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BLACK  
HOLES
• Some basic physics 

• Kepler 

• Blackbody 

• Cygnus X-1: “First” Black Hole 

• Sagittarius A*: Nearest SMBH 

• LIGO 

• Formation



Basic Physics 2:
• The most useful thing in the universe for 

astronomy:  
Black Body Radiation.



Blackbody
• If I have a thing (blob of gas or whatever) that: 

• Isn’t getting hotter or colder (equillibrium) 

• Isn’t reflecting anything else’s light 

• Or doing anything else weird, like exploding 

• Then the spectrum of radiation comes only from 
the TEMPERATURE (thermal motions.)



Black Body
• ONE parameter: TEMPERATURE. 

• Peak wavelength:  
 
 
decreases with T. 

• Two fluxes 
to know the  
Temperature 
and  
Distance to  
an object.  
 
(provided it’s a perfect  
black body, which it isn’t.)



Black Body and X-rays
• Things aren’t perfect, but it’s a good start. 

• The sun peaks in the  
visible, 700nm, T=6000K. 

• X-rays, with  
would imply a blackbody 
with T=107K. 
OR 
something violent  
is going on. 

• Scotch Tape is violent, fwiw.

λ = 0.1nm



Kepler
• Ellipses, sun at one focus. 

• Equal Area for Equal Time (faster closer) 

• Period Squared goes like  
Radius Cubed 

• So we can get a lot  
from measuring orbits.

T2 ∝ a3



Newton
• Packaged it nicely.

⃗F = m ⃗a

⃗F =
−GMm

r2
̂r

 r



Newton
• The important take-away:  

For Circular Orbits: 

•  
 
(think about falling toward  
the Sun.)

v2 =
GM

r

E =
−GMm

r
 r



Sum Up
• Black Body: 

Short Wavelength is  
Large Temperature 
(Or Violence) 

• Kepler: 
Stuff orbiting stuff  
Using only gravity 
Is well understood.

 r



What it is
• Energy is 

• So that gives us 

• So if v = c, we have a problem. 

• Why is c 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 
away. (You get a singularity that looks like this:) 

• This is a thing you can write down on paper, but Nature may not 
actually ever do that.  Nature doesn’t care about your paper.

1
1 − rs /r

|E | =
GMm

r
=

1
2

mv2

rescape = 2GM/v2

rs = 2GM/c2 = 3km
M

M ⊙



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) 

• Thom Yorke: Gravity Always  
Wins. (1995)

Gravity Pressure 
Gradients



There’s a quantum 
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!  
• 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” 

• Wanted to do more, but  
his boss said no. 

• Now we know it’s a  
black hole! (more soon)



1960s
• Sub-orbital sounding rockets: 

• X-ray sources! 

• In Cygnus,  
Sagittarius,  
Ophiuchus,  
several others. 

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



Cygnus X-1
• Is 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



Cygnus X-1: useful things
• In a binary: KEPLER’S LAWS tell us masses. 

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

• BH:14  

• Ostar:19

M⊙

M⊙



Still not convinced it’s a BH.

• Something in this pair is producing a lot of X-rays. 

• It’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. 

• Then it accretes onto the BH.

HDE 226868 
O star, 19 M⊙

The star’s atmosphere, wind 
Going over to CygX1’s  
house to play.

Angular Momentum Conservation 
makes a disk, 
which gets really hot.



Why does it get hot?
• Gravitational Energy 
 
 
 
is Negative. 

• As r gets small, E gets more negative.

• So to get closer to any gravitating thing, one has to get rid 
of energy.   

• 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.

E = −
GMm

r



One more time with feeling.

Gas starts here, 
far from the BH. 
Moving the same  
speed as the Ostar.

Needs to lose a LOT of 
energy to get onto the BH

That energy goes into 
HEAT all across the 
spectrum.



Given the mass, we can 
understand the spectrum.
• Too 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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Figure 2. Schematic sketch of the X-ray source (adapted from a sketch provided
by R. Reis). The accretion disk (pink) is truncated at the ISCO, leaving a dark
gap between the disk’s inner edge and the black hole’s event horizon (black).
Shown hovering above the optically thick disk is its tenuous scattering corona
(yellow). As indicated by the arrows, the disk supplies the thermal component
of emission, which is Compton scattered into a power-law component by hot
electrons in the corona. Approximately half of this latter component illuminates
the disk, thereby generating the reflected component.

progress sequentially in the sense that Model R1 is the most
primitive and Model R4 is the most advanced. This sequence
builds toward our adopted model. We have chosen to present
our results for these preliminary relativistic models, in addition
to those for our adopted model, because doing so demonstrates
that our modeling of the critical thermal component, and the
extreme spin it delivers for Cygnus X-1, are insensitive to the
details of the analysis.

3.2. Our Adopted Model

The model we employ is a culmination of Models R1–R4 in
the sense that it is the most advanced and physically realistic
model. The schematic sketch of the X-ray source in Figure 2
illustrates the various model components and their interplay.

The structure of our adopted model, naming all the components
that comprise it, is expressed as follows:

CRABCOR ∗ CONST ∗ TBABS[SIMPLR ⊗ KERRBB2
+KERRDISK + KERRCONV ⊗ (IREFLECT ⊗ SIMPLC)].

As described in detail below, simplr generates the power-
law component using the seed photons supplied by the single
thermal component kerrbb2, while the reflection component
is likewise generated in turn by ireflect acting solely on
the power-law component (i.e., ireflect does not act on
the thermal component). Furthermore, the model fits for a single
value of a∗, which appears as the key fit parameter in three model
components: kerrbb2, kerrdisk, and kerrconv.

We now discuss in turn the model’s three principal compo-
nents—thermal, power law, and reflected—and their interrela-
tionships.

Thermal component. the centerpiece of our adopted model is
our accretion-disk model kerrbb2, which includes all relativis-
tic effects, self-irradiation of the disk (“returning radiation”),
and limb darkening (Li et al. 2005). The effects of spectral hard-
ening are incorporated into the basic model kerrbb via a pair of
look-up tables for the hardening factor f corresponding to two
representative values of the viscosity parameter: α = 0.01 and
0.1 (McClintock et al. 2006). Motivated by observational data
obtained for dwarf novae (Smak 1998, 1999) and soft X-ray
transients (Dubus et al. 2001), and the results of global gen-
eral relativistic magnetohydrodynamic (GRMHD) simulations
(Penna et al. 2010), throughout this work we adopt α = 0.1 as
our fiducial value; meanwhile, in Section 5.4 we examine the
effects on our results of using α = 0.01 in place of α = 0.1.
The entries in the look-up tables for f were computed using both
kerrbb and a second relativistic disk model bhspec (Davis et al.
2005; Davis & Hubeny 2006). We refer to the model kerrbb
plus this table, and the subroutine that reads it, as kerrbb2
(McClintock et al. 2006). As noted above, the model kerrbb2
has just two fit parameters, namely, the black hole spin param-
eter a∗ and the mass accretion rate Ṁ (or equivalently, a∗ and the
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Figure 3. Top: the upper envelope in each of these spectra shows the data (RXTE in blue, and ASCA or Chandra in black) and the best-fit total relativistic model for the
case of our adopted model. Each total model spectrum is shown decomposed into thermal and power-law components, and a reflection component, which is comprised
of a continuum component plus the F Kα line feature. (The color assignments correspond to those used in Figure 2.) The low-energy X-ray absorption component is
evident at energies !1 keV. Note in all three spectra the dominance at low energies of the key thermal component. Bottom: ratio of the data to the model showing
deviations between the two.
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(Gou et al 2011, “Extreme Spin of the Black Hole in Cyg X-1”)

