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QCD Phase Diagram (from cartoon to reality)

Focus (past 20 years):

• Primordial quark-gluon plasma 
• Investigation of in and out of equilibrium phenomena 

From Gordon Baym, circa 1980
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T > m⇡, µB ⇠ 0



LATTICE QCD SIMULATIONS

@ZERO CHEMICAL POTENTIAL



Recreating the Primordial Liquid: Heavy-Ion Collisions



Nearly Perfect Fluidity: An Emergent Property of QCD

QGP behaves as a strongly coupled liquid !!!!
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Shear viscosity to entropy density ratio

Relativistic Hydrodynamics
Energy density

Example:



(Nearly) Perfect Fluidity: An Emergent Property of QCD

QGP behaves as a strongly coupled relativistic fluid !!!
Bayesian analysis from Bernhard, Moreland, Bass, Nature Phys., 2019



• Nearly perfect fluidity of deconfined QCD matter is the
defining feature of the QGP formed in heavy-ion
collisions (“QGP book”).

• This is an emergent property of the QCD liquid, i.e., its
existence is not at all obvious when one stares at the
QCD Lagrangian.

• Explanation is currently beyond the scope of ab initio
lattice calculations.

• Likely beyond the scope of a consistent quasiparticle
description as well.



However, even before the first modern viscous hydro
simulations were done (Romatschke & Romatschke, 2007)

Nearly perfect fluidity had already been predicted to occur
in a large class of systems using the holographic duality*

*Also known as:

AdS/CFT correspondence
Maldacena duality
Gauge/gravity correspondence
Holography



Strongly coupled gauge theory String Theory/Classical gravity 

Holographic correspondence (gauge/gravity duality)
Maldacena 1997; Witten 1998; Gubser, Polyakov, Klebanov 1998

“bulk”

“QGP”
(t,x,y,z)

M, Q

• Fluid dynamics from black hole physics

• Quasiparticles “replaced” by curved geometry







Holography has been important in heavy-ion collisions:

• Paradigm change (from weakly to a strongly coupled QGP). 

• Equilibrium and near-equilibrium physics beyond quasiparticles. 

• Motivated a number of other developments and applications. 
(e.g. jet energy loss/quenching in a strongly coupled QGP). 

• Led to new developments in relativistic hydrodynamics 
(e.g. fluid/gravity duality, higher order derivative expansions, attractors). 

• Motivated further studies about the role of anomalies and topology 
in strongly coupled gauge theories. 

• Our only practical way to study strongly coupled gauge theories 
far from equilibrium (numerical relativity in AdS spacetime). 

calculation of 20+ transport coefficients!!

Rougemont, Finazzo, JN, et al (2014-2017)



Holography has been instrumental in heavy-ion collisions:

• Paradigm change (from weakly to a strongly coupled QGP). 

• Equilibrium and near-equilibrium physics beyond quasiparticles. 

• Motivated a number of other developments and applications. 
(e.g. jet energy loss/quenching in a strongly coupled QGP). 

• Led to new developments in relativistic hydrodynamics 
(e.g. fluid/gravity duality, higher order derivative expansions, attractors). 

• Motivated further studies about the role of anomalies and topology 
in strongly coupled gauge theories. 

• Our only practical way to study strongly coupled gauge theories 
far from equilibrium (numerical relativity in AdS spacetime). 
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QCD at Large Net Baryon Density
A major focus of our community for the next 20 years (RHIC, FAIR, NICA) 



QCD Phase Diagram

Properties of matter at extreme baryon 
densities (core of neutron stars) remain 
unknown even in equilibrium





TECHNICAL ROAD BLOCK

The Sign Problem 



Consequences of the Fermion Sign Problem in QCD

• Majority of QCD phase diagram:
unknown

• EOS for neutron stars and mergers: 
unknown

• Location/existence of high T critical 
point: unknown

RHIC Beam Energy Scan (BES) II

Major experimental effort to search for 
the critical point using heavy ion collisions 
(STAR experiment)



QCD thermodynamics from a Taylor expansion

Baryon susceptibilities

Expand the QCD partition function in a Taylor series around 

Wuppertal Collab., JHEP (2012)

• Few coefficients are known

• Multitude of new approaches:
(imaginary chemical potential
resummations, Lefschetz-thimbles)



Ab initio approaches, valid in the strongly coupled regime 
in and out-of-equilibrium, remain unavailable especially in 
the baryon-rich regime. 

