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Thin line
postmerger only

Note: no unique
nomenclature in the
literature, e.g. f . is also

called f, ...

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

* Simulation: 1.35-1.35 Mg, DD2 EoS, Smooth Particle Hydro, Conformal Flatness

* Generic in the sense that not all secondary peaks are necessarily present



Robust feature, wk 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. 2016)
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Same time steps: double cores are local overdensities
of single isolated, selfgravitating object



~ first contact

Time of formation of single core

Evolution of central lapse, DD2 1.35-1.35 M,






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

* 1.35-1.35 Msun DD2 EoS



* Central lapse fu 0 Hz and ~1100 Hz)

» Add quasi-radial pertu si-radial mode
=> f, = 1100 Hz

» Confirmed by mode analysis — radial eigen function at f

DD2 1.35-1.35 M
sun

quasi-radial
re-excited

Stergioulas et al. 2011
Bauswein et al. 2015

Could consider also size of the remnant, rhomayx, ...
Note: additional low-frequency oscillation (500 Hz) also in GW amplitude (explained later)




* Interaction between dominant quadrupolar mode and quasi-
radial oscillation produced peak at fy_o = foeax — fo (s€€

Stergioulas et al. 2011)
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DD2 1.35-1.35 Msun, rest-mass density in the equatorial plane



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

Spiral pattern, created
during merging lacks
behind

¥ [km]

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]

Bauswein et al. 2015



* Orbital motion of antipodal bulges generate peak at fg 4



* Pre in GW

* Mass of of the peak

* Tracing dynamic
and “inner’ remnant —

g spectra for “outer”

Spir. s produced outside

* (Dynamics of double cores (inner remnant) fail to explain this
emission)

* Spectrogram agrees with this picture (length, frequency), no
strong time-variation of the dominant frequency

=> orbital motion => fg;5 peak



¢ radial

Clark et al. 2016
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Note: different ideas about the origin of the peaks, e.g. Kastaun & Galeazzi 2015,
Takami et al. 2014, 2015 propose a strongly varying instantaneous frequency that
produces side peaks




Classifi



* 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, ..



distinguish

) Type 1 fspiral
binary masses, (ce
frequency modulation in a

max show low-
cillation)

* Different types show also different dynamical behavior, e.g. in central
lapse, rhomax, ....

* High mass / low mass relative to threshold binary mass for prompt BH
collapse (— EoS dependent)

* Continuous transition between different types

=> Depending on binary model (EoS, M1/2) either one or the other or
both features are present / dominant (if you measure a secondary peak

you should always think whether it is f,_; or fgp;4)



O Typel
X Typell
O Type lll

Type of M,-M, merger indicate at M, /2 = M, Bauswein et al. 2015

(Continuous transition between types — tentative association)

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

sun



Behavior reas

* Type |: compact
=> radial oscillation
compactness — formation o

ity / violent collision
inant); higher
ulges suppressed (fspira) Weaker)

* Type lll: less compact NSs merge — lower impact velocity / smooth
merging => radial mode suppressed (no 2-0); pronounced tidal
bulges (strong fspirg feature)

For Type Il and Type Il low-frequency modulation with fioy, = foeax —
fspiral DY Orientation of bulge w. r. t. inner double-core/bar

(seen in lapse, GW amp., rhomayx, ...)

1:Iow
o —







all 1.35-1.35 simulations

R M./M_ known from

X inspiral ] e
k SN
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characterize EoS by radius of
nonrotating NS with 1.6 M_

Bauswein et al. 2012

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

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

Note: R of 1.6 Msun NS scales with fpeak from 1.35-1.35
Msun mergers (density regimes comparable)
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Bauswein et al. 2016




Ies

For fixed M;,; = 2.7 M,

Ic2 -0’ I:Spiral’ fpeak

1 Dashed line from Takami et
0.135 0.14 0.145 0.15 0.155 0.16 0.165 al. 2014

Bauswein et al. 2015 C.3s

EoS characterized by compactness C=M/R of inspiralling stars (equivalent to
radius as before)

All three frequencies scale similarly with compactness (equivalently radius since
M = Miot/2 = fixed here)

