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Abstract
Following long periods of quiescence, low-mass X-ray binaries (XRBs) can exhibit intense X-ray outbursts triggered by instabilities within
the accretion disk. These outbursts can sometimes be detected in optical wavelengths before being detected in X-ray, acting as an early onset
warning and enabling a deep study of accretion disk properties informed by the lag between optical and X-ray rise. We explore the potential
of Vera C. Rubin Observatory’s Legacy Survey of Space and Time (LSST) to detect these outbursts early through optical observations.
We evaluate the capabilities of LSST based on currently planned survey cadence, filter-specific depth, and other observational factors that
affect early detection. We develop and apply an extended metric to assess outburst detectability and recovery fraction. We find that despite
inherent potential for early detection of XRB outbursts, the currently planned survey strategy makes it challenging to detect early onset of
XRBs. Lastly, we demonstrate how this estimate can be used to infer the wider low mass X-ray binary population in the Galaxy as the LSST
progresses.
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1. Introduction

Low mass X-ray binaries (LMXBs) consist of a neutron star or
black hole accreting matter from a low-mass (�1 M�) donor star.
LMXBs in our Galaxy generally remain in a state of quiescence
(faint and at low accretion rates with X-ray luminosities ∼1029–
1033erg s−1) for years to decades. However, they can be easily
detected in short (days to weeks) periods of outbursts, when the
X-ray emission is much brighter (up to ∼1039erg s−1 Bahramian
& Degenaar 2023; Heinke et al. 2024; Tetarenko et al. 2016, and
references therein). LMXB outbursts typically show a fast rise fol-
lowed by an exponential decay (e.g. Chen, Shrader, & Livio 1997).
The initial rise of several days to weeks corresponds to complete
ionisation of the accretion disk and increase in mass transfer onto
the compact object, followed by a long decay as energy is radi-
ated cooling the ionised disk (Bahramian & Degenaar 2023, and
references therein).

Optical detection andmonitoring offers an alternative pathway
to the discovery and characterisation of LMXBs. The initial stages
of the outburst can be first observed at optical wavelengths several
days before the X-ray outburst (Russell et al. 2019). As a recent
example, the X-ray binary MAXI J1820+070 was discovered to be
an X-ray binary due to its X-ray outburst (Kawamuro et al. 2018),
however it was recorded as an optical transient, named, ASASSN-
18ey a few days earlier (Tucker et al. 2018).
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Early detection of outbursts via optical monitoring holds sev-
eral advantages over detection via the X-rays alone. Since the
optical outburst rise generally precedes the X-ray brightening,
this can enable earlier X-ray follow-up observations during the
initial phase of an outburst and study the mechanisms that trig-
ger the outburst, which are not understood due to a relative
scarcity of observations during the earliest phases of outburst
onset. Moreover, the early detection of the outburst across the
spectrum (X-ray and optical) enables us to constrain character-
istics of the accretion disk. Furthermore, the detection of these
systems in general can be useful in triggering more observations
in the optical band and help in better characterisation of the
light curve. With a larger and more thoroughly studied sample of
LMXBs, we can gain deeper insights into the evolution of the out-
burst. These extended trends are particularly significant because
they help differentiate the optical signals of these systems from
those of other systems that also show ellipsoidal modulation like
cataclysmic variables.

At present, about 5–10 X-ray outbursts are detected annually
for LMXBs (Bahramian &Degenaar 2023, and references therein),
but only 2–3 are optically bright enough to allow for meaning-
ful follow-up observations. However, upcoming capabilities from
Rubin LSST, including its deeper magnitude limits and access to
redder filters, are expected to greatly improve our ability to detect
fainter or more heavily obscured optical counterparts. To date,
only the brightest systems are just the visible tip of the iceberg that
have been observed in optical wavelengths with great detail. The
future expansion of monitoring will be key to building a complete
picture of the full population and their outburst characteristics.
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Optical synoptic surveys provide a potential means of discov-
ering outbursts from both known and new LMXBs. The Vera C.
Rubin Observatory’s Legacy Survey of Space and Time (LSST) is
the next generation of all-sky survey that has the potential to study
and monitor outburst in LMXBs for a long period of time (Ivezić
et al. 2019). LSST will survey the entire southern sky in 6 pho-
tometric bands, with a spatial resolution of less than 0.7 arcsec
and to faint magnitudes (g ≤ 25.0 mag in 30 s). More importantly,
Rubin’s LSST will continue for 10 yr, delivering an extraordinary
catalog of long-baseline light curves with typical cadences of once
per few hours-nights in each filter. The telescope has had its first
light in 2025, with the first images detecting asteroids, comets, pul-
sating stars, supernova explosions and far-off galaxies. Once the
10-yr survey is underway, it is expected to collect ∼20 TB of data
per night, with the users of the telescope receiving almost∼10mil-
lion alerts. The huge amount of data as well as alerts exceeds any
survey to date. This work will help in establishing new alerts as
well as improving existing alerts for LMXB outburst (Ivezić et al.
2019).

