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ABSTRACT

Ultra-Violet Imaging Telescope (UVIT) is one of the five pagtls aboard the In-
dian Space Research Organization (ISRO)’'s ASTROSAT sp@san. The science
objectives of UVIT are broad, extending from individual tedars, star-forming re-
gions to active galactic nuclei. Imaging performance of UMlould depend on sev-
eral factors in addition to the optics, e.g. resolution & tretectors, Satellite Drift
and Jitter, image frame acquisition rate, sky backgrounl,ce intensity etc. The use
of intensified CMOS-imager based photon counting dete@odV/IT put their own
complexity over reconstruction of the images. All thesadeg could lead to several
systematic ffects in the reconstructed images.

A study has been done through numerical simulations withical point sources
and archival image of a galaxy from GALEX data archive, tolespthe dfects of all
the above mentioned parameters on the reconstructed imiagearticular the issues
of angular resolution, photometric accuracy and photaotewnlinearity associated
with the intensified CMOS-imager based photon countingafets have been inves-
tigated. The photon events in image frames are detectedrbg titerent centroid
algorithms with some energy thresholds. Our results shavithpresence of bright
sources, reconstructed images from UVIT wouldeufrom photometric distortion in
a complex way and the presence of overlapping photon eventd tead to complex
patterns near the bright sources. Further the angularutesol photometric accu-
racy and distortion would depend on the values of variousstiwlds chosen to detect
photon events.
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1. Introduction

ASTROSAT is a multi-wavelength space observatory to bedhad by Indian Space Re-
search Organization (ISRO) in 2009-2010. It consists of istFonomical payloads that would
allow simultaneous multi-wavelengths observations froma)X to Ultra-Violet (UV) of astronom-
ical objects. The Ultra-Violet imaging telescope (UVIT)dae of these five payloads and is be-
ing developed with the aim of providing the flux calibratedames at a spatial resolution ef
1.5 arc-second (arc-sec). UVIT records images simultasigon three channels: Far Ultravio-
let (FUV, 1300-1800 A), Near Ultraviolet (NUV, 1800-3000,/nd Visible (VIS, 3200-5300 A),
simultaneously with~ 0.5 degree field of view. UVIT is configured as twin telescopased on
Ritchey-Chrétien design with an aperture~&75 mm and focal length 0f4750 mm: While one
of these would make images in FUV while the other would be dse8lUV and visible regime.
Apart from the Optics and Opto-mechanical environment of TJWDetectors are the other critical
elements that would govern the performance of UVIT imagibige other UV missions (FUSE,
GALEX etc.), the UVIT detectors are also of photon countiragune based on Micro Channel
Plate (MCP) image intensifiers Technology (Siegmund 198)sky et all 2003; Sahnow 2003).
However the read out scheme used in UVIT Detectors are caeipldifferent from the schemes
used in FUSE and GALEX detectors. While the detectors usétUSE and GALEX missions
were read using a Double Delay Line and Cross Delay Line asgstems| (Jelinsky et al. 2003,
Sahnow 2003), the UVIT detectors incorporates the reagst¢s based on C-MOS devices. The
similar readout systems based on CCD detectors have berrssiésl in the literature (Bellis et al.
1991; Siegmund 1999). Due to thigl@rence the imaging characteristics of the UVIT are expected
to be very diferent from the other UV missions involving Photon Countiregéztors.

The UVIT Photon Counting Detectors are being developedutjina collaboration of Cana-
dian Space Agency (CSA), and ISRO. In this scheme a UV phetdatected through its footprint
in form of a light splash on a CMOS detector. The exact coatais of the photon would later be
estimated through some centroid algorithms using the pedeles of the detector, to much higher
resolution than one CMOS pixel. The details of photon-cmgntletectors to be used in UVIT
are given in_Hutchings et al. (2007). The CMOS detector cirefi 512 X 512, 25um a side
pixels. Each pixel extends 3 arc-secx 3 arc-sec on the sky. The experimental studies done by
Hutchings et al.[(2007) shows that one photon event prodligatssplash which follows roughly
a Gaussian distribution with Full Width at Half Maximum (FWHI of ~ 1.5 pixels. They have
also reported the performance of several centroid algosttihat have been developed and applied
to the laboratory image frames. The resolution of the detestset by the gap between the photo-
cathode and first MCP_(Michel etial. 1997). The UVIT detectmesdesigned with the gap of 0.1
- 0.15 mm to obtain a resolution ef1”. These intensified photon counting detector can either be
run in a photon-counting mode with a very high gain (sa{0,000 electronphoton on CMOS ),
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which is the normal mode for the ultraviolet channels or ilegnating mode with a low gain ( say
10-100 electrongphoton on CMOS), which is the normal mode for the Visible aien

Image reconstruction from the photon events centroid danother area of concern. As
estimated by ISRO the ASTROSAT Satellite would drift by rblyg0.2 arc-sefsec during the
observations. Therefore all the individual image framesldoequired to be corrected for this drift
effect before co-adding them to create the final image. Hencadtwracy to which the satellite
drift is determined and corrected, is another major fadtat tould #ect the spatial resolution
and photometric properties of the UVIT images. Also, apannfthe performance of optics these
properties would highly depend on the detector hardwaregdgeshoice of centroid algorithms,
the dfects of background and bias, frame acquisition rate etcthEuconsidering the nature of
Photon Counting Detectors and readout process it is exppéiese the photometric non-linearity
would be present in the reconstructed images.

