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What is heavy-ion physics?
Heavv-ion collisions — study QCD at high energyv density
Experiment: RHIC (Brookhaven. NY)
e Started in vear 2000
e Collides Au nuclei
e CM energy /s=200 GeV per nucleon

Quest: find and study QGP [deconfined
state of QCD] — field theory at finite tem-
perature and density. Not obvious a pri-

ori that a thermal state will be produced.

Evidence for thermalization [lots of data and non-trivial calculations] :
Particle abundances and ratios — reproduced by statistical models
E]Jipt-i[‘ flow — reproduced by hydrodynamic models
Jet quenching — indication of short mean free path

Optimistically. QGP is hidden in the collision
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What is AdS/CFT

(J.Maldacena hep-th/9711200, review: hep—th/9905111)

large N, d=4. N'=4 SYM = IIB strings on AdSs x S°

p (—) string corrections to SUGRA

= < s string loops

horizon boundary Jh(z)T(zx)
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AdS/CFT is a tool to define/perform calculations in field theory
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RHIC + AdS/CFT =0 ?
Modest: Can AdS/CFT be useful to understand finite-tempearture QCD?

Bold: Can AdS/CFT be useful to understand the dvnamics of the collision?
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RHIC 4+ AdS/CFT =0 ?
Modest: Can AdS/CFT be useful to understand finite-tempearture QCD?
Bold: Can AdS/CFT be useful to understand the dvnamices of the collision?

Comments

- N'=4 SYM is the simplest example. Theories which are more similar to QCD can be
treated by AdS/CFT methods.

Application of AdS/CFT to thermal QCD is not exhausted. How far can we push
this program?

It 1s not a waste of time to do these calculations. Results are relatively easv to derive
compared to the conventional methods.

- If there were an effective tool to do real-time computations i strongly coupled QCD
at fimite T and g — no need to invoke AdS/CFT. In the absense of such a tool.
AdS/CFT 1s the best we have (for some questions).

Understandmg fimte-temperature field theorv 1s an interesting question by itself.
AdS/CFT can be useful m searching for nniversal properties (shear viscositv example

IS encouraging ).

Pirsa: 06110009 Page 7/59




Why V=4 SYM may have something to do with thermal QCD

Q: N'=4 SYM is supersymmetric. while QCD is not

A: At finite temperature. supersymmetry is broken anyway

Q: N'=4 SYM is conformal. while QCD is asymptotically free
A: Let's look at the thermodynamics of QCD (e.g. F.Karsch, hep-1at/0106019)
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Why V=4 SYM may have something to do with thermal QCD

Q: N'=4 SYM is supersymmetric. while QCD is not

A: At finite temperature. supersymmetry is broken anvway

Q: N'=4 SYM is conformal. while QCD is asymptotically free
A: Let’s look at the thermodynamics of QCD (e.g. F.Karsch, hep-1at/0106019)
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Why N'=4 SYM may have something to do with thermal QCD

Q: N'=4 SYM is supersymmetric. while QCD is not

A: At finite temperature. supersymmetry is broken anvway

Q: N'=4 SYM is conformal. while QCD is asymptotically free
A: Let's look at the thermodynamics of QCD (e.g. F.Karsch, hep-1at/0106019)
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Q: At high temperature. QCD is weakly coupled. why not use perturbation theory?
A: True only at asymptotically high temperature. At RHIC temperatures.
T ~ 2T,.. and QCD is strongly coupled. a ,(T) = O(1).

Q: QCD is a sensible theorv. N'=4 SYM is just a bunch of non-abelian fields
idesnaes 1s QCD. above deconfinement S




Lesson:

Use strongly coupled N'=4 SYM as a model for QCD at T 2> T,
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e Momentum transport
e Electromagnetic response
e Energy loss bv a heavy probe

e Thermalization

e AdS/CFT has more to say!
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Why N'=4 SYM may have something to do with thermal QCD

Q: V=4 SYM is supersvmmetric. while QCD is not

A: At finite temperature. supersymmetry is broken anvway

Q: N=4 SYM is conformal. while QCD is asymptotically free
A: Let's look at the thermodynamics of QCD (e.g. F.Karsch, hep-1at/0106019
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Q: At high temperature. QCD is weakly coupled. why not use perturbation theory?
A: True only at asymptotically high temperature. At RHIC temperatures.
T ~ 2T,.. and QCD is strongly coupled. a.(T) = O(1).

