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Abstract

Vera C. Rubin Observatory, through the Legacy Survey of Space and Time (LSST), will allow us to derive a
panchromatic view of variability in young stellar objects (YSOs) across all relevant timescales. Indeed, both short-
term variability (on timescales of hours to days) and long-term variability (months to years), predominantly driven
by the dynamics of accretion processes in disk-hosting YSOs, can be explored by taking advantage of the
multiband filters option available in Rubin LSST, in particular the u, g, r, i filters that enable us to discriminate
between photospheric stellar properties and accretion signatures. The homogeneity and depth of sky coverage that
will be achieved with LSST will provide us with a unique opportunity to characterize the time evolution of disk
accretion as a function of age and varying environmental conditions (e.g., field crowdedness, massive neighbors,
metallicity) by targeting different star-forming regions. In this contribution to the Rubin LSST Survey Strategy
Optimization Focus Issue, we discuss how implementing a dense observing cadence to explore short-term
variability in YSOs represents a key complementary effort to the Wide—Fast-Deep observing mode that will be
used to survey the sky over the full duration of the main survey (=10 yr). The combination of these two modes will
be vital to investigate the connection between the inner-disk dynamics and longer-term eruptive variability
behaviors, such as those observed on EX Lupi-type objects.

Unified Astronomy Thesaurus concepts: Stellar accretion disks (1579); Circumstellar disks (235); Classical T Tauri
stars (252); Light curves (918); Low mass stars (2050); Photometry (1234); T Tauri stars (1681); Variable stars

(1761); Young star clusters (1833); Young stellar objects (1834)

1. Introduction

Vera C. Rubin Observatory, through the Legacy Survey of
Space and Time (hereafter Rubin LSST), will be the ideal
facility to allow the investigation of variability in young stellar
objects (YSOs), systems composed of a young (<5-10 Myr)
star, its surrounding disk or envelope, and jets. Crucially, the
duration of the LSST survey will encompass all the very
different timescales relevant to YSO variability, which bear the
imprints of the diverse phenomena taking place within the star—
inner disk environment: mass accretion from the inner disk
onto the star, magnetic activity including energetic manifesta-
tions like stellar flares and coronal mass ejections, and

S These authors contributed equally to this work.
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geometric effects such as rotational luminosity modulation by
surface spots or extinction events due to inner-disk warps along
the line of sight to the source. These processes exhibit
variations on different timescales from short term (h0u1rs17
and days) to long term (months and years; e.g., EX Lupi-type
objects, or EXors, and FU Orionis—type objects, or FUors,
which undergo eruptive accretion bursts; see, e.g., Figure 3 in
Fischer et al. 2022), and each of them produces distinctive
photometric signatures across the wavelength domain. Rubin
LSST’s main survey (the Wlde—Fast —Deep, WFD) will consist of
a footprint of at least 18,000 deg”. It must be umformly covered to
a median of 825 nominal 30's visits per 9.6 deg” field, summed
over all six filters (see Bianco et al. 2022). This baseline observing
strategy is perfectly suited for the identification of EXors, whose
long-term variability is characterized by brightness changes on the
order of a few magnitudes over timescales of several months (e.g.,
Giannini et al. 2022). However, a complementary, week-long

7 See also Bellm et al. (2022).
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period of dense (hourly) monitoring, fine-tuned to encompass all
timescales of interest within and up to the typical stellar rotation
rates of these young stars (e.g., Venuti et al. 2017), is essential to
extend the sensitivity of the main survey toward short-lived
events. By combining these two components of the survey, we
will be able to generate a properly populated light curve (LC) that
samples all relevant time intervals to trace different star—disk
phenomena. With this dual approach, we can exploit the full
capability of Rubin LSST to discover and classify new YSO
variable populations, particularly those undergoing disk accretion,
and to characterize known objects (see also Hambleton et al.
2022).