rinner < 30km
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by R. Reis). The accretion disk (pink) is truncated at the ISCO, leaving a dark
gap between the disk’s inner edge and the black hole’s event horizon (black).
Shown hovering above the optically thick disk is its tenuous scattering corona
(yellow). As indicated by the arrows, the disk supplies the thermal component
of emission, which is Compton scattered into a power-law component by hot
electrons in the corona. Approximately half of this latter component illuminates
the disk, thereby generating the reflected component.
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to those for our adopted model, because doing so demonstrates
that our modeling of the critical thermal component, and the
extreme spin it delivers for Cygnus X-1, are insensitive to the
details of the analysis.

3.2. Our Adopted Model

The model we employ is a culmination of Models R1–R4 in
the sense that it is the most advanced and physically realistic
model. The schematic sketch of the X-ray source in Figure 2
illustrates the various model components and their interplay.

The structure of our adopted model, naming all the components
that comprise it, is expressed as follows:
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+KERRDISK + KERRCONV ⊗ (IREFLECT ⊗ SIMPLC)].
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thermal component kerrbb2, while the reflection component
is likewise generated in turn by ireflect acting solely on
the power-law component (i.e., ireflect does not act on
the thermal component). Furthermore, the model fits for a single
value of a∗, which appears as the key fit parameter in three model
components: kerrbb2, kerrdisk, and kerrconv.

We now discuss in turn the model’s three principal compo-
nents—thermal, power law, and reflected—and their interrela-
tionships.

Thermal component. the centerpiece of our adopted model is
our accretion-disk model kerrbb2, which includes all relativis-
tic effects, self-irradiation of the disk (“returning radiation”),
and limb darkening (Li et al. 2005). The effects of spectral hard-
ening are incorporated into the basic model kerrbb via a pair of
look-up tables for the hardening factor f corresponding to two
representative values of the viscosity parameter: α = 0.01 and
0.1 (McClintock et al. 2006). Motivated by observational data
obtained for dwarf novae (Smak 1998, 1999) and soft X-ray
transients (Dubus et al. 2001), and the results of global gen-
eral relativistic magnetohydrodynamic (GRMHD) simulations
(Penna et al. 2010), throughout this work we adopt α = 0.1 as
our fiducial value; meanwhile, in Section 5.4 we examine the
effects on our results of using α = 0.01 in place of α = 0.1.
The entries in the look-up tables for f were computed using both
kerrbb and a second relativistic disk model bhspec (Davis et al.
2005; Davis & Hubeny 2006). We refer to the model kerrbb
plus this table, and the subroutine that reads it, as kerrbb2
(McClintock et al. 2006). As noted above, the model kerrbb2
has just two fit parameters, namely, the black hole spin param-
eter a∗ and the mass accretion rate Ṁ (or equivalently, a∗ and the
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So?
• So we have 14.8  

•   

• So any way light can’t get out from the object itself, 
whatever it is.   

• It’s either a Black Hole, or something much more difficult 
to understand. 

• But it certainly isn’t something simple.

M⊙

rs = 45km
r = 30km



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

(why is there a jet? 
Probably magnetic fields)



More Things that are 
Obviously Black Holes.
• Sgr A* 

• M87



Sgr A*

• Galactic Center. 
Very bright in 
X-ray, 
Radio. 

• Short flares in X-ray



Sgr A*
• R. Genzel 

• These are stars 
in the center 
of the MW.



Kepler’s Laws get us really 
far.
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Fig. 1.—Position measurements of S2 in the infrared astrometric frame.
Crosses (denoting 1 j error bars) with dates mark the different position mea-
surements of S2, taken with the MPE speckle camera SHARP on the NTT
(between 1992 and 2001) and with NACO on the VLT (in 2002 and 2003). The
continuous curve shows the best-fit Kepler orbit from Table 1, whose focus is
marked as a small error circle. The focus of the ellipse is within a few milli-
arcseconds at the position of the compact radio source, which is marked by a
large circled cross. The size of the cross denotes the !10 mas positional un-
certainty of the infrared relative to the radio astrometric reference frame. [See
the electronic edition of the Journal for a color version of this figure.]

Fig. 2.—H i Brg absorption spectra of S2, obtained on 2003 April 8/9 with
the SPIFFI (upper two panels), on May 8/9 (lower left panel), and on June
11/12 (lower right panel) with NACO at the VLT. The SPIFFI spectrum is
sky-subtracted and in a aperture; the NACO spectrum is slit-nodded0!.1# 0!.2
and in a aperture. These differences account for the fact that the0!.086# 0!.1
minispiral emission features between !400 and "400 km s!1 LSR are visible
in the SPIFFI data but not in the NACO spectrum. Likewise, dilution of the
S2 flux by other nearby sources in the larger SPIFFI beam plausibly accounts
for the shallower absorption relative to NACO. [See the electronic edition of
the Journal for a color version of this figure.]

bright supergiant IRS 7, located ∼5!.6 north of S2/Sgr A*. In
all runs, the seeing was ≤0!.5, resulting in Strehl ratios between
0.3 and 0.5 in the H band and up to 0.7 in the K band. After
producing final maps with the shift-and-add technique, we de-
convolved the images with a linear Wiener filter and a Lucy-
Richardson algorithm. The point-spread function was measured
from typically 10 stars within the field of view. We extracted
stellar positions from the deconvolved images with the program
STARFINDER (Diolaiti et al. 2000). We also applied this tech-
nique to all 2002 NACO Galactic center imaging data described
by Schödel et al. (2003), thereby slightly improving their re-
sults. All positions prior to 2002 are from the observations with
the SHARP (System for High Angular Resolution Pictures)
instrument on the New Technology Telescope (NTT), as re-
ported by Schödel et al. (2003). The coordinates from all epochs
have been transformed to a common astrometric reference
frame via nine (SHARP) and 20 (NACO) stars with well-known
positions and proper motions. The positions of these stars have
been measured for every epoch relative to typically 50–200
stars of the stellar cluster surrounding the central black hole
(T. Ott et al. 2003, in preparation). The average error in the
velocity components of our nine astrometric reference stars is
approximately 26 km s!1 (T. Ott et al. 2003, in preparation).
The uncertainty in the relative motion of our reference frame
with respect to the stellar cluster is given by the error in the
average velocity of those nine stars and is 11.7 km s!1. Our

positional errors are a combination of fit errors and errors in
placing S2 in a common infrared astrometric frame, resulting
in overall errors for NACO of 1–3 mas (1 j) in 2003 and 3–
7 mas in 2002, and 6–10 mas for the 1992–2001 SHARP
measurements. In addition, there is a !10 mas absolute un-
certainty between the infrared and radio astrometric frames
(Reid et al. 2003b). Figure 1 is a plot of the positions of S2
between 1992 and 2003.

