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22.1 Typical AGN Spectra

The following composite spectrum1 shows the average spectrum of quasars
from the Sloan Digital Sky Survey:

AGN spectra are characterized by a blue continuum and strong, broad

1Vanden Berk et al., 2001, Fig. 6: https://iopscience.iop.org/article/10.1086/
321167/fulltext/

https://iopscience.iop.org/article/10.1086/321167/fulltext/
https://iopscience.iop.org/article/10.1086/321167/fulltext/
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emission lines (rather than absorption lines). While the broad emission lines
are the distinctive feature of AGN, they also have narrow lines. The broad
and narrow lines are thought to be emitted from di↵erent regions, simply
named the Broad-Line Region (BLR) and the Narrow-Line Region (NLR)2:

22.2 Spectral Units

Note that in optical (visible light) spectroscopy, we use the cgs (centimeters,
grams, seconds) system of units, rather than the MKS system (meters, kilo-
grams, seconds). So energies will be in units of ergs, rather than Joules. The
erg is defined as erg ” g cm2/s2, and to convert, note that 1 J = 107 ergs.

2Urry & Padovani 1995
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Optical wavelengths will generally be expressed in Ångstroms (Å, where
Å “ 10´10 m), but occasionally in nm (10´9 m). If you are working in the
infrared, microns (the usual name for micrometers, where µm “ 10´6 m) are
commonly used.

Luminosity is energy per unit time. In the MKS system, that is Watts
(J/s), but in the cgs system, it will be ergs/s, without any special name.

Flux is luminosity per surface area, which is ergs
s cm2

, or often written on a
single line as ergs/s/cm2.

Luminosity and flux are all well and good for broad-band images, where
we are not looking at individual wavelengths, but for plotting a spectrum,
we need to graph the intensity of light as a function of wavelength. We will
generally use luminosity density or flux density, which means the luminosity
or flux per unit wavelength. These are defined as derivatives with respect to
wavelength:

• Luminosity density, L
�

” dL

d�

,
in units of ergs

s Å
or on one line as ergs/s/Å.

• Flux density, F
�

” dF

d�

,
in units of ergs

s cm2Å
or on one line as ergs/s/cm2/Å.

22.3 The Doppler Shift

If �src is the wavelength of light emitted by a source, such as a star or galaxy,
moving with velocity v relative to the observer, and �obs is the wavelength
that light has when it is detected by the observer (us), then

�obs

�src
“

d
1 ` v

c

1 ´ v

c

(22.1)

We will make v positive if the source is moving away from the observer and
negative when it is moving towards the observer.

If the speed of the source is much less than the speed of light, v †† c,
then this simplifies to

v

c
« �obs ´ �src

�src
. (22.2)
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If we use �� “ �obs ´�src, then we can write this in an even simpler form as

v

c
« ��

�src
, (22.3)

where �� is called the wavelength shift.

22.4 Obtaining Archival AGN Spectra

You will use two archives of spectra in these projects—the NASA Extra-
galactic Database (NED) and the Sloan Digital Sky Survey (SDSS).

*** Note: For now, the instructions for obtaining spectra are
given in the Black Hole Mass chapter. ***
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Chapter 23

Measuring the mass of
supermassive black holes
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23.1 The Central Engine of an Active Galac-
tic Nucleus

At the core of an active galaxy is its engine, which is powered by a super-
massive black hole1.

Surrounding the black hole is an accretion disk of dense gas that is heated
by friction and produces a continuum spectrum in the ultraviolet and visible
bands. Orbiting a little farther out are the clouds of thinner gas in the Broad-
Line Region (BLR). These are illuminated by the light of the accretion disk.

1Figure from Urry & Padovani (1995)
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This excites the electrons in their atoms, which then re-emit an emission-line
spectrum. Here we see permitted lines of the spectrum, with the Balmer
series of hydrogen being prominent. Because the BLR clouds are so close to
the black hole, their orbital motion broadens these spectral lines through the
Doppler e↵ect. Farther out are clouds in the Narrow-Line Region (NLR).
These are similar to the BLR clouds, but because they are farther away from
the black hole, they orbit more slowly, and their spectra have narrow lines.
In the NLR, we see both permitted and forbidden lines, such as [O III], [N
II], and [S II], among many others.

For measuring the black hole mass, we’ll use the Broad-Line Region, but
we’ll still need to pay some attention to the Narrow-Line Region and the
continuum from the accretion disk.

23.2 Kepler’s Laws

We’ll start by assuming that the motion of the Broad Line clouds is Keplerian–
that is, that they obey Kepler’s Laws of Orbital Motion. They move in ellip-
tical orbits (we’ll take it to be circular for simplicity) around the black hole,
without any net outward flow like a wind.
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For a small object of massm moving in a circular orbit of radius R around
a larger object of mass M ,

F
r

“ ma
r

F
r

“ ´G
mM

R2

... a
r

“ ´v2

R

´G
mM

R2
“ ´v2

R

M “ Rv2

G
(23.1)

In applying this to our real AGN engine, we have to account for the fact
that we don’t have a measurement of the speed of a single cloud. We’ll be
using the Doppler shift of the spectrum to measure speed, and the spectrum
will come from all of the BLR clouds together. We might have all of the clouds
orbiting in a flattened disk shape, in a spherical distribution, or something
in between. And if it is flattened, we might be observing at some angle to
the orbital plane. To account for this, we include a “virial factor,” f , that
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accounts for the geometry of the Broad Line Region.

MBH “ f
RBLRv2

G
, (23.2)

where f “ 3{4 for a spherical distribution, but it would be larger if we are
looking at a flattened distribution of clouds from an angle relative to the
orbital plane.

So to calculate the mass of the black hole, we need to know the radius
(RBLR) and geometry (f) of the Broad Line Region and the orbital speed of
the clouds (v). The virial factor, f , is still a matter of some debate, and it
may be di↵erent for di↵erent classes of AGN. In this chapter, we will assume
a spherical distribution of clouds, so we will use f “ 3{4.

23.3 Broad Line Region Radius

How do we measure the radius of the Broad Line Region? This is too small
to image directly, but from the method of “reverberation mapping,” we have
discovered that the radius is related to the optical luminosity. We’ll mea-
sure the luminosity from the spectrum at a wavelength of 5100Å, which is a
continuum region free of spectral lines.

log

ˆ
RBLR

light-day

˙
“ 1.527 ` 0.533 log

„
�L

�

(5100 Å)

1044 erg/s

⇢
(23.3)

Let’s take a look at each aspect of this equation. On the left, we have the
base-10 logarithm of the radius in units of light-days, which is the distance
light travels in one day,

light-day “ 2.59 ˆ 1013 meters.

