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ABSTRACT

Aims. We present the results of the analysis of five observations of the globular clutser 47 Tucanae (47 Tuc) with the extended Roentgen
Survey with an Imaging Telescope Array (eROSITA) on board the Spektrum-Roentgen-Gamma (Spektr-RG, SRG). We study the X-ray
population in the field of one of the most massive globular clusters in our Milky Way. We focused on the classification of point-like
sources in the field of 47 Tuc. The unresolved dense core of 47 Tuc (1.7 radius) and also sources that show extended emission are
excluded from this study.

Methods. We applied different methods of X-ray spectral and timing analysis together with multi-wavelength studies to classify the
X-rays sources in the field of 47 Tuc.

Results. We detected 888 point-like sources in the energy range of 0.2-5.0 keV. We identified 126 background active galactic nuclei
and 25 foreground stars. One of the foreground stars is classified as a variable M dwarf. We also classified 14 X-ray sources as members
of 47 Tuc, including one symbiotic star, two quiescent low-mass X-ray binaries, and four cataclysmic variables. There are also five X-ray
sources that can either be a cataclysmic variable or a contact binary, and also one X-ray source can be an active binary (type RS CVn).
We identified one X-ray binary that belongs to the Small Magellanic Cloud. Moreover, we calculated the X-ray luminosity function of
47 Tuc. No significant population that seems to belong to the globular cluster is observed in the energy range of 0.5-2.0 keV using

eROSITA observations.

Key words. globular clusters: general — X-rays: binaries — binaries: symbiotic — novae, cataclysmic variables

1. Introduction

Globular clusters (GCs) are known as spherical, compact, old,
and bright accumulations of stars. They are mainly observed in
the halo, thick disk, and the bulge of the Galaxy, but are absent
from the thin disk (e.g. Gratton et al. 2019). The dynamical
structure of GCs is ideal for the formation of a large number
of binary systems, especially short-period close binaries. Sev-
eral studies (e.g. Gendre et al. 2003; Pooley et al. 2003; Heinke
et al. 2003) have shown that there is a significant correlation
between the number of low-luminosity X-ray sources in GCs and
the encounter frequency in GCs, but not with the mass of GCs.
This means that X-ray sources with L, > 103! ergs™! in dense
clusters mainly formed dynamically. As the X-ray studies show,
the lower-density GCs are more dominated by BY Dra and RS
CVn systems (e.g. Bassa et al. 2004, 2008; Cheng et al. 2018;
Belloni et al. 2019; Heinke et al. 2020). So far, various types
of X-ray binary systems have been frequently observed in GCs.
The observation of the bright persistent low-mass X-ray bina-
ries (LMXBs; L, >10% ergs™') in GCs started with the earliest
X-ray missions (e.g. Uhuru, Cominsky et al. 1977). Since then,
it has been suggested that the mass-normalised formation rate
of LMXBs in GCs is orders of magnitudes higher than in the

* Full Tables B.1-B.3 are only available at the CDS via anonymous ftp
to cdsarc.u-strasbg.fr (130.79.128.5) or viahttp://cdsarc.
u-strasbg.fr/viz-bin/cat/J/A+A/661/A35

** Based on observations obtained with eROSITA.
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Galactic disk because the stellar densities in the core of GCs
are high (Clark 1975). Later studies confirmed eight persistently
luminous LMXBs in GCs (Bahramian et al. 2014) and addi-
tional transient LMXBs have been detected in outbursts (e.g.
Altamirano et al. 2008; Heinke et al. 2010; Sanna et al.
2017, 2018; Homan et al. 2018). The main population of
X-ray sources in the GCs are the less luminous X-ray sources
(Lxy < 103 ergs™"), which are potentially a mixture of quies-
cent LMXBs, different types of accreting white dwarfs (AWDs),
radio millisecond pulsars (MSP), and magnetically active binary
systems.

We study the population of X-ray sources in the field of
the Galactic globular cluster 47 Tucanae (47 Tuc) observed
with the extended Roentgen Survey with an Imaging Tele-
scope Array (eROSITA). 47 Tuc (also known as NGC 104; RA:
00h24m05.36s, Dec: —72°04’53.2”") has a half-mass radius of
2/76 and a mass of 7.10 X 10° M, and is one of the most mas-
sive GCs in the Galaxy (Marks & Kroupa 2010). Hansen et al.
(2013) measured an age of 9.7+ 0.4 Gyr and a metallicity of
[Fe/H] =-0.75 for 47 Tuc. The most recently updated distance
measurement using parallaxes from Gaia (second data release)
yields a distance of 4.45+0.01 £0.12 for 47 Tuc (Chen et al.
2018). The first identification of the X-ray sources in the core of
47 Tuc was performed using the data of the Einstein (e.g. Hertz
& Grindlay 1983; Paresce et al. 1992; Auriere et al. 1989) and
ROSAT observatories (Hasinger et al. 1994; Verbunt & Hasinger
1998). Later studies using the high-resolution cameras of
Chandra identified more than 100 X-ray sources in the core
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Fig. 1. Combined X-ray image of eROSITA observations in the field of 47 Tuc with a total radius of 42’. We studied all visible point-like sources
(888 sources). The half-mass radius of 47 Tuc is shown within the solid white region. The dashed red circles show the regions observed by five
eROSITA observations. The larger and smaller solid green regions with radii of 18’8 and 1!7 show the area that is covered by all observations and
the extent of the unresolved emission from the centre of 47 Tuc, respectively. The area between these two regions was used to calculate the X-ray

luminosity function (see Sect. 5.5).

of 47 Tuc, including 15 X-ray counterparts of the known radio
millisecond pulsar at that time (Grindlay et al. 2001). Edmonds
et al. (2003) performed the first deep optical/X-ray study using
the data of Chandra and Hubble Space Telescope. In their study,
optical counterparts of cataclysmic variables and active binaries
were found. Using deeper data of Chandra, Heinke et al. (2005)
published a catalogue of 300 X-ray sources within the half-mass
radius and presented a classification of different types of X-ray
sources. Bhattacharya et al. (2017) studied the sources of the core
of 47 Tuc within a radius of 2!7 using Chandra observations and
performed an X-ray spectral analysis for known MSPs identified
in a radio survey (Ridolfi et al. 2016). They also reported the
classification of five active binary systems in 47 Tuc. Moreover,
recently, Cheng et al. (2019) studied the distribution of both faint
and bright X-ray sources within the radius of 7’5. (see Fig. 1).
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For the first time, eROSITA has provided X-ray data of the field
around 47 Tuc within a large area of 40’ radius, which enables
us to perform the analysis of the X-ray sources of 47 Tuc in a
noticeably larger region than in the Chandra studies as men-
tioned above. However, we had to ignore the central 1.7 circular
region of 47 Tuc in the eROSITA data because the emission
is spatially unresolved. This paper reports the details of the X-
ray analysis along with multi-wavelength studies (mainly in the
optical, infrared, and near-infrared) to classify X-ray sources in
the field of 47 Tuc. In Sect. 2, we describe the data reduction,
source detection, and preparation of the source catalogue. In
Sects. 4 and 3 we present the multi-wavelength studies and the
X-ray analysis, respectively, which are used to classify the X-ray
sources. In Sect. 5, we discuss the details of the classification of
the sources detected in the field of 47 Tuc.
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Table 1. eROSITA observations of 47 Tuc.

OBS-NO OBS-ID OBS-Date EXP.T® (ks)
1 700012  2019-09-28 19.5
2 700011  2019-11-01 25.8
3 700163  2019-11-02 25.3
4 700013  2019-11-02 25.2
5 700014  2019-11-02 25.2

Notes. ) Net exposure time of observations.

2. eROSITA data analysis
2.1. Data reduction and source detection

We analysed five observations of eROSITA taken in the cal-
ibration and performance verification phase (CalPV; Predehl
et al. 2021) in 2019. The details of the observations, which
are sorted by date, are shown in Table 1. Data reduction and
source detection were performed using the eROSITA Science
Analysis Software System eSASSusers_201009 (Brunner et al.
2022).

The source detection was run only on single observations,
and in each observation, the data of all seven telescope modules
(TMs) of eROSITA were used (Predehl et al. 2021). The light
curve of the event files was used to filter the possible soft pro-
ton flares of the observations by a threshold of 30 ctss™! deg™2.
Table 1 shows the sum of good time intervals for each observa-
tion. The detection process was run over the event files of the
observations in four energy bands of 0.2-0.6 keV, 0.6—1.1 keV,
1.1-2.3 keV, and 2.3-5.0 keV, where the fourth band is consid-
ered as the hard band of eROSITA (e.g. Brunner et al. 2022).
Since the effective area of eROSITA noticeably decreases above
2.3 keV (Merloni et al. 2012), the majority of the sources cannot
be detected significantly above 2.3 keV. We selected a minimum
maximum likelihood (L) of 10 for the source detection (ermldet
task in eSASS), which is equivalent to > 40 significance accord-
ing to the probability of Poisson random fluctuations of the
count (p) detection minimum likelihood L = —In(p). We study
the point-like sources with an extent likelihood of 0 and exclude
all the extended sources, which are candidates for galaxy clus-
ters, diffuse emission, bubble-like structures, and so on and will
be studied in more detail in future publications. Figure 1 shows
the mosaic image of five observations of eROSITA of the field
of 47 Tuc. With eROSITA, one bright source is detected at the
position of the centre of 47 Tuc, which was resolved into multi-
ple sources with Chandra (Grindlay et al. 2001). This area was
excluded from this study.

