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o QCD at extreme conditions, vital to understand our universe

o RHIC (Au + Au) probes QCD abow00-300 MeVwith
/s = 200 GeV per nucleon.

« A simulation of universea0~° secs after big-bang.
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QCD at extreme conditions, vital to understand our universe

RHIC (Au + Au) probes QCD aboui00-300 MeVwith
/s = 200 GeV per nucleon.

A simulation of universa0~° secs after big-bang.

RHIC data (elliptic flow, nuclear modification factors, étc.
prefer analmost but not fullydeal fluid model for QGP.

Strongly couple@GP with shear viscosity/s ~ 0.08. pQCD
fails!
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/s = 200 GeV per nucleon.

A simulation of universa0~° secs after big-bang.

RHIC data (elliptic flow, nuclear modification factors, étc.
prefer analmost but not fullydeal fluid model for QGP.

Strongly couple@GP with shear viscosity/s ~ 0.08. pQCD
fails!

Most observables (viscosity coefficients, jet-quenching,
jet-splitting, energy loss of hard partons, etc.) involve
dynamical phenomena

Lattice QCD not adequate, huge errors in analytic continnat
from Euclidean to Lorentzian time.
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QCD at extreme conditions, vital to understand our universe

RHIC (Au + Au) probes QCD aboui00-300 MeVwith
/s = 200 GeV per nucleon.

A simulation of universa0~° secs after big-bang.

RHIC data (elliptic flow, nuclear modification factors, étc.
prefer analmost but not fullydeal fluid model for QGP.

Strongly couple@GP with shear viscosity/s ~ 0.08. pQCD
fails!

Most observables (viscosity coefficients, jet-quenching,
jet-splitting, energy loss of hard partons, etc.) involve
dynamical phenomena

Lattice QCD not adequate, huge errors in analytic continnat
from Euclidean to Lorentzian time.

HOLOGRAPHIC APPROACH IS VERY PROMISING!
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U.G. E. Kiritsis, F. Nitti, ‘07

o Itis crucial to correct the holographic QCD withnning
coupling constant
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o Itis crucial to correct the holographic QCD withnning
coupling constant

« Conformal invariance broken byinning coupling= Agcp

- Crucial for non-trivialT-dependence in thermodynamic
functions ¢, S, F)

- Non-trivial (TrF?) responsible for deconfinement p.t. (e.g.
In pure YM).
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o Itis crucial to correct the holographic QCD withnning
coupling constant

« Conformal invariance broken byinning coupling= Agcp

- Crucial for non-trivialT’-dependence in thermodynamic

functions E, S, F)
- Non-trivial (TrF?) responsible for deconfinement p.t. (e.g.

In pure YM).
o« Lattice data orenergy and entropy- QGP Is almost%80) free
gas of gluons and quarks‘&t> 1.5 T, due toAsymptotic

freedom
(This does not necessarily meapis small abovd.5 T.. e.g.

N = 4sYM))
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o Itis crucial to correct the holographic QCD withnning
coupling constant

« Conformal invariance broken byinning coupling= Agcp

- Crucial for non-trivialT’-dependence in thermodynamic
functions E, S, F)

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

o« Lattice data orenergy and entropy- QGP Is almost%80) free
gas of gluons and quarks‘&t> 1.5 T, due toAsymptotic
freedom
(This does not necessarily meapis small abovd.5 T.. e.g.
N = 4sYM))

« Various different energy scales coexist at RHIiGrd partons in
the souwith p, = 2.5 GeV from head-on collisions), very
Important probes!
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see Nitti's talk

« Gravitational dual of pure YM in 2 effective 5D non-critical
string theory:

S = M}N; / d°z\/g {R - ((12)2 = V()\)} + G.H.

« Running 't Hooft coupling\;(E) o \(r) (dilaton), < Tr F*
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see Nitti's talk

« Gravitational dual of pure YM in 2 effective 5D non-critical
string theory:

S = M}N; / d°z\/g {R - @;2 = V()\)} + G.H.

