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Abstract

A revised, consistent, pedagogical approach to studying the motion of heavy and light probe quarks in
a thermal plasma using the AdS/CFT correspondence is explored. Two cases are considered: external
heavy or light quarks undergoing Brownian motion in the plasma, and an external heavy quark moving
through the field theory plasma with a constant velocity.

In the bulk theory, the dual description of these probe quarks are realised as test strings in an asymp-
totically anti-de Sitter-Schwarzschild background. An on-mass-shell, external heavy quark is modelled
as an open string attached at the AdS boundary and hanging towards the horizon. In juxtaposition, an
off-mass-shell, external light quark is modelled as an open string, initially stretched between the AdS
boundary and just above the horizon, whose AdS boundary endpoint is released to fall at the local speed
of light. In both cases, the Schwarzschild black hole excites the modes on the string — resulting in the
string’s boundary (stationary or falling) endpoint enduring irregular motion. This corresponds respec-
tively to the heavy or light probe quark in the gauge theory undergoing Brownian motion. For both
cases, the mean-squared transverse displacement of the string’s boundary endpoint, s2 (t;d) (equivalent
to the mean-squared displacement travelled by the external quark in the thermal plasma) is computed.
In the early time limit, the behaviour is found to be ballistic s?(¢;d) ~ t?, while the late time dynamics
are diffusive s%(¢;d) = 2D(d) t. The diffusion coefficient D(d) is extricated for both the heavy and light
quark’s test strings; first in AdSs-Schwarzschild and then generalised to AdSs-Schwarzschild.

Further, an infinitely massive probe quark moving through the thermal plasma with a constant velocity
is considered. An open string trailing out behind the quark (arcing down into AdS-Schwarzschild) is
used to model the situation. From this, the drag force on the test string is calculated in the bulk and
rewritten — via the AdS/CFT correspondence — in terms of relevant quantities in the gauge theory.
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Note on Notation

Throughout this dissertation, lower-case Latin alphabet indices (e.g. a,b, ¢, d) index over the string’s world-
sheet parameter space, typically over the standard parameter variables (7,0) or the light-cone parameter
variables (0%, 07). Lower-case Greek alphabet indices (e.g. p,v, \,v) are used to index over the spacetime,
typically in anti-de Sitter spacetime over the temporal ¢, radial r, and transverse directions X’. The sub-
space of anti-de Sitter spacetime spanned by the transverse directions are always indexed by I,J. In some
instances the Greek alphabet indices are enumerated — for example, the isothermal coordinate X*, where
u € {0,1} indexes over the first and second directions in a two-dimensional subspace of spacetime.

Note on Coloured Links

In this dissertation, citations are declared in dark green; while links to page numbers, figures, tables, sections
and equations are designed to be less noticeable and are given in dark gray.
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1 Introduction

It is both experimentally pertinent and theoretically interesting to examine the movement of a quark un-
dergoing Brownian motion in a hot plasma. The main aim of this work is to present an instructional or
pedagogical approach to using the AdS/CFT correspondence to explore the dynamical behaviour of probe
heavy and light quarks immersed in a thermal plasma.

The plasma in question, the quark-gluon plasma (QGP), is created by colliding lead and gold nuclei at high
energies in the Large Hadron Collider (LHC) at CERN; and the Relativistic Heavy Ion Collider (RHIC)
in Brookhaven National Laboratory (BNL). Before the first results from RHIC in 2000 it was expected
that at high energy densities QCD asymptotic freedom would result in a weakly-coupled system exhibiting
gas-like behaviour. However, the experimental results [1] indicated that the produced QGP (a deconfined
state of mater consisting of quarks and gluons) does not expand isotropically and behaves, in-fact, as a
strongly-coupled medium [2, 3]. The thermal plasma expands anisotropically in its azimuthal direction.
The momentum anisotropy of the measured particles is known as elliptic flow'. This discovery did not
definitively settle the question as to whether the QGP is weakly- or strongly-coupled. There is evidence to
support both. Weak coupling techniques from perturbative quantum chromodynamics (pQCD) have been
successful in predicting the distributions of high transverse momentum observables [6-8]; while low trans-
verse momentum observables described by near-ideal relativistic hydrodynamics [9-12] can be understood
within a strong coupling paradigm [13, 14]. Further, jet suppression [15, 16] and heavy quark energy loss
studies [17] support the theory of a strongly-coupled thermal plasma.

At strong coupling, the usual perturbation techniques are no longer applicable and many quantities in
gauge theories become difficult to compute. In 1974, ’t Hooft [18] postulated that the generalisation of
the quantum chromodynamic SU(3) gauge group (where N. = 3 is the number of quark colours in the
theory) would be an SU(N,.) gauge group, where the large N, limit is taken (V. — oo while A := gy N,
is kept fixed and large). The Yang-Mills coupling is denoted by gy s, and the quantity A is known as the
't Hooft coupling. The large N, limit provides an approximation to compute the gauge theory at strong
coupling?. Inspired by 't Hooft’s idea, a promising approach in studying the strong coupling limit of non-
abelian quantum field theories (such as QCD) was formulated in 1999 by Juan Maldacena [21]. Known as
the anti-de Sitter/Conformal Field Theory (AdS/CFT) correspondence, it is a study of the duality between
bulk gravitational physics of a given d-dimensional spacetime and a (d — 1)-dimensional gauge theory on its
boundary. Considering the phenomenologically relevant case, at finite temperature the equivalence exists
between type IIB string theory on ten-dimensional spacetime approximated by Einstein’s general relativ-
ity on a five-dimensional non-compact anti-de Sitter spacetime and a five-dimensional sphere (AdSs x S®)
(referred to as either the gravity or bulk theory); and N = 4 supersymmetric Yang-Mills theory (SYM) on
four-dimensional Minkowski spacetime [20] (referred to as either the gauge or boundary theory). Quantities
which are difficult to compute in a strongly-coupled gauge theory can be calculated in a weakly-coupled
gravity theory, and translated back via the AdS/CFT dictionary (see table (1), page 6)3. After its initial
discovery, generalisations of the AdS/CFT correspondence followed and the field is now grouped under
gauge/string dualities. In the succeeding two decades since the initial publications of [21, 24-27] there has
been much interest (and success) in using the gauge/string duality to determine properties of the given
gauge theory’s plasma state.

Propelled by experiments at RHIC and the LHC, theoretical developments in this regard have been inspired
by an early calculation [28] which found the ratio of shear viscosity to volume entropy density (7/s) in the
strong coupling regime using the AdS/CFT correspondence. This ratio is experimentally measurable, and
data provided by RHIC supported the theoretical result [29, 30]. Building on this, Kovtun et. al. [31, 32]

1For two comprehensive reviews on discoveries relating to the hydrodynamic description of relativistic heavy-ion collisions
(specifically collective flow and viscosity), see [4, 5].

2In the large N, limit, a topological factor NcC (where ¢ is the Euler characteristic) is assigned to each Feynman graph. Summing
over these graphs can be thought of as summing over the worldsheets of the supposed ‘QCD string’ (the QCD string dual is
unknown and is approximated by the N’ =4 SYM string dual) to yield the partition function for the large N, theory [19, 20].

3There is a hitherto unaddressed assumption at play here — the theory of quantum chromodynamics is not exactly equivalent to
N = 4 supersymmetric Yang-Mills theory. The theories are however analogous: while the matter fields and quantum dynamics
of the theories differ, their gauge fields and tree-level interactions are common [22]. Qualitatively the plasmas of QCD and
N = 4 SYM share many properties, such as Debye screening and finite spatial correlation lengths [23]. Hence, for studies in
the high temperature regime it is assumed that the plasma of N' = 4 supersymmetric Yang-Mills is similar to the quark-gluon
plasma of QCD.



discovered the shear viscosity /entropy density ratio is universal for a large class of these QFTs and, further,
that this ratio is a universal lower bound for the viscosity in general®. This discovery was essential in
understanding the elliptic flow that had been observed at RHIC, and sparked interest in the link between
string theory and relativistic heavy-ion phenomenology®. Exploring this link, two pertinent examples this
dissertation will focus on are (i) the dissipative and diffusive behaviour of a massive quark moving through
a field theory plasma explained by studying trailing strings in the AdS spacetime [22, 35-41]; and (ii) heavy
and light quarks undergoing Brownian motion studied by examining transverse fluctuations on open strings
in an AdS black hole background [42-52].

Motivated by these past studies, this dissertation seeks to better understand the fluctuating energy loss
of light and heavy quarks in a thermal medium. Specifically, heavy and light probe quarks in the gauge
theory are considered to undergo Brownian motion®, and the mean-squared transverse displacement of the
string’s boundary endpoint s2(¢;d) (equivalent to the mean-squared displacement travelled by the external
quark which is initially at rest in the thermal plasma) is computed. Functioning as a pedagogical work
for these types of gauge/string calculations, this dissertation aims to present a consistent framework’ —
providing insights into published results and including proofs of some of the more vague statements in
the literature. In terms of original advancement, previous generalisations of s?(¢;3) in AdSz-Schwarzschild
to AdSg4-Schwarzschild for the light quark’s case are challenged and the method in which to generalise to
s2(t; d) correctly given for the first time. Notwithstanding this, the other main contribution of the disserta-
tion to this field is presenting a definitive, consolidated theoretical derivation — from which further research,
including analytical calculations with different test string configurations or numerical analysis confirming
previous analytic results, can be undertaken.

1.1 Dissertation Structure

This dissertation is organised in two parts. The first part provides some useful theoretical background
needed to understand the bulk calculations in Part II. The central results of this dissertation are given in
the second part.

In Part I:

First, the gauge/string duality is introduced in section (2). Particular attention is paid to the throat con-
struction of anti-de Sitter spacetime as a limit of D3-brane geometry, and the justification of the AdS/CFT
conjecture. In section (3) the basic theory of Brownian motion and the non-retarded and retarded Langevin
models are explored. The first and second fluctuation-dissipation theorems are derived. The mean-squared
displacement s%(t) is calculated and its behaviour in the early and late time limits are discussed. At early
times, the Brownian particle’s behaviour is proportional to time and the motion is expected to be ballistic
5(t) ~ t; while, at late times, the Brownian particle’s motion is diffusive, s(t) ~ v/%.

In Part II:

To begin Part II, section (4) focuses on calculating an external heavy quark’s diffusion coefficient in the bulk
AdS3-Schwarzschild spacetime. The dual description of the on-mass-shell heavy quark exhibiting Brown-
ian motion in the thermal plasma — an open string attached at the anti-de Sitter boundary® and hanging
towards the horizon undergoing transverse fluctuations — is used to compute the mean-squared transverse
displacement of the string’s boundary endpoint s%(t;3). The diffusion coefficient is extracted at late times.
Similarly, in section (5) an off-mass-shell light quark exhibiting Brownian motion in the thermal plasma is
modelled as an open string undergoing transverse fluctuations (initially stretched between the AdS bound-

4In addition, see Buchel et al.’s contributions [33, 34].

5 A worthwhile review on the topic is given by Casalderrey-Solana et al. [14].

6Brownian motion [53] concerns the ceaseless, random motion of a given particle undergoing microscopic collisions with the
constituent particles of the fluid it is immersed in. The motion is responsible for the dissipative nature of a system and its
approach to thermal equilibrium. Any particle suspended in a finite temperature fluid undergoes this motion, and as such a
probe quark immersed in the QGP behaves the same way. The AdS/CFT correspondence can be used to study the behaviour
a probe quark exhibits while interacting with the strongly-coupled thermal plasma.

7A necessary pursuit considering how versatile the field is — publications on gauge/string dualities span all physics arXivs [20].

8The boundary of a D7-brane stretching from r = oo to the string’s boundary endpoint [54].



ary and just above the horizon) whose AdS boundary endpoint is released to fall at the local speed of light
in the presence of a space filling D7-brane [54]. Initially this section focuses on calculating an external
light quark’s diffusion coefficient in the bulk AdS3-Schwarzschild spacetime. Then, importantly, the results
are generalised to AdSg-Schwarzschild by expanding and truncating the near-horizon metric. Further, in
section (6), an infinitely massive probe quark moving through the thermal plasma with a constant velocity
is considered. An open string trailing out behind the quark (arcing down into AdS-Schwarzschild) is used
to model the situation. From this, the drag force on the test string is calculated in the bulk and rewritten
— via the AdS/CFT correspondence — in terms of relevant quantities in the gauge theory®. The Langevin
equation is then used to extricate the friction coefficient, and (by means of the Einstein-Sutherland relation)
the diffusion coefficient for a heavy quark in AdS;-Schwarzschild. Section (7) concludes the dissertation and
proposes avenues for future research.

There are a number of appendices to this dissertation. Appendix (A.1) derives the string equations of
motion by calculating the functional derivative of the Polyakov action with respect to the string worldsheet
coordinates and setting this variation to zero. In an analogous fashion, the string equations of motion for
the transverse fluctuations are found in appendix (A.4) by varying the Nambu-Goto action. The Virasoro
constraints and string equations of motion in isothermal coordinates are given in appendix (A.2); while a
derivation of the energy of a test string in an AdS-Schwarzschild background can be found in appendix (A.3).
Appendix (A.5) aims to fix the normalization constant A, thereby completely determining the general
solution for the transverse equations of motion. As the penultimate, appendix (A.6) calculates the leading
order contributions of the tortoise coordinate in the near-horizon region. Appendix (A.7) provides details
for accessing the GitHub repository where the latest annotated Mathematica code notebooks supporting
the analytical analysis of open string evolution presented here, can be found. The author believes it is
important to make the Mathematica notebooks available for reference purposes and in the spirit of open
collaboration.

9Historically, the drag force calculation was the first application of AdS/CFT to understand the behaviour of a probe heavy
quark in the quark-gluon plasma (see [22, 35]).



Part I
Theory

2 The Gauge/String Duality

As recognised by 't Hooft [18], understanding gauge theories with an SU(N,.) gauge group in the large N,
limit perhaps offers the best course to illuminating the strong coupling behaviour of QCD. In the late 1900’s
it was suspected that string theory could describe the large N, limit [55]. Maldacena [21] first made the
suggestion that a (d — 1)-dimensional, conformally invariant field theory in the limit of large N, corresponds
to string theory and supergravity on anti-de Sitter spacetime in d dimensions times by a d-dimensional
spherical compact manifold (AdSx.S). This idea, based on the holographic principle!® and formally known
as the AdS/CFT correspondence, was developed in the months that followed by [24-27], to name a few. The
AdS/CFT correspondence is an example of gauge/string dualities which have subsequently been developed

into a powerful tool in understanding strongly-coupled systems'!.

2.1 Anti-de Sitter Spacetime as a limit of D3-brane Geometry

The solution of low energy, type IIB string theory containing D3-branes prompted the formulation of the
gauge/string dualities. Solving the supergravity equations of motion yields the spacetime metric sourced by
N, Dp-branes [59-61]. Specifically, the spacetime for the extremal D3-brane'? is

ds* = H™Y? (—dt* + di®) + HY? (dr® + r?dQ3) | (2.1)

where the D3-brane is extended along the spatial coordinates ¥ = (z1, 22, 73); H(r) = 1+ 1*/r* is known
as the warping factor'®; and the second term metric describes the y—directions transverse to the D3-brane
written in spherical coordinates (where 72 = y? + y3 + ... + 32 is the radial coordinate). The parameter
is interpreted as the characteristic length scale of the range of the N, D3-branes’ gravitational effects [14].
In the limit » > I, H ~ 1 and the metric Eq.(2.1) reduces to Minkowski spacetime!. In the limit r < I,
H ~*/r* (which corresponds to a series expansion around r/l = 0 to leading order). Hence, in this limit
the metric Eq.(2.1) becomes

r2 i 12
ds® = dsiqs, +1°dQ2,  where  dsigg, = = (—dt® +dz*) + T—erz. (2.2)

Now [ is identified as the radius of curvature of AdS; and S¢ (see table (1), page 6); ds3qg. is the metric
of five-dimensional anti-de Sitter spacetime!®16; and d)2 is the metric on S° with unit radius. Therefore,
the spacetime sourced from a stack of D3-branes corresponds to ten-dimensional Minkowski spacetime far
away from the branes (see blue patch, figure (1)), while a throat geometry of the form AdSs x S° becomes

apparent close to the branes (see red patch, figure (1)).

Generalising to non-zero finite temperature 1" systems by exciting the degrees of freedom on the D3-brane,
adapts the anti-de Sitter spacetime part of the metric. Specifically, Eq.(2.2) becomes

r? 2 -2 >
- (—hdt + d¥ )+ m

l dr?, (2.3)

2 2 2 2 2
ds® = dSAdS5—SCh +1 dQS R where dSAdS5—SCh =

10 Holographic as proposed by ’t Hooft, Susskind and Thorn in [56-58] respectively. In this sense, a holographic theory encodes
a theory in d dimensions by a theory in (d — 1) dimensions.

1A duality between two theories describes a situation where one theory is in the strong coupling limit, while the other theory is
in the weak coupling limit [20]. In order to study a strongly-coupled gauge theory, the equivalent weakly-coupled gravitational
string theory (i.e. a theory where the curvature of the spacetime is small) can instead be used.

120nly the ground state of the N, D3-branes is being considered.

13The definition of the warping factor is independent of the dimensions of the theory.

14 A small correction proportional to I4/r% is present.

15The defining characteristic of AdS is a spacetime described by a constant negative curvature.

16The five-dimensional anti-de Sitter spacetime metric Eq.(2.2) represents a Poincaré chart of AdSs spacetime. There is an
alternative formulation of anti-de Sitter spacetime in terms of global coordinates which provides a global coordinate chart (see,
for example, [62]).



where h(r) = 1—r%/r* is known as the blackening factor. The first term of the metric in Eq.(2.3) describes
17,18

an AdSs spacetime with a Schwarzschild black hole horizon at r = rg

Figure 1: The spacetime around N, D3-branes in type IIB theory, where [ is the radius of curvature of AdS; and
S? (adapted from [14, 63]). See page 4 for details.

A stack of N, D3-branes can be described by (i) closed strings propagating in a curved spacetime geometry,
which — in the low energy limit — becomes closed IIB string theory in AdSs x S° (as discussed above); but
also (ii) open strings attached to a hyper-plane in flat spacetime, where the low-energy limit is given by
N =4, SU(N,) supersymmetric Yang-Mills theory [14, 63]. The hypothesis that the two descriptions are
equivalent was the first example of the AdS/CFT conjecture.

2.2 The AdS/CFT Conjecture

The best example of a gauge/string duality remains the equivalence between type I1IB string theory in an
AdS5 x S% background to N = 4, SU(N,) SYM theory on the four-dimensional Minkowski spacetime bound-
ary of AdSs. As has been seen in subsection (2.1), if the above duality is considered at finite temperature,
the addition of a black hole in the anti-de Sitter spacetime is necessary. The spacetime is then referred to
as the anti-de Sitter-Schwarzschild spacetime (or AdS-Schwarzschild).

The AdS/CFT correspondence claims that the partition functions of the gauge and gravitational theories
are equivalent, i.e. Zgauge = Zadas [20]. In doing so the conjecture specifies a dictionary between two phys-
ical theories which appear to be very different (these relations are summarised in the reference table (1)).
In practice, the strong/weak coupling nature of the duality means that it is difficult to explicitly test the
validity of the conjecture'”. There are, however, several contiguous tests — coupling-independent properties
of these theories that can be compared to investigate the duality. Specifically for AdSs x S°/N = 4 su-
persymmetric Yang-Mills, tests include (i) comparing the global symmetries of the theories; (ii) matching
the coupling-independent correlation functions (these are normally protected from quantum corrections and
related to anomalies); (iii) comparing the spectrum of chiral operators; and (iv) examining the qualitative
behaviour of the theory deformed by chiral operators?® [27].

17The Schwarzschild black hole is the solution to the Einstein equation with no matter fields or cosmological constant.

18The radial position of the black-brane horizon rg is proportional to the temperature T (see table (1), page 6).

19With contemporary knowledge, pertubative computations in A can mostly only be achieved in the field theory, while in the
string theory only pertubative calculations in 1/ are possible. Therefore, comparing the correlation functions of these theories
is in principle not realisable [27].

20Qualitative tests include the existence of confinement in finite temperature gauge theories [64], and examining how the theory
behaves on its moduli space [65-67].



AdS, (d — 1)-dimensional Gauge Theory Description
! Va/ A4 Radius of curvature of AdSy and 5%
Ly Vo = X714 Fundamental string length scale
To 1/2wd String tension
(1/65)% A 't Hooft coupling??
TH 42T/ (d—1) Radial position of the black hole horizon
(d—1)rg/4ni? T=1/p Temperature of the gauge theory??
re = (rs +4o) 27 o (Myest + Am) Minimal radius of D7-brane?3
Torm Am(T) Thermal rest mass shift
To(re —rm) Mot (T) Static thermal mass of external particle?*

Table 1: The AdS/CFT dictionary - translating between quantities in the bulk and boundary theories (adapted
from Herzog et al. [35])

The main advantage of the AdS/CFT correspondence is that otherwise intractable problems are able to be
solved by their mapping onto the equivalent dual. Applications of the correspondence include gluon scat-
tering amplitudes calculations in strongly-coupled N = 4 supersymmetric Yang-Mills [69]; and the study of
holographic superconductivity and critical phenomena [70-72]%°.

20The 't Hooft coupling [18] is specifically defined in the phenomenologically relevant AdSs/A = 4 SYM case. In this case: A =
g%M Nc, where N. is the number of colours and the Yang-Mills coupling is related to the string coupling by: gym = 24/7 gs.
However, this dissertation follows [42] in using the same terminology to refer to (I/£s)* for general d dimensions.

21This is equivalent to the Hawking temperature of the black hole.

22A UV cut-off surface imposed near the boundary in order to consider external particles of finite mass in the gauge theory.

231n the AdS5/N = 4 SYM case, this is the free energy of a quark at rest in A’ = 4 SYM plasma. In the limit of zero temperature
it is equal to the QCD Lagrangian quark mass, mq [68].

25See [20] for a extensive review on systems with phase transitions in AdS/CFT, and [73] for an introduction to holographic
methods for condensed matter physics.



3 Brownian Motion: the Dynamics of Langevin’s Model

Discovered by Robert Brown in 1827 [53] the ceaseless and irregular motion which small pollen particles un-
dergo when suspended in water, became known as Brownian motion. Brown postulated that this movement
had a physical rather than biological origin. In 1905 Albert Einstein [74]?¢ combined statistical mechanics
and the diffusion equation, to arrive at a theoretical explanation of the phenomenon. His famous formula
for the particle’s mean-squared displacement, (s%(t)), provided an observable for experimental physicists to
measure. Independently, Marian Smoluchowski [75]?" derived a similar result based on combinatorics and
kinetic theory’s mean-free-path approximation [76].

In a mathematical context, Louis Bachelier wrote his 1900 doctoral thesis on modelling prices on the Paris
stock exchange as the limit of a random walk [77]?®. Neither Einstein nor Bachelier rigorously classified
Brownian motion as a stochastic process. This was taken up by the American mathematician, Norbert
Wiener, who ultimately proved the existence of Brownian motion by defining it as a stochastic process in
1923 [78]. Wiener’s output includes a series of papers starting in 1918 giving the mathematical definition and
properties of the physical process of Brownian motion abstracted as a stochastic process. Hence, Wiener
processes (essentially the same concept as Brownian motion but emphasising the mathematical aspects)
developed separately to the school of thought emphasising the physical aspects.

Turning back towards the explanations of physicists, Einstein and Smoluchowski failed to take into account
the inertia of the particle undergoing Brownian motion. Applying Newtonian dynamics to a Brownian
particle, Paul Langevin [79]?° arrived at a useful phenomenological model in 1908.

3.1 The Non-retarded Langevin Model

Consider the following: a non-relativistic particle of mass m, undergoing Brownian motion in one spatial
dimension, can be described by the Langevin equation

p(t) = —yp(t) + F(t),

=mo(t) = —myv(t) + F(t),

(3.1)

where p = dp/dt, ~y is a constant known as the friction coeflicient, and v is the velocity of the particle.
Eq.(3.1) is a stochastic differential equation and can be thought of as consisting of two parts: i). a systematic
term —m~yu corresponding to the friction force, and ii). a fluctuating part F'(¢) corresponding to a random
force [80]. It is worthwhile to note that although it is simpler to understand the Langevin equation in terms
of a friction force and a random force — on a microscopic scale both forces are caused by the particle’s
collision with the constituent modules of the immersive fluid [42].

Concerning the statistical properties of F(t), three assumptions are made. First, the average value of the
random force at time t, over a particle ensemble with the same initial velocity, vanishes

(F(t)) =0, (3.2)

where an ensemble is defined as a large number of similar, but independent particles. Second, the autocor-
relation of the random force is related to a constant, kg, which measures the fluctuation strength

26Qriginal publication: Uber die von der molekularkinetischen Theorie der Wéirme geforderte Bewegung von in ruhenden Fliis-
sigkeiten suspendierten Teilchen, Annalen der physik 322.8 (1905): 549-560. Translated from German.

27Qriginal publication: Zarys kinetycznej teoriji ruchéw browna i roztworéw metnych, Rozprawy i Sprawozdania z Posiedzen
Wydzialu Matematyczno-Przyrodniczego Akademii Umiejetnosci 3 (1906): 257-282. Reprinted in German: Zur kinetischen
theorie der brownschen molekularbewegung und der suspensionen, Annalen der physik 326.14 (1906): 756-780. Translated
from German.

280riginal publication: Théorie de la spéculation, Annales scientifiques de ’Ecole normale supérieure. Vol. 17. (1900). Translated
from French.

29Q0riginal publication: Sur la théorie du mouvement brownien, Compt. Rendus 146 (1908): 530-533. Translated from French.



(F(t)F(t) = rod(t —t'), (3:3)

where () is the Dirac delta function. This assumption implies
/ (F(O) F(E)) dt = ro. (3.4)

Lastly, F'(t) is assumed to be a Gaussian process®’.

To find the solutions of Eq.(3.1) — a first order linearly separable differential equation — the variables are
separated, each side is multiplied with respect to €7, and integrated between initial time t; and ¢

mo(t) et + mygv(t)et = F(t)er!

t t "

’ , 1 )

= ’D(t’) eYot g —+ / Yo U(t’) et g¢ — F(t/) o0t gy
to to m Ji,

¢ , )
:>/ o(t') et dt’ + [v(t')e%lt
to

t t ’ 1 t ,
- / o(t') e’ dt’] = 7/ F(t")ert dat
to t m to

0

1/t ,
= o(t) = vge 0t + — / F(t'ye 0= gy |
m Jy
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where the initial velocity of the Brownian particle is denoted by v(tg) = vg, 70 € R* and it is assumed
that ¢ > 0. Unless otherwise stated, the system is thought of as having an initial time ¢g = 0, and being in
equilibrium at ¢ = co. As time progresses the velocity of the Brownian particle depends on the exponential
decay of the initial velocity (the first term in Eq.(3.5)) and the extra velocity caused by the random force
(the second term in Eq.(3.5)).

Since, on average, the random force vanishes (Eq.(3.2)) the average of the velocity (Eq.(3.5)) is

((t)) = voe 7, t>0. (3.6)

Due to friction, the mean velocity decreases exponentially. Using Eq.(3.5), the autocorrelation function of
the velocity is given by

w(t)(t)) = vZe 100+ 4 LQ / " / " (F(t")YF(")) e= 0 ' =t") g=n0 (=t") = (37)
m= Ji, to

where the two cross-terms which appeared when multiplying v(¢)v(t') are both first order in the noise and,
as such, disappear when averaging over the noise. In the limit ¢ = ¢/, Eq.(3.7) reduces to

1 t t ’ 1"
(WA(t)) = vEe 20t 4 — /t dt’ /t dt" (F(t') F(t")) e~ (0=t =70 (t=t7) (3.8)
0 0

Using the assumption Eq.(3.3), the mean-squared velocity becomes

30The central limit theorem can be employed to justify this assumption. The random force F(t) is thought of as resulting
from the superposition of many identically distributed random functions, since the Brownian particle has undergone multiple
collisions [81].
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Taking the limit as ¢ — oo, the value of the mean-squared velocity at equilibrium is
. Ko
Jim (2(1)) = - (3.10)

Assuming the fluid is in thermodynamic equilibrium at temperature T, the average energy of the particle
takes on its equipartion value3':32 (E) = T/2 [81]. Since (E(t)) := m(v%(t))/2, Eq.(3.10) becomes

ko = 2vmT, (3.11)

which describes the relationship between the magnitude of the random force kg and the friction coefficient
7. Using assumption Eq.(3.4), Eq.(3.11) can be rewritten into the form

- m% /O;<F(t) F(t"))dt' . (3.12)

Yo

This equation is recognised as the second fluctuation-dissipation theorem [82]. The theorem states that the
random fluctuations of the Brownian particle have the same origin as the dissipative frictional force acting
on the Brownian particle as it moves in the medium.

In order to calculate the position of the Brownian particle, z(t) := v(¢)t, Eq.(3.5) can be integrated between
the initial time tg and ¢

t t
/ v(t’)dt’:/ v € Wdt’+—/ / "y e =) gt qt”
to to
t ’
:>/ " dt' _/ voe 0t at’ + / / e 0 W=t gy gy
to

(3.13)
:}fy(t)t — Uoto — 7'070 (e*"/()t) t'=t + l ' F(t’) <1e"/0 (t”t')) n dt/
Yo t'=to m to Y0 o
_ evo(t=t")
:>x(t)=z0+v—0(1—677°t / F(t c —at,
70
where, in the second line, the order of integration of the third term has been changed.
The average of the displacement (remembering Eq.(3.2)) is
Vo ot
(x(t)) = 2o + — (1 — e77°%). (3.14)

Yo

31The equipartition theorem of classical statistical mechanics relates the average energy of a system to its temperature.
32The Boltzmann constant is taken to be kg = 1.



The displacement s(t) := x(t) — xo, is easily read off from Eq.(3.13)

1 [t 1 — gro(t=t")
s) = D@1 —e ™ty 4+ — [ P ", (3.15)
Yo m Ji, Y0

In order to calculate the particle’s mean-squared displacement, (s%(t)), Eq.(3.15) can be squared and aver-
aged,

2 1 t t / 1"
(s*(t)) = % (1 —e™hH)? + 2 / dt’/ dt” (F(t')F (")) (1 —e?=1)) (1 — erlt=1)
0 0 Jto to
2 t
= 201 — 270t 4 720ty 4 ’ZO 5 / dt’ (1 — 0=t
0 m=7g Ji,
(3.16)
= Uj (1 — Qe 0t 1 e—Q’YOt) 4 ko t — 3 (1 - e—%t) + L (1 e—Z’mt)
% m? 3 Yo 270
2
- v—0(1—267"°t+e*2%t)+ o 20t — 3 + de 0t — 720t
% 2mZag \7T '

Note that, in the second line, the two cross-terms vanish and the assumption Eq.(3.3) has been used.

