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Abstract: The uncertainty in the equation of state of cold matter above nuclear density is notorious. Despite four decades of neutron-star
observations, recent observational estimates of neutron-star radii still range from 8 to 16 km; the pressure above nuclear density is not known to
better than a factor of 5; and one cannot yet rule out the possibility that the ground state of cold matter at zero pressure might be strange quark
matter -- that the term & quot;neutron star& quot; is a misnomer for strange quark stars.

The last few orbits of binary inspiral are sensitive to the stars distortion, and a major goal of the next generation of gravitational wave detectorsisto

extract parameters characterizing the high-density equation of state from inspiral waveforms. This talk reports a first study that uses numerical
simulations to estimate the accuracy with which the equation of state can be measured.
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Measuring the Neutron-Star EOS with
Gravitational Waves from Binary

Inspiral

NS-NS: Jocelyn Read. Charalampos
Markakis. Masaru Shibata. Koyt Urvu, JF

Tamja Hinderer. Lackeyv. Read:

BH-NS: Shibata. Keisuke Taniguchi
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Matter above nuclear density

* Far from an 1deal gas of neutrons

* Pressure above nuclear density uncertain by a
tactor of 10.

» Hundreds of candidate equations of state relving
on different underlying models
non-relativistic mean field:
relativistic mean field.
hyperons:
pton or kaon condensates:
up. down and strange quarks
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quark-hybnd traditional neutron star
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Radius uncertain to about a factor of 2:
8-16 km for slowly rotating neutron stars




Radius uncertain to about a factor of 2
8-16 km for slowly rotating neutron stars




Svstematizing Constraints on EOS
Want parameterized EOS  p=p(p)

p = pressure
p = rest-mass density

e = energyv density

Number of parameters
< number of astrophvsical observables

Number of parameters large enough to
accuratelv model the universe of candidate
EOSS Test bv accuracy 1n modeling the
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Svstematizing Constraints on EOS
Ditficulty:

No small. model-independent set of
fundamental parameters.
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Svstematizing Constraints on EOS
Diatticulty:

No small. model-independent set of
fundamental parameters.

Instead. trv phenomelogical parametrization
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Svstematizing Constraints on EOS

onrelativistic and highly relativistic 1deal
ermi1 gases have EOS

P V' = constant
p=Kp

| 4 .
wiath I'=— and I' = — . respectively.....

e 2
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log (p'c)
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Candidate EOSs
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log (p'c?)

pecify
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Candidate EOSs
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Candidate EOSs
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Candidate EOSs
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Candidate EOSs
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Happily. universe of candidates has
preferred dn 1d1n0 densmes
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These are piecewise polvtropes
The parameters: p« 7, /5, [;

p. = p(2.5x10"g/cm’)
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These are piecewise polvtropes
The parameters: p« 7, [5, I

p. = p(2.5x10%g/cm’)

rKllO“TIl p < pnuclenr = p'l
E ]'_I
K p p,<p<p,

p(p) = - r,
Kp~ p, < p<p,

L Kmpl_?: p > p-‘%
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iiven p = p(p). energy density € = ¢(p)
etermined by the first law of thermodyvnamics:
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iiven p = p(p). energy density € = ¢(p)
etermined by the first law of thermodvnamics:
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These are piecewise polvtropes

riven P = p(p). energy density € = €(p)
etermined by the first law of thermodvnamics:

dV . = :
—p — Change in E'V from work -pd\
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Hard theoretical constraints:

« EOS known below nuclear density

. dp
¢ Causaht}-': Ysouncl< ] = Z—[ <]
de
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Hard astrophvsical constraints:
1 = 1.7 M _ (95% contidence JO75-1907)
—>716Hz (PSR J1748-2446)

Of these. only the first —the largest
observed mass —significantly constrains
the EOS parameter space.

It only constrains the parameters in
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“ausality, v, 4<c. removes the region above
nd 1n front of the surtace. where the EOS 1s
oo stitt
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e constraint 1s weaker when one demands
ausality only for densities below the largest
lensity occurring 1n stars based on the EOS:
he central density of the maximum mass star

35.5

350} Vo mpot T

! i

V_g_ m} C

33.5 < j--L
2 ' 2
3 3
irsa; 09090079 rg 4 4 rE Page 27/68
S5

log (p; in dyne/cm?)




