
A Star-sized Impact-produced Dust Clump in
the Terrestrial Zone of the HD 166191 System

Item Type Article; text

Authors Su, K.Y.L.; Kennedy, G.M.; Schlawin, E.; Jackson, A.P.; Rieke, G.H.

Citation Su, K. Y. L., Kennedy, G. M., Schlawin, E., Jackson, A. P., & Rieke,
G. H. (2022). A Star-sized Impact-produced Dust Clump in the
Terrestrial Zone of the HD 166191 System. Astrophysical Journal.

DOI 10.3847/1538-4357/ac4bbb

Publisher IOP Publishing Ltd

Journal Astrophysical Journal

Rights Copyright © 2022. The Author(s). Published by the American
Astronomical Society. Original content from this work may be
used under the terms of the Creative Commons Attribution 4.0
licence.

Download date 24/05/2023 20:14:41

Item License https://creativecommons.org/licenses/by/4.0/

Version Final published version

Link to Item http://hdl.handle.net/10150/663918

http://dx.doi.org/10.3847/1538-4357/ac4bbb
https://creativecommons.org/licenses/by/4.0/
http://hdl.handle.net/10150/663918


A Star-sized Impact-produced Dust Clump in the Terrestrial Zone of the HD 166191
System

Kate Y. L. Su1 , Grant M. Kennedy2,3 , Everett Schlawin1 , Alan P. Jackson4 , and G. H. Rieke1,5
1 Steward Observatory, University of Arizona, 933 N Cherry Avenue, Tucson, AZ 85721–0065, USA; ksu@as.arizona.edu

2 Department of Physics, University of Warwick, Gibbet Hill Road, Coventry CV4 7AL, UK
3 Centre for Exoplanets and Habitability, University of Warwick, Gibbet Hill Road, Coventry CV4 7AL, UK

4 School of Earth and Space Exploration, Arizona State University, 550 E. Tyler Mall, Tempe, AZ 85287, USA
5 Lunar and Planetary Laboratory, The University of Arizona, 1629 E. University Boulevard, Tucson, AZ 85721–0065, USA

Received 2021 November 2; revised 2022 January 3; accepted 2022 January 12; published 2022 March 10

Abstract

We report on five years of 3–5 μm photometry measurements obtained by warm Spitzer to track the dust debris
emission in the terrestrial zone of HD 166191 in combination with simultaneous optical data. We show that the
debris production in this young (∼10 Myr) system increased significantly in early 2018 and reached a record high
level (almost double by mid 2019) by the end of the Spitzer mission (early 2020), suggesting intense collisional
activity in its terrestrial zone likely due to either initial assembling of terrestrial planets through giant impacts or
dynamical shake-up from unseen planet-mass objects or recent planet migration. This intense activity is further
highlighted by detecting a star-size dust clump, passing in front of the star, in the midst of its infrared brightening.
We constrain the minimum size and mass of the clump using multiwavelength transit profiles and conclude that the
dust clump is most likely created by a large impact involving objects of several hundred kilometers in size with an
apparent period of 142 days (i.e., 0.62 au, assuming a circular orbit). The system’s evolutionary state (right after the
dispersal of its gas-rich disk) makes it extremely valuable to learn about the process of terrestrial-planet formation
and planetary architecture through future observations.

Unified Astronomy Thesaurus concepts: Infrared excess (788); Circumstellar matter (241); Debris disks (363);
Extrasolar rocky planets (511); Exoplanet migration (2205)

Supporting material: machine-readable table

1. Introduction

Theoretical simulations indicate that the very existence of
terrestrial planets depends on the collisional merging of planetary
embryos and oligarchs (Asphaug et al. 1998; Agnor et al. 1999;
Asphaug et al. 2006) over a period of ∼200 Myr after
protoplanetary disks have cleared (e.g., Chambers 2013; Ray-
mond et al. 2014). Copious lines of evidence suggest that such
giant impacts were common and played a central role in
terrestrial-planet formation in the early solar system (Wyatt &
Jackson 2016). An efficient way to probe this process around
other stars is through the infrared-excess emission of the dust
produced in these impacts. Theoretical calculations for the general
time evolution of mid-infrared excesses during this period
(Kenyon & Bromley 2004, 2016) are qualitatively consistent
with the observations showing that the amounts of mid-infrared
excesses decay with time (Rieke et al. 2005; Su et al. 2006; Meng
et al. 2017) and that each of the giant impacts injects new debris
into a system’s terrestrial zone, creating stochastic variations in the
mid-infrared outputs of young stars that are actively forming
terrestrial planets (Kenyon & Bromley 2005; Genda et al. 2015).

However, an inconvenient truth is that the terrestrial-planet
formation interpretation of these young, extremely dusty systems
is not unique. An alternative possibility is that the high dust levels
result from the transient dynamical clearing of regions inhabited
by planetesimals. In the solar system, such a process must have
happened when the asteroid belt’s Kirkwood gaps were initially

cleared by Jupiter. Following the dispersal of the gas disk, which
stabilizes orbits against perturbations, the orbital excitation of
asteroids in Jupiter’s resonances would have led to increased
collision rates and dust production, and a brief period of extreme
dustiness. The V488 Per system might be the result of an
analogous process—an intense planetesimal excitation by nearby
planetary or substellar companions (Rieke et al. 2021).
Models predict that the observable signatures of giant

impacts during the terrestrial-planet formation period would
persist over millions of years as mid-infrared excesses (Kenyon
& Bromley 2004; Jackson & Wyatt 2012; Kral et al. 2015).
Although Spitzer has found some such dusty debris systems
around young stars (see a recent review by Chen et al. 2020),
the detection rate is low—a few percent to 10% depending on
the observing wavelengths and ages of the samples (Currie
et al. 2007; Balog et al. 2009; Carpenter et al. 2009; Kennedy
& Wyatt 2013; Meng et al. 2017). This appears to be in stark
contrast with the high incident rate of small (0.5–1.5 R⊕)
planets around solar-like stars inferred from Kepler (e.g.,
Bryson et al. 2021). Several mechanisms have been proposed
to explain the apparent discrepancy, such as that the large
planetary scale collisions might not be as frequent as models
predict and that the impact-produced material has a shorter
observable lifetime due to gas drag or anisotropic nature of
escaping debris (Kenyon et al. 2016; Watt et al. 2021).
Furthermore, we have also witnessed dramatic changes in

infrared output associated with individual planetesimal colli-
sions. Multiyear warm Spitzer monitoring programs have
shown that disk variability in these extreme debris disks
provides diagnostics of conditions in terrestrial-planet forma-
tion by measuring collisional outcomes in the time domain.
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These observations measure collisional outcomes and extract
the physical properties of the impact-produced orbiting dust
clumps as seen in the prototype of extreme systems, NGC
2354–ID8 (Su et al. 2019). Impact-produced dust clumps have
been inferred from either detecting quasi-periodic infrared
modulations (Meng et al. 2014; Su et al. 2019) or irregular
optical dipping events (de Wit et al. 2013; Gaidos et al. 2019;
Powell et al. 2021). Optically thick dust clumps can also shield
tiny grains from radiation pressure blowout and allow them to
accumulate as they are produced from larger bodies through
collisional cascades or as impact-produced vapor condenses
(Johnson et al. 2012). The stable mid-infrared solid-state
features in HD 172555 and HD 113766A (two young dusty
debris disks), over roughly two decades, further corroborate the
existence of impact-produced dust clumps in the extreme debris
disks (Su et al. 2020).

