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State of Dense Matter in Compact Stars

Conventional neutron-star (NS) model Quark-star (QS) model
Witten’s conjecture:
o Quark matter composed of nearly equal
RS — (043_0‘5) . number of u, d, s quarks is the ground state
4 - of strong matter

7 * QSs in the MIT bag model
Alcock+ (1986); Haensel+ (1986)

e i pras,

& iy
% -CONDENg 5
", ~CONDENg 9
* QUARKS 5
Cb\ po b5 4
& Credit: Haensel
Credit: éép . |

e Nucleon star: npeu matter

| Strangeon-star model
 New freedom in the inner core:

e Quarks localized Lai & Xu (2017)
hyperons? mesons? quarks?
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Constrain Equation of States

e Equation of State (EOS)

e The relationship between the pressure and the energy density

e Determine the mass-radius relation of compact stars

e Constraining the EOS

Pulsar Observations

Quark star
Hadron star(

Hadron star(
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Constrain Equation of States

e Equation of State (EOS)

e The relationship between the pressure and the energy density

e Determine the mass-radius relation of compact stars

e Constraining the EOS

Gravitational-wave (GW)

Pulsar Observations Observations

' 3)\9 N a” 3.0

1 2.51
PSR J07404-6620 ]

] 201
\ _! 1
gy ] ~—
. \ Quark star l 15
‘ Hadron star(nucleonic) |
/ 1\6“ \ Hadron star(exotic) _ 1.01
. \ . ] ,
14 16 18 00T 10 12 14 0 i
R k] Gao+ (2021) R(km) Abbott+ (2018)

AN RUE @R E-9W Compact-star Structure with GW  July 4, 2026 5/21



Tidal Deformation and Gravitational Waves

o Credit: Hinderer y)

® —
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Tidal deformability, A & R’

e m-A relation is also determined by EOS
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Tidal Deformation and Gravitational Waves

o Credit: Hinderer y)
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Tidal deformability, A & R’

e m-A relation is also determined by EOS

Measure m and S Constrain the
A\ from GWs EOSs
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Current and Future GW Observations

e Since GW150914, over 300 GW events are detected
e 8 compact stars: 2 BNS, 4 NSBH
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Current and Future GW Observations

e Since GW150914, over 300 GW events are detected
e 8 compact stars: 2 BNS, 4 NSBH

e Future detectors: Einstein Telescope, Cosmic Explorer

e Lots of high-precision GW observations, 10°~10°/yr
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GWIC 3G Science Book Bailes+ (2021)
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Current and Future GW Observations

e Since GW150914, over 300 GW events are detected
e 8 compact stars: 2 BNS, 4 NSBH

e Future detectors: Einstein Telescope, Cosmic Explorer
e Lots of high-precision GW observations, 10°~10°/yr

* New era for probing compact-star structure!
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Constrain EOS of Quark Stars (QSs)

Vetting quark-star models with gravitational waves in the hierarchical Bayesian framework
Z. Wang, Y. Gao, D. Liang, J. Zhao and L. Shao*, JCAP 11 (2024)

e Grand canonical potential density in the bag model Alford+ (2005)
O — Z o0 3 (1—614) g +3mf—48A2,u2 e B effective bag constant
B i A2 HoT Deff 1672 e mg mass of s quark
i=u,d,s,e” :
e a,. QCD correction
Potential of non-interacting fermions e A: pairing energy gap
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Constrain EOS of Quark Stars (QSs)

Vetting quark-star models with gravitational waves in the hierarchical Bayesian framework
Z. Wang, Y. Gao, D. Liang, J. Zhao and L. Shao*, JCAP 11 (2024)

e Grand canonical potential density in the bag model Alford+ (2005)
3(1—ay 3mi—48A°u? e B_;: effective bag constant
o= Y '+ ( )M4+Beff+ P |
4772 1672 e mg mass of s quark
i=u,d,s,e”

e a,. QCD correction

Potential of non-interacting fermions e A: pairing energy gap

e The EQOS can be reparametrized with two parameters if @(mf) terms are omitted

| : 2 2
. . Aus 3A% —3m?2/4 Zhang & Mann (2021)
5 % relative difference Aoy | f =
3L
" between -d and 4-d models \/3ay
=
o 100 Bt = 140MeV, ay = 08, m, = 100 MeV, A = 50 MeV 3
CE } | | | _
é 8.0%} \/\r1<}\—z\2<1| 7]
S 6.0% -
>
% 4.0% : 1 1 | n
E 1.0 1.2 1.4 1.6 1.8 2.0

m/M@
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Constrain EOS of Quark Stars (QSs)

