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°lan of the talk

* Role of gravitational collapse in binary neutron stars.

anatomy of the GW. universal frequencies and EOS

* Role of gravitational collapse in short gamma-ray bursts.

the riddle of the extended x-ray emission

* Role of gravitational collapse in fast radio bursts.

can blitzars be the explanation?



The two-body problem in GR

* For BHs we know what to expect:

BH + BH === B + oravitational waves (GWs)

* For NSs the question is more subtle!

NS F+ NS mp- —- m— RH



Broadbrush picture
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Broadbrush picture
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VWhy shoulc
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Dect a

MINS?

typical masses in binaries: ~ 2x1.35~2.7 Me

‘ maximum observed mass: Mmx = 2.0 Mes

‘ maximum rotating mass: ~ 1.2 Myax ~ 2.4 Me

Hence, unless a black hole Is produced right at the merger,
the resulting object must be a hypermassive neutron star.



Why should we expect a BH+torus!

size at contact: 2xR ~ 24 km

® BH size (IM2~0.8): ~1.2 M~ 1.2x2.7 Mo~5 km

B ISECrsIze: =3 Mer— 35 - e — 12 km

Hence, a certain amount of matter will be on orbits outside
the ISCO and hence lead to a “stable” torus.
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The two-body problem in GR

* For BHs we know what to expect:

BH + BH === B + oravitational waves (GWs)

* For NSs the question Is more subtle: the merger leads to an
hyper-massive neutron star (HMNS), 1e a metastable equilibrium:

S e S e e D ek e — RS

All complications are in the intermediate stages; the rewards high:

* studying the HMNS will show strong and precise imprint on the EOS
* studying the BH+torus will tell us on the central engine of GRBs

NOTE: with advanced detectors we expect to have a realistic
rate of ~40 BNSs inspirals a year,ie ~ | a week  (Abadie+ 2010)



‘merger - (H/|NS w—)p B + torus”

Quantitative differences are produced by:

- differences induced by the gravitational MASS:
a binary with smaller mass will produce a HMNS further away
from the stability threshold and will collapse at a later time

- differences induced by the EOS:
a binary with an EOS with large thermal capacity (ie hotter after
merger) will have more pressure support and collapse later

- differences induced by MASS ASYMMETRIES:
tidal disruption before merger; may lead to prompt BH

- differences induced by MAGNETIC FIELDS:

the angular momentum redistribution via magnetic braking or
MRI can increase/decrease time to collapse; EM counterparts!

- differences induced by RADIATIVE PROCESSES:
radiative losses will alter the equilibrium of the HMNS



A protypical evolution

T=0.000 ms
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Anatomy of the GW signal
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Anatomy of the GWV signal
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Inspiral: well approximated by PN/EOB; tidal effects important



Anatomy of the GW signal
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Merger: highly nonlinear but analytic description possible



Anatomy of the GW signal
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post-merger: quasi-periodic emission of bar-deformed HMNS



Anatomy of the GW signal
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Collapse-ringdown: signal essentially shuts off.



Anatomy of the GW signa
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How to constrain the EOS from
the GWV signal




Anatomy of the GWV signal

Inspiral

llllllllllllllllllllllll /I‘\Il - :
1 waveform _ _ﬂﬂg o
ST i
= I

T
—0.52— UUUUUUUHI |
A :,t,m,a,x

t/M



fow at peak amplitude (Hz)

Hints of quasi-universality

Takami. LR. Baiotti (2014)
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universal behaviour of GW
frequency at amplitude peak
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Quasi-universal properties
exist In the inspiral of
BNSs: once fmax IS
measured, so Is tidal
deformabllity.
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Anatomy of the GW signal
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Takami, LR, Baiotti (2015)

A new approach to constrain the EOS
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extracting information from the EOS

Takami, LR, Baiotti (2014, 2015)
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A new approach to constrain the EOS

VWe have carried out numerical-relativity simulations of NS binaries
with nuclear EOS and thermal contribution via ideal-fluid EOS
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The high-freq. peak (f2) been
studied carefully and produced
by HMNS (Bauswein+ 2011,2012,

Stergioulas+ 201 |, Hotokezaka+ 2013)
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A new approach to constrain the EOS

VWe have carried out numerical-relativity simulations of NS binaries
with nuclear EOS and thermal contribution via ideal-fluid EOS

t
PSD of post-merger GW S5 0 5 lo 15 20
signal has a number of peaks
(Oechslin+2007, Baiotti+2008 )
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The high-freq. peak (f2) been
studied carefully and produced
by HMNS (Bauswein+ 2011,2012,

Stergioulas+ 201 |, Hotokezaka+ 2013)
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f, [kHz]

A new approach to constrain the EOS

[t Is possible to correlate the values of the peaks with the properties
of the progenitor stars, 1.e. M, R, and combinations thereof.
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Fach cross refers to a given mass
ARd: CrOSSESOLRNe SamE-coIor
refer to the same EOS

The high-freq. peak 2 has been
shown to correlate with stellar

properties, e.8., Rmax, R16,. €tC
(Bauswein+ 201 1, 2012, Hotokezaka+ 2013).
The correlation depends on mass

The low-freq. peak f| shows a
much tighter correlation;
most importantly, it does not

depend on the EOS



An example: start from equilibria

Assume that the GW
signal from a binary
NS Is detected and
with a SNR high
enough that the two
peaks are clearly
measurable.

