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Abstract
Many lines of reasoning suggest that external galaxies should host plan-
etary systems but detecting them by methods typically used in our own
Galaxy is not possible. An alternative approach is to study the tem-
poral behavior of X-rays emitted by bright extragalactic X-ray sources,
where an orbiting planet would temporarily block the X-rays and cause
a brief eclipse. We report on such a potential event in the X-ray binary
M51-ULS-1 in the galaxy M51. We examined a range of explanations
for the observed X-ray dip, including a variety of transiting objects and
enhancements in the density of gas and dust. The latter are ruled out by
the absence of changes in X-ray colors, save any with sharp density gra-
dients that cannot be probed with our data. Instead, the data are well
fit by a planet transit model in which the eclipser is most likely to be
the size of Saturn. We also find that the locations of possible orbits are
consistent with the survival of a planet bound to a mass-transfer binary.

Keywords: keywordl, Keyword2, Keyword3, Keyword4

1 Introduction

Planets are ubiquitous in the Milky Way. The conditions under which the
known planets formed exist in other galaxies as well. Yet each external galaxy
occupies such a small area of the sky that the high projected stellar den-
sity makes it difficult to study individual stars in enough detail to detect the
signatures of planets through either radial velocity measurements or transit
detection, the two methods primarily responsible for the discovery of roughly
4800 exoplanets (exoplanet.eu).

[1] suggested that X-ray binaries may be ideal places to search for planets,
because the cross-sectional areas of the X-ray emitting regions can be com-
parable to or even smaller than planetary cross sections. A planet passing in
front of the X-ray emitting region may produce a total or near-total eclipse of
the X-rays.

Are planets expected to inhabit XRBs? The first planets to be discovered
orbit fast-spinning, millisecond radio pulsars (msPs) which were once XRBs
[2]. While the genesis of planets around NSs is not yet well understood, at
least one of the four msPs known to host planets [3, 4] is thought to have had
a circumbinary planet in orbit during its X-ray binary (XRB) phase [5]. This
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suggests that searches for planets orbiting XRBs have the potential to make
discoveries. We report on a search for X-ray transits of the bright XRSs in
three external galaxies, M51, M101, and M104.

2 The X-Ray Binary M51-ULS-1

M51-ULS-1 is one of the brightest XRSs in M51. Because of its brightness and
almost purely thermal soft X-ray spectrum, it is classified as an ultraluminous
supersoft source (ULS; [6, 7]) The source lies close to the heart of M51, one of
three external galaxies (the others being M101 and M104), in which we studied
the light curves of XRBs to search for transits. The X-ray observations we
employed from both Chandra and XMM-Newton are summarized in Extended
Data Figures 1 and 2, which are in tabular form.

During a 190-ks Chandra pointing (ObsID 13814, 2012 September 20) the
X-ray light curve exhibited a fall from baseline to zero flux and then an approx-
imately symmetric rise back to baseline. The event, shown in Figure 1, lasted
for 10 — 12 ks. In the Methods section we describe our automated method to
identify possible transits, and Extended Data Figure 3 shows the light curve
containing the event in context with light curves that were not selected.

The average effective radius of the X-ray-emitting region during this obser-
vations, before and after the flux dip, was estimated to be Rx = 2.5} x
10% cm (90% uncertainty interval; [7]). The radius, checked again for this paper,
is extracted from a fit to the broadband X-ray data collected just prior to and
after the dip to zero flux.

[8] identified a counterpart to M51-ULS-1 in an HST image, consistent
with stellar type B2-8. Comparison with the relevant isochrones yield an age
range estimate of 4 million yr to 16 million yr. There is a high likelihood that
this luminous blue object is in fact the counterpart to the XRS. First, bright
soft X-ray emitters generally have counterparts that are optically bright, and
a blue supergiant is one of the predicted counterparts to ULXs [9]. Second,
based on the visual field, there is only a probability of 0.17 that a star this
bright would happen to be at the location of M51-ULS-1 by chance.

In addition, the HST image of the region around M51-ULS-1, shown next
to the Chandra image in Figure 2, reveals that the source lies on the edge of
a young stellar cluster surrounded by diffuse H, emission.

3 Nature of the X-Ray Dip

X-ray light curves exhibit variability of many types. Flares, long-lasting high
and/or low states are observed, as are short-lasting dips that are not transits.
To determine whether the characteristics of the event we identified set it apart,
we compare it with other types of dipping events.
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3.1 Accretion-Related Dips

The existence of irregular formations of gas and dust within XRBs has been
recognized and studied for about 35 years [10]. Density enhancements in gas
and dust (such as blobs) do not have hard surfaces or thin atmospheres, and
therefore produce changes in the X-ray color. That is, they alter the ratios
between the numbers of low-energy (soft) and high energy (hard) X-ray pho-
tons. Accretion-related dips were first observed in low-mass XRBs (LMXBs),
binaries in which a BH or NS accretes matter from a companion with mass
between a few tenths of a solar mass and a few solar masses. The rate of mass
transfer and the associated X-ray luminosity, L, tend to be lower than in
ULXs, with L, lying in the range 10%° erg s=! — 1037 erg s~'. Some LMXBs,
exhibit both eclipses and dips, with single or multiple dips in flux occuring
between eclipses, often within a specific range of orbital phases. Dips can dif-
fer in shape from the eclipses, and in fact exhibit a wide range of shapes [11],
even in the light curve of a single source. The most obvious difference between
a dip and an eclipse is, however, that dips display energy dependence. The
spectral changes provide information about source and the material in its close
environment [12, 13].

Accretion dips occur in other types of XRBs and even in young stars.
Figure 3 shows a dipping ultraluminous soft XRS in M101, M101-ULS,
exhibiting considerable intensity and spectral variability during a Chandra
observation (ObsID 934). The top panel shows broad band count rate, and
depicts variations of as much as 5x from maximum to minimum. The middle
panel shows the spectral variations explicitly, with each dot representing a pho-
ton of a given energy that arrived at a given time. The running median energy
over the £16 nearest photons in time is shown as the teal curve, with vertical
dotted lines marking every 17" photon. A pair of consecutive segments defined
by these vertical lines form a statistically independent measurement with no
correlations with a succeeding pair of segments. The bottom panel shows the
fractional hardness ratio HR = g—;g covering the soft (§=0.3:0.7 keV) and
hard (H=0.7:3 keV) computed as a running estimate over the nearest +16
(teal) and +32 (red) photons. Error bars are computed (blue shaded region) at
each time using the Bayesian method of [14]. Estimates of HR and its errors
are statistically independent over segment pairs with no overlap, and thus it
is possible to deduce that the HR at count rate maximum and count rate
minimum are statistically distinct.

The spectrum softens significantly during the dip compared to its state
just prior to it. At 40 ks, the HR is ~ —0.9. At <30 ks, during a statistically
independent interval, it falls within the range H R ~ +0.5. Additional examples
of accretion-related dips are shown in Extended Data Figure 4.

The variety of shapes and signals of energy dependence possible for
accretion-related dips stand in contrast to the properties of the event in
Figure 1, whose lack of detectable spectral evolution is demonstrated in



A possible planet candidate in an external galaxy detected through X-ray transit

Figure 4 and in Extended Data Figure 5. We note, however, that the char-
acteristics of clouds are so broad that the set of possibilities can never be
completely explored and ruled out.

3.2 Intrinsic Variability

In addition to variations caused by the passage of matter in front of the XRS,
XRBs exhibit a wide range of intrinsic variability. Intrinsic variations generally
show both intensity and spectral changes. One particular type of state common
to soft XRBs, is an X-ray “off” state [15]. During observations, M51-ULS-1
exhibited at least one clear X-ray off-state (830191401) for which the transition
was not observed. We cannot determine whether that off state corresponded
to an interval of large photosphere or to the middle portion of an eclipse.
If the system was in eclipse, the eclipse lasted longer than 98 ks. There are
several additional candidates for X-ray “off” states during observations which
included no interval of higher count rate. We make no assumptions about the
nature(s) of the X-ray off states.

