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Abstract

We report the discovery of a unique object of uncertain nature—but quite possibly a disintegrating asteroid or
minor planet—orbiting one star of the widely separated binary TIC 400799224. We initially identified the system
in data from TESS Sector 10 via an abnormally shaped fading event in the light curve (hereafter “dips”). Follow-up
speckle imaging determined that TIC 400799224 is actually two stars of similar brightness at 0”62 separation,
forming a likely bound binary with projected separation of ~300 au. We cannot yet determine which star in the
binary is host to the dips in flux. ASAS-SN and Evryscope archival data show that there is a strong periodicity of
the dips at ~19.77 days, leading us to believe that an occulting object is orbiting the host star, though the duration,
depth, and shape of the dips vary substantially. Statistical analysis of the ASAS-SN data shows that the dips only
occur sporadically at a detectable threshold in approximately one out of every three to five transits, lending
credence to the possibility that the occulter is a sporadically emitted dust cloud. The cloud is also fairly optically
thick, blocking up to 37% or 75% of the light from the host star, depending on the true host. Further observations
may allow for greater detail to be gleaned as to the origin and composition of the occulter, as well as to a
determination of which of the two stars comprising TIC 400799224 is the true host star of the dips.

Unified Astronomy Thesaurus concepts: Astrophysical dust processes (99); Occultation (1148); Circumstellar
matter (241); Transit photometry (1709); Astronomy data analysis (1858)

Supporting material: animation

1. Introduction transient sources (Holoien et al. 2019; Fausnaugh et al. 2021;
Smith et al. 2021), unusual variables (Sahoo et al. 2020; Tajiri

The full frame images (FFIs) from The Transiting Exoplanet et al. 2020; Payne et al. 2021), and exoplanets (Ikwut-Ukwa

Survey Satellite (TESS; Ricker et al. 2015) have an instanta- et al. 2021; Olmschenk et al. 2021; Rodriguez et al. 2021).

neous field of view of 96° x 24° (approximately 5% of the sky), Kepler and TESS have provided us with a truly novel
with a cadence as short as 10 minutes. These data have presented view of the Galaxy and their observations have resulted in
us with an opportunity to thoroughly search the visible sky for the discovery of previously undetected phenomena such as
variability. FFIs have proven valuable for detecting new tidally induced stellar pulsations (Welsh et al. 2011;
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Table 1

Properties of Orbiting Bodies with Periodic Dusty Occultations
Source Pnrb Mhost Rhost TeffZl Lhnsl Teqb d/Rhnsl Vnrh /BL Typed RCfS
days M, Ro K L, K kms™!
KIC 12557548 0.653 0.67 0.67 4500 0.17 2100 4.13 215 0.19 MS 1,2,3
KOI 2700b 0.910 0.55 0.54 4300 0.09 1350 6.00 180 0.12 MS 3,4
K2-22b 0.381 0.60 0.57 3830 0.063 2100 3.28 250 0.07 MS 3,5
WD 11454017 0.187 0.60 0.013 15,900 0.0094 1600 90 330 0.012 WD 6
ZTF J0328-1219° 0.414 0.731 0.011 7630 0.0004 700 192 260 0.0007 WD 7
ZTF J0139+5245" 107 0.52 0.014 10,500 0.0021 142 5450 35 0.003 WD 8
TIC 400799224 19.8 1.5 2.20 5900 6.3 1525 15 90 ~3 PMS This work

Notes.
# Effective temperature of the host star.

® Sub-stellar equilibrium temperature of a body at Py, defined as Tigr+/d /Rnost » Where d is the distance to the orbiting body.
¢ Ratio of the radiation pressure force on a dust grain to the force of gravity for a 0.2 um dust grain.
4 WD = white dwarf, MS = main sequence, PMS = pre-MS or post-MS (to be discussed further beginning in Section 4).

© This white dwarf also exhibits a weaker periodicity at 11.2 hr.

f The exact underlying period is uncertain by several percent. References: (1) Rappaport et al. (2012); (2) Perez-Becker & Chiang (2013); (3) van Lieshout & Rappaport
(2018); (4) Rappaport et al. (2014); (5) Sanchis-Ojeda et al. (2015); (6) Vanderburg et al. (2015); (7) Vanderbosch et al. (2021); (8) Vanderbosch et al. (2020).

Thompson et al. 2012), shock breakout from supernovae
(Garnavich et al. 2016), circumbinary planets (Kostov et al.
2020, 2021a), disintegrating planets (Rappaport et al. 2012;
Sanchis-Ojeda et al. 2015), self-lensing binaries (Kruse &
Agol 2014); triply eclipsing triple star systems (Borkovits et al.
2019, 2020a, 2020b; Mitnyan et al. 2020); disk occultations
(Zhou et al. 2018; Court et al. 2019; Rappaport et al. 2019a),
the random transiter (Rappaport et al. 2019b), and Boyajian’s
Star (Boyajian et al. 2016). However, after the completion of
the Kepler mission and three years of the TESS mission data,
discoveries of any truly new behavior in stellar light curves are
understandably becoming more infrequent.

Searching for known characteristics in light curves with
algorithmic approaches, including machine learning, has been
fruitful. For example, we have identified several hundred
thousand eclipsing binaries in TESS light curves created from
the FFIs with the eleanor pipeline (Feinstein et al. 2019)
using a neural network to search for the feature of the eclipse
(E. Kruse, et al. 2021, in preparation). This effort has yielded the
discovery of a confirmed sextuple star system (Powell et al.
2021), a confirmed quadruple star system (Kostov et al. 2021b),
many additional quadruple star system candidates, numerous
triple star system candidates, and candidates for higher-order
systems that are currently under investigation. In an examination
of the outputs of an early prototype of an eclipse-finding neural
network we identified a particularly unusual source—TIC
400799224—which demonstrates a rapid drop in flux and
several sharp variations that could each be weakly interpreted as
an eclipse. So, while not intending to find an abnormal or unique
shape to a light curve, we fortuitously identified TIC 400799224
through the application of machine-learning methods.

As we discuss in detail in Sections 2.2 and 2.3, we have found
that this dip in flux identified in TIC 400799224 is part of a
periodic set of dips, which we postulate are due to an orbiting body
episodically emitting dust. This is in some ways reminiscent of
other known orbiting, dust-emitting objects, such as those hosted
by KIC 12557548 (Rappaport et al. 2012), K2-22 (Sanchis-Ojeda
etal. 2015), WD 11454017 (Vanderburg et al. 2015), ZTF J0328-
1219 (Vanderbosch et al. 2021), and ZTF J0139+5245
(Vanderbosch et al. 2020). Some of the properties of these dusty
occulters and the observed periods are listed in Table 1.

A planetesimal orbiting KIC 12557548 was the first of
the known “disintegrating planets.” In the discovery paper,
Rappaport et al. (2012) identified transits of substantially varying
depth with a period of 15.6854 hr and determined that the object
was a disintegrating planet emitting a dust cloud. These authors
postulated that the dust, or heavy-element vapor, could be driven
off the body at sufficient rates to explain the dusty effluents (see
also Perez-Becker & Chiang 2013). Brogi et al. (2012) applied a
one-dimensional trailing dust cloud model to the system and
concluded that the model explained the system quite well. van
Werkhoven et al. (2014) improved this model to two dimensions
by employing an opaque core and exponential tail, and
successfully applied it to many different observed transit shapes.
Multi-wavelength photometry of the transits was analyzed by
Bochinski et al. (2015), allowing for improved understanding of
the nature of the dust in the tail.

