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Abstract The Ultra Violet Imaging Telescope (UVIT) is one of the paadis on the
first Indian multiwavelength satellite ASTROSAT, which iepected to be launched
by the Indian Space Research Organisation (ISRO) in the 3@H5. We have per-
formed simulations of UV studies of old open clusters forthdT. The colour mag-
nitude diagrams (CMDs) and spatial appearances have beatedrusing 10 filters
associated with the FUV channel (130-180 nm) and NUV cha(2@)-300 nm)
that are available for observations on the UVIT, for the ¢hokd open clusters M67,
NGC 188 and NGC 6791. The CMDs are simulated for differerarfitombinations,
and they are used to identify the loci of various evolutigre@quences, white dwarfs,
blue stragglers, red giants, subgiants, turn off stars la@dnain sequence of the clus-
ters. The present work helps in identifying a potential as&atudy in the case of
these three old open clusters by considering the avathabiifilters and the detection
limits of the instrument. We also recommend filter combioasi, which can be used
to detect and study the above mentioned evolutionary stagessimulations and the
results presented here are essential for the optimal use & VIT for studies of old
open clusters.

Keywords: (stars:) blue stragglers — (stars:) Hertzsprung-RussdlGxM diagrams
— (stars:) white dwarfs — (Galaxy:) open clusters and assiotis: individual (M67,
NGC 188, NGC 6791) — ultraviolet: stars

1 INTRODUCTION

Ultraviolet (UV) studies have a vital role in the understiagdof stellar evolutionary stages such
as blue stragglers, white dwarfs (WDs), hot subdwarfs ahérogxotic populations of hot stars.
Previous studies in the UV region have shown spectaculaftsesnd have added vital information
to studies of stellar evolution. The UV images of older austprovide one of the best means to
study low mass hot stars, subdwarfs, WDs, blue stragglatsarizontal branch stars. In the UV
range, most cool stars appear very faint, resulting in leswding of stars in the cluster region.
Hence one can easily identify peculiar stars that emit intWeand study their properties. With the
need to study celestial objects in the UV band, many misdienge been previously launched and
UVIT will add to the list with its unique characteristics a@ving a wide field of view of 0.5 high
spatial resolution of .8” and a large set of filters that will allow the scientific comnituo pursue
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major scientific research in the UV region, both new as welloilsw-ups of recent discoveries.
Siegel et al. (2014), in their table 1, list previous UV migs and their associated characteristics.

UVIT has a twin 38 cm telescope with three channels: faauitlet (FUV:130-180 nm), near-
ultraviolet (NUV:200—-300 nm) and visible (350-550 nm). Gofethe telescopes carries the FUV
channel and the other telescope can record in both the NUWiitde channels. The incoming
beam is divided by a dichroic beam splitter, where the vstitbam is transmitted and the NUV
beam is reflected. The visible channel will primarily prawithformation about the pointing. All
three channels use Micro Channel Plate (MCP) based intetStar250 CMOS imaging detectors
to record frames at the rate of 29 framessSedJVIT aims to provide flux calibrated images. The
images on the detector are recorded in either photon caumtode (high gain) or integrating mode
(low gain).

The UVIT carries a set of filters mounted on the filter wheehted close to the focal plane
between the primary mirror and the detector, for selectibthe spectral band within each of the
three channels (viz., FUV, NUV and VIS). Five filters and twatings for the FUV channel, six
filters and a grating for the NUV channel and five filters for th&ble channel are placed on the
filter wheels that have a diameter of 50 mm. The wheel alsdesag blind that can block any
radiation from directly reaching the detector. The filteragls have an independent drive mechanism
to bring the desired filter into the optical path of the tetgse The wavelength range of the five FUV
filters are BaF2 (137 — 175nm), Sapphire (146 — 175nm), Sflié® — 178 nm), CaF2-1 (130 —
175nm) and CaF2-2 (130 — 175 nm). The wavelength range o &lfV filters are Silica (200 —
280 nm), NUVB13 (230 —260nm), NUVB15 (206 — 233 nm), NUVB4 (25278 nm) and NUVN2
(275 — 284 nm). The passband wavelength of all the filters disawehe effective area is given in
Subramaniam (2012).

