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Kadenpa «TeopeTtnueckas actpodmsmka U KBaHTOBas TeopUS
nons» bnuuumnkos C.U., Mhasbipud CU., MaHos U.B., MNoTtawos
M.U., YTpobuH B.TN. - 3aB., OanH A.B. - 3am.3aB.

KypCbl IeKLMHIA:

https://dau.itep.ru/sn2/education

lNpobneMbl COBpeMEHHOM acTPOPU3NKHM
BeeneHune B actpodusmnky

du3nKa 3Be34: CTPYKTYpa W 3BOMOLMUS
OCHOBbI pensTMBMCTCKON acTpodU3nKM
OCHOBbI TMAPOAMHAMUKM

(du3nKa pensTMBUCTCKUX 3BE3[

Teopns cBepXHOBbIX 3Be34,
KocMonorus

ACTpO@U3NYECKNIA HYKSTEOCUHTES
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https://dau.itep.ru/sn2/education

Tembl anga “fopusoHTOB HU3UKK”

®  3Be3/pl, X OCHOBHbIE XapaKTEpPUCTUKM U CBOICTBA

® (O6pasoBaHue 3Be3[,

®  PaccTosnHus [0 3Be3[, NECTHULIA PACCTOSHMUIA.

® [lnarpamma -P.

® YpaBHeHWs paBHoBecus 3Be3abl. OLeHka eé napamMeTpoB (Temnepatypa 1 T.n.)
® Teopema o BMpUane, OTPULATENbHAS TEMNIOEMKOCTb 3B€3/bl

® XapakTepHble BpeMeHa 3Be3apl (ty,, t, tp)

® T[lpouecc ropeHus H B 3Be3ae: p-p u CNO

® (Cxop 3Be3abl ¢ [T], cTagns KpacHOro ruraHTa

® 3-anbda peakums. Cyabbbl 3B€34 pa3HO MacChl

® benble kapnuku. Mpenen Yanapaccekapa

® (BepxHosble la

® [1BoiiHble 38e3abl. OCOBEHHOCTH 3BONOLMM B BOMHbIX CUCTEMAX
®  3BO/IOLMS MaCCUBHbIX 3B€3/, NPeACBepXHObIe.

® MexaHusMmbl B3pbia CCSN (BHYTpeHHss 3aaava)

® SN1987A, HeiTPUHO OT CBEPXHOBbIX

® (BepxHOBble: BHELWHSAS 3a4a4a — CNEeKTpbl, KpUBble 6necka u T.A.
® [lynbcapbl, HEUTPOHHbIE 3BE3AbI.

® [aMMa-BCMNecKu.

®  KocMUUecKuit HyKneocuHes.
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IToguemy Bcé 6obIie acTPOU3NKOB IOy IAIOT
HobeneBckne mpemun 1o ¢pusnke

[laneko He Bce BaXKHble OTKPbLITUS B aCTPOHOMMM YAOCTOEHDI
HobeneBCKOW NpemMumn (Hanpumep, OTKPbITUE KBA3apoB, T.e.
CBEPXMACCMBHbIX YEPHbIX AbIp). Ho Te, 4TO yAOCTOEHDI,
HECOMHEHHO, BaXHbl A/19 GU3MKM.

1936. 3a oTkpbITHE KocMuyeckux nyden (CR, KJ). Victor Franz

Hess.

1954. 3a meTopn coBnageHui ans obHapyXXeHUs KOCMUYECKMX

nyyeri. Walther Bothe.

OcHoBaTtenb MTo®a A.N.AnnxaHoB — Aparau, HabntogeHms KJ1.

Certyac HeT COMHeHMM, 4To ocHoBHas ponsa KJ1 nponssoamTcs B

OCTaTKax CBEpPXHOBbIX, Supernova Remnants = SNR.

4/1



SNR 1006
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Ba)kHble uncna o cBepXHOBbIX:

KuHeTuyeckas sHeprus Boibpoca ~ 10°! apr =
1 foe = 10* Ox

Y 06bI4HbIX SN CBETOBAA 3HEPrMnS 3a NEPBbLIN rof
~ 0.01 foe
Y cBepxmoluuHbix SLSNe: ~ 1 foe u Bblwwe
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Supernova Remnant (SNR) Cas A: Chandra X-ray
observatory
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SNR Cassiopeia A: Fermi-LAT, SHALON, etc
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Cherenkov Telescope Array

https://www.cta-observatory.org/about/
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https://www.cta-observatory.org/about/

