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e Part | (in equilibrium)

e RHIC findings: collective flows and jet quenching

Why Is quark-gluon plasma (sQGP) at RHIC such a gooad
liquid? Is it related to deconfmeme t?

What is the role of e/m duality an
SQGP? &
0 Electric and magnetic quasi '

fighting for dominance (F.Liaoes, hep
trapping via magnetic -,,__;5'; _

‘explains results of molecular ¢
Non-Abelian plasma W‘i ]

PRC74,044908,044909 (2006), J.F. Llao
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Part |I: equilibraiton in AdS/CFT
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Thermo and hydrodynamics:
can they be used at sub-fm scale?

Here are three people who asked this question first:

Fermi (1951) proposed strong interaction leading to
equilibration: (predicted <n> scales as s'/4

Pomeranchuck (1952): interaction strong till freezeout

Landau (1953): used hydro in between, saving Fermi’'s

prediction via entropy conservation {he also suggested it should

work because coupling runs to strong at small distance! No
asvmntotic freedom in 1950°'s vet but | andat nolel



My hydro before RHIC

« Hydro for e+e- as a spherical explosion PLB 34
(1971) 509

=> killed by as.freedom (1973) and (1976) discovery of
jets in ete- at SLAC

e Looking for it in pp: radial flow at ISR? ES+Zhirov,
PLB (1979) 253:

=>Killed by apparent absence of transverse flow in pp

= ES+Hung, 1996 (PRC57 1891), radial flow at PbPb
at CERN SPS with correct freezeout surface worked!

— S0 we made predictions for RHIC based on that...



RHIC fi ndings (2000-2007)

o Strong radial and elliptic flows are very
well described by ideal hydro => small
eta/s => the most perfect liquid known”

e Strong jet quenching, well beyond
PQCD gluon radiation rate, same for
heavy charm quarks (b quark data coming...)

» Jets destroyed and their energy goes
iInto hydrodynamical conical flow”



Contrary to expectations of most,
hydrodynamlcs does work at RHIC!
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Viscosity Information from Relativistic Nuclear Collisions: How Perfect is the Fluid
Observed at RHIC?

Paul Romatschke' and Ulrike Romatschke®
' Institute for Nuclear Theory, University of Washington, Bor 351550, Seattle WA, 98195, [SA
* Department of Atmospheric Sciences, University of Washinglon, Bor 51640, Seattle WA, 98185, USA
(Diated: Octaber 28, 2007}

Relativistie viseous hydrodynamie fts to RHIC data on the centrality dependence of multiplicity,
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Why it may be possible, read
Lublinsky,ES hep-ph0704.1647

FIG. 3: PHOBOS [24] data on pr integrated vy and STAR
[25] dats on minimum bias v, for charged particles in Au+-Au
collisions at /5 = 200 GeV, compared to our bydrodynamic
model for various viscosity ratios n/s. Error bars for PHO-

BOS data show 90%; confidence level systematic ermors while
for STAR only statistical errors are shown.



One more surprise from RHIC: strong jet
guenching and flow of heavy quarks

nucl-ex/0611018

Heavy quark quenching as
strong as for light gluon-q
jets!

Radiative energy loss only
fails to reproduce v,"F.

Heavy quark elliptic flow:
Vv,HF(Pt<2GeV) is about the
same as for all hadrons!
=>

Small relaxation time t or
diffusion coefficient D,
inferred for charm.
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Sonic boom from quenched jets

Casalderrey,ES,Teaney, hep-ph/0410067; H.Stocker...
Wake effect or “sonic boom”

 the energy deposited by
jets into liquid-like
strongly coupled QGP
must go into conical
shock waves

 We solved relativistic
hydrodynamics and got
the flow picture

o If there are start and
end points, there are
two spheres and a cone
tangent to both




Two hydro modes can be excited

(from our linearized hydro solution):
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ZYAM subtracted pairs per trigger: 1/N" dN*®(di-jet)/d( A¢ )

0.4

PHENIX iet pair distribution

‘ Au+Au Sy = 200 GeV; 1<pr ., <2.5<py,, <4 GeVic
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Note: it is only
projection of a cone
on phi

Note 2: there is also a
minimum in

<p_t(\phi)> at

180 degr., with

a value

Consistent with

background

f The most peripheral bin, here there is no QGP



Electric/magnetic duahityV—=
and transport in sQGP-

|
|
—=Completely new plasmas

—Unexpected properties




ew Insight: MQPs Are Important in sQGP

't Hooft-Mandelstam: QCD
Vacuum as Magnetic Super-
conductor

— Condensate of mag-
netic D.o.F occupies
vacuum

— Original electric D.o.F
in Locp gets confined.

