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A B S T R A C T 

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 disco v er hot companions in 5 BSS candidates. The hot companions with T eff ∼
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 M �, 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, ho we ver 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

B  

w  

f  

(  

(  

1  

e  

S  

t  

i  

m  

m  

K  

b  

m  

P  

o  

a  

s  

m  

o  

b  

�

p
†

(  

a  

b  

C  

o  

f
 

i  

i  

g  

o  

e  

s  

t  

T  

t  

t  

b  

(  

P  

N  

S  

s  

T  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/511/2/2274/6517471 by Aryabhatta R
esearch Institute of O

bservational Sciences user on 11 M
arch 2022
 I N T RO D U C T I O N  

lue straggler stars (BSS) are one of the exotic stellar populations
hose e volution dif fers from normal single stars. They are commonly

ound 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
962 ; Rain, Ahumada & Carraro 2021 ), dwarf galaxies (Momany
t al. 2007 ; Mapelli et al. 2009 ), and Galactic fields (Preston &
nedon 2000 ). There are three fundamental mechanisms that explain

he formation of BSS: (i) direct stellar collisions in dynamical
nteractions in dense stellar environments (Hills & Day 1976 ), (ii)

ass transfer in close binary systems (McCrea 1964 ), and (iii)
erger or mass transfer of an inner binary in a triple system through
ozai mechanism (Perets & F abryck y 2009 ). The stellar collisions of
inaries with single stars or another binary in dynamical interactions
ay result into single or binary BSS (Leonard 1989 ; Ferraro, Fusi
ecci & Bellazzini 1995 ; Leigh & Sills 2011 ). Mass transfer that
ccurs when the primary is on the main-sequence may result into
 single massive BSS or a binary BSS with a short-period main-
equence companion (Case A; Webbink 1976 ). Roche lobe o v erflow
ass transfer in a binary system that occurs when the primary star is

n the red-giant branch, i.e. RGB, will likely produce a short-period
inary with a Helium (He) WD of mass ≤0.45 M � as a companion
 E-mail: kaushar@pilani.bits-pilani.ac.in (KV); p20190413@pilani.bits- 
ilani.ac.in (AP); sindhu@aries.res.in (SP) 
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Case B; McCrea 1964 ), whereas when the primary star is on the
symptotic-giant branch, i.e. AGB, will result into a long-period
inary with a CO WD of mass ≥0.5 M � as a companion (Case C;
hen & Han 2008 ; Gosnell et al. 2014 ). A comprehensive overview
f BSS in diverse environments and their formation channels can be
ound in this re vie w by Boffin et al. ( 2015 ). 

The relative importance of various BSS formation mechanisms
n diverse stellar environments continues to be a significant topic of
nterest. UV wavelengths offer a specific advantage in such an investi-
ation by enabling the detection of BSS binaries with hot companions
n the basis of the excess emission in the UV wavelengths. Gosnell
t al. ( 2015 ) detected WD companions in 7 out of 15 single lined
pectroscopic binaries (SB1) of the open cluster NGC 188 using
he far-UV (FUV) data from the Hubble Space Telescope ( HST ).
hey inferred that these 7 BSS were formed through recent mass

ransfer. Using the Ultraviolet Imaging Telescope (UVIT) on-board
he AstroSat , WD companions to BSS of several star clusters have
een identified including NGC 188 (Subramaniam et al. 2016 ), M67
Jadhav, Sindhu & Subramaniam 2019 ; Sindhu et al. 2019 , 2020 ;
 ande y, Subramaniam & Jadhav 2021 ), and the globular cluster
GC 5466 (Sahu et al. 2019 ). In the globular cluster NGC 1851,
ingh et al. ( 2020 ) disco v ered e xtreme Horizontal Branch (EHB)
tars as hot companions to the BSS using the AstroSat /UVIT system.
his method of analysis allows constraining of the mass transfer and
inary evolution models. 
NGC 7789 ( α = 23 h 57 m 21 . s 6, δ = + 56 ◦43 

′ 
22 

′′ 
J2000) is a

opulous, 1.6 Gyr old open cluster with an estimated distance
odulus ( m − M ) V ≤ 12.2, and reddening 0.35 ≤ E ( V − I ) ≤

.38 (Gim et al. 1998 ). Burbidge & Sandage ( 1958 ) presented the
© 2022 The Author(s) 
lished by Oxford University Press on behalf of Royal Astronomical Society 
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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) arcsec Rao et al. ( 2021 ) Nine et al. ( 2020 ) 