2.2. Astrometric correction

The astrometric corrections of the 47 Tuc observations were
calculated in two steps by Liu et al. (2022). First, sources
were detected in each observation, and the relative correction
of the coordinates with respect to OBS3 was calculated for
the other observations. To calculate the corrections, only bright
point sources with a detection likelihood >12 within an off-axis
angle of 25’ were used, that is, sources with poor positional
uncertainties were excluded. The uncertainties of the required
corrections were calculated through bootstrapping. It was found
that a coordinate shift (ARA, ADec) is sufficient and no cor-
rection for rotation correction was required. The events of all

Table 2. Offsets of the eROSITA observations

OBS-NO  ARA (")  ADec (")
OBS1 126727 1.44*0%
OBS2  7.0%14% 291704
OBS3 11727330  0.657013
OBS4  1147%]37  4.027048
OBS5 7217092 0.8470%

Notes. The astrometric correction from Liu et al. (2022)

the observations were corrected for the relative astrometry and
were then merged. In the second step, the source catalogue from
the merged data was matched to the CatWISE 2020 catalogue
(Marocco et al. 2021). Based on the highly reliable positions of
the CatWISE counterparts of the X-ray sources, a second-pass
correction was calculated. All corrections applied to each of the
47 Tuc observations are listed in Table 2. We applied the same
corrections to our catalogue.

2.3. Source catalogue

The final catalogue of point-like sources in the field of 47 Tuc
was obtained by cross-checking all detected sources between the
five observations. If sources that were detected in at least two
observations were closer to each other than the 30 positional
errors, they were considered as the same source. Sources that
were detected only in one of the observations near gaps or edges
of the CCD chips or might be recognised as hot pixels were
removed from the source list. Table B.1 presents the final list
of 888 X-ray sources in the field of 47 Tuc. The catalogue lists
source ID, RA, Dec, positional uncertainty, flux of the source in
different observations, hardness ratio, variability factor, and the
class if a source was classified. The ID of the sources in Table B.1
is used to present the source in this work.

3. X-ray analysis

To extract the light curves and the spectra of the sources, we used
eSASS/srctool-V.1.61 (Brunner et al. 2022). The details of
timing and spectral analyses are explained in following.

3.1. X-ray timing analysis

We carried out an X-ray timing analysis for short-term (peri-
odicity and pulsation studies) and long-term variability. For all
unknown sources with counts >100 that were not confirmed as
foreground stars or AGNs in available catalogues, we searched
for pulsation signals using the pulsation Z? test (Buccheri et al.
1983, 1988). For unknown sources with counts>300 in each
observation, we extracted the light curves of five observations
and applied the Lomb-Scargle technique (Scargle 1982) to find
a signal of pulsation and or periodicity. We were unable to find
any significant pulsation or periodicity in the X-ray data of bright
sources that are candidates of foreground star or background
AGN.

To study the long-term variability, we studied the flux varia-
tion of sources over five observations. The flux variation and its

A35, page 3 of 19



A&A 661, A35 (2022)

453,
_ 10r b
[ [
> . 2,;@. ‘
HES . X 74, "
o P
AR TRV
1 .
10™ 10™° 10"

2,
FMAX (erg/s/cm”)

Fig. 2. Variability factor of sources with significant variability (S > 3)
in the energy band of 0.2-5.0keV plotted vs. the maximum flux. In all
the plots of these paper, the symbols characterise foreground starswith
red asterisks (), background objects with violet crosses ( X ), sources
with counterpart classified as RGBs in 47 Tuc with blue filled cir-
cles (®), main sequence member of 47 Tuc with green filled circles (@),
members of SMC with violet filled circles (®), and unclassified sources
with black filled circles (o).

significance were calculated using

Var=%andS= Fmax_Fmin

Funin JEF2u + EF2

respectively (Primini et al. 1993). Here, Fy.x and Fyy, are the
maximum and minimum X-ray flux, and EF, and EFy,, are
their corresponding errors. We calculated the variability fac-
tor for all sources that were detected in both observations (see
Table B.1). Sources with S >3 were considered sources with
significant variability. Figure 2 shows the significantly variable
sources versus the maximum flux of the source. The nature of the
most variable source in the field of 47 Tuc remains unknown. The
most variable known source in the field of 47 Tuc is classified as
an M dwarf foreground star (see Sect. 5.2).

ey

3.2. Spectral analysis

We performed an X-ray spectral analysis for the bright sources
in the field of 47 Tuc that were classified as members of 47 Tuc
based on their optical or infrared counterparts (see Sect. 5.3). We
also performed the spectral analysis for the most variable fore-
ground star in the field of 47 Tuc (Src-No. 453; see Sect. 5.2).
We extracted spectra of sources with a net source count >500.
We improved the statistics of the spectra by merging the spec-
tra of all observations in which the source was detected. Before
we merged the spectra of different observations, we verified the
variability of the source to exclude the spectrum of the observa-
tion(s) in which the source shows a significantly different flux
(see Table B.1). We were able to fit the spectra of sources using
models for power-law (po), black-body (bb), collisionally ion-
ized thermal gas (apec; Smith et al. 2001), and X-ray emission
from a hydrogen atmosphere of a neutron star (nsa; Zavlin et al.
1996) using Xspec (V.12.12.0). Figure 3 shows the spectra of the
X-ray sources, and Table 3 the details of the models fitted to the
spectrum of sources.

3.3. Hardness ratio

Hardness ratios (HRs) are a useful tool for the study of the
spectral properties of X-ray sources. The HR and its error are
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defined as
Bi.1 — B; B EB)? + (B;EB;.1)?
HR,' — i+1 and EHR, -9 \/( i+1 1) ( 12 H—l) ,
Bii1 + B; (Bis1 + B)

@)

respectively, where B; is the count rate and EB; is the corre-
sponding error in the energy band i. We calculated the hardness
ratio from the observation in which the source had the highest
detection likelihood. To increase the accuracy, we considered a
HR measurement as significant only when the detection likeli-
hood for the two corresponding energy bands was higher than
6 (i.e. >30). Table B.1 lists the HRs for all sources. Figure 4
shows the eROSITA sources with significant HRs. To understand
the source spectra, we plotted the lines representing the hardness
ratios of different spectral models with various column densi-
ties from Ny =102 cm™ to Ny =10? cm™2. Four power-law
models with photon indices I of 0.5, 1, 2, and 3 correspond to
the hardness ratio of the hard sources such as X-ray binaries,
AGNS, or galaxies. Three apec models with temperatures of k7'
of 0.2, 1.0, and 2.0 keV represent the spectra of soft plasma emis-
sions detected in sources such as supernova remnants (SNRs),
foreground stars, and symbiotic stars. The HR diagrams show
that foreground sources have very soft spectra. They have a very
low Ny, which also is the reason why they appear much softer
than the others. The majority of the sources are located around
power-law models with I' ~ 2-3 in the energy bands <2.3 keV.
As expected from the sensitivity of eROSITA, a few sources are
significantly observed >2.3 keV. Considering these results, we
assumed an absorbed power-law model with aI' = 3 and a
Galactic absorption of 5.5 x 10%° cm~? (i.e. Galactic adsorption
in the direction of 47 Tuc; HI4PI Collaboration et al. 2016) (see
Table B.1) to calculate the X-ray flux of the sources whose spec-
tra were not analysed in Sect. 3.2. We considered a source to be
soft source when it was significantly detected in only the first
energy band. A source was classified as a hard source when it
has significant emission in the highest energy band or in the last
two higher-energy bands. These sources cannot be presented in
the HR plots because they lack counts in bands that are required
for the HRs or because their EHR is very high. These sources are
classified as soft or hard X-ray sources in Table B.1.

4. Multi-wavelength studies of counterparts

We have searched for counterparts of the X-ray sources (within
their 30 positional error) in the optical and infrared using the
NWAY code, which is a Bayesian algorithm for cross-matching
multiple catalogues provided by Salvato et al. (2018). In order to
achieve high accuracy, we only considered an infrared or optical
counterpart for the X-ray source if the distance posterior proba-
bility was higher than 50%. This probability is computed using
the Bayesian approach considering asymmetric parameters (e.g.
positional uncertainties, distance of a counterpart from the X-
ray source, and number densities) as explained in Salvato et al.
(2018) in their Appendix BS5. If both infrared and optical coun-
terparts existed for a source, we confirmed that the position of
optical and infrared counterparts were the same and come from
one source. Otherwise, only the counterpart with a higher match-
ing distance probability and located closer to the position of the
X-ray source is reported. To estimate the possibility of spuri-
ous matches, we calculated the chance coincidence probability
for the counterparts of X-ray sources in the field of 47 Tuc. We
assumed a shift of 107 in a random direction for the position
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of each source. The shifts were repeated four times. The prob-
ability of finding a new counterpart was considered as chance
coincidence probability, which was (8.11 = 1.15)% for the whole
observational area. We also calculated the chance coincidence
probability for the sources that are located inside the 18.8’ circle
(which has the longest exposure time of all observations) and for
the sources outside this circle. It was (5.73 & 1.55)% for the inner
region and (8.47 + 1.89)% for the outer region. This result shows
that by using the positional error of the merged observations
(as explained in Sect. 2.3), we decreased the chance coincidence
probability in the crowded region of 47 Tuc. In order to decrease
the consequences of spurious matches, we applied additional cri-
teria: we only accepted a counterpart of background galaxies or
AGN or foreground star if the distance posterior probability of
the match was >70%. For sources that are classified as members
of 47 Tuc, the counterpart was accepted if it was located within
the 20~ X-ray positional error. Moreover, the Chandra position
was used to search for infrared or optical counterpart (if the
source had a Chandra counterpart). These details are discussed
in Sect. 5. In the next sections, we discuss the multi-wavelength
photometry we used to uncover the stellar nature of our
sources.

