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Abstract

We present the detectability of strong mid-infrared (MIR) light echoes from faint debris disks illuminated by bright
superflares of M-dwarf stars. Circumstellar dust grains around an M-dwarf star are simultaneously heated by
superflare radiation. One can thus expect their re-emission in the MIR wavelength regime. According to our model
calculations for the Proxima Centauri system, the nearest M-dwarf star system, thermal emission echoes from an
inner (r < 1 au) debris disk with a total mass down to that of the solar system’s zodiacal dust are expected to
emerge at wavelengths longer than ~10 ym with a strength comparable to or greater than a white-light superflare.
Also, observable echoes from inner- (r < 0.5 au) debris disks irradiated by energetic ( >10**~ erg) superflares of
nearby (D < 3 pc) M dwarfs are expected. Our simulation results indicate that superflare monitoring using high-
speed optical instruments like OASES and its prompt follow-up using ground-based MIR instruments, such as
TAO/MIMIZUKU, can detect these MIR light echoes from debris disks around solar neighborhood flare stars.

Unified Astronomy Thesaurus concepts: Debris disks (363); Flare stars (540); Time domain astronomy (2109);

Observational astronomy (1145)

1. Introduction

Detections and investigations of infrared emissions from
debris disks (DDs) provide unique opportunities for probing
exoplanetary systems. These DDs represent planetesimal belts,
sign-spots of terrestrial planets (Raymond et al. 2011). Radial
distributions of the DD dust thus provide information on
planetary system architectures. Infrared thermal emissions from
such DDs around solar neighborhood stars have been
investigated through photometric, spectroscopic, and interfero-
metric observations. So far, these observations have detected
infrared dust emission components among ~20% of nearby
main-sequence stars (Wyatt 2008). The observed components
correspond to dust belts with masses much higher than the solar
system’s zodiacal dust clouds or those with much higher
temperatures residing in the innermost side of the planetary
systems (Kral et al. 2017). Detections of cold or warm DDs
with masses comparable to the solar system’s zodiacal cloud
remain one of the ultimate goals for exoplanetary science.

Among main-sequence stellar populations, M-dwarf stars are
the most common in the galaxy. Investigating the circumstellar
environment around this population would provide common
characteristics of planetary systems. However, the circumstellar
dust environment around M dwarfs is poorly understood, except
for some extreme cases (e.g., Kalas et al. 2004), due to the
observational difficulty of faint infrared dust emission irradiated
by relatively weak stellar radiation. Proxima Centauri (hereafter
Proxima) is the closest (D = 1.3 pc; van Leeuwen 2007) and the
most extensively studied M-dwarf (M5.5V) star. This M-dwarf
stellar system likely has two planets. One is a likely terrestrial
planet named Proxima b (Anglada-Escudg et al. 2016) rotating in
a possible habitable zone (semimajor axis of ~ 0.05 au). Another
is a more massive planet in a broader orbit (~1.5 au), recently

Original content from this work may be used under the terms

BY of the Creative Commons Attribution 4.0 licence. Any further
distribution of this work must maintain attribution to the author(s) and the title
of the work, journal citation and DOI.

discovered by Damasso et al. (2020). Investigating circumstellar
dust emission around this well-studied system should provide
fundamental knowledge of relationships between planets and DDs
in M-dwarf systems. Anglada et al. (2017) reported submillimeter
excess emission possibly from circumstellar dust forming three
discrete ring-like structures: inner- (radius r~ 0.4 au), middle-
(1-4 au), and outer-radius (30 au) components. If the emission
features are real, they suggest a complex DD system formed and
evolved around Proxima. However, reanalyses of the submilli-
meter data by MacGregor et al. (2018) found that the middle-
radius ring component was a false detection due to the flux
variation of Proxima. MacGregor et al. (2018) also argued about
possible false detections of the inner and outer components due to
unstable stellar activities and contamination of background
interstellar dust emission, respectively.

