
The order of the �nite temperature QCD transitionphysi
al quark masses in the 
ontinuum
Zoltán Fodor1. Standard pi
ture of the phase diagram and its un
ertainties2. Latti
e results (staggered fermioni
 a
tion with fourth root)a. Order of a transition: physi
al quark masses, 
ontinuumb. Results at Nt=4,6
. Finite size s
aling in the 
ontinuum: Nt=4,6,8,103. Con
lusions



Standard pi
ture of the phase diagram and its un
ertainties
����������
����������
����������
����������
����������
����������
����������
����������
����������
����������

����������
����������
����������
����������
����������
����������
����������
����������
����������
����������

�����������
�����������
�����������
�����������
�����������
�����������
�����������
�����������
�����������
�����������
�����������

�����������
�����������
�����������
�����������
�����������
�����������
�����������
�����������
�����������
�����������
�����������

����������
����������
����������
����������
����������
����������
����������
����������
����������
����������
����������

����������
����������
����������
����������
����������
����������
����������
����������
����������
����������
����������

�������
�������
�������
�������
�������
�������
�������
�������

�������
�������
�������
�������
�������
�������
�������
�������

�
�
�

�
�
�

��
��
��

��
��
��

��
��
��
��

F C

DA

G

H

order

first order
   region

B m

ms

ud

first

E

crossover region

physical point?

T

µ

E
quark gluon plasma

SC
phase

.

.

n =2+1f

hadronic phase

• Chiral phase transition (PT)
nf = 2 with mq = 0 at µ = 0 ⇒ 2nd order phase transition
nf = 3 with mq = 0 at µ = 0 ⇒ 1st order phase transition
nf = 2 + 1 with physi
al mq at µ = 0 ⇒ 
ross-over
nf = 2 + 1 with physi
al mq at T = 0 ⇒ 1st order PT
=⇒ results in the standard pi
ture of the QCD phase diagram

nf = 2 + 1 with physi
al mq ⇒ 
riti
al point (E) at µ,T6=0



• Is our pi
ture 
orre
t? (
ross over −→ 
riti
al point)What 
an we really say about the physi
al point (
ross-over)?
=⇒ physi
al quark masses: mπ=140 MeV, mK= 500 MeV
=⇒ 
ontinuum limit: extrapolation to vanishing latti
e spa
ingsin �usual� latti
e simulations these two limits are missingquark masses are important for the order of the transition:
nf=2+1 theory with mq=0 or ∞ gives a �rst order transitionfor intermediate quark masses we have an analyti
 
ross overF. Kars
h et al., Nu
l. Phys. Pro
. 129 (2004) 614
ontinuum limit is important for the order of the transition:
nf=3 
ase (standard a
tion, µ=0, Nt=4): 
riti
al mπ≈300 MeVwith di�erent dis
retization error (p4 a
tion): 
riti
al mπ≈70 MeVthe physi
al pion mass is just between these two valueswhat happens with physi
al quark masses, in the 
ontinuum?



Order of the QCD transition: physi
al quark masses, 
ontinuumY. Aoki, G. Endrodi, Z. Fodor, S.D. Katz, K.K. Szaboexa
t RHMC simulation algorithm on Nt=4,6,8,10 latti
es
orrespond to a≈ 0.28 fm, 0.19 fm, 0.14 fm, 0.11 fmlatti
e spa
ing or transition temperature in physi
al units issensitive to the quantity we use to set the s
ale (mρ, mN or σ)
∆a/a=∆T/T ∼ 20% at Nt=4: in
onvenient mismat
hin the strong 
oupling limit ∆a/a−→-∞most probably the for
e at intermediate distan
e is a good 
hoi
e



Symanzik improved gauge, stout improved fermioni
 a
tionsimulations along the line of 
onstant physi
s (LCP):masses are �xed to their physi
al value: mπ=140 MeV, mK=500 MeV
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al nondegenera
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• Finite size s
aling of the transitionChiral sus
eptibilities: χ=(T/V)∂2logZ/∂m2�rst order transition =⇒ peak width ∝ 1/V, peak height ∝ V
ross over =⇒ peak width ≈ 
onstant, peak height ≈ 
onstant

for aspe
t ratios 3�6 (an order of magnitude larger volumes)volume independent s
aling =⇒ 
ross-overdo we get the same result (
ross-over) in the 
ontinuum limit?one might have the unlu
ky 
ase as we had in nf=3 QCD:for physi
al mπ dis
retization errors 
hanged the order



• How to get rid of the dis
retization errors?a. sus
eptibility for �xed physi
al volumes in the 
ontinuumb. �nite size analysis of the 
ontinuum extrapolated valuesrenormalize the sus
eptibility the same way as the pressure
p(T) ∝ logZ(T 6=0)/V4�logZ(T=0)/V̄4

p(T) has a 
ontinuum limit and we 
an use mr=Zm·m

χr(T) = ∂2/(∂m2
r ) [logZ(T 6=0)/V4�logZ(T=0)/V̄4℄
onstru
t a quantity in 
ontinuum: Zm drops out from m2∂2/∂m2

=⇒ m2
r ·χr(T) = m2·[χ(T 6=0)�χ(T=0)℄



• we need a 
ontinuum extrapolation (width, height)
al
ulate m2∆χ = m2[χ(T6=0)-χ(T=0)℄ at the transition point


ontinuum limit values are obtained from Nt=4,6,8,10
Nt=6,8,10 temporal sizes are already in the a2 s
aling region
hoi
e of the a
tion or the line of 
onstant physi
s is ambiguousthis 
hoi
e has in�uen
e only on the slope, not on the valuethe three 
ontinuum extrapolated values do not show 1/V s
aling



• �nite size s
aling analysis with 
ontinuum extrapolated m2∆χ

the result is 
onsistent with an approximately 
onstant behaviorfor a fa
tor of 5 di�eren
e within the volume range
han
e probability for 1/V is 10−19 for O(4) is 7 · 10−13
ontinuum result with physi
al quark masses in staggered QCD:the QCD transition at µ=0 is a 
ross-over



Con
lusions
• order of the nonzero temperature QCD transition was unknown(some 
onje
tures about an analyti
 
ross-over)
• only latti
e QCD 
ould give an unambiguous answer
• tell the order of a transition: �nite size s
aling analysis
• one needs 
ontinuum extrapolated results with physi
al masses
• 
ontinuum result with physi
al quark masses in staggered QCD:the QCD transition at µ=0 is a 
ross-over


