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Abstract

THESEUS is a proposed ESA M-class mission primarily designed for high-redshift gamma-
ray burst studies, but its wide-field survey strategy and multi-instrument payload also offer
significant opportunities for time-domain investigations of Galactic young stellar objects
(YSOs). We assess the mission’s potential for YSO science by examining the detectability of
energetic X-ray flares, the observability of Galactic star-forming regions, and the benefits
of coordinated soft X-ray and near-infrared observations. Instrument characteristics are
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from SXI data alone may be challenging. THESEUS can therefore serve both as a transient
discovery instrument and as a statistical probe of YSO high-energy variability.

Keywords: young stellar objects; X-ray flares; time-domain astronomy; star-forming
regions; THESEUS mission; soft X-ray observations; infrared astronomy; stellar variability

1. Introduction

The Transient High-Energy Sky and Early Universe Surveyor (THESEUS) is a proposed
ESA M-class mission concept designed primarily to investigate the early Universe through
the detection and characterization of gamma-ray bursts (GRBs) at high redshift [1,2]. Be-
yond this core cosmological objective, THESEUS combines wide-field high-energy monitor-
ing with rapid near-infrared imaging and spectroscopy, making it a powerful facility for
time-domain astrophysics across a broad range of source classes [3].

Among Galactic variable sources, young stellar objects (YSOs) represent particularly
attractive targets for time-domain studies. Their observational behavior is governed by
magnetic activity, time-dependent accretion, episodic outbursts, and variable circumstellar
extinction, producing variability across the X-ray and infrared domains on timescales rang-
ing from minutes to years [4-7]. These phenomena directly overlap with the wavelength
coverage and observing strategy of the THESEUS payload.

The scientific potential of THESEUS for YSO studies depends on several factors, in-
cluding the intrinsic flare and variability properties of young stars, flare temporal structure,
line-of-sight X-ray absorption, the sensitivity and sky coverage of the Soft X-ray Imager
(SXI), and source crowding relative to the angular scales of the InfraRed Telescope (IRT).
While numerous studies have characterized YSO variability using dedicated observations
of nearby star-forming regions, a quantitative assessment of the expected YSO science
return of THESEUS has not yet been presented.

Nearby star-forming regions provide natural laboratories for evaluating these capabil-
ities. In particular, Orion and Taurus combine rich young stellar populations with compar-
atively well-characterized physical properties and extensive observational datasets [8-10].
Orion offers one of the largest available samples of X-ray-detected YSOs and provides
robust flare statistics for population-level estimates, while Taurus represents a nearby
low-density environment where source confusion is substantially reduced. Together, these
regions provide valuable empirical benchmarks for assessing both source detectability and
observational limitations.

By the early 2030s, several high-energy observatories may be operating beyond their
nominal lifetimes. The current THESEUS M7 configuration offers a distinctive combination
for YSO studies: deep pointed observatories such as Chandra and XMM-Newton provide
detailed observations but cover relatively small fields, while wide-field facilities such as
Einstein Probe do not provide an onboard near-infrared telescope. THESEUS combines
wide-field high-energy monitoring, soft X-ray imaging, and near-infrared observations
within a single mission, enabling population-scale transient discovery together with con-
temporaneous infrared characterization.

In this work, we investigate the capabilities of THESEUS for studies of young stellar
populations in Galactic star-forming regions. Using literature-based YSO population es-
timates, Orion-derived flare statistics, SXI exposure maps, source-density analyses, and
dedicated sensitivity tests for flare duration and X-ray absorption, we evaluate the de-
tectability of energetic stellar flares, the cumulative observational coverage of representative
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star-forming complexes, and nearest-neighbor source-separation statistics relevant to IRT
observations in crowded environments.

Our analysis indicates that the THESEUS survey can provide substantial cumulative
SXI coverage of several nearby star-forming regions over the nominal four-year mission.
Depending on stellar population, distance, sky position, and the adopted flare-statistics as-
sumptions, the resulting flare yields span broad, model-dependent ranges. Furthermore, a
substantial fraction of YSOs retain nearest-neighbor separations larger than the adopted IRT
EE-based angular scales even in relatively crowded regions, although angular separation
alone does not guarantee photometric deblending or unique counterpart identification.

The results presented here establish a quantitative framework for evaluating the YSO
science return of THESEUS and provide observational benchmarks for future time-domain
studies of star formation with the mission.

2. Framework and Methodology
2.1. THESEUS Instrumentation Relevant to YSO Studies

The THESEUS mission concept is based on the coordinated operation of three instru-
ments designed to provide wide-field transient discovery and rapid multi-wavelength
follow-up [11]. The mission payload consists of the X-Gamma-ray Imaging Spectrometer
(XGIS), the Soft X-ray Imager (SXI), and the InfraRed Telescope (IRT). While all three in-
struments contribute to the overall science case of the mission, the present study primarily
relies on the capabilities of SXI and IRT, which are most directly relevant for the detection
and characterization of young stellar object (YSO) variability.

The Soft X-ray Imager is a lobster-eye focusing X-ray instrument operating in the
0.3-5 keV energy range and covering a field of view of approximately 0.5 sr [11]. Its wide
sky coverage and survey-oriented observing strategy make it well suited for monitoring
large stellar populations and detecting energetic X-ray flares associated with magnetic
activity in young stars. In addition to source detection, SXI provides localization accura-
cies of <2’ for triggered events, enabling subsequent source identification and follow-up
observations [11]. The SXI exposure maps derived from the ESA assessment study form
a key input to the present analysis, as they determine the expected temporal coverage of
individual star-forming regions.

The InfraRed Telescope is a 70 cm aperture instrument operating between 0.7 and
1.8 pm and designed for rapid follow-up imaging and spectroscopy of transient sources [11].
For studies of YSOs, the IRT provides access to variability associated with accretion pro-
cesses, circumstellar extinction, and the inner disk environment. Equally important for the
present work is the telescope’s angular resolution, which determines the degree to which
individual sources can be separated in crowded star-forming environments. The angular
source-separation statistics relative to the IRT EE50 and EE80 scales are therefore evaluated
quantitatively in later sections.

The X-Gamma-ray Imaging Spectrometer provides wide-field monitoring from a
few keV to several MeV and serves as the primary high-energy trigger instrument of the
mission [11]. Although XGIS is not used directly in the quantitative analyses presented here,
it contributes to the broader transient-discovery capabilities of THESEUS and complements
the soft X-ray and near-infrared observations provided by SXI and IRT.

Together, the THESEUS payload enables wide-field transient discovery, source lo-
calization, and near-infrared follow-up. Although designed primarily for GRBs, these
capabilities can also support Galactic time-domain studies. The extent of coordinated SXI
and IRT observations of YSO-related events will depend on the final mission strategy and
future Guest Observer programs.
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2.2. Benchmark Star-Forming Regions

The scientific capabilities of THESEUS for studies of young stellar populations depend
not only on instrument performance but also on the properties of the observed star-forming
regions. Distances, stellar population sizes, source densities, and sky positions all influence
the expected detectability of high-energy variability and the effectiveness of infrared
follow-up observations. To evaluate these effects, we adopt a set of well-studied Galactic
star-forming regions spanning a broad range of physical scales and environments.

Particular emphasis is placed on nearby benchmark regions, which provide the most
robust observational constraints on YSO variability. The Orion Molecular Cloud Complex
plays a central role in the present analysis due to the availability of extensive X-ray observa-
tions and the large number of known young stellar objects [5,8]. Its rich stellar population
and well-characterized variability properties make Orion a natural reference region for
assessing the detectability of energetic stellar flares. Taurus provides a complementary
low-density benchmark characterized by a nearby, distributed population of predominantly
low-mass young stars and comparatively limited source crowding [9,10]. Together, these
regions represent two of the best-studied nearby laboratories of low-mass star formation.

To explore the performance of THESEUS in more extreme environments, we also
consider massive star-forming complexes such as the Carina Nebula. These regions contain
substantially larger stellar populations, higher source densities, and stronger feedback from
massive stars than nearby low-mass star-forming regions [12,13]. Although individual
sources are generally more distant and therefore more difficult to detect, the large number
of young stars may partially compensate for this limitation in population-level studies.

The complete sample used in this work includes nearby low-mass star-forming regions,
intermediate-distance molecular cloud complexes, and several distant massive star-forming
environments. For each region, literature-based estimates of the YSO population and
distance are adopted from the literature. These parameters provide the basis for the
flare-yield estimates and detectability calculations presented in the following sections.

2.3. Flare-Yield Framework

The model-estimated number of YSO flares detectable by THESEUS depends on
both the intrinsic flare activity of young stellar populations and observational factors
including source distance, flare temporal structure, X-ray absorption, and mission exposure.
The primary regional estimates treat source distance and cumulative exposure explicitly,
while flare-duration, temporal-sampling, and absorption effects are quantified separately
through the sensitivity tests below. To estimate the flare yield of the mission, we adopt
a relative scaling framework anchored to the Orion Molecular Cloud Complex, which
provides the most comprehensive observational dataset currently available for studies of
pre-main-sequence X-ray variability.

A key requirement is to estimate what fraction of the intrinsic YSO flare population
remains detectable by the Soft X-ray Imager (S5XI). We begin by considering the nominal
SXI sensitivity quoted in the THESEUS Yellow Book. For a 1500 s integration, the expected
3o flux limit is

Fis00 ~ 1.8 x 1071 erg em 2571 (1)

At the distance of Orion,
dorion =~ 414pc ~ 1.28 x 10* cm, 2)
this corresponds to an X-ray luminosity threshold of

Lyt = 47td3 ;00 Fis00 = 3.5 x 10°% ergs™!. (3)

https:/ /doi.org/10.3390/particles9030091


https://doi.org/10.3390/particles9030091

Particles 2026, 9, 91

5 of 36

For a single 1500 s SXI integration, the luminosity threshold above corresponds to an
emitted X-ray energy of

Eis500n = Ly % 15005 =~ 5.25 x 10% erg (4)

over the integration interval. This quantity should not be interpreted as a threshold on the
total energy of the flare: a flare is detectable if its time-averaged flux during an overlapping
SXI integration exceeds the corresponding sensitivity limit.

For the relative scaling adopted below, we introduce a reference flare duration of

Trof = 10% s. (5)

This value is used as a modeling reference rather than as the mean or median duration
of the COUP flare population. COUP flares span a broad range of durations, including
both shorter events and a substantial long-duration tail [14]. The adopted 10 ks value
therefore provides a convenient reference timescale for defining an energy scale and for the
sensitivity experiment below, without implying that it is representative of the full observed
duration distribution.

Multiplying the Orion SXI luminosity threshold by this reference timescale gives

Echar = Lx et = 3.5 x 10% erg. (6)

We use Eqy,, as a reference total-energy scale rather than as a strict SXI detection
threshold. The actual detectability criterion remains that defined by Equation (4): at least
one 15005 interval of the flare must exceed the corresponding SXI sensitivity. Because the
same reference timescale is used for all regions, the relative distance scaling introduced be-
low is unaffected by its absolute value; the role of flare duration in the detection probability
is examined explicitly in Section 2.3.1.

2.3.1. Sensitivity to Flare Duration and Temporal Sampling

Because the SXI detection criterion is defined over a 1500 s integration rather than by
Echar alone, detectability also depends on how the flare energy is distributed in time.

