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ABSTRACT

Context. The young (23 Myr) nearby (19.4 pc) star 8 Pictoris hosts an edge-on debris disk with two gas giant exoplanets in orbit
around it. Many transient absorption features have been detected in the rotationally broadened stellar lines, which are thought to be the

coma of infalling exocomets crossing the line of sight towards Earth.

Aims. In the Solar System, the molecule cynaogen (CN) and its associated ionic species are one of the most detectable molecules in
the coma and tails of comets. We perform a search for cyanogen in the spectra of 8 Pic to detect or put an upper limit on this molecule’s

presence in a young, highly active planetary system.

Methods. We divide twenty year’s worth of High Accuracy Radial Velocity Planet Searcher (HARPS) spectra into those with strong
exocomet absorption features, and those with only stellar lines. The high signal-to-noise stellar spectrum normalises out the stellar
lines in the exocomet spectra, which are then shifted and stacked on the deepest exocomet absorption features to produce a high signal-
to-noise exocomet spectrum, and search for the CN band head using a model temperature dependent cross-correlation template.
Results. We do not detect CN in our data, and place a temperature and broadening dependent 50~ upper limit between 10'? and
103 cm™2, to be compared to the typical 10°~10'° cm=2 expected from scaling of the values in the Solar System comets.

Key words. comets: general — stars: individual: 8 Pictoris

1. Introduction

The formation and evolution of planets and their attendant
moons is thought to occur in the first several million years of
a planetary system. Within our Solar System, comets deliver
volatiles from the outermost reaches of the Oort cloud (O’Brien
et al. 2018), past the gas giants and terrestrial planets, even as
close as a few solar radii. It is therefore important to understand
the distribution, nature and chemical composition of exocomets
in other planet forming systems.

One of the closest young planetary systems is 8 Pictoris,
which has been studied intensively both with direct imaging and
with spectroscopy. BPic is a young (~25 Myr; see Lee et al.
2024, for discussions), nearby (19.63 +0.06 pc, Lindegren et al.
2021) and early type star (A6V; Gray et al. 2006) which hosts
an edge-on debris disk and at least two exoplanets, making it one
of the most intensely studied young planetary systems. The star
is a rapid rotator (124 + 3km s~!; Koen et al. 2003) seen close
to equator on. Amongst these, the Ca H and K lines show deep
absorption down to 0.1 of the continuum level. Deep within this
rotationally broadened line there is a consistent and stable nar-
row absorption feature with a full width half maximum (FWHM)
of a few km s~!, attributed to the presence of the circumstellar
material (Hobbs et al. 1985; Vidal-Madjar et al. 1986).

Transient absorption features appearing in the rotationally
broadened Ca H and K features were proposed to be due to the
transit of evaporating exocomets in front of the star (Ferlet et al.
1987). These features appear and disappear on the timescale of

* Corresponding author: kenworthy@strw.leidenuniv.nl

hours to days, with some features lasting up to tens of days and
have red-shifted velocities from eighty kilometres per second, all
the way down to (and merging with) the circumstellar line, with a
few appearing on the blueward side (Lagrange-Henri et al. 1992)
with widths from a few up to tens of kilometres per second. The
absorption can be described by the transit of evaporating bodies
that pass within a few stellar radii of the star, resulting in subli-
mation of material that produce a large coma containing calcium
ions which are then seen as an additional absorption component
(Beust et al. 1991). Intensive spectroscopic monitoring over sev-
eral hours show both multiple components transiting the disk of
the star (Beust et al. 1996) and changes of radial velocity of sev-
eral components are consistent with Keplerian elliptical orbits
(Kennedy 2018) implying at least two (Kiefer et al. 2014; Pollard
2024) or more (Heller 2024) distinct kinematic families of Beta
Pictoris exocomets. At least one event is derived with the orbit
parallel to the rotational axis of the star (Tobin et al. 2019).
From the multiple detections of exocomets in spectroscopy
towards S Pic, the broadband detection of exocomet tails transit-
ing a star were predicted in Lecavelier Des Etangs et al. (1999).
A chain of seven exocomets were proposed to explain the shape
of one eclipse seen towards KIC 8462852 in Kiefer et al. (2017),
and single exocomet transits were subsequently detected towards
the star KIC 3542116 (Rappaport et al. 2018) with the Kepler
satellite (Borucki et al. 2010) and in TESS data towards g Pic
(Zieba et al. 2019). Observations of BPic in subsequent TESS
sectors revealed over two dozen transits whose depth follows
a power law distribution similar to those of the Solar System
(Lecavelier des Etangs et al. 2022; Pavlenko et al. 2022).
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Automated searches in photometry (Kennedy et al. 2019) and
spectroscopy (Bendahan-West et al. 2024) for additional exo-
comet systems have been met with limited success.

