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8 +/- 0.5 kpc

Milky Way Galaxy 
Diameter ~ 20 kpc 

Number of stars ~ 2 x 1011 
(and more planets) 

M ~ 1011 M⨀ 
Rotation period at Sun’s 

location ≈ 250 Myr (too fast!)



Central ~1 pcCentral ~10 pc

Supermassive Black Hole and Young Stars at Galactic Center



Faster than c

M87: Elliptical galaxy with Active 
Galactic Nucleus

All galaxies have black hole 
nuclei



Dark Matter 
Halos

M ~ 20 x Mstars

R ~ Mpc
~80% of matter consists 
neither of protons nor 

neutrons, but some “cold” 
(non-relativistic) particle, 

to be identified

100 GeV neutralino? (1 GeV = 1 
proton) or 1 eV axion?





Gravitational lensing

up to 1000 galaxies
10-1000 Mpc3

1000 km/s



Universe is flat in space and has a finite age (14 Gyr)





Binary Stars: Some 
Interacting



Shifted tidal bulge →	Tidal torque

Earth is not yet synchronous with orbit		
→	tidal torque and continued tidal spin-orbit 

evolution 
Moon has already synchronized





A (Probably) Tidally Locked Extrasolar Planet 

0



 Galilean moons of Jupiter

 Moons have synchronized. 
Jupiter has not.



1. Jupiter’s asynchronous tide 
    repels Io 
2. Io approaches Europa 
3. Europa forces Io onto 
    eccentric orbit 
4. Io’s eccentricity tide stresses Io

Tidal melting of 
Io



Extrasolar planets detected 
by radial velocity 
(> Neptune mass)

Tidal interactions 
(circularization + 

O stars

young stars and 
field G stars

field late-type stars
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planet and star formation

tidal disruption



Comet Shoemaker-Levy 9: Tidally disrupted 
by Jupiter

Planetary rings are inside 
the Roche disruption 

zone. 

Satellites are always 
outside.



The 
Supermassive 
Black Hole at 
the Galactic 

Center







Neutron 
star

LMXB = “Low-Mass X-ray Binary”
Roche lobe



Hawley 2000

Accretion Disk

Turbulence driven by Magneto-Rotational Instability



X-rays dominated by X-ray binaries



IKAROS  
“Interplanetary Kite-craft 

Accelerated by Radiation of the Sun”

14 m

0.0075 mm 
polyimide sheet 
310 kg



“Superstar” Eta Carina: 100-150 M☉ 
lost ~30 M☉ in previous eruptions 

Eruptions driven by radiation pressure



Spin  

Parameter 

a* = cJ / GM
2 

(0 < a* < 1)

a* = 0.77 ± 0.05 

a* = 0.98 - 1.0

a* = 0.65 - 0.75

a* = 0.75 - 0.85

(a* ~ 0.5)

a* ~ 0.25



! Perfect for estimating inner radius of accretion disk " BH spin 

! Just need to estimate LX, TX (and NH) from X-ray continuum 

! Use full relativistic model (Novikov-Thorne 1973; KERRBB, Li et al. 2005)

Blackbody-Like 
Spectral State in 
BH Accretion Disk

LMC X-3: Beppo-SAX 
 (Davis, Done & Blaes 2006)

Up to 10 keV, the only 
component seen is the disk. 
Beyond that, a weak PL tail



John Michell

 Albert Einstein



Sgr A*
= The Supermassive Black Hole at the 

Galactic Center
M ≈ 4 x 106 M⦿

Rg ≈ 0.04 AU
qstar ≈ 0.01 arcsec x 8 kpc ≈ 80 AU



stable and closed stable and not closed
unstable





Measure Radius of the Hole in the disk by estimating the area of the 
bright inner disk using X-ray Data in the Thermal State: LX and TX 

Zhang et al. (1997); Shafee et al. (2006); Davis et al. (2006); 
McClintock et al. (2006); Middleton et al. (2006); Liu et al. (2008)

Measuring spin 
for stellar-mass black holes 



! Perfect for estimating inner radius of accretion disk " BH spin 

! Just need to estimate LX, TX (and NH) from X-ray continuum 

! Use full relativistic model (Novikov-Thorne 1973; KERRBB, Li et al. 2005)

Blackbody-Like 
Spectral State in 
BH Accretion Disk

LMC X-3: Beppo-SAX 
 (Davis, Done & Blaes 2006)

Up to 10 keV, the only 
component seen is the disk. 
Beyond that, a weak PL tail



! For a blackbody, L scales as 
T4  

! BH accretion disks vary a lot 
in their luminosity 

! If a disk is a good blackbody, 
L should vary as T4 

! Looks reasonable

Kubota et al. (2002) 

McClintock et al. (2008)

A Test of the 
Blackbody 
Assumption

H1743-322

Slo
pe 4



Spin  

Parameter 

a* = cJ / GM
2 

(0 < a* < 1)

a* = 0.77 ± 0.05 

a* = 0.98 - 1.0

a* = 0.65 - 0.75

a* = 0.75 - 0.85

(a* ~ 0.5)

a* ~ 0.25



“Event Horizon Telescope” 
 Three radio telescopes 

at λ = 1.3 mm wavelength

“The data presented here 
confirm structure in Sgr A* on 
linear scales of 4RSch, but the 
exact nature of this structure is 
not well determined.”

