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19644 Science Newsletter(Jan 18)IC T,
) 2~ DANN Elizabeth Ewingh?,
in Space; EWSEEZEWNWDD,

"“Black Holes”
iU o.

ASTRONOMY

» SPACE may be peppered with “black
holes.”

This was suggested at the American
Association for the Advancement of Science
meeting in Cleveland by astronomers and
physicists who are experts on what are
called degenerate stars.

Degenerate stars are not Hollywood types
with low morals. They are dying stars, or
white dwarfs, and make up about 109, of
all stars in the sky.

The faint light they emit comes from the
little heat left in their last stages of life.
It is not known how a star quietly declines
to become a white dwarf.

Degenerate stars arc made of denscly
packed electrons and nuclei, or cores of
atoms. They are so dense that a thimbleful
of their matter weighs a ton.

Some such stars are predicted in theory
to have a density of one million tons per
thimbleful. When this happens, the star is
essentially made of ncutrons and strange
particles.

Because a degenerate star is so dense,
its gravitational field is very strong. Ac-
cording to Einstein’s general theory of rela-
tivity, as mass is added to a degenerate star
a sudden collapse will take place and the
intense gravitational field of the star will
close in on itself.

Such a star then forms a
in the universe.

“black hole”

"Black Holes"

The heavy densely packed dying stars that speckle
space may help determine how matter behaves when
enclosed in its own gravitational field—By Ann Ewing

Science News LerTer for January 18, 1964

In Space

Modern tools, such as telescopes on an
orbiting space platform, may be used to
detect such black holes and to help deter-
mine how matter behaves when it is en-
closed by its own gravitational field.

The light from the most famous white
dwarf star, Sirius B, a companion to Sirius—
which is the brightest star in the heavens
visible from earth—has been captured using
the 200-inch telescope atop Mt. Palomar.
This was done as part of a program to
study at least 20 white dwarfs.

Preliminary analysis of the light from
Sirius B indicates that it has an cffective
temperature of 16,800 degrees Kelvin, or
30,000 degrees Fahrenheit. Its radius can be
calculated from the temperature, and is only
nine-thousandths that of the sun,

The star must therefore consist mainly
of helium or heavier elements.

The speakers at the symposium were Drs.
A. G. W, Cameron of the National Aero-
nautics and Space Administration’s Goddard
Institute for Space Studies, New York;
Charles Misner of the University of Mary-
land; Volker Weidemann, Physikalisch-
Technische Bundesanstalt, Braunschweig,
Germany, and J. B. Oke of California Insti-
tute of Technology. The symposium was
arranged by Dr. Hong-yee Chiu of the
Goddard Institute for Space Studies.

* Science News Letter, 85:39 Jan. 18, 19464
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M creus e

=

Mass Transfer

Accretion Disk \

-

Cygnus X-1 HDE 226868

The first black hole ecandidate discovered
in 1972, is part of an x-ray binary system,
orbiting its visible companion HDE 226868.
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The 37 black hole candidates within 50,000 LY of the galactic centre 5,000 LY
Galactic centric (galactic longitude and latitude) | ‘
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3D Diagram by Larry MchNish @ 2012, All Rights Reserved
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ISYOR—IDEET BT &M, ESLTHhh 70N ?

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

- .. . - =R
380 Arc Seconds 17 Arc Seconds
88,000 LIGHTYEARS 400 LIGHTYEARS
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Annotated Roadmap to the Milky Way
[artist’s concept)

NASA / JPL-Caltech / R. Hurt [SSC-Caltech) s5c2008-10b
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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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(Arecibo Observatory, 7TJLKJ)
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http://www.nasa.gov/mission_pages/messenger/multimedia/messenger_orbit_image20120615_1.html

Tt

VLBI = Very Long Baseline Interferometer
VERA = VLBI Exploration of Radio Astrometry

http://veraserver.mtk.nao.ac.jp/system/index.html
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Event Horizon Telescope
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EHT image

https://www.nao.ac.jp/news/sp/20190410-eht/videos.html
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Pound-Rebka EAFARBOHE:EE (1960)
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Robert V. Pound Glen A. Rebka
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Test of general relativity by a pair of transportable
optical lattice clocks
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Test of general relativity by a pair of transportable
optical lattice clocks