Q: QCD is a sensible theorv. N'=4 SYM is just a bunch of non-abelian fields
sldesaes 1s QCD. above deconfinement S




e Momentum transport
e Electromagnetic response
e Energy loss by a heavy probe

e Thermalization

e AdS/CFT has more to say!
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Momentum transport

f:"!’]ff" = —Vﬂ-

e Conservation laws: 9, TH"=0 = _ |
l,:j;r:,r == _Vj}'r_}

e Constitutive relations:

e Viscosities 7. input from microscopic phyvsics

Shear mode: 7| (. k) = e s w1 (0. k)

(t. k) = +—5{vc T W JETE

[“" (0. k) cos| H{-':‘_J = Jf’r:'_h- ST :I»'e*_gr‘ el k)

Two eigenmodes: _
Sound mode: T

ik

Long-wavelength response is controlled by a small nnmber of kinetic coefficients
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Correlation functions in the hydrodynamic limit

Hvdrodvnamic modes = hvdrodvnamic singularities at small w. A

2 = .Il]1'2

Example: S;, sp(w. k) = —— £2)2 (e+P)T relaxation of transverse momentum
-..'-.—. _i_ | - irir - = |.—.

| I I i
.'rjll — ].I].J.l T f,l'r.f'r e /.‘;-3_:_ [I‘._-;_;{?Lv ). T.‘_i‘..n"”]

———

Kubo formmlas

Connection to microscopic physics: Viscosities can be extracted from

small-frequency limits of ) real-time correlation functions
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Momentum transport

f:};hf: == —Vﬂ-

= WV, T

& -il-
G Y —

e Conservation laws: d,T#"=0

e "VT] __I? (VFT_}_'F_?:" .

e Constitutive relations:
=+ *'-:”F — 1€
' I_.r = =
= = P /e

input from microscopic physics

e Viscosities 77. (
Yokt 1 { 0. k)

Shear mode: 7| (. k) = e
(T !‘f — r-'_%“"-'_k__}?" :r'k:f s
(0, L‘ ) COs| Jlr‘-"!"g.f i ‘;‘il‘rf-*_; -'"ill{ ;r'r+_-_.-,-f' V) el (. L‘:‘

Sound mode: T
[-.—

Two eigenmodes:
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Long-wavelength response is controlled by a small number of kinetic coefficients
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Correlation functions in the hydrodynamic limit

Hvdrodvnamic modes = hvdrodvnamic singularities at small w. A

E_‘{ulllpl*:: St ) — — ——(e+ P )T relaxation of transverse momentum

g — hlll — [dt €™ / : ylT. T) It_u““].

w—0 2

Kubo formmlas

Connection to microscopic phvsics: Viscosities can be extracted from

1 . | - a 1 = e = e = =
(small-frequencv limits of ) real-time correlation functions
| :
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Spectral fun{*tmn for stress

(P.K.. A.Starinets hep-th/0602059, D.Teaney hep-ph

(x(@) — \T:D': @)) [_"_1‘_4} Y(w. k) = —2ImGT=F_ (w. k)
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L N L " . 5 . 3 _ C . _ x — ~ - -
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Real-time correlators are very different at strong and weak coupling
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Singularities of G™"(w. k)
(A.Nunez, A _Starinets hep-th/0302026; P.K., A.Starinets hep-th/0506184)

et .
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R: Re(w) e Infinite series of poles
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Universality: Lower bound on shear viscosity?
(P.K., D.Son, A.Starinets hep-th/0405231)
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But it’s more mysterious than that, Viki, because if vou look
at the Chemical Rubber Handbook table you will find that
there is almost no liquid with viscosity much lower than that
of water. The viscosities have a big range but they stop at
the same place. 1 don™t understand that. That's what 'm
leaving for him.'

e 17/5> 1 at small coupling in SYM
(S.Huot, S.Jeon, G.Moore, hep—-ph/0608062)

o ——
§ ———

o 1
» — —

e Natural to assume n/s >

is finite at large mup]jng
— in SYM

e

L universal?

4w

We know —g:ﬁ is universal — proven for a
large class of field theories with gravity duals.

Prove from first principles?
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What is the viscosity measured at RHIC?

