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Abstract

In this thesis, we begin by studying selected fluctuation observables in order to locate
the QCD critical point in heavy-ion collision experiments. In particular, we look
at the non-monotonic behavior as a function of the collision energy of higher, non-
Gaussian, moments of the event-by-event distributions of pion, proton and net proton
multiplicities, as well as estimates of various measures of pion-proton correlations. We
show how to use parameter independent ratios among these fluctuation observables
to discover the critical point, if it is located in an experimentally accessible region.

We then begin our investigation of the properties of quarks and baryons which live
in the strongly coupled plasma of certain gauge theories which are similar to QCD
using the AdS/CFT correspondence. We first study the velocity dependence of the
screening length, L, of N, quarks arranged in a circle (a “baryon”) immersed in the
hot plasma of strongly coupled N/ = 4 super Yang-Mills theory moving with velocity
v. We find that in the v — 1 limit, L, o< (1 — v?)¥/#/T, which provides evidence for
the robustness of the analogous behavior of the screening length defined by the static
quark-antiquark pair.

Finally, we compute the energy density and angular distribution of the power
radiated by a quark undergoing circular motion in the vacuum of any conformal field
theory that has a dual classical gravity description and many colors. In both the
strong and weak coupling regimes, the angular distribution of the radiated power is
in fact similar to that of synchrotron radiation produced by an electron in circular
motion in classical electrodynamics: the quark emits radiation in a narrow beam
along its velocity vector with a characteristic opening angle a ~ 1/v. This jet-like
beam of gluons opens a new way of modeling jet quenching in heavy-ion collisions.

Thesis Supervisor: Krishna Rajagopal
Title: Professor

Thesis Supervisor: Hong Liu
Title: Professor



Dedication

To my parents, Mary and Andreas, for their unconditional love and support.



Acknowledgments

I would like to thank everyone I got to meet, work with and learn from at the Center
for Theoretical Physics. It has been a pleasure to spend the last five years here.
Thank you to David Guarrera, Tom Faulkner, Vijay Kumar and Ambar Jain for
making CTP feel more like a family. A special thank you to my great friend Nabil
Igbal; we went through every step of graduate school together, from classes and
general exams to defending, which made everything seem much easier and fun than

it would have otherwise.

I would like to thank my thesis advisors, Krishna Rajagopal and Hong Liu. They
have both been a great source of knowledge and guidance during my time at MIT. A
very special thank you to Krishna whose personal engagement and mentorship was

more than I could have ever hoped for in an advisor.

Thank you to my collaborators, Paul Chesler, Dominik Nickel, Misha Stephanov

and Mindaugas Lekaveckas from whom I have learned much.

I feel very fortunate for the close friends I have met at MIT: Danial Laskari, Sertac
Karaman, Camilo Garcia, Hila Hashemi, Parthi Santhanam, Ted Golfinopoulos. I
thank them all for the fun times, interesting conversations and for being there. I would
also like to thank my current and past roommates while at MIT: Alejandra Menchaca,
Claire Cizaire, Danny Yadegar and Kristal Peters for the impromptu hookah nights

and for making our house feel like a home.

I would like to thank my close friends from back home in Cyprus: Myria Papa-
sofroniou, Dora Neocleous, Marina Savva and Stelios Christodoulou. Even though I
do not see as often as I would like to, it always feels the same when we meet again.
I want to thank them for their lasting friendship and for helping me recharge my

batteries each summer before going back to MIT.

A very special thank you to Jimena Almendares for bringing great happiness to
my life in the past two years. I thank her for her caring, for the laughs we have

together and for believing in me.

Last but certainly not least, I would like to thank my sister, Georgina, and my

5



parents, Andreas and Mary. I do not know how to thank them enough for helping
me be who I am and for supporting me at every step of my life. I would not have

gone far without their encouragement and unconditional love.



Contents

1 Introduction 21
1.1 QCD and Heavy-lIon Phenomenology . . . .. ... .......... 21
1.1.1 QCD Phase Diagram . . . . ... ... ... .. ........ 22
1.1.2 Heavy-Ion Collision Experiments . . . ... .. ... ..... 24
1.1.3 Quark-Gluon Plasma Production . . .. ............ 27

1.1.4 Probing the Quark-Gluon Plasma - J/¥ suppression and jet
quenching . . . . . . . . . e 29
1.2 The Gauge/Gravity Duality . . ... ... .. ... .......... 32
1.21 Motivation . . . . . . .« . o e e e e 32
122 TheDuality . . ... .. .. ... o e 33
1.2.3 Universality and Applications . . . .. ... ... ....... 38
2 Locating the QCD Critical Point Using Fluctuations 43
2.1 Introduction and Illustrative Results . . . .. ... ... ... .... 43
2.1.1 Moments and cumulants of fluctuations . . . . . ... ... .. 47
2.1.2 Dependenceof Eonpup . . . . . ..o 49
2.1.3 Cumulants near the critical point . . . . .. ... ... .. .. 52
2.2 Calculating Critical Correlators and Cumulants . . . ... .. .. .. 56
2.2.1 Critical point contribution to correlators . . . . ... ... .. 56

2.2.2 Energy dependence of pion, proton, net proton, and mixed

pion/proton multiplicity cumulants . . . . .. ... ... .. 61
2.3 Ratiosofcumulants . . . . ... ... .. ... oo 69
24 DISCUSSION . . . v v v i it e e e e e e e e e e e e e e e e e 73



3 Strongly Coupled Plasmas - Baryon Screening 7

3.1 Introduction and Summary . . . . . ... ... ... .. ... .. ... 77
3.2 General baryon configurations . . .. ... ... ... ... .. .... 83
3.3 Velocity dependence of baryon screening in N'=4 SYM theory. . . . 90
3.3.1 Wind perpendicular to the baryon configuration . . . . .. .. 90
3.3.2 Wind parallel to the baryon configuration . ... ... .. .. 97
34 Discussion . . . .. .. ... 106
4 Strongly Coupled Plasmas - Synchrotron Radiation 109
4.1 Introduction and Outlook . ... ... ... .. ... ... ...... 109
4.2 Weak coupling calculation . . ... ................... 116
4.2.1 Solutions to the equations of motion and the angular distribu-
tion of power . .. .. ... .. .. e e e e e e e e e e 118
4.3 Gravitational Description and Strong Coupling Calculation . . . . . . 125
43.1 Therotatingstring . . ... ................... 126
4.3.2 Gravitational perturbationset-up . . . ... .. ... ..... 133
4.3.3 Gauge invariants and the boundary energy density . ... .. 135

4.4

4.3.4 The solution to the bulk to boundary problem and the bound-

aryenergy density . . ... ... ... ... ... . ...... 139
4.3.5 Far zone and angular distribution of power . . . . ... .. .. 144
Results and Discussion . . . . ... ... ... ... .......... 145
4.4.1 Radiation at strong coupling, illustrated . . . ... ... ... 145
4.4.2 Synchrotron radiation at strong and weak coupling . . .. .. 149

4.4.3 Angular distribution of power at strong and weak coupling . . 151

444 Relation with previouswork . . . . . ... ... ........ 153
4.4.5 A look ahead to nonzero temperature . . . . . ... .. .. .. 154
5 Summary 157

A Toy Model Probability Distribution for Critical Point Fluctuations161

B Mean Transverse Momentum Fluctuations Near the Critical Point 167

8



Bibliography 170



10



List of Figures

1-2

1-3

1-4

A sketch of the QCD phase diagram. See text for discussion.

The orange lines indicate paths that matter after heavy-ion collisions
follow with the ratio of baryon number density to entropy density,

np/s constant. Different paths shown are for different center-of-mass

ENETEIES 1/8.  « « v v e et e e e e e e e e

A sketch of the collision of two nuclei, moving in and out of the plane of
the page. The collision region is limited to the green “almond-shaped”
region in the middle and the nucleons outside that region (spectator

nucleons) do not participate in the collision. . . .. ... ... ....

Schematic picture of AdSs black hole indicating the presence of an
external quark and an external meson. We only show two of the four

boundary dimensions (1, 22) and the (inverse) radial coordinate u.

Schematic picture of AdSs black hole and the computation of the meson
screening length between a quark and antiquark moving with velocity v,
from hanging semiclassical strings. The preferred configuration beyond
a certain separation L, (screening length) consists of two independent

SETINGS. . . o o s e e e e e e e e e e e

22

25

28

37



2-1 The correlation length &(ug) achieved in a heavy-ion collision that

freezes out with a chemical potential ppg, according to the ansatz de-
scribed in the text. We have assumed that the collisions that freeze out
closest to the critical point are those that freeze-out at u§ = 400 MeV.
We have assumed that the finite duration of the collision limits £ to
§ < &max = 2 fm. We show £(up) for three choices of the width pa-
rameter A, defined in the text. The choices of parameters that have
gone into this ansatz are arbitrary, made for illustrative purposes only.

They are not predictions. . . . .. ... ... ..............

2-2 The pp-dependence of wy,, the normalized 4th cumulant of the proton

number distribution defined in (2.13), with a up-dependent ¢ given by
(2.17). We only include the Poisson and critical contributions to the
cumulant. In the top panel we choose p§ = 400 MeV and illustrate
how wy, is affected if we vary the width A of the peak in ¢ from 50
to 100 to 200 MeV, as in Fig. 2-1. The inset panel zooms in to show
how wy, is dominated by the Poisson contribution well below p5. In
the lower panel, we take A = 100 MeV and illustrate the effects of
changing p% and of reducing the sigma-proton coupling g, from our

benchmark g, =7tog,=5. .. ... ... . ... ..........



2-3

The pp-dependence of selected normalized cumulants, defined in (2.12),
(2.13) and (2.15), with a pp-dependent & given by (2.17) as in Fig. 2-
1. We only include the Poisson and critical contributions to the cu-
mulants. We have set all parameters to their benchmark values, de-
scribed in the text, and we have chosen the width of the peak in ¢
to be A = 100 MeV. Note the different vertical scales in these figures
and in Fig. 2-2; The magnitude of the effect of critical fluctuations
on different normalized cumulants differs considerably, as we shall dis-
cuss in Sections 2.2 and 2.3. As we shall also discuss in those Sec-
tions, ratios of the magnitudes of these different observables depend
on (and can be used to constrain) the correlation length &, the proton
number density n,, and four non-universal parameters. We shall also
see in Section 2.3 that there are ratios among these observables that
are independent of all of these variables, meaning that we can predict
them reliably. For example, we shall see that critical fluctuations must
yield w2 o, = (wap — 1)(war — 1) and w1, = (w3, — 1)*(wsr — 1) and
w3 or = (wsp — 1)(wsr — 1)%. (The subtractions of 1 are intended to
remove the Poisson background; in an analysis of experimental data
these subtractions could be done by subtracting the w;, or wj, de-
termined from a sample of mixed events, as this would also subtract

various other small background effects.) . .. ... .. .. ... ...

Proton number density n, and net proton number density n,_; = n, —
n; at chemical freezeout as functions of up. Both depend on T' as well

as pp; we have taken T'(up) as in (2.43). We have normalized both n,

and n,_5 using the constant np of (2.42) introduced in (2.38) and (2.39). 64

13



2-5

The pp-dependence of wf;;fcmr and wfgf;t;.’;, defined in (2.38), (2.39)
and (2.44). The three panels are for the normalized cumulants with
r =1+ j = 2, 3 and 4, respectively. The curves can be used to
determine how the height of the peak in the critical contribution to the
normalized cumulants changes as we vary u%, the up at which £ = £,
and at which (to a very good approximation) the normalized cumulant
has its peak. The height of the peak in wiyj [or wi(p—p)j«| is proportional
to (np/no)* /" [or (np—z/mo)*~*"] multiplied by the prefactor plotted
in this Figure. We have taken T'(up) as in (2.43) and have used the
benchmark parameters G = 300 MeV, g, =7, ds =4 and )\, = 12.

A sketch of a baryon configuration with N, quarks arranged in a cir-
cle at the boundary of the AdS space, each connected to a D5-brane

located at z =z, by astring. ... ...................

Baryon radius L versus p, where p = 23/ 2. is the ratio of the position
of the black hole horizon to the position of the D5-brane, for several
different values of the rapidity 7 of the hot wind. The screening length
L at a given 7 is the maximum of L(p), namely the largest L at which
a static baryon configuration can be found. We see that L, decreases

with increasing wind velocity. . . . ... ... ... ... ... ..

The total energy of the baryon configuration with a given L (relative
to that of IV, disjoint quarks moving with the same velocity) for several
values of the wind rapidity 5. The lower (higher) energy branch cor-
responds to the solution in Fig. 3-2 with lower (higher) p. The cusps

where the two branches meet areat L=L,. . ... .. .. .. .. ..

14

65



3-4

3-5

3-6

L versus p for strings oriented in the ¢ = 0,7/4,7 /2 directions in the
(z1,z3)-plane in a baryon configuration immersed in a plasma moving
in the z3-direction with rapidity 7 = 2. We see that at a given p the
distance L in the (z1,z3)-plane between a quark and the D5-brane at
the center of the baryon configuration depends on the angular position

of the quark. This means that the N, quarks do not lie on a circle.

Strings projected on the AdS boundary for n = 2 and p = 0.37 for
strings separated in ¢ by 7/12. (We have done all our calculations
for N. — oo, but have shown only 24 quarks in the Figure.) Baryon
motion is in the 3 direction. The Figure is drawn in the rest frame of
the baryon, meaning there is a hot wind in the z3 direction. The N,
quarks that make up the baryon configuration are not arranged in a
circle: the “squashed circle” is wider in the direction of motion. Note

also that the projection of the strings are not straight lines. . . . . . .

Same as Fig. 3-5, but for p = 0.4550611, very close to the maximum p
at which a baryon configuration can be found at 7 = 2. This configu-
ration is unstable, and has higher energy than the configurations with
comparable L’s at much lower p. However, it illustrates the “squash-
ing” of the baryon configuration away from a circular shape and the
curvature of the projections of the strings onto the (z,,zs) plane. Both

these effects are present in Fig. 3-5, but are more visible here.

The screening length L, as a function of  with its large-n dependence
y/coshn scaled out. The solid curve is for the case of a wind velocity
perpendicular to the plane of the baryon, as in Section 3.3.1. The other
three curves are for wind velocity in the plane of the baryon, and show
the L, for the strings that make an angle ¢ = 0,7/4,7/2 with the

direction of the wind. . . . . . . . . . . . . e e e e

The screening length L, as a function of ¢ at a large value of 7. Specif-

ically, 7 = 10 corresponding to v/coshn = 1/(1 — v?)V/4 = 104.9.

15

101

101

102

103

104



4-1

4-2

A cartoon of the gravitational description of synchrotron radiation at
strong coupling. The arena where the gravitational dynamics takes
place is the 5d geometry of AdSs. A string resides in the geometry
and an endpoint of the string is attached to the 4d boundary of AdSs,
which is where the dual quantum field theory lives. The trajectory of
the endpoint of the string corresponds to the trajectory of the dual
quark. Demanding that the endpoint rotates results in the string ro-
tating and coiling around on itself as it extends in the AdSs radial di-
rection. The presence of the string in turn perturbs the geometry and
the near-boundary perturbation in the geometry induces a 4d stress
tensor on the boundary. The induced stress has the interpretation as
the expectation value of the stress tensor in the dual quantum field

theory. . . . . . L

A sketch of the solutions (4.15). As the quark moves along its circular
trajectory, it emits radiation in a narrow cone of angular width o ~ 1/~
in the direction of its velocity vector. The diagram is a snapshot at
the time when the quark is at the top of the circle. The red spiral
shows where the radiation emitted at earlier times is located at the
time of the snapshot. The width A of the spiral scales like A ~ 1/73,
asexplainedin Fig. 4-3. . .. ... ... ... ... ..........

A close-up illustration of the emission of radiation at two times ¢; and
to. The radiation is emitted in the direction of the quark’s velocity
vector, within a cone of angular width a. An observer at the point
p is illuminated by a pulse of radiation of duration At ~ Ryo and of
spatial thickness A. The leading edge of the pulse observed at p is
emitted at ¢; and the trailing edge observed at p is emitted at ¢;. At
time 2, the radiation emitted at t;, denoted by the solid red line, has
traveled a distance Rypa/v towards p. The chordal distance between
the two emission points is Rpa in the o — 0 limit. The width A is

therefore A = Roa(1/v—1). ... .. ... ... ... ... .....

114

120



4-4

4-5

4-6

4-7

Left: a cutaway plot of 726 /P for v = 1/2. Right: a cutaway plot of
r2E /P for v = 3/4. In both plots the quark is at z; = Rg, 23 = 0
at the time shown and its trajectory lies in the plane z3 = 0. The
cutaways coincide with the planes z3 = 0, ¢ = 0 and ¢ = 7x/5. At
both velocities the energy radiated by the quark is concentrated along
a spiral structure which propagates radially outwards at the speed of
light. The spiral is localized about 6 = 7 /2 with a characteristic width
06 ~ 1/y. As v — 1 the radial thickness A of the spirals rapidly
decreases like A ~1/93. . . . . . .

Plot of 72£/P at 0 = /2 and ¢ = 57 /4 at t = 0 as a function of r for
v = 1/2. The plot illustrates the fact that the pulses of radiated energy
do not broaden as they propagate outward. This implies that they do
not broaden in azimuthal angle, either. Strongly coupled synchrotron

radiation does not isotropize. . . . .. .. ... ..o

The energy density at § = 7/2 and ¢ = 57/4 for quark velocity v =
1/2, as in Fig. 4-5. r =~ 33R, corresponds to the location of a spiral in
the energy density. Directly ahead of and directly behind the spiral,
the energy density is slightly negative. To see how slightly, compare
the vertical scale here with that in Fig. 4-5. . . ... ... ... ...

r2€ /P for v = 1/2 in the 23 = 0 plane. The color code is the same as in
Fig. 4-4, with zero energy density blue and maximal energy density red.
The spiral curve marked with the black dots is (4.19), namely the place
where the spiral of synchrotron radiation would be in electrodynamics
or in weakly coupled N' = 4 SYM theory. We see that the spiral of
radiation in the strongly coupled gauged theory with a gravitational
dual is at the same location. This indicates that, as at weak coupling,
strongly coupled synchrotron radiation is beamed in the direction of the
motion of the quark. For reference, the solid black line is (4.21), namely
the place where the synchrotron radiation would be if the quark were

emitting a beam of radiation perpendicular to its direction of motion.

17

145

146

148

150



4-8

A-1

The normalized time-averaged angular distribution of power at both
weak and strong coupling at v = 0.9. At both weak and strong cou-
pling, the time averaged angular distribution of power is localized
about § = 7/2 with a characteristic width 66 ~ 1/v. The (slight)
difference in the shapes of the two angular distributions is as if the
ratio of power radiated in vectors and scalars is 2 : 1 in the strongly

coupled radiation, while it is 4 : 1 in the weakly coupled case.

An example of a distribution with w}ffdel ~ 400. The construction
of the model distribution is described in the text, as are the values
of its first few cumulants. N, is the number of protons in a volume
V = (5 fm)3 in the toy model distribution. Other parameter choices

are described inthe text. . . ... . ... .. ... .. ... ... ..

18

152



List of Tables

2.1 Parameter dependence of the contribution of critical fluctuations to
various particle multiplicity cumulant ratios. We have subtracted the
Poisson contribution from each cumulant before taking the ratio. The
Table shows the power at which the parameters enter in each case. We

only considered cases withr =i+ j =2, 3, 4. We defined 25\3 —M= 5\51- 71

19



20



Chapter 1

Introduction

In this Chapter we will present an introduction to the Quantum Chromodynamics
(QCD) phases of matter that current heavy-ion collision experiments are exploring,
namely the hadron gas and the quark-gluon plasma (QGP). We will discuss the phase
transition between the two phases and the existence of a second-order critical point -
the QCD critical point. We will then discuss the experimental evidence for the QGP
production and a probe used to learn more about its properties. We will introduce
the gauge/gravity duality as a tool to help us understand the properties of strongly

interacting theories, such as QCD.

1.1 QCD and Heavy-Ion Phenomenology

QCD, the theory of strong interactions, is a very remarkable theory. It becomes
weakly coupled at high energies (asymptotic freedom), which allows us to write down
the Lagrangian of QCD in terms of its perturbative degrees of freedom, the quarks and
gluons. This fundamental definition is very simple, yet QCD describes a very broad
range of phenomena such as jet quenching and color superconductivity, while its phase
diagram (when you turn on finite temperature and baryon chemical potential) is not
fully understood. The main reason is that QCD is strongly coupled at low energies
which results in quarks and gluons becoming confined within hadrons, like protons

and neutrons. Some regions of the phase diagram can be explored experimentally
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Figure 1-1: A sketch of the QCD phase diagram. See text for discussion.

using heavy-ion collision experiments and the study of the interior of neutron stars.
In this thesis we will focus on understanding aspects of the phase diagram region
where the baryon chemical potential is not too high, namely the quark-gluon plasma
and its phase transition to a hadron gas. But first, what is the QCD phase diagram

and what do we know about it?

1.1.1 QCD Phase Diagram

Figure 1-1 shows a sketch of the QCD phase diagram. The horizontal axis is the
baryon number chemical potential, up, and the vertical axis is the temperature of
the system, 7. In the regime of small temperatures and high densities quarks form
Cooper pairs and condense. This results in the formation of superconducting phases
[1, 2, 3, 4, 5, 6] which may arise in the core of neutron stars.

At small temperatures and low densities, QCD is in the hadron gas state, which
is what we see around us. In this state, chiral symmetry is broken and quarks and
gluons are confined within hadrons. As you increase the temperature, there is a phase

transition where quarks become deconfined and exist in a strongly coupled soup - the
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strongly coupled quark-gluon plasma (sQGP). As you increase the temperature even
further, the QGP becomes weakly coupled where the quarks and gluons move almost
freely in the plasma. Heavy-ion collisions at the Relativistic Heavy Ion Collider
(RHIC) [7, 8, 9, 10] produced this strongly coupled QGP at the early stages of the
collisions (roughly 1fm, [11], see Section 1.1.3 for more details). Theoretical studies of
the properties of this matter are very difficult due to the strong interactions involved.
Chapters 3 and 4 will focus on selected properties of moving matter in strongly
coupled plasmas of theories similar to QCD, using a tool called the gauge/gravity
duality, which will be introduced in Section 1.2.

At zero densities, finite T lattice calculations indicate that the phase transition
between the hadron gas and sQGP phase is a smooth crossover [12] at temperature
of around 170 MeV, whereas model approaches indicate that for zero temperatures,
the pp-driven transition is first order [13]. This means that the first order line ends
before reaching the up = 0 axis, and the point where this first order line ends is
called the QCD critical point. Its location is not known theoretically even within a
factor of two on the up axis. The use of lattice calculations to locate the critical
point is limited due to the notorious sign problem which arises for non-zero pp.
Reviews on the lattice limitations and model approaches on the location of the critical
point can be found in References [14, 15, 16, 17, 18, 19, 20, 21, 22]. Therefore, our
best bet is to locate it experimentally, using heavy-ion collision experiments. So
far, data has been published from the STAR collaboration on net proton cumulants
[23] in high energy RHIC collisions which exclude the critical point for pg < 200
MeV. Subsequent RHIC runs at lower energies will explore the phase diagram up to
up =~ 420 MeV, which will shed more light on where the critical point is or is not.
Chapter 2 is dedicated to describing how to experimentally locate the critical point
using fluctuation observables, if it is located in an experimentally accessible region,

together with a more detailed discussion of the STAR results.
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1.1.2 Heavy-Ion Collision Experiments

In heavy-ion collision experiments, heavy nuclei, such as gold at RHIC and lead at
the Super Proton Synchrotron (SPS) and at the Large Hadron Collider (LHC), are
collided at very high center-of-mass energies v/s. At RHIC, the maximum +/s per
nucleon reached is 200 GeV and at the LHC the maximum /s per nucleon reached
will be 5.5 TeV. The reason that high collision energies are necessary is so that
matter with high energy densities is created. In order to see this consider a simple
argument: in the center-of-mass frame, the nuclei move at relativistic speeds and
hence their spherical shape becomes Lorentz contracted into a “pancake” shape. The
higher the collision energy is, the more squeezed the pancakes become and hence when
the nuclei collide (for simplicity head-on), their energy is concentrated at a smaller
volume, which results to a higher energy per unit volume (energy density). Colliding
large nuclei is also useful in creating larger volumes of high energy density matter

which makes it easier to study the properties of such strongly interacting matter in

bulk.

By varying the center-of-mass energy /s of the colliding nuclei, one can change the
temperature and chemical potential of the produced matter at the initial stages after
the collision, thus scanning the phase diagram. As you increase /s, the temperature
of the produced matter increases but the baryon chemical potential decreases. The
/s dependence of T is intuitive but perhaps the dependence of up on +/s is less
clear so let us give a simple argument: for higher /s, more entropy is produced but
the baryon number is conserved; the net baryon number per collision is always equal
to the total number of baryons arising from the initial nuclei, namely 197 + 197.
Therefore, as we increase /s, these baryons are diluted among many more hadrons,

making the baryon chemical potential smaller.

As we mentioned above, a strongly coupled QGP is produced at the early stages
of the heavy-ion collisions. As this QGP expands and cools, it follows paths such that
the ratio of the baryon number density to the entropy density, ng/s, is constant. This

arises because the baryon number is a conserved quantity and assuming the expansion
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Figure 1-2: The orange lines indicate paths that matter after heavy-ion collisions
follow with the ratio of baryon number density to entropy density, ng/s constant.
Different paths shown are for different center-of-mass energies 4/s.

happens adiabatically, the entropy is also conserved. Hence, the ratio of the densities
is conserved. Such paths are sketched in Figure 1-2.! At some point the temperature
of the system drops such that the system crosses the phase transition region and the
QGP hadronizes. As the system expands even further, there is a point where the
mean free path of the particles becomes equal to the system size and there are no
more inelastic interactions. At that point, the particle numbers stop changing and we
have chemical freeze-out. In Figure 1-2, the chemical freeze-out points are denoted by
small circles. After that, the particles move towards the detector without changing
into other particles, thus the detector ‘sees’ roughly the particle multiplicities from
the chemical freeze-out conditions.

Experimentalists can measure the particle multiplicities of many hadron species,

and the ratios among these multiplicities turn out to obey the distributions arising

!Note that there is a discontinuity in the trajectories when the system goes though the first order
line. This occurs because as you move from the QGP phase to the hadron gas phase, there is a
sudden drop in the number of degrees of freedom and hence in the entropy. Therefore, in order for
the np/s ratio to remain constant, the temperature has to increase.
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from fitting a grand canonical ensemble with temperature T' and baryon number
chemical potential ug. The temperature extracted from the fit is the chemical freeze-
out temperature and for RHIC at its highest energies, this temperature is around
155-180 MeV [24, 25]. This means that the system is in thermal equilibrium near the
freeze-out point. The /s dependence of T and up described above also translates
to the freeze-out conditions. Empirical parametrization of the up dependence of the
freeze-out temperature has been obtained from heavy ion collision data. An example
coming from [26] is:

T(up) = a — bup — cusp, (1.1)

with a = 0.166 GeV, b = 0.139 GeV~! and ¢ = 0.053 GeV 3, which will be used in
Chapter 2.

As we mentioned above, the detector ‘sees’ the particle multiplicities from the
chemical freeze-out point. Therefore, in order to see the effects of the critical point
on observables, one should find observables that are sensitive to the proximity of
the critical point and try to get the freeze-out point as close to the critical point as

possible by varying the collision center of mass energy, /s.

The critical mode, the o-field, is the order parameter of the phase transition
between the hadron gas and the QGP. The relation between its mass, m,, and the

correlation length, &, is given by:
me = €71 (1.2)

At the critical point, the critical mode becomes massless (£ diverges) and develops
long-wavelength correlations. This is true only in the case of an infinite system that
lives for an infinite amount of time. But the QGP created in heavy-ion collisions has a
finite size and lives for only a short period of time, which limits £ at the critical point
to a maximum value of roughly 1.5 — 3 fm [27, 28, 29], which is still long compared
to the natural ~ 0.5 fm away from the critical point. It turns out that the finite
time is a more stringent limitation on the growth of the correlation length [30, 27]

than the system size finiteness. The critical mode couples to particles observed in the
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detectors, for example pions and protons, in the following way:

Lornop =2Gon n" +g,0pp, (1.3)

where G is the coupling constant between the critical mode and pions and g, is the
coupling constant between the protons and the critical mode. Due to this type of
interactions, the increase in the critical mode fluctuations near the critical point re-
sults in an increase in the fluctuations of particle multiplicities, transverse momentum
distributions, etc. of particles that interact with the critical mode. As we change the
center of mass energy of the collisions, if the freeze-out point approaches the critical
point, we would see an increase in the fluctuations in the number of these particles.
These fluctuations would then decrease as we move away from the critical point. (This
is true for any observables which are sensitive to the proximity of the critical point
to the point where freeze-out occurs.) Hence, a characteristic signature of the critical
point is the non-monotonic behavior of such variables, as a function of /s [31, 30].
Higher moments depend on higher powers of £ and thus increase more near the critical
point, hence making them more favorable in searching for the critical point [32]. This
non-monotonic behavior of higher moments of pion, proton and net proton multiplic-
ities near the critical point is the main signature that RHIC is currently searching for
in order to locate the critical point. In Chapter 2, we present a detailed analysis of
such higher moment observables and also show how to use nontrivial but parameter
independent ratios among these more than a dozen fluctuation observables to discover

the critical point.

1.1.3 Quark-Gluon Plasma Production

Experiments at RHIC have found that the resulting fireball of quarks and gluons
seems to behave collectively like an almost perfect liquid - a liquid which is well
described by hydrodynamics [33, 34, 35]. The conclusion of collective behavior comes
from examining the asymmetry of a collision around the collision axis. Suppose the

two nuclei do not collide centrally but collide with an impact parameter comparable
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Figure 1-3: A sketch of the collision of two nuclei, moving in and out of the plane of
the page. The collision region is limited to the green “almond-shaped” region in the
middle and the nucleons outside that region (spectator nucleons) do not participate
in the collision.

to the nuclear radius. Then, the two nuclei collide in an “almond-shaped” region as
shown in Figure 1-3. If the resulting matter was weakly interacting like a free gas,
then the momentum distribution of the particles observed would have been uniform
around the almond shape. If, on the other hand, the matter produced is strongly
interacting and has reached local equilibrium, thus producing some form of a fluid,
then the pressure gradient along the short side of the almond (the z-axis in figure 1-3),
is much larger than the pressure gradient along the long side, thus producing particles
with higher transverse momenta in the direction of the short side of the almond. This
is what has been observed at RHIC: hadrons move with summed transverse momenta
that can be as much as twice as large in the short direction of the almond as they are
in the long direction. This is called elliptic flow and it is characterized by the elliptic
flow parameter vy, where v, is the second moment of the momentum distribution in
the collision around the collision axis.