We therefore set out to investigate the prompt optical
detectability of LMXB outbursts by Rubin Observatory under sev-
eral plausible observing strategies. Pre-outburst optical activity
broadly partitions into three timescales. (1) Long-term: month-
or year-long flux rise before outburst (Dubus, Hameury, & Lasota
2001). (2) Fortnight: a steeper increase in the two weeks or more
before the fast rise of the outburst itself (Bernardini et al. 2016).
This paper focuses on the third kind, (3) Prompt:, based on detec-
tion of the outburst itself due to the fast rise and exponential decay
characteristic of the light curve, the details of which are described
in Section 2. In particular, we focused on exploring early detec-
tion and recovery of LMXB outburst rise light curve via forward
modeling of the intrinsic outburst light curve through characteris-
tics such as survey cadence and coverage, filter-specific magnitude
depth and other observational effects.

Our work contributes to the broader community effort to
ensure the scientific return of the Rubin Observatory is max-
imised for as broad a range of scientific stakeholders as possible.
Indeed the Rubin Observatory is somewhat unique in the degree
to which it has involved the community in this effort (includ-
ing, but not limited to, the development of the Rubin Simulations
Framework that we utilise: see e.g. Section 2.1). For an overview
of this community-driven process, we refer the reader to (Bianco
et al. 2022, and references therein), which opens the Astrophysical
Journal Focus Issue on Rubin LSST cadence and survey strat-
egy. Several works in that issue explore recovery of transient
and periodic variables at various timescales and with various
spectral energy distributions (and therefore) color evolutionary
profiles. The detectability of phenomena at timescales of hours
has been explored in a more general way by Bellm et al. (2022).
Bellm et al. (2022) introduces a simple and informative metric to
evaluate how well time-domain surveys like LSST sample short
timescales, finding that existing LSST cadence simulations at the
time poorly sample crucial hour-to-day timescales and urges to
adapt cadence strategies to address this limitation. On the other
hand the ‘unknown unknowns,’ phenomena whose timescales are
not known before the survey commences, are discussed in Li
et al. (2022). Science cases for the detection of transients and
variables, are presented in the Transients & Variable Stars (TVS)
Science Collaboration Roadmap (Hambleton et al. 2023). The
detectability by Rubin of periodic LMXBs via examination of opti-
cal light curves, has been explored for earlier versions of the Rubin
observing strategy by Johnson et al. (2019).

Our exploration of prompt optical detection of LMXB out-
bursts by Rubin up to ∼1 week before X-ray maximum, is com-
plementary to these efforts. We define early detection as detecting
elevated brightness less than 7 d before the peak of the outburst.
We note this definition is a compromise between X-ray outburst
durations – which in extreme cases can last only a few days, but
are generally weeks to months long, and survey cadence strate-
gies defined by Rubin Observatory. However, this definition will
encompass short outbursts that are well-sampled by the survey
cadence.a One of the aims of the investigation is to inform the
LSST Survey Cadence Optimization Committee and the com-
munity interested in LMXB science with LSST of the possible
outcomes when the survey comes online. An underlying goal of
our project is also to provide the community with the neces-
sary pipeline to investigate in detail the impact of LSST observing
strategies on the detection and recovery of outburst times for
LMXB systems.