Here we report on five years of warm Spitzer monitoring
observations of HD 166191, accompanied by simultaneous
ground-based optical data. HD 166191 is a young late F- to
early G-type star at a distance of 101 pc, surrounded by a large
amount of circumstellar dust as identified by its infrared excess
(Oudmaijer et al. 1992; Clarke et al. 2005; Fujiwara et al. 2013;
Kennedy & Wyatt 2013; Schneider et al. 2013; Kennedy et al.
2014). Although the structure of the HD 166191 disk has not
been resolved by any prior observations, it is complex as
inferred by the spectral energy distribution (SED), showing the
presence of (1) hot dust traced by 3–5 μm emission, (2)
prominent solid-state features in the mid-infrared indicative of
small, warm dust, and (3) cold dust traced by far-infrared and
mm observations (Schneider et al. 2013; Kennedy et al. 2014;
Garcia & Hughes 2019).

New infrared and optical observations are described in
Section 2, where we show that the HD 166191 system experienced
a significant increase (almost double) in the 3–5μm flux in early
2018 and reached a plateau in mid 2019. On top of the flux
increase, a dip in the light curves was observed at both infrared and
optical wavelengths. We also review and summarize the system’s
basic properties like age, mass, and luminosity that we adopt for
further interpretation. In Section 3, we derive the properties of the
multiwavelength dip and a prior dip observed in the optical using
simple functional forms and a physical (curtain) model and
characterize the obscuring object in terms of size and orbital
location. In Section 4, we first discuss the cause of the observed
variability by assessing the properties of the infrared emission
between the quiescent and active states (Section 4.1), discuss the
properties of the obscuring object (Section 4.2), and conclude that
a giant collision between two large (Vesta size) bodies is the
most likely explanation (Section 4.3). We also briefly discuss the
implication of nondetection of the short-term flux modulation
expected from an impact-produced debris clump (Section 4.4) and
speculate on the trigger mechanisms of the two quiescent and
active states (Section 4.5). A conclusion is given in Section 5.

2. Observations and Results

2.1. Warm Spitzer/IRAC

Warm Spitzer observations were obtained under GO
programs PID 11093, 13014, and 14266 (PI Su) with data
covering from 2015 June to the end of the Spitzer mission in
2020 January. HD 166191 has two Spitzer visibility windows
per year, each a total of ∼39 days in length. During each
visibility window, a cadence of 3± 1 days was used to monitor

the system, which was designed to search for any variation due
to material as close as 0.1 au from the star. In 2015 November,
six planned observations were lost due to an unexpected safe
mode in the Spitzer operation. A total of 126 sets of
observations at both 3.6 and 4.5 μm bands were obtained.
We used a frame time of 0.4 s with 10 cycling dithers (i.e., 10
frames per Astronomical Observation Request (AOR)) to
minimize the intra-pixel sensitivity variations of the detector
(Reach et al. 2005) at both bands, achieving a signal-to-noise
ratio of 170 in single-frame photometry. These data were first
processed with IRAC pipeline S19.2.0 by the Spitzer Science
Center. We performed aperture photometry on each of the data
sets, following the procedure outlined in Su et al. (2019). The
final weighted-average photometry is given in Table A1 in the
Appendix. We also determined instrumental repeatability by
monitoring several isolated sources in the field of view. A ∼1%
rms in the measured photometry was found for nonvarying
sources in these data.
Using Kurucz stellar atmospheric models (details see

Section 2.4), we estimated the stellar photosphere in the two
IRAC bands to be 483 and 315 mJy with a typical uncertainty
of 1.5% limited by the accuracy of the optical and near-infrared
photometry. Assuming the star is stable at these wavelengths,
the infrared excesses (i.e., the disk fluxes) and associated color
temperatures are shown in Figure 1 over the five-year span.
Overall, the infrared output of the system at 3.6 and 4.5 μm has
two states: a quiescent phase before 2018 and an active phase
afterward. During the quiescent state, the disk emission is
relatively stable: 223± 11 mJy and 397± 19 mJy at 3.6 and
4.5 μm, respectively, resulting in a color temperature of
645± 20 K. The disk has become brighter since early 2018,
reaching a maximum level by mid 2019 (587± 12 mJy and
835± 4 mJy at 3.6 and 4.5 μm, respectively), and has been
relatively stable since, with a higher color temperature of
790± 20 K. In the early active state, a rapid flux drop (eclipse)
occurred near the Barycentric Modified Julian Date (BMJD) of
58340 (label B in the bottom of Figure 1) at both wavelengths.
During the eclipse, the color temperature also dropped,
reaching a minimum of ∼600 K, which is consistent with less
heating from the star due to obscuration. This eclipse event is
further discussed in Section 3.

2.2. Optical ASAS-SN Data

Optical data were extracted from the ASAS-SN Sky Patrol
(https://asas-sn.osu.edu/, Shappee et al. 2014; Kochanek et al.
2017). These publicly available optical data were taken in the
V- and g-band filters using a number of different cameras. We
first normalized the photometry to the average value with the
data obtained in the same camera and filter from 2015 to 2020.
After normalizing, we binned the data for each of the bands by
averaging to a cadence of 1 day. The normalized optical light
curves are shown in the bottom panel of Figure 1. The typical
rms is about 5%–10% determined by all ∼700–800 measure-
ments in each of the filters, which is ∼2–3 times noisier than
that of the stars in the same field as HD 166191. The noisy
nature is consistent with the star being a young solar-like star,
with the expected high level of chromospheric activity (e.g.,
Lockwood et al. 2007). Despite the noisy nature, two sharp flux
drops, separated by ∼142 days, were found in these optical
data. The upper panel of Figure 2 shows a zoom-in view of this
region. We verified the transit signals are authentic by
examining the ASAS-SN data of TYC 6843–1878–1 (a star
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2 6 away) and derived a photometry rms of 3.5%, suggesting
any dimming more than 10% of the nominal value might be
significant; however, we only consider dips that are more than
30% (3σ), given the noisy nature of the star. The two sharp
drops show an eclipse depth of more than 70% and appear to be
relatively symmetric in the ingress and egress sides. Hereafter,
we refer to the first event as dip #1 and the second as dip #2,
which is also observed in the warm Spitzer data (lower panels
of Figure 2). Detecting dip #2 in two different telescopes
clearly establishes that it is associated with the star, not other
nonastronomical phenomena. As guided by the separation of
∼142 days, we searched for other possible dimming events
before and after. No deep (more than 30%) events were found
in the ASAS-SN light curves before and after the two deep
events, although there are some complex, tentative dipping
events in the ∼10%–20% levels. We first focus on deriving the
basic properties of the deep dips #1 and #2 in Section 3 and
will assess the nature of other tentative events in Section 4.2.

2.3. Optical HAO Data

To further discover and characterize potential dips at later
times, we obtained eight epochs of optical photometry of the
system from 2019 May 11 to 2019 May 24 (covering display
dates of 1434–1447 in Figure 1) at the Hereford Arizona
Observatory (HAO) (http://www.brucegary.net/HAO/). We
observed with the HAO AstroTech 0.41 m Ritchey-Chretien
telescope equipped with a Santa Barbara Instrument Group ST-
10XME CCD camera and with an r¢-band filter. Image sets

with exposure times of 2 s were obtained. Standard bias, dark,
and flat-field calibrations were performed before photometry
measurements were made relative to a single reference star with
an r¢ magnitude from the APASS catalog (Henden et al. 2016),
resulting in a typical photometry uncertainty per measurement
(epoch) of 0.015–0.020 mag. We found no optical variability in
this two-week window with an average mag of 8.556± 0.015
mag. We further discuss these data in Section 4.2.