Of course. RHIC does not “measure” viscosity. Rather. measured angular distri-

butions of particles are confronted with hyvdrodynamic models of the “fireball”

evolution. Quantitatively:
of particle distribution
d’N

— — No[1+2v(pr)
rfp]"rfr_} - [ AL

B B Bl B i
- (a) 3

. o, I
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O o
| :r‘.q...' o x ® K |
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lentil-shaped reaction region = azimuthal anisotropy

os(20) + .. ]

N “elliptic flow”

Elliptic flow from PHENIX and STAR (figure from
nucl-ex/0501009). Yellow band — hvdro cal-
culations. To reproduce elliptic flow and spectra
from hyvdro. /s must be small, /s < 0.3 [Teaney:
Baier. Romastschke].
Perturbative QCD:

See Arnold. Moore. Yaffe. hep-ph/0010177

n/s~1.6—1.8 at relevant T (L.Csernai. J.Kapusta.

callv: N'=4 SYM does very well with /s Page 24/59




Will discuss application of AdS/CFT to:

— Electromagnetic response

In RHIC context see e.g.
C.Gale. hep-ph/05121

P Rt%ikus. Ann. Rev. Nucl.Part.Se1.55:517.2005 Page 25/59




Production of real and virtual photons
(e.g. L.D.McLerran, T.Toimela, PRD 31. 545 (1985), H.A.Weldon, PRD 42, 2384 (1990))

' — number of photons per unit time per unit volume

Photon interaction: e .f::j‘l-{“: el. charge e small = photons do not thermalize

flrr:jfif f'j .
= B 2 e N g EMay EM
s (27)3 2|k| 7 Chaw (A r!liwhrlikp k where ( pr\T) = j,u (0)J, (x),

47, . -
il
(27 ]_L GTJ’L'E = -

Virtual photon can decayv into a lepton pair: dI' =
timelike k&

Emission spectra are determined by EM current-current spectral function

true to leading order in e.

¢ but to all orders in ¢

&'09;-"‘1‘1_1\[, can evaluate the whole ~“blob™ at large A = _‘_ffd\'_c (using AdS [E iy

Pirsa: 06 [ agJe‘ 26/59




Production of real and virtual photons from \/ -l plasma

(S.Caron-Huot. P.K., G.Moore, A.Starinets, L.Yaffe, hep—th/0607237)

[U(1) gauge field coupled to a

But wait... N'=4 SYM does not have a photon i -
conserved current|

[.et’s introduce one! To do so:
Gauge a U (1) subgroup of SU (4} R-symmetry with small coupling e

The symmetryv is not anomalous

_ conserved
EM current ,_IEH{ Ir) = -IR () non-anomalous
' couples to a U(1) gauge field

Photon and dilepton emission rate is given bv R-current spectral function

In SYM can compute \* (w) = —2Imn* ‘r"('E,_FTi,.-;, q) at strong coupling. then

i
l—g

emission rate 1s
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On-shell photons at strong coupling

b

X" (w) cx o vRET(, ,
p X plw) = 2 Im n*¥( w (@5 9q)

Th _\_3 T‘J : wt—gq

a.al Small frequency:

i

: DD . .
o (w)~ LN T*w. in accord with hydro

4 High frequency:
—H__T_l P f E- 5/6 (2/3)
1 3)

[E¥]

N e
X' 1) ~

) 1 1 %
2 Fy (i —Alds)w, 1+ = 1—2jw:1w:;—1

Emission rate is finite and A-independent in the limit of large A
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Production of real and virtual photons frmn N'=4 plasma
(S.Caron-Huot. P.K., G.Moore, A.Starinets, L. Yaffe, hep—th/0607237)

[U(1) gauge field coupled to a

But wait... N'=4 SYM does not have a photon i -.
conserved current|

Let’s introduce one! To do so:
Gauge a U (1) subgroup of SU(4) R-symmetry with small coupling e

The symmetryv is not anomalous

: conserved
EM current ._}E'H{ T = _IH () non-anomalous
' couples to a U(1) gauge field

Photon and dilepton emission rate is given bv R-current spectral function

In SYM can compute v (w) = —2Im p**CRET (w_q) at strong coupling. then

e
=i—1

emisslion rate 1s

f!f]__ ’ 1“1{[#-
—— X Rp\W)————
d3k &t
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On-shell photons at strong coupling

