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In the beginning there was a network
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Rapidly rotating neutron stars in scalar-tensor theories of gravity
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Dark stars: gravitational and electromagnetic observables
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What’s wrong about middle aged

men and Mercedes Sports Cars ?
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Part 1
Core Collapse in ST theory

US, Moore, Rosca-Mead, Agathos, Gerosa, Ott 1708.03651,
Rosca-Mead, US, C Moore, M Agathos, D Gerosa, C Oft 2005.09728
cf also 1903.09704, 2007.14429, 2302.04495
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Do we need a theory beyond GR?

@ When asked what he would do if Eddington’s mission failed...

Then | would feel sorry for the good Lord. The
theory is correct anyway.

(Albert Einstein)

Izquotes.com

@ But we have reasons to search for “"beyond GR”

< Renormalization: Requires, e.g., higher curvature terms.

— GR is low-energy limit of more fundamental theory

> Dark energy: Why is A so small and why pdark ~ Pmat

= Dark matter: "Neptun” or “"Vulcan” ?



o dddy —

P it i, R i i et Y S < %

@ @ @ @ @

@

Scalar tensor theory of gravity

Scalars appear naturally in extra-dimensional theories
Scalars prominent in cosmology

ST theory well-posed; fairly well understood mathematically
No-hair theorems limit potential of black-hole spacetimes
Matter: Neutron stars, core-collapse

Best example of smoking gun to date:

Spontaneous scalarization Damour & Esposito-Farese PRL 1993

Collapse studies in massless case

Novak PRD 1998/1999
Novak & Ibanez ApJ 2000,
Gerosa+ CQG 2016
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Core-collapse scenario to Oth order

Massive stars: Myzams = 8...100 Mg

Core compressed from ~ 1500 km to ~ 15 km

~ 10" g/cm® to > 10'° g/cm?
Released gravitational energy: (0(10°%) erg
~ 99 % in neutrinos, ~ 10°1 erg in outgoing shock, explosion

Explosion mechanism: still uncertainties...
Failed explosions lead to BH formation
“Collapsar”: possible engine for long-soft GRBs

Star’s life handled for us by Woosley & Heger Phys.Rept. 2007

— Initial pre-collapse profile
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Theoretical framework

Einstein frame: conformal metric Juv = F(p) Juv

@ Action
1 = s =
@ Energy momentum tensor: 1,3 = phusug + Pgaz

()

Spherical symmetry: d3* = g, dz"de” = —Fo dt* + FX?dr® + r2dQ? |
1 —1 —1
U a -, vX ", 0,0
ot |
Equations (gravity): d,a=..., Op X =Tt

8t8tgo = ...

Equations (matter): (p, h, v) & (D, 8", 7) = HRSC
GR1D code O’Connor & Ott CQG 2009
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Equation of state

Pressure: “cold” + “thermal” contribution: P = P, + Py
4 0 : Z
Hybrid EOS for cold part: P, = < Kip if P < pPnuc

KQ,OP2 1f P = Pnuc

\

K I'—1 :
Fl_llp 1 e e

Internal energy from 1st law: €. = =
TzlpPQ_l o E3 if P > Pnuc
Thermal pressure: Py = (I'th — 1)p(e — &)
Raieimetersea = 3ol oy — 2 5 nemle =gl i35
K1 = 4.9345 x 10™ [cgs], ppuc =2 x 10** gem ™

Ko, Es from continuity at p = pnuc
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The coupling function and potential

)

@ Coupling function, potential: | F(y) = e=2x09—Fo¢” | |V (¢)

O | — PSRJ0348+0432 |-
— PSR J1738+0333 | :
—— (assini _

o |®®e Runs _

@ Only for 4 <107Pev !

Here: pleV] € [107°,107 %]

Ramazanoglu & Pretorius PRD 2016

¢

@ Free parameters:

MU, &, 507 Fla F27 Fth it progenitor MZAMS) C
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Time evolutions cooking book recipe

Choose your Woosley-Heger progenitor Myzams, ¢
Specify parameters u, ag, 8o, I'1, I'2, T'tn

Specify the grid

Run (may need checkpointing, but no Parallelization)
Extract GW signals at Rex ~ O(1) light second

Propagate signal to astrophysical distances;

easy if u =0, noteasyif p#0
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Waveforms ““far from” the source
@ Far from the source, scalar dynamics are governed by the

flat-space Klein-Gordon wave equation 92¢ — V%o 4+ w2p =0

N S— — <

PSS

@ Easier to work with the radially rescaled field o =ryp
@ As the signal propagates outwards: PSSR e S L T
- Low frequencies are suppressed i The scalar field
- High frequency power spectrum is unaffected
- Signal spreads out in time mass has a natura|2 :
- High frequencies arrive earlier than low frequencies : frequency o= ,LL/FL ) ;
- Signal becomes increasingly oscillatory s e S NS A :
’
10 4 | - ,
' — r=ry,=>5x10"m 1.0} — r=reg=9o%X10"m - ,:
10-2 — =T +3x10°m | ﬂ — =T +3x10°m
=9 0.5} .
N_‘ Q= ].0_:1 —~
f: 10~ = 0.0
IS 205
x 10 * S
= — —1.0 —
) - I()fc.—“)_ll
— 10 15
i
1079 _ ) —2.0 4 | !
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Frequency [Hz] Retarded Time [s] |
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@ Signals become more oscillatory as they propagate outwards
@ In the large-distance limit the stationary phase approximation
applies — analytic expression for the time domain signal
@ Signals have a characteristic “inverse chirp” lasting many years
@ Strain h X agp o 107807
SPA frequency as —'E Lg-%0 By = —20, 4—10""eV
function of time ;re" - — og=10"% - -~ ap=10"2 ... ap=10"
T 10 24 |
(Inverse Chirp) — 10*0F , , _
1 T —— 1 =Te |+ 10kpe
F(t) - = ., 1020
2 1-(@/t? £,
: g w,/(27)=2.42 Hz
Distance to source SR
d = 10kpc () 2 4 6 8

