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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)
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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



T GR NUMERICAL COE

For recent reviews see: Faber & Rasio 2012, arXiv:1204.3858 (NS-NS) and
Shibata & Taniguchi 201 |, LRR 14, 6 (NS-BH).

* Publicly Available Codes:
* GRHydro: HD, MHD (einsteintoolkit.org)
* lllinoisGRMHD: MHD (now also part of einsteintoolkit.org)
* Whisky: HD (www.whiskycode.org)
* Private Codes:
* BAM: HD
* HAD: MHD+neutrinos (www.had.liu.edu)
« SACRA: MHD, HD+neutrinos
* SPEC: HD+neutrinos (www.black-holes.org)
* Whisky: MHD, HD+neutrinos (www.whiskycode.org)

Many other codes in CFC and Newtonian HD/MHD too (see Andreas’ talk)

Disclaimer: I'm listing some of the most used codes In fully GR NS binary simulations
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T[ms] = 0.00
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T[M] = 0.00




GRAVITATIONAL WAVES FROM
BINARY NEUTRON STARS

M1.62 (Ideal Fluid EOS)
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contribution from the inspiral contribution from the HMNS
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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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AL TER EFFEC TS ON BNS .
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GW: EOS EFFECTS IN

T F 7] 3.6

f, [kHz]
£, [kHz]

9 10 11 12 13 14 15
Bauswein & Janka 2012 R oy [km]

L 1 L | P T R — l T — l Ll 1
0.12 0.14 0.16 0.18  3x107 4x107
(M/R)roy (M/R%)ig¢ [(g/cm?)!72]

Bausweln et al 2012-2014: Takami et al 2014
frequency peak In GWs emitted
after merger can constrain EOS
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A recent full GR investigation
confirmed the relation between
high-frequency peaks In post-
merger GWs and NS EOS.
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GW: MAGNETIC FIELD
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Magnetic field may have an impact on the post-merger GWs and even
accelerate collapse to BH.



€N SPIN EFFEGHE
Bernuzzi et al 2014 PRD 89, 0402 |

0.8 82 1 T T T T
0.6 0:4 — FOSU
0.4 0.2 -
0.0 i
3 0.2 —0.2 -
= —-0.4 il
L 00 —0.6 i
ay | | | |
e —0.2 —-0.8
—04 82 I | 1 T
~ ' — Tooo
~0.6 ~ 0.4
2 02 .
-0.8 = 00 i
$ Z04 i
0.20 ® 36 .
_08 | | | | | |
~ 0.15 0.8 B
3 0.6 | T‘| ] ' ‘ ' —m
= 0.10 8.3 ? |" ’n‘ n. .', " —_ osod
. |
02 [ | ! [ II M"‘J\"\WWnWMMW.‘.\\'~4a‘rJ.‘4|'MW-W!~Nn\U%\!rAhwwvir-wmww
0.05 “oa LUV l‘ :
0.00 :8j§ _ ! ! | | \ L]
0 100 200 300 400 500 600 700 0 500 1000 1500 2000 2500 3000 3500
Time (t —r)/M Time (t —r)/M

Investigated the effect of NS spins on GWVs.
Bl clicetisirelevaniitspint = Cls]

GW peak from HMNS shifted to lower frequencies.
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Barausse et al 201 3: merger happens at lower frequencies (up to

BRI and It Is detectable In the LIGO/Virgo band.
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http://research.physics.illinois.edu/cta/movies/cbm/bhns.html

BH-NS: CLASSIFICATION OF GWS

e
\\’_ / / \ \
o
GBypie 1: NS type ll: no disruption. type [ SrRass

disrupted outside GWSs very similar to transter near [SCO.
EReO T Only BBH and composed by Both InspiieSsciis:

Kyutoku et al 201 |

inspiral . inspiral, merger, and MEerger "afe NEics =l
ringdown (e.g, Foucart inthe GWs.
S &l 20 S

Classification depends on mass-ratio, BH spin, and NS compactness



Etienne et al 2009

GW FROM BH-NS (NO SPIN)
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NS-BH: EOS EFFECTS
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NS-BH: MA
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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)




BANS MERGER OUTCCRS

Depending on mass and EOS several postmerger scenarlios:

/>B torus
/HMNS

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

NS-BH

NS+torus

Magnetic fields play fundamental role in post-merger dynamics
[ kem BR/INSEtorus, NS collapseiorE sl

All these scenarios may lead to SGRBs with different properties



JETS FROM BNS MERGERS?