θ ∼ λ/D

D

Diffraction-limited 
angular resolution

Sgr A* model

M87 galaxy 
in optical

M87 with 
“EHT” 
(model)

retrograde

prograde
data



Observation of Gravitational Waves from a Binary Black Hole Merger

B. P. Abbott et al.*

(LIGO Scientific Collaboration and Virgo Collaboration)
(Received 21 January 2016; published 11 February 2016)

On September 14, 2015 at 09:50:45 UTC the two detectors of the Laser Interferometer Gravitational-Wave
Observatory simultaneously observed a transient gravitational-wave signal. The signal sweeps upwards in
frequency from 35 to 250 Hz with a peak gravitational-wave strain of 1.0 × 10−21. It matches the waveform
predicted by general relativity for the inspiral and merger of a pair of black holes and the ringdown of the
resulting single black hole. The signal was observed with a matched-filter signal-to-noise ratio of 24 and a
false alarm rate estimated to be less than 1 event per 203 000 years, equivalent to a significance greater
than 5.1σ. The source lies at a luminosity distance of 410þ160

−180 Mpc corresponding to a redshift z ¼ 0.09þ0.03
−0.04 .

In the source frame, the initial black hole masses are 36þ5
−4M⊙ and 29þ4

−4M⊙, and the final black hole mass is
62þ4

−4M⊙, with 3.0þ0.5
−0.5M⊙c2 radiated in gravitational waves. All uncertainties define 90% credible intervals.

These observations demonstrate the existence of binary stellar-mass black hole systems. This is the first direct
detection of gravitational waves and the first observation of a binary black hole merger.

DOI: 10.1103/PhysRevLett.116.061102

I. INTRODUCTION

In 1916, the year after the final formulation of the field
equations of general relativity, Albert Einstein predicted
the existence of gravitational waves. He found that
the linearized weak-field equations had wave solutions:
transverse waves of spatial strain that travel at the speed of
light, generated by time variations of the mass quadrupole
moment of the source [1,2]. Einstein understood that
gravitational-wave amplitudes would be remarkably
small; moreover, until the Chapel Hill conference in
1957 there was significant debate about the physical
reality of gravitational waves [3].
Also in 1916, Schwarzschild published a solution for the

field equations [4] that was later understood to describe a
black hole [5,6], and in 1963 Kerr generalized the solution
to rotating black holes [7]. Starting in the 1970s theoretical
work led to the understanding of black hole quasinormal
modes [8–10], and in the 1990s higher-order post-
Newtonian calculations [11] preceded extensive analytical
studies of relativistic two-body dynamics [12,13]. These
advances, together with numerical relativity breakthroughs
in the past decade [14–16], have enabled modeling of
binary black hole mergers and accurate predictions of
their gravitational waveforms. While numerous black hole
candidates have now been identified through electromag-
netic observations [17–19], black hole mergers have not
previously been observed.

The discovery of the binary pulsar systemPSR B1913þ16
by Hulse and Taylor [20] and subsequent observations of
its energy loss by Taylor and Weisberg [21] demonstrated
the existence of gravitational waves. This discovery,
along with emerging astrophysical understanding [22],
led to the recognition that direct observations of the
amplitude and phase of gravitational waves would enable
studies of additional relativistic systems and provide new
tests of general relativity, especially in the dynamic
strong-field regime.
Experiments to detect gravitational waves began with

Weber and his resonant mass detectors in the 1960s [23],
followed by an international network of cryogenic reso-
nant detectors [24]. Interferometric detectors were first
suggested in the early 1960s [25] and the 1970s [26]. A
study of the noise and performance of such detectors [27],
and further concepts to improve them [28], led to
proposals for long-baseline broadband laser interferome-
ters with the potential for significantly increased sensi-
tivity [29–32]. By the early 2000s, a set of initial detectors
was completed, including TAMA 300 in Japan, GEO 600
in Germany, the Laser Interferometer Gravitational-Wave
Observatory (LIGO) in the United States, and Virgo in
Italy. Combinations of these detectors made joint obser-
vations from 2002 through 2011, setting upper limits on a
variety of gravitational-wave sources while evolving into
a global network. In 2015, Advanced LIGO became the
first of a significantly more sensitive network of advanced
detectors to begin observations [33–36].
A century after the fundamental predictions of Einstein

and Schwarzschild, we report the first direct detection of
gravitational waves and the first direct observation of a
binary black hole system merging to form a single black
hole. Our observations provide unique access to the

