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ABSTRACT
The Variability of "Normal" Galactic Nuclei

Jacob Nelson
Department of Physics and Astronomy
Bachelor of Science

It is likely that the nuclei of all galaxies contain black holes. If matter falls in toward the black
hole, some of it can be heated an ejected creating an active nucleus. Astronomers monitor the
infall and estimate black hole masses by measuring variations in the brightness of the nuclei. If
all galaxies contain nuclear black holes, then all of them should vary in brightness, not just those
termed active. The variability of these normal galactic nuclei will be less since a higher variability
would have placed them in the active class. Using data obtained with a robotic telescope from
2004 to 2007, I investigated the variability in their nuclei.
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Chapter 1

Introduction

The Hubble Space Telescope site estimates there are hundreds of billions of galaxies in the universe
[1]. Astronomers believe that about 10% of these are active galactic nuclei (AGNs). AGNs were
first studied by Soviet-Armenian physicist Prof. Victor Ambartsumian in the early 1950s [2].
Today, AGNs are widely studied. AGNs are compact and extremely luminous. The AGN model
consists of a super-massive black hole containing from a million to ten billion solar masses with an
accretion disk of matter orbiting and falling into the black hole. The accretion disk can potentially
convert potential and kinetic energy to radiation very efficiently. The matter in the accretion disk
becomes extremely hot as it nears the black hole and gives off high-energy emissions. These
emissions are the "activity" we measure coming from AGNs.

We expect all AGNs with sufficient matter near its black hole to display similar characteristics.
There are several possible exceptions however. First, large amounts of interstellar gas and dust
can obscure our view of the radiated energy, making the galaxy seem less active than it truly is.
Second, there may not be much accreting matter. This is the case when it comes to viewing the
black hole we believe to be at the center of our own Milky Way galaxy. Third, the efficiency of the
super-massive black holes (SMBH) to convert matter to energy may not apply in all cases. There

are solutions to accretion equations that allow for "radiatively inefficient" accretion [3].While these
1
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Figure 1.1 An artist’s rendition of a close up of an AGN and its constituent parts [5].

two matters complicate the issue of figuring whether a galaxy harbors a SMBH, they do not make
it impossible to determine whether there are high levels of activity there. Some accretion disks
also produce jets of matter that flow outward from close to the disk in opposite directions. These
jets are known as radio jets due to their high percentage of energy radiated in the radio wavelength.
However, the jets have been observed to radiate even high energy gamma rays [4].

AGNs are found in many different objects. These include quasars, blazars, radio galaxies and
LINERS. A quasar is a very energetic and distant AGN. They are believed to be among the most
energetic and luminous objects in the universe. A blazar is a quasar with the radio jets facing
toward the earth. In other words, we seem to be looking down the jet when we view it. A radio
galaxy is similar to a quasar except for the exceptionally high luminosity in the radio wavelength.
Some galaxies contain low ionization nuclear emission regions, known as LINERS. LINERs are
characterized by optical spectra that reveal that ionized gas is present but the gas is only weakly
ionized (the atoms are missing relatively few electrons). LINER nuclei, which are present in
many nearby galactic bulges, may be the manifestation of low-rate accretion around SMBHs [6].
However, it is unclear whether the compact nuclear sources present in many LINERs are clusters

of massive stars, rather than being related to the accretion process. We are not 100% sure of the



Figure 1.2 Comparison of two similar galaxies under the same brightness contrast. NGC
5548 (left) hosts an AGN while NGC 3277 (right) is classified as a normal galaxy. Notice
the marked difference in nucleus luminosity [7].

energy source responsible for exciting the gas. LINERS are classified as AGNs, though they are
thought to be AGN with lower accretion rates, and hence, we detect less "activity" in them. Most
galaxies are classified as normal since they do not display the distinct characteristics found in
AGNE.

We are still learning much about the observed activity in AGNs, but there are defining phe-
nomena that separate AGNs from the rest of the galaxy in the universe. First, AGNs are extremely
compact and luminous compared to their host galaxies. If the galaxy is near enough, the flux from
the AGN can rival that of the entire galaxy in optical images [8]. Second, AGNs typically display
a broadband continuum emission. The fraction of power that emerges from AGNss is surprisingly
spread out over the entire spectrum (see Fig. 1.3). Normal galaxies emit a much larger percentage
of their energy in longer wavelengths. Third, AGNs have prominent emission lines. This stands
in contrast to normal galaxies whose emission lines are relatively weak and mostly in absorption.
Fourth, AGNs vary in luminosity more than normal galaxies, though the typical amplitude over a

few years is 10% [8]. My research focuses only on the variability of galactic nuclei.



v Fv [erg cm?s™]

