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ABSTRACT

NGC 7789 is a ~1.6 Gyr old, populous open cluster located at ~2000 pc. We characterize the blue straggler stars (BSS) of
this cluster using the Ultraviolet (UV) data from the UVIT/AstroSat. We present spectral energy distributions (SED) of 15
BSS candidates constructed using multiwavelength data ranging from UV to IR wavelengths. In 8 BSS candidates, a single
temperature SED is found to be satisfactory. We discover hot companions in 5 BSS candidates. The hot companions with Teg ~
11750-15500 K, R ~ 0.069-0.242 R, and L ~ 0.25-1.55 L, are most likely extremely low mass (ELM) white dwarfs (WDs)
with masses smaller than ~0.18 Mg, and thereby confirmed post mass transfer systems. We discuss the implication of this
finding in the context of BSS formation mechanisms. Two additional BSS show excess in one or more UV filters, and may have
a hot companion, however we are unable to characterize them. We suggest that at least 5 of the 15 BSS candidates (33 per cent)
studied in this cluster have formed via the mass-transfer mechanism.

Key words: blue stragglers.

1 INTRODUCTION

Blue straggler stars (BSS) are one of the exotic stellar populations
whose evolution differs from normal single stars. They are commonly
found in diverse stellar environments such as globular clusters
(Sandage 1953; Fusi Pecci et al. 1992; Sarajedini 1993), open clusters
(Johnson & Sandage 1955; Burbidge & Sandage 1958; Sandage
1962; Rain, Ahumada & Carraro 2021), dwarf galaxies (Momany
et al. 2007; Mapelli et al. 2009), and Galactic fields (Preston &
Snedon 2000). There are three fundamental mechanisms that explain
the formation of BSS: (i) direct stellar collisions in dynamical
interactions in dense stellar environments (Hills & Day 1976), (ii)
mass transfer in close binary systems (McCrea 1964), and (iii)
merger or mass transfer of an inner binary in a triple system through
Kozai mechanism (Perets & Fabrycky 2009). The stellar collisions of
binaries with single stars or another binary in dynamical interactions
may result into single or binary BSS (Leonard 1989; Ferraro, Fusi
Pecci & Bellazzini 1995; Leigh & Sills 2011). Mass transfer that
occurs when the primary is on the main-sequence may result into
a single massive BSS or a binary BSS with a short-period main-
sequence companion (Case A; Webbink 1976). Roche lobe overflow
mass transfer in a binary system that occurs when the primary star is
on the red-giant branch, i.e. RGB, will likely produce a short-period
binary with a Helium (He) WD of mass <0.45 M, as a companion
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(Case B; McCrea 1964), whereas when the primary star is on the
asymptotic-giant branch, i.e. AGB, will result into a long-period
binary with a CO WD of mass >0.5 Mg, as a companion (Case C;
Chen & Han 2008; Gosnell et al. 2014). A comprehensive overview
of BSS in diverse environments and their formation channels can be
found in this review by Boffin et al. (2015).

The relative importance of various BSS formation mechanisms
in diverse stellar environments continues to be a significant topic of
interest. UV wavelengths offer a specific advantage in such an investi-
gation by enabling the detection of BSS binaries with hot companions
on the basis of the excess emission in the UV wavelengths. Gosnell
et al. (2015) detected WD companions in 7 out of 15 single lined
spectroscopic binaries (SB1) of the open cluster NGC 188 using
the far-UV (FUV) data from the Hubble Space Telescope (HST).
They inferred that these 7 BSS were formed through recent mass
transfer. Using the Ultraviolet Imaging Telescope (UVIT) on-board
the AstroSat, WD companions to BSS of several star clusters have
been identified including NGC 188 (Subramaniam et al. 2016), M67
(Jadhav, Sindhu & Subramaniam 2019; Sindhu et al. 2019, 2020;
Pandey, Subramaniam & Jadhav 2021), and the globular cluster
NGC 5466 (Sahu et al. 2019). In the globular cluster NGC 1851,
Singh et al. (2020) discovered extreme Horizontal Branch (EHB)
stars as hot companions to the BSS using the AstroSat/UVIT system.
This method of analysis allows constraining of the mass transfer and
binary evolution models.

NGC 7789 (a = 23"57m21%6, § = +56°43'22" J2000) is a
populous, 1.6 Gyr old open cluster with an estimated distance
modulus (m — M)y < 12.2, and reddening 0.35 < E(V — I) <
0.38 (Gim et al. 1998). Burbidge & Sandage (1958) presented the
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Table 1. The details of UVIT/AstroSat observations, source detections, and counterparts found in members identified

by Rao et al. (2021) and Nine et al. (2020).

