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BLACK AR s
HOLES '

® Some basic physics
® Kepler
® Blackbody
® Cygnus X-1: “First” Black Hole

® Sagittarius A*: Nearest SMBH
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Basic Physics 2:

® [he most useful thing in the universe for
astronomy:
Black Body Radiation.




Blackbody

® |f | have a thing (blob of gas or whatever) that:
® [sn’'t getting hotter or colder (equillibrium)
® [sn't reflecting anything else’s light

® Or doing anything else weird, like exploding

® [hen the spectrum of radiation comes only fro
the TEMPERATURE (thermal motions.)



Black Body

® ONE parameter: TEMPERATURE.

® Pecak wavelength:
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5000 K

Amax = [2.9/T (K)] mm

Classical theory (5000 K)
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® [wo fluxes
to know the
Temperature
and
Distance to
an object.

Spectral radiance (KW - sr-1. m=2. nm™1)

(provided it's a perfect %
black body, which it isnt.) Wavelength (um)



Black Body and X-rays

® Things aren't perfect, but it's a good start.

® [he sun peaks Iin the
visible, 700nm, T=6000K.

Classical theory (5000 K)
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® X-rays, with 4 = 0.1nm
would iImply a blackbody
with T=107K.
OR
something violent
IS going on.

Spectral radiance (KW - sr-1. m=2. nm™1)
BN (w)} (e o]
| I |

N
|

® Scotch Tape is violent, fwiw.

o




Kepler

® Ellipses, sun at one focus.

® Equal Area for Equal Time (faster closer)

® Period Squared goes like
Radius Cubed

T? < a’

® S50 we can get a lot
from measuring orbits.

]

Perihelion

Aphelion

opposite
focus of
a = semi-major ellipse.

axis of ellipse

e = eccentricity
of the ellipse

R, =a(1+e) Rp =a(1-e)



Newton

® Packaged it nicely.
—>
—>
' =ma
— —GMm R
F =

— I
72

Sir Isaac Newton TotallyL ooksLike.com Robert Plant

Aphelion

{

Perihelion

opposite
focus of
a = semi-major ellipse.
axis of ellipse e = eccentricity

of the ellipse

R, =a(1+e) R, =a(1-e)



Newton

® [he important take-away:
For Circular Orbits:

GM
Pe = ——
r

Sir Isaac Newton TotallyLooksLike.com Robert Plant

—GMm

r

(think about falling toward
the Sun.)




sSum Up

® Black Body:
Short Wavelength is

Large lemperature
(Or Violence)

® Kepler:
Stuff orbiting stuff
Using only gravity
[s well understood.
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Classical theory (5000 K)

Wavelength (pm)
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Aphelion

Perihelion

opposite
focus of
a = semi-major ellipse.
axis of ellipse e = eccentricity

of the ellipse

R, =a(1+e) R, =a(1-e)



What it IS r = 2GM/c? = 3km

® Energyis |g| = GMm zzmvz M @

r

® So that gives Us 7. = 2GM/v?
® 50 if v = ¢, we have a problem.
® \Why is ¢ such a problem”? Ask me later.

® 1800s, several people postulated objects too massive for light
to escape.

® Schwarzschild, 1916:

® Again with General Relativity, same result: If you have some
mass, and you are closer than rs, it will take an infinite time to get 1
away. (You get a singularity that looks like this:) 1 —r/r

® [his Is a thing you can write down on paper, but Nature may not
actually ever do that. Nature doesn’t care about your paper.



How do things fail”

® \When the force holding it up
IS smaller than
the force pushing it down.

® Boltzmann: Pressure is particles bouncing
off each other.(1865)

® Pauli: Electrons hate each other. (1925)

® Tolman, Oppenheimer, Volkoff: Neutrons can’t hold up
past a couple solar masses. (1939)

F

® Thom Yorke: Gravity Always
Wins. (1995)



Ihere's a guantum
expectation for BH, too.

® Electrons and Neutrons hate each other, but only so
much.

® Gravity only goes in one direction.



Much argument.

® Many people didn't think a BH could
exist.

® Because really, this seems like a
stupid thing for nature to do.



