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OUTLINE

= Motivation: Gravitational Waves as Discovery Tool

= Nuclear Physics : From Nuclear to Quark Degrees of Freedom

= g-mode Oscillations: The two sound speeds

= Effects of Quark Matter on the g-mode Oscillation Spectrum

= Observational Outlook for g-modes : Damping and SNR




GRAVITATIONAL WAVES (LIGO/VIRGO)

First detection of BH-BH (GW150914)/NS-NS (GW170817)/?BH-NS(GW190814)?
Confirmation of short-GRB mechanism

Bound on graviton mass

Strong field tests of GR

Neutron star radii and EOS constraints

Existence of Black Holes

Cosmology & Particle Physics




NEUTRON STAR INTERIOR

Few 100m,
< neutron drip,
Nuclear Lattice

Quter Crust .
. < saturation

N-rich Nuclei,
dripped neutrons

QOuter Core
\ < 2 saturation,

Inner Crust

B inner Core Pasta phases,
N7p7e7 u
Fermi Liquid/Gas

(2-6) saturation
Dense Nuclear
Matter, Quarks?
Quarkyonic? 5



QCD PHASE DIAGRAM

Quark-Gluon Plasma
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WHY STUDY STELLAR OSCILLATIONS ?

1. Dynamo origin of solar magnetic field

(Provided proof for differential rotation in the Sun)
2. \Verified age of Sun ~ 4.6 billion yrs

(sound speed depends on He/H ratio)

(ACOUSTIC) 3. Pointed to neutrino oscillations
(Ruled out solar physics solution to the neutrino problem)
(OPTICAL)
I R Non-adiabatic radial oscillations
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GRAVITATIONAL WAVES

CAN WE USE GRAVITATIONAL WAVES

TO TELL THE COMPOSITION OF A NEUTRON STAR?



Modes (Non-Rotating, Zero-B and Temperature)

» Fluid Displacement (Spheroidal)
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Boundaries

» (Fluid) Center (r = 0) : Regularity
= pl,d/ ~ O(r)), & ~ O(r™)

y, o
(Pa'v') Q fr _0 (1)
pc) | ch
» (Fluid) Surface (r = R) : Free surface = dp|,—r =0
dpo
’ r =0 y
7o (%) 2

» (Solid) Interface (r=r;) : Traction (T=7.A)) = Tpl|;=r. =0

= (Vf + (VE)T) + (h — 23) 1V.¢ (3)



TYPES OF MODES

Advanced L1GO
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https://dcc.ligo.org/public/0161/P1900218/002/SummaryForObservers.pdf

GENERAL RELATIVITY

Spherically Symmetric Background: Schwarzschild Metric

ds? = e?(dt)? — e?*2(dr)? — e?#3(df)? — e*¥(d¢)?

Metric perturbations

5 non-linear coupled PDE inside, 2 outside - a computationally intensive problem
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AXIAL MODES OF BLACK HOLES

Chandrasekhar and Detweiler (Proc. Roy. Soc. A. 344 1639 1975):.
- radial part of the perturbation equation is a Schrodinger equation

Zerilli Equation:

0.14

dQZ > o)
T | [w2 — Vo (r)]Z2=0 =

re =7+ 2MIn(r/2M — 1) °=

Finding Quasi-Normal Modes =>
Solving 1D Schrodinger equation for scattering from a central potential

Various Methods : Resonances, WKB, Continued Fraction 13



Neutron Stars / Strange Stars - Core EOS

Vasquez, Hall & Jaikumar, Phys. Rev. C 96, 065803 (2017)

B44.52 a044 + NL3 - = -
B47.19a046 + NL3 —-—
B47.19 a0 48 + NL3 - —---
B47.19 a0.50 + NL3 — ——-
B49.99 a0.50 + GM1
B49.99 a0.52 + GM1
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Hadronic EOS (SLy)

10° < p(g/ee) < 10%; BPS
10° < p(g/cc) < 5101 HP
510" < p(g/cc) < pe;  SLy



F-MODE :

NEUTRON MATTER VS QUARK MATTER

B44.52 a0.44 + NL3 - - - |
1 constant for pure quark matter up

B47.19a0.46 + NL3 — - —
B47.19 a0.48 + NL3 - — - - -

B47.19a0.50 + NL3 — —— |

B49.99 a0.50 + GM1
B49.99 a0.52 + GM1
B52.91 a0.55 + GM1
B52.91 a0.56 + GM1

B49.99 a0.52
B52.91 a0.56

B44.52 a0.44 - -= - |
B47.1920.46 ---o--- |

1 * Detection in Schenberg/Mini-Grail
GM1 —-
NL3 —— |

| of quark matter in neutron stars

3 35

 f-mode frequencies approximately

to 1.8 Msun

| « Detection in AdLIGO would support

Neutron/Hybrid stars

(NEMO?) would support some fraction

Vasquez, Hall & Jaikumar, Phys. Rev. C 96, 065803 (2017)