To the contrary of what is observed in the case of Beta Pic-
toris exocomets, most molecular and atomic signatures detected
in the coma of Solar System comets are emission lines (or bands)
instead of absorptions. Spectroscopic observations of Solar Sys-
tem comets when they are very close to the Sun are rare due
to observational difficulties. The only comet spectroscopically
observed closer than 0.2 au from the Sun is C/1965 S1 Ikeya-
Seki. For this comet, it was noticed that the main emission bands
or lines detected in its optical spectrum dramatically changed
while the comets approached the Sun. At distances greater than
0.4 au, CH, CN, C,, and C; emission bands dominated the
spectrum. However, at 0.15 au from the Sun, the only molec-
ular emission detected was CN, while numerous atomic lines
were visible ([O]1, Na1, K1, Cail, Cr1, Mn1, Fel, Nil, Cul,
VI1; Dufay et al. 1965; Thackeray et al. 1966; Preston 1967,
Slaughter 1969). Additionally, a tail of Fel atoms was pro-
posed to explain a linear feature imaged in the tail of sungrazing
comet C/2016 P1 McNaught 2006P1 (Fulle et al. 2007) and Na
and K were detected for comet C/2011 L4 (Fulle et al. 2013)
at 0.46 au.

On the other hand, Na I D-line emission has been observed in
many comets within r ~ 1 au of the Sun, where either the emis-
sion was much brighter than the foreground sky emission, or the
comet was observed at high spectral resolution enabling sepa-
ration from the telluric lines (Cremonese et al. 2002; Schmidt
2016). The high efficiency of the Na1 D transition makes it eas-
ily detectable, even for relatively low column density. A notable
discovery was a spectacular tail of NaT associated with comet
C/1995 O1 Hale-Bopp at r ~ 1 au, formed by radiation pres-
sure on the neutral atoms before ionisation (Cremonese et al.
1997). Recently, Hui (2023) also demonstrated thet the activity
of near-Earth asteroid Phaeton, with a perihelion of only 0.14 au,
is associated with emission of sodium.

The detection of these atoms only at small heliocentric dis-
tances imply that Call and Fel are predominantly locked up
within cometary dust gains, and only observed when a comet is
close enough to the Sun to allow their sublimation. This occurs at
r < 0.03—0.06 au for a dust grain with Bond albedo ~0.01 and a
sublimation temperature of 7' ~ 1600 K, depending on the ther-
mal model assumed. On the other hand, the origin of the NaT tail
observed in numerous comets at larger distances from the Sun is
still not very well understood (Cremonese et al. 2002). Release
from dust grains as well as molecular processes have been sug-
gested as possible sources of NaT in the coma and tail of comets
annd explain its presence at large solar distances (Cremonese
et al. 1997).