We consider whether the event of Figure 1 can be explained as a manifesta-
tion of intrinsic variability. The luminosity of M51-ULS-1 declines by a factor
somewhat larger than 10, while the thermal spectrum does not change signif-
icantly, indicating that the effective temperature is roughly constant. Thus,
the physical change would be a shrinkage by a factor of roughly 3 in effective
radius, and a symmetric expansion, taking place over roughly 3 hours. This
would be a dramatic pulsation of a source that otherwise shows no evidence
of pulsations. A short duration high-low-high transition of this type in a ULS
would be a challenge for theory and has not to our knowledge been previously
observed.

3.3 Transit

The short duration event shown in Figure 1 has several characteristics that
distinguish it from common X-ray dips. To begin with, it has a well defined
baseline, wherein the intensity drops and recovers to the same level as before
the event. The intensity also drops to a level indistinguishable from back-
ground, unlike most accretion related dips where a residual emission continues
to be present. Finally, as demonstrated in Figure 4, the spectrum remains
steady going into and coming out of the event, which is uncharacteristic of
accretion-related dips. In particular, note that the HR are computed as run-
ning estimates over 16 and +32 photons nearest in time. This allows us to
detect possible changes in the spectrum during the drop as well as the rise
back to baseline intensity in the count rate. We detect no discernible change
in the HR over the duration of the event. Over the interval corresponding to
the drop in intensity (145 ks to 150 ks), the instantaneous H R fluctuates from
0.15+0.27 to 0.4440.25, and similarly over the return of the intensity to the
baseline value (155 ks to 160 ks), between 0.24+0.27 to 0.54£0.24, well within
the variational range exhibited by the source prior to and after the event.

)
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There is no evidence for a sharp change in the spectrum with intensity.
Furthermore, a formal two-sample Kolmogorov-Smirnov test on the energy
distributions of the photons obtained during periods of the intensity decrease,
the minimum, and the intensity increase, compared with that obtained during
the baseline, yields p-values of 0.76, 0.93, and 0.85 respectively, showing that
the spectrum obtained during the event cannot be distinguished from that
outside the event. Extended Data Figure 5 also illustrates the stability of the
X-ray colors, using a somewhat different approach.

We thus conclude that the event is characterized by a grey intensity vari-
ation, unlike accretion related dips, and that the cause of this dip is not
associated with the source of the emission. These characteristics suggest that
the event is caused by the passage of an opaque body with sharp borders in
front of the source. Note that this type of spectral stability is also exhibited
by eclipses of an XRS by its donor star. M51-ULS-1 data include evidence
of both an ingress to and an egress from eclipse (Extended Data Figure 6).
Extended Data Figure 7 demonstrates that low-level residual emission detected
by XMM-Newton during the apparent eclipse may be associated with nearby
XRSs. which can be resolved by Chandra, but not by XMM-Newton.

A gravitationally bound solid object (a planet, brown dwarf, or star) that
passes in front of the XRS is expected to have a circular profile. In addition,
the XRS in M51-ULS-1, whose spectrum is fit by a thermal model, can also be
well modeled in two dimensions as a circle. Deviations due to oblateness, for
example, are second order effects that cannot be reliably detected and modeled
without collecting significantly more photons. The transit profile is expected to
be symmetric. The profile of the transit candidate does not exhibit significant
departures from symmetry. This is another signal that the light curve shape
is consistent with a transit.

Finally, we note that the shape of the sharp wall-like structures observed
in many planetary transits is associated with the very small size of the planet
relative to the star. When, however, the sizes of the planet and star are more
similar to each other, the decline and subsequent recovery of the flux are more
gradual. This is observed in Figure 1 as it is, for example, in the transit of
M-dwarfs by hot Jupiters [16]

4 Modeling the Short-Duration Event as a
Transit

We model the intensity dip seen at ~150 ks into the observation (see Figure 1)
as an eclipse in which an opaque circular body obscures the XRS. We limit the
time range of fit to a small interval around the dip so that the intensity of the
XRS may be assumed to be constant. The events are binned at At = 471.156 s,
corresponding to 150x the CCD readout duration (TIMEDEL=3.14104 s), yield-
ing an XRS intensity cx ~7.5 counts bin~!. We carry out the fit using a method
optimized to analyze low-count X-ray data, explicitly using the Poisson likeli-
hood, as it is appropriate in this regime. We use a Metropolis Markov-Chain
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Monte Carlo scheme to explore the model parameter space and find the opti-
mal parameters, details of which are given Methods, subsection 8.3. We then
use the posterior probability densities of the parameters to evaluate the size
of the eclipsing system. The radius of the circular XRS is Rx, and the opaque
circular eclipser has radius Re. = fec - Rx. The light curve model is defined
by five parameters

6 = {cx, baseline counts per bin,
Tmid, midpoint of the eclipse,
b, impact parameter,
fec, eclipser radius,

vpl, eclipser velocity }. (1)

Times are expressed in units of kiloseconds from the beginning of the Chandra
observation, and all distances are expressed in units of Rx; thus, b- Rx is the
smallest unsigned distance from the center of the eclipser to the center of the
source during the eclipse, and vy, is computed in units of %. We use data in
the range 135 ks< t <165 ks to construct the light curve; the eclipse occurs
approximately between 145 ks and 158 ks.

The fit parameters are given in Table 1. Two features are particularly
worthy of note. First, the value of the mode of the distribution of transiter
radii is fe. = 0.74, corresponding to a physical size comparable to Saturn’s.
Second, the mode of the relative speed between the transiter and the XRS
is only 17 km s~!. This indicates that the distance between the XRB and
the transiting object is much larger than the radius of the inner binary (see
Section 6). The probability distribution of transiter radii is shown in Figure 5,
supplemented by additional information about the physical radii of possible
transiters. Extended Data Figures 8, 9, and 10 show, respectively, the model-
derived nominal and cumulative probability distributions of transiter radii, the
marginalized posterior distributions of other fit parameters, and several joint
posterior distributions.

5 The Nature of the Transiting Object

The black curve in Figure 5 represents the probability distribution of tran-
siter radii. Superposed, is information about the galactic population of planets,
brown dwarfs, and M dwarfs. The radius distribution of roughly 300 transit-
ing hot Jupiters is shown as an orange histogram, providing a comparison to
planet-mass objects in an irradiated environment. These planetary radii fall
within the 90% uncertainty interval of the probability distribution, but have a
peak at about 1.4 R ;. From the solar system, we find Neptune below the mode,
Saturn slightly above it, followed by Jupiter. There is a significant probability
that the transiting object has a size smaller than Jupiter.

The red dashed line further to the right corresponds to the radius of the
young brown dwarf, RIK 72b. There is only a chance of 0.075 that the eclipser

7
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is this large or larger. The grey bars indicate the ranges of sizes predicted
by models [17] for brown dwarfs and M dwarfs as functions of age. At the
example of RIK 72b illustrates, the probabilities of large-radii transiters are
small. In addition, large radius solutions are deprecated because they require
a strong coincidence with the distance of closest approach — for Re. > 3 R,
a narrow band of progressively larger b are allowed — which is a property of
the observer viewing geometry and unrelated to the system (see discussion
in Methods, subsec tion 8.3. Essentially, independent of the low calculated
probability of large Re., a large eclipser can produce a short-lived transit only
for an increasingly limited range of approaches,requiring more fine tuning.

Only planets and WDs have equilibrium radii which span the full range
of likely transiter radii. We can, however, eliminate WDs from consideration
because, in the expected range of distances from the XRS, a WD would serve
as a gravitational lens, increasing the amount of light we receive from the XRS
rather than causing a dip (See Methods).

