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The masses of active galactic nuclei (AGN) are closely correlated with characteristics of their
host galaxy, such as stellar concentration and luminosity. Reverberation mapping is one technique
employed to measure the mass of AGN, and it is the technique used in this campaign. Reverberation
mapping utilizes variations in the flux of the broad emission lines in the spectra of AGN. These
variations arise from fluctuations in the central continuum source with a delay resulting from light
travel time. The goal of this project is to reduce data of AGN1435 and AGN1438, taken with the
Very Large Telescope at the Paranal observatory in Chile, such that reverberation mapping can be
performed. The data reduction pipeline is written using the Python programming language and
includes external calls to methods written using the IRAF programming language. The reduction
pipeline converts raw data to science frames, but currently has an issue dealing with cosmic ray
artifacts and proper wavelength calibration. This paper provides a detailed description of the
methods used to reduce data.

I. INTRODUCTION

A. The Relevance of Active Galactic Nuclei

Active galactic nuclei, AGN, are a topic of extreme
importance to extragalactic astronomers interested in
galaxy evolution. This is because there are galaxies in
the universe that no longer form stars and galaxies that
are still forming stars. The mechanism that causes the
cessation of star formation is not completely understood
by astronomers, but one hypothesis is a sort of AGN and
stellar regulatory feedback1. The thought process is es-
sentially that the materials used to form stars within a
galaxy are expelled from the galaxy via jets at the poles
of the AGN and through stellar outflow. The jets of an
AGN can be seen in Fig. 1; when seen edge on we refer
to the AGN as a blazar. Stellar outflow results from high
velocity stellar winds produced by massive young stars
and the supernovae explosions of dying stars.
The goal of this project is to look at the relationship

between an AGN and its host galaxy. Specifically, we
know that the mass of an AGN correlates with a mul-
titude of properties of its host galaxy, such as luminos-
ity and stellar concentration2,3. These correlations have
been examined for nearby galaxies, but to strengthen the
correlation we are looking at galaxies that are at higher
redshifts4. The technique used for this project is rever-
beration mapping. This technique looks at variations in
atomic emission lines within a region of the AGN to cal-
culate size and mass.

B. The Structure of Active Galactic Nuclei

AGN are compact objects present in the centers of ac-
tive galaxies which emit the excess luminosity observed
in these galaxies. A galaxy is considered active when its
total luminosity exceeds its expected luminosity based
on the number of stars present. This excess luminos-
ity typically comes in the form of less commmon stel-
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FIG. 1. The type of AGN seen by the observer is dependent
on the angle the observer makes with the AGN. Each of the
AGN types are the same structure; they are categorized to
give the angle of observation. Original source: C.M. Urry
and P. Padovani7

lar wavelengths such as radio or x-ray5. Active galaxies
were first discovered in 1908 by Edward Fath when he ob-
served very high intensity emission lines radiating from
NGC 10685. However, the first classification of an active
galaxy wasn’t until the 1940’s by Carl Seyfert6. There
are a multitude of AGN classifications; such as blazars,
quasars, radio galaxies, Seyfert 1 galaxies, and Seyfert 2
galaxies. The classification of the AGN hinges entirely
on the angle it is observed from, as seen in Fig. 1.

All AGN regardless of classification have the same sort
of structure which can be seen in Fig. 2. The central re-
gion of an AGN is a super massive black hole (SMBH);
this provides nearly all of the object’s gravitational force.
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FIG. 2. Cross sectional view of an AGN. At the center of
the AGN is a super massive black hole (SMBH) which is the
primary source of mass. Surrounding the SMBH is an accre-
tion disk composed of dust. The temperature of the accretion
disk is responsible for the shape of black body radiation curve,
given off by the accretion disk, which makes up the contin-
uum of the AGN. Surrounding the accretion disk is the broad
line region (BLR). This is a region of gas whose motion is
governed by the gravitational force of the SMBH. Gas in this
region is excited by radiation from the accretion disk, and
emits spectral lines which are Doppler broadened. Around
the BLR is an obscuring torus made of dust, this is notice-
able in Seyfert 2 galaxies, but all observations for this project
were of Seyfert 1 galaxies. Far from the BLR is a narrow
line region (NLR). The NLR is far enough from the SMBH
that its motion isn’t Doppler broadened. Also, it is far from
the accretion disk so variations in continuum radiation take
a long time to propagate to this region in comparison to the
BLR.

