
Deconfinement and chiral transitions

Center symmetry and deconfinement in SU(N) gauge theory

Polyakov loop correlators and the free energy of static quark anti-quark pair

Chiral crossover at physical quark masses

Chiral phase transition in 2+1 flavor QCD



Lattice set-up: 

Center symmetry and deconfinement transition

Above the phase transition temperature Z(N) (center) symmetry of SU(N) gauge theory is broken
Quarks transform non-trivially under Z(N) symmetry group
=> static charges in fundamental representations can be screened by gluons !

The free energy of static quark is infinite in the 
Continuum limit due to linear 1/a divergence => needs renormalization

;
:



Continuum  limit for L ? 

needs renormalization !

Dumitru et al, hep-th/0311223



• Use different volumes and Ferrenberg-Swedsen re-weighting to combine 
information collected at different gauge couplings 

Finite volume behavior can tell the order of the phase transition, e.g. for 1st

order transition the peak height scales as spatial volume !

Boyd et al., Nucl. Phys. B496 (1996) 167

How to determine the deconfinement transition temperature ?

Necco, Nucl. Phys. B683 (2004) 167



Kaczmarek, Phys. Rev. D62 (00) 034021

Correlator of Polyakov loops and deconfinement

small inverse correlation length => weak 1st order phase transition SU(3) gauge 
theory is far from the large N-limit !

The correlation function of Polyakov loops defines the free energy of static  quark anti-quark 

pair (also an order parameter)



The renormalized Polyakov loop in pure glue theory

Kaczmarek et al, PLB  543 (02) 41,  
PRD 70 (04) 074505, hep-lat/0309121

r ⌧ 1/T : FQQ̄(r, T ) = V (r, T = 0) + T ln 9
) normalize the QQ̄ free energy to the T = 0 potential

lim
r!1

hL(r)L†(0)i = exp(�FQQ̄(r ! 1, T )/T ) = exp(�F1/T ) = |hLi|2, FQ = F1/2

LO : F1 = �TS1 = �4
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Renormalized chiral condensate 

The chiral transition at non-zero temperature 

Bazavov et al (HotQCD), PRD85 (2012) 054503;
Bazavov et al, PRD 87(2013)094505, 
Borsányi et al, JHEP 1009 (2010) 073  
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�
Fluctuations of the order parameter:

No increase with the volume
Þ Crossover transition
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O(N) scaling and the chiral transition temperature 

For sufficiently small ml and in the vicinity of the transition temperature:  

governed by universal O(4) scaling 

Tc0 is critical temperature in the mass-less limit, h0 and t0  are scale parameters 

Pseudo-critical temperatures for non-zero quark mass are defined as peaks in the
response functions ( susceptibilities) :

= = =  Tc0

in the zero quark mass limit

universal scaling function has a peak at z=zp
Caveat : staggered fermions  O(2)
ml →0, a > 0, 
proper limit a →0, before ml → 0

hqq̄i = T (@lnZ)/@mf
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The chiral cross-over temperature for physical masses  

hqq̄i = T (@lnZ)/@mf
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Chiral order parameter:  

and the corresponding susceptibilities:

For non-zero chemical potential we use Taylor expansion

⌃(T, µX) =
1X

n=0

C⌃
2n(T )

(2n)!