“ausality, v s<c. removes the region above
nd 1n front of the surface, where the EOS 1s
oo stift
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e constraint 1s weaker when one demands
ausality only for densities below the largest
lensity occurring 1n stars based on the EOS:
he central density of the maximum mass star
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I > 1.7M allowsregion above surface
mMax O,

where EOS stiff enou gh to prevent collapse
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e constraint 1s weaker when one demands
ausality only for densities below the largest
lensity occurring 1n stars based on the EOS:
he central density of the maximum mass star
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“ausality, v 4<c. removes the region above
nd 1n front of the surface, where the EOS 1s
oo stift
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e constraint 1s weaker when one demands
ausality only for densities below the largest
lensity occurring 1n stars based on the EOS:
he central densitv of the maximum mass star
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I > 1.7 M allows region above surtace
A O

where EOS stiff enough to prevent collapse
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I > 1.7 M allowsregion above surface
maxs G

where EOS stiff enough to prevent collapse
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I > 1.7 M allows region above surtace
max O,

where EOS stiff enough to prevent collapse
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easuring two properties of a single star

estricts the EOS to a single surface
thickened by the error bars of the measurement)

Example:
Observing mass and radius
restricts EOS to the surface

R(p., L', 1,,1,)=

Robsen'ed
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easuring two properties of a single star

estricts the EOS to a single surface
thickened by the error bars of the measurement)

Example:
Observing mass and radius
restricts EOS to the surface

R(p.,1,.1,,1,)=

or M<14M

obberx ed

[)=R

observed



uture Constraints:
and \/ for the same star. PSR JO737-3039A..
fastest binary pulsar svstem

[ and measure of departure of NS-NS
vaveform from point-particle mspiral
- ode- Mode frequencies for merged star prior to
ecoming black hole. Simultaneously know 1/
nd mbpu‘al waveform. but EOS hot, and
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verview of signal from binary neutron star:

at 100 Mpc
= 10 30 100 300 1000 3000
2x10 r . E E :
1x107% ¢ = :
N—5x10-23:‘ P inspiral
TEZK 1072+
=1 x 1075 E
; % - 0—24 : Broadband AdLIGO
- : AdLIGO
2x 10724}
1x10°%} ET

10 30 100 300 1000 3000
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verview of signal from binary neutron star:

at 100 Mpc:
= 10 30 100 300 1000 3000

2x10 ' = | ' =

1x107%F = 1
: 5410 B¢ P inspiral _,:
2x107 2} Modified -
;1 e 107 :. inspiral -
;§5 10~ 2t Broadband AdLIG :
= : AdLIGO
T2x10°% ¢ ~

1x107%4F ET
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Departure from point-particle inspiral at
ower frequency for NS with larger radius.

necause the tidal force 1s greater.
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Stitter

(1.7 Poyeiesy) =10°%7 dyne/cm?

BEOS

Softer EOS
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imulations by Markakis. Shibata. Urvu —
first cut. using a few orbits before merger
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mmulations by Markakis. Shibata. Urvu —
first cut. using a few orbits before merger

| Mn: rosoft Uffice ine rPoint Security Notice y 4 5

@ Microsoft Office has identified a potential security concemn.

FiePath: C:\... Settings\friedman|My Documents'talks'prda'constraints.ppt

Ta help protect vour security, Mi¥nen
ext=mal mmﬁv: £ Dc-cument am:l Eeitmﬁs fnedman Myr Dﬂcum&rrL talks nrda. Eunmamts ppt

If you wish to run external programs in Action Settings, dick Enable, If vou
wish for external programs in Action settings to run automaticaily, dick Enable
Al, but note that this may be a security risk. Otherwise, dick Disable to
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imulations by Markakis. Shibata. Urvu —
first cut. using a few orbits before merger

"Microsoft Office PowerPoint Security Notice

@ Microsoft Office has identified a potential security concern.

FilePath: C:\... Settings\friedman My Documents!talks \nrda'\constraints.ppt

To help protect your secunity, Microsoft Office has blocked the ability o run an
external program automatically. If you choose to enable the extermal
programs, your document and computer may no longer be secure.

If vou wish to run externat programs i Action Settings, ciick Enable. If vou

wish for external programs in Action settings to run sutomatically, didk Enabie
All, mtmtehatﬂwsmwbeawttvﬂdc. Otherwise, dick Disable o

| Bozbie | L psie |
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immulations bv Markakis. Shibata. Urvu —
first cut. using a few orbits before merger

I
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BNSEOS

Binary Neutron Star Coalescence Wave




BNSEOS

ary Neutron Star Coalescence Waveforms
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BNSEOS

ary Neutron Star Coalescence Waveforms




Model 2H (stiff)

pr= 10342 dyne cm3
EFr=ls=1s=3
Isolated radius: 15.2 kir
er
02—
= - 2H | ;
=] o : 1 i
< 01} & M/ ' A ]
S5 00t 8 l it Tl
S-01f s ‘ WA . Post merger oscillations
: ! of hypermassive NS
Model 2B (soft)
p:= 1041 dyne cm3
Fy=FE:=F=3
Isolated radius: 9.7 ki
Prompt collapse to BH ar
quasinormal ringdown
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larger R requires a stiffer EOS —
arger pressure ps
t average density of star.

