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i . The last stars will die out 120 trillion years from 7
now, followed by 10'® years of just black holes.

| Condensed, that's like the universe starting with '« |
1 second of stars and then a billion billion billion X
- | billion billion billion billion years of just black holes.

"' Stars are basically the immediate after-effects of 4
~% the Big Bang. A one-second sizzle of brightness e
i before settling into eternal darkness.
ﬁ.:"‘s‘-"__l
. . We live in that one bright second. g
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Today’s Scientific Challenge

to understand the very first moments of our

What Universe after the Big Bang
happened
then ?

Big B

How particle collider
and telescopes relate?

13.7 Billion Years, 1028 cm
| . Today

| What is Universe made of ?




PHYSICS OF TWO INEINITIES

Quarks

Proton

Neutron

Radius of Galaxies

Elet.:tron / .
Universe

Super Microscope

. B \
We are entering a golden age of

synergy between studies of the very
small and the very big.

Extra dimensions may solve many
known fundamental problems.
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Brief History of Our Universe and Physics at LHC
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If, In some ¢ m, all of sqie t| df%nﬁmvleilge

were tofbeldestroyed, aé); sentence
passéd ito the next é&g atioh of cr at res,
what statement would contain the m\bk
iInformation in the fewest w ds’?’ Ileve |
the atomic bypothesis th iﬂﬁl are ma(!fde
of atoms —ittle particles move around In
%%rpetual motion, attracting each other when
ey are a little distance apart, but repelling s
~~tpon bein Aqueezed into one/another. U4aY
('In that oné s sentence, you will e//here Is'an
enormous amount of | ({P(m about the

world, if just a little im inatlon and thinking .




RICHARD FEYNMAN
There’s Plenty of Room at the Bottom (1959)
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“The principles of physics do not speak against the
possibility of maneuvering things atom by atom.”



The Quantum World of Particle Physics

KeaHmoenbilt mup gbu3uKu arieMeHmapHbIX Yacmuuy o4eHb 0asiek om Hauwea2o, Mno3amomy e2o
3aKOHbI Yacmo KaxXymcs Ham cmpaHHbIMU U KOHMP-UHMyUmueHbIMU. Y 4yeriogeka
cywiecmeyem, suoumo, 2riybokas ricuxosiocudeckasi nompebHocmb ce00UMb 8ce S8M1eHUS
OKpy»Karouwie20 Mupa K rnpocmsiM, rMoHAMHbIM obpasam. YousumeribHbIU ghbakm 3aKrr4aemcs 8
moM, 4Ymo rpedckasaHUsi KeaHmMogolU hU3UKU MoOMmMeepx0eHb! 3KcrnepumMeHmarbHO 20pa3do
mo4Hee, YeM Kriaccu4eckol MexaHUKU U meopuu omHocumersisHocmu SuHwmeuHa. B 1959
200y eenu4yauwuu ¢pusuk XX eeka Pudapd @euHmaH ebicmyriusn ¢ oknadom « BHU3Y MOHbIM-
MOJTHO Mecma: rpuanaweHue 8 Hosbltu mup ¢gusuku» (« There's Plenty of Room at the Bottom:
An Invitation to Enter a New Field of Physics»), 20e 6biria obpucosgaHa riepcriekmuea rnpsimo20o
MaHunynupoeaHusi uHousudyaribHbIMU amomMamu u gpomoHamu. OOHaKo pearibHble o4epmaHusi
amu udeu cmaru rpuobpemams K Ha4arny 80-X, rpexdoe 8ceao, 8 853U C U3obpemeHUeM
CKaHUpyrowe20 myHHesrlbHo20 MUKPOCKora, omme4yeHHo20 yxe 8 1986 2. Hobenesckou
npemueu. B amom mupe amombl 8e0ym cebsi cosceM He makK, Kak 06beKkmbl Makpomupa,
[OCKOJIbKY OHU MOOYUHSIOMCS 3aKOHaM KeaHmoeou ¢u3uku. HaeepHoe, amu udeu moeda u
camomy PelHmaHy Kasasnuch CrIUWKOM CMESbIMU, HO CE200HS K8aHMOBbIE CEHCOPbI,
YHUBepcalibHble K8aHMOBbIE KOMIMbIOMEPAbI, K8aHIMO8bIe KOMMYHUKauuu (Kpurimozapaghusi) u
oOa)ke KeaHmoeas mersieriopmauus (nepedadya K8aHmMo8020 COCMOSIHUSA Yacmuubl U3 0OHO20
Mecma 8 opyzaoe, be3 ucrosib3o8aHusl rNPSIMoeo rnepeHoca KeaHmoeou Yacmuuhkl 8
fpocmpaHcmee) rnocmerneHHoO rnPUOMmMkKpbIearom 08epb 8 Hally XU3Hb. Mo QO/KHO cmamb
Kpaey2oribHbIM KaMHeM 0711 mexHosio2ul keaHmoesou ces3u. lNpu amom
KOHgbudeHyuarbHOoCMb UH¢hopmayuu, nepedasaemMol ¢ MNOMOUW,bLIHO KBaHMOBbIX
KOMMYHUKayuu, 2apaHmupyemcsi hpyHOaMmeHmarsibHbIMU 3aKOHamu ¢u3uku. lNloka amo
¢ghaHmacmuka... BoamMoxxHo, ghaHmacmuKkol 3mo ocmaHemcsi coecem Hedor12o...