Up to now, systematic high-cadence observations of entire
star-forming regions (SFRs), aimed at investigating short-term
YSO variability, have been performed mostly from space,
notably with the CoRoT (Auvergne et al. 2009) and Kepler
(Borucki et al. 2010) spacecraft, using a single broadband filter.
Such surveys, targeting a handful of regions (e.g., Alencar
et al. 2010; Cody et al. 2014; Cody & Hillenbrand 2018;
Venuti et al. 2021; Cody et al. 2022), have provided exquisite
depictions of YSO variability, which allowed for the
implementation of statistical metrics to discriminate between
distinct hour-to-month LC morphology classes for disk-bearing
young stars, and automatically classifying their respective
behaviors across the time domain. However, these studies have
shown that adding color information is essential for a coherent
physical interpretation of the observed variability patterns.
Moreover, the use of space-based facilities has so far greatly
limited the list of suitable SFRs that could be targeted with
those telescopes along their orbits. As both CoRoT and Kepler
have been decommissioned, no opportunity for such high-
cadence explorations of YSO variability is expected in the
foreseeable future, and the currently operational TESS satellite
(Ricker et al. 2015) is less suited for studies of SFRs due to the
large pixel scale (21” pixel ') that hampers a proper identifica-
tion of individual sources in potentially crowded environments.

Observations in the bluer regions of the visible spectrum are
key to investigating YSO variability, as the blue bands are
probes for the magnetospheric accretion process. In classical
T Tauri stars (CTTSs; low-mass YSOs undergoing mass
accretion from the disk), blue-band fluxes rise more during
accretion events. The contemporaneous availability of red-band
fluxes allows us to disentangle accretion signatures from
magnetic activity or extinction-induced variability on the basis
of the shape of spectral energy distribution from the emitting
region of the YSO (e.g., Vrba et al. 1993). Furthermore, red-
band (e.g., ) and blue-band (e.g.,u) magnitudes can be
combined in color-magnitude diagrams to identify the
photometric cluster sequence traced by weak-line T Tauri stars
(WTTSs; weakly or nonaccreting YSOs; e.g., Richert et al.
2018), while CTTS members can be discriminated upon
their distinctive blueward shift in color with respect to the
WTTS locus (see, e.g., Figure 6 of Venuti et al. 2014 for the
NGC 2264 cluster).

In addition to characterizing high-amplitude variability from
accreting CTTSs, LSST will also detect variability from
nonaccreting WTTSs due to their high levels of magnetic
activity. Many WTTSs have large cool starspots that are
rotationally modulated, producing periodic, ~0.1 mag photo-
metric variations on timescales of ~1-20 days (e.g., Bouvier
et al. 1993; Herbst et al. 1994; Venuti et al. 2015). Brief
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“white-light flares” may also be seen (Stassun et al. 2006),
particularly among the fainter lower mass WTTSs.

Our strategy for the investigation of YSOs and their
variability allows us to fully exploit the capabilities offered
by Rubin LSST during the whole duration of the survey
operations. Indeed, both short-term variability, requiring the
dense temporal coverage described here, and the long-term
variability, mostly driven by EXor-like eruptive bursts, can be
explored with this approach. The unique capabilities of Rubin
LSST will be complemented by archival data from high-
precision and/or all-sky multiband photometric surveys, like
KELT (Pepper et al. 2007), ASAS-SN (e.g., Jayasinghe et al.
2020), Gaia (Gaia Collaboration et al. 2022), and the Zwicky
Transient Facility (Bellm et al. 2019). Such auxiliary data sets
can be used for “precovery” (Yao et al. 2019), that is, to check
for historical variability to put the variations observed by Rubin
Observatory into a larger context (S. Ustamujic et al. 2023a, in
preparation). Furthermore, the aggregate temporal baseline
covered by these surveys may enable the discovery of rarer,
FUor-like outbursting events, characterized by longer (decades)
timescales and more intense (=5 mag) variations (e.g., Késpdl
et al. 2021).

In the following, we discuss our proposed short-term YSO
variability monitoring and its impact on the wider Rubin LSST
survey in terms of time investment and scientific gains by
taking the Carina Nebula as a reference. This region was
identified as a starting target for our monitoring campaign
because it guarantees a large number of sources (see Townsley
et al. 2011b, where 11,000 members are identified and a total
population of up to 50,000-100,000 is estimated), and it is
ideally placed for observations from Chile with Rubin LSST.
Many members of the Carina Nebula complex, such as the
Trumpler 15 cluster and unclustered dispersed WTTSs, are
several million years old where the O stars have exploded as
supernovae (Townsley et al. 2011a; Feigelson et al. 2011;
Wang et al. 2011). The richness and complexity of the stellar
nurseries encompassed by the nebula has just been revealed in
unprecedented detail by the very first images acquired with the
NIRCam and MIRI cameras on board the JWST (Greenhouse
2019), making it a perfect target to study the environmental
feedback triggered by the radiation field from young, massive
stars.

