split the traceless with the trace part of 7¥. The constants 7, that appear are called
transport coefficients. What’s more, this formula gives a natural interpretation of the physics
each coefficient is related to. The shear viscosity 7 is associated with off-diagonal components
accounting for loss of energy to adjacent fluid layers. One the other hand, the bulk viscosity
( is only associated with diagonal components and accounts for loss of energy due to volume
deformations such as expansion or compression of the fluid. Finally, this derivative expansion
can continue to include second derivatives of u* which will give rise to second order transport
coefficients, however, this analysis will not be needed for the purposes of this thesis.

Looking at the expression for 79/ we see that 1, are input parameters to the theory. From the
perspective of QFT, hydrodynamics is an effective theory whose parameters must be determined
from the microscopic details of the fluid. Of course in practice, this is done by using experiments
to measure these parameters. Still, one would like to be able to calculate these coefficients from
first principles. In the case of quark-gluon plasma, the fluid is so strongly interacting that this
calculation is very hard to do using QCD. There is however a different method one can use
called holographic correspondence.

2.2 Basics of Holography

The holographic correspondence [5],[6],[7] conjectures a duality between two seemingly different
theories. On the one side, a gravitational theory in d+1 dimensions admitting semi-classical
corrections and on the other side a QFT in d dimensions in the large N limit. This limit refers
to taking the rank of the gauge group (in the case of QCD the number of colors) to infinity.
The upside of this duality is that when the the QFT is strongly coupled, the dual gravitational
theory is weakly curved and vice-versa. This allows us to make calculations for QFT observables
at strong coupling from classical gravity computations. The precise formulation is given by the

GKPW formula:
<eXp <i/¢0(9>> = ei§[¢|u:0:¢°], (2.8)

where the left side of the formula refers to the generating functional of the gauge theory and
the right side refers to the generating functional of the gravitational theory. S represents the
on-shell action and u = 0 is the boundary of space. This boundary is where the QFT "lives".



boundary bulk

bulk field ¢

“Source” O )P_//

u=>0 horizon v =1

Figure 2: Ilustration of the duality between a bulk scalar field and and a boundary scalar
operator. The bulk field ¢ evaluated at the boundary u = 0 becomes a source for a scalar
operator O in the dual quantum theory.

The bulk field ¢ evaluated at the boundary u = 0 becomes a source for a scalar operator O
in the dual quantum theory, as illustrated in Figure [2] This example is for a scalar field but
this relation also holds for other fields. A bulk theory gauge field is dual to a boundary theory
conserved current and the bulk theory metric is dual to the boundary theory energy-momentum
tensor as shown in the following table:

Boundary operators External sources
@ > [0)
Ju o A, (2.9)
T “ Py

Now what happens at finite temperature? Well in that case the temperature in the QFT is
identified with the Hawking temperature of a black hole in the dual gravity description. For
example, a CFT at finite temperature is dual to an AdS black hole solution. This is because
black holes are actually thermodynamic systems admitting both a temperature and an entropy.
Consider a generic black hole solution given by the following metric:

ds®* = —f (r)dt* + £~ (r) dr* + dx>. (2.10)
Then the temperature and entropy of the black hole are given by the following simple formulas

f' (rn) A 1
T — -
4 ’ S 4G5 4G7

(2.11)

where A is the area of the black hole horizon and r; is the value of the r coordinate at the
horizon. The derivation of the temperature formula is performed in the following chapter. The
fact that the entropy is proportional to the area of the horizon gives us a hint that the physics
can be described by a dual statistical system in one lower dimension.

Now for the purposes of this thesis, we are interested in calculating the shear viscosity at
finite temperature. But how does the notion of viscosity make sense for a black hole? Well,
Figure |3 illustrates an intuitive picture for this. When an object falls into a black hole, the
horizon becomes irregular but the effect quickly dissipates and the black hole returns to its
original state. This is in analogy with hydrodynamics, throwing a pebble into a pond creates
waves that propagate in the fluid but which quickly decay and the fluid returns to its original
state. These are both relaxation phenomena associated with viscosity and the holographic
correspondence helps us make this intuitive picture precise.



Figure 3: A black hole horizon fluctuates when an object falls into it. The decay of this
fluctuation is analogous to a fluid relaxing after a perturbation.

2.3 Holographic QCD

The topic of holographic QCD theories includes a vast literature with many interesting and
successful approaches. We refer the reader to [20] and the references therein for a review on the
subject. We will not delve into this vast topic in this section, instead we introduce the specific
holographic models used in this thesis.

The first model we introduce is called Improved Holographic QCD (ihQCD)[25],[26]. This
is a holographic model for Yang-Mills theory and will also serve as the backbone for the next
theory we introduce, V-QCD. The first thing to consider as motivation, is that QCD is not a
CFT. Instead, there is a scale Agcp associated with the theory which can be thought of as the
cut-off scale introduced in the re-normalization procedure. This mean that, its dual gravita-
tional description should not have pure AdS geometry as in AdS/CFT. Instead the geometry
should asymptote to AdS in the UV where QCD becomes asymptotically free. In this model,
this is achieved by the introduction of a scalar field called the dilaton. The inspiration for this
is non-critical string theory. In this formulation, the introduction of the dilation allows for the
theory to exist in a non-critical dimension. The effective gravitational action is then obtained
by the condition that the beta function is set to zero. The action defining the model is five
dimensional Einstein-dilaton gravity:

4 (0N)?
Singep = MSNCQ/d%;, /=g [R— 7( )

s VO (2.12)

Where the following dualities are established between fields and operators.
G < Ty €® =X & Tr[GL,G™). (2.13)

G is the YM field strength tensor and the trace is over group indices. The zero temperature
solution of the action in domain wall coordinates is given by the following metric:

ds* = du® + A (—dt? + dx*) , & =P (u). (2.14)

So the energy scale of the four dimensional spacetime slice is given by e?4®. Thus in ihQCD
there is a natural identification between the logarithm of the QFT energy scale and the scale
factor A encoding the bulk geometry.

log B <— A(u). (2.15)

An important property of the theory which we briefly mention is that it exhibits confinement.
The test for confinement is an area law behaviour for the Wilson loop. The typical way this
is achieved is that the geometry ends at a finite value rg of the holographic coordinate. This

10



is called a "hard-wall" model, but ihQCD is a "soft-wall" model in the sense that there is no
hard end of space, but rather the dilaton becomes very large for » > ry thus the world-sheet
can only extend infinitesimally past this point.

V-QCD

Now we move on to an improved version of thQCD called V-QCD [21], see [20] for a review. This
theory has many improved properties including fermions and a mechanism for chiral symmetry
breaking. It is divided into two sectors, a gluon sector and a flavor sector:

Sveep = Singep + Sy (2.16)

The gluon sector takes the form of ihQCD which we have already introduced:

S = M3N? [ d°z\/=g |R 400" Vy (A 2.17
ihQCD—pc/x_g T3 + Ve (M) - (2.17)
And the flavor action takes the following form:

Sy =—a;M)NC /d5xvf0 A e ™ \/_det (gW + K (N) 0,70, T +w (N) Fw’)' (2.18)

This sector is based on a setup of two space filling D4 — D4 branes. The brane action includes
a tachyon DBI action along with a Chern-Simons action. This last term however will not be
important for this work. The tachyon field 7 is dual to the quark mass operator (7 < qq)
and accounts for the breaking of chiral symmetry in QCD. The tachyon approaches zero in
the boundary limit of the theory which corresponds to the UV limit of QCD, thus restoring
chiral symmetry. Here we have assumed that the tachyon is proportional to the identity matrix
and so the quarks have equal masses. In fact, for the purposes of the thesis we will be setting
7 = 0 since we are interested in the chiraly symmetric phase. E uw is the Abelian component of
the field strength tensor. This also approaches zero in the UV and will not be important for
calculating the viscosity. The potentials s (\),w (A), Vyo (X) appearing in Sy are assumed to
only depend on A\ and are not derived from a specific brane setup but instead are determined
by fitting various properties of QCD.

An important aspect of the theory, which is where this theory gets it’s name from is the
Veneziano limit. In this limit, in addition to the large-N limit which is standard in Holography,
we also take the number of flavors to infinity, while keeping their ratio fixed. In summary, the
Veneziano limit is the following;:

N, =00, Ny— o0, xfE]]\\?:ﬁxed, A\ = ¢°N, = fixed. (2.19)
The reason this limit is important is that if we were not taking Ny — oo then the ratio x; — 0.
However, we know that in QCD there are 3 colors and 2-3 light quarks and so this number is
actually close to 1. Therefore, it is expected that important aspects of flavor physics are not
captured without this limit. Notice also that the flavor action is of the same order as the glue
action because of this limit. The potentials appearing in the action V,, V; take the following
form

Vo2
Vo(N) =12 |1+ ViA + m + Vire N (A )3 /log (1 + )\/AO)] :

2

Wo A 9
= A ——F—— 412 /A (X Xo)?.
Vfo ()\) WO + W1 + 1 T )\/)\0 + W]RG ( / 0)

(2.20)

11



In is important to note that all the parameters that appear in the potentials are fixed. On the
UV side, they are matched to the RG flow of QCD perturbation theory and on the IR side
they are determined by comparing to lattice data. We discuss the exact values that we use in
Section 4.3.

3 Temperature Dependence of the Shear Viscosity

In this section we calculate the shear viscosity to entropy ratio for Einstein-dilaton gravity,
including higher derivative corrections. The shear viscosity is extracted from the Kubo formula:

1
n=—lim —ImGE  (w,k=0). (3.21)

w—0 TYTY

where the retarded Green’s function is given by

TY,TrY

GR  (w,k=0)=—i / dtdxe™ 0(t) ([T, (x), Tuy (0)]) - (3.22)

The action we consider is of the form [I4]:

1

5= 167G

/ Er/=g [R = 2(V0)? + V(@) + CHC(D)Rype R . (3.23)

This is the same form as the ihQCD action introduced earlier, with the addition of the Riemann
squared term coupled to the dilaton. As we discuss below, this term is crucial for obtaining a
non-trivial temperature flow. Here, § is a parameter that we take to be predicatively small.
We are interested in shear viscosity of the strongly coupled plasma dual to this theory. Using
holography, this is calculated by introducing a shear metric fluctuation h,, to our black hole
background solution. This will produce a response in the dissipative part of the energy mo-
mentum tensor thus allowing us to find its Green’s function. We introduce the following metric
perturbation:

Guv = g,(f;)/) + h;wa (324)
where ¢(¥ is a general background metric. This action will not give rise to SAdS5 solution

[5%
since the scalar field acts as a source term and thus the Einstein field equations do not admit

vacuum solutions. We expand the metric fluctuation in Fourier modes:
hy = / d ke, (u) e~ ik, (3.25)

Now we expand the action perturbatively up to second order in ¢, to obtain an effective
action from which we can read-off the shear stress tensor fluctuation 7,,. We start with the
determinant term: /—¢g. We make use of the well-known formula:

In(detM) =Tr (InM), (3.26)

to write (in matrix notation):
N e o 3log(—9©@=h) _ — g0 (egzog(u(g@—lh))) _ m <6;Trzog(1+(g<°>—1h))> 7
(3.27)
where in the last step we take the trace of the log of the matrices. Expanding the logarithm

up to second order in h and subsequently the exponential up to second order in A gives the
following result:

V5= /g0 (H;Tr(g«»1h)_ler((g<o>1h)2)+;(w(g<o>1@)2), (3.28)

12



which in index notation reads:

V=9 =/—g©® (1 + Rk — L 4 h“h”> : (3.29)

4 g

In our case the trace of the perturbation is zero thus only the second term contributes:

=g = _;\/w (hffy)Z. (3.30)

So we see that the kinetic and potential terms of the dilaton will have a contribution to the
effective action proportional to ¢ (u)2 As we will see later terms of this type will not contribute
directly to the viscosity. Thus adding a free field to the action will not affect the shear viscosity.
In fact, to get a temperature flow one needs to add a non-trivial dilaton potential along with
non-minimaly coupled terms. The next step in the calculation is inserting the perturbation
into the action and keeping terms up to second order in h.

Effective Action
After expanding all the terms we come to an effective action for ¢ (u)

d*k
Sers = [ g u A6 s+ B)ololy + Clw)oho-s

™)t (3.31)
D(w)rd—i + E(w)$ro”y, + F(u)dfoly] .