Further, a second average of (s?(t)) over all possible initial velocities needs to be taken. This yields,

2
<52(t)> = <:g> (1 _ 26*7075 + 672’Y0t) 4 275373 (2’}/075_ 3+ 4efﬁy0t _ 6727015)
0 0
T 1 T 1
= — (1 =2e"" 470 4 — — (290t — 3 4 de 0" — 720! (3.17)
m g m 3 &

T 1
:2——2<70t71+ eJ’“t),
m 7o

where the relation for kg (Eq.(3.11)), and the equipartition of energy ((vZ) = T/m) is used in the second line.

The Einstein-Sutherland relation defines the diffusion coefficient

T
D = . (3.18)
Yom
Hence, Eq.(3.17) becomes
2D
2 — _ —vYot
(P(0) = == (W 1+ e ) (3.19)

This result was first derived in 1917 by Dutch physicist Leonard Ornstein [83]. The early and late time
limits of the mean-squared displacement (s?(t)) should be examined.

(i) In the limit of early times (t < %) a Taylor expansion of e~ can be performed.

2D 212 T
(s2(t)) = == (yot — 1+ (1 — Yot + 70)) = Dyt? = —1?, (3.20)
Yo 2 m

where the last equality comes from using the Einstein-Sutherland relation Eq.(3.18). In this limit,
known as the ballistic regime, the Brownian particle’s behaviour is proportional to time, s(¢) ~ t. This
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behaviour is expected since the initial behaviour of the Brownian particle — before it is bombarded by
a substantial number of fluid particles — is inertial (with a velocity determined by the equipartition of

energy v(t) = /T /m ) [42].

(ii) In the limit of late times (t > %) et — 0 as t — 0o, and 7ot becomes the dominant term.
(s*(t)) ~ 2Dt. (3.21)

Eq.(3.21) is the famous equation found by Einstein in his 1905 paper [74]. In this limit, referred to
as the diffusive regime, s(t) ~ v/t and the particle experiences a random walk. The Brownian particle
deviates from its initial course due to numerous collisions with the constituent fluid particles that
cause the Brownian particle to ‘forget’ its early time behaviour [42].

The cross-over time33 between the diffusive regime and the ballistic regime is denoted by

1
trelax ~ %7 (322)

which represents the time it takes for a Brownian particle that had some initial velocity at ¢ = ¢y to ther-
malize in the medium.

3.2 The Generalised Langevin Model

The Langevin model can be generalised to include retardation effects. The retarded Langevin equation3* is
given by [82, 84]

p(t) = — / dt' vt —t')p(t') + F(t) + K(t), (3.23)

— 00

where the memory kernel v(t — ') allows the friction term to depend on the past trajectory of the Brownian
particle, and K(t) is an external force which acts on the system. The system is taken to be in equilibrium
in the limit ¢ty — —oo. The non-retarded Langevin Equation Eq.(3.1) only holds if the Brownian particle
is taken to have infinite mass with respect to the constituent fluid particles. The generalisation of the
Langevin equation to Eq.(3.23) fixes two physical problems, (i) the friction is no longer considered to be
instantaneous, (ii) a correlation can exist between random forces at different times.

The random force in Eq.(3.23) is taken to satisfy

(F(t)) =0 and (F(t)F(t')) = s(t—1t'), (3.24)

where k(t) is an unspecified function. As in the non-retarded case, F'(t) is assumed to be a Gaussian process.

The retarded Langevin equation is Fourier transformed3® in order to analyse its behaviour. The Fourier
transform has the following useful properties:

(1) linearity: Flc1g(t) + c2h(t)] = 1 G(w) + c2 H(w),
(i) convolution: F[g(t) ® h(t)] = F[ [~ g(r)h(t —7)dr] = G(w) H(w),

(iii) derivative property: F[g(t)] = —iw G(w).

33In this dissertation, the cross-over time is interchangeably referred to as the relaxation time.
34The retarded Langevin Equation is also known as the generalised Langevin Equation.
35The Fourier and Inverse Fourier Transform are defined here as

Gw) = Fla®)] = [

[e') oo

gt)etdt and g(t) = FGwW)] = G(w) e~ dt

where w = —2nf.
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Fourier transforming both sides of Eq.(3.23), and using the linearity and derivative properties gives

t

]-'[p(t) + /_wdt’y(t—t’)p(t’)} - ]-‘[F(t) + K(t)}

(3.25)

t

= —iwp(w) + F| / dt' 51— )plt)| = Flw) + K(w).

— 00

The convolution property would be useful in calculating the second term in Eq.(3.25). However, the asym-
metric bounds of this integral (¢ € [—o0,t]) are inconvenient. Hence, the memory kernel’s bounds are
redefined by introducing the causal memory kernel

() = 8@) (1), (3.26)

where ©(t) is the Heavy-side function. Notice that while v(¢ — ¢') is defined only for ¢ > 0, (¢t — t') is
defined for all t.

Rewriting Eq.(3.25) in terms of the causal memory kernel yields

= —iwp(w) + f[ [ T A1) p(t/)] = Flw) + K(w) o

= —iwp(w) + pw)F(w) = Fw) + K(w),

where, in the second line, the symmetric bounds of the integral ensured that the convolution property can
be applied. Note that in Eq.(3.27)

Flw) = /oo dty(t) et = /Oo dtOt)y(t) et = /Oo dty(t) et == yw], (3.28)

—o00 —o0 0

is actually the Fourier-Laplace transform of ~(t), while

p(w) = /OO dt p(t) et (3.29)

F(w) and K (w) are the standard Fourier transforms of p(t), F(¢) and K(t) respectively.

By rearranging Eq.(3.27) into a simpler form

: (3.30)

it is now easy to take the statistical average. Remembering the assumptions regarding the random force
(Eq.(3.24)), yields

1

(p(w)) = p(w) K(w), where p(w) := ol — e (3.31)

The quantity p(w) is known as the admittance, and describes the system’s response to an external pertur-
bation. Measuring the response (p(w)) to an external force on the system K (w), the admittance pu(w) can
be calculated and hence y[w] determined.

The first fluctuation-dissipation theorem relates the admittance to the autocorrelation of the equilibrium

velocity [81, 82]. Following Eq.(3.7) the autocorrelation function of the equilibrium velocity for the retarded
Langevin equation Eq.(3.23) is

12



t 0
(0(t)o(0)) = % / dt’ / dt" (F(t') F(t")) e e (=)

— 00 — 00

t 0
- F”—OZ/ dt’/ At St — ") ert” e (=)
m
o Jooo (3.32)

= %e"yt 1+ 06(-t) (27" = 1)]

T
= Z eIt

m

where |¢| is the absolute value of ¢; the random force correlation function is chosen, for simplicity, to have the
form k(t —t') = ko 0(t — t'); and Eq.(3.11) has been used in the third line. The Fourier-Laplace transform
of Eq.(3.32) is

> it 1, L 1
/o (v(t)v(0)) " dt = - 7’7[&)] —
(3.33)

=) = 7 [ o) e,

where the definition of the admittance is recognised. Eq.(3.33) is known as the first fluctuation-dissipation
theorem [82].

The power spectrum
To(w) = / dt (O(to) Oty + 1)) €| (3.34)

is defined for a quantity O(t). The Wiener-Khintchine theorem?3® states that a stationary random process’
autocorrelation function has a spectral decomposition described by the process’ power spectrum. The
theorem allows one to compare the autocorrelation function and the power spectrum

(Ow)OW")) = 270(w + ) Io(w), (3.35)

of a quantity O(t).

As previously mentioned, (t) and x(t) are related to each other by the second fluctuation-dissipation
theorem. However they can be individually determined by considering two cases where different external
forces are applied on the system:

(i) the external force is periodic with frequency w (i.e. K(t) = Kge~ ™), and Eq.(3.31) becomes

B(t) = plew) Ko e (3.36)
The memory kernel of the system ~(¢) can be determined by measuring the response (p(t)) to K (t).

(i) the external force K (t) is absent, and Eq.(3.30) becomes

plw) = ————. (3.37)

36The Wiener-Khintchine theorem was proven for a deterministic function by Norbert Wiener in 1930 [85].
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In order to determine ~(¢) and x(t) individually, p(w) should first be squared and averaged to find the
relation between the power spectrum of p (I,(w)) and the power spectrum of F' (Ip(w)). Explicitly,

_ (F) F)
[ylw] —iw]?

{p(w) p(w’))

27 6(w + W) Ir(w)

=27md(w + ) L(w) = |yjw] —iw]?

(3.38)

IF(LU)

T

where, in the second line, the Wiener-Khintchine theorem is applied to both sides. The measured
response’s autocorrelation (p(w)p(w’)) defines the power spectrum I, (w) through Eq.(3.35). Since ()
and Ip(w) are known, Ir(w) can be determined from Eq.(3.38). Using Ir(¢) the function x(t) is then
calculated from Eq.(3.24) and Eq.(3.35), i.e.

K(t—t)
Ip(t) = ——~. 3.39
r(t) 21 8(t+ ') (3:39)
For the generalised Langevin model, the relaxation time Eq.(3.22) becomes
1 1
- — e =0), (3.40)

trelax = 9
Jo dtn(t)  y[w=0]
where Eq.(3.28) and Eq.(3.31) have been used in the above simplification.

In order to gain an intuition regarding the relaxation time for the generalised Langevin model, consider an
example where the memory kernel () is sharply peaked around ¢ = 0, i.e. the friction is approximated
as being instantaneous. The retarded effect of the friction term in Eq.(3.23) is ignored, and the integral
becomes

1

/ Tt At 1) p(t) ~ / Tt A pt) = —— p(t). (3.41)
0 0

trelax

where Eq.(3.40) is used in the final equality. Inserting Eq.(3.41) into the generalised Langevin equation
Eq.(3.23), returns the non-retarded Langevin equation Eq.(3.1). Hence the interpretation of ¢,e1ax remains
the same as for the non-retarded Langevin model: it is the time it takes for the Brownian particle to ther-
malize in the medium [42].

Another relevant time scale, the correlation (or microscopic) time, t., is defined. The correlation time is
considered to be the width of the random force correlator function. Specifically,

Y O]
tc_/o dtﬁ(()). (3.42)

The quantity t. measures the time duration of a single scattering process, i.e. it indicates how long the
random force is correlated for. In most cases tyelax > tc, however this does not necessarily hold for Brownian
motion dual to AdS black holes.

On a final note for this subsection, the Langevin Model can also be generalised to d spatial dimensions. In
Eq.(3.1), the momentum p(¢) and random force F(t) become d-component vectors, while the assumptions

Eq.(3.2) and Eq.(3.3) generalise to

<Fi(t)> =0 and <Fi(t) Fj(t/» = Ko (S,‘j(S(t—t/), (343)
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where 7,5 = (1, 2, ..., n). The fluctuation-dissipation theorem is independent of d; as such kg is still given
by Eq.(3.11). The mean-squared displacement behaves like (s?(t)) ~ 2d Dt in the late time limit (¢ > 7%)’
where the diffusion coefficient D is still given by the Einstein-Sutherland relation Eq.(3.18).

This concludes a brief foray into some of the salient theory about Brownian motion3”. It is this motion
which is responsible for the dissipative nature of a system and its approach to thermal equilibrium. Any
particle suspended in a finite temperature fluid undergoes Brownian motion and as such a probe quark
immersed in a thermal plasma behaves the same way. The AdS/CFT correspondence can be used to study
the Brownian behaviour a probe quark exhibits while interacting with the strongly-coupled thermal plasma
by modelling the external quark as a test string in the bulk theory. This is done in sections (4) and (6) for
the heavy quark case, and section (5) for the light quark case.

37For more detailed reading on the topic see [80, 86] who provide insightful early reviews, while [81, 87, 88] can be useful in
understanding some of the more modern developments in the field.
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Part II
Calculations in the Bulk

4 Analysing Heavy Quark Brownian Motion

In the previous section the theory of Brownian motion (specifically the Langevin model) was reviewed. An
external test quark in a thermal plasma is governed by these equations. In the AdS/CFT context, this is the
gauge theory — or boundary — side. The following three sections focus on the gravitational — or bulk — side,
in which a probe string is set up in an anti-de Sitter black hole background® and the transverse fluctuations
on this string (resulting from its proximity to the Schwarzschild black hole) are examined. The AdS/CFT
correspondence is used to equate the two descriptions. Section (4) begins this incursion into the bulk theory
by modelling an on-mass-shell quark of large finite mass, identified by particle physicists as an on-mass-shell
heavy quark, as an open probe string stretched between the boundary and a Schwarzschild black hole in AdS
spacetime3?. The presence of the black hole results in thermal fluctuations in the transverse X' directions
on the string. The resultant random movement of the string’s endpoint on the boundary corresponds to the
heavy quark undergoing Brownian motion. This set-up is depicted in figure (2).

Brownian motion

boundary S — r=r,+4,

string

XI

Force acting on
string endpoint == (1+E) 'y
s

e ﬁ o

Figure 2: A fundamental open string of length ¢y used as a probe in an AdS black hole background. The string
starts at the boundary of the anti-de Sitter spacetime and hangs down to a stretched horizon (rs = (1+¢€)ru
where 0 < € < 1) placed just above the Schwarzschild black hole horizon. This figure is adapted from [42].

The stretched horizon depicted in figure (2) is introduced to regulate an infrared divergence. Similarly,
a UV cut-off is imposed near the boundary to ensure the mass of the probe particle is finite*. Dirichlet
boundary conditions will be imposed on the fixed string endpoint attached to the stretched horizon, while
Neumann boundary conditions will be imposed at the boundary.

4.1 Polyakov String Equations of Motion

The Brink-Di Vecchia-Howe-Deser-Zumino action [89, 90] — or Polyakov Action [91] for short — describes
the leading order dynamics of the fundamental probe string and is given by

4 Yo%

1 1
Sp : / d*c Lp = — d*o \/—det (Yap) v*° Gab » (4.1)
M

38 As discussed in section (2), the bulk theory is in AdS; x S¢. However, the physics on the compact S¢ space corresponds to a
set of scalar and fermion fields rotated among each other in N'= 4 SYM. In this dissertation, the rotational supersymmetric
Yang-Mills charges are ignored. The calculations can be considered to take place in AdS; and at a point on S¢,

39Throughout this dissertation the test strings considered are in the probe approximation, i.e. the string’s backreaction on the
background is taken to be negligible. Further, it is assumed that no B-field is present in the background.

40Following how this terminology used in [42], the terms infrared (IR) and wltraviolet (UV) are understood to be with respect
to the boundary energy. In the bulk theory infrared means near the horizon, while ultraviolet means near the boundary.
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where the slope parameter o’ is related to the string tension Ty [92]; Lp is the Lagrangian density; the
worldsheet parameter space is denoted by M (with coordinates (t,0) € [0,tf] x [0,07] = M) and the
spacetime by N. The induced worldsheet metric is given by

Gab = 0, X" O, X" G, (4.2)

G is the spacetime metric, and 74 is an auxiliary worldsheet metric. From here onwards, the determinant
of 4 will simply be denoted by ~. Notice that a gauge choice has been made: the static gauge is used. The
reparameterization offered by the static gauge separates the time and space coordinates [92], identifying the
T parameter with the time coordinate, 7 = t.

The string worldsheet is embedded into the target spacetime by the mapping functions X* : M —
N (t,0) — X*#(t,0). The canonical conjugate momentum densities ITf,(t,0) are easily determined once
the functional derivative of the Polyakov Action with respect to the derivatives of these embedding func-
tions has been calculated*'. Specifically,

0Sp

TR O 0 »

5(6aX“)SP = / d20'
M
Using the definition of the Polyakov Action Eq.(4.1),

1
2T

So,xmSp = : / P/ Gy 6(0.X") B X"
M

1
_ 2 n ab v
= -/'A/ld 05(8aX ) (— ol V=Y G,uu ab‘< ) 3

where the factor of two arises from symmetry (the variation of 9,X* and 9, X" gives the same the result).
Hence the canonical momentum densities, defined as the variation of the action with respect to the derivatives
of the embedding functions, is given by

“ S
I (t, o) = 5 "

1 / ab v
(0o XH(t,0)) T o VY G Op X (45)

The energy-momentum tensor Ty, can be defined by the variation of the Polyakov Action with respect to
the auxiliary worldsheet metric [93],
1 4Sp

Ty = —47 ——— o
V=7 oy

(4.6)

Before calculating T,p, note that determining the functional derivative of the auxiliary worldsheet metric
gives the two useful relations*?

§(det(vap)) = 67 = Y(v** 6vab) = ¥(Yab v ,

and

1 v a 1 a
(5(\/—7’}/) = — 5’}/:_2\/_—7(%1175’7 b) :_5\/_7’7'71117571)'

41The functional derivative (sometimes referred to as the variational or Frécet derivative) compares the change in a functional
to the change in a function that the functional depends on. The functional derivative of functional J with respect to function
f (evaluated at point x) is defined as

bosJ
5f-J:/a éf(w)ﬁf(m)dz.

42To prove the first relation make use of the matrix property §(det(A)) = det(A) Tr(A~1§A), where A is an n X n matrix.
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From the definition of the Polyakov Action Eq.(4.1) and the relation for § (w/ffy), the functional derivative
of the action with respect to the auxiliary worldsheet metric can be simplified to

1

4o’

5,Sp / Po (5(ny) Y Gl 0. X 0, XY + /=7 07 Gy Dy XN abX”)
M

1
4o/

0Sp
2 ab
= /Md o 6y 5yab

where the final line is simply the definition of the functional derivative. Hence, the energy-momentum tensor
Tup (Eq.(4.6)), becomes

/ A2 /=5 64" G, [—; Yab (wcd Dp X" 8dX”) + 9, X" a,,XV] (4.7)
M

1 1 1
Topy = —4m 7%_7 [— nat V _’YG;LV( - §’Yab’VCd O X 04 X" + 0, X" 8bXV>}
1
= (= 5907 G DX 0X” + Gy 0, X" 0,X) (4.8)

1

o
1 1 d
*,(—*W’alﬂ Jed + gab)a
o 2

where the definition of the induced worldsheet metric (Eq.(4.2)) is used in the last line. Requiring by the
principle of least action that the energy-momentum tensor vanishes, implies

1 c
Gab = §7ab’7 dgcd . (49)

Eq.(4.9) sets the auxiliary metric 7,; proportional to the induced metric g, at every point of the worldsheet.
If the proportionality constant is defined to be positive (the notions of timelike and spacelike vectors defined
by vab and g, should agree); the metrics are said to be conformal to each other. This proportionality
constant is denoted by f2. Writing,

Yab = .f2 YJab
= det(yq) = fHdet(gas)
= (07t = (o) (4.10)

a constraint equation is obtained. From Eq.(4.10) it is evident that the Polyakov action has an additional
symmetry to the Nambu-Goto string action (an action defined in terms of the induced metric gqp) [94, 95],
since the auxiliary worldsheet metric can be rescaled arbitrarily. Indeed, the Polyakov action is locally scale
invariant on the string worldsheet. This is known as conformal/Weyl invariance: under a local change of
scale all angles are kept fixed on the worldsheet, while the length of the lines may change.

Due to this additional symmetry, another gauge choice presents itself. Choosing the conformal gauge

79 = nt (which restricts the choice of worldsheet to one with vanishing Euler characteristic), the constraint
Eq.(4.10) simplifies to
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ab YGab
n* = , 4.11
V=g ( )

since 7% = 1,5, and 1 = det(n,5) = —1. Hence, with this choice of gauge restricting the auxiliary metric 4,
the induced worlsheet metric g, becomes conformally flat. In the conformal gauge, the energy-momentum
tensor Eq.(4.8) becomes

1

1
Top = o G (* 5 Nab N0 X" 9a XY + 0. X" 3bXV> : (4.12)

The worldsheet parameter space coordinate system can be changed to light-cone coordinates, where the
light-cone coordinates are defined as

ot = L(T:ta) and 0y =

V2

The energy-momentum tensor can be written in terms of light-cone coordinates. This is easily done after
explicitly writing out the components of T, (Eq.(4.12)),

(0- + 05). (4.13)

N | =

1 . . ! !
Trr = Toe = — Gu (X“X” + X”X”), and
2a!
(4.14)

1 s
Ty = Tor = — G X* X'V
(6%

where X* = 9, X" and X" = §,X". Further, X'nXv = Xt X" since G, is a diagonal matrix. In
light-cone coordinates the components of the energy-momentum tensor are

1 1
Thy = i(TTT + Trp) and T-_ = §(TTT - Trs), (4.15)

which is easily proven from Eq.(4.12) using the definition Eq.(4.13) and the light-cone metric (where 74 _ =
Ny = —1, ny4+ =n—_ = 0). Inserting Eq.(4.14) into Eq.(4.15), yields

Ty = %%GW [% (0, X" 0, X" + 0,X" 0,X") + 0, X" &,X”}
_ %GW [(%(ar + 0,)x+) (%(af + 0,)x")] (4.16)
= G0, XD, X",

and

T = %%GW [% (0- X" 0-X" + 0, X" 0,X") — 0-X" 0, X"
_ éaw [(%(af ~ 07)x+) (%(aT ~ 0,)x")] (4.17)

1
= — G0 X'o_ X",
«

!

As previously mentioned, due to energy conservation, the energy-momentum tensor vanishes: T, = 0. In
light-cone coordinates Ty, = T__ = 0. Hence, Eqs.(4.16, 4.17) become

G,WaiX“c’)iX” =0, (4.18)

which are known as the Virasoro constraint equations.
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Finally, varying the Polyakov Action with respect to the string worldsheet coordinates and setting this
functional variation to zero, yields the string equations of motion in the static gauge

0= 9,1 — %, 0, XTI =: V,1I¢, (4.19)

where the Christoffel symbols are defined as

1
I, = 5 G (8# Guy+0, Gy — 0y G,“,) . (4.20)
The details of this derivation are given in appendix (A.1). The boundary conditions chosen in order to
satisfy Eq.(4.19) are

SXHI"—) =0, (4.21)

This becomes a Dirichlet boundary condition at the stretched horizon (r = r,)*3

SXM(t,0) = 0, (4.22)

and a Neumann boundary condition at the boundary endpoint**

T (t,07) = 0. (4.23)

Eq.(4.19) is the equations of motion describing the leading order string behaviour. Considering additional
behaviour, small transverse fluctuations for example, would results in supplementary equations of motion
for X (where I denote the transverse directions). This is precisely the focus of subsection (4.3).

The general, leading order solution to the string equations of motion is found by solving Eqs.(4.18, 4.19)
with respect to the boundary conditions Eqs.(4.22, 4.23) and the relevant initial conditions. The metric
G v, the initial conditions, and hence the string solution will depend on the geometry of the spacetime the
test string is set up in. For example, in RY! the string’s worldsheet parameter space M (with coordinates
(t,0) € [0,tf] x [0,0¢] = M) is embedded into the target spacetime ' = R!! by the function

Xk (t:0) = (¢, 2(t,0))", (4.24)

where x (¢, o) still needs to be determined. This is the aim of the following two subsections, where the general
solutions for the test string in an R*! and an AdSs-Schwarzschild background respectively are found*°.

4.2 Leading Order String Behaviour

4.2.1 Test Strings in R!!

The embedding functions?*®, XLk given in Eq.(4.24) are found by solving the Virasoro constraints and
string equations of motion in R!:!. For simplicity, a square parameter space is chosen i.e. ¢ ¢ = oy. Working
in the static gauge, a Dirichlet Boundary condition at o = 0 is imposed (corresponding to the fixed initial
position of the string endpoint)

43The stretched horizon is defined by 7s = (1 4 €) rgr where 0 < € < 1. In the limit ¢ — 0 implementing a Neumann boundary
condition here instead of a Dirichlet condition would be equivalent. This is done by de Boer et al. [42].

44From the bulk perspective, this endpoint terminates on a space filling flavour D7-brane which is introduced in order to ensure
the test quarks in the field theory have a finite mass [54].

45 A note to the reader: a more interesting embedding occurs when studying the off-mass-shell light quark, since the parameter
space is divided into two separate regions. This will be explored in detail in subsection (5.1).

46Referred to interchangeably throughout this dissertation as the leading order solution to the string equations of motion.
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z(t,0) = z9 € R, (4.25)

and a Neumann Boundary condition at o = oy is imposed (enforcing zero flux through the other string
endpoint)

9o x(t,0))| =0. (4.26)

G’:D’f
For initial conditions, take the string to be static at ¢t = 0,

O z(t,o =0, (4.27)

Ne—o
and stretched between xg and zog + /o in the z spatial direction,

2(0,0) = 20 + — by, Ly € R (4.28)
of

The total energy and momentum of the string are given by
E = 7/dO'H7£ and p:/dUH;, (4.29)

where IIf, are the canonical momentum densities defined in Eq.(4.5) [92]. In flat space the total energy of
the static string?” — which would be equal to the mass of a heavy test quark in the boundary theory*® — is
given by

1

af
E=— / do ™ ny, 0, XY
2ma’ Jy

1 bo
= — do 0, X* (4.30)
27(@’ 0
Lo

2mal

In the second line is has been recognised that oy = ¢y (which follows from the Virasoro constraints in
flat space |52]); and the last line follows due to the static gauge choice (7 = t), and X° = t (Eq.(4.24)).
Therefore,

2 4
E m? = ¢
9T An202

(4.31)

where E? = m? since the string is initially static — i.e. the total momentum vanishes. The length of the

string and the magnitude of the quark’s mass are directly proportional. This same relationship holds for a
test string in an AdS-Schwarzschild background, and indeed Eq.(4.31) remains true. For proof of this see
appendix (A.3).

Since the leading order dynamics are that of a static string, the initial condition Eq.(4.28) holds for all
t € RT. Hence, the embedding functions X{j, , are somewhat trivially*® given by

Xt 0) = (8, 20 +0)", (4.32)

with coordinates (¢,0) € [0,0¢] x [0,0¢] = M.

47 Static in terms of the string’s configuration, not in terms of gauge choice.

48Supposing for a moment that the gauge/string duality postulated the existence of such a boundary theory to R1! spacetime.

49As (t,0) sweep out a square region of parameter space (t,0) € [0, of] x [0,0¢] = M, the embedding functions map out a
rectangular region (square if zo = 0) of target spacetime.
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4.2.2 Test Strings in AdSs;-Schwarzschild

Consider a test string in AdSs-Schwarzschild set up as in figure (2), page 16. Examining the leading order
behaviour of the string (no transverse fluctuations are present), the equations of motion with respect to the
boundary and initial conditions can be solved in order to find the embedding functions X Xng-Sch(t’ o). The
AdS4-Schwarzschild metric in d dimensions is given by®°

r2 12 dr?

ds(zi = = <7h(r;d) dt® + dX?) + ﬁm’ (4.33)

where t € [0,00) is the temporal coordinate, r € [0,00) is the radial coordinate, and the transverse spatial
directions are denoted by X, = (X2,X3, ....,X(dfl)) € R92. Further, [ € Rt is the curvature radius of
AdS; and S¢, and the blackening factor of the Schwarzschild black hole situated at the horizon, h(r;d), is
given by
d—1

h(rd) = 1— <7"f> . (4.34)
The function h(r;d) € [0,1], where h(r;d) = 0 at the stretched horizon and h(r;d) = 1 at the AdS-
Schwarzschild boundary. The radial position of the black-brane horizon is denoted by ry € RT. The
Hawking temperature of the black-brane in AdS;-Schwarzschild — corresponding to the temperature of the
thermal plasma in the boundary theory — is

(d* l)TH

1
T — =
B 4712

(4.35)

In order to consider whether r is a good radial coordinate to use to find the embedding functions, the causal
structure of the spacetime is briefly explored using probe light rays approaching the horizon (r = rg).
Considering a null geodesic (ds? = 0) along the radial direction (X; = 0), the AdSy-Schwarzschild metric

Eq.(4.33) becomes
dt r? !

i.e. as a probe light ray approaches the black hole event horizon (r = rg), dt/dr — 4-00®!. There appears
to be singular behaviour at r = ry (as the event horizon is approached, movement in the radial direction
with respect to the coordinate time ¢ becomes less and less successful), but it’s actually highly dependent on
the chosen coordinate system. For instance, the singular behaviour can be assuaged if the time coordinate
is replaced with a coordinate which moves appropriately slowly along the null geodesic. Defining ¢ := +r,
along this null geodesic, Eq.(4.36) can be integrated with respect to r to yield

ro(d) = 12 /drwlr;d), (4.37)

where 7, is known as the tortoise coordinate [96]. Using Eq.(4.34) to solve the integral®? yields

2 1 d rgyd?
@ = =5om (1 () (4.38)

where o Fy is the Gaussian hypergeometric function®®. Using the tortoise coordinate r, as the new radial

coordinate presents an advantage — the horizon can be approached at the relevant rate (dt/dr. remains

50 As mentioned in section (2), the anti-de Sitter-Schwarzschild spacetime metric Eq.(4.33) represents a Poincaré chart of AdSy
spacetime. The global AdS-Schwarzschild spacetime yields two black hole solutions at the same temperature: a black hole
with a specific heat which is negative, and a black hole in thermal equilibrium exhibiting Hawking radiation. In order to access
both solutions, global AdS-Schwarzschild geometry with a compact spatial boundary would need to be considered [42] — which
is beyond the current scope of this work.

51Think of a series of light-cones drawn from each point along the trajectory of the light ray approaching the horizon — as the
light ray approaches r = rg, the light-cones close up [96].

52The integral Eq.(4.37) was solved using Mathematica [97], and specifically an integration package called Rubi [98].

53See footnote 66, page 34, for the definition of the Gaussian hypergeometric function.
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finite)®. Hence, to proceed in solving the string equations of motion, the coordinate set (¢,7.) is chosen
since it allows the correct boundary conditions for the fluctuations at the black hole horizon to be specified.
The tortoise coordinate, however, can only be inverted for d = 3. Therefore it is only trivial to solve the
string equations of motion to find the embedding functions of the test string in AdSs-Schwarzschild. For

d = 3, Eq.(4.38) becomes
102 — I?
r(3) = - —1n (TTH> = — coth™* (—T> , (4.39)
2rH r+ry TH TH

which can be easily inverted to find r in terms of r,(3):

r = —ry coth (L;;*) , (4.40)

where r,(3) is given by r, for concision. In d = 3 dimensions, the metric Eq.(4.33) is given by®®

2 2 .2 2,2
s T 9 9 I# dr Tt =T
ds; = 7 (fh(r) dt* + dx ) + R where h(r) = —a
(4.41)
2 _ .2 2
= DT g2 2d7"2+r—dx2.

2 2 _ 2
l 2 —ry l

This, incidentally, is also the metric for the non-rotating BTZ black hole [99]. The AdSs-Schwarzschild
metric Eq.(4.41) can be written in terms of the coordinate set (¢,7.) using Eq.(4.40) and its differential,

r? TH Tx
dr = I—I; cschz( B ) drs . (4.42)

Inserting Eqs.(4.40, 4.42) into the metric Eq.(4.41)%6, yields

r? coth? (Z87=) —r? 12 i THT 2 THT
dsj == — 1 ez ) " TH g2 S esent (BT ) ar? + T coth? (P41 da
S3 2 + ) ot (”{;*) 2 cse 2 T+ 2 CO 2 x

2 2
= T8 cscb? (T’l{;*) (—dt? + dr?) + Z2 coth® (T’;’;*) da? .
(4.43)

From Eq.(4.43), notice that the AdSs-Schwarzschild metric in the (¢,7.) coordinate system is conformally
flat, i.e. the chosen coordinates (¢,7,) are a set of isothermal coordinates.

