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ABSTRACT. We discuss the current state of
problems associated with the discovery and study of
exocomets, i.e objects of extrasolar systems, that are in
many aspects similar to the solar system comets. Thus
far, more than 4,300 exoplanetary systems have been
discovered, but little is known about the populations
of subplanetary bodies in these systems, in particular
comets. Existing theories of planet formation suggest
that populations of small bodies in the planetary
systems should be numerous, especially at the early
stages of their formation. Currently, most of the
stars observed with the confirmed transit exoplanets
and candidate stars with exoplanetary systems have
been collected in the Kepler and TESS space mi-
ssion databases. These databases can be used for a
search and study of the exocomet transit signatures
in extrasolar systems. So far, the number of observed
cases of exocomet transits has been small, only about
20 events. Due to the rapid accumulation of data, new
researches aimed to identify the specific transit events
and study the physical characteristics of small bodies in
the extrasolar systems are of great importance.Worth
considering is the concept of “falling evaporating
bodies”, massive enough bodies surrounded by mini-
atmospheres, which fall on the parent star. The events
might produce the variable, short-time red-shifts of
some spectral features in their spectra. Alternative
evidence of exocomet transits can be obtained by
detection of the cometary emissions in CO, C, and
O lines in the millimeter region of the spectra of
debris disks by the ALMA and APEX telescopes.
We discuss the known detection methods based on
the analysis of the photometric and spectral series
of observational data of space missions and ground-
based complexes. Some results of experimental studi-
es of the exocometary transit signatures obtained by
other authors are presented and discussed.
Keywords: extrasolar planetary systems, exocomets.

AHOTAIIIA. ¥V pmaniit pobori 06roBOPIOETHCs Cy-
qacHU cTaH mpobJieM, MOB'3aHUX 3 BIAKPUTTAM Ta
NOCJII>KEHHAM €K30KOMET — OO’€KTIB I103aCOHAYHUX
cucreM, 6araro B YoMy HOJIOHHUX j10 KomeT COHsSYHOT

cucremu. Ha cworomui Bimkpuro BxKe Oisbime 4300
€K30IJIAHETHUX CUCTEM, aJie BOJTHOYAC MAJIO IO BiJIOMO
PO TOMyJIANil CyOIUIAHETHUX TiJT y I[UX CHCTEMax,
30KpeMa KoMmeT. IcHyfoui Teopil dhopMyBaHHS ILTAHET
epe10avaioTh, MO MOMYJIANIl MaJuX Tija TJIAHETHUX
cucTeM MOXKYTb OyTH 0OaraTo4nCceJIbHUMU, OCOOJIHBO
Ha paHHIX cTajisx ix ¢opmyBanas. Hapasi ocHoBHa
KITBKICTh CIOCTEpEXKEHb 3ip i3 MmiATBepIKEeHUMH
TpaH3UTAMU Ta MNMOBIpHMX 3ip-KaH/UJAaTiB 3 €K30-
IJIAHETHUMHU CHCTEMaMU HaKOIMYeHa B 0a3ax JIaHUX
kocmiunux Miciit Kepler ra TESS. 1li 6a3u ganux Mo-
2KYTb BUKOPHCTOBYBATHCH 1 JIJIsT TIONIYKY Ta BUBYEHHS
MMPOSIBIB  €K30KOMETHOI aKTHUBHOCTI B ITO3ACOHSYHUX
cucremMax. Ha ChOTOmHI YMCENBHICTH CITIOCTEPEIKEHUX
MIPOSIBIB €K30KOMETHOI aKTUBHOCTI € JIyKe HE3HAYHOIO,
Bchoro Om3bKo 20 mogiii. AJie MBHIKE HAKOIMYCHHS
JAHUX CTUMYJIIOE AKTUBHI JIOCJIiJI?KEHHSI, HAIIPpaBJICHI
Ha BUSBJIEHHsI Ta BUBYCHHS (DI3MIHUX XaPAKTEPUCTUK
MaJIX T y MO3aCOHAYHAX CACTEeMax. ¥ Halriit pobori
MIPEJICTABIEHO OCHOBHI METOJIM JeTeKTYBaHHHA, sKi
IPYHTYIOThCS Ha aHaJi3i (oroMeTpudHux Ta CIie-
KTPAJIbHUX PSAJIIB CIIOCTEPEKHUX JAHUX KOCMITHUX
Miciit Ta Ha3eMHHUX CIIOCTepeXKHUX KomIutekciB. Hape-
JIEeHO Ta OOTOBOPEHO PEe3yJIbTaTh €KCIIEPUMEHTATbHIX
JIOCJIIJI2KEHb ~ TPOSIBIB ~ €K30KOMETHOI  aKTHUBHOCTI,
oTpuMaHuX iHmmMu asropamu. Harosomyerscs He-
00XigHiCTh OlIBII KOMIIJIEKCHOI'O aHAJI3y HasgBHUX
npobsieM. Baproio posriisily € KOHINIlis Ia iHHS
Ha 30PI0 MAJOMACHUBHUX TiJI, OTOUYEHUX MiHiaTmocde-
pamu, tak 3Banmx '"falling evaporating bodies". V
CIIEKTPaX Il IPOSIBJISAETHCS IOSIBOIO MIHJIMBHUX, YaCTO
KOPDOTKOTPHUBAJINX, 3MiH 31 3MIiIIeHHAM Yy 4YepBOHY
JUJSHKY CHeKTpa. [HImMM HMOBIDHHM  CBiTME€HHSAM
KOMETHOI aKTHBHOCTI € BUIPOMIHIOBAHHS B JIHIAX
CO, C ta O B MugTiMeTpOBIi#l JIAHII CHEKTpa, IO
CIIOCTEPITAJINCS B YJIaMKOBUX JHCKaX TeJIeCKOIIaMu