Since the QGP is very well described by ideal hydrodynamics, that means it is
strongly coupled. The viscosity, 1, is a measure of the ability of the medium to
transfer momentum over distances. The stronger the interactions between particles,
the harder it is for momentum to transfer across distances that are long compared to

~ s71/3 where s is the entropy density, since the particles will be colliding more, and
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hence the smaller 5/s. For example, for weakly interacting A¢* theory, n/s ~ A2
[36]. Therefore, large coupling means low 7/s ratio. In the case of the QGP produced
at RHIC, this ratio is found to be between 0 and 0.2 [35], implying that the QGP
produced is strongly interacting. As we cannot use perturbation theory for strongly
coupled systems, we need to find alternative methods in dealing with such cases. The
gauge/gravity duality (AdS/CFT correspondence) which will be described below in
Section 1.2, is one such approach. It is used to calculate, among other things, some
properties of strongly coupled plasmas although not exactly the QGP of QCD. These
plasmas have been found to have an 7/s ratio equal to 1/4w ~ 0.1, [37] which is very
similar to the ratio measured for the QGP produced at RHIC. The ratio n/s is one of
the universal properties that are similar in all strongly coupled theories with a dual

gravitational description and many colors.

1.1.4 Probing the Quark-Gluon Plasma - J/U¥ suppression

and jet quenching

As we learned in the previous Section, heavy-ion collisions produce a strongly coupled
QGP. Now let us see some experimental observables that can be used to learn more
about the properties of this plasma, which will also be the focus of later Chapters.
As the attraction between electrons is screened when placed in an ordinary plasma
compared to vacuum, it is reasonable to think that the attraction between quarks
will be screened when placed in the QGP. Due to the presence of the medium, the
interactions between the quarks inside mesons or baryons become weaker and there
is a point where these composite particles dissociate into their constituents. One
can define the screening length, L, which is roughly the size of the largest hadrons
which remain bound at a given 7. But are there any hadrons that survive above
the deconfinement temperature T,? Hadrons made out of light quarks all have the
same size (roughly 1 fm) and they all dissociate at the deconfinement transition
temperature. On the other hand, hadrons made out of heavy quarks, for example

charm and bottom quarks, have much smaller sizes and thus survive as bound states
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even at higher temperatures, above the deconfinement transition. Examples of such
hadrons are the J/¥ (cg) and T (bb). Lattice calculations of the gg-potential indicate
that the ground state of the J/¥ dissociates at a temperature ~ 2T [38, 39]. This is
the reason the J/V¥ suppression has been suggested to be an ideal probe for the QGP
properties itself [40]. Data from SPS and RHIC do indeed demonstrate the existence
of such suppression [41] and will be further studied at the LHC.

One significant difficulty in explaining the data is that in lattice calculations,
the quark-antiquark pair is treated in the rest frame of the QGP but in collision
experiments, the cc-pair is created with some velocity. The AdS/CFT correspondence
has been used in order to calculate the screening length of a heavy gg-pair (a meson)

moving though a strongly coupled plasma obtaining [42]:
1
Lo (0, T) = L0, T)(1 — o)1/ oc (1 — 02) 14 (14)

for large velocities. Expression (1.4) implies that the faster a mesons moves, the
smaller its screening length is. Chapter 3 will be focused on the screening length
calculation for a heavy baryon also using the AdS/CFT correspondence. It turns
out that the baryon screening length also scales with velocity as expression (1.4) for
large velocities, thus verifying the robustness of this scaling behavior. Note that these
mesons and baryons studied using the AdS/CFT correspondence are not the same
in all respects as the mesons and baryons found in QCD. These are external heavy
quarks moving in plasma of N' = 4 Supersymmetric Yang-Mills (SYM) theory, which

will be discussed in the next Section.

When a very energetic parton is produced in nucleus-nucleus collisions, it must go
through the hot strongly coupled plasma that is present in the early times after the
collisions. Unless the parton is produced near the edge of this fire ball and heading
outwards, it has to propagate roughly 5-10 fm in this medium. These high trans-
verse momentum partons manifest themselves in the detector as jets. Experimental
results exist for back-to-back jets which arise from high transverse momentum par-

tons produced near the edge of the fire ball, with one parton going through the QGP
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and the other exiting immediately [43] (compared to the jets arising in proton-proton
collisions where there is no QGP produced). These results show that the away-side
jet (defined as hadrons with transverse momentum pr > 2 GeV) is missing which
implies that the parton that propagated through the medium lost so much energy
that it produced no hadrons with pr > 2 GeV and instead its energy went into soft
particles. This is what we call jet quenching: a class of experiments where energetic
quarks or gluons produced in rare high transverse momentum elementary interactions
in the initial stage of the collision move through the fluid. For a recent review on jet
quenching see [44] and References within. As the parton moves through the strongly
coupled plasma, it not only looses energy but as it gets kicked by gluons, it acquires a
transverse momentum (transverse with respect to its original direction of motion) in
what is called transverse momentum broadening. The AdS/CFT correspondence has
been used in order to calculate the jet quenching parameter § by evaluating Wilson

loops [45, 46, 47, 48, 49, 50, 51, 52, 53, 54, 55].

Jet quenching has so far been studied in the weakly coupled QCD regime and only
using a holographic calculation for the calculation of the jet quenching parameter.
This is valid only for high energy jets where there is a clear separation of scales,
which is not the case in the jets currently produced at RHIC. As the AdS/CFT
correspondence can be used to study strongly coupled field theories (in particular
N = 4 SYM theory, see next Section), we would like to use it in order to study the
jet propagation and how it interacts with a strongly coupled plasma. In Reference [56],
electrons and positrons are coupled to /' =4 SYM and they studied their scattering
through a virtual photon. It was found that energy flowed outwards in a spherically
symmetric manner with no jets. Similar results of isotropization of radiation at strong
coupling have been found in References [57, 58]. These results seemed to rule out the
use of N/ =4 SYM theory to model jets. In Chapter 4 we will be discussing a set up
where a quark is moving in a circle in the vacuum of N' = 4 SYM theory, which results
in a beam of gluons that is tightly collimated in angle and that propagates outwards
forever in the N/ = 4 SYM theory vacuum without spreading in angle - something

that looks like a jet. Even though this is not literally a QCD jet (as it is not produced
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through the fragmentation of an initially far off-shell parton), it opens a new way of
modeling jet quenching in heavy-ion collisions. The pattern of radiation that we find
is very similar to that of synchrotron radiation produced by an electron in circular
motion in classical electrodynamics. If we were to add a nonzero temperature to
our calculation, we could watch the tightly collimated beam of synchrotron radiation
interact with the strongly coupled plasma that would then be present. The beam of
radiation should be slowed down from the speed of light to the speed of sound and
should ultimately thermalize, and it would be possible to study how the length- and

time-scales for these processes depend on the wavelength and frequency of the beam.

1.2 The Gauge/Gravity Duality

1.2.1 Motivation

It has long been known that black holes carry entropy that is proportional to the area
of their horizon. This is very strange because we are used to working with local field
theories where the degrees of freedom scale with the volume of the system, not its
area. This suggests that gravity has the same number of degrees of freedom as some
local quantum field theory (QFT) in one less dimension. This statement is made
formal by the holographic principle [59, 60] which says that a theory of quantum
gravity in a region of space (of dimension d + 1) is described by a non-gravitional
theory (for example a QFT) living on the boundary of that region (of dimension d).

How can we interpret this extra dimension from the view of the QFT? In QFT,
we usually regard observables as a function of the length scale we observe them.
For example, we integrate out the short-distance degrees of freedom and reduce the
theory to an effective theory living in a longer length scale. This is what is called
the renormalization group (RG) flow. We can think of a QFT as many copies of the
theory living at each length scale, where degrees of freedom smaller than that length
scale are integrated out. We can turn this length scale dependence of a QFT into an

extra spatial dimension and interpret the extra dimension of the quantum gravity as
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the length scale (or energy scale) of the field theory living at the boundary.

But what type of gravity theory could it be? It turns out that the perturbative
expansion of a non-abelian gauge theory in 1/N, (in QCD, N, = 3, which is the
number of colors), when taking N, to be large, looks very similar to the perturbative
expansion in the string coupling constant, gs, of a closed string theory. This makes
it tempting to identify g, ~ 1/N, and conjecture that the dual theory to the QFT is

some type of a closed string theory.

We would like the gravity theory living in the d 4+ 1 dimensions to have the sym-
metries of the d-dimensional field theory. One such symmetry is the d-dimensional
Poincare symmetry (the group of isometries of Minkowski spacetime in d dimensions).
If we also require the theory to be conformal (which includes scale invariance), then
the d + 1-dimensional spacetime is uniquely determined to be the (d+ 1)-dimensional
Anti-de Sitter spacetime, AdSg,1. This is a maximally symmetric spacetime with a
constant negative curvature. Hence, a conformal field theory (CFT) should have a

string theory description in AdS spacetime - the AdS/CFT correspondence!

1.2.2 The Duality

In the last Section we briefly motivated the duality between a conformal field theory
and a string theory in AdS spacetime. The most well studied form of the correspon-
dence is between N’ = 4 SU(N,) Supersymmetric Yang-Mills (SYM) theory and type
IIB string theory on AdSs x Ss spacetime [61, 62, 63, 64]. N = 4 SYM theory is
a conformal nonabelian gauge theory which has a massless spin 1 gluon, four mass-
less spin 1/2 gluinos and six massless spin 0 scalars, all in the adjoint representation
linked by the N' = 4 supersymmetry. The theory is specified by two parameters: the
number of colors N, and the 't Hooft coupling A which is defined as

A= goy N, (1.5)
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where g3, is the gauge coupling. These parameters imprint themselves in the string

theory via the string coupling, g, and the curvature scale of AdS, R4,g,

R4
4mgs = A/N,, ;53 =) (1.6)

S

where [, is a fundamental length scale, called the string length. In the large N, limit,
with A kept constant, the string coupling becomes small and quantum effects can be
neglected. When A is then taken to be large (a strongly coupled field theory), the AdS
curvature becomes very large compared to the string length. Since the string length
is the typical size of a fundamental string, this limit implies that we can ignore the
size of the strings and treat them as point particles. This is the same as omitting the
contribution of all the massive string states in low-energy processes and only keeping
the massless modes, i.e. the supergravity modes. Therefore, upon taking both of
these limits, gauge theory problems can be solved using classical gravity in AdSs x Ss
geometry. In this thesis we will only work in these two limits which implies that we

are ignoring the stringy and quantum nature of the strings.

So what are these 10 dimensions? The five dimensions wrapped in the S5 will
play no role in the computations done in this thesis. The S5 can be replaced by any
compact five-dimensional space X5 and our strong coupling results will be valid for
all conformal quantum field theories with a dual classical gravity description — since
conformality of the quantum theory maps onto the presence of an AdSs spacetime
in the gravitational description.? The field theory lives in the four dimensions of
the boundary of the AdS; spacetime (the bulk). The AdSs metric is given below,
where we denote the fifth dimension by w (which is the inverse of the AdSs radial

coordinate):
ds 2 _ RAdS

(M dz,dz, + du?). (1.7)

Results will be valid for all strongly coupled conformal quantum field theories with a dual
classical gravity description as long as we express our results in terms of the 't Hooft coupling A in
each of the conformal field theories. The relations between this parameter, N,, and the parameters
that specify the gravitational physics in the AdSs space — namely the string coupling and the
dimensionless ratio of the AdS curvature and the string length — will be different in different
conformal field theories, since these relations do depend on the geometry of X5.
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As u — 0, we approach the boundary of the AdSs where the field theory lives. Note
that due to the prefactor in front of the Minkowski metric, smaller values of the radial
coordinate, i.e. larger values of u, (deeper in the bulk) correspond to larger length
scales in the (3+1)-dimensional field theory. This is the IR/UV relationship that
characterizes the AdS/CFT correspondence {65].

Suppose that we would like to turn on a finite temperature in the field theory
on the boundary. We can modify the AdS space by adding a black hole and iden-
tifying the Hawking temperature arising from the black hole with the field theory
temperature [61, 66]. The metric of AdSs with a black hole horizon at u,, is given by:

2 2
ds® = % [—f dt® + da® + %‘— : (1.8)
where
4
U
f=1- ! (1.9)

with Hawking temperature T = 1/(wuy) which is also the temperature of the field
theory state.

One of the important maps between the two theories is the correspondence be-
tween gauge invariant local operators O(z) and fields in the bulk gravity theory
¢(z,u). The correlators of such operators can be evaluated using the GKPW formula
[67, 68], which assumes that the Euclidean partition functions of the two theories
agree with certain boundary conditions. The GKPW formula relates the generating
functional of the field theory in Euclidean time to the renormalized on-shell classical

supergravity action:

(exo ( [tz oa) om) > o oxp (Smel bz, 0)]), (110)

where we have absorbed the minus signs in the exponents using the Euclidean time.

On the left hand side, we are calculating an expectation value with some source
¢o, where ¢ is the field in AdS dual to the operator O of the field theory. On

the right hand side, we are calculating the partition function of the gravitational
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theory evaluated at ¢ which solves the appropriate field equation in the bulk with
the constraint that ¢ has a boundary value ¢o (i.e. as v — 0). Using the formula
(1.10), we can calculate connected correlation functions of the gauge theory by taking
derivatives of the on-shell classical supergravity action:

(O@1) O@) ... Oz,)) = el O, )] L

- (5¢0(.’L‘1) (5¢0(.’B2) 5¢0(l’n) o=

=0

One important application of the above formula is obtaining the gauge theory stress-
energy tensor Tan (). The source field in this case is the boundary value of the AdS

metric Gyn(z,u), which we will denote as g,,. We obtain:

(Tun(z)) = lim 2 0519

u—0 /_g(g(;, u) 6glu,($, U) ’

where we have divided by the square root of the metric determinant in order to

(1.12)

construct the stress-energy tensor (instead of the tensor density). Expression (1.12)
will become useful in Chapter 4, where we will calculate the radiation coming from a

quark moving in a circle.

As we have mentioned before, all the degrees of freedom in N/ = 4 SYM are in the
adjoint representation. But the quarks in QCD are in the fundamental representation,
hence we should find a way to add them to the N' = 4 SYM theory. A way to do this
is to add a probe D3-brane. A Dp-brane is a “defect”, where closed strings can break
and open strings can end, that occupies a p-dimensional (spatial) subspace. The
probe D3-brane is extended along the xy, z2, z3-directions (the spatial dimensions of
the gauge field theory) at some u = A < u,. The external quarks are open strings
that end on the probe brane and hang down in the bulk. The quark mass, m,, is
related to the probe brane location, A, by m, = R%,5/(2xl2A). We can then take
the infinite quark mass limit, A — 0, where the probe brane sits at the boundary
in order to simplify our calculations. A meson in this picture is a string connecting
the two string endpoints at the boundary (the quark and antiquark) which hangs

down into the fifth dimension. Figure 1-4 shows a sketch of these configurations.
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Figure 1-4: Schematic picture of AdSs black hole indicating the presence of an external
quark and an external meson. We only show two of the four boundary dimensions
(71, 22) and the (inverse) radial coordinate w.

Note that the quarks added in this way are external quarks and are not fundamental
degrees of freedom added to the A" = 4 SYM theory. The way to add N P N =2
hypermultiplets in the fundamental representation of the gauge group (where Ny is
the number of flavors and Ny < N,), is to add N ¢ D7-branes in the black hole
geometry (1.8) [69, 70, 71]. In this thesis we will only add external quarks to A = 4
SYM theory.

Now let us outline the main steps we will follow in subsequent Chapters in ob-
taining properties of the field theory from a given gravity configuration. Suppose we
have an external quark moving in the finite temperature N' = 4 SYM plasma. Let us

denote the string worldsheet coordinates by (7, ). Then:

1. Write down the string profile which is determined by a set of embedding func-
tions X (7, o) that specify where in the spacetime described by the metric GMN
the point (7, o) on the string worldsheet is located. The index M runs over the

five AdSs coordinates (as the S5 will not play any role in our calculations).

2. Calculate the induced world sheet metric which is given in terms of these em-
bedding functions by
9ab = Gun . XMBXN, (1.13)
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where a and b each run over (7,0) and Gy is the AdSs metric given in (1.8).

3. Calculate the Nambu-Goto action which governs the dynamics of classical strings

SNG = —To/dT dO’\/— y (1.14)

where Ty = \/X/ 2mR% ¢ = 1/2rd’ is the string tension and g = det gu.

4. Calculate and solve the classical equations of motion using the Euler-Lagrange
equations, with appropriate boundary conditions, in order to find the embedding

functions XM (7, 0).

5. Using the embedding functions we can calculate properties of the plasma and
of matter moving through it. For example, the energy of the quark can be cal-
culated by plugging X back to the Lagrangian. The energy and flux through
some area of the QGP caused by the motion of a quark can be calculated using

the operator/field correspondence (1.12).

1.2.3 Universality and Applications

In the previous Sections we sketched how to use classical supergravity calculations
in order to understand properties of strongly coupled N = 4 SU(N,) SYM theory.
But given that we do not have a dual gravity theory to QCD, how reasonable is it to
apply the AdS/CFT correspondence as an attempt to understand QCD?

At the microscopic level, N = 4 SYM is very different from QCD: the theory is
conformal, supersymmetric and it contains an additional global symmetry. It has no
dynamic quarks but has additional scalar and fermionic fields in the adjoint repre-
sentation. Its coupling does not run, there is no confinement, no chiral symmetry
and hence no chiral symmetry breaking. These features make the vacua of the two
theories very different, but the differences become less important when we look at
temperatures above the deconfinement transition of QCD, i.e. above T,. We know
that supersymmétry is broken for finite temperatures and, above T, in QCD, there is

no confinement and no chiral condensate. Since N' =4 SYM is conformal and QCD
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is not, we cannot use it to describe QCD at or below T,.. However, lattice calculations
indicate that QCD thermodynamics is reasonably well approximated as conformal
when the temperature is increased above about (1.5 — 2) T, [72, 73, 74]. A difference
that still remains is the number of degrees of freedom. We can scale out this differ-
ence by taking ratios. An example of this is the ratio of the energy density of the
plasma (which scales with the number of degrees of freedom) to the energy density at
zero coupling. The calculation in /= 4 SYM can be done at strong coupling using
gravity and the result is 0.75 [75]. Lattice calculations with two and three flavors
suggest that for temperatures above T' ~ 1.2T,, this ratio takes a value of around 0.8
[76, 77, 78].

The question now becomes whether there are any universal quantities we can
calculate that have qualitative or semiquantitative similarities among many different
strongly coupled plasmas and hopefully also with QCD. One such example is the ratio
of viscosity to entropy density, n/s, which is equal to 1/47 for all theories with string
theory duals in the large-N, and strong coupling limits [37, 79, 80, 81, 82]. As we
have mentioned in Section 1.1.3, this ratio for the QGP created at RHIC is between
0 and 0.2. This result makes us hope that QCD is in the same group of theories as
other calculable strongly coupled plasmas and we will try to make predictions based
on this. In this thesis we will discuss some other quantities and argue that they apply

to a large number of strongly coupled plasmas and hopefully also to QCD.

As we have mentioned in Section 1.1.4, one application of the AdS/CFT corre-
spondence is the calculation of the velocity dependence of the meson screening length.
A very nice picture arises from the string theory side for non-zero temperatures. For
meson sizes smaller than the screening length, L, the energetically favorable string
configuration is a string hanging down in the bulk connecting the two end-points (the
quark and antiquark) on the boundary. On the other hand, due to the presence of the
black hole, for meson sizes larger than L, the energetically favorable configuration
is simply two strings hanging down into the black hole unaware of each other. This
indicates a complete loss of interaction between the quarks and the meson has been

completely screened. Figure 1-5 shows a sketch of these string configurations. In
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Figure 1-5: Schematic picture of AdSs black hole and the computation of the meson
screening length between a quark and antiquark moving with velocity v, from hanging
semiclassical strings. The preferred configuration beyond a certain separation L,
(screening length) consists of two independent strings.

Chapter 3 we will do a similar calculation but with N, quarks arranged in a circle,

which represents a baryon in the A" = 4 SYM theory.

Another application of the AdS/CFT correspondence is the calculation of prop-
erties of a quark moving through a strongly coupled plasma. The calculation of the
drag force felt by a quark moving through a sQGP has been done in N’ = 4 SYM
theory (83, 84] and in many other gauge theories with dual gravitational descriptions
(85, 86, 87, 88, 89, 90, 91, 92, 93]. The calculation of the drag on heavy quarks in-
volves the calculation of the momentum flux flowing down from the boundary, along
the string world sheet and towards the horizon, which determines the amount of

momentum lost by the quark in its propagation through the plasma.

In Section 1.1.4, we mentioned that a quark rotating in a circle results to a beam of
gluons that is tightly collimated in angle and that propagates outwards forever in the
N = 4 SYM theory vacuum without spreading in angle (synchrotron radiation), which
opens a new way of modeling jet quenching in heavy-ion collisions. Details of the
calculations for the energy disturbance caused by the quark are presented in Chapter
4, but here we will briefly discuss the picture that arises from the gravitational side.

In AdSs5, the string hangs down into the bulk and coils around on itself as it extends

40



in the AdSs radial direction due to the motion of the quark at the boundary (see
Figure 4-1 in Chapter 4). The presence of the string in turn perturbs the geometry
and the near-boundary perturbation in the geometry induces a 4d stress tensor on the
boundary. The induced stress has the interpretation as the expectation value of the
stress tensor in the dual quantum field theory. Using this interpretation we obtain
the energy density and angular distribution of the power radiated by the quark in
the field theory side. Reference [94] gives a nice geometric description of our results
where this geometry perturbation from the string is reproduced by a superposition
of gravitational shock waves emitted perpendicular to the motion of the string and
towards the boundary.

The remainder of this thesis is organized as follows: In Chapter 2, we present a
detailed analysis of higher moments of pion, proton, net proton and mixed particle
multiplicities in the search for the QCD critical point. We also show how to use
nontrivial but parameter independent ratios among these more than a dozen fluctu-
ation observables to discover the critical point, if it is located in an experimentally
accessible region. In Chapter 3 we will use the AdS/CFT correspondence in order
to calculate the velocity dependence of the screening length of a baryon (V. quarks
arranged in a circle) moving though a strongly coupled N' = 4 SYM plasma. We
will then, in Chapter 4, use the AdS/CFT correspondence to compute the energy
density and angular distribution of the power radiated by a quark undergoing cir-
cular motion in a strongly coupled plasma of any conformal field theory that has a
dual classical gravity description, which results to a radiation pattern that is very
similar to synchrotron radiation produced by an electron in circular motion in clas-
sical electrodynamics. Chapters 2, 3 and 4 are based upon Refs. [95], [96] and [97],

respectively.
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Chapter 2

Locating the QCD Critical Point

Using Fluctuations

2.1 Introduction and Illustrative Results

The second-order critical point at which the first-order transition between hadron
matter and QGP ends is one of the distinctive features of the QCD phase diagram.
Since we currently do not have a systematic way of locating this point from first
principles as model and lattice calculations face many challenges and much work still
needs to be done in order to overcome them (for reviews, see Refs. [14, 15, 16, 17,
18, 19, 20, 21, 22]), our best bet is to locate it experimentally. Experiments with this
goal are underway and planned at the Relativistic Heavy-Ion Collider (RHIC) at the
Brookhaven National Laboratory (BNL) and at the Super Proton Synchrotron (SPS)
at CERN in Geneva [98, 99, 100, 101]. These experiments involve colliding heavy
nuclei (gold nuclei at RHIC and lead nuclei at SPS) at high energies and observing
the resulting particle distributions. It is therefore important to define, evaluate the
utility of, and select experimental observables that will allow us to locate the critical
point, if it is located in an experimentally accessible region.

As we discussed in Chapter 1, in heavy-ion collision experiments, the center of
mass energy +/s is varied, thus changing the temperature and chemical potential of

the produced matter and in this way scanning the phase diagram. The observed
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collective flow of the produced matter at RHIC strongly suggests the production of
a strongly-coupled quark-gluon plasma (7, 102]. As the QGP expands and cools, it
follows a path on the phase diagram that is characterized by approximately constant
entropy density to baryon number density ratio until freeze-out, after when there
are no further interactions that change the multiplicities of hadron species. When
these particles are then detected, they give us information about the state of the
matter at the freeze-out point. Therefore, in order to see the effects of the critical
point on observables, one should try to get the freeze-out point as close to the critical
point as possible by varying the collision center of mass energy, 1/s. Decreasing /s
decreases the entropy to baryon number ratio, and therefore corresponds to increasing

the baryon number chemical potential, ppg, at freeze-out.

Present lattice calculations evade the fermion sign problem in different ways that
all rely upon the smallness of 15 /(3T"). Although each is currently limited by system-
atic effects, and they do not give consistent guidance as to the location of the critical
point, all present lattice calculations agree that it is not found at up < T, where
the calculations are most reliable [103, 104, 105, 106]. For this reason, experimental
searches focus on collisions which freezeout with pp > 150 MeV. The upper extent
of the experimentally accessible region of the phase diagram is determined by the
largest freezeout pp at which collisions still have a high enough /s that the matter

they produce reaches temperatures in the transition region.

Upon scanning in 4/s and thus in pp, one should then be able to locate (or rule
out the presence of) the critical point by using observables that are sensitive to the
proximity of the freeze-out point to the critical point [31, 30]. For example, for parti-
cles like pions and protons that interact with the critical mode, the fluctuations in the
number of particles in a given acceptance window will increase near the critical point
as the critical mode becomes massless and develops large long-wavelength correla-
tions. As we vary /s, therefore, if the freeze-out point approaches the critical point,
we would see an increase in the fluctuations in the number of those particles which
interact with the critical mode. These fluctuations would then decrease as we move

away from the critical point. (This is true for any observables which are sensitive
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to the proximity of the critical point to the point where freeze-out occurs.) Hence,
a characteristic signature of the critical point is the non-monotonic behavior of such
variables, as a function of /s [31, 30]. Another way to change the freeze-out point
is by changing the size of the system by varying the centrality of the collisions, since

larger systems freeze-out later and hence at somewhat smaller temperatures.

In this Chapter we describe how to use the increase in fluctuations of particle
numbers near the critical point as a probe to determine its location. The way one
characterizes the fluctuations of an observable is by measuring it in each event in an
ensemble of many events, and then measuring the variance and higher, non-Gaussian,
moments of the event-by-event distribution of the observable. The contribution of
the critical fluctuations to these moments is proportional to some positive power of
€, the correlation length which, in the idealized thermodynamic limit, diverges at the
critical point. In reality, £ reaches a maximum value at the critical point but does not
diverge because as it cools the system spends only a finite time in the vicinity of the
critical point. The system also has only a finite size, but it turns out that the finite
time is a more stringent limitation on the growth of the correlation length [30, 27].
Estimates of the rate of growth of £ as the collision cools past the critical point
(which take into account the phenomenon of critical slowing down) suggest that the
maximal value of £ that can be reached is around 1.5 — 3 fm [27, 28, 29], compared
to the natural ~ 0.5 fm away from the critical point. Higher moments depend on
higher powers of £, making them more favorable in searching for the critical point
[32]. In this Chapter we consider the second, third and fourth cumulants of particle
multiplicity distributions for pions and protons. We also consider mixed pion-proton

cumulants, again up to fourth order.

Our goal in this Section is to provide an illustrative example of one possible
experimental outcome. In Section 2.1.1 we define the observables that must be mea-
sured at each 4/s. In Section 2.1.2 we suppose that the critical point is located at
up = 400 MeV and then guess how the correlation length £ at freezeout will vary
with the chemical potential g, and hence with /s, in a heavy-ion collision program

in which the beam energy is scanned. In Section 2.1.3 we plot results for how seven
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of the observables that we define will vary with pp, if the guess for £(up) that we
have made for illustrative purposes were to prove correct. In Section 2.2 we provide
the calculation of all the observables that we define, as a function of £, the proton
and pion number densities, and four nonuniversal parameters that must ultimately
be obtained from data. In Section 2.3 we construct ratios of observables that allow us
to measure four combinations of £ and the four parameters. And, we construct five
ratios of observables which receive a contribution from critical fluctuations that is in-
dependent of £ and independent of all four currently poorly known parameters. This
means that we make robust predictions for these five ratios, predictions that could
be used to provide a stringent check on whether enhanced fluctuations discovered in
some experimental data set are or are not due to critical fluctuations. We close in

Section 2.4 with a discussion of remaining open questions.

We shall find that critical fluctuations can easily make contributions to the higher
moments of the proton multiplicity distribution that are larger than those in a Poisson
distribution by more than a factor of 100. In Appendix A we convince ourselves
that we can construct a reasonable looking, but somewhat ad hoc, distribution whose
higher moments are this large. What we are able to calculate in Section 2.2 is moments
of the distribution, not the distribution itself. In Appendix A we construct a toy model
distribution that has moments comparable to those we calculate. We also use this toy
model to obtain a crude gauge of how our results would be modified by any effects

that serve to limit the maximum proton multiplicity in a single event.

In Appendix B we apply our calculation to determine the contribution of critical
fluctuations to the third and fourth cumulants of the event-by-event distribution of
the mean transverse momentum of the pions in an event. We find that the critical
contribution to these non-Gaussian cumulants are quite small, smaller even than
the contributions of Bose-Einstein statistics. For this reason, throughout the main
text of this Chapter we focus entirely on number fluctuations, rather than transverse

momentum fluctuations.
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2.1.1 Moments and cumulants of fluctuations

We expect to see a peak in the Gaussian and non-Gaussian cumulants of particle
multiplicity distributions near the critical point as we change /s. In this subsection,

we describe how to calculate these higher cumulants from experimental data.

Consider an ensemble of events in each of which we have measured the number
of particles of two species, which we shall denote z and y. The possibilities for x
and y that we consider later include the number of pions N, the number of protons
N,, and the number of protons minus antiprotons N,_5 = N, — N;. In each case,
the number that is tallied should be the number of particles of the desired species
near mid-rapidity in a specified window of rapidity. This window in rapidity should
be at least about one unit wide, in order for our results to apply without significant
acceptance corrections [107]. Furthermore, the longitudinal expansion of the matter
produced in the collision reduces correlations among particles separated by much
more than one unit in rapidity [107], making larger windows unnecessary.

We denote the average value of z and y over the whole ensemble of events by
(z) and (y). Throughout this Chapter, we use single angle brackets to indicate the
ensemble average of a quantity whose event-by-event distribution has been measured.

And, we shall denote the deviation of z and y from their mean in a single event by

ox

z — (z)

y— (¥ (2.1)

oy

We now define the cumulants of the event-by-event distribution of a single observable,

say z. The second and third cumulants are given by

((z%)) = ((62)*) (2:2)
ke = ((2%) = ((62)°) (2.3)

Kog

where we have introduced two equivalent notations for the cumulants. The second

cumulant kg, is the variance of the distribution, while the skewness of the distribution
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is given by xs,/ &%2. The fourth cumulant is different from the corresponding fourth

moment:

ke = ((2%)) = ((02)*) — 3((02)*)* . (2.4)
The kurtosis of the distribution is given by 4, /2.