For the present study, we have selected three well known deh @lusters: M67, NGC 188
and NGC 6791. This study presents estimations of the flux fvarfous stars in these clusters in
the UVIT filters and creates the fundamental colour mageitdiigram (CMD) in various filter
combinations. The simulated CMDs developed and presenthdksistudy will be used as diagnostic
tools when the actual data are obtained from the mission.&Vve summarised the previous studies
of the three open clusters below and the basic parametetastarated in Table 1.

Table 1 Basic Parameters Describing the Three Old Open Clusters

Parameter M67 NGC 188 NGC 6791
R.A. (2000) #51m18° 00h47m28° 19" 20m53°
Dec. (2000) +1348 00" +85°15'18" +37°46/18"
Gal. longitude 215.696 122.843 69.959
Gal. latitude 31.896 22.384 10.904
log age 9.409 9.632 9.643
E(B — V) (mag) 0.059 0.082 0.117
Distance (pc) 908 2047 4100
Metallicity Solar -0.02 0.15

1.1 M67

M67 is an old open cluster, located at a distance of 908 pcdrctimstellation Cancer. The age of
the cluster is found to be 4 Gyr (VandenBerg & Stetson 200His ®ld cluster has evolved phases
of single as well as binary star evolution, such as blue gteag, WDs, cataclysmic variables, a
yellow giant with a WD companion, etc. Landsman et al. (19@@)orted the analysis of images
obtained with the Ultraviolet Imaging Telescope (UIT) oétbld open clusters M67, NGC 188 and
NGC 6791. The UIT detected 20 stars in cluster M67, whichudelll blue stragglers, seven WDs
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and a yellow giant WD binary. A hot luminous companion for tfoe stragglers (S975 and S1082)
has been suggested by ultraviolet photometry. The studysalswvs the dominance of blue stragglers
in the integrated spectrum at wavelengths shorter than ﬁﬁ(ﬁlegel et al. (2014) presented the
Swift Ultraviolet/Optical Telescope (UVOT) observatiookthis cluster in the optical and NUV
region, and their CMDs. Montgomery et al. (1993) investgiahe central one half degree of the old
open cluster M67 using, B, V and! photometric data to a limiting magnitude Bf= 20. We use
this photometry for our simulations. They have determimedgossibility of 38% of the stars in the
cluster being binary systems.

1.2 NGC 188

NGC 188is one of the older clusters in our Galaxy, which haslvedely studied due to its richness
in stars and also heavy elements, age and its location in #tect® plane. The cluster is located
at a distance of 2047 pc. The age of the cluster is determmée 6.0 Gyr (Caputo et al. 1990)
and was more recently found to be 6.8 Gyr (VandenBerg & Ste2894). The metallicity of the
cluster is found to be [Fe/H] = 0.02%.045 from the analysis of low resolution spectra of K giants
(Worthey & Jowett 2003). This cluster is also one of the int@ot clusters chosen by the WIYN
Open Cluster Study (Mathieu 2000). The cluster has beenestid understand the origin of blue
stragglers and the existence of contact binaries (Leondrith&ell 1992). The central concentration
of blue stragglers is greater than that of giants and 15 litagglers have been observed in cluster
NGC 188 (McClure & Twarog 1977). In our study, we used the phwtric data of 1514 stars from
(Sarajedini et al. 1999). Recently, Siegel et al. (20143@n¢ed the Swift UVOT observations of this
cluster, in the optical and NUV region and their CMDs.

1.3 NGC 6791

NGC 6791 is one of the oldest open cluster candidates witlgaiwt8 Gyr (Chaboyer et al. 1999). It
has been studied because it is metal-rich, and has a largéapiop of stars, especially evolved hot
stars (Liebert et al. 1994). A photometric study of the @ufield inV and B led to the discovery of
17 variable stars (Kaluzny & Rucinski 1993) with the majptbieing in the turn off region, of which
eight are contact binaries and nine others are variables of\the contact binaries which exhibited
various evolutionary stages were observed to be blue $&nagyd hey suspect one of the variables to
be a binary composed of a red dwarf and hot subdwarf. Montgpeteal. (1994) used photoelectric
and charge-coupled device (CCD) photometry to study thistet and we have used these data
for our simulations. The cluster has also been studied irUtieegion by Buzzoni et al. (2012),
which shows the phenomenon of UV upturn that is similar to v @bserved in the most active
cases of UV-upturn in elliptical galaxies. This phenomeroprimarily observed due to the hot
stellar component witl.g >10000 K, which contributes UV luminosity of the cluster stward

of 2500A. The cluster also has a dozen hot stars along the extrerimohtal branch.