On the right, we have the logarithm of �L
�

(5100Å) divided by 1044 erg/s.
What is that?? L

�

(5100Å) is the luminosity density at a wavelength of
5100Å, and by multiplying this by the wavelength (again, 5100Å), we get
the luminosity �L

�

at 5100Å, in units of erg/s. In practice, this will often
be a few times 1044 erg/s. By dividing by the units, we get a dimensionless
number (which we need, in order to take the logarithm). By dividing by 1044,
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we get a number close to 1, which is convenient2.

Once we’ve calculated log R

BLR

light-day , we exponentiate to calculate R, remem-
bering that

10logR “ R ,

and then we convert the units into meters.

23.4 Broad Line Region Velocity

Next, we need to find the orbital speeds of the Broad-Line clouds. We’ll mea-
sure this also from the spectrum, using the width of a spectral line emitted
from the Broad-Line Region.

Any of the Balmer lines of hydrogen could work, in principle, but there
are practical problems to consider. The brightest Balmer line will be H↵, and
the brighter the line, the better our signal-to-noise ratio, and the easier it will
be to measure. H↵ has a rest wavelength of 6565Å, but there is a narrow,
forbidden nitrogen line of [N II] at 6563Å that is often bright and merged
with it. A better choice, then, is often H�, the second-brightest Balmer line,
whose rest wavelength is 4863Å. It, too, has a narrow line near it, [O III] at
5007Å, but that is not quite as close, and with good spectral resolution these
can be separated.

Spectral lines are broadened by a few processes, but the most important
one for the Broad-Line Region is Doppler broadening, caused by the orbital
motion of the clouds. Because we are looking not at a single cloud but at all of
them, the spectral line we see has contributions from clouds moving towards
us (blueshifted), away from us (redshifted), and many that are moving across
our line of sight and not shifted much at all. As a result, the faster the clouds
orbit, the broader the observed line will be.

A decent approximation to the orbital speeds comes from what is called
the Full Width at Half-Maximum (FWHM) of the line3:

2Note that if we’re deriving an equation like this on our own, we can’t just divide by
factors like this willy-nilly. The numbers on the right side are 1.527 and 0.533 because

our equation divides by 1044 erg/s! If we didn’t divide this way, those numbers would be
di↵erent.

3By Arne Nordmann (norro) - Own illustration, CC BY-SA 3.0, commons.wikimedia.
org/w/index.php?curid=3106631

commons.wikimedia.org/w/index.php?curid=3106631
commons.wikimedia.org/w/index.php?curid=3106631
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That is, if we take the Half-Maximum to be half-way between the base and
the peak, then the FWHM is the width at that point. That gets us a FWHM
in units of Å. But you will often see the FWHM expressed in velocity units
(m/s). In fact, in research papers, I find the cloud velocity is often written
like this:

v « FWHM(H�) .

This uses the assumption that the width comes from the Doppler shifting,
but it hides an important step that I will derive in full. The Doppler equation
in its general form is

�obs

�src
“

d
1 ` v

c

1 ´ v

c

,

where �obs is the observed wavelength, �src is the wavelength emitted by the
source, and c is the speed of light. At speeds much less than the speed of
light, v †† c, and this simplifies to

v

c
« ��

�src
,

where we’ll identify �� “ �obs ´ �src as being the FWHM in units of Å.
Substituting in the notation FWHM and the fact that �src of the H� line is
4863Å, we can solve for v and obtain

v « c FWHM(H�)

4863Å .
(23.4)
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If we measure the speed of light in m/s, then we’ll obtain the cloud velocity
in m/s, as well.

23.5 Obtaining Archival Spectra

The NASA Extragalactic Database (NED, ned.ipac.caltech.edu) lists nearly
all known objects beyond the Milky Way Galaxy. When there are published
spectra of a source, they are often available here. Most of the active galaxies
with spectra in the Sloan Digital Sky Survey (SDSS, sdss.org) have them
in a more accessible form here, so we’ll use NED for most of our sources.

I’ll take you through the quasar 3C 273 as an example to show you how
to obtain and use NED spectra. 3C 273 was the first quasar to be identified,
back in 1962, and it’s an easy, bright target.

Go to NED at ned.ipac.caltech.edu and enter the object’s name in
the entry field.

If you only have sky coordinates, you can enter those and search for
targets within an angular radius of that sky location. See the NED help for
details.

ned.ipac.caltech.edu
sdss.org
ned.ipac.caltech.edu
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The page for this object has several tabs and a summary of the most
important data. We should check that the Object Type matches what we
had in mind, just in case we entered the name incorrectly (very easy to do!).
In this case, it is listed as a QSO, which is an abbreviation for Quasi-Stellar
Object, another term for a quasar, and that matches what we know about
the target. You can see that its Activity Type is a Flat Spectrum Radio
Source, which describes its radio spectrum, a more specific category of AGN.

The first thing we want is the redshift, which is listed as the dimensionless
number, z “ 0.15834. The note (Helio) means this redshift is measured
relative to the Sun, because as the Earth orbits the Sun, its own motion
adds a little bit of alternating redshift and blueshift on a yearly basis. The
Sun is a more stable reference point. Record the redshift; we will use it soon.

Next we will select the Spectra tab. The note (27) means that there are
27 spectra available here. These are listed in order of increasing wavelength.
The UV spectra are first, then the optical spectra, and last the infrared
ones. What we want is a spectrum that covers the H� emission line and
the 5100Å region. But since 3C 273 is redshifted, these will not be at the
wavelengths we expect! Calculate their observed wavelengths by multiplying
their rest (or source) wavelengths by 1 ` z:

�obs “ p1 ` zq�src ,

where �src is 4863Å for H� and 5100Å for the continuum region we will
measure. In this case, we will need a spectrum that covers both H� at
5633Å and the continuum region at 5908Å. Here are three of the optical
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spectra:

So which do we choose? The first one does not go to long enough wave-
lengths, so we have to look at the second and third. Because we need to
measure details of the H� line, we want one with a fine spectral resolution,
meaning that it resolves smaller spectral features. The second one, with the
8.5Å resolution, is the smaller, so that’s my preference. There are other
considerations to keep in mind. If a spectrum is very “noisy,” meaning that
it has a lot of random jumping up and down, that will obscure the shape
of the spectral line and of the continuum level and make the measurement
worse. You can see a large image of the spectrum by clicking on the picture.
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In this case, the spectrum looks smooth, with very little noise. We can
easily identify the H� line at 5633Å, with some weaker [O III] emission
immediately to its right. The two big lines at about 7600Å are H↵ (the
stronger) and [N II].