As discussed previously, to regulate an infrared divergence at the horizon, the stretched horizon ry =
(1 4+ €)ry (where 0 < € < 1) is introduced. At the stretched horizon, a Dirichlet boundary condition
(comparable to Eq.(4.22)) for the test string in AdSs-Schwarzschild is implemented

XRass-sen(t;0) = 75, (4.44)

while a Neumann boundary condition (comparable to Eq.(4.23)) is implemented at the boundary endpoint

aa X/Kng—Sch (t7 U) |a:<7f = 0. (445)

The boundary conditions Eq.(4.44) and Eq.(4.45) are rewritten in terms of the coordinate set (¢,7.). The
Dirichlet condition Eq.(4.44) becomes

54The cost of this coordinate replacement is that the horizon surface is pushed to infinity, i.e. at 7« = co [96].

55In AdS3-Schwarzschild there is only one transverse direction, refered to as .

56Mathematica is used to help simplify the trigonometry. This computation (and others in this section) are explicitly shown in
Mathematica Notebook [b] (BrownianMotion.nb). For access, see appendix (A.7).
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XXZng—Sch(t’ O) = Tsx, (446)
where 7, is defined using Eq.(4.39),

l2 —1 Ts
Tsx = — coth -——, (4.47)
TH TH

and the Neumann condition Eq.(4.45) becomes

2
"H 2 (TH . .
0= 7 csch (lTXZdSySCh(t’U)) Oy ngs3_sch(t70)|a:ﬂf

= 0o X \4s,-sen (b )|

(4.48)

o=0y’
where Eq.(4.42) is used in the first line, and the last line follows since csch(z) # 0, V& € R. The boundary
conditions in the conformally flat description of AdSs-Schwarzschild (Egs.(4.46, 4.48)) are respectively
analogous to the boundary conditions for the test string in R'*1, Eqs.(4.25, 4.26). Hence, the embedding
functions for the test string in the conformally flat description of AdS3-Schwarzschild are the direct analogue
of Eq.(4.32). In (¢,r.) coordinates, the embedding functions are

Xﬁng—Sch(t’ U) = (ta Tox + g, 0)# ) (449)

with coordinates (t,0) € [0,04] x [0,07] = M. Using the inverse tortoise transformation Eq.(4.40), the
embedding functions Eq.(4.49) can be written in terms of the original (¢,r) coordinates

r K
XKng—Sch(ta U) = (ta —rpg coth (l% (rs* + U)) +o, 0) s (450)

where the position of the fixed string endpoint attached to the stretched horizon rg, is given by Eq.(4.47)
and the length of the string in tortoise coordinates is given by

12 s + 0
of = — coth™! SIS Tsx - (4.51)
TH TH

Making the identification

(4.52)

r = —rg coth (TH (rew + 0)) ,

l2

leads to agreement between Eq.(4.50), and the stretched string of de Boer et al’s [42, 46] calculations.
Finally, notice that comparing Eq.(4.40) with Eq.(4.52), yields r« = 75 + o.

4.3 Fluctuating Test String Dynamics

In this subsection transverse fluctuations of the test string in AdSs-Schwarzschild are studied®?, in order to
explore (using the AdS/CFT correspondence) the heavy quark’s Brownian motion induced by the thermal
noise in the plasma. The fluctuations are chosen to be small so as to not affect the leading order radial
solution (discovered in subsection (4.2.2)). de Boer et al. [42] outlays a semiclassical treatment of the test
string’s transverse motion in AdSsz-Schwarzschild by quantizing these transverse fluctuations and relating
the behaviour of the modes on the string to the dynamics of the boundary endpoint.

The following subsection (4.3.1) derives the equations of motion for small transverse fluctuations on the test
string in AdSg-Schwarzschild. Following the method first laid out in [42], subsection (4.3.2) solves these
equations of motion to find the general solution, and from there the mean-squared displacement of the test
string’s boundary endpoint, s(t).

57Later, in subsection (4.4), this will be generalised to AdSg-Schwarzschild.
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4.3.1 Nambu-Goto String Equations of Motion for Transverse Fluctuations

The standard Nambu-Goto action®® can be used to describe the dynamics of the transverse fluctuations on
the test string

1 2
2;[al /./;/l ’ ( 5 )

where Ly¢ is the Lagrangian density, g := det (gqa) and the induced worldsheet metric gq, is given by
Eq.(4.2).

Take the embedding functions (given in AdSs-Schwarzschild by Eq.(4.50)) to be the leading order static
string solution in a (1+ 1)-dimensional subspace of spacetime spanned by the temporal and radial directions
(t,r), denoted by X/'(t, o) (where X/ : [0,t7]x[0,0¢] — RI"11; (¢,0) — X} (t,0)). Consider the addition of
transverse fluctuations X7 (where I €(2,3,...,d—1)) to X' (t o). The effective action for the transverse
fluctuations appears as a correction to the leading order Nambu-Goto action. It follows that to find the
effective action for the transverse fluctuations (and from this the equations of motion) the Nambu-Goto
action needs to be expanded about X}'(¢,0), in terms of X7,

_ 1 2 (6)
Sng = e //\/l d“c Lng xo + SNG + S + O (SNG> , (4.54)
where

1 1
S](\% =g O’ﬁg\?)c and Sj(éé =g

(4.55)

In order to explicitly calculate the expansion in Eq.(4.54), the determinant of the induced worldsheet metric
is needed. This is derived in appendix (A.3) and is given below

12

g = det (gap) = Grr G (T/Q + g—GHX? + Grr X}2> , (4.56)
t

Gy

where X = 9,X and X = 9,X; I indexes over the transverse directions X; = (x2,X3, ..., X@=D); and
the AdS4-Schwarzschild spacetime metric G, is the given explicitly by Eq.(A.32). Usmg Eq( .56) the
Nambu-Goto action Eq.(4.53) becomes

1 1 1 . 1
Sne = o (=1 GrrGyt)® \/ —— G X? + ——— G X}?
NG oral o, (—r' tt) G, U + G, S
1 1 Grr Grr 1 (G Grr 2
— _ d2 _ 02 GT’I‘G 2 X Xl2 _ = 7}(2 X/2
el A ) + G 1T, ) TR\ G T TG,
M x4
1 GU Grr 2
= 2o oV _g|Xg T 4ra UV |X“ ( + /2 GTTX}
Xg
1 — Grr Grr 2\’
+ 167wa’ / U |X“ <XI r2 Gr X} ’
Xg
(4.57)
where a Taylor expansion up to quadratic order (i.e. (1+z)'/? ~1 +5—% ) was performed in the second

line. In the following line it is noticed from Eq.(4.56) that to leading order the determinant of the induced
worldsheet metric is simply given by

g|X’5 = ' Grr Gyt - (458)

58Using Eq.(4.10) the equivalence between the Polyakov action Eq.(4.1) and the Nambu-Goto action Eq.(4.53) is apparent.
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The quadratic correction in the expansion of the Nambu-Goto action (defined in Eq.(4.55)) is the effective
action for the transverse fluctuations. Matching terms between Eq.(4.54) and Eq.(4.57), the quadratic
correction is given by

1 GU Grr
S = - | Fov= e X2
dra 7 |X” It 2 G ! Xk
1 G[[ GII
- d? V=0l XTo,x! De X0, X"
Aral g ’X’ ( t + 2 G, X (4'59)
1 —
| @ < V9 G,J> 0. X"0,X7
dra M Gab X(‘;

where a, b indexes over the static gauge worldsheet coordinates (t, o), the spacetime metric (Eq.(A.32)) is
recognised as a diagonal matrix, and to leading order the induced worldsheet metric (see appendix (A.3))
is given by

Gu + G X? G XX G 0
Gab| xn = . ) A= e (4.60)
Grr X} X1 7! G + Gr1 X} XH 0 ! Gyr
0
Hence, the effective action for the transverse fluctuations SJ(\% is given by
1
SJ(\?%? = ; d*o (\/TQQGZ’ GIJ)|Xu Du X0 X7
dma’ J g 0
(4.61)
=— | d&o B X0 X7
dra’ /M 0(0a XT) (0 X7) | 2 b

where I, J index over the transverse directions (2,3, ...,d — 1). Comparing Eq.(4.61) with Eq.(4.1), notice
that if the auxiliary worldsheet metric is chosen to be the leading order induced worldsheet metric (v, =
gab|x) the action for transverse fluctuations Eq.(4.61) can be understood as an effective Polyakov Action.

It remains to be proven whether or not the quartic term S](\‘,% is significant and contributes to the effective

action of the transverse fluctuations. The quartic term Sj(é)G (defined in Eq.(4.55)) is given by

1 N N2
S](\éf%? = 16ma’ /M d20 ((\/ —99 bGIJ) |Xg 8aXI ab)( I) . (462)

Comparing the quadratic action term Eq.(4.61) with the quartic action term Eq.(4.62), yields

5(2)

- \/E (S<4>) . (4.63)

Hence the quartic correction term S’J(VG will significantly contribute to the effective action for the transverse
fluctuations when the test string is within a distance of v’ from the black-brane horizon. Therefore

the quadratic action SI(\?)G (Eq.(4.61)) can be considered to solely contribute to the effective action for the
transverse fluctuations, as long as the fluctuations are small and the test string is in the region further than
va/ away from the black-brane horizon, where

Vo' = X7V, (4.64)

in AdSy-Schwarzschild. Eq.(4.64) defines the fundamental string length scale v/o' is terms of the radius of
curvature of AdSy spacetime [ and the 't Hooft coupling A.
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The canonical momentum densities conjugate to the transverse coordinates X' are defined as

2
Ha . 5SI(V)G - _ 1 (
T 5(8.XT) 2ral

V=g9* GIJ)|X5 WX, (4.65)

where the factor of two arises from symmetry (the variation of 9, X’ and 9, X gives the same the result).

Varying the effective action for the transverse fluctuations 51(\% with respect to the transverse string world-
sheet coordinates X and setting this functional variation to zero, yields the equations of motion

0=0,11% = V,II%. (4.66)

These equations of motion are analogous to Eq.(4.19); but in Eq.(4.66) the Christoffel symbols (defined in
Eq.(4.20)) are identically zero (I'¢; = 0) due to the symmetry between each of the transverse directions.
The details of this derivation are given in appendix (A.4). The chosen boundary conditions (analogous to
Eq.(4.21)) are

ng6x"|°_0" =0, (4.67)

which ensures the correct boundary terms vanish in the derivation of the string equations of motion for the
transverse fluctuations (Eq.(4.66)).
4.3.2 Calculating the Heavy Quark’s Mean-Squared Displacement s2(t) in AdS3-Schwarzschild

The leading order static solution to the string equations of motion is given by Eq.(4.50) in AdS3-Schwarzschild.
Following subsection (4.3.1), this solution is renamed X[ (¢,0). Adding non-zero fluctuations in the trans-
verse x-direction, the test string solution becomes

r H
Hhasysan(t:0) = Xl (o) + (0.0, X(1,0))" = (& —rcoth (5 (e +0)) . X(t,0)) . (4.68)

In AdS;-Schwarzschild, the equations of motion for the transverse fluctuations, Eq.(4.66), become

1
0= 6(1 (_ (\/_ggabGIJ) |X6LabXJ>

2ma!

7,,2
_a, ((Hg =

where the definition transverse momentum densities Eq.(4.65) are used in the first line, and the spacetime
metric Eq.(A.32) in the second line. To leading order the induced worldsheet metric is given by Eq.(4.60).
For d = 3, this metric simplifies to

(4.69)

WX (t, 0)) ,

rz—ri[
gt Jto Gtt 0 (_712 ) 0
gab|X[‘; = = o — /2 2 , (470)
9ot Yoo Xé‘ 0 r Grr 0 r <W)
where Eq.(4.41) is used, and ' = 9,r. Hence, its inverse is given by
t to 1 "2 G 0 <_ 2 ) 0
gab| po = - - TT — r—rf . , (471)
o g |l detlmlyg) |0 G 0 & (5
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where det (gap|xp) is given in Eq.(4.58). The indices in Eq.(4.69) can be expanded

0 =0, <(\/ng“ i) ‘Xg &TX(t,a)) + 04 ((\/ng“ 7;) » BtX(t,0)>

0

1 [(r?—r? r? 12 r?
30 (7"/ |:r/2 (1211)] pao-X(t,U)> + 815 (’IJ (—/’.2_71?{> lzatX(t,U)> (472)

2
=Ty

2
= -0} X(t,0) + ——2 ! 7] (81707’2 (r* —r¥) &,X(t,cr))7

“r2 9,r °

where Eqs.(4.58, 4.71) are used in the second line. The transverse equations of motion can be fully converted
into spacetime variables (¢,r). The derivative operator 9, first needs to be converted into 9, using Eq.(4.52).
The differential of Eq.(4.52) is

2
= 0, = % csch? (rH (TS;; . U)) Oy
(4.73)
0y =~ (1 _comn? (T £ DY)
= 0, = 2 — cot 2 T
r? —r?
= 0, = B O .
Using Eq.(4.73), the transverse equations of motion Eq.(4.72) become
2 r?—rf 2 (2 _ .2
0= -0 X(t,7) + —z O (r* (r* = r}) 0. X(t,7)) . (4.74)

Further, the transverse equations of motion can be completely written in terms of worldsheet parameter
coordinates (t, o) using Eqs.(4.52, 4.73), which yields

1
coth® (24 (rse + 0))

0= —RX(to)+ B, (coth2 (LH (Fos + a)) &,X(t,a)> . (4.75)

lQ

To proceed in solving the linear and homogeneous partial differential equation Eq.(4.74) — or Eq.(4.75) in
(t,0) coordinates — the method laid out in de Boer et al. [42] is followed. Explicitly, consider a mode
expansion in X,

X(t,r) = folr)e ™", (4.76)

where X (¢,7) is a separable eigenmode solution to Eq.(4.74) which oscillates in time with a well-defined
angular frequency w € RT. Inserting Eq.(4.76) into Eq.(4.74), it can been seen that f,(r) satisfies the
ordinary differential equation

—iw r? —r} —iw
0= —07 (fo(r)e ™) + l4r2H Or (7"2 (7’2 —r%{) O (fulr)e ™)
s (4.77)
re—r
= wQ fw(r) + 4[4 TZH Oy (’r2 (7"2 — T%I) Oy fw<7“)) .
Defining the dimensionless quantity
l2
v o= —w, (4.78)
TH



the ordinary differential equation (Eq.(4.77)) can be rewritten as

o THOP=TH) o a0 o
Vit A 0. (P (1 =) 0 ) ) fu(r) = 0. (4.79)
This second order ODE has two linearly independent solutions®
. +iv/2
1 rxirgy (r -1
(%) — H H A
f) = 00, <T n TH) : (4.80)

In solving Eq.(4.79) the initial condition near the horizon is chosen to be

B +iv/2
FEE) <: . :H) as T — Ty, (4.81)
H

i.e. the normalization at the black-brane horizon (r = ry ) is taken to be 1 iw H“% = 1. For convenience,
the solutions Eq.(4.80) can be partially rewritten in terms of the tortoise coordinate r.. Rearranging

Eq.(4.52) yields

l2
Tew +0 = — coth™* <T>

TH TH
2 —
i’rs*"‘U: ln(r TH>
2ryg r+ryg
s (4.82)
= ZEZW(TS*+U) = 1H< H)
r+rg
r—or +iv/2
- e:i:iw(rs*+a) — ( H) ,
r+rg

where the definition for v, Eq.(4.78), is used in the third line. Inputting Eq.(4.82) into Eq.(4.80) gives

fi}i)(T) o 1 r + irgv ej:iw (Tsx -i-G')7 (483)

1+ r

where the initial condition near the horizon Eq.(4.81) becomes

B (r) = eFwleto) aqs  p oy, (4.84)

From Eq.(4.84) it is apparent that fogi)(r) denotes out-going (+) and in-falling (—) basis modes®®. The
general solution to the ODE, f,(r), is a linear combination of these modes

fulr) = £ () + Bu f$7(r), (4.85)

where the constant B, measures the difference in phase between the (+) and (—) modes, and is yet to be
determined. Imposing a Neumann boundary condition in the radial direction at the boundary endpoint,

0 =0 fw(r)‘r:rer@o

_ 5 1 r+irgy (r—ry w/Q—i-B 1 r—irgv (v —ry —w/2
R W r r+ry Y1 —iv r r+ry

59This is consistent with Eq.(2.36) in de Boer et al.’s paper [42].
60The mode f:f (r) is outgoing at the horizon; while f; (r) is a mode which is reflected at the boundary and — after experiencing
a phase shift — falls back towards the horizon.

(4.86)

)

r=rs+4,
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enables B, to be fixed. Note that Eqgs.(4.80, 4.85) have been used in the second line. Hence, Eq.(4.86) is
solved®! to find B,:

B _ 1+ v TV —1iryg r—Tryg w

T\ it rv4irg r+ryg
(1= (1+ifov (7o —1\"
S \1l+4+iv) \1—ifgv ) \ 7o +1 ’

where the dimensionless quantity

r=ratto (4.87)

PR (4.88)
TH

has been defined in the second line. The coefficient B,, can be partially rewritten in terms of the tortoise
coordinate r,.. To this end Eq.(4.51) is rearranged,

2 s + 0
Tsx TOf = — coth™! <—T + 0)
TH TH

2 (rs + &) —rH
= Tsx = 1
S Ay n((rs+£o)+m)

( | ) (4.89)
rs + ZO —TH v

2 o =1
= 2w (re +0y) n((rs Ty

= ei?w(rs*-‘rof) _ 7:0_1 v
7o+ 1 ’

where the definition for v, Eq.(4.78), is used in the third line; and used Eq.(4.88) in the final line. Inputting

Eq.(4.89) into Eq.(4.87), yields
1—w 1+’Lf()l/ i2 ( + )
B, = 1w Tex T as) 4.90
© <1+iu) (1—2’F0V)6 (4.90)

The Egs.(4.83, 4.85, 4.90) determine f,,(r) completely. The linear superposition of f,(r) for all frequencies
w € RT, yields the general solution for X (¢,r),

X(t,r) = /OOOC;:;AM [fw(r) e ™t a, + fxir) et a:j] , (4.91)

where the mode expansion Eq.(4.76) is used, and (a,, a}) are Fourier coefficients. The constant A, is fixed
by demanding the normalization of the appropriate basis.

To quantize the theory, the scalar field X (¢,0) and its canonically conjugate momentum P*(t, o) are pro-

moted to operators and suitable commutation relations are imposed. From Eq.(4.91), the position operator
is given by

X(t,0) == /0 g—: Ay [fulo)e ™ a, + fi(o)e™! du , (4.92)

and from Eq.(4.65) the conjugate momentum operator is given by

61Mathematica is used (see Mathematica Notebook [b]: BrownianMotion.nb).
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Pi(t,o) := — !

(vV=g4" GH)|X€, X (t,0)

o (Va0 Gy [ g (i) A [fal) e — (o) e ]

2ma! 0 2T

1 2 o (TH (Tsx +0) 12 . 5 (rH (re +0) 2 o (TH (Tsx +0)
=5 <l2csch (l2 —%smh — l—Qcoth —

o g , ,
x /O o (Ciw) Ao [fulo)e ™ ay = £1(0) e ]

™

2ma!

; 2 [eS]
_ vt TH coth? (TH (Ts* +0')) / d—wwAw [fw((f) e—iwt&w _ f*((f) eiwt&’f}
0

2wl 12 2 27 « «

i1t [ dw —iwt A * iwt A
=57 ; gwAw [fw(a)e Ya, — fr(o)e tai] ,

(4.93)

where Eq.(4.92) is used in the second line, 7, = 75 + o is used in the fourth line, and the identification
Eq.(4.52) in the final line. The metric entries in the third line follow from using the identification Eq.(4.52)
to convert the spacetime metric as well as the induced metric, its determinant and its inverse into (¢,7,)
coordinates. From the spacetime metric Eq.(A.32),

2 rg (s« + 0
Grr = Gy, = i coth?® <H(l2)) : (4.94)

while the induced metric, its determinant and its inverse (Egs.(4.70, 4.58, 4.71)) are given by

2
G 0 —Tl—é’ csch? (7”1 (T;; ‘H’)) 0
Jab = YGab| xr = = 2 5 s (495)
0 0 r?G,. 0 T esch (W)
7’4 rH (rsx + 0
g = det (gap) = det (gab|X5) = flff csch? <(l2)) , (4.96)
b g1 "G, 0| [k s (relte)) 0
W det(gulxg) | 0 G 0 gy sinh® () |
H
(4.97)

in the preferred isothermal set of goordinates gt, 7+). In order to fix the normalization constant A,, canonical
commutation relations between X (t,0) and P!(t,0) are enforced:

% Pt / — islo.o :2-5(070/)
X0 e P o] = d(0,0) = =22

[X(t,a),f((t,a’)}z —0= [nt Pi(t,0), n, P(t, ”/)L; :

(4.98)

where ¥ is a Cauchy hypersurface in the x# = (t,r)* part of spacetime that is chosen to be a constant time
surface®?, § is the induced metric on ¥, and n,, is the future pointing normal to ¥ (where n,, = d,:/v/—Gst)-

62Giving initial conditions on this hypersurface determines the future (and past) evolution uniquely.
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Additionally, canonical creation and annihilation commutation relations on the Fourier coefficient operators
(4, a]) are enforced:

Qs &L = 2mé(w —w'),
| L (4.99)

[d"“ dw/}z =0= {dl’ dl'}z'

Demanding consistency between the sets of commutation relations Eq.(4.98) and Eq.(4.99), requires the
normalization constant to be defined as

l e B8
A, = — - 4100
TH w 2 /mw Al/4 ( )

where the second equality follows from using the definition of the AdS radius of curvature | (Eq.(4.64)), and
the relation [ = 1% /2r from Eq.(4.35). The derivation of Eq.(4.100) is the subject of appendix (A.5).

With the constants B, and A, (Egs.(4.90, 4.100) respectively) found, the general solution for transverse
equations of motion (Eq.(4.91)) is completely determined. The displacement of the boundary endpoint as
the test string undergoes these transverse fluctuations can now be calculated. The position of the endpoint
of the test string on the boundary is defined by the operator

Xend(t) == X(t, 0¢). (4.101)

At the Hawking temperature, the transverse fluctuations on the string are excited. Assume — as was done
by de Boer et al. [42] — that these excitations are purely thermal and are therefore described by the
Bose-Einstein distribution

2w 0 (w — W)

(6] G,r) = P (4.102)

The Bose-Einstein distribution applies when (i) quantum effects are important, (ii) particles are indistin-
guishable, and (iii) are bosons (particles which do not obey the Pauli exclusion principle). The string
boundary endpoint’s mean-squared transverse displacement, s2(t), is defined as®3

s*(t) = <:(Xend(t) - Xend(o))2 )= ( Xend( ) + Xend( ) — 2( Xend( )Xend( 0):) (4.103)

In order to determine s2(t), begin by calculating the expectation value of the position of the boundary
endpoint at two different times. Using Eq.(4.92),

(: Xend(t1) Xena(t2):)

dw d 2 / iy
[ e e e [ o) B+ £ )] )

d d 1 ., o
47r\/7/ w w {fw(af)fw/(af) —iwty +iw t2<;&wa£/:>+f;(0f)fw/(gf)elwt1—zw t2<:a£aw,:>:|

e iwts +iw'ts ez‘wtﬁz‘w’tz }

dwdo’ 1 / ) o
4ﬂf/ G w’ |:5(w 7w>fw(0f)fw/(o-f)eﬂw’7_l +5(('0 —w )fw (Uf)fW/(o—f)W

47r\f/ 27 w eﬁw — [fw(af)f;(af)e_i“(tl_m + f:(of)fw(of)ew(tl—fz)} ,

(4.104)

63The mean-squared transverse displacement, s2(t), is a gauge and coordinate independent quantity, i.e. it doesn’t matter which
coordinate system s2(t) is calculated in. Note that the position of the horizon is still dependent on the choice of coordinates
(as discussed in subsection (5.1.3) when motivating for the use of (¢,7+) coordinates).
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where :ad,: =:a,a):= ala, is the normal ordering operator, and the definition of the Bose-Einstein
distribution (Eq.(4.102)) is used in the third equality. The final line follows from the property of the Dirac
delta function [;dke **§(k — a) = e™**. Using the complex conjugate property Re(z) = (z + 2)/2,
Eq.(4.104) simplifies to

<5Xend (tl) Aend(tQ)

W\f Y Re (fulon) (o)) . (4.105)

The normal ordering operator is necessary to remove the logarithmic ultraviolet divergences. Had it not
been used, extra terms would arise in the calculation of Eq.(4.104). Specifically,

<chd (tl)chd (tQ )>

dw d 2 ~ * dwty A —iw'ty A * iw'te &
= / o s (o) + £ 08l o)™ s + £ (o) 0l )

47rf / d“’dw ! T [felonsione it (aa) + 2mo(w - o)

IS0 (af>em1*iw’t2 ()]

—iwty+iw'ts

dw dw’ 1 € —iwtq iw'ts
- [T o (o) 3o o 4 8~ o )

. .y
ezwtlfzw to :l

+ 0w =S (op) furon) —m—

1
Mf [T [nennepene (

d 1 iw(t,—t 1 * —tw(t,—t
- [T R (on i one ) + Lo e )]

1 zw(tl t2):|

1)+ o hlon St

(4.106)

where the relation <dw&£,> = (a T,aw> + 27 §(w — ') results from the commutation relation Eq.(4.99).
Following [42], the term % fulop)fi(op)e” w(ti—t2) js interpreted as a logarithmic UV divergence. Since
this divergence stems from the zero-point energy and exists at zero temperature, it can be regularised by
instituting normal ordering of the oscillators a,,a} (as was done in Eq.(4.104)). At specific times, the
regularized correlator (Eq.(4.104)) becomes

. N B? Cdw 1
*Xend(t) Xena(0):) = —_—
< d( ) d( )> 47T2\/X 0 w ePv —1

<5Xend(0) Aend(o):> = <: Aend(t)Xend(t):) = 47T§\/X /000 djw ﬁRe<fw(Uf)f:(Uf)) . (4108)

Inputting Egs.(4.107, 4.108) into Eq.(4.103), the string boundary endpoint’s mean-squared transverse dis-
placement can be calculated

. 47T2f/ Y iRe(2hlo) 1 o)~ 2elon o))

Re(ful(o) £ (or)e"). (4.107)

-2 f / O e a0 £ (00) + £ (00) fulg) — Folon) £ (o)™ = £ (05) fulop)e™]

_ B [Tdw 1
CAr2A Sy wefr—1

[fulog)fi(og) (2™ —e™)] |
(4.109)

where in the second line the complex conjugate property Re(z) = (z + Z)/2 is again used.
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4.3.3 The Limiting Cases of s%(t)

In this subsection the behaviour of s2(t), Eq.(4.109), in the asymptotic early and late time limits is consid-
ered. Inputting® Eqs.(4.83, 4.85, 4.90) to calculate f,(of)f.r (o), yields

452 ® dw 1+1v2 sin? %t
2\ Jo w 14732 efo—1

s*(t) =
(4.110)
452 gy 142 sin’ %U

VA Jo v 172 e — 1

)

where the change of variables was performed using Eqs.(4.35, 4.78) in the last line. The integral in Eq.(4.110)
is tricky to analytically evaluate. Following the insights of de Boer et al. [42], the integral can be broken
into two parts,

2 vt

2 a2 [ 21 ody 1 sin® T 1 [ [ dv sin® Tt
SO =S A S iiar a1 Tim V@1
T2V A 5 o V l4+rjree 75 o Ve

(4.111)
g% [ -1 1
71'2\/X f% 1+ 7:8 21
where the integrals I; and I> have been defined as,
oo in2 mvt oo 02 kx
dv 1 sin™ 73 dx 1 sin® %*
I = — =4 — 2 4.112
! /0 v 147302 e?m — 1 /0 x 14+a2z2 e —1" ( )
and
> 4 gin? @t © Jr si 2 kx
12:=4/ lmiﬁ:zx/ =2z (4.113)
o VvV e —1 o T e*—1
The change of variables in Eqgs.(4.112, 4.113) is made by defining the new variables
T t
vi=21v, = ;—0 =3 (4.114)
T

The integral I; is solved by deforming the contour on the complex x plane. The solution is given by [42],

1 1 1 1 k.. k _ k. k’ T Ll 1
11—2(1/)(1+2ﬂ_a)+1/)<1m>>+2(eaEl<a>+6 aEl(a>)2(16 a)cot(%>

n e 2mlk| <2F1 (17 1+ ﬁ;? + ﬁ;e_%'k‘) n o F (17 1 L.o_ 1'6_27T|k)>

~ 2na’ 2ma’
2 Lo 1-— L

2ma 2ma

i (2(1 sm;(ﬂk)) 7

(4.115)

where Ei(z) is the exponential integral®®; ,F(a, b; ¢; ) is the Gaussian hypergeometric function®; and
(2) is the digamma function®7.

64Mathematica is used to simplify the algebra (see Mathematica Notebook [b]: BrownianMotion.nb).
65For real, non-zero values of z, the exponential integral is defined as Ei(z) = — [° dt (e~ /t).
66The hypergeometric function is a special function defined for |z| < 1 by the hypergeometric series, 2Fi(a, b; ¢; 2) =
S0 (@)r®)p 28
k=0 " ()5 K

67The digamma function is defined in terms of derivatives of the gamma function: ¥(z) := == dl(z)

. The function is meromor-
T'(z) d=z

phic, and defined on the complex numbers C.
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The integral I can be solved analytically,

> d 1 k
b [ e (5)
0 X 1—e % 2

_ i In (Hij) (4.116)

where, in the second line, the geometric series 1/(1 —z) = Y07 2" is used; and in the fourth line the
integral was performed using Mathematica [97]. In the final line, Mathematica was again used.

From Eq.(4.116) it appears that § = t/k naturally defines a cross-over time scale between the dynamics
of early and late times®®. The integrals I; and I can be examined in the limits (t < ) and (t > f3) to
yield the early and late time behaviour respectively. Since the probe particle in the boundary theory is an
on-mass-shell heavy quark, the assumption 7y > 1 (equivalently a > 1) can be made. This is essentially
the statement that the large mass of the external particle translates to the distance in the radial direction
between the test string’s boundary endpoint and the stretched horizon being large®®.

