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searches for criticality in  QCD phase-diagram and thermodynamics along the phase boundary: 

phase boundary @ µB > 0 & critical point

RHIC, NA61, FAIR, NICA, J-PARC
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Remnants of criticality @ µB = 0

RHIC, LHC
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Thermodynamis along the QCD crossover
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Summit (TOP500: 1) Titan (TOP500: 9) Cori (TOP500:12)

Piz Daint (TOP500: 5) NSC3 (CCNU, Wuhan, China)

Large scale numerical calculations by HotQCD Collaboration



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 susceptibilities

=  Tc0 in the zero quark mass limit

universal scaling function has a peak at z=zp

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

hqq̄i = T (@lnZ)/@mf
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mshūu+ d̄di � (mu +md)hs̄si

⇤

<latexit sha1_base64="jlJkSxuqHNSk2OJZq273XBgrUYM="></latexit><latexit sha1_base64="jlJkSxuqHNSk2OJZq273XBgrUYM="></latexit><latexit sha1_base64="jlJkSxuqHNSk2OJZq273XBgrUYM="></latexit><latexit sha1_base64="jlJkSxuqHNSk2OJZq273XBgrUYM="></latexit>

�⌃ = ms

✓
@

@mu
+

@

@md

◆
⌃

<latexit sha1_base64="IclAr9I9oGRZeuHaXIxqfGTozzM="></latexit><latexit sha1_base64="IclAr9I9oGRZeuHaXIxqfGTozzM="></latexit><latexit sha1_base64="IclAr9I9oGRZeuHaXIxqfGTozzM="></latexit><latexit sha1_base64="IclAr9I9oGRZeuHaXIxqfGTozzM="></latexit>

� =
m2

s

f4
K

h
h
�
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Chiral order parameter:  

and the corresponding susceptibilities:

For non-zero chemical potential we use Taylor expansion
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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>

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>

HotQCD, arXiv:1812.08235

The 5 di↵erent Tc values reduce to Tl,m and Tl,t if regular part is zero
<latexit sha1_base64="EzAp9MXcQfFSrCm/mL2+ReOoyBo="></latexit><latexit sha1_base64="EzAp9MXcQfFSrCm/mL2+ReOoyBo="></latexit><latexit sha1_base64="EzAp9MXcQfFSrCm/mL2+ReOoyBo="></latexit><latexit sha1_base64="EzAp9MXcQfFSrCm/mL2+ReOoyBo="></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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little change in peak-height & width with increasing baryon chemical 
potential: no indication of a stronger transition becoming stronger

The chiral susceptibility at baryon density non-zero density  

Conditions in heavy ion collisions: nB > 0, nS = 0, nQ = 0.4nB (for Au, Pb)
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The chiral cross-over temperature at non-zero density  

Tc(µB) = Tc(0)
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crossover line: O(µ4
B)