This is the general form of the effective action for any two derivative theory. The coefficients
A, B, .., F encode the information of our background solution. They are given in Appendix A.
The background solution used for our purposes is a black-brane solution parameterized in the
following way:

ds® = —a* (u) dt* + ¢ (u) du® + b (u) dx*, @ = ¢(u). (3.32)

We can expand the metric functions around the horizon by assuming a first order zero in gy
and a corresponding first order pole in gy,

a(u)® = ag(1 —u) + ay(1 —u)? +as(1 —u)® + ...
b(u)®> =bo(1+ (1 —u)+...)

c(u)* =co(l —u) ™+ +co(l —u)+...

o(u) = + @11 —u) + o (L —u)’ + ...

(3.33)

This will be of use as we intend to formulate 7 completely in terms of the horizon information.
Our goal now is to derive a formula that gives us the shear viscosity in terms of the A, B, .., E

coeflicients [11]:
F \
w ) (o))
gtt 2 gt

where primes denote u derivatives and the whole expression is evaluated at the horizon. This
is is quite important as it allows us to expand our metric functions close to the horizon and
express the final answer in terms aq, a1, ¢, ¢; and so on. The following subsection is devoted to
proving this relation starting from ((3.31]).

1
87TG5

n= (3.34)

U=Up,

13



3.1 From the Kubo relation to corrections to 1/4w

This subsection follows [10, 11]. To calculate the viscosity we shall make use of the Kubo
relation. This gives us the viscosity in terms of the retarded Green’s function of the Energy
momentum tensor.

1
n=—lim —ImGE (w, k=0). (3.35)

w—=0 W YTy
To find the Green’s function we need to evaluate the effective action (3.31)) on shell and accord-
ing to the holographic correspondence our field ¢ will be a source for the dual theory energy

momentum tensor component 7,,. Thus the on-shell action evaluated at the boundary will
allow us to compute the right hand side of (3.35)).

With this goal in mind we wish to obtain the equation of motion for ¢, so we begin by varying
the action (3.31)):

68 = [ dkdu (giéqﬁ + 2;545 + ¢,/5¢”> (3.36)

where dk = W In our case:

L _ A(w) o+ C (u) ¢} +2D (u) .
96
9L 9B+ C () o+ F () 6L, (3.37)
o4/,
9L A (w) b+ 2B () 6+ F (u) 6,
o4,

Notice that we can rescale k — —Fk in the integral to obtain our result only in terms of ¢5. We
can integrate (3.36)) by parts to obtain

(55:/dkdu <¢5¢ (g(‘;) 36 + (g(ﬁ) 5¢>

oL\’
/dk <3¢’ a¢// 0¢' — <a¢//> 5925)

The first term we recognise as the equation of motion 2 5 ¢ = 0. In our case we have :

(3.38)

boundary

d2 p ; d ’ "
T2 (A (u) ¢ + C (u) ¢ + 2D (u) o) — du (2B (u) ¢ + C (u) ¢ + F' (u) o) (3.39)

A (u) ¢p, + 2F (u) ¢ + F (u) ¢}, = 0.

However, an issue arises with the second row of . Even though the variation of the field
can be taken to vanish in the boundary as per usual d¢|ps, = 0, this not necessarily true
for the derivative of the variation d¢’. Thus as it stands the variation problem is not well
defined. To remedy this we introduce a generalized Gibbons-Hawking term: a boundary term
that exactly cancels our problematic ¢’ term. This of course will modify our original action.
The generalized Gibbons-Hawking term should satisfy:

5Sen ~ — / Ak 2= 54 , (3.40)

boundary

8¢//
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plus terms proportional to d¢. In our case the generalized Gibbons-Hawking term takes the
following form:

, (3.41)

boundary

Say = /dk (—Aqbkgb’k — gﬁb;ﬁ/k + E (p19), + 2p0¢r) ¢,k)

where pg, p; are defined as follows. Notice that in (3.39) we can always move terms of order 3
to the right and divide by the coefficient of ¢” to write.

O + P19y, + pogr = O (). (3.42)

Keep in mind that the F' and F coefficients will always be of order § since they come form our

RZV oo term, thus third and fourth order derivatives of ¢ will be moved to the right. The exact

form of pgy, p1 does not matter for our purposes but formulating the EoM in this way allows us
to define the variational problem perturbatively and cancel the boundary term proportional to
E. Indeed, upon varying the GH term we find:

0Sen = /dk (=A@, +2p0Edy) 06 + (—Ady — Foy, + 2E (p19), + podr)) 66 . (343)
boundary
Thus we see that all terms cancel with the original action except for the E term which becomes:
[ k2B (6 + moh + motn) 66| (3.44)
boundary
But according to (3.42)) the term in parenthesis is of order 5 and so is . Thus up to linear

order in S this term vanishes and we are saved.

Now that the action is properly defined we move to evaluate the on-shell action. We can
write the action as:

oL
a ¢/ ¢II

In classic fashion, we integrate by parts bringing the action to the following form:
oc (oc\  [(oc)”
2.y = [ did d
o= J (55 (5) + (5) )

oL , (oL
+/dk <a¢/ a¢//¢ - <a¢//> ¢>

The first line is the EoM and vanishes on shell. The second line gives the on-shell action. This
is usually written as S = [ dk Fi|poundary Where Fy, is called a flux factor. In our case:

oL\’
/ dk < = ¢,,¢ - ( 2 ¢”> qb) + San. (3.47)

Furthermore, evaluating this expression gives :

qz5+

25,17 = / dkdu ( 9 .9 qb”> +2Sa. (3.45)

(3.46)

+2Sapy.

boundary

2Fi = (B = A) Sho-i+ 5 (€~ A) bu6os— B0 — Bolos— o 0hn+ Epodndl, (3.48)

We can discard the second term in this expansion as it is real and will not contribute to the
viscosity. In addition, the final term is of order O (w?) and can be discarded in our limit.
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The remaining expression is in-fact independent of w in the low frequency approximation and
so we can evaluate it at any point we wish. To generate the nice analytic formula we
evaluate it at the black-brane horizon. The next important step in the calculation is considering
in-falling boundary conditions. An in-falling observer at the horizon perceives it as a regular
point, the seeming divergence is only a matter of our coordinate system. To get a clear picture
of what happens at the horizon we use Eddington-Finklestein coordinates. In particular the v
coordinate is defined as:

dv = dt + |2 du, (3.49)
—9u
which is non-singular at © = u,. So an in-falling observer should observe that a scalar field
at the horizon only depends on this specific non-singular combination of u,t. In other words,
¢ (r,t,x) = ¢ (v,x). This implies that [12]

Duth (un,t) = fgtt Ot (up, 1), (3.50)

which upon Fourier transform gives:

0,0 (un, w) = —iw, | I (uy),

—gu

02 (up, w) = —iwd, ( ih;;) o (un), (3.51)

D3¢ (up, w) = —iwd? (1 /fugq;> & (up) -

All the pieces that we need are now in place, all that’s left is to substitute the above expression
into our formula for the flux factor Fj, (3.47) to write it in terms of ¢ and not derivatives of ¢.
We find the following:

uu F . uu \'
2F. = iw g (A — B+ ) OkO—k + iw <E ( J ) > OkO—k (3.52)
Gt 2 u=uy, —9u u=uy,
According to the holographic correspondence the retarded Green’s function is now:
2F
GE  (w, k)= — , 3.53
k)= =520 (3:53)
and the Kubo relation reads:
.1 R
n=-— UIJILI[I) ;Imeyﬂ;y (w,k=0). (3.54)
Combining these three equations we obtain the desired formula ((3.34))
1 8rGs Gt 2 Gtt '
U=Up,

Shear viscosity for our theory
Evaluating the formula (3.34) using (3.32) along with the coefficients in the Appendix and
taking the horizon limit by expanding with (3.33)) yeilds the following result [13]:

W[y B e oot gy 20000 g o (3.56)
= 167G aoc " aoCy 1 Y |
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3.2 Entropy of a black-brane from Wald’s formula

One of the major discoveries of black hole physics has to do with their entropy. For a regular
black-hole the entropy is simply given by the area of the black-hole horizon, thus one can
take the horizon limit v — 1 and calculate the induced metric 7,5 and the entropy will be
proportional to /7. However, in our case this no longer holds as there are corrections to this
term stemming from our higher curvature term. In order to compute these corrections, we
calculate the entropy by using Wald’s formula:

— _on 7{ PV =5 e, (3.57)

Ruupa

where h is the induced metric after applying Stokes’s theorem in the ¢ direction. The tensor

€, is binormal to X and is normalized as €,, € = —2 and ¢,, = —¢,,. We have
1
L= R—2(V®)? + V(®) + PBG(P)R,, s R*" | . 3.58
TG L 2V 4 V(@) 4 HG(®) R, (3.58)

We can immediately see that only the first and last term will contribute as only they depend
on the Riemann tensor. We can write the Ricci scalar as

R=¢""Ru = ¢" 9" Rpuov- (3.59)

So we find:
oL
6Rupo  167Gs
and using (3.32) we calculate b = (b2 (u))®, so Vh = b3 (u) — Vh = b2* where higher order
terms in (3.33]) vanish at the horizon u = 1. Putting this all together we find:

977 g™ + 20 BG(®) R . (3.60)

§= 5 Ve (1= CBG (o) R €epe (3.61)
5
where we use €, = —2 and [ d®z = Vj is the 3-dimensional volume that diverges. We are
however interested in the entropy density s = % so we don’t have to worry about this factor.
Since the only non-zero components of ¢, are €,; = —¢;,, we can simplify the above expression
to express the entropy density as:
3/2
2 utut 2
5= G5 |1 - 428G (pn)R"™e2, | . (3.62)

Since the correction term is already of order 8 we use only the background metric to find
Rutute2, Using the defining property of g#°¢g"7¢,, €, = —2 along with the fact that €, is binor-
mal to Z we have that:

gt = —1 = €, = —Guugn = € = a (u) c(u) (3.63)
Thus after calculating the desired Riemann component and evaluating at the horizon using
(3.33]) we find the final form of the entropy density[13]:

5 — b3/2 [1 _ 3(1100 apCq

yTen BG (pn )] (3.64)

Qo CO

Previously we found (3.56])

B b3/2 _3a100—a061+a000€26G(¢ - 2a000£25¢ & ()] (3.65)
= 167G aoc3 4 ! h '
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Thus dividing the two expressions and keeping terms up to first order yields[13], 14]:

1 Lo 2% G + 266 n)|. (3.66)

s A4r Co

An aside: calculating the temperature of the black-brane

The fastest and most elegant way to compute the Hawking temperature of our solution is by
requiring that the Euclidean version of the metric be smooth. By performing a Wick rotation
T =it to the metric (3.32) we obtain:

ds* = a* (u) dr* + & (u) du® + b* (u) dx*. (3.67)
Moreover we can expand this close to the horizon using (3.33):
ds* = ag (1 —u) dr* + 16_70udu2 + bodx>. (3.68)
Now we introduce a new coordinate p = QM. This transforms the metric as follows:
ds® = p2fcood72 + dp® + bydx>. (3.69)

Notice that for x = const this metric is simply the plane in polar coordinates. However

our "angular" coordinate needs to have a periodicity of 27 otherwise the metric has a conical
2

singularity at p = 0. Thus ZfT(:)dTZ =d (;,Wégﬁ) must have a periodicity of 2w. So the

periodicity of 7 is 8 = 4, /o which the inverse of the temperature so we obtain:

1 Qo

T (3.70)

dr\l ¢’

As a final note, using the Hawking temperature one can calculate the free energy of the system
as F' =TS where the bar denotes the action is on-shell. In addition, this is an alternative way
of calculating the entropy by making use of S = —0pF.

3.3 Connecting to the diatonic brane solutions

The corrections to the shear viscosity to entropy ratio in are already of order 5 so we
don’t have to solve for the full action to find the behaviour of ¢ (u) and ¢ (u) at the horizon.
Instead we may ignore the higher order corrections and relate the near horizon expansions to
the known black brane ansatz for the minimally coupled dilaton.