Filter Exposure PSF Detections Counterparts Counterparts
(s) aresec Rao et al. (2021) Nine et al. (2020)
F16OM 609 1.52 260 84 78
N245M 3219 1.08 2631 1056 497
N263M 1142 1.34 5264 1310 540
N279N 1021 1.09 1712 888 464

oldest photometric study of the cluster. McNamara & Solomon
(1981) identified 679 probable members brighter than B ~ 15.5 on
the basis of proper motion membership analysis. The earliest radial
velocity measurements of giants were reported by Thogersen et al.
(1993) and Friel et al. (1995). Sixteen BSS candidates of the cluster
were identified as possible members of the cluster based on the then
existing proper motion, radial velocity, and polarization data by Gim
et al. (1998). By spectroscopic studies of the abundances of giant
stars of the cluster, Jacobson et al. (2011) reported the metallicity,
[Fe/H] = +0.02 + 0.04, and Overbeek et al. (2015) reported [Fe/H] =
+0.03 £ 0.07. Cantat-Gaudin et al. (2018) estimated the distance of
the cluster to be 2075 pc based on the Gaia DR2 membership analysis.
Using the cluster members identified by Cantat-Gaudin et al. (2018)
and Cantat-Gaudin & Anders (2020), a BSS catalogue of 408 open
clusters was presented by Rain et al. (2021). They reported 16 BSS
candidates in NGC 7789. Recently, de Juan Ovelar et al. (2020)
found an extended main-sequence turnoff in several open clusters
including NGC 7789 in their Gaia DR2 study. They reported the
cluster age to be 1070 = 390 Myr. Nine et al. (2020) presented a
time series radial velocity survey of this cluster obtained with Hydra
Multi-Object spectrograph on the WIYN 3.5 m telescope in which
they studied various stellar populations of the cluster including the
main-sequence stars down to one magnitude below the turnoff. In
particular, they identified 12 BSS as cluster members, of which, four
(33 per cent) are found to be SB1.

NGC 7789 was observed by UVIT/AstroSat under AstroSat pro-
posal A03-008. We study the BSS populations of NGC 7789 using
the UV data from the AstroSat and other archival data ranging from
UV to IR wavelengths to characterize the BSS as well as to discover
any hot companions based on the excess in their UV fluxes. We
present in Section 2, the UVIT data and analysis, in Section 3, the
results, in Section 4, the discussions, and in Section 5, the summary
of the paper.

2 OBSERVATIONS AND DATA ANALYSIS

The UVIT is one of the payloads on India’s first multiwavelength
space observatory AstroSat, that was launched on 2015 September
28. The UVIT has two 38 cm telescopes: one has a single FUV
channel that observes in 130-180 nm wavelength range, the other
has two channels, a near-UV (NUV) channel that observes in the
200-300 nm wavelength range, and a visible (VIS) channel that
observes simultaneously in the 350-550 nm wavelength range. In
each of the three channels, multiple sets of filters are available.
The VIS channel is used for obtaining satellite drift corrections
(Tandon et al. 2017a). The UVIT generates simultaneous images
in the FUV, NUYV, and VIS channels with a circular field of view
of 28 arcmin diameter and an angular resolution of <1.8 arcmin
(Tandon et al. 2017b). The UV detectors operate in the photon
counting mode, whereas the VIS detector operates in the integration
mode.

The UVIT data of NGC 7789 were obtained in 2017 July in a
single FUV filter F169M, and in three NUV filters N245M, N263M,
and N279N. We downloaded level-1 data of the cluster from the
AstroSat archive.! We produced science-ready images by performing
data reduction on raw images using CCDLAB (Postma & Leahy
2017, 2020). After that, we performed point-spread function (PSF)
photometry on the images using DAOPHOT/IRAF tasks (Stetson
1987). In order to obtain the UVIT magnitudes in the AB magnitude
system, we used the zero-point (ZP) magnitudes reported in Tandon
et al. (2020). The PSF magnitudes were corrected for aperture
corrections as well as for saturation correction as provided in Tandon
et al. (2020). Table 1 gives information regarding the exposure times
of the observations, the PSF, and the number of detections in all the
UVIT filters.

3 RESULTS

3.1 The colour-magnitude diagrams

Rao et al. (2021) identified cluster members of NGC 7789 using Gaia
DR2 proper motions and parallaxes (Gaia Collaboration 2018). They
identified 2799 cluster members within the estimated cluster radius
28 arcmin. Nine et al. (2020) presented a time-series radial velocity
survey of 1206 sources within 18 arcmin of the cluster centre. They
estimated cluster membership of these sources based on the radial
velocity measurements of the sources obtained using Hydra/WIYN
system and the proper-motion measurements from Gaia DR2. They
identified a total of 624 cluster members including giants, red clump
stars, BSS, sub-subgiants, and main-sequence stars down to one
magnitude below the turnoff.

To characterize our UVIT detected sources further, we cross-
matched them with the cluster members from Rao et al. (2021) and
with the cluster members from Nine et al. (2020) by using a search
radius of 1.5 arcsec for the NUV filters and 2 arcsec for the filter
F169M. The information of the total number of members identified as
counterparts in each UVIT filter is given in the Table 1. Fig. 1 shows
the Gaia DR2 colour—-magnitude diagram (CMD) of 1056 sources
detected in the NUV filter N245M that are having a counterpart in
the cluster members identified by Rao et al. (2021). Among these,
497 sources are commonly identified as cluster members by Nine
et al. (2020). A PARSEC? isochrone (Bressan et al. 2012) of age =
1.6 Gyr, distance = 2000 pc, [Fe/H] = 0.023 has been plotted after
applying the extinction and reddening correction of Ag = 0.69, and
E(Bp — Rp) = 0.375. We detect all the 12 BSS members from Nine
etal. (2020) in the NUYV filters N245M and N263M, but do not detect
2 BSS in the NUV filter N279N and 3 BSS in the F169M filter. In
addition, we detect 4 BSS candidates from Rao et al. (2021) in all the

Uhttps://astrobrowse.issdc.gov.in/astro_archive/archive/Home.jsp
Zhttp://stev.oapd.inaf.it/cgi-bin/cmd
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Figure 1. Gaia DR2 CMD of N245M sources with a counterpart in the cluster members identified by Rao et al. (2021) as green dots, and Nine et al. (2020)
as red dots. Known single and binary BSS from Nine et al. (2020) are shown as blue and orange open circles, respectively. BSS with hot companions are
marked additionally as light blue open squares. A PARSEC isochrone of age = 1.6 Gyr, distance = 2000 pc, [Fe/H] = 0.023 has been plotted after applying the
extinction correction of Ag = 0.69, and reddening correction of E(Bp — Rp) = 0.375.

