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WHY SO INTERES TING?

Due to their duration and
dynamics, NS-NS and NS-BH
binaries are very good sources

for gravitational wave
detectors such as Virgo (Italy)
and Ligo (USA)

........
¥ e
(X
‘

-

Virgo (Pisa, Italy)

They are also possible sources for
short gamma-ray bursts.
Tori formed after the merger
could power GRBs via neutrino or
magnetic fields.

Credit: NASA/SkyWorks Digital



GR NS-NS SIMULATIONS:

|
(for a recent review see: Faber & Rasio 2

ATE OF THE ARH
012, arXiv:1204.3858)

* GRHD (only most recent papers listed)

» Baiotti et al 2008: AMR, ideal-fluid EQOS, first complete GWs

* Read et al 2009: investigated cold realistic EOS and GWV inspiral signals

» Baiotti et al 2009: first study of the accuracy of GR computed GWs

» Kiuchi et al 2009: long-term inspiral, APR EOS

» Rezzolla et al 2010: studied tori and long HMNS evolutions

* Kiuchi et al 2010: connection between short-GRBs and GWs

» Baiotti et al 2010, 201 |: long-term inspiral and comparison with EOB

» Sekiguchi et al 201 |: first study of neutrino emission in full GR

* Thierfelder et al 201 |: AMR, ideal-fluid EOS, accurate convergence study
» Gold et al 2012: first study of the merger of eccentric equal-mass neutron stars
* Bernuzzi et al 2012: study of tidal effects and EOB during inpsiral

» Kastaun et al 201 3: study of spin of BH produced by mergers

* Hotokezaka et al 201 3a,b: study of mass ejection and HMNS evolution

» Read et al 201 3: multicode study of EOS effects on GWs

* Reisswig et al 201 3: first BNS merger using multipatch grids

» Radice et al 201 3: first high order simulations of BNS inspiral

» Bernuzzi et al 2013-2014: BNS simulations with spinning NSs

* Takami et al 2014 relation between post-merger GWs and EOS




GR NS-NS SIMULATIONS: STATE OF THE ART
(for a recent review see: Faber & Rasio 2012, arXiv:1204.3858)

* GRMHD (all the papers listed)
» Anderson et al 2008: first run of magnetized BNS (B~ 10'°G)

» Liu et al 2008: magnetized BNS (B~ 10'°G), followed collapse to BH

» Glacomazzo et al 2009: first study of amplification of magnetic field

» Giacomazzo et al 201 |: first study of “realistic’’ configurations (B~103-10'2G)

» Rezzolla, Glacomazzo et al 201 |: first evidence of jet formation

» Palenzuela et al 201 3: study of EM precursors via resistive GRMHD simulations
» Glacomazzo and Perna 201 3: first study of possible magnetar formation

* Nelilsen et al 2014: first GRMHD code including also neutrino emission

» Ponce et al 2014: EM precursors for arbitrary magnetic field orientations




HE ET AND WHISKY CODES

@2 The Einstein Toolkit
LF (einsteintoolkit.orgq) is a set of open source
codes for computational relativity. It provides

infrastructures for parallelization, I/0, AMR,
space-time evolution routines,...

T—

hydrodynamics and ideal magnetohydrodynamics
equations in arbitrary curved spacetimes.

ET ” GUV = 87TTIUJI/‘§ ﬁlsky



GRMHD EQUATIONS

The evolution equations of the matter are given as usual by the
conservation of the baryon number and energy-momentum:

Vit = 0
Vi i=r
Yl S

T = (p + pe + p + b¥)uru” + (p + %bQ) gh” — bHb”
plus an Equation of State P=P(p,€)

The evolution of the magnetic field obeys Maxwell's equations
(assuming infinite conductivity):

i (ViB) =¥ x [ (o7~ 5) x (v3B)]
V. (ﬁ§> -



GRMHD EQUATIONS

The evolution equations are then rewritten In a conservative
form:

1

¥ 7

0:(vAU) + 0;(vV/—gF")| =8

RIRSERSERemes are Used to solve them (HLLE, PRM anei&s
divergence free character of the magnetic field is guarantee by
evolving the vector potential (Giacomazzo and Rezzolla 2007/,
Glacomazzo et al 201 |, Glacomazzo and Perna 201 3)



GW EMISSIONS FROM
NS-NS MERGERS




HIGH-MASS BINARY
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T[ms] = 0.00

I

T[M] = 0.00




GRAVITATIONAL WAVES FROM
BINARY NEUTRON STARS

M1.62 (Ideal Fluid EOS)

0.01
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—0.01

contribution from the inspiral contribution from the HMNS
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ieh Mass' binaries produce a BH promptly after merger