What do we need?

• An effective theory for hot deconfined matter with at 
least one conserved charge (baryon charge)

• Approach where nearly perfect fluidity is manifest

• Agreement with known lattice thermodynamics results

• Ability to perform calculations even far from equilibrium



How would we construct such an effective theory?

• At low energies, the relevant operators are:

• Quasiparticle description is not mandatory in the regime
we are interested in, but nearly perfectly fluidity is. 

• In principle, the effective theory does not need to be 
described in d=4 dimensions (examples exist, especially at 
strong coupling).

• Effective theory does not need to be local in those variables.  
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Jµ
B



“Black holes are the harmonic oscillators 
of the 21st century”



Strongly coupled gauge theory at large Nc: 

• Dual gravitational description becomes local and 
semi-classical.

Thermal state in 4d gauge 
theory with conserved U(1) 
current  

Black hole in the 
dual gravity theory
with d > 4 with 
temperature
and charge

=

Quantum partition function

Classical gravity action
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ZQFT (T, µ) ⇠ e�Sgravity

with a black hole
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�(x, r)
Gravity
in 5d:

Gauge theory
in 4d:

Most general gravitational effective action

Thermodynamics 
in QFT 

Solutions of Einstein’s
equations with a black hole
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In this regime, it is simple to take into account the operators



Black hole engineering and the non-conformal QGP

Minimal 5d bulk holography for a non-conformal plasma at 

Gursoy, Kiritsis, Mazzanti, Nitti (2008)
Gubser and Nellore, (2008)
JN, (2009)

Dip in speed of sound

Conformal
EOS

Nonconformal
EOS
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Potential engineering: description of                  thermal QCD
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µB = 0
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Match to lattice data around crossover (zero baryon density)

Conformal limit

Black hole engineering and the non-conformal QGP
Critelli, JN, Noronha-Hostler, Portillo, Ratti, Rougemont, PRD 2017



• Agreement with thermal QCD at zero chemical 
potential by construction

• However, any real time property computed from such
an approach is a prediction of the model

• For instance, while                         , for bulk viscosity
<latexit sha1_base64="5JD80HWMNOP3xrC/8gNp/wkhKTQ=">AAAB+HicbVBNS8NAEJ3Ur1o/GvXoZbEIntpEinoRil48VrAf0ISy2W7apZtN2N0INfSXePGgiFd/ijf/jds2B219MPB4b4aZeUHCmdKO820V1tY3NreK26Wd3b39sn1w2FZxKgltkZjHshtgRTkTtKWZ5rSbSIqjgNNOML6d+Z1HKhWLxYOeJNSP8FCwkBGsjdS3yx7VuKbQNXJrdS9hfbviVJ050Cpxc1KBHM2+/eUNYpJGVGjCsVI910m0n2GpGeF0WvJSRRNMxnhIe4YKHFHlZ/PDp+jUKAMUxtKU0Giu/p7IcKTUJApMZ4T1SC17M/E/r5fq8MrPmEhSTQVZLApTjnSMZimgAZOUaD4xBBPJzK2IjLDERJusSiYEd/nlVdI+r7oX1fp9vdK4yeMowjGcwBm4cAkNuIMmtIBACs/wCm/Wk/VivVsfi9aClc8cwR9Ynz+gLpHI</latexit>

⌘/s = 1/4⇡
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Black hole engineering at finite baryon density
Critelli, JN, Noronha-Hostler, Portillo, Ratti, Rougemont, PRD 2017