4.1. Infrared counterparts of the sources

We searched for mid-infrared counterparts in the WISE All-Sky
Survey in four energy bands (3.4, 4.6, 12, and 22 pum, called W1,
W2, W3, and W4, respectively; Cutri et al. 2014). The extinc-
tion for the infrared WISE bands in the direction of 47 Tuc
was negligible (Schlafly & Finkbeiner 2011). Table B.2 lists the

. 3. Combined spectrum of eROSITA observations of the X-ray sources.

magnitudes of WISE counterparts of the X-ray sources. Figure 5
shows the colour-colour diagram of the WISE counterparts of
the X-ray sources in the field of 47 Tuc. The infrared colours
shown in this plot can give us information about the nature of the
counterpart, that is, whether the counterpart is a stellar object, an
AGN, or a galaxy. Wright et al. (2010) showed that background
objects are usually expected to be red (i.e. W2—-W3>1.5) in
WISE colour, while stellar objects show a different colour (i.e.
W2-W3<1.5). The counterparts of known background objects
are separated from the X-ray sources with known stellar coun-
terparts (see Sect. 5 and Fig. 5). We also confirmed whether
the X-ray sources have near-infrared counterparts in the 2MASS
All-Sky Survey Catalogue in the three J, H, K standard bands
(Cutri et al. 2003). In the direction of 47 Tuc, we applied
the extinction of 0.03, 0.02, and 0.01 for the J, H, and K;
bands, respectively (Schlafly & Finkbeiner 2011). In the colour-
magnitude diagram of the 2MASS counterparts (Fig. 6), we also
show the position of the main isochrone of 47 Tuc, which was
obtained using the theoretical models of the Dartmouth stellar
evolution database (Dotter et al. 2008) for the age, metallicity,
and distance of 47 Tuc, as discussed in Sect. 1. As another key
for the classification of symbiotic stars, we considered the results
of the machine learning method of Akras et al. (2019). They
show that in the population of known symbiotic stars, the major-
ity of systems appear to have J — H > (.78 and only a small
fraction of S-type symbiotics behaves differently. The second
criterion is K — W3 < 1.18, which separates the symbiotic stars
significantly form the other types of sources. The second cri-
terion might not apply for dusty symbiotic stars. In this case,
there are two other criteria on the colours of H — W2>3.80 and
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Table 3. Best-fit parameters of the X-ray spectra.

Src-No  Model Nu Photon index ~ Temperature Abundance  x? (d.o.f.) Unabsorbed Fx Unabsorbed Lx™*
(1022 cm™2) (10714 erg sTem™2) (erg s7h
320 thabs x (apec) 1857932 - >1.32 keV - 1.15(10) 5.207088 1.23%x10%
thabs X (bb) 0.657078 0.64*03% keV 0.950(11) 13%)16 2.90%x 103
thabs x (nsa)*" 0.78+081 log(T): 6.48 K 0.961(11) 0.897042 2.11x10%
340 thbabs x (bb+po) 0.04*0015  2.237033 <0.90 keV 1.05(116) 12.38%040 2.80x 10%
thabs x (nsa+po) <0.05 20609 log(T): 5.87033 K 0.97 (116) 9.2737 2.14x10%
341 thabs x (apec+po) <019 1227)%keV <02 - 0.80(24) 1617014 3.82x10°!
453 tbabsx (apec+apec)  0.0207092 - T1:02870%%keV  0.17709%  1.07(58) 2.34%01 112 x 1026+
T2: 10470 keV
480  thabsx (apec+apec)  0.03*092 - T1:02570% keV - 1.03(38) 5.8070:3¢ 1.37x10%
T2:42713%keV
thabs x (bb+po) 0.06700¢ 2170587 <0.66 keV 0.68(38) 3.92+031 9.01x 10!
481 thabsx (bb) 0.057093 - 0.075%0:950 keV - 1.08 (30) 1657018 3.90x 10!
thabs x (nsa) 0.07709 - log(T): 5.38*0. 12K - 1.09 (30) 3.6370:19 8.81x 10°!
501 tbabsx (apec+apec)  0.05'003 - T1:0300 % keV - 1.27(80) 6.14702¢ 1.49 % 10%
T2:541% 32 keV
thabs x (nsa+po) 0.04700 145704 log(T): 6.24*032K 1.43(81) 6.2703, 1.45% 10%

Notes. Errors are at the 90% confidence level. ’We assumed a distance of 4.45 kpc to estimate the X-ray luminosity of sources in 47 Tuc (see
Sect. 1). *The non-magnetic neutron star atmosphere (nsa) model (Zavlin et al. 1996) was applied for the systems that might have a neutron star
as their compact object. We assumed a mass and radius of Mys = 1.4 M, and Rys = 10 km for the neutron star, as was used in the nsa model for the
QLMXBs and MSPs spectra (e.g. Bogdanov et al. 2006; Wijnands et al. 2005). ***For Src-No. 453, we considered the distance of the counterpart,

which is a foreground star located at ~200 pc.

W1 - W4 <4.72. We applied these criteria to classify symbiotic
stars, as we discuss in Sect. 5.

4.2. Optical counterparts of the sources

The most recent all-sky optical surveys, the third Gaia Data
Release (Gaia Collaboration 2020) and the first data release of
the SkyMapper southern survey (Wolf et al. 2018), were used to
search for the optical counterparts of eROSITA sources in the
field of 47 Tuc. Table B.3 presents the Gaia and SkyMapper
magnitudes of the optical counterparts of the X-ray sources. The
SkyMapper catalogue includes photometric data in the energy
bands from the optical to the near-infrared. In the SkyMap-
per survey, we mainly used the two known optical Petrostian
magnitude bands (Wolf et al. 2018) of g (Ad.g =467 nm) and
7 (Aeg =616 nm) to plot the colour-magnitude diagram of the
optical counterparts (see the left diagram in Fig. 7). The Gaia
surveys also report the magnitudes of the sources in three fil-
ters of G mag (roughly 4 = 300 nm), Ggp (4 = 400-500 nm)
mag, and Ggrp (4 = 600-750 nm) (Gaia Collaboration 2018),
which we considered in our study for the comparison with the
SkyMapper magnitudes and for the Gaia colour-magnitude dia-
gram (see the right diagram in Fig. 7). We also considered the
Gaia-parallax measurement to identify foreground stars as pre-
sented by Bailer-Jones et al. (2021).

We applied an extinction of 0.12 and 0.09 for the g
and r bands of SkyMapper and 0.18, 0.13, and 0.07 for G,
Gpp, and Ggrp for the Gaia bands, respectively (Schlafly &
Finkbeiner 2011). The theoretical isochrone line of 47 Tuc is also
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plotted for the colour-magnitude diagrams of SkyMapper and
Gaia counterparts (Fig. 7), as explained in Sect. 4.1.

The ratio of logarithmic X-ray to optical flux log(%), versus
X-ray flux and also HR2 (see Sect. 3.3) is shown in Fig. 8. The
modified version of the flux ratio equation log(%) (Maccacaro
et al. 1988) with an average of the Ggp and Grp Gaia magnitudes
was applied,

Ggp + Grp
2%x25

F
log (FX ) = log,o(Fx) + +537, (3)

opt

where Fx is the X-ray flux, and g and r are the SkyMapper
magnitudes of the optical counterpart associated with the X-ray
source. Figure 8 shows that the main part of the classified sources
of 47 Tuc are more dominant in optical radiation.

4.3. Catalogues of AGNs and galaxies

The following catalogues were cross-checked with all X-ray
sources to find the classified background objects in available
catalogues:The Million Quasars (Milliquas) Catalogue (Flesch
2019). Quasar and galaxy classification in 2nd Gaia Data
Release (Bailer-Jones et al. 2019). The UV-bright Quasar Survey
(Monroe et al. 2016). The Swift AGN and Cluster Survey (Dai
et al. 2015). Identification of 1.4 Million AGNs in the mid-
Infrared using WISE Data (Secrest et al. 2015). Identifications
of AGNs from the WISE, 2MASS, and ROSAT All-Sky Surveys
(Edelson & Malkan 2012).
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Fig. 4. Hardness ratio diagrams. The hard lines are the hardness ratios
calculated for different spectral models. The upper plot shows sources
in the foreground, which therefore have very low Ny; they appear to be
softer than the others. The symbols are the same as in Fig. 2.