Vetting quark-star models with gravitational waves in the hierarchical Bayesian framework
Z. Wang, Y. Gao, D. Liang, J. Zhao and L. Shao*, JCAP 11 (2024)

e Grand canonical potential density in the bag model Alford+ (2005)
O — Z o0 3 (1—a4) ‘g +3mj—48A2/,12 e B effective bag constant
B i A2 HoT Deff 1672 e mg mass of s quark
i=u,d,s,e” :
e a,. QCD correction
Potential of non-interacting fermions e A: pairing energy gap

e The EQOS can be reparametrized with two parameters if @(mf) terms are omitted

A 3A2 — 3m2/4 | Zhang & Mann (2021)
~< 5 %relative difference ﬁm ' p = S
5 U between the- -g\?\nil 4-d models \/3ay
This work

* Investigates the potential of constraining QS EOSs with GWs |
e Compares the full 4-d and simplified 2-d models in the EOS inference

Ao RUE W @RS Compact-star Structure with GW  July 4, 2026 9/21



Data Generation and Inference Implementation

EOS parameters: H = {B.},a,,m,A} & H = {B! B}
Detectors: Two Cosmic Explorer detectors & one Einstein Telescope detector
Single-event parameters: 0 = {#,n, A, A, d,,t.,a,6,yw,1} (Omit spins)

Data: 1000 events within 500 Mpc uniformly distributed in volume

e Select 25 loudest signals e Mass distribution from Farrow+ (2019)

o Corresponds to a few years' observation © Inject A with the 4-d model: Bji' = 140MeV
a, = 0.8, m,=100MeV, A =50MeV
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Data Generation and Inference Implementation

EOS parameters: H = {B.},a,,m,A} & H = {B! B}
Detectors: Two Cosmic Explorer detectors & one Einstein Telescope detector

Single-event parameters: 0 = {#,n, A, A, d,,t.,a,6,yw,1} (Omit spins)

Data: 1000 events within 500 Mpc uniformly distributed in volume

e Select 25 loudest signals e Mass distribution from Farrow+ (2019)

o Corresponds to a few years' observation © Inject A with the 4-d model: Bji' = 140MeV
a, = 0.8, m,=100MeV, A =50MeV

AA A)

Method:
Hierarchical Bayesian inference %

* Consistently combine multiple
m — A\ measurements
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Hierarchical Inference of EOS Parameters

e The EOS parameters are not GW-waveform parameters

e EOS parameters are hyper-parameters

EOS parameters
{Bl/4 ay, M A} or

{81/4 }

Single event parameters

0

GW strain data
d
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Hierarchical Inference of EOS Parameters

e The EOS parameters are not GW-waveform parameters

e EOS parameters are hyper-parameters

EOS parameters

Single event parameters GW strain data
H = {Be}f/f“, a,, mS,A} or —» 0 — J
H= B0}
® Bayes' theorem Nuisance parameters (d,,t.,:--) Marginal likelihood of i-th event
noo A A Independent of H
PH|D) « z(H) | | | P®,|H)P(d| 6, H) db, “Posterior” of m & A
i=1*

— ﬂ(H)H nP(ml- | H)P(Ai | m;, H)P(’g'l- | m,, Ai, H)P(d, | 91) dm, dAz dgz

Sl n P(m. | H)(S(Ai—/l(mi, H)) dm, dA, [P(’g'i)P(di 10, dE,

_ E(H)H P(milH)L,-q<miv’l(mi» H))dml- m-A relation given by EOS

i=1"
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Posterior of hyper-parameters in 4-d Model

Model = Parameter True Value Prior Posterior
1.7
139.0°74 4d  BY (MeV) 140 U(130,150) | 139.0%17
A . ay 0.8 14(0.4,1.0) 0.7+02
L ms (MeV) 100 U(75,125) 96.87 151
g TN 0rd A (MeV) 50 (0, 100) 41.27157
N T i
N ! ErR
1 P"H"‘ . .
Each :iﬁ,, = e Tight constraints on Belf/f4 and A
N ¥ ;
o ! ! * Several-times improvement compared to
o } i || 96.87151 :
N I 08 151 those from GW170817 & GW190425 (Miao+ 2021)
Q - 4 o ) (@ 1 I
2 AL A (LN
= o Z, ! i
3 ; b
S s e
= D i
=
T
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BYY/Mev G4
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Posterior of hyper-parameters in 4-d Model