10'g:|| T ] T T 1] T T T 1] T T 1] T T ] ] T 7] =
C SMA . ]
™ A VLBA(BP143) Swift/BAT _
: B VLBA_core(BP143) ® RXTEPCA :
B VLBA_core_ellipsefit{EP143) Swift XRT 3
100 A4 viBa(EK1S)) B P
F oo VLBA_core(BK150) e B + % '%‘ —
= Noto e 1
— A Metsahovi B QJ + + —
~ Medicina T + —
" A VLBA[MOJAVE) T I ’Q‘*L*f
10"E  m  viBA_cCoretMOJAVE) - + —
- ¥ ovRo —
- W RATAN —
B v UMRAO ]
= A Effelsberg S
1 0'12 — —
E Y § SwifttUVOT el E
: i ®  BradfordRoboticTelescope ® VERITAS ]
| }"‘ B GAsP O VERITAS flare _
ﬁ . o ® Fermi

1018 — W MITSuME —
= H ROVOR =
— WIRO —
— *:;‘_- | | OAGH —
— Campolmperatore —

-ID—14 | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | |

101 1012 10™ 10'% 108 10% 1022 102 10% 10%

v [Hz]

Figure 1.3 Range of frequencies emitted from Mrk501 observed with various telescopes

[9].
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1.1 Galaxies of Interest

The purpose of this research is to look for long-term (on the scale of a few months) variability
in the galactic nuclei, similar to what has been found in Seyferts and quasars. Variability is one
signature of an active black hole. I am looking for evidence of black holes in two suspect classes,
namely LINERs and normal galaxies. My thesis consists of data from three normal galaxies: M33,
M51, and M101 and two LINERS: M81 and M94. The energy signature found in AGNs has been
shown not to radiate from stars. However, it is possible that not all galaxies harbor a black hole
in the nucleus since only a small percentage of galaxies display significant activity. Galaxies that

show little or no activity must be researched further to discover why.

1.2 Background

Figure 1.4 The Triangulum constellation harbors this face on view of M33. Also known

as NGC 598, M33 is over 50,000 light years in diameter, third largest in the Local Group

of galaxies [10].
M33 is classified as a late-type Sc spiral, consistent with its almost nonexistent bulge. The

nucleus of M33 is very compact, reaching a central mass density of several million solar masses per

cubic parsec. While such high nuclear densities might lead to conclusions of a SMBH, Merrit et al.
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find no evidence for a central rise in stellar velocities that would indicate the presence of a SMBH
in the nucleus [11]. Galaxies that contain bulges appear to contain black holes whose masses
correlate with the velocity dispersion of the bulge. Gebhardt et al. show that no corresponding
relationship applies in the pure disk galaxy M33. Hubble Space Telescope photometry and Space
Telescope Imaging Spectrograph data agree that models work best if the central black hole mass is
zero while it allows for an upper limit of 1500 solar masses [12].

M51, also known as NGC 5194, is a Sc spiral galaxy, classified as normal. Its proximity,
combined with low-level nuclear activity have made it a popular target for observation [13]. Ford

et al. showed that the morphology and high gas velocities are indicative of radio jets. However,

Figure 1.5 MS51 is a classic spiral galaxy. Its smaller companion is well behind M51. We
believe this "Whirlpool Galaxy" gets its unique look from interaction with its companion
galaxy [14].

they also showed that much of this activity originates outside the nucleus, specifically in a cloud to
the south and a ring of emission line regions to the north of the nucleus. They do not believe there
is a non-stellar source such as a SMBH present because they showed that the emission line gas is
probably excited by shocks rather than photoionization [15].

MS81, also known as NGC 3031, is the nearest example of a LINER. It also shares charac-
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Figure 1.6 Similar in size to the Milky Way, M81 is one of the brightest galaxies in our
sky. This deep image reveals detail in the bright, active core [16].

teristics with radio galaxies and quasars, including that of a slightly inverted synchrotron radia-
tion [17]. Based on resolved stellar kinematics the mass estimate of the central object is 6e7 solar
masses [18]. It contains a variable point-like X-ray source that has been shown to vary signifi-
cantly on a short scale and has also been shown to vary on a longer timescale (from days to a few

years) [19].

Figure 1.7 The bright, active core of spiral galaxy M94. Astronomers believe the bright
core is partially due to the high formation of stars near the center which are then pushed
out due to the spiral arms [20].

M94, also known as NGC 4736, is a Sab galaxy and classified as a LINER. It has a very high
central surface brightness. Bright X-ray sources have been detected in the central region of M94.

The brighter source appears to be at the nucleus, suggesting that it may be the non-stellar source
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that powers the emissions. Feldkhun and Braun believe evidence is strong for the presence of a
non-stellar continuum source at the galaxy nucleus, similar to those found in Seyfert galaxies [21].

