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The figure shows what we believe to be
the local structure of our Galaxy, the
Milky Way. The stars sampled are
similar to the immediate solar
neighborhood. Young stellar clusters,
ionized hydrogen (HII) regions and the
neutral hydrogen (HI) distribution
define the arms of the Galaxy.
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January 4, 2010: NASAYs Kapler space lelescops, des gned o fine Earl-size plansts in (he habiladle
ron= af sun-like slars, has ciscovered ils fiss) five nea exop anels

Nanzd Keperdb, 52, 8b, 7b anc 8b, the plaiels were
arnounced Morday, Jan. 4, by e members of Ue Kep er
science tzam duing a rews boeficg ' at the American
Astronomica Society mestng n Washington.

Right: An alisl's concspl of e Kepler space [glescope on A
m sainr ta ciscover hanizanlz planets autside our own Solar
Cystam. ‘mors —+ |

"The discovenes shaw that our science instnmet s working ™
wel,* says W lliam Borucki of NASA's Amzs Research oy ' ST
Centzr n Moffe:t Fielc, Calif. Borucki s the m ssicr's 3cience principa mestngatc- *Indicatiors a-e that
Kealer wil meet all itz scicnze gocls.”

The five p anets are quite a sit larger than Za-th. Krown as "hot Jusitess" becausz of thzi- high massas
ard extrsme tempszretures. the new =xoclaneis range in size from s mrilar to Nepiune to larger than
Juptcr. They have orbite ranging from 3.3 to 4.9 cays. Est maiec tcmperaturcs of the p ancts range from
2,200 to 3,000 doorees Faarcnheit, hotie” than melter lava and much too hot 7o life as 'we krow it
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Kepler-22 System

Solar System
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Kepler-22b

Habitable Zone

2011121

This diagram compares our own
solar system to Kepler-22, a star
system containing the first
"habitable zone" planet discovered
by NASA's Kepler mission. The
habitable zone is the sweet spot
around a star where temperatures
are right for water to exist in its
liquid form. Liquid water is
essential for life on Earth.

Kepler-22's star is a bit smaller than
our sun, so its habitable zone is
slightly closer in. The diagram
shows an artist's rendering of the
planet comfortably orbiting within
the habitable zone, similar to where
Earth circles the sun. Kepler-22b
has a yearly orbit of 289 days. The
planet is the smallest known to orbit
in the middle of the habitable zone
of a sun-like star. It's about 2.4 times
the size of Earth.

Image credit: NASA/Ames/JPL-
Caltech
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The figure shows what we believe to be

the local structure of our Galaxy, the
Milky Way. The stars sampled are
similar to the immediate solar
neighborhood. Young stellar clusters,
ionized hydrogen (HII) regions and the
neutral hydrogen (HI) distribution
define the arms of the Galaxy.
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Planet Found in Nearest Star System to Earth
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UFXIT VI DIINRAICKENFET DHESHNF19EieHh 5 &
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$H37—TVRNXEDHARPS (EREGBREERNXRERESR (
%%&36m5*ﬁ%%mtﬁw S UXILT VI IILABOAED & '
C2XENFEREINT. COXEE, FEHSIE600FkmiZEE

ATWT, 32BOEMTARLTVS. ABRTERE KEL
D ENBOPEEE>TNT, ERDVHFET DICERATEZ L

A5N3. UFIT 25 7R EEHIRTIE &L <
BRREER (FRy 75 —YT7MNE) KE>THRASnICBDE RBIX2Z2HZVWE (BEHR)

L oSElE, #@E51em (KE1.8km) & WS MH TN W E%Z http://www.eso.org/public/news/eso1241/

BHUEEHDT, REREENEUTITEE LIEERBEDOEN. htt:o://www.nasa.govl/mission pages/kepler/news/kepler-ph1.html

http://jp.arxiv.org/abs/1210.3612
Planet Hunters: A Transiting Circumbinary Planet in a Quadruple Star System

Megan E. Schwamb, Jerome A. Orosz, Joshua A. Carter, William F. Welsh, Debra A. Fischer, Guillermo Torres, Andrew W. Howard, Justin R. Crepp, William C. Keel, Chris J. Lintott, Nathan A. Kaib,
Dirk Terrell, Robert Gagliano, Kian J. Jek, Michael Parrish, Arfon M. Smith, Stuart Lynn, Robert J. Simpson, Matthew J. Giguere, Kevin Schawinski

