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Abstract

The far-ultraviolet (FUV) emission of classical T Tauri stars (CTTSs) is known to play an important role in
protoplanetary disk dispersal and giant planet formation, yet the role played by protostellar flares in these processes
is largely unknown. We use nearby star-forming regions as laboratories to probe the FUV flare characteristics of
CTTSs and test whether flares may be masked underneath accretion luminosity. Using AD Leo as our archetypal
flare template, we pilot a novel analysis technique on three weak-lined T Tauri star (WTTS) and CTTS pairs:
TWA-7/TWA Hya, RECX-1/RECX-11, and LkCal9/GM Aur. We find that flares contribute an upper limit of
0.064% =+ 0.002%, 3.1% + 0.1%, and 2.7% =+ 0.3% to the total FUV energy budgets of TW Hya, RECX-11, and
GM Aur, respectively. We also present predicted CTTS flare rates, which suggest that we would expect to observe
roughly one 5o flare on each of the CTTS archival light curves. We find one 5o flare on TW Hya with
E(1380-1745 A) = (6.1 +£0.7) x 10* erg, but none are found on RECX-11 or GM Aur. Longer monitoring
campaigns are required to provide more concrete constraints on the FUV flare frequency of accreting protostars.
Optical TESS data of the targets were also analyzed to contextualize these results. Lastly, we report the first FUV
flare on a WTTS (RECX-1), which is also the most energetlc FUV flare event observed with the Hubble Space
Telescope to date with E(1135-1429 A) =2.1%+0.1) x 102 erg.
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(1681); Weak-line T Tauri stars (1795); Hubble Space Telescope (761)

1. Introduction

Stars are born in gas-rich pockets of galaxies referred to as
star-forming regions (SFRs; Bressert et al. 2010). As these
pockets gravitationally collapse to form a star, they also typically
form a circumstellar disk composed of gas and dust. The young
star can accrete material from this disk, which generates a unique
emission-line spectrum across the UV, optical, and infrared
(Hartmann et al. 2016). Stars that exhibit this profile are referred
to as classical T Tauri stars (CTTSs), named after the first star (T
Tauri) on which this phenomenon was observed. Planets are
formed from the circumstellar disk material, but the planets
themselves are generally made from less than 1% of the initial
disk mass (Wright et al. 2011). Instead, the disk is dispersed via
a number of different mechanisms. Accretion onto the protostar
is generally the most important driver of disk evolution
(Hartmann et al. 1998), as well as magnetically launched jets
and winds (K6nigl & Salmeron 2011). Photoevaporation is also
considered to be an important disk dispersal mechanism,
particularly for stars with intense X-ray (0.1-100 A) extreme-
ultraviolet . (EUV, 100-900 A) and far-ultraviolet (FUV,
900-2000 A) radiation fields (Clarke 2011).
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BY of the Creative Commons Attribution 4.0 licence. Any further
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These high-energy radiation fields cause heating of the
circumstellar disk, which results in pressure-driven photoeva-
porative winds that carry gaseous material out of the disk (see
Gorti et al. 2016; Ercolano & Pascucci 2017, for recent
reviews). Gorti & Hollenbach (2009) simulate the X-ray-,
EUV-, and FUV-driven winds with radiative transfer and
thermochemical models and find X-ray- and FUV-driven winds
to dominate over accretion at about 100 au. They find a fiducial
wind rate, driven by FUV photons emitted from the protostar,
of 3 x 107® M., yr ', which is one to two orders of magnitude
greater than the EUV-driven winds, but comparable to that of
the X-ray-driven winds. Thus, the FUV luminosity of the host
star is an important component of photoevaporative winds and
contributes to protoplanetary disk dispersal.

This has numerous implications for the formation of planets
inside of these disks. For massive O and B stars, this FUV
component dominates photoevaporative heating (Johnstone
et al. 1998), quickly dispersing the disk and curtailing the time
available for giant planet formation (Clarke 2011). For lower-
mass stars, the photoevaporative winds can alter the chemistry
of the disk available for giant planet formation. Photoevapora-
tive heating effectively removes volatiles (H and He) from
the surface of the disk, enhancing the dust-to-gas ratio at
the midplane. For example, observations of enriched noble
gases at Jupiter (Ar, Kr, and Xe) by the spacecraft Galileo
have been explained by invoking photoevaporative winds
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(Guillot & Hueso 2006; Ali-Dib 2017). This mechanism can
also cause later-forming gas giant cores to be starved of
material and has been invoked to explain the difference in the
solar system’s gas-rich giants (Jupiter and Saturn) and gas-poor
giants (Neptune and Uranus) (Shu et al. 1993). Lastly, these
winds may be capable of driving outward planetary migration
(Rosotti et al. 2013). It is clear that FUV-driven photoeva-
porative winds are a critical piece of the puzzle when it comes
to understanding the gas giants of our solar system and beyond.

The time-integrated FUV photon energy incident on the disk
may be enhanced by protostellar flares. Stellar flares are
denoted by sudden large increases in a star’s brightness; our
understanding of what causes them is primarily attributable to
studies of the Sun. A solar flare is powered by reconnection
events in the magnetic field (Parker 1963; Zhu et al. 2016),
which result in a fast release of magnetic energy (Gold &
Hoyle 1960) in the form of accelerated charged particles. The
theoretical Neupert effect (Neupert 1968; Veronig et al. 2005)
entails electron beams gyrating along magnetic field lines from
the corona and depositing energy into the chromosphere,
which, via nonthermal bremsstrahlung, results in hard X-ray,
near-UV, and optical emission. The electron beams also cause
chromospheric evaporation (Antonucci et al. 1984), which
describes the transfer of material outward from the chromo-
sphere, and in turn cause heating of the corona. The corona
then thermally emits soft X-ray and EUV radiation, which
occurs later temporally than the nonthermal radiation; this
observed temporal relationship is the empirical Neupert effect
(Hawley et al. 2003; Mitra-Kraev et al. 2005). High time
resolution observations of flares on low-mass M dwarfs with
the Galaxy Evolution Explorer (GALEX) find rough temporal
simultaneity between the NUV and the FUV (Welsh et al.
2006). This suggests that the FUV emission in flares is also
triggered in the chromosphere by nonthermal bremsstrahlung;
however, this subject requires further consideration.

Results from the Measurements of the Ultraviolet Spectral
Characteristics of Low-mass Exoplanetary Systems (MUS-
CLES; France et al. 2016; Loyd et al. 2018a) and Habitable
Zones and M dwarf Activity across Time (HAZMAT; Loyd
et al. 2018b) surveys find that flares on M stars (whether active,
inactive, young, or old) could dominate their FUV energy
budgets. If these findings hold true into the T Tauri phase of a
star’s life (<10 Myr old), then FUV flares could be an
important driver of photoevaporative winds. In general, stars
have higher levels of magnetic activity in their youth (e.g.,
Johnstone et al. 2021 and references therein), which results in
increased flare frequency and intensity (Medina et al. 2020).
However, comprehensive FUV flare frequency distributions
(FFDs) of T Tauri stars have not been created. Over the ~50
CTTSs observed with the International Ultraviolet Explorer
(IUE; Johns-Krull et al. 2000) and more than 1Ms of
observation time of CTTSs in the FUV with the Hubble Space
Telescope (HST), there has yet to be a definitive FUV flare
detection reported in the literature. On the other hand, flares on
CTTSs have been observed in the optical, as seen in this study
and in the literature (Gullbring et al. 1995; Késpadl et al. 2018;
Ansdell et al. 2016), and they are also found in X-ray data
(Robrade & Schmitt 2006; Getman & Feigelson 2021).

Flare studies in the X-ray demonstrate that pre-main-
sequence (PMS) stars show frequent flare events caused by
magnetic activity. These X-ray flares are easily detectable
compared to optical or FUV flares because their decay times
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are usually much longer (hours vs. minutes; e.g., Schmitt et al.
2019). Several studies have found that any individual PMS star
may show a few flares per week (Wolk et al. 2005; Getman &
Feigelson 2021) and that there is no significant evolution
during the first 10 Myr, i.e., flare rates and energetics are
indistinguishable between accreting and nonaccreting stars
(e.g., Stelzer et al. 2007). Sometimes, however, subtle
differences between accreting and nonaccreting stars are seen
(Getman et al. 2008), but we note that these conclusions are
usually drawn from low event numbers and that we consider
X-ray flares to happen with the same frequency and energy on
CTTSs and weak-lined T Tauri stars (WTTSs; Getman &
Feigelson 2021).