B f o 9 :
X HI | 2 1IIIl,u (.0} — 9 Illl 7 pv ¢ 'HETl » al
—— AT = / ~ A “.q _
u’ \ ?T- e
1l : i
0.5 Small frequency:
. ' i, . =
", (w) ~2= N T*w. in accord with hydro
0.4f - High frequency:
0.2l N2T? 543 [45/6 T(2/3)
I {341 == , . :'}._r l_r—
X" W) s " < 1‘1.'51]
2 r 3 3 , :
e
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Off-shell photons at strong coupling

Plot spectral function for several values of ¢ = k/(2=T)

0.5 1 .5 2
w — kY /(27T)

Spectral function oscillates around the zero-temperature value... where is hydro?

e

o

. (w, :;};’H'-'I

X 2

/

Pirsa: 06110009
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1 Tz =

In the hvdro limit:

X zz{w, k) w2D=

ﬁ,z - ___,2 4 L‘Dﬁ‘z .r:»

Diffusion bump clearly visible at

small w and k
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Electrical conductivity

£ : y I (. g=0)
Kubo formula: & = ¢~ lim \ s - 1
.....'—t_} ._?_,*_.-
=)

N, o
; . ;: 'lL”:H not (lr_’pt‘ﬂll on A

)T
C. where C=0(1)

-
i

In strongly coupled SYM: 0 = €°
NZT

where = is charge

AZ2In(1/A)

.')—

In weakly coupled SYM: o = &2

Normalize to the number of degrees of freedom:

susceptibility. In strongly coupled SYM.

(T § . : )
— J) is satisfied. as it should.

P
e
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On-shell photons at weak coupling

N =4 SYM is simply a non-abelian plasma with adjoint representation matter.

Follow approach of Arnold-Moore-Yaffe (hep-ph/0111107) for QCD...
MNZ2Z-1)T?np(k) - ) e .
x" (k) = - £ [111 A Y2 4 Cooe(k/T) + O(n \)] . k> NPT
e drnpgl k) ' 1
3 e ;
QCD
1] ]
| i
A 1
\ e ]
L \ Elia
o ¥ 4
M‘_‘h-‘_-____—_______: L
0 2 Jll L] 8 l.'J o = 1 é 8 10
k/T k/T

risa: oslybosnentnm dependent Cioi(k/T ) is not too different between QCD and Sk




Ofi-shell photons at weak coupling

. . (1 = 7y 0 .
For time-like momenta. Y., (k) is non-zero already at O(A"”). One-loop diagram
1| —e—(K°+k)/2T

(N2-1) - M. Y O ApEE
T il S :_— [ A :1, | N A
Xfu () = 167 (—K7) |3 I ln 1+te—(k°+k)/2T " [ n 1_e—(k°—k)/2T

LPM resummation for dileptons in N' = 4 SYM: needs to be done...

Electrical conductivity

alalalim 1
PR —g AL W LW L

Evaluated at leading log order. following Arnold-Moore-Yaffe.
e _\_E— 1)yT
A2 [In(A—12)+0(1)]

o = 1.2834¢

The O(1) constant: needs to be done...
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Now can compare weakly coupled SYM and
strongly coupled SYM
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Photon emission

~—- QCD, Ng=2, ay=0.2] At weak coupling:

SYM, A-wm k> \2T. follow AMY
——— SYM, A=0.5 ]

¥ .
k << AT . hvdro regime

' ) f k ~ MT: technically hard.
0.005} :

o o025t Height of the peak is unknown

at weak coupling in either

o SYM or QCD.

At strone couplinge:
- 3

dT, g N2T3 (k/T)? (i) . (k. ik |’
dk  16x2 /T EPl(l  4xT ek AxT ° l_frf: _l)

— emission rate for all k is given by a simple analytic expression

— hydro limit is naturally reproduced when & < T

— as coupling grows. the rate becomes finite and coupling-independent

At small &/T. 1"*}1-_1'5-_'11 emission rate is greater - we ah -'T_-{;'—ﬂ r,”;_,;’f d EE!!_-r_It'_‘.'