To illustrate this dependence, we constructed a fast-rise, exponential-decay flare
profile while keeping the total emitted X-ray energy fixed at Eg,r = 3.5 x 10% erg. The
adopted profile is qualitatively similar to simplified flare profiles used in COUP variability
modeling [14], although the particular finite-rise prescription and shape parameters used
here are purely illustrative. We write

t/tp, 0<t<ty,
Lx(t) = A ?)
exp[—(t - tp)/Td]/ tp <t< Tﬂare/

where tp = 0.2Tfjare and 1q = (Tfiare — tp)/ In 100, such that the luminosity has declined
to 1% of its peak value by the adopted end of the flare. For every tested duration, the
normalization was chosen to satisfy

Tﬂare
/O LX(t) dt = Echar- 8)
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For flare durations between 1.5 and 50ks, a 1500 s integration window was moved
through the model light curve and the emitted energy

£4+1500s o
Ei500(t) = /t Lx(t) dt ©)

was compared with the threshold in Equation (4). We define Dgye; as the contiguous portion
of the flare covered by one or more 1500 s intervals satisfying the SXI detection criterion.
Thus, Dge; = 1.5 ks when exactly one qualifying integration exists, and Dge; = 0 when no
1500's interval reaches the threshold.

Figure 1 shows the resulting dependence on total flare duration. At the shortest tested
duration, T, = 1.5ks, the complete flare is detectable and Dge; = Tare- The detectable
span initially grows approximately together with the total flare duration; in the adopted
profile the complete flare remains within the detectable span up to approximately 2.7 ks.
At longer durations, increasing portions of the low-luminosity parts of the flare no longer
belong to any successful 1500 s detection interval, and Dy, therefore grows more slowly
than Tgpe-

The detectable span reaches a maximum of approximately Dget = 5.65ks at
Thare ~ 15.2ks. At still longer durations, the fixed total energy is distributed over an
increasingly broad light curve and the energy contained within the brightest 1500 s interval
decreases. Consequently, Dg; decreases again. Near T, ~ 34.7 ks, only approximately
one qualifying 1500 s interval remains around the flare maximum; beyond this duration, no
1500 s interval reaches the adopted threshold and Dger = 0.

The 10 ks reference flare adopted in Equation (5) lies well within the detectable regime
and gives Dgo; = 5.065 ks. We use this single representative case below to illustrate the
separate effect of temporal sampling.

7
maximum: 15.2 ks
7 61 Dget = 5.65 ks
bt
k9]
DU > 10 ks reference
S Dget = 5.07 ks
24
o
= 3
o
o)
Q
4
Q
B 11 — Detectable flare span Dget
Dget = Tiare cutoff =34.7 ks
0 . I , | |

5 10 15 20 25 30 35 40
Total flare duration Tfare [KS]

Figure 1. Dependence of the detectable flare span Dy, on total flare duration for the illustrative fixed-
energy flare profile with Eq,,, = 3.5 x 1030 erg. A portion of the flare belongs to D if it is covered
by at least one 1500 s integration in which the emitted energy exceeds E1s9o g, = 5.25 x 10%® erg. The
dashed line indicates Dge; = Tjare- The adopted 10 ks reference case, the maximum detectable span,

and the approximate upper-duration detectability limit of the fixed-E,, test flare are indicated.
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The same fixed-energy experiment can also be used to quantify how the mapping
between the 1500 s SXI detection criterion and the total flare energy depends on the assumed
flare duration. For a given Tp,., we define

max; Eq500(t)

f1500 ( Tﬂare) = ’ (10)

Efare

where fi50 is the maximum fraction of the total flare energy contained within any complete
1500's integration interval. Because the model light curve scales linearly with total flare
energy, the minimum total flare energy required for the brightest 1500 s interval to reach
the SXI threshold is then

E1500,th
Emin(Thare) = —r—. (11)
min Tae) f1500(Thiare)
For the adopted 10ks reference profile, fisp0 = 0.448, so that the minimum

total flare energy required to satisfy the 1500s detection criterion is approximately
Emin = 1.17 x 10% erg. This is substantially below Eq,, = 3.5 X 10% erg and further
illustrates that Eq,,, is a reference energy scale rather than a strict total-energy detec-
tion threshold.

Representative results for a broader range of flare durations are listed in Table 1. As the
flare duration increases, a progressively smaller fraction of the total energy is concentrated
within the brightest 1500 s interval, and the corresponding minimum detectable total energy
therefore increases.

Table 1. Sensitivity of the mapping between the 1500 s SXI detection criterion and total flare energy
to the assumed flare duration. The quantity fi50g is the maximum fraction of the total flare energy
contained within any complete 1500s interval, and Ep,jp, is the minimum total flare energy required
for such an interval to reach the SXI threshold. The final column gives the relative flare-yield factor
implied by the cumulative COUP relation N(> E) o E~12, normalized to the 10 ks reference profile.
These factors are presented as a separate sensitivity test and are not folded into the primary regional
yield intervals.

Thare [ksl] f1s00 Emin lergl Yield Factor
5 0.721 7.28 x 10%° 1.77
10 0.448 1.17 x 1036 1.00
15 0.321 1.64 x 103 0.67
20 0.249 2.11 x 1036 0.49
30 0.172 3.06 x 1036 0.32
40 0.131 4.01 x 103 0.23
50 0.106 4.96 x 1036 0.18

The transition around Tp,.e >~ 34.7 ks found in the fixed-E4,,, experiment can now be
interpreted directly in terms of this duration-dependent total-energy threshold. At 30 ks,
Emin =~ 3.06 x 10% erg remains below the adopted E o = 3.5 X 10% erg, whereas at 40 ks
the required energy has increased to Epin =~ 4.01 x 10% erg, which exceeds Eg,,. The
previously identified ~34.7 ks limit therefore marks only the point at which the adopted
fixed-energy test flare ceases to satisfy the SXI criterion; it does not represent a physical
upper limit on the duration of detectable flares. Longer flares remain detectable provided
that their total energies are correspondingly larger.

Using the cumulative COUP flare-energy distribution, N(>E) « E~12, the duration-
dependent change in the total-energy threshold can be expressed relative to the 10 ks
reference profile as

-12
Cdur(Tﬂare) = [M] (12)
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For the representative durations in Table 1, this factor ranges from 1.77 at 5ks to
0.18 at 50 ks. These values quantify the sensitivity of the inferred absolute flare yield to the
adopted temporal profile under the fixed total-energy-distribution approximation.

Importantly, this duration dependence does not alter the Orion-relative distance
scaling if the same flare-duration and temporal-profile distribution is assumed for all
regions. For a given profile,

Emin,reg ( Thare ) = ©4Emin,Orion ( Thare ) ’ (13)

so that the duration-dependent factor is common to Orion and to the comparison region. It
therefore affects the absolute yield normalization but not the relative distance scaling or the
regional ranking within the present framework. We do not fold this additional sensitivity
factor into the primary regional yield intervals, both to keep it distinct from the uncertainty
in the absolute Orion flare-rate normalization and because a fully population-based correc-
tion would require the joint distribution of flare energy, duration, and temporal profile.

The finite duration of a flare also changes the range of flare onset times that can
result in a detection during an individual SXI visit. We illustrate this effect only for the
adopted 10ks reference flare, rather than attempting to reconstruct the unknown THESEUS
observing cadence.

For this profile, the detectable portion of the flare extends over Dgoy = 5.065ks
and begins at flare onset. The latest successful 1500s integration can therefore begin
5.065 — 1.500 = 3.565 ks after flare onset. A flare beginning up to 3.565 ks before the start of
an SXI visit can consequently still provide a complete detectable 1500 s interval after the
visit begins. At the opposite edge, the flare must begin at least 1.5 ks before the visit ends
for such an interval to fit within the observation.

For this specific reference profile, the net enlargement of the allowed flare-onset
interval is therefore

Teorr = Daet — 2tint = 5.065 — 2(1.500) = 2.065 ks, (14)

where tj; = 1.5ks. An isolated visit of duration Tyis; therefore corresponds to an effective
flare-onset interval
Tets = Tvisit + Tcorr, (15)

with the illustrative temporal-overlap factor

T.
Coverlap = (1 6)

Representative values are listed in Table 2.

Table 2. Illustrative temporal-overlap effect for the 10 ks reference flare. T is the width of the range
of possible flare onset times that can lead to a successful detection during an isolated visit; it is not an

increase in the actual instrumental exposure time. Coyerlap gives the ratio of this onset-time interval

to Tyisit-
Tyisit [ks] Tess [ks] Coverlap

100 102.065 1.02
50 52.065 1.04
20 22.065 1.10
10 12.065 1.21
5 7.065 141
2 4.065 2.03
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The values in Table 2 are illustrative flare-onset windows, not increases in instrumental
exposure. Because the published SXI exposure map provides only cumulative exposure
and does not specify the duration or spacing of individual visits, the overlap factors cannot
be propagated uniquely to mission-level yields and are therefore not included in the
regional estimates. They are used only to illustrate the possible magnitude of temporal-
sampling effects.

2.3.2. Orion Normalization and Regional Scaling

The Orion benchmark is particularly valuable because the COUP survey monitored
1616 young stars continuously for approximately 9.7 days, producing one of the most com-
plete datasets currently available on YSO X-ray variability [5,14,15]. The survey detected a
large sample of flare events, corresponding to average flare frequencies of several tens of
flares per star per year when extrapolated over a full year [14].

However, THESEUS is not sensitive to the bulk of the flare population. The luminosity
threshold derived above lies near the extreme high-energy tail of the observed flare dis-
tribution. In the detailed COUP flare analysis of Favata et al. [15], only 32 exceptionally
energetic events were selected for detailed study. These flares reached peak luminosities
of order

Ly peak ~ 10*1-10 ergs ™, (17)

directly overlapping the luminosity regime relevant for SXI detections at the distance
of Orion.

The events analyzed by Favata et al. [15] represent approximately the brightest one
percent of the full COUP flare population and demonstrate that flares reaching the lumi-
nosity regime relevant for SXI occur in young Orion sources. However, this subsample was
selected for detailed flare analysis and does not constitute a complete flux-limited sample
defined at the SXI sensitivity threshold. It therefore provides an empirical plausibility
check on the relevant flare regime rather than a precise measurement of the SXI-detectable
flare frequency.

We therefore retain

Rfare Orion = 1 flare source ! yr*1 (18)

as the fiducial normalization of the model. Since the available COUP samples do not pro-
vide a complete SXI-equivalent flux-limited measurement of this rate, we do not interpret
this value as a precise empirical determination. Instead, to explicitly assess the sensitivity
of the predicted yields to the normalization, we consider the broader range

Rfiare Orion = 0.2-2 flare source ! yr~1, (19)

This range is adopted as a sensitivity interval around the fiducial value, rather than
as a formal statistical confidence interval. Since the predicted flare yields scale linearly
with Rejare Orion, it directly illustrates the uncertainty introduced by the poorly constrained
absolute flare-rate normalization.

To extrapolate from Orion to other star-forming regions, we use the observed flare-
energy distribution derived from COUP. Caramazza et al. [14] showed that the high-energy
tail follows a power-law distribution

dN

PR 7“ ~Y
TESEY, ax22 (20)
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The corresponding cumulative distribution is
N(>E) x E-(" D « E~12, (21)

For the fiducial slope, this relation implies that increasing the flare energy by one
decade reduces the cumulative occurrence rate by a factor of 1012 ~ 16.

The slope of the flare distribution is itself observationally uncertain. Caramazza et al. [14]
obtained & — 1 = 1.2 & 0.2 for the high-count power-law tail of the COUP flare distribution,
corresponding to « = 2.2 £ 0.2. We therefore retain their best-fitting value « = 2.2 for
the primary regional yield estimates and separately examine the corresponding range
a = 2.0-2.4 as a sensitivity test. This uncertainty becomes increasingly important when
the flare distribution is extrapolated far from the Orion reference threshold. The sensitivity
test quantifies the effect of the observationally determined slope uncertainty on the relative
extrapolation from Orion to other regions, while the uncertainty in the absolute Orion flare
rate is treated independently through the 0.2-2 yr~! normalization interval.

