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o Lecture I:
. Heavy ion collisions, observables
« Relation to QFT correlators
» Thermalization, hydrodynamics
. Magnetically induced phenomena

o Lecture II:
« AdS/CFT basics
» Top-down and bottom-up models
» The bulk model: vacuum state, particle spectra
« The bulk model: finite T, thermodynamics

o Lecture III:;
. The bulk model: flavor sector

« QGP observables
. Conclusion and Outlook
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Heavy ion collisions

RHIC: Au + Au at /s = 200 GeV per
nucleon; about 7" = 200 — 300 MeV .

LHC: Pb +Pb at \/s = 2.76 TeV/n
about 7' = 300 — 400 MeV .

The quark-gluon plasma forms at ~
0.3-1fm/c and exists for 5 — 10 fm/c

Cools down as it expands =- and
hadronizes around 7' = 170 MeV.
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SPS(CERN), RHIC(Brookhaven), LHC(CERN)

time [a.u]

pre-collision

1 | 1
-1 05 0 05 |
longitudinal direction [a.u.]

Phase I: Pre-equilibrium. Equilibration time rggp ~ 0.3 — 1 tm/c.
Phase II: Hydrodynamic phase 7 ~ 5 — 10 fm.

Phase III: Hadron gas: after deconfinement at 7" ~ 170 MeV.
Well approximated by the kinetic theory.

Phase [V: Free streaming of jets towards detectors
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o We want to “look inside" the plasma in phase Il

o The time scale of existence 5-10 fm: too short for deep
in-elastic scattering, etc.

o Indirect methods to study fluid-like nature of the QGP:

1. Extract flow parameters from data and compare with hydro
simulations

2. Jet-quenching and energy loss of hard probes
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Azimuthal distribution on the interaction plane:

Definition:

pO%T]\?{ =vo(pL,Y)+vi(pL,Y)cos(¢,) +va(pr,Y)cos(2¢,) + - -

(**) Just n 4+ n collisions and free streaming = purely spherical flow.
(*) Equilibration of QGP at early times = pressure gradients

= an-1sotropy 1n space carries over to momentum distribution =
elliptic flow, vs

(*) Off-central collisions: also direct flow, v
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Hydrodynamics provide good account of observed v5 observables at
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Shear viscosity: Response of the fluid to shear deformations.
Larger Shear viscosity n/s: smaller vo

Simulations vs. RHIC data;: g ~ 0.03 —0.15
The least viscous fluid observed in nature!

= extremely strong interactions.
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Effective macroscopic theory for the dynamics of conserved
quantities 7", etc.

Valid for small & compared to an intrinsic length scale
e.g. for weak-coupling = kinetic theory of particles
Hydrodynamic expansion controlled by k¢, 1,

More generally microscopic theory 1s a QFT.
If strongly interacting /,,, r, not well-defined!

Replaced by some other fundamental scale:
e.g. confinement scale A or temperature 7" in QCD. (We are
interested in the regimes 7' ~ A)

Zeroth order in k£ /7T is ideal fluid: just thermodynamics

Higher orders determined by dissipation coefficients: e.g. 17, ¢
Not computable by hydrodynamics itself: need microscopic
description.
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Consider relativistic, chargeless, one-component fluid characterized
by:

o Energy density ¢(7, 1),

» Pressure density p(7, 1),

o Four-velocity v/ (¢, 7) = v(v) (%) with u? = —1

Ideal fluid: no dissipation (zeroth order in hydro-expansion)

T(‘(fg = (e + p)uru” + pg"”

Most general Lorentz-covariant expression with
TYW = eand T% = p6¥

in local rest frame u* = (1,0).
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o THY = T(%g + I1#¥, what is 1147 ?

o When no other conserved charge, particle flow 1s only due
energy flow: u,T"" = eu" = v, 1" =0
Landau reference frame.

o A straightforward exercise: From second law of
thermodynamics 9,s* = 0 (with s# = su#)

™ = (e+ p)uru” + pg"”

2

+ prapvb [77 ((%u[g + 0gg — 390‘56 : u) + (Gop0 - u]

+  O(0u)*; PHY = g 4+ utu”

o 7): “shear viscosity”; (: “bulk viscosity”
o Navier-Stokes and continuity eqs. from 0, 7" — 0.
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Kubo’s linear response theory:

L—L+] O46¢p A,

then (OF) = GEA5g 4

where GEA(w, k) = —i [ d*ze="*0(t)([OA(t, Z), OF(0,0)])
Viscosities: response of T#" to g,3.

n (5il5km 4+ 5im5kl o %&ikélm) 4+ Cdz’k(slm _ limw—>0 %G%ﬂ,lm (w)
Read off 7 from the zy component, and ¢ from the 11 4 22 + 33
component.
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Back-to-back jet production is highly suppressed:

04, [GeV] ATLAS
: Run: 169045
; i Event: 1914004
40: Calorlmeter D\:te; 2010-11-12
3°-f il Towers Time: 04:11:44 CET

604 P [GeV]

The first direct signals of jet-quenching - November 2010!

A clear signal of strongly-coupled plasma.
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Quantification of jet quenching saier et a1 96

What is known: recoiling hadrons are suppr
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A ¢ (radians)

Compare to d+Au: suppression is final-state

M. van Leewwen. LBNIL

Average transverse momentum loss in distance D.

High-p, &t SPS. RHIC and LHC

D

e Can be extracted from the Nuclear Modification factor.

Weak-coupling does not explain the data.
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o Hard probe with velocity v, for times ¢ < 7. (relaxation time of
the probe 1n plasma)
Brownian motion is a good approximation:

W= B (P)p; +E1), (EOER)) = kIt —t)
n*: the drag (friction) coefficient; £%: Diffusion constants
Jet quenching parameter: ¢ = 2~

o Hard probe moving in QGP: S[X (¢)| = Sy + | dr7X (1) F"(7)
So:free quark action, F(7): drag force—summarizes the d.o.f
of the plasma

o Both n” and k¥ can be obtained from
Gr(w) = —i [ dte* 0(t)([F"(¢), F7 (0)])
This 1s what we will compute using AdS/CFT.
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When the main source of energy loss 1s gluon Brehmstrahlung:
emission of a gluon < light-like Wilson loop in Adjoint rep:
Non-perturbative def. of ¢ :

t

L Wiedemann ’00
c ~(W(C)) ~ exp [— ! gL—Lﬂ.

L l/ . e

X2

¢ in this mechanism also computable by AdS/CFT at strong coupling.
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Reaction
plane

N

X (defines ¥p)

Initial magnitude of B

Bio-Savart: By ~ ’yZe% =
~ 10%(10') G at RHIC
(LHC).

