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ABSTRACT

Context. Evolutionary pathways of binary systems are vastly different from single stellar evolution, and thus there is a need to quantify
their frequency and diversity. Thanks to their to their coeval nature, open clusters are the best test beds for unveiling the secrets of
binary populations. The availability of multi-wavelength data in recent years has been critical in characterising the binary population.
Aims. NGC 752 is a solar-metallicity, intermediate-age open cluster located at 460 pc. In this work, we aim to identify the optically
sub-luminous white dwarfs in NGC 752 and identify the elusive blue lurkers by association.
Methods. We used multi-wavelength photometry from AstroSat/UVIT, Swift/UVOT, Gaia DR3, and other archival surveys to analyse
the colour-magnitude diagrams and spectral energy distributions of 37 cluster members.
Results. We detected eight white dwarf companions of cluster members. Four of the systems are main sequence stars with extremely
low-mass white dwarfs as their companions. Two of these main sequence stars are also fast rotators.
Conclusions. The presence of low-mass white dwarfs and fast rotation signals a past mass transfer, and we classify the four main
sequence stars as blue lurkers. The binary fraction in NGC 752 is estimated to be 50–70%, and it shows that the contribution of
optically undetected stars is crucial in quantifying the present-day binary fraction.

Key words. catalogs – binaries: general – Hertzsprung-Russell and C-M diagrams – white dwarfs –
open clusters and associations: individual: NGC 752 – ultraviolet: stars

1. Introduction

A good fraction of stars in the Galaxy are part of binary or mul-
tiple systems. The evolution of stars in such systems can vary
due to interactions with a close companion. Due to the diversity
of binary orbital parameters, predicting the nature of the inter-
action and its final product is not always possible. We studied
open clusters (OCs) to identify optically sub-luminous hot com-
panions in binary systems and detect the signs of mass transfer
in these systems.

More specifically, we studied a nearby intermediate-age OC,
NGC 752 (αJ2000 = 01h58m, δJ2000 = +37◦52′). Table 1 gives the
basic parameters of the cluster. It has been widely studied using
imaging (Ebbighausen 1939; Eggen 1963; Crawford & Barnes
1970; Arribas et al. 1990; Platais 1992; Twarog et al. 2015)
and spectroscopy (Hobbs & Pilachowski 1986; Pilachowski
et al 1989, Hobbs & Thorburn 1992; Böcek Topcu et al. 2020;
Boesgaard et al. 2022), as well as in X-rays (Belloni & Verbunt
1996; Giardino et al. 2008). NGC 752 has a moderate binary
fraction of ≈40% (Jadhav et al. 2021b). Maderak et al. (2013)
noted a main sequence (MS) turn-off mass of 1.82 M� and
reported an O overabundance in the cluster’s cool dwarfs.

? The full version of Table 3 is available at the CDS via anonymous
ftp to cdsarc.cds.unistra.fr (130.79.128.5) or via https://
cdsarc.cds.unistra.fr/viz-bin/cat/J/A+A/688/A152
?? Corresponding authors; vjadhav@uni-bonn.de, purni@iiap.
res.in

Recently, Buckner & Sandquist (2018) reported the discov-
ery of a MS–white dwarf (WD) system in NGC 752 using
Gaia photometry and panchromatic spectral energy distribu-
tions (SEDs). Milone et al. (2019) studied an eclipsing double-
lined spectroscopic binary (SB2) system, DS Andromedae,
and estimated the dynamical properties of its components.
Bhattacharya et al. (2021) find tidal tails around the cluster
spanning 35 pc. They also find that the cluster has lost 92.5–
98.5% of its mass due to stellar evolution and tidal interac-
tions. Sandquist et al. (2023) analysed two eclipsing binaries
in the turn-off of NGC 752 and postulated a non-standard
evolution for both binaries. The cluster is well separated in
proper motion space and has a well-established list of mem-
bers. Cantat-Gaudin et al. (2020) list 223 members brighter than
18 Gmag, and Agüeros et al. (2018) list 258 members in the
F0–M4 spectral range. For further analysis, we used the mem-
bers from Cantat-Gaudin et al. (2020) due to the better precision
of their Gaia data.

