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THINGS TUAT HAVE MASS THE MORE MASS, THE MORE
CAUSE TUAT RUBRER SMEET THAT SPACE GETS BENT AND
TO BEND, LIKE A BOWLING DISTORTED BY GRAVITY.

BALL ON A TRAMPOLINE.

FOR EXAMPLE, THE REASON THE EARTH GOES AROUND THE
SUN 1S THAT THE SN IS VERY MASSIVE, CAUSING A BIG
DISTORTION OF THE SPACE AROWND (T,

F YOU JUST TRY TO MOVE IN A STRAIGHT LINE
AROUND SUCH A BiG TISTORTION, YOU WILL FIND
YOURSELF ACTUALLY MOVING IN A CRCLE.

THAT'S HOW ORBITS WORK: THERE'S NO
ACTUAL FORCE PULLING THE PLANETS
AROUND, JUST A BENDING OF THE SPACE.

GRAVITATIONAL WAVES ARE PRODUCED
WHENEVER MASSES ACCELERATE
CHANGINS THE DISTORTION OF SPACE. 5™ AND/OR WNGRSY CAN MAKE

s St GRAVITATIONAL WAVES.

e — -

— ‘4\‘

EVERYTHING WITH MASS o =

= \e

/A
IF YOU AND | STARTED TO

“WE WOULD ALSO CAUSE

DANCE AROUND EACH OTHER,

JORGE CHAM © 2016
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THE MORE MASS, THE MORE
THAT SPACE GETS BENT AND
DISTORTED BY GRAVITY.

THINGS TUAT HAVE MASS
CAUSE THAT RUBBER SMEET
TO BEND, LIKE A BOWLING

BALL ON A TRAMPOLINE.

sl

JORGE CHAM © 2016

W et

FOR EXAMPLE, THE REASON THE EARTH GOES AROUND THE orr ] STt
SUN 1S THAT THE SN IS VERY MASSIVE, CAUSING A BiG '
DISTORTION OF THE SPACE AROUND (T,

\| ~ o
S, \
<X e BE
Black Hole
AROGD S0cH A B DISTORTION, J0u WiLL FIND THATIC HOW ORBITG WORK: THERE'S Mo
YOURSELE ACTUALLY MOVING IN A CRCLE. AROUND, JUST A BENDING OF THE SPACE.

VITATIONAL WAVES ARE PRODUCED & ,

EVERYTHNG WITH MASS \

WHENEVER MAGSES ACCELERATE, =

CHANGING THE DISTORTION OF SPACE. -, EVERYTUNG WITH MASE | — S
T W“sﬁﬂ GRAVITATIONAL WAVES. D — N >
A N F YOU AND | STARTED TO \
et ——— Ay ~ Q\\\& < % DANCE AROUND EACH OTHER, Lo
~ L N\ =™ WE WOULD ALSO CAUsE Nl
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Potential Singularity Y
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[I<BE&SE X-187 57—
. Creuse

The fifst black holé candidate discovered
in 1972, is part of an x-ray binary system,
orbiting its visible companion HDE 226868.
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Mass Transfer
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Cygnus X-1 HDE 226868



The 37 black hole candidates within 50,000 LY of the galactlc centre 5,000 LY
Galactic centric (galactic Iongltude and Iatlfutfe) ‘ \
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3D Diagram by Larry McNish @ 2012, All Rights Reserved

http://calgary.rasc.ca/blackholes.htm
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Core of Galaxy NGC 426l
Hubble Space Telescope

Wide Field / Planetary Camera

Ground-Based Optical/Radio Image HST Image of a Gas and Dust Disk

380 Arc Seconds - 17 Arc Seconds -
88,000 LIGHT-YEARS 400 LIGHTYEARS

http://www2.astro.psu.edu/users/rbc/al/lec26n.html ZFE\ 15_."%
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Roger Penrose “for the discovery that black hole formation
is a robust prediction of the general theory of relativity"
Reinhard Genzel and Andrea Ghez "for the discovery of a
supermassive compact object at the centre of our galaxy".
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http://shop.nationalgeographic.com/ngs/product/maps/wall-maps/space-maps/the-milky-way-map%2C-laminated
http://shop.nationalgeographic.com/ngs/product/maps/wall-maps/space-maps/the-milky-way-map%2C-laminated

Nobel Prize
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Zooming in on the centre of the Milky Way

://www.youtube.com/watch?v=XhHUNVEKUY8 (1:15)
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http://www.extinctionshift.com/SignificantFindings08.htm
http://www.brighthub.com/science/space/articles/13435.aspx#
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Reinhard Genzel and Andrea Ghez independently tracked the activity around the supermassive black hole at the Milky Way’s center over a period of decades.

https://www.quantamagazine.org/physics-nobel-awarded-for-black-hole-breakthroughs-20201006
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VLBI = Very Long Baseline Interferometer
VERA = VLBI Exploration of Radio Astrometry

http://veraserver.mtk.nao.ac.jp/system/index.html
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First M87 Event Horizon Telescope Results. I.
The Shadow of the Supermassive Black Hole
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Abstract

