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Introduction: SGRBs

leading model of short
gamma-ray bursts (SGRBs)

Rezzolla et al.
201 |

central engine is a black hole
surrounded by hot thick torus
—> end result of a binary e e
neutron star (BNS) or mixed NS |
binary (NS-BH) merger

Paczynski 1986, Eichler et al. 1989
Narayan et al. 1992, Barthelmy et al. 2005, Paschalidis et al.
Fox et al. 2005, Gehrels et al. 2005, ... 2014

o

BNS and NS-BH binary mergers are among the
most promising sources of gravitational waves

likely of rate ~40/yr for Advanced LIGO andVirgo
possibility of combined GW-EM detection!




X-ray afterglows of SGRBs

SWIFT revealed that most SGRBs are accompanied by
long-duration (~ 104 — 10° s) and high-luminosity
(10*® — 10°" erg/s) X-ray afterglows

total energy can be higher than the SGRB itself

hardly produced by BH-torus system - they suggest
ongoing energy injection from a long-lived NS

MAGNETAR MODEL Zhang & Meszaros 2001
Metzger et al. 2008

X-ray emission —» spindown of a uniformly
rotating NS with a strong surface magnetic field
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Product of BNS mergers
SMNS / HMNS .. ..or STABLE NS

§ /
BH + TORUS

\ BH + TORUS
prompt
collapse

sim. & vis.: Wolfgang Kastaun

BNS

LONG-LIVED NS IS A LIKELY OUTCOME OF THE MERGER

Demorest et al. 2010
® observation of ~ 2 M@ NSs  Antoniadis et al. 2013

® progenitor masses peak around 1.3 — 1.4 My = BMP mass likely < 2.5 Mg

Belczynski et al. 2008
® stable NS obtained in GR BNS merger simulations

Giacomazzo & Perna 2013



Product of BNS mergers
SMNS / HMNS .. ..or STABLE NS

§ /
BH + TORUS

\ BH + TORUS
prompt
collapse

sim. & vis.: Wolfgang Kastaun

BNS

PROBLEM OF THE LONG-LIVED NS MODEL :

-

strong baryon pollution can choke the
formation of a relativistic jet

—> HARD TO EXPLAIN THE SGRB PROMPT EMISSION

)

e.g., Dessart et al. 2009, Hotokezaka et al. 2013, Siegel et al. 2014



The SGRB dichotomy

® Numerical relativity picture: prompt BH-torus formation

—> can explain prompt SGRB emission

—> cannot explain X-ray afterglows X

® Observational picture: magnetar model

061201
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“Time-reversal” phenomenology
Ciolfi & Siegel 2015a,Ap| Letters 798,L36

nebula

aNS

‘ (I) The differentially rotating, supramassive NS (SMNS) ejects a baryon-loaded and
highly isotropic wind
Siegel et al. 2014
(see also Siegel & Ciolfi 2015a)

Dessart et al. 2009



“Time-reversal” phenomenology | siegeletal. 2014
Siegel & Ciolfi 201 5a
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“Time-reversal” phenomenology
Ciolfi & Siegel 2015a,Ap| Letters 798,L36

(I) The differentially rotating, supramassive NS (SMNS) ejects a baryon-loaded and
highly isotropic wind

* (Il) The cooled-down and uniformly rotating NS emits spin-down radiation
inflating a photon-pair nebula that drives a shock through the ejecta



“Time-reversal” phenomenology I

* uniformly rotating NS emits spin-down
radiation and inflates a photon-pair nebula

Leg ~ 1.5 % 104932 15R6P_4 o(1+1t/tsq) Zerg s

nebula

tsa ~ 2.7 x 10°B;1: R ° P _3s NS

* high photon pressure drives a strong shock
through the ejecta, sweeps up material into
a thin shell

* nebula energy rapidly heats up and
accelerates the ejecta shell (up to mildly
relativistic speeds)

nebula

ocked
jecta

Metzger & Piro 2014 =5

analogies with PWNe
(see talk by D. Siegel)



“Time-reversal” phenomenology
Ciolfi & Siegel 2015a,Ap| Letters 798,L36

nebula

aNS

(I) The differentially rotating, supramassive NS (SMNS) ejects a baryon-loaded and
highly isotropic wind

(Il) The cooled-down and uniformly rotating NS emits spin-down radiation
inflating a photon-pair nebula that drives a shock through the ejecta

* (Ill) The NS collapses to a black hole (BH), a relativistic jet drills through the
nebula and the ejecta shell and produces the prompt SGRB, while spin-down
emission diffuses outwards on a much longer timescale, producing the X-ray
afterglow



“Time-reversal” phenomenology |

111 ‘§A SGRB

*at Tcoll ~ tsqa the NS collapses to a
BH-torus system

—> transient jet is formed in < 0.01—15s nebula

drills through the ejecta and generates
the SGRB

‘BH-torus

* nebula and ejecta represent an optically thick environment

—> large fraction of spin-down energy is still trapped
and diffuses outwards on much longer timescale

—> spin-down energy acquires substantial delay
before emerging and producing the X-rays