Model Parameter True Value Prior Posterior
1.7
139.0°74 4d  BY* (MeV) 140 U(130,150) | 139.0717
| ay 0.8 14(0.4,1.0) 0.7705
i ms (MeV) 100 U(75,125) 96.81 151
. 072 A (MeV) 50 1(0,100) 41.2715¢
O ] i f
N\ I A
) P"H"‘ . N
- oA WU ! e Tight constraints on BY* and A
S o ! ' 9 eff
o I 1 * Several-times improvement compared to
o } i || 96.87151 :
Q> H— 200 151 those from GW170817 & GW190425 (Miao+ 2021)
> %Q _ _ o ) (@ T EE .
o > o ,]J]E‘_k,,, Rt * a, and m, are not well constrained
>~ i 4 S
N VA : g
SN b | a2
= ] }
= i
S5 % ’
N I EE— I e ( — : I—

B;éél/Me\/ a ms/MeV — A/MeV
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Posterior of hyper-parameters in 4-d Model

Model  Parameter True Value Prior Posterior
1.7
139.0°74 4-d B/ (MeV) 140 U(130,150) | 139.0117
IR a4 0.8 1(0.4,1.0) 0.7705
e ms (MeV) 100 U(75,125) 96.81 151
i 07192 A (MeV) 50 U(0,100) 41.21757
N i |
NS 11 u.l'h-o["l_r
: —rpp— . .
ERE m = e Tight constraints on Belf/f4 and A
Q ! !
- ! ! s * Several-times improvement compared to
Q: N 908 151 those from GW170817 & GW190425 (Miao+ 2021)
> ° N Gl f -
% S A ]ﬂt‘il-..m * a, and m, are not well constrained
~—_ QQ iy :: :: .
s ! e Slight degeneracy between m_and A
< g g s
S ] 4120555
o
E S
Q - I ' 1
> > 3A% — 3m?/4
N i I | I r ( S I E— ﬂ - 3a
RIS A SIS SR I S N L 4]
Bié‘l/Mev a4 mS/Me\/ A/MGV
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Comparison between 2-d and 4-d Models

* In the results of 4-d model
e Unconstrained parameters . Possible redundancy in the
EOS parameterization

e C(orrelation and degeneracy
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Comparison between 2-d and 4-d Models

e |n the results of 4-d model

e Unconstrained parameters . Possible redundancy in the

e C(orrelation and degeneracy

137.8718

with Flat Prior
with Transformed Prior

EOS parameterization

4-d Results
Flat prior: uniform in the allowed range

— Test the unbiasedness

Transformed prior: transform from the 4-d prior

2311.5
_2145-0:751‘3

— Compare the 2-d and 4-d models consistently

Both Bgf/f‘l and f are tightly constrained...
But biased!

[ |
O Q 5
NN N

BY* /MeV

]l 1
S
»

Q

—
Q
S

" B/MeV?

Al RVE @RS =9 Compact-star Structure with GW July 4, 2026  13/21



Recover the m-\ relations

! Injection
10° 2-d Model |
— : 4-d Model

Residual

1 |
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Spin-induced Quadrupole

e The spin of the compact star also induces quadrupole

Companion

— S o A
S S
e P G e

Credit: Hinderer

Spin-induced deformation  Tidal-induced deformation

(Q: Quadrupole moment
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Spin-induced Quadrupole

e The spin of the compact star also induces quadrupole

3 2 —
! !’ ’ l (fompanion

Credit: Hinderer D e

Spin-induced deformation Tidal-induced deformation

(Q: Quadrupole moment 3 — toea
e m-Q relation is also AR AR AR
determined by EOS T \ 1\Y/i '\ AA
INVA\'/AVA\'/AVA\'/RVI\/AY
e Also affects GW waveform =
3o RE A 5 5
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Love-Q Universal Relation

Yagi & Yunes (2013): Universal I-Love-Q relation for various EOSs

e Quartic polynomial relation between In O and In A
e Similar to black hole's no-hair theorem

e Dependent on gravity theories (test GR)

M, (APR) [M ol
22 1.7 1.2 0.78
X APR ! ! |
"| + SLy
O LS220
|| & Shen
10" [ Polytrope (n=1) =
- Polytrope (n=0.8)
I [| @ Polytrope (n=0.6)
-l — fit

? EOS

-
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Love-Q Universal Relation

Yagi & Yunes (2013): Universal I-Love-Q relation for various EOSs

e Quartic polynomial relation between In O and In A
e Similar to black hole's no-hair theorem

e Dependent on gravity theories (test GR)

M, (APR) [M ]

22 1.7 12 0.78 ® Theoretica | |y pred iCted

X APR
SLy
O LS220
|| & Shen
10 [ Polytrope (n=1)
- Polytrope (n=0.8)
| ® Polytrope (n=0.6)

? EOS

-

e Experimentally unconfirmed
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Love-Q Universal Relation

Yagi & Yunes (2013): Universal I-Love-Q relation for various EOSs

e Quartic polynomial relation between In O and In A m
e Similar to black hole's no-hair theorem l ? EOS
e Dependent on gravity theories (test GR / \