Consider your best
cholces as candidate

EOSs

1.5

rov [Mo)

=

0.5

T I | [
o "= uy,
\
, - \\\ - R —
/ /a’_—l.v;g\—_—\\\ \
’1/ / P - 1\ .v h \--.‘
b 1 M |
|\ \“
- N
- 77, I \ |
P\ |\
|l !
i P |
I | |
| |
i | I | —
B h : APR4 _|
i [ I | . P
| [ | ";l;]
| | | )
, , SLy
[ I -
- [ A | 1 4
y , “‘(‘ ' |
|
_ ¥ | GNH3
\ ) \
\ \ \
i \\\\ \\\
h "“~---,;;_;EZEZ:::E:E
L | l T - T
8 10 12 14 16 18




An exam

The measure of the
fi peak will Tix a
M(R1) relation anc
nence a single line In
the (M, R) plane.

All EOSs will have
ohe constraint

(crossing)

ble: use the M(Rf1) relation
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An example: use the M(Rf2) relations

The measure of the f»
peak will Tix a relation
M(R12,EQS) for each
FOS and hence a
number of lines In the
(M, R) plane.

The right EOS wil
have three different
constraints (APR,

GNH3, SLy excluded)
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An example: use measure of the mass

f the mass of the
DINary 1S measurec
from the inspiral, a

B

additional constraint

canh be imposed,

The right EOS wil
have four different

constraints. Ideally,
single detection

d

would be sufficient.
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This works for all EOSs considerec

In reality things will be
more complicated. [ he
lines will be stripes;
Bayesian probability to
oet precision on M, R.

Some numbers:

St Mpeiree)
uncertainty from Fisher
matrix is |00 Hz

e at SNNR=2, the event rate
s 0.2-2 yr'for different
EESs
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The role of magnetic fields
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ldeal Magnetohydrodynamics

Vost simulations to date make use of ideal MHD: conductivity
s Infinite and magnetic field simply advected.

* can B-fields be detected during the inspiral?

*NO: present and future GW detectors will not be
sensitive enough to measure the small differences

Glacomazzo, LR, Baiotti (2009)

e can B-fields be detected in the HMNS?

XYES (in principle): different B-fields change the survival
time of the HMNS and can grow via MRI

Giacomazzo, LR, Baiotti (2010), Siegel, LR+ (201 3)

* can B-fields grow after BH formation?

XYES:

3-fields are subject to Instabilities and rotation of

the BH introduces preferred direction for field seometry

LR, Glacomazzo, Baiotti, + (201 |
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* at the merger, the
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NS create a strong shear layer which could

3-field amplifications
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a Kelvin-Helmholtz instability; magnetic field can be amplified
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MHD Instabilities and B-field amplifications

* at the merger, the NS create a strong shear layer which could lead to
a Kelvin-Helmholtz instability; magnetic field can be amplified

* direct simulations don't show significant exponential growth
(Giacomazzo+201 I, Kiuchi+2014). Timescale too short! Resolution too poor?

* sub-grid models suggest B-field grows to 10'® G (Giacomazzo+2014)
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MHD Insta

® At therneroeritbe

dllities and

3-field amplificatl

NS create a strong shear layer which could

a Kelvin-Helmholtz instability; magnetic field can be amplified

* direct simulations don’t show significant exponential growth
(Giacomazzo+201 I, Kiuchi+2014). Timescale too short! Resolution too poor?

OIS

ead to

* sub-grid models suggest B-field grows to 10'® G (Giacomazzo+2014)

* differentially rotating magnetized fluids develop the MRI
(magnetorotational instability;Velikhov 1959, Chandrasekhar 1960)

* the MRI leads to exponential growth of B-field and to an outward
transfer of angular momentum: responsible for accretion in discs

* overall, consensus MRl can develop in HMNS (Siegel+20 13 Kiuchi+2014)

* degree of amplification Is unknown: are two orders of magnitude
reasonable! should one expect more! what about resistivity?