The paper is arranged as follows. Section 2 deals with théadstused for the estimation
of FUV and NUV magnitudes and simulations of CMDs. Sectionr8spnts and discusses the
FUV CMDs, NUV CMDs and NUV-Visual CMDs. Section 4 discussks tolour-colour diagrams.
Section 5 presents the simulated spatial appearance ofusters in a few of the FUV and NUV
filters. Section 6 provides a comparison with Galaxy EvolutExplorer (GALEX) and the Swift
UVOT. The discussion and conclusions are presented indegti

2 SIMULATION OF MAGNITUDES AND CMDS

We first estimate the expected flux for stars in all the UVIEf#tin each of the open clusters, using
the optical data mentioned in the previous section. We hsgd thél” magnitude and® —V") colour
of stars to estimate the flux. In order to achieve this, wedstitnate the expected count rate using the
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Fig. 1 Parameter grid to obtain the count rate and magnitude farlthepen cluster M67.

UVIT exposure time calculator (ETC) developed by the Indiastitute of Astrophysics, available
in the web sitéhttp://uvit.iiap.res.in/ This tool predicts the count rates for stars with specifecsal
type and magnitude, by convolving the effective area cufibefilters with the Kurucz model for
spectral type. The web site also gives the effective aregesuwf the filters used in this study. The
tool estimates the count rates for one star at a time for angivegnitude and spectral type. As the
star clusters have a large number of stars, with a range ohitag and spectral type, it is not
efficient to use this tool directly. Hence, we created a gfidaunt rates for a range of magnitudes
(e.0.,V =10, 11, 12, 13, 14, etc.) and spectral types or their equivdlnt V') (e.g.,. B — V) =
-0.5,-0.3,-0.1, 0, ...), such that the cluster stars hagmitumles and colours within this range. As
the ETC does not accept the colour indék« V') as input, the data are taken from Zombeck (1990)
for all the spectral types. That is, we generated count fateal| filters for these fixed values &f
and (B — V) and created a grid as shown in Figure 1, where we have alsplotted the CMD of
M67. For each point on the grid, the count rates in all 10 UVIEff$ are obtained using the ETC.
As stars in the cluster can have any valué’adind (B — V') (in between the grid points, as shown in
Fig. 1), we created a two dimensional interpolation metlwoestimate the count rate for any value
of V and (B — V) within the grid. The interpolation should be able to handldtiple stars at a time,
as the clusters have several hundred to a few thousandBlausthe tool we have developed helps
to compute the expected counts of a large number of stardwittvn 1V and (B — V) values in one
go. The tool needs the grid values, in the form of a table, pstito the program. This tool will be
made available to the community in a web based form.

The present work utilizes th& and (B — V') data of 1271 stars of the old open cluster M67
from Montgomery et al. (1993) and similar data of two bluagglers and four WD stars in the
cluster from Landsman et al. (1998). For the cluster NGC $B8ilar data of 1514 stars are taken
from Sarajedini et al. (1999), and for NGC 6791 the data of4l&ars are from Montgomery et al.
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(1994). The above mentioned tool is used to estimate thetaates of all these stars in the 10
UVIT filters. The next task is to estimate the magnitudes thasethe count rates. The FUV and
NUV magnitudes are calculated using the formulae givenvaelo

FUVmag = —2.5 x log(count rate) + 15, Q)

NUVmag = —2.5 X log(count rate) + 16. (2)

The FUV and NUV magnitudes are derived by assuming the abeneepoint. This zero point
is assumed based on the expected count rates for known sotitie number will be refined after
the launch and is expected to change. Thus, the magnitudeséours estimated and shown in the
CMD are only indicative. As we do not use these for any quatiii estimates, but only as guidance
to plan our observations, these estimations are considerddrther analysis. We expect to obtain
an AB magnitude of 20 mag in the FUV for an integration time 6023. We also expect to detect
sources up to 20 mag in all filters, and perhaps a bit faintdrérbroadband filters.

The magnitudes estimated above are used to plot the clugtBs@ various filter combinations
and the spatial appearance of the cluster in various filtérs filter combinations are selected based
on their wavelength coverage. The cluster evolutionaryerges look different in the FUV and
NUV filter combinations with respect to the optical CMD. Thaléwing section presents the UV
CMDs, and identification and discussion of various evohaiy sequences.

