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ABSTRACT
The vast majority of binaries containing a compact object and a regular star spend most of their time in a quiescent state
where no strong interactions occur between components. Detection of these binaries is extremely challenging and only few
candidates have been detected through optical spectroscopy. Self-lensing represents a new means of detecting compact objects
in binaries, where gravitational lensing of the light from the visible component by the compact object produces periodic optical
flares. Here we show that current and planned large-area optical surveys can detect a significant number (∼ 100–10, 000s) of
these self-lensing binaries and provide insights into the properties of the compact lenses. We show that many of the predicted
population of observable self-lensing binaries will be observed with multiple self-lensing flares; this both improves the chances
of detection and also immediately distinguishes them from chance-alignment micro-lensing events. Through self-lensing we can
investigate long – but previously hidden – stages of binary evolution and consequently provide new constraints on evolutionary
models which impact on the number and nature of double compact object mergers.
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1 INTRODUCTION

The vast majority of binaries containing a neutron star – NS or black
hole – BH, have been found through the action of mass transfer and
accretion from a companion star, which typically requires the binary
separation to be small (see Remillard & McClintock 2006). Whilst
X-ray binaries in the Galaxy number in the ∼thousands (e.g. van
Haaften et al. 2015), this is orders of magnitude less than should
be present in the form of non-interacting binaries with large orbital
separations (Wiktorowicz et al. 2020). As non-accreting systems
contain relatively pristine compact objects (having never accreted
any material since their formation) they offer profound insights into
the nature of the formation process and of the evolution of the binary
itself.
Detecting non-interacting and wide binaries can be achieved

through three primary methods, firstly through detecting the astro-
metric shift due to the orbit of the companion star (e.g. Gould &
Salim 2002), secondly through detecting radial velocity variations of
the companion star (e.g. Casares et al. 2014), and thirdly by detect-
ing the self-lensing signature (e.g. Gould 1995). The former two have
been discussed at length in relation to high precision surveys such
as GAIA or LAMOST (e.g. Wiktorowicz et al. 2020, and references
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therein), whilst here we focus on the self-lensing signature of wide
and non-accreting binaries in our Galaxy.
Micro-lensing by isolated BHs is a well-established field and has

been a vital tool for constraining limits on the mass of massive
compact halo objects (MACHOs) (e.g. Wyrzykowski et al. 2011).
Self-lensing (SL) is a specific form of micro-lensing which occurs
when a compact object transits across the disc of its optically bright
companion star (Gould 1995). The relative increase in brightness
derived frommagnifying the apparent size of the companion depends
on the binary separation, the mass and radius of the compact object,
and inclination to the observer (e.g. Witt & Mao 1994). In addition,
the shape of the lensing flare and astrometric shift of the Einstein ring
will depend on the spin (angular momentum) of the compact object
(e.g. Ebrahimnejad Rahbari et al. 2005) which, in turn, encodes the
physics of the formation mechanism. SL can also occur in super-
massive BH binaries or in pre-merger double compact objects when
one of the compact objects is accreting mass and produces X-ray
radiation (D’Orazio & Di Stefano 2018, 2020; Ingram et al. 2021),
but in this study we focus only on optical observations.
Self-lensing has been observed in five binaries to-date, all contain-

ing white dwarfs (WD Kruse & Agol 2014; Kawahara et al. 2018;
Masuda et al. 2019). In the case of WD lenses, the binary separa-
tion must be large enough such that the Einstein radius (𝑟E) is larger
than the WD’s radius. Whilst this limits the separation and therefore
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orbital period (𝑃orb) – which also limits the Einstein crossing time
(𝜏E) and recurrence time (𝑡rec) – for WD systems, for those contain-
ing BHs and NSs, the binary separation can be considerably smaller
(leading to a shorter period and crossing time). This opportunity
for shorter periods yields a larger number of SL events for a given
BH/NS system which, in turn, can distinguish the event from stan-
dard micro-lensing and provides opportunity for detailed follow-up
(which is not as accessible for micro-lensing).
Whilst it is reasonable to expect many potential SL systems to

be present in the Galaxy, their detection depends on the sensitivity,
coverage and cadence (i.e. time between consecutive observations of
the same field) of a given optical survey. In this paper we present a
critical analysis of the SL population of both BH and NS binaries
obtained via population synthesis under various initial conditions,
using the grid of models prepared in Wiktorowicz et al. (2019). We
also predict the numbers and nature of SL systems we should expect
to locate in the current and forthcoming data from optical surveys,
focusing on the Transiting Exoplanet Survey Satellite (TESS; Ricker
et al. 2015), the Zwicky Transient Facility (ZTF; Masci et al. 2019)
and the Vera Rubin Observatory (LSST; Ivezić et al. 2019).

