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Gamma-Ray Bursts
2704 gamma-ray bursts

GRB (ramma-BCIuUIeCKH): BCIBIIIKH ¢ SJHEPruei 0T HECKOJIBKHUX AeCATKOB K3B 10 M3B (uHorna n
0oJiee :xecTKHE). BCnbIIKU JJISITCA 0T HECKOJIBKHX /10J1€il CEKYH/I 10 MUHYT, 2 HHOTIa M YaCOB.

KopoTkue raMmmMa-BCIUIeCKH _(MeHbIIIE 2 CeK) — CJIMsIHMEe HEMTPOHHBIX 3BE3/1.
Jaunnbie — ['unepuoBa?




Gamma-Ray Bursts

Two models—merging Neutron Stars or a “Hypernova” —
have been proposed as the source of Gamma-Ray Bursts (“GRB’s”):

Neutron star Coalescence High-temperature
binary system and merger accretion disk

(a) Merging stars

Supernova
(case b only)

Supernova stalls and Accretion disk
Collapsing star black hole forms restarts supernova

(b) Hypernova
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Figure 3. Snapshots of premerger dynamics for BLh ¢ = 1.8 (top) and
g = 1.0 (bottom) simulations. Shown is the rest-mass density in the orbital

lane at ~9 ms corresponding to the third orbit from the beginning of the
simulations and 2 orbits to the moment of merger. The companion in the
g = 1.8 BNS is tidally disrupted and a significant accretion onto the pri-
mary is taking place. Accretion starts approximately after one orbits from
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Figure 4. 3D volume rendering of the rest mass density p in g cm™? expressed in logarithmic scale for the BLh models. Each column represer
time inside the simulation: merger time (left). early postmerger (~ 2ms, middle) and later stages (~ 10ms, right). In each row we show a differc
Gg=Ma/Mp: g = 1.8(top). g = 1.67 (middle) and ¢ = 1.0 (bottom). The BH apparent horizon is shown as a bright green isosurface of the |
a = aAH.
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FIG. 5: A snapshot of a Monte-Carlo simulation for a system
consisting of 4000 nucleons at a baryon density of p= p.. /6, a
proton fraction of Z/A=0.2, and an “effective” temperature
of T'=1 MeV [47, 48].
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Exploding neutron stars in close binaries

S. I. Blinnikov, I. D. Novikov, T. V. Perevodchikova, and A. G. Polnarev

Institute of Theoretical and Experimental Physics, Moscow
and Institute for Space Research, USSR Academy of Sciences, Moscow
(Submitted January 27, 1984)

Pis’ma Astron. Zh. 10, 422-428 (June 1984)

A close binary system comprising a neutron star and another neutron star (or a black hole) will evolve so that
the less massive component sheds mass, passing through a series of quasiequilibrium states, until it achieves )
its minimum possible mass m ;;, =0.09 M, and explodes. In a compact globular cluster or the nucleus of a
galaxy, such evolution can terminate in an explosion in less than the Hubble time.

Explosion of a low-mass neutron star

S. |. Blinnikov, V. S. Imshennik, D. K. Nadezhin, |. D. Novikov, T. V. Perevodchikova, and
A. G. Polnarev

Institute of Theoretical and Experimental Physics, Space Research Institute, USSR Academy of Sciences
(Submitted April 4, 1990)
Astron. Zh. 67, 1181-1194 (November-December 1990)

The process of hydrodynamic destruction of a neutron star that occurs when its mass becomes somewhat less
than the minimum mass M, =0.1 M, is calculated. It is shown that this process occurs explosively and
results in the complete dispersal of the neutron star with a kinetic energy ~4.8 MeV per nucleon. The
calculated results hardly depend on the means by which the mass of the neutron star is reduced to less than
M . (transfer to a companion in a binary system, decay of nucleons, an equivalent mass decrease due to a
decrease in the gravitational constant). Destruction of the neutron star should be accompanied by a short
(hundredths of a second) burst of hard thermal x rays and soft gamma rays (k7" = 10-100 keV), which should
be followed by the considerably longer “tail” of x rays and gamma rays associated with a decay of long-lived
radioactive nucleons. Some fraction of the explosive energy is carried off in the form of neutrinos.