⇣µX

T

⌘2n
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<latexit sha1_base64="FzkuUp3kqDoVhQFem8iDiEptcY8=">AAAB/HicdZDLSgMxFIYzXmu9jXbpJlgEVyUpYtuFUOjGZUV7gXYcMmmmDc1cSDLCMNRXceNCEbc+iDvfxkxbQUUPhHz8/znk5PdiwZVG6MNaWV1b39gsbBW3d3b39u2Dw66KEklZh0Yikn2PKCZ4yDqaa8H6sWQk8ATredNW7vfumFQ8Cm90GjMnIOOQ+5wSbSTXLrVcdJsNr/k4ILOLxe3aZVRBCGGMYQ64do4MNBr1Kq5DnFumymBZbdd+H44imgQs1FQQpQYYxdrJiNScCjYrDhPFYkKnZMwGBkMSMOVk8+Vn8MQoI+hH0pxQw7n6fSIjgVJp4JnOgOiJ+u3l4l/eINF+3cl4GCeahXTxkJ8IqCOYJwFHXDKqRWqAUMnNrpBOiCRUm7yKJoSvn8L/oVutYMNXZ+VmdRlHARyBY3AKMKiBJrgEbdABFKTgATyBZ+veerRerNdF64q1nCmBH2W9fQJh2JSO</latexit><latexit sha1_base64="FzkuUp3kqDoVhQFem8iDiEptcY8=">AAAB/HicdZDLSgMxFIYzXmu9jXbpJlgEVyUpYtuFUOjGZUV7gXYcMmmmDc1cSDLCMNRXceNCEbc+iDvfxkxbQUUPhHz8/znk5PdiwZVG6MNaWV1b39gsbBW3d3b39u2Dw66KEklZh0Yikn2PKCZ4yDqaa8H6sWQk8ATredNW7vfumFQ8Cm90GjMnIOOQ+5wSbSTXLrVcdJsNr/k4ILOLxe3aZVRBCGGMYQ64do4MNBr1Kq5DnFumymBZbdd+H44imgQs1FQQpQYYxdrJiNScCjYrDhPFYkKnZMwGBkMSMOVk8+Vn8MQoI+hH0pxQw7n6fSIjgVJp4JnOgOiJ+u3l4l/eINF+3cl4GCeahXTxkJ8IqCOYJwFHXDKqRWqAUMnNrpBOiCRUm7yKJoSvn8L/oVutYMNXZ+VmdRlHARyBY3AKMKiBJrgEbdABFKTgATyBZ+veerRerNdF64q1nCmBH2W9fQJh2JSO</latexit><latexit sha1_base64="FzkuUp3kqDoVhQFem8iDiEptcY8=">AAAB/HicdZDLSgMxFIYzXmu9jXbpJlgEVyUpYtuFUOjGZUV7gXYcMmmmDc1cSDLCMNRXceNCEbc+iDvfxkxbQUUPhHz8/znk5PdiwZVG6MNaWV1b39gsbBW3d3b39u2Dw66KEklZh0Yikn2PKCZ4yDqaa8H6sWQk8ATredNW7vfumFQ8Cm90GjMnIOOQ+5wSbSTXLrVcdJsNr/k4ILOLxe3aZVRBCGGMYQ64do4MNBr1Kq5DnFumymBZbdd+H44imgQs1FQQpQYYxdrJiNScCjYrDhPFYkKnZMwGBkMSMOVk8+Vn8MQoI+hH0pxQw7n6fSIjgVJp4JnOgOiJ+u3l4l/eINF+3cl4GCeahXTxkJ8IqCOYJwFHXDKqRWqAUMnNrpBOiCRUm7yKJoSvn8L/oVutYMNXZ+VmdRlHARyBY3AKMKiBJrgEbdABFKTgATyBZ+veerRerNdF64q1nCmBH2W9fQJh2JSO</latexit><latexit sha1_base64="FzkuUp3kqDoVhQFem8iDiEptcY8=">AAAB/HicdZDLSgMxFIYzXmu9jXbpJlgEVyUpYtuFUOjGZUV7gXYcMmmmDc1cSDLCMNRXceNCEbc+iDvfxkxbQUUPhHz8/znk5PdiwZVG6MNaWV1b39gsbBW3d3b39u2Dw66KEklZh0Yikn2PKCZ4yDqaa8H6sWQk8ATredNW7vfumFQ8Cm90GjMnIOOQ+5wSbSTXLrVcdJsNr/k4ILOLxe3aZVRBCGGMYQ64do4MNBr1Kq5DnFumymBZbdd+H44imgQs1FQQpQYYxdrJiNScCjYrDhPFYkKnZMwGBkMSMOVk8+Vn8MQoI+hH0pxQw7n6fSIjgVJp4JnOgOiJ+u3l4l/eINF+3cl4GCeahXTxkJ8IqCOYJwFHXDKqRWqAUMnNrpBOiCRUm7yKJoSvn8L/oVutYMNXZ+VmdRlHARyBY3AKMKiBJrgEbdABFKTgATyBZ+veerRerNdF64q1nCmBH2W9fQJh2JSO</latexit>

