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PSR J1641+3627F: a low-mass He white dwarf orbiting a possible high-mass neutron star
in the globular cluster M13

MARIO CADELANO © 12 Jianxing Cuen .12 CrisTiNa PaLanca @ 52 Avina G. Istrate @3

FraNcesco R. FERRARO 0 12 BArBARA Lanzon: @ 12 Pauro C. C. FrReRE @ * AND MaURIZIO SALARIS (97

L Dipartimento di Fisica e Astronomia, Universita di Bologna, Via Gobetti 93/2 I-40129 Bologna, Italy
2INAF-Osservatorio di Astrofisica e Scienze dello Spazio di Bologna, Via Gobetti 93/3 I1-40129 Bologna, Italy
3 Department of Astrophysics/IMAPP, Radboud University Nijmegen, PO Box 9010, NL-6500 GL Nijmegen, the Netherlands
4 Maz-Planck-Institut fiir Radioastronomie MPIfR, Auf dem Hiigel 69, D-53121 Bonn, Germany
5 Astrophysics Research Institute, Liverpool John Moores University, 146 Brownlow Hill, Liverpool L3 5RF, UK

Submitted to ApJ

ABSTRACT

We report on the discovery of the companion star to the millisecond pulsar J16314+3627F in the
globular cluster M13. By means of a combination of optical and near-UV high-resolution observations
obtained with the Hubble Space Telescope, we identified the counterpart at the radio source position.
Its location in the color-magnitude diagrams reveals that the companion star is a faint (V' ~ 24.3)
He-core white dwarf. We compared the observed companion magnitudes with those predicted by state-
of-the-art binary evolution models and found out that it has a mass of 0.23 + 0.03 Mg, a radius of
0.0337050% Ry, and a surface temperature of 1150071300 K. Combining the companion mass with the
pulsar mass function is not enough to determine the orbital inclination and the neutron star mass;
however, the last two quantities become correlated: we found that either the system is observed at
a low inclination angle, or the neutron star is massive. In fact, assuming that binaries are randomly
aligned with respect to the observer line of sight, there is a ~ 70% of probability that this system hosts
a neutron star more massive than 1.6 Mg. In fact, the maximum and median mass of the neutron
star, corresponding to orbital inclination angles of 90° and 60°, are Mng maz = 3.1 £ 0.6 My and
Mnsmed = 2.4+ 0.5 Mg, respectively. On the other hand, assuming also an empirical neutron star
mass probability distribution, we found that this system could host a neutron star with a mass of
1.5+ 0.1 Mg if orbiting with a low-inclination angle around 40°.

Keywords: globular cluster: individual (NGC6205, M13) - pulsars: individual (J16414-3627F) - tech-
nique: photometric

1. INTRODUCTION
1.1. Millisecond Pulsars

Millisecond pulsars (MSPs) are rapidly spinning neutron stars (NSs) usually formed in binary systems through mass-
transfer from an evolving low-mass companion star (< 1.4 Mg; Alpar et al. 1982; Bhattacharya & van den Heuvel
1991; Lorimer & Kramer 2012). Active mass-transfer is commonly observed in binaries with a NS primary, generally
considered as the precursors of MSPs (e.g. Tauris & van den Heuvel 2006; Archibald et al. 2010; Papitto et al. 2013;
Stappers et al. 2014; Ferraro et al. 2015). Following the mass-transfer phase, the NS is reactivated as a pulsar and it
is usually observable in the radio bands, while the companion is expected to be the core-remnant of an exhausted and
stripped evolved star: a white dwarf with a He core (He-WD; e.g. Driebe et al. 1998; Tauris & Savonije 1999; Ferraro
et al. 2003a; Istrate et al. 2014a; Antoniadis et al. 2016a; Cadelano 2019). Although this scenario has been firmly
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confirmed throughout the years, several deviations from it have been highlighted with the discovery, for example,
of MSPs with massive CO-WD companions (e.g. Tauris et al. 2011; Pallanca et al. 2013b), double NS systems (e.g.
Jacoby et al. 2006; Tauris et al. 2017; Ridolfi et al. 2019) or eclipsing MSPs with non-degenerate companion stars (e.g.
Pallanca et al. 2010; Breton et al. 2013; Mucciarelli et al. 2013; Roberts 2013; Cadelano et al. 2015b; Roberts et al.
2018).