The FUV flare characteristics of PMS stars are less well
studied, and a lack of detected events may suggest the (non)
existence of additional important physical mechanisms. Inter-
estingly, when comparing the FUV light curve of a CTTS
(Figure 4) to AD Leo, a young and active main-sequence M
star (Figure 1), a lack of flares on the CTTS is immediately
obvious. There are two hypotheses to explain the lack of
observed flares: (1) accretion luminosity is masking the FUV
flares, leading to a decreased observed flare frequency; or (2)
CTTS physical conditions do not lend them to flaring, and thus
the actual flare rate is decreased compared to their WTTS
counterparts. We will refer to the first hypothesis as “accretion
masking,” and the second is hereto referred to as the “decreased
flare frequency” hypothesis. A third hypothesis is that FUV
extinction due to circumstellar gas on CTTSs leads to a
decreased observed flare frequency. Stellar quiescent flux,
magnetospheric flares, and the shocks that generate accretion
luminosity all occur within a few stellar radii; thus,
circumstellar extinction should affect them similarly (McJunkin
et al. 2014). This mechanism is certainly a relevant factor for
edge-on stars (Schneider et al. 2013, 2020), but it is a less
likely explanation for the lack of observed flares on the more
face-on CTTSs in the present study (Teague et al. 2019).

In this study, we test the accretion masking hypothesis by
assuming that, with respect to FUV emission, the only
difference between a CTTS and a WTTS is the accretion
signal present in the CTTS spectrum (Gullbring et al. 1998). A
CTTS becomes a WTTS once its protoplanetary disk is
dispersed and mass accretion halts; the protostar is referred to
as “weak-lined” owing to the weakened intensity of spectral
accretion lines such as Ha. This process sets the lifetime of a
CTTS and generally takes a few to 10 Myr (Alexander et al.
2014). The assumption that a CTTS can be regarded as a
WTTS underneath an accretion disk reflects the conclusions of
Ingleby et al. (2011) when comparing chromospheric emission
of RECX-1 and RECX-11 and the findings of Getman &
Feigelson (2021) in the X-ray for disk-bearing stars and
diskless stars.

Under this paradigm, we identify WTTS/CTTS pairs from
nearby SFRs and test whether the underlying WTTS flare
signals would be detectable above the FUV accretion flux of
the associated CTTSs. In order to make this comparison, given
the lack of a comprehensive set of FUV observations of
WTTSs, we additionally assume that WTTSs have FFDs
similar to the relatively young (25-300 Myr) mid-type M star
AD Leo (Hawley et al. 2003; Shkolnik et al. 2009; Loyd &
France 2014). This enables us to predict the number of
statistically significant FUV flares that should be observed as a
function of time on each of the three pilot CTTS targets (TW
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Figure 1. S 1V light curve of all STIS E140M observations of AD Leo (A7 =20 s, 18.6 hr total). The y-axis is flux, and the x-axis is time. While time is shown as

continuous, each vertical green line represents a gap in time—sometimes years

in length. The vertical green text displays the HST ID and the start Modified Julian

Date (MJD) of each observation. Overlaid pink numbers are approximate flux-to-quiescence ratios for the peaks of the larger flare events. This figure visually
demonstrates the frequency of FUV flares on active M dwarfs and is one of the templates used for hypothetical WTTS flare stars in this study.

Hya, RECX-11, and GM Aur). We then analyze existing
archival FUV observations of these three CTTS, as well as new
observations of TW Hya obtained by the UV Legacy Library of
Young Stars as Essential Standards (ULLYSES; Roman-Duval
et al. 2020). We search these observational data for FUV flares
and compare the number of flares found against what is
predicted. With this method we are testing the accretion
masking hypothesis while assuming the null to the decreased
flare frequency hypothesis.

In Section 2, we detail the different data products and the
sample selection used in this study. In Section 3, we outline our
methodology for computing estimated flare rates, FUV flare
detectability, flare observations, and the contribution of FUV
flares and accretion to the total FUV energy budget of CTTSs.
In Section 3.4, we discuss our complementary optical analysis
using Transiting Exoplanet Survey Satellite (TESS) data. In
Section 4, we report all of the results of this study, and in
Section 5, we discuss their implications.

2. Data Products and Sample Selection
2.1. Instrument and Line Selection

The FUV analysis in this study utilizes three atomic ion
electric dipole transitions: Si IV at 1394 + 1403 A, C1v at 1548
+ 1551 A, and He 11 at 1640 A. Si IV and C 1V are both well
known to have strong flare signals, and some flares are also
known to have measurable signals in He 11 (Hawley et al. 2003).
In CTTS spectra, the Si IV line can be polluted by H, (Herczeg
et al. 2002), so corroborating detections in C IV are more
convincing evidence of a stellar origin. To numerically compute
the flux in the Si IV doublet, C IV doublet, and He II multiplet,
the following bounds are used: 1393A <A< 1395A and

1402 A < A< 1404 A (S V), 1547. 6A<A<1551.5A(C 1v),
and 1639.6 A < A < 1641.5 A (He 1n).

The HST Space Telescope Imaging Spectrograph (STIS) and
the HST Cosmic Origins Spectrograph (COS) archives are the
primary sources of data used in this analysis. AD Leo has been
extensively observed (67 ks) with the STIS E140M grating
(Loyd et al. 2018b; Loyd & France 2014; Hawley et al. 2003).
The E140M grating provides echelle spectra from 1144 to
1710 A, which contains all three ionic lines used in this study
(S v, C 1v, He 1). These spectra land on the Multianode
Microchannel Array (MAMA) detector hosting a high-resolu-
tion format of 2048 x 2048 pixels (Woodgate et al. 1998). The
data used in this study were collected in time-tag mode, which
includes photon timing information that we use to generate our
light curves.

The majority of WTTS and CTTS observations incorporated
in this study use COS G160M, though GM Aur is also
observed with STIS G140L (Espaillat et al. 2019). All HST
data presented in this paper were obtained from the Mikulski
Archive for Space Telescopes at the Space Telescope Science
Institute. The specific observations analyzed can be accessed
via DOL: https://doi.org/10.17909/79br-s977. The bandpass
associated with each COS grating is dependent on how the
instrument is configured via a cenwave designation. The central
wavelength (hereafter: cenwave) denotes the wavelength that
approximately falls on the gap between detector segments (Fox
et al. 2019). When a cenwave of 1577 A is used, _the instrument
will yleld an effective bandpass of 1382-1747 A (with a 20 A
gap in the middle), which contains all three ionic lines used.
However, when a higher cenwave is selected, the lower cutoff
can be at or above 1394 A, causing the Si IV line to fall off of
the detector and become unavailable. For example, cenwave
settings of 1589 and 1611 A, which are used in the COS
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observatiogs of GM Aur, yield minimum wavelengths of 1410
and 1431 A, respectively. This manifests in Si IV data being
observed for less time on each CTTS (Table 2).

2.2. Stellar Sample

In this study, we look at CTTSs and WTTSs, which formed
together in nearby SFRs. We pick three stellar pairs to be the
targets for this pilot study: TWA-7/TWA Hya from the TW
Hydrae Association, RECX-1/RECX-11 from the 7 Chamae-
leontis SFR, and LkCal9/GM Aur from the Taurus-Auriga
SFR. Due to their similar formation histories, we assume that
the CTTSs and WTTSs that compose each stellar pair have
comparable ages and compositions, and we select stars with
comparable spectral types. These targets were also chosen
because of their close proximity to Earth, as well as their
histories of HST observation. Their proximity (d < 150 pc)
yields FUV data with high signal-to-noise ratios (S/Ns), and
their observation histories yield a sizable data archive to comb
through. For TW Hya, RECX-11, and GM Aur, there exist
roughly 56.7, 6.3, and 10.6 ks, respectively, of G160M/G140L
observations.

2.3. Data Products

The Space Telescope Science Institute (STScl) developed
and maintains AstroConda, a Python software stack containing
many tools for processing and analyzing data products from
HST, the James Webb Space Telescope (JWST), and other
missions. Among these tools are the HST Calibration
Reference Data System (CRDS), stistools, costools, and calcos
packages, which can be used to calibrate raw data products and
manipulate already-calibrated data products. For this study
CRDS 7.5.0.0, stistools 1.3.0, costools
3.3.10.dev8+g0c0f43c, and calcos 3.3.10.dev8
+g0c0f43c are used.