The structure of the paper is as follows. Section 2 describes
the metrics and the developments done as part of this work.
Section 3 summarises the results we obtained regarding detectabil-
ity of LMXBs in outburst and discusses the implications of this
work for future studies of LMXBs with Rubin. In Section 5, we
conclude by providing a broad perspective of our current under-
standing and the possible ways to improve the X-ray binary (XRB)
science outcomes from the LSST.

2. Methods

An important challenge in LMXB outbursts is the randomness
of these events. The observed sample of LMXBs represents only
a small subset of the whole intrinsic Galactic population, which
is expected to trace the underlying stellar mass distribution with
high scatter, with contributions from both the disk and bulge com-
ponents (Grimm, Gilfanov, & Sunyaev 2003). Predominantly, we
discover new LMXBs when they exhibit outbursts. Furthermore,
the timescale and duty cycle of these events are also random and
poorly constrained (both theoretically and observationally). Thus,
in this paper, we approach this problem assuming that position of
LMXBs and time of their outbursts are stochastic processes, fol-
lowing some expected distributions, such as Grimm et al. (2003),
Atri et al. (2019) for their spatial distribution and Chen et al.
(1997) for outburst timescales. While this approach will not char-
acterise the total number of outbursts and or likely LMXBs that
would exhibit outbursts, it will enable us to efficiently identify
optimal survey strategies for catching these outbursts early, which
is vital for study of accretion in LMXBs.

2.1. LSST operation and observation simulators

The LSST simulations framework (RUBIN_SIM; Connolly et al.
2014), uses a comprehensive Metric Analysis Framework (MAF)
to evaluate the effectiveness of its observing strategy for diverse
scientific goals. In broad overview, MAF provides a set of tools to
read the OPSIM simulated survey from a database, slice the data
according to the values of single or multiple columns within the
data or the spatial location of the data points, apply algorithms
called metrics to each data slice and saves the results which can
then be visualised and analysed.

aWe also note that this definition is independent of the outburst being identified by
other telescopes.
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A ‘metric’ quantifies various aspects of observational perfor-
mance, such as the number of visits per sky region, depth, cadence,
and detectability of astrophysical transients. These LSST metrics
are implemented using the MAF module within RUBIN_SIM, where
predefinedmetrics assess observation frequency and quality, while
custommetrics allow for tailored scientific evaluations. For exam-
ple, COUNTMETRIC provides the count of how many visits were
in each year for the simulation, MEANMETRIC estimates the mean
value of each data slice as the slicer iterates through all the data and
RMSMETRIC is used to calculate the root mean square (RMS) of
data slices and is typically a measure of the stability of the observa-
tional conditions over the whole period of the simulation. Metrics
operate within a ‘slicing’ framework to enable filtering and selec-
tion in spatial or temporal coverage, for example with tools such
as HEALPIXSLICER for slicing in sky coverage and ONEDSLICER
for filtering of time series and light curves. By leveraging these
metrics, LSST ensures optimal scheduling strategies that max-
imise its scientific return across various areas of interest. After
the metric is evaluated the resulting metric values are saved in the
METRICBUNDLE. The METRICBUNDLE is defined by a combina-
tion of a single metric, a slicer and a constraint, which is a unique
combination of operations simulation benchmark. It also saves the
summary metrics to be used to generate summary statistics over
those metric values as well as the resulting statistic values.

To generate observations by LSST, we use RUBIN_SIM (version
2.0.0; Connolly et al. 2014) and LSST Operation Simulator OPSIM
(version v4.3; Delgado et al. 2014). OPSIM generates a complete
set of observational metadata for the 10 yr simulated survey of
LSST. We are using the most recent version of both RUBIN_SIM
and OPSIM at the time of this writing.

We use the XRB_METRICb module to generate LMXB outburst
light curves as they would be observed by LSST as prescribed
by RUBIN_SIM and OPSIM (Wang et al. 2024). xrb_metric uses a
fast rise and exponential decay (FRED) light curve template for
LMXBs (e.g. Chen et al. 1997). This extended metric‘ recovers
outburst times and determines the number of detected outbursts
and how many sources are observable within 0.5 d of their peak
magnitude in the ugrizy bands. The outbursts that are detected
within this time frame of 7 d are considered to be detected in
the early phase of the outbursts. By simulating XRB outbursts
and adjusting for observational effects like dust extinction and
distance, we assess the detectability of these outbursts under real-
istic survey conditions, factoring in LSST’s observing cadence and
depth. The metric integrates these factors with the aim of opti-
mising the detection and study of XRBs in LSST. This approach
models XRB outbursts using empirically derived parameters, such
as orbital periods, rise and decay timescales, and peak amplitudes,
within the FRED framework. We use generate_xrb_pop_slicer to
generate XRB populations, XRBLC class for light curve synthesis
and the XRBPOPMETRIC class for detectability evaluation.