Fig. 3 | Height and frequency differences between two clocks. a, Height differences Ah between the clocks are measured by GNSS (green squares),

laser ranging (brown line) and the beat note of the clocks (blue circle) after applying systematic corrections. The continuous laser ranging measures a
height variation of ~5 cm that corresponds to the seasonal change in the outer temperature (<10 °C) over six months. The red shaded region shows the 1.2 . 3 . g 1,2 o e a 4
uncertainties of height measurements by laser ranging. b, The gravitational redshift measured at Skytree (blue circles) is consistent with the gravitational Masao Takamoto Y Ichiro UShIJIma Y Noriaki Ohmae Y Toshihiro Yahagl Y Kensuke Kokado r 4 8

potential difference measured by the laser ranging and gravity measurements (brown line). ¢, The beat note of two clocks set at the same height (red Hisaaki Shinkai®°> and Hidetoshi Katori@® 123X
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Surface

Ocean surface

Fig. 1| lllustration of how in the future relativistic geodesy might be done with clocks. The geoid is an

.Protein-based equipotential surface of the Earth's gravitational potential, indicated by the black line. While the mean
i) logic gates ocean surface is closely aligned with the geoid, the surface of land can significantly differ. Placing one
clock at sea level and one at an inland location allows to determine the geoid height via a frequency
Electron comparison between the clocks.

hydrodynamics

K.Bongs & Y.Singh, Nature Photonics 14 (2020) 408
Physics Today 2020 July 49



— AR LS DECAIEULLD, RN Z B DT\ &, FBHBIEERODIEEN TR, . .

— A XY [ 5

RFAEXT 1 E3E5m

50




2

HIVF v —FEE

TE X1 2 G

B S

-% ] OO}_.I e nﬁg

A

ZAOVASYRRWARS

HODIREEDFESE & EBHRKIF

EBFHLANVNDTHT)
AR LEAFIFEHREIFE

https://www.oit.ac.jp/labs/is/system/shinkai/Viewgraphs/202511_AsashiCulture.pdf





http://www.phdcomics.com

ERDRE S 1% e

BET v I IIR—ILP
EERET




Laser Interferometer Gravitational-Wave Observatory (LIGO,5\\Z)

https:.//mediaassets.caltech.edu/gwave
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Michelson Interferometer

http://techtv.mit.edu/videos/9823-michelson-interferometer start on click, last half, |1'45"
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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 Italy, 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/GW1/70104.php !
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“We had detected gravitational waves. We did it. ”
“BRRIE, EORERELE. PORITFEDEE.”

https://www.youtube.com/watch?v=aEPIwEJm/ZyE
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Gamma rays, 50 to 300 keV GRB 170817A

Counts per second

Gravitational-wave strain GW170817

Frequency (Hz)

0

Time from merger (seconds)
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STROPHYSICAL JOURNAL LETTERS, 848:L12 (59pp), 2017 October 20 Abbott et al.
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FIRST Cosmic EVENT OBSERVED

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

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

heavy elements like gold and platinum

On August 17,2017, 12:41 UTC, Within two seconds, NASA's

LIGO (US) and Virgo (Europe) detect Fermi Gamma-ray Space Telescope
gravitational waves from the merger detects a short gamma-ray burst from a

of two neutron stars, each around region-of the sky overlapping the LIGO/Virgo
1.5 times the mass of our Sun. This is position. Optical telescope observations

the first detection.of spacetime ripples pinpoint the origin of this signal to NGC 4993,

from neutron stars a gaiaxy located 130 million ilght years distant



HROENRERXE (L—F—TF5ET)

