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Fig. 2.3—1. From the ISM to Life. Molecules traced from the ISM to collapsing cloud cores, to circumstellar disks, to planets, and
the biochemical origins of life (Jenny Mottar).
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FIGURE 16.12 The life track of a 1M, star from main-sequence star to white dwarf.
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Special Breakthrough Prize In Fun

Breakthrough Prize Recognizes Bell Burnell

Scientific Leadership.
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qtjark—hybrid traditional neutron star
star

hyperon

star neutron star with

pion condensate

Al il - [ S8 e 7 T A R
GO K | 0% gem 3 PTEME (D
mater S 10T gom 2 K AR )
: 1014 @em 3
strange star
nucleon star

From: astro-ph/0207053



DN NE~
~ 1.3-1.5 My,
(3.*10%0 kg)

% 4 ~ 10 km
’o‘ /Z\)g ~ 1014g/CC

& il ~ 10812
Gauss

PSR J0437—-4715
PER J1G12+5307
PSR J1045—-4509
PSR 41713407
PER B1802-0%
PSR J1B04—-2718
PSR B1855+08
PER J2G12+24E5

I I I I
PSRI B1518+49
PSR H1518+49 companion
PSE B1534+12
PSR B1534+12 companion
FSR B1913+16
FSE B1913+16 companion
PER BR127+11C
PSE B2127+11C companion
PSR H23034-446
PSR B2303+46 companion

-
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|
|
11
11
H-lo—
11
]
11
|1
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i PSR J0045-7319
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Neutron star mass (M,)




Lightest neutron star ever found
could contain compressed quarks

A neutron star that is lighter than seems possible could be so small because it is
made up of compressed versions of particles called strange quarks

0000000
SPACE 24 October 2022
By Alex Wilkins

The supernova remnant HESS J1731-347 (yellow and white) hosting a strangely small neutron star
Victor Doroshenko



nature astronomy

Article https://doi.org/10.1038/s41550-022-01800-1

A strangely light neutron star withina
supernovaremnant

Received: 31 March 2022 Victor Doroshenko® , Valery Suleimanov®, Gerd Piihlhofer ® and
Andrea Santangelo ®

Accepted: 1 September 2022

Published online: 24 October 2022

To constrain the equation of state of cold dense matter, astrophysical
measurements are essential. These are mostly based on observations of
neutron stars in the X-ray band, and, more recently, also on gravitational
wave observations. Of particular interest are observations of unusually
heavy or light neutron stars which extend the range of central densities
probed by observations and thus permit the testing of nuclear-physics
predictions over awider parameter space. Here we report on the analysis of
suchastar, acentral compact object within the supernova remnant HESS
J1731-347. We estimate the mass and radius of the neutronstartobe

M = 0.77t%2° Msand R = 10.4*23¢km, respectively, based on modelling of
the X-raymﬁistance estimate from Gaia observations.
Our estimate implies that this object is either the lightest neutron star
known, or a ‘strange star’ with a more exotic equation of state. Adopting a
standard neutron star matter hypothesis allows the corresponding
equations of state to be constrained.

™ Check for updates



List of most massive neutron stars | edit]

Below is a list of neutron stars which approach the TOV limit.

Name

| PSR J1748—2021B
PSR J1311—3430

Neutron star mass
(solar masses)

‘ +0.21 497
274 255

1 215—2.7

' Distance from Earth
< $

(light years)

27,700

15:28:01 -20:21:35

Location 6] &

Notes

*

' Mass value considered dubious, obtained via analysis of orbital inclination angle

1.88 _1a

6.520—12.720 o8] ‘. 131156 -343007 Black \MdowPulsar. mass dete}rnined by spectro;;copic observation

PSR J2215+5135 1227 281211 10,000 221533 +51:35:36 |

XMMU J013236.7+4303228 | 2.2 :g:'g'hsl ' 2,730,000 | 01:32:37 +30:32:30 | in M33, HMXB system

PSR J0740+6620 21470008 | 4600 07:40:46 +66:20:34

PSR B1957+20 1.66—2.4 ' 6,500 19:50:37 +20:48:15 | Prototype star of Black Widow Pulsars
| PSR J0348+0432 2.01 :gg: 2,100 | 03:48:44 +04:32:11 |
| PSR J1614—2230 201 :g;gj 3,900 | 16:14:37 -22:30:31 |