To focus on the early phase of outbursts and enable case-by-
case analysis, we created a modified version of XRB_METRIC to
capture the input parameters and track individual light curves
throughout the metric and Rubin simulation pipelines. This
approach enables us to have a more detailed view of the ‘truth’
(input parameters shaping the rise timescale and amplitude) ver-
sus what may be interpreted from the expected sparsely ‘observed’

bBy E. Bellm, available at https://github.com/lsst/rubin_sim_notebooks/blob/main/maf/
science/XRB_Metric.ipynb.

data and thus helping to determine how well we can recover
outburst properties, given the current LSST survey strategy.

2.2. Generating LSST light curves for a sample of LMXBs

We generate a sample of 10 000 and 50 000 ‘events’ for deep and
non-deep drilling fields, respectively, following the Galactic distri-
bution of LMXBs following Grimm et al. (2003), Atri et al. (2019).
The distribution of sources in our sample is shown in Figure 1. The
numbers of simulated events (10 000 for the deep drilling fields
and 50 000 for the non-deep drilling fields) were chosen to provide
statistically robust sampling of the relevant parameter space –
accounting for spatial distribution, extinction, and luminosity –
while remaining computationally feasible.

We also imposed a 3D extinction model on the generated sam-
ple using the MWDUST combined extinction map (COMBINED19
map; Bovy et al. 2016). The lower panel of Figure 1 shows the
corresponding extinction for the sources.

The Rubin pipeline then initialises the slicer, which gener-
ates an XRB population with the number of specified events. The
slicer here includes details such as celestial coordinates, distances,
extinction, and sampled system parameters (location of the events,
model light curves, period, magnitude) for each simulated event.
The population metric is then used to initialise the population
from the MAF. It then defines the summary metrics for aggregat-
ing and analysing the results from the XRBPOPMETRIC. It also
calculates the mean fraction of light curves within the footprint
and the average fraction of detected light curves over the entire
sky. After this, the pipeline creates a bundle that encapsulates the
metric and slicing information and ties it to a specific observ-
ing run, and prints out the necessary database columns required
to perform the metric calculations. This setup prepares every-
thing for executing and evaluating the metric over the specified
population or sky regions.

To enable a comparison set of light curves, we also generated a
second set of light curves for LMXBs assuming the coverage and
survey strategy expected for the LSST deep drilling fields (Weiner
2019), which are expected to be observed with much higher
cadence throughout the survey. The main difference between the
deep and non-deep drilling fields is the cadence of observations
and therefore the magnitude depths it reaches for the duration of
the whole survey. The deep drilling fields of Rubin Observatory’s
LSST includes 5 fields chosen to maximise the multi-wavelength
coverage with existing surveys. It uses a total of 6.5% of the total
survey time and receives on the order of 20 000 visits. The non-
deep drilling fields are part of Rubin Observatory’s LSST Wide
Fast Deep (WFD) survey and composes the bulk of the survey’s
visits using about 80% of the total survey time. All the non-deep
drilling fields receive approximately the same number of visits per
pointing which is around 800.

To explore early detection and assessing impact of survey
strategy on characteristics of the outburst rise, we restrict our
sample to only retain systems with detections in at least three
epochs/observations in at least one filter. We then identify the
first detection of the outburst (toutburst, defined as the earliest
point i in the light curve where the observed magnitude indi-
cates a 3-σ enhancement (mi < m̄− 3 RMSEm) in each band, and
the observed time of the peak of the outburst (tpeak) in each
band. These estimates provide the basic ingredients to assess
early detection and enable estimating the outburst rise timescale,
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Figure 1. Figure highlights the intrinsic Galactic distribution of sources and the associated extinction structure. The top panel shows the sample density of simulated LMXBs used
as input for the simulations, illustrating their assumed distribution relative to the Galactic plane and bulge. The bottom panel shows the corresponding line-of-sight extinction,
based on the 3D extinction model and extinction map.

which directly leads to estimates of viscosity in the accretion disk
(Goodwin et al. 2020).