1.2. Neutron Star Masses

The bulk of the NS population has masses around 1.4 Mg. However, recent studies on the NS mass function
(Antoniadis et al. 2016b) found evidence of a bi-modal distribution peaked at 1.4 My and 1.8 Mg and suggested a
limiting sustainable NS mass of > 2.018 M, before the stellar structure collapses to form a black-hole. NS mass
measurements are driven by one of the most important and still unanswered question of modern physics: the behavior
of cold matter at densities larger than that of nuclear saturation. Indeed, this regime is found in NS interiors, and
constraining their still unknown equation of state therefore is one of the key ingredient to answer such a long-lasting
unsolved question (e.g. Lattimer & Prakash 2001, 2007; Steiner et al. 2010; Ozel & Freire 2016; Bogdanov et al. 2019).
The increasing number of NS mass measurements and in particular the discovery of very high-mass NSs (Demorest
et al. 2010; Antoniadis et al. 2013; Fonseca et al. 2016; Cromartie et al. 2020) already helped to place constraints on
the NS equation of state, leaving however a vast range of possibilities. (Ozel & Freire 2016; Antoniadis et al. 2016b,
and references therein).

In the case of MSPs with degenerate companions, such as WDs or NSs, precise mass measurements of both the binary
components can be directly obtained through the timing analysis if relativistic effects are observed (e.g. periastron
precession, Shapiro delay, etc...; see Section 2 in Ozel & Freire 2016). If they are not, mass measurements can
be indirectly performed through the analysis of the WD companions, usually observable through UV and optical
observations. In fact, by comparing the UV-optical magnitudes with appropriate binary evolution models, the mass of
the companion star can be evaluated and such a value, combined with the orbital properties of the system, can place
constraints on the NS mass (e.g. Cadelano et al. 2015a, 2019; Dai et al. 2017; Kirichenko et al. 2020). Furthermore,
spectroscopic observations can also be used to determine the companion radial velocity curve. This can be combined
with the radial velocity curve of the NS to measure the binary mass ratio, thus providing additional constraints on the
NS mass (e.g. Ferraro et al. 2003b). In some cases, the spectroscopic data is good enough to allow the determination
of the WD mass as well, which combined with the mass ratio allows the determination of the NS mass (Antoniadis
et al. 2012, 2013; Mata Sanchez et al. 2020). Spectroscopic studies of WD companions have been also very useful for
tests of gravity theories (e.g. Antoniadis et al. 2013)*.

1.3. Pulsars in globular clusters and their companions

While MSPs are ubiquitous throughout the whole Galaxy, their formation rate is enhanced by a factor of 103 in
globular clusters (GCs). In fact, GCs are collisional systems where internal dynamics promote the formation of exotic
systems like blue straggler stars, cataclysmic variables and MSPs (Ferraro et al. 2009, 2016; Hong et al. 2017; Cadelano
et al. 2018; Rivera Sandoval et al. 2018; Campos et al. 2018), the latter sometimes in eccentric orbits with massive
companions acquired by exchange encounters after the NS was already recycled (e.g. Ridolfi et al. 2019, and references
therein). This makes GCs the ideal environment for studying exotic stellar systems, which can also be used as test
particles in modelling the complex interplay between cluster internal dynamics and stellar evolution (Ferraro et al.
2012, 2018, 2019; Cheng et al. 2019a,b). Moreover, they can provide a wealth of information about the physical
properties of the host cluster itself (e.g. Prager et al. 2017; Freire et al. 2017; Abbate et al. 2018, 2019).

We are currently leading a long-term program aimed at identifying MSP companions in Galactic GCs. This program
led to several discoveries and characterisation of He-WD companions as well as non-degenerate and more exotic systems
(Ferraro et al. 2001, 2003a; Cocozza et al. 2008; Pallanca et al. 2010, 2013a, 2014; Mucciarelli et al. 2013; Cadelano
et al. 2015a,b, 2017, 2019; Cadelano 2019), shedding light on binary and stellar evolution under extreme conditions.
In this work, we report on the discovery of the companion star to the recently discovered PSR J1641+3627F (hereafter
M13F) in the GC M13 (Wang et al. 2020).

M13 (NGC 6205) is a low-density cluster located at about 7 kpc from the Sun (Harris 1996, 2010 edition) and
affected by a very low stellar extinction E(B — V) = 0.02 (Ferraro et al. 1999). Its stellar population has an age

L An updated list of NS masses determined from timing and precise optical measurements can be found at https://www3.mpifr-bonn.mpg.

de/staff/pfreire/NS_masses.html
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Table 1. Main radio timing parameters for M13F%, from Wang et al.