By ~ 109 — 103G (neutron
stars), 10'° (magnetars)

More relevantly eB ~ 5 —
15 x m2 RHIC (LHC).
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Kharzeev, Rajagopal, U.G.’ 14

“waww“w~7‘[fm]
0.5 1.0 1.5 2.0

e with o = 0.023fm~! and with o = 0:
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o Quantum mechanical origin

o Chiral anomaly Kharzeev, McLerran, Warringa 07
See lectures of K. LLandsteiner

o Classical origin
o Faraday’s law Kharzeev, Rajagopal, U.G. 14

. “Hall” effect in expanding plasmas Kharzeev, Rajagopal, U.G.' 14

« Both have non-negligible effects on v and also v;.
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Holography: AdS/QCD models
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QCD with N. = 3 and dynamical quarks 1s complicated for
holography.
Take the large N, ’t Hooft limit:

N. — o0, g* — 0, A= ¢°N = fized

e Only planar Feynman diagrams
o Quarks in loops suppressed by N¢ /N,

= Large N, pure glue theory with gauge-group SU (V)
Extrapolation on the lattice: Both at zero T (glueball spectra) and
finite T (thermodynamic functions) VERY close to SU(3).

This 1s what we will assume 1n the rest of the lectures.
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Panero 09

Entropy density

09—
08—
0.7

06—

s/ T3, normalized to the SB limit
=
()]
[

« SU@B)
- SUM4)
- SU(®5)
- SU(6)
- SU®)
improved holographic QCD model

Il Il Il Il Il
1.5

w
w
(9]

o About 10 % deviation 1n the hadron spectra

» Thermodynamic observables very close to each other
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A duality that stems from string theory: String theory in the d 4 1
dim. bulk < QFT on the d dim. boundary;

uv

IR
- \/ “radial direction” geometrizes the RG

energy scale in QFT.
UV < boundary; IR < deep interior.

Min @

r=0
o« A simple corner of the parameter space: For g° > 1 and N > 1
stringy physics decouples = classical gravity!

o Compute quantum observables in QFT by solving ODE’s in
classical GR!

o Works in real time and for finite T
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uv

'R\/ Domain-wall type geometries with
boundary

Minimal metric:
ds? = b(r)? (dr2 + dajfl)

Min @

r=0

Rules to compute: Witten; Gubser, Klebanov, Polyakov "98

1. A bulk fluctuation ¢(x,r) < O(x) on the boundary.

Fundamental relation:

exp(=Sg[¢(@,r) = do(@)]) = (exp(J Odo))
Computes n-point functions (O(x1) - -- O(x,,)) of QFT.
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Domain-wall type geometries with
boundary
Minimal metric:

ds? = b(r)? (dr2 —- dw?l)

Rules to compute: Witten; Gubser, Klebanov, Polyakov "98

1. A bulk fluctuation ¢(x,r) < O(x) on the boundary.

Fundamental relation:

exp(=Sg[¢(@,r) = do(@)]) = (exp(J Odo))
Computes n-point functions (O(x1) - -- O(x,,)) of QFT.

2. Finite temperature in the QFT < black-hole in the geometry.
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Consider e.g. a scalar operator O in QFT < ¢(r, z), scalar bulk field
with mass m?

Solution near asymptotically AdS boundary:

oz, r) = rd_Agbo(:z;) + rA<O(g;)> 4.
One finds A(d — A) = m?¢?

o Euclidean signature: Only one correlation function
Gp(kp) = [ dize=* 522 (TrO(xE)0(0))
wgr = 2mnI’ the Matsubara frequency.

o Solve the EOM for ¢(x, r) with the boundary conditions:

1. lim, g ¢(z,7) = r9 2 ¢g(x),

2. lim, ., ¢(z,r) is regular.

Calculate G g from Gg(r) = 5 3o @; 370) In Z using the

fundamental relation.
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Various different correlation functions: retarded, advanced,
symmetric

Gr(k) = —i [ d%ze”*9(t){[O(x), 0(0)])

(analytic in the upper-half w-plane by causality.)

Analytic continuation:

—

Gr(w, k) = Gp(wg, k)
wp=—1(w-+ie)
Only useful when exact analytic expression for G known.

Furthermore, fundamental relation does not analytically continue!
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Son, Starinets '02; Gubser et al. ’08; Igbal, Liu *09

e Define G through Kubo’s formula:
L—L +f(’)A(5qSA then (OF) = GBA5¢p 4

o Start from the Euclidean formulation

(O(z)) gy = —5258;) = — lim, o g (r, )
o Then Kubo’s formula give Gg(k) = — lim,_ gg ((:]]j))
o Analytically continue in the bulk:
. g (rk . I[Ir(rk
Gr(k) = ~limy 0 GE(ZE = lim, o GACH

wp=—1i(w+ie)
o Then the prescription is simply: Solve the EOM for ¢(x, r)
with the boundary conditions:
1. lim, o ¢(z,7) = r9 2 ¢g(x),

W

2. limy—yp, @(x,7) X (1] — ”[")_i47rT ,
Infalling boundary conditions
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Top-bottom approach: two descriptions of D-branes.
1. Open strings = Gauge theory in d dimensions
2. Closed strings = GR in d + 1 dimensions

At low energy 1. and 2. decouple and become equivalent!
Examples:

o Witten-Sakai-Sugimoto model: D4 branes on S* + D8 flavor
branes

. Infinitely many KK-operators from S' and S* = disguised
5D theory

« Although same universality class as QCD, very different
physics (e.g. thermodynamics)

. To decouple KKs, need R//; < 1, world-sheet theory hard.

o D3-D5 and D3-D7 systems

» Physics associated with running coupling, confinement
absent disguised conformal theory.
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Polchinski, Strassler ’02; Da Rold, Pomarol ’05; Erlich et al 05

o Construct a consistent GR set-up in the most economic fashion:

Dimensions of QFT + 1 (energy scale)
Symmetries of QFT in the bulk
One bulk field for each relevant + marginal operator

Realization of dynamical phenomena (e.g. spontaneous

symmetry breaking)

o Declare that this GR theory secretly describes the strong
coupling region of the QFT

o Check this by calculations

o For generic GR set-ups = universal lessons
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Polchinski-Strassler ’02; Erlich et al. ’05; Da Rold, Pomarol 05
AdS5 with an IR cut-off

b(r)

e coOlor confininement

e Mmass gap

« Mesons by adding D4 — D4 branes in probe approximation

o Fluctuations of the fields on D4: meson spectrum
e.g. Af,j + Aff <> vector meson spectrum

 surprisingly successful: certain qualitative features,
meson spectra %9 of the lattice
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No running gauge coupling, no asymptotic freedom
Ambiguity with the IR boundary conditions at rg
No linear confinement, m?2 ~ n?,n > 1

No magnetic screening

No obvious connection with string theory
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U.G., 08

o Trace anomaly 7}, = egw — 3pgw = const!

« Speed of sound ¢ = 1/3 !
o Entropy sgw = const !

o Bulk viscosity (/spw = 0!