To conduct our analysis, we needed to create light curves
with user-specified time resolutions. First, all COS and STIS
observations used are downloaded from the Barbara A.
Mikulski Archive for Space Telescopes (MAST). Our process
for creating light curves with STIS is as follows: (1) Download
the wav.fits (associated wavecal exposure) and tag.fits (time-tag
event list) files corresponding to the relevant observations. (2)
Run the CRDS procedure to obtain all relevant reference files;
if any are missing, they can be located at https: / /hst-crds.stsci.
edu/. (3) Delineate the tag files with stistools.inttag.inttag to
produce time-binned outputs with user-specified resolution
(20 s). (4) Pass the .inttag output through stistools.calstis.calstis
to calibrate the custom binned files, which accounts for a
number of parameters, including dead-time fraction. (5) These
outputs now contain a number of photon counts at each FUV
wavelength (binned every 205s). The counts in each line are
then integrated over the wavelength bounds of that line and
converted to flux. To flux-calibrate, we scale the total flux
observed in the full x1d exposure file by the ratio of the number
of counts observed in each frame to the total number of counts
observed over the entire exposure. This yields the flux in each
line for every time step of the observation i.e., the time-variable
light curve. The method for generating light curves with COS is
similar except that the files downloaded are corrtag_a.fits and
corrtag_b.fits, costools.splittag.splittag is used instead of
stistools.inttag.inttag, and calcos is used instead of calstis.
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2.4. Complementary TESS Data

Only one FUV flare was observed across our three CTTS
targets at the 5o confidence level. To verify that our targets are
flaring at other wavelengths, we conducted similar stellar pair
analysis with optical data. TESS observed the T Tauri stars of
this study over 27 days with a cadence of 10 and 30 minutes
(Ricker et al. 2014). The specific observations analyzed can be
accessed via DOL https://doi.org/10.17909/ds8a-pz19. To
extract and process the associated light curves, we use the
TESSExtractor tool (Serna et al. 2021), which uses the
TESScut service (Brasseur et al. 2019) to download 10 x 10
pixel® cutouts centered on each target (pixel size ~21”). An
optimal aperture that can vary from 1.0 to 3.5 pixels in radii
was selected for each target to perform simple aperture
photometry (SAP). The TESS quality flags were considered
to reject any anomaly in the photometry (e.g., cosmic rays,
popcorn noise, fireworks). Possible contamination of the TESS
light curves is estimated using the G-band fluxes of the Gaia-
EDR3 sources within the photometric aperture. This contam-
ination is negligible for most of the sample, with a flux
contamination of less than 5%. The one exception is GM Aur,
which has a brighter companion that could contaminate the
photometric aperture (3 pixels of radius), with a target-to-
contamination ratio of about 8:5. In this case, we used a smaller
photometric aperture of 1 pixel of radius to reduce the
contamination from the brighter companion. Finally, since
the overall shape of the light curve (including the flares) is
recovered using the smaller aperture, we conclude that the
detected optical flares belong to GM Aur (see Section 3.4).

3. Methods
3.1. Simulating CTTS Flare Templates

At 4.9 pc away, AD Leo is 10-30 times closer to Earth than
the T Tauri stars in this study, and it is among the most well-
studied nearby M-type flare stars in the FUV (Hawley et al.
2003; Loyd & France 2014). STIS E140M observations of AD
Leo provide an empirical template from which to create
hypothetical flaring WTTSs; AD Leo’s SiIv light curve is
shown in Figure 1 as an example. To create hypothetical WTTS
flare light curves, we scale AD Leo’s quiescence to the
quiescent level of the WTTS for each ion in each stellar pair
according to the following scaling factor:

F, wrs

S = (1)

F, ADLeo

These empirical scaling factors for each WTTS are listed in
Table 3 in Appendix A. TW Hya is significantly farther away
than TWA-7; therefore, we also multiply by a distance

\2 . .
correction of Z:: ) . These scaling factors yield an AD Leo-

like WTTS flare star for each stellar pair. For each WTTS flare
template, we subtract the quiescent flux to isolate the
hypothetical flare signal. To quantify the associated CTTS’s
quiescence, we adopt the individual CTTS exposure with the
highest rms noise (ocrts) in its light curve. Using the highest
rms CTTS observation results in a conservative final estimate
of the number of flares expected to cross statistical thresholds.
To construct the hypothetical flaring CTTS light curve, we then
take the sum of the quiescent CTTS light curve and the
associated hypothetical WTTS flare template, with their
uncertainties added in quadrature. We can then directly
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Figure 2. Simulated S IV light curve of TW Hya (Ar = 20's, 18.6 hr total). Fyrrs »+ is AD Leo’s light curve shown in Figure 1 scaled to TWA-7, and F wrrs,y is

the quiescent flux. F, crrs is the quiescent flux of TW Hya. The y-axis is TWA-7’s hypothetical flare signal (Fwrrs,m+ —

F, wrrs,m*) added to TW Hya’s quiescent

flux. The uncertainties in the template fluxes are added in quadrature with the rms of the CTTS quiescent flux—the latter heavily dominates. As a result, the shaded
green region effectively represents the 1o level on the CTTS quiescent flux. The underlying gray line represents the CTTS quiescent flux. The 3¢ and 5¢ levels are
overplotted in orange and red. The result demonstrates how the flare signals, demarcated by red crosses, would penetrate above the CTTS rms noise. This figure
indicates that we expect to detect roughly one 5o and one 3¢ flare on TW Hya in 67 ks of observing time.

compare hypothetical CTTS flare signals against the CTTS
quiescent level and determine their statistical significance level.
This enables us to calculate a lower bound on the number of
statistically significant flares that we expect to detect above the
CTTS accretion signal. The resulting SiIVv light curve for TW
Hya can be seen in Figure 2, which is just the light curve from
Figure 1 with the aforementioned changes applied.

Overlaid in Figure 2 are the 30 and 50 detection levels of the
CTTS in orange and red, respectively. The y-axis of this plot is
the isolated hypothetical flare signal (Fwrrs — Fywrrs) added
to the quiescent level of the associated CTTS (F, crrs), which
in this case is TW Hya. This plot is a visual tool that shows
how many flares from the template would exceed each of these
levels. If, for example, the peak of any given flare signal has an
amplitude that is five times greater than the rms variation in the
CTTS, then that specific flare would result in a 5o data point if
presented on the CTTS light curve.

We use a time step of 20s over 67 ks of data, which
corresponds to 3350 data points. In a one-sided (positive flare
event) normal distribution one would expect a 5¢ data point to
occur only one time for every 3.5 million data points, i.e., it is
highly unlikely that a statistical fluctuation induces a 5o event
within 67 ks. It is clearly seen from the plot in Figure 2 that
only a single flare event from the scaled template exceeds the
50 level. As a note, the undetectable flare at 16 ks would be
counted as a single event were it to be detected. This is because
both peaks are considered to be within the impulsive range of

the flare, which is consistent with how such flares are treated in
Loyd et al. (2018b). We would expect to see about five 30 data
points greater than quiescence per 67 ks owing to random
Gaussian variation ((1 — erf[%]) x 3350/2 4.5).

Following the methods of Hilton et al. (2011), in order to
actually count an event as a flare, we impose the condition that
the peak flare signal must be part of three consecutive data
points all having a significance of at least 2.50. The
hypothetical 50 flare event in Si IV for TW Hya, which can
be seen by eye at 39.5 ks in Figure 2, meets this requirement at
the measured flux level. The flare at 24 ks does not meet this
requirement, though the 50 level is included within the
potential flare’s error bars.

To quantify a flare rate from this template, we run a Monte
Carlo simulation for 10,000 iterations, allowing each flux data
point to vary according to a normal distribution. The measured
flux value is taken to be the mean of the distribution, with the
extent of the error bars representing the 1o level. On each
iteration, the Hilton criterion is applied and the number of
observed flares at the two significance levels is generated. From
this simulation, we generate a histogram of observed flare
numbers per 67 ks. From these histograms, we reconstruct the
mean of the distribution and report errors representing 34.1%
of probability space from the mean in both directions so that
the combined error region represents an equivalent Gaussian
1o. Finally, the results are converted from flares per 67 ks to
flares per hour (i.e., flare rate).
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This analysis is repeated for each of the different ion
transitions for each stellar pair, and the results populate the
column “Flare Rate (hr ') in Table 2 (see also the discussion in
Section 4). The flare rates are then used to predict the number of
flares that may be present in archival light curves by multiplying
the rate by the actual amount of time each star has been
observed. This result is displayed in the “Flares Expected /Time”

column of Table 2. For example, the 0.0570:03 5o flares per hour

predicted from the light curve in Figure 2 translate to 0.71)43
flares being predicted in the 14.11 hr that TW Hya is actually be
observed.