2.2. SPIFFI Integral Field Spectroscopy
On 2003 April 8/9 (2003.27), we observed the Galactic cen-

ter with the newMPE integral field spectrometer SPIFFI (SPec-
trometer for Infrared Faint Field Imaging; Thatte et al. 1998;
Eisenhauer et al. 2000) at the VLT. Briefly, SPIFFI uses a
reflective image slicer and a grating spectrometer to simulta-
neously obtain spectra for a contiguous pixel, two-32# 32
dimensional field on the sky. In very good seeing conditions,
we observed with a pixel scale of 0!.1, resulting in a 2 mm
FWHM of 0!.25–0!.3. The spectral resolution was 85 km s!1,
sampled at 34 km s!1. We dithered about two dozen exposures
of 1 minute integration time each to construct a mosaicked data
cube of the central ∼8!. We used the new SPIFFI analysis
pipeline for data reduction. The accuracy of the wavelength
calibration is!7 km s!1. The effective integration time toward
the central part of the mosaic near Sgr A* was about 15minutes.
The sky spectrum was extracted from a dark region 590! west
and 423! north of the Galactic center. We used the flat-spectrum
star IRS 16CC to correct for atmospheric absorption. We then
extracted the spectrum toward S2 from a aperture.0!.1# 0!.2
The SPIFFI spectrum is shown in the upper two panels of
Figure 2. The strong emission line close to zero velocity is the
extended nebular Brg emission from the Sgr AWest minispiral.
The Brg absorption line of S2 is at v p !1558! 20LSR
km s!1, far off the nebular contamination. A significant error
in the velocity measurement from flux dilution by other high-

(Eisenhauer + 2003)

No. 2, 2003 DETERMINATION OF DISTANCE TO GALACTIC CENTER L123

TABLE 1
Best-Fit Kepler Orbit for S2

Parameter Value

Semimajor axis a . . . . . . . . . . . . . . . . . . . . . . . 0!.1203! 0!.0027
Eccentricity e . . . . . . . . . . . . . . . . . . . . . . . . . . . 0.881! 0.007
Orbital period P . . . . . . . . . . . . . . . . . . . . . . . . yr15.56! 0.35
Time of pericenter approach Tperi . . . . . . yr2002.331! 0.012
Inclination i . . . . . . . . . . . . . . . . . . . . . . . . . . . . !48".1! 1".3
Angle of line of nodes Q . . . . . . . . . . . . . . 45".0! 1".6
Angle of nodes to pericenter q . . . . . . . . 245".4! 1".7
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .x0 0!.0023! 0!.0012
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .y0 !0!.0031! 0!.0012
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .R0 kpc7.94! 0.38

Notes.—The uncertainties in the fit parameters include a uni-
form error scaling to produce a of 1. The unscaled errors are2xred
larger by a factor of 1.35. All coordinates are given for our
infrared astrometric reference frame described in § 2.1, which is
tied to the Sgr A* radio source with an accuracy of !10 mas.
The errors do not include a small possible drift (!12 km s!1) of
our reference frame relative to Sgr A*. The uncertainty in the
distance estimate, including this systematical error, is!0.42 kpc.

Fig. 3.—Line-of-sight velocity as a function of time for the best-fit model
of Table 1 (continuous curve), along with the 1 j uncertainties (dotted curves).
The filled circles (with 1 j error bars) denote the Keck and VLT line-of-sight
velocities of S2 in 2002 and 2003. [See the electronic edition of the Journal
for a color version of this figure.]

velocity stars close to S2 can be excluded: The brightest star
within the seeing disk around S2 is S14, which is approximately
a factor of 4 fainter than S2. The next star with comparable
brightness to S2 is S4, which is located at a distance of 0!.24.
Both stars thus cannot contribute significantly to the observed
depth of approximately 8% of the Brg absorption.

2.3. NACO Long-Slit Spectroscopy

We took K-band spectroscopy of S2 with NACO at the VLT
on 2003 May 8/9 (2003.35) and June 11/12 (2003.45). As for
the imaging, the optical seeing was ∼0!.4–0!.5, and we used the
infrared wave-front sensor on IRS 7. We chose the 86 mas slit,
resulting in 210 km s!1 resolution sampled at 69 km s!1 pixel!1.
The spatial pixel scale was 27 mas, and we placed the slit at
a position angle of 78" through S2. We integrated for about
5 minutes per readout and nodded the slit by !5!. We accu-
mulated 30 minutes of on-source integration. The wavelength
calibration is accurate to !10 km s!1. We corrected for atmo-
spheric absorption by dividing the Galactic center spectra by
an early-type star observed at the same air mass. The inferred
LSR velocity of the Brg absorption of S2 was !1512! 35
km s!1 on 2003 May 8/9 and ! km s!1 on 20031428! 45
June 11/12. The nodded NACO spectra in a ap-0!.086# 0!.1
erture are shown in the lower panels of Figure 2.

3. RESULTS

3.1. Geometric Distance Estimate to the Star S2

For the analysis of our measurements, we fitted the positional
and line-of-sight velocity data to a Kepler orbit, including the
Galactic center distance as an additional fit parameter. In prin-
ciple, the dynamical problem of two masses orbiting each other
requires the determination of 14 parameters: six phase-space
coordinates for each mass plus the values of the two masses
(see Salim & Gould 1999). At the present level of accuracy,
four parameters can be safely neglected: the mass of the star
(since ) and the three velocity compo-!6m /M ∼ 5# 10∗S2 Sgr A
nents of Sgr A*. Radio interferometry of Sgr A* with respect
to background quasars has established that after subtraction of
the motions of Earth and Sun around the Galactic center, the
proper motion of Sgr A* is ≤20 km s!1 in the plane of the
Galaxy and ≤ km s!1 toward the Galactic pole (Backer &
Sramek 1999; Reid et al. 1999, 2003a). This implies v ∼∗Sgr A

