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Hobenesckue 3a kocmoc-1

1936. 3a oTkpbITHE KocMuyeckunx nyyein (CR, KJ).
Victor Franz Hess.
1954. 3a meTop coBnageHUM ans obHapYyXXeHUsS KOCMUYECKMX
nyyen.
Walther Bothe.

OcHoBaTtenb MT2®a A.N.AnnxaHoB — Aparau, HabntogeHus KJ1.

Certyac HeT COMHeHMM, 4TO ocHoBHas pona KJT nponssoamTcs B
OCTaTKax cBepxHoBbIX, SNR.



SNR 1006




BaXkHble uncna o cBepXHOBbIX:

KuHeTuyeckas sHeprus Boibpoca ~ 10°! apr =
1 foe

Y 06bI4HbIX SN CBETOBAS 3HEPrns 3a NepBbli rof
~ 0.01 foe
Y cBepxmouHbix SLSNe: ~ 1 foe u Bbiwe



Supernova Remnant (SNR) Cas A: Chandra X-ray
observatory




SNR Cassiopeia A: Fermi-LAT,

SHALON, etc
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H.E.S.S. High Energy Stereoscopic System

H.E.S.S. is a system of Imaging Atmospheric Cherenkov Telescopes
e-8

Galactic Latitude
Surface brightness (>1 TeV) [counts/(m?.s.deg?)]
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“Differential” sensitivity Fermi-LAT, H.E.S.S., etc.
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HAWC (High Altitude Water Cherenkov Gamma Ray Observatory)
CTA Cherenkov Telescope Array




Dark Matter searches in the 2020s. At the
crossroads of the WIMP

11-13 November 2019

The University of Tokyo, Kashiwa Campus

https:
//indico.icrr.u-tokyo.ac.jp/event/259/overview



Cherenkov Telescope Array
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Typical y-ray energy spectra for several of the
most prominent SNRs
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HobeneBckune 3a KOCMOC-2

1967. Teopus sipepHbIX peakumi, Kak MCTOYHMKOB 3HEPruu 3BE3 L.
H.Bethe.
1974. PapmMoacTpoHOMMUS, OTKPbITUE NYNbCAPOB.
M. Ryle, A. Hewish, - J.Bell.
1978. OTKpbITE MUKPOBOIHOBOIO PENMKTOBOr0 M3nydeHms CMB.
A.Penzias, R.Wilson.

1983. CrpoeHnue 1 agontoums 38€34 (S.Chandrasekhar) u
obpasoBaHMe xuMmnyeckux anemeHToB Bo BceneHHol (W.Fowler) -
F.Hoyle .

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

12



HobeneBckue 3a KOCMOC-3

2002. ObHapyxeHne kocmuyecknx HenTpuHo R.Davis, M.Koshiba,
and X-ray sources R.Giacconi.

2006. CMB aHu3oTtponusa George Smoot, John C. Mather
2011. YckopeHue pacwmperna BceneHHon Adam Riess, Brian
Schmidt, Saul Perlmutter
(cM. 0630p YPH, ntoHb 2019, banHHukos 1 [lonros)

2017. LIGO - GWs, BH merging Kip Thorne, Rainer Weiss, Barry
Barish
2019. Kocmonorus Jim Peebles, sk3onnanetsl Michel Mayor,
Didier Queloz.
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Kocmonorua u J.Peebles

“Just about every advance in our understanding of cosmology has been boosted by the work of
Jim Peebles,” says Princeton cosmologist Jeremiah Ostriker. “Big bang nucleosynthesis, the growth of
cosmic structure, the existence of dark matter, and so many other advances in our understanding were
shepherded by Jim Peebles’ work and wisdom.” Thanks to his efforts, cosmology is now a solid, robust
scientific field, with both theory and observation going hand-in-hand to reveal the amazing and evolving
Universe. While some fundamental questions remain open —including what is the dark matter and what
is the nature of the mysterious dark energy - cosmologists can now explain, quantify, and make future
predictions for the evolution of the Universe.

“Jim is one of the true giants in the field,” wrote Paul Steinhardt, Peebles’ colleague at Princeton.

“His work transformed our understanding of the hot, expanding Universe from qualitative to precise,
revealed the existence of dark matter, and pointed out the puzzles that remain.”
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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.
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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 BOCNpOM3BOAMMOCTb: BAaXXHO, YTO HabntoaeHue
NOYTM UCKIKOUYTENBHO HA CBETOBOM KOHYCeE.