When surrounded by a transparent emission region, black holes are expected to reveal a dark shadow caused by
gravitational light bending and photon capture at the event horizon. To image and study this phenomenon, we have
asscmbled the Event Horizon Telescope, a global very long bascline interferometry array observing at a wavelength of
1.3 mm. This allows us to reconstruct event-horizon-scale images of the supermassive black hole candidate in the center
of the giant elliptical galaxy M87. We have resolved the central compact radio source as an asymmeiric bright emission
ring with a diameter of 42 + 3 jas, which is circular and encompasses a central depression in brightness with a flux
ratio >10:1. The emission ring is recovered using different calibration and imaging schemes, with its diameter and
width remaining stable over four different observations carried out in different days. Overall, the observed image is
consistent with expectations for the shadow of a Kerr black hole as predicted by general relativity. The asymmetry in
brightness in the ring can be explained in terms of relativistic beaming of the emission from a plasma rotating close to
the speed of light around a black hole. We compare our images to an extensive library of ray-traced general-relativistic
magnetohydrodynamic simulations of black holes and derive a central mass of M = (6.5 £ 0.7) x 10° M,.. Our radio-
wave observations thus provide powerful evidence for the presence of supermassive black holes in centers of galaxies
and as the central engines of active galactic nuclei. They also present a new tool to explore gravity in its most extreme
limit and on a mass scale that was so far not accessible.

0 1 2 3 4 D §
Brightness Temperature (10” K)

Figure 3. Top: EHT image of M87" from observations on 2017 April 11 as a
representative example of the images collected in the 2017 campaign. The
image is the average of three different imaging methods after convolving each
with a circular Gaussian kernel to give matched resolutions. The largest of the
three kernels (20 pas FWHM) is shown in the lower right. The image is shown
in units of brightness temperature, T, = SX*/2kg (2, where S is the flux density,
A is the observing wavelength, kg is the Boltzmann constant, and €2 is the solid
angle of the resolution element. Bottom: similar images taken over different
days showing the stability of the basic image structure and the equivalence
among different days. North is up and east is to the left.

Figure 1. Eight stations of the EHT 2017 campaign over six geographic
locations as viewed from the eauatorial plane. Solid baselines represent mutual
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@}2 Event Horizon Telescope
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The Corona
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Figure 1 | Evolution of seed black holes. Schematic of the evolution of seed black holes assuming two different formation mechanisms (the death of the
first generation of massive stars versus the direct collapse of gas into a black hole). Dark matter halos and the galaxies in them grow through merging. Black
holes grow both via merging and by accreting gas. One additional complication is that after merging, gravitational radiation ‘recoil’ (see text for details) may
send the black hole out of the galaxy. At present, we can distinguish between the two scenarios based on the fraction of small galaxies that contain massive
black holes (we call this the ‘occupation fraction’).
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Fig. 2. Left panel: ALMA map in the 250 GHz band of the “mini-spiral” including Sgr A*. The four spectral windows of f, = 245, 247, 257, and 259 GHz
are combined to improve the sensitivity. The diameter of the FOV is 24” (circle). The angular resolution is 0763 x 0753 at PA = —84°, which is shown
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Middleweight black holes found at last

Discovery could explain the origin of million-solar-mass monsters at galactic centers

By Daniel Clery

ow did giant black holes grow so big?
Astronomers have long had evidence

of baby black holes with masses of

no more than tens of suns and of
million- or billion-solar-mass behe-

moths lurking at the centers of galax-

ies. But middle-size ones, with thousands or
tens of thousands of solar masses, seemed to
be missing. Their absence forced theorists to
propose that supermassive black holes didn't
grow gradually by slowly consuming matter,
but somehow emerged as ready-made giants.
Now, astronomers appear to have located
some missing middleweights. An inter-
national team has scoured an archive of gal-
axy spectra and found more than
300 small galaxies that have the sig-
nature of intermediate mass black
holes (IMBHs) in their cores. The
team confirmed that 10 of those

candidates really do have middle-
100

tory, for example, only covers 2.5% of the sky.
So Chilingarian’s team searched for an al-
ternative, visible-light signal in a catalog of
930,000 galaxy spectra from the Sloan Digi-
tal Sky Survey (SDSS). The x-rays produced
by an AGN ionize clouds of hydrogen gas in
the galactic bulge around it, setting them
aglow at particular frequencies that produce
aks in the galaxys s
clouds closest to the black hole swirl around
it at high speed, which shifts the frequencies
via the Doppler effect and smears out each
peak. Gas clouds farther out move more
slowly, so the peaks remain sharp. To iden-
tify galaxies that have a small AGN, the team
looked for spectral peaks that were sharp at
the top but smeared out around the base.

