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Neutron stars:

Extreme
Strong QCD:
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Matter In the extreme:

Matter made of
quarks and gluons
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EoS tells about phases of matter: HIC
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Approximately conformal matter,
with large number of d.o.f.

A clear non-coformal to conformal transifion in heavy-ion collisions

In addition, grouping of v, between baryons and mesons + large energy-loss of particles, Ry,
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EoS tells about phases of matter: Stars
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What do we know about the neutron star
equation of statec



Equation of state, theoretically:
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Equation of state, theoretically:
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Equation of state, pQCD:
EoS P(n) = effective potential with:  Locp + m%ozb

1 1
— . -
ps+p2  (potin)? +p?

L =1+ hag + hya?+h;al + -

Po



Equation of state, pQCD:

Free quark @ @ @

matter

\\M

=1+ hjas + h,a? + hy a +



Equation of state, pQC
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Equation of state, pQCD:

5 ol

)
N

o =1+ ha; + hyas + hg a3 + -
0

+ s,af + 55 a3 + -

/

DEy, .

Medium polarization:

/V\AQM M~ a



EQUOTIOI’] Of STOT@, pQC D Medium polarization:
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EQUOTIOI’] Of STOT@, pQC D Medium polarization:
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Equation of state, pQCD:
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Equation of state, pQCD:
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Equation of state, pQCD:
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Equation of state, theoretically:
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Equation of state, models:

Pressure: p [GeV/fm?3]
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Equation of state, infrerence:

Pressure: p [GeV/fm?3]
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s pPQCD of any use in Neutfron Stars?



Studies with pQCD see softening of EoS

No evidence of softening without QCD
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Studies with pQC

D see softening of EoS
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Is the softening an aftefact of the
iInterpolatione

...or a robust prediction of QCD?



Robust EoS constraints:

General considerations:

- Mechanical stability: CS2 > ()

« Causality: CSZ <1




Robust EoS constraints:

General considerations:

- Mechanical stability: CSZ > ()

« Causality: CSZ <1

« Consistency:

P(e) vs. Q(u)

Reduced EoS Full EoS

Information of {P, €, n}



FoS constraints: pace /
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EoS constraints:
« Stability
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EoS constraints: //
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Constraints for fixed n on € — p -plane
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Does any of this mafttere
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pQCD and Equation-of-State inference



Implementing pQCD to EoS inference:
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QCD likelihood function:
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* Machine learning based Bayesian interpretation of Scale variation and Missing Higher Order errors
Cacciari & Houdeau, JHEP 09, (2011), Duhr et al. JHEP 122, (2021), Gorda, Komoltsev, AK, Mazeliauskas, 2303.02175

« Perturbative series modelled as draw from statistical model that is trained with the available terms



Jsing QCD likelihood function in EoS
Inference




Implementing pQCD to EoS inference:

* Bayesian inference setup:

Likelihood of EoS
given data
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Implementing pQC

D to EOS Inference:

» Gaussian-process based inference:

Similar to Landry & Essick PRD 99 (2019), but for function of n instead of €
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Setup:
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QCD Pulsars

Effect of QCD:

QCD input complements NS observations ”
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QCD responsible for softening:
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QC

Stiff to reach
high mass

D responsible for softening:

* Hypothetical observation of a very massive star M = 2.52M
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Caveats?



Termination density:

« The termination point n;..m, Of
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Termination density:

EQOS inference sensitive
to bias of prior below n,,
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Termination density:

EQOS inference sensitive
to bias of prior below n;erm

P
;

4.0

W
w

ressure p [GeV/fm?3]
w

o
w

o
o

w
o

N
u
1

N
o

loacp(NToV) :
0.75
~--- 0.85
— 0.98

-

/

\A/F .....................................
1 An -~ zonsat

6 8 10 12
Energy density € [GeV/fm?3]

« Asymmetric treatment above and below n;,,.., leads to sensifivity
« For n,.,., = nroyv QCD quantitatively less impactful

The pQCD constfruction
between nepm <n <ngep
is maximally conservative
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Accepted at
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Can the softening be observationally
verifiede



Different binary merger products:

Prompt collapse to black hole

Hypermassive NS

/ “—— Neutron star

Supramassive NS
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Effect of QCD:

Pulsars+A+QCD
---- Pulsars+A
...... Prlor

PDF

LI
]
L]

\\
S~
-~

2.0 2.2 2.4 2.6 2.8 3.0
Mrov [Mo ]

« Softening implies an upper limit for the maximal mass
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« Softening implies an upper limit for the maximal mass
« Softening implies BH formation in most mergers
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Binary merger product of GW1/70817
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« Astrophysical modelling: GW170817 is consistent with collapse to BH

Margalit & Metzger ApJL 850 (2017)
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Future observations and constraints:
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' | AN VVVVY ¢=0.7 4 Finstein Telescope, (Cosmic Explorer)

: « Merger simulations reveal the

correlation of the long ringdown

U 0 e and the Equation of State at
highest densities in NSs

: L —— B | Ecker, Gorda, AK, Rezzolla
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s there quark matter in neutron starse



EoS tells about phases of matter: HIC
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Approximately conformal matter,
with large number of d.o.f.