« Running 't Hooft coupling\;(E£) o« \(r) (dilaton), < Tr £
« Asymptotics ofl/(\) fixed by gauge theory input:
Inthe UV: V() = vg + v1 X + v2A% + - - -
- Gaussian f.p. a8 — 0 (UV) = AdS, non-zerd/,.
- Log running of)\; ~ (bglog £)~! = non-zeroV;
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see Nitti's talk

« Gravitational dual of pure YM in 2 effective 5D non-critical
string theory:

S = M}N; / d°z\/g {R - (aAAQ)Q = V()\)} + G.H.

« Running 't Hooft coupling\;(E£) o« \(r) (dilaton), < Tr £
« Asymptotics ofl/(\) fixed by gauge theory input:
Inthe UV: V() = vg + v1 X + v2A% + - - -
- Gaussian f.p. a8 — 0 (UV) = AdS, non-zerd/,.
- Log running of\; ~ (bglog E)~! = non-zeral/;
Inthe IR:V(A) — A3 (log A\)Z s\ — oo
. Linear quark potentiaV,; = 0,L + - - -
. Gapped and discrete glueball spectruih oc n
. First order deconfinement transition at non-zéro
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U.G., Kiritsis, Mazzanti, Nitti ‘08

Two solutions with same asymptotics? = e4() (a2 f(r) + da3 + 45 )
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Two solutions with same asymptotics? = ¢4 (dt2 f(r) + dx? + ;Q—Q))

o hermal GadNo horizon, compact Euclidean tire thermal
gas of glueballs.
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U.G., Kiritsis, Mazzanti, Nitti ‘08
Two solutions with same asymptotics? = ¢4 (dt2 f(r) + dx? + ;Q—Q))

o hermal GadNo horizon, compact Euclidean tire thermal
gas of glueballs.

» Black-holeHorizon at);, < gluon plasma.
« Hawking-Page transition> deconfienment transition dt.
Free energy fromSzy — Sr¢:

F

NZ T V3
0.01f -
3 \\ T 14
0 I | —_
1 1.1 1.2
~0.01 |
|
l
~0.02F |
: i | | | Ah
_0.03 | 1.=0.12 0.4 0.8 1.2

« Big and Small black-hole solutions, lik€ = 4 on R?
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« Fix the dilaton potential:
1
V=% {1 + Vo + Vid¥31og (1 TR/ S%: +V3)\2)2}

Parameters fixed by-function coefficients and comparison to
lattice:
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« Fix the dilaton potential:
1
V=% {1 + Vo + Vid¥31og (1 TR/ S%: +V3)\2)2}

Parameters fixed by-function coefficients and comparison to
lattice:

o Deconfiniment transition at. — 247 MeV (lattice: 7. = 260
I\/IeV.) Comparison to Boyd et al. '96
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« Fix the dilaton potential:

1
V=% {1+V0A+V1A4/3log (1+V2A% +V3>\2)2}

Parameters fixed by-function coefficients and comparison to

lattice:

o Deconfiniment transition at. — 247 MeV (lattice: 7. = 260

I\/IeV.) Comparison to Boyd et al. '96
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Survey of thermodynamic quantities Il

Comparison to Boyd et al. '96

o The conformal anomaly and the speed of sound:

e-3p
T4N?

0.4

0.3

0.2}

o.1}
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Hydrodynamic simulations:@. H. Hong and U. Seinz ‘garelateviscosity
to observables at RHIE Teaney '03
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Hydrodynamic simulations:@. H. Hong and U. Seinz ‘garelateviscosity
to observables at RHIE Teaney '03

Elliptic flow in non-central collisions:

~- ideal hydro (a) /- ideal hydro h) - ideal hydro (©)
— viscous hydro: simplified I-S eq:”  |— viscous hydro: simplified I-S eqn. -|— viscous hydro: simplified I-S eqn. |
02 ] /" |- viscous hydro: full -Seqn. |1
1/s=0.08, T =3sT // |V/s=0.08, T, =3rysT 1n/s=0.08, T,T:3T]/ST /W |
S les0Gevim 06V les0cev 7|

x 01106mc [1:08mc lip0eme 77
T8O e b7 | T 0 M emg, b= [T b
SWEOSQ | 7 SWEOSQ | EOSL |
s 1 15 0 s 1 15 0 05 1 15 2