(I) Asymptotic Early Time Dynamics

In the early time limit ¢ < § (equivalently k£ <« 1 < a), the integrals I; and I can be simplified. Defining
a temporary variable f := 1/a, and series expanding the solution to I; (Eq.(4.115)) around f = 0 yields

2 sinh (k)

L = (—111(1—62’”) + ln(f)—|—ln( 7

k*m 1
= —_— O —
20 <a2> ’

where, in the second line, the expression is rewritten in terms of the variable a and appropriately truncated
at leading order. For the I integral, notice there is no a-dependence — hence a series expansion in 1/a yields
I, = O (a®). Therefore, in the early time limit, s*(¢) (Eq.(4.111)) becomes

2 =2 242 2
) B [ -1 (w2t 1 1o 0]t 1
57 (1) [ep) ﬂQ\A{ 72 (6% +0 (ﬁ%)) + 7 O(ro)"| = .Y +0 7)o (4.118)

where the variables have been changed using Eq.(4.114). In terms of the relevant field theoretic quantities,
Eq.(4.118) can be converted using Eq.(A.43). Specifically, s?(t) = (T t?)/mg, where m, is the mass of the
probe quark and T is the temperature of the thermal plasma. Since s?(t) ~ t2, the early time dynamics
exhibit ballistic behaviour (see Eq.(3.20))7°.

> —kﬂ') + %k%f + O (f?)
(4.117)

68More specifically, the cross-over time (defined in Eq.(3.42)) is given by tc ~ 879 ~ (o mgq)/(12 T?), where Eqgs.(4.64, A.43)
have been used in the second approximation.

69The assumption 7y — oo would correspond to an infinitely massive quark, such as the probe particle considered in section (6).

70The result for s2(t) in the early time limit given in Eq.(4.118) agrees exactly with de Boer et al. [42], Eq.(3.6) (after recognising
7o = pc, and making use of Eq.(4.64)).
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(II) Asymptotic Late Time Dynamics

At asymptotically late times, ¢ > [ (equivalently & > a > 1), the integrals I; and I have the same
behaviour. To prove this, take the integral Iy (Eq.(4.112)) and make the change of variables x := %,

° dx’ 1 sin? £ * dy' sin® L
L=4f & 202 Oy 02—, (4.119)
0o @ 1+ %F ek -1 0o @ e¥ -1 ’
T N
GQI/

where it is noticed that the term
to Iy (Eq.(4.116)), yields

7z~ < 1 can be neglected in the late time limit. Expanding the solution

Liger = 1 = ln(sinhwk) — In (wk)

eﬂ'k 677rk
ln(2— > ) — 111(7'(']{1)

=In (e’rk) — In (2) — In (7‘(‘]{1)

(4.120)

=nk + O(Ink),

where the second line follows from trigonometric identity sinh(z) = (e* —e~%)/2, and in the fourth line the
term =% /2 — 0 since k >> 1 at late times.

Therefore, in the late time limit, s?(¢) (Eq.(4.111)) becomes

2 a2
(1) leep) Wf—ﬁ {7’07:8 ! (g Lo (m;)) + 7}(2) <7Z Lo (mé)ﬂ _ % ‘o <1n;> ,(4.121)

where the variables have been changed using Eq.(4.114). Since s2(t) ~ t, the late time dynamics exhibit
diffusive behaviour™. Concretely, at late times s2(t) = 2 D¢, where D is the diffusion coefficient (Eq.(3.21)).
Comparing this to Eq.(4.121), the diffusion coefficient in AdS3-Schwarzschild is extricated,

Dy = b (4.122)

27T\/X.

4.4 Generalising to AdS;-Schwarzschild

For the off-mass-shell light quark case — as will be seen in subsection (5.3) — generalising the diffusion
coefficient to AdS4-Schwarzschild™ relies on the observation that the behaviour of an arbitrary virtuality
light quark at asymptotically late times is encoded in the small virtuality light quark case. Since s2(t)
in the latter case can easily be calculated for any dimensions d > 3 in AdS;-Schwarzschild, the diffusion
coefficient Dﬁ‘gsd can be determined. Unfortunately, this method can not be applied to the on-mass-shell
heavy quark case”. The avenue left is to determine, in AdSy-Schwarzschild, the friction coefficient of
the medium plasma and relate this — via the Einstein-Sutherland equation (Eq.(3.18)) — to the diffusion
coefficient. This is precisely what is done in section (6), where the friction coefficient in AdSg-Schwarzschild
is found by first calculating the drag force on an infinitely massive, heavy quark moving through the thermal
plasma with a constant velocity”™® in the bulk theory. As will be seen, the diffusion coefficient extracted
from this method™, agrees exactly with the the diffusion coefficient given in Eq.(4.122) for d = 3.

"1 The result for s2(t) in the late time limit given in Eq.(4.121) agrees exactly with de Boer et al. [42], Eq.(3.6) (where Eqgs.(4.35,
4.64) have been used to show the equivalence).

72Remember that a general d dimensions in the bulk theory corresponds to a (d —1)-dimensional thermal plasma in the boundary
theory.

73To talk about the small virtuality /small mass limit of a massive, heavy probe quark, would be nonsensical.

74Implies that the probe quark is under the influence of an external force.

75These calculations predominantly follow the work of [22, 35].
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5 Analysing Light Quark Brownian Motion

A light quark probe in a thermal medium on the boundary starts at ¢ = 0 as an off-mass-shell particle,
radiates energy as it travels through the thermal medium and finally stops radiating as it becomes an on-
mass-shell particle. Dual to this light quark in the boundary theory, a test string in the bulk can be thought
of as half the yo-yo string in R*!. The latter is a string which, at a time ¢ = 0, stretches a length of 2L
along the x-axis; as time progresses the string shrinks till, at a time ¢ = L, it is a point; then it begins to
expand again and the process repeats. The yo-yo solution is a well-studied classical solution of the open
string [100]. There is plenty of recent work [15, 101-105] modelling gluons and light quarks as half the
initial yo-yo string contracting to a point after a time ¢, in order to calculate energy loss (see also [52, 106]
for other works using this string set-up). This idea of a falling string is precisely what is used in order to
study the off-mass-shell light quark in this dissertation. Such a string set-up is refered to, following the
convention of [52], as the Limp Noodle.

If the test string is placed in an AdS-Schwarzschild background, the presence of the black hole results in
thermal fluctuations in the transverse X! directions on the string. The resultant random movement of the
string endpoint on the boundary corresponds to the light quark undergoing Brownian motion. This set-up
is depicted in figure (3).

boundary ERTA
r
string |
XI
T N r=r,=(1+€) ry
=it L=ty

Figure 3: A fundamental falling open string of length ¢y used as a probe in an AdS black hole background.
Initially, at ¢t = ¢;, the string starts at the boundary of the anti-de Sitter spacetime and hangs down to a stretched
horizon (rs = (1+€)rg where 0 < € < 1) placed just above the Schwarzschild black hole horizon. As time evolves
t; < t2 < ts, the string endpoint at the boundary is released and the string collapses. Its trajectory as it falls (grey,

dashed line) is predicted by [15, 101-105].

The initial static set-up of the Limp Noodle (where one of its endpoint are held fixed at the boundary) is
equivalent to the leading order static stretched string for the heavy quark, described in subsection (4.2).
This changes once the boundary endpoint of the string is released, and the endpoint starts to fall at the
local speed of light. Information, however, is also restricted to travel at the local speed of light. Hence, all
parts of the string below the falling boundary endpoint can not know whether the boundary endpoint has
remained fixed (as in the case of the heavy quark’s test string) or been released to fall until the endpoint
crashes through it. Intuitively, it is therefore expected that all parts of the string except the falling boundary
endpoint are described by a solution (embedding functions) identical to Eq.(4.32) in R™! and Eq.(4.50) in
AdS3-Schwarzschild, while the stretched endpoint falls at the local speed of light. This will be confirmed in
the following subsection.

5.1 Leading Order String Behaviour

The basics of string theory discussed in subsection (4.1) —leading to the Virasoro constraints (Eq.(4.18)) and
the string equations of motion (Eq.(4.19)) — hold for the light quark’s test string (Limp Noodle). In order
to solve Egs.(4.18, 4.19) (with respect to the boundary conditions Eqgs.(4.22; 4.23) and the relevant initial
conditions) to yield the embedding functions requires the correct partitioning of the worldsheet parameter
space. This partitioning was trivial in the heavy quark’s test string case, since its leading order behaviour
is static for all ¢. It is however more complicated in the Limp Noodle case, considering that the boundary

37



string endpoint is allowed to fall at the local speed of light for ¢ > 0. A method in which to partition the
worldsheet in order to find the solution to the string equations of motion was given by Itzhak Bars in 1994
[107], and expounded upon a year later, in 1995, by himself and a collaborator Jiirgen Schulze [108]. The
Bars et al. method is summarised in the following subsection.

5.1.1 Parameterising the Limp Noodle: The Bars et al. method

The Bars et al. method can be used to solve the classical motion of a relativistic string in any (1 + 1)-
dimensional spacetime. Originally, the method was used by Bars et al. to study the motion of folded strings
in curved spacetime. However the Limp Noodle can be interpreted as half a folded (or yo-yo) string. The
application of the Bars et al. method to parameterise the Limp Noodle and find the general solution to the
string equations of motion was first proposed by Moerman et al. in [52]. The Bars et al. method can be
broken into the following steps:

(i) Define lattice-like patches on the worldsheet using the light-cone coordinates.

\J

0)

Figure 4: Lattice structure imposed on the worldsheet parameter space using the light-cone coordinates ¢ and
o~ . This structure is used in the Bars et al. method [107, 108] in order to determine the general solution for a
moving open string on a manifold.

(ii) Naive solutions to the string equations of motion come in four classes, referred to as: A, B, C, and
D. They can be defined only on patches of the worldsheet, since the full solution needs to satisfy
two conditions: (a) string solutions must be periodic in o, and (b) the global time coordinate must
be an increasing function of 7 and o (in order to exclude anti-strings from appearing in the same
solutions as strings). In the static gauge the latter condition is trivially satisfied. Hence to build the
general solution from the solution classes A, B, C, D, assign the pattern of solutions to ensure forward
propagation and impose periodicity at a fixed value of 7.

(iii) Complete solutions are obtained by matching boundary conditions at the boundary of the patches.

(iv) Define a transfer operation matrix to determine future evolution. The propagation of the solution into
the future is performed by using this matrix to matching the boundary conditions while increasing 7.

The leading order dynamics of the Limp Noodle are constrained to the (1 + 1)-dimensional subspace of
AdS -Schwarzschild described by the set of coordinates (2, x!), where 2° denotes the temporal direction
and z! denotes the radial direction. The metric of any (1 + 1)-dimensional subspace (where one of these
dimensions is the temporal dimension) can be transformed into a conformally flat metric [107, 108]. In
order to perform this transformation the string field in the target spacetime is redefined by the coordinate
reparametrization 2#(r,0) = x*(y* (r,0)). This yields the new spacetime metric in terms of isothermal
coordinates y“/ (7,0), which can be related to the old spacetime metric by

8y“/ By”/
oxH Ozv

Gu(@) = G (Y) 5 (5-1)
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where the isothermal coordinates in the static gauge y“l (t,0), are given by

W0 = %(1«0 + xl) and y! = L(xo — Il). (5.2)

In this isothermal coordinate frame the metric is conformally flat

ds® = G (y)dy” dy”" (5.3)

and the new spacetime metric is found by inverting Eq.(5.1)

ox* Ox¥ oxt Ox”

= oy Oy () = oy oy’ N (5.4)

Gp/l/’ (y)

where the second equality follows from choosing the conformal gauge, and G = G(y°,y') € R* is some
non-zero coordinate dependent scalar function. The metric can be calculated component-wise

[ 020 920 ozt 9zt [
G o’ - G — = G —
oo (y) 0y ayY + oYY ayY’ I

() () + ()
ot = 655 5o+ o o] = ¢ [H(3) (39) + (39) (- )] - ¢
(55) () + (
) ()

[ 920 020 ozt Oz'] [
G G |- =G |-
1’0 (y) I 8y1/ ﬁyo' + i

oyt oyY’

[ 020 02° ozt Ox'] !
Gl/l/(y) - G _781/1/ ayll + 6y1, ayll - G _7(

where the definition of the isothermal coordinates Eq.(5.2) have been used. Hence G,/ (y) has the explicit
form

0 _
Gu'l//(y) = G 1 0 = GT)N/V/’ (56)

where 1), is the light-cone metric, and G := G(yol,yll) € R* is defined as some non-zero coordinate
dependent scalar function. Using Eq.(5.6), the metric Eq.(5.3) becomes

ds® = —G(dyo, dy' + dy" dyo/). (5.7)

The string mapping functions Y*' (6, 0~) are given by

/ 1 ’ 1
Yo = —(XO + Xl) and Y = —(XO - X1>. 5.8
7 7 (5.8)
Note that since the coordinates are isothermal, Y = —Y; and Y! = —Y;. The canonically conjugate

momentum densities Eq.(4.5) can be rewritten in terms of the isothermal embedding functions, Y+ In the
conformal gauge, the canonical momentum densities are given by

a 1 ab v
Hﬂ(t’ o) = Sy~ n G#V X
+ _ ~+b v
= 1T, (t,o) = o G O X (5.9)
1
+ _ v
:>H}L (t,O’) S %G’O#Ua;X 5
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if the light-cone coordinate frame is chosen (where 0+ := a%). Specifically,

Go.X° and TE(t,0) = %G&FXV (5.10)

b

Hg (t0) = - 2ma!

Hence the conjugate momentum densities can be defined in terms of the string mapping functions yH (cF,07)

1 1 1 1 /

(5.11)
£ (L o) 1= i(ni ) = L o x4 xh= —— oy
17\ . \/5 0 1 \/527_‘_&/ + - 21 + .

Combining the components in Eq.(5.11), renaming the indices p/ = p, and recognising the raising and
lowering property of the isothermal coordinates, leaves

1

IIE(t,0) = GO+Y_,,- (5.12)

o'

The Virasoro constraint equations and the string equations of motion, Eqgs.(4.18, 4.19), can also be rewritten
in terms the new string mapping functions Y* (¢%,07):

(0. Y%) (0. Y') =0,
04 (GO_Y") 4+ 8- (GoLY") = (80G) [(0+Y°) (0-Y") + (04Y1) (0-Y?)] , (5.13)
0+ (GO_Y?) 4+ 8- (GO Y?) = (0:G) [(8+Y°) (0-Y") + (04Y1") (0-Y?)] ,

where 0,, := % for yr = (0,1). Since, the derivation of Eq.(5.13) is somewhat tedious, it has been relegated
to appendix (A.2).

There are four classes of solutions to the set of equations Eqgs.(5.13). Videlicet,

A: Y%oT,07) =Y(eT), Y (ot,07) = Yi(o7)
B: Y% T,07) =Ya(0), Yo", 07) = Yi(o™)
(5.14)
C: Y% ,07)=YS=c¢p, YioT,07) = fo(ac(o™) + Belo™); YE)
D: Y%o*,07) = fo(ap(c™) + Bp(c™); YD), YioT,07) =Y} = e,

where ¢; » are constants, and Y§(ob), Yi(c7), Y3(07), YA(o™), ac(c™), Bc(o™), ap(ot), and Bp(c™)
are arbitrary functions [107, 108]. The string solutions A, B, C' and D given in Eq.(5.14) may be verified
by direct substitution into Eqs.(5.13). This is easy for classes A and B, since these classes exist for any
metric. Taking the derivative with respect to the light-cone coordinates o4, yields

(5.15)

which is used, together with the chain rule, to easily show that the A and B classes of string solutions
satisfy the Virasoro constraints and the string equations of motion Eqgs.(5.13). This is harder to prove for
classes C' and D. These classes are metric dependent solutions since the functions fc and fp are metric
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dependent. These functions are calculated by inverting the following relations that depend on the target
spacetime metric,

C: Y%t 07) =Yg, / dsG(Yd,s) = ac(o™) + Be(o7)

e (5.16)
D: Y'ot,07) =Yg, / dsG(s,YD) = ap(o™) + Bplo7).

bjs

Taking the derivatives of Eq.(5.16) with respect to the light-cone coordinates o1 and making use of Eq.(5.14),

C: 0+Y%0T,07) =0, GO48|f. = 0+ (ac(0+) + ﬂc(o_))

= G0.Y' (0", 07) = ds(ac(o™) + Bclo))
(5.17)
D: 6:|:Y1(U+,U_) = 0, Ga:ts|fD = 8:|:(04D(J+) + BD(U_))

= Go+LY 0T, 07) = 9+ (ap(c™) + Bp(c7)).
Using Eq.(5.17), the C' and D classes of string solutions can be easily proven to satisfy the Virasoro con-
straints and string equations of motion Eqgs.(5.13) by direct substitution. For the C class, the Virasoro
constraints and second equation of motion are trivially satisfied. It remains to be checked whether the first

equation of motion is satisfied. To this end, Eq.(5.17) can be substituted into the first equation of motion
in Eq.(5.13)

0 =04 (GO_Y") + 0_ (GoLY")

= 0,4 (G <é 9- 6c(0)>) + 0- (G (é Oy O‘C(“+))> (5.18)

94 (0-Bc(07)) + 9- (94 ac(o™))
0.

Similarly for class D, the Virasoro constraints and the first equation of motion are trivially satisfied, while
the second equation of motion is verified by substituting Eq.(5.17) into Eq.(5.13).

It is not immediately obvious that the classes of solutions presented in Eq.(5.14) form a complete set. Com-
pleteness was shown in Bars et al. [108] by using the curved spacetime approach based on G/H gauged
WZW models. Note that the pattern of solutions defined on the patches of the worldsheet is metric inde-
pendent and spacetime dimension independent [107]. Hence, in order to find the general string solution for
the Limp Noodle in AdSy4-Schwarzschild, start by finding the pattern of solutions defined on the patches of
the worldsheet for the Limp Noodle in flat space. This is done in the next subsection.

Prior to this, some intuition regarding the patch-parametrization of the Limp Noodle can be developed.
At a fold in a string or a string endpoint, the determinant of the induced worldsheet metric g, (Eq.(4.2))
vanishes. Hence the string endpoint’s trajectory in the target spacetime is a null geodesic (the point travels
at the local speed of light). For classes C' and D — by virtue of either Y° or Y reducing to a constant
over the patch of parameter space where the class is a solution — the induced worldsheet metric reduces
to zero, gup = 0. From this it can be deduced that all points in C' or D parameter space patches map to
the trajectory of the string endpoint (or fold) in target spacetime. This is a many-to-one mapping: the
string’s endpoint in target spacetime is represented several times on the worldsheet [107]. The string (sans
the endpoints) behaves like a massive state, hence it is expected that motion of the string is described by
classes A and B — ever-present, metric independent solutions.
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5.1.2 Test Strings in R!

In order to study the Limp Noodle in R the static gauge ansatz is chosen

X* 1 [0,ty] x [0,07] — RY, (5.19)

(t,o) = a¥(t,0) = (t,z(t,0))". (5.20)

The initial test string set-up is the same as in the heavy quark case. Eqs.(4.25, 4.26) are chosen as the
boundary conditions for the position of the fixed endpoint at the horizon and the boundary endpoint falling
in the z(t, o) direction respectively. For initial conditions Eqgs.(4.27, 4.28) are chosen i.e. at ¢t = 0 the string
is static and stretches between xo and xo + £o. Set ¢y to be the minimum time it takes for a string to shrink
from its initial length ¢y to a point zg.

In flat space the total energy of the string, which represents the mass of an initially off-mass-shell light
quark, is given by Eq.(4.31)7%. The equation of motion for z(¢,0) can be easily adapted from Eqs.(A.18,
A.24), since the spacetime is R1*! (therefore G = 1 and (0oG) = (0:G) = 0). Hence, the non-trivial string
equation of motion reduces to

0,0_-X'=0
(5.21)
=0,0_x(t,o) =0 in R

which is simply the wave equation. The general solution to Eq.(5.21) is a sum of continuous analytic
functions of o™ and o~ (i.e. left and right movers)

(fi(e®) + fo(07)) . (5.22)

1
x(t,a) = 5

Using the boundary condition Eq.(4.25) to redefine f(z) := fi(z) = 2x9 — f2(2), Eq.(5.22) becomes

z(t, o) = % (f(e™) + [2z0 — f(c7)])
) (5.23)
= w0+ 5 (fe7) = f(07))
The Neumann boundary condition Eq.(4.26) becomes
0= 0 [ + 5 (5te) - s07)]
= (5.24)

(01 f(o) + 0~ f(o7)] |

o=0oy’

N =

where the second line follows from the fact that o € R and the definition Eq.(4.13), since d,f(c™) =
(04 —0-) f(o) =04 f(o™). To simplify Eq.(5.24) let z := ¢ — oy, then

0 o=, =t —0py =2z and oﬂ(,:[,f =t+of =2+ 20y¢. (5.25)

76The derivation of the total energy of the test string in an AdS-Schwarzschild background is given in appendix (A.3).
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d
Using Eq.(5.25) and defining F(z) := d—f(z), Eq.(5.24) becomes
z

0 =< [F(z + 20y) + F(2)]

1
2 (5.26)
= F(z + 205) = —F(2),

which shows that F'(z) is anti-periodic with an interval of 2. The Virasoro constraint equations Eq.(4.18)
can also be rewritten in terms of F(z)

0 = noo (0+ X°) (01 X°) + 1 (02 X1) (01 X)

—(0xt) (0+t) + (9 x(t,0)) (0 z(t,0)) (5.27)

= — (9st) (s t) + [ai (mo + %(f(gﬂ - f(Uf)))r.

The first line follows since the spacetime is R1T!, Eq.(5.20) was used in the second line, and Eq.(5.23) was
used in the final line. Eq.(5.27) breaks up into two, (+) and (—), constraint equations. For the (+) equation,
Eq.(5.27) becomes

=) (o)

1 1 (5.28)
—Z 4 ZF(ghT)? =
=171 (™) 0
= Flo™)? =1
Similarly, for the (—) equation F(0~)? = 1. Hence the Virasoro constraint equations become
F(o%)? =1, (5.29)
which implies F(U_)2|g:af = 1 or equivalently F(2)? = 1. What remains to be determined is the sign of
F(z). This is given by the anti-periodicity condition Eq.(5.26) which results in
z+of
Fls) = (—1) 5] (5.30)

where |z] is the floor operation which returns the largest integer less than or equal to . The function F'(z),
plotted in figure (5), is a step function. The definition of F(z) as the derivative of f(z) with respect to z,
implies that f(z) can be found through integrating Eq.(5.30). But F(z) is a discrete function — performing
this integration involves integrating each segment of F'(z) separately. Since it is already known that F'(z)
is alternating (4+1) or (—1) in each 20 interval, and the integral of a constant is a straight monotonic
function; all that remains to be determined is if the function f(z) is monotonically increasing or decreasing
on each interval. Hence f(z) can be defined by

2ty

f(z) = (— 1) {ﬁJ ([(z + of) mod 20¢] — of) + oy, (5.31)

z+t7f
where (- 1)L = defines the domain of each segment to be integrated, and ([(¢# + o) mod 20f] — o)
yields 0 if z € 2y oy (where 2z; is an even integer) and —o if z € 29 05 (where 25 is an odd integer). The
function f(z) is a triangular wave function and is plotted in figure (5).
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(i) The function F(z) (i) The function f(z)
4 20¢f

-50¢ -30¢ -7 oy 30or 5or

-5 07 -307 -0f or 3of 50¢

Figure 5: The functions (i) F(z) and (ii) f(z) over the range [—60, 60|, given by Eq.(5.30) and Eq.(5.31)
respectively.

Now that a specific form of the function f(z) has been obtained, x(t,0) (Eq.(5.23)) is completely known.
For example, at t = oy, Eq.(5.23) becomes

2(01,0) = 20+ 5 (Flog +0) = (o = ) = w0, (532)

where the second equality follows from using the definition Eq.(5.31). In studying the Limp Noodle, the
primary interest is in the behaviour of the string as it shrinks from a length of £y to a single point xy. From
Eq.(5.32) this clearly is achieved in a ¢t = oy amount of time; hence the choice ¢ty = o is made. The
worldsheet parameter space is therefore given by M = [0,0¢] x [0,0¢], i.e. the parameter space is square.

Given the insight of [106-108] the parameter space M can be minimally partitioned into two exclusive
triangular regions

M {(t,a) €M|a € [Ovof_t]} (5 33)

My = {(t,0) € M|, € (of —t,04]}.

In order to satisfy the boundary and initial conditions two classes of solutions exist, one in each of the two
parameter space regions: the upper triangular region (Ms) and the lower triangular region (M;). The
embedding functions of the Limp Noodle in R'*! is therefore given by

m
o, if (t,0) e M
Xt (to) = |t zo + . (&) ! . (5.34)
of —t, it (t,0) € Mo

The Limp Noodle embedding functions satisfy the given boundary and initial conditions. The boundary
conditions can be checked first: for o = 0, (¢t,0) € M; and the Dirichlet condition Eq.(4.25) is satisfied;
while for ¢ = oy, (t,0) € M2 and the Neumann condition Eq.(4.26) is satisfied. The initial conditions
are also fulfilled. For t = 0, (¢,0) € M; and the initial condition Eq.(4.27) is satisfied. Further the initial
condition Eq.(4.28) is satisfied, since oy = {y is a requirement of the Virasoro constraints in flat space.

From Eq.(5.34), observe that the functions X}j; , (¢, ) map the parameter space M; region to an extended,
space-like region in the target spacetime; while the parameter space M5 region is mapped to a null geodesic
in the target spacetime. Null geodesics describe the trajectories of massless ‘point-like’ objects, and as such
the worldsheet is considered to be wrapped up to a point along this geodesic. Hence, the string solution
on M describes the entire string sans the falling endpoint, while the string solution on M5 describes the
falling endpoint. This is evident from figure (6)7.

""Details regarding figures (6)-(8) can be found in Mathematica Notebook [a] (MappingWorldSheetToTarget.nb) — see appendix
(A.7) for access.
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Figure 6: Left: The worldsheet parameter space, where M/ is the blue region and My is the red region
(Eq.(5.33)). Right: The embedding functions X3y, , (¢, 0), Eq.(5.34), where M; is mapped to a space-like region
(blue region) and M is mapped to a null geodesic (red, dashed line) in the target spacetime.

X{iink (M2) lies on the boundary of X[ . (M), and momentum flows between these two regions in the
target spacetime. In order to continue to satisfy the Neumann boundary condition Eq.(4.26), momentum
flows out of the M, region at ¢ = oy — t, but immediately stops at M3 since any momentum flowing out
of the string endpoint would change the physics in the boundary theory”®.

If Eq.(5.34) is converted into isothermal coordinates in terms of light-cone parameter space (o%,07),
Y (cT,07) defined on the region M is a Bars et al. [107, 108] class A solution™ and the solution
defined on the region M is a class C solution, as expected. To see this, use the definition Eq.(5.8) to define
the isothermal embedding functions on My,

v = —(t+ (wo+0))

Sl

— % (\}i (et +07) + a0 + % (ot — 0'_)> (5.35)

ot + Lwo =Y (a+) ,

V2

where the definition of the light-cone coordinates (Eq.(4.13)) is used in the second line, and

vl = (t - (a:0+a))

SR

<\}§ (U+ + (F) — Ty — % ((f+ — 0')> (5.36)

=0 - on vV (O'_) .

S

78 An infinite force is required to stop the flow of momentum abruptly at the Mj/Msz divide, and yet the string has a finite
energy density (since the string has a finite tension). This discrepancy stems from the fact that strings are fundamentally
one-dimensional objects and are not made up of d = 0 constituent objects.

7 See subsection (5.1.1) for details.
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Comparing Egs.(5.35, 5.36) against the four classes of Bars et al. solutions (Eq.(5.14)), it is obvious that
the isothermal embedding functions Y}y, , (6F,07) defined on the region M are a class A solution. This
is depicted in figure (7).

The isothermal embedding functions on My are given by

Yo :\%(t+(m0+offt))
= \% (\15 (6" +07) + a0 + 05 — \% (c* + 0)> (5.37)
= J5leta) =78,

and

vV = %(t — (w0 + oy~ 1))
=\}§<\}§( ++U_)—x0—0f+\}§(a++a_)> (5-38)

= — (SUO +of— (0+ +U_)) — vV (a+,a_) .

Matching Eqgs.(5.37, 5.38) with four classes of Bars et al. solutions (Eq.(5.14)) it is easily apparent that the
embedding functions Yy}, , (67,07) defined on the region My are a class C solution. Figure (7) displays
this graphically.
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Figure 7: Left: The worldsheet parameter space in light-cone coordinates (67,07 ), where M is the blue region
and Mo is the red region. The parameter space regions M; and My are plotted from Eq.(5.33) which is converted
to (61, 07) coordinates using Eq.(4.13). Right: The isothermal embedding functions Y}, , (67, 07), Eqgs.(5.35,
5.36, 5.37, 5.38), where M; is mapped to a space-like region (blue region) and Mo is mapped to a null geodesic
(red, dashed line) in the target spacetime.

46



5.1.3 Test Strings in AdS3;-Schwarzschild

In the previous subsection, the general embedding functions for the Limp Noodle in R!*1 Eq.(5.34), were
discovered. From this the embedding functions for the Limp Noodle in AdSs-Schwarzschild can be found

using the same minimal partitioning of the parameter space and the determined pattern of solution classes
on the patches of the parameter space.

In order to trivially write down the general solution for the Limp Noodle in AdSs-Schwarzschild a set of
isothermal coordinates is needed. As was shown in subsection (4.2.2), the tortoise coordinate r. together
with the temporal coordinate ¢ forms such a set of coordinates in AdSg4-Schwarzschild.

The Dirichlet and Neumann conditions, Eqs.(4.44, 4.45), are chosen as boundary conditions for the Limp
Noodle in AdS3-Schwarzschild. The boundary conditions can be rewritten in terms of the isothermal (¢, r.)
coordinate set. In subsection (4.2.2), it was noticed that these boundary conditions in the conformally flat
description of AdS3-Schwarzschild, Eqgs.(4.46, 4.48), are respectively analogous to the boundary conditions
for the Limp Noodle (and the heavy quark test string) in R'™! Eqs.(4.25, 4.26). Hence, the embedding
functions of the Limp Noodle in the conformally flat description of AdSs-Schwarzschild are the direct
analogue of Eq.(5.34). In (¢,7.) coordinates, the embedding functions are

“w
o, if (t,o) e M
Xt (to) = |t ree + (t,0) Vool (5.39)
AdS3-Sch .
of —t, if (t,0) € My

where the M; and My parameter space regions are given by Eq.(5.33). Using the inverse tortoise trans-

formation Eq.(4.40), the embedding functions for the AdS3-Schwarzschild Limp Noodle (Eq.(5.39)) can be
rewritten in (¢,r) coordinates

m

—ryg coth (Z& (re + 0)), if (t,o) e M
i coth (7 ( )) (t.0) Yool o (5.40)

Xhdsesen(t,0) = | 1,
° —rg coth (B (re + op — 1)), if (t,0) € Mo

S~

where the position of the fixed string endpoint attached to the stretched horizon rg, is given by Eq.(4.47)
and the length of the string in tortoise coordinates is given by Eq.(4.51). Notice that the identification
Eq.(4.52) still holds. The embedding functions are plotted in figure (8).
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Figure 8: Left: The worldsheet parameter space, where M is the blue region and My is the red region
Eq.(5.33)). Right: The embedding functions X% ;qq o1 (£, ), Eq.(5.40), where M, is mapped to a space-like region
AdS3-Sch
(blue region) and Mo is mapped to a null geodesic (red, dashed line) in the target spacetime.
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5.2 Fluctuating Test String Dynamics

As discussed previously, the boundary endpoint of the Limp Noodle falls at the local speed of light — the
same speed at which information propagates. Hence, any part of the string below the falling endpoint does
not know if the string is stretched like an on-mass-shell quark or its endpoint is falling like an off-mass-shell
quark. Therefore, the transverse fluctuations of all parts of the Limp Noodle except the falling endpoint
are described by the same transverse equations of motion as those of the on-mass-shell heavy quark’s test
string and its solution (discussed in subsections (4.3.1) and (4.3.2)).