2 METHODOLOGY

2.1 Self-lensing model

The detailed SL signal for a given binary requires the application
of ray-tracing codes within the appropriate metric. However, we can
already obtain insights by assuming the simple analytical case where,
in the absence of any limb-darkening and ignoring the eclipse of the
companion star the maximal lensed brightness is magnified by a
factor equal to (Witt & Mao 1994)

`SL =
1
𝜋
[𝑐𝐹𝐹 (𝑘) + 𝑐𝐸𝐸 (𝑘) + 𝑐ΠΠ(𝑛, 𝑘)] , (1)

where 𝐹, 𝐸 and Π are complete elliptic integrals of the first, second
and third kind respectively. The parameters are:

𝑐𝐹 = − 𝑏 − 𝑟

𝑟2
4 + (𝑏2 − 𝑟2)/2√︁
4 + (𝑏 − 𝑟)2

𝑐𝐸 =
𝑏 + 𝑟

2𝑟2

√︃
4 + (𝑏 − 𝑟)2

𝑐Π =
2(𝑏 − 𝑟)2

𝑟2 (𝑏 + 𝑟)
1 + 𝑟2√︁
4 + (𝑏 − 𝑟)2

𝑛 =
4𝑏𝑟

(𝑏 + 𝑟)2

𝑘 =

√︄
4𝑛

4 + (𝑏 − 𝑟)2
. (2)

where 𝑏 = (𝑎/𝑅E) cos 𝑖 is the impact parameter (the minimum pro-
jected separation on the image plane between the centres of the two
binary components) in units of 𝑅E, where 𝑖 is the inclination of the
binary, and 𝑟 = 𝑅★/𝑅E where 𝑅★ is the radius of the optical source
(i.e. the companion star). The Einstein radius (𝑅E) is defined as:

𝑅E =

√︄
4𝐺𝑀CO

𝑐2
𝐷LS𝐷L
𝐷S

, (3)

where 𝐺 is the gravitational constant, 𝑀CO is the compact object
(BH or NS) mass, and 𝐷LS, 𝐷L, and 𝐷S are the distance between
lens and source, the distance between observer and the lens, and the
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Figure 1. The relation between the peakmagnification and the impact param-
eter for a few relative sizes of the optical companion (source) star. The same
relation holds between the instantaneous magnification and the separation
between the compact object and the centre of the source star in the lens plane.

distance between the observer and the source, respectively. In the
case of SL, 𝐷L ≈ 𝐷S, therefore,

𝑅E ≈
√︂
4𝐺𝑀CO𝑎 sin 𝑖

𝑐2
, (4)

where 𝑎 sin 𝑖 = 𝐷LS is the binary separation projected on the line
of sight. The relationship between the maximum magnification and
the impact parameter is presented in Figure 1, which can also be
interpreted as the instantaneous magnification as a function of the
separation between the Einstein radius and the centre of the source
star in Einstein radii. We note that the formulae used in Agol (2003)
and Masuda & Hotokezaka (2019) are simplifications of Equation 1
for 𝑅E � 𝑅★.
All of the input parameters used to calculate `sl are intrinsic

to a given binary system except for the impact parameter 𝑏 which
depends on the orientation of the orbit in space. We assume that
all orbital orientations are equally probable and that a detectable
SL event may occur only when 𝑏 < 𝑏max = 1 + 𝑅★/𝑅E, i.e. the
minimal separation between the compact object and the centre of the
source star is smaller than 𝑅E + 𝑅★. However if the source is large
(𝑅★ > 𝑅E), the magnification can be small (`sl . 2; see Figure 1).
The probability that a randomly orientated orbit will have such an
impact parameter is 𝑃b = 𝑃(𝑏 < 1 + 𝑅E/𝑅★) = (𝑅E + 𝑅★)/𝑎.
In order to randomize the distribution of impact parameters, we
calculate them as 𝑏 = 𝑎 cos 𝑖/(𝑅E + 𝑅★), where cos 𝑖 comes from a
uniform distribution between 0 and (𝑅E + 𝑅★)/𝑎.
In micro-lensing, the Einstein crossing time is defined to be the

maximum time (i.e. for an edge-on orientation) for which the sep-
aration on the sky between the source and lens is smaller than 𝑅E.
In the case of SL (where 𝐷L ≈ 𝐷S), the optical star can no longer
be interpreted as point-like, therefore, we extend the definition of
the crossing time to include objects where at least a fraction of the
companion star’s disk, projected on the lens plane, falls within the
Einstein radius from the lens, whichwe call an effective crossing time
(𝜏eff). Additionally, by allowing for non-zero impact parameters, we
obtain shorter, but more realistic, crossing times than found in previ-
ous studies (e.g. Masuda et al. 2019). Specifically, we calculate the
effective crossing time as:

𝜏eff =
𝑃orb (𝑅E + 𝑅★)

𝜋𝑎 sin 𝑖

√︄
1 −

(
𝑏

𝑏max

)2
, (5)
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𝑡survey [yr] cadence [days] 𝑚lim 𝑚sat 𝑛filters 𝑚lim,eff
ZTF 5 1 21 12 2 21.93
LSST 10 4.6 24 14 1 24.55
TESS 0.07𝑎 0.0014 12 4 1 12.55

Table 1. Key parameters for the survey instruments used in our calculations.
𝑡survey: duration of survey; 𝑚lim: magnitude limit for SNR = 5 and one filter;
𝑚sat: instrument saturation limit; 𝑛filters: number of observing filters used;
𝑚lim,eff : corrected magnitude limit. 𝑎 the TESS mission duration is actually
2 years but every field will be observed for 27 days. We note that a fraction
of the stars will be observed for longer than this due to field intersection,
but we do not consider this in our results (therefore our results are somewhat
conservative).

where 𝑃orb is the orbital period.We used amean value for the distance
between the stars (< 𝑟 >= 𝑎) and amean value for the orbital velocity
(< 𝑣 >= 2𝜋𝑎/𝑃orb). We note that 𝜏eff is different to 𝜏sl as defined in
Masuda &Hotokezaka (2019), where the average value of the impact
parameter was used.