The defining property of the cumulants is their additivity for independent vari-
ables. For example, if a and b are two independent random variables, then k;45) =

Kia + K. This property is easily seen from the cumulant generating function

9(p) = log(e"®) , (2.5)
which is manifestly additive. The n’th cumulant of the z-distribution is given by

0"g(u)
a—wl . (2.6)

Kpz =
p=0

Using the double bracket notation introduced above, g(u) = ((€#*)). As a result of
their additivity, camulants of eztensive variables, such as N, or N, are all themselves
extensive, meaning that they are proportional to the volume of the system V in the

thermodynamic limit.

We shall also consider mixed cumulants, which generalize the more familiar Gaus-

sian measures of correlations to non-Gaussian measures. These are generated by

Knzmy V™

9(mv) =) | == = log(et ) (2.7)

n,m

and, for example, are given by

K1e1y = ((zy)) = (dzdy) , (2.8)
Kizzy = ({2y°)) = (62 (39)*) , (2.9)
Koy = ((2%y%)) = ((62)? (y)? ) — 2( 6z by )* — ((62)*) ((6y)®) , (2.10)
Krezy = ((29°)) = (62 (8y)*) — 3 {6z dy) ( (5y)*) . (2.11)
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For two extensive variables z and y such mixed cumulants are also extensive, propor-
tional to V.

We have described how to obtain the cumulants k;;, k;, and K;;j, from a data set
consisting of an ensemble of events in each of which z and y have been measured. We

can now define the intensive normalized cumulants that we shall analyze:

K¢
Wiy = T (2.12)
(Nx)
Kip
Wiy = 2.13)
»=TN,) (
— _ Kip-p)

Wity 3 = D) 2.14)
P = N, + ) (
Winjn = .'j"’”"‘ o (2.15)

(Np)/m (NIl
Rilp—p)sm (2.16)

P = N+ N (N

where r =1+ j.

If N,, N, and Nj are statistically independent and Gaussian distributed, then the
wy’s in (2.12), (2.13) and (2.14) are nonzero and all the other w’s vanish.

If N, N, and Nj; are statistically independent and Poisson distributed, then all
the w;’s in (2.12), (2.13) and (2.14) with ¢ > 2 are equal to 1, and all the mixed
cumulants vanish and therefore so do the w’s in (2.15) and (2.16).

In this Chapter we shall calculate the contributions of critical fluctuations to the
normalized cumulants (2.12), (2.13) and (2.14) for ¢ = 2, 3 and 4 and the normalized
mixed cumulants (2.15) and (2.16) for 4’s and j’s such that 7 = 2, 3 and 4.

2.1.2 Dependence of £ on up

We shall close this Introduction (in Section 2.1.3) by illustrating possible experimental
outcomes of measurements of the cumulants defined in Section 2.1.1, assuming that
the matter produced at the freezeout point of the fireball evolution for some collision
energy +/s is near the critical point. In Section 2.1.3 we shall present only results,

while the calculations involved are presented in Section 2.2. What we shall calculate
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in Section 2.2 is the contribution of critical fluctuations to the observables defined
in Section 2.1.1 in terms of the correlation length £. In order to give an example of
possible experimental outcomes, we need to make an illustrative choice of how the
correlation length £ that is achieved in a heavy-ion collision depends on up.

To start, let us assume that the critical point occurs at pg = 400 MeV. Let us
also assume that because the fireball only spends a finite time in the vicinity of the
critical point the correlation length reaches a maximum value of &, = 2 fm in the
collisions in which the freeze-out point is closest to the critical point during an energy
scan. We stress that our choices of p% and €.y are arbitrary, made for illustrative
purposes only, and are in no way predictions.

How does the correlation length achieved in a heavy-ion collision depend on the up
at which the matter produced in the collision freezes-out? Close to the critical point,
the equilibrium correlation length &, is very long and there is not sufficient time for
the actual correlation length £ achieved in a collision to reach & [27]. Lets suppose
that £ reaches & for |up — pg| 2 W, for some W, while for |up — p$| < W finite
time effects limit £ such that it peaks at &max. In principle, &q(ug) could one day
be determined from lattice QCD calculations, but these calculations are challenging
at pu # 0 because of the notorious fermion sign problem, so this day remains in the
future. At present, all we can do is require that the static correlation length &, satisfy
the constraints imposed by the universality of critical behavior at long wavelengths.
The universal behavior is really only attained in the limit in which W — 0 and
€max — 00, S0 our use of it in the present context is illustrative but not quantitative.
As a function of pp — u%, in the universal regime &o, must scale as &€ — fi|up—pg|™?,

where v is the relevant critical exponent! and f, and f_ are the amplitudes of the

! For our illustrative model of the £(up) dependence along the freezeout curve we are assuming
that where the freezeout curve passes the critical point it is approximately parallel to the transition
line (crossover and first-order lines). The region of the QCD phase diagram in the (i, T') plane near
the critical point can be mapped onto the Ising model phase diagram, whose reduced temperature
and magnetic field axes are conventionally denoted by ¢ and h, respectively. Upon approaching the
Ising critical point along the ¢-direction, i.e., along the transition line, £oq ~ ¢t ~ t—2/3, while
along the h-direction, eq ~ h™/P% ~ h=2/5_ Aslong as h < t*° on the freezeout curve, the ¢-like
scaling dominates and, since |up — u$| ~ t, we obtain €eq ~ | — p%| ™. The condition h <t is
violated at points on the freezeout curve that are very close to the critical point, ¢t ~ 0, where the
h-like scaling sets in. For simplicity we assume that this small-t segment of the freezeout curve in
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singularity on the crossover and first-order side of the transition respectively. The
precise value of the critical exponent is v = (2 — a)/3 ~ 0.63, with the numerical
value being that for a critical point in the Ising universality class [108]. But, in
our calculation in Section 2.2 we shall be neglecting the small anomalous dimensions
associated with nonvanishing values of the exponents 7 ~ 0.04 and o = 0.1. So, to be
consistent, here too we shall simply use v = 2/3. The ratio of the amplitudes f./f_
is also a universal quantity. In the Ising universality class, f;/f_ ~ 1.9 [109]. Since

f+/f- > 1, the correlation length falls off more slowly on the crossover side p < p%.

The simplest ansatz for £(up) that we have found that incorporates the physics

that we have just described is

fmax
§(up) = iR (2.17)
[1 + W(#B}§2 }
with
W (ug) = W + 6W tanh (-“i;ﬂ> (2.18)

where W and w are nonuniversal parameters to be chosen and 0W is specified by

3/2
x—’:% = (%) =1.9%%. (2.19)

We have constructed (2.17) such that & has the universal behavior of £, when |pp —

requiring that

u%| > W(ug), but has a peak that is cut off at £ = {nax Where up = u%. We have
chosen the shape of £ in the vicinity of the peak arbitrarily, for illustrative purposes,
not via analysis of the rate of growth of £ during the finite duration in time of a
heavy-ion collision. In Fig. 2-1 we show two instances of our ansatz for (). They
differ in their choice of the width of the peak. We shall define the width A as the
distance in pp between the two points at which &(up) crosses 1 fm, i.e. the width in
pp within which € > 1 fm. The three curves in the figure have A=50, 100 and 200
MeV. In all three cases we have chosen w = 0.1A. (With this choice, W = 0.189A

the QCD phase diagram lies in a region where the equilibrium correlation length &, already exceeds
Emax = 2 fm, and thus € & £ax in this segment.
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Figure 2-1: The correlation length &(up) achieved in a heavy-ion collision that freezes
out with a chemical potential 5, according to the ansatz described in the text. We
have assumed that the collisions that freeze out closest to the critical point are those
that freeze-out at pé = 400 MeV. We have assumed that the finite duration of the
collision limits & t0 & < Emax = 2 fm. We show &(up) for three choices of the width
parameter A, defined in the text. The choices of parameters that have gone into this
ansatz are arbitrary, made for illustrative purposes only. They are not predictions.

and 6W = 0.084A.) There is no reason to expect that A should be small and,
indeed, in model calculations it seems to be larger than 100 MeV [110]. Ultimately
A should be determined by lattice calculations; one first attempt to do so indicates

A ~ 100 MeV [105, 111].

2.1.3 Cumulants near the critical point

We shall concentrate our analysis on observables characterizing the fluctuations of
pions and protons. Pions are the most abundant species produced in relativistic
heavy-ion collisions. Protons are important, among other reasons, because their fluc-
tuations are proxy to the fluctuations of the conserved baryon number [112] and
because their coupling to the critical mode o is relatively large.

We have defined the normalized cumulants of the proton and pion distributions in

(2.13) and (2.12) and the normalized mixed cumulants in (2.15). Fig. 2-2 shows how
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Figure 2-2: The pp-dependence of wy,, the normalized 4th cumulant of the proton
number distribution defined in (2.13), with a pp-dependent € given by (2.17). We
only include the Poisson and critical contributions to the cumulant. In the top panel
we choose u% = 400 MeV and illustrate how wyp is affected if we vary the width A
of the peak in £ from 50 to 100 to 200 MeV, as in Fig. 2-1. The inset panel zooms
in to show how wy, is dominated by the Poisson contribution well below 1. In the
lower panel, we take A = 100 MeV and illustrate the effects of changing 1y and of
reducing the sigma-proton coupling g, from our benchmark g, = 7 to gp = 3.
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Figure 2-3: The up-dependence of selected normalized cumulants, defined in (2.12),
(2.13) and (2.15), with a pp-dependent € given by (2.17) as in Fig. 2-1. We only
include the Poisson and critical contributions to the cumulants. We have set all
parameters to their benchmark values, described in the text, and we have chosen
the width of the peak in € to be A = 100 MeV. Note the different vertical scales
in these figures and in Fig. 2-2; The magnitude of the effect of critical fluctuations
on different normalized cumulants differs considerably, as we shall discuss in Sections
2.2 and 2.3. As we shall also discuss in those Sections, ratios of the magnitudes of
these different observables depend on (and can be used to constrain) the correlation
length &, the proton number density n,, and four non-universal parameters. We
shall also see in Section 2.3 that there are ratios among these observables that are
independent of all of these variables, meaning that we can predict them reliably. For
example, we shall see that critical fluctuations must yield w3 5, = (wap — 1)(wWar — 1)
and wh, ., = (wap — 1)%(wsr — 1) and wipy, = (wap — 1)(wsr — 1)2. (The subtractions
of 1 are intended to remove the Poisson background; in an analysis of experimental
data these subtractions could be done by subtracting the w;, or wj, determined from
a sample of mixed events, as this would also subtract various other small background
effects.) 54



wyp might look like, with £(pp) given by Eq. (2.17). We illustrate how wy, changes if
we vary the location of the critical point 1§ and the width A of the peak in Fig. 2-1,
as well as the sigma-proton coupling g,. As we shall see in Section 2.2.1, there are
four nonuniversal parameters that (for a given &max) govern the height of the peaks
of the normalized cumulants. These include g, and the sigma-pion coupling G, as
well as two parameters A3 and )\, that we shall define in Section 2.2.1. We have used
as our benchmark values G = 300 MeV, g = 7, As = 4 and A = 12. As we shall
discover in Section 2.2 and discuss at length in Section 2.3, the heights of the peaks
of different normalized cumulants are affected differently by variations in these four
parameters. Fig. 2-3 shows how six more different normalized cumulants vary with
pp. In this Figure we keep all parameters set at their benchmark values, deferring a

discussion of how these peaks change with parameters to Section 2.3.

In the case of free particles in the classical Boltzmann regime, with no critical
fluctuations, the fluctuations of any particle number obey Poisson statistics. The
Poisson contribution to w;, and wir is 1, and in the Figures we have added this
Poisson contribution to the contribution from critical flucuations that we calculate in
Section 2.2. There is no Poisson contribution to the mixed cumulants w;,;r. In reality,
in the absence of any critical fluctuations the 1 of Poisson statistics gets few percent
contributions from Bose-Einstein statistics, from initial state correlations that are
incompletely washed out, and from interactions other than those with the fluctuations
that are enhanced near the critical point. System size fluctuations are also a potential
non-critical contribution to the fluctuation measures. We do not attempt to estimate
this effect (see, e.g., Refs. [30], [113]), and assume that sufficiently tight centrality
binning suppresses it. We are ignoring all of these non-critical corrections to the
Poissonian 1 and in the plots shown here we only include the Poisson and critical
contributions to the cumulants. Existing data on k4p—z/Kep-5) at /s = 19.6, 62.4
and 200 GeV [23] confirm that the non-critical corrections to the Poissonian 1 are
indeed small, and confirm that it is possible to measure 4th order cumulants with an
error bar that is much smaller than 1. At the time of writing this thesis, ratios of

proton and pion cumulants are being analyzed by the STAR collaboration for energies
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V8= 7.7, 11.5 GeV, but no results have been published yet.

We can clearly see the peak in all the normalized cumulants near the critical
point. In many cases, the peak due to critical fluctuations is larger than the Poisson
contribution by more than an order of magnitude.? The results indicate that the
more protons are involved in the observation measure, the easier it is to identify the
critical contribution. The reader who would like to see an example of a probability
distribution that has w, as large as wy, gets in Fig. 2-2 should consult Appendix A. A
more comprehensive discussion of the results is given in Sections 2.3 and 2.4, but it
is readily apparent that the measurement of these observables in heavy-ion collisions
at a series of collision energies is very well suited to ruling out (or discovering) the
presence of the QCD critical point in the vicinity of the freeze-out points of the

collisions in such an energy scan.

2.2 Calculating Critical Correlators and Cumulants

In this Section, we show how to calculate the critical point contribution to the cu-
mulants of the particle multiplicity distribution of pions, protons and net protons.
We essentially show how to obtain the normalized cumulants in Figs. 2-2 and 2-3 as
the location of the critical point, %, changes. We begin in Section 2.2.1 by calcu-
lating the correlators that describe the critical contributions to the fluctuations of
the occupation number of pions and protons with specified momenta. We use these

correlators to calculate the normalized cumulants in Section 2.2.2.

2.2.1 Ciritical point contribution to correlators

Fluctuations of observables, such as particle multiplicities, are sensitive to the prox-
imity of the critical point if the particles under consideration interact with the critical
field o — the field whose equilibrium correlation length diverges at the critical point.

In this Section, we shall treat the o correlation length £ as a parameter, in this way

2 Although it is a small effect, note that the peaks of any of the cumulants involving protons do
not occur exactly at the p§ at which £(up) from Fig. 2-1 peaks, because the cumulants themselves
depend directly on the proton number density and hence on pug, as we shall see in Section 2.2.
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avoiding any consequences of our lack of knowledge of the dynamics of how the long
wavelength correlations in the o field grow. In order to use the results of this Section
to make the plots in Section 2.1.3, in Section 2.1.2 we had to make an ansatz for
£(pB). But, the results of this Section, expressed in terms of &, are independent of

the uncertainties in that ansatz.

We can describe the fluctuations of the o-field by a probability distribution of the
form

P(0) ~ exp(~Q(0)/T), (2:20)
where  is the effective action functional for o. It can be expanded in gradients and
powers of o as

2
Qo) = /d% B(Va)2 + 37-;102 + %03 + ::.:&04 + .. (2.21)

In this expression the sigma-field screening mass is
My =&71 (2.22)
and, near the critical point, the o and ¢o* interaction couplings are given by
A= AT (TE)™2 and \y= X (TE)7, (2.23)

where the dimensionless couplings s and 4 do not depend on &, but do depend on the
direction of approach to the critical point, as described in Ref. [32]. These couplings
(and their dependence on direction) are universal and they have been determined
for the Ising universality class [114]. Throughout this Chapter we shall use X3 =4
and Ay = 12 as benchmark values, because these are the midpoints of the ranges of
values known for these constants [114, 32]. In fact, both A3 and As will vary with
up, as the location of the freeze-out point moves in the phase diagram, relative to
the critical point. We shall not attempt to parametrize the pp-dependence of these

parameters, however, because the dominant source of pp-dependence in our results is

57



the variation of £ with pp, and our knowledge of {(up) is sufficiently uncertain (as we
saw in Section 2.1.2) that this uncertainty would dominate any increase in precision

that would be obtained by modelling the pg-dependence of Az and \,.

The correlation functions and fluctuation moments and cumulants of the critical
field o itself can be calculated directly using the probability distribution given in
(2.20), but these quantities are not directly observable. The long wavelength fluctua-
tions in the o-field manifest themselves in observable quantities in so far as they affect
the fluctuations of the occupation numbers of particles that couple to the o-field. This
coupling to the fluctuating field o contributes to the moments of particle fluctuations
the terms proportional to the corresponding moments of o itself [32]. Both protons
and pions couple to the o field. We shall define the strengths of the corresponding
couplings g, and G through the respective terms of the effective Lagrangian (following
the notations of [30, 112]):

Lornomp =2Gon ™+ g, 0 pp. (2.24)

where 7% is the (charged) pion field and p is the Dirac fermion field of the protons.
The coupling that we denote g, is often just called g. We shall make the discussion
that follows similar for protons and pions by defining a dimensionless measure of the
sigma-pion coupling

9= =G/my, (2.25)

and using the notation g when we intend an equation to be valid for either pions,
with g — g, or protons, with ¢ — g,. Throughout this Chapter we will use G = 300
MeV (see Ref. [30] for a discussion of how to estimate G) and g, = 7 (see, e.g., [115])
as benchmark values. It is important to bear in mind that both these parameters
and )3 and )4 are all uncertain at the factor of 2 level. These parameters enter into
our calculations of the various normalized multiplicity cumulants, making absolute
predictions of these observables in terms of £ difficult. The advantage that we have,
however, is that we will be able to calculate many different normalized cumulants

that depend differently on these parameters. In Section 2.3 we shall discuss how
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to use deliberately chosen ratios of cumulants to measure and even overconstrain
various combinations of these parameters. And, we shall find five ratios of cumulants
that are independent of the values of all of these parameters, allowing us to make

parameter-free predictions of these ratios.

The critical contribution to the proton or pion correlators arises from virtual o-
exchanges which introduce powers of the correlation length £ = m!, where m,, is the
o-field screening mass. As the correlation length grows in the vicinity of the critical
point, the contribution to the particle correlators due to a o-exchange dominates over
other non-critical contributions. The effect of such an interaction on the two-point
particle correlators was studied in Refs. [30, 107] and on higher-point correlators in
Ref. [32]. In this Subsection we will only look at the particle correlators and in the
subsequent Sections we will show how to calculate cumulants of particle multiplicity

distributions from the correlators.

The contribution of critical fluctuations to the 2-, 3- and 4- particle correlators
due to o-exchanges can be calculated using the diagrammatic method developed
in Ref. [107] (see also Refs. [30] and [32]). We shall write the correlators using a
notation that applies to either protons or pions. They describe the correlation between
the dny’s at different momenta, where dny = ny — (ng) is the difference between
the occupation number of the k’th pion or proton mode in momentum space in a

particular event and its mean value. The correlators are given by

(571, OTky ) = PP Yy P Vi Yy (2.26)
e B T Yy e VT iy ey
2d3A3 < g )31)12c ’U,Zc 'Ui 2d3;\3 ’U,% vl2c Ul2¢
0Ny 0Ny kg )0 = —5> | =5 R e @
< k1 O0Tlky ka) V2T mg Yy Vhs Yk V2T3/ 2 I Vi1 Vha Vks ( )

" 2 4,2 2 2 2
L R %(2 (ﬁ) —A4) ( g) Vi Uiy Yy Yy

mcr mg' ’yk]_ ’ykz 7k3 ’}/k4
6d* . v vE v vl
= 5 (2)@ _ ,\4) g™ T Dhea Uies Vka (2.28)
Y1 Yha Vks Vka
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where we have used (2.22) and (2.23) and where we must now explain many aspects
of our notation. The subscript ¢ indicates that we have only calculated the contri-
bution of the critical fluctuations to the correlators. The double brackets around the
quartic correlator indicate that what is evaluated is the cumulant, as in (2.4). The
equations (2.26), (2.27), (2.28) apply to both protons (with g = g,) and pions (with
g = g» = G/m,). The degeneracy factor d is 2 for both protons and pions. (For
protons, d = d, = 2 counts the number of spin states. For pions, d = d, = 2 counts
the number of charge states — 7% and «~. These degeneracy factors appear because
the coupling to the o-field is both spin and charge “blind”.) The variance of the

fluctuating occupation number distribution is denoted by v2 and is given by

v = (nk) (1 £ (ng)), (2.29)

where, as usual,
1

~ exp [(wm — w)/T] F 1

s (2.30)

with m = m,, p = 0 and the upper sign for pions and m = m,, p = up and the lower
sign for protons. And, finally,
N

w="" (2.31)

is the relativistic gamma-factor of the particle with mass m with a given momentum
k.2 We see from Egs. (2.26)-(2.28) that these correlators, and hence the cumulants
that we will obtain from them, are proportional to powers of the correlation length &

and so peak at the critical point.

Now let us turn to mixed pion-proton correlators. The 2 pion - 2 proton correlator

3 A note on subscript/superscript notation: we denote momentum subscripts with a bold letter
k. Subscripts/superscripts denoting particle type, e.g. p for protons, will be in normal typeface.
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is given by

6d2d? 2 - 2, 72,m2 ;02,Up2
«MLM@MLMa»f=V%fG(£Q _M)(g%)vmwnuah

mey mf‘. fy;crl ’ﬂerg ’Y’I:'a 724
T X 2
_ 6ddp (25\3 B ;\4) P22t ”Lf”_kafﬁ”iﬁ, (2.32)
VAT R R e

The prescription for obtaining other mixed correlators from the correlators (2.26 -
2.28) should be clear: each particle brings its own corresponding factor d g v/ to
the expression in, e.g., Eq. (2.28). In this way, the 1 pion - 3 proton and 3 pion - 1
proton mixed correlators can be obtained from Eq. (2.28), the 1 pion - 2 proton and
2 pion - 1 proton mixed correlators can be obtained from Eq. (2.27), and the 1 pion
- 1 proton can be obtained from Eq. (2.26).

Another useful fluctuating quantity to consider is the net proton number correla-
tors (the net proton number is defined as the number of protons minus the number of
anti-protons: N,_; = N, — Nj). In order to obtain the corresponding correlators one
can begin with the similar correlators for the protons and replace v2? with (W22 —12?),
where vgz is the occupation number variance for anti-protons. (See, e.g., Ref. [112]).

In the next Section we will use these correlators to evaluate cumulants of particle
multiplicity distributions for pions, protons and net protons and see how they can be

used to locate the critical point.

2.2.2 Energy dependence of pion, proton, net proton, and

mixed pion/proton multiplicity cumulants

In this Section we will concentrate on cumulants of the particle multiplicity distribu-
tions and how they vary as we change the location of the critical point and change
the value of parameters. Another application of the correlators given in the previ-
ous Section is the calculation of the critical point effect on higher moments of the
fluctuation of mean transverse momentum pr. We find that the critical contribution
to pr fluctuations is rather small (e.g., smaller than the enhancement due to Bose

statistics) and thus not as useful in the search of the critical point. Details can be
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found in Appendix B.

Now let us focus on how one can obtain higher cumulants of the particle multiplic-
ity distributions using the correlators found in the previous Section. As an example,
let us evaluate the critical contribution to the normalized fourth cumulant of the pro-
ton multiplicity distribution, wy, defined in (2.13). The total multiplicity N, is just

the sum of all occupation numbers ny, thus (see ref. [32])

ane = (GN) )0 = V4 / / / RGALALAL (2.33)

/k = / (‘;;’;3. (2.34)

As we discussed in Section 2.1.1, see (2.13), we normalize the cumulant by dividing

where

by the total proton multiplicity N,. To simplify notation below, it is convenient to

introduce the proton and pion number densities

_ (M) - d py_ L oodEIE\/E _m’z2’
np = v @ k(”);) a2 - e(E-uB)/T 4 1 (2.35)
' *®dE E\/E? — m2
ne= 0 g [y o L T (2.36)
14 k T2 S eE/T — 1

The result we find for the normalized cumulant can then be written as
< ~ 4
6 (223 — ) ( /vff)
Wap, ¢ = ———= dpoy | =) . 2.37
4p. T2’np 5 P Ip A %z; ( )

We can see from expressions (2.26) - (2.28) that higher cumulants are proportional to
higher powers of £ and thus increase by a larger factor near the critical point where &
becomes large. For example, the third and fourth cumulants are proportional to £%/2
and &7, respectively. If the correlation length £ increases from ~ 0.5 fm to €max = 2 fm
as in Section 2.1.2, these cumulants are substantially enhanced — as we have seen in

the plots in Section 2.1.3.

With an explicit expression for wy,, in hand, we can now write our general result

for wipjr,o in (2.15). We can also include wiy,, and wjr, defined as in (2.13) and (2.12)
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in the notation via setting j = 0 or 4 = 0 in wjpjr,. We obtain

5‘;' (’I" B 1)' Ol; aj %r—3

Wipjx = (51'70 + 5-70 + T"‘/Q n;')/"' ng:/rr (238)
n i-i ¢ 5r-3
= i0+ 00 + whretr (_”) (_) :
4,0 ],0 ipJ no gmax
where we have defined
3 gr-?) i j -
prefactor __ )‘r (7" — 1)' gma.x oy O g "
ipjm = 2 ; : - (239)
T/ n;/r ngr/r np
and
T 2 Up 2
o, = dy g,,/ —’—cﬂ—, ap, =dp gp/ -+ (2.40)
k Tk E Ve
N, = 1, Ay=X3 and N, =2)\5 — ), (2.41)

In the second line of (2.38) we have factored out the two main sources of pp de-
pendence: the correlation length ¢ depends on pup as we have discussed at length
in Section 2.1.2 and, if the normalized cumulant involves the proton multiplicity it
depends on n,, which increases rapidly with increasing pp as shown in Fig. 2-4. We

have denoted all of the remaining factors in our result for the contribution of critical

fluctuations to the normalized cumulant by wgﬁ“tor, which depends only weakly on
g as we illustrate in Fig. 2-5. The number density no is an arbitrary constant —
note that it cancels when (2.39) is substituted into (2.38) — introduced in order to

make wp =" dimensionless. We shall choose

1
(5 fm)®

ng = =6.116 x 107° GeV? . (2.42)

With this choice, (n,)/ng is of order 1 at the pp of interest to us — see Fig. 2-4 —

prefactor

and none of the different wj . *'s are orders of magnitude smaller or larger than 1,

as illustrated in Fig. 2-5.

Let us now walk through the physics behind the different pieces of the expression
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Figure 2-4: Proton number density n, and net proton number density n,_ = 1, —np
at chemical freezeout as functions of up. Both depend on T' as well as up; we have
taken T'(jp) as in (2.43). We have normalized both n, and n,_; using the constant
ng of (2.42) introduced in (2.38) and (2.39).

(2.38). The Kronecker deltas describe Poisson fluctuations, which are of course &-
independent. As we described in Section 2.1.1, they contribute 1 to the w;p’s and the
wj.’s and they make no contribution to the mixed cumulants in which 7 and j are both
nonzero. More realistically, the 1 of Poisson statistics gets few percent contributions
from Bose-Einstein statistics (which are calculable), from initial state correlations that
are incompletely washed out, and from interactions other than those with the critical
o-mode. We are ignoring all of these noncritical corrections to the 1. In principle,
with sufficiently precise data their magnitude could be measured far away from the
critical point and this background could then be subtracted. If this background were
significant, one could also try to study and calculate these corrections theoretically.
Present data on kyp_p)/Kap-p) at v/s = 19.6, 62.4 and 200 GeV indicate that the
corrections to the Poissonian 1 are quite small, but this should be investigated also

for other cumulants.

The second, é&-dependent, term in (2.38) is the contribution to wip;= made by the

critical fluctuations. It grows proportional to £®"~%/2 near the critical point. We
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Figure 2-5: The up-dependence of wf;ffcwr and w;"(;efa;)g‘.’;, defined in (2.38), (2.39)
and (2.44). The three panels are for the normalized cumulants with r =i+ j = 2, 3
and 4, respectively. The curves can be used to determine how the height of the peak
in the critical contribution to the normalized cumulants changes as we vary K%, the
pp at which § = &nay and at which (to a very good approximation) the normalized
cumulant has its peak. The height of the peak in wip;x [or wi, )« is proportional
to (ny/no)" """ [or (n,_p/ne)* /7] multiplied by the prefactor plotted in this Figure.
We have taken T'(up) as in (2.43) and have used the benchmark parameters G = 300

MeV, g, =7, A3 =4 and \; = 12. -



see evidence of this in the heights of the peaks in different w’s in Fig. 2-3, but it is

also clear from this Figure that the r-dependent difference in the power of £ is not

the only important source of y-dependence. Indeed, we see in (2.39) that wf;;f“ is
/T

proportional to n, YT and to oz; and, it turns out, a,/n, is close to constant. This

means that the dominant ug-dependence of the critical contribution to Wipjx at a

given & is n;,_i/ ", which we have factored out in (2.38) making the up-dependence in
w{’;ﬁ“t rather mild. We can see the nj /" = n> dependence of the height of the peak

in wyy in the lower panel of Fig. 2-2: in this Figure &, is the same for all the curves

so the pp-dependence of the height of the peaks in wy, comes from its n,-dependence.

For ¢ = 0, meaning for a cumulant involving pions only, there is no large n,-

dependence in wj, and the height of the peak in a figure like Fig. 2-3 is proportional

to w?frefmor, and the dominant ;p-dependence of w;, itself comes from its £€/~! depen-
dence. For observables involving protons (¢ > 0), the dominant contribution to the
1% dependence of the height of the peak in w comes from the factor n;,_i/ " and the

slowly varying prefactor in Fig. 2-5 adds relatively little to that strong dependence.

In plotting the curves in Fig. 2-4 and Fig. 2-5, we have allowed for the fact that the
chemical freeze-out temperature 7" decreases somewhat with increasing pug. We have
described this dependence using an empirical parametrization of heavy-ion collision

data from Ref. [26]:
T(ug) = a— bus — cuy, (2.43)

with a = 0.166 GeV, b = 0.139 GeV~! and ¢ = 0.053 GeV~3. Almost all of the pp-

dependence of the wf’;;fractors plotted in Fig. 2-5 actually comes from the ug-dependence
of the chemical freeze-out temperature T. In plotting Fig. 2-5, we have used our
benchmark values of the four nonuniversal parameters that determine the Wipjr for a

given &, namely g, = G/m, = 2.1, g, =T, s =4 and Ay = 12.