(2020).

Parameter Value
Right ascension, a (J2000)................... 16" 41™ 4456058(3)
Declination, § (J2000) ...................... 36° 28’ 167/0034(2)
Angular offset from cluster center, 6, (") ... 19.8
Spin period, P (ms) ......cccoiiiiiiiiini... 3.003500835979(8)
Orbital period, P, (days) ................... 1.378005120(6)
Time of ascending node passage, Tasc (MJID) 58398.0011780(7)
Projected semi-major axis, x (s) ............ 1.251702(3)
Eccentricity, € ........c.ooiiiiiiiiiiii 5(4)x107°
NS mass function, f (Mg) «..covvviniin... 0.001108878(8)

%Numbers in parentheses are uncertainties in the last digits quoted.

around 13 Gyr (Dotter et al. 2010), an intermediate-low metallicity of [Fe/H] = —1.5 (Carretta et al. 2009) and
an extended blue horizontal branch (Ferraro et al. 1997). This cluster hosts six MSPs (Kulkarni et al. 1991; Hessels
et al. 2007; Wang et al. 2020): two are isolated NSs, three are canonical systems likely having a WD companion
and one is an eclipsing binary. M13F is one of the three canonical systems and was recently discovered with the
FAST radiotelescope by Wang et al. (2020). It has a spin period of 3 ms and an almost circular orbit of 1.4 days.
The main properties of the system, useful for this work, are summarized in Table 1. The binary orbital parameters
result in a NS mass function f = 0.001108878 M. Such a value, assuming a typical NS mass of 1.4 Mg, implies an
extremely low minimum companion mass (corresponding to an edge-on orbit) of 0.13 Mg and a median companion
mass (corresponding to an inclination angle of 60°) of 0.16 Mg. However, state-of-the-art binary evolution models
(Istrate et al. 2014a,b, 2016) show that companion stars with intermediate-low metallicities (such that of stars in M13)
are very unlikely to create a detached He-core WD less massive than ~ 0.18 Mg by the end of the mass-transfer and
the binary detachment. This is mainly due to the fact that low-metallicity stars have shorter evolutionary timescales
with respect to high-metallicity stars, and (having smaller radii) they are able to fill their Roche-Lobe at later stages
of the binary evolution. This suggests that M13F could be a MSP with a non canonical companion star, i.e., a star
different from a He-WD. Alternatively, it could be either a nearly face-on system, or a binary containing a NS more
massive than 1.4 Mg (in these cases, in fact, the companion mass would be larger than 0.18 Mg). All this motivates
an investigation about the true nature and mass of the companion to M13F.

The paper is outlined as follows: in Section 2 the data-set and data reduction procedure are described; in Section 3
we present the identification of the companion star to M13F and we compare its properties with those predicted by
binary evolution models. Finally, in Section 4 we draw our conclusions.

2. DATA-SET AND DATA REDUCTION

We used deep and high-resolution Hubble Space Telescope (HST) images obtained with the Wide Field Camera 3
(WFC3) and the Advanced Camera for Surveys (ACS) under GO 12605 (PI: Piotto), GO 10775 (PI: Sarajedini) and
GO 10349 (PI: Lewin). The adopted data-set consists of a selection of images obtained with different filters covering
a wavelengths range from near-UV to optical. The complete log of the observations is reported in Table 2.

The photometric analysis was performed using DAOPHOT IV (Stetson 1987) and adopting the so-called “UV-route”
described in Raso et al. 2017 (see also Cadelano et al. 2019). First of all, we selected ~ 200 bright stars to model
the point spread function of each image. These models were then applied to all the sources detected at more than
50 from the background level. Then, we created a master list of stars with objects detected in at least half the
F275W images. At the corresponding positions of these stars, the photometric fit was forced in all the other frames
by using DAOPHOT/ALLFRAME (Stetson 1994). By adopting such a near-UV master list, the crowding effects due
to the presence of giants and turn-off stars are strongly mitigated and several blue stars like blue stragglers and white
dwarfs are recovered. Finally, for each star we homogenized the magnitudes estimated in different images, and their
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Table 2. Observations Log