Pisa0511000A £ |arge & /7T . photon emission rate is greater in strongly-coupled theorzaseses




On-shell photons at weak coupling

N =4 SYM is simplyv a non-abelian plasma with adjoint representation matter.
Follow approach of Arnold-Moore-Yaffe (hep-ph/0111107) for QCD...
(N2 1VT2 :
MNZ—1)T=np(k)

o B) = —— [m A2 | Cooe(k/T) + O(s ,x)] . k> NT

:3 T 'I T 1
'E_
1_
i

I |

A e 1

L\ =

. |

ﬂ""'\ —

e B E
e e U
l 1 I
0 2 4 ] a8 10 0 2 4 8 8 10
K/T k/T

risa: oslybosmentum dependent Cioi(k/T ) 1s not too different between QCD and Sk




Photon emission

a __ OCD. Ne—2. 0.—0.2] At weak coupling:

' 0.015 s e e : e §

- _— SYM, A-wo f k> AT. follow AMY

- . I = ] 2 Lir .

= SN SYM, A=0.5 k << AT . hvdro regime

= !

5 0.0075} 1 a

— o : k ~ AT: technically hard.
x i ._| l“_ o :

E_ o am=] Height of the peak is unknown
= at weak coupling in either

kK/T “_“YT\I or {:!(:D

At strong coupling:
- =

dI, “EM—YETS ks T )2

(LEDE (1—iik ik T
= >oFy1l - —m — 1 4+ ————-1— -—1
dk 1672 €ek/T 1 |° l( AxT i AT IxT )

— emission rate for all k is given by a simple analytic expression
— hydro limit is naturally reproduced when & < T

— as coupling grows. the rate becomes finite and coupling-independent

At small £/T. }'*h'_:t-_rli emission rate is greater in weakly- ruii‘ffr‘ d Eilr.--_ll'_‘f

Pisa0511000A £ |arge & /7T . photon emission rate is greater in strongly-coupled theorzasssse




Comapre SYM and QCD at weak coupling
To mimic QCD. choose:

the leading short-distance behavior of C,, (x) to coincide in QCD and SYM
a value of the coupling constant in SYM

When compare at the same value of the coupling constant:

— -

!
0.2t |
- |I
=
= 0.15¢ |1
= :
s o.1}|\
E:
T 0.05
Q0
I—— Photon emission rate in SYM is much greater than in QCD
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Comapre SYM and QCD at weak coupling

To mimic QCD. choose:
the leading short-distance behavior of C,,(x) to coincide in QCD and SYM

a value of the coupling constant in SYM

When compare at the same value of a physical quantity:

I
-1 |}
I

0.2 m YM _ m{;";CD
T = D)
E-;.:." x\q_\ L% | %;\1_,3( L
Ho.1s ;
S
T O.1f
b.,
~ 0.05

—

¥

B I 2 3 e = B 3
| of il

S Photon emission rate in SYM is verv similar to QCD age 40156




Lesson: Do not compare QCD and SYM at the same 't Hooft coupling.

]_:u_il‘ t_*Xi.lmrl‘]_t_*_ o — m (Q(:D 'l'_H_"."\ not {_:-.,1-]_-1_.7.;1-},__}11'_1 to 1.\‘"'1 M = ”j_\—c e
(dmas )Ne = 20, but to \SYM 95

1 /A corrections are important for better comparision with QCD at RHIC
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Dilepton emission

]
=
™

Plot relative thermal correction to the trace of the spectral function, ¢ = k/(2=T)., w = k" /(:

. e et e 0.
J o-1 =
& o GS-\' g=0,1,2,3 &o.
-‘.-l'" - \ -:-l"'
-‘-.-l'" --:-l"'
<] <]
2.5 3 0.5 1 1.5 2 2.5 3
P
v w2 — g2

For v—K?2 2 27T. thermal correction to the spectral function are < 2% at weak
coupling. and < 15% at strong coupling.

Dilepton spectrum is nearly identical at weak and strong coupling. for large

invariant mass of the pair
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Will discuss application of AdS/CFT to:

— Energy loss bv a heavy probe

Related:

J.Casalderrev-Solana. D.Teaney. hep—-ph/0605199

R

H.Lim. K.Rajagopal. U Wiedemann. hep—ph/06051

"3 Fri¥8s. S.Gubser. G.Michalogiorgakis. S.Pufu. hep-th/0607022 Page 43/59




Heavy probe energy loss
(C.Herzog, A.Karch. P.K.. C.Kozcaz, L.Yaffe, hep—-th/0605158)

Setup: Particle of mass M (“probe” ). moving through a strengly interacting
thermal medium (A—oc) with temperature T < M

(charm quark M = 1.3 GeV. moving in a plasma at T = 200 MeV)

Questions:
What is meant by “energy” of a probe?
How localized is the probe?
How to separate energy of the probe from the energy of the medium?
How to define energy loss?
What is the phyvsical mechanism of the energy loss?

