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ABSTRACT

The Large Synoptic Survey Telescope (LSST) is an upcoming robotic survey telescope. At the
telescope site on Cerro Pachón in Chile there are currently three photodiodes and a Canon camera
with a fisheye lens, and both the photodiodes and the Canon image the night sky continuously.
The NIST-calibrated photodiodes directly measure the flux from the sky, and the sky brightness
can also be obtained from the Canon images via digital aperture photometry. Organizing and
combining the two data sets gives nightly information of the development of sky brightness
across a swath of the electromagnetic spectrum, from blue to near infrared light, and this is
useful for accurately predicting the performance of the LSST. It also provides data for models
of moonlight and twilight sky brightness. Code to accomplish this organization and combination
was successfully written in Python, but due to the backlog of data not all of the nights were
processed by the end of the summer.

1. Introduction

A key part of the LSST’s future autonomy will
be its ability to evaluate what the optimal observ-
ing positions and times are given past and real-
time sky data, as well as its prioritized list of sci-
ence targets (LSST Science Book, §3.1). Work this
summer focused on creating an archive of the past
sky brightness data.

This brightness data comes in two forms: in the
form of two-dimensional color images taken by a
Canon EOS 5D Mark III camera on Cerro Pachón,
and in the form of one-dimensional flux measure-
ments from the photodiodes at the same location.
The photodiodes were physically constructed such
that their field of view is 3.5◦, to match that of the
LSST’s (Charles Claver, personal communication,
June 25, 2014; LSST Science Book, Table 1.1).
The Canon images are all-sky images, but their
brightness data are extracted from a 3.5◦ box.

The final output is a single text file per night
with brightness data from the three photodiodes
and from the four bands of the Canon images
(R, G, B, and monochrome). The text files of
the nightly photodiode data are a few megabytes

large, and each night of Canon data is roughly 30
gigabytes. This is all collapsed down into a text
file of about 100 kilobytes.

2. Organizing Photodiode Data

The three photodiodes on Cerro Pachón each
have a different filter inside them; the three filters
are z, y, and r. z and y are narrow-band filters;
each one has a FWHM of about 100 nm. z is cen-
tered on about 875 nm and y is centered on about
1.00 µm. r is a broad-band filter (the RG695 fil-
ter manufactured by Schott AG), with an internal
transmittance of over 90% from 700 nm to 2.7 µm
(Charles Claver, personal communication, July 17,
2014).

The photodiode data, in its raw form, is pre-
sented in large text files of several hundred thou-
sand lines each. The sky is sampled every second,
and so these files contain information from many
days. Much of this data (e.g. the daytime half)
is unimportant, and so the first step in creating
a single text file per night of combined brightness
data was to trim the overlarge text files down to



one per night.

Figure 1 shows plots from an unorganized text
file and from an organized one.

In addition to being trimmed, the files were also
cleaned. As can be seen in the plot of the raw
text file, brightness readings occasionally dip from
positive values to negative values. This can be
caused by momentary ethernet traffic losses, as
happened a few times on the night of May 12th,
or by more long-term power outages, as happened
on the night of May 9th (Michael Warner, personal
communication, June 24, 2014). Since these data
points do not represent measurements of the sky
brightness, they were deleted.

The timestamps for the photodiode brightness
data were also changed from UT to MJD, since
the timestamps for the Canon images are in MJD.
Changing the timestamp in this early step of the
process facilitates comparing the two data sets
later.

Since these data were in the form of text files,
reading, writing, and generally working with the
data was accomplished in a straightforward man-
ner with Python. NumPy’s recfromtxt procedure
was especially useful.

3. Generating Canon Brightness

Although the photodiode data are in easy-to-
work-with text files, the Canon data are raw color
images. The proprietary file extension for Canon
images is .cr2, which is a file extension which few
programs recognize. This is the format in which
the images are stored on the computers at the
National Center for Supercomputing Applications
(NCSA) in Illinois, where the LSST data will even-
tually be stored (LSST Science Book, §2.2).

Programs to convert .cr2 files into .fits files are
quite rare, but the files need to be in the .fits for-
mat due to the large Python infrastructure dedi-
cated to analyzing .fits files for astronomical pur-
poses. The .cr2 images are also color images,
which means that each of the three colors (R, G,
and B) must be extracted separately. In addition
to the three colors, a fourth “monochrome” image
was generated, by taking the median of the R, G,
and B values at each pixel.

The program used for conversion is the free
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Fig. 2.— Comparison plot of June 1st Canon and
photodiode data, to illustrate twilight white bal-
ance effects.

Python program cr2fits.py. This program has
some drawbacks, but it is the only easily accessible
program for the needed conversion. The primary
drawback is time, as it takes about 45 seconds to
do each conversion. Since there are roughly 1300
images per night, and since each image needs to
be converted three times (for R, G, and B), this is
far less than ideal.

Additionally, there is a problem with the white
balance in each image. cr2fits.py automatically
adjusts the white balance of the .fits image such
that 1% of the pixels are white. This causes
strange effects at twilight, where the brightness
falls but then rises again for night, as the ground
surrounding the camera remains lit after sunset
but then dims as the night progresses. The photo-
diode data does not have this effect, as it is purely
an artifact of the conversion into .fits images and
not a real measure of the sky brightness. Unfor-
tunately, there does not seem to be any way to
remove it. Figure 2 illustrates this problem.

The majority of the time spent processing the
Canon images is spent in this file conversion.
Once the images are in the .fits format reading
their brightness data is relatively straightforward
thanks to the AstroPy Python module, which is
well-suited for digital aperture photometry. This
simply involves sampling the pixels which repre-
sent the photodiodes’s field of view, finding their
average value, and writing that as the brightness
value for that image (and therefore time). The



photodiodes are pointed at zenith, which simplifies
the sampling. Square apertures were used, with
3.5◦ sides.

The photodiodes are known to point to zenith
from personal communication with a project mem-
ber (Christopher Stubbs, personal communica-
tion, June 12, 2014) and from verification of the
pointing by quantitatively comparing the bright-
ness curves of the photodiodes and Canon.

A large change in the Canon data occurred
on May 20th, when the lens on the camera was
changed. Figure 3 shows two images from the cam-
era, one pre-change and one post-change. This
obviously changes the size of the pixel box that
a 3.5◦ field of view corresponds to, but besides
this the observing strategy was changed. Pre-
change, the camera took a 1-second exposure,
waited ∼5 seconds, took a 10.4 second exposure,
then waited ∼50 seconds and repeated the pro-
cess. Post-change, the camera takes a 16-second
exposure, waits ∼5 seconds, takes a 32-second ex-
posure, then waits ∼30 seconds and repeats the
process. The photodiodes sample the sky at 1-
second intervals, so those data need to be down-
sampled to match the observing cadence of the
Canon data.

4. Combining Photodiode and Canon Data

Once the Canon brightness data is generated
from the images, it is a relatively straightforward
task to combine the two data sets. The only two
steps are to rescale the Canon data, and down-
sample the photodiode data.

The primary issue is that of scaling: the two
data sets have different units. The photodiode
data are in mV, whereas the Canon data are in
ADU. Although the two sets have consistent scal-
ing within themselves, they do not have consistent
scaled when compared with each other.

The Canon data were rescaled to match the
photodiode data. This was accomplished in the
following straightforward way. For each night, a
“Canon average” was calculated by averaging the
R data, and a “photodiode average” was calcu-
lated by averaging the r data. Then all the Canon
data (R, G, B, and M) were multiplied by the ratio
of the photodiode average over the Canon average.

The result of this rescaling is a plot such as
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Fig. 4.— Rescaling Canon data.

Figure 4. Note the logarithmic y axis of the un-
scaled plot; typical photodiode values are 50 mV,
whereas typical Canon values are 30,000 ADU.

Once the data have been rescaled, the only re-
maining thing to do is to downsample the pho-
todiode data to match the cadence of the Canon
data. A simple linear interpolation was written
and used, since the photodiode data are sampled
so much more finely than the Canon data (on aver-
age once every second vs. once every 40 seconds).

The end result appears very similar to Figure
4; the downsampling is only noticeable on smaller
timescales.

5. Discussion

Many megabytes of photodiode data and many
gigabytes of Canon images have been compressed
into a nightly text file of around 100 kilobytes.
In addition to this master file there are two other
text files, one with data from the long-exposure
images and one with data from the short-exposure
images. Both additional files have the photodiode
data which correspond to those times.

This archive of data is beneficial to the LSST
project, as it provides months of quantitative
records of nightly brightness. Although weather
data have been collected for ten years on nearby
Cerro Tololo, and although the SOAR and Gemini-
South telescopes (also located on Cerro Pachón)
have proven the mountaintop to be an excellent
observational site, there have been no brightness
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Fig. 5.— Twilight portion of photodiode data.

records or cloud maps generated for Cerro Pachón
(LSST Science Book, §3.1).

The Operations Simulator (OpSim) is the pro-
gram which will intelligently tell the LSST where
to observe next. Currently it is using the Cerro
Tololo sky data to predict the LSST’s perfor-
mance. The output files of this project will be used
by OpSim to improve the fidelity of the simulation,
and to more accurately predict the telescope’s per-
formance, especially on nights with clouds and/or
moon (Charles Claver, personal communication,
August 5, 2014).

Another application of this archive is deciding
when to start observing each night. Due to the na-
ture of the LSST project, considering both the size
of the images (in terms of gigabytes and in terms
of square degrees) and the necessary rapidity of
the survey, the decision of when to start observing
is especially important. Figure 5 focuses in on a
twilight portion of photodiode data. The curves
are color-coded, since the z filter is bluer than the
y filter.

From this curve, it is clear to see qualitatively
that at twilight the red light gets dimmer before
the blue light does. The two points marked as
diamonds on the plot are where the two curves first
get within 5% of the minimum values, at the right
edge of the plot. The redder y curve reaches this
5% tolerance five minutes and 27 seconds earlier
than the z curve. This fact permits the LSST to
observe in its red filter before it can observe in its
blue filter, increasing its total data output by a
small percentage.