As reviewed above, discoveries and investigations of faint
DDs around M dwarfs are challenging, even for the closest
target, mainly due to low stellar luminosity and unstable stellar
activities. This Letter proposes a new observation method of
DDs around M dwarfs peering through the superflare activity.
Some M dwarfs, including Proxima, are known for their
intensive and frequent superflare activities with typical time-
scales of ~minutes (e.g., Howard et al. 2018). Because bright
superflares irradiate circumstellar dust grains, thermal re-
emission is expected at mid-infrared (MIR) wavelength ranges.
This process has not been examined, possibly due to
observational difficulties of a sub-minute-scale transient event
at the optical and MIR regimes. The recent development of
optical high-cadence observation systems (e.g., Arimatsu et al.
2017) enables us to make real-time detections of very-short-
timescale astronomical transients like a superflare. Further-
more, TAO/MIMIZUKU (Kamizuka et al. 2014), a ground-
based MIR instrument for studying time-variability events, will
begin its operations in the early 2020s. This study aims to
examine detectability and typical observational characteristics
of MIR re-emission from faint DDs irradiated by superflare
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Figure 1. (a) Notations used in the present study. (b) Simulated temperatures of circumstellar dust grains with @ = 1 pum (solid line) and a = 1000 pm (dashed line) as
a function of time 7. The upper and lower panels show the apparent temperature of featureless (carbon) and silicate grains located at r = 0.35 au, i = 45°, and ¢ =0,

respectively. t = 0 is the beginning time of the superflare event.

radiations for the first time, based on simple model calculations
for the Proxima system.

2. Models

We assume hypothetical circumstellar dust particles uni-
formly distributed in a single ring structure without height
around Proxima as our fiducial model. In this model, we adopt
the standard grain-size distribution dN x a3 da (Dohnanyi
1969). The upper limit of the grain radius is arbitrarily set to be
amax = 1000 pm. On the other hand, we set the lower limit
radius ap, = 1 pm, where dust grains are blown out by
radiation pressure or stellar wind of M dwarfs (Augereau &
Beust 2006). Total dust mass is set to be 1 x IO*XM@,
comparable to the total mass of the solar system’s zodiacal dust
(Nesvorny et al. 2010).

In this study, each dust grain smaller than a,,x is approximated
to be in instantaneous thermal equilibrium with the stellar
radiation in a timescale much shorter than a superflare event
(~minutes). This assumption is plausible under a realistic range of

thermal inertia of dust grains (I' < 10° Jm > sTV2ZKY, Equili-
brium temperature at ¢ (the time since the beginning of the flare,
measured in the observer’s frame), T.q(?), for a spherical dust grain
at a radius a is thus determined by the solution of the following
equation,

j(':oo 474> Qs (N, ) TB(X, Teq (1)) dA
[ Qun O\, @) 7L 1. 6, 1), (1

where Qups(\, @), B\, Tey(®)), and Jy (A, , 1) are the absorption
efficiency for a dust grain, the Planck function at grain temperature
Teq(®), and the intensity of the stellar radiation field, respectively.
For Q,,s, we adopt two models. One is a simple efficiency model,
ie, Ows\, @)=1 for A< )y and Qups(\, @)= Ag/\ with
X =2ma for A> ). This model is sometimes adopted as a
simple approximation of absorption efficiency computed for
carbonaceous dust grains by Laor & Draine (1993) (e.g., Lestrade
et al. 2009). We refer to it as the “carbon model” in this study. The
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Figure 2. Simulated light curve of the white-light flare (dashed line), the MIR light echo from the DD (solid line), and the total excess (dotted line), respectively.
Panels (a) and (b) show simulated light curves for the DDs with carbon and silicate grains at the 11.6 ym band, respectively. In the quiescent state, the total stellar +
DD fluxes are 801 and 800 mJy for carbon and silicate grains, respectively. Panels (c) and (d) are the same as (a) and (b), but at the 20.8 xm band, where the quiescent-
state total fluxes are 304 and 308 mJy for carbon and silicate grains, respectively. Expected 1o photometric uncertainties for the TAO/MIMIZUKU 11.6 ym and

20.8 pm bands with an integration time of 10 s are also shown as crosses in (b) and (d), respectively.

other is an astronomical silicate model introduced by Draine & Lee
(1984) and Laor & Draine (1993). The latter model approximates
the strong MIR silicate features observed by several warm DDs
(Fujiwara et al. 2012) and extrasolar zodiacal emission studies
(Kral et al. 2017). We refer to this model as the “silicate model” in
this study.