In this paper we report on the numerical simulations andekalts that were performed to es-
timate the angular resolution and photometric propertidseoUVIT system. The aim of this study
is to explore the fects of various parameters and thresholds on the imagesagetdy UVIT.
Section-2 describes the process and results of the simgatid estimate the drift of the satellite.
The process of UVIT data simulations, image reconstructiiffierent parametefthresholds and
related errors are discussed in Section-3. The variousisesgarding the photometric properties
of the UVIT images for simulated point sources are preseimegection-4. In Section-5 UVIT
images of some of the extended sky sources (adopted fronvar@ALEX and ACS data) are
presented. The angular resolution of reconstructed UVEges is discussed in Section-6. Finally
Section-7 summarizes all the results.

2. Simulation to Estimate Drift of ASTROSAT using Visible Channel of UVIT

Though the optics and detectors of UVIT are designed to gispadial resolution of 1.5
arc-sec, the drift of the satellite, while observing, is gan#actor to overcome. In order to get
sharp images, it is required to know the full time series efghtellite drift. To check if the images
from the visible channel ( 3200 A- 5300 A) can be used to gettinie series with the required
accuracy, a simulation has been done to estimate accuraegcfering drift aspect of satellite
from the images in visible channel. The images from the l@sdhannel, taken every 1 sec,
can be used to track the drift aspect of the telescope, whoehysdrifts with drift of the satellite.
To estimate the performance of visible channel for driftreation, stars fields, taken from ESO
Hubble Space Telescope (HST) Guide Star Catalog are siaduthtough the visible channel.
Typically a field of~ 29 arc-minute diameter is selected to match the field of U8ifulations
have been done for seven fields afelient galactic latitudes. For each field, either all thesstar
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brighter than magnitude 15 are taken or the brightest 106 ata taken. The visible channel has
an dfective area of- 25 cnt, i.e. a star of magnitude 15 corresponds 125 photongsec.

For each of these fields, the image is simulated for time vatesf 1 second with a frame
rate of 10 frames per second. The number of photons gendsgtedch star in one second is
estimated by Gaussian statistics with a variance equaktavbrage number of photons. In addi-
tion to the photons arising from stars, photons are intreddor the background. Later all these
generated photons are randomly distributed in 10 imagedsano incorporate the Point Spread
Function (PSF) of the optics, position of each photon iscteteas per two dimensional Gaussian
distribution, with an RMS (Root Mean Square) width of 0.3gdign either axis. Each photon is
then assumed to produce, on average, 16 electrons folla@aussian distribution with variance
same as mean (In practice, the average number of electoregdh photon, on the CMOS detec-
tor would bex 16. The number 16 is used here to minimize the computatiohég Idcation of
each electron in detector, is found by assuming a Gausssaribdition with an RMS width of 0.7
pixel on either axis. To allow for large gain, a multiplicatifactor of 10 is introduced to convert
each of the electrons into Counts. All the 10 exposures aneauued to get the frame for one
second. The final simulated image frame is obtained by addirgch pixel a Gaussian read noise
with an RMS value 10 Counts. Figure 1 shows the simulated tative satellite drift along Pitch
and Yaw direction for 3000 seconds, by using the resultsobikted drift rates (as obtained from
a simulation done at ISRO Satellite Centre, ISRO). Tfieat of drift in the Roll is negligible on
the CMOS detector as compare to drift in these two axes anceheot shown. Satellite drift is
added to each of the image frames and so the image framesféed dccordingly. Final image of
the star field for 1 second is constructed by adding 10 cotiseduames. Various images of the
star field is constructed at intervals of one second.

To estimate the drift of the ASTROSAT, first 10 images (each e¢cond exposure) are added
to obtain a reference-image. The centroids of stars in fieeaece-image are taken as standard, and
the centroids in other one second exposure images are cedwéh this to find drift parameters,
i.e. drifts in X and Y direction and the rotation, of the otl@ages (corresponding to Pitch, Yaw
and Roll motion of the satellite drift respectively). Fuwthin order to minimize the errors due
to noise, a local second order polynomial fit is made to theneséd drift parameters, for each
interval of 20s. The fit is used to find a new value of the driftgoaeters at central point of the
interval. The drifts parameters obtained thus are compartte input values to get an estimate of
the errors on these.

From the simulated data on drift of the satellite(Figureallime interval (from 850 seconds
to 1150 seconds) is chosen, corresponding to the duratiem wie X-ray Sky Monitor ( another
payload on ASTROSAT ) is moved and the satellite is perturbds interval is assessed to be
having the largest drift rates, and represent the worst siisation as far as recovery of the drift
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parameters is concerned. For a graphical illustration@gtinors in the worst case, results for one
of the fields from ESO HST Guide Star Catalo@eith centre Galactic latitude- +90 degree and
Galactic Longitude- 80 degreepand for 10 photons for a magnitude 15 star, are shown in Fiure
It is evident from the plot shown in Figufe 2 that even in thast@ase the satellite drift can be
determined using the observations from visible channéi adcuracy< 0.05 CMOS pixels. With

a pixel scale o~ 3.0 arc-sec per pixel, this corresponds to RMS error d.1 arc-sec on the
determination of satellite drift using visible channel ¢éirseries data.

3. Simulationsto Generate Imagesfrom UVIT

The aim of these numerical simulations was to generate thgerframes as close as possible
to the real observations including all thiéeets that could lead to deteriorate the final image quality
and henceféect the photometric properties and angular resolutioneoTelescopes. These include
the dfects of sky background, source intensity and saturatiteces, Satellite Drift and Jitter,
Optics performance, image frame acquisition rafigats of background dark frames, and various
detector parameters. While the final aim of the simulatioas t study thesefiects on extended
astronomical objects, images of artificial point sourcesavadso simulated in order to understand
these fects.