The leading order solution to the string equations of motion — renamed X{'(¢,0) — is given by Eq.(5.40) in
AdS3-Schwarzschild. Adding non-zero fluctuations in the transverse z-direction, the Limp Noodle solution
becomes

o
Xhasysen(t:0)] | = X§(t.0) + (0.0, X(t,0))" = (t —ricoth (F (ree+0)), X(t0)) . (541)

1

The transverse string equations of motion are supplied in Eq.(4.75); and its solution is given by Eq.(4.92)
in AdS3-Schwarzschild. Continuity of the string solution in spacetime means that it is unnecessary to find
the explicit string solution on the My parameter space region which maps onto the falling string endpoint.

5.2.1 Calculating the Light Quark’s Mean-Squared Displacement s?(t) in AdS3;-Schwarzschild

Unlike in the case of the heavy quark’s test string where the boundary endpoint is fixed in the radial
direction (subsection (4.3.2)); for the Limp Noodle the position of the boundary endpoint is falling at the
local speed of light and is defined by the operator

Xena(t) == X(t, 05 —1). (5.42)

As in subsection (4.3.2), in order to determine s2(¢) — the falling string endpoint’s mean-squared transverse
displacement defined in Eq.(4.103) — begin by calculating the expectation value of the position of the free
endpoint at two different times. Using Eq.(4.92),

<:chd(t1)chd(t2):>

B dw dw’ B2 ety o, —t)ewtigt
f<,/0 )2 47rFf[ w(op —t1) wt folop—t1) A

X [fur(of = ta)e ™ Pay + f1(0f — ta)e™ a )] 1)

4 d ! iwty+iw'ts f.a A
4mf/ ot [fw( —t)filoy —ta)e R Gagal,)

+ [ (op —t) fur(of — to)eh =it (:&ldw/»}

e~ iwt +iw'ty

B /OO dwdw’ 1 / x
_47r\ﬁ 0 2 W’ (5(0.) w)f“’<0f tl)f‘”'(af t2)w

w

, piwt1—iw'ts
+o(w—w)fi(op =) furloy = tQ)eBw1:|

{fw((ff —t)fi(op —ta)e Tt 4 f2 gy — 1) fo (o) — ta)e (1Tt

il i

_ * _ —iw(tl—tz)
47r2f/ w eﬁw — e (fulog — 1) [ (os — t)e ).

(5.43)
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where :aa,: =:a.a): = ala. is the normal ordering operator®®, and the definition of the Bose-Einstein
distribution (Eq.(4.102)) is used in the third equality. The penultimate equality follows from the property of
the Dirac delta function fooo dke " §(k —a) = e~ and in the final line the complex conjugate property
Re(z) = (24 2)/2 is used. At specific times, the regularlzed correlator Eq.(5.43) becomes

(Fana (O Xena0)) = f | g Relfutos — Do), (5.44)
<:Xend(0)Xend(0):> = 71_2\/»/ w 6[3‘*)71 (fw(af)f (Uf)) (545)
(Kona (0 Kena1)) = —2 f |2 e Relatos  0f ey - 1), (5.46)

Inputting Eqs.(5.44, 5.45, 5.46) into the definition Eq.(4.103), the string falling endpoint’s mean-squared
transverse displacement can be calculated as

82<t) 47T2\/»/ o WRE} (fw(Uf—t)fj(af—ﬂ—l—fw(gf)f;(gf)_wa(o-f_t)f:<af)e—iwt)

s [ ety — 045~ 0+ Lo o) — oy~ DI )

= [J(op =) fulop)e™]

- 475\5 o djwﬁ [(fulop —t) = fulop)e™t) (f3(op —t) — f1(op)e )]

B? oodw 1 it 2
a2 /XJo w et —1 | fuloy =) = fulor)e™|

(5.47)

where in the second line the complex conjugate property Re(z) = (z + Z)/2 is again used, and in the final
line another complex conjugate property |z|? = z z is used.

5.2.2 The Limiting Cases of s?(t)

The mass (or virtuality) of the probe, off-mass-shell light quark®' in the boundary theory determines the
length of the test string £, in the bulk. Specifically®?,

Forg = 1e = (15 +4o) <= 27 (Myess + Am), (5.48)

where Mot (T') is the static thermal mass of external particle®® and Am(T) is the thermal rest mass shift.
In the boundary theory this corresponds to the virtuality of the probe light quark being much less than the
temperature of the thermal plasma, i.e. Q? < T?. Equivalently in the dual gravitational picture,

80Normal ordering of the annihilation and creation operators é,, &J: is used to remove logarithmic UV divergences.

81 An off-mass-shell quark does not satisfy Einstein’s energy and momentum relation E2 = (pc)? + (2mc)2. In the case of the
light quark it starts at ¢ = 0 as an off-mass-shell particle (corresponding to the initial static string), radiates energy as it travels
through the thermal medium (string contracts as the boundary endpoint falls at the local speed of light), and finally stops
radiating as it becomes an on-mass-shell particle.

82Gee table (1), page 6, for a comprehensive dictionary between quantities in the boundary theory and the bulk theory.

831n the AdS5/N = 4 SYM case, this is the free energy of a quark at rest in A’ = 4 SYM plasma. In the limit of zero temperature
it is equal to the QCD Lagrangian quark mass, mq [68].
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Q< T? = <1l = {y<ry, (5.49)

for fixed \. In the second equality, the Hawking temperature Eq.(4.35) and the definition of the quark mass
(or wvirtuality) Eq.(4.31) is used; and in the third equality, Eq.(4.35) is used again. In the small virtuality
limit, the minimum radius of the space filling D7-brane is small, i.e. 79 — 1+ ¢, where 0 < ¢ < 1 and 7y is
defined in Eq.(4.88). In juxtaposition, the large virtuality limit refers 7o — oo.

In the current subsection the string falling endpoint’s mean-squared transverse displacement, s(t), is exam-
ined in a number of different limiting cases. Videlicet, the small virtuality case and the arbitrary virtuality
case. In both of these cases, the asymptotically early time and the asymptotically late time limit is ex-
plored. For the arbitrary virtuality case, a further limit of small or large virtuality can be considered. It is
expected that the large virtuality, early time limit will correspond exactly with the early time limit of the
on-mass-shell heavy quark — since, at early times the light quark’s test string is static (i.e. the boundary
endpoint has not yet begun to fall).

5.2.2.1 Small Virtuality

In this subsection the behaviour of s%(t), Eq.(5.47), in the small virtuality limit is considered; and after
obtaining a suitable expression for s2__,(t), the asymptotic early and late time dynamics are explored. The

defining condition for the small virtuality limit is given in Eq.(5.49). This equation implies®*

coth? (W) — 1, since {4y < g, (5.50)

where 0 € [0,0]. Using Eq.(5.50) the equations of motion in AdSz-Schwarzschild, Eq.(4.75), simplifies to
the wave equation
— 02 X(t,o) + 02X (t,0) = 0. (5.51)

The plane wave solutions to Eq.(5.51) are the near-horizon solutions described in Eq.(4.84). Hence in the
small virtuality limit the in-falling (+) and out-going (—) modes of the general solution f, (o) are given by,

[P (o) = eFiwlrato), (5.52)

The general solution f, (o) is a linear combination of the in-falling and out-going modes (defined in
Eq.(4.85)). The coefficient B,, is fixed in the same way as in subsection (4.3.2): by imposing a Neumann
boundary condition at the falling string endpoint in the radial direction at ¢ = 0,

0o fu(0)] =0. (5.53)

g=0f

84 Explicitly, for the case o = of,

S* S* — s Z — S €
coth? (THTsx + )N o (T (s A 0p) e (o (s N e (o=t (7)) (29
12 12 TH TH

where the second equality follows from using the definition for o ¢, Eq.(4.51); the approximation follows since £o < 7f; and
in taking the limit the definition of the stretched horizon rs = (1 + €)ry (where 0 < € < 1) is used. The limit follows since,
coth™}(—(1 +¢€)) = —oo as € — 0; and coth?(x) — 1 as & — —oc. Further, for the case o = 0,

coth? (M) = coth? (THIQTS*> = coth? (Coth_1 <7T73>> (619) 1

12 ry

where the first equality follows from the definition for rg., Eq.(4.47).
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Using Eqgs.(4.85, 5.52), Eq.(5.53) can be easily solved in Mathematica® to yield

B, = ¢ (reton), (5.54)
Hence, the general solution f, (o) is given by,

f$P(0) + Bu f$7(0)

_ e+iw(rs*+0') + ei?w(rs*-‘ro’f) e—iw(rs*-&-a) (555)

fu(o)

= 2™ ("= +95) cog (w(o—o0y)),

where Eqs.(5.52, 5.54) are used in the second line; and the third line follows from the trigonometric iden-
tity cos(z) = (e 4+ e~ ™)/2. In order to calculate the falling string endpoint’s mean-squared transverse
displacement in the small virtuality limit, Eq.(5.55) is substituted into Eq.(5.47):

52 * dw 1 w(r o w (7 o w 2
Soman (t) == 52(t)|Q2<<T2 = Ueﬁwi—l‘% (re=+07) cos (wt) — 2™ (raxFor) it

. . . 2
ezw(rs*-&-af) (e—zwt _ ezwt)‘

B B2 /Oo dv 1
Can2 N Sy w e —1
_ B? o0 dw 1 (eiw(rs*+af)(e—iwt _ eiwt)) (e—iw(r5*+af)<eiwt _ e—iwt))
ar2/N Jo  w et -1
_ B Fdw 1 (2 — e~ 2wt _ c2iwt)
42N Sy w efe —1

_ B [Tdw 1
o2 Jo woefr—1

sin?(wt) ,

(5.56)

where the complex conjugate property |2|2 = 2z is used in the third line, and the trigonometric identities
cos(x) = (€™ + e )/2 and sin®(z) = (1 — cos(22))/2 are used in the final line. The integral in Eq.(5.56)
can be solved analytically. Introducing a change of variables

(5.57)

Eq.(5.56) becomes

2 00
2 _ B dj —x 1 )
Ssmall(t) - 7T2\/X /O T € 1—e= S (IC.T)
52 o0 /oo dr ) B
= — sin“(kx) e ™"
AR 2y
62 e 4]<12
= 47-(-2\/X Z In(1 + F (558)
52 0 4k2
= 1 14+ 2
472/ \ . H + n?2

= i ln< p sinh (271'75))
P =2VAN 27t B ’

853ee Mathematica Notebook [b]: BrownianMotion.nb.
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where in the second line the geometric series 1/(1—z) = > 2" is used; and in the third line the integral
was performed using Mathematica®®. In the final line, Mathematica was again used, followed by a change of
variables using Eq.(5.57). Notice from Eq.(5.58) that 8 naturally defines a cross-over time scale between the
dynamics of early and late times®”, and that the cross-over time is independent of the length of the string .

(I) Asymptotic Early Time Dynamics
Since, in the early time limit ¢ < 3, Eq.(5.58) can be expanded in powers of k = t/8. For small k a Taylor

expansion (about k = 0) can be performed. Explicitly, In(sinh(z)/z) = 22/6 — 2*/180 + 25/2835 + O(z®)
(where & = 2kw). Therefore, Eq.(5.58) becomes

2 272 2 4 2 4
Zan(t) =D o l o (t> ] - " 1o (t> : (5.59)

Ax2/X | 3582 B 6vA B

: 2
Since sZ .11

(t) ~ 2, the early time dynamics exhibit ballistic behaviour®® (see Eq.(3.20)).
(IT) Asymptotic Late Time Dynamics

At asymptotically late times (¢t > () the integral in Eq.(5.58) can be expanded in powers of 1/k = j/t.
Specifically,

T 1
Soman(t) = 47752\& _ln(sinh (27k)) + In (m)}

= 47?22\& :ln (62”’“ (1 - 6747Tk)) + In <4771k>]

B 3% [2nt Ak 3
- 47T2\&_7+m(1—e )+1n<47rt>}

By Bt B? B , —dne
1
BT G PN n(47ft +O(6 ©’ )

(5.60)

where the second line follows from trigonometric identity sinh(z) = (e* — e~%)/2; and, in the final line, the
expansion In (1 —z) = —z — 22/2 — 2%/3 + O(z2*) (where x = e~*7*) is performed, since e=#™* — 0 in
the late time regime (k> 1).

Since s2_,;;(t) ~ t, the late time dynamics exhibit diffusive behaviour®®. From Eq.(3.21) it is expected that
s2 .n(t) = 2Dt at late times, where D is the diffusion coefficient. Comparing this to Eq.(5.60), it is easy
to see that the diffusion coefficient is given by

B
4N

D> = (5.61)

The diffusion coefficient for the on-mass-shell heavy quark is given by Eq.(4.122). By comparing Eq.(5.61)
with Eq.(4.122), notice that an off-mass-shell small virtuality light quark which is initially at rest in a
strongly-coupled thermal plasma has a diffusion coefficient related to that of a massive on-mass-shell heavy
quark by

1
D> = 5D§C‘QSS. (5.62)

The factor of 1/2 may arise through the differences in partitioning the worldsheet for the heavy and light
quark test strings. This is explored further in subsection (6.2).

86See Mathematica Notebook [b]: BrownianMotion.nb.

87See footnote 68, page 35.

88The early time limit of the on-mass-shell heavy quark also displays ballistic behaviour (see Eq.(4.118)).
89The late time limit of the on-mass-shell heavy quark also displays diffusive behaviour (see Eq.(4.121)).
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5.2.2.2 Arbitrary Virtuality
(I) Asymptotic Early Time Dynamics

Now consider a probe light quark with arbitrary virtuality. The behaviour of s%(¢), Eq.(5.47), at asymptot-
ically early times is considered. Since t < 3, Eq.(5.47) can be expanded in powers of k = t/0,

|fulog —t) = fulop)e!|?
D (fulog) = fulog) ) (£3(or) = Fi(or) et
= 2fu,(0p) fi(os) = fulop) fi(op) e ™" = fu(og) fi(oy) €

= |fw(0'f)’2 (2 _ Wt _ eiwt)

2t2 ; 3t3 2t2 ; 3t3
= |fulop)| (2 - (1 — it = o+ ) = (1 it - - - ) +(’)(wt)4>

(5.63)

— |fulop)| (W2 + Owi))

1402 9,9 4
=4 — t t
1—|—foy2(w -I-O(w)),

where the second line follows since in the early time regime ¢ < § implies f,, (65 —t) = f,(0oy); and in the
fifth line ¢! and e~*? are Taylor expanded. The final line follows? from using Eqs.(4.83, 4.85, 4.90) to

calculate |fw(of)|2 = fu(oy)fr(of). Inputting Eq.(5.63) into Eq.(5.47), yields

242 oo 142
POy = e | o
B 22\ o ePw —1 1+ 7ov?

442 °°d v 1+ 02
—— 14
VA Jo erm — 1 1+ 7v?’

(5.64)

where, in the second line, a change of variables was performed using Eqgs.(4.35, 4.78). Eq.(5.64) is evaluated
by breaking the integral into two parts and recognising that these terms are the series expansion to O(k)°
(around k = 0, where k = t/f) of the second derivatives with respect to k of the integrals I; and I» given
in Eq.(4.112) and Eq.(4.113) respectively. To clarify, the second derivative of I and I are given by

oo .2 (kx
I, = 4/ dx sin (7)
o z(l4+a22?) e*—1

, (5.65)
8 I1 i v 1
—_— =4 d
R |, 7T/O Ve 11420
and,
o) 2 (k
e [T )
o x e*—1
(5.66)
= Pl 4 h dy —2
= v
akZ k=0 ™ 0 e2mv _ 1 ’

90Mathematica is used to simplify the algebra. This computation (and others in this section) are explicitly shown in Mathematica
Notebook [b] (BrownianMotion.nb). For access, see appendix (A.7).
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where x = 27v, a = 7o /(27) and k = t/3. Explicitly rewriting Eq.(5.64) in terms of 92I; and 9215 yields

S, = LI dv w1 1 + i v
<8 X Jo 72 €2 —1 14 72u? 72 e2m 1

)

The solution to the integrals I; and I are given by Eqs.(4.115, 4.116) respectively. Taking the second
derivative with respect to k followed by a series expansion to O(k)? (around k = 0) for each of these
solutions, yields

(5.67)
1 0%,

=2 912
o 7o Ok

2 (g —10%L
Coav/A\ T2 Ok?

o1, 2 (—7r2 In(42) +7%ln (%{) + 73 cot (%) — 23 (1 + %) — w2 (1 - %) — 272 1n(27r))
K [, - 73 '

(5.68)

where it was recognised in the early time case”! that |k| = k, and (z) is the digamma function. In addition,

0?1,
0k?

=, (5.69)
k=0 3

Inputting Eq.(5.68) and Eq.(5.69) into Eq.(5.67), yields®?

2],y = 67:;2\5 [7%4—6(1—7%) <21n(fo)—7rcot (;;) + <1+;0) o (1— 7}(}))} . (5.70)

The limit of small or large virtuality can now be considered.

(i) Small Virtuality Limit (7o — 1 +¢)
Using Mathematica to take the limit of Eq.(5.70) as 79 — 1 + ¢, yields

(Fo—olte) 12

SQ(t)|t<<B — P + O(e) . (5.71)

This agrees exactly with Eq.(5.59), i.e. taking the early time limit followed by the small virtuality limit
is equivalent to taking small virtuality limit followed by the early time limit — a necessary consistency
check.

(ii) Large Virtuality Limit (7o — oo)
Since 79 > 0, define a variable y = 1/7y (where y < 0) so that a Taylor expansion in y can be
performed. Rewriting Eq.(5.70) in terms of y and performing a series expansion (around y = 0) in
Mathematica, yields

- 2 2
o) o (:) . (5.72)
0

As expected, the large virtuality early time behaviour corresponds exactly with the early time limit of
the on-mass-shell heavy quark (i.e. the static string solution at early times, Eq.(4.121)).

91For the physically relevant solution ¢ > 0, the early time limit ¢+ < 3 implies 8 > 0. Hence, k = t/3 > 0, and |k| = k.
92Fq.(5.70) agrees with Eq.(3.42) in Moerman et al.’s [52] if the the digamma function is rewritten in terms of the harmonic
numbers. Specifically, ¥ (n) = H(y,_1) —7E, where g is the Euler-Mascheroni constant and n is a positive integer. It is worth

remarking that this form was avoid here since (1 + %) and (1 — %) are not necessarily positive integers.
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(II) Asymptotic Late Time Dynamics

The behaviour of s2(t), Eq.(5.47), at asymptotically late times is considered. Defining two dimensionless
quantities

and 2z := wt, (5.73)

the late time dynamics of s2(t) can be examined. At asymptotically late times t > 3, or equivalently u < 1.
The integral Eq.(5.47) can then be rewritten

S0 = w%f/ S s g (0r = BJu) = foplop)e [ (5.74)

Using Eqgs.(4.83, 4.85, 4.90) to simplify the integrand, yields

oy (05 = BJu) = fopilog)e|”
= (Jee (o5 = B/w) = Lpelog)e’™) (F2(or = BJu) = [(op)e™)
= fope(op = BJu) £2), (0 — BJu) = fopi (of — B/u) f11(0p)e™ = fopelop) fi), (of — B/u) e’ (5.75)

+ fapilor)f2(op)

<D sin?(wt) + O (B/t)

where the final line is written in terms of w, 8 and t using Eq.(5.73). Further, it has also been recognised
that at asymptotically late times the test string’s falling endpoint is in the near-horizon region, therefore
r & ry. Substituting Eq.(5.75) into Eq.(5.74), yields

Ol isp = ﬂ_zf / " Wsm (Wt) = Ssman(?) - (5.76)

Therefore, the late time dynamics of an arbitrary virtuality light quark in a thermal plasma is diffusive
s2 an(t) ~ t, and the diffusion coefficient is given by Eq.(5.61). This statement can be made due to a key
insight of Moerman et al. [52] — that the integral in Eq.(5.76) is identical to s2 ,;(t), the string falling
endpoint’s mean-squared transverse displacement in the limit of small virtualities (see subsection (5.2.2.1)).
This allows them to conclude that the behaviour of arbitrary virtuality quarks at asymptotically late times
(i.e. in the near-horizon region) is encoded in the small virtuality case. This is intuitive, since the length of
the Limp Noodle is arbitrarily short at asymptotically late times?®. Since s2__,(t;d) can be solved for any
dimensions d > 3 in AdSgz-Schwarzschild, the late time behaviour (and therefore the diffusion coefficient)
of Limp Noodles with arbitrary length (equivalently, light quarks of arbitrary virtuality) in any number
of transverse spatial dimensions are able to be determined. This generalisation to AdS;-Schwarzschild is
presented in the following subsection.

5.3 Generalising to AdS,;-Schwarzschild

To determine s2 ., (t; d) the AdS4-Schwarzschild metric (Eq.(4.33)) is examined in the near-horizon limit®*,
which surmounts to letting r = (14-€)rg, where (0 < € < € < 1) and series expanding each term individually
around € = 0.

93Comparing Eq.(5.50) with Eq.(A.56) the limit of small virtualities appears to be equivalent to the near-horizon limit.

94 As discussed in subsection (2.1), ‘dropping the 1’ from the function H(r) in the AdSy x S? metric corresponds to being in the
near-horizon region (or in the ‘deep-throat’) of AdSy x S¢ spacetime — see figure (1), page 5. Here, a further limit is considered
— letting » = (1 4+ é)ryg and studying the near-horizon geometry of the black-brane metric — which is the near-horizon limit
refered to in this subsection.
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Setting r = (1 + €)rg, the AdS4-Schwarzschild metric Eq.(4.33) becomes

dsf = @(He)%z)?? = i(1+€>2 (1—( 1 ~)d1) a4 ! de?,  (5.77)
12 12 1+ (1+821—(1/1+e&)

where each term is now able to be expanded in € (around € = 0). Specifically®®,

2 . 2 92 & 2 22\
%(1+€)2 dX? = <’71 + Zac ) THE )dX%, (5.78)

r? . 1 \d-1 d—1)r%é d? — 5d + 4) r%,& B
H1+ep <1—(€> )dt2—> (—( ZQ)H ;! o5 )i + 0@ a2, (5.79)

e 1 2 12 (d— 4)I? (d? — 14d + 36) %€ 2\ s
CrePi-/aea " ((d—l)é Tou-y T wa-n 90 )de . (5.80)

The question now arises as how to truncate the series expansions (Egs.(5.78)-(5.80)), such that the dt2, dX 2
and dé? terms in the metric are all to the same O(€). To help clarify this task of consistent truncation,
there are actually only two options available:

(i) assume dt2 ~ O(€)° and dX2 ~ O(€)°, such that the AdSz-Schwarzschild metric becomes

2 2~ 2 = 2
2 "H 2ry€ g0 (d—1)rge .o ! =2 =2
ds; = <12 + 2 ) dXi — Tdt + - 1% des + O (e)”, (5.81)

(i) or, assume dt? ~ O(¢)° and dX? ~ O(€), such that the AdSz-Schwarzschild metric becomes

-1 2 ~ 2
W=Dy o U g2 02, (5.82)

ds2 = Th %2
d ! 12 (d—1)é

l2

These are the only options, since if higher order terms in the dt? or dé? series are included, the different signs
in Egs.(5.79, 5.80) will result in a metric which is not conformally flat in (¢,r,) coordinates. The leading
order metric includes only the first term in the dé? series expansion (Eq.(5.80)), therefore — to be consistent —
all terms in the leading order metric must be of O(€). One of the ramifications of this is that it can not be as-
sumed that dX; ~ O(¢€) (or higher) at leading order, since the d)_('lg term in the metric would then disappear.

To decide between options (i) or (ii), establish which option ensures that ¢, X 1, € are on equal footing, and
that the dt, dX I, dé terms scale the same way as € — A\ €. This will ensure the resulting near-horizon AdS -
Schwarzschild metric has directions which encode transverse fluctuations®®. For option (ii), considering the
scaling € — A€, the dé? term in Eq.(5.82) scales as

2 2

l
S NN S A=
d—0e" T a—ne”

Under the same transformation, in order for the dt? term in Eq.(5.82) to scale as

—(d —121)7%€ d2 —(d —121)7“%1'6' a,

95In Eq.(5.79), all terms greater than O (€)? disappear when d = 3.

91t is clear that the near-horizon AdSg-Schwarzschild metric needs to have transverse directions since these are present in
the near-horizon AdSs3-Schwarzschild metric (which was found directly from inverting the tortoise coordinate in d = 3, and
calculating the transverse string equations of motion without series expanding the parameters — see subsection (5.2)).
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the temporal variable needs to scale like t — ¢. Similarly, in order for the dxX 2 term in Eq.(5.82) to scale as

7"12LI 2 T%{ 2
l—QdXI —>)\l—2dXI,

the transverse variable needs to scale like X I — \F)\X %7, A consistent way to transform ¢ and X 1, such
that the dt, dX 1, dé terms in the AdS4-Schwarzschild metric scale the same way under the transformation
€ = A ¢, can not be found for option (i). This strongly suggests that option (ii) is the correct way to truncate
the near-horizon AdS;-Schwarzschild metric.

Intuitive arguments aside, a rigorous mathematical approach to proving dt? ~ O(€)° and d)Z% ~ O(¢)
can be applied in the d = 3 case. Since in AdSz-Schwarzschild the tortoise coordinate is invertible, the
transverse string equations of motion and its solution can be exactly found. The equations of motion and
its solution can be series expanded in € in the near-horizon region. Order by order these should match
with the equations of motion and its solution derived from the near-horizon AdSsz-Schwarzschild (found
by expanding the metric in € and assuming dt?> ~ O(€)° and dz? ~ O(€))?. If this method of matching
terms proves to be consistent, the order of € of the temporal and transverse directions will be known, and
this remains true for a general number of dimensions, d. The near-horizon AdSg-Schwarzschild metric will,
therefore, also be correctly known. The remainder of the subsection will follow the standard method of
finding the equations of motion for the transverse fluctuations, its solution, the string falling endpoint’s
mean-squared transverse displacement s2(t), and — finally — the diffusion coefficient for the light quark in
AdS4-Schwarzschild.

5.3.1 Expanding the AdS3-Schwarzschild Transverse Equations of Motion and its Solution
in the Near-Horizon Region

The AdS3-Schwarzschild metric, the resulting transverse equation of motion, and its solution are given by
Eqs.(4.41, 4.74, 4.76) respectively®. In the near-horizon region (which corresponds to setting r = (14€)rg),
Eq.(4.41) becomes
2 - oo, TH ~2y 72 I?
d83 = —176(2+6)dt + ZT(].'FG )d{E + m
which is equivalent to Eq.(5.77) when d = 3; Eq.(4.74) becomes

dé? (5.83)

0= —RX(te) + %‘f mag (E(1+822+8)0:X(t,8))

(€+2)

= _0%?X &4+ —~— 7
O Xoes 8 iz

[ — 2w (Pw(E+ 1)(E + 2) — 2irgé(3¢ +5)) Xreg(t,€)

+ drpé (iPw(E+ 1)(E42) + 4rgé(E +2) + 2rg) 0: Xreg(t,€) + 4178 (€4 1)(€ + 2)07 Xreg (t, 5)} :

(5.84)
where r = (1 4 €)ry and 0: = ry 0, are used in the first line; and Eq.(4.76) becomes
€ 2H 20 4 rgE+Try . 2w
X(t.€) = —iwt =: € 2rH Xre tv € ) 5.85
(t:8) <e+2> E+ 1) (ru+il%w) & Xeeg(1:6) (5.85)

where f,(r) = U(,Jr)(T) (which is defined in Eq.(4.80)), and the regular part of the solution is given by
Xreg(t,€). The regular equation of motion (Eq.(5.84)) can now be series expanded in € (around € = 0).

97 Accepting that t and X scale differently isn’t far-fetched considering this is the near-horizon region of the black-brane.

98This is done in detail Mathematica Notebook [c] (NearHorizonAdSd.nb) — see appendix (A.7) for access.

99The full solution to the transverse equation of motion is given by Eq.(4.85), where the constant B, is defined in Eq.(4.90) and
the modes ff,i)(r) are given in Eq.(4.80). The linearly independent solutions ff,Jr)(r) or f£7>(r) are sufficient to work with;
since, if an ODE is solved by féﬂ (r) or fu(f) (7), it will also be solved by the superposition of those solutions, fu (7). Therefore,

in order to simplify the algebra, take fu,(r) = 5,+)(7‘) (equivalently fo,(r) = f£7>(r) could have been chosen).
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However, in order to perform this expansion, an ansatz for the expansion of X,eq(t,€) is required. Up to
O(€)?, the simple ansatz Xyeg(t, €) = xo(t) + €x1(t) + €2 22(t) can be used. The regular equation of motion
then becomes

w (12w + 5iry) (2rp +il’w)®

0 = (—zf(t) —w’zo(t)) + € ( B zo(t) + 174951@) - :c’{(t))

1w — 2i — 1462 + 9il? 1472 dry + il%w)”
4 e2 <—on(t)+( w4 Zl:Hw-l- rH)xl(t)—FWfUQ(t)—xg(t)) NG

(5.86)

where 2" (t) = d?z/dt?. Series expanding the regular part of the solution (Eq.(5.85)) in € (around € = 0),
yields

i

Xrog(t,€) = e 2 o5t

2, L 'LZQW (l2w _ 5ZTH) . ZQW (14(.02 ; 11ZZ2THW - 347’?—1) €2 + O(’é)?)
drg (PPw—iry) 321y (Pw —irp) (5.87)

= l’o(t) + Ewl(t) + €2 ZL’Q(t) + 0(6)3 .

As a consistency check, notice that the solution Eq.(5.87) solves the transverse equation of motion Eq.(5.86)
at each respective order of €.