Typical ~v-ray energy spectra for several of the

most prominent SNRs
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Hobenesckue 3a KOCMOC-2

1967. Teopus sipepHbIX peakLmi, Kak MCTOYHMKOB 3HEPIuM 3BE3L,.
H.Bethe.
1970. ®yHpameHTanbHble paboTbl M OTKPLITUS B MAarHUTHOW
rmapoamHamumke. H.Alfvén
1974. PapmMoacTpoHOMMUS, OTKPbITUE NYNbCAPOB.
M. Ryle, A. Hewish, - J.Bell.
1978. OTKpbITE MUKPOBOMIHOBOIO PENMKTOBOr0 M3nydeHms CMB.
A.Penzias, R.Wilson.

1983. CrpoeHnue 1 3gontoums 38€34 (S.Chandrasekhar) u
obpa3oBaHMe XMMUYECKMX 31eMeHTOB BO BceneHHon (W.Fowler) -
F.Hoyle .

1993. OTKpbITWE HOBOIO TMNA MY/NbCAPOB, AABLUEE HOBbIE
BO3MOXHOCTU B U3yuyeHun rpasutaumu (binary PSR, GW!).
R.Hulse, J.Taylor.
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HobeneBckue 3a KOCMOC-3

2002. O6HapyxeHue kocMuyecknx HenTpuHo R.Davis, M.Koshiba,
M peHTreHoBCKMX (X-ray) nctounmkos R.Giacconi.

2006. CMB aHusoTponusi George Smoot, John C. Mather
2011. YckopeHue pacwmpeHus BcenenHornt Adam Riess, Brian
Schmidt, Saul Perlmutter
(cm. 0630p YOH, ntoHb 2019, BanHHMKoB 1 [lonros)

2017. LIGO - rpaBBonHbI, cnmusHue 4épHbix ablp (GWs, BH
merging) Kip Thorne, Rainer Weiss, Barry Barish
2019. Kocmonorus Jim Peebles, sk3onnanetsl Michel Mayor,
Didier Queloz.

2020. Roger Penrose, Reinhard Genzel, Andrea Ghez - 4épHble
AbIpbl
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Nudnsauma — Big Bang - Hawa anoxa

Dark Energy
Accelerated Expansion

Afterglow Light
Pattern  Dark Ages Development of
375,000 yrs. Galaxies, Planets, etc.

Inflation

Quantu
Fluctuations

1st Stars
about 400 million yrs.

Big Bang Expansion
13.77 billion years
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OTnnumne akcnepmMeHTa B GM3nKe U B aCTPOHOMMUM

B acTpoHOMWMK He 3KcnepuMeHT, a HabnaeHue.
He TonbKo BOCNpOM3BOAMMOCTL: BaXXHO, YTO HabntoaeHue
NOYTM UCKIKOUYTENBbHO HA CBETOBOM KOHYCeE.

BPEMA

HABMIOMATENb

’ BYAVLLEE
~ TUMEPMIOBEPXHOCTS

"""""" HACTOALLErO

I,
()(}b
e,
So

NPOLWUNOE
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CxematuuHo 06 ncropum Becenennoit: Timeline

dark energy

galaxy formation

. reionization

Scale a(t) .. dark ages
recombination

reheating

=
£
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b=l
e Cosmic Microwave Background —
density fluctuations
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gravity waves .
? neutrinos > Ti
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15/1



Dark Matter and Dark Energy pie

DARK
75% EnerGY

o NORMAL
4% MATTER




[pobnembl

e (CraHgapTHas Moaenb GU3MKM — HECKO/IbKO NMPOLIEHTOB
BceneHHoM

e (TaHpapTHas MOAEe/b KOCMOOTMU — HYXKHbI NONS C “HOBOW”
du3nkon

® Yrto Takoe TéMHas aHeprus, DE?

® Yrto Takoe TéMHasa Matepus, DM?

e (Ob6paszoBaHue CTpyKTyp, LSS, ckonneHus, ranakTtmku, 3s€3apl
e KBazapbl, YEPHbIE AbIpbl

® [aMMa-BCMNNECKW, CBEPXHOBbLIE
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3BE34bl XXMBYT B raflakKTUKaX

lanaktnka M51 “Bogosopot”
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Spiral NGC891 edge-on
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anpaanble N INNNNTN4eCKune
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Dark Matter

CHayvana otkpbinu TéMHyt0 Mateputo (TM=DM), 310
He TémMHaq JHeprua (T2=DE)!
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CkonneHunsa Kak rpPaBINH3bI

UckaxkeHHble 06pasbl OUEHb AaNeKUX ralakKTUK NoAy4aloTca M3-3a
B/IMSIHUS TPAaBUTALUOHHOIO Nons 6onee 61M3KOro CKOMIEHuUs
ranaktuk — 3p¢eKT rpaBInH3bI.