3.1. Generatingthe UVIT Data Frames

Data frames were simulated from input images of artificiainfgosources and extended
sources (to be discussed in Section-5). The images for @atesources had input-pixel scale
of 0.2 arc-sec and 0.5 arc-sec. Given total integration EmeUVIT parameters (mirror diameter,
CMOS pixel scale, frame acquisition rate etc.) each inpxgdpvould produce an average number
of photons during the whole integration time. The actualtphs in each input-pixel are then gen-
erated using Poisson Statistics. These photons are lagwmwdy distributed in to total numbers of
data frames. The blurring due to optics and detectors (ueta spread of photoelectrons between
photocathode and MCP) was approximated by a 2-dimensioaasgtan function with standard
deviation ¢) of 0.7 arc-sec (on either axis) and spatial position of at@mén a data frame was
determined by this function. The exact position of the phatoany data frame was recorded with
accuracy of 18" of an input-pixel. Further the drifts of the satellite (Figlll) along Pitch, Roll
and Yaw directions were incorporated so that each of thefdataes were drifted with respect to
each other.

To simulate UVIT photon counting detector, each of the phstaere converted to a bunch
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of photoelectrons i.e a photon event. The number of phattreles in each bunch is obtained from
a Gaussian distribution having 30000 photoelectrons asageewitho of 6000 photoelectrons.
These photoelectrons were then distributed over the fatteeo€MOS detector. The footprint of
each of photon events (i.e the photoelectrons) were digéibover the area of:65 CMOS pixels
following a 2-Dimension symmetric Gaussian probabilitgtdbution witho of 0.7 CMOS pixel.
Figure[3A Shows footprint of a simulated photon event. ArofPoisson distribution was invoked
to obtain actual number of photo-electrons in a CMOS pixbeishumber of photoelectrons were
then divided by 20 to convert the photo-electrons in thesuoftcounts. Hence a photon event
would correspond to a Gaussian distribution of average somts with sigma of 300 counts.
Finally a randomly selected dark frame was added to eacheadidte frames. These dark frames
were taken during the laboratory experiments of the UVITedetrs (Obtained from Mr. Joe
Postma, University of Calgary, Canada, Private Commuioicg}). These dark frames were having
random fluctuations in pixel values with RMS efl counts along with a gradient 8200 counts
across the frame. Thus finally UVIT data frames of 54512 CMOS pixels were generated
containing the footprints of photon events against a lalboyaecorded dark frame.

3.2. Reconstruction of the Image: Centroid Finding Algorithmsand Energy Thresholds

The reconstruction of the image from UVIT data frames inesltwo critical steps: (i) De-
tection of the photon events within a data frame and (ii) Glakton of the event centroid for the
detected events. While in actual practice these two taskddnamze performed by the hardware
arrangements on the payload itself, same strategy has beatatd here also. Photon events
are detected by scanning the UVIT data frames and by appbyiegof the three event detection
algorithms namely, 3-Cross, 3-Square and 5-Square. Thgsethms scan the data frame and
compare value of each pixel to its surrounding pixels. THend®n of surrounding pixels varies
for these algorithms. 3-Cross algorithm uses the adjadeglespixels along rows and columns
from this central pixel; 3-Square algorithm uses the surding 8 pixels in the shape of 3 3
matrix, and 5-Square algorithm takes surrounding 24 pixetee shape of % 5 matrix as com-
parison. Each of the algorithms applies the following thrgteria to detect a photon events in a
data framel(Hutchings et'al. 2007):

¢ A pixel may be a candidate of an photon event centre if itsevédlarger than surrounding
pixels contained in centroid window.

e The value of this central pixel must exceed a minimum endnggshold to discard the fake
events due to random variation in the background.

e Another energy threshold is applied to the total energy gdtaston event, which is the sum
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of all the pixel value in algorithm shape. The total energyaonfphoton event should also
exceed this threshold.

In case if two central pixels of a photon event candidate leapeal values, it would not be
considered as a photon event even if it is a genuine footpFins would lead to a certain fraction
of photons ¢ 0.6%) that would be missing in any case irrespective of theroahtlgorithm
used. Event centroids are later calculated using the cehtgmvity method/(Michel et al. 1997)
following the various algorithm pixel configuration. Thenteid coordinates are estimated up to
much higher resolution than a CMOS pixel. The backgroundllewr a detected photon event is
estimated from the minimum of 4 corner pixels ok% pixels around the event centre.

Another important factor that wouldfact the imaging performance of the system is the pres-
ence of another photon event in the neighborhood of one éventlata frame. This situation is
referred as’Double Photon Events” In situation of double photon events the footprints of two
events would mix up and this would lead to incorrect estinudttne event centroid, thudfact-
ing the angular resolution. Further if the two events arselenough one of them may remain
undetected. Figuiig 3B shows couple of footprints of a sitedlaverlapping photon events. Fig-
ure[3C depicts the situation in a crowded field. These meltiperlapping photon events would
be a major source of concern especially in case of extendedes®and it is highly desirable to
keep trace of such incidents. Double photon events can dified by putting another threshold
namelyRejection Threshold The rejection threshold is theftkrence between the highest and
lowest values of the 4 corner pixels ok% pixels matrix around the event central pixel. In case of
genuine single photon events, thisfdrence would expected to be very low, however the presence
of another photon event in the neighborhood would raisedli@ts in one of the corner pixels well
above the background. Therefore a high value of the rejetticeshold i.e*Corner Maximum -
Corner Minimum”would be an indication of double photon event.

