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Introduction

Your job in the Pulsar Search Collaboratory will be to analyz@repfold plots and determine
if they show evidence for a new pulsarSearching for and Identifying Pulsarsis a guide to
teach you how to do just that. However, it is also important to uneérstand how theprepfold
plots are created, and how one makes them from data collectby the telescope, and that
is the purpose of this guide. With this information in hand youwill be better able to
understand the information on aprepfold plot. Quite a bit goes on \under the hood" that
you might not otherwise be aware of, and each step is crucial wheearching for new pulsars.

Throughout this guide | will reintroduce ideas covered irfBearching for and Identifying Pul-
sars so it would be good to read that rst. However, for clarity | will reiterate and expand
on the necessary concepts from that guide. The idea is not to merize every detail of the
data analysis, but rather to gain a broad sense of what is done. Hagi this global picture
will make you a better astronomer.

There are eight main steps that go into nding a new pulsar:

1. Make observations using the GBT and record theaw data

2. Convert these raw data into a more useful format that tells uthe power collected by
the telescope

3. Search for RFI in the data and make sure that it is ignored dumg further analysis
4. De-disperse the data and convert it into a time series
5. Fourier transform the time series

6. Look for and remove RFI yet again
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7. Search theFourier spectrum for candidate pulsars

8. Fold these candidates and create therepfold plots that you will look at

Let's go through each step one at a time to understand what is gaj on.

Step 1: Making the Observations

Recall that radio waves are a form of light, just like the visil# light that you see with your
eyes, and although we aren't used to thinking of radio waves ihis way, they can be re ected
and focused just like visible light. Most modern visible light tedscopes (more often called
optical telescopes ) do this by using mirrors. The GBT uses a sort of \radio mirror”|th e
white surface of the GBT dish re ects and focuses radio waves. Tliksh has the shape of
a parabola (think y = x2?) because any thing traveling parallel to the axis of the paraila
(the y-axis on a graph) is brought to the focus when it is re ected.n an optical telescope,
the light would be detected using a CCD (the same device used in @ital camera). Radio
waves are detected using a di erent technique. The waves arectised to areceiver where
they actually create a small electrical signal. The raw voltag from this oscillating signal
is processed to amplify it and convert it to a more convenient dquency using electronic
circuits.

Computers don't work with voltages, which are an analog signalnstead, computers work
with digital signals. So the raw voltage from the telescope digitized . This process records
the power collected as a discrete value. This means that we tduecord the power as, say,
alora?2, butnota 15. You can think of digitization as turning a gently sloping hil into a
set of steps. On the hill, you can stand anywhere you want, and so beamy elevation. On
the steps, though, you cannot oat in between two steps, so thereaonly certain elevations
you can stand on.

If we use 8-bit digitization, then we can record 2= 256 values (analogous to having 256
steps). 16-bit digitization gives us ¥ = 65;536 values to work with (like having 65,536
steps). 1-bit digitization gives us 2 = 2 values to work with. This is like saying that you
are either standing on the top of the hill, or at the bottom. Thee are no in-betweens.

This digitized signal is what is actually stored as raw telescepdata. For the pulsar observa-
tions that we are concerned with, the raw data are created ugjra special pulsar instrument
called the Spigot. The Spigot creates a lot of datala one minte observation will create
a le almost 1.5 gigabytes in size! A one hour observation will agpletely Il up the hard
drive of many people's home computer. The next step is to conv¢he raw data into a more



Fig. 1.| A graphical representation of a lterbank le. The gray-scal e image in the center is the
lterbank le itself, with dark gray representing low power and white representing high power. The
time since the start of the observation is on thex-axis and the observing frequency is on the-axis.
Each gray-scale point represents the power collected durin@.00008192 seconds of observing time
and over a frequency channel that is @5 MHz wide. The top panel is the time series and shows the
power collected as a function of time. The right panel is knowm as the bandpass and it represents the
power collected as a function of frequency. The time seriesna the bandpass are made bysumming
the gray-scale plot along either they- or x-axes, respectively. In other words, the time series is
made by adding the power over all frequencies and the bandpass made by adding up the power
over all times. Look carefully at the gray-scale plotjdo you s ee any noticeable features running
horizontally? Can you match these up with features in the bardpass? Based on the appearance of
the time series, do you expect to see any features running vecally in the gray-scale? Why or why
not?

useful format.

