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Static Neutron Star Properties

e Tolman-Oppenheimer—Volkoff(TOV) equations:
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The()l‘ies 302‘ &= yEFT N3LO

* Ab-initio: "Z
Inter-nucleon Hamiltonian (yEFT, ...) 3
+ Many-body method (Perturbation, Monto Carlo, ..) =

* Energy density functional:
Mean-field Hamiltonian
+ Single-body method (Hartree-Fock, ...)

Schrodinger equation (Skyrme models)
Dirac equation (Relativistic mean field models) -
-
» Perturbative QCD: > &= pQCD N2LO
QCD Lagrangian (quark-gluon coupling) =101}
+ Analytical method (vacuum and ring diagram)
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Symmetry energy Egy,(u = ng/ng, x = n,/np)

Neutron star matter =~ Pure neutron matter = Symmetric nuclear matter + Symmetry energy
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» Dipole polarizability of “*Pb: "
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https://journals.aps.org/prc/abstract/10.1103/PhysRevC.88.024316
https://arxiv.org/abs/2207.03328

Maximum Mass of NS
EOS bounds
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Tidal deformability from NS merger

U UM“MU i

Tidal fields —s—Quadrupole moments
Hotokezaka et. al. 2016

—/lglj(t) _ Ql](t) 010 2030 4050 60
t.. (ms)

ret

Oscillating Quadruple moments—s—Gravitational waves

. 1 32
E(w) = — s < ng §> = — ?M%u w10/3[1 + g(w, A, of)]

(M a’
Energy of stable orbit: E(w) = — Mo ~?°[1 + flw, A, @y)]
dE(w)
, dd o
Orbital phase: = 2w—m=—phase advance = 2w
dt dw (20)

_ . . - 16 (12g + DA + (12 + g)g
Tidal effect contribution « A =
13 (1 + g)’
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A « R?, for Precise NS Radius
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EOS Sensitivity to NS Oscillations

g-mode frequency in Hz

p-mode are sensitive to pressure at saturation
density and twice saturation density.

f-mode are sensitive to pressure at twice the
saturation density.

Composition g-mode is sensitive to the chemical
composition of dense matter, e.g. lepton and

quark fractions, Y;,,and ¥,

Discontinuity g-mode is sensitive to phase
transition properties in the core of NSs

Zhao & Lattimer 2022
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Hadron-quark Transition in Neutron Star Core

| p(€)

Maxwell transitiong Between Maxwell & Gibbs

Hard hadronic EO




1

Maxwell

Between Maxwell & Gibbs

Partially local & partially global

Global lepton fraction

l—-g
* Locally neutral leptzon denlsities:
Mo N = n He 0 = gn o gnd 1200 - —— Sly4
_ vMIT
: -+ 1000 --- Maxwell
» Global lepton density, 7, i : o
: S 800
* Total lepton density: g L g=0.1
= L g=0.2 .
Ne = g(fne,N + (1 _f)ne,Q) + (1 _ g)ne,G % 600: — 8=O.3
| - 3 400f 970 :
» 2 =(0 — Gibbs transition 5 S Jur -
g =1 — Maxwell transition 200? 8:8:; _
» g could be related to 8.0 0.5 100 L 2
hadronic volume fraction f baryon number density ng (fm=3)

Surface & Coulomb energy. C. Constantinous et. al. 2023
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Hadron-quark Transition in Neutron Star Core

" /
Maxwell transition Between Maxwell & Gibbs

Hard hadronic EO

Quarkyonic transition

oft hadronic EOS

.

—~
Soft hadronic EOSs is flavored by ab-initio calculation,
neutron skin experiments & neutron star merger observation.



Quarkyonic Matter EOS

« Perturbative quarks = quarks deep inside Fermi sphere 250}

« Baryons = triple-pair of quarks near Fermi surface

o Quarks -—————- Daryons
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Summary

EOS constraints around saturation:
ab-initio > experiment > observation (but improves fast)

Maximum mass constraints EOS around four times saturation.
Low-density extension of pQCD is marginally relevant.
Soft-to-stiff transition is flavored.

First-order transition is possible but needs fine-tuning.
Quarkyonic-like models are more natural to explain all.

Thank youl!
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Why electron-weak probe”

o M2 G — g %V :Joo,ig;izede-

L =...+ g J§Zﬂ— ZZZ”Zﬂ+... "y 2M3,
cos(Ow) sin2(©,) = 0.223
The only source of parity violation: ,
J, == EWLV” y; — sin*(@)gyty = — Zl/_f 1 —4sin*(Oy) — 7|y
Approximately zero—]@a?gel,‘ since M, ~ 500 fm™
r/ e— 7 r—r , I/,/

Dy(r) = JMdr3 ~ PwAT)

dr|r—r'] M?

Weak compared with Coulomb interaction: @y, < < O

0, =1 —4sin*(Oy)
(0.0721 with correction)

<<

0, =—

(—0.9878 with radiative correction)

unpolarized
target
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Flowchart of Applying PREX and CREX Data

o CREX
Mass e
Radius g
- S O (28,20) Ca
Binding Energy g
: .. O Likelihood Rch, BE, Fch Q)
Tidal Deformability ©
= Mass (Binding Energy) > 0.8733
Moment of Inertia g 9 gy
X Electric Charge Radius s
— + LL. WO 0.1581, 3.481
+ Scattering 2668:+106(stat)
NS EOS Nucleon Density* Problem Measured +40(syst)
Profiles ¢ Born 0 0.1304£0.0052(stat)
* Approx. & +0.002(syst)
Beta-equilibrium & Finite Nuclei Kernel Fourier% 0.0277+0.0052(stat)
Droplet Model Calculation Transform é +0.002(syst)