PSR B1516+02B 104 A a1 ' 24,500 15:18:31 +02:06:15 | in Globular Cluster M5

Vela X-1 | +0.13 | 6,200+650 09:02:07 -40:33:17 | Blue supergiant companion, prototypical detached HMXB system
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Slow Fast
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WHEEFEHPSRBRNES., BAXTREA, WHFEERXFNEZMRRAYRZ—. BX
HMERMEKXALEARESHNFRFE, ERAY-+TX, RENKHEEARSZ, FEH
Z, RAREEERTCHNTY, ERURAPEEZESHERETLABRER (SHERT
ABL, REKRYHKRANER) F; EEFHAXNZECERFEE LR, FERAVEK
HMEAERRNBEREE, (LNERECTNKFESVHRIZLYI0E., bt ERBT
HRESMERAMEERANGESE, CMEHK, IFEZERKN, HEIL#3ERE,
AEBTHFERATERXEMAEARNBHK. MRKTPEFEDRRR, WEETX
ERAD, HENYRAUEMSZEFERSIMERKTE. MRERRRERSKTET
RTIHFRNEE, EEKAEBREENAMIERTRE, EEFAMNNEKFTENBE, 2V
P EZBRBARIOZER (B EXRN20ZW) A THNKTE, MEMRRRTEN., X
MM RBEEEIANFIMESITE, LEEREVKAHE, EEEERERCFRRARITH
FE R FH AR BRI R

(Eiiz IR, THEFZEEXAE)



E1: PEZHTE, BRKAPEEHNZEENEHE, —NM/\REEE. , JUBREEMRSZKPER
WEFERE, BEHKPERIRIEZQFEZ EMEN. BRER:
NASA, https://svs.gsfc.nasa.gov/11215

B4, BENEKHPE, dB8HNEZ2—TNREEE. dIUEFIEENRBEKPERIE., MENRENE
EIRER, FEEEEEKHTPENER, BIEEERE. BRER:
NASA, https://svs.gsfc.nasa.gov/10625
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https://iopscience.iop.org/journal/2041-

8205/page/Focus_on_NICER_Constraints_on_the _Dense_Matter Equation_of State
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Pulsar in
“on” state

Pulsar in
“off” state
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Magnetar burst sequence
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Formation mechanism of magnetars

Fossil field origin Double NS merger

(Bruno & Rosalba 2013;
Xue et al. 2019)

(Thompson & Duncan 1993; Heger + 2005) (Ferrario & Wickramasinghe 2006)

* rapid initial spin P<~ 5 ms

* descendants of stars with « do not produce a lot of
* energetic supernova ~10752 erg very high magnetic fields intermediate-mass elements
* very massive stars (M> 25 Msun) .
x 01455 < t-21855 10%
& 1012 ‘4
L N I iias s "
Magnetar B 103} ¢ )
L3 b
: R o
Hot, newborn star 3 10°1 A
churns and mixes g 5 oot -
15 20.‘?0-5 bins 1
107"k 500-s bins \
4
Internal convection
carries off heat g 3
s 2 J |
a 1 . tiged o M', |
If spinning faster than 7 0 A )
200 revolutions/second, ; 14 1 I
the dynamo action quickly (',i; 05 * } +
builds up the magnetic field y 00 ." it
T os '.,, :
€ -0 - Rbows |
10' 10? 107 10*

Braithwaite & Sprui 2004 Time (s)

Loy yoxev (€79 57)
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Two Sides of the Same Star

1

Video Length: 3:43

Video Links:

o . oty e - o~ ~ |y ctnr that hae vy
neutron star comes from a large star that has run ou

supernova. First it becomes a radio pulsar and later bec

t's the other way around! :
)



MBE , "KERAT" HPFE

A

Radial Velocity

’% Orbital Phase



S =2.4 MeV/c? =1.275 GeV/c? =172.44 GeV/c?
Neutron Star s - 23
1/2 u C 1/2 t

up armé_ top
A z
~4.8 MeV/c? =95 MeV/c? — T 2418 GeV/c?

-1/3 -1/3 -1/3
» - » » -

down strange bottom

White Dwarf

RX J1856.6-3754: Drake et al (2002)

s it a Quark Star?