— Best explored on lattice
(Bali; Chernodub;Suzuki;
Bornyakov; ...)

B Botlom-up: heating up conden-
sate — vaporization — MQPs
in plasma

B Lesson from Seiberg-Witten
Theory (N = 2 SYM)

Figure 3: Quantum moduli space
of Seiberg-Witten Theory.

B Jop-down: cooling down to
T. — monopoles become light
and weakly-coupled — electric
coupling becomes strong. _



New (compactified) phase diagram
adescribing an electric-vs-magnetic competition

(old QED-type units e™~2=alpha, deliberately no Nc yet)

e—dominated
m strongly correlated

QGP

[
e strong h
Ccorr el.l?ed

e—dominated
m—confined

e region, nq)} only in the
> maximally enhanced at Tc




GEF-TH 22/07
Magnetic monopoles in the high temperature phase of Yang-Mills theories

A. IV'Alessandro and M. D'Elia®
Dipartimento di Fisica, Universitd di Genova and INFN, Sexione di Genova,
Via Dodecaneso 85, [-16146 Genova, Ttaly
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FIG. 5. g(r) for the monopole-monopole (stars) and monopole-antimanopole (circles) case an
o 40% x 5 lattioe at § =27 (T~ 28 T.). The reported curves correspond to fits acording to
glr) = exp(=V(r)/T) with V(r} a Yukawa potential (see Egs. (2.9) and (2.10)).

C
FIG. 3. p(T)/T* as & function of T/T,, Data have been obtained on & 48 x Ly lattice, with
vaiabe Ly and at = .75 (et 9 poins), and varable f & I, = 4 (st 10 pont).

C.Ratti,ES: monopole masses explain this trend, they get 3-4 times lighter tha

Electric ones (q,9). Cristoforetti,ES: mass from Bose condesation condition



Electric and magnetic scrrening

I\/IaSSGS, Nakamura et al, 2004

My arrow shows the = “self-dual’” E=M point

Me<Mm
Magnetic
Dominated

At T=0 magnetic
Screening mass

Is about 2 GeV
(de Forcrand et al)
(a glueball mass)

Other data
(Karsch et al)
better show how
Me

Vanishes at Tc

mT t

# Magnetc
B Eleemic

Me>Mm
Electrric
dominated

Mc/T=0(g)
ES 78

M,/ T=0(g"2)
Polyakov 79



So why is such plasma a good **#
liquid? Because of magnetic-bottle
trapping.

static eDipole+MPS

Note that Lorentz force is O(v)!

:2 — i il

d“r g = di
M 5 — E x —
dt= C dt

Monopole rotates around the electric field line,
bouncing off both charges (whatever the sign)



We found that two charges play ping-
pong by a monopole without even

moving! /\ /\ /\ [
Chaotic, regular

and escape trajectories

for a monopole, all |

different in initial
condition by 1/1000 Dual to Budker’s

only!

magnetic bottle




- O
o MQP in the 4 Another example:a

field of a cube monopole in a “grain of solt”
with  alternat- Liao and ES, in progress
ing charges at . escape time Gamma’(.5-.6

corners.



 RHIC data: very
small viscosity and

short transport summary

log(inverse viscosity S/eta)- vs. log(inverse heavy q
difoSion ConSt D*2p|T) (avoids messy discussion of couplings)

diffusion
vs theory -

AdS/CFT and our

MD

Weak coupling end =>

(Perturbative results shown here)
Both related to mean free path

->Stronger coupled ->

1.3 Maost lnprfpr‘f qullid
EXP. VALUES ads;cFr |4P!
1f 2:TD:1 -5 e =
ne 0.1 =03
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50-50% E/M ideea st ideal liquid






[10 al ISWer S, Of TN dLIes

(1 don’t mean the price of LHC but ALIC
of heavy ion program)

o Will ~“perfect liguid” be still 7
e Is jet gquenching as strong, especially for

c,b quark jets and much larger pt?
® |s matter response (conical flow at

Mach angle) similar?
(This is most sensitive to viscosity...)




mixed phase

00 02 04 06 08 1.0 1.2 14 00 02 04 06 08 1.0 1.2 1.4 00 02 04 06 08 1.0 1.2 1.4 1.6
rr/Rr rr/Rr rr/Rr

lifetime of QGP phase nearly doubles, but v2 grows only a
little, to a universal value corresponding to EoS p=(1/3)epsilon

e radial flow grows by about 20% ==> less mixed / hadronic
phase (only 33% increase in collision numbers of hadronic
phase in spite of larger multiplicity)

(hydro above
from S.Bass)



from gravity in AdSg
strongly coupled CFT
(N=4 SYM) plasma

what LHC people dream about
-- a black hole formation --

does happen, IN each and every
RHIC AuAu event !

