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Introduction: NS EoS

» Cold degenerate matter

T < 109K, T,~1012K °|

> P(p),n(p), compos(p), ...
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Relation to Observables

* Tolman-Oppenheimer-Volkoff (TOV) equations
» GR hydrostatic equilibrium
> ROtesa Tolman (1939): Oppenheimer & Volkoff (1939)

P Arr3P
fdP _ Gmp (1 +W> (1 T ez )
E - 72 2G6m . :
{ 1-=—3 + P(p) as a given function
dm _ 4r?
\ar P ——
Initial conditions NS
p(r=0)=p mass & radius
mr=0)=0 B
r| =R(p,)
NS surface F=0
P o0 m(r=R) =




Oppenheimer-Volkoff Mapping

P 4mr3P\  » GR hydrostatics
dP Gmp (1 + pcz> (1 T )

me? ) S Rotesddm
dr 2 2Gm
1- rc2  Tolman (1939); Oppenheimer & Volkoff (1939)
d . —_

-~

RN
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Oppenheimer-Volkoff Mapping

1+L> (1+M> » GR hydrostatics

dp Gmp( pc? mc? >M
- _2Gm

dr ~ 12
1 rc2  Tolman (1939); Oppenheimer & Volkoff (1939)

d_mzzl.r[rzp 6 T IIIJIOV,P(p):;o_)llw_lRI
dr . : -
. 5 | i M
- Lindblom (1992): | Yov: M
oy 4
» numerics 2,0
» neural networks = |

(Soma+ JCAP 2022) !

1
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Oppenheimer-Volkoff Mapping

1+L> (1+M> » GR hydrostatics

dp Gmp( pc? mc? >M
- _2Gm

dr ~ 12
1 rc2  Tolman (1939); Oppenheimer & Volkoff (1939)

d—m=47'[7"2p 6 T'TI'A'lp‘IOV':'II')(p):;-U_)_'Illq'"_I'I'z'I"' L B
dr [ o : . _
. 1 asf Rrov Y%
* Lindblom (1992): ]t ¢ L
—1 i f 2.0 L : -
EllIJOV S0 /@/_/E i
» numerics 2,0 | =151 b
> neural networks = | s '
(Soma+ JCAP 2022) 2| 1= |
* TOV limit | e D
3 Mtov © Prov, Prov =, TS
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Universalities of NSs

= EoS-independent relations

e Binding energy = f(M,R) Lattimer&Yahi’'89; Lattimer&Prakash’01

 Oscillation frequences & damping times = f(M, R)
Andersson&Kokkotas’98; Manoharan&Kokkotas’24

 [-Love-Q, I-Love-C, binary |I-Love-Q Yagi&Younes’17

* Prompt collapse threshold for BNS merger
(M1 + M3)hres = f(Mrovy, Rroy) Bauswein+'17

* P(2ny) < Ry 4 Lattimer&Prakash’01

* Merger ringdown = f(Mrtov, Rtov, Ptov, R1.4)
Ecker+’24; Tyler Gorda’s talk

° ... (Jim Lattimer’s talk)

Common feature: based on TOV background

Dima Ofengeim 'Universalities of NS EoSs and M — R 7/32



This work

 Novel universalities: M—R & P —p

> 3 key parameters: 2 of TOV limit + R(Myoy/2)
(cf. Tyler Gorda’s talk)

« Explicit (semi)analytic Inverse OV mapping
(cf. Jim Lattimer’s talk)
* Novel method to constrain EoS from observations
(DO, Shternin, & Piran arXiv:2404.17647)

Further talk plan

Describe the EoS zoo

Show the universal fits

Build inverse OV mapping

A

Constrain EoS from observations via Inverse OV
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EoS Zoo (arepresentative sample)

169

T

->100 npeu _5, 36 +AXEA _5 33 tuds

models —
« CompOSE

« Read+2009

lg P/(poc?)

* Ozel & Freira
2016

 Gusakov, Kantor &
Haensel 2014,
Fortin+2017,
Ofengeim+2019,
Maslov+2016,...