F169M 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 
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ldest photometric study of the cluster. McNamara & Solomon 
 1981 ) identified 679 probable members brighter than B ∼ 15.5 on
he basis of proper motion membership analysis. The earliest radial 
elocity measurements of giants were reported by Thogersen et al. 
 1993 ) and Friel et al. ( 1995 ). Sixteen BSS candidates of the cluster
ere identified as possible members of the cluster based on the then

xisting proper motion, radial velocity, and polarization data by Gim 

t al. ( 1998 ). By spectroscopic studies of the abundances of giant
tars 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

he cluster to be 2075 pc based on the Gaia DR2 membership analysis.
sing the cluster members identified by Cantat-Gaudin et al. ( 2018 )

nd Cantat-Gaudin & Anders ( 2020 ), a BSS catalogue of 408 open
lusters was presented by Rain et al. ( 2021 ). They reported 16 BSS
andidates in NGC 7789. Recently, de Juan Ovelar et al. ( 2020 )
ound an extended main-sequence turnoff in several open clusters 
ncluding NGC 7789 in their Gaia DR2 study. They reported the 
luster age to be 1070 ± 390 Myr. Nine et al. ( 2020 ) presented a
ime series radial velocity survey of this cluster obtained with Hydra 

ulti-Object spectrograph on the WIYN 3.5 m telescope in which 
hey studied various stellar populations of the cluster including the 

ain-sequence stars down to one magnitude below the turnoff. In 
articular, 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- 
osal A03-008. We study the BSS populations of NGC 7789 using
he UV data from the AstroSat and other archi v al data ranging from
V to IR wavelengths to characterize the BSS as well as to disco v er

ny hot companions based on the excess in their UV fluxes. We
resent in Section 2, the UVIT data and analysis, in Section 3, the
esults, in Section 4, the discussions, and in Section 5, the summary
f the paper. 

 OBSERVATIONS  A N D  DATA  ANALYSIS  

he UVIT is one of the payloads on India’s first multiwavelength 
pace observatory AstroSat , that was launched on 2015 September 
8. The UVIT has two 38 cm telescopes: one has a single FUV
hannel that observes in 130–180 nm wavelength range, the other 
as two channels, a near-UV (NUV) channel that observes in the 
00–300 nm wavelength range, and a visible (VIS) channel that 
bserves simultaneously in the 350–550 nm wavelength range. In 
ach of the three channels, multiple sets of filters are available. 
he VIS channel is used for obtaining satellite drift corrections 

Tandon et al. 2017a ). The UVIT generates simultaneous images 
n the FUV, NUV, and VIS channels with a circular field of view
f 28 arcmin diameter and an angular resolution of < 1.8 arcmin
Tandon et al. 2017b ). The UV detectors operate in the photon
ounting mode, whereas the VIS detector operates in the integration 
ode. 
The UVIT data of NGC 7789 were obtained in 2017 July in a
ingle FUV filter F169M, and in three NUV filters N245M, N263M,
nd N279N. We downloaded level-1 data of the cluster from the
stroSat archive. 1 We produced science-ready images by performing 
ata reduction on raw images using CCDLAB (Postma & Leahy 
017 , 2020 ). After that, we performed point-spread function (PSF)
hotometry on the images using D AOPHO T/IRAF tasks (Stetson 
987 ). In order to obtain the UVIT magnitudes in the AB magnitude
ystem, we used the zero-point (ZP) magnitudes reported in Tandon 
t al. ( 2020 ). The PSF magnitudes were corrected for aperture
orrections as well as for saturation correction as provided in Tandon
t al. ( 2020 ). Table 1 gives information regarding the exposure times
f the observations, the PSF, and the number of detections in all the
VIT filters. 