Furthermore, WDs can form only when the low-to-intermediate-mass stars
producing them have evolved, generally at ages greater than 10® yr. The esti-
mated age of the counterpart to M51-ULS-1 is roughly 50 times smaller. Also
supporting the youth of M51-ULS-1 is its position on the edge of a star-forming
cluster and its nature as a high-mass extragalactic ultralumious XRS, whose
donor stars tend to be similar in age to the likely counterpart. The youth of
the XRB also serves to make it highly unlikely that the transiter is either a
brown dwarf or an M-dwarf. Members of each of these two classes are born
with radii larger than our 90% limit.

We nevertheless carefully consider both M-dwarfs (stars with mass less than
about 0.5 M); and brown dwarfs. For M-dwarfs, only those of lowest mass can
shrink enough to be consistent with the 90% limit, while adequate shrinkage
even for these requires longer times than can be accommodated by the age of
M51-ULS-1. The radius of an 0.1 M (0.2 Mg) M-dwarf takes roughly 50 Myr
(100 Myr) to decrease to 2 R ;. Beyond that, M-dwarf radii tend to be (5—10)%
larger than predicted by theory, and can be “inflated” by up to 50% [18], even
for stars older than 100 Myr.

Brown dwarfs have masses between 13 M ; and 80 M ;. They are born with
relatively large radii [(5.4 — 1.8) Ry at ages of (5 — 10) Myr], and shrink with
age [(3.7 — 1.4) Ry at ages of (10 — 50) Myr]. In addition, brown dwarfs are
rare relative to planets, a phenomenon known as the “brown dwarf desert”
(Figure 6; [19, 20]).

While the youth of the M51-ULS-1 alone serves to indicate that M-dwarfs
and brown dwarfs are too large, we note in addition that the ULX’s high
luminosity may also lead to bloating and can increase the time needed to
shrink to equilibrium. The orbital separation between the XRB and transiter,
is likely in the range of tens of AU (see Section 6). At this distance, the
incoming flux can be comparable to the flux received by a “hot Jupiter” from
a Sun-like star. Whether the flux is significantly larger or smaller depends on
its exact distance from the center of mass of the XRB, which we can only



A possible planet candidate in an external galaxy detected through X-ray transit

estimate, based on the relative velocity derived in Methods (subsection 8.3)
and shown in Table 1. One difference between the incident flux and the influxes
to low-mass objects generally simulated in the literature, is that M51-ULS-1
is a copious emitter of X-ray and EUV radiation. We can gain insight from a
number of investigations that consider the effects of comparable received flux
on planetary atmospheres, some even considering stars with energy output at
UV or X-ray wavelengths [21, 22]. The circumstances under which planetary
and brown-dwarf atmospheres are ablated by irradiation is still, however, under
active consideration. The transiter in M51-ULS-1 shows no signs of ablation,
which would likely alter the eclipse profile and introduce energy dependence
detectable through a change in hardness ratio.

To provide additional context, we extracted systems from the exoplant.eu
site, identifuying all exoplanets older than 2 Myr and younger than 10® yrs and
with orbital separations between 10 AU and 1000 AU. The catalog includes
brown dwarfs as well as planets. We searched for all objects with estimated
masses < 70 M ; and with estimated radii < 10 R;. Seven objects have masses
firmly in the range of Jupiter class planets. Their ages range from 4.5 Myr to
26 Myr, and their radii ranged from 1.1 Ry to 2.5 R, The system with the
largest radius is ROXs 428 (AB)b, one of the youngest systems at (6.8 4+ 3.4 —
2.3) Myr. The host star has a mass of only 0.6 Mg, and the planet is 140 AU
from it. In this case, irradiation is unlikely to play a role, so the large size of
the planet is likely associated with the system’s young age.

It is worth noting that all of the radii are larger than 1.1 R ;. Furthermore,
even in the absence of large incident flux, there is a tendency for the younger,
more massive objects to be somewhat larger.

6 The Orbit of the Transiting Mass and its
Implications

If we assume the transiting object to be a planet, we can calculate its orbit
and related properties. Milky Way planets not orbiting the Sun are referred to
as exoplanets and each is given the names of the star it orbits, with a lower-
case subscript. The object transiting M51-ULS-1 is not only outside the Solar
System, but is also far outside the Galaxy. It is an extragalactic planet-size
object orbiting a well-defined binary system. We refer to the transiter as a
possible “extroplanet”, M51-1 (M51-ULS-1).

It is straightforward to determine the value of a,;, the distance of M51-
ULS-1’s extroplanet from the binary’s center of mass at the time of transit,
since the value of v,; was measured from the short-eclipse fit. The most likely
value of vy, the mode of the distribution, is 17 km/s, and the 68% uncertainty
bounds are at 8 km/s and 34 km/s.

9
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Kepler’s law demands that a,; scale as My /vgl, as long as the transiter’s
mass is much smaller than the mass of the binary.

2
Mtot 20 km/S
=45 AU 2
o) (2 .

As such, the distance between the candidate planet and the center of mass of
the XRB is in the range of tens of AU.

While we must be careful not to over interpret the specific values in
Equation (2), the important point about the range of possible values is that
they tend to be significantly larger than the radius of the inner orbit. As long
as the ratio between the outer and inner semimajor axes is larger than about
3, the triple is dynamically stable and the transiter is in a circumbinary orbit.

The luminosity of M51-ULS-1 is roughly 10¢ times that of the Sun. The
flux received by a planet tens of AU from the ULX is comparable to the flux
received by a “hot Jupiter” which might be hundredths of AU from a solar-type
star.

The high effective temperature of the XRS (~ 10° K) means that it is
not only a copious emitter of X-rays, but also that a large fraction of the
radiation it emits is highly ionizing. Such radiation can lead to the loss of
the planetary atmosphere. Although highly luminous systems like M51-ULS-1
have not yet been considered as planetary hosts, an analogous case has been
studied [23]. Main-sequence Sun-like stars that are tidally interacting have
active coronospheres, and are therefore more luminous in X-rays than they
would be had they been isolated.

At the orbital distance we have estimated for M51-1 (M51-ULX-1), its
atmosphere is likely to survive the presently observed X-ray active phase of
M51-ULS-1. As the field of planets in XRBs develops, we may find that gas and
ice giants do not survive the UV flux in the spatial region occupied by the can-
didate extroplanet M51-1 (M51-ULS-1), placing upper bounds on the radius of
the transiter. At optical and infrared wavelengths the dominant source of flux
may be the donor star, although the magnitude of the HST-discovered coun-
terpart suggests that the donor does not have a higher bolometric luminosity
than the XRS. Thus the discussion above will not be significantly altered by
including the effects of the donor star. We note however that candidate extro-
planet M51-1 (M51-ULS-1) is indeed influenced by the large total incident
radiation. In analogy to close-orbit exoplanets it would likely experience bloat-
ing, having a radius somewhat larger than expected for an object of the same
mass and age in a less hostile environment.

7 Galactic Populations of Planets and
Prospects for Future Observations

There is no reason to expect that the data sets we employed are extraordinary.
We therefore examined archived data to determine how many independent and
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roughly equivalent studies could be conducted, to explore the prospects for
future discoveries with either XMM-Newton or Chandra.

A search of the Chandra archive found that at least 7 galaxies have been
observed for 750 — 1500 ks, and 13 others for 250 ks to 500 ks. Two of the
best observed galaxies, M31 and M33, are members of the Local Group, where
sources ten to a hundred times less luminous than the ones we have studied pro-
vide enough photons to allow the detection of short transits. Data from dozens
of other galaxies with shorter observations are also useful. XMM-Newton’s
archives are comparably rich.

We therefore anticipate the discovery of more extragalactic candidate plan-
ets in wide orbits. Furthermore, additional data from external galaxies is
collected every year. Below we discuss how existing data can also be used to
search for planets with closer orbits and for planets orbiting dimmer XRBs.