C�
0 = �

<latexit sha1_base64="SjbY7AzhEWryjso6wQXZ15fRdpc=">AAAB+HicdZDLSgMxFIYz9VbrpaMu3QSL4KokRWy7EArduKxgL9COQyZN29BMZkgyQh36JG5cKOLWR3Hn25hpK6jogYSP/z+HnPxBLLg2CH04ubX1jc2t/HZhZ3dvv+geHHZ0lCjK2jQSkeoFRDPBJWsbbgTrxYqRMBCsG0ybmd+9Y0rzSN6YWcy8kIwlH3FKjJV8t9j00W06oBM+v8xu3y2hMkIIYwwzwNULZKFer1VwDeLMslUCq2r57vtgGNEkZNJQQbTuYxQbLyXKcCrYvDBINIsJnZIx61uUJGTaSxeLz+GpVYZwFCl7pIEL9ftESkKtZ2FgO0NiJvq3l4l/ef3EjGpeymWcGCbp8qFRIqCJYJYCHHLFqBEzC4QqbneFdEIUocZmVbAhfP0U/g+dShlbvj4vNSqrOPLgGJyAM4BBFTTAFWiBNqAgAQ/gCTw7986j8+K8LltzzmrmCPwo5+0TeHuS7A==</latexit><latexit sha1_base64="SjbY7AzhEWryjso6wQXZ15fRdpc=">AAAB+HicdZDLSgMxFIYz9VbrpaMu3QSL4KokRWy7EArduKxgL9COQyZN29BMZkgyQh36JG5cKOLWR3Hn25hpK6jogYSP/z+HnPxBLLg2CH04ubX1jc2t/HZhZ3dvv+geHHZ0lCjK2jQSkeoFRDPBJWsbbgTrxYqRMBCsG0ybmd+9Y0rzSN6YWcy8kIwlH3FKjJV8t9j00W06oBM+v8xu3y2hMkIIYwwzwNULZKFer1VwDeLMslUCq2r57vtgGNEkZNJQQbTuYxQbLyXKcCrYvDBINIsJnZIx61uUJGTaSxeLz+GpVYZwFCl7pIEL9ftESkKtZ2FgO0NiJvq3l4l/ef3EjGpeymWcGCbp8qFRIqCJYJYCHHLFqBEzC4QqbneFdEIUocZmVbAhfP0U/g+dShlbvj4vNSqrOPLgGJyAM4BBFTTAFWiBNqAgAQ/gCTw7986j8+K8LltzzmrmCPwo5+0TeHuS7A==</latexit><latexit sha1_base64="SjbY7AzhEWryjso6wQXZ15fRdpc=">AAAB+HicdZDLSgMxFIYz9VbrpaMu3QSL4KokRWy7EArduKxgL9COQyZN29BMZkgyQh36JG5cKOLWR3Hn25hpK6jogYSP/z+HnPxBLLg2CH04ubX1jc2t/HZhZ3dvv+geHHZ0lCjK2jQSkeoFRDPBJWsbbgTrxYqRMBCsG0ybmd+9Y0rzSN6YWcy8kIwlH3FKjJV8t9j00W06oBM+v8xu3y2hMkIIYwwzwNULZKFer1VwDeLMslUCq2r57vtgGNEkZNJQQbTuYxQbLyXKcCrYvDBINIsJnZIx61uUJGTaSxeLz+GpVYZwFCl7pIEL9ftESkKtZ2FgO0NiJvq3l4l/ef3EjGpeymWcGCbp8qFRIqCJYJYCHHLFqBEzC4QqbneFdEIUocZmVbAhfP0U/g+dShlbvj4vNSqrOPLgGJyAM4BBFTTAFWiBNqAgAQ/gCTw7986j8+K8LltzzmrmCPwo5+0TeHuS7A==</latexit><latexit sha1_base64="SjbY7AzhEWryjso6wQXZ15fRdpc=">AAAB+HicdZDLSgMxFIYz9VbrpaMu3QSL4KokRWy7EArduKxgL9COQyZN29BMZkgyQh36JG5cKOLWR3Hn25hpK6jogYSP/z+HnPxBLLg2CH04ubX1jc2t/HZhZ3dvv+geHHZ0lCjK2jQSkeoFRDPBJWsbbgTrxYqRMBCsG0ybmd+9Y0rzSN6YWcy8kIwlH3FKjJV8t9j00W06oBM+v8xu3y2hMkIIYwwzwNULZKFer1VwDeLMslUCq2r57vtgGNEkZNJQQbTuYxQbLyXKcCrYvDBINIsJnZIx61uUJGTaSxeLz+GpVYZwFCl7pIEL9ftESkKtZ2FgO0NiJvq3l4l/ef3EjGpeymWcGCbp8qFRIqCJYJYCHHLFqBEzC4QqbneFdEIUocZmVbAhfP0U/g+dShlbvj4vNSqrOPLgGJyAM4BBFTTAFWiBNqAgAQ/gCTw7986j8+K8LltzzmrmCPwo5+0TeHuS7A==</latexit>