Our method of stellar pair analysis can be further used to
quantify the relative detectability of FUV flares across different
stellar pairs. In computing the statistical significance of events
(D), we compare the hypothetical WTTS flare signal to the rms
flux of the CTTS as follows:

Fapreo — Fy ADLeo
D=S§ x & =

OCTTS F, ADLeo OCTTS
()

This provides the statistical significance of each data point in
units of o. To assess the relative detectability (D,) across stellar
pairs, we can divide out the common AD Leo—dependent terms

F) eofF €0 1 1
ADLFi"'ADL and are left with the WTTS quiescent flux
q.ADLeo

divided by the rms about the CTTS flux. In our sample, the
WTTS quiescent flux in SilV only varies by 30%, whereas the
CTTS flux rms varies by almost an entire order of magnitude
(730%). There is a similar but less pronounced trend in C1V,
and the trend is not present in He II. For this limited sample, the
rms flux in SiIV of the CTTS itself is a strong indicator of the
relative detectability:

Fapreo — FyADLeo  FgwrTs

F,wrts 4

D, = X OCTTS: (3)

OCTTS

In Figure 3, we demonstrate this relationship. We plot the
number of expected Si IV flares that cross the 5o threshold over
a period of 10 hr as a function of the CTTS accretion rate; there
is no clear correlation between these two parameters. However,
we overplot the simplified relative detectability in red and note
that it tracks well with the number of predicted flares. Given
that the number of flares increases logarithmically as a function
of flare energy in standard FFDs (Hilton et al. 2011) and also as
a function of peak flux, one would expect a representative
sample size to reveal a similar relationship between the number
of expected flares and the detectability estimator. This plot
demonstrates the predicted results of a 10 hr observing
campaign on each of the pilot CTTS targets. Whether or not
10 hr of observation of RECX-11 yields roughly 20 (23.7
predicted) So flares in SiIV would be a good test of the stellar
pair analysis technique used in this study and would enable one
to distinguish between the accretion masking and decreased
flare frequency hypotheses.

By using a WTTS and AD Leo to generate our flare
template, we do not consider protostellar outbursts, which may
be caused by accretion. If such outbursts exist within the
sensitivity realm of this study, then this could cause us to
underestimate the number of expected flares. If we observe
many more flares than we expect, accretion outbursts are a
possible culprit. Another possible faulty assumption is our
choice of AD Leo as the archetypal flare star for all three of our
stellar pairs. AD Leo may not be the optimal analog for each
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Figure 3. The number of 50 S IV flares per 67 ks and the simplified relative
detectability for each CTTS as a function of accretion rate. The green (left) y-
axis shows the number of 50 S 1V flares, and the red y-axis (right) shows the
simplified relative detectability, which is just the inverse CTTS flux rms.

stellar pair. The general trend is for M dwarfs to be more active
at higher masses (Hilton et al. 2011); this would suggest that
our sample is potentially more active than AD Leo and could
result in further underestimates of the number of expected
flares. Lastly, we took the highest rms observation of each
CTTS to be its representative value. In reality, there is going to
be variation in this parameter, and it will often be lower than
the value used in this study. The result of this technique would,
again, be a tendency to underestimate the number of predicted
flares, though this effect is likely to be negligible because the
variation in rms on CTTS is small. All of these assumptions, if
faulty, result in our predicted number of flares being less than
the observed number.

3.2. Combing Light Curves for Flares

After estimating the number of flares we expect to have
observed, the next step in this process is to examine the CTTS
light curves and quantify how many 30 and 5o flares are
actually observed. To do this, we employ a light-curve-
combing algorithm (LCA) that draws on the approaches of
Hilton et al. (2011) and Loyd et al. (2018a). Our LCA is an
iterative process that independently analyzes different HST
observations and searches for potential flares.

The quiescent flux of CTTSs can be constant, slowly
increasing, or slowly decreasing. An “increasing” example can
easily be seen in C IV at 46 ks (le9d1elOq) in Figure 4. The first
pass of the LCA quantifies and removes any linear trend in a
given exposure. A line is fit to the measured data, and its slope
is removed from the observed flux. This can be seen visually in
the adjusted light curves in Appendix E. Each figure in
Appendix E has a top and a bottom panel; the top panel shows
the unadjusted data in black, with the adjusted data in magenta
and the fit line in red. The bottom panel shows only the
adjusted data. On the second pass, the LCA identifies any data
points that are potential flares based on whether the flux is at or
greater than two standard deviations away from the mean.
Finally, the mean of the observation is calculated, omitting any
potential flares, as they would skew the statistic. This mean is
taken to be the quiescent flux for that observation, and
following Hilton et al. (2011), the precision of the measurement
is taken to be the standard deviation. The number of data points
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Figure 4. COS G160M light curves of TW Hya for all three ion species (Az = 20 s, 15.75 hr total). Vertical black lines signify the beginning of a new observation and
a gap in real observation time—sometimes equal to many years. The HST tag and start MJD of each observation are written in black at the bottom of each observation.

Table 1

Stellar Sample Properties
Name WTTS/CTTS Spectral Type Mass (M) d (pc) M M, yr’l) Age (yr)
AD Leo N/A M3.5 0.4 4.966 + 0.001 N/A (25 —300) x 10°°
TW Hydrae CTTS K7 0.8 60.09 + 0.15 1.89 x 107° (5—10) x 10°°¢
TWA-7 WTTS Ml 0.5 34.03 4 0.08 N/A 6.4 x 10°¢
RECX-11 CTTS K5 1 98.58 + 0.25 1.7 x 10710 (5-9) x10°°
RECX-1 WTTS K5 0.9 100.16 £ 1.27 N/A (5-9) x10°°
GM Aur CTTS K6* 0.8 159.64 + 2.11 9.69 x 107° (1-10)x 10"
LkCal9 WTTS K2* 1.3 159.67 =+ 2.00 N/A (3 —16) x 10°¢

Note. distances from Gaia data release 2 (Gaia DR2) (Gaia Collaboration 2018). All other data from Ingleby et al. (2013).* Herczeg & Hillenbrand (2014)b Loyd &
France (2014)° de la Reza et al. (2006)d Binks et al. (2020)° Ingleby et al. (201 1)f Hueso & Guillot (2005)® Kraus & Hillenbrand (2009)

that exceed the 30 and 5S¢ levels is then calculated. In order for
an event to be classified as a flare, we again impose the
condition that it must be part of three consecutive points, each
having a statistical significance of at least 2.50. Across all of
our observations, we find one event that breaches the 5o level
with this statistical significance. We describe this flare in detail
in Section 4.2. Light curves for other potential flares and a
number of selected observations can be found in Appendix E.

To provide the lower bound values, estimated values, and
upper bound values of the number of flares observed, the LCA
is applied to the archival light curves at the bottoms of their
error bars, the measured flux values, and the tops of their error
bars, respectively. This method will produce slightly different
results than the standard 1o Gaussian level, effectively due to a
rounding of noninteger values to integers. However, this
method maintains the occurrence of actual flares as binary
events by yielding integer estimations. Results of this method
populate the column “Flares Observed” in Table 2 (in
Section 4.1) and can be directly compared with the estimated
values in the “Flares Expected/Time” column.

3.3. FUV Contributions

In this section, we use a similar Monte Carlo approach to that
described in Section 3.1, except now we isolate the contribu-
tions from each parameter (WTTSs, CTTSs, and flares) and
analyze their variations independently. The France et al. (2014)
study of CTTSs, which includes all of the present study’s
CTTS targets, finds C IV flux to be tightly correlated with FUV
emission. Thus, CIV is used as a tracer for the total FUV
energy in the present study. We exclude SiIV and HeII from
this portion of the analysis owing to the propensity of H, lines
to pollute the Si IV bandpass (Herczeg et al. 2002) and because
C 1V is a much stronger flare tracer than He 11 (Hawley et al.
2003). The light curves generated within Monte Carlo
iterations are multiplied by 4md” to convert from flux to
ergs '; the distance values used for d can be found in Table 1.
These energy-per-time curves for the CTTS quiescence, the
WTTS quiescence, and the hypothetical underlying flare signal
can then be integrated over the temporal baseline to yield the
total energy in CIV contributed from each respective source
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Table 2
Results
CTTS Atomic Lines Flare Rate (hr™ ") Time (hr) Flares Expected/Time Flares Observed
SV 36:0.07°5%; 50:0.0573%3 14.11 36:0.99791} 55:0.7175:42 3035} 501%)
TW Hydrae Cwv 30:0.025093 55:0.01202 1575 30:0.32304] 56:0.165032 302213 501173
He Il 30:0.005008 50:0.0053:90 15.75 30:0.005008 56:0.0050:00 302 050: 0
S v 30:3.197939 50:2.377°9%3 0.62 30:1.98 018 50:1.477014 30:050:0
RECX-11 Cwv 3011775018 5011355013 1.76 30:3.121033 50:2.3870%¢ 36:0 50: 0
Henr 30:0.96"018 55:0.65%014 1.76 30:1.697932 50:1.147923 30:0 5020
SV 36:0.907313 50:0.687013 2.62 3012367033 50:1.78793} 30:0% 50: 0
GM Aur cwv 30:0.461098 50:0.3750:98 2.96 30:1.36703] 50:1.105313 30:0% 50: 0
He 11 30:0.007598 50:0.007598 2.96 30:0.0070%3 55:0.0075% 30:013 50: 0

Note. A description of the calculation of flare rates and the number of expected flares can be found in Section 3.1. A description of how the actual number of flares

observed is calculated can be found in Section 3.2.

