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Outline

e Neutron stars (NSs): EoS and global properties of NSs

e Precession of NSs: modelling and observations

¢ Dynamical tides in BNS 1nspiral

e Summary and outlook

Yong Gao University of Warsaw, 07 August 2024  Precession and Dynamical tides



NS—Laboratory for extreme physics

outer core (3-4 km) ﬂ 1.4M, ©
superfluid neutronsand  inner crust (1 km) ~ ~
deep core (5-6 km)  vortices superconducting superfiuid nowtrons and vertices R 10 km
hyperons and/or deconfined quarks? vertox planing snd sudeer
. outer crust (100 m)
attice of neutron-rich nuclei _
p~(2=3)p,
B~ 102G

Watts et al., PoS, 2014 5x10"g/cm’

2/3
r.~102( 2] K
Po

e Gravity, curves the spacetime, source for gravitational waves (GWs)

2x10"g/em’
10"g/em’
e Strong interaction, determines the internal composition and state
* Electromagnetism, makes pulsars’ pulses and magnetars’ flares

e Weak interaction, cools down the star
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The many faces of NSs

Supernova remnants

Binary pulsars
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X-ray binaries

Data taken from ATNF Pulsar Catalog and McGill Catalog
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GW170817 and multimessenger astronomy

Credit: LIGO

The “chirp sound” produced as the two NSs 1nspiral
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Study the dynamlcs of systems 1nV01V1ng NSs
° and extract physics of dense matter from
emitted GWs, timing and pulse characteristics if
the NSs are monitored as radio/X-ray pulsars
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Abbott et al., PRL, 2017
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The EoS models of NSs

outer envelopes (e 7)
(0.3-0.5) km

. = e Strange quark matter (SQM)

Witten’s conjecture: Quark matter
composed of nearly equal number of

u, d, s quarks 1s the ground state of
strong matter

e
e —

S yPERONgG . ~
‘\“,coNDEN&éﬁ:
~CONDENg 9

QUA RKs 9

* Quark stars (QSs) in simple MIT bag model
Credit: Haensel

Cb\ 0 0:‘K
(b/

Conventional NS models

e Nucleon star: npeu matter

e New freedom in the inner core:

Credit: Kopp
hyperons? mesons? quarks?
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Mass-radius relation of NSs

Soft (lower M1y, compact) Stiff (higher M+qy, extended)
3.0 C ' ' ! ' ' ' | ' ' ' | ' ' ' |
o
3.0F Q@? P > o Hardcore, more
B Q 1L

stiff, larger Mgy

M Self-bound, M « R’
- at low mass

Quark star

Hadron star(nucleonic) |

Hadron star(exotic)

6 18

Gao et al., MNRAS, 2022
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Mass-radius relation of NSs

® Non-pulsed emission from whole surface—measure surface area; Quiescent

LMXBs, X-ray Bursts (Chandra, XMM, HXMT, Athena)

R oo\ 2GM\ "
obs _ < bol > Robs _ (1 . ) R
| D ol Rc?
=0 —~_ \ ¢

e Pulsed emission—look for effects of gravitational field (1.e. mass and radius)
on time variations of flux; millisecond period X-ray pulsars (NICER)

(((((((((((

Credit: Sharon Morsink

Strong Gravity _ =

/ - Riley et al., ApJL, 2019

Weak Gravity

[ — 1.14
R=12.71*14 km

((((((

Miller et al., ApJL, 2019

el (PI)

Chanr

— — 1.24
<<<<< R =13.02+12¢ km

PSR J0030+0451
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Deformed NSs ¢ _ 10

S y /

Moment of Inertia (Mol), « R?