OueHKM MacCbl CKOMIEHUI, MOAYYEHHbIX NPU TaKOM
MHTepnpeTaLun BbISIBAAIOT 60J1bLLOE KOIMYECTBO TEMHOI MaTepun
B HEMJIOXOM COM1aCMM C BUPUANIbHOM OLLEHKOIM Macchl.
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CkonneHue ranaktnuk 0024+1654 - rpasnunH3sa

Gravitational Lens HST - WFPC2
Galaxy Cluster 0024+1654
PRC96-10 - ST Scl OPO - April 24, 1996

W.N. Colley (Princeton University), E. Turner (Princeton University),
J.A. Tyson (AT&T Bell Labs) and NASA
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Einstein Ring
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Konbuo IMHWTENHA
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Lensing by SDSS 11004+4112

Gaﬂaxy Cluster SDSS J1004+4112
HST AC§/WFC,

Lensed
Galaxy

@‘ Lensed

Supernova Quasar

/




KpecT JiHwTenHa
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EWE oanH BaXXHENLLINIW apryMeHT

Formation of Structure
| Smooth ” Structured |

Structure forms by
gravitational instability

of primordial
density fluctuations
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CMB - WMAP sky
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WMAP globes
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MpeackasaHus penMKTOBOro U3y4YeHUs

Oukke, MM6ns u ap. nckanu, NeHsumac, BUncoH Hawnm cnyvyanHo

No. 4124 November [3, 1948 NATURE

with T' o lﬂ and K, = 19 x ,l(_l"\/—— 1 light-years. ir W’H.‘i
The integrated values of pmat. and praq, intersect at  able estis
a reascnable time, namely, 3-5 1 10 sec. 2y 107 the origi
years, and the masses and radii of condensations at  been 23°
this time become, according to the Jeans' eriterion, preseut
My= 3-8 x 107 sun masses, and Ry = 1-1 x 163 two-thir
light-years. 'The temperature of the gas at the time of that is,
condensation was 600° IL., and the temperature i the agrfaoe L
universe at the present time is found to be about 5° K,  tifies the
We hope to publish the delails of these caleulations It oy
in the near fuvare. generatec
Our thanks are due to Dr. . Gamow for the pro- but sven
posal of the topic and hig constani encouragement Crepuncy
during the process of error-hunting, We wish also the ocea
to thank Dr. J. W. Follin, jun., for his kindness in of solid
performing the integrations required for the determ- RPoswulate
inalion of «, ou a Reeves Aunalogue Computer, 0 lmagr
The work described in this letter was supported by  Was eXtr
the United Staies Navy, Buresu of Ordnance, under 3150 esea)

Contract NOrd-7386, of argon
RALPH A. ALPHER argon.
RoBERT HERMAN argon of

ia daviva
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Ha6nopaemoe PennkroBoe nsnyuexHue

A primordial fluctuation spectrum in baryons consistent with the
CMB fluctuations measurements does not allow the observed
structure to form until today. Weakly interacting particles can
begin to form structure earlier, while the baryonic matter is
overwhelmed by photon pressure until the time of recombination
(“dark matter boost”).

PenukToBoe M3nyuyeHue HaCTONbKO U3OTPOMHO, YTO BO3MYLUEHUS
NAOTHOCTU B GapuOHax He Mornu 6biTh 6onbe 105, a BbIpacT
OHM MornM TonbKo B (1 + z) pas, rAe KpacHoe cMelleHue

z = 3000K/3 K. Bo3myweHus pactyt cHa4yana B TM - noatomy
OHa TaK HYXHa.