3 RESULTS: SSIMULATED UV CMDS OF M67, NGC 188 AND NGC 6791

One of the main aims of this study is to identify the locati@fisarious evolutionary sequences
in the UV CMD with the help of known clusters and their popidat In order to achieve this, we
need to mark stars in various sequences in the optical CMDs,T&CMD is plotted with” on the
vertical axis andB — V on the horizontal axis (Fig. 2) using the above mentioned.dak have
selected stars with magnitudé < 20. In Figure 2, blue stragglers, WDs and red giants have been
identified, along with the subgiants, turn off and main segeestars for the old open clusters M67,
NGC 188 and NGC 6791. The different coloured symbols are umste plot to cross identify them
in the FUV and NUV plots. These symbols have the same meanialfjthe FUV and NUV CMDs.
The region betweelr < 12.4 and (B — V') < 0.6 is identified as the location of blue stragglers
for M67,V <14.5and B — V) < 0.6 for the cluster NGC 188 arld < 17 and B — V') < 0.7 for
the cluster NGC 6791 as seen in Figure 2. Blue straggler®aa¢dd within a magnitude range of 3
mag. In Figure 2 the subgiant branch is identified within tbgion 0.7< (B — V) < 1.2 and 12.5
<V < 13.5for M67,0.73< (B —V) <l.4and 14.8& V < 15.2for NGC 188 and k (B — V)
< 1.2and 17.2 V < 17.5 for NGC 6791. The location of the red giant branch is m tbgion
demarcated byR — V) >0.9 andV <12.5 for the cluster M67,8 — V') > 0.9 andV < 14.5 for
cluster NGC 188 andK — V') > 1.2 and \k 17 for cluster NGC 6791. The WDs are in the hotter
and fainter part of the CMD. The yellow giant WD binary is ltedat al/ = 11.52 and B — V) =
0.82 in the M67 cluster.

3.1 FUV CMDs

The FUV channel has five filters: BaF2, CaF2-1, CaF2-2, Sagpinid Silica. The FUV filter wave-
length range lies between 130 and 180 nm. As the two CaFXfater similar, we only use CaF2-1
for our analysis. We plotted CMDs for various combinatiorfigtese filters. For this study, we
present the CMD up to 23 mag. We estimated the expected erbm-t 0.2 mag at FUV 20 mag,
based on the error in the correspondingnd (B — V) values. We do not show the errors as this
makes it difficult to interpret the CMD. In all the FUV CMDs, weuld detect blue stragglers, WDs
and the tip of the turn off stars for the cluster M67. The tighod turn off stars are not observed in
NGC 188 and only the blue stragglers are observed in theetld&EC 6791. In M67, we identify
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Fig.2 The optical CMD of M67 {op lef), NGC 188 {op right) and NGC 6791 {otton). Stars
selected for the study are blue stragglereén filled squargswhite dwarfs fnagenta filled circles
red giants ifed filled triangle$, subgiantsiflack filled squares turn off casesyellow open circles
and the top part of the main sequencgan open circles

stars near the turn off (yellow points) and those below the aff (cyan points) located in a very
similar area of the CMD. We also notice that these stars aéal either very close together or are
mixed up, making it difficult to identify a distinct locatidor these evolutionary phases.

3.1.1 CMDs using the BaF2 filter

We created three CMDs using BaF2 magnitudes and three sastimated using CaF2-1, Sapphire
and Silica. The three CMDs for each cluster are shown in Ei§uiwWe observe that the magnitude
range occupied by the blue stragglers gets stretched #ddnmagnitudes in the optical CMD to
about 13 magnitudes in M67 and 7 magnitudes in NGC 188. Wedwmthct one blue straggler in the
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Fig.3 FUV CMD of M67 (top lef), NGC 188 {op right) and NGC 6791 Hotton).

cluster NGC 6791. It must be noted that the blue stragglerseated as normal main sequence (MS)
stars, when the count rates are estimated. The WDs and bdggkers are seen to be well separated
when the BaF2-Silica colour is used, as illustrated in theédiei CMD of M67 and NGC 188. This
filter combination also provides a large colour range foMHes (=~ 1.5 magnitude). In these CMDs,
only the tip of the turn off stars are observed in M67, whedg the blue stragglers and WDs are
observed in NGC 188 and NGC 6791.

