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My Current Position

e PhD student at GSI Helmholtz Centre for Heavy Ion
Research and Heidelberg University in Germany
. . HEAVYMETAL is a project to uncover the nuclear and astrophysical
(SupeI'VISOI'I Andreas Bausweln) pathways leading to the creation of the rapid neutron capture elements

e Member of HEAVYMETAL collaboration

The origin of the heavy elements

Animation of binary neutron star merger
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Neutron Star Interior

* Deconfined quark matter may exist in neutron stars
« Hybrid stars (quark stars) are neutron stars partially (entirely) consisting of quark matter

Nuclear matter Quark matter
(confined quarks)

Hybrid star model Quark star model
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Equation of State (EOS)

» Describe the relation between pressure p and energy density p

 With an EOS, we can calculate the mass M and radius R of a static neutron star
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Equation of State (EOS)

* Describe the relation between pressure p and energy density p

 With an EOS, we can calculate the mass M and radius R of a static neutron star

* The correct EOS, however, 1s still unknown...

All families

Neutron Matter EoS (28) v

Cold Neutron Star EoS (149)Y

Neutron star crust EoS (13) ¥
Cold Matter EoS (17) v
General Purpose EoS (132) ¥

A large number of EOS
available on CompOSE
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Different EOS predict
distinct stellar structures
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Multipole Moments

e Neutron stars are not static because of
- spin
- external gravitational field
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Multipole Moments

e Neutron stars are not static because of
- spin
- external gravitational field

* By perturbation analysis, we can also calculate

External
gravitational field

Moment of inertia Tidal deformability Spin-induced quadrupole moment
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Universal Relations

* The correlation between stellar properties can be robust

(APR)

* I-A,-0O relations are insensitive to EOS variation MM
2.2 1.7 1.2 0.78
ithin ~1% for neutron stars (Yagi & Yunes 201 ¥ o ' ' Tom
wit % for neutron stars (Yagi & Yunes 2013) Yagi & Yunes 2017 B
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Absolute deviation o, .
from fitting relation But different EOS predict

very similar I-4, relations!
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Universal Relations

* The correlation between stellar properties can be robust

(APR)

* I-4,-Q relations are insensitive to EOS variation M7 M

within ~1% for neutron stars (Yagi & Yunes 2013) ¥ s i = 378

Yag1 & Yunes 2017
« Assumption: the stars are made of perfect fluid '
with isotropic pressure

O APR
® ALFS5
O ap3
O Ar4
SLy
[0 sal
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0 sv
Ski4
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10 o) lgls:nzo
Stress-energy tensor 4 : 10
= 10" E - 10 ﬁ
t 7/' 8 gﬂ TS E- 5 O DBHFm(.A)
i 7 5 - s e B
— ..4 : B GA-FSU2.1-180
p 000 ™ 10°F  Zoom-in & ¢ :
0 p 0O =+ —= i
- b‘?’: 10“‘; T o
O O p O 10-5 _0 - E L:?M:l
10 10_5 p=— = Newton!
O 0 0 p 10 )

- - Absolute deviation o, .
from fitting relation But different EOS predict

very similar I-4, relations!
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What If Neutron Stars are Elastic?

 Pressure inside neutron stars can become anisotropic

* To calculate their I-1,-Q relations, we adopt
- elastic star models (Karlovini & Samuelsson 2003, Dong er al. 2025)
- perturbation equations with pressure anisotropy (Yagi & Yunes 2015)
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What If Neutron Stars are Elastic?

 Pressure inside neutron stars can become anisotropic

* To calculate their I-1,-Q relations, we adopt
- elastic star models (Karlovini & Samuelsson 2003, Dong er al. 2025)
- perturbation equations with pressure anisotropy (Yagi & Yunes 2015)

e But wait... are hybrid stars and T
' 1c? asTiICl
quark stars indeed elastic? ) 4 Neutron star @)

-
— = ~——

Photo credit:
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Crystalline Color Superconducting (CCS) Quark Matter

» Assume the quark matter 1s CCS
* Have a rigidity ~1,000 times larger than that of neutron star crust (Mannarelli ef a/. 2007)

Crystal structure of quark matter (Mannarelli et al. 2007)
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Crystalline Color Superconducting (CCS) Quark Matter

» Assume the quark matter 1s CCS

* Have a rigidity ~1,000 times larger than that of neutron star crust (Mannarelli ef a/. 2007)
I

2 |z

T~

|
* Shear modulus: ; — . /p :

k 1s at most 7 X 1026 cm!/2 gl/2 g2

I

¢
L
(|

stress _ F/A

Crystal structure of quark matter (Mannarelli et al. 2007)