Obs. ID Camera Filter Exposures
F275W 6 x 427 s

GO0 12605 | WFC3/UVIS | F336W 4x 350 s
F438W 4x46 s

GO 10775 | ACS/WFC | F606W 1x7s;4x140s
F814W 1x7s;3x140 s
F435W 1x120s; 2x 680 s

GO 10349 | ACS/WFC | F625W 1x20s;4x90s
F658N | 1x 120 s; 1 x 690 s; 1 x 800 s

Figure 1. Left Panel: 2" x 2" region surrounding the position of M13F in a F275W image. The red cross is centered on the
MSP position while the red circle has a radius of 0.1”. The only star located within this circle is the identified companion to
M13F. Right Panel: same as in the left panel, but for a F435W image.

weighted mean and standard deviation have been adopted as the star magnitude and its related photometric error.
The instrumental magnitudes were calibrated to the VEGAMAG photometric system by cross-correlation with the
publicly available catalogs of “The Hubble Space Telescope UV Legacy Survey of Galactic globular clusters” (Piotto
et al. 2015), of the “ACS Globular Cluster Survey’ (Sarajedini et al. 2007) or by using appropriate filter zero points
and aperture corrections as described in Bohlin (2016).

The stellar detector positions were corrected for geometric distortion effects following the prescriptions by Meurer
et al. (2003) and Bellini et al. (2011). Finally, the corrected positions were converted to the absolute coordinate system
(r,0) using the stars in common with the Gaia DR2 catalog (Gaia Collaboration et al. 2018). The coordinate system
of this catalog is based on the International Celestial Reference System, which allows an accurate comparison with the
MSP positions derived from timing using solar system ephemerids, since the latter are referenced to the same celestial
system. The resulting combined 1o astrometric uncertainty is < 0.1”.

3. THE COMPANION TO M13F
3.1. Identification of the companion star

We searched for the optical counterparts to all the binary MSPs in the cluster by carefully analyzing all the stars
located within a 1” x 1" region centered on the radio positions. For each of the candidate stars, we analyzed its position
in the color-magnitude diagrams (CMDs) and investigated the presence of photometric variability, possibly associated
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Figure 2. Left panel: (mparsw, Mrarsw —mpssew ) near-UV CMD of M13. Right panel: (mpassw, Mrassw —Mmrpe2sw ) optical
CMD of M13. In both panels, the position of the companion star to M13F is highlighted with a red square and the error bars
correspond to the 1o confidence level uncertainties.

to the binary orbital period. Unfortunately, no interesting candidates have been discovered at the positions of M13B,
M13D and M13E. The detection of the counterparts to these systems was likely hampered by the presence of saturated
or very bright stars close to their positions. On the other hand, we identified a promising candidate for the binary
system M13F. In fact, at a distance of only 0.02” from the radio position, we discovered an extremely faint and blue star
whose finding chart is reported in Figure 1. Despite its very low luminosity, this object is detectable in all the available
filters, with the only exception of the F658N one. Its magnitudes and 1o uncertainties are: mporsy = 23.65 + 0.10,
mers3sew = 239i01, MEa38W = 242:|2027 MEa3zsw = 2420:|:0027 mreoeWw — 2435:|:0077 mre2sw = 24.14+0.1 and
mpgiaw = 24.240.1, while for the F658N filter we derived a lower limit of mpgssy > 24.2. As shown in Figure 2, these
magnitudes place the candidate companion star along the red side of the WD cooling sequence, in a region compatible
with the expected location of WDs with a He core. The excellent agreement between the radio and optical positions
and its peculiar location in the CMDs allow us to safely conclude that the detected object is the companion star to
M13F.

3.2. Comparison with binary evolution models

In the previous section we confirmed that M13F is orbiting a WD. In order to get insights on the properties of
the companion star, it is useful to compare its observed magnitudes with binary evolution models. First, in order
to properly compare the observed and theoretical frames, we checked the accuracy of the photometric calibration
by comparing the observed cluster sequences in the CMDs, such as the main sequence and the CO-WD sequence,
with isochrones and CO-WD cooling tracks. We generated from the BaSTI database (Pietrinferni et al. 2004, 2006;
Salaris et al. 2010) an isochrone reproducing a 13 Gyr old stellar population (Dotter et al. 2010) with a metallicity
[Fe/H] = —1.62 and [a/Fe] = 0.2, together with a cooling track for a CO-WD with a canonical mass M = 0.55 M.
Absolute magnitudes were converted to be observed frame by adopting a distance modulus (m — M), = 14.43,
a color excess E(B — V) = 0.02 (Ferraro et al. 1999; Dotter et al. 2010) and appropriate extinction coefficients
calculated following the prescriptions by Cardelli et al. (1989); O’Donnell (1994). The two curves are shown in
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Figure 3. Same as in Figure 2 but zoomed on the WD region. The black curves are an isochrone reproducing a 13 Gyr old
stellar population and a cooling track for a CO-WD with a mass of 0.55 Mg. The other curves are He-WD tracks with masses,
from left to right, of 0.28 Mg, 0.25 Mg, 0.23 Mo, 0.20 Mg and 0.19 M computed similarly as in Istrate et al. (2014a, 2016).
Points at different cooling ages are highlighted with different symbols as reported in the right panel legend.

