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QCD equation of state and compact stellar objects from
Hard Thermal Loops

Robert Schulze
TU Dresden, FZ Dresden-Rossendorf

with M. Bluhm (CERN) and B. K&dmpfer

* QPM with ImIli=0, plasmons and plasminos from HTL
« extrapolation of lattice QCD to large baryon densities, e.g. CBMQOFAIR

« EOS for hydrodynamic phase of heavy-ion collisions (RHIC, LHC, SPS)
and quark stars
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Phases of Strongly Interacting Matter, Orsay 2008

From QCD to thermodynamics

QCD E Blaizot, lancu, Rebhan: PRD'01
— propagators
— self-energies

thermodyn. potential 2
— state variables: p, s, ng,...

— EOS e =¢(p)
— T" hydrodynamics
— TOV eq., quark stars

lattice QCD
— available @ ©~0

— 1= 0: sign problem
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CJT formalism

« effective action
LD, 8] =15 {Tr D] + T [D5' D~ 1]}
+ {Tr[InS") +Tr[Si'S —1]} + I'2[D, 5]
e translation-invariant systems, no broken symmetries

Q d*k
= = — In D' — 11D
7 tr/(27)4n3(w)lm(n )

d4k . T
+ 2tr/wnp(w) Im(In S —25) — VFQ
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2-loop QCD thermodynamics

 truncate I'2 at 2-loop order

1 1
L OO
— self-energies of 1-loop order

R

« gauge invariance: hard thermal loops (HTL)

N | —
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HTL self-energies

* ImIT=0 below the lightcone (solid lines)

T T T T T T 4 T T T T T
0.6 F k=0.5T 1 k=0.5T
2tk i
0.3F B S~ 0
) &
5 = \//
2l + ol i
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o — Landau damping
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Entropy

* stationarity of (2

1 00 1 <8Q n 02 8D>
S m-— —| =m-——| — -
4 8T 19 4 aT expl. \5D, aT 12
0
= SgT + Sg,L + Sq,Pt + Sq,P1 + s’ s =0

Vanderheyden, Baym: JSP'98
e e.g. gluons:

ImIT
N ongp -ReD7) + ReDrImIIT — arct =
ST /d%—aT {mz(w)@( Re T) + ReDrImllt — arc an(ReD:fl)

gp contribution damping terms
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SN(HQ

00 3D)
P

reSSu re s1~/d4k0':,’;" {q1¥+damping}
« self-consistent formulation of the pressure
0 .
p=—y = Ei:pi - B Di ~ /i‘*knB/F {qp + damplng}
0B L 5pi 8HZ 8B _ e
T = 4= oI, aT <@N’Z~-6u>
 entropy density
_Op ., Opi Ol; OB .
8_8_T_2i281+8ﬂi8T 8T_zi:87’
« net quark density "~ Gt 3.5

ap ong Bné .
9P [ (oney one d }
"ta o /d%( on * I ) {qp + damping
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_Phases of Strongly Interacting Matter, Orsay 2008 _____|
Effective coupling

o fundamental parameter

¢ (2?) = 1672 (1 46 In[n(2?)]

— Boln(z?) B3 In(z?)
* runnin li 2 = £
g coupling ¢ T =5l
T>Te, p=0
* effective coupling G? x = —ﬁfﬁ}
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Adjustment @ ;1=0

* 11=0: adjust to /QCD
— T, X fixed
- GQ( T?:UJ:0>

p/T"

S = N W R OO N
T

1

o & x [Kar07] lattice

p/T 4
s/T"3
e/T 4

1

1

1.0

14+
121
10
B
S8k
* 6L o BIR04, y = 24T
------ HTL QPM g*
4 ——HTL QPM G*
2k
0 L L L
1 2 3 4
/T,
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Influence of coll. modes + LD @ ;=0

e individual entropy contributions

20
16 <
L 12 -
E‘ o e
= 8f o Karsch PoS(CPOD)'07
« 4 i —— full QPM = effective QPM 1
[ plasminos
0 pF———=
3 /” S
-4t 1 1 1 1 1 7

* Landau damping large close to T%,
decreases for higher temperatures
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state variables s, n, p, ...

T

effective coupling G~

RN

Q@ u=0: O nu=0:

lattice data 77
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Quark-Gluon Plasma

RHIC

Into the T-p-plane X

e 11> 0: stationary potential, self-consistent model
— impose Maxwell’s relation

Js  On 0G? 0G?

op_or 0 Tap T, =0

Peshier, Kampfer, Soff: PRC'00, PRD'02

* quasilinear PDE for G*(T,u=0): method of char.