Another of the known disintegrating planets is K2-22b. It was
originally discovered by Sanchis-Ojeda et al. (2015), who provided
a robust case for a disintegrating planet and noted variable transit
depths in a range from 0% to 1.3% at a period of 9.1457 hr, quite
similar in nature to KIC 12557548b. Colén et al. (2018) observed
K2-22b on 45 occasions over the course of seven months, finding
varying transit shapes and depths without wavelength dependence.
Ridden-Harper et al. (2019) also observed K2-22b spectrally,
finding no signals associated with gas absorption.

Six periodicities in the white dwarf WD 11454017 were first
identified by Vanderburg et al. (2015) and attributed to dust-
emitting orbiting bodies. The periodic dips in flux were <1%
deep and the periods were all in the range of 4.5-4.8 hr. The
authors showed that the orbiting bodies had to have masses less
than lunar mass in order for the orbits to be stable. They
postulated that the actual transiting events were due to dust given
that their durations were much longer than could plausibly be
attributed to solid body occulters. Subsequent ground-based
observations showed that (i) the dips in flux could be up to 55%
deep and (ii) the dominant periodicity of 4.5 hr was not strictly
periodic (see Ginsicke et al. 2016; Rappaport et al. 2016; Croll
et al. 2017; Gary et al. 2017). Xu et al. (2016) showed that the
dust particles in question had to be larger than a few microns in
order to explain the largely colorless dips (Rappaport et al. 2016).
The properties of this system were reviewed and summarized by
Vanderburg & Rappaport (2018).
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Table 2
Stellar Parameters of TIC 400799224

Parameter Value Error Source

Identifying Information

TIC ID 400799224 TIC
Gaia ID 5238414793089292160 Gaia EDR3
2MASS 1D 11095818-6645149 TIC
ALLWISE ID J110958.16-664514.8 TIC
R.A. (hh:mm:ss) 11:09:58.186 TIC
Decl. (dd:mm:ss) —66:45:14.91 TIC
Distance (pc) 725 140 Gaia EDR3
PM (mas yr ") 11.949 0.342 Gaia EDR3
PMRA (mas yr’l) —11.895 0.320 Gaia EDR3
PMDEC (mas yr ') 1.129 0.280 Gaia EDR3
Photometric Properties

T (mag) 11.743 0.044 TIC

B (mag) 13.46 0.099 TIC

V (mag) 12.625 0.069 TIC
Gaia (mag) 12.710 0.003 Gaia EDR3
J (mag) 10.995 0.024 TIC

H (mag) 10.667 0.024 TIC

K (mag) 10.569 0.021 TIC
W1 (mag) 10.4 0.022 TIC
W2 (mag) 10.387 0.02 TIC
W3 (mag) 8.859 0.021 TIC
W4 (mag) 8.286 0.159 TIC

ZTF J0139+-5245, discovered by Vanderbosch et al. (2020),
shows a very different manifestation of the effects of dust. The
authors attribute the up to ~40% deep and ~25 day duration
transits to a stream of dust and planetary debris, possibly created
through tidal disruption by the white dwarf. Means of analysis of
the origin of the debris stream are suggested by Veras et al. (2020)
and Malamud & Perets (2020). The dips are erratically recurrent
with a period of ~107 days. Most recently, Vanderbosch et al.
(2021) discovered another white dwarf, ZTF J0328-1219, hosting
“debris clumps,” which exhibit periodicities of 9.937 and 11.2 hr.

TIC 400799224 is analogous to these systems in that (i) there
appears to be an orbiting body that shows signs of disintegra-
tion, (ii) the resultant transits are variable in depth, shape, and
duration, and (iii) the transits may or may not occur at the
expected time, only presenting optically measurable evidence
of an occultation in one out of every three to five transits. As
will be described, its detailed properties differ in significant
ways from the other objects listed in Table 1 and, therefore,
TIC 400799224 may be in a category of its own.

The structure of this paper is as follows. In Section 2, we present
the photometric observations from TESS, ASAS-SN, and
Evryscope. In Section 3, we describe follow-up observations
including photometric data from Las Cumbres Observatory (LCO),
spectra from CHIRON, and speckle imaging from the Southern
Astrophysical Research Telescope (SOAR; which resolves TIC
400799224 into two close stellar images). In Section 4, we analyze
the available spectral energy distribution (SED) data for this object
to extract information about the masses of the two stars that we
find comprise the image of TIC 400799224. Lastly, in Section 6,
we examine the nature of the occulter.

2. Photometric Data

The initial identification of TIC 400799224 as having an
unusual dipping feature was made with TESS data from Sector 10.

Powell et al.

Figure 1. Color image of the field from the DECam Plane Survey (Schlafly
et al. 2018), a five-band optical and near-infrared survey of the southern
Galactic plane with the Dark Energy Camera at the Cerro Tololo Inter-
American Observatory in La Serena, Chile. TIC 400799224 is identified in the
crosshairs.

Archival data were obtained from both ASAS-SN (Shappee et al.
2014; Kochanek et al. 2017) and Evryscope (Law et al. 2015). The
known stellar parameters for this system are provided in Table 2
and a DECam Plane Survey (Schlafly et al. 2018) image of the
field containing TIC 400799224 is shown in Figure 1.

2.1. TESS

TESS observed TIC 400799224 in Sector 10 (2019 March
26-April 22), 11 (2019 April 22-May 21), 37 (2021 April
2-28), and 38 (2021 April 28-May 26). Figure 2 shows the
light curve from Sectors 10 and 11 of the TESS observation.
The event of interest that drew our attention in the initial
discovery of the object occurred at BJTD (BJD-2,457,000)
~1575-1577 of Sector 10, with a close-up view of the event in
the bottom panel of the same figure. The unusual shape of the
dip demonstrates three distinct fadings over the course of the
event, indicating a highly irregular occulting body, reaching a
depth of ~25%. We will show in Section 3.3, that the source
light is composite from two stars, so the true fraction of light
blocked from the host star is actually much larger.

After learning of the periodicity of the dips (see Sections 2.2
and 2.3) we requested follow-up observations from LCO
(discussed in Section 3.1) to coincide with the TESS sector 37
and 38 observations. Another dip event was detected at BITD
~2326 in Sector 37, which is shown with the TESS Sector 37
and 38 light curve in Figure 3.

With the dip from Sector 10 demonstrating such a unique
shape, we performed thorough pixel-level vetting of the signal
and confirmed that both the Sector 10 and Sector 37 dip events
are not due to TESS systematics and originated from the
indicated source, so therefore must be astrophysical in nature.
This vetting process is demonstrated in Figures 4 and 5. As
seen from the figures, both events coincide with momentum
dumps. However, the measured point-spread function (PSF) x-
and y-photocenters do not show significant changes or
discontinuities before, during, or after either event, indicating
that their source is either the target star or the 0762 separated
star resolved by SOAR (see Section 3.3). The separation
between the two stars is too small to resolve which of them is
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Figure 2. Top panel: eleanor-corrected flux of TIC 400799224 in TESS Sectors 10 and 11. Bottom panel: close-up view of the the ~1.6 day event demonstrating a

substantial occulting of the host star by a highly irregular body.

the source of the events based on the photocenter measure-
ments. We note that the PSF x- and y-widths and orientation do
change during the events. This is due to the redistribution of
light inside the target’s aperture as the brightness of the source
of the dips decreases during the events.