_ow Mass” produce a NS that can be survive for hundreds of ms



BVVS: DETECTADBILEES

High-mass

sources at 300 Mpc

Note that

current and advanced LIGO/Virgo detectors.
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In both cases the post-merger phase Is almost invisible to



T ER EFFECTS OIN

teddicial 201 S RREESEHES

We used the Whisky and SACRA
codes to perform the first multi-
code study of EOS effects on
merger waveforms

Used an extended set of piecewise
polytropic EOSs

Estimated numerical errors by
comparing between the codes and
using different resolutions.
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B3NS GWs
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GW frequency at merger Is
well correlated with tidal
deformability (and NS

compactness)

0.7
10.5

0.3

{02
10.15
10.1

10.07
~ {0.05

faw @ peak amplitude (Hz)

faw at peak amplitude (Hz)

2200}

2000

1800

1600

1400

1200

1000 L T T S
013 014 015 016 017 018 019
2200}
20005
18005
16005
14005

1200}

1000 s

—C TS ON BNS G

ficaa eral 201 57 PRDIS 6 0as0n 2

3
: line: (= M f)2"3— Cc

Compactness of individual stars

line: 10, (faw/Hz)=3.69652-0.131743 A"

A 1 A 1 1 1 1 1 1

30 35 40 45

15
A7

0.19
0.18
0.17
0.16
0.15
0.14
0.13
0.12
0.11
0.1

0.09

0.19
0.18
0.17
0.16
0.15
0.14
0.13
0.12
0.11

0.1
0.09

M



AL TER EFFEC TS ON BNS .

ficaa eral 201 57 PRDIS 6 0as0n 2
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Hybrid GWs: EOSs distinguishable at 300 Mpc it NS radil differ
@i Skm

Only numrel GWs: EOSs distinguishable at 100 Mpc it NS radi
SllilieEot ~ | .3km




ERERMERGER: MAGNETIC FIELEEFF S
Giacomazzo, Rezzolla, Baiotti 201 |, PRD 83,0440 14

We considered equal-mass
BNSs with different masses
ENiER AT 2 poloidal
magnetic field with different

amplitudes (B~108-10"2 G),

*First time this study was
done In full GR

g lllclicd Impact on
dynamics, disk formation,
and GW emission

Highest level of accuracy ever used in GRMHD simulations of BNS



Model M1.62-B10
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Due to KH Instability the magnetic field grows of ~ | order of magnitude.
Local very high-res simulations shows that magnetic fields could be further

amplified (Zrake & Mackadyen 201 3).



(h,)g (r/M)

GW: MAGNETIC FIELD
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Magnetic field may have an impact on the post-merger GWs and even
accelerate collapse to BH.



BNSs AND THE CENTRAL ENGINE
OF SHORI-GRBs




ST POPULAR MODEL
SGRB CENTRAL ENGINE

Bursting Out

Formation of a gamma-ray burst could begin

either with the merger of two neutron stars or

with the collapse of a massive star. Both these

events create a black hole with a disk of material X-rays,
around it. The hole-disk system, in turn, pumps visible
out a jet of material at close to the speed of light. light,

Shock waves within this material give off radiation. ;e';;g:‘k:es wlithlu 2 :3:‘125

(external shock wave) l
Gamma rays
Blobs collide
Slower (internal _l i :
shock wave)
Faster blob - ke
Black hole Disk bk’b_l e i e 9

Central

*

Gamma-ray
emission

Massive

Image from Neil Gehrels, Luigi Piro, and Peter J. T. Leonard 2007, Scientific American sp 17, 34
Hypernovascenarlo  cpen T juaN VELASCO)




UNEQUAL-MASS BNS: M3.4g0.80
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B
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Visualization by Giacomazzo, Koppitz, Rezzolla



TORUS PROP
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JETS FROM BNS MERGERS?
Rezzolla, Giacomazzo, Baiotti, Granot, Kouveliotou, Aloy 201 |,
AT e

BNS can produce massive tori around spinning BHs, but no
evidence of jet formation was provided up to now.

Several numerical studies of tori around spinning BHs, e.g..
e Aloy et al 2005: neutrino driven jets

e Komissarov et al 2009: magnetically dominated outflows

SillNiNiese’ studies use as Initial conditions:  SEE il

)

@efilileurations (such as |et-like structures). CanSSclEs

=\

@EiStirations be generated by the merger of SOIHEIEE
neutron stars!
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COMPACT BINARY PROGENITORS OF
BRIOR|T GAMMA-RAY BURSHS

Giacomazzo, Perna, Rezzolla, Troja, Lazzati 2013, ApJL /762, L18
Depending on mass and EOS several post-merger scenarios:

NS-BH />B|— +torus
/HMNS

NS-NS >SMNS+torus > BH+torus!?