For the majority of Solar System comets, their optical spec-
tra are dominated by the reflected sunlight from dust grains
in their comae, plus molecular and atomic emission lines (e.g.
Hyland et al. 2019). Most of the neutral and ionic molecular
emission results from resonance fluorescence with solar photons.
Some species, such as H;O" and CO* result from ionization of
parent molecules (i.e. molecules released directly by the subli-
mation of nuclear ices), all other molecules observed at optical
wavelengths are second generation species, often created via
photodissociation of parent molecules or released by organic-
rich grains in the coma. Another process also observed in optical
spectrum of comets is prompt atomic emission ([O 1], [C1], and
[N1]). Those forbidden transitions are the result of atoms pro-
duced in an excited state by the photodissociation of parent
molecules in the coma.
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Of all cometary gas emission, the highest signal to noise nor-
mally occurs with the CN (0-0) band at A =~ 3880 A ltis usually
the first emission detected in the optical spectrum of a comet as it
approaches the Sun, and as been detected in the comae of comets
observed at relatively large distances from the Sun (Bus et al.
1991; Fitzsimmons & Cartwright 1996). The relative abundance
in the coma of most comets of OH/CN =~ 500 (A’Hearn et al.
1995), together with its high fluorescence scattering efficiency
factor of approximately 2.6 photons per second per molecule at
1 au from the Sun and 7~ ~ 0 (Schleicher 2010), gives rise to a
clear signature of a cometary gas coma. Historically, the CN was
believed to be created from photodissociation of HCN, which
is present in abundances of the order of 1% relative to water in
cometary ices. High-spatial resolution sub-mm mapping of HCN
distributions supports a nuclear source in some comets (Cordiner
et al. 2014). However, it is now known that in many comets a sub-
stantial fraction of CN is released from sub-micron dust grains
in the inner coma of comets (e.g. Fray et al. 2005).

The C, (0-0) band at 1 =~ 5160 A may be of comparable
flux, but has a lower contrast with the underlying dust grain
continuum due to its wider bandwidth. The OH (0-0) band at
A =~ 3080 A generally has higher flux, but unless observed from
space the high terrestrial atmospheric absorption severely dimin-
ishes the observed flux. Strong CO* emission bands have also
been observed in a number of comets (the strongest ones are the
(3-0) and (2-0) A’IT — X?%; Biver et al. 2018). However this is
normally significantly weaker than the observed CN emission,
with detection in only less than 20 comets. Given the ubiqui-
tous signature of CN emission in Solar System comets, we have
embarked on an archival search for this species in the exocomets
around S Pic. Detection of this species would provide a solid
link between cometary bodies in our Solar System and the 8 Pic
system.

We detail the observations in Sect. 2, along with the cor-
rection for the echelle blaze function and normalization of the
spectra to a continuum. Our search for CN relies on a cross cor-
relation search with a theoretical absorption spectrum for the
molecule in Sect. 3, and the discussion and interpretation is in
Sect. 4 with our conclusions in Sect. 5.

2. Data description and analysis

For the study in this paper, we use all the publicly available data
from the HARPS and the ESO 3.6m telescope in Chile.

2.1. HARPS observations

We collated all publicly available HARPS observations of 8 Pic
obtained between October 2003 and March 2020. Although
these observations cover a large baseline, the time between visits
varies between 1 day and approximately 2.2 years. Similarly, the
number of observations per epoch spans a wide range, between
one and 356 exposures, while the exposure times vary between
12 and 900 seconds. This results in an average SNR across order
0 - 10 (order numbers for HARPS will follow the labelling in the
fits header — corresponding to 3780 and 4075 A) per exposure
between 1 and 430, and a nightly SNR between 63 and 2000.
To avoid potential edge effects from order merging, we used the
E2DS files downloaded directly from the ESO archive for our
analysis.

2.2. Initial data processing

The analysis was started from the 2d extracted spectra (E2DS
files). Each order was treated separately, with the main focus on
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orders 3 and 7 as these orders contain the main CN bandhead as
well as the Ca11 H line, which is used to identify the exocomets.
All the spectra were transformed into the stellar rest-frame and
onto a common wavelength grid using linear interpolation.

After all the spectra were all transformed into the stellar rest
frame, an average nightly spectrum was made from all spectra
within a night for each of the nights of observations. This was
done after correcting for variations in the effective blaze pro-
file (for example due to instrumental changes, differential slit
or fibre losses, atmospheric absorption, etc.), as outlined below.
Note that after this correction, the data still have the overall
instrumental blaze-profile included.