Our paper is organized as follows. In Section 2, we present
our framework for identification of short-term YSO variability
behaviors with Rubin LSST; in Section 3, we compare our
predictions with the output of different simulated runs for
Rubin LSST and evaluate their performance with respect to our
metrics; and in Section 4, we discuss our proposed,
comprehensive survey of YSO variability in representative
SFRs, to be conducted along the entire Rubin LSST duration,
to achieve a first systematic exploration of the early stellar
evolution dynamics across a range of stellar masses, ages, and
environments.

2. Metrics Description

To trace short-term variability phenomena in YSO popula-
tions belonging to distinct SFRs with Rubin LSST, we aim to
draw on the spaceborne experience and implement a cadence
similar to the Kepler/K2~30 minutes “long cadence.”
Namely, we will sample the LCs of our targets with one point
every 30 minutes over a 10 hr/night observing window for
seven consecutive nights in each of the following filters: g, r, i,
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and potentially'® u. The length of the observing window was
selected so as to encompass the typical rotation rates measured
for these young stars, which are believed to match the inner-
disk dynamical timescales as a result of the disk-locking
mechanism enforced by the stellar magnetosphere (e.g., Rebull
et al. 2022). The total number of visits would then correspond
to gathering 140 data points in one week across all filters. As
mentioned in Section 1, accretion events are most efficiently
traced in the bluest filters available in Rubin LSST, such as g or
u,"” which are especially sensitive to the energetic emission
from the accretion shock that is formed where magnetically
channeled, free-falling material from the disk impacts the star
(e.g., Gullbring et al. 1998). The contemporaneous availability
of redder optical filters, particularly » and i, is pivotal to enable
an estimation of stellar parameters such as spectral type and
extinction, and to define the reference photospheric/chromo-
spheric emission level above which accretion-related effects
can be measured (e.g., Venuti et al. 2014; Venuti et al. 2021).

To simulate the implementation of our short-term YSO
variability monitoring project with Rubin LSST, and therefore
assess its feasibility and overall impact on the survey, we have
worked in close collaboration with the Metrics Analysis
Framework (MAFZO) team, who developed a run of the Rubin
LSST Operations Simulator (OpSim; Naghib et al. 2019) fine-
tuned on our specific requirement for a dense temporal
coverage of SFRs, starting with the Carina Nebula as a testbed
(carina OpSim).21 As noted in Section 1 and discussed in
detail in Section 4 (see also the White Paper by Bonito et al.
2018 and the Cadence Note by Bonito et al. 2021°%), this
observing run is conceived as the first step of a microsurvey>
aimed at exploring the dynamics and evolution of young star—
disk interaction as a function of intrinsic and external
parameters across the early pre-main sequence. To achieve
this goal, we plan to apply the same observing strategy on
different SFRs, one target each year during the implementation
of the main Rubin LSST WFD survey.

In order to define the cadence and sampling criteria for
identification of YSO short-term variability behaviors, we
started from the LCs of young stars with variability patterns
dominated by intense and unstable accretion activity (Kulkarni
& Romanova 2008), manifested in short-lived luminosity
bursts that arise repeatedly (recurrence timescales of days to
weeks) and decay on timescales as short as several hours.
Observational descriptions of such variability behaviors have
been achieved over the last decade thanks to dedicated space-
based monitoring campaigns of young stellar populations
(Stauffer et al. 2014; Cody et al. 2017). We focused in
particular on the LCs of YSOs identified as bursters in the open
clusters NGC 2264 (monitored with CoRoT; Cody et al. 2014;

'® A lower number of visits are planned in the u band with respect to the other
Rubin LSST filters (see Table 2 by Bianco et al. 2022; see also Table 1 and
Figure 4 by Ivezi¢ et al. 2019). Furthermore, the depth that will be reached in
the u band will be lower with respect to the other filters, therefore u-band data
will not be available for faint sources.

19 To be used under dark-sky conditions.

20 See Bianco et al. (2022) for details.

21 See hitp: //astro-Isst-01.astro.washington.edu:8080/ for all available OpSim
runs, including carina.

22 All Cadence Notes related to Rubin LSST survey strategy are stored at
https: //www.lsst.org /content/survey-cadence-notes-2021.