MIO01 is a giant Sc galaxy classified as a normal galaxy. It has active star formation ongoing
in the nuclear region [22]. Roming et al. found evidence for periodic outflow from the nucleus
suggesting it is active [23]. But Kormendy et al. find no evidence for a black hole more massive

than 1e5 solar masses [24]. There is some evidence for activity but only at a low level.

Figure 1.8 M101, also known as the Pinwheel Galaxy lies 22 million light years away.
It is still debated whether it hosts an AGN [25].



Chapter 2

Analysis

The data used was obtained with the Tenagra 32" robotic telescope located in Arizona. The Tenagra
telescope takes 14.8 square arcminutes images and has 24 micron pixels. The plate scale is 0.87
arcminutes/pixel. This data was taken from April 2004 to April 2007.

Standard IRAF procedures were used to calibrate the frames. Dr. Mike Joner created the script

Figure 2.1 The 32" Tenagra robotic telescope [26].
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that reduced the Tenagra data. Mira was used in performing the differential photometry because I

felt it was more user-friendly than IRAF.

2.1 Error Analysis

I measured variability by charting the relative changes in magnitude in the galactic nucleus over-
time. There are two types of photometry I could use to track the variability: differential and
absolute. Absolute photometry is the measurement of the apparent brightness of an object on a
standard photometric system. These measurements can be compared with other absolute measure-
ments obtained with different instruments. In general, differential photometry can be done with
the highest precision, while absolute photometry is less precise. If the standard stars cannot be ob-
served in the same frame as the target, the target must be observed under photometric conditions.
For this research, I am only concerned with relative changes. The easiest and most accurate way
to test for this variability is to use differential aperture photometry.

The basic idea behind differential photometry is to compare a changing galactic nucleus with
the unchanging starlight in the same field of view. The first step is to pick a few stars in the field
of view of the galaxy, distributed throughout the frame as much as possible. These are considered
standard stars, since the assumption is they are unchanging in magnitude. I used four standard stars
for each galaxy with the exception of M81, for which I used five. Next, an appropriate aperture size
had to be chosen for the stars and galactic nucleus. There are two apertures I needed to consider
to create the best data possible: first, the sky annulus, or the area between the two outer apertures,
and second, the aperture radius for the star or galactic nucleus. To create the best sky annulus
count, which will be subtracted from the star, it was important to choose stars that were not too
close to other stars or the galaxy. If another star is in the sky annulus, it will increase the counts

to more than they truly are, creating an instrumental magnitude that is less than it should be. The
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Galaxy | Aperture Size| Data Points | Nights
M33 6.96" 26 7
M51 435" 106 22
M81 6.09" 136 25
Mo4 4.35" 22 8
M101 5:29" 102 19

Figure 2.2 Table of aperture size, total data points taken in filters B, V, and R and number

of nights of data.
same happens if the chosen standard star is on top of too much galaxian light. Each galaxy has a
different aperture setting that, once decided, is fixed for all the frames. These sizes were chosen
based on a good visual fit of the aperture around the stars along with a clean fit of the radial profile
given by Mira. The aperture sizes are given for each galaxy in Fig. (2.2). Using those apertures,
the software then calculated an instrumental magnitude (M) by summing the counts in the aperture

(S), subtracting the sky counts and plugging it into the following equation.
M = —-2.51og (S) 2.1

To find a comparison star, I simply needed to find the star that varied the least compared to the
remaining stars. Each comparison star I used was the one that had the smallest standard deviation in
its instrumental magnitude. The standard deviation equation I used in this case and for calculating

error in the next section is the following.

(2.2)

After subtracting the instrumental magnitude of my chosen star from the galactic nucleus, I am left
with a residual. The residual of each galaxy is what I used to look for variability in each of the five
galaxies. They are the values I used to create the graphs found in the results section. This process

was done for all galaxies with the exception of M51. The standard stars used for M51 varied on
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a greater scale, though not always in sync with one another. Using a star that varies too much as
a standard skews the galaxy variability, so that the variability may be coming from the star rather
than the galaxy. To minimize errors by choosing one star, I averaged all of them together and used
that value as the comparison star.

Overall, differential photometry works very well on point objects, such as stars, since where
the star ends is easily distinguishable (as long as the seeing is acceptable). However, differential
photometry has its problems when trying to implement it on extended objects, such as galaxies.
With galaxies, it is more difficult to decide an aperture size since the gradient of light is over an
extended area. If the aperture is too small, many photon counts will be omitted. If the aperture is
too big, the nuclear count is diluted by bulge light. The other problem with performing differential
photometry when there is a galaxy on the frame is background photon counts. Stars must be
chosen to avoid too much contamination from galaxian light though this is not always possible.
Even with its drawbacks, 1 decided that differential photometry would be accurate enough for
finding differential variability in galaxies.