3. Results

In the following sections, we discuss the results obtained from run-
ning the simulations for the deep drilling and non-deep drilling
fields. For both sets of fields, we detail the early science that can be
extracted from the simulations as well as the recovery of the input
outburst time. We also discuss the potential causes that may affect
the recovery of outburst time.

The top and lower panel of Figure 2 shows the light curve for
a source that is in a non-deep and deep drilling field, respectively.

There are mainly three metrics that denote a detection; ‘possible
to detect’ which denotes the fraction of outbursts that are detected
above the detection threshold, ‘ever detect’ reports the fraction of
events that are ever detected and ‘early detect’ is the fraction of
events detected twice within 7 d of the outburst start.

Table 1 presents the number and percentage of LMXBs
expected to be detected over the entire 10-yr survey for all three
detection metrics for the non-deep and deep drilling fields. It also
shows the number of events detected when the sources are at a
fixed distance of 8 kpc and the extinction is varied. The approach
of using a fixed distance and varying the extinction is particularly
done in order to determine the role of extinction in the non-
detectability of LMXB outburst. Given that the number of sources
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Figure 2. Figure shows the light curves for two sources detected in the 10 yr survey. The top panel is for a source in a non-deep drilling field and the bottom plot is of a source in
a deep drilling field. Every coloured dot in the plot corresponds to onemagnitude measurement for the light curve. The x-axis shows the time since the start of the observation in
days and the y-axis shows the magnitude of the observations. The different filters shown in the figure have different coverage and extinction which affects the detectability and
magnitude of the outburst.

detected are not significantly more than what we detect in non-
deep drilling fields, we can say that the extinction does not play a
major role in the non detection of the outburst of the sources.

Figure 3 shows the corresponding skymaps for these detections
for the non-deep drilling fields.

Additionally, we examined how accurately the outburst times
could be recovered compared to the true outburst times for
different sources. Figure 4 illustrates the differences between the
recovered and true outburst times. We also attempted to deter-
mine the time lag of outbursts between the various LSST filters.
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Table 1. Summary of detection statistics of sources in deep and non-deep drilling fields using LSST Operation Simulator OPSIM v4.3. The
first row represents the total number and percentage of outburst that are ever above the nominal detection threshold within the 10 yr
survey footprint. The second row highlights the subset of outbursts that are detected twice within 7 d of the outburst start. The third
row indicates the outbursts that are detected twice at any point during the survey. The columns shows the total detected outbursts and
the percentage detected in the complete footprint of the survey for both deep and non-deep drilling fields. The third column shows the
results for a sample of sources for which the distance was kept constant at 8 kpc while varying the extinction.

Deep drilling Non-deep drilling Sample at 8 kpc

(10,000 events) (50,000 events) (50,000 events)

Total detected % in footprint Total detected % in footprint Total detected % in footprint

Possible to detect 3,387 33 15,399 30 16,199 32

Early detection 339 3 256 0.5 206 0.4

Ever detect 1,861 18 5,163 10 4,983 9.9

However, due to factors such as survey cadence and reduced sen-
sitivity in certain filters, we were unable to accurately recover this
lag.

4. Discussion

4.1. Implications for LSST survey strategy

From our models, deep drilling fields are able to detect a higher
fraction of the light curves when compared to the non-deep
drilling fields for early science detections of the LMXBs. This
is mainly due to more frequent temporal sampling in the deep
drilling fields when compared to the non-deep drilling fields. This
clearly indicates that the detecting LMXBs in their outburst phase
is more difficult in non-deep drilling fields due to fewer number
of observations for these parts of the sky. We have investigated
the prospect of recovering the outburst time of LMXBs from LSST
light curves. Our test case for this work is focused on the outburst
time determination and recovery for LMXBs, but our results can
be used more generally for assessing various proposed observatory
cadence strategies, especially those relevant to the fields covered by
LSST over the 10 yr of the survey.