V3884 X




10'F ¥ AREHE
E e RAMTR
o WiER
10° ERAfE AR
: ' HEE

10" -
;
:
;
;

AR

s
GEHTR) T ‘ ‘
(BATTE) ¥R, Pogge |

F42 (Ro)

102 F

107 F —

a
, '/ . & —> R R

¥ ¥ Wikipedia

lO“g-

S — ¢ ulll._“

10° &

10°® 103 104 1073 102
= N9 T (Mo)

Bl EXEFNARMANERZRZENXR, TRAENEBRSRRKXBRTT REBFEAHEHNECHFAREBNER. TFEEMERBIERFZFNE
E. RIMTE. BRE. ORENIFEENKIUNNE, SEZTHRENFEN X, IS ABHLATELEANFARYERXR,. ABREABFHHETS,
AERE, KOTEMERBEX, BEEALE, RoeM'” , XATERBRF  HEBMBER M’ , BERBRAAINEBUEFRR. PFETEMHBEE
BHEFEHEERER. MARRTEIGRE, BEMBRAFREATK,  HERISHBZYENE, HRR¥2XZBEEENNTNE,



DA™~ TIma s e s o s o 2 ron 2 rony 2 e AD

— WTE CE#ET)
— BTE(F#T)

2D

i (Mo)

PSR J0740+6620

2.0
[ PSR J1614-2230

1.3

1.0 ) o’

13 14

12
(5 R 4% (km)
B FRASRENENRELEXR. 6 T50ELRHENEANERERN

PFEBERMENTI6 Hz HIRANOEE, £ EABERIRE, ‘Plﬁlﬁﬁmiﬂﬁﬁ‘lr w
FRENMUZNABRANTTE ‘

EARVEEEE W BAUENER. W LA W LSRR W LamsvEEmmm. w




C

kit B TR S X
2+ f@%ﬂk%%ﬁmE [RHARNG: FH TR I e
wHEEBCE N BB EFRAIEIN (glitch)
2 2 PR i /_LH&EE,%
@ S [8) 5340 HAT (~500- 1100km/s>
JR T natal kick 2 ‘-\
RO ORI N
UK B R S 3 ]
Taylor & Hulse, 1993 Nobel

o

182

o

N
o

= :— General Relativity / —:
prediction 3i

N
(84}

- —
- —
- -
- — —
- -
b —

—‘lllllllllllllllllllllllllllll_‘
1975 1980 1985 1990 1995 2000
Year

L
o

Culumative effect of the reducing period (seconds)

|
(~
"




\l / 7 / ;'
| / /
p pd /, e )
/

A ® iR ET ey



MakeAGIF.com







$ -4 PNEEL L

P 01:56/04:04







>
2 7 %
2%
v=c > ="t 5RIFK
(,
WRr<r, = FeTFEA G
] \
—]nol 1_ -t\[l
e
=1 -1
i G\ At A A M
/~=/~o(1— 2) T | TR EM://OZ(l— 2) 4,
e A C

«/E»



“The Black Hole Movie”
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"Tt's black, and it looks like a hole.
I'd say it's a black hole."

“It’s black, and it looks like a hole.
I’d say it’s a black hole.”

si1ueH Aaupis



(Wiki)



The Event Horizon Telescope is an international collaboration aiming to capture the first image of a black hole by
creating a virtual Earth-sized telescope.
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Simulations Gallery
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VLBA -43 GHz

10 arcseconds

3000 light years

0.01 arcseconds

3 light years

GMVA - 86 GHz

0.001 arcsec
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0.003 light years




* #» Supermassive bla

Accretion dISCl

M87 Black Hole — Event Horizon Telescope

ALMA image of the jet

EHT image of the
black hole shadow

-

jof the Solar System

Simulated image

| ———————

Event horizon

Photon nng







MS7 April 6 GRMHD Blurred GRMHD

1 | 2 } | 5 .' () { ) ) ( ] 2 ) ! 5 T.

The groundbreaking ALMA array is composed
of 66 giant antennas situated on the Chajnantor

Plateau in the Chilean Andes



Event Horizon Telescope:
The first BH image ever

M8T7* April 11, 2017
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Image of the disk's far side
The black hole's gravitational field alters the
path of light from the far side of the disk,
producing this part of the image.

Photon ring

Aring of light composed of multiple distorted
images of the disk. The light making up these
images has orbited the black hole two, three
or even more times before escaping to us
They become thinner and fainter closer to the
black hole

Black hole shadow
This is an area roughly twice the size of the
event horizon — the black hole’s point of no

Doppler beam|ng ~ - ‘ return — that is formed by its gravitational

lensing and capture of light rays.

Light from glowing gas in the accretion disk is
brighter on the side where material is moving
toward us, fainter on the side where it's moving
away from us

Accretion disk

The hot, thin, rotating disk formed by matter
slowly spiraling toward the black hole.