What we see at RHIC Is a
Ilologlhlnln ot this process...




e first gauge-string di

e AdS/CFT correpondence known as
“"Maldacena duality”

e Along the long path illuminated by
Witten,Polyakov,Klebanov...




The duality setting

CFT (conformal gauge theory) N=4 SYM a cousin of QCD

(chromodynamics=theory of strong interaction) In which the Coupling
A=g?N. does not run.

It lives on flat 4-dim boundary of 5-d curved AdS (ant-
de-Sitter) Space where (supengravity is a description of
(super) String theory

Correspondence dictionary: everything in the “bulk”
reflects on the boundary

Hint; think of extra dimension as a complex variable
trick: instead of functions on the real axes one may
think of poles in a complex plane ...



The 5th coordinate

Z IS the 5th coordinate, dim=length=1/momentum
* its physical meaning is scale” as in renorm.group

« 7z=>01s "high scale” UV or very high energies,
z=>Infinity is low scale or IR

o ds? =(-dt*+dx,? +dx,2 +dx;? +dz?)/z? so distances in z
are Iogarithmic. Light speed is still 1 in all directions

e z=L?%/r where r is distance from b.h. =>

Gravity force is acting toward large z, “stones” fall there

* (unless they are BPS states which levitate --Newton
cancels Coulomb)



Maldacena’s dipole
strongl coupled Coulomb law

 Maldacena,Rey,Yee -98 one
of the first apps:

 The pending string (=flux tube) has
minimal action

 Modified Coulomb law at
strong coupling, sqrt of the

coupling << coupling
e Can it be just a factor, like
dielectric constant?



A hologramm of a dipole in a stronly
coupled vacuum: not just electric E!

« ShuLin,ES arXiv:0707.3135
recently evaluated holographic
stress tensor from the
Maldacena string

Here is large r behavior:

— 2NN\1/243/¢7
o Too =>(g*N)Y2d>/r
Times function of the
Angle which is plotted by a solid

line
(to be compared to zero coupling
=>(g2N)d?/r¢

Times another function
(dashed)

Figure 1: (Color onling) The far Reld energy distribution in polar angle #eos(8) = m/ly)),
normalized at zero angle. Solid (black) line s our result, compared to the perturbative
result (3eos® + 1)/4 given by the dashed (blue) line.



Finite T AAS/CFT (witten 98)

viscosity from Kubo formula <T;(x)T;(y)>
(Polykastro,Son, Starinets 03)

Horisontal line is our 4d Universe, (X,y are
on it)

 Temperature is given by position of a
horizon zh of non-extreme BH

e T=T(Hawking)
- Correlator is just the graviton
propagator

* Blue graviton path does not contribute
to Im G, but

red graviton can be lost

The answer is so simple because of
boundary condition (universal “black
membrane”) at the horizon

Sound is a hologram of a wave
on the bottom

3 0\NZ'r o &

= O

C—op AOR =g

nl/s=hbar/4dr




KT = \/;TH?T
Heavy quark diffusion

J.Casalderrey+ D.Teaney,hep-ph/0605199,hep-th/0701123

string solution spans the full Kruskal plane and gives access to contour correlations. The diffusion
coefficient is D = 2/ VAT and is therefore parametrically smaller than momentum diffusion,
n/(e + p) = 1/4xT. The quark mass must be much greater than T+ in order to treat the quark
as a heavy quasi-particle. The result is discussed in the context of the RHIC experiments.

One quark A
(fisherman) is N
In our world, T
The other (fish) in |

Antiworld W
(=conj.amplitude) O

String connects them and R
conduct waves in one

direction through the L
black hole D




Heavy quark in CFT plasma

has a string deformed by hot wind”

Herzog,Yaffe,Gubser...mayos
calculated the

drag force = momentum
Flow down the string

Einstein’s relation
between drag and

diffusion works
But how graviy knows?

h l1.
mn'
'|,l '\-:\.1: 'ﬂ"t j

AdS5 —Schwarzschild

Figure 1: The AdSy-Schwarzachild background is part of the near-extremal D3-brane, which

encodes a thermal state of ' = 4 supersymmetric gauge theory [25]. The external quark

trails a string into the five-dimensional bulk, representing color fields sourced by the quark's
T fundamental charge and interacting with the thermal medium.