Because the observable flux decreases as d~2, the luminosity threshold increases with
distance according to

Ly, o d2. (22)

For convenience, we define the Orion-relative luminosity-threshold factor

2
0= (), 23)

dOrion

which expresses how much more luminous a flare must be to remain detectable rela-
tive to Orion. Using the COUP flare-energy distribution, this translates into a flare-rate
suppression factor

Dy(n) = 0% (24)

For the fiducial # = 2.2 adopted in the primary yield calculation, this reduces to
@, =042 (25)
The detectable flare rate in a given region is then

R .
Rﬂare,reg = ﬂal;;i,;rlon . (26)

For each region, the adopted range in Ry Orion is propagated directly through this
relation, so that the resulting flare-yield interval includes the uncertainty associated with
the absolute Orion normalization.

Finally, the model-estimated number of flares during the nominal four-year THESEUS
mission is calculated as

Nﬂare,reg = WNeff,reg Rﬂare,reg Timission, (27)

where Nefrreg is the exposure-weighted effective number of monitored YSOs and
Tmission = 4 yr. This framework provides a simple Orion-normalized method for compar-
ing the relative THESEUS flare yields across a broad range of Galactic star-forming regions.
The resulting values are intended as model-dependent, order-of-magnitude estimates and
should not be interpreted as precise event-rate predictions.
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2.4. Approximate Effect of X-Ray Absorption

The distance scaling adopted above neglects X-ray absorption along the line of sight.
Since the SXI operates in the 0.3-5 keV band, this effect may be significant, particularly
for embedded or strongly obscured YSOs. To estimate its magnitude, we performed a
representative absorption sensitivity test using XSPEC with a TBabs*APEC model. We
adopted thermal-plasma temperatures of kT = 4, 8, and 12 keV, corresponding to ap-
proximately 46, 93, and 139 MK, respectively. These values span the temperature range
relevant to the powerful COUP flares analyzed by Favata et al. [15]. A plasma abundance
of Z = 0.3 Z was adopted, consistent with the coronal abundance used for the flare com-
ponent by Favata et al. [15], while the absorbing column was modeled with TBabs using
the Wilms et al. abundances [16].

We considered representative hydrogen-equivalent column densities of Ny = 102!,
10?2, and 102 cm—2 and calculated the transmitted 0.3-5 keV energy flux relative to the
unabsorbed model,

F,
T ( NH) _ absorbed ) (28)
F unabsorbed

The resulting transmission factors are listed in Table 3. For the fiducial kT = 8 keV
model, 86.5%, 57.7%, and 21.3% of the unabsorbed SXI-band flux remains at Niy = 102!,
102, and 10?% cm 2, respectively. The corresponding intrinsic detection threshold therefore
increases by factors of 1.16, 1.73, and 4.69, respectively. Using the cumulative flare-energy
distribution in Equation (21), these values correspond to approximate flare-yield factors of
0.84, 0.52, and 0.16, respectively, relative to the absorption-free case.

Table 3. Effect of X-ray absorption on the 0.3-5 keV flux for representative thermal flare spectra. The
transmission is defined as T = Fpsorbed / Funabsorbed- Lhe threshold and flare-yield factors are given
for the fiducial kT = 8 keV model.

Ny [em™2] Tykev Tgkev Tir kev Threshold Factor Yield Factor
102! 0.838 0.865 0.875 1.16 0.84
10%2 0.516 0.577 0.600 1.73 0.52
1023 0.169 0.213 0.230 4.69 0.16

The inferred attenuation depends only moderately on the assumed flare temperature
over the tested kT = 4-12 keV range, whereas the dependence on Ny is substantial. Repeat-
ing the calculation with solar rather than 0.3 Zs plasma abundance produced negligible
changes in the transmission factors. This is expected for such hot flare plasmas, the X-ray
spectra of which are dominated by continuum emission and are therefore only weakly
sensitive to the adopted metal abundance [15].

To assess whether region-to-region differences in absorption could materially affect
the comparative flare-yield predictions, we performed an additional homogeneous line-of-
sight sensitivity test. For the same representative coordinates used in the SXI exposure-map
analysis (Table A1), we obtained the total Galactic hydrogen column density using the
Ny tot framework of Willingale et al. [17], which combines the atomic and molecular
hydrogen contributions to estimate the total X-ray absorbing column along a given Galactic
line of sight. We adopted the inverse-angular-distance-weighted values returned by the
corresponding all-sky implementation, in which nearby map samples within 1° of the input
coordinate contribute with larger weights.
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For each representative line of sight, the resulting Nh?gt value was applied to the

same fiducial kT = 8 keV, Z = 0.3 Z, TBabs*APEC model used above. The corresponding
absorption-induced flare-yield factor is

Cabs = T(Nu)* ' = T(Np)'?, (29)

where T(Ny) is the transmitted SXI-band flux fraction and the second equality adopts the
fiducial COUP slope a = 2.2. The resulting region-by-region sensitivity factors are listed
in Table 4.

Importantly, the tabulated NEQS

H,tot
of sight and should not be interpreted as measurements of the actual foreground column

values are integrated through the full Galactic line

toward the YSOs in each region. In particular, part of the mapped column may lie behind
a nearby star-forming region, while small-scale cloud structure and local or circumstellar
absorption toward individual embedded sources are not necessarily represented by the
large-scale all-sky estimate. The region distance is therefore included in Table 4 as inter-
pretive context only; we do not assume a uniform spatial distribution of the absorbing
material or use distance to assign a foreground fraction. Instead, the calculation represents
an illustrative full-line-of-sight screen scenario for the mapped Galactic component.

Table 4. Region-dependent X-ray absorption sensitivity using homogeneous full-Galactic line-of-sight
hydrogen columns. Distances are those adopted in the regional flare-yield calculation. N%ﬁft is the
inverse-angular-distance-weighted total Galactic hydrogen column obtained at the representative
region coordinates using the method of Willingale et al. [17]. Tgyey is the transmitted 0.3-5 keV
energy-flux fraction for the fiducial kT = 8 keV, Z = 0.3 Z; TBabs*APEC model, and C, is the
corresponding multiplicative flare-yield factor from Equation (29). The full-line-of-sight columns are
used only as a homogeneous sensitivity scenario and are not interpreted as source-specific foreground

absorption corrections.

Region d [pcl NfiGa [em™2] Tgkev Cabs
Upper Sco 145 1.71 x 10% 0.810 0.777
Orion 414 3.13 x 102 0.738 0.694
Taurus 140 2.92 x 102 0.747 0.704
p Oph 137 2.79 x 10?1 0.752 0.711
Lupus 175 2.89 x 102! 0.748 0.706
CrA 135 1.55 x 102! 0.821 0.789
NGC 6334 1760 1.40 x 1022 0.527 0.463
Cygnus X 1400 1.29 x 1022 0.539 0.477
Perseus 300 2.59 x 1021 0.761 0.721
Chal 190 2.07 x 10% 0.788 0.752
Serpens 430 5.34 x 102! 0.667 0.615
W40 500 7.29 x 102! 0.623 0.567
Cep OB3 700 1.02 x 1022 0.574 0.514
NGC 2264 760 5.40 x 102 0.665 0.613
Mon R2 830 3.72 x 102 0.715 0.669
Vela 850 1.11 x 10%2 0.562 0.501
CMa OB1/R1 1000 7.90 x 102! 0.612 0.554
Rosette 1600 7.52 x 102! 0.619 0.562
NGC 6357 1760 1.37 x 1022 0.530 0.467
Carina 2300 1.21 x 102 0.549 0.487

The homogeneous line-of-sight test shows a systematic but moderate regional
dependence. For the nearby regions extending from CrA at 135 pc to Orion at
414 pc, the full-Galactic columns at the adopted representative positions are only

N{ﬁgt ~ (1.55-3.13) x 10*! cm~2, corresponding to yield factors of approximately
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0.69-0.79 even in the full-line-of-sight screen scenario. By contrast, several of the dis-
tant massive star-forming complexes have substantially larger full-line-of-sight columns:
NGC 6334, Cygnus X, NGC 6357, and Carina have N{j5, = (1.21-1.40) x 10% cm ™2, with
corresponding factors of approximately 0.46-0.49.

Across the complete regional sample, the full-line-of-sight sensitivity factors span
Cabs = 0.463-0.789. Thus, the maximum differential change in the relative yield of two re-
gions within this homogeneous scenario is approximately

0.789

g = 170. (30)

Absorption can therefore modify the ordering of regions whose absorption-free pre-
dictions are intrinsically similar, but this representative test does not overturn the broader
comparative trend favoring nearby regions over more distant, high-column directions.

More extreme differences remain possible for individual embedded sources. Using
the generic absorption scenarios in Table 3, the unrounded model values imply differ-
ential relative-yield changes of approximately 1.62 between Ny = 10*! and 10?> cm 2,
3.31 between 1022 and 102 cm ™2, and 5.37 between 102! and 102 cm~2; the contrast be-

2 is approximately a factor of 6.4. Thus,

tween an unabsorbed source and Ny = 102 cm™
sufficiently different source-specific absorption can indeed alter the relative ranking of
otherwise comparable targets.

Because homogeneous source-by-source foreground Ny measurements are not avail-
able for the heterogeneous YSO samples considered here, we do not apply the factors in Ta-
ble 4 as corrections to the primary regional flare-yield intervals. The absorption-free predic-
tions should instead be regarded as optimistic baseline estimates, while Tables 3 and 4 sepa-

rately quantify the possible magnitude of generic and region-dependent absorption effects.

2.5. SXI Exposure-Map Analysis

The flare-occurrence framework described above provides a model estimate of the
detectable flare rate for a continuously monitored YSO population. In practice, however,
individual star-forming regions are observed only intermittently during the THESEUS
survey. The probability of detecting a flare therefore depends not only on the intrinsic flare
frequency but also on the temporal sampling of a given region. In the absence of a detailed
mission timeline, we approximate this sampling using the cumulative exposure received
by each region over the mission lifetime.

To quantify this effect, we used the all-sky SXI exposure map provided in the THESEUS
Yellow Book. The map describes the cumulative exposure expected under the nominal
Dynamic (DYN) pointing strategy and reveals substantial spatial variations in sky coverage.
While some regions are observed for more than 100 days over the nominal mission lifetime,
others receive fewer than 10 days of total exposure.

For each star-forming region considered in this study, the cumulative SXI exposure
time fexp Was extracted from the THESEUS all-sky exposure map. The technical details of
the map digitization, coordinate transformation, and color-scale calibration are described
in Appendix A. The adopted exposure map and the locations of the analyzed star-forming
regions are shown in Figure AT.

Because the exposure values are extracted from a published graphical map rather
than from a machine-readable dataset, they are subject to a small numerical digitization
uncertainty. This uncertainty was quantified from the local pixel variation and the finite
precision of the color-scale calibration; the procedure and region-by-region uncertainty
intervals are given in Appendix A.
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The exposure information was converted into a coverage fraction

texp

feov = ’ (31)

Timission
where Thission = 1461 days corresponds to the nominal four-year mission lifetime.

This treatment represents a first-order temporal-coverage approximation. The cumula-
tive exposure map provides the total observing time at a given sky position, but does not
specify the number, duration, spacing, or temporal sequence of the individual SXI observ-
ing intervals. As demonstrated in Section 2.3.1, the adopted 10 ks reference flare produces
an additional flare-onset overlap window relative to the instantaneous-event approxima-
tion, and the magnitude of this effect depends strongly on how the cumulative exposure
is divided among individual visits. Since the detailed visit sequence is not available, no
unique mission-level correction can be derived, and we therefore retain Equation (31) for
the primary regional calculations.

