
Deconfinement and chiral transitions

Chiral crossover at physical quark masses

Chiral phase transition in 2+1 flavor QCD

Taylor expansion in chemical potential, fluctuations of conserved charges,
Equation of State at non-zero baryon density

Deconfinement and chromo-electric screening in QCD

Chromo-magnetic screening, spatial string tension and EQCD



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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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

<latexit sha1_base64="dvHOnkSNxDZ3vNE9+oo/kek1qHs=">AAACXnicdVHNa9swHJXdrWvddc26y2AXbWHgwCiyKWt6KBR62bFlSRuIUyMrciIqyUYfgyD0T+42dtmfMjn1YBvbA8Hjvd/Tx1PVcqYNQt+ieOfJ091ne/vJwfPDF0eDl8e3urGK0ClpeKNmFdaUM0mnhhlOZ62iWFSc3lUPV51/94UqzRo5MZuWLgReSVYzgk2QyoEtPrOVwOnkQyFs6WZ+BC9goa0onbxA/t4VTNZm42FRK0 zcVRC2AV+6XPp0MvIuzeXorU/gFgWntUn76X5L7yYhr9hqbUb3XQyWgyE6QQhlWQY7kp19RIGcn4/zbAyzzgoYgh7X5eBrsWyIFVQawrHW8wy1ZuGwMoxw6pPCatpi8oBXdB6oxILqhdvW4+H7oCxh3aiwpIFb9feEw0LrjajCpMBmrf/2OvFf3tyaerxwTLbWUEkeD6oth6aBXddwyRQlhm8CwUSxcFdI1jg0Y8KPJKGEXy+F/ye3+UkW+M3p8DLv69gDb8A7kIIMnIFL8Alcgykg4HsURUl0EP2Id+PD+OhxNI76zCvwB+LXPwF3wrNo</latexit><latexit sha1_base64="dvHOnkSNxDZ3vNE9+oo/kek1qHs=">AAACXnicdVHNa9swHJXdrWvddc26y2AXbWHgwCiyKWt6KBR62bFlSRuIUyMrciIqyUYfgyD0T+42dtmfMjn1YBvbA8Hjvd/Tx1PVcqYNQt+ieOfJ091ne/vJwfPDF0eDl8e3urGK0ClpeKNmFdaUM0mnhhlOZ62iWFSc3lUPV51/94UqzRo5MZuWLgReSVYzgk2QyoEtPrOVwOnkQyFs6WZ+BC9goa0onbxA/t4VTNZm42FRK0 