Finally, completing our discussion of the proton-pion cumulants and Fig. 2-5, we
note that in the lower panel in this figure there is a point where all five wg;fracmrs with
r =4 cross. This occurs if at some value of pp it so happens that ., (ng/n,)"" and

apno/ny, coincide.
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We now turn to the net proton multiplicity distribution, where by net protons
we mean N,_; = N, — N;. The calculation of the normalized cumulants involving
the net proton multiplicity and the pion multiplicity, namely (2.16), is analogous to
the calculation we have described above. As we discussed in Section 2.2.1, the only

change in the correlator from which the cumulants are obtained is the replacement of

22 with v} % — . We find

Sl

%'r—3
( f)  (244)

where n,_3 = n,—n; is the net proton number density. In comparison with Eq. (2.38),

3

i—i
Nyp—5 r Ny,
prefactor p—p 'p—D
Wip—p)jr = 0i0+ 50 + Wy, myi | ——
(p-P)i i(p—p)jm no np+n,7

we have pulled out another factor, (;’i‘f%);, which describes the vanishing of the

critical contribution to net proton cumulants at pup = 0, see Fig. 2-4. It then turns

1

out that the prefactor wf = (defined as in (2.39), but multiplied by (w;z) " and

1(]’—5)]”' Np—p
with ©2? replaced by - v??) differs from wi’;,’;?i”m’ by less than half of one percent,
which is less than the thickness of the curves in Fig. 2-5. Hence, these curves also

. prefactor
depict wy, oo

In order to evaluate either (2.38) [or (2.44)] and compare to data, we need the
proton number density n, [net proton number density n,_z| at each collision energy
\/s. These can be extracted from data via the conventional statistical model fits done
at each /s that give up and T at chemical freeze-out at each /s. The value of n, at
chemical freeze-out is specified in terms of pg and T by (2.35) and the value of n; is
given by the same expression with g replaced by —pp, so these number densities can
also be obtained from data. So, at each collision energy, one should take the pp and
T from the statistical model fit, evaluate n, and n,_3, and then plug these into (2.38)
and (2.44) and see what conclusions can be drawn about £ and the constants g, gx,
s and )4 using data on as many of the normalized cumulants wipjx and wig—z)jr as
possible. We shall provide tuned strategies for this analysis in Section 2.3. We close

this Section with two straightforward observations.

First, the proton/pion normalized cumulant w;,;» is more sensitive to critical fluc-

tuations than the net-proton/pion normalized cumulant wj,—z)jx, for any i # 0 and
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for any j. As an example let us consider wg, and wyp_5. We can estimate pp(y/s)

using the parametrization of statistical model fits to data in Ref. [26]:

15(V3) = ﬁ (2.45)

with d = 1.308 GeV and e = 0.273 GeV~'. The proton number density n,(ug) is
then shown in Fig. 2-4. Then, at any fixed value of the correlation length ¢ the
ny-dependence that enters the expressions (2.38) and (2.44) for wy, and wyp—p) is

3
(@> = 0.34, 0.77, 4.9, 31 (2.46)
No
and 3
(@) (kﬁ_) = 0.00072, 0.064, 3.4, 30, (2.47)
ng Ny + Np

respectively, when evaluated at /s = 200, 62, 19 and 7.7 GeV. Since n,_; is less
than n, (and consequently less than n, 4+ n;) at all up — see Fig. 2-4 — the critical
contribution to wy, is greater than the critical contribution to wap—p) at all up. The
analogous argument applies in comparing any w;c,—z);~ to the corresponding wipj-. In
all cases the suppression of the critical contribution to wj(,—z) is most accute at small

1B, meaning at large 1/s. We shall ignore w;(—z); in Section 2.3.

Second, we can ask which observable is most sensitive to critical fluctuations.
For a given ¢, the critical contribution to wiyj. is largest when r is largest, since
as we see from (2.38) this gives w the strongest £-dependence. The experimental
measurements reported in Ref. [23] demonstrate that k4,5 /k2(,—5) can be measured
with error bars that are much smaller than 1, and we expect that wy, and wy, can
be measured with comparably small error bars. The error bars on measurements of
cumulants with 7 > 4 will be larger, so until experimentalists demonstrate that they
can be measured we have focussed on cumulants with » < 4. For a given ¢ and 7,
the critical contribution to wyr is largest for i = r if o /n, > of /n. or for i = 0 if

ap/n, < /Ny
It is apparent from Figs. 2-2 and 2-3 that wy, > ws, at p§ = 400 MeV with our
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benchmark values of g, and g,, meaning that wy, is the normalized cumulant with
r = 4 that is most sensitive to critical fluctuations. And, it is sensitive indeed: we
see from the plots in Fig. 2-2 that if £ reaches 2 fm, the critical contribution to wy,
will be dramatic. Correspondingly, if for example experimental measurements were
to show that wy, — 1 < 1 at some pp around 400 MeV, then £ < 1 fm at that pp.
However, if 5 is much less than 400 MeV and/or if g,/g, is much smaller than with
our benchmark values, then a}/n, could become less than o} /n., making ws the
best observable with which to find evidence for the presence of critical fluctuations.
(With g, and g, set to their benchmark values, aj/n, = oy /n, at pp ~ 135 MeV.)
Both wy, and wy, should be measured, and we shall see in Section 2.3 that if critical
fluctuations are discovered it will be very important to have data on as many of the

Wipjx &S possible.

2.3 Ratios of cumulants

In the previous Section, we presented numerical results for the contribution made
by critical fluctuations to various cumulants of particle multiplicity distributions. In
order to locate the critical point, experimental results on multiplicity cumulants will
need to be compared to the theoretical predictions of the critical contribution to these
cumulants. But, recall that we had to choose benchmark values for four parameters:
9p> 9 X;; and \,. These parameters are not known reliably or accurately enough
to permit a quantitative prediction for the effect of the critical point on any one of
the cumulants we have described. The normalized cumulants depend on &, of course,
but their dependence on the four poorly known parameters would make it difficult to
determine £ from data on any one of the cumulants, in isolation. In this Section, we
suppose that at some /s there is experimental data showing several of the cumulants
significantly exceeding their Poisson values. We ask how ratios of cumulants can
be used to extract information on £ and the values of the four parameters. And,
we construct ratios of cumulants that are independent of £ and all the parameters,

allowing us to make robust predictions for the contribution of critical fluctuations to
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these ratios.
The contributions of critical fluctuations to different correlators depend on differ-

ent combinations of £ and the four parameters. For example,

2 242
52]),0 ~ Vnp gp £ )

3 33 ¢9/2
K‘3p,0’ ~ Vnp gp A3§ / ?

Kapo ~ Vrgga Ny £, (2.48)
where ), = 2)2 — ). For the most general pion-proton cumulant,
iij N\ gar—
Kipjmo ~ V1, gy g3 AL €372, (2.49)

with 7 = 4 4 j and with X, as defined in (2.41). We have kept the n,-dependence
since it introduces significant pp-dependence, but we have suppressed the T- and n,.-
dependence. In Table 2.1 we present the parameter dependence of various cumulant
ratios. Except for the first 3 entries, N, N, and &;yjr, the quantities we consider are
all V-independent (i.e. intensive) by construction. (In constructing intensive ratios,
we can always remove V-dependence by dividing by N, to the appropriate power.)
Note that although we have not written the o subscripts in the Table, the Table only
describes the parameter-dependence of the contributions from critical fluctuations.
When the ratios in the Table are constructed from data, the Poisson contribution
must be subtracted from each measured x separately, before taking a ratio. This
means that this Table will only be useful in the analysis of data at values of /s at
which several £’s are different from their Poisson values by amounts large compared

to the experimental statistical and systematic error bars.

Looking at Table 2.1, one can see how to use cumulant ratios in order to constrain
¢ and the four parameters. The correlation length £ and the four nonuniversal param-
eters always appear in certain combinations in the multiplicity cumulants and it turns
out that we can only constrain four independent combinations. We have constructed

the Table to highlight ratios that can be used to constrain one example of four such
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Table 2.1: Parameter dependence of the contribution of critical fluctuations to various
particle multiplicity cumulant ratios. We have subtracted the Poisson contribution
from each cumulant before taking the ratio. The Table shows the power at which the
parameters enter in each case. We only considered cases withr =i+3j =2, 3, 4. We
defined 2)2 — Ay = A,

| ratio lV nus) 9 g« A X ¢ |
Ni 1 - - - - - -
N, T 1 - - - - :
Kipjn 1 i % Jj 63 Ora %1‘ -3
Wipjr - 112 7 j 0r3 Ora %r -3
Kipj= N3 1 /N3 - - ¢ j O3 04 3
Kop2r N,r / KarxK2p - - - -2 - - -2
Kap Ny [KanKs, - - - -4 - - —4
K,gpgﬂNg/lﬁ4pN,,2r - - —2 2 - - -
Ii',3p1,er/I$4pN7r - - -1 1 - - -

RNy o rgp N - - -8/2 - 1 - -
[ Kopkap/ K’gp " - - - - =2 1 -

372 372
K3phor / KarKop - N - - - - -

2 2
Kaphan [ Kan K3y - - - - - - -

3 .4 3 ,4
KapRan / Kan K3y - - - - - B -

2

"“-’21;271- / KanK4p - - - - - - -
3 2

‘;2p17r/‘ I":?op‘ 3m - - - -
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combinations, with each block delineated by double horizontal lines corresponding to

constraining
; 2 2 4
1. g€ — using, €.g., K’2P27I'N7T/K’4‘ITK’2]) or "34pr/'$4“"§21,-

2. gn/gp — using, e.g., Kopon N2/ K1pN?Z OF Kgp1n Np/KapNor.

9/4 nr1/4

2p

3. M2/g — using, e.g., kap N2 [k
4. X, /X2 — using, e.g., Kophap/ K3p-

Since four independent combinations of £ and the four parameters can be constrained
by data on these ratios, we could, for example, use data to express ¢ and three of the
parameters in terms of the fourth, say g,.

We can see from Table 2.1 that there are also some combinations (e.g., the last
five entries in the Table) that are parameter-independent. The first two of these are
in fact the ratios of the skewness and kurtosis of protons to pions, where skewness
and kurtosis are defined as usual as

. 71
kurtosis = —

skewness = 2—?2, - (2.50)
Ky 2

The next row in the Table is the ratio of the two rows above it, giving a combination
that has the virtue that it only involves 3rd and 4th cumulants, which is advantageous
since the contribution of the critical fluctuations is larger at larger r. The last two
ratios in the Table are quite different, as they involve mixed cumulants, but they too
are parameter-independent. So, the last five ratios in the Table have no ¢-dependence,
no dependence on the four poorly known parameters, and no n,-dependence. This
means that, after we subtract the Poisson contribution to each of the cumulants
involved, we can make a robust prediction for the ratios of the contributions of critical

fluctuations. We find that these five ratios are all precisely 1.

4The ratio wy, = Kor/Nyr could also be used here. However, we have seen that the critical
contribution to this quantity is small and, given the multitude of alternative choices, we can afford
not to use this quadratic moment.
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Now let us see how we can use these five ratios in order to locate the critical
point. Suppose that as you change the center of mass energy +/s of the collisions
there is a point where many cumulants exceed their Poisson values by statistically
significant amounts. As we see from Figs. 2-2 and 2-3, the qualitative signature of
the critical point is peaks in the multiplicity cumulants as a function of 1/s. Suppose
experimental evidence for such peaks begins to emerge. The specific ratios of the
heights of the peaks in Figs. 2-2 and 2-3 depended on the benchmark choices for
parameters that we made in those Figures. So, how do you check in a parameter-
independent fashion whether the behavior seen in experimental data is consistent with
the hypothesis that it is due to critical fluctuations? You first subtract the Poisson
contributions,® and then construct the last five ratios in Table 2.1. If the fluctuations
seen in this hypothetical data are in fact due to the proximity of the critical point, all
five of these ratios will be equal to 1, with no theoretical uncertainties arising from
uncertainty in the values of the parameters. This would be strong evidence indeed

for the discovery of the QCD critical point.

2.4 Discussion

We have explored the effects of the long wavelength fluctuations that arise in heavy-ion
collisions that freezeout near the QCD critical point on higher cumulants of particle
multiplicities. The characteristic signature is the non-monotonic behavior of such
observables as a function of the collision energy, as the freezeout point approaches
and then passes the critical point in the QCD phase diagram. In Section 2.1 we
illustrated one possibility for how seven different cumulants (third and fourth cumu-
lants of protons and pions plus three mixed cumulants) might behave as a function

of up, the chemical potential at freeze-out which is the quantity that a beam energy

5This can be done by subtracting the values of the cumulants in a sample of “mixed events,” i.e.
events constructed artificially from tracks drawn at random from many different events in order to
remove all correlations. In this way, in addition to subtracting Poisson fluctuations one will also
subtract spurious experimental effects. The mixed event technique is widely used in the study of
quadratic moments and it could be used here too, even though present data indicate that spurious
experimental effects are quite small [23].
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scan scans. In Section 2.2, after calculating 21 different cumulants as a function of
parameters and as a function of the correlation length £ at freezeout, we determined
that either wy, or wy, is the most sensitive to critical fluctuations, depending on the
values of parameters and depending on the location of the critical point. However,
if critical fluctuations are discovered it will be important to have measured as many
of the cumulant observables as possible. In Section 2.3 we constructed ratios of ob-
servables that will allow an overconstrained experimental determination of currently
poorly known parameters. And, we constructed other ratios of observables that, if
the measured cumulants are indeed dominated by critical fluctuations, are indepen-
dent of all the parameters in our calculation and are independent of the value of the
correlation length. We are therefore able to make parameter-independent predictions
for these ratios, predictions that we hope will some day make it possible to determine
with confidence that observed fluctuations do indeed indicate proximity to the critical
point.

There are several effects that require further investigation:

e In our treatment of the pions we have assumed that all pions seen in the detector
reflect the physics at the time of freezeout, but it is thought that roughly half
of the detected pions come from the later decay of resonances [30]. Let us look
at how this affects our results. Consider the peaks in Figs. 2-2 and 2-3, in the
vicinity of p% where freeze-out occurs closest to the critical point. Because the
cumulants (for example k4, ) are extensive, our calculation of the normalized cu-
mulants (for example wyr = K4 /{N;)) would be correct if the experimentalists
measuring wy, divide by the number of pions present at freezeout. By divid-
ing instead by the number of pions seen in the detector, the experimentalists
will obtain a smaller wy, than in our calculation. This is an effect that can be

corrected for.

e There are physical effects that can limit the upward fluctuation of N,. For
example, if the proton number density becomes too large, it will not be a good

approximation to treat the protons at the time of chemical freezeout as noninter-
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acting. In Appendix A we make a crude attempt to estimate the consequences
of including such effects on the normalized cumulants. It will be much easier
to model the consequences of this effect with data that show evidence for crit-
ical fluctuations in hand, since such data itself will indicate whether upward

fluctuations in N, are cutoff, and if so at what V.

The fact that net baryon number is conserved will also limit the fluctuation in
N,. The magnitude of this effect depends on the size of the acceptance window,
and for noncritical (and Gaussian) fluctuations has been studied in Refs. [116,
117,118,119, 17]). It also depends on the features of baryon number fluctuations
outside the acceptance window. It may translate into a sharp cutoff on the
upward fluctuation of N, (as, e.g., proposed in a model study in Ref. {120]) or
the reduction in flucutations may be more smoothly distributed over a range
of N,. We defer investigation of this effect to future work. Experimentalists
will also be able to learn more about this and other effects by studying the
dependence of the normalized proton cumulants on the width of the rapidity

acceptance window, once there is data showing evidence of critical fluctuations.

We have focussed on fourth and lower order cumulants. Our results show,
though, that higher order cumulants depend on even higher powers of the cor-
relation length £, making them even more sensitive to the proximity of the
critical point. However, the measurement of higher order cumulants involve
the subtraction of more and more terms, making it important to determine the
precision with which they can be measured. We have stopped at fourth order
because current analyses show that these cumulants can be measured with small
error bars. If cumulants beyond fourth order are measured, it will be possible
to construct further ratios of observables that overconstrain parameters or are

independent of parameters.
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Chapter 3

Strongly Coupled Plasmas -

Baryon Screening

3.1 Introduction and Summary

In the previous Chapter we discussed experimental signatures of the critical point
of the hadron to QGP phase transition. We now turn to study properties of quarks
moving in strongly coupled plasmas using the AdS/CFT correspondence. In this
Chapter we will look at the velocity dependence of the baryon screening length in
N = 4 SYM plasma and in Chapter 4, we will discuss the synchrotron radiation in
the same theory at zero temperature.

In /' = 4 SYM theory at zero temperature, the static potential between a heavy
external quark and antiquark separated by a distance L™*°" is given in the large N,

and large A limit by {122, 123]

a2 /)

- I‘(i)l& [ meson ’

V(L) = (3.1)

where the 1/L™®°" behavior is required by conformal invariance. This potential is
obtained by computing the action of an extremal string world sheet, bounded at
z — oo (z being the fifth dimension of AdSs which is the inverse of u introduced

in Chapter 1) by the world lines of the quark and antiquark and “hanging down”
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from these world lines toward smaller 2. At nonzero temperature, the potential

becomes [124]

V(meon,T) ~~ \/Xf(Lmeson) Lmeson < L::neson
~~ AOg(Lm&son) Lmeson > L::neson . (32)

In (3.2), at L™ = 0.24/T there is a change of dominance between different saddle
points and the slope of the potential changes discontinuously. When L™esen < [mesen
the potential is determined as at zero temperature by the area of a string world
sheet bounded by the worldlines of the quark and antiquark, but now the world
sheet hangs down into a different five-dimensional spacetime: introducing nonzero
temperature in the gauge theory is dual to introducing a black hole horizon in the
five-dimensional spacetime. When L™®" & LP=® f(L™=") reduces to its zero
temperature behavior (3.1). When L™ > [meen  the potential arises from two
disjoint strings, each separately extending downward from the quark or antiquark all
the way to the black hole horizon. At L™e=°om > [Mesen  g(L™e=o") i known and is
determined by the exchange of the lightest supergravity mode between the two disjoint
strings [125]. It is physically intuitive to interpret L. as the screening length L of the
plasma since at L. the qualitative behavior of the potential changes. Similar criteria
are used in the definition of screening length in QCD [126], although in QCD there is
no sharply defined length scale at which screening sets in. Lattice calculations of the
static potential between a heavy quark and antiquark in QCD indicate a screening
length L, ~ 0.5/T in hot QCD with two flavors of light quarks [127] and L, ~ 0.7/T
in hot QCD with no dynamical quarks [128]. The fact that there is a sharply defined

L. in (3.2) is an artifact of the limit in which we are working.

In Refs. [42, 129], the analysis of screening was extended to the case of a quark-
antiquark pair moving through the plasma with velocity v. In that context, it proved
convenient to define a slightly different screening length L™°® which is the Lmeson
beyond which no connected extremal string world sheet hanging between the quark

and antiquark can be found. At v = 0, L™= = 0.28/T [124]. At nonzero v, up to

78



small corrections that have been computed [42, 129,
1
LS (y T) ~ [P0, T)(1 — v?)M* 71 - V)4 (3.3)

This result, also obtained in Ref. [130] and further explored in Refs. [131, 132, 133],
has proved robust in the sense that it applies in various strongly coupled plasmas
other than A = 4 SYM [131, 132, 133]. The velocity dependence of the screening
length (3.3) suggests that in a theory containing dynamical heavy quarks and meson
bound states (which A = 4 SYM does not) the dissociation temperature Tgiss(v),
defined as the temperature above which mesons with a given velocity do not exist,

should scale with velocity as [42]
Tdiss(”) = Tdiss(v = O)(l - 'U2)1/4 > (34)

since Tyiss(v) should be the temperature at which the screening length L7*°"(v) is
comparable to the size of the meson bound state. The scaling (3.4) indicates that
slower mesons can exist up to higher temperatures than faster ones. This result has
proved robust in a second sense, in that (3.4) has also been obtained by direct analysis
of the dispersion relations of actual mesons in the plasma [134], introduced by adding
heavy quarks described in the gravity dual by a D7-brane whose fluctuations are the
mesons [135]. These mesons have a limiting velocity whose temperature dependence

is equivalent to (3.4), up to few percent corrections that have been computed [134].

In the present Chapter, we shall return to the velocity-dependent screening length
and test the robustness of (3.3) in yet a third sense, by analyzing the potential and
screening length defined by a configuration consisting of N, external quarks arranged
in a circle of radius L.! In the gravity dual, there is a string hanging down from each
of these quarks and at nonzero T and large enough L, the only extremal configuration

of these string world sheets will be N, disjoint strings. In order to obtain a baryon-

1The baryon static potential between three static quarks has been computed in QCD itself using
lattice methods at zero temperature [136], and very recently the extension of these studies to nonzero
temperatures and hence the study of baryon screening in QCD has been initiated [137].
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AdS boundary Quarks

K

Figure 3-1: A sketch of a baryon configuration with N, quarks arranged in a circle at
the boundary of the AdS space, each connected to a D5-brane located at z = z. by a
string.

baryon vertex Z=7%2

€

like configuration, we introduce a D5-brane into the gravity dual theory which fills
the 5 spatial dimensions of the S; and sits at a point in AdSs, and on which N,
strings can end [138, 139, 140].> This now means that for L less than some L, we
can find configurations as in Fig. 3-1, in which the N, strings hanging down from
the quarks at the boundary of AdS; end on the D5-brane. Following Ref. [140], we

have made the arbitrary choice of placing the N, quarks in a circle: pursuing our

2We shall only consider the case where all N, strings are located at the same point in the Ss; it
would be interesting to generalize our analysis to the case where there are different species of quarks
corresponding to strings located at different points in the Sy which could then end at different
points on the D5-brane. We are also neglecting the interactions between the Nc string endpoints
on the D5-brane. Such interactions can be described via the Born-Infeld action for the D5-brane,
and have been analyzed in Refs. [141] for the case where the baryons are BPS objects and the
analysis can be pushed through to completion. In our case, in which supersymmetry is broken by
the nonzero temperature and in which the baryon configurations need not be BPS objects even at
zero temperature, such an analysis certainly presents technical challenges and may even be made
uncontrolled by potential higher derivative corrections to the D5-brane Born-Infeld action. We shall
follow Refs. [138, 139, 140] in neglecting string-string interactions. We shall find that the velocity
dependence of the screening length is controlled by the kinematics of the AdS black hole metric
under boosts: the fact that we find (see below) the same velocity dependence for the screening
length defined by a baryon configuration which includes a D5-brane as has been found previously
for that defined by the quark-antiquark potential whose calculation involves no D5-brane suggests,
but absent a calculation does not demonstrate, that the addition of string-string interactions on the
D5-brane will not modify our conclusions.
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analysis to the point of phenomenology would certainly require investigating more
generalized configurations.® Our central purpose, however, is to test the robustness
of (3.3) in a theoretical context in which the D5-brane introduces a qualitatively new
element. Note that in comparing our results for baryon screening to (3.3), if we want
to compare numerical prefactors we should compare L to L™= /2, since we have
defined L as the radius of the circle in Fig. 3-1 rather than its diameter.

The D5-brane plays a role somewhat analogous what has been called a “baryon-
junction” in various phenomenological analyses of baryons in QCD [142]. Baryon
junctions in phenomenological analyses have usually been envisioned as well localized
in (3+1)-dimensions, but this may not be the appropriate way of thinking of the D5-
brane. The IR/UV relationship that characterizes the AdS/CFT correspondence [65]
tells us that smaller values of the fifth-dimension coordinate z correspond to larger
length scales R%,5/z in the (3+1)-dimensional field theory, where R 445 is the curva-
ture of the AdS space.* The D5-brane is located at z = z., the lowest point in z of
any part of the baryon configuration in Fig. 3-1. It therefore represents the longest
wavelength “disturbance” of the (3+1)-dimensional gluon field (and other N' = 4
SYM fields) caused by the presence of the N, quarks. We shall see in Section 3.3
that in A" = 4 SYM this length scale R?,5/z. is comparable to 2L, meaning that the
baryon vertex describes a disturbance of the gluon fields comparable in size to the
circle of external quarks, not a baryon junction that is localized in (3+ 1)-dimensions.

The results (3.3) and (3.4) have a simple physical interpretation which suggests
that they could be applicable to a wide class of theories regardless of specific details.
First, note that since L,(0) ~ %, both (3.3) and (3.4) can be interpreted as if in
their rest frame the quark-antiquark dipole experiences a higher effective temperature
T,/7. Although this is not literally the case in a weakly coupled theory, in which
the dipole will see a redshifted momentum distribution of quasiparticles coming at

it from some directions and a blueshifted distribution from others [143], we give an

3Note that for N, = 3, there is no loss of generality in choosing the N, quarks to lie in a single
plane, but there is still an infinite space of distinct possible configurations to consider. Many have
been considered in lattice investigations [136, 137].

4Note that in the Chapter 1 we introduced the inverse of the fifth-dimension u, which is related
to z by u = R 5 /=.
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argument below for how this interpretation can nevertheless be sensible. The result
(3.3) can then be seen as validating the relevance of this interpretation in a strongly
coupled plasma. The argument is based on the idea that quarkonium propagation
and dissociation are mainly sensitive to the local energy density of the medium. Now,
in the rest frame of the dipole, the energy density ¢ is blue shifted by a factor ~ ~?2
and since € oc T* in a conformal theory, the result (3.3) is as if quarks feel a higher
effective temperature given by T'\/y. Lattice calculations indicate that the quark-
gluon plasma in QCD is nearly conformal over a range of temperatures 1.5T, < T <
5T, with an energy density ¢ ~ bT* where b is approximately constant, at about
80% of the free theory value [144]. So it does not seem far-fetched to imagine that
(3.3) could apply to QCD. We should also note that AdS/CFT calculations in other
strongly coupled gauge theories with a gravity description are consistent with the
interpretation above [132, 134] and that for near conformal theories the deviation from
conformal theory behavior appears to be small [132]. If a velocity scaling like (3.3) and
(3.4) holds for QCD, it can potentially have important implications for quarkonium
suppression in heavy ion collisions [42, 134], in particular suggesting that in a heavy
ion collision at RHIC (or LHC) which does not achieve a high enough temperature
to dissociate J/¥ (or T) mesons at rest, the production of these quarkonium mesons
with transverse momentum above some threshold may nevertheless be suppressed [42].
Our results indicate that if baryons containing three charm quarks are ever studied in
heavy-ion collision experiments, the suppression of their production could be similarly

dependent on transverse momentum.

In Section 3.2 we shall set up a general formalism for finding baryon configurations
of heavy external quarks in supergravity, with the N, quarks arranged arbitrarily. In
Section 3.3 we shall apply this general formalism to the configuration depicted in
Fig. 3-1, allowing us to define a screening length L,. In Section 3.3.1 we evaluate
Ls(v, T) for the case where the baryon configuration is moving through the plasma in
a direction perpendicular to the plane defined by the circle of quarks. (Equivalently,
the “baryon” feels a plasma wind blowing in a direction perpendicular to its plane.)

Static configurations are found by extremizing the total baryon action coming from
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both the strings and the D5 brane. We find static configurations only for L < L4(v,T)
with L,(0,T) = 0.094/T as in [140], comparable to 3L™=°"(0,T) above, and with

0.083
Ly(v,T) = —=(1 = o))/ (3.5)

in the v — 1 limit. In this limit, we obtain (3.5) analytically. We find numerically
that L,(v, T)T/(1 —v?)!/* varies monotonically and smoothly from 0.094 at v = 0 to
0.083 at v — 1, making

L,(v,T) ~ L,(0,T)(1 — v?)/* (3.6)

a good approximation. In Section 3.3.2 we do a similar numerical calculation for the
case where the wind velocity is parallel to the baryon’s plane. At high velocities we
find a result like (3.5) except that the proportionality constant is different for different
quarks/strings, depending weakly on the angle between the wind velocity and the
string. L, is smallest for the quarks whose strings are oriented perpendicular to the
wind, even though in the configuration that we analyze these quarks are also closest
to the D5-brane. This indicates that as v increases the medium is most effective at

screening the potential felt by these quarks.

3.2 General baryon configurations

We wish to analyze a baryon configuration of N, heavy external quarks in the N =
4 SYM plasma at nonzero temperature. The baryon construction in supergravity
involves N, fundamental strings with the same orientation, beginning at the heavy
quarks on the AdS boundary and ending on the baryon vertex in the interior of AdSs,
which is a D5 brane wrapped on the Ss [138]. In this Section, we shall allow the N,
quarks to be placed at arbitrary positions in the (1, z2, z3)-space at the boundary
of AdS. Note that the A = 4 SYM plasma contains no particles in the fundamental
representation, so the quarks we study here are external.

The gravity theory dual to N' =4 SYM theory at nonzero temperature is the AdS

83



black hole times a five-dimensional sphere, with the metric

2 dz?
ds? = —f(2)dt* + E;q—ds-d-’ffe + -f—(zzj + R 4sdS%, (3.7)
where
22 P
e = 7 (1 - _g) . (3.8)

Here, dQ2 is the metric for a unit Ss, Raqs is the curvature radius of the AdS metric,
z is the coordinate of the fifth dimension of AdSs and z, is the position of the black
hole horizon. Note that in Chapter 1 we introduced the inverse of the fifth-dimension
u, which is related to z by u = R%,5/2. The temperature of the gauge theory is given
by the Hawking temperature of the black hole, T = z,/(7R%,5). And, the gauge
theory parameters N, and A are given by VA = R%,s/a’ and A\/N, = g2\, = 4rg,,
where o is related to the string length I; by o/ = 12, 1/(27a’) is the string tension
and g; is the string coupling constant. (So, large N, and A correspond to large string

tension and weak string coupling and thus justify the classical gravity treatment.)

We shall always work in the rest frame of the baryon configuration. This means
that in order to describe N, quarks moving through the plasma with velocity v, say
in the z3-direction, we must boost the metric (3.7) such that it describes a N = 4

SYM plasma moving with a wind velocity v in the negative z3-direction. We obtain

2
1
ds® = —Adt? + 2B dt dzs + C dz? + R—z— (da? + dz3) + mdﬂ + R%,5d92, (3.9)
AdS
where
52 < z4) 22,2 52 24
A= 1-2), B=-22X2 (= 1+-l), (3.10)
Riys 2zt Z*Riys Rius z*
with
2y = z3cosh?n, and zi = zisinh®7. (3.11)

We have defined the wind rapidity n via v = —tanh7. Although in Section 3.3

we shall specialize to circular baryon configurations as illustrated in Fig. 3-1, in this
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Section we describe the construction of a baryon configuration with N, heavy external
quarks placed at arbitrary locations in the z — oo region of the boosted AdS metric

(3.9).

The construction in this Section can easily be generalized to baryon configurations
a large class of gauge theories at nonzero temperature, including N =4 SYM as one
example. Consider any gauge theory that is dual in the large N. and strong coupling
limit to Type IIB string theory in the supergravity approximation in a generic string

frame metric that can be written in the form

22

ds® = g (2)da*d” + % + e gs? | (3.12)

with the possibility of a nontrivial dilaton ¢(r). As before, z# = (t,Z) = (t, z1, T2, T3)
describe the Yang-Mills theory coordinates (the boundary coordinates). Here, ds? is
the metric of some five-dimensional compact manifold X5 that may not be Ss. A
specific choice of gauge theory will correspond to specific choices of ¢(z) and the
various metric functions appearing in (3.12). The metric (3.12) is not even the most
general that we could analyze, since for example we have not allowed the metric
functions in (3.12) to depend on the coordinates of the internal manifold X5 and since
we have chosen the z-dependence of the Xs-metric to be a common factor exp(2y(z)),
not some more complicated structure. Such complications do not add qualitatively
new features to the analysis of baryon configurations in a metric of the form (3.12).
Our construction of baryon configurations below starting from the metric (3.12) could
be applied to gauge theories known to have dual gravity descriptions some of which
are conformal and some not, without or with nonzero R-charge density, with N'= 4
supersymmetry or to certain theories with only N' = 2 or N = 1 supersymmetry,
at nonzero or zero temperature, with or without a wind velocity. In our explicit
definition of and calculation of the screening length Ls in Section 3.3, we shall return

to the special case (3.9) of hot ' =4 SYM theory with a wind velocity.