. Likewise, the uncertainty in the local standard of rest!210 vS2
velocity (≤10 km s!1) can also be neglected at the present level
of analysis (see Salim & Gould 1999). As outlined in § 2.1,
our astrometric reference frame is tied to the stellar cluster
surrounding the central black hole. We further assume that the
stellar cluster is gravitationally bound to the black hole and
that the velocity of the central object, which dominates by far
the gravitational potential, is close to zero in this reference
frame. Our measurement constraints consist of the 19 (#2) S2
positions and five line-of-sight velocities: two from Ghez et al.
(2003a), one from SPIFFI, and two from NACO. This leaves
us to fit 10 parameters with 43 data points, resulting in an
overconstrained problem with 33 degrees of freedom. The er-
rors of the orbital parameters are based on an analysis of the
covariance matrix. Table 1 is a list of the fitted parameters of
the S2 orbit and the distance to the Galactic center. The 2xred
of our orbital fit is 0.55, indicating that we have systematically
overestimated our measurement errors. We have thus scaled
our errors uniformly to produce a of 1. The uncertainties2xred
in the fit parameters in Table 1 include the error scaling. The
unscaled errors are larger by a factor of 1.35. The best distance
estimate for the Galactic center is kpc. The7.94! 0.38
uncertainty in the distance estimate without error scaling is
!0.52 kpc. The error does not include the systematics from the
motion of our reference frame relative to Sgr A* of !11.7
km s!1. If we allow such an additional motion in the orbital fit,
the distance to the Galactic center would change systematically
by !0.16 kpc. Adding quadratically the errors from the orbital
fitting and the relative motion of our reference frame results in
a combined error of !0.42 kpc. Figures 1 and 3 show the best-
fit orbital and line-of-sight velocity curves derived from the fit
parameters in Table 1, superposed on our data. The accuracy of
the orbital parameters in Table 1 is 3–6 times better than those
in Schödel et al. (2002), 1.3–2 times better than those in Ghez
et al. (2003a), and comparable with those in Ghez et al. (2003b).
The latter two references also consider the uncertainties in the
reference frame velocity, which has been omitted in our orbital
fitting. The central mass is calculated from the semimajorM0
axis a, the distance , and the period P, using Kepler’s thirdR0

• Distance to the center of the galaxy. 

• Mass of Sgr A*. 4.6 × 106M⊙



Without Adaptive Optics.
• Very 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.



Sgr A*
• From the stellar orbits, we know  

• How massive it is:  

• How close S2 gets: 950 AU 

• It cannot be: 

• A star: it wouldn’t survive, we’d see it 

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

• It’s either a black hole, or something much stranger that 
we haven’t dreamed up yet.  But it isn’t something simple.

4 × 106M⊙



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-1? 

• 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.



M87
• Next closest (?) SMBH 

• E0,  
16 Mpc from us 

• Jet is 2.5kpc 
(8000 lyr) 
long. 

• Near c. 

• Very straight. 

• Much energy. 

• Wow.



M87
• Let’s measure 

velocities  
in the middle. 
 
Use Kepler.



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

• MBH 

• That. Is. Huge.

M87
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3. The World of Galaxies

Fig. 3.25. Rotational velocity (bottom) and velocity disper-
sion (top), as functions of the distance from the center along
the major axis of the galaxy NGC 3115. Colors of the sym-
bols mark observations with different instruments. Results
from CFHT data which have an angular resolution of 0′′. 44 are
shown in blue. The SIS instrument at the CFHT uses active
optics to achieve roughly twice this angular resolution; corre-
sponding results are plotted in green. Finally, the red symbols
show the result from HST observations using the Faint Object
Spectrograph (FOS). As expected, with improved angular res-
olution an increase in the velocity dispersion is seen towards
the center. Even more dramatic is the impact of resolution on
measurements of the rotational velocity. Due to projection ef-
fects, the measured central velocity dispersion is smaller than
the real one; this effect can be corrected for. After correc-
tion, a central value of σ ∼ 600 km/s is found. This value is
much higher than the escape velocity from the central star
cluster if it were to consist solely of stars – it would dissolve
within ∼ 2 ×104 years. Therefore, an additional compact
mass component of M• ∼ 109 M⊙ must exist

Fig. 3.26. M87 has long been one of the
most promising candidates for harboring an
SMBH in its center. In this figure, the po-
sition of the slit is shown superimposed on
an Hα image of the galaxy (lower left) to-
gether with the spectrum of the [OII] line
along this slit (bottom, center), and six spec-
tra corresponding to six different positions
along the slit, separated by 0′′. 14 each (lower
right). In the upper right panel the rotation
curve extracted from the data using a kine-
matical model is displayed. These results
show that a central mass concentration with
∼ 3×109 M⊙ must be present, confined
to a region less than 3 pc across – indeed
leaving basically no alternative but a SMBH
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Fig. 3.26. M87 has long been one of the
most promising candidates for harboring an
SMBH in its center. In this figure, the po-
sition of the slit is shown superimposed on
an Hα image of the galaxy (lower left) to-
gether with the spectrum of the [OII] line
along this slit (bottom, center), and six spec-
tra corresponding to six different positions
along the slit, separated by 0′′. 14 each (lower
right). In the upper right panel the rotation
curve extracted from the data using a kine-
matical model is displayed. These results
show that a central mass concentration with
∼ 3×109 M⊙ must be present, confined
to a region less than 3 pc across – indeed
leaving basically no alternative but a SMBH



Remember those X-Rays?
• A. Billion. Solar. Masses. 

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



Most Distant QSO ULAS J1120+0641

• (z=7.085) 

• t=766 Myr 

• R=8.8 Gpc 

• Mortlock+ 2011
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ABSTRACT

Aims. We aim at probing the emission mechanism of the accreting super massive black holes in the high redshift Universe.
Methods. We study the X-ray spectrum of ULAS1120+0641, the highest redshift quasar detected so far at z=7.085, which has been
deeply observed (340 ks) by XMM-Newton.
Results. Despite the long integration time the spectral analysis is limited by the poor statistics, with only 150 source counts being
detected. We measured the spectrum in the 2-80 keV rest-frame (0.3-10 keV observed) energy band. Assuming a simple power law
model we find a photon index of 2.0±0.3 and a luminosity of 6.7±0.3 1044 erg s−1 in the 2-10 keV band, while the intrinsic absorbing
column can be only loosely constrained (NH <1023 cm−2). Combining our measure with published data, we calculate that the X-ray-
to-optical spectral index αOX is1.8±0.1, in agreement with the αOX-UV luminosity correlation valid for lower redshift quasars.
Conclusions. We expanded to high energies the coverage of the spectral energy distribution of ULAS1120+0641. This is the second
time that a z >6 quasar has been investigated through a deep X-ray observation. In agreement with previous studies of z∼6 AGN
samples, we do not find any hint of evolution in the broadband energy distribution. Indeed from our dataset ULAS 1120+0641 is
indistinguishable from the population of optically bright quasar at lower redshift.

1. Introduction
High redshift AGNs are important probes of the Universe at the
end of the Dark Ages, before or around the time when the first
stars formed. Characterising their multi-wavelength properties
allows us to investigate the formation and early evolution of the
super massive black holes (SMBHs) and their interaction with
the host galaxies.

