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Black Holes in Hibernation

Only about 1 in 100 galaxies contains an active nucleus. This however 
does not mean that most galaxies do no have SMBHs since activity also 
requires a supply of fuel.

Typically a galactic nucleus needs a supply of about 1 M¤ per year to 
power a quasar or Seyfert galaxy.

Objects with powerful jets may need less accretion to maintain the jets, 
however, without a supply of accretion the rate of SMBH’s spin may 
slowly decline.

The masses of SMBH’s in the centers of galaxies turn out to be 
correlated with the properties of the host galaxies indicating a link with 
the epoch of galaxy formation in the past.



An infrared image of the 
central region of the 
Milky Way shows a 
dense concentration of 
stars. 

The image covers about 
4 light years on a side; 
the central black hole is 
located at the center of 
the rectangle.
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Galactic Center
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Galactic Center

Schematic view of the central few parsecs of the galaxy (central molecular zone), 
showing the central black hole, Sgr A*, stars in the central star cluster, and the 
circumnuclear disk which contains dense molecular clouds.
The ring is inclined some 20 degrees with respect to the Galactic plane and 
rotates at about 110 km/s. The ring has very sharp boundaries implying a recent 
violent event like a supernova may have recently occurred. 
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Galactic Center

Sgr A East is 25 light-years in width and has the 
attributes of a supernova remnant from an explosive 
event that occurred between 35,000 and 100,000 BCE. 

Sgr A West has the appearance of a three-arm spiral, 
from the point of view of the Earth. The apparent spiral 
is made of several dust and gas clouds, which orbit and 
fall onto Sagittarius A* at velocities as high as 1,000 
km/s. The surface layer of these clouds is ionized. The 
source of ionization is the population of massive stars 
OB stars that also occupy the central parsec.

The central parsec around Sagittarius A* contains 
thousands of stars. Although most of them are old 
red main-sequence stars, the Galactic Center is also 
rich in massive stars. Astronomers have found a 
population of more than a 100 very young (O, B) 
stars close to the Galactic Center. They seem to have 
all been formed in a single star formation event a 
few million years ago. 



Black Holes in Hibernation

To penetrate the dust and gas near the center of our galaxy 
astronomers typically observe this region in the infrared. 

Infrared images show that the density of stars increases 
dramatically near the nucleus of a galaxy.

In our galaxy the density of stars near the sun is ~ 0.006 
stars per cubic light-year

Near the center of our galaxy the density is ~106 stars per 
cubic light-year



Black Holes in Hibernation
To improve the spatial resolution of the 
IR observations of the galactic center 
astronomers employed two methods:

1. Lining up and stacking together 
thousands of very short exposures. 
This reduced the effects of atmospheric 
turbulence.

2. Using adaptive optics.
With adaptive optics the distorted and 
flickering  image of a star is compared 
to every few milliseconds to the point-
like appearance it would have with the 
absence of turbulence. 
The telescopes mirrors are slightly 
deformed in real time to compensate. 

Reinhard Genzel and Andrea Ghez
mapped the orbits of stars close to the 
galactic center and showed that it must 
contain a supermassive black hole with a 
mass of about 4 �106 M¤.  



One does not need to use a real star 
to monitor atmospheric turbulence.

In the photo a laser beam from the 
10m Keck Telescope is reflected by 
sodium atoms (Na) in the upper 
atmosphere producing an artificial 
guide star.

Adaptive Optics observations of 
the galactic center leave no doubt 
that a SMBH lies at the center. One 
of the stars orbiting around the 
SMBH has a speed of about 
12,000km/s and its point of closest 
approach is about 1000 Rs. 



An example of the dramatic improvement of the ability of the 
Keck Telescopes to discern individual stars in the Galactic 
center when adaptive optics is used.
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Observations over more than a decade have enabled the Ghez and Genzel groups 
to trace the orbits of individual stars around Sgr A*, providing incontrovertible 
evidence for a SMBH. Distance to Sgr A*~ 26,000 ly, MBH ~ 4.2 �106 M¤.