This is to mention that the statistics of detected eventdavbe dfected by the presence of
double or multiple events. While the percentage eventtitdoy 3-Cross algorithm is highest,
it is lowest for 5-Square algorithm. This is basically duehe fact that 3-Cross algorithm has
the smallest footprint and thus leasfeated by overlapping events. It is also consistent with the
laboratory investigation of the detectors (Hutchings €2807). However 3-Cross algorithm may
also give rise to fake events detection, due to its shapeerGive shape of centroid window of
3-Cross algorithm one single isolated photon event coulddbected as two photon events or two
overlapping photon events could be detected as three pleotats. In first case when a single
isolated photon event falls near a corner of CMOS pixel, thighmboring 2x 2 pixels would be
getting nearly equal counts. If due to fluctuations the ixbht are diagonally opposite have
counts greater than that are in rest of the two pixels, thedd€<Calgorithm would detect two events
centred at the diagonally opposite pixels. In second cage(dr more) overlapping photon events
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could lead to fake event detection. Here two photon evemts ¢ them falls near a corner of the

pixel) overlaps along a diagonal in such a way so that theyldvappear as three photon events to
3-Cross algorithm. It is worth noting that neither 3-Squaoe 5-Square algorithm would detect

such fake events due to their extended footprints.

3.3. Errorsin Centroid Determination

The issue of centroid errors in case of intensified CCD photamting detectors has been
discussed by several authars (Dick et al. 1989; Michel €t39.7; Hutchings et al. 2007). As dis-
cussed earlier the centroids of the photon events are eééclifrom centre of gravity method by
three diferent algorithms using flerent configurations of pixels around the central pixel. dn a
dition to random errors associated with the noise and backgt variation (Michel et al. 1997),
this method also put a systematic bias over the calculateeévaf the centroids in form dfixed
Pattern Noise (FPN)’(Dick et al.|1989] Michel et al. 1997). The FPN would be visilrh the
reconstructed images in a form of a regular grid structweeated at CMOS pixel scale, imposed
on the images. There are various factors that can cause Fieklgbal. 1989), however the main
reason of FPN in reconstructed UVIT images is the exclusfomings of footprint of a photon
event by pixel configuration used by centroid algorithmsthessimulated photon event footprints
have the FWHM of~1.65 CMOS pixel, the wings of the energy distribution woulkl Ibft out
by the 3-Square and 3-Cross algorithms while 5-Square shapkl collect almost all the energy
from a photon event. Therefore the FPN is clearly visibldnmiteconstructed images by 3-Square
and 3-Cross centroid algorithms, whereas images genebgtéesquare algorithm do not Sar
from this dfect.

A correction, to remove systematic bias (in form of FPN), basn done by comparing the
theoretical and detected cumulative probability distiidiu of flat field centroids data. In absence
of any systematicféect this distribution were expected to be a constant. THarnmation was
used to find the true centroid of the event by removing theesyatic bias. For this purpose over 1
million photons events were simulated randomly on the fétleaopixel and were detected by using
all the three centroid algorithms. The decimal parts of tlewdated centroid position were used
to form the cumulative probability distribution. By compag the probability density functions
of both the theoretical and calculated curves, true cesdgroiere determined for the calculated
centroids data. This correction were applied to centrotd denerated by 3-Cross and 3-Square
algorithms only as systematic biases due to FPN were vergipent in these cases.

Along with this position dependent systematic bias, theloam errors are also present in
centroid estimation due to noise in the background dark éraised to record the photon event
footprint. The dark frame used in the data simulation hasranee of~1 count along with a
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gradient across the frame 200 counts. This leads to RMS error<0D.01 pixel in the calculated
centroid position. To estimate the systematic bias andsoo the calculated centroid positions,
photons events were simulated on the dark background fralB8€ photon events were simulated
corresponding to a location over the pixel face and theitroeds were determined using each of
the three centroid algorithms. In case of 3-Cross and 348algorithms the necessary corrections
were also applied to remove the systematic bias due to FP&adtual position of the photon was
known with the accuracy of/@4™" of a pixel, so by the comparing the input and output centroids
the bias and errors were estimated. The bias and randons enrdhe determination of event
centroids are shown in Figuré 4 in form of 2-D error maps f@d+are algorithm. These error
maps represent the face of a CMOS pixel with the centre bamgdtual position of the photon. A
data point in the error maps represents the detected positihe photon event. Results for three
locations on the CMOS pixel are presented; (i) Near a Coiinetthe midpoint of the centre and
a corner along the diagonal and (iii) at the centre of the CNdQX8I. The dfect of FPN is clearly
visible in the case when the photon events were falling feapixel corner (Figurel4A), putting
a systematic bias 0f0.15 CMOS pixel on the calculated position of the photon amasing the
calculated centroids to fall in any one of the four cornerefsx It can also be seen in case when
photon is falling between a corner and the centre of the piitél bias of~0.05 pixel (Figure 4B).

A shift of ~ 0.01 pixels is noticed in all the cases which is due to preniimit of the simulation
(1/64" of a pixel). The RMS of the scatter are betwedh01 to~0.02 pixels and is minimum for
the case when the photon events were falling at the centbegdikel. The error maps in Figuré 4
suggest that the accuracy in the centroid determinationdvdepend on the location of photon
event over the pixel face and vary betwedh01 to~0.02 pixels from centre of the pixel to corner
of the pixel.