0.5

0.0

-0.5

nucleons
+ hyperons

& isobars

+ quarks

...phenomenological, variational, Skyrme, RMF, QMC, QHC,...
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169 _ ->100 npeu S 36 +AXEA 4)33 +uds
models =
N .
*« CompOSE ok E
- W nucleons M > 2 Moy i
30 F M+ hyperons W 112 EoSs- 20 | Cs <€
Ak & isobars 1 .= [151 EoSs
« Read+2009 ;3325 - W quarks E Cé I
. i 15
_.5 20 _ LS
g M < 2Mg g
» Ozel & Freira £ 7} 7 hob £ 10
2016 "0k :
I 5
« Gusakov, Kantor & ;¢
Haensel 2014, i _
Fortin+2017, 0 oo 0
Ofengeim+2019, 0.5 1.0 1.5 2.0 2.5 3.0 0.4 0.6 0.8 1.0 1.2 1.4
Maslov+2016,... Mroy [Mo) csTOV /€

...phenomenological, variational, Skyrme, RMF, QMC, QHC,...
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Universal Fit R(M)

R M
=1+[2(\/E—1) 1/2—a] 1- + a = 0.492
Rrtoy TOV Moy
Ry/» = R(M+oy/2) Ry/2 M
1/2 TOV +|2(vz-1) —2+avZ|(1-
Rrov Moy
V_ [ T T T T LI DL L B ]
N [ M nucleons ]
+ L0 + hyperons 7110
o i & 1sobars
Q 15 I + quarks B
. N =
% 2.0 — — -2.0 g
E : — =
L 'E'D -2.5 - - -25 ©°0
e ITI;'MT,: [
e 0.6
8 30 F ~-3.0
Rin/Rrov) .y [
gslo v T T g
20 10 00 10 20

number of EoSs number of EoSs
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Universal Fit R(M)

R1/2 ] M
=1+(2(v2-1 —al |1- + a=0.492
Rroy [ ( ) TOV Moy
_ R M
R1/2 = R(Mrov/2) +[2(ﬁ—1) 1/2 —2+a\/E] (1— )
Rrov Moy

< M%lM@ T RS
N g il & S [l nucleons -
F L0 TM + hyperons 110
O i & 1sobars
Q

15 I + quarks

90 1 2.0

—
o
o
o
~
20

lg max |0 R|

-2.5 -— [T __ -2.5

“Effective” EoS manifold

dimension = 3
Ry,

Moy, Rtov,

Rty
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Myov, Rtov © Ptov, PTov

P3oy Ptov Prov _ | Prov Ptov Prov
—2 M — Ryoy = s—fr
G proy Po PoC GPprov

fit

Po ' Poc*

Cstov = Rtov
U B B BN
O nucleons

A + hyperons |
& isobars -
0 + quarks

DO+’24

0.0

1.41 —1.39
fiQM PTOV
poc? 00

02 04 06 08
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Myov, Rtov © Ptov, PTov

3
Moo = Proy f (pTOV p TOV) Rroy = Ptoy f Ptov Prtov
TOV — ) M ) 2 TOV — 2 R ’ 2
G3prov Po PoC Gproy Po Po€
— pfit
cstov = Rroy
LS BLELELE IR L B
1.5 o — i
i nucleons 7 <
A + hyperons . N
- A 3t 1+
& isobars 1 SN 10
. Mo + quarks | |& ) s

< o g ¢ » Earlier version: DO’20

= 5 | o

< b 2 wf- 2 > Explanation: Cai+’23
00 02 04 06 08 o 0.2 0.4 0.6 0.8 0.2 0.4 0.6 0.8

1.41 ~1.39 0.74 —0.84 0.98 —0.99
Prov PTOV Prov PTOV Prov PTOV
poc PO poc? PO poc? P0
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Universal P(p)