e.g. @TC
�
0 ⇠ C�

2
<latexit sha1_base64="pYs1ep+kR9zz1MXqkjOLgQMyUPA=">AAACFHicdVDLSgMxFM3UV62vUZdugkUQhCFTFF0WunFZoS/o1CGTZtrQZGZIMkIZ6j+48VfcuFDErQt3/o2ZdgQVPRA495x7ubknSDhTGqEPq7S0vLK6Vl6vbGxube/Yu3sdFaeS0DaJeSx7AVaUs4i2NdOc9hJJsQg47QaTRu53b6hULI5aeprQgcCjiIWMYG0k3z6hzsi5hV6CpWaY+y3Y8NF15pExm0FPMWHqWlH7dhU5ZygHRA76IoXiFkoVFGj69rs3jEkqaKQJx0r1XZToQZavIpzOKl6qaILJBI9o39AIC6oG2fyoGTwyyhCGsTQv0nCufp/IsFBqKgLTKbAeq99eLv7l9VMdXgwyFiWpphFZLApTDnUM84TgkElKNJ8agolk5q+QjLHERJscKyaEr0vh/6RTc1zDr06r9VoRRxkcgENwDFxwDurgEjRBGxBwBx7AE3i27q1H68V6XbSWrGJmH/yA9fYJFlidjA==</latexit><latexit sha1_base64="pYs1ep+kR9zz1MXqkjOLgQMyUPA=">AAACFHicdVDLSgMxFM3UV62vUZdugkUQhCFTFF0WunFZoS/o1CGTZtrQZGZIMkIZ6j+48VfcuFDErQt3/o2ZdgQVPRA495x7ubknSDhTGqEPq7S0vLK6Vl6vbGxube/Yu3sdFaeS0DaJeSx7AVaUs4i2NdOc9hJJsQg47QaTRu53b6hULI5aeprQgcCjiIWMYG0k3z6hzsi5hV6CpWaY+y3Y8NF15pExm0FPMWHqWlH7dhU5ZygHRA76IoXiFkoVFGj69rs3jEkqaKQJx0r1XZToQZavIpzOKl6qaILJBI9o39AIC6oG2fyoGTwyyhCGsTQv0nCufp/IsFBqKgLTKbAeq99eLv7l9VMdXgwyFiWpphFZLApTDnUM84TgkElKNJ8agolk5q+QjLHERJscKyaEr0vh/6RTc1zDr06r9VoRRxkcgENwDFxwDurgEjRBGxBwBx7AE3i27q1H68V6XbSWrGJmH/yA9fYJFlidjA==</latexit><latexit sha1_base64="pYs1ep+kR9zz1MXqkjOLgQMyUPA=">AAACFHicdVDLSgMxFM3UV62vUZdugkUQhCFTFF0WunFZoS/o1CGTZtrQZGZIMkIZ6j+48VfcuFDErQt3/o2ZdgQVPRA495x7ubknSDhTGqEPq7S0vLK6Vl6vbGxube/Yu3sdFaeS0DaJeSx7AVaUs4i2NdOc9hJJsQg47QaTRu53b6hULI5aeprQgcCjiIWMYG0k3z6hzsi5hV6CpWaY+y3Y8NF15pExm0FPMWHqWlH7dhU5ZygHRA76IoXiFkoVFGj69rs3jEkqaKQJx0r1XZToQZavIpzOKl6qaILJBI9o39AIC6oG2fyoGTwyyhCGsTQv0nCufp/IsFBqKgLTKbAeq99eLv7l9VMdXgwyFiWpphFZLApTDnUM84TgkElKNJ8agolk5q+QjLHERJscKyaEr0vh/6RTc1zDr06r9VoRRxkcgENwDFxwDurgEjRBGxBwBx7AE3i27q1H68V6XbSWrGJmH/yA9fYJFlidjA==</latexit><latexit sha1_base64="pYs1ep+kR9zz1MXqkjOLgQMyUPA=">AAACFHicdVDLSgMxFM3UV62vUZdugkUQhCFTFF0WunFZoS/o1CGTZtrQZGZIMkIZ6j+48VfcuFDErQt3/o2ZdgQVPRA495x7ubknSDhTGqEPq7S0vLK6Vl6vbGxube/Yu3sdFaeS0DaJeSx7AVaUs4i2NdOc9hJJsQg47QaTRu53b6hULI5aeprQgcCjiIWMYG0k3z6hzsi5hV6CpWaY+y3Y8NF15pExm0FPMWHqWlH7dhU5ZygHRA76IoXiFkoVFGj69rs3jEkqaKQJx0r1XZToQZavIpzOKl6qaILJBI9o39AIC6oG2fyoGTwyyhCGsTQv0nCufp/IsFBqKgLTKbAeq99eLv7l9VMdXgwyFiWpphFZLApTDnUM84TgkElKNJ8agolk5q+QjLHERJscKyaEr0vh/6RTc1zDr06r9VoRRxkcgENwDFxwDurgEjRBGxBwBx7AE3i27q1H68V6XbSWrGJmH/yA9fYJFlidjA==</latexit>