UVIT filters, that are marked on the Fig. 1. The G-band magnitudes
of the BSS range from ~1 magnitude below the turnoff point to ~2
magnitude above the turnoff point. Two BSS, a single member BSS
that is also a rapid rotator, WOCS 25024, and a binary member BSS,
WOCS 36011 (Nine et al. 2020), are seen to be located below the
turnoff point, with somewhat bluer colours in the CMD. These two
BSS may as well be termed as blue lurkers (BL; Leiner et al. 2019),
however, we refer to these two objects also as BSS instead of BL.
We notice many RGB and red clump sources which are Nine et al.
(2020) members, are having a detection in the N245M filter.

3.2 BSS candidates

Nine et al. (2020) identified 12 BSS candidates that are members
according to both radial velocities and Gaia DR2 proper motions
including 2 BSS with high noise proper motions. In addition, they
listed 9 BSS candidates that are members according to either radial
velocity (Pry > 50 per cent) or proper motions (P, > 50 per cent),
but not according to both. All the 12 BSS that are members as per
Nine et al. (2020), are detected in two NUV filters N245M and
N263M, whereas 10 of them are detected in the NUV filter N279N,
and 9 are detected in the FUV filter F169M. In addition, we find 4
BSS candidates from Rao et al. (2021) in all the UVIT filters, three
of which are found to be rapid rotators or very rapid rotators by
Nine et al. (2020). Upon comparing our 16 BSS candidates with the
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BSS candidates identified by Rain et al. (2021), we find 9 BSS to
be common. 4 BSS candidates identified by Nine et al. (2020) and 3
BSS candidates identified by Rao et al. (2021) are missing in Rain
et al. (2021). Most of their remaining 7 BSS candidates are located
beyond 28 arcmin from the cluster centre, the radius of the cluster as
per Rao et al. (2021). These 7 BSS candidates are also beyond the
area surveyed by Nine et al. (2020), as well as the region surveyed
in this work using the UV observations. Table 2 lists all the 16 BSS
candidates with their UVIT and GALEX NUV fluxes.

3.3 Spectral energy distribution of BSS

We construct the SED of the BSS candidates by using photometric
data from UV to IR wavelengths. In order to construct the SEDs, we
made use of the Virtual Observatory SED Analyzer (VOSA; Bayo
et al. 2008). We first compiled the photometric data of these sources
in NUV from GALEX (Martin et al. 2005), optical from Gim et al.
(1998), Gaia EDR3 (Gaia Collaboration 2021), and PAN-STARRS,
near-IR from Two Micron All Sky Survey (2MASS; Cohen, Wheaton
& Megeath 2003) and mid-IR from Wide-field Infrared Survey
Explorer (WISE; Wright et al. 2010) using VOSA. Next, the fluxes
were corrected for extinction according to the extinction law by
Fitzpatrick (1999) and Indebetouw et al. (2005) by providing the
mean value of extinction Ay = 0.868 to VOSA. This mean extinction
in the V band was obtained from the mean value of Ag of the Gaia
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Table 2. For each BSS, WOCS ID from Nine et al. (2020) in column 2, coordinates in columns 3 and 4, Gaia EDR3 ID in column 5, whether the BSS is a confirmed single member (SM), binary member (BM), or

a candidate (C) in column 6, UVIT F169M flux in column 7, GALEX NUV flux in column 8, UVIT N245M, N63M, and N279N fluxes in columns 9, 10, and 11, respectively. All values of fluxes are in the unit of

ergss~lem™2 AL

Member UVIT.F169M + err  GALEX.NUV xerr  UVIT.N245M +err  UVIT.N263M terr  UVIT.N279N =+ err

Gaia EDR3 source_id

WOCS ID RA DEC

Name

7.24e-15 + 1.42e-16  7.05e-15 £ 1.92¢-16

5.42e-15 £ 6.86e-17
4.84e-15 & 5.29¢-17
2.60e-15 £+ 1.51e-17

5.23e-15 £+ 1.39e-16

2.78e-15 £+ 1.77e-17
2.57e-15 4 1.58e-17

SM
BM, RR

359.37662 +56.74175 1995014924638265472
359.24595 +56.79255 1995061344646874368

359.22600 +56.67969 1995012897413751936
359.57416  +56.82777 1995021178110590464

5004
5011

BSS1

6.58e-15 £ 1.22e-16  6.65e-15 £ 1.90e-16

3.52e-15 £+ 4.03e-17

3.70e-15 £ 1.12e-16
2.22e-15 +£9.03e-17

BSS2

1.42e-15 4+ 4.98e-18

SM

10010

BSS3

2.31e-15 £ 1.41e-17 2.34e-15 £ 2.30e-17

1.48e-15 £ 5.1e-18
1.36e-15 £ 6.14e-18

1.58e-15 £ 6.14e-18
1.06e-15 £ 3.3e-18
8.97e-16 £ 2.25¢-18
3.79%-16 £+ 5.47e-17
8.63e-16 £ 2.16e-18
4.80e-16 £ 8.15e-19