In the following, we define ¢, the angle between a direction
vector pointing from the stellar center to the direction toward
the observer in the ring plane (corresponding to the x—y plane
in Figure 1(a)) and that to the position under consideration. For
simplicity, we assume that the flare appears at ¢ =0 in the
stellar surface. J (A, r, ¢, 1) in the ring plane is then given by

J*()" V, ¢7 t) = Jqui(Av r) + L(V, ¢’ t/) B(A’ Tha)’ (2)

where Jyi(A, 1) and L(r, ¢, ') are the intensity of the stellar
radiation field during the quiescent state of Proxima and the
scale factor for the intensity of the flare. In this simulation, we
assume the spectral energy distribution of the flare to be a
single-temperature (7p,) blackbody radiation, i.e., B(A, Tg,).
When we observe the circumstellar structures, we detect those
that are affected by the radiation field at different times #/, due
to the optical path difference given by

=1 %(1 — cos & sini), 3)

where c is the speed of light and i is the inclination of the ring,
i.e., the angle between the rotational axis of the DD (z-axis in

Figure 1(a)) and the direction toward the observer. For Jqi(A, 7),
we adopt the full spectral energy distribution template of
Proxima provided by Ribas et al. (2017). For L(r, ¢, t'), we use
a light curve profile template proposed by Davenport et al.
(2014). According to observations of a bright superflare event by
Howard et al. (2018), the light curve full-time width at half the
maximum flux (¢,,,) appears to be shorter than 2 minutes
(corresponding to their sampling timescale). We thus set #; 5 to
be 1 minute. A white-light flare temperature Tj, is set to be
Tha = 9000 K. Because the white-light flare is expected to appear
in a small but finite area of the stellar surface located at ¢ =0,
we assume the following equations:

n_ LG ¢ =0,)cosp, —1/2< p<m/2
L 0,00 = {0, b<—n/2 6> /2.
4)

This study assumes a white-light superflare with a total
bolometric energy Ei of Ei= 1032 erg, corresponding to
the Howard et al. (2018) bright superflare event. L(r, ¢, 1) is
thus normalized to satisfy the following equation:

B w/2 pw/2 poo oo _ P
Eo= [ [ [ )y Lné=0.1)

X B(A, Tna) ¥2 cos? 6 cos ¢ d\ dt’ df do, 5)

where 6 is the angle with respect to the ring plane.
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Figure 3. Panel (a): simulated light curves of the 11.6 ym band echo from the
DDs with inclinations of 0° (face-on, dotted line), 45° (our fiducial model, solid
line), and 90° (edge-on, dashed line), overlaid with the white-light flare light
curves (the dark-gray area for i =45° and the light-gray area for i = 90°),
respectively. In the i = 0° case, the white-light flux becomes zero under our
assumed conditions (see text). We assume a single ring structure of silicate
grains with a radius of 0.3-0.4 au. Panel (b): Same as the panel (a), but for
different radii, » = 0.15-0.25 au (dashed line), 0.3-0.4 au (our fiducial model,
solid line), and 0.9-1 au (dotted line), respectively. For each light curve, we
assume a single ring structure of silicate grains with i = 45°. In both panels,
total dust mass is set to be 1 x 1078 M.

Figure 1(b) shows the simulated temperatures of dust grains
(Te(®) located at r=10.35 au, i =45° (corresponding to the
inner-radius component by Anglada et al. 2017), and ¢ =0 as a
function of ¢. In the quiescent state, T4 for carbon and silicate
grains are around 200 K. For 7> 50s, which corresponds to
t' > 0's for the assumed location, Teq(?) drastically raises as the
dust grain irradiated by the superflare. In both cases, the smaller
(@a=1pm) grains reach higher T.i(#) than the larger (a=
1000 pm) grains due to relatively small Q,, at longer
wavelength ranges. We should note that the peak temperatures
are still much lower than the sublimation temperature (7=
10002000 K; e.g., Sezestre et al. 2019) under the assumed
conditions. The total emission intensity of the DD is obtained by
integrating the fluxes of the entire volume elements under the
assumption that the disk is optically thin.

3. Results

Figure 2 shows the simulated light curves of the excess
emission from the model DD with carbon (panels (a) and (c)) and
silicate (panels (b) and (d)) dust grains at MIR 11.6 um and
20.8 um bands, overlaid with the white-light flare component.
These simulated bands correspond to MIR atmospheric windows

Arimatsu & Kamizuka

and are adopted for photometric bands of ground-based
instruments (e.g., Kamizuka et al. 2014). The quiescent-state
stellar photospheric + DD fluxes are ~800 and ~300 mlJy at the
11.6 um and 20.8 pim bands, respectively. We should note that the
photometric errors of objects with the total fluxes into considera-
tion at the MIR bands are dominated by the thermal background
noise. The contribution of the quiescent-state radiation is not
expected to be attributed to the photometric accuracy. In this
simulation, the inner and outer radii of the DD ring are set to be
0.3 and 0.4 au, respectively, which are consistent with the radius
of the inner-radius DD component proposed by the previous
submillimeter observations (Anglada et al. 2017). The inclination
is set to be i =45° following Anglada et al. (2017). The MIR
excess from the DD reaches the observer ~60s after the
beginning time of the rise phase of the superflare event. At the
11.6 pm band (Figures 2(a) and (b)), a strong emission peak after
the white-light flare appears in the light curve of the total excess
emission for both material cases. The amplitudes of the excess is
greater than a reference instrument detection limit (Figure 2(b);
Kamizuka et al. 2014). On the other hand, at the 20.8 ym band
(Figures 2(c) and (d)), the amplitudes of the MIR echo peak
exceed that of the white-light flare emission but are marginally
higher than the instrumental detection limit (Figure 2(d)) because
of the smaller transparency of Earth’s atmosphere. In addition, at
the 20.8 ym band, a significant flux error of the quiescent-state
emission, which needs to be subtracted accurately but marginally
detectable, is expected to contribute to the uncertainty of the
observed excess fluxes.