2.4. System Properties

The properties of the central star in the HD 166191 system
are reasonably well constrained. A number of high-resolution
optical spectra (Schneider et al. 2013; Kennedy et al. 2014;
Potravnov et al. 2018) together indicate an effective temper-
ature of 6000 K or slightly higher. The lack of optical and near-
infrared emission lines and optical spectroscopic variability
suggest no active gas accretion onto the star. The age of the star
has been muddled by its apparent association with the ∼5 Myr-
old Herbig Ae star HD 163296, but the situation has been
clarified by Potravnov et al. (2018). This reference identified a
group of five other stars that share similar kinematics and youth
indicators (∼10 Myr) to HD 166191 and suggested they belong
to the extended Corona Australis Association (Neuhäuser &
Forbrich 2008). The radial velocities (−8.1± 1.3 km s−1 from
Schneider et al. 2013, −10.1± 1 km s−1 from Kennedy et al.
2014, and −7.4± 2 km s−1 from Potravnov et al. 2018)
indicate no close companion, and there is no indication of
binarity on the sky. Potravnov et al. (2018) estimate a rotation

Figure 1. Time-series observations for the HD 166191 system where the upper two panels show the data obtained with warm Spitzer expressed as the amount of
excess emission at 3.6 (blue) and 4.5 (red) μm and the corresponding color temperature (Tc) estimated by the flux ratio, and the bottom panel shows the normalized
optical (V and g bands) photometry obtained by the ASAS-SN project. All error bars are shown as 1σ. The horizontal dashed lines in the upper two panels represent
the median values of the disk fluxes and temperatures. The vertical dashed lines in the bottom panel mark the interval of 142 days defined by the two deep dips in the
optical data (see the upper panel of Figure 2 for a zoom-in view). The second deep dip was also observed in the Spitzer data (lower panels of Figure 2). The dashed–
dotted lines mark the times when the dust clump passes the disk ansae (i.e., an offset of one-fourth of the orbital period; for details, see the discussion in Section 4.4.)

3

The Astrophysical Journal, 927:135 (13pp), 2022 March 10 Su et al.

http://www.brucegary.net/HAO/


velocity v isin 27 1=  km s−1. Given that typical F5 main-
sequence stars have rotation velocities of ∼30 km s−1, the
stellar rotation axis is then roughly perpendicular to the line of
sight. The extinction to HD 166191 is negligible (Ruiz-Dern
et al. 2018). Gaia gives an accurate distance of 101.2± 0.24 pc
(Gaia EDR3, Gaia Collaboration et al. 2016, 2021), replacing
the much lower accuracy value of 119 pc from Hipparcos,
which many prior studies adopted. Although the stellar activity
results in a modest level of variability, long-term monitoring
does not detect it as a large-amplitude variable (Otero 2020).
Given the accurate distance, the stellar luminosity is estimated
to be 4.1 Le by integrating the stellar atmospheric models.

A summary of the intrinsic properties is that the star is at
Teff∼ 6100 K, 10Myr old, and has a luminosity of ∼4.1 Le.
We have interpreted these characteristics in terms of stellar
evolution using two sets of isochrones: the classic ones by
Siess et al. (2000) and the ones from the Padova/Trieste group,

described by Bressan et al. (2012). A consistent, if not perfect,
fit is provided for ages of 8–11Myr, a mass of ∼1.6 Me, and a
radius of ∼2.0 Re. Note that the nominal stellar radius for a late
F-type main-sequence star is ∼1.4 R☉, and the enlarged stellar
size is consistent with the youth of HD 166191. We used
Kurucz atmospheric models with the derived parameters to
estimate the stellar contribution in the two IRAC bands. The
basic parameters that we adopt in this paper are summarized in
Table 1.
The circumstellar disk responsible for the infrared emission

of the system has been described as an extreme debris disk with
an infrared fractional luminosity ( fd= LIR/L*) of ∼0.1
(Schneider et al. 2013) or as a transitional disk (Kennedy
et al. 2014). It does not match either category perfectly. At the
age of the star, the majority of protoplanetary disks/transitional
disks have dissipated but some protoplanetary/transitional ones
persist (Balog et al. 2016; Meng et al. 2017). However, the

Figure 2. The upper panel shows the optical light curves centered on the two deep dips revealed by the ASAS-SN data. Data were folded with an orbital period of 142
days and initialized at the first dip. Small open circles depict the raw, unbinned data while the large filled circles with error bars show the 1 day binned data. Dashed
blue curves are the curtain fits (details see Section 3.2). The lower panels show the normalized infrared light curves for dip#2 by assuming the occultation only blocks
the star. The solid color lines are the curtain fits at 3.6 μm (blue) and 4.5 μm (red), while the light-blue dashed line is the optical curtain model shown on the top. The
occulting object is less thick (both in depth and width) at longer wavelengths, and the center appears to be shifted later by ∼1 day (for details, see Section 3.2).
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huge excess at ∼20 μm, Spitzer [8] – [24]= 2.9 or WISE W2 –
W4= 4.7, is in the range expected of a protoplanetary or
transitional disk. The colors [3.6] – [5.6]= 1.2 or W1 –

W2= 0.8 are substantially too red for a traditional transitional
disk (where [3.6] – [5.6]< 0.4 is expected for transitional disks
of similar age; Balog et al. 2016). This indicates that there is
more material close to the star than in a true transitional system.
The prominent solid-state feature in the 10 μm region is similar
to many extreme debris disks such as HD 113766A (also an
F-type star), where the disk is known to consist of two separate
inner (∼500 K) and outer (∼150 K) components (Olofsson
et al. 2013; Su et al. 2020). Because the infrared-excess
emission in HD 166191 can be well described by two distinct
dust temperatures: ∼760 and ∼175 K (Schneider et al. 2013), it
is very likely that the disk in HD 166191 is two-belt-like.
Finally, a definitive argument against the typical transitional-
disk hypothesis is the lack of cold CO gas measured in the
millimeter (Garcia & Hughes 2019). Nonetheless, the mix of
properties does suggest a unique system that illustrates a point
in the evolution of a planetary system from the protoplanetary
stage to a more mature state.

3. Multiwavelength Transit Model Comparison

3.1. Functional Forms

Among the two optical light curves, no flat-bottomed
behavior (i.e., the area of the obscuring object is smaller than
the cross section of the stellar disk) nor obvious asymmetry is
seen with the 1 day sampling rate. Similarly, no asymmetry nor
flat bottom is found in the Spitzer transit profiles given the
coarse cadence of ∼3 days. We first used simple functional
forms (a Gaussian profile or a symmetric hyperbolic secant
Rappaport et al. 2014) to quantify the basic properties of the
transits such as the width and depth. Unlike in the optical, the
total infrared flux of the system increased over time during dip
#2 (Figure 1), likely due to the increase of dusty debris. For
the normalization of the infrared light curves, a linear function
was included in the functional fits. We then flattened the
infrared light curves by assuming two different scenarios: that
the obscuring object occults the light from both the star and
dusty disk or the star only. In terms of the transit depth between
3.6 and 4.5 μm, there is no significant difference between the
two scenarios (blocking the star-only and star-and-disk cases)
except that the depth is deeper (∼2 times) when only blocking
the star. In terms of the transit duration, on the contrary, there is

a stark contrast between the two wavelengths—the duration is
longer at 3.6 μm (∼2 times) compared to the one at 4.5 μm
(Figure 2), and the trend is consistent between the star-only and
star-and-disk scenarios. Including the functional fit of dip#2 at
the V band, the wavelength-dependent trend strengthens—the
transit depth gets shallower as the observed wavelength
increases while the transit duration shows an opposite trend.
Using the two V-band transit profiles, we further explored

whether there is significant evolution between dips #1 and #2
by assuming they were caused by the same obscuring object.
This assessment is complicated by the fact that the star is
intrinsically noisy at optical wavelengths; a proper comparison
should take the stellar intrinsic and systematic noises into
account. We employed a Bayesian fit with a Gaussian dip
function (amplitude and width) and a Gaussian Process (GP)6

regression to allow for correlated light-curve errors. The fits
were performed in both the raw (i.e., unbinned) and the
normalized, binned data. For the raw data, the GP reveals a
typical flux uncertainty of ∼53 mJy, which is ∼10 times higher
than the quoted raw flux uncertainty, but similar to the
normalized and binned data (3.5%; see Section 2.2.) In both
raw and binned data sets, we found that the Gaussian dip
amplitude between the two dips is within 1σ but the width is
different by 2σ. This exercise suggests that (1) the normalized
and binned data do properly capture the uncertainty of the
optical light curve, and (2) there is apparent evolution between
dips #1 and #2 at the ∼2σ levels. Given the fact that there
were no similar deep dips before and after the observed ones, it
seems very likely that there is a rapid evolution in the
obscuring object if the dips were caused by the same
phenomenon. We will further explore the evolutionary nature
under such an assumption and extract the basic properties of
the obscuring object next.