BUﬁe" zorLe Dimensionless Dimensionless

Hartle, ApJ, 1967; Hartle o 5135 )
& Thorne, ApJ, 1968 Quadrupole, o 2°R”  spin parameter

Companion

: 2
—_— Cy==gy A=FhR 5

Tidal deformability, o R’

Credit: Tanja Hinderer Hinderer, ApJ, 2008; Hinderer & Flanangan, PRD, 2008; Damour & Nagar, PRD, 2009
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Moment of 1nertia (Mol) measurements

MeerKAT
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Tidal constraints from GW170817
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Yong Gao University of Warsaw, 07 August 2024  Precession and Dynamical tides 11



Go beyond global properties

outer core (3-4 km)

superfluid neutrons and inner crust (1 km)
deep core (5-6 km)  vortices superconducting  superfluid neutrons and vortices

hyperons and/or deconfined quarks? vortex pinning and nuclear

Approximately

0.1194 n(Ze)

5x10"g/em’

T 14059517312 a

2x10"g/em’
10"g/em’

Solid components, elasticity, 4 ~ 10° — 10*Y ergcm™

Superfluidity: Fermi surface phenomenon, important for pulsar glitch

QCD phase transition: dynamics of BNS inspiral/merger and CCSN, maybe
more?
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Non-hydro deformations: mountains  ¢==
0

toroidal poloidal

Solid crust

i
I

Heavy liquid interior

(Mostly neutrons, with
( ]

other particles) Credit: Braithwaite

. _ —6 b Obreak - B2R3 . —6 o)
e. = bu = 10 ( 10_6> ( L2 ) op ~ kLR = 1.9 % 10-B},
Cutler et al., PRD, 2003; Gittins et al., MNRAS, 2021 Lander & Jones, MNRAS, 2009; Lasky & Melatos,

PRD, 2014; Zanazzi & Lai, MNRAS, 2015

e Important information on NS crust physics: shear modulus & breaking strain

e Information on NS internal magnetic field configuration and strength
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Non-hydro deformations: mountains
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Free precession of NSs

* Precession happens if some deformation pieces

Angular are not aligned with the rotation bulges

Angular momentum

frequency -
N

-~

L Aly
ellipticity € = e wobble angle: 6
0

e The ellipticity for NSs 1s quite small
e < 10™* from current calculations

0, ~ €0, w and L are nearly aligned

e Two superimposed motion:

w = a)rL—a)pe3 W, = e cos O w.

Free precession of a biaxial star

Precession period Py =

Jones & Andersson, MNRAS, 2001, 2002 €cos
Link & Epstein, ApJ, 2001
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Precession of NSs

Superfluid does not support long precession period without damping

e A perfectly pinned superfluid, the Euler equation

. If

Pinning gives a precession frequency too fast!

e “Mutual friction” between superfluid and crust leads to damping of free precession

dJshell dJfluid
o = K(Rf1uid — Lsolid) = ——,

e Challenge our current understanding of superfluid state in NS interior
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Possible evidence

Ap (ns)

beam shape S

Makishima et al., PRL, 2014

Stairs et al., Nature, 2000; Link & Epstein, ApJ, 2001 : g ;‘,r"?
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Yong Gao

Indication of strong internal toroidal
magnetic field in the order of 10'°G
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Precession of magnetars: dynamics

* Internal magnetic fields are complex, multipoles

* Possible elastic deformation + magnetic deformation

We need solution for triaxial stars

Credit: Ryuunosuke Takeshige‘ L + @ X L=0
* Large deformation due to L—1 I (12 — Il) L,
strong internal magnetic field €= 7 0= 7 ( [ ) , 0 = arccos T
1 1 U3 — 12
ep & K2t = 1.9 % 10°kB},

, e Precession + Rotation + Nutation
e They are young and very active,

energetic process may excite wobble .
angle and precession * The solutions are not harmonic, can be

represented by Jacobi elliptic functions
Levin et al., ApJ, 2020

Landau & Lifshitz, Mechanics, 1960
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Precession of magnetars: dynamics

e [arge magnetic field indicates large electromagnetic torques

The near-field torque The far-field torque (spindown torque)
30)2,”2 A AN s A A k1ﬂ2w3 A AN A A
Nm — S5RC2 (0) ) ﬂ)(&) Xﬂ) Nrad — -3 [(0) ) ﬂ)ﬂ _ k2w]
N f), U

