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Critical Behavior of QCD (l)

e chiral symmetry of 2-flavor QCD
SUL(2) X SUR(Z) ~ 0(4)

* hence, if M is large in
(2+1)-flavor QCD:
expect universal behavior as of
3d-O(4) spins in the vicinity
of T, and the chiral limit

¢ so far no clear evidence from
simulations

e staggered fermions preserve a
flavor non-diagonal U (1) -part of
chiral symmetry evenat a > 0

—> look forO(2) -critical
behavior

Simulations with improved
staggered fermions (p4fat3)
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Critical Behavior of QCD (ll)

expected (T', it )-phase diagrams:

TA mu:md:O

® situation at nonzero chemical e
ms > M,

potential is very unclear

line of 2. order

. . . . . transitions O(4)
¢ direct simulations MC simulations

are prohibited by the sign-problem Z(2) line of 1. order

cr|t|ca-| transitions
end-point

—> use Taylor expansion
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Outline

* Introduction

* Scaling of chiral condensate ( The magnetic EoS )
e introduce some analogies between spin models and QCD

o fit p4fat3-data (IV, = 4, 8 ) to magnetic scaling function fg
— determine important non universal constants of QCD

* Scaling of chiral and mixed susceptibilities
e fit p4fa3-data to scaling functions f, and f&

— more sesitivity to the universality class
— predictions on the critical line

* Summary




The scaling hypothesis

* Thermodynamics in the vicinity of a critical point:

free energy _l .
densit)/: V ]'nZ - fS(t7 h) _I_ f’l"(T7 V’ H)

(singular part) (regular part)

1T -1,

oty T
(reduced temperature) (external field) (quark mass)

t

our choice:
H = m;/mg

assume: | fs(t, h) = b~ % fs(bY:t, bY" h)

choose: b — h_l/yh

—>  fo(t,h) = hoh" /% frr(2) with z = t/R'/P°

(“‘magnetic version” of the fee energy density) (scaling variable)




Magnetic EoS in O(IN)-spin models

* order parameter (magnetization):
v Of(th) 1 9f(th)
_ OH  hy Oh

universal scaling function

o= [(+2)

fa(z) = —

= h'/? fa(z)

fn(z) — @fM(z)

e scaling variable:

z = t/h/P°
2=y V/BS

0.0 *
54321012345

* scaling function and critical exponents are known to high precision in
condensed matter literature [e.g. Engels et al ]

* scaling function includes Goldstone effect in the limit of 2
z— —0c0: h—0,t<0 M~ (=) +ct)Vh




Lattice setup

* lattice action: improved staggered fermions (p4fat3), (2+1)-flavor
* algorithm: exact RHMC

e strange quark mass: fixed to physical values, N, =4: am, = 0.065
N =8: am, = 0.024
— MmMss ™~ 669 MeV

¢ light quark mass: mg/ms;=1/80: — m; ="T75MeV
mg/ms =1/20: — my; = 150 MeV

e statistics (measurements separated by |0 trajectories):

lattice dim. mq/ms  statistics lattice dim. mq/ms  statistics
32°x4A 1/80 O(20000)
323 x4 A 1/40 ©(20000)
16> x 4 A 1/40 O(30000) 323 x 8 1/40 just started
163 x44a 1/20 O(40000) 323 x84 1/20 @(20000)
163 x44a 1/10 O(40000) 323 x84 1/10 O(30000)
163x44a 1/5 O(40000) 323 x 8% 1/5 O(30000)
163 x4 A 2/5 O(40000)

[/ =3.2800, ... 3.3300 /= 3.4800, ... 3.5400

A S.Ejiri et al. [RBC-Bielefeld-GSI], PRD 80 (2009) 094505.
4 M.Cheng et al. [RBC-Bielefeld-GSI], PRD 81 (2010) 054504.
% A.Bazavov et al. [HotQCD], PRD 80 (2009) 014504.




Magnetic EoS in QCD (Nt=4)

* two order parameter:
Moy = mg <¢?’b>l /T4

M = m, (@?ﬁ}l Zl <15¢>3> /T*

(subtracted condensate to remove UV-div. ~ m;/a?)

= h'/° fa(z)

e three fit parameter: critical temperature T, (critical coupling 3..),
normalization constants tg, hog

| |
1.6 B.= 3.2965(6) ' Bo= 3.2979(7)
14 hy=0.0022(2) _ hg=0.0035(4) _
' X t,=0.0038(1) ' t,=0.0044(1)
1 2 & A ZO=66(4) A ZO=76(5)
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Magnetic EoS in QCD (Nt=4)

* O(2) slightly preferred, however, re-parametrization z — 1.2z
moves O(2) onto O(4)

— scaling functions almost indistinguishable, we can not discriminate
between O(2) and O(4)

* 2o = to/hy/?° is independent under re-scaling (to, ho not)

¢ 20(ms,a*) might be a QCD invariant, which only depend on strange
quark mass and lattice artifacts
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t,=0.0038(1)
7,=6.6(4)

ho=0.0035(4) _|

t,=0.0044(1)




Deviations from scaling (Nt=4)

* mass range m;/mgs < 1/20 is well described by scaling function

* deviations from scaling substantial for m;/ms; > 1/20

* include regular part into the fit:

M = h'/° fa(z) + az(T — T.)H + by H + bs H®

— results for 3., tg, hg are recovered within errors

I I I I I I I I
1w _ | 5 i}
16 o/h b= 3.2075(6) 16 § Mh' B = 3.2975(6)
4l R ; ho=0.0029(3) | 4.4 \ ; ho=0.0028(3) _

N t,=0.0041(1) ~ t=0.0041(1)

1.2 | b1=2.1(5) 1.2 | by=-2.2(5)
L N a=38(23) ’ N a=11.5(22)
b;=0.1(65) \\ by=-2.5(65)
0.8 N 0.8 A
0.6 ; 0.6
0.4 | ; 0.4

0.2




Magnetic EoS in QCD (Nt=8)

e N, = 8 : fit w/o scaling violations not possible yet

e fit for B¢, th, ho,at, hi, hs (range m;/ms > 1/40 ) works reasonably
well — assume zg to be stable/reliable

N, | 4 | 8
zo | 7.5(9) | 4.3(5)

e cutoff dependence:

— further studies are needed to control continuum limit

B.= 3.2981(7)

C

ho=0.0036(4) _

t,=0.0041(1)

b,=3.0(4)

L a=9.1(20)
b,=-11.5(49)

. bg=15.4(73)

B.= 3.5018(0)

hg=0.0006(0) _

t,=0.0029(1)
Z,=4.1(2)
a,=-8.2(16)




Magnetic EoS in QCD (Nt=8)

e N, = 8 : fit w/o scaling violations not possible yet

e fit for B¢, th, ho,at, hi, hs (range m;/ms > 1/40 ) works reasonably
well — assume zg to be stable/reliable

e cutoff dependence: ' N, | 4 | 8
zo | 7.5(9) | 4.3(5)

— further studies are needed to control continuum limit

I I I I I I I I I I
3y, 1/8 - : 3\ n 178
: PO=OObOOO4316(4) _ 14 h0=0.0006(0) _
0=0. 1) | t,=0.0029(1)
SSoln |12 e
- a=9.1(20) ’ . a=-8.2(16)
bs=-11.5(49) b3=15.4(73)
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Scaling of chiral susceptibility (Nt=4)

e scaling function:

fu(2) = (fG(Z) - %fé;(z)>

e chiral susceptibilities scale reasonably well

* f,, more sensitive to universality class, however, statistics still not sufficient

_fX

my/mg=1/80 e
140 o 4




Thermal fluctuations of the order parameter

* mixed o oM 1 oM 1 RB-1/85 51 ()
susceptibility:

Xt =

T  toT. Ot  toT.

t_lT—Tc . H
te T ho

(reduced temperature) (external field)

* introducing chemical potential:

1 (T —T. <m>2
t = — F Ry | =
to T, T

in the chiral limit: 1; does not break chiral symmetry

—> couples only to reduced temperature

* (other) mixed 7, 0%>M - 2k, OM 2k,

sl — (B—1)/Bd ¢/
susceptibility: €2 = a1/ T)? " toT. Ot tOTch fe(2)

p1=0

X Xt




The critical line

e curvature of critical line in the ciral limit: expected phase diagram
T A My =mMmg = 0

t=20 (> m3>m2ri

line of 2. order

. transitions O(4
to, ho, Tc known form scaling o (4)

analysis of magnetic EoS critical

end-point

line of |.order
transitions

— fit 2k, f5(z) to x:-data
(one fit parameter)

.1—,8 55' Pp  m=my80 —F—
_toTch( /Py my/40 —O— .

m/10 —A—

— preliminary result from fit to mg/20

O(2) scaling curve:
Ky = 0.035(1)

— for orientation: reweighting
std. action, m;/m, = 1/27
Kk, = 0.0288(9)
Z.Fodor and S.D. Katz,
JHEP 0404 (2004)




Summary

* The magnetic EoS

e EoS consistent with 3d-O(N) scaling already at physical masses
e we find no evidence for nearby first order phase transitions

* Scaling of chiral susceptibilities

e statistics not (yet) sufficient to discriminate between universality
classes

* Non-zero chemical potentails

e the curvature of the critical line in the chiral limit can be extracted
from scaling poperties of mixed susceptibilities

=P || this needs to be confirmed in the continuum limit




Check on finite size effects

* no evidence for finite size scaling — crossover
* no strong temperature dependence of |/V corrections
e thermodynamic limit well under control (for smalles mass: m,L ~ 3 )
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Scaling of chiral susceptibility (Nt=8)

* scaling function: 1

Fo2) = 5 (Fe) = 516)

e full susceptibilities scale reasonably well (after subtraction of regular part)

* f,, more sensitive to universality class, however, statistics still not sufficient

| |
(X0 "-atot-by-BbgH?)h B.= 3.5018(0) (""-atot-b4-8bgH?)h B.= 3.5018(0)
| h=0.0006(0) h=0.0006(0)

t;=0.0029(1) - . t;=0.0030(1) -

Z,=4.1(2) | Z,=4.0(2)
b,=2.86(58) b,=-5.42(48)
a,=-8.20(167) _ a=1.37(141) _
- | b,=15.06(597)