In an OC, the mass of young WDs is predefined based on its
MS turn-off mass. For NGC 752, the young WDs should each
have masses of ≈0.5 M� (Maderak et al. 2013; Cummings et al.
2018). However, there is evidence of young, ≈0.2 M� WDs in
other OCs, such as M67 (Landsman et al. 1997; Jadhav et al.
2019). The evolution of such extremely low-mass WDs (ELMs)
through single stellar evolution within the Hubble time is not
possible. Hence, they must be the products of a binary inter-
action with mass donors (Marsh et al. 1995). The ELMs stay
bright and hot longer than higher-mass WDs due to their thick
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atmospheres and lower initial temperature. Hence, it is much
more common to detect ELMs when the companion has evolved
(into a WD or a neutron star) and become optically sub-luminous
(Brown et al. 2010). Detecting such optically dominant ELMs is
also quite efficient (Pelisoli & Vos 2019). In contrast, detecting
ELMs in the presence of an optically bright companion is much
more challenging. As these young WDs are hot but compact,
their optical flux is multiple magnitudes lower than the MS-like
acceptor present in close proximity. To identify these unresolved
binaries with different temperatures, a multi-wavelength SED
can be used (Jadhav 2022). If we know a system is made up of an
MS star and an ELM, this can provide evidence of mass transfer
in the system. Complementarily, OCs are known to host post-
mass-transfer systems containing blue stragglers (Sandage 1953)
and blue lurkers (Leiner et al. 2019). Blue stragglers are more
massive and bluer than MS stars formed via mass transfer or col-
lisions (McCrea 1964; Hills & Day 1976). Blue lurkers are MS
stars but have a similar mass transfer history as blue stragglers;
they are identified based on their faster rotation (Leiner et al.
2019) or other mass transfer signatures (Jadhav et al. 2019).
The identification and frequency of blue stragglers in OCs and
globular clusters has been well established (Knigge et al. 2009;
Jadhav & Subramaniam 2021). However, identifying blue lurk-
ers is difficult due to their unremarkable position in the colour-
magnitude diagram (CMD). Presently, only a handful of clusters
have blue lurker candidates (Jadhav et al. 2019; Nine et al. 2023;
Dattatrey et al. 2023); this sample is highly incomplete due to
the elusive and transient signatures of mass transfer.

In this work we used multi-wavelength photometry of NGC
752 to detect ELM candidates in the cluster and increase the
sample of known blue lurkers by association. The paper is organ-
ised as follows: Sect. 2 presents the data and analysis, we present
and discuss the results in Sect. 3, and we summarise our findings
in Sect. 4.

2. Observations and analysis

2.1. Data

NGC 752 was observed with UltraViolet Imaging Telescope
(UVIT) on board AstroSat on 2019 December 27 in two far-UV
filters. The details of the observations are given in Table 2. The
calibration and instrumentation details of UVIT can be found
in Tandon et al. (2017, 2020) and Kumar et al. (2012), respec-
tively. The UVIT images were processed using ccdlab to cre-
ate science-ready images (Postma & Leahy 2017, 2020, 2021).
The point spread function photometry was performed using
iraf (Tody 1993). The UVIT photometric catalogue is given in
Table 3, the full version of which is available at the CDS.

We used the Cantat-Gaudin et al. (2020) catalogue for clus-
ter membership information. The sources with proba > 0.5
were considered members for further analysis. Among the 212
UVIT-detected sources, 25 are cluster members. We also found
19 cluster members in the Swift/Ultra-violet Optical Telescope
(UVOT) catalogue (Siegel et al. 2019)1. The total number of
cluster members with at least a UVIT or UVOT detection is
31 sources. Table 2 gives information about the source detec-
tion in the UV. The optically faintest UV member had a mag-
nitude of ∼15.8 Gmag. We selected all 39 sources brighter than
15.8 Gmag within the same field of view for further SED anal-
ysis. This enabled us to study the UV properties of a G-band
magnitude-limited sample of cluster members.

