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What we (don’t) know 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 MpRq

Constrained by theory and neutron star observations:

§ Causality & thermodynamic stability: 0 ă c2
s “

dp
de

ă 1

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

§ First GW detection from a BNS merger GW170817: Λ̃ À 720
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Altiparmak, CE, Rezzolla 2203.14974 (ApJL)

Lots of recent work: . . . ; Annala, Gorda, Kurkela, Nättilä, Vuorinen 2105.05132 (PRX);
Komoltsev, Kurkela 2111.05350 (PRL); Altiparmak, CE, Rezzolla (ApJL) 2203.14974;
Gorda, Komoltsev, Kurkela 2204.11877 (ApJ); CE, Rezzolla 2207.04417 (ApJL); . . .
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Chirp Mass and Binary Tidal Deformability

� Chirp mass can be extracted accurately from inspiral GW strain frequency

dfGW

dt
�

96

5
�8{3M5{3

chirpf 11{3
GW ; Mchirp �

pM1M2q
3{5

pM1 �M2q1{5
:

Cutler, Flanagan 9402014 (PRD)

� Binary tidal deformability encodes EOS properties via �i

~� �
16

13

p12M2 �M1qM4
1�1 � p12M1 �M2qM4

2�2

pM1 �M2q
5 ; �i �

2
3
k2 pRi{Mi q

5 :

� GW170817 \best" event so far:

Mchirp � 1:188�0:004
�0:002Md; q � M2{M1 ¡ 0:7; ~� À 720 :

LIGO/Virgo 1805.11579 (PRX)
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Binary Tidal Deformability

More than 108 binary con�gurations with M1;2 P r0:5Md ; MTOV s.

~� minpmaxq � a � b M c
chirp ÝÑ ~� min

1:186 P r236; 301s; MTOV ¡ r 2:18; 2:52s Md :

CE, Rezzolla 2209.08101 (MNRAS), see also Altiparmak, CE, Rezzolla 2203.14974 (ApJL)
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Improved GW-Constraints on Neutron Star Matter

Ÿ Physics-informed priors for Ligo-Virgo-Kargra GW inference.

Ÿ Improvement of GW170817 constraints on~� and neutron star radii:

~� 1:186   720 Ñ 384� 306
� 158

R1:4 � 12:54� 1:05
� 1:54 km Ñ 12:11� 0:91

� 1:11 km

Magnall, CE, Rezzolla, Lasky, Goode 2504.21526
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Correlating Post-Merger GWs with EOS Properties

Ÿ Spectral features (fGW ; f2, etc.) of post-merger GWs correlate with EOS.
many works: . . . ; Takami, Rezzolla, Baiotti 1412.3240 (PRD); Bauswein, Stergioulas

1502.03176 (PRD); Rezzolla, Takami 1604.00246 (PRD); De Pietri et al 1910.04036 (PRD);

Kiuchi et al 2211.07637 (PRL); Breschi et al 2110.06957 (PRL); . . .

Ÿ Mechanism: sti� EOS give large radii, slow rotation and low frequencies.

Ÿ Not observed so far, but expected to be seen by third-generation detectors:
Cosmic Explorer + Einstein Telescope� 180 BNSs/year (SNR¡ 8).

see, e.g., Evans et al 2109.09882 (Cosmic Explorer technical report)
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Generic EOS Approach

Ÿ So far: EOS-GW correlation studies use few \traditional" EOS models.
Ÿ However, generic EOS parametrizations reveal large freedom.
Ÿ Idea: Large ensemble (¡ 105) of generic EOSs that are constrained by

astro, nuclear theory and perturbative QCD and cover allowed space.
Ÿ EOS ensemble: Gaussian process regression method conditioned with

Bayesian likelihoods from dense matter theory and astro measurements.
Gorda, Komoltsev, Kurkela 2204.11877 (ApJ)
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Golden EOS Selection

Ÿ Too many possibilities to simulate: smart selection recipe is needed.
Ÿ Three variables (MTOV ; CTOV ; lnpTOV ) to characterize the high-density

part of the EOS and one (R1:4) to break degeneracy at low densities.
Ÿ Principle component analysis: 4D distribution essentially 3D-triangular.
Ÿ Six \golden EOSs": A-E at corners of 68% contours and F in centre.

CE, Gorda, Kurkela, Rezzolla, 2403.03246 (Nature Commun.)

11/36



Golden EOSs and Mass-Radius Relations

Ÿ Six EOS models manageable, but BNS parameter space still huge: �x
M chirp � 1:18 Md , but three di�erent mass-ratios q � M1

M2
� 1; 0:85; 0:7.