 RESULTS  

.1 The colour–magnitude diagrams 

ao et al. ( 2021 ) identified cluster members of NGC 7789 using Gaia
R2 proper motions and parallaxes (Gaia Collaboration 2018 ). They 

dentified 2799 cluster members within the estimated cluster radius 
8 arcmin. Nine et al. ( 2020 ) presented a time-series radial velocity
urv e y of 1206 sources within 18 arcmin of the cluster centre. They
stimated cluster membership of these sources based on the radial 
elocity measurements of the sources obtained using Hydra/WIYN 

ystem and the proper-motion measurements from Gaia DR2. They 
dentified a total of 624 cluster members including giants, red clump
tars, BSS, sub-subgiants, and main-sequence stars down to one 
agnitude below the turnoff. 
To characterize our UVIT detected sources further, we cross- 
atched them with the cluster members from Rao et al. ( 2021 ) and
ith the cluster members from Nine et al. ( 2020 ) by using a search

adius of 1.5 arcsec for the NUV filters and 2 arcsec for the filter
169M. The information of the total number of members identified as 
ounterparts in each UVIT filter is given in the Table 1 . Fig. 1 shows
he Gaia DR2 colour–magnitude diagram (CMD) of 1056 sources 
etected in the NUV filter N245M that are having a counterpart in
he cluster members identified by Rao et al. ( 2021 ). Among these,
97 sources are commonly identified as cluster members by Nine 
t al. ( 2020 ). A PARSEC 

2 isochrone (Bressan et al. 2012 ) of age =
.6 Gyr, distance = 2000 pc, [Fe/H] = 0.023 has been plotted after
pplying the extinction and reddening correction of A G = 0.69, and
 ( B P − R P ) = 0.375. We detect all the 12 BSS members from Nine
t al. ( 2020 ) in the NUV filters N245M and N263M, but do not detect
 BSS in the NUV filter N279N and 3 BSS in the F169M filter. In
ddition, we detect 4 BSS candidates from Rao et al. ( 2021 ) in all the
MNRAS 511, 2274–2284 (2022) 
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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 A G = 0.69, and reddening correction of E ( B P − R P ) = 0.375. 
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VIT filters, that are marked on the Fig. 1 . The G -band magnitudes
f the BSS range from ∼1 magnitude below the turnoff point to ∼2
agnitude abo v e the turnoff point. Two BSS, a single member BSS

hat is also a rapid rotator, WOCS 25024, and a binary member BSS,
OCS 36011 (Nine et al. 2020 ), are seen to be located below the

urnof f point, with some what bluer colours in the CMD. These two
SS may as well be termed as blue lurkers (BL; Leiner et al. 2019 ),
o we ver, we refer to these two objects also as BSS instead of BL.
e notice many RGB and red clump sources which are Nine et al.

 2020 ) members, are having a detection in the N245M filter. 

.2 BSS candidates 

ine et al. ( 2020 ) identified 12 BSS candidates that are members
ccording to both radial velocities and Gaia DR2 proper motions
ncluding 2 BSS with high noise proper motions. In addition, they
isted 9 BSS candidates that are members according to either radial
elocity ( P RV ≥ 50 per cent) or proper motions ( P μ ≥ 50 per cent),
ut not according to both. All the 12 BSS that are members as per
ine et al. ( 2020 ), are detected in two NUV filters N245M and
263M, whereas 10 of them are detected in the NUV filter N279N,

nd 9 are detected in the FUV filter F169M. In addition, we find 4
SS candidates from Rao et al. ( 2021 ) in all the UVIT filters, three
f which are found to be rapid rotators or very rapid rotators by
ine et al. ( 2020 ). Upon comparing our 16 BSS candidates with the
NRAS 511, 2274–2284 (2022) 
SS candidates identified by Rain et al. ( 2021 ), we find 9 BSS to
e common. 4 BSS candidates identified by Nine et al. ( 2020 ) and 3
SS candidates identified by Rao et al. ( 2021 ) are missing in Rain
t al. ( 2021 ). Most of their remaining 7 BSS candidates are located
eyond 28 arcmin from the cluster centre, the radius of the cluster as
er Rao et al. ( 2021 ). These 7 BSS candidates are also beyond the
rea surv e yed by Nine et al. ( 2020 ), as well as the re gion surv e yed
n this work using the UV observations. Table 2 lists all the 16 BSS
andidates with their UVIT and GALEX NUV fluxes. 