4.4. Catalogues of members of 47 Tuc

Sources that are located in the principal sequence of optical and
infrared colour-magnitude diagrams (see Figs. 6 and Fig. 7) and
are listed in the following catalogues, were confirmed as mem-
bers of 47 Tuc: Catalogue of Cordero et al. (2014) presents the
detailed abundances of 164 RGB stars in 47 Tuc. Carretta et al.
(2013) provide the aluminium abundances for a sample of about
100 RGBs in 47 Tuc and M4 GCs. Gratton et al. (2013) presents
an analysis of the composition of 110 red horizontal branch stars
in 47 Tuc. Based on various parameters such as the metallicity
and radial velocity, the membership of more than 43 000 sources
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Fig. 5. Colour-colour diagram of mid-infrared WISE (W1-W2 vs. W2 —
W3). The symbols are the same as in Fig. 2. The sources with a WISE
counterpart with an upper limit in W2 or W3 or both are shown with
grey circles.
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Fig. 6. Colour-magnitude diagram of 2MASS counterparts of the X-ray
sources in the field of 47 Tuc. To show the crowded region better, the
left plot is a zoom into the dashed square in the right plot. The yellow
dots are all 2MASS sources that are detected in the field of 47 Tuc. The
symbols are the same as in Fig. 2.

in the field of GCs including 47 Tuc was investigated by Lane
et al. (2011).

5. Discussion

The procedure of classifying the X-ray sources using the above
results is explained below. We clarified all the facts, which lead
to the final conclusion of a source class:

5.1. Classification of background sources in the field of 47 Tuc

To classify AGNs in the field of 47 Tuc, we mainly used the
criteria defined by Wright et al. (2010) (see Sect. 4.1). The X-
ray sources with a WISE counterpart (with >70% probability
of a match to the X-ray source) with significant magnitudes
in the W1, W2, and W3 bands and that fulfil the condition
of W2-W3> 1.5 were considered background sources. In this
classification, we excluded the sources with only an upper limit
magnitude in bands W2 and/or W3 of their WISE counterpart.
These sources remain unclassified because no WISE counter-
part in the colour of W2—-W3 was significantly considered as
a background object. Moreover, we cross-correlated all avail-
able AGN, quasar, and galaxy catalogues (see Sect. 4.3) with our

A35, page 7 of 19



A&A 661, A35 (2022)

g-r

8 T T T T T T

oo 449 ]

1o 41;?&“42& 3

L 43 ]

s0q a3 B0 ]

12 589,579 —

L 804, e ]

83g 207 ]

O 141 —

255, ]

. 84, 4

161 -

C 215 . g;:%g;% i

L . 433, i

18 . X —_

XXXX}«X P 4

L Xe i
20 (RS 1 1 1

0.0 05 10 15 2.0 25 3.0 35

Fig. 7. Optical counterpart of the X-ray sources in the field of 47 Tuc observed by SkyMapper (Wolf et al. 2018) (left panel) and in the Gaia third
data release (Gaia Collaboration 2020) (right panel). The yellow dots are all optical sources detected in the field of 47 Tuc dSph, and the hard
grey lines are the theoretical isochrone of the Dartmouth stellar evolution database (Dotter et al. 2008) for the age, metallicity, and distance of
47 Tuc (see Sect. 1). The remaining symbols are the same as in Fig. 2. To show the crowded region of the Skymapper colour-magnitude diagram

better, we show a zoom into the dashed square.

2 [ T T T

oL d
&O
L o .
(@]
s |

4 43 amgeq X ]

10™ 107 10

F (erg/s/cm’)

2 [ T T T
0 -
w” ahs e _
> 5L ’ 50, i
§ 2 %k 8. °
o . ssq, 257
-4r e 428, . 438, ]
-1.0 -0.5 0.0 0.5
HR2

Fig. 8. Logarithmic X-ray to optical flux ratio log(%) vs. the maximum X-ray flux (left) and HR2 (right) for the sources in the field of 47 Tuc. The

symbols are the same as in Fig. 2.

catalogue to classify the other known X-ray background sources.
Almost all the classified background objects in other available
catalogues had a WISE counterpart that also satisfied the condi-
tion of W2 -W3> 1.5. We classified 92 AGNs and galaxies in the
field of 47 Tuc. Figure 9 shows the distribution of the classified
background sources. They are mainly located outside the region
in which most of the X-ray members of 47 Tuc are detected (i.e.
212!0). Figure 8 also shows that the classified AGNs have a
higher relative X-ray flux than the X-ray sources in 47 Tuc and
the foreground stars.

5.2. Classification of foreground stars or systems in the field
of 47 Tuc

To classify the foreground stars or systems, we considered three
main criteria for the infrared or optical counterpart of the X-
ray source: a >70% distance match probability to the X-ray
source, being a stellar object according to the WISE colours (see
Sect. 4.1), and/or the distance of the optical counterpart accord-
ing to the Gaia parallax measurement shows that the source is
a foreground object in the field of 47 Tuc (Bailer-Jones et al.
2018). The colour-magnitude diagrams of the counterparts of
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2MASS (Fig. 6), SkyMapper, and Gaia (Fig. 7) show that the
positions of the classified foreground stars are located outside
the main sequence of the 47 Tuc. As Fig. 2 shows, Src-No. 453
is the most variable foreground stars. The source seemed to be
in a flaring state in the first four observations, as its count rate
decreases in OBS 5 (see Table B.1). We combined all data of
the four observations and fitted the spectrum with two absorbed
plasma models (see Table 3 and Fig. 3). The X-ray spectrum
is very similar to that of a stellar object, and the measured col-
umn density is lower than the Galactic absorption in the direction
of 47 Tuc (i.e. 5.5% 10%° cm™2), which is expected for a fore-
ground star. Based on the infrared and optical colours of the
source counterpart (/ — H = 044 +0.12, H — K; = 0.25+0.13,
i—2=049+0.05,and z — J = 1.52 £ 0.07), it can be classified
as an early-type M dwarf (M0-M3; West et al. 2011). Figure 10
shows the infrared 2MASS (ks band) image of the counterpart of
Src-No. 453.

5.3. X-ray sources in 47 Tuc

The majority of X-rays sources of GCs are expected to be low-
luminosity (<10* erg s~!) X-ray sources, which can be quiescent
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= No. 453, which is classified as a foreground M dwarf. The regions show
[ the 30 positional error of the X-ray source (black) and of the infrared
ls 2MASS counterpart (red). The blue cross shows the position of the
S optical Gaia counterpart.
E Table 4. Characteristics of low-luminosity X-ray sources(AWDs,
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Fig. 9. Distribution of sources in the field of 47 Tuc. Upper panel: Millisecond pulsars 0.2-2.5 Ly ~ 103031
Optical image of the field of 47 Tuc observed by the DSS survey (red Active binaries <25 Ly ~ 102932

filter) (Bacher et al. 2005). The solid black region shows the total area
observed by eROSITA (radius of 42!). The dashed black region is the
area that was the field of view of all observations and that we used to
calculate the XLF (radius of 18!8). The dashed white region is the area
in which the observation of eROSITA was unresolved; we excluded
it here (radius of 1!7). The positions of classified AGNs, foreground
stars, and accreting binaries are shown by blue, red, and green circles,
respectively. The single source classified as an XRB in the SMC is plot-
ted in yellow. Lower panel: normalised source density vs. the radius of
the field of view of the eROSITA observation. No sources are detected
within a radius <2’ due to the large unresolved source in the centre.

LMXBs, different types of AWDs, MSPs, and magnetically
active binary systems. In the following, we briefly review the X-
ray spectra and luminosity of these sources. Table 4 summarises
the properties of the X-ray spectra and luminosity of all types of
sources.

One main class of X-ray sources in GCs consists of AWDs.
They can be symbiotic stars with a red giant branch (RGB)
star as the companion of the white dwarf, or cataclysmic vari-
ables (CVs), which are systems consisting of a white dwarf with
a main-sequence companion (Mukai 2017).

Symbiotic stars. These systems are categorised into the four
types of a, B, y, and 6 (Luna et al. 2013). In the a-type sym-
biotics, the X-ray emission originates from the quasi-steady
burning of the material transferred from the red giant via Roche-
lobe overflow onto the surface of the WDs. The emission is
detected <0.5 keV, therefore they are called supersoft sources.

Supersoft sources are bright mainly in the UV and very low X-
rays with a bolometric luminosity >10%6 erg s~!. The main X-ray
emission of S-type symbiotics is <2.4 keV (L ~ 103031 ergs™1),
which most likely arises from the collision of the wind of the
WD with the wind of the red giant. Observations show that
the X-ray luminosity can be about two orders of magnitudes
higher when the system is in outburst (Luna et al. 2013). 6-type
symbiotics are highly absorbed hard X-ray sources (>2.4 keV,
Ly ~ 10373 ergs~!). Theoretical models suggest that the X-ray
emission originates from the boundary layer between the accre-
tion disk and the WD (e.g. Luna et al. 2013). Another class
of 3/6-type symbiotics shows both soft and hard components.
For these types of symbiotic stars, one or two ionised plasma
model(s) have been used to fit to the spectra (e.g. Luna et al.
2013). The y-type symbiotic stars (symbiotic X-ray binaries) are
a subclass of LMXBs in which the binary system consists of a
red giant and a neutron star (as the mass accretor). The main part
of the emission of these sources is hard (>2.4 keV) and can have
a high X-ray luminosity (L,>10%*ergs™").