5* Scientific Discoveries of the Last Decade
In Fundamental Physics

v Higgs Boson
v' Gravitational Waves

v’ Black Hole Event Horlzon c"'{ i "



|. Higgs Discovery at Large Hadron Collider @ CERN (2012)

“As a layman | would now say... | think we have it —
It is a Discovery” (Rolf-Dieter Heuer, CERN DG)

narrow resonance ~ 125 GeV consistent with long-sought Higgs boson

What did we know on that day: it is most probably “A HIGGS BOSON"
— had to establish if it is “THE HIGGS BOSON” of the Standard Model
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Our understanding of the universe is about to change...
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the Universe
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Researchers said they had
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the world like the Higgs boson,
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THE HIGos BOSON
FINAL PIECE IN THE PUZZLE?

_..but there must be a deeper relationship

| i \ between Higgs / mass / gravity / dark energy
\;
y ;i =} \ = ~—
.. is it “THE Higgs -Boson” (oT’th—Standa[d-l\/lbdel) ? 0r one of several ?
, ) , & \ N , ‘

~

< - ‘\, ‘.° ——d
.. Its properties could give infermation on Dark,--l\/la\gtehr‘.--»

.. iIts properties could g|7ef1rst hints on Dark Eil\q;'éréy



2000x: Fear and Loathing... Are They Going to End the World?

Has the new CERN project —
the LHC - the potential to
create a black hole
that swallows our
planet earth?

« Micro black holes @ LHC:
Mass: Mgy, ~ 1000 M, 410n
Size: 1018 m
Temperature: 101 K
Lifetime: 1027

https://www.forbes.com/sites/startswitha
bang/2016/03/11/could-the-lhc-make-an-
earth-killing-black-hole/#2fe64fd02ed5




Large Extra Dimensions — A Little Bit of History ...

@ Once upon atime (1921), Theodor @ In the 1970°s and 1980’°s there’s
Kaluza in the hope of unifying been renewed interest in (multiple)
gravitation and electromagnetism extra dimensions: SUSY and string
extended general relativity by theory.

Including the U(1) symmetry of
electromagnetism by adding a 4th

spatial dimension. From 1998 onwards, new models

have surfaced (ADD, RS, etc.)

which address the hierarchy

@ In 1926, Oskar Klein proposed that the problem by exploiting the
fourth spatial dimension is curled up geometry of spacetime.
(compactified) in a circle of very small
radius “R”, therefore a particle
moving a short distance along that
axis would return where it began.

Gravity is automatically included in
string theory; there is a vibration
mode with the properties of the
graviton.
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Grawtatlonal Waves Encode Dynamlcs of I\/Ia SI

'MBHs are found at the
centers of most galaxies
Most gaIaX|es merge one or
more times = Massive .
Black Hole (MBH) blnarles‘*f' _
Final merger of MBHs '
occurs in the arena of very
strong gravity (strong GW
sources) R

Observnng gravrtatlonal
waves allows direct tests of
 GR and probe early stages
of structure formation:

- Requires numerical considered the
relativity to calculate | “holy grail” of
dynamics & waveforms ,;ZZET;?I

-2 Waveforms scale w/ ‘
- _masses, spins 2 apply
to ground-based & LISA

known——s| supercomputer<——known——



lIl. M87 Black Hole — Event Horizon Telescope (2019)
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Event Horizon Telescope Array

will
mm««m-.mo(mmmtu
may one doy be part of the Event Horizon Telescope.

orizon Telescope (

ope array at radio frequency around the E
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The Atacama Large
Mmoo b
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EHT: What the Real Image of Black Hole is (M87) ?