7AU7-LIGO S—0w/¢-VIRGO FI7 - KAGRA (I8 - 48
Zi11GO RYVIRGD KACRA

LHO -

o 7 N NORTH ... ...................... , ASIA. .. ¥ .
/}Msmc:A RSNOFA > | |

| “Virgor | :
/\ ATELANTIC : KAGRA : B
. LLO OCEAN ~  AFRICA ‘. | | |

North [deg]
3

| . OCEAN : |
AMERICA | | AUSTRALIA :

OCEAN SOUTH . INDIAN

South [deg]

50k €. e S |
| | SOUTHERN | | | *
OCEAN

ANTARCTICA

I—150IIII—1OOIIII—50 0 50IIII1OOIIII150I
West [deg] East [deq] 100 7 2




AR=I\= e AZSANDYT (=a—KY/

Super-Kamiokande http://www-sk.icrr.u-tokyo.ac.jp/sk/
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Kamioka Gravitational-Wave Observatory, (Large-scale Cryogenic Gravitational wave Telescope)
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M1900145-v1, VIR-0091A, and JIGW-M1910663¢

Memorandum of Agreement |
between
VIRGO,
KAGRA,
and the
Laser Interferometer Gravitational Wave Observatory (LIGO)
October 2019¢

Purpose of agreement:

The purpose of this Memorandum of Agreement (MOA) is to establish and define a collaborative
relationship between VIRGO, KAGRA and the Laser Interferometer Gravitational Wave
Observatory (LIGO) to develop and exploit laser interferometry to measure and study gravitational
waves.

We enter into this agreement in,order.jo lay the groundwork for decades of world-wide
collaboration. We intend to carry out the search for and analysis of gravitational waves in a spirit
of teamwork, not competition. Furthermore, we remain open to participation of new partners,
whenever additional data can add scientific value to the detection and study of gravitational waves.
All partners in the world-wide collaboration should have a fair share in the scientific governance
of the collaborative work.

Among the scientific benefits we hope to achieve from this collaboration are: better confidence in
detection of signals, better duty cycle and sky coverage for searches, better estimation of the,.
legatiop, and physical parameters of the sources, and gravitational wave studies based on the
detected signals. Furthermore, we believe that the sharing of ideas will also offer additional
benefits.

This MOA supersedes the MOU LIGO-M060038-v5 between VIRGO and LIGO, established in
March 2019. This MOA also supersedes the MOU JGW-M1201315-v3 between KAGRA, LSC
and Virgo scientific collaboration in December 2012.

Details of, and extensions to, this MOA will be provided in Attachments agreed to by LIGQ...
VIRGO, and KAGRA.

We refer to the joint bodies of the LIGO Scientific Collaboration (LSC), the Virgo Collaboration,
and the KAGRA Collaboration as ‘LVKC’ in this document for brevity. The three Collaborations
maintain their independent existence and may have differing (but not mutually incompatible) rules
and procedures in some domains.
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O1 (2015/9/12 - 2016/1/19)

Masses In the Stellar Graveyard

in Solar Masses

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
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https://www.ligo.org/detections/GW150914.php
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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 (BBH) 1 O B H B H
merger;
* GW170817: the first GW signal measured from a binary neutron star (BNS) merger — and also the first event 1 N S N S

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
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0O3a (2019/4/1 - 2019/9/30) After O3a: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

e 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 4 6 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 NSNS
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 _|_ ?

o  (GW190924 021846: likely the lowest-mass BBH, with both black holes exceeding 3 solar masses

30


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/

B RETAIDIRIA
O3b (2019/11/1 - 2020/3/27) After O3b:GWTC3 (2021/11/7 released)

Masses in the Stellar Graveyard

LIGO-Virgo-KAGRA Black Holes LIGO-Virgo-KAGRA Neutron Stars
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O3b (2019/11/1 - 2020/3/27) After O3b:GWTC3 (2021/11/7 released)
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LIGO-Virgo-KAGRA | Aaron Geller | Northwestern
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The Gravitational Wave Open Science Center provides data from
gravitational-wave observatories, along with access to tutorials and
software tools.
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https://ligo.org/science-summaries/

LIGO
LSC ) st | |
-cg'.?a“bg,'.‘;tion Science~ News Resources~ Collaboration- @ © Q -

Science Summaries

Foreach of ournew research articles, we feature a summary of the
paper’s key points written for the general public. Simply click on any
of the ‘[PDF]’ links fora downloadable file in PDF format. Translations

into several languages are also available for some of these summaries.