CVs. There are two main classes of the CVs, magnetic
and non-magnetic CVs. In the non-magnetic CVs, a disk forms
around the WD, but the disk is not hot enough to produce
X-ray emission. Therefore, the disk itself is not visible in
X-rays. On the other hand, the boundary layer between the
disk and the surface of the WD produces X-ray emission with
temperatures of a few keV and X-ray luminosities between
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Ly ~10%732ergs™! (e.g. Mukai 2017; Kuulkers et al. 2006; van
Teeseling et al. 1996). Magnetic CVs can be divided into two
subclasses of polars and intermediate polars. Polars are systems
without an accretion disk, where the materials reach the sur-
face of the WD following the magnetic field lines (Mukai 2017).
XMM-Newton observations show that polars are usually soft
(<5.0 keV) and very faint X-ray sources with a bolometric lumi-
nosity of ~10*° ergs™! (e.g. Ramsay et al. 2004). Intermediate
polars mainly emit in hard X-rays (5-50 keV, L, <10**ergs™';
e.g. Suleimanov et al. 2019), and the emission is produced by a
strong shock above the poles of WDs, where a noticeable amount
of materials from the inner part of the truncated accretion disk
follows the magnetic field lines. They can also show soft X-ray
emission that is orders of magnitude fainter than that of hard X-
rays (Mukai 2017; Balman 2012). Mukai (2017) reported that in

general, CVs have log(lf—x) < 1.0 and magnetic CVs usually have
opt

a higher log(‘f—x) than non-magnetic CVs. The temperature of
opt

the soft X-ray emission of CVs can be estimated using plasma
atmosphere models (e.g. Worpel et al. 2016; Haberl et al. 2002).

Quiescent LMXBs. A black hole or a neutron star forms
a binary systems with a late-type low-mass star(<1.0 M)
(Bernardini & Cackett 2014). Observational studies show
that quiescent LMXBs are X-ray sources with soft X-ray
mission (<5.0keV) and X-ray luminosities ~1030~33 ergs~!
(e.g. Campana et al. 1998; Yokogawa et al. 2000; Jonker et al.
2007). The X-ray spectrum of QLMXBs can be fitted with a
black-body or a neutron star atmosphere model or has a hard
power-law component (e.g. Wijnands et al. 2005). A radius of
1-2 km (fitted with a black-body model, Brown et al. 1998)
or 10-12 km (fitted with neutron star atmosphere models; e.g.
Rutledge et al. 2002; Heinke et al. 2003) is expected to be
inferred from the models.

MSPs. They are known to be fast-spinning neutron stars in
a binary system with a low-mass companion (<1. My) and are
mainly detected in GCs. According to the recycling scenario, an
old neutron star in an LMXB spins up by accreting matter from
the companion. The spun-up neutron star is still visible in X-rays
when the accretion phase ends because the companion separates
itself and/or when the companion has lost its atmosphere (e.g.
Di Salvo & Sanna 2020). Detached MSPs in general have soft
X-ray emission of 0.5-2.5 keV and L, ~ 10°°3'ergs™! (e.g.
Bhattacharya et al. 2017; Becker & Triimper 1999). Rare cases of
isolated pulsars show a slightly harder spectrum (e.g. Mereghetti
et al. 2016). They can therefore in general be distinguished from
the quiescent LMXBs, which have L, ~ 1033 ergs™'. The
emission of the MSPs comes from a smaller region than in
QLMXBs: the radius inferred from a black-body model or neu-
tron star atmosphere model fit to the X-ray spectrum of MSPs is
~0.1-0.3 km, or ~0.5-0.2 km, respectively (e.g. Bogdanov et al.
2006).

Active binary systems. Magnetically active binary sys-
tems (e.g. RS Canum Venaticorum or BY Draconis) consist of
at least one (sub)-giant RS CVn system or two main-sequence
stars (BY Dra systems) (e.g. Dempsey et al. 1993a). The X-
ray emission in these systems is caused by the strong magnetic
activity induced by rapid rotation in close binary systems (e.g.
Dempsey et al. 1997) and tend to have a soft spectrum, often
with KT <2.5keV. BY Draconis are in general observed with
a low X-ray luminosity of 10?°73!ergs™! (e.g. Dempsey et al.
1997; Heinke et al. 2005). RS CVn systems include several cases
with a luminosity of <10 ergs™!, but they can be observed
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at higher luminosities as well (e.g. Rengarajan & Verma 1983;
Dempsey et al. 1993b). It has also to be considered that in these
eROSITA observations, we only detected sources with X-ray
luminosities Ly > 10°! ergs™'. Therefore, only luminous and
high-temperature active binaries are observed, which can show
higher temperatures of ~3.5keV (e.g. Dempsey et al. 1993b).

The details of the spectrum and luminosity of X-ray sources
together with the multi-wavelength information about their
counterpart help classifying low-luminosity X-ray sources. As
an example, Pooley et al. (2003) have suggested a way to distin-
guish the quiescent LMXBs from other types of low-luminosity
X-ray sources in GCs: only AWDs and quiescent LMXBs have
Ly>10%2ergs™!, while the quiescent LMXBs show a much
softer X-ray spectrum than AWDs. Therefore, quiescent LM XBs
can be distinguished from the other sources. Moreover, the spec-
tral model is useful for classifying MSPs and QLMXBs. If the
spectrum of a source is fitted with either a black-body and/or a
neutron star atmosphere model component in such way that a
reasonable radius can be inferred from the model(s), the source
is probably a QLMXB or an MSPs candidate and not a CV, for
which we expect that the soft spectrum is fitted better with a
plasma atmosphere model. The radii of black-body model and/or
neutron star atmosphere model would help to characterise the
neutron star.

The faintest object detected by eROSITA in
the field of 47 Tuc is Src-No.330. It has a flux of
~4.6% 107 ergs™! cm™? (assuming it is located at the dis-
tance of 47 Tuc: L, =9.9x 10 ergs™!). Therefore, we are in
principle able to observe different types of low-luminosity X-ray
sources of 47 Tuc with L,>10% ergs™'. In order to be more
precise in the classification of members of 47 Tuc, we only
confirmed an optical or infrared source as the counterpart for the
X-ray source if it is within the 20~ X-ray positional error circle
and if there are no multiple candidates as counterparts within
the error circle. Figures 7 and 6 show diagrams of the properties
of the near-infrared and optical counterparts of the X-ray source.
The sources with a stellar counterpart on the main sequence
or on the RGB in 47 Tuc are shown as blue and green circles,
respectively. All these counterparts are confirmed as members
of 47 Tuc (Lane et al. 2011), and the blue sources are also
classified as red giants (e.g. Cordero et al. 2014) (see Sect. 4.4).
We verified the position of the X-ray source with the Chandra
position if the sources were detected with Chandra and to
improve the positional accuracy for the counterpart selection.
Appendix A shows infrared 2MASS images of the positions of
these X-ray sources. Based on the X-ray analysis, we classified
the sources as explained below.

5.3.1. Sources with an RGB counterpart

The following X-ray sources have an RGB counterpart (Cordero
et al. 2014; Carretta et al. 2013) that is classified as a member of
47 Tuc. They are candidates for different types of symbiotic stars
or RS CVn active binaries in 47 Tuc.

Src-No. 438. The brightest RGB counterpart belongs to this
source (see Figs. 6 and Fig. 7). The counterpart is a known
asymptotic giant branch Star in 47 Tuc (Cordero et al. 2014)
and is located within the 20 error circle of the X-ray source.
The X-ray luminosity of the source is L, 210 ergs™ , and
the only significant hardness ratio is HR2 = 0.19 +0.21, which
means that the source is mainly detected in 0.6-2.3 keV. The
infrared WISE and 2MASS counterparts suggest colours of
J—H =090+0.06 and K—-W3=0.11 £0.03 for the source,
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Table 5. X-ray sources that are members of 47 Tuc.

No. RA Dec rlo Count-rate (0.2-5. keV) Var Note

(J2000) (J2000) (@) (ctss™!)