P (P p (P Ri/2 Ptov
p = » Erov, PTOV R
TOV Ptov Po KRtov Po
\ J _J
4 4
P > 3po Po <P <3Py
2 parameters + 3rd parameter
1 L B R T T T T T T T T T T
[ M nucleons ]
00 - + hyperons - - 0.0
ok ] i & isobars |
2 [ + quarks
é 05 405 =
o K s
2 —a— NL3wp < I
L —e— BSk24 Lo 110 2
. —— QHC19-A =P 0
2L -
o :p:< 3p: e —— >3 : 15 15
XX 5 0pa8884,, p Po [
: 0 g%%gnv%%o.é? €grgaoac0a -0 §
© _QO_EIE['DE.“?I?D. N L 200 L L .__2'06
00 02 04 06 08 1.0 32 16 00 16 32 Q
log p/po number of EoSs number of EoSs
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Universal P(p)

P p p Ri,2 Prov
= ; Prov, Prov | K | —; ,
Proy _ \Prov ) \Po Rtov  Po /

Ry/2 Ry/2

Dimension = 3: prov, Ptov, < Moy, Rtov,

Rtov Rtov
1 T N L T
" M nucleons ]
00 -l + hyperons - - 0.0
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2 "l -+ quarks
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Inverse Oppenheimer-Volkoff

Mapping

2.5 L
° u
u

| p—| — . —
5 20 X =
= x @ .

§ I x @

I % ® ]

I .

1.0 F x® -
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Inverse Oppenheimer-Volkoff

Mapping

3.0 I I I I I I I I
i | pal‘ametel‘S: MTOV' RTOV’

Ry/2
Rtov

i R'((M) \
| )

(fM: Prov) =M TOV\
1| fr(P TOVr = Rtoy
1\
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Inverse Oppenheimer-Volkoff

I\/Iapping

L - R1/2 : R
TOV i ;-
X
I it G \ ; i
17 \ N -
1| fm(F ;pTOV) =Mroy | & |
- ~—— 3 —
) fR(PTOVr =Rrov | |
\ QJ 3 :
\ plot P(p) 1
0.5-||||||||||- | | | |

2 arameters: Py, 212 P 8
P - Ptov, L' TOV) Rrov 0 / 00
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Application to M — R Observations

3.0 LI I LI LI LI LI I T T T T LI T

1.5 -

3 9 10 11 12 13 14 15 16

R [km]
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Theoretical Constraints

* Max compactness:

0 p < p-
Rhoades&Ruffini’74

* Ri/2 > Rroy il

20 |
1.5 — -

U)O].5: I

=

| _ = ¢
1.0||||||||||||||||||||||||||||||||| 10_
8 9 10 11 12 13 14 15 16 i
R [km] 51
|

1.0 1.1 1.2 1.3 1.4 1.5

Ry o/ Rrov
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Observations: Massive NSs

* Radio timing
PSR J0348+0432

Antoniadis+’13

. PSR J1614-2230

: = = : Demorest+’'10
Ifl: « “Spider” binaries ¥
1 PSRs J0952-0607, :
I J2215+5135, J1311-3430, §
) J1810+1744, J1653—-0158 §
| NS @ c§
| I1|6I Normal <:>
or
Brown
; Dwarf
BT | ottimer12

Neutron star mass (Mg
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Observations: NS atmosphere fits
 NICER data

Riley+21
PSR JO030+0451 Miller+19
PSR J0437-4715 Choudhury+24

« NS in Cassiopeia A SNR
Shternin, DO, +°23

-
.f!:
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http://spacefellowship.com/wp-content/uploads/2009/11/heinke-visual-2.jpg

Observations: GWs from mergers

« GW170817
>

“binary I-Love-Q”
2000 V\"\\Less Compact X 4’3}

Love-C
N

/lf ~
N
7 \_“

1500+ More Compact ™\

] = 1000

/r'%§ \\
500 ZZEAR N
| WHY S

750

1000 1250
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Observations: GW counterparts
Rezzolla, Most, Weih, ApJL'18

! blue kilonova |:> No prompt

I

collapse
GRB 170817A E{) BH
formation

U

Moy < 2.16197IM 5 (90%)

 Other KN interpretations?
Blinnikov+22
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Observations: X-ray bursters

« Cooling tail method
Suleimanov+16,17; Nattila+’16

4U 1702-429
Nattila+"17

SAX J1810.8-260
Nattila+'16
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Applying Inverse OV mapping

Mrov — Rrov R(M) Prov — Prov
3.0 |/|| 1"'I"'I"""I"'I'&'I
| " E90% stat 7
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= (o

— O - g
= || S | -
=, 20 y = | ]
§ | 1810.8 o I |
Ay o0 1 | .