BPEMA

Time

HABMIOMATENb

’ BYAVLLEE
~ TUMEPMIOBEPXHOCTS

-------- S HACTOALLErO

£,
%}b
e,
So
MPOLLIIOE
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CxematuuHo 06 ncropum Becenennoit: Timeline
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Dark Matter and Dark Energy pie

DARK
75% EnerGy

NORMAL

0,
4% maTTER




[pobnembl

e (CraHgapTHas mMoaenb GU3MKM — HECKO/IbKO NMPOLLEHTOB
BceneHHoM

e (CraHOapTHas MOAeNb KOCMOMOMMU — HY>HbI NoNs ¢ “HOBOW”
du3nkom

® Y10 Takoe TéMHas aHeprug, DE?

® Y10 Takoe TéMHas Matepusa, DM?

e (Ob6paszoBaHue CTpyKTyp, LSS, ckonneHus, ranaktmku, 38€3apl
e KBa3apbl, Y€pHble Ablpbl

® [aMMa-BCMNNECKWU, CBEPXHOBbIE
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3BE34bl XXMBYT B raflakKTUKaX

lanaktnuka M51 “Bogosopot”
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Spiral NGC891 edge-on
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Cnmpaanble N INNNNTN4YECKne
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Dark Matter

CHavana otkpbinn TéMHyto Mateputo (TM=DM), 3to
He TémMHaa JHeprua (T3=DE)!

23



CkonneHunsa Kak rPaBINH3bI

MUckaxeHHble 06pasbl O4YEHb AANEKUX FAIAKTUK NOY4aloTca u3-3a
B/IMSIHUA TPaBUTALMOHHOIO Nons 6onee 6AM3KOro CKONNEHUs
ranaktuk — 3p¢eKT rpaBInH3bI.

OueHKM MacCbl CKOMIEHUH, MOAYYEHHbIX NPU TaKOW
MHTepnpeTaLum BbIIBASIOT 60/1bLLOE KOIMYECTBO TEMHON MaTepun
B HEMI0XOM COrNnacumn ¢ BUpUaNbHOMU OLLEHKOM Maccbl.
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CkonneHue ranaktnuk 0024+1654 - rpasnunH3a

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

Galaxy Cluster SDSS J1004+4112
HST AG§/WFC

Lensed
Galaxy

Lensed
Supernova Quasar
-

/




KpecT JiHwTenHa
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EWE oanH BaXXHENLLUNIW apryMeHT

Formation of Structure
| Smooth ” Structured |

Structure forms by
gravitational instability

of primordial
density fluctuations
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CMB - WMAP sky

31



WMAP globes
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MpeackasaHus pennMKTOBOro U3y4YeHUs

Iukke, MW6ns u ap. nckanu, NexHsumac, BUNcoH Hawnm cnyvyanHo

No. 4124 November [3, 948 NATURE

with 7 a /i and R, = 19 < 104/ — 1 light-yesrs, 10w 4
The integrated values of pmas. and praq, interseet at  #ble estis
a reascnable time, mamely, 3:5 x 10Y sec. 2~ 107 the origi
years, and the masses and radii of condensations at been 210
this time become, according to the Jeans' criterion, pPresent
My= 3-8 x 107 sun masses, and K, = 1-1 x 163 two-thirg
light-years. The temperature of the gas at the time of  that is, 1
condensation was 600° K., and the temperature in the SPIfW L
universe at the present time is found {0 be about 5° K.  vitues the
‘We hope to publish the details of these calculations It nug
in the near fuvure. generatoc
Our thanks are due to Dr. &, Gamow for the pro- but even
posal of the topic and his constani encouragement trepancy
during the process of error-hunting. We wish also the ocea
to thauk Dr. J, W. Follin, jun., for his kindness in  of solid
performing Lhe integrations required for the determ- Dostulate
inalion of «, ou a Reeves Aunalogue Computer, 0 lmagi
The work described in this letter was supported by — Was extr
the United Staies Navy, Bureau of Ordnance, under 880 esea]

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

ia dewvive
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Observed CMB

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”).

PenukroBoe nsnyvyeHue HaCTONbKO U3OTPOMHO, YTO BO3MYLUEHUS
NNOTHOCTU B GapMOHaX He MoK 6biTb Gonble 10>, a BbIpacTH
OHM MOIM ToNbKo B (1 + Z) pas, rae KpacHoe cMelLeHHne

z = 3000K/3K. BosmywieHus pactyT cHayana B TM - noatomy
OHa TaK HY)XHa.