OBS1 OBS2 OBS3 OBS4 OBS5

263 00 21 37.25 -71 38 59.8 2.52 - 0.007 +0.001 - - - - CV/active binary
267 0021 40.94 -721538.4 0.98 - 0.007 + 0.001 0.008 + 0.002 - 0.006 + 0.001 1.33+0.29 CvV
320  002226.07 -720649.2 1.15 - 0.003 +0.001 0.004 +0.289 0.003 +0.001 0.004 +0.001 130+ 68.06 CV
340 002245.28 -71 59 08.3 120 0.066+0.008  0.076 + 0.002 0.074 +£0.003 0.074 +£0.002 0.067 +0.002 115+ 0.15 Quiescent LMXB
341 0022 46.04 -721022.8 0.70  0.011+£0.299  0.008 + 0.001 0.009 +0.001 0.007 +0.001 0.008 +0.001 1.67+ 2623 CV
376 0023 16.89 -720224.3 2.21 - - - - 0.002 +0.001 - CV/ active binary
378 0023 19.20 —71 48 26.9 2.05 - 0.006 + 0.001 - 0.003 +0.001 - 1.76 £ 0.41 CV/active binary
395 0023 31.36 =72 11 00.4 2.48 - - 0.003 + 0.001 0.004 +0.001 - 1.70 £ 0.51 CV/ active binary
438 0024 03.66 —71 5548.0 1.60 - 0.002 +0.001 - 0.002 + 0.000 - 1.63+0.49 Symbiotic star
480 00244335 -721825.50 1.30  0.022+0.004 0.032 +0.003 0.022 +0.001 0.028 +0.003 0.021 +£0.001 1.57+ 0.15 Unclassified
481 00 24 44.21 -7208 19.0 1.16 - 0.006 + 0.001 0.007 +0.001 0.007 +0.001 0.008 +0.001 119+ 0.26 Quiescent LMXB
486 0024 45.96 -72 08 59.0 2.95 - 0.004 +0.001 - - - - CV or active binary
501 0024 56.97 —72 06 51.8 1.5 0.047+0.005  0.042 + 0.002 0.044 +0.002 0.041 +0.002 0.045 +0.002 1.14+£0.15 CV
522 0025 18.95 71 58 00.9 2.40 - - - 0.002 + 0.000 - - CV or active binary
556 00254348 —72 18 52.1 1.52 - - 0.005 + 0.001 - 0.006 + 0.001 1.33+0.29 RSCVn

Notes. ("Shows the final class of the source.

which agrees well with the infrared colours of the symbiotic
stars (see Sect. 4.1). Therefore, the source is a candidate for a
symbiotic star in 47 Tuc.

Src-No.556. The sources with an X-ray luminosity of
Ly ~4.x10% ergs™! are candidates for either a symbiotic star
or an active binary (RS CVn type). According to the hardness
ratios, the main part of the X-ray emission is <2.4keV. The
source has a Chandra counterpart. According to the Chandra
position, the red giant counterpart is located within the 20 posi-
tional error, and the eROSITA position shows that the red giant
overlaps with the 20~ X-ray positional error (see Appendix A).
The red giant counterpart has a colour of J — H < 0.78, which
confirms that the source has a low chance of being a symbiotic
star (see Sect. 4.1). It is more likely a candidate RS CVn contact
binary.

5.3.2. Sources with a counterpart on the main sequence

Sources that have an optical or infrared counterpart on the main-
sequence are marked with green circles in the colour-magnitude
diagrams (see Figs. 7 and 6). These diagrams show that the
sources are located on the main sequence of 47 Tuc. In gen-
eral, with a main-sequence counterpart, low-luminosity X-ray
sources are candidates for quiescent LMXBs, MSPs, CVs, or
active binary systems.

Src-No. 263, Src-No. 376, Src-No. 395, src-No. 486, and
Src-No. 522. They are only detected in one or two observations.
The HRs of these sources were not significant. The infrared and
optical counterparts of these sources are confirmed as a mem-
bers of 47 Tuc within the 1-20- X-ray positional error (McDonald
et al. 2011; Lane et al. 2011; Narloch et al. 2017). According to
their X-ray luminosities (~103' ergs™!), they can be candidates
for either active binaries in a flare state or faint, variable, and
non-magnetic CVs.

Src-No. 267. The optical or infrared counterpart of the
source, which is located which in 1o X-ray positional error, is
already classified as a peculiar star (C1* NGC 104 LEE 2531;
Wenger et al. 2000) and a member of 47 Tuc (McDonald et al.
2011). The optical and infrared colour-magnitude diagrams show
that the counterpart is located on the horizontal branch of 47 Tuc
(see Fig. 7 and Fig. B.2). The HR diagrams show that the source

it is a hard source, and its luminosity (L, ~10*?ergs ~') sug-
gests that it can be a candidate for either a non-magnetic CV or a
QLMXB. Considering the significant emission above >2.0 keV,
it cannot be a candidate active binary.

Src-No. 320. The source has no infrared counterpart. Its
optical counterpart, which is located 2.4” away from the X-
ray position, is considered a post-main sequence star in 47 Tuc
(McDonald et al. 2011) and the Gaia colour-magnitude diagram
shows it on the main sequence (see Fig. 7). The spectrum of
the source is highly absorbed in soft X-rays and the main emis-
sion is at >1. keV (Fig. 3 and Table 3). The source shows no
X-ray variability and has an absorbed L, ~1.8x 103 ergs ~!.
The spectrum is too hard for an active binary candidate. We tried
to fit the spectrum with an absorbed black-body model and also
an absorbed nsa model (see Table 3). An absorbed black-body
model suggests a radius of <0.1 km, and an absorbed nsa model
suggests an effective radius of <0.8 km, which are both typi-
cal for MSPs using these two models (see Sect. 5.3), while the
temperatures of these two models are much higher than those of
MSPs (Bogdanov et al. 2006). Therefore, the possibility that the
compact object is a neutron star is very low. The source is most
probably a CV candidate.

Src-No. 340. The optical or infrared counterpart of Src-
No. 340 is a main-sequence star considering the 20- Chandra and
eROSITA positional errors of the source (see Appendix A). It is
classified as a member of 47 Tuc (McDonald et al. 2011). We
tried different models for the spectrum of the source. The best
fit is obtained with an absorbed black-body plus a power-law tail
(Table 3 and Fig. 3). The black-body model and the nsa model
suggest a radius of <1.54 km and 13.5*132 km, respectively,
which are both reasonable enough to assume that the source is
a candidate QLMXBs. Considering the counterpart, luminosity,
and the X-ray energy range, the source is a candidate QLM XBs.

Src-No.341. The main emission of the source is
detected between 0.5-5.0 keV with an X-ray luminosity of
~4.x 10°" ergs™'. The source has no infrared counterpart. A
Gaia counterpart lies within the 1o positional error of the
X-ray source source and is located on the main sequence of
47 Tuc. This counterpart is also classified as a member of
47 Tuc (Narloch et al. 2017). We tried to fit the spectrum with an
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absorbed black-body plus a power-law model (for the hard tail
component), which failed. An nsa model was also unsuccessful.
Therefore, the possibility that Src-No. 341 is either an MSPs
with a hard power-law tail or a QLMXB is very low (see
the discussion in Sect. 5.3). Moreover, we were unable to fit
the spectrum with two ionised-plasma model components as
observed in the spectrum of bright active binaries. The hard tail
of the spectrum (>2.0 keV), which is best fit with a power-law
model with a photon index <2.0, suggests that it is more likely a
CV candidate than an active binary.

Src-No. 378. The counterpart of the source, which is located
within the lo positional error, is classified as a member of
47 Tuc but not as an RGB star in available catalogues (see
Sect. 4.4). However, the position of the source in the infrared
colour-magnitude diagram suggests that the counterpart is on the
RGB (see Fig. 6). The position of the Gaia counterpart in the
optical colour-magnitude diagrams also shows that it is about to
leave the main sequence (see Fig. 7). The infrared colours of the
source show that J — H < 0.78 and thus, the possibility that this
is a symbiotic star is very low (see Sect. 4.1) The source was
not bright enough for a spectral analysis or HR study. The X-ray
luminosity of L, ~4x 10" ergs ! suggests that it might be a
CV or an active binary.

Src-No. 480. The eROSITA 20 positional error of Src-
No.480 shows no counterpart, while the Chandra 20 positional
error shows a main-sequence counterpart for the source that is
classified as a member of 47 Tuc (McDonald et al. 2011). A red
giant also belongs to 47 Tuc (McDonald et al. 2011), which over-
laps the 20 positional error of both eROSITA and Chandra (see
Appendix A). It is not clear whether the emission is correlated
with either the main-sequence star or the red giant counterpart.
We tried to fit the spectrum with different models. The best fit is
obtained assuming a two-component apec model, which is sim-
ilar to the spectra of the symbiotic stars. Table 3 shows that the
black-body plus power-law model does not fit the spectrum well.
The result was the same when we applied the nsa model. This
means that the nature of the source is unclear: it might be a sym-
biotic star, a QLMXB, or a CV. Therefore, we kept this source
unclassified.

Src-No. 481. The spectrum of the source is soft (see Fig. 3
and Table 3). The eROSITA position shows only a Chandra
counterpart, which also is considered in our search for optical
or infrared counterparts for the source. There was an optical
counterpart within the 20 positional error (see Appendix A). The
counterpart is a star reported as a 47 Tuc member (Cohen et al.
2015). We tried a black-body and an nsa model for the spec-
trum (see Table 3). The radius of the emitting surface using the
absorbed black-body model is 3.6f%§ km, and the radius using
the nsa model is 23;};, which makes this source a candidate
QLMXB (e.g. Heinke et al. 2003).