4. Photometric Properties of the Reconstructed I mages

As explained in Section-3 the image reconstruction from Udtata frames involves the use
of various energy thresholds. It is anticipated that thet@imetric accuracy of the reconstructed
images would depend on the choice of these thresholds. Thess/af energy thresholds for event
detection could lead to systematic photometric bias oweptkel face for event detection. Also if
the rejection threshold is not chosen properly the doubtgghevents would be used for image
reconstruction thus deteriorating the image resolutioithduigh the photometric non-linearity in
reconstructed images were expected due to nature of photorting detectors, the results from
the simulations indicate that photometric non-lineanityeconstructed images follows a complex
pattern which is closely tied up with values of thresholdedisAll these &ects are discussed in
the following subsections.
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4.1. Photometric Variation over the Pixel dueto Energy Thresholds

The distribution of energy of a photon event over the CMOSisixvould depend on the the
location of the photon event over face of the pixel. The phaweents falling in the centre of the
pixel would contain a higher amount of their energy withie ttentroid algorithm shape as well
as in the central pixel compare to the photon events fallieay the edgégsorners of the CMOS
pixels. Therefore values of the energy thresholds for eépixel energy and total event energy
would result in a selection bias over the face of a pixel amdpitobability of selection of photon
events would not be uniform over the face of the pixel. This-onaiformity would also vary among
all the three centroid algorithms given theiffdrent centroid windows shape.

To estimate this non-uniformity, photon events were sitealan various locations over the
pixel face. A pixel is divided in to 1& 16 cells for this purpose. For the given the set of energy
thresholds, the fraction of rejected events for each celetermined. This rejection fraction over
the face of the CMOS pixel is shown in Figure 5 foffdrent set of energy thresholds and for the
3-Square algorithm. As shown in the plot (A), for low valudsnergy thresholds, the rejection
fraction is negligible € 1%). Hence there would not be any selection bias or non-tmifg over
the face of the CMOS pixel. Plot (B) represents the case whiethteshold on central pixel energy
is kept very low and threshold on total event energy is kepg ¥gh, in this case the selection
of the event would be preliminary decided by the total en¢hggshold. Here the response for 3-
Square algorithm is not uniform over the pixel face an#0% of the events falling near the corner
would remain undetected due to thresholds limit. This isscgignt as for the events falling near
a corner of CMOS pixel, a significant amount of the total evargrgy falls outside the 3-Square
algorithm shape. On the other hand if the threshold on cepitxal energy is given a very high
value and threshold on total event energy is kept at low vahenon-uniformity is clearly visible
and prominent over the pixel face. With a high threshold edhr central pixel energy almost
all the events falling on the corners of the pixel are rejg@rd a significant non-uniformity is
observed varying between 65% in the centre to 100% on theecsarn

Thus the selection of energy thresholds decides the ndorumity of event detection over the
face of a pixel. It is interesting to point out that the otheotalgorithms would also beffected
due to choice of energy thresholds. The 5-Square algoritboidrcollect most of the photon event
energy contained within the footprint irrespective of dsdtion over the pixel face, and thus would
be less sensitive to the total energy thresholds. On the b#mel the events falling near the corners
of the pixel would sent a significant amount of their energyafithe 3-Cross algorithm centroid
window, hence making it most sensitive to total energy tho&t The threshold on central pixel
energy would &ect all the centroid algorithms in same manner as the sameatpixel energy is
being used. Although low threshold values would result ifidbresponse over the pixel face but it
would lead to detection of fake events too. On the other hagtthresholds would start rejecting
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the genuine events with an additional selection bias ovepikel.

4.2. Impact of Double Events over Photometric Linearity in Simulated UVIT images

As discussed in Section-3.2, the double photon event isresf¢o a situation when two pho-
ton events fall very near to each other in a UVIT data framehdnat their footprints overlap.
These double or multiple photon events in UVIT data framessarious issue of concern. Al-
though such events could be identified using the rejectiosstiold (discussed in Section-3.2),
still they have significantféects over the photometry and angular resolution of the itcocted
images. Such events wouldfect the final image in various ways such as, deterioratingathe
gular resolution, inaccurate photometry, non-linearityhie reconstructed images etc. As will be
discussed below, in case of sources having high count rafegmee, these doubeultiple photon
events would not only give rise to the photometric non-liitgdut also lead to complicated pat-
terns in reconstructed images. In order to understand theecpiences of theséects in imaging
of astronomical sources (such as Galaxies) that has comlestures, the nature of thedgeets
has been studied for artificially simulated points sources.

Point sources (having extent of6l arc-secx 1/64 arc-sec) with count rate 25 coufsisc,
were simulated against the average sky background of 0 @@dtgsegarc-seé. The data frames
were generated for 3000 seconds with the frame acquisiitsmaf 30 frames per second. The
effect of optics was not considered in these simulations. Thdeted satellite drift had been
added to each of the image frames. The same drift was lateveshwhile reconstructing the final
image but incorporating the errors in the drift correctiobater the output images of these points
sources were reconstructed using these data frames by @ltirdke centroid algorithms, with scale
of 1/32" arc-sec. The central pixel energy threshold of 150 countstatal energy threshold of
450 counts were used for event detection; with these valugsesholds the non-uniformity over
the CMOS pixel face has been found tovd% RMS. Also systematic bias due to Fixed Pattern
Noise was corrected in case of 3-Square and 3-Cross algm;iths discussed in Section-3.3.