4 4

Skyrme & RMF Models

Bulk Nuclear Properties

Prior in Bayesian Analysis

Weak Charge Radius
Neutron Skin

3.64+0.026(exp)
+0.023(theo)

0.159+0.026(exp)
+0.023(theo)

0.121+0.026(exp)
+0.024(theo)

CREX 2022

PREX

(126,82) Pb

0.3977

0.409, 5.503

550+16(stat)
+8(syst)

0.368+0.013(exp)
+0.001 (theo)

0.041+0.013(exp)
+0.001(theo)

5.8+0.075(tot)

0.297+0.075(tot)

0.283+0.071(tot)

PREX 12012 PREX Il 2021


https://arxiv.org/pdf/2102.10767.pdf
https://arxiv.org/pdf/1201.2568.pdf
https://arxiv.org/pdf/2205.11593.pdf

Can CREX Measure Neutron skin?

045 208pp, e
. , L[, ; o3
RMS radius: < r“>=—|rp(r)d’r £
0 02l
: —i LR ONERWE —1_1 2 42 = 130 - L130
Form Factor: F(q) = e' T o(r)d’r = g <r->+4... o1} :
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— ! - O'O_llllllllllllllll.l....|....|..1
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im <7 >= > 48Ca| 1 | 156 | 073 Feo _ o
g<<1h/ < r*> q
, o 030L o 130-1130 . o.qr
Form factor to radius mapping is much less accurate for CREX: .« Su3l-Svs1
1. Momentum transfer q is a bit too large for CREX. =0 ¢ REXLS
2. MFT uncertainty increase for lighter nuclei. 5 0-20F +?
< 0.15F
Better use form factor to constrain nuclear model. )
0.10f
0.05¢t ! .

"0.02  0.03 004 005
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'Sigma Tension| Rch, BE, Fch

+CREX 1.59 (88.8%
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» Consistent with Ab-initio calculation:

Z = M(Q) =+ Eexp + €em T Emethod T €models
IMSRG, MBPT and CC calculation of 48Ca and 208PDb.

Hu et. al. 2022



https://journals.aps.org/prc/abstract/10.1103/PhysRevC.92.064304
https://www.nature.com/articles/s41567-022-01715-8

Regge-Wheeler metric

Perturbation on Schwarzschild metric

£y
¢ ds*=—e**(1 + Ho(r)e’06'”Yln,l(qb@/)cla’t2
+e* 2 (1 — Hy(r)e''Y, (¢, )dr?
—2iwr™ H,(r)e'® dtdr 3
+(F=Ke™Y, (¢, 0))r2dQ? Quadrupole moment  Tidal field
/ | — DY
o ODE for Static tidal deformation : w =0, I = 2, m = @jga] deformability

use g,, term to match Newtonian limit at large r,
l+gyo |, .4M 3O0Xx%

—e..x'x/ + Cr* m£2,—1,—-3

2 2 Y ro 2 Z i )

Newtonian potential of deformed star
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Attempts to Solve the Tension

Density dependence of symmetry energy: ‘bulk’ density variation

are traditional

* Sv31-Svs1 are unusual
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cov[p(n,), p(n,)]

Pearson Correlation

(X; = X)(p; — P) I'x (ny = py)’
= E S(X,ny) =
COV[X p(ng), P] P. — (X, ny) \/me exp| 207 ]

[fm] Fch-Fw Skin Fch-Fw Skin

Observable leellhood
Pressure at given density

cov[X, p(n,)] = Jcov[p(nl),p(nz)]S(X, n,)dn,
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Conclusion

There’s 1 to 2 sigma tension between PREX + CREX and the model constrained by nuclei.
The mild tension helps constrain density dependence of symmetry energy
CREX indeed provides more information than PREX.

PREX + CREX is consistent with ab-initio calculation, dipole polarizability, and other
experiments regarding symmetry energy.

Astronomical observation has very limited constraints on EOS below saturation.
Absent of a direct Urca process is supported by PREX + CREX.
Looking forward to MREX confirming PREX.



Maxwell and Gibbs in Van der Waals Gas

I | | l

0.80 - .

i B i

0.75 F .

D A2 ]

0.70 F i .

o o -
o I ]
:@ 0.65 |- .
R E Al ;
0.60 |- -
0.55 - .

- A Z

0.50 |- :

: | I DN WA Y Y PN (AN A N N (N LAY | T R I I S VN | N W I | Y I 1\ S A AT N VA O | :

0.5 1.0 L 2.0 2.5 3.0 35 4.0

Volume



Sv-L Posterior with RMF
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Skyrme Result
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Skyrme Result
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Finite nuclei with MFT

* Nucleon densities of ‘%X: _ value oi
« o e . Ca
(1) Guess the initial 4 density profiles. Hen 3.48  0.0696
. R_,ZT 427  0.0854
(2) Solve Klein-Gorden Eq for 4 mesons fields. 08 . 1
. . . ch ° ¥
(3) Construct local 4 single-particle potentials. BE®Ca  ge7  0.1734
(4) Solve Dirac Eq for lowest Z (N) proton (neutron) levels. BE 27 871  0.1742
. 208
(5) Compute ground state 4 density profiles. BE ™ 787  0.1574
. Ca
(6) Repeat (2) To (5) until converge. Fep 0.1581  0.001
Pb
F, 0.409  0.001
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Impacts of Crust EOS and Core EOS on NS Properties

Impact on crust-core transition density

e Transition density decrease with symmetry energy slope L.