1.44e-15 £ 8.39e-17
1.36e-15 £ 8.03e-17
7.49-16 £ 5.79e-17
2.82e-16 +4.13e-17

2.99e-16 + 4.83e-19

16020
20009
25008
25024
27010
36011

BSS4

1.68e-15 £ 1.58e-17
1.25e-15 £ 1.56e-17

BM
SM, RR

+56.74361 1995014237443527680
+56.66363 1995010801470149504
+56.74441 1995016436466871296

359.48308 +56.71208 1995010973268848512
359.28679 +56.64375 1995010354793197696
359.17554  +56.73677 1995060313854772736
359.52192  +56.78412 1995020211733162112
359.27670 +56.78061 1995061997481928832
359.71512  +56.65205 1995003242327470592

359.45741

BSS5

1.57e-16 £ 1.5e-19

359.37891

BSS6

6.63e-16 £+ 1.26e-18  7.20e-16 + 3.35e-17

1.41e-16 £ 7.45e-18
7.98e-16 £ 2.65e-18

SM, RR

359.69041

BSS7

1.38e-15 £ 1.14e-17

2.58e-16 £ 3.91e-19

SM

BSS8

8.47e-16 £ 1.04e-16

BM
BM
SM
C
C,RR

BSS9

2.84e-15 £ 2.15e-17 2.65e-15 £ 4.03e-17
3.19e-15 £ 2.98e-17 3.40e-15 £ 5.46e-17
3.15e-14 £ 7.73e-15 2.30e-14 £ 1.93e-15

8.27e-15 £ 1.85e-16 6.41e-15 £ 1.37e-16

1.87e-15 £ 8.66e-18
2.23e-15 £ 1.24e-17

4.06e-16 £ 7.55e-19

10011

BSS10
BSS11

2.19e-15 4+ 9.23e-17

1.34e-15 £+ 5.67e-18
3.35e-14 £ 1.32¢-15
3.37e-15 £ 2.05e-17
2.89e-14 £ 9.81e-16

15015

1.28e-14 £ 2.88e-16
5.95e-15 £ 1.21e-16
2.30e-14 £ 1.16e-15
2.04e-14 £ 8.44e-16
3.96e-15 £ 2.46e-17

1.39e-14 £ 2.12e-16
3.71e-15 £ 1.18e-16

4009

BSS12
BSS13
BSS14
BSS15
BSS16

9027

2.55e-14 £ 2.17e-15 2.2le-14 £+ 1.72e-15

1.50e-14 £ 2.22e-16

359.23699 +56.68662 1995012897413744384 SM, VRR

359.20484 +56.63882 1995011832262285568
359.36180 +56.80704 1995062100562319360

3009
1014

11011

2.40e-14 £ 2.33e-15 2.14e-14 £ 1.36e-15

1.91e-14 £ 3.47e-16
4.43e-15 £ 3.61e-17

C,RR
C, VRR

5.00e-15 £ 7.23e-17 4.63e-15 £ 9.68e-17

3.43e-15 £ 1.13e-16
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DR2 cluster members (Rao et al. 2021) using the correlation available
between the extinctions from Wang & Chen (2019). VOSA calculates
synthetic photometry for selected filters for the chosen theoretical
models which are then compared with the extinction-corrected values
of the fluxes of the sources using a chi-square test. The fitting process
involves minimization of the value of reduced chi-square, x?, which
is determined using the following formula:

1 N (Fi — MyFy )
_ . D 1
VoW, : ()

i=1 Uo,i

X

where N is the number of photometric data points, Nyis the number of
free parameters in the model, F,, ; is the observed flux, M;F,,; is the
model flux of the star, M; = (%)2 is the scaling factor corresponding
to the star (where R is the radius of the star and D is the distance to
the star) and o, is the error in the observed flux. The SEDs of BSS
are constructed using 12 to 20 photometric data points.

We used the Kurucz stellar models (Castelli, Gratton & Kurucz
1997) to fit the SEDs of BSS. In order to fit the SED to each of
the BSS, we kept the T and log g values as free parameters, and
chose to range them from 5000 to 50000 K and 3-5, respectively.
We fixed the metallicity, [Fe/H] = 0.0, the closest option possible in
the Kurucz model to the value of metallicity reported of the cluster in
Jacobson et al. (2011), i.e. [Fe/H] = 40.02 % 0.04. The SED fit tool
of VOSA returns five best-fits with minimum x?2 values. We closely
examined these five best-fitting SEDs to see if there was excess in
the UV and/or in the IR data points. If there was excess detected in
the IR data points, we examined the 2MASS images using Aladin®
to check if there were nearby sources within 2—3 arcsec which would
affect the flux values. In BSS1, we found the presence of multiple
nearby sources. Hence, we do not present its SED in this work. In
other sources with IR excess, we first fitted the optical and IR parts of
the SEDs ignoring the UV data points. For sources showing residual
flux greater than 30 per cent in the UV wavelengths in more than
one UV data points, we used a python code, Binary_SED _Fitting,*
by Jadhav et al. (2021) to fit two component SEDs.