Exploding neutron stars in close binaries

S. . Blinnikov, I. D. Novikov, T. V. Perevodchikova, and A. G. Polnarev

Once having achieved my, = mp,in, star 2 will lose
its hydrostatic stability and will begin to expand at a rate
determined by thyd and the amended equation of state,
Clark and Eardley“ estimate that perhaps one neutron
star may undergo tidal disruption every 100 yr within
a 15-Mpc radius; thus the event would not be exceedingly
rare, Notonly should a burst of gravitational waves be

produced, % but also a powerful electromagnetlc flare
(most likely x rays and y rays), Page believes that the
explosion may attain an energy of supernova scale, but
the problem awaits a detailed analysis, We intend to
consider this process further in a separate paper,

We also have omitted discussion here of the physical
processes that will accompany the mass transfer, such as
the stripping from the star of material with nuclei having
excess neutrons; as these nuclei later decay, y -ray
burster phenomena might occur (like the processes that
Bisnovatyi-Kogan and Checkétkin'? have discussed),
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Puc. 1. Cnenapuit obupanus (cxemaTndno): a) ase H3 cOmnkaiores n3-3a rpaBHTAITHOHHOTO
manydenns; 6) MH3 nepenosnasier croto mostocts Porta n HavwnHaeTes meperekanne; B) B Pe3yJIbTaTe
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EVOLUTION OF CLOSE NEUTRON STAR BINARIES

JouN PauL ADRIAN CLARK * AND DouGLAS M. EARDLEY}

Observatory and Department of Physics, Yale University
Received 1976 November 11; revised 1976 December 17

ABSTRACT

In binary systems consisting of two neutron stars, the orbit decays by gravitational radiation.
A crude model shows that the less massive star may suffer either immediate tidal disruption or
slow mass stripping when it reaches its Roche radius, depending on the initial masses and on the
details of mass exchange or mass loss. Typical energy releases are 4 x 10°2 ergs in gravitational
waves before the onset of stripping, 2 x 1052 ergs in gravitational waves after the onset of stripping,
2 x 10% ergs in neutrinos after the onset of stripping. The stripping process always ends in tidal
disruption of the less massive star after a few seconds or a few hundred revolutions,

As the endpoint of binary stellar evolution, such events are estimated to occur only every ~ 100
yr out to a radius of 15 Mpc, and are thus less important than supernovae as sources of gravita-
tional waves; the observed wave amplitude would be & ~ 10~**, Such events may occur in Type 11
supernovae, if the collapsing stellar core rotates rapidly enough to fission into two neutron stars,

Subject headings: gravitation — stars: binaries — stars: evolution — stars: neutron
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Explosion of a low-mass neutron star

S. I. Blinnikov, V. S. Imshennik, D. K. Nadezhin, |. D. Novikov, T. V. Perevodchikova, and
A. G. Polnarev
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surface layers can be maintained at 108-10° K. This should

lead to a burst of hard thermal x rays and soft gamma rays

with a total energy of 1043-1047 erg.

40 1 - | ] ] | 1
=13 -1,0 o] =30 -13 =40 ok ]
log AM/M,

FIG. 12. Temperature distributions along the Lagrangian coordinate
(AM is the mass reckoned from the surface) in the course of the explo-
sion of a neutron star of mass M = 0.09499 M, at different times

(Table I). The temperature increase to 108-107 K at the surface indi-
cates the possibility of thermal x-ray and gamma-ray bursts accompany-
(ing the explosions of neutron stars.
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Rumours swell over new kind of gravitational-wave
sighting
Gossip over potential detection of colliding neutron stars has astronomers in a tizzy.
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Nearly simultaneous with the discovery of the first binary pulsar (Hulse and Tay-
Schramm (1974, 1976) proposed that the merger of compact

lor 1975), Lattimer anc

star binaries—in particular the collision of BH-NS systems—could gi

r-process by the decompression of highly neutron-rich ejecta (Meyer 1989)

isty and Schramm (198
r-process. Blinnikov et

al.

rise to the
). Symbal-

between NS—NS mergers and GRBs. Eichler et al. (1989) presented a more detailed
ironment could give rise to a GRB (albeit one which differs
significantly from the current view). Davies et al. (1994) performed the first numerical

model for how this env

The galaxy NGC 4993 (fuzzy bright spot) in the constellation Hydra, where dete

have spotted gravitational waves from a neutron star merger. .
binary mas

simulations of mass ejection from merging neutron stars, finding that ~

of the

first explicit calculations showing that the ejecta properties extracted from a hydro-
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Masses in the Stellar Graveyard
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+10 yacoB 52 MUHYTBI
~HOBBIA APKUIA UCTOYHMK
ONTHHECKOro Many4eH s
’ o6HapYMeH B ranakTuke
KunoHosasa NGC 4993, B cozBezann
3eonokouuna boratoro / Y Tuapol.
HelTpoHaMK BelecTea
Bbl3bIBAET CBEYEHWE
KWNOHOBOK, NPOMCXOAMT +11 vacos 36 MUHYT
CHHTE3 TAMenbIx Ha6nwopaerca UH(ppakpacHoe
INEMEHTOR, TAKWUX KakK nanyueHue

