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QED & QCD IN COULOMB 
GAUGE



COULOMB GAUGE QED
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r · ~A = 0 ! ~A = ~A?

only 2 DoFs

A0 is NOT dynamical
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⇢ =  ̄�0 

Trade it w Gauss Law!

<latexit sha1_base64="q6WyOC9fdpsen3fVWIP//0DOG/c=">AAACH3icbZDLSsNAFIYn9VbrLerSzWARBLUkRavLohuXFewFmrRMppN26GQSZiZCCXkTN76KGxeKiLu+jZM2C209MPDz/edw5vxexKhUljU1Ciura+sbxc3S1vbO7p65f9CSYSwwaeKQhaLjIUkY5aSpqGKkEwmCAo+Rtje+y/z2ExGShvxRTSLiBmjIqU8xUhr1zRo8g44vEE7sNKmmcNirQkeMQuic5/xCGw5HHkM97WdY232zbFWsWcFlYeeiDPJq9M1vZxDiOCBcYYak7NpWpNwECUUxI2nJiSWJEB6jIelqyVFApJvM7kvhiSYD6IdCP67gjP6eSFAg5STwdGeA1Eguehn8z+vGyr9xE8qjWBGO54v8mEEVwiwsOKCCYMUmWiAsqP4rxCOkU1E60pIOwV48eVm0qhW7Vrl6uCzXb/M4iuAIHINTYINrUAf3oAGaAINn8ArewYfxYrwZn8bXvLVg5DOH4E8Z0x9rk6DI</latexit>

+
1

2
g2⇢

�1

r2
⇢

<latexit sha1_base64="pctQaRC9oEGK+f1OyLFHb9BlZjU="></latexit>

HCoulomb =  ̄ (�i~� ·r+m) � g ̄~� · ~A? +
1

2
~⇧2

? +
1

2
~B2

Potential
<latexit sha1_base64="ZxuiRU5zWlvqax2pVjaHtjy7RqQ=">AAACG3icbVDLSgMxFM3UV62vUZdugkVwY5kp9bEsunFZwT6gU8udNNOGZjJDklHKMP/hxl9x40IRV4IL/8b0sdDWA4HDOedyc48fc6a043xbuaXlldW1/HphY3Nre8fe3WuoKJGE1knEI9nyQVHOBK1rpjltxZJC6HPa9IdXY795T6VikbjVo5h2QugLFjAC2khdu+wFEkh64mapJ8DncFfOcMGTrD/QIGX0gKcB41ewFzMss65ddErOBHiRuDNSRDPUuvan14tIElKhCQel2q4T604KUjPCaVbwEkVjIEPo07ahAkKqOunktgwfGaWHg0iaJzSeqL8nUgiVGoW+SYagB2reG4v/ee1EBxedlIk40VSQ6aIg4VhHeFwU7jFJieYjQ4BIZv6KyQBMF9rUWTAluPMnL5JGueSelU5vKsXq5ayOPDpAh+gYuegcVdE1qqE6IugRPaNX9GY9WS/Wu/Uxjeas2cw++gPr6wdT56D8</latexit>

�1

r2
! 1

4⇡r

<latexit sha1_base64="vDDULj1369KWVUlxEFH+8ZyLsGU=">AAACB3icbVDLSgMxFM3UV62vUZeCBIvgxjJTfG2EqhuXFewDOtOSSTNtaCYZkoxQhtm58VfcuFDErb/gzr8xfSy09cCFwzn3cu89Qcyo0o7zbeUWFpeWV/KrhbX1jc0te3unrkQiMalhwYRsBkgRRjmpaaoZacaSoChgpBEMbkZ+44FIRQW/18OY+BHqcRpSjLSROvb+VduBl/DYCyXCqZulHkcBQ+1yBj3ZFx276JScMeA8caekCKaoduwvrytwEhGuMUNKtVwn1n6KpKaYkazgJYrECA9Qj7QM5Sgiyk/Hf2Tw0ChdGAppims4Vn9PpChSahgFpjNCuq9mvZH4n9dKdHjhp5THiSYcTxaFCYNawFEosEslwZoNDUFYUnMrxH1kEtEmuoIJwZ19eZ7UyyX3rHR6d1KsXE/jyIM9cACOgAvOQQXcgiqoAQwewTN4BW/Wk/VivVsfk9acNZ3ZBX9gff4A8xmYIg==</latexit>

A0 = � 1

r2
⇢=>

where



COULOMB GAUGE QCD
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both quarks and gluons  
are color charged!