o With current yEFT interaction, core-crust transition density can be fixed to

3DB-UNI +0.004,,+0.010 -3
g 0.07475003(0) Zg.006(20) fm . 000 [
—_ . —— E,, L, K,=954.25, 39.36, 42.38 4
2 I En, L, K,=955.19, 47.17, 82.41
= 990:'— E, L, K,=956.14, 54.80, 121.70
c r— E, L, K,=957.09, 62.33, 160.30
O . 5 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 /I’ 1 / g 980 __ R Enp |_, Kn=95805, 6979, 19832
- L=39 36 MeV // //// Cr:? i Drischler calculation(yEFT)
B . v 4 7 ,%, . 970'_
— : L=47.17 MeV //,;:,;/ g
_ 0.4 — L=54.80 MeV s 5 960
é | —— L=62.33 MeV 2 i 950
% . —— |.=69.79 MeV
_ —— crust
= 0.3 crus * u=0.215
-=—= COore
v ¢ u=0.355
5 x  u=0.500
@ 0.2 m u=0.645
o # u=0.785
® u=1.000

Odsg 949 950 951 952 953 954
ug (MeV)

EOS at crust-core transition



skin € core

Dipole Polarizability

E.M. interaction probe: photo-absorption

5 10 15 20 25
Excitation Energy (MeV)

» Strength function of Dipole operator D: T T T ' '
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Dipole Polarizability

Photon excitation works below neutron ionization.

Proton Coulomb excitation at RCNP, Osaka

* apdyis a better observable than a,
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Born approximation

. . _ Up
. Axial weak potential, A(r) = >3 Pw(r)

* Scattering amplitude:
<w. |A(D)|w, . > d%—ﬁ ety (0)d3r = GFQWF (q)

UR_GLNGFQZ‘Qw‘ FyAq) (FE+Fw)2_(FE_Fw)2

A — ~
i Or T Of, ; Fr(q) (FE+FW) + (Fg— Fy)?

where F(g) = I ]O(qr)p(r)d sin(gr) .

f o(Nd3r qr

34

and jy(gqr) = is spherical Bessel function
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Weak Charge of Nuclei

Weak charge: Qy, = 275 — 4QE sin(Oyy)

2
where weak isospin T3 = — — for e ,u"3,n,and T; = — for v, d=3

2 2
Neutron weak charge: O, = — 1 (-0.9878 with radiative correction)

Proton weak charge 0,=1-4 sin2(®W) (0.0721 with radiative correction)

W _ E E E
Neutron form factor: G = 0,6, + 0,G; + 0,G;
Proton form factor: p = QPGE +0.G”+ 0,GS

Weak charge distribution: py,(r) = Jd3r’ G,,‘f/ (r—r)p.(r) + G;V (r — r’)pp(r)]

Electric charge distribution: pz(r) = Jd3 ’ GE(r —1)p,(r) + GE(r —r )pp(r)

Additional complicity: many-body correctlon center-of-mass correction, the magnetic
contribution from spin-orbital current(SHF) or tensor density (RMF)
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Measured Asymmetry

¢ Flowchart of PREX and CREX

“Undo” Coulomb distortions
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* Modified Urca process with superfluidity explains most cooling data.

PREX+CREX is consistent with the absence of evidence for the direct Urca process.
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Conclusion

There’s 1 to 2 sigma tension between PREX + CREX and the model constrained by nuclei.
The mild tension helps constrain density dependence of symmetry energy
CREX indeed provides more information than PREX.

PREX + CREX is consistent with ab-initio calculation, dipole polarizability, and other
experiments regarding symmetry energy.

Astronomical observation has very limited constraints on EOS below saturation.
Absent of a direct Urca process is supported by PREX + CREX.
Looking forward to MREX confirming PREX.
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QED and Weak interaction

* Lagrange involving electron:
M2

oW W7, ——27'7, + ...
cos(Oy) 2

J* = (pg,J) = wy*yis electron 4-current,

Z = 1ypyro,w — myy + eJFA

. _ 1l _ .
and J}, = — EI,_UL}/'MI,UL — smz(@))lj/‘/}/”l// = — ZW [1 — 4 81112(@W) — ;/5] W
Weak mixing angle: cos(®y,) = VW = 0.882
Z
Suv

. Z boson propagator:
propag M% e

gy

1/2M3,

. 4-Fermi effective interaction at zero momentum : G5 =

43
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Maxwell Equations of E.M. and Weak fields

* Lagrange involving photon and Z boson:

|
F = |——F*F  + eJtA
4 HV K

1 1
- l—ZZ””ZW+ oW iz ——M22”Z]

cos(®y) ¢ * 2
where I/, = 0"A,— 0"A, Z,, = 0"Z,— 0"Z,

A, =(D,A),Z, = (D Z) are gauge boson fields,

and J' = (pg, J) = ywy*yris E.M. 4-current of an electron.

0@
. E.M. field follows Maxwell Equations: V*® — el pr + (M?*® for massive Z boson)
o o)
Static electric potential: ®(r) = dr
dr|r—r'] |
Satic 7 A J 0.(r)e ler—rld ; : /)J o —Mzlr=T 3 pAr)
atic Z-boson potential: r) = r° & pAr ro =
P £ dr|r—r'| Pz dr|r—r'] M?

Weak interaction is approximately zero-range, since M, ~ 500 fm !



