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Today in Astronomy 241: black holes III

Today’s reading: Carroll 
and Ostlie pp. 648-661, on

The Kerr metric and 
spinning black holes
Black hole accretion
Black hole evaporation
Real black holes: what 
they look like and how 
to find them

A close binary system consisting of a blue supergiant star, a 
spinning black hole, an accretion disk surrounding it and jets 
ejected from it, and a flow from the star feeding it. (Dana Berry, 
Honeywell Max-Q Digital Group/NASA-GSFC.)
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Spinning black holes: the Kerr absolute interval

If a = 0, this reduces simply to the Schwarzschild absolute 
interval. (Note the sign reversals, compared to BPT 1972.)
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Spinning black holes are different from 
nonspinning ones. 

A different horizon radius: the Kerr black hole has infinite 
gravitational time dilation from a coordinate radius of

An ergosphere: a domain within which it’s impossible not 
to be dragged around in the φ direction by the black hole’s 
rotation. The ergosphere has radius given by

Space is stuck to the horizon; the ergosphere is where 
space is irretrievable “wound up” around the black hole. 
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Cross sections (through N and S poles) of black 
holes with same mass, different a
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Spinning black holes are different from 
nonspinning ones (continued).

“Straight” descent to the equator of a black hole, as it 
appears to a distant observer.

No spin

Spinning
counter-
clockwise
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Spinning black holes are different from 
nonspinning ones (continued).

Two different photon orbits and innermost stable orbits: 
one for revolution in the same direction as the black hole’s 
rotation (prograde) and one for the opposite direction 
(retrograde). For instance, the photon orbit coordinate 
radii are

For others, see BPT 1972. For all kinds the prograde orbits 
are closer to the horizon than retrograde ones, and closer 
than the corresponding orbits for a Schwarzschild BH.
Not all circular orbits around a spinning black hole are 
bound (!!). And of course not all bound orbits are stable, 
as is also the case in Schwarzschild geometry. 

photon 2
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Thus there are stable orbits closer to spinning 
black holes than non-spinning ones.

HorizonInnermost 
stable orbit

Photon 
orbit

Innermost 
stable orbit:
prograde
retrograde

Photon 
orbit:
prograde
retro-
grade

Ergosphere

In the reference frame of a distant observer, anyway, and for 
orbits in the same direction as the spin. Here are two black 
holes with the same mass, viewed from a great distance up 
the north pole:

 0.8a GM c=0a =
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How to get energy out of a black hole

Let a spinning black hole turn a crank. Stick one end of a 
“crank” inside the ergosphere, and hook the other end up to a 
“machine” that runs if the crank is turned. Then the BH will 
merrily turn the crank til its angular momentum is used up. 
(That would usually take a 
long time.)

Better than a crank: have it 
drag electrical currents 
around, pick up the 
resulting magnetic flux 
variations in wire loops, 
and thus use induction to 
generate electric power. 

From 
Thorne, 
Black holes 
and time 
warps
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How to get energy out of a black hole (continued)

Let the black hole accrete matter. As ions approach the 
horizon on their way in, they reach such large speeds and 
accelerations that they radiate several percent of their rest 
mass in the form of light. The light can be collected and used 
to generate electric power.

Since the radiated light exerts pressure, it can slow down 
the accretion; you have heard this before (AST 142) under 
the heading “accretion at the Eddington rate.”
This is a very efficient way to generate light. It is the 
mechanism by which very luminous BH systems like 
quasars shine. 
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How to get energy out of a black hole (continued)

Garbage
(one ton)

Black
hole
(mass of 
the moon)

X-rays

Photocells Electric power (one 
day’s supply for Earth)

Simultaneous solution of
our energy and environmental

problems?
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How to get energy out of a black hole (continued)

Let the black hole sit there are radiate thermally at you. This 
won’t get you much light but we mention it for completeness. 
Details of the process, called Hawking radiation:

Virtual particle-antiparticle pairs, produced briefly by 
vacuum fluctuations, can be split up by the strong gravity 
near a horizon. Both of the particles can fall in, but it is 
possible for one to fall in with the other escaping. 
The escaping particle is seen by a distant observer as 
emission by the black hole horizon.
The energy conservation debt involved in the un-
recombined vacuum fluctuation is paid by the black hole 
itself: the black hole’s mass decreases by the mass of the 
escaping particle.
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How to get energy out of a black hole (continued)

Hawking radiation is emitted more efficiently if the 
gravity at the horizon is stronger. Recall: horizon gravity 
is stronger for smaller-mass black holes. 
Emission is the same as that of a blackbody at temperature

Thus an isolated black hole will eventually evaporate 
(Problem Set #12).
• The luminosity in Hawking radiation is really tiny so 

evaporation takes a long time: 
109 M black hole: 1094 years.
2 M black hole: 1067 years.
108 gram black hole: 1 second (!)