Watch the history and the importance of the M87 black hole picture:
https://www.youtube.com/watch?v=omz77qrDjsU

supermassive
elliptical galaxy v b 9 v

Image of the April 5 April 6 April 10 April 11
black hole at the

center of the

M87, for four

different days. 50 puas O O O Q

It was found in a galaxy called M87 and is larger than the size of our entire Solar
System.

The black hole is 500 million trillion km away and it was captured by the Event Horizon
Telescope (EHT), a network of eight linked telescopes around the world.

"It has a mass 6.5 billion times that of the Sun. And it is one of the heaviest black holes
that we think exists. It is an absolute monster, the heavy weight champion of black
holes in the Universe”



EHT: What the Real Image of Black Hole is (M87) ?

Watch the history and the importance of the M87 black hole picture:
https://www.youtube.com/watch?v=omz77qrDjsU

Image of the April 5 April 6 April 10 April 11
supermassive

black hole at the

center of the v ~ “ v
elliptical galaxy

M87, for four

different days. O Q O O

50 pas

nuies In the Universe”



Einstein’s General Theory of Relativity Warping of
Spacetime Produces the Effects of Gravitational Force

v' Space-time gets curved by masses (mass distorts space). Objects traveling in
curved space-time have their paths deflected, as if a force has acted on them.

v' “Curvature” of time means that the time flows with a different rate in different
points in space

Objects and light moving near the massive object are forced to take a curved path around
the object. (Just like the Moon orbiting Earth).

"Matter tells spacetime how to bend and spacetime returns the compliment by
telling matter how to move."



A. Einstein (1915): Spacetime Is an active player:
curves, expands, shrinks, ...

v Aristotle: there are absolute space and absolute time. There is absolute
rest different from motion for all observers.

v' Galileo-Newton: there are absolute space and absolute time. Motion and
rest are relative to an observer. Laws of physics are the same for all
uniformly moving observers. Acceleration is absolute.

v Einstein (Special relativity): space and time are relative to an observer.
Laws of physics are the same for all uniformly moving observers. Space-
time is a fixed flat background.

v Einstein (General relativity):
-2 ALL kinds of motion are unified, including accelerated motion
- Gravity and acceleration are unified and depend on the observer
= Space-time is not a fixed background anymore. Space-time and
matter interact with each other and affect each other.

Describes curvature of space-time Mass-energy density of matter



Thinking in Terms of Einstein’s Theory of General Relativity

- Newton’s gravity works well

in most situations (planetary orbits, = i ‘

binary stars) but fails when: % y oy

- Gravity becomes extremely 1 |

intense ﬂ- *ﬂ
- Large masses move rapidly. Wy A X iy

- Light is effected by a large mass.

- Einstein’s theory says
that the presence of matter warps

space and time. Gravity is replaced
by warping of space-time. Newton's fixed space Einstein’s flexible space-time

 GR remains one of the most accurate theories in physics:
— Precession of the perihelion of Mercury
— Light will be bent when passing near large objects
— Time will slow down near a large mass
— Gravitational redshift of light
— Gravitational Waves

— Massive objects will collapse to a singularity (black hole)
= existence of Black Hole Event Horizon (no one believed in 1915)



Gravitational Lensing is Now a Tool

Gravitational lens - gravity can bend light
around a very heavy obstacle (triumph of GR)

Guasar Image et s
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GQuasar .- e Earth
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Gravity’s Final Victory

Black holes are the evolutionary Miass < ek o0 e masses
endpoints of stars at least 10 to
15 times as massive as the Sun.

kass = 1.4 solar masses

butmass < 3 solar masses pjass > 3 solar masses

v_ A star more massive than about GRAVITY GRAVITY

18 M., leaves behind a core
larger than 3 M,
osss
s
v" Neutron degeneracy pressure fails White Dwarf Neutron Star Black Hole
Electrons run out of room to mowve  Electrons + protons combine Gravity wins!
around. Electrans prevent further 1o form neutrons, Meutronsrun - Mathing prevents
collapse. Protons & neutrons still out of room to move around. collapse.
v Noth|ng can Stop |tS gravitationa| free to mowve around. Meutrons prevent further

collapse. Much smaller!

coll apse. Stronger gravity == more compact.
Photo of the Hubble Space Telescope
v' Core collapses to a singularity:
- zero radius
= infinite density

v" Near the singularity gravity is so

strong that not even light can =
escape — Hubble image of a

y = W supermassive black hole



http://amazing-space.stsci.edu/resources/explorations/blackholes/lesson/explain/graphics/hubble-earth.jpg

