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OUTLINE

e The Pre-Equilibrium Matter in Heavy lon Collisions
e Two Important Features: Overpopulation & Uni-Scale
e A Kinetic Approach: Dynamical BEC & Separation of Scales

e Discussions
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“LITTLE

&

SANG™ IN THE LABORATORIES

ot

ROOSTER

RHIC Event (from STAR)

LHC Event (from ALICE)

Currently ongoing

heavy ion collisions programs:
RHIC (BNL), since 2000;

LHC (CERN), since 2010.

Beautiful “little bang” delivered !
T~10712 K : The hottest matter today!
Furthermore: strongly interacting ! A e




HOT QCD MATTER:
NEARLY PERFECT FLUID
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Created matter’s explosion appears nearly ideal = strongly coupled

“Coupling-ometer” via transport properties e.g. shear viscosity
Infinity 0
(eta/s=1/4pi) (infinitely viscous)
(quantum limit?)




HoT QCD MATTER;
STRONG JET QUENCHING

PHENIX Au+Au (central collisions):
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Jet-medium interaction is very strong—> color-opaque matter!

(high Pt yield (Raa), di-hadron correlation,




STRONGLY INTERACTING MATTER

Strongly Interacting Matter in Heavy lon Collisions:
Strong flow; opaque to jet;
fast “apparent” thermalization
WHY? Logically | see two possibilities:
@ coupling constant is large, T ~ \Lambda_QCD
- likely complete re-organization of D.o.F. , emergence
(issues: very early time? higher and higher beam energy...)
@ coupling can be moderate/small, but high (phase-space)
density that coherently amplifies interaction

- More is different ! = crucial for early time evolution!




THE FIRST THREE MINUTES
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STEVEN WEINBERG

Winner of the 1979 Mabel Prize for Physics

. \'I. :-\tl';.“ Ll %
the Ongin of the

Today t, t =15 billion years
T=3K {1meV)

Life on earth

Solar system
Ouasars

Galaxy formation
Epach of graviltional collapse

Recombination
Relic radiation decouples (CBR)

Matter domination
Onset of gravitational insfability

Nucleosynthesis \ /
Lightelements created - D, He, Li t=1 second
T=1MeV

Quark-hadron transition
Hadrons farm - protons & neutrans

Electroweak phase transition

Electromagnetic & weak nuclear
forces hecome differenfiated:
SU(B)RBU2)xU(1) -> SU(a1xU 1)

T=10°GeV

The Particle Desert
Axions, supersymmetry?

Grand unification transition
G > H - SUESUR)U(1)
Inflafion, haryogenesis,
monopales, cosmic strings, etc.?

The Planck epoch
The quantum gravity barrier

After the Big Bang ---



JUST AFTER THE “LITTLE |

Color Glass Initial Glasma sQGP - _ Hadron
Condensates Singularity perfect fluid Gas

In analog to the “Big Bang” :

yet with the pre-equilibrium evolution the least understood open problem
W1
Z=-1 Z=1 Perfect Fluid
Quark Gluon Plasma — Hadronization
T~ 1 - 10 fm/c

Topological Excitations
Glasma — Density Fluctuations, Thermalization
t~0.1-1fm/c

Event Horizon
Initial singularity — Quantum Fluctuations
=7 7~ 0-0.1 fm/c

Initial Nuclei as CGC — Coherent, High-density Gluons



THE PRE-EQUILIBRIUM MATTER

Color Glass Initial Glasma sQGP - _ Hadron
Condensates Singularity perfect fluid Gas

Strong constraint from
the initial condition:
saturation

Pre-equilibrium matter

(We focus on this!)