Here: only temperature-dependent EoS to avoid uncertainties/ambiguities due to
approximate treatment of thermal effects (Gamma_th)

For small binary mass asymmetry only small quantitative shifts
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Sun :

sun
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compactness C
Bauswein et al. 2015 Dashed line from Takami et al. 2014

- for the individual secondary frequencies there are relations between C and the
frequency for fixed binary masses (solid lines)

- (binary masses will be known from GW inspiral signal)

- there is no single, universal, mass-independent relation (for a expected range of
binary masses), also when choosing the strongest secondary peak

- no conflict with Takami et al.'s data (frequencies agree when comparing same
models), but here constant binary mass range for every EoS, more EoSs (larger, more
representative parameter range (EoS, Migt))




1.35-1.35 Msun

Clark et al. 2016

— secondary frequencies are essentially given by dominant frequency



Jsec — freffsec/fpea.k

Symmetric
binary

— universal spectrum basis of using PCA for GW data analysis



--- Target (TM1 1.35+1.35)
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ISSION
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Parameter tuning only by eye !

h

Bauswein et al. 2016




n presence of
secondary pe mass)

* Dominant frequency S — measurements

* Secondary frequencies scale with radii of non-rotating NSs for fixed total
mass or with dominant frequency

* Universality of GW spectrum

* Analytic model of postmerger emission

Details: Bauswein & Stergioulas, PRD 91, 124056 (2015)
Bauswein, Stergioulas, Janka, EPJA 52, 56 (2016)



No spin
19 ms
7 ms

4 ms
2.2 ms

DD2 1.35-1.35 M, — fastest known pulsar in binary 22 ms !!




Frequency of the funda
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0 1.35-1.35 M_,_
x 1.5-1.5M__

Maximum deviation
determines error;

2.4M_, :300m
2.7 M, : 200 m
3.0M,, :300m

(can be further minimized)
(very similar relations for
unequal masses)

Strategy: — Measure binary masses from inspiral GW signal
— Choose relation depending on binary mass
— Invert relation to obtain NS radius



(every single line
corresponds to a
specific EoS

— only one line can
be the true EoS)

Dominant GW frequency monotone function of M, ,
Threshold to prompt BH collapse shows a clear dependence on M
(dashed line)

(0]






Details in Bauswein
et al. 2014

Two f .., measurements at different M
and “threshold frequency” !

yield threshold mass

tot



Details in Bauswein
et al. 2014

Two f .., measurements at different M
and “threshold frequency” !

yield threshold mass

tot



Details in Bauswein
et al. 2014

Two f .., measurements at different M
and “threshold frequency” !

yield threshold mass

tot



fires: OSCillation frequency of this most massive NS merger
remnant, so highest possible peak frequency

What can be learned from fy,.. and My, .7



Threshold frequency f, . yields a good estimate of the radius

of the TOV maximum mass configuration (a few 100 meters)



(k fractional increas




Fractional increase of M__

Threshol

Likely to be related to M5«
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Bauswein et al. 2013
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M___ within 0.1 M R.___within a few 100 m

max sun’ max

(fromf  detections at common M )



(final error will depend on EoS and extact systems measured)
Note: M

ihres MAaY also be constrained from prompt collapse directly




IIIII




1.4 1.6 4 1.8
[10 gfc:m]

C makx

Maximum density of nonrotating NS within 10 per cent



M, and M, meas

Squares: 1.2-1.2
Circles: 1.2-1.5
Crosses: 1.35-1.35

Diamonds: 1.5-1.5

Note: for the different total binary masses different radii of
nonrotating NSs represent better choice (involved density regimes)



and the maximum nonrotating NSs



Fractional increase of M__

Key quantity: Thresl|

k=

M
M
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\Y
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with k = k(C
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prompt BH

max)

(compactness of TOV
maximum-mass configuration)

= K™ Mnax
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=M
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(M

EVE

R
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024 026 028 0.3

Cmax Bauswein et al. 2013

<— From simulations with different M,

o property of employed EoS




Two methods to determine M

'nax

« Determine My, by direct observations of delayed and prompt collapse
for different M., (Bauswein et al. 2013)

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



Bauswein et al. 2014

(final error will depend on EoS and exact systems measured)
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