P, (Gev) p; (GeV) p, (GeV)

dN

To & 1+ va(py)cos(2¢) + - --
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Hydrodynamic simulations:@. H. Hong and U. Seinz ‘garelateviscosity
to observables at RHIE Teaney '03

Elliptic flow in non-central collisions:

~- ideal hydro (a) /- ideal hydro h) - ideal hydro (©)
— viscous hydro: simplified I-S eq:”  |— viscous hydro: simplified I-S eqn. -|— viscous hydro: simplified I-S eqn. |
02 ] /|- viscous hydro: full S egn. |-
N/s=0.08, T =3ysT /s=0.08, T=35T | n/s=0.08, 1 =3sT e N
S lesceu 0Gevm oG 2T

x 01106mc [1:08mc lip0eme 77
Tdeczlso/w,kjv CutCu, b=7 fm :Tdec:130/’\/l(/9y’ AutAu, b=7 fm :Tdeczlgol'\//lﬁv | AutAu, b=7 fm:
) SWEOSQ | A SMEOSQ | EOSL |
s 1 15 0 s 1 15 0 05 1 15 2

P, (Gev) p; (GeV) p, (GeV)

dN

o x 14 va(py)cos(2¢) + - --

Finite Shear viscosity)/s: smallervs, flatter hadron spectra
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Hydrodynamic simulations:@. H. Hong and U. Seinz ‘garelateviscosity
to observables at RHIE Teaney '03

Elliptic flow in non-central collisions:

~- ideal hydro (a) /- ideal hydro h) - ideal hydro (©)
— viscous hydro: simplified I-S eq:”  |— viscous hydro: simplified I-S eqn. -|— viscous hydro: simplified I-S eqn. |

02 | 7" | viscous hydro: full|-S egn.
Ps008 T=3sT 0 [NS008 TEST T =008, TdnsT
S =00 06V et 27
. 0.4 106fmlc 1=06fme ;10:0.6fm/c o ]
Tdeczlso/w,kjv CutCu, b=7 fm :Tdec:130/’\/l(/9y’ AutAu, b=7 fm :Tdeczlgol'\//lﬁv | AutAu, b=7 fm:

) SWEOSQ | A SMEOSQ | EOSL
s 1 15 0 05 1 15 0 05 1 15 2
P, (Gev) p; (GeV) p, (GeV)
dN

To & 1+ va(py)cos(2¢) + - --

Finite Shear viscosity)/s: smallervs, flatter hadron spectra
Simulations vs. RHIC datd! ~ 0.08-0.2

In all 20 effective holography = - ~ 0.08!
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Another characteristic parameter of the fluidrs bulk viscosity(:
Ty = (e 4+ p)uru” + pgh” — PFPYI [n (Biuj + Ojui — 59450 - u) + (giz0 - u]
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Another characteristic parameter of the fluidrs bulk viscosity(:
Ty = (e 4+ p)uru” + pgh” — PFPYI [n (Biuj + Ojui — 59450 - u) + (giz0 - u]
Low-energy theorems + lattice- increase ing(T) nearr’..

Kharzeev, Tuchin, Karsch 'Q7Non-trivial uncertainties in these calculations
Pure latticevieyer 08 = (/s ~ 0.8 nearT..
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Another characteristic parameter of the fluidrs bulk viscosity(:

Tuv = (e +p)utu” + pgh? — PR PYI |1 (Osu; + Oju; —

Low-energy theorems + lattice- increase ing(T) nearr..
Kharzeev, Tuchin, Karsch 'Q7Non-trivial uncertainties in these calculations
Pure latticevieyer 08 = (/s ~ 0.8 nearT..