"0 =MD,




e | subsonic
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FIG. 1: Plot of |x|£[x}f{T3ﬁ} for v = 1/4, with the zero

temperature and near zone (20) contributions removed. Note
the absence of structure in the region |x| % 1/=T.

supersonic

15

£5 1% i
% xTx;

FIG. 2: Plot of |x|£(x)/(T*VA) for v = 3/4, with the T=0
and near zone (20) contributions removed. A Mach cone is
clearly visible, with an opening half-angle # == 50°.

Hologramm

from P.Chesler,L.Yaffe
(also Gubser et al have
detailed papers

On this)

Both groups made
amazingly detailed
Description of the
conical flow from
AdS/CFT=>

Note that it is not
hydro but a full
soluiton: the shape of
the wave is correct
Even at micro scales
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the absence of structure in the I‘EEIDII |}'{| 1 IIJ' =T, rails a string into the five-dimensional bulk, representing color fields soureed by the quark's
' undamental charge and interacting with the thermal medium.
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14 Both groups made
Amasingly detailed

Description of the

. ol . conical flow from
ok - & 7 L AdS/CFT=> not much
- ' Is diffused

FIG. 2: Plot of |x|£(x)/(T*VA) for v = 3/4, with the T=0
and near zone (20) contributions removed. A Mach cone is
clearly visible, with an opening half-angle # == 50°.



Non-equilibrium pl
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Gravity dual for the heavy Ion
collisions

e T=0 AdS metric corresponds to extreme BH
(mass is minimal for its charge => no horizon)

* As collision creates “debris”, they fall, add extra mass
and form a non-extreme BH with a horizon => T

 Advantages: naturally dissipative+
classical

e Expanding/cooling fireball= departing b.h. horizon,

« Different geometries: 1+d, d=1,2,3 collapses
Sin,ES and Zahed 04,

BH is longitudinally stratching 1+1 - rapidity independent
example Janik-Peschanski 05 proposed late-time solution

« 1+3 approaching/departing BH without entropy change
Gubser et al, 06



Gravity dual to the (heavy quark) collision:
“Lund model” in AdS/CFT
(Shu Lin,ES, I+Il papers)

If colliding objects are made of Ao L
heavy quarks '
« Stretching strings -- are falling |
under the AdS gravity k )/ fragmentation
o Strings are flux tubes , they "|f central region »l« region
don’t break

AdS. center=
Extremal b.h.



Toward the AdS/CFT gravity dual for High Energy Collisions:
[.Falling into the AdS

mhu Lin and Edward shuryak

Department of Physies and Asfronomy, Stony Brook Unteeraly | Slony SBrook VY TIT794-5800, ['54

EOM and solutions for various objects flling in
AdS: a “stone”, closed circular string, 3d
membrane

Falling open string, with ends fixed x=(+/-)vt
Analytic scaling solution z=tau f(y), only exist
till v<1/2 and remains stable till v<.27 or so

Numerical solutions: near free fall in the
middle



Scaling solution Is analytic, but we found
It gets unstable at endpoint rapidity Y>.27 !

proper time and spatial rapidity variables

Action at small v gives “AdS/CFT

= Ve, 3‘:%1"9{;_;} Ampere law
- 2 2 N
Ira’ 22 fr 2
£ i [P e s e i il The coefficient in front (the leading term at v — () coin-
will first discuss “scaling” solutions in the separable form cides with the well known coefficient of static Maldacena
r nntential
z(ry) = = (16)

flw)

* Looking for classical stability: Lyapunov exponents i) g(".l', y] = E:‘H-‘!,Lr! f’yj

A(10~<) 1.2+4222.1i 0.784+265.7Ti 0.38+299.5i 0.12+4+346.4i
L b 4 0.37 0.33 0.20 0.27

Which instability in the hologramm does it correspond to?
Is it generic or present for this solution only?



Non-scaling solution at large y
studied numerically:

It develops cusps

here Is a well _
seen fragmentation
and nearly-free
falling central parts '

Stress self-focuses ]
at the “Corners” | u.lulllIu.|1””u.lza”|ti::;”I::a.latlll::a.lf.””t:-.ls
=>CUSPS

0.25

FIG. 8: The dynamics of the string(half) g(,y) with y = 0.6.
The profiles from the innermost to the cutermost correspond
to 7 = 1(solid red), = 2(dotted blue),r = 4(dashed green),
T = 8(dot-dashed black).