(Submitted on 12 Oct 2012)

We report the discovery and confirmation of a transiting circumbinary planet (PH1) around KIC 4862625, an eclipsing binary in the Kepler field. The planet was discovered by volunteers searching the
first six Quarters of publicly available Kepler data as part of the Planet Hunters citizen science project. Transits of the planet across the larger and brighter of the eclipsing stars are detectable by visual
inspection every ~137 days, with seven transits identified in Quarters 1-11. The physical and orbital parameters of both the host stars and planet were obtained via a photometric-dynamical model,
simultaneously fitting both the measured radial velocities and the Kepler light curve of KIC 4862625.The 6.18 $\pm$ 0.17 Earth radii planet orbits outside the 20-day orbit of an eclipsing binary
consisting of an F dwarf (1.734 +/- 0.044 Solar radii, 1.528 +/- 0.087 Solar masses) and M dwarf (0.378 +/0 0.023 Solar radii, 0.408 +/- 0.024 solar masses). For the planet, we find an upper mass limit
of 169 Earth masses(0.531 Jupiter masses) at the 99.7& confidence level. With a radius and mass less than that of Jupiter, PH1 is well within the planetary regime. Outside the planet's orbit, at ~1000
AU, a previously unknown visual binary has been identified that is bound to the planetary system, making this the first known case of a quadruple star system with a transiting planet.
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Planet Found in Habitable Zone Around Nearest
wie  Star s
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Pale Red Dot campaign reveals Earth-mass world in oroit around

Proxima Centauri 4.25%E

24 ALgust 2016

Oxv~x -5
0.05 au (#7505 km) DFEE
Zz11.2H CRER
WERE ED1.313

INEY TILY—2R
e v ot Pramins b s ts e oo o oy RN DIKZZB I S D EEME

17 days and hac a temporature euiteble for liquid water to oxiet on ite eurface. Thie rocky world ie a little more
massiva than tha Farth and is the closast axoplanat ta us — and it may also ba tha clesast passible ahade for life

outside the Solar System. A paper describing this mrilestone finding will be published in the jcurral Nature on 25
August 2016.

http://www.eso.org/public/news/eso1629/

At a distance of 1.295 parsecs, the red dwarf Proxima Centauri (a Centauri C, GL 551, HIP 70890 or simply Proxima) is the Sun’s closest stellar neighbour and one of the
best-studied low-mass stars. It has an effective temperature of only around 3,050 kelvin, a luminosity of 0.15 per cent of that of the Sun, a measured radius of 14 per cent of
the radius of the Sun and a mass of about 12 per cent of the mass of the Sun. Although Proxima is considered a moderately active star, its rotation period is about 83 days
(ref. 3) and its quiescent activity levels and X-ray luminosity are comparable to those of the Sun. Here we report observations that reveal the presence of a small planet with a
minimum mass of about 1.3 Earth masses orbiting Proxima with a period of approximately 11.2 days at a semi-major-axis distance of around 0.05 astronomical units. Its
equilibrium temperature is within the range where water could be liquid on its surface. Nature, 2016, vol. 536, p. 437-440
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Nobel Prize
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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)



https://www.youtube.com/watch?v=XhHUNvEKUY8
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http://hirise.lpl.arizona.edu/ESP_026461_2080

Nobel Prize 2020F / —N)LEZE
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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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Penrose Stairs

Ascending and Descending by M. C. Escher

Penrose Triangle

Relativity (1953) by M. C. Escher
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(Arecibo Observatory, ZTJL k' 3)
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http://www.nasa.gov/mission_pages/messenger/multimedia/messenger_orbit_image20120615_1.html
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(Five-hundred-meter Aperture Spherical radio Telescope: FAST)
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VLBI = Very Long Baseline Interferometer
VERA = VLBI Exploration of Radio Astrometry
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First M87 Event Horizon Telescope Results. 1.
The Shadow of the Supermassive Black Hole

The Event Horizon Tdescope Collaboration
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Abstract