ALMA rta APEX.

KirouoBi ciioBa: 1mo3acoHsIYHI TIJIAHETHI CHCTEMH,
€K30KOMETH.
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1. Introduction

During recent years, the transit method for the
study of extrasolar planetary systems has shown its
effectiveness. Using this method, the following low-
mass bodies have already been discovered:

e Sub-Earths: the smallest solid body, moon-size
Kepler 37b object, which was detected in 2013
[Barclay et al., 2013].

e Disintegrating planets: Ceres-sized objects wi-
th short-period orbits (~10 hours), which were
detected spectroscopically, but detection is possi-
ble by the transit photometric method assumed
that objects are surrounded by optically thick
material (eg, dust). This fact leads to increasing
of depths on the transit light curve of the parent
star. Examples of such objects are KIC 12557548b,
KOI 3794 [Rappaport et al., 2012], KOI 2700b
[Rappaport et al., 20147], K2-22 [Sanchis-Ojeda
et al., 2015].

e Comets in other stellar systems: 6
asymmetric transits in the system KIC 3542116
(F2V) and one in the system KIC 11084727 (F5V)
were detected; their transit light curves have an
asymmetric appearance and correspond to that,
which could be caused by an object having the
cometary coma and tail [Rappaport et al., 2018].

2. Orbital observational complexes

The majority of observations of stars with confi-
rmed transits and probable candidate stars with
exoplanetary systems have been accumulated in the
Kepler and TESS space mission databases. Kepler
Space Telescope was the first mission planned speci-
fically to discover and study exoplanets resembli-
ng terrestrial planets located in a habitable zone.
Observations were carried out using 0.95 m telescope of
Schmidt system with a CCD photometer in the spectral
range 420 — 905 nm. During the period from 2009 to
2013, the photometric monitoring of brightness changes
of about 170,000 stars within a sky area ~115 square
degrees was performed. The photometric accuracy
for calculating the brightness curves is estimated at
0.002% for a star of 12 magnitude and spectral class
G2V when integrated for 6.5 hours [Jenkins et al.,
2010].

The main task of the TESS (Transiting Exoplanet
Survey Satellite) mission is the search for transits by
exoplanets across the nearest and brightest stars. The
TESS is located in high satellite orbit in 2:1 resonance
with the Moon. It maintains the optimal thermal

regime and necessary geometric conditions for the
approximately similar visibility of selected sky area
for the observations. The TESS has four wide-angle
cameras, each with a field of view 24° x 24°  which
makes it possible to obtain simultaneously an image
of the celestial sphere band 24° x 96° from the ecliptic
plane to its pole. A total of 15,000 — 20,000 stars are
observed in each band for 27 days. The bandwidth of
the cameras cuts the spectral region 600 — 1040 nm. It
is expected that the catalog final version will contain
the results of monitoring of stars brighter than 13 mag
in the camera spectral band, meanwhile a particular
attention will be paid to more than 200,000 cool
dwarfs of spectral classes F-G-K-M to search for
exoplanets with radii between 2.5 and 4.2 of the Earth
radius [Stassun et al., 2019].