2.3. Effective Blaze function correction

The night of 06 May 2018, which has a high signal-to-noise
ratio, was chosen to act as an initial estimate for the blaze
function. The individual spectra from this night were averaged
together to further boost the signal-to-noise ratio. Subsequently,
each individual spectrum was divided by this reference spec-
trum to highlight the changes in the effective profile. This ratio
spectrum was subsequently binned using a bin-width of 81 pix-
els using a robust algorithm to remove outliers within each
bin, clipping points more than 2.7 Median Absolute Deviations
(MAD) away from the median of each bin. This binned ratio
was then fitted using a second order polynomial. The original
spectrum was finally divided by this polynomial to correct for
the changes. Note that the change of fibre for HARPS in June
2015 (JD~2457 180) resulted in an overall change in the blaze
profile, and therefore, the spectra before and after this date were
separately post-processed as outlined below in Sect. 2.5.

2.4. Combining the spectra and flattening them

After the blaze-variation corrections, all the spectra within a
night are combined in order to further boost the signal-to-noise
and improve the detection limits. Each individual spectrum was
weighted using the average signal-to-noise ratio provided in the
header for orders 0 and 11 (3780—4075 A).

2.5. Removing the stellar spectrum

The processing up to this stage removes most of the variations
in the effective blaze function, but the overall stellar spectrum
and shape of the blaze profile, are still present and need to be
removed. We first perform a second iteration of blaze corrections
using a stellar spectrum constructed by averaging the spectra
from periods with a low comet activity (see Sect. 3.1), simi-
lar to the method before, however, now using a wider binsize
of 150 pixels and clipping outliers at 4.5 MAD away from the
median. This is done separately pre- and post-fibre change. The
correction is done similar to Sect. 2.3, however, an 8th order
polynomial was used.

After this post-processing the overall (residual) blaze profile
and stellar spectrum needs to be removed. Care must be taken to
prevent the removal of (potential) narrow features from the cir-
cumstellar disk (as seen in, for example, the Fe and CaTI lines).
This is done by combining the nightly spectra without signifi-
cant cometary activity (see Sect. 3.1) and binning this stacked
spectrum in wavelength in bins of 21 pixels. Before binning,
the spectrum in each bin was median absolute deviation (MAD)
clipped to within +4.5 MAD of the median of the flux in the bin.
The clipped average of the fluxes within each bin was used. Sub-
sequently, the overall spectrum of the star and (residual) blaze
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Fig. 1. Plot of the stacked spectrum in the stellar restframe (blue) with
a CN model for T =300 K and N=10"* cm~2 overplotted in orange. The
large signal around 3860 A is due to the residual from a circumstellar
Fe1 line.

was determined by cubic interpolation across the binned points,
and divided out of the spectrum for each night. As before, this
was done separately pre- and post-fibre change.

3. Searches for CN

After the initial data analysis, we proceed to with our search for
lines from CN. Although we are interested in lines from the exo-
comets, we first co-add the data from all the individual epochs,
in the stellar rest-frame, to obtain a deep search for circumstel-
lar CN absorption. These coadded spectra are shown in Fig. 1.
No obvious feature from the CN band jumps out, and we need
to combine the signal from the lines within the CN band to
improve the detection limits. Since the exocomets have a clear
radial velocity with respect to SPic, and since each exocomet
will have its own distinct velocity, we selected the 36 epochs
with the strongest exocometary features, a seen in the Call H
line.

3.1. Identifying exocomets from Call H line

The comet features in the Ca1l H-line (1 = 3968 A) were iden-
tified after removing the overall stellar line-profile and avoiding
the absorption from the circumstellar disk by excluding the cen-
tral 8 km s~'. The deepest absorption feature in each observing
night was selected, and the location and depth stored. For the
comet sample we selected features deeper than 60% while spec-
tra with features below 15% were flagged as ‘low activity’. The
distribution of feature locations and depths is shown in Fig. 5.
The dates, velocities and depths of the selected exocomets can
be found in Table A.1

The spectra for the strong comet sample were coadded, and
the combined spectrum for the HARPS data is shown in Fig. 2.
As with the circumstellar CN, there are no obvious lines from
CN visible, and we will need to combine multiple lines to
improve the signal-to-noise ratio, and see if there is any CN
present.

