How To Create Good Sequences

What Are Sequences?

A sequenceis a set of stars within a given field of view for which we have acarrate,
standardized photometry. Sequences are usually used to cdibrate differential photometry
(photometry with resped to stars within afield). For visual observers, such sequences
might be visual magnitudes of 3-4 stars per magnitude step, covering the entire range of
variability of agiven star. This permits the differential interpolation of the variable's
magnitude with resped to the sequence For CCD observers, a sequence might be aset of
stars that span the magnitude range of the variable, and also bradket the variable's color.
They would be used to set the zeo point for the magnitudes in a given field, and optionally
can be used as comparison stars for the variable. Sequences that would be used for
determining the transformation coefficients for a given CCD/filter set are best when the
stars have the same magnitude but span a wide range in color. In other words, the @mncept
of a sequence remains the same, but how you creae the sequencewill depend on its
intended use.

All-Sky Photometry

Sequences are aeaed by performing All-Sky Photometry, a generalized form of
differential photometry. There ae many standard stars in the Johnson/Cousins g/stem that
are locaed primarily nea the Celestial Equator. The set that most observers use was
published by Arlo Landolt. To creae asequence, you want to perform differential
photometry with resped to these standards. Simple, right? The complication arises when
the desired sequencefield does not include any of the Landolt standards. Y ou must
determine the nightly instrumental zero point (and transformation coefficients) using the
Landolt standards, plus determine the @amospheric extinction coefficients, and then use
these parameters to adjust your instrumental photometry in the desired field so that
standardized magnitudes come out of the reductions. This procedure is cdled all-sky
photometry, and has been discussed in another tutorial.

Sequences require more cae than does differential photometry. Not only do you have to
acount for extinction, but the mlor range of starsin the field usually require caeful
attention to the transformation coefficients  that red stars are not given systematicdly
different magnitudes than due stars. Likewise, the stars will appea randomly over the field
of view of the CCD, and you need to make sure you have good flat fields s that there isnt
a systmatic difference between, say, the center and the adge of afield.

Preparing for Sequence Photometry

Say that you need to do sequences for threefields: one that transits nea the zenith, one on
the Celestial Equator, and one that is far south for your locaion. How would you go about
obtaining sequences in ead of these fields?



First, you should not attempt all-sky photometry (necessary for the sequences) on any night
that does not look 'photometric.' What | mean by thisis that the sky should be dea, with no
hint of clouds, no dust or smog or smoke should be present, and the seang should be
reasonably good and stable. For many sites (such as the Midwestern U.S.), thiswill limi t
you to only a handful of nights per quarter. For other sites, such as in the Southwestern
U.S., interior Australia, or South Africa, you may have seasons during which any night is
likely to be photometric. Y ou make do with what you have! Y ou won't know for sure until
you reduceyour data on a later date whether the night in question was truely photometric,
but you ought to 'stack the ded<’ as much in your favor as possble.

Next, | usually go to the Digital Sky Survey web site and pul down photographic images of
the desired fields. Then | draw on ead image the field of view of my CCD, and move it
around to maximize the number of stars and magnitude range that | want to cover. These
charts will be used at the telescope later.

Then | ched to seewhen the fields will transit. Y ou want to minimizethe refradion and
extinction effedsto get the best possble results, and that is done when the fields pass
aaossyour meridian. | mark those transit times down on a schedule.

Y ou then redl to include observations of Landolt standards. There ae &out two dozen
fields where many Landolt standards will fall within the field of view of your CCD, and |
usually make sure | observe those fields. An example is SA110-503 where 8 Landolt
standards are within a 5Sarcmin circle. | try to set up my schedule so that | observe two such
fields very ealy in anight, and then observe & least one field per hour the rest of the night,
ending my night with another Landolt field observation. It sounds like alot of extraneous
images beyond the program fields, but when doing sequencework, you redly, redly want
to understand what the sky is doing. The first two fields are observed at large and small
armasses, and then | alternate between large and small armasses the rest of the night. You
should try to observe Landolt standards at larger armassthan any program field, and with a
range of colors that extends beyond the wlors expeded in your program fields.

Y ou aso nedl to insert any cdibration frames that are necessary for your CCD camera. For
example, if you normally take sky flats, they will occupy the first and/or last half-hour of a
night; bias or dark frames might best be done when it is dark out and a program field is not
scheduled; dome flats also require darkness

The end result is a schedule of observations, where you have program fields interspersed
with standard star observations.