Black hole growth chart
Black holes
masses that ¢

Jincluding the newly discovered middle
slate with the size of their hostg

That is enough to challenge recent think-
ing about how supermassive black holes
formed. Theorists needed alternatives to
gradual growth not just because IMBHSs
were missing, but also because astronomers
have identified giant quasars—very luminous
AGNs~shining when the universe was less
than a billion years old. “How could very
massive black holes grow so big [so early]?”
asks theorist Avi Loeb of Harvard University.
He and others proposed that in the early uni-
verse, huge gas clouds collapsed directly into
black holes of between 100,000 and 1 million
solar masses, which formed the seeds of the
eary quasars. That scenario would explain
the rapid formation and the lack of IMBHs.

The new result suggests, however, that at
least some giant black holes grew
from smaller seeds. The 10 con-
firmed IMBHs fit a pattern of grad-
ual growth: Their masses correlate
with the size of galactic bulge
around them, suggesting each is

weight black holes by consulting
other data sets, raising their con-
fidence that the original list “must
include at least a few dozen genu-

o

growing in step with its host (see
diagram, left). “There is not one
scenario: both happen,” Treister
says. “Now, the question is, which

ine [IMBHs]" says team leader
Igor Chilingarian of the Smithso-
nian Astrophysical Observatory in

Cambridge, Massachusetts.
Ezequiel Treister of the Pontifi-
cal Catholic University of Chile in
Santiago salutes the work. “Black
hole measurements are really
hard; we've been trying to do this

s

Mass of the black hole (solar masses)

is more common?”

Bromm says direct collapse
might only have been possible in
the very early universe. The big
bang generated only hydrogen and
helium; heavier elements forged
ar) by eady stars, did not join the mix
for millions of years. They helped
cool the primordial gas when they

for many years." Volker Bromm
of the University of Texas in Aus-
tin says the team's technique is
“pretty original” and calls their work “care-
ful and responsible.” The findings, research-
ers say, could begin to unravel the mystery
of supermassive black hole formation.
Black holes of any size are hard to find be-
cause they don't emit light of their own. They
can reveal themselves by sucking in nearby
gas and dust, heating it so fiercely along the
way that it emits x-rays. X-rays pouring from
the centers of many galaxies betray the pres-
ence of supermassive black holes, known as
active galactic nuclei (AGNs). But x-rays from
an IMBH would be much fainter, and exist-
ing x-ray satellites are geared toward detailed
observations of distant sources, not wide-
ranging surveys of multiple galaxies. The
archive from NASA's Chandra X-ray Observa-

SCIENCE sciencemag.org

X? 100 (1 0 X
Mass of the galactic bulge (solar masses)

The search of the SDSS catalog yielded
305 candidates. Because other short-lived
phenomena could mimic the key signal, the
team checked other surveys, gathered at dif-
ferent times, to be sure the candidate galax-
ies showed the same smeared peaks. They
also inspected some of the galaxies with the
Giant Magellan Telescope in Chile. But the
real clincher of an AGN is the telltale x-ray
signal, so the team searched archived ob-
servations from NASAs Chandra and Swift
satellites and Europe’s X-ray Multi-Mirror
Mission to see whether, by chance, they
had observed any of those candidates. The
result was a final short list of 10, the team
reports in a paper posted on arXiv and sub-
mitted to The Astrophysical Journal.

Published by AAAS

became ionized, causing it to glow
and shed heat. A cooler gas cloud is
more likely to fragment into many
stars—the seeds of small black holes. In con-
trast, a hot primordial cloud could collapse
into a single giant object, with help from the
gravitational pull of dark matter, Bromm
suggests. It would be a rare occurrence, he
admits, something of a “cosmic miracle”

The only way to find out which scenario
dominates is to find more middleweights.
The hurdle, Chilingarian says, is the lack
of x-ray surveys. A German-built x-ray sur-
vey telescope called eROSITA is expected
to be launched later this year or early next
year on board the Russian observatory
Spektr-RG.“It'll produce averynicedata set,”
Chilingarian says. He's betting it will yield
hundreds more confirmed IMBHs—and
shed more light on black hole origins.
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Black hole growth chart

Black holes, including the newly discovered middleweights (color), have
masses that correlate with the size of their host galaxy.
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is a robust prediction of the general theory of relativity"
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Penrose Stairs

Ascending and Descending by M. C. Escher

Penrose Triangle

Relativity (1953) by M. C. Escher
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Whereas Stephen W. Hawking firmly believes that N N
naked singularities are an anathema and should JI\— # ~/ 7
be prohibited by the laws of classical physics,

And whereas John Preskill and Kip Thorne I'*% D %fﬁi }#_\ (3: #7.) "Ez_"\f EU ( C ck O C

regard naked singularities as quantum
gravitational objects that might exist unclothed i_lf,—ifﬂ: é nf LS J
by horizons, for all the Universe to see,

Therefore Hawking offers, and Preskill/Thorne
accept, a wager with odds of 100 pounds stirling \ N
to 50 pounds stirling, that when any form of N —, TLRE)L

classical matter or fieid that is incapable of

becoming singular in flat spacetime Is coupled to =
general rejativily via the classical Einstein r 5 D ‘[ =F % ]

equations, the resuit can never be a naked
singularity.