Strong constraint from
Hydro modeling and empirical data:
fast “thermalization” ~ fm/c
(to the extent of justifying hydro as effective description)



THE

PRE-PRE-EQUILIBRIUM

Before the collision: saturation

gluons

Momentum Fraction Times Parton Density
)
L=

G " 5 - .-H-I\"-:.I____\_ ]
0.0001 0.001 0.0 0.1 1.0
Fraction of Overall Proton Momeantum Carried by Parton

Strong longitudinal expansion = anisotropy;
Instabilities play an important role:

Isotropization of energy-momentum tensor;

rapid growth toward large occupation of soft modes;

on the time scale ~ 1/Qs .



A HIGH DENSITY GLUON SYSTEM
1

We consider a high density gluon system, startingatatime Ty~ —

1 2

f~— ’ P<Qs
Qs

f”or P>Qs

Some idealization concerning real heavy ion collisions:
very large transversely; very high energy, i.e. large Qs and small coupling

()=

Energy scale

0 = Agcp Qs >> Agep




FAR FROM EQUILIBRIUM...

The initial gluon system is far from equilibrium ! (Plotted here: p* f(p) )

1. 0p————<

0.8} e Initial gllon distribution

Equilibrium __0-00—> ., :
Distribution 04:_ * ]

0.2} o :

00k .\

-----
_________

Saturation Scale
Q ~ 1 GeV or larger
Weakly coupled
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RPOPULATION

1

We consider a high density gluon system, starting atatime Ty~ —

1
fr~— , P<Qs f~0, p>0Q¢
As
4. O
o=~ E  mon=0h~
¥ g
] -3/4
Overpopulation parameter: no €,
For our initial gluon system: no 663"{4 ~ 1/all*

In contrast, for equilibrated QGP:

€eq ~ T Neg ~ T° Neq €mg ' ~ 1

Qs



OVERPOPULATION

Does building up a chemical potential help? NO!
The maximum gluons that can be accommodated by a Bose-Einstein distribution with \mu:

JedB) = o 1

For the given amount of initial energy, our gluon system has too many gluons
—>Actually a “cold” dense system of gluons initially

= can NOT equilibrate to a BE distribution by default (assuming elastic dominance)



OVERPOPULATION

Overpopulation - Bose-Einstein condensation for equilibrium state

1]

All the extra gluons get absorbed into zero momentum mode.

1
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BOSE-EINSTEIN CONDENSATION FROM
OVERPOPULATION

Initial overpopulation + Energy & Number conservation = BEC !!

Atomic BEC: for given number of atoms, reduce energy (cooling) toward overpopulation

Dynamical formation of BEC at the early stage after heavy ion collisions:
born to have too many gluons for the available energy, really fascinating !
(Caveat: assuming elastic process dominance on certain time scale; discuss later...)

3
Qs

Ag

T~Qs/ asl/4 Ne =1 - ng Nc (1- aslm)




INITIALLY UNI-SCALE

There is ONLY ONE SCALE initially, i.e. the Qs

1
fo~— , P<Qs f”or P>Qs

Ag

This distribution is highly un-desired thermodynamically, i.e.
by examining the entropy:

s~J’[(1+f)*Ln (L+£f) -f£f%xLn (£f)]
P

[]~O(1L+Ln (£f)) , £>>1
[]~O0 (1) , £~1
[]~O(£f*Ln (1/£f)), £<<1

Thermalization = maximization of entropy 2>
More beneficial to distribute the gluons

to wider region in p-space with f~ 1



SEPARATION OF SCALES

We introduce two scales --- momentum cutoff scale & the saturated scale

1

A: £<<1 for p>A ﬁsif“’a—
S

There is ONLY ONE SCALE initially, A~ Ag ~ Qg

1
f~o— , P<Qs £f~ 0, P > Qs

Ag

Toward thermalization, the two scales must be separated!
By how much?
Again, for a very weakly coupled equilibrated QGP

A~T Ag~ag*x T

Therefore, thermalization requires specific separation of the two scales:
Ag
A




AMPLIFIED SCATTERING

The initial gluon system is highly occupied - change the power-counting

e.g. for the collision integral in kinetic evolution
fxf*xa ~ 0O (1)
S

1 oo ° .
f(p) ~ — Coherent amplification of scattering >

Qig Fast thermalization from overpopulation?!