5 di↵erent definitions of T pc:
<latexit sha1_base64="oVvL8p4bRCxvO+E+52VdNOsPcw4=">AAACDXicdZDLSgMxFIYzXmu9jbp0E2wFV2WmUBRXBTcuK/QGbS2ZzJk2NDMZkoxQhr6AG1/FjQtF3Lp359uYaaegogcCP/9/TpLzeTFnSjvOp7Wyura+sVnYKm7v7O7t2weHbSUSSaFFBRey6xEFnEXQ0kxz6MYSSOhx6HiTqyzv3IFUTERNPY1hEJJRxAJGiTbW0C7XsM+CACREGvsQsIhlgcIiwOXmbRrTWflyaJecSs3JCj sVZylyx82dEsqrMbQ/+r6gSWgupZwo1XOdWA9SIjWjHGbFfqIgJnRCRtAzMiIhqEE632aGT43j40BIc8yn5u73iZSESk1Dz3SGRI/V7ywz/8p6iQ4uBimL4kRDRBcPBQnHWuAMjQEhgWo+NYJQaThQTMdEEqoNwKKBsNwU/y/a1Ypr9E21VK/mOAroGJ2gM+Sic1RH16iBWoiie/SIntGL9WA9Wa/W26J1xcpnjtCPst6/ACY9muc=</latexit><latexit sha1_base64="oVvL8p4bRCxvO+E+52VdNOsPcw4=">AAACDXicdZDLSgMxFIYzXmu9jbp0E2wFV2WmUBRXBTcuK/QGbS2ZzJk2NDMZkoxQhr6AG1/FjQtF3Lp359uYaaegogcCP/9/TpLzeTFnSjvOp7Wyura+sVnYKm7v7O7t2weHbSUSSaFFBRey6xEFnEXQ0kxz6MYSSOhx6HiTqyzv3IFUTERNPY1hEJJRxAJGiTbW0C7XsM+CACREGvsQsIhlgcIiwOXmbRrTWflyaJecSs3JCj sVZylyx82dEsqrMbQ/+r6gSWgupZwo1XOdWA9SIjWjHGbFfqIgJnRCRtAzMiIhqEE632aGT43j40BIc8yn5u73iZSESk1Dz3SGRI/V7ywz/8p6iQ4uBimL4kRDRBcPBQnHWuAMjQEhgWo+NYJQaThQTMdEEqoNwKKBsNwU/y/a1Ypr9E21VK/mOAroGJ2gM+Sic1RH16iBWoiie/SIntGL9WA9Wa/W26J1xcpnjtCPst6/ACY9muc=</latexit><latexit sha1_base64="oVvL8p4bRCxvO+E+52VdNOsPcw4=">AAACDXicdZDLSgMxFIYzXmu9jbp0E2wFV2WmUBRXBTcuK/QGbS2ZzJk2NDMZkoxQhr6AG1/FjQtF3Lp359uYaaegogcCP/9/TpLzeTFnSjvOp7Wyura+sVnYKm7v7O7t2weHbSUSSaFFBRey6xEFnEXQ0kxz6MYSSOhx6HiTqyzv3IFUTERNPY1hEJJRxAJGiTbW0C7XsM+CACREGvsQsIhlgcIiwOXmbRrTWflyaJecSs3JCj sVZylyx82dEsqrMbQ/+r6gSWgupZwo1XOdWA9SIjWjHGbFfqIgJnRCRtAzMiIhqEE632aGT43j40BIc8yn5u73iZSESk1Dz3SGRI/V7ywz/8p6iQ4uBimL4kRDRBcPBQnHWuAMjQEhgWo+NYJQaThQTMdEEqoNwKKBsNwU/y/a1Ypr9E21VK/mOAroGJ2gM+Sic1RH16iBWoiie/SIntGL9WA9Wa/W26J1xcpnjtCPst6/ACY9muc=</latexit><latexit sha1_base64="oVvL8p4bRCxvO+E+52VdNOsPcw4=">AAACDXicdZDLSgMxFIYzXmu9jbp0E2wFV2WmUBRXBTcuK/QGbS2ZzJk2NDMZkoxQhr6AG1/FjQtF3Lp359uYaaegogcCP/9/TpLzeTFnSjvOp7Wyura+sVnYKm7v7O7t2weHbSUSSaFFBRey6xEFnEXQ0kxz6MYSSOhx6HiTqyzv3IFUTERNPY1hEJJRxAJGiTbW0C7XsM+CACREGvsQsIhlgcIiwOXmbRrTWflyaJecSs3JCj sVZylyx82dEsqrMbQ/+r6gSWgupZwo1XOdWA9SIjWjHGbFfqIgJnRCRtAzMiIhqEE632aGT43j40BIc8yn5u73iZSESk1Dz3SGRI/V7ywz/8p6iQ4uBimL4kRDRBcPBQnHWuAMjQEhgWo+NYJQaThQTMdEEqoNwKKBsNwU/y/a1Ypr9E21VK/mOAroGJ2gM+Sic1RH16iBWoiie/SIntGL9WA9Wa/W26J1xcpnjtCPst6/ACY9muc=</latexit>