3.2. Curtain Model

The variable nature of the occultations argues that the
transiting object is not a single opaque body such as a stellar
companion. Symmetric profiles at all wavelengths between
ingress and egress also suggest that the transiting material is
symmetric along the direction of motion and likely lies at
similar radii when transiting the star. The wavelength-
dependent depths further suggest the transiting material has
an optical depth gradient along the transit direction. To tie the
multiwavelength transits together, we then adopt a simple one-
dimensional, semiopaque curtain model, as described by
Kennedy et al. (2017), to fit the transit profiles. The curtain
is assumed to have a Gaussian-like profile for the optical depth
along the direction of motion, with a peak optical depth, τ and a
width w (FWHM) in units of stellar radius (R*). The curtain
moves at a constant velocity, v, in units of stellar radius per day
(R* day−1) across the stellar disk, and the center of the curtain
coincides with the stellar center at time t0. As discussed in
Kennedy et al. (2014), the size and the velocity of the curtain
are completely degenerate for a specific transit profile, i.e., the
larger the curtain, the faster the resulting velocity. Under the
assumption that dips #1 and #2 have the same origin (i.e., the
orbital period is ∼142 days), we restrict the range of velocity
search under the assumption that the curtain is on a circular
orbit. In other words, the velocity is expected to be close to the
Keplerian velocity (i.e., ∼47 km s−1 around a 1.6M☉ star, or at

Table 1
Basic Parameters and References for HD 166191 Adopted in This Paper for the
Distance, Stellar Temperature (T*), Radius (R*), Luminosity (L*), Mass (M*),

Age, Measured Radial Velocity (Vr), and Rotation Velocity (v isin )

Parameter Value Reference

L* 4.1 L☉ 1
R* 2 R☉ 1
T* 6000 K 2, 3, 4
M* 1.6 M☉ 1
Distance 101.2 ± 0.2 pc 5
Age ∼10 Myr 1, 4
Vr −8.5 ± 1.5 km s−1 2, 3, 4
v isin 27 ± 1 4

Note.
References: [1] this work; [2] Schneider et al. (2013); [3] Kennedy et al.
(2014); [4] Potravnov et al. (2018); [5] Gaia EDR3.

6 The Simple Harmonic Oscillator term was used for the Gaussian kernel.
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∼2.5 R*day
−1 for R*∼ 2 R☉). A narrow range of velocities

(2.4–2.6 R*day
−1) was used to constrain the other three

parameters. Much larger velocities, resulting in larger curtains,
would be possible if the curtain is on an eccentric orbit.
Unfortunately, we cannot constrain the curtain width under
such a condition by only fitting the transit profiles, so we did
not model these cases.

We determined the best-fit parameters and the associated
uncertainties by matching the transit profile at each wavelength
(binned V and 3.6 and 4.5 μm data) first using the Python
package emcee (Foreman-Mackey et al. 2013). The derived
parameters are summarized in Table 2. By comparing the two
optical dips (#1 and #2), the simple curtain model suggests
that the optical depth and the curtain width got thicker and
wider with time. For dip#2, both the optical depths and widths
are much less in the infrared wavelengths compared to the ones
in the optical, and there is an apparent shift in t0 where the
infrared transits occur later by ∼1 day.

Because dip #2 was detected at all three wavelengths, the fit
was also performed by combining all three bands of data. To
better quantify the shift, we also include a time difference (Δt)
between the optical and infrared transits in the three-band data
fit. The derived parameters are also shown in Table 2, and
Figure 3 illustrates one of the fits for dip #2. Overall, there is

not much difference in the derived parameters either by fitting
individual bands separately or together—both indicate that the
optical depth and the width of the curtain for dip #2 were
reduced significantly at longer wavelengths, and this trend
remained the same whether the transiting object blocked the
star only or both the star and the disk. Based on these
characteristics, the obscuring object is most likely a clump of
dust. The fairly symmetric shape between the ingress and
egress suggests that particle sizes in the dust clump are either
not significantly affected by radiation pressure within two
orbits or the initial velocity distribution of the particles is more
or less along the radial direction so that the alteration due to
radiation pressure is minimal.

4. Discussion

The year-long, large infrared brightening seen in the warm
Spitzer data, the detection of the deep dips in both the optical
and infrared during the rapid phase of the infrared flux increase,
combined with the fast evolution of the dips, all suggest that we
are witnessing a large asteroid collision in the terrestrial zone of
the HD 166191 system. Although we think the asteroid
collision scenario best describes what is observed in HD
166191, it is necessary to point out that the deep dips might be
caused by other independent means that are not related to the
infrared brightening. For example, gas-related clumping and
hydrodynamic instabilities in a gas-rich protoplanetary disk
could produce irregular sharp dips (Bouvier et al. 2003;
Dullemond et al. 2003; Bredall et al. 2020) and would not be

Table 2
Model Parameters for the Curtain Model,a Peak Optical Depth τ, FWHM w
(in R*), Curtain Velocity v (in Stellar Radii Per Day, R*day

−1), Time When the
Curtain Center Passes the Stellar Center t0, and Delay between the Maximum

Visible Transit and Maximum Infrared Transit Δt

Dip #1 #2

Fitting individual band
τV 0.79 0.02

0.02
-
+ 0.88 0.01

0.01
-
+

wV 2.63 0.10
0.09

-
+ 4.57 0.25

0.25
-
+

vV 2.50 0.07
0.07

-
+ 2.50 0.07

0.07
-
+

t0,V 58197.00 0.02
0.02

-
+ 58338.73 0.07

0.07
-
+

Star only Star + Disk

τ3.6 L 0.29 0.02
0.02

-
+ 0.18 0.01

0.01
-
+

w3.6 L 3.75 0.22
0.23

-
+ 3.74 0.23

0.22
-
+

v3.6 L 2.50 0.07
0.07

-
+ 2.50 0.07

0.07
-
+

t0,3.6 L 58339.38 0.06
0.07

-
+ 58339.37 0.07

0.07
-
+

τ4.5 L 0.23 0.05
0.19

-
+ 0.09 0.02

0.05
-
+

w4.5 L 2.68 0.62
0.35

-
+ 2.72 0.52

0.34
-
+

v4.5 L 2.51 0.07
0.07

-
+ 2.51 0.07

0.06
-
+

t0,4.5 L 58339.17 0.11
0.11

-
+ 58339.18 0.12

0.10
-
+

Fitting all three bands together with a time offset
Star only Star + Disk

τV L 0.88 0.01
0.01

-
+ 0.88 0.01

0.01
-
+

wV L 4.59 0.26
0.24

-
+ 4.58 0.24

0.24
-
+

τ3.6 L 0.29 0.02
0.02

-
+ 0.19 0.01

0.01
-
+

w3.6 L 3.71 0.22
0.25

-
+ 3.70 0.21

0.24
-
+

τ4.5 L 0.19 0.02
0.03

-
+ 0.08 0.01

0.01
-
+

w4.5 L 2.88 0.23
0.25

-
+ 2.91 0.25

0.24
-
+

v L 2.50 0.01
0.01

-
+ 2.50 0.01

0.01
-
+

t0 L 58338.73 0.07
0.07

-
+ 58338.72 0.06

0.07
-
+

Δt L 0.59 0.09
0.08

-
+ 0.60 0.08

0.09
-
+

Notes. Subscripts V, 3.6, and 4.5, refer to data in the visible, 3.6 μm, and
4.5 μm bands, respectively.
a Assuming a circular orbit with the velocity search range of 2.4–2.6 R*day

−1.