zcVRC2AV+6XPp0MvIuzeXorU/gFgWntUn76X5L7yYhr9hqbUb3XQyWgyE6QQhlWQY7kp19RIGcn4/zbAyzzgoYgh7X5eBrsWyIFVQawrHW8wy1ZuGwMoxw6pPCatpi8oBXdB6oxILqhdvW4+H7oCxh3aiwpIFb9feEw0LrjajCpMBmrf/2OvFf3tyaerxwTLbWUEkeD6oth6aBXddwyRQlhm8CwUSxcFdI1jg0Y8KPJKGEXy+F/ye3+UkW+M3p8DLv69gDb8A7kIIMnIFL8Alcgykg4HsURUl0EP2Id+PD+OhxNI76zCvwB+LXPwF3wrNo</latexit><latexit sha1_base64="dvHOnkSNxDZ3vNE9+oo/kek1qHs=">AAACXnicdVHNa9swHJXdrWvddc26y2AXbWHgwCiyKWt6KBR62bFlSRuIUyMrciIqyUYfgyD0T+42dtmfMjn1YBvbA8Hjvd/Tx1PVcqYNQt+ieOfJ091ne/vJwfPDF0eDl8e3urGK0ClpeKNmFdaUM0mnhhlOZ62iWFSc3lUPV51/94UqzRo5MZuWLgReSVYzgk2QyoEtPrOVwOnkQyFs6WZ+BC9goa0onbxA/t4VTNZm42FRK0 zcVRC2AV+6XPp0MvIuzeXorU/gFgWntUn76X5L7yYhr9hqbUb3XQyWgyE6QQhlWQY7kp19RIGcn4/zbAyzzgoYgh7X5eBrsWyIFVQawrHW8wy1ZuGwMoxw6pPCatpi8oBXdB6oxILqhdvW4+H7oCxh3aiwpIFb9feEw0LrjajCpMBmrf/2OvFf3tyaerxwTLbWUEkeD6oth6aBXddwyRQlhm8CwUSxcFdI1jg0Y8KPJKGEXy+F/ye3+UkW+M3p8DLv69gDb8A7kIIMnIFL8Alcgykg4HsURUl0EP2Id+PD+OhxNI76zCvwB+LXPwF3wrNo</latexit><latexit sha1_base64="dvHOnkSNxDZ3vNE9+oo/kek1qHs=">AAACXnicdVHNa9swHJXdrWvddc26y2AXbWHgwCiyKWt6KBR62bFlSRuIUyMrciIqyUYfgyD0T+42dtmfMjn1YBvbA8Hjvd/Tx1PVcqYNQt+ieOfJ091ne/vJwfPDF0eDl8e3urGK0ClpeKNmFdaUM0mnhhlOZ62iWFSc3lUPV51/94UqzRo5MZuWLgReSVYzgk2QyoEtPrOVwOnkQyFs6WZ+BC9goa0onbxA/t4VTNZm42FRK0 zcVRC2AV+6XPp0MvIuzeXorU/gFgWntUn76X5L7yYhr9hqbUb3XQyWgyE6QQhlWQY7kp19RIGcn4/zbAyzzgoYgh7X5eBrsWyIFVQawrHW8wy1ZuGwMoxw6pPCatpi8oBXdB6oxILqhdvW4+H7oCxh3aiwpIFb9feEw0LrjajCpMBmrf/2OvFf3tyaerxwTLbWUEkeD6oth6aBXddwyRQlhm8CwUSxcFdI1jg0Y8KPJKGEXy+F/ye3+UkW+M3p8DLv69gDb8A7kIIMnIFL8Alcgykg4HsURUl0EP2Id+PD+OhxNI76zCvwB+LXPwF3wrNo</latexit>