Out of the 15 BSS candidates, we find that 8 BSS can be
successfully fitted with a single component SED. All of these 8 BSS
candidates show negligible to zero residual between the fitted model
and the extinction-corrected observed fluxes across all the filters.
The fitted spectra to these 8 BSS candidates are shown in Fig. 2.
The top panel in the figure shows the model fitted to the extinction-
corrected flux values. The data points used in the fitting are shown as
red points with error bars, where the error bars represent the errors
in the observed fluxes. Since the errors in the observed fluxes are
very small for most filters, the error bars are smaller than the data
points. The data points not included in the fitting either because they
were flagged for poor photometric quality or because only upper
limits are available, are shown as grey points. For example, in most
of the BSS, only upper limits to fluxes are available in the WISE W4
filter, and hence these are excluded from the fits. Also, in BSS10 and
BSS14, the PanSTARRS data points are not included in the fitting
as they were flagged for poor photometric quality. The bottom panel
shows the fractional residual in each filter. A dashed horizontal line
at a fractional residual equal to 0.3 demarcates the threshold beyond
which the excess is considered for a two-component fit.

As can be seen in Fig. 2, the residuals in the fits are close to zero
in all these BSS candidates. Despite the fitted model reproducing the
observed values quite well, the 2 values of the SEDs are large (see

3https://aladin.u-strasbg.fr/
“https://github.com/jikrant3/Binary_SED _Fitting
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Figure 2. The single-component fit SEDs of BSS. The top panel shows the extinction-corrected SEDs fitted with Kurucz stellar models. The data points used
in the fitting are shown as red points with error bars, and data points not used in the fitting are shown as grey points. The bottom panel shows the fractional
residual across the filters with a dashed horizontal at a fractional residual of 0.3 to mark the threshold in the excess.
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Table 3. The SED fitting parameters of BSS and their hot companions derived from the best-fitting SEDs. For each BSS, whether the single component or two
component SED is satisfactory in Column 2, log g in Column 3, temperature, radius, and luminosity in Columns 4-6, the scaling factor by which the model has
to be multiplied to fit the data in Column 7, the number of data points fitted in Column 8, the reduced x? in Column 9, and the modified reduced x?2, vgfy in
Column 10. In case of two-component fits the sz values of the single fits are given in the brackets, whereas vgfy, values of only the two-component fits are listed.

Name Component log g Tefr R L Scaling factor N X’_z vgfy
(K] [Ro] Lol OF singte)
BSS2 single 4.0 8750 +£ 125  3.04 £ 0.152  47.7 % 4.81 1.18E-21 18 286.1 0.77
BSS3 single 4.0 8750 £ 125 2.09 + 0.104 224 & 2.25 5.46E-22 20 289.5 0.51
BSS4 single 4.5 8000 + 125 228 £ 0.114  19.0 + 1.91 6.61E-22 20 86.7 0.19
BSS5 A 4 8000 £ 125 1.79 + 0.089  11.75 £ 1.18 4.082E-22 13 101.0 (500.8) 0.091
B 9.5 150007335 0.075 £ 0.007  0.258700%3 7.213E-25 - -
BSS6 A 3.5 7250 £ 125 2.50 £ 0.125 1532 £ 1.54 7.82E-22 17 67.9 (396.7) 0.59
B 9.5 117501235 0.197 £ 0.020  0.6727933 4.98E-24 - -
BSS7 single 3.5 7500 £ 125 1.62 £ 0.081 743 + 0.74 3.86E-22 20 278.5 0.38
BSS8 A 4 7750 £ 125 1.90 £ 0.094 1152 £ 1.16 4.55E-22 13 79.2 (879) 0.087
B 9 15500123 0.069 + 0.007  0.25375:9%0 6.193E-25 - - -
BSS9 single 4 7500 £ 125 172 £ 0.086  8.37 % 0.84 3.77E-22 14 79.7 0.12
BSS10 A 5 7250 £ 125 3.13 £ 0.156  24.4 + 2.45 1.25E-21 13 143.7 (722.4) 0.53
B 9.5 125001235 0.242 + 0.025 12931048 7.47E-24 - - -
BSS11 A 4 8250 £ 125  2.08 £ 0.104  18.0 £ 1.82 5.51E-22 17 1103 (134.5) 0.089
B 9.5 152501330 0.178 + 0.018 1.5567033 4.06E-24 - - -
BSSI12 single 4.5 9750 £ 125 299 £ 0.149  81.6 + 831 1.14E-21 16 64.1 5.12
BSS13 single 4.5 8500 £ 125 297 + 0.148 421 £ 4.57 1.13E-21 20 747.5 332
BSS14 single 5 10250 £ 125 3.16 £ 0.158  102.1 + 10.3 1.28E-21 16 59.1 1.47
BSS15 single 4.5 9500 + 125  4.08 £ 0.204 1228 + 123 2.12E-21 16 474 0.82
BSS16 single 4.5 9500 £ 125 1.84 £ 0.092 250 =+ 2.50 4.29E-22 12 158.3 1.08