Image of the disk’s underside
Light rays from beneath the far side of the disk
are gravitationally “lensed” to produce this part
of the image
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BiFANSRA &, BREIET XHEME

23 SEPTEMBER 2020

9 H 23 H, BHMALEIRIE (Event Horizon Telescope, EHT) MMEALRERH T EHKBRDES
BE. EHT I A2RAXAMSE, #—F12iE M87 ERFOMNBARERE M87* 7£ 2009 &=
2017 FRMERER, BNSEGNBFERELES, SR TRANSELAE, ER—TAH KA
Bl E M87* fied:, WINARERKRT . ZERE
ANEREZREIBNT XEXEPXTFRABBEFRNFUNER . (Astrophysical Journal)




Accretion disc

Relativistic Jet a3

’

Event horizon

Singularity

At the very centre of a black hole, matter has collapsed

into a region of infinite density. called a singularityss

All the matter and energy that fall into the black hole'ends up\
The prediction of infinite density by general refativity is thoughtsl
the breakdown of the theory where quantum effects beca

Event horizon

This is the radius around a singularity where matter and energ
cannot escape the black hole’s gravity: the point of no return.
This is the “black” part of the black hole. ‘

Photon sphere

Although the black hole itself is dark, photons are emitted from nearby

hot plasma in jets or an accretion disc (see below). In the absence of ‘g@vi(y.

these photons would travel in straight lines, but just outside the event horizon

of a black hole, gravity is strong enough to bend their paths so that we see

a bright ring surrounding a roughly circular dark “shadow".

The Event Horizon Telescope is hoping to see both the ring and the “shadow”. D\ "\\

Relativistic jets \

When a black hole feeds on stars, gas or dust, the meal produces jets of particles

and radiation blasting out from the black hole'’s poles at near light speed.

They can extend for thousands of light-years into space. The GMVA will study how these jets

Innermost stable orbit
The inner edge of an accretion disc is the last place that material can
orbit safely without the risk of falling past the point of no return.

Accretion disc

A disc of superheated gas and dust whirls around a black hole at immense speeds,

producing electromagnetic radiation (X-rays, optical, infrared and radio) that reveal the

black hole’s location. Some of this material is doomed to cross the event horizon, while other parts
may be forced out to create jets.

Singularit
N g Y

-

Innermost stable orbit

Credit: ESO, ESA/Hubble, M. Kornmesser/N. Bartmann

- Photon
sphere
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es02105 — Science Release

Astronomers image magnetic fields at the edge
of M87’s black hole

24 March 2021
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Article | Open Access | Published: 26 April 2023

Aring-like accretion structure in M87 connecting its
black hole and jet

Ru-Sen Lu = Kelichi Asada =), Thomas P. Krichbaum &2, Jongho Park, Fumie Tazaki, Hung-Yi Py,

Ma amura, Andrei Lobanov, Kazuhiro Hada = Kazuneri Akivama, Jae-Young Kim, lvan Mart
Vidal, José L, Gomaz, Tomohisa Kawashima, Feng Yuan, Edu f, Silke Britzan, Michaal
Bremer, Avery E. Broderick, Akihiro Dol, Gabriele Glovannini, Marcello Girolettl, Paul 1. P. Ho, ... Chen-Yu Yu

Abstract

Natwre 616, 686-690 (2023) | Cite this article

The nearby radio galaxy M87 is a prime target for studying black hole accretion and jet
formation!Z, Event Horizon Telescope observations of M87 in 2017, at a wavelength of 1.3
mm, revealed a ring-like structure, which was interpreted as gravitationally lensed emission
around a central black hole. Here we report images of M87 obtained in 2018, at a wavelength
of 3.5 mm, showing that the compact radio core is spatially resolved. High-resolution imaging
shows a ring-like structure of 8.4:“,’:? Schwarzschild radii in diameter, approximately 50%
larger than that seen at 1.3 mm. The outer edge at 3.5 mm is also larger than that at 1.3 mm.
This larger and thicker ring indicates a substantial contribution from the accretion flow with
absorption effects, in addition to the gravitationally lensed ring-like emission. The images
show that the edge-brightened jet connects to the accretion flow of the black hole. Close to
the black hole, the emission profile of the jet-launching region is wider than the expected
profile of a black-hole-driven jet, suggesting the possible presence of a wind associated with
the accretion flow.
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NASA Visualization Probes the
Doubly Warped World of Binary
Black Holes
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1 BIG BH per galaxy of ‘litle’ BHs per galaxy
million-billion x mass of sun ~ 10 x mass of sun

formation not fully understood  formed by collapse of a massive star
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1. Gases from the supergiant are captured %Q

into an accretion disk around the black hole. —Lﬁi‘g)\ ,\ Yﬁ H/Ji_j:i | ﬁm é.l jj %
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Black hole

2. As gases spiral toward the black hole,
they are heated by friction: Just outside
the black hole, they are hot enough

to emit X rays.