3. The difference between the light curves of
exoplanets and exocomets

Ordinary transit profiles of exoplanets are U-shaped.
If a planet passes through the host star disk, the li-
ght curve has a symmetrical profile with respect to
the center of the transit. The asymmetric shape of
the photometric transit profile, as it seen in Fig. 1,
can be considered as a manifestation of the presence
of an object with the dusty tail. Rappaport et al.
(2018) investigated a set of 201,250 photometric li-
ght curves from the Kepler database. Several transi-
ts were found and interpreted as exocometary ones for
stars KIC 3542116 (Fig. 1) and KIC 11084727. These
transits have a pronounced asymmetric shape with a
steeper drop in starlight at the beginning of the transit
event and a slower increase in brightness of the star
when leaving the shadow. The similar shape and depth
of transits are theoretically predicted in the work of
Lecavelier des Etangs et al. (1999) for the case when
an extended comet-like object surrounded by a dusty
atmosphere passes through the star’s disk. The depth
of the light curve in Fig. 1 is about 0.1%, the duration
of the transit is about 1 day. Opposite to planet transi-
ts, photometric profiles of exocometary transits reveal
a relatively small amplitude and a fairly long durati-
on, an average of 1.5 days. It is worth to note that the
transit profile of a disintegrating planet with the long
dusty tail and small fragments could also have a similar
shape. However, the researchers ruled out this possibi-
lity, because in this case there should be periodicity
in transit events, meanwhile an exocomet transits are
sporadic ones.

Rappaport et al. (2018) calculated the basic
parameters of exocomets. They assumed that the
asymmetry of the transit profile is associated with the
transit of a comet having the dust tail shifted in the
direction opposite to the direction of the comet moti-
on. The calculated orbital velocities are within 35.2
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Puc. 1: Asymmetric transit of an exocomet in the
system of KIC 3542116 plotted based on the data from
MAST archive.

— 89.8 km/s; tail lengths are within the range from
3.1 x 10° to 5.9 x 10° km. The estimated mass of the
exocomet M, > 10'7 g, correlates with the mass of
Halley’s comet, i.e. 2.2 x 10'7 g [Cevolani et al., 1987].

Another interesting case for exocomet investigation
provides the star Beta Pictoris (8 Pictoris) located at a
distance of 63.4 light years from the Earth. Fig. 2 shows
the image of the 8 Pictoris system made by HST [Moui-
llet et al., 1997]. The age of the star is estimated as 8 —
10 Myrs. Icy bodies similar to those in the Kuiper belt
in our Solar System are likely condensed in dust and
gas disc around the star. Fortunately, from the Earth
we can see the disk from its edge. Strong dust scatteri-
ng makes the disk quite bright for the observations .

Zieba et al. (2019) analyzed the TESS observation
of star 8 Pictoris for the period October 19, 2018 —
February 1, 2019 and identified several asymmetric
transits. These authors estimated the orbital velocity
of exocomet to be 19.6 + 0.1 km/s, and the probable
length of the tail of order 2 x 10® km at a distance
from the star of r =1 AU.

4. Stars and exocomets

Existing theories of planet formation suggest that
populations of small bodies in planetary systems
should be large. It is expected that more pronounced
signatures of exocometary activity can be detected at
the early stages of the stellar evolution, i.e. around the
stars of spectral types A — F, surrounded by debris
disks of aged from several millions to 0.5 Gyr. It is
considered that more massive stars may have massive
protoplanetary (primordial) disks. In this case larger
bulks of secondary material, like disk fragments, will
remain around a star and become a source of cometary
and asteroid “material” in the system. Such fragments

s
Hubble Space Telescope + ACS/HRC

NASA, ESA, and D. Golimowski (Johns Hopkin: ty)

Puc. 2: The disk of 8 Pictoris formed by the multi-
ple belts of debris material with different inclinati-
ons. The size of dust disk is much more than 100 AU
[Wahhaj et al., 2003; Okamoto et al., 2004; Quillen
et al., 2007]. Credits: ©NASA, ESA, D. Golimowski
(Johns Hopkins University), D. Ardila (IPAC), J. Kri-
st (JPL), M. Clampin (GSFC), H. Ford (JHU), and
G. Hlingworth (UCO/Lick) and the ACS Science Team

can be expected to exhibit CO emissions, as can be seen
for HD 181327 [Marino et al., 2016], n-Corvi [Marino et
al., 2017], and Fomalhaut [Matra et al., 2017]. For these
systems, circumstellar CO emissions were recorded by
radio observations. It was interpreted in favor of the
presence of significant populations of small bodies at
large orbital distances.

In general, emissions of CO, C and O lines are
observed in debris disks by ALMA and APEX
telescopes in the millimeter region of the spectrum.
The Table 1 presents the list of the young stars where
gas has been detected and which may be of interest for
finding exocomets or other low-mass bodies.