We introduce a new radial coordinate to write the metric as follows:
ds? = f~1(r) dr* 4 24" (dx2 — f(r) dt2) , D=d(r). (3.71)
where we can expand the metric functions close to the horizon :

A(T):Ah+A1(T—Th>+"'
fry=pH0r—ry)+--- (3.72)
O(r) =0+ D1 (r—rp) +---

Now to connect this near horizon expansion to the previous one (3.32)) we match the two metric
function expansions at the horizon. Looking at the dx? coefficient we find:

bo (14 (1 —wu)) =e*n (1424, (r —13)), (3.73)
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which yields by = e*4* and r — 1, = ﬁ (1 —u). Thus the transformation du = —2A;dr
connects the two expansions at the horizon and we find:

1

1
) - P = ) .74
Pn hy Pl o4, 1 Co 2 A, (3.74)
Substituting back to (3.66) we can relate n/s to fi, Ay, @y
1 d
T 1= 2f 488 (G o) + G (00| (38.75)
S 47 Al

3.4 Phase Variables

Having connected the two solutions at the horizon, our goal now is to express A; and f; in
terms of thermodynamic properties of the black brane, in particular we will derive a formula
that writes in terms of the potential V (®) and V' (®). Of course in the end, we want to
express the result in terms of temperature to connect it to the data. This can be achieved by
relating the horizon value of the dilaton to the temperature. For simple exponential potentials
this can be done analytically.

The Einstein and dilaton equations of motion can be reformulated into five differential equa-
tions with the help of the phase variables method developed in [24]. We define the functions
X, Y:

o 1 f
X(d)=>2—, Y = - . .
@ =55 YO =75 (3.76)
To solve for X, Y we only need to solve two coupled first order differential equations:
dX 1 1dlogV
— = ((1-X*+Y) 1+ ==
a5 = ¢l + )<+2§X do ) 377
ay Y '
— =—((1-X%+Y) =
aw = ¢l )%
and the rest of the functions are simply determined in terms of X,Y as follows:
% 1 —¢ [ X (t)d
ar (° ’
dd 4
&y < [r X(e)dt
i (P)e (3.78)
1df 4 _
-~ Ty ¢Jy X
Far =~ Y ®e?

where ( is a factor that depends on the normalization of the kinetic term, in our case { = \/g .
The temperature and entropy are given completely in terms of the dilaton horizon value.

T (q)h) — EeA(th)v ((I)h) ec ffh X(d))d@’
T
g — L 3a@y (379
4G5 '

Combining these two expressions we can solve for the variable X and relate it to the scalar
potential evaluated at the horizon:

1

ey X (@ cs;’v (@) . (3.80)
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ol

L(4m)~

SN, and the Planck mass is M, = (167TG5)7%.

where C' =

Combining (3.78)) and (3.80|) we find that close to the horizon:
dA A — CSs

LA =SV (@),
. acs) @81
3
— =9, =——V'(®
e T
where to obtain the second equation we use the boundary conditions for X which follow from
demanding regularity at the horizon. Namely at & ~ &, we have X (®) = _i“//’((iz))‘ I
addition, we have that
AT = —f' (rp) e, (3.82)
which after substituting for the entropy (3.79) gives us
T
fi = =M, (47)5 . (3.83)
S3
Substituting A;, ®; and f; back into our expression for /s (3.75)) we find
7oL {1 2502 (—G (@) V (@) + G (@) V' (%))] (3.84)
s A 3 4

This is the main result of our analysis and the formula that we will use for matching to the
Bayesian analysis of heavy ion collisions. Notice that the final result only depends on the
behaviour of the potentials G,V evaluated at the horizon.

4 Fitting the data from Bayesian Analysis of Heavy Ion
collisions

Recent analysis of heavy ion collisions in [I5] 16 17] has revealed interesting results for the
behaviour of transport coefficients in quark gluon plasma. The authors of [I5] determined that
there is a clear tendency for 7/s to increase as temperature increases away from the QCD crit-
ical temperature. For low enough temperatures, it appears that the value of 1/s is consistent
with 1/47. However, it seems that higher order corrections need to be included capture the
temperature flow away from the constant result of the simple Einstein-Hilbert action. In this
model, the temperature flow will be determined by the choice of dilaton potential along with
the dilaton coupling (3.84). Below, we analyze the thermodynamics of different potentials and
fit their prediction for 7/s to the data from heavy ion collisions. We start from the simplest
potential and progress to more realistic ones that capture various properties of QCD.

Bayesian analysis of Heavy Ion Collisions
The authors of [I5] parameterize n/s as

D ayb(T—T) (;) (4.1)

§ c
where T'c = 154 x 1072GeV and they determine
a=0.0651000 b=09"08GeV, c=—0.04T0%. (4.2)
They plot this along with a 90% confidence band in Figure [4l
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Figure 4: Posterior distribution for the shear viscosity to entropy ratio versus temperature with
a 90% confidence band in blue.

4.1 Thermodynamics of the Chamblin-Reall black brane

The first potential we look at has the advantage of being analytically solvable and serves as
a simplistic model for obtaining a temperature flow. The Chamblin-Reall black brane has an
exponential potential of the form:
Vo a

V(®) = ik ® (4.3)
where V| is positive and dimensionless and ¢ sets the spacetime length scale. We choose a@ > 0.
We have dlggv = « so using the phase variables formalism one can see that the equation for X
in (3.77)):

dX

1 1 dlogV
— = ((1-X*+Y) |1+ == 4.4
dd C< * )<+2(X dd >’ (44)
is solved by
«
X(P)=x0=——. 4.
(@) = a0 =~ (1.5)
From this we can calculate the background functions, in particular we are interested in A:
¢ (@ dd ¢
A =A(P = — =A(D ——(®—-9,). 4.

Using A we can now calculate the temperature and entropy as a function of the horizon value

of the dilaton field @, using the formula (3.79). We find:

T (@h) = Toeﬁ(l_%g)q)h, S ((I)h> = 506%¢h’ (47)
where we defined v 1
0 Ac—§3e 3A.—3:5 B,
= 0, So= T 18
0T ot T 0T ag,” ’ (4.8)
Inverting the temperature formula and solving for ®;, yields
4xg T b6a T
Oy = o log | = ) = — log { = ) - 4.9
" —aad) ® <T0> 3—3a2 ° <T0) (4.9)

This allows us to write the entropy as a function of temperature namely:

T\ a2
S = S, <T0> . (4.10)
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For the system to be thermally stable the specific heat C' = T‘% must be positive. To check

this we note that both Sy and T} are positive so we have

3 s
— | T 4.11
CO((l—élx%) o >0, (4.11)
which translates to
1 8
Ty < 7 = O<ac< \/; (4.12)

For this potential to exhibit confinement we need o > \/g. So for this type of potential con-
finement and thermal stability are mutually exclusive.

Fitting the data for a simple exponential coupling
For our first attempt at making contact with reality we pick the simple coupling function

G (®) = e®. Substituting into our general expression for n/s (3.84)) we find

1 2
g = [1 - 3% (1 — i“m) e(a”)q’h] : (4.13)

Plugging in (4.9)) we can replace &, for T' to obtain:

_ ba(aty)

1 ?)BVO (1 - Zm) (77:0) e ] . (4.14)

Ui

1
s A

Without loss of generality we take Ty = T,. This prediction has three free parameters { Vg, o, v}
which we can fit to our experimental curve:

T—atb(r-T) (;) (4.15)

with a, b, ¢ and their uncertainties given in (4.2)).
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Figure 5: Best fit for the shear viscosity to entropy ratio for G (®) = ¢?®.The yellow line shows
the theoretical curve while the black line is /s = 1/4x for reference. Optimal values for the
parameters where found to be: {5V = —0.239, a = 2.755,v = —0.052}

Figure |5 shows the best fit for this setup. There are a few things to note about this fit:
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o After fixing the free parameters our function looks like: 7/s = 0.080 + 4.02 7392,

o We have that o > \/g which means that we are in the confining but thermally unstable
region of the potential.

o With this formula the theoretical curve will asymptote to 1/4x for T — 0 when a > \/g
and —vy > a.

o We were not able to determine a good fit in the thermally stable region since there, the
exponent of T' goes negative and 1/47 is approached from below. For low temperatures
the curve falls off to minus infinity.

Furthermore, we investigated the case of ¥ = 0 which amounts to a constant correction from
the RZV oo term and minimal coupling of the dilaton. The be best fit in this case is similar and
can be seen in figure [f] The same general comments hold in this case as well.

n
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Figure 6: Best fit for the shear viscosity to entropy ratio for G (®) = 1. The yellow line shows
the theoretical curve while the black line is /s = 1/4x for reference. Optimal values for the
parameters where found to be: {5V = —0.264, a = 2.805}

4.2 Determining the optimal G (®) function

Instead of arbitrarily picking functions for G, we would like to determine what the the optimal
function would be so as to get a better fit with the data. To achieve this, we solve (3.84) as a
differential equation in G. If we re-arrange some terms we can write it as:

G'(®p) + P (@) G (Pn) = R(P4), (4.16)

where

P(®,) =

I R R

This is a first order differential equation and the general solution is given by:

G (®y) = F~1 (@) /d(I)hF (@4) R (@) + a1 F~L (@), (4.18)

where F'(®y) = eJ P@d®n 1y place of /s we plug in the experimental curve l) where we
substitute 1" for ®;, according to the relation determined by the thermodynamics of the chosen
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Figure 7: Best fit for the shear viscosity to entropy ratio for G (®) given in (4.20). The yellow
line shows the theoretical curve while the black line is /s = 1/4x for reference.

potential. The integration constant ¢; which multiplies the homogeneous solution and will not
play a role in the viscosity since the homogeneous solution drops out in (3.84)).

In the case of the CR brane V (®) = ¥2¢*® this solution is not too hard to find, we have:

_ —ad
F=est, R= ng ah [zm (a b (e@h(g;;)) (—1 + eq’h@?i))) - 1] . (419)
0

where a, b, ¢ are given in (4.2]). Using this we can obtain the general solution for G:

a0, A8brT,e®n(@'e=a) [3e=Pna'e (1 — 4ar) e®nd ebra'e
G (Pp) = cre73a + + —
VoB 06bm T, (3a2—8)(c+1)—8 (3a2—8)c—28
(4.20)
3028

with o/ = %==. Note that for our correction to remain perturbative we must have V4 >> 1.
The advantage of this method is that once we have handpicked our coupling, the curve we
obtain for n/s is identical to the one we are attempting to fit. In Figure m we plot the shear
viscosity for this coupling G.

4.3 Shear viscosity of improved holographic QCD

In this subsection we consider a more realistic model, where the dilaton potential is designed
to capture certain properties of QCD. In particular, we will look at a potential of the form:

V(®) = VpeQ? . (4.21)

Using the phase variables formalism we wish to solve for X (®) and using that to find the metric
functions and the temperature and entropy as a function of ®,. From (3.77)) we have

ax _
dd

11 dlogV>' (4.22)

C(1-X?+Y) <1+2CX s

We have dlg—gv =@+ g, so in the region where ® >> 1 we have an approximate solution of
[19] :

X (®) = —21< (@ g) e (;) . (4.23)
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Using this we can calculate the metric function A:

¢ e @

A(®) = A(D.) 2 Jo. QD+ P

%, (4.24)

which gives

2Q® — Plog (P + Q9) ¢? Q®. — Plog (P 4+ Q%.)