(Ecttss Ewttss EFtares):

t
E; = dnd®* f F di, i=CTTS, WTTS, Flares.  (4)
0

With our finite numerical templates, this integral is
approximately solved via the composite trapezoidal rule. The
distance correction in Equation (4) is not necessary to yield
correct percent contributions, but it is necessary to yield
absolute energy values. If there are no flares occurring in the
underlying CTTS, then the contribution to the total C IV energy
from accretion is

. . - Ectrs — Ewtts
accretion signal contribution = ————=,

&)
Ecrrs
Equation (5) represents an upper-limit estimate to the
accretion contribution assuming that there are no flares.
Alternatively, if the star is flaring with an FFD similar to AD
Leo’s, then the flare contribution to the total C IV energy is

o ErLARE
flare contribution = ——.

6

Ecrrs ©

Our Monte Carlo approach yields a normal distribution for

each of these values. Therefore, we treat C IV as a proxy for the

total FUV energy and report the mean and standard deviation

of the Monte Carlo normal distributions as our results in
Section 4.

3.4. Complementary TESS Analysis

While it is well documented that CTTSs flare at nominal
levels in the X-ray (Getman & Feigelson 2021), we used TESS
archival data to verify that our three CTTS targets also flare in
the optical. Light curves for our targets are generated for the
TESS bandpass (6000-10000 A). We then detrend the light
curves and compute the normalized flux (Fluxq(#)). The
broadband luminosity (Lg) and energy (Ey) of any observed
flare are then calculated as follows:

Lq(t) = 4md? » (Fluxq — 1)(1) * Feont, (7
Eq =Y Ln(t) * ATic, ®)
where d is the distance to the star in cm and

Feont = Fzp, - 10004m%) s the continuum flux, based on the
dereddened TESS magnitude of the star (m7). We used the

extinction in the TESS band A;=2.06-E(B — V) (Stassun
et al. 2019) and the zero-point flux Fzp, = 1.34093 x 10~°

ergem 2 s A (Rodrigo & Solano 2020; Rodrigo et al. 2012).
As a result, the median luminosity for all stars is 3.6 x 10>
ergs ' (0.094 L.). We calculate flare energy as the summation
of the luminosity in each time interval multiplied by the light-
curve cadence (ATic), corresponding to 600s or 1800s.
Tables 4(A) and (B) in Appendix B summarize the information
of the detected flares. The types of flares are classified as
normal (n) or microflare (m) and as having symmetrical (s) or
asymmetrical profiles (a). Microflares are understood as signals
that have at least three consecutive points over 1.50 (as
opposed to 2.50). The moment when the flare begins (T;,) is
listed in barycentric Julian days (BJD). Lastly, we compare the
maximum flux of each observed flare with the highest
associated CTTS rms flux and open the question as to whether
accretion masking may also be occurring at optical
wavelengths.

4. Results
4.1. Flare Numbers

We have computed the number of statistically significant
flares we expect to see per hour and extrapolated this rate to
produce the number expected for the actual time observed
according to the procedure laid out in Section 3.1. These two
values are shown in Table 2 in the columns “Flare Rate (hrfl)”
and “Flares Expected/Time,” respectively. The “Time (hr)”
column shows the number of hours each target was actually
observed. We then apply our LCA, as described in Section 3.2,
to the HST light curves to yield the number of flares actually
observed. This value is reported in Table 2 in the column
“Flares Observed.” We also apply the LCA in search of
statistically significant negative events, which can represent
absorptive astrophysical phenomena crossing our line of sight
(Kiefer et al. 2014), but none are observed.

We find general agreement between the predicted and
observed number of flares at the 50 level, as well as some
agreement at the 3o level, but these results are in the realm of
small number statistics. We find less than the number of
expected flares on RECX-11, though it is possible that the
number of observed flares will approach the number of
estimated flares as we increase the observation time. In order
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Figure 5. The first FUV flare on a CTTS (TW Hya, At = 20 s). The gray shaded region is the manually identified temporal extent of the flare. A nondetection in
accretion-associated continuum and in H, lines suggests a likely stellar origin. Both S IV and C IV show statistically significant flares at the 5o level.

to raise the number of estimated flares so that they are
significantly different from O and 1, we require longer-duration
observations of the CTTS, and the amount of time required is
different for each stellar pair.

4.2. Flares on TW Hya

Across all applications of the LCA to CTTSs, we identify
two flares that meet our criteria (described in Section 3) for
statistical significance: one of them a >5¢ event in C1V (70 in
Si1V), and the other a >30 event in CIV (4.80 in SilV). Both
were observed on TW Hya and can be found in HST ID
observations [b1207d0q and [bI208xfq, respectively. The >50
event is also, by definition, a >30 event. The event that is >30
but <50 (IbI208xfg) is only statistically significant in Si IV.
There are also two other potential >30 events (i.e., error bars
breach >30 level) that are both in C IV (Idka56khq, le9d1e2q).
There is no corresponding signal in Si IV or He 1I for either of
these potential events. Light curves for these potential flares, as
well as a number of other light curves for each CTTS, can be
found in Figures 9, 10, and 11 in Appendix E.

In Figure 5, we present the first definitive FUV flare
observed on a CTTS. The flare (IbI1207d0q) is a statistically
significant event at 7¢ in SiIV and 60 in CIV. There is no
significant flare signal observed in He II. The LCA identified
the existence of the flare region, whereas the temporal extents
of the flare are manually selected. Light curves of the flare in
H, and continuum emission 1680—1740 A related to accretion
are also created. The lines used to compute the H, light curve in

Figureo 5 are centered at 1446, 1453, 1463, 1489, 1500, and
1505 A and are excited by the core of the Ly« line, which itself
may participate in the flare event. H, and and the continuum are
only marginally elevated during this time period, suggesting a
stellar origin. During the flare, the S Iv and C 1V fluxes are
enhanced by 16% and 9%, respectively, whereas the H, and
continuum lines both see a roughly 5% increase. Integrating the
flare signal (flux—quiescence) over the time period of the flare
(shaded gray region in Figure 5) and multiplying by 4nd”
yields the total energy released in the flare at the star. We find
total energies in Si IV and C IV to be (6 & 1) x 10** erg and
(7+2) x 10300 erg, respectively. For the entire bandpass
(1380-1745 A), we find an energy of (6.1 +0.7) x 10°! erg.
We also compute the equivalent duration (Gershberg 1972) of
the flare in the entire bandpass to be 4.4 + 0.5 s. For context,
FUV flares on M dwarfs with an equivalent duration of
10s < 6 < 1000 s are classified as frequent but often undetect-
able (Loyd et al. 2018a).

4.3. RECX-1 Flare

In the course of our light-curve creation, we analyzed archival
spectra of the KS WTTS RECX-1. The very broad wings of the
SilV lines in the COS G130M spectra of RECX-1 indicated an
additional chromospheric energy input. Subsequent analysis of
the FUV light curve of RECX-1 revealed the first detection of an
FUV flare on a WTTS. This flare was observed with COS
G130M. G130M has an upper spectral limit of 1470 A, which
only contains one of the three lines (Si IV) incorporated in this
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project, and thus was not part of our original study. The FUV
flare on RECX-1, shown in Figure 7 in Appendix C, is the most
energetic flare event ever observed in the FUV with either COS
or STIS. We find a total ener%/ in the FUV bandpass
(1135-1429 A) of (2.1 £0.1) x 10°” erg, which is 59%-75%
larger than the energetic flare observed on a 40 Myr M star (GSC
8056-0482) at 1.26 x 10°% erg (Loyd et al. 2018b). We compute
the flare to have an equivalent duration of 957 4= 66 s. We do not
make any corrections for interstellar dust reddening (A, =0;
Luhman & Steeghs 2004). If we adopt the small but nonzero
interstellar reddening curve suggested by the line-of-sight H I
analysis of McJunkin et al. (2014), the total energy would be
about 10% higher. We also exclude Lya and OI1 from the
analysis owing to geocoronal contamination. It is possible that
the flare on RECX-1 is a superflare, meaning that the total
bolometric energy of the flare signal exceeds 10°* erg. While it is
a strong FUV event, it is not associated with strong increases in
the continuum or in Fe XXI, so we do not expect it to be
associated with an intense X-ray flare. We note in passing that the
CTTS and WTTS flares in this study do not exhibit the classical
temporal flare profile. Flare profiles are typically described by an
instantaneous rise, which leads to an impulsive range that is
followed by an exponential decay (Loyd et al. 2018a), but we
also note that X-ray flares of PMS stars also sometimes deviate
from the canonical shape with more gradual rise and decay
phases (see examples in Getman & Feigelson 2021; Getman et al.
2021). These studies find a handful of flares with rise times
roughly equal to decay times, similar to what is found in the
present study. In the X-ray, these must be genuinely magnetic
events, as no accretion contribution is present at the photon
energies where the flares are observed.