Dirac equation in E.M. and weak field

V-A theory
Lagrange involving electron: ,
. _ _ Ew M;
<L =1wyto w — mywy + eJVA + JbZ ——=77 + ...
oo Y Hocos@y) £ 2 F
Electron weak 4-current: | |
Ty == S0+ Sin*(@)py*y = — i 1 —45in*(@y) — |y~ 21/7}/”7/51//

Dirac equation: |ap + fpm + ‘A/(r)] Y = Ey
p,(I)

[T’ —r|

where V(r) = V(r) + ysA(r), V(r) = Jd3r’ , A(r) = ;Z Pw(r)

In the massless limit(Weyl basis): [ap + VL,R(r)] V¥, r = Ey; g, where V (r) = V(r) £ A(r)
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Parity violating asymmetry A,,,
The observable in PREX and CREX

Op — O

. Parity violating asymmetry: Apy, =
Op + Oy

where oy, 6; are cross-section of the scattering problem:

[ap + V; R(r)] L.r = Ey; g, where V; p(r) = V(r) £ A(r),

p,(T)

V(r) = [d3 — A = iPw(l")
r'—r|’ 2312

which is called “Coulomb distortion” in this context:
Coulomb distortion stands for repeated electromagnetic interactions with the

nucleus remaining in its ground state. This is of order Zo/x, 20 % for 208PDb.
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Form kFactor

do Z%e*(1 — p*sin” %)
_ Point charge Coulomb (Mott) scattering: [—]
Mott

S 647°e5p? % sin? %
7 2 / d3 /
. Extended Coulomb scattering: : > ezj pr) ,r
do do ' r=r
0 [d_Q] | F(q) |7
1 Mott 1 1
F(q) = EJe”"’p(r)cﬁr = EJ (1 +iq- T — E(q 1) + ) o(r)d>r
=1——qg°<r*>+... assuming spherical symmetry

6[1 — F
. Atsmall q, lim <r?>= [ 2 (q)]
g<<\ <r?> g
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Born approximation

. . _ Up
. Axial weak potential, A(r) = >3 Pw(r)

* Scattering amplitude:
<w. |A(D)|w, . > d%—ﬁ ety (0)d3r = GFQWF (q)

UR_GLNGFQZ‘Qw‘ FyAq) (FE+Fw)2_(FE_Fw)2

A — ~
i Or T Of, ; Fr(q) (FE+FW) + (Fg— Fy)?

where F(g) = I ]O(qr)p(r)d sin(gr) .

f o(Nd3r qr

48

and jy(gqr) = is spherical Bessel function
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Weak Charge of Nuclei

Weak charge: Qy, = 275 — 41QE Sin“(Oy,) )

where weak isospin T; = — > for electron, up quark and neutron, > for neutrino, down quark and proton

Neutron weak charge: O, = — 1 (-0.9878 with radiative correction)
Proton weak charge O, =1 -4 sin2(®W) (0.0721 with radiative correction)

W _ E E E
Neutron form factor: G = 0,6, + 0,6, + 0,G;
Proton form factor: p = QPGI',E +Q G-+ Q G-

Weak charge distribution: py/(r) = [d3r’ G,}f/ (r—r)p, (r)+ GIF/ (r — r’)pp(r)

Electric charge distribution: p.(r) = [d3r’ G,;E(r —1r)p,(r) + Glfj(r — 1r)p,(r)

Additional complicity: many-body correction, center-of-mass correction, the magnetic contribution from
spin-orbital current(SHF) or tensor density (RMF)
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Finite nuclei with MFT

(1) guess a set of initial density/current profiles {o(x)} (this notation denotes the baryon
and 1sospin densities, plus any other spin or scalar densities); most can be set to zero
or initialized with a Fermi shape with appropriate parameters;

(2) evaluate a functional of the {p(x)}, yielding a local single-particle potential Vg(X);

(3) solve the Dirac or Schrodinger equation for the lowest A eigenvalues and eigenfunc-
tions {€,, Yy }:

. K Vi 5, Of
[—lOt -V+ M+ 5Vs(X)]%(X) = € Vo (X), O'O — 77120'() — @ols + = 0 gg()'o s s ” giO'S ggp(z) % :
or
. £ @ = ,» Of
) Vz o o o [U'(I)/ — ms‘,)a)o — gl + = gia)a —~+ gp .
M F V(X)) (Yo (X) = €4 Y (X); 0 deg
) ) ol L 302 . 4 3
(4) compute new densities, e.g., Po = M,P0 — 5 gp 8PP0 b 6 Qpﬂo ;

0 = (lé — 8u®0Yo T %8;))00')"0 — M + 8000)% ’

A
p(x) =Y |Ya®|, | _
gl } 0= (i — gww070 — 38pP0T0 — M + g500)Y,

and other observables (which are functionals of {€,, ¥y });
(5) repeat steps (2)—(4) until the changes from iteration to iteration are acceptably small,

1.e., until the solution 1s self-consistent.
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FSU-type RMF model

Zo=wliyro, —my+ —

2z =2+ 1/7(&;6 — 8ot w, —

Scalar isoscalar
Vector isoscalar

Vector 1sovector

1 1 1 1
> (8”06 o — m-c”) + zmzw”a)ﬂ — ZQ””Q + — > pp”pﬂ — Zp’“’p,m/
Ly, Y = 2~(8,0)’ — —~(8,0)* + (g0 )+ A, (200, ) (520 )
9) H o 4! o 4! @ H WP rOp H/ O w H
NL3 FSU FSU2
my | 008.194 491.5 497.479
m, | 782.501 782.5 782.5
m, 763 763 763
g% | 104.3871 | 112.1996 | 108.0943
g2 | 165.5854 | 204.5469 | 183.7893
gg 79.6 138.4701 | 80.4656
K 3.8599 1.4203 3.0029
A | -0.015905 | 0.023762 | -0.000533
¢ 0 0.06 0.0256
A 0 0.03 550.000823
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Oscillation modes
A(r)e'”" o =om+2t

Standing sound wave of order n:

) d_Pk2 _ VITH D
de 27R Gravity & interface

n=0 f-mode (fundamental) ' _7{,
n=1 p-mode (pressure) -

Pressure supported

Stratified fluid in uniform gravity g:
e (e, —e_)gk

¢, /tanh(kd, ) + e_/tanh(kd_)
Discontinuity g-mode (interface gravity mode)

Buoyancy oscillation in uniform gravity g:

' ; g (o0e\ dx 1 1 n, n
T 0NN =— = ) ar = g%( > > ) x={—,—,T,...)
T T e \ox /) dr ¢z, ¢ ng np

Chemical g-mode (gravity with composition gradient)

STEVEN PRICE




f-mode universal relations

—-— Lau Fit

—— LauFit ] : _
0.15 -—- ChirentiFit1 __ 6_—l/ == Chirenti Fit |
- —— This Work | ch | —— This Work :
¥ 0.10F 1 £ | . -
% < 41 First proposed
3 15 Lau+2010
0.05¢ | One node -1 A2f -
hybrid NS> Branch : -
C:I()_()OI""I':::I::::I::::I o —+—+—+—+—+—t—+—+—+—+——t—+—t——t—+—t—Jpt—
S 1 A _
J [ N T o T~ - i
—~ 0.0
: 5 10 175 20 Bne-node
0.1% deviation except for 1% deviation except for Branch
one-node branches one-node branches
13 Jauaedgen 0 Qp = GMcof/c3 ( < $°'* in Newtonian)
0.75F + -
121 ; 1. Qf — A is slightly weaker than Qf —7
0.70 : _
R . L ik 2. Qf is close related to compactness [
$ _ s e ....,o ’“.. -
0P| ¢ HE ARSI, ]
. F .“ S ope i 2
_ M . Qf — (0887 + 0061) ﬁ3/ Quark star
0EoL J‘).V*' + Hybrid NS
i (T =—=iggy: = HadmonicNS Qf = (0.714 = 0.056) ,55/4 Hadronic & hybrid NS
O%§~_ —— N3LO-cen * Strange QS -

010 015 020 025 030 035 _



https://arxiv.org/abs/2204.03037

p- modes W|th SHF and RMF EOSS

%\40_ — Flttmg T .l—. ].5‘1;:tl1ng
= %k % SHF % SHF
; i % RMF sk RMF
o 30 r=-0.95
S | r=-0.90
S 20F " *
Q P EEPEPETE PEPETEEE EPEPETE B PP PP IS AP " IS NPT P bl P PR NS FErararE
1.4 1.6 1.8 2.0 0.20 0.25 0.30 0.35 50 75 100 125 2 3 4 5
f1.4(kHz) 7 (sec) Ly(MeV) P(po)(MeV fm™?)
. 1.00
1 .  y | - . .
o 1/1.4 is sensitive to EOS P -0.92 0.85 : 0.82 -0.76 o
around saturation 0.50
o 0.87 0.92 0.84 0.76 0.97 1.0
e J14 and T{ 4 are sensitive to e
EOS around twice Saturation -0.89 -0.88 -0.76 -0.77 -0.77 -0.98 -O.96| 0.00
deﬂSity .0.85 -0.9 -0.81 -0.97 -0.97 JREEE
-0.50
Higher order p-mode is sensitive . U el R ¢
to EOS at lower density m -0.75
| -0.9 -0.87 -0.91 -0.93
—~ > = = o o o =) < < -1.00
Athul, Zhao, Kumar, S § & § X O S S B <
Agrawal, Prakash 2022 ™ B? y % < BACK



https://arxiv.org/abs/2205.02081

Discontinuity g-mode
First order transition

B>(M,/M)(R/R)>(Ae/e,)D tanh[D]

Q2 ~ :
® 1+ Ael/e, + tanh[D]/tanh[D(R/R, — 1)] 3
. .. R, M, Ac :
Qg is sensitive to structure factors, ey :
R M ¢ :

ny

Contour of I/g(nt, Ag, CS2 ) \ M=M,, . Hz

Dotted: Chrial EFT
Uncertanty 5%

Dashed:
maximum mass

Frequency: v, < 0.8 (1.5) kHz for CS2 = ¢?/3 (c?) Zhao & Lattimer 2022
Damping time: 7 > 100 (10000) s BACK


https://arxiv.org/abs/2204.03037

Compositional g-mode universal relation

Halglrnonic: ZL  First-order: Gibbs Crossover: KW

[ —— ZL40 --- Gibbs40 -+~ KW40 * 1
0.4} | — ZL55 --- Gibbs55 ===+ Kws5  /f _ 1/2 — gze”_ﬂA(c_z) A(C_Z) — gz( )
800r —— ZL70 --- Gibbs70 ++-+ KW70 2 % 1 g C2 C2
T G ' ad eq
S Cowling A _ - .p s
okl ‘ : is sensitive to:
% | 1. Symmetry energy S(n)
2 0| _ 2. Number of particle species
L 3. Proto-NS neutrino emission
O)p{_ N | 4. Bulk viscosity
:: II""I""I"'.'I""I L L L | I"._
S, W T, YRR I T WS - WY, L — ZL40 --- Gibbs40 ---- KW40 e
08002 0. .dl\ﬁf(Mgg}fa 1.0 1.2 0.05r ZL55 --- Gibbs55 ===+ KW55 // ]
ng (fm™>) [ —— ZL70 --- Gibbs70 -+ kw7o 77 -*®
| I | B | B | |'| || I R | 1 1 | — T | L | B
0.8F— zL40 --- Gibbs40| e -KW4(ZIL4O G:bbs40 ----- I 4T 0.04r
0.8 ZL55 --- Gibbs55 :5\ KW5EEL55 --- Gibbs fﬁv/ue M
Y ZL70 --- Gibbs70 :.’ % 0.03F
0.6 §
i E G -
4 ' - > :
. | ] ool = 1.228(Y° = 0.05) -
i ke R T | —— fit formula :
g—f 0 0.00 5 65510048 030 025 030 035 0.40
b u_nu II L | S N TR N TR TN T N TNNNY NN TR N R ] - | ] ) ) ] ) )
0.2 0.4 0.6 0.8 10 Zhao, Constantinou, YieoPed qak
BACK

ng (fm™)