Figure 3. Flattened light curves for dip #2 with one of the best-fit curtain
models on a circular orbit by fitting all three bands simultaneously. The color
symbols are the same as Figure 2. The curtain is assumed to transit the
star only.
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related to the brightening in the system’s infrared output.
However, the lack of abundant gas argues against such
mechanisms operating in the HD 166191 system. Here, we
only focus on the asteroid collision hypothesis and discuss its
implications.

4.1. What Causes the Observed Variability?

Large-scale collisions among planetesimals and planetary
embryos in the terrestrial-planet region are expected to be
common after the dissipation of the gas in a protoplanetary disk
(Chambers & Wetherill 1998), a stage we think HD 166191 is
in. Such collisions produce a range of escaping material from a
gravity-dominated boulder population (1–100 km) (Leinhardt
& Stewart 2012) to ∼millimeter- to centimeter-size dust
spherules formed from vapor condensates (Johnson &
Melosh 2012). The infrared flux evolution of an impact-
produced dust clump depends on the detailed properties of the
generated debris (e.g., Su et al. 2019) and its interaction with
the existing background population of planetesimals. Such
background planetesimals exist in HD 166191 as they produce
substantial infrared excess ( fd∼ 0.1) in the quiescent state. The
earliest IRAC 3–5 μm measurements of the system were
obtained in 2006 (BMJD 54005) by the Spitzer/GLIMPSE
Survey (Benjamin et al. 2003; Churchwell et al. 2009) as noted
by Schneider et al. (2013). The IRAC band 1 and 2 fluxes of
the system, adopted from the GLIMPSE source catalog (Spitzer
Science, C 2009), are consistent with the ones from our warm
Spitzer measurements in 2015–2017 within 5%, suggesting the
quiescent state has persisted over a decade.

As noted in Section 2.4, the quiescent SED can be described
by two different dust temperatures: ∼760 K and ∼175 K ( fd of
∼4× 10−2 and ∼6× 10−2, respectively) based on the SED
analysis from Schneider et al. (2013). The color temperature
inferred from the two short IRAC wavelengths is lower (∼650
K), suggesting that the color temperatures derived from two
close wavelengths are not representative of the dust tempera-
tures and should only be taken in a relative sense. Assuming
blackbody-like grains under optically thin conditions, the SED
dust temperatures imply stellocentric distances of ∼0.27 au and
∼5 au as the dominant debris locations in the quiescent state.
The inferred distance would be much larger if the emission is
dominated by small grains. For example, submicron silicate-
like grains, known to be present during the quiescent state as
inferred from the prominent 10 μm feature, can reach ∼750 K
at a stellocentric distance of ∼0.6 au. As we explore the
implications of the Spitzer data, the discussion only applies to
the inner ∼1 au zone.

The large-scale infrared brightening obviously points to a
huge increase in the debris emission, freshly generated in the
inner region during the active state. The increase in the
observed color temperatures between the two states can be
explained by two possibilities: (1) the newly produced impact
debris is located closer to the star than the background
population in the inner zone, and (2) the dominant grains that
produce the 3–5 μm emission become smaller (i.e., hotter) than
the ones in the quiescent state. For the first case, the newly
produced debris in the active state needs to be closer to the star
by ∼30% to account for the temperature increase (dust
temperature Td∼ r−0.5 where r is the distance from the star).
For the latter case of accounting for the temperature increase,
the dominant grains in the active state need to be ∼30% of the
sizes in the quiescence stage (Td∼ a−1/6, where a is the grain

radius assuming an interstellar medium (ISM)-like composi-
tion). Both cases are consistent with the proposed impact
scenario. The impact-produced debris is expected to spread to a
range of distances from the impact location, and the width of
the spread depends sensitively on the impact location: the
farther away the impact, the larger the spread of the impact
debris (Watt et al. 2021). In this inner 1 au region, roughly half
of the impact debris is found interior to the impact location (see
Figure 9 from Watt et al. 2021). Second, it is expected that the
impact-produced debris would go through collisional cascades
particularly in a dense dust clump form, i.e., producing smaller
grains consistent with the observed temperature increase. As
noted earlier, the observed color temperature also drops during
the eclipse event, which is consistent with less heating of the
dust due to obscuration.

4.2. Clump Properties and Evolution

Based on the curtain model, the obscuring object is likely a
dust clump at a semimajor axis of 0.62 au (assuming a circular
orbit) given the apparent orbital period of 142± 0.3 days
around a 1.6 M☉ star. At that location and assuming a circular
orbit, the Keplerian velocity is 47.8 km s−1 (or 5.9 R☉day

−1),
suggesting that the star has a stellar radius of 2.37 R☉ using the
best derived velocity of 2.5 R*day

−1. This radius is 18% larger
than what we derived in Section 2.4, which already takes the
stellar youth into account. This apparent discrepancy can be
easily solved if the clump is on an eccentric orbit.
The transit depth is an estimate of the fraction of the stellar

disk that was obscured during the deepest eclipse assuming the
clump is optically thick at the observed wavelength. Under the
assumption of a circular orbit, it has a comparable size to the
star (∼4.1 R☉ or 0.019 au) vertically given the deepest transit
depth of 0.88 at V band. Horizontally, it is ∼1.5–2.5 times the
stellar diameter (∼0.033–0.055 au) given the best-fit curtain
widths. The dust clump is large—the projected surface area is
1–2× 1023 cm2 (i.e., a coverage factor of ∼1×10−4 at 0.62
au). Even so, this surface area is a lower limit because it only
applies to the part of the cloud that passed in front of the star.
We derive below (Section 4.3) a total dust cross section two
orders of magnitude larger, based on the fraction of the light
from the star that had to be absorbed to account for the increase
in the output of the dust at the peak of the outburst in 2019. The
apparent discrepancy implies that the clump is likely much
larger and on an orbit that is slightly inclined relative to us so
the dips were due to structures toward the edge of this cloud.
There are, of course, multiple alternative explanations as we
further discussed in Section 4.3.
Using the multiwavelength data for dip#2, we can put some

constraints on the dominant grain size in the clump if the
occulting object has a uniform column density along the line of
sight. In the optically thin case, the optical depth ratio reflects
the extinction; the observed wavelength-dependent optical
depth ratio in the infrared is consistent with the interstellar
extinction curve (Gordon et al. 2021). The observed range of
absorption (∼0.2–0.4) between V and 3.6 μm suggests the
dominant grain size is less than ∼1 μm for the majority of grain
compositions (Figure 4). Intuitively, this size appears to
contradict the observed symmetric transit profiles because the
orbits of these small grains should be significantly altered by
the radiation pressure, i.e., exhibiting elongated trailing/egress
profiles (Lecavelier Des Etangs et al. 1999). We will discuss
this further in Section 4.3. Alternatively, the optical depth ratio
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could reflect the spatial distribution of the column density if the
grains in the clump are large (i.e., Q3.6/QV∼ 1) and experience
negligible radiation pressure effects. In this case, the clump is
symmetric along the direction of motion, i.e., thicker at the
center and thinner outside, but the thickest part of the clump
observed in the infrared is slightly trailing (behind) the thickest
part of the clump observed in the optical by ∼0.6 days,
suggesting density inhomogeneity if optically thin.