All the twilight data gathered here could be of
use for models of twilight sky brightness, such as
those described in Patat et al. 2006. Although
the transition from day to night is key for astron-
omy, as it determines when the sky is suitable for
scientific measurement, the transition itself is not
well-studied. The photodiodes on Cerro Pachón
have taken calibrated data at dawn and dusk al-
most every day since March, and so would pro-
vide a significant increase in the amount of twi-
light data available to these models, even if the
photodiode data is only at zenith. Additionally, a
few nights each month have significant brightness
peaks due to moonlight scattering into the fields
of view of the photodiodes and Canon. This data
could be of use to models of moonlight brightness,
such as the one presented in Krisciunas and Schae-
fer 1991. This again is an important effect, as
scattered moonlight determines the limiting mag-
nitude of observable objects, but again it is not
well-studied effect and there are not many data
for the models.

Unfortunately, primarily due to the time it
takes to convert the .cr2 images into .fits images,
and also due to the size of the backlog of data (the
photodiodes came online in the middle of March),
not all of the data could be processed by the end
of the REU program. However, the code which
generates the output brightness files will continue
to run automatically.
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Fig. 1.— Unorganized and organized photodiode data.



Fig. 3.— Canon images pre-lens-change (top, from May 9th) and post-change (bottom, from May 30th).
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ABSTRACT

Active asteroids are ejecting material, and this can be caused by several different mechanisms
that act on the asteroid. We want to study these active asteroids to better understand the
mechanisms that cause material to be ejected, and also to better understand the contribution of
these asteroids to the interplanetary dust. In this paper we focus on two specific active asteroids,
P/2010 A2 and 300163. We have observed both asteroids with the One Degree Imager (Harbeck
et al. 2014) on the WIYN 3.5 meter telescope in order to learn more about the mechanisms
causing the ejection of material. We have made a surface brightness profile for P/2010 A2 from
data taken in 2014 that covers the entire tail of the asteroid. We compared this profile to a
previously developed model that only covered a few arcminutes of the tail around the nucleus. In
this paper we discuss the mismatch between our data and the previous model. We also examine
our new data for 300163 in order to determine if there is any nebulosity around the nucleus.

1. Introduction

Active asteroids are asteroids that are ejecting
dust or gas, and some active asteroids can even
form transient comet like tails. The ejection of ma-
terial can be caused by many different mechanisms
such as collisions, rotational instability, and radi-
ation pressure, but it can sometimes be difficult
to determine the mechanism (Jewitt 2012). There
are only about a dozen active asteroids known,
but it is important to study them for several rea-
sons. Firstly, it is important to better understand
the mechanisms that cause the ejection of mate-
rial. Some asteroids may contain water or organic
materials inside of them, so studying active aster-
oids would help us explore the possibility that, in
the early solar system, asteroids could have been
reservoirs for water and organics. We also want to
study active asteroids because they contribute to
the cloud of interplanetary dust around the sun,
which is also known as the Zodiacal cloud . By get-
ting a better understanding of the contributions of
these asteroids to this cloud, we might be able to
investigate their unseen counterparts around other
stars (Jewitt 2012).

P/2010 A2, hereby referred to as A2, is the first
asteroid that we focus on in this paper. It rose
to prominence in 2010 (Birtwhistle et al. 2010)
when it formed a spectacular comet-like tail made
of ejected dust. The nucleus is small, only about
120 meters in diameter, but the tail itself extends
over a million kilometers. A2 is 2.290 AU from
the sun, which puts it in the asteroid belt, and
its eccentricity is 0.124 (Jewitt et al. 2013). The
amazing thing is that the tail is still around, and
has not dispersed since it formed. Previous re-
search suggests that the dust ejection was caused
either by a collision or rotational instabilities (Je-
witt et al. 2013). Because the nucleus is small,
the ejection velocities of the dust particles would
be smaller, and the particles wouldn’t be blown
out of the vicinity of the nucleus. Because the tail
is still visible, and has not dissipated, the dust
particles have to be millimeter-sized or larger (Je-
witt et al. 2013) so they wouldn’t be blown away
by the radiation pressure.

A2 has been studied before by one of our collab-
orators, David Jewitt, and his team using the Keck
I telescope. The data that they acquired clearly



shows the nucleus, but they only cover a few ar-
cminutes of the tail, and this is shown in Figure 1
(Jewitt et al. 2013). Our colleagues were able to fit
a simple dust dynamical model with solar gravity
and radiation pressure to the surface brightness
profile made from this data. The model returns
constraints on the size distribution of the ejected
dust grains, which helps us estimate the mass of
the dust in the tail, and it also returns the ejection
velocity of the dust. This output gives us more
information about the mechanism that causes the
dust ejection. Using the One Degree Imager (ODI)
(Harbeck et al. 2014) on the WIYN 3.5 meter tele-
scope, which has a field of view of half a degree or
so, we can image almost the entire tail, which ex-
tends 25 to 30 arcminutes. Our data expands on
the previous Keck data, and allows us to trace out
the profile of A2 along the entire tail. One of our
goals is to compare the surface brightness profile
from our data to the model based on the Keck
data to see if they agree.

300163 is the second asteroid that we focus on
in this paper. It was found in 2006, but it was first
observed to be active in 2011 (Hsieh et al. 2011).
300163 has not been studied extensively, so not a
lot is known about this asteroid. 300163 is about
3 kilometers in diameter, so it is much larger than
A2. It is 3.05 AU from the sun, which puts it in the
main asteroid belt, and it also has a low eccentric-
ity of 0.20 (Hsieh et al. 2011). Because of its size,
300163 reflects more light and is visible in each
individual frame unlike A2 which was too faint to
be seen in an individual image. David Jewitt and
his team have also acquired data for 300163 from
the Hubble Space Telescope (Jewitt et al. 2013
in prep.), and it showed extended nebulosity in
2011, which indicates that it was ejecting mate-
rial. This is shown in Figure 2. We have made
follow up observations for this asteroid in order to
better assess the presence of this nebulosity. In the
case of 300163, we are trying to better understand
the ejection mechanism that caused this asteroid
to become active.

2. P/2010 A2

The first part of this project was to construct a
surface brightness plot of the debris tail of the ac-
tive asteroid A2. This section will go through the
process of doing photometry on the debris tail in

order to get a surface brightness profile, which will
help us determine some of the physical properties
of the asteroid and the debris tail.

Processing the Image Stack The data for this
project was taken with the partial One Degree Im-
ager (pODI) (Harbeck et al. 2014) on the WIYN
3.5 meter telescope, which has a field of view of
half a degree or so. We used 40 exposures taken
with the SDSS r filter, all with four or five minute
exposures that span a whole night. This data
was then sent to the ODI pipeline (Kotulla et al.
2014; Gopu et al. 2014) where it was reduced and
stacked non-sidereally (Ralf Kotulla, in progress)
to create a deep image, which reveals the faint de-
bris tail of A2 shown in Figure 3. Non-sidereal
stacking means that the images are stacked based
on the rate of the asteroid, so that the aster-
oid is not smeared, but the background stars are.
The stacking process involves choosing a reference
frame, and the program will shift all of the other
frames to the reference position. The non-sidereal
stacking uses the rate of the asteroid to aid in the
shifting of the frames to the reference position.
There are also two different choices for stacking:
median or average. Median stacking is less sensi-
tive than average stacking to outliers such as bad
pixels, but results in a lower signal to noise.

In order to get a surface brightness profile for
this asteroid, we need to be able to measure the
flux along the entirety of the tail. For our first at-
tempt, we started in IRAF by rotating the median
stacked image, by eye, so that the debris tail was
as close to horizontal as possible. We made cuts
in the y-direction so that we cut out everything
except the asteroid tail, and it ended up being 12
pixels wide in the y-direction. In the x-direction
we had to cut out all of the stars that are smeared
across the debris tail (can be seen in Fig. 3) in
order to cut out extra noise in the profile. These
cuts were all done by eye. Then the pixels were
binned in the y-direction so that there was only
one row. In the x-direction, every 10 pixels were
binned together into one pixel. The binning was
done using the blkavg command with the option
parameter set to sum and not average. The bin-
ning smooths the profile, and we were able to read
out the flux measurements for each binned pixel
in the row using the listpix command. The nu-
cleus position, determined using JPL’s Horizons



web-interface, was placed at the center of a bin.
We used Horizons to determine the nucleus posi-
tion because it is not visible in our deep stacks of
the asteroid. The ephemeris has not been updated
since 2010, so there is likely to be a significant er-
ror in the predicted nucleus position.

Photometry of the Debris Tail We wanted
the flux units for our surface brightness profile to
be in magnitudes per square arcsecond, but be-
cause we binned the pixels we had to take a few
more steps in order to get to these units. We know
the pixel area that was binned into one pixel: 10
by 12 pixels. Each pixel is 0.25 arcseconds, so the
area is 2.5 by 3 arcseconds or 7.5 square arcsec-
onds. We divided the binned flux by 7.5 to get
the flux per square arcseconds. We then found
the magnitude per square arcsecond for each bin
by using the equation:

Mag = −2.5 log10(f) + 25. (1)

The constant term at the end of Equation 1 is the
photometrically calibrated zero point of the stack.
This calibration used a catalog with magnitudes
of specific stars, and we manually checked the cal-
ibration to make sure it was consistent. Thus, this
gives us the flux units for each data point along
the tail in magnitudes per square arcseconds.

Nucleus Position and the Keck Model Be-
cause we could not see the nucleus, its position
was determined using the Horizons web-interface
to generate the ephemeris for A2. The midpoint
time of the reference frame for the stack was used
to find the RA and Dec of the nucleus position
from the ephemeris. The RA is 13h 22m 29.14s
and the Dec is −15◦ 45’ 34.4”. We then found
the pixel coordinates of the Horizons nucleus po-
sition, and we were able to plot the magnitude
per square arcsecond versus the distance from the
Horizons nucleus shown in Figure 4.

The previous research done by Jewitt and his
team using Keck resulted in a model of the surface
brightness profile for A2, so after we completed our
first attempt, we superimposed the Keck model
onto our data, and this is shown in Figure 5. The
overall shape of the model fits our data but the
position of the model is shifted. This is very inter-
esting because it could indicate that the asteroid

has changed since that model was created, and an
updated model is needed. Before we went down
that path, we wanted to first check to make sure
that we hadn’t done anything to cause this shift
ourselves.

Comparing Stacking Methods The first
thing we wanted to check was our stacking
method. We wanted to see if different stacking
parameters changed the position of the surface
brightness profile. The first change we tried was
masking the stars. In the stacking process the
program used a reference frame designated by the
user to make object masks that identified and ex-
cluded the stars from the final stack (Kotulla et
al. 2014). This worked well, and it removed the
hassle of cutting out the stars by hand. We could
cut out the asteroid, bin the pixels, and then read
the flux measurements to very quickly produce a
surface brightness profile. We used the star mask-
ing on an average stack and a median stack to see
if it affected either one.