Do we understand X-ray afterg\ovvs7
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» X-ray afterglows have been observed by Swift lasting as
long as|02-10% s (Rowlinson+ 13; Gompertz+13)

* [he x-ray afterglow could be produced by “proto-magnetar wind”
with Ly, ~ 1027 erg g~ (Zhang & Mezsaros O, Metzger+ | |, Zhang | 3).

Even so, plateaus remain a riddle:

* differential rotation lost over |0s: what can operate for >[000s ?

* If gamma rays produced by jet, and X-rays by HMNS, how can X-
rays be an afterglow?! (BH formed after HMNS!)
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A novel paradigm for GRBs!

LR, Kumar (2014) (also Ciolfi, Siegel 2014)
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A novel paradigm for GRBs!
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timeg

A novel paradigm for GRBs/

LR, Kumar (2014)

7|/ [~ * solves the timescale riddle: X-ray luminosity is
produced by BMP and can last up to 10" s

* solves the timing riddle: X-ray emission Is
produced before gamma emission but
propagates more slowly.

* consistent with simulations: slow wind Is
broduced by a number of effects.

aaaaaaa

slow wind
(shock heating,
magnetic fields,
neutrinos,...

inos,... )

* proposes unifying view with long GRBS: a jet
nas to propagate in confining medium

* predictions: X-ray emission possible before
samma; IC of thermal photons at break out.

* GW signal peak earlier than thought before.

=2

]
ifast wind
v(dipole driven)

| * potential problem: need to produce a disk at
collapse and could be difficult (Margalit+15).



Magnetic fields and black holes




|deal Magnetohydrodynamics

Giacermazzot 2 EOEERE- 200

* Observations of short gamma-ray bursts hint to the
presence of a relativistic outflow: jet.

*Such outflows are observed iIn AGNs and every time an
accretion disc develops around a black hole.

*Does a neutron-star binary lead to a relativistic jet?

*Simulations not yet accurate enough to produce outflow
but evidence Is present for a magnetic-jet structure.



Glacomazzo+ 2010, LR+ 201 |

Magnetic fields

i\\w ﬂl‘p

Neutron stars
Masses: 1.5 suns
Diameters: 17 miles (27 km)
Separation: 11 miles (18 km)

Simulation begins 7.4 milliseconds 13.8 milliseconds
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These swﬁulaﬂons have-shovv that the merg‘er“ofa
magnetised binary has all the basic features behind SGRBS

J/M? = 0.83 Mio, = 0.063Mo  taeer ~ Mo, /M ~03s




Resistive Magnetohydrodynamics
Dionysopoulou, Alic, LR (2015)

*|deal MHD I1s a good approximation In the inspiral, but not

*Main dr

after the merger (high temp, low densities).

ference In resistive regime Is the current, which is

dictatec

by Ohm'’s law but microphysics is poorly known.

* We know conductivity 0 Is a tensor and proportional to

density
* A simp

BRSO

o =)

og— 0

and Inversely proportional to temperature.

le prescription with scalar (isotropic) conductivity:
J' = qv' + WolE" + €7%v; By — (v E¥)v"],
ideal-MHD (IMHD) regime
resistive-MHD (RMHD) regime
electrovacuum




t = 0.000 ms t = 0.000 ms
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t = 22.446 ms t =19.892 ms
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t=21.311ms

NOTE: the 20
magnetic et
structure IS not
an outflow. It's a
plasma-confining
SEEEGLEIre:

ot
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In RMHD the 2 10 AANNARAN
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In IMHD the
magnetic jet
structure Is
present but
less regular:
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The riddle of Fast Radio Bursts




Fast Radlo Bursts

Several fast radio bursts (FRBs) have been discovered recently
(Reane 20 Ll horaton® A0HS 5piticrs 20:=5:;

*single bright, highly dispersed millisecond radio pulses;

* pulses do not repeat and not associated with pulsar or GRB;

*the high dispersion suggests sources at cosmological distances
(z > 0.7); expected rate: ~ 0.1deg™*day ' ~ 1% that of SNe;

*assuming a cosmological distance, the luminosity Is

14+ S Dl 2
Fosxns ( z ) ’ T
= 1.4 GHz Eoosua el

*this luminosity Is nine orders of magnrtude larger than a giant kly
flare from Crab; over | ms this yields an energy which is a tiny
fraction of the energy in a SN or GRB.




-RBs and “Blitzars’

s BRI Y

Use these constraints: |) signal on timescale ~ Ims; 2) luminosity
of 10" erg/s; 3) absence of other emissions beside radio.

FRBs could be result of collapse of a supramassive NS to a BH,
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.e., of a NS whose large mass
can be supported because In

rotation.

A NS with mass M < Mp,ax(0)
can support itself against collapse.

Any star with M > My,,x(0) can
only collapse.