0.8 -

[ LE free gas limit
06 |5 ——=
: ===
f; e
I N
04 |1 T 74
- /
/ 3s
i / S —
02 473
[ 3 p
— — % I
IR I | I I I | | I I I | 1 T4\- |
1 2 3 4 5 6

Boyd et al. "96

S
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o Itis crucial to correct the holographic QCD with running
coupling constant:

o Conformal invariance broken by running coupling = Agcp

- Crucial for non-trivial T'-dependence in thermodynamic
functions (£, S, F)

- Non-trivial (TrF?) responsible for deconfinement p.t. (e.g.
in pure YM).

o Lattice data on energy and entropy = QGP is almost (780) free
gas of gluons and quarks at 7" > 1.5 T, due to Asymptotic
freedom

(This does not necessarily mean a; 1s small above 1.5 T.. e.g.
N =4sYM)
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Lattice QCD data: SU(N) with N > 1 close to SU(3)
o About 10 % deviation in the hadron spectra

o Thermodynamic observables very close to each other

o Consider pure SU (V) at large N, at strong coupling =
classical Einstein’s GR

e Most economic set-up:
1. Mink* + energy scale = 5 dimensions
2. Only relevant/marginal operators the stress-tensor 7, and

the gluon condensate Tr F
= Need metric g, < T}, and dilaton ¢ < Tr

3. Running coupling extremely important for correct
thermodynamics =- non-conformally invariant background
with e® o< g2 N a function of r: ¢ = ¢(Ar) with A =
dynamically generated QCD scale.
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U.G, Kiritsis; U.G. Kiritsis, Nitti 07

o Gravitational dual in 20 effective GR theory:

4
S = M3N? / d°x+\/g {R —~ §(agb)2 —~ V(¢)}
o Look for domain-wall type solutions of the Einstein-dilaton eqs:
ds* = b*(r) (dr? — dt* + dz3), A = A(r) = exp(¢(r))
Dictionary: Geometry vs. QFT:

 Scale factor by(r) is the energy scale in the field theory F,
« Dilaton A(r) o A\;(F) running 't Hooft coupling,
« Dilaton potential V' (¢) < SB(\;) the beta-function of the QFT.

AdS/QCD and the Quark Gluon Plasma — p.36



Two options in the UV for holographic QCD:

1. Asymptotically AdS with power-law corrections:
b(r) = % (1+0O(r?)) asr — 0.
This 1s a conformal YM theory with mass deformation
m? = A(4 — A)
where A is the (renormalized) scale dimension of TrF”
One need to choose very small m? slightly relevant Gubser et al, "08.

2. Asymptotically AdS with log-corrections:
This 1s an asymptotically free theory with mass deformation
m? — 0
= scale dimension of Tr/"* A — 4 + O()\) marginal!

Dilatation Ward identity: 7} = 25 Tr 2 ~ Tr 2

We choose the second option U.G, E. Kiritsis *07
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UV asymptotics of V' (\):
V()\) :UO—I—Ul)\—I—Ug)\2—|—--- as A — 0

- Gaussian f.p. as A — 0 (UV) = AdS, non-zero v.
- Log running of \; ~ (bylog E)~! = non-zero v,

UV asymptotics of the background:

14 4 1 4  log(—logrA
O L4 losClogr) T
r 9logrA 9 log“ rA

1 log(—logrA)
— +b 5
log rA log“ rA

b(r) =

bo)\(’l“) —
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For any asymptotically AdS A(r) — % as r — 0,

Einstein’s equations lead to the following IR behaviors:

e AdS, A(r) — £ with ¢/ < ¢
o Singularity (in the Einstein frame) at a finite point r = r

e Singularity at infinity » = oo

Phenomenologically preferred asymptotics
e color confininement

e magnetic screening

2

o linear spectra m:,

~ n for large n
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Linear quark potential from flux tube:

T Gauge-gravity duality:
qf ComowrC vz JV[C] < string world-sheet ending on C

<W[C]> — e—S[St’ring;C] J Mal-

<
L

dacena ’98; S. Rey, J. Yee "98
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M4

Linear quark potential < 34 minimum of b,
This constrains large A asymptotics of the dilaton potential V().
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String action: Sy = £52 [ v/detgy, + [ v/detgap R ¢(X)
in the string frame, g, = ¢° i O0a XHOp XY .

o Coupling to dilaton bounded as L. — oo, linear potential,
if at least one minimum of A, = Ap + 26

The quark-anti-quark potential is given by,

o String probes the geometry up to r,;,, parametrically separated
from the far interior r = ry, where the dilaton blows up
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o Space ending at finite rg

o Space ending at = oo with metric vanishing as e =" or faster
In terms of a phase space variable X = — Sﬂ, , a diffeo-invariant
characterization:

D

Confinement < C' > 1/2or C'=1/2,D >0
The phenomenologically preferred backgrounds for the latter case:

3a—1
A(r) ~ —Ar® =1/2,D = —
(1) r s O / S

Linear confiniment in the glueball spectrum for a = 2
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In terms of the potential:

(we will eventually set o = 2)
IR asymptotics of the background:

r \& r \& §(a_1)
b(r) ~ e () : A(r) ~ e3/2(%) (%) : : r — 00
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o The dilaton potential:
1
V = % {1 + VoA + Vl)\4/3 log (1 + VQ)\% + Vg)\Q) i }

o Parameters in the action: Vp, V5 fixed by scheme independent
B-function coefficients (by and b1), V7, V3 fixed by the latent
heat L;, and S(27,) (lattice)

o The Planck scale ), also by thermodynamics. matching high T
1
asymptotics of QCD free energy: M, = (457%) (!

o Aocplaqs the only parameter of the zero T solutions, fixed by
mo++ = 1475 MeV = Agep = 292 MeV'.

o The string length ¢, by lattice string o: %55 ~ 6.5
This measures how good the two-derivative approximation 1s!
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Spectrum of 4D glueballs < Spectrum of normalizable fluctuations
of the bulk fields.

e Spin2: h/; Spin0: mixture of hj; and §®;

o For a particle in 4D with wave-funciton ¢)(z) the corresponding
bulk fluctuation is ¢(x,r) = ¥ (x)((r) For ((r) square
integrable on r, the fluctuation eq. 1s a Schrodinger equation:
HC = —C + Vi(r)¢ = m?¢ where V; = V,[b(r), A(r)]

« Both mass gap and discrete spectra m? follows if V; has a
well-shape < linear quark potential. Happens only for a > 1
= a good type, repulsive singularity.

VS(r)A \ Glueball spectrum

V ’
\ gy
\ /

\ /

N S
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Meyer, ’02

JPC | Lattice MeV) | Our model (MeV) | Mismatch
0 | 1475 (4%) 1475 0
21T+ 2150 (5%) 2055 49
QT+ 2755 (4%) 2753 0)
2t 2880 (5%) 2991 4%
QT+ 3370 (4%) 3561 5%
QT TH** 3990 (5%) 4253 6%
0t+ . TrF?; 2T+ :TTFMpr.
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Requirement of a marginal deformation TrF'? fixes the UV
asymptotics as
V()\):U()—I-”Ul)\—l—“', A— 0

Requirement of linear color confinement fixes the IR
asymptotics as

VA) x A3logZ A4+, A= oo
Then 1) mass gap 2) first order 7. 1s automatic

Spectrum of glueballs can be computed with no IR ambiguity
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« Finite T field theory Tre™ /7 = § DPe 5%
with Euclidean and compact time: ¢ — —itand ¢ ~ ¢ + 1 /7.

o What happens if we heat up QCD?
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Finite T field theory Tre /7" = § Dde 5%
with Euclidean and compact time: ¢ — —itand ¢ ~ ¢ + 1 /7.