3 As explained in Bianco et al. (2022), a Rubin microsurvey is defined as a
specific observing campaign, distinct from the main LSST survey, that will
require <3% of the total survey time.
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Stauffer et al. 2014) and NGC 6530 (with Kepler/K2; Venuti
et al. 2021).

For each original LC (spanning a duration At of ~38 days in
the case of the CoRoT time series, and ~72 days in the case of
the K2 time series), we extracted a collection of simulated
LSST data sets by randomly generating an initial epoch #,;
comprised, within each LC, between observing times #; =0
and t, = At — 7 days. We then extracted a 7 day segment from
the satellite time series starting at #;,;;, and retained 10 hr of data
every 24 hr within that segment to reproduce the night/day
alternation that will be present in Rubin LSST ground-based
observations. We then considered alternative samplings in our
simulated data sets: one point every 30 minutes (the same
cadence as K2), and lower cadences of one point every 45, 60,
90, 120, and 180 minutes. For each simulated sampling, we only
selected those data points in the retained LC segments that match
the required time spacing. At each iteration, we overlapped the
original time series and the resampled segments to assess
whether a burst detection would occur in the simulated LSST
data set. We defined a positive burst detection occurrence when
the selected points in the LC cover at least the full excursion of
one original bursting event (from bottom to peak), as well as the
out-of-burst luminosity level for comparison. We further defined
a nondetection as an instance where the selected points only span
the out-of-burst variability amplitudes in flux, and a potential
burst detection as an instance where the selected points cover
both the typical stellar luminosity level and a phase of anomalous
brightening, but the recorded brightening does not extend
beyond ~1.5¢0 above the typical luminosity level.

We collected the results of over 1600 simulated sets
comprising the six different cadences listed above, applied to
a sample of 27 original bursting LCs. Gaps in the original time
series were used to simulate the potential impact of missing
nights (due to, e.g., time lost to bad weather during the program
implementation at the Rubin Observatory) on our ability to
infer a correct classification of YSO variability. Figure 1
illustrates the projected detection rate of bursting events
simulated for the Rubin LSST survey as a function of data
cadence (which, in case of uniformly distributed observations,
coincides with the duration of the longest segment of night not
sampled by data relevant to YSO variability) and number of
effective observing nights within one week. The statistical
inferences from this analysis are discussed in Section 3.

We then used the predictions illustrated in Figure 1 as a
reference to evaluate the performance of different OpSim runs,
and of the underlying assumptions in observing strategy, with
respect to our science case of identifying short-lived variability
phenomena in YSOs. To conduct this comparison, we
employed two different tools, which sift through the visits
simulated in the OpSim for a given observing field throughout
the duration of Rubin LSST and retain those that match specific
positional and/or temporal criteria. More specifically, we
adopted the metrics called TransientAsciiMetric® to
scan the generic main survey OpSims and extract the number
of observations expected for a given field in a given filter over
seven consecutive days. We then adopted an analogous filtering
routine, dubbed Carina,25 which conducts the same search as

4 Original Python notebook available at hitps://github.com/LSST-
nonproject/sims_maf_contrib/blob/master/science /Transients/
TransientAsciiMetric.ipynb.

%5 Original Python notebook available at hitps: //github.com/yoachim/21_
Scratch /blob/main/carina_check /carina2.ipynb.
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Figure 1. Rate of accretion burst detection simulated for a high-cadence Rubin
monitoring program of a given SFR, extending over one week. For each
simulation, data points are assumed to be distributed uniformly and spaced in
time by the amount on the x-axis. The black dots correspond to the average
detection rates calculated from the simulation results assuming seven
consecutive observing days, with 10 hr of observations per night. The double
arrows mark the statistical range of burst detection rates extracted from the
simulated data sets around each average estimate. The dashed black line traces
a logarithmic fit to the calculated detection rates to interpolate for intermediate
cadences. The green (dashed—dotted), orange (dotted), and red (solid) lines,
labeled in the legend, illustrate how the trend of detection rate versus observing
cadence would change if one or more nights of observations during the week
were lost to bad weather or other technical or scheduling issues. Based on
CoRoT/Kepler observations of YSOs in NGC 2264 and NGC 6530,
respectively.

the TransientAsciiMetric on the carina OpSim
developed by the MAF team to meet our scientific require-
ments. Results are presented in Section 3.