Jaikumar, Prakash 2022


https://journals.aps.org/prd/abstract/10.1103/PhysRevD.105.103025

Gravitational radiation of
NS oscillation

The amplitude of observed oscillations s

. 1
h(t) = hye™"" cos wt A(r)e'” w =2av+ —
r
The observed GW energy flux is
3 2h2 2 A 2
F@) = CA D0 e = 3 172 | 2 L ergs cm-2s-!
167G kHz 10-22
The total GW energy is
c>w?hitD? wf V ’ hy g T D ’
E = =427 107 | —— ergs
8G kHz /) \10-3/) \0.1s/ \ 15 Mpc
supernovae remnant: 10/A44-10747 ergs D <20 kpc D <200 kpc
A few per century
merger remnant: 10751-10/52 ergs D 520-45Mpc D 5200 —450 Mpc

0.06-4 per year
aLIGO 3G



Observation of Oscillations
of NS

e Direct observation: * Indirect observation:

. BNS merger remnant Binary NS inspiring

matter motion #2. Core-collapse SNe

3. Star quake (glitches)
. NS close encounter

Orbital angular momentum transfer

spacetime variation

gravitational wave form information

gravitational wave radiation e Instrument:

Comic explore (US)
Einstein Telescope (Europe)



h.(f) f* [Hz /7]

=22

=29

Oscillations of NS iIn

simulation

e (Core-collapse SNe

_..I-'mllllll.l-lII‘IlIl'llll

|} L ) ) l L ' ) ) I ] Ll L) ] ] 1 1 Ll L l 1 ) 1 1

e BNS m?rger remnant

1 1 1 1 I 1 1 1 1 l 1 1 L 1 l 1 1 1 1

1 2 z, 4
f(kHz)

e Stergioulas+2011

f [Hzj

1200

1000

800

600

400

0

e Radice+2019

=1

sl 1 e

10 1og, [10%2heg (f) (D

10 kpc)]


https://arxiv.org/abs/1812.07703
https://arxiv.org/abs/1105.0368

—— SLY *f

- SLY imax

|Isolated oscillation VS merger remnant

—— ALF2 *f GNH3 *f APR4 *f — H4 *f
~# - ALI2 frrax v~ GNH3 fpax APRS froy  —d- 14 fray

2100 1

20001

1900 -
N 1800
=
>, 1700-
5 1600 -
& 1500
o
I 1400
1300 -
1200 -
1100

% Equal-mass dinaries
O Unequalmass binaries

6 %
W = = W
1 1 1 1 L

: —— +2021

x kHz|

j\[chirp X jz)uuk- LXIQU

1.25 1.30 1.35 140
Mass (M)

4% error

e Ng+2020

2.5 3.0 3.5
A[’l‘()\," X ,fp(_‘rt [l\lffzfﬁ X kHZ]

e Strong correlation with the
isolated NS f-mode frequency
and the peak frequency In
POSt merger.

e case of equal-mass mergers,

the peak frequency in
supramassive NSs is almost
equal to that of the non-
rotating f-mode frequency of
iIsolated NSs with the same
mass as each of the merging
components


https://arxiv.org/abs/2102.12455
https://arxiv.org/abs/2012.08263
http://www.apple.com

Dynamical tidal effect of GW170817

23500 (1.035 ; 1 n

wee NS APR4 | :: :: < Uniform Prior
s NS MPA1 | L
3000 NS H4 (.03() - : :: COmbeEd 3 (f)
= BS (1_4. 1197) :: COTnblﬂ.&d + UR : (|)
2500) - = = BS (1.24, 1047) 0.025 - g | Odiabatic + UR: ()
- = BS (1.06, 449)
AN 2000 T 0.020 1
—._: R S
1000) (0.010 -
500 0.005 -
e pratten+2022 ”
() 4= . r . T - r (.000 -+ ' - - |
0 200 400 600 800 1000 1200 1400 0 1000 2000 3000 4000 5000
Az f21 [Hz

e 90% credible interval of f-mode frequency for GW170817:
1.43 kHz ~ 2.90 kHz for the more massive star
1.48 kHz ~ 3.18 kHz for the less massive star


https://arxiv.org/abs/1905.00817

Oscillations of NS

1

o « Radial oscillation (=0): £0=R}(r)e" W = 27U + =
O  don’t couple to gravitational waves
fE
S * Non-radial oscillation (I>=2): f-mode 1.3-28  0.1-1
G L0P=0, , ; (R: 20, P g-mode  <0.8 >100
- f-mode (fundamental n=0) (even), p-mode >2.7 1-1000
3 p-modes (pressure n=1,2,...) (even)  r-mode ~ spin <0
= g-modes (gravity n=1,2,...) (even) w-mode ~10 ~{E-5
r-modes (rotation m=+-1,+-2,...) (odd)
Hye* H, 0 0
even-parity jeven_ | 41 Hy 0 0 P (cos0)
e Spacetime perturbations:  (polar mode) ™ 0 0 K 0