.3 Spectral energy distribution of BSS 

e construct the SED of the BSS candidates by using photometric
ata from UV to IR wavelengths. In order to construct the SEDs, we
ade use of the Virtual Observatory SED Analyzer (VOSA; Bayo

t al. 2008 ). We first compiled the photometric data of these sources
n NUV from GALEX (Martin et al. 2005 ), optical from Gim et al.
 1998 ), Gaia EDR3 (Gaia Collaboration 2021 ), and PAN-STARRS,
ear-IR from Two Micron All Sk y Surv e y (2MASS; Cohen, Wheaton
 Megeath 2003 ) and mid-IR from Wide-field Infrared Survey
xplorer ( WISE ; Wright et al. 2010 ) using VOSA. Next, the fluxes
ere corrected for extinction according to the e xtinction la w by
itzpatrick ( 1999 ) and Indebetouw et al. ( 2005 ) by providing the
ean value of extinction A V = 0.868 to VOSA. This mean extinction

n the V band was obtained from the mean value of A G of the Gaia
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R2 cluster members (Rao et al. 2021 ) using the correlation available
etween the extinctions from Wang & Chen ( 2019 ). VOSA calculates
ynthetic photometry for selected filters for the chosen theoretical 
odels which are then compared with the extinction-corrected values 

f the fluxes of the sources using a chi-square test. The fitting process
nvolves minimization of the value of reduced chi-square, χ2 

r , which 
s determined using the following formula: 

2 
r = 

1 

N − N f 

N ∑ 

i= 1 

( F o,i − M d F m,i ) 2 

σ 2 
o,i 

, (1) 

here N is the number of photometric data points, N f is the number of
ree parameters in the model, F o , i is the observed flux, M d F m , i is the
odel flux of the star, M d = ( R 

D 

) 2 is the scaling factor corresponding
o the star (where R is the radius of the star and D is the distance to
he star) and σ o , i is the error in the observed flux. The SEDs of BSS
re constructed using 12 to 20 photometric data points. 

We used the Kurucz stellar models (Castelli, Gratton & Kurucz 
997 ) to fit the SEDs of BSS. In order to fit the SED to each of
he BSS, we kept the T eff and log g values as free parameters, and
hose to range them from 5000 to 50 000 K and 3–5, respectively.
e fixed the metallicity, [Fe/H] = 0.0, the closest option possible in

he Kurucz model to the value of metallicity reported of the cluster in
acobson et al. ( 2011 ), i.e. [Fe/H] = + 0.02 ± 0.04. The SED fit tool
f VOSA returns five best-fits with minimum χ2 

r values. We closely 
 xamined these fiv e best-fitting SEDs to see if there was excess in
he UV and/or in the IR data points. If there was excess detected in
he IR data points, we examined the 2MASS images using Aladin 3 

o check if there were nearby sources within 2–3 arcsec which would
ffect the flux values. In BSS1, we found the presence of multiple
earby sources. Hence, we do not present its SED in this work. In
ther sources with IR excess, we first fitted the optical and IR parts of
he SEDs ignoring the UV data points. For sources showing residual
ux greater than 30 per cent in the UV wavelengths in more than
ne UV data points, we used a python code, Binary SED Fitting, 4 

y Jadhav et al. ( 2021 ) to fit two component SEDs. 
Out of the 15 BSS candidates, we find that 8 BSS can be

uccessfully fitted with a single component SED. All of these 8 BSS
andidates show negligible to zero residual between the fitted model 
nd the extinction-corrected observed fluxes across all the filters. 
he fitted spectra to these 8 BSS candidates are shown in Fig. 2 .
he top panel in the figure shows the model fitted to the extinction-
orrected flux values. The data points used in the fitting are shown as
ed points with error bars, where the error bars represent the errors
n the observ ed flux es. Since the errors in the observ ed flux es are
ery small for most filters, the error bars are smaller than the data
oints. The data points not included in the fitting either because they
ere flagged for poor photometric quality or because only upper 

imits are available, are shown as gre y points. F or e xample, in most
f the BSS, only upper limits to fluxes are available in the WISE W4
lter, and hence these are excluded from the fits. Also, in BSS10 and
SS14, the PanSTARRS data points are not included in the fitting
s they were flagged for poor photometric quality. The bottom panel
hows the fractional residual in each filter. A dashed horizontal line
t a fractional residual equal to 0.3 demarcates the threshold beyond
hich 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

n all these BSS candidates. Despite the fitted model reproducing the
bserved values quite well, the χ2 

r values of the SEDs are large (see
 https:// aladin.u-strasbg.fr/ 
 ht tps://github.com/jikrant 3/Binary SED Fitting 

MNRAS 511, 2274–2284 (2022) 
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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 χ2 

r in Column 9, and the modified reduced χ2 
r , vgf b in 

Column 10. In case of two-component fits the χ2 
r values of the single fits are given in the brackets, whereas vgf b values of only the two-component fits are listed. 