3. Results

As shown in Figure 1, by using the K2 data of NGC 6530
and the CoRoT data of NGC 2264, we estimated that the
probability of detecting bursting events on a given object with
erratic, accretion-driven variability would reach up to 45%-—
50% over a one-week-long monitoring campaign using a 30-60
minute cadence. This plateauing value of the detection rate
versus data cadence trend is likely a reflection of the intrinsic
recurrence timescales of short-term bursting behaviors in YSOs
(Cody et al. 2017) with respect to the prospected duration of
the Rubin LSST high-cadence YSO monitoring survey: indeed,
more than 40% of the burster-like YSO variables identified
with K2 exhibit burst-repeat timescales of one week or longer.
On the other hand, lower data cadences do affect the simulated
burst detection rates beyond the impact of the monitoring
duration. Indeed, the projected achievable burst detection rate
would drop to less than 30% with a 120 minute cadence (30%—
40% science loss), and to less than 25% with a 180 minute
cadence (~40%-50% science loss).

Figure 1 also illustrates the potential impact of having our
monitoring series interrupted for one night or more, due to, for
instance, bad weather or other scheduling conflicts. As shown
on the diagram, across all explored cadences the estimated
burst detection rate is not impacted significantly by a potential
gap of a single night along the one-week monitoring window:
the discrepancy between the average trends reconstructed from
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our simulations when assuming seven consecutive nights or six
nights with a one-night gap in between is smaller than (or
consistent with) the computed statistical range of burst
detection rates. On the other hand, more frequent gaps in the
time series would have a substantial impact on our ability to
identify burster stars. Limiting the observations to four to five
out of the seven nights would cause a science loss (in terms of
detected bursts) of 30%—-50% across the observing cadence
range in Figure 1. Most importantly, were data to be taken only
on two to three nights within the week (which still corresponds
to a higher frequency of weekly visits than planned for any
given field, and in single filters, as part of the WFD survey), the
probability of detecting bursting events driven by the inner-disk
dynamics would become negligible (corresponding to a science
loss of 65%—-75% with respect to the yield from the 7 days
observing strategy at the matching cadence).

While we may miss the intermediate timescales, which can
be explored from longer-term Rubin LSST observations (as
investigated in S. Ustamujic et al. 2023a, in preparation, using
available data sets from large-scale surveys), existing studies of
rotation-rate distributions in diverse young stellar populations
(see, e.g., Venuti et al. 2017, for NGC 2264; Roquette et al.
2017, for Cygnus OB2; Rebull et al. 2018, for Upper Scorpius
and rho Ophiuchus; Rebull et al. 2020, for Taurus) suggest that
a consecutive 7 day long window is statistically sufficient to
explore the full rotational variability expected for at least 70%
of young stars. Furthermore, the selected range (7 days)
discussed here would allow us to cover at least the half-period
variability for the vast majority (95%-98%) of YSOs.

To assess which observing strategies, among those imple-
mented for different families of OpSims, would allow us to
accomplish the discussed science goals, we compared our
predictions shown in Figure 1 with the frequency of visits that
would be obtained on a hypothetical SFR field, within one
week and for a given filter, according to each of the OpSims
below for the main survey:

1. baseline_v2.1_10yrs.db, corresponding to the
standard WFD strategy implemented throughout the
entire Rubin LSST, with the exception of five select
areas, called Deep Drilling Fields (DDFs), for which a
denser observing cadence is adopted (totaling about 5%
of survey observations);26

2. ddf_heavy_nexp2_vl.6_10yrs.db, an iteration of
the WFD baseline survey with intensified coverage of the
DDF regions, reaching over 13% of the total survey
observations;

3. carina_v2.2_10yrs.db, created ad hoc by the
MAF team to include one week of intense SFR
monitoring, as described here, during each year of the
main survey.