Potential
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~Ac

N. H. Christ and T. D. Lee 
Phys. Rev. D 22, 939 (1980)





2 form factors

+ non-trivial vacuum with
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Hartree-Fock Bogoliubov
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INGREDIENTS OF CONFINEMENT
Infrared enhancement

VCoulomb � VQQ̄

A. Szczepaniak and E. Swanson 
Phys. Rev. D 65, 025012 (2002)



HEAVY QUARK FREE ENERGY 

Kaczmarek et. al.

T < Tc

hLi = 0

hLi 6= 0

T > Tc

confined

deconfined

|hLi|2 = e��FQQ̄[r!1,T ]



HEAVY QUARK FREE ENERGY 

Kaczmarek et. al.

T < Tc

hLi = 0

hLi 6= 0

T > Tc

confined

deconfined

|hLi|2 = e��FQQ̄[r!1,T ]

<latexit sha1_base64="PEhtuKKlpsST3ihaBEl3G1x7tDU="></latexit>

e→ω!V (r) → e→ω ω
!IR

model in C-Gauge: IR scale

chiral?



QCD IN COULOMB GAUGE

• An instantaneous potential obtained from QCD 

• All degree of freedom are physical 
ghost-free! 

• Confining and momentum dependent 
VS NJL
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d4q
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CONFINEMENT OF QUARKS
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A(p)
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are IR div! But 

is finite! 

VS string-flip model: 
M -> infinity  

(too large sigma mass)



DYNAMICAL MASS GENERATION

Alkofer et. al.
Phys. Rev. Lett. 96, 022001



DYNAMICAL MASS GENERATION

Dyson-Schwinger Equations

exact!



DYNAMICAL MASS GENERATION

Dyson-Schwinger Equations

self-consistent MF



DYNAMICAL MASS GENERATION

Dyson-Schwinger Equations

RPA approx

P. M. Lo and E. Swanson 
Phys. Rev. D 81, 034030 (2010)



Quark SDE



Quark SDE

Conf. via: 
A -> Infinity 

thermal weights -> 0;  
non-sense!Alkofer et al. A->1 in thermal



CHIRAL PHASE STRUCTURE
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FIG. 7: The bare contact interaction phase diagram for a
variety of couplings (ξ ≡ λ/λc).

temperatures coincide[17]. Since the confinement poten-
tial is fixed bare models cannot reproduce this behaviour.
Indeed Davis and Matheson have argued[12] that all con-
fining potentials break chiral symmetry and since the
only in-medium effect is the addition of the factor Θ in
the gap equation kernels, it is apparent that there can
be no transition to the chirally symmetric phase. Nev-
ertheless, Alkofer et al. have numerically found a phase
transition.

As shown in Fig. 8 we confirm the existence of a phase
transition in the confinement model with the AAL pre-
scription (and we extend their results to the T −µ plane).
We speculate that the argument of Davis and Mathe-
son has failed because for high temperature and low mo-
mentum the thermodynamic function is approximately
Θ(q, T, µ = 0) ∼ q/T , and hence the effective confining
potential is replaced by V ∼ q−4 → q−3. Perhaps this is
sufficient to drive the observed behaviour.

Numerical values for observables are Tc ≈ 38 MeV,
µc ≈ 75 MeV, M0 ≈ 80 MeV, and the condensate is de-
termined to be (−⟨ψ̄ψ⟩)1/3 ≈ 110 MeV. Note that we in-
terpret the dynamical mass as a constituent quark mass.
All of these quantities fall below their phenomenologi-
cally expected values; however, using a string tension of
about 1.8 GeV2 brings them all into reasonable agree-
ment. In fact, Alkofer et al. employed such a large
string tension in their computation. This is unfortu-
nately, at odds with well established hadron phenomenol-
ogy, a point which we will discuss further below.

The chiral restoration transition line is plotted in Fig.
9. A clear inflection point is visible at (T⋆, µ⋆) ≈ (20, 43)
MeV. We identify the right side of this point as a region
of first order phase transitions, while the left side is sec-
ond order. This identification is based on the continuity
of M displayed on Fig. 8, the evident first order phase
transition seen at T = 0, the relative lack of stability of
the solution algorithm for large µ, and the appearance of
secondary solutions (not shown) for µ > µ⋆. The exis-
tence of a critical point is in keeping with expectations

for QCD[2].
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FIG. 8: Dynamical mass vs temperature and density for the
bare linear AAL confinement model.
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FIG. 9: The bare linear AAL phase diagram.