KINETIC EVOLUTION

With 222 gluon scattering

& small-angle approximation

(here for isotropic case;

anisotropic case also derived and similar) '

D.f(p) = 6-55-’\5;; {p2 [f"(p) + (is) f()[1+ f(p)]]}

A2 o~ (BE as fixed point)
()= [

1
For highly occupied initial condition: f ~ 2
coupling constant disappears in the scales! o AS * A~O ( 1 )
S
In contrast, for thermalized BE distribution:

A~T Ag~ag*T AZ*xA~0 (ag?)



1M )
LIV/IL 411

quark—gluon plasma

Jean-Paul Blaizot?, Francois Gelis®, Jinfeng Liao®*, Larry McLerran <,
Raju Venugopalan ®

A highly overpopulated gluon system evolving toward equilibrium:
Strong overpopulation = dynamical BEC formation

Initial uni-scale = separation of the two scales by coupling \alpha s
High occupancy

— coherent amplification of scattering, ~O(1) effect despite coupling

NEXT: analytic analysis of scaling solutions ; ultimately nuermically solving the equation



THE “STATIC BOX” PROBLEM

A schematic scaling distribution characterized by the two evolving scales:

1 1 A
f(p) ~ — for p <A, f(p) ~ —— for A, < p <A, f(p)~0 forA < p
Qs as Wy
L 1 3
ny ~ —A“Ag €, ~ —AN n=n.-+ Ne
Cts CES

Time evolution of the distribution, i.e. of the two scales = need two conditions
Atto”l/Qs . A”As”Qs

Essential points here:
* Energy is conserved, but not gluon number = absorption into condensate
e Collision time scale (from transport equation) ~ \tau for scaling solutions

A
A2

l[scat =



THERMALIZATION IN THE “STATIC BOX”

Two conditions fixing the time evolution:

A

0
\

o aeef)

lo

3 ~ ~
A(A” ~ constant Iscat !

The scaling solution:

Upon thermalization: separation of scales; entropy production; eliminating over-pop.

Ag~asA  mm ! (1)7’4

1/4

Ag

1/4
n*e'3/4~( ) - O (1)

g * A



THERMALIZATION IN THE “STATIC BOX”

Two conditions fixing the time evolution:

A

0
\

o aeef)

lo

3 ~ ~
A(A” ~ constant Iscat !

The scaling solution:

Upon thermalization: separation of scales; entropy production; eliminating over-pop.

Ag~asA  mm ! (1)7’4

1/4

Ag

1/4
n*e'3/4~( ) - O (1)

g * A



CONDENSATE IN THE “STATIC BOX”

Condensate dominates the number density:
' — T T 1/7
~ 1/7 o
ne ~ noll — (to/1)"/"] ﬂg~f’to(—)

While gluons dominate the energy density

€ ~ NeM ~ Ny VAN

d €
m> ~ s f r:;*';:rp'2 () ~ AA; &

d(up

A robust, though transient ultimately, Bose-Einstein condensate
can be dynamically formed and maintained during the thermalization!
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EVIDENCE OF BEC FROM
SCALAR FIELD THEORY COMPUTATION

n(p) (MEN)
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NUMERICAL TRANSPORT STUDY

D,f(p) =& ffgﬁé‘p {pg [f"(p) + (is) fe)1+f (p)]]}

We numerically solve this equation,
but cutting out a “small hole” near the origin:
PZA Py avoiding divergence due to condensate ;

measuring the particle flux toward condensate
in the momentum space !

