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Neutron Stars
In 1967, Jocelyn Bell Burnell, then a graduate student in radio
astronomy at the University of Cambridge, discovered the first
radio pulsars.
» The neutron stars (NS) laboratory for dense baryonic matter
(the core density ~ 4-5 times nuclear saturation density).

» Very asymmetric nuclear matter | = Z:%Zi ~0.7.

» The observational constraints

» Radio Channel: J1614-2230 1.97 £+ 0.04M,, J0348-+0432
2.01 + 0.04M,,, J0740+6620 2.147%15 M, PSR J0740+6620
2.089T M.

» X-Ray channel: NICER allowing a prediction of both the NS
mass and radius.

» GW channel: binary neutron star merger GW170817.




Probing the interior of Neutron Stars

» mass-radius — equation of state — composition?
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» hyperons?
» deconfined quark matter?
» dark matter?
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Objectives

» Can we really constrain the Dark Matter EOS model for NS?

» Explore correlations between dark matter model parameters
and neutron star properties, with consideration of uncertainties
in the nuclear sector.

» What is the possibility of Dark Matter existence inside NS
core?

> Assess the feasibility of Dark Matter in Neutron Stars using a
Bayesian approach informed by current observational
constraints.

» What is the impact of new PSR J0437-4715 measurements on
neutron star mass-radius estimates?



Nuclear matter EQS

P We selected four random equations of state (EOS) for nuclear matter derived using the RMF method, which encompass the
current uncertainties in the nuclear EOS sector and differ in their stiffness.
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(left plot) Pressure P vs baryon density pg, (middle plot) NS mass M vs radius R, and (right plot) NS mass M vs

square of the speed of sound ::52 for nuclear matter EOS: EOS1, EOS2, EOS3, and EOS4, respectively.

NMP NS
EOS P0 €0 Ko Qo Joymo Lm0 Mumax Ruax  Ria Roos A 2 Mitra PdUrea PB4 PBLG6  PBLS
[m-] [Mev] Mo] fkm] L1 [ Ml ffm3)

EOS1 0.155 -16.08 177 -74 33 64 274 13.03 13.78 14.04 844 0713 206 0366 0298 0.316 0.336
EOS2 0.154 -15.72 190 614 32 60 220 1216 1336 13.00 709 0.414 183 0443 0344 0382 0.432
EOS3 0.157 -16.24 260 -400 32 57 210 11.08 1255 11.53 462 0543 207 0.829 0.432 0491 0.570
EOS4 0.156 -16.12 216 -339 29 42 256 12.13 1295 13.14 638 0767 255 0747 0345 0370 0.399




Sampling Dark Matter EOS & Mass-Radius
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The shaded blue area illustrates the sam-
pled dark matter EOS, depicting the rela-

tionship between pressure (Py) and den-
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The NS mass-radius relationships.

» 50K dark matter EOSs were solved per nucleonic EOS,
totaling 200,000 M-R calculations.

» The recent mass and radius constraints from NICER or GW

observations can't precisely determine the dark matter

fraction F,.
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Tidal Deformability
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The left figure shows the tidal deformability (A) versus neutron star mass (Mc)). Right figure displays the A1-Ap

relation with dark matter fraction (Fy ) from 0 to 25%, based on the GW170817 event with a chirp mass of My,

=1.186 M.

> A negatively correlated with DM fraction Fy

» The inclusion of dark matter could potentially lead to a reduction in the higher
tidal deformability attributed to the stiff nuclear EOS.

» The capability of the admixed neutron star to support varying mass fractions
depends on the stiffness of the equation of state of nuclear matter F,



Neutron Star density profiles and dUrca Process
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On the left is the baryon number density profile for a neutron star with a fixed mass of 1.4 solar masses, while on

the right is the neutron star mass threshold at which the dUrca process begins for various combinations of admixed

dark matter neutron stars.

> The mass is pushed to the center, the central baryonic density
increases, and the radius of the star decreases.

> A significant correlation is evident between the dark matter
mass fraction and the NS mass at which Urca begins.



Correlations

Cy - 0.28
Fi o0z jos > Strong
RM . correlation
Rom.mox 1080 between F,
Rr.20 =000 [0 and various
: : properties of
ol NS.
2 » Other DM

250 . 023 010 -0.01 -o,m-nos -0.07 0,07 -0.02 000 0.01 Ode

216 -. 022 011 -0.03 -o.2ornos -0.08 -0.08 -0.03 -0.01 - pa ra meteI’S,
214 . 022 021 -0.12 .o.so-a 17 -0.18 018 -0.13 -0.11 - mX and C
w

PB,2.0 - 012 0 0.22 K
.% = are weakly
PB,1.6 - 018 0. 77 013 -0.10 X3S

P51 - 021 ﬂﬂﬁ — ﬂm correlated

< & Q Q) Q.O v” v‘ v\' g,"» as q,»qe Q"’ W|th the NS
properties.

Q.é
Heat map illustrating the correlation between different properties of dark matter

(DM) admixed neutron stars (NS) using the nuclear equation of state as EOS1.



Introducing Uncertainties in nuclear EOS

» When combining the admixed NS configuration with all four
considered nuclear EOS configurations, the correlation among
various properties vanishes.

With EOS 1:

With all four nuclear EOS:
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** Determining the parameters of a DM model is challenging, even
when using a very simple model with constraints on only NS
mass-radius and tidal deformability. **



Are the well-known universal relations distinguishable in
neutron stars with admixed dark matter?
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C-Love universal relationship within the context

of 200,000 EOS configurations incorporating dark

matter.