Step 2: Filterbanking the Raw Data

Pulsar astronomers are interested in how much power was colledtby the telescope. But
we want to know when the power was collected, and at whiclirequencies The raw data
contain this information, but in a format which is not as usefu So the data is converted
into another format through a process calledterbanking . Data collected with the GBT
and the Spigot are lterbanked using computer programs. The sallting data are called



{41

Iterbank les, or often just | les. The data that go into creat ing the prepfold plots that
you look at contain the power collected by the GBT in time intevals of 000008192 seconds,
and in observing frequency channels of @ MHz. Figre 1 is a graphical represntation of a
Iterbank le. Looking at it closely should help you to better understand the form of our
data.

Once the data have been lIterbanked, we can proceed to the rtestep, which is nding and
removing RFI from our analysis.

Step 3: Finding RFI

Radio frequency interference, or RFI, can be a big problemrfeadio astronomers. Just like
optical astronomers can't observe where there is too much lighollution, radio astronomers
need to go somewhere where the radio sky is \dark". Because Grdgamk is in the National
Radio Quiet Zone, there is usually very little RFI. But it is impossible to get rid of all sources
of RFI, so before we search our data for pulsars, we try identify asuch of it as possible.
In Searching for and Identifying Pulsarswe talked about how to recognize RFI imprepfold
plots, but it would be far too time consuming to look for all soures of RFI this way. Instead,
computer programs try to identify RFI automatically by looking at the statistics of the data.

The rst step is to compute the averagépower of the data. We do this by de-dispersing at a
dispersion measure of zero and then adding up all of the individufrequency channels. We
will discuss de-dispersion in the next section, but for now all yoneed to know is that this
ensures that any signals we see in the data are coming from the #arand not space. The
result of the de-dispersion is a measure of power as a function whé. Once the average is
computed, we look for any time intervals that had a power levéhat was signi cantly higher
than the average. If this is the case, we remove those time intafs from further analysis.
This is known as clipping, because we essentially cut o any exmely high power levels.

In the previous step, we looked at the average value of the data&er the course of the whole
observation and added up the power from all frequencies. In thext step we compute the
average for only small intervals of the data in both time and &quency. This step is best
illustrated with an example. Suppose that we calculate the avage power of all frequency
channels for the rst two seconds of our observation. We then cqgrare this average to the
actual power in each individual frequency channel during #t rst two seconds. If the power

1For those familiar with statistics, we calculate the median instead of he mean, because the median will
not be skewed as much by RFI.
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Fig. 2.| A graphical representation of an RFI mask. The observing frguency is on thex-axis
and the time since the start of the observation is on they-axis. We typically split the observation
up into chunks about 2 seconds long, and these intervals areaeh given a number, which can be
seen on the right side. Any part of the data in black, red, gre@, or blue has been masked out.
The colors represent the speci ¢ problem with the data that caused it to be masked. Black means
that the user speci ed that the data be masked, or that a particular interval or frequency channel
was too contaminated. Red means that the total power in the pat of the data was too high, green
means the data showed an abnormal standard deviation, and ble means the average of that data
was abnormally high.

in a channel is much higher than the average, this channel ismoved from analysis.

Next, we nd the average of a single frequency channel during ¢hwhole course of our
observation. This might be the channel corresponding to a fragncy of 350 MHz. We then
look at each two second interval of the observation at that fragency. If the power in any
interval is signi cantly higher than the average, we removetifrom analysis.

A similar technique is also used, but instead of calculating thevarage power and using that
as a criteria for identifying RFI, we instead use the standard deation of the data. But the
overall technique is very similar.

There is one last step to do. If a single time interval or frequegichannel is very contaminated
with RFI, we will completely remove it from analysis, even if ouprogram didn't nd RFI

in every frequency channel or every time interval. Typica}i we remove anything more than
70% contaminated. The reasoning is that these intervals and ahnels probably are useless,
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even if some of the RFI was just a little too weak to be identi ed.