Rezzolla, Giacomazzo, Baiotti, Granot, Kouveliotou, Aloy 201 |, ApJL /732, L6

Magnetic fields

Neutron stars

Masses: 1.5 suns

Diameters: 17 miles (27 km)
Separation: 11 miles (18 km)

Simulation begins 7.4 milliseconds 13.8 milliseconds

Fi '/G - magnetic field

Black hole forms
Mass: 2.9 suns
Horizon diameter: 5.6 miles (9 km)

15.3 milliseconds 21.2 milliseconds 26.5 milliseconds

Credit: NASAJAEIIZIBM. Koppitz and L. Rezzolla




JETS FROM NS-BH MERGERS

Paschalidis é_t al 2014

GRMHD simulations of NS-BH have also showed the formation of
mildly relativistic jets




COMPACT BINARY PROGENITORS OF SHORT
GAMMA-RAY BURSTS

Rezzolla et al 201 |, ApJL 732, L6
Etienne et al 2012, PRD 86, 084026

BNS and NS-BH can produce tori around spinning BH.

e NSs are magnetized this can lead to the producticRsEs
relativistic jets.

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/)



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 G [Cl(l 5 Q) i 02][63(1 g Q) Vi MBNS/MmaX]

Mtorus /M®
2.4 . ' 0.9

0.8
0.7
0.6
0.5
0.4
0.3
10.2
10.1

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
(consistent with Murguia-Berthier et al 2014).
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Simultaneous GVW/EM detection will help validate this model



Foucart 2012 derived a similar fit from NS-BH GR simulations

x =0 Miorus {)f\g@ x =0.3 Miorus éj\ge
s 02| s It Mer/MNs>~7
07 o7 only rapidly
0.2} : :
0'6 h " spinning BHs
05, L\ 0.5 5
0.4 SO18N A2 0.4 <J/M >~09> may
03 gqpf .\ 03 produce SGRBs.
- o2 - 10.2

Most energetic
bursts cannot be
explained with NS5-
BH mergers.

NS compactness
could be measured

(see also Pannarale
and Ohme 2GS

1/q
Giacomazzo et al 2013



MAGNETAR FORMATION

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

What about the blue path?

/>B|—|+torus
/HMNS

NS-NS >SMNS+torus > BElSRleREES

NS-BH

NSEEEORLS

Credit: The Matrix (1999)



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).



TIME-REVERSAL SGRB MODEL
(CIOLFI+SIEGEL 2014, REZZOLLA+KUMAR 2014)

Figure 1. Evolution phases: (1) The differentially rotating supramassive NS ejects a baryon-loaded and highly isotropic wind; (1I) The cooled-down and uniformly
rotating NS emits spin-down radiation inflating a photon-pair nebula that drives a shock through the ejecta; (111) The NS collapses to a BH, a relativistic jet drills
through the nebula and the ¢jecta shell and produces the prompt SGRB, while spin-down emission diffuses outwards on a much longer timescale.

Ciolfi & Siegel 2014

X-ray afterglow emitted by magnetar
SGRB emitted by BH after magnetar collapse



MAGNETAR FORMATION

Giacomazzo & Perna 2013, Ap| Letters, 771, L26
Gilacomazzo & Perna 2013 \ISS O]C NZO M@ have
- heen observed, hence
K. ow-mass BNSs may
broduce stable NSs.

™ 0

-10

-20

-30

Investigated merger of
T N two .2 Me NSs (with
B 0100303 Iy and without magnetic
fields). Used Ideal Fluid,
Gamma=2./5,
k=30000.

