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OUTLINE

* The Pre-Equilibrium Matter in Heavy lon Collisions

* Important Feature: High Overpopulation

A Kinetic Approach: Dynamical BEC & Separation of Scales
* Numeric Study of the BEC Onset

* Discussions
Collaborators and References:
Blaizot, Gelis, JL, McLerran, Venugopalan, Nucl. Phys. A873, 68 (2012);
Blaizot, JL, McLerran, to appear;

Chiu, Hemmick, Khachatryan, Leonidov, JL, MicLerran, arXiv:1202.3679 [nucl-th].
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Singularity perfect fluid Gas
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Strong constraint from
the initial condition:
saturation
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Pre-Equilibrium Matter

(We focus on this!)

Scale in PEM high! Qs~GeV Asyp. Free.
Is weak coupling description
viable with “fast thermalization”?
YES = More is different!

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




A HIGH DENSITY GLUON SYSTEM
1

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

1 2
f~ r P < Qs
(0 4
S Our starting point

f~0, p>QS

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

(=

Energy scale

/f—>

O = Agcp Qs >> Agep




FAR FROM |

- QUILIBRIUM...

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

Initial gluon distribution

i | > Very high phase
| ‘.| / - space density

f~1/alpha_s

» Strong

overpopulation
/a “‘\
o 21 \ » Only one scale
Equilibrium . AN
Distribution . .
(with the same

- that characterizes

________ _ the distribution
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Saturation Scale Qs ~ 1 GeV or larger, weakly coupled

Energy density) 8 .

Thermalization: how the initial distribution evolves toward the equilibrium?




AMPLIFIED SCATTERING

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

e.g. for the collision integral in kinetic evolution

fxfxag’~ O (1)

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

Qig Fast thermalization from overpopulation?!
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1
We consider a high density gluon system, startingatatime Ty~ —
1 Qs
f~a—,p<Qs f~0, p>QS
S

o L@

= = ~ 0 n(r
& =€e(T= Q) o s o
_ -3/4
Overpopulation parameter: no €,
. ene -3/4 1/4 | Much larger than unity
For our initial gluon system: np €, 1/ag ot weak coupling!

In contrast, for equilibrated QGP:

€eq ~ T Neq ~ T° Neq e;q3/4 ~ 1

For the given amount of energy, there are initially way too many gluons !




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

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)

- Rather: 1

feq(k) =nc6(k)

e,B (wg—mg) _ 1




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 !

Qs>

Ag

T~Qs/as’® Mg =N-Ng n.~—— (1-a'*




INITIALLY UNI-SCALE

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

1
fr— , P<Qs £f~ 0, P > Qs

Ag

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

s~j[(1+f)*Ln (L+£f) -£fxLn (£f)]
P

(]~0(L+Ln (£)), £>>1
]1~0 (1), £~1
]~O0(£*xLn (1L/£)), £<<1

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

to wider region in p-space withf~ 1



SEPARATION OF SCALES

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

1

A: £<<1 for p>A Ag : £~ —
As

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

1
f~— , 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* T

Thermalization must be accompanied by specific separation of the two scales:

As

A




RECAP OF THE P.E.M.

Bose—FEinstein condensation and thermalization of the
quark—gluon plasma

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

NPA873(2012)68-80 [1107.5296]
The Pre-Equilibrium Matter as

a highly overpopulated gluon system evolving toward equilibrium:
High occupancy

— coherent amplification of scattering, ~0O(1) effect despite coupling
Strong overpopulation = dynamical BEC formation

Initial uni-scale = separation of the two scales by coupling \alpha_s

Allowing a kinetic approach based on weak coupling

Related discussions: Kurkela & Moore, 1107.5050, 1108.4684, 1207.1663; Schlichting, 1207.1450



DEVELOPING A KINETIC APPROACH

Two-stage problem:
» The evolution from overpopulation toward onset of condensation
--- we will come to this later with numerical studies.
» The co-evolution of condensate + regular distribution
---- we will show here approximate scaling solution of the regular
distribution toward thermalization

D.f(p) =€ (A3A) v [vf(m+ () f(m[1+f(m]}

A (2—;)2 = (27?) / (d31;3 f®) 1+ f ()]

A——(2 )2/ d’p 1 (P)
N (21r )3 P Blaizot, JL, MclLerran, to appear.