4.4. Flare Analysis with Full FUV Bandpass

In the analysis of the CTTS and WTTS flares, it is apparent
that the full bandpass light curves provide the highest S/N. This
is because the entire bandpass contains an order of magnitude
more photons per time step than the individual strong lines. This
is one reason why previous studies used the entire available FUV
bandpass to identify flares in the light curves of M stars (Loyd
et al. 2018a; France et al. 2020). In our case, the majority of this
additional flux is attributable to the underlying FUV continuum,
other lower ionization lines, and 200+ molecular hydrogen lines
(Herczeg et al. 2002). To take advantage of this increased
sensitivity, we created as large a bandpass as possible to compare
the same spectral region across the STIS E140M and COS
G160M gratings for our stellar pair analysis (1439-1561 A +
1635-1700 A). The light curve for this bandpass on TW Hya is
shown in Figure 8 in Appendix D. The first CTTS flare we
observed from the light-curve analysis of strong lines is encircled
in magenta. This flare occurs in the middle of its observation
window and has a relatively well behaved quiescent flux. We are
able to observe this flare with greater statistical significance (140)
than with the strong-line light curves (70 in SiIV). Additionally, a
number of potential flares and other interesting activity are
revealed, encircled in red and green, respectively. However, the
combination of increased sensitivity, in addition to a significant
H, component, results in a more dynamic light curve that has
greater resolved variability and temporal trends with increasing or
decreasing flux for many of the frames. These dynamic features
in the light curve are large compared to the uncertainty in the
flux. Therefore, we believe that the observed time variability is
real (e.g., ldka55izq and Idka56kfq) as opposed to being manifest
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Figure 6. Contributions to the total FUV energy budget from accretion, the
underlying WTTS, and flares are shown for each of the three CTTS targets.
Percentages are calculated from Monte Carlo—generated normal distributions.

Gaussian noise about the quiescent flux level. For most of the
frames with potential flares and significant variability, we are
unable to establish the quiescent flux level with confidence. The
single exception is the flare already identified by the LCA in Si IV
and C1V in Section 4.2. Therefore, band-integrated light curves
on CTTSs do not present a significant improvement in flare
finding owing to H, contamination and to the difficulty in
establishing the quiescent flux level. However, properly adding
the hot accretion line light curves together, without the rest of the
continuum, could increase the S/N and be a better option for
future studies.

4.5. Flare and Accretion Contributions to FUV Energy Budget

We compute upper limits on the accretion contribution to the
total FUV energy for each CTTS. Using Equation (5) in
Section 3.3, we find these limits to be 99.66% + 0.05%,
84% + 3%, and 86% +3% for Tw Hya, RECX-11, and GM
Aur, respectively. If flaring with an FFD similar to AD Leo, we
estimate the flare contributions to the total FUV energy
(Equation (6)) to be 0.064% +0.002%, 3.1% £0.1%, and
2.7% =+ 0.3% for TW Hya, RECX-11, and GM Aur, respectively.
To estimate a lower limit on the accretion contribution given the
AD Leo paradigm, one can subtract the comparatively small flare
contributions. We also compute the contribution from the
underlying WTTS. These results are plotted in Figure 6. While
RECX-11 and RECX-1 are of the same spectral type, the WTTS
partners for TW Hya and GM Aur are spectrally mismatched (see
Table 1); this will lead to us overestimating the accretion
contribution on TW Hya and underestimating the contribution on
GM Aur. However, we used the best WTTSs for which there
exist observations, and the resultant accretion contributions are
consistent with predictions using a power-law fit to observational
data (see Figure 4 in Ardila et al. 2013).

4.6. TESS Analysis

We detected a total of 52 flares over 3.5 hr in available TESS
data across all of the CTTS and WTTS targets, with TWA-7
and RECX-1 contributing most of the detected flares. The vast
majority of observed flares exhibit the traditional asymmetrical
flare profile (sharp rise with exponential decay). Two examples
are shown in Figure 12 in Appendix F: one from TW Hya and
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one from RECX-11. We find an average flare energy of
6.48 x 10 erg across all observed flares, which is higher than
that reported for nearby main-sequence stars (e.g., M dwarfs,
Giinther et al. 2020; G-type dwarfs, Shibayama et al. 2013).
However, higher average flare energies in younger stellar
populations are consistent with what is observed in other
optical (Ilin et al. 2021) and X-ray (Getman & Feigelson 2021)
studies, and we may not be sensitive to lower-energy flares
owing to the distance of our targets (Jackman et al. 2019).
Tables 4(A) and (B) in Appendix B summarize the information
of the detected flares. The shape of the flares found were mostly
typical with fast growth and slower decay, making them
asymmetric. However, in five instances, the rise time was
found to be similar to the fall time, so the shape was roughly
symmetric. The average duration of flares is 2.5 hr. We find
that CTTSs in this complementary analysis consistently
demonstrate lower flare rates than their WTTS partners, though
a more comprehensive study would be required to determine
whether this trend persists beyond our sample. TWA-7 and
RECX-1 flare about three times as often as TW Hya and
RECX-11, respectively, and LkCal9 flares twice as often as
GM Aur. We also find that the vast majority of optical WTTS
flares would not be observable, or would be difficult to observe,
above the associated CTTS rms noise. When taken together
with our finding that WTTS flare rates appear to be higher, this
suggests that accretion masking might also be occurring in the
TESS bandpass. This is an interesting possibility to probe for
future studies, but the current analysis sufficiently demonstrates
that our targets are flaring in the optical, which was the goal of
this complementary analysis. This dispels the possibility that
we do not observe flares on our CTTSs in the FUV because
they are not flaring.

5. Discussion and Conclusions

We set out with the question, “Given their prevalence on even
inactive M dwarfs, why do we not see frequent FUV flares in
HST observations of late-type accreting protostars?” The answer
could have meaningful implications on protoplanetary disk
dispersal and improve our understanding of the physical
mechanisms behind stellar flares. To probe this question, we
employed the WTTS/CTTS stellar pair analysis described in
Section 3, which invokes a number of assumptions further
described at the end of Section 3.1. These assumptions include
using AD Leo and a WTTS to generate each flare template and
using the noisiest CTTS rms observation as the representative
value to compare hypothetical flares against. Each of the
assumptions discussed could lead to fewer flares being predicted
than observed. Given that the number of expected flares is not
smaller than the number of observed flares, we do not consider
the effects of these assumptions to be significant.

This pilot study reveals the lack of flares observed in the FUV
on CTTSs and demonstrates the empirical technique of WTTS/
CTTS pair analysis in order to probe this quandary. While we did
observe an FUV flare on a CTTS and a WTTS, the results of this
study are unable to reject either of the hypotheses proposed to
explain why we do not see frequent FUV flares in HST
observations of late-type accreting protostars. Our stellar pair
analysis, which tests accretion masking, predicts that we would
observe 23.7733 50 flares in SiIv on RECX-11 over 10 hr. This
is the best prediction from our study given the proper spectral
match between RECX-1 and RECX-11. Such an observing
campaign would be able to differentiate between the two
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hypotheses, except in the scenario in which actual flare
frequencies are coincidentally decreased by the same proportion
predicted from accretion masking. Our TESS analysis suggests
that the targets are flaring within nominally expected rates in the
optical, which lends credence to the possibility that they are also
flaring in the FUV, but that the flare signals are being masked
under accretion luminosity. We also find consistently higher flare
rates among the WTTSs when compared to the CTTSs in the
TESS data, which is evidence that some level of masking may
also be occurring at optical wavelengths. The results of the
current study suggest the following:

1. Accretion masking remains a valid hypothesis to explain
the lack of observed FUV flares on CTTSs and may also
be operating at optical wavelengths.

2. The accretion contribution to the total FUV energy
budget dominates over the underlying quiescent and flare
contributions from stellar magnetic activity.

3. The rms variation about the quiescent flux of CTTSs can
be used as a tool to predict the relative detectability of
FUV flares.