The error bars located on each data point take into account both the error due to variation of
the standard stars and the instrumental error of the CCD since it cannot count or readout photons
perfectly. To calculate the error due to an imperfect standard star or stars, I first calculated the
mean of each star and subtracted it from each star respectively. These values are my residuals. |
calculated the standard deviation from the residual values of all the stars from each night. This
standard deviation is the value of the star error. The instrumental error is calculated solely from
the galaxy count given by Mira while doing the photometry. This error is calculated with Poisson
statistics. The error is simply the square root of the counts.

Once the error is found, we need to add and subtract it to the original count value to get the
upper and lower limits of the error. However, the upper and lower limits are still in counts and

are not magnitudes. To convert to the magnitude scale, I plugged the limits into Eq. (2.1). Then
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I subtracted the two magnitude values to give me the instrumental error. For the most accurate
statistics, if two measurements are independent and subject to random uncertainties, they should
be added in quadrature [27]. To add in quadrature is to square the two values, add them, and then
take the square root. Quadrature addition was performed with the two sources of error for each

night of data so that the magnitude of the error bars vary, according to the statistics of each night.



Chapter 3

Results

3.1 M33

Data for M33 are shown in Fig. (3.1). 1 did not expect M33 to display much variation in magnitude
since it is classified as a normal galaxy. It varied only about 0.025 magnitude in all three filters
over a few months with essentially no correlation. It is possible that these variations in magnitude
are from factors having nothing to do with a SMBH, such as high-mass stellar variability in star
formation regions. My data agrees with earlier findings that M33 does not host an AGN and may

not have a central SMBH.

3.2 Ms1

Data for M51 are shown in Fig. (3.2). There is little variability from JD 39105 to JD 39152, at
which point, all three filters rise 0.05 magnitude. Afterward, the magnitude continues as it was
before. Since the rise is found in all three filters, I am confident it is true and accurate. More
detailed research outside of variability measurements must be done on M51 to discover where this

variability is coming from and to determine if it is non-stellar. M51 is a good candidate to research

14



3.3 M81I 15

further to determine whether it is possible that even normal galaxies harbor SMBHs.

3.3 M8l

Data for M81 are shown in Fig. (3.3). One possible outcome of my observations was to determine
the level of variability that can be expected from LINERs. M81 data shows that we can expect very
little. However, the data also give evidence to support the LINER classification of M81. There is a
time lag in the continuum between Hy and Hg. A small decrease in magnitude peaks at JD 39086
in the V filter. This same decrease in magnitude also occurs in the R filter but at JD 39091, about
five days later. This is typical of what occurs in LINERS and is expected from a galaxy classified
as a LINER. It is a small evidence of activity in the M81 nucleus. The B filter does contain the

same decrease in magnitude but it may be from a higher signal-to-noise ratio.

34 M4

Data for M94 are shown in Fig. (3.4). M94 has fewer data points than the other galaxies and was
only taken in two filters, making it hard to conclude much about the variations. While other types
of studies support evidence for a massive non-stellar source, this study in variability does not. The
R filter obviously shows a marked decrease in magnitude though it does not show up in the B filter.
Two images that were taken on the same night are 0.25 magnitude different which is an incredible
jump, causing me to be suspicious of the data validity. The data point before also has error bars
that are much bigger than the other data. While it is possible that this is evidence of an extremely
active object in the nucleus, it is extremely unlikely. It is more likely that there was a cosmic ray
hit or problems with the calibration or CCD during those nights. Overall, M94 shows only 0.03
magnitude variation which is little for being classified as a LINER. This data does not support the

notion of an central, active SMBH. As always, it is possible we have observed it during a quiescent
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period.

3.5 Ml01

Data for M101 are shown in Fig. (3.5). M101 shows only 0.025 magnitude or less variations in all
three filters with variability that is completely uncorrelated. This is the least variability out of all
five galaxies studied. If there is evidence for a SMBH as some claim, it is possible that it is dying,
has used up all of its energy sources, or has been observed during a quiescent period. This data is

evidence that M 101 does not harbor a SMBH, or at least one that is active.
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Figure 3.1 Instrumental differential magnitude of M33 nucleus.
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Chapter 4

Conclusion

I have observed five galaxies, two LINERs (M81 and M94) along with three normals(M33, M51,
and M101). I conclude that one LINER, M81, and one normal, M51, are active and are good
candidates for harboring a SMBH. I disagree with previous studies such as those done by Ford et
al. [15] that M51 does not host a SMBH. I believe it is necessary to carry out a study of the same
galaxies over a few years with a larger data sample to find out the typical variability of each type
of galaxy. I cannot discredit the hypothesis that every galaxy contains a SMBH in its center. My
studies do seem to imply that if the timing of the observation is correct, we may be able to find
high energy, non-stellar emissions coming from every galaxy, whether a normal, LINER, or AGN.
If this implication is true, then variability studies must make way for a more certain method for

discovering SMBHs.
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