From this work, we can see that the outburst time recovery was
shown to be affected by the total number of observations in the
observing strategy. The deep drilling fields resulted in more num-
ber of observations for every source in the field when compared
to the number of observations in the non-deep drilling fields. This
resulted in the mean recovery of outburst time to be significantly
better in the deep drilling field when compared to the non-deep
drilling field as discussed in Section 3. For both deep drilling and
non-deep drilling fields we were unable to recover the time lag of
outbursts between the various LSST filters, which is the tracer of
the accretion disk viscosity. One of the possible reasons for this
could be the low number of observations for the different filters
due to the survey cadence.

As a possible recommendation to the SCOC we have tested a
range of versions of Opsim for 50 000 events generated as shown
in Figure 1. The corresponding number of detections for the base-
lines tested as part of this work is shown in Table 2.We can see that
the baseline one_snap 4.0 detects more number of events when
compared to the other baselines. Therefore, one of the potential
ways to improve the observation frequency to get better sampling,
is to plan a micro survey with the one_snap baseline, which is sim-
ilar to the v4.0 baseline but using single exposures for all visits
instead of two exposure per visit for the bands. This yields a bet-
ter outcome for early outburst science and can help us get the best

Table 2. Summary of 50 000 events for different baselines for LSST. The early,
ever and possible columns refer to the detection of the different detections of
the events when compared to the time of the outburst. Early detection are the
sources that are detected twice within the 7 d of the start of the outburst. Ever
detection are the sources that are detected twice over the 10 yr survey. Possible
detection are the sources that are detected above the nominal detection thresh-
old for the 10 yr survey footprint.

Opsim versions Early (%) Ever (%) Possible (%)

2.2 0.40 8.06 28.75

3.4 0.41 10.39 28.71

3.6 0.49 10.26 28.7

4.0 0.53 10.37 28.71

4.2 0.43 9.52 28.73

4.3 0.46 9.64 28.72

four_cycle 4.0 0.50 10.34 28.75

one_snap 4.0 0.55 10.76 28.76

Roman 0.45 10.6 28.72

results for this science case. The Opsim versions in the first col-
umn of the Table 2 are the changes made based on the community
recommendation. More details about the observing strategy can
be found at https://survey-strategy.lsst.io/index.html.

Another factor that may affect the recovery of outburst is the
sensitivity of the filters. In this work, we only considered the light
curves for LMXBs for which the measured magnitude of the out-
burst was more than the single epoch depths for every filter. This
means that there may be outbursts for which observations are per-
formed at the outburst time, but are not considered as detected as
its magnitude may not be brighter than the magnitude limits for
LSST filters. This is particularly seen in filter u, for which the sin-
gle epoch magnitude depth is higher than the other filters in the
most recent version of OpSim. Therefore, a combination of the
sensitivity limits of LSST filters and the currently proposed sur-
vey cadence are two major factors that may be affecting the 100%
recovery of the outburst time and ismajorly affecting the prospects
of recovering the outburst lag between the different filters.

One should also note that the predictions made by using the
dust maps are only estimates, as the maps used represent the inte-
grated reddening along each line of sight, therefore information
on the radial change of extinction in the Galaxy is lost. Another
limitation to these dust maps is their angular resolution of 6.1
arcmin. One should also note that the reddening used per field
was used assuming a single pointing, corresponding to the center
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Figure 3. Skymaps illustrating the detection statistics of LMXB outbursts in the LSST baseline v4.3 10-yr survey, shown in equatorial coordinates to reflect the LSST observational
footprint. The top panel shows the spatial distribution of sources that are theoretically detectable above the nominal detection threshold, while the bottom panel highlights the
subset of sources detected early, defined as being detected at least twice within 7 d of the outburst onset. The color bar indicates the fraction of events detected at each sky
location. The reduced detectability toward the Galactic center reflects the combined effects of extinction and survey sensitivity rather than an imposed spatial exclusion.
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Figure 4. Cumulative probability distribution showing the time delay between the detection of an outburst (Tdetect) and its onset (Toutburst) for sources observed in deep drilling
fields (red curve) and non-deep drilling fields (blue curve). The plot illustrates the relative detection efficiency of the LSST survey strategy, with deep drilling fields showing a
higher probability of earlier detection compared to non-deep drilling fields. This highlights the advantage of deep drilling fields in identifying outbursts more promptly, which is
critical for time-sensitive astrophysical studies.

of the field, whereas there are potentially many different reddening
values per field.