3.1.2 CMDs using the CaF?2 filter

In these CMDs, the CaF2-1 filter is taken as the magnitudedrvéntical axis and plotted in com-
bination with the other three FUV filters as the colour (Fig.\We observe that the number of blue
stragglers and WDs does not change for different FUV filtenloimations though there is a slight
increase in the magnitude range for blue stragglers and \WWak CaF2-1 filter combinations. The
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Fig.4 FUV CMD of M67 (top lef), NGC 188 top right) and NGC 6791 Hotton).

turn off region of M67 is just fainter tharn 20 mag. It is interesting to note that the turn off region
has a wider colour range-(L mag) in the CaF2BaF2 filter combination, with a decreasing colour
range in CaF2 Sapphire and CaF2Silica combinations. Hence we suggest that the Cag&F2
colour combination is best suited to study the turn off ragib similar clusters. The CaFXSilica
combination has the maximum colour range and thus helpgptratge WDs from blue stragglers, as
suggested in the M67 CMD. Thus, this combination is likelé&dp in identifying new WDs.

3.1.3 CMDs using Sapphire and Silica filters

The CMDs with Sapphire and Silica magnitudes are presentédjures 5 and 6 respectively. These
CMDs appear similar to the CMDs created with BaF2 and CaFdilin the case of Sapphire filter
CMDs, we observe that the turn off stars and the tip of the reagiuence in all the FUV CMDs are
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Fig.5 FUV CMD of M67 (top lef), NGC 188 {op right) and NGC 6791 Hotton).

bluer, due to the wavelength coverage of the Sapphire filigr rgspect to other filters. The Silica
filter CMDs once again suggest that the CafSlica colour combination has a large colour range,
which helps to separate WDs. We do not notice any other spacifiantage in these CMDs.

3.2 NUV CMDs

The NUV channel has five filters: NUVB13, NUVN2, NUVB4, NUVBI&nd NUV Silica. We
derived the magnitudes of stars in the three open clusterdhase are used to create the CMDs
with various combinations of these filters. For this studg, wave shown the CMD up to 23 mag,
such that we could consider detectable characteristicesfifmated the expected error to be 0.2 mag
at 20 mag in NUV, based on the error in the correspondlirand (B — V) values. We do not show
the errors as they make it difficult to interpret the CMD. Thg\Nfilter wavelength range is from
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Fig.6 FUV CMD of M67 (top lef), NGC 188 top right) and NGC 6791 Hotton).

200 to 300 nm. We observe blue stragglers, red giants, Wgjiants, turn off and main sequence
stars. For simplicity, the following notations are usedtfa filters: B13 (NUVB13), N2 (NUVNZ2),
B4 (NUVB4), B15 (NUVB15) and Silica (NUV Silica). Among thedilters, B15 has a relatively
poor efficiency.

In the optical CMD of M67, 20 blue stragglers, five WDs, a yellgiant-WD binary, 22 red
giants, the subgiant branch, and turn off stars were idedtifiVe identify the same number of stars
in all the NUV CMDs, though with variations in their brightseand colour.

In Figure 7, we have plotted simulations from the B13 filtemsgnitude on the vertical axis and
combined it with different NUV filters to get the colour on therizontal axis. Various evolutionary
phases can be easily identified with the help of the colouecdtie MS just below the turn off
(cyan points) is stretched up to 5 magnitudes, whereas ftegched to~1.5 magnitude in thé”
filter. Thus, this stretching of the MS near the turn off reg@@n help in estimating the ages more
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Fig.7 NUV CMD of M67 (top lefy), NGC 188 {op right) and NGC 6791 lfotton).

accurately. The turn off stars can be identified as locateallphand close to cyan points, followed
by the subgiant stars (black points). This suggests thatubgiant branch appears almost vertical
and parallel to the MS in the NUV CMDs. The giant branch statthe faintest end of the subgiant
branch and appears as a vertical distribution. Thus, uthegsare previously known or identified, it
will not be possible to separate the MS stars from subgiants.