> f(p):)\ ; pEQs
_ o 2 2
flp)=Ae WPl 5 Q)

Px

ne 34 g )\1/4 Glasma : A = —
Ag



OVERPOPULATION

P
Z Py

Solid lines: initially over-occupied
Dashed lines: initially under-occupied

Px

n(7)/n(ry)
SO =
ONJO0\ O —

Overpopulation = a flux in momentum space toward zero = source term for BEC



OVERPOPULATION

3/

£0.4;

Solid lines: initially over-occupied
Purple line: value for the equilibrium B.E. distribution
Dashed lines: initially under-occupied



SEPARATION OF SCALES

Glasma : A = —




~FFECT OF LONGITUDINAL |
Assuming boost-invariance and studying mid-rapidity
Pz df
ot | — 8pzf:_, =C[f]
t dt |, ;
z
€+ P
dr€ t—o B;LH—I—E:
[ !
Further assuming certain fixed anisotropy
PL — 0¢€

146
= a0 ~em)( )

6 =0: free streaming

6=1/3:1isotropic

E XPANSION

0.



~FFECT OF LONGITUDINAL EXPANSION

Two conditions fixing the time evolution:

0 14 A
O ~ew() e~ g

The scaling solution:

0\ 49/
As~ QOs| —

10\ 1+28)/7
r :

) A"‘“Qs(_

¢

Upon thermalization: separation of scales; entropy production; eliminating over-pop.

N\ 7/(3—=8
e = [)-@)"

10 g

1+2 & 3 3 3% (1l+2 5)
THQs*as 3-6 S ~ T HQS *as 3-5




CONDENSATE IN EXPANDING CASE

NOTE: anisotropic expansion reduces overpopulation

Condensate still can exist and dominate density:  for § > 1/5

s ]
(' t I

Energy carried by condensate is subleading:

c. (m)(ﬁ—na)/m
€g t

The more isotropic the expansion is, the stronger the condensation will be.

Would be great to test in scalar/gauge field simulations aand kinetic computation.



DISCUSSIONS: INELASTIC PROCESSES

Point-1:
The inelastic rate could be very different in P2 P4
far-from-equilibrium system (e.g. Glasma)
as compared with near-equilibrium system k
(e.g. in calculating transport coef.)
m p3
n+m—2 n+m—4
L - a,n+m—2 (ﬁ ) (i) An+m—5
Iscat = ) Lscat ’ &5 m?
A i
m- ~ A;A

In Glasma case: the rate of inelastic happens to be
on the same order as the elastic
- transient BEC still, but more subtle now



DISCUSSIONS: INELASTIC PROCESSES

Point-2: »
Fast rate of inelastic processes does NOT P2 :
necessarily imply fast change of particle number! )

” P3

Examine the factorized limit
Dominant contribution to I.R. enhancement
Singularity or not depending on mass and spectrum shape at small energy

2C
Ci,2¢:8,4|5 ~ 01,2634 X / dz' =2 f(2')

z'—0 zf

However the change in particle number density vanishes in this limit!

dn 2C
o :/ Cr203,4)5 ~ [/ CI,ZHBAJ 3“1/ dz'—~f(<)

1

This is ZERO




SUMMARY. A SCENARIO FOR
THERMALIZATION

» The pre-equilibrium matter starts with
high gluon density and one scale.
» Strong overpopulation enforces the system toward BEC.
» Separation of scales must happen toward thermalization.
» Elastic scattering is coherently enhanced despite the
small coupling, therefore leading to strongly interacting
matter even at early time and driving the thermalization.

» Expansion may proceed with asymmetry = anisotropic hydro?



OUTLOOK

A number of important things to do
» The role of instabilities:
can we incorporate that into the transport approach? How?
understanding the relations among different approaches
» The role of inelastic scatterings:
need a thorough and quantitative investigate to clarify
» The role of a condensate:
new transport framework including both condensate & particles
» Full numerical solutions to transport in expanding case
» Phenomenological implications:

e.g. Flow, jet quenching, EM production in pre-equilibrium matter

Thank you !