BaxkHbl paboTbl Indwmua, 3ensaosnya, Mubnsa.

lonization freeze-out: 3enbgoBuy, Kypt, CioHsies; Mnubns.
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Perucrpanusi rpaBUTAIMOHHBIX BOJIH
(HoGexnesckasi mpemust 2017)
M TAMMAa-BCIIECKA OT CJIMBAIOIINXCS HERTPOHHBIX

3BE3]T:
WCTOPHUS, Pe3yJIbTATHI W TMEPCIEKTUBI

C.BaunnukoB (nmpu momomy II.Baknanosa, A.JOquna, ITI D)
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GW+~

FIRST CosmIC EVENT OBSERVED IN
GRAVITATIONAL WAVES AND LIGHT

BLGO ek,
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Masses in the Stellar Graveyard
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On August 17, 2017, 12:41 UTC,
LIGO (US) and Virgo (Europe) detect
gravitational waves from the merger
of two neutron stars, each arcund

1.5 times the mass of our Sun. This is
the first detection of spacetime ripples
from neutron stars

FirsT Cosmic EVENT OBSERVED
IN GRAVITATIONAL WAVES AND LIGHT

Colliding Neutron Stars Mark New Beginning of Discoveries

Within two seconds, NASA's

Fermi Gamma-ray Space Telescope
detects a short gamma-ray burst from a
region of the sky overlapping the LIGO/Virgo
position. Optical telescope observations
pinpoint the origin of this signal to NGC 4993,
a galaxy located 130 million light years distant.

Collision creates light across the

entire electromagnetic spectrum.

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

\qeavy elements like gold and platinum
)

BLIGO B, &



GW170817 |

CnusiHne ABYX HEWTPOHHbIX 3BE34
Ha6nionanock aeTekTopamMu rpasuTaLMOHHBIX
BOsH LIGO / Virgo u 6onee 70

PoccrosHure
3N1€KTPOMArHUTHLIMU 06CepBaTopUAMU.

130 MnH. cBETOBbLIX NeT
ﬁ MNpousowno

17 Asrycra 2017
12:41:04 UTC ~

[eTexTupoBaKa rpaBATALMOHKaS BonHa OT L
CUSHAA HEATPOHHEIX 38634

Tvn
CnusiHne HeNTPOHHbIX 3B€37

TpasuTaumoHas BonHa
llse weiiTponHsie 38e3ab,

1O C Maccolt He menbse Famwma nanysere

maccel Conkua KopoTkas Bcnbiwka ramma-
YanyseHIA 3TO ADKW Nyl
ramia anysieru,

+ 2 ceKyHAbI
[leTekTpoBaHa BbICMbILKA
raMma uanyuenvs.

GW170817 nossonser Ham s seesn
BMIEBbIE UIMEPHTE CKOPOCTS,

pacumpenus sceneHHoii

HANpAKYIO, HCHOMLayA +10 yacoB 52 MUHYTbI
rPaBUTALIMOHHbIE BOHS

P Ki NGC 4993, 8 co3se3anm
M3NYHEHNA OT CAMAHUS eonoiouws Goraroro TMApsI.

HEMTPOHHBIX 38€34 N03BONAET HEHTPOHaMW BeluecTea
HaM y3HaTb G0flbue 0 CTpoeHUM BLISHIBACT CBEMEHHE
Lo neoGsran oGexton KUNOHOBO/, MPOUCXOAUT 11 YBcos 36 MnHyY

CHHTe3 THNENBIX Habniogaerca udpakpactoe
PerucTpauns 31oro cobeimus SMEMENTOB, TaKWX Kak uanysexme
PasAMIHbIM AETEKTODAMM 30070 U NNaTHKa +15 yacos

[lerexTuposaro sipkoe
yneTpadmoneTosoe W3nyseHme.

+9 pHei
OBHapyxeHo pexTreHoaCKoe

MonysenHbie AasHsIe O paavo-naayUeHme
KOO0l No3BONUAM
N0Ka3aTh, 4TO CTONKHOBEHNS BuiGpoC HaTepuana u3
HEHTPOHHBIX 38€3 MOTYT GbiTe 38e3481 npUBOAUT K .
VCTOUHUKOM GONbUIMHCTEA YyBapHoii Bonke & +16 aHen
TAXENbIX AAEP, HANPHMED VexssesaHoit cpese | o6ma

370 coanaer pagvo- | PYXeHO
3010Ta, BO BCENEHHON. \AaeT paa wanyuenne

anyuenme, KoTopoe
oxer panuo-auanasona

r "
3MEKTPOMATHTHbIX BOAH OT OAHO0  FOAAMH
COBLITU NO3BONAET YBEPEHHO

YTBEPXAATL UTO FPABMTALMONHIE

BONHb PACTPOCTPAHAIOTCS C

cKopoCTBIO cBeTa

noATBeEpKAGET, UTO CMsHIE
HeJITPOHHbIX 3863 MOXET
NOPOXARTS BCLILIKM raMMa
vanyseus



BaxxHoe o0 GW170817

® GW170817 — 6-e rpaBMTaUMOHHO-BOIHOBOE CObObLITME U 1-0€
HabnoaeHne cMsaHMS 06beKTOB C MAaCCaMM HEMTPOHHBIX
3Be3[.