These results imply that FUV flares are not likely to be an
important contributor to photoevaporative winds and planetary
disk dispersal. This is because, for the targets in this study, the
FUV contribution from accretion far outweighs any potential
flare component, and FUV flares are relatively rare events.
X-ray flares, on the other hand, may yet be a significant
contributor to the disks’ wind-driven mass loss (Getman &
Feigelson 2021).

We plan to extend this pilot study to the entire HST-COS
archive of WTTSs/CTTSs in order to better constrain the results
found here and to expand the reservoir of data on CTTSs through
monitoring observations acquired by ULLYSES (Roman-Duval
et al. 2020). The ULLYSES monitoring campaign will observe
both TW Hya and GM Aur for 24 orbits over the next 12 months,
in addition to the other well-studied CTTSs RU Lup and BP Tau.
This will represent a major increase in the time available for flare
searches on archetypal, accreting protostars. Future work
involves analyzing these monitoring observations for flares and
extending the stellar mass and mass accretion rate parameter
space probed with WTTS/CTTS stellar pair analysis.
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Appendix A
AD Leo Scaling Factors

Hinton et al.

Table 3
Ion-dependent Scaling Factors
Name S1v Civ He It
TWA-7 0.17 £0.06 0.09 £+ 0.01 0.14 £0.02
RECX-1 0.14 £ 0.04 0.10 £ 0.01 0.13 £0.02
LkCal9 0.18 £0.06 0.051 £ 0.009 0.05 £0.01

Note. These are the scaling factors required to simulate hypothetical WTTS flare stars from AD Leo templates. These factors are the quiescent flux of the WTTS

divided by the quiescent flux of AD Leo for each ion.

Appendix B

TESS Flare Data

Table 4
Optical Flare Data
ObjCCt ID Type ATLC #FI/ATLC M T'm AT Tr Tdc Fl. Flux /O’ Lﬁ Eﬁ
(hr) (#/hr) (#/hr) (BID) (hr)  (hr) (hr) (ergs™) (erg)
A

GM Aur 1-1 n,a 563.493 0.0035 0.0037 1817.6830 7.50 3.50 4.00 4.36 4.32E+32 7.78E+35
1-2 n,s 1836.6620 3.00 1.50 1.50 6.69 6.92E+32 1.24E+36
2-1 m,a 528.213 0.0038 2480.7694 1.50 0.67 0.83 2.76 8.22E+31 4.93E+34
2-2 n,a 2488.5548 1.00 0.33 0.67 4.26 1.42E+4-32 8.51E+34

LkCal9 2-1 n,a 528.213 0.0076 0.0076 2474.2966 2.17 0.50 1.67 45.81 4.93E+4-33 2.96E+36
2-2 n,s 2477.4566 2.33 0.83 1.50 5.45 6.43E+432 3.86E+35
2-3 n,a 2478.9706 1.17 0.33 0.83 5.28 2.67E+32 1.60E+35
2-4 n,a 2480.9083 1.17 0.17 1.00 3.66 1.80E+-32 1.08E+35

RECX-11 1-1 m,a 1264.000 0.0016 0.0011 1620.8877 7.00 2.00 5.00 2.99 3.63E+433 6.54E+36
1-2 n,s 1650.9916 7.50 3.50 4.00 9.30 8.45E+33 1.52E4-37
2-1 n,a 1841.339 0.0005 2315.6234 2.00 0.33 1.67 299.21 5.39E+33 3.24E+36

RECX-1 1-1 n,a 1263.000 0.0063 0.0054 1605.9918 2.00 0.50 1.50 0.44 4.52E+32 8.14E+35
1-2 n,a 1610.9085 2.50 0.50 2.00 0.52 4.08E4-32 7.34E4-35
1-3 n,a 1615.4085 3.00 1.00 2.00 0.32 4.40E+32 7.93E+435
1-4 n,s 1620.7419 3.50 1.00 2.50 0.12 3.08E+32 5.55E+35
1-5 n,a 1630.5127 3.00 0.50 2.50 0.18 2.67E+32 4.80E+35
1-6 n,a 1636.0543 4.00 1.00 3.00 0.18 1.89E+32 3.41E+35
1-7 n,a 1643.3251 3.50 1.00 2.50 0.23 3.13E+32 5.64E+435
1-8 n,s 1651.2208 2.00 1.00 1.00 0.13 1.87E+32 3.37E435
2-1 n,a 1841.339 0.0049 2312.8803 1.50 0.33 1.17 0.39 2.27E+32 1.36E+35
2-2 n,a 2313.7970 1.83 0.50 1.33 0.47 4.18E+432 2.51E+35
2-3 n,a 2323.0888 1.50 0.17 1.33 0.90 5.92E+32 3.55E+35
2-4 n,a 2330.4916 1.17 0.33 0.83 0.29 1.82E+432 1.09E+35
2-5 n,a 2339.9289 0.83 0.33 0.50 0.31 1.08E+32 6.50E+34
2-6 n,a 2340.3108 2.00 0.67 1.33 0.50 5.01E+32 3.00E+35
2-7 n,a 2359.2485 1.33 0.33 1.00 0.28 2.30E+32 1.38E+35
2-8 n,a 2377.8248 2.17 0.50 1.67 0.30 2.92E+32 1.75E+35
2-9 n,a 2385.5886 1.50 0.33 1.17 0.26 2.24E+32 1.34E+35
3-1 n,a 604.507 0.0050 1585.9491 3.00 1.00 2.00 1.38 1.69E+-33 3.05E+36
32 n,a 1591.2199 2.00 0.50 1.50 0.35 3.60E+32 6.49E+35
3-3 n,a 1594.5741 2.50 0.50 2.00 0.17 1.89E+-32 3.40E+35

12



THE ASTROPHYSICAL JOURNAL, 939:82 (20pp), 2022 November 10 Hinton et al.

Table 4
(Continued)
Object 1D Type AT ¢ #Fl/AT, ¢ HFI/ATi ¢ T; AT T, Ty Fl. Flux /o Ly Ey
(hr) (#/hr) (#/hr) (BID) (hr) (hr) (hr) (ergs™h (erg)
B

TW Hydrae 1-1 n,a 579.174 0.0052 0.0052 2294.0639 1.83 0.17 1.67 11.28 4.04E+32 2.42E+35
1-2 n,s 2296.8903 2.50 1.00 1.50 15.74 9.07E+32 5.44E+35
1-3 n,a 2301.9875 2.00 0.33 1.67 14.08 8.85E+32 5.31E+35

TWA-7 1-1 n,a 578.328 0.0225 0.0186 2283.8695 0.83 0.17 0.67 1.30 6.26E+30 3.76E+33
1-2 n,a 2283.9459 2.00 0.17 1.83 1.99 2.45E+31 1.47E+34
1-3 n,a 2287.8973 1.83 0.33 1.50 2.84 3.91E+31 2.34E+34
1-4 m,a 2289.2862 1.17 0.33 0.83 2.09 1.07E+31 6.40E+33
1-5 n,a 2289.8486 1.83 0.17 1.67 17.41 2.03E+32 1.22E+35
1-6 n,a 2290.6473 1.33 0.33 1.00 3.67 2.49E+31 1.50E+34
1-7 n,a 2290.8139 1.00 0.17 0.83 3.04 1.91E+31 1.15E+34
1-8 n,a 2295.6541 1.83 0.33 1.50 2.46 3.54E+31 2.12E+34
1-9 n,a 2295.9319 1.33 0.17 1.17 2.60 2.13E+31 1.28E+34
1-10 n,a 2297.2652 1.50 0.17 1.33 8.73 4.61E+31 2.77E+34
1-11 n,a 2297.3902 1.33 0.33 1.00 3.38 2.17E+31 1.30E+34
1-12 n,a 2297.8763 1.83 0.33 1.50 11.64 1.34E+32 8.04E+34
1-13 n,a 2301.0360 1.00 0.17 0.83 2.46 1.47E+31 8.81E+33
2-1 n,a 544.007 0.0147 1544.3903 2.00 0.50 1.50 1.83 2.77E+31 4.98E+34
2-2 n,a 1553.6614 4.00 1.00 3.00 4.10 7.44E+31 1.34E+35
2-3 n,a 1557.7031 6.00 1.00 5.00 6.79 1.23E+32 2.21E+35
2-4 n,a 1560.8698 3.00 0.50 2.50 6.36 8.54E+31 1.54E+35
2-5 n,a 1560.9948 4.00 1.50 2.50 2.79 6.75E+31 1.22E+35
2-6 m,a 1562.6198 3.00 0.50 2.50 1.05 1.52E+31 2.73E+34
2-7 n,a 1562.8489 3.00 1.00 2.00 1.14 1.80E+31 3.25E+34
2-8 n,a 1566.5989 4.00 1.00 3.00 1.53 3.82E+31 6.87E+34

Note. The ID combines the epoch of each observation and the chronological order in which each flare is observed. The types of flares were classified into normal (n) or
microflares (m) and symmetrical (s) or asymmetrical profiles (a). ATy c is the time span of the light curve. #Fl/AT c is rate of flares, and #F1/ATi ¢ is its average.
The moment when the flare begins (T3,) is listed in barycentric Julian days (BJD). The rise time (7,), decay time (74.), and total duration of the flare (A7) are listed in
hours. Fl. Flux /o is the peak flare flux (after subtracting quiescence) divided by the associated CTTS rms. Lastly, Ly and Ejy are the luminosity and energy of the flare,
respectively. The specific TESS observations analyzed can be accessed via DOL: https://doi.org/10.17909/ds8a-pz19.