Figure 3. The excellent agreement between the models and the observed sequences confirms the accuracy of the
photometric calibration and of the adopted cluster parameters. Moreover, the position of the companion to M13F
with respect to the CO-WD cooling track also suggests that it is likely a WD with a He core, as expected from the
canonical formation scenario of MSPs.

To derive the companion properties, we computed binary evolutionary models using the open source stellar evolution
code MESA (Paxton et al. 2011, 2013, 2015, 2018), version 12115, in a similar fashion to Istrate et al. (2014a, 2016). The
initial binary parameters consist of a 1.4 Mg NS, treated as point mass, and a 1.1 Mg donor star with a metallicity of
Z = 0.0005, compatible with that of the cluster. The new evolutionary models will be soon publicly available (Istrate
et al. 2020, in prep). The resulting tracks span a He-WD mass range of 0.18 Mg —0.4 M, a surface temperature range
of 6000 K — 21000 K and cooling ages” up to the cluster age. Theoretical bolometric luminosities were transformed
to HST magnitudes by using the Astrolib PySynphot package (STScl Development Team 2013)% and WD spectra
templates by Koester (2010, see also Tassoul et al. 1990; Tremblay & Bergeron 2009). A selection of these evolutionary
tracks is shown in Figure 3, where we can qualitatively infer that the track better reproducing the companion CMD
positions is the one corresponding to a mass of 0.23 Mg,.

In order to get a quantitative derivation of the companion physical properties (such as its mass, radius, age, surface
gravity and temperature) we implemented an approach similar to that described in Cadelano et al. (2019). We defined
a logarithmic likelihood .Z to quantify the probability of each point of each evolutionary track to reproduce the

2 The WD cooling age is defined, according to Istrate et al. (2016), as the time passed since the proto-WD reached the maximum surface

temperature along the evolutionary track.
3 https://pysynphot.readthedocs.io/en/latest/
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Figure 4. Constraints on the mass, surface gravity, radius, surface temperature and cooling age of the companion star to
M13F. The 1D histograms show the likelihood weighted distributions for each of the parameters. The three vertical dashed lines
for each 1D histogram correspond, from left to right, to the 0.16, 0.5, and 0.84 quantiles, respectively. The contours in the 2D
histograms correspond to 1o, 20 and 3¢ levels. The text at the top reports the derived values for each parameter.

observed companion magnitudes, as follows:

= N2
g = —% 3 (mfgiff) + In(2n8%) (1)
f f

where the index f runs through all the available filters, my and my are the observed and the model magnitudes in
a given filter f, respectively, and d; is the uncertainty on the observed magnitude. The latter term also takes into
account a 0.1 mag uncertainty on the cluster distance modulus and a 0.01 mag uncertainty on the cluster color excess.
The likelihood £ was also forced to zero wherever the predicted F658N magnitude was smaller than the lower limit
derived in the previous section. The resulting likelihood-weighted 1D and 2D histograms are presented in the corner
plot* of Figure 4. For each of the WD parameters, we derived the best values and related uncertainties as the 0.16,
0.5 and 0.84 quantiles of the distributions. All these results are also listed in Table 3.

Results show that the companion to M13F is indeed a low-mass He-WD with a mass around 0.23 Mg. As it can
be seen in Figure 4, all the companion parameters have been firmly constrained with the exception of the cooling
age. Indeed, the 1D histogram of the cooling ages show a clear bi-modal distribution. This feature is the result of a
dichotomy in the cooling timescales due to the occurrence of diffusion induced hydrogen shell flashes in the envelope
of proto-WD with mass M 2 Mgasn ~ 0.2 M@5. The systems which experience such flashes will enter the cooling
tracks with a thin hydrogen envelope. The WDs with M < Mg,g, experience stable hydrogen shell burning during