If two stars orbit close enough to each other, mass
gets pulled from one and falls (accretes) onto the
other. The smaller the target object, the faster the gas
moves and the hotter it gets.
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es02007 — Science Release o

ESO Instrument Finds Closest Black Hole :
to Earth

Invisible object has two companion stars visible to the naked eye
6 May 2020

A team of astronomers from the European Southern Observatory (ESO) and other institutes has discovered a black
hole lying just 1000 light-years from Earth. The black hole is closer to our Solar System than any other found to
date and forms part of a triple system that can be seen with the naked eye. The team found evidence for the
invisible object by tracking its two companion stars using the MPG/ESO 2.2-metre telescope at ESO’s La Silla
Observatory in Chile. They say this system could just be the tip of the iceberg, as many more similar black holes
could be found in the future.
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Mass-gap mystery

Masses in the Stellar Graveyard

in Solar Masses

EM Neutron Stars

Updated 2020-05-16
LIGO-Virgo | Frank Elavsky, Aaron Geller | Northwestem
A chart depicting the range of collision events observed through gravitational waves. The bottom section of the image shows neutron-star-size objects; the top section shows black-hole-

size objects. The new detection, highlighted here, involved a black hole and what is either a very large neutron star or a very small black hole. (Image credit: LIGO-Virgo/ Frank Elavsky &
Aaron Geller (Northwestern))
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A dynamically discovered and characterized AN Ee. =BXE. ItZF=IhEeX
non-accreting neutron star-M dwarf binary 2 AT AR

candidate Published: 22 September 2022 o (FEIIFHIETEESE  FIF

Tuan Yi®', Wei-Min Gu "%, Zhi-Xiang Zhang', Ling-Lin Zheng ©', Mouyuan Sun "%, Junfeng Wang ',

Zhongrui Bai 2, Pei Wang?, Jianfeng Wu ', Yu Bai?, Song Wang?, Haotong Zhang %, Yize Dong 3, ﬂ]jj $WE5£ ; E{'ﬂ? —/I\ "?—

Yong Shao*, Xiang-Dong Li%, Jia Zhang®, Yang Huang®, Fan Yang’, Qingzheng Yu ', Hui-Jun Mu?®,

Jin-Bo Fu®", Senyu Qi', Jing Guo ™", Xuan Fang?, Chuanjie Zheng?®, Chun-Qian Li, Jian-Rong Shi©2?, ﬁ%} " EP?E‘ Mggﬂ%gﬂgs&g

Huanyang Chen ©'° and Jifeng Liu©2°%%

Typically, neutron stars are discovered by observations at radio, X-ray or gamma-ray wavelengths. Unlike radio pulsar surveys /?\éﬁ P FEJ BB 7 i?(ﬁifﬁg? %,Ku

and X-ray observations, optical time-domain surveys can unveil and characterize exciting but less explored non-accreting and/

or non-beaming neutron stars in binaries. Here we report the discovery of such a neutron star candidate using the LAMOST g
spectroscopic survey. The candidate, designated LAMOST J112306.9 + 400736, is in a single-lined spectroscopic binary con- ﬂ%i%ﬂgﬁ S&ﬁ
taining an optically visible M star. The star's large radial velocity variation and ellipsoidal variations indicate a relatively mas-

sive unseen companion, Utilizing follow-up spectroscopy from the Palomar 200in. telescope and high-precision photometry

from the Transiting Exoplanet Survey Satellite, we measure a companion mass of 1.24 323 M... Main-sequence stars with this ‘ }32 2 O 2 2 9 ﬁ 2 2 E E%a: @
mass are ruled out, leaving a neutron star or a massive white dwarf. Although a massrre white dwarf cannot be excluded, l

the lack of UV excess radiation from the companion supports the neutron star hypothesis. Deep radio observations with the

Five-hundred-meter Aperture Spherical radio Telescope (FAST) yielded no detections of either pulsed or persistent emission.