5.3.2 Expanding the AdS3;-Schwarzschild Metric in the Near-Horizon Region

The transverse equation of motion and its solution which have been derived from the AdS3-Schwarzschild
metric and then series expanded to yield the near-horizon limit (Egs.(5.86, 5.87)) should match exactly with
the transverse equation of motion and its solution derived from the series expanded, near-horizon AdSs-
Schwarzschild metric. Going on physical intuition, it seems like a good starting point would be to assume
dt? ~ O(€)° and dz? ~ O(€) and check if the transverse equation of motion and its solution derived from
expanding this metric in the near-horizon limit match with those found in the previous subsection. To this
end, assuming dt?> ~ O(€)° and dz? ~ O(€) results in an AdS3-Schwarzschild metric

l2

2 ~
HE 52 | U 42 2
o At + 5% e + 0 (6)”, (5.88)

r2 2r
dsi = Z—Ig da® — i

where Eq.(5.82) for d = 3 has been used. The near-horizon tortoise coordinate, defined by setting r =
(14 é)ry in the definition of the tortoise coordinate Eq.(4.38), can also be expanded and truncated around
€ = 0. To leading order it is sufficient to take!%°

- 12 -

€y 1= 202 In(é), (5.89)
where r, = rgé,, and the number of dimensions d = 3 has been set posthumously. Barring an integration
constant of O(€)° (specifically —I2/(2rx)In(2)), Eq.(5.89) agrees with expanding and truncating Eq.(4.39)
after setting r = (1 + €)rg'%L. Inverting and calculating the differential yields

2
27y

. 2 2 272
2 "H e e, (5.90)

E=¢ 12 , and dé =

Eqgs.(5.89, 5.90) are used to transform the expanded and truncated metric into (,é,) coordinates. The
metric Eq.(5.88) becomes

2 rh i 2 2 -2 oo
d33 =2 ZT e 12 * (—dt + TH dG*) + ZT dl‘
(5.91)
i 2rp T 2 2 o
= ZT e 1 (7dt + dr*) + l72 dz s

1007’ proven that the leading order tortoise coordinate is given by Eq.(5.89) in appendix (A.6).
101See Mathematica Notebook [c] (NearHorizonAdSd.nb) for details: access in appendix (A.7).
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where the final line is a conformally flat description of near-horizon AdSs-Schwarzschild in (¢, 7.) coordinates.
It follows from the near-horizon definition r = (1 + €)rgy, and Eqgs.(5.89, 5.90) that

271 T l2 T
r=rg (1 + e 2 ) s and Ty = In{——-1). (592)
27"H TH

As discussed in subsection (5.1.3), in the conformally flat (¢, r,) coordinate system the boundary conditions
for the Limp Noodle in AdSs-Schwarzschild are given by Eqs.(4.46, 4.48), which are respectively analogous
to the boundary conditions for the Limp Noodle in R'™!, Eqs.(4.25, 4.26). Hence, the leading order solution
for the Limp Noodle in AdS3-Schwarzschild in conformal (¢, 7.) coordinates can be written down (Eq.(5.39)).
Converting then to (¢,r) coordinates, the string solution for the d = 3 Limp Noodle in the near-horizon
limit at leading order is given by

m

TH(l + e%(rﬁhﬂ)’ if (t,0) € My
o] L, (593

XXdS —Sch(t70) =14 2r
’ TH<1 + 617211(“*“”*”)7 it (t,o) € My

where Eq.(5.92) is used. The position of the fixed string endpoint attached to the stretched horizon is given
by
l2
= —5 In(e), (5.94)
272

2 r
Tox = In (—s — 1) or, equivalently  €g,
27“H TH

since the stretched horizon is defined as rs = (1 + €)ry, where 0 < € < € < 1. The length of the string in
tortoise coordinates is given by

2
l In (7"5 + KO

g =
! 27“H

27“H rTH

2 14
- 1) — T or, equivalently oy = — In <e+ -0 ) — rgéss, (5.95)
rH

and the M; and My parameter space regions are still given by Eq.(5.33). Using the definition of the near-
horizon limit (r = (1 + é)ry) and r. = rgé,, the leading order string solution Eq.(5.93) can be converted
into (¢, €) coordinates. Specifically,

2TH (ry Egw +0) : a
e it (t,0) € My
XK to) = |t . ’ 0] . 5.96
dsq-san(t,7) e rnE ko =0 i (10) € My (599
27r ~
Therefore, the identification é = e #5 (1€ +9) is made. The equation of motion for the transverse

fluctuations in the near-horizon limit of AdSz-Schwarzschild can be derived from Eq.(4.69),

1 a
0 =0, (_27ra’ (V=99 bGIJ) ‘XgabXJ>

) (5.97)
=0, | (vV=gg® bie X (t,€) |,
where the spacetime metric in the near-horizon limit G, is given explicitly by
7# 0
Gw=1 0 £ o, (5.98)
0 0
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where p,v index over the directions (¢,€,x). The explicit entries of the induced worldsheet metric are
calculated from Eq.(4.2)192. In the near-horizon limit, for d = 3, the leading order induced metric in (¢, €)
coordinates is given by

272 &
gtt  Gto G 0 - 0
gab’XM = = R = ! o 2 , (599)
? got Yoo X 0 6/2 G€€ 0 6,2 2¢
where Eq.(5.98) is used, and € = d,¢. Hence, its inverse is given by
tt to =12 2
o 9" g 1 €“Gez 0 52z O
g b’x{; =, = Tt () = | ?m b | (5.100)
7t g7 | [ xn et (Gab|xp 0 Gu 0 s
where det (gab\xg) is calculated from Eq.(5.99),
2 2
glxr = det (guplxr) = € Gee Gy = 2 DN (Z2g) = 22 (5.101)
X5 ab| X €E 2¢ 12 H

Expanding the indices of Eq.(5.97) using Eqgs.(5.99)-(5.101), the transverse equation of motion become

oo (( )| o) o (0B axen)

0 0

=90 THgl 2¢ @8 X(t U) +6t THg/ —L iat)((t U)
7 2ez) 2 0 212 €) 12 ’

_ g L, (L,
= -0/ X(t,0) + n eaggag 8g€€8”X(t’U)

(5.102)

4 r%,
14

— 02X (t, &) + €0:(€0:X (t,€)) .

where the last line is written completely in terms of near-horizon spacetime coordinates (¢, €) by differenti-

27r ~
ating the identification & = e @ (7 & +0)

~ TH orH Es
d€ = 27262727(7"}1 €°*+O-) do’

o TH 27 (ruéet0) g (5.103)

= Oy B

= 8,7 = 2T7H€3g

In terms of X,q(t, €) the equation of motion is given by

Are (ra€ 02 Xieg(t,€) + (rg + il?w) 0: X eg(t, €))
14

0 = —07 Xyeg(t, €) + — W Xyeg(t,€) (5.104)

where the definition of the regular solution in Eq.(5.85) has been used. In order to check whether, at
leading order, the regular equation of motion agrees with the series expanded regular equation of motion
(Eq.(5.86)), the leading order ansatz X,eq(t,€) = xo(t) should be used. The leading order contribution to
Eq.(5.104) then becomes

102This calculation is similar to Eq.(A.34) where the induced metric is calculated explicitly in (,r) coordinates (see appendix

(A.3)).
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0 = —aj(t) — w?xo(t), (5.105)

which agrees exactly with the leading order contribution of Eq.(5.86). This proves that the expanded
near-horizon metric is equivalent to the near-horizon metric at leading order in AdSs-Schwarzschild. The
expanded near-horizon metric given in Eq.(5.88) is therefore correct, and dt? ~ O(€)? and dz? ~ O(€). As
a final check, the calculations in this subsection are repeated assuming dt?> ~ O(€)? and dz? ~ O(€)°. The
equation of motion found is,

41"%, €
* (14 2¢

0 = —92X(t,é) +

9z (€ (1+ 28) 9:X(t,9))

492 A7 € 0 Xreg (1, €) (iPw(26 4+ 1) + drpé +7p)
_ 2 ~ H ~292 ~ e reg\Yy
= — 6t Xreg(t, 6) + ZTE angeg(t, 6) + l4(2€+ 1)

(5.106)
wXreg(t, €) (IPw(2€ + 1) — dirye)

226+ 1)

LO 4iTH €

== —xy(t) + (—w + 12(2€+1)> wxo(t),

which does not match the leading order contribution of Eq.(5.86).

5.3.3 The Diffusion Constant in AdS;-Schwarzschild

In the previous two subsections it was proven that in order for a near-horizon expansion of the metric to
be consistent, the leading order metric is taken to O(€) — where dt? ~ O(€)? and dz? ~ O(€) (equivalently
t ~ O(f)? and x ~ O(V€)). Generalising to d dimensions this holds true, where X; (instead of x) denotes
the transverse directions in AdS,-Schwarzschild. Hence the leading order, near-horizon AdS;-Schwarzschild
metric is given by Eq.(5.82).

From the near-horizon metric, which is conformal in (¢,7.) coordinates, the leading order string solution
followed by the transverse equations of motion can be found. A similar method to subsection (5.3.2) is
followed. The near-horizon tortoise coordinate, defined by setting » = (1 + €)ry in the definition of the
tortoise coordinate Eq.(4.38), can be expanded and truncated around ¢ = 0. To leading order it is sufficient
to take!03

&= — , (5.107)

where 1, = rgé,. Inverting and calculating the differential yields

2 ) 2 2 )
f=e® @DE&  and de= %’ (d—1)ei @ D& gz, (5.108)

The definition of the near-horizon tortoise coordinate, its inverse and differential (Eqgs.(5.107, 5.108)) can
be used to convert the metric Eq.(5.82) into (, €.) coordinates

7'2 i _1)¢ " T2 >
dsg = 73 (d—1)e® TV (—di 4 ofdel) + S dXT

(5.109)
r% THTx (d—1) 2 2 7"12LI 72

1031¢’s proven that the leading order tortoise coordinate is given by Eq.(5.107) in appendix (A.6).
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From the final line in Eq.(5.109) notice that the metric — like the near-horizon AdSs-Schwarzschild metric
(Eq.(5.91)) — is conformal in (¢,7.) coordinates. It follows from the near-horizon definition r = (1 + €)ry,
and Eqs.(5.107, 5.108) that

2
= TI:,(2T* (d=1) — li L _
r=ry (1 + et ) , and T4 e In (TH 1) , (5.110)

which reduces down to Eq.(5.92) for d = 3. From the metric Eq.(5.109) the method laid out in subsection
(5.1.3) can be followed in order to write down the leading order solution for the Limp Noodle in AdSg-
Schwarzschild in conformal (¢,7.) coordinates, which is given by Eq.(5.39)!%4. Converting then to (t,r)
coordinates, the string solution for the Limp Noodle in the near-horizon limit at leading order is given by

m

rig(1+ B @D k), if (to) € M
t L0 (5.111)

X% t,o) = [t -
Ads.-sanll>) rig(1+ e @D0Hum0) i (o) € My

where Eq.(5.110) is used'®®. The position of the fixed string endpoint attached to the stretched horizon is
given by

s 2
= aon " (£ 1) or, cquivalently &, = ETrRGE (5.112)

since the stretched horizon is defined as rs = (1 + €)ry, where 0 < € < € < 1. The length of the string in
tortoise coordinates is given by

12

(d— ].) rH

rs + Lo
of = ln(

12
— 1) — rsy or, equivalently oy = ————1In (€+ > — TE
TH )TH

and the M; and My parameter space regions are still given by Eq.(5.33). Using the definition of the near-
horizon limit (r = (1 + é)ry) and r. = rgé,, the leading order string solution Eq.(5.111) can be converted
into (¢, €) coordinates. Specifically,

1%

T—H(dfl) (rH €sx +0) .

e? , if (t,0) € M

Xhas,-sen(t:0) = | t, . } (t0) ! 0 (5.114)
4-Sc eZTH(d—l)(?"Hes*+<7f—t)7 if (t,a) e M,

where €, and oy are defined in Egs.(5.112, 5.113). Therefore, the identification € = e 12 (@=1) (ra & +0)

is made. The equations of motion for the transverse fluctuations in the near-horizon limit of AdSy-
Schwarzschild can be derived from Eq.(4.66), and are equivalent to Eq.(5.97) with the generalised spacetime
metric in the near-horizon limit (G, ) given by

[~ d—1)¢ 0 0O 0 0 0]
l2
0 @n: 0 0 0 0
2
0 0 0 0 0
G = , : (5.115)
0 0 0 0
0 0 0 . .0
0 0 0 0 0 %

104This equation — derived from the worldsheet parameter space partitioning of the test string in R11, Eq.(5.34) — is independent
of d, the number of spacetime dimensions.

1051t will be much harder to find next-to-leading order corrections to the string solution in the near-horizon limit, since if the
near-horizon metric includes higher order terms (O(€)? terms) it will no longer be conformal in (¢, ) coordinates.
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where p, v index over (¢, r, 2, ..., d — 1). The explicit entries of the induced worldsheet metric are calculated
from Eq.(4.2). In the near-horizon limit, the leading order induced metric in (¢, €) coordinates is given by

r?2 ~
g } ) gtt  Gto G 0 - (d—1)¢ 0 (5.116)
ab w = = = s .
o Jot Yoo X 0 €/2 G€€ 0 6/2 (dl_21) %
where Eq.(5.115) is used, and ¢ = 9,¢. Hence, its inverse is given by
tt to =12 (.. —_ 2
b g 1 G 0 @
L o | Wy vy - Wl BN
g Xg Gab XO 0 Gtt O 12 &2
where det (gab\xg) is calculated from Eq.(5.116),
— =2 GG, = ~/12 l2 1 o @ d— ~\ _ .2 2 11
9|X(‘j = det (gab‘Xé‘) =€ el = | € d—1)¢ 12 ( Deé) = —rye”. (5.118)

Expanding the indices of Eq.(5.97) using Eqgs.(5.116)-(5.118), the transverse equation of motion become

2 2
0 =20, <(\/—gg” 7;;) 8UXI(t,O')> + 0O <(\/—ggtt 7;5) 8tXI(t,0)>
Xk X4

- d—1)¢ v _ 12 1 2
30 (THE/ <(12€12)€> r;g{ao-XI(t,U)) ‘|‘ 615 (TH€I <_(d—1)’r?{ g) ZglatXI(t,O')>

(5.119)
= —02X!(t,0) + i(df1)2g Lo (e X1(t,0)
¢ ’ 14 0y€ T\ 0z 7 ’
— X (4,0) + T (d— 1) c0,(e 0 X" (1,
= —0; X' (t,€) + ZT( —1)?€0:(¢0:X"(t,9)),
where X! denotes the transverse direction (I € (2, 3, ..., d — 1)); and the last line is written completely in

terms of near-horizon spacetime coordinates (¢, €) by differentiating the identification € = et (@=1) (ra &. + ”),

dé = (d—1) %e’;—?wfl) (rnéet0) 4o
= TH (@1 (ra e +0) 5.120
=0 =@l gyet 0 (5.120)

= 0, = (d—1)%’gag.

Eq.(5.120) can also be used to convert the equations of motion Eq.(5.119) to parameter space coordinates
(t, o),

0—_52)(’(75)+@(d—1)2~ P Ly (et 2 0,x"(t.0)
= —0 0 J4 e(d_1)ng" (d=1)ryg e’ ’ (5.121)

— 9} X!(t,0) + 92X (t,0).

The near-horizon string equations of motion for the transverse fluctuations on the Limp Noodle is given
by wave equation. Remember that the small virtuality limit of the d = 3 Limp Noodle also yielded
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the wave equation as the transverse equation of motion (Eq.(5.51))!%. Since this is true, repeating the
calculations laid out in subsection (5.2.2.1) is sufficient to calculate s?(¢;d). The only change is that 3 scales
with the number of spacetime dimensions, so Eq.(5.56) needs to be adapted by adding in the appropriate
dimensionally dependent factor. In order to calculate this, notice that 3 enters the calculation of s2_,(¢) in

subsection (5.2.2.1) through the use of the normalization constant A,. For d > 3, Eq.(4.100) is generalised

I [ra/  (@d-1B _ (d—1)
o T T oA = 5 A, (5.122)

Au(d) = p

where the second equality follows from using the definition of the AdS radius of curvature I (Eq.(4.64)) and
the Hawking temperature (Eq.(4.35)). Using the generalised normalization constant A, (d), the expectation
value of the position of the boundary endpoint at two different times (Eq.(5.43)) becomes'?”

5 5 d—1)28% [Cdw 1 -
(Kenaltri ) Xenaltzs)) = ST [T 22t Re (o = )20 = e 00)
1672V Jo w e —1
(5.123)
d—1)?%, . A
= %CXend(tl)Xend(tQ)» 9
while the string falling endpoint’s mean-squared transverse displacement, Eq.(5.47), becomes
2 (d—-1)°B* [*dw 1 iwt |2
s°(tyd) = ———— — o [fuloy —1) = fulop)e™|
1672V A w efr —1
VA o (5.124)
d—1)?
= ( I ) Sz(t),

due to the factors of A, A, appearing in the calculations of both (:Xend(tl; d)Xend(tQ; d):) and s(t;d).

In subsection (5.2.2.1), the general solution to the wave equation, f, (o), is given by Egs.(5.52)-(5.55). In
order to calculate the falling string endpoint’s mean-squared transverse displacement in the small virtuality
limit, Eq.(5.55) is substituted into Eq.(5.124). Specifically,

(d* 1)252 o] dﬂ 1
162V Jo w efv—1

_(d_1)262/oodw 1
odm2VA Sy wefr—1

d—1)32
%SSmaH(t)

_(d—-1)2p? 8 . 27t
= 7167#\5\ In (2” sinh <5)> ,

where Eq.(5.56) is used in the third line, and Eq.(5.58) in the final line. In order to calculate the diffusion
coefficient, the late time dynamics of Eq.(5.125) must be explored. Expanding in powers of 1/k = 3/t yields

. A 2
sz(t; d) = 2ei(raxt05) g (wt) — 2¢iw (Tsxtoy) giwt

sin?(wt)

(5.125)

. : . . . JUT T /) o
106 The solution to Eq.(5.121) is therefore given by Eq.(5.52), or alternatively by ff,i)(e) =¢& (@-1 ru | where the identification

: = e% (d—1) (rg &« +0)
(t,€). Notice when ff,ﬂ(é) is used as the solution (as in subsection (5.3.1)), fu(f)(é) is used in the definition of Xy eg(t, €),
Eq.(5.85).

107Note that the Bose-Einstein distribution Eq.(4.102) does not carry any dimensional dependence.

is used to convert from parameter space coordinates (¢,0) to near-horizon spacetime coordinates
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s2(t:d) = (i(;ri)j/? [ln (sinh (27k)) + In (ﬁ)]

<ty (d—1)28t  (d—1)2p2 Jé] o —dt
- 8TvVA - 1672V ) n (47rt> + O(ﬁ ¢’ )’

(5.126)

where the calculation steps in Eq.(5.60) have been followed closely. Since s(t;d) ~ t, the late time dynamics
exhibit diffusive behaviour. From Eq.(3.21) it is expected that s2 .,,(t) = 2Dt at late times, where D is
the diffusion coefficient. Comparing this to Eq.(5.126) it is easy to see that the diffusion coefficient is given

by

(d—1)%8

BTV (5.127)

D a) -

For d = 3, this reduces down to Eq.(5.61) as expected.

Moerman et al. in [52] present an expression for the light quark diffusion coefficient in d dimensions which
agrees with Eq.(5.127). However, their method of expanding the near-horizon AdS;-Schwarzschild metric
(described in subsection (3.3) of [52]) is inconsistent. The near-horizon AdS;-Schwarzschild metric given in
Eq.(3.48) of [52] is dimensionally incorrect'?®:1%9. Using the near-horizon tortoise coordinate Eq.(5.107) (no
attempt is made to explain how the order of truncation is consistent with the leading order near-horizon
metric!!?), the metric in Eq.(3.48) of [52] is converted to (t,€,) coordinates, and found to be conformal in
this system!'!. Hence, the leading order string solution can be written down in (t,¢,) coordinates, from
which Moerman et al. proceeded to finding the transverse equations of motion — this, coincidentally, being
the wave equation. Therefore, although there is agreement between the final results, Eq.(5.127) and the
diffusion coefficient in d dimensions derived by Moerman et al., the author concludes that the calculations
in this subsection arriving at Eq.(5.127), present the first complete, consistent derivation of the light quark
diffusion coefficient in d dimensions.

108gince 7‘?{, 12 dzg_2 and dt? all go like Energy™!, and € (as well as dé?) are defined as dimensionless quantities; the first

term in the metric Eq.(3.48) of [52] goes like Energy~2, the second term also goes like Energy—2, but the third term is
dimensionless. In juxtaposition, all terms in the correct, leading order near-horizon AdS;-Schwarzschild metric given in this
subsection (Eq.(5.82)) consistently go like Energy~2.

109 A note on terminology: e in [52] corresponds to € in this dissertation.

110The paper [52] simply states "Expanding (and truncating) each term in the AdS; metric, Eq.(2.32), to lowest non-vanishing
order in €¢". There does not appear to have been an attempt to examine if each term is consistently taken to the same order
of € (€ — see footnote 109).

1 The correct near-horizon AdSgz-Schwarzschild metric (Eq.(5.82)) is actually conformal in (¢,7.) coordinates (as shown in
Eq.(5.109)).
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6 Drag Force in AdS/CFT

Besides the test string set-ups depicted in figures (2) and (3) (see section (4), page 16, and section (5),
page 37, respectively), there are many other string set-ups — illuminating various aspects or properties
of the thermal plasma in the boundary theory — that could be considered. One such set-up is a trailing
string in AdSs-Schwarzschild which models an infinitely massive probe quark'!'? moving with a constant
velocity v in a N' = 4 SYM thermal plasmal!®. This was considered by Gubser [22] and Herzog et al. [35]
independently in 2006, who aimed to approximately explain jet-quenching — the phenomenon whereby energy
loss is experienced by high-energy quarks travelling through the quark-gluon plasma''*. The succeeding
subsection follows the calculations of [22, 35| in using the AdS/CFT correspondence to calculate the drag
force experienced by a massive probe quark in the A" =4 SYM thermal medium. The string set-up used is
depicted in figure (9). Further, in subsection (6.2), the set-up is generalised to AdS4-Schwarzschild.

boundary

string string

L.

____________________________________________________________________ r=r,=(1+€) r,

e ﬁ ﬁ o

§(r)<o &r)>0

Figure 9: A fundamental open string used as a probe in an AdS black hole background to model an infinitely
massive quark moving through a thermal plasma at a constant velocity v on the boundary. One endpoint of the
test string is attached to the boundary of anti-de Sitter spacetime at infinity (r = o0), from which the string hangs
down to a stretched horizon (rs = (1+ ¢€) rm where 0 < € < 1) placed just above the Schwarzschild black hole
horizon. Left: A string which trails behind its boundary endpoint moving with velocity v in the X? direction. This
is the physical solution. Energy flows from the boundary, down the string, and towards the horizon. Right: A
string which trails in front of its boundary endpoint moving with velocity v in the X? direction. This solution is
unphysical. Energy would need to be flowing away from the horizon, up the string, and towards the boundary.

6.1 Test Strings in AdS;-Schwarzschild

Consider a static open string in AdS5-Schwarzschild, with one endpoint attached to the boundary at r = oo
and the other allowed to hang down towards the horizon. Since the string is infinitely long (which models
an infinitely massive quark in the boundary theory), the transverse fluctuations that the string experiences
due to the presence of the black hole horizon never reach the boundary, i.e. the infinitely massive quark
does not experience Brownian motion in the thermal medium. Regardless of its length, this test string is
still a classical relativistic string and, as such, is described by the standard Polyakov action (Eq.(4.1)) or
Nambu-Goto action (Eq.(4.53)). It is convenient to use the Nambu-Goto action here!!®.

12Duye to its infinite mass such a quark would not undergo Brownian motion in thermal plasma.

113The constant velocity is measured with respect to the rest frame of the plasma.

114 Around the same time, studies examining trailing strings in the AdS spacetime in order to investigate the dissipative and
diffusive behaviour of a massive quark moving through a field theory plasma were common (see [36-41]).

115The Nambu-Goto action given in Eq.(4.53) is defined in the String Frame. In the Einstein Frame, the Nambu-Goto action is
constructed with an added dilaton factor e¢/2,

1
SEo = — /M doe?/? /=g,

2mwal

where g := det (gqp) and the induced worldsheet metric gqp is given by Eq.(4.2). In [22] the Einstein Frame is chosen for
the proceeding calculations. The phenomenologically relevant case of AdSs-Schwarzschild is considered. In this spacetime the
dilaton factor can be ignored, since e?/2 = HB-d)/4 (where H is the warping factor and e?/2 disappears when d = 5). It is
worth a footnote to remark, however, that the Einstein Frame is related to the String Frame by a conformal rescaling of the
metric, and that the frames are considered interchangeable when describing the physics of massless modes on the string [109].
The calculations in this dissertation are in the String Frame.



From Eq.(4.33), the AdSs-Schwarzschild metric is given by

P

2

12 dr?

2 _ v
ds5 = r2 h(r)

. where h(r) = 1- (’%’)4 €0,1] (6.1)

(—h(r) 2 + d)?%) +
is the blackening factor of the Schwarzschild black hole situated at the horizon; t € [0, 00) is the temporal
coordinate; r € [0,00) is the radial coordinate; and the transverse spatial directions along which the D3-
brane is extended are denoted by X; = (X2, X® X*) € R®. Further, [ € RT is the curvature radius of AdS,
and S<.

Following [22, 35], a gauge choice is made where 7 =t and o = r are the worldsheet coordinates. The target
spacetime metric G, — where p,v index over the spacetime directions (¢, r, 2, 3, 4) — is given explicitly
in Eq.(A.32); and the induced worldsheet metric gqp, defined in Eq.(4.2), takes the form Eq.(A.33). The
explicit entries of the metric g,p, its inverse g2, and its determinant g := det(gqs) are given by Eqs.(A.34,
A.35, A.36) respectively. Using the target spacetime metric G, and remembering the gauge choice 7 =t
and o = r, the determinant of the induced metric becomes

4

g=— (1 — ﬁ)’(? + l4h(r) X}Q) , (6.2)

where X = 8, X = §,X and X' = 9,X = 9, X (in both definitions the second equality follows from the
worldsheet gauge choice). Inputting Eq.(6.2), into the definition of the Nambu-Goto action Eq.(4.53) yields

1 1. r4
SNG = —271_0/ /M d20' \/1 - EXIz + ﬁhX}27 (63)

where the notational adjustment h(r) = h is used for brevity. The Lagrangian density, also defined in
Eq.(4.53), is therefore given by

Loy, 2

To proceed, consider movement of the test string with a constant velocity v in one of the transverse directions,
the X2 direction!'%. Following [22], an ansatz to describe the late-time behaviour of the string is made.
Specifically!!'”,

X2(t,r) = vt + £(r) + ot), (6.5)

where, at late times, all other motions are damped out and the o(t) term disappears. The ansatz Eq.(6.5)
relies on the assumption that steady state behaviour of the string’s motion is achieved at late times. Sub-
stituting this ansatz into the Lagrangian density Eq.(6.4) — remembering that X? is the only direction in
which the string is considered to move — yields

L — \/1]11 {gt (vt+§)r+7;h [(,i (’UtJrg)}Q

FCR——
_ LT e
Vi e

where £(r) = ¢ is implied, and ¢ = 9,£. In order to determine £(r), the Euler-Lagrange equations are
derived from the Lagrangian density (Eq.(6.6)), and are given by

116Due to a symmetry of anti-de Sitter spacetime all transverse directions are identical. Therefore any of the transverse directions
can be chosen — considering motion in either the X2, X3 or X% directions would be equivalent.

H7To clarify the notation: the mapping function for the second transverse direction will be denoted X2, while squaring this
mapping function (if necessary) will be denoted (X?2)2.
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didad e 6.7
at 9¢" o0& ’ (6:7)
where the quantity ¢ can be defined as
oL
g = . (6.8)
£ 0(0,9)

Since the Lagrangian density (Eq.(6.6)) does not depend on & (i.e. 9L/0& = 0), the Euler-Lagrange
equations become

o oc
’/T{ = 85, j—
\ (6.9)
T4 U2 T4 2
S l—4h§/ (1 -+ l4h£/2> ,

where Eq.(6.6) is used in the second line. Hence, the equation of motion of the string is m¢ being a constant
of motion. Solving Eq.(6.9) yields a defining relation for &'(r). Mathematica’s Solve function is used!'®, to

find
* | h—22
! =4+ — | ————. 6.10
6 (T) 7T£ T4 h _ %7’[’? ( )

Finding &(r) will involve integrating Eq.(6.10) with respect to r. However, £(r) is required to be real
everywhere, and the square root in Eq.(6.10) is not necessarily always real. The only variable which can be
adjusted is m¢. Defining ¢ such that (b —v?)/(h — %T(?) is always positive (thereby ensuring the square
root is always real) is equivalent to setting the appropriate boundary conditions. Since h(r) € [0, 1], at some
intermediate radius A = h* the numerator (b — v?) changes sign. In order for the square root to be real
everywhere the denominator must change sign at the same point, i.e. at h = h*,

h— —m =h—v*=0. (6.11)
T
Rearranging the first equality leaves
4
= %vz. (6.12)

>

where the definition of h(r) (Eq.(6.1)) is used. Inputting Eq.(6.13) into Eq.(6.12) results in an appropriate

expression for g,

vy
12

V1 -2 2

me = & (6.14)

Plugging this defining relation for m¢ into Eq.(6.10) guarantees that the square root in Eq.(6.10) is always
positive, and £(r) is everywhere real. The (£) in Eq.(6.14) determines if the quark is moving in the (4) or
(—) X? direction. Consider the case where m¢ > 0 for the remainder of the calculation. Eq.(6.10) becomes,

I8 Mathematica is used to help simplify the algebra. See Mathematica Notebook [d] (DragForce.nb) for details on the calculations
presented in section (6): access in appendix (A.7).
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&r) ==xv e (6.15)

ré —

An integrable expression for ¢ has finally been found. Integrating Eq.(6.15) with respect to r yields'!?

) ]Fzva (tanl (r) - ln(rH2— r) Il ; TH)) |

12
Fo (tan1 (T) + 1o/ TH) ,
2ryg TH r—ryg

where in the second line In(—z) = In(z) + i 7 for x > 0 is used and it is recognised that i 7 can be absorbed
into the integration constant, which (if the calculation was entirely rigorous) would be present in Eq.(6.16).
The function £(r) can take on two values: (i) for (&'(r) > 0, £(r) < 0) the string trails behind its boundary
endpoint which is moving with a velocity v in the (+) X? direction, and (ii) for (¢'(r) < 0, £(r) > 0) the
string trails in front of its boundary endpoint which is moving with a velocity v in the (+) X? direction.
The ‘tail wagging the dog’ scenario depicted in (ii) is an unphysical solution [35]; however both of these
cases are depicted in figure (9), page 66.