192 — ——T T
E——
1.0 f——
0.8
o

1/ T.
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Small chemical potential

e p(T,uz0) lattice data

n " (p/T*
p=T'Y, (D) ()" eall) = 5 57

af ‘ = IF ‘
strong interaction strong mmzulmn\[
\ 0.8+ s o 2% 4
3 i
_ P 060 fo ]
&, =) f
=2 1< | ¢
0.4 /E B
?
1+ 1 fl ce
8 all lattice data from 0.2F b g 0.1F q
{ Aliton et al.: PRD'02 e,
&
il . | . | 0 A T e e — — 05— T P R R R
1 1.5 2 0.8 1 12 14 16 18 2 708 1 12 14 16 18 2
T/T. T/T, T/T,

Bluhm, Kampfer, Soff: PLB'05
Bluhm, Kampfer, RS, Seipt: EPJC'07
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Thermodynamic bulk variables

e entropy density and net quark density

T T T T T 4 T

T T
u/T.=0.0 |
— /T, =04
/T, = 0.8
— /T, =12 |
— u/T, =16

e increase with chemical potential
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RS, Bluhm, Kampfer: PPNP'09
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Thermodynamic bulk variables

e pressure and energy density

5 T T T T T T T T T T
L 20
Al ] I
L 16
3k i
T ™ 12
IS T, =00 &
=9t — )T, =04 A v g
I /T, =08 | I
1k — /T, =12 | 4
| —— /T, =16 | |
0 1 " 1 " 1 0
1.0 1.5 2.0

/T,

» small area of negative pressure
— no problems for EOS @ RHIC, LHC, SPS, FAIR
— natural limit of stability for quark stars (CFL?)
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EOS for RHIC and LHC

« EOS for LHC, RHIC

—-.- QPM isentropes ]
——— Hadron res. gas

FAIR
np/s~0
quark -
stars
1 1 1 [ B
: : . O'00.0 05 10 15 20 25 30
10 full HTL QPM T,=166MeV 3 o/
QGP bag model
r? hadron res. gas
£ 1F E
= E
c% crossover
2 0.1F 3
0.01 1 L
10

1
e [GeV/fm’|
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Comparison with the experiment /

« calculate elliptic flow using relativistic hydro code

« compare with experimental data (RHIC)

0.30,
s@l STARdata (min.bias)
0.25+ b =5.2 fm (adjusted to A)
——  QPM@4.0) = >
— — - bag model = .-
0.20- \, .

>NO.15»

0.10-

= 1 1 1 1
0.0 0.5 1.0 1.5 2.0 2.5 3.0
p;[GeVic]

Bluhm, Kampfer, RS, Seipt, Heinz: PRC'07
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Compact stellar matter

e Tolman-Oppenheimer-Volkov equations
e (B-equilibrium by d,s < u, [, 1;
— ,; from charge neutrality

« compare with bag-like EOS ¢ = ap+ 4B
—a~4

1.0 — 77T T
o T.=195MeV 1
o T =166MeV

e strong dependence on
critical temperature

labels denote the |
stars' central pressure
Dy [MeV/fm’] ]

™ " " " 1 " 1 " 1 "
1 2 3 4 5 6 7 8
Ry [km]
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Summary & Outlook

2-loop T, + eff. coupling G — HTL QPM

¢QCD results describable; used as input
— large 1 accessible due to self-consistency

EOS for heavy ion collision experiments available

quark stars with even smaller radii than bag model

outlook: hydro for SPS,FAIR

critical endpoint Kampfer, Bluhm, RS, Seipt: NPA'06
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e influence of

1.00 ————————F———F
0.75
El L

&

~ -
£ 050

g L BY=387.6,a=2.00

------- B''=387.6,a=2.50

025+ 4 B"1=387.6,0=3.00

------- B'*=387.6,0=3.50

I —— B'"=387.6,a=4.00
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Quark-Gluon Plasma

R
EOS for SPS
»/V‘/CBM@FAIR
2.0 T T T
| —— QPM s/n, = 22.8
® SPS S/n ~ 25-5_8-5 ------- QPM s/n, = 19.5
q 15F —— HRG s/ny, = 25.7 | ]
© | ,"' SPS Pb+Pb @ 158AGeV _
E 1.0 SPS Pb+Pb @ 20AGeV
05 T
| characteristic T, = T, = 166MeV
ML L) B L L L] B r > [Cle06] chem. freeze-out pred.
10 E[— apms/n, =228 0.0 A L
------- QPM s/n, = 19.5 0 1 2 3 4
o —— HRG s/ny, = 25.7 T
1o/ T
£ 1y o
>
Y
O,
o 01F E
Maxwell construction
,I il L0l L1l PR
0.0 0.1 1 10
e [GeV/fm’]
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More effects of collective excitations

e collective modes
— neg. entropy contrib.