Supermassive Black Hole in NGC 4258

NGC 4258 is a spiral Seyfert II active 
galaxy with a weak radio jet (distance ~ 
24 million ly).

The mass and distance to the SMBH of 
NGC 4258 comes from measurements 
of emission from water molecules in gas 
clouds orbiting very near the nucleus.

The water molecules in clouds of gas 
that orbit the SMBH emit powerful 
microwave radiation.

These sources of stimulated spectral line 
radiation are called masers.

Maser = microwave amplification by 
stimulated emission of radiation.

Optical Ha image of NGC 4258



Water Masers in NGC 4258

Spectral emission lines are produced during the de-excitation of an atom or 
molecule from a certain energy to a lower energy level. 

Typically a water molecule in an excited state will jump to the lower 
energy level at random emitting a photon of a specific wavelength. 

There is a way, however, to stimulate the molecule to transition to the 
lower level. If light from exactly the same wavelength passes by the 
molecule it can stimulate the molecule to emit right away. 

Imagine a large group of water molecules all in an excited state at the same 
time. Once one begins to de-excite it will cause all the other ones to almost 
simultaneously de-excitate producing a maser; an intense beam of 
microwave radiation at ~ 22 GHz. 



Water Masers in NGC 4258

By using the VLBA to obtain the 
precise locations of the masers 
and using the Doppler effect to 
get their velocities astronomers 
can map out the velocity of 
clouds in the accretion disk of 
NGC 4258.

The red dots indicate masers in 
the disk moving away from us 
and blue dots moving towards 
us. The disk of NGC 4255 is 
viewed almost edge on. 



Water Masers in NGC 4258

The center of NGC 4258 harbors 
a thin disk that we observe 
almost edge on; the graph at the 
bottom shows the Doppler 
shifted emission lines coming 
from various discrete molecular 
clouds.

These molecular clouds contain 
water molecules that are acting 
like masers. 



Velocity Profile of Masers in NGC 4258

This is a plot of the velocities of the 
masers in the disk of NGC 4258 as a 
function of their distance from the center 
of the galaxy. 

The entire galaxy is moving away from 
us at about 500 km/s.

The continuous line shows what 
Newton’s theory would predict if the gas 
in the disk were orbiting under the 
influence of a 36 �106M¤ central 
object. 

The disk has an inner edge with a 
velocity of about 1080 km/s. Outside the 
edge the velocity drops off as 1/√R as 
expected by Newton’s Law.
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Stars in a galactic nucleus move in 
random directions. 

A SMBH has a sphere of influence 
within which the black holes gravity 
significantly affects the motion of stars.

sphere of influence : the radius at 
which the gravity on a star from the 
hole is stronger than the gravity from 
all the other stars combined. 

rsphere may be > 106 times larger than 
the event horizon. 

A SMBHs Sphere of Influence

€ 

rsphere ∝
MBH

v2
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A SMBH makes its presence in a 
galaxy by:

1. Leads to an increase in the 
velocities of stars near the galactic 
nucleus. 

2. Increases the number density of 
stars near the BHs sphere of 
influence. 

Signatures of the Presence of a SMBH



Determining BH Masses in AGN

The BH mass in an AGN is given by the virial equation :

€ 

MBH =
fRΔv2

G
∝
fLγΔv2

G

Where f is a scale factor ~ 1 that depends on the broad line 
region (BLR) geometry, R is the distance between the BLR 
and ionizing source as inferred from reverberation mapping 
and Dv is the emission-line width. 

Observations show that             , where L is the AGN’s
continuum luminosity. The AGNs luminosity can therefore be 
used as a surrogate for R in the MBH equation.