4 https://corner.readthedocs.io/en/latest/ (Foreman-Mackey 2016)
5 Please note that this critical value strongly depends on the metallicity and physics of diffusion (Istrate et al. 2016)
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Table 3. Derived properties of the companion

to M13F
Param. Value

Mcom (M) ........ 0.23 £ 0.03
logg (em/s?) ........ 6.8+0.2
Reom (Re) «vvvenn.. 0.03370 602
Topp (K) oo, 1150071500
Cooling Age (Gyr) ... 3+1lor0.24+0.1
Proto-WD Age (Myr) 2001700

NoTE—From top to bottom: companion
mass, surface gravity, radius, surface tem-
perature, cooling age and proto-WD age.

the proto-WD and enter the cooling track with a thick hydrogen envelope. As the cooling timescale depends primarily
on the mass of the hydrogen envelope, a cooling dichotomy will be observed (see e.g. Althaus et al. 2001a,b; Istrate
et al. 2014b, 2016). This dichotomy clearly applies to our results. Indeed, our models predict that the minimum mass
for the flashes to occur at the cluster metallicity is around 0.24 M. A closer inspection to the 1D and 2D likelihood
distributions of the cooling ages (Figure 4) reveals a prominent narrow peak centered around 0.3 Gyr and a long tail
extending up to ~ 5 Gyr. The narrow peak is associated with masses larger than 0.24 Mg, which experience hydrogen
flashes (fast cooling), while the tail is associated with masses lower than 0.24 Mg, which burns hydrogen stably (slow
cooling). All this hampers a proper determination of the system age and we therefore report both the cooling ages
in the figure and in Table 3. Selecting only the narrow peak of the age likelihood distribution, the corresponding
companion mass is 0.2670:07 Mg. On the other hand, the extended tail of the age likelihood distribution implies a
mass of 0.22 + 0.02 M. Unfortunately, not even the pulsar spin-down age can be used to better constrain the system
age, since its value has been proven to be highly unreliable (e.g. Tauris 2012; Tauris et al. 2012) and also depends on
the intrinsic pulsar spin-down rate, which cannot be easily determined for MSPs in GCs due to the contamination by
the acceleration induced by the cluster potential (e.g. Prager et al. 2017).

Although the data-set is composed of several multi-epoch images, we found no evidence of photometric variability.
While this could be due to the very poor and random orbital period coverage provided by the available data-set,
we stress that He WD companions only rarely show variability, which is usually due to pulsations (global stellar
oscillations) of the WD itself (e.g. Maxted et al. 2013; Kilic et al. 2015; Antoniadis et al. 2016a; Parsons et al. 2020).
Indeed, heating of the stellar side exposed to the MSP and/or tidal distortions due to the NS tidal field are negligible ,
at odds with the case of non-degenerate and tidally-locked companions stars (e.g. Pallanca et al. 2010, 2014; Cadelano
et al. 2015b), although exceptions exist (e.g. Edmonds et al. 2001; Kaplan et al. 2012).

The companion mass here derived is based on the comparison between the WD observed and predicted optical
magnitudes and thus does not take into account the orbital properties of the system derived through radio timing.
However, for He-WDs formed through the stable mass-transfer channel, there is a very well known and tight correlation
between the binary orbital period and the mass of the proto-WD at the epoch of binary detachment (e.g. Savonije
1987; Joss et al. 1987; Rappaport et al. 1995; Tauris & Savonije 1999; Lin et al. 2011; Istrate et al. 2014b). Such a
correlation, which mainly depends on the companion star metallicity and, to a lesser extent, on other stellar parameters
(e.g. mixing length parameter, initial companion mass), has been also confirmed through observations (e.g. Corongiu
et al. 2012). The theoretical mass-period relation for various metallicities is shown in Figure 5. One should note that
compared to field stars, GC exhibit helium and « elements enhancement which were ignored in this work, but might
influence the mass-period relation at a given metallicity. These effects will be studied in a future work. At the orbital
period of M13F and cluster metallicity (Z ~ 0.0005), the predicted mass for the forming He-WD is ~ 0.21 Mg, in
agreement with our results. Here it is assumed that the WD did not lose a significant amount of mass during the
proto-WD stage and that the current orbital period is almost unchanged with respect to that at the epoch of the
binary detachment.