Src-No. 501. The source has a Chandra counterpart. The
position and positional error of Chandra were also considered
in the search for the counterpart. Infrared or optical counter-
parts are located within 20~ of the X-ray positional error of
eROSITA and within 30 of Chandra X-ray source. The spec-
tra of the source (Fig. 3 and Table 3) are fitted well with an
absorbed two-component thermal model (collisionally ionised
diffuse gas model, apec; Smith et al. 2001). According to the
counterpart (which is about to leave the main sequence) and
luminosity (>10%? erg s 1), it is either a CV or a QLMXB can-
didate. The spectra of the sources are fitted well with two apec
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models (see Fig. 3 and Table 3), while the attempt to fit it with an
absorbed black-body and power-law model was problematic. We
fitted an absorbed neutron star atmosphere model plus a power-
law component to the spectrum. However, the temperature of
neutron star atmosphere model was too high to yield a reasonable
neutron star radius (see Sect. 5.3). Therefore, the source probably
is a CV candidate.

5.4. Other sources

Src-No. 552. The source has a counterpart in the optical
and infrared that is located within the 20 positional error of
eROSITA and within the 30 positional error of Chandra (see
Appendix A). The counterpart is already classified as a Mira
star in the catalogue of long-period variable stars in the Small
Magellanic Cloud (SMC; Soszynski et al. 2011). The optical and
infrared colour-magnitude diagrams show (see Figs. 6 and 7) that
it does not belong to the population of 47 Tuc. The HRs show
that the source should be observable in hard X-rays (>2.0keV,
see Fig. 4), and the luminosity of the source assuming a dis-
tance of 62.4 kpc for the SMC is ~10** erg s, which makes it a
candidate X-ray binary in the SMC.

5.5. X-ray luminosity function (XLF)

The Chandra observation of 47 Tuc was limited to the central
region with a radius of 2!7 (see Sect. 1), while the eROSITA
observation provides the opportunity of studying the large area
surrounding this GC. In order to provide a more comprehensive
view of the population of X-ray binaries in 47 Tuc, we calculated
the XLF of the central annular area with an inner and outer radii
of 17 and 18’8, respectively (see Fig. 1). The inner region was
excluded because it only includes unresolved emission from the
X-ray sources located within the 177 central region of 47 Tuc in
the eROSITA observations. The outer radius includes the area
that is covered by all observations and is therefore expected to
have an almost uniform exposure time. In the first step, we ran
a source detection for the merged event files of all observations
in the energy band of 0.5-2.0 keV. The sources that were classi-
fied as foreground stars and diffuse sources were removed from
the list, so that 226 sources remained within 18’8. In the second
step, we corrected the XLF for incompleteness. It is expected that
the sensitivity of the detectors is not uniform over the analysed
region. To estimate the incompleteness for a flux range, we need
to know the fraction of the area in which the detectors were sen-
sitive enough to detect a faint source and then correct the number
of sources for this incompleteness. For this purpose, we created a
sensitivity map of the combined event file of all observations in
the energy range of 0.5-2.0 keV using the eSASS task apetool.
The sensitivity map gives the upper detection limits for each
pixel of the event file. Based on the sensitivity map, we cor-
rected the cumulative XLF for incompleteness by the following
formula:

Ns

NG F) = Ao ).

i=1

L @
w(F;)

where N(> FY) is the number of sources with a flux higher than
F. For each source with a flux F;, the number was weighted
by the normalised effective area Aq/w(F;), where Ay is the
total area that was used to calculate the XLF (i.e. annulus
area = 1101.28 arcmin?). w(F;) is the area of pixels that are sen-
sitive enough to detect sources with a flux >Fx. Ny is the number
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Fig. 11. X-ray luminosity function in the field of 47 Tuc observed by
eROSITA.

of detected sources with a flux above >F. In this way, the detec-
tion of every source was weighted and the XLF was corrected
for incompleteness.

The XLF includes the members of 47 Tuc and background
sources, mainly AGNs. We based the estimation of the num-
ber of background AGNs that should be subtracted from the
observed XLF on the study of Comparat et al. (2019). As
Comparat et al. (2019, their Fig. 10) showed, the simulation of
AGN logN-logS distribution of eROSITA in the flux range of
107'% to 107 B erg s~ em™2 (0.5-2.0 ke V) is very well consistent
with the results of Georgakakis et al. (2008). Therefore, to obtain
the AGN log N-log S distribution for eROSITA, we used the
broken power-law model suggested by Georgakakis et al. (2008)
in the energy range of 0.2-5.0 keV,

w [KE n<h
T 5)
k(LY s

where K’ = (f/ fief*' 2, the break is f, = 107*ergs™' cm™2,
Kis 1.51 x 10' deg=?/erg s™' cm™2, and 3, and 3, are the power-
law indices for fluxes that are lower and higher than the break,
—1.58 and -2.50, respectively. The cyan line in the plot (Fig. 11)
shows the XLF of AGNs modified for the region we studied
(0.306 deg?), taking into account the Galactic absorption in the
direction of 47 Tuc (i.e., 5.5 x 10*° cm™2). The flux of AGNs in
the study of Georgakakis et al. (2008) was estimated assuming a
power-law model with a photon index of 1.4. To calculate the flux
of the sources in the energy range of 0.5-2.0 keV, we assumed
the same model. In Fig. 11, the black line shows the observed
source distribution, the dark blue line shows the distribution cor-
rected for incompleteness, and the light blue line presents the
AGN log N-log S distribution. A very small fraction of brighter
sources is in excess over the background distribution that might
belong to 47 Tuc. For low luminosities, no significant excess is
observed.

6. Summary

We have presented the results of an analysis of five eROSITA
observations with the aim of the classifying X-ray sources in the
field of this globular cluster. We performed the source detection
separately for five observations of eROSITA, and 888 sources

were detected in the energy range of 0.2-5.0 keV. Using differ-
ent methods of X-ray analysis that consist of spectral and timing
analyses, together with multi-wavelength studies of the coun-
terparts of X-ray sources in optical, near-infrared, and infrared
surveys, we performed a comprehensive study for the X-ray
sources in the field of 47 Tuc, which resulted in an accurate
classification of 15 X-ray sources as members of 47 Tuc. We
identified one symbiotic star, two quiescent low-mass X-ray
binaries, and three cataclysmic variables. Five sources are candi-
date cataclysmic variables or contact binaries, and one source is
a candidate RS CVn contact binaries. Moreover, 126 AGNs and
background galaxies and 25 Galactic foreground stars are clas-
sified in the field of 47 Tuc. We identified 18 sources with soft
X-ray emission <0.2 keV and 85 sources with hard X-ray emis-
sion >2.0 keV. Specifically, we were able to classify one of the
foreground stars as a flaring M dwarf based on its X-ray vari-
ability, spectral analysis, and its infrared and optical counterpart.
The XLF of 47 Tuc was calculated. The result shows no signif-
icant sign of a population of X-ray sources that belongs to the
globular cluster at low luminosities.
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Appendix A: Image of infrared 2MASS counterparts of 47 Tuc members

The Infrared 2MASS (k; band) images show the X-ray sources that are classified as members of 47 Tuc (see Sect. 5). The images
show the 20" positional error of eROSITA X-ray sources (black). If a source has a Chandra counterpart, the 20~ Chandra positional
error is shown with a blue circle. The infrared 2MASS counterpart is shown with red circles, and blue crosses show the position of
the optical Gaia counterpart. Because the typical 30 positional error of Gaia counterparts (~0.03") is negligible in comparison to
the X-ray and infrared positional errors (~0.3"), they are shown by crosses. The scale of 5.0” is shown for all images.
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Fig. A.1. Image of infrared 2MASS counterparts of 47 Tuc members.
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Fig. A.1. continued.
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Table B.2: Infrared magnitudes of counterparts of X-ray sources of 47 tuc in different energy filters of the 2MASS and WISE

surveys.

A&A 661, A35 (2022)