2.2 Binary population synthesis

This work uses the publicly available database of BHs in synthetic
stellar populations (Wiktorowicz et al. 2019)1. This catalogue was
obtained through use of the startrack population synthesis code
(Belczynski et al. 2008, 2020) and provides ready-to-use data for
a variety of studies. We have extended the database to include NS
progenitors by including binaries with primary masses on the ZAMS
as low as 5𝑀� . We have also utilised the reference model for binary
population synthesis as defined inWiktorowicz et al. (2019) together
with the initial mass function (IMF) of 𝑃(𝑀ZAMS) ∝ 𝑀Γ

ZAMS, where
Γ = −2.3 for the standard (std) model, Γ = −1.9 for the flatIMF
model, and Γ = −2.7 for the steepIMF model. For these models, we
utilise variations in metallicity (models with low-Z: 1% solar, and
mid-Z: 10% solar) to account for the chemical diversity in the Milky
Way. We refer the reader to Wiktorowicz et al. (2019) for additional
details and a thorough discussion of the models and simulations.
For our analysis, we have chosen those binaries containing com-

pact objects (NS/BHs only) and which are evolving through a non-
interaction phase and explicitly ignore those which are undergoing
mass transfer (noting that these systems may also self-lens). From
the population synthesis calculation, we have all of the requisite in-
gredients to simulate the SL signatures for binaries in our sample
(using the SL model described above) and determine the proportion
which might be discovered by various ongoing and forthcoming sur-
veys. We make the simplifying assumption that the peak brightness
of the SL event is maintained for the entire Einstein crossing time
(i.e. that the ingress and egress of the lensing is much smaller than
𝜏𝐸 ). This assumption only breaks down for very small stars with
radius comparable to that of the lens.

2.3 Observational predictions

To account for the stellar mass distribution in the Galaxy, we use
the Milky Way model of Robin et al. (2003), modified as described
in Wiktorowicz et al. (2020). Following the procedure introduced in
Wiktorowicz et al. (2020), which improves on the traditional Monte
Carlo-based sampling methods, we calculated the fraction of the
Galactic mass within a distance 𝑑, observable from the Earth for the

1 https://universeathome.pl/universe/bhdb.php

instruments under consideration (Figure 2). To calculate bolometri-
cally corrected absolute magnitude (𝑚abs) we use the YBC database
(Chen et al. 2019, see also Sec 2.4). We employed the Spitzer (1978)
scaling of interstellar extinction, 𝐴 = 1mag/kpc. Consequently, the
apparent magnitude of a flare2 is given by:

𝑚app,flare = 𝑚abs − 2.5 log10

[
(`sl − 1)/

(
𝑑

kpc

)2]
+
(
𝑑

kpc

)
+ 10. (6)

In our sample we include only systems in which a single SL
flare gives a signal-to-noise ratio SNR > 3. In the case of ZTF
which provides observations in two filters, we allowed for stacking
of observations which improves the SNR. The effective magnitude
limit is calculated as:

𝑚lim,eff = 𝑚lim − 2.5 log10
SNR
SNRref

𝑛
− 12
filter, (7)

where 𝑚lim is the magnitude limit for the given instrument if SNR =

SNRref (= 5 in our case, i.e. 5𝜎 significance level) and 𝑛filter, which
is the number of filters used, is equal one. Table 1 presents the
parameters used in this study for our chosen instruments. We note
that the choice of a smaller SNR is motivated also by the fact that in
SL we can co-add separate flares to increase data coverage of a flare
profile, so the SNR will improve with time.
For each system in our simulated sample, we use Eq. 7 to calculate

the distance out to which its flare is observable (𝑑max) from the
implicit function 𝑚app,flare (𝑑 = 𝑑max) = 𝑚lim. Similarly, we include
the effects of saturation (𝑚sat in Table 1) by calculating the distance
at which the lensed star is not saturated (𝑑sat), from the implicit
relation 𝑚app,flare (𝑑 = 𝑑sat) = 𝑚sat. Additionally, we place a limit
on the smallest observable distance by ensuring that 𝑑min is not
smaller than 0.1 kpc through 𝑑min = min(0.1 kpc, 𝑑sat) which avoids
including any objects closer than the closest stars (0.1 kpc roughly
corresponds to the distance to the nearest super-giants, 𝛼 UMi Aa:
∼ 0.1 kpc (Turner et al. 2013), Antares: 0.17 kpc (van Leeuwen
2007), and Betelgeuse: 0.22 kpc (Harper et al. 2017)). As it turns
out, even for a continuous mass-distribution model, the fraction of
stars inside 𝑑min is negligible for a typical case and doesn’t influence
our results. Following this calculation, the distributions in Fig. 2 are
used to obtain the fraction of the stellar mass in the Galaxy, found
within the distance at which the flare is observed by the instrument of
choice. As such, the probability that a system will be present in that
region of space is proportional to the stellar density in that Galactic
location and is given by 𝑓d = 𝑓gal (< 𝑑max) − 𝑓gal (< 𝑑min). Finally,
the probability that a random source in the simulation results will
undergo an observable SL event at the moment of observation can
be calculated to be:

𝑃obs = 𝑓d 𝑓age 𝑓SF𝑃b, (8)

where 𝑓age = SFR(𝑡 = 𝑡age)𝑑𝑡 is the probability that the system is
observed currently, SFR(𝑡) is the star formation history (i.e. the star
formation rate as a function of time), 𝑡 is the look-back time, 𝑡age is
the age of the system (time since ZAMS), and 𝑓SF is a scaling fac-
tor between the simulated stellar mass and the Milky Way’s stellar
mass. 𝑓SF depends on the IMF and in our case equals 168/295/408
for steep/standard/flat (Γ = −2.7/−2.3/−1.9) IMFs, respectively. We
note that the typical properties of binaries harbouring COsmay differ
significantly from the general stellar population in the Galaxy due