Table 3). As the flux errors are very small, even minor deviations in
the model from the observed values appear large as compared to the
errors, hence by contributing to large x*. VOSA calculates modified
reduced x2, vgfs,, to estimate the visual goodness of fit. It is calculated
by assuming the observational errors in the fluxes (o ,;) to be at least
10 per cent of the observed fluxes (F,;). This parameter is helpful
to know how closely the model reproduces the observations and is
particularly useful if the photometric errors of any of the catalogues
used to build the SED are underestimated. As per VOSA, the SED
fits with vgf,, values smaller than 10-15 are good fits. In several
previous studies, such as Rebassa-Mansergas et al. (2019), Jiménez-
Esteban, Solano & Rodrigo (2019), and Rebassa-Mansergas et al.
(2021), vgf, < 15 is used as a criterion to select reliable SED fits.
We obtain vgf, values to be less than 1, except for BSS12, BSS13,
and BSS14, suggesting that the high reduced x? value are driven by
the small errors in the photometric data points. BSS12 and BSS13
have excess in UV data points, as can be seen in Fig. 3. Therefore,
it is not surprising that their SED fits have somewhat larger vgf,,
<5. We conclude that our SED fits, and the derived fundamental
parameters of the BSS candidates, listed in Table 3, are reliable.
Since the fractional residual exceeds 0.3 in BSS12 and BSS13 in one
or two UV filters, these two BSS were considered for two-component
fits. However, when we attempted to fit them two-component SEDs
as detailed in Section 3.3.1, we were unable to obtain reliable fits
for them as models having a large range of temperatures fitted the
observed SEDs. These two BSS need to be further investigated for
characterizing their properties and to understand the reason for their
UV excess.

3.3.1 Two-component SED fits

Of 7 BSS showing fractional residual greater than 0.3 in the UV
data-points, we successfully fitted 5 BSS with two-components. Of

these five BSS, BSS5 and BSS10 are known SB1 (Nine et al. 2020),
whereas BSS6, BSS8, and BSS11 are classified as single members
due to an absence of detectable periodic radial velocity variation
(Nine et al. 2020). BSS6 is also a rapid rotator according to Nine
et al. (2020) as well as a known & Scuti variable (Mochejska &
Kaluzny 1999). For stars without radial velocity variation, the UV
flux can be from a hot companion in a low inclination orbit. For
genuine single members, the excess in UV may be due to hot spots,
chromospheric, or coronal activities. The presence of such activities
will be implied if the BSS are detected in X-rays. We checked for
X-ray counterparts of these 5 BSS showing UV excess. None of
these sources are detected as X-ray sources by XMM—-Newton. This
indicates that the UV excess is very likely to be due to a hotter
companion.

To fit the second component in these 5 BSS, we used the Koester
WD model (Koester 2010) which allows a temperature range of
5000-80 000 K and log g range of 6.5-9.5. The parameters of the cool
components including their errors are derived from the VOSA fits,
whereas the parameters of the hot component are derived from the
composite fit. In order to estimate the errors in the parameters of the
hot components, we used a statistical approach as followed by Jadhav
et al. (2021). We added Gaussian noise proportional to the errors to
each data point, and generated 100 iterations of observed SEDs for
each BSS. These 100 SEDs were fitted with double components.
Then the median values of the parameters derived from the 100 SED
fits were considered as the parameters of the hot companions, and
the standard deviation from the median parameters were considered
as errors in the parameters. When temperature of all the 100 fits
converge to one value or the standard deviation is within £250 K,
we assume the error in the temperature to be 250 K which is half
of the temperature step size of the Kurucz models. Table 3 lists
the parameters of the hot components along with these estimated
errors as well as the parameters of the associated BSS. The double-
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Figure 3. The single-component fit SEDs of BSS as in Fig. 2. A fractional residual greater than 0.3 is found in the FUV filter F169M in both BSS12 and BSS13.

component SED fits for the BSS are shown in Fig. 4. The top panel
for each BSS shows the fitted SED, with the cool component in
orange dashed line, hot component in blue dashed line, the residuals
of 100 iterations are shown in light pink lines, and the composite fit
is shown in green solid line. The bottom panel shows the residual
for both single and composite fits. It can be seen that by fitting the
second component the residual in the UV data point significantly
decreases (see Table 3).

BSS5 (WOCS 20009): BSS5 is a long-period SB1 with an orbital
period of 4190 d (Nine et al. 2020). The best-fitting single SED
had the x? of 500 which reduced to a considerably lower value of
101 (vgfy, = 0.09) with the two-component fit SED. The best-fitting
parameters of the hot companion, 7o = 15000 K, L = 0.258 L,
and R = 0.075 R, suggest that it could be a low-mass WD.

BSS6 (WOCS 25008): BSS6 was classified as a single member
by Nine et al. (2020) that has rapid rotation. It is also a known
8 Scuti variable with a pulsation period of 0.0868 d (Mochejska
& Kaluzny 1999). The two-component SED fitting of this BSS
reduced the x?2 of the single temperature fit from 396 to 67 (vgf;
= 0.59). The hot companion has an estimated temperature of Tes
= 11750 K. The estimated L = 0.672 Ly and R = 0.197 Rg
of the hot companion, are slightly larger as compared to that of
a WD.

BSS8 (WOCS 27010): BSS8 has no radial velocity variation (Nine
et al. 2020). The two-component SED fit significantly reduced the
x?2 of the fit, from 879 of the single temperature SED, to 79 (vgf,
= 0.087). The best-fitting parameters of the hot companion, T =
15500 K, L = 0.253 L, and R = 0.069 R, suggest that it could be
a low mass (LM) WD.

BSS10 (WOCS 10011): BSS10 is an SB1 with an orbital period
equal to 517 d and an eccentricity of 0.73 (Nine et al. 2020). The
two-component SED fit significantly reduced the x2 of the fit, from
722 of the single temperature SED, to 143 (vgf, = 0.53). The best-
fitting parameters of the hot companion are Ty = 12500 K, L =
1.293 L, and R = 0.242 Ry, The L and R of the hot companion are
slightly larger as compared to that of a WD.