It is also likely that the clump is optically thick at V but thin
in the infrared wavelengths, i.e., the extinction ratio no longer
traces the absorption accurately. In this case, the timing offset
between the optical and the infrared wavelength might be a
manifestation of grain properties and/or optical depth effects
(given the possibility that the clump is highly structured and
asymmetrical along the direction of motion).

With the best-fit clump parameters, we searched for the
potential signs of the clump before and after dips#1 and #2 in
the optical data assuming a period of ∼142 days. There were
some tentative shallow dips before and after; however, none of
them are significant (more than 3σ) given the noisy nature of
the stellar output (as shown in Figure 5) so we did not attempt
any fits to these shallow dips. The most likely detection of a dip
is at ∼284 days before dip #1 (at an orbital phase of −2)
where one single binned data point is ∼20% (2σ) low. Taken at
face value, this tentative dip is consistent with the curtain width
of dip #1, but ∼4 times shallower. Similarly, there appears to
be a very broad and shallower (∼10%, 1σ) transit signal ∼284
days after dip #2 (at an orbital phase of 3). Nonetheless, the
reality of this dip is challenged by the nightly data taken at the
HAO over the week of the expected transit (see the middle
panel of Figure 5). Finally, there is no sign of dips at the orbital
phase of 4 (∼426 days after dip #2). As shown in Figure 2,
there appeared to be two additional dips (in the range of 30%–

40% levels) before dip #2 that were not present prior to dip
#1, but might be present before the tentative, broad, and
shallow dip at the orbital phase of 3. It is difficult to determine
whether these dips were associated with the main clump or not.
If they were, the behavior is consistent with rapid evolution.
We note that radiation pressure might also play a role in the
early clump evolution because of its short timescale (on the
order of an orbital period for grains smaller than the blowout

size under a gas-free condition). If so, we would expect a rapid
flux increase (due to new grains generated in the clump)
followed by a rapid flux decrease (due to radiation pressure
blowout) in the infrared light curve in the early phase (a similar
behavior of the 2015 light curve of ID8; Su et al. 2019), which
is not observed. The dust-clearing timescale is expected to be
longer under the condition of a small amount of residual gas
due to the combination of radiation pressure and gas drag
(Takeuchi & Artymowicz 2001; Kenyon et al. 2016; Krumholz
et al. 2020). As suggested by Kenyon et al. (2016), the dust
outflow velocity is on the order of 0.01 au yr−1 at 1 au for a
disk with a gas mass of 0.001% of a typical solar nebula. Such
low gas mass would be unobservable by optical and near-
infrared techniques. Future investigations are needed to further
assess the role of residual gas in the dust clump evolution.
Under the premise that all the transit signals were related

(i.e., a dust clump), the optical data suggest a rapid evolution in
the clump—totally dissipating after ∼3–6 orbits. Overall, the
dust clump started compact, grew thicker and larger quickly
after ∼2 orbital periods, and became so thin and extended that
no trace was seen after ∼3–6 orbital evolutions. Kennedy et al.
(2017) show that the shearing rate for an unbound spherical
clump is relatively fast, so the inference of rapid evolution of
the occulting structure is not particularly surprising. The rapid
evolution is also consistent with numerical simulations where
the clump phase only lasts for less than ∼10 orbital evolutions
(Jackson & Wyatt 2012; Kral et al. 2015; Watt et al. 2021).

4.3. A Catastrophic Collision between Large Asteroids in the
Terrestrial Zone

The flux increase between the quiescent and active states is
about ∼470 mJy at 4.5 μm. At the distance of the star (101.5 pc)
and an assumed dust temperature of 650 K, the flux increase
suggests a minimal increase in the dust cross section of 0.065 au2

(∼1.5× 1025 cm2≈ 200 stellar sizes). Simulations indicate a
substantial rate of fragment collisions rapidly following the impact
disruption of asteroid-sized bodies (e.g., Dell`Oro et al. 2015),
which would expedite the initiation of an intense collisional
cascade. Collisions at a modest fraction of the orbital velocity at
the position of this debris can accelerate substantial amounts of
debris to the velocities required to occult the star (e.g., Kenyon &
Bromley 2005; Dell`Oro et al. 2015; Hyodo & Genda 2020).
Assuming the infrared excess comes from small grains generated
in a collisional cascade with blowout sizes of 0.5–5μm and grain
density of 3 g cm−3, the increased dust cross section corresponds
to a “minimum mass” of ∼1–4× 1023 g. Such a mass is
equivalent to totally breaking up an object with a diameter of
∼400–600 km assuming a density of 3 g cm−3 (i.e., a Vesta-size
object). Adopting different temperatures (500–800 K) has little
effect on the size of the object (320–700 km).
We stress that this dust cross section and the resulting mass

estimates are truly minimal because the emission might not be
completely optically thin and the infrared emission is only
sensitive to small grains, not to fragments larger than ∼millimeter
to centimeter sizes. Giant impacts involving protoplanets leave a
substantial fraction of the mass of the colliding bodies in large
fragments (e.g., Jutzi et al. 2010; Benavidez et al. 2012;
Emsenhuber et al. 2018; Gabriel et al. 2020), suggesting that
the total mass required to produce the infrared-emitting dust
would be much greater than our estimates. As has been suggested
previously, a rapid rise in the infrared generally points to a sudden
increase of ∼millimeter- to centimeter-size spherules likely

Figure 4. Extinction ratio (y-axis) between the V and 3.6 μm bands for various
compositions for dust grains in a log-normal size distribution where the average
size is shown on the x-axis. The observed range for the dip #2 dust clump is
marked as the hashed region.
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produced quickly from impact-produced vapor, which nominally
only accounts for a few percent of the total mass from a giant
impact (e.g., Watt et al. 2021). A recent study by Gabriel & Allen-
Sutter (2021) further suggests that the production of vapor from
giant impacts is only favored if the impactors are 1% Earth
mass. All point to the fact that the colliding bodies are much larger
than our estimate.

The symmetric profiles of the dips imply that the grains in the
clump experience very little radiation pressure effect initially,
suggesting the dominant grain sizes in the clump are large
compared to the observed wavelengths and consistent with the
expected sizes of vapor condensates (a few 100microns to
centimeters) from violent collisions (Johnson & Melosh 2012).
Given the large mass involved in the collision, the impact-
produced clump is very likely to be optically thick initially, and
the presence of optically thick dust clumps has been inferred in
some young, extremely dusty systems (Meng et al. 2012; Su et al.
2019, 2020; Melis et al. 2021; Powell et al. 2021). Inside an
optically thick clump, grains smaller than the nominal blowout
size generated through collisional cascades could be retained
because stellar radiation pressure would not be effective in
removing them, unlike in a typical low-density debris disk. Small
grains would accumulate at the dense part of the clump and might
quickly disperse (i.e., accelerating the expansion of the clump)
when the clump experiences enough shear.