We also note from the TESS light curve that there is a clear
modulation in the baseline flux from the system. Cleaning the
light curve of the dip events, we produced the fold shown in
Figure 6. This modulation is almost certainly related to the
rotational period of one of the stars in the binary. A dip-like
feature at BJTD ~2335 is in phase with the modulation and we
assess is most likely to be an anomalous feature on the rotation
curve, though we do not rule out the possibility of this being
out-of-phase collision debris (see Section 6).

2.2. ASAS-SN

More than five years of ASAS-SN archival data (Shappee
et al. 2014; Kochanek et al. 2017) are available for TIC
400799224. These data were of critical importance, as they
allowed for the determination of a longer-term periodicity in
the dips. The raw ASAS-SN photometric light curve is shown
in the left panel of Figure 7. Numerous statistically significant
dips are readily apparent (these are marked in red).

In order to extract a possible period for these dips we utilized
four different transform algorithms. These include a standard
Box Least Squares (“BLS”; Kovécs et al. 2002), Lomb—Scargle

(“L-S”; Scargle 1982), a less common Plavchan transform
(Plavchan et al. 2008), and a custom “Interval Match Transform”
(“IMT”; see, e.g., Section 7 of Gary et al. 2017). The BLS
transform is especially good in searching for periodic signals that
involve narrow (i.e., low duty-cycle) features, such as planet
transits and narrow eclipses. The L-S transform is designed to
search for sinusoidal-like variations in unequally spaced data
sets, and somewhat corrects for the window functions in the data
set. The Plavchan periodogram is similar to a binless variation of
the “phase dispersion minimization” algorithm (Stellingwerf 1978).
Finally, the IMT is a brute force way of searching for common
intervals in data sets where a relatively small number of “events”
(e.g., dips) can be identified on an individual basis. Basically, it
tests a large number of trial periods against all combinations of
time differences in the event set.

The results of these four transforms applied to the ASAS-SN
photometric data are shown in Figure 8. Each transform has its
own type of artefacts, e.g., harmonics and subharmonics. What
we see is that the most prominent peak in each transform
(except for the L-S) is at a period close to 19.770 days. Nearly
all of the remaining significant peaks are either harmonics or
subharmonics of this period. In the case of the L-S transform,
the first harmonic of the 19.77 day period is of comparable
height to the base frequency.

From these searches we assess that there is a single unique
period in the ASAS-SN data of 19.77 days. In the right-hand
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Figure 3. Top panel: eleanor-corrected flux of TIC 400799224 in TESS Sectors 37 and 38 (black) with Las Cumbres Observatory (LCO) G-band (red) and Z-band
(blue). Bottom panel: close-up view of the the ~0.9 day event, which was captured by both TESS and LCO.

panel of Figure 7 we show the folded ASAS-SN light curve at
this period. A clear dip of up to ~24% in flux is evident at
phase 1.0 on the plot. However, several other features of this
fold are evident that make it quite different from typical profiles
of binary eclipses or planet transits. (i) The width of the main
dip in flux is =~ 15% in phase of the 19.77 days period. (ii) The
statistics are not optimum, but the profile of the dip does not
look as if there is a monotonic decrease in flux during the
ingress, followed by a monotonic rise in flux during the egress.
(iii) There are clearly quite a number of low flux points that are
not in phase with the main dip. (iv) There are points with a
seemingly unperturbed flux in the phase region where the dip
occurs. Therefore, we can conclude immediately that this is not
an eclipse or transit of a hard body on a simple Keplerian orbit.

Analyzing this further, we isolated the ASAS-SN fluxes
within the region of each expected transit (phase 0.89-1.05,
based on the right panel of Figure 7) and measured their depth.
The results are shown in Figure 9 as a cumulative distribution
of flux during the eclipse region. It can be seen from this
distribution that, though the object is clearly periodic at 19.77
days, a measurable reduction in flux will occur in only
approximately one out of every three to five transits.

We can conclude from this that the orbiting object is either
too small to cause any noticeable decrease in flux when
transiting, or it is itself nor transiting the star from our
perspective. The former leads to the conclusion that the object

is most likely an asteroid rather than a disintegrating planet,
while the latter allows for a planet or other orbiting body. In
any case, an occulting cloud of substantial opacity is
sporadically present and amorphous, causing a varying depth,
duration, and shape of the dips in the light curve.

2.3. Evryscope

We obtained four years of Evryscope (Law et al. 2014;
Ratzloff et al. 2019) archival data for TIC 400799224, ranging
from 2017 January to 2021 January. Forced aperture photometry
was performed on each of 85,394 Sloan G-band images using
the Evryscope Fast Transient Engine on-demand photometry
pipeline as described in Corbett et al. (2020), using a 26”8
aperture radius. The full light curve is shown in Figure 10.

Though these data have a substantial signal due to the lunar
sidereal and synodic periods, the strongest peak in the BLS
occurs at 19.757 days and confirms the period found in the
ASAS-SN data. The binned and averaged fold of the
Evryscope data at this period is shown in the right panel of
Figure 11. The epoch time of phase zero on this plot is the same
as that of the fold for the ASAS-SN data. In examination of the
folds of the Evryscope and ASAS-SN data, we determined that
the areas within the dips differ by approximately 1.6; this could
be accounted for by the differences in filters used and seasons
sampled. It is quite possible, even, that Evryscope and ASAS-
SN observed an only partially overlapping set of transits. When
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Figure 4. Diagnostic plots from the eleanor pipeline used for ruling out
systematic effects as the cause of the Sector 10 event. From top, the panels are
(1) segment of the eleanor raw, corrected, principal component analysis, and
point-spread function (PSF) light curves of the target, centered on the dip;
(2) measured normalized PSF x- and y-photocenters; (3) measured normalized
PSF x- and y-widths; and (4) measured normalized PSF rotations and
backgrounds. While there is a TESS momentum dump near the center of the
event (gray vertical band), there are no significant changes or discontinuities in
the measured x- and y-photocenters (panel 2 from top), indicating that the event
is produced by either the target star or the nearby star resolved by SOAR (0”6
separation). The features seen in panels 3 and 4 (from top) are expected due to
the presence of the nearby star (see the text for details).

considering the variable presence, depth, and duration of the
transits, it is strong confirmation of the behavior that the
periodicity was even found in both data sets.

3. Follow-up Observations
3.1. Photometric

Following the determination of the periodicity of the dips
from ASAS-SN and Evryscope data, we requested photometric
follow-up from the LCO Global Telescope (LCOGT) 1 m
network (Brown et al. 2013). LCOGT attempted to observe the
target in Sloan g’ and Pan-STARRS z-short bands every 3 + 1
hr during three separate windows of +1.25 days from a ¢
corresponding to our calculations of predicted events at 18:17
UT on 2021 April 22, 12:44 UT on 2021 May 12, and 07:12
UT on 2021 June 1. The 4096 x 4096 LCOGT SINISTRO
cameras have an image scale of 0”389 per pixel, resulting in a
26’ x 26’ field of view. The images were calibrated by the
standard LCOGT BANZAT pipeline (McCully et al. 2018), and
photometric data were extracted with AstroImaged (Collins
et al. 2017) using apertures with radius 2”7.