Within the instantaneous-event approximation used for the primary yield calculation,
the coverage fraction represents the probability that a randomly occurring event falls within
the accumulated SXI observing time. Consequently, the observable fraction is approximated

by f cov-
To account for this effect, we define an effective monitored population

Nett = Nyso feov, (32)

where Nygo is the adopted YSO population of the region. The quantity Neg can be in-
terpreted as the number of continuously monitored YSOs that would produce the same
expected number of detections as the actual intermittently observed population.

The model-estimated number of detectable flares is then obtained by combining N
with the distance-dependent flare-rate formalism described in Section 2.3. This approach
provides a simple and physically intuitive framework for comparing regions that differ
simultaneously in stellar population, sky position, and cumulative THESEUS exposure.

2.6. IRT Source-Separation Analysis

While the SXI determines whether a flare can be detected, the scientific interpretation
of such events also depends strongly on source crowding in IRT observations. We therefore
evaluated nearest-neighbor source-separation statistics in representative low- and high-
density star-forming regions.

The analysis is based on the expected imaging performance of the IRT as reported
in the THESEUS Yellow Book. Adopting the planned optical performance of the IRT
(Bgpso < 1.28" and Ogggy < 2.29”, corresponding to the diameters enclosing 50% and
80% of the point-spread-function energy, respectively), we classify sources according to
their angular separation from the nearest neighbor. We distinguish sources with separations
below the EE50 scale (<1.28”), between the EE50 and EE80 scales (1.28"-2.29"), and beyond
the EE80 scale (>2.29"). These categories characterize angular source separation relative to
the expected IRT point-spread function and should not be interpreted as strict photometric
deblending limits. Actual photometric recoverability will additionally depend on source
contrast, signal-to-noise ratio, background level, and the adopted extraction method.

For nearby star-forming regions, we use the Orion Nebula Cluster as a benchmark.
Source positions were taken from the NEMESIS catalog [18], and nearest-neighbor statistics
were computed for all objects within the analyzed field. To evaluate the robustness of the
results under more extreme crowding conditions, we additionally generated a synthetic
stress-test population by increasing the source density by a factor of five while preserving
the overall spatial distribution.
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For more distant and more heavily populated environments such as the Carina Nebula
Complex (CNC), complete source catalogs are not available across the full region at the
required level of membership reliability. In this case, a statistical approach was adopted.
Using published source counts and survey areas, the projected source density was estimated
and the probability of source isolation was calculated assuming a two-dimensional Poisson
point process. The Poisson treatment is intended as a baseline description of the projected
line-of-sight source field and should not be interpreted as a physical model in which the
young Carina population itself is spatially unclustered. The full infrared source sample
contains a large population of unrelated field sources in addition to members of the star-
forming complex, whereas the latter are known to be strongly clustered. The effect of
a compact young stellar concentration is therefore considered separately below using
Trumpler 14 as a dense-cluster benchmark. For the approximately uniform projected field
population, the probability that a source has no neighbor within angular distance R is
given by

P(d > R) = exp(—mR?0), (33)

where ¢ is the projected source density.

This Poisson expression is used as a baseline description of the global CNC field.
To assess the additional effect of clustering, we performed a separate Monte Carlo stress
test for a 2’ x 6’ area corresponding to the combined footprint of three 2’ x 2’ IRT Guest
Observer windows. The underlying projected field population was scaled from the source
density measured by Preibisch et al. [13], and an additional mildly centrally concentrated
Trumpler 14 component was superposed on this field. This construction is intended as an
illustrative crowding test rather than as a detailed structural model of the cluster.

It is important to note that this analysis addresses angular source separation relative
to the adopted IRT EE50 and EES80 scales and does not constitute a direct assessment of
photometric recoverability or imply unique flare-source identification from SXI detections.
The ~2' localization accuracy of SXI is generally sufficient for placing an event within
the 15’ x 15’ IRT field of view, but is often insufficient to identify a unique counterpart in
dense star-forming regions. Source identification therefore depends both on IRT source-
separation performance and on the number of candidate counterparts within the SXI
localization region.

3. Results
3.1. Orion Benchmark

The Orion Molecular Cloud Complex serves as the primary nearby benchmark
throughout this work. Its proximity, rich young stellar population, and extensive X-ray and
infrared observational coverage make it the most suitable reference region for evaluating
the YSO science potential of THESEUS.

Using the framework described in Section 2.3, Orion defines the reference case for the
flare-yield calculation. The adopted YSO population of the complex is Nyso = 4000-8000,
while the SXI exposure-map analysis gives a cumulative exposure of 52.65 days over the
nominal four-year mission. This corresponds to a coverage fraction of

fcov = 0.036, (34)
and therefore to an effective monitored population of

Negt & 145-290. (35)
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Since Orion is the reference region, the distance-dependent factors are ®; = 1 and

®,; = 1. Using the 0.2-2 yr~! Orion flare-rate sensitivity interval introduced in Section 2.3,

the resulting model estimate for the number of SXI-detectable YSO flares during the nominal
mission lifetime is

Nﬂare,Orion ~ 100-2350. (36)

Thus, Orion represents the clearest case in which THESEUS can provide a substantial
sample of high-energy YSO flares. Because Orion defines the reference threshold itself,
varying « does not modify this interval: the slope sensitivity affects only the extrapolation
from Orion to regions with different luminosity thresholds.

The Orion field also provides a direct test of nearest-neighbor source separations
relative to the adopted IRT EE scales using real source positions. We analyzed 1891 cata-
loged YSOs from the NEMESIS catalog [18] located within a 15" x 15 field centered on the
Trapezium cluster, corresponding to the nominal field of view of the IRT, and computed
nearest-neighbor separations for each source. Approximately 81.6% of the sources have
nearest-neighbor separations larger than the adopted 6gggy = 2.29” angular scale. Sources
with separations between 1.28"” and 2.29” fall between the adopted EE50 and EE80 scales,
while only a smaller fraction have nearest-neighbor separations below the 1.28"” EE50 scale.

The spatial distribution of the adopted nearest-neighbor separation categories is shown
in Figure 2. Even in the dense Trapezium region, shown in Figure 3, nearly half of the
sources have nearest-neighbor separations larger than the adopted 2.29” EE80 scale. The
corresponding nearest-neighbor distributions are shown in Figure 4.

To test whether this conclusion remains valid under substantially stronger crowding,
we constructed a stress-test population by retaining the complete original NEMESIS-based
Orion sample and adding synthetic sources until the total population reaches N = 9999 ob-
jects. This corresponds to an approximately five-fold increase in source density relative
to the original sample. As expected, the additional sources shift the nearest-neighbor
distribution toward smaller separations and increase the fraction of sources falling below
the adopted EE-based separation scales. Nevertheless, even in this extreme artificial case,
58.4% of the sources retain nearest-neighbor separations larger than the 2.29” EE80 scale.
The corresponding fractions in all three EE-based separation categories for both the nominal
and stress-test samples are shown in Figure 4.
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Figure 2. Nearest-neighbor separation maps of the Orion Nebula Cluster within the 15" x 15" IRT field
of view centered on the Trapezium. (Left): the original NEMESIS-based sample containing 1891 YSOs.
(Right): the stress-test population, constructed by retaining the full original NEMESIS-based sample
and adding synthetic sources until the total population reaches N = 9999, corresponding to an
approximately five-fold increase in source density. Colors indicate nearest-neighbor separation
categories relative to the adopted IRT EE scales: >2.29"” (beyond EE80), 1.28"”-2.29" (between
EE50 and EE80), and <1.28" (below EE50). The labels A-D mark the Trapezium A, B, C, and D stars,
respectively. Even under extreme crowding, a substantial fraction of sources retains nearest-neighbor
separations beyond the adopted EE80 scale.
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Figure 3. Zoom-in on the Trapezium core region. (Left): original NEMESIS-based sample.
(Right): stress-test case, in which the original sample is retained and supplemented with synthetic
sources to a total population of N = 9999. The labels A-D mark the Trapezium A, B, C, and D stars,
respectively. The figure illustrates how crowding affects nearest-neighbor separations in the most
extreme local environment.
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Figure 4. Nearest-neighbor separation distributions for the Orion sample (top) and the stress-test
population (bottom). Vertical dashed lines indicate the adopted IRT EE50 and EE80 angular scales at
1.28"” and 2.29", respectively. The percentages shown in the upper-right corner of each panel give
the fractions of sources with nearest-neighbor separations below EE50, between EE50 and EE80, and
above EE80, using the same color coding as the histogram bins.

These results indicate that angular source separation alone does not exclude source-
level IRT analysis for a large fraction of an Orion-like population. They do not, however,
constitute a direct photometric deblending test. A large fraction of the young stellar
population retains angular separations larger than the adopted EE-based scales, even in
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dense cluster cores and under substantially increased crowding conditions, although actual
photometric deblending will depend on additional observational factors.

3.2. Carina Benchmark

While Orion represents a nearby benchmark, the Carina Nebula Complex (CNC)
probes the opposite extreme of parameter space. At a distance of approximately
2.3 kpc [12], Carina contains one of the richest young stellar populations in the Galaxy
and provides a representative example of a distant, massive, and highly crowded
star-forming environment.

To evaluate source crowding, we first consider the deep near-infrared survey of
Preibisch et al. [13], which identified approximately 6 x 10° infrared sources within a
central 36" x 36’ field. This number represents the full infrared source population detected
in the field and should not be interpreted as the number of YSOs; it is used here only to
assess source crowding. Applying the Poisson framework described in Section 2.6 yields

P(d >1.28") ~ 0,51, (37)

indicating that roughly half of the sources in the global CNC field have nearest-neighbor
separations larger than the adopted EE50 scale.

We further examined the dense Trumpler 14 region as a stress test of the effect of
clustered young stars on the global CNC crowding estimate. We considered a 2’ x 6’ field,
corresponding to the combined footprint of three 2’ x 2/ IRT Guest Observer windows.
Scaling the ~ 6 x 10° infrared sources detected over the 0.36 deg? HAWK-I field of
Preibisch et al. [13] to this area gives approximately 5550 projected field sources. These
sources were distributed uniformly to reproduce the mean projected source density of the
HAWKC-I field. This approximation is motivated by the fact that the detected catalog is
numerically dominated by line-of-sight foreground and background sources, which are not
expected to exhibit the same degree of small-scale clustering as the young CNC popula-
tion. The approximation is therefore intended only as a first-order baseline description of
the projected source field; the contribution of the spatially clustered young population is
considered separately below.

To this field we added 1000 synthetic Trumpler 14 members following a mildly cen-
trally concentrated two-dimensional Gaussian distribution with o, = 35” and ¢, = 100”.
This component is intended as a plausible clustering stress test rather than a detailed
structural model of Trumpler 14, allowing us to assess how clustering changes the nearest-
neighbor statistics relative to the global projected-field baseline.

Across 500 Monte Carlo realizations, the projected field alone gives a mean fraction of
51.8% of sources with nearest-neighbor separations larger than 1.28”, with a realization-to-
realization standard deviation of 0.8 percentage points. This is in excellent agreement with
the analytic Poisson estimate in Equation (37). After adding the clustered Trumpler 14 com-
ponent, the corresponding mean fraction decreases to 45.8%, with a standard deviation
of 0.7 percentage points, for the full simulated source population. Considering only the
1000 synthetic cluster members, the mean fraction is 44.1%, with a standard deviation of
1.7 percentage points.

The reduction relative to the global CNC baseline is therefore modest: introduc-
ing a clustered young stellar component lowers the fraction beyond the EE50 scale
by only about six percentage points. Tests using broader cluster distributions, with
(ox,04) = (45”,120") and (60”,180"), yielded full-field fractions of approximately
45.8% and 46.0%, respectively. The result is therefore only weakly sensitive to the precise
mild-to-moderate concentration adopted for the synthetic cluster component. These values
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describe angular source separation only and should not be interpreted as direct predictions
of photometric deblending or recovery performance.

