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Abstract

The Chandra Multiw avelength Project (ChaMP) comparesX-ray im-
agestaken by the Chandra X-ray Observatory to optical images of the
same eld. The X-ray detectors on Chandra have a large eld of view, so
when objects are imaged the surrounding areas are also imaged. Images
in the optical were taken by a mosaic CCD camera with a large eld of
view to cover many of the areas previously covered by Chandra. This
paper includes a discussion of the current state of the understanding of
quasars, including a discussion of the unied model of Activ e Galactic
Nuclei (AGN). Special attention is given to the spectra. This paper also
describesthe method by which these optical images are being reduced.

1 Intro duction to Quasars

After the advent of radio astronomy in the 1940sand 1950s,the optical iden-
ti cation of newly discovered radio sourcesbeganto take place. Two of these
objects, 3C 48 and 3C 273, werefound to have emissionline patterns in the op-
tical that had previously never beenseen. There wasa mystery surrounding the
sourceof this emissionuntil Maarten Schmidt discoveredthat theseobjects had
beenredshifted by an unheard of amount. Both of these objects are traveling
away from earth at a signi cant fraction of the speedof light. By applying Hub-
ble's Law, you get a distance on the order or hundreds of Megaparsecgaround
ten billion light years). After much debate, it was found that quasarswere in-
deedextragalactic when absorption lines from an intervening galaxy were found
in the spectra of a quasar.

Quasarsand Activ e Galactic Nuclei (AGN) have seeral distinguishing char-
acteristics. They all have a high redshift (ranging from about z 0:1toz  6),
which indicates a large distance. If this distance s true, then quasarshave an
extremely large luminosity. Not only are quasarsbright in the optical, but they
also emit a large amount of radiation from the radio to X-rays, and in some
caseseven rays. The spectra of quasarswill be discussedin greater detail in
the next section of this paper.

In general,most typesof AGN canvary in brightnessby factors of order 2 on
timescalesof hours or days. Sincetheseoutbursts and reductions in luminosity
are most likely causally related, the timesalesinvolvedin variabilit y give a good



estimate of the sizeof the certral source. The light crossingtime of a few hours
indicates a size that is of the order of something smaller than solar system.
Sincean incredibly large amourt of radiation is releasedfrom a very small area,
the sourcemust be very massive. Otherwise, the force from gravity would not
be able match the outward pressurefrom the radiation.

One interesting feature of quasarsand other AGN is that many of them
appear to have relativistic jets that can be resolved spatially. The jets appear
brightest in the radio dueto the large amounts of synchrotron radiation emitted.
The jets tend to be emitted in pairs, with one usually brighter than the other.
The brighter one is relativistically boosted as it is coming towards us at an
angle, and the fainter oneis made dimmer becauseit is travelling away from
us. This is the part of the radio emissionthat can be resolved spatially. The
certral unresolved sourceis also a large emitter of radiation in the radio.

The current model predicts that the certral engineconsistsof matter accret-
ing around a supermassiwe black hole from millions to billions times the mass
of the sun. The Schwarzchild radius of such a black hole is of order of the size
of the solar system, and the massis sucient to have matter fall in for the
luminosity. The matter falling into the black hole is either from interstellar gas
or tidally disrupted stars. As it falls in, to consene angular momertum it most
likely forms an accretion disk. The matter swirls around the black hole, slowly
being draggedin. As the matter falls closerand closerto the evert horizon, it
heats up.

The initial sourceof the radiation is from the hot accretion disk surround-
ing the supermassiwe black hole. It emits blackbody radiation, but since the
accretion disk is not at a constart temperature, it does not follow a simple
Planck distribution. The radiation then travels through the photoionized gas
surrounding the certral engine. In somemodels, this radiation is thought to be
inverse-Comptonscattered, where the hot electronsscatter o the photons and
actually give them energy In these models, this is where a large amourt of the
X-ray radiation is from.

There are a large number of classesof AGN, but all are thought to arise
from material falling into a supermassiwe black hole in the certers of galaxies.
If this is true, then it makes senseto try to form a model that explains the
di erences betweenthem. As is common in astronomy, the orientation of the
object we are looking at determinesmuch of how we seeit. Accretion disks are
not spherically symmetrical. If they have any symmetry, it would most likely be
axial. Astronomers are now trying to formulate models that take into accourt
certain fundamertal characteristics about the environment of the certral engine
(such as mass accretion rate, luminosity, and the angular momertum of the
supermassie black hole) as well as the orientation to come up with a uni ed
model that can explain the di erences betweenthe separateclassesof AGN.