The 2021 April 22 (BJTD ~2326) dip event, overlapping
with TESS Sector 37, is shown in Figure 3, with a close-up
view in the bottom panel. While the expected dip in flux at this
time is only ~3% deep in the TESS data, the LCO photometry
seems to follow the same behavior, at least to within its
statistical precision. The 2021 May 12 (BJTD ~2346)
observation window coincided with the TESS Sector 38 data
downlink gap, though there does not appear to have been a
detectable dip during that time. The 2021 June 1 (BJTD
~2366) observation window, which occurred after the
completion of TESS Sector 38, shows a ~4% dip, which we
assess to be likely another small event, similar to the 2021
April 22 (BJTD ~2326) dip event.
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a period of 3.465 days.

3.2. Spectroscopy

Optical spectra of TIC 400799224 were recorded using the
CHIRON spectrograph at the 1.5 m telescope at Cerro Tololo
Inter-American Observatory (Tokovinin et al. 2013) operated
by the SMARTS consortium. The observations were made in
the fiber mode (spectral resolution 25K) on 2021 February 11,
12, 19, and 22 with 15 minutes exposure time, accompanied by
the ThAr comparison spectra. Moreover, three consecutive 10
minute exposures (also in the fiber mode) were taken on 2021
February 15. The 15 minute spectra had an average signal of
about 600 e~ pixel ', or a signal to noise ratio (S/N) of ~25.
The cumulative exposure time was 1.5 hr. The spectra were
reduced using the standard CHIRON pipeline. They were
cross-correlated with the binary solar-spectrum mask. All
cross-correlation functions (CCFs) had a single dip with a
constant radial velocity (RV), having a mean value of 9.54
kms ™' and an rms scatter of 0.24 kms . The best-fit RVs for
each observation are shown in Table 3. We assess the RV to be
constant within error, implying that the star is not a close
binary. If, as we believe, the 19.77 day period is associated
with an orbiting body, its mass is too small to cause measurable
reflex motion of the host star. The shape of the CCF profile also
does not change, as shown in Figure 12. In Section 3.4 we
extract other information from the spectra.
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3.3. Speckle Imaging

TIC 400799224 was observed by the speckle camera at the
4.1 m SOAR telescope on 2021 February 26 and resolved as a
0”62 pair with components of comparable flux. The speckle
instrument and the data processing are described in Tokovinin
(2018). It was determined that the photometry and the spectra
presented above refer to the sum of two stars (the CHIRON
fiber diameter is 2”7). The resulting speckle measurements are
shown in Table 4. Overall, four data cubes in the I-band (with
and without binning) and two data cubes in the V-band were
recorded. Figure 13 illustrates the resolution.

The two stars resolved by speckle are most likely mutually
bound because the probability of having two unrelated stars of
similar brightness so close in the sky is very small. We note
that a magnitude difference of AG ~1 mag and angular
separation of 0”62 are right at the edge of Gaia’s contrast
sensitivity (see e.g., Brandeker & Cataldi 2019). This system is
not present in Gaia DR2, and its absence could be related to its
double nature, although DR2 normally provides positions and
photometry for such double stars. The large excess astrometric
noise in Gaia EDR3, where the system is identified, is also
likely caused by the superposition of two stars. To evaluate the
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probability that the two sources detected in SOAR data are
unrelated field stars that just happen to be so close to each other
on the sky by coincidence, we use the Gaia EDR3 catalog as
follows.

A query of the catalog shows that there are 13 sources within
AG ~1 mag of TIC 400799224 inside a 15 x 15 TESS pixel
array centered on the target. None of these sources is within an
arcmin of the target (corresponding to projected separation of
~28,000 au), or have comparable parallax or proper motion,
which indicates that they are unlikely to be gravitationally
bound to TIC 400799224. Assuming that this is the
representative density for such sources in the field of view, it
follows that there are 13/225 =0.058 such sources per TESS
pixel, or ~0.00013 sources per square arcsec. Thus the
probability that there is a random field star with AG ~1 mag
from TIC 400799224 and at an angular separation of 0762 is
only ~0.0036.

3.4. Spectroscopic Analysis

The average parameters of the CCF are: amplitude
a=0.107, rms width o= 13.85 kms ! estimated projected
rotation speed V sini = 24.5 kms ™', equivalent width (product
of ao) equal to 1.49 kms . Accordlng to the calibration of
CHIRON CCFs on synthetic spectra, a star of solar metallicity
and T~ 6400 K would yield such a CCF.

Despite the low S/N, the spectra show the lithium doublet at
6707.7 A with an equlvalent width of 154 + 14 mA, and the
dispersion is 13.8 kms '(same as the CCF width by
coincidence: the CCF is broadened by the mask, while the Li
line width is due to blending of its two components). The
presence of lithium will be important for the analysis in
Section 4, as it leads us to strongly suspect that the system is
young. No emission in the Ha line is seen.

Using known RVs and barycentric corrections, the spectra
were order-merged with continuum normalization, shifted to
zero velocity, and averaged with weights proportional to fluxes.
The first 10 minute spectrum was discarded, as it gives an
abnormal CCF, probably due to an un-removed cosmic ray
spike. The average spectrum was compared to synthetic spectra
with temperatures of 5500, 6000, 6500 K, solar metallicity, and
gravity log g=4.4. The synthetlc spectra were rotationally
broadened by V sini = 25 kms™'. The best match between the
observed and synthetic spectra, shown in Figure 14, is found
for T=6500 K. The sodium-D doublet in TIC 400799224 is
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deeper than in the synthetic spectra, possibly because of
additional interstellar absorption.

The CCF of TIC 400799224 looks like a superposition of
narrow and broad profiles, while the CCFs of the synthetic
spectra are closer to a Gaussian. Given that the spectra actually
belong to two stars, this is natural. We tentatively identify the
two components seen in the spectra with the two stars resolved
with SOAR. Approximating individual CCFs by the sums of
two Gaussians does not provide evidence for RV variability of
either the broad or narrow component, and the separation of the
two heavily blended components is not reliable. Assuming that
the RVs of both stars were constant during our observations,
the CCF of the average spectrum was approximated by the
double Gaussian. This works better than fitting the individual
CCFs, as shown in Figure 15, with parameters of the individual
Gaussians shown in Table 5.

There is a 3 km s~ difference between the RVs of the two
components. An RV difference of a few km s~ is expected for
a binary with a separation of a few hundred au, supporting the
conclusion that the two stars form a bound system. The ratio of
the areas of the two CCF components corresponds to
Am=0.36 mag. Both the CCF area and the rotation of
main-sequence stars depend on their spectral type and change
rapidly around F5V owing to transition from radiative to
convective envelopes. The brighter star in the TIC 400799224
pair is likely hotter and a faster rotator than the fainter star.
Therefore, the CCF areas differ less than the actual magnitude
difference measured at SOAR, ~ 0.8 mag in V.