A(D) = A — 5 e , Ag=A(D.) + 5 o (4.25)
The temperature and entropy are now given by (3.79)) and read:
Q_ ) &eurp
T (®h) = Toe(bh(2 QQ)@EQQH :
(4.26)

2
3020 3¢%p

S
S (®) = Spe @ 0.

where for the integral of X (®) to not diverge we require P > 0. Notice also we had to perform

P
the integral o " X®E whore we know our approximation won’t hold for ® € [0,1]. We

proceed assuming that this will be a small correction to the result. Ty and Sy are positive
constants:

3¢?p l ¢p
So=eMQ2a? | Ty = ——eQ27V,. (4.27)
127
To determine the thermal stability of this potential we look at the specific heat:
ds dsS doy,
C=T—=T————>0. 4.28
drT d®, dT ( )
Since the temperature is positive we must have both % and % either positive or negative.
From the previous equation for the temperature if we suppose % < 0, we find
dT 2 (%-55) Srir(Q (2 (P P\ 1
— =T 220/ p2e = - = >—+ —|—| <0. 4.29
i, o h > 20 a2 T2 ) g, (4.29)

This is equivalent to

Q ¢ ¢p P\ 1 ¢ P ¢?
_+<%22+2><I>h<0 = 0<<Q+1>%<—Q+Q. (4.30)

Q< \/§ (4.31)

So if we have 25 < ( this would mean that Q < \/g and the region of thermal stability is

So we find

o, 3
outside the confining region. However if we have @) > \/g and % > 0 then we have stability
and confinement. If we check this condition for the entropy we find:
s —a%e;, 3P 302 P
— =S 2@ ¢ -1+ —|>0. 4.32
dw, 0 g T T g, (432

This sets an upper bound for the dilaton horizon value:

3P
— = O < — 4.33
Q ) h ] ’ ( )
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Figure 8: Best fit for the shear viscosity to entropy ratio for ihQCD with @ = \/g, P=1/2
and G (®) given in (4.36). The yellow line shows the theoretical curve while the black line is
n/s = 1/4x for reference.

suggesting that our original approximation of ® >> 1 breaks down and determining the thermal
stability would require a numerical treatment of the potential. Nevertheless, we proceed with
finding a fit for n/s in this setup. The most interesting case is that of Q) = \/g and P = %
This is because these parameter choices exhibit the best fit best with the QCD data. In this

case ¥y, is simply expressed as:
T 2
By — () . (4.34)

Ty
Using (4.18)) we obtain the optimal coupling for this potential:
3
G ((I)h) = 6\/2(1%(5 + 2\/6(I)h)_1/4 (Cl+
" e VORPL2(3 4 21/60) 73/ (125 + 500ar + T7brd/? (—1 + 1/2))
/1 125028V '

If we approximate (2 4+ 2v/6®)~1/* ~ (2,/6®)~'/* and ®¢/? ~ 1 since ¢ ~ —0.04, we can solve
the integral exactly and get a closed form for G:

(4.35)

2
6\/;¢’h 12 3/4
G (®y) = ———— (0.079 +43.459; E 6Dy, ) — 12.831" (5/4, V6P .
0= e o s 0 59, () 2 (5 o)
(4.36)
where I' (s, z) = [7°¢*"'e' dt is the incomplete gamma function and E, (z) = [{° < “dt is the

exponential integral function. In Figure [§] we plot the viscosity for this coupling. As can be
seen our approximations have only slightly shifted the theoretical curve.

4.4 Shear viscosity of V-QCD

In principle, we could perform our analysis for ihQCD again numerically and try to find a
thermally stable fit. However, since this is the point where analytic calculations stop, we will
move to an improved version of this theory called V-QCD|21], see [20] for a review. This theory
has many improved properties including fermions which we have so far neglected. It is divided
into two sectors, a gluon sector and a flavor sector:

Svocp = Singep + S¥. (4.37)
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The gluon sector takes the form of ihQCD which we have already studied:

4 2
Singep = MEN? / Py =g [R _ 400N

3 e +V, (A) + BG(N) Ry pe R*™P7 | . (4.38)

where to keep up with convention we have changed the dilaton kinetic term normalization
to 4/3 and written the action in terms of A = e¢®. The curvature squared term is not part
of "standard" vQCD but is there to serve our temperature dependence needs as discussed
previously. In addition, this action will also include a generalized Gibbons-Hawking term as in
. The flavor action takes the following form:

Sp = —xM3Nc /dﬁxvfo A e \/_det (g + 5 (N) 00 +w (A) Ep). (4.39)

This sector is based on a setup of two space filling D4 — D4 branes. The brane action includes
a tachyon DBI action along with a Chern-Simons action. The tachyon field is dual to the quark
mass operator (7 <> qq) and roughly speaking accounts for the breaking of chiral symmetry
in QCD. The potentials & (A),w (X), Vi (A) appearing in Sy are assumed to only depend on A
and are not derived from a specific brane setup but instead are determined by fitting various
properties of QCD.

This theory is in Veneziano limit where in addition to the large-N limit which is standard
in Holography we also take the number of flavors to infinity, while keeping their ratio fixed. In
summary, the Veneziano limit is the following:

N
N, =00, Ny— o0, xfzﬁf:ﬁxed, A\ = ¢°N, = fixed. (4.40)
For the physics of QGP that we are interested in, we have N. = 3 and N; = 3 accounting
for 3 light quarks {u,d,s}. Recall that the next heaviest quark is charm with a mass of order

1 GeV thus we don’t expect it to contribute in the energies that we are interested in namely
T ~ (0.15 —0.35) GeV. So for the rest of the analysis we keep z; = 1.

The non-confining, chirally symmetric part of QCD corresponds to the near boundary behaviour
of the gravitational theory. It turns out [21] that the tachyon vanishes near the boundary while
the behaviour of F;w is not relevant for the viscosity. Thus, we may set them both to zero
r=F w = 0, in which case the flavor part of the action simply reduces to a "correction" for the
dilaton potential of ihQCD. In other words, our action reduces back to (3.23|) with an effective
potential:

Verr (A) = Vg (A) =24V (). (4.41)

These two potentials take the following form

2
V,(\) =12 |1+ ViA + A + Vire 2N (N X) Y3 \Jlog (14 A/ Ao)|
14+ X/ o

Wo?
1+ X/ Ao

(4.42)
Vfo ()\) = W() + W1>\ + + 12W]R€_>\0/>\ ()\/)\0)2 .

It is important to stress that all the parameters that appear above are fixed. On the UV side,
they are matched to the RG flow of QCD perturbation theory and on the IR side they are
determined by comparing to lattice data. Below we present the parameter values that we use,
they are potential set 7a in [20] which is an intermediate variant of the V-QCD equation of
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state:
11 4619 - 8 + 3W,

_ _ w 6488 + 9991,
o7n2’ % 4665614’ ! or2

Vi W2 =" 5s50m

(4.43)
N =87%/3, Vig=205, Wy=25, W;r=09, Ayy=211MeV.

Fitting to the data from Bayesian analysis

Now that we have explained our setup we wish to fit the prediction of this theory to the
Bayesian data for n/s. The procedure we follow is the same: We relate the horizon value of the
dilaton (or equivalently Aj) to the temperature using the thermodynamics of our potential. In
Figure [9] we plot this function which was determined by numerically solving for the background
functions. Note that the critical temperature denoted in the plot is T, = 120MeV which is
different form the QCD crossover temperature of 154 MeV used in .

TIA
10

@a;:|0@(ﬁh)

Figure 9: Temperature as a function of the dilaton horizon value in VQCD. The dotted line is
T./A.

Our next order of business is determining the optimal function for the coupling G (®5,). We
start with the simplest possible case of G = 1. In that case the theoretical prediction for the
shear viscosity is:
”—1[1—251/(@ )} (4.44)
s  Arm 3 | ’

were we set £ = 1. Since V (®;,) is completely fixed we only have § as a free parameter. In
Figure We plot the shear viscosity for this setup. As can be seen, G (®) = 1 does not provide a
good fit. Since the potential is fixed our parameter 5 simply sets the scale of the correction and
does not change the shape of the potential. This indicates that a simple curvature correction
term with constant coefficients is not adequate to explain the data and we require a non-trivial
dilaton coupling to the higher order term.

Since the fit for the simplest case was not very successful we move on to the general case
by solving the differential equation for G (®) (4.16) numerically to determine the optimal
coupling function. We take g = 0.1 without loss of generality. In Figure 11| we present the best
fit determined for G (®;) and in in Figure [12{ we plot the shear viscosity for this setup. As a
reminder, the theoretical curve for n/s is given by

g = 417r [1 - ;B (—G<q)h) V(®p) + iG/ (©n) V' (q)h))] : (4.45)

A few remarks about this fit:
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Figure 10: Best fit for the shear viscosity to entropy ratio for VQCD with G (®) = 1. The
yellow line shows the theoretical curve while the black line is /s = 1/47 for reference. The
optimal value for the parameter was determined to be {§ = —0.264}.
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Figure 11: Dilaton potential and dilaton coupling as functions of the dilaton horizon value.

« The coupling function is in the range: —0.26 < G (®}) < 0.1 meaning that this remains
a perturbative correction.

« As mentioned before, our choice of initial conditions for G ($,) does not matter for n/s
since the homogeneous solution drops out. We choose G (®;, = 4.5) = 1, this may matter
for other fits.

« We see that G crosses zero at around 7' ~ 0.17 GeV where 1/s ~ 1/4m so the dilaton
decouples at around this universal value.

5 Curvature squared corrections: The full action

One might wonder why we have not included all possible couplings to R? corrections in (3.23]).
The most general action we could consider at this order would be:

1

5= 167TG5

[ o= [R—2V0) + V(@) + 25 (G1 (2) B + G (B) R R + Gi(®) Ry 7).
(5.1)
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Figure 12: Best fit for the shear viscosity to entropy ratio for VQCD with G (®) shown in
Figure (11). The yellow line shows the theoretical curve while the black line is n/s = 1/4r for
reference. We set = 0.1 without loss of generality.

It turns out that the G1,G3 terms will not contribute to n/s. Even though they will effect the
shear viscosity and entropy individually, taking the fraction precisely cancels the extra contri-
butions and we get the same result as before. For constant coefficients G; = Ay, Gy = Ay these
two terms can be absorbed into a field redefinition for the metric. This explains the irrelevance
of the terms as 1/s is a universal result independent of coordinates. The question is why does
this also happen in the coupled case?

This is because what we are actually interested in is the horizon behaviour of the couplings
since our entire calculation for both 7 and s is evaluated at the horizon. As we will argue later
the extra terms at the horizon effectively act as constants thus not changing the result. We
will start first with the constant coupling case, and build up our argument afterwards.

5.1 Warm up: Shear viscosity for constant coefficients

We examine the following action [I8]

1
S = Torc / Fay/ =g [R— 2V + V(@) + £28 (ME® + MRy R + AsRyupe R
(5.2)
Following the same process as Section 1, using the formula:
! _ Juu A—B+E/ + | E —gﬂ// (5.3)
= 8rGs Gt 2 Gtt u—u, ’ '
we find:
53/2 6agcy + 3aico — apey 3 (ag + a1) co — apcy apco + 3aicy — apcy
= 1— /2 A A As || -
Tve p aoc3 1 2ac3 2 aoc? ’
(5.4)
The Lagrangian in this case is
1
L= & [R=2(V®)? + V(®) + 28 (MR + MRy R + Mg Rypo R | (5.5)
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so the entropy density using Wald’s formula (3.57)) is:

s =2mVh 144\ R — 2R ect — 20 R eqpeca] | (5.6)

U=Up

Evaluating this as before and expanding around the horizon yeilds:

. 63/2 .y Gagco + 3a1260 — apCy A+ 3 (ap + ax) 020 — oy o + 3a1¢o —2a001 s )|
4G apCy 2a0¢ apCy
(5.7)
Dividing the two expressions and keeping terms up to order § we find:
n 1 B2 1 ) 1 [ 2 5 ]
—=—|1=——X| = — |1 =2f1A180°X3| = — |1 — ==V ) :
= [ | = g (1= 240800 = 1= 560V (0) (5.8)

So it turns out that the final result only depends on A3. This can be explained as in our original
Lagrangian we can absorb the Ay and \; terms into a field redefinition for the metric.