Using the optical data, we can further put some lower limits on
the expansion of the dust clump by assessing the rate of change in
the clump width (sensitive to the projected velocity in the
horizontal direction) and transit depth (sensitive to the projected
velocity in the vertical direction) relative to the clump center. The
width change between dips #1 and #2 suggests a projected
expansion rate of 0.98 R* per orbit (∼110–130 m s−1 assuming a
stellar radius of 2–2.38 R☉). Assuming the clump is very optically
thick between orbital phases of −2 and 0 (dip #1), the change in
the transit depth suggests a projected expansion rate of 0.3–0.4 R*
per orbit (i.e., ∼35–55 m s−1 assuming τ ∼0–0.2 at the orbital
phase of −2). Interestingly, an expansion velocity of a few
hundred m s−1 would fit with the escape velocity of a body a few
hundred km in size (Vesta has an escape velocity of∼350 m s−1).
As shown in Section 4.2, the dust clump has a projected surface
area of 1–2× 1023 cm−2 at dip #2. The clump’s minimum mass
is 8× 1020–22 g by adopting grains of ∼10–1000 μm size to
provide the necessary surface area. Using a zeroth-order estimate,

the mass estimate is equivalent to a body of a few hundred
kilometers in diameter. The estimated expansion velocity (lower
limits) is consistent with the mass requirement.
The projected expansion rate suggests that the clump has a

vertical half-width of ∼1.1 R* at dip #2 (orbital phase of 1),
suggesting the clump is less optically thick. Furthermore, the
projected clump size would increase by a factor of ∼3 between
the orbital phases of 1 (dip#2) and 3 if continuing with the same
velocities in both directions. The increased area of the clump
would further broaden the clump width and reduce the thickness
(τ) at the center, roughly consistent with no strong transit signal at
the orbital phase of 3 and farther. If the expansion of the clump
had some kind of acceleration, such as a sudden exposure of small
grains produced in the clump center, the clump would very likely
be totally disrupted at later orbits. Furthermore, being on an
eccentric orbit, as indicated from the stellar radius discrepancy
(Section 4.2), would further facilitate its disruption (A. P. Jackson
et al. 2022, in preparation). Overall, the transit profile evolution is
consistent with that of an impact-produced clump under Keplerian
shear.
As the clump is being dispersed, small grains generated in

the clump center are likely to collide with other debris (i.e.,
other large fragments and/or background population) in the
system, creating a snowball effect and increasing the infrared
flux of the system. We might witness this kind of phenomenon
right after the orbital phase 2 (between the labels of C and D in
Figure 1). There appears to be a big flux jump between the
orbital phases of 2 and 3 by ∼50% and 30% at 3.6 and 4.5 μm,
respectively, and yet before and after the jump the overall disk
flux appeared to be relatively flat. Although there was a
NEOWISE measurement between the two Spitzer visibility
windows that supported a linear flux increase, the saturation of
the NEOWISE data makes such a trend inconclusive.

4.4. Short-term Modulation in the HD 166191 Infrared Light
Curves?

Violent impacts involving large asteroid-sized bodies are
expected to form thick clouds of debris (Jackson &Wyatt 2012;
Jackson et al. 2014; Watt et al. 2021), and the aftermaths of
these impacts produce complex short- and long-term infrared
variability due to viewing geometry, dynamical, and collisional
evolution in the impact-produced fragments (Su et al. 2019).

Figure 5. Tentative dust clump evolution as displayed in the optical light curve with the potential curtain models shown in blue dashed line to guide the eyes. The
symbols used are the same as in Figure 2. The dust clump started as compact, became thicker and larger after ∼2 orbital periods, and dissipated (not transiting star)
after ∼3–6 orbital evolution (details see Section 4.2).
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Such behaviors are well documented in the prototype of
extreme systems around a 35 Myr-old solar-like star, ID8
(Meng et al. 2014; Su et al. 2019). Our impact hypothesis for
HD 166191 is very similar to ID8ʼs behavior in 2014/2015,
showing a ramp of infrared brightness due to the expansion of
an optically thick cloud of debris as it underwent Keplerian
shear. In addition to the flux increase, ID8ʼs 2014/2015 light
curves also exhibited short-term variation on timescales of half
the orbital period due to the thickness of the clump along the
line of sight (i.e., disk ansae). However, we do not see
significant evidence for short-term modulations in HD 166191,
aside from the transit signals. Because we are proposing that
the mechanism that explains the year-long increase in bright-
ness is essentially the same between HD 166191 and ID8, it is
relevant to consider why ID8 displays short-term variations in
the infrared light curves, but HD 166191 does not.

First, it is important to note the difference in the observation
windows and the orbital periods related to the proposed
models. Due to the position on the sky, the Spitzer visibility
windows for ID8 are generally over 200 days in length,
whereas for HD 166191 the Spitzer visibility windows are only
∼39 days. In the model described by Su et al. (2019), two
kinds of bimodal variation, each at half of the genuine orbital
period can occur: one due to the viewing geometry (minimum
flux at the disk ansae) if the disk midplane is close to edge on
and the other due to the orbital evolution of the impact
fragments at the collisional point and anticollision line (Jackson
et al. 2014). Given the appearance of the transit signals we
expect that the orbital plane of planetesimals in HD 166191 is
close to edge on, therefore, the time when the clump passes the
disk ansae would be t0 (the time the clump passes the center of
the star) plus one-fourth and three-fourths of the orbital period.
Unfortunately, these times (marked by the dashed–dotted lines
in Figure 1) lie in gaps of the Spitzer observations. For the
modulations due to the collision point and anticollision line, it
is difficult to predict the observable signal because we do not
know the exact positions relative to the disk ansae. However,
the minimum average timescale should be one-fourth of the
orbital period, i.e., ∼35 days (almost equal to the length of the
visibility window), making the short-term brightness variations
more difficult to detect in the HD 166191 system.

Furthermore, the amplitude and timescale of the short-term
brightness variations in the optically thick, impact-produced
debris are also strongly dependent on how the fragments (both
unaltered boulders and vapor condensates) are released post-
impact. Specifically, the distribution of the released debris
depends sensitively on the orientation of the collision with
respect to the orbital plane around the central star, the mass
ratio between the two impacting objects, and the impact angle
of the collision, all producing an anisotropic distribution of the
resulting debris (e.g., Watt et al. 2021). For a grazing collision,
the debris tends to have a large velocity dispersion, easily
spreading over a large range of semimajor distances so that it is
unlikely to remain a coherent clump able to produce short-term
modulation. Given the variables, it is not surprising that the HD
166191 dust clump showed no short-term modulation.

4.5. What Triggers the Onset of the Two States?

The minimum increase in the total dust cross section
between the quiescent and active states is on the order of
1025 cm2 (≈200 stellar sizes), which is 100 times larger than
the projected area of the clump (a few stellar sizes). As

discussed in Section 4.2, the clump is likely much larger and on
an inclined orbit so that only part of the clump eclipses the star.
Nevertheless, an estimate on the increased surface area due to
Keplerian shearing with the expansion velocity of the clump
and that of new small grains generated through collisional
cascades within the dense clump (a condition is expected to be
mostly localized) are unlikely to account for the full amount of
flux increase between the two states. This suggests that
multiple large-scale collisions are required and that the initial
collision likely creates several large fragments. It is difficult to
determine the exact time of the initial collision using the
infrared flux alone (because infrared flux is only sensitive to
small dust grains). Nonetheless, the initial collision is likely
occurred during the quiescent phase because it takes time to
generate enough small grains to display flux increase in the
infrared. Subsequent collisions either among them or with the
background planetesimals result in several dust clumps and
only one transits the star. In fact, the dips prior to dip #2 (near
orbital phase of 0.85–0.95 in Figure 2 as described at the end of
Section 4.2) might be caused by partial occultations of other
clumps.
The question remains: What triggered the onset of these two

states? A number of scenarios could have precipitated it. Given its
young age (right after the dispersal of gaseous material), the
infrared brightening might be signaling the initial assembling of
terrestrial planets through multiple giant impacts. In this case, the
system’s infrared flux might exhibit multiple, large-scale flux
increases in the future. Alternatively, it might be triggered by
unseen massive bodies in the system, mostly likely planet-mass
objects (because of the constancy of the radial velocity of the star
ruling out the presence of stellar companions) and/or some global
event like the reconfiguration of giant planets causing intense
high-velocity collisions in the inner system (Carter & Stew-
art 2020). Future data, particularly continuous monitoring in both
the optical and infrared wavelengths, would yield better insights
into this unique system.