Most recent papers, and their summaries, are written together by the
LIGO Scientific Collaboration (LSC), the Virgo Collaboration and the
KAGRA Collaboration, forming the LVK collaboration.

Translations are a volunteer effort and different sets of languages are
available for each summary. Formost summaries, we list any available
translations by theirISO 639-1/1S0O 639-2 keys, as listed here. YOU
CAN FIND TRANSLATIONS BY CLICKING ON THE BLACK TRIANGLE
NEXT TO EACH SCIENCE SUMMARY ENTRY.

Jump to: 202520242023 |2022|2021] 2020|2019 |2018 2017 |
2016|2015 | 2014|2013 | 2012 | 2011

Translations

You cansearch for the key of your
language, in square brackets - for
instance [fr] for French - on this
page to find all science summaries
that have been translatedintoit.

e [bla]: Blackfoot

e [bn]: Bengali(Bangla /i)

e [ca]: Catalan(Catala)

e [de]: German (Deutsch)

e [el]: Greek (Ellinika /
EAANV (L ka)

e [es]: Spanish (Espanol/
Castellano)
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GWTC4 (2025/8/26 released)

2025

@earching for elusive ultralight dark matter
25-11-07 PDF:[en][ja] ja = Ezlggg

Qrobing the Universe for persistent gravitational waves
o)

25-10-29 PDF:[en][ja] ja = HA&:E

W241011 and GW241110: A pair of rapidly spinning, unequal mass black
hole mergers detected with gravitational waves
2025-10-28 PDF:[en][ja] ja — EZI:EE

an we detect gravitational waves from vector boson clouds?
2025-09-10 PDF:[en][it][ja] [pt] ja — Ezlggani

v Black hole spectroscopy and tests of general relativity with GW250114
2025-09-10 PDF:[en][ca][es][all[it][ja] [pt]

v GW250114: Cosmic carillon of chaos
2025-09-10 PDF:[en][da]l[el]l[es][all[it] [ia] [pt] [zh-Hant]

v GW230814: A loud gravitational-wave signal detected by LIGO Livingston

2025-09-09 PDF:[en][es][hi][it][ja]l[ta]

¥ New constraints on the cosmic expansion and general relativity with

gravitational waves
2025-09-08 PDF:[en][ca][ja] [pt]
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DAG5 T 5EEGL LT (FHRZAALF —ARY PAZRE LT ET) Qqw < 2.7 x 1077
DERBESNTNS., HiGENHEOENRREICH L TIE, BBXZ1x1072 &E (200
Hz D) OLERMESNTWS. £/, BEHID LY —7 5 O E RIS LT H1HE 4
W ERBE SN TWS.

—RAEMEFRER OMGEE D ITON, D BT A FFRTT, —BENEER»HEHNE T
SLBHENTOWZENBES L ORICFEIZELT TRV, 5%, BREIHEITICONT
HEROERS F VU ADBHS 22 Z e IS, FERINCIX, SBRRERS F 1 4
PLHUEHFHEOEFR L LIWCH, EHFEBHLLZ L DHRN S -6XNE3THAS.

WX NFBHIREN (2025 F 8 H BiLE)
HEOERE M, My £ L7z ED, Fv—THEE M. = (M M)*® /(M + M)/

wmit (PFR{ED L) My /My, BIMAE Y Xen,

=

9y ==

RAEINCTE R S 72 BH OB & Mina (NS

2aUCHEREEE My = My + My), R, WRIERERE CFTE) AQ, ¥ 7)./
A4 Xtk (SNR) 2R3, IROD % EIE 90% OFHENXR]. (FEZ L ICHMIE. BBH IZDWT
1%, GW190521 & SNR 2 17.5 XD KREWVWDDDA. ) 4 N MAIRFIEHHFEM, 14X

> b HFRFITHIBR.