. 2 i
Family | w-modes (even) 0 0 0 rsintok

. 0 0 0 H
Family Il w-modes (odd) 0 0 o0 1
. . odd-party podd — I sin 09,P (cos 0)
important for BBH ring-down  (axial modes) w 1o 0 0 0 ak
Hy H 0 0



ODEs of Non-radial Adiabatic Oscillation

Eigen value problem of even quasi-normal modes

(Inverse Cowling)

e Relativistic Cowling
approximation:
2 1st-order ODEs

or 1 2nd-order ODE
P. N. McDermott et. al. 1983

e Linearized Full GR: [horme, Kip 5. 1967
2 1st ODEs + 1 2nd ODEs (inside)
1 2nd ODEs (outside)
Zerill's Eq  Fackerell, Edward D. 1971

Lee Lindblom and Steven L. Detweiler 1983

Jaikumar, Prakas
https://arxiv.org/abs/

N limit for

Take
' perturbation

e Newtonian Cowling
approximation:

2 ODEs
Cowling, Thomas G 1941

e Newtonian: Cox, JohnF. 1980
2 1st ODEs + 1 2nd ODE
Analytical for some modes,
e.g. f-mode and
interface g-mode



https://arxiv.org/abs/2202.01403

Cowling Approximation in Compositional g-modes

1.01 Lo —— 7 Ho/10 1
0.8} 0.8k ) L H1/100 |
: S ., - K/10 |

0.6

0.6
0.4 0.4
0.2} 0.2}
0.0: 0.0: ..........
~0.2¢ ~0.2¢
—0.4f —0.4F
06T T e T T 0 12 B N
r(km) _ r(km)
Low mass compositional g-mode High mass compositional g-mode
1000—m—mm@m™Mm8m™ 17—
| —— ZL40 --- Gibbs40Q ==+ KW40 f
| —— ZL55 --- Gibbs55 =+++ KW55 7 _
B00f —— 270 === Gibbs70 - kW70 o ¥ 1 Cowling approximation:
| Towine Aeerex A 4« )l up to 10% deviation from
¥ Ty the linearized full GR
> 400 .
Zhao, Constantinou,
200+ - ]
| Jaikumar and Prakash 2022
L , , , , | https://arxiv.org/abs/2202.01403
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Cowling approximation: up to 30% deviation

Linearized Full GR

f-mode with Analytical TOV

e Dimensionless frequency:
Q; = GMw/c> (7 in Newtonian)

n

Solutions
—w —IH0|/1|0| B IBI IIIII III"
2_5;_— -V H1/10 - e;" /
20f
15}
10}
0|
0.05~—— 6 8 10 12
. - - r(km
Newtonian: up to 15% deviation ""
Inc 4/5 12/7 8/3
T VII 4/3 204/77 | 152/39
Buch | 372(5m% —30)~1 | 2.94766 | 4.24121

St + === Inc -
- ’ += ——- Buch

1.6_':.. . « === TVII 7
AN . ---- SlLy4 -

1.4}

1.2F

1.0}

0.8 _

0.05 0.10 0.15 020 0.25 0.30 0.35

B = GM/(c’R)

Table: Newtonian Qf/ﬂ3/2

Zhao & Lattimer 2022
https://arxiv.org/abs/2204.03037
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nd Quark EOS

I I

f-mode with Hybrid a

.
.
* Pe
“ “
. .
s ®

L)
L
llllll

PR
‘I

'S —
S

— N3LO-cen 1

Ny =
‘- ‘\-\\, ns 2n5 3n5 4n5

2.0
Vr (kHZz)

2.5¢
~ 2.0t
= 1.5¢

1.0f

— N3LO-cen -

3.0

Tr (S)

Mmax/M o =

2.0 22 24 26 c=

1/3
= 12
2/3
5/6
S ——— 1

Quark star

Frequency:
Vs € (1.3 —2.8) kHz

1 Damping time:
; t € (0.1,1) s

Zhao & Lattimer 2022

https://arxiv.org/abs/2204.03037
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One node branch

e | owest order pressure mode have zero node which is named
as f-mode (fundamental).

e However, in case of hybrid NS lowest order pressure mode
sometimes have one node due to strong density discontinuity.

e Stars with radial nodes in V only we refer to as 1-node 1.

 hybrid stars have a radial node (zero) in the fluid and metric
perturbation amplitudes X, W, H_0, H_1, K (but not V, which,
however discontinuously changes sign) at a radius slightly
larger than the phase transition radius R_t. We will call this
type of behavior 1-node ||



One node branch

hybrid star with 1-node deviates
away from f I Iove Q relatlon

¢ hadronic 0O-node
hybrid 1-node Il ]

# hybrid 1-node |
hybrid 0-node

x' pes= ;),—18 81 MeV fm"

0.85- X Pp.=30.92 MeV fm—* 3

L X pr=33.59 MeV fm?

~ 5 80;— X pc=36.49 MeV fm 3
z) U X pe=39.64 MeV fm3 . ]
= 0.75- > i :

) J}"".u u}( x

0.70- « b
14 15 16 1.7 1.8 19 2.0

vi (kHz)
104F -

< - —— universal relation

* hadronic O-node
hybrid 1-node I

* hybrid 1-node |
hybrid D-node

10.1 ] C A L Lo [ S RPN Lo ARP7 ] B BRI LT U~ ol el |
1.4 15 16 1.7 18 1.9 2.0
v (kHz)

| XXX XX

p, =2=18.81 MeV fm~ |
p-=30.92 MeV fm™"*
p-=33.59 MeV fm~*
p-=36.49 MeV fm~"*
p-=39.64 MeV fm~*

1 A 2 | i A i 1

0.6 0.8 1.0
T (s)

Zhao & Lattimer 2022

hadronlc star O node

hybrld star 1-node Il
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Typical f-mode oscillation

- 1 R S A —
F— W ——— —Hy/10 b ! ]
>gl— -V  — Hy10 e oA &
F— X/10 —— —K/10 e S

2.0}
1.5F ===

1.0t

0.5}

0.0L

FIG. 14. Metric perturbation amplitudes, fluid perturba-
tion amplitudes for non-radial oscillations with £ = 2 with
(dashed curves) and without (solid curves) the Cowling ap-
proximation, and static metric functions (dotted curves) in-

side a 1.4M: NS computed with the Slyd EOS [85] Hy, Hy

and K are in units of £, = 152.26 MeV fm‘3 X is in units of

g2, and W, V, v and ) are dimensionless. Only real parts of

the perturbation amplitudes are plotted.