The results of Fig. 8 have been computed with the
ad hoc AAL prescription. We now consider modifying
the infrared behaviour of the quark interaction with the
polarisation diagram of Fig. 3. Our first study is in the
static, low momentum limit with nf = 1. In this case
the vacuum contribution to Π vanishes and we need not
consider renormalisation of the model.

Our results are shown in Fig. 10. The AAL and ring
results must agree at the origin. The surfaces at µ = 0
look very similar, however the critical temperature has
dropped from 38 MeV to 10 MeV. The critical chemical
potential remains fixed at µc ≈ 75 MeV. Thus the shape
of the phase diagram has been severely distorted by in-
corporating polarisation in the model. Furthermore, as
with the contact model, it appears that all phase tran-
sitions are now first order, and the tricritical point no
longer exists. Thus, as anticipated, including dynami-

P.M.Lo and E. Swanson

2nd order

1st order

critical 
point

arbitrary units



Quark SDE

Conf. via: 
A -> Infinity 

thermal weights -> 0;  
non-sense??  

Quark Suppression
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Ẽ(p)

<latexit sha1_base64="oY9I24d3k9Rlp54M100AX//N3JQ=">AAAB6HicbVDJSgNBEK2JW4xb1KMijUHwFGY8RI9BLx4TMAskQ+jp1CRteha6e4Qw5OjJiwdFvPoV+Q5vfoM/YWc5aOKDgsd7VVTV82LBlbbtLyuzsrq2vpHdzG1t7+zu5fcP6ipKJMMai0Qkmx5VKHiINc21wGYskQaewIY3uJn4jQeUikfhnR7G6Aa0F3KfM6qNVI07+YJdtKcgy8SZk0L5eFz9fjwZVzr5z3Y3YkmAoWaCKtVy7Fi7KZWaM4GjXDtRGFM2oD1sGRrSAJWbTg8dkTOjdIkfSVOhJlP190RKA6WGgWc6A6r7atGbiP95rUT7V27KwzjRGLLZIj8RREdk8jXpcolMi6EhlElubiWsTyVl2mSTMyE4iy8vk/pF0SkVS1WTxjXMkIUjOIVzcOASynALFagBA4QneIFX6956tt6s91lrxprPHMIfWB8/yqqQpg==</latexit>p

K. Fukushima, T. Kojo, W. Weise  
Phys. Rev. D 102, 096017 (2020)

proton wavefunction also recently
G. Krein EPJA 18 (2003)

Bicudo et. al. PRD 45 5 (1992)

<latexit sha1_base64="DfFcsQeMfkQaEnkugov4ntRq4c4=">AAAB+XicbVDLSgMxFM3UV62vUcGNm2ARXJUZF9VlqRsFF63YB3SGIZNJ29AkMySZQhn6J25cKCK48hf8Andu/BbTx0JbDwQO55zLvTlhwqjSjvNl5VZW19Y38puFre2d3T17/6Cp4lRi0sAxi2U7RIowKkhDU81IO5EE8ZCRVji4mvitIZGKxuJejxLic9QTtEsx0kYKbNu7NeEIBZknOby5Gwd20Sk5U8Bl4s5JsXJU/6Zv1Y9aYH96UYxTToTGDCnVcZ1E+xmSmmJGxgUvVSRBeIB6pGOoQJwoP5tePoanRolgN5bmCQ2n6u+JDHGlRjw0SY50Xy16E/E/r5Pq7qWfUZGkmgg8W9RNGdQxnNQAIyoJ1mxkCMKSmlsh7iOJsDZlFUwJ7uKXl0nzvOSWS+W6aaMKZsiDY3ACzoALLkAFXIMaaAAMhuABPIFnK7MerRfrdRbNWfOZQ/AH1vsP2K2W3Q==</latexit>