NS+torus
Magnetic fields play fundamental role in post-merger dynamics
il hem B/ INSTHtorus; NS collapse terE Sl

All these scenarios may lead to SGRBs with different properties
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Ftienne et al 2012, PRD 86, 084026
BNS and NS-BH can produce tori around spinning BH.

When NSs are magnetized this can lead to the production of
relativistic jets.

Rezzolla et al 201 [, ApJL 732,16

Energy extraction from the disk can power short GRBs.

Can we link SGRBs observations with numerical simulations!?



We considered the current sample of SGRBs with measured energies

Table 1
SGRB Sample
GRB Name : Ey i AE mes VVe made the following
(erg) (keV) (M) !
0505098 0.225 9.1 x 1047 15-150 1.0 x 10-5 assumptlons:
050709(EE) 0.161 3.4 x 109 10-104 3.8 x 1074 ,
050724(EE) 0.257 1.9 x 107 15-150 2.1 x 1073 ® SG RBS are po\/\/er‘ed Via
051221A 0.546 2.9 x 10°! 10-10* 33 x 1072 . ]c‘ |d
061006(EE) 0.438 2.1 x 10°! 10-104 2.4 x 1072
070429B 0.902 2.1 x 10°° 15-150 23 x 1073 magnetlc I€1AS
070714B(EE) 0.923 1.6 x 107 10-10* 1.8 x 107! PY : :
071227(EE) 0.381 1.2 x 10°! 10-10* 1.4 x 1072 SGRBS e”ergy 1S PrOV'ded
080905A 0.122 4.5 x 109 10-104 5.1x 1074 :
090510 0.903 4.7 x 1072 10-104 5.2 % 107! b}’ the d|S|<
100117A 0.920 1.4 x 10°! 10-10% 1.6 x 1072 : Eﬁp : :
111117A 1.3 5.3 x 10°! 10-10* 6.0 x 1072 ICIGHCY IS constant
051210 1.3 4.0 x 10°° 15-150 4.5% 1073
060801 1.130 1.9 x 1070 15-150 2.1 x 1073 2
061210(EE) 0.410 5.6 x 107 15-150 6.2 x 1073 E’y,iso = EMtorusC
070724 A 0.457 2.3 x 10¥ 15-150 2.5%x 1074
070729 0.8 1.6 x 107 15-150 1.8 x 107 i
080123(EE) 0.495 5.7 x 10°° 15-150 6.3 x 1077 € = EJ et 67
101219A 0.718 7.4 x 107! 10-104 8.2 x 1072
060502B 0.287 9.8 x 10%¥ 15-150 1.1 x 1074 ejet — 10%
061217 0.827 6.8 x 104 15-150 7.6 x 1074
061201 0.111 9.4 x 1048 15-150 1.1 x 1074 e 50(7
070809 0.473 7.9 x 10% 15-150 8.8 x 1074 6,7 e 0)
090515 0.403 1.0 x 10% 15-150 1.2 x 107*

€t IS INferred from disk simulations (Fragile, McKinney, I chekhovskoy, ...)
€y IS derived from observations (e.g., Zhang et al 2007/)



Ve then considered a sample of 25 accurate GR BNS simulations

Gilacomazzo et al 2013

Table 2 0
BNS Simulations and Torus Masses 10 + ideal fluid

(Mp) (Mg) (Mg) 107 < APR4
1.46-45-IF 324 100  0.1374 2.20 1.47 "y > Sy
. . : . . . i~
1.62-45-IF 361  1.00  0.1101 2.20 1.64 © 07 > “‘ v 25% || o Ha
M3.6q1.00 390 100 0.0012 2.20 1.77 3 -y A ALF2
M3.7q0.94 403 094  0.0121 2.20 1.83 2 < A 59% | | ¥ PS
M3.4q0.91 376 092 0.1202 2.20 1.71 g 1073
M3.4q0.80 372 081 0254 2.20 1.69 O
M3.5q0.75 380 077 0.1939 2.20 1.73 33%
M3.4q0.70 371 072 0.2558 2.20 1.69 4 ®
APR145145 287 100 0.000549  2.18 132
APR1515 297 1.00 0000134  2.18 1.36 )
APR1316 287 081  0.0275 2.18 132 10 10 14 16 18 5
APR135165 297 082 0.00707 2.18 1.36 ' Mgxs / Moax '
APR4-28 277 100 0.003 2.21 1.25