The second thing we changed was the way the
pODI pipeline used rates to stack non-sidereally
(Kotulla et al. 2014). Previously, we would give
the program a rate for the asteroid that corre-
sponded to the time of the reference frame, and it
would stack the images as if the asteroid were mov-
ing constantly at this rate. A2 doesn’t move that
quickly, and the rate doesn’t change that quickly,
so this should work well. In order to check if using
this fixed rate was smearing the asteroid, we had
the program stack using a varying rate. The pro-
gram connected to JPL’s Horizons web-interface,
searched for A2, and used the ephemeris to assign
a rate to each image using the midpoint in time
for the image. Then the program shifted each im-
age to the reference image based on the individual
rates. We used this non-sidereally stacking tech-
nique along with star masking to make an average
and a median stack. The median stack for this
method is shown in Figure 6.

We created surface brightness profiles for each
of these stacks, and then compared them to our
original surface brightness profile to see if anything
changed, and this is shown in Figure 7. Each stack
used the same reference frame and we used the
Horizons nucleus position corresponding to this
reference frame, because we still could not see the
nucleus in our stacks. The profiles corresponding



to the different stacking methods were all, pretty
much, the same as the original profile we made,
so we concluded that this was not affecting our
profile, and it couldn’t have caused the difference
between our first profile and the Keck model.

Nucleus Position The next thing we wanted
to check before changing the model was the nu-
cleus position. Since we could not actually see a
definitive nucleus, as they did in the Keck data,
we were using ephemeris based on data that was
a few years out of date. This could mean that
the nucleus position given by the ephemeris was
wrong. In order to check this, we need to acquire
new, high-resolution imaging data to detect the
nucleus then we can extrapolate between the old
and the new data to update the ephemeris and fig-
ure out where the nucleus position is in our current
data. Since this is not available right now, we have
been trying to investigate the portion of the tail
around the nucleus position given by Horizons to
see if there is anything that indicates the location
of the nucleus.

We started this process by identifying four dif-
ferent potential nucleus-like objects. We then
made several stacks made up of different halves
of the frames. One of these sets had stacks that
were made up of odd and even frames, and both
used the same reference frame. Then we made two
sets of stacks that were made with frames from
the first half of the night or the second half of the
night. For the first set, both halves used the same
reference frame, and for the second set, the halves
used different reference frames. We then blinked
between all of these stacks to see if any of these
potential nucleus-like objects survive in all of the
stacks. If they don’t survive in most of the stacks,
it is a good indication that they are just noise, or
possibly a star that was not masked correctly. Fig-
ure 8 shows the positions of the four candidates on
the tail of the nucleus, labeled one through four.
The second candidate is very close to the Horizon
ephemeris nucleus position. The first and second
candidates do not show up in all of the stacks, so
we stopped focusing on them as potential nucleus
candidates. The third and fourth candidates do
show up in most of the stacks, so we have been
focusing more on them as potential nucleus posi-
tions.

We compared the surface brightness profiles

corresponding to the nucleus candidates (where
we used the second candidate as a proxy for the
Horizons nucleus position) with the first profile
we made superimposed on the Keck model, and
looked to see if any of the potential nucleus candi-
dates fit the previous Keck model. This compari-
son is shown in Figure 9. Nucleus 3 and Nucleus 4
are both shifted in the right direction, so now we
need to compare the amount of shift to see which
profile matches the Keck model better. The Keck
model is shifted by about 0.7 arcminutes. Nucleus
3 is only shifted over by about 0.2 arcminutes, and
Nucleus 4 is shifted over about 1 arcminute. The
Keck model could still possibly fit our data if nu-
cleus 4 were the correct nucleus position.

The best way to determine how well the Keck
profile fits is to update the ephemeris. Only then
will we be able to determine if the asteroid profile
has changed significantly since the epoch of the
Keck observations.

3. 300163

The second part of this project involved another
asteroid, 300163. Specifically, we are investigat-
ing the presence of nebulosity around the nucleus,
as well as rotational information. This section
will go through the process we took to investi-
gate the presence of the nebulosity, which could
tell us more about the mechanism(s) that caused
this asteroid to be classified as active.

Stacking and Cuts The first step we took to-
wards investigating whether there is any nebulos-
ity around the nucleus of 300163 was making deep
stacks of data taken with pODI (Harbeck et al.
2014). 300163 is bright enough that we didn’t
need to stack any images to see it, like we did
with A2, but faint nebulosity would probably not
show up in a single image. We used images from
three different nights, made up of 3 minute expo-
sures taken with the SDSS r-band. These expo-
sures were reduced through the ODI pipeline (Ko-
tulla et al. 2014), and then we made deep stacks for
each of the nights. The images were stacked non-
sidereally using the varied rates method described
previously in the Comparing Stacking Methods
section, but we did not mask the stars in these
stacks. The stack from April 3rd shows the nu-
cleus of 300163 surrounded by star trails, but it is



not immediately noticeable by eye whether there
is any nebulosity around the nucleus.

To check if there was any extended nebulosity
around the nucleus of 300163, we wanted to make
a cut through the asteroid and plot the flux versus
the distance from the center of the nucleus. We
then looked for extended counts beyond the cen-
tral Gaussian peak of the nucleus, which would
indicate that the asteroid is actively ejecting ma-
terial. In order to determine if there is any exten-
sion in the brightness curve, we need to make cuts
through the centers of a few background stars to
compare with the asteroid.

We first rotated the image by eye so that the
star trails were horizontal, and identified the as-
teroid and chose two stars. This is shown in Figure
10, where the asteroid is the object in the middle
with no streaking. The first star is on the left and
the second star is on the right. We then cut out
one column of pixels through the center of each
object. We normalized the flux counts for each
object to their respective peaks, so that we could
compare their FWHMs. We plotted the normal-
ized brightness versus the distance from the center
of the object for all three objects, and it is shown
in Figure 11. The FWHM for 300163 was approx-
imately 0.9 arcseconds, and for the first star, the
FWHM was also approximately 0.9 arcseconds.
The FWHM for the second star is approximately
1.2 arcseconds. Because we stacked non-sidereally,
the stars were slightly smeared, which could cause
the FWHMs to be slightly different.

Extensions Around 300163 Comparing the
brightness profiles of the asteroid and the two
stars in Fig. 11 shows that 300163 doesn’t show
any indication of having an extended nebulosity
in our data. This is interesting because previous
data shows that it was actively ejecting material.
This change could help us rule out certain ejection
mechanisms. This result is still in progress, be-
cause we are still working on a few other methods
of making these brightness cuts to double check
our results. We are also still working on generat-
ing a light curve for 300163, which would tell us
more about the rotation of the asteroid. Rotation
information would also help us to better under-
stand the mechanism that caused this asteroid to
eject material.

4. Future Work

We are currently still working on understanding
the difference between our initial surface bright-
ness curve for A2 and the previously constructed
Keck model, and whether the difference is caused
by the true nucleus position being offset from the
position calculated by the ephemeris. If we can
acquire more data for A2 where the nucleus is vis-
ible, we can then extrapolate the nucleus position
back to our current data, and this would allow us
to say for certain what is happening. For 300163,
we are still working on making a few different cuts
across the asteroid so that we can say with confi-
dence that there is no nebulosity around the nu-
cleus. In the future we hope to be able to better
understand the mechanisms causing the ejection of
material from these asteroids, and also better un-
derstand their contribution to the interplanetary
dust.
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Fig. 1.— Keck image of A2 taken by Jewitt et al. (2013) on UT 2012 October 14. This image of A2 clearly
shows the nucleus, marked n, but it only covers a few arcminutes of the tail.

Fig. 2.— HST data of 300163 acquired by David Jewitt and his team in 2011. This shows nebulosity around
the nucleus of the asteroid.
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Fig. 3.— Non-sidereally stacked, median, deep image of the A2 field, which reveals the fainter debris tail
that extends diagonally up and to the right across the center of the image. The stars are smeared because
of the non-sidereal stacking. This data was taken in 2014.
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Fig. 4.— First attempted surface brightness plot for the median stack of A2 shown in Fig. 3.



Fig. 5.— Previously constructed Keck model (Jewitt et al. 2013) superimposed onto our first attempt at a
surface brightness profile for A2 (shown in Fig. 4).



Fig. 6.— Median deep stack of A2 with the stars masked. It was stacked non-sidereally using the varying
rate of motion of the asteroid. It is much easier to see the tail of in this image A2 with the smeared stars
excluded than it is with standard median stacking demonstrated in Fig. 3.
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Fig. 7.— Different stacking methods are compared to see if they impact the surface brightness profile
significantly. The black points are the original profile made from a median stack. We then masked the stars,
while still using a fixed rate of the asteroid to stack, shown by the blue and the cyan points corresponding
to average and median stacks respectively. Then we stacked using a varying rate for the asteroid, which is
more akin to how an asteroid actually moves. We applied this and star masking to the stacks, shown by the
red and green points, which correspond to average and median stacks respectively. None of these changes to
the stacking method appears to alter the surface brightness profile drastically.

Fig. 8.— The positions of four nucleus-like candidates discussed in the text.



Fig. 9.— Left: This shows the surface brightness profiles corresponding to the different potential nucleus
positions. Nucleus 2 is a proxy for the Horizons ephemeris nucleus position. Right: this a cropped version
of Fig. 5. If we compare both plots, Nucleus 3 and Nucleus 4 are both shifted in the right direction as the
Keck model compared to the ephemeris position. The Keck model is shifted over 0.7 arcminutes from the
profile using the Horizons nucleus position. Nucleus 3 is only shifted over about 0.2 arcminutes, and Nucleus
4 is shifted over about 1 arcminute, so Nucleus 4 is closer to the shift of the Keck model.