A second limitation arises from bright massive stars. Adopting a characteristic con-
tamination radius of approximately 12" around roughly 200 luminous stars, we estimate
that only about 2.2% of the surveyed area is significantly affected by PSF contamination,
leaving approximately 98% of the field suitable for high-quality photometry.

The flare-detection prospects of Carina differ substantially from those of Orion. The
cumulative SXI exposure toward the CNC is approximately 13 days over the nominal
mission lifetime, corresponding to a coverage fraction of

feov == 0.009 (38)

Combining this coverage fraction with the separately adopted YSO population of
approximately 5 x 10* members yields an effective monitored population of

Neff ~ 450 (39)

In the primary absorption-free baseline calculation, Carina lies roughly 5.5 times
farther away than Orion, so the corresponding SXI luminosity threshold increases by a factor
of approximately 31. For the fiducial « = 2.2 flare-energy distribution adopted in Section 2.3,
this translates into a reduction of the detectable flare frequency by approximately a factor
of 61, yielding

Relare Carina = 0.003-0.033 source ! yr~! (40)

The resulting absorption-free baseline model estimate for the number of detectable
flares during the nominal four-year mission is therefore

Nfjare =~ 5-60 (41)

Unlike Orion, these detections would probe only the extreme upper tail of the YSO
flare-energy distribution. Relative to Orion, the distance-scaled reference energy Eq,,,0
reaches approximately 103 erg for Carina. As discussed in Section 2.3.1, this quantity is
a reference energy scale used for the regional extrapolation rather than a strict total-flare-
energy detection threshold; the actual minimum detectable total energy also depends on
the flare duration and temporal profile.

This regime should be interpreted with caution. The calculation assumes that the
Orion-derived power-law flare-energy distribution remains applicable when extrapolated
to substantially higher energies. A physical upper limit must ultimately exist because the
magnetic-energy reservoir of a young star is finite, and the distribution may steepen or
turn over before this limit is reached. However, neither the location nor the functional
form of such a high-energy cutoff is sufficiently constrained for YSOs to justify introducing
an additional quantitative cutoff model here. Studies of stellar superflares on late-type

stars have reported energies approaching 1038

erg across X-ray, ultraviolet, and optical
observations [19], but it remains unclear whether comparable energies can routinely be
reached by YSO flares in the X-ray domain.

Carina therefore provides a particularly strong test of the assumed continuation of the
flare-energy distribution. A high-energy steepening or cutoff would reduce the predicted
yield relative to the simple power-law extrapolation, potentially by a substantial amount.
Conversely, detections broadly consistent with the extrapolated rate would provide empiri-
cal evidence that the Orion-derived distribution extends into this extreme regime.

Finally, it is important to distinguish angular source separation, photometric de-

blending, and unique counterpart identification. Although approximately half of the
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infrared sources are expected to have nearest-neighbor separations larger than the adopted
IRT EE50 scale, the ~ 2 localization accuracy of SXI generally remains insufficient to
uniquely identify a flare-producing object within a dense Carina subcluster. In most cases,
SXI detections are therefore expected to localize active regions rather than unique stel-
lar counterparts. Unique source identification would require either simultaneous IRT
observations or the occurrence of the flare in a sufficiently sparse environment.

3.3. Model-Estimated Flare Yields

The Orion and Carina benchmark cases illustrate the two ends of the parameter space
explored in this work. Orion represents a nearby, well-characterized reference region where
the SXI threshold reaches the bright but still empirically motivated part of the YSO flare
distribution. Carina, by contrast, represents the distant massive-cluster regime, where
only the most extreme high-energy tail of the flare distribution can remain detectable. To
extend this comparison to a broader sample of Galactic star-forming regions, we applied the
Orion-normalized framework described in Section 2.3 and the SXI exposure-map analysis
described in Section 2.5.

The resulting region-by-region flare-yield estimates are summarized in Table 5.

Table 5. Region-by-region SXI flare-yield estimates normalized to the Orion benchmark. The flare-
energy distribution is evaluated at the fiducial COUP slope a« = 2.2, while the Orion flare-rate

normalization is varied over Rfare Orion = 0.2-2 yrfl.

Exposure times were extracted from the
THESEUS all-sky exposure map using the adopted region coordinates. For each region, we list
the adopted distance, YSO population, cumulative SXI exposure, coverage fraction feoy, effective
monitored population N, Orion-relative threshold factor ©y, fiducial flare-rate suppression fac-
tor @, detectable flare-rate interval Riare reg/ four-year flare-yield interval Nfare reg, and literature
sources for the adopted population. The reported intervals are sensitivity ranges rather than formal
statistical confidence intervals. The four-year yield intervals are deliberately rounded with a precision
appropriate to their magnitude, reflecting their intended use as comparative, order-of-magnitude
estimates rather than precise event-rate predictions. The adopted YSO populations are heterogeneous
literature-based estimates; their observational or extrapolative basis is summarized in Table A2 in
Appendix B. The tabulated yields are the primary absorption-free baseline estimates; flare-duration
and temporal-sampling effects are quantified separately in Section 2.3.1, while X-ray absorption is
treated separately in Section 2.4.

Region d [pC] Nyso DayS fcov Negs (O] b, Rﬂare,reg [yr*I] Nﬂare,reg/4 yr Refs.
Upper Sco 145 2000 39.91 0.027 55 0.12 0.08 2.5-24.8 500-5450 [20-22]
Orion 414 4000-8000 52.65 0.036 145-290 1.00 1.00 0.20-2.0 100-2350 [5,8,23]
Taurus 140 350-400 34.70 0.024 8-10 0.11 0.07 2.7-27.0 50-1050 [10,24]
0 Oph 137 150-300 41.36 0.028 49 0.11 0.07 2.8-28.4 50-1000 [25]
Lupus 175 150-300 43.39 0.030 5-9 0.18 0.13 1.6-15.8 50-600 [26]
CrA 135 50-100 39.33 0.027 1-3 0.11 0.07 2.9-29.4 10-320 [27]
NGC 6334 1760 20,000-30,000 43.10 0.030 590-885 18.07 32.24 0.006-0.062 10-220 [28,29]
Cygnus X 1400 >10,000 67.41 0.046 460 11.44 18.62 0.011-0.11 10-200 [30,31]
Perseus 300 400 37.89 0.026 10 0.53 0.46 0.43-4.3 10-180 [32,33]
Chal 190 200-250 3.45 0.002 0.5-0.6 0.21 0.15 1.3-13.0 5-35 [34,35]
Serpens 430 235-300 4541 0.031 79 1.08 1.10 0.18-1.8 5-70 [36,37]
W40 500 600 44.25 0.030 18 1.46 1.57 0.13-1.3 5-95 [29,38]
Cep OB3 700 1000 8.95 0.006 6 2.86 3.53 0.057-0.57 5-15 [39]
NGC 2264 760 1000 41.94 0.029 29 3.37 4.30 0.047-0.47 5-55 [40]
Mon R2 830 300-500 50.77 0.035 10-17 4.02 531 0.038-0.38 5-30 [41,42]
Vela 850 >1000 63.06 0.043 43 422 5.62 0.036-0.36 5-65 [43]
CMa OB1/R1 1000 300-500 47.15 0.032 10-16 5.83 8.30 0.024-0.24 5-20 [44,45]
Rosette 1600 2000 46.57 0.032 64 14.94 25.65 0.008-0.078 5-20 [46]
NGC 6357 1760 3600-11,000 42.52 0.029 105-320 18.07 32.24 0.006-0.062 5-80 [29,47]
Carina 2300 50,000 13.00 0.009 445 30.86 61.28 0.003-0.033 5-60 [48,49]
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Because the adopted YSO population values originate from heterogeneous literature
surveys and are not based on a uniform census methodology, their observational or ex-
trapolative basis differs among regions. A region-by-region summary of the adopted
population basis is provided in Table A2 in Appendix B.

The largest model-estimated flare yields are obtained for nearby regions with favor-
able distances and sufficiently large source populations. Upper Scorpius, Taurus, and
p Ophiuchi all lie within approximately 150 pc and therefore benefit strongly from the
distance-dependent scaling, while Orion remains among the most productive regions
because of its substantially larger YSO population. At the fiducial « = 2.2, the adopted
0.2-2 yr~! Orion normalization produces broad but still informative sensitivity intervals:
for example, the four-year estimates are approximately 500-5450 flares for Upper Scorpius,
100-2350 for Orion, 50-1050 for Taurus, and 50-1000 for p Ophiuchi.

These intervals should not be interpreted as statistical confidence ranges. Their pur-
pose is to show how the absolute normalization uncertainty propagates through an oth-
erwise fixed & = 2.2 scaling. Within this primary absorption-free baseline, the ranking is
strongly distance dependent: exposure time and population size enter linearly, whereas
the detectable flare rate scales approximately as d~2# at the fiducial slope. Consequently,
nearby regions are extrapolated toward lower flare energies than the Orion reference thresh-
old, while distant regions require extrapolation toward progressively higher energies.

The uncertainty in the COUP power-law slope is therefore examined separately in
Table 6. Varying a from 2.0 to 2.4 changes the fiducial regional predictions by multiplicative
factors whose magnitude depends on the distance from Orion. The effect is modest for
regions with thresholds close to the Orion value, but becomes increasingly important for
the nearest and most distant targets. For example, the Upper Scorpius estimate is modified
by factors of 0.66-1.52, whereas the Carina estimate is modified by factors of 0.50-1.99.
Orion itself is unchanged because it defines the reference threshold, ©®; = 1. These factors
quantify only the sensitivity of the Orion-to-region extrapolation to the slope uncertainty;
they are not folded into the primary intervals in Table 5, in order to keep the effects of the
absolute normalization and the extrapolation slope explicitly separated.

The X-ray absorption analysis provides a separate sensitivity test of how line-of-sight
attenuation may modify these regional comparisons. In the homogeneous full-Galactic
line-of-sight screen scenario of Table 4, the regional yield factors span C,ps = 0.463-0.789,
corresponding to a maximum differential change of approximately a factor of 1.70 be-
tween representative directions. This is sufficient to modify the ordering of regions whose
absorption-free predictions are intrinsically similar, but it does not overturn the broader
trend favoring nearby regions. Because the adopted full-line-of-sight columns are not
source-specific foreground measurements, these factors are not applied as corrections to
the primary yield intervals in Table 5.

Nearby regions require extrapolation of the COUP power law toward lower flare
energies, where observational incompleteness and a possible turnover limit the interpreta-
tion [14]; distant regions require extrapolation toward higher energies, where a steepening
or cutoff could reduce the model-estimated yields. These limitations are discussed further
in Section 4.6. Table 5 should therefore be read as a comparative, absorption-free baseline
rather than a set of precise event-rate predictions. Its primary intervals reflect the Orion
normalization sensitivity at fixed @ = 2.2, while the slope, flare-duration/profile, temporal-
overlap, and X-ray-absorption sensitivities are quantified separately in Tables 1-4 and 6.
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Table 6. Sensitivity of the regional flare-rate scaling to the COUP power-law slope. The entries give
the multiplicative change in Rejare reg, and therefore in Nfjre reg, for & = 2.0 and 2.4 relative to the
fiducial @ = 2.2 calculation in Table 5. This test isolates the slope uncertainty in the Orion-to-region
extrapolation; uncertainty in the absolute Orion normalization is treated separately through the
0.2-2 yr~! sensitivity interval. The factors follow Equation (24), with Orion remaining unchanged
because ©; = 1.