Gy = Guv + 0GR + DR, (5.9)
where a and b are O (). To find how the inverse of the metric transforms we take the ansatz:
g = g™ +d g™ R+ VR, (5.10)

Then we use the fact that g,,g"” = ¢f. Expanding this we find:
(guw + aguw R+ bR,,) (977 + d'g"’ R+ V'R™) = 1. (5.11)

Performing the multiplication and discarding higher order terms yields:

oh =0+ (a+d) R+ (b+ V) RE. (5.12)

Thus since the Kronecker delta maps to itself in the field redefinition we have a = —a’ and
b= —b" and we find that the inverse of the metric transforms as follows:

g — g —ag" R — bR". (5.13)

The next order of business is to to calculate how the determinant of the metric transforms
under this field redefinition. We make use of the formula:

In(detM) =Tr (InM). (5.14)

to write (in matrix notation):
\/__g — elog(\/fig) — e%log(fgfangbR) — \/__g (eélog(l-l-aR-l-bglR)) _ \/—g (eQTrlog(l-l-aR-l—bglR)) .
Expanding the logarithm and exponential up to first order in a, b gives:

V=g — \/_( + Tr (aR+bg 1R>) (5.16)

or in index notation:

Vi v (1 ) (5.17)

where the 5 comes from tracing over an implied Kronecker delta in the first term. The higher
derivative terms in the action are already of order 3 therefore we don’t need to calculate how
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they transform and we keep only the zeroth order term. Finally, the only term that’s left to
calculate is the Ricci scalar. We find:

R — R—aR? - bR, R" (5.18)
This brings the action to the following form [18] (we absorb ¢?/3 into A for simplicity) :

1 R - -
S=— [dry=g [ C (V) 4 V(D) + M R? 4 AaRu R* + \sR o R7|  (5.19)
167Gh 2K
where
1 9 N Ja+b <
— =2+ (5a+b) (V(@)—2(Vve)?), A=+ 5 de=la—b (5.20)
We can pick b = Ay and a = % such that we set 5\1 = 5\2 = 0 and therefore eliminating

these terms from the action. The re-scaling of the Ricci scalar will not produce a deviation from
the universal result of 1/47 since the shear viscosity does not depend on k. This is because
in formula the field redefinition simply amounts to a re-scaling of the A,B, F and E
coefficients. If we define

A=A+ A1, B=By+ (B, (5.21)

then we have the following rescaling:

Ao — Ag l1 + 5“; b V(@) - 2(vq>)2)] ,
By — By [1 oath (v (@) - 2(vq>)2)] . (5-22)

Al — Al ()\3) , Bl — Bl ()\3)

The other two relevant coefficients, F, E also only depend on A3 as they come from the higher
derivative corrections. If we write n = 1y + 71, then shear viscosity will change to:

b3? 5a+b
D) —2(VP)?
Mo =Mt 16 a (V( ) —2(Ve) ) u=uy,’ (5.23)
m — 7 (As) .-
If we write s = sg + (s, it’s easy to see using Wald’s formula that the entropy changes to:
b 5a+b )
T (V (@) - 2(VP)?) . (5.24)
where again §; only depends on A3. Dividing the two expressions we have that:
QIU0+5771 :7]0+57]1 (1_391). (5.25)
s So+ (s So S0
3/2
But importantly if we define z = [)X—GE’“;”’ (V (@) —2(VD)?) we have that:
u=up
4 4
”0:770+‘C/7T:"’°+“"/”<1_x). (5.26)
So Sot+x So S0
Now making use of the fact that 7y = so/4m and that x is order 5 we finally find:
U n noo_n
g‘oégo’ g‘l_ 3‘10\3)' (5.27)

So the entire dependence on A; and A, is shifted to x multiplying R. However, n/s does not
depend on « since taking the ratio of the two cancels the factor in front. Therefore 7/s will
only depend on the Riemann squared term.
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2
uvpo
Now we turn to the question of the dilaton couplings. As was mentioned before, what we are
interested in is the horizon behaviour of G1(®) and G5 (®) since this is where 7/s is evaluated.
If we assume the couplings are regular at the horizon, we can expand them in the following
way:

5.2 Shear viscosity with all terms coupled: why only R:, _contributes

«
E
I

G1(on) + 01Gy(on) (L —u) + ...
G2 (®) = Gy (6n) + 01GY (dn) (1 —u) + ... (5.28)
Gs (on) + 01G5 (o) (1 —u) + ...

So we see that the second term in the expansion will vanish in the exact v — 1 limit. In that
case G = G (¥y,) and the coupling is effectively constant at the horizon. We can see immedi-
ately see from this that the entropy density will not be effected by A — G (®). In fact the only
chance this has of effecting the result is if a derivative of G appears somewhere. In that case
at the horizon G} (®) = —¢;G, (¢n) deviating from the case of .

0

w

=
I

Recall the formula for the shear viscosity (3.34)

uu F/ uu N\

Gt 2 Gtt
derivatives appear of the F, E functions so this is where there is a chance of contributing for G
and Go (and also where the G% contribution comes from). Thus the only chance to deviate from
the constant result will come from these terms. The calculation of the effective action shows

that GG; does not contribute to F, E. (G5 contributes to both F, E but the total contribution
after some calculations turns out to be

1
N 87TG5

U (5.29)

U=up,

N b3/2£25¢1G/2 (on) (w—1)(3—3u+ u2)3/2
327TG (Co + (u — 1) (Cl + Co (u _ 1))) .

(5.30)

which at u = 1 is vanishing. This indicates that the metric redefinition is still valid even if the
coefficients are not constant.

6 Temperature Dependence of the Bulk Viscosity

In this section we calculate the bulk viscosity for the higher derivative theory we are considering.
In the first two subsections we work out the bulk viscosity to entropy ratio for some toy models
and motivate the fit to the Bayesian data. After deriving the formula for (/s we present the
zeroth order prediction of V-QCD for the bulk viscosity.

6.1 Bulk viscosity of a CR brane

The authors of [15] parameterized (/s as an unnormalized Cauchy distribution

i —d [(T—;W] . (6.31)

where they determined:

d = (C/8) 00 = 0.0060550060, € = (C/8)yign = 0.105003 GeV,  f = ((/s)g, = 0.20227535 GeV.
(6.32)
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This is plotted along with a 90% confidence band in Figure . As can be seen, the value of (/s
is very small and even consistent with zero hinting at a nearly conformal plasma. We note also
that the results of Jetscape [17] show a viscosity around an order of magnitude larger, however
both results have big uncertainties and are only in statistical disagreement for low temperatures.

The most convenient way to calculate the bulk viscosity to entropy ratio is by use of the

0.35 -
100% C.1. (Prior)

0.30 1 90% C.1. (Prior)
0.014F ' ' ' 05 | = 902/0 C.. (Posterior)
0.012F B 60% C.| (Posterior)
0.010¢f ] @ 0.20 1

NP .

W L
2 0.008 ] 0.15 -

0.006¢ ] 0.10 |

0.004¢ ’

0.002—'/\ 0.05

0.000 - : :
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T[GeV] T [GeV]

Figure 13: Posterior distribution for the bulk viscosity to entropy ratio versus temperature with
a 90% confidence band in blue. The left result is that of Trajectum [I5] and the right is that
of Jetscape[lT].

Eling-Oz formula [22, 23]:

¢ 1 [ 0d,\°
iyl Chvval IS (6.33)
which relates (/s to derivatives of the dilaton horizon value with respect to entropy. This
formula was derived with a different normalization for the dilaton kinetic term: —(V®)2. To

normalize it correctly to our case we can re-scale the dilaton as:

1
O — 20, = —§(V<I>)2 — —2(V®)?. (6.34)
So this will change the formula in our case to:
¢ 1 0%\
il eyl I (6.35)

For the moment we have set = 0 and we will just look at the simple case of the CR brane
analyzed in Section 2.1. We determined

3¢
S = Speixe ™", (6.36)
where the constant ¢ = 1/8/3 in the exponent is for correct normalization, not to be confused

with bulk viscosity. Thus we find:
0%,  2Xp1

s o s (6:37)
So in this toy example we find a constant (/s:
¢ 2X? a?
> _ = 6.38
S 3T 167 ( )
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The thermal stability for the CR brane requires X2 < 1/4 so this sets an upper bound on the
bulk viscosity:
¢

1
2 < — ~0.053. (6.39)
S m

Comparing this to Figure we see that the mean value peaks at just below that value. It
seems like in this simple case with a = \/% which is just the threshold for confinement we
have tension with the data as temperature increases. This is similar to the shear viscosity where
as temperature increases the tendency for 7/s is to increase away from 1/4r. This also agrees
with the result of [28].

6.2 Bulk viscosity in the adiabatic approximation

Using the formula for the bulk viscosity, we would like in the case of V-QCD to relate it to the

dilaton potential, we have:
¢ 1 (09,
s T \% s ) (6.40)

This formula was derived with a the following normalization for the dilaton kinetic term:
—%(V@)Q to normalize it correctly to the case of V-QCD we can rescale the dilaton as:

D — f —= VCD) — —;‘(Vcb)? (6.41)

So this will change the formula in our case to:

2
¢ 2 [ 0Py,
2 =—|s— . 6.42
s 37\ 0s (642)
Now making use of the Bekenstein-Hawking entropy formula S = @e‘“(q’h) we can vvrite

0%, (9<I>h 0A 0%, 1
0s  OA 0s  0A 3s

C_ 2 (00" _ 2 (900
3_277r<8A> C2Tm | OA lr=m) (6.44)

Now we will make use of the phase variables formalism to write this in terms of the potential,
recall that from equation ([3.78)) we have:

(6.43)

Thus we find

aA CSs

A= ———=V (D),
w s (649
%:®1:@?V (@h),

with ¢ depending on the kinetic term normalization, for the standard (—4/3 we have ( = 4/3).
Thus we can write

od (r)
DA

o (r) or

B e 9V (D)
= Or 0A

r=m A 8V ()

(6.46)

*This chain rule is not strictly correct, this is an approxiamtion.
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Finally we find that the bulk viscosity to entropy ratio is given by [28]:

(v

(6.47)

Using this formula we plot (/s for the V-QCD potential, in comparison with the Trajectum
results in Figure [I4 As can be seen the agreement is not very good especially in the low
temperature range.
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Figure 14: Bulk viscosity of VQCD without higher derivative corrections in the adiabatic
approximation.

Adiabatic approximation

The adiabatic approximation assumes that the potential is slowly varying or in other words
VVI ~ constant. We checked this explicitly for V|G in the region we are interested in for the

Baysian data. This is plotted in Figure

VION(®) oE
1.0
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DB;
0.7§ af
o.eé
o.sé

04

; 1 1 L Il 1 ¢ 1 1 1 Il ¢
- 2.5 3.0 35 4.0 4.5 2.5 3.0 3.5 4.0 45

Figure 15: An explicit check of the adiabatic approximation for the dilaton potentials. For V
we used the fixed V-QCD potential while for G we used an analytic function given in Section
4.4.

While this is not a terrible approximation if one seeks an order of magnitude calculation,
it will certainly have a noticeable effect on the result. So to make contact with the data we
would need a more careful treatment of the fluctuations.
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6.3 Bulk viscosity with higher derivative corrections

In this subsection we employ a more careful treatment of the problem and derive an analytic
formula for the bulk viscosity to entropy ratio for the theory we are considering:

S — 167T s [ #ev=g {R— 2(V0)? + V(@) + 2BG(®)Rupe R | . (6.48)

We follow the analysis of [29],[30], extracting the bulk viscosity from a radially conserved
current. We extend the results of [30] to a class of theories with non-minimal dilaton coupling.
As we have argued in previous sections, this setup allows us to capture the temperature flow
of the QGP transport coefficients as we move away from the critical point. We start first by
presenting the formula and comparing it to the one derived in [30] and subsequently move on
to present the main steps of the calculation. Starting with (6.48]) we find the following;:

C 82(2) 1 2 4 G(V,)2 AVl

> =—1|14+= ——GV GV'||. 6.49

s 27w * 2 p 3 * % * (6.49)
Where the entire expression is evaluated at the horizon. zj is the gauge invariant fluctuation of
the scalar field ® at lowest order in the hydrodynamic expansion [30]. Shifting V' — —V + 12

and ¢ — \/gcp to match the conventions of [30], we find:

S O V—-12

This formula reduces to the result of [30] for a; =0, ay =0, G = as.

C_a [1 + ezﬁ <G (V —12) — WS 2G’V’>] : (6.50)

Deriving the bulk viscosity to entropy ratio
We start from a generic metric ansatz:

ds? = —cy (r)* dt* + ¢ (r) dx® + & (r)dr?, @ = O(r). (6.51)

Varying the action with respect to the metric, one obtains the background equations of motion,
see the next chapter for more details. Substituting this ansatz in the equations of motion we
obtain the following set of background equations:

S AP N 3¢, @ N §C§V' 0.
1 Co C3 8
(@/)2 § 2V o 90/10/2 . 9(6/2)2 — 0
43 2¢1¢9 2c3 ’
GF dd 2 o 1, (0:52)
0/2/ -+ e — 673 + §CQ (CI)/> — 60203‘/ = O,

2cichy,  didy  a(dy)? 1 2
7 192 1%3 1\&2 2 "2

— - = V+ —c; () =0.
! Co C3 C% 60103 961( )

We present the result for the zeroth order equation as the [ components are too cumbersome
to present here. To compute the relevant retarded Green’s function we expand the metric and
dilaton, considering SO(3) invariant perturbations{

)

e (1, 8) = ¢ (1) <1+>\ ;éi%t)) , (6.53)

e (rt) = e (r )<1+)\

c3(ryt) = cg(r),
P (r,t) = @ (r)+ AV (r,t).