Name Component log g T eff R L Scaling factor N fit χ2 
r vgf b 

[K] [R �] [L �] ( χ2 
r, single ) 

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 22.4 ± 2.25 5.46E-22 20 289.5 0 .51 
BSS4 single 4 .5 8000 ± 125 2.28 ± 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 15000 + 250 
−250 0.075 ± 0.007 0.258 + 0 . 093 

−0 . 082 7.213E-25 – –
BSS6 A 3 .5 7250 ± 125 2.50 ± 0.125 15.32 ± 1.54 7.82E-22 17 67.9 (396.7) 0 .59 

B 9 .5 11750 + 250 
−250 0.197 ± 0.020 0.672 + 0 . 255 

−0 . 221 4.98E-24 – –
BSS7 single 3 .5 7500 ± 125 1.62 ± 0.081 7.43 ± 0.74 3.86E-22 20 278.5 0 .38 
BSS8 A 4 7750 ± 125 1.90 ± 0.094 11.52 ± 1.16 4.55E-22 13 79.2 (879) 0 .087 

B 9 15500 + 250 
−250 0.069 ± 0.007 0.253 + 0 . 090 

−0 . 080 6.193E-25 – – –
BSS9 single 4 7500 ± 125 1.72 ± 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 12500 + 250 
−250 0.242 ± 0.025 1.293 + 0 . 48 

−0 . 42 7.47E-24 – – –
BSS11 A 4 8250 ± 125 2.08 ± 0.104 18.0 ± 1.82 5.51E-22 17 110.3 (134.5) 0 .089 

B 9 .5 15250 + 250 
−250 0.178 ± 0.018 1.556 + 0 . 55 

−0 . 49 4.06E-24 – – –
BSS12 single 4 .5 9750 ± 125 2.99 ± 0.149 81.6 ± 8.31 1.14E-21 16 64.1 5 .12 
BSS13 single 4 .5 8500 ± 125 2.97 ± 0.148 42.1 ± 4.57 1.13E-21 20 747.5 3 .32 
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 ± 0.204 122.8 ± 12.3 2.12E-21 16 47.4 0 .82 
BSS16 single 4 .5 9500 ± 125 1.84 ± 0.092 25.0 ± 2.50 4.29E-22 12 158.3 1 .08 
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able 3 ). As the flux errors are v ery small, ev en minor deviations in
he model from the observed values appear large as compared to the
rrors, hence by contributing to large χ2 

r . VOSA calculates modified 
educed χ2 , vgf b , to estimate the visual goodness of fit. It is calculated
y assuming the observational errors in the fluxes ( σ o , i ) to be at least
0 per cent of the observed fluxes ( F o , i ). This parameter is helpful
o know how closely the model reproduces the observations and is
articularly useful if the photometric errors of any of the catalogues 
sed to build the SED are underestimated. As per VOSA, the SED
ts with vgf b values smaller than 10–15 are good fits. In several
revious studies, such as Rebassa-Mansergas et al. ( 2019 ), Jim ́enez-
steban, Solano & Rodrigo ( 2019 ), and Rebassa-Mansergas et al. 
 2021 ), vgf b < 15 is used as a criterion to select reliable SED fits.

e obtain vgf b values to be less than 1, except for BSS12, BSS13,
nd BSS14, suggesting that the high reduced χ2 value are driven by 
he small errors in the photometric data points. BSS12 and BSS13
av e e xcess in UV data points, as can be seen in Fig. 3 . Therefore,
t is not surprising that their SED fits have somewhat larger vgf b ,
 5. We conclude that our SED fits, and the derived fundamental

arameters of the BSS candidates, listed in Table 3 , are reliable.
ince the fractional residual exceeds 0.3 in BSS12 and BSS13 in one
r two UV filters, these two BSS were considered for two-component 
ts. Ho we ver, when we attempted to fit them two-component SEDs
s detailed in Section 3.3.1, we were unable to obtain reliable fits
or them as models having a large range of temperatures fitted the
bserved SEDs. These two BSS need to be further investigated for
haracterizing their properties and to understand the reason for their 
V excess. 