BaxkHbl paboThl Indwmua, 3ensaosnya, Mubnsa.

lonization freeze-out: 3enbposuy, Kypt, CioHses; Mubns.

34



Perucrpaiys rpaBUTAIMOHHBIX BOJIH
(HoGenesckast mpemust 2017)
M TAMMAa-BCIIECKA OT C/IMBAOIINXCS HEHTPOHHBIX

3BE3I;
UCTOPUS, Pe3YJIbTAThl M TEePCIEKTUBBI

C.Biunnukos (npu nomomnm Il.Bakmanosa, A.JOauna, UTI 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

in Solar Masses
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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
pinpeint 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

quavy elements like gold and platinum
)

BLIGO B, &



GW170817

CnusiHne ABYX HEWTPOHHbIX 3Be34
Ha6ntonanock aeTekTopamMu rpasuTaLMOHHBIX

BosH LIGO / Virgo u 6onee 70

3N1eKTPOMArHUTHLIMU 06CepBaTOPUAMU.

12:41:04 UTC

J

maccel Conua

GW170817 nossonser Ham

rPaBUTAUVOHHbIE BOMHSI

[eTexTUpoBaKa rPABMTALMOHKaS BonHA OT
CUSHAA HEATPOHHEIX 38638

TpasTauUvOHHas BonHa

PoccrosiHme
130 MnH. CBETOBbLIX NeT

MNpousowno
17 Aerycra 2017

]

~

Tun
O CnusiHMe HEATPOHHBIX 3B€34

TaMma nanyuerve
KOpoTKas BCNbiWwKa ramma- + 2 ceKyHAbI
ReTexTupoBaHa BbiCbIWKA
ramma uanyuenvs.

cavsinns 38830

+10 yacoB 52 MUHYTbI
HOBbIiA ADKWi HCTOUHMK
onTuueCKoro HanyHenws
« o6HapyXeH 8 ranaktiike

anyuenns ot causHua

STUX HEOBbINHBIX OBLEKTOB,

PerucTpauws 3Toro cobeThA

Monyuentbie AaHHsie 0

TAXENbIX AAEP, HANpUMED
3010Ta, BO BCENEHHON.

NGC 4993, 8 cossesann
s0noiouus 6oratoro Twap.

+11 yacos 36 MUHYT
Habniopaetcs uHdpakpacrHoe
wanyenne

+15 uacos
[erexTuposano sipkoe
ynbTpaduoneTosoe uanyHenme.

3neMeNTOB, TaKuX Kak
301070 M NAaTHHA

+9 pHeit
OBHapyxeHo pexTreHoaCKoe
uanysenne

OcraTouHoe
paavo-usnyyenme
Bri6poc Matepana u3

YyaapHoii BonHe B +16 aHen

Mex3sesnHoit cpene. | os.

370 coapaeT paavio- | Obwapyxero
wanyuenme

anyuenme, KoTopoe
oxer

r "
3MEKTPOMATHATHbIX BOAH OT OAHOFO
COBLITU NO3BONAET YBEPEHHO
YTBEPXAATH 4TO rPABUTALIMONHIE
BONHb PACTPOCTPAHAIOTCS C
cKopoCTBIO cBeTa

' noateepxaer, uto causHue
HEATPOHHBIX 38630 MOXET
NOPOXAGTS BCMLIIKM raMMa
uanyueHus

panuo-auanasona

roamm



BaxxHoe o0 GW170817

® GW170817 — 6-e rpaBMTauMOHHO-BONHOBOE CObObITME U 1-0€
HabntofeHne CNUAHUS 06BEKTOB C MacCaMM HEMTPOHHbIX
3Be3n.

® [amma-Bcnneck GRB170817A Habntopancsa cnycra 1.7 cek.
nocne notepm curdana GW170817.

® [lopgTBeEpxaeHa CBA3b kOpoTkMX GRB co cnmBatowmmmca NS

® OrpaHMYeHus Ha rpaBUTALMIO: CKOPOCTb PacnpoCTpaHeHMs
(Av/c < 10~1%), nopeHL-MHBAPUAHTHOCTb, MPUHLMM
3KBMBANIEHTHOCTH