A>T (BBH) Mc (M) HE X off Meinal (Mo) WEE (Mpc ) AQ SNR
GW150914 28.61_1'; 0.86 0 014:8'&3 63.11_:;'.3 440J_F1§8 250 26

GW170814 241111 082 0.071012 5327132 600t 150 92 17.7
GW190412 13.370% 032 0211022 35.6177%% 7201239 240  19.8
GW190521 63 3451?1:2 0.58 0 144:8'.25 147.445‘;2:8 33101%23 1000 14.3
GW190521.074359 32 8*_‘3:2 0.77 0.1W_L(0"é§ 72.64_'?5 10801_223 470  25.9
GW191109-010717 a7512% o072 0207022 1077180 12001 [ 180 1600  17.3
GW191204_171526 8 56—_i_8'éé 0.72 0 16__’_8'.32 19 1845%:;; 640t3%8 350 17.4
GW191216.213338 8 334_'8'%3 0.64 0 111_Lg"82 18.871’%:2; 3404:123 490 18.6
GW200112_155838 27.472:%  0.79 0.0610-1% 60.8753 12501350 4300  19.8
GW200129_065458 27 thé 0.84 0.1142811% 60 zJ_Fé'é sgofggg 130  26.8
GW200224_222234 31 1"_’3:2 0.82 0 1W_Lg'ég 68 74_'3'; 1710f228 50.0 20

GW200311.115853 26.6120 081 0.0279:16 5ot 18 11707380 35 17.8
GW230627.015337 6 024:8.33 0.70 0.02 J_rg..gg 13 54:8'.2 310J_F(1”(3))0 99  28.7
GW230814.230901 26.8 "_‘8:2 0.85 0 Olig:gg 58.94_'1'8 2004:183 25000  45.9
GW230914.111401 39.8T75 0.0 01192 9157139 260011599 1600  17.7
GW230927.153832 16.4 J_Fé:‘l 0.75 0.02 J_rg'.g; 36 6453'& 1200J_F‘é88 270  21.5
GW231028_.153006 62.0 4_‘1?):8 0.54 0 4W_Lg'; 1451?3l 41001’1383 1200  22.9
GW231123.135430 102 J_Fil)j 0.75 0.34_“8)'3L 225J_Fi§ 22007:1288 1200  22.6
GW231206.233901 28.1 J_F?:f; 0.76 0.054:8&2 63 oJ_F4'; 1500J_F§88 310  22.9
GW231226.101520 32.5 "_‘}g 0.88 0.09 W_Lg:gg 71.5tg:é 120041383 150  40.7
4>+ (BNS) Mc (M) il X off M4 (M) PERE (Mpc) AQ SNR
GW170817 1.1861_8'.881 0.87 J_Fg:g? - 404:1'50.0 16 33

GW190425 1.44418:83 0.62 0 07W_Lg:gg 3.4418:? 150W_L23 8700 12.4
4 XYk (NSBH) Mc (M) HEt Xeff M4 (M) PEEE (Mpc) AQ SNR
GW190917_114630 3.74:8:3 0.22 o.osfg:ié 11.81_?2".0 720J_F§28 2100 8.3

GW200115.042309 2.43458:85; 0.24 0.154:8:32 7 44:}'.7 zgofigg 370 11.3
GW230518.125908 2 804:8:82 0.17 0 01418:(1’? 9.4418:; 240J_F1(1)8 520  14.3
ARV b (REEX vy 7REZZT) Mc (M) Bt Xeff M4 (M) BEHE (Mpc ) AQ SNR
GW190814 6.11t8:8§ 0.11 oJ_rg'.g; 25.74:}.3 230f48 22 25.3
GW230529.181500 1.944_'8:83 0.36 0 0541811?) 5.04418123 QOOti(l)g 24000 11.8
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