Radio!

o Karl G. Jansky, (1905-1950) )

* Working at Bell Labs. 1932. "Karl, what's this & (\
radio noise? It's messing up our stuff” -

“Some of it is thunder storms.

But some of it is coming from Outer Space!

Specifically, Sagittarius”

e \Wanted to do more, but
his boss said no.
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19600s

® Sub-orbital sounding rockets:
® X-ray sources!

® |[n Cygnus,
Sagittarius,
Ophiuchus,
several others.

® (needs a rocket, x-rays don't
go very far in air.)




Cygnus X-1

® |s not pictured here.
But its companion is.




Cygnus X-1

® The “first” black hole was Cygnus X1.

® First seen in 1965; measurements in 1974. Kip Thorne is
convinced in 2011,

® HUGE source of
X-rays.

® Binary with O-star
® 15 Msun.

® About 6,000 lyr
from Earth.

® Thorne vs. Hawking 8




Cygnus X-1: useful things

® |n a binary: KEPLER'S LAWS tell us masses.

® Close enough for Parallax Distance with the VLBA.
Accurate fluxes & masses (2011)

o BHZMM@

° Ostar:19M®



Still not convinced it's a BH.

® Something in this pair is producing a lot of X-rays.
® |t's not the O-star, they’re not hot enough.

® \Why would a Black Hole produce X-rays”?
They're, uh, black.



How do you make X-rays?

® (Gas from the atmosphere of the O-star blows off in a wind.
® [hen it accretes onto the BH.
The star's a'tmo'sphere, Wilale

Going.over to CygXi's
house to. play. |

HDE 226868
O star, 19 M,

Angular Momentum Con'ser\)atiOn
makes a disk, - |
which-gets really hot. .




Why does it get hot”?

® (Gravitational Energy

E=—

GMm

r

s Negative.
® Asr gets small, E gets more negative.

® SO to get closer to any gravitating thing, one has to get rid
of energqy.

® For example, the ISS is traveling at 17,150 mph.
Sometimes the astronauts want to land.

® Specifically, Kinetic energy turns into Thermal energy.
Then gets radiated away.



One more time with feeling.

Needs tolose a LOT of

Mcnergy to get onto the BH
.

| That energy goes into
- HEAT all:across the
- 4o 5. spectrum,




Given the mass, we can
understand the spectrum.

® (00 many to go into today, but blackbodies, GMM/r2, and
energy conservation reproduce these spectra very well.

(and some atomic physics)(ok, the details needs GR, but not a lot)
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SO

® So we have 14.8 M, r = 30km

® / = 45km

® S0 any way light can’t get out from the object itself,
whatever it Is.

® |i's either a Black Hole, or something much more difficult
to understand.

® But it certainly isn't something simple.



Cygnus X-1: The Jet.

® Also stuff squirts out the top and bottom of the disk!
Makes a jet that runs into the Inter-Stellar Medium

Relativisztious jet

= [k gshulkima
& esillagkia
anyazfelhthen

Refatiicotivus jet
ggjikirinyd  »

@«4—— Cypras X1 -
% ’ _ ren'gegfoiris 65 a
HDE 226568 M
csillaghattise

g | e—— Relativiszbivys jet
¢llemkezd icinya
. .

(why is there a jet?
Probably magnetic fields)




More Things that are
Obviously Black Holes.
® S5gr A*

® \8/



X-ray Image of Galactic Center

Pre-Flare

ale

=N s

Post-Flare

e Short fares Tn X-ray



Sgr A*

e R. Genzel

e [hese are stars
IN the center
of the MW.

—




Keplers Laws get us really
far.

- : 1994.32
® Distance to the center of the galaxy. | 1995.53
w | e _|1996.43 i
6 S| . 1996.26
4.6 X 10°M
® Mass of Sgr A*. “r. 0
= 1998.36
ol -
s 1999.47
B 2003.45 ,
BEST-FIT KEPLER ORBIT FOR S2 '§ 2003.35
2. 2003.21
ol 2000.47 -
Parameter Value o 2000.52
Semimajor axiS @ ........c..eceeeieinan.. 071203 £ 070027 I 2002.66
Eccentricity € .........ccoovviiiiiniin.... 0.881 £ 0.007 i 2002.57 3
Orbital period P .....covvviviiiinn.... 15.56 = 0.35 yr [ 2001.50
Time of pericenter approach T, ...... 2002.331 = 0.012 yr © i 2002.41 A \9 ]
Inclination i ..............ccovveiiinn.... —48°1 = 193 2002
Angle of line of nodes @ .............. 45°0 + 1%6 X 9 2002.25
Angle of nodes to pericenter w ........ 245%4 + 177 NP TP EPEEP TP TP T
D 070023 + 070012 0.1 0.05 0 -0.05 -0.1
Vo cetiii i i i i st c i _0”0031 + 0”0012 Right Ascension [n]
Ry oo 7.94 + 0.38 kpc