The reason external galaxies are good places to hunt for planets is that
the field of view of today’s X-ray telescopes encompass a large fraction of the
bright portions of galaxies at distances larger than 6 —7 Mpc. This means that
a single observations can collect counts from dozens to hundreds of XRSs. As
we consider galaxies nearer to us, the advantage of a broad field of view is
diminished. There is nevertheless a significant advantage to be gained, because,
for example at the distance to M31 we collect ~ 100 times as many counts as
we would from the same XRS in a galaxy at 8 Mpc. In addition, for bright
sources, this makes us sensitive to shorter-lived deviations from baseline. Thus,
small planets in orbits like that of extroplanet M51-1 (M51-ULS-1) can be
detected, and planets in closer orbits can be detected as well. Furthermore,
since the numbers of XRSs at lower luminosities is larger than the number
of high-luminosity sources, planet searches can be conducted on the much
larger populations of dimmer XRBs. For example, the central region of M31
contains roughly 400 XRSs with total observing times larger than 0.5 Ms, most
with luminosities between 1036 erg s! and 1038 erg s~!. At lower luminosities
substellar objects may be able to survive for longer times in smaller orbits. We
will be able to either discover such planets or place meaningful limits on their
existence.

Finally, the closest XRSs to us are in our own Galaxy, where even light
curves of WDs that accrete from close companions at low rates (cataclysmic
variables), with luminosities on the order of 103! erg s~! can be examined for
evidence of transits. Unless, however, the target is a stellar cluster or other
crowded field, only one XRS may be in a single field of view. Furthermore, long
exposures are available for smaller numbers of XRSs than in external galaxies.
Nevertheless, some XRSs have had excellent time coverage by, for example,
the past X-ray mission, Rossi-XTE or with the current NuSTAR, NICER, and
eROSITA missions. In addition, new missions, such as Athena and the pro-
posed Lynx mission, will increase the X-ray count rates significantly, making it
possible to discover more planets in all of the environments considered above.

Once we have developed a larger sample size, we will be able to answer
some physical questions about planets orbiting XRBs in other galaxies, as

11
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well as those orbiting XRBs in the Milky Way. For example, we will know if
planetary transits are found primarily around the XRBs that we observe to
be eclipsing, establishing the frequency of aligned orbits. We will find planets
with a range of sizes and with a range of orbital radii, and will explore the
relationship between planet properties and host XRB characteristics. We will
determine features associated with any false positives. We can then use general
expressions for the detection probability to extrapolate from our discovered
sample of planets to the size and characteristics of the underlying populations
in the galaxies we study (see Methods, 8.6).

8 Methods

8.1 The X-ray Observations
8.1.1 Chandra

Between 2000 and 2018, M 51 was observed with Chandra’s Advanced CCD
Imaging Spectrometer (ACIS) a total of 16 times. Two of these observations
were too short (< 2 ks) for meaningful timing analysis and thus were ignored.
We used the remaining 14 observations, which are summarized in Extended
Data Figure 1, which shows the table of observations. Data were downloaded
from the public archiveand reprocessed using standard tasks in the Chandra
Interactive Analysis of Observations (CIAO) software package, version 4.11 [24].
For each observation, we found the count rate of M 51-ULS-1. To take into
account the declining sensitivity of the ACIS-S detector, particularly in the
soft band, all count rates were converted to their Cycle 12 equivalent using
the online tool PIMMSversion 4.9. The corrected count rates are displayed in
Extended Data

Figure 2. We extracted light curves using circular regions of ~ 4 arcsec-
onds, centered on M 51 ULS, with nearby background regions at least 3 times
as large. The dmeztract tool was used to create background-subtracted light
curves and analysis was performed using the FTOOLS task [25] lcurve.

We utilized the spectral fitting performed by [7] and reported in their Table
2 for constraints on the size of the X-ray emitting region. For full details of
the spectral analysis, see [7].

8.1.2 XMM-Newton

Of the 13 publicly-available XMM-Newton observations of M 51, data were not
taken during three observations because strong background flaring occurred.
We downloaded the ten remaining observations from NASA’s High Energy
Astrophysics Science Archive Research Center (HEASARC).We reprocessed
the European Photon Imaging Camera (EPIC) observations using standard
tasks in the Science Analysis System (SAS) version 18.0.0 software package.
Intervals of high particle background exposure were filtered out. Standard
flagging routines #XMMEA_EP and #XMMEA_EM (along with FLAG=0) and patterns
0—4 and 0—12 were selected for pn and MOS, respectively. As with the Chandra
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data, we extracted the count rates of M 51-ULS-1 for each observation, before
converting them to their Chandra Cycle 12 equivalent using the PIMMS tool.
Light curves were extracted from circular regions with radii of 20 arcseconds,
with local background regions selected to be at least three times larger. We
used the SAS tasks evselect and epiclccorr to create background-subtracted
EPIC-combined light curves. The observations and corrected count rates are
displayed in tabular form in Extended Data Figures 1 and 2, respectively.

Finally, we note that have established that the dip is not due to a loss of
telemetry by checking the signal from nearby XRSs as well as the counts from
the full field of view. Light curves from several XRBs observed at the time of
the transit-like event are shown in Extended Data Figure 3.

8.2 Search for X-Ray Transits
8.2.1 Identifying Transits

We conducted a systematic search for possible transits in the Chandra X-ray
light curves of XRSs in three galaxies: M51 (a face-on interacting late-type
galaxy), M101 (a face-on late-type galaxy), and M104 (an edge-on early-type
galaxy with some star formation). These light curves were available because
they had recently been studied for other purposes [7, 26, 27]. It is possible to
make discoveries of planetary transits in archived X-ray light curves, because
short-term time variability was often not a primary focus of the original observ-
ing programs. Even relatively long-lasting stellar eclipses lasting ten or more
hours have been found after the initial analyses were complete [26]. Plane-
tary transits, a phenomenon that has apparently not been previously targeted,
exhibit short-duration deficits of photons, and are therefore particularly prone
to being missed or misidentified.

We considered all observations of duration greater than 5 ks, and all obsids
(individual observations) for each XRS observed to have had a flux correspond-
ing to Lx[0.5keV —8keV] > 1037 erg s~! during at least one observation. We
studied 667 light curves produced by 55 XRSs in M51, 1600 light curves from
64 XRSs in M101, and 357 light curves from 119 XRSs in M104. The num-
bers of light curves are larger than the total numbers of XRSs because each
physical source was in the fields of multiple exposures. We conducted an auto-
mated search specifically designed to identify transits. We required only that
there be at least one 1-ks interval with no X-ray counts, and that, however
long the low state lasted, there should be a baseline with roughly equal count
rates prior to and after the downward dip. We applied our search algorithm
to all 2624 light curves in the sets described above.

The criteria, that the light curve should exhibit a drop to zero measured
count rate in at least one 1-ks bin, and that the downward deviation should
start from and return to a baseline, were enforced as follows. Considering an
individual light curve, and denoting the counts in bin ¢ as C(4), we identified
all values of ¢ for which C(i) = 0. We then considered the time bins just before
i (C(i—7j),j =1,2,...) and just after (C(i + j), j = 1,2,...). The purpose
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of this was to measure the duration of the interval during which the count
rate was consistent with zero. We did this by counting the total number of
consecutive bins in which the count rate was equal to or smaller than 1.The
first and last of these bins were, respectively, 70, and ipign, so the duration
of the low state is [(¢nigh — %10w) + 1] ks. To determine whether the low state
corresponds to a transit, we needed to establish whether the dip started from
and returned to a baseline. We therefore considered, in turn, four pairs of
points: (C1 = C (10w — k), Co = C(inigh + k)), where the value of k ranges from
1 to 4. For each of the four pairs we defined o = \/max(Cy,Cz) If the absolute
value of the difference between C; and Co was less than 20, we considered
that pair to be a match. We also required that both C; and Cy be 7 or larger,
to ensure that the count rate at baseline is significantly higher than it would
have been during the low-count-rate interval. We conducted this check for four
pairs of points (k = 1,2, 3,4). If at least two of the four pairs had high enough
count rates and were also matches, we considered the event to be a possible
transit and flagged it for visual inspection. The 2624 light curves in our study
yielded one interval for inspection. This was the light curve in Figure 1, with
an apparent transit lasting 10 ks to 12 ks. Figure B1 shows high-count-rate
sources detected in the Chandra observation that included the transit event.