The doublgmultiple photon events are responsible for non-linearitphotometry of recon-
structed images. It turns out that the presence of a stramgasavould severelyféect the photom-
etry of neighboring regions, giving rise to photometrictditon in the reconstructed images. To
guantify the consequences of such a case, the ratio of ficahstructed images to the correspond-
ing input image (constructed with known positions of all fetons on the detectors, irrespective
of singlgdouble events) were taken. The ratio was taken after the tamgoof both the images
through convolution from Gaussian functions. Both the iesagere convolved with two Gaussian
functions of having standard deviations)(of 0.5 arc-sec and 0.25 arc-sec. The first Gaussian
convolution was truncated up t20- on either side while next Gaussian was truncated afger.
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Figurel6 show these ratio maps for 3-Square algorithm fordjeetion threshold of 40 counts
and 500 counts (see Section-3.2) respectively. In both tapsncentral one CMOS pixel area
containing the source has been masked. These ratio imagesvehy interesting and complex
structure of the photometric properties of the reconsediginages. The reduction in background
intensity has been observed to be as low &)%. As the probability to loss a background photon
due to another background photon is negligible; the preseha strong source is main cause of
such deficiency of the background photons. In fact it turrigloat a strong source wouldract the
photometry of neighboring regions more severely compaits tmwvn photometry. As an estimate,
for the source count rate of 25 count per second, the pratyatiiat a background photon and
source photon occur in same frame~is57%, whereas the probability of occuring two or more
source photons in the same frame~is20%. Further it is clear from the ratio maps shown in
Figurel6, the rejection threshold used to indicate doubt#qrhevents can also have a significant
effect over such photometric structures, as this parametesp®nsible for selecting the events that
would be used for image reconstruction. In the first case whgttion threshold is kept at low
value (40 counts) it would reject most of the possible dowvients. Since the constraint on the
double photon events is strict it would also reject the lyavgkrlapping events, thus extending the
region of sourceféect. Whereas in the second case due to high value of rejettieshold (500
counts), it would select all the photon events, even theupded ones, thus reducing the extent of
photometric structures.

It is found that the presence of double or multiple photomévén UVIT data frames could
lead to photometric distortion in reconstructed imagestHeu it is shown that a point source with
high count rate would give rise to complex structures in &arm background in its neighborhood.
Also it is anticipated that in case of extended sources te&setures would be of even more
complex nature, especially the neighborhood of hot spotisersource would befiected in very
adverse way. This would be discussed in next section.

5. Photometric Effects on Simulated Extended Sources

All the effects discussed above give a detail picture of the charstitsrof the reconstructed
images, however the actual astronomical sources (e.g.xigalatc.) are known to have more
complex structures with various regions of varying intéasj background etc. Hence photomet-
ric accuracy and distortion present in these cases woutdexdgected to be of complex nature.
To explore the ffects of above discussed factors on the reconstructed intdgesl astronom-
ical sources, an Ultra-Violet image of M51 Galaxy from GALEMta archi\,@ is used for the

Ihttpy/galex.stsci.ediGR4



—-13-—

simulations. Necessary corrections are applied to pixehtoof this archival image such that
the same galaxy is being observed by UVIT at a distance timesstfarther than the actual one.
This is done to match the scale of this input image with UVIales. In this way one pixel of
input image corresponds to 0.5 arc-sec of the sky. An siradlsky image is generated from this
input image using Poisson statistics (as described in &e8j, to be further processed within
the simulated UVIT subsystems. A comparison of input image simulated image is shown in
Figure[TA and Figurél7B. The integration time of 3000 secdedssed, with frame acquisition
rate of 30 framesec. Both the images are convolved with Gaussian havin§0.5 arc-sec for
smoothing. The reconstructed images are shown in Figurendd~ayure[ YD (see Section-3.2).
The impact of Fixed Pattern Noise is shown in Figure 7C in theourected reconstructed image
using 3-Square algorithm. The grid structure with freqyesicone CMOS pixel is visible here.
The corresponding corrected image is shown in Figlre 7D.

To estimate photometric accuracy and photometric distorin the reconstructed image a
section of galaxy’s spiral arm (from the top left corner)®wn in Figuré 8. The image has been
reconstructed with rejection parameter of 40 counts. E@A shows the reconstructed image
with ”true” positions of the simulated photons, on the detectors. Hpeesents the image if all
the photons were detected irrespective of energy threshadddibl¢gmultiple events etc. Figuie 8B
is the reconstructed image with detected photon eventg @sBquare algorithm. The pixel scale
is 1/8" arc-sec in both the images. For smoothing purpose both thgémare convolved with
Gaussian having of 0.5 arc-sec. Theffect of strong sources on the neighboring background is
estimated by taking the ratio of images in Figure 8B and K@ and is shown in Figuié 8C. The
effect of a strong source on the surrounding background (asstied in Section-4) is again visible
here. The ratio image in Figuré 8C indicates a complex phetdastructure in the reconstructed
image. The regions away from the source show good recovetyaibn events (as the ratio+4sl)
leading to accurate photometry. However, the nereby regaoound the source far from loss of
photon events and these are the regions where the photasetost corrupted. For the section of
galaxy image shown in Figule 8, this loss is as high @&0%. It is to be noted that the regions of
inaccurate photometry are not symmetric around the soundieating that intensity profile of the
source could generate photometric distortion around it®auading in a complicated shape. Also
the source itself sters from the photometric saturatiofiects and only 80%-90% of the source
photons are recovered. The large fluctuations in the ratageraway from the sources is due to
small number statistics as the sky background is extrerogly(+ 10-°photongsegarc — sec).
Though both the images (Figure 8A and Figure 8B) contain mugame number of photons in
the background away from the source; a small error in phetactual position would cause large
fluctuations in the ratio image (Figure 8C).
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6. Angular Resolution of the Simulated | mages

The angular resolution of the UVIT images is estimated byusating the point sources as de-
scribed in Section-4.2 but with incorporating all the knosfiiects such as optics, satellite drift etc.
that could deteriorate the image quality. It is found thatangular resolution of the reconstructed
images is heavily dominated by the Point Spread Functioir\®S&the optics and spread in the
trajectories of photoelectrons between photocathode a@B.Mhe other factors like, error in the
satellite drift correction, errors in centroid estimaticentroid estimation etc. only have a small
effect. A 2-D Gaussian fit to the PSF profile yield$o be~0.7 arc-sec on either axis and the PSF
appears to be independent of the choice of centroid algor&hd rejection thresholds of the
output images does notfter much from the input value of 0.7 arc-sec. This is consistéth the
errors of centroiding (as discussed in Section-3.3) anat®in the satellite drift correction (see
Section-2). However doubaultiple photon events could change the profile of simult&é k
the source is of high count rate per frame. It is found that\aaragge count rate of 2 counts per
frame could reduced the of PSF up to< 0.5arc — sec