€ 

R ∝ Lγ



Astro 129: Chapter 1a



Hubble image of glowing gas of material orbiting the nucleus  
of the giant elliptical galaxy M87. The glowing gas is about 60 

ly from the core. The Doppler shifted lines indicate that the gas 

is rotating at a speed of ~ 750 km/s. 

G = 6.7� 10-11m3 kg-1 s-2, M¤ = 2�1030 kg, 1 ly = 9.461�1015 m

A Black Hole Census



Hubble image of glowing gas of material orbiting the nucleus  
of the giant elliptical galaxy M87. The glowing gas is about 60 
ly from the core. The Doppler shifted lines indicate that the gas 
is rotating at a speed of ~ 750 km/s. The central mass required to 
keep gas in orbit at that speed is 2.4 �109 M¤. 
Recent estimates, however, place the mass at 6.4�109 M¤

A Black Hole Census
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A Black Hole Census

Hubble image of the central region of the Andromeda galaxy 
(M31) in visible light.  The stars form an eccentric disk around the 
SMBH (MBH ~ 140 �106 M¤). The black hole is located closer to 
the fainter of the two peaks in the light distribution.



Black Hole Mass and Galaxy Bulge Mass

Observations in the 1990s had demonstrated a possible 
empirical relationship between galaxy luminosity and black 
hole mass but this relationship had larger scatter (Magorrian
Relation).

The mean ratio of black hole mass to bulge mass is believed 
to be approximately 0.1% , i.e., a bulge of one billion solar 
masses contains a black hole of approximately one million 
solar masses.
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Black Hole Mass – Velocity Dispersion Relation

The MBH-σ relation is an 
empirical correlation 
between the stellar 
velocity dispersion σ of a 
galaxy bulge and the mass 
M of the supermassive
black hole at the galaxy's 
center.

€ 

MBH ∝σ
α ,  α ≈ 5

€ 

σ =
1
N

vi − v( )2
i=1

N

∑
⎡ 
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⎤ 

⎦ 
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1/ 2



The influence of black hole winds and jets on their 
environments

Sombrero Galaxy

Milky Way



Black Holes with Low Accretion Rates

Sombrero Galaxy

Milky WayLow accretion rates in black holes are found in 
environments that are gas poor.

The luminosity of an AGN due to accretion is: 

€ 

Laccretion =
G ˙ m M

R
=η ˙ m ( )c 2,  where ˙ m =

dM
dt

 is the accreton rate.

For a black hole        h~0.06-0.42

SgrA* appears to have a luminosity much lower than what is 
expected for its accretion rate.
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Numerical Simulations of Accretion Flows

• (Advection Dominated Accretion Flow ) ADAF

L < 0.001 LEdd e.g. Sadowski+ 2016

• Radiatively Efficient Flows result in a geometrically thin disk

0.001LEdd < L < LEdd e.g. Noble+ 2011; Kulkarni+ 2011; Penna+ 2012; 
Sadowski+ 2016. 

• super-Eddington accretion disks (Slim Disks)

L > LEdd
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Numerical Simulations of Accretion Flows
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Figure 2. Fluid density profile for a slice of Harm3d data in the (r, z) plane at
simulation time t= 12,500M . Contours show surfaces of constant optical depth
with τ = 0.01, 0.1, 1.0. Fiducial values for the black hole mass M = 10 M⊙
and accretion rate ṁ = 0.1 were used.
(A color version of this figure is available in the online journal.)

Table 1
For a Range of Mass Accretion Rates: the Bolometric Radiative Efficiency η,
the Time-averaged Fraction of Total Luminosity in the Corona, the Radius of
the Reflection Edge Rrefl, the Disk-corona Transition Radius Rtrans, and the
Height Hphot of the Scattering Photosphere (Averaged Over r = 10–30M)

ṁ η Lcor/Ltot Rrefl/M Rtrans/M Hphot/r

0.01 0.056 0.40 6.1 8.8 0.11
0.03 0.052 0.29 4.4 7.4 0.19
0.1 0.051 0.19 2.1 6.4 0.31
0.3 0.048 0.13 2.0 5.7 0.43
1.0 0.042 0.09 2.0 5.1 0.55

Notes. The dependence of η on ṁ is in part an artifact of our model, as explained
in the text. Note also that emission outside R = 60M , ignored here, adds an
additional ≃0.012 to the radiative efficiency.

itself results in an independent value for the radiative efficiency,
which is listed in Table 1. As shown there, it is never far from
≃0.06 when radiation from the outer disk is included.