�(T, µX) =
1X

n=0

C�
2n(T )

(2n)!

⇣µX

T

⌘2n

<latexit sha1_base64="USGLeS0s9OGvnTCq+kFpbl4SafU="></latexit><latexit sha1_base64="USGLeS0s9OGvnTCq+kFpbl4SafU="></latexit><latexit sha1_base64="USGLeS0s9OGvnTCq+kFpbl4SafU="></latexit><latexit sha1_base64="USGLeS0s9OGvnTCq+kFpbl4SafU="></latexit>

�⌃, C�
0 (T ) ⇠ �l,m

<latexit sha1_base64="+YrruHOnJw0bG89pSi7bae1EBkE=">AAACF3icdVDLSgMxFM34rPVVdekmWAQFKUkRrbtCNy4r9gWdOmTStA0mM0OSEcowfoUbf8WNC0Xc6s6/MdNWUNEDgXPPuZebe/xIcG0Q+nDm5hcWl5ZzK/nVtfWNzcLWdkuHsaKsSUMRqo5PNBM8YE3DjWCdSDEifcHa/nUt89s3TGkeBg0zjlhPkmHAB5wSYyWvUHLpiF8l7iUfSpIe3dY8ZCurpQeNQ+hqLmFWeYk4kimEXq GISgghjDHMCD49QZacnVXKuAJxZlkUwQx1r/Du9kMaSxYYKojWXYwi00uIMpwKlubdWLOI0GsyZF1LAyKZ7iWTu1K4b5U+HITKvsDAifp9IiFS67H0backZqR/e5n4l9eNzaDSS3gQxYYFdLpoEAtoQpiFBPtcMWrE2BJCFbd/hXREFKHGRpm3IXxdCv8nrXIJW35xXKyWZ3HkwC7YAwcAg1NQBeegDpqAgjvwAJ7As3PvPDovzuu0dc6ZzeyAH3DePgGoZZ7o</latexit><latexit sha1_base64="+YrruHOnJw0bG89pSi7bae1EBkE=">AAACF3icdVDLSgMxFM34rPVVdekmWAQFKUkRrbtCNy4r9gWdOmTStA0mM0OSEcowfoUbf8WNC0Xc6s6/MdNWUNEDgXPPuZebe/xIcG0Q+nDm5hcWl5ZzK/nVtfWNzcLWdkuHsaKsSUMRqo5PNBM8YE3DjWCdSDEifcHa/nUt89s3TGkeBg0zjlhPkmHAB5wSYyWvUHLpiF8l7iUfSpIe3dY8ZCurpQeNQ+hqLmFWeYk4kimEXq GISgghjDHMCD49QZacnVXKuAJxZlkUwQx1r/Du9kMaSxYYKojWXYwi00uIMpwKlubdWLOI0GsyZF1LAyKZ7iWTu1K4b5U+HITKvsDAifp9IiFS67H0backZqR/e5n4l9eNzaDSS3gQxYYFdLpoEAtoQpiFBPtcMWrE2BJCFbd/hXREFKHGRpm3IXxdCv8nrXIJW35xXKyWZ3HkwC7YAwcAg1NQBeegDpqAgjvwAJ7As3PvPDovzuu0dc6ZzeyAH3DePgGoZZ7o</latexit><latexit sha1_base64="+YrruHOnJw0bG89pSi7bae1EBkE=">AAACF3icdVDLSgMxFM34rPVVdekmWAQFKUkRrbtCNy4r9gWdOmTStA0mM0OSEcowfoUbf8WNC0Xc6s6/MdNWUNEDgXPPuZebe/xIcG0Q+nDm5hcWl5ZzK/nVtfWNzcLWdkuHsaKsSUMRqo5PNBM8YE3DjWCdSDEifcHa/nUt89s3TGkeBg0zjlhPkmHAB5wSYyWvUHLpiF8l7iUfSpIe3dY8ZCurpQeNQ+hqLmFWeYk4kimEXq GISgghjDHMCD49QZacnVXKuAJxZlkUwQx1r/Du9kMaSxYYKojWXYwi00uIMpwKlubdWLOI0GsyZF1LAyKZ7iWTu1K4b5U+HITKvsDAifp9IiFS67H0backZqR/e5n4l9eNzaDSS3gQxYYFdLpoEAtoQpiFBPtcMWrE2BJCFbd/hXREFKHGRpm3IXxdCv8nrXIJW35xXKyWZ3HkwC7YAwcAg1NQBeegDpqAgjvwAJ7As3PvPDovzuu0dc6ZzeyAH3DePgGoZZ7o</latexit><latexit sha1_base64="+YrruHOnJw0bG89pSi7bae1EBkE=">AAACF3icdVDLSgMxFM34rPVVdekmWAQFKUkRrbtCNy4r9gWdOmTStA0mM0OSEcowfoUbf8WNC0Xc6s6/MdNWUNEDgXPPuZebe/xIcG0Q+nDm5hcWl5ZzK/nVtfWNzcLWdkuHsaKsSUMRqo5PNBM8YE3DjWCdSDEifcHa/nUt89s3TGkeBg0zjlhPkmHAB5wSYyWvUHLpiF8l7iUfSpIe3dY8ZCurpQeNQ+hqLmFWeYk4kimEXq GISgghjDHMCD49QZacnVXKuAJxZlkUwQx1r/Du9kMaSxYYKojWXYwi00uIMpwKlubdWLOI0GsyZF1LAyKZ7iWTu1K4b5U+HITKvsDAifp9IiFS67H0backZqR/e5n4l9eNzaDSS3gQxYYFdLpoEAtoQpiFBPtcMWrE2BJCFbd/hXREFKHGRpm3IXxdCv8nrXIJW35xXKyWZ3HkwC7YAwcAg1NQBeegDpqAgjvwAJ7As3PvPDovzuu0dc6ZzeyAH3DePgGoZZ7o</latexit>