We also employed other approaches to study the light curves. For each of
the 2624 light curves, we plotted the cumulative count rate, using a method
developed by [28] to discover flares in XRSs. We tested the method to deter-
mine whether it could also discover dips, and found it to be effective. The
signature of an eclipse, for example, is a flat region in the plot of cumulative
count rate versus time.

We also measured the total number of counts in each exposure, C, and
used C/Teyp, where T,y is the exposure time, to compute the average count
rate. We computed running averages of the counts per ks, located the positions
of local extrema, and binned the data, initially selecting the bin size so that
there would be an average of 10 counts per bin. We subsequently conducted a
visual inspection of each light curve with C' > 100 to look for dips in flux. We
compared the results of our algorithmic analyses (e.g., significance of changes
in flux) with visually identifiable features in the light curve. This process led
to the selection of the event shown in Figure 1.

That our thorough search through the Chandra light curves of M51, M101,
and M104 identified a single transit candidate, demonstrates both that transits
can be found, and also that transit profiles are not common features of the light
curves of extragalactic XRSs. Criteria that are less strict (e.g., not requiring
a drop to zero flux) might have identified more candidates; our goal, however,
was to identify only strong candidates that could then be subjected to the
sequence of further tests we carried out.

8.2.2 Evidence for Stellar Eclipses

Two observations, one by Chandra and one by XMM-Newton exhibit a tran-
sition from a low to a high state, and a high to a low state, respectively. In
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each case, the transition occurred during an interval of a ks. The variation
shown in the lower panel of Extended Data Figure 6, exhibits behavior con-
sistent with an egress from an eclipse, presumably by the donor star. The low
state is consistent with zero flux. This state begins prior to the start of the
exposure and continues for 15 ks; the duration of the observed portion of the
low state is longer than the full duration of the transit event we present in
this paper. A change in hardness ratio would likely signal a change in state,
whereas during an eclipse the decrease in flux from the harder and softer X-
rays occurs at roughly the same time. If the event is an egress from eclipse, the
steep rise indicates that, in contrast to the transit, the eclipser is significantly
larger than the XRS.

The upper panel shows what appears to be an ingress to eclipse, as observed
by XMM-Newton. There is a sharp decline as expected for ingress. There is,
however, residual emission that shows some spectral variation detectable even
during the low state. XMM-Newton’s point spread function is large, including
X-ray emission from sources within a few tens of pc at the distance to M51.
We have examined the Chandra images of M51-ULS-1 and its surroundings
and found several (fainter) point-like XRSs and diffuse emission inside the
XMM-Newton/EPIC source extraction region (Extended Data Figure 7). It is
therefore reasonable to hypothesize that the low state is a full eclipse, and that
the faint residual emission seen during that time interval in the XMM-Newton
data comes from those other sources unresolved by XMM-Newton.

The Chandra-observed transition from a low state is an excellent candidate
for an eclipse egress, and the XMM-Newton-observed transition from a low
state is a good candidate for an eclipse ingress. The significance of detecting
an ingress to or egress from a stellar eclipse is that it tells us that our line of
sight is roughly aligned with the orbital plane. In S; we will show that the
probability of an ingress and/or egress occurring during the roughly 1 Ms of
observations afforded M51-ULS-1 may be close to unity. The X-ray light curve
exhibits evidence of eclipses by the donor star, as shown in Extended Data
Figures 6 and 7. The occurrence of stellar eclipses is not directly related to the
identification, analysis or interpretation of the apparent transit. The eclipse
does place some constraints on the orientation of our line of sight relative to
the orbital plane. The angular deviation is constrained by the ratio Rg/ap,
where Ry is the radius of the donor and ay is the radius of the binary orbit.

8.3 Fits to the Transit

For planar circles whose centers are separated by a distance

A(t) = /02 + (|t = Towial - 01)?, (3)

we compute the area of overlap A(t) at time ¢t between the foreground object
and the XRS,

At) =0 for d(t) > 1+ fec
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=7 for max{l, fec} > d(t) + min{l, fe.}
= (ax —cosay sinay)

+f2 (Qtee — COS Qee SiN Q) Otherwise, (4)

where ax and a.. are the angles subtended by the intersecting arcs of the star
and the foreground object respectively,

dt)? +1— f2
2d(t)
d(t)? + f2 -1
2d(0) feo

Qx = arccos

Qe = arccos

()

Note that when the source and eclipser are of the same size (f..=1) and
perfectly aligned (impact parameter b=0), then ax=a..=arccos @7 resulting
in A=7 at d(Tmia)=0 (complete overlap at the mid-point of eclipse). The
Methods section describes the fits in more detail. Summaries of the estimated
parameter values are given in Table 1.

Here we describe the Markov Chain Monte Carlo [29, MCMC] based fit-
ting we carry out to estimate the parameters of the eclipse light curve model
described in Section 4. We use a Metropolis scheme, where new parameter
values are drawn based on their current values; we employ as proposal distri-
butions, a Gaussian for cx and Ty,iq, Uniform for b, and Uniform in log for f..
and vy,;. We further restrict

0 < ex [ct bin™1] < o0,
145 < Tia [ks] <158,
0 S fec [RX] S 507
1072 < vy g < 10. (6)
We do not explicitly tie together f.. and b, though the fact that an eclipse is
observed requires that b < (fe.+ 1); we expect this correlation to be recovered
from the MCMC draws. We also sample the background level in each iteration
from a Gaussian distribution, background ~ N(0.38,0.0182) to account for
uncertainty in background determination. We compute the Poisson likelihood
of the observed light curve counts for each realization of a model light curve
for the parameter values drawn in that iteration, and accept or reject the
parameter draw based on the Metropolis rule (always accept if the likelihood is
increased; accept with probability equal to the ratio of the new to old likelihood

otherwise).

We first run the MCMC chain for 10° iterations using a starting point
of 0 = {ex = 7.75,b = 0.5, foe = 2.0,vp = 0.9, Tiia = 150}. We sample
40 different starting points as random deviates from the resulting posterior
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distributions, and again run 10° iterations for each case. The first 2000 itera-
tions are discarded as burn-in in each case. We combine all the iterations after
verifying that the chains converge to the same levels for all parameters. We
then construct posterior probability distributions for each parameter as his-
tograms from the MCMC draws after thinning them to the effective sample
size (Neg = ;—ﬁ, where p is the 1-lag correlation) in 5000 iteration increments.

How good is the resulting model fit? Unlike with x? fitting, a simple mea-
sure of a model goodness of fit criterion does not exist for Poisson likelihood
based fits. However, a consideration of the Poisson equivalent of the x2, the
cstat statistic [see 30], allows us to obtain a reasonable estimate. The mea-
sured cstat for the best fit model light curve is 33.3, and is well covered by the
expected cstat based on a null distribution of 334+8. We thus conclude that
the light curve model of Equation 4, with the parameters set out in Table 1,
is a good fit to the data.

We convert the relative units of b, fe., and vy, to physical units by convolv-
ing the MCMC posterior draws with a representative distribution of p(Rx)
derived from the X-ray data. As noted above, the 90% bounds on Rx are asym-
metric, at [—1.1,44.1] x10° cm from the nominal best-fit value of 2.5 x 10° cm.
This can be represented by half-Gaussians with widths appropriate for the
corresponding 90% bounds (note that for a standard Gaussian distribution,
90% of the area on one side of the mean is covered at +£1.950), which are
then rescaled to be continuous through the best-fit value which now repre-
sents the mode of the pasted Gaussian (see the red and blue dashed curves in
left panel of Extended Data Figure 8). However, such rescaling, while it pre-
serves the location of the mode, makes the overall distribution narrower, and
the resulting 90% bounds are no longer consistent with the observed values
(see intersections of the dashed red and blue cumulative distribution with the
horizontal dotted lines at 5% and 95% levels, in the right panel of Extended
Data Figure 8). We therefore adopt a Gamma distribution(solid green lines
in Extended Data Figure 8) as the representative distribution for Rx. Specif-
ically, we choose v(Rx; o = 5.36,8 = 1.45); the peak here is displaced by
~20%, but we consider this a better representation of Rx because it matches
the measured bounds of Rx at the 5% and 95% levels well.