!IR



<latexit sha1_base64="0d/tzBsg9qHTDq8OI3BdKMcV+/c=">AAACEnicbVBNS0JBFJ1nX2ZfVss2gxIogbwnZG0CM4KWBvkBajJvHHVw3kcz9wXy8De0iX5HmzYtimgbLdr1bxqfLko7cOHcc+5l5h7bF1yBaX4bsYXFpeWV+GpibX1jcyu5vVNVXiApq1BPeLJuE8UEd1kFOAhW9yUjji1YzR6cjf3aLZOKe+4VDH3WckjP5V1OCWipncw2gYsOC89HGT+LT3BT3UgIT3Vznce+rgNcippRO5k2c2YEPE+sKUkXU5+Fx4dDUm4nv5odjwYOc4EKolTDMn1ohUQCp4KNEs1AMZ/QAemxhqYucZhqhdFJI7yvlQ7uelKXCzhSf2+ExFFq6Nh60iHQV7PeWPzPawTQPW6F3PUDYC6dPNQNBAYPj/PBHS4ZBTHUhFDJ9V8x7RNJKOgUEzoEa/bkeVLN56xCrnCp0yihCeJoD6VQBlnoCBXRBSqjCqLoDj2hF/Rq3BvPxpvxPhmNGdOdXfQHxscPMl+eRQ==</latexit>

Ẽ(p) =
√
A(p)2p2 +B(p)2

A-conf

Bag Model

as a  
finite size effect

<latexit sha1_base64="mRtBJ6D8xj4b992TKpgN/afnUNI=">AAACDHicbVC7SgNBFJ2NrxhfUQsRm8EgWIVdi5hGCNpYWEQwD8guYXYymwyZnVlmZpWw7AfY+Cs2ForYWoudNrZ+hpNHoYkHBg7nnMude/yIUaVt+8PKzM0vLC5ll3Mrq2vrG/nNrboSscSkhgUTsukjRRjlpKapZqQZSYJCn5GG3z8b+o1rIhUV/EoPIuKFqMtpQDHSRmrnC33oStrtaSSluIH9Nocn0A0kwgmHbkTT5CI1KbtojwBniTMhhUr5623n83u32s6/ux2B45BwjRlSquXYkfYSJDXFjKQ5N1YkQriPuqRlKEchUV4yOiaFB0bpwEBI87iGI/X3RIJCpQahb5Ih0j017Q3F/7xWrIOyl1AexZpwPF4UxAxqAYfNwA6VBGs2MARhSc1fIe4h04Q2/eVMCc70ybOkflR0SsXSpWnjFIyRBXtgHxwCBxyDCjgHVVADGNyCe/AInqw768F6tl7G0Yw1mdkGf2C9/gCjrJ8l</latexit>

k → kn =
nω

L

<latexit sha1_base64="HSLVyhsG4seeiH1xWIiFOEuu1a0=">AAAB83icbVDLSsNAFJ34rPVVdelmaBEqQklcVJdFEVxWsA9oQplMJu3QSTLM3Agh9C/EjQtF3Poz7vo3Th8LbT1w4XDOvdx7jy8F12DbE2ttfWNza7uwU9zd2z84LB0dt3WSKspaNBGJ6vpEM8Fj1gIOgnWlYiTyBev4o9up33liSvMkfoRMMi8ig5iHnBIwkusCFwHL78ZVed4vVeyaPQNeJc6CVBpl9+J50sia/dK3GyQ0jVgMVBCte44twcuJAk4FGxfdVDNJ6IgMWM/QmERMe/ns5jE+M0qAw0SZigHP1N8TOYm0ziLfdEYEhnrZm4r/eb0Uwmsv57FMgcV0vihMBYYETwPAAVeMgsgMIVRxcyumQ6IIBRNT0YTgLL+8StqXNadeqz+YNG7QHAV0isqoihx0hRroHjVRC1Ek0Qt6Q+9War1aH9bnvHXNWsycoD+wvn4As0+UdA==</latexit>

Ẽ(p)