2 Quasar Prop erties and Spectra

Quasars are di erent than most objects in the sky in that they emit large
amourts of radiation acrossall wavelengthsfrom the radio to even rays. Stars
can be approximated as blackbodies and emit nearly all of their radiation be-
tween the infrared and UV. Unlike quasars,they are usually undetectable in
the radio and X-rays. It is possibleto distinguish betweenstars and quasarsby
looking at the brightessin seweral bandsin the optical and seeingwhich are not
typical of a blackbody, and also by matching them with X-ray data. The rst

quasarswerediscoveredby assaiating bright radio sourceswith optical sources.
However, most quasarsare relatively quiet in the radio with the total energy
per decadeon a Flambda vs. lambda plot being seweral orders of magnitude
lessin the radio than in the optical. Only about 5-10%show radio-loudness.

Even in radio-loud quasars,there is substartially lessenergy releasedper
decadein the radio than in the optical/UV. The radiation in the radio is
not thought to be thermal, rather it is believed to be causedlargely by non-
thermal synchrtron radiation. In this radiation process,relativistic electrons
spiral around magnetic eld lines. The certripital accelerationcausesthe elec-
trons to emit beamedradiation. The origin of this radiation is thought to be
largely in the relativistic jets propagating outward from the certral engine.

The radiation in the infrared is most likely thermal emissionfrom a cloud
of warm ( 2000K) dust surrounding the certral source. Due to a lag of about
a year in the variability of this region when compared to variability in the
optical/lUV, this region located in a region outside of a distance of order one
light year from the certral engine.

The optical and UV part of the continuum is dominated by thermal radi-
ation. Howewer, it is unclear if the radiation emitted is from an optically thin
(transparent) or optically thick (opaque) source. The sourceof this radiation is
thought to be from the accretion disk in the certral enginesincevariabilit y is on
very short timescalesin thesebands. Therefore, the radiation processis highly
dependert upon the conditions in the accretion disk. For an optically thick disk,
the dominating mechanism will be blackbody radiation. For an optically thin
disk, the mechanism will be thermal bremsstrahlung.

There is a feature in the UV that is most likely the peak of the thermal spec-
trum. This is called the 'Big Blue Bump' and is dominant at rest wavelengths
shorter than 4000 A. This feature extends beyond the Lyman  absorption
limit at 912 A. It is virtually impossibleto obsene at wavelengthsshorter than
this in the UV becauseof absorption by neutral hydrogen in our own galaxy.
However, it is possibleto seepast this limit by looking at high redshift quasars.
This is one of the reasonswhy there is great interest in nding high redshift
Z > 6) quasars. The Big Blue Bump is the factor that cortributes to the large
UV ux that is found in quasars. This property turns out to be very useful in
quasar surveysas a meansof distinguishing betweenstars and quasars.

There are seweral models for the X-ray emission. It is probable that at least
someof it is from the inner and hotter regionsof the accretion disk. Variabilit y
studieshave shaowvn that X-ray uxes vary on shorter timescalesthan the optical



and UV, thereforethis is a very likely scenario. Howewer, it is also possiblethat
much of the radiation is due to inverse-Compton Scattering. In this model,
optical and UV photons from the initial sourcepassthrough a hot ionized cloud
surrounding the accretion disk. Electrons of a higher energy than the photons
hit the photons and give them more energy The problem with this model is
that it cannot by itself accourt for the variations on short timescales.

3 ChaMP Parameters

The ChaMP survey hopesto identify an X-ray selectedsample of quasarsby

looking at X-ray imagesfrom Chandra and comparing them to optical data

taken by the CCD Mosaic camerawith a large eld of view. By comparing the

two images,the optical counterpart to the X-ray sourcecan be identied. The

advantagesof Chandra over previous X-ray telescopesare numerous. In addition

to accurate photometry, Chandra provides a meansof acquiring subarcsecond
positions of X-ray sources.

As mertioned previously, the rst quasarswere identied due to high ra-
dio brightness. However, the problem with identifying quasarsthrough radio
surveys is that lessthan one in ten quasarsis radio loud. One of the most
consistert traits of quasarsis that they tend to be blue objects. Early surveys
used this feature, taking imageson photographic plates using two lters, one
that let blue light through and one that let UV light through. The objects
that were brighter in the UV plate than in the blue plate had a good chance
of being quasars,although there were other things the objects could be (hot O
and A stars, for example). A common way to positively identify quasarsis to
take spectra of those objects and look for characteristic features, such as bright
emissionlines that have beenredshifted by a factor of at least 0.1 or more and
arelatively at spectrum acrossthe optical/UV.