Compositional g-mode of
hadronic NS




Discontinuity g-mode of
hadronic NS




f-mode vs p-mode
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Outside metric perturbation
(f-mode as example)

10. 01771 A S A I N

I H, eV, e T Ho/10 eV, e :
7.5k — H, Z + — H 100 X Z -
I —_— K T K _
5.0F
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| —— Chan Fit
T Lioutas Fit
| === Sotani Fit
| —.— This Work

f-mode universal relations

I'U'

hybrid NS

101

0.1% deviation except for
one-node branches

L] l L] T T ' T T 0| L] ' 1] L] T T ' T

' l 1 1 2 L

- Hybrid NS _
. Hadronic NS |
—— N3LO-cen * Strange QS

025 030 035
B

LI "

--=- Sotani Fit |
— .= This Work _

101

1% deviation except for
one-node branches

Slightly weaker for Qf — ] , see in the paper

Q, = (0.714 + 0.056) p>"

Zhao & Lattimer 2022



Discontinu

2.0

M (M)
o

1.0

ity g-mod

0.15

0.10

est

Q

0.05

e for hybrid NS

ntl= | | '
Ns 2ns 3ns 4ns 7 = {

0.2 ’
Y Z
— E—Ew o - 0.6 .‘//

— — . w o = 0.8 ' 7{/. /
’5’ ——————— -7}—.—==__
/.. / 7
v 4]
..... wfof - ./ :
.././
{7/ i
"7
' I.//. . I |
10T 10° 10> 10’
Ty (S)
Ng =
ns 2ns 3ns 4ng A—f=
0.2 o
| eemc s e—— sarsa = e - 04 B
—= -—- 06 ~°
T ——— - ()JS

Newtonian 1D

gravity wave:
, (e, —€e_)gk

0-%00 0.02 0.04 006 008

w

¢~ ¢ /tanh(kd,) + ¢_/tanh(kd_)

Qg

Landau and Lifshitz 1960

0.00 0.02 0.04 0.06 0.08 0.10

Qg

Zhao & Lattimer 2022



Discontinuity g-mode semi-universal relation

Contour of I/g(”lta A, Cs2 ) ‘Mszax

Dotted: Chrial EFT Dashed: 0.268+0.146¢,/c
Uncertanty 5% maximum mass v, = (326.4 % 36.1Hz)< Pi )
MeV fm™
Frequency: v, < 0.8 (1.5) kHz for ¢ = ¢*/3 (c?)
Zhao & Lattimer 2022

Damping time: 7 > 100 (10000) s
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First order transition
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Compositional g-mode universal relation
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Zhao, Constantinou, Jaikumar and Prakash 2022
https://arxiv.org/abs/2202.01403
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Back up slides
Quarkyonic matter EOS in
beta-equilibrium




Quarkyonic Phase

Hypothetical phase between hadronic matter and deconfined
quark matter(McLerran 2008).

N
-
o

Temperature T [MeV]

100

‘I

(\Q/(\Q —‘ 1 Ciars Net baryon density n/ n,
Compas p— Ne=0.16 fm—3

https:/nica.jinr.ru/physics.php




Quarkyonic Momentum Space

« Perturbative quarks = quarks deep inside Fermi sphere

« Baryons = triple-pair of quarks near Fermi surface

o Quarks ————]- Daryons

chemical equilibrium
Hy, =21, + py k k
Y, = M, + 2,

kF (n,p)




Quarkyonic Transition

o Outer core: Neutron rich uniform npey, e; = €, + €n, + 15V, 1)

o Critical point: nz = n,

2
(1) baryonic shells start to ‘saturate’, k, ,, > _ | A Ky, pl\
. O(n,p) — n, o
(2) quarks drip out of nucleons, ) = Hp) Kr(n.p) Nrn p)
m, = 2, — py)!3 “ k, Ik, ng>n,
C.€m .= Cu,, — ,utp)/ 3 ng < n, Quarkyonic matter
Uniform nuclear matter

L = 45I\/Ie\/3
n,= 0.3fm"
A = 1400MeV

!

m. ~ 250MeV

U

m,; ~ 390MeV
— 70




Beta-equilibrium & Global Charge Neutrality

: +
Total baryon number density: n,=n, +n, +
: M-+ 1,-
Total lepton number fraction: v, =
npg

Weak interaction time scale is small. Neutrino is free.
pt+e on+W)u+e <d+(v,).

oe(ng, Yr)
Y,

= 0= Y- = p- = Y, — W, = Pg — Wy,

npudey m;xture is charge neutral,
n, — Ny




Uniqueness of Quarkyonic EOS

o Quarkyonic EOS is compatible with soft hadronic EOS,
and also able to achieve high maximum NS mass.

| p(€)

Maxwell transition

Hard hadronic EO

Quarkyonic transition

oft hadronic EOS




Parameter Space
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EOS and M-R of 9 Specific Cases
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Direct Urca Process
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