<latexit sha1_base64="oY9I24d3k9Rlp54M100AX//N3JQ=">AAAB6HicbVDJSgNBEK2JW4xb1KMijUHwFGY8RI9BLx4TMAskQ+jp1CRteha6e4Qw5OjJiwdFvPoV+Q5vfoM/YWc5aOKDgsd7VVTV82LBlbbtLyuzsrq2vpHdzG1t7+zu5fcP6ipKJMMai0Qkmx5VKHiINc21wGYskQaewIY3uJn4jQeUikfhnR7G6Aa0F3KfM6qNVI07+YJdtKcgy8SZk0L5eFz9fjwZVzr5z3Y3YkmAoWaCKtVy7Fi7KZWaM4GjXDtRGFM2oD1sGRrSAJWbTg8dkTOjdIkfSVOhJlP190RKA6WGgWc6A6r7atGbiP95rUT7V27KwzjRGLLZIj8RREdk8jXpcolMi6EhlElubiWsTyVl2mSTMyE4iy8vk/pF0SkVS1WTxjXMkIUjOIVzcOASynALFagBA4QneIFX6956tt6s91lrxprPHMIfWB8/yqqQpg==</latexit>p

K. Fukushima, T. Kojo, W. Weise  
Phys. Rev. D 102, 096017 (2020)

proton wavefunction also recently
G. Krein EPJA 18 (2003)

Bicudo et. al. PRD 45 5 (1992)

<latexit sha1_base64="DfFcsQeMfkQaEnkugov4ntRq4c4=">AAAB+XicbVDLSgMxFM3UV62vUcGNm2ARXJUZF9VlqRsFF63YB3SGIZNJ29AkMySZQhn6J25cKCK48hf8Andu/BbTx0JbDwQO55zLvTlhwqjSjvNl5VZW19Y38puFre2d3T17/6Cp4lRi0sAxi2U7RIowKkhDU81IO5EE8ZCRVji4mvitIZGKxuJejxLic9QTtEsx0kYKbNu7NeEIBZknOby5Gwd20Sk5U8Bl4s5JsXJU/6Zv1Y9aYH96UYxTToTGDCnVcZ1E+xmSmmJGxgUvVSRBeIB6pGOoQJwoP5tePoanRolgN5bmCQ2n6u+JDHGlRjw0SY50Xy16E/E/r5Pq7qWfUZGkmgg8W9RNGdQxnNQAIyoJ1mxkCMKSmlsh7iOJsDZlFUwJ7uKXl0nzvOSWS+W6aaMKZsiDY3ACzoALLkAFXIMaaAAMhuABPIFnK7MerRfrdRbNWfOZQ/AH1vsP2K2W3Q==</latexit>

!IR

effects on thermal obs.  
are similar!



SOME APPLICATIONS



ASYMPTOTIC FREEDOM



<latexit sha1_base64="jy5E3shqSDM1rkcQL3IjYUw4lhA="></latexit>

µ0 = µ� 2GV

Z
d3q

(2⇡)3
(nF � n̄F )

<latexit sha1_base64="iO04dF8h17sDMugJKw1yiUTeiuo="></latexit>

µ0(p) = µ+

Z
d3q

(2⇡)3
1

2
V (~p� ~q) (nF � n̄F )

Dynamical model

Mean fields

<latexit sha1_base64="017YvmXMRHSaxDuJ1apRfvsi8Aw=">AAAB/3icbVDLSgMxFM34rPU1KrhxEyyCqzLje1l047KCfUBnWjJppg3NY0gyQhm78FfcuFDErb/hzr8xbWehrQcCJ+fcy733RAmj2njet7OwuLS8slpYK65vbG5tuzu7dS1ThUkNSyZVM0KaMCpIzVDDSDNRBPGIkUY0uBn7jQeiNJXi3gwTEnLUEzSmGBkrddz9IFEyMRJmAU/b9kM5GbVPO27JK3sTwHni56QEclQ77lfQlTjlRBjMkNYt30tMmCFlKGZkVAxSTRKEB6hHWpYKxIkOs8n+I3hklS6MpbJPGDhRf3dkiGs95JGt5Mj09aw3Fv/zWqmJr8KMiiQ1RODpoDhl0N47DgN2qSLYsKElCCtqd4W4jxTCxkZWtCH4syfPk/pJ2b8on9+dlSrXeRwFcAAOwTHwwSWogFtQBTWAwSN4Bq/gzXlyXpx352NauuDkPXvgD5zPH1L5lk8=</latexit>