Once the physical density is specified, the location of the
photosphere at each point in the disk at any particular time is
calculated by integrating the optical depth dτ = κ ρ(r, θ,φ)r dθ
at constant (r,φ) from the poles at θ = 0,π down toward the
disk. The photosphere is then defined as the surface where the
integrated optical depth reaches unity. For the top and bottom of
the disk, the photospheric surfaces can be written as Θtop(r,φ)
and Θbot(r,φ) as in Schnittman & Krolik (2013):

∫ θ= Θtop

θ= 0
dτ =

∫ θ= π

θ= Θbot

dτ = 1 , (2)

and the height of the photosphere is then simply given by
Hphot = r| cos Θ|.

With increasing ṁ, the photosphere height increases, making
the disk more like a bowl or inverted cone (imagine rotating the
contours of Figure 2 around the z-axis). This shape increases
the probability that photons scatter off other parts of the disk
surface (the relativistic version of this effect is sometimes
called “returning radiation”; see Cunningham 1976) and may
subsequently be captured by the black hole. Thus, the radiative
efficiency decreases steadily with larger ṁ. This effect may

Figure 3. Magnetic energy density profile for a slice of Harm3d data in the (r, z)
plane corresponding to the same conditions as in Figure 2.
(A color version of this figure is available in the online journal.)

be interpreted as the beginning of “super-Eddington photon
trapping.”

Just as the gas density must be converted from code units
to physical units, so do the magnetic field and local cooling
rate. With dimensional analysis, determining these conversion
factors is trivial. In cgs units, the magnetic energy density is
given by UB = B2/(8π ), so the conversion factor is simply

B2
cgs

B2
code

= c2 ρcgs

ρcode
. (3)

The local cooling rate L has units of energy density per time, so
its conversion factor is given by

Lcgs

Lcode
= c2 ρcgs

ρcode

tcode

tcgs
= c5

GM
ρcgs

ρcode
. (4)

2.3. Disk Structure

Figure 2 shows a snapshot of the gas density in the (r, z =
r cos θ;φ = 0) plane for fiducial values of the black hole mass
M = 10 M⊙ and accretion rate ṁ = 0.1. The solid contour
lines show surfaces of constant optical depth. Note that while
the density-weighted scale height of the disk Hdens/r is only
≈0.06, the photosphere is located at a height several times that
above the midplane, with Hphot/r ≈ 0.3 in the region of peak
emission r = 10–30M for this choice of accretion rate. This
is to be expected; in stratified shearing box simulations with
careful treatment of thermodynamics and radiation transfer, the
scattering photosphere often lies 3–4 scale heights from the
plane (Hirose et al. 2009).

For ṁ = 0.1, the total optical depth of the disk ranges from
order unity in the plunging region up to τ ≈ 100–200 in the
disk body at r > 10M . Where the total optical depth is less than
2, we say that there is no disk, only corona (i.e., no solution
exists for Equation (2)). We denote the radius of this transition
by Rrefl; in the language of Krolik & Hawley (2002), this is the
radius of the “reflection edge.”