Hinderer et al., Nature Communications 11 2553 (2019) - f2> 1.4 kHz from GW17q5817



LOCALIZED MODES - OCEAN (g-MODE)

ocean Buoyancy — gravity waves

(~ 100m)
outer crust p p
(~0.5km)

inner crust
(~0.5km)

atmosphere (~10m)

PP

Restoring force from Buoyancy

2
pjz (62) = —(p”‘ - p’)g (density dependent)
A
pe Evidence for g-modes :
—w—&—m—fjjgzir;;gl;ﬁr:;ifar;l.iYer —2 ((SZ) + Nz( Z) — O 10'10.0 HZ frequ.enC|eS may
s Deep crustal heating t explain modulation of X-ray

flux during accretion events

The Brunt-Viisild Frequency

N 1 dlnp dlnp
B Fl dlnr dlnr
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Atomic Number (Z)

G-MODES AND COMPOSITION
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CORE G-MODES

Cs : The adiabatic sound speed : beta-equilibrium timescale > oscillation timescale
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SYMMETRY ENERGY
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https://arxiv.org/abs/1805.10757

SOUND SPEED AND COMPOSITION

csh2
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0.6 APR (6=0.2, muons)

Despite the two sound speeds being
very close ...
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N (Hz)

BRUNT VAISALA FREQUENCY

Without Muons
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How does sound propagate in a mixed phase? -




SOUND IN BUBBLY FLUID

10°} Low frequency limit . Wilson & Roy, AmJ. Phys. 76, 975 (08)
g€ High Compressibility , High Density 1 (1=-x? X pict + picy
of = +5+x(l-x) 22
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MIXED PHASE IDENTIFICATION

Sound Speeds Nuclear : ZL (Zhao & Lattimer,

0.7F
06 PRD102 023021 2020)
0.5F Quark : vMIT (Schramm et al., ApJ 877
ol 139 2019)
0.3F
Sound Speed Difference
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00k o LT T :
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MIXED PHASE IDENTIFICATION

Mass v Rades : —1 Nuclear : ZL (Zhao & Lattimer,
2.0} PRD102 023021 2020)
1.5} 1 Quark : vMIT (Schramm et al., ApJ 877
g 139 2019)
é Mor : g modefrequency vmass
1000 |
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QUARK-HADRON MIXED PHASE

M[Msun]

M[Msun]

25 T T T T
—— Hadron
20 Maxwell ——— Maxwell
kv=23.5 —  Gibbs
Bu+Bd+Bs=78.5
15|
Gibbs
10F k=32
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R[Km]
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10 | .
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05 | vy _
the Phase Transition |
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0.00 0.05 0.10 0.15 0.20 0.25 . 0.30
 Mixed phase is preferred
if surface tension between
Quark/hadron matter is small

EOS = DBHF (nhuclear) + vBag (quark)

Wei, Salinas, Irving, Klaehn and Jaikumar, ApJ 887 (2), 151 (2019)
Distinctive signature of a continuous
phase transition
Local oscillation frequency shows a peak

when mixed phase enters..
-2 u T u T u .
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— — — Hybrid star 2
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IDENTIFYING A MIXED PHASE

g-mode > 0.8 kHz only for
Hybrid stars

]0348+0432 1

* Higher mode frequency =>

larger fraction of quark matter
e
. F
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1.0}
" =
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057.%0‘“\’. AW
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* Improving constraints on radii " ‘. ‘ ‘ l e
* One or both components could : : 0 22 24
be Hybrid stars.
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OBSERVATIONAL OUTLOOK
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(Abbott et al. PRL 119, 161101 (2017))
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G-MODE DAMPING

= Neutrino damping (du(np,zc) = tn — thp — te)

@)2/3 1
n (6u/MeV)

T(yr) ~ 8.2T; * (

= Shear damping

P 5/9 — — 1N\ —

muise(y1) ~ - & 15 x 10° L3757 (22t ) T = (75" + Togae + Taw )
v T

= GW damping (growth) U

- yr) ~ s R%, (10—4)2 7 < 0 for instability

gy 25 1 T3, \ 6Day

G-mode can be driven unstable in rotating stars if 0.1 < T9 < 10 and w,,¢ > 2w_q




DETECTION PROSPECTS

Vick & Lai, PRD 100, 063001 (2019)
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101 1072 10-3 10~*
tmerg - I(S) SNE 230,
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Example of phase shift due to f-mode oscillations
(Vick 2019)
0.3 1/3 ¢ \2
Ad(t) =~ 2 X 10 [ 38 1] ( ) ( _2) Single Detector : tens of Mpc
T 2wgyn 10 Network : hundreds of Mpc
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CONCLUSIONS

+* Non-radial modes of compact stars carry imprints of the phase of matter
through resonant excitation frequencies

¢ g-modes can probe stratification : mixed phase / crust of neutron stars

+» Oscillation modes as or more sensitive to composition than tidal polarizability
(but may need continuous wave sources)

+» Detection of oscillation modes is worth pursuing with improved sensitivity and
more detectors
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