The distributions of the various parameters are shown in Extended
Data Figures 9 and 10. The envelope of the ensemble of models that fall
within the 68% HPD intervals for each parameter are shown in Extended
Data Figure 9. In each case, the location of the mode (vertical solid orange
line), the 68% (blue dashed vertical lines) and 90% (green dashed vertical lines)
highest-posterior density intervals, and the mean and 1o errors (horizontal red
line situated at the same vertical level as peak of the distribution) are marked.
Notice that in several cases the distributions are skewed, and traditional esti-
mates like the mean and standard deviation are not useful summaries. We thus
also provide the mode of the distribution and the 90% highest-posterior den-
sity intervals (these are intervals that enclose the highest values of the posterior
probability density, and are consequently the smallest uncertainty intervals
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that can be set)There are also strong correlations present between b, f.., and
vpl, as seen from the contour plots of their joint posteriors (constructed with-
out thinning the iterations). This suggests that the intervals derived from the
marginalized 1D posteriors are too coarse, and that narrower intervals may
be obtained over smaller ranges. For instance, v, > 40 km s™! are predomi-
nantly obtained when fc. > 2 Ryyp, which itself has a lowered probability of
explaining the data. Thus, the preponderance of the probability suggests that
the system is better described with smaller values of f.. and vy;. Furthermore,
notice that b and f.. have a large and narrow extension to large values; this can
occur essentially because an eclipse can occur for large b only when f.. is also
large enough to cover the source even at large displacements. That is, the space
of possible models that allow this situation are predominantly driven solely by
the depth of the eclipse and not the profile. Solutions that involve Re. < 2 R
would be plausible over a large range of observer viewing angles (see the top
panel of Extended Data Figure 10), but for R..>>3 R, only a narrow band of
progressively larger b values are allowed. In other words, the allowed solutions
occupy a narrow part of the available parameter space (< 10% of the avail-
able range of b for any given R.. > 3 R), which are effectively a low-entropic
scenario. Our model allows such solutions to be found, as the corresponding
model light curves are consistent with the observed light curve, but requires
extreme coincidences of viewing geometry that are implausible. This consid-
eration is independent of, and supplements, the low probabilities of R.. and
b illustrated in Extended Data Figure 10. A measure of this implausibility is
not included in our model since such a condition cannot be imposed a priori.

8.4 Feasibility of Wide Orbits

We know that the existence of planets in wide orbits is plausible, because
planets with orbits having semimajor axes in the range of tens and hundreds
of AU are common among Galactic exoplanets. Direct imaging has led to the
discovery of 15 confirmed exoplanets with estimated mass smaller than 13 M ;
and semimajor axes between 10 AU and 100 AU; similarly, 12 exoplanets have
semimajor axes wider than 100 AU (exoplanet.eu; 9 July 2020). There is also
a case of a planet in a 23 AU orbit about a former XRB in M4 [5].

Even without a detailed evolutionary model, we know that the binary
M51-ULS-1 had an interesting history. Here we discuss key elements of that
history and show that a wide-orbit planet could survive. M51-ULS-1 expe-
rienced an earlier phase of activity during which the star that evolved into
today’s compact accretor was active. This star could have transferred mass to
its companion. Because, however, the companion was not compact, less accre-
tion energy would have been released per unit mass than is released today. The
evolution of the most massive star would, however, have had consequences for
a circumbinary planet. The evolving star would become more luminous and
larger. It would also shed mass through winds, which would tend to make the
planetary orbit wider. If a significant amount of mass was ejected in the orbital
plane, the planet’s orbit would likely have been driven toward the midplane.
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It is important to note that, even if the first-evolved star reached giant dimen-
sions, a planet in an orbit that was initially several AU wide would be able to
survive and would likely be pushed into a wider orbit. If the present-day com-
pact object is a BH, the formation event may have been a “failed supernova”
during which relatively little mass was lost. If instead the present-day com-
pact object is a NS, significant mass may have been lost through a supernova,
and there may also have been a “kick”. Nevertheless, the presence of the mas-
sive star that is today’s donor would have allowed the system to survive and
would have moderated the speed of NS’s natal the kick. Just as it is possible
for a binary to survive a supernova explosion, it is also possible for wide-orbit
planets to stay bound.

We note that, should a planet or brown dwarf have experienced an epoch
of proximity to the binary accretor, the intense radiation could have ablated
its gaseous atmosphere, leaving behind a less massive and smaller solid core.
A planet with radius near or below the mode could therefore be either a
naturally-formed terrestrial planet, or else the core of a planet that once had
a large atmosphere.

The bottom line is that the wide orbit we derive is consistent with the
existence and survival of the planet, both in the presently-observed binary and
through the possible evolution of the primordial binary, even though not every
planet hosted by the XRB will have the same fate.

8.5 Gravitational Lensing: extroplanet M51-1 is not a
WD

White dwarfs can be eliminated as possible transiters of M51-ULS-1 because
of the binary’s youth. Here we show that there is another reason, based on
the physics of gravitational lensing, to rule out the possibility that extroplanet
M51-1 (M51-ULS-1) is a WD. In the range of derived orbits (~ tens of AU),
extroplanet M51-1 (M51-ULS-1) would act as a gravitational lens, increasing
the amount of light we receive from the XRS, not decreasing it. The gravita-
tional influence of a mass deflects light passing near it. When a mass is dense
enough to fit within a radius known as its Einstein radius, its effect on the
light reaching us from a distant point source is to increase the amount of light
we see, rather than to cause a dimming [31]. The value of an object’s Einstein
radius depends on its mass, and on our distance to the lens and source. In the
case we consider, the lens (i.e., the WD) and light source (i.e., the XRS) are
separated by a much smaller distance than the distance to the observer. Only
the distance, a between the two of them plays a significant role. The expression

for the Einstein radius is
1
a 2
< 15 AU) (™)

Nl=

M
Rp =1.16 x 10*%m <J\4@>
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Thus, any WD in the orbital range derived for extroplanet M51-1 (M51-ULS-
1) would fit inside its Einstein ring. It would therefore serve as a gravitational
lens, increasing the numbers of X-rays we would detect during its passage
across the XRS. It is therefore not possible that the decrease in flux observed
during the transit event was caused by the passage of a WD.

8.6 Probability of Detecting a Transit or a Transition to
Eclipse

The probability of detection, IP, is the product of a temporal factor P and a
spatial factor F.

P=PxF (8)
The Temporal Factor Both planetary transits and transitions to stellar
eclipse (an ingress or an egress) are short-lived events whose durations are
many times smaller than that of typical exposures of M51. Let Ty, be the
total time duration of exposures, and P,,, be the orbital period.

P =min

orb

TOS
Pl’ 71]. 9)

If T,ps is longer than N orbital periods, then P = 1 and, on average, N
ingresses and egresses will be observed. Observations of M51-ULS-1 lasted for
a total of ~ 1 Ms~ 11.6 d; this is the value of T,s.

Spatial Factor An eclipse or transit can only be detected if the orbital plane
is approximately aligned with our line of sight. The probability is

F = (RX + Rec) , (10)

Gorb

where Ry is the radius of the XRS and Re. is the radius of the eclipser.

8.6.1 Ingress to or Egress from Stellar Eclipse

The orbital period can be expressed as follows.