Following DeWolfe, Gubser, Rosen (2011)
<latexit sha1_base64="uH5fD9tOE2PNYGU2OCi1UblBCa4="></latexit>
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Engineer the coupling

to match  

<latexit sha1_base64="Ho9b4IbE4mNmwqQE/N5DFakhjI4=">AAAB7nicbVBNSwMxEJ34WetX1aOXYBHqpexKUY9FLx4r2A9ol5JNs21oNhuSrFCW/ggvHhTx6u/x5r8xbfegrQ8GHu/NMDMvVIIb63nfaG19Y3Nru7BT3N3bPzgsHR23TJJqypo0EYnuhMQwwSVrWm4F6yjNSBwK1g7HdzO//cS04Yl8tBPFgpgMJY84JdZJ7ajSUyN+0S+Vvao3B14lfk7KkKPRL331BglNYyYtFcSYru8pG2REW04FmxZ7qWGK0DEZsq6jksTMBNn83Ck+d8oAR4l2JS2eq78nMhIbM4lD1xkTOzLL3kz8z+umNroJMi5Vapmki0VRKrBN8Ox3POCaUSsmjhCqubsV0xHRhFqXUNGF4C+/vEpal1X/qlp7qJXrt3kcBTiFM6iAD9dQh3toQBMojOEZXuENKfSC3tHHonUN5TMn8Afo8wefbo8d</latexit>

f(�)
<latexit sha1_base64="QswpB7eyJ0Otbn5mzPmMK0L80ls=">AAAB/nicbVDLSgMxFM3UV62vUXHlJliEClJmSlE3QqkblxX6gk4dMmmmDU0yQ5IRylDwV9y4UMSt3+HOvzFtZ6HVAxcO59zLvfcEMaNKO86XlVtZXVvfyG8WtrZ3dvfs/YO2ihKJSQtHLJLdACnCqCAtTTUj3VgSxANGOsH4ZuZ3HohUNBJNPYlJn6OhoCHFSBvJt488PKJ+5T6tT0vNc48nfv3aOfPtolN25oB/iZuRIsjQ8O1PbxDhhBOhMUNK9Vwn1v0USU0xI9OClygSIzxGQ9IzVCBOVD+dnz+Fp0YZwDCSpoSGc/XnRIq4UhMemE6O9EgtezPxP6+X6PCqn1IRJ5oIvFgUJgzqCM6ygAMqCdZsYgjCkppbIR4hibA2iRVMCO7yy39Ju1J2L8rVu2qxVs/iyINjcAJKwAWXoAZuQQO0AAYpeAIv4NV6tJ6tN+t90ZqzsplD8AvWxzc14ZRc</latexit>

�B
2 (T, µB = 0) Lattice QCD

Any calculation at

is a PREDICTION!!!

<latexit sha1_base64="ba48BKaSd2SckJbuLZvKO2/99/g=">AAAB83icbVDLSgNBEJyNrxhfUY9eBoPgKeyKqMcQLx4jmAdklzA76U2GzMyu8xBCyG948aCIV3/Gm3/jJNmDJhY0FFXddHfFGWfa+P63V1hb39jcKm6Xdnb39g/Kh0ctnVpFoUlTnqpOTDRwJqFpmOHQyRQQEXNox6Pbmd9+AqVZKh/MOINIkIFkCaPEOCkMhe3VcSjhEfu9csWv+nPgVRLkpIJyNHrlr7CfUitAGsqJ1t3Az0w0IcowymFaCq2GjNARGUDXUUkE6Ggyv3mKz5zSx0mqXEmD5+rviQkRWo9F7DoFMUO97M3E/7yuNclNNGEyswYkXSxKLMcmxbMAcJ8poIaPHSFUMXcrpkOiCDUuppILIVh+eZW0LqrBVfXy/rJSq+dxFNEJOkXnKEDXqIbuUAM1EUUZekav6M2z3ov37n0sWgtePnOM/sD7/AHXtJDq</latexit>

µB 6= 0
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Realistic calculations of baryon susceptibilities

+ + +
+

Charged black hole

Critelli, JN, Noronha-Hostler, Portillo, Ratti, Rougemont, PRD 2017

Peak in          for        
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Predictions for the higher order susceptibilities

+ + +
+

Critelli, JN, Noronha-Hostler, Portillo, Ratti, Rougemont, PRD 2017

Consistent with lattice calculations in 2018 !!