@TC
�
0 = 0, @TC

⌃
0 = 0 , C�

2 = 0
<latexit sha1_base64="CpmcjZKYDZyEZNt7hymk9k8VirQ="></latexit><latexit sha1_base64="CpmcjZKYDZyEZNt7hymk9k8VirQ="></latexit><latexit sha1_base64="CpmcjZKYDZyEZNt7hymk9k8VirQ="></latexit><latexit sha1_base64="CpmcjZKYDZyEZNt7hymk9k8VirQ="></latexit>

@2
TC

⌃
0 = 0, @TC

⌃
2 = 0

<latexit sha1_base64="X9oZsOz3KK+GBSrPfPuy9cb+zsk="></latexit><latexit sha1_base64="X9oZsOz3KK+GBSrPfPuy9cb+zsk="></latexit><latexit sha1_base64="X9oZsOz3KK+GBSrPfPuy9cb+zsk="></latexit><latexit sha1_base64="X9oZsOz3KK+GBSrPfPuy9cb+zsk="></latexit>

The 5 di↵erent Tc values reduce to Tl,m and Tlet if regular part is zero
<latexit sha1_base64="irqN/1F4O9uiCcSAG87iFypKXac="></latexit><latexit sha1_base64="irqN/1F4O9uiCcSAG87iFypKXac="></latexit><latexit sha1_base64="irqN/1F4O9uiCcSAG87iFypKXac="></latexit><latexit sha1_base64="irqN/1F4O9uiCcSAG87iFypKXac="></latexit>