Abin ]% {2OM@}%

Pyin = 9.6 d
b [50 Rol | My,

(1)

Thus, the temporal factor determining the probability of detecting an ingress
or an egress is

Pin—eg = min

1 Ms Abin, 20 Mg

192 [ Tops } [50R®} %[ Mot ]%’ 1] (12)
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Although we don’t know the exact values of a,, or M;¢, the above equation
shows that, for values consistent with the physical considerations of S 2 and
S 6, the value of Pj,_4 can be near unity.

In the case of a stellar eclipse, Rx << Re.. This is why an ingress (or
egress) exhibits a sharp fall (or rise). Since the eclipser is the donor star we
have R.. = R4. The easiest case to consider is that in which the donor fills
its Roche lobe, yielding ap;, = R4/ f(q), where ¢ = My/M,, and f(q) is given
by [32]:

2
3
Flq) = : 0.49¢ .
0.6¢% + ln(l + qﬁ)

Thus, considering ingresses or egresses for the Roche-lobe-filling case we
have Fin—eq = f(q). Typical values of f(g) are on the order of a few tenths.
Thus, because the Roche-lobe-filling donor’s size is just a few times smaller
than the orbital separation, the probability that the orbital orientation is
favorable for eclipse is high.

The high rate of mass transfer in ultraluminous XRSs means that either
the donor is filling its Roche lobe, or else it is emitting copious winds that are
focused toward the accretor, implying that the donor is nearly filling its Roche
lobe. We therefore introduce another factor,

(13)

Ry

= _ 14
a=fla) 5 (14)
For Roche-lobe filling, & = f(g), but if the donor is not filling its Roche lobe
the value of o can be slightly smaller. With this definition, a convenient way

to express Fi,_cq4 is given below.

fin—eg =02 l(g‘| (15)

The probability of detecting an eclipse ingress or an eclipse egress is therefore
given by the general expression below, where the factors are given in Equations
F5 and F8.

]P)in—eg = fin—eg X Pin—eg (16)
If, therefore, we monitor the light curves of binaries with properties similar
to those of M51-ULS-1, there is a probability that can be as high as a few
tenths that we will detect an ingress, and the same probability for an egress.
This relatively high probability supports the hypothesis that the candidates
for ingress and egress we considered in S4.3 are what they appear to be, and
that we are therefore viewing M51-ULS-1 along its orbital plane, to within
an angle Rg/apin. Note that this relatively high probability is borne out by
observations, in that there are at least two additional eclipsing XRBs in the
Chandra field containing M51-ULS-1 [27].

21



22 A possible planet candidate in an external galaxy detected through X-ray transit

8.6.2 Transits

The circumbinary planet candidate has a wider orbit and consequently a longer
orbital period than the binary.

3 1
Gorp 12720 Mg 12
Poro =68 e[ 555 ] [T ] !
v =08y sav] g, (7
This makes the temporal factor for the detection of a transit smaller
T Tops 1745 AU S My 13
ronsi = 47107 | TN [ 53 !
Ptransit = 4.7 107 35000 20 M, (18)

Apl

If the orientation of the orbital plane relative to our line of sight is arbitrary,
then direct computation of the spatial factor gives

(Rx + Rec)} [45 AU] .

frans =1.2x 10_5 |:
K 2R,

(19)

Apl

In this case, Pirans X Firans 18 on the order of one part per billion, indicating
that there could be a billion planets for each discovered.

Note that the calculation above can be viewed only as a rough example.
To compute the true probabilities we much integrate over the distributions of
the physical parameters. These distributions are presently unknown. When,
however, multiple planets orbiting XRBs have been found, we will begin to
develop physically reasonable distributions. This is analogous to the situation
after the first discovery of gravitational mergers [33].

If, however, the binary is eclipsing, we know that the binary orbital plane
is roughly aligned with our line of sight. One may hypothesize that any plan-
ets orbiting an XRB are likely to have orbital planes roughly aligned with
the binary’s orbital plane. Alignment is generally expected for the circumbi-
nary disks in which planets form, and this is consistent with observations of
circumbinary planets [34]. A recent example of a coaligned system of circumbi-
nary planets is Kepler-47 [35]. We don’t know if the same should be true for
planets orbiting XRBs. If the planetary and binary orbits were initially aligned,
a later event such as a supernova could disrupt the alignment. It is also possible
for alignment to be enhanced or restored by mass loss from the binary. Mass
loss directed along the binary plane can, for example, drive a planet toward the
midplane. We note though that important elements of the processes involved
in binary evolution are not yet well understood, and discussions of possible
alignment therefore remain speculative.

Should even rough alignment be common, transits are more likely to be
detected in eclipsing XRBs. This hypothesis will be tested through observa-
tions, that tell us whether planetary or other substellar transits are detected
only or primarily in eclipsing binaries. Here, we consider what such a finding
would mean for the computation of probabilities from observations. As we saw
above, if the orientation of the orbital plane with respect to our line of sight is
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random, Fi,qns is very small. If, however, coplanarity of planetary and stellar
orbits was strictly enforced by nature, then, given a planet orbiting an XRB
observed to be eclipsing, our probability of detecting the planet’s transit would
simply be given by Piransit- We can take this latter possibility into account
without sacrificing the possibility of random orientations by expressing the
probability of detecting a transit as follows.

Ptrans =g X finfeg X Ptransit~ (20)

The value of the factor ¢ is unity if exact coplanarity holds. If planetary and
binary orbital orientations are random, g = Firans /]—'m,eg. Note that even
if coplanarity is common, it is unlikely to be exact, and that observing both
eclipses and transits in a single system is consistent with values of g smaller
than unity.

Section 7 shows that there is enough X-ray data presently available to
suggest that additional planets can be discovered through archival searches.
Meanwhile, new data is being collected, and future missions such as Lynx and
ATHENA will substantially increase the data rate. Consider that Ny o5 have
been discovered. We will be able to estimate the number of planets per XRB,
NJ)\?I)?l,B in the surveyed XRB populations by using the probability relationships.
Below, Nxrp,obs is the number of bright XRBs observed for roughly compa-
rable exposure times in our archival survey For the work in this paper roughly
200 bright XRB had exposure times close to 1 Ms. N,,;/X RB represents the
number of planets per XRB.

Npl o Npl,obs
Nxrp g X Py X NxRB,obs

(21)

Having observed only one object, the uncertainty limits on Np; 055 are large,
and the characteristics of the distributions over which we should integrate to
derive P, are unknown. This makes a realistic determination of the average
number of planets per XRB impossible. We can draw one conclusion based on
the discovery of extroplanet M51-1 (M51-ULS-1). This is that planets around
XRBs must be fairly common. If we use the, albeit, highly uncertain value of
P = 5x 1074, then for 200 observed XRBs, we obtain the estimate % = %.
Future searches for transits will either place limits on this quantity or measure
its value.

To make physically realistic estimates of g will require the discovery of
additional transiting planets or brown dwarfs. Note in addition, that the ratio
of the numbers of wide-orbit planets and brown dwarfs will be determined by
the distributions of measured transit properties.
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9 Discussion

The discovery of a possible planet in an external galaxy required a combination
of theoretical work, the capabilities of the present generation of X-ray observa-
tories, and a collaboration among X-ray astronomers and experts on binaries,
stars, brown dwarfs, and planets. This work demonstrates a new method with
the potential to discover planets in a wide range of systems hosting XRSs.
Because the most luminous XRSs can be detected in external galaxies, the
search for extroplanets, planets in orbits located outside the Milky Way, has
now become a realistic and practical enterprise.
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Table 1 Reults from the MCMC analysis

Parameter Mode 90% bounds’ Mean +1o
cx [ct bin~T] 7.6 (7.3,8.0) 7.6+£0.2
b [km] 0 (0,1.8x 105) (7T+£11) x 10*
fee [Riup) 0.74 (0.18,2.7) 14413
vpr [km 571 17.1 (5.1,56) 30+20
Tinia [ks] 152.7  (152.2,153.4) 152.8 0.4
tEclipse start [ks] 147.8  (143.9,151.3) 147.4 4+ 2.6
TEclipse duration [ks] 10.5 (3.1,17.9) 11+5

1 : Highest-posterior density bounds
1 : These are values computed from model parameters, not fitted directly
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Fig. 1 Background-subtracted X-ray light curves defined by data points for
Chandra ObsID 13814. Black: counts in 1 ks bins, and the associated 1-o uncertainties.
Red: running average computed over a timescale of +2 ks. Horizontal axis: time in ks;
Vertical axis: number of counts per bin. Panel (a): the short duration eclipse and roughly
20 ks on each side. Panel (b): the entire duration of the observation.