(6.16)

Using the expression for £'(r) given in Eq.(6.15) the Lagrangian density (Eq.(6.6)) becomes

L= I (6.17)

Since the definition of the Nambu-Goto action (Eq.(4.53)) implies £ = —,/—g, the determinant of the
induced metric becomes
g=—(1-v%). (6.18)

To calculate the flow of momentum down the string dps/dt, the canonical momentum densities I1f(, o)
(Eq.(4.5)), and the string equations of motion (Eq.(4.19)) are needed. The conserved charges associated
with the momentum densities IIf, are defined [15, 96] for a general curve v on the worldsheet, as

p), = / do® éqp 11 (6.19)
Y

where €4, is the Levi-Civita symbol'?%, and g is the induced metric on the worldsheet in curved spacetime
(Eq.(4.2)). Since the string moves only in the X? direction by construction, the string’s transverse mo-
mentum densities are only non-zero in this direction. Using Eq.(6.19) the X2 component of the spacetime
momentum flowing over some general time interval Z of length At is

d
%At = pf = /dtng, (6.20)
A

where the gauge choice 7 = t and o = r is applied, and €,; = +1 from the definition of the Levi-Civita symbol.
The radius at which the integral in Eq.(6.20) is evaluated does not matter, since the momentum densities
1T} (t,0) are conserved (Eq.(4.19)). For the physical solution where the string trails behind its boundary
endpoint (&'(r) > 0, &(r) < 0), the quantity dps/dt is identified as the drag force and the orientation of

I9Mathematica is used to easily integrate (see Mathematica Notebook [d]: DragForce.nb).
120The Levi-Civita symbol is defined in two dimensions as

+1, if (a,b) =(1,2)
€ = —1, if (a,b)=(2,1)
0, if a=b
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the integral is chosen such that the drag force is negative (i.e. acts to oppose the motion of the string).
Therefore, dpy/dt = I15. According to the definition of the momentum densities Eq.(4.5),

dp2 1 b
—Z =1 = ———— /7" Gy, Op X"”
dt 2 2o’ L 2v o
1
= 5 V99" G2y X" (6.21)
1 2 b v
:_271'0/ 1—w g GgyabX ,

where the constraint equation Eq.(4.10) is used in the second line and Eq.(6.18) is used in the third line.
Expanding the implied summation over repeated indices in Eq.(6.21) yields

d 1 X .
1 1 S 1 .
= o V 1 —v2Gao ( (Gtt + GIIXIXI) 0, X% 4 — (—GHX}XI) 8tX2>
yyes g g
1 1
= 9y Vi G2a ((Gu + G220, X°0,X?) 0,X* + (=G220,X*9,X?) 0,X?) (6.22)
1 1

= ﬁﬁ G22 Gttarf

17“?{ v

_QWQIZT\/l—U2’

where, in the second line, it was recognised that Ga, = G332 is the only non-zero possibility since G, is
a diagonal matrix, and Eq.(A.35) was used to find the explicit entries of the inverse induced metric g
(remembering that the gauge choice 7 =t and ¢ = r must be made). In the third line Eq.(6.18) was used
and it was noted that, by construction, the only non-zero transverse direction was the X?2 direction, while
in the fourth line the commutative property of partial derivatives and the ansatz Eq.(6.5) was used. The
final line follows from inputting the target spacetime metric entries (Eq.(A.32)) and the defining relation
for &'(r), Eq.(6.15) (where &'(r) > 0).

Comparing Eq.(6.14) (where 7¢ < 0) and Eq.(6.22), notice that m¢ is understood to be a momentum density,
since

1
I, = —m¢. 6.23
2 ool 16 ( )
Eq.(6.23) follows from Eq.(4.5) which gives II := 51285, x2)L; and from the worldsheet gauge choice
o = r, from which the momentum density becomes II5 = -9 L = 5w (where the ansatz
Eq.(6.5) is used in the first equality and Eq.(6.8) in the second equality).

For the phenomenologically relevant AdSs /A = 4 SYM case, the ‘t Hooft coupling is A = g¢%,; N., where
N, is the number of colours and the Yang-Mills coupling is related to the string coupling by: gyym = 24/7 gs.
The fundamental string length scale Eq.(4.64) becomes
l2
o = —— . (6.24)

V g%'M N,

Using Eq.(6.24) and the definition of Hawking temperature (Eq.(4.35)) with d = 5, the drag force (Eq.(6.22))
can be expressed in terms of phenomenologically relevant gauge theory variables,
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dpy _”\/Q%MNCT2 v

dt 2 \/1—1)2'

(6.25)

Following the formal frameworki of Gubser [22], in the gauge theory the momentum po of the probe quark
can be theoretically!?! related to its mass m through

pa(t) = \/%71]2”% (6.26)

where the 1/4/1 — v? =  is identified as the Lorentz factor from special relativity. Eq.(6.26) holds regardless
of the dimension of the spacetime. Inserting Eq.(6.26) into Eq.(6.25) yields

dps  wT* [, pa(t)
d T T Ve (6.27)

which is a linearly separable differential equation and easily integrable to find po(t). Specifically,

Loap, = -
2(0) P2 0o m 2

/mw » T N
P

= pa(t) = p2(0) Exp 5

2 2
rvoyuN t] (6.28)
m

-+ 2
= pa(t) = p2(0)e 7 , where t)g = ———— ﬂ_

T/ g%/MNc 17

The expression for the drag force experienced by a probe quark in a thermal plasma found in Eq.(6.27)
agrees with the central result of Gubser [22], and Herzog et al. [35]. Agreement with the later rests on the
identification &' = Tye,0./1* and g = —gHersog/1*.

Recall the Langevin Model discussed in section (3) describes a non-relativistic particle of mass m, undergoing
Brownian motion in one spatial dimension. The non-retarded Langevin equation Eq.(3.1) is applicable if
— as in the case presented in this section — the Brownian particle is taken to have infinite mass with
respect to the constituent fluid particles. Since the infinitely massive probe quark travels at a constant
velocity v under the influence of the external force K(t), Newton’s First Law of Motion ensures that the
random force F'(¢) present in the system must be of equal and opposite magnitude (K (t) = —F'(t)). The
Langevin equation is adjusted accordingly and becomes p(t) = —~o p(t), where 7y is the friction coefficient.
It is therefore apparent, from Eq.(6.27), that in the non-relativistic limit v < 1 the friction coefficient in
AdSs-Schwarzschild is given by

7w T2
7§ds5 = om 912/MNC- (6.29)

Using the Einstein-Sutherland relation Eq.(3.18) an expression for the diffusion coeflicient can be obtained.
Specifically,

2 1 2
D;}dQSS = B (6.30)

7w T J@ZuN.  mA

where the second equality follows from the ‘t Hooft coupling A = g%,; N., and the definition of Hawking
temperature Eq.(4.35).

121Both the momentum po and the mass m of the external quark are, in fact, infinite.
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6.2 Generalising to AdS,;-Schwarzschild

The result for the drag force experienced by a probe quark in a thermal plasma found in Eq.(6.27) can
be generalised by repeating the calculation presented in subsection (6.1) in AdS;-Schwarzschild. The AdS-
Schwarzschild metric in d dimensions is given by Eq.(4.33), where the blackening factor of the Schwarzschild
black hole situated at the horizon, h(r;d), is defined in Eq.(4.34). Explicitly, the target spacetime metric
G is given by Eq.(A.32), where p, v index over the spacetime directions (¢, 7, 2, ..., d — 1). As in subsec-
tion (6.1), the reparameterization offered by the gauge choice separates the temporal and radial coordinates
such that the worldsheet parameter space coordinates become 7 =t and o = r, and the mapping functions
between the worldsheet and the target spacetime are specified by X#(¢,7).

The Hawking temperature of the black-brane in AdS-Schwarzschild scales with the number of dimensions
of the spacetime and — in AdSy-Schwarzschild — is given by Eq.(4.35). Unchanged as the calculation is
generalised to AdS,, the dynamics of the string are still described by the Nambu-Goto action (Eq.(4.53));
and the induced metric gqp, its inverse g2, and its determinant g := det(g,s) are still given by Eqgs.(A.34,
A.35, A.36) respectively. Because of this, Eqs.(6.2)-(6.10) all remain true in AdSg-Schwarzschild.

Consider movement of the test string in AdS4-Schwarzschild, again with a constant velocity v in one of the
transverse directions, the X2 direction. Following the same reasoning as for the AdS; case, Eq.(6.10) can be
solved to yield an expression for m¢. Since the blackening factor is now given by Eq.(4.34), m¢ will depend
on the number of dimensions of the spacetime. Rearranging the first equality in Eq.(6.11) leaves

4

,
T = l—4u2. (6.31)

While, for AdS4-Schwarzschild, the second equality in Eq.(6.11) is rearranged to

= T (6.32)
where h = h(r;d) (Eq.(4.34)) is used. Inputting Eq.(6.32) into Eq.(6.31) results in an appropriate expression
for e,

v %

= F g a2 (6.33)

3

Plugging this generalised relation for m¢ into Eq.(6.10) guarantees that the square root in Eq.(6.10) is always
positive, and () is everywhere real. The (£) in Eq.(6.33) determines if the quark is moving in the (4) or
(—) X? direction. Again consider the case where m¢ > 0. In AdS;-Schwarzschild, Eq.(6.10) becomes'??

_ -2 rd (rg (v2—1)rd +rrd
12 T%I ’I"d 4 v (1 _ 1}2) d—1 ( — H4)
—ry r‘i+4+r‘;’lv2 rd (1—v?) d*1+r57"?{

{(r) = £

, 6.34
rart —rré ( )

which reduces down to the familiar Eq.(6.15) for d = 5. The function £'(r) can take on two values: (i) for
(&'(r) > 0, £(r) < 0) the string trails behind its boundary endpoint which is moving with a velocity v in
the (+) X? direction, and (ii) for (¢/(r) < 0, £(r) > 0) the string trails in front of its boundary endpoint
which is moving with a velocity v in the (+) X? direction. Using the expression for &'(r) in Eq.(6.34) and
the definition for h(r;d) in Eq.(4.34), the Lagrangian density (Eq.(6.6)) becomes

74 (rH (v2—1)rd + rrjl{)

. .
—rgrdtt 4 o 2 pd (1 —02)7 a1 4 5 7’}{1

L= — (6.35)

Since the definition of the Nambu-Goto action (Eq.(4.53)) implies £ = —,/—g, the determinant of the
induced metric becomes

122Mathematica is used to help simplify the algebra (see Mathematica Notebook [d]: DragForce.nb).
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g = — (6.36)

To proceed with calculating the drag force dps/dt note that the canonical momentum densities I1f(, o)
(Eq.(4.5)), the string equations of motion (Eq.(4.19)), and the definition of the conserved charges associated
with the momentum densities Eq.(6.19) all remain the same in AdS;-Schwarzschild. As in the d = 5 case,
the string moves only in the X? direction by construction, and its transverse momentum densities are only
non-zero in this direction. The X? component of the spacetime momentum flowing over some general time
interval Z of length At, is still given by Eq.(6.20) in AdS4-Schwarzschild. For the physical solution where the
string trails behind its boundary endpoint (£'(r) > 0, £(r) < 0), dps/dt = II}. According to the definition
of the momentum densities Eq.(4.5),

dp2 1 b
— =11, = — V=7 Ga, X"
dt 2 ool el 2v Op
1 T 1%
= —g V=997 Gs, X
1 4 (rg (V2 —1)rd 4+ rrd , ,
— _ : (H( ) _i) Gs, (g”arX”—&—g”BtX”)
2mal \| _pp a4 2 v2rd (1 —v2) 1 4 pdpd (6.37)
-4
1 4 (rg (02 —1)rd + rpd
= n ( ( ) _i> G22 Gt 0r§
2ra —rgrdtt 4B p2pd (1 —02)” @1 4 g5 pd
1 r%{ v

2ol 12 (1- 27T’

where the constraint equation Eq.(4.10) is used in the second line; while in the third line, the summation
over repeated indices is expanded and Eq.(6.36) is used. Following a similar calculation to Eq.(6.22), rec-
ognize that Go,, = G232 is the only non-zero possibility, Eq.(A.35) can be used to find the explicit entries of
the inverse induced metric g?° and the ansatz Eq.(6.5) can be used to simplify the derivative terms. The
final line follows from inputting the target spacetime metric entries (Eq.(A.32)) and the defining relation
for &'(r), Eq.(6.34) (where &'(r) > 0).

The drag force given in Eq.(6.37) reduces down to Eq.(6.22) when d = 5 — a necessary consistency check.
Using the definition of Hawking temperature (Eq.(4.35)) to insert a unit factor (72 x 1/T?), the drag force
can be rewritten oo

d 8mlT

= -, (6.38)

dt (d=1)?a’ (1 —yp2)7=7

where the momentum ps(t) is given by Eq.(6.26), which holds regardless of the dimension of the spacetime.
From Eq.(6.38), in the non-relativistic limit v < 1, the friction coefficient in AdS;-Schwarzschild is given
by
STi2T?
AdS,
_ ) 6.39
’YO (d _ 1)2 o' m ( )
Using the Einstein-Sutherland relation Eq.(3.18) an expression for the diffusion coefficient in general d
dimensions can be obtained. Specifically,

d—1)?%a  (d-1)°
Diig*(d) = (87rl2)Ta - ¢ Sm)ﬁﬂ’ (6-40)

where the second equality follows from the fundamental string length scale Eq.(4.64), and the definition
of Hawking temperature Eq.(4.35). For d = 3, complete agreement is found between this equation and
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the diffusion coefficient found in the case of a finite mass heavy quark undergoing Brownian motion in the
thermal plasma (subsection (4.4), Eq.(4.122)) — a comforting consistency check for this work!?3.

The heavy quark diffusion coefficient in general d dimensions (Eq.(6.40)) can be compared to the light quark
diffusion coefficient in general d dimensions (Eq.(5.127)), to find

1
Di§(d) = 5 Diig™(d). (6.41)

which agrees with Eq.(5.62) for d = 3. The factor of 1/2 in Eq.(6.41) may arise through differences in
partitioning the worldsheet for the heavy and light quark test strings. Moerman et al. postulated in
[52] that by introducing a factor a which determines the fraction of the local speed of light the boundary
endpoint of the test string falls at, a general expression can be found for the mean-squared displacement of
said endpoint (and therefore the diffusion coefficient) which interpolates between the heavy and light quark
results'?%. Explicitly, the string falling endpoint’s mean-squared transverse displacement is given by

2pan(tasd) = % <(d;ﬂ1)6)21n (%mh? (W) sinh? <7f(aﬁ—1)t) <27rat>> |

6.42)
which, at late times, becomes!'?®
1mn () | it a=0 .
(B<p) (d—1)°Bt a1 | (d-1)*p af® : B
small(t a; d) 47T\/X {1 2] + 16772\f/\ In (4#3(11271)%3) y if 0<a<l1lp,+O 7 .
ln(ﬁrt), if a=1
(6.43)

The diffusion coefficient for a quark in a (d—1)-dimensional thermal plasma can be extracted from Eq.(6.43).
Specifically,

a 12
D(a;d) = [1f 5} W. (6.44)

When a = 0, Eq.(6.44) reduces to the heavy quark diffusion coefficient, Eq.(6.40); and when a = 1, Eq.(6.44)
becomes the light quark diffusion coefficient, Eq.(5.127). Hence Eq.(6.42) provides a natural interpolation
between a test string set-up where the boundary endpoint is held stationary, and a test string set-up where
the boundary endpoint is allowed to fall at the local speed of light. However, values of a ¢ {0,1} correspond
to a test string whose boundary endpoint is falling at velocity smaller than the local speed of light. An
external force opposing the motion of the falling string must be present in order for this to be the case!25.
This might be realised by the introduction of a flavour D7-brane with a world-volume electric field on it
at the boundary!?”-128, Considering an external force acting to retard the motion of the falling string’s
endpoint is a natural and interesting extension of this work — a possible starting point for future research.

123Fq.(6.40) also agrees with the result given in Eq.(3.10) of [42]; the results from subsection (3.3) in [35]; the results from section

(3) in [22]; and the result — for d = 5 — from section (V) in [38]. The rigorous reader might also be interested in [36], a topical
study which computed an ultra-relativistic quark’s transverse momentum diffusion.

124The heavy and light quark set-ups to study Brownian motion are considered in sections (4) and (5), respectively.
1253ee Mathematica notebook [b] (BrownianMotion.nb) for a derivation of Eqs.(6.42)-(6.44) — access in appendix (A.7).
126 The solution where a ¢ {0, 1} is not a physically obtainable string solution in the current set-up since the Virasoro constraints

(Eq.(4.18)) are violated and, consequently, the late time next-to-leading order behaviour in Eq.(6.43) does not smoothly
interpolate between the light and heavy quark results. This can be rectified by adding in an external field which will alter
the energy-momentum tensor (Eq.(4.6)) and, by construction, cause Ty to vanish (which ensures the Virasoro constraints are
satisfied).

127This corresponds to an additional force acting on the external Brownian particle in the boundary theory whose motion can

now be characterised by the generalised Langevin model (described in subsection (3.2)).

128For the case of the heavy quark, adding forced motion has been studied by de Boer et al. [42], subsection (3.2).
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7 Conclusions and Future Outlook

The main aim of this work was to present an instructional or pedagogical approach to using the AdS/CFT
correspondence to explore the dynamical behaviour of probe heavy and light quarks immersed in a ther-
mal plasma, such as the quark-gluon plasma created in heavy-ion experiments. This was achieved within
a rigorous and consistent framework, while correcting previous errors and vague statements in the literature.

To summarise, the gauge/string duality is briefly introduced in section (2). Particular attention is paid to
the throat construction of anti-de Sitter spacetime as a limit of D3-brane geometry, and the justification of
the AdS/CFT conjecture. Section (3) explored the basic theory of Brownian motion and Langevin dynamics
in the boundary theory. Specifically, particles undergoing Brownian motion in the absence of an external
force can be described by the non-retarded Langevin equation which is parametrized by two constants: (i)
the friction coefficient 7y, and (ii) the magnitude of the random force xg. The second fluctuation-dissipation
theorem relates these two constants. It is possible to calculate the mean-squared displacement (Eq.(3.19)),
from which the time dependence of s(t) is apparent. At early times, the Brownian particle’s behaviour
is proportional to time and the motion is expected to be ballistic s(t) ~ t¢; while, at late times, the Brow-
nian particle motion is diffusive, s(t) ~ v/t. The cross-over time sets the scale for early and late time
behaviour and is given by t,e1ax, Which represents the time it takes for a Brownian particle which had some
initial velocity at ¢ = 0 to thermalize in the medium. The section concludes by describing the generalised
Langevin model which adapts the friction term to depend on the past trajectory of the Brownian parti-
cle and takes an additional external force acting on the system into account. In section (6) it was seen
that the generalised Langevin model can be used in a number of applications: to model heavy quark trail-
ing strings or light quark strings whose endpoint falls with a velocity that is less than the local speed of light.

Sections (4), (5) and (6) turn towards the bulk theory. In the bulk theory, the dual description of these
probe quarks are realised as test strings in an asymptotically anti-de Sitter-Schwarzschild background. Cal-
culations are computed in AdS-Schwarzschild, and then related to quantities in the boundary theory using
the AdS/CFT dictionary. In section (4) an on-mass-shell external heavy quark is modelled as a funda-
mental open string of length ¢, attached at the boundary of anti-de Sitter spacetime and hanging towards
the stretched horizon. At the semiclassical level, the Hawking radiation due to the Schwarzschild black
hole environment excites the modes on the string — resulting in the string’s boundary endpoint enduring
irregular motion. This motion can be related to the Brownian motion of the external heavy quark in the
boundary gauge theory. The main results of this section include the derivation of the leading order, static
string solution in AdSs3-Schwarzschild (Eq.(4.50)); the transverse equations of motion found by expanding
the Nambu-Goto action up to quadratic order and varying this action with respect to the transverse string
worldsheet coordinates X! (Eq.(4.66)); and from there the mean-squared displacement of the test string’s
boundary endpoint, s%(¢), in AdSz-Schwarzschild (Eq.(4.109)). The cross-over time from early to late time
dynamics is found to be independent of the initial length of the string ¢y and solely dependant on the Hawk-
ing temperature 8 = 1/T. As expected, in the early time limit (¢ < 8) the motion is ballistic (Eq.(4.118));
while in the late time limit (¢ > ) the motion is diffusive, and the diffusion coefficient can be extracted
from s2(t)|¢>p (Eq.(4.122)).

An off-mass-shell external light quark is modelled in section (5) as an open string, initially stretched between
the AdS boundary and just above the horizon, whose AdS boundary endpoint is released to fall at the local
speed of light. The set-up is termed the Limp Noodle configuration [52]. Using the Bars et al. method
[107, 108], the worldsheet of the Limp Noodle is partitioned into two regions and the leading order string
solution is found in AdSs-Schwarzschild (Eq.(5.40)). Again, the transverse fluctuations on the string excited
by the Schwarzschild black hole are considered. From the equations of motion of these fluctuations, the
string falling endpoint’s mean-squared transverse displacement s(t) is calculated (Eq.(5.47)). The limiting
cases of s(t) are then examined. For the small virtuality case (small string lengths £y compared to the
radial position of the black-brane horizon rg), s2 .,,(¢) is analytically evaluated (Eq.(5.58)) and the early
and late time behaviour found to be ballistic and diffusive respectively. For the arbitrary virtuality case,
52(t) can be analytically found in the early time limit (Eq.(5.70)); while the behaviour of arbitrary virtuality
quarks at asymptotically late times (i.e. in the near-horizon region) is found to be encoded in the small
virtuality case, i.e. s%(t)|tsp = s2,.1(t) (Eq.(5.76)). Since s2 ., (¢; d) can be solved in any d > 3 dimensions,

this universality of late times motivates the generalisation of the mean-squared displacement s2(t)|ssp5 to
AdS;-Schwarzschild. In terms of original advancement, subsection (5.3) presents a very important part of
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this dissertation: correcting Moerman et al. [52] by presenting the proper method in which to generalise to
s2(t;d). Finally, the diffusion coefficient in AdS;-Schwarzschild is extricated from s?(; d)|;sp and given in
Eq.(5.127) by
(d—1)%p

167vVA

which is — to the author’s knowledge — the first complete, consistent derivation of the light quark diffusion
coefficient in d dimensions.

DY) =

In section (6), a trailing string in AdS5-Schwarzschild which models an infinitely massive probe quark moving
with a constant velocity v in a N/ =4 SYM thermal plasma is considered. By making use of the late-time
behaviour ansatz (Eq.(6.5)), the drag force on the test string is calculated in the bulk and rewritten — via
the AdS/CFT correspondence — in terms of relevant quantities in the gauge theory (Eq.(6.25)). Because the
external quark is moving with a constant velocity in the boundary theory, it can be modelled by the Langevin
equation adapted such that the external force K(t) acting on the system is of equal and opposite magnitude
to the random force (K(t) = —F(t)). Hence the friction coefficient 79 can be read off from Eq.(6.27),
and related — using the Einstein-Sutherland relation — to the diffusion coefficient in d = 5 dimensions. In
the second subsection, the drag force calculation is generalised to AdSg4-Schwarzschild and the diffusion
coefficient is found to be given in Eq.(6.40) by

(d-1)*B
8TV

which agrees, for d = 3, with the diffusion coefficient found by studying the transverse fluctuations on the
heavy quark’s test string in section (4) (Eq.(4.122)).

Diyg* (d) =

The heavy and light quark’s diffusion constants in general d dimensions are related by a factor of a 1/2
(Eq.(6.41)). This disparity may arise through the differences in partitioning the worldsheet for the heavy
and light quark test strings. As was briefly discussed towards the end of section (6), in order to understand
the physical origin of the 1/2 factor an interpolation between ngs‘i(d) and Dﬁgsd (d) can be sought. This
leads to the realisation that considering test strings with boundary endpoints falling slower than the local
speed of light will only yield physically valid solutions if an external force is introduced. Considering an
external force acting to retard the motion of the falling string’s endpoint is a natural and interesting exten-
sion of this work, and a possible starting point for future research. The publications [42, 110-112] might
provide a good commencement for this exercise.

The main contribution of this dissertation to the field of AdS/CFT calculations is presenting a definitive,
consolidated theoretical derivation of the light and heavy quark diffusion constants in general d dimensions.
The work acts as a springboard from which students might pursue further research avenues. Some of
these that the author has considered — besides the addition of an external electric field — are (i) repeating
these calculations using a numerical framework in order to confirm the analytic results; (ii) examining the
fluctuation-dissipation theorem in the bulk; (iii) considering next-to-leading order transverse fluctuations
on the leading order solution (this would surely prove difficult as the expanded, near-horizon metric in
AdSg-Schwarzschild would no longer be conformal in (¢, r,) coordinates); and (iv) considering different test
string configurations to illuminate other aspects of the thermal plasma. With regards to the latter, one such
example is studying the quantum fluctuations in the non-transverse directions of a trailing string where the
boundary endpoint is allowed to fall.
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A Appendix

A.1 Polyakov String Equations of Motion

Working in the static gauge, the string equations of motion are derived in this appendix by calculating the
functional derivative of the Polyakov Action with respect to the string worldsheet coordinates and setting
this variation to zero. The calculation of the string equations of motion presented here follows the layout
of appendix (A) in Moerman et al.’s exposition on light quark Brownian motion [52].

Using the definition Eq.(4.5), the Polyakov Action Eq.(4.1) is rewritten in terms of the canonical momentum
densities

Sp = 1/ d2JHZ(t,J)aaXM(t7J). (A1)
2 Jm

Determining the functional derivative of Sp with respect to X* and setting this variation to vanish, yields

1 2 a a
0= oxSp = 3 /M a0 [(O115) 0 X" + 15 0 (6X7)|
(A.2)
1 a a a
-3 /M o [(0115) 0,X7 + 8 (115, 6X) — 5+ 0, (13)]
where the product rule is used in the second line.
The functional derivative of the momentum densities with respect to X* gives two terms
oxIL, = —3—— /77" G 0 (0X7) + 8, G X0, X7 | (A.3)

since, in a curved background, the worldsheet coordinates X* as well as the spacetime metric G/, (which
also depends on X*) are varied. Hence the first term in Eq.(A.2), (6 HZ) 0, X*, becomes

a 7 v -1
(5xT12) D, X = " Gy 04 (6X") 0 XV + 0, G 0X° (5 —

=y a,,X") Og XH

-1
" Gy X" 0a(5X) + 0, Gy 0X° (5 V11" G X" ) GV 0y XP

2ma!
= Hgaa(am) + 8PGW6X”H$ G 9, X*

— 9, (T%5X7) — 6 X" 9, (T1%) + 25X7 (% G 8, G ) 112 Dy X

— 0,112 6X") — 5 X" 9, (I1%) + 25X° (% G (D G + 0 G — By Gpy) ) TS 0, X,
(A.4)

where the definition of the momentum densities Eq.(4.5) is used in the third line, and the product rule is
used in the fourth line. In the final line two extra terms are added. This can be done since

1
I 00 X (9 Gip = 0 Gpu) = =5 V=1 G [nab Oy XV Dy X"(8y Gy — B, G,m)} —0, (A5

where the first equality holds in the conformal gauge (y*® = ) — which, as discussed in subsection (4.1),
is chosen to eliminate the Weyl invariance in the Polyakov action. To prove Eq.(A.5), notice that the
Minkowski metric can be expanded

N 0y X" 0y X¥ (8 G — By Gpp) = 0r X1 0y X¥ (9 Gy — By Gpp) + 0 XV 0y X (04 Gy — Dy Gl
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and that for each set of reflective cases (u = 1, v = 2 and p = 2, v = 1), the terms generated by the
first case will cancel those generated by the second. For the identical case (which doesn’t have a reflective
partner case), i.e. u =v =1or p = v = 2, the bracket (8# Gov — 0y Gp#) vanishes.

The Christoffel symbols are now able to be defined

(6% 1 (0%
Py = 5 GV(9, Gy + 0y Gy — 0y G (A.6)

These symbols are a set of numbers which characterise a metric connection. A metric connection defines
precisely how distances are measured on a surface, by invoking the notion of consistently transporting data
in a parallel manner along a family of curves [96].

With this definition, Eq.(A.4) becomes

(6xT1%) 9, X* = 8, (1% 6X#) — X4 9, (%) + 26XP T, 112 9, X" (A7)

Finally, inputting Eq.(A.7) into Eq.(A.2) returns

0 = 6xSp = % / @0 | = 20X7 0, (L) +20X7 T, 115 0, X7 + 20, (1T, 6X) |
M

— - / @20 5X" |9, 1L ~ T), 115 9, X" | + / &0 9, (1% 5X+)
M M
(A.8)
=— / d’o 5 X" [aa e — 1y, 118 &lX”} + / do® epq (15, 6X*)
M oM

_ _/ Po SXH {&IHZ _ FZquaaX’/} n /Tf dr [§X“HZ|Zigf}a
M 0

where Stokes’ Theorem in d-dimensions [96] is used in the third line. In the final line the coordinates on
the worldsheet parameter space are chosen to be 0% = (t,0)* where 0 € M = [0,tf] x [0,0], and one of
the integrals of the last term is simplified by using (5X“|t€{0’tf} =0.

Choosing the boundary conditions

SXHIILT 0 =0, (A.9)

the last term in Eq.(A.8) disappears. Hence, the string equations of motion are given by

0= 9,11 — I'%, 9, XV I =: V, 1%, (A.10)

which is the string analogue of the geodesic equation for a point particle [96].
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A.2 The Virasoro Constraints and String Equations of Motion in Isothermal
Coordinates

Since the metric of any (1 + 1)-dimensional subspace can be transformed into a conformally flat metric
[107, 108] a new, isothermal coordinate system is introduced. These isothermal coordinates y“/ (cF,07) are
given by Eq.(5.2), while the corresponding string mapping functions Y* (6, 0~) are defined in Eq.(5.8).
Notice that light-cone coordinates have been chosen for the parameter space. In this appendix, the Vira-
soro constraint equations and the string equations of motion, Eqgs.(4.18, 4.19), are rewritten in terms of
YH (o, 07).

In the conformal gauge, the Virasoro constraint equations (Egs.(4.18)) become

0 = Gy 0+ X" 9L X
= —Go: X9, X% + GoL X' o, X!

—% [ai (YO’ +Y1’) o, (YO’ +Y1,)} + % [ai (Yo’ —Yl’) N (YO’ —Yl/ﬂ (A.11)

—2GOLYY oYY

=0.Y%0,. Y1,

where u, v € {0, 1} are spacetime coordinates, 0y := %, and the definition of the new mapping functions
Eq.(5.8) is used in the third line. In the final line, recognise that G is defined as a non-zero scalar function
and that the indices have been renamed (' = p). This is precisely the Virasoro constraint equations given
in subsection (5.1.1), Eq.(5.13).
The string equations of motion, Eq.(4.19), become

015 — I'%, 0. X1 =0, (A.12)
in the light-cone coordinate frame. This breaks into two equations of motion, since p = (0,1). For u =0,

the string equations of motion are

(0415 — T§, 04 XV 1Y) + (0-Ty — T§,0-X 1) = 0. (A.13)
The first bracket in Eq.(A.13) can be simplified
011§ — TG, 04 XV 11

]' « v ]' «
=0, <G8_X°> —- T, 0, X <2m,an o_X )

2ma!
1
= 5 [0 (GO-X°) + Gilao (T50: X°0-X* — 5,0, X' 0_X°)]
= ﬁ [784’_ (G@_XO) —+ G (Fgo 8+XO 8_XO — 1_%0 8+X0 a_Xl + F81 8+X1 3_XO 7 F(l)l 3+X1 a_Xl)] 7

(A.14)

where, in the first line, the canonical momentum densities Eq.(5.9) are used and the spacetime metric
simplifies due to the conformal gauge choice (i.e. G.(x) = Gnu, G*(x) = 1/Gn*"). Further, the
Christoffel symbols, defined in Eq.(4.20), can be calculated
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1

1 1
I = ﬁn‘” (Moy O0G + Moy O0G — noo 0,G) = ETIOO (—00G — 00G + 0vG) = oYel (00G)

1 1 1
Too = == 1" (Noy OoG + Moy oG — 100 0,G) = =—=n'' (0:G) = — (A G)

2G 2G 2G

) 1 1 (A.15)
o, = ﬁﬂow (M7 O0G + 110y 1G — 101 0,G) = ﬁnoo (1G) = 55 (016)
Thy = == 1 (1 G + 0y G — 101 8,G) = —= 't (%G) = —= (DG .