Again hydrodynamic simulationst Hong, U.Heinz '09

(QGP)

: ‘ :
0.1~ Z/S{ C*2n/s(1/3 - ¢)
- 0 (HRG)

0.08-
30.06*
0.04r-
0.02-

00 d.l 6.2 6.3

T (GeV)

0.06

29i50 - u) + (gij0 - u]

———
F Au+Au, b=7 fm, EOS L
| e,=30 GeV/fm, 1,=0.6 fm/c
- T, =130 MeV

“““““““““““““““ Z/S :
1 §
I :
I :
B 1/4n  C=2/
O —’ﬁ( ‘ ‘ | | |
0 0.1 0.2 0.3 04 |
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Another characteristic parameter of the fluidfis bulk viscosity(:
Ty = (€ + p)ubu? + pgh? — PP PYI [ (O;u; + Ojus — 59450 - u) + (gi;0 - u]
Low-energy theorems + lattice- increase ing(T) nearT,.

Kharzeev, Tuchin, Karsch 'Q7Non-trivial uncertainties in these calculations

Pure latticevieyer 08 = (/s ~ 0.8 nearT,.

Again hydrodynamic simulationstHong, U.Heinz '09

' ‘ ' ‘ 0.06 T ‘ T ‘ T ‘
0.1~ 3/5{ C*2n/s(1/3 - €) (QGP) - Au+Au, b=7 fm, EOS L
f 0 (HRG) | e,=30 GeV/fm, 1,=0.6 fm/c P
0.08- - - T =130 MeV 4
0.04- dec i // ]
wo_osf : > //
~ = r //
L i n/s Us
0.04- 002- e o ool
I - —— 14m  C=0
0.02- , -~ U4n  C=1
I s 1/4mt Cc=2
0 L | | | O | | | | | | | | |
0 0.1 0.2 0.3 0 0.1 0.2 0.3 0.4 0.5
T (GeV) p(GeV)

o Do we see similar behavior in our model?
o If so, what is the holographic reason for the rise rneé&r
o How significant is¢ nearZ,.? (Important to determing)
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Kubo's linear response theary= -1 lim,_o X ImGg(w,0)
WhereGr(w,p) = —i [ ddzdte™t=%9(t) 2 .| < [Ti(t, &), T3;(0,0)] >

Holography:Im Gr < Flux of isotropic gravitons absorbed at
the horizon hi, A}, — hi1h';
Derive the fluctuation equations féy;, pick up the gauge
¢ = 0,
Fluctuations decouple in the smart gaugedser et al '08
F( 11> 117h11) = 0.
Boundary conditions:
- h11(¢p = —o0) = 1 and,
- In-falling wave at horizorhy; — c,(¢y, — ¢) =T
Read offc,(w, T
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Comparison withveyer ‘08
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Comparison withveyer ‘08

0.
0.

0.

g

S

25}
0. 2
15}
0.1
05}

- Near UV, vanishes as
expectedideal gluon gas
athighT

- NearT, Peak, smaller
than lattice expectations!

Gubser et al. 08
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Comparison withveyer ‘08

S
S
0. 25} .
0. 2| :
0. 15 :
0.1t o n/s. . __ _.
Tc
, "
i > 3 2 T/Tc
¢
s
L I T/Tc
4 1.6 1.8 2.0 22 2.4

- Near UV, vanishes as
expectedideal gluon gas
athighT

- NearT, Peak, smaller
than lattice expectations!
Gubser et al. 08
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Comparison withveyer ‘08

g

S

0. 25}
0. 2
0. 15;
0.1

' T n/s. . _ ...
0- 05’ I \'.\l
Tc
c. : T/Tc

= T/Tc
2

Near UV, vanishes as
expectedideal gluon gas
athighT

NearT,. Peak, smaller
than lattice expectations!
Gubser et al. 08

Holographic explanation
of the rise: due temall
BH branch!