.3.1 Two-component SED fits 

f 7 BSS showing fractional residual greater than 0.3 in the UV
ata-points, we successfully fitted 5 BSS with two-components. Of 
hese five BSS, BSS5 and BSS10 are known SB1 (Nine et al. 2020 ),
hereas BSS6, BSS8, and BSS11 are classified as single members 
ue to an absence of detectable periodic radial velocity variation 
Nine et al. 2020 ). BSS6 is also a rapid rotator according to Nine
t al. ( 2020 ) as well as a known δ Scuti variable (Mochejska &
aluzn y 1999 ). F or stars without radial v elocity variation, the UV
ux can be from a hot companion in a low inclination orbit. For
enuine single members, the excess in UV may be due to hot spots,
hromospheric, or coronal activities. The presence of such activities 
ill be implied if the BSS are detected in X-rays. We checked for
-ray counterparts of these 5 BSS showing UV excess. None of

hese sources are detected as X-ray sources by XMM–Newton . This
ndicates that the UV excess is very likely to be due to a hotter
ompanion. 

To fit the second component in these 5 BSS, we used the Koester
D model (Koester 2010 ) which allows a temperature range of

000–80 000 K and log g range of 6.5–9.5. The parameters of the cool
omponents including their errors are derived from the VOSA fits, 
hereas the parameters of the hot component are derived from the

omposite fit. In order to estimate the errors in the parameters of the
ot components, we used a statistical approach as followed by Jadhav
t al. ( 2021 ). We added Gaussian noise proportional to the errors to
ach data point, and generated 100 iterations of observed SEDs for
ach BSS. These 100 SEDs were fitted with double components. 
hen the median values of the parameters derived from the 100 SED
ts were considered as the parameters of the hot companions, and

he standard deviation from the median parameters were considered 
s errors in the parameters. When temperature of all the 100 fits
onverge to one value or the standard deviation is within ±250 K,
e assume the error in the temperature to be 250 K which is half
f the temperature step size of the Kurucz models. Table 3 lists
he parameters of the hot components along with these estimated 
rrors as well as the parameters of the associated BSS. The double-
MNRAS 511, 2274–2284 (2022) 
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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. 
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omponent SED fits for the BSS are shown in Fig. 4 . The top panel
or each BSS shows the fitted SED, with the cool component in
range dashed line, hot component in blue dashed line, the residuals
f 100 iterations are shown in light pink lines, and the composite fit
s shown in green solid line. The bottom panel shows the residual
or both single and composite fits. It can be seen that by fitting the
econd component the residual in the UV data point significantly
ecreases (see Table 3 ). 
BSS5 (WOCS 20009): BSS5 is a long-period SB1 with an orbital

eriod of 4190 d (Nine et al. 2020 ). The best-fitting single SED
ad the χ2 

r of 500 which reduced to a considerably lo wer v alue of
01 ( vgf b = 0.09) with the two-component fit SED. The best-fitting
arameters of the hot companion, T eff = 15 000 K, L = 0.258 L �,
nd R = 0.075 R �, suggest that it could be a low-mass WD. 

BSS6 (WOCS 25008): BSS6 was classified as a single member
y Nine et al. ( 2020 ) that has rapid rotation. It is also a known
Scuti variable with a pulsation period of 0.0868 d (Mochejska
 Kaluzny 1999 ). The two-component SED fitting of this BSS

educed the χ2 
r of the single temperature fit from 396 to 67 ( vgf b 

 0.59). The hot companion has an estimated temperature of T eff 

 11750 K. The estimated L = 0.672 L � and R = 0.197 R �
f the hot companion, are slightly larger as compared to that of 
 WD. 

BSS8 (WOCS 27010): BSS8 has no radial velocity variation (Nine
t al. 2020 ). The two-component SED fit significantly reduced the
2 of the fit, from 879 of the single temperature SED, to 79 ( vgf b 
 0.087). The best-fitting parameters of the hot companion, T eff =

5500 K, L = 0.253 L �, and R = 0.069 R �, suggest that it could be
 low mass (LM) WD. 

BSS10 (WOCS 10011): BSS10 is an SB1 with an orbital period
qual to 517 d and an eccentricity of 0.73 (Nine et al. 2020 ). The
wo-component SED fit significantly reduced the χ2 of the fit, from
22 of the single temperature SED, to 143 ( vgf b = 0.53). The best-
tting parameters of the hot companion are T eff = 12500 K, L =
.293 L �, and R = 0.242 R �. The L and R of the hot companion are
lightly larger as compared to that of a WD. 