Black Hole: A Theoretical Definition (1)

; ; e Spacetime should be distorted into an infinite
A black hole is a region of space-time from Il by S e r IR T

which nothing can escape, even light:

v Ablack hole is atrue "hole" in space: Anything
that crosses the edge of the hole - called the
“event horizon” - is swallowed forever

v" As you get closer to a black hole, the flow of
time slows down, compared to flow of time far s
from the hole.

v' At the event horizon, time actually appears to
stop. An object falling into the hole would
appear frozen in time at the edge of the black
hole!

v" Our laws of physics break down at the very
center of the black hole . Time itself seems to
come to an abrupt end there. For this reason, a |
black hole is sometimes described as the (
"reverse of creation."

v Einstein’s theory of gravity allows the possibility
of a black hole forming a link - or wormhole - to
another universe, or another part of our
universe.



Black Hole: A Theoretical Definition (II)

The black hole is surrounded by an .

“event horizon” which is the sphere
from which light cannot escape;

The distance between the black hole
and its event horizon is the
Schwarzschild radius (Rg.p= 2GM/c?);

The center of the black hole is a point
of infinite density and zero volume,
called a singularity;

ir Ewvent Horizon

The “event horizon” hides the
singularity from the outside universe:

=2 Events occurring inside are schwrar zschild radius
invisible to the outside universe. R = 2GM

> Anything closer to the singularity Seh e
can never leave the black hole

|
- The important thing is this area singularity

can be of any size;




Some Unresolved Problems: What Is the Singularity

7 Horizon

-

Singularity

General relatiVity Singularity
breaks down
at Planck scale:

2004 ThomsonBrooks Cole

1/ ~1.6x10"m
C

Singularities Clothed and Naked

The singularity is the point of infinite
density thought to exist at the center of
a black hole. We have no way of
understanding what would happen in
the vicinity of a singularity, since Iin
essence nature divides our equations
by zero at such a point. There is an
hypothesis, called the "Law of Cosmic
Censorship" that all singularities in the
Universe are contained inside event
horizons and therefore are in principle
not observable (because no information
about the singularity can make it past
the event horizon to the outside world).
However, this is an hypothesis, not
proven, so it is conceivable that so-
called "Naked Singularities" might exist,
not clothed by an event horizon.



Black Holes: “Where God Divided by Zero™

TABLE 11-1

ReCIDe for a black hole: The Schwarzschild Radius

Just squeeze a body of mass M
below its Schwarzschild’s radius

Star
Star

Star
Sun il
Earth 0.000003

Schwazschild radius
.= ZGMWM/BH e

GRAVITATIONAL COLLAPSE AND SPACE-TIME SINGULARITIES

Roger Penrose
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(This paper is only 2.5 pages long!!)

Geometry of the spacetime near a BH can be found by solving Einstein’s
equations for different conditions (spin, charge):
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Gravitational Redshift of Light

4 As alfght wave
- Compared to a clock climbsina

' on the top floor, a clock | gravitational field, ) ' .
~ | onthe ground floor is its frequency Frequency of “ght is shifted
| deeper in the Earth’s || decreases and In the accelerated frame.

__gravitational field and | its wavelength
| so ticks more slowly. increases.

- It should be also shifted
in the gravitational field!

(a) The gravitational slowing of time (b) The gravitational redshift

Photons always travel at the speed of light, but they lose energy when traveling out of
a gravitational field and appear to be redder to an external observer. The stronger the
gravitational field, the more energy the photons lose because of this gravitational
redshift. The extreme case is for photons emitted at event horizon of black hole,
gravitational redshift is infinite. The observed frequency is zero, i.e. the photons
loose all their energy are never observed.
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Black holes need both

A PIunge rnto 3 BIack HoIe

Modern physrcs has two basic sets of laws for the unrverse A £
- General relativity -- macro-scale T N S e
- Quantum field theory -- micro-scale Sl s S A e
The two are not compatible! = SR ic4 gl i o
Most problems faII rnto one category only. " W R

- micro-size and macro- mass , e 3 SR
= the study of bIack hoIes helps understand how to combrne the two theorres S

Black holes are srmple objects — therr structure is defrned by three parameters:_g
-2 Mass (as measured by the black hole’s effect on orbrtrng bodres such as
another star)
-> Total electric: charge (as measured by the strength of the eIectrrc force)
- Spin = angular momentum (how fast the black hole i |s sprnnrng)

Black hoIes have no hair = All event horrzons are sphencal no matter what the
mass looked like before collapse . s I

- Black holes have no magnetic:field (internal).