Color confinement In
zero-T theory & peak
near7, at finite 7! u.gG,

Kiritsis, Nitti, Mazzanti ‘08
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« Highly energetic partons produced in head-on nuclei aohis
are very important probes

« Example: Whenn > VAT a heavy quark moving the plasma,
e.g. charm withm = 1.4 GeV
equilibration timer, > Togp
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Highly energetic partons produced in head-on nuclei aohis
are very important probes

Example: Whenn > v/ AT a heavy quark moving the plasma,
e.g. charm withm = 1.4 GeV
equilibration timer, > Togp

In weakly coupled QGHmain shource of energy loss Is
collisions with thermal gluons and quarks.
D. Teaney '03

What happens in a strongly coupled plasma®?
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Herzog et al; Gubser '06
Holography:Represent the (infinitely) heavy quark with a trailing
string moving with constant:

horizon

/ momentum

loss

boundary

<+ xi

Thermal Transport and Energy Loss in Non-critical Holographic QCD — p.13



Herzog et al; Gubser '06
Holography:Represent the (infinitely) heavy quark with a trailing

string moving with constant:

horizon

/ momentum

loss

heavy

quark bOUndary

<+ xi

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

string=- diffusion constant.
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Herzog et al; Gubser '06
Holography:Represent the (infinitely) heavy quark with a trailing

string moving with constant:

horizon

/ momentum

loss

boundary

<+ xi

Drag force on a heavy quark in a hot wind:

F==@%=1F=—up+(()

Ignore stochastic forcg(t) in this talk < fluctuations of the trailing
string=- diffusion constant.

What isu? What isr, at strong coupling?
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Standard calculation:

F =140 = —z U eQA(""S))\('FS)%, r, defined byf(r,) = v2.
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Standard calculation:

F=1d - —z U 6214(7"8))\(7“5)%, r, defined byf(r,) = v2.

Relativistic limit,v — 1: F= —£, /4 Ts(I) v N
s ¢ 31—v? (—éTO 10g[1—v2])

2 4
Non-relativistic limitv — 0: F = £ (2750} 2002, 4 ...

@ NC2 27

ol
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Standard calculation:

F_

1dE __
oo dt

1
272

v 6214(7"8))\(7“5)%, r, defined byf(r,) = v2.

Relativistic limit,v — 1: F = —

£2

£2

S

Non-relativistic lIimitv — 0; F =

Compare with the AdS resulf,,,, ; =

F/Fc
05

0.4\
0.3r
0.2r

0.1t

v=1/10

v=4/10

v=7/10

— v=910

[ 45 T's(T) ©
2
4AN?2 *1—02(

— éTO log[l—vz])

02
e

FIFc

0.6r
0.5r
04r
031
0.2r

0.1r

(

457 s(T)

2 4
3 A(rp)3

Ng

)

27

EVAT? 2

Vv 1—1v2

/U_|_
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ol

T/Tc=1.01

T/Tc=1.48

T/Tc=1.99
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2my

B = VT2’

Independent of.

. .
— In the conformal caser,.,,, s =
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F=_———

e()

Comparison with the
AdS case

T/Teont
4.5¢
40r
A5t
3.0r

2.5¢

~ E MeV

4000

600C

800C

T/Te=12

T/Tc=2

T/Tc=3.1

2my

In the conformal caser,.,,, s = — T Independent of.

Result faharmandbottom

Toap = 250 MeV

7 (fm)
14,

12]

b bottom
10}

N B (o2} o]
TS T
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R . — 2mgq "
F = =@ In the conformal caser.,,, — T Independent of.
Comparison with the Result faharmandbottom
AdS case Tocp = 250 MeV
T/Tcont Lﬁm)
G — 12i
_— - bottom
P T/Te=1.2 10
A5t 8?
a0l T/Tc=2 6F
25; —  TfTe=3.1 4?
A R ¥ Y Zi:
4000 6000 800C oL p (GeV)

4 6 8 10 12 14

An important detail: Comparison schemes

Direct (solid): Togpr = Tour
Alternative: Eggp = Eor (dashed)sgcpr = sour (dash-dotted)
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R . — 2mgq "
F = =@ In the conformal caser.,,, — T Independent of.
Comparison with the Result faharmandbottom
AdS case Tocp = 250 MeV
T/Tcont Iﬁf“)
G — 12i
_— - bottom
P T/Te=1.2 10
A5t 8?
a0l T/Tc=2 6F
25; — T/Me=31 4?
A R ¥ Y Zi:
4000 6000 800C oL p (GeV)