4. Analysis of the SED Data

We fit the 14 available SED points from VizieR (Ochsenbein
et al. 2000) and Galex (Martin et al. 2005) with a five-
parameter model: the masses of the two resolved stars (M, and
M,), the system age, interstellar extinction Ay, and the
temperature of a dust component 7, The fit was carried out
with a similar Markov chain Monte Carlo (MCMC) code to the
one used previously to fit multi-stellar systems (see, e.g.,
Powell et al. 2021; Kostov et al. 2021b). We take the prior on
the distance to be 725 £ 140 pc from Gaia. The two stars are
taken to each be single stars, and to be coeval with no mass
having been exchanged between them. With this assumption,
we are able to use MESA stellar evolution tracks (see Paxton
et al. 2011, 2015, 2019; Choi et al. 2016; Dotter 2016) to
reduce the number of free parameters in the fit. Otherwise, we
would need to fit independently for two masses, two radii, and
two values of T.y. There is insufficient information in the
single SED to fit for all those independent parameters in a
meaningful way. Also used to constrain the fitted parameters
were the SOAR intensity ratios in the V- and /-bands.

Two independent solutions were found with the SED fit,
yielding vastly different system ages (of order Myr versus Gyr).
One solution involves a pair of pre-MS stars, while the other
has one of the stars substantially evolved off the main sequence
(MS), with both solutions showing a dust signature at ~450 K.
Figure 16, left panel, shows the results of the SED fit for the
pre-MS solution, while the right panel shows the SED fit for
the post-MS solution. The only significant difference between
the fits lies in the Galex NUV point, where the post-MS
solution is somewhat better. We interpret this difference to be a
consequence of the higher effective temperatures of the post-
MS stars.
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We show the posterior distributions of the fitted parameters
from the same MCMC procedure that produced the SED fits in
Figure 17. In the post-MS solution, the star we have called the
primary (i.e., the more massive and luminous one) seems to
have evolved substantially away from the zero age MS, except

for cases where the distances to the source are closer than twice
the Gaia uncertainty. For the most part, the two stars are normal
Sun-like stars of masses 1.31 M, and 1.18 M. By contrast, the
two stars in the pre-MS solution are about 0.4 M. more
massive than the corresponding two stars in the post-MS



THE ASTRONOMICAL JOURNAL, 162:299 (19pp), 2021 December

59257.8

B

Figure 12. Cross-correlation functions (CCFs) of the CHIRON spectra with the
solar mask observed on five dates. The vertical dotted line marks the average
RV. The CCFs are vertically displaced by 0.1; the two 10 minute CCFs (JD
59,261.8) are averaged.

solution, and are evolving toward the MS where they will
become somewhat smaller and considerably hotter. The set of
properties of the two stars comprising TIC 400799224 is given
in Table 6 for both the pre- and post-MS solutions.

Finally, in Figure 18 we show the locations of the two stars
superposed on MESA evolution tracks in the radius—7T plane
for both the pre-MS solutions (filled blue circles) and post-MS
solutions (filled red circles). This serves to illustrate visually
how two stars descending along coeval tracks to the MS versus
two stars on and leaving the MS can both match the observed
SED for the combined light from the two stars in the system.

The pre-MS and post-MS fits offer substantially different
interpretations of the system. If the system is indeed old, as
found to be 3.4 Gyr in the post-MS solution, then this could be
difficult to reconcile with the CHIRON measurement which
shows the presence of lithium (see Section 3.4). However, the
larger primary could still conceivably be a Li-rich giant, which
Martell et al. (2021) found make up 1.2% of a sample of giant
stars. On the other hand, the presence of lithium more naturally
favors the pre-MS solution, as it is characteristic of young stars.
Young stars could also be expected to host a debris-rich
environment containing the occulting object. The SED fit to the
Galex NUV point, however, does still slightly favor the post-
MS solution involving older stars, but this is the only evidence
supporting this interpretation.

In order to gather more information to robustly choose
between the pre-MS and post-MS solutions, we will now
examine the celestial region containing TIC 400799244.

5. Stellar Region Analysis

The pre-MS solution would be strongly supported by the
presence of TIC 400799224 in a stellar formation region or
common kinematic group. So we examined the Gaia data in
order to check the kinematic properties and the parallax of
other stars in the vicinity of TIC 400799224.

We used the Gaia EDR3 archive search tool, available at
https: //gea.esac.esa.int/archive/, to extract every source in the
R.A. range (100°, 240°) and the decl. range (—85°, —25°), with
a Gaia magnitude <13.0 and parallax >0.0 mas, yielding a
total of 1,546,347 objects. Of these, 5132 objects have a proper
motion in R.A. (PMRA), proper motion in decl. (PMDEC), and
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Table 3

CHIRON Spectra CCF Best-fit Radial Velocities®
Date RV ampl sigma
JD-2,400,000 km s~ km s~
59,257.8180 9.440 0.104 13.944
59,258.7998 9.569 0.099 13.841
59,261.8219 9.623 0.106 14.504
59,261.8289 9.482 0.113 13.902
59,265.7356 9.089 0.110 13.385
59,268.7273 9.815 0.106 14.121
Note.

 Plots of the CCFs are shown in Figure 12.

Table 4
Relative Position and Photometry of the Companion Star Identified with
Speckle Imaging

Date P.A. Sep. Am Filt.
ay) (deg) (arcsec) (mag)

2021.1573 23.91 0.6203 0.74 1
2021.1573 24.16 0.6206 0.82 A%

parallax all within 30 of TIC 400799224. The coordinates of
the 5132 objects are shown as a joint density plot in Figure 19.
This plot indicates that TIC 400799224 may be part of a
kinematic group. The group is rather large to be considered a
young stellar association, however, and we have no indication
of the age, so we do not accept this to be a certainty.

Separately, we checked the celestial region within 20° of
TIC 400799224 for young stellar groups identified in Kounkel
& Covey (2019). The four groups (called “Theias”) with an age
less than 100 Myr and containing members within 30 of the
parallax, PMRA, and PMDEC of TIC 400799224are shown in
Figure 20, with scaled proper motion vectors represented as the
black line originating at each point. Theias 75, 102, 143, and
246 have ages of 30, 32, 56, and 81 Myr, respectively. As we
mentioned previously, TIC 400799224 was not in the Gaia
DR2 catalog, on which the Kounkel & Covey (2019) analysis
was based, so it would not have been part of any of the authors’
identified groupings. Although TIC 400799224 is not an
obvious fit with any of these groups, it could have been
expelled at some point.

In searching the region for stars with similar properties using
SIMBAD (Wenger et al. 2000), we found a nearby source at
~85", Gaia DR2 5238414453810235904, identified by Zari
et al. (2018) as a young stellar object candidate. With
PMRA = —13.763 mas yr ' and PMDEC =2.194 mas yr ',
the proper motions of this source are quite similar to those of
TIC 400799224.