3.2. Cross-correlation with CN models

To combine the signal from the many CN lines, we cross-
correlate the data for each night with a grid of model of CN.
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Fig. 2. Similar to Fig. 1 but spectra are stacked in the rest frame of the
comet. The large signal around 3860 A is due to the residual from a
circumstellar Fe line.
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Fig. 3. Model absorption spectrum for CN at 30K (blue line) and
2000K (orange line). The column densities are N = 10'2cm™2 and
N = 10" cm™2, respectively.

Cross-sections for CN were obtained from ExoMol! (Tennyson
& Yurchenko 2012; Tennyson et al. 2016; Brooke et al. 2014) with
molecular energy levels assumed to be in thermal equilibrium,
i.e. Boltzmann distributed. We made models for a wide range
of temperatures (T={10, 20, 30, 50, 100, 200, 300, 500, 1000,
2000, 3000} K) and column densities> (N={10"" ... 107} cm™2.
Each of the models was then convolved to include an effective
velocity dispersion using a Gaussian for FWHM={2.9, 5, 10, 15,
20} km s~!. A value of 2.9 km s~! corresponds approximately to
the instrumental resolution of HARPS. The theoretical spectra
of CN for several different temperatures are shown in Fig. 3.
When creating the CCFs, the region around the narrow, cir-
cumstellar Fe I lines in this wavelength region (see Figs. 1 and 2)
were masked to avoid contamination, especially for the higher
temperature CN models. We masked the lines detected in

I https://www.exomol.com
2 Note that technically, for optically thin lines, this assumes a filling
factor f = 1. Since f is unknown, we actually measure N f.
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over many spectra.

(Kiefer et al. 2019), using a width of +£0.35A for the Fel
3859.9 A line, while for the other lines a width of +0.15A was
used. Even after cross-correlating, the stacked CCFs (see Fig. 6)
do not show any clear signals, and we therefore proceed to
estimate our detection limits.


https://www.exomol.com

Kenworthy, M. A,, et al.: A&A, 698, A10 (2025)
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Fig. 7. CN measurement limits in the stellar rest frame for a CN line
width of 2.7 km s~!. Contours show signal-to-noise upper limits.

3.3. Estimating the CN column density limits

To estimate the limits on the CN detection, we perform injection
and recovery tests. We injected models for different tempera-
tures, column densities and velocity broadening into the nightly
stacked spectra (Sect. 2.4), and then processed them in the same
way as the original data (i.e., correct for residual blaze variations,
removal of the stellar envelope and cross-correlation). This was
done for all spectra with the injected signal in the stellar rest
frame as well as for the sample of spectra with strong cometary
activity in the rest frame of the strongest exocometary feature per
night.

The individual CCFs show some overall slopes and offsets,
and we fit each individual CCF with a combination of a second-
order polynomial baseline and a Gaussian with the position fixed
to 0 km s~! in its rest frame. The fit has five free parameters:
the amplitude of the peak, the width of the peak, and the offset,
slope, and intercept of the baseline. To avoid the aliasing peaks of
the CN band (see Fig. 4), we only fit the central +35 km s~! of the
CCEF. Fitting is done using the curve_fit function from SciPy
(Virtanen et al. 2020). We correct each of the individual CCFs
for the baseline and then stack the corrected CCFs to obtain our
master CCF that we use for determining the upper limit. The
noise on each point in the master CCF is determined by taking
the standard deviation in time for each pixel and dividing that by
the square root of the number of points.

This master CCF is then fitted in the same way as the nightly
CCFs, and the uncertainties on the parameters is taken directly
from curve_£fit assuming no covariance between the param-
eters. The final detection significance for the injected models
is determined by the amplitude divided by its uncertainty, and
shown in Fig. 7 for the circumstellar gas and in Fig. 8 for the
strongest exocomet features.