COMPANION TO M13F

3
10% r———r——————————————————
SEEEEEE] 7Z=0.0001 ]
[ Z=0.0005 e ]
. - 7=0.0032 P T
[2) -~
— 7=0.0142 y
= 10%F o
e E -
= - - FEPEL
9] . L saeent
< ] ® T
Q Py .
< - ’/ “t
< >
= 1 y o
10" o o =
) 3 o . E
@ 1 o o
3 i
.2 X 7 o
= - R
& ] J134242822B." .
e , » -
S 10°F g, S enetserr =
= : J1911,5058A - ]
o - /
10—1 M PR M M M T L
0.16 0.20 0.24 0.28 0.32 0.36 0.40

White dwarf mass [Mg)]

Figure 5. Orbital period at the end of the mass-transfer phase versus the mass of the proto-WD. The various lines represent
theoretical mass-period relations for Z=0.0001, Z=0.0005, Z=0.0032 and Z=0.0142 as predicted by binary evolution models
(Istrate et. al in prep.). The grey region represents the fitted mass-period relation by Tauris & Savonije (1999). The orange
solid line at Z=0.0005 is representative for the metallicity of M13. The red square reports the position of the companion to
M13F. We also included the positions of the companions to J1342+2822B in M3 (Cadelano et al. 2019) and J1911—-5958A in
NGC6752 (Corongiu et al. 2012), since the two clusters share approximately the same metallicity of M13.

3.3. Constraints on the NS mass

The determination of the companion mass together with the binary orbital parameters derived through the radio
timing analysis allows us to place constraints on the NS mass. In fact, the masses of the binary components can be
expressed as a function of the orbital parameters through the NS mass function:

(MCOMSiDi)S - 471'233‘3
(Mns +Mcom)?  GP3pp

(2)

where Mcop and Mg are the companion and the NS mass, respectively, 4 is the orbital inclination angle, G the
gravitational constant, x the projected semi-major axis and Pogrp the orbital period. The right-hand side of this
equation depends exclusively on the binary orbital parameters (see Table 1) and thus its value is very well constrained:
f = 0.001108878 £ 0.000000008 My. On the other hand, the left-hand side of the equation contains the measured
companion mass and two completely unknown quantities: the NS mass and the orbital inclination angle. Figure 6 shows
the NS mass predicted by equation 2 as a function of both the companion mass and the orbital inclination angle. We
find that a 0.23+0.03 M companion star could in principle imply the presence of a very massive NS. In fact, Figure 6
reveals that if M13F is observed almost edge-on (i = 70°), than the NS mass should be 2 2.4 M. More precisely, the
maximum NS mass, corresponding to ¢ = 90° is My g maee = 3.1 +0.6 Mg. Such value is larger than ever measured for
any massive NS and larger than the maximum sustainable mass predicted by most of the theoretical equations of state
(e.g. Ozel & Freire 2016). Therefore, it is unlikely that this system is observed at very large inclination angle. On the
other hand, assuming that binaries are randomly inclined with respect to the observer, i.e. assuming a flat distribution
of cosi, we find a median NS mass (corresponding to ¢ = 60°) of Mng meqd = 2.4+£0.5 Mg (see right panel of Figure 6).
Such value would place M13F on the highest-mass side of the known NS mass distribution (e.g. Antoniadis et al. 2016b;
Cromartie et al. 2020). All this suggests that either M13F is observed at quite small inclination angles (i < 40°) or it
hosts a massive NS. Indeed, under the assumption of a flat distribution of cosi , there is a ~ 70% of probability that
the compact object mass is larger than 1.6 M, thus favoring the case of a massive NS. Finally, we further investigate
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Figure 6. Left panel: companion mass as a function of the NS mass. The solid horizontal line marks the best-fit value of the
companion mass (M = 0.23 My) and the light-grey region delimited by the two horizontal dashed lines marks its estimated
uncertainty. The dark gray shaded area is the region forbidden by the binary mass function (see equation 2), while the dot-
dashed colored lines are the curve obtained assuming different inclination angles. The vertical line represents a canonical NS
mass of 1.4 Mg. Right panel: NS mass as a function of the cosine of the orbital inclination angle, for the estimated mass of the
companion star: the solid curve marks the combination of values allowed by the best-fit value of the companion mass (0.23 Mg),
while the light-grey region delimited by the two dashed curves marks the combinations allowed within the uncertainty (see the
legend). The right edge panel shows, as reference, the NS mass distribution empirically derived by Antoniadis et al. (2016b).