THE “STATIC BOX” PROBLEM

A schematic scaling distribution characterized by the two evolving scales:

f(P)Ni for p <A, f(P)~i& for A; < p < A, f(p) ~0 for A < p
Qs s w,
1 5 1 3
Ng ~ —A°A; €g ~ — AN n = ne + ng
g g

Time evolution of the distribution, i.e. of the two scales = need two conditions

At toNl/QS : A~Ag~Qg

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

A
A3

[scat =



THERMALIZATION IN THE “STATIC BOX”

Two conditions fixing the time evolution:

A

3
A A° ~ constant lscat ™ F ~t
Y

veoft)  asefl)

Io

The scaling solution:

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

i~ —( —

1/4




CONDENSATE IN THE “STATIC BOoX”

Condensate dominates the number density:

ne ~noll — (t()/t)l/7] ”lg’vf’to(%")l/7

While gluons dominate the energy density

€ ~ NeMm ~ N, \VAA;

€
m” ~ a, f dppzdf(p) ~ AAg 2

dw,

A robust, though transient,, Bose-Einstein condensate can be
dynamically formed and maintained during the thermalization!



EVIDENCE OF BEC FROM
SCALAR FIELD THEORY COMPUTATION

From: Epelbaum & Gelis 1107.0668
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FEFFECT OF LONGITUDINAL. EXPANSION

Matter created in heavy ion collision undergoes rapid longitudinal expansion
—> Dilution as well as driving anisotropy

The scattering competes with the expansion to restore the isotropy.

The analysis of scaling solution is similar, except that evolution of energy density
is related to the anisotropy now

| t0 1446
PL — € ‘ €g (1) NG(TO)(T)

6 =0: free streaming =1/3: isotropic

) ® to (4+9)/7 to (14+28)/7
S S { ’ t
7/(3—8 3 (—1+38)/7
TO aS as t t




TOWARD ONSET OF BEC

Df() =& (MA) 7+ |50 + 2 (52) £@0 + £5)

We numerically solve the kinetic equation to study:
How the the system evolves from overpopulation toward onset of BEC?

How robust this phenomenon is against:
different initial overpopulation?
different initial distribution shape?
different initial anisotropy?

and the longitudinal expansion?

Blaizot, JL, McLerran, to appear.




SMALL MOMENTUM BEHAVIOR

Dus() =€ (A2A) 9+ [956) + 2 (32) s + 1)

What happens at small p:

1. strong particle flux in momentum space toward IR

2. almost “instantaneous” local equilibration toward the classical thermal shape
3. the local effective “chemical potential” approaches zero > ONSET!

f= W <0)

Blaizot, JL, MicLerran, to appear.




NUMERICAL SOLUTIONS
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Onset seen for all fO greater than critical



BEC ONSET VIA VANISHING \MU

0.80¢
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0.70¢
~ 0.65
0.60¢
0.55¢

“local thermal” shape with local T and \mu



Flux Fip)

IR AND UV CASCADES
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Flux in momentum space:

Particle cascade toward IR

Energy cascade toward UV

(similar behaviors observed on lattice scalar field simulations)



ROBUST AGAINST INITIAL SHAPE

100}

001 Starting with Gaussian type
of initial condition, we see the
same onset of BEC driven by

overpopulation
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ROBUST AGAINST

ANISOTROPY & EXPANSION
Mor(.e inijcial O°5f' - ' ' ' - 'I\'lu'm“ ical solutions
Longitudinal o . . .
I with longitudinal expansion
pressure o.af
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pressure
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- Higher and higher overpopulation

High enough initial occupation f _0~1 is able to compete
with anisotropy and expansion to reach BEC onset!




IN THE

PHENOMENOLOGY.
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BRIUM MATTER

There should be additional EM emission from the pre-equilibrium stage
We derived fitting formula motivated by our thermalization scenario.

Conventional sources
+ our PEM contribution
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Important contributions to EM production from the pre-equilibrium matter !

Chiu, Hemmick, Khachatryan, Leonidov, JL, MicLerran, arXiv:1202.3679 [nucl-th].