Observing Sequences

Even though a given field might have some bright stars, | amost never try to measure astar
brighter than V=10. The Tycho satellite has observed all of these starsin B \& V, and you
would just be dudicating that effort. After throwing these stars out, | take atest exposure
and seewhat the next brightest star magnitude is. | set the final exposure such that the
brightest star | want to measure does not saturate the detedor, but the faintest star still has



enough signal-to-noise to provide agood measure. For most CCDs, this dynamic range is
between 4 and 5 magnitudes. A field that contains aVV=11 star will give reasonable
photometry down to V=16 or so in asingle exposure. If you need more dynamic range than
this, you will need to take & least two frames with differing exposure times. In that case, |
try to adjust the exposure times  that thereis at least a magnitude overlap between
exposures, or a maximum of afador of 40 between the exposure times. An exposure of 10
seoonds could then be taken alongside an exposure of 400 seaonds to give a 8-magnitude
range. CCDs are very linea detedors, and this 8-magnitude range is likely to be very close
to the truth.

You need to use & least two filters 9 that you can get a wlor to be used inthe
transformation process If you used, say, just aV filter, then ared star in the frame would
be systematicdly brighter or fainter than a blue star. These two frames with differing filters
will most likely have to have different exposure times aswell. | find B \& V to be the best
filters for most sequencework as there is avery good relationship between V, (B-V) and
(V-R) such that you can estimate (V-R) easily. Another good choiceisV \& | and is often
easer to do with afront-illuminated CCD such as found in many amateur cameras. A poor
choiceisV \& R.

Processing the Data

| usually extrad every star from every frame | take. For your purposes, you may not want
to be so complete. Inthat case, 1'd be sure to extrad every Landolt standard from their
frames, and then pick and choose within your program frames areasonable set of stars
based on your purpose. Avoid any star that has a neighbor, as the neighbor can affed the
cdculated brightnessof the desired star.

| usualy use goerture photometry unlessthe field is particularly crowded. The best aperture
size depends on the seang and your pixelization, but in general | seled an aperture that
closely matches the photoeledric gperture Landolt used (10-14arcseq so that | include any
faint starsin my digital aperture that Landolt would have included in his original
observations. For smplicity, ke this ssme gerture for al of your reductions on a given
night. There ae methods to compensate for different apertures on different frames, or for
using point-spread-function fitting, but for the purposes of this smple tutoria, | will avoid
them.

Do your normal transformation and extinction cadculations  that you can compare your
resultant standard star observations with the published values. The standard deviation of
these measures tells you how stable the night was and how well you can determine the
magnitude of a particular star for that night. Actually, the error for a given star is the square
root of the sum of the nightly standard deviation (squared) plus the Poisson error (squared)
of the star in question. That means the measurement error is a cmbination of both effeds.
My criteriafor a photometric night is a standard error of lessthan 0.02mag; a marginal
night might have erors up to 0.03mag; anythihg greder than thisis considered non-
photometric and the observations are retaken. Y ou may have different criteria. For



example, sequences for visua observers need only have 0.1mag acaracy, and sequences
for cdibrating photographic plates might only need 0.2mag acairacy.

| find that you can have systematic efedsin a single night's observation of a program field.
In the Southwestern U.S., we get cloud bands that can messup measures to the far north,
yet not affed the equatorial measures of the Landolt standards. | find the only way to get a
good handle on these erorsisto measure eat field on at least two, and preferably threeor
more, nights and compare the results. By measuring on different nights, you also can check
for variability of starswithin the field, espeadaly if the nights in question are spaced several
nights apart. By taking the average of the measures, you get a better determination of the
field magnitudes, and by taking the standard deviation of the measures of a given objed,
you get a better understanding of the red errorsin the measurement of that objed. It would
be grea if Landolt standards were placal everywhere in the sky, and even better if a
standard star appeaed in every frame you take with your CCD, but that is not currently the
case. | usually use aminimum of threenightsif | am redly serious about getting the best
results for afield. If on careful inspedion, one of those threenightsis sgnificantly different
than the other two, | discard that night and take data on a fourth night. Taking data on
several nights also guards against the inclusion of possble variable stars in your sequence
Y ou should always take at least two measures of afield, and use asingle measure of afield
only as alast resort.