Fig. 10.— A deep stack image of 300163 that has been rotated so that the star trails are horizontal. 300163
is the object circled in the middle of the image. It is not streaked because we stacked non-sidereally on
the rate of this asteroid. The first comparison star is circled on the left, and the second comparison star is
circled on the right.
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Fig. 11.— Comparing the brightness curves for 300163 and the two comparison stars. The FWHM is
approximately 0.9 arcseconds for 300163, 0.9 arcseconds for the first comparison star, and 1.2 for the second
comparison star. The slight differences are likely due to the fact that the stars were smeared a little because
we stacked non-sidereally. This plot indicates that there is no nebulosity around 300163 because the profile
does not have wider wings that extend past the stellar profile, but this is a preliminary result as we are still
working on confirming this.
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ABSTRACT

This study was undertaken to understand whether environment plays a role in the evolution
of AGN. The goal for this study was to examine two types of environments: 7 clusters and 6
blank fields. Two types of clusters were studied in this project: 3 virialized and 4 non-virialized.
The redshift of the clusters ranged 0.22¡z¡0.29 and we assumed z=0.25 for all the blank fields. We
did this study in the mid-infrared using the WISE All-Sky database and only using data on the
W1/2/3 bands. We applied various methods to our data to refine our AGN candidate selection
and determine if there is an excess or deficit of MIR AGN in galaxy clusters vs. blank fields
as well as virialized vs. non-virialized. After close examination of the results of our study, we
concluded that we did not detect an excess or deficit of MIR AGN in our clusters whether the
cluster was virialized or non-virialized.

1. Introduction

Active galactic nuclei potentially play a role in
the process of galaxy evolution. To understand
how this phenomena does influence galaxy evolu-
tion, we must first investigate the properties of
active galactic nuclei (AGN) and the environment
in which they are produced. The types of AGN we
see are just different manifestations of cool gas ac-
cretion onto a supermassive black hole under dif-
ferent conditions which are exposed by different
wavelengths. The orientation of the AGN may
play a role in how that object can be detected.
For instance, if the AGN is oriented in such a way
that the gas and dust enshroud it and prevent us
from observing the optical wavelengths emanat-
ing from it, then the X-ray wavelengths may pen-
etrate through for detection. If the X-ray wave-
lengths are absorbed by the gas enshrouding the
AGN, then it will just be reemitted as infrared
wavelengths. Therefore X-ray or MIR wavelengths
can be observed. Observing AGN under different
wavelengths helps us to characterize AGN to un-
derstand the process of how they develop. The
environment in which AGN are found is poten-
tially important in identifying AGN. The Gilmour

et al. (2009) study was undertaken to investigate
where X-ray selected AGN are located within the
galaxy clusters, and whether there is an excess
of X-ray selected AGN in clusters versus a blank
field. They concluded that there is an excess of X-
ray selected AGN with a radius between 0.5 and
1 Mpc away from the center of the cluster rather
than within 0.5 Mpc from the center. Utilizing
this idea of excess we can investigate if there is
an excess of MIR selected AGN in two types of
clusters: virialized and non-virialized. Virialized
clusters are gravitationally relaxed and therefore
their X-ray gas has a spherical shape to it. Non-
virialized clusters are not gravitationally relaxed
and have an oblong shape or more than one nu-
cleus of objects. These classifications were done by
Gilmour et al. (2009). The Yan et al. (2013) study
was focused on extragalactic sources classified in
the SDSS database and plotted in the WISE color
space. Our study focuses on Figure 8 in that study
and we incorporate some of their selection crite-
ria into our study for selecting AGN in the MIR.
Using the methods done in the studies of Gilmour
et al. (2009) and Yan et al. (2013), we can inves-
tigate two environments: clusters and blank fields



in the MIR to see if either environment play a role
in the evolution of AGN.

2. Data Selection

We are investigating the properties of active
galactic nuclei (AGN) and how they look in the
mid-infrared (MIR) using the WISE All Sky
database. For our sample we selected 7 galaxy
clusters from Jeltema et al. (2005), and 6 blank
fields from Gilmour et al. (2009). We collected
general position data, and data on the W1/2/3
bands because not many objects illuminate at the
wavelength range for the W4 band, A cone search
was used to look for sources at a physical radius
of 3Mpc around the cluster and some of the back-
ground to make it easier to compare to the blank
fields. A list of these clusters and blank fields can
be seen in Table 1 and 2. After retrieving the
data from the database for both the cluster and
the field, code written in python was used to make
a color-color plot of the data similar to Fig 8 in
Yan et al. (2013). In order to examine sources
that have a higher possibility of being AGN we
selected only high quality data points with the
condition that the band W3 has SNR>3. This
condition was the same one used by Yan et al.
(2013). In order to simplify whether a source was
an AGN or not, we made a color cut of 0.8 on the
W1-W2 axis. This cut was chosen because when
looking at Fig 8 in the Yan et al. (2013) paper,
the contours for the other types of galaxies overlap
more with the AGN contours below that line.

2.1. SNR and Color Cut Testing

To test whether our choice of SNR and the AGN
selection line were good to use on the other clus-
ters and blank fields, we tried shifting the SNR
cut and the selection line to see how our selection
varied under different conditions. A selection line
of 0.6 was chosen since that was the lowest we
could go according to the Fig 8 plot in Yan et al.
(2013). Then we chose W3 SNR>2 to see what
effect it would have on our selection. Our selec-
tion line could only be determined by our choice
of SNR because at a lower SNR we could intro-
duce sources that were flagged for contamination,
but raise our selection line to avoid those sources.
For the test we left the selection line at 0.6 and
compared SNR>2 to SNR>3. We determined af-

ter looking at the resultant plots that SNR>2 did
introduce more noise into the selection and was
introducing sources that were flagged for contam-
ination by the WISE All-Sky Catalog into our se-
lection. Leaving the selection line at 0.6 also intro-
duced flagged contaminated sources into our can-
didate selection. To stay with SNR>2, it would
require us to raise the selection line in order to
avoid the contaminated sources. Therefore, we
concluded from our test that our original choice
of SNR>3and the AGN selection line at 0.8 was
better because they did not introduce any contam-
inated sources into our selection. Once the criteria
was solidified we applied it to the other clusters
and blank fields listed in Table 1.

3. Methods

To analyze our two data sets, clusters and blank
fields, we looked at two methods. The methods re-
volved around matching to optical and X-ray data
to have a better understanding of the objects in
our field and determine the boundary of the viri-
alized and non-virialized clusters. This boundary
was too difficult to determine by just looking at
the MIR images of the clusters, so matching to
other wavelengths was an attempt at determining
where the cluster boundaries are.

3.1. Matching to Optical Data from SDSS

AGN can only be identified by their spectra,
and the SDSS database contains spectra, so it was
important to know if any of the WISE sources were
also SDSS sources. We chose the cluster A2219 for
initial testing because it was known to have 7 opti-
cal AGN, and the blank field SWIRELOCKMAN7
which had no known optical AGN. To match the
sources found in SDSS with the sources we found
in WISE, we wrote code in python to maych the
RA and DEC of each of the sources with a toler-
ance of 10-4 deg. This tolerance was chosen be-
cause it provided the best one-to-one match be-
tween the two databases. This resulted in 939
matches for the cluster and 289 matches for the
blank field before the SNR>3 cut was made. Af-
ter applying the SNR>3 condition to the SDSS
matched sources, we reduced our matches to 173
for the cluster and 44 for the blank field. We plot-
ted the SDSS matches in WISE color space to see
how many of our candidates had matches in SDSS,



and whether they had spectra. About 30 of AGN
candidates had matches in SDSS. Only a few of
the candidates were classified as QSOs when we
queried the SDSS DR7 database using their posi-
tion data. We looked at the magnitude distribu-
tion for all the matched sources in SDSS to find
the peak magnitude range for our sources. In the u
and g magnitude for the cluster, the peak number
of objects fell within the fainter magnitudes about
which was between 22-24. In the other magni-
tudes such as r, I, and z the peak was between
18-20. The blank field magnitude distributions
were more leveled off and didnt really have a peak
source count in a particular range of magnitude.
We then proceeded to study our objects in optical
color-color space and made three plots using the
magnitudes from SDSS for both A2219 and Swire-
lockman7. This was done to identify what sources
were classified as in SDSS. In the cluster data, it
can be seen that the majority of the objects fall
in one particular region of the plot, specifically
in Fig 3 it can be seen where the area 1.0¡ g-r ¡
2.0 and 1.5¡ u-g¡3 has more objects compared to
the same area in the blank field in Fig 4. This
over-density is most likely do to the color of the
cluster galaxies. After observing this over-density
in the cluster field, we decided to investigate it.
We made 3 color cuts to isolate the over-density
in the optical color space. We then went into the
SDSS WDR7 database and collected data on what
sources in our cluster were classified as stars and
galaxies. We plotted them in optical color space,
applied the cuts the same optical cuts, and plotted
the sources in that optical color over-density and
plotted in WISE color space. We saw that most
of the sources that fall in the region of the SDSS
color plot where stars are expected to be, fell be-
low the W1-W2 0.15 line in our MIR color-color
plots. We made an additional color cut on our
WISE data to remove these potential stars from
our overall selection. This cut may have removed
a few sources that might not have been stars but
the bulk of our sources was retained.

3.2. Matching to X-Ray sources from
Gilmour et al. 2009

In order to compare our WISE candidate se-
lection to Gilmour et al. (2009) X-ray candidate
selection we matched the two AGN candidate se-
lections using our matching algorithm in python.

The tolerance had to be moved to 10-3deg because
the positions are not as precise. This resulted in 6
total matches for our test cluster A2219. We were
only able to retrieve X-ray data on the clusters
so we were not able to compare the blank fields.
We plotted the matches in WISE color space and
find that 4 out of the 6 matched with our can-
didate selection. Next we investigated the radial
distribution of our WISE selection compared to
the Gilmour et al. (2009) X-ray selection, and the
MIR-X-ray candidate matches to see where they
were located within our field for A2219. As it can
be seen in Figure 6, if we assume that the WISE
and X-ray AGN candidates are associated with the
cluster, there radial distributions dont give a clear
idea of the cluster boundary since they appear to
be concentrated more around the outer radius of
the field where we expect the cluster to have faded
into the background. The fact that it is difficult
to locate this boundary might be due to the fact
that this cluster is not virialized, and therefore
has an odd shape that makes it difficult to distin-
guish the boundary. For lack of time we were not
able to compare this to a virialized cluster such
as ZWC3146 to see if we get the same result or
better.