A clear non-coformal to conformal transifion in heavy-ion collisions

Gardim et al Nature Physics 16, 615-619 (2020)
Borsanyi et al PLB 730, 99 (2014)



EoS tells about phases of matter: Stars

LMo Mo Mroy Quarks and gluons

0.8F 4 3 ] ;
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Matter described by ool £i W 68% CI ¢, -2?; Approximately conformal matter,
Hadronic mass scale AR B 95% CI cZ, g with large number of d.o.f.
[/ 1 & . —-— 68% CI GP
015 20 25 ¢

Baryon chemical potential: p [GeV]

A clear non-coformal to conformal transition within cores of neutron stars

Annala, Gorda, AK, Natttild, Vuorinen Nature Physics 16 (2020) 9 T . ic7 2207
Annala, Gorda, AK, Nattilld, Vuorinen Nature Comms. 2303.11356 Also: Fujimoto, Fukushima, Mclerran, Proszglopvgj:é PROD 105’153
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« Transition by discontinuously merging two Gaussian Processes
« Constraints to allowed range and strength of the fransition
« Currently, no sensitivity to exclude/confirm existence

Komoltsev PRD 110 (2024) 7
Also: Gorda, Heber, AK, Schwenk, Vuorinen APJ 955 (2023) 2, many others



If there quark matter, what is ite



Condensed quark-matter physicse

o [f there is quark matter, it is color-superconducting
« At high enough densities, Color-Flavor-Locked pattern

Alford, Rajagopal, Wilczek, PLB 422 (1998)

<1/J?C Vs ¢]ﬁ> = A e®Phejy A




Condensed quark-matter physicse

o [f there is quark matter, it is color-superconducting
« At high enough densities, Color-Flavor-Locked pattern

Alford, Rajagopal, Wilczek, PLB 422 (1998)

<1/J?C Vs ¢]ﬁ> = A e®Phejy A

» The gap A difficult to compute:

20.9

« Asymptotically, ab-initio: A ~ 845%[7 K

Son, Phys. Rev. D 59, 094019 (1999) Pisarski, Rischke, PRD 61 (2000)
Schdafer, Wilczek, PRD 60 (1999) Brown, Liu, Ren, PRD 61 (2000)
« At NS densities, models: A =~ 20 MeV — 250 MeV, even A = 300MeV
Rapp. Schafer, Shuryak, Velkovsky, 81 (1998) Berges and Rajagopal, NPB 538 (1999) Braun, Schallmo, PRD 105 (2022)
G. W. Carter and D. Diakonov, PRD 60, (1999) Wang and Rischke, PRD 65 (2002)
Baym, Hatsuda, Kojo, et al. Rept. Prog. Phys. 81, (2018) Brown, Liu, Ren, PRD 61 (2000),

Leonhardt, Pospiech, Schallmo, et al. PRL 125 (2020), ...



Condensed quark-matter physicse

« Big effect for tfransport, small effect for the equation of state

py =1+ hjas + hya? + hy al + # A%u?

Non-perturbative pairing
at fermi surface A
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Condensed quark-matter physicse

« Big effect for tfransport, small effect for the equation of state

py =1+ hjas + hya? + hy al + # A%u?

Non-perturbative pairing

t fermi surf . . .
o EImETEEE A - Gap can only increase pressure — tighter EOS constraints
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Condensed quark-matter physicse

« Big effect for tfransport, small effect for the equation of state

py =1+ hjas + hya? + hy al + # A%u?

Non-perturbative pairing

t fermi surf . . .
o EImETEEE A - Gap can only increase pressure — tighter EOS constraints
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Condensed quark-matter physicse

« Big effect for tfransport, small effect for the equation of state

py =1+ hjas + hya? + hy al + # A%u?

Non-perturbative pairing

t fermi surf . . .
o EImETEEE A - Gap can only increase pressure — tighter EOS constraints
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Condensed quark-matter physicse

« Big effect for tfransport, small effect for the equation of state

py =1+ hjas + hya? + hy al + # A%u?

Non-perturbative pairing

tf i surf . . . .
o IeImSLEee A . Large values of superconducting gap inconsistent with

PQCD + neutron-star observations AK, Rajagopal, Steinhorst, PRL 132 (2024)
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% Condensed quark-matter physicse

« Big effect for tfransport, small effect for the equation of state

py =1+ hjas + hya? + hy al + # A%u?