*Our definition for hy differs from [30] by a minus sign
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With this choice we fix the axial gauge by taking h,, = h,, = 0. We introduce new variables
H,,, Hy, assuming harmonic time dependence:

hye (1, t) = e’i“tc%Hoo (r), hn(rt) = e’mchn (r). (6.54)

and the gauge invariant scalar fluctuations Z are defined as:
) o’
W (r,t) =e ™" <Z (r) + Pr)es(r) Hyy (7")> (6.55)
T

Applying these expansions to the equations of motion and keeping terms up to O (\), we derive
the equations of motion for the fluctuations:

/ /
8cocs® c

H' Z .}=0, H,=-*H 6.56
+ 94, +8{..} ; n= i (6.56)
8cy @'
Hpy, — ;2—,2’ + 27‘1) (24¢, ¢, @ — c163 (9,V" + 8V D)) Z
C C
w?c : 1 (1(;) 3¢ ¢ (6.57)
3 1 1©2
— eV H —0,
+< cf 363 " c3ci " 010203> S

coming from the 12 and 11 components of Einsteins equations respectively, where we made use
of the background equations of motion to simplify the above expressions. As before, we only
provide the zeroth order results as the first order expressions are too cumbersome to present
here. Remarkably, the equation for Z decouples from the other fluctuations once the constraints
above are used in tandem with the background equations. This yields the following equation:

/ 3cl cl w? 4 26202V2 4esV e, 2c, V' D' 3
7! &1 2 3 7! 2 1% 2¢3 2 1 2 AN AN 1o 0.
( 3 % 3 9(6’2)2 3010’2 30’2 8 { }
(6.58)

Where also the  terms are only functions of Z. Following the same expansion we derive the
effective action, following the prescription of [30]:

C1 C2 C3

S = 167TG5 /drﬁ {h11,ws Poows Pws P10 P00.wr D} (6.59)

where we define
hy(t,r) = e*iwthoow (r), hu(tr) = e*i“’thnyw (r)y, (t,r)= e iy, (r). (6.60)

Since the expression is very lengthy and does not add to the understanding of the derivation,
we do not present it here, we refer the reader to the citation for more details on the derivation.
In the following we suppress the w indices and instead use "+" to refer to conjugate fields. We
calculate the conserved current by integrating the effective action of the fluctuation by parts

as in (3.38)), thus the conserved current is given by:

aﬁ * */ *
T = gerOhis + *,,5h11 ( ) Sh',
8£
ah 5h00 *// ( *//> 5h00 (661)
0

oL oL
op* op* — op*
+ ap*/ p + ap*/l p (a *//)
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After some lengthy but straightforward calculations, we find:

w

— 9Cgh80hoocll — QC%CghSOhHC/l — 301C3(h00h80/ + h80h60>+
12010203

e (QCghnh’{l’ + 97, (hyicy — cahyy) + 16c3p™ P’ + 24c3p*hy @' ) (6.62)

6102 ( 9h>{1h0002 + Co (9h00h11 + ghllhsol + 8¢ p*hOO(I) )) + 6{}

We specifically need the current in the hydrodynamic approximation thus we expand the fluc-
tuations as follows:

e\ T ‘ . .
7 = <01> (ZQ + zmzl) , H=Hy+iwH,, Hy= HQQQ + ZYUHO()J, (663)
2
where to = 5%=. We discuss boundary conditions later when we come to the solution of the

z equation. We note that the Noether current associated with the U(1) symmetry of L. is
actually given by:
Iy = —i(Jy — J_w) = 2ImJ,. (6.64)

where by J_, we refer to the conserved current coming from the integration by parts of the
{h11, hoo, p} action. The last equality holds because J_,, = (J,)*. To extract the bulk viscosity
using the Kubo relation, we will need only the order w, imaginary part of the current J;:

J, = Jo — i Jy. (665)

After making use of the equations of motion for H, Hyy we find that the expression simplifies
significantly and the conserved current only depends on zg, 2;:
4¢3 (cr23dy — 2 (Z5¢h + crz12y — c1202}))
363

1602
27020;2’22 (clzgc; 2 (zgc/l + 12120 — clzoz{)) [10803(?( ) i 2y —
Geyeacy d) (4C§C§G (@) V (@) — 21G (@) &y? + 6eacy G (D) (I>’> +

¢t (3G (@) V (2)* = 933G (@) V (®) &h? + 18G (@) ¢y~

J1:

(6.66)

1862, 3G (B) ¥ + E3ey (5V (B) G (@) +2G (@) V' (cp))qf)].

A key observation in this calculation is that since the current is radially conserved one may
evaluate it at any point in the holographic direction and in particular evaluate it at the black
hole horizon. This simplifies the expression and gives  only in terms of horizon data. We
expand around the horizon as in (3.33):

et (u) = ap(l —u) + ar(1 —u)® +ag(1 —u)® + ...
e (u bo(1+ (1 —u)+.
) =L+ (=) ) 6.7
G =col—u)"+er+e(l—u)+...
D (u) = Bp + Dy (1 — u) + Po(1 —u)* + ...
Regularity at the horizon gives the following constraints on the horizon functions:
3 9V 15 81(V))? 1 9(V)?
== P =—_" = h —ap = b 6.68
“=ou T Ty T ay, T sy T 64V2 )’ (6.68)
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Expanding the current at the horizon and making use of the constraints, we find the following:

2 ag,3/2 o s (., GV
=2 12 1+ = )
Jin 31/00 o Tz |1+ 5 VG + % , (6.69)

where the entire expression is evaluated at the horizon. The bulk viscosity is given by the Kubo
relation:

4 1 1 1
¢ = —glim JinGn = —igq, lim o0

where the factor in front comes from the normalization of the Green’s function:

Grfw) =i [ dtdxeiwte(z)qlw@ x), ~79(0,0) > (6.71)

2" 277

since the fluctuations of the metric have a 1/2 factor in front. Thus we find for the bulk

viscosity:
0 3/2 2 g , ’ GV’
(= 277TG51/ b (1 + —V (G’ + v . (6.72)

The temperature for this metric is given by (3.70): T = ﬁ1 /%87 which was obtained from the

conical singularity. The entropy is given by Wald’s formula (3.64)):

bz/2
4G5

S =

(6.73)

b3/2 [1 _ 3@160 — QpCy
3

frea ~ KQBG]

2
[1 L 2P av] |
aoCO

Taking the ratio between the two expressions and keeping terms up to order § we arrive at eq.
(16.49):
¢_ s
.=

27w Vv

[1 + 626 (—GV LGP G'V’)] . (6.74)
6.4 Numerical solution of the fluctuation and fitting the Bayesian
data

Having presented the main steps in the derivation of we now wish to make use of the
formula to fit the data from Bayesian analysis in Figure [I3] As a starting point, we will set (3
to zero and calculate the 0 order result for the V-QCD potential. There are a few steps we
take to simplify the numerical calculation starting from changing coordinates as follows:

A(r)
e =\ f (e ey = e g — 6(). (6.75)
fr

In addition, we introduce a new variable ¢ (A) to replace the scale factor A (r) and change
variables to the scale factor instead of radial coordinate:
et (r)
()

a(A4) = (6.76)

The first step in computing the fluctuation is solving the background equations at zeroth order
in . We expand the functions in S using:

f:f()—'—ﬁflu QZQO+BQI7

6.77
A= X+ BAi, 20 = 200 + B201- (6.77)
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The three equations we solve are the following;:

0(4) | @ (A*V (o) f5(4)  fo(A)

fo (4) 3fo (A)" fo (4)
fo (A) ) 4o (A)3 V (Mo) '

A — _ = 7
() (~ B ) 4 WUB T O g, (0.78)
1 J 95 (4) + 360 (4) = 300 (A)°V (h) | X (4)
2 fo(A) Ao (A)
They are solved subject to the following horizon boundary conditions:

Jo= foo (A —Ap) + for (A— Ah)2 +
)\0 = )\00 + )\()1 (A — Ah) + .. (679)
qo = Goo + qo1 (A — Ap) + ...

Regularity at the horizon in these coordinates implies:

=0.

3 foo
doo = T (6.80)
Notice that in this form equations (6.78)) are invariant under a resealing of the type:
fo—=afo, q— Vag. (6.81)

We can use this fact to our advantage in the numerical solution as we want fy, — 1 at the
UV boundary such that the Hawking temperature is correctly defined. Thus the procedure we
follow is:

 Solve the system of equations numerically assuming the horizon behaviour (6.79)) where
we take foo = 1 for simplicity.

o Rescale f — f/fov,q— q/v/fov using (6.81) so that fopv — 1.

In this way the solution is correctly normalized. The next step is solving the z; equation
numerically, in these coordinates this equation reads:

fo @
200 + 2 <——|—4 +
R W
B a2 (3fo0 (64V (No) + (16A) + 9Xg) V' (No) + 9INEV"(Ng) — 16V (o) (¢2V (No) — 3£%)) _0
00 72f§ .
(6.82)
We assume that zy is regular at the horizon admitting an expansion of the form:
Zoo = Co + C1 (A - Ah) . (683)

Plugging this into the zyy equation along with the horizon expansion ([6.79)), we relate ¢ to ¢
by demanding that the pole at the horizon vanishes such that the 2oy equation is well defined.

We find: 9 (v'(cp 2 V(D )>
N h

(6.84)

AT V(@2 8V (D)

In addition we must require that the dilaton perturbation W is not sourced, since only the
metric should be sourced to compute the bulk viscosity. This sets the leading behavior of zy
towards the boundary to be:

ZOO\W ~1/2A (6.85)

Using these two conditions we solve the fluctuation equation using the following procedure:
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o We solve the equation making use of the background solution along with (6.84]), where
we take cg = 1.

o We rescale the solution appropriately such that zgy satisfies (6.85]). Notice that (6.82]) is

invariant under the rescaling of zq.

In this way we correctly normalize our solution for zgg to match the boundary conditions.
Following this process we solve the background and fluctuation equations at zeroth order for
different values of the dilaton horizon value. Using the temperature relation depicted in figure
9, we can translate this into solving the equations for different temperatures. The bulk viscosity
is then given by the simple formula:

8200 (Ap)?

We plot this in figure [16| for the the values of @, relevant for comparison to data. In addition,
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Figure 16: Bulk viscosity as a function of the dilaton horizon value for the V-QCD potential.

as a check for our numerical calculation we compare this result with the result of the Elling-Oz

formula [22], 23] which reads:
¢ 2 [ 09,\°

We plot this comparison in figure As can be seen, the two formulas are in agreement with a
~ 1% discrepancy. The two methods were originally shown to agree in [31] for ihQCD. However
the agreement is not expected to hold as higher derivative corrections are included [30].
Finally, we come to the main motivation of this calculation which is to compare this result
with the Bayesian analysis of heavy ion collisions. In figure [18] we plot the bulk viscosity as
a function of temperature along with the 90% confidence bands of the two data sets. Some
comments about this fit:

o The fit has zero additional free parameters as the V-QCD potential used is completely
fixed by other demands.

o We observe a better agreement with the data from Jetscape for the zeroth order result.
Thus the zeroth order prediction coming from V-QCD is that the bulk viscosity is not
heavily suppressed compared to the shear viscosity hinting at a soft but not negligible
break of conformality.

o We expect the first order correction to be important as it was for the shear viscosity and
thus change the agreement with the data.
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Figure 17: Comparison between the conserved current and EO methods of deriving (/s for the
V-QCD potential. The conserved current method is shown in orange and the Elling-Oz method
is shown as a dotted line.
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Figure 18: Bulk viscosity as a function of temperature for V-QCD. The orange line is the
prediction coming from V-QCD. The blue error-bars are data from the Jetscape collaboration
and the green errobars are data from the Trajectum collaboration.

7 Equations of Motion

So far in our analysis we have assumed that the higher derivative corrections are small com-
pared to the background geometry and thus we would not expect it to change the properties of
the holographic-QCD theories dramatically. In our analysis of the shear viscosity the correc-
tion to the background geometry is a second order effect and thus was unimportant. However,
corrections to the asymptotics of background functions will be linear in g and so it is natural
to ask how confinement will be affected. In addition, corrections to the thermodynamics will
also be a first order effect and so it is natural to ask how the thermal stability will be affected.
Answering these questions will hopefully constrain the function G (®) with the ultimate goal
in mind of giving the theory predictive power.