BSS11 (WOCS 15015): BSS11 is a single member according
o Nine et al. ( 2020 ). The two-component SED fit slightly reduced
he χ2 

r of the fit, from 134 of the single temperature SED, to 110
 vgf b = 0.089). The best-fitting parameters of the hot companion
re T eff = 15250 K, L = 1.55 L �, and R = 0.178 R �. The L and
 of the hot companion are slightly larger as compared to that of 
 WD. 
h  

NRAS 511, 2274–2284 (2022) 
 DI SCUSSI ON  

.1 BSS properties 

n 8 of the BSS candidates, a single-temperature SED fits satisfac-
orily, whereas in 5 BSS (2 SB1, 1 rapidly rotating star which is
 known δ Scuti variable, and 2 single members), a composite of
wo components is found as a better fit. The temperatures of the
SS range from 7250 K to 10250 K. This is considerably higher

han the BSS of older open clusters such as NGC 188 in which they
ange from 6100 K to 6800 K (Gosnell et al. 2015 ), or King 2, in
hich they range from 5750 to 8000 K (Jadhav et al. 2021 ), but

re comparable to another intermediate-age open cluster NGC 2682,
n which they range from 6250 K to 9000 K (Jadhav et al. 2021 ).

e estimated BSS masses by extrapolating the single star main-
equence 1.6 Gyr PARSEC isochrone. The BSS masses range from
.50 M � to 2.65 M �. Comparing these masses with the turnoff mass,
.55 M �, of the cluster, we have 5 BSS (33 per cent) with masses
reater than 0.5 M � from the turnoff mass, 6 BSS (35 per cent)
ith masses greater than 0.2–0.5 M � from the turnoff mass, 4 BSS

26 per cent) with masses greater than 0–0.2 M � from the turnoff
ass, and a single BSS (6 per cent) with mass slightly less than the

urnoff mass. This mass distribution of the BSS looks similar for
ther open clusters with ages smaller than 2 Gyr as shown by Leiner
 Geller ( 2021 ). In particular, our greater percentage (33 per cent)

f massive BSS with masses greater than 0.5 M � from the turnoff
ass, is consistent with its younger age, and with the lower o v erall

ercentage (23 per cent) of such BSS in the entire sample of clusters
f 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

iagram as shown in the Fig. 5 . The PARSEC isochrone of log age =
.20 is o v erplotted on the diagram (Bressan et al. 2012 ) along with the
ow-mass WD cooling curves from Panei et al. ( 2007 ), evolutionary
equences for ELM WD with masses smaller than 0.18 M � from
lthaus et al. ( 2013 ), and BaSTI zero age HB (Hidalgo et al. 2018 ,
AHB). The BSS with single temperature SEDs are marked as blue
pen triangles. The cooler components of the BSS fitted with two
emperature SEDs are shown as open squares of different colours and
heir hot companions are shown by the same coloured filled squares.
s a reference, the hot companions of BSS of other open clusters

uch as King 2 (Jadhav et al. 2021 ), NGC 1851 (Singh et al. 2020 ),
nd NGC 188 (Subramaniam et al. 2016 ) are shown in the figure.
SS5-A and BSS8-A are lying close to the main-sequence. Their
ot companions, BSS5-B and BSS8-B lie on the ELM WD model of

art/stac207_f3.eps
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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.). 

Figure 4 – continued 
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.1820 M � from Althaus et al. ( 2013 ). Both these companions are
hus likely ELM WD candidates. BSS6-A is lying near the blue hook,
hereas its hot companion, BSS6-B is lying on the ELM WD track
f mass 0.1762 M � (Althaus et al. 2013 ). It may be a very young
LM He-WD. BSS10-A is lying near the blue hook and BSS11-A is

ying away from the main-sequence. Both of their hot companions 
SS10-B and BSS11-B are located between the ELM WD tracks of
asses 0.1762 and 0.1820 M �. These hot companions of BSS10 and
SS11 are also likely to be ELM WD stars. 

.2 Formation pathways of BSS with hot companions 

he disco v ery of ELM WD with masses ≤0.18 M � in these fiv e BSS
s secondary companions confirm that these objects are indeed post 
ass transfer systems as He-WD ≤0.4 M � cannot form within the
ubble time from a single star evolution (Brown et al. 2010 ). The
resence of ELM WD as companions in these BSS imply that their
ormation happened via the Case-A/Case-B mass transfer process. 
his formation mechanism would result into a binary system having 
 short orbital period. The two known SB1 among these BSS with
LM WD companions, BSS5 and BSS10, are long-period binaries. 
SS5 is a known SB1 from Nine et al. ( 2020 ) with an orbital period
f 4190 d and an eccentricity of 0.27. BSS10 is an SB1 with an orbital
eriod equal to 517 d and an eccentricity of 0.37. These long orbital
eriods along with the estimated masses of ELM WD imply that
MNRAS 511, 2274–2284 (2022) 
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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 & C ́orsico ( 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. 
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hese systems are inconsistent with the stable mass transfer process
Rappaport et al. 1995 ). We infer that these two BSS are likely in
ierarchical triple systems, with BSS progenitor as a member of inner
inary which gained mass from its primary companion when it filled
ts Roche lobe (Kozai mechanism; Perets & F abryck y 2009 ). BSS5
as an estimated mass of ∼1.65 M �, whereas BSS10 has an estimated
ass of ∼1.93 M �. Assuming that they had an initial mass same as