— 3 X 4 -
J112306.9 + 400736 is not detected in numerous X-ray and gamma-ray surveys, suggesting that the neutron star candidate is B’T*"i%gﬂ :FU << E ?k . %I ))
not currently accreting and pulsing. Our work exemplifies the capability of discovering compact objects in non-accreting close e
binaries by synergizing optical time-domain spectroscopy and high-cadence photometry.
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Masses in the Stellar Graveyard

in Solar Masses

EM Neutron Stars

GWTC-2 plot v1.0 R PERFREEREAXA

LIGO-Virgo | Frank Elavsky, Aaron Geller | Northwestern




Masses |n the Stellar Graveyard

EM Neutron Stars

Credit: Visualization: LIGO-Virgo-KAGRA / Aaron Geller / Northwestern
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SMBH at the center of MW: LLAGN?
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Quasar 3C 273 HST = WFPC2, ACS

ACS/HRC

NASA, A. Martel (JHU), the ACS Science Team, J. Bahcall (IAS) and ESA STScl-PRC03-03



Active galactic nuclei (AGNs)
= accreting SMBHs

(University of Warwick, retrieved from bordermail.com.au)

Tremendous amounts of energy from the center of a galaxy

Excess emission across almost all wavelengths

Accretion of mass onto supermassive black holes (SMBHs) (~106-10 Msun)
Most luminous persistent sources of electromagnetic radiation

Key role in galaxy formation and evolution & LSS formation etc.



Orlentatlon-based unlﬁed models for AGNSs

Obscuring

Torus

; Narrow Line
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Broad Line / G
Region /O

Accretion
Disk

s %%EEMKEI@DJ AR



Fly toward a SMBH

(CXC, A. Hobart)



Active galaxy Centaurus A

COMPOSITE

(NASA, CXC, R. Kraft et al.; NSE, VLA, M. Hardcastle et al.; ESO, M. Rejkuba et al.)



AT & 2E Y M87

Gas Disk in Nucleus of
Active Galaxy M87

Relativistic beaming
Doppler boosting
| Doppler deboosting

Credit: STScI WFPC2.



Launching of the M87 Jet

April 11, 2017

We can directly
observe the M87
jet down to a few
hundred R..







Quasar 3C 279
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(Lister et al., MOJAVE project, http://www.physics.purdue.edu/MOJAVE)



Feedback by jetted AGNs

(Vernaleo & Reynolds 2006)



Mass outflows from accretion disks

(Proga, Stone & Drew 1998, 1999)
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black hole mass —

MM

Gebhardt et al. 2000} Ferrarese & Merritt (2000); Giiltekin et al. (2009)

bulge velocity dispersion ———

Credit: M. Volonteri

Early universe

Galaxy growth
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Tidal disruption event by a SMBH

(NASA)
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(Animation: NASA/CXC/A. Hobart; Simulation: Josh Barnes/U. Hawaii, John Hibbard/NRAQO)
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An Isolated Stellar-Mass Black Hole Detected Through Astrometric Microlensing™
(arXiv:2201.13296) ABSTRACT

We report the first unambiguous detection and mass measurement of an isolated stellar-mass black
hole (BH). We used the Hubble Space Telescope (HST) to carry out precise astrometry of the source
star of the long-duration (g ~ 270 days), high-magnification microlensing event MOA-2011-BLG-
191/OGLE-2011-BLG-0462, in the direction of the Galactic bulge. HST imaging, conducted at eight
epochs over an interval of six years, reveals a clear relativistic astrometric deflection of the background
star’s apparent position. Ground-based photometry shows a parallactic signature of the effect of the
Earth’s motion on the microlensing light curve. Combining the HST astrometry with the ground-
based light curve and the derived parallax, we obtain a lens mass of 7.1 + 1.3 M, and a distance of
1.58 &+ 0.18 kpe. We show that the lens emits no detectable light, which, along with having a mass
higher than is possible for a white dwarf or neutron star. confirms its BH nature. Our analvsis also
provides an absolute proper motion for the BH. The proper motion is offset from the mean motion of
Galactic-disk stars at similar distances by an amount corresponding to a transverse space velocity of
~45 km s~ ', suggesting that the BH received a natal “kick” from its supernova explosion. Previous
mass determinations for stellar-mass BHs have come from radial-velocity measurements of Galactic
X-ray binaries, and from gravitational radiation emitted by merging BHs in binary systems in external
galaxies. Our mass measurement is the first ever for an isolated stellar-mass BH using any technique.