What happens if we heat up QCD?
Life becomes COLORFUL!

A fact from lattice studies: Color degrees of freedom
deconfines at 7. ~ 260 MeV (N = 3) 1n a first-order transition.
Order parameter is the expectation value of Polyakov loop:

Wr[C] = TrPe~ $c Aodt

Physically: (Wr) oc e= ¥4, F, = cost of adding a quark.
* In the confined phase (W) = 0
* In the confined phase (W) #£ 0

Mathematically: Wy [C] is the holonomy of SU(N) on St x R3:
Under the center Wr[C] — hWp|C]; h € X[SU(N)| = Zy

Deconfinement phase transition is spontaneous breakdown of
the center of SU(N).
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UG et al. ’08

Look for solutions to Einstein-dilaton gravity at finite T:
Ast ~t+ 1/T less symmetry SO(1,3) — SO(3)

Two sol’ns with AdS asymptotics ds? = eA(") (dt2 f(r) +da3 + J?(Lf))
* Thermal gas of gravitions f(r) =1, b(r) = bo(r), A(r) = Xo(r).
* Black-holes Horizon at » = r;, where f = 0.

Compare the gravitational energies: S|BH| — S|T'G|

The analog of deconfinement: Hawking-Page transition
At T =T, gas of gravitons — nucleation of black holes!

Gauge-gravity duality: Wp|C'] < a string that wraps the time
circle.

THERMAL GAS BLACK HOLE
r=0 r=o0 r=0 r=rh
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Fix the dilaton potential:
1
V=23 {1 + Vo + ViAY31og (1 + Vo3 + Vg)\?) i }

Two sol’ns with AdS asymptotics ds? = eA(") (dt2 f(r) +dz3 + jf(Lf))
« Thermal Gas < thermal gas of glueballs.
. Black-hole < quark-gluon plasma.
. Hawking-Page transition < deconfienment transition at 7.

Free energy from Sp; — S7q.

Parameter fixing: Vp, V5 fixed by scheme independent
B-function coefficients (by and b1), V1, V3 fixed by the latent
heat L; and S(27,) (lattice).

Deconfiniment transition at 7. — 247 MeV (lattice: 7, = 260
MeV.) Comparison to Boyd et al. 96
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The free energy:

N2T}V;,
001}

-001r

-0.02r

-0.03+

« Big and Small black-hole solutions, like N' = 4 on R’

o Existence of 1},;, < phase transition at 7, > T,
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Comparison to Panero 09

Entropy density

09+ —

08—

0.7

06—

s/ T, normalized to the SB limit
=
()]
[

04— - « SU@B) —
L T . SU®@4) J
w03 x - SU(5) -
L K} SU(6) i
021 T SU(8) —
- improved holographic QCD model g
0.1 —
0 Il Il Il Il Il Il | Il Il Il Il | Il Il Il Il | Il Il Il Il | Il Il Il Il
0.5 1 1.5 2 2.5 3 35
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Comparison to Panero "09

Energy density

09—

08—

0.7

06—

e/ T4, normalized to the SB limit
=
()]
[

SU@3)
SU4)
SU(5)
SU(6)
SU(8)
improved holographic QCD model

35
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Comparison to Panero 09

p/T*, normalized to the SB limit

Pressure

09—

08—

0.7

0.6 —

05—

SU@3)
SU4)
SuU)
SU(6)
SU(8)
improved holographic QCD model
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Comparison to Panero "09

—_
o0

Trace of the energy-momentum tensor

A/ T4, normalized to the SB limit of p / 7
e o o = - -
~ o) % —_ o N o)
[ [ [ [ [ [ [

@
o
[

SU@3)
SU4)
SU(S)
SU(6)
SU(8)

improved holographic QCD model
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Survey of thermodynamic quantities V

Comparison to Boyd et al. ’96 Thermodynamic functions and the speed of
sound:

0.7
Cfreegas | B S L
0.6; | free gas 0

05
04"

03"
02"

0.1

00l
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A single parameter « rules all IR physics A(r) — —Ar® as
r— o0, V(p) — VOO€§¢¢“T—1
e Fora > 1:

Linear confinement

Repulsive singularity, mass gap, discrete glueball spectrum
(m? ~ n for a = 2)

Three phases at T' > T,,;,: Big BH (QGP) , small BH and
TG (confined phase)

There exists a first order conf-decont transition: Big BH
always dominates above a certain 7. > T,,,;,

Can fix the potential s.t. one reproduces the observed
thermodynamic functions to very good accuracy
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AdS/QCD with flavors
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Casero, Paredes, Kiritsis '06, U.G, Kiritsis, Nitti 07
o 1hQCD also suitable for large N, finite [V,

o Flavor physics introduced through space-filling D4 — D4 branes

e Chiral symmetry SU(Ny)r, x SU(Ny)p from A7, A}, | gauge
fields

« Quark mass operator §%q" couples to complex scalar 7}, “open
string tachyon”

o Non-trivial profile T, (r) = (g%¢") # 0: xSB
SU(Nf)L X SU(Nf)R — SU(Nf)L_|_R

o Scalar and vector mesons from fluctuations of 77, and A}",.

o However in QCD N, ~ N,

o Perhaps Veneziano limit:
N, —+ 00, Ny —+o00, x=N¢/N.= fized more realistic.

o One has to back react flavor branes on the background!
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Jarvinen, Kiritsis ’12

o Total action S = S, + S with
Sy = M3N? [ dPz\/—g (R — 3(0¢)* + V,4(¢)) and
S =
—sMIN.Tr [ &z (Vi(\, TTT)/—detAp + Vi (A, TTT)/—detAR)
Arw =
G + w(N, TYFL, + "2 [(D, T{(D,T) + (D, T)(D,T)]
Agr, =
Guw +w\ T)FE + *S1 (D, T)(D,T)" + (D, T)(D,T)]
D,T = 0,T +iT A}, —iAfiT.

 Inspired by the non-Abelian DBI action sen *04 choose tachyon
potential as Vi (X, TTT) = Vio(A)e NI

o Asymptotics of V¢o(A), a(N), k(A), w(\) fixed by physical
requirements: linear meson spectra, ySB, anomalies etc.

o More freedom 1in the flavor sector, less predictability.
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Alhoetal '14 A typical phase diagram for m, = O:

T
0.20 r
0.15 ,‘ o Chirally symmetric plasma
010, \ NG

- Hadron \ Xsp plasma
005" g \
\ N >

with baryon chemical potential 1 = 5 (A7 + Ag)
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QGP observables from AdS/QCD
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o Relativistic fluid with 4-velocity u*, energy density € and
pressure p.

o Navier-Stokes & continuity equations from the
energy-momentum tensor:

T = (e+puru” + pg”
2
+ prepvl [77 (C%uﬁ + 0gUg — ggaga : u) + (gnp0 - u]
+  O(0u)?