Toward the AdS  SOFT Grawvity IDuaal for High Energy Collisiors:
1T. The Stress Tensor on the Boundauar s

Shu Linm and Edward Shuarvalk

MNeparfrmeend of Fhysiocs arnd Asdtronomiy, Stonsg ook Universedy . Sfomy Hrvook NNY FITFoL-95000 D75 AA
[TDatecd: MNovembrer 25, 20067 )

Ir: this scocornd paper of the sories we calocualoates the stress teonsor of excited mmatter, ocoeanctesd o
“ddeizri=s" of high energy collisions at the bhoumndary. WWe foumnd that massive objects [ “stomes"" ) fallizag
imter the MAAdS center prodoace sravitational disturbances swhickh howewvwer has sera stress ternsor at the
boundary. The falling open strimegs, connectsd o rececoding chargmes,. do prrosduce a nonsero shoess
taernnsor whick we found analyvtically from timee—depencdent Hnearized Finstein equations e the Bbaalk. Ic
corresrarecds to exploding non—eguilibrivgm matter: we discuass its bebhawior io sosme detail, irncloacding
3ts imtermal ennersy density i a comowing framme and the “freczeont suarfaces™ . We then discuss arhaat
heagrprens for the emsermizle of stricapes.

e What observer on the boundary sees is
a holographic image” of this process,

e => can be calculated using time-
dependent Green function for linearized
Einstein egns, as in examples above

How does it look for a falling string?
Is It hydro-like explosion or not?




Holographic imag|
of a falling string

shows all
explosion

(as far as we know thg
first time-dependent
hologramm)

Which
however
cannot be
reprensented
as hydro fluid
=> anisotropi
pressureint
‘comoving
frame”

&

FIG. 1: {w]ur online) The contours of energy density T, §

unit of .Eﬁ in r; = s plane at different time. The three
plots are mu.de for ¢t = r, ¢t = 1y and § = 30r from top to

hottom. The magnitude of T™ s represented by the color,

FIG, 20 (color coline]The contours of momentum den
sity T, in unit of -‘i?—v in I ra plane at differen
time. Thr_ three plut:: are made for ¢ = r, ¢t = 1k
and ¢+ = 5 from top to bottom. The :JJdg:utuck i
represented by color, with derker color cormesponding t
sreater maenitude,  The correspondine contour values an



Many strings falling together

* Imagine 2 walls of heavy quarks =>
multiple strings falling =>
no dependence on transverse
coordinates X,,X,

* The falling object is thus not a string but
3d membrane-like, to be called M, matter

or string membrane)

 (Are there instabilities or other dissipative
phenomena in it, creating entropy?)




Including gravity of debries:

=> another (more famous) membrane M,
(of the “membrane paradigm”)
IS hovering just above the horizon

e Horizon not only has Hawking T and
Bekenstein S, but many other universal
properties

 T.Damour (1978..1982) introduced electric
conductivity, shear and bulk viscosity

 K.Thorne et al (1980s) put it in the form In
which many astrophysical problems were

solved

* (e.g. planets rotating around and plunging into B.H., accretion
discs with magnetic and electric fields, thermal atmospheres
etc)



How falling strings got

equilibrated?
Before equilibration
e Solid line is a falling Curvature \ /
“matter membrane”  1umps=> —
| Israel
Mm’ its ends have +/- v junction
 Dashed lines are condition

horizon membrane

M, which bulge

upward due to

gravity of Mm

) O.ne P(.)SSI.bIe _ After part of M, gets
Slmp|lflcatIOn => flat Substituted by M,, observer at z=0
fallina membranes sees hydro and near-thermal T,




The membrane which Is longitudinally
stretched Is being contracted, as soap film

(L E—

* M, Is 3-dimensional in 5d, if stretched
longitudinally a la Hubble x=vt, it moves in
z=0O(t13)=1/r so A=4S= O(x r¥=const (Janik et al)

 In next order in time there is dissipation induced
by the M, viscosity




Before conclusions,
homework problems

* Are there (analogs of filamentation etc?)
Instabilities for falling strings? Unruh T?

* |If so, what part of Bekenstein
they create?

entropy do

e Calculate the other part, created by
viscosity of the horizon membrane

 Using AdS/CFT, answer the o
top-down vs down-up cascac

(collisional vs bremmstrahlung ec

llemma of
es

uilibration)



o AJS/CFT => natus
L

Conclusions finite-T

e Strongly coupled
. QGP_is £
at RHIC T=(1-2)Tc
® This is the region
where transition
from magnetic to
electric
dominance
happen
e atT<1.4Tc of
magnetic
dominance =>
=-flux tubes
eGood liquid
because of
magnetic-
bottle trapping

nonconfini
Strongly coupled,

= el
tran
(eta,d =
and classical
MiDall-
gualitauvely™
agree!

@ Are thesetwao

pictures
relatea” LHC

-~ AdS/CFT has

Advantages:
(1) classical
(it-odd dissiptive
boundary cond. At
horizon

(1) 30 years or work
on grav.collapse
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