The loser wilf reward the winner with clothing to i '
E e e saaars somcasvorsry E (SR EB S BMEBEC

2 523k
| e e

Stephen W. Hawking  John P. Preskill & Kip S. Thorne /T
Pasadena, California, 24 September 1981 -I 9 9 ] O 9 n
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Formation of Naked Singularities: The Violation of Cosmic Censorship

Stuart L. Shapiro and Saul A. Teukolsky

Center for Radiophysics and Space Research and Departments of Astronomy and Physics,
Cornell University, Ithaca, New York 14853
(Received 7 September 1990)

We use a new numerical code to evolve collisionless gas spheroids in full general relativity. In all cases
the spheroids collapse to singularities. When the spheroids are sufficiently compact, the singularities are
hidden inside black holes. However, when the spheroids are sufficiently large, there are no apparent hor-
izons. These results lend support to the hoop conjecture and appear to demonstrate that naked singulari-
ties can form in asymptotically flat spacetimes.

T I T I T T’T"l"7"1 T 77717 I 1

T"'—v—*'—rq- I :
t/M=0 t/M=0 - FIG. 1. Snapshots of the particle positions at initial and late

times for prolate collapse. The positions (in units of M) are
projected onto a meridional plane. Initially the semimajor axis
of the spheroid is 2M and the eccentricity is 0.9. The collapse
proceeds nonhomologously and terminates with the formation
of a spindle singularity on the axis. However, an apparent hor-
izon (dashed line) forms to cover the singularity. At ¢/M =7.7
its area is A/167M >=0.98, close to the asymptotic theoretical
limit of 1. Its polar and equatorial circumferences at that time
are CpMi/arM =1.03 and CAP/4xM =0.91. At later times
these circumferences become equal and approach the expected
theoretical value 1. The minimum exterior polar circumfer-
ence is shown by a dotted line when it does not coincide with
the matter surface. Likewise, the minimum equatorial cir-
cumference, which is a circle, is indicated by a solid dot. Here
, | Ca"/4nM =0.59 and CR/4xM =0.99. The formation of a
4 - ' black hole is thus consistent with the hoop conjecture.

i | )
(OO N TS RO I ST TR S WA - WA WA SN A N S S N

'ﬁ_rgﬂ'-'ﬁ-'—? "’Tﬁ_"’lﬁ T ™ 7—1’"—1’""‘ T T T !'——J
t/M=77 1

4

Apparent Horizon 1 No AH |

-

)
-

appears ~ - = naked singularity

FIG. 4. Profile of I in a meridional plane for the collapse
shown in Fig. 2. For the case of 32 angular zones shown here,
the peak value of 7 is 24/M * and occurs on the axis just outside

- L . s 1 IR BT 1 ] the matter.
1.5 4 6
Equator Equator
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© UM =3.3 (matter)
UM =33(AH)

= UM =5.5 (matter)
—UM =5.5(AH)

3 4
R/M

FIG. 2 (color online). Snapshots of 5D axisymmetric evolution
with the initial matter distribution of b/M = 4 [(al) and (a2);
model 5DSp in Table I and 10 [(bl) and (b2); model 5DSé].
We see the apparent horizon (AH) is formed at the coordinate
time t/M = 3.3 for the former model and the area of AH
increases, while AH is not observed for the latter model up to
the time /M = 15.4, when our code stops due to the large
curvature. The big circle indicates the location of the maximum
Kretschmann invariant 7,  at the final time at each evolution.
Number of particles are reduced to 1/10 for figures.

PHYSICAL REVIEW D 83, 064006 (2011)

Formation of naked singularities in five-dimensional space-time

Yuta Yamada'* and Hisa-aki Shinkai'~"'
' Faculty of Information Science and Technology, Osaka Institute of Technology,
1-79-1 Kitayama, Hirakata, Osaka 573-0196, Japan
2Computational Astrophysics Laboratory, Institute of Physical and Chemical Research (RIKEN),

Hirosawa, Wako, Saitama 351-0198, Japan
(Received 18 December 2010; published 4 March 2011)

We numerically investigate the gravitational collapse of collisionless particles in spheroidal configu-
rations both in four- and five-dimensional (5D) space-time. We repeat the simulation performed by
Shapiro and Teukolsky (1991) that announced an appearance of a naked singularity, and also find similar
results in the 5D version. That is, in a collapse of a highly prolate spindle, the Kretschmann invariant
blows up outside the matter and no apparent horizon forms. We also find that the collapses in 5D proceed
more rapidly than in 4D, and the critical prolateness for the appearance of an apparent horizon in 5D is
loosened, compared to 4D cases. We also show how collapses differ with spatial symmetries comparing
5D evolutions in single-axisymmetry, SO(3), and those in double-axisymmetry, U(1) X U(1).

