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Learning the T=0, high n EoS from neutron stars

« Neutron stars have macroscopic properties that we can measure.
 For stable, slowly-rotating stars, these observables depend only on the EoS.

« We have reliable mass (M), radius (R), and

From any EoS — M-R, A-M sequence . -
tidal deformability (/\) measurements.

1 Adapted from: Yunes, Miller,
_| Yagi. Nature Rev.Phys (2022)
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http://NASA.gov
https://www.nasa.gov/mission_pages/GLAST/science/neutron_stars.html

Bayesian statistics and choosing a prior

q,Z, Py posterior, g;: prior, Z: likelihood Infinitely many possible EoS:

Pr = I g, L,dl —> model evidence How do we account for all possibilities?

e Model-agnostic approaches are common

Prior dependence: test different priors ,
— Gaussian processes (GPs):
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GP, Prior - EoS modeled via: ¢(x) = log(1/ CS2 — 1), stable and causal
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Influence of exotic degrees ot freedom on the EoS trom nuclear
physics models

Multi-scale correlations characterize the
onset of exotic phases

Modeling non-trivial structure in ¢ from a
phenomenological perspective
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n: neutrons, p: protons, e: electrons,

from: Tan et al. PRD (2022), see for refs. q: quarks, H: hyperons
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0 friendly!
214 order PT 11 1st order PT
ike down lateau down .
P Y — systematic study
+
model comparison
0
nB/nsat nB/nsat

Physically-motivated long + short/
medium length correlations in ny
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Are there nontrivial features in the ¢~ inside neutron stars?

\)
9., model evidence (&): quantifies level Bayesian model comparison:
Di = / of support of the data for a given %
fqlff dl model Bayes factor K = benchmark
structure
* Benchmark model in gray: GP with long-range * Modified GP (mGP): multi-scale correlations
correlations fixed across all densities — emergence of exotic degrees of freedom
» Benchmark (GP) 0 Benchmark + structure (mGP
| 7 SPmean-hard | D. Mroczek et .
QHC19 (npeq) z ,;\ = 2309.02345
0.89 :-+: CMF (npeDH) 7 ”\-\’
NG
0.6 == CMF.. (pepHQ) + £=0 "“"ié:’ ol

Circles: nglax

8 10

n: neutrons, p: protons,
e: electrons, q: quarks,
H: hyperons
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Astrophysical and theoretical constraints

Astroph
e M, ..: 3 highest measured NS masses from Shapiro-delay measurements (~2.0 M)

« A: GW170817 and GW 190425 (A, M, M,, M,)

« M-R: NICER (IL/MD) PSR J0740 + 6620, PSR JOO30 + 0451

3 Ok ComEanion V723 Mon ] 4
L ] 107 QCD 1
} . : excluded by P s
T GW190814 N h constraints T |
JO740+6620 4 % i Constraints ‘ 105
O B = _ 5 g 5n )
§ J — 5 3N, S
< 2.0 Am ) UMDl 2 400, . Causality -
= . = i 1 \ constraints 1
- [ !
GW170817 . ' %’ ¢ |ntegra|
r / ghj ' constraints
1.5 L
e .
- 500 1000 5000 104
1.0
Energy density € [MeV/fm®]
. . | '; gg] 509 pQCD constraints: Komoltsev, Kurkela PRL (2022),
'3 from: Tan et al. ( ), see for refs. Gorda et al. Astrophys. |. (2023)
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*more on pQCD later

Low-energy
Symmetry energy:
Ly = 3212 MeV

Tsang et al. PRC (2012)

pQCD*

* partial N3LO results,
propagated using
causality, stability, and
integral constraints

down to ngax for each

EoS.

* Truncated expansion
uncertainty accounted
for with scale-averaging.

pQCD results: Gorda et al. PRL 127

(2021) and PRD 104 (2021)
%"



Are M-R posteriors sensitive to structure in csz(nB)?

Benchmark (GP)

3.5

3.0

1.5

14
R [km]

10 11 12 13 15 16 17

13
R [km]

0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75 0 2 4 6
prior x1073 posterior

We find no differences in the prior or posterior
probability distributions between benchmark (GP)
and benchmark + structure (mGP)
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Why check M-R priors and posteriors?