BSS11 (WOCS 15015): BSS11 is a single member according
to Nine et al. (2020). The two-component SED fit slightly reduced
the 2 of the fit, from 134 of the single temperature SED, to 110
(vgfy = 0.089). The best-fitting parameters of the hot companion
are Tor = 15250 K, L = 1.55 L, and R = 0.178 Rg. The L and
R of the hot companion are slightly larger as compared to that of
a WD.
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4 DISCUSSION

4.1 BSS properties

In 8 of the BSS candidates, a single-temperature SED fits satisfac-
torily, whereas in 5 BSS (2 SB1, 1 rapidly rotating star which is
a known § Scuti variable, and 2 single members), a composite of
two components is found as a better fit. The temperatures of the
BSS range from 7250 K to 10250 K. This is considerably higher
than the BSS of older open clusters such as NGC 188 in which they
range from 6100 K to 6800 K (Gosnell et al. 2015), or King 2, in
which they range from 5750 to 8000 K (Jadhav et al. 2021), but
are comparable to another intermediate-age open cluster NGC 2682,
in which they range from 6250 K to 9000 K (Jadhav et al. 2021).
We estimated BSS masses by extrapolating the single star main-
sequence 1.6 Gyr PARSEC isochrone. The BSS masses range from
1.50 Mg, to 2.65 M. Comparing these masses with the turnoff mass,
1.55 Mg, of the cluster, we have 5 BSS (33 per cent) with masses
greater than 0.5 Mg from the turnoff mass, 6 BSS (35 per cent)
with masses greater than 0.2-0.5 Mg, from the turnoff mass, 4 BSS
(26 per cent) with masses greater than 0-0.2 My from the turnoff
mass, and a single BSS (6 per cent) with mass slightly less than the
turnoff mass. This mass distribution of the BSS looks similar for
other open clusters with ages smaller than 2 Gyr as shown by Leiner
& Geller (2021). In particular, our greater percentage (33 per cent)
of massive BSS with masses greater than 0.5 My from the turnoff
mass, is consistent with its younger age, and with the lower overall
percentage (23 per cent) of such BSS in the entire sample of clusters
of ages 1-10 Gyr as reported by Leiner & Geller (2021).

In order to know the nature of the hot companions, we plot the H-R
diagram as shown in the Fig. 5. The PARSEC isochrone of log age =
9.20is overplotted on the diagram (Bressan et al. 2012) along with the
low-mass WD cooling curves from Panei et al. (2007), evolutionary
sequences for ELM WD with masses smaller than 0.18 Mg from
Althaus et al. (2013), and BaSTI zero age HB (Hidalgo et al. 2018,
ZAHB). The BSS with single temperature SEDs are marked as blue
open triangles. The cooler components of the BSS fitted with two
temperature SEDs are shown as open squares of different colours and
their hot companions are shown by the same coloured filled squares.
As a reference, the hot companions of BSS of other open clusters
such as King 2 (Jadhav et al. 2021), NGC 1851 (Singh et al. 2020),
and NGC 188 (Subramaniam et al. 2016) are shown in the figure.
BSS5-A and BSS8-A are lying close to the main-sequence. Their
hot companions, BSS5-B and BSS8-B lie on the ELM WD model of
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Figure 4. Two-component SEDs of BSS. The top panel shows the extinction
corrected fluxes and the model SED with the cool (A) component in the
orange dashed line, hot (B) component in the blue dashed line along with
residuals of iterations shown as light pink lines, and the composite fit in the
green solid line. The fitted data points are shown as red points with error bars
according to flux errors and the data points not included in the fit are shown
as grey data points. The bottom panel shows the fractional residual for both
single fit (orange) and composite fit (green). The fractional errors are shown
on the x-axis. The parameters of the cool and hot components derived from
SED fits, along with their estimated errors are mentioned at the top of the
figures. The two-component fit SEDs of BSS (cont.).
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Figure 4 — continued

0.1820 My, from Althaus et al. (2013). Both these companions are
thus likely ELM WD candidates. BSS6-A is lying near the blue hook,
whereas its hot companion, BSS6-B is lying on the ELM WD track
of mass 0.1762 M, (Althaus et al. 2013). It may be a very young
ELM He-WD. BSS10-A is lying near the blue hook and BSS11-A is
lying away from the main-sequence. Both of their hot companions
BSS10-B and BSS11-B are located between the ELM WD tracks of
masses 0.1762 and 0.1820 M,. These hot companions of BSS10 and
BSS11 are also likely to be ELM WD stars.

4.2 Formation pathways of BSS with hot companions

The discovery of ELM WD with masses <0.18 Mg, in these five BSS
as secondary companions confirm that these objects are indeed post
mass transfer systems as He-WD <0.4 M, cannot form within the
Hubble time from a single star evolution (Brown et al. 2010). The
presence of ELM WD as companions in these BSS imply that their
formation happened via the Case-A/Case-B mass transfer process.
This formation mechanism would result into a binary system having
a short orbital period. The two known SB1 among these BSS with
ELM WD companions, BSS5 and BSS10, are long-period binaries.
BSSS5 is a known SB1 from Nine et al. (2020) with an orbital period
0f 4190 d and an eccentricity of 0.27. BSS10is an SB1 with an orbital
period equal to 517 d and an eccentricity of 0.37. These long orbital
periods along with the estimated masses of ELM WD imply that
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Figure 5. The H-R diagram showing the single component BSS as blue open triangles, the cooler component of two-component BSS as open squares of
different colours, and their hotter components marked by filled squares of the same colours as well as numbered according to Table 2. The isochrone of the
cluster age 1.6 Gyr is plotted as black curve, the zero-age main-sequence is shown as brown dashed curve. The zero-age horizontal branch is shown as grey
dashed curve. The low-mass WD models of masses 0.18-0.24 M, from Panei et al. (2007) are plotted as solid curves, and the ELM WD models of masses
0.15-0.18 M from Althaus, Miller Bertolami & Cérsico (2013) are plotted as dashed curves. The hot companions of BSS of King 2 (Jadhav et al. 2021), NGC
1851 (Singh et al. 2020), and NGC 188 (Subramaniam et al. 2016) are also shown for reference.