( ) Nha adl’

22

M, (APR) [M ]
1.7

1.2

0.78

X APR
" SLy
O LS220
|| & Shen
10 [ Polytrope (n=1)
- Polytrope (n=0.8)
| ® Polytrope (n=0.6)

e Theoretically predicted

e Experimentally unconfirmed

e Measure A & Q independently from GW
— Constrain the Love-Q Relation!
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Love-Q Universal Relation

Yagi & Yunes (2013): Universal I-Love-Q relation for various EOSs

e Quartic polynomial relation between In O and In A

l?Eos
nEeAT

e Similar to black hole's no-hair theorem

e Dependent on gravity theories (test GR)

PR o8 e Theoretically predicted
X g\LI?R . I I : I
y 1 . .
1|g Lz 3 e Experimentally unconfirmed
10 Polytrope (n=1) “'
r Polytrope (n=0.8) |
B e I | e Measure A & Q independently from GW
i — Constrain the Love-Q Relation!
%)10'2_— @ & i E .
& By S e \. This work
Tg i \%/ P S - EE-}!:;‘5"%’="‘”’"‘1‘=L SA=S
—107F = .\e / . .
T L * Prospects with future GW observations
I(tid)
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Data Generation and Inference Implementation

Parameterization: In A = Polynomial (In Q; H)

Detectors: Two Cosmic Explorer detectors & one Einstein Telescope detector
Single-event parameters: 0 = {4, n, y,. > A\, Ny, Oy, Oy, dy, 1, 0, 6,y 1}
Data: 1000 events within 500 Mpc uniformly distributed in volume

e Select 100 loudest signa|s e Mass distribution from Farrow+ (2019)
v~ U(=0.5,0.5)

e Then top 20 with largest spins e Uniform spin distribution v~ U(=0.1.0.1)

* Injected with APR4 EOS

10—
9L

Method:
Hierarchical Bayesian inference

7

* Consistently combine multiple
A — O measurements

Median
— = =— - Maximum posterior
Yagi-Yunes relatio

Q Q Q Q Q Q
S N g\Q S /\Q SN
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Inference Results: Linear Model

09345
In Q = a5 T b2 In A Also adopted in Samajdar & Dietrich (2020) Loudest 10
Hm Loudest 20
e Tight constraints on a, and b, A oastp
NS 1
. . . . I (?Q_ \
* Yagi-Yunes relation covered by 90% credible region = ° |
-
<
e Major constraint information from loudest 10 events OISR I
a b>
10
9_
8_
7_
6_
QA 5
4r Loudest 5 events

Loudest 10 events

Median
— = — - Maximum posterior

Loudest 15 events

Loudest 20 events |

Yagi-Yunes relation Yagi-Yunes relation

| | | | | l/ | | | 1 | |
N N S . S PSS & N N f . S A OS
» Y PRI OSSN » oS ®» & AP

A A
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Inference Results: Polynomial Models

Cubic and quartic model

0213
: B 10
i i 9
| | +0.82 8k =
L N 0.03%'5 s
. : : - : - -
A | T =z
S ot W\ o : ‘
| | Q s ; " 1
L AL L] 003755,
N 4r i
L 4L n y M di L] [] n
5 %\ | — T e . ® Wide credible regions
| | ~ aximum posterior
N : : 3F . .
e . Yagi-Yunes relation
"') S l‘? I(.b QI ;o : '%' o l I 1 I 1 1 1 [ .
yOYSE eSS S S 8 £ 888 e Strong correlations
as b3 Cc3 A
* Linear model is enough!
10
9_
8_
< 7L
6_
Q5+
3
Q?‘ > 4k
> Median
5
~ 3k — — — - Maximum posterior ||
S 4 Yagi-Yunes relation

H ' 1 1 1 1 1 1 1 |
N ] AR AE, : dh! L L
xR ™ /qu S /Q{x RS R \QQ ,-\,QQ ,,JQQ @Q °3QQ @Q (\QQ %QQQQQ

as 103 d,
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Summary and Outlook

Future GW observations have remarkable potential for
probing the structure of compact stars

e For quark-star EOSs
e Constraints on B elf/f4 and A are tightened by several times

(a4 and m still not well measured)
e Approximated 2-d model exhibits biases as more GW events are analyzed

(Recovered m-A relation remains consistent)

e For Love-Q relation

e Possible to constrain the Love-Q relation from GW observation

e Linear model 1s precise enough

e Future work

e Other observations: m-R observations of pulsars, the post-merger remnants

e Infer the mass and spin distribution simultaneously
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Thanks for listening!

Ziming Wang (zwang@pku.edu.cn)
2026/07/04