When all is said and done, we are left with an RFI \mask". This masks used by other
programs to identify which time intervals and which frequeay channels to ignore from
analysis. Figure 2 is a graphical representation of one such mask.

The next step is to de-disperse the data.

Step 4: De-dispersion

In order to nd new pulsars, we must look for periodic signals in audata. A key to nding
the periodic signals is that they appear to be brief. If a pulsabeamed radio waves in our
direction during 100% of its rotation, it wouldn't really like a pulse. Instead, it would look
like a constant stream of power, like a light bulb that is left on Because pulsar signals are
so weak, this wouldn't seem very interesting|it would just appear as a slight increase in the
background level of radio waves. Luckily, pulsar pulses are gnlisible for a small fraction
of their rotation (typically a few percent). But there are e ects that can cause the duration
of the pulses to appear longer. If these e ects are severe, thamav pulse can be spread out
too much to be detected. The principal culprit behind this boadening of the pulse is called
dispersion, and its e ect is called dispersion smearing.

Dispersive smearing is caused by electrons in space. While spaceig nearly empty, it isn't
completely empty. One of the things that we nd in space are et¢rons which aren't bound
to any atom. These so-called free electrons can cause radio veateslow down. How much
the radio waves slow down depends on their frequency, with lewfrequencies being slowed
down more than higher frequencies. Since we observe pulsarsr @avegange of frequencies,
typically 10s{100s of MHz, we are simultaneously collecting sighfrom the pulsar at both
lower and higher frequencies. Dispersion causes the low frequepulsar signal to arrive at
Earth after the high frequency pulsar signal. If we were to naively add up éhpower at all
frequencies, the pulse would be spread out, possibly by too muchlie detectable.

Luckily, we know how to remove the e ects of dispersioif we know thedispersion mea-
sure, or DM. The dispersion measure is a way of describing how many eteas lie between
the pulsar and Earth. The more electrons there are, the highéne DM and hence the worse
the dispersion smearing. Consequently, a DM of zero tells us thiie signal traveled through
no electrons on its way to Earth. But that is impossible for a rdapulsar, which lies many
light years away andmust ecnounter some electrons. The only explanation is that the sigh
itself originated from the Earth; that is, the signal is actualy RFI. This is useful because
any signals we see a DM of zero must be RFI (see the above explamaid RFI removal).
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The process of removing the e ects of dispersion smearing is edllde-dispersion.

But now we run into a conundrum. We have absolutely no way of kmang what a pulsar's
dispersion measure will be without detecting the pulsar rst, butwe can't detect the pulsar
unless we de-disperse at the appropriate DM! Our only option i® tde-disperse at as many
reasonable values of the dispersion measure as we can. That is, wehi guess and see if
any pulsars show up.

The actual process of de-dispersion involves applying a time &ho the signal at some given
frequency. The amount of time shift is easy to calculate:

t=4:15 1FPms —i Zi DM 1)
fref fchan

wheref ¢ is some reference frequency (such as the highest frequency waeol®),f chan Iis the
frequency of the channel we are de-dispersing, and DM is the déspion measure. Frequencies
are measured in MHz and DM has units of parsecs per centimeter @ab(pc cm 32). A parsec
is a unit of distance equal to about 3 light years. Let's take a tik at an example to illustrate
how to use this equation. Suppose we observe a pulsar at a high treacy of 375MHz and a
low frequency of 325 MHz. Also, let's assume we know the dispersionasere is 20 pc cm?.

In order to make sure that any pulses arrive at the same time, we V& to shift the signal in
the lowest channel by

1 20

4:15 1Fms T8 38
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1
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If we don't remove it, this much dispersion smearing would make impossible to detect the
millisecond pulsars (MSPs) that we are most interested in, with p®ds of a few to tens of
milliseconds.

Once we have de-dispersed our data at our trial DM, we then add upe power in all the
frequency channels. We are left with the power collected by ¢htelescope as a function of
time. This is known as the time series.