There are several di↵erent formats we can download the spectrum in. For
our purposes, the easiest to use is the text (NED-ASCII) form. It will display
as plain text in the web browser, and you can save it as a text file from there.

We only need the left half of the table, the three columns under Published
Values. Spectral-axis lists the observed wavelength in Ångstroms. Intensity
is observed flux density, F

�

. Uncertainty is the uncertainty in the flux den-
sity values. Some spectra have these, which are useful for estimating your
uncertainties in the measurements. Import these three columns (well, the
first two, in this case) into a spreadsheet.
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23.6 Spreadsheet Analysis

23.6.1 Cosmology

Conversion from Observed Frame to Source Frame

Because our source is moving away from us, due to the expansion of the
universe, its light is redshifted by a factor of p1 ` zq:

�obs “ p1 ` zq�src ,

where we are in the observer frame of reference, and the galaxy is in the
source or rest frame. Since we have the observed wavelengths, let’s solve for
the source wavelengths:

�src “ �obs

1 ` z
.

All of our physical measurements need to be made in the source frame.
There are several redshift e↵ects on the flux density:

• Time dilation—The rate at which photons are received at the telescope
is slower than they were emitted by the source. This reduces F

�

by a
factor of 1{p1 ` zq.

• Energy—The energy of the observed photons is lower than the emitted
photons. This also reduces F

�

by a factor of 1{p1 ` zq.

• Bandwidth—If we think of flux density over a range of wavelengths,
��, we see that the range of detected wavelengths is wider than the
range of emitted wavelengths. This increases F

�

by a factor of p1 ` zq.
The net e↵ect of all of these is that the flux density is decreased by a factor
of 1{p1 ` zq:

F
�, obs “ F

�, src

1 ` z
.

Once again solving for the source flux density,

F
�, src “ p1 ` zqF

�, src .

In the spreadsheet, apply these calculations to the observed wavelengths
and flux densities to get the source wavelengths and flux densities in new
columns.
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Conversion From Flux Density to Luminosity Density and Lumi-
nosity

We could measure the width of the H� spectral line from a plot of flux
density vs. wavelength in the source frame, but to find the radius of the
Broad-Line Region, we need to measure the continuum luminosity. That
requires converting the spectrum from flux density to luminosity density and
then from luminosity density to luminosity. Once we’ve done this, we can
make both of our measurements from a plot of luminosity vs. wavelength.

We have already accounted for the cosmological e↵ects of redshift. To
convert the source frame flux densities to luminosity densities, we will need
to account for the distance to the source. Since the light from the source
radiates outward in a spherical pattern over time, the flux at a distance d is

L “ F

A
,

where L is the luminosity of the source (energy emitted per time), F is the
flux (energy detected per time per area) observed at a distance d, and A
is the surface area of that imaginary sphere that the light has spread over.
A “ 4⇡d2, where d acts as the radius of the sphere.

L “ F

4⇡d2
.

Taking the derivative of each side with respect to wavelength, we find this
holds true for the flux density and luminosity density (since F

�

” dF

d�

and
L
�

” dL

d�

).

L
�

“ F
�

4⇡d2
.

Given flux density in erg/s/cm2/Å and a distance in cm (!!!), our luminosity
density will be in units of erg/s/Å.

Applying cosmology, we can find the distance to the source using the red-
shift. The best approach is to use one of the available cosmology calculators
available on the web. A list of them is maintained at NED at this location:
ned.ipac.caltech.edu/help/cosmology_calc.html. I tend to use the one
by Ned Wright4, and I’ll give instructions based on it. Dr. Wright’s calcula-
tor is set by default to the best estimate of the Hubble Constant (H0), the

4Direct link: www.astro.ucla.edu/~wright/CosmoCalc.html

ned.ipac.caltech.edu/help/cosmology_calc.html
www.astro.ucla.edu/~wright/CosmoCalc.html
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density of matter (⌦M), and the density of the vacuum energy (⌦vac). I rec-
ommend leaving these at the default values. Enter the redshift of your source
in the field for z, and press the button labeled General. What comes up on
the frame on the right are the measurements for a source at that redshift.
The distance that we need to record is the luminosity distance, DL, in Mpc
(Mega parsecs, where the parsec is defined as pc “ 3.086ˆ1016 m). Since we
are using cgs units for spectroscopy (cm and ergs), we will need to convert
Mpc into cm! 1Mpc “ 3.086 ˆ 1024 cm.

Since we need to measure the continuum luminosity at � “ 5100 Å, our
final transformation is to convert luminosity density (luminosity per unit
wavelength) into the luminosity at each wavelength: �L

�

. That is, for the
luminosity density at a given wavelength, multiply that wavelength by the
luminosity density. That gives us the luminosity itself in units of erg/s.

Now plot the luminosity vs. the source-frame wavelength to see our spec-
trum.

In this case, the spectrum was very noisy, and it was hard to make out
the 5100Å continuum and the width of the H� line, so I smoothed it in the
spreadsheet. For the smoothed luminosity at a given wavelength, I averaged
together the three luminosity values at that wavelength and the wavelengths
before and after it. For very noisy spectra, you may need to average together
more values, but keep in mind that this reduces your spectral resolution.
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23.6.2 Making the Measurements

5100Å Luminosity

To measure the luminosity at 5100Å, we must figure out where the continuum
level is. I recommend making a plot of just the region around 5100Å, say
from 5000—5200Å, and include the grid lines. Print this out and look for
the continuum level by hand. In this example, I have had to find the average
level among a lot of noise, and I judge it to be �L

�

p5100Åq « 3.8 ˆ 1044

erg/s. Note that the continuum appears to be rising over this region, but I
only need it at this one wavelength, so I drew it as a horizontal line.
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H� Width

The width of the H� line takes a little more work. First, we need to identify
the H� line itself, which is at 4863Å. There may be an [O III] line that
overlaps it on the red end (long wavelength side), but that isn’t clear here.
Make a plot of the region right around the line, include the grid lines, and
print it out.