5. Conclusion

We report on five years of 3–5 μm photometry with warm
Spitzer that tracks the debris dust emission in the terrestrial
zone of the HD 166191 system. We use publicly available
optical measurements over the same time span to characterize
the stellar activity and show that the typical rms is 5%–10%,
consistent with the star being a young late F- to early G-type
star. Overall, the infrared output of the system at 3.6 and
4.5 μm has two states: a quiescent phase before 2018 and an
active phase afterward. The infrared fluxes gradually increased
starting in mid 2018 and reached a plateau by mid 2019,
doubling the total excess emission. Because there is no such
long-term and large-degree brightening from the star itself in
the optical data, we attribute the flux increase in the infrared to
a change in circumstellar debris dust. The amount and rapidity
of the increase in the infrared flux requires a catastrophic event,
such as a collision between two large bodies (500 km in
diameter) occurring in the terrestrial zone.
During the infrared brightening phase, a sudden drop was

observed at both 3.6 and 4.5 μm but with different depths
between the two bands. This event was also seen in the optical
as a very deep (80%) dip. A similar deep dip was also seen in
the optical 142 days earlier (there are no contemporaneous
infrared data). A Bayesian analysis using Gaussian profiles in
combination with a Gaussian Process regression finds that the
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two optical dips were different in both the width and amplitude
at ∼2σ levels. Within the limitations of our sampling, the dip
profiles are symmetric.

Symmetric profiles at all wavelengths imply that the
transiting material is symmetric along the direction of motion,
and the variable nature of the occultations argues that the
transiting object is not a single opaque body. We characterized
the multiwavelength transit profiles using a one-dimensional
translucent curtain model, described by Kennedy et al. (2017).
The timings of the two optical dips provide a strong constraint
on the orbital period of the transiting object, i.e., 142 days,
equivalent to a semimajor axis of 0.62 au around the 1.6 M☉
star assuming a circular orbit. Because the curtain width and its
velocity are degenerate, we determined best-fit parameters
using the Markov chain Monte Carlo technique by assuming a
circular orbit for the object. Comparing the two optical dips,
our modeling reveals that the optical depth and the width of the
curtain got thicker and wider with time. For the deeper dip,
which was also observed in the infrared, both the depth and
width were reduced significantly at longer wavelengths. These
trends remain the same whether the object blocks the light from
the star only or the disk plus the star. The preferred velocity of
the curtain under the assumption of a circular orbit suggests a
larger stellar size compared to the expected one given the youth
of the star—a discrepancy that can be easily solved if the
curtain is on an eccentric orbit.

Given the derived transit properties (time evolution and
wavelength-dependent width and depth) in combination with
the year-long infrared brightening, the obscuring object is most
likely a dust clump created by a recent large asteroid collision
in the terrestrial zone of the HD 166191 system. From the
transit depth and width, one can estimate the minimum size of
the clump using the deepest dip in the optical data. Assuming a
circular orbit, the clump is comparable in size to the star
vertically, and ∼2–3 times the stellar diameter horizontally.
The infrared observations of the same dip show wavelength-
dependent extinction, similar to interstellar extinction, suggest-
ing a dominant submicron particle size. However, grains with
such small sizes are expected to experience significant orbital
alteration due to radiation pressure, which would manifest as an
asymmetric transit profile that is not observed in the data. It is
likely that the clump is predominantly made of larger particles
such as the impact-produced vapor condensates that shield the
smaller ones from some of the radiation pressure. That is, the
clump is optically thick in the optical, but less so in the
infrared.

We searched for the potential signals of the clump before and
after the dips in the optical data, and found tentative shallow
dips that might be associated with the period of 142 days, but
none of them are significant (>3σ). These constraints suggest
that the dust clump was initially compact, and grew thicker and
larger quickly after ∼2 orbits, but became so thin and extended
that no trace was seen after an evolution of ∼3–6 orbits. We
further put some lower limits on the expansion of the clump by
assessing the change rate using the transit width and depth and
find a projected expansion of ∼110–130 m s−1 and ∼35–55
m s−1 in the horizontal and vertical directions, respectively. An
expansion velocity of a few hundred m s−1 would fit with the
escape velocity of a body a few hundred km in size such as
Vesta. The actual body is likely to be much larger because the
data are only sensitive to the projected expansion velocity. The
shearing rate for an unbound dust clump, particularly on an

eccentric orbit, is relatively fast, consistent with its rapid
evolution.
The minimum increase in the total dust cross section (≈200

stellar sizes) between the quiescent and active states is 100
times larger than the projected area of the clump (a few stellar
sizes). The clump size is likely to be underestimated if the
clump is on an eccentric and/or inclined orbit and only part of
the clump ellipses the star. Given the expansion velocity due to
Keplerian shear, the clump that caused the transits is not solely
responsible for the total flux increase in the infrared, and other
multiple large-scale collisions are required. It is likely that the
initial collision creates several large fragments that subse-
quently collide either between them or with the background
planetesimals, resulting in several dust clumps and only one of
them created the deep transits and others created none or partial
occultations. Such a phenomenon is known to exist in our solar
system as many asteroid families were created by past break-
ups of a much larger body.
Several scenarios could have precipitated the onset between the

quiescent and active states in HD 166191. The system’s young
age right after the dispersal of its gas-rich protoplanetary disk
suggests that we might be witnessing the early giant impact phase
in assembling terrestrial planets in the inner zone. Alternatively,
this might be triggered by perturbation from nearby, unseen
planet-mass objects, creating orbit-crossing collisions in the
existing asteroid population, and/or from some global event like
planet migration. Long-term monitoring by Spitzer reveals that a
system’s infrared output could remain in a quiescent stage over
decadal timescales without major changes even when intense and
frequent collisions are expected during the terrestrial-planet-
forming phase. The transient nature of extremely dusty systems
further illustrates the importance of continuous monitoring. Future
observations of this unique system would further shed light into
our understanding of terrestrial-planet formation and overall
assembling planetary architecture.
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Appendix
Warm Spitzer Photometry for HD 166191

Table A1 shows the 3.6 and 4.5 μm photometry of the HD
166191 system obtained during the Spitzer warm mission as
described in Section 2.1. The excess emission and its

uncertainty were derived by the subtraction of the expected
photospheric value (483 and 315 mJy at the 3.6 and 4.5 μm
bands, respectively) with a typical uncertainty of 1.5% of that
value added in quadrature.

Table A1
The IRAC Fluxes of the HD 166191 System

AOR Key BMJD3.6 F3.6 E3.6 FIRE,3.6 EIRE,3.6 BMJD4.5 F4.5 E4.5 FIRE,4.5 EIRE,4.5
(day) (mJy) (mJy) (mJy) (mJy) (day) (mJy) (mJy) (mJy) (mJy)

53434624 57187.57434 724.088 2.246 240.688 7.591 57187.57280 740.062 2.679 424.962 5.433
53434112 57191.57553 716.637 2.324 233.237 7.614 57191.57400 745.061 1.931 429.961 5.106
53433600 57193.13801 709.456 3.912 226.056 8.239 57193.13648 746.132 1.838 431.032 5.071
53433088 57197.12839 724.561 3.944 241.161 8.254 57197.12687 738.824 4.089 423.724 6.250
53432576 57200.11510 713.706 5.190 230.306 8.917 57200.11359 743.380 3.102 428.280 5.654
53432064 57202.92367 717.511 5.099 234.111 8.865 57202.92216 749.307 2.160 434.207 5.196

Note. F and E are the flux and uncertainty including the star, while FIRE and EIRE are the excess quantities excluding the star. This table is published in its entirety in
the machine-readable format. A portion is shown here for guidance regarding its form and content.

(This table is available in its entirety in machine-readable form.)
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