® [ammMma-Bcnneck GRB170817A Habnwopancsa cnycta 1.7 cek.
nocne notepu curHana GW170817.

® [loaTBepxaeHa cBa3b kopoTkMx GRB co cnmeatowmmuca NS

® OrpaHWyeHus Ha rpaBUTaLMIO: CKOPOCTb PacnpoCTpaHeHus
(Av/c < 10715), nopeHU-MHBAPUAHTHOCTb, MPUHLM
3KBMBANEHTHOCTH



BaxxHoe o0 GW170817

® Cnyctsa 11 4acoB OTKPbIT UCTOYHMK B BUOUMOM CBETE B
NGC 4993

® Kpugble Bnecka v CnekTpbl COOTBETCTBYHOT KMJIOHOBOM

® CWHTE3 TAKENbIX 3/IEMEHTOB B r-npoLecce

® KocMonorusi: He3aBUCUMOE U3MEPEHME PaCCTOSIHUIA,

napameTtpa Xab6na
® BrniepBble BbINOIHEHbI HAbNOAEHNS OAHOIO 0ObekTa B

rpaB.BOJIHOBOM M 3M1-Mar. (raMMa, peHTreH, ynstpaduoner,
BMAMMbINA U MHDPaKpPaCHbIM CBET, paamno) KaHane. [ing
HEUTPUHO faneko

Hayano 3pbl MHOroaManasoHHOM (MHOIrOKaHaNbHOWM)
acTpoHoMMKM — multi-messenger astronomy



HemHoro nuyHoro n3s 2017 rona

Kip S Thorne

Sun, Sep 3, 2017 at 1:32 AM

To: Sergei Blinnikov

Dear Sergei,

How very nice to hear from you.

I remember well your old paper with Igor, Sasha, and Tanja on
exploding neutron stars. It was very surprising to me at first, but
then made sense when | read it. We can hope for a LIGO discovery
of gravitational waves from merging neutron stars, with gamma
ray burst, in the near future.

With warm best wishes,

Kip

Kip S. Thorne: kip@tapir.caltech.edu
350-17 Caltech, Pasadena, CA 91125
Phone: +1 626 395-4598 40/1



INTEGRAL and NASA's Fermi satellite
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GW170817 and GRB170817A

TrE AsTRoPRYSICAL JOURNAL LETTERS, 848:L13 (27pp), 2017 October 20 hitps: / /doi.org /10.3847/2041-8213 faa920c
© 2017, Tue American Astonomical Sosiey. Al ighs rserved
CrossMark

Gravitational Waves and Gamma-Rays from a Binary Neutron Star Merger:
GW170817 and GRB 170817A

LIGO Scientific Collaboration and Virgo Collaboration, Fermi G Burst Monitor, and INTEGRAL
(See the end matter for the full list of authors.)

Received 2017 October 6; revised 2017 October 9; accepted 2017 October 9; published 2017 October 16
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GW170817 and GRB170817A

1. Introduction and Background

GW170817 and GRB 170817A mark the discovery of a
binary neutron star (BNS) merger detected both as a gravitational
wave (GW; LIGO Scientific Collaboration & Virgo Collabora-
tion 2017a) and a short-duration gamma-ray burst (SGRB;
Goldstein et al. 2017; Savchenko et al. 2017b). Detecting GW
radiation from the coalescence of BNS and neutron star (NS)—
black hole (BH) binary systems has been a major goal (Abbott
etal. 2017a) of the LIGO (Aasi et al. 2015) and Virgo (Acemese
et al. 2015) experiments. This was at least partly motivated by
their promise of being the most likely sources of simultaneously
detectable GW and electromagnetic (EM) radiation from the
same source. This is important as joint detections enable a wealth
of science unavailable from either messenger alone (Abbott et al.
2017f). BNS mergers are predicted to yield signatures across the
EM spectrum (Metzger & Berger 2012; Piran et al. 2013),
including SGRBs (Blinnikov et al. 1984; Paczynski 1986; Eichler
et al. 1989; Paczynski 199T; Narayan et al. 1992), which produce
prompt emission in gamma-rays and longer-lived afterglows.
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GW170817 and GRB170817A, INTEGRAL

THE ASTROPHYSICAL JOURNAL LETTERS, 848:L15 (8pp). 2017 October 20 https: / /doi.org/10.3847/2041-8213 / aa894
© 2017. The American Astronomical Society. All rights reserved.