@TC
⌃
0 , C⌃

2 (T ) ⇠ �t,m
<latexit sha1_base64="iqiIljVcWy6t17mtVOKXOSAnRN0="></latexit><latexit sha1_base64="iqiIljVcWy6t17mtVOKXOSAnRN0="></latexit><latexit sha1_base64="iqiIljVcWy6t17mtVOKXOSAnRN0="></latexit><latexit sha1_base64="iqiIljVcWy6t17mtVOKXOSAnRN0="></latexit>

C⌃
0 = ⌃

<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

<latexit sha1_base64="f39foFqw0IJsm4VVxeRSsXXOV98=">AAACZ3icdVFNaxRBEO0ZPxLHj2yMiOCldFfwkCw9S0xyEQJehIQQwU0Cu8tS09OzadLTPfSHsAybH5mbdy/+C3t2J6hB6/R471X1q+qsksI6Sr9H8b37Dx6urT9KHj95+myjs/n8zGpvGB8yLbW5yNByKRQfOuEkv6gMxzKT/Dy7+tTo59+4sUKrr25e8UmJMyUKwdAFatq5HistVM6VS47ROcE4MJTMy6VuoZmdg1aQUnoEO/ CBUjgCplUhZt6sTNvQO5nWY4d+8XFvJx30tgFVDrt3fVBoA8lvb7rXm3a6tB9mhgLap7egZdKW6ZK2Tqedm3GumS9DYCbR2lFKKzep0YToki+Ssbe8QnaFMz4KUGHJ7aRe3mkB73yzTJOi0MrBkv2zo8bS2nmZBWeJ7tLe1RryX9rIu+JgUgtVeccVWz1UeAlOQ3N0yIXhzMl5AMiMCFmBXaJB5sLXJOEIt5vC/8HZoJ8G/GXQPRy051gnr8lb8p6kZJ8cks/klAwJIz+iJNqKXkQ/4434ZfxqZY2jtmeL/FXxm19a1LSm</latexit><latexit sha1_base64="f39foFqw0IJsm4VVxeRSsXXOV98=">AAACZ3icdVFNaxRBEO0ZPxLHj2yMiOCldFfwkCw9S0xyEQJehIQQwU0Cu8tS09OzadLTPfSHsAybH5mbdy/+C3t2J6hB6/R471X1q+qsksI6Sr9H8b37Dx6urT9KHj95+myjs/n8zGpvGB8yLbW5yNByKRQfOuEkv6gMxzKT/Dy7+tTo59+4sUKrr25e8UmJMyUKwdAFatq5HistVM6VS47ROcE4MJTMy6VuoZmdg1aQUnoEO/ CBUjgCplUhZt6sTNvQO5nWY4d+8XFvJx30tgFVDrt3fVBoA8lvb7rXm3a6tB9mhgLap7egZdKW6ZK2Tqedm3GumS9DYCbR2lFKKzep0YToki+Ssbe8QnaFMz4KUGHJ7aRe3mkB73yzTJOi0MrBkv2zo8bS2nmZBWeJ7tLe1RryX9rIu+JgUgtVeccVWz1UeAlOQ3N0yIXhzMl5AMiMCFmBXaJB5sLXJOEIt5vC/8HZoJ8G/GXQPRy051gnr8lb8p6kZJ8cks/klAwJIz+iJNqKXkQ/4434ZfxqZY2jtmeL/FXxm19a1LSm</latexit><latexit