DOI: 10.1103/PhysRevD.83.064006 PACS numbers: 04.20.Dw, 04.20.Ex, 04.25.dc, 04.50.Gh

FIG. 3 (color online). Kretschmann invariant J for model
5DSé at t/M = 15.4. The maximum is O(1000), and its location
1S on z-axis, just outside of the matter.
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Whereas Stephen W. Hawking (having lost a previous bet
on this subject by not demanding genericity) still firmly be-
lieves that naked singularities are an anathema and should
be prohibited by the laws of classical physics,

And whereas John Preskill and Kip Thorne (having won the
previous bet) still regard naked singularities as quantum
gravitational objects that might exist, unciothed by hori-
zons, for all the Universe to see,

Therefore Hawking offers, and Preskill/ Thorne accept, a
wager that
When any form of classical matter or field that is inca-
pable of becoming singular in flat spacetime is coupled
to general relativity via the classical Einstein equations,
then
A dynamical evolution from generic initial conditions (i.e.,
from an open set of initial data) can never produce a naked
singularity (a past-incomplete null geodesic from 1., ).

The loser will reward the winner with clothing to cover the
winner's nakedness. The clothing is to be embroidered with
a suitable, truly concessionary message.

John P. Preskill & Kip S. Thorne
Pasadena, California, 5 February 1997

. Hawking
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MAGINE THAT SPACE IS A GIANT SHEET OF RUBBER...

THE MORE MASS, THE MORE
THAT SPACE GETS BENT AND
DISTORTED BY GRAVITY.

THINGS TUAT HAVE MASS
CAUSE TUAT RUBBER SHEET
TO BEND, LIKE A BOWLING
BALL ON A TRAMPOLINE.

FOR EXAMPLE, THE REASON THE EARTH GOES AROUND THE
SUN 1S THAT THE SUN IS VERY MASCIVE, CAUSING A BiG
DISTORTION OF THE SPACE AROWND (T,

F YOU ST TRY TO MOVE IN A STRAIGHT LINE
AROUND SUCH A BiG TISTORTION, YOU WILL FIND
YOURSELEF ACTUALLY MOVING IN A CRCLE.

THAT'S HOW ORBI(TS WORK: THERE'S NO
ACTUAL FORCE PULLING THE PLANETS
AROWND, JUST A BENDING OF THE SPACE.

GRAVITATIONAL WAVES ARE PRODUCED
WHENEVER MAGSES ACCELERATE, =
CHANGING THE DISTORTION OF SPACE. g

EVERYTHING WITH MASS
AND/OR ENERGY CAN MAKE
GRAVITATIONAL WAVES.
R IF YOU AND | STARTED TO
e DANCE AROUND EACH OTHER,
\ = WE WOULD ALEO CAUSE
\ B\ RIPPLES N THE FABRIC OF
SPACE AND TIME,

BUT THESE WOULD BE
EXTREMELY SMALL.
PRACTICALLY
UNDETECTABLE,

JORGE CHAM © 2016

AND ANYTIME THERE'S A NEW WAY TO
INVESTIGATE THE UNIVERSE WE DISCOVER

TS REALLY ABOUT LOOKING
FOR NEW THNGS THAT WE
DIDN'T KNOW EXISTED...

THINGS THAT WE DIDN'T EXPECT.

..EXAMINNG THE
EXTREME EDGES OF OUR
KNOWLEDGE OF PHYSICS...

...AND TESTING OUR
THEORIES ABOUT How
THE UNIVERSE WORKS,

WWW.PHDCOMICS.COM

CREATED BY: UMBERTO CANNELLA, DANEL WHITESON AND JORGE CHAM
SPECIAL THANKS TO AIDAN BROOKS, FLIP TANEDO AND LiGo!

JORGE CHAM © 20
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Animation of the inspiral and collision of two black holes consistent with the masses and spins of GW170104. The top part of the movie shows the black hole horizons (surfaces of "no return"). The initial two
black holes orbit each other, until they merge and form one larger remnant black hole. The shown black holes are spinning, and angular momentum is exchanged among the two black holes and with the orbit. This results
in a quite dramatic change in the orientation of the orbital plane, clearly visible in the movie. Furthermore, the spin-axes of the black holes change, as visible through the colored patch on each black hole horizon, which
indicates the north pole.

The lower part of the movie shows the two distinct gravitational waves (called 'polarizations') that the merger is emitting into the direction of the camera. The modulations of the polarizations depend sensitively on the
orientation of the orbital plane, and thus encode information about the orientation of the orbital plane and its change during the inspiral. Presently, LIGO can only measure one of the polarizations and therefore obtains
only limited information about the orientation of the binary. This disadvantage will be remedied with the advent of additional gravitational wave detectors in ltaly, Japan and India.