To see the fect on extended sources an Hubble ACS B band i&agthe same galaxy (as
used in Section-5) is simulated with pixel scale of 0.05s&c-per pixel. The input and output
reconstructed images of a portion of the galaxy’s spiral arenshown in Figurgl9 for integration
time of 6000 seconds. It is evident that the sources sephlate- 3.0 arc-sec can easily be
resolved in the reconstructed image. The convolution ofiinmage with the simulated PSF of
the UVIT is also shown for the comparison. The reconstruatgd convolved images looks very
similar to each other conforming thé&ect of PSF on the reconstructed images.

7. Summary

The results presented in this work are based on the numsimalations performed to eval-
uate the expected performance of the Ultra-Violet imagielg3cope (UVIT). It is shown that the
imaging characteristics of UVIT would befacted by a number of factors. Apart from perfor-
mance of the optics, the other important factors are the dfithe satellite and functioning of
Photon counting detectors. The final image is to be recortstuwith the UVIT data frames using
some centroid algorithms. Also the satellite drift has tadmoved from the UVIT data frames
before using them for image reconstruction. To estimates#tellite drift, simulations have been
done depicting the observations of some sky fields contgipoint sources through the visible
channel of the UVIT. The centroids of the sources in the fieédwsed to track the satellite drift.

2Taken from HST data archive: httfarchive.stsci.edtst
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The results from these simulations indicate that drift & #atellite could be recovered with an
accuracy ok 0.larc — sec

The simulations of UVIT data frames have been done includihiipe known &ects of satel-
lite drift, optics and photon counting detectors to study pilnotometric properties of the system.
The centroids of photon events can be determined by thfBsett algorithms (namely 5-Square,
3-Square and 3-Cross) withftirent pixels shape using centre of gravity method. The fhticins
in the background dark frames and in photon event footpaaotctresult error in centroid estima-
tions. These errors are estimated to~b8.01 CMOS pixel or~ 0.03arc — sec Also the dfects
of well knownFixed Pattern Noiséas also been seen in the centroid determination process and
the reconstructed images in case of 3-Square and 3-Cras#tlaihgs. It has been corrected before
reconstructing the image.

The characterictics of reconstructed images from UVIT okstéons and fects of various
thresholds on image reconstruction are studied by sinmgjdtie archival images of a galaxy from
GALEX and Hubble ACS data archives. As a galaxy (or otherreckel astronomical sources in
general) is of much complex nature, several artificial psources are also simulated to explore
these fects. Simulations with artificial point sources show tha gihotometry of the recon-
structed images would depend on the choice of two energgtibtds used by centroid algorithms
to detect photon events in the UVIT data frames. For givemggnaresholds events falling in the
centre of CMOS pixel would be more probable to detect thaeteats falling near the corners of
the pixel. By choosing suitable energy thresholds one coeddce such variations to 1% over
the pixel face. Further the photometric accuracy of themstracted images would b&eacted due
to appearance of double or multiple photon events, whicliowaith a significant probability in
and around bright sources. These photometiieots could be serious issue of concern for bright
sources. It turns out that presence of a strong source ctadgpeoduce complicated photometric
patterns in the surrounding. These patterns depend on theectf the rejection threshold. The
photometric distortion in the reconstructed images ofxgaia of complex nature and depends on
the intensity profile of bright sources present in the galakige regions away from such bright
sources fier nearly accurate photometry while the nereby regions ofi sources dter from
higher photometric inaccuracies. The results of simufetishows that the photometric accuracy
in these regions can be as low-a$0%. Also the strong sources in the galaxy themselvégsisu
from photometric saturatiorfiects, causing the recovery ©f80%— 90% of total photon events.

The PSF of the reconstructed images follows a 2-D Gaussa@itgwith o of 0.7 arc-sec on
either axis and is dominated by the performance of the optidsdrift of photoelectrons between
the photocathode and MCP. Further the PSF is found to be sarmoase of dierent centroid
algorithms and dierent rejection thresholds. However the presence of dgubléple photon
events could also cause PSF profile to vary in case of brightes. The simulations of a Hubble
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ACS image shows that sources separated by 3.0 arc-sec arly cksolved in the reconstructed
images.

It is of interest to point out that the results of this studg aot limited to performance of
UVIT but are also applicable to any CCD or CMOS readout basexign counting detectors in
general, which works on a fixed read out rate of frames.

Based on observations made with the NASA Galaxy Evolutiopléer. GALEX is operated
for NASA by the California Institute of Technology under NASontract NAS5-98034. Some
of the data presented in this paper were obtained from theifigkion Archive at the Space
Telescope Science Institute (MAST). STScl is operated leyARsociation of Universities for
Research in Astronomy, Inc., under NASA contract NAS5-Z65Support for MAST for non-
HST data is provided by the NASAfEce of Space Science via grant NAG5-7584 and by other
grants and contracts. We are thankful to Joe Postma (UitivefsCalgary, Canada) for providing
us necessary software tools for centroid determinationexperimental data of UVIT detectors.
We also thanks Shri Harish of ISRO Satellite Centre (ISA@n@alore for the simulation data of
satellite drift. MKS thanks Council for Scientific and Indial Research (CSIR), India, for the
research grant award F.N@685(25)2005-EMR-I.
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Fig. 1.— Simulated Drift of the ASTROSAT Satellite as prostitby ISRO Satellite Centre. This
Drift is taken as input to simulate the process of drift estilon using visible channel of UVIT.
The Drift in Pitch and Yaw directions are shown.
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Fig. 2.— Errors in the estimation of Satellite Pitch usingibie channel of UVIT. Result is shown

for the time interval 850 seconds to 1150 seconds as thivalterovides the worst case conditions
for the drift estimation.
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(A)) (B.)