Although the adoption of either the pre-MS or post-MS
solution to the SED fit in no way affects our confidence in the
existence of the occulting object, we conclude that the presence
of lithium, a debris-rich environment, and possible association
with larger kinematic groups all lead strongly toward the
adoption of the pre-MS solution. Further observations,
however, should help to better constrain the fit, leading to a
more robust conclusion about the age and other parameters of
this system. Additional observations and future study of the
stellar system could also help to further refine the hypotheses
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Figure 13. Speckle auto-correlation function of TIC 400799224 in the [ filter.
The field size is 3”15. The insert shows a semi-resolved long-exposure image
produced from the same data cube by re-centering.

concerning the processes driving the dust emission, on which
we elaborate in the next section.

6. Nature of the Occulter

Thus far, we have established that one of the two stars in TIC
400799224 has a 19.77 day periodicity, likely due to dusty
emissions from an orbiting body of that same period. While the
occultations appear to have a strict underlying period, they
are erratic in shape, depth, and duration. In particular, the
occultations seem to be present at a detectable level from
the ground only ~1/3-1/5 of the time. The most extreme
of the occultations has a depth of ~25% and a duration of
~?2 days. However, given that there are two stars in the system,
the actual occultation depth, based on the photometry from
SOAR indicating a ratio of ~2 between the luminosities, could
be up to 37% or 75% depending on which star in the binary is
the true host.

The periodic, but erratically occurring occultations in this
object are reminiscent of (a) the disintegrating exoplanets (KIC
12557548, KOI 2700b, K2 22b) and (b) the dusty transits of
white dwarfs (WD 11454017, ZTF J0328-1219, ZTF J0139
+5245). The properties of these six objects are given in Table 1
and are compared to those of TIC 400799224.

Among all seven objects from Table 1, the host star in TIC
400799224 has, by far, the largest luminosity and, we note for
later reference, the highest values of 3, the ratio of radiation
pressure forces on a dust grain to the corresponding
gravitational force. In all six of the comparison objects, the
occultations have been attributed to dust rather than solid
bodies, while the sources of the dust are taken to be orbiting
bodies ranging from asteroids to lunar size.

6.1. Dust Required for the Occultations

If we assume that the occultations in TIC 400799224 are due
to dust, then we can estimate the minimum amount of dust
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required to block 37%-75% of the light from the host star.
Consider a uniform layer of dust with area

Adqust = 4mdhfT ey

where d is the orbital radius of the dust-emitting body, % is the
height of the dust perpendicular to the orbital plane, f is the
fraction of the orbit over which the occultation is observed, and
7 is the optical depth of the dust in the visible band. In the
optically thin limit, the total cross section of all the dust
particles, o, for a given total mass in dust, My, is
3Myys Ograin

@)

Oot = Ngrain Ograin = 47TpdS3

where Ngp,in 18 the total number of dust grains, each of cross

SeCtion Tgpain, blocking light from the host star, s is the mean

effective size of a dust grain, and p, is the mean bulk density of

the dust particles. We can equate Equations (1) and (2) to find a

general expression for the minimum required mass in dust:
lendshfTp,

dust
~ 3 (Ugrain /Ugeom)

3)

where the grain cross section is now normalized to its
geometric cross section. Since the most efficient grain
scattering cross sections per unit mass usually occur near
fractional micron size particles, where oy, is still close to its
geometric cross section in the visible band we find

Mau 216 d s h p fr

~ 4 x 100 4 (fTh/R*) g
3R, )\ 0.03

and we have taken s ~ 0.2 um, p;,~3 g cc ™ hr~ 0.30-0.65R,,
and f~0.15. This is a substantial amount of dust, e.g., equal to
that of an asteroid of radius 10 km. Given that the dust activity in
this source seems to change dramatically on a timescale of about
100 days, if we use that as a proxy for its replenishment lifetime,
then the rate at which dust is produced must be of the order of
M=~3x102 g s ' (5 My Gyr™"). If one dismantled the
asteroid Ceres (R=500 km) at this rate it would last for
~8000 yr.

This raises the question of how such quantities of dust can be
produced in the TIC 400799224 system.

“

6.2. Dust Production via Sublimation

In the case of the disintegrating planets, dust production has
been ascribed to a thermal (Parker) wind generated by surface
irradiation and evaporation (Parker 1960; Rappaport et al.
2012; Perez-Becker & Chiang 2013; van Lieshout & Rappa-
port 2018). This interpretation is not viable for TIC 400799224.
At a temperature 7= 1525 K (Table 1), the vapor pressure of
silicates is too low for any size object to yield the desired mass
loss rate of ~10'? g s~ At fixed temperature, the highest rates
of mass loss are obtained in the free-streaming limit, when the
thermal speed of molecules vy, exceeds the surface escape
velocity ves. from the planet and gravity can be ignored. In this
limit M ~ PyR% /vy, where P,,,(T) is the equilibrium surface
vapor pressure (which is exponentially sensitive to 7 via the
Clausius—Clapeyron relation) and R is the body radius. For
T=1525 K, we have vy ~1 km g1 (assuming a mean
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Figure 15. Approximation of the composite CCF (crosses) by the sum of two
Gaussians (dashed line). The individual Gaussians are plotted by dotted lines.

Table 5
Parameters of Two Gaussians Approximating the CCF

RV a o ao V sini
(kms™") (kms™") (kms™ ") (kms ")
230 0.047 18.27 0.86 34.3
—0.59 0.062 9.97 0.62 16.1

Note. a—amplitude, c—rms width, V sini—projected rotation speed estimated
from o. The areas of the Gaussians are proportional to ao.

molecular weight of p =30 appropriate for a silicate gas),
Pyap~ 1074 dynes cm 2 (Perez-Becker & Chiang 2013, their
Figure 1 for olivine), and R ~ 600 km as given by the condition
Vese ~ Vin. Then M ~ 4 x 10° g s™'. Considering larger R only
strengthens surface gravity and decreases M (see, e.g., Figure 2
of Perez-Becker & Chiang 2013). Thus thermal mass loss from
a single planet fails to explain the inferred M by 5-6 orders of
magnitude.

6.3. NIR Evidence for Dust

Regarding the detectability of the occulting dust cloud in the
NIR, we first note that the expected equilibrium temperature of
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dust in a 19.77 day orbit of ~ 1525 K does not match the bump
seen in the SED (Figure 16) near 10 pm. In Figure 21 we show
schematically a comparison among the MF()\) curves for
blackbody spectra from (i) a host star of T = 6000 K, (ii) a
cool dust component with T, =450 K at 2 au, (iii) an
occulting dust cloud with 7.y = 1500 K and the size required to
block 37% of the light from the host star, and (iv) a debris disk
that extends from 35 R, to 500 R, with a 5° tilt. We conclude
from this that such an occulting dust cloud at 1500 K would not
be readily visible in the SED, especially if it is only present
about one quarter of the time and is thereby diluted in the
average of the WISE measurements. On the other hand, there is
a significant excess in the SED that corresponds to ~450 K
dust, which likely would be located at ~2 au from the host star.
The debris disk (blue curve) in Figure 21 will be important in
Section 6.5.