these systems are inconsistent with the stable mass transfer process
(Rappaport et al. 1995). We infer that these two BSS are likely in
hierarchical triple systems, with BSS progenitor as a member of inner
binary which gained mass from its primary companion when it filled
its Roche lobe (Kozai mechanism; Perets & Fabrycky 2009). BSS5
has an estimated mass of ~1.65 M, whereas BSS10 has an estimated
mass of ~1.93 Mg. Assuming that they had an initial mass same as
the turnoff mass, ~1.55 Mg, these two BSS gained at least ~0.1-
0.4 Mg, from the primary of the triple system which then evolved to
become ELM WD. Several examples of LM/ELM WD companions
to long orbital period SB1 have been found in the literature. For
example, Pandey et al. (2021) found 3 BSS+WD systems with
LM/ELM WD with orbital parameters outside the limits of the stable
mass transfer by Case-B process. They also speculated that such
systems may in fact be triple systems with the detected LM/ELM
WD in a closer inner orbit yet to be characterized. Alternately, the
presence of LM/ELM WD in these long orbital period BSS may
imply that the stable MT mechanism needs modification to include
their formation.

BSS6 is a known § Scuti variable and a rapid rotator (Nine
et al. 2020). Its rapid rotation points towards a recent mass transfer
episode. We estimate its mass to be 1.76 Mg. Thus, it has gained
an additional mass of at least ~0.2 Mg, in the mass transfer process.
Of the five BSS with ELM WD companions, BSS8 and BSS11

MNRAS 511, 2274-2284 (2022)

do not have radial velocity variation as per Nine et al. (2020). We
estimated their masses to be 1.65 Mg and 1.76 Mg, respectively.
Hence these two BSS gained additional mass of at least ~0.1—
0.2 Mg. Using the grid of ELM WD available in Althaus et al.
(2013), we estimate the cooling ages of these five ELM WD to
range between ~100 and 1000 Myr. Moreover, we suggest that as
all these BSS formed via Case-A/Case-B mass transfer process,
they are not likely to have differences in their surface chemical
composition since they did not accrete material from an AGB
companion.

There are two BSS, BSS12 and BSS13, which show fractional
residual greater than 0.3 in the FUV filter. The fitting of the second
component in these two BSS using the Koester model resulted into a
large range of temperature of the hotter components. Further study is
needed to explain the UV excess in these two BSS. Finally, out of the
four known SB1s of the cluster, BSS2 and BSS9, are successfully
fitted with a single temperature fit. These binary systems may be
older mass transfer systems containing cool WDs as companions
that are undetected with the current UV observations.

5 CONCLUSIONS

(1) We studied 16 BSS of the intermediate-age open cluster NGC
7789 using the UVIT observations in three NUV filters N245M,
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N263M, and N279N, and one FUV filter F148W. We presented a
detailed analysis of all the BSS on the basis of their SEDs, excluding
of BSS1, which has a few nearby sources within 2 arcsec.

(i) There are 8 BSS that do not show excess in the UV data
points and are successfully fitted with a single temperature SED.
Two BSS, BSS12 and BSS13, show some excess in the UV data
points, however, we are unable to obtain a good fit for the second
component in our current analysis. There are 5 BSS that show UV
excess greater than 30 per cent from the best-fitting model and are
successfully fitted with a hot+cool composite models.

(iii) Based on the SED fitting, temperatures of BSS range from
7250 K to 10250 K. By extrapolating based on the single-star cluster
isochrone, BSS masses range from 1.50 Mg to 2.65 Mg, with
33 per cent of the BSS having masses greater than 0.5 Mg from
the turnoff mass.

(iv) We discover ELM WD candidates with temperatures ranging
from Ter ~ 11750 K to ~15500 K in five BSS. These ELM WD are
likely with masses smaller than ~0.18 M. The presence of ELM
WD as secondary companions confirm that these are indeed post
mass transfer systems. The estimated cooling ages of these ELM
WD range from ~100-1000 Myr.

(v) Among the five BSS with ELM WD companions, two BSS
are known SBI1. BSS5 has an orbital period >4000 d. BSS10
has an orbital period of >500 d. The presence of ELM WD
companions demands a close binary orbit for the Case-A/Case-B
mass transfer to happen. These BSS are likely to be in the inner
binary of triple systems with the detected ELM WD in a closer inner
orbit.

(vi) The other three BSS with ELM WD companions are having
temperatures T ~ 11750 K—15500 K. One of them, BSS6, is a
rapid rotator and a known & Scuti variable.

(vii) From our analysis, we suggest that at least 33 per cent BSS
formed through mass transfer process in this cluster.
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