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What can we measure from the waveform?

® Phase shift during the inspiral from tidal interactions

® Tidal field &, of one NS induces quadrupole moment @);; in other NS
Qij = — AEOS, Mns)&ij
— A(EOS, Mns) MRsEis
® |ncreased quadrupole moment leads to more tightly bound system and
additional quadrupole radiation
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What can we measure from the waveform?

® [idal effects first appear at same order as SPN point-particle terms

® |eading term Is a linear combination of the tidal deformabillities for
each NS

® Results In a phase shift of ~| cycle up to ISCO depending on the EOS
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log(p in dyne/cm?)

Parametrized EOS

37 Tabulated theoretical models %7examp|es of fits to theorehcal models
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® Available physical models for EOS can be accurately fit by a parametrized
plecewise polytrope

® Parametrized piecewise polytrope reproduces neutron star properties to
a few percent



Estimating EOS parameters from LIGO data

® Analogue of 2-step procedure described by Steiner, Lattimer; Brown
(Astrophys. |. 722, 33) for mass-radius measurements

® [hey combined several mass-radius measurements from accreting
neutron stars to estimate EOS parameters

~

® We will use estimates of M-—n-A(M, n, EOS) from several BNS
inspiral events to estimate EOS parameters



Step |: Estimate M-n—-A(M,n, EOS)

® (an estimate BNS parameters from Bayes theorem:

Poster Prior Likelihood
p(glcjis e”:lorl) _ PUOIH, T)p(dn|0,H,1)
9 ) p(dn‘H,I)

Evidence

o 0={a,8,t,%,Dr,tc, pe, M, 7, A}

® (,:gravitational wave data from nth BNS system
® 7H:waveform model

® 7:prior information about the parameters

® Posterior calculated with MCMC or estimated with Fisher matrix
which assumes Gaussian likelihood and prior

® Marginalized distribution trivial to compute with MCMC or Fisher
pM R 1 D) = [ o0, He T



Step 2: Estimate EOS parameters

® (an estimate EOS parameters from Bayes theorem:

Poster Prior Likelihood
i 0S i{rjl\(:ry 7) — p(Z|H, D)p(dy ...dn|Z, H,T)
o p(dldN\”H,I)
Fvidence

o 7 =/{log(p1),I'1,1'2, '3, M1, m1,.... Mn,nN}

® d;...dn:gravitational wave data from all N BNS events

® prior: Flat in EOS parameters except vs = Vdp/de < c
and Mpyax > 1.93M4

® | kelihood:
N Posterior from single BNS event

p(dlw"adN‘fa%aI Hp ny Tin ;s n’d’nﬁH I)’A =AMy, 1, EOS)

® Perform MCMC S|mulat|on over the 4+2N parameters, then
marginalize over the 2N mass parameters



Simulating a population of BNS events
® \Ne chose the “true” EOS to be MPA|

® Moderate EOS in middle of parameter space
® R(1.4Mg) ~ 12.5km, and M. ~ 2.5Mg
® Sampled 50 BNS systems with SNR > 3
® |ndividual masses distributed uniformly in (1.2Mq, 1.6 M)
® Sky position and distance distributed uniformly in volume
® Orientation distributed uniformly on unit sphere

® A then calculated from masses and “true’”’ EOS



-OS Parameters

® | and 2-parameter marginalized distributions

® )-parameter contours represent 95%

confidence

True values 5.0

\{_

4.0
3.5

i

— 30}

25}
2.0t
15}

~ -
- ~
S -
S -
N -

N -

N -

< -

~ -
- ~ -
S -
3 -
N -
N -
N [
| 1y
I I
~
~
~

5.0F
4.0}
3.0t

20

2-d marginalized

1.0 &

PDFs o

40}

o

— 3.0

201

‘s
\

WS

\ et -

\l\x -

1.0

llllllllll
IIIIIIII
IIIIIIIIIIIII

log(p1) (dyne/cm?)

