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Tidal deformabllity of neutron stars
® Tidal field &;; of one NS induces quadrupole moment @);; in other NS

Qi; = — AMEOS, Mns)E&ij
— A(EOS, MNS)Mgsgij

® |ncreased quadrupole moment leads to more tightly bound system and

additional quadrupole radiation
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h, at 100Mpc

Inspiral waveform
® [idal effect results in a phase shift of ~| cycle up to ICO depending

on the EOS
3.><1o—2251"11 n
2.x107%%¢
S N/ ANAWIANIAWIA AL
= W NS W W WA WAWWWWMMYY |
~2.c1022p T BN M L P8e 1%s, A, =501, Ag=s0r U
~-3.x10%2 .

26.940 26945  26.950 _ 26.955 ~ 26.960  26.965
t (s)

® JaylorF2 waveform depends mainly on | tidal parameter A
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Parametrized EOS

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

® Parametrization reproduces neutron star properties to a few percent




Parametrized EOS

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




Estimating EOS parameters from LIGO data

® Analogue of 2-step Bayesian 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(glfis e”:lorl) _ pO[H, D)p(dn|0,7,7)
9 ) p(dn‘H,I)

Evidence

o 0=1{a,6,1, Dy, te, e, M,n, A}

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

® 7:prior information about the parameters

® Marginalize over unwanted parameters:

— —

p(M, 1, Aldy, H, T) = / p(8)doy, H, T) B




Step |: Estimate M-n-A(M, n, EOS)

Only 3 observable parameters are relevant for EOS measurement

Can be appriximated with Fisher matrix

Now also using results from Les Wade using lalinference_mcmc

0.25}
0.248}
0.246}
0.244f
0.242}

0.24f,

2500.0F
2000.0f
1500.0
1000.0f

500.0f

O-OV\ L L L L L L 1 [ L L L I L] ! . .
1.174937373052517315252759257530.24 0.2420.2440.2460.248 0.25 0.0 500.01000.@500.@2000.@500.0

True EOS
68% confidence

99.7% confidence

5

A




Step 2: Estimate EOS parameters

® (an estimate EOS parameters from Bayes theorem:

Poster Prior Likelihood
i 0S erl\;)rH 7) — p(Z|H, D)p(dy ...dn|Z, H,T)
o p(dldN\?—[,I)
Evidence

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 vy = \/dp/de < ¢
and Max = 1.93M 5 . NS masses from 0.5 to 3.0Mg

* Likelihood N Posterior from single BNS event
p(dlw--adN‘fa%aZ Hp ns Tn s n’d’rL?H I)’A =A (M, ,nn,EOS)

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




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

® Moderate EOS in middle of parameter space
® R(1.4Mg) ~ 12.5km, and Mpax ~ 2.5Mg
® Sampled 50 BNS systems with SNR > 3
® |ndividual masses distributed uniformly in (1.2M &, 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
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-OS Parameters

® | and 2-parameter marginalized distributions

® )-parameter contours represent 95%
_ confidence
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| and 2-parameter marginalized distributions

® )-parameter contours represent 95%
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-OS Parameters

_ _ ® | and Z2-parameter marginalized distributions
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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 .

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

37.0

w
o
o

35.0

p) (dyn/cm?)

959% confidence interval

shown for each density & 340

—

33.0 ="

.
.
- .
Y
Y
- )
Y
[}

- A
A

.
ot
Wt

~
Bl

Do = 3. 6pnuc

.
)
)
Ly
+
1y
R
Y
)
)
1
Y
+
)
'
|“‘
Y
1
Y
.
1}
'
s
!
)
YR
W

| BNS
5 BNS |

20 BNS
50 BNS 1
True EOS

32.0 ——

»
A RN R R R R R R . Y L R
- ‘—

14.2

| | E
14.6 14.8 15.0

log(p) (g/cm?)

14.4

15.2 15.4

12



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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0.0

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 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(1.4M) 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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Systematic errors in point particle waveform
® |njected Taylort2, TaylorT |, TaylorT4 waveforms and used Taylorl2 as template

® Network SNR =20, m=my= [.35Mg

® Systematic errors about as large as statistical errors
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Conclusions

® 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%

® Better EOS parametrization is probably needed

® Systematic errors from inexact waveform templates will be the primary
difficulty iIn measuring the EOS with BNS inspirals
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Addrtional slides: varying other parameters




Effect of mass distribution on measurability
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® Maximum observed NS mass
used In prior for EOS
parameters

® Results shown for 50 BNS
systems from |.2--1.6Mg

® red: verified 1.93Mg NS

® oreen: verified 2.3Me NS

® 95% confidence interval
shown for each density

log(p) (dyn/cm?)
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