2 In this work, by the luminosity of the flare we understand the difference
between the luminosity of the magnified (` > 1) and not magnified (` = 1)
source.
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Figure 2. Density profiles showing the fraction of the Galactic component’s mass in relation to distance from the Earth within the field of view of different
optical surveys. The spatial distribution of stellar mass in the Galaxy follows Robin et al. (2003) as described in Wiktorowicz et al. (2020).

to the natal kicks that COs may obtain during birth. Natal kicks not
only influence the spatial distribution of CO binaries, but also bi-
nary parameter distributions (e.g. the 𝑃orb; see Gandhi et al. 2020).
Nonetheless, these distributions are poorly sampled and in this study
we treat the distributions for the general stellar population as ade-
quate.
The ability to observe a given SL flare is further influenced by

its duration (of the order of the Einstein crossing time) as given by
equation 5, 𝑃orb, and the parameters of the survey considered. Each
survey has a duration 𝑡survey – which is either the total duration (ZTF,
LSST) or the time spent observing a particular field (TESS) – and
a cadence of 𝑡c, such that a given field is observed 𝑁 = b𝑡survey/𝑡cc
times altogether. Since the duration of each observation is far shorter
than the typical flare duration, we assume that each survey consists of
𝑁 instantaneous snapshots spaced by 𝑡c. For SL flares with duration
longer than the survey cadence, 𝜏eff > 𝑡c, 𝑁rec = 𝑡survey/𝑃orb flares
will be observed by the survey and each flare will be covered by an
average of 𝑁points = 𝜏eff/𝑡c observations. In this case, the probability
that at least one flare is seen from a given self-lensing source by a
given survey is therefore 𝑃vis = min[1, 𝑡survey/𝑃orb]. We see that
a survey with 𝑡survey > 𝑃orb is sure to see at least one flare in this
𝜏eff > 𝑡c limit, whereas 𝑃vis < 1 if the entire survey only covers a
fraction of an orbital period.
In the opposite limit of 𝜏eff < 𝑡c, each SL flare that occurs dur-

ing the survey will either be missed completely or will be covered
by only one observation (𝑁points = 1). The probability of a single

observation occurring during a lensing flare is 𝜏eff/𝑃orb < 1. We
employ the following ‘brute force’ method to determine the effec-
tive visibility of these systems. We assume without loss of gener-
ality that the flare occurs at an orbital time of [𝑃orb − 𝜏eff , 𝑃orb];
we then choose an initial (i.e. at the beginning of the survey)
time during the system’s orbit, 𝑡0, from a uniform distribution
between 0 and 𝑃orb. If 𝑡0 ∈ [𝑃orb − 𝜏eff , 𝑃orb] then we treat
the flare as being detected. Otherwise, we increment the time 𝑡

(equal initially to 𝑡0) by the observing cadence until 𝑡 ≥ 𝑡survey.
If ∃𝑛< b (𝑡survey−𝑡0)/𝑡c c [𝑡0 + 𝑛𝑡c] mod (𝑃orb) ∈ [𝑃orb − 𝜏eff , 𝑃orb], then
we treat the flare as detected (𝑃vis = 1). Simultaneously, we count
the number of visible flares (i.e. the number of different values of 𝑛
for which [𝑡 + 𝑛𝑡c] mod (𝑃orb) ∈ [𝑃orb − 𝜏eff , 𝑃orb]) as 𝑁rec, and cal-
culate 𝑁points as 𝜏eff/𝑡c. Note that for 𝑡survey � 𝑃orb, we can simply
write 𝑁rec ≈ (𝜏eff/𝑃orb) (𝑡survey/𝑡c), but out of this limit, resonance
between 𝑡c and 𝑃orb can make the actual 𝑁rec significantly lower than
the naively expected value; our brute force method accounts for such
resonances.
The above calculations are repeated for all evolutionary time-steps

(typically, 10–1000 per system) and for all presently non-interacting
systems harbouring a BH or a NS and a visible companion within
the database. The expected number of observed SL events per evo-
lutionary time-step equals:

𝐸 (bSL) = 𝑃obs𝑃vis, (9)

where 𝑃obs and 𝑃vis are calculated for instantaneous system param-

MNRAS 000, 1–?? (2020)
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eters during the time step. The total expected number of SL events is
calculated as:

𝐸 (𝑛SL) =
∑︁

𝐸 (bSL), (10)

where the summation is over all systems and all time steps. We now
consider the numbers of detectable SL systems accessible to some
of the major ongoing and forthcoming optical surveys.

2.4 Optical surveys

We have chosen three optical surveys with which to calculate pre-
dictions based on the models and approach described above. The
survey parameters needed for the analysis are collected in Table 1.
In our case, the bolometric corrections are added early during the
calculations, before the apparent magnitude limit or the saturation
are included. Below, we briefly discuss the surveys.