As it was noted above, the bulk of the photometric
observations of transit phenomena is accumulated in
the databases of the space telescopes. During the TESS
mission, special attention is paid to the observations
of close bright dwarfs having radii in the range ~0.1
— 4.0 solar radius, in order to detect transits caused
by small objects of the Earth’s size. Could we expect
the evidences of exocometary activity in the systems
of these stars? Assuming that the main component of
exocomets (like for comets of the Solar system) is the
ices of volatile elements, we expect the development
of comet-like activity when the object is approachi-
ng to the parent star and its surface temperature
increases. We calculated the dependence of the equi-
librium temperature on the distance from a host star,
assuming that the amount of radiation absorbed by
the nucleus is equal to the amount of the radiation
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Taba. 1: Stars with debris disks in which gas was detected.

Star Right ascension Declination Reference
HD 21997 03 31 54 -25 36 51 Modr et al. 2011
HD 32297 05 02 27 +07 27 40 Redfield 2007
HD 10908 (eta Crvor, 8 Crv) 12 32 04 -16 11 46  Marino et al. 2017
HD 149630 (sig Her, 35 Her) 16 34 06 +42 26 13 Chen & Jura 2003
HD 158643 (¢ Ophor, 51 Oph) 17 31 25 -23 57 46 Thi et al. 2013
HD 181327 19 22 59 -54 32 17  Marino et al. 2016
emitted. It is shown in Fig 3 together with the subli- 1000 ' ' ' '
mation temperatures of pure ices of ce.rtain volatile R —_ tKh5e,Tj:J:441OK, R=0.65-0.79 Rq,, ]
elements (CO, NHs, CH;OH, H50), which have been 800, == FO,T4=7300K, R=1.40-4.32 Rg,, .
found in the solar system comets [Meech and Svoren, N ]
2004]. These estimates are based on the simple equi- 600 . ]
librium model and some parameters derived for the - . 1
solar system comets, such as the surface albedo and *+ L s 1
roughness, bolometric emissivity, zero thermal inertia 400 \\ ]
as well as on assumption of rapid rotation of the F T ]
comet’s nucleus [Spencer et al., 1989]. Nevertheless, 200 |- IR H,0
Fig. 3 shows that in the exoplanet systems similar to ST el (":‘H:”:OH:
our Solar system, we can expect the manifestation of el — . CO" 1
cometary activity due to sublimation of water ice at 0.0 05 1.0 1.5 2.0

distances of about 3 AU. In the systems of the hosting
stars larger than the Sun (1.4 — 4.2 solar radii) the ices
of volatile elements, including water ice, are likely to
evaporate at distances greater than 20 AU. Comet-like
activity at close distances is likely to be caused only by
the decay and evaporation of the solid component of
the comet’s nucleus. Around smaller stars (0.65 — 0.79
solar radii), the comet-like activity can occur at closer
distances (~1 AU) and only if the cometary nucleus
includes a significant part of ice impurities that are
more volatile than water ice. Therefore, to search for
comet-like activity in the TESS satellite database, it is
necessary to select the objects from the list of candi-
dates, which includes the dwarfs of spectral types FO —
K5 with radii in the range of 0.7 — 2.0 of the solar radi-
us. Both the relatively small radii of these stars and the
effective temperatures in the range of 4000 — 7500 K
increase the probability to detect a transit phenomenon
caused by small objects, including exocomets. Indeed,
the volatile small bodies in the systems of such stars
may develop the comet-like activity in the interval of
distances of 1 — 20 astronomical units from the host
star.

5. Conclusions

Nowadays, the very fact of the existence of comets
in the exoplanetary systems is not in doubt. First
robust detections, both spectroscopic and photometric,
point out likely the abundance of exocomets in
extrasolar stellar systems. We expect that similarly

log(distance from the star, AU)

Puc. 3: Equilibrium black-body temperature vs. the
distance to a host star. The horizontal lines mark
the sublimation temperature of the pure ices of
corresponding molecules in vacuum.

to comets in the Solar system, exocomets are bodies
of the ages comparable with the age of the planetary
system formation. The detection of exocomets can be
interpreted as indirect evidence of the existence of
exoplanets,as well as the presence of dust in the system
might indicate a large number of collisions of small
bodies in this system.

According to the modern knowledge, volatile
small bodies — remnants of the planet formation
— can deliver water and other volatile substances
to the planets, which indicate their importance for
astrobiology. There is no doubt that the discovery
of exocomets by photometric and spectral methods
using the groud-based optical observations and space
orbital telescopes, provide a better understanding of
the evolution of star-planetary systems and the nature
of physical processes in the Solar system.
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