6.4. Dust Flows in the System

Once dust has been released, regardless of the mechanism,
there is the question of what radiation pressure subsequently
does to it. Each dust grain that is exposed to the radiation flux
of the host star is subjected to a radiation pressure force, F.q
equal to Lograin/ (4mcd?). The ratio of Fyq/F, erav is defined as 3
which is independent of d. 0gpin in this case is the effective
radiation pressure cross section for a photon to impart outward
momentum to the dust grain. Formally, the full expression for
F.q is written as an integral over wavelength-dependent Mie
scattering and absorption cross sections and the spectral
luminosity of the host star (see Kimura et al. 2002 for the
details). For the other six systems discussed and listed in
Table 1, the luminosity is lower than for the present star with
L~ 6L, In particular, our estimates for the luminosities of the
two stars in the TIC 400799224 system, from Table 6 are 6.32
and 3.25 L, (pre-MS solution) and 5.35 and 2.64 L., (post-MS
solution). Thus, compared to the other systems in Table 1, the
highest luminosity of which is 0.17 L., we expect substantial
values of 3 for the dust grains in TIC 400799224.

In Figure 22 we show how [ in this system might vary for a
generic dust grain as a function of its size. The reasons for the
uncertainty are that we do not know (i) which of the two stars
in TIC 400799224 hosts the dips and (ii) the chemical
composition of the dust (in particular the indices of refraction
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Figure 16. SED fits to 14 spectral flux measurements in different bands, including the Galex NUV. Left panel: the pre-main-sequence (pre-MS) solutions; right panel:
the post-MS solutions. The lighter green, blue, and red curves are the model spectra for star 2, star 1, and the sum of stars 1 and 2, respectively; the heavy red curve is
the model spectrum including both stars and the inferred blackbody bump from the cool dust component. Of note, the fit to the NUV point is not quite as good for the
pre-MS solution, likely due to the slightly lower temperatures for the two stars. The parameter values listed on the plot are the best-fit values which do not necessarily
coincide exactly with the median values of the posterior distributions from Table 6.

Table 6

MCMC-fitted Parameters of the Two Stars Comprising TIC 400799224
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Figure 17. Posterior parameter distributions for the masses, radii, and T, for
the pre-MS (top panel) and post-MS (bottom panel) solutions. Units on the x-
axis are 10* K, log(Myr), and solar units for their respective components.

of the dust grains are unknown). We also show in the right-
hand panel of Figure 22 the cumulative distribution of values of
0 for an assumed particle size distribution of dp/ds x s . For
values of 3> 1/2 the dust particles will be unbound from the
system. For lower values of 3 the dust particles will go into
somewhat eccentric orbits with 6P /Py = 23 where 6P, is the
difference between the period of the dust orbit and the emitting
planetesimal orbit (for 3 < 1). In the rest frame of the dust-
emitting planetesimal, the dust orbits form rosette patterns with
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Parameter Star 1 Star 2 Star 1 Star 2
Mass (M) 1.79+£0.24 161 +£0.18 1.31+0.11 1.18 £ 0.10
Radius (R.) 247 +040 2.024+030 1.98+0.40 1.38 +0.20
Teff (K) 5829 +349 5465 +262 6250 £265 6237 £ 193
Luminosity (L.) 6.32+2.10 325+1.03 535+2.04 2.64+1.02
Aged (Myr) 5.53+320 5.53+320 3351+ 1237 3351 41237
A, 0.84 £020 0.84+020 097+0.15 0.97+0.15
Distance (pc) 787 £107 787 £107 687 £ 117 687 £ 117
T, 462 + 127 462 £+ 127 512+ 144 512+ 144
Notes.

 See Section 4 for details of the fit to the SED.

® These are the median values of the posterior distributions and the cited
uncertainties are the rms values.

¢ We note that, while the post-MS solution is quite robust, the pre-MS solution
can vary widely in its parameters depending on the prior distributions for
distance and Ay. The pre-MS solution presented here is constrained by the
distance measurement from Gaia and an interstellar extinction limited to
Ay < 0.9. For larger, but still somewhat plausible, values of distances (up to
1050 pc) and Ay (up to 1.3), the primary star can become larger (up to 3 R)
and hotter (up to 6600 K).

4 The ages of both stars are taken to be the same via the coeval assumption of
the SED fit.

¢ Temperature of the dust.

petals marking each time they go all the way around to the
azimuth from which they were initially launched (see, e.g.,
Figure 7 of Rappaport et al. 2014). The number of petals in the
rosette will be roughly equal to 1/20.

In Figure 23 we show two illustrative dust-tail images that
might exist in the TIC 400799224. In these simulations, we
assume that all the particles are ejected from the vicinity of a
lunar-size planetesimal at the escape speed and directed into a 30°
cone centered on the direction of the host star. The size of each
particle is chosen at random from a particle size distribution
proportional to s . The particles are assumed, quite arbitrarily, to
sublimate on the timescale of the 20 day orbit. The dust orbits are
shown in the reference frame of the orbiting planetesimal. The
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Figure 19. Joint density plot of the R.A./decl. coordinates of all objects in the
sample within 3¢ of the parallax, proper motion in R.A. (PMRA), and proper
motion in decl. (PMDEC) of TIC 400799224. Each level represents an
additional 5% of the total number of objects. The red dot shows the coordinates
of TIC 400799224.

left panel shows the paths of 5000 dust particles for the case
where the particle sizes are in the range of 10 um > s> 0.01
pm. Due to the steep power-law size dependence most of the
particles are small and 3 is near a constant value of ~0.15. One
can see the formation of something like a rosette pattern, but one
where the particles sublimate as time goes on. In the right panel
we truncate the particles below a size of 1 ym. Because there are
now few small particles there is actually a larger range of values
for (. Each different value of 5 < 1/2 leads to a different orbit,
while grains with 3>1/2 leave the system. In spite of the
complex nature of the pattern, there is still a clear concentration
of dust over a small fraction of the orbit near the planetesimal
which could cause dips in the stellar flux if the dust is actively
being produced.

6.5. Dust from Giant Impacts in a Debris Disk

Another possibility for stochastically producing dust in
copious quantities is developed by Jackson et al. (2014) in the
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Figure 20. Comparison of TIC 400799224 with all groups (or “Theias”)
identified by Kounkel & Covey (2019) that are within 20°, less than 100 Myr
old, and have members within 3¢ of the parallax, PMRA, and PMDEC of TIC
400799224. The black lines are scaled representations of the proper motion
vectors.
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Figure 21. Schematic comparison of blackbody spectra from a host star of
Teir = 6000 K (orange), a cool dust component with Teq = 450 K at 2 au (red),
an occulting dust cloud with Teq = 1500 K and the size required to block 37%
of the light from the host star (green), and a debris disk that extends from 35 R,
to 500 R, with a 5° tilt (blue). AF()) is in arbitrary units, but the comparisons
among the four components are valid.

context of giant impacts in optically thin, collisional debris
disks orbiting young stars. The scenario, which is mentioned by
Vanderbosch et al. (2021) as being possibly relevant for dust
production in ZTF J0328-1219, involves catastrophic collisions
among large bodies in a debris disk. A long-term (at least
years) phase coherence in the dips requires a principal body
that is undergoing collisions with minor bodies, i.e., ones that
(1) do not destroy it, and (ii) do not even change its basic orbital
period. The collisions must be fairly regular (at least 20-30
over the last 6 years) and occur at the same orbital phase of the
principal body. Consider, for example, that there is a 100 km
asteroid in a 20 day orbit around TIC 400799224. Further
suppose there are numerous other substantial, but smaller (e.g.,
<1/10th the radius), asteroids in near and crossing orbits.
Perhaps this condition was set up in the first place by a massive
collision between two larger bodies. Once there has been such a
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Figure 23. Model dust tails for the object hypothesized to be orbiting TIC 400799224. Dust particles with a power-law size distribution of slope —3 are ejected from
the orbiting body. The ejection directions are uniform within a 30° cone centered on the host star. Left panel: the grain sizes range from 0.01 to 10 zm. Right panel:

same as for the left panel except that no grains below 1 pm are included.

collision, all the debris returns on the next orbit to nearly the
same region in space. This high concentration of bodies
naturally leads to subsequent collisions at the same orbital
phase. Each subsequent collision produces a debris cloud,
presumably containing considerable dust and small particles,
which expands and contracts vertically, while spreading
azimuthally, as time goes on. This may be sufficient to make
one or two dusty transits before the cloud spreads and
dissipates. A new collision is then required to make a new
dusty transit.