The SMBH is surrounded by an accretion disk composed
of dust, some of which is infalling towards the SMBH. As
matter infalls the gravitational energy heats the accretion
disk, through viscous heating8, causing black body radi-
ation, which is responsible for the continuum emission
of the AGN. The continuum emission of the accretion
disk varies with time depending on the dynamics of the
infalling matter. Surrounding the accretion disk is the
broad line region (BLR). This region has a radius that
ranges in size from several light days to over 100 light
days9. It is a region of gas whose motion is governed
by the gravitational attraction of the SMBH. Continuum
radiation from the accretion disk excites gas in the BLR
which causes spectral emission. The motion of the BLR
causes a Doppler broadening of the emission features.
This means there is some material moving away from the

observer, which is red shifted, and some material moving
towards the observer, which is blue shifted, leading to
wider spectral lines. Surrounding the BLR is an obscur-
ing torus of dust. However, it only obscures the AGN for
Seyfert 2 galaxies, all observations for this project were
of Seyfert 1 galaxies, so the torus can be ignored.
The outermost region of the AGN is the narrow line

region (NLR). The NLR is a region of gas that is far
enough from the SMBH that its motion isn’t dominated
by the gravitational attraction of the AGN. As a result,
when gas in the region is excited by radiation from the
continuum the emission lines are not Doppler shifted, so
they don’t show the same broadening as features in the
BLR. Also, the NLR is far enough from the accretion
disk that the flux of the features varies on a much larger
timescale than the flux of the BLR and of the continuum.

II. THEORY

A. Reverberation Mapping Technique

Reverberation mapping (RM) is a technique utilized
on AGN to measure the geometry and kinematics of the
BLR and the accretion disk8. It is also used to make an
indirect measurement of AGN mass through calculation
of a lag time. To understand how RM works, one must
first be aware of how radiation propagates within the
AGN. Recall that the continuum radiation of the AGN
comes from viscous heating of the accretion disk as mat-
ter infalls to the SMBH. Different wavelength ranges of
the continuum come from different radial depths of the
accretion disk. This is because the higher energy radia-
tion of the continuum must come from the hotter portion
of the accretion disk, whereas the lower energy comes
from the cooler portion of the accretion disk. The hotter
portion of the accretion disk is closest to the SMBH, and
the temperature decreases with distance away from the
SMBH. This relationship between emitted wavelength
and temperature comes from the very basic relationship
in Wien’s displacement law:

λ ∝

1

T
(1)

The same relationship can be applied to the broad line
emissions that come out of the BLR. The higher energy
emission lines come from regions closer to the accretion
disk and the lower energy emission lines come from re-
gions in the BLR further from the accretion disk. This is
because gas in the BLR scatters the continuum radiation
as the gas is excited.
RM is effectively a measurement of the lag time, τ ,

for different energy emissions to vary in flux. It is most
simple to think of how this applies to the BLR. Imag-
ine there is an increase in continuum emission from the
accretion disk; this leads to an increase in the measured
flux of the continuum, which in turn will lead to an in-
crease in the measured flux of the broad line emissions.
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FIG. 3. The light from the continuum (blue) is the light that
travels directly from the accretion disk to the observer. The
light from the BLR (red) reaches the observer with a time
delay τ because the continuum light must first travel some
radial depth into the BLR, RBLR, before exciting the gas.
Then the emissions of the excited gas travel to the observer.

However, there is a delay time associated with these in-
creases in flux. This delay time is a direct consequence of
the speed of light in a vacuum, c. The BLR has a radius
in the range of light days to light months, so the light
must take this amount of time to get to the region before
it can excite the gas which emits the observed feature
lines. A diagram of this lag time can be seen in Fig. 3.
The continuum emission comes directly from the accre-
tion disk of the AGN. However, the light from the BLR is
only emitted after light from the continuum travels some
radial depth into the BLR, RBLR. This leads to a lag
time of:

τ =
RBLR

c
(2)

Now this may seem like an oversimplification of the pro-
cess going on, because the light from the continuum trav-
els radially outward different portions of the BLR will lag
at different times. This is why the lag time that is calcu-
lated is an average lag time, not the lag time for a specific
segment of the BLR.
Similarly, τ can be calculated for different bands of the

continuum. Bands are just a means of dividing wave-
length into various ranges. A plot of sensitivity as a
function of wavelength for several bands can be seen in
Fig. 4. As stated previously, different bands of continuum
emission come from different depths of the continuum.
Because of this, the lag time can be calculated between
bands, which gives valuable insight about the physical
properties of the accretion disk, but that is beyond the
scope of this project.