T hc
kGM

=
3

216π
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Distinctive features that can indicate the presence 
of a black hole

Observe two or more of these features to find a black hole:
Gravitational deflection of light, by an amount requiring 
black hole masses and sizes.
X-ray and/or γ-ray emission from ionized gas falling into the 
black hole. 
Orbital motion of nearby stars or gas clouds that can be used 
to infer the mass of (perhaps invisible) companions: a mass 
too large to be a white dwarf or a neutron star might 
correspond to a black hole. 
Motion close to the speed of light, or apparently greater than 
the speed of light (“superluminal motion”).
Extremely large luminosity that cannot be explained easily by 
normal stellar energy generation.
Direct observation of its accretion disk.
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Paradigm stellar-mass black hole: GRO J1655-40 

GRO J1655-40 is an X-ray transient source discovered by the Compton 
Gamma-ray Observatory in 1994. It appeared as a nova in visible light.

Rapidly-variable X-ray emission: time scales of these variations show 
that the object is a few hundred km around.
Has a stellar companion, a star rather similar to the Sun (about 1.1 
M ); the period is 2.92 days, and the velocity amplitude 227 km s-1. 
Thus the mass function is 3.2 M .
A stroke of luck: it is an eclipsing system, so we view the orbit nearly 
edge-on.
Thus we know the mass of the X-ray bright companion rather 
precisely: it must be between 5.5 and 7.9 M , with a most probable 
value of 7.0 M , way too much to be a neutron star (Shahbaz et al.
1999) 
Also has radio jets with motions close to the speed of light, tilted 85o

from the line of sight (consistent with nearly edge-on view of the 
orbital plane). 
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GRO J1655-40 
(continued)

Jets: speed 0.92c, with some of the 
ejecta on the left moving at 
(projected) superluminal 
velocities. 

Thus: it’s too small and massive to 
be a white dwarf or a neutron 
star, is X-ray bright, and is 
associated with relativistic 
ejection speeds: sounds like a 
black hole. 
(radio maps from Hjellming and 
Rupen, NRAO)
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GRO J1655-40 spins, too.

We expect it to spin (because stars do), but now we can 
demonstrate this:
A 7 M nonspinning black hole has a horizon circumference 
130 km, and an innermost stable orbit circumference of 390 
km. Material in this orbit will circle the black hole 314 times 
per second.

However, one often sees the X-ray brightness of GRO 
J1655-40 modulate at 450 times per second for long 
stretches of time (Tod Strohmayer 2001, ApJL 552, L49). 
Nothing besides very hot material in a stable orbit can do 
this so reproducibly at this frequency. 
Thus there are stable orbits closer to the black hole than 
they can be if it doesn’t spin. 
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GRO J1655-40 spins, too (continued).

Most probably, the black hole in 
GRO J1655-40 is spinning at 
about 40% of its maximum rate. 
Within the uncertainties the spin 
rate lies in the range 12%-58% of 
maximum; zero spin is quite 
improbable.
In blue: innermost stable orbits 
per second for 7.0 M black 
holes, with uncertainties.
In red: measured orbits per 
second, with uncertainties
(by Tod Strohmayer, with the 
Rossi X-ray Timing Explorer). ac GM
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Leftover problem from last class

3. Lemma. A rock falls a short distance                  radially, in 
Schwarzschild geometry. 
A. Find the elapsed proper time (on the rock’s wristwatch) 

in terms of the elapsed coordinate time t and the 
average position
B. Show that the derivative of elapsed proper time with 
respect to elapsed coordinate time is 

2
21 .A

AA

d GM t
dt c r
τ

τ

⎛ ⎞
= −⎜ ⎟⎜ ⎟
⎝ ⎠

( ) ,r r∆

,Aτ
.Ar



Astronomy 241, Spring 2005 19 April 2005

(c) University of Rochester 7

19 April 2005 Astronomy 241, Spring 2005 19

Today’s in-class problems

1. Consider a freely-falling body near a black hole, and the 
variety of ways it can travel between any two (closely-
spaced) fixed points. Suppose the trip takes a time T, and 
that we consider breaking the trip into two segments – call 
them A and B – parameterized by the time t it takes to 
complete the first segment. 
The total proper time it takes
is

and is an extremum of the 
total proper time it takes by any
path, as it’s a geodesic. 

0

t

T

A

B

,A Bτ τ τ= +
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Today’s in-class problems (continued)

Show, therefore, that because  

and thus that                            is a constant of the motion. 

(This assumes that the times are actually very small, so that 
we have actually demonstrated that 

is a constant of the motion.)
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Today’s in-class problems (continued)

2. Show that in special relativity, for a body of mass m,

and therefore that our constant of the motion in 
Schwarzschild geometry is

,dt E
d mτ
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(GR, BH)