With the TransientAsciiMetric, we scanned, week
by week, the entire database of simulated 10 yr LSST
observations corresponding to each of the listed OpSims, and
extracted the typical number of expected visits on representa-
tive fields during a full week, along with the number of visits
corresponding to the densest (most favorable) coverage for that
field in a 7 day window along the simulated data set. This
search revealed that:

26 More details on the different observing strategies explored regarding the
fraction of time to be spent on DDF coverage can be found at https: //pstn-051.
Isst.io/PSTN-051.pdf.
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Figure 2. LC of a YSO exhibiting a bursting behavior (blue curve; data from
CoRoT) with black points indicating the visits in the r band that would be
obtained during the most favorable week in the 10 yr of survey, as selected
with the TransientAsciiMetric applied to the OpSim baseline_
v2.1_10yrs, if the object were alternatively located in a generic field to be
surveyed with the WFD cadence (upper panel; R.A.=97.456225,
decl. = —37.709217), or in a DDF region (lower panel; R.A.=53.125,
decl. = —28.100).

(a) on a generic WFD field within the OpSim base-
line_v2.1_10yrs.db, we found a maximum of
seven points®’ in ~7 consecutive days over the 10 yr
of survey to populate the LC of a hypothetical YSO at
that location, exemplified in Figure 2 (upper panel) by
using as the input the LC of a burster in NGC 2264 that
we used in our simulations;

(b) if we adopt the sequence of observations obtained for the
location of one of the DDFs, and assume that a similar
sequence was obtained for the Carina region, then we would
collect at most 62 data points (and typically ~8 data points
per week) with the OpSim baseline_v2.1_10yrs.db
(Figure 2, lower panel), clustered around very short time
intervals and split in three blocks a few days apart;

(c) for the same DDF, monitored as simulated in the OpSim
ddf_heavy_nexp2_vl.6_10yrs.db, we retrieved a
maximum of 143 points (and typically 24 points) over a
span of 7 days in the r band (see Figure 3),”® however the

7 Tt is worth noting that seven points per week is a very unusual case for WFD
single-filter coverage, as the mean value considering all the weeks in 10 yr is
close to 0 (i.e., less than one visit per week).

28 As not all DDF simulations have been repeated (MAF team, private
communication), we discuss here the results obtained for version 1.6.
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Figure 3. Same as Figure 2 (lower panel), reflecting the denser DDF
observing cadence but implemented for the OpSim database ddf_heavy_
nexp2_vl.6_10yrs.
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Figure 4. Same as Figure 2, but using the OpSim database carina_-
v2.2_10yrs and the Carina routine, for which a specific SFR (Carina
Nebula; R.A. =160.0, decl. = —60.0) observing cadence was implemented
following the sampling requirements discussed here.

points would not provide a uniform sampling of each
monitored night, but rather cover a very short time
interval during each of the nights for which data would be
available;

using the OpSim database carina_v2.2_10yrs.db
and the Carina routine, we retrieve a frequency and
cadence of observations that match the requirements to
reconstruct short-term variability in YSOs (see also
Bonito et al. 2018 and the Cadence Note by Bonito
et al. 2021), as illustrated in Figure 4 where the
morphology of the bursting LC is adequately sampled
with the expected visits.

Gl

~

The case discussed in (a) and shown in Figure 2 (upper
panel), with typically zero and at most seven data points over
four nights in one week, would fall outside (to the left) of the
nightly data cadence range that is shown on the x-axis in
Figure 1, corresponding to a long effective cadence dictated by
the actual fraction of night not covered by data. Along the y-
axis of Figure 1, possible observing runs under this OpSim
would span the entire area delimited on top by the orange
(dotted) line (data points taken on 4-5 nights within one week)
and extending well below the red (solid) curve (which
illustrates the case when data points are taken on 2-3 nights
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within one week). This would translate to an expected burst
detection rate <2%, effectively preventing any robust identi-
fication of short-lived variability behaviors in a statistical
sample of young stars.

The case discussed in (b) and illustrated in the lower panel of
Figure 2, in spite of the higher number of data points, would still
fall below the long-cadence end of the orange (dotted) curve in
Figure 1 (burst detection rate ~2%-3%), because the sequence
of expected visits for a given date only span a fraction (~2%) of
the observing night, and data are gathered only on typically three
nights of a consecutive week, in the best-case scenario.