the possibility of having a standard NS mass coupled with a low inclination angle. To this aim, we used a Monte Carlo
Markov Chain sampler (Foreman-Mackey et al. 2019a) to explore the combination of NS masses and orbital inclination
angles able to reproduce the observed mass-function. We defined a standard Gaussian likelihood function to minimize
the difference between the left and right side of equation 2. We assumed an uniform prior on the distribution of cosi
and also a prior on the NS mass distribution following that empirically derived by Antoniadis et al. (2016b), which is
roughly a double Gaussian with a main component centered at 1.4 Mg and with a dispersion of about 0.1 Mg, and a
secondary component centered at 1.8 M and with a dispersion of about 0.2 M. The posterior distribution is shown
in Figure 7 and the results based on the 16t",50t" 84" percentiles show that M13F could host a NS with an almost
standard mass of 1.5 + 0.1 My if orbiting with an inclination angle i = 431“(135 degrees.

4. CONCLUSIONS

PSR J1641+4-3627F is a binary MSP recently discovered in the GC M13 by observations with the FAST radio-telescope
(Wang et al. 2020). Its timing analysis revealed a 1.4 day circular orbit and a NS mass function implying a minimum
and median companion mass of only 0.13 Mg and 0.16 M), respectively, under the assumption of a NS having with a
standard mass of 1.4 My. However, state-of-the-art binary evolution models suggest that such low-mass companions
are unlikely to be produced in a intermediate-low metallicity cluster such as M13. This is mainly due to the fact that
lower metallicity stars are more compact for the same He-core mass compared to higher metallicities (Istrate et al.
2016). This suggests that M13F could host a non-canonical companion or, alternatively, that the system is observed
at nearly face-on orbits or that it hosts a high-mass NS. To shed light on this, we used a combination of near-UV and
optical observations obtained with HST to identify the companion star. At a distance of only 0.02” from the radio
MSP position, we identified a faint and blue object located on the red side of the CMD region occupied by the cluster
WD cooling sequences and thus compatible with the expected position of He-WDs. Our study therefore allowed us
to exclude the first possibility and conclude that the companion to M13F is a canonical He-WD. We exploited the
HST multi-band photometry also to constrain the companion properties from the comparison with binary evolutionary
models computed for M13 metallicity following the prescriptions in Istrate et al. (2016). We found that the companion
to M13F likely has a mass Mcoy = 0.23 £ 0.03 M. It is important to stress that this value is model-dependent,
but different assumptions about the binary and stellar evolution physics are expected to lead to only slightly different
results.
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Figure 7. Corner plots showing the 1D and 2D projections of the posterior probability distribution of the NS mass and
inclination angle of M13F. The 1D-histograms are the marginalized probability distributions and the dashed lines corresponds
to their 16" 50" 84*" percentiles. The bottom left panel is the joint 2D posterior probability distribution and the contours
corresponds to 1o, 20 and 30 confidence levels.

Although our analysis does not allow to break the degeneracy between the inclination angle and the NS mass, we
could at least reduce the range of possibilities by combining the derived companion mass with the binary orbital
parameters. We find a maximum NS mass (corresponding to an edge-on orbit, i = 90°) of Mng mas = 3.1 £ 0.6 Mg
and a median NS mass (corresponding to i = 60°) of Mygmes = 2.4 £ 0.05 Mg. These high values suggest that
M13F is unlikely to be observed edge-on. Therefore we conclude that either M13F hosts a canonical NS with a mass
~ 1.4 Mg and is observed at nearly face-on inclination angles around 40° or its NS is part of the growing class of
high-mass NSs.

To break the degeneracy between a face-on orbit and a high-mass NS, independent measurements of the companion
mass and possibly of the orbital inclination are needed. These quantities could in principle be constrained, for example,
through the radio detection of a Shapiro delay (e.g. Corongiu et al. 2012; Cromartie et al. 2020), in particular its
orthometric amplitude parameter hs (see Freire & Wex 2010). However, given the extreme faintness of M13F, even in
FAST data, it is unlikely that such a detection can be made in the near future. Alternatively, the mass ratio between
the two binary component could be measured through spectroscopic observations that however, due to the companion
low-luminosity, are beyond the capabilities of the current generation of optical telescopes.

Unfortunately, the wavelength coverage and sampling of our observations is not enough to perform a reliable SED
fitting of the observed magnitudes with WD spectral templates. Although this technique could be useful to obtain
an independent companion mass measurement, additional observations at UV wavelengths (A < 270021) are necessary
to properly constrain the surface gravity and radius of a WD by using this method. However, multi-band and high
quality observations sampling the whole wavelength range from UV to optical are indeed feasible and could confirm
in the future the companion mass here derived.
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