How does energy loss depend on mass. coupling. temperature?

These are non-trivial questions (keep in mind that perturbative language such as

“bremsstrahluing”. “quark-glion scattering” etc is useless when coupling is strong)
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Model: \'=4 SYM 4 fundamental matter Ng< N,

boundary e Adjoint d.o.f. = closed strings (gravity)
. in the bulk
Q e Quantum fluctuations of SYM fields

(L. J.) = classical fluctuations of fields

\)

AdS-_Schw (gur- Ay ) in the bulk

e Finite temperature < black hole
—————————— EE————— - ‘
horizon (brane) in the bulk
e When add fundamental d.o.f. = open
D7 : : _ :
strings ending on D7 brane in the bulk
- L - -
\_/ : - (A.Karch, A_Katz, hep-th/0205236)
Gl e “Ouark™ mass set by u
‘%_1 i‘ﬁ.-_":ﬁ.{:"]l“" Q ]. ll}\. ].].].(l"" tt 2 i
e Quark configuration = classical string
= —— U—1up
horizon

Energy/momentum of a quark — energy/momentum of a classical string
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How heavy a quark can one treat this way?

boundary
- Static string: F = X2 u,,
__ VA , /
U— Uy E— 5= \Um Up ) Tr#0
~ thermal mass

e
la_\f——

.-:.‘fl—E

AdS;-Schw.
- El"-‘?::- L
N Am(T)

D7 above the horizon. strine is classical

When m > 0.92 Am(T)

j_.!_l alla |_’1__ o

Pirsa: 06110009
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Friction coefiicient — dissipation

Take infinitely heavy “quark™ (u,, — >c). move it at constant speed

boundary

String profile: x(u.t) = vt solves e.o.m.

. i nowever:
‘-—* r a- - U :
: —qg flips sign at u = N 55 ~(8

E. P become complex — solution unphysical

e e T e e e e e Uk

boundary xlu.t) = Xiu) + vt

Can find X(u) s.t. —g is positive evervwhere

(M \ - Source moves at constant .‘.‘rpt'_‘t:'-.IL
—— |

Momentum pumped m at the boundary

Momentum leaks off at the horizon

_____________________ i.f_I-l,
horizon
dP 1 __'-,.-\. v 1_1-'2__ \ AT 2% muv ) __J”P
IIT -l-l.l.'_g:.-_”? ;}: \ _I_ —- .r‘:} L}IH \ l f— 52

Pirsa: 06110009 __. ; T.j.l”T tll‘rl‘_’Ll ‘:.'.".'Iﬁ':.ii'llt I||[-l' }.1:17‘ «l I—j.llj.T'.' r\ll_\_ ].llllir Page 47/59




Quasinormal modes — fluctuations

boundary
D7
. U=y Linearize around static string

Neumann b.c. at the brane u = u,.,

Outgoing b.c. at the horizon u = uy

Lowest quasinormal mode on the worldsheet is purely imaginary. r ~ e #°

H/uUp
"

Numerical QNM:
Agrees with analvtic result for m>Am(T)
Gives u for arbitrary O(1) m/Am(T)

IJ

r‘“

S

LA

m |
|

=

.‘_5

=

=
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Langevin dynamics — fluctuation-dissipation theorem

From field theory point of view:
effective equation of motion for the quark is stochastic.

p — — P + E‘:f'r. with f_:{?L'If:}-i:;“ 1V — jT,EHH*;_._,f;I'?‘—f’]

T

.|””"

Long-time behavior = diffusion. |Az| ~ v Dt. with D=

(Computed mdependently by J.Casalderrev-Solana. D.Teaney. hep-ph/0605199)

- ‘ ‘ .
Neglecting noise requires Smu”

> T. or v >3

\1/4

(Classical strine does not see Brownian motion
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Diffusion constant from current-current correlator

L.. F PR EAEP————— . —
DT | ; Picture from R.Myers. A.Starinets.
- : R.Thomson. to appear
: ] S =
z (see also R.Myvers. Strings-2006 talk)
=) IE 5
’ e ]
/M »