Fig. 2 Chandra and HST images showing the region containing M51-ULS-1. Panel
(a): false RGB stacked Chandra/ACIS-S image of the Whirlpool Galaxy, M 51 (total expo-
sure of &850 ks). Colored points are XRSs: Red is 0.3-1 keV; green is 1-2 keV; blue is 2-7 keV.
M 51-ULS-1 is the orange source at the center of the 60" x 60" dashed white box. Diffuse
emission is from hot gas. Panel (b): HST image of the area defined by the white box in the
left-hand image. Red is the F814W band; green is F555W; blue is F435W. The magenta circle
marks the X-ray position of M 51-ULS-1, which lies at the edge of a young star cluster. The
source is located at right ascension and declination 13:29:43.30, +47:11:34.7, respectively.

Fig. 3 Spectral variations during an accretion dip in M101-ULS. (a) Binned counts
light curve of the source (black histogram) and estimated background (orange ‘+’ marks),
for reference. The bin size corresponds to 150x CCD frame readout time, and the count rate
is seen to vary by a factor >4x. Grid lines are shown as dotted horizontal and vertical lines
for convenience. (b) Variation of median energy during the observation. The running median
over the +16 nearest events (thin sky-blue curve) and the running 68% width of the spectrum
(dark greenish-blue shaded area) are shown. Individual photons (greenish-yellow dots) are
also shown. Every 17t" event in the data stream is marked with a vertical dotted line to
help delineate statistically uncorrelated periods (statistical comparisons may be carried out
between paired segments of non-overlapping intervals). (c¢) Hardness ratio (HR) light curve
of the source, covering the passbands S=0.3:0.7 keV and H=0.7-3 keV, computed using the
Bayesian method of [14]. The 90% uncertainty band (dark blue-shaded region) computed
for a running sample of +16 nearest neighbour photons is shown along with the estimated
mean over the same window (light sky-blue curve). For comparison, a running estimate for
a window of size £32 photons is also shown superposed (smoother reddish-purple curve),
in order to gauge the effect of counts fluctuations. Significant softening and hardening of
the spectrum is seen in HR as the count rate dips and recovers. These variations are easily
detectable even using samples of 33 photons. Grid lines are shown as dotted lines for ease
of comparison.

Fig. 4 Spectral variations, or lack thereof, during the putative eclipse of the
ultrasoft source M51-ULS-1. As in Figure 3, panel (a) shows the binned counts light
curve, panel (b) shows the running median of the photon energy, and panel (c) shows the
hardness ratio light curve. The portion of the light curve dominated by the eclipse event
(including both the ingress and the egress) is marked with grey hashes in all panels. Over
the time interval shown, the baseline emission is steady and large intensity variations are
not discernible. The variations in HR during the event are consistent with the variations
seen outside the event.
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Fig. 5 The probability distribution of transiter radii and the sizes of a variety
of possible physical classes of transiter. The lower x-axis is in units of 10° cm and
the upper x-axis is in units of Jupiter radii (R). The y-axis represents the relative proba-
bility density for the radius of the eclipser. The radius distribution of known transiting hot
Jupiters is shown in orange. Several notable radius values are shown as vertical lines: the
90% HPD (blue; with upper bound labeled ‘A’); the radii of Neptune (dotted line), Sat-
urn (dash-dotted line), and Jupiter (black dashed line); and the radius of the young brown
dwarf within the Upper Scorpius association RIK 72b (red dashed line, labeled ‘B’). The
shaded regions represent the domains of radii of various young (5-10 Myr) populations [17]:
giant planets (darkest grey shade), brown dwarfs (medium grey shade), and both brown
dwarfs and M dwarfs (lightest grey shade, whose left edge is labeled ‘C’). The integrated
tail probabilities of the eclipser having a larger radius than the radii marked A, B, and C,
p(r > Ra,B,c)~0.099,0.075,0.052 respectively.

Fig. 6 Mass-period distribution of a sample of low-mass stellar companions,
all known transiting brown dwarfs, and a sample of the transiting giant planet
population. The population of brown dwarfs (shown via the horizontal blue band) is exag-
gerated here in that all known transiting brown dwarfs are shown while only a sample of
the giant planet population (courtesy of http://exoplanet.eu) and a sample of the low-mass
stellar companion population (Triaud et al. 2017) are shown. The right-hand panel shows
the mass distribution of objects across the 0.5M; (4.8 x 1074 Mg) to 300M 7 (0.29Mg) mass
range.
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Figure 1. Background-subtracted X-ray light curves de-
fined by data points for Chandra ObsID 13814. Black:
counts in 1 ks bins, and the associated 1-o uncertainties. Red:
running average computed over a timescale of +2 ks. Horizontal
axis: time in ks; Vertical axis: number of counts per bin. Panel (a):
the short duration eclipse and roughly 20 ks on each side. Panel
(b): the entire duration of the observation.
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Figure 2. Chandra and HST images showing the region containing M51-ULS-1. Panel (a): false RGB stacked Chandra/ACIS-S
image of the Whirlpool Galaxy, M 51 (total exposure of ~850ks). Colored points are XRSs: Red is 0.3-1keV; green is 1-2keV; blue is
2-7keV. M 51-ULS-1 is the orange source at the center of the 60" x 60" dashed white box. Diffuse emission is from hot gas. Panel (b):
HST image of the area defined by the white box in the left-hand image. Red is the F814W band; green is F555W; blue is F435W. The
magenta circle marks the X-ray position of M 51-ULS-1, which lies at the edge of a young star cluster. The source is located at right
ascension and declination 13:29:43.30, +47:11:34.7, respectively.
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Figure 3. Spectral variations during an accretion dip in M101-ULS. (a) Binned counts light curve of the source (black histogram)
and estimated background (orange ‘+’ marks), for reference. The bin size corresponds to 150x CCD frame readout time, and the count
rate is seen to vary by a factor >4x. Grid lines are shown as dotted horizontal and vertical lines for convenience. (b) Variation of median
energy during the observation. The running median over the +16 nearest events (thin sky-blue curve) and the running 68% width of
the spectrum (dark greenish-blue shaded area) are shown. Individual photons (greenish-yellow dots) are also shown. Every 17t* event
in the data stream is marked with a vertical dotted line to help delineate statistically uncorrelated periods (statistical comparisons may
be carried out between paired segments of non-overlapping intervals). (c¢) Hardness ratio (HR) light curve of the source, covering the
passbands $=0.3:0.7 keV and H=0.7-3 keV, computed using the Bayesian method of ?. The 90% uncertainty band (dark blue-shaded
region) computed for a running sample of +16 nearest neighbour photons is shown along with the estimated mean over the same window
(light sky-blue curve). For comparison, a running estimate for a window of size £32 photons is also shown superposed (smoother reddish-
purple curve), in order to gauge the effect of counts fluctuations. Significant softening and hardening of the spectrum is seen in HR as
the count rate dips and recovers. These variations are easily detectable even using samples of 33 photons. Grid lines are shown as dotted
lines for ease of comparison.
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Figure 4. Spectral variations, or lack thereof, during the putative eclipse of the ultrasoft source M51-ULS-1. As in
Figure 3, panel (a) shows the binned counts light curve, panel (b) shows the running median of the photon energy, and panel (c) shows
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