There are problems with taking spectra of quasars. Taking the spectra of
bright objects (such asnearby stars, including the sun) is easybecauseyou have
enoughphotons for a high signal to noiseratio. However, quasarsappear to be
faint objects in the sky. You may need seeral hours to take a spectrum of a
faint suspected object, and observingtime is very limited. For extremely faint
objects, it can be closeto impossibleto get a decernt spectrum. One of the
things this survey hopesto accomplishisto nd a meansof reliably identifying
quasars while excluding stars and other objects through photometry. There
may be somecharacteristics of quasar spectra that can be usedto distinguish
them from other objects.

Howewer, there are several di culties with this. Quasarshave di erent red-
shifts, and thosewith aredshift of between2 and 2.5 are very hard to distinguish
in the optical from an F type star. However, by matching the optical data with
X-ray data, there is a much higher succesgate for nding quasars. Using this
method, you may nd someobjects besidesquasarsbut not as many. This is
what ChaMP hopesto accomplish.

In addition to identifying new quasars,ChaMP hopesto provide a sample



that is free from selection e ects, that is a true sample of quasarsthat is rep-
reserativ e of the whole population. The rst detection methods were biased
againstradio-quiet sources,and later methods cortin uedto have selectione ects
preser. Sinceall quasarsare presumedto have an energydistribution including
radiation in the optical and X-ray, the sampleresulting from this survey should
show much lesshias than previous surveys.

4 The Reduction of Mosaic CCD Images

A charge-coupleddevice (CCD) is a photosensitive device made out of a semi-
conductor that is usedin many applications, including astronomical imaging.
Esserially all astronomical imagestoday are taken using the CCD Mosaic cam-
era. They have se\eral advantages. They have a very high quantum e ciency ,
that is nearly every photon that passeghrough the CCD registers. They have a
high degreeof accuracy when doing photometry, so magnitudes measuredwith
a CCD will be much more accuratethan those measuredfrom the photographic
plates useddecadesago. They provide a permanert image that can be reduced
and examined using software such as IRAF, which was used in this project.
There are, however, sewral artifacts from the original data that have to be
corrected for. Note that any IRAF commandsare in capital boldface.

The rst stepscan be donewith the CCDPR OC task. They are the pupil
removal and crosstalk correction. In the telescope, there is a lensthat is usedto
correct for the optics. However, do to unavoidable re ections from this lens, the
CCD can pick up someextra noisethat appearsasa ring around the certer of
the mosaicCCD. This is known asa pupil. The amount of this noise, however,
can be predicted and removed. The crosstalk correction dealswith an error in
reading out the CCD. When reading out the CCD, sometimesbright pixels can
leave an echo in another frame. CCDPR OC can remove thesefalse images.

Next, there are three simple tasks that correct for most of the systematic
errors in the photometry. These stepsare to subtract the electronic bias and
dark current, and then divide by a at eld. The electronic bias is the read
noise in the electronics, which typically givesa small error. An image with
an exposure time of zero is taken and read out to determine what e ect the
electronics themselwves have on the images. In most cases,seeral biasesare
taken and the result is combined using the IRAF task ZER OCOMBINE
The resulting image is then subtracted from any further exposures,and shows
the error in the read-out of the data.

Dark current is usually causedby thermal noisein the CCD pixels them-
seles. Professional CCD camerasare usually cooled to a temperature of order
200K to minimize the e ects of this, and if doneright the e ects can be negli-
gible. To test the e ects of the dark current, an image is taken with the CCD
shutters closed. This is called a dark frame, which shows the thermal noise
presert in the exposures,as long asthe temperature of the CCD chip remains
constart. The dark frame (or an averageof seweral dark framescombined using
DARK COMBINE ) will be then subtracted from the image.



In the twilight before the observingrun, the telescoge is pointed at the sky
in a region away from the Sun. One or more short exposuresare taken and
combined using FLA TCOMBINE  for eath lter. If a sky at is not possible
for any reason,the telescoge is pointed at an illuminated white sheetinside of
the dome. This doesnot t the spectrum of the sky very well, so a sky at
is preferred over a dome at. The purposeof this is to seehow ead pixel on
the CCD respondsto a constart light. Typically, the largest variations are of
order 10%, sothis stepis a very important one. To make the correction, the
actual imagesare divided by the at eld. Thus, in the resultant image, all
brightnessesare on the samescale. To do the actual bias, dark, and at eld
corrections, it is possibly to do them in one step by running the CCDPR OC
task in IRAF.

The next stepis to correct for cosmicrays and chargebleeds. At somepoint,
the responseof pixels becomesvery nonlinear. When they do this, they are said
to be saturated. Charge bleedsare causedby CCD pixels being overexposed
and saturated on bright objects. The data is read out in columns, and these
saturated pixels smear out in vertical trails that for bright stars can span the
whole image, being at times a dozen or so pixels thick. After the saturation
levels are determined for eat of the band passesfor eadh night of data, they
are entered into the MKBLEED4  task in IRAF. This generatesbad pixel
maskswhich keeptrack of pixels that for whatever reasonare inaccurate.