Elmehed
Roger Penrose

Prize share: 1/2

Elmehed.
Reinhard Genzel

Prize share: 1/4

Andrea Ghez
Prize share: 1/4

The Nobel Prize in Physics 2020 was divided, one
half awarded to Roger Penrose "for the discovery
that black hole formation is a robust prediction of
the general theory of relativity", the other half jointly
to Reinhard Genzel and Andrea Ghez "for the

discovery of a supermassive compact object at the
centre of our galaxy."
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Monsters of the Cosmos --- BHs

TR 3R . Ramesh Narayan

YITRSZR © Michio Kaku (JIsEE7#)
FARYEEZ 3R - Neil deGrasse Tyson
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nature > letters > article

nature

International journal of science

Letter  Published: 10 April 2019 f\

A magnetar-powered X-ray transient as
the aftermath of a binary neutron-star
merger

Y. Q. Xuem, %G Zhengm, Y. Li, W. N. Brandt, B. Zhang"v“, B. Luo, B.-B. Zhang, F. E. Bauer, H. Sun, B.
D. Lenmer, X.-F. Wu, G. Yang, X. Kong, J. Y. Li, M. Y. Sun, J.-X. Wang & F. Vito

Nature 568, 198-201 (2019) Download Citation %

CDF-S team + GRB team
observations + theories

: host gwaxy
(Z=0738)







NASA press release




A New Signal for a Neutron Star Collision flw]t |9]+]
Discovered

CHANDRA »%._

X'RAY OBSERVATORY
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A Magnetar-powered X-ray Transient as the Aftermath of a
Binary Neutron-star Merger

Submitted by chandra on Wed, 2019-04-24 10:46

>
NASA's flagship mission for X-ray astronomy.
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157 pulsars in 30 clusters

Binary

Isolated
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ERMNPFESH TEE. / Carl Knox, OzGrav ARC Centre of Excellence
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BH-NS merger

BR-PFEEHZARE (BF¥JE: Carl Knox, OzGrav — Swinburne University)




BH-NS merger
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THE ASTROPHYSICAL JOURNAL, 899:106 (11pp), 2020 August 20 https://doi.org/10.3847 /1538-4357 /aba745
® 2020. The American Astronomical Society. All rights reserved.
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GRB 200415A: A Short Gamma-Ray Burst from a Magnetar Giant Flare?

Jun Yang'*@, Vikas Chand'*©, Bin-Bin Zhang‘ 23®, Yu-Han Yang‘ & » Jin-Hang Zou®, Yi-Si Yang'?®,
Xiao-Hong Zhao™® 7 Lan% Shao”, Shao-Lm Xiong®, Qi Luo™”?, 9 Xiao-Bo Li®, Shuo Xiao®, Cheng-Kui Li®, Con § -Zhan Liu®,

Jagdish C. Joshi'*>@, Vidushi Sharma'® . Manoneets Chakraborty” Ye Li'>"*®, and Bing Zhang’
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Abstract

The giant flares of soft gamma-ray repeaters (SGRs) have long been proposed to contribute to at least a subsample
of the observed short gamma-ray bursts (GRBs). In this paper, we perform a comprehensive analysis of the high-
energy data of the recent bright short GRB 200415A, which was located close to the Sculptor galaxy. Our results
suggest that a magnetar giant flare provides the most natural explanation for most observational properties of GRB
200415A, including its location, temporal and spectral features, energy, statistical correlations, and high-energy
emissions. On the other hand, the compact star merger GRB model is found to have difficulty reproducing such an
event in a nearby distance. Future detections and follow-up observations of similar events are essential to firmly
establish the connection between SGR giant flares and a subsample of nearby short GRBs.
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A long-duration gamma-ray burst with a peculiar origin

Jun Yang, Shunke Ai, Bin-Bin Zhang =, Bing Zhang &7, Zi-Ke Liu, Xiangyu lvy Wang, Yu-Han Yang, Yi-Han w? ;\| &\ %ﬁl | l * Q . , @ k

Yin, Ye Li & Hou-Jun LG
e Nature 612, 232-235 (2022) Ade o9 =
FHARAR

Itis generally believed that long-duration gamma-ray bursts (GRBs) are associated

with massive star core collapse', whereas short-duration GRBs are associated with ] Em T —1§U Xm;\lj—lu J:Eﬁ%;*%y

mergers of compactstar binaries?. However, growing observations® ® have suggested

thatoddball GRBs do exist, and several criteria (prompt emission properties, E’\J U][] ig % G RB 2 1 12 1 1A ’ i@_ ﬁ

supernova/kilonova associations and host galaxy properties) rather thanburst

duration only are needed to classify GRBs physically’. A previously reported i¥f§ B’\J&}E%*ﬁ'?@: ﬁ—ﬁﬂ]ﬂﬂ

long-durationburst, GRB 060614 (ref. *), could be viewed as a short GRB with

extended emission if it were observed ata larger distance® and was associated with a g% :F%ﬁgmt,}]\ B’\Jirt?g , #};\ﬁu

kilonova-like feature’. As aresult, itbelongs to the type | (compact star merger) GRB