When surrounded by a transparent cmussion 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 al a wavelength of
1.3 mm. This allows us to reconstruct event-honzon-scale images of the supermassive black hole candidate in the center
of the giant elliptical galaxy MZ7. We have resolved the central compact radio source as an asymmetric bright emission
ring with a diameter of 42 + 3 jas, which is arcular and encompasses a central depression in brightness with a flux
ratio > 10:1. The emission ring is recovered using differert calibration and imaging schemes, with its diameter and
width remaining stable over four different observations camied out in different days. Ovenall, the observed image is
consistent with expectations for the shadow of a Kemr black hole as predicted by general relativity, The asymmetry in
brighmess in the ning can be explained in terms of relativiste beaming of the emission from a plasma rotating close to
the speed of light around a black hole. We compare our imeges to an extensive library of ray-traced general-relativistic
magnetohydrodynamio simulations of black holes und derive a centrul mass of M« (6.5 £ 0.7) x 10”7 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 nuclel. They also preseat a new ool o explore gravity in ils most extreme
limit and on a mass scale that was so far not accessible.

() ] 2 3 1 D O
Brightness Temperature (107 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 kemnel 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, 7}, = SA?/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 statons of the EHT 2017 campaign over six geographic
locations as viewed from the equatorial pline. Solid baselines represent mutual
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LIGO (5110 : L—Y—FHHENDERNE)

Laser Interferometer Gravitational-Wave Observatory (1992 FHi%ER)
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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 4
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FIRST CosmiIC EVENT OBSERVED
IN GRAVITATIONAL WAVES AND LIGHT

Colliding Neutron Stars Mark New Beginning of Discoveries

Collision creates lignt across the

entire clectromagnetic spectrum.

.oint cbservauons independently confirm
E'nstein's General Theery of Relativity,
help mezsu-z the ace of the Uriverse,
and provide clucs to the or gins ¢f
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On August 17, 2017, 12:41 UTC, Within two secends, NASA's

LIGC (US) and Virgo (Europe) detect Ferm: Gamma-ray Space Telescogse
gravitational waves from the merger detects a short gamma-ray burst from a

of twa neutron stars, gzach aourd regicn <l the sky overlapping the L CO/MNVirgo
* 5 times the mass of aur Sua Thisis poasitien Optical telzscope observations
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Na Mg
3s FRyL 2T RO L 3 4 5 6 7 8 9 10 1
sodium magnesium 1B IVB VB ViB Vil B Vill B Vil B Vil B 1B
22.99 24.31 )
19 +1|20 +2 21 +3|22 +4,3,2(23  +52,34|24 +3,2,6(25 +2,3,4,6,7|26 +3
K Ca Sc Ti \') Cr Mn Fe
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Kamioka Gravitational wave detector
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Super-Kamiokande  http://www-sk.icrr.u-tokyo.ac.jp/sk/
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Target Sensitivity & Schedule

2015 2016 2017 2018 2019 2020 2021 2022
wm 01 wm 02 wm O3 w= O4 == O5 60-80Mpc  60-100Mpc 120-130 Mpc 160-190 Mpc
-4 (Y, Q-3 160-*9C larget
e Te e e Wl #@E G
Mpc  Mpc M pc 3350 Moc
LIGO i | e T . A A AAM
Ju =) “Ca20 150-260 g g‘l g ggé
. Moc Mps ¢ Mps I 3 I IFTS
Virgo | ‘ i p- 22 2298 50 Mpc 90-120Mpc
526 25130 130+ Vigo  © 2 & 5552 O3a 03b -
J M ¢ T & 3 3 Mpc
KAGRA i == mn sl cia
= = = =z3
Tiargyed © 0 o OEE
. 30 Mpe SS
LIGO-India ! 60 oc 25.70Mpe
21;1 a2 JUh '-".l'l P4 ',‘ll"l & B "' 2 Z'I;-U '.'0"-'1 -\.':"o' -'(;'.l '-'I;-" H;'ﬂ '.'.;ZB . b KAG RA b KAG RA 04
) . ) KAGRA iKAGRA phase1  phase2 03
Scenario Paper”[1304.0670ver2020Jan] | | | | | | | L
: ) 2015 2016 2017 2018 201 2020 2021 2022
LVK collaboration, Living Rev Relativ (2020) 23:3 N
_ _ & Rev Oct 2019, KAGRA joined LV )
https://link.springer.com/article/10.1007/ today
s41114-020-00026-9 COVID-19 terminated
01 (2015/9/12 - 2016/1/19)  LIGO O4 will likely start no