4. Results

Our overall selection consists of sources that
have a W3 SNR>3 and are above W1-W2 0.15.
Our MIR candidate selection consists of sources
that have a W3 SNR>3 and are above or equal
to W1-W2 = 0.8 in our MIR color-color plots. To
determine if there is an excess of AGN candidates
in clusters compared to blank fields, we made cu-
mulative radial distribution plots. We took each
cluster and blank field and normalized the num-
ber of sources as a function of its radius from the
center of the field. Thus the percentage of sources
when at 3 Mpc is defined to be 100. Figure 7
shows the average of the clusters and blank fields,
and their standard deviations. In Figure 7 starting
at 1.5 Mpc, the error bars for the clusters and the
blank fields overlap to the 3 Mpc limit. This trend
was expected because the literature and the dis-
tribution of cluster gas from Jeltema et al. (2005)
suggest that the clusters should no extend beyond
1.5 Mpc. Therefore the background should start
around 1.5 Mpc. When looking at 1 Mpc, we find
no overlap of the error bars between the clusters



and the blank fields. This indicates that there is
a small excess of sources closer to the center of
the cluster, which is what we expected. The same
method was applied to the WISE AGN candidates
of the clusters and blank fields and the results can
be seen in Figure 8. We still find the same over-
lap from 1.5 Mpc and onwards that we spotted in
Figure 7, but this time we found an overlap in the
errorbars at 1.0 Mpc which suggests that there is
possibly no concentration of AGN in the same re-
gion as was concluded by Gilmour et al. (2009).
This region being between 0.5 and 1.0 Mpc. Fig-
ure 9 is similar to Figures 7 and 8, however, it
shows the cumulative number of candidates for
the individual clusters. The first four clusters in
the legend are non-virialized and the last three are
virialized. The test cluster A2219 appears to fol-
low the same trend as the cluster RXJ2129.6, and
the cluster A2261 appears to follow the same trend
as the cluster A773. Only the cluster ZWC3146
appears to have a higher concentration of objects
closer to the center and then at around 1.5 seems
to drop off.

5. Conclusion

The goal of this study was to investigate the MI
properties of AGN and determine selection criteria
to select MI AGN candidates from our large pool
of data. Our study of the results conclude the
following: 1. There is no clear excess or deficit of
MI AGN candidates in the cluster fields compared
to the blank fields. 2. There is no clear excess
or deficit of AGN candidates in virialized clusters
compared to non- virialized. 3. By looking at
just the numbers of MI sources in each field, the
boundary of the clusters was very difficult to not
able to be determined for both virialized and non-
virialized clusters.

In regards to the first conclusion, the fact that
we dont see an excess of AGN in the MI differs
from the conclusion that Gilmour et al. 2009 saw
an excess of X-ray selected AGN in clusters. One
possibility as to why we dont see an excess is pos-
sibly because our selection methods were not re-
fined enough to detect an excess of MIR AGN in
clusters. In regards to the second conclusion, the
difference between the radial distributions of the
candidates for the virialized clusters and the non-
virialized clusters is very blurred. For instance,

looking at the trend in Figure 9 that is made by
the virialized cluster A2261, there is no indica-
tion of an excess or deficit before 1.5 Mpc. It also
appears that the other clusters that follow a simi-
lar trend to that of A2261 are non-virialized clus-
ters. The same could be said for the non-virialized
cluster A2219. This figure displays that there is
no clear difference between the virialized clusters
and the non-virialized clusters regarding the ra-
dial distribution of their candidates. As for the
third conclusion, it may have the greatest impact
on why we did not see an excess or deficit of MI
AGN candidates in the cluster field to blank field
because it was difficult to determine where the
background started and the cluster ended. Even
looking at Figure 9 where the individual clusters
are displayed there is no clear boundary of where
the cluster ends whether that cluster was virial-
ized or non-virialized. This was not the case for
ZWC3146 where we do see a clear drop in the per-
centage of candidate sources after 1Mpc, but it is
not possible to say the same for the other clusters.

6. Future Investigation

As far as we can conclude from our results in
finding no excess of MIR AGN candidates in the
clusters versus the blank fields, and including that
of virialized clusters versus non-virialized clusters,
there is a strong need to refine our methods. To
possibly improve our results, it is important that
we find more precise methods that can help deter-
mine the boundary of the cluster to better define
if there really is an excess or deficit of MIR AGN
candidates. It would also be helpful to obtain
spectra of our WISE candidates. We did man-
age to look at some spectra in the SDSS DR7
database, but that was for sources that matched
between SDSS and WISE. It would be more help-
ful to obtain spectra of the sources that did not
match between SDSS and WISE. If spectra cannot
be obtained then it is possible to do a spectral en-
ergy distribution fit to our candidates to produce
a rough idea of what and where they are. Either of
these methods would work in better determining
the efficiency of our selection methods.
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Fig. 1.— Table 1: (On the left) This table shows the list of clusters used in this study. The clusters were
taken from a larger data set in the Jeltema et al. 2005 paper. The first four clusters are non-virialized,
showing elongated shapes and/or substructures, and the last three clusters are classified as virialized, in
the literature. The center coordinates are in decimal degrees. The field radius values were calculated using
the Wright (2006) cosmology calculator. The parameters used in this calculator are as follows: H0=70,
OmegaM=0.3, and Omegavac=0.7 Table 2: (On the right) This table shows a list of blank fields used in
this study. The fields were taken from the Gilmour et al. 2009 paper. The same redshift was used for all
the blank fields therefore resulting the same field radius. The radii were calculated using the Wright (2006)
cosmology calculator.

Fig. 2.— This color-color plot shows WISE sources of a 3Mpc region that is centered on the cluster A2219.
Out of the 2301 sources found, only 315 met the W3 SNR>3 condition. This plot is similar to Fig 8 from
Yan et al. From that plot we selected the W1-W2 0.8 color cut as the boundary for determining candidates
because that was where the majority of QSOs and a little of the AGN fell. In this plot, the points overlaid
in yellow are the candidates. There are some points that fall below the 0.8 color cut, but when including
their error they are above the cut. There are about 52 candidates.



Fig. 3.— This plot shows the WISE data that has SNR>3 and the matched A2219 SDSS sources with W3
SNR>3 in the same color-color space. The green squares represent the WISE sources that have a SNR>3
and the magenta dots represent all the SDSS sources that matched in WISE and have W3 SNR>3. The
black line represents the 0.8 AGN selection line and the error bars were calculated using the WISE catalog
magnitude uncertainties. All the sources that fall above the AGN selection line are AGN candidates. This
includes sources that fall just below the line but have an y-error that extends above the selection line.



Fig. 4.— (On the left)Color-color plot with g-r vs u-g for the cluster A2219. All the black triangles are the
matches between SDSS and WISE that are not under the W3 SNR>3 condition. In the region 1.0¡g-r¡2.0
there is an over-density of objects that are not seen in the same region in Fig 4. This is possibly due to the
cluster members having the same color in the optical color space.(On the right) Color-color plot with g-r vs
u-g for the blank field Swirelockman7. All the black triangles represent all the matches between the WISE
and SDSS catalogs. The color distribution of objects is similar to Fig 4 in Richards et al. (2001).



Fig. 5.— Color-color plot W2-W3 vs W1-W2 for the cluster A2219. The magenta dots with error bars
represent the matched sources between WISE and SDSS with W3 SNR>3. The green squares represent all
the WISE sources that have a SNR>3. The yellow dots represent the WISE candidates that have met the
criteria. There are some candidates that fall below the cutoff line but are still candidates since their error
bars can move them above the cutoff line. Not all the candidates have matches in SDSS as it can be seen in
Fig 2.



Fig. 6.— This DEC vs. RA plot shows the radial distribution of sources for the cluster A2219. The black dots
represent all the sources that have a W3 SNR>3 and are above the W1-W2 0.15 color. The red diamonds
represent our WISE candidate selection and there are 52 of them for this cluster. The blue diamonds
represent the x-ray candidates from Gimour et al 2009, there are 32. The cyan diamonds represent the
sources that matched between WISE and Gilmour et al. 2009, there are 6. The center of the field is marked
by the empty red box. As it can be seen, most of the WISE candidates and some of the x-ray candidates
are concentrated around the outer radius of our field. The matches appear to be more centrally located, but
the plot does not give an idea of where the boundary of the cluster lies.



Fig. 7.— This plot is a cumulative radial distribution plot of all the sources for each cluster and blank
field averaged together and normalized to 1 when the total number of objects reaches 3Mpc. The blue
points represent all the blank fields and the green points represent all the clusters. The errorbars are 1 σ
uncertainty. Note that at 1 Mpc there is no overlap of the errorbars which could indicate an excess in cluster
sources in that region.



Fig. 8.— This plot is similar to Figure 7 only that the green data points represent the averaged cluster
candidates, and the blue data points represent the averaged blank field candidates. The uncertainty for the
cluster candidates is much larger than the uncertainty for the blank fields and therefore shows no excess or
deficit in the number of mid-infrared AGN candidates.



Fig. 9.— This plot is similar to Figures 7 and 8 except the individual clusters are represented. The first four
clusters listed in the legend are non-virialized clusters, and the last three are virialized clusters. The cluster
A2261 is a virialized cluster and appears to be in trend with the other virialized cluster ZWC3146, but then
keeps rising as ZWC3146 falls to the other virialized cluster RXJ2129.6. Our test cluster A2219 which is
non-virialized is following the same trend as RXJ2129.6 and therefore makes it difficult to see a trend that
differentiates the virialized clusters from the non-virialized clusters.
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ABSTRACT

COSMOS, a multi-object spectrograph, is a new instrument within the Blanco 4-meter tele-
scope at the Cerro Tololo Inter-American Observatory, brought online just a month prior to this
writing. In order to initiate the instrument’s operations, we used COSMOS, its in-house red
grism – relevant for wavelengths between 5000 Å and 10000 Å – and three custom slit masks to
conduct a spectroscopic survey of the star-forming core of the Lupus 3 dark cloud in an effort
to detect the presence of Lithium within the T Tauri stars which, based on previous studies, are
known to exist in that region. Through this method, COSMOS was able to detect either the Li I
λ 6708 resonance transition, the Li I λ 6104 subordinate transition, or both in several (but not all)
stars under inspection, in line with the trail of prior studies that have observed Lithium within
other young stars at the center of the Lupus 3 dark cloud. We further interpret these results
as evidence that COSMOS is a fully-functional instrument, capable of significantly reducing the
time required to complete spectroscopic surveys, relative to single-object instruments.

1. Introduction

For some time, Lithium and its abundance have
served as useful metrics for the ages of stars, par-
ticularly those of low-mass and pre-main sequence
stars. The Lithium content of a star has been ob-
served to rapidly decrease with age (Wallerstein
et al. 1965; Zappala, 1972), as the element is de-
stroyed by reactions at temperatures greater than
2.4 ∗ 106 Kelvin, a temperature more common in
the deeper convective zones of old, cooler stars
than in the smaller convective zones of young,
hotter stars (Duncan, 1981). Thus, the Lithium
within older stars is more rapidly depleted, and
younger stars tend to exhibit much greater mag-
nitudes of Lithium abundance as a consequence of
not having existed long enough to burn through it
all.