The characteristic parameters of the fluid at O(0u)

o Shear viscosity 7: For all 20 theories I = ﬁ ~ 0.08
Buchel and Liu "03

o Bulk viscosty (: What 1s already known from field theory and
lattice ?
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Meyer 08

12“

0.2l

1.5 20 25 30

@ T/Tc

o Huge statistical errors

o Huge systematic errors due to analytic continuation,
assumption on the spectrum.
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Hydrodynamic simulations: H.Song, U Heinz *09

‘ ‘ 0.06 \ I \ I \ I
0.1 U= {C*2n/s )(QGP) - | AutAu,b=7fm,EOSL
0 (HRG) | ¢=30 GeVifm, =06 fine
008 ©FT, =130 MeV
#0061
N
0.04r
002
KT ¥ 0 0 L VI R E R VIR
. TGV (T p.(GeV)
The function C(T') = 1)

2n(1/3—c3(T))
Buchel 07 A dynamical bound on { = C(T') > 1.

However direct lattice Meyer 08 = (/s ~ 0.8 near 7!
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Questions to be answered by holography

How significant is ¢ near 7.7

Does (/s increase as T' — T, as the field theory and lattice
indicates?

If so, what 1s the holographic reason for the rise near 7.7

More generally: Do we see similar profile for (/s(7") in
holographic models?
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Meyer 08

1.2

0.8 — [ ]

0.6 —

04

o \'\ilm

0.5 1.0 1.5 2.0 2.5

- Near UV, vanishes as expected: ideal gluon gas at high T
- Near T, Peak, much smaller than lattice expectations!

- Agreement with another holographic model Gubser et al. 08
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¢in

2(1/3-¢,%)
30

25 —
2.0;
1.5 \’/

1.(%; 7777777777777777777777777777777

05"

- Buchel’s bound is satisfied: C'(T") > 1.
- Indeed C' = 1.5 as the hydro simulations assumes

- Effects of ¢ on the elliptic flow are small:
At pr = 0.5 GeV: /s = 0.08 = 16% suppression,
¢/s(T.) = 0.07 = 8% suppression in vs.
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008
0.06

0.04

T/Tc

- Holographic explanation of the rise: due to small BH branch!
- Existence of 7,,;,, = rise near 7..

- Color confinement in zero-T theory < peak near 7. at finite 7'!
U.G, Kiritsis, Nitti, Mazzanti "08
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o Highly energetic partons produced in head-on nuclei collisions
are very important probes

o In weakly coupled QGP: main source of energy loss is
collisions with thermal gluons and quarks.
D. Teaney '03

o What happens in a strongly coupled plasma?
Combination of two distinct mechanisms:

1. Energy loss by Langevin diffusion process
2. Energy loss by gluon Brehmstahlung
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Herzog et al; Gubser "06

Holography: Represent the (infinitely) heavy quark with a trailing
string moving with constant v:

horizon

/V momentum

loss

boundary

<« X1

Drag force on a heavy quark in a hot wind:
F=%=1F=—pp+()
Ignore stochastic force ((¢) in this talk < fluctuations of the trailing

string = diffusion constant.
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Standard calculation:

Pick up the static gauge: ¢ = ¢, 0! =r.

String ansatz x* = vt + §(r)

Minimize the area (in the string frame!)

Compute the WS momentum flowing into the BH horizon

F —

=g Y AT \(ry)3, vy defined by f(rs) = v2.

Relativistic limit, v — 1: F = —£4;, /25T v 4.
s ¢ M(—% 10g[1—v2])

2 4
Non-relativistic limit v — 0: F = —& (£550)5 20a)2, 4 ...

SHl

cols
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The AdS result: Feopp = %\/XTQ \/11)_?

Fix /¢ in our model by the lattice string tension
Fix A =55in N =4 SYM:

FFc FfFc
03] |
06!
04 05l TTe=101
v=1/10 :
03} 047 TTe=148
=40 |
03" _
02r ; - R T/Te=1.99
v=1/10 02t
011 ; — T3
v=9/10 010
. T/TC . . | Ly
2 } 4 5 02 04 06 08 10

We clearly see the effects of asymptotic freedom!
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o An immportant detail:: How to compare to QCD?

o Direct scheme: Togp = Tour
In the range 1.57,. < T < 31, Eggp < Egp T4

o Alternative schemes: Eggp = Eour OF SQGP = Sour

o We try all possible schemes.
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Equilibration times for charm and bottom:

7 (fm)
14 5

120
I bottom
100

Solid: direct, dashed: energy, dot-dashed entropy schemes.
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Equilibration times for charm and bottom:

7 (fm)
14 ¢

12}

i bottom
10 i

Solid: direct, dashed: energy, dot-dashed entropy schemes.
Some experimental studies + models PHENIX col. *06, van Hees et al "05:

For p = 10 GeV, 7. = 4.5 fm (charm)
We have 3 < 7. < 5.5 fm
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In Fourier space
Kk = limy, 0 Gsym(w) = limy,_0 coth(fﬁ)lm Gr(w)
where T 1s the world-sheet temperature.

(G r extracted from fluctuations on the trailing string solution:
Xt =t +((r)+6X1, X' =6Xx"T.
There 1s a “horizon" on the world-sheet:

?“2
WS horizon at f(rs) = v2.

b2 (rs
Rl = %@b2(TS)TS7 H’H — 335- f/(sa:))2 T83
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4 ,s: WS
,” horizon

rh: BH horizon

« A black-hole horizon on the WS at r:
Fluctuations on the string fall into the horizon =- energy loss

o However, there 1s Hawking radiation at ¢ towards the boundary
= momentum broadening.
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o In the conformal case N/ = 4 sYM one finds,

T Awv=ay'/2T?
Kives = TV Iv=ay® 2T

N
—
T
i

|

= = ” =72 >1
ThlS 1s just do to Lorentz contraction.

o The effective temperature for the Langevin diffus10n process 1s
T instead of T'!
In the conformal case: T .onr = 1/ /7
In the non-conformal case: 7s < T .., ¢
equality only in the limit 7" > 1 or v — 1.
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From the nuclear modification factors R 44 at RHIC and

comparison with hydro simulations: ¢, ~ 5 — 15 GeV?/ fm.

If Langevin dynamics satisfied: ¢, = 2’?} .

In the extreme relativistic limit v &~ 1, one derives:

L (@r)i 2 (s [ by NS
WL T (1—1)2)%( flog(l ’ >)

g1 = 5.2 (direct), 12 (energy), 13.13 (entropy) Gev?2/fm,

for a charm quark traveling at p = 10GeV at T' = 250 MeV.
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Non-perturbative def. of ¢ :

Wiedemann *00
: (W(C)) ~ exp [— 1 CjL—Lﬂ.