PErMcTpauma rpaBuTaunoHHOro
M3NYYEHWA OT CAUAHUA
HEeITPOHHBIX 3Be3A NO3BONAET
HaM y3HaTb 60NblUE O CTPOEHWUN
3THX HeO6blUHEIX O6BEKTOB

PEF“CI'DELL“H 3TOoro cobbLITUA
PasNUYHBIMK AETEKTOPaMM S0N0TD U NAATUHA +15 yacos
NOATBEPKAAET, UTO CAUAHWE JleTeKTHpOBaHO ApKoe
HEWTPOHHBIX 3BE3/ MOMET yALTpahMoNeToBoe U3NyUeHne.
NOPOXAATE BCNBIWKK raMMa

nanyueHus +9 gHen

OBHapyMeHD peHTreHoBCKoe

OcraToyHoe uanyUeHMe

I"IDJW\IEHH_I';Ie AaHHble O paauo-usnydYeHue

KWUNOHOBOW NO3BONWMIK

NoKa3aTk, YTO CTONKHOBEHMA BbIGpOC MaTepuana ua

HEeWTPOHHLIX 3834 MOryT ObiTh -

WCTOUHWUKOM GONBILMHCTBA ) W +16 gHewn

THANENbIX AAEP, HAanpUMe Men3Be3nHoM cpeae.

30n0Ta, aoic%neuugﬁ‘ g 3T0 co3paet paguo- ObHapyxeto
WianyJyeHve, KoTopoe nanyuenne

HabAIoAEHHE rPABUTALMOHHBIX 1 MOKET NPOACKATLCS paano-auanasoHa

3NEKTPOMArHWTHBIX BOMH OT OAHOM rofami.

COBLITUA NO3BONAET YBEPEHHD

YTBEPXKAATL UTO FPaBUTaLUOHHbIE

BONHBI PACNPOCTPaHAKTCA CO

CKOpPOCTEH CBETa



FIRST CosMiIC EVENT OBSERVED

IN GRAVITATIONAL WAVES AND LIGHT
Colliding Neutron Stars Mark New Beginning of Discoveries

Collision creates light acress the

entire electromagnetic spectrum.

Joint observations indepandently confirm
Finstein's General Theory of Relativity,
help measure the age of the Universe,
and provide clues to the origins of

\wIeaw;.r elements like gold and platinum
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On August 17, 2017, 12:41 UTC, Within two seconds, NASA's "
LIGO (US) and Virge (Europe) detect Fermi Gamma-ray Space Telescope ' y
gravitational waves from the merger detects a short gamma-ray burst from a '
of two neutron stars, cach around region of the sky overlapping the LIGG/Virgo

1.5 times the mass of our Sun. This is positien. Optical telescope observations .

the first detection of spacetime npples pinpaint the origin aof this signal ta NGC 4993, }

fram neutron stars a galaxy located 130 million light years distant

BLIGO ~wiSst. &
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FIG. 1. Time-frequency representations [65] of data containing

the gravitational-wave event GW 170817, observed by the LIGO-
Hanford (top), LIGO-Livingston (middle), and Virgo (bottom)
detectors. Times are shown relative to August 17, 2017 12:41:04
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INTEGRAL and NASA's Fermi satellite
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E. Troja The X-ray counterpart to the gravitational wave event GW 170817

GW170817 GW1T0B17

® O

" 0.5 - B.0 keV
22 Aug 2017 — = .. 26 Aug 2017

Figure 1: Optical/Infrared and X-ray images of the counterpart of GW170817
a Hubble Space Telescope observations show a bright and red transient in the early-type galaxy

NGC 4993, at a projected physical offset of ~2 kpc from its nucleus. A similar small offset is

observed in some (~25%) short GRBs’. Dust lanes are visible in the inner regions, suggestive of a

past merger activity (see Methods). b Chandra observations revealed a faint X-ray source at the

position of the optical/IR transient. X-ray emission from the galaxy nucleus is also visible.
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BaxxHoe o GW1/081/

» GW1/081/ — 6-e rpaBUTaUMOHHO-BONIHOBOE CObObITME U 1-0e HabnwaeHue
CMAHUS 06BEKTOB C MacCaMM HEMTPOHHbIX 3Be3/.

