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QCD pressure

Perturbative expansion of QCD pressure converges badly
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Lattice data: G. Boyd et al. (1996); M. Okamoto et al. (1999).

Perturbation theory:

g*: Shuryak; Chin (1978)

g’: Kapusta (1979)

g’ In g: Toimela (1983)

g*: Arnold, Zhai (1994)

g’: Zhai, Kastening (1995),
Braaten, Nieto (1996)

¢°® In g: Kajantie, Laine,
Rummukainen, Schroder
(2002)

g° (partly): Di Renzo, Laine,
Miccio,
Schroder, Torrero (2006)



QCD pressure

Self-consistent 2P| resummation works for r=25T,

1 d-derivable approximation

Blaizot, lancu, Rebhan,
i PRD63 (2001)
0.9

0.8 tested at large N,
Blaizot, Al, Rebhan, Reinosa,

0.7 | PRD72 (2005)
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& 2PI: 2 Particle Irreducible diagrams
@ HTL: Hard Thermal Loop



Scalar theory

Poor convergence appears also in other systems
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Perturbation theory at finite T

Scalar O(N) theory L=—[0¢(x)—+mie*(x)—g*[@*(x)]

2 2
1T F.T. d’ q
action S= f dede | TZf
h 1 T
with {1/ Matsu ara frequency w, =21t n
pressure
screening mass scattering amplitude
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Screening mass

Leading order from perturbation theory:

mh=12g TZqu L om’

QO
_b¢ !dqqn(Q)

2
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:gZ T2

Resum IR divergent diagrams to obtain g° contribution:
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0 q +m
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scattering amplitude

— 2 4 l.,l e — -|— 10 LI
=0 g » 2gulnF gﬁ gu,z P g 0
T>0 g’ —ig3 implies Landau p2c>Ie

2T 2Tt
ALandau —HEXP 2
9¢g.

@ coupling diverges at Landau pole
@ coupling is bound and vanishes at small scales



Self-consistent 2Pl resummation

Baym (1962); Luttinger, Ward (1960); Cornwall, Jackiw, Tomboulis (1974)
Pressure expressed through dressed propagators:

dk

w)(IlogG™ —\SHG +T®| G

2PI: 2 Particle Irreducible diagrams

Gap equation:

n-2286 () % ;
Te
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Flow equation

effective action

G.(0;p)

/‘ Tetradis, Wetterich 1993

propagator G:(Q; p)= r?(Q; -Q; p)—l_RK(Q)

™

regulator

four-momentum vectors:

Q=(w,.q)

— |
QO |Q| scalar field: pEE c|)2
Matsubara frequency w,=2TtnT 1

momentum derivative: 0,=K O,



Flow equation
/ effective potential
:_TZf & q _O,R.| _ @

| 2
propagatorG _r Q -Q p)-I-R ) Infinite tower of coupled
differential equations:
approximation necessary
d’q
(P, —P, p) TZf G:(Q:p)

_;_rff)(l),_P,Q,_Q,(I))] Q



oV (0)=LTY [ L4
t K 2 21‘()3

SO R(0)G(0:0) . @

propagator G, (Q,p)=T,”(Q,~Q,p)+R,(Q)

J——

rf)(Q,—Q,'P):Qz"‘mi(D) withm:(p)=

o’V
O’

Applying BMW method at the bottom of the hierarchy,
one recovers the local potential approximation.
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BMW method

/ effective potential
d’ q

—1

R.(0)|T(Q,~Q;p)+R, (0]

8,T?(P,—P;p) TZfd

G:(0;p)

XITP(P,0,-P—0;4)G (Q+P o) TP (=P, P+0,-0;¢)
1 )
-5 I (P,—P,O,—OJCID)} BMW method:
“set loop momentum Q=0 in the n-point

functions on the r.h.s of the flow equation”
Blaizot—Mendez-Galain—Wschebor, 2006

close equations with:

oT(P,p) L o'T(P.p)
K , L ,VU,VU, - D 14
0 0P

r'Y(P,—P,0,¢)=



Technicalities

The second flow equation contains also information about the potential

o'V, ()
O’

[(P=0,-P=0,d)=

K

In order to respect this relation, it is better to use the set

VK(p))
A(P;p)=T2(P;p)-T(P=0,p)-P’

K K

It is convenient to define the Z-factor in the regulator.
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0T (p,=0,p,