Broadband | Narrow band 1150 Hz

=
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= {h(p)—h(p,)| F(p,)— I P, W




stimated accuracv with which radius can
e extracted from inspiral waveform for
vo 1.4 A/_stars at 100 Mpc

Broadband Narrow band 1150 Hz
- 01

E i
i

2 R e
i gy & el
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The deviation from point-particle inspiral is
dominated by the quadrupole tidal
deformation of each star.

For large separations this 1s given by the
Love number 4: An external quadrupole
gravitational field

E XX
induces a quadruple moment tensor

0, =k R°E,

See Flanagan&Hinderer. Binnington&Poisson.

Damour&Nagar)



urfaces of constant induced quadrupole
oment (constant AR°) for fixed tidal force:

log (py In dyne/cm’)
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The deviation from point-particle inspiral 1s
dominated by the quadrupole tidal
deformation of each star.

For large separations this 1s given by the
Love number 4: An external quadrupole
gravitational field

Exx'

induces a quadruple moment tensor

0, =k RE,

See Flanagan& Hinderer. Bimnington&Poisson.
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urfaces of constant induced quadrupole
oment (constant AR-) for fixed tidal force:

log (py In dyne/cm’)
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Observability 1n early inspiral

Difference in wave phase
Prspp ~ Pas

150 200 300 500 7(!] 1000
:"grlwmeml LIGO

M (M.) ms/m; Aln M(%) Alnu(%) AX(x10%) p

2.4 1.0 0.0027 0.19 9.9 42
2.6 1.0 0.0029 0.18 12.1 BB
2.8 1.0 0.0031 0.17 14.6 47
3.0 1.0 0.0033 0.16 17.3 31
29 0.7 0.0031 .16 15.5 A8
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Observability 1n early inspiral

Difference in wave phase
Prspp ~ s

i

N WA O O

-

m,=My= 14 M

150200 300 5&37(!]1(!]3

Einstein Telescope

M (M) mo/my Aln M(%) Alnp(%) AlnA(x10%°) p
2.4 1.0 0.00018 0.017 0.93 404
26 1.0 0.0002 0.016 1.14 432
2.8 1.0 0.00021 0.015 1.37 459
3.0 1.0 0.00022 0.014 1.62 ST

i
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Black-hole —neutron-star inspiral

gaimn obtain surface in EOS space by
casuring departure of NS-BH waveform
rom point-particle mspiral
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Observability 1n early inspiral

N WA O O

Difference in wave phase
$aspp ~ P15

100 150 200 300 5&37(!]11])0

Einstein Telescope

M (M) ma/my Aln M(%) Alnpu(%) AlnA(x10%°) p

2.4 1.0 0.00018 0.017 0.93 404
2.6 1.0 - 0.0002 0.016 1.14 432
2.8 1.0 0.00021 0.015 1.37 459
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Black-hole —neutron-star inspiral

gain obtain surface in EOS space by
casuring departure of NS-BH waveform
rom point-particle mspiral
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H spins. mimplies a constraint surface

wide range of possible mass ratios. orbats.

ickened by uncertainty.

s O f!
Shibata, (Kvoto) et AATATA I
Lvutoku. Yamamoto 0 200 a0 a0 800
. - : (a) tet/ My
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wide range of possible mass ratios. orbits.
H spins. implies a constraint surface
hickened by uncertainty. e

s O1h o aaannihl
shibata, (Kvoto) e
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Tokvo) Taniguchi 3 s
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Observability 1n early mspiral

Difference in wave phase
faspp ~ P15

N W e O N

150 200 300 500 TCIJ 1000
:\d‘mncml LIGO

..\[ ‘.‘.{) !H-zf]’ﬂl AIH.M[‘;{) Alllﬁ(r;{) A:\{XIOSB} P

24 1.0 0.0027 0.19 9.9 42
2.6 1.0 0.0029 0.18 12.1 1
2.8 1.0 0.0031 0.17 14.6 47
3.0 1.0 0.0033 0.16 17.3 51
29 0.7 0.0031 .16 15.5 Ax
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