A baryon configuration in the supergravity metric (3.12) involves N, fundamental

strings beginning at the external heavy quarks on the boundary (which we will take
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to be at z = 00) and ending on the baryon vertex in the interior, which is a D5 brane
wrapped on the compact manifold X5 [138]. We denote the positions in Z-space where
we place the external quarks by ¢, witha = 1,--- N, and we take all the quarks to
sit at the same point in the compact manifold X5. We shall describe how to determine
the location of the D5-brane below. After so doing, we shall shift the origin of the
Z coordinates such that the D5-brane sits at the origin, at &, = 0. We denote its

position in the fifth dimension by z = z.. The total action of the system is then given

by

N,
Stota.l - Z Ss(fr)ing + SD5 ) (313)
a=1

where S’S(fr)ing denotes the action of the fundamental string connecting the a-th quark

with the D5-brane. Denoting the string worldsheet coordinates (1,0), we can choose
T =t, o=z, z; = x;(0) , (3.14)

meaning that the shape of the a’th string worldsheet is described by functions :L'E“) (2)
that extend from 9 (z,) = %, to #®(c0) = ¢{®. The Nambu-Goto action of one

string can then be written as

T *° gOO ~ o~ ~ ! — T
Setring = et |, dz —F + (GoiGoj — Joodij) TiT; = ool dr Lstring,  (3.15)

where 7 is the total time and where z! = 8,z;. The action for the five-brane can be

written as
_ V(2)T Vs

S — L)L V5
D5 (27)sa®’

V(2) = \/—Gooe Y, (3.16)

where V; is the volume of the compact manifold X5 and V(2.) can be considered to

be the gravitational potential for the D5-brane located at z = z,.

In order to find a static baryon configuration, we must extremize Sy, first with
(2)

respect to the functions z;*'(2) that describe the trajectories of each of the N, strings
and second with respect to Z, and z., the location of the D5-brane. Because Siqtal

does not depend on the :1:,(-“) (2) explicitly, the variation with respect to :vga) (2) leads
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to Euler-Lagrange equations that have a first integral

a[l(a)‘ Go:ioi — GooJis :E,-(a)
PO o o BT const. = KO, (3.17)
Z;

string

where we have denoted the integration constants by Ki(a). Next, we extremize the
action with respect to variations in the position of the D5-brane, understanding that
as we vary its position we adjust the string trajectories as required by their Euler-
Lagrange equations. Extremizing the action with respect to the location of the D5-
brane in #-space yields equations which receive one contribution from the boundary
term at the D5-brane at z = 2. in the variation of each of the :L'Ea)(z), equations which

take the form
S KP=0. (3.18)

a

(What arises from the variation are the K evaluated at z = z, but the K are
by construction z-independent.) The constraint (3.18) is a force balance condition,
encoding the requirement that in a static baryon configuration the net force exerted
by the N, strings on the D5-brane in the z; directions, with ¢ = 1, 2 and 3, must
vanish. FExtremizing Siota with respect to 2. yields the z-direction force balance

condition which we can write as

Nc
> H®| =3, (3.19)
a=1 Ze
where @
H@ = @ _ y@9L” G (3.20)

’ oz  f(2) Lring
is the “upward” (i.e. in the positive z-direction) force on the D5-brane from the a’th
string, meaning that the left-hand side of (3.19) is the upward force due to all the

strings, and where
2ra/ 0Sps Vs OV(2e)

% T 0z (2m)%” Oz

(3.21)

is the downward gravitational force on the D5-brane, given its placement at 2 = 2
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in the curved spacetime (3.12).

Egs. (3.17), (3.18) and (3.19) determine the shape of the string trajectories and the
location of the D5-brane, which is to say that they determine the baryon configuration
for a given choice of the positions of the quarks ¢®. Used in this way, one would
integrate the first order equations (3.17), using the boundary conditions #%(c0) =
g to determine the integration constants K© (§®, £., 2.) for a given choice of Z, and
Z.. Egs. (3.18) and (3.19) can then be used to determine Z, and z.. Not all choices
of §(® will yield a static baryon configuration. For a given quark distribution at the
boundary, the question of whether equations (3.17), (3.18) and (3.19) have solutions
is a dynamical question depending on the specific metric under consideration. We
shall see specific examples of how this plays out in Section 3.3.

Alternatively, a baryon configuration can be specified by starting with a set of
K@ satisfying (3.18), solving for z. using (3.19), and integrating Egs. (3.17) outward
from z = 2. to the boundary at z = oo, only then learning the quark positions
g@ in the gauge theory. Instead of specifying K®_ one can equivalently specify
59 = 8,79(2) |,

Whether we think of specifying conditions at z = 2, and integrating inwards or
specifying conditions at the D5-brane, since we are considering the N, — oo limit
it is often more convenient to introduce the density of quarks and strings instead of
discrete position variables. At the boundary, the quark configuration can be specified
by a density of quarks p(g), which can be normalized as

/ Eqp(@) =1. (3.22)

We can then rewrite (3.18) as

[#ana k@ —o. (3.29)

However, (3.19) cannot immediately be written in terms of p(§) because the quantities
in (3.19) are evaluated at z = 2., and unlike the K’s occurring in (3.18) are not z-

independent. So, we must use the string trajectories themselves to relate the density
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of quarks at 2z = 0o to a density of strings at z = z., as follows. For any given z. and
Z., a solution Z(z) to Egs. (3.17) describes a single string trajectory which connects
a particular point ¢ at z = oo to the D5-brane at #(2.) = Z.. The string connects to
the D5-brane with a particular value of the “angle” § = 0,%Z(2)|z=z.. So, the set of
string trajectories Z(z) with all possible choices of § determine a mapping from § onto
5, where the ¢’s specify the location of quarks at infinity and the 5”s specify strings
at the D5-brane. Since the mapping corresponds to Hamiltonian “time” evolution
(with 2 playing the role of time) Liouville’s theorem tells us that a given p(g) maps
onto a py(3) that specifies the density of strings hitting the D5-brane as a function
of angle given by

pv(3) = p(D ’?L!q_q)

0 (31, 52, 53)

(3.24)

In evaluating the Jacobian determinant, the ¢’s should be considered to be functions
of the 8s, with the function being the mapping defined by the string trajectories Z(z).
If the solutions #(z) are nontrivial curved trajectories, then the relation between p(q)
and py(8) will be nontrivial. Egs. (3.18) and (3.19) can now be recast in terms of
pv(8), namely®

/ 5 oy (5) K(3) = 0 (3.25)

and

/ &5 py(3) H(3) = % . (3.26)

Note that K (8) is obtained by evaluating the left hand side of (3.17) at z = 2., while
H(35) is obtained by evaluating equation (3.20) at z = z.

We close this Section with a description of one way in which the formalism that we
have developed can be used. Suppose that we wish to describe a baryon configuration
in which the quarks all lie on some closed two dimensional surface in Z-space. For a

given z., we can then use (3.18) in the form (3.23) to determine the density of quarks

SNote that in the continuous limit,

26— [Ea@e) = [Eanae).
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along the surface required for any choice of Z, located inside the surface. Or, if the
density of quarks along the surface has been specified, we can use (3.18) to determine
Z, for a given z.,. We then repeat this exercise for all values of z, until we find an z,
that satisfies (3.19) in the form (3.26).

In next Section we apply (3.17), (3.18) and (3.19) to particular baryon configura-

tions in a N = 4 SYM plasma moving with a nonzero wind velocity.

3.3 Velocity dependence of baryon screening in

N =4 SYM theory

We now refocus on baryon configurations at rest in the plasma of N' = 4 SYM theory
with temperature T moving with a wind velocity ¥ = —tanh 7 in the 3 direction.
The gravity dual of this hot plasma wind is described by the metric (3.9). Following
Ref. [140], we shall analyze baryon configurations in which the N, quarks all lie in a
single plane. In Section 3.3.1 we take the quarks to be uniformly distributed along a
circle in the (z1, z2)-plane, perpendicular to the direction of the wind. In Section 3.3.2
we analyze a configuration in which the quarks lie in the (z;,z3)-plane, parallel to
the direction of the wind. We expect that the two configurations we shall study
are sufficient to illustrate the generic aspects of the velocity dependence of baryon

screening in /' = 4 SYM theory.

3.3.1 Wind perpendicular to the baryon configuration

In this Subsection we consider a baryon configuration lying in the (zy, z2)-plane (i.e.
xz3 = 0) perpendicular to the wind direction. For simplicity, we arrange the N,
external quarks uniformly around a circle of radius L as in [140], see Fig. 3-1. This is
a simple example within which we can illustrate many aspects of the general formalism
of Section 3.2 for constructing baryon configurations, and define and study the velocity
dependence of the screening length.

With the quarks arranged uniformly around a circle, it is clear by symmetry that
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the D5-brane must sit at the center of the circle, which we shall take to be at the
origin: Z, = 0. Because of the rotational symmetry of the circular configuration and
of the background geometry (3.9), each of the N, strings in Fig. 3-1 is equivalent.
They all sit at 3 = 0, and each can be described by a single function z(z), where
T = \/m extends from z = 0 and z = 2z, at the D5-brane, to z = L, at
the boundary of AdSs. With the D5-brane at Z. = 0 at the center of the circle, it
is clear that the forces in the Z directions exerted by the strings on the D5-brane
cancel, meaning that Egs. (3.18) are automatically satisfied. The D5-brane sits at
some z = z,, which we shall determine for a given L using (3.19). So, z(z.) = 0 and

z(oo) = L. Applying equations (3.15) and (3.16) to (3.9), we find that in this case

e (G ) om

S . NCTRAdS\/A(Ze)
D5 —

8ral

and

: (3.28)

where f(z) and A(z) were given in Eqgs. (3.8), (3.10) and (3.11). The equation (3.17)

that determines the shape of the string trajectory z(z) becomes

A%

— =K, (3.29)
R?cidsﬁstring

where by symmetry there is only a single integration constant K for all the strings.
The z-direction force balance condition (3.19), namely the condition that the upward
force on the D5-brane exerted by the N, strings balances the downward force of

gravity, becomes

A 1 + p*cosh?y
= = X(p,n), 3.30
JLstring|,, 44/1 — ptcosh®n (,7) (3:30)
where we have defined
25T
p= Zh _ W_Rf.‘liS_.. (3.31)

Ze Ze
We must solve (3.29) and (3.30) simultaneously, in so doing obtaining both the po-

sition of the D5-brane z. and the shape of the strings z(z) corresponding to a static
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baryon configuration with size L.

The integration constant K must be the same at any 2. Upon evaluating it at
z = z. and after some algebraic manipulations, equations (3.29) and (3.30) can be

written more explicitly as

K
(L" = (3.32)

s - ) s

AdS

K?Rgs

4
Ze

=1—p*cosh’n— (1 — pH)¥?, (3.33)

from which we obtain an explicit expression for the baryon radius L in terms of p and

the rapidity #:

° 1
[os
1 (=) (- 1+ (1 - p)22)
(3.34)
where y = 2/z.. We have evaluated (3.34) numerically, and in Fig. 3-2 we plot L

[S1E

p
L= s (1 — p*cosh®n— (1 — p*)x?)

1)
2

versus p for several values of 7. We see that L is small when p is small (meaning that
2. is large). As we decrease z., pulling the D5-brane in Fig. 3-1 downward, p increases
and the size of the baryon configuration L at first increases, then reaches a maximum
value, and then decreases to zero. For a given 7, therefore, there is a maximum
possible baryon radius, which we denote L, beyond which no baryon configurations
are found. We shall identify L, with the screening length, although in so doing we
neglect a small correction that we shall discuss below. We see from Fig. 3-2 that at
any 7 for L < L,(n) there are two solutions with different values of p. We shall see

below that the configuration with the larger p is unstable and has a higher energy.

According to (3.34), the nonzero value of p at which L — 0 in Fig. 3-2 is the
p at which the right-hand side of (3.33) vanishes. At this value of p, K is zero and
0,7\, = 0, corresponding to a configuration whose strings have become vertical. Note
that the D5-brane becomes heavier when it is closer to the AdS black hole (i.e. &

in (3.30) increases with p), meaning that the strings emerging from the D5-brane must
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Figure 3-2: Baryon radius L versus p, where p = z, /2 is the ratio of the position of
the black hole horizon to the position of the D5-brane, for several different values of
the rapidity n of the hot wind. The screening length L, at a given 7 is the maximum
of L(p), namely the largest L at which a static baryon configuration can be found.
We see that L decreases with increasing wind velocity.

be more and more vertical in order to hold it at rest. At some p, the strings become
vertical and at larger p (smaller z.) no static configuration can be found. From (3.33)
we also see that this largest possible p is always smaller than the p = 1 /+/coshn at
which the speed v exceeds the local speed of light at the position of the D5-brane.

At any L for which there are two string configurations possible in Fig. 3-2, we
expect that the solution with the larger p is unstable, as in the case of the string
configuration between a quark and antiquark [145]. This instability can be seen on
qualitative grounds as follows. For the solutions with smaller p, we see from Fig. 3-2
that L increases monotonically with p. This means that if we deform the configuration
by pulling the D5-brane downward while keeping L fixed, the deformed configuration
with its enlarged p has too small an L to be static. The fact that L “wants” to be larger
means that the upward force on the D5-brane is greater than required to balance the
downward force of gravity. So, there is a net restoring force pulling the D5-brane back
upwards and the original configuration is stable against this deformation. In contrast,

for the solutions with larger p we see from Fig. 3-2 that L decreases monotonically
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with p, meaning that if we pull the D5-brane downward, L “wants” to be smaller
and the upward force on the D5-brane is less than the downward force of gravity
(the downward force has increased more than the upward force) and the D5-brane
will accelerate downward. The configurations described by the part of the curve in
Fig. 3-2 for which L decreases with increasing p are therefore unstable. We shall
see below that these configurations have higher energy than the stable configurations

with the same L and smaller p.

We can use (3.34) and Fig. 3-2 to compare the length scale R% /2. of the dis-
turbance of the gluon field induced by the N, external quarks to 2L, the size of the
circle of quarks itself. In the small-p limit, (3.34) simplifies to

0.4811
LT ~ — L (3.35)

which describes the linear region seen in all of the curves in Fig. 3-2 at small p. This

implies that at small p

2
% ~2.079L , (3.36)

comparable to 2L. We see from Fig. 3-2 that as we go from this small p regime

towards L = L, the ratio of R% 5/, to 2L increases by a further few tens of percent.

We see from Fig. 3-2 that the screening length L, decreases with increasing ve-
locity. At zero velocity, Ly = 0.094/T as can be obtained from previous results [140].
We have evaluated L, as a function of rapidity n, and shall plot the result in Fig. 3-7,
along with analogous results from Section 3.3.2 for the case where the wind velocity
is parallel to the plane of the baryon configuration. From our numerical evaluation,

we find that at large g
a

T\/coshn’

with ¢ = 0.0830. The screening length for a quark and antiquark separated by a

L, ~ (3.37)

distance L™*°" moving through the plasma in a direction perpendicular to the dipole
also takes the form (3.37) in the high velocity limit, with a = 0.237 [42]. When we

compare the Lg that we have computed for the baryon configuration to L0 /2 (the
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“radius” of the meson configuration at its screening length) we see that, in addition
to having precisely the same velocity dependence at high velocity, their numerical
values are comparable. Finally, it is perhaps not surprising that Lbaryon i somewhat
smaller than L™*°"/2, for a given n and T, since the baryon vertex (D5-brane) pulls
the strings further downward, closer to the horizon.

We can also find the large n dependence of L, analytically. If we define

p = py/coshn, L = L+/coshn (3.38)
and take the scaling limit in which
n— oo with p, L held fixed, (3.39)

we find that coshn drops out of the leading terms in Eq. (3.34) and this equation

becomes
A O 1 [ 1
L = —%(1—;34—22)2/ dy < +O<(cosh77)_%>
s 1 y2 (yt — 1 + 22)2
I I e
= 37 (1 - %) LR (2,4,4,1 by +O((Coshn) z). (3.40)

(Note that according to (3.30), ¥ only depends on p.) The right-hand side of (3.40) is
function of p that goes to zero at p — 0 and at p — 0.880, and that has a maximum at
p = 0.666 where L =0.0830/7T, yielding an L, that is in precise agreement with (3.37).

We close this Section by evaluating the energy of the baryon configurations that

we have constructed. The energy of one string can be found using Ssring and is given

by

)
R?AdS f

T h?n
_ \/_ dy — ' cos , (3.41)

R —p)2(y —1+(1—p4)22)%

Estring = ool

where y = z/2,. This energy is infinite because we have included the masses of the
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Figure 3-3: The total energy of the baryon configuration with a given L (relative
to that of N, disjoint quarks moving with the same velocity) for several values of
the wind rapidity . The lower (higher) energy branch corresponds to the solution in
Fig. 3-2 with lower (higher) p. The cusps where the two branches meet are at L = L,.

quarks. As in Refs. [42, 129], we regularize the baryon energy by subtracting the
energy of (in this case N,) disjoint quarks in a hot plasma wind of velocity v, whose
strings are dragging behind them in the z3 direction according to the solution found
in [83, 84]. This corresponds to regulating the z-integral in (3.41) with a large-z cutoff
A, subtracting

)

A Afze
N, f P _ N.TVA ay (3.42)

m— Z
20 ) 2p o
and then taking A to infinity. This procedure yields a finite answer. The total energy

of the baryon (strings plus D5-brane) becomes

2 N.TVX 1/°° di y* — p*cosh®n 1 Vi1 1
total — - 1 - -
2 |ph (y* — p4)? (y* — 1+ (1 — pt)T2)* p

_ h?
v/ 1 — p*cos n}, (3.43)

4p

+

where the last term is the contribution of the D5 brane to the energy.
In Fig. 3-3 we plot the energy of the baryon configurations at several values of 7.

As in Fig. 3-2, we see two configurations at every L < L,. We have argued above
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that the higher energy configurations (those with the larger p) are unstable, so we
focus on the lower branch. We see that at 7 = 0 this branch crosses zero energy at
L = 0.073/T, whereas the largest L at which a baryon configuration can be found
is L, = 0.094/T. This means that for 0.073 < LT < 0.094, even the lower branch
solutions have become metastable, as they have more energy than N, disjoint quarks.
We see from Fig. 3-3 that this phenomenon does not occur at larger velocities; in fact,
it arises only for < 0.755 since at n = 0.755 the baryon configuration with L = L,
has the same energy as N, disjoint quarks, i.e. zero energy in Fig. 3-3. At the low
velocities 7 < 0.755, a more precise definition of the screening length would be to
define it as the length at which the lower curve in Fig. 3-3 crosses zero. We see from
Fig. 3-3 that by using L, as our definition of the screening length at all velocities,
as we do for simplicity, we are introducing only a small imprecision at low velocities,
n < 0.755. These considerations have no effect on our calculation of L, at large 7,
namely (3.37).

It is clear from (3.43) that in the large n limit (3.39) with L held fixed and L
therefore decreasing, the energy scales as —+/cosh7. This scaling can also be deduced
from Fig. 3-3, as follows. The subtraction term (3.42) is defined such that for any
given T and 7, at small enough L the potential energy E(L) is the same as in vacuum
(i.e. for T = n = 0), namely E(L) « —1/L. And, if E o« —1/L and the E(L) curves
for different 7 overlap as seen in Fig. 3-3, then E must scale like —+/cosh7 in the
limit (3.39).

The baryon configuration that we have analyzed in this Subsection is special
in that all N, strings are equivalent. In the next Subsection we shall analyze a
configuration for which this is not the case, for which we shall need the full formalism

developed in Section 3.2.

3.3.2 Wind parallel to the baryon configuration

We now analyze the case where the N, quarks are moving through the plasma (or,
equivalently in their rest frame, feeling a hot wind blowing) in a direction parallel to

their plane. We shall keep the wind blowing in the z3 direction as before, meaning
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that the boosted AdS black hole metric given by (3.9) is unchanged. We shall now
put the NV, quarks in the (z;,z3)-plane.

With the quarks in the (1, z3)-plane and the wind velocity in the z3 direction, the
N strings in a circular baryon configuration are no longer equivalent, as the strings
make different angles relative to the wind direction. The N, strings would not all
hit the D5-brane at the same angle in this case. Analyzing this case is possible, but
we will instead consider a simpler configuration in which all N, strings hit the D5-
brane symmetrically. In terms of the formalism developed in Section 3.2, we choose

a configuration in which the string density at the D5-brane is
1
pv(s1, 82,83) = ;5(3% + 83 — 5%) §(s2) (3.44)

where s is some constant and s; = 0,7;(z)|,,. The distribution (3.44) corresponds
to requiring that the N, strings hit the D5-brane with a uniform distribution in the
azimuthal angle ¢ in the (z,z3)-plane and all with the same 8,z|,, = s. (Here,
T = \/m) Unlike in the previous Subsection, this specification of the baryon
configuration in the vicinity of z = z, will not correspond to having the N, quarks at
z = oo arranged on a circle. Note that (3.44) guarantees that the net force exerted
on the D5-brane in the x;- and z3-directions by the N, quarks vanishes, meaning
that (3.25), or equivalently (3.18), is automatically satisfied. Given the choices that
we have made in specifying our baryon configuration, our task is twofold: we must
determine s as a function of z. such that the forces on the D5-brane in the z-direction
due to gravity and due to the strings cancel; and, we must solve for the shape of the

strings to determine what baryon configuration at z = 0o our choices correspond to.

The shape of each string is specified by two functions z;(z) and z3(z) that we
must obtain. We shall find that, when projected onto the (z1,zs3)-plane, the string
worldsheets do not follow radial trajectories. That is, the trajectories z1(z) and z3(2)
are not specified just by z(2); their azimuthal angle ¢ is a nontrivial function of z

also.

Applying equations (3.15) and (3.16) to (3.9) with nontrivial z1(z) and z3(2), we
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find that

Coving = \/A <f1 n (z1)? 22) n (5)* 22f(2) ’ (3.45)

(2) Ras Rius
and find that the D5-brane action is given by (3.28) as before. With Lging given
by (3.45), the equations of motion (3.17) can be rearranged to give

iUI2 — Rde K% (3 46)
' 22 22fA— R3ysK3A — RyysKif ) '
R: K2A?
12 AdS 3
= } A7
E <f2z2> <22fA_R124dSK§A_R?4dSKl2f) (3:47)

Equation (3.19) for the balance of force in the radial direction becomes

Z Raas AJVT
VA (Rogs + [222F) + f22%f

strings Ze

where Y(p,7) is as in (3.30) and is the downward gravitational force on the D5-brane
and the left-hand side of (3.48) is the upward force due to the IV, strings. If we define
¢ to be the azimuthal angle in the (z1,z3)-plane that a string makes at z = z. where
it connects to the D5-brane, defined such that ¢ = 0 (¢ = 7/2) is in the positive-z3
(positive-z;) direction, then our choice of having the N, strings uniformly distributed

in ¢ turns the sum over strings in equation (3.48) into an integral over ¢,

2 d¢
Y oN /0 o (3.49)

strings
and expression (3.48) becomes
2w
Rpas A / gﬁ 1 — %(pn), (3.50)
VI Jo 2m \/AR?,MS + s2f22 (A sin® ¢ + f cos? (15) e

where s = 0,z|,, was introduced in (3.44) and as before p = z),/ 2.

The constants K; and K3 must be the same at any z. By evaluating (3.46) and
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(3.47) at z = z. and rearranging, we determine that

2421 fgin? g

K2 — S |

1 R?qu (ARids + 5272 f (A sin? ¢+ f cos? ¢)) . s (3.51)
224f3cos? ¢

K= : 3.52

’ R124ds (AR124dS + 3232f (A Sin2 ¢ + f C032 ¢)) R ( )

With these integration constants now determined, we can integrate Eqs. (3.46) and

(3.47), obtaining
3R4 K
2 (2) = EAds T / m (3.53)

and y
3 4 z/z 4 4 2
P RAdSK3/ © Y —picosh®n 1
z3(2) = d : 3.54
3(2) %, , YT R (3.54)
where
RY . AK2 R s p* K2
Q= (v* — p*)(y* — p* cosh®n) — —@iﬁ)—l(y‘l,— pt) — %(y — p*cosh®7).
h h

(3.55)

Equations (3.53) and (3.54) specify the shape of the string worldsheets, while 2,
(equivalently, p) is determined in terms of s by (3.50).

The calculation proceeds as follows. First, we solve (3.50) numerically to obtain
the s required at a given p. Second, we pick a particular value of ¢ and use s
to evaluate (3.51) and (3.52), obtaining the z-independent, but ¢-dependent, K;
and Kj3. Third, we evaluate (3.53) and (3.54) numerically, thus obtaining the shape
of the string with a particular value of ¢. The position of the quark at 2z = oo

corresponding to this choice of ¢ is then (z1(00), z3(0c0)) and we can determine L =

v/T1(00)2 + z3(00)?2 for this choice of ¢. Fourth, we repeat the second and third steps

for all values of ¢.

In Fig. 3-4 we show the L obtained as we have just described at three values of ¢,
as a function of p. We conclude from the fact that L is different for different values
of ¢ that the N, quarks at z = oo are not arranged in a circle in the (z;, z3)-plane.

We illustrate this explicitly in Figs. 3-5 and 3-6. We started with circularly sym-
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Figure 3-4: L versus p for strings oriented in the ¢ = 0,7/4,7/2 directions in the
(71, z3)-plane in a baryon configuration immersed in a plasma moving in the z3-
direction with rapidity 7 = 2. We see that at a given p the distance L in the (z;, T3)-
plane between a quark and the D5-brane at the center of the baryon configuration
depends on the angular position of the quark. This means that the N, quarks do not
lie on a circle.
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Figure 3-5: Strings projected on the AdS boundary for n = 2 and p = 0.37 for strings
separated in ¢ by m/12. (We have done all our calculations for N, — oo, but have
shown only 24 quarks in the Figure.) Baryon motion is in the z3 direction. The
Figure is drawn in the rest frame of the baryon, meaning there is a hot wind in the
z3 direction. The N, quarks that make up the baryon configuration are not arranged
in a circle: the “squashed circle” is wider in the direction of motion. Note also that
the projection of the strings are not straight lines.
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Figure 3-6: Same as Fig. 3-5, but for p = 0.4550611, very close to the maximum p at
which a baryon configuration can be found at n = 2. This configuration is unstable,
and has higher energy than the configurations with comparable L’s at much lower
p. However, it illustrates the “squashing” of the baryon configuration away from a
circular shape and the curvature of the projections of the strings onto the (z1,z3)
plane. Both these effects are present in Fig. 3-5, but are more visible here.

metric boundary conditions at the D5-brane, but the resulting baryon configuration
at the AdS boundary is “squashed”, wider in the direction of motion of the baryon
and narrower in the perpendicular direction. Inspection of Fig. 3-4 or comparison
of Figs. 3-5 and 3-6 shows that the shape of the baryon configuration at the AdS
boundary changes with p, becoming more squashed as p increases. In Figs. 3-5 and
3-6 we also see that the projections of the string worldsheets onto the (x1, r3)-plane
are not straight radial lines. Their curved shapes are strikingly similar to the shapes
of the projections of strings joining a static quark-antiquark in the meson configura-
tions analyzed in Refs. [42, 129], although they are not precisely the same. Note that
Eqgs. (3.50)—(3.52) are symmetric in ¢ — m — ¢, which implies that string configura-
tions are symmetric with respect to reflection in the z; axis, i.e. under z3 — —x3,
as is manifest in Figs. 3-5 and 3-6. This forward-backward symmetry of the string
configurations indicates that the baryon configuration feels no drag as it is moved
through the plasma, just as for meson configurations [130, 42, 129], and as has been
demonstrated previously for baryon configurations with zero size [146].

It is straightforward to compute the energy of the baryon configurations that we
have found, as a function of p, but since (unlike in Subsection 3.3.1) the configurations

are not characterized by a single L(p) there is no analogue of Fig. 3-3 here. Also,
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Figure 3-7: The screening length L, as a function of 7 with its large-n dependence
vcosh scaled out. The solid curve is for the case of a wind velocity perpendicular
to the plane of the baryon, as in Section 3.3.1. The other three curves are for wind
velocity in the plane of the baryon, and show the L, for the strings that make an
angle ¢ = 0,7/4, 7/2 with the direction of the wind.

(again unlike when the wind blows perpendicular to the baryon configuration as in
Subsection 3.3.1) we have no simple argument for at what p the baryon configurations
in this Subsection become unstable. Our argument in the previous Subsection relied
on the equivalence of all N, strings, in that at a single p there was a change from
“a deformation that increases p makes all N, strings want to have larger L” to “a
deformation that increases p makes all N, strings want to have smaller L”. Here, we
see from Fig. 3-4 that there is a range of p within which a deformation that increases p
makes some strings want to have smaller L while other strings want to have larger L.
Within this range of p, our simple argument yields no conclusion and a full stability
analysis as in Refs. [145] is required. We leave this to future work.

The maxima of curves as in Fig. 3-4 define a screening length L, for each ¢ as a
function of . In Fig. 3-7 we plot L,T\/coshn = L,T/(1 —v?)Y/* versus 7 for different
values of ¢. We find that the large-n dependence of the screening length has the same

form in all cases, namely
1

T+/coshn
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Figure 3-8: The screening length L, as a function of ¢ at a large value of n. Specifically,
n = 10 corresponding to y/coshn = 1/(1 — v?)/* = 104.9.

This is the same large n dependence found in Section 3.3.1, Eq. (3.37), and in mesons,
Eq. (3.3). To make the former comparison manifest, in Fig. 3-7 we have also plot-
ted LsT+/coshn for the case analyzed in Section 3.3.1 in which the wind velocity is
perpendicular to the plane of the baryon configuration. When the wind velocity is
parallel to the plane of the baryon configuration, L, has a weak angular dependence.
In particular, the constant of proportionality in Eq. (3.56) varies between 0.082 and
0.088 for different ¢, as can be seen in Fig. 3-7. A plot of L, in the large n regime as a
function of ¢ is given in Fig. 3-8, which shows the smooth variation of L, for large 1 as
we change ¢. Note also that (3.56) is a good approximation all the way down to the
small velocity limit » — 0, since the proportionality constant in Eq. (3.56) merely
changes from its (¢-dependent) value at large n to the (obviously ¢-independent)
value 0.094 at 7 = 0. The central conclusion to be drawn from Fig. 3-7, then, is
that the simple velocity scaling (3.6) is a good approximation at all velocities and all

angles.

