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What we (don't) known about QCD
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Equation of State

Relates properties of dense matter to properties of neutron stars.

p � ppe; : : :q
Einstein Eq.
ÝÝÝÝÝÝÑ M pRq

Constrained by theory and neutron star observations:
Ÿ Causality & themodynamic stability: 0   c2

s � dp
de   1

Ÿ Direct mass and radius measurements:MTOV Á 2 Md , 11 km À R À 14 km

Ÿ First GW detection from a BNS merger GW170817: ~� À 720
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A Holographic Approach to Dense QCD Matter
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Holographic Veneziano QCD

Holographic bottom-up model for QCD with many parameters that are tuned
to mimic QCD and that are constrained by lattice QCD data.

[J•arvinen, Kiritsis arXiv:1112.1261]

Gluons: Improved holographic QCD (Einstein-dilaton gravity)

Sg � N2
c M 3 ³

d5x
?

� g
�
R � 4

3
pB� q2

� 2 � Vgp� q
�

� � e� Ø Tr F2 sources the 't Hooft coupling in YM theory
[G•ursoy, Kiritsis arXiv:0707.1324; G•ursoy, Kiritsis, Nitti arXiv:0707.1349]

Quarks: Tachyonic Dirac-Born-Infeld (DBI) action

Sf � � Nf NcM 3 ³
d5xVf 0p� qe� � 2a

� det rgab � � p� qBa� Bb� � wp� qFabs

Frt � � 1prq; � p0q � � ,

tachyon � Ø �qq controls chiral symmetry breaking.
[Bigazzi et al. arXiv:0505140; Casero et al. arXiv:0702155]

Baryons: homogeneous solution of non-Abelian DBI + Cern{Simons action.
[Ishii, J•arvinen, Nijs arXiv:1903.06169]

Veneziano limit: Nc Ñ 8 and Nf Ñ 8 with Nf {Nc � Op1q �xed
[J•arvinen, Kiritsis arXiv:1112.1261]

More details in talk by Matti J•arvinen on August 5 2:25 PM (Track G)!
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Cold V-QCD Hybrid Equation of State

Ÿ To compute neutron star properties we need EoS at low and high densities.

Ÿ Homogeneous approximation for V-QCD baryons not reliable at low
densities: use results from nuclear theory to model the low density part.

Ÿ Hybrid EoSs: nuclear theory model at low densities + V-QCD model for
dense baryonic and quark matter at large densities.

[CE, J•arvinen, Nijs, van der Schee arXiv:1908.03213; Demircik, CE, J•arvinen arXiv:2112.12157]
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Finite Temperature Extension

Ÿ Temperature dependence is essential when studying BNS-mergers.

Ÿ T-dependence of V-QCD baryons is trivial: con�ning background has no
horizon, artefact of largeNc limit.

Ÿ Van der Waals construction to extend cold V-QCD baryons to �nite-T .

Ÿ Ideal gas of protons, neutrons and electrons with excluded volume
correction for nucleons.

pex pT ; t � i uq � pid pT ; t ~� i uq; ~� i � � i � v0pex pT ; t � i uq pi � p; nq

Ÿ Add potential term to match with V-QCD at T � 0

pvdW pT ; t � i uq � pex pT ; t � i uq � � ppt� i uq

� ppt� i uq � pV � QCD pT � 0; t � i uq � pex pT � 0; t � i uq

[Rischke, Gorenstein, Stoecker, Greiner, Z Phys. C 51, 485 (1991)]

[Vovchenko, Gorenstein, Stoecker, arXiv:1609.03975]

[Vovchenko, Motornenko, Alba, Gorenstein, Satarov, Stoecker, arXiv:1707.09215]
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Hot V-QCD Hybrid Equation of State

Ÿ Low density part: Hemple-Scha�ner-Bielich model (HS)DD2 + Particle
Data Group (PDG) mesons. [ Hempel, Scha�ner-Bielich arXiv:0911.4073 ;

Zyla et al. (Particle Data Group), PTEP 2020, 083C01 (2020)]

.Ÿ (HS)DD2 too sti� around ns, replace with APR model.
[Akmal, Pandharipande, Ravenhall arXiv:nucl-th/9804027]

Ÿ Mixed baryon and quark matter phase from Gibbs construction

XNM pT ; np1q
b ; Y p1q

q q � XQM pT ; np2q
b ; Y p2q

q q; X � t p; � b; � leu:

[Demircik, CE, J•arvinen arXiv:2112.12157]
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V-QCD Critical Point

Estimates for the critical point:

110 MeV À Tc À 130 MeV
0:3 ns À nc À 0:6 ns

model nbc
ns

�bc
MeV

Tc
MeV

soft 0:46 485 128
interm. 0:62 575 118

sti� 0:32 565 112
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[Demircik, CE, Järvinen arXiv:2112.12157]
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Binary neutron star mergers

� Signi�cant sources of gravitational radiation.

� Microscopic properties of dense matter encoded in GW and EM signal.

� Likely the origin of short gamma-ray bursts (SGRBs)

� and of heavy elements like gold, platinum, uranium, . . .

[picture: Baiotti, Rezzola arXiv:1607.03540]
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