Produced a stable
“ultraspinning’” NS
surrounded by a disk
of ~0Mies




MAGNETAR FORMATION

Giacomazzo & Perna 2013, Ap] Letters, 771,26
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Magnetic field amplified of almost ~2 orders of magnitude. Difference
N GWs Is small, but EM counterparts could reveal stable NS formation.

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



MAGN

- [AR FORMATION

Giacomazzo, /ra

e, Duffell, MacFadyen, Perna, submitted

Magnetic fields can be strongly amplitied via hydrodynamic instabilities

at merger, but very difficult
t=6.091 ms
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NS-NS: EM PRECURSORS
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NS-BH: EM PRECURSORS
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Paschalidis et al 2013

Force Free simulations of NS-BH mergers show also |e43 erg/s
emission (but for larger fields, ~ el 3G)

Emission within ~60° from orbital plane (possible lighthouse effect)



CONCLUSIONS

* GR simulations of NS-NS and NS-BH now able to study all phases of
inspiral and merger

* Included effects of EOSs, neutrinos, and magnetic fields

» Possible to infer EOS from inspiral GWs (but alternative theories of
oravity make life more difficult...)

» Magnetic field role important in all phases (especially post-merger)

» Possible to form stable magnetars+disk from BNS mergers

» Magnetized BNSs and NS-BH may produce jets and power SGRBs

ighly spinning BH necessary to power SGRBs in NS-BH mergers

» Possible EM precursors during inspiral and EM emission from HMNS



BOME OPEN QUES TN

* Are we happy with the numerical accuracy of numrel GWs!?

* Which microphysics are we still missing into simulations? Do we
need to model the crust! Multifluid approaches?

- Can we detect EM emission from post-merger phase? VWhat about
EM precursors! Can we get reliable lightcurves from simulations?

» What about magnetic field amplification and turbulence!?

» Neutrino and cooling?

* How Important are thermal effects in the post-merger phase!
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GR NS-NS SIMULATIONS:

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

Al E OF THE 7.
012, arXiv:1204.3858)

* GRHD (only most recent papers listed)

» 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

» Barausse et al 201 3: BNS mergers in scalar tensor theories of gravity

» 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

* Shibata et al 2014: BNS in scalar tensor theories with spontaneous scalarization
 Jakami et al 204 relation between post-merger GWs and EOS




BRINS-NS SIMULATIONS: STATE OF THE 7SS
(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 I:first study of “realistic”’ configurations (B~ 108-10"'*G)
» 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
* Nellsen et al 2014: first GRMHD code including also neutrino emission
» Ponce et al 2014: EM precursors for arbrtrary magnetic field orientations
» Kiuchi et al 2014: very high-res simulations (~70 m), no jet observed
» Glacomazzo et al 20 [4: magnetic field amplification via a subgrid model




GR NS-

B

SIMULATIONS: STATE OFLT - ARH

(for a recent review see: Shibata & Taniguchi 201 |, LRR 4, 6)
* GRHD (only most recent papers listed)

* Duez et al 2010: effects of piecewise polytropics and tabulated EOSs
» Kyutoku et al 2010: different piece-wise polytropic EOSs investigated
* Foucart et al 201 |: effect of BH spin orientation

» Stephens et al 201 |: BH-INS mergers on eccentric orbits

* Deaton et a
* Foucart et a
* Foucart et a

« GRMHD (all t

« Chawla et a
* Etienne et a

20
20
20

20
20

s Etienne et a

20

» Kyutoku et al 201 |: studied effects of BH spin and EOS

* Foucart et al 2012: BH-NS merger with a 10 solar mass BH
» Fast et al 201 2: effects of eccentric orbits, BH spin, and EOS
» Lackey et al 2012, 201 3: EOS effects on NS-BH GWs

3: first study of neutrino emission
3: first direct comparison of NS-BH GWs with BH-BH GWs
4: effect of neutrino emission, finite-temperature EOS, mass-ratio

ne papers listed)

O: first GRMHD simulation of NS-BH mergers
2a: GRMHD simulations of NS-BH and GRB connection
2b: effect of tilted magnetic fields and jet formation

» Paschalidis et al 201 3: first force-free simulations of the inspiral and EM precursors
» Paschalidis et al 2014 jet formation