02 (2016/11/30 - 2017/8/25)  LIGO+Virgo earlier than June 2022

O3a (2019/4/1 - 2019/9/30) LIGO+Virgo
O3b (2019/10/1 - 2020/3/27)  LIGO+Virgo + KAGRA
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01 (2015/9/12 - 2016/1/19)

Masses in the Stellar Graveyard

in Solar Masses

EM Neutron Stars

3 BHBH

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

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

https://media.ligo.northwestern.edu/gallery/mass-plot
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https://www.ligo.org/detections/GW150914.php

& R E A D IRIR
02 (2016/11/30 - 2017/8/25) After 02 : GWTC1 (2018/12/3 released)

Masses in the Stellar Graveyard

in Solar Masses

EM Neutron Stars

. g 10 BHBH
GWTC-2 plot v1.0 1 NSNS

LIGO-Virgo | Frank Elavsky, Aaron Geller | Northwestern

e GW170814: the first GW signal measured by the three-detector network, also from a binary black hole
(BBH) merger;
e GW170817: the first GW signal measured from a binary neutron star (BNS) merger — and also the first

event observed in light, by dozens of telescopes across the entire electromagnetic spectrum.
NTIPS://medala.ligo.nortnwestern.eau,;/ 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 ‘o . .... | ‘ v TiF 46 B H B H
2 NSNS
GWTC-2 plot v1.0

LIGO-Virgo | Frank Elavsky, Aaron Geller | Northwestern 2 B H _|_?

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

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

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

*  GW190924_021846: likely the lowest-mass BBH, with both black holes exceeding 3 solar masses

BEEHEH [RAEOFEHAROERN L] 2021/3/10 Y —7oLFIED 06


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/

E-abt b OERE
What's in 20217

Five years ago, GW physics was a “future story”.
BH over 10 solar mass (except SMBH).

People did not know the existence of BBH,

Now LIGO/Virgo announced 50 events in October 2020 as GWTC-2 up to their O3a.

2015 2016 2017 2018 2019 2020 2021 2022 2023 2024
| | | | | | | l |

60-80Mpc  60-100Mpc 120-130 Mpc 160-190 Mpc

*Qmo fd ?

2021 Spring : O3a final analysis
: O3a data release
: O3b catalog

- 30 Mpc 50 Mpc i 90-120Mpc : O3b data release
Virgo 02 O3a O3b +3mo 04
? ?
= +1NSNS e pRN LIGO Hanford:  Upgrade
* LIGO Livingston: Upgrade
KAGRA O3GK 6mo = 04 n Virgo : Upgrade -> Test Run
' ' KAGRA : Upgrade
| | | | | | | |
2015 2016 2017 2018 2019 2020 2021 2022 2023
2022 June or later
= +0RHRH LVK 04 start
= L 1NSNS
BEEER [REOTHMEOERD, S 2021/3/10 H—2LFIE3 97



or B W N -

RIEDFEHARDERD L

NG EN SR I

KRN KERE 20184 / — RV E
77y 7= ILOEAE 20204 / — N
&R ENR D IR AR 20174 / — RV E

55t 2 (£ > 7= 18X 3B 5% D AR ELE

http://www.oit.ac.jp/is/shinkai/

2021/3/10 = L7155 @ KRHPREE




1. YIBEZFORHDIAEN > 1.5

fRFfl 238 5

B - L HREBELBNET =TI

- - O AT
o 5
- . \: w - <
- » - . - P
S e L # Ve
N B ‘ e " : :
| : b :
& AN ; 3 4 o y
—_" fl " Vs o | o \‘ X -
S - P \
g ! | L a—

. g—

KHETFHEERE L AERBFLERAZEE @
FE(C P RATRBEERRS = 20134%7F
CIENE=: LRt

2 N
N
=1 o
Q2
{\.
u H
P
'y
i F2 1) p.
-
A NG Oty
4] |
QSH E, 112) . Ny
2 s
s
\‘&\t\‘\(b)
i
/fﬁ?@ﬁzﬁ

10-18 OFBE=ZRXIR

Al

(B00fEETI NI THIUA)