The case discussed in (c) and shown in Figure 3 is even more
emblematic. Despite attaining, in the most favorable simulated
week, a number of visits that matches our ideal expectation for
a 7 day run with a 30 minute cadence, this scenario would
again correspond to a burst detection rate of only ~2%-10%
according to Figure 1 (extrapolation of the green dashed—dotted
line to intranight data gaps equal to =>55%-95% of the night
itself). Indeed, although repeated visits in this simulation are
conducted daily, the very limited fraction of night that is
actually sampled severely hampers our capability of identifying
a bursting event over its full evolution. Only when both a
dense, week-long coverage and a uniform sampling of the
intranight YSO variability are achieved (as discussed in (d) and
shown in Figure 4), can the ability to recognize and categorize
short-term phenomena be maximized.

4. Discussion and Conclusions

We have illustrated here how it is possible to exploit the full
capability of Rubin Observatory and explore the diverse
physical processes at work in YSOs over a wide range of
timescales. In particular, we have shown how a short (~week)
period of dense observing cadence in multiple filters is critical
to accurately reconstruct the inner-disk dynamics around young
stars and its short-lived manifestations, like luminosity bursts
triggered by intense and discrete accretion events. When
combined with the long-term, lower-cadence monitoring from
the main LSST survey (which will naturally capture the larger-
scale variations characteristic of EXors or FUors), this
campaign will deliver unique science by mapping the
intermediate stages between short-term and long-term varia-
bility dynamics in YSOs, thereby revealing any causal link
between small-scale disk processes and large-scale eruptive
behaviors. We have further shown that none of the standard
WEFD observing strategies under consideration for the Rubin
LSST baseline and DDF surveys are able to provide the
combination of dense cadence and homogeneous sampling
over the inner-disk timescales that are required to achieve our
science goals.

In collaboration with the MAF team, we have estimated that
the one-week period of high-cadence monitoring discussed
here would require only about ~0.02% of the total survey time
for a single SFR, such as the Carina Nebula. This would
amount to a total of ~0.2% of Rubin observations if these
focused campaigns were repeated once per year over the entire
survey duration, each time targeting a different SFR (in order to
achieve a census of YSO properties at different evolutionary
stages and in different environments) or returning to the same
SFR at a distance of years (to assess structural changes in the

29 Additional plots can be found at https://github.com/sbonito/Cadence-
Note-YSO.
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inner disk, which have been documented to occur on timescales
of 3 yr or less, with switches from well-organized to chaotic
dust distributions; Sousa et al. 2016). Therefore, by investing a
small fraction of Rubin survey time, we can address key
science questions for protoplanetary disk and early stellar
evolution (regarding, e.g., the regulation of mass and angular
momentum transfer, the mechanisms triggering outbursts in
YSOs, and the interplay between accretion and magnetic/
coronal activity) that would otherwise be precluded. Moreover,
the impact of a well-sampled data set as proposed here would
extend well beyond the topics discussed so far, to encompass, for
instance, the early angular momentum evolution of young stars
(by enabling homogeneous measurements of their rotation rates).

As noted in Section 1, we plan to begin our microsurvey
with a Carina Nebula pilot project. By extending the campaign
to additional SFRs, and by combining these short periods of
intense monitoring with WFD observations gathered as part of
the Galactic Plane minisurvey (Cadence Note by Street et al
2021; Prisinzano et al. 2023) across the entire Rubin LSST
duration, we will be able to build a comprehensive, self-
consistent picture of variability in YSOs. We stress that
employing Rubin Observatory for both the short-term and the
long-term components of these studies provides a unique
advantage over using other facilities: only Rubin can guarantee
the spatial resolution, consistent filter prescription, and
photometric stability required to conduct a coherent compara-
tive analysis of flux variations recorded for the same sources on
timescales of hours through years, with a precision better than
~0.01 mag (i.e., on the order of the smallest variability
amplitudes of interest; Costigan et al. 2014; Venuti et al. 2014).

The synoptic view of accretion and variability properties that
Rubin LSST will provide for hundreds of young stars in a
single snapshot will be pivotal to guide complementary
ground-based campaigns, aimed at gathering supporting data,
like spectroscopy, for accurate determination of the stellar
parameters. Different instruments for spectroscopic invest-
igation, including currently available and future facilities like
FLAMES (Pasquini et al. 2000), X-shooter (Vernet et al.
2011), SoXS (Schipani et al. 2018), CRIRES+ (Dorn et al.
2014), 4MOST (de Jong et al. 2022), and WEAVE (Dalton
et al. 2020), can be used in concert with Rubin to build a
comprehensive photometric and spectroscopic variability atlas
of young star—disk systems. Indeed, an intensive campaign
focused on short-term variability as described here, extending
over just one week at a time, will allow us to envision a
coordinated spectroscopic program for the entire duration of
the high-cadence monitoring series—important to spectro-
scopically confirm accretion processes (e.g., from measuring
broad emission lines produced by the accelerated gas in the
accretion columns; e.g., Bonito et al. 2013, 2020), and to
constrain theoretical models.