Region ®; Factorata = 2.0 Factorata =24 Overall Factor Range
Upper Sco 0.12 0.66 1.52 0.66-1.52
Orion 1.00 1.00 1.00 1.00-1.00
Taurus 0.11 0.65 1.54 0.65-1.54
0 Oph 0.11 0.64 1.56 0.64-1.56
Lupus 0.18 0.71 1.41 0.71-1.41
CrA 0.11 0.64 1.57 0.64-1.57
NGC 6334 18.07 1.78 0.56 0.56-1.78
Cygnus X 11.44 1.63 0.61 0.61-1.63
Perseus 0.53 0.88 114 0.88-1.14
Chal 0.21 0.73 1.37 0.73-1.37
Serpens 1.08 1.02 0.98 0.98-1.02
W40 1.46 1.08 0.93 0.93-1.08
Cep OB3 2.86 1.23 0.81 0.81-1.23
NGC 2264 3.37 1.28 0.78 0.78-1.28
Mon R2 4.02 1.32 0.76 0.76-1.32
Vela 422 1.33 0.75 0.75-1.33
CMa OB1/R1  5.83 1.42 0.70 0.70-1.42
Rosette 14.94 1.72 0.58 0.58-1.72
NGC 6357 18.07 1.78 0.56 0.56-1.78
Carina 30.86 1.99 0.50 0.50-1.99

4. Discussion
4.1. YSO Variability in the THESEUS Context

The model estimates presented in Section 3 suggest that THESEUS may detect a
substantial population of energetic YSO flares across multiple Galactic star-forming re-
gions, although the absolute event numbers remain sensitive to the adopted flare-rate
normalization, flare-energy distribution, temporal flare properties, temporal sampling, and
X-ray absorption.

Most existing knowledge of pre-main-sequence X-ray variability originates from deep
pointed observations of a limited number of nearby regions, most notably the Chandra
Orion Ultradeep Project (COUP; Getman et al. [50], Getman et al. [5], Caramazza et al. [14],
Favata et al. [15]). These observations provided an unprecedented view of flare statistics
over timescales of approximately ten days and established the basic properties of YSO
X-ray variability. However, even COUP sampled only a finite stellar population over a
relatively limited temporal baseline.

In contrast, THESEUS is expected to monitor numerous star-forming regions over a
four-year mission lifetime. Although the SXI sensitivity is insufficient to detect the majority
of ordinary flares observed in nearby YSOs, it is well matched to the bright and relatively
rare events occupying the upper end of the flare-energy distribution. As a result, THESEUS
probes a parameter space that is complementary to deep pointed observations: rather than
characterizing typical flare behavior, it preferentially samples the most energetic events
occurring across large stellar populations.

The existence and frequency of such extreme flares remain poorly constrained. While
the observed flare-energy distribution is well described by a power law over the range
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sampled by COUP [14], the present calculations necessarily extrapolate this relation beyond
that directly constrained regime. Nearby regions such as Taurus, Upper Scorpius, and
p Ophiuchi require extrapolation toward lower energies, where observational incomplete-
ness becomes increasingly important and the intrinsic distribution may eventually flatten
or turn over. We do not interpret the observed low-count flattening itself as evidence
for a physical cutoff, because it is strongly affected by detection incompleteness. Con-
versely, distant massive complexes require extrapolation toward higher energies, where
the finite magnetic-energy reservoir of young stars ultimately requires the distribution to
steepen or terminate. The locations and functional forms of either departure are currently
insufficiently constrained to model quantitatively. The slope sensitivity test presented in
Table 6 therefore addresses the narrower and observationally motivated question of how
strongly the regional extrapolations depend on the measured uncertainty in «, conditional
on the power-law form remaining valid.

In this context, THESEUS can serve as an empirical probe of the high-energy tail of
YSO magnetic activity. Deviations from the simple Orion-scaled model estimates presented
in Section 3 would provide direct constraints on both the normalization and the shape of the
flare-energy distribution at energies that are currently only weakly sampled observationally.

An additional advantage of the THESEUS survey strategy is the possibility of compar-
ing multiple star-forming environments within a homogeneous instrumental framework.
Nearby distributed regions, rich embedded clusters, and massive star-forming complexes
can all be monitored using the same instrumentation and detection criteria. This opens
the possibility of investigating whether the high-energy variability properties of young
stellar populations remain universal across different environments or whether measurable
regional differences emerge at the highest flare energies.

The sensitivity analyses also show that flare temporal structure and X-ray absorption
enter the regional comparison in fundamentally different ways. If the same flare-duration
and temporal-profile distribution is assumed for all regions, the duration-dependent energy-
threshold factor is common to Orion and to the comparison region; it can therefore alter
the absolute yield normalization without changing the Orion-relative distance scaling or
regional ranking. X-ray absorption, by contrast, is intrinsically line-of-sight and source
dependent and does not cancel in the same way. The homogeneous full-line-of-sight
test gives regional yield factors of 0.463-0.789, corresponding to a maximum differential
change of approximately 1.70, sufficient to reorder targets with otherwise similar baseline
predictions while preserving the broader advantage of nearby regions. More extreme
source-specific absorption differences, particularly among embedded YSOs, could produce
substantially larger changes. Apparent regional differences in observed flare rates will
therefore need to be interpreted jointly with absorption and selection effects before being
attributed to intrinsic differences in magnetic activity.

Beyond flare statistics, coordinated SXI and IRT observations may probe links be-
tween magnetic activity and infrared variability associated with accretion, extinction, or
circumstellar reprocessing. The associated counterpart-identification and multi-wavelength
considerations are discussed in Sections 4.2 and 4.4.

4.2. Source Identification and Localization

The THESEUS payload was designed around a hierarchical localization strategy in
which the SXI first identifies the approximate position of a transient source and the IRT
subsequently provides much more accurate infrared localization. For gamma-ray bursts,
the nominal SXI localization accuracy of approximately 2’ is sufficient to place the transient
within the 15" x 15’ IRT field of view. For YSOs, however, the relevant question is whether
the transient can be associated with a specific young star within that localization region.
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This depends strongly on source density. Sparse nearby regions such as Taurus offer
the most favorable conditions, whereas rich clusters such as Orion and massive complexes
such as Carina can contain many candidate counterparts within a single SXI localization
region. In such environments, SXI detections should often be interpreted as localizing an
active subregion rather than a unique stellar source.

The IRT can substantially reduce this ambiguity when contemporaneous observations
are available. As shown in Sections 3.1 and 3.2, a substantial fraction of infrared sources
retain nearest-neighbor separations larger than the adopted EE-based angular scales even
in crowded fields, although these statistics do not directly quantify photometric recovery.
Dedicated IRT monitoring during SXI coverage can therefore provide both improved source
association and contemporaneous infrared information.

4.3. Infrared Observations: Opportunities and Limitations
4.3.1. Scientific Role of the IRT

The IRT extends the THESEUS YSO science case beyond high-energy transient detec-
tion by providing access to variability associated with accretion, extinction, and circum-
stellar material. Dedicated Guest Observer programs could therefore complement SXI
monitoring with contemporaneous infrared observations of selected star-forming regions.

4.3.2. Source Crowding and Angular Separation

The crowding analyses in Sections 3.1 and 3.2 show that many sources retain angular
separations larger than the adopted IRT EE scales even in dense fields. These nearest-
neighbor statistics characterize angular separation only and should not be interpreted as
guaranteed photometric recoverability. Moreover, resolving individual infrared sources
does not by itself ensure unique association with an SXI-detected flare, because a ~2' local-
ization region may still contain multiple candidate YSOs.

4.3.3. Field Coverage and Windowed Observing Mode

A practical limitation for IRT monitoring is that the full nominal 15" x 15’ field of
view cannot necessarily be treated as a uniformly available full-frame imaging area for
high-cadence Guest Observer observations. In the windowed readout mode considered
for telemetry-limited GO programs, only three 200 x 200 pixel windows are transmitted to
the ground [1]. These windows correspond to a total of 1.2 x 10° pixels per exposure and
effectively define a reduced “mini-FFI” covering selected regions of interest rather than the
entire IRT field.

This distinction is important for YSO monitoring. The source-separation calculations
indicate that many individual YSOs have nearest-neighbor separations larger than the
adopted IRT EE-based scales, but the number of sources that can be monitored at high
cadence is also limited by the placement and size of the transmitted windows. For compact
regions such as the Trapezium core, carefully selected windows could still contain large
numbers of YSOs. For more extended regions, however, the windowed mode would
require prioritization of selected subfields, for example dense cluster cores, known eruptive
objects, or regions with a high probability of simultaneous SXI activity.

The IRT therefore provides strong monitoring capabilities, but these capabilities should
be interpreted as targeted, window-based observations rather than unrestricted high-
cadence imaging of the full nominal field of view.

4.3.4. Saturation and Dynamic Range

Infrared observations face limitations that differ from those affecting the SXI. In nearby
regions, the principal challenge may not be crowding but source brightness. Because the
IRT is optimized for the rapid follow-up of faint GRB afterglows, some of the brightest
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YSOs in nearby regions may approach or exceed the detector limits even for the shortest
planned integrations.

Current IRT performance estimates indicate that integration times of order ~25 s are
feasible in imaging mode, corresponding to a saturation limit of approximately 12.3 mag.
This limit is particularly relevant for nearby star-forming regions such as Orion and Taurus,
where a significant fraction of known YSOs may fall close to, or brighter than, this range.
Consequently, the brightest members of nearby regions may be saturated even when the
majority of the population remains usable for photometric monitoring.

This effect does not undermine the broader IRT science case, but it changes the optimal
target selection. Nearby regions provide excellent opportunities for detailed studies of indi-
vidual systems and large samples of relatively faint members, but the brightest objects may
require special observing strategies, shorter effective exposures if available, or exclusion
from high-precision photometric analyses. Conversely, more distant regions such as Carina
benefit from reduced saturation effects and may place a larger fraction of their young stellar
population within the optimal dynamic range of the instrument, although at the cost of
increased crowding and more difficult source identification.

4.3.5. Telemetry and Cadence

The telemetry demand of windowed IRT monitoring remains moderate in the illus-
trative cases considered here. Three 200 x 200 pixel windows contain 1.2 x 10° pixels,
corresponding to approximately 0.24 MB per uncompressed 16-bit exposure. An 8-hour se-
quence would produce approximately 46 MB of raw data at a 150 s cadence and approx-
imately 2.8 x 10> MB at a 25 s cadence. These are conservative uncompressed estimates;
lossless compression could reduce the data volume further. Telemetry therefore does not
appear to be the primary limitation, with the number and placement of available windows,
source brightness, and observing opportunities likely to be more important.

4.3.6. Overall Observing Trade-Off

The scientific utility of the IRT therefore depends on a balance between distance,
crowding, source brightness, field coverage, cadence, and observing strategy. Nearby
regions provide excellent opportunities for detailed studies of individual systems and for
simultaneous SXI-IRT interpretation, but may suffer from saturation among the brightest
members and from the limited spatial coverage of windowed readout. More distant
complexes reduce saturation issues and sample larger stellar populations, but are more
affected by crowding and ambiguous source identification.

In this framework, the IRT is best regarded not simply as a follow-up instrument
but as a targeted time-domain facility whose strongest YSO applications will come from
carefully designed Guest Observer programs. Such programs can select compact high-value
subfields, optimize cadence and exposure time, and provide the infrared context needed to
interpret the high-energy variability detected by SXL

4.4. Multi-Wavelength Synergies

The strongest SXI-IRT synergy for YSO science is expected during pre-planned IRT
Guest Observer monitoring rather than through automatic IRT follow-up of an arbitrary
non-GRB SXI transient. Because the IRT field lies within the much larger SXI field of view,
a selected star-forming region monitored with the IRT is simultaneously covered by the
SXI. If one of the monitored sources undergoes an infrared transient or flare with an SXI-
detectable X-ray counterpart, both light curves can therefore be recorded without the delay
associated with external follow-up. This multiplexing is particularly valuable in rich fields,
where suitably placed IRT Guest Observer windows may contain hundreds to thousands
of sources, increasing the opportunity to capture rare events serendipitously. The scale of
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this multiplexing is illustrated by the Orion field in Figure 2, which contains 1891 cataloged
YSOs within the nominal 15" x 15" IRT field of view, and by the Trumpler 14 crowding
experiment in Section 3.2, where 1000 synthetic cluster members are placed within a
2’ x 6’ area corresponding to three 2’ x 2/ IRT Guest Observer windows.