PHENOMENOLOGY: EM PRODUCTION
IN THE PRE-EQUILIBRIUM MATTER

There should be additional EM emission from the pre-equilibrium stage
We derived fitting formula motivated by our thermalization scenario.
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Important contributions to EM production from the pre-equilibrium matter !

Chiu, Hemmick, Khachatryan, Leonidov, JL, MicLerran, arXiv:1202.3679 [nucl-th].



SUMMARY. A SCENARIO FOR
THE FIRST-FERMI/C AFTER LITTLE BANG

» The pre-equilibrium matter starts with
high gluon density and one intrinsic scale.
» Elastic scattering is coherently enhanced despite the
small coupling, therefore leading to strongly interacting
matter even at early time and driving the thermalization.
» Strong overpopulation enforces the system toward BEC.
» The onset of BEC is robust against initial shape, anisotropy,
as well as the longitudinal expansion.
» Important phenomenological consequences, e.g. EM emission.

» Many more to be studied and reported in the future.



BACKUP SLIDES



KINETIC EVOLUTION
With 222 gluon scattering
& small-angle approximation
(Blaizot, JL, McLerran, to appear)

Duf(p) — €251 gA"@{ e+ (5

2) sl + )]}

A2 . (BE as fixed point)
A=) = @p%unU+f@m
s 0
Ag 00
AN—=— dp p*—
Qg 0 dp
For highly occupied initial condition: £ ~ 1 A 2 A~O (1
coupling constant disappears in the scales! o s * A~ ( )

In contrast, for thermalized BE distribution:

A~T Ag~as*T A *A~0 (ag?)



EFFECT OF LONGITUDINAL EXPANSION
Two conditions fixing the time evolution:

(1t 146 A
Gg(t) g 6(1‘0)(7) Iscat ™~ A_% ~ 1

The scaling solution:

As ~ Qs(

to ) 4+68)/7

10\ 142977
t .

) A’\’Qs(—

4

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

1\ 7/(3=8)
tth l
As~asA  mm) (—) ~ (—)

10 (g
1+2 6 3 3 3% (1+2 5)
T~Qs*as 3-6 S ~ T ~QS * Qg 3-6
Strong scattering competes = 16 4+ 21k [1 Y 1003 ]
With expansion = fixed asymmetry 36 (16 +21k)2




CONDENSATE IN EXPANDING CASE

NOTE: anisotropic expansion reduces overpopulation

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

Qs (to)l: (to)(—l+55)/7:|
ne~2s (L)1 (2
g \ 1 t

Energy carried by condensate is subleading:

. 10\ G- 118)/14
€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.



SMALL MOMENTUM BEHAVIOR

At small momentuum  (f > 1)
9 f 2[,, [2[ ] af
D
f(p) = 52 > B
nstantaneous’ cquitibrium distribution ﬁ4wctiow
T#
= <0
f= o (u )
2T* 2T
D f~ I, —-T7I) — (I, —T"Ip)
f (p—u)y " p(p — p*)?
& d*p 2f(p)
L= [ G/ @)1+ 1(P) L= [ G

Blaizot, JL, MicLerran, to appear.




THE PRE-PRE-EQUILIBRIUM

Before the collision: saturation

L CTEQ6.5partton
3.5F distribution functions
i 0- Q? = 10 GeV?

:_Gluons dominate the soft constituents of hadro
"7 But density must saturate...
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Momentum Fraction Times Parton Density
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0 . -
0.0001 0.001 0.01 0.1 1.0
Fraction of Overall Proton Momentum 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 .



OVERPOPULATION

Overpopulation - Bose-Einstein condensation for equilibrium state

1]

All the extra gluons get absorbed into zero momentum mode.

1

feq (k) =nd(k)
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FROM PHENOMENOLOGY
TO UNDERSTANDING?

Phenomenology:
Start far-from equilibrium, expand as a fluid shortly after ~ 1 fm/c

Understanding is lacking:
Fast local equilibration = strong scattering right from the start
But how? --- single most challenging issue in heavy ion physics

Phenomenology:
strong soft-soft and soft-hard re-scattering in the matter

Understanding:
Strongly coupled constituents or strongly interacting constituents?

Or both, at different time stages?