An important factor contributing to the confirmation of the
systems detected in such survey is a corresponding X-ray detec-
tion. Given that most of the systems detected would be faint,
previously unknown sources, if there is no optical-X-ray corre-
lation, it would mean that these unclassified sources potentially
belong to other classes of sources such as cataclysmic variables
(CVs) which show similar FRED like behavior. Bright sources
detected in LSST are going to be easily detectable in large all-sky
X-ray surveys. However, for the faint ones we would need a ded-
icated pointed follow up for such events. Given the large number
of candidates it would be hard to perform a dedicated follow up of
all optically detected candidates, however, these are still interesting
sources that could be followed up in the long term future.

4.2. Implication for the Galactic population of LMXBs

The fraction of detectable outbursts we derive in this paper enables
us to put constraints on the number of LMXBs in the Galaxy as
the survey progresses. However, we caution that this number is

highly uncertain, as we do not fully understand the formation of
these systems. For example, it is thought that dynamical formation
and escape from globular clusters is thought to contribute signifi-
cantly the formation of LMXBs (e.g. Rodriguez et al. 2016; Gandhi
et al. 2020). Observational factors such as telescope sensitivity and
Galactic extinction also contribute to our incomplete understand-
ing of LMXB numbers. Nevertheless, with these caveats, we can
still build an order-of-magnitude model to estimate the number of
LMXBs based on the number of outbursts detected in the LSST.
Naively one can assume that the total number of detected outburst
over the survey run (Noutburst) is a Poisson process:

Noutburst ∼ Poisson
(
λ = fdetfid

T
τ
NLMXB

)
(1)

Where fdet represents the fraction of detectable outbursts in
the survey (as estimated in this paper), fid represents the fraction
of detected outbursts that will be identified as LMXB outbursts
(e.g. assisted by brokers),c T represents the length of the survey, τ

cIn this simple model, we assume false positive identifications are rare and negligible.
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Figure 5. Pairwise plots demonstrating the posterior samples for themodel described in Section 4.2 in the hypothetical scenario where a total of 50 LMXB outbursts are identified
over the entire life of LSST. The red contours and histograms represent scenario ‘a’ (most LMXBs having shorter reoccurrence times), while the blue ones represent scenario ‘b’ (a
wider distribution of reoccurrence times).

represents the reoccurrence time between outbursts for an LMXB,
and NLMXB represents the total number of outbursting LMXBs in
the Galaxy. Among these variables, fdet is constrained (Table 1),
fid is currently poorly characterised, but as the LSST survey pro-
gresses, our understanding of it will be improved. T is known
(the length of the survey being considered). τ is highly uncertain;
for example, NS-LMXBs have shown reoccurrence times between
months to decades (Heinke et al. 2024), and that only includes
currently known outbursting LMXBs over the age of X-ray astron-
omy, which is comparable to (if not shorter than) the reoccurrence
time of some LMXBs. Furthermore, a single LMXB itself can show
a wide range of reoccurrence times and a single value may not
entirely represent the behavior.