Among the plethora of objects and groups of
objects that have undergone spectroscopic anal-
ysis in the search for Lithium, a perpetual fa-

vorite is the active, star-forming core at the cen-
ter of the Lupus 3 dark cloud, a stellar nurs-
ery located in the constellation of Scorpius. This
region is relevant in the search for Lithium be-
cause dozens of young, pre-main sequence stars –
known as T Tauri stars – have been observed in
that region, either as part of spectroscopic surveys
or other studies (Comerón et al., 2003; Gondoin,
2006). As stated before, young stars tend to con-
tain large amounts of Lithium, and these T Tauri
stars should be no exception. Both historically
and recently, the Li I λ6708 doublet and the Li
I λ6104 subordinate line were both spectroscopi-
cally observed to exist within Lupus (Bubar et al.,
2011), so further spectroscopy work should obtain
similar results. This presented an opportunity for
a commissioning project with the newly-minted
COSMOS (Cerro Tololo Ohio State Multi-Object
Spectrograph) instrument – stationed within the
Blanco 4-meter telescope at, as the name implies,
Cerro Tololo Inter-American Observatory. Unfor-



tunately, multi-object spectroscopy brings its own
challenges.

Multi-object spectroscopy is an investigative
technique that has garnered much attention and
popularity within the last few decades. Tradition-
ally, spectroscopy is accomplished by directing in-
cident light from a given source through an ar-
rangement of optics, including a diffraction grat-
ing or prism, and onto a detector in order to obtain
a spectrum for that object, revealing the elemen-
tal composition of that object, or any translucent
material – like Earth’s atmosphere – that inter-
sects with the light’s path. Though this process
necessarily involves reading the spectra of only
one object at a time, the idea behind multi-object
spectroscopy is to significantly increase efficiency
of observing through the use of slit masks: thin,
metal plates to be placed before the optics of the
spectrograph.

These slit masks, as the name implies, host a
pattern of slits, arranged such that the slits line
up on any objects of interest within a particular
field of view. Light incident onto the instrument
will be directed through the slits, and eventually
onto different regions of the detector (in these
days, a CCD), and several spectra will be avail-
able per single frame. Multi-object spectrographs
like GMOS at Gemini Observatory, or KOSMOS
– at Kitt Peak National Observatory – and COS-
MOS are able to gather spectral data much more
efficiently in this manner than through a single-
object spectroscopy process. The purpose of this
study was to initialize operations of COSMOS and
to test its functionality by aiming it towards the
Lupus 3 dark cloud in order to detect Lithium
from sources that have been classified as young
stars.

2. Observations

The spectroscopic data were gathered on 2014
July 10-13 using the Blanco 4-meter telescope and
the COSMOS (Cerro Tololo Ohio State Multi Ob-
ject Spectrograph) instrument with the in-house
Red VPH grism and the spectrograph’s effective
2048 x 4096 CCD detector, composed of two side-
by-side 2048 x 2048 CCD detectors. The 10” x
0.9” slits gave a resolving power of R ∼2100, suf-
ficient for our purposes. With the aforementioned
red filter, the spectra have wavelength coverage

spanning the range from approximately as few as
5000 Å to as many as 10000 Å. The spectra have
been reduced using standard tasks in IRAF; as
there is not currently a script for the reduction
of multi-slit object exposures, each reduction was
done manually. The operations include combining
amplifiers from the two 2048 x 2048 CCD detec-
tors, spectra extraction, and wavelength calibra-
tion. After processing, the signal-to-noise ratio
was approximately 40 in the vicinity of the Li I
λ6708 resonance transition.

Three slit masks were placed on the spectro-
graph over the course of observing, each with a dis-
tinct number and pattern of slits. Each slit lined
up with a bright Lupus 3 object when the proper
orientation was set, and the objects were chosen
in order to obtain a good spread of objects around
the center of Lupus 3, rather than to consider any
particular object in detail. The first mask, called
Lup3-1, had 14 slits, including 5 alignment boxes;
the second mask, Lup3-2R, had 18 slits, includ-
ing 5 alignment boxes; the third mask, Lup3-3R,
had 14 slits, including 6 alignment boxes. Any slit
that was not an alignment box corresponded to an
object from which we obtained a spectrum. The
“-R” suffix on the second and third masks indi-
cates that there was a 270-degree rotation for the
purposes of orienting on the sky.

Multiple exposures were taken for each slit
mask. In all, six exposures were taken with the
first mask (Lup3-1), three exposures were taken
with the second mask (Lup3-2R), and three expo-
sures were taken with the third mask (Lup3-2R).
Each exposure lasted for 900 seconds.

The target stars considered in this study are ob-
jects at the star-forming center of Lupus 3, some of
which have been observed and classified as young,
pre-main sequence stars, among them several T
Tauri stars, with the rest being some field stars
for the purpose of orientation. The complete list
of stars and their coordinates are given in Figure
1.

3. Results

Of the 29 objects considered in this study, 18
were judged to contain Lithium based on initial
data processing. Of these 18, 13 boasted at least
the Li I λ6708 resonance transition, 12 presented
at least the Li I λ6104 subordinate transition, and



7 exhibited both transitions. A full display of
these results is given in Figure 2. The results for
each slit mask were consistent across all exposures
taken with that mask.

4. Discussion

The purpose of this study was to initialize COS-
MOS operations by using the instrument to detect
Lithium from objects in the star-forming center of
Lupus 3 that are classified as young stars. We
aimed to achieve this goal by searching the pro-
cessed spectra of each of our 29 objects for the
Li I λ6708 resonance transition and the Li I λ6104
subordinate transition. After initial processing, 18
of the objects show evidence of Lithium.

For this study, it is important to note that no
one object was under intense inspection. A mod-
est spread of 29 objects around the center of Lupus
3 was ideal for multi-object spectroscopy; further-
more, we suspected that Lithium would be present
in the objects based on their stellar classifications
– T Tauri stars, young stellar objects, etc. – and
on prior theory and observations indicating that
Lithium is abundant in such stars. Since we were
just looking for the presence of Lithium, rather
than trying to quantify Lithium abundance, our
resolving power with COSMOS (R ∼2100) was
sufficient. Should follow-up research be conducted
in order to quantify the Lithium abundance within
the targets considered here, COSMOS would be
ill-equipped to perform the task, as a much greater
resolving power would be required.

As for the results: as seen in Figure 2, over
half of the targets gave evidence for the presence
of Lithium via absorption line, whether at 6708
Å or 6104 Å. The 6708 Å absorption line was
selected because it is traditionally the most sig-
nificant Lithium feature by which the presence of
Lithium is determined, and the 6104 Å absorp-
tion line was selected for two reasons: first, Bu-
ber et al. (2011) occasionally found that feature
to be the more prominent of the two in a study
of Lithium abundance within Lupus; second, it is
close to the 6708 Å line and was available in the
processed spectra anyway. In fact, there are a few
objects in this study for which only the 6104 Å
line was observed in the initial processed spectra.
Regardless of the wavelength at which Lithium
is detected, these results support the classifica-

tion of those “young stars” that show evidence of
Lithium, but do not support –nor do they hinder –
the classification of those “young stars” that show
no evidence of Lithium. As the age of stars can be
derived from several characteristics – color, mass,
rotation, etc. – the presence or absence of Lithium
does not automatically pigeon-hole a star one way
or another. However, this is an ongoing study;
in the following months, more rigorous analysis of
the object exposures, including formal fitting of
the spectra and concrete identification of Lithium
features, will be conducted.

In discussing the spectra – and more impor-
tantly, sources of error – it is useful to include an
example, shown in Figures 3. The item shown
in those figures is the post-initial-processing spec-
trum from the first exposure of THA 15-37, which
we claim displays both the aforementioned absorp-
tion features, emphasized in Figure 4 and Figure
5. In processing these spectra, the most important
features were the atmospheric effects of the Oxy-
gen III absorption line at 7600 Å (clearly visible
in Figure 3) and the H-alpha emission line at 6560
Å. At least one of the two features was visible
in every spectrum, and they were used to deter-
mine whether or not wavelength calibration was
accurate.

On that note, there is the obstacle arising from
shifted spectra; that is, spectra that place features
at wavelengths that do not reflect reality. Figure
3 serves as a great example of this phenomenon:
when seeing the whole figure over several thou-
sand Å, it looks fine, but if we zoom in on the
H-alpha emission line, we see that it is centered at
6538 Å, 22 Å shorter than the experimentally held
value of 6560 Å. Should this shift hold sway over
the entire spectra, than it would have implications
for the search for the Lithium absorption lines at
6708 and 6104 Å; inspecting Figure 5 again, we
see a significant deviation from the sawtooth pat-
tern in the sudden, downward spike, indicative of
an absorption line, lying at 6692 Å. Assuming
that the whole spectrum is shifted down by ∼20
Å, and given that the 6708 Å resonance transition
can wiggle around a bit, it’s not unreasonable to
claim that that feature is the mark of Lithium in
THA 15-37.



4.1. Sources of Error

Though the study is not yet complete, several
sources of error have cropped up. The largest of
these would be the guesswork involved during the
data processing in IRAF, particularly because of
the lack of a script for multi-object spectroscopy.
Stages that required user estimation include: se-
lection of apertures on slit masks, setting the func-
tion by which each aperture was fit, identifying
spectral lines that formed patterns in the expo-
sures of calibration lamps, setting the function
by which each spectrum was fit, and eyeballing
Lithium features at the appropriate wavelengths;
not to mention all of the manually-set parame-
ters for each IRAF task, which easily numbered in
the hundreds. The “simplest” way to remedy this
would be to concoct a script akin to “DOSLIT” or
“DOHYDRA,” already in IRAF, to handle multi-
object data. However, that’s a giant project in
and of itself. The next best solution is to hand off
these tasks to experienced individuals.

Following from the previous point, in this initial
data-processing with IRAF, the tasks that would
manage bias subtraction and flat field correction
were inoperable and kept returning disastrous er-
rors, so processing went ahead without those steps.
Skipping either of those steps could very easily in-
troduce extra noise into a spectrum, and the pri-
mary solution would be to correct the errors within
IRAF. Though theoretically straightforward, this
was not undertaken because of time constraints.
Were more time available, this would surely pro-
vide more accurate results.