13


https://doi.org/10.17909/ds8a-pz19

THE ASTROPHYSICAL JOURNAL, 939:82 (20pp), 2022 November 10 Hinton et al.

Appendix C
RECX-1 (WTTS) Flare
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Figure 7. The first FUV flare observed on a WTTS (RECX-1). The gray shaded region is the manually identified flare (A7 = 20 s). There is a temporal gap between
observations from 700 to 840 s. There is a weak response in the continuum and no detectable response in Fe XXI, which suggests that there is not an associated strong
X-ray flare. Five bandpasses are used to compute the continuum light curve. They are 1146.8-1149.8 A, 1156.2-1171.4 A, 1181-1188.4 A, 1248.3-1258.5 A, and
1339-1351 A.
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Appendix D
Common Bandpass: TW Hya

THE ASTROPHYSICAL JOURNAL, 939:82 (20pp), 2022 November 10

‘OTES!
$T'S968S i
bdxggexp
LS'OTERS
£1'69585 bySUTPE3|
buixggexpy £5'0TE6S e
bisu
71'69585 »
bixgge: 95°0TE6S
bysu
b6 FOSEC [ 65 60E£6S
bnazgeypy blowIpes|
£6'POSES BS'60£6S
bsazge bzuw
B LS'60EBS
Z76°P958S bXuWIpea|
buazge:
L5'60E6S ‘*
89'p958S bAUWTPES|
byATQeAD] 6T'60E6S
L9'b068S "
b e BI'60£65
99°¢958S Z6'0£98S
bmnyge: bziggexpy
7T'L89S
bixg0z1g
99°0£985
pGexp)
(ZioLoss TE'80E6S
POEGEp] bAel[pgal oy
16°0£985 Z'LOE6S ||~
bgbe cexpi| boy1pes|
; L 2'LOE6S
M boLacs A | biitoea *‘
61°L0EGS *
82'0£985 bYITPE3|
0jZSeip| ST L0E8E
St'69955 biuTpea
bzbgoziq LT'0LIBS e a0EEE
69955 zge Bown
bt 97'0,985 =
£1'6905C bS'O0EGS
bA a g b L bmzy1pes
80°0£985 ES'00€£6S LR
bAaTCe! bnzyipes
ZS'90E6S
_u._wm.%m.%mw bszyIpga
= 8t'S0E6S
M 90°0£985 bymb1pE3 -
LU T geNp) 8b°'SOE6S <
& bymbBTpea Wr
+6°S958S . 7
e e 2
m_m.mammm Lb'SOEBS v
14 e
9°29955 kit R
bauzozial 76'6958g TP POEGS
929955 bae/ge bLTPG2 o 1e
bjuzoz|g; 2t v0E6S ©
6C'200CC w_..._w.mmwmm bzbj1pg3 oA
biu T6'0E6S [}
S 10965k ££°59585 bxbi 1P a4
bBb10Z|q bizage Tt'v0E6S v
babjipea
_ £6°1996g] 7459585 : =M
buwzage p L EDESS v
EIE Pl
£5'59585 69°€0E6S ]
bezgge: bpaTpEs B
| BO'EDE6S "
£5'59585 a
bizegexpll ,, |-REIPIPES g -
~N B9'E0EGS £2)
bORTPE3 € le
o
L'ZOERS o
bnypIpes 5 .
L'ZOE6S £
bsypipes =l
69°Z0E65 S
bBUPTPES 21
69°Z0E6S
boypIpea ]
R & &8 ~° # & &8 =*

(z7-0T % {-Sz_w2 Bud) xn|4

Time (ks)
15

Figure 8. The full TW Hya light curve shown for the common STIS E140M and COS G160M bandpass (At = 20's, 15.75 hr total). The error bars are plotted, but
they are smaller than the width of the line. The flare shown in Figure 5 is encircled here in magenta. Note the fairly well behaved quiescence in this observation

window, with the flare occurring in the middle of the observation. Four other possible flares are shown encircled in red, and rapid rise and decay activity is encircled in

green. These red and green circled observations are too noisy to establish a quiescent level with confidence, but they contain noteworthy activity.
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Appendix E
LCA Combing for Flares
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Figure 9. Each top panel shows the unadjusted data in blue, the slope-adjusted data in magenta, and the fit line in red. The slope-adjusted data are the unadjusted data
corrected for the slope in the red line. Each bottom panel shows only the slope-adjusted data, with statistical levels (30: dashed orange; 5o: solid red) computed
ignoring potential flares. The plot title shows the target star, the HST ID, and the hot accretion line being analyzed.

16



THE ASTROPHYSICAL JOURNAL, 939:82 (20pp), 2022 November 10 Hinton et al.

w12 TW Hya, le9dldhsq, C IV w12 TW Hya, le9dldhuq, C IV
185 1 20+
o ape] | S ——————— 5., ] P — .
1 I
Tm =5 2\ A‘ rr“ 18
E 170 ‘\’ h_,—\/ \/—-r E
v . v = L 17 .
- “ﬂgu A%&00 a0 300 43350 43000 43630 - 612?12 a3 700 43730 800 ©a%0 A3900 A0
130 2
bl ¥ ~ s
§ L8O 1 §
[T [
170 1
1.65 1 174
45350 45400 45450 45500 45550 45600 45450 45550 45700  dS7S0_ 45800 45850 45000 45950
Time (s) Time (s)
w12 TW Hya, le9d1lel0q, C IV w1z TWHya, le9d1dhqq, C IV
19
349
T T -1l TN
Lad Ll
W 30 Ivs
) ;e
28
E €
U 26l - U o1s - .
'g ‘5?29” 16000 WU 0100 406150 40200 406230 % Bﬁgu 43100 453130 200 230 asiod 451%0
: 29 : s
E 284 -a-
s T 17
271
2.6 4 161
45950 46000 46050 46100 46150 46200 46150 5050 45100 45150 45200 45250 45300 45350
Time (s) Time (s)
w12 TW Hya, le9dlel2q, C IV w12 TW Hya, Idka56khq, C IV
6
36 -
o BT e = 34
]
,l:" 32 T“ 12
S il g > . :
- 'ﬁgl? 461300 %130 @400 40450 40%00 40330 - “_!im A1300  Al600 41700 41800 41900 42000
g T g L 14
- Bl | e = M
N || T x
S i 3 33
T T
314 21 4
0 4 30 4
250 46300 48IS0_ 46400 46450  4BSO0 46850 41400 41500 41600 41700  AlE00 41900 42000
Time (s) Time (s)

Figure 10. Each top panel shows the unadjusted data in blue, the slope-adjusted data in magenta, and the fit line in red. The slope-adjusted data are the unadjusted data
corrected for the slope in the red line. Each bottom panel shows only the slope-adjusted data, with statistical levels (30: dashed orange; 5o: solid red) computed
ignoring potential flares. The plot title shows the target star, the HST ID, and the hot accretion line being analyzed.
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Figure 11. Each top panel shows the unadjusted data in blue, the slope-adjusted data in magenta, and the fit line in red. The slope-adjusted data are the unadjusted data
corrected for the slope in the red line. Each bottom panel shows only the slope-adjusted data, with statistical levels (30: dashed orange; 5o: solid red) computed
ignoring potential flares. The plot title shows the target star, the HST ID, and the hot accretion line being analyzed.
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Appendix F
TESS Example Flares
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Figure 12. Two example TESS flares are shown: one from TW Hya (top) and
one from RECX-11 (bottom). The flare IDs (1-1 and 2-1, respectively) can be
compared with the corresponding rows in Appendix B for quantified flare
parameters. For both energetic flares, the o marker lines and the error bars are
small compared with the flare’s profile. This is especially the case for the REX-11
flare. Both flares follow the standard profile of fast rise and exponential decay.
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