ARAY)—D LT TRHEDEHTHED

AT DOENEERIC K,
S DWW E A TIEEFEOEHSAHINEL 115

1 FE450mOREER ISR TR ETZRE U TREL

—

LUml

iy

Bl 6: HEANAYY—TO—RNGRILFRDOBEE. L5 EIRBETHE L L 2 SOl R TG
X7 7 ANR—CHRE, HEEEETo2 0, 280N OFFRZOEORRFE (GNSSWRS LU
b—H—flE IZZoTHHAILAE., HHEBEARLTRONLEAAY VTS, B&EA 450 A — MLZENT
B 21 ANY D HEE T BB E

GNSS Py

450 m observiriary floar B
Gravimeler

b 1.0 “‘=H21"1“8!"?"7: ------------ Lattice- T {bh __n__- _4_58 m
= trapped L - '
3 *t ver *tf"'jf" N
805 *,P Servo - 385m
5 3 L } v,(450 m) ‘ & 370m | |
0 M i ‘ = o ‘ E Nature Photonics, 14 (2020) 411
€ 10 I N % ;; & Ef!
z ¥ SilE § nqure LETTERS
ﬁ ,.t 8 o g- - § OED - phOtOmCS https://doi.org/10.1038/541566-020-0619-8
| ¢ B ' @ crooc o]
g o5 *; ri ' $t v.{0Om) ' .,‘ % "I) Checkforupdates‘
s BSAT i 4 . . .
g ¢ 47118 * Clock laser |- 4 5 Test of general relativity by a pair of transportable
3 o o A ‘ g LN ' GNSS o .
9 L’ h % s ‘ ' antenna optical lattice clocks
=100 -50 0 50 100

i » 0 2 1ok T P .
Detuning (Hz) Gravimeter m M.asao.Tak.amo.to‘ ' |Ch|r<.) Ushulrna ,.Norlakl Ohmae ®'? Toshihiro Yahagi*, Kensuke Kokado?,
‘ Hisaaki Shinkai®> and Hidetoshi Katori®123><



ANAYV ) —D LT THEOEHTHIEDS
A2 a54 Y OEXNMEERIC KNI,
S S1DRWE Z B TIEREDEHTHEL 785
th & 450mDERERICHERTFRETZ R E LU TIRAE
1EEOFHR., FHLT, =N

e s rorocs AN
S (49337.8 +4.3) x 10718

vV

N

LUml

-

- L ——RIBE T
gAh —18
— (49337.1 T 1.4) X 10

L .
1,170 ~ s_ 2
§ s S L C
é' ‘0 .IC 120 -,- l\ I::I:/'—\ ——
1 | e 3 MHEXEIERmDIEL S =

- = (14 T 91) x 107°
; DBEETHRIEILIcC EICRD




PHYSICS TODAY

AFubiaton o tw Amerkan Ietkuta of Physics

<UNa 2020 « volumg 72, namber 6

BRAVITATION

— = P LS

POSHIFTS

.

F LS
.
SR

2 2.0
. 2: |
- » i
nnaa.,
g ¥ =
(S T =¥

‘mf';i,off |

—quasiparticles

h“h i

Protein-based
logicgates

tElectron
hydrodynamics

Physics Today 2020 July

AEEYA XD, BEE
450m7%z =¥ cm THIETE 5.
R FRFTOHSEE (ICAIToRELR—F

S, HMRZEIANUTEENDEMRLE, Hxt
A AR T D ERE D ERfF S N 5.

Fig. 1| llustration of how in the future relativistic geodesy might be done with clocks. The geoid 1s an
ecuipntential surface of the Larth's gravitationa potanhial, incicated hy the black line. WEile the mean
ocean surface is closely aligred with the geoid, the surface of land can s gnificantly difer. Plzcing one
clock at sea level ard cne at an inland location a lows to ceterming the geoic heignl v a a frequency
comoaricon between the clocks.

K.Bongs & Y.Singh, Nature Photonics 14 (2020) 408
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