Ÿ Add T -dependence via simple gamma-law approximation with �xed
� th � 1:75, but analysis remains robust when changing to �th � 1:5; 2:0.

CE, Gorda, Kurkela, Rezzolla, 2403.03246 (Nature Commun.)
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Emitted GW Energy and Angular Momentum

Ÿ Time evolution of GW strain componentsh� ; h� from simulation.
Ÿ Emitted energy and angular momentum from post-processing

EGW pt q �
r 2

16�

» t

�8
dt 1

�
9h2

� � 9h2
�

	
; JGW pt q �

r 2

16�

» t

�8
dt 1

�
h� 9h� � 9h� h�

	
:

see, e.g., Bishop, Rezzolla 1606.02532 (Living Reviews in Relativity)

Ÿ Useful to normalise withEmer
GW :� EGW ptmer q and Jmer

GW :� JGW ptmer q.

5th-order post-Newtonian Taylor-T2 mode with ~� � 580 of PyCBC library, Biwer et al 1807.10312

(Publ.Astron.Soc.Pac.)
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Long Ringdown

Ÿ Post-merger period whereEGW pt q and JGW pt q are linearly related.
Ÿ Long-ringdown slope numerically close to GW frequency

dEGW

dJGW
�

9EGW

9JGW

�
9h2

� � 9h2
�

h� 9h� � 9h� h�

; fGW �
1

2�
h� 9h� � 9h� h�

h2
� � h2

�
:

Ÿ Identity for simple quadrupole system with̀ � 2; m � 2 deformation:

h� pt q9 cosp� pt qq; h� pt q9 sinp� pt qq; 9EGW { 9JGW � fGW {p2� q:
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Correlations

Ÿ Slope correlates with maximum neutron star pressure and number density.
Ÿ Bilinear �t of simulation data constrains EOS at highest (TOV) densities

dÊGW

dĴGW
� � 0� � 1 pTOV � � 2 nTOV � � 3 q� � 4 q pTOV � � 5 q nTOV � � 6 pTOV nTOV :
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Impact of Slope Measurement

Ÿ Mock measurement: assume measured values for the slopedÊGW {dĴGW

and f2 with � 4% measurement uncertainty.
Ÿ Correlation gives new evidence to update EOS constraints at all densities.
Ÿ Slightly improvement compared to measuring justf2.
Ÿ Pearson-correlation coe�cients slightly larger fordÊGW {dĴGW than for f2

rpdEGW {dJGW ; pTOV q � 0:877 vs rpf2; pTOV q � 0:792:
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A Holographic Approach to BNS Mergers
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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 1112.1261 (JHEP); Jokela, J•arvinen, Piispa 2405.02394

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 0707.1324 (JHEP); G•ursoy, Kiritsis, Nitti 0707.1349 (JHEP)

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. 0505140 (JHEP); Casero et al. 0702155 (Nucl.Phys.B)

Baryons: homogeneous solution of non-Abelian DBI + Cern{Simons action.
Ishii, J•arvinen, Nijs 1903.06169 (JHEP)

Veneziano limit: Nc Ñ 8 and Nf Ñ 8 with Nf {Nc � Op1q �xed
J•arvinen, Kiritsis 1112.1261 (JHEP)
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V-QCD Hybrid Equation of State

Ÿ Computing neutron star properties requires EOS at low and high densities.
Ÿ Homogeneous approx. for V-QCD baryons not reliable at low densities.
Ÿ Hybrid EOSs: nuclear theory model at lowest densities + V-QCD model

for dense baryonic and quark matter at large densities.
Ÿ Van der Waals construction to extend cold V-QCD baryons to �nite-T .

Vovchenko, Motornenko, Alba, Gorenstein, Satarov, Stoecker 1707.09215 (PRC)

Ÿ Mixed baryon and quark matter phase from mech. and chem. equilibrium.

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 2112.12157 (PRX) 20/36



Equation of State and M-R relation

Ÿ By construction good agreement with credibility intervals of generic EOS
parametrizations and astrophysical constraints.

Ÿ Three tabulated versions on CompOSE database: DEJ(DD2-VQCD)
[https://compose.obspm.fr/] .

CE, Topolski, J•arvinen, Stehr 2402.11013; Demircik, CE, J•arvinen 2112.12157 (PRX); Grey band

(MTOV ¡ 2:2 Md ): CE, Rezzolla 2209.08101 (MNRAS); see also CE, J•arvinen, Nijs, van der

Schee 1908.03213 (PRD); Jokela, J•arvinen, Nijs, Remes 2006.01141 (JHEP)
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