In the last decade wide area optical-IR photometric surveys
succeeded in finding a statistically significant number (∼50)
of AGNs at redshift 5.7<z <6.4 (Fan et al. 2006; Jiang et al.
2009; Willott et al. 2010b). Complementing these data with
IR spectroscopy for a subsample of 10 quasars, Willott et al.
(2010a) derived the mass function at z>6, which can be
used to constrain models of SMBH evolution (Di Matteo et al.
2008; Marconi et al. 2008; Shankar et al. 2009; Volonteri 2010).
Recently, Venemans et al. (2013) discovered three z>6.5 quasars
in the optical/IR VIKING 332 deg2 survey, setting a lower limit
of 1.1 Gpc−3 on the density of SMBH with mass larger than 109

M⊙ at 6.5<z<7.5 .
Few of these high redshift sources have been studied through

their X-ray emission. Three have been observed for 10-30
ks by Chandra with 5-20 photons collected for each one
(Shemmer et al. 2006). For the only SDSS J1030+0524 at z=6.3
a deep (100 ks) XMM-Newton observation has been carried
out and a spectroscopic study has been reported (Farrah et al.
2004). The statistical X-ray properties of 5<z<6 AGNs have
been studied so far only by stacking samples of several sources
(Vignali et al. 2005; Shemmer et al. 2006). Overall these stud-
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Fig. 1. The 4′′ kernel smoothed XMM-Newton MOS image of
ULAS1120+641 region of the sky in the (observed) 0.5-2.0 keV
band. The white and magenta circles show the source and back-
ground extraction regions of 10′′and 32′′radius, respectively.

ies indicated that the quasar broadband energy distribution has
not significantly evolved over cosmic time, at least out to z=6.
Indeed, the mean X-ray spectral slope at z >5 is indistinguish-
able from the local population, while the ratio between UV and
X-ray is consistent with the values observed at lower redshift.

2 Moretti et al.: Observation of ..

Orbit date nom. exp. eff. exp (MOS,PN)
2281 May 23 2012 111.0 75.98, 69.69
2294 Jun 18 2012 122.9 101.5, 86.95
2295 Jun 20 2012 97.67 83.27, 64.61
Table 1. XMM-Newton observation log. In the third column we
report the nominal exposure times in ks, while in the last column
we report the effective exposures (after data cleaning) used in
the spectral analysis for both instruments. Effective exposures
are identical for MOS1 and MOS2.

In this paper we discuss the deep XMM-Newton obser-
vation of ULAS J1120+0641, the highest redshift quasar de-
tected so far (z=7.085). It has been discovered in the UK
Infrared Deep Sky Survey (UKIDSS) and deeply studied by
means of deep VLT and Gemini North spectroscopic obser-
vations (Mortlock et al. 2011). Starting from an absolute mag-
nitude of M1450,AB=−26.6±0.1 and using a correction of 4.4,
Mortlock et al. (2011) estimated a bolometric luminosity of
2.4×1047erg s−1, while the mass of the accreting black hole has
been measured to be 2.0+1.5

−0.7 ×10
9 M⊙ (Mortlock et al. 2011).

This implies an Eddington ratio of 1.2+0.6
−0.5 (Mortlock et al. 2011).

Very recently De Rosa et al. (2013) refined the estimate of the
black hole mass and of the bolometric luminosity by means of
a new VLT/X-Shooter deep observation. They measured a mass
of 2.4+0.2

−0.2×10
9 M⊙ and an Eddington ratio of 0.5.

ULAS J1120+0641 has been also observed in the 1-2 GHz
band by Momjian et al. (2014) who set an upper limit on the
ratio of the observed radio to the optical flux densities of R<0.5-
4.3 (depending on the assumed radio spectral index alpha).
Therefore, irrespective of the assumed spectral index, the source
J1120+0641 at z = 7.085 is a radio quiet quasar.

The very fact that a 2×109 M⊙ black hole exists 750 million
years after the Big Bang strongly constrains the mass of the seed
from which it developed, which cannot be lower than 5×105 M⊙
, unless it grew by means of thousands of merging events with
massive star remnants (Willott 2011). Exploiting the detection
of the [CII] emission line from the host galaxy, Venemans et al.
(2012) were able to estimate the star formation rate (160-440
⊙ yr−1), the dust mass (0.7-6×108Msun) and an upper limit on
the dynamical mass of (3.6×1010(sin i)−2 M⊙). While the spec-
trum red-ward of the Lyα is almost indistinguishable from lower
redshift quasar, the blue-ward part brings to an estimate of the
neutral fraction of the IGM of >0.1, which is 15 times higher
than z ∼ 6 (Mortlock et al. 2011; Bolton et al. 2011).

While writing this paper, another work presenting the anal-
ysis of the same dataset, has been posted on arXiv (Page et al.
2013). We will discuss the differences between their analysis and
ours throughout the paper.

Throughout this paper we assume H0=70 km s−1 and
Ωλ=0.73 and Ωm=0.27.

2. Data
XMM-Newton observed ULAS1120+0641 in three different or-
bits in the period from May 24th to June 21st 2012 for a total of
340 ks (Tab. 1 ). The data are publicly available from the XMM
science archive1 . EPIC data have been processed and cleaned
using the Science Analysis Software (SAS ver 13.0.1) and an-
alyzed using standard software packages (FTOOLS ver. 6.13).
The data were filtered for high background time intervals; for

1 http://xmm.esac.esa.int/xsa; PI: M. Page

Fig. 2.Black and red points and lines show theMOS and PN data
and models, with the relative 1σ errors. We detect significant
emission up to ∼ 3 keV. For the clarity of the plot, data are binned
in order to have a 2σ significance in each bin. Arrows show the
2 σ upper limits. In the lower inset the ∆χ2 is shown for different
values of photon index. In the upper inset the ∆χ2 contour plot is
shown as a function of the photon index and the NH at the 68%
and 90% confidence level (for 2 parameters of interest).

each observation and EPIC camera, we extracted the 10-12 keV
light curves and filtered out the time intervals where the light
curve was 2σ above the mean. For the scientific analysis we con-
sidered only events corresponding to patterns 0-12 and pattern
0-4 for the EPIC-MOS1/MOS2 and EPIC-pn, respectively. We
ended up with 260.75 and 221.25 useful ks for the MOS and the
PN, respectively (Tab. 1).

We restricted our spectral analysis to a circular region cen-
tred on the optical position of the source (RA: 11:20:01.48
DEC:06:41:24.3) with a radius of 10′′, corresponding to 55%
of the encircled energy fraction at 1.5 keV 2. The background
was extracted from an adjacent circular region, ∼10 times larger
(Fig.1). In the source region and in the 0.3-2.0 (0.3-10) keV ob-
served energy band, the source is 45% and 30% (28% and 10%)
of the total (source+background) signal, for the MOS and the
PN respectively, while using a wider extraction region would re-
sult in an unacceptable signal/background ratio.We extracted the
data from the same regions for both the MOS detectors and for
the PN, summing together the six MOS and the three PN spectra
respectively (together with the calibration matrices). In total the
estimated source counts registered by the MOS and PN in the
0.3-10 keV band are ∼ 86 and 71, 95% of which are below 3.0
and 2.0 keV respectively, (Fig.2).

Using Xspec version 12.7.1 (Arnaud 1996), we modelled the
MOS and PN spectra with a simple absorbed power law, the
absorption factor being frozen to the Galactic value (5.1×1020
cm−2) as measured by the HI Galaxy map (Kalberla et al. 2005).
Spectra were grouped ensuring a minimum of one count for each
bin and the best fit was calculated using the C-statistics. We
found that the best photon index is 1.98+0.26

−0.26 (errors are quoted
at 68% confidence level) and the flux in the 0.5-2.0 keV band is
9.3+1.3
−1.2 ×10

−16erg s−1 cm −2 (Tab.2).