4. Discussion

As discussed above in the introduction, most studies of Solar
System comets observe the CN molecules via optical fluo-
rescence. From measurements and simple physical arguments
the CN absorption or emission is optically thin everywhere.
This means a flux from part of the coma can immediately be

converted to a column density using a photon scattering effi-
ciency for the molecular band.

CN in Solar System comets comes from two sources. Sub-
limation of nucleus near-surface ices releases HCN, which
then photo-dissociates into CN. This in turn eventually photo-
dissociates into the component atoms:

HCN+y - H+CN
CN+vy—>C+N.

Since observations of Comet Halley (A’Hearn et al. 1986), it
has also been known that dust grains ejected from the nucleus
also directly release CN into the coma. However, CN production
in comets is usually dominated by nuclear ice sublimation (Fray
et al. 2005). The resulting CN coma will have a true space den-
sity and apparent column density distribution centrally peaked at
the comet nucleus in this case.

For Solar System comets, measured CN column densities are
often converted to an overall production rate by the comet of
Qcn molecules per second via an analytical model known as the
“Haser” model (Haser et al. 2020). This model gives the on-sky
column density as a function of projected radial distance form
the nucleus using only three parameters; the effective destruction
scale length [, of the parents of CN (HCN+dust), the photodis-
sociation scale length /oy of CN, and the gas outflow velocity
v. The Haser model is somewhat simplistic but it represents the
data well for Solar System comets observed at typical distances
from the Sun (1-3 au).

4.1. Example comet - 1P/Halley

We take the observed activity of 1P/Halley in 1985/1986 as a
reference point for our estimates. Although most Solar System
comets are observed to be are far less active than Halley, some
Long-Period comets show activity in excess of Halley. Given that
we will be dominated by the most active comets at 3 Pic, this
seems reasonable as something that can be later scaled to the
most active comets such as Hale-Bopp (Schleicher et al. 2024).
When Halley was approximately one au from the Sun, it was
measured to have Qcn = 10?7 molecules per second using Haser
models (A’Hearn et al. 1995). The assumed outflow velocity in
the models was generally 0.85—1 km s~! at this distance. For
Solar System comets, the normal Haser scale lengths used are
(Cochran & Barker 1986; A’Hearn et al. 1995):

Ip = 1.7x 10*r; km
len =2 -3 % 10°r7 km.

Both are assumed to scale with heliocentric distance r?

as
photodissociation or thermal desorption is assumed the n};ain
physical pathway for both the parent and CN. The lifetime
of HCN for photodissociation into H+CN at 1 au has been
calculated to be (3.2-7.7) x 10* s, with lifetime of CN disso-
ciating into C+N being (1.3-3.1) X 10° s (Huebner et al. 1992),
depending on solar activity levels. These are consistent with the
measured scale lengths above if the parents of CN are ejected at
approximately 0.5 km s~!, and we take into account the excess
photodissociation energy giving CN an extra kick of ~0.9 km s~!
(Fray et al. 2005).

4.2. 1P/Halley at B Pic

Photodissociation is driven by the UV photon flux at the
comet, which in turn is dominated by the Ly-a line flux

A10, page 5 of 9
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Fig. 8. CN measurement limits in the exocomet frame for a CN line width of 2.7, 10 and 20 km s~!. Contours show signal-to-noise upper limits.

(Combi & Delsemme 1980). The Ly-a emission from S Pic has
been measured by Wilson et al. (2017) via HST+COS. Using
their ISM and CSM corrected Voigt line profile parameters,
we integrated over +600 km s~! and corrected for the dis-
tance of BPic to derive an intrinsic Ly-a luminosity of 1.4 X
10%0 ergs sec™!.

The solar Ly-a flux varies by ~50% over the Solar cycle,
with a mean value at Earth of 4.7 x 10'! phot s~ cm=2 (Woods
et al. 2000). The resulting mean solar Ly-a luminosity is 2.1 X
10?8 ergs sec™!, a factor of ~67 lower than 8 Pic. Hence the pho-
todissociation lifetime of CN at 1 au from 8 Pic of an ‘exoHalley’
is approximately 67 times shorter, for example around 3000 sec.