The similarities between our results and those for the meson screening length go
beyond just the dominant velocity scaling. Indeed, Fig. 3-7 is strikingly similar to
Fig. 7 of Ref. [129]. There too, for the quark-antiquark case, L;T'y/coshn is largest

at n = 0, a few percent smaller for  — oo if the quark-antiquark dipole is oriented
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parallel to the wind, and a few percent smaller still if the dipole is oriented perpendic-
ular to the wind. The only feature in our Fig. 3-7 that does not have a direct, almost
quantitative, analogue in Ref. [129] is the very small difference between the curves
for the two cases in which the wind direction is perpendicular to the line between the
quark and the D5-brane, namely the case in which the wind is parallel to the plane
of the baryon configuration and the quark is at ¢ = 7/2 and the case in which the

wind is perpendicular to the plane of the baryon configuration.

Although we have only done our analysis for a wind that is either perpendicular
to or parallel to the plane of the baryon configuration, we expect that the qualitative
features that we have found in this Section should all be present for any wind direction

except perpendicular.

In Subsections 3.3.1 and 3.3.2 we have analyzed two particular baryon configu-
rations that suffice to make our point regarding the velocity dependence of baryon
screening. The general formalism of Section 3.2 can straightforwardly be applied to
baryon configurations with other shapes, whether specified by the density of quarks
at infinity or the density of strings at the D5-brane vertex. Technically, in order to
solve equations (3.18) and (3.19), it is simpler to specify the density of strings at the
D5-brane as we have done in this Subsection, but there is no obstacle of principle
to analyzing arbitrary densities of quarks at infinity in any wind velocity. While
the behavior at small 7 could differ for more general configurations, we expect that
in the large 7 limit, the scaling behavior (3.56) should still apply. The formalism
of Section 3.2 can also be used to generalize our results to the plasmas of other
strongly coupled gauge theories. For example, following a line of reasoning developed
in Ref. [132] for the meson sector, it can be shown that in a certain class of gauge
theories whose gravity duals are asymptotically AdS, as v — 1 the baryon screening
length scales as L, o< (1 — v2)1/4/é/4) where ¢ is the energy density of the plasma. é
is proportional to T* for the specific theory that we have analyzed, at any v, in this

Section.
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3.4 Discussion

We have analyzed the screening of the static potential for a baryon configuration
consisting of N, quarks in a circle (or slightly squashed circle) moving with velocity v
through the plasma of N' =4 SYM theory in a direction perpendicular (or parallel)
to the plane of the configuration. We find a screening length

a(l — ,02)1/4

Ls: »
T

(3.57)

where a depends only weakly on v and angles. For example, a = 0.094 for v = 0 while
a = 0.083 for v — 1 with the direction of motion perpendicular to the plane of the
baryon configuration, and 0.082 < a < 0.088 for the case where the motion is parallel
to the plane, again for v — 1. In this last case, a is smallest for those quarks on the
circle which are connected to the D5-brane junction at the center of the baryon by
a string that is perpendicular to the direction of motion. The velocity dependence
in (5.1) is precisely the same as that for the screening length defined by a quark and
antiquark moving through the plasma, and even the weak angular dependence of a is
strikingly similar. This is a confirmation of the robustness of the velocity dependence
of screening that in the meson sector has as a consequence the experimentally testable
prediction that in a range of temperatures that is plausibly accessed in heavy-ion
collisions at RHIC (or at the LHC) J/¥ (or T) suppression may set in only for
quarkonia moving with a transverse momentum above some threshold [42]. In the
baryon sector, it indicates that if baryons composed of three charm quarks are ever
studied in heavy-ion collision experiments which do not reach such high temperatures
as to dissociate them at rest, their production would also be suppressed above some
threshold transverse momentum.

We have found that if the baryon configuration we study feels a wind velocity
parallel to its plane (and presumably at any direction except perpendicular) the N,
quarks are not all equivalent. Those in a direction perpendicular to the wind are most
affected by the wind velocity, as in the configuration we analyze with azimuthally

symmetric boundary conditions at the D5-brane they are the ones that are pulled in

106



closest to the D5-brane and yet they are also the ones that have the smallest L,. It is
tempting to conclude from this that as a function of increasing v or T these quarks will
dissociate first. However, justifying such a conclusion requires further work. It could
be interesting to investigate configurations that are held circular in a wind parallel to
their plane, which would no longer have azimuthally symmetric boundary conditions
at the D5-brane. This would allow the analysis of a sequence of configurations with the
same shape but different size rather than a sequence of configurations whose degree
of squashing changes with size, as in our analysis. However, a definitive conclusion
requires comparing the energies of a baryon configuration on the one hand with a
well-separated quark and (N, — 1)-quarks+D5-brane configuration, each trailing a
dragging string, on the other hand. If the varying effectiveness of the screening of the
potential binding different quarks to the baryon that we have found were to manifest
itself as some quarks dissociating before others, as a function of increasing T or v,
this would suggest that when heavy baryons with N. = 3 dissociate while moving
through a strongly coupled plasma, they may at least initially dissociate into a quark

and a diquark.
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Chapter 4

Strongly Coupled Plasmas -

Synchrotron Radiation

4.1 Introduction and Outlook

The emission and propagation of radiation is an interesting and natural topic of
study in any field theory. For localized sources, one is typically interested in the
angular distribution and spectrum of radiation at spatial infinity and in deciphering
how information about the source is encoded in it. This topic has been studied for
more than a century within the realm of classical electrodynamics (for a textbook
treatment, see [147]). It is much less studied in realms where quantum effects can
be important, as for example in a nonabelian gauge theory in the limit of strong
coupling. This has largely been due to the absence of strong coupling methods for
studying real-time dynamics, which has recently become possible with the discovery
of gauge/gravity duality [61]. Because of this, strongly coupled real-time phenomena
in theories with gravitational duals have become accessible to reliable calculation.
To date, much of the analysis of real-time phenomena in gauge theories with
dual gravitational descriptions has focused on systems at nonzero temperature. The
reason for this, as we discussed in Chapter 1, is that these strongly coupled plasmas are
more similar to the strongly coupled quark-gluon plasma of QCD being produced and

studied in heavy-ion collision experiments at the Relativistic Heavy Ion Collider [7,
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8, 9, 10] than the vacua of these gauge theories are to the vacuum of QCD. Asking
how a test quark moving along some trajectory with nonzero acceleration radiates
in vacuum in a strongly coupled nonabelian gauge theory is a simpler question than
many of those that have already been studied at nonzero temperature. We shall
answer this question for the specific case of a test quark in circular motion in the

vacuum of A/ =4 SYM theory.

As we have discussed in Chapter 1, the two parameters of N' = 4 SYM theory
are the number of colors N. and the ’t Hooft coupling A = ¢%,,N, with gZ,, the
gauge coupling and we shall work in the large N, limit throughout. Since the theory
is conformal, we can specify ). If we choose A — 0, we can study the radiation using
methods similar to those used in classical electrodynamics. If we choose A — oo,
the dual gravitational description of this strongly coupled nonabelian quantum field
theory becomes the classical gravity limit of Type IIB string theory in the AdSsxSs
spacetime. The geometry of the five-sphere will play no role in our computation —
indeed it can be replaced by any compact five-dimensional space X5. This means
that our strong coupling results will be valid for all conformal quantum field theories
with a dual classical gravity description — since conformality of the quantum theory

maps onto the presence of an AdSs spacetime in the gravitational description.!

Because the vacuum of N' = 4 SYM theory is not similar to that of our world,
studying the radiation of a test quark in circular motion in this theory does not
have direct phenomenological motivation. However, we shall find that the angular
distribution of the radiation is very similar to that of classic synchrotron radiation:
when the quark is moving along its circle with an increasingly relativistic velocity, the
radiation is produced in an increasingly tightly collimated beam — a beam which,
if Fourier analyzed, contains radiation at increasingly short wavelengths and high

frequencies. This is interesting first in its own terms and second with a view to

1Our results are valid for all strongly coupled conformal quantum field theories with a dual
classical gravity description as long as we express our results in terms of the ’t Hooft coupling X in
each of the conformal field theories. The relations between this parameter, N,, and the parameters
that specify the gravitational physics in the AdSs space — namely the string coupling and the
dimensionless ratio of the square of the AdS curvature and the string tension — will be different in
different conformal field theories, since these relations do depend on the geometry of Xs.
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extending the calculation to nonzero temperature. First, from the point of view of
the quantum field theory we do not understand why the angular distribution of the
radiation that we find is almost the same at A — oo as it is at A — 0. Why should
the pattern of radiation when what is radiated is nonabelian and strongly coupled be
similar to that seen in classical electrodynamics? In this sense, our results come as
something of a surprise to us. Second, our results in this formal setting nevertheless
open the way to a new means of modelling jet quenching in heavy-ion collisions. If
we were to add a nonzero temperature to our calculation, we could watch the tightly
collimated beam of synchrotron radiation interact with the strongly coupled plasma
that would then be present. The beam of radiation should be slowed down from the
speed of light to the speed of sound and should ultimately thermalize, and it would
be possible to study how the length- and time-scales for these processes depend on

the wavelength and frequency of the beam.

We shall consider a test quark moving on a circle of radius Ry with constant an-
gular velocity wp. In spherical coordinates {r,8,¢} we can take the quark’s trajectory

to be given by
r = Ry, G:g, @ = wpt . (4.1)

By a test quark we mean a test charge in the fundamental representation of the
SU(N,) gauge group. The total power radiated by this test quark moving in the
vacuum of N' = 4 SYM theory in the large-N,. and strong coupling limit has been
computed previously by Mikhailov in Ref. {148}, who finds

VA ,
P= Ea N (42)

where a is the quark’s proper acceleration, given by
a= fyszo , (4.3)

where the quark has speed
v = Rowp (4.4)
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and where
1

N = —ﬁ (4.5)

is the standard Lorentz factor. Mikhailov observed that upon making the substitution
2

the result (4.2) becomes identical to the Larmor result in classical electrodynamics.
Furthermore, Mikhailov showed that the power radiated by a test quark moving along
an arbitrary trajectory is identical to what Liénard calculated in 1898 [149] — see
[147] for a textbook treatment — upon making the substitution (4.6). We shall go
beyond Mikhailov’s result by computing the distribution in space and time of the
power radiated by the quark in circular motion. We shall not attempt Mikhailov’s

generalization to an arbitrary trajectory.

Before leaping to the conclusion that Mikhailov’s result suggests that the N’ = 4
SYM synchrotron radiation pattern will be similar to that in classical electrodynam-
ics, consider the results in the literature that push one’s intuition in the opposite
direction. One interesting study related to zero temperature radiation was performed
in Ref. [56], where decays of off-shell bosons in strongly coupled holographic confor-
mal field theories were analyzed. (One can think of the off-shell boson as the virtual
photon produced in electron-positron annihilation, with that photon coupling to mat-
ter in a strongly coupled conformal field theory instead of to quarks in QCD.) It was
shown in Ref. [56] that there is no correlation between the boson’s spin and the an-
gular distribution of power radiated through the sphere at infinity. In other words, if
one prepares a state containing an off-shell boson with definite spin, in the rest frame
of the boson the event averaged angular distribution of power at infinity will always
be isotropic. This stands in stark contrast to similar weak coupling calculations in
QCD, where the boson’s spin imprints a distinct “antenna” pattern in the distribu-
tion of power at infinity [150, 151, 152]. Similar behavior regarding the isotropization
of radiation at strong coupling was also reported in Refs. [58, 57]. A natural question

to ask when considering the results of Ref. [56] is where does the isotropization of
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radiation come from? Is isotropization a characteristic of the particular initial states
studied in Ref. [56] or is it a natural process which happens during the propagation
of strongly coupled radiation? Indeed, it has been suggested in Ref. [58] that the
mechanism responsible for the isotropization is that parton branching is not sup-
pressed at strong coupling and, correspondingly, successive branchings can scramble
any initially preferred direction in the radiation as it propagates out to spatial infinity.
Regardless of mechanism, these calculations provide an example in which the pattern
of radiation is very different in the strongly coupled N' = 4 SYM theory to that in
weakly coupled QCD or QED. If the intuition about the emission and propagation of
radiation derived from these calculations applies to radiation from an accelerated test
charge, then, we should expect that in our strongly coupled nonabelian theory this
radiation should isotropize and “branch”, populating longer and longer wavelength
modes as it propagates. We find nothing like this. The straightforward guess based
upon Mikhailov’s result — namely that synchrotron radiation in strongly coupled
N =4 SYM theory should look like that in classical electrodynamics — turns out to

be close to correct.

We shall analyze the angular distribution of power radiated by a rotating quark in
N =4 SYM theory at both weak and strong coupling. Our weak coupling results are
valid only in this theory. At strong coupling, we obtain an analytic expression for the
energy density which is valid at all distances from the quark and for all holographic
conformal field theories. At weak coupling our analysis reduces to that of synchrotron
radiation in classical electrodynamics with an additional contribution coming from a
scalar field [153]. At strong coupling gauge/gravity duality maps the problem onto

that of the linear gravitational response due to the presence of a string.

Fig. 4-1 shows a cartoon of the classical 5d dual gravitational description. The
five dimensional geometry of AdSs, which is the arena where the dual gravitational
dynamics takes place, has a four dimensional boundary whose geometry is that of or-
dinary Minkowski space. Ending at the boundary is a classical string whose endpoint
follows a trajectory that corresponds to the trajectory of the quark in the dual field

theory. The condition that the endpoint rotates about a specific (Minkowski space)
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Boundary stress

AdSs radial
direction

Figure 4-1: A cartoon of the gravitational description of synchrotron radiation at
strong coupling. The arena where the gravitational dynamics takes place is the 5d
geometry of AdSs. A string resides in the geometry and an endpoint of the string is
attached to the 4d boundary of AdSs, which is where the dual quantum field theory
lives. The trajectory of the endpoint of the string corresponds to the trajectory of
the dual quark. Demanding that the endpoint rotates results in the string rotating
and coiling around on itself as it extends in the AdSs radial direction. The presence
of the string in turn perturbs the geometry and the near-boundary perturbation in
the geometry induces a 4d stress tensor on the boundary. The induced stress has the
interpretation as the expectation value of the stress tensor in the dual quantum field
theory.

axis results in the entire string rotating about the same axis with the string coiling
around on itself over and over. In turn, the rotating motion of the string creates
gravitational radiation which propagates up to the boundary of the geometry. Just
like electromagnetic fields induce surface currents on conductors, the gravitational
disturbance near the boundary induces a 4d stress tensor on the boundary [154, 155].
As shown in Fig. 4-1, the induced 4d stress tensor inherits the coiled structure of the
rotating string. Via the standard gauge/gravity dictionary [61, 156], the induced 4d
stress tensor is the expectation value of the stress tensor in the dual quantum field
theory. So, by doing a classical gravitational calculation in five dimensions (which

happens to be somewhat analogous to a classical electromagnetic calculation) we can
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compute the pattern of radiation in the boundary quantum field theory, including all
quantum effects and working in a strong coupling regime in which quantum effects

can be expected to dominate.

At both weak and strong coupling we find that the radiation pattern at infinity
qualitatively resembles that of synchrotron radiation in classical electrodynamics.
And, at both weak and strong coupling, for the case of relativistic circular motion we
find the characteristic pattern of a lighthouse-like beam propagating out to infinity
without broadening. As stated above, at weak coupling the difference between our
results and those of classical electrodynamics simply amount to the presence of an
additional contribution coming from a scalar field. At strong coupling both the total
power and the angular distribution of power are found to differ somewhat from that
obtained by extrapolating the weak coupling result to strong coupling. Interestingly,
though, the angular distribution of power at strong coupling can be written as the sum
of the angular distributions of power coming from vector and scalar modes at weak
coupling with 2:1 relative strengths, whereas at weak coupling this ratio is 4:1. As the
radiation is far from isotropic at infinity, this problem provides a concrete example |
demonstrating that radiation need not isotropize in a nonabelian gauge theory at
strong coupling. And, the width of the outgoing pulse of radiation does not broaden
as the pulse propagates outward, meaning that as it propagates out to infinity the
radiation remains at the (short) wavelengths and (high) frequencies at which it was

emitted.

We close this introduction with a look ahead at extending this calculation to
nonzero temperature 7. The authors of Ref. [157] have shown that the power that
it takes to move the quark in a circle is given by the vacuum result (4.2) even for a

test quark moving through the strongly coupled plasma present at T # 0 as long as
weyd > 7T . (4.7)

In the opposite regime, where w2vy® < 7272, the power it takes to move the quark in a

circle through the plasma is the same as it would be to move the quark in a straight line
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with speed v. This power has been computed using gauge/gravity duality in Refs. [83,
84], and corresponds to pushing the quark against a drag force. The analogue of our
calculation — namely following where the dissipated or “radiated” power goes — was
done, again using gauge/gravity duality, in Refs. [158, 159, 160, 161]. There, it was
demonstrated that the test quark plowing through the strongly coupled plasma in
a straight line excites hydrodynamic modes of the plasma, trailing a diffusion wake
and — if the motion is supersonic — creating a Mach cone. It is a generic feature
of a nonzero temperature plasma, at weak coupling or at strong coupling, that any
power dumped into it in some localized fashion must eventually take the form of
hydrodynamic excitations [161]. These considerations and our results motivate the
extension of the present calculation to nonzero temperature, in particular in the
regime (4.7). At these high velocities or low temperatures, we know that (4.2) is
satisfied and, given our experience at zero temperature in this Chapter, we therefore
expect that at length scales that are small compared to 1/T the rotating quark
radiates a narrow beam of synchrotron radiation, even at strong coupling. If (4.7) is
satisfied, the wavelengths characterizing the pulse of radiation heading outward into
the plasma are much shorter than 1/T. But, we also know on general grounds that
this narrow pulse of beamed radiation must first reach local thermal equilibrium, likely
converting into an outgoing hydrodynamic wave moving at the speed of sound, and
must then ultimately dissipate and thermalize completely. Watching these processes
occur may give insight into jet quenching in the strongly coupled quark-gluon plasma
of QCD.

The outline of the rest of this Chapter is simple: we do the weak coupling calcula-
tion in Section 4.2 and use gauge/gravity duality to do the strong coupling calculation

in Section 4.3. In Section 4.4 we discuss the results and conclude.

4.2 Weak coupling calculation

In the limit of weak coupling, the radiation produced by an accelerated test charge

can be analyzed using classical field theory. For example, for the case of an electron
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undergoing synchrotron motion in QED), the appropriate classical effective description
is simply that of classical electrodynamics. For the case of a test quark (specifically,
an infinitely massive spin-1/2 particle from the A" = 2 hypermultiplet that is in the
fundamental representation of the SU(N,) gauge group) moving through the vacuum
of N = 4 SYM theory, more fields can be excited and the appropriate effective
classical description is more complicated. The Lagrangian for this theory can be
found, for example, in Ref. [162]. As can readily be verified by inspecting the field
theory Lagrangian, in the limit of asymptotically weak coupling and large test quark
mass the fields that can be excited by the test quark are the non-Abelian gauge field
and an adjoint representation scalar field. Interactions with all other fields are either
suppressed by an inverse power of the quark mass or a positive power of the ‘t Hooft
coupling A. Moreover, in the limit of asymptotically weak coupling the gauge and

scalar fields satisfy decoupled linear equations of motion.

Following Ref. [153], instead of dealing with N2 decoupled components of the
gauge field and N2 decoupled components of the adjoint scalar field, we consider
the case of a single U(1) gauge field and a single real scalar field with appropriate
effective couplings tailored to compensate for the fact that the actual theory contains
adjoint representation fields. The effective couplings can be determined by computing
the vector and scalar contributions to the Coulomb field of a quark in the effective
description and matching onto the full theory. In the large N limit the classical

effective Lagrangian reads [153]
1 1
Ec]assical - “ZF;WF#U —-J- A - 5(8)()2 - pchargex ) (48)

where F* is the field strength corresponding to the U(1) gauge field A¥, x is the

scalar field, and the sources corresponding to the test quark are given by

Pcharge — Eeff V 1- U2(53('f’ - 'rquark) ) (49)
dr#
J* = e Z‘f“ 8 (P — Pquark) » (4.10)
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with 77 ., the trajectory of the test quark, v = ’f'guark the velocity of the test quark,

and where it turns out that both effective couplings take on the same value

2 _ oNZ-1 1

ex =49 o _2/\. (4.11)

In classical electrodynamics, peharge = 0 and, in the source for the vector field J#, e.q4

is just e. We shall take the trajectory of the test quark to be (4.1) throughout.

4.2.1 Solutions to the equations of motion and the angular

distribution of power

Comprehensive analyses of the radiation coming from the gauge field can be found
in classical electrodynamics textbooks (see for example [147]). However, because the
case of scalar radiation is less well known and also for the sake of completeness,
we present a brief analysis of the radiation for both fields. We shall linger in our
discussion on those aspects which will also be of value in the analysis of our strong

coupling results.

Choosing the Lorentz gauge d - A = 0, the equations of motion for the fields read
—0%A* =g+, Py = Pcharge - (4.12)

These equations are solved by

A*(t,r) = /d“r'G(t—t’,r—r')J"(t',r’), (4.13a)
X(tr) = / B Gt P =1 penaege (£ T') (4.13b)
where
gy = QU)o
G-t r r)_47r|r—r’|6(t t' —|r—7']) (4.14)

is the retarded Greens function of —9%, and (¢,7’) is the point of emission. After
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using delta functions to carry out the 7'# integrations, we arrive at the expressions

€eff 1 dT”

AT = dnr Z(t', 7) ;ltl?rk — (4.152)
X = %%% R (4.15b)
where
2(t,7) = |T_rq““k(t/)|r_ T Fondt). (4.16)
v =1/v/1 =22, r = |r|, and the retarded time ¢, is the solution to
t— tres — |7 — Pquark(tret)| = 0. (4.17)

(t — tret) is the light travel time between Tquark(tre;) and r. Because the motion of the
quark is periodic, Pquark(fret) is a periodic function of its argument with period 27 /wp.
Eq. (4.17) then implies that if ¢ is shifted by 27 /wy, t.e shifts by the same amount so
that (t—tewe) is left unchanged. Because the motion of the quark is circular, Eq. (4.17)
also implies that a change in the position of the quark corresponding to a shift in its

azimuthal angle by d¢ is equivalent to a shift in both ¢t and t.e by d¢/wo.

We now describe the qualitative behavior of the solutions (4.15). Fig. 4-2 shows a
pictorial representation of the solutions (4.15). As the quark moves along its circular
trajectory, it emits radiation in the direction of its velocity in a narrow cone of angular
width a. From the solutions (4.15) it can be shown that in the large v limit « scales
like o ~ 1/ for both the scalar and vector radiation. The cone of radiation emitted
at each time propagates outwards at the speed of light. At any one moment in time,
the radiation emitted at all times in the past forms a spiral, as illustrated by the red
spiral sketched in Fig. 4-2. Clearly, the radial width A of the spiral must go to zero as
a — 0, namely as 7 — co. As we illustrate in Fig. 4-3, in the large vy limit the radial
width scales like A ~ 1/43. To understand the scaling of A, consider an observer at
the point p in Fig. 4-3. As the quark moves along its trajectory, an observer at p will
see a short pulse of radiation of duration At ~ Roa/v. The leading edge of the pulse
will be emitted by the quark at time ¢; and the trailing edge will be emitted at time
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Figure 4-2: A sketch of the solutions (4.15). As the quark moves along its circular
trajectory, it emits radiation in a narrow cone of angular width o ~ 1 /7 in the
direction of its velocity vector. The diagram is a snapshot at the time when the
quark is at the top of the circle. The red spiral shows where the radiation emitted at
earlier times is located at the time of the snapshot. The width A of the spiral scales
like A ~ 1/+°, as explained in Fig. 4-3.

to = t1 + Roa/v. At time t, the radiation emitted at ¢; will have traveled a distance
Roa /v towards p. Moreover, the chordal distance between the two emission points is
approximately Roa when a is small. It therefore follows that the spatial thickness A

of the pulse observed at p scales like
A~ (R()G.'/U - Roa) =g ROC}.’/"}/2 2t Ro/’}’3 ] (418)

We note that the fact that A and « scale with different powers of 7 is a consequence
of the fact that the radiation is emitted in the direction of the quark’s velocity. If
the radiation were emitted in any other direction, A and a would have the same ¥
scaling. Because we will re-use these arguments in the analysis of our strong coupling
results, it is important to note that they are purely geometrical, relying only on the
fact that the radiation travels at the speed of light and the fact that the outward
going pulse of radiation propagates without broadening, maintaining the spiral shape

whose origin we have illustrated.

In addition to determining how the pulse widths & and A are related, these geo-

metrical considerations in fact specify the location of the spiral of radiation precisely.
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Figure 4-3: A close-up illustration of the emission of radiation at two times #, and
ta. The radiation is emitted in the direction of the quark’s velocity vector, within
a cone of angular width . An observer at the point p is illuminated by a pulse of
radiation of duration At ~ Ry and of spatial thickness A. The leading edge of the
pulse observed at p is emitted at ¢; and the trailing edge observed at p is emitted at
ty. At time t, the radiation emitted at ¢;, denoted by the solid red line, has traveled
a distance Roa /v towards p. The chordal distance between the two emission points
is Rocv in the o — 0 limit. The width A is therefore A = Rya(1/v — 1).

For a quark moving in a circle of radius Ry in the (z1,x2) plane, at the time at which
the quark is located at (z;,z3) = (Rp,0) the spiral of energy density radiated at all

times in the past is centered on a curve in the z3 = 0 plane specified by

= Hy [cos ,5+§ sinﬁ] , To = Ry {— sin ,6+§ cos ﬁ} , (4.19)

where p is a parameter running from 0 to co. At large 7, this spiral can equivalently

be written
T

p(r,t) = 3

+ wot — — + O(1/r) (4.20)
Ry

in spherical coordinates, where we have also added the t-dependence.

Recall that the y-scaling of A depended on the fact that the radiation is emitted
tangentially, in the direction of the velocity vector of the quark. The same is true
for the shape of the spiral. For example, if we repeat the geometrical analysis for a

hypothetical case in which the quark emits a narrow cone of radiation in the 7 direc-
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tion, perpendicular to its direction of motion, the energy density would be centered

on a different spiral specified by

1= Ry {1 + g} cosp, T9 = —Ry [1 + g} sing. (4.21)

This spiral, including its ¢-dependence, is given in spherical coordinates by

o(r,t) = v+ wot — % , (4.22)
which differs from the correct spiral of Eqs. (4.19) and (4.20) by a phase shift at large
r. If the quark emits radiation perpendicular to its direction of motion, a distant
point p would be illuminated by light emitted when the quark was at the closest
point on its circle to p, whereas for the correct spiral (4.19) the light seen at p was
emitted one quarter of a period earlier but had travelled Ry farther, leading to the

phase shift of (—7/2 + v). In the near zone, (4.21) differs from the correct spiral
(4.19) in shape, not just by a phase shift.

In Section 4.4, we shall compare our results at strong coupling to those we have ob-
tained in this Section via geometrical arguments built upon the fact that the outward

going pulse of radiation propagates without spreading.

We now analyze the far zone behavior of the fields and compute the time-averaged
angular distribution of power. In particular, we wish to compute the angular distri-
bution of power radiated through the sphere at 7 = oo averaged over one cycle of the
quark’s motion. Denoting the energy flux by S, the time averaged angular distribu-

tion of power is given by

2m
dP wWo wo 8t

G _ Yo i 2 dtret—— 7 - S, 4.23
a0 o / i (4.23)

where, from Eqgs. (4.17) and (4.16),

ot re

= . 4.24
atret t— tret ( )
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(Technically, the integration in Eq. (4.23) should run from t.e = c to tret = ¢+ 27/wo
where ¢ ~ —r. This is simply because in the far-zone limit the retarded time always
scales like ¢, ~ —7. However, as the motion of the quark is periodic one can always

shift the integration variable so that the integration runs from 0 to 27/wy.)

For the simple case of scalar or electromagnetic fields, the computation of the
energy flux directly from the fields is relatively simple. However, in the gravitational
setting discussed below, the computation of the energy flux requires solving three
differential equations whereas the computation of the energy density requires only
solving one. Therefore, if possible, it is useful to extract the angular distribution of

power from the energy density alone.

For a conformal theory at zero temperature the far-zone energy density and flux

associated with a localized source must take the form

£ (tret, 0, ) S(tret 0, ©)
gtr) = Lenh?) g gy Do)y, (4.25)
up to O(1/7r®) corrections. Moreover, using the continuity equation and the fact that
Otret/Ot = —Otret/Or in the far zone, it is easy to see that we must have ¢ = s. In

terms of ¢, the time-averaged angular distribution of power reads

dP  wy [ ot
m‘ — % o dtret atret,g . (426)

We see from Eq. (4.26) that we can extract the angular distribution of the radiated
power at infinity by analyzing the asymptotic behavior of the energy density.

The energy density associated with the vector field is Evector = 3 (E? + B?) where
E and B are the electric and magnetic fields. The energy density associated with

the scalar is Excalar = 3(Vx)?. Evaluating these quantities for the solutions (4.15) in
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the r — oo limit yields

2 .2 2

_ LotV WD 2 92 — Rusinfsin(w —
Evector _327r2r2§~6 [3 + 20° + (1 v ) cos 20 — 8vsin #sin(p — wolret)
— 2sin?fcos (2(p — wotm))] , (4.272)
e2-viw?
Encatar =—2—9_ 5in? 0 cos®(¢ — wotre , 4.27b
scal 327'(2’)'27'2£6 (‘70 0 t) ( )

up to subleading corrections proportional to 1/r3, where we have defined

-~

& =1—vsinfsin(p — wotret) , (4.28)
which is the » — oo limit of =:
==£4+0(1)r). (4.29)

Note that the energy densities (4.27) are proportional to 1/£% and therefore have
maxima in the § = 7 /2 plane where £ has minima; at large r, these occur on the

spiral (4.20).

Noting from (4.17) that (¢ — t,e) ~ r in the r — oo limit, we see from (4.24) and
(4.29) that Ot/Bt.e; = € in the 7 — oo limit. We can now evaluate the expression

(4.26) for the time-averaged angular distribution of power, yielding

dPictor V273w (772—3) sin* 6 + 3y%sin?(26) + 8% cos* 0

- 4,
dQ 128n2 (72 cos? 6 + sin?6) 2 ’ 200
dPcaiar _ v*7 wiiegy sin® 0[97” — 1 — v’y? cos(20)] (4.30b)
a0 51277 (y2cos?f + sin?0) "’

Egs. (4.30) show that the power radiated in vectors and in scalars are both focused
about § = 7/2 with a characteristic angular width §6 < 1/. We shall plot the sum
dPrector/ A2 + dPicatar /d€2 in Section 4.4, where we compare this weak coupling result
to that obtained at strong coupling.

Integrating Eqs. (4.30) over all solid angles we find the power radiated in vectors
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and scalars

2e2

Pvector - gf:az, (4313.)
1 2

Psca.lar = gi_e;:'a2, (431b)

where a = vwp/(1 — v?) is the proper acceleration of the test quark. With e.g = e,
Eq. (4.31a) becomes the well known Larmor formula for the power radiated by an
accelerated charge in classical electrodynamics. Evidently, at weak coupling four
times as much energy is radiated into the vector mode as the scalar mode. We now
see that Mikhailov’s strong coupling result (4.2) is equivalent to the result for weakly
coupled N = 4 SYM theory upon making the substitution

5
P Ee’;’ﬁ , (4.32)

with the difference between this result and (4.6) — which was obtained by comparing
the strong coupling N' = 4 SYM result to classical electrodynamics — coming from
the fact that in weakly coupled N' = 4 SYM theory the rotating test quark radiates

scalars as well as vectors.