Strictly simultaneous observations also provide information that cannot generally
be recovered from non-contemporaneous follow-up. Correlated or delayed X-ray and
infrared variability could probe links between magnetic activity, accretion, extinction, and
circumstellar reprocessing [51,52]. Simultaneous light curves may also be used to search
for timing relationships analogous to Neupert-type behavior [53], in which impulsive flare
emission is related to the subsequent build-up of thermal soft X-ray emission. The IRT does
not measure the classical microwave or hard-X-ray diagnostic used to define the Neupert
effect, but contemporaneous infrared and SXI observations can test for analogous temporal
coupling and distinguish it from delayed infrared responses produced by disk heating
or reprocessing. Such correlations are not expected to be universal, and both detections
and non-detections would constrain the physical connection between high-energy activity
and the circumstellar environment. Their interpretation will depend critically on the
counterpart-identification considerations discussed in Section 4.2.

4.5. THESEUS in the 2030s Transient Landscape

The scientific role of THESEUS should be considered within the broader context of
the high-energy transient facilities expected to operate during the 2030s. By the time of the
mission, several observatories that have dominated transient astronomy during the past
two decades are expected to be at or beyond their nominal operational lifetimes. Missions
such as Einstein Probe and SVOM are expected to provide important transient-discovery
capabilities during the late 2020s and early 2030s [54-56], while THESEUS would extend
and complement these efforts through the combination of wide-field soft X-ray monitoring,
rapid infrared follow-up, and dedicated Guest Observer opportunities [1-3].

For YSO studies, Einstein Probe is particularly relevant because its Wide-field
X-ray Telescope employs lobster-eye optics conceptually similar to those adopted for the
THESEUS SXI [55]. The mission is explicitly designed for wide-field monitoring of the soft
X-ray sky and the discovery of transient events [19]. Early operational results have already
demonstrated its capability to detect previously unknown X-ray transients and to trigger
extensive multi-wavelength follow-up campaigns [57,58]. Stellar flares have emerged as a
particularly numerous class of events: approximately 1000 stellar flares had been reported
by March 2025 [59], while subsequent in-flight analysis of the onboard source-catalog
system identified more than 6100 potential triggers associated with known active stars [60].
Individual events have also been characterized in detail, including the Einstein Probe
detection of an X-ray flare from the K-type star PM J23221-0301 [61]. Together, these re-
sults demonstrate the effectiveness of wide-field soft X-ray monitoring for detecting stellar
magnetic activity.

Although SVOM is primarily focused on gamma-ray bursts and related relativistic
transients, its combination of wide-field triggering, soft X-ray observations, and rapid
optical /near-infrared follow-up provides an important technological and operational pre-
cursor for future transient facilities [56]. Together, Einstein Probe and SVOM demonstrate
the increasing capability of modern survey missions to discover and characterize non-GRB
high-energy transients on Galactic scales.

From the perspective of YSO science, these missions may provide valuable empirical
constraints before the launch of THESEUS. The flare-yield estimates presented in this
work rely on an Orion-normalized extrapolation of the high-energy tail of the YSO flare-
energy distribution [5,14,15]. The behavior of this distribution at the highest energies
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remains poorly constrained observationally, particularly for the rare events that dominate
the THESEUS detection statistics.

Detections of energetic stellar and YSO-related X-ray transients by Einstein Probe and
other contemporary facilities may therefore serve as empirical calibration points for the
framework adopted here. If the observed rates of luminous stellar flares broadly agree
with the extrapolations used in this work, confidence in the model-estimated THESEUS
detection yields would be strengthened. Conversely, significant discrepancies could indi-
cate environmental effects, regional differences, observational biases, or the presence of a
previously unrecognized high-energy cutoff in the flare population.

For YSO studies, these capabilities span complementary regimes. Sparse nearby re-
gions such as Taurus favor counterpart identification and detailed X-ray/infrared variability
studies [7,9,10]; rich nearby regions such as Orion provide large samples for population-
level flare statistics [5,14,15]; and distant massive complexes such as Carina, Cygnus X, and
NGC 6334 probe the poorly constrained high-energy tail of the flare distribution [12,13,62].
Dedicated Guest Observer IRT monitoring can add contemporaneous infrared diagnostics
and improve source association, complementing SXI survey discoveries [51,52]. THESEUS
therefore combines population-scale flare searches with targeted multi-wavelength obser-
vations across a broad range of star-forming environments.

Although the present study focuses specifically on YSOs, THESEUS is a general-
purpose high-energy transient mission and its Galactic science case extends to other classes
of compact and highly variable sources. Magnetars provide a particularly timely example,
with recent studies addressing complementary aspects of their formation, evolution, and
extreme magnetic environments. Near-infrared HST and JWST observations have improved
counterpart identifications, proper-motion measurements, and constraints on magnetar
birth sites, supporting a close connection between magnetars and the broader young
neutron-star population [63]. At the same time, theoretical and observational studies
continue to refine the roles of wind braking, internal magnetic fields, and spin evolution in
individual magnetars [64], while X-ray polarimetry with IXPE is providing new constraints
on magnetospheric geometry and the polarization properties of strongly magnetized
neutron stars [65,66]. Such observations also illustrate the continuing interest in strong-field
phenomena, including possible signatures of vacuum birefringence and other quantum-
electrodynamic effects in magnetar environments [66]. Wide-field high-energy monitoring
with THESEUS could complement these developments by detecting and characterizing
magnetar bursts and outbursts and by providing triggers for coordinated multi-wavelength
follow-up. A quantitative assessment of the magnetar science return is beyond the scope
of the present YSO-focused study, but this rapidly developing field further illustrates the
broader Galactic transient potential of THESEUS.

4.6. Limitations and Caveats

Several limitations should be considered when interpreting the model-estimated flare
yields. First, the adopted YSO populations are drawn from heterogeneous literature sam-
ples rather than from a uniform census. The underlying surveys differ in wavelength
selection, completeness, spatial coverage, and in whether the quoted population represents
a directly cataloged sample or an estimate of the broader young stellar population. In-
completeness may be particularly important in embedded regions and among low-mass
members. The population basis of each adopted estimate is therefore summarized explicitly
in Table A2 in Appendix B.

A second uncertainty arises from the adopted flare statistics. The present framework
assumes that the Orion flare population, characterized by the COUP observations [5,14,15],
provides a suitable reference for other star-forming regions. While existing studies sug-
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gest broadly similar X-ray activity properties among young stellar populations, genuine
differences in intrinsic flare activity may exist due to age, environment, stellar density, or
evolutionary state. At present, these effects are not sufficiently constrained to justify region-
specific modifications of the intrinsic flare-rate normalization or flare-energy distribution.

An additional uncertainty arises from the absolute Orion flare-rate normalization.
The fiducial value of 1 flare source ™! yr~! is not derived from a complete SXI-equivalent
flux-limited COUP sample. We therefore explored a 0.2-2 yr~! sensitivity interval and
propagated this range through the regional yield calculations. This interval is intended
to quantify the dependence of the model predictions on the normalization, rather than to
represent a formal observational confidence interval.

Flare duration and temporal sampling introduce a separate modeling uncertainty. The
sensitivity experiment in Section 2.3.1 shows that the minimum total flare energy required
to satisfy the 1500 s SXI criterion depends substantially on the assumed temporal profile:
relative to the 10 ks reference case, the illustrative duration-dependent yield factor ranges
from 1.77 at 5ks to 0.18 at 50 ks. If the same flare-duration and temporal-profile distribution
applies to all regions, this factor is common to Orion and to the comparison regions and
therefore affects the absolute normalization rather than the relative distance scaling or
regional ranking. A population-level correction would require the joint distribution of flare
energy, duration, and temporal profile, which is not sufficiently constrained. Temporal
sampling introduces an additional uncertainty: for the adopted 10ks reference profile,
finite flare duration enlarges the allowed flare-onset interval for an individual visit, but the
cumulative SXI exposure map does not specify the duration or spacing of individual visits.
This temporal-overlap effect therefore cannot be propagated uniquely to the mission-level
regional yields.

X-ray absorption introduces an additional region- and source-dependent uncertainty.

The homogeneous line-of-sight sensitivity test in Section 2.4 gives C,,s = 0.463-0.789 across

LOS
N H,tot

the full Galactic line of sight and are not measurements of the actual foreground column

the representative regional directions, but the adopted values are integrated through
toward individual YSOs. Some of the mapped material may lie behind nearby regions,
while small-scale cloud structure and local or circumstellar absorption toward embedded
sources may not be represented by the large-scale estimate. The regional factors are
therefore not applied as corrections to the primary yield table. More extreme source-
specific differences remain possible: over the generic Ny = 10%1-10%3 cm~2 range tested
here, differential absorption can modify relative flare yields by a factor of approximately
5.4 and can therefore alter the ordering of otherwise comparable targets.

The Orion-normalized scaling also depends on the assumed flare-energy distribution.
Sensitivity to the measured slope uncertainty is quantified in Table 6 by varying « from
2.0 to 2.4 while keeping the Orion normalization fixed. Possible low-energy turnover and
high-energy steepening or cutoff remain too poorly constrained to model quantitatively and
are therefore treated as limitations of the extrapolation. The reported detection numbers
should accordingly be regarded as model-dependent, order-of-magnitude estimates rather
than precise forecasts.

5. Conclusions

In this work, we investigated the potential of the THESEUS mission for studies of
young stellar objects and Galactic star-forming regions.

Using the planned SXI sensitivity, the THESEUS all-sky exposure map, literature-
based YSO population estimates, and an Orion-normalized flare-yield framework, we
evaluated the detectability of energetic YSO flares across a representative sample of Galactic
star-forming regions. We additionally quantified the sensitivity of the predictions to flare
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duration, temporal sampling, and X-ray absorption, and assessed angular source-separation
statistics relative to the IRT EE50 and EE80 scales using both real source catalogs and
statistical crowding models.

Our main conclusions are as follows:

1. Orion provides a natural benchmark for THESEUS YSO studies. Using the adopted
flare-frequency framework and the 0.2-2 flare source ! yr~! sensitivity interval for
the Orion normalization, we obtain a model-dependent estimate of approximately
100-2350 SXI-detectable YSO flares from the Orion complex during the nominal four-
year mission.

2. Nearby star-forming regions such as Taurus, Upper Scorpius, and p Ophiuchi produce
particularly large model-estimated flare yields owing to their favorable distances.
However, these estimates require extrapolation of the Orion-derived flare-energy dis-
tribution toward lower energies, where observational incompleteness and a possible
intrinsic turnover introduce additional model uncertainty.

3.  Massive distant complexes such as Carina, Cygnus X, and NGC 6334 probe the
opposite regime, where only the most energetic flares remain detectable. A high-
energy steepening or cutoff would reduce their model-estimated yields, although
its location and functional form cannot presently be constrained well enough to
include quantitatively.

4. The uncertainty in the COUP flare-energy slope affects different regions by different
amounts. For the tested range a = 2.0-2.4, the regional predictions are modified by
multiplicative factors ranging from only a few percent for regions near the Orion
threshold to approximately 0.50-1.99 for Carina. This sensitivity is reported separately
from the uncertainty in the absolute Orion flare-rate normalization, allowing the two
effects to remain explicitly distinguishable.