BaxxHoe o0 GW170817

e Cnycrta 11 4acoB OTKPbIT UCTOYHUK B BUAMMOM CBETE B
NGC 4993

L KpVIBbIe bnecka u CNEKTPblI COOTBETCTBYHOT KMNOHOBOM

® CUHTE3 TSKENbIX IEMEHTOB B r-npouecce

® KocMonorusi: He3aBUCUMOE U3MEPEHUE PACCTOSIHWIA,

napametpa Xab6bna
® BrniepBble BbINOMIHEHbI HAbNOAEHNS OAHOIO 0ObekTa B

rpaB.BOJIHOBOM W 3/1-Mar. (raMMa, peHTreH, ynsTpaduoner,
BUAMMDIV M MHPPaKpaCHbIM CBET, paano) KaHane. ng
HEWTPMHO [aNneKko

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 42



INTEGRAL and NASAs Fermi satellite
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GW170817 and GRB170817A

THE ASTROPHYSICAL JOURNAL LETTERS, 848:L13 (27pp), 2017 October 20 hups: / /doi.org,/10.3847/2041-8213 faa920¢
© 2017, The Amcrican Astronomical Society. All rights reserve
CrossMark

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

LIGO Scientific Collaboration and Virgo Collaboration, Fermi Gamma-ray 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
et al. 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 hutps: / /doi.org/10.3847/2041-8213 / aa8f94
© 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' s G Ferrignn' S E. Kuulkersz, A. Bazzano® +E. Bozzo' " Brﬂndld, 1. Chenevez* ,T.J-L. Courvoisier'

R. D]ehlj, Al Domingoﬁ, L. Hanlon” ,E. Jourdain® , A von Kienlin® ,P. Laurent”™'? , F. Lehrunq, A. Lutovinov'"'?
A. Martin-Carrillo”, S. Mereghetti'> ®, L. Natalueei’, 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, 2016c, 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,;p, star 2 will lose
its hydrostatic stability and will begin to expand at a rate
determined by thydand 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, ¥ -ray

burster phenomena might occur (like the processes that
Bisnovatyi-Kogan and Checkétkin'® have di d).
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UNAMBIGUOUS ASSOCIATION

The temporal and spatial p-values are independent
quantities, thus the probability that GRB 170817A and
GWI1T0817 occurred this close in time and with this level
of location agreement by chance is Piop, paral X Fepatial =
(5.0 x 1075} x (0.01) = 5.0 x 10~%, corresponding to a
Ganssian-equivalent significance of 5.30. This unam-
biguous association confirms that BNS mergers are pro-
genitors of (at least some) SGRBs.
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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 D, the
fractional speed difference during the trip can be written
Av/vpy = vem At/ D, where Av = vgw —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 Mpe,
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 assmme 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

Av
SBee 0P —— sy 10799, (1)
VEM



4.3. Test of the Equivalence Principle

Probing whether EM radiation and GWs are affected by
background gravitational potentials in the same way is a test of
the equivalence principle (Will 2014). One way to achieve this
is to use the Shapiro effect (Shapiro 1964), which predicts that
the propagation time of massless particles in curved spacetime,
i.e., through gravitational fields, is slightly increased with
respect to the flat spacetime case. We will consider the
following simple parametrized form of the Shapiro delay
(Krauss & Tremaine 1988; Longo 1988; Gao et al. 2015;
Kahya & Desai 2016);
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where r, and 7, denote emission and observation positions,
respectively, U (r) is the gravitational potential, and the integral
is computed along the wave path. v parametrizes a deviation
from the Einstein-Maxwell theory, which minimally couples
classical electromagnetism to general relativity. We allow for
different values of -y for the propagation of EM and GWs (ygy
and g, respectively, with 7y = Jew = 1 in the Einstein—
Maxwell theory).

While obtaining the best bound on the difference between
the Shapiro time delays requires modeling the potential U (r)
along the entire line of sight, we determine a conservative
bound on 5w — 7Yem by considering only the effect of the
Milky Way outside a sphere of 100kpc, and by using a
Keplerian potential with a mass of 2.5 x 10" M., (the lowest
total mass within a sphere of radius 100 kpc quoted in Bland-
Hawthorn & Gerhard 2016, from Gibbons et al. 2014, taking
the 95% confidence lower bound) (Krauss & Tremaine 1988;
Longo 1988; Gao et al. 2015). Using the same time bounds as
Equation (1) we find

—26 x 1077 < Tow — TEM < 1.2 x 1078, 4)

The best absolute bound on gy is gy — 1 = (2.1 £2.3) x
1073, from the measurement of the Shapiro delay (at radio
wavelengths) with the Cassini spacecraft (Bertotti et al. 2003).
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Caption: Artist’s concept of the explosive collision of two neutron stars. Illustration by Robin Dienel courtesy of the
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