Derivatives in µ2
X are similar to derivatives in T

) the following quantities will peak at Tc
<latexit sha1_base64="DhF8FP5AbRQtEAOJGLk9EI20t3s=">AAACY3icdVHBbtNAEF27UIoL1JTeENKKGIlT5ERCcKxEDxxL1bSR4mCNN5Nkld212R0nClZ+khs3LvwH69aVoIKRVnr73jzN7NuiUtJRmv4Iwr0HD/cfHTyODp88fXYUPz++cmVtBY5EqUo7LsChkgZHJEnhuLIIulB4Xaw+tvr1Gq2TpbmkbYVTDQsj51IAeSqPv52hlWt/WaPj0vAk03U+/jJMOFjkTmqpwHIq+exe32XCsy yKkuxCLpYE1pabhNMS+bxUqtxIs+BfazB+JekdG6kUrxBWHMh780bskjzupf13aVs87ad3oGMGHdNjXZ3n8fdsVopaoyGhwLnJIK1o2oAlKRTuoqx2WIFYwQInHhrQ6KbNTUY7/sYzM7+c9ccQv2H/dDSgndvqwndqoKW7r7Xkv7RJTfMP00aaqiY04nbQvFZtZm3gfCYtClJbD0BYH4fgYgkWBPlviXwIdy/l/wdXw/7A48/D3umwi+OAvWSv2Vs2YO/ZKfvEztmICfYz2A+Ogjj4FR6Gx+HJbWsYdJ4X7K8KX/0Ga4+1Mw==</latexit><latexit sha1_base64="DhF8FP5AbRQtEAOJGLk9EI20t3s=">AAACY3icdVHBbtNAEF27UIoL1JTeENKKGIlT5ERCcKxEDxxL1bSR4mCNN5Nkld212R0nClZ+khs3LvwH69aVoIKRVnr73jzN7NuiUtJRmv4Iwr0HD/cfHTyODp88fXYUPz++cmVtBY5EqUo7LsChkgZHJEnhuLIIulB4Xaw+tvr1Gq2TpbmkbYVTDQsj51IAeSqPv52hlWt/WaPj0vAk03U+/jJMOFjkTmqpwHIq+exe32XCsy yKkuxCLpYE1pabhNMS+bxUqtxIs+BfazB+JekdG6kUrxBWHMh780bskjzupf13aVs87ad3oGMGHdNjXZ3n8fdsVopaoyGhwLnJIK1o2oAlKRTuoqx2WIFYwQInHhrQ6KbNTUY7/sYzM7+c9ccQv2H/dDSgndvqwndqoKW7r7Xkv7RJTfMP00aaqiY04nbQvFZtZm3gfCYtClJbD0BYH4fgYgkWBPlviXwIdy/l/wdXw/7A48/D3umwi+OAvWSv2Vs2YO/ZKfvEztmICfYz2A+Ogjj4FR6Gx+HJbWsYdJ4X7K8KX/0Ga4+1Mw==</latexit><latexit sha1_base64="DhF8FP5AbRQtEAOJGLk9EI20t3s=">AAACY3icdVHBbtNAEF27UIoL1JTeENKKGIlT5ERCcKxEDxxL1bSR4mCNN5Nkld212R0nClZ+khs3LvwH69aVoIKRVnr73jzN7NuiUtJRmv4Iwr0HD/cfHTyODp88fXYUPz++cmVtBY5EqUo7LsChkgZHJEnhuLIIulB4Xaw+tvr1Gq2TpbmkbYVTDQsj51IAeSqPv52hlWt/WaPj0vAk03U+/jJMOFjkTmqpwHIq+exe32XCsy