Thus, with the caveats mentioned in mind, we can still build
a simple probabilistic model, with assumptions such as fdet ∼
U(min= 0.10, max= 0.30) based on our results, fid ∼ U(min=
0.10, max= 0.50) based on an ad-hoc assumption that perhaps
50% to 90% of LMXB outbursts are likely to be missed in classi-
fication stage (caused by factors such as poor coverage and broad
range of outburst behaviors exhibited by LMXBs making clas-
sification complex), NLMXB ∼ U{min= 103, max= 105} as a dis-
crete uniform distribution bounded between twice the number of
observed LMXBs (e.g. Fortin et al. 2024) as a minimum, and pop-
ulation estimates from population synthesis models (e.g. Olejak
et al. 2020). The reoccurrence time of LMXBs is poorly under-
stood. Thus, we naively adopt an ad-hoc log-normal distribution
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for reoccurrence time with a simplistic assumption that each
LMXB only exhibits a single reoccurrence time, in two different
scenarios: scenario (a) that what has been observed for the reoc-
currence time of NS-LMXBs is extendable to all LMXBs and is not
significantly biased by LMXBs that have a long reoccurrence time.
In this scenario we elicit a maximum-entropy log-normal distribu-
tion such that 95% of all reoccurrence times are between 0.2 and 20
yr, leading to τ/yr∼ Lognormal(μ = 2.0, σ = 0.6); scenario (b) in
this scenario we assume that we have missed a somewhat larger
fraction of LMXBs that have long reoccurrence time, thus we
elicit a maximum-entropy log-normal distribution such that 80%
of all reoccurrence times are between 0.2 and 200 yr, leading to
τ/yr∼ Lognormal(μ = 4.3, σ = 1.2).

To showcase the effect of survey detection rate estimated in this
work, we perform inference on NLMXB with the assumptions listed
above, and assuming a hypothetical survey outcome in which
LSST identifies a total of 50 LMXB outbursts over its entire 10-
yr run. In scenario ‘a’, this would lead to an estimate of ≤5 000
in the Galaxy, while scenario ‘b’ would indicate a total of 10 000–
60 000 LMXBs in the Galaxy (Figure 5).d

5. Conclusions

Rubin Observatory’s LSST shows clear potential for advancing the
detection and characterisation of LMXBs through optical synop-
tic surveys. LMXB outburst are more accessible in redder filters.
Compared to ZTF which has a limiting magnitude of 20.6 (see
Bellm et al. 2019) we find 60% of our events have a peak mag-
nitude below this detection limit (in r) demonstrating the clear
potential of LSST in this domain. Furthermore, LSST’s depth and
multi-band coverage can potentially increase the number of opti-
cally detected candidates and add to early outburst science already
being done with the dedicated alerting and follow up efforts such
as X-ray Binary New Early Warning System, XB-NEWS (Russell
et al. 2019). XB-NEWS have proven valuable in early warning of
these outbursts and have already started producing useful science
(see e.g. Sanna et al. 2026; Saikia et al. 2026). We explored the
detectability of these systems across different observing conditions
by simulating LMXB outbursts using a FRED model, focusing on
two types of fields: deep drilling and non-deep drilling fields.

This work indicates that deep drilling fields are much more
effective for early LMXB detection, providing higher temporal
coverage and, consequently, a greater likelihood of identifying out-
bursts soon after they occur (within 0.5 d). This suggests that
increasing observation frequency in specific fields can improve
the detectability and early science returns for LMXBs and other
transient sources. We have tested a range of survey baselines, the
results of which is shown in Table 2 and can potentially help the
LSST science community to make further changes to the survey
baselines to maximise science output.

We also investigated the recovery of outburst times and the
potential to measure time lags between filters. For both field
types, we observed that, although the mean recovery rate of out-
burst times was high, recovering time lags between filters proved
challenging. The inability to detect inter-filter time lags may be
attributed to limitations in LSST’s survey cadence and filter sen-
sitivity, especially for the u band with its higher single-epoch
magnitude threshold. These results underscore the importance of

dCredible intervals quoted at 95% highest-density intervals.

both cadence strategy and filter sensitivity in accurately capturing
LMXB outbursts and other transient events.

Beyond survey cadence and sensitivity, factors such as dust
extinction and distance modulus also play roles in outburst
detectability. The integrated reddening values used here pro-
vide estimates, but the lack of radial extinction information and
resolution limitations of dust maps add uncertainty to these pre-
dictions. Further refinement of these parameters could enhance
future studies, particularly as LSST’s cadence strategies evolve with
community input.

Our work provides insights for the LSST Survey Cadence
Optimization Committee and contributes a robust framework for
assessing LMXB detectability and recovery potential with LSST.
The flexibility of the metrics developed in this study also sup-
ports broader applications for diverse time-domain science cases
within the LSST community. Future research could explore opti-
mised cadence strategies that improve detectability and data qual-
ity across a broader range of transient phenomena, ultimately
maximising the scientific impact of the Rubin Observatory’s LSST.
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