B. Calculating Lag Time τ

To calculate the lag time of a given emission feature,
or continuum band, light curves are generated. A light
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FIG. 4. A plot showing sensitivity as a function of wave-
length for bands U,B,V,R, and I. Each band is effective over
only a specific wavelength. Data from Johnson and Mor-
gan, Cousins, and Matthews and Sandage10–12. Plot from
Brainerd13.

curve is a plot of flux vs time. For the BLR the light
curves of different features are compared to the reference
light curve of the continuum of emission. If there is a
peak in both light curves then a Markov Chain Monte
Carlo in conjunction with a cross correlation algorithm
is used to calculate the necessary time shift to align the
peaks of the data14. This time shift is the lag time, τ , and
it is negative for emission lines at higher energies than the
reference, and positive for emission lines lower energies
than the reference. Because of a lack of periodicity for
the intensity peaks in of the continuum emission, RM
campaigns need to collect data over very large periods of
time; ideally data are collected weekly for months at a
time.

To generate the light curve of the BLR emissions, raw
data are first reduced. After, the spectrum of each obser-
vation is scaled using the NLR emissions. These can be
used for scaling because, as previously stated, the flux of
them varies on a substantially larger time scale than that
of the continuum or BLR. The scaling technique is out-
lined extensively in Ernst van Groningen’s, An Algorithm
for the Relative Scaling of Spectra15. Once the spectra
are scaled, the flux is integrated across each BLR emis-
sions. This flux is then plotted against the time of obser-
vation, for each observation, to create the light curve for
any given spectral line. The continuum light curve is cre-
ated using imaging data taken remotely by the Las Cum-
bres Observatory Global Telescope Network (LCOGT).
The robotic telescopes that form the LCOGT are located
around the world and take imaging data each night that
conditions permit. The continuum light curve made by
these data is updated daily with new observations.
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FIG. 5. Raw datum of AGN1435 taken on April 27, 2016.
The x axis is wavelength, the y axis is spatial position in the
sky, and the brightness of each pixel signifies relative flux.
The AGN, identified in yellow, can be seen in the lower half
of the data.

III. DATA REDUCTION PROCESS

Data reduction is called thus because it is the pro-
cess of taking raw data and reducing it down to only
the science frame. This process involves several steps,
which I wrote a Python program to implement. The
Python program calls on functions from an old program-
ming language, IRAF, to do much of the reduction. This
is because IRAF has many predefined functions, which
Python is lacking, that can do different data reduction
techniques. These techniques are only effective at data
reduction provided the parameters for the functions are
properly defined, which requires first manually reducing
data. The reduction process is a crucial step for ana-
lyzing the data; the slightest error in data reduction can
completely skew the results of the project. This is be-
cause for some AGN the fluctuations in light curves are
so minor, ∼ 1%, that peaks can be improperly identified,
or noise can prevent peaks from being resolved.

A. Raw Data

The data for this project come from the Very Large
Telescope (VLT) at the Paranal observatory in Chile.
There were two AGN studied in this project, AGN1435
and AGN1438. As of the time of writing this paper, there
have been 14 nights of observations for AGN1435 and
15 nights for AGN1438. However, one of the nights for
AGN1438 produced poor data that were ignored. Dur-
ing each observing night the AGN were observed 2 times
with exposure times between 400 s and 500 s. The raw
data are the output of the ccd camera on the VLT, a
typical raw datum can be seen in Fig. 5. The x axis of
the image is wavelength, the y axis is spatial position in
the sky, and the brightness of each pixel illustrates its rel-
ative flux. The AGN can be seen as the bright horizontal
line in the bottom half of the image.

FIG. 6. Datum from AGN1435 that has been trimmed and
subject to bias and flat correction.

B. Trimming, Flat Correction, and Bias Correction

The next step in data reduction is to trim the data
and then apply a bias correction and a flat correction.
Trimming the data simply cuts away all data not within
a certain specified rectangle of the image. This is done
to isolate the AGN and make the data faster to manip-
ulate. Bias is essentially dark current in the ccd. This
is just noise that is intrinsic to the instrument. To cor-
rect for bias, bias frames are taken each observing night.
These are 0 s exposure frames; with no exposure time
only instrumental noise is captured in the frame. All
bias frames for each night are averaged into “master”
bias images which are subtracted from the raw data. Fi-
nally, flat correction is applied. This is a calibration that
scales pixel sensitivity because each pixel of the ccd has
a different sensitivity. Flat correction is done using flat
frames that are taken each observing night. The flat
frames are observations of a flat lamp; this is a light
source of constant intensity. Similar to the bias frames,
the flat frames for each night are combined into “master”
flat images. The program ccdproc in IRAF then scales
the flux of the science data using the “master” flat im-
ages. The output after performing each of these steps
can be seen in Fig. 6.