1 https://archive.stsci.edu/hlsp/uvot-oc

Table 1. Basic parameters of NGC 752.

Parameter Literature values This work

Age 1.45±0.05 [3], 1.34±0.06 [4], 1.58
(Gyr) 1.41 [5], 1.52 [7] ±0.11
Distance 474.2 [3], 438±8 [4], 448 [7], 461
(pc) 483±15 [8], 443.8 [9] ±13
E(B − V) 0.048±0.009 [1], 0.034±0.004 [3], 0.0435
(mag) 0.05 [5], 0.035 [7], 0.024 [8] ±0.0050
[Fe/H] 0.16±0.09 [1], –0.063±0.013 [2], 0.0
(dex) −0.071±0.014 [3], 0.0 [5] ±0.1

Notes. [1] Bartašiūtė et al. (2011), [2] Maderak et al. (2013), [3]
Twarog et al. (2015), [4] Agüeros et al. (2018), [5] Siegel et al. (2019),
[6] Lum & Boesgaard (2019), [7] Böcek Topcu et al. (2020), [8]
Cantat-Gaudin et al. (2020), [9] Agarwal et al. (2021).

Table 2. Log of UVIT and UVOT observations.

Filter λpivot Exp. time No. of sources Members
[Å] [s]

F148W 1481 4747 199 22
F169M 1609 2569 92 25
UVW1 2581 798 338 18
UV M2 2246 1032 301 18
UVW2 2055 1076 314 19

Figure 1a shows the spatial distribution of Gaia DR2 mem-
bers and UV-detected members. Figure 1b shows the error dis-
tribution for UV images. Figure 1 (c) shows the Gaia CMD of
the cluster, including UV-detected sources. Figures 1d–f show
the UV-optical CMDs of NGC 752.

We checked the source locations in aladin2 and Gaia DR3
to look for crowding within 5′′. Two stars out of the 39
(star4 and star27) were excluded from further SED analy-
sis due to the presence of close neighbours. In addition to
UVIT and UVOT photometry, we used vosa (Bayo et al. 2008)
to search the UV-detected sources in photometric archives:
Two Micron All-Sky Survey (2MASS; Skrutskie et al. 2006),
AKARI/IRC (Murakami et al. 2007; Onaka et al. 2007), Wide-
field Infrared Survey Explorer (WISE; Wright et al. 2010),
Panoramic Survey Telescope and Rapid Response System
(Pan-STARRS Chambers et al. 2016), the Uvbyβ photoelectric
photometric catalogue (Hauck & Mermilliod 1998), and Gaia
DR3 (Gaia Collaboration 2023). The photometry was corrected
for reddening using the Fitzpatrick (1999), Indebetouw et al.
(2005), and Castelli & Kurucz (2003) extinction laws. In
addition to imaging data, 27 stars within the sample have
Apache Point Observatory Galactic Evolution Experiment
(APOGEE) DR17 spectroscopic data (Majewski et al. 2017;
Abdurro’uf et al. 2022).

2.2. Isochrone fitting

We used PARSEC isochrones with [M/H] = 0.0 and a log(age)
range of 9.05–9.20 (with steps of 0.03) to get the best-fitting
isochrone. The fitting was done visually; the parameters are
given in Table 1. The given errors are the grid sizes used in the
fitting. The solar-metallicity 1.58 Gyr PARSEC isochrone with

2 https://aladin.u-strasbg.fr/AladinLite/
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Table 3. SED parameters of NGC 752 members with significant UV excess.