/ µ03

<latexit sha1_base64="2WkMv2FW5OpzZ4F2TPernEvQG1I=">AAACDXicbVA7T8MwGHTKq5RXgJHFoiAxVQnvsYKFsUj0ITWhclyntWo7ke0gVVH+AAt/hYUBhFjZ2fg3OG0GaDnJ8unu+2TfBTGjSjvOt1VaWFxaXimvVtbWNza37O2dlooSiUkTRyySnQApwqggTU01I51YEsQDRtrB6Dr32w9EKhqJOz2Oic/RQNCQYqSN1LMPPJ7ce7GknEBzRbGOYC6lXigRTt0sPcmynl11as4EcJ64BamCAo2e/eX1I5xwIjRmSKmu68TaT5HUFDOSVbxEkRjhERqQrqECcaL8dJImg4dG6cMwkuYIDSfq740UcaXGPDCTHOmhmvVy8T+vm+jw0k+piBNNBJ4+FCYMmsh5NbBPJcGajQ1BWFLzV4iHyNSgTYEVU4I7G3metI5r7nnt7Pa0Wr8q6iiDPbAPjoALLkAd3IAGaAIMHsEzeAVv1pP1Yr1bH9PRklXs7II/sD5/AD7TnFI=</latexit>

µ0 / µ
1
3

<latexit sha1_base64="cnD4SmD6VmAqtbCLocmD2mGWSGQ=">AAAB/HicbVDLSsNAFL3xWesr2qWbwSK4KknxtSy6cVnRPqCNYTKdtEMnkzAzUUKpv+LGhSJu/RB3/o3TNgttPXDhcM693HtPkHCmtON8W0vLK6tr64WN4ubW9s6uvbffVHEqCW2QmMeyHWBFORO0oZnmtJ1IiqOA01YwvJr4rQcqFYvFnc4S6kW4L1jICNZG8u0S8W/vq6grWX+gsZTxI3J9u+xUnCnQInFzUoYcdd/+6vZikkZUaMKxUh3XSbQ3wlIzwum42E0VTTAZ4j7tGCpwRJU3mh4/RkdG6aEwlqaERlP198QIR0plUWA6I6wHat6biP95nVSHF96IiSTVVJDZojDlSMdokgTqMUmJ5pkhmEhmbkVkgCUm2uRVNCG48y8vkma14p5VTm9OyrXLPI4CHMAhHIML51CDa6hDAwhk8Ayv8GY9WS/Wu/Uxa12y8pkS/IH1+QO1hJQu</latexit>

c2S ! 1

<latexit sha1_base64="zBa0rmIzC8DDmnidsyg68++CsvE=">AAACA3icbVDLSsNAFJ3UV62vqDvdDBbBVUnE17LoxmUF+4Amlsl00g6dR5iZKCUU3Pgrblwo4tafcOffOG2z0NYDFw7n3Mu990QJo9p43rdTWFhcWl4prpbW1jc2t9ztnYaWqcKkjiWTqhUhTRgVpG6oYaSVKIJ4xEgzGlyN/eY9UZpKcWuGCQk56gkaU4yMlTruXsDTuyBRlBMYKNrrG6SUfIBW7rhlr+JNAOeJn5MyyFHruF9BV+KUE2EwQ1q3fS8xYYaUoZiRUSlINUkQHqAeaVsqECc6zCY/jOChVbowlsqWMHCi/p7IENd6yCPbyZHp61lvLP7ntVMTX4QZFUlqiMDTRXHKoJFwHAjsUkWwYUNLEFbU3gpxHymEjY2tZEPwZ1+eJ43jin9WOb05KVcv8ziKYB8cgCPgg3NQBdegBuoAg0fwDF7Bm/PkvDjvzse0teDkM7vgD5zPH0dUl/E=</latexit>

µ0 ! µ

<latexit sha1_base64="YmAPX5kLDNf1OvrfGjPtVL5SyrQ=">AAACBnicbVDLSsNAFJ3UV62vqEsRBovgqiT1uSy6cVnBPqCJYTKdtEMnM2FmopSQlRt/xY0LRdz6De78G6ePhbYeuHA4517uvSdMGFXacb6twsLi0vJKcbW0tr6xuWVv7zSVSCUmDSyYkO0QKcIoJw1NNSPtRBIUh4y0wsHVyG/dE6mo4Ld6mBA/Rj1OI4qRNlJg7+NA3VWhJ2mvr5GU4gF6kUQ4c/PsOA/sslNxxoDzxJ2SMpiiHthfXlfgNCZcY4aU6rhOov0MSU0xI3nJSxVJEB6gHukYylFMlJ+N38jhoVG6MBLSFNdwrP6eyFCs1DAOTWeMdF/NeiPxP6+T6ujCzyhPUk04niyKUga1gKNMYJdKgjUbGoKwpOZWiPvIpKBNciUTgjv78jxpVivuWeX05qRcu5zGUQR74AAcARecgxq4BnXQABg8gmfwCt6sJ+vFerc+Jq0FazqzC/7A+vwB7W6YzQ==</latexit>