After marking the charge bleedson the bad pixel masks, the cosmic rays
have to be correctedfor. They appear as compact bright objects in the images,
and can be quite numerousfor long exposures. They can look like streaks that
have a distinct non-stellar appearance,or just one or more really bright pixels.
The IRAF task responsible for removing these is called XZAP , which looks
for sharp peaksin the rows and columns as opposedto the gradual rise that is
typical of stars and galaxies. This also generatesa bad pixel mask.

If the charge bleedsand cosmicrays are not satisfactorily removed by the
automated IRAF routines (which has happenedfor a number of reasons),they
must be removed manually with the IMREPLA CE and FIXPIX tasks. IM-
REPLA CE is usedto mark the regions as unusablein the bad pixel masks,
and FIXPIX is usedto smearthe bad regionsover. This can be a very time
consuming process.

At this point, the photometry is accurate, but due to the optics of the tele-
scope and other reasonsthe positions are not. IRAF has sewral tasks that
make this geometric correction easily. Sudh an astrometric correction is neces-
sary for the next step, which is to combine the seweral mosaicimagesinto one.
The image headertells where the telescope was pointed, but it may have only
beenaccurateto a sizablefraction of an arcminute. The orientation of the tele-
scope may have also beendierent for eat exposure, and these steps provide
for a transformation to make the positions more accurate and known in Right
Ascensionand Declination.

The last stepin the reduction of the imagesis to stack (combine) the images
into a single one for ead area of the sky. The separate original imageswere
moved by a few arcminutesto cover up the gapsbetweenthe separateCCD chips



in the mosaic, as well asto provide a badkup in casesomepixels are bad. The
tasks to use are MSCIMA GE, MSCGETCA T, and MSCST ACK . This
processtakes an image, usesa catalog of known stars to position the single
imagescorrectly, and stack them into a single image. The resulting frame has
accurate positions and photometry, and has lessnoisethan the original data.

The imageson the two following pagesshonv an unreduced image and a
fully reducedand stacked image. There are many CCD imaging artifacts in the
unreducedimage. First, the badkground is not at. This shows that dierent
pixels respond to light di erently, and will be corrected by the at eld step.
There are many charge bleedsin this picture. They are the large white streaks
causedby saturation of pixels located in bright stars. Thesewere alsoremoved
for the nal image. After the reduction process,the background appears at,
and there do not appear to be any remaining artifacts.



This image shows data from the Mosaic CCD camerataken at Kitt Peak. This
is the appearanceof data before the reduction process. Note that the back-
ground varies. There is also a faint pupil around the certer of the image. The
white vertical streaks are charge bleedscausedby saturated pixels spilling over
in columns. Image courtesy of Aaron LaCluyze.



This image shows the nal result of combining seweral reduced frames. All in-
strumental artifacts of the CCD have beenremoved and corrected for. Image
courtesy of Aaron LaCluyze.



5 Conclusions

My time herehasbeenspent working with graduate student Aaron LaCluyzeon
the task of reducing optical imagestaken on several nights in June and October
of 2000 at Kitt Peak National Obsenatory. These data were taken with the
CCD Mosaic camera attached to a 4 meter telescope. The elds were chosen
to coincidewith X-ray imagesalready taken by Chandra. The image reduction
processesvere described in the previous section, which were the main focus of
this REU internship.

The identi cation of quasarsis the task at hand for much of the rest of the
project asthe optical and X-ray data comein. To do this, the properties of the
spectra of quasarswill be taken into consideration. Somedata can be acquired
by looking at data in the optical, but there will be someambiguity in that some
stars appear much like quasarsin limited band passes.Therefore, all candidates
are selectedon the basisof assaiating objects in the optical with objects seenby
Chandra. Unlike previous orbital X-ray telescopes, Chandra has subarcsecond
positioning capabilities. Therefore, there is lessambiguity in assaiating optical
sourceswith X-ray sources.

It is hopedthat this survey will give a meansof identifying quasarswithout
having to go to spectroscopy. As of now, early in the survey, the comparison
betweenoptical and X-ray imagesyields candidatesthat must be submitted for
spectroscopy in order for veri cation of these objects as quasars. It is hoped
that this will not be necessaryin the future.

Chandrawasonly launchedin July of 1999,sothe Chandra Multi-w avelength
Survey is still in its early stages. Members of the project group are predicting
that the survey will cover 5 sgaredegreesper year while identifying 1600new
AGN. This samplewill have beenselectedon the basisof optical and X-ray data,
show it will not show a bias against radio-loud or radio-quiet quasarsapart from
any natural luminosity di erences. The results of this survey will hope to showv
a better represenation of quasars.
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