In Figures 3 and 4 we show the magnetic energy density
and local cooling function, respectively. The Harm3d data
correspond to the same time and the same slice in the (r, z)
plane as shown in Figure 2, for M = 10 M⊙ and ṁ = 0.1.
Comparing the gas density and magnetic pressure, we see

4

Fluid density profile 
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Figure 8. Coronal luminosity profile as in Figure 7, but for dL/d(cos θ ).
(A color version of this figure is available in the online journal.)

the disk body is constant, and of the order of 0.2–1 keV for
these parameters. The corona is much hotter, with Te ranging
from ∼10–100 keV for τ between 0.01 and 1. By comparing
Figures 2 and 4, we see that the electron density falls off
faster with increasing altitude from the disk than the dissipation
(Hdiss ≃ 3Hdens), leading to higher coronal temperatures as
more power must be released by a smaller quantity of gas. The
temperature map also shows large fluctuations over small spatial
scales, yet not quite as large as those seen in L. This is because
the regions of high dissipation are correlated with regions of high
density, which has the effect of smoothing out the temperature
gradients (see Equation (9)).

By changing the ṁ used in Equations (1) and (4), we can
investigate the coronal properties of different accretion states.
For a given point in the corona, L, ne, and Uph all scale linearly
with ṁ, so from Equation (9) one can see that the term γ 2β2

should scale like ṁ−1. At low electron temperatures we have

γ 2β2 ≈ v2

c2
≈ 3

kBTe

mec2
, (10)

while in the relativistic regime,

γ 2β2 ≈ γ 2 ≈ 12
(

kBTe

mec2

)2

, (11)

recovering the well-known scaling of IC power with temperature
(Rybicki & Lightman 2004). Thus, at a fixed height above the
disk, the electron temperature should scale like Te ∼ ṁ−1

for kBTe ≪ mec
2, while at high temperatures, Te ∼ ṁ−1/2,

independent of the black hole mass.
However, since we have fixed the total coronal optical depth

at unity, the characteristic density near the photosphere is
ne ≃ (σT Hdens)−1, regardless of ṁ. Therefore, at a fixed optical
depth τ in the corona, Equation (9) becomes

γ 2β2 ≃ 3
4

Hdens

c

L
Uph

τ−1 . (12)

A rough model for how the temperature scales with ṁ can
then be derived if we treat both the density and the dissipa-
tion profiles as exponentials with vertical scale heights Hdens
and Hdiss, respectively. Because both scale linearly with ṁ
(see Equations (1) and (4)), these two quantities can be de-
scribed by L(z) = ṁL0e

−z/Hdiss and ρ(z) = ṁρ0e
−z/Hdens . From

Figure 9. Electron temperature in the corona for a converged solution of the
global radiation field, for the same snapshot as in Figure 2. Within the disk
photosphere, all the radiation is thermalized, and we assume the temperature is
uniform for constant (r, φ).
(A color version of this figure is available in the online journal.)

the simulation data we find that Hdiss ≃ 3Hdens. It then fol-
lows that, at fixed optical depth τ , L will scale with ṁ like
L ∼ ṁ(1−Hdens/Hdiss) ∼ ṁ2/3 (this also explains the scaling of
Lcor/Ltot ∼ ṁ−1/3 seen in Table 1). On the other hand, Uph is
nearly constant throughout the corona, but scales linearly with
ṁ, so Equation (12) becomes

γ 2β2 ∼ L
Uph

τ−1 ∼ ṁ−1/3τ−1 . (13)

We therefore expect the temperature at a fixed optical depth
to scale like Te ∼ ṁ−1/3 in the non-relativistic regime, and
Te ∼ ṁ−1/6 at high temperature. Similarly, at fixed ṁ, we expect
Te ∝ τ−1 non-relativistically and Te ∝ τ−1/2 when the electron
temperature is relativistic.