S. Borsanyi et al., JHEP 1810 (2018) 205



Evolution of bulk viscosity with baryon density
Critelli, JN, Noronha-Hostler, Portillo, Ratti, Rougemont, PRD 2017



Evolution of quasinormal spectrum with density
Rougemont, Critelli, JN, PRD 2018

A

Dual black hole Quasinormal mode

Ringdown

Lowest non-hydro quasinormal mode



Evolution of characteristic temperatures 
Critelli, JN, Noronha-Hostler, Portillo, Ratti, Rougemont, PRD 2017

Convergence at large chemical potential expected to occur 
at the critical point.

Peaks, minima, inflection points of several quantities
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2nd baryon susceptibility diverges at:

CRITICAL POINT

Location of the QCD critical point from black holes
Critelli, JN, Noronha-Hostler, Portillo, Ratti, Rougemont, PRD 2017

Millions of 
black hole
solutions!!!
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What about the phase diagram or the first-order line?

• Previous calculations (done in 2017) were limited to
some restricted range in               plane. 

• This was a numerical issue due to highly nonlinear 
mapping between black hole variables and  

<latexit sha1_base64="/zHr/QaT86Ip1FScmPGkaWWMVS4=">AAAB7nicbVBNSwMxEJ2tX7V+VT16CRbBg5RdKeqx1IvHCv2CdinZNNuGJtklyQpl6Y/w4kERr/4eb/4b0+0etPXBwOO9GWbmBTFn2rjut1PY2Nza3inulvb2Dw6PyscnHR0litA2iXikegHWlDNJ24YZTnuxolgEnHaD6f3C7z5RpVkkW2YWU1/gsWQhI9hYqdu6Gohk2BiWK27VzYDWiZeTCuRoDstfg1FEEkGlIRxr3ffc2PgpVoYRTuelQaJpjMkUj2nfUokF1X6anTtHF1YZoTBStqRBmfp7IsVC65kIbKfAZqJXvYX4n9dPTHjnp0zGiaGSLBeFCUcmQovf0YgpSgyfWYKJYvZWRCZYYWJsQiUbgrf68jrpXFe9m2rtsVapN/I4inAG53AJHtxCHR6gCW0gMIVneIU3J3ZenHfnY9lacPKZU/gD5/MHr8mPKA==</latexit>

T, µB

<latexit sha1_base64="/zHr/QaT86Ip1FScmPGkaWWMVS4=">AAAB7nicbVBNSwMxEJ2tX7V+VT16CRbBg5RdKeqx1IvHCv2CdinZNNuGJtklyQpl6Y/w4kERr/4eb/4b0+0etPXBwOO9GWbmBTFn2rjut1PY2Nza3inulvb2Dw6PyscnHR0litA2iXikegHWlDNJ24YZTnuxolgEnHaD6f3C7z5RpVkkW2YWU1/gsWQhI9hYqdu6Gohk2BiWK27VzYDWiZeTCuRoDstfg1FEEkGlIRxr3ffc2PgpVoYRTuelQaJpjMkUj2nfUokF1X6anTtHF1YZoTBStqRBmfp7IsVC65kIbKfAZqJXvYX4n9dPTHjnp0zGiaGSLBeFCUcmQovf0YgpSgyfWYKJYvZWRCZYYWJsQiUbgrf68jrpXFe9m2rtsVapN/I4inAG53AJHtxCHR6gCW0gMIVneIU3J3ZenHfnY9lacPKZU/gD5/MHr8mPKA==</latexit>

T, µB

Very bad for numerical
derivatives

gauge theoryBlack hole variables



New thermodynamic results and the 1st order line
Grefa, JN, Noronha-Hostler, Portillo, Ratti, Rougemont, PRD 2021