I 'y

335 34.0 345 350 355 1.52.0253.03.54.04550 1.0 2.0 3.0 4.0 50 1.01.52.02.53.03.54.04.55.0

['3

| BNS

20 BNS

True EOS



-OS Parameters

® | and 2-parameter marginalized distributions

S ® )-parameter contours represent 95%
o confidence
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-OS Parameters

_ _ ® | and 2-parameter marginalized distributions
_ _ ® )-parameter contours represent 95%
- - confidence
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_ _ ® | and Z2-parameter marginalized distributions
_ _ ® )-parameter contours represent 95%
: - confidence
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FOS function p(p)
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FOS function p(p)
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FOS funct

® (hain of EOS parameters
from MCMC simulation
gives histogram of
pressures for each density

® 95% confidence interval
shown for each density
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FOS funct

(p)

on p

38.0 .
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from MCMC simulation
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NS Radius and Tidal

® Del Pozzo et al. found A(1.4Mg) can be measured to +/-10% with 50

Deformabillity

sources but the slope of A(M') cannot be measured

® Fitting the EOS function p(p) instead of A\(M ), and using known EOS
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properties and mass constraints, dramatically improves the measurement
of A(M) as well as any other quantity derived from the EOS

® Radius, love number, moment of inertia, upper limit on spin, ...
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NS Radius and Tidal Deformabillity

® Del Pozzo et al. found A(1.4M) can be measured to +/-10% with 50
sources but the slope of A(M') cannot be measured

® Fitting the EOS function p(p) instead of A\(M ), and using known EOS
properties and mass constraints, dramatically improves the measurement
of A(M) as well as any other quantity derived from the EOS

® Radius, love number, moment of inertia, upper limit on spin, ...
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NS Radius and Tidal

® Del Pozzo et al. found A(1.4Mg) can be measured to +/-10% with 50

Deformabillity

sources but the slope of A(M') cannot be measured

® Fitting the EOS function p(p) instead of A\(M ), and using known EOS

properties and mass constraints, dramatically improves the measurement
of A(M) as well as any other quantity derived from the EOS

® Radius, love number, moment of inertia, upper limit on spin, ...
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NS Radius and Tidal

® Del Pozzo et al. found A(1.4M) can be measured to +/-10% with 50
sources but the slope of A(M') cannot be measured

Deformabillity

® Fitting the EOS function p(p) instead of A\(M ), and using known EOS
properties and mass constraints, dramatically improves the measurement
of A(M) as well as any other quantity derived from the EOS

® Radius, love number, moment of inertia, upper limit on spin, ...
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Using MCMC Instead of Fisher matrix

® Currently have |8 simulations using lalinference_mcmc from Les Wade

® Parameters sampled using MPA| EOS and uniform [.2--1.6Ma mass
distribution 200
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Conclusion

® Detalled EOS information can be found from the inspiral of BNS systems
with alLIGO

® f[rrors in pressure between ~ 0% and factor of 2 depending on
density using 50 BNS systems

® (orresponds to errors in radius of ~0.5km and error In tidal
parameter of ~10%
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Systematic errors in point particle waveform
® |njected Taylort2, TaylorT |, TaylorT4 waveforms and used Taylorl2 as template

® Network SNR =20, m=my= [.35Mg
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Current EOS constraints

log (py) (dyne /cm?)

Causality: Speed of sound must be less than the speed of light in a stable
neutron star Vs = \/dp/de < ¢

Maximum mass; EOS must be able to support the observed star with
mass greater than 1.93 M

Mass-radius measurements also provide strong constraints (Steiner et al.)



Parametrized EOS

~

Cach exact measurement of M—n—A(M, n, EOS) restricts
barameter space to N-| dimensions

Multiple observations with different NS masses can measure all 3
barameters If accurate enough

® Most BNS systems will have maximum central density
below 10'° g/cm? , soT'5 is not constrained by inspiral
observations