(Eisenhauer + 2003)



Without Adaptive Optics.

® \ery cool techniques were developed to get this
measurement right.

http://www.sciencephoto.com/media/247366/view/s2-star-orbiting-milky-way-black-hole



Andrea Ghez

® More data from the LA group.

S0-53
a

o
20 26

Keck/UCLA Galactic s0-5'®

Center Group




Sgr A*

® [From the stellar orbits, we know

® How massive itis: 4 X 1()6M®

® How close S2 gets: 950 AU
® |t cannot be:
® A star: it wouldn’t survive, we'd see it

® A cluster of (brown dwarfs, small stars) it would fly
apart.

® |t's either a black hole, or something much stranger that
we haven't dreamed up yet. But it isn't something simple.



We (the Sun) aren’t orbiting
Sgr A,

® Sgr A*is really large, but the bulge+disk of the galaxy are
20000x larger.



AlSO, It's not very active.

® Remember those X-Rays from Cyg X-17

® Sgr A* isn’t spitting out photons like that,
because it isn't accreting much.



Outside the Milky Way

® Sgr A* is pretty mellow for a SMBH.

® Also not all that large.



M8 7

Next closest (?) SMBH

EO,

16 Mpc from us

Jet is 2.5kpc :

(8000 lyr) .;
long. R

Near c.

Very straight.

Much energy.

Wow.




M8 7

e | et's measure
velocities
IN the middle.

Use Kepler. | ¢




M7

® Again with Keplerian motion, but this time with a whole
bunch of stars.

Data

Model

Velocity Profiles
® Mgy ~ 3 X 109M@ in the M87 Core

® That. Is. Huge.

5. . 00 05
Position, arcseconds

Ho image

3720 3750



Remember those X-Rays?

® A. Billion. Solar. Masses.

® Active Galactic Nuclei (AGN):
Quasar/QSO
Huge zoo of other things.



Most Distant QSO uias y1120+0641

e (z=7.085)
e t=7060 Myr

« R=8.8 Gpc

1.5
2.075 x10° Mo

e Mortlock+ 2011




How do we weigh that”

® \Vay to far for Kepler.
® Use Eddington: Photon Pressure stops Gravity.

® (Gives a maximum
Luminosity
for a given Mass.

® Given the Luminosity
we have a MINIMUM mass.




Fvery Galaxy Has a SMBH.

® [hese are very useful.

® More if | have time at the end.

® Sloan Digital Sky Survey:
19,986 QS0Os
between 500 and 4000 Mpc/h
0.72<z2<2.24

16 < & 991 "og1 ooz ° 0. =04
a [deg] 0, = 0.7

30 -29 -28 -27 -28 -25 -24 -23
M,[meag]



1The Newest Awesome.

® The first Nobel Prize in Grant writing.

® (Given an inertia and a force that depends on space
(e.g. guitar string; has mass, tension depends on plucking)

® ALSO General Relativity: Curvature = Energy = e

GW = 87ZTW + Agm/

® Space is Really Stiff.




20160

® |t takes some serious violence to make waves IN SPACE-
TIME.




1The Newest Awesome.

® | igo measures the length of these two 4km tubes to within
less than the size of a proton.

® No it doesn't. It does something much more clever.

® |t measures the relative Interference of two Waves of Light:
Beat Frequencies.

® One of these waves is
just a smidge longer:
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Strain (104

Frequency (Hz)
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FIve mergers.

® Some of these are pretty large...