New numerical algorithm! Lines of constant          + variation of 
<latexit sha1_base64="5uqzPQc4nrMPnFccC9x/IOLJPAE=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIvgqexKUY9FLx4r2A9ol5JNs21sNlmSrFCW/gcvHhTx6v/x5r8xbfegrQ8GHu/NMDMvTAQ31vO+UWFtfWNzq7hd2tnd2z8oHx61jEo1ZU2qhNKdkBgmuGRNy61gnUQzEoeCtcPx7cxvPzFtuJIPdpKwICZDySNOiXVSq5eMeN/rlyte1ZsDrxI/JxXI0eiXv3oDRdOYSUsFMabre4kNMqItp4JNS73UsITQMRmyrqOSxMwE2fzaKT5zygBHSruSFs/V3xMZiY2ZxKHrjIkdmWVvJv7ndVMbXQcZl0lqmaSLRVEqsFV49joecM2oFRNHCNXc3YrpiGhCrQuo5ELwl19eJa2Lqn9Zrd3XKvWbPI4inMApnIMPV1CHO2hAEyg8wjO8whtS6AW9o49FawHlM8fwB+jzBzywjus=</latexit>

�0
<latexit sha1_base64="ax7btTDArge5vVJQ/6QQRL1woP4=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIvgqexKUY9FLx4r2A9ol5JNs21sNlmSrFCW/gcvHhTx6v/x5r8xbfegrQ8GHu/NMDMvTAQ31vO+UWFtfWNzq7hd2tnd2z8oHx61jEo1ZU2qhNKdkBgmuGRNy61gnUQzEoeCtcPx7cxvPzFtuJIPdpKwICZDySNOiXVSq9cY8b7fL1e8qjcHXiV+TiqQo9Evf/UGiqYxk5YKYkzX9xIbZERbTgWblnqpYQmhYzJkXUcliZkJsvm1U3zmlAGOlHYlLZ6rvycyEhsziUPXGRM7MsveTPzP66Y2ug4yLpPUMkkXi6JUYKvw7HU84JpRKyaOEKq5uxXTEdGEWhdQyYXgL7+8SloXVf+yWruvVeo3eRxFOIFTOAcfrqAOd9CAJlB4hGd4hTek0At6Rx+L1gLKZ47hD9DnDw00jsw=</latexit>

�1

Thermodynamics computable in a wide region of phase diagram!!
<latexit sha1_base64="EtaonoaGJaUMRWQwBRIk+n9L1zI=">AAACKXicbVDLSgMxFM34rPU16tJNsAguSpkprbosdeNGqNAXdIaSSdM2NMkMSUYoQ3/Hjb/iRkFRt/6I6XQW2nogcHLuudx7TxAxqrTjfFpr6xubW9u5nfzu3v7BoX103FZhLDFp4ZCFshsgRRgVpKWpZqQbSYJ4wEgnmNzM650HIhUNRVNPI+JzNBJ0SDHSRurbtSb0qIC9crFadXzoFT2O9Fjy5I60Z8X0H/frqcUpuq6z4unbBafkpICrxM1IAWRo9O1XbxDimBOhMUNK9Vwn0n6CpKaYkVneixWJEJ6gEekZKhAnyk/SS2fw3CgDOAyleULDVP3dkSCu1JQHxjnfUS3X5uJ/tV6sh9d+QkUUayLwYtAwZlCHcB4bHFBJsGZTQxCW1OwK8RhJhLUJN29CcJdPXiXtcsm9LFXuK4VaPYsjB07BGbgALrgCNXALGqAFMHgEz+ANvFtP1ov1YX0trGtW1nMC/sD6/gE196Oh</latexit>

T 2 [2, 550]MeV, µB 2 [0, 1100]MeV



New thermodynamic results and the 1st order line
Grefa, JN, Noronha-Hostler, Portillo, Ratti, Rougemont, PRD 2021



New thermodynamic results and the 1st order line
Grefa, JN, Noronha-Hostler, Portillo, Ratti, Rougemont, PRD 2021



New thermodynamic results and the 1st order line
Grefa, JN, Noronha-Hostler, Portillo, Ratti, Rougemont, PRD 2021