category and is probably of binary neutron star (NS) merger origin. Here we report a ﬁi&fg Idj 7 g_%g{#%%ﬁg%%

peculiar long-duration burst, GRB 211211A, whose prompt emission properties in

many aspects differ fromall known type | GRBs, yet its multiband observations % EEE;‘E }-g Hj E-ﬁ‘-ﬁ % Ea‘ %\E -
. s o . . T . N

suggesta non-massive-star origin. In particular, substantial excess emission in both

optical and near-infrared wavelengths has been discovered (see also ref. '), which K DZZY

resembles kilonova emission, as observed in some type | GRBs. These observations E EE EP ¥E# B g’R

point towards a new progenitor type of GRBs. Ascenario invoking a white dwarf

(WD)-NS merger with a post-merger magnetar engine provides a self-consistent ® 52%3: 2 0 2 2 E 1 2 ﬁ 7 E E%a: @
interpretation for all the observations, including promptgammarays, early X-ray — S Y

afterglow, as well as the engine-fed" " kilonova emission. &T*—*?ﬂﬁ:ﬂ] (( E N ))

G
i
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Sub-second periodicity in afast radio burst

The CHIME/FRB Collaboration, Bridget C. Andersen, ... Andrew Zwaniga <+ Show authors

Nature 607, 256-259 (2022) | Cite this article

Abstract

Fast radio bursts (FRBs) are millisecond-duration flashes of radio waves that are visible at

distances of billions of light years'. The nature of their progenitors and their emission

mechanism remain open astrophysical questionsZ. Here we report the detection of the z
multicomponent FRB 20191221A and the identification of a periodic separation of 216.8(1) ms
between its components, with a significance of 6.50. The long (roughly 3 s) duration and nine

or more components forming the pulse profile make this source an outlier in the FRB

population. Such short periodicity provides strong evidence for a neutron-star origin of the

event. Moreover, our detection favours emission arising from the neutron-star

Residual S/N

magnetosphere#, as opposed to emission regions located further away from the star, as

Time (s)

predicted by some models>.
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The Innovation

Repeating fast radio bursts from collapses of the crust

of a strange star

Jinjun Geng ~ =1 +Bing Li « Yongfeng Huang = [

* Published: August 11, 2021 + DOI: https://doi.org/10.1016/].xinn.2021.100152
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What may make them?

(An incomplete list, no particular order)

Repeating: CFRUK AR RS2 pr 4 n 73452

« Supergiant radio pulses (Cordes & Wasserman 2015; Connor et al. 2015; Pen & Connor 2015)

* Magnetar giant flare radio bursts (Popov et al. 2007, 2013; Kulkarni et al. 2014; Katz 2015)

* NS-Asteroid collisions (Geng & Huang 2015; Dai et al. 2016)

« WD accretion (Gu et al. 2016)

« Flaring stars (Loeb et al. 2013; Maoz et al. 2015)

* AGN induced plasma instability (Romero et al. 2016)

* Young magnetar powered bursts (Murase et al. 2016; Metzger et al. 2017)

« Cosmic combs (Zhang 2017)

« Bremsstrahlung / synchrotron / curvature maser (Romero et al. 2016; Ghisellini 2017, Waxman 2017, Beloborodov 2017)
Instability within pulsar magnetosphere (Philippov, Katz)

Catastrophuc

Collapses of supra-massive neutron stars to black holes (thousands to million years later after birth, or in a small fraction
hundreds/thousands of seconds after birth), ejecting “magnetic hair” (Falcke & Rezzolla 2013; Zhang 2014)

* Magnetospheric activity after NS-NS mergers (Totani 2013)

« Unipolar inductor in NS-NS mergers (Piro 2012; Wang et al. 2016)

« Mergers of binary white dwarfs (Kashiyama et al. 2013)

« BH-BH mergers (charged) (Zhang 2016; Liebling & Palenfela 2016)

+ Kerr-Newman BH instability (Liu et al. 2016)

« Cosmic sparks from superconducting strings (Vachaspati 2008; Yu et al. 2014)

« Evaporation of primordial black holes (Rees 1977, Keane et al. 2012) .
* White holes (Barrau et al. 2014; Haggard) = = = 9 e
* Axion miniclusters, axion stars (Tkachev 2015; lwazaki 2015) - S

* Quark Nova (Shand et al. 2015) S I T T T T S
« Dark matter-induced collapse of NSs (Fuller & Ott 2015) - e

* Higgs portals to pulsar collapse (Bramante & Elahi 2015) e e i
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