c2s ! 1

3
If V->0 as p-> Inf:

VS

<latexit sha1_base64="pXAO12Oyinpdxue+5LtnH15Zwso=">AAACEXicbZDLSgMxFIYzXmu9VV26CRahQi0zxduy6EKXFewFeiOTZtrQzCRNMmIZ+gpufBU3LhRx686db2M6nYW2/hD4+M85nJzfFYwqbdvf1sLi0vLKamotvb6xubWd2dmtKh5KTCqYMy7rLlKE0YBUNNWM1IUkyHcZqbmDq0m9dk+kojy40yNBWj7qBdSjGGljdTK5ak7k4fAINpEQkj/A644Nm3lI2tGxaBfHMQwNdDJZu2DHgvPgJJAFicqdzFezy3Hok0BjhpRqOLbQrQhJTTEj43QzVEQgPEA90jAYIJ+oVhRfNIaHxulCj0vzAg1j9/dEhHylRr5rOn2k+2q2NjH/qzVC7V20IhqIUJMATxd5IYOaw0k8sEslwZqNDCAsqfkrxH0kEdYmxLQJwZk9eR6qxYJzVji9PcmWLpM4UmAfHIAccMA5KIEbUAYVgMEjeAav4M16sl6sd+tj2rpgJTN74I+szx9Yopre</latexit>

V (p, q) ⇡ G0 e
�p2

e�q2e.g. separable model





T. Kunihiro PLB 271 (1991)





IR STRUCTURE AND CHIRAL 
SYMMETRY BREAKING







<latexit sha1_base64="C/vgFAI1FWDYnhNRG9Eft+zC+LA="></latexit>

M = m+ CF Ṽ0

Z
d3q

(2⇡)3
M

2E
⇥ (1� 2Nth(E))





illustrationnew model

<latexit sha1_base64="+okhpBV0arzdhZ2E7VcAkMNmy80=">AAAB/XicbVDJSgNBEO2JWxy3cbl5aQxCPBhmPEQvYtSLFyGCWSAZQ0+nkjTpWejuEeIQ/BVBPCji1U/w7kX8GzvLQRMfVPF4r4qufl7EmVS2/W2kZmbn5hfSi+bS8srqmrW+UZZhLCiUaMhDUfWIBM4CKCmmOFQjAcT3OFS87vnAr9yCkCwMrlUvAtcn7YC1GCVKSw1rC26S/boHiuDTrL2HL3XrN6yMnbOHwNPEGZPMyYd5HD1+mcWG9VlvhjT2IVCUEylrjh0pNyFCMcqhb9ZjCRGhXdKGmqYB8UG6yfD6Pt7VShO3QqErUHio/t5IiC9lz/f0pE9UR056A/E/rxar1pGbsCCKFQR09FAr5liFeBAFbjIBVPGeJoQKpm/FtEMEoUoHZuoQnMkvT5PyQc7J5/JXdqZwhkZIo220g7LIQYeogC5QEZUQRXfoAT2jF+PeeDJejbfRaMoY72yiPzDefwCl7pZr</latexit>

e→ωA(0)M(0)

<latexit sha1_base64="HBVqweRlzzWb58oL3meTUa6m1ng="></latexit>

e→
1
2ω

ω
!”(T,p=0)



TO DO LIST

• Gluons Should Not be Neglected! (x3)

• Explore Dense Matter EoS

• Deriving pions

• Vs Quark Meson Model (on-going! )

• Understand quark hadron duality & look more 
seriously to the deconfinement transition.



THANK YOU



POLYAKOV LOOP



CENTER SYMMETRY AND 
VACUUM STRUCTURE

• Order parameter characterizes the state of the 
system

hLi
Operator does not respect  

the symmetry

L ! Le2ni⇡/3

confined phase:
deconfined phase:

hLi = 0
hLi 6= 0



order parameter and 
fluctuations

L = LL + iLT
�L = V (hLLLLi � hLLi2)
�T = V (hLTLT i � hLT i2)



2 DoFs
<latexit sha1_base64="XlkFo1qUPDJD4D5X9HbnHrjXyIo="></latexit>

` = X + i Y

X =
1

3
(cos q1 + cos q2 + cos(q1 + q2))

Y =
1

3
(sin q1 + sin q2 � sin(q1 + q2)).