K
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3D vs. 4D regulator

@ LPA: 3D regulator possible. * BMW: Euclidean method.
@ 4D regulator more appropriate
R (w,,q)=(k’~q")8(k’~q’)

Litim regulator

R(0)=Zx r(Q/x)

2

— O(’q or _ _qu_Yq4
» analytical treatment of r(q) el —1 rlg)=ae
Matsubara sums possible withp=1/2,y=1/24
T Z | _ 1+2n ((DK> Exponential regulator

. 2 2
n —(Tw, ) +w, 2w,
( ”) @ Need to sum over

Matsubara frequencies.
e But: does not respect

Euclidean invariance;
frequency is not regulated
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Applying the flow equation

classical theory

@ Effective action links classical
and quantum theory

@ Coupling is obtained from zero-
temperature flow at momentum

K=21tT

quantum theory
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T=0 _
0,V (p)=8,V. " (p) =
< A d l pA d q T=0
=T 25 (0)G{(0:p)-5 ] =-L50,R(0)G7(0:p)
o (27)
______________________________ A

@ Euclidean invariance imposeS ——V//,, ........ ) 5.\.; ...........

four-dimensional sphere — .| o ) TR Moo
/ \

o Summation over Matsubara V ....................... ) RTRPRUTTRT \!q
frequencies implies a four- l ¢ ! >
dimensional cylinder _ ... S— ) TR )|

\ /

A give rlseR\\ _________________ P ./., ........

Spurious pressure contributions = \\\ .......... P /,/ ............




Flow of couping

weak coupling strong coupling

S — 3.0
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@ Region of flow shrinks but no

’ qualitative difference
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Flow of Z-factor
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Flow of mass and pressure

2 —
mi=V"(p)}— P,==V(0)
0l finite 7 ] 1.0- finite 7 8
| \\ | 0.5 \
L 00 ~ o i
— f T =0 = 00| T =0
ool =05
i —-1.0+ ]
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10 107 10 10" 1 ~20 0% 10° 102 10 1
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@ numerically challenging
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Mass and pressure at finite T

1.10}
1.05}
_ 1.00¢
< 095

g'logg |
LPA (Litim)
LPA (exph_ \]

0.90¢
0.85¢
] 0.80:

OO 02 04 06 08 10 12 14 00 02 04 06 08 10 12 14

g2nT) g2nT)
@ 2P| and the FRG methods LPA and BMW @ 2PI: 2 particle irreducible
@ LPA: local potential approximation
agree well @ BMW: Blaizot, Mendez-Galain, Wschebor

@ much better behaved than perturbation theory
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LPA (Litim): Blaizot, Al, Mendez-Galain, Wschebor, NPA (2007)
BMW: Blaizot, Al,Wschebor, NPA (2011)



Pressure as function of mass
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2PI: 2 particle irreducible

LPA: local potential approximation

BMW: Blaizot, Mendez-Galain, Wschebor
SPT: Screened perturbation theory

@ Comparison of renormalization-scale
iIndependent quantities

& & & &
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SPT: Andersen and Kyllingstad, Phys. Rev. D78, 076008 (2008)



Dependence on temperature

LPA
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Regulator dependence

LPA
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Even though regulators seem similar, the pressure
is sensitive to the choice of the regulator
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Oscillations due to regulator

Oscillations can be understood in complex g, plane

R(0)(T'?(Q,-Q;p)+ R (0)]

8V =
1.5; he
A L
o I n=>2
< 05
> i LPA
o) i
T 0-0\ // v |
n=1 ]
_0.5\\ T | 2nT A‘;
1072 107!
K/A
0(q2
rlq)=—
e’ —1

Difficulty of finding suitable regulator for realtime quantities?

\ Pole structure

00 05 10 15 20 25 30

Analytic continuation from imaginary to real axis?

Heavy Rotation [AKB48]



» Calculation of real-time

guantities at finite
temperature like particle
width are not readily
accessible within LPA.

» Need approximation
scheme beyond LPA.

» But: analytic continuation
may turn out to be tricky.

Particle width: imaginary
part of 2-point function

Perturbative calculation of
damping rate
Parvani (1992), Wang and Heinz (1996)
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- Non-perturbative renormalization group
» Approximation necessary

- BMW at finite temperature
» 4D regulator more appropriate
» Results for pressure and mass similar to
local potential approximation

- Outlook
» Calculate real time quantities
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