Note that supergravity predicts ) = 0 in the low-temperature phase.
9

However. this zero is really D = % . in the limit A—~
md Vv A

Evaluatine D from current-current correlator remains to be done
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Let’s plug in the numbers: a. = 0.5

(0.9
2xT
= 9

O

In perturbative QCD: D = ST (G.Moore. D. Teaney. hep—-ph/0412346)

X:ti‘k’t:lﬂ' tl‘ﬂlhhltth to A=19, = D e

However. need to take A smaller. e

-

Can these numbers be compared with RHIC data?
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Let's plug in the numbers: a. = 0.5

X 0.9
- Naively translates to A=19. = D= - i
ek R j
- However. need to take A smaller. e.g. A=4 = D ~ S =
_ _ 6 -
- In perturbative QCD: D = (G.Moore, D.Teaney. hep—ph/0412346)

2a T

Can these numbers be compared with RHIC data?

PROAi G- Contrl Nuclear modification factor R4 4(pT).

PH E:\TIX {']_E‘i.tﬂ_ [ e | —ay ,-"': : 10047 JI| \

=T M JLl
Al b o T 4 WA

1 Curves by D.Teaney in Langevin model
,{ D =1242=T) == 2T seems to wWor yest

D = 3i(2=T) 1/ A corrections needed!

[ | | II I 1

05 1 15 2 25 3 35 4 45
p.(GeV)
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Lessons for heavy quark
The coupling of the probe to the surrounding medium is strong:
e energy loss is not due to collisions (there are particles to collide with)
e energy loss is not due to radiation of gluons (there are no gluons to radiate)

e energyv loss is not due to emission of sound waves (string solution does not

change at all as the supersonic barrier v.—1/+v/3 is crossed)

What is the physics of energy loss?
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— Thermalization
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Thermalization

Thermal equilibrium in a collision established? If so:
On the partonic level at early stage. or on the hadronic level at a later stage?

At what temperature? How does the state evolve?

From AdS/CFT perspective [both solid results and speculations] :

—

H.Nastase. hep—th/0501068, hep—-th/0603176. O.Aharony. S.Minwalla. T.Wiseman.

p—th/0507219. E.Shuryak. S.Sin. .Zahed. hep-th/0511199. R.Janik. R.Peschanski.

=4

1]

p—-th/0512162. R.Janik. hep—-th/0610144

Br
1]
o)

however:

Any attempt to understand thermalization in heavy-ion collisions

from AdS/CFT must:
be able to distingnish between hadron-hadron and Au+An collisions
- be able to see transition from weak to strong couphng

- guantitatively understand the role of fimite N,

Pisa: 06110000 4 S /(C"F'T i1s not (currently) useful for understanding thermalization e




— AdS/CFT has more to say!
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What’s next? Formalism

e How to compute transport coefficients in the confining phase? Not a
single AdS/CFT calculation exists! (Euclidean correlation functions
are in practice useless to extract viscosity)

e How is hvdrodvnamics encoded in the bulk? Linear hvdro is onlv un-
derstood from correlation functions; non-linear hvdro is not understood
at all.

e How to describe Brownian motion from the bulk point of view? Need
o’ corrections.

e [sotropization may be easier than thermalization. How does an
anisotropic state relax to equilibrium? (Initial-value problem for grav-

ity in the bulk)

e Hadronization as the fireball cools. Keep in mind however that in
AdS/QCD deconfinement transitions are typically strongly first order.

while in QCD it is a crossover.
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What's next? Practice
e Photons: try SYM spectral functions instead of QCD spectral functions
in hvdro simulations of photon production at RHIC.
e Finite coupling corrections to photon production. Remember. one
needs A ~ 2—5. not A = oc.
e Photons from fundamental representation matter fields (V=4 SYM has
adjoints only)?

e Now that one has the method to compute spectral functions: what
does AdS/CFT say about heavy-quark resonances? Lattice studies for
cc are available...

e Energy loss by light quarks.

e All of the above. now with non-zero chemical potential.

e Prove universality of n/s. or the bound /s > 1/4=7?

e Hydrodyvnamic long-time tails from AdS/CFT: there is a non-trivial

and universal field theory prediction! String calculation needed.
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THE END
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