*Full author list given at the end of the article.
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NGC 4258 galaxy 
Michigan-Dartmouth-MIT 1.3m 

blue box = 8” x 8” 

“core” 
1.5” x 1.5” 

HST

Measuring 
supermassive 

black hole masses 

Method 1: Use Stars

“core” 
1.5” x 1.5” 

HST

“core” 
1.5” x 1.5” 

HST

“core” 
1.5” x 1.5” 

HST

“core” 
1.5” x 1.5” 

HST

“core” 
1.5” x 1.5” 

HST

“core” 
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HST

“core” 
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HST

“core” 
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HST

“core” 
1.5” x 1.5” 

HST

“core” 
1.5” x 1.5” 

HST

“core” 
1.5” x 1.5” 

HST
6” x 6” 
Hubble Space Telescope 
(HST)

3’



(arcsec)

Ca II triplet 
absorption lines from stars

major axis major axis

= single star
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Answer: M = 3.3 x 107 M



Measuring Δλ 
for reverberation mapping

hot inner disk

cool outer disk

Method 2: Use Accretion Disk (Reverberation Mapping)

Δλ

λ



Δtlag ~ 4 days

Method 2: Use Accretion Disk (Reverberation Mapping)

Hα

B band



Quasars: the most luminous objects
in the universe

Quasars = accreting supermassive black holes
in the nuclei of galaxies

~0.1 pc

“central engine”

~10 kpc

“host galaxy”



The Broad Lines

Full spectrum of 3C273

Luminosity of 3C273 
~ 1047 erg/s

Luminosity of host galaxy 
~ 1044 erg/s
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L Edd0.1
L Edd

0.0
1L Edd

NGC 3227

3C 390.3

3C 273

NGC 40
51

Quasar Masses from Reverberation Mapping

(erg/s)
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10 15 20 25 30 35 40 45 50 55
Score

0

1

2

3

4

5

N

Mean: 38.868
Median: 43.0
Std: 12.17

7B MT1 Grade Distribution

A (45+, N=16)

B (40-45, N=7)

C (35 - 40, N=5)

D (30-35, N=2)

F (–30, N=8)

Mean = 72% 
Std dev = 25%



M87 galaxy 
in optical 
(1.5 kpc long)

proper motion µ ~ 25 milliarcsecond/yr 
distance to M87 = d = 16 Mpc 

apparent transverse velocity v = µ d = 6c > c!



Gravitational
Lensing

Resolved “strong” 
lensing



“Microlensing”
= unresolved strong 

lensing
= measure light curve 

only

⊾
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microlensing light curves
are achromatic

Large Magellanic Cloud
(LMC = satellite galaxy of Milky Way)

Galactic Bulge
(of our Milky Way)

Microlensing surveys stare at
dense star fields

(time in days)



tp

tE

D ≈ 5.2+0.2
−2.9 kpc

Planetary Microlensing (Binary lens)

tP ∼ tE

!

M

M∗

M ≈ 1.5
+0.1
−1.2 MJM∗ ≈ 0.36

+0.03
−0.28 M⊙

a ≈ 3.0
+0.1
−1.7 AU



D ≈ 1.5 kpc

from orbital
motion!

M∗ ≈ 0.5M⊙

M1 ≈ 0.71MJ

M2 ≈ 0.27MJ

a1 ≈ 2.3 AU

a2 ≈ 4.6 AU e2 ≈ 0.15
+0.17
−0.10



A Long Time Ago
In a Disk Galaxy

Far Far Away



Stars form in
interstellar clouds
(~1-100 pc in size)



Hot halo gas

Globular
cluster



Stephan’s
Quintet

The Mice





Disk galaxy 
“Late-type galaxy” 

“Blue galaxy” 
“Star-forming galaxy”

Elliptical galaxy 
“Early-type galaxy” 

“Red galaxy” 
“Red and dead”



Galaxy Cluster
Massive Ellipticals Inside
Less Massive Disks Outside



Statistics from microlensing

2.  20 +/- 10% of stars have 5-15 M⊕ at a ~ 1.6-4.3 AU

1.  At fixed M✶,  dN/dM ∝M-1.7

3.  For every star 0.08 M☉ < M✶ < 1 M☉  ,
    there are ~2 free-floating Jupiter-mass objects!



Differential Rotation



M31
“Andromeda”







Rotation Curves of Disk Galaxies

Rubin et al. 1985



microlensing light curves
are achromatic

Large Magellanic Cloud
(LMC = satellite galaxy of Milky Way)

Galactic Bulge
(of our Milky Way)