Black holes have entropy (a measure of disorder) that is proportronal to the size of
the event horizon. :

Black holes have ate'mperature > black body (The heavier a BH, the cooler it is! )



Evaporatlng Black Hol_e's_._-
t horiz o nﬂ"-i of ia BH

BHs can decay V|a a quantum mechamcal process near ev_

v Black Ho|es evaporate SlOle by emﬂtmg 1. Pairs of virtual particles spontaneously appear [
: L o e SRTSE . and annihilate everywhere in the universe. i

Hawking radiation” = particles falling
into the BH have nega’uve energy’ BH 2. If a pair appears just outside a black hole’s
| d d event horizon, tidal forces can pull the pair apart, &
00S€ES maSS an energy is Conserve preventing them from annihilating each other.

v The smaller the mass, the faster the
evaporation 3 T

v' Hawking radiation is equwalent to black _eet
body radiation -> Each particle carries off t \
a little of the black hole's mass

v Most properties of mattet vanish when Eventhonizan

matter enters a black hole, such as
chemical Composi'tion:, texture, color, - 3. If one member of the pair crosses the event

Shape,‘ size, distinctions between pl’OtOhS : horizon, the other can escape into space, carrying
and electrons, etc

energy away from the black hole.

.+ Questions Remain about Black Holes:

_ |s the information that falls into a Black Hole lost forever? = this
' contradicts the laws of quantum mechanics, and scientists have been
trymg to deal with this paradox for decades)

— What is:inside a black hole?
— Can wormholes be produced to travel in time and/or space?



A

- NASAUMD/A Wilson etal. -

- From the for

>
é




A Galaxy Full of Black Hofes SRR

There are also millions of black holes

Including one giant black hole at the very center.

'How have we survived?



AT

. A
!f’;"' TN IO T R AT

I

T e
}}‘."v“' =ty
(e INe /v

o
(Pry

o
A AL
2y

.;,,Y,,.
’..v
S,

)

S
&

.‘,.«_.
'.;f;t

M74 Photo Credit: NOAO/AURA/RGS

e = away from a black hole =
+ Gravity is the same as for a star of the same mass e
Ifthe Sun became a Black Hole, all the planets would contlnue |n the same orblts
It would however be darker and MUCH colder S e '

Close to a black hole: i | ,
— R<3Rq,1 there are no stable orblts aII matter eventually gets sucked in.




| Black holkg

Singularity: the very centre
of a black hole where matter
has collapsed in a region of

infinite density

Relativistic jet: when stars are absorbed
by black holes, jets of particles and radiation
are blasted out at near light speed

Photon sphere:
photons emitted
from hot plasma
near the black hole
| which bends
_theirtrgjectory

"ot

Event horizon:

( around a singularity
natter and energy cannot

_escape the black hole’s gravity.

The point of no return,

Accretion disc

of superheated gas
and dust whirls
around black hole
at immense speeds,
producing
electromagnetic
radiation (x-rays)

© AP




Black Holes as Laboratories of Fundamental Physics

= Complex physics involved!! Plasma physics :
High-energy astrophysics | §&
Quantum gravity
GR

Electromagnetism Galactic astronomy
Radiative processes ‘ | Cosmology

Binary Systems with one Black hole and v.is.ible». Orbits depend on masses of
giant star orbit around a center of mass: = = . ‘two obejects:

v Motion of visible companion betrays black
hole:

= Kepler's 3rd law = total mass of the
system; _ ' |
- If the mass of the unseen object is too
big for a neutron star or a white dwarf, then

it is very likely a black holet



Black Holes X Ray Em|SS|on

-~ Visible starin a blnary system Iose_s '

some of its gas to the black hole -
Gas material forms an accretlon d|sk

‘as it spirals onto the black hoIe

I3 AQ' @

' Materlal in DISk galns energy as |t falls

mto black hoIe

~Gravitation‘al enerzgy is converted into -

kinetic energy (up to 40%.0f the mass

of infalling matertal IS cdnverted mto :

en ergy)

- Gas particles in the dISk rub agamst _
each and heat up from friction (upto

107 K)

‘Near event horlzon em|tt|ng thermal

o radlatlon peaking in X-Ray

Black Hole are efficient « Power
Factories » when they accrete!

| "f'“Acctetion' DISk

Visible Star
black hole

Gas pulled off

Gas temperature
increases closer
to BH. Gas near
BH emits x-rays.