yKkuxCLpYE1pabhNMS+bxUqtxIs+BfazB+JekdG6kUrxBWHMh780bskjzupf13aVs87ad3oGMGHdNjXZ3n8fdsVopaoyGhwLnJIK1o2oAlKRTuoqx2WIFYwQInHhrQ6KbNTUY7/sYzM7+c9ccQv2H/dDSgndvqwndqoKW7r7Xkv7RJTfMP00aaqiY04nbQvFZtZm3gfCYtClJbD0BYH4fgYgkWBPlviXwIdy/l/wdXw/7A48/D3umwi+OAvWSv2Vs2YO/ZKfvEztmICfYz2A+Ogjj4FR6Gx+HJbWsYdJ4X7K8KX/0Ga4+1Mw==</latexit><latexit sha1_base64="DhF8FP5AbRQtEAOJGLk9EI20t3s=">AAACY3icdVHBbtNAEF27UIoL1JTeENKKGIlT5ERCcKxEDxxL1bSR4mCNN5Nkld212R0nClZ+khs3LvwH69aVoIKRVnr73jzN7NuiUtJRmv4Iwr0HD/cfHTyODp88fXYUPz++cmVtBY5EqUo7LsChkgZHJEnhuLIIulB4Xaw+tvr1Gq2TpbmkbYVTDQsj51IAeSqPv52hlWt/WaPj0vAk03U+/jJMOFjkTmqpwHIq+exe32XCsy yKkuxCLpYE1pabhNMS+bxUqtxIs+BfazB+JekdG6kUrxBWHMh780bskjzupf13aVs87ad3oGMGHdNjXZ3n8fdsVopaoyGhwLnJIK1o2oAlKRTuoqx2WIFYwQInHhrQ6KbNTUY7/sYzM7+c9ccQv2H/dDSgndvqwndqoKW7r7Xkv7RJTfMP00aaqiY04nbQvFZtZm3gfCYtClJbD0BYH4fgYgkWBPlviXwIdy/l/wdXw/7A48/D3umwi+OAvWSv2Vs2YO/ZKfvEztmICfYz2A+Ogjj4FR6Gx+HJbWsYdJ4X7K8KX/0Ga4+1Mw==</latexit>
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Lattice calculations based on 100K - 500 K configurations, N⌧ = 6 � 12, and
4K configurations for N⌧ = 16
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(156.5± 1.5) MeV

Di↵erent definitions of Tc surprisingly agree in the continuum limit and we for
zero chemical potential we get Tc = 156± 1.5 MeV
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The chiral cross-over temperature at non-zero density  

Tc(µB) = Tc(0)
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The µB dependence of Tc is small
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The freeze-out condition corresponding
to constant energy density or constant
entropy density agrees with the crossover
line within errors
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Chiral phase transition in 2+1 flavor QCD  
What is the nature of the chiral transition in 2+1 flavor QCD for fixed ms and
ml ! 0 ?
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