he turnoff mass, ∼1.55 M �, these two BSS gained at least ∼0.1–
.4 M � from the primary of the triple system which then evolved to
ecome ELM WD. Several examples of LM/ELM WD companions
o long orbital period SB1 have been found in the literature. For
 xample, P ande y et al. ( 2021 ) found 3 BSS + WD systems with
M/ELM WD with orbital parameters outside the limits of the stable
ass transfer by Case-B process. They also speculated that such

ystems may in fact be triple systems with the detected LM/ELM
D in a closer inner orbit yet to be characterized. Alternately, the

resence of LM/ELM WD in these long orbital period BSS may
mply that the stable MT mechanism needs modification to include
heir formation. 

BSS6 is a known δ Scuti variable and a rapid rotator (Nine
t al. 2020 ). Its rapid rotation points towards a recent mass transfer
pisode. We estimate its mass to be 1.76 M �. Thus, it has gained
n additional mass of at least ∼0.2 M � in the mass transfer process.
f the five BSS with ELM WD companions, BSS8 and BSS11
NRAS 511, 2274–2284 (2022) 
o not have radial velocity variation as per Nine et al. ( 2020 ). We
stimated their masses to be 1.65 M � and 1.76 M �, respectively.
ence these two BSS gained additional mass of at least ∼0.1–
.2 M �. Using the grid of ELM WD available in Althaus et al.
 2013 ), we estimate the cooling ages of these five ELM WD to
ange between ∼100 and 1000 Myr. Moreo v er, we suggest that as
ll these BSS formed via Case-A/Case-B mass transfer process,
hey are not likely to have differences in their surface chemical
omposition since they did not accrete material from an AGB
ompanion. 

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

 C O N C L U S I O N S  

(i) We studied 16 BSS of the intermediate-age open cluster NGC
789 using the UVIT observations in three NUV filters N245M,
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263M, and N279N, and one FUV filter F148W. We presented a 
etailed analysis of all the BSS on the basis of their SEDs, excluding
f BSS1, which has a few nearby sources within 2 arcsec. 
(ii) There are 8 BSS that do not show excess in the UV data

oints and are successfully fitted with a single temperature SED. 
wo BSS, BSS12 and BSS13, show some excess in the UV data
oints, ho we ver, we are unable to obtain a good fit for the second
omponent in our current analysis. There are 5 BSS that show UV
xcess greater than 30 per cent from the best-fitting model and are
uccessfully fitted with a hot + cool composite models. 

(iii) Based on the SED fitting, temperatures of BSS range from 

250 K to 10250 K. By extrapolating based on the single-star cluster
sochrone, BSS masses range from 1.50 M � to 2.65 M �, with
3 per cent of the BSS having masses greater than 0.5 M � from
he turnoff mass. 

(iv) We disco v er ELM WD candidates with temperatures ranging 
rom T eff ∼ 11750 K to ∼15500 K in five BSS. These ELM WD are
ikely with masses smaller than ∼0.18 M �. The presence of ELM

D as secondary companions confirm that these are indeed post 
ass transfer systems. The estimated cooling ages of these ELM 

D range from ∼100–1000 Myr. 
(v) Among the five BSS with ELM WD companions, two BSS 

re known SB1. BSS5 has an orbital period ≥4000 d. BSS10
as an orbital period of ≥500 d. The presence of ELM WD
ompanions demands a close binary orbit for the Case-A/Case-B 

ass transfer to happen. These BSS are likely to be in the inner
inary of triple systems with the detected ELM WD in a closer inner 
rbit. 
(vi) The other three BSS with ELM WD companions are having 

emperatures T eff ∼ 11750 K–15500 K. One of them, BSS6, is a 
apid rotator and a known δ Scuti variable. 

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