By applying different models with different inclinations and
radial distances, the general detectability of the MIR echo
emission can be investigated. Figure 3(a) presents how the light
curve changes at different inclinations. For the face-on case
(i=0°), a stronger MIR emission peak appears at f~250s
caused by synchronizing a delay time of the emission peak for
each DD element at the same r. Furthermore, the apparent fluxes
of the white-light component decrease with cos i because the flare
is assumed to occur in the ring plane (Section 2). In the lower-i
cases, the excess emission thus can be easily detected with follow-
up MIR observations. For the edge-on case (i =90°), a weaker
MIR emission peak appears almost simultaneously as the flare
peak. In addition, the apparent white-light component is expected
to be brighter than the fiducial model case under our assumed
conditions. It is thus difficult to resolve the peak feature of the
MIR emission from the white-light flare profile. However, a more
extended thermal excess emission is expected with an amplitude
comparable to the white-light flare component at # > 100 s. Thus,
the MIR emission would be observed as a smooth excess feature
during the decay time, even in the edge-on case.

Figure 3(b) shows the radial distance dependence of the MIR
emission light curve at the 11.6 um band. In this figure, we
present three cases. In each case, a single ring structure with inner
and outer radii of 0.15 and 0.25 au (inner model), 0.3 and 0.4 au
(our fiducial model), and 0.9 and 1.0 au (outer model) is assumed,
respectively. For the inner model case, the MIR excess shows a
stronger peak than our fiducial model due to the higher
temperature (7T,q ~ 600 K) of dust grains. In this case, the MIR
echo emission can be detected as an excess brighter than the
white-light flare peak flux. On the other hand, for the outer model
case, the excess intensity becomes fainter than the white-light flare
excess flux. However, the excess level is still comparable to the
assumed instrument detection limit under the assumed dust mass
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Figure 4. Peak fluxes of the 11.6 ym band light echo by a superflare with a total bolometric energy E, = 10°3° (left), 10°*° (middle, our fiducial case), and 10>*° erg
(right) as a function of radial distance. The total dust mass of the DD is assumed to be 105 M, (upper panels, our fiducial case) and 10~ M., (lower panels). The
upper, middle, and lower lines in each panel represent the fluxes at D = 1.3, 3, and 10 pc, respectively. Dashed and solid lines represent the carbon and silicate grain
models, respectively. Horizontal dotted lines represent the 50 detection limit for the TAO/MIMIZUKU 11.6 pm band with an integration time of 20 s.
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Figure 5. The ratio of the time-averaged fluxes of the excess emission from the
DDs at the 11.6 ym and 20.8 m bands (F(11.6)/F(20.8)) as a function of the
radial distance of the DD ring. The solid and dashed lines represent F(11.6)/F
(20.8) of the DD composed of carbon and silicate grains, respectively. The
width of the ring annulus is set to be 0.1 au.

(1x10°8 M_). Thus, the MIR light echoes from Proxima’s DD
with its total mass of ~ 1 X 107" M, would be detectable if it
resides within ~1 au from the central star.

Figure 4 shows peak fluxes of the 11.6 ym band echoes with
different radial distances of the disk r, total dust masses, flare
bolometric energies E,,, and distances D. For our fiducial case
(B = 10%° erg), The observable MIR echoes from inner-radii
(£0.3-0.4 au) 1078 M, DDs around M dwarfs located within
D <3 pc are expected. According to the monitoring studies
(e.g., Giinther et al. 2020), the occurrence rate of flares with E;

comparable to or greater than 10°°°erg is approximately

107" day " If we assume E, = 10°*“erg, i.e., less energetic
but more frequent (the occurrence rate of ~10~" day ') flares,
the echoes from the D ~ 3 pc systems become undetectable. In
turn, if we assume more energetic (E= 10°40 erg, the
corresponding occurrence rate of ~ 10> day ') flares or more
massive (107° M) DDs, observable echoes from more distant
(up to D ~ 10 pc) systems are expected.