2.4.1 TESS

The main goal of the Transiting Exoplanet Survey Satellite (TESS) is
the discovery of extra-solar planets through detecting transits (Ricker
et al. 2014), and will observe nearly the entire sky. TESS has a very
high cadence (2 min3), which enhances the detection probability
of close binaries and increases the number of detected SL flares
as well as their respective data coverage. More than 2 × 105 stars
will be observed with such a cadence (Sullivan et al. 2015), whilst
the remainder will be observed with a 30 min cadence. Although
the mission duration is 2 years, each of the 26 TESS fields will
be observed for a consecutive 27 days and, in some overlapping
sections, a continuous coverage of up to a 1 year for a fraction of
the sky will be possible. Whilst the cadence is the highest of all of
the surveys we consider here (which enables a large number of flares
to be detected and thereby improves the chances of distinguishing
the SL event from micro-lensing), the apparent magnitude limit of
𝑚lim = 12 for SNR = 5 (5𝜎), or 12.55 for 3𝜎 is relatively restrictive.
When calculating the numbers of SL systems detected by TESS,
we assume an optimistic scenario that SL binaries will be mostly
detected among the pre-selected group of target stars with 2 min
cadence, whilst we assume a total observation duration of 27 days
(≈ 0.07 year) for all stars regardless of their location on the sky.
TESS uses a red-optical bandpass covering the wavelength range of
∼ 600–1000 nm, whereas its saturation limit was assumed as 4 mag.

2.4.2 ZTF

The Zwicky Transient Facility (ZTF) is presently performing two
public surveys, the polar plane survey (PPS) and Galactic plane
survey (GPS). The PPS is covering Galactic regions spanning decli-
nation 𝑑 > −31◦ and galactic latitudes |𝑏 | > 7◦, with observations
in the g and r bands, and a 3 day cadence. The GPS covers 𝑑 > −31◦
similarly to PPS, but |𝑏 | < 7◦, with observations in the g and r bands
with a 1 day cadence. In our calculations we assume that we can
combine observations from the two filters (i.e. assuming the crossing
time is long compared to the repeat observations) and effectively
double the exposure time and thereby decrease the noise level. The
single exposure 5𝜎 apparent magnitude limit for ZTF is 21mag, but
using two filters and lowering the detection threshold to 3𝜎, we can
increase it to 21.93 (Eq. 7, see Tab. 1). In this study, we have used

3 actually, the cadence is even higher but the individual observations are
stacked into 2 min frames

only the GPS survey whose field-of-view includes a significantly
larger fraction of the stellar mass in the galaxy (∼ 53%) than the PPS
(∼ 2%). The saturation limit for ZTF is adopted as 12 mag and the
filter used for bolometric correction is r.

2.4.3 Vera Rubin LSST

The Vera C. Rubin Observatory (Ivezić et al. 2019), also known as
the Large Synoptic Survey Telescope (LSST), is an optical survey
telescope, which will observe the southern hemisphere (declination
𝛿 < 0) with a 4.6 day cadence, down to a depth of 24 or 24.55
mag (5𝜎 or 3𝜎, respectively). We note that this cadence is still not
final for LSST (see e.g. Johnson et al. 2019) and may change in the
future. The shorter the observing cadence, the higher the chance of
detecting short SL events, and the better the data coverage of flares
becomes; however technical limitations and observational strategies
put limits on the cadence. The saturation limit for LSST is 14 mag
in our simulations and we assume observations in the r band for the
bolometric correction. The LSST’s first light is expected in 2023.
Among other scientific goals, LSST will map the Milky Way down
to its magnitude limit; as the majority of Galactic stars reside in
the southern hemisphere, LSST’s field-of-view (FOV) contains 90%
of the stellar mass in the Galaxy making it an ideal instrument for
detecting SL events.

3 RESULTS

Ourmain results, showing the predicted number and nature of SL sys-
tems as observed by the chosen surveys (ZTF, LSST, and TESS), are
presented inTable 2. The highest number of detections is predicted for
the Rubin-LSST; this is a result of LSST being planned to last longer
(10 years) than the ZTF or TESS surveys (5 and 2 years, respectively),
which not only increases the number of data points for short period
SL binaries (𝑃orb < 2 years), but also the probability of detecting
longer-period binaries (𝑃orb >> 1 yr⇒ 𝑃obs ∝ 𝑡survey). In addition,
LSST has the highest apparent magnitude limit (𝑚lim = 24/24.55 for
5𝜎/3𝜎) and nearly the entire Galactic stellar mass is localised inside
its field-of-view (∼ 90% of𝑀MW). On the other end is TESS, which,
despite its supreme cadence increasing the detection probability of
very short events (𝜏eff . 1 day), and all-sky coverage, has the low-
est predicted number of detections due to its much fainter apparent
magnitude limit.
For all instruments, the lenses producing the detected SL flares

are typically (in 85–97% of cases) NSs. Progenitors of NSs are more
common in ZAMS populations than the progenitors of BHs due to
the steepness of the high-mass end of the IMF. Additionally, low-
mass stars, which are observable with these instruments due to their
high apparent magnitude limits, are the typical companions to NSs.
Binaries in which a BH progenitor is bound to a low mass star are
not only rarer on ZAMS (Wiktorowicz et al. 2019), but also seldom
survive the common envelope event, or their separations are large
(& 1000 𝑅�); as a result both the recurrence time is long and the
probability that the impact parameters is 𝑏 . 1 (i.e. the event is
included in our sample) is much smaller.
We have found that the majority (& 99%) of the observed NSs