Finally, the slowed-down replay of the merger at the end of the movie makes it possible to observe the distortion of the newly formed remnant black hole, which decays quickly. Furthermore, the remnant black hole is
"kicked" by the emitted gravitational waves, and moves upward. (Credit: A. Babul/H. Pfeiffer/CITA/SXS.) - See more at: http://ligo.org/detections/GW170104.php#sthash.NZPaW2LT.dpuf

http://ligo.org/detections/GW170104.php 7
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B 71 KEA D IRAR

Al X4 <2 —J)v (Observation 1/2/3a/3b)

P |

2015 2016 2017 2018 2019 2020 2021 2022

Sep12 Jan19 Nov30 Aug25 Apr1—Sep 30 Nov1— Mar27

60-80 Mpc 60-100 Mpc

A a0 T
120 - 130 Mpc 5 I F T

Aug 1-25 Apr1—Sep 30 Novl— Mar27

Virgo —7 03a 1 03b

30 Mpc 50 Mpc

2022%12R
O4F%a

KAGRA R

1 Mpc

ENROT—5Hh5OJ R
Gravitational Wave Transient Catalog

2018/12/3 GWTC-2

2020/10/28
Gravitational Wave Open Science Center
‘ GWTC-2.1
ware~ Online Tools~ About GWOSC~ 202] /8/2
The Gravitati i i =
gravitational-wave observatories, along with access to tutorials and SUNE=2
software tools. 202" /'I 'l /5

https://www.gw-openscience.org
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01 (2015/9/12 - 2016/1/19)

Masses in the Stellar Graveyard

in Solar Masses

EM Neutron Stars -

 — -

GWTC-2 plot v1.0
LIGO-Virgo | Frank Elavsky, Aaron Geller | Northwestern

3 BHBH

GW150914: the first ever detection of gravitational waves from the merger of two black holes more than a billion light years away

https://media.ligo.northwestern.edu/gallery/mass-plot

BEEH [75voh—LoT?)] 2022/1/15 BEALFv— FHYEOBAPISIE 103


https://www.ligo.org/detections/GW150914.php

B RER D IRIR
02 (2016/11/30 - 2017/8/25) After 02 : GWTC1 (2018/12/3 released)

Masses in the Stellar Graveyard

in Solar Masses

GWTC-2 plot v1.0
LIGO-Virgo | Frank Elavsky, Aaron Geller | Northwestern

GW170814: the first GW signal measured by the three-detector network, also from a binary black hole 10 B H B H
(BBH) merger;

GW170817: the first GW signal measured from a binary neutron star (BNS) merger — and also the first 1 N S N S
event observed in light, by dozens of telescopes across the entire electromagnetic spectrum.

https://media.ligo.northwestern.edu/gallery/mass-plot
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https://www.ligo.org/detections/GW170814.php
https://www.ligo.org/detections/GW170817.php

R ER O BER
03a (2019/4/1 - 2019/9/30) After 03a : GWTC2 (2020/10/28 released)

Masses in the Stellar Graveyard

in Solar Masses

EM Neutron Stars

GWTC-2 plot v1.0
LIGO-Virgo | Frank Elavsky, Aaron Geller | Northwestern

GW190412: the first BBH with definitively asymmetric component masses, which also shows evidence for higher

harmonics

GW190425: the second gravitational-wave event consistent with a BNS, following G\W170817

GW190426_152155: a low-mass event consistent with either an NSBH or BBH 46 B H B H
GW190514_065416: a BBH with the smallest effective aligned spin of all O3a events

GW190517_055101: a BBH with the largest effective aligned spin of all O3a events

GW190521: a BBH with total mass over 150 times the mass of the Sun 2 N S N S
GW190814: a highly asymmetric system of ambiguous nature, corresponding to the merger of a 23 solar mass

black hole with a 2.6 solar mass compact object, making the latter either the lightest black hole or heaviest

neutron star observed in a compact binary 2 B H —|- ?
GW190924 021846: likely the lowest-mass BBH, with both black holes exceeding 3 solar masses

ERFH [77voF—L->TH?7] 2022/1/15  ®EARAILTF v — FEHYEOBAFIFEIE


https://www.ligo.org/science/Publication-GW190412/
https://www.ligo.org/science/Publication-GW190412/
https://www.ligo.org/science/Publication-GW190412/
https://www.ligo.org/science/Publication-GW190425/
https://www.ligo.org/science/Publication-GW170817BNS/
https://www.ligo.org/science/Publication-GW190521/
https://www.ligo.org/science/Publication-GW190814/
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Chronological Scientific Tables
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= 50 events in total

2020/10/28

B

BIRDEREE  —RADMEERIZ I NE, KEETa VN2 b A RS E )
THZ LD, EHEPHKET S, EAHREE UTTEEO ARG, FFEERGHR
REOEEETEY, FHEOMICEEZ2 L OENRIPFEHEEMEERELTVWEEEI SN,
INoDHL, T—X OB 2 HIZTA2IHETFHNTE 201, HELSEK»SDE
HETHB. FHCEERINZZa— b Y RICHNRHEEEMAZRA N - =2 — VR
&L, SERIBIEEEY I 2L —Ya itk h, GBI I I R—UAEL BGEEIT
77y 7 R—IVIREOEFIZE>THRIEETLAEONS, TNSDETIVEENE
FHECHEONBESOHEE2 22T, HE TS5y 2R —)L (BIF BBH) X E i
T2 (BNS), BLUHMHTFE - 75 v 7 Fx—)LilE (NSBH) O AKEREKIC X 2EAMOMK
H, BEC, T A =R HEED 2015 FELKATHEIZ 2 5 72