In steady-state sublimation, the sublimation rate is propor-
tional to the photon flux at the comet. For SPic L = 8.7 L,
so assuming all CN production scales with stellar luminosity,
an exoHalley has a larger CN production rate of Qcy ~ 9 X
10?” molecules per second. The total number of CN molecules
in the coma at 1 au at any given time would therefore be:

Ncen = Qenten
Nen ~ 9 x 1077 - 3000 ~ 3 x 103! molecules.

The effective cross section of the coma will depend on how
much is projected against the disk of 5 Pic. The radius of the CN
coma is then given by

r ~ UCNTCN-

The outflow velocity of the parent HCN will depend on the
nuclear surface temperature, which will increase as a comet
moves towards its parent star. Biver et al. (2002) found a nuclear
gas outflow velocity v = 1.0r,%* km s™! from sub-mm measure-
ments of Comet Hale-Bopp, close to the canonical relationship
of r;,*>. Harris et al. (2002) notes lower activity similar to Halley
results in smaller outflow velocities. The excess photodissoci-
ation velocity of CN will not change. Therefore gas outflow
speeds are expected to be ~1-2 km s™! at 1 AU, and the CN
coma radius will be:

r~(1-2)x3000 < 6x 10 km.

This is much smaller than a stellar radius, so we can assume for
an exoHalley that all of the coma is projected into the stellar disk
as seen from Earth.
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BPic has R = 1.8 Ry = 1.3 x 10'! cm. Given that the coma
is optically thin, and we do not resolve the star, the effective
average column density towards S Pic is:

Nen
N~ —CN
R2

3 x 103!

n~——  ~6x10%cm™?,
m-1.7 %1022

therefore an exoHalley at 1 au from S Pic would result in a CN
column density of 108-10° cm™. This is >100 times smaller
than our measured upper limits above.

4.3. Raising the CN production rates

There are several ways exocomets at SPic may exhibit larger
CN production rates. A larger comet gives more surface area
for sublimation. Comet Halley’s nucleus has an effective radius
of 5.5 km (Keller et al. 1987), whereas Comet Hale-Bopp was
one of the most intrinsically active comets on record with an
extremely large nucleus of radius around 14-21 km (Weaver
et al. 1997). However most of the apparent brightness was due
to dust emission, and its only had Qcn =~ 3 x 10?7 molecules per
second (Schleicher et al. 2024). In this case, we might antici-
pate the most active comets in the Solar System to have Qcn ~
10?® molecules per second, implying a commensurate increase
of a factor 10 in column density n over an exoHalley
at B Pic.

Most comets only have a fraction of their surface area under-
going mass-loss, due to the effect of a thermally insulating dust
crust. Halley itself only has ~20% of the sunlit surface active
(Keller et al. 1987). Yet some comets are known as hyperactive,
as the measured gas productions rates would require >100% of
the nucleus surface to be active (Sunshine & Feaga 2021). This is
believed to be due to the release of ice-rich dust grains from the
nucleus, which sublimate and act as a secondary source of gas.
Assuming this is possible for exocomets at 8 Pic would increase
Ncn and n by a factor of around five.

The closer a comet to its parent star, the greater the heating
and corresponding production rate. When insolation completely
controls the nuclear surface energy balance we expect Qcn o«
r,;z. Studies of Halley and Hale-Bopp showed power laws close
to this (e.g. Biver et al. 2002). But the photodissociation lifetime
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TON X r,%, so theoretically:

Ncn

Ocn(1 au)
== constant,

Ty

. TCN(l au)rﬁ =

hence the total amount of CN in the coma should be approxi-
mately independent of stellar distance, and the total cross-section
would not change.