3.2.1 CMDs using the B13 filter

In Figure 7, we have shown the CMDs with values from the B18ifilAs expected, M67 has the
brightest turn off and hence a good portion of the MS can beatied. In the case of NGC 188, the
MS near the turn off is clearly seen. On the other hand, odythe stragglers above the turn off can
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be detected in the case of NGC 6791. The colour range whicheaiserved for the combinations
shown suggest that the filter B13 with N2 has a better coloparsgion to study blue stragglers.
Also, from Figure 7 (B13-N2 vs. B13) we observe that thesessippear bluer in this NUV CMD.
However from Figure 7 (B15-B13 vs. B13), which has a good gpgeparation, the B15 filter may
not be able to detect stars that appear red. The NUV CMD of[B28s. B13 is better for studies of
subgiant branch stars, as they have better colour separatio

3.2.2 CMDs using the N2 filter

The NUV CMD for the cluster M67, with B13N2 vs. N2 (Fig. 8), also supports the above infer-
ences. In Figure 8, we can also notice that the upper MS, fiirsubbgiant branch and the giants get
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Fig.9 NUV CMD of M67 (top lefy), NGC 188 {op right) and NGC 6791 lfottorn).

narrowed down to a small range in colour. In the case of Sila colour, the WDs appear bluer,
along with a larger range of colour for the entire stellansate.

3.2.3 CMDs using the Silica filter

In the Silica CMDs, shown in Figure 9, we observe a large aotange for the SilicaN2 colour.
The CMD using B13-Silica colour separates the subgiant stars from the uppeahdiSed giants,
but the WDs do not get separated from the MS. Also, the redgae found to have very red colour,
separating them from subgiants. The CMD with Sii¢é2 colour separates the WDs, but the MS,
subgiants and red giants do not get separated. The SHdaolour makes the red giants bluer than
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the MS, which is incorrect. This may be due to the combinatibimput spectra and the coverage.
We plan to further investigate this problem in the future.

3.2.4 CMDs using the B4 filter

The B4 CMDs are shown in Figure 10. It can be seen that the CMigube B13-B4 colour
separates most of the sequences. On the other hand, thBlB#as a larger colour range. The
colour derived using the silica filter has the same issuesasioned above.

We do not present the CMDs using the B15 filter due to the pdaiexicy of the filter, even
though we have simulated them. We have presented the sed@dliDs in the FUV filters and NUV
filters separately. It will not be a good idea to combine FUNWNIUV, as only the blue stragglers
and WDs are detected in the FUV. Hence, in order to study ¢indisish between blue stragglers or
WDs, it may be useful to combine any one of the FUV filters wiite NUV filters. It will be a good
idea to combine the NUV filter magnitudes with thiemagnitude to create CMDs, as it is possible
to detect a good fraction of the upper MS in the NUV filters. Wesent the CMD using the NUV
silica filter andV” magnitude in the next section.

3.3 NUV Silicavs. V CMD

For the NUVY CMD, we chose the Silica filter in NUV as it has the largest iength coverage.
We have shown the Silica vs. (Siliddy CMD in Figure 11 for the three clusters studied here. We
obtain a better and broader colour separation when compaitbed FUV, NUV and optical CMDs.
We observe the complete stellar sequence that is obsertlee aptical, but in this CMD, they have
a wider colour separation.

The WDs and the blue stragglers have shifted to a bluer caloex. They also appear brighter
in this filter combination and hence studying them in thigfitombination is most appropriate. The
upper MS, turn off, subgiants and the red giants can be sikdae to the large colour range. These
figures suggest that the NUW-CMDs will be quite useful in separating stars that followigas
evolutionary sequences, which can then be used in the amalythe FUV and NUV CMDs. It is
thus important to havé&” observations of the clusters which can then be combined tveiUVIT
observations.

4 COLOUR-COLOUR DIAGRAMS OF M67

As the UVIT has a large number of filters, it will be a good ide&zlheck whether the colour-colour
diagrams can be used as a diagnostic to identify any speedlatenal phase, or separate stars at
various evolutionary phases.

In Figures 12, 13 and 14, we have shown various UV colours asctibn of (B — V') colour
for the cluster M67. We see that many of the diagrams sep#axe and blue stragglers from the
MS stars and red giants. On the other hand, the blue stragmber WDs occupy a similar location,
and MS and red giants also occupy a similar location in moghefcolour-colour diagrams. In
combination with the optical CMD, the colour-colour diagremay be used to effectively separate
hot stars in the cluster. We also plot similar diagrams ferdther two clusters studied here, which
also have similar characteristics. As M67 has a larger numbstars, we have only shown colour-
colour diagrams for M67.