sha1_base64="f39foFqw0IJsm4VVxeRSsXXOV98=">AAACZ3icdVFNaxRBEO0ZPxLHj2yMiOCldFfwkCw9S0xyEQJehIQQwU0Cu8tS09OzadLTPfSHsAybH5mbdy/+C3t2J6hB6/R471X1q+qsksI6Sr9H8b37Dx6urT9KHj95+myjs/n8zGpvGB8yLbW5yNByKRQfOuEkv6gMxzKT/Dy7+tTo59+4sUKrr25e8UmJMyUKwdAFatq5HistVM6VS47ROcE4MJTMy6VuoZmdg1aQUnoEO/ CBUjgCplUhZt6sTNvQO5nWY4d+8XFvJx30tgFVDrt3fVBoA8lvb7rXm3a6tB9mhgLap7egZdKW6ZK2Tqedm3GumS9DYCbR2lFKKzep0YToki+Ssbe8QnaFMz4KUGHJ7aRe3mkB73yzTJOi0MrBkv2zo8bS2nmZBWeJ7tLe1RryX9rIu+JgUgtVeccVWz1UeAlOQ3N0yIXhzMl5AMiMCFmBXaJB5sLXJOEIt5vC/8HZoJ8G/GXQPRy051gnr8lb8p6kZJ8cks/klAwJIz+iJNqKXkQ/4434ZfxqZY2jtmeL/FXxm19a1LSm</latexit><latexit sha1_base64="f39foFqw0IJsm4VVxeRSsXXOV98=">AAACZ3icdVFNaxRBEO0ZPxLHj2yMiOCldFfwkCw9S0xyEQJehIQQwU0Cu8tS09OzadLTPfSHsAybH5mbdy/+C3t2J6hB6/R471X1q+qsksI6Sr9H8b37Dx6urT9KHj95+myjs/n8zGpvGB8yLbW5yNByKRQfOuEkv6gMxzKT/Dy7+tTo59+4sUKrr25e8UmJMyUKwdAFatq5HistVM6VS47ROcE4MJTMy6VuoZmdg1aQUnoEO/ CBUjgCplUhZt6sTNvQO5nWY4d+8XFvJx30tgFVDrt3fVBoA8lvb7rXm3a6tB9mhgLap7egZdKW6ZK2Tqedm3GumS9DYCbR2lFKKzep0YToki+Ssbe8QnaFMz4KUGHJ7aRe3mkB73yzTJOi0MrBkv2zo8bS2nmZBWeJ7tLe1RryX9rIu+JgUgtVeccVWz1UeAlOQ3N0yIXhzMl5AMiMCFmBXaJB5sLXJOEIt5vC/8HZoJ8G/GXQPRy051gnr8lb8p6kZJ8cks/klAwJIz+iJNqKXkQ/4434ZfxqZY2jtmeL/FXxm19a1LSm</latexit>
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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  
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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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QCD thermodynamics at non-zero chemical potential 