Additionally, the shifting that was estimated
to preserve evidence of features could also be a
trap. As mentioned, the wavelength calibration is
set by the user, and obeys a function which may
not maintain a constant scale on an Angstrom by
Angstrom basis. A practiced eye and repeated
calibrations of the wavelength would be helpful
in identifying whether or not this truly leads to
faulty results.

5. Summary and Conclusions

The purpose of this study was to initialize COS-
MOS operations by using the instrument to de-
tect Lithium within stars, currently classified as
T-Tauri stars and young stellar objects, at the
star-forming center of the Lupus 3 dark cloud. We

aimed to achieve this goal by searching the pro-
cessed spectra of each of our 29 objects for the Li I
λ6708 resonance transition and the Li I λ6104 res-
onance transition. After processing and inspecting
the spectra, 18 of those objects provide evidence
of Lithium contents. While this supports the clas-
sification of those young stars in which Lithium
was detected, it also casts reasonable doubt on
the classification of those young stars in which
Lithium was not detected. More intense process-
ing and inspection in the coming months may shed
new light on these objects, and bolster or refute
these preliminary results. Furthermore, these re-
sults are interpreted to indicate that COSMOS is
a fully-functional instrument, ready and able to
conduct multi-object spectroscopy on the south-
ern sky.
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Fig. 1.— A list of the 29 target stars considered in this study, in addition to their coordinates (J2000) and
classification according to SIMBAD (where applicable). NOTE: the final four objects could not be identified
in either SIMBAD or VIZIER by their coordinates, so they are expected to be never-before-observed objects.
Names may come with classification after continued studies.



Fig. 2.— A table describing whether or not Lithium was judged to be present in each of the target objects.
Note that some objects exhibit the 6104 Å line without the 6708 Å line. A blank box is an effective ”No,”
and the boxes were left blank in order to make clear the objects/spectra in which Lithium was observed.



Fig. 3.— The post-initial-processing spectrum from the first exposure of THA 15-37. Note the O III
absorption feature at 7600 Å and the H-alpha emission line near 6560 Å. This is essentially a glorified plot
of Wavelength (Angstroms, x-axis) vs. Relative Intensity (counts, y-axis).



Fig. 4.— A closeup display of the region around 6104 Å in the spectrum of THA 15-37.

Fig. 5.— A closeup display of the region around 6708 Å in the spectrum of THA 15-37.
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ABSTRACT

We report on measurements for dust extinction and star formation rates (SFRs) for luminous
infrared galaxies (LIRGs). We utilized the hydrogen recombination lines Brα, Hα, and Hβ,
observed in the infrared and optical wavelengths with AKARI and Lick Observatory’s Kast
Double spectrograph to produce spectra. By calculating Brα

Hα ratios for the target galaxies,

extinction is estimated. A possible correlation between higher LIR, IR
UV , specific SFRs and

higher Brα
Hα has been found. Through comparisons with Hα

Hβ , it may be possible to determine
if Hα is, in fact, underestimating extinction, since Hα is more strongly affected by extinction
compared to longer wavelengths such as Brα. The accuracy of using Hα in extinction corrections
is important for SFR studies, and thus one goal is to find a more accurate reddeneing correction
factor.

1. Introduction

Star formation rates (SFRs) are important to
study a galaxy’s properties and understand the
galaxy’s evolution. This project utilized spectro-
scopic observations focused specifically on hydro-
gen recombination lines. As the most massive,
young and, therefore, hot stars heat and ionize
the surrounding HII regions, we detect the pho-
tons that are emitted as the electron drops from
the 2nd to 1st orbital level as the Hα line at the
rest-frame 6563Å.

Hα is frequently utilized in SFR research be-
cause this line is easily detected from ground-
based facilities, including for galaxies with a red-
shift up to z = 2.72. With this ease of observing,
a large amount of data can be collected and an-
alyzed to characterize a large number of galaxies.
The main drawback is that Hα is strongly affected
by interstellar dust extinction. Therefore, using
Hα possibly introduces a source of error in finding

SFRs. To make SFRs more accurate, an accurate
reddening correction must be found. The Balmer
decrement, which is the flux ratio of the two nebu-
lar Balmer emission lines Hα

Hβ , has been widely uti-
lized to estimate interstellar extinction. Because
the hydrogen atom is well understood, there are
intrinsic values of Hα

Hβ that are expected based
on the exact electron transition rates. The differ-
ence between the measured Balmer decrement and
the intrinsic Hα

Hβ value expected is attributed to
dust extinction for a fixed electron temperature,
and have been used to estimate the reddening of
a galaxy.

The goal is to observe hydrogen recombination
lines at longer wavelengths, where extinction is re-
duced, but also where hydrogen lines are weaker.
Brackett-alpha (Brα) is one such hydrogen line
that is located at a longer wavelength, 4.05 µm,
so extinction is reduced for Brα compared to Hα.
The drawback to Brα is that observations must be
taken from space and cannot be detected from the



ground as Hα can be. Looking at the Earth’s at-
mosphere transmission curve for the L-band, Brα
at 4.05 µm lies in the middle of the valley of the
curve at 4.05 µm. None of the Brα emission can
get through the Earth’s atmosphere. Therefore,
not as many Brα observations can be completed
to create as voluminous a data set compared to
Hα. With space-based observations necessary to
obtain Brα emission, the advent of AKARI made
this study possible for a large number of galax-
ies with a wide range of properties. AKARI is
a Japanese satellite that began operation in 2006
to operate as an all-sky survey in the near, mid
and far-infrared wavelengths. The ISO (Infrared
Space Observatory) observed some Brα, but due
to a lack of sensitivity, it did not detect Brα in
a large number of galaxies, and the Spitzer Space
Telescope does not have wavelength converage be-
low 5 µm.

LIRGs are luminous infrared galaxies, which
are defined to have LIR(8−1000µm) > 1011 L�.
There are also ULIRGs, or ultra-luminous infrared
galaxies, which have LIR > 1012 L�. These ob-
jects emit a tremendous amount of energy in the
infrared and are powered by starbursts, or ac-
tive galactic nuclei (AGN). Most of these objects
were discovered with IRAS (Infrared Astronomical
Satellite), the space-based infrared telescope that
carried out the first infrared all-sky survey.

One characteristic of local LIRGs is that they
cover the full range of galaxy interaction stages,
from single isolated disk galaxies, widely separated
pairs, two nuclei in a common envelope, and more
final stage mergers. This makes local LIRGs dis-
tinct from local ULIRGs because local ULIRGs
are mostly all late-stage mergers.

Figure 1 shows a plot of star formation rate den-
sity as a function of redshift (Madau and Dickin-
son 2014). The red indicates measurements in the
infrared and green indicates the ultraviolet (UV).
As illustrated by this plot, most energy from star
forming galaxies at 1 < z < 3 is absorbed and rera-
diated by dust, and only a smaller portion emerges
directly from galaxies as UV light. Thus, infrared
energy is the dominant source of star formation
activity in the universe at these epochs of the uni-
verse. Since the y-axis is in a log scale, the differ-
ent is quite dramatic.

LIRGs are very dusty galaxies, and, therefore,
have high extinction. If a large percentage of Hα

Fig. 1.— Star formation rate density in the FUV
(uncorrected for dust attenuation) and in the far-
infrared as a function of redshift. Infrared energy
is the dominant source of star formation activity
in the universe at 1< z < 3 (Madau and Dickinson
2014).

is being absorbed by dust through this high de-
gree of extinction, then we only have information
about the outer part of a dusty starburst. Brα
has the potential to look deeper into the starburst
compared to Hα since Brα is less affected by ex-
tinction compared to Hα. Therefore, in this study,
I have investigated the potential for Brα to be uti-
lized as a more precise indicator for extinction.

This paper is organized as follows. In Section
2, I discuss the two data sets that I utilized to
obtain the Brα

Hα ratios, as well as present the tar-
get galaxies that were the focus of the project.
Section 3 explains the data processing and anal-
ysis procedure that went into obtaining the Brα

Hα
ratios. Section 4 presents the results of the anal-
ysis, while Section 5 discusses these findings, and
Section 6 concludes the project. In Section 7, fu-
ture work is given. A cosmology of ΩΛ = 0.72,
Ωm = 0.28, with H0 = 70 km s−1 Mpc−1.

2. Data

This work utilized observations taken from two
different instruments. Optical observations were
taken at Lick Observatory using the Kast Double



Spectrograph on the Shane 3-meter telesope be-
tween December 19-22, 2011 (P.I. M. Malkan). In-
frared observations were taken using AKARI with
pointing observations (P.I. Inami). Table 1 indi-
cates the target galaxies for this study that were
observed by AKARI and the Kast spectrograph.
All target galaxies are LIRGs in the local universe
(z < 0.1). There is a good sampling of merger
states as well as LIR.

The AKARI data were taken during the post-
helium (warm phase) mission using the Infrared
Camera. The 2.5-5 µm spectra were obtained us-
ing the 1’ x 1’ aperture (the Np aperture) using a
moderate-resolution grism. The spectral resolving
power is approximately 120 at 3.5 µm for a point-
like source. The observations used the IRCZ4
Astronomical Observation Template, taking four
spectra, a reference image, and then five spectra
at the end of the sequence, with an exposure time
for each spectra of 44.41 seconds.

The Lick data had exposure times between 600
and 3000 seconds with slit sizes between three and
twelve arcseconds. The dichroic utilized for the
Lick observations was D55, and the blue grism was
600 lines/mm blazed at 4310Å with the red at 600
lines/mm blazed at 7500Å.

3. Data processing and analysis

I completed full reductions of the Lick and
AKARI data sets using standard reduction pro-
cedure. I used IRAF for the Lick observations
and AKARI’s IDL-based post-helium (Phase 3)
mission reduction pipeline for the AKARI data 1,
and the basic reduction steps are similar. Com-
bined bias images are first subtracted from the raw
data, and then object frames are flat-fielded by di-
viding by combined flat frames. The Lick data set
includes dome-flats completed for each night of ob-
servation, and AKARI has ”super-flats,” which are
made by combining a larger number of background
spectroscopy images. For the Lick data, I utilized
the APALL procedure in IRAF to define apertures
necessary to extract the trace of the spectra for the
galaxies. Since many of the target galaxies are in
the process of undergoing a merger, defining two
apertures, one for each galaxy, was an important
step. I used APALL to set the background aper-

1http : //www.ir.isas.jaxa.jp/AKARI/Observation

Table 1: The fourteen target galaxies analyzed for
the project.