Beyond this, it is also important to note that we don’t expect these corrections to be small in
the entire spectrum of energies. In particular, in the UV limit we know that the supergravity
approximation breaks down and we have to think of the potentials as effectively resuming all
possible corrections by matching to the QCD behaviour. For this reason, it is important to
have a full analysis of the action , starting of course with the equations of motion.
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We start with the EoM for ®. The least action principle % = 0 gives:

§VMV“<I> + P BRupo R G (D) + V' () = 0. (7.1)

And by varying the action with respect to the metric we obtain Einstein’s equations:

1 1

4 2
R — S9wR — §gMVV (@) — 5 (V“CI)) (V, @) + ggw/ (Vo@) (V7D) +

2 3
1

C8 |2G (@) R, Rupoa = 59u/G (®) Rywpo R +2G (®) VIV Ry +2G (D) VIV Ryt

4 (VPO) VIR, puoG' (@) + 4 (VPP) (VO Ryouy) G (D) + 2R, p00 (VIVPD) G (D) +

2R, o (VIVIDR) G' (@) + 4R, e (VPD) (VD) G (®)] = 0.

(7.2)
It’s easy to see that setting f = 0 to the equations above reduces to the Einstein-Dilaton
equation of motion. Now we look for background solutions with T" = 0 using the following

ansatz:

ds* = 4 (dr® — dt* + dx*) , = (r). (7.3)
Adding the rr and tt components of Einstein’s equations and substituting this ansatz yields:
e A (108625G( YA (r)* = 36028A (r)> G (®) ® (1) — 9 A (r) + 4802 5G (D) A (r)* +
BA (r)? (3¢*40) — 520°BG (®) A (r)) — 42 (r)” (A7) = 3BA (r) G" (@)
+ 12026G (D) A (1) ® (r) + 24028G" (@) D (r) A®) (r) — 3602 BA (r) (G’ (D) D (r) A(r)

+G (@) AP (r) ) + 122G (B) AW (r) ) = 0,

(7.4)
where primes denote ® derivatives and dots denote radial derivatives. In this combination
of equations the potential drops out and we can analyze the asymptotics of the rest of the
functions. Subtracting the rr and ¢t components of Einstein’s equations gives:

e A0 (MO (B) = 3eA VA (1) — A (r)? (9e*47) + 202BG (B) A (r)) — 360°5G (@) A (r)" -
12028A (r)* G/ () ® (1) + 4023 (r)* A (r) G" (D) 4+ 428G (D) A (r) D (r) + 82 BG () ® () AP (1) +

202BA(r) (G' ()@ (r) A (r) + G (@) A®) (1)) + 428G (@) AY (r)) = 0.
(7.5)
In the 8 = 0 limit equations and reduce to equation (2.11) of [26] as expected.

7.1 UV Asymptotics

In the UV QCD becomes asymptotically free and conformal. It is natural then to assume that
on the dual side, the geometry asymptotes to AdSs. So in the limit of » — 0 we have:

A(r) — —log(r/t). (7.6)
Substituting this into ([7.3]) we see that the metric indeed goes to AdSs:

g5t = & (dr — di?* + dx?). (7.7)

Plugging these asymptotics for A (1) into equation ([7.4]) we find that it reduces to the following:

r

—® (r)* + 38 [cb (r)* G" (®) + G (@) (W + o m)] =0. (7.8)

44



As can be seen, only derivatives of G (®) appear in the equation and thus a simple solution is
G (®) — constant at the UV. This then reduces the EoM to simply: ® (r)*> = 0 in which case
we can take ® () — constant which solves the EoM and we asymptote to pure AdS. However,
if we want to preserve the ihQCD asymptotics in the UV namely: @ (r) — —log (—log (rA))
we need to include higher order terms in the expansion of the scale factor, we look at this case
below.

Now looking at the potential equation (7.5) and plugging in A (r) — —log (r/¢) we find the
following:

£V (@) -12 | 85G(®) A5G () (—6® (r) + rd (r))

+ 43D%G" (d) = 0. (7.9)

Solving this equation at zeroth order, assuming G — Gy gives a [ correction to the AdS
cosmological constant:

12 843G
V(@) = Vo= - 620.

The magnitude of this correction is determined by the asymptotic value of G (®).

(7.10)

Preserving ihQCD in the UV
We now take the following expansion for the scale factor [26]:

—log (log (rA))
@) < og (rA)z ) ) (7.11)

A(H:—log(?”/@""m

Plugging this into the equations of motion (7.4]), we find the following up to leading order in
the r — 0 limit:

4 2 4 6 2x2 6
9 (log (A1) 12 13 (log (Ar))? ((log (Ar))* = (log (Ar))° 2@ (1)) — 48G (@) (log (Ar)) (7.12)
368G (@) (6 (log (Ar))° & (r) + 9log (Ar)° rd (1)) + 9BG" () (log (Ar))® | = 0.
A simple solution to this equation is:
G (@) = G,
(7.13)

O (r) = —log (— log (rA)) (1 - ;lﬁGo) :

Giving us a 3 correction to the asymptotics of the dilaton. It’s important to stress that this is
not a perturbative result in S.

Moving on to the potential equation, to first order we find the same result. This is expected
since in this combination of the EoM the ® (r) term drops out. For completeness, we find the
following for the potential equation to first order in r:

LV (®) ~ 12 85G (®)

r2 r2

~ G (D) + G (D). (7.14)

So as before ([7.10)) we find a correction to the cosmological constant or AdS length-scale:

12 883G
V(@) = Vo= - @0

. (7.15)
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7.2 IR Asymptotics and Confinement

In this subsection we discuss the IR Asymptotics of the theory. We want to preserve desirable
properties of ihQQCD in the IR such as confinement. So our starting approach is to assume
that ihQCD asymptotics in [25], 26] hold and admit small 3 corrections. Ideally, we would like
to leave V (@) unchanged, therefore we will start by looking at equation . We have the
following asymptotics:

A(r) = =Cr*+B5A(r), a>0,C>0
3

D (r) 5 A () +  log| A ()] + 662 (7).

Now we ask the following question: How should G (®) behave in the & — oo limit such that
the equations of motion are still satisfied? And how should JA (r) and d® (r) behave in the
r — oo limit so as to not cause any issues? Plugging into and keeping only terms
linear in 3, we find the following for the leading order terms:

2CTe

(7.16)

- (144C°C” BG (B) ' — T2C7(*a°BG' (@) 1™ + 36C 0" BG" (0) r** (0 = 1) ) =

;(300& —6Ca® +3Ca® +66r' "6 A (r) (1 — 20+ 042> + 16C%a%Brited (r)

+ 6876 A(r) (1) ).
(7.17)
We observe that dA and 0® are exponentially suppressed in the EoM. Now we proceed by
solving the equation order by order in 3. At zeroth order we recover the ihQCD result and the
equation is solved up to an 1/r* term.

1 2 3

- (3Ca - 6Ca® +3Ca®) — 0. (7.18)
Loking at the first order terms we observe that the left side of the equation is multiplied by
an exponential that diverges in the r — oo limit. In addition we expect dA and 0P to be
polynomial or logarithmic functions such that they are actually sub-leading in this regime.
Therefore we take the following ansatz for G:

G (®) = Grre’®d°. (7.19)
Using the ® asymptotics ([7.16), to first order in § and r this gives:
BG (1) =BG (Ca) " (=C)° hOrplobin/itar, (7.20)

Plugging this back into the equation and keeping the leading terms in r and [ we find the
following;:

BGIRQCT"(2+%7)T(a—1)(37/4+4)+a6 — 6815 A (r) (1 90t a2)
+16C%a%Bro16d (1) 4+ 63r 6 A (r) (1 — a).

where G g = 72C50202G i (—C)° (Ca)*"* | If we want the left side to behave well in the IR
we need the exponential to converge thus have to impose

4

(7.21)

v < —3 (7.22)
For the strictly smaller case we don’t have a restriction on ¢ since the left side decays exponen-
tially in the » — oo limit. We analyze the special case of v = —% below. As for the right side
we have a few possible solutions. We start be assuming a polynomial behaviour for /& and d A:
SA (1) = CyrS,
(r)=Ca (7.23)
0P (r) = Cor™.
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Plugging in these assumptions we find the following for the O (f) equation:
63C 4152 (aQC —al+ (1 - a)) + 16CenC?a fr*~*™ 4 vanishing = 0. (7.24)

Here there’s two perspectives we can take, one is that again we can have the equation solved
up to a term of 1/r? in which case we impose ( < a and n < —a < 0. Notice that this requires
that 0® vanishes in the IR. The other option, is to solve the equation exactly. In that case we
equate the exponents of r which gives

¢—n=2a. (7.25)
Special case of v = —%
Now, we look at the case of v = —% which exactly cancels the exponential and gives, to leading
order:
—2Cr®

(=C)° piHa@=1, (7.26)

BG (r) = 5(;1}26 Ca

Now asyming the same polynomial behaviour for 6 A, §® (7.23)), to leading order, we find the
following for the O (f) equation

68CAT ™ (a®C — a¢ + (* (1 — a)) + 16CenC2a Bro > = BG a0 (7.27)

Now solving this equation exactly requires matching the coefficients to leading order, the ex-
pression above simplifies to:

63C 415~ (aQC —al+C(1— a)) + 16CenC2a2frot = BGpr3e 1720, (7.28)
To proceed, we take two cases, if ( —7 < 2« then the n term is dominant and we find:
1-2
PR (7.29)
a
On the other hand, if { — 7 > 2« than the ¢ term dominates and we find
1—4
g stlzda (7.30)
!

Asymptotics of the Dilaton Potential

We investigate now equation which includes V (®). We want to find out if the same
asymptotics of ihQCD hold and if there are any more contraints for the A, & functions. We
start by substituting the same ansatz ([7.16)). For V (®) we assume the following asymptotic
behaviour:

V (®) = Vige®d?. (7.31)
Keeping only the higher order terms in the » — oo limit we find the following:
62:& (= 36C*2aBG (D) 1™ + 18C* P BG (D) r*) =
rd [ —3Car? +30a*r? — 9C?*a*r*™ + 18CaBr*s A’ (r) — 38r* 5 A" (r) +
VpperCto s pimarere R (14 225550 () 4 Qoo (r) — 554 (1)) .

(7.32)
where Vig = Vg4 F (GC)P (—Ca)?’Q/4. We proceed to solve the equation order by order in (.
To zeroth order we recover the ihQCD result:

—3Car—? +30a’*r 2 — 9C*a*r* % + ‘713(2%0(_“3@)7"@r4_a+ap+%(a_1) =0. (7.33)
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The third term in the equation is an exponential coming from the potential. In order to cancel
this we have to impose ) = %. After imposing this, we are left with two terms of O (1) which
are potentially divergent, the first one is proportional to r*2 and the other coming from the
potential is proportional to r*~!. If we want these two terms to cancel we require P = C“T_l
After this we see that the equations of motion are solved up to a term of 1/r%. Thus we find
that the same result of [26] holds:

4 a—1

= — P:
@ 3’ «Q

(7.34)

There are still some subtleties regarding the behaviour of the 3 corrections, after fixing @, P
we look at the O (f) equation:

BG’IRGCT(’(2+%7)T3a—4+(a—1)3'y/4+a5 _
(7.35)

. .
18Cafr 5 A (r) — 3Br 6 A" (r) + gvmr“—%w (r) — ‘ggr_lﬂé/l’ (r).

We found before that v < —4/3. For the strictly smaller case the first term is subleading.
Substituting the asymptotic behaviour for 6 A, §® ([7.23]) we find the following

V 4

(180a0A - OI;%) BCré=? —3BCAC(C— 1)1 2 4 ngﬁ(JMQ—”" =0. (7.36)

Since o > 0 then the second term is sub-leading, thus equating the first and third term gives:
(—n=a. (7.37)

However, combining this with out previous constraint from the other equation { — n = 2a we
find « = 0 which is a contradiction. Therefore for this solution to hold the first term in the
equation above must vanish. This fixes the coeficient C'4 such that:

Vir
Cp=——=. 7.38
ST (Ca)? (7.38)
Equating the two terms that are left, we find the same condition for (,n
¢—n=2a (7.39)

Finally, the special case of v = —4/3 gives the same result as the previous equation, after fixing

Ca.

So it seems that if G falls off fast enough in the IR the EoM are still satisfied with ihQCD
asymptotics. In Figure m we present two fits for G (®5) in VQCD where G drops off when
approaching the IR.