Draw a vertical line at 4863Å, which should mark the center of the spectral
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line. Identify the continuum levels immediately on the left and right sides of
the spectral line, where the curve of the line appears to blend back into the
continuum, and mark these with X’s. One might be higher than the other.
Using a straight edge, draw a line to connect these two points. This will be
your estimate for the continuum level across the spectral line, and the rise or
fall will be important. Mark where the continuum crosses the vertical center
line. This is the base of the line, and we will use it in the next step.

Now we need to find the maximum level of the broad H� component. Look
to see if there is a narrow peak that sticks above the broader curve. Disregard
that narrow component and mark the top of the broad component where it
crosses the center mark. This is the maximum of the broad component. Now
measure the height of the broad component from its base to the maximum.
Mark the point halfway between the base and the maximum, on the center
line. This is the Half Maximum.

This next step requires some artistic judgment. As carefully as you can,
draw a smooth Gaussian (bell-shaped) curve that runs from the maximum
point of the broad component, down either side to where the spectral line
reaches the continuum (marked with X’s). You should try to smooth out
the noise, averaging over the up-and-down jumps by eye. It may be that
the blue wing (the lower wavelength side) is stronger, which is often seen in
some AGN, so don’t worry if the sides are not symmetrical. Using a straight
edge, we draw a line through the Half Maximum point and parallel to the
continuum line. Do your best to keep this line parallel to the continuum.
Mark where it intersects the left and right sides of the Gaussian curve, and
measure the wavelengths of these two points. The di↵erence between them
is the Full Width at Half-Max, or FWHM. Record the FWHM in units of Å.

23.7 Calculating the Mass

23.7.1 Broad-Line Region Radius

Recalling our equation for the radius of the Broad-Line Region,

log
RBLR

light-day
“ 1.527 ` 0.533 log

�L
�

p5100Åq
1044 erg/s ,

where �L
�

p5100Åq is the luminosity at 5100Å. Note that this equation gives
us the logarithm of the radius, not the radius itself. Exponentiate to get R:
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10logR “ R. R is in light-days, which is a convenient unit for interpreting
the result but not for calculating the black hole mass. So we must convert it
to meters, using

1 light-day “ 2.59 ˆ 1013 m.

23.7.2 Broad-Line Velocity

To get the velocity of the Broad-Line clouds, we’ll use the approximation that
v « FWHMpH�q, but to do this, we have to express the FWHM in units of
velocity, rather than Å. To make this relation, we use an approximation to
the Doppler equation at low speeds, v †† c:

v

c
« ��

�
.

Therefore, since the FWHM of H� is our shift in wavelength, ��, and � is
the wavelength of H�,

v « c
FWHM(H�)

4863Å
.

23.8 Caveats

The H� line width is a common method for measuring black hole mass in
moderate to low-redshift AGN, but keep in mind that at higher redshifts,
this line and the 5100Å continuum will be observed in the infrared, possibly
out of the range of the spectrograph. The original Sloan Digital Sky Survey
optical spectra cover a range from 3800–9200 Å, and the later BOSS spectra
cover 3650–10,400 Å. The highest redshift at which you can measure the 5100
Å continuum is given by setting �obs “ 9200 Å in the full Doppler equation
and solving for z.

At higher redshifts, other lines would need to be used. And it is even
possible to use narrow lines like [O III] �5007, but you’ll need to read up on
these approaches in the literature.

The FWHM of a broad line like H� is best measured by fitting an analytic
function to the spectral line, in its simplest form either a Gaussian or a
Lorentzian function, plus a continuum. You should account for the presence
of other lines by fitting them, as well as the possibility of a narrow component
of the H� line itself. Our method here is crude, but it gets us ballpark
estimates that aren’t too bad.
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An even better approach is to use the standard deviation, �, of the fitted
broad-line model, but that is left to the reader to find in the literature.

23.9 The Eddington Limit

The gravitational pull of the black hole is the ultimate source of the AGN’s
emission. It is interesting that under some basic assumptions, there is an
upper limit to how bright the accretion disk can get. Take the case of a
spherical cloud of gas accreting straight onto the black hole. Gravity pulls
the gas radially inward, heating it up and making it glow. The light it
emits exerts a radiation pressure (light does have a pressure!) on the gas
farther away, pushing back against gravity to some extent. The greater
the accretion rate (mass falling in per unit time) onto the black hole, the
greater the luminosity and the greater the radiation pressure. Both the
inward gravitational pressure and the outward radiation pressure acting on
the gas are proportional to 1

r

2

, where r is the distance from the center. If
the accretion rate is high enough, the radiation pressure will be so large that
it exactly balances the force of gravity at all distances, preventing any more
gas from falling in! This rate is the Eddington limit.

Of course, if that happened, then the accretion rate would then drop
below the Eddington limit, and gas would resume its infall. So we expect
AGN to accrete below the Eddington limit5. Interestingly, it has been seen
that while AGN with more massive black holes have a higher Eddington
limit, and their accretion disks can glow much more brightly, they tend to
radiate far below the Eddington limit, while AGN with smaller black holes
radiate closer to the Eddington limit.

The Eddington Luminosity is the luminosity of an AGN radiating at the
Eddington Limit. This is directly proportional to the black hole mass:

LEdd “ 1.3 ˆ 1038
MBH

Md

erg

s
, (23.5)

where LEdd is the Eddington Luminosity, MBH is the mass of the black hole,
and Md is the mass of the Sun. Note that we again use the cgs units of
ergs/s for the luminosity.

5There are ways for gas to accrete faster than the Eddington limit, if the inflow is
ine�cient in producing light, such as the Advection-Dominated Accretion Flow (ADAF)
model.
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If we want to see how close our AGN is radiating to the Eddington
Limit, we calculate its Eddington Ratio, L

bol

L

Edd

, where Lbol is the bolomet-
ric luminosity—that is, the total luminosity of all of the light it emits across
the electromagnetic spectrum, from gamma-rays all the way down to radio.
Needless to say, the bolometric luminosity is usually not measured directly,
because that requires lots of telescopes covering lots of di↵erent wavebands!
So most of the time we have to make do with a crude estimate, based on
our observations in one waveband and studies that estimate what fraction of
the total light that band typically contributes. For observations made with
the V (“visual”) filter in the optical band, I have derived6 the bolometric
luminosity from the absolute V magnitude as

Lbol “ 10 p´0.4MV ` 34.216q erg

s
, (23.6)

where M
V

is the V -band absolute magnitude in the Vega magnitude system7.
Once we’ve used equations 23.5 and 23.6, we divide L

bol

L

Edd

, which is our
Eddington ratio.