One last thing|even using this technique, it is impossible to conpletely remove the e ects of
dispersion smearing. This is because there will still be smearingthin a frequency channel
There are methods to completely remove the e ects of dispersidout they are more complex
and don't concern us right now. Luckily, because the bandwititof an individual channel is
fairly small, the amount of dispersion smearing is much smaller &m in the above example.
But for very high dispersion measures, this can still cause a problewhen trying to detect
very fast pulsars.

Now that we have created the time series, our next step is to Fourigansform the data.
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Fig. 3. This is the FFT of data taken with the GBT as part of the Pulsar S earch Collaboratory.
The x-axis is Fourier frequency and they-axis is power. The spike you see is an actual pulsar.
From this plot, can you estimate the period of this pulsar?

Step 5: The Fast Fourier Transform

As described inSearching for and Identifying Pulsarsan individual pulse is almost always
too weak to detect in the time series. We need a way of nding veryeak periodic signals
in our data. There is a mathematical operation from calculughat is perfect for this task.
It is known as the Fourier transform, and its application is ched Fourier analysis. Fourier
analysis is a broad and sometimes complex eld, so we won't go anany details here. What
you should know is that the Fourier transform changes the time ges so that it represents
power collected at somd-ourier frequency . This Fourier frequency is di erent than the
frequency of the radio waves that we observe. The Fourier fregncy describes the rate at
which something repeats in our data set. If the periodic signatdm a pulsar exists in our
data, then there will be a signi cant amount of power at a Fourer frequency of £P, where
P is the spin period of the pulsar.

Computing the Fourier transform of a set of data is a well known neblem in computing,

because the Fourier transform is very important to many elds bstudy. The most common
method used is called the \Fast Fourier Transform", or the FFT. fer this reason, we often
say that we are \FFTing" our time series, or creating an FFT from i. Once we have created
an FFT from our time series, we usually look for RFI once again.

Figure 3 is a graphical representation of th&ourier Spectrum . The spike you see in the
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gure is in fact a real MSP discovered in data that you will be loking at! This stu actually
works!

Step 6: ldentifying RFI...Again

Although we have programs that can identify most sources of RFsome will inevitably slip
through. For this reason, we usually create an FFT of a time segethat has a dispersion
measure of zero. Recall that anything with a DM of zero must be mamade RFI. We can
then examine this FFT and look for strong signals. One very commagsignal that we see is
at a Fourier frequency of 60 Hz. This corresponds to some sourceaiio waves that repeats
itself 60 times a second. Those of you familiar with electroniegll know that this is exactly
the frequency of the alternating current that supplies poweto our homes and businesses.
The RFI at 60 Hz is therefore produced by the power lines that cgy electricity. When we
see this type of signal in our FFT, we can explicitly ignore it drng further analysis. In this
way we eliminate more potential sources of RFI.

Now that we have a removed RFI to the best of our ability, we are egly to search our data
for pulsars.

Step 7: Searching the Fourier Spectrum

Searching for pulsars is, in principle, a simple task. Once we di&sperse our data at some
trial DM and take the FFT, we simply need to search the Fourier spsrum for signals with
lots of power. If we nd such a signal, we record information ahd it in a list of candidate
pulsars. Of course, since we don't know the DM of the pulsars aheatl tone, we must
try very many di erent dispersion measures. Furthermore, our FFs are often very large,
containing millions of individual Fourier frequencies thaineed to be checked. Still, modern
computers are e cient at searching for pulsars. All that is neede is time.

There is one other e ect that needs to be taken into account,hbugh. Our description of
Fourier analysis so far has made an unspoken assumption that therip@ of the pulsar we
are trying to detect is constant throughout the observationmagine, though, that something
causes the pulsar to change period. Atthe beginning of the obgation it might have a period
of 217436 ms, and at the end it may have a period of27440 ms. During this time, the period
changes slowly between these two values. When we take the FFT bkttime series, the
power will be spread out between the two Fourier frequency oE@®:17436 ms) = 4590 Hz
and 1=(2:17440ms) = 4589 Hz. A pretty small change, to be sure, but enough to make it
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di cult to detect such a pulsar. The reason is that a perfectly peiod signal, with a constant
period, will usually have its power spread over a few thousandtiof a Hz, and often much
less (the smallest component of Fourier frequency we can resavd=T, where T is the total
observation time). A shift of even 001 Hz is enough to spread the power out so much that
it is di cult to detect a pulsar unless it is very bright. It woul d be like taking a very steep
pile of dirt and spreading it out over a much larger area. Soogpu can't even tell that there
was a pile there to begin with.