Confinement
Technically speaking, confinement is defined as an area law for the Wilson loop. As explained
in [26], for a generic 5D metric, the large L behavior of the quark-antiquark potential is:

E (L) ~ Tye*s L, (7.40)
which exhibits an area law if Ag (r,) is finite. Ag is the string-frame scale factor given by:

Ag(r) = A(r) + §q> (r). (7.41)
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Figure 19: Dilaton coupling as a function of the dilaton horizon value. The plots have G(4.5) =
0.1 and G(4.5) = 0 as initial conditions, giving a fit where G drops to zero in the IR

In our case assuming the IR asymptotics ((7.16) it is given by
1 . 2
Ag (r) = 5 log ‘A (r)‘ + 56(5@ (r). (7.42)

In the limit of r — 0 we have: A (r) ~ —log (r/f) — +o0 as discussed in the UV asymptotics.
Therefore we want Ag to not asymptote to —oo at r — oo such that e?4s does not go to zero
in the IR limit and we have confinement. If we expand ((7.42)) according to ([7.16[), we find:

Ag (r) = ; (a=1)og () - ;giﬁyz + gﬁétb (r). (7.43)

where C' = R™“. We see that the logarithm is still the leading term in the § expansion and we
find that o > 1 still leads to confinement. And for @ < 1 there is no confinement. However,
there is a difference with ihQCD for the @ = 1 case where now the sub-leading terms are no
longer constants and we don’t necessarily reduce to 5D flat space.

Instead, assuming the asymptotics ([7.23|) we find:

(Vir
36 (Ca)?

r

As(r) = 3 (o~ Dlog (1) = Py ?)BC’qﬂ“”. (7.44)

1
2
Substituting a = 1 and ¢ = 2a + 1 we find that the leading behaviour in this case is given by:

_ C‘~/IR +1 C‘/IR E P +1
As(r) == ol ~736(Cay < 2 ) e (7.45)

So for confinement we need (Vg > 0, and assuming Vg > 0 this gives the requirement of
¢ > 0 or equivalently n > —2. The case of ( = o = 0 is also confining as Ag goes to a constant.
This special case however will not matter for our fits since the physical case is @ = 2 which
corresponds to P = % in the V-QCD potential.

7.3 Alternative fits for G ()

In the previous fits for G (®5) the function crosses zero and changes sign. If for some string
theoretic reason or for some other reason such as causality or unitarity, we want G to be posi-
tive or negative definite then these fits won’t suffice. In Figure 20| we provide some alternative
fits for G where it is either positive or negative definite. The right graph clearly looks like an
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exponential, however recall that we set § = 0.1 so G is now of the same order as V' meaning
that perturbation theory breaks down. In that case, it’s not clear even if the formula used
for the fitting would still hold since in deriving it we set 3? terms to zero. Even the variation
problem for the shear fluctuations is defined up to linear order in g in (3.41)).

G(®y) G(®p)

© 300f
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200}
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100}

=1Bf 500
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Figure 20: Dilaton coupling as a function of the dilaton horizon value. The plots have
G(4.5) = —1 and G(2.22) = 1 as initial conditions, giving a fit where G is negative definite and
positive definite respectively.

What violation of 1/47 implies for G (®,)

The Bayesian analysis data of Trajectum have the mean value of 1/s drop below the universal
1/4w. However, 1/47 is well within the 90% confidence so it is still not certain if the viscosity
bound is violated. The implication that this has on our fits as we will show is that either G
must be zero at this point or grow exponentially.

To see this, we start by re-writing formula (3.84) as:

n_-]'——5ﬁ2(—G(@h)V(@H-%ZCy(@M‘ﬂ(@M) (7.46)

s 4m 6m
Now if we assume that 7/s breaks the bound then this would mean that there would be a point
where this function is zero. If &, = ¢, at that point then this would imply:
3

This has two possible solutions:

G(®,) =G (®,) =0 or g((;):)) = ;1‘1//,((2;)) (7.48)

This explains the two types of fits we were producing since we are fitting to the mean value
which indeed goes below 1/4.

7.4 An analytic example for G ()

Given the previous discussion in this chapter, one would like to find an analytic function G ()
that satisfies the constraints imposed by the asymptotics in the IR and UV and also fits to the
shear viscosity data in the intermediate region. Here we focus on a simple example of one such
function. Consider :

e*® +

G@) =

a,5 > 0. (7.49)
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with a7, 9, ( being constants. This function in the UV for & — —o0 goes to
Guy ~ 7. (7.50)
In the IR for & — +o0 this function behaves like
Gir (@) ~ el@79%, (7.51)

demanding that
a—65< —4/3. (7.52)

Such that the equations of motion are satisfied in the IR. By fitting to the Bayesian data in
the intermediate region we estimate the optimal values for these parameters to be:

{a =1.8145, ~=-275.28, §&=3.1485, (= 2.5514}. (7.53)

We find that the optimal fit gives an (o — §) ~ —1.3340 close but slightly smaller than
—4/3 ~ —1.3333. In Figure 21| we plot this function with the optimal parameter values. We
see that indeed it falls off exponentially in the IR and goes to a constant in the UV.
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Figure 21: Example of an analytic function G (®) = 1?:1;7;#:’4 fitting all the constraints. The
right plot is the region of ® relevant for the shear viscosity fit.

In Figure 22| we present the shear viscosity to entropy ratio as a function of temperature for
this function. As in previous fits we transition from functions of ®;, to functions of temperature
by numerically relating the two through the VQCD thermodynamics.

As a final note, looking at the equation for the A\ correction , using this fit we find that
the correction is positive and in fact large with fGg = By ~ —27.5. This gives V = %

7.5 Domain wall coordinates and holographic c-theorem

An important idea in holography is that the radial (or holographic) direction in the 5D theory
serves as a measure of energy in the 4D theory. In the case of AdS/CFT it is conjectured
that F <> 1/r. This gives a natural correspondence between UV divergences and geometric
singularities. In Einstein-dilaton gravity it is argued in [25] that the natural identification is

log B <— A(u). (7.54)
where A (u) is the scale factor in domain wall coordinates defined by the following metric:

ds? = du® + >4 (—dt2 + dx2> , D=0 (u). (7.55)
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Figure 22: Best fit for the shear viscosity to entropy ratio for VQCD with G (®) = %
The optimal values for the parameters are given in ([7.53)). The yellow line shows the theoretical

curve while the black line is /s = 1 /4 for reference. We set § = 0.1 without loss of generality.

This is related to the conformal coordinates (7.3 by the transformation: dr = e=24®du. Thus
the argument follows from the fact that in (7.55]), the energy scale of the four dimensional slice
is given by e24®,

It is a fact of nature that many different systems are described by the same low energy physics.
A striking example is hydrodynamics. It describes both water and honey equally well, even
though they are made of different molecules. In terms of the renormalization group this is
explained by the fact that many different theories "flow" to the same IR conformal point. The
reason for this is that the microscopic degrees of freedom are irrelevant at low energies. These
universal points are characterised by zeros of the beta function.

Now connecting this to holography, if we propose a geometric theory as being dual to a QFT,
this would would imply that, given (|7.54]), we should have some function of the radial coordi-
nate u that is monotonic. This function would then serve as the renormalization group flow
between a UV fixed point and an IR fixed point of the dual QFT. To construct such a function
we can look at the equations of motion in domain wall coordinates. Combining the rr and tt
components gives the following:

- ;lqb (u)? = BA (u) — BG" (@) (44 (u)* & (u)° + 4 (u)* A (w)) + BG (®) [ — 44 (u)* & (u) +
4e—2A) (6 + 62‘4(")) A (u)3 P (u) + ge2A) (—3 + 462‘4(“)) A (u) P (u) A (u) — 4A (u) P (u) —
80 (u) AP (u) | — 4e7M 3G (@) [6 (=3 +5*1)) A (u)* + (18 = 374 4 12¢"M)) A (u)® A (u) —

A0 (=24 5e*400) A (u) A® (u) + €40 AD (u) |,

(7.56)
We can write this as: 4
—§<I> (u)2 = 3A (u) — (*BG (u). (7.57)
And we see that the equations of motion give:
34 (u) — 26G (u) < 0. (7.58)
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Thus the following function is monotonically decreasing.
F(u) =34 (u) — 23 / du G (u) . (7.59)

What we have found are 3 corrections to the familiar result of A (u) < 0 which is shown to be
equivalent to the Null Energy Condition [27]. In the IR where G decays exponentially we see
that this function tends to the ihQCD one. However in the UV where corrections become large
we expect deviations from this result. This is also what is expected from an RG flow perspective.
In our case it’s hard to construct an explicit function since one would have to know A, G as
functions of u to perform the integral. In addition, because of the higher derivative term it’s
not clear what the proper definition of the energy momentum tensor is in this case. If one
wanted to retain the condition A (u) < 0 then one would have to prove that (248G (u) < 0
which appears a daunting task especially because many of the fits we are producing for G are
not positive or negative definite.

8 Conclusions and Outlook

In this thesis, we explored the temperature dependence of the shear and bulk viscosities for
holographic QCD theories. We argued that higher derivative corrections are needed to obtain a
temperature dependence consistent with results from Bayesian analysis of heavy ion collisions.
We constrained the form of the higher derivative corrections by fitting to these results. We
derived the full equations of motion and analyzed the UV and IR asymptotics of the modified
theory showing that under certain assumptions the theory still exhibits confinement. Finally,
we derived an analytic formula for the bulk viscosity to entropy ratio that includes higher
derivative corrections coupled to the dilaton and analyzed its zeroth order solution for the
V-QCD potential.

There are numerous directions for the improvement of the work presented here. Obvious
examples include the effect of the higher curvature terms on the thermodynamics of the theory
including the phase structure and phase transitions. Since in our analysis, the higher-order
corrections were quite large, we would expect non-trivial changes to the thermodynamics. In
addition, we would also expect non-trivial effects on particle spectra.

Our analysis of the equations of motion and asymptotic behavior was by no means exten-
sive. An interesting direction for future work would be constructing a general solution for the
equations with numerical checks for the fitting functions used.

For the same reasons, the 3 correction to the bulk viscosity is expected to be important and
change our fit significantly. Furthermore, the other two curvature squared correction terms in
this order will contribute to (/s, unlike the case of n/s. These calculations are the subject of
future work.
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9 Appendix

9.1 Effective Action coefficients

The coefficients of the effective action (3.31) starting from the original action (3.23|) are the
following;:

Alu) = 2a (u) b* (u) (b (u) A (u) + 428G (@) (V (u)  (u) — ¢ (u) V" (u)))’

¢ (u)?

2a(Z§Zg(u){4£Qﬁb2(u)02(u)(¥(®)(a’00)24—a2(U)(16@25CQ(U)(?(@)(U(“)f

02 () (3¢ (1) + 426G (@) (¢ (1))%) — 8280 (u) ¢ () G (2) (¥ (u) ¢ (u) + ¢ () " () )]

B(u) =

C)= -5 M[ (w) ¢* (w) a' (u) + 456" (u) * (u) G (®) (@ (w))* V (u) +
+a<>@ﬁ&<m0<><>+ﬁ<><Mdao—M%mwcwxM@mevww%m—c@ﬁ%@)
— 46 (u) (c* (u) b (w) = CBG (D) (u) (¢ (u)* + Be (u) G (®) ¢ (u) b (u)) )],

1

D (u) = 26 (a)au )b( ) [2@ (u) b* (u) & (u) (=b (u) a' (u) ¢ (u) + c(u) (3a’ (u) ¥ (u) + b (u)a” (uv))) —
4080% (u) G (@) (b (u) (a' (w))* (¢ (w))* — 2b% (w) ¢ (u) @’ (u) ¢ (u) a” (u) +
+c<>(<'w»%6<» + 0% (u) (a” (u)*) + a (u) (b" (u) * (u) (20,20"® — V (D)) —

— 120286 (u) G (@) ()" + 66" (u) ¢ (w) (= (u) & (u) + ¢ (w) V" () + 6V (u )( < ) (V' (w)* =
— 208G (®) (V' (w)* (¢ () +40Be (u) G (D) Y (u) & (u) b" (u) — 20*8* (u) G (@) (V" (u))* )],
F(u) 40%Ba (u) b* (u) G (® >C42cu()u) () = b(w) ¢ (u))
B (u) = 202Ba (u) b® (u) G (<I>)

¢ (u)
(9.60)

where we have already applied the relevant limit of w — 0 and k& = 0.
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9.2 Summary of the asymptotic behaviour

Uuv IR
r r—0 r — 400
A(r) —log (r/€) + m —Cr*+ oA (r), «a,C >0

® (r) | —log (—log (rA)) (1 — 46Go) |~3A (r) + 2log |A ()| + 85 ()

3P (r) - Cor", n=(—-2«a

¢ _ W
G (Q) Go Grre’®®’, v < —3
V@) Vo= Vie®*®”, Q =4, P= ezt

Table 1: Summary of the asymptotic behaviour, assuming polynomial ansatz for d A, §®.
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