Non-perturbative pairing

tf i surf . . . .
ciermpRnnece A . Large values of superconducting gap inconsistent with

PQCD + neutron-star observations AK, Rajagopal, Steinhorst, PRL 132 (2024)
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» Further observations/pQCD lead to tighter constraint
Geissel, Gorda, Braun, 2504.03834



Summary:

« PQCD computations inform about neutron-star cores
because of stability, causality, and consistency

« QCD at n= 40 n, offers a robust constraint down to n= 2.3 n,

« QCD input softens the inferred EoS at high densities.

Annala et al. Phys.Rev.X 12 (2022), Altiparmak, Ecker, Rezzolla APJL (2022)
Gorda, Komoltsev & AK APJ (2023)

« Softening has natural interpretation as onset of Quark Matter
Annala, Gorda, Komoltsev, AK, et al. Nature Comm 14 (2023)
Annala, Gorda, Kurkela, Nattila, Vuorinen, Nature Phys. 16 (2020)

« QCD predicts that binary mergers lead to BHs. Softening
detectable from long ringdown with future GW observatories

Ecker, Gorda, AK, Rezzolla, Nature Communications 16, (2025)



DISCUSSIONS:

« pQCD constraints complementary to astro. No modelling
U ncer'l'qin'l'ies. No trasnport models, no extrapolation in isospin, no stellar models, no

assumption of general relativity

» Can be used to test hypothesis (BSM, beyond GR)




Implementing pQCD to EoS inference:

* Bayesian inference setup:

Likelihood of EoS
given data

N o/

P(EoS) P(data | EoS )
P(data)

Prior

P(EoS |data) =




Implementing pQC

D to EOS Inference:

» Gaussian-process based inference:

Similar to Landry & Essick PRD 99 (2019), but for function of n instead of €
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Setup:

P(EoS | data) = Z\ES

P(data)

M 1614-2230=1.908(16)
M joag+oa32 = 2.01(4)

M 10740+6620 = 2. ]4(]0) 207200 400 600 x[\m 1000 1200 1400 1600
P(data | EoS) = P(QCD | EoS)P(Mass | EoS) P(NICER.| EoS)P(A, BH | EoS).

1.5 2.0 2.5 3.0
Energy density [GeV /fm?]




Consistency:

Inconsistency between
low and high-density
EOS if:

5pmax <Py — DL
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Constraint on the gap:

« High-density EOS marginally consistent with low density if

OPnax = Pu — DL



Constraint on the gap:

« High-density EOS marginally consistent with low density if

2
Npocp (M) + WAZ.UH 5Pmax — Pn — DL
~_ / \

ny

2
UL 1 2 2
2 (U — E) PpQcD (up) + 372 A*up



Constraint on the gap:

« High-density EOS marginally consistent with low density if

2
nPQCD(HH) + mAzﬂH }Pmax — Pn — DL
Ny ui \ r .,
) (U — E) Ppocp(Hy) + ﬁA 252,

* It A> A, high-density EOS inconsistent with low-density EOS

A (.UH)Z _ 312 [anCD (1y) (12
max

2 2 Hg — M%) — (prCD(.uH) — PL)]



Back of the envelope:

- High densities: (uy, NypQcDs prCD) = (2-6 GeV, 40 n, 3'6Giv)

fm3

* Low densities: 101-
« No information from NSs

« From CEFT: T
MeV 210
(up,ng,pr) = (0.97 GeV, 1.1 ng, 3—3) g
fm ¢ 1071 Chiral effective theory

Maximal
1073 ~1.1n, central densities

A (2.6GeV) = 880 MeV e

Energy density: € [GeV/fm?]



Back of the envelope:

+ High densities: (1, npocns Pocn) = (2.6 GeV, 40 ng, 3.6 fmi‘g’)

« Low densities: 1014
* Using neutron stars up to 2.1 Mg Centers of 2.1 Mg, stars '

e From EoS inference:

100_

10—1_

MeV
(up,ng,pr) = (1.45 GeV,3.5n,, 160 —)

fm3 1072

Pressure: p [GeV/fm?3]

10—3_

Amax(2.6GeV) ~ 440 MeV sz

Energy density: € [GeV/fm3]



Map from micro to macro:
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Map from micro to macro:
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Neutron stars are femtoscopes
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Normal Quark Matter (A=0)
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Map from micro 1o macro:

Hydrostatic equilibrium

macroscopic properties of neutron stars reflect
microscopic properties of ultradense matter

2 . cogunp, o) oso]
% = drr2e(r)

e(P)e R(M)

EOS reflects the microscopic structure,
phase diagram



Properties of heutron stars reflect
properties of dense matter

Green bank telescope




Properties of heutron stars reflect
properties of dense matter

Mjig142230= ] /916)/
M jo348+0432= 2.01(4)
MJO74O+76/20 =2.14(10)
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Companion

ZartiL

£ 74 Demorest et al. Nature 467, 1081-1083 (2010);
= Antoniadis et al., Science 240, 448(2013)
Cromartie et-al. Nature Astronomy, 439 (2019)




Properties of heutron stars reflect
properties of dense matter
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Riley et al. APJL 918 (2021)
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