2 http://xmm.esac.esa.int/external/xmm user support/documentation



How do we weigh that?
• Way 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.

Gravity Photonse-



Every Galaxy Has a SMBH.
• These are very useful. 

• More if I have time at the end. 

• Sloan Digital Sky Survey: 
19,986 QSOs 
between 500 and 4000 Mpc/h  
0.72<z<2.24



The 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  

• Space is Really Stiff.

Gμν = 8πTμν + Λgμν

(plus a thing everyone hates)



2016
• It takes some serious violence to make waves IN SPACE-

TIME.



The Newest Awesome.
• Ligo 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. 

• It measures the relative Interference of two Waves of Light: 
Beat Frequencies. 

• One of these waves is  
just a smidge longer:

Wewriteωsforωslowandωfforωfast,sinceωf>ωs.Thuswehavefoundtwosolutionseachof
whichoscillatewithfixedfrequency.Thesearethenormalmodesforthissystem.Ageneral
solutionisalinearcombinationofthesetwosolutions.Explicitly,wehave:

x1=
1
2

[(x1+x2)+(x1−x2)]=
1
2

[Ascos(ωst+φs)+Afcos(ωft+φf)](9)

x2=
1
2

[(x1+x2)−(x1−x2)]=
1
2

[Ascos(ωst+φs)−Afcos(ωft+φf)](10)

IfwecanexcitethemassessothatAf=0thenthemasseswillbothoscillateatthefre-
quencyωs.Inpractice,wecandothisbypullingthemassestotherightbythesameamount,
sothatx1(0)=x2(0)whichimpliesAf=0.Thesolutionisthenx1=x2andbothoscillateatthe
frequencyAsforalltime.Thisisthesymmetricoscillationmode.Sincex1=x2atalltimes,
bothmassesmoverighttogether,thenmovelefttogether.

IfweexcitethemassesinsuchawaythatAs=0thenx1=−x2andbothoscillateatfre-
quencyωf.Wecansetthisupbypullingthemassesinoppositedirections.Inthismode,when
onemassisrightofequilibrium,theotherisleft,andviceversa.Sothisisanantisymmetric
mode.

2Beats

YoushouldtryplayingwiththecoupledoscillatorsolutionsintheMathematicanotebookoscil-
lators.nb.Tryvaryingκandktoseehowthesolutionchanges.Forexample,saym=1,κ=2
andk=4.Thenωs=2andωf=22

√
,Herearethesolutions:

Behaviorstartingfromx1=1,x0=0Normalmodebehavior

Figure1.Leftshowsthemotionofmassesm=1,κ=2andk=4startingwithx1=1andx2=0.Right
showsthenormalmodes,withx1=x2=1(top)andx1=1,x2=−1(bottom).

Ifyoulookcloselyattheleftplot,youcanmakeouttwodistinctfrequencies:thenormal
modefrequencies,asshownontheright.

Nowtakeκ=0.5andk=4.Thenωs=2andωf=2.2.Inthiscase

Behaviorstartingfromx1=1,x0=0Normalmodebehavior

Figure2.Motionofmassesandnormalmodesfork=0.5andκ=4

2Section2





Five mergers.
• Some of these are pretty large…



Formation!
• Stellar Mass (easy peasy).  

• Intermediate Mass (harder parder). 

• Supermassive (impossible pimpossible).



Formation!
• H+H= 

He+Heat  
+ The Star Not Collapsing. 

• Eventually that runs out.

Gravity
THERMAL PRESSURE 

HEATED BY  
FUSION OF PROTONS



Formation!
• For large stars >8Msun,  

the central bits collapse,  
and the outer bits  
…. 
maybe blow off?

Gravity



Formation!
• These details are the 

subject of much study. 

• Sometimes there’s a 
neutron star. 

• Sometimes there’s …. 
not… 

• Good for MBH~10 Msun. 

https://www.nasa.gov/mission_pages/chandra/multimedia/w49b.html



IMBH?

• How did we get 30 Msun?   

• Most stars are binary stars.  
Some stars are in very dense  
environments. Mergers?



What about these huge things?
• 2x109 Msun  

in 
t=766 Myr 

• That sounds like 
a lot of time, 
but it’s a HUGE 
amount of mass. 

• Accreting at  
Eddington  
Forever 
Still Doesn’t Do It.ar
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ABSTRACT

Aims. We aim at probing the emission mechanism of the accreting super massive black holes in the high redshift Universe.
Methods. We study the X-ray spectrum of ULAS1120+0641, the highest redshift quasar detected so far at z=7.085, which has been
deeply observed (340 ks) by XMM-Newton.
Results. Despite the long integration time the spectral analysis is limited by the poor statistics, with only 150 source counts being
detected. We measured the spectrum in the 2-80 keV rest-frame (0.3-10 keV observed) energy band. Assuming a simple power law
model we find a photon index of 2.0±0.3 and a luminosity of 6.7±0.3 1044 erg s−1 in the 2-10 keV band, while the intrinsic absorbing
column can be only loosely constrained (NH <1023 cm−2). Combining our measure with published data, we calculate that the X-ray-
to-optical spectral index αOX is1.8±0.1, in agreement with the αOX-UV luminosity correlation valid for lower redshift quasars.
Conclusions. We expanded to high energies the coverage of the spectral energy distribution of ULAS1120+0641. This is the second
time that a z >6 quasar has been investigated through a deep X-ray observation. In agreement with previous studies of z∼6 AGN
samples, we do not find any hint of evolution in the broadband energy distribution. Indeed from our dataset ULAS 1120+0641 is
indistinguishable from the population of optically bright quasar at lower redshift.

1. Introduction
High redshift AGNs are important probes of the Universe at the
end of the Dark Ages, before or around the time when the first
stars formed. Characterising their multi-wavelength properties
allows us to investigate the formation and early evolution of the
super massive black holes (SMBHs) and their interaction with
the host galaxies.