and BHs in SL binaries are expected to be pristine, i.e. they have not
been altered by any subsequent mass accretion since their formation.
Finding and probing such objects (and especially the black holes
as they will still have their natal spin) provides insights into the
supernova mechanism (e.g. the coupling of angular momentum to
the ejecta – e.g. Fuller & Ma 2019) and the connection between
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Instrument IMF 𝑛sl 𝑓1,1 𝑓NS 𝑚source,max `sl,max
ZTF std 4027.97 0.45 0.93 24.40 3554.11
ZTF flatIMF 5529.63 0.45 0.88 24.40 3664.52
ZTF steepIMF 2142.49 0.46 0.96 24.50 6140.31
LSST std 10284.91 0.78 0.91 24.20 4401.18
LSST flatIMF 13939.22 0.79 0.85 24.60 6585.01
LSST steepIMF 5284.28 0.78 0.94 24.60 3509.54
TESS std 123.28 0.71 0.95 24.50 10896.10
TESS flatIMF 172.78 0.69 0.90 24.40 5607.77
TESS steepIMF 64.59 0.71 0.97 24.40 4349.98

Table 2. Predictions for self-lensing, non-interacting (at present) binaries for ZTF, LSST, and TESS. Results were calculated for a realistic model of the Milky
Way galaxy (see Sec. 2) and for three values of the IMF index for massive stars (> 1𝑀�): Γ = −2.3 (standard), −1.9 (flat), and −2.7 (steep). 𝑛sl is the estimated
number of self-lensing sources detected during the duration of the survey. 𝑓1,1 is the fraction of self-lensing binaries for which the expected number of flares, as
well as the observations during one flare, are both higher than 1. 𝑓NS is the fraction of self-lensing binaries with NS lenses. 𝑚source,max are the maximal values
of the pre-magnified apparent magnitude of the source stars whose flares are observable and and `sl,max is the highest magnification in the sample. The errors
were calculated using the bootstrap method and 100 re-samplings of the population synthesis results.

binary parameters and natal kicks. In this context, SL binaries can
be more informative than X-ray binaries in which compact objects
accrete mass and, therefore, change mass by up to several 𝑀� (e.g.
Wiktorowicz et al. 2019).
The maximum apparent magnitudes of source stars in our detected

SL binaries (𝑚source,max, Table 2), are typically fainter (up to ∼ 8–9
mag) than the apparent magnitude limits of the instruments (Table 1).
Such a situation results from the fact that we seek to detect the flare
and not necessarily the source star itself. The apparent magnitude of
a flare (𝑚flare) is related to the the apparent magnitude of the source
star (𝑚source) as

𝑚flare = 𝑚source + 2.5 log10 (`sl − 1). (11)

During the most extreme events (`sl ≈ 1000), the flare can reach the
detection limit of an instrument even for very faint and unobservable
source stars (𝑚source & 20–30 mag).
Themajority of the predictedSL sources have smallmagnifications

(& 89% have `sl − 1 < 0.01), which means that the source star is
comparable to or larger than the Einstein radius. These are mainly
massive stars with large luminosities which are observable (as are
their relatively weak flares) out to larger distances, and mostly found
in the vicinity of the Bulge, which significantly increases the fraction
of the Galaxy where they can reside ( 𝑓d), and consequently also 𝑃obs.
The maximum magnification of our SL binaries is `sl > 100 (see
Table 2) in some cases, but the fraction of such highly magnified
events in the sample is negligible (≪ 1%).
Figure 3 presents the distributions for the parameters of SL bina-

ries, and a comparison between different IMF slopes. The upper plot
presents the lens masses; compact objects with masses below 2.5𝑀�
are assumed to be NSs, whereas those with masses above 2.5𝑀� are
BHs. The gap between 3 and 5𝑀� is an observational and theoretical
feature (e.g. Belczynski et al. 2012, although see the recent LIGO re-
sults of Abbott et al. 2020 and the results frommicro-lensing surveys,
e.g. Wyrzykowski & Mandel 2020) BHs with masses above 17𝑀�
can exist in lowmetallicity parts of the Galaxy (the halo and the thick
disk), but the low fraction of total Galactic stellar mass located in
these Galactic components decreases the observation probability to
such a level that these objects don’t appear in our samples.
The crossing times for the systems we predict to observe are typi-

cally small, although events longer than 100 days appear in all surveys
and in LSST even > 1000 day events are present. This means that,
except for the TESS sample, most of the events will have a very sparse
coverage (∼ 1 detection point); only long events (𝜏eff & 10 day) will
have a more complete coverage. On the other hand, most of the self-
lensing events within the TESS sample are expected to be covered

more thoroughly; for example a 20 minute event will already have
∼ 10 detection points. Such repeat events are extremely valuable as
they allow for targeted follow-up observations (e.g. astrometry) and
are immediately distinguishable from micro-lensing.
The lower panel of Figure 3 shows that only a small fraction

(. 0.2%) of SL events will have a flare as bright or brighter than the
source star and actually the majority of events (& 89%) are very weak
with `sl . 1.01. The latter can be observed only if the companion
star is itself very luminous.
Our results indicate that, for 60–90% of SL binaries, repeat events

can be observed during each survey and up to 12% have at least 100
flares. However, the majority of the SL sources we predict we should
observe (& 1000) will be hard to detect due to the typically low
number of repeat flares during 𝑡survey (𝑁rec) or the low number of
data points per flare (𝑁points). See Figure 4 and Table 3. The latter can
be improved upon through stacking observations of several flares or
spectroscopic observations of the companion’s motion, if available,
which can help to model the entire light curve even if some flares
are missed. We note the persistent issue that single flare detections
(especially, when 𝑅★ << 𝑅E) can be easily misinterpreted as micro-
lensing events. Additionally, when the data coverage of a flare is low,
misinterpretation as other kinds of outburst (e.g. stellar flares) is also
possible.
Figure 4 illustrates histograms of the expected number of systems