Microlensing surveys stare at
dense star fields

(time in days)



Dark Matter Candidates

Try to find MACHOs using gravitational microlensing

MACHO = MAssive Compact Halo Object

1I. OGLE = Optical Gravitational Lensing Experiment

III. EROS = Experience de Recherche des Objets Sombres 

IV.  AGAPE = Andromeda Gravitational Amplification Pixel
                    Experiment 

Alternative to WIMP         MACHO

 I. MACHO survey of Large and Small Magellanic Clouds



Dark Matter Candidates

WIMP = Weakly Interacting Massive Particle

WIMPs might also feel the weak nuclear force
e.g., radioactive decay like 14C into 14N= conversion of neutron into proton
e.g., pp chain in Sun = conversion of proton to neutron
range ~ 10-15 cm (incredibly small!)

WIMPs feel gravity

Are WIMPS “hot” or “cold”?

- “hot” = near light speed = “relativistic”
- low mass
- hot dark matter is known to exist
  e.g., neutrino: non-zero mass < 1 eV
- but hot dark matter doesn’t clump to    
  form galaxies

- “cold” (v << c) = “non-relativistic”
- high mass (maybe ~100 GeV)
- many cold dark matter particles
  predicted, none (yet) detected
- nicely clumps to form galaxies
 









One theory



Possible “dark matter self-annihilation signal”



Type Ia light curves

“Standardized candle”

Type Ia supernova as
standard candle

1010 L

~1 M  of
radioactive Ni-56



Type Ia Supernova:  “Double Degenerate” Progenitor

Two white dwarfs merging: C, O fuses to Si fuses to Ni



Redshift ⇒ galaxy is receding from us



Hubble’s Original Data



Hubble law for 
local universe 

(500 Mpc << 4000 Mpc)

v ~ 0.1 c << c 
z = Δλ/λ ~ 0.1 << 1

local universe = “low-redshift universe” = “low-z”







Hubble 
Deep Field 

(10-day 
exposure) 



Hubble 
Deep Field 

(10-day 
exposure) 

Hubble 
eXtreme 

Deep Field 

(23-day 
exposure) 



Last year

10 15 20 25 30 35 40 45 50 55
Score

0

1

2

3

4

5

N Mean: 39.736
Median: 43.25
Std: 9.054

7B MT2 Grade Distribution

A (45+, N=14)

B (40–45, N=10)

C (35–40, N=3)

D (30–35, N=4)

F (<30, N=5)

Last last year

Midterm 2



magnitude-redshift
relation

(a.k.a. generalized
Hubble law)

shows evidence
for

positively
accelerating

universe 
(old models were

typically 
decelerating)



Holmdel
Horn Antenna

(Bell Labs)
7.35 cm wavelength
Penzias & Wilson

1960s



Flat Rotation Curves
of Individual Galaxies

Evidence for
Dark Matter
Ωm = 0.26

Gravitational Lensing + 
Fast Galaxies (1000 km/s) 

in Galaxy Clusters

Hot
Gas

in Galaxy
Haloes

and 
Galaxy 

Clusters





The Horizon 
Problem

Why does everything 
look so uniform?



CMB temperature fluctuations 
= photons redshifted and blueshifted

by dark matter clumps and voids
at time of recombination

Angular size of dark matter clumps ~ 1°
= horizon size at time of recombination

Clumps originate from
quantum fluctuations in the

inflation energy field,
grown to cosmic proportions by inflation

red = 2.726 K   blue = 2.724 K







The
Consensus

Model



Permanent collection of the Adler Museum (Chicago)

"So, after a few of the most productive hours I had ever spent at my desk, I 
had learned something remarkable. Would the supercooled phase transition 
affect the expansion rate of the universe? By 1:00 a.m. I knew the answer: Yes, 
more than I could have ever imagined."



Supercooled water



“World’s Messiest Office”
Boston Globe Winner 2005





Quantum fluctuations in the gravitational field
grow to cosmic proportions during inflation
⇒ Cosmic-scale gravitational waves

Gravitational waves polarize CMB photons

Strength of polarization
directly measures

uinflation

and by extension
Einflation ∝ (uinflation)1/4

Observed polarization is 
consistent with 

Einflation ~ EGUT ~ 1012 TeV
and

tinflation ~ 10-36 s

RETRACTED
Polarization consistent

with scattering by Galactic dust



Big Bang Nucleosynthesis

D =



Ωbaryon,0 = 0.04

Primordial deuterium 
abundance measured

from Ly-α forest

More baryons 
⇒ More fusion reactions
⇒ Less deuterium

D = 2H

4He

2 x 10-5

Ωbaryon,0 = 𝝆baryon,0 / 𝝆critical,0

O
bserved w

avelength (A
ngstrom

s)

3He

7Li