» C-Love relation stays
intact, even with
dark matter.



Feasibility of dark matter admixed neutron star based on recent
observational constraints
(A Bayesian Approach)

Feasibility of dark matter admixed neutron star based on recent observational
constraints
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Nuclear & Astrophysical Constraints Imposed

(See C. Y. Tsang et al., Nature Astronomy 8, 328 (2024) for details)

Symmetric matter

Constraints n (fm™) Psnm (MeV/fm?*) Ref.
HIC(DLL) 032 10130 Daniclewicz et al. (2002)
HIC(FOPI) 032 103+28 Le Fevre et al. (2016)
Asymmetric matter
Constraints n(fm) S(n) (MeV) Pym (MeV/fm®) Ref.
Nuclear structure
ap 005 159410 Zhang & Chen (2015)
PREX-II 0.11 238+0.75 Adhikari et al. (2021); Reed et al. (2021); Lynch & Tsang (2022)
Nuclear masses
Mass(Skyrme) 0.101 247408 Brown & Schwenk (2014); Lynch & Tsang (2022)
Mass(DFT) 0.115 254+1.1 Kortelainen et . (2012); Lynch & Tsang (2022)

0.106 255411 Danielewicz et al. (2017); Lynch & Tsang (2022)
Heavy-ion collisions
HIC(Isodiff) 0.035 103£1.0 Tsang et al. (2009); Lynch & Tsang (2022)
HIC(n/p ratio) 0.069 168412 Morfouace et al. (2019); Lynch & Tsang (2022)
HIC(r) 0232 5213 10987 Estee et al. (2021); Lynch & Tsang (2022)
HIC(n/p flow) 0.240 12184 Cozma (2018); Russotto et al. (2011); Russotto & et. al. (2016); Lynch & Tsang (2022)
Astrophysical
Constraints Mo R (km) Auzs Ref.
LIGOT 136 300720 Abbot et al. (2019)
*Riley PSR J0030+04512 134 1271418 - Riley etal. (2019)
*Miller PSR J0030+0451 3 144 13.02¢124 Miller et al. (2019)
*Riley PSR J0740+6620 * 207 1239130 Riley etal. (2021)
*Miller PSR J0740+6620 5 208 13749 Miller et al. (2021)

*Choudhury PSR J0437-4715 © 1418 1136 023 Choudhury et al. (2024)




NS mass-radius-tidal deformability
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Left the 90% credible interval (Cl) region for the NS mass-radius posterior P(R|M) is plotted, while right, the 90%

Cl region for the mass-tidal deformability posterior P(A|M) is displayed for the NL, NL-o cut, and NL-DM models.

» The NL-o cut shifts the M-R posterior right, increasing radius, while dark
matter in NL-DM shifts it left.

» PREX-II data narrows the lower part of the M-R posterior.

» PREX-II also enhances both the radius and tidal deformability for a canonical
neutron star mass.



dR/dM
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Bayes Evidence

In(2)
Model In(Z
ode "Z) (with PSR J0437-471)

NL 64145016  6525+0.15

NL + PREX-II —68.53+0.17

NL-o cut —62.1840.15 —63.36+0.15
NL-o cut + PREX-Il —66.15 +0.17

NL DM ~6453+015  —65.57+0.15

NL DM + PREX-II —69.12+0.17

Modell/Model2 Aln(Z) Interpretation

NL-oc P2/NL-oc —3.96  Decisive for NL-oc
NL-oc P2/NL P2 2.38  Substantial for NL-oc P2

NL-oc P2/NL —2.01  Substantial for NL
NL-oc/NL P2 6.35 Decisive for NL-oc
NL-oc/NL 1.96 Substantial for NL-oc
NL P2/NL —4.39  Decisive for NL

NL-o cut is the
most preferred
model.

With the addition
of PREX-Il Bayes
evidence decreases.

Bayes evidence
decrease of ~ 1
with incorporation
of PSR J0437-4715



Conclusions

» Strong correlations between dark matter parameters and neutron star
properties are evident, but these correlations weaken once uncertainties in
the nuclear matter EOS are considered.

» Universal relations, like compactness versus Lambda, remain intact even
with the presence of dark matter in neutron stars.

» Dark matter can facilitate processes such as hyperon onset, nucleonic
URCA, and quark-hadron phase transitions.

» The NL-o cut model, exhibiting behavior contrary to that of dark matter,
is highly favored according to recent constraints, suggesting a preference
for a stiffer equation of state at high densities.

» Models that include dark matter are the least supported; accurate and
high-precision observations from multiple measurements will be required
to provide more insights.
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Bayesian Setup

S
| —(D(O)=Dxmp)®\ _ pNMP
E(Prrle) = iy op (HEEPE) = £ P> Xray observation (NICER):
Munax
> Gw: P(dx 1oy |E0S) = / dm P(m[EoS)
S Min
Mina % P(dX—ray|m, R(m, EoS)) = £NICER

P(dgw|EoS) = /
J Miin

x P(daw|m1, ma, Ay(m1, EoS), Aa(ma, EoS)) = LW

x m
dml/ dmy P(my, mz|EoS)
Mumin

where P(m|EoS) can be written as:
The final likelihood for the calculation is then given by:

if Miin < m < Mina

1
P E — { Muax—Mpin
(m[EoS) { 0 otherwise.

L= ﬁNMPL:G\\'ﬁNICERIL]\'ICERIILNICERIII

Here, Mpin is 1 Mg, and Mmax represents the maxi-

mum mass of a NS for the given equation of state (EOS).
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