1.2 »_77';7_‘]»‘- T T '\\\I ]

o[- ]

08— ™~ ]

&“ - ‘\.‘\ \»‘ B

06— ~ ST
< SN \

I SR - -

0.4} SO ]

o2 N \\ -

- ‘\ -
oob—
0.0 1.0 2.0 3.0

/T,

situation improves
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More effects of Landau damping

e only minor contribution at =0

* essential for 1 >0

1.4

1.2F

1.0 :_'::;j; TIzoas full HTL |

~°0.8
\ 3
06
04L
02F
0.0

T T T T T
------ without collective modes 1
- - - - without Landau damping ]
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Results for the pressure (2)

e pressure cuts

0F —7/7= '
T/T=
< 15 == T/T=
S /T~
wh - TT=Loo
5k
0 TLr - ‘I- ) 1
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0
1o/ T,
020 T T T T "l T T
016 F ——1/7.=0.00 N 1
T/T.=0.25
=< 012} —-— T/T,=0.50 A
= | - T/T,=0.75 e
0.08 ----T/T.=1.00 i
0.04} ]
0.00 1 1 1 1 1 ’/—n /\l/
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0
o/ T,
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EOS for Ny=2+1

5 T T T T T
« RHIC, LHC: _
Karsch _
4+ Bernard 0.2 ; -
,U/ — 0 Bernard 0.1 A~ _5--""7]
Aoki
105-
£ 15 2 25 30
% L T/Tc
O [
= oaf QPM
F smooth
res, - bag
X N gas
0-01 0.1 10

1
e [GeV/fm?]
Kampfer, Bluhm, RS, Seipt, Heinz: NPA'05
Bluhm, Kéampfer, RS, Seipt, Heinz: PRC'07
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Predictions for LHC

« LHC Pb+Pb collisions - conservative guess:

so =330fm™>, 1= 0.6 fm/c
b=>5.2fm To = 515 MeV B S
o higher initial temperature ¥
— flatter pp spectra £
— Sma”er v2 085 05 0 5 20 25
p+[GeV/c]

d.5 1‘0 1‘.5 2‘0
pr[GeVic]

1.5 2.0

p1[GeVic]

1.0
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More LHC predictions

e initial parameters translate to

GeV

eo = 127 GeV, pg = 42 e To = 515 MeV

e LHC: higher initial temperature — longer fireball
lifetime — stronger radial flow — pr spectra flat
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More full HTL quasiparticle model

e now:|ImII==0| + collective excitations

S = Sqp + Sdamp = Sqp + (8 — Sgp)

Imn

§= [dwfdko(w,k) -F(Imll(w, k)) = Reps
—_——

. 1 £ (w) £ (-w) ¢
=sqp(w) F = T <(1—|—§2(w))2 + (1+€2 ('W))Q) Ow
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» model describes all available quantities:
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A family of EOS’s up <T

- 10 T T T
* interpolate between
hadron gas and
QPM description o
S
[0
<
e 0.1p
0.4 T T T
sound waves _ba____
0.3} X g
II 0.01
s o.z%?w(wl ] e [GeV/fm®]
ol || QPM(2.0)
QPM(1.25)" :
0.0- QPM(1.0) =! 1
6.1 % 1‘0
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Backup: Inclusion of widths

e Peshier: ImII=2~yw

! k=0T
! k=1.0T

ﬁ—g“
AN

]\[/lmm
* ansatz F(w,k) - BW(m)

- / AM s, (T, M)BW (m, M, T)

I=4=0.2m, _

BW, F Ltz, M [m;lx]

31
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Backup: Distributed quasiparticle model

* fixed parameters, vary I

. ['=0.01GeV 2= T~ I'=0.10GeV
\ \
\
\ \
| S\
1.0 50 6.0 U.(J 1.0 20 .3.0 40 5.0 6.0 0 0 1.0 20 3.0 1.0 5.0 6.0
w/T, .“’/T(,
SB limit
e adjustment to lattice 14 o
A
4
I' =0.01 GeV 19 /
SO
578 b dQP with T=0.01GeV
S ; 2 [Kar07] d_=0.952
# eQP
4 {
;ﬁ'
06 10 1418 22 20

T/T

¢
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Backup: Distributed quasiparticle model Il

« bias adjustment I' = 1 GeV

SB limit
12
16
3 12..
2 8 .
~ o™
) dQP with T=1.00GeV |8 5
S A { s  [Kar07] d,_=0.667 »
¢ eQP "
’/i - [Kar07] d, =0.954

06 10 14_18 22 20
)T
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