E ~ . '_‘o V_
i > % o 00?)0 g § S 4
ol ~ 0437 i I i
[ cesh /] I Q
L Q 4

- GW -

I 90% | 2 | . .

1.0 Ll I L1 1 11 1 | 1 ] | N I | | | S | | L1 1 I 1 1 1 1 | 1 1 1 I 1 1 1 | 1 1 1 I 1 1 1 | 1 1 1 I
8 9 10 11 12 13 14 15 16 -0.2 0.0 0.2 0.4 0.6 0.8 1.0

R [km] log p/po
— +0.05 +1.0
Mrov = 2.28 9 M Proy = 3.5%95 poc?
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Comparison with Other Works

e Annala et al., Nat. Comm. 2023
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(Aleksi Vuorinen’s talk)
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> piecewise cs(u)
» low p: chiral effective field

» high p: perturbative QCD
(from ~ 40p,)

Komoltse
1 T —

T T I I
El 90% stat

ws 90% stat-+sys
—— MMNS 90%

v&Kurkela’22

I
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Comparison with Other Works

e Annalaet al., Nat. Comm. 2023 -> —77 2l
~2 PSRI8437=4735

> PSR J0437-4735 vV
Kom_oltsev&Kurke/a’ZZ

* Rutherford et al. ApJL 2024
(Melissa Mendes’ talk)

3.0 AR LR R l
E 90% stat
[ i 90% stat-+sys
......... ~ = MMNS 90%
2.5 /./ — i
I —~ 0
—= ] js
o
~ .’ S
L 9 ; 4
= i B
i o L
.’ S
15 ; . B NICER24 CS 90%
' ] B -
! - r
I ! | Y 4 N -
1.0 1 1 ,I L 1 1 I 1 { [ | I 11 L I L 4 1 l L 1 L | 1 1 1 | 1 1 L I 1 L 1 l 1 1 L I
8 13 14 15 16 —O.2T 0.0 0.2 0.4 0.6 0.8 1.0
lo ;
g p/po DO+'24

R [km] Hebeler+’13
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Comparison with J. Lattimer’s talk

Th IS talk J. Lattimer’s talk

o Ry, be 1 Ry, el (Mo de f
fFo= 987\ 10km 10km M.,

bp. cp. - dp.
P e (i) (N (Mo

|
R1/2/RMm%ax

1.6

-+
=c
5
,
t
=F ® Ga0 o o o
of--a-- 8% % o _enofhg e e i oy - - ---
- [
N 1

* Restore R(M) v X

from observations

- \
* Inverse OV mapping ‘/ ‘/*
R(M) » P(p) > *if R(M)
* Inverting TOV equation «| 'S given
M - Pc'pc X / y
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Conclusion

« Effective dimension of the EoS manifold = 3
(at least, for densities dominating in NSs with M > 1M;)

» loss of nuclear-physics information?

« Handful parametrization:

Ry /7 Ry/2
Mrov, Rtov, / Rroy  OF  Prov,P1ov, / Rtov

« Using such the parametrization we built

» universal approximations for P—p and M — R

> (approximate) explicit analytic inverse Oppenheimer-
Volkoff mapping

« Applications:
» constraining EoS through observations
> other observables = f(3 parameters)?
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Thank you!

arxXiv:2404.17647
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Other Possible Applications

* joined spectral fits of multiple sources; avoid “the
information loss” due to intermediate M and R determination

. C e (Brandes+’24)
e constraining individual sources
25 \\ -1 -

: \ It ] *‘ : before
) | I I .~ joint fit
gmi Q 1 11 TN

d — after
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Universal P(p) at high p

P :g< - o > - ¢stov(Prov, Prov)

Doy y CsTtov, YTOV Prov
N Y10V = m gTOV(P TOV: PTOV)
p = 3py < center of 1M, 2 parameters only
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