constant: ✏
s

freeze-out: STAR
ALICE

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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Use O(4) fits for ml and volume dependence
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Continuum extrapolations:
<latexit sha1_base64="iTWEamQddKbolMpiXmFrFz+ROvU=">AAACAnicbZDLSgMxFIYz9VbrbdSVuAkWwVWZ6UZxVejGZQV7gXYomTTThmaSITkjllLc+CpuXCji1qdw59uYTmehrQcCH/9/DifnDxPBDXjet1NYW9/Y3Cpul3Z29/YP3MOjllGppqxJlVC6ExLDBJesCRwE6ySakTgUrB2O63O/fc+04UrewSRhQUyGkkecErBS3z2pKwlcpmmM2QNokiiROea675a9ipcVXgU/hzLKq9F3v3oDRdOYSaCCGNP1vQSCKdHAqWCzUi81LCF0TIasa1GSmJlgmp0ww+dWGeBIafsk4Ez9PTElsTGTOLSdMYGRWfbm4n9eN4XoKphymaTAJF0silKBQeF5HnjANaMgJhYI1dz+FdMR0YSCTa1kQ/CXT16FVrXiW76tlmvVPI4iOkVn6AL56BLV0A1qoCai6BE9o1f05jw5L86787FoLTj5zDH6U87nD+OJl6w=</latexit><latexit sha1_base64="iTWEamQddKbolMpiXmFrFz+ROvU=">AAACAnicbZDLSgMxFIYz9VbrbdSVuAkWwVWZ6UZxVejGZQV7gXYomTTThmaSITkjllLc+CpuXCji1qdw59uYTmehrQcCH/9/DifnDxPBDXjet1NYW9/Y3Cpul3Z29/YP3MOjllGppqxJlVC6ExLDBJesCRwE6ySakTgUrB2O63O/fc+04UrewSRhQUyGkkecErBS3z2pKwlcpmmM2QNokiiROea675a9ipcVXgU/hzLKq9F3v3oDRdOYSaCCGNP1vQSCKdHAqWCzUi81LCF0TIasa1GSmJlgmp0ww+dWGeBIafsk4Ez9PTElsTGTOLSdMYGRWfbm4n9eN4XoKphymaTAJF0silKBQeF5HnjANaMgJhYI1dz+FdMR0YSCTa1kQ/CXT16FVrXiW76tlmvVPI4iOkVn6AL56BLV0A1qoCai6BE9o1f05jw5L86787FoLTj5zDH6U87nD+OJl6w=</latexit><latexit sha1_base64="iTWEamQddKbolMpiXmFrFz+ROvU=">AAACAnicbZDLSgMxFIYz9VbrbdSVuAkWwVWZ6UZxVejGZQV7gXYomTTThmaSITkjllLc+CpuXCji1qdw59uYTmehrQcCH/9/DifnDxPBDXjet1NYW9/Y3Cpul3Z29/YP3MOjllGppqxJlVC6ExLDBJesCRwE6ySakTgUrB2O63O/fc+04UrewSRhQUyGkkecErBS3z2pKwlcpmmM2QNokiiROea675a9ipcVXgU/hzLKq9F3v3oDRdOYSaCCGNP1vQSCKdHAqWCzUi81LCF0TIasa1GSmJlgmp0ww+dWGeBIafsk4Ez9PTElsTGTOLSdMYGRWfbm4n9eN4XoKphymaTAJF0silKBQeF5HnjANaMgJhYI1dz+FdMR0YSCTa1kQ/CXT16FVrXiW76tlmvVPI4iOkVn6AL56BLV0A1qoCai6BE9o1f05jw5L86787FoLTj5zDH6U87nD+OJl6w=</latexit><latexit sha1_base64="iTWEamQddKbolMpiXmFrFz+ROvU=">AAACAnicbZDLSgMxFIYz9VbrbdSVuAkWwVWZ6UZxVejGZQV7gXYomTTThmaSITkjllLc+CpuXCji1qdw59uYTmehrQcCH/9/DifnDxPBDXjet1NYW9/Y3Cpul3Z29/YP3MOjllGppqxJlVC6ExLDBJesCRwE6ySakTgUrB2O63O/fc+04UrewSRhQUyGkkecErBS3z2pKwlcpmmM2QNokiiROea675a9ipcVXgU/hzLKq9F3v3oDRdOYSaCCGNP1vQSCKdHAqWCzUi81LCF0TIasa1GSmJlgmp0ww+dWGeBIafsk4Ez9PTElsTGTOLSdMYGRWfbm4n9eN4XoKphymaTAJF0silKBQeF5HnjANaMgJhYI1dz+FdMR0YSCTa1kQ/CXT16FVrXiW76tlmvVPI4iOkVn6AL56BLV0A1qoCai6BE9o1f05jw5L86787FoLTj5zDH6U87nD+OJl6w=</latexit>

HotQCD,  arXiv:1903.04801
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Equation of state  at non-zero net baryon density   
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6th order Taylor expansion, HotQCD, PRD 95 (2017) 054504

Truncation errors of the 6th order Taylor expansions are small for μB/T<2.5



S/NB (nQ=0.4nB, nS=0)
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approximate trajectories in heavy-ion collisions follow constant entropy to baryon
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Iso-entropic Equation of state  at non-zero net baryon density   



Equation of state  along the “phase boundary”   
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increase remains less than (ideal) hadron gas resonance gas model (HRG)

Net baryon number fluctuations  along the “phase boundary”   
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Baryon number fluctuations are expected to increase as we approach the critical point



Radius of convergence of Taylor series and critical point   
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Critical point is disfavored for µB < 300 MeV
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Summary

• The chiral transition temperature at the physical quark mass can be pre-

cisely determined: Tc = 156± 1.5 MeV and can be related to chiral phase

transition temperature For mu,d = 0: Tc = 132
+3
�6 MeV

• Equation of state at non-zero baryon density can be obtained from the

Taylor expansion and no indication of limited convergence radius for

µB < 300 MeV

• The dependence of Tc on µB is very small and is consistent with freeze-out

curve in HI, the width of the chiral susceptibility and the peak height does

not change with µB

• The µB dependence of EoS and baryon number fluctuations follows the

HRG expectation
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