4 6 8 10 12 14

An important detail: Comparison schemes

Direct (solid): Togpr = Tour
Alternative: Eggp = Eor (dashed)sgcpr = sour (dash-dotted)

Some experimental studies + modetENIX col. '06, van Hees et al 'd5

Te = 4.5 fm (charm)
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R . — 2mgq "
F = =@ In the conformal caser.,,, — T Independent of.
Comparison with the Result faharmandbottom
AdS case Tocp = 250 MeV
T/Tcont Htm)
G — 12;
_— - bottom
P T/Te=1.2 10
A5t 8? ______
a0l T/Tc=2 65_
25; — T/Me=31 4?
e . E.MeV Zi;’
4000 6000 800C oL p (GeV)

An important detail: Comparison schemes

Direct (solid): Togpr = Tour
Alternative: Eggp = Eor (dashed)sgcpr = sour (dash-dotted)

Some experimental studies + modetENIX col. '06, van Hees et al 'd5

7. ~ 4.5 fm (charn) = BETTER THAN ADS CASE!
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Back-to-back jet production is highly suppressed at RHIC:

What is known: recoiling hadrons are suppr

1Ny jgg0r AN/A(40)

0.2

( —— p+p min. bias ST“
i |

:i. H—f A l+
. 41+§.»41,,§£3"14{,1.x ogeesood ]:-t?w‘h.,.

T ]

T T
+ d+Au FTPC-Au 0-20% .
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Jet quenching
Back-to-back jet production is highly suppressed at RHIC:

AL van

What is known: recoiling hadrons are suppr

Leewwen

1Ny jgger AN/A(A0)

02

ﬁi"!: J

S g, *

e _

T

. — —
+ d+Au FTPC-Au 0-20%
— p+p min. bias i&‘ﬁn

+ Au+Au Central
s
jj s

—

e
el

" STAR, Phys RevLett91,072304 |
S ST FPIIN CETR (,

0

T 2 3 a
A ¢ (radians)

Compare to d+Au: suppression is final-state

LBNT.

High-p, at SPS. RHIC and LHC

Thermal Transport and Energy Loss in Non-critical Holographic QCD — p.16



Jet quenching
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Jet-quenching parametefier et al '96

Average transverse momentum lost into the media in a flight of
distanceD.

Main source of energy loss gguon Brehmstrahlung

Weak-coupling computation comes too short in explainirggdata.
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Jet quenching, non-perturbative

Non-perturbative def. of :

Wiedemann '00

L_ (W(C)) ~ exp [—ﬁch—L?} _

l_
Zy
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Non-perturbative def. of :

Wiedemann '00

“ (W(C) ~ exp |~ g5l L2

x2

Holographic computationiu, Rajagopal, Wiedemann'06 (W (C)) = e%°
Pick up gaugez— =z, — t = r, z» = 0, Compute minimal area:

V2 1

° qzwgg Th dr

0 e24s.\/f(1—f)
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Tocp, 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 3.42
400 2.18 4.20 4.15
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Tocp, MeV | ¢ (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 3.42
400 2.18 4.20 4.15

Close to AdS somewhat smaller than pQ&Dit to datagskola et al ‘05

Jexpect ~ D — 12 GeV?/fm
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Summary and Outlook
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o Bulk viscosity and energy loss for hard probes and
ultra-relativistic quarks in improved holographic QCResults
comparable to expectations from lattice or dgté peak near
T. lower than lattice expectations. Drag force well within
expectations, better than Adésomewhat below simulations.
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Fluctuations of the trailing string- momentum broadening and
diffusion constants.

Spectral density associated with
J /1 suppression and the velocity limit.
Expanding plasma (non-static configurations)
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Expanding plasma (non-static configurations)
Meson sector. Melting of heavy mesons, etc.
Finite chemical potential and phase diagramuin- 7T'.
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