W K a

N rad
Does not dissipate energy, but Dissipates energy (spindown) and
changes the geometry changes the geometry

Goldreich, AplJ, 1970; Melatos, MNRAS, 2000; Beskin & Zheltoukhov, Phys. Usp. 2014; Zanazzi & Lai, MNRAS, 2015
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Precession of magnetars: dynamics
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7~ — = 1.58Ps¢; " yr
€

Te o Ty << Trad

e Far-field torque can be obtained by
perturbation method

e 7 can be in the same order of
7¢, can be absorbed into the moment
of inertia tensor of the star

We give fully analytical
solution of forced precession
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Timing residual

Gao et al., MNRAS, 2023 f

AP (107%%)

v

o»
<

AP (10785571

e The rotation phase ® 1s different in different
precession epoch

Phase modulations and timing residuals
ASZ?HD ) _l) i:
= Geometric factor X — =
T¢ R
<
AP

i T¢
= QGeometric factor X —
Trad

Yong Gao
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Spindown term dominates (¢ = 10_7)
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Modulations on polarized electromagnetic waves

Credit: Kramer

L .
b .
. . .
.
’ LW | . »
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c. E
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B
. R : -
- 43 .
Bre, A .

e The angle a changes periodically with precession period P

Swing of the emission region

Modulate flux, profile, polarization,...
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Modulations on polarized radio emission

. e Radio emission detected in transient magnetars, highly
spm : AY
magnetlc

linearly polarized (60%-100%)

— 1= eff/6 — t= eff/4 t= eff/2
E— tZTeff/5 E— tZTeﬂf/B = Tig
e e
0F -
deformation : 2
aXIS 5
— e
—
50F =
\ ]

Cr cdltRankl

U (deg)
2
|
=
z
&,
1

80
= 0 E
triaxial .

—sin 3/ sin «
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A freely precessing magnetar after X-ray burst

Spinl magnetic "
XTE J1810-197, obtained from radio polarization | dipole
Year °.
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—_— I I I I ﬁ R
T T T e e L T T e 0. a 1 “:
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Desvignes et al., Nature Astronomy, 2024 I
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A freely precessing magnetar after X-ray burst

XTE J1810-197, obtained from radio polarization

Year
2019 2019.5 2020 2020.5
I [ I I
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70 - eI Ee T
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1. Ellipticity decay model

Py

Y

Desvignes et al., Nature Astronomy, 2024

2.Frictional coupling model

P LC+wCXLC=Nint
% Lf+a)CXLf=—Nim

Nint =K (Qf _ wc)

>pin deformation

axis

magnetic

veenn.. damping

deformation
axis

Yong Gao
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A freely precessing magnetar after X-ray burst

Yong Gao

Parameter Value of model A Value of model B
Viewing angle, Z (deg) 169.07+0.22 168.50'5 %

Initial wobble angle, 6, (deg) 19.52+0.38 30.52'5%

Angle between the magnetic and 173.34+0.13 171.375:2°
symmetry axis, x (deg)

Initial phase of the precession, 457 108+3

D, (deg)
Constant ellipticity of the NS, ¢,

(1.24+£0.03)x10™

(9.17+£0.14)x107°

Initial ellipticity of the NS, ¢,

(2.37£0.05)x107°

(1.58+0.03)x107°

Ellipticity relaxation timescale,
Te (days)

19.55+0.35

36.43+0.46

Wobble angle decay timescale,
T, (days)

74.30+0.26

rictional coupling timescale, T, (s

Ratio between the moment of inertia  — <0.01

of the crust and the core, k

Start time of the precession, T,(MJD) 58,444.5+0.4 58,444.9+0.5
Initial twist parameter, n, 0.040?3 é,’ﬁ? 0.062'5or
Twisted magnetic field relaxation >1,500 >1,500

timescale, T, (days)

University of Warsaw, 07 August 2024
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Modulations on polarized X-ray

e Surface emission from magnetar is thought as highly polarized

Gnedin & Sunyaev, A&A, 1974
Pavlov & Zavlin, AplJ, 2000

Gao et al., MNRAS, 2023

O-mode E nearly in the k — B plane
X-mode E nearly 1 k — B plane

2
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The effects of vacuum birefringence

What if the X-ray radiation comes from different patches on the NS surface or
even the whole star?