Name Platais ID (†) RAdeg DEdeg Teff A LA MHA Teff B LB MWD
[◦] [◦] [K] [L�] [K] [mL�]

star1 29.2828 37.8243 4000+250
−250 0.08+0.02

−0.02 −0.5 14 250+250
−500 1.3+0.3

−0.3 1.2
star14 955 29.4973 37.9149 6500+250

−250 12.11+2.48
−2.48 −0.5 13 750+250

−250 38.7+8.5
−8.7 0.2

star17 1000 29.5476 37.6592 6750+250
−250 3.13+0.64

−0.64 0.0 10 750+250
−250 120.3+24.7

−24.8 0.16
star18 1089 29.6243 37.8603 5000+250

−250 27.65+5.67
−5.67 0.0 9500+250

−250 18.4+3.8
−3.9 0.18

star30 689 29.2633 37.929 6500+250
−250 2.31+0.47

−0.48 0.0 14 250+250
−250 8.7+2.2

−2.2 0.5
star33 641 29.2211 37.8692 6500+250

−250 9.23+1.89
−1.89 −0.5 15 250+250

−250 20.8+4.5
−4.5 0.3

star35 580 29.1635 37.8614 7000+250
−250 8.1+1.66

−1.66 0.0 15 250+250
−250 41.5+8.6

−8.6 0.2
star43 1117 29.6538 37.7529 6750+250

−250 16.8+3.44
−3.44 −0.5 13 750+250

−250 95.0+21.7
−21.6 0.19

star3 772 29.3364 37.8619 6500+250
−250 10.0+2.05

−2.05 0.0 12 500+250
−250 55.3+12.8

−11.4 0.19
star6 824 29.3827 37.8945 6750+250

−250 2.67+0.55
−0.55 0.0 12 500+250

−250 18.3+3.8
−3.8 0.2

star8 867 29.4123 37.77 5000+250
−250 36.27+7.44

−7.44 0.0 12 750+1750
−500 1.1+0.6

−0.5 1.2
star9 868 29.4144 37.8737 6750+250

−250 7.35+1.52
−1.52 −0.5 11 250+250

−250 234.0+48.0
−49.1 0.17

star13 950 29.4908 37.8061 6500+250
−250 3.23+0.66

−0.66 0.0 11 500+250
−250 36.9+7.6

−7.6 0.19
star16 988 29.5321 37.6658 6750+250

−250 4.94+1.01
−1.01 −0.5 11 750+250

−250 124.4+28.6
−27.3 0.18

star40 890 29.4364 37.9884 6500+250
−250 10.89+2.23

−2.23 −0.5 15 000+250
−250 21.3+4.4

−4.4 0.3

Notes. The top eight sources have no X-ray detection. The bottom seven sources have X-ray emission, and hence the SED fitted parameters of the
B component may be unreliable. (†)The ID number from Platais (1992). An extended version of the table, including UVIT photometry and SED
fitting parameters, is available at the CDS.
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Fig. 1. Photometric properties of NGC 752. (a) Spatial distribution of NGC 752 members and UV detections. The Gaia-based cluster mem-
bers (grey circles), UVOT detections (red triangles), UVIT detections (blue-filled triangles), and the stars brighter than 15.8 Gmag analysed via
SED fitting (grey-filled circles) are shown. The large grey circle denotes the UVOT field of view. (b) Photometric errors in UVIT/F148W and
UVIT/F169M photometry. Cluster members are shown as blue circles, while all UV detections are shown with dots. The magnitude errors in the
F169M filter are offset by 0.2 mag for clarity. (c) Gaia CMD of the cluster members and their UV detections. The symbols are the same as in
panel a. (d) UVOT-Gaia CMD. (e) UVIT-Gaia CMD. (f) UVIT-UVOT CMD. The reddened PARSEC isochrone (grey curve) and binary isochrone
(dashed grey curve) are shown for reference in panels c–f.
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Fig. 2. HRD positions of NGC 752 mem-
bers and their companions. The NGC 752
members with UV excess and a binary fit
are shown as red-filled squares, and hot com-
panion candidates as blue-filled squares. Cyan
crosses mark the X-ray-detected sources. Previ-
ously detected compact companions in the OCs
King 2 (green diamonds), M67 (green squares),
Melotte 66 (green star), NGC 188 (green cir-
cles), NGC 2506 (green downward pointing
triangles), NGC 6971 (green upward pointing
triangles), NGC 7142 (green leftward point-
ing triangles), and NGC 7789 (green rightward
pointing triangles) are also shown. The cluster
isochrone (grey curve), Bergeron et al. (1995)
WD cooling curves (dashed grey curves),
Althaus et al. (2013) WD cooling curves (dot-
ted grey curves), and HRD positions of field
sdBs (blue dots) and ELMs (red dots) are shown
for reference.

the distance of 461 pc and E(B − V) of 0.0435 are plotted in
Figs. 1 and 2.

