
Chapter 23

Measuring the mass of
supermassive black holes

137



138 CHAPTER 23. BLACK HOLE MASS

23.1 Kepler’s Laws

23.2 Broad Line Region Radius

23.3 Broad Line Region Velocity

23.4 Spectral Units

Spectra as they are observed are generally given in terms of intensity or flux
density, F

�

” dF

d�

, in units of erg
s cm2Å

, and plotted against wavelength. Note
that in optical (visible light) spectroscopy, we use the cgs system of units
(ergs and centimeters), rather than the MKS system (Joules and meters).
Wavelengths will generally be expressed in Ångstroms (Å, 10´10 m), but
occasionally in nm.

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.
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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.

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
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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
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 Wright1, 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

1Direct link: 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.



23.6. SPREADSHEET ANALYSIS 145

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.
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Draw a vertical line at 4863Å, which should mark the center of the spectral
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
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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:
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.
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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 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”
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”
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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.