with specified limits for the number of SL flare recurrences (𝑁rec =
min(𝜏eff/𝑡c, 1)𝑡survey/𝑃orb, except for those systems calculated using
‘brute force’, see Section 2), and expected data coverage of the flares
(𝑁points = 𝜏eff/𝑡c) for all of the instruments we are considering and
the three IMF models (the corresponding numbers are provided in
Table 3). Non-integer values of 𝑁rec or 𝑁points should be interpreted
as the expected number of systems, e.g. 𝑁rec ≤ 1means a probability
of observing one flare during 𝑡survey is 𝑃obs = 𝑁rec. The histograms
show a inverse proportionality between the estimated number of
detections and 𝑁rec or 𝑁points. Actually, 𝑁rec and 𝑁points are not
independent, because 𝑁rec ∼ 𝑃−1

orb ∼ 𝑣orb ∼ 𝜏−1eff ∼ 𝑁−1
points.

The lack of data in the top right-hand corners of each panel in
Figure 4 is related to 𝜏eff ≈ 1

2𝑃orb, i.e. when the companion star
is nearly filling its Roche lobe, which can be as large as ∼ 0.8𝑎
for an extreme case (𝑀comp >> 𝑀CO), so it is the largest possible
size of a Roche lobe for a non-interacting binary; for any particular
𝑃orb, this yields the maximum number of observations of a flare. In
such situations, the larger the 𝑃orb, the larger the number of possible
observations of the flare (𝑁points ∼ 0.5𝑃orb) which explains the ob-
served anti-correlation. Finally, the cut-off at 𝑁points = 1 is imposed
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Figure 3. Distributions of compact object (lens) mass (𝑀CO), companion (source star) mass (𝑀★), the effective crossing time (𝜏eff ), and the relative luminosity
of the SL flare (`sl − 1) for three instruments (ZTF, LSST, and TESS) and three shapes of the IMF for massive (𝑀 > 1𝑀�) stars: std (Γ = −2.3), flatIMF
(Γ = −1.9), and steepIMF (Γ = −2.7). See text for details.
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Figure 4. Distributions of number of flares (𝑁rec) expected from a source (during each respective survey) versus number of data points per flare (𝑁points) as a
function of IMF slope.

Instrument \ Model std flat steep
𝑁rec \ 𝑁points > 1 > 10 > 100 > 1 > 10 > 100 > 1 > 10 > 100
> 1 1.8 × 103 4.4 × 101 7.7 2.5 × 103 6.0 × 101 9.5 9.8 × 102 2.3 × 101 4.0

ZTF > 10 1.2 × 103 2.1 – 1.6 × 103 2.6 – 6.4 × 102 1.3 –
> 100 2.3 × 102 – – 3.3 × 102 – – 1.3 × 102 – –
> 1 8.0 × 103 1.2 × 102 1.2 × 10−1 1.1 × 104 1.6 × 102 2.1 × 10−1 4.1 × 103 6.7 × 101 5.5 × 10−2

LSST > 10 3.2 × 103 3.5 × 10−2 – 4.2 × 103 4.7 × 10−2 – 1.7 × 103 1.8 × 10−2 –
> 100 5.2 – – 4.0 – – 2.3 – –
> 1 8.7 × 101 8.7 × 101 7.5 × 101 1.2 × 102 1.2 × 102 1.1 × 102 4.6 × 101 4.6 × 101 4.0 × 101

TESS > 10 1.8 × 101 1.8 × 101 9.3 2.8 × 101 2.7 × 101 1.5 × 101 9.5 9.3 4.9
> 100 8.8 × 10−1 3.1 × 10−1 2.1 × 10−10 1.7 6.8 × 10−1 7.3 × 10−10 3.1 × 10−1 8.5 × 10−2 8.1 × 10−11

Table 3. Expected number of detection in relations to recurrence, i.e. number of flares observed during the duration of a survey (𝑁rec) and data coverage, i.e.
the number of observations during a flare (𝑁points).

by the authors to show only systems in which all consecutive flares
are visible. If 𝑁points is lower than one, only a fraction of these flares
will have an observational point, which may lead to misinterpretation
of 𝑁rec.

In Figures 5 and 6, we present a similar collection of plots as in
Figure 4, but only for SL binaries with BH or NS lenses, respectively.
Apart from the dominance of NS lenses in the population of SL

binaries (> 85%; see Table 2), there are no significant differences
between BH lenses and NS lenses as far as 𝑁rec and 𝑁points are
concerned.
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Figure 5. Same as Figure 4, but for BH lenses only.