4.3 Gravitational Description and Strong Coupling

Calculation

In this Section we will use the gauge/gravity duality [61] in order to calculate the
power radiated by the rotating quark at strong coupling. As we discussed in Chapters
1 and 3, the AdS/CFT correspondence provides a description of the (strongly coupled;
quantum mechanical) vacuum of N' = 4 SYM theory in N, — oo and A — oo limit
in terms of classical gravity in the AdS; x S5 spacetime. Since generalizing from
N =4 SYM to any other conformal quantum field theory that has a classical gravity
dual involves replacing the S5 by some other compact five-dimensional space (see

Section 4.1), in what follows, we shall never need to specify this five-dimensional
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space, meaning that all our strong coupling results will be valid for any large-N,

conformal field theories with gravitational duals.

In the coordinate system used in this Chapter, the metric of the AdS; spacetime
is
2 du?

ds? = % —fdt* +dr? + - (4.33)
where Raq4s5 is the AdSs curvature radius, « is the (inverse) AdSs radial coordinate
with the boundary at « =0, and f = 1. (We have kept the factor of f in the metric

in order to generalize some of our calculations to nonzero temperature, where

4

f=1- -Z—% (4.34)
with up, = 1/(#nT) and T the temperature of the field theory state.) A single test quark
in the fundamental representation in the field theory corresponds in the gravitational
description to an open string with one endpoint attached to the boundary at u = 0.
Taking the N, — oo and A — oo limits eliminates fluctuations of the string and
makes the probability for loops to break off the string vanish. Upon taking these
limits, the string is therefore a classical object. The presence of the classical string
hanging “down” into the five-dimensional bulk geometry perturbs that geometry via
Einstein’s equations, and the behavior of the metric perturbation near the boundary
encodes the change in the boundary stress tensor. This is illustrated in Fig. 4-1, and

in this Section we shall turn this cartoon into calculation.

4.3.1 The rotating string

We begin by describing the rotating string. The metric perturbations that this string
creates are small in the large N, limit, small enough that we can neglect their back
reaction on the shape of the string itself. We can therefore begin by finding the

shape of the rotating string in AdSs, in the absence of any metric perturbations. The
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dynamics of classical strings are governed by the Nambu-Goto action

Sn = —Th / dr do/=7, (4.35)

where Ty = VA/21R% s is the string tension, o and T are the coordinates on the
worldsheet of the string, and g = det g,;, where gg is the induced worldsheet metric.
The string profile is determined by a set of embedding functions X (7, o) that specify
where in the spacetime described by the metric Gyy the point (7,0) on the string
worldsheet is located. The induced world sheet metric is given in terms of these

functions by

Gab = OaX . 61,X ; (436)

where a and b each run over (1,0). For the determinant we obtain

—g=(8:X-8,X)* — (0, X)%(8,X)*. (4.37)

We choose worldsheet coordinates 7 = t and 0 = u. As we are interested in quarks
which rotate at constant frequency wp about the Z axis, we parametrize the string
embedding functions via

XM(t7 u) = (t’ Ts(t, u)’ u) ’ (438)

where in spherical coordinates {r, 6, ¢} the three-vector r, is given by
rs(t,u) = (R(u), Z o(u) + wot) . (4.39)

The function ¢(u) describes how the purple string in Fig. 4-1 winds in azimuthal
angle as a function of “depth” in the AdSs radial direction, whose coordinate is u. The
function R(u) describes how the string in Fig. 4-1 spreads outward as a function of
depth. Because we are describing a situation in which the test quark at the boundary
has been rotating on its circle for all time, the purple string in Fig. 4-1 is rotating at
all depths with the same angular frequency wp, meaning that the two functions R(u)

and ¢(u) in the parametrization (4.39) fully specify the shape of the rotating string
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at all times. With this parameterization, the Nambu-Goto action reads

SNG - - dtdu L N (4..40)

where

v (1 — wgR?)(1 + R?) + R2¢?

L= 2

(4.41)

To determine the shape of the string in Fig. 4-1, we must extremize (4.40).

The equations of motion for ¢(u) and R(u) follow from extremizing the Nambu-
Goto action (4.40). One constant of motion can be obtained by noting that the action

is independent of ¢(u). This implies that

_ac
=7 (4.42)

is constant. Here and throughout, by ' we mean §/0u. The minus sign on the right-
hand side of (4.42) is there in order to make II positive for positive wp. In terms of
I1, the equation of motion for ¢'(u) reads

_ u'T(1 — wiR?)(1+ R?)

9= —0 G o (4.43)

The equation of motion for R(u) is given by

oL 0 oL

55~ 5eam =0 (4.44)

Taking the above partial derivatives of £ and then eliminating ¢ derivatives via

Eq. (4.43), we obtain the following equation of motion:

R(u+2RR')(1 + R?) 1+ R”

" J—
B = m—m  TEi—am

(4.45)

As a second order differential equation, one might expect that Eq. (4.45) requires
two initial conditions for the specification of a unique solution. However, it was shown

in Ref. [157] that this is not the case — together, Eqgs. (4.43) and (4.45) imply that

128



all required initial data for (4.45) is fixed in terms of II and wy. To see how this comes
about note that Eq. (4.45) is singular when 1 — w?ZR? = 0 or when R? — «*I1*> = 0.
In order to maintain the positivity of the right hand side of Eq. (4.43), 1 — w2R? and

R?% — 4*TI? must vanish at the same point. This happens where

1 1
=U, = , R= = —. 4.46
“=u V1lwg Fe wo ( )
We can then solve (4.45) in the vicinity of u = u. by expanding R(u) as
1
R(u) = R. + Rl,(u — u.) + §Rg(u —u)?+..., (4.47)

where R™ = 0" R|y=v,- The second and third terms in (4.45) are divergent at u = u,
while the R” term is finite there. This means that when we substitute (4.47) into
(4.45) and collect powers of (u—u,), we obtain an equation for R that does not involve

R", meaning that the equation of motion itself determines R.. A short calculation

1 Wy Wo
/ -v _ -
Rc_2[,/n+4 ’/HI’ (4.48)

Therefore, both R, and R., are determined by wp and II and consequently, for given wg

yields

and II there is only one solution to Eq. (4.45). From the perspective of the boundary
field theory this had to happen: for a given angular frequency wp, the radiation
produced by the rotating quark can only depend on the radius Ry of the quark’s

trajectory (which as we will see below can be related to II).

With the above point in mind, the unique solution to Eq. (4.45) is given by?

R(u) = y/v?y%u? + RZ, (4.49)

where v = Rgwy is the velocity of the quark and v = 1/4/1 — v2. The velocity of the
quark is related to II via

I = v*ywy . (4.50)

2 One way to derive the solution (4.49) is simply to solve Eq. (4.45) with the series expansion
(4.47) and recognize the resulting series as that of (4.49).
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With R(u) given by (4.49), it is easy to integrate Eq. (4.43). Taking the negative
root of Eq. (4.43) so that the string trails its « = 0 endpoint, we find

#(u) = —uywo + arctan (uywo) (4.51)

and thus

o(t, u) = wo(t — yu) + arctan (uywp) - (4.52)

We thus have an analytic description of the shape of the rotating string.

We can obtain the profile of the rotating string projected onto the plane at the
boundary by using (4.49) to eliminate u from (4.52), yielding

[r2 2
o(t, 1) = wot — ;—g — 1+ arctan ( % - 1) . (4.53)

In the limit of » > Ry, we have

T r

t,r) = wol
<p(7r) w0+2 RO

+O1/r). (4.54)

Equation (4.54) describes a spiral whose neighboring circles (at fixed t) are separated
by 2w Ry. Note that the curve (4.54) is the same spiral as (4.20) when the velocity of
the quark is v — 1. Indeed, it can also be shown that at all radii (4.53) is the same
spiral as (4.19) with v = 1. We conclude that for v — 1 the rotating string hanging
down into the AdSs metric is lined up precisely below the spiral in the boundary
theory where the radiated synchrotron energy density is located, in electrodynamics,
in the weak coupling calculation of Section 4.2 and, we shall see below, at strong

coupling.® At velocities less than 1, the shape of the rotating string is not related to

3 This identification suggests interesting possibilities at nonzero temperature. Whereas at T = 0
the rotating string has a profile R(u) such that it extends out to infinite 7, when T # 0 the rotating
string only extends out to some finite maximum radius rmax that depends on wp and v [157]. The
fact that at zero temperature we can identify the the spiral of the rotating string with the spiral of
energy density in the boundary quantum field theory suggests that, at least at » — 1, the maximum
radius out to which the rotating string reaches may be some length scale related to how far the beam
of synchrotron radiation can travel through the hot strongly coupled plasma before it thermalizes.
Interestingly, if one takes the v — 1 at fixed Ro, one finds Tyax — 00 [157].
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the shape of the spiral of energy density, at least not directly by projection.
The shape of the rotating string determines the total power radiated, as we now

explain. The string has an energy density 73 and energy flux m§, where

dSne

= s (455)
with Sng given in (4.35), which satisfy
Oy + Oy =0 . (4.56)

This is simply the statement of energy conservation on the string worldsheet. The
energy flux down the rotating string is given by

A Al A
—2-\/;_w01'1 \/——— = £a2 (4.57)

1
—_— TN = — =
0 2r w2 2m

where we have used (4.50) and where a = vwyy? is the proper acceleration of the test
quark, and where the minus sign comes from our choice of parametrization of the
world sheet with a coordinate u that increases downward, away from the boundary.
The energy flux down the string is the energy that must be supplied by the external
agent which moves the test quark in a circle; by energy conservation, therefore, it is

the same as the total power radiated by the quark.® Thus far, we have reproduced

4 The energy loss rate (4.57) can also be derived from the energy density along the string

vy
—m) = o3 (14 Hwou?) (4.58)

as follows. For u >> u,, this energy density approaches the constant

VX
-~ o yHwo . (4.59)

Now, consider the total energy along a segment of the string whose extent in u is du, which we shall
denote by 6E = —n3du. The rotating quark can be thought of as “producing this much new string”
in a time &t that, from (4.52), is given by 6t = %. One should then identify 6 F with the energy

pumped into the system during 6t. Equating 0F = %Jt = Pét we thus find that

p)
T = VA Hw . (4.60)

P= 2

1
v
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Mikhailov’s result (4.2) via a calculation along the lines of Ref. [157] — but with
the advantage that we have been able to find analytic expressions for R(u) and ¢(u),

which will be a significant help below.

We close this Subsection by commenting on an aspect of the physics of the rotating
string that we shall not pursue in detail. As pointed out earlier, there is a special
value of u, u = u, where we should specify the initial condition needed to solve the
equations of motion that determine the shape of the rotating string. u. has a more
physical interpretation: it is the depth at which the local velocity of the rotating
string, woR(u.), becomes equal to the speed of light in the five-dimensional spacetime.
This has a simple interpretation from the point of view of the string worldsheet. It can
be verifed that the induced metric on the string worldsheet g, has an event horizon
at u = u.. Thus disturbances on the string become causally disconnected across u..
(This suggests that in the boundary field theory the regime r > R(u.) = Ry/v can be
thought of as the far field region, while » < Ry /v can be thought of as the near field
region.) Even though the AdS; spacetime with metric Gpx has zero temperature,
the worldsheet metric is that of a (1 + 1)-dimensional Schwarzschild black hole whose

horizon is at u = u. and whose Hawking temperature is given by

1 1
Tos = = ~Tun 4.61
2myu, fyU"’h ( 61)

where Tynun = 3= is the Unruh temperature for an accelerated particle with proper
acceleration a. As it radiates, the rotating test quark should experience small kicks
which would lead to Brownian motion in coordinate space if the quark had finite
mass. At strong coupling such fluctuations can be found from small fluctuations of
the worldsheet fields X™ (¢,u) in the worldsheet black hole geometry. The thermal
nature of the worldsheet metric indicates that such Brownian motion can be described

as if due to the presence of a thermal medium with a temperature given by (4.61).
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4.3.2 Gravitational perturbation set-up

In the limit N. — oo, the 5d gravitational constant is parametrically small and
consequently the presence of the string acts as a small perturbation on the geometry.

To obtain leading order results in 1/N, we write the full metric as
Gun = Gily +h 4.62
MN MN + MN ( . )

where Gg(,?N is the unperturbed metric (4.33), and linearize the resulting Einstein

equations in the perturbation hpsy. This results in the linearized equation of motion

—D?hyn + QDPD(MhN)p — Dy Dy h+ —é?f:; hun

+ (D?h = DPD? hpg - g R) Gy = 262 tuw, (4.63)

where h = h™,, Dy, is the covariant derivative under the background metric (4.33),
k2 is the 5d gravitational constant and ¢an is the 5d stress tensor of the string. In
N = 4 SYM theory, k% = 4n2R3,5/N2, but this relation would be different in other
strongly coupled conformal field theories with dual gravitational descriptions. We
shall see that x2 does not appear in any of our results.

According to the gauge/gravity dictionary, the on-shell gravitational action

=52 / &zv/—G ( R12 )+SGH (4.64)

is the generating functional for the boundary stress tensor {156, 155]. Here, G is
the determinant of Gy, R is its Ricci scalar, and Sgg is the Gibbons-Hawking
boundary term [163], discussed and evaluated in the present context in Ref. [161].
The 5d metric Gy induces a 4d metric g,, on the boundary of the the 5d geometry.
The boundary metric is related to the bulk metric by
u?
Guw(x) = lim ——G . (z,u) . (4.65)
w0 Ripgg

Because Gy o< 1/u?, the rescaling by u? in (4.65) yields a boundary metric that is
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regular at u = 0. The boundary stress tensor is then given by [155]

gy = 205
T (z) N=ATHOL (4.66)

with g denoting the determinant of g,,, which was already introduced in Chapter
1 (expression 1.12). We see that in order to compute the boundary stress tensor,
one needs to find the string profile dual to the rotating quark and compute its 5d
stress tensor tpn. One then solves the linearized Einstein equations (4.63) in the
presence of the string source and then extracts the boundary stress tensor from the
variation of the on-shell gravitational action, as in (4.66). The 2 dependence drops
out because Sg o 1/kZ while we see from (4.63) that the perturbation to the metric

is proportional to 2.

We determined the string profile in Section 4.3.1. From this, we may now compute
the 5d string stress tensor, which is what we need in order to determine the metric

perturbation due to the string. In general,
an _ __To
V-G

For the rotating string given by (4.38) and (4.39) with (4.49) and (4.51), this reduces

V=992, XM XN (r —r,). (4.67)
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to

2

1

iy =g (r =) (4.68)
( R? + R?s%¢? + 1 R2s2uwR'¢ O —R2s%wp(R? + 1) R2s%wo ¢/
RZs2wR'¢ R?(R*s%w2—1) 0O —R2s?R'¢f R (R2%s%w —
X 0 0 0 0
—R2s%wy(R? + 1) —R%.?R'¢ 0 R*s*(WER? + Wi — ¢?) —R2s%¢/
\ R2%s%wy¢/ R(R*s?w2—1) 0 —R%s%¢/ R%s%WE —

(4.69)

where the components are in spherical coordinates, with the rows and columns ordered

(¢t,7,6,p,u), and where s =sin 6.

4.3.3 Gauge invariants and the boundary energy density

Given the string stress tensor (4.68), one can solve the linearized Einstein equations
(4.63). However, doing this in its full glory is more work than is necessary. The
metric perturbation hpy contains fifteen degrees of freedom which couple to each
other via the linearized Einstein equations. This should be contrasted with the 4d
boundary stress tensor, which is traceless and conserved and thus contains five inde-
pendent degrees of freedom. Therefore, not all of the degrees of freedom contained in
harn are physical. The linearized Einstein equations are invariant under infinitesimal
coordinate transformations XM — XM 4 ¢M where €M is an arbitrary infinitesimal

vector field. Under such transformations, the metric perturbation transforms as

hun — han — Dmén — Dném (4.70)
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where Dy, is the covariant derivative under the background metric GSE,)N. The physical
information contained in AN must be gauge invariant. This requirement restricts
the number of physical degrees of freedom in hpy to five,®> matching that of the

boundary stress tensor.

Just as in electromagnetism where gauge invariant quantities (e.g. electric and
magnetic fields) can be constructed from a gauge field, it is possible to construct gauge
invariant quantities out of linear combinations of hjsy and its derivatives. The utility
of doing this lies in the fact that the equations of motion for gauge invariants don’t
carry any of the superfluous gauge variant information contained in the full linearized
Einstein equations and thus can be simpler to work with. Indeed, as demonstrated in
Refs. {164, 161, 159], the equations of motion for gauge invariants can be completely

decoupled from each other.

As the background geometry is translationally invariant, it is useful to introduce a
4d spacetime Fourier transform and work with mode amplitudes han(u;w, q). Useful
gauge invariants can then be constructed out of linear combinations of kA (u;w, q)
and its radial derivatives and classified according to their behavior under rotations
about the g-axis. As hpy is a spin two field, there exists one independent helicity

zero combination and a pair each of independent helicity one and two combinations.®

For utility in future work, we shall give an expression for the gauge invariant
quantity that is valid at zero or nonzero temperature, even though in this Chapter we
shall only use it at 7= 0. At nonzero T', the warp factor f appearing in the metric

(4.33) is given by (4.34). When we later want to recover T = 0, we will simply set
f=1

5 Five degrees of freedom in hpry can be eliminated by exploiting the gauge freedom to set
hsar = 0 for all M, reducing the number of degrees of freedom in hprny to ten. However, just as
in electromagnetism, this does not completely fix the gauge. There exists a residual gauge freedom
which allows one to eliminate five more components of hyy on any u = const. slice.

6 There exist many different helicity zero, one and two gauge invariant combinations of hj, N, but
only five are independent. Different gauge invariants of the same helicity are related to each other
by the linearized Einstein equations.
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We define HMN = %;‘hMN and

4f i 4fl i 2f, i g .o d
ZF—:}"Q H&“?q Hoi—?qq’H,-,- +4ifq'His
Qug?—f! .. . 44> 82
— ( q - f) (q25u_q1q]) Hij + q fH05 _ ,5ft05, (471)
q 1w W

where the zeroth and fifth coordinates are ¢t and u respectively and where ¢ and j run
over the three spatial coordinates. The quantity Z clearly transforms as a scalar under
rotations. With some effort, one can show that Z is invariant under the infinitesimal
gauge transformations (4.70). Z is therefore a suitable gauge invariant quantity for

our purposes.

The dynamics of Z are governed by the linearized Einstein equations (4.63). Using
the linearized Einstein equations, it is straightforward but tedious to show that Z

satisfies the equation of motion
7'+ AZ'+BZ =28, (4.72)

where

_24+4q2u2+6f+q2u2f—30f2

A = W (@E 1660 )
2 2,,2 _ 2.2 N 2

B = @, CU4-5 ') +18(4-1-3f%) (4.74)
72 u?f (q*u? +6 — 6f)

S 8 4(q*uH6—6f)  2cii o i

>~ = _t/ 2 1] __ tnd N .
8iw,  8ulg’ (¢Pu’+6) — F(12¢°-9f")], _ 8¢’u, .

toptes 377 (g% — 6f + 6) foo = =3~ts5 = 8iq'tis.

The connection between Z and the energy density may be found by considering
the behavior of Z and Hjy near the boundary. Choosing for convenience the gauge
Hspr = 0, one can solve the linearized Einstein equations (4.63) with a power series
expansion about u = 0 in order to ascertain the asymptotic behavior of the metric
perturbation. Setting the boundary value of H,, to vanish so the boundary geometry

is flat and considering sources tpy corresponding to strings ending at u = 0, one
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finds an expansion of the form [165, 161]
Hu(w) = HOuw* + HYu* +--- . (4.76)

In the gauge Hsy = O the variation of the gravitational action (4.66) relates the
asymptotic behavior of H,, to the perturbation in the boundary energy density via
[155]

2R3
£= —éis-ﬂ(&g) . (4.77)

The coefficient Hég) can in turn be related to the asymptotic behavior of Z by sub-
stituting the expansion (4.76) into Eq. (4.71). In doing so one finds that Z has the

asymptotic form

Z(u) = Zgul+ Zgu®+ -+, (4.78)
and that
@ _ _1
Hyy = -EZ@) . (4.79)

We therefore see that the energy density is given by

Rus
8K2 @) -

£=— (4.80)

The coefficient Z(g) in the expansion (4.78), which has delta function support at the
location of the quark, gives the divergent stress of the infinitely massive test quark.
It is therefore not of interest to us. We now see explicitly that, as we argued above,
in order to obtain the energy density in the boundary quantum field theory the only
aspect of the metric perturbation that we need to compute is Z, and furthermore

that all we need to know are the coefficients in the expansion of Z about u = 0.
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4.3.4 The solution to the bulk to boundary problem and the

boundary energy density

Although we have defined Z at nonzero temperature, henceforth as we determine Z
we return to T = 0, meaning f = 1. At zero temperature the coeflicients A and B

appearing in (4.72) are given by

A = —%, (4.81)
9
B = w2—q2+§. (4.82)

and the general solution to (4.72) may be written

Z(u) = —ulI(uQ) [/oo du'Ko—z(:;,Q—)-S(u') +a| — Ko (uQ) £1_1”13 [/u du'I—o(:#)-S(u’) +

(4.83)

where Q = /q% — w?, Iy and K, are modified Bessel functions, and o and 3 are

constants of integration.

The constants of integration are fixed by requiring that Z(u) satisfy appropriate
boundary conditions. As Iy(u@) diverges as u — 00, regularity at u = oo requires
a = 0. The constant 3 is fixed by the requirement that the ¢ — 0 limit exists (so
all points on the string contribute to the induced gravitational disturbance) and that
no logarithms appear in the expansion of Z(u) near u = 0. This last condition is
equivalent to the boundary condition that the metric perturbation Hyy vanish at
u = 0 so the boundary geometry is flat and unperturbed. For strings which end at

u = 0, we have

S(u) = 50+ O(?), (489)
where
. too . too
s0 = 8K2 lim u?0, (ZE) = —8k?2 lim -=, (4.85)

where we have used the fact that tgg oc u at small u. Furthermore, the Bessel functions
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have the asymptotic expansions

I(uQ) =1+ O@?), (4.86)

Ko(uQ) = —7e —log(3uQ) + O(u?), (4.87)

where g is Euler’s constant. Substituting these expansions into the second integral
in (4.83), we find
o0 !
/ du'iq%fz—@-S(u’) - % +0O(1). (4.88)

Therefore, in order for the € — 0 limit to exist we must have

g=_% (4.89)

€

As one may readily verify, this value of 3 also eliminates all logarithms appearing in

the expansion of Z near the boundary.”

With constants of integration determined and with the asymptotic forms (4.84)-
(4.87), it is easy to read off from (4.83) the asymptotic behavior of Z. In particular,
we find

Z(3 = lim [ / °Odu G(u)S(u) — so (-i— + eg(e)>] , (4.90)

where

G= _KO(UV ¢* — wj) : (4.91)

u?

is the bulk to boundary propagator.

At this point it is convenient to Fourier transform back to real space. At zero

7 A deformation in the boundary geometry implies that logarithms will occur in the expansion of
Z at order u® and beyond. The linearized Einstein equations relate all higher order log coefficients
to that of the u® coefficient in a linear manner. Therefore, if the order u3 coefficient vanishes all
other coeflicients vanish. As is easily seen from the asymptotic forms (4.84) — (4.87), the value of 3
given in (4.89) ensures the order 42 logarithm coefficient vanishes.
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temperature the source (4.75) Fourier transforms to
S(t, z,u) 9 too du_,
200 820, [ R} — Z=V2(2t00 — 255 + b
K,g 8u 6 ’U,2 3 V ( 00 55 + )

+ 4'U,ViVjtij - 86tt05 b 8Viti5 3 (492)

where sums over repeated spatial indices ¢ and j are implied. To take the Fourier
transform of the bulk to boundary propagator one must give a prescription for inte-
grating around singularities at w = g. The relevant prescription comes from causality
and requires analyticity in the upper half frequency plane. This requires sending
w — w + ie. With this prescription we have

Gt,r,u) = #G(t)é’(—tQ 2 ). (4.93)

We therefore have

Zottsr) =g ] [GuG(e=t,m-r' ), ) = eslt, )50 r—r' )| - 2.

€

(4.94)

When we use (4.92) to express S(t',r’,u) we find that when the du-integral of the first
term in (4.92) is done by parts, the resulting boundary term cancels the e-dependent

bulk-to-boundary propagator in (4.94).

Upon assuming that the stress-energy tensor on the boundary does not have sup-
port at (¢,7), i.e. that the observer is located away from the source, we can safely

take the ¢ — 0 limit and obtain for the energy density

3 0 14
Elt,r) = % / d*r! /0 du (t —t') [ (4utgy — tarsViyy W) d S;V)
5" i
+|'I‘ — 1"|2 (4t00 — Ats5 + 2t5) éZV) - (t,]V;WVQW) %/V—Z] , (4.95)
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where
W = —(t-—t)V2+u+|r—7)? (4.96)

and V', is the partial derivative with respect to X'M = {¢/, ', u}. We see that the
x2 factors in (4.80) and (4.92) have cancelled, as expected. Because we have analytic
expressions for the profile of the rotating string, it turns out that we can evaluate
& explicitly, in two stages. First, using (4.68) including its three-dimensional delta
function, and using our expressions (4.49) and (4.51) for R(u) and ¢(u), we obtain

£t ) = -‘7{—5 /0 du _t d [AS" (W) + B&"(W,)] (4.97)

A = 3+ v’ Vwlu (=t + t +wy)) — vywrsin 6 cos P + v3y4wiursinfsin e
v 7 Wo 2 Y 7 Wo
1
B = vyl (1 - v274w§u2) + (11475w§u2 +v+ —37) |r — r (¢, )2
—203y3wou? (cosp — vy wousin ) rsin @ — v2y(1 + v? pu?)r?sin® ¢ sin® @
v 7 Wo

+2v°y?wou 2 cos 1 sin e sin® 6, (4.98)
where ¢ = ¢ + wo(yu — t') and
Ws=—(t—t) +u® +|r—r(t,u). (4.99)
Next, the integral (4.97) can be carried out via the change of variables
1 , 1 ,

Since points with —(¢' — t) < «yu are causally disconnected from an observer on the
boundary at time ¢, the argument of the §-functions in Eq. (4.97) is non-vanishing.

This allows us to deform the domain of integration and the integral takes the generic

142



form

oo t—yu
I, = f du / dt' F, (', u)d™(W,)
0 —00

N A e (n)
- 2 /0 av [ dCRL(¢ I W), (4.101)

bt 4

where F,(¢,v) = F,(t(¢,v),u((,v)). Furthermore, the argument of the J-functions
takes the form

W, = 72+ R%+((4v — 2ursinfsin(2vwp + ¢ — wot)) — 2r Ry sin O[vwy sin(2vwp + ¢ — wpt)

+ cos(2vwp + ¢ — wot)], (4.102)

which is then linear in ¢ and therefore allows us to evaluate I,, formally, obtaining

2[4, COERGY w0

I, = — v
v ) (B W)+

¢=Go(v)

2 / S D g _
+ - dv (?IIF,,(,I/)' S DWW =t —2v,u=0)).

7 Jo ; ooy % Fom]__ N )
Here {y(v) is the unique zero of W; at a given v and vy = (£ — #ret)/2, but we will not
describe in detail how these arise because the integrand in the first term in I,, vanishes:
by direct inspection of F; = A and F3 = B we find 82F3(¢,v) = 0 and 83 F3(¢, v) = 0.
Consequently only the boundary terms in the second line of Eq. (4.103) contribute

and we can perform the remaining integral using the d-function. Finally, we obtain

2

24m 2y Ar6 =6

£ — 27722 4 APy S (b —t) + (277 —4r?vPy?WE sin® 0+-3r° Y WEE?) (frep—t)?

+ TPy 2= (bree—1)® + 472w (tree—t)* + 8uY2wor (tres—t ) (tres—t+7 =) X sin 6 cos(@p—wotret)
(4.104)

where = was given in (4.16). Recalling the discussion after (4.17), we note that £ is

invariant under a shift of ¢ by d¢ that is compensated by shifts in both ¢ and ¢, by
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d¢/wo. € is a periodic function of ¢ with period 27 and a periodic function of ¢ with
period 27 /wy, as it must be.

Eq. (4.104) is the main result of this Chapter. It is an explicit analytic expression
for the energy density of the radiation emitted by a test quark in circular motion, valid
at all times and at all distances from the quark. The only aspect of the calculation
that requires numerical evaluation is that one must solve the transcendental equation
(4.17) for tr;. With ¢, in hand, one uses (4.16) to compute = and then evaluates
the energy density £ using the solution (4.104). We shall illustrate our result (4.104)

in several ways in Section 4.4.

4.3.5 Far zone and angular distribution of power

We close this Section by evaluating the energy density (4.104) in the r — oo limit
and extracting the angular distribution of power & la Eq. (4.26). In the far zone limit
we can replace Z by its 7 — oo limit, namely £ in (4.28), and we can safely replace
tret Dy (t — ) everywhere in (4.104) except within the p-dependent argument of the
cosine. In the far zone, the energy density (4.104) then reduces to that of Eq. (4.25)

with . .
o WiV 4 — 4u?sin? 0 — 7€ + 3€242
o 2471'2 56'72 ’

(4.105)

Using Eq. (4.26), we find that the time-averaged angular distribution of power is given
by

ar _ V23RV A 572 — 1 — w242 cos(26)
@ 322 (72 cos? 0 + sin® 6) 52

(4.106)

Just as in the case of weak coupling, the radiated power is focused about 6 = #/2
with a characteristic width ~ 1/v. We shall plot (4.106) and compare it to the weak

coupling result in Section 4.4.

Upon integrating over all solid angles, we find the total power radiated

P= 2—‘/3& : (4.107)
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Figure 4-4: Left: a cutaway plot of r?£/P for v = 1/2. Right: a cutaway plot of
r2E /P for v = 3/4. In both plots the quark is at z; = Ry, 2o = 0 at the time shown
and its trajectory lies in the plane z3 = 0. The cutaways coincide with the planes
z3 =0, ¢ = 0 and ¢ = 7Tr/5. At both velocities the energy radiated by the quark is
concentrated along a spiral structure which propagates radially outwards at the speed
of light. The spiral is localized about § = 7/2 with a characteristic width 66 ~ 1/7.
As v — 1 the radial thickness A of the spirals rapidly decreases like A ~ 1/~3.

where again a = vy?wq is the quark’s proper acceleration, reproducing Mikhailov’s
result (4.2) again. The fact that the power that we have obtained in this Section by
integrating over the angular distribution of the radiation (4.106) in the quantum field
theory matches the energy flux (4.57) flowing down the classical string in the dual

gravitational description is a nontrivial check of our calculations.