23.10 Literature Sources for Quasars and Seyfert
Galaxies

• Veron-Cetty & Veron, “VERONCAT - Veron Catalog of Quasars &
AGN, 13th Edition”
https://heasarc.gsfc.nasa.gov/W3Browse/all/veroncat.html
This is the most comprehensive catalog of active galaxies that I know
of, and it has been updated regularly. The only problem might be that
it’s so complete that it can be overwhelming.

• Boroson & Green (1992), “The emission-line properties of low-redshift
quasi-stellar objects”

6I used the results of Elvis et al. (1994) for V -band as a fraction of bolometric luminosity
in AGN, but this result is surely out of date a quarter-century later. It will have to do
until I find a more recent study.

7This system uses the star Vega as a reference for zero magnitude. The V magnitudes
listed in the table below are in this system. More recently, the AB magnitude and ST
magnitude systems have gotten popular, and there are small corrections that would be
applied to use them in this equation. But these corrections are small compared to other
uncertainties.

https://heasarc.gsfc.nasa.gov/W3Browse/all/veroncat.html
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1992ApJS...80..109B
These are bright, easy targets that have been observed many times, so
lots of archival data are available.

• Crenshaw D. M., Kraemer S. B., Gabel J. R., 2003, AJ, 126, 1690,
“The Host Galaxies of Narrow-Line Seyfert 1 Galaxies: Evidence for
Bar-Driven Fueling”
2003AJ....126.1690C
This paper has a list of Seyfert galaxies, both narrow-line and broad-
line Seyferts.

• Nikolajuk et al. (2009), “NLS1 galaxies and estimation of their central
black hole masses from the X-ray excess variance method”
academic.oup.com/mnras/article/394/4/2141/1205790
This paper has narrow-line Seyferts only, and it calculates their black
hole masses from X-ray observations. This would make an interesting
comparison to the masses you calculate from the H� line.

23.11 Lab Projects

23.11.1 Black Hole Mass And Luminosity in Quasars

Project Description

The more massive the black hole, the stronger its gravitational pull, and the
more mass it can accrete, making it brighter. So we might expect a correla-
tion between the luminosity and mass of an AGN’s central black hole. Mea-
suring the luminosity requires some image analysis and photometry, which
involves the di�culty of modeling the di↵raction pattern8 of the telescope
and camera (or at least finding some bright stars within the image to use
as a practical model). But bright quasars are known to shine as brightly—
even brighter—than their host galaxies, and so the total luminosity of a
quasar—the galaxy and active nucleus together—can be a rough estimate of
the luminosity of its nucleus (the bright central region surrounding the black
hole).

8Called the Point Spread Function (PSF).

academic.oup.com/mnras/article/394/4/2141/1205790
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Sample

You will need a sample of quasars with a range of luminosities. A good
resource is the quasar study of Boroson & Green (1992), listed above and in
the Reference list at the end of this project9. Boroson and Green also provide
the total luminosity of their quasars in the V (visual) band–a commonly-used
optical filter corresponding to the yellow-green part of the spectrum. The
luminosities are listed as MV, the V -band absolute magnitude. Remember
that brighter a source is, the more negative its magnitude, and that the
magnitude scale is logarithmic.

Analysis

Take the quasars from the list as your sample. From the NASA Extragalactic
Database (NED), download the Kitt Peak Observatory (KPNO) spectrum
for each quasar, and measure the black hole mass from the H� line and the
5100Å continuum.

1. Plot the V -band absolute magnitude, M
V

, as a function of the black
hole mass. Do you see a correlation? Note that M

V

in Boroson &
Green (1992) is the light of the entire object, both the nucleus and its
host galaxy. Would you expect the galaxy magnitude and the black
hole mass to be related in any way?

2. From your black hole mass, calculate the Eddington luminosity and
the Eddington ratio for each quasar. Plot the Eddington ratio as a
function of black hole mass and separately as a function of luminosity.
What trends do you see?

3. Most of this sample is within the Sloan Digital Sky Survey (SDSS)10,
so you can inspect their images by eye. Among the things you might
notice:

9You can explore their entire sample of 86 quasars at the NASA Extragalactic
Database (NED), at this link: https://ned.ipac.caltech.edu/inrefcode?search_

type=Search&refcode=1992ApJS...80..109B, but be aware that most of these are listed
under di↵erent catalog names than the “PG” (Palomar-Green) names used in this paper.

10Those at negative declinations are outside the reach of their observatory’s viewing
location.

https://ned.ipac.caltech.edu/inrefcode?search_type=Search&refcode=1992ApJS...80..109B
https://ned.ipac.caltech.edu/inrefcode?search_type=Search&refcode=1992ApJS...80..109B
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Table 23.1: Quasar List

# Name z M
V

RA (deg) Dec (deg) SDSS?
1 PG 0003+199 0.026 -22.14 1.581339 20.202914 Y
2 PG 0007+106 0.089 -23.85 2.629191 10.974862 Y
3 PG 0049+171 0.064 -21.81 12.978167 17.432917 Y
4 PG 0050+124 0.059 -23.77 13.395585 12.693390 Y
5 PG 0844+349 0.064 -23.31 131.926939 34.751223 Y

6 PG 0921+525 0.035 -21.25 141.303624 52.286257 Y
7 PG 0923+129 0.029 -21.59 141.513717 12.734341 Y
8 PG 0934+013 0.050 -21.43 144.254293 1.095411 Y
9 PG 1011´040 0.058 -22.70 153.586167 -4.311194 N
10 PG 1022+519 0.045 -21.40 156.380327 51.676352 Y

11 PG 1119+120 0.050 -22.49 170.446261 11.738407 Y
12 PG 1126´041 0.062 -23.00 172.319423 -4.402109 N
13 PG 1149´110 0.049 -21.90 178.014750 -11.373417 N
14 PG 1211+143 0.081 -24.60 183.573625 14.053639 Y
15 PG 1229+204 0.063 -23.06 188.015020 20.158114 Y