Comparison to lattice results from Borsanyi et al, PRL (2021)

Pressure

Excellent agreement 
up to

<latexit sha1_base64="cVfpPea3T4VhjPfBWldbfBSU8Ao=">AAAB+XicdVDLSsNAFJ34rPUVdelmsAiuYtLGtu5K3bis0Bc0IUymk3bo5OHMpFBC/8SNC0Xc+ifu/BsnbQUVPXDhcM693HuPnzAqpGl+aGvrG5tb24Wd4u7e/sGhfnTcFXHKMengmMW87yNBGI1IR1LJSD/hBIU+Iz1/cpP7vSnhgsZRW84S4oZoFNGAYiSV5Om6E6Ze87INHUbuYcW48vSSaVzXq2W7Ck3DNGtW2cpJuWZXbGgpJUcJrNDy9HdnGOM0JJHEDAkxsMxEuhnikmJG5kUnFSRBeIJGZKBohEIi3Gxx+RyeK2UIg5iriiRcqN8nMhQKMQt91RkiORa/vVz8yxukMqi7GY2SVJIILxcFKYMyhnkMcEg5wZLNFEGYU3UrxGPEEZYqrKIK4etT+D/plg2rath3dqnRXMVRAKfgDFwAC9RAA9yCFugADKbgATyBZy3THrUX7XXZuqatZk7AD2hvn7Jikmw=</latexit>

µB/T  3.5



New thermodynamic results and the 1st order line
Grefa, JN, Noronha-Hostler, Portillo, Ratti, Rougemont, PRD 2021

Comparison to lattice results from Borsanyi et al, PRL (2021)

Entropy density

Excellent agreement 
up to

<latexit sha1_base64="cVfpPea3T4VhjPfBWldbfBSU8Ao=">AAAB+XicdVDLSsNAFJ34rPUVdelmsAiuYtLGtu5K3bis0Bc0IUymk3bo5OHMpFBC/8SNC0Xc+ifu/BsnbQUVPXDhcM693HuPnzAqpGl+aGvrG5tb24Wd4u7e/sGhfnTcFXHKMengmMW87yNBGI1IR1LJSD/hBIU+Iz1/cpP7vSnhgsZRW84S4oZoFNGAYiSV5Om6E6Ze87INHUbuYcW48vSSaVzXq2W7Ck3DNGtW2cpJuWZXbGgpJUcJrNDy9HdnGOM0JJHEDAkxsMxEuhnikmJG5kUnFSRBeIJGZKBohEIi3Gxx+RyeK2UIg5iriiRcqN8nMhQKMQt91RkiORa/vVz8yxukMqi7GY2SVJIILxcFKYMyhnkMcEg5wZLNFEGYU3UrxGPEEZYqrKIK4etT+D/plg2rath3dqnRXMVRAKfgDFwAC9RAA9yCFugADKbgATyBZy3THrUX7XXZuqatZk7AD2hvn7Jikmw=</latexit>

µB/T  3.5



New thermodynamic results and the 1st order line
Grefa, JN, Noronha-Hostler, Portillo, Ratti, Rougemont, PRD 2021



See T. Dore, J. Noronha-Hostler, E. McLaughlin
PRD (2020).

















Conclusions & Outlook

• Holographic model provides a good starting point to
investigate the nearly perfect fluid regime of hot and baryon
dense QGP.

• Predictions for susceptibilities and for the location of 
critical endpoint

• Differently than other approaches, holography can be 
naturally solved also far from equilibrium (Num. Rel.).

• One can study not only thermal state but also the onset
of hydrodynamic behavior consistently in the same method.



Conclusions & Outlook

• EOS from the model can be used in heavy-ion simulations.

• Model will be extended to incorporate the thermodynamics
and the out of equilibrium behavior of QCD’s charges B,S,Q.

• Model will be extended to incorporate the physics and 
effects from the chiral condensate. 

• Once those extensions are done, framework will provide a 
comprehensive way to describe hot and dense QGP from 
heavy ions towards the neutron star regime.
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