Waveforms ““far from” the source

Retarded Time [109 X 5}
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Detection with LIGO-Virgo

GWs from core-collapse in ST gravity may fall into 3 classes:

@ Burst signals: For light scalars (¢ < 107?°eV) and short
distances (10kpc), the pulse does not disperse significantly;
will look like a < 1s burst

@ Continuous wave signal: for heavier scalars, long dispersion
turns pulse into a quasi-monochromatic signal
— capture using standard directed CW searches,

assuming EM counterpart; e.g. SN1987A, Kepler1604

@ Stochastic background:
- Many quiet sources + very long duration (superposed)

- Cosmological redshift + mass variation — smeared low- f cutoff |
around ~ wx

Rosca-Mead, Agathos, Moore & US PRD 2023
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Conclusions

@ Spontaneous scalarization occurs as in massless case, but
effect can be more dramatic because the scalar mass “screens”
the effect of the scalar, allowing larger values of ag, Bp to be
compatible with binary pulsar observations

@ Signals propagate with dispersion, signals can last for years to
centuries at kpc distances

@ Signals can show up in LIGO/Virgo burst, CW or stochastic searches |




Part 2 .
GWs from Boson-star binaries

T Evstafyeva, US, I Romero-Shaw, M Agathos 2406.02715,
cf also 2108.11995, 2212.08023







S L ni i il By it i e

O it . o g b

@ @

@ @ @ @

" Questions and work plan

Can we observe boson stars with LIGO-Virgo-KAGRA?

If yes, what does PE with current approximants yield?

Can we simulate BS binaries with sufficient accuracy?

Perform high-precision NR simulations of BSs

Inject resulting waveforms into LIGO detector noise
Recover signals and parameters with Binary BH/NS approximants

Test residuals
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Theory and Numerical Modelling

@ Massive complex scalar field + GR

R
2 SN = 4
S J—{_SnG 8"V, VU¢+V(¢)]}d X

= Einstein-Klein-Gordon equations
@ Space-time (3+1) formulation: CCZ4
Alic et al 2012

@ Use two numerical relativity codes
GRChombo Radia et al 2021
Lean US 2006

@ Technical details:
1 1

dx S T domain size ~ 1024, 8 refinement levels




BS binaries
We simulate 5 BS binaries through inspiral, merger and ringdown.

Characterized by

@ Quasi-circular, non-spinning, equal-mass: e=0,5,,=0,g=1

@ Number of orbits N

@ Compactness 0.1 or 0.2

@ Scalar dephasing é¢ € [0,x]

@ BS-BS or BS-anti BS binary?

@ Total mass: Any by trivial rescaling of the scalar mass
Name Nickname Compactness N (orbits) d¢p BS or ABS
A17-d14, -d12  standard 0.2 14, 11 0 BS-BS
A17-d15-p090 dephased 0.2 16 /2 BS-BS
A17-d15-p180 anti-phase 0.2 16 b4 BS-BS
A17-d12-e1 anti-BS 0.2 11 0 BS-ABS
A147-d19 fluffy 0.1 18 0 BS-BS

L — —, —— -

R




A17-d14

2000 5000 6000 7000 8000
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Waveform approximants

Parameter estimation performed with Bilby Ashton et al 2019

IMRPhenomXP: Frequency domain Pratton et al 2021 |
« Quasi-circular, spin-precessing black-hole binaries

« Quadrupole modes

IMRPhenomPv2 NRTidal: Frequency domain Dietrich et al 2017, 2019

« Quasi-circular, spin-precessing neutron-star binaries

~ Tidal deformability parameters A,y

We have tested more with similar results.
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Injections and parameter estimation

@ Inject BS signals with specified parameters:

Fixed: sky location, incliation, initial phase, time etc

Variable: total mass, luminosity distance

@ 2 Approaches: (1) Allow spins to vary in the analysis

(2) Spins fixed to zero throughout analysis

@ Main diagnostics:

-
-

-

Recovered masses, spins
Recovered SNR, Log Bayes factor

Test residual for Gaussianity




Injected
—— Recovered

- Signal + noise
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Results using IMRPhenomXP
@ Fixing spins to zero:
&« poor m;,m, for standard BBS

« decent m,,m, for anti-phase BBS

@ Variable spins:

« decent m;,m, and anti-aligned spins for standard BBS

« poor m;,m, and aligned spins for anti-phase BBS

2.0 A17-d12 4 A147-d19
15 g ©® E 53 @
1.0 8 o ¢ ¢
. 3 2
0.5 . . * e o ¢ ¢ o
0.0+ o]
-05 , 0 -
10020 40 60 80 100 Yo 20 40 60 80 100
2.0 A17-d12-el 2.0 A17-d16-p180
1.5 . 1.5 s o
10-¢ge ¢ ¢ & 10 9e & e ¢
0.5 05 . x %
0.0 Eo X E g 0,01
® m/my,, (foed spins)
_05 i my/ my e (foed spins) _05 M) e X efl
—-1.0; —-1.0; .
0 20 40 60 80 100 0 20 40 60 80 100
M2/ M: Mg /M-
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Conclusions
@ NR simulations of BS binaries about as accurate as for BHs

@ BS binaries recovered well with BH approximants — degeneracy

@ But systematic bias in parameter estimation
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