8v/2
Ll/ .

x2

i

Holographic computation Liu, Rajagopal, Wiedemann 06: (W (C)) = e*°

Pick up gauge: 2= =z, — t = 7,22 = o, Compute minimal area:
V2 1

° q = ng forh =

e2As\/[f(1—f)
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Toap, MeV | G(GeV?/fm) ¢ (GeV?/fm) ¢(GeV?/fm)
(direct) (energy) (entropy)
220 - 0.89 1.01
250 0.53 1.21 1.32
280 0.79 1.64 1.73
310 1.07 2.14 2.21
340 1.39 2.73 2.77
370 1.76 3.37 342
400 2.18 4.20 4.15

Close to AdS somewhat smaller than pQCD + fit to data Eskola et al *05

Jexpect ~ D — 12 GeV?/fm

AdS/QCD and the Quark Gluon Plasma — p.82



Dependence on B at strong coupling: Landau levels,
thermodynamic functions, transport coefficients, equilibration
times

Introduce B on diagonal through
U(l)r+r € U(N¢)r x U(Ny)r gauge field on flavor branes

B breaks SO(3) — U(1): ds? =

e24(r) (—69("“)61752 + dz? + dx3 + @2W(T)da;§ 4+ e—g(?“)dTQ) 7 \
A(r)

Solve the coupled system of Einstein, Maxwell and dilaton and
tachyon equations
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o Determine the entropy S(B,T") from horizon area

As/T3

T. Drwenski, U.G., I. Iatrakis ’15
Compare with lattice Baliet al, 14

e B (GeV?)
m (.709
m 0.602
m (0496
0.390
0.283
" 0.177
m 0.0709

As / T3

X eB=0.6 GeV2
/N I eB=0.4 GeV2
\ XX eB=0.2 GeV2

lllllllllllllllllll

o« Backreacted ihQCD with N¢/N,. = 1/10.
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o Equilibration profile of linear fluctuations < quasi-normal
mode spectra of black-holes See M. Heller’s lectures

o Shear and scalar modes - dependence on B T. Demircik, U.G *16

Re(w) Im(w)
e —000115F o,
S T
r L]
50 [ .
40 ~0.00120 -
] S R
20f ~0.00125 |
10 |
: 2
““““““““““
M AT I M eBpiys(GeV?) I 05 10 15 eBpnys(GeV7)
Re(w) Im(w)
L r L Y
30 ~0.00115 | e,
e T
25 } 2
20f ~0.00120 |-
] S
10 , ............................ —0.00125 |
Sk
[ L ]
L L P L L . L L " . L A . L ) 2y ey B G VZ
0.5 10 s Boys(GeV) 0.5 1.0 15 “Boes(GeVE)
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A realistic holographic model for QCD at strong coupling

Baryon and meson spectra, thermodynamics, transport
coefficients, equilibration of linear fluctuations, thermalization.
Universal results:

« Linear confinement in the vacuum = first order transition at
T., mass gap, discrete spectrum

. (/s increase monotonically as T — T, from above
« K| = KL
. All of this physics tied to linear confinement at zero T.

Also very good quantitative agreement

Not everything works: qualities sensitive to UV physics, e.g
n/S at weak coupling
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Full phase diagram in u. — 7' — B.

Higher order hydrodynamic coefficients

Dependence of /5 and (/S on B

Thermalization with full back reaction, with ¢ and B
Meson sector. How to fix extra functions in the model?

Anomalous transport K. [Landsteiner’s lectures:
Renormalization of CME and CVE transport coefficients at
strong coupling, Calculation of x5 1n time-dependent setting,
etc.

Dynamical instabilities in the QGP R. Janik, J. Jankowski, H. Soltapanahi
1603.05950; U.G, A. Jansen, W. van der Schee 1603.07724
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THANK YOU!
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Y Ms on D4 Branes

Antiperiodic boundary
conditions on for the fermions

onSlmwwé, m(ﬁw/\—ﬁ

UV cut-off in the 4D theory at
E=1/R

Pure Y M, in the IR
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Issues with Witten’s Model
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o Dual geometry involve S' x S* cycles

o Infinite number of bulk fields from KK modes!
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Dual geometry involve S! x S cycles
Infinite number of bulk fields from KK modes!
In order to decouple: R; and R4 should be small

= Highly curved regime!
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Dual geometry involve S! x S cycles

o Infinite number of bulk fields from KK modes!
o In order to decouple: R; and R4 should be small

o = Highly curved regime!

In the super-gravity approximation: Dual field theory with infinite
number of operators
= a disguised 5D field theory

AdS/QCD and the Quark Gluon Plasma — p.90



Dual geometry involve S! x S cycles

o Infinite number of bulk fields from KK modes!

o In order to decouple: R; and R4 should be small

o = Highly curved regime!
In the super-gravity approximation: Dual field theory with infinite
number of operators
= a disguised 5D field theory

Although 1n the same universality class as QCD, very different
physics.

Need the full world-sheet theory = Very hard open problem...
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Herzog *06; U.G., 08

o Two competing solutions: (1) Thermal gas in AdS cavity, (i1) the
AdS Black-hole
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Herzog *06; U.G., 08
o Two competing solutions: (1) Thermal gas in AdS cavity, (i1) the

AdS Black-hole
o Free energy from Sgyg — S7¢:
2 — Z 4
A

faw = —paw = (M,£)°A*
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Herzog *06; U.G., 08
o Two competing solutions: (1) Thermal gas in AdS cavity, (i1) the

AdS Black-hole
4
T
2 — 7t | =
“(3)

o Free energy from Sgyg — S7¢:
faw = —paw = (M,£)°A*
o How to fix the Planck Mass? U.G.etal. 08
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Herzog *06; U.G., 08
o Two competing solutions: (1) Thermal gas in AdS cavity, (i1) the

AdS Black-hole
Free energy from Sppy — Stq:
2 — L 4
A
o How to fix the Planck Mass? U.G.etal. 08

faw = —prw = (Mp0)°A*
« Athigh T, QCD = free gas of gluons f/T* — —72/45

Comparison to fry fixes universally M)l = (4572)_%.
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Herzog *06; U.G., 08
o Two competing solutions: (1) Thermal gas in AdS cavity, (i1) the

AdS Black-hole
Free energy from Sppy — Stq:
2 — L 4
A
o How to fix the Planck Mass? U.G.etal. 08

faw = —prw = (Mp0)°A*
« Athigh T, QCD = free gas of gluons f/T* — —72/45

Comparison to fry fixes universally M)l = (4572)_%.