C. Extracting a Spectrum

The next step in the data reduction is extracting spec-
tra. The term extraction really just means the plane of
data points is being further reduced to a single row of
data points. The extraction process provides a spectrum
of the AGN that is the ccd count of photons as a function
of the ccd pixels. To perform the extraction, an individ-
ual column of data is plotted using counts as a function
of spatial position. The position where the AGN lies on
the plot is a bright peak, as the rest of the background
is fairly uniform. Upper and lower positional bounds
are placed on the AGN location; and then upper and
lower ranges of background data are denoted. The IRAF
program apsum then takes these bounds and traces the
AGN all along the image; it looks for the brightest pixels
in the range specified. Once a function representing the
pixel location of the AGN is generated by apsum, the
spectrum, i.e. counts as a function of pixel, is extracted
along the AGN. From this spectrum the average value of
the designated background range specified is subtracted
to remove background noise. The output spectrum looks
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FIG. 7. Extracted spectrum of AGN1435, the spectrum is
a plot of counts registered by the ccd as a function of pixel
location on the ccd. The bright narrow peaks in the data
(labeled in white) are cosmic rays. These narrow emissions
come from high energy particles and serve as another source
of noise in this data set.

like Fig. 7. The bright narrow peaks in the spectrum are
cosmic rays.
Cosmic rays come from high energy particles travel-

ing through space at relativistic speeds16. These rays
function as noise in this data set and aren’t removed
through the basic reduction process. The techniques for
their removal are employed just after the spectral extrac-
tion stage. One technique is to use a cleaning algorithm
built into the IRAF program apall. Another method for
removing cosmic rays is to use the program Laplacian
Cosmic Ray Identification (L.A. Cosmic) by Yale profes-
sor Pieter G. van Dokkum. More on the efficacy of these
in the results section.

D. Wavelength Calibration

The next step in the data reduction process is wave-
length calibration. As seen in Fig. 7 the x axis is in
units of pixels; a true spectrum needs to be flux as a
function of wavelength. A wavelength calibration is a
means to convert the spectrum from pixels to Angstroms
(10−10m).The IRAF program dispcor is used to perform
a wavelength calibration.
The first step in wavelength calibration is taking a

spectrum of an arc lamp, thereby generating a wave file.
This is just a lamp with an element inside it which will
give off emission lines at certain wavelengths that are well
documented. Next, the emission lines in this wave file are
manually assigned wavelengths, and an IRAF program,
identify, fits a polynomial function of wavelength as a
function of pixel to the features. Because of the high
caliber of the VLT, the function for wavelength calibra-
tion varies almost imperceptibly from night to night, but
these variations are still accommodated for. Each ob-
serving night has an arc lamp exposure taken, and the
wavelength calibration function is applied to each of these
functions using the IRAF program reidentify. This pro-
gram assumes that the function generated on one night

is approximately correct for all nights and makes slight
modifications to it to more accurately align it with the
emission lines observed for a given night. Finally dis-
pcor is used; it takes a a spectrum from a given night
and the corresponding wavelength calibration data and
applies the corrective function.

E. Flux Calibration

The final step in the reduction process is to perform a
flux calibration. As mention before, a spectrum is flux
as a function of wavelength. The previous steps only got
the data to counts as a function of wavelength.

Flux calibration is performed using an observation of
a standard star. When astronomers reference a standard
star what is meant is a star that has been observed fre-
quently over a long period of time, has been observed in
at least the wavelength range over which the data was
taken, and has a well known spectrum that is consistent
each time it is observed. There are a multitude of stan-
dards stars used by astronomers; this is important be-
cause ideally standard stars should be taken at the same
airmass as a corresponding science observation. Airmass
is a measure of the amount of atmosphere the telescope is
looking through. As a telescope points more towards the
horizon the amount of atmosphere it has to look through
increases. Consistent airmass is important for observa-
tions because particles in the air cause scattering of light,
as does the turbulence of the atmosphere. This distort-
ing of light can clearly be seen in the twinkling of stars.
When observations are made at the same airmass, that
just means that the angle of the telescope is approxi-
mately the same, the location in the sky is similar, and
the time of the two observations are close together.