In the last decade wide area optical-IR photometric surveys
succeeded in finding a statistically significant number (∼50)
of AGNs at redshift 5.7<z <6.4 (Fan et al. 2006; Jiang et al.
2009; Willott et al. 2010b). Complementing these data with
IR spectroscopy for a subsample of 10 quasars, Willott et al.
(2010a) derived the mass function at z>6, which can be
used to constrain models of SMBH evolution (Di Matteo et al.
2008; Marconi et al. 2008; Shankar et al. 2009; Volonteri 2010).
Recently, Venemans et al. (2013) discovered three z>6.5 quasars
in the optical/IR VIKING 332 deg2 survey, setting a lower limit
of 1.1 Gpc−3 on the density of SMBH with mass larger than 109

M⊙ at 6.5<z<7.5 .
Few of these high redshift sources have been studied through

their X-ray emission. Three have been observed for 10-30
ks by Chandra with 5-20 photons collected for each one
(Shemmer et al. 2006). For the only SDSS J1030+0524 at z=6.3
a deep (100 ks) XMM-Newton observation has been carried
out and a spectroscopic study has been reported (Farrah et al.
2004). The statistical X-ray properties of 5<z<6 AGNs have
been studied so far only by stacking samples of several sources
(Vignali et al. 2005; Shemmer et al. 2006). Overall these stud-
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Fig. 1. The 4′′ kernel smoothed XMM-Newton MOS image of
ULAS1120+641 region of the sky in the (observed) 0.5-2.0 keV
band. The white and magenta circles show the source and back-
ground extraction regions of 10′′and 32′′radius, respectively.

ies indicated that the quasar broadband energy distribution has
not significantly evolved over cosmic time, at least out to z=6.
Indeed, the mean X-ray spectral slope at z >5 is indistinguish-
able from the local population, while the ratio between UV and
X-ray is consistent with the values observed at lower redshift.



SMBH Formation
• In the early universe, galaxies 

are small. 

• Larger ones form through 
repeated mergers. 

• It seems that SMBH masses 
are related to Host Properties, 
but the connection isn’t clear.



Sum Up.
• Black holes are a giant amount of mass in a very small space. 

• There 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.
• .



The Central Star Cluster

•   

• 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?

2.6 The Galactic Center

79

Fig. 2.34. Left: A VLA wide-field image of the region around
the Galactic center, with a large number of sources identified.
Upper right: a 20 cm continuum VLA image of Sgr A East,

where the red dot marks Sgr A∗. Center right: Sgr A West,
as seen in a 6-cm continuum VLA image. Lower right: the
circumnuclear ring in HCN line emission

of stars in its inner region is so large that close stellar
encounters are common. It can be estimated that a star
has a close encounter about every ∼ 106 years. Thus, it
is expected that the distribution of the stars is “thermal-
ized”, which means that the local velocity distribution
of the stars is the same everywhere, i.e., it is close to
a Maxwellian distribution with a constant velocity dis-
persion. For such an isothermal distribution we expect

a density profile n ∝ r−2, which is in good agreement
with the observation.

However, another observational result yields a strik-
ing and interesting discrepancy with respect to the idea
of an isothermal distribution. Instead of the expected
constant dispersion σ of the radial velocities of the stars,
a strong radial dependence is observed: σ increases to-
wards smaller r. For example, one finds σ ∼ 55 km/s at



Sgr A* stellar motions
• Infrared Speckle Interferometry 

• Adaptive Optics

2.6 The Galactic Center

81
Fig. 2.36. Proper motions of stars in the
central region of the GC. The differently
colored arrows denote different types of
stars. The small image shows the proper
motions in the Sgr A∗ star cluster within half
an arcsecond from Sgr A∗; the fastest star
(S1) has a proper motion of ∼ 1500 km/s
(from Genzel, 2000, astro-ph/0008119

motion with time. From these measurements Sgr A∗ in-
deed emerges as the focus of the orbits and thus as the
center of mass. Figure 2.37 shows the orbits of some
stars around Sgr A∗. The star S2 could be observed
during a major fraction of its orbit, where a maximum
velocity of more than 5000 km/s was found. The eccen-
tricity of the orbit of S2 is 0.87, and its orbital period
is ∼ 15.7 yr. The minimum separation of this star from
Sgr A∗ is only 6×10−4 pc, or about 100 AU.

From the observed kinematics, the enclosed mass
M(r) can be calculated, see Fig. 2.38. The correspond-
ing analysis yields that M(r) is basically constant over
the range 0.01 pc ! r ! 0.5 pc. This exciting result
clearly indicates the presence of a point mass, for which
a mass of

M = (3.6±0.4)×106 M⊙ (2.91)

is determined. For larger radii, the mass of the star clus-
ter dominates; it nearly follows an isothermal density
distribution with a core radius of∼ 0.34 pc and a central
density of 3.6×106 M⊙/pc3. This result is also compat-
ible with the kinematics of the gas in the center of the
Galaxy. However, stars are much better kinematic indi-
cators because gas can be affected by magnetic fields,
viscosity, and various other processes besides gravity.

The kinematics of stars in the central star cluster
of the Galaxy shows that our Milky Way contains
a mass concentration in which ∼ 3×106 M⊙ are
concentrated within a region smaller than 0.01 pc.
This is most probably a black hole in the center
of our Galaxy at the position of the compact radio
source Sgr A∗.

Why a Black Hole? We have interpreted the central
mass concentration as a black hole; this requires some
further explanation:

• The energy for the central activity in quasars, radio
galaxies, and other AGNs is produced by accretion of
gas onto a supermassive black hole (SMBH); we will
discuss this in more detail in Sect. 5.3. Thus we know
that at least a subclass of galaxies contains a central
SMBH. Furthermore, we will see in Sect. 3.5 that
many “normal” galaxies, especially ellipticals, har-
bor a black hole in their center. The presence of
a black hole in the center of our own Galaxy would
therefore not be something unusual.

• To bring the radial mass profile M(r) into accordance
with an extended mass distribution, its density dis-
tribution must be very strongly concentrated, with
a density profile steeper than ∝ r−4; otherwise the
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Fig. 2.37. At left, the or-
bit of the star S2 around
Sgr A∗ is shown as de-
termined by two different
observing campaigns. The
position of Sgr A∗ is
indicated by the black cir-
cled cross. The individual
points along the orbit are
identified by the epoch
of the observation. The
right-hand image shows
the orbits of some other
stars for which accelera-
tions have already been
measured

mass profile M(r) would not be as flat as observed in
Fig. 2.38. Hence, this hypothetical mass distribution
must be vastly different from the expected isother-
mal distribution which has a mass profile ∝ r−2, as
discussed in Sect. 2.6.2. However, observations of
the stellar distribution provide no indication of an
inwardly increasing density of the star cluster with
such a steep profile.

• Even if such an ultra-dense star cluster (with a central
density of ! 4×1012 M⊙/pc3) were present it could
not be stable, but instead would dissolve within∼ 107

years through frequent stellar collisions.
• Sgr A∗ itself has a proper motion of less than

20 km/s. It is therefore the dynamic center of
the Milky Way. Due to the large velocities of its
surrounding stars, one would derive a mass of
M≫ 103 M⊙ for the radio source, assuming equipar-
tition of energy (see also Sect. 2.6.5). Together with
the tight upper limits for its extent, a lower limit for
the density of 1018 M⊙/pc3 can then be obtained.

Following the stellar orbits in forthcoming years will
further complete our picture of the mass distribution in
the GC.

We have to emphasize at this point that the gravi-
tational effect of the black hole on the motion of stars
and gas is constrained to the innermost region of the

Milky Way. As one can see from Fig. 2.38, the gravita-
tional field of the SMBH dominates the rotation curve
of the Galaxy only for R" 2 pc – this is the very reason
why the detection of the SMBH is so difficult. At larger
radii, the presence of the SMBH is of no relevance for
the rotation curve of the Milky Way.