No W1 mag W2 mag W3 mag W4 mag J mag H mag K, mag
3 18.02+0.19 1710+0.31 <1294 <9.10 - - -
4 1457+0.03 14.62+0.05 <12.72 <9.31 15.15+0.05 14.72+0.08 14.71 +0.08
5 1720+£0.10 16.86+0.24 <12.20 <8.58 - - -
6 17.32+0.10 17.04+0.29 < 13.08 <8.85 - - -
9 1629+0.05 1598+0.12 <1221 <9.02 - - -
10 16.63+0.07 16.52+0.19 <1271 <9.39 - - -
11 16.68+0.06 16.12+0.12 < 12.55 <9.05 - - -
12 14.02+0.03 13.75+0.03 <1217 <948 16.00+0.10 1543+0.13 14.60+0.13
13 1744+0.12 17.27+0.36 <1294 <872 - - -
14 1711+0.09 17.32+0.37 <12.87 <9.19 - - -
16 17.00+0.08 17.07+0.29 < 12.79 <9.11 - - -
21 1760+0.13 16.80+0.23 <12.54 <9.19 - - -
22 16.88+0.08 15.88+0.10 <1253 <8.76 - - -
23 17.02+0.08 16.53+0.18 <1292 <9.27 - - -
24 16.78£0.07 16.56+0.18 <1241 <9.37 - - -
25 17.05+0.09 17.07+0.29 <12.37 <9.26 - - -
26 16.92+0.08 16.01+0.11 <12.82 <9.28 - - -
28 16.14+0.05 15.71+£0.09 < 12.56 <9.09 - - -
29 18.13+0.21 1722+0.33 <13.01 <8.99 - - -
30 11.91+0.02 11.99+0.02 11.87+0.19 <945 12.64+0.02 12.07+0.03 11.99+0.03
31 17.36+0.11 1649+0.17 <12.65 <897 - - -
32 1693+£0.08 17.35+0.39 <1232 <894 - - -
33 15.02+0.03 15.14+0.06 <12.77 <874 15.69+0.07 1520+0.10 15.08+0.10
35 15.33+0.03 14.26+£0.04 11.59+0.17 9.12+0.42 - - -
36 16.79+0.07 1691+£0.25 <13.12 <9.09 - - -
37 17.00+0.08 1711+0.30 < 12.99 <8.71 - - -
38 16.66+0.07 15.75+0.10 <1233 <871 - - -
39 15.33+0.03 15.08+£0.06 12.93+0.52 <9.31 - - -
40 16.15+0.05 16.08+0.12 <1273 <9.17 - - -
41 9.10+£0.02 9.11+£0.02 9.05+0.03 9.08+0.41 935+0.02 9.19+0.02 9.13+ 0.02
42 15.30+0.03 15.38+0.07 <1255 <888 1595+0.08 15.39+0.11 15.13+0.11
44 1727+0.10 16.99+0.28 1241+032 <8.75 - - -
45 12.04+0.02 11.39+0.02 8.84+0.02 6.61+0.05 14.72+0.06 13.81 £0.06 13.26 + 0.06
46 16.65+0.06 15.34+0.07 11.69+0.18 <9.20 - - -
48 16.01 £0.04 15.09+0.06 12.41+0.34 <9.25 - - -
49 16.84+0.08 16.22+0.14 <1238 <8.89 - - -
50 15.53+0.04 15.51+0.08 <1299 <929 1592+0.08 15.70+0.14 15.64+0.14
51 16.08+0.05 15.28+0.07 <1215 <8.79 - - -
54 18.12+0.22 16.67+0.20 < 12.67 <8.89 - - -
55 16.57+0.06 16.64+0.20 13.01+£0.52 <8.67 - - -
56 1543+0.03 15.15+0.06 12.56+0.40 <9.27 - - -
60 13.62+0.03 13.39+0.03 12.45+041 <863 15.60+0.09 14.81 +0.09 14.23+0.09
61 1645+0.06 1638+0.16 <12.23 <9.12 - - -
62 16.38+0.05 15.03+0.06 11.60+0.15 9.22+0.50 - - -
63 14.70+£0.03 14.27+0.04 12.05+0.25 9.00+0.39 - - -
66 15.16+0.03 14.47+0.04 11.16+0.13 9.18 +0.52 - - -
68 17.15+0.09 16.00+0.11 <1214 <8.92 - - -
69 16.21£0.05 15.05+0.06 11.63+0.16 8.97+0.42 - - -
70 17.65+0.14 16.53+0.18 <1298 <9.18 - - -

1: The full catalogue is available at the CDS.
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Table B.3: Optical magnitudes of counterparts of X-ray sources of 47 Tuc in the Gaia and SkyMapper Southern Sky Survey.

NO Gaia magnitudes(Gaia Collaboration 2020) SkyMapper magnitudes(Wolf et al. 2018) Gaia distance (Bailer-Jones et al. 2018)
G mag Gpp mag GRrp mag g mag r mag
300 nm 400-500 nm 600-750 nm 467 nm 616 nm pc
4 16.331+£0.001 16.698 +0.004 15.767 +0.003 - -
9 17.392+0.001 17.728 +0.008 16.882 +0.009 - -
30 13.912+0.000 14.366+0.001 13.296 +0.001 - -
33 17.319+0.001 17.870+0.010 16.621 +0.006 - -

41  10.024+0.010 10.252+0.030 9.714+0.030 10.382 +0.003 10.274 +0.003 361.985 +£2.893
45 17.207+0.006 16.986+0.017 15.938 +0.010 - -

50 17.067+0.001 17.392+0.007 16.558 +0.006 17.640 +0.086 17.061 +0.056

71 9.792+0.001 10.081+0.002 9.373 +0.001 - - 160.834 +£2.976
81 17.103+0.001 17.405+0.013 16.597 +0.009 - -

84 15.640+£0.002 17.442+0.012 14.308 +0.002 - - 66.503 + 1.648

106 17.331+0.001 17.642+0.010 16.847 +0.009 - -
109 16.871+£0.001 17.558 £0.010 16.067 +0.002 - -
119 16.579+0.001 17.077 +£0.006 15.934+0.003 16.921 +0.089 16.563 £ 0.078

137 16.713+0.001 17.125+0.005 16.111 £ 0.005 - -

145 16.376+0.001 16.661 +0.005 15.924+0.005 16.719+0.136 16.494 + 0.031

148 13.100+0.003 13.912+0.003 12.212+0.004 13.944 +0.010 13.214 £ 0.007 149.648 + -0.621
158 17.585+0.001 17.909+0.012 17.119+0.010 17.848 +0.130 17.622 £ 0.146

161 17.069 +0.001 17.455+0.010 16.509+0.006 17.493 +0.142 17.244 £ 0.115

162 21.120+0.024 - - - -

164 21.100 +0.025 - - 17.210 £ 0.211 17.050 £ 0.116

181 17.164 £0.001 17.491 £0.013  16.674 £0.005 17.346 +0.197 17.277 £ 0.091

192 12.158 £0.000 12.665+0.002 11.521+0.001 12.603 +0.004 12.155 +0.004 162.665 + -0.779
215 16.706 +0.003 17.988 £0.012 15.498 +0.005 - - 297.176 + 29.835
217 17.215+0.001 17.873+0.012 16.430 +0.004 - -
218 16.411+£0.001 17.196 +£0.008 15.556 +0.003

- - 668.550 + 26.177
220 17206 +0.001 17.506 +£0.010 16.707 +0.008 17.395 +0.165 17.409 £ 0.075

232 17.783+0.001 17.959+0.026 17.172+0.013 - -
246 16.637+0.001 17.072+0.005 16.042+0.004 16.864 +0.099 16.486 +0.075
247 17.005+0.001 17.360+0.015 16.490+0.006 17.354 +0.113 17.267 £0.134

255 15.024+0.001 16.126+0.007 13.979+0.002 16.363 +0.030 15.333 £0.019 168.927 £ 0.872
260 17.113+£0.003 17.765+0.016  16.333 £ 0.009 - - 999.932 + 81.000
262 17.057+0.001 17.393+0.011 16.549 +0.011 - -

263 14.771+£0.000 15.269+0.003 14.109 +£0.002 15.247 +0.023 14.801 +0.016
267 13.379+0.000 13.845+0.002 12.761 £0.001 13.794 +0.009 13.411 +0.008
279 17.677+0.001 17.939+0.017 17.160 +0.012 - -

282 17556 +0.001 17.702+0.023 16.951 +0.024 17.292+0.124 16.775 £ 0.106
285 17.544+0.001 17.861 +0.013 17.078 £0.008 18.143 +0.219 17.846 £ 0.114
304 11.561+£0.000 11.796+0.002 11.186 +0.001 - - 402.812 +£3.975
313 12.016 £0.000 12.688 +0.001 11.250 + 0.001 - -

330 17.652+0.001 17.878 £0.013 17.098 £0.013  17.351 +0.165 17.600 + 0.208
332 13.862+0.000 14.318+0.001 13.255+0.001 14.239+0.011 13.915 £ 0.009
335 17.127+0.002 17.141+0.029 16.276+0.044 14.111 +0.013 13.799 £ 0.010
337 16.924+0.001 17.322+0.010 16.365 +0.006 - -

340 17416 +£0.002 17.190+0.044 16.370+0.028 16.831+0.113 16.350 £ 0.076

341 17.342+0.003 17.514+0.011 16.705 +0.010 - -
355 17.835+0.002 17.895+0.020 17.067 +£0.024 - -
359 16.385+0.001 16.700+0.004 15.899 +0.004 - -

361 17.430+0.002 17351 +£0.024 16.492+0.035 16.894 +0.100 16.713 £0.070
364 19.071 £0.004 - - 16.912 £ 0.148 16.314 +0.092
365 17.360+0.001 17.641 +0.009 16.856 +0.008 - -
369 17.115+0.001 17.397+0.012 16.582+0.010 17.370+£0.162 17433 £0.178
371 17.786+0.002 17.730+£0.047 17.011+0.030 14.240+0.013 13.876 +0.010
374 17616 +0.002 17.193+0.053 16.466 +0.034 - -
376 15.857+0.003 16.155+0.007 15.128 +0.005 14.669 +0.017 14.269 + 0.013
378 13.862+0.000 14.405+0.002 13.184+0.000 - -
384 17.617+0.001 17928 £0.010 17.127 + 0.008 - -
385 17376 +£0.001 17.952+0.016 16.606 +0.012 - -
389 18.655+0.013 17.749+0.032 16.636+0.009 16.307 +0.110 16.021 +0.096
394 17.737+0.007 17.548 £0.019 16.453+0.012 16.896 +0.151 17.044 £ 0.182

+: The full catalogue is available at the CDS.
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