16 PG 1244+026 0.048 -21.77 191.646866 2.369108 Y
17 PG 1310´108 0.034 -21.35 198.274120 -11.128445 N
18 PG 1341+258 0.087 -22.71 205.986450 25.646581 Y
19 PG 1351+236 0.055 -22.40 208.526801 23.430302 Y
20 PG 1351+640 0.088 -24.08 208.315972 63.762681 Y

21 PG 1404+226 0.098 -22.93 211.591179 22.396172 Y
22 PG 1411+442 0.090 -23.54 213.451377 44.003878 Y
23 PG 1426+015 0.087 -24.05 217.277450 1.285132 Y
24 PG 1440+356 0.079 -23.49 220.531097 35.439701 Y
25 PG 1448+273 0.065 -23.30 222.786513 27.157478 Y

26 PG 1501+106 0.036 -22.76 226.005003 10.437820 Y
27 PG 1534+580 0.030 -21.44 233.968171 57.902559 Y
28 PG 1535+547 0.039 -22.15 234.159837 54.559225 Y
29 PG 2130+099 0.063 -23.23 323.115888 10.138738 Y
30 PG 2209+184 0.070 -23.14 332.974537 18.697184 Y

31 PG 2214+139 0.066 -23.39 334.301093 14.239136 Y
32 PG 2304+042 0.042 -21.58 346.762134 4.549227 Y

Boroson & Green (1992) quasars at redshifts z † 0.1. Column (3)—redshift;
col. (4)—V -band absolute magnitude; cols. (5)-(6)—RA and Dec in decimal
degrees; col. (7)—Does this object appear in the Sloan Digital Sky Survey?
(Yes/No)
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(a) What morphologies (galaxy shapes) do you see? Does whether
a galaxy is elliptical or spiral correlate with having a larger or
smaller black hole? It has found that black hole mass correlates
with the mass of the galactic bulge (in the case of spirals) and
with the galaxy’s total mass (in the case of ellipticals).

(b) Are their cases of distorted or merging galaxies, and do they cor-
relate with black hole mass or luminosity? Galaxies and their
black holes can grow through mergers. It may take hundreds of
millions of years for the distortions caused by a major merger to
settle back into a regular shape. And the normal-looking galaxies
you see may have gone through mergers in the past.

(c) Many of the cores of these AGN are noticeably blue11, but not
all. How are the blue core/non-blue core AGN distributed with
regards to black hole mass, luminosity, and redshift? Since the
blue color comes from the accretion disk, can you explain why
some cores are not blue?

References

• Boroson & Green 1992, ApJ Supplement, 80, 109
The emission-line properties of low-redshift quasi-stellar objects

23.11.2 Broad-Line and Narrow-Line Seyfert Galaxies

Project Description

Seyfert galaxies are very much like quasars in most ways, except that they
are fainter. There is a somewhat arbitrary dividing line between them in
absolute magnitude, with those that are fainter than M

V

“ ´23.0 considered
Seyferts and those that are brighter (more negative) considered quasars. You
will find that many astronomers are not very strict about this separation and
will include quasars in Seyfert lists and vice versa. Seyferts can be subdivided
according to how clearly we see the Broad Line Region in the central engine.
If our view of it is clear, then this is a Seyfert 1. If we look from the side, so
that the dust torus (see the first figure in this chapter) blocks the BLR light,

11These blue cores were one of the distinguishing features first noticed about Seyfert
galaxies and quasars, and the color comes from the bright light of the accretion disk.
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then we have a Seyfert 2. Seyfert 2s may still show narrow lines, because the
Narrow-Line Region is larger and may not be blocked by the dust.

Among the Seyfert 1s, though, it has been noted that some have unusually
narrow broad lines, such as H�. These are called, logically enough, Narrow-
Line Seyfert 1s, or NLS1. This is thought to come about because their black
holes are less massive than those of the Broad-Line Seyfert 1s (BLS1). But
you know that the H� line width alone doesn’t tell you the black hole mass.
You also need to measure the 5100Å continuum.

Take the sample of BLS1 and NLS1 from Crenshaw et al. (2003) and
measure the black hole masses of several of each of these that are matched
in luminosity. Are the masses of the NLS1 and BLS1 black holes di↵erent?

Obtaining the Spectra

While the quasar spectra of the first project of this chapter were easy enough
to download from NED, the Seyfert spectra for this project require a little
more work. Don’t worry, though—I’ll walk you through the steps.

We will use the Sloan Digital Sky Survey (SDSS). In your web browser, go
to https://www.sdss.org, select Data, and scroll down the next page to the
entry for SkyServer. If the website format has changed in newer versions,
search the site for SkyServer.12 Under Data Access, select Navigate.

The Navigate page gives you a view of the sky at a location given by RA
and Dec. The default page looks like this:

12You may see something like “DR16 SkyServer,” or another number in the prefix.
“DR” means “Data Release.” The Sloan does not add data to its archives continuously;
they spend months or years collecting and analyzing the observations for a given observing
project and then release it all at once as a data release. As I write this, we’re up to the 16th
Data Release since the SDSS began operations. They do change the website occasionally,
but if you search the site for SkyServer, you should get to the right place.

https://www.sdss.org
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Table 23.2: Seyfert List

RA Dec SDSS NED
# Name (deg) (deg) z Class spec? spec?
1 Mrk 335 1.581339 20.202914 0.02578 NLS1 N Y
2 I Zw 1 13.395585 12.693390 0.05890 NLS1 N Y
3 PHL 1092 24.982294 6.322921 0.39600 NLS1 Y N
4 1H 0707´495 107.172907 ´49.551915 0.04057 NLS1 ´ Y
5 Mrk 110 141.303624 52.286257 0.03529 NLS1 Y Y

6 Mrk 142 156.380327 51.676352 0.04494 NLS1 Y Y
7 Mrk 42 178.424052 46.211903 0.02463 NLS1 Y Y?
8 NGC 4051 180.790060 44.531334 0.00234 NLS1 N Y
9 NGC 4395 186.453592 33.546928 0.00106 NLS1 Y Y

10 PG 1211+143 183.573625 14.053639 0.08090 NLS1 N Y

11 NGC 4258 184.739602 47.303973 0.00149 NLS1 N Y
12 PG 1244+026 191.646866 2.369108 0.04818 NLS1 Y Y
13 MCG´6´30´15 203.973778 ´34.295538 0.00775 NLS1 ´ Y
14 PG 1404+226 211.591179 22.396172 0.09800 NLS1 Y Y
15 NGC 5506 213.312050 ´3.207577 0.00618 NLS1 Y N