SLy-27 2.67 .00 0.02 2.05 1.30 And we COmpar‘ed ‘their‘ ‘tOI"US

H3-27 2.68 1.00 0.05 1.79 1.50

13-29 281w eot Lo 6L masses with the distribution

H4-27 2.68 1.00 0.18 2.03 1.32

H4-29 2.87 1.00 0.02 2.03 1.41 i g

e i oo e derived from observations
ALF2-27 2.67 1.00 0.16 2.09 1.28

ALF2-29 2.87 1.00 0.02 2.09 1.38

ALF2-30 2.97 1.00 0.003 2.09 1.42

PS-27 2.68 1.00 0.04 1.76 1.53

PS-29 2.88 1.00 0.02 1.76 1.64

PS-30 2.97 1.00 0.01 1.76 1.69

Note that most SGRBs requires tori with masses <~0.| Mo



From the BINS simulations we computed a fit to relate the mass of
the torus to the NS masses and their mass ratio g:

Mtorus = [Cl(l s Q) FiF 62][03(1 sl Q) = MBNS/MmaX]

Mtorus /M®
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0.7 0.8 0.9 E
Giacomazzo et al 2013 ¢

Almost all SGRBs are produced by high-mass BNSs. These BNSs
produce an HMNS that survive only few ms before collapse to BH.
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Foucart 2012 derived a similar fit from NS-BH GR simulations

x =0

Mtoru

1/q
Giacomazzo et al 2013

s [ Mo
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What can we learn from a simultaneous GW-SGRB observation?

Gilacomazzo et al 2013

. GRB 080905A . GRB 050724 . GRB 070714B
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e -rom the GW we can get Mg

* -rom the GRB we can get Miorus

Combining these two informations we may further restrict the BNS
EElgemieters (EO5, mass ratio, ...)

The same could be done for NS-BH mergers to infer BH spin and
NS compactness.



MAGNETAR FORMATION

Giacomazzo & Perna 2013, Ap| Letters, 771, 26

What about the blue path?

/>B|—I+torus
/HMNS

NS-NS >SMNS+torus > BH-+torus!?

NS-BH

NS+torus



WHY DO WE NEED A MAGNETAR!?
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A stable magnetar could be used to explain X-ray plateaus and
extended emissions from SGRBs (e.g., Rowlinson et al 201 3).



MAGNETAR FORMATION

Giacomazzo & Perna 2013, Ap| Letters, /71,26

Investigated merger of
two |.2 Mo NSs

mEIT =
F 3 & % %

Used Ideal Fluiq,
Gamma=2.75,
k=30000 (Oechslin et
i U T U T al 2007)

t = 0.00 ms t=15.2ms

Formation of stable
magnetar could explain
some SGRB features
(e.g., Dal et al 2006,
Rowlinson et al 201 3)




MAGNETAR FORMATION

Giacomazzo & Perna 2013, Ap| Letters, /71,26
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t = 70 ms

Produced a stable “ultraspinning” NS surrounded by a magnetized disk
0| Mo



MAGNETAR FORMATION

Giacomazzo & Perna 2013, Ap] Letters, 771,26
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Magnetic field amplified of ~2 orders of magnitude
Larger amplifications possible via longer evolutions and MRI



MAGNETAR FORMATION

Giacomazzo & Perna 2013, Ap] Letters, 771,26

Difference in the GW signal are
) small and present only Iin the post-
- merger phase

Magnetic fields could emit EM
counterparts in radio, optical, X-ray,
and gamma rays.

(h,)g (r/M)

—

0 10 20 30 40 50 60 70 EM signal could be used to confirm
t—r (ms) magnetar formation.

A stable magnetar could be used to explain X-ray plateaus and
extended emissions from SGRBs.

GWs publicly avallable for download at www.brunogiacomazzo.org/data.htm!



MAGNETAR FORMATION

Giacomazzo, Duffell, Macladyen, Perna, Zrake, in prep.

Magnetic fields can be strongly amplitied via hydrodynamic instabilities
at merger, but very difficult to resolve numerically

t=6.091 ms Log(p)
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VWe developed a sub-grid model and run a set of NS-NS
simulations. Magnetar field levels are possible!



CONCLUSIONS

* GRMHD simulations of BNSs now able to study all phases of merger
EBIEEIRETTECTS at merger may be used to constrain INSTEQGS

» Magnetized BNSs may produce jets and power SGRBs

» Most SGRBs may be generated by “high-mass’ BNSs:

* less energetic SGRBs are powered by high-mass BNSs

* more energetic ones by low-mass BNSs

» Possible to form stable magnetar+disk from BNS mergers

* BNS mergers can be used both for the “'standard” GRB model and
for the magnetar one