5 SPATIAL APPEARANCE OF M67, NGC 188 AND NGC 6791 IN THE FUV AND NUV
FILTERS

It is important to have a finding chart for the object to be &ddising UVIT. A finding chart will
thus provide immediate confidence that the field observedrigct. The finding charts for the three
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B4

Fig.10 NUV CMD of M67 (top lef)), NGC 188 {op right) and NGC 6791H{otton).

clusters studied here are prepared using the magnitudesésd in the CaF2-1 filter for FUV, and
the Silica and B15 filters for NUV. The plots are made such thatsizes of the stars are scaled
according to the magnitude in a way that brighter stars apgggger. The spatial appearance of all
three clusters is shown in Figures 15, 16 and 17.

We observe that there is relatively less crowding of stathénFUV filters. Each point in the
plot indicates a star, and only stars which are brighter apipethe diagram. Therefore, in the FUV,
as suggested by the CMDs, all those we detect will be WDs amel ditagglers. Thus, Figures 15,
16 and 17 primarily show the location of these stars and willibeful when doing the actual obser-
vations.
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Fig.11 NUV-V CMD of M67 (top leff), NGC 188 {op right) and NGC 6791 Hotton) of Silica-V’
vs. Silica.

We have presented the distribution in two NUV filters, Sikeal B15. The spatial appearance of
the cluster in these filters appears similar, but Silicaélimore efficient due to its larger wavelength
coverage. The appearance in NUV is very similar to that incaptexcept that there is a variation in
the relative brightness. Thus, the NUV field connects thecapand FUV field, such that the WDs
and blue stragglers get progressively brighter. We exgettthese finding charts will be helpful
during actual observations. Siegel et al. (2014) presethiedbserved field of NGC 188 in their
figure 1. As the field of view of UVOT is much smaller, they onlgepented the central region
of the cluster. We are unable to perform a one-to-one commardf our simulations with these
observations, as the filter systems are different and theTUNt@rs have high red leaks.
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6 COMPARISON WITH GALEX AND SWIFT UVOT

We compared our simulations with observations of M67 withL&X, and two clusters with SWIFT
UVOT. GALEX has two channels, NUV and FUV. The wavelengthe@age of the GALEX NUV
matches that of the NUV Silica filter in the UVIT. Similarhhe wavelength coverage of GALEX
FUV matches that of the CaF2 filters in UVIT. As there are onhgey small number of stars detected
in the FUV region, we compare the NUV magnitudes of GALEX wstimulated data for the filter
NUV Silica, for the cluster M67. We have shown the simulatédiCand observed CMD for M67
from GALEX, side-by-side, in Figure 18. The locations of &, blue stragglers, subgiants and
giants are very similar. This gives us confidence that theepa and relative locations of various
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stars presented in the simulated CMD are likely to be carfidat main difference between the two
plots in Figure 18 is the difference in NUV magnitude and feetihe colour, such that the simulated
magnitudes are brighter. This is due to the adopted zerd.pbdacomputed the difference between
the GALEX NUV and simulated magnitude (NUV Silica) as #1.4 mag for 59 common stars.
This difference is the same as the difference in the adopenloint for UVIT (16 mag) and that
of GALEX (20.06 mag). Hence we believe that the shift in thegmitudes can be corrected with the
correct estimation of the zero point, which will be done @aftee launch during the initial calibration
phase. We also computed the difference between the GALEX &ttWthe simulated FUV CaF2-1
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Fig.15 Spatial distribution of M67tpp lef), NGC 188 {op right) and NGC 6791{otton) in the
FUV CaF2-1 filter.

magnitude, for eight common stars, which is found to betA.2 mag. Again, the scatter is found
to be large, mainly due to the filter mismatch. The zero paintlie GALEX FUV filter is 18.82,
which is similar within error, when we add the above differeto our zero point.

Siegel et al. (2014) presented the CMDs of M67 and NGC 188udMOT observations. The
features identified in our study and those in their CMDs arglar. For example, in the CMD using
the NUV colour, the blue stragglers are bright and have alar@nge of magnitude. Also, the MS
and the subgiant branch occupy the same space, making dudlifio separate the two sequences
in the CMDs, similar to what was suggested by our simulatidie other NUV CMD shows the
subgiant branch being almost parallel to the MS. The CMDs sti®w a wider colour separation for
the WDs. Hence, we find that our simulations are comparalileet€MDs presented by Siegel et al.
(2014), which once again gives confidence about the sinomisfpresented in this study. The large
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NUV Silica filter.

scatter is due to the mismatch between the two filters andf@sten the hotter (WDs) and cooler
(giants) stars, as shown in Figure 19.