A cartoon...

@GilliCosm on Twitte

Graphic: BEN GILLILAND

Overweight
neutron star
collapses

However, an overweight neutron star
can delay its demise if it is spinning fast
enough. With enough spin, centrifugal
forces fling the star's material outwards
- flattening it into a sort of squashed
disk (called an oblate spheroid). This
outward force is enough to counteract
gravity's inward force and, for a while,
the neutron star becomes a pulsar.

2 Centrifugal
forces prevent
collapse

Magnetic
field lines

But a neutron star can
only enjoy retirement as a
pulsar if it weighs less than
two solar masses, If the core
weighed more than two
masses when it collapsed, the
neutron star will be too
heavy to support itself and it
will immediately collapse to
become a black hole

But it is living on
borrowed time...

Because a pulsar's
magnetic field isn’t aligned
with its spin axis, the vast
magnetic field flails around in
space — sapping the neutron
star of rotational energy and
behaving like a giant
maqgnetic brake

Magnetic field
alignment

Over the course of a
few hundred million
years, this, combined
with the energy
pumped out via the
jets, slows the

neutrons star’'s rotation

Black hole
event )
horizon V-~

|
Magnetic * .

field severed

Black hole

Magnetic field
FECONNECTS e

With the magnetic field
suddenly severed, the
magnetosphere seeks to
reconnect itself. The field lines
snap back violently (like when
a fully stretched rubber band is
cut) = creating an immensely
powerful magnetic shock wave
that blasts into space at almost
the speed of light

Without enough
spin, the neutron star
is at the mercy of its
own crushing
gravitational power. It
takes less than a
thousandth of a second
for the neutron star to
collapse to form a
black hole

Anything caught
on e wrong side of
the black hole's event
horizon (the point at
which gravity becomes

50 extreme not even
light can escape) is
lost forever in a
vortex of broken
spacetime. Caught
unawares by the
sudden disappearance
of its electromagnetic
engine room, the vast
magnetosphere finds
itself cut off and adrift
in space

Blast of
radio waves

This unleashes a surqge of
electromagnetic radiation (at radio
wavelengths) that, in a fraction of
second, carries as much energy into
space as the Sun manages in a
million years

A few billion years later, this energy
will be detected on Earth as a brief
flash of radio waves...




Fast Radio Bursts and “Blitzars”
Falcke, LR (13)

Take a NS long after its formation (103-10° yr after SN explosion)
Magnetic braking will have slowed it down near the stability line

went [ INS collapses: B-fields lines on
«om | the star surface will snap. EM
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.o | Large fraction of the energy In
laco Rie Mois released over ~ 1ms
radio curvature radiation

* = .0 | A rate of ~ 1% of NSs in SNe
=] [explosions sufficient to explain
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Luminosity shows series of
peaks; the “snapping’ of the
magnetic field lines is not
instantaneous.
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= | Separation In peaks
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depends on mass and spin
of NS: the larger the slower
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About 5% of the Initial

1.9

energy In the magnetic field
s lost In EM emission, I1.e. ~

0o

10" erg/s
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Light curve and emitted energy
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T T These are EM waves (l.e.
NG AN — 1% 1 | vector perturbations) in a
—10 o | BH spacetime and wil
- oo —-wmuw | | experience quasi-normal
-] 1 | ringing.
15 ! | -
L i | | Frequency and decay rate
r /4 depend on BH mass/spin.
-20 = -1 | If observed, ringdown
||||||” would be signature of BH
04 06 08 1 12 14 16 18| axistence and formation.
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Out of our rough estimates...

e Rate: Falcke, LR+ 3

1% of core collapse SNe
* Luminosity for coherent curvature radiation (an upper limit ?):

P, ~ 7.0 x 10% nevf()l/iGJ 612m2r10 erg s Ee

*Minimum frequency assuming coherent curvature radiation:

W e B) | i o e
up:_P:\/%QCmeNSé;Gf/ d2b 2 my vt GHz.

*Need relativistic particles but “reasonably” relativistic:

N AT 3f1/6 1/6 bié6 m;/m 7“%12-



Conclusions

*Modelling of binary NSs in full GR is mature: GWs from the
inspiral can be computed with precision of binary BHs.

*Spectra show characteristic fregs.; some are ’quasi-universal”. If
observed, post-merger signal can set tight constraints on EOS.

*B-fields unlikely to be detected during the inspiral but important
after the merger: RMHD simulations show coherent jet structure.

* Extended X-ray emission is a riddle. A way out is possible in
terms of a two-wind scenario.

*FRBs are new challenge. Blitzars are plausible explanation.

"For every compLe)c natural phewomewow there Ls a simpLe,
elegant, compelling, wrong explanation.” T. Gold
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