CrossMark

INTEGRAL Detection of the First Prompt Gamma-Ray Signal Coincident with the
Gravitational-wave Event GW170817
V. Savchenko' @, C. Ferrignol ,E. Kuulkers®, A. Bazzano®©, E. Bozzo' @, §. Brandt®, J. Chenevez® ®, T. J.-L. Courvoisier' @,

R. Diehls‘ Al Domingoé’, L. Hanlon” L E. Jourdain® , A, von Kienlin® ,P. Laurent”'? . F. Lehrunq, A. Lutovinov'"'?
A. Martin-Carrillo”, S. Mereghetti'> @, L. Natalucci’, J. Rodi®, J.-P. Roques®, R. Sunyaev'"*'%, and P. Ubertini®
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GW170817 and GRB170817A, INTEGRAL

1. Introduction

It has long been conjectured that the subclass of gamma-ray
bursts (GRBs) with a duration below about 2 s, known as short
gamma-ray bursts (sGRBs), are the product of a binary neutron
star (BNS) merger and that gamma-rays are produced in the
collimated ejecta following the coalescence (e.g., Blinnikov
et al. 1984; Nakar 2007; Gehrels & Meszaros 2012; Berger
2014). So far, there was only circumstantial evidence for this
hypothesis, owing to the lack of supernovae associated with
sGRBs, their localization in early-type galaxies, and their
distinct class of duration (e.g., D’ Avanzo 2015). The advent of
advanced gravitational-wave (GW) detectors, which have been
able to detect binary black hole mergers (Abbott et al. 2016a,
2016b, 2016¢c, 2017; LIGO Scientific Collaboration & Virgo
Collaboration 2017a) and have the capability to detect a signal
from nearby BNS mergers (Abbott et al. 2016c), have sparked
great expectations. Different electromagnetic signatures are
expected to be associated with BNS merger events, owing to
expanding ejecta, the most obvious of which is an sGRB in
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NS+NS = GRB: npeackasanue 1984 u 1990

Exploding neutron stars in close binaries

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

Once having achieved m, = my;y, 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 electromagnetic 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
pro that will accomp 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 Checkstkin'® have discussed),
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4.1, Speed of Gravity

Assuming a small difference in travel time At between
photons and GWs, and the known travel distance 1, the
fractional speed difference during the trip can be written
Av/vpy & vem At/ D, where Av = vow —vgy is the dif-
ference between the speed of gravity vgw and the speed
of light vgas. This relation is less constraining for small
distances, hence we conservatively use here D = 26 Mpc,
the lower bound of the 90% credible interval on luminos-
ity distance derived from the GW signal {Abbott et al.
2017a). If we conservatively assume that the peak of the
GW signal and the first photons were emitted simulta-
neously, attributing the entire (+1.74 £ 0.05)s lag to
faster travel by the GW signal, this time difference pro-
vides an upper bound on Av. To obtain a lower bound
on Av, one can assume that the two signals were emitted
at times differing by more than (+1.74+0.05) s with the
faster EM signal making up some of the difference. As
a conservative bound relative to the few second delays
discussed in Section 2.1, we assume the SGRB signal
was emitted 10s after the GW signal. The resulting
constraint on the fractional speed difference is

—3x107% < Av <47 x 10710, (1)
VEM
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Caption: Artist’s concept of the explosive collision of two neutron stars. Illustration by Robin Dienel courtesy of the



Hobenesckas no ¢umsmke 2020

Ponxep lMNeHpoys (Roger Penrose), Paittxapp, leHuens (Reinhard Genzel) n
Anppea le3 (Andrea Ghez)

MeHpoy3: «3a OTKpbITUE, COFNACHO KOTOPOMY 06Las TEOPUst OTHOCUTENBHOCTH
HaZeXHO NPeACKa3blBaeT POXKAEHWUE YEPHbIX AbIP».
leHuenb 1 [e3: «3a OTKPbITME CBEPXMACCMBHOIO KOMMAKTHOMO 06beKTa B LEEHTpE

Hawen lanakTukm».
MocMOTpUM MynbTUKM

l BH stars movie H MW BH stars
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Cnacnbo 3a BHMMaHue!

53/1