2.3. SED fitting

We used a distance of 461 ± 37 pc to cover the mean distance
from the isochrone and the literature values in Table 1. Similarly,
a E(B−V) extinction of 0.0435±0.0100 (≡AV of 0.135±0.030)
was used to de-redden the stellar fluxes.

The 37 isolated sources3 were fitted with a single SED com-
posed of a Kurucz spectrum (suitable for MS and giant com-
ponents; Castelli & Kurucz 2003). The parameter range of the
Kurucz models was as follows: Teff ∈ [3500, 9000], log g ∈ [3,
5], [M/H] ∈ [−0.5, 0], and alpha = 0. The SED fitting was
performed using Binary_SED_Fitting v3.3.04 (Jadhav et al.
2021a). Binary_SED_Fitting performs a χ2 minimising grid
to find the component’s parameters. A few data points were
removed from the sources to improve the fit. These non-fitted
points are indicated in the respective SEDs in Fig. A.1.

We find that 15 out of the 37 sources show UV excess
flux in at least two UV filters. The excess was identified
using a fractional residual (FR) ∆ f lux/ f luxobs > 0.5. These
sources were further fitted with a second component composed
of a Koester spectrum suitable for WD components (Koester
2010; Tremblay & Bergeron 2009). The parameter ranges for
the Koester models were as follows: Teff ∈ [7000, 80 000] and
log g ∈ [6.5, 9.5]. The resultant binary SED fits are shown in
Fig. A.1 and Table 3. An extended version of the table is avail-
able at the CDS.

3. Results and discussion

Figure 1 shows the spatial location of the NGC 752 members.
There are 37 isolated members within a common field of view
and the UV detection limit. The optical CMD (Fig. 1c) and near-
UV CMD (Fig. 1d) show that the cluster members follow the the-

3 None of these sources are variable based on Gaia DR3 data.
4 https://github.com/jikrant3/Binary_SED_Fitting

oretical isochrones. However, some of the MS turn-off members
in the UV CMDs (Fig. 1d–f) appear brighter than the isochrones.
This is an indication of UV excess in these stars. In the com-
bined UVIT and UVOT data, we find significant UV excess in
15 sources (40%).

Figure 2 shows the Hertzsprung–Russell diagram (HRD)
of the isolated cluster members brighter than 15.8 Gmag.
The optically bright members all lie along the theoretical
isochrone. The HRD positions of field ELMs (subsample from
Brown et al. 2016) and field hot subdwarfs (the sdOs and sdBs
sub-samples from Geier 2020) are shown for comparison;
their parameters were derived using vosa (Bayo et al. 2008;
Jadhav et al. 2023). The hotter components from binary SED
fitting are also shown as blue squares. Their HRD positions
are similar to those of the field ELMs. For reference, we
have also plotted the HRD positions of known hotter com-
panions in other OCs: King 2 (Jadhav et al. 2021a), M67
(Sindhu et al. 2019; Jadhav et al. 2019; Subramaniam et al. 2020;
Pandey et al. 2021), Melotte 66 (Rao et al. 2022), NGC 188
(Subramaniam et al. 2016), NGC 2506 (Panthi et al. 2022), NGC
6791 (Jadhav et al. 2023), NGC 7142 (Panthi et al. 2024), and
NGC 7789 (Vaidya et al. 2022).