Fig. 3.— Photon Event footprints on CMOS detector. (A) sh@aSingle Photon Event, (B)
shows a configuration of few overlapping photon events andiépicts a section of UVIT data
frame corresponding to a sky region of high count rate. Thezlapping photon events would lead
to wrong determination of the event centroids and may causenicorrect number of detected

events in a frame.
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Fig. 4.— Error maps for the 3-Square algorithm. These errapsirepresent the face of the
CMOS pixel with centre as the original position of the incagphoton. A data point in these
maps corresponds to detected position of the photon evémt@spect to original one. The upper
panel (A, B and C) show the uncorrected data with systemaig Wwhile the lower panel (D, E
and F) corresponds to the data corrected to remove systeliasi The left most plots (A and D)
are for the case when photon is falling at a corner of the CM@8l.pThe central plots (B and
E) corresponds to the case when photon is falling in betwieercéntre and corner of the pixel
along the diagonal line and the right most plots (C and F) aréhfe case when photon is falling
at the centre of the pixel. The RMS value of the scatter arergalong with the plots for each of
the axes. (The threshold on central pixel energy us@®0 counts; The threshold on total event
energy used 450 counts)



—-21 —

Rejection Fraction Rejection Fraction

Rejection Fraction

0%
! 0
18 085

08
075
07
02 085

Fig. 5.— Plots showing the non-uniformity over CMOS pixatéadue to energy thresholds for 3-
Square algorithm. These plots show the variation of thdira®f rejected photon events over the
CMOS pixel, for diferent set of energy thresholds. Plot (A) represents thewhsa the central
pixel energy threshold and the total energy threshold goeadow values of 150 counts and 250
counts respectively. Plot (B) is for the case when total g@nénresholds is given a high value of
1050 counts while keeping the central pixel energy at a ldwevaf 150 counts. The plot (C) show
the variation when central pixel energy is kept at high valtid50 counts while the total energy
threshold is at low value of 650 counts.
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Fig. 6.— Ratio maps showing the photometric distortion i@ Background due to presence of
a strong point source for 3-Square algorithm. These mapgenerated by taking the ratio of
final reconstructed image to the image created with knowiitipns of all the photons on the
detector. The fects of optics has not been considered, thus these mapsitedie &ects of
detector parameters and satellite drift on image recoctstru The errors in drift corrections were
incorporated. Plot (A) is for rejection threshold of 40 ctaiand plot (B) corresponds to rejection
threshold of 500 counts. The X and Y axes are in units of CMO&Ipi The central region of
one CMOS pixel, containing the source has been masked. (iféghold on central pixel energy

= 150 counts; The threshold on total event enetgdb0 counts)
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Fig. 7.— The input and simulated images of a Galaxy. An aadHiltra-Violet image of M51
Galaxy from GALEX data archive is used for simulation. Afegyplying necessary correction
to the archival image an input image is obtained. This inmdde is shown in (A). (B) shows
the simulated image of the input image, using Poisson 8tatisThis image is to be processed
within UVIT subsystems. Both the images correspond to 3@@0dsds integration time with the
frame rate of 30 frameecond and are convolved with Gaussian function witbf 0.5 arc-sec.
An uncorrected reconstructed image of the same galaxy @s®guare algorithm is shown in (C).
The superimposed grid pattern is due to Fixed Pattern Naidehas frequency of one CMOS
pixel. The corresponding corrected image is shown in (Dg pixel scale in all the images is 0.5

arc-sefpixel.
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Fig. 8.— Images showing the photometric distortion presemeconstructed image. A section
of the image shown in Figuld 7. is used for this purpose. (Ahé&image constructed using
”true’ positions of the photon on the UVIT detectors, while (B) is teconstructed image using
3-Square algorithm with rejection parameter of 40 countsthBhe images are convolved with
Gaussian having of 0.5 arc-sec. (C) is ratio of images (B) and (A). The locatsd minima in the
ratio image are away from the position of sources indicatira@pmplex structure of photometric
distortion in the reconstructed image.



25—

0T ; T ; ; 14357 2149 ) ; T 236
: ‘g_.‘\ e F v [
L e 1
. g L !
2 — B 1347 2 £ 8 3 — Mo
. B :
"y Ede »
4 up - 603 783 4 upt | — 754
£ ‘ H a .
g e &
g g
¢ § ¢ w i
o oo 1 o '
216 o« - 143 141 2 16 ok 357
e " Ere-.
8 - 110 279 = | 170
' ] W
F i ¥ |
0 | [, | 109 243 oo Oy | TN 129
0 8 6 4 n 40 0 8 6 4 R4
Arc-Seconds Arc-Seconds
(A.) ()

Fig. 9.— Input and Simulated images of a portion of the Gakasgpiral arm, showing theféect
of UVIT Point Spread Function on the image. (A) is the inpubHle ACS image in B band. This
image is convolved with PSF of the UVIT. The resultant imagstiown in (B). The reconstructed
image using 3-Square algorithm with Rejection Threshol8atf is shown in (C). The pixel scale
is 0.05 arc-sepixel and the integration time is 6000 seconds. All the insagre convolved with
Gaussian function having of 0.2 arc-sec for smoothing purpose.
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