We illustrate how this scenario might work in Figure 24. In
this example there is an asteroid orbiting the host star every
19.77 days when it undergoes a collision that launches 10,000
particles in random directions with a thermal distribution of
speeds. The velocity dispersion, o, in units of the orbital speed,
is 0.03. In Figure 24 we show eight snapshots of the full
simulation in increments of orbital phase equal to 90°. At each
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phase we show three panels which represent the views of
observers situated at large distances along the —y, +z, and +x
axes. They show how the debris cloud expands both in the
azimuthal and the vertical direction (i.e., perpendicular to the
orbital plane). What is significant is that all the particles pass
periodically (but not simultaneously), through nearly the same
{x, y, z} point from which they were launched, and therefore
the motion in the Z direction is periodic. The high concentra-
tion of debris particles within this “funnel” region could
facilitate further disruptive collisions. In that case, all further
debris clouds would be initiated at the same orbit phase as the
original “master” asteroid.

A variant of the debris disk scenario involves shepherding of
debris by the gravitational force exerted by a master
asteroid or planet. We consider this less likely than the
above stochastic collision scenario. Consider for example
how Neptune gravitationally sculpts the dusty debris in the
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Figure 24. Dust distribution at, from left-to-right and then top-to-bottom, is at 1/16, 1/4, 2/4, 3/4, 4/4, 5/4, 6/4, and 7 /4 orbits after the initial collision. The six
panels across are x—z, x—y, and y—z planes, and then the three repeat, with units in R..,. Each individual black point is a modeled dust particle, while the red point at the
origin is the host star, here modeled with size ~ 2.2R ... The bottom-most panel is the net light curve observed from the distant +y axis and is produced by assigning an
arbitrary small geometrical size to each of the 10* particles. Red vertical lines correspond to the time of the numbered images above. An animation of this figure is
available. The animation shows the x—z, x—y, and y—z planes and the corresponding net light curve from 0 to 36 days after the initial collision, with a real time duration

of 30 s.

(An animation of this figure is available.)

Edgeworth—Kuiper Belt (Liou & Zook 1999), or how the Earth
traps particles into orbital co-rotation (Dermott et al. 1994). A
planet can corral solid particles into its mean-motion
resonances (e.g., 1:1, 6:7, 5:6, 4:5, 3:4, 2:3, 1:2, with the orbit
of the perturbing planet either inside or outside the orbits of the
particles), creating azimuthally localized dust concentrations
that occult the Sun when viewed edge-on from without, with
wave pattern speeds equal to the planet’s orbital frequency.
While the occultations would occur with frequencies equal to
integer multiples of the planet’s orbital frequency, they would
also be highly extended in orbital phase (see e.g., Figures 4 and
5 of Liou & Zook 1999) and produce only gradual, sub-percent
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modulations in extinction (e.g., Figure 5 of Dermott et al. 1994,
and note that the maximum density of the dust clump trailing
the Earth is only ~10% greater than the background density). A
fine-tuned viewing geometry could reduce the duration of the
transit to better match the event durations observed for TIC
400799224, but at the expense of further muting the transit
amplitude.

Another way to produce shorter-duration events is to situate
the planet in an optically thick disk of particles whose viscosity
damps away gravitationally driven perturbations before they
travel too far afield. This picture applies to “propeller”
moonlets in Saturn’s rings where particle density disturbances
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are localized to the vicinity of the satellite’s Hill sphere (e.g.,
Tiscareno et al. 2006). However, an optically thick particle disk
is disallowed for TIC 400799224—see Figure 21 (blue curve)
which shows that such a disk would produce excess emission
above 5 pm wavelengths, which is not observed. A final
objection to all of the gravitational shepherding scenarios
considered above is that they would predict light curves that
would be consistent from transit to transit.

6.6. Vertical Extent of the Dust

When launched with a speed v with respect to an orbiting
body of orbital speed V, the tilt of the new orbit of the small
particle with respect to the original orbital plane is

(v/V)cos 6
1 4+ (v/V)sinf cos ¢

tan pu = ~ (v/V)cosb

where 0 is the launch angle from the normal to the orbit and ¢
is the azimuthal launch angle (where ¢ = 0 corresponds to the
orbital direction). Therefore, the maximum vertical height
attained by the ejected particle is & ~ d v/V cos 6 one quarter
of an orbit after its release. Expressing % in units of the host-star
radius, we have: h/Ry ~ (d/Ry)(v/V)cos6.”® But, from
Table 1 we see that d/R, for TIC 400799224 is ~15. This
implies that in order for /R, to be as large as 20% (for
dips that deep), dust or particle ejection speeds of
v/V cosf ~ 0.013 are required. Finally, for orbital speeds of
V~85 km s~ corresponding a 20 day orbit about TIC
400799224, launch speeds of ~1 km s are implied. Collision
ejecta speeds could be of this order.

7. Summary

We have presented the discovery of a mysterious object
orbiting one of the two bound stars comprising TIC 400799224
at a period of ~19.77 days. The SED fit to the system showed
two possible solutions, one pre-MS and the other post-MS. The
presence of lithium and the region kinematics present a strong
argument for the former, which also favors the presence of
debris and dust.

In our examination of the nature of the orbiting body, we
have considered (i) disintegration via sublimation, (ii) colli-
sions with a minor planet-like object producing sporadic dust
clouds, and (iii) shepherding of dust by an embedded planet.
We conclude that the most likely scenario is (ii) due primarily
to mass constraints, the persistent periodicity of the object over
the course of six years, and the highly variable occultation
depths.

The object appears to sporadically emit a large dust cloud
which is able to block up to 37% or 75% of the light from its
host, depending on which star in the binary is the true host of
the object. The mass of the dust cloud is approximately 10" g.
Remarkably, the dips in flux of the host star’s light maintain
phase coherence over the six-year observing interval of the
ASAS-SN project. The three most recent observations by LCO
have detected the presence of the dust cloud twice, suggesting
that the object remains intact enough for further study in the
near term.

28 Therefore, completely in general, a deep eclipse from such a debris ejection
cannot occur unless v/V ~ R, /d.
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The object is bright enough at V= 12.6 to be monitored by
modest-size backyard telescopes to search for subsequent
transits that are up to 25% deep. Eventually, when the entire set
of DASCH (Grindlay 2017) archival plates are scanned, we
should be able to detect these transits in the historical record
going back many decades.
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