To actually calibrate the science data the data of the
standard star are used to make a sensitivity function.
This is done using the sens program in IRAF. The sen-
sitivity function is ccd sensitivity as a function of wave-
length. This is generated by comparing the actual ob-
served standard star data with the known standard star
data. It is a function as opposed to a scalar multiple be-
cause the detector functions over a wavelength band, so
the sensitivity varies with wavelength, as seen in Fig. 4.
The sensitivity function is then applied to the science
data to generate the final reduced data, an example of
which can be seen in Fig. 8.

IV. RESULTS

My role in this project did not involve analysis of the
data. This is primarily because we did not have all of
the data necessary to see a peak in the light curves of
the AGN I was working on. As such, this results section
will be looking into the efficacy of my data reduction
pipeline.
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FIG. 8. Flux calibrated spectrum of AGN1435. The narrow band OIII emission lines are designated as are several broad line
emissions: Hα, Hβ, and MgII. The x axis is wavelength in Angstroms, and the y axis is flux in units of ergs per second cm2 Hz.

FIG. 9. All reduced spectra for AGN1435. The x axis is wavelength. Each spectrum is displaced on the y axis in chronological
order. The bottommost spectrum representing the first night of observations, and the topmost spectrum representing the most
recent night of observations. The Hα line is the most prominent feature around 8750 Angstroms. Around 6500 Angstroms the
Hβ and the OIII lines can be observed.

The first note to make about the data reduction
pipeline is the impact on time of reduction. My first pass
of manually reducing data for a single night took me the
entirety of a day. After having done the reductions mul-
tiple times, to figure out how to best optimize function
parameters, I got reduction time down to around 15 min-
utes for a night of data. For the 15 nights of data I have,
it would take close to 4 hours to do the reductions by
hand. The reduction pipeline I wrote is able to reduce
the data for all 15 nights in less than 5 minutes. This
is an increase in efficiency by more than a factor of 45.
Obviously, the pipeline optimizes reduction time.

The next aspect of comparison is the quality of the
reduced data. The pipeline actually produced more re-
liable data than the manual reductions because it elimi-
nated human bias from the reduction process. While do-
ing reductions, I was in charge of setting parameters, and
could modify them based on what looked to be the most
accurate. The pipeline standardized the reduction pa-
rameters, taking the optimum parameters from the user
and making slight modifications to them to best reduce

each night.

The pipeline is an improvement because it allows for
more adaptability, for instance, dealing with the cosmic
rays. It was previously mentioned that there are different
techniques for dealing with cosmic rays, L.A. Cosmic and
the built-in IRAF cleaning program. The pipeline has
the functionality to run data sets with either cleaning
method. The only requirement is changing a keyword in
the source code. So two different cleaning techniques can
be applied to all of the data in under 10 minutes. Doing
this manually requires additions to the reduction process,
at two different steps. Due to the timing inefficiency,
it’s only practical to compare a couple data sets before
making a decision on which technique to use.

Regarding which cosmic ray rejection technique was
better. The determination is still uncertain. Preliminary
testing of the two indicates that L.A. Cosmic removes
more of the cosmic rays. However, because of how L.A.
Cosmic functions, it may alter the ratio of the flux of the
narrow line emissions. This would make reverberation
mapping unreliable.
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A plot of all data for AGN1435 can be seen in Fig. 9.
The data for AGN1435 are the only data shown because
at this scale the spectra of AGN1438 and AGN1435 are
nearly indistinguishable.
The only issue, currently experienced with both the

manually reduced data and the pipeline reduced data,
is an improper wavelength calibration. This most likely
stems from a misidentification of features in the wave file.

V. CONCLUSION

This project to construct a data reduction pipeline for
AGN data from the VLT should be thought of as a suc-
cess. A pipeline was written which can successfully re-
duce data with the same, or better, quality as manual
reductions. The time required to reduce data has been
cut by a factor of 45. Also, L.A. Cosmic shows promise
as being a means to eliminate cosmic rays.
The next steps to undergo with this project are to more

accurately identify emission features in the arc lamp used
for wavelength calibration. This should eliminate the

wavelength shift seen in the data. Another step is to
test the effects of L.A. Cosmic on the narrow line emis-
sion features. I have already started this process. I have
started writing a Python program which integrates over
the wavelengths encompassed by the narrow line features
and records the total flux and peak in the feature. These
measurements need to be made for both cosmic ray cor-
rected data and non-corrected data and compared. If
they are the same or off by a negligible degree then L.A.
Cosmic will be deemed viable to use.
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