Relativistic Heavy lon Collisions
and the Quark Gluon Plasma

l. Idealized Partonic Matter (1st lecture)

Il. Modeling Heavy lon Collisions and connecting QGP
properties to experiment (2nd and 3rd lectures)

lll. Quantifying our knowledge of the QGP (3rd lecture)

Seott Pratt, Wichigan State University, prattoee(Qumeon. edu




Hadron Gas

Density depends on temperature T.. o1

My adrons — 2 (28, + I)J

d’ o T
Q2ry’ ’

Ep :\/m§+p2

Masses (MeV):
Mesons: m+-0(138), K+-0(495),n(549), n "(980), |
p*-10(770), w(783), K+-°(850),$(1020)
Baryons: p(938), n(940), A+++-0(1232), A(1116), -
z+-0(1195), Z*+-/0(1195), =/0(1314), =*/0(1530), Q(1672) ._..
Hundreds of states with M, <2 GeV




Hadron Gas

e Hadrons overlap for T> ~160 MeV
(T of universe ~20 psec after big bang)
o Approximately 1 particle per A3
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Parton Gas

=

52 light degrees of freedom
e 36 quarks
(3 colors, 2 spins, part/antipart, uds)
e 16 gluons
(8 colors, 2 spins)
e ~ignore leptons, photons or heavy quarks

n ~ T3 InSide ~ 1 Ath3,
e Bose condensed “He: one particle
e~T* e Photon gas: 2 particles
p 13T e Parton gas: 52 particles
— 6 ~
P+e
s = ~T"’



With Interactions

Properties to discuss:

ONoORLWD =

Eq. of State (=0, ps£0)

Chemistry

Chiral Symmetry

Color screening

Viscosity

Diffusion Constant*

Jet damping*

Stopping and Thermalization
*will skip

e No.s 1 - 4 require lattice gauge theory
e all can be connected to measurement (next lecture)



Lattice Gauge Theory

First, outline derivation of path-integral form of
partition function

Z(f)= o )N H Jdp1dQ1dp2dQ2 -dp\dqy exp{ J dr L(p(7), Q(T))}

¢=<p+zq>/f




Lattice Gauge Theory

“coherent” state is eigenstate of destruction operator

|9) = exp{~¢'a+¢a")}|0)
_ e—|¢|2/2 eq)aT | 0>

alg)=9|9)

—— e ——————————



Lattice Gauge Theory

Exercise 1.

Show that:

a:ln) =M’ -na) 10) = o2 gna’ |0) Use Baker-Campbell-Hausdorff

.
b:a'e™ 10)= 775ﬁe’7“T Expand exponential

c: {nIn+3ny=em oM Use (a) and (b)



Lattice Gauge Theory

completeness proof

(ml) {oln) == (0la"|#)(0l(a' |0}

(-ig" )" (i9)'(0]6){(4]0)
m:n.

_(i9)" )"
Jm!n!
[ dg,dg, <m|g)(gln) =276, [l d|g %e—w
= 0

mn

A0, | o1
J= o)l =1




Lattlce Gauge Theory

Take trace of Lagranglan
Z(p)= on )N H fdpldqldpquz -dpydqy

,<¢1‘e—5/3H(p q)‘¢2><¢2|e—5ﬁh’(p,q).”
5[3:,B/N B=1/T

(zﬂ)zv 111_[ jdp1dQ1dp2dQQ -dp,dq, exp{ J dr L(p(7), q(f))}

(¢|eP"7D|9,) =~ (1- SBH (p,,q,))d)| ¢, + ¢y = (1—BH (p,.q,)+ pdq/2—qbp/2)
=1+5ﬂ( G/2—qpl2-H(p,q))

Z(p)= 27 )N H | dpda,dp,dg, ---dp,dg, eXp{fOﬁE(p,q)}

¢=<p+zq>/f

Path integral for evolution operator,
but in imaginary time

6—5/317(19,6]) . | ¢1> ,

6,9,




Lattlce Gauge Theory (Review)

Integ rateover fleld confllgu ratlos" —_ >' Partltlon function
Z(B=11T)=) (ile P i)
=Y G e P X, e 1y iy e 1), 88=B/N
Change basis to “fields”
|9y = expliga—i¢p'a)}10), ¢=(p+ig)/2
ZIi)(i - ﬁ [dpdq 1p)Xe)
(@)1 §(1+61)) = exp{(ipg —igp)St I 2}~~~ (p(t) | ™" 1 (1 + 61)) = exp{iL(p.q)St }
Problem reduced to high-dimensional integral
Z(p)=

H fdp1dQ1dp2dQ2 -dpydqy exp{ J dr L(p(7), Q(T))}

12 N

(2r )N



Lattice Gauge Theory

Advantages
e Can handle configurations where particle number is not

well conserved (gluons)
o Relativistic

Disadvantages
e Poor choice for systems with fixed number of well-defined

quasiparticles (nuclei)
e Has trouble with correlators in real time

(A0)A(1))
Examples: viscosity, conductivity, diffusion constant
e Numerically expensive



1. Eq. of State
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1. EoS at Finite Baryon Density

Temperature T [MeV]
3

0

Nuclei

Net Baryon Density

First-order phase transition and critical point?
o If first-order there should be critical point
e Lattice has trouble at finite p

e NJL Models can lead to 1st-order transition



_ 2. Chemistry

Parton number undefined in interacting system
and {pu,q,s=0
so, considers fluctuations:

(0.9,
V

Zab =

For parton gas (hon-interacting)

X.,=m +n)o  ,y/s=constantform =0

For hadron gas (non-interacting)

Zab = Z naqaaqab



» 2 Chemlsry

Xab/S

0.08

behawo épbroaches parton gas at high T

vvvvvvv
,,,,,

Lattice (BW Collab)
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3. Chiral Symmetry

L=V, (id,—eA)y"¥, +--
P — 7Y

VREENPUESAN Invariant to axial and
- iso-axial rotations

Noether’s theorem leads to conserved currents

ruined by chiral anomaly



3 Chlral Symmetry (hadronlc perspectlve)

L= _21{6826+7r82 *}+;M {G -I—|7Z'|2}——{(7 +I7r|2}

+gnN(G‘P‘P+z7Z'-‘PT}/5 )

=Yy y't¥+o0d'n,+n, 0"0c

M, =g . (0),(0)=f =93 MeV '|'|'



3. Chiral Symmetry (lattice)

3. q-qbar condensate, is related to sigma condensate

(uu)
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”
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Condensate leads to constituent quark mass



4. Color Screening

Debye Screening: Charge +Qo in plasma, will attract negative
charges
An,(r)y=n(e""" =1),

~-n,V(r)/T Includes contribution from
“ screening charges

_eQO —rlA -
e
d1e,r

A = / €1
ebye 2
n,e

Screens confining potential = “free color charges”

V(r)=




4. Color Screening

Exercise 2. Show form

An (r)=n(e""" -1),
=~—n,V(r)/T

—eQ, _, e, 1
V(i"): ° € M’ADebye: - 2
de,r \/ n,e

is consistent with Gauss’s law. l.e. calculate E(r) and
Q(r)=charge inside r.




4. Color Screening

Free energy vs. separation

- F(r,T) [GeV] W..

e 4 »0 0
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For T> 200 MeV, charges can separate

iooz ‘xéJeﬁJsﬁe)i
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5. Viscosity

aZTVOO :_axTOx_ayTOy_l_azTOZ L I f E d P
ocal conservation of E an
J0,T,, =0T +07T, +0.T,

yo o

T =0 ldeal hydro

" _ Navier-Stokes
Ty = Poy=1(9;v;+9,v,)=6V-¥ n = shear viscosity

¢ = bulk viscosity



5. Viscosity

shear represents friction between layers of fluid

- d
% I Ay EPX ZAynany

bulk describes dissipation of diverging flow

T SE=—PSV+{V-58V

g\‘i.EV
|




5. Viscosity (Kubo relations)

Linear response theory — example conductivity

5(j(x=0,t=0))= (¥, | (1 i j_ooodtV(t)) j(0,0)(l _ iJ._OwdtV(t)) P,
V(t)= dexExp(x,t): Exjdxxtatp(x,t),
j_omdt V(t)= Exj_ooodttdxj(x,t)

o = —i‘.:dt t dx {[j(0,0), i(x,0)])

:—i::dt t dx <J(0,0)](X,f)>

L e . .
B Ej—oodt L(0.0)] (x’t)>analyticity+trace properties of Z
Transport coefficients derived from
correlations integrated over relative time



5. Viscosity (Kubo relations)

Exercise 3: Derive Kubo relation for viscosity

n=—i j d’rdt 1{[T,(0,0),T,, (7t = 0)])

First assume velocity gradient dxvy as external field:
(AT (r=0))= naxv

Then use interaction:

V=Jd3rTny8xvy

Folllow steps B?conductivity, but with

E—d.v, xp—xT,

X y?

——



Viscosity (Kubo relations)

Exercise 3*: Derive Kubo relation for viscosity

Show: 1 =—i[d*rdr (T (0,0)T, (7t =0))

leads to: 7= g;d%dt (T,,(0,0)T,,(F,t=0))

Hint:  ¢(t)={(A0)A®))=Tre "" A(0)A(t)

cyclic prop. of trace

First show: ¢(i3/2+7)=g(if/2-7)

| —

Then show: <j> dzg(z)(z—if/2)= Cﬁ dzg(z)(z—if/2)=0

contour1 contour 2 analyticity

Im z

Contour 2

Re z
>

> Contour 1
>



5. Viscosity (Kubo relations)

For gas, correlation of particles with
themselves multiplied by

relaxation time: n= % j d’r(T(0,0)T (F,t = 0))

1.5

T d3p p2p2
2> (25, +1 R
T§< o+ eny . E

125 L
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\g 075 | ]
. Pertunbative QCD

150 200 250 300

T (MeV)



5. Viscosity (Kubo relations)

For gas, correlation of particles with
themselves
multiplied by relaxation time:

1.5 puy
1.25 \

n=_n j d*r (T, (0,0)Txy(F,t =0))

2.2
—E/T pxpy
N (27:) E>
LD o7 L
-
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5. Viscosity

similar behavior to
other fluids near T
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5. Viscosity

Some values:

0.08 : Atherm ~ Amfp (Danielewicz and Gyulassy)
1/4m : AdS/CFT (Kovton, Starinets, Son)
In principle can approach zero