Fix A by lowest p meson = A = 323 Mev.
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Herzog *06; U.G., 08
o Two competing solutions: (1) Thermal gas in AdS cavity, (i1) the

AdS Black-hole
o Free energy from Sgyg — S7¢:
2 — L 4
A
o How to fix the Planck Mass? U.G.etal. 08

faw = —prw = (Mp0)°A*
« Athigh T, QCD = free gas of gluons f/T* — —72/45

o Comparison to fgy fixes universally M)l = (4572)" 3.
o Fix A by lowest p meson = A = 323 Mev.

o Deconfinement transition at 7, = 2'/*A /7, for A = 323 MeV,
T, = 122 MeV.

o Latent heat [, = 472 /457" = (0.97T,)*. Compare to Lucini et al.
05 Ly, = (0.77TC)4
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Local approximation
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« Suppose correlations vanish for ¢t — ¢/ > 7..:
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« Suppose correlations vanish for ¢t — ¢/ > 7..:
At —t) ~ kY§(t —t)), CU(t) = L~ (t)
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« Suppose correlations vanish for ¢t — ¢/ > 7..:
At —t) = K95t —t), CU(t) = L~ (t)

o EOM for the hard probe becomes,
S p X =€), (E(OEF) = KISt —t)
with k% = lim,,_,9 A" (w),

0 = [ dr () = — limg,_o W)
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« Suppose correlations vanish for ¢t — ¢/ > 7..:
At —t) m ISt —t),  CU(t) = L~%(t)
o EOM for the hard probe becomes,
S0 LX) = €(r),  (EE) = KI5t 1)
with k% = lim,, o AY (w),
i = [ dr A (1) = —lim,, o =E @)
o For QGP at equilibrium at temperature 7.
AY(w) = — coth(35)ImG3E(w), C"(w) = ImG3(w)
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Suppose correlations vanish for ¢t — ¢ > 7.

At —t)m k95t —t),  CU(t) = L~V (t)

EOM for the hard probe becomes,

S X () = (), (E@RE®R)) = KI5 - 1)
with k% = lim,, o AY (w),

i = [ dr A (1) = —lim,, o =E @)

For QGP at equilibrium at temperature 7':

AY(w) = — coth(35)ImG3E(w), C"(w) = ImG3(w)
Thus, it 1s sufficient to calculate

Gr(w) = —i [ dte™"0(t)([F"(t), F7(0)])

This 1s what we will compute using AdS/CFT.
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Spectrum of 4D glueballs < Spectrum of normalizable fluctuations
of the bulk fields.

Spin 2: ), ; Spin 0: mixture of Aj, and 6 ®;
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Spectrum of 4D glueballs < Spectrum of normalizable fluctuations
of the bulk fields.

Spin 2: ), ; Spin 0: mixture of Aj, and 6 ®;

Quadratic action for fluctuations:

1

S ~ > /d4$d?“628(r) [Cz + (8MC)2}

C4+3B+m2C =0, 80, =—-m%

AdS/QCD and the Quark Gluon Plasma — p.93



Spectrum of 4D glueballs < Spectrum of normalizable fluctuations
of the bulk fields.

Spin 2: ), ; Spin 0: mixture of Aj, and 6 ®;

Quadratic action for fluctuations:

1

S ~ > /d4$d?“628(r) [Cz + ((%C)Q}

C4+3B+m2C =0, 80, =—-m%

e Scalar: B(r) = 3/2A(r) + log(®/A)
e Tensor: B(r) =3/2A(r)
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Reduction to a Schrodinger problem

Define:((r) = e B W (1) Schrodinger equation:

HY = -V +V(r)U=m?¥ V,(r)=B*+B
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Define:( (1) = e B W (1) Schrodinger equation:

HU = -V 4+ V()W =m?T  V,(r)=B*+B

o The normalizability condition: [ dr W|* < oo

o Normalizability in the UV, picks normalizable UV asymptotics
for ¢

« Normalizability in the IR, restricts discrete m?, for confining V.
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H = (0, + 0,B)(=0, + 0,B) =P"P >0

e Spectrum is non-negative
o Can prove that no normalizable zero-modes

o If V(r) = oo asr — +oo: Mass Gap
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H = (0, +0,B) (=0, + 0,B) =P'P>0:

Spectrum 1s non-negative
Can prove that no normalizable zero-modes
If V(r) — oo as r — +oo: Mass Gap

This precisely coincides with the condition from color
confinement

For A(r) —» —Cr®, & V(r) ~ro—t
Confinement AND mass gap for a > 1.
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Field theory computation
Kharzeev, Tuchin , Karsch 07
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Field theory computation
Kharzeev, Tuchin,Karsch 07

o Kubo’s linear response theory:

1 1

7 1
C__§C£1_>walmGR< 0) = 53) P(W)
where Gr(w,p) = = —i [ d3zdte’t~ pre(t) Ez i=1({T3i(¢, ), T;;(0,0)]).
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Kharzeev, Tuchin,Karsch 07

o Kubo’s linear response theory:

C:—lhm 1ImGR( 0) =

9 w—0 W

1
gi —p(w)

where G (w,p) = —i [ d3zdtei*t=iPTo(t) $°2 =1 ([T (t, &), T55(0,0)]).

o Low-energy theorems (SVZ) at finite T:
limg,—0 G¥(w,0) = T4 (T})

o LHS by analytic continuation G*(w,0) =2 [~ dw%“’).
RHS by thermodynamics T}, = e(T") — 3p(T).
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Kharzeev, Tuchin,Karsch 07

o Kubo’s linear response theory:

1 1 1
¢ = —= lim —~ImGr(w,0) = gl ~ p(w)

9 w—0 W

where G (w,p) = —i [ d3zdtei*t=iPTo(t) $°2 =1 ([T (t, &), T55(0,0)]).

o Low-energy theorems (SVZ) at finite T:
limg,—0 G¥(w,0) = T4 (T})

o LHS by analytic continuation G*(w,0) =2 [~ dw%w).
RHS by thermodynamics T}, = e(T') — 3p(T).

o One needs to make an ansatz for density to extract (:

plw) = S it
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Kharzeev, Tuchin,Karsch 07

o Kubo’s linear response theory:

1 1 1
¢ = —= lim —~ImGr(w,0) = gl ~ p(w)

9 w—0 W

where G (w,p) = —i [ d3zdtei*t=iPTo(t) $°2 =1 ([T (t, &), T55(0,0)]).

o Low-energy theorems (SVZ) at finite T:
limg,—0 G¥(w,0) = T4 (T})

o LHS by analytic continuation G*(w,0) =2 [~ dw%“’).
RHS by thermodynamics T}, = e(T') — 3p(T).

o One needs to make an ansatz for density to extract (:

plw) = S it

One finds that (/s increases as T' — T, from above, but the over-all

size of ¢ 1s ambigious... need to know p(w) precisely.
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Kubo’s linear response theory:
¢ = —5limy,0 2ImGr(w,0)

More complicated than shear because h;; mix with dilaton
fluctuations 0¢.