1. Gases from the supergiant are captured
into an accretion disk around the black hole.

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.



Magnetic field from surrounding disk
funnels material into the jet

- Magnetic fields surround
_ hole produce spectacu
~ thediskofhotg
~ not BHitself).
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Cen Ais known to be a peculiar
galaxy with strong radio emission.

Ay
09. = 2

¥ Wateral injot moving

_ v Jetlikely composed of .
+ pielectrons and positionsi: | .

- Optical image of C.en A

. / Interaction of jet material
, W'th mag_ne_tic figld’__gives But it is also a strong X-ray ° | ST
rise to Radio emission. emitter, and has an X-ray jet. , .
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Prrmordlal - can be anyi':S1ze'° |nclud|ng very smaH) ‘_Lf: 014 g, _hrey Would Stlll

exist) = cannot be descrlbed only Wlth GR because---they -m’rt Hawkrng

" radiation and evaporate

“Stellar-mass” black holes must be at Ieast 3 Mo to 20 Mo (~1034 g) many
examples are known -

_ Mrd -mass black holes — range from 100 to 1000 Mo Iocated |n normal gaIaX|es

— many seen A

‘Massive black holes —about 106 Mo — such as in the center of the Mrlky Way —

many seen
Supermassive black holes — about 109-10 Mo - Iocated In Actlve Galactlc
NucIer often accompanled by Jets — many seen



Where do Supermasswe Black “Holes Come Fron m’ '>

v Cores of many other gaIaX|es show compact "

objects in the centers and accretion disks Our Milky

with possible black holes; -~~~ Ay ; o :
v Following the orbits of |nd|v1dual stars near . :v‘ "’ P g \Vay Galaxy:
the center of the Milky. Way, the: mass. of the '-'.‘ > &d N\
central BH is ~ 2.6 million solar masses; _ . v
v’ "We don’t know which comes flrst the galaxy ‘“ ' “Aa
or the black hole P s - iy
Super- Masswe Black Hole Theones | ¥ SR, ol
. From “Lumps” in the early unlverse ' Ou s s o {8
(lumps in early Universe could have formed T ————————
and of matter dense enough that a black hole Core of Galaxy NGC 426l
formed) - AT R b B (LU

Ground-Bazed Opbcal Redic Image HEST mage of a Gas anc Dust Disk

. The “Stellar Seed” Model (giant black
- hole could result in an.initial “stellar_. seed” of
10 mass of sun produced during a supernova)

« . Collapse of a whole star cluster (stars
from a tight cluster in early Universe could
form a few Black Holes, causing smaller stars -
to be absorbed, and black holes to combine) a3 v AR <o Vier e Are




Where do Stellar -mass Black Hole'S'iiCome..;Frovm ’>

 Stellar-mass black holes are made when a _
massive star, manty (3 — 20) tlmes the mass: of
our’ Sun dies '

Most of the star’s atlhosph'ere is blown into
space as a supernova exp'lo-sion';,, ot

The star’s spent core’ collapses under lts own . ELa

weight.

If the remaining mass i,s‘.:mgor.'e'than the mass.
of 3 Suns, it will CQIIa'p.s,ej tnto a black hole..

Stellar-mass
BHs

= Masses: ~3-100 M = Masses: ~106-1010 M

sun

= Originated from collapses of massive = Origin???
stars

= Distributed within galaxies

R Credit: Eurobean'Souther_n Observatory -

= Located at the center of galaxies

= Shine in optical/UV when accreting

= Shine in X-ray when accreting from a materials near the galactic centers -- AGN
companion star — X-ray binary







A New Golden Age for Gravitation

Gravitational waves

Gravitational wave detection (interferometer):

Changes of the arm length (4 km)
are ~ 1/10 of the atomic nuclei sjze !!!

- |1 observed
| H1 observed (shifted, inverted)

Credit: (LIGO Scientitic Collaboration and Virgo Collaboration)
Phys. Rev. Lett. 116, 061102

Gravitational physics is entering a new
golden age

A wealth of data, from gravitational waves
to EHT observations, is opening new doors
for potential discoveries.

In the coming years, especially with LISA
and 3G detectors, we will be doing
“precision gravitational-wave physics”.

Plenty of room for unexpected discoveries

Event Horizon Telescope -
First real image of Black Hole:

W

Credit: Event Horizon Telescope collaboration