Thus, whether comparing regions of constant latitude or con-
stant optical depth, we see a clear trend that is consistent with
decades of observations: low-luminosity states are characterized
by hard X-ray flux from a hot corona, while high-luminosity
states lead to a much cooler corona and softer spectrum. In
Figure 10 we plot the time-averaged coronal temperature as a
function of radius for a range of different accretion rates. In
the top panel the mean temperature is calculated by integrat-
ing over θ and φ and weighting by the local cooling rate L,
while in the bottom panel the temperature is weighted by the
electron density ne. The L-weighting is more closely related to
the emergent spectrum and naturally probes the upper corona,
while the ne-weighting speaks to conditions in the majority of
the coronal mass and is sensitive to the conditions near the disk.
In either case, the trend with ṁ is clear and, at the level of
approximation expected, consistent with our earlier rough scal-
ing argument. We also see that in the bulk of the corona, espe-
cially outside the ISCO, the temperature changes very little with
radius.

The time-averaged radial and vertical temperature profiles of
the corona can be seen in greater detail in Figure 11 for ṁ = 0.1.
At six different values of r, we plot the temperature as a function
of optical depth through the corona, where τ = 0 corresponds
to the z-axis, and τ = 1 the disk surface (see contours of τ
in Figure 9). From the base of the corona at τ = 1 outward to
τ ∼ 0.01, the predicted τ−1 scaling describes the results well for

8

Electron temperature in the Corona

GRMHD simulations for MBH = 10M¤, L=0.1LEdd, Schnittman+2013



Black Holes with Low Accretion Rates

Sombrero Galaxy

Milky Way

According to the Advection Dominated Accretion Flow 
model (ADAF) at low accretion rates the disk puffs up, 
cannot radiate efficiently and is very hot.

The spectrum of an ADAF is close to that of a power-law. 
Because of their low efficiency, ADAFs are much less 
luminous than normal thin disks.

SgrA* may have an ADAF explaining its low luminosity.
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Fueling a Black Hole by Tidal Disruption

A star is ripped apart by the tidal forces of a massive black hole 
(left panel). Part of the stellar debris is then accreted by the 
black hole (middle panel). This causes a luminous flare of 
radiation which fades away as more and more of the matter 
disappears into the black hole 



Fueling a Black Hole by Tidal Disruption

Tidal disruption of stars is thought to be a mechanism of fueling quasars. For 
this mechanism to work (make quasars luminous) the star needs to be 
disrupted but not swallowed completely by the black hole. 

A star of mass density r* approaching a massive body of mass density rBH and 
radius R must reach at least a distance from the body of  rR, where rR is the 
Roche limit for it to be tidally disturbed. The Roche limit is given by:

For a star approaching a black hole to be disrupted but not swallowed by the 
hole its Roche limit must be larger than the Schwarzschild radius, rR > Rs. This 
then places an upper limit on the mass of the Black Hole for fueling by tidal 
disruption of:

r* is the density of the star in gr/cm3.
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M < 5×108ρ*
−1/2Msolar



Fueling a Black Hole by Tidal Disruption
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Fueling a Black Hole by Tidal Disruption

A powerful X-ray outburst was detected from the center of 
the galaxy RXJ1242-11, a billion light-years from Earth. The 
center of the galaxy suddenly flared up in X-rays yet in the 
visible it did not show any activity.

Astronomers believe that a doomed star came too close to a 
giant black hole and as it neared the enormous gravity of the 
black hole, the star was stretched by tidal forces until it 
was torn apart.

The X-ray outburst, was caused by gas from the destroyed 
star that was heated to millions of degrees Celsius before 
being swallowed by the black hole. The energy liberated in 
this process is equivalent to that of a supernova.
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Fueling a Black Hole by Tidal Disruption

What are the chances of a tidal disruption 
happening in Sgr A* ? Astronomers estimate 
that these events happen only about once every 
10,000 years, so the chances are low. However 
observed X-ray flares in SgrA* may be caused 
by asteroids being tidally disrupted.  

If our Galactic Center's black hole were to tear a star apart, the 
resulting X-ray source would easily outshine every other X-
ray source in the sky besides the Sun, frying the instruments 
aboard the X-ray satellites Chandra and XMM! 

The center of the Milky Way would become a hundred billion 
times brighter in X-rays than it is now.

Sagitarius A*
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