Finally, comets have impulsive outbursts, where the amount
of material ejected into the coma increases significantly over
a few hours or less. The general causes are unclear, but there
is evidence for several physical mechanisms that cause them
(Kelley et al. 2021; Miiller et al. 2024). “Normal” outbursts gen-
erally result in a brightness increases of 1-5 magnitudes, with
smaller outbursts being more common. As the apparent bright-
ness is directly proportional to the amount of material (gas+dust)
in the coma, this implies short term increases in Ncy and n of
factors ranging from 2 to 100. Large outbursts are often due to
partial or total disruption of a comet and can occur when a comet
is closer to the Sun. Hence there could be a correlation with
faster moving B Pic exocomets nearer their periastra producing
greater measurable column densities of CN.

In summary, mechanisms exist by which the CN column
density of an exocomet at SPic could exceed 10° cm™2. A
larger or more hyperactive nucleus could increase n by a fac-
tor of ten. Even larger increases are possible with an outburst
or comet disruption, but the upper boundary is likely to be near

n~ 101 cm™2.

5. Conclusions

We have combined over 1000 spectra of SPic over a 20 year
period, identified two groups, one with deep exocomet signals,
and another to act as a stellar reference. We produce a normalised
spectrum towards 3 Pic with the stellar spectral features removed,
and then aligned the spectra to the exocomet rest frames and
perform a search for CN using cross correlation.

We do not detect CN both in the stellar rest frame and in the
exocomet rest frame. Injection and recovery tests show that for
the circumstellar CN we are sensitive to 10! cm™ below 80 K
and below 10"#cm™2 up to 1800 K. In the exocomet rest frames,
sensitivity is somewhat similar. Below 100 K the sensitivity is
10"2cm™2 and above from 100-1800 K, is 10'3cm™2. This is a
factor of 10 to 100 too high to detect a single Hale-Bopp equiva-
lent comet with a CN coma. The assumptions are for steady state
comets, so individual outbursts could build this number up, and
multiple transiting exocomets can increase the absorption cross
section.

BPic is the brightest star with known exocomets seen both
in transit and spectroscopy, and represents the best candidate
for exocomet characterisation. A more dedicated observing cam-
paign over several years using dedicated spectrographs can reach
the equivalent Solar System limits for CN. PLATO will carry
out a dedicated long stare campaign that will observe the star
with sub-millimagnitude photometry over two to three years.
This presents an excellent opportunity for coordinated spectro-
scopic campaigns where the exocomet population of SPic can
be characterised, with CN and ideally other molecules known
from Solar System comets to be identified in another stellar
system.

Data availability

An online repository with materials used in this work is available
at https://github.com/mkenworthy/BetaPicCN using the
showyourwork! package (Luger et al. 2021).
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Appendix A: Selected exocomets

The dates for the nights selected to have the strongest exocomet
features, as well as the depths and velocities of these features can
be found in Table A.1.

Table A.1. Nights with the strongest exocomet features.
BJD-2,400,000  Veomer  Depth

[km/s]
53031.2 19.7 0.63
53032.2 18.9 0.74
53033.1 22.3 0.76
53036.1 15.5 0.67
53045.1 18.0 0.72
53046.1 18.0 0.91
53047.1 20.6 0.84
53048.0 20.6 0.83
53049.1 20.6 0.94
53050.1 18.9 0.90
53051.1 18.9 0.87
53052.1 18.9 0.92
53053.1 18.0 0.93
53054.1 17.2 0.83
53056.1 16.3 0.86
53057.1 15.5 0.93
53058.1 14.6 0.92
53059.1 14.6 0.87
53060.1 13.7 0.82
53061.1 13.7 0.72
53062.1 12.9 0.69
53063.1 12.0 0.67
53064.1 12.0 0.61
535814 -8.5 0.65
54223.0 8.6 0.62
54542.1 29.2 0.91
54544.1 28.3 0.92
54545.0 232 0.79
54546.0 8.6 0.80
54799.2 8.6 0.75
54878.1 14.6 0.76
54913.0 12.0 0.81
56524.4 31.7 0.76
56534.3 12.9 0.76
56536.3 8.6 0.61
57849.0 10.3 0.73

Notes. @ Dates given are for the average of all the observations that
were combined during each of the nights.
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