EAREOEBR N ETIZ, KO L —¥—T¥E LIGO, Virgo IZ2& > TC, O3a &L
NABRAMKR T £ T2, BBH I L BENHEH 46 #il, BNS IZ KB EHEH 2 HlEE S0
TW3. AAD KAGRA (< 5) b O3b B OB IZHRBIIZA > 72, 03b
DEIFA XY ML 2021 £ 7 ARFSTRAERTH 5. BiE, FTHFHIROBIIBR 04
(2022 EE 25 1 EMOFE) R TEHNEEE2 L5720, THGTOoRRTTHS.

FHEA NV ML, BHIZWAZEAHZHAWT, GW150914 D TIN5, 03a #
X0, BOBEMAZABERE o7z, EHKEA XY MIOERERZE S N, ZiE
BGIEBHDTEEIZ R > TWE D, T TILRIEIRE X N0 GW170817 DA T
H5b.

#F1: BEHRLV -V —FHFHOMBE L HOME FIXIEN 36° Wik, Ik s5is
12 36° DEEE2ET.)

NOEGITHTAHIFEIZ 1 x 1075 LT TH S, F72, A - RIMTH T 26D S 8%
U EDQETLEAGRDOEHP RSN, r-BfEtRBAROEERF ¥ VAR >TWVWEI L%
RBLTWS, GW190412 HAS»MICEEKO RS BBH »SOE N T, EHROE
WE— ROMHA LI, GWI190425 2 FHICFKE I N7z BNS. GW190521 FAH &
MEARD BBH T, ARBOERDN 150My 2BA 25D EZ65NE. Wb b g R
BH OHEBOBEMRIEDOYIDFR L 7572, BBH OEKDE 2 HROEGKREEEZSNT
W3, GW190814 KD F ) A TIEAAREE I d 2-5My DEEFIHD I /87 b
KEPSOEIPEEZ 5NSE. GW190924: HAEFE CTHR/NEED® BBH. GW200105,

GW200115: (U THEER S O L I 17z NS-BH HERER.

# 3 WMEINAERENW (2021 47 ABAE). HEOHEE My, My 2L ED
F v —THEE M. = (M M)3/° /(M + Ma)'/®, EE L (FUfliDt) My /My, ARIAY
Y Xett, BAINTIEM S 17z BH OBR Mana (NS 2 BLH AR EHR My = My + Ma),
PR, WRRERE CEHE) (A0)?, Y7 I - A XtERT. BOH DRI 90% O
EHKME. (I 2 ICHMIE. BBHIZDWTIE, SNRAT13.1 KD KEVWLDDAH. )

T WE (km) W o X YT
LIGO Hanford Ke|E] 4 46°27'19" N 119°24’28” W N 36° W W 36° S
LIGO Livingston k[ 4 303346 N 90 46 27 W N 18° S S18° E
Virgo PR 3 43 3753 N 1030 16 E N 19° E W 19° N
KAGRA HA 3 362436 N 13718 36 E E283°N N 28.3°W
% 2 EOBMM
BT Advanced LIGO Advanced Virgo KAGRA
£ A H #® A H £ A H # A H £ A H # A H

o1 2015 912 -2016 1 19 - -

02 2016 11 30 —2017 8 25 2017 8 1-2017 825 -

O3a 2019 4 1-2019 930 Gk -

03b 2019 11 1-2020 3 27 [&] e
03GK — — 2020 4 72020 4 21

1 X (BBH) M.(Mg) BRI Xet  Mana(Mo) HHE (Mpc) (A0)2  SNR
GW150914 286777 086  -0.017073 63.175°0 4407720 179 24.4
GW170608 79702 069  0.037002 17.87%7 3201130 392 149
GW170814 241777 082 0071515 53.2132 6007550 87 159
GW190408_181802 183119 075 0-.037018 411759 15501500 — 1467
GW190412 13.370% 028  0.2570% 37.373% 7407179 21 18.86
GW190521 69.2717-0 072 0037032 156.3735% 3920720 940  14.38
GW190521-074359 321752 078 0.09707, 71.0755 12407200 500 24.38
GW190630-185205 249721 0.68 011512 56.471% 8901580 - 15.64
GW190728.064510 8.6705 o066 012707 19.6777 8707259 - 13.64
GW190814 6.09700% 0.1 0to0e 25.6700 240720 19 2218
GW190828.063405 25.0737  0.82 0197500 54.977% 21307550 520  16.04
GW190910-112807 343701 081 0.02707% 75.8T8% 146071550 - 1342
GW190924.021846 58702 056 003103 13.375:0 5701220 380 13.16
4 X b (BNS) M.(My) HERIE Xeff M (Mo) FEBE (Mpc) (A9)*  SNR
GW170817 118670900 0.87 0002 - 40770, 39 33
GW190425 1447002 070 0.0670 4 3.4753 160770 9900  13.03
£ XY b (NSBH) M.(Mg) BRI Xeff M4, (M) FEBE (Mpc) (A9)?  SNR
GW200105.162426 | 3.41750% 021  -0.0170 1% 10.977 2807110 7700 139
GW200115.042309 | 2427505 026  -0.197033 71700 3007150 900  11.6