Derive the fluctuation equations for h;;, pick up the gauge
o0p = 0,

Fluctuations decouple in the smart gauge! Gubser et al *08: Defi
X =¢'/3A
W+ (3404230 + E )+ (% = LA ) b =0
Boundary conditions:

- hyi(¢p = —o0) = 1 and,

- In-falling wave at horizon hy; — c,(rp, —r)~ InT
Read off ¢, (w, T')
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Spectral densities
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The fluctuation equations for shear and bulk fluctuations can also be
solved for finite w. to obtain p(w) = —LIm Gr(w).

e One has p(w) = —1Im Gr(w,p),
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The fluctuation equations for shear and bulk fluctuations can also be
solved for finite w. to obtain p(w) = —LIm Gr(w).

e One has p(w) = —1Im Gr(w,p),

o Numerical computation for arbitrary w 1s ongoing work.
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The fluctuation equations for shear and bulk fluctuations can also be
solved for finite w. to obtain p(w) = —LIm Gr(w).

e One has p(w) = —1Im Gr(w,p),
o Numerical computation for arbitrary w 1s ongoing work.

o One can obtain exact results by WKB approximation:
Transform the fluctuation equations into Schrodinger form and
apply WKB for w / T > 1: UG.,Kiritsis, to appear

Nz Nz
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The fluctuation equations for shear and bulk fluctuations can also be
solved for finite w. to obtain p(w) = —LIm Gr(w).

e One has p(w) = —1Im Gr(w,p),
o Numerical computation for arbitrary w 1s ongoing work.

o One can obtain exact results by WKB approximation:
Transform the fluctuation equations into Schrodinger form and
apply WKB for w / T > 1: UG.,Kiritsis, to appear

Nz Nz

o Contrast them with the perturbative Yang-Mills computations:

H. Meyer °07 Ng NCQ
ps(w) — 16072 w47 pb(w> — 647_(_2("}4[)(2))‘152'
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The fluctuation equations for shear and bulk fluctuations can also be
solved for finite w. to obtain p(w) = —LIm Gr(w).

e One has p(w) = —1Im Gr(w,p),
o Numerical computation for arbitrary w 1s ongoing work.

o One can obtain exact results by WKB approximation:
Transform the fluctuation equations into Schrodinger form and
apply WKB for w / T > 1: UG.,Kiritsis, to appear

Nz Nz

o Contrast them with the perturbative Yang-Mills computations:

H. Meyer °07 Ng Ng

e Dependence on w, N, and )\; match, as it should.

o Overall coefficients do not —we expect o’ corrections in UV.
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Langevin diffusion process
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o Hard probe moving in QGP: S| X (¢)| = Sy + | d7X (1) F"(7)
So:free quark action, F(7): drag force—summarizes the d.o.f
of the plasma

o« EOM of the hard probe:
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o Hard probe moving in QGP: S| X (¢)| = Sy + | d7X (1) F"(7)
So:free quark action, F(7): drag force—summarizes the d.o.f
of the plasma

o« EOM of the hard probe:
53y = [ dr 0(n)CI ()Xt — ) + €1(1),  i=1,23
with (£'(£)&7 (') = AV (t —¢')
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o Hard probe moving in QGP: S| X (¢)| = Sy + | d7X (1) F"(7)
So:free quark action, F(7): drag force—summarizes the d.o.f
of the plasma

o« EOM of the hard probe:
sty = [l dT 0(n)CH (N Xt - 7) +£(F),  i=1,2,3
with (£ ()& (t)) = AV (t — ')
o The entire information is stored in:
C(t) = —i([F'(t), F/(0)]),
AV (t) = —%({Fi(t),}"j(())}>.
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Local approximation
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« Suppose correlations vanish for ¢t — ¢/ > 7..:
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« Suppose correlations vanish for ¢t — ¢/ > 7..:
At —t) ~ kY§(t —t)), CU(t) = L~ (t)
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« Suppose correlations vanish for ¢t — ¢/ > 7..:
At —t) = K95t —t), CU(t) = L~ (t)
o EOM for the hard probe becomes,

5?{?&) +77in]-(75) = fi(t), <§i(t)§j(t/)> _ Kij(g(t_t/) with

kY = limg,_0 AY (w),

n = fooo dr Y (1) = — lim,_ i O;j C)
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« Suppose correlations vanish for ¢t — ¢/ > 7..:
At —t) = K95t —t), CU(t) = L~ (t)
o EOM for the hard probe becomes,

with

SSeniX(t) =€), (EE)) = KI5t~
kY = lim,,_0 AY (w),

n = fo dr Y (1) = — lim,_ Imc;j(w

o For QGP at equilibrium at temperature 7':

AY(w) = — coth(z% )ImG”( ), C"(w) = ImG3(w)
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Suppose correlations vanish for ¢t — ¢ > 7.
At —t) = K95t —t), CU(t) = L~ (t)
EOM for the hard probe becomes,

5?(5?75) +77in'< ) = fi(t), <fl(t)§3(t’)> _ /-iij(S(t—t’) with
5 = limy 0 A7 (),

9 = [3° dr A (r) = —limy, o 1)

w

For QGP at equilibrium at temperature 7"
AY(w) = — coth(z% )ImG”( ), C"(w) = ImG3(w)

Thus, it 1s sufficient to calculate
Gr(w) = —i [ dte™™"0(t)([F*(t), F(0)])
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Momentum broadening
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For At < 7., short-time solution to the EOM for the hard-probe:
(in momentum space, around liner trajectory: p ~ pov/v + 0p.
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For At < 7., short-time solution to the EOM for the hard-probe:
(in momentum space, around liner trajectory: p =~ potv'/v + p.

1
J _plopl 4 el
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For At < 7., short-time solution to the EOM for the hard-probe:

(in momentum space, around liner trajectory: p =~ potv'/v + p.
dopt

S _phopt 4 el
Solution with initial conditions dp(t = 0) = 0:

ph(t) = [y dt en U DEL (),
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For At < 7., short-time solution to the EOM for the hard-probe:

(in momentum space, around liner trajectory: p =~ potv'/v + p.
% — _pltopt et

Solution with initial conditions dp(t = 0) = 0:

pL (t) _ fot At eni(t’—t)gL (t/),

Compute the noise-average of fluctuations:

<(pL)2> _ fot dt’ f(f dt" 677l(t’+t”—2t) <§J_ (t/)fL (t”)>
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For At < 7., short-time solution to the EOM for the hard-probe:
(in momentum space, around liner trajectory: p =~ potv'/v + p.
% — —plopt 4 et

Solution with initial conditions dp(t = 0) = 0:

pr(t) = [y dt'em E D)),

Compute the noise-average of fluctuations:

(1)) = Jodt' fodt”em CH=20 (e (1)ek ()

Use (£(t)E(™)) = kd(t' —t"), for tn < 1:

((p7)%) = 261
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For At < 7., short-time solution to the EOM for the hard-probe:
(in momentum space, around liner trajectory: p =~ potv'/v + p.
% — —plopt 4 et

Solution with initial conditions dp(t = 0) = 0:

p(t) = [y dt’ e DY),

Compute the noise-average of fluctuations:

<(pL)2> _ f()t At f()t dt" 677i(t’+t”—2t) <£L (t/)éi (t”)>

Use (£(t)E(™)) = kd(t' —t"), for tn < 1:

(ph)?) = 2t

thus jet-quenching parameter:

R 13\2 H:J_
qJ_ — <<pvt) ) — 27.
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Recall S[X(t)] = So + [ dr X, (7)FH(7)

To calculate <{]—“L(t),}i(0)}> = 0(0) + <{§L(t)7§1(0)}>

We need to calculate the fluctuations 6.X ().
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