Assuming the radial distances of the DD to be < 1 au, the
angular size of its echo emission is expected to be smaller than
1" for the most nearby M dwarfs. Because these echo emissions
would be marginally resolved or unresolved for the current and
near-future MIR instruments, it is difficult to estimate the
geometrical characteristics of the DDs from direct imaging
observations. On the other hand, as shown in Figure 3, the
delay time of the MIR echo peak is determined by both the
inclination angle and the radial distance of the DD. We find that
multiband photometry of the MIR light echoes would be useful
for estimating the radial distance of the unresolved DDs.
Figure 5 shows the ratios of time-averaged excess fluxes at the
11.6 um and 20.8 um bands (F(11.6)/F(20.8)) against the
radial distance of the ring. F(11.6)/F(20.8) rapidly decreases
with radius as the dust temperature decreases. Also, F(11.6)/F
(20.8) does not depend highly on the grain models taken into
consideration in this study. We should also note that F(11.6)/F
(20.8) does not depend on the total dust mass or the inclination
of the DD. By determining the radial distance from the MIR
color, one can then estimate the inclination of the DD from the
delay time of the MIR echo peak. The data from the multiband
high-cadence MIR echo observations would thus provide
invaluable new information on the geometrical characteristics
of unresolved DDs.
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4. Discussions

4.1. Detectability of Faint DDs around M Dwarfs through MIR
Light Echoes

The proposed method requires follow-up MIR observations
of second-scale optical transitions on timescales shorter than
several minutes. Instruments for optical high-cadence photo-
metry and those dedicated to fast follow-up MIR observations
are thus needed. Detections of superflare in real time will be
possible with high-cadence optical observation instruments,
such as OASES observation systems (Arimatsu et al. 2017).
The OASES systems were initially developed for monitoring
stellar occultation events by outer solar system objects
(Arimatsu et al. 2019). However, they were recently used for
surveys of short-timescale optical astronomical events with
timescales of seconds to subseconds (Arimatsu et al. 2021).
With upgrading OASES systems, the beginning of the rising
phase of superflares can be detected almost simultaneously.
Furthermore, we expect that near-future ground-based infrared
instruments will achieve fast follow-up detections of MIR light
echoes from the DDs. For example, MIMIZUKU (Kamizuka
et al. 2014) mounted on the TAO 6.5 m telescope can
potentially start observations about 2 minutes after detecting a
superflare with OASES, taking advantage of the telescope’s
fast-pointing capability. MIMIZUKU will enable to carrying
out MIR multiband follow-up observations of the short-
timescale echoes. Coordinated observations with OASES and
TAO will be useful for exploring faint DDs around nearby flare
stars’ systems, such as Proxima.

4.2. Prospects for Near-future Observations of Faint DDs

As reviewed in Section 1, submillimeter DDs observations
suffered contaminations with unstable stellar activities and the
background interstellar dust emission (MacGregor et al. 2018).
The proposed observation method provides a unique opportu-
nity of exploring faint DDs around nearby M dwarfs free from
these contaminations. Recent interferometric observations
revealed circumstellar faint and warm dust around nearby
main-sequence stars (Kral et al. 2017; Ertel et al. 2020).
However, targets for these observations are limited to early-
type (earlier than K-type) bright stars due to limitations of
sensitivities. Observations of MIR light echoes provide a
unique detection method for faint DDs around M dwarfs and
can be a complementary study for faint DD surveys with
interferometric observations.

5. Conclusions

Our simple model calculations expect bright MIR light
echoes from faint DDs around nearby M dwarfs illuminated by
their bright superflares. Especially for the Proxima system,
MIR echoes from the inner (r < 1 au) DDs with total masses
down to that of the solar system’s zodiacal dust are expected to

Arimatsu & Kamizuka

be detectable with near-future ground-based instruments. Fast
detections of superflares with optical high-cadence observation
systems and their simultaneous follow-up observations with
ground-based MIR instruments will enable us to detect the
MIR echoes. By obtaining the MIR color and the delay time of
the echo through the follow-up MIR multiband observations,
the radial distance and inclination angle of unresolved DDs can
be obtained.

The present study only focuses on MIR re-emission from
circumstellar dust by superflare radiation. However, optical and
ultraviolet light-echo radiation by the reflection of superflare
emission is also expected. The detectability of such re-emission
is beyond the scope of this study. We plan to test this idea in
the future.
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