The different SFRs*® that we plan to target as part of our
microsurvey are listed in Table 1. These targets will enable
detailed investigations of how the processes responsible for the
observed YSO variability evolve over the protoplanetary disk
lifetimes, and of how their dynamics are impacted by different
ambient conditions. An early-time start of this microsurvey
within the LSST schedule, beginning with observations of the
Carina Nebula, will be crucial to set the stage for exploration of

30 More maps stored at http: //astro-Isst-01.astro.washington.edu:8080,/ and
https://github.com/LSST-TVSSC/software_tools/blob/main/footprint_
maps/bonito_sfr_map_g.png.
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Table 1
List of SFRs to be Targeted during the Dedicated Rubin Observatory
Microsurvey, and their Respective Ages, Distances, Typical Amounts of
Interstellar Extinction, and Number of Currently Known Cluster Members

Region Age Distance Ay Ntars
(Myr) (kpc) (mag)

Carina Nebula 1-6 2.3 2.25 7300+

NGC 6530 (Lagoon) 1-2 1.3 1.65 2000+

Orion Nebula Cluster 1-3 0.4 1.5 1500+

NGC 6611 (Eagle) 1-3 1.8 2.8 2500+

NGC 2264 3-5 0.8 0.4 1100+

Note. The listed N for all regions are extracted from Feigelson et al. (2013).
Additional references include: Smith & Brooks (2008) for the Carina Nebula;
Tothill et al. (2008) and Prisinzano et al. (2019) for NGC 6530; Muench et al.
(2008) and Da Rio et al. (2010) for the Orion Nebula Cluster; Oliveira (2008)
for NGC 6611; Dahm (2008) for NGC 2264.

all SFRs. Indeed, while for a few of the listed regions (e.g.,
NGC 2264, Venuti et al. 2014; NGC 6530, Venuti et al. 2021)
some short-term monitoring data in similar filters already exist
and a single Rubin visit could be sufficient to extend the
baseline for inner-disk stability studies, for the other targets
multiple Rubin visits, separated by a few years, will be
required. Following our approach of observing only one cluster
per year, this objective cannot be achieved for all of our regions
during the prospected LSST duration unless the microsurvey
starts promptly upon the beginning of Rubin science opera-
tions. Moreover, an early scientific analysis of the Carina
Nebula data, with its rich trove of members, will allow us to
develop reliable photometric tracers of young variable popula-
tions in a combination of Rubin LSST filters, which can then be
used to conduct a blind search of the entire Rubin LSST field to
identify new pre-main-sequence populations. This step will be
critical to realize the full discovery potential of the LSST
survey beyond the ~500pc radius within which most star
formation studies have traditionally been confined.

Results from this project will, on one hand, provide
improved physical insight to constrain existing and future
magnetohydrodynamic models of young star—disk systems
(e.g., Romanova et al. 2004; Zanni & Ferreira 2009; Orlando
et al. 2010; Romanova et al. 2012; Zanni & Ferreira 2013;
Bonito et al. 2014), and on the other hand, also inform the
development of realistic 3D sketch models that describe the
complex structure of these objects (S. Ustamujic et al. 2023b,
in preparation). Printed versions of these 3D renderings,
together with their visualization in virtual reality experiences
connected to the physical processes investigated (see Orlando
et al. 2019), will allow us to pursue a more inclusive scientific
environment by increasing the accessibility of Rubin LSST’s
results for blind and visually impaired researchers. Moreover,
thanks to their interactive and immersive nature (e.g., Jarrett
et al. 2021), these tools will also prove invaluable in assisting
the broader community of astronomers in their exploration and
research of the complex astrophysical systems that can be
investigated with Vera C. Rubin Observatory LSST.

This paper was created in the nursery of the Rubin LSST
Transient and Variable Stars (TVS) Science Collaboration
(SC).*' The authors acknowledge the support of the Vera C.

31 https: / /Isst-tvssc.github.io/
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