4 DISCUSSION & CONCLUSIONS

In this study we present a complete theoretical model of SL emis-
sion for binaries harbouring a BH or a NS. We have shown that
observations of repeating SL flares are a promising way of detecting
non-interacting compact object binaries. Using the comprehensive
model of the Milky Way galaxy developed in Wiktorowicz et al.
(2020) and the database of BHs in stellar populations (Wiktorowicz
et al. 2019) extended for systems in which the compact object is
a NS, we have calculated realistic predictions for three ongoing or
planned large-area optical surveys: ZTF GPS, TESS, and the Vera
Rubin-LSST. Our results indicate that such current or future optical
surveys may have the ability to detect hundreds to thousands of SL
binary systems.
Our main results are summarised in Table 2. We show that the

highest number of SL events (∼ 5, 300 – 14, 000) are predicted to
be observed by LSST, as a result of the much longer duration of
this survey compared to ZTF or TESS, and a very high apparent
magnitude detection limit. Conversely, TESS – which will observe
every part of the sky for only 27 days, with overlapping parts of up
to one year – is predicted to detect only ∼ 60–170 SL sources, a
significant fraction of which will be post-interaction and in which
mass transfer has already taken place. However, TESS, due to its

supremely high cadence, is the preferred tool for providing the highest
data coverage and many recurrences (e.g. 18 sources with 𝑁rec > 10
and 𝑁point > 10 in contrast to two and none such sources in ZTF and
LSST samples, respectively)
We have found that the majority of the self-lensing flares will be

very weak (`sl − 1 < 0.01); this results from the fact that compact
objects are typically accompanied by massive stars and massive stars
are mostly located with the vicinity of the bulge. Consequently, the
radius of the companion star is typicallymuch larger than the Einstein
radius, which results in small magnifications (see Fig. 1 and related
text). For such a relatively small flare to be detectable, the intrinsic
luminosity of the companion star needs to be large so even a small
magnification will be visible above the noise, or many flares need
to be stacked together. As massive stars are rare due to their short
lifetimes, only surveys covering a large fraction of the galaxy can
obtain a sizable sample. ZTF and LSST are able to surmount this
problem due to their fainter magnitude limit (𝑚lim = 21 and 24,
respectively) as compared to TESS (𝑚lim = 12). We note the flares
with `sl ≈ 1 may be hard to distinguish from other sources of flux
variability even if the data coverage is moderate. As a consequence,
many flares may be lost during the observations. These observation-
related issues are not a part of this study, so our results in this context
should be perceived as an estimated upper limit on the number of
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Figure 6. Same as Figure 4, but for NS lenses only.

detectable SL sources. Nonetheless, we predict a significant number
(e.g. 18 for TESS) of systemswhich have 𝑁rec > 10 and 𝑁points > 10,
so should be relatively easy to detect. What is more, reducing the
constrains to 𝑁rec > 1 and 𝑁points > 10 we obtain a prediction of
120 detections with LSST (44 with ZFT and 87 with TESS), which
is already comparable in size to the known sample of XRBs in our
Galaxy. However, only ∼ 1% of those binaries harbour BHs.
Some SL binaries with long orbital periods (𝑃orb & 𝑡survey) may

be detected in serendipitous fashion when the flare occurs precisely
at the moment of observation. However, a single SL flare is hard to
distinguish from a micro-lensing event. Therefore, the only way to
discriminate these two types of events in survey data is to look for
recurrence, which is possible only if 𝑃orb < 𝑡survey. To explore this
further, we have calculated the expected recurrence and, simultane-
ously, the data coverage of flares, which can help distinguish them
from other types of stellar flares through lightcurve fitting. We pro-
vide the results in Figure 4 and Table 3. From our results it is evident
that the number of detected SL binaries drops very quickly with re-
quired number of recurrences, especially if a data coverage higher
than 10 points per flare is required. This can lead to the possibility
of confusion with other events, and the requirement for advanced
filtering and modelling.
Masuda & Hotokezaka (2019) have already performed a proof-

of-concept study of detecting non-interacting BH binaries using SL.
With a simplified population synthesis model they predict ∼ 10 BHs
to be detected by TESS through this method. Our study significantly
expands on their work by utilising a comprehensive population syn-
thesis code (StarTrackBelczynski et al. 2008), a realistic model for
the Galaxy, consideration of other major surveys (ZTF and LSST)
and the inclusion of NS systems. Our results show that up to ∼ 300
BHs could be found in TESS data (and considerably more in the
other surveys), which is roughly consistent with their results.
As we show in our work, the majority of NS and BH lenses in

SL binaries (& 99%) are pristine compact objects, i.e. they have not
accreted mass since their formation, therefore, the distribution of
the properties of these compact objects can provide us with a much
better – perhaps unique – understanding of the supernova process
than the one obtained from X-ray binaries (XRBs). In addition, SL
binaries represent a much broader sub-population of binaries than
XRBs which always evolve through a common envelope phase (see
e.g. Wiktorowicz et al. 2014) and whose life-times are much shorter.
Especially, observations of XRBs may be biased against systems
harbouring the most massive BHs for which orbital periods and,
therefore, recurrence times are much longer (Jonker et al. 2021). In
the case of SL binaries this problem will be mitigated by the larger
size of the expected observational sample.
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Observations of SL binaries provide an important new means to
investigate the evolution of non-interacting binaries with one com-
pact component. Detecting andmodelling the repeating SL flares will
shed light on evolutionary phases, which although generating little
continuous emission, are typically the longest evolutionary phases
of BH or NS binaries. In this paper we showed that ongoing and
future optical surveys can provide statistically reliable samples of SL
sources harbouring BHs and NSs that will not be readily accessible
via other techniques (e.g. low angular momentum accretion – Proga
&Begelman 2003). In futurewe plan to significantly extend this study
by testing a wider variety of evolutionary models and providing pre-
dictions for other instruments.Wewill also include predictions based
on ray-tracing models for self-lensing in various metrics as well as
including processes which make the surface luminosity of the source
star non-homogeneous (such as limb and gravitational darkening).

DATA AVAILABILITY

New data generated during the course of this project is
publicly available at https://universeathome.pl/universe/
self_lensing.php.
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