BRAISNARTRETREAANY N ERNEDE I X207 2(GWTC2) & LT 2020 4F
10 HICHEER SNz DM 2021 £ 7 HEESCTRFTH 5.

GW150914 Bl T N EBEDBIH A N> b, BBHOFEZHS ML, K
B (Mg) @ 30 f%LA LD BH ODFAEZ VD THEA L7z, Wi I 7/z BBH DA XY hOHT
ERE YT I - )14 X (SNR) DE. GWIT0817 FRANIZHRE 1z BNS 1 R b
EBIZ% < DBBHID RSN, IVF - Ay Iy —RKFEOHIDTORI & 22> 7-. &
TR 518 5 Dz 7R OREH R T 2 FIRIZEEE puue = 2.8 x 10Mg/cm?
D2 REDFEEIZE T BIENE U T (2pnue) = 3.57%7 x 10%*dyn/cm®(90% SHIX ) TH
5. Hy=iReBEBHFEOBERL DR 1.7 B 5”7 N ENTEBEE ONEH» 50T

= 55 total

GWTC-2.1

2021/8/2

BONAREHNRRE HERIIOWVWTIE, ZTOAKEEIZOWT, BBH I, 23.873%°
/Gpc®/yr, BNS &, 561753 /Gpc®/yr, NSBH 1%, 45713 /Gpc®/yr & Rflis 5hTW»
5. ZOEFP, HRENKIOILT, FHFRRIIS U TENFEO T R IVF 23G9 54E]
BLLUT CEHRTIVX —2ART MVEFELZLT) Qgw < 6.0 x 107° O LA
SNTWA. HFEFOE BRI LTI, BB LT 1x 1072 #E (200 Hz £bH
D) OEEPESNTWS, 7z, BAIO LY —h 5 OMGE IR LT H A2 12 R
PESNTNS.

— B MR DKL BT b, BH BT AN TARTT, —BIEAHER»SBESNE T
SLBHIEINTVWAIENFES L OMIZFEIFEL TV, 58, KAV TIZONT
HERDEE Y F Y ADVHAS T2 Z W fFE D, fERIIZIE, SRRIERS F Y 4
PUHFHEOFRZ LICH, BAREBH»CZDHMANPEZ6INETHAS.

GWTC-3

= 90 total

2021/11/5
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Masses In the Stellar Graveyard

LIGO-Virgo-KAGRA Black Holes LIGO-Virgo-KAGRA Neutron Stars EM Neutron Stars

Solar Masses

LIGO-Virgo-KAGRA | Aaron Geller | Northwestern
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Masses in the Stellar Gravevard
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Astro2020 (ZXVUA®D10FE:E, 2021F11AER)

https://www.nationalacademies.org/our-work/decadal-survey-on-astronomy-and-astrophysics-2020-astro2020
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(i) Pathways to Habitable Worlds  #iEkAE&HEIZ L2 DD,
KIGRAXEZZDIRIBEZRODPFPLEDHE L EOLE TR—ICERET LI L 2HIET,
(ii) New Windows on the Dynamic Universe #H L\ [ER|] CFHZ&HATS
ERDEBEHOE (IR, KRR, BE. X, A <) ICHA T, 85T x/ILF¥F—FHIR.
Za—tY/ ERREVIFEELEAFEZAVT, KRANOYEZOREAZHIET,
(iii) Drivers of Galaxy Growth Rt {t%=&ERERE LTEET S
RKIEIE, ZTDIER - AZENEMOFRPFICBEVOFEERICE > TREROXREZFKT 5,
Z OEBAE % RS 5.
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Astro2020 (XY AD105FETHE, 2021511 AFR)

https://www.nationalacademies.org/our-work/decadal-survey-on-astronomy-and-astrophysics-2020-astro2020

Astro2020 D4 B FEEFK

Worlds and Suns
in Context

o)
a Great Observatories Mission and Technology Maturation Program a
@ IR/O/UV Flagship
Bf) Posblerarmponey

8 Possible X-Ray Probe

@ Time domain/multi-messenger program New Messengers
S and New Physics

O Midscale competed and strategic projects

.
@ Gravitational Wave Detector Technology Development
Cosmic Ecosystems
IceCube gen-2

2022 2030 2040 2050
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