So what exactly would cause a pulsar's period to change? Welkthotation rate of all pulsars
is slowing down because the pulsar is simply losing energy. Howevhis is usually too small
an e ect to be important for detecting pulsars. There is anothe more important e ect that
arises any time the pulsar is accelerating with respect to the lescope used to observe it.
This acceleration causes a Doppler shift, the same thing that eses an ambulance siren
to have a higher pitch when traveling towards you and a lowerifgh when traveling away.
Suppose a pulsar is accelerating away from our telescope. It semait a pulse, which must
travel through space. However, when the next pulse is sent out,dtpulsar is further away.
The pulse must travel a little bit further to reach the Earth, and the extra time it takes
make it seemlike the period is longer than it actually is. If the pulsar is acelerating, then
the time between the arrival of successive pulses seems to get tangnd longer, and the
period seems to slow down. The opposite happens if the pulsar i€@erating towards the
Earth|the period seems to speed up.

Because the Earth rotates around its axis and revolves arourtdie Sun, there will always
be some acceleration between the telescope and the pulsar. We Emove this e ect easily
because we can measure the motion of the Earth precisely. Howevethe pulsar is orbiting
another star, then it too will accelerate. Other e ects can case acceleration as well. And it
just so happens that the pulsars that are most interesting, MSPs, aralso the pulsars most
likely to have companion stars, and hence to be acceleratingo & is very important that
we nd ways of detecting these accelerating pulsars. Of courseewlon't know what the
acceleration will be ahead of time. Just as we had to guess the Dihen de-dispersing the
data, we also have to guess how much acceleration the pulsar islargoing. Once we make
a guess, we can use detailed Fourier analysis to remove the e ecfsacceleration. But this
is another parameter we must search over, and another reason thading pulsars requires
lots of computer power.

When all is said and done, though, we will have several candidst at several dispersion
measures and several amounts of acceleration. The next stepasexamine the candidates
and decide which ones are real pulsars.
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Fig. 4.| Here we illustrate the technique of folding. In the top panel we place ticks ever 1 second
in our data. In the middle panel, we fold over at these tick maiks. In the bottom panel, we add up

the signal in each layer of our fold. In this way, we can nd a weak pulsar whose would otherwise
be lost in the noise. However, we must know the period ahead dfme. In this example, we used a
period of 1 second.

Step 8: The Human Touch

Everything we have discussed so far can be automated. A computeeedls to only be
told what dispersion measures and accelerations to try, and itilvtake care of the rest.
Ultimately, though, a human must decide if a candidate pulsar isvorthy of further study
and con rmation. Once a group of candidates has been amasseley arefolded . Folding
is discussed in detail inSearching for and ldentifying Pulsarsso we will only go through a
refresher here. A command calledrepfold is used for the folding process. You can think
of folding as taking our lterbank le and dividing it into pi eces that are each as long as the
period of the candidate pulsar. We do this for each frequenchannel. These small pieces
are then folded on top of each other and added together. If a padic signal is there, it will
get stronger as we add more pieces of the observation togethetilu nally a well de ned
pulse prole emerges. Figure 4 illustrates this techniqueprepfold generates the plots
that you will look at and can also ne tune the period, accelergon, and dispersion measure
of the candidate pulsar.

This is where you come in. You are the astronomer that must de@df a candidate is in fact
a real pulsar.
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Conclusion

| hope this guide has shed some light on how astronomers look farlgars. The process is
complex, and | have done my best to simplify some of the the most dcult concepts. At
this point in your career, it is not important that you understand every aspect of nding
pulsars. Professional astronomers spend many years learning gtleng that they need to
implement all the steps that we have discussed. The Pulsar Searchl@boratory is designed
to expose you to some of these ideas. Hopefully your experiencel$ vé the start of a life
long journey that takes you deeper into astronomy, and scienae general.

Have fun!