7 DISCUSSION AND CONCLUSIONS

UVIT is one of the state of the art telescopes that will be flamvthe multi-wavelength ASTROSAT

mission. This telescope has an angular resolution muclerbibian previous missions and it also
carries a set of very useful filters. Simulations to predietéxpected output from the UVIT payload
for various science topics of interest are highly esserggticularly because it has filters within the
FUV and NUV channels for the first time. The results preseimtélis paper are part of a preparatory
exercise to understand and efficiently utilise the teles@opl filter capability to maximise its science
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Fig.17 Spatial appearance of M670p leff), NGC 188 {op right) and NGC 6791{otton) in the
NUV B15 filter.

output. In this study we have presented simulated CMDs @etlopen clusters and their spatial
appearance in the UVIT filters. We have used the ETC as wellaal @lone software to estimate
count rates of a large number of stars in three clusters. We adssumed a zero point to convert
the count rates to magnitudes, which is compared with the EBAkero points. The CMDs are
plotted using all the filter combinations of FUV and NUV. We able to identify the location of
various evolutionary sequences in the cluster CMD of M67 N8 and NGC 6791. Stars and
evolutionary sequences that are identified here are thosfwiere previously known in the optical
CMD. The identification of the expected location for stargwkinown type will help in identifying
new candidates in studied and unstudied clusters. Thergrsggly recommends the most suitable
filter combination to study various stellar sequences tratdentified.
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Fig.18 Comparison of NUM” CMD plot of UVIT and GALEX. The error bars are not shown for
a few stars, whose errors In are not available.
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Fig.19 The simulated NUV Silica magnitude is shown as a functiorhefdifference between the
simulated NUV Silica magnitude and GALEX NUV magnitude. Téreor bars are not shown for a
few stars, whose errors i are not available. The error bar is not shown for (NUV SiliddV) =
—1.9502 and NUV Silica =15.5, since it is too large.
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We compared our simulated CMDs in the NUV with those obtaiinesh GALEX and UVOT.
The locations of stars at various evolutionary phases areddo be comparable. The magnitudes
of simulated stars match those of GALEX well, in both NUV and\f- after accounting for the
difference in the zero point. While studying this clusteingsthe UVIT, there could be a shift in
the position of the entire colour and magnitude dependinthermphotometric zero point value for
various filters. However, the relative position of starshe tluster with respect to each other is
expected to remain the same. This indicates that the paifettre CMD that we observe in the
simulated FUV CMD, NUV CMD and NUV-Visual would be similar.ddce we would like to stress
that the magnitudes should be taken with caution and the CM&sented here are indicative to the
extent that they help us in planning efficient observatittsing the study, we also demonstrate that
it is important to prepare diagnostic tools using the aéddilter combinations to do science with
UVIT. The ground calibration estimates as well as toolstegldo the ETC are available to execute
such studies. We plan to extend such studies to other tapich, as young star clusters, globular
clusters, star forming galaxies, etc.

We summarise our results below:

« We have presented simulated CMDs of three old open clusievafious combinations of FUV,
NUV and optical ) filters. It is observed that the FUV CMDs will only be able ttentify the
blue stragglers and WDs in these open clusters. They canpagaded and grouped with the
help of various FUV filters. The upper MS and the turn off areedeed in the NUV CMDs in
M67 and NGC 188, but the turn off is only seen in NGC 6791. Thad@Menerated using NUV
andV magnitudes are found to be very useful.

o From the analysis of the FUV CMDs, we observe that the blwsgglers have increased FUV
magnitude range, which would help in grouping them. We poiritthat the increased range in
the FUV magnitude is also likely to help in the study of thentaff of younger open clusters to
obtain better resolution in age. We plan to study youngestehs in the future.

o Inthe NUV CMDs, the upper MS, the turn off, sub-giants as aslkthe red giants are located
very close to each other, which would make it difficult to difintiate them from one another.
Identification of these stars from the optical CMD is thusessl.

o The spatial appearance of the three clusters in the broatifldvi and NUV filters is presented,
and less crowding of stars is observed. These can be useddagyfcharts during the actual
observations to help us identify the field.

o Our simulations compare well with the estimations from GAL&d SWIFT-UVOT.

o Atool to estimate count rates of a large number of stars ithallUVIT filters is developed as
part of this work, which will be made available to the comntymis a web tool.
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