5. X-ray absorption can materially affect the inferred flare yield and, unlike the common
duration-dependent factor, can modify relative regional rankings. For the fiducial
kT = 8 keV model, the generic Niy = 10?1 1022, and 10%® cm—2 scenarios give
approximate yield factors of 0.84, 0.52, and 0.16, respectively. Using homogeneous
full-Galactic line-of-sight columns for the representative regional directions gives
Caps = 0.463-0.789, corresponding to a maximum differential change of approximately
a factor of 1.70. This does not overturn the broad advantage of nearby regions, but
can change the ordering of targets with similar baseline predictions. Because these
full-line-of-sight columns are not source-specific foreground measurements, they are
not applied as corrections to the primary regional yield intervals.

6.  Flare duration and temporal sampling introduce additional model dependence be-
yond the flare-rate normalization and power-law slope. For the adopted temporal
profile, the 10ks reference case requires a minimum total flare energy of approxi-
mately 1.17 x 10% erg to satisfy the 1500 s SXI criterion, while the relative duration-
dependent yield factor ranges from 1.77 at 5ks to 0.18 at 50 ks. The apparent ~34.7 ks
upper-duration limit found for the fixed-E,,, experiment applies only to the adopted
3.5 x 10% erg test flare and is not a physical upper limit: longer flares remain de-
tectable if they are sufficiently energetic. If the same duration and temporal-profile
distribution applies to all regions, this sensitivity affects the absolute yield normaliza-
tion but not the Orion-relative distance scaling or regional ranking. The additional
temporal-overlap effect cannot be propagated to the primary regional yields because
the detailed SXI visit sequence is not available.

7. The angular-separation analysis indicates that a substantial fraction of sources remain
beyond the adopted IRT EE scales even in crowded fields. In Orion, more than 80% of
the analyzed YSOs have nearest-neighbor separations larger than the EE80 scale. In
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Carina, the global projected-field baseline gives approximately 52% of sources beyond
the EE50 scale, decreasing to approximately 46% after addition of a mildly clustered
Trumpler 14 component; among the synthetic cluster members alone, the correspond-
ing fraction is approximately 44%. These values describe angular separation only and
should not be interpreted as photometric-deblending or recovery fractions.

8.  Unique source identification remains challenging in rich clusters because the ~2" SXI
localization accuracy is often insufficient to associate a flare with a single YSO. Simul-
taneous or coordinated IRT observations therefore represent a key component of the
scientific exploitation of THESEUS YSO detections.

9.  The distinctive advantage of the current THESEUS configuration for YSO studies
is the combination of wide-field high-energy monitoring, soft X-ray imaging, and
near-infrared observations within a single mission. This enables population-scale
transient searches together with the possibility of contemporaneous infrared character-
ization, complementing both deep pointed X-ray observatories and wide-field X-ray
survey missions. Dedicated Guest Observer programs may substantially enhance the
scientific return of the mission in this area.

10. Beyond the detection of individual flares, THESEUS may serve as an empirical cal-
ibrator of regional YSO activity. Comparing observed flare rates across multiple
star-forming regions, together with independent constraints on absorption and other
selection effects, will allow tests of whether Orion-based flare statistics are universally
applicable or whether significant intrinsic environmental differences exist among
young stellar populations.

Overall, THESEUS has the potential to become a valuable facility for time-domain
studies of young stellar populations, providing new constraints on extreme YSO magnetic
activity and its variation across Galactic star-forming environments.
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Appendix A. SXI Exposure-Map Digitization and Calibration

The THESEUS Yellow Book provides the cumulative SXI exposure distribution as
a color-coded Hammer-projection sky map rather than as a machine-readable dataset.
To derive exposure values for the selected star-forming regions, we developed an auto-

https:/ /doi.org/10.3390/particles9030091


https://doi.org/10.5281/zenodo.22671325
https://doi.org/10.5281/zenodo.22671325
https://doi.org/10.3390/particles9030091

Particles 2026, 9, 91

31 0f 36

mated digitization and sampling pipeline that converts the published exposure map into
quantitative exposure estimates.

?(ii@[?@@ '0” | 3 )

NCCH226% : *‘"ﬁ _— 6

Figure Al. All-sky SXI exposure distribution for the THESEUS Dynamic (DYN) survey strategy with
the analyzed star-forming regions overplotted. The color scale indicates cumulative exposure in
days over the nominal mission lifetime. Exposure values used in this work were obtained through
the automated sampling procedure described in this Appendix; the adopted target coordinates,
corresponding exposure values, and numerical digitization uncertainties are listed in Table Al.
The original exposure map is reproduced from the THESEUS Yellow Book (credit: A. Rocchi and
V. Doroshenko).

Table Al. Representative sampling positions, cumulative SXI exposure values, and numerical
digitization uncertainties for the target star-forming regions. Coordinates are given in equatorial
J2000 degrees. The quoted uncertainty bounds correspond to the 16th and 84th percentiles obtained
by combining the valid pixels within the local 5 x 5 sampling region with independent £1 pixel
perturbations of the two color-bar calibration anchors. These intervals characterize the numerical
sensitivity of the digitization procedure and are not formal confidence intervals on the mission
exposure prediction.

Region RA [deg] Dec [deg] SXI Exposure [Days]  Digitization Uncertainty [Days]
Upper Sco 240.00 —23.00 39.91 —0.29/ +0.20
Orion 83.75 —5.38 52.65 —0.87/ +0.16
Taurus 68.00 24.00 34.70 —0.15/ +0.29
o0 Oph 246.75 —24.00 41.36 —0.20/ +0.29
Lupus 241.00 —39.00 43.39 —0.39/ +0.10
CrA 285.25 —37.00 39.33 —0.29/ +0.20
NGC 6334 260.17 —35.83 43.10 —0.21/ +0.39
Cygnus X 308.25 41.00 67.41 —052/+0.76
Perseus 56.00 32.00 37.89 —0.21/ +0.21
Chal 166.50 —77.00 3.45 —0.32/ +0.90
Serpens 277.50 1.00 45.41 —0.30/ +1.92
W40 277.75 —2.00 44.25 —-0.29/ +0.39
Cep OB3 344.00 62.00 8.95 —0.29/ +4.34
NGC 2264 100.25 9.88 41.94 —1.25/ +0.20
Mon R2 91.75 —6.38 50.77 —0.37/ +1.05
Vela 130.00 —43.00 63.06 —0.16/ +0.58
CMa OB1/R1 105.00 —11.50 47.15 —0.18/ +0.18
Rosette 97.75 493 46.57 —0.58/ +0.18
NGC 6357 261.39 —34.39 4252 —0.20/ +0.48
Carina 161.25 —59.00 13.00 —0.58/ +0.87

Appendix A.1. Coordinate Transformation

The published exposure map uses a Hammer projection, introducing significant ge-
ometric distortions toward the edges of the map. To determine the pixel coordinates
corresponding to individual star-forming regions, the projection geometry was first recon-

https://doi.org/10.3390/particles9030091


https://doi.org/10.3390/particles9030091

Particles 2026, 9, 91

32 0of 36

structed by fitting the boundary ellipse of the map image. The resulting center coordinates,
semi-major axis, semi-minor axis, and orientation angle were then used to establish the
transformation between celestial coordinates and image coordinates.

The right ascension and declination of each target region were converted to normal-
ized Hammer coordinates using the inverse Hammer projection. These coordinates were
subsequently mapped onto the image plane through the fitted geometric model, allowing
the position of each region to be identified directly on the exposure map.

Appendix A.2. Color-Scale Calibration

The exposure map legend was digitized to construct a color look-up table (LUT)
linking RGB values to cumulative exposure times. Two reference points on the published
color bar were adopted as calibration anchors, corresponding to 13 and 103 exposure days.
Linear interpolation between these reference values was used to convert sampled RGB
colors into exposure times.

Appendix A.3. Robust Pixel Sampling

To reduce the influence of map annotations, coordinate grid lines, and image-
compression artifacts, exposure values were measured using a median-based sampling
procedure. For each target region, a representative sampling position was selected within
the region; the adopted coordinates and resulting exposure measurements are listed in
Table Al. For each position, a 5 x 5 pixel neighborhood centered on the nominal sam-
pling position was analyzed, and the median of the valid pixel values was adopted as the
representative exposure of the region.

Pixels whose RGB colors differed significantly from the calibrated color scale were
rejected. Specifically, pixels with an RGB Euclidean distance exceeding AC = 20 from every
point of the reference LUT were discarded as likely non-data elements. The final exposure
estimate was taken as the median of the remaining valid pixels, providing robustness
against local contamination and graphical artifacts.

To quantify the numerical uncertainty introduced by the digitization procedure, we
propagated two effects through the exposure-map sampling. First, we retained the local
variation among all valid pixels within the adopted 5 x 5 pixel neighborhood. Second,
we allowed the positions of both color-bar calibration anchors to vary independently by
£1 pixel, representing the finite precision with which the reference colors can be identified
on the published scale. For each target position, the exposure value was recalculated for all
combinations of the local valid pixels and the perturbed calibration anchors.

The nominal exposure was retained as the median value obtained with the original
calibration. The 16th and 84th percentiles of the full set of perturbed exposure values
were then adopted as the lower and upper numerical digitization-uncertainty bounds,
respectively. These intervals therefore characterize the sensitivity of the map-reading
procedure to local pixel variation and calibration-anchor placement; they should not be
interpreted as formal statistical confidence intervals on the underlying THESEUS mission
exposure prediction. The resulting exposure values and numerical digitization uncertainties
are summarized together with the adopted sampling coordinates in Table Al.

For most target regions, the numerical digitization uncertainty is below approximately
one day. Larger asymmetric intervals occur for a few locations, most notably Cep OB3,
Serpens, and NGC 2264, where the local map colors vary more strongly across the adopted
sampling neighborhood.

The exposure values in Table A1 were used to calculate the coverage fractions and
effective monitored populations discussed in Section 2.5.
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Appendix B. Population Basis of the Adopted YSO Samples

The YSO population values used in the regional flare-yield calculations were compiled
from the literature and do not represent a homogeneous census. Depending on the available
observations and methodology for a given region, the adopted values may correspond
to directly cataloged members, infrared- or X-ray-selected samples, multi-wavelength
membership censuses, or estimates extrapolated to a broader young stellar population.
Table A2 summarizes the general basis of the population estimate adopted for each region.

Table A2. Population basis of the YSO numbers adopted for the individual star-forming regions. The
terminology summarizes the general observational or extrapolative origin of the population values
used in Table 5; the individual literature references are given in that table.

Region Population Basis

Upper Sco Astrometric and spectroscopic membership census
Orion X-ray/IR censuses and broader population estimates
Taurus Multi-survey membership census with spectroscopy
o0 Oph Multi-wavelength membership census

Lupus Spitzer-based multi-wavelength YSO sample

CrA Multi-wavelength membership sample

NGC 6334 X-ray census with XLF-based extrapolation

Cygnus X IR-selected samples and regional estimates

Perseus Spitzer/c2d infrared YSO census

Chal Membership census with spectroscopic confirmation
Serpens Spitzer/c2d IR-selected YSO census

W40 X-ray census with XLF-based population estimate
Cep OB3 X-ray, infrared, and optical membership census
NGC 2264 Multi-wavelength census and population estimate
Mon R2 Near-IR cluster census and population estimate

Vela Literature-based regional population estimate

CMa OB1/R1 Multi-wavelength membership studies and regional estimates
Rosette Multi-wavelength population estimate

NGC 6357 Multi-wavelength census and population extrapolation
Carina X-ray census with total-population extrapolation
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