* Diverse neutron star EoS prior = broad prior in M-R
* Sanity check: can we reproduce measurements

when we assume nontrivial features in csz(nB)?

Benchmark + structure (mGP)
mGP >

3.5

D. Mroczek et al.
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Are cZ(nyp) posteriors sensitive to structure in c(715)?

Constraints affect priors difterently:

* EoS are shown up to ny*"

Long-range correlations — tighter CS2 posterior

— credibility bands are correlated with posterior for n,™*

Structure — broader ¢ posterior
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Does csz(nB) display a peak within neutron star densities?

2

Bump in c¢;: softening ot the EoS signaling crossover to new degrees of freedom.

— global maximum in ¢? that occurs within neutron star densities

Prior Posterior
Multi-scale correlations allow Benchmark (GP): ¢? peak near nJ®* — monotonic cZ(715)
for a bump before 3 n,, Benchmark + structure (mGP): bump allowed ~ 2 —3 n_,
0.5
[—1 mGP .5 > D. Mroczek et al.
0.4{ E3 GP o 2309.02345
0.3
9
—
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What is the impact of pQCD constraints applied at

96.5%

D. Mroczek et al.
2309.02345

n

maX?
B

pQCD results must be averaged over an unphysical scale due
to uncertainty around missing higher-order terms.

* Adopt the scale-averaging approach in Gorda et al.

(Astrophys. J., 2023)

Wyocp = U@ not consistent with any results considered

Pulsars+A+QCD . Maximal
Pulsars+A+BH central densities

Prior = | _b=mmar—r——i——e—e—i—e—e——

nlns]

Gorda et al. Astrophys. J. (2023)

© 48% N O <wyoep < 1: with at least one result considered
consistent in tension not consistent Wyocp = 1 @ consistent with all results considered
EoS in tension with pQCD 1.0
10° pQCD constraints applied at .
ng'** do not affect EoS posteriors
E 102 . 0.6 1
3 BUT 0
0.4 -
Lol- 1.:hey seem to have a significant >
e edian impact when applied 10 i,
. | 9 0.0
10~ 100 Why?
Note: log-log axes! "pQCD
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In prep: D. Mroczek, R. Somasundaram, I. Tews, M.C. Miller,

The rOle Of pQCD beyond NS densities J. Noronha-Hostler, N. Yunes, J. Margueron

Method: build extensions of a strong candidate EoS beyond n;“", use pQCD input at 10 n,

Goal: Learn about prior dependence of pQCD constraints between ngy " and 10 n,,

1.0
max
ng
. . 0.8
Consistent Not consistent
with pQCD with pQCD
0.6 a
AN O
. 2
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0.2
0.0
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Short-range correlations reduce sensitivity to pQCD constraints

We tested long- and short-range correlations across densities (units of n,)

¢r=3.0 ¢=0.3 10,000 extensions * EoS must soften (68% credibility) when long-
90% 90% generated for each case

range correlations are present.

®* NOT the case when short-range correlations
are assumed.

68% === 68%

EoS posteriors from pQCD constraints
applied beyond n;""* are model dependent

How EoS posteriors are affected by pQCD
constraints applied beyond n;“" can be studied

systematically with multi-scale correlations.

In prep: D. Mroczek, R. Somasundaram, I. Tews, M.C. Miller,

J. Noronha-Hostler, N. Yunes, J. Margueron
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Are there nontrivial features in the ¢ inside neutron stars?

We find a Bayes factor of K = 1.5 between GP and mGP — current constraints do not favor either model.

Physical interpretation: multi-scale correlations and nontrivial features in csz(nB) inside neutron stars are
not ruled out by current constraints, but neither are they required.

Summary and outlook

Nuclear physics models predict nontrivial features in cS2 and multi-scale correlations across densities
when exotic degrees of freedom are present.

Introduced modified Gaussian processes as novel approach for modeling nontrivial features in csz.

Performed a fully Bayesian analysis including astrophysical, low-energy, and pQCD constraints.
Multi-scale correlations important for searches for a crossover within NS densities.

pQCD applied beyond central densities realized in neutron stars leads to model-dependent constraints

— pQCD applied at n;*" currently does not affect EoS posteriors.
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