Taylor expansion : 

hadronic

quark

Taylor expansion coefficients give the susceptibilities, i.e. the fluctuations and 
correlations of conserved charges, e.g.  

information about carriers of the conserved charges ( hadrons or quarks )  

probes of deconfinement 
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Deconfinement : fluctuations of conserved charges  

baryon number

electric charge

strangeness

Ideal gas of massless quarks :

conserved charges are carried by massive hadrons

conserved charges carried
by light quarks

HotQCD: PRD86 (2012) 034509 

BW: JHEP 1201 (2012) 138,
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Deconfinement : fluctuations of conserved charges  
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Correlations of conserved charges  

• Correlations between strange and light quarks at low T are due to the fact that strange 
hadrons contain both strange and light quarks but very small  at high T (>250 MeV)
=> weakly interacting quark gas 

• For baryon-strangeness correlations HISQ results are close to the physical HRG result,
at T>250 MeV these correlations are very close to the ideal gas value 

• The transition region where degrees of freedom change from hadronic to quark-like is
broad ~ (100-150) MeV

P.P. J.Phys. G39 (2012) 093002 



Quark number fluctuations at high T 
At high temperatures quark number fluctuations can be described by weak 
coupling approach due to asymptotic freedom of QCD

• Good agreement between continuum extrapolated lattice results and the weak 
coupling approach   

• Quark number correlations vanish at any loop order but can be calculated in EQCD
and the EQCD calculations agree with the continuum extrapolated lattice results

quark number fluctuations

Bazavov et al, PRD88 (2013) 094021, Ding et at, PRD92 (2015)  074043 
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Temperature dependence of Taylor expansion coefficients   
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Karsch, arXiv:1905.03936

Higher order Taylor expansion coe�cients are likely to be negative

for T > 130 MeV ) the only singularity the expansion coe�cients

are sensitive to is O(4) transition ) T
CEP
c < T

0
c < 132 MeV
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Thermodynamics at non-zero net baryon density   
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Truncation errors of the 6th order Taylor expansions are small for μB/T<2.5



Radius of convergence of Taylor series and critical point   
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Conjectured QCD phase diagram   

T

µB

mu,
d

<latexit sha1_base64="PUjPCs/Y0DvHkluI4stEPGb5jDA="></latexit>

Tpc
<latexit sha1_base64="PtEdR2YNBuJ641EKAYHk1feyhLk="></latexit>

Tc
<latexit sha1_base64="epkqTGtzueEokMDNXIlZJjFcdbI="></latexit>

Ttri
<latexit sha1_base64="tSi3arq9fEomPp9L+m5Zx5ORIqQ="></latexit>

Tcep
<latexit sha1_base64="5agHLtX5NpAhmxNrbbP8FBCZBXo="></latexit>

O(4)

Z(2)
CEP

TCP



Deconfinement and color screening in QCD  

The free energy of static quark anti-quark pair agrees with the T=0 potential for r << 1/T

The free energy of static quark anti-quark pair is screened for r>rscr at any temperature

rscr ~ 1/T => Debye screening  

2+1 flavor QCD, continuum extrapolated, TUMQCD, PRD 98 (2018) 054511
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Deconfinement and color screening in QCD (cont’d)  

Pure glue ≠ QCD !
Deconfinement transition happens  at lower temperature but the Polyakov loop 
behaves smoothlyaround Tc , Z(3) symmetry plays no apparent role
How to define deconfinement transition in QCD ?
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The entropy of static quark 

SQ = �@FQ

@T

The onset of screening corresponds to peak is SQ and its position coincides with Tc
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The entropy of static quark 

SQ = �@FQ

@T

At low T the entropy SQ increases reflecting the increase of states the heavy quark 
can be coupled to;  at high temperature the static quark only “sees” the medium 
within a Debye radius, as T increases the Debye radius decreases and SQ
also decreases

The peak in the entropy is broader and smaller for smaller quark mass

Weak coupling (EQCD) calculations work for T> 1500 MeV
Berwein et al, PRD 93 (2016) 034010
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Free energy of a static quark anti-quark pair at high T

Conjecture: in QCD the work is reduced due to cancelation of color singlet and
octet contribution

e�FQQ̄(r,T )/T =
1

9
e�FS(r,T )/T +

8

9
e�FO(r,T )/T

Fierz idenity: �ij�lk =
1

Nc
�ik�lj + 2T a

ikT
a
lj

e�FS(r,T )/T =
1

Nc
htrW (r)W †(0)i, W (r) =

N⌧�1Y

⌧=0

U0(r, ⌧)

The work to separate the QQ̄ pair from distance r1 to r2 : FQQ̄(r2)� FQQ̄(r1)

LO:
The LO result for FQQ̄

is recovered
FS = �4

3

↵s

r
e�mDr + F1, FO = +

1

6

↵s

r
e�mDr + F1

Leading order in perturbation theory:

FQQ̄(r, T ) = �1

9

↵2
s

r2T
exp(�2mDr) + F1

In QED at leading order:

FQQ̄(r, T ) = �↵

r
exp(�mDr) + F1



Free energy of a static quark anti-quark pair at high T (cont’d)
The definition of FS requires gauge fixing Is it possible to have a gauge invariant
decomposition of FQQ̄ into singlet and octet contributions ?