The modulations on the flux may be “destroyed,” but polarization 1s different

QED effect (B > B, = 4.4 x 10"° G)

A N T ‘T * Evolve adiabatically along the direction of the
magnetic field up to the “polarization limiting
Incorrect! Correct! radius”

Heyl & Shaviv, PRD, 2002; Lai & Ho, PRL, 2003

U \, | e The polarization state can still vary
4 . . . . ..
periodically in the precession condition
G T WX

|
k/ e [XPE has conducted first observation of magnetar

4U 0142461 X-ray polarization
Credit: Dong Lai
Taverna et al., Science, 2022
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Dynamical tides of inspiralling binary NSs

- black holes —— N Eutron stars

AWV
e b (e g

<
-« ~ k/

~ point-masses, rotational
same signals deformations tidal effects

+ Tidal excitation of various oscillation mode
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Dynamical tides of inspiralling binary NSs

0? , I im
(pa— + SZ> E=—pVU U=-GM Z WlmD(t)l“ POY1(0, ) Dong Lai, MNRAS, 1994

Im

Ern = Y a0, (L -pwl)E, 1) =0 - o)

5 GM,W, 0O, _imQ, 1 Interaction Zone
Ay + Wy ay = Ditl Post Newtonian
expansion of dynamics
[ pner vy (o Qj, &
Q= |Pxpet -V |[r'Y,(6,9)] (
nR [J [ [
= | plr*! ar [551(’”) +(+ 1)521(,/)] « Tidal overlapping function
Jo
Static/adiabatic tides Dynamical tides (resonance)
e igorbt é iQorbt
w, > med ., a,~ o ™~
0)ng+1 (wg _ nggrb) DI+1
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Dynamical tides of inspiralling binary NSs

GWs from oscillations are faint, only detectable (possibly) for supernova or pulsar glitch
process

~ 0.01sM % foon© < tpy = 0.1sM73" feopy

The energy transferred from orbital to oscillation

5/3
-~ 49 1/3 12 —2/3p2 2
AE ~ 5 X 107 erg fs00Q0.01M1 4 Rixg ( T )
Phase shift in gravitational waves

mO eAE - — 2q
6O = —— = — 0.12f55005 1M1 4Ri>~ s
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Dynamical tides of inspiralling binary NSs

nlm

Qo Q.= |Expex -V [rlY, 0, d)]

a .~

a "R

<w§ B nggrb) D! = | plr™!dr (&) + I+ DE ()
Jo

Two things matter: mode oscillation frequency and tidal overlapping function, i1deal case:
low frequency and large overlapping function (eigenfunction should be as similar as /)

For spherical two component NSs (solid crust and fluid core), we mainly have the
following fluid/solid oscillation mode

e Shear (s,t) modes: driven by elastic forces in the crust. @
t s
02 02

e Pressure ( p ) modes: driven by pressure.

e Fundamental ( f) mode: (aka “Kelvin mode”) the first (nodeless) p-mode.

e Gravity ( g ) modes: driven by buoyancy (thermal/composition gradients).
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Dynamical tides of inspiralling binary NSs
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Pasamonti & Andersson, MNRAS, 2021
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2
a,(1)| >