H="strain _ Ax/I
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Elastic Materials

 When elastic materials deform, .
Shear stress 1n response to

Pressure
l | restore the relaxed state
4 \\\ T ~ A
. i\ Deformation AT N\ .
n particles ﬂ\ ¢ > -‘\ /;_ n particles
v \‘ ~ — v
< >
<4 > .
) n particles
n particles p
Relaxed state Sheared state

» Sheared state: the particle number density has directional dependence
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Elastic Star Models

« Remain spherically symmetric in shape without perturbation
Stress-energy tensor

* However, p, # p, because the particle number density in radial

t r 0
and tangential directions are different _ v
—-p 0 0 O
0 s 0 O
B HDes

5 Sheared state 0 pt

J Dy <D D,
e : Yo Radial pressure
T Relaxed state ,
p.=p Tangential pressure
r !

Elastic star model
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Elastic Star Models

* A two-component EOS is adopted:
+(.52 A
+ (Q _ 1) iS? + 20,
\ 3

kY

p:
Pr =

)

o Unsheared component: fluid contribution

» Sheared component: additional shear contribution
from the CCS quark matter (formulated by
Karlovin1 & Samuelsson 2003)
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Elastic Star Models

17 /31

« A two-component EOS is adopted: Quantified by three parameters
~ . (~ ~2 ) {ptrans’ A P> CQM}
p =|p+|nS
) - g 2 Alford et al. 2013
pr ={pH+|(2— 1) 5% + S0
O S

o Unsheared component: fluid contribution

» Sheared component: additional shear contribution

from the CCS quark matter (formulated by
Karlovin1 & Samuelsson 2003)

Quark
5 Matter
Slope = Cgm

Energy Density
o
po)
zl

}

}
<>
[> 1
R
}

Nuclear
Matter

Pick a nuclear model Do
C.g., APR Pressure
p versus p of a sample hybrid EoS

(constant sound speed parametrization)
as the unsheared component
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Workflow

Ist step: construct an elastic star model (Karlovini & Samuelsson 2003, Dong et al. 2025)

dm

3247TT'2P,
dp B Amp,r3 +m
dr r,@r{ (p+pr) r—2m 200
A2, ~ ~ao2 , 90 (5
—|—4(e 2 1) [u+3uS +5 <Q 1)]}
dz  z|rdp /2
d’r_r[Bdr 3<€ : 1)}’
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Workflow

Ist step: construct an elastic star model (Karlovini & Samuelsson 2003, Dong et al. 2025)

d

—dT = 47rr2p,

dp g Amp,r3 +m

B — L) T 9
dr rﬁr{ (p+pr) r—2m 70

+4 (e*/zz _ 1) [ﬁ +3a52+ 20

y (2-1) } 2nd step: solve the perturbation equations (Yagi & Yunes 2015)

az =2l dp 3 A/2 1 d2w1 — 47TT2 (p+p'r’) €>\ — 1dw1
i bt I Ca b £ e i =
+ 167 (p + pr — 00) € wr,
dh2 47Tprr3_m—|—r )\de 3 A 2 A\ 1+87Tpr7“2 o 7"3 - dw1 9
ar —e"h —ek - o v 21
dr r € d7“+re 2+Te 2+ 2 e m2—|—12e =
Ap,r3
+47T(,0+p7‘) w62A§2+8W€/\00§2’
dky  dhy  Amprd +3m— g
=2 - _ 2 TPr7T° + om T'e)\h2+ TP, T m+re2>\m2’
dr dr r2 3
e r— 2m 2 dhg o dko
- —6 ) =— — 12007 ==
dr 6T[(p+p7‘) (47Tpr7“3+m)+2(7~_2m)00]{ r (p+p) dr ogr ar

d?v
— 2 —
3r (p+p7") d7“2

dv dw
—4og| &2 — 127"052) + 213 (p+ pr — 00) € Yy [(TE - 2> w1 — ZTd_rl] }
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Workflow

Ist step: construct an elastic star model (Karlovini & Samuelsson 2003, Dong et al. 2025)

dm

g 4mr? p,

dp g Amp,r3 +m

B — L) T 9
dr rﬁr{ (p+pr) r—2m 0

A2, ~ 1 a~q2 90 (& . . .
w4 ( 1) [+ sns? + 2 (6-1) } 2nd step: solve the perturbation equations (Yagi & Yunes 2015)