16 Mrk 478 220.531097 35.439701 0.07906 NLS1 N Y
17 HB89 1557+272 239.842462 27.060810 0.06463 NLS1 Y Y?
18 IC 5063 313.009750 ´57.068778 0.01135 NLS1 ´ Y
19 3C 120 68.296231 5.354339 0.03301 BLS1 ´ Y
20 Ark 120 79.047588 ´0.149827 0.03271 BLS1 N Y

21 NGC 3227 155.877412 19.865050 0.00386 BLS1 N Y
22 NGC 3516 166.697876 72.568577 0.00884 BLS1 ´ Y
23 NGC 3783 174.757342 ´37.738670 0.00973 BLS1 ´ Y
24 NGC 4151 182.635745 39.405730 0.00332 BLS1 N Y
25 IC 4329A 207.330276 ´30.309436 0.01605 BLS1 ´ Y

26 NGC 5548 214.498058 25.136790 0.01717 BLS1 Y N
27 3C 390.3 280.537458 79.771424 0.05610 BLS1 ´ Y
28 NGC 7469 345.815095 8.873997 0.01632 BLS1 N Y

Seyfert galaxies, taken from the lists of Crenshaw et al. (2003) and Nikolajuk
et al. (2009). Column (3)—Right Ascension (degrees); col. (4)—Declination
(degrees); col. (5)—Redshift; col. (6)—Seyfert class (NLS1=Narrow-Line
Seyfert 1, BLS1=Broad-Line Seyfert 1); col. (7)—Is there an SDSS spec-
trum? (Y=Yes; N=No, but there is an image; “´”=No, and there is no
image); col. (8)—Is there a NED spectrum with the needed wavelength cov-
erage? (Y=Yes; Y?=Yes, but it is currently unavailable; N=No).
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On the left, enter the RA and Dec of your target in decimal degrees, and
click Search. The image will load in the middle. If a spectrum is available,
a thumbnail image of it will be shown at the lower right. To obtain the
spectrum, click on the Explore link on the right hand side.

The Explore page shows more detailed information about the object:
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The spectrum will appear at the bottom. In case you see more than one
shown (such as an infrared spectrum), use the optical spectrum. Click on
Interactive Spectrum to the right of where it says Optical Spectra.

Give the Interactive Spectrum page a little time to load, and scroll down
to the bottom of the page, where you will see the spectrum with a lot of
annotations made on it:
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It helpfully labels the absorption lines in blue and emission lines in red. This
is a good resource for identifying the H� line, if you aren’t sure where it
is. On the right hand side of the screen (top right in the above image), you
see Download spec as: lite/full. This should be set to lite, which will
let you download just the finished spectrum, without all of the individual
exposures that went into making it.

Now click on the download symbol just above the plot, where it says
(in this example) spec-1840-53472-0216.fits. That’s the filename of the
spectrum, in the Flexible Image Transport Service (FITS) format. FITS
is the standard file format for astronomical images, but we can also use it
to store tables, as we are here. The first 4 numbers give us the ID of the
spectrum plate that was used for this part of the sky. The next five give the
Modified Julian Date (MJD) of the time the spectrum was observed, and the
last five give the ID of the optical fiber that was used for the spectrum of
this particular object13. The plate-MJD-fiber number combination uniquely

13I don’t have room to explain it all here, but the SDSS has an interesting approach
to observing spectra. For every section of the sky, they take an aluminum plate and drill
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identifies the spectrum in the SDSS database. Even though it’s not as helpful
as having the object’s catalog name listed, it will let us look it up later, if
we need to.

Save the FITS file on your computer in a folder that you’ll use for all of
the spectra for this project. You can’t open this FITS file in a text editor, a
spreadsheet, or even in the DS9 image viewer (in this case, the FITS file con-
tains data tables, not an image). So before you can use it, you need to convert
it into a text file. I have written a Python program, SDSS spec ascii.py
that will handle the conversion for you. You will need the PyFITS package
installed in your Python distribution. I have used this with the common
Python 2.7 version, and it may work with Python 3, but I haven’t tested it
on that version. Put the program into the same directory as your spectrum
files. Whether you are on a Unix, Linux, Macintosh, Windows, or a DOS
computer, you should be able to run this program from the command line of
a terminal window by typing

python SDSS spec ascii.py filename.fits
where filename.fits is the name of your spectrum. For example, to convert
the spectrum spec-1840-53472-0216.fits, you type

python SDSS spec ascii.py spec-1840-53472-0216.fits
The program will read the FITS file and save the spectrum as a text file in
the same directory, with the su�x .txt. This file can be opened in your
spreadsheet. At the top of the file will be header information that lists the
object’s ID and location, as well as the units for the wavelength and flux.
Note that the SDSS generally stores fluxes in units of 10´17 erg

cm2 s Å
(with

10´17 written as 1E-17 in the header file), and you will need to scale it when
you do your analysis. Once you have the text form of the spectrum file, you
can continue with the analysis steps in the spreadsheet.

Analysis

Plot the rest-frame spectrum of each AGN you used, cropped to show the re-
gion immediately surrounding the H� line and the 5100Å continuum. Create
a table of your data, including the FWHM of H�, the flux at 5100Å, your
calculated black hole mass for each AGN, and the NLS1 or BLS1 classifica-

holes corresponding to where the light of one star or galaxy will be seen. Into those holes,
they plug optical fibers, which guide the light to a large spectrograph. In early versions of
this design, the spectra of 640 objects can be taken at once. In later versions, even more
were possible.
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tion for the object. Make histograms of the black hole mass distributions
for each classification. You will need to make set the boundaries of the mass
“bins” the same for the NLS1s and the BLS1s. Calculate the average black
hole mass for each Seyfert classification. Make a scatter plot of black hole
mass vs. 5100Å luminosity, with the di↵erent classes marked with di↵er-
ent symbols. Look at the distribution of the 5100Å luminosities for the two
categories.

Now interpret your results. Are the di↵erent line widths of the NLS1
and BLS1 classes showing us di↵erences in their black hole masses? Do the
5100Å continuum luminosities di↵er between the two classes, as well? Note
that because black hole mass is derived in part from the 5100Å continuum
luminosities, you should expect to see some correlation between MBH and
�L

�

p5100Åq, and such a correlation is not a discovery in itself.