Black Holes of Known Mass

GW150914

n
QL
N
N
1°)
p=
—
L
Q
(T

GW170104 GW170814

V7151012
GW151226

X-Ray Studies

LIGO/VIRGO




Formation!

® Stellar Mass (easy peasy).
® [ntermediate Mass (harder parder).

® Supermassive (impossible pimpossible).



Formation!

+H=
e+Heat
+ The Star Not Collapsing.

® Fventually that runs out.

THERMAL PRESSURE
HEATED BY
FUSION OF PROTONS

SCO/AlA 193 2018-07-20 18:41:17 UT



Formation!

® [or large stars >8Msun,
the central bits collapse,
and the outer bits

maybe blow off?




Formation! g
® [hese detalls are the .
subject of much study.

® Sometimes there’s a
neutron star.

® Sometimes there’s ....
not...

® (Good for Mgn~10 Msun. i

https://www.nasa.gov/mission_page .




®.How did we' det 30 Mstin?" .
 Most stars & inang Stas. - .-

Some stars ‘are in.very.dehse . -
environments. Megrgers? - .

.
.

Solar Masses

Black Holes of Known Mass
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What about these huge things”

e 2x10° Msun
N
t=706 Myr

e [hat sounds like
a lot of time,

but it's a HUGE
amount of mass.

* Accreting at
Eddington
Forever
Still Doesn't Do It.




MBH" Formau@n

® Inthe: garly: umverse gaIaX|es Fell

are‘small B

-w),

\.

'Y Larger ones form through - - ® .

re.ate@lmergers 47 A & iE

LT .".

' ® It seems that SMBH Mgsses s
ﬁre relatéd to Host Prop'ertles 3
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Sum Up.

® Black holes are a giant amount of mass in a very small space.

® [here is very clear evidence for their existence in many places in
the universe.

® Small ones in X-Ray Binaries

® Medium ones from Gravitational Waves (and way more than
expected!)

® Supermassive ones at the center of every galaxy, back to the
beginning of the universe.

® \Where did they come from? Open questions!



Clearly there are black
holes.

L '
10 hght days




The Central Star Cluster

° nOCI”_z

 Implies a “relaxed” system: high frequency of encounters
implies “isothermal,” or equal energy everywhere.

» Except for the central 0.5 pc. From 55 km/s at 5 pc to 180
km/s at 0.15 pc. What”



J_.

Sgr A* stellar mc

* |nfrared Speckle Interferometry

Adaptive Optics: Neptune

without with | /

.D.E. y EE g - Sl
Right Ascension []




| ookback time vs. Redshift

 More on this later, but here’'s the relationship
between age of the photons (lookback time) and
redshift.

14x 109 | |
. ——— @ —————
* Age of the universe = g
'S the distance to "
the red line = N
£ s
f — Hg=70 0 _=03 0 =07
2_." o Hgm70 2 =10 sz:‘-u.o
r ;
Of; 1 2 3 4 é 6 7 3 2 10




SCUTUM

The Galactic

Center
* Av = 28 mag.

« Convenient holes . e

* 10% of SF activity in
500 pc x 60 pcC

. SAGITTARIUS', & s CHERSE

* Most of the 100+ o T T i
Msun stars S 000 e

SCORPIUS



Wide-Field Radio Image of the

The Center and Sgr A S

Sgr D Hil &

SNR 0.9+0.} /. |
MO'GCUlar riﬂg, R:(218) pC, 20 deg to d|S Sgr B2 "’//;’% New SNR 0.3+0.0

E Threads
7 -— New Feature:
The Cane

+ 110 km/s, solid body > el TRTE S

'> Threads

LI -

(Kassim, LaRosa, Lazio, & Hyman 1999)
Ser D SNR

e SQr A east (synchrotron source). SNR.

New thread: The Pelican

viFtictire?

‘ ( Sar C ¢ ‘r.hl':e-'r'f.-'.i?r‘.\
. . Snake
o Sgr A west, spiral HIl region NN 77

Mouse =

e Sgr A* the hole. Lradio = 2€34 erg/s. <3au %

SNR 359.1-00.5

* Relatively quiet relative to other SMBH

~{).§ ]

= .-"'.":'- _f"l‘“
~240 light vears

e No Jets?

Stars, r-1.8

Why are the stars B stars?