R I Cor_ w902 1
dr r [pdr dr r dr
+ 167 (p + pr — 00) e wi,
dho drpprd —m+r dky 3 2 1+ 8mp,r? oy r (dw\?
=2 2 M, + = LY v =2
dr r ¢ d7“+re 2+re hat r2 ¢ m2—|—12e dr
[ 4 r 3
3rd step: extract I, 4,, and Q Far (o) T G g,
21 dk dh Arp,r3 +3m —r Arp,r3 —m +r
ext 2 2 brr Y Pr 22
Q11— — bkl S _
“1 ( r3> dr dr r2 ¢"ha + r3 € m;
dés r—2m dhsy dks
1 = _ 2 e 12 2
h = _7% O <T_4) dr — 6r[(p+p,) (47p,r3 +m) + 2 (r — 2m) ao]{ 6" (Pt pr) g~ 1200r™ g
d*v @ i dv dwr
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Workflow

Ist step: construct an elastic star model (Karlovini & Samuelsson 2003, Dong et al. 2025)

dm

dm 9
P Amrep,
p B Amp,1r® +
B ) T
< )
a2z 1) [+ 3082 4 Lypm—t .
( )| " Input: «, {p anss D cé v )>and nuclear  Yns (Yagi & Yunes 2015)
de_ 2 {11 —3 (M2 - 1)} model
drorlpdr < Output: I, 4,, and O )
dhy  dmpr® —mA4r \dky 3 2 1+ 8mp,r? oy r3 _, [ dw 2
WS g TRt Rt et ma e T g
3
3rd step: extract I, 4,, and QO + 47 (p + pr) we”& + 8meroota,
ox 21 dk dhy  Amp.r® +3m —r 4rpprd —m +r
Wi = Q (1 — 7“_3> d_rZ - — er _ T . ey + T o e ma,
dés r—2m dho dksy
1 _ a2 dhy o di2
h;Xt = —7% + 0 (T—4) dr  6r[(p+pr) (d7p,r3 +m) + 2 (r — 2m) oo { 6" (p+pr) dr L2aor dr

d? d d
=312 (p+pr) Sy — 00| &2 — 120087 + 2% (p+ pr — 00) €My KT—V - 2> wy = 27“&] }

Ao = %kgidR5 dr? dr dr
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Stellar Structures are Modified
« Take {p_. .. Ap, céM} = {6 X 10*% erg cm-3,2 x 10"°g cm-3, 0.33 c2} and APR

» Quark matter rigidity provides extra effective pressure
« The maximum mass that can be supported increases
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Stellar Structures are Modified

« Take {p_. .. Ap, céM} = {6 X 10*% erg cm-3,2 x 10"°g cm-3, 0.33 c2} and APR

» Quark matter rigidity provides extra effective pressure

« The maximum mass that can be supported increases

Nuclear matter neutron star /
Fluid hybrid star

With maximal CCS
quark matter rigidity

rigidity

1rend of increasing
quark matter
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Multipole Moments are Modified

 For a hybrid star with fixed central pressure,
larger quark matter rigidity — smaller dimensionless
I, 2,,and QO =~
« How about their correlations? 10"}
105 -
- Irend of increasing <103
~ ~ -
S quark matter
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I-1,-0 Relations are Less Robust

» Take the I-Q relations as examples
» Larger quark matter rigidity — larger deviation
« Maximum deviation from fitting relation ~2% (fluid models: ~1%)
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Parameter Scan - Hybrid Stars

« Varying {p,. ., Ap, C(ng} and the nuclear model

e Maximum deviation ~3% for elastic hybrid stars (fluid models: ~1%)
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Parameter Scan - Hybrid Stars

« Varying {p,. ., Ap, C(ng} and the nuclear model

e Maximum deviation ~3% for elastic hybrid stars (fluid models: ~1%)
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Check out our paper for the
full parameter scan results!
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Parameter Scan - Quark Stars

'VQUm%E{Aﬁ%CéM}

e Maximum deviation ~4% for elastic quark stars (fluid models: ~1%)
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Possible Extension

* A more generic form of the stress-energy tensor under perturbation:
t 0 o

5 0 0 0
O Py P2 Pi3
O ... Pn Py
0 ... ... D3

« Stellar Pulsation of elastic hybrid stars and quark stars

e Numerical simulations

* Origin of I-4,-Q universality
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Summary
* Stellar properties are affected by rigidity

» I-4,-Q relations for elastic hybrid stars and quark stars are less robust
» A potential probe of neutron star interior

Stellar properties Quantum chromodynamics

General relativity

Thank You!