Yes, for r ⌧ 1/T using pNRQCD

LA is Polyakov loop in the adjoint representation

e
�FQQ̄(r,T ) = hS(r, 1/T )S(r, 0)i+ LAhOa(r, 1/T )Oa(r, 0)i

e�FQQ̄(r,T ) =
1

9
e�fs(r,T )/T +

8

9
e�fo(r,T )/T ,

fs = Vs(r) +O(↵2
srT

2), fo = Vo(r)�
Nc↵smD

2
+O(↵2

srT
2)

Brambilla et al, PRD 82 (2010) 074019

Berwein et al, PRD 96 (2017) 014025
The naïve and the pNRQCD
decomposition into singlet and
octet agree

To calculate FQQ̄(r, T ) and FS(r, T ) for r ⇠ 1/mD another EFT, namely EQCD,
should be used

.

Fs = fs +O(↵3
s
T ) +O(↵2

s
rT 2), FO = fo +O(↵3

s
T ) +O(↵2

s
rT 2)
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Free energy at short distances: lattice results vs. pNRQCD
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The di↵erence between Vs and FS

is small as expected for rT < 0.3

works !

Construct pNRQCD prediction for FQQ̄

using the lattice data for FS and Vs

as proxy for fs together with the relation:

fo = �1

8
fs +

3↵3
s

8r

✓
⇡2

4
� 3

◆

The interaction of static Q and Q̄ is vacuum like for rT < 0.3

T=407 MeV
TUMQCD, PRD 98 (2018) 054511



Free energy in the screening regime: lattice vs. weak coupling  
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__

Coulomb gauge 

Lattice results are in reasonable agreement with NLO weak coupling result for rT<0.6,
at larger distances, non-pertubtative effects (due to chromo-magnetic sector ) become important

FS(r, T ) =

�4↵se�mDr

3r
(1 + ↵s(�Z1(µ) + rTf1(rmD)))

FQQ̄(r, T ) =

�↵2
se

�2mDr

9r2T
(1 + ↵s(�Z1(µ) + rTf(rmD)))

NLO in EQCD results are available for F̄i(r, T ) = Fi(r, T )� F1(T )

Nadkarni, PRD 33 (1986) 3738 Burnier et al, JHEP 01 (2010) 054 



Spatial string tension at  T>0 and dimensional reduction

non-perturbative

Calculated   perturbatively

Laine, Schröder, JHEP0503 (2005) 067

Cheng et al., PRD 78 (2008) 034506 

EQCD : 

magnetic  screening
r0 =0.469fm
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Relativistic viirial expansion and  Hadron Resonance Gas 
There are significant non-resonant meson-baryon interactions and overlapping resonances
for example in the strange baryon sector
Fernandez-Ramirez, Lo, PP, PRC98 (2018) 044910
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Partial pressures of
I=1 strange baryons in  10-3 T4

Yet the total strange baryon pressure
is well approximated by HRG

�Pint =
X

l

Z
dEE2T 2K2(E/T )

d�l(E)

dE
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�l from coupled channel PWA analysis by JPAC
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D. Fernandez-Ramirez et al, PRD 93 (2016) 0340293.034029



Thermodynamics of strange hadrons and missing states  

Use excited strange hadrons from quark model 
to calculate the pressure from HRG 

cont. est.
PDG-HRG

QM-HRG
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Lattice results  agree with HRG  
that includes the “missing” states

Bazavov, PRL 113 (2014) 072001
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Partial pressure of S=1 baryons from S-matrix
based virial expansion  agrees with HRG 
that  includes additional hyperon resonances
in addition to PDG


