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* Secondary features: eme of GW spectra /
dynamics, universality of GW spectra, analytic model



Prompt formation of
BH + torus

Reviews: Duez 2010,
Faber & Rasio 2012
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Rest-mass density evolution in equatorial plane: 1.35-1.35 M_  Shen EoS



h+ at 20 Mpc

inspiral

1.35-1.35 M_  Shen equation of state (EoS), 20 Mpc
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Posterior Probability
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Rodriguez et al 2014 — injected at 100 Mpc Mass Ratio
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211752 M
chirp sun
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— Chirp mass determines M,
quite well

Bauswein et al. 2015

Minimum NS mass 1.1 - 1.2 Msun (e.g. Ertl et al. 2015)



* Postmerger oscillations:

weak signal — robust strong EoS effect

an & Hinderer 2008,

J

. 2013, Del Pozzo et al 2013,



Thin line
postmerger only

* Up to three pronounced features in the postmerger spectrum
(+ structure at higher frequencies)

* Simulation: 1.35-1.35 Mg, DD2 Eo0S (table from Hempel et al.)

In the literature f,. is also called f,



Robust feature, wr s (which don't
collapse promptly to -

Fundamental quadrupolar fluid mode of the remnant

Re-excitation of f-mode (I=|m|=2) Mode analysis at f=f,¢.
in late-time remnant, Bauswein Stergioulas et al. 2011
et al. 2015




all 1.35-1.35 simulations

M1/M2 known fro

inspiral RS \.\
o NI

A\

characterize EoS by radius of
nonrotating NS with 1.35 M_

Pure TOV property => Radius measurement via fpeak

— Empirical relation between GW frequency and radius of non-rotating NS
Important: Simulations for the same binary mass, just with varied EoS

Triangles: strange quark matter; red: temperature dependent EoS; others: ideal-gas for thermal effects



all 1.35-1.35 simulations

R M./M_ known from
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v

characterize EoS by radius of
nonrotating NS with 1.6 M_

Pure TOV/EoS property => Radius measurement via f .,

Important: Simulations for the same binary mass, just with varied EoS

Note: R of 1.6 Msun NS scales with fpeak from 1.35-1.35
Msun mergers (density regimes comparable)



M_ . =1.1665M
chirp sun

asym. mergers blue -

Bauswein et al. 2015

Recall: chirp mass precisely measured — good proxy for total mass




P [dynefcmz]

2 .

Triangle: strange quark
matter (distinguishable
by other observations)
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* Binary foeak
determi

o Asymmetric only slightly

* Intrinsic rotation ha observed spin rates

* Simulations within conformal flatness but frequencies agree well
with results from Kyoto / Frankfurt / Caltech group (full GR)

* Dominant frequency detectable for near-by events e.g. via
morphology-independent burst analysis with ~10 Hz accuracy
(Cark et al. 2014) or Principal Component Analysis (PCA) at
larger distances with larger uncertainties (Clark et al. 2015)



Measu guency

aveforms hidden in

EEE caled LIGO noise

DD23 3a,
NL3 Peak frequency recovered with

NL33 8a, .
SFHo burst search analysis

SFHx

Shen Error ~ 10 Hz
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TMa

hIAPR' For signals within ~10-25 Mpc
hsAPR'

hsAPR* .

hIAPR* => for near-by event radius
:ﬂl;g{ measurable with high precision
sDD2

hiDD2* (~0.01-1/yr)

B hsDD2*
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and the maximum nonrotating NSs



Fractional increase of M__

Key quantity:
collapse

k=

M
M

thres

max

\Y

thres

with k = k(C
C_..=GM__ /(R

max)

(compactness of TOV
maximum-mass configuration)

= K™ Mnax

max)

=> M

thres

=M

thres

(M

EVE

R

max)

024 026 028

Cmax Bauswein et al. 2013

<— From simulations with different M,

o property of employed EoS
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* Radii from GW frequency
Three methods to determine M, ,,:

« Determine My, by direct observations of delayed and prompt collapse
for different M, (Bauswein et al. 2013) — many detections especially at
high masses required

» Extrapolate f e (Miot) —finres(Minres) DENavior from several events at
lower binary masses (most likely range) (Bauswein et al. 2014)

* fheak (high M) directly constrains M,




Bauswein et al. 2014

Dashed line: Universal relation between threshold mass and GW frequency




Bauswein et al. 2015

f e from 1.5-1.5 M_ = simulations — constrainton M_



1.4 1.6

p [10"° g/em?]

G, max

Similar frequency relations for maximum central density for same
detection scenario

Bauswein et al. 2014






* Up to three pronounced features in the postmerger spectrum
(+ structure at higher frequencies)

* 1.35-1.35 Msun DD2 EoS



quadrupolar fluid mode

Bauswein & Stergioulas 2015

Secondary peaks due to:
* Combination frequency (mode coupling) f,.g = foeak — o

* Orbital motion of tidal bulges (outer edges of the remnant)



DD2 1.35-1.35 Msun, rest-mass density in the equatorial plane



t=13.18 ms tion of
bulges slower
ner part of the
ant (double-core
structure)

Spiral pattern, created
during merging lacks
behind

t=13.42 ms t=14.22 ms

Orbital frequency:
1/1ms — generates GW
at 2 kHz !

Present for only a few
ms / cycles

X [km]



* Considering different models (EoS, Myyt): 3 types of spectra
depending on presence of secondary features (dominant f,q
Is always present)



Type | Type |l Type IlI

LS220, DD2, NL3 EoS all with M, = 2.7 M, — consider M, relative My, ..
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Type of M;-M, merger indicate at M, /2 = M,
(Continuous transition between types — tentative association)

For M, = 2.7 Mg, all Types are possible depending on EoS

sun
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1.35-1.35 Msun simulations: secondary frequencies scale well with
dominant frequency (— contain redundant information)

Bauswein et al 2015



GW spectra shifted to reference frequency — Universality

Reason: spz'ra,l 2—0 X Jpea
— Very useful property for Principal Component Analysis for GW data
analysis (Clark et al. 2015) — low number of principal components suffices
— construction of templates seems possible



Motivated by unders:t_an' l 'e'm_i-ssion mechanisms:

hyx o Qzy =Apeak €Xp (—(t — to)/Tpeak) 0.1 Jﬂl |
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— very good match for this model
(open question: how does model
perform for other simulations?)

Bauswein et al. 2015 — construction of templates




* Collapse
* Maximum cen

* Two distinct mechan
mode interaction between
antipodal bulges

es in GW spectrum:
lal mode; orbital motion of

* three different types of spectra / dynamics (depending on total binary mass
for given EoS) — classification scheme

* Secondary and dominant frequencies show very similar dependence on NS
compactness / radius

* Universality of GW spectra, analytic model of postmerger phase
— GW data analysis
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