2.6.4 Flares from the Galactic Center
In 2000, the X-ray satellite Chandra discovered a power-
ful X-ray flare from Sgr A∗. This event lasted for about
three hours, and the X-ray flux increased by a factor
of 50 during this period. XMM-Newton confirmed the
existence of X-ray flares, recording one where the lu-
minosity increased by a factor of∼ 200. Combining the
flare duration of a few hours with the short time-scale
of variability of a few minutes indicates that the emis-
sion must originate from a very small source, not larger
than ∼ 1013 cm in size.

Monitoring Sgr A∗ in the NIR, flare emission was
also found in this spectral regime. These NIR flares
are more frequent than in X-rays, occurring several
times per day. Furthermore, the NIR emission seems
to show some sort of periodicity of ∼ 17 min, which is
most likely to be identified with an orbital motion of
the emitting material around the SMBH. Indeed, a re-
analysis of the X-ray light curve shows some hint of
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Fig. 1.—Position measurements of S2 in the infrared astrometric frame.
Crosses (denoting 1 j error bars) with dates mark the different position mea-
surements of S2, taken with the MPE speckle camera SHARP on the NTT
(between 1992 and 2001) and with NACO on the VLT (in 2002 and 2003). The
continuous curve shows the best-fit Kepler orbit from Table 1, whose focus is
marked as a small error circle. The focus of the ellipse is within a few milli-
arcseconds at the position of the compact radio source, which is marked by a
large circled cross. The size of the cross denotes the !10 mas positional un-
certainty of the infrared relative to the radio astrometric reference frame. [See
the electronic edition of the Journal for a color version of this figure.]

Fig. 2.—H i Brg absorption spectra of S2, obtained on 2003 April 8/9 with
the SPIFFI (upper two panels), on May 8/9 (lower left panel), and on June
11/12 (lower right panel) with NACO at the VLT. The SPIFFI spectrum is
sky-subtracted and in a aperture; the NACO spectrum is slit-nodded0!.1# 0!.2
and in a aperture. These differences account for the fact that the0!.086# 0!.1
minispiral emission features between !400 and "400 km s!1 LSR are visible
in the SPIFFI data but not in the NACO spectrum. Likewise, dilution of the
S2 flux by other nearby sources in the larger SPIFFI beam plausibly accounts
for the shallower absorption relative to NACO. [See the electronic edition of
the Journal for a color version of this figure.]

bright supergiant IRS 7, located ∼5!.6 north of S2/Sgr A*. In
all runs, the seeing was ≤0!.5, resulting in Strehl ratios between
0.3 and 0.5 in the H band and up to 0.7 in the K band. After
producing final maps with the shift-and-add technique, we de-
convolved the images with a linear Wiener filter and a Lucy-
Richardson algorithm. The point-spread function was measured
from typically 10 stars within the field of view. We extracted
stellar positions from the deconvolved images with the program
STARFINDER (Diolaiti et al. 2000). We also applied this tech-
nique to all 2002 NACO Galactic center imaging data described
by Schödel et al. (2003), thereby slightly improving their re-
sults. All positions prior to 2002 are from the observations with
the SHARP (System for High Angular Resolution Pictures)
instrument on the New Technology Telescope (NTT), as re-
ported by Schödel et al. (2003). The coordinates from all epochs
have been transformed to a common astrometric reference
frame via nine (SHARP) and 20 (NACO) stars with well-known
positions and proper motions. The positions of these stars have
been measured for every epoch relative to typically 50–200
stars of the stellar cluster surrounding the central black hole
(T. Ott et al. 2003, in preparation). The average error in the
velocity components of our nine astrometric reference stars is
approximately 26 km s!1 (T. Ott et al. 2003, in preparation).
The uncertainty in the relative motion of our reference frame
with respect to the stellar cluster is given by the error in the
average velocity of those nine stars and is 11.7 km s!1. Our

positional errors are a combination of fit errors and errors in
placing S2 in a common infrared astrometric frame, resulting
in overall errors for NACO of 1–3 mas (1 j) in 2003 and 3–
7 mas in 2002, and 6–10 mas for the 1992–2001 SHARP
measurements. In addition, there is a !10 mas absolute un-
certainty between the infrared and radio astrometric frames
(Reid et al. 2003b). Figure 1 is a plot of the positions of S2
between 1992 and 2003.

2.2. SPIFFI Integral Field Spectroscopy
On 2003 April 8/9 (2003.27), we observed the Galactic cen-

ter with the newMPE integral field spectrometer SPIFFI (SPec-
trometer for Infrared Faint Field Imaging; Thatte et al. 1998;
Eisenhauer et al. 2000) at the VLT. Briefly, SPIFFI uses a
reflective image slicer and a grating spectrometer to simulta-
neously obtain spectra for a contiguous pixel, two-32# 32
dimensional field on the sky. In very good seeing conditions,
we observed with a pixel scale of 0!.1, resulting in a 2 mm
FWHM of 0!.25–0!.3. The spectral resolution was 85 km s!1,
sampled at 34 km s!1. We dithered about two dozen exposures
of 1 minute integration time each to construct a mosaicked data
cube of the central ∼8!. We used the new SPIFFI analysis
pipeline for data reduction. The accuracy of the wavelength
calibration is!7 km s!1. The effective integration time toward
the central part of the mosaic near Sgr A* was about 15minutes.
The sky spectrum was extracted from a dark region 590! west
and 423! north of the Galactic center. We used the flat-spectrum
star IRS 16CC to correct for atmospheric absorption. We then
extracted the spectrum toward S2 from a aperture.0!.1# 0!.2
The SPIFFI spectrum is shown in the upper two panels of
Figure 2. The strong emission line close to zero velocity is the
extended nebular Brg emission from the Sgr AWest minispiral.
The Brg absorption line of S2 is at v p !1558! 20LSR
km s!1, far off the nebular contamination. A significant error
in the velocity measurement from flux dilution by other high-
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2.6 The Galactic Center
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Fig. 2.34. Left: A VLA wide-field image of the region around
the Galactic center, with a large number of sources identified.
Upper right: a 20 cm continuum VLA image of Sgr A East,

where the red dot marks Sgr A∗. Center right: Sgr A West,
as seen in a 6-cm continuum VLA image. Lower right: the
circumnuclear ring in HCN line emission

of stars in its inner region is so large that close stellar
encounters are common. It can be estimated that a star
has a close encounter about every ∼ 106 years. Thus, it
is expected that the distribution of the stars is “thermal-
ized”, which means that the local velocity distribution
of the stars is the same everywhere, i.e., it is close to
a Maxwellian distribution with a constant velocity dis-
persion. For such an isothermal distribution we expect

a density profile n ∝ r−2, which is in good agreement
with the observation.

However, another observational result yields a strik-
ing and interesting discrepancy with respect to the idea
of an isothermal distribution. Instead of the expected
constant dispersion σ of the radial velocities of the stars,
a strong radial dependence is observed: σ increases to-
wards smaller r. For example, one finds σ ∼ 55 km/s at