Electromagnetic emission

nebula

aNS

gamma rays
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Discussion: evidence

* proposed new scenario to solve SGRB-X-ray afterglow

dichotomy — “time-reversal” scenario
I

* delay times can explain observed X-ray afterglow
durations i

—>» attractive alternative to current models

Evidence:

* potential observation of X-ray plateau with
SGRB in between

—> indication of time reversal

* potential observation of an orphan event
without SGRB

—> isotropy of afterglow




Discussion: implications

Implications:

* SGRBs with X-ray afterglows (majority of
observed events) originate from BNS
mergers — no BH-NS progenitors

e SMNS constraints on EOS in combination
with a2 mass estimate

Ciolfi & Siegel 2015b

* peak amplitude of GW emission separated
from SGRB by lifetime of the NS

III

nebula

NS

§ SGRB




GW and EM observations

‘BH-torus
teoll ~ Tsq ~ 103 S ;ii 1
< > 5 H+
3 .+-_; o
U /| u u w lifetime of the NS é Ou*wlih"”r MHF%W "
eak amplitude GWV signal EM SGRB sienal
> > g g

* GW observations ideal trigger for EM observations
» peak amplitude of GW emission separated from SGRB by lifetime of the NS

—> very precise measurement of the NS lifetime!



Following steps

Density t =32.042 ms

e GRMHD simulations of %
BNS mergers oo

100

z [ kn

600

long post-merger evolution

400

SMNS properties

200

mass ejection, winds :

ki

(Ciolfi, Kastaun, Giacomazzo, Siegel) ~200

-400

-600
=310 -0.5 0.0 0.5 1.0

r / km

* |D dynamical model to describe realistic light curves
é
phase Il and phase |l and spectra

: : (see talk by D. Siegel)
much larger spatial scales and time scales

NOT covered by GRMHD simulations Siegel & Ciolfi 2015b,2015c
arXiv:1508.0791 | arXivI508.07939
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Baryon-loaded wind
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Timing argument

The scenario cannot hold unless the maximum delay
is at least as large as the observed afterglow duration

* from observations: tcon 2 tsd

o typically: tsq > tar + Atshock
—> at {.o) ejecta matter is swept up into
thin shell

* delay for a photon emitted just before
collapse (“last spin-down photon”):

Rej (tcoll + Atdiﬂ?)
C

delay
tns . = Al —

* Delay of jet is negligible (very low densities
at tcoll )

Timing criterion

delay _  ,delay delay
tNS — tNS — tjet z Ataf‘cerglow

( N

\. J
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ecta
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Diffusion timescales

» for static ejecta:

LS (1) =

e for static nebula:

e () =

r

\.

tns St (teo) + thi " (fooll) — Rej(teon)/c

del i stat stat
tns 2 tair - (Feon) Tt (thon) — Rej(teon)/c

J

* [ )
coll *

* L ej, stat /% n,stat /%
tcoll — tCOH T tdiff (tcoll) T tdiff (tcoll

solve iteratively for ¢

—> use lower limit to check the timing criterion

‘§A SGRB




Results on delay estimation
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Vej/ € 14 16
B, ~ 10" -10'°G
* for parameter £ > 3 % 10%s Py, ~ 0.5—5ms

tar ~ 0.1—10s

M ~107*=10"2Mg s !
Atshock ~ 0—100tq,

(8ene"a”)’3 t%eslay z Atafterglow} vgj ~ 0.01-0.1c¢

ranges considered: ola
5 tdely > 1055 (B, <10 Q)

—> “‘time-reversal” scenario compatible with observations
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EOS constraint for a SMNS

Ciolfi & Siegel 2015b

most likely progenitor
LetT T - mass combination

LePoge T Tena <€ 13-14M,
Belczynski et al. 2008
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EOS constraint for a SMNS

Ciolfi & Siegel 2015b
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EOS constraint for a SMNS

Ciolfi & Siegel 2015b
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EM emission from long-lived
BNS merger remnants

Siegel & Ciolfi 2015b,2015c¢

* | D dynamical model to describe
phase |l and phase lll on large
time and spatial scales

v

ideal EM counterpart to the
GW signal

\. J

~\

* bright (up to Lx ~ 10*® erg/s)

* long-lasting (typically 10% s)

* isotropic

» associated with a large fraction of BNS

merger events
* clear distinction NS-NS vs NS-BH

BNS merger

£

differentially rotating
NS remnant (Phase |)

shock and PWN
(Phase II-l1)

nebula

shocked
ejecta

unshocked
ejecta



EM emission from long-lived BNS merger remnants

* | D dynamical model to describe g

£

phase |l and phase lll on large

Siegel & Ciolfi 2015b,2015c¢

time and spatial scales
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SMNS collapse

Leoll = tspin—down

SGRB prompt emission
@ merger

SMNS collapse

leoll = tspin—down

SGRB prompt emission @
SMNS collapse

(time-reversal scenario)




art

EM emission from long-lived BNS merger remnants

Siegel & Ciolfi 2015b,2015c¢
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