2G 7 K v 2G 2G

Hence Eq.(A.14) becomes

1
2ma!

04 (Go_X") + % (00G0:X°0_X° — 011G O X 0_X' + 0,G 04 X" 0_X° — 0yG 04+ X* 8_X1)} ,
(A.16)

where 0, := a% for = (0,1). The second bracket in Eq.(A.13) can be similarly simplified
o_ly — IS, 0_X"II

b G8+XO) —- Ty, 0_X" (1, GMaa 8+X0‘>
2o

2ma’

I
e
A/~

_ ! [-0- (GO1X°) + Gnaa (-T§ 0-X° 0, X — T 0-X'0,X*)]
= —— [-0- (GO X°) + G (T§0-X" 0, X° — T3y 0_X 04 X' + 19, 0- X' 0, X° — T}, 0_- X' 0, X1)]

1
— [—a (GO X°) + 3 (00GO-X°0,X° - 0,GO_X 04 X" + 01GO_X"' 9, X° — 9GO_X" 6+X1)} ,
(A.17)

where the calculated Christoffel symbols (Eq.(A.15)) are used in the final line. Using the simplifications for
the first and second brackets (Egs.(A.16, A.17)), the first string equation of motion Eq.(A.13) becomes

— 01 (GO-X") — 0_ (G04+X°) + 0G0+ X°0_X" — 9,G0.+ X" 0_X' = 0. (A.18)

Following a similar calculation as before, the second string equation of motion (where u = 1) is

(O04I0f — T, 04 XVIIE) + (0-TI] — I'f, 0_X"1I) = 0. (A.19)
Again, the first bracket in Eq.(A.19) can be simplified

O I — I$, 0, XV IIE

04 (1 G8X1> - T¢, 0, X" (1 G Naa 8Xa>

2ma’ 2o’

- ﬁ (04 (GO-X") + Gnaa (-T5H 0, X°0_X* — T 0, X' 0_X*)]
1
= 5o [0 (GO-X") + G (10, X°0_ X" ~ T} 0, X°9_X" + 19,0, X' 0_X" ~T}, 0, X" 9_x")] .

(A.20)
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where, in the first line, the canonical momentum densities Eq.(5.9) are used and the spacetime metric
simplifies due to the conformal gauge choice. The Christoffel symbols now need to be calculated. However
first note that the Christoffel symbols are symmetric on their lower indexes [96], i.e. I'? g = I‘ga. Therefore
'Y = IY, and I'l; = I'}; (the latter of which have both been calculated in Eq.(A.15)). The remaining
two Christoffel symbols can be calculated

1 1 1
rf, = ﬁnm (My NG + N1y 01G — M11 0,G) = ﬁnoo (—0G) = oYel (00G)

1 1 1 (A.21)
Iy = ﬁn” (M G + N1y LG — 11 0,G) = ﬁn“ (LG + 0.G — 0,G) = bYe (01G) .

Hence Eq.(A.20) becomes

1
2T

or (Go_X"') + % (1G04 X°0_X" — 090G 04 X 0_X" 4+ 00G O+ X' 0_X° — 0:G oL X! axl)} .
(A22)

!

The second bracket in Eq.(A.19) can be similarly simplified

O_T; —T$,0_X"II,

1 1
= 0_ (G@+X1> - I, 0_X" ( G Naer 6+X“>

2ma’ 2ma’

=3 : [0 (GOLX") + Ghaa (-T500-X20, X* — T 0_X"'0,X)]

yiyes

1
=5 [0- (Go;X") + G(T9)0-X20, X —T1,0_X 04 X' +T9, 0_ X' 0, X° - T}, 0_X"' 9, X1)]

o/

~

1 1
=3 [a (GoLX') + 3 (01GO-X°0,X° - 9,GO_X 0. X" + 9,GO_X" 0. X" —0,GO_X" 8+X1)] :
T
(A.23)
where the calculated Christoffel symbols (Egs.(A.15, A.21)) are used in the final line. Using the simplifica-

tions for the first and second brackets (Eqgs.(A.22, A.23)), the second string equation of motion Eq.(A.19)
becomes

4 (GO_X") + 0_ (GoLX") + 91GoL X 0_X° — ;GO X 0_X"' = 0. (A.24)

Now, the two string equations of motion (Eqgs.(A.18, A.24)) can be rewritten in terms of the new string
embedding functions Y# (oF,07). Combining Eq.(A.18) and Eq.(A.24) yields

— 04 (Go_ (X°—X")) = 0- (Goy (X°= X)) + (00G +0:G) [0+ X°0_X° — 0, X' 0_X'] =0,
(A.25)
where the derivatives are defined as J, := % for ;1 = (0,1). By the chain rule
80G = (80/G+({91/G) and 81G = (aolG* 81/G) y (A26)
where 9, := % for ¢/ = (0/,1'). Using Eq.(A.26) and the definition of Y* (0%, 07) (Eq.(5.8)), the

equation of motion Eq.(A.25) becomes
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0=—v2[o, (Goy")+o (Go,y"))] + \/EGO,GB(L (v +y Yo (v +vY)
- %m (YO’ - Yl') _ (YO’ - Yl’)]
— 0, (G a_Yl’) +o_ (G a+Y1’) + % 80 G [myo’a_yo' LY o yY v o yVo_yY o, vVo vyt

— 0. Y oYY 40,y Yy + o, vVo v —a vVo_yY

= 04 (GO_Y) + 0_ (Go:Y") — (90G) [(0+Y°) (0-Y) + (94Y1) (0-Y?)],
(A.27)

) in the last line. This is precisely one of the string equations of

where the indices have been renamed (' =
(5.13). In order to find the other string equation of motion, subtract

motion given in subsection (5.1.1), Eq.
Eq.(A.18) from Eq.(A.24) to yield

0=-0; (Go_ (X" +X") —0_ (GO4+ (X" + X")) + (0G — 0nG) [04X°0_X" — 0, X' 0_X"]

~v2]o, (Goy™) + o (Go,y™))| + fm,GBm (v +v)o (v +vY)

. %a+ (YO' - Yl') . (Y“' - Y1'>]

= 04 (GO_Y") + 0_ (GO:Y°) — (0:1G) [(0+Y?) (0-Y") + (95Y1) (0-Y?)] .
(A.28)

The Virasoro constraints Eq.(A.11) and the string equations of motion Eqgs.(A.27, A.28) agree with the
equations given by Bars et al. in [107, 108] where v = Y and v = Y''. Further, using the product and
chain rules, Eq.(A.27) becomes

0=(04G) (0-Y") + GOy (0-Y") + (0-G) (04Y") + Go_ (9,Y")
— (96 [(9:Y°) (0-Y1) + (9:¥7) (0-Y)]
= [(00G) (0+Y°) + (01G) (0:YN)] (0-Y") + [(3G) (0-Y7) + (01 G) (0-Y")] (0:Y") + 2GO, (0-Y)

— (@0) [(9:Y) (0-¥") + (0,7") (07°)]

GOLO_Y! + (0:G) (0.Y7) (0-Y7) , (A.29)
A.29

and Eq.(A.28) becomes
0=(0+G) (0-Y?) + GO, (0-Y°) + (0-G) (04Y°) + Go_ (0,Y")
— (@6 [(0:Y°) (0.YY) + (9,YY) (9-Y°)]
= [(80G) (0:Y?) + (01G) (84Y1)] (0-Y?) + [(8G) (0-Y°) + (01G) (0-Y")] (0:Y°) + 2Ga, (0-Y")
— (D1G) [(04Y°) (YY) + (9:¥1) (9_Y")]

GO4O_Y° + (90G) (0,Y°) (0-Y?) ,
(A.30)

which agrees exactly with the string equations of motion given by Moerman et al. in [52].
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A.3 Energy of a Test String in an AdS-Schwarzschild Background

At t = 0 the test string set-up for the heavy quark agrees with the test string set-up for the light quark,
since the string is initially static in both cases — i.e. X! = 0 (where I € (2,3, ..., d — 1)) at time t = 0,
with embedding functions X*(t,0) = (t,7(t,0),0)". The on-mass-shell heavy quark’s mass or the off-
mass-shell light quark’s mass'?” can be calculated by finding the total energy of the relevant test string in
AdS4-Schwarzschild. In order to calculate the string’s total energy, the configuration of the string is chosen
to be stretched between the radial positions 7 = 0 and r = £y. This choice will simplify the calculation.

The AdS4-Schwarzschild metric in d dimensions is given by

ds3 = G, dx" dz”

= Gy dt® + Gyppdr? + G dX? (A.31)

7,2

T2

(—h(r-d)dt2 + d)?%) B d

’ r2 h(r;d)’
where ¢ € [0,00) is the temporal coordinate, r € [0, 00) is the radial coordinate, and the transverse spatial
directions are denoted by X; = (X2, X3, ....,X(d_l)) € R?2. Further, | € Rt is the curvature radius of
AdS, and S¢; and the blackening factor of the Schwarzschild black hole situated at the horizon, h(r;d), is
given by Eq.(4.34). Explicitly, the target spacetime metric G, is given by

(—r (r;d)) 0 o 0 0 0]
0 (Sam) o 0 0 0
!
G| 0 B
0 0 o (%) 0
0 0 0o 0
0 0 o0 0 (%)]

where p, v index over (¢, r, 2, ..., d — 1). The induced worldsheet metric gqp, defined in Eq.(4.2), takes the
explicit form

gt Gto
Gab = y (A33)

ot gan

since (t,0) are the two parameter space coordinates in the static gauge (7 = t). In order to determine
the explicit entries of the induced metric gqp, the definition Eq.(4.2) is used to calculate each component.
Specifically,

Gu + G X? G X1 X!
g = | R (A.34)
GHX}XI T’ZGW + G]]X—}2

where X = 0,X and X’ = 9,X; I indexes over the transverse directions X; = (X2, X3, ey X@=D) 5 and
the fact that G, (Eq.(A.32)) is a diagonal matrix is used.

129particles are on the mass shell, or simply on-mass-shell, if their behaviour satisfies Einstein’s energy and momentum relation
E? = (pc)? + (2mc)?. Particles whose behaviour violates this relation are known as off-mass-shell. In the case of the light
quark it starts at ¢t = 0 as an off-mass-shell particle (corresponding to the initial static string), radiates energy as it travels
through the thermal medium (string contracts as the boundary endpoint falls at the local speed of light), and finally stops
radiating as it becomes an on-mass-shell particle. This appendix is focused on calculating the mass (or virtuality) of the light
quark as an initially off-mass-shell particle; and the mass of an on-mass-shell heavy quark.
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For later use, the inverse metric g® (where g% = (gq;)7!) is also written out explicitly

1 "2 Gre + Grr X2 -G X1 X!
ab _ 2 frara (A.35)
det(gar) | —G X)X, Gy + G X2
The determinant of the induced metric is
g = det (gar) = (r"*Grr + Grr X}?) (Gu + G X7) — (G}, X} X}2)
= ’)" GTTGtt + T GTTGIIX[ + GttGIIX] + GIIX GIIXI X (A36)
2 r'? - 2 1 /2
:GrrGtt(T' +G7ttG]]XI +G7TTG[[XI>.

Now that the ground work has been laid, the total energy of the static string can be calculated

Lo
E = / do 1T},
0

1 b
= 72 ; do vV ")/ Gt 8bX
T 0
1 o tb t
= "o dov/—g g’ Gy Op X
yiye% 0
1 o tt t to t
= 5 ; dov/=g(g" 0, X" + ¢" 0, X") | — Z—Qh(r d) (A.37)
! ¢ dov/—gg" | — h(r;d)
= o
2ma’ J 99
1 [

2ma

_1/eod\/f/2 ﬁ# TQ(d)
- 2mal J, IVTIT 2 h(r;d) PR

where the constraint equation Eq.(4.10) and the static gauge choice (7 = t) are used in the third line, and
Eq.(A.32) is used in the fourth line. The fifth line follows from remembering the string is static (X; = 0),
and Eq.(A.35) is used in the sixth line.

2
— i do /=g (1" G.r + Grr X7?) <z2 h(r; d))

Using Eq.(A.36), the total energy of the static string (Eq.(A.37)) becomes

Gt X;?)

2T

1 Lo . o r2 - 1
E = ; . dor 7GM=Gtt (7" +G7ttG]]XI +GT7~

Lo
= ! / / do 7'/2 \/ —7"/2 Grr Gtt (A38)
0

2T

1 b

L 3
Smal |, do 05,

where Eq.(A.36) is used in the first line, the second line follows again from X; = 0, and Eq.(A.32) is used
the final line.

84



From Eq.(A.38) it is apparent that the energy of the string is contingent on how the radial coordinate r
depends on the worldsheet parameter space coordinate o. In the static gauge (which is employed in sections
(4) and (5)) the energy of the test string is easily found in AdSs-Schwarzschild by using the identification
Eq.(4.52) and solving the integral in Eq.(A.38). Since the tortoise coordinate in anti-de Sitter-Schwarzschild
spacetime can only be inverted for d = 3, an equivalent identification to Eq.(4.52) in AdSgz-Schwarzschild
can not be found. However, a different gauge choice can be made. Taking, for example, the gauge choice!3°
in section (6) where 7 =t and o = r are the worldsheet coordinates, Eq.(A.38) becomes

E =

o [ty — 0], (A.39)

in AdS;-Schwarzschild. Therefore

€2
E? = m} = Foa/z , (A.40)
where the first equivalence follows from the AdS/CFT correspondence: the energy of a test string in the bulk
theory is equivalent to the mass of the given probe quark in the boundary theory. Notice that Eq.(A.40)
agrees with Eq.(4.31), which is a reflection of the fact that the spacetime in the bulk theory is curved
precisely along the additional radial direction r, and not along the temporal or transverse directions. Since
the boundary theory does not include this radial direction, from the perspective of the probe quark its mass
will be the same whether the string is in Minkowski or AdS-Schwarzschild spacetime!'3!. Considering that

l
Vo' = YA (A.41)

where [ € RY is the radius of curvature of AdS; and A = g2, N, is the 't Hooft coupling (see table (1),
page 6); the quark’s mass'3? becomes

A2
2 0
Alternatively, Eq.(A.42) can be rewritten as
oy = VAo _ VX (st by =) _ VA (fo_rs> ~ s (A43)
Bru B TH B TH B

where the first equality follows from using the definition of the Hawking temperature Eq.(4.35); the second
equality from Eq.(4.88); and the approximation from the definition of the stretched horizon ry = (1 + €)ry
(where 0 < € < 1). Using the definition of the Hawking temperature yields m, = VA7 T. Eq.(A.43) might
be a convenient form of the quark mass m, in some cases.

130This gauge choice is also made in [22, 35].
1311y an AdS/CFT context, this implies that the energy of the string is equivalent in Minkowski or AdS-Schwarzschild spacetime.
132Remembering this is either the initial, off-mass-shell mass for the light quark or the on-mass-shell mass for the heavy quark.
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A.4 Nambu-Goto String Equations of Motion for Transverse Fluctuations

The calculation of the string equations of motion for the transverse fluctuations presented in this appendix,
follows the layout of appendix (B) in Moerman et al.’s exposition on light quark Brownian motion [52].
Working in the static gauge, the transverse string equations of motion are derived by varying the effective
action for the transverse fluctuations with respect to the transverse string worldsheet coordinates, and set-
ting this functional variation to zero.

Using the definition Eq.(4.5), the effective transverse action Eq.(4.61) can be written in terms of the trans-
verse canonical momentum densities

Sve = 5 /M d*oII%(t,0) 0. X' (t,0) . (A.44)

Determining the functional derivative of SJ(\% with respect to X! and setting this variation to vanish, results
in

0= 6x52, =+ / a0 |(6T15) 0, X7 + 1% 0, (6X7) |
M

2
(A.45)
1
- / Po [(019) 0, X7+ 8,(1156X7) — 0, (11%) o],
M
where the product rule is used in the second line.
The functional derivative of the momentum densities with respect to X! is given by
1
OxTG = —— (V=99 G11)|xs o (0X7), (A.46)

where the spacetime metric G, does not need to be varied since it is independent of the transverse directions
X' (Eq.(A.32)). Hence the first term in Eq.(A.45), (6119)8, X, becomes

1
(0x113) 0, X1 = (=51 (V79 G h(6X7) ) 2,7
1
- <_ 2rar (VI 6" Grr)l a“Xu> 9 (3X7) (A.47)
= 11% 0, (6 X7)

= 0,(I1%6X7) — (0p11%)6 X7,

where the definition of the momentum densities Eq.(4.65) are used in the third line, and the product rule
is used in the final line. Inputting Eq.(A.47) into Eq.(A.45), yields

0= 6x5%, = % / @ |0y (IT 6X7) = (9,11%) 6X7 + 8, (116X — 0,(119) 6X” |
M

= —/ d?o 6 X7 (9,11%) +/ d*o 0, (115 6XT)
M M
(A.48)
_ _/ 05X (9,11%) +/ do® ey, (114 5X7)
M oM

_ _/ o 5XT (9,11%) + /Tf dr [H%XI\ZZT
M 0
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where, in the second line, the indices have been renamed and the terms grouped; and Stokes’s Theorem
in d-dimensions [96] has been used in the third line. In the final line the coordinates on the worldsheet
parameter space are chosen to be % = (t,0)* where 0* € M = [0,t] x [0, 0], and one of the integrals of
the last term is simplified by using 6X1\t€{0’tf} =0.

Choosing the boundary conditions

ngsx"|°_0 =0, (A.49)

the last term in Eq.(A.48) disappears. Hence, the string equations of motion for the transverse fluctuations
are given by

0=0,119 = V., 119, (A.50)
which agrees with Eq.(4.66). The second equality follows because V,I1¢, := 0,119, — I}, 9, X119, in curved

spacetime, but the second term vanishes since the Christoffel symbols are identically zero (I'¢; = 0) due to
symmetry between each of the transverse X! directions.
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A.5 Canonical Commutation Relations and Normalised Basis

This appendix aims to fix the normalization constant A,, thereby completely determining the general
solution for the transverse equations of motion (Eq.(4.91)) discussed in subsection (4.3.2). In order to
determine A, the theory is quantized: the scalar field X (¢,0) and its canonically conjugate momentum
Pt(t,0) are promoted to operators (Eqs.(4.92, 4.93) respectively), and suitable commutation relations are
imposed

A SYPN RN
X0 e P o] = id(0,0) = =22

[X(t, o—),f((t,a')}z - [nt Pi(t,0), ng Pt(t,o—')}z =0,

(A.51)

where ¥ is a Cauchy hypersurface in the z# = (¢, 7)" part of spacetime that is chosen to be a constant time
surface'®, g is the induced metric on X, and n,, is the future pointing normal to ¥ (where n,, = 6,¢/v/—Gst)-
The commutation relations described in Eq.(A.51) are known as equal time commutation relations — they
encode the expectation that simultaneous measurements at different points on the string do not interfere
with each other [92].

Additionally, canonical creation and annihilation commutation relations on the Fourier coefficient operators
(4, a]) are enforced:

(A.52)
[dw’ &wl}z - [&I” &I’/}z =0

Consistency between the commutation relations Eq.(A.51) and Eq.(A.52) is required!®*. To this end, the

commutator bracket {X (t,o), ny Pt(t, 0’ )} is calculated from the definitions Eqgs.(4.92, 4.93), and the result
b

is equated to the relevant right hand side of Eq.(A.51). Specifically,

(X (t.0), neP'(t,0")] = X(t0)ls miP'(t0")]s = niP'(t0") s X(t0)ls:.

. 26 Oodd/
_ i T tt/ wwwAwAw/x
0

T 2mad 12 s (2m)?
([fulore™ ay + f3(0)e!al] [fulo)e™ Y - £5(o ) 0]
_ [fw(O'/)e_iw/tdw' . fujc(a_/)eiw’tdl/] [fw<0_)e—iwtdw + f:(a)ei“’tdj,])

i 21 ® dw dw'
- _ L , A.53
2ral 12 \/§/ amyz @A At (A.53)

(- L@@ "M asal, + £1(0)fulo) e dfa

— ful o) (o) e b al + £3 (o)) fo (o) e T aj,aw)

- 2 [e’e] /
_ i } / dw dw WAL AL x
2ra! 12 \/Gls Jo 27

(= L)1) e 5w — &) = fulo) [ (o) 75— w))

133Giving initial conditions on this hypersurface determines the future (and past) evolution uniquely.
134In order to ensure consistent quantization of the theory.
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where the third line follows because the cross terms (a,,d, — a,a,) and (&L&I}, - dl,&]:) vanish (using the

second commutation relation in Eq.(A.52)); and the fourth line follows from using the first commutation
relation in Eq.(A.52). Collecting terms, and converting to (¢,r.) coordinates using Eq.(4.52), yields

. . i r?  dw
EC P o] = - [ et (L))~ () )

. 2 o / >~ d / AVE:
i o (S5 [ i o
(A.54)

Inputting Eqs.(4.83, 4.85, 4.90), the commutator becomes!3®

5 ~ 1 ) T2 o dw ; ’ ; ’ : ’ o
X(t Pt(t. o — H A2 ( —i(o+o")w i(o—o")w i(o+o")w i(o —a)w) A55
( ,0'), Uz ( ,0') 5 \/.5'2 o 12 o 271_(*) wl\ € +e +e “+e R ( )

where the near-horizon limit (r — 7y = 74 — —00 = 7y — 1) has been taken after multiplication!36.
Note that in the near-horizon limit,
coth? (W) — 1, as 714 — —o0. (A.56)
The commutator Eq.(A.55) can be further simplified
X(ta U)a ntpt(tv 0/)]2
1 Z ’I’%_I o0 dw . / . ’ o dw . ’ . /
— v '"H A2 [ —i(o+o")w —i(c—0o )w:| / A2 |: i(o+o")w i(oc—0 )w:|
Vs mal 12 (/0 or e € e + 0 or e € te
1 7 T%‘I 0 dw . ’ . ’ o0 dw . ’ . ’
— "H [ _ A2 |: —i(oc+o")w —i(c—0o )w:| / A2 |: i(c+o")w i(c—0o )w:|
Jils 7ol 12 ( /OOQWM ole +e + ; 27Tw o€ +e
1 i rh O (—dw) oy [iloto’ (oo * duw o N
— v "H [ _ _A |: i(o+o")w i(oc—0o )w:| / A2 |: i(c+o)w i(c—0o )w:|
B S e R A - A
.2
_ L iy /°° & 42 [erree 4 gito=e2e]
Vilsma 12 J_ 27
(A.57)

In order for Eq.(A.57) to be consistent with the definition of the commutation relation Eq.(A.51), the
normalization constant needs to be defined as

l ol 153
A, = — = — 7 A
“ rH w 2 /TwAL/47 (4.58)

135Mathematica is used to be spared from the tedious multiplication (see Mathematica Notebook [b]: BrownianMotion.nb).

1361 the commutation relations hold in the near-horizon limit (i.e. for a specific value of (t,)) then they hold V (t,0). In [42] de
Boer et al. determine the normalization constant A by demanding the normalization of the modes through the Klein-Gordon
inner product. The near-horizon limit is taken during this calculation. In a later work [46], Appendix A, a similar collaboration
Atmaja et al. argue that the inner product contribution from the near-horizon region can be thought of as the overall inner
product. There is a contribution to the inner product from regions away from the horizon; however, the near-horizon region is
semi-infinite in the tortoise coordinate ry (r — rg = rsx« — —00); and as such the normalization can be completely fixed by
the near-horizon regime. Therefore, the near-horizon limit can be taken here without concern.
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where the second equality follows from using the definition of the AdS radius of curvature [ (Eq.(4.64)), and
the relation | = r% /2m from Eq.(4.35).

To prove that the commutation relations Eq.(A.51) now hold, input the newly defined A, into Eq.(A.57).
Explicitly,

s Vs ma! 12

1 e dw : ’ . ’
_ hated i(o+o")w i(oc—0o )w:|
Vil [m o w [e + e

= \[T‘E [0(c + ')+ 8(c — ')

:mé(a—a),

N N 1 i 2 < d 2 /
[X(t.0), ne P2, 0")] o = ( =

ol = |:€i(0'+0')w + ei(afo")w:|
oo 2 \r w

(A.59)

where the third line follows from the Dirac delta function property d(y — x) = % fix;o dk e~ =2). and,
in the final line, the first Dirac delta function has disappeared since o, o’ € [0,0¢]. Hence, the scalar field
and conjugate momentum commutation relations (Eq.(A.51)) and the Fourier coefficient creation and an-
nihilation commutation relations (Eq.(A.57)) are consistent; proving that the normalization constant A, is

correctly given by Eq.(A.58).
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A.6 Leading Order Contributions of the Near-Horizon Tortoise Coordinate

The tortoise coordinate r, is defined in Eq.(4.38). In the near-horizon limit (r = (14€)ry) the tortoise coor-
dinate can be expanded and truncated around € = 0, in order to yield the near-horizon tortoise coordinate,
€+. This coordinate is given — for general d dimensions — by

12 d—4)I? d? —14d + 36) I? 5d? — 46d + 96) 12
& 1= 5 In(é) + (2 L . ) | > )Ba o Gl
r4(d—1) 2rg,(d—1) 24r5,(d — 1) 72r%,(d — 1) (A.60)

= agIn() + a1é + asé® + asé® + O ()",

where 7, = ryé€,, and ag, a1, az, az are constants. To leading order, the near-horizon AdS;-Schwarzschild
metric is given by

2 d—1)re 12
dQ:T—HdXZf(int2 ——dé? A.61
sd l2 I l2 +(d_1>€ € 9 ( 6)

where all terms are O(€). To be consistent, at leading order €, must be considered to O(€) — hence, it has
the form &, = agIn(€) + aé + O (¢)°.

The near-horizon tortoise coordinate is used to convert the near-horizon metric into (¢, €,) coordinates,
thereby arriving at a conformally flat description of near-horizon AdSg-Schwarzschild, from which the leading
order string solution and the transverse equations of motion can be found. Considering Eq.(5.109) it is clear
that the metric conversion factor between (¢, €) and (¢, €,) coordinates is

r2 (d—1)éx r%(d—1)
12

e T =e (a0 In(&)+a1E+0(8)?)

— eCaon(®) eca1e60(5)2
=& (14 caE+0@?) (1+0@?) (A.62)
—¢ (1 + (d;4)€+(9(€)2> (1+0@?)

e+ 0,

where the relevant leading order form of €, is used in the first equality, the constant ¢ = r%(d — 1)/I? is
defined in the second line, and in the third line the terms e®®¢ and e©@®” are series expanded around € = 0.
While inputting the values for ¢, ag, and a; (from Eq.(A.60)) into the fourth line, notice that cag = 1 by
construction. All terms of O (E)2 are disregarded, in order to be consistent with the leading order near-
horizon AdSg-Schwarzschild metric. Hence, from Eq.(A.62), the inverse near-horizon tortoise coordinate is
given by

r2 (d—1)és

T (A.63)

at leading order; while the near-horizon tortoise coordinate is given by

- 5 -
€ = m In(é), (A.64)

at leading order. Claims that Eq.(A.64) is the leading order contribution to the near-horizon tortoise
coordinate have been made in [52]. This is, however, the first time to the author’s knowledge a proof to this
effect (even a heuristic one) has been provided.
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A.7 Accessing the Mathematica Code

The Mathematica code used to generate all the analytic results and plots in this dissertation is provided as
supplementary material.

The code is organised into four comprehensively annotated Mathematica notebooks containing: (a) the
mapping of the heavy and light quark test string solutions between the worldsheet parameter space and
target spacetime (MappingWorldSheetToTarget.nb); (b) calculations pertaining to the analysis of heavy
and light quark test strings undergoing Brownian motion (BrownianMotion.nb); (c) the expansion of
the AdSg4-Schwarzschild metric in the near-horizon region for the light quark’s test string configuration
(NearHorizonAdSd.nb); and (d) drag force calculations in AdS/CFT (DragForce.nb).

For readers please always check for the latest versions of the notebooks in the GitHub repository:
https://github.com/AlexesMes/brownian-motion-of-quarks.

This repository holds the work of A. Mes in AdS/CFT Brownian motion and contains additional resources
which would be of interest.

L] AlexesMes / brownian-motion-of-quarks @Unwatch~ | 1 deStar | 0 J F 0
<> Code Issues 0 Pull requests 0 Actions Projects 0 Wik Security 0 Insights Settings
Understanding Heavy and Light Quark Brownian Motion from AdS/CFT Edit

Manage topics

- 3 commits V1 branch 7 0 packages © 0 releases 42 1 contributor
Branch: master - Mew pull request Create new file | Upload files | Find file Clone or download ~
n AlexesMes Uploaded Mathematica notebooks and thesis Latest commit 86afef 1 hour ago
i publications Uploaded Mathematica notebooks and thesis 1 hour ago
El BrownianMaotion.nb Uploaded Mathematica notebooks and thesis 1 hour ago
E] DragForce.nb Uploaded Mathematica notebooks and thesis 1 hour ago
El MappingWorldSheetToTarget.nb Uploaded Mathematica notebooks and thesis 1 hour ago
[E] MearHorizonAdSd.nb Uploaded Mathematica notebooks and thesis 1 hour ago
E] README.md Uploaded Mathematica notebooks and thesis 1 hour ago
[ README.md Y

Understanding Heavy and Light Quark Brownian Motion from
AdS/CFT

This repository holds the work of Alexes Mes in Ad5/CFT Brownian Motion. The latest versions of all documents are kept here,
There is a dissertation which can be found in the publications folder of this repository.

The code is organised into four comprehensively annotated Mathematica notebooks containing: (a) the mapping of the heavy
and light quark test string solutions between the worldsheet parameter space and target spacetime
(MappingWorldsheetToTarget.nb): (b) calculations pertaining to the analysis of heavy and light quark test strings undergoing
Brownian motion (BrownianMotion.nb); (c) the expansion of the Ad5d-Schwarzschild metric in the near-horizon region for the
light guark’s test string configuration (MearHorizonAdSd.nb); and (d) drag force calculations in AdS/CFT (DragForce.nb).
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