Galaxy Merger State Log(LIR

L�
)

IRAS09111-1007 Early state merger 12.06
IRAS10173+0828 Pre-merger 11.86
IC1623 Mid-stage merger 11.71
NGC5331 Mid-stage merger 11.66
IRAS05223+1908 Non-merger 11.65
IRAS06076-2139 Mid-stage merger 11.65
IC5298 Non-merger 11.60
NGC2623 Late stage merger 11.60
NGC5257 Early stage merger 11.57
NGC5256 Early stage merger 11.56
NGC232 Early stage merger 11.44
NGC4922 Mid-stage merger 11.38
NGC3110 Pre-merger 11.37
NGC3221 Non-merer 11.09

Note.—Log(LIR
L�

) values obtained from Armus et al. 2009.

Merger stages obtained from Stierwalt et al. 2013.

tures to fit the background, as well as define the
trace, which determines the shape of the aperture
along the dispersion axis. Finally, the spectrum is
extracted for all galaxies. The AKARI pipeline
automated this process with a source detection
program. However, because in certain cases the
source detection program did not center on the
target galaxies correctly, I made source tables to
define coordinates to specifically determine the lo-
cation of the galaxy. Wavelength calibration and
flux calibration were automated in the AKARI
pipeline, but I used the identify routine in IRAF
to generate a wavelength calibration solution for
the Lick data. For the flux calibration of the Lick
data, I used the standard star Feige 34. The Lick
data also had additional steps compared to the
AKARI reductions since it was ground-based, in
the form of atmosphere extinction and foreground
Galactic extinction correction.

There is a fundamental difference regarding the
instruments between AKARI and the Kast spec-
trograph. AKARI has a large field of view of
one arcminute x one arcminute, allowing observa-
tions to contain the entire galaxy within the slit,



Fig. 2.— A DS9 screenshot illustrating AKARI’s
large field of view (1’ x 1’). The Np aperture,
denoted by the red rectangle, is large enough to
fit the entire galaxy. The galaxy being observed,
NGC2623, is denoted by the blue region with an
auto-identification number of 0 by the AKARI
data reduction toolkit.

as shown in Figure 2. However, the slits of the
Kast spectrograph are smaller and are unable to fit
the galaxies entirely within the slit. It was neces-
sary to make multiple observations, as illustrated
in Figure 3, in order to sample the entire galaxy.
Aiming to gather flux from the entire galaxy is im-
portant in order to match the amount of flux we
are receiving from AKARI.

Since many of the target galaxies are in the pro-
cess of merging with other galaxies, many obser-
vations had two galaxies represented within one
spectra. This required extra steps of reducing and
obtaining spectra for each of the detections. Then,
it was necessary to discern which galaxy is the one
we were interested in and match the galaxies be-
tween the Lick and AKARI observations to ensure
correct Brα

Hα ratios.

In some cases, the galaxy was cut off by the

Fig. 3.— A Hubble Space Telescope image of
NGC5256 in the B-band overlaid with green boxes
representing the slit positions of the Kast spectro-
graph. These slits with a width of 5 arcseconds is
smaller compared to AKARI, so multiple observa-
tions were required in order to sample the entire
galaxy, represented by the three adjacent green
boxes.

slit in the AKARI observations. Unfortunately, in
this circumstance the galaxy had to be excluded.
This occurred for galaxies IC1623 and NGC5257.
With the slit cutting off part of the galaxy, a por-
tion of the total flux is missing and would likely
skew results since we are interested in the entire
emission from the galaxies.

To obtain emission line fluxes, a Gaussian was
fit to the specific emission line fluxes: Polycyclic
aromatic hydrocarbon (PAH) at 3.3 µm, and Brα
for the AKARI data, and Hα and [NII] for the
Lick data. Integrating under the Gaussians for
each region of interest obtains the specific emission
line flux. This work was all completed using an
IDL program that I wrote. An example of the
AKARI spectra produced from my IDL program
is shown in Figure 4. The red curves are the fitted
Gaussians to PAH and Brα, and the purple curves
are the continuums. The “nsum” defined in the
title is the size of the width extracted from the
2D spectra. I wrote my program to iteratively
make spectra using different nsums to optimize the
spectra by way of having the best balance of most
signal and least background noise to obtain the
total flux from the entire galaxy.

In the Lick data, it was necessary to fit for the



Fig. 4.— One of the spectra from the AKARI
data, for IRAS09111-1007. The PAH and Brα
emission fluxes are calculated by fitting and in-
tegrating under Gaussians at 3.3 µm for PAH and
4.05 µm for Brα.

[NII] doublet of 6548Å and 6583Å because it lies
immediately adjacent to Hα, as shown in Figure 5.
Because of this, a different fitting method had to
be employed. I fit a triple Gaussian to the Hα and
[NII] doublet, one peak for Hα and two for each
contribution from [NII]. The aim was to change
the parameters of the three Gaussians until the
purple curve, which is the summation of the three
individual Gaussians, is the best fit to the black
data line. When that was accomplished, I inte-
grated under the Hα curve to obtain the flux from
Hα alone. For all spectra, a local continuum was
fitted with a linear function to each emission re-
gion in order to subtract the continuum to ensure
that only the emission line flux was considered.

4. Results

After obtaining the emission line fluxes of Brα
from the AKARI observations and Hα from the
Lick data, I calculated a ratio of Brα

Hα for each
galaxy as an estimate for extinction. I plotted
these ratios against published values for the target
galaxies, including LIR, Specific SFR, and IR

UV .

The values for each galaxy’s Specific SFR and IR
UV

were obtained from Howell et al. 2010, and the
values for LIR were obtained from Armus et al.
2009. As described in Howell et al. 2010, when
calculating IR

UV , LIR is utilized. LIR is the to-
tal IR luminosity from 8 to 1000 µm, and is cal-

Fig. 5.— One of the spectra from the Lick data,
for IRAS09111-1007. Gaussians for Hα and [NII]
are fitted simultaneously to the data to obtain an
emission flux for Hα.

culated using IRAS flux densities for integrated
systems and allocated among resolved galaxies us-
ing Spitzer MIPS (Multiband Imaging Photome-
ter) flux density ratios (Howell et al. 2010).

In these plots, a blue point indicates a clear
Brα detection and the red points indicate an up-
per limit for Brα. For all galaxies, Hα was well
detected. To give a rough idea about the relation
between the ratios and the extinction, I have in-
cluded two extinction baselines to these plots. The
orange dotted line represents dust-free Case B re-
combination, with 10,000 K temperature assump-
tion and 100 cm−3 electron density; the green dot-
ted line represents an extinction estimate using
Br-α at one magnitude in the V-band (Osterbrock
and Ferland 2006).

As shown in Figure 6, there appears to be a
correlation between higher Log(LIR

L�
) and higher

Log(BrαHα ).

The plot of Brα
Hα against Log( IRUV ), shown in

Figure 7, suggests a possible correlation between
increased Log( IRUV ) and increased Brα

Hα . Because
IR
UV is an indicator of extinction, this is a trend
that we would expect since this figure is plotting
extinction versus extinction.

Figure 8 is plotting Log(Specific SFR) against
Log(BrαHα ). Specific SFRs are SFRs for galax-
ies that are normalized by the galaxy’s mass and
serves as an indicator for how intense star forma-
tion.



Fig. 6.— Plotting Log(BrαHα ) versus Log(LIR

L�
) of

multiple target galaxies.

Fig. 7.— Plotting Log(BrαHα ) versus Log( IRUV ) of
multiple target galaxies.

5. Discussion

There is potentially a trend in Figure 6 of in-
creased extinction corresponding to increased LIR,
but it is necessary to populate the plots with more
galaxies to discern a clearer trend.

What IR
UV describes is how extinction is affect-

ing the continuum. When Figure 7 is populated
with more galaxies, it will be of interest to de-
termine the slope of the trend and compare with
previously published slopes.

The trend in Figure 8 indicates that more in-
tense star formation happens in more dusty envi-
ronments.

Fig. 8.— Plotting Brα
Hα versus Log(Specific SFR)

of multiple target galaxies.

In Figures 6 through 8, one data point that im-
mediately stands out is NGC2623, which consis-
tently has a larger Brα

Hα compared to the other
galaxies. This galaxy must be revisited because
it’s possible that, since there was only one slit po-
sition completed for this galaxy at Lick Observa-
tory, the data does not accurately represent the
Hα flux from the entire galaxy. If this was the
case, then Hα would be underestimated and would
skew the Brα

Hα ratio to a larger number. NGC2623
is planned to be observed again to ensure that the
entire galaxy is observed in the optical to obtain
the total flux for Hα.

6. Conclusion

This project focused on determining line flux
ratios to estimate extinction of local LIRGs.
Specifically, Brα was utilized because at longer
wavelengths the effects of extinction are reduced
compared to the shorter wavelength of Hα that is
frequently used for extinction corrections together
with Hβ and SFR studies. A possible trend is
emerging between LIR, IR

UV , Specific SFR and
Brα
Hα . That trend will be elucidated once the plots

are more populated with the other target galaxies.
What must be done is to compare the results of
Brα
Hα to Hα

Hβ to see how they compare with each
other to understand the accuracy of traditional
extinction estimates using Balmer decrement. If
these two ratios are dissimilar, then this may sug-
gest that Hα

Hβ is underestimating extinction, and



thus SFRs estimated using this correction factor
may be underestimated.

7. Future Work

I plan to continue working on this project, ob-
taining Hα

Hβ ratios of the target galaxies neces-

sary to compare to the Brα
Hα ratios. In addition,

PAH line fluxes, which have already been calcu-
lated from the AKARI data set along with hydro-
gen lines will be utilized to find a calibration of
SFRs for the target galaxies. PAH-band ratios in-
dicate physical conditions such as ionization states
and sizes of dust grains, thus better constrain the
physical conditions of PAH emission sites to assist
in calibrating PAH bands as SFR proxies. More
observations at Lick observatory will be completed
at the end of August 2014. Observations will in-
clude early-type elliptical galaxies, dwarf galax-
ies, and barred galaxies. By observing less dusty
galaxies that have also been observed by AKARI,
more information can be gathered as to how ex-
tinction changes and cause differences in extinc-
tion measurements in Brα

Hα and Hα
Hβ . In addi-

tion, this study will also explore dust extinctions
as a function of star formation age estimated from
equivalent widths and merger stages.
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