<latexit sha1_base64="uw1cgCdJ375SG7Y7deiFaNbza8Y=">AAACAXicbZDLSgMxFIYz9VbrbdSN4Ca0CIJSZhS0y6IblxXsBTrDkEkzbWiSGZKMUIa68RV8BDcuFHHrW7jr25heBG39IfDxn3M4OX+YMKq044ys3NLyyupafr2wsbm1vWPv7jVUnEpM6jhmsWyFSBFGBalrqhlpJZIgHjLSDPvX43rznkhFY3GnBwnxOeoKGlGMtLEC+8DLoNdFnKPg/PSHKtAbBnbJKTsTwUVwZ1CqFr2Tp1F1UAvsL68T45QToTFDSrVdJ9F+hqSmmJFhwUsVSRDuoy5pGxSIE+VnkwuG8Mg4HRjF0jyh4cT9PZEhrtSAh6aTI91T87Wx+V+tneqo4mdUJKkmAk8XRSmDOobjOGCHSoI1GxhAWFLzV4h7SCKsTWgFE4I7f/IiNM7K7kXZvTVpXIGp8uAQFMExcMElqIIbUAN1gMEDeAav4M16tF6sd+tj2pqzZjP74I+sz2/Mt5jP</latexit>

{�3, �8}

or w 8 adjoint angles 
depend on

�T

�L
�L

�T

<latexit sha1_base64="cZqGmfxdXG9cDZtoqhTkVRsRu28=">AAACF3icbVDLTgIxFO3gC/GFunTTQEwwKpmyUJdEN+7ERB4Jg5NOKdjQ6Yxtx2Qy4S/Y+CtuXGiMW93xN3aAhYInae7JOfem9x4v5Exp2x5bmaXlldW17HpuY3Nreye/u9dQQSQJrZOAB7LlYUU5E7Sumea0FUqKfY/Tpje4Sv3mE5WKBeJOxyHt+LgvWI8RrI3k5suOYj5E8BQ6PtYPBPPkZghL8NFF95UTUyrTglIKj9x80S7bE8BFgmakWC04x6NxNa65+W+nG5DIp0ITjpVqIzvUnQRLzQinw5wTKRpiMsB92jZUYJ+qTjK5awgPjdKFvUCaJzScqL8nEuwrFfue6UyXV/NeKv7ntSPdu+gkTISRpoJMP+pFHOoApiHBLpOUaB4bgolkZldIHrDERJsocyYENH/yImlUyuisjG5NGpdgiiw4AAVQAgicgyq4BjVQBwSMwAt4A+/Ws/VqfVif09aMNZvZB39gff0A6tae9w==</latexit>

⇠ 1�O(q21 , q
2
2 , q1q2)

<latexit sha1_base64="YuaDwJvDDH5w2XBZuzuuUsq0Oi4=">AAACEnicbVC7TsMwFHXKq5RXgJHFaoXUClQlGYCxgoWNItGH1KSR47qtVeeB7SBFUb+Bpb/CwgBCrExs/RuctgO0HOlKx+fcK997vIhRIQ1jquXW1jc2t/LbhZ3dvf0D/fCoKcKYY9LAIQt520OCMBqQhqSSkXbECfI9Rlre6CbzW0+ECxoGDzKJiOOjQUD7FCOpJFev2IL60PaRHGLE0rsxLMNH11Rlda3zjHat7AErrl4yqsYMcJWYC1KqFe2zybSW1F392+6FOPZJIDFDQnRMI5JOirikmJFxwY4FiRAeoQHpKBognwgnnZ00hqdK6cF+yFUFEs7U3xMp8oVIfE91ZruLZS8T//M6sexfOSkNoliSAM8/6scMyhBm+cAe5QRLliiCMKdqV4iHiCMsVYoFFYK5fPIqaVpV86Jq3qs0rsEceXACiqAMTHAJauAW1EEDYPAMXsAbeNcm2qv2oX3OW3PaYuYY/IH29QPTmp37</latexit>

⇠ O(q1q
2
2 , q

2
1q2)
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kurtosis contin.
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