Another analysis you can try is to look at the morphology (shape) of the
Seyferts’ host galaxies with the SDSS images and see if there is a pattern
relating morphology to the black hole mass. We expect Seyfert galaxies to
be spiral, rather than elliptical-shaped. But spirals come in many varieties,
two being normal and barred spirals. Normal spirals have a pinwheel pattern,
such as NGC 441414, shown here.

14Credit: NASA, ESA, and the Hubble Heritage Team.
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While barred spirals have a bar-shaped feature connecting the spiral arms on
one side of the center to those on the other side, such as NGC 621715, shown
here.

15Credit: NASA, ESA, and the Hubble Servicing Mission 4 ERO Team.
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For those Seyferts that have SDSS images, can you make out the mor-
phology clearly enough to tell whether or not it has a bar? The higher the
redshift, z, the farther away the galaxy and the harder it will be to tell. If
you can establish a set of NLS1 and BLS1 in the same range of redshifts and
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compare their images, analyze their black hole masses to see if there is any
correlation between the presence of a bar and the mass of the black hole.

There has been some disagreement in the past among astronomers as
to whether NLS1 have truly smaller black holes, or if the line widths are
smaller because of our viewing angle. That is, it could be that their Broad
Line Regions have a flattened, disk-like shape, and we are viewing them from
close to the rotational axis. If that were the case, then the Doppler shifting
of the clouds would be minimized, and even very massive black holes would
have BLRs with narrow H� lines. That would mean that the NLS1 and
BLS1 are physically the same. However, there are other reasons for believing
the NLS1 truly have smaller black holes, including mass measurements from
X-rays and the speed of their brightness changes over time. The smaller the
black hole, the more rapidly its luminosity can vary.

References

• Crenshaw, Kraemer, & Gabel 2003, ApJ, 126, 1690
The host galaxies of narrow-line Seyfert 1 galaxies: evidence for bar-
driven fueling

• Nikolajuk, Czerny, & Gurynowicz 2009, MNRAS, 394, 2141
NLS1 galaxies and estimation of their central black hole masses from
the X-ray excess variance method

23.11.3 Comparing H� to X-ray Derived Masses

Black hole masses can be measured by several di↵erent methods, and each
methods has its systematic and statistical errors and its strengths and weak-
nesses. X-ray-based methods are useful for AGN, because these objects tend
to emit strongly in the X-ray band. The X-ray excess variance method is
one approach, introduced by Nikolajuk, Papadakis, & Czerny (2004). In this
method, the AGN is monitored with frequent observations as its brightness
varies over time from changes in the accretion disk, and a power density
spectrum is created that shows how big the changes to the brightness are on
di↵erent timescales. The mass can be determined by analyzing the pattern
of this power density spectrum.

In this project, you will use the H� line to calculate the masses of the
same Seyfert galaxies used in the previous project (Table 23.2) and compare
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them to the masses derived from the X-ray excess variance method, listed in
Table 23.3 below.

Analysis

The lab report should include the rest-frame spectrum of each AGN you
used, cropped to show the region immediately surrounding the H� line and
the 5100Å continuum. Create a table of your data, including the FWHM of
H�, the flux at 5100Å, your calculated black hole mass for each AGN, and
the NLS1 or BLS1 classification for the object.

Plot the mass derived from H� against the mass derived from the X-ray
excess variance. Use di↵erent symbols for the NLS1 and BLS1 objects. Draw
a diagonal line showing where the two mass estimates would be equal. Do the
results for both methods closely match? Which class gives more consistent
results? Is there a systematic trend where more massive or less massive black
holes have better (or worse) consistency?

References

• Nikolajuk, Papadakis, & Czerny 2004, MNRAS, 350, L26

• Nikolajuk et al. 2006, MNRAS, 370, 1534
Consistency of the black hole mass determination in AGN from the
reverberation and the X-ray excess variance method

• Nikolajuk, Czerny, & Gurynowicz 2009, MNRAS, 394, 2141
NLS1 galaxies and estimation of their central black hole masses from
the X-ray excess variance method
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Table 23.3: Masses Derived From X-ray Excess Variance

MBH

# Name (106Md) Class

1 Mrk 335 1.00`1.24
´0.42 NLS1

2 I Zw 1 1.55`9.82
´0.81 NLS1

3 PHL 1092 0.40`6.50
´0.20 NLS1

4 1H 0707´495 0.34`0.30
´0.12 NLS1

5 Mrk 110 1.38`2.80
´0.67 NLS1

6 Mrk 142 0.78`0.92
´0.35 NLS1

7 Mrk 42 0.94`8
´0.54 NLS1

8 NGC 4051 0.19`0.06
´0.04 NLS1

9 NGC 4395 0.062`0.032
´0.018 NLS1

10 PG 1211+143 5.3`21.8
´4.4 NLS1

11 NGC 4258 9.45`5.75
´1.89 NLS1

12 PG 1244+026 0.076`0.067
´0.030 NLS1

13 MCG´6´30´15 1.49`0.43
´0.45 NLS1

14 PG 1404+226 0.51`0.92
´0.44 NLS1

15 NGC 5506 5.11`2.20
´1.18 NLS1

16 Mrk 478 1.55`2.21
´0.67 NLS1

17 HB89 1557+272 1.88`2.56
´0.62 NLS1

18 IC 5063 3.67`12.94
´1.21 NLS1

19 3C 120 197`204
´89 BLS1

20 Ark 120 108`163
´63 BLS1

21 NGC 3227 41.1`17.6
´11.7 BLS1

22 NGC 3516 29.5`16.0
´8.5 BLS1

23 NGC 3783 21.3`9.2
´7.0 BLS1

24 NGC 4151 29.2`9.7
´7.0 BLS1

25 IC 4329A — BLS1

26 NGC 5548 141`211
´41 BLS1

27 3C 390.3 — BLS1

28 NGC 7469 25.8`6.5
´5.1 BLS1

Masses of Seyfert galaxy central black holes, calculated from X-ray excess
variance, from Nikolajuk et al. 2009 (NLS1s) and Nikolajuk et al. 2006
(BLS1s). This list corresponds to the same galaxies in Table 23.2. Col-
umn (3)—Black hole mass in units of 106Md. Upper and lower uncertainties
are listed as superscripts and subscripts, respectively. Those without a mass
in Nikolajuk et al. (2006) are listed with —.