4.4 Results and Discussion

4.4.1 Radiation at strong coupling, illustrated

Fig. 4-4 shows two cutaway plots of the energy density £ at strong coupling (multiplied

by r?/P where P is the total power radiated) produced by a quark moving on a circle
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Figure 4-5: Plot of r2£/P at § = 7/2 and ¢ = 57/4 at t = 0 as a function of
r for v = 1/2. The plot illustrates the fact that the pulses of radiated energy do
not broaden as they propagate outward. This implies that they do not broaden in
azimuthal angle, either. Strongly coupled synchrotron radiation does not isotropize.

of radius Ry at velocities v = 1/2 and v = 3/4. The Figure is obtained by evaluating
(4.104). The motion of the quark is confined to the plane 3 = 0 and at the time shown
the quark is at z; = Ry, x2 = 0, and is rotating counter clockwise. The cutaways in
the plots show the energy density on the planes 23 = 0, ¢ = 0 and ¢ = 77 /5 where ¢
is the azimuthal angle. As is evident from the Figure, as the quark accelerates along
its trajectory energy is radiated outwards in a spiral pattern. This radiation falls off
like 1/7% and hence has a constant amplitude in the Figure and propagates radially
outwards at the speed of light. The Figure shows the location of the energy density
at one time; as a function of time, the entire pattern of energy density rotates with
constant angular frequency wy = Rpv. This rotation of the pattern is equivalent to
propagation of the radiation outwards at the speed of light. As seen by an observer
far away from the quark, the radiation appears as a short pulse just like a rotating
lighthouse beam does to a ship at sea.

What we see in Fig. 4-4 looks like an outward going pulse of radiation that does
not broaden as it propagates. Analysis of (4.104) confirms this, as we have illustrated
in Fig. 4-5 by extending the plot of the energy density outward to much larger radii
at one value of the angular coordinates, at time ¢t = 0. As time progresses, the pulses
move outward at the speed of light, and an observer at large 7 sees repeating flashes of

radiation. This Figure provides a convincing answer to a central question that we set
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out to answer in Section 4.1. We see that even though the gauge theory is nonabelian
and strongly coupled, the narrow pulses of radiation propagate outward without any
hint of broadening. We find the same result at much larger values of v, where the
pulses become even narrower — their widths are proportional to 1/43, as at weak
coupling and as we shall discuss below. The behavior that we find is familiar from
classical electrodynamics — in which the radiated energy is carried by noninteracting
photons. Here, though, the energy is carried by fields that are strongly coupled to
each other. And, yet, there is no sign of this strong coupling in the propagation of

the radiation. No broadening. No isotropization.

Fig. 4-5 is also of some interest from a holographic point of view. The qualitative
idea behind gauge/gravity duality is that depth in the 5th dimension in the dual
gravitational description corresponds to length-scale in the quantum field theory. In
many contexts, if one compares two classical strings in the gravitational description
which lie at different depths in the 5th dimension, the string which is closer to the
boundary corresponds to a thinner tube of energy density in the quantum field theory
while the string which is deeper, farther from the boundary, corresponds to a fatter
tube of energy density. Our calculation shows that this intuitive way of thinking about
gauge/gravity duality need not apply. The rotating string falls deeper and deeper into
the 5th dimension with each turn of its coils and yet the thickness of the spiral tube
of energy density in the quantum field theory that this string describes changes not at
all. Reference [94] gives a nice geometric description of our results using gravitational
shock waves which shines some light on this apparent contradiction with the IR/UV

duality.

The behavior of the outgoing pulse of radiation illustrated in Fig. 4-5 is different
than what one may have expected for a nonabelian gauge theory given that solutions
to the classical field equations in SU(2) and SU(3) gauge theory are chaotic with pos-
itive Lyapunov exponents and are thought to be ergodic [166, 167, 168]. Of course,
we have not solved classical field equations; we have done a fully quantum mechanical
analysis of the radiation in a nonabelian gauge theory, in the limit of large NV, and

strong coupling. It is nevertheless surprising from the gauge theory perspective that
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Figure 4-6: The energy density at § = /2 and ¢ = 5m/4 for quark velocity v = 1/2,
as in Fig. 4-5. r =~ 33 R, corresponds to the location of a spiral in the energy density.
Directly ahead of and directly behind the spiral, the energy density is slightly negative.
To see how slightly, compare the vertical scale here with that in Fig. 4-5.

the radiation we find turns out to behave (almost) like that in classical electrody-
namics. From the gravitational perspective, we saw that the equations describing the
five-dimensional metric perturbations linearize, meaning that there is no possibility

of chaotic or ergodic dynamics.

The synchrotron radiation that we have found at strong coupling is, in at least one
respect, qualitatively different from that in familiar classical electrodynamics. The
difference is in principle visible in Fig. 4-5, but the effect is small and hard to see
without zooming in — which we do in Fig. 4-6. For large enough v we find that the
energy density is negative in some regions of space! Directly ahead of and behind
the spiral, the energy density dips slightly below zero. This is impossible in classical
electrodynamics. The effect that we have found is numerically small, as a comparison
of the vertical scales in Figs. 4-6 and 4-5 makes clear, but it is nevertheless in stark
contrast to the weak coupling results of Section 4.2, where the energy density is always
positive, as in classical electrodynamics. This small effect serves as a reminder that
the calculation that we have done is quantum mechanical. In a quantum field theory

the energy density need not be positive everywhere — only its integral over all space
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is constrained to be positive. In a strongly coupled quantum field theory, quantum
effects should be large. So, it is not surprising that we see a quantum mechanical
effect. What is surprising is that it is so small, and that in other respects Figs. 4-4

and 4-5 look so similar to synchrotron radiation in classical electrodynamics.

4.4.2 Synchrotron radiation at strong and weak coupling

Given the qualitative similarities between Figs. 4-4 and 4-5 and the physics of syn-
chrotron radiation in classical electrodynamics and weakly coupled N' = 4 SYM
theory, we shall attempt several more quantitative comparisons. First, as can be
seen from Fig. 4-4, the radiation emitted by the quark is localized in polar angle
about the equator, § = m/2. From the far-zone expression for the energy density,
Egs. (4.25) and (4.105), it is easy to see that the characteristic opening angle about
§ = /2 scales like 0 ~ 1/~ in the v — 1 limit. Furthermore, from Fig. 4-4 it can be
seen that the radial thickness A of each pulse of radiation decreases as v increases.
Again, from Eqgs. (4.25) and (4.105) it is easy to see that A ~ 1/4° in the v — 1
limit.® Intriguingly, the scaling of both 66 and A with v are identical to those at
weak coupling.

Emboldened by the agreement between the 7-scaling of A and 66 at weak and
strong coupling, we have compared the shape of the spiral of energy density in the z3 =
0 plane, for example as depicted at two velocities in Fig. 4-4, with the shape of the
classic synchrotron radiation spiral (4.19). We find precise agreement, as illustrated
in Fig. 4-7. At strong coupling, the energy density £ of (4.104) is proportional to
1/=°% and so has maxima where Z has minima. We have already seen that in the

r — oo limit, = — € of (4.28) whose minima lie on the spiral (4.20), which is the

8 There may be a holographic interpretation of A ~ 1/v3. We saw in Section 4.3.1 that there is
one special point on the string, namely the worldsheet horizon at u = u.. Using the correspondence
between u and length-scale in the boundary quantum field theory, we expect u. to translate into a
length scale in the rest frame of the rotating quark, corresponding to a length scale

1 Ry

Uc
I~ = = (4.108)

in the inertial frame in which the center of motion is at rest. It is tempting to identify ¢ with A at
v — 1.
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Figure 4-7: r2£/P for v = 1/2 in the z3 = 0 plane. The color code is the same
as in Fig. 4-4, with zero energy density blue and maximal energy density red. The
spiral curve marked with the black dots is (4.19), namely the place where the spiral
of synchrotron radiation would be in electrodynamics or in weakly coupled NV = 4
SYM theory. We see that the spiral of radiation in the strongly coupled gauged
theory with a gravitational dual is at the same location. This indicates that, as at
weak coupling, strongly coupled synchrotron radiation is beamed in the direction of
the motion of the quark. For reference, the solid black line is (4.21), namely the
place where the synchrotron radiation would be if the quark were emitting a beam of
radiation perpendicular to its direction of motion.

large-r approximation to (4.19). It can also be shown that the minima of = lie on the
spiral (4.19) at all r.

Recall that our derivation of (4.19) in Section 4.2 was purely geometrical, relying
only on the fact that the radiation is emitted tangentially, in the direction of the
velocity vector of the quark and the fact that the pulse of radiated energy density
propagates at the speed of light without spreading. We have seen in Fig. 4-5 that at
strong coupling and in the limit of a large number of colors, the radiation emitted
by a rotating quark does indeed propagate outwards at the speed of light, without
spreading. This justifies the application of the geometrical arguments of Section

4.2 to the strongly coupled radiation. The agreement with (4.18) and (4.19) then
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implies that the strongly coupled radiation is also emitted in the direction of the
velocity vector of the quark: if it were emitted in any other direction, A would
have the same ~-scaling as « and 66; if the radiation were, for example, emitted
perpendicular to the direction of motion of the quark, the spiral of energy density
would have the shape (4.21) instead of (4.19) — see Fig. 4-7. We therefore reach
the following conclusions: at both weak and strong coupling, the energy radiated by
the rotating quark is beamed in a cone in the direction of the velocity of the quark
with a characteristic opening angle o ~ 1/7; at both weak and strong coupling, the
synchrotron radiation propagates outward in a spiral with the shape (4.19), with

pulses whose width A ~ 1/~3 does not broaden.’

4.4.3 Angular distribution of power at strong and weak cou-

pling

We now turn to the time-averaged angular distribution of power radiated through
the sphere at infinity. By time-averaging, we eliminate all dependence on azimuthal
angle but nontrivial dependence on the polar angle 8 remains. For the case of weakly
coupled N/ = 4 SYM, in Section 4.2 we calculated the angular distribution of the

radiated power, finding
apP . dPp, vector + dPp. scalar

dQ dQ Q-
with dPyector/d€? and dPycalar/dS) given in (4.30a) and (4.30b). For the case of strongly

(4.100)

Al

coupled radiation, in any conformal quantum field theory with a classical dual gravity
description, our result for the time-averaged angular distribution of power is given in
(4.106). Since we know that the total power radiated at weak and strong coupling are
equivalent up to a substitution of their prefactors (4.32), it is natural to ask whether

the angular distribution (4.106) can be related to (4.109). The answer is yes, but

9Note that if the radiation is isotropic in the instantaneous rest frame of the quark, then in
the inertial “lab” frame it will be beamed in a cone with opening angle ~ 1/v pointed along the
velocity of the quark. This, together with the result that the pulses of radiation propagate without
broadening, would yield a spiral with the shape (4.19).
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Figure 4-8: The normalized time-averaged angular distribution of power at both weak
and strong coupling at v = 0.9. At both weak and strong coupling, the time averaged
angular distribution of power is localized about # = /2 with a characteristic width
06 ~ 1/~. The (slight) difference in the shapes of the two angular distributions is as
if the ratio of power radiated in vectors and scalars is 2 : 1 in the strongly coupled
radiation, while it is 4 : 1 in the weakly coupled case.

with a twist: we find that our strong coupling result (4.106) can be written as

apr
dQ2

— \/X |:§ deector § dF)scalar

4.11
5e2/12 |6 dQ 3 dQ |’ (4110)

A1

where the relation between eZ; and \ is given by (4.11) in A = 4 SYM theory. We see
that the time averaged angular distribution of power at weak and strong coupling are
related by the following prescription: start with the weakly coupled result (4.109);
suppress the vector contribution by a factor of 5/6 and enhance the scalar contribution
by a factor of 5/3, noting from (4.31a) and (4.31b) that this does not change the total
power but means that the scalar/vector ratio in the total power has been increased
from 1/4 to 1/2; then make the change of prefactors (4.32); that gives you the strongly
coupled result (4.106).

The solid blue curve in Fig. 4-8 shows the time-averaged angular distribution of

power at strong coupling (4.106) for v = 0.9, normalized by the total power radiated
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at strong coupling, Py given in (4.107). The dashed black curve in the Figure is the
normalized time-averaged angular distribution of power at weak coupling (4.109), nor-
malized by the total power radiated at weak coupling, which is Py«1 = Piector + Pacalars
with (4.31a) and (4.31b). Because the two curves are normalized by their respective
total powers which are related by Pys1/Pre1 = VA/(5€%5/12), the comparison of
the two curves is the comparison of the right-hand side of (4.109) with the quantity
in square brackets on the right-hand side of (4.110). It is evident from the Figure
that the radiation pattern at strong coupling is qualitatively similar to that at weak
coupling. In both regimes, the angular distribution of power is focused about 8 = 7 /2
with a characteristic width ¢ ~ 1/. The small difference between the angular dis-
tributions is as if the ratio of the power radiated in vectors and scalars is 2 : 1 in the
strongly coupled radiation, whereas it is 4 : 1 in the weakly coupled case. Of course,
we cannot actually separate the strongly coupled vectors from the strongly coupled

scalars.

4.4.4 Relation with previous work

Next, we return to the discussion of the relation between our present work and pre-
vious works that we began in Section 4.1. In Ref. [56], states produced by the decay
of off-shell bosons in strongly coupled conformal field theories were studied. It was
shown in Ref. [56] that the event-averaged angular distribution of power radiated
from the decay is isotropic (in the rest frame of the boson where the total momentum
vanishes) and independent of the boson’s spin. This should be contrasted with similar
weak coupling calculations in QCD, where the boson’s spin imprints an “antenna”
pattern on the distribution of radiation at infinity [150, 151, 152]. Our results are
not inconsistent with those of Ref. [56]. First of all, we and the authors of Ref. [56]
are considering very different initial states. Second, as discussed in Ref. [56], if their
initial off-shell boson has a non-trivial distribution of momentum, this distribution
imprints itself on the angular distribution of radiation at infinity and generically re-
sults in an anisotropic distribution of power. It is only the spin of the boson which

doesn’t produce any anisotropy.

153



In Ref. [58] it was argued that isotropization must occur in the strongly coupled
limit due to parton branching. Heuristically, the authors of Ref. [58] argued that at
strong coupling parton branching is not suppressed and that successive branchings
can scramble any initially preferred direction in the radiation as it propagates out to
spatial infinity. However, our results clearly demonstrate that this need not be the
case. We see no evidence for isotropization of the radiation emitted by the rotating
quark. In fact, the time-averaged angular distribution of power, shown in Fig. 4-8,
is slightly more peaked about # = 7/2 in the strongly coupled limit. And, just as
for weakly coupled radiation, the strongly coupled radiation that we have illustrated
in Figs. 4-4 and 4-5 propagates outward in pulses that do not broaden: their extent
in azimuthal angle at a given radius remains the same out to arbitrarily large radii
and, correspondingly, their radial width is also unchanging as they propagate. It is
not clear in any precise sense what parton branching would mean in our calculation
if it occurred, since no partons are apparent. But, the essence of the effect is the
transfer of power from shorter wavelength modes to longer wavelength modes. In
our calculation, that would correspond to the pulses in Fig. 4-5 broadening as they

propagate. This we do not see.

4.4.5 A look ahead to nonzero temperature

It is exciting to contemplate shining a tightly collimated beam of strongly coupled
synchrotron radiation into a strongly coupled plasma. Although this will have its
failings as a model of jet quenching in the strongly coupled quark-gluon plasma of
QCD, so too do all extant strongly coupled approaches to this complex dynamical
problem. The calculation that is required is simple to state: we must repeat the anal-
ysis of the radiation emitted by a rotating quark, but this time in the AdS black hole
metric that describes the strongly coupled plasma that arises at any nonzero temper-
ature in any conformal quantum field theory with a dual gravitational description.
The calculation will be more involved, and likely more numerical, both because the
temperature introduces a scale into the metric and because to date we have only a nu-

merical description of the profile of the rotating string [157]. If we choose T < 1/Ro
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and v > 1 then the criterion (4.7) will be satisfied and the total power radiated
will be as if the quark were rotating in vacuum [157]. Based upon our results, we
expect to see several turns of the synchrotron radiation spiral before the radiation
has spread to radii of order 1/T" where it must begin to thermalize, converting into
hydrodynamic excitations moving at the speed of sound, broaden, and dissipate due
to the presence of the plasma. We will be able to investigate how the length scale
or scales associated with these processes vary with Ry and 7. Note that the typical
transverse wavelengths of the quanta of radiation in the pulse will be of order Ry/~y
while their typical longitudinal wavelengths and inverse frequencies will be of order
Ry /2, meaning that we will have independent control of the transverse momentum
and the frequency of the gluons in the beam of radiation whose quenching we will be

observing.

Since at nonzero temperature the coils of the rotating string only extend outwards
to some ~y-dependent 7.4, it is natural to expect that this r,,, will correlate with
at least one of the length-scales describing how the spiral of synchrotron radiation
shines through the strongly coupled plasma. Our guess is that r4. will prove to
be related to the length scale at which the energy carried by the nonhydrodynamic
spiral of synchrotron radiation as in vacuum converts into hydrodynamic waves. If
so, we can estimate the parametric dependence of . at large -y, as follows. For
T 3> T'max, the power P o vAa? o< vV Xy*/R2 radiated by the rotating quark will
be carried by long wavelength hydrodynamic modes whose energy density will fall
off o« VXy4/r2. For r < 1/T, we will have a spiral of synchrotron radiation whose
energy density is £/r2 with € given by (4.105). Recalling from Section 4.2 that on the
spiral £ = 1 — v « 1/42, we see from (4.105) that, on the spiral, the energy density
is oc VAy®/r?. We expect that for 1/T <& 7 < 7Tmax this energy density will be
attenuated by a factor o exp(—const 7 T). The parametric dependence of the rpay at
which the hydrodynamic modes take over from the nonhydrodynamic spiral can then
be determined by comparing the parametric dependence of the two energy densities:

Vayt N Vy?

2 2
T'max Tmax

exp (—const rpax T') (4.111)
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meaning that

log ~y
Tmax X 7 - (4.112)

Interestingly, the numerical results of Ref. [157] do indicate that r,.x diverges slowly

as y — 0o.
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Chapter 5

Summary

Quantum Chromodynamics (QCD) is a very successful theory in describing the in-
teractions between quarks and gluons. But, as it becomes strongly coupled at low
energies, its phase diagram and many properties of QCD matter are still not well un-
derstood. Examples of such not well-known QCD properties include the location of
the QCD critical point - the endpoint of the first-order phase transition line between
hadron matter and the Quark-Gluon Plasma (QGP) - and properties of the strongly
coupled QGP, which is formed at the early stages of heavy-ion collision experiements.
In this thesis, we studied some of these properties and we summarize our work below.

In Chapter 2, we studied selected fluctuation observables in order to locate the
QCD critical point in heavy-ion collision experiments. The characteristic signature
is the non-monotonic behavior as a function of the collision energy of higher, non-
Gaussian, moments of the event-by-event distributions of pion, proton and net proton
multiplicities and of various measures of pion-proton correlations. We presented quan-
titative estimates of the contribution of critical fluctuations to all these observables as
a function of the same five non-universal parameters, one of which is the correlation
length that parametrizes proximity to the critical point. We constructed ratios of ob-
servables that will allow an overconstrained experimental determination of currently
poorly known parameters of the theory. And, we constructed other ratios of observ-
ables that, if the measured cumulants are indeed dominated by critical fluctuations,

are independent of all the parameters in our calculation and are independent of the

157



value of the correlation length. We are therefore able to make parameter-independent
predictions for these ratios, predictions that we hope will some day make it possible
to determine with confidence that observed fluctuations do indeed indicate proximity
to the critical point. At the time of writing this thesis, experimental data on pion and
proton cumulant ratios are being analyzed by the STAR collaboration which could

give us some indication on the location of critical point.

As we discussed in Chapter 1, the QGP created at the early stages of heavy-
ion collisions is strongly coupled and hence we cannot use perturbative methods to
analyze its properties. In this thesis, we used the gauge/gravity duality (or AdS/CFT
correspondence) as a tool to study two properties of strongly coupled plasmas - the
velocity dependence of the baryon screening length and the synchrotron radiation.
The duality applies to strongly coupled gauge theories that have gravity duals and
in this thesis, we applied the duality to N = 4 Supersymmetric Yang-Mills (SYM)
gauge theory.

In Chapter 3, we found that the screening length of a baryon configuration con-
sisting of N, quarks in a circle (or a slightly squashed circle), moving with velocity v
through the plasma of A’ =4 SYM theory in a direction perpendicular (or parallel)
to the plane of the configuration is given by

a(l — v?)1/4

Ls: T )

(5.1)

where a depends only weakly on v and, in the case of the baryon moving parallel to
the plane defined by the quarks, the angle between the strings and the velocity. This
velocity dependence is precisely the same as that for the screening length defined by a
quark and antiquark moving through the plasma, and even the weak angular depen-
dence of a is strikingly similar. This is a confirmation of the robustness of the velocity
dependence of screening that in the meson sector has as a consequence the experimen-
tally testable prediction that in a range of temperatures, that is plausibly accessed
in heavy-ion collisions at RHIC (or at the LHC), J/¥ (or T), suppression may set in

only for quarkonia moving with a transverse momentum above some threshold [42].
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In the baryon sector, it indicates that if baryons composed of three charm quarks
are ever studied in heavy-ion collision experiments, which do not reach such high
temperatures as to dissociate them at rest, their production would also be suppressed
above some threshold transverse momentum.

In Chapter 4, we used the gauge/gravity duality to study another property of
strongly coupled plasmas - the synchrotron radiation. We computed the energy den-
sity and angular distribution of the power radiated by a quark undergoing circular
motion in the vacuum of strongly coupled N' =4 SYM theory. Our strong coupling
results are in fact valid for any strongly coupled conformal field theory with a dual
classical gravity description. We compared the strong coupling results to those at
weak coupling, finding them to be very similar. In both regimes, the angular dis-
tribution of the radiated power is in fact similar to that of synchrotron radiation
produced by an electron in circular motion in classical electrodynamics: the quark
emits radiation in a narrow beam along its velocity vector with a characteristic open-
ing angle a ~ 1/ - something that looks like a “jet”. This jet-like beam of gluons
opens a new way of modeling jet quenching in heavy-ion collisions. By turning on a
finite temperature, we can study the broadening of this beam of radiation and the
length scales at which it converts into hydrodynamic excitations.

The gauge/gravity duality has given us many insights relevant for heavy-ion phe-
nomenology in recent years. Heavy-ion experiments at the LHC and RHIC are under-
way and will provide us with additional experimental information on the properties
of hot QCD matter at strong coupling. Therefore, a better understanding of these
properties will be a key theoretical focus in the coming years and we expect that the
gauge/gravity duality will continue to be a powerful tool in helping us understand

these topics.
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Appendix A

Toy Model Probability
Distribution for Critical Point

Fluctuations

In Section 2.2.2 we presented the calculation of (and results for) the second, third and
fourth cumulants of the pion, proton and net proton multiplicity distributions near
the QCD critical point. We found, for example, that with our benchmark parame-
ters wy, peaked at a value of around 400, while for a Poisson distribution wy, = 1.
This dramatic increase in wy, due to critical fluctuations with a reasonable value of
€ = €max = 2 fm raises the question of what the distribution whose moments we cal-
culated looks like — does it in any way look unreasonable or unphysical? Although
the results from Section 2.2.2 of Chapter 2 determine arbitrarily high cumulants of
the proton multiplicity distribution, they do not allow us to determine the shape
of the distribution itself. In this Appendix, we provide an example of a probability
distribution P(NN,) which has values of w;, for i = 2, 3 and 4 that are comparable to
those we calculated in Section 2.2.2. This toy model distribution is somewhat, but
not completely, ad hoc, since we shall construct it in a way that does reflect the origin
of the critical contribution to the fluctuations.

Let us consider a free gas of particles of a given species that have a mass M(o)

which is a function of a background field o. As an example, for protons we shall
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use M(o) = m, + g,0. And, let us assume that the o field fluctuates with a given
probability distribution P,(c). The central simplification that we are making in
constructing this toy model is that we are assuming that o is spatially homogeneous.
The field o fluctuates, but at any given time it is the same everywhere in space. Let
us model the probability distribution for the number N, of particles with mass M (o)
by considering the fluctuations of N, due to the fluctuations in o. Integrating over

the fluctuating o we obtain the probability distribution for N,:

P(N,) = / 40 Po() Patto (M) (A1)

where Pps(N) is the probability distribution for a particle with fized mass M which

we choose to be Poisson:

Pu(Ny) = Fpe ™, (A2)

where N is the expectation (mean) value of N, for the distribution Py (N,). In

thermal and chemical equilibrium,

(A.3)
+1

v -
( k:"’+M(¢7)2 —u)

where we choose the positive sign since protons are fermions. N depends on M and,

therefore, on o.

The probability distribution of ¢ is determined by the effective potential Q(o):

P e (- 20), »

where the effective potential can be written as

2 A A
Q(a):m?a +?3 3+I404+“" (A.5)

namely (2.21) without the spatial gradients. Eqs. (A.1)-(A.5) define the probability

distribution for the particle number, which will depend, among other things, on the
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Figure A-1: An example of a distribution with wi?)"del ~ 400. The construction of the
model distribution is described in the text, as are the values of its first few cumulants.
N, is the number of protons in a volume V = (5 fm)? in the toy model distribution.
Other parameter choices are described in the text.

correlation length £ = m;!. Note that since the volume V' in the model corresponds
to the volume within which the ¢ field is homogenous we should think of V as a
parameter in the toy model just as £ is. The model treats only the zero-momentum
mode o = [ o(x)/V of the critical field, ignoring all other modes, i.e., the space
variation of the field o(x). This means, in particular, that it ignores the fact that the
correlations are exponentially small between regions of space separated by distances
further than £. For this reason we should not choose a value of V/3 that is very much

larger than &.

As an example, in Fig. A-1 we plot the toy model probability distribution for the
number of protons, P(N,) of (A.1), with £ = 2 fm, A3 and ), taking their benchmark
values, pp = 400 MeV, V = (5fm)?® and g, = 6.185. We can then evaluate the mean
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and cumulants of this toy model probability distribution, and we find

<Np>model — 5.2’

g;)odel — 45’
w{r;}l)odel — 37,
wped? = 405. (A.6)

We chose all parameters in the toy model at their benchmark values with the exception
of gy, whose benchmark value is 7. We chose g, = 6.185 in the toy model in order to
get a probability distribution whose fourth cumulant is similar to that we calculated
in Section 2.2.2. In our full calculation of Section 2.2.2, with £ = 2 fm, ug = 400 MeV,

and all parameters at their benchmark values including in particular g, = 7 we obtain

(N, = 3.0,
wop = 4.2,
ws, = 30,
wap = 405, (A.7)

where we have quoted (N,) = Vn, for V = (5 fm)3. (The w’s calculated in Section
2.2 are intensive, meaning that they are the same for any choice of V.) We see that
the distribution in Fig. A-1 has cumulants that are similar to those we calculated in
Section 2.2.2, including in particular having as dramatically large a value of wy,. We
see from the Figure that an wy, that is ~ 400 times larger than the Poisson value
does not indicate an unusual looking distribution. We can also note that the large
positive 4th cumulant is a consequence of the skewness of the distribution. If the
distribution were symmetric, the large positive 4th cumulant would indicate a highly

peaked distribution, but not so here.

We can also use our toy model to make a crude estimate of how our results for
the cumulants would be affected by an upper cutoff on N,. In a heavy-ion collision,

N, (say in one unit of rapidity) cannot fluctuate to arbitrarily large values. We can
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implement this in the toy model by putting an upper cutoff on N,. Lets assume

that the neutrons are fluctuating with the protons, as is in fact expected [112]. It

seems clear that nucleon-nucleon repulsion (that we have not taken into consideration)

would cut off upward fluctuations in N, somewhere below those that correspond to

nucleon densities of 1/fm3, meaning ~ 60 protons per (5 fm)® volume. To get a sense

of the size of these effects, we tried cutting off the distribution in Fig. A-1 at N, = 30.

We find

< Np)cut.oﬂ' model

cutoff model

cutoff model
w3p

cutoff model
w 4p

5.1,
44,
33,
289 . (A.8)

We see that a cutoff like this has little effect on the 2nd and 3rd cumulants, but it

does reduce wy, by 28%. (See also Ref. [120] for a study of the effects of introducing

a cutoff at large N, in the absence of critical fluctuations.)
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Appendix B

Mean Transverse Momentum
Fluctuations Near the Critical

Point

The correlators found in Chapter 2, Section 2.2.1 can also be used to estimate the
effect of the long wavelength fluctuations in the vicinity of the critical point on higher
cumulants of the mean transverse momentum pr. For example, the cubic cumulant

of the mean pr distribution around the all event mean pr, namely x3(dpr), is given

by

k3(0pr) = {{(pr — P7)°))

:m | e =50kl — B2k — 57 (G Sy )
k\'k k1 vka Jks

(B.1)

and similarly for k4(dpr). We can normalize xx(dpr) by defining a dimensionless and

intensive variable Fj:

P = (N "k (5pr)
k = k

vinc(p 1 )

; (B.2)
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where (V) is the total particle multiplicity and v2(pr) is the variance of the inclusive

mc

(single-particle) pr-distribution, defined as

2 _ 52 (n
vinc(pT) - fk<nk>/l;(kT pT) < k) . (B3)

Upon evaluating (B.2) using the correlators given in Section 2.2.1, we obtain the
critical contribution to Fy. For pions with p, =0 at T = 120 MeV and £ = 2 fm, we
find

5 = —0.0131 and Fj =0.0177. (B.4)

In addition to the critical point contribution, expression (B.2) receives contributions
from Poisson statistics, Bose-Einstein enhancement, resonances, effects of radial flow,
etc. It was shown in [30] that the effects of resonances and radial flow are very small
and hence we will ignore them. Here we compare the critical point contribution to
that coming from Bose-Einstein enhancement. The 3- and 4-particle correlators for

an ideal Bose gas are given by

({((Gne)*Mse = (ne)((ni) + 1)(2(ni) + 1), (B.5)
(o) = (nr)({ne) + 1)(1 + 6{ne)((ne) + 1)), (B.6)

where here by (ng) we mean the mean occupation number for an ideal Bose gas.
Evaluating (B.2) using the above correlators will give us the Bose-Einstein and the
Poisson contribution to Fj. In order to isolate the Bose-Einstein effect we subtract the
Poisson contribution {ng) from xx and then evaluate Fy. Using the same parameters

as above we find

FPE = —0.2480 and FP® =0.9388. (B.7)

We see that the contribution of critical fluctuations is smaller than that due to Bose-
Einstein effects. We conclude that it would be very difficult to use higher cumulants
of the mean pz distribution in order to search for the critical point. Furthermore,
as kinetic freeze-out (where particle momenta freeze) occurs after chemical freeze-out

(where particle numbers freeze), it is easier for pr fluctuations to get washed out (see,
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e.g. Ref. [121]), making them even less favorable observables in searching for the

critical point.
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