Mode Wy |Qn|

P4 9.1741 43149 x 107>
P3 7.3626 2.9863 x 107*
P> 5.4963 2.5463 x 1073
P 3.5206 2.5858 x 1072
f 1.2274 5.5795 x 10~
g 0.1848 1.7435 x 1073
2 0.1277 3.7451 x 1074
g3 0.0983 6.1782 x 107>
24 0.0796 1.0704 x 107
g5 0.0664 2.3809 x 107>
S 0.3403 5.9732 x 1074
$ 0.6212 2.2991 x 1074
$3 0.9016 1.1045 x 1073
S4 1.1817 3.0456 x 103
S5 1.4615 1.1796 x 107>
Sg 1.7412 25158 107
i 0.0151 4.0293 x 10
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Dynamical tides of inspiralling binary NSs

Interfacial mode: due to discontinuity in density (g mode) or shear modulus

f dp | 1 Ap 5 _App+p
N=8P |\ =———— |or Y =
dr \I'op p Ap Ap p
Finn, MNRAS, 1987
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Dynamical tides of inspiralling binary NSs

Interfacial mode: due to discontinuity in density (g mode) or shear modulus
Tonetto & Lugnes, PRD, 2020 Miao et al., ApJ, 2024
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Dynamical tides of inspiralling binary NSs

Interfacial mode: due to discontinuity in density (g mode) or shear modulus

1.00 / :
0.98 % {10 EOS f mode |[Hz] 0
& 0.96 V) SIH: g
.é 004 | OO 10 HE SLy4 188 0.041
3 o0 - ' N\N\IA APR 170 0.061
'% 0.6 & \\‘ i SkI6 67.3 0.017
= gz - A 2 SkO 69.1 0.053
1 . - TS Rs 32.0 0.059
displacement km Gs 28.8 0060
Tsang et al., PRL, 2012; Pan et al., PRL, 2020
5 \33
Enan = 5 X 10% erg fiR03 0 M3 R (12 )
Energy to crack the crust Trigger global oscillation

E,= (2nfimode ) Jd2xpes -8 ~5x10%erge?,  ~ (u/p)*/2rAr) ~ 200 Hz
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Dynamical tides of inspiralling binary NSs

Interfacial mode due to discontinuity in shear modulus

1. Relativistic calculations of the oscillation frequency 1s important (eg.,
50Hz and 150Hz resonance are very different)

5/3
~ )
AE ~ 5 x 107 erg fg5005 01M1 5 Rixq < )

1l +g¢
_ PmoaeBE 212 ag-4p2 24
0P = — ~ — 0.12f660Q0.01M1 4Rix 7=
GW q

2. Hybrid method (GR background + Newtonian Cowling approximation
of the oscillation) cannot guarantee the orthogonality of different modes,
for example, eigenfunction of f-mode “enters into’inside other modes,
causing large wrong tidal overlapping function

Lai, MNRAS, 1994; Passamonti & Andersson, MNRAS, 2021; Miao et al., ApJ, 2023
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General relativistic perturbation theory
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Detweiler & Lindblom, ApJ, 1983,1985; Charger & Andersson, PRD, 2015
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General relativistic perturbation theory
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Joint condition

|Ho|, = |H)| =[K],=0

fluid elastic

fluid | [W], =0 s
sl — 0
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e e

elastic Ty, =0 0

2|r [TQ]r E

How to solve the system?

1. Center and surface
boundary conditions for a
given @

2. The quasi normal mode
only have outgoing
gravitational waves

Yong Gao
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Summary

1. Global properties can give us constraints on EoS, but hard to give
decisive answer

2. Modeled the dynamical evolution, timing, polarized emission of
precessing NSs (searching template)

3. Found evidence of damped precession, deformation 1s consistent with
current understanding of crust elasticity or high magnetic field, but the
damping mechanism i1s still not clear (internal coupling or decreasing
ellipticity)

Ongoing: modeling including complex deformation and damping

4. Dynamical tides can be used to probe the solid phase of NSs, but the
detailed modeling within GR perturbation 1s still lacking.

Still need to do: Compare with Newtonian ones, EoS dependence, energy
budget for crust shattering, GW phase contribution
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Thank you for listening!
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