I mentioned ealier that you need to get good flatfields. If there isagradient in your flats,
you may be ale to get a good transformation since the Landolt standards appea inthe
center of your image, yet get very poor results for objeds that appea in the edges of your
program field. Y ou can guard against that by rastering a Landolt standard aadossyour CCD
field of view and seang if there ae systematic differencesin its magnitude estimate
depending on locaion in the field of view. Thisrequires either a very stable night, or else
having the antire field fill ed with 'standards on a single frame (such as looking at a well-
studied open cluster such at M67).

I nspecting Your Data

For agiven field, | cdculate the mean magnitude and standard deviation for ead objea
measured. Then | plot magnitude vs. error (a scéter plot) to ched the data quality. A plot
of thistype for afield centered on suspeded variable NSV528is diown below.
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This plot shows the typical ridge line of Poisson photometric error: the errors are
reasonably small to V=16, then exponentially get worse towards fainter magnitudes. Note
the stars with large error around V=14.5 and V=17; these are both real variables. Thiskind



of plot finds poor nights quickly (if you have 3 or more nights represented in the plot) since
the smallest error (that is, for the bright stars) will be increased and the plot will ook like
there is an added off set. Likewise, if you have some saturated stars on the bright end, they
will have larger error than some stars dightly fainter sincethe bright stars will have varying
amount of saturation depending on the seang, etc. There is usually about a 4-magnitude
'swed spot' on a CCD for which the Poison errors are small, and you need to adjust your
exposures D that the swed spot covers the desired sequence magnitude range.

Some of the problems typicdly found with all-sky photometry are shown on the scater plot
for TX Cam below, based on four nights of data:
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(thisis not agreda example, but I've diminated all of the poor data from most of my normal
photometry!). There ae several problems with this dataset. Note that after magnitude V=17
or so, there ae anumber of starsthat fall well above the ridge line. Thisfield is smewhat



crowded, and these faint stars happen to lie in the wings of brighter stars, or are only
deteded on a ouple of the nights. A more important problem is an offset in the y diredion
(error axis), where the well-exposed stars fall on a horizontal line & about err=0.03. These
stars have Poisson errors of lessthan 0.01mag, so the fad that they dont fall closer to err=0
on the plot indicates that one or more of the nights was dightly non-photometric. If the
night was redly non-photometric, you would see a offset of atenth of a magnitude or
more for the well-exposed stars. There ae four stars that fall above the line and are brighter
than V=17. The point at V=15.67, err=0.264is a star that is on the alge of my CCD frame
and so only appeason two of the nights, and even for those two the datais marginal. The
point at V=14.276, err=0.140is only a wuple of arcsec avay from the variable TX Cam
and therefore highly contaminated. The The point at V=11.806, err=0.167is a saturated
star, and therefore has higher error than its Poisn error would indicate. If you had more
bright starsin thisfield, you would seemost of them having larger error and acually
looking like amirror image of the exponential rise of error found for faint stars. The point
at V=11.643 er=0.264isthe variable TX Cam itself. While some of the scater isdueto
the inherent variahili ty of this gar, the majority of the eror isjust saturation. | know it is
the variable because it has the proper coordinates, magnitude, and color for this Mira.

Other Techniques

I've just told you how to take sequences on photometric nights. If you need a sequence
quickly, and the weaher does not look promising, you can sometimes chea and do your
program field bradketed by standard fields on either side, either in time or in space This
can yield reasonable results even if you only have, say, a doudfreehour during the night.
For such quick-and-dirty determinations, you can even use neaby sequences, such as those
around a variable star, that have been published by others. The results will not be a good
asif you use Landolt standards, but are often good enough.

Other methods include overlapping fields from a known set of standards or a nea’by
sequence, taking frames until you read the field in question. Y ou can then tie the frames
together by setting the zeo point of ead frame based on its overlap with the previous
frame. For bright sequences and wide field cameras, you can often include several Tycho
starsin your field and work your way down in magnitude steps 0 that you overlap in
brightnessinstead of space

Conclusion

You can seethat getting good sequencesis not hard in theory, but in pradise you need to
guard against anything that causes a systematic eror. This means you need to understand
your hardware and do good flats, and you need to take many standard star observations
through the night to understand what the sky is doing. | would start with a known field,
such as M67 or NGC779Q and attempt to reaede the magnitude sequences known there
with the techniques given above. Onceyou know you can get the same results as others
have in a known field, then you can move on to the much scarier task of cdibrating the
unknown fields. Good sequences are necessary to many aspeds of astronomy, and people
who can creae good sequences are in high demand (and regard!) by the community.
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