We compared the HRD position of the hotter companions to
WD cooling curves to estimate the photometric mass. We used
the Bergeron et al. (1995) WD cooling curves for WDs more
massive than 0.2 M� and those from Althaus et al. (2013) for
less massive WDs. Of the 15 WD candidates, 10 have photo-
metric masses of ≤0.2 M�. Seven of these WD candidates are
also detected in X-rays (Giardino et al. 2008). The source of the
X-ray could also contaminate the UV flux. Hence, we cannot be
sure that the UV flux solely comes from a UV-bright WD and
cannot trust the resultant SED parameters. This still leaves eight
WD candidates in NGC 752, five of which are ELM candidates
– star14, star17, star35, and star43 are in MS+ELM systems, and
star18 is in a giant+ELM system. In addition, the fact that star1
is in a system with a high-mass WD suggests that star1 had a
massive progenitor, likely a blue straggler.

The APOGEE survey provides v sini measurements, which
are indicators of the rotation velocity of the dwarf stars. Faster
rotation has been linked to recent mass accretion and is an
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indicator of a blue lurker (Leiner et al. 2019). Among the
WD candidates, four stars (star17, star30, star33, and star35)
have v sini measurements (with values of 15–96 km s−1). Star17,
star33, and star35 have low-mass WD companions (0.2–0.3 M�),
and star33 has the highest v sini of 96 km s−1. Overall, the
MS+WD systems have higher v sini compared to stars without
UV excess (v sinimedian = 5.4 km s−1). The enhanced v sini is in
line with the recent mass transfer history required to form the
low-mass companions to star17, star33, and star35.

The binary fraction derived using unresolved binaries in the
optical CMD of NGC 752 is 28–48% (Jadhav et al. 2021b).
From the optical CMD (Fig. 1a), we can see that only a few
UV-detected sources lie near the binary isochrone. The rest lie
on the MS, which means they will not be included in the binary
population based on the optical CMD. Of the 37 analysed sys-
tems, eight (i.e. 22%) are binaries, either MS+WD or giant+WD
systems (all of which lie on the MS in the optical CMD). The
binary fraction of the cluster becomes 50–70 % when including
these MS+WD systems. The current work is sensitive to sys-
tems where the FR is more than 0.5, equivalent to an excess flux
of 0.44 mag in at least two filters. To achieve this, the bluest MS
turn-off star (star35) would require a WD companion brighter
than 19.2 mag in F148W. The UV magnitude limit also con-
strains the amount of time such a WD can be detected for a given
mass: <1 Gyr for 0.19 M� (Althaus et al. 2013), <100 Myr for
0.5 M�, and <270 Myr for 1.2 M� (Bergeron et al. 1995). Thus,
a typical CO core hydrogen atmosphere WD (0.5 M�) in NGC
752 will be visible for only 100 Myr. A He core WD cools down
more slowly than the CO core WDs, thus leading to a higher
detection rate. Overall, this demonstrates that the binary fraction
estimates limited to optical analyses can lead to an underestima-
tion of the present-day binary fraction.

4. Conclusions and summary

We analysed a magnitude-limited sample of 37 members of
NGC 752 (35 MS stars and 2 giants) using UVIT, UVOT, Gaia,
and other archival data.

– The SED analysis shows that the cluster hosts at least eight
WDs hidden in binary systems. Five WDs are ELMs; they
are companions to four MS stars and one giant star.

– There are four MS+ELM systems, two of which have faster
rotation (v sini), which is also a signature of recent mass
transfer. Based on the ELM companion and fast rotation, we
classify these four sources as blue lurkers (>11% of the MS
population). Thus, NGC 752 is the third OC confirmed to
contain blue lurkers, after M67 and NGC 6791. Six other MS
stars with X-ray detection could also harbour an ELM com-
panion. However, more analysis is needed to confirm their
presence.

– The binary fraction of MS+WD systems is 20% (7/35). The
binary fraction of NGC 752, accounting for the WD compan-
ions, is 50–70% (22% more than the binary fraction based on
unresolved binaries in optical CMDs). A similar increase in
the binary fraction of other clusters is also expected.
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Appendix A: Supplementary figures
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Fig. A.1. Binary SED fittings of the NGC 752 members. The red, blue, and green curves represent model SEDs of the cooler component, the hotter
component, and the binary system, respectively. The black error bars and hollow circles show the fitted and non-fitted observed flux, respectively.
The bottom panels in each SED show the FR in each fit with colours similar to the SEDs.
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