P [amma-ecnneck GRB170817A vabmopancs cnycta 1.7 cek. nocne notepu
curHana GW170817.

» [loaTBepxkaeHa cBs3b KopoTkmux GRB co cnuawowmmuca NS

P OrpaHnyeHMs Ha rPaBUTaLMIO: CKOPOCTb PacnpocTpaHeHus
(Av/c < 10~1%), nopeHL-MHBapUAHTHOCTb, MPUHLMM
3KBMBaNEHTHOCTMH

» Cnycta 11 yacoB OTKpbIT UCTOYHKMK B BUAMMOM cBeTe B NGC 4993

» Kpusble 6necka U CNekTpbl COOTBETCTBYHOT KMJTOHOBOM

P CuHTE3 TKENbIX 3/IEMEHTOB B r-rpouecce

» KocMonorus: HesaBMcMMOe M3MepeHue pacCToaHWI, NnapaMeTpa
Xabbna

P BnepBsble BbiNOAHEHbl HabNAeHWS 0gHOro 06bekTa B rpaB.BOSIHOBOM M
3N-Mar. (raMMa, peHTreH, ynstpaduonet, BUAWMbIA U MHDPaKpaCHbIiA CBET,

paauno) kaHane. [1ns HeMTpUHO Aaneko .
Hauano 2pbl MHOTOAUAlNMAa30HHOWN (MHOFOKaHaﬂbHOM)

acTpoHoMUM — multi-messenger astronom
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No. 1, 1977 NEUTRON STAR BINARIES
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FiG. 7—Time evolution of a system with initial masses 0.8 and 1.3 M. (@) Neutrino and gravitational wave luminosities.
(b) Frequency of gravitational wave. (¢) Separation of components. (d) Masses of stars.
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INTEGRAL and NASA's Fermi satellite
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surface layers can be maintained at 108-10° K. This should

lead to a burst of hard thermal x rays and soft gamma rays

with a total energy of 1043-1047 erg.

40 1 - | ] ] | 1
=13 -1,0 o] =30 -13 =40 ok ]
log AM/M,

FIG. 12. Temperature distributions along the Lagrangian coordinate
(AM is the mass reckoned from the surface) in the course of the explo-
sion of a neutron star of mass M = 0.09499 M, at different times

(Table I). The temperature increase to 108-107 K at the surface indi-
cates the possibility of thermal x-ray and gamma-ray bursts accompany-
(ing the explosions of neutron stars.




GW170817-the first observed neutron star merger and its
kilonova: implications for the astrophysical site of the r-process

Daniel M. Siegel'+?

® Bauswein+13
Hotokezaka+13

* Radice+18

V¥ Sekiguchi+16

A Ciolfi+17

A GW170817

10-2 10!
ejectamass [Mg)]

Figure 1. Dynamical ejecta masses and velocities from vari-
ous binary neutron star merger simulations encompassing dif-
ferent numerical techniques, various equations of state, binary
binary mass ratios 0.65 — 1.0, effects of neutrinos and mag-
netic fields [77,78,64,73,65], together with the corresponding
ejecta parameters inferred from the ‘blue’ and ‘red’ kilonova of

GW170817 (see the text for details).
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3D-pacu€r B3pbIiBa

Model for the Explosion of a Critical-Mass Neutron Star in a Binary
System

in

in

K. V. Manukovskii”
! : ! Institute for Theoretical and Experimental Physics, ul. Bol'shaya Cherernushkinskaya 25,
Moscow, 117259 Russia
Received August 10, 2009

Maodel M1 M2 M3 M4 M5 M6 M7 M8 M9

Eocp, 107 erg 0.63 0.66 0.65 0.67 0.72 0.77 0.76 0.45 0.66

V,, 10° km s~ 0.71 0.66 0.59 0.56 0.72 0.85 0.48 0.39 0.60

1 0.23 0.25 0.20 0.23 0.16 0.09 0.03 0.36 0.20

Note. Ewxp, is the total explosion energy, Vi, is the final pulsar velocity, and 7 is the mass fraction of the ejecta’s material gravitationally
bound to the pulsar.
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Caption: Artist’s concept of the explosive collision of two neutron stars. [llustration by Robin Dienel courtesy of the Carnegie
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