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Abstract

The aim of this thesis is the characterization of interstellar minor bodies visiting the Solar
System. Originating from protoplanetary disks around other stars, these objects undergo
ejection into interstellar space due to planetary perturbations. When these samples of alien
primordial matter pass through the Solar System, we may study them from very small
distances with the well-known techniques of solar system science. That gives us unique
direct insight into remote planetary systems. Though their visits have been expected for
decades, they were started to be discovered only recently: the first one, 1I/‘Oumuamua in
2017 and the second, 21/Borisov in 2019.

This dissertation is a cycle of three publications focused on the photometric and spec-
troscopic characterization of these two objects: 1) the photometric study of 1I/‘Oumuamua,
2) the report on initial imaging observations of 2I/Borisov taken immediately after its
discovery, and 3) the spectroscopic study of 2I/Borisov, that led to the discovery of gaseous
nickel in its coma.

The first publication presents photometric observations of 1I/‘Oumuamua taken with
the 8-m Gemini North telescope a few days after the discovery. Over two subsequent
nights, we obtained more than 400 images with a total integration time of 3.58 hrs. The
stacked image of 1I/‘Oumuamua is the deepest ever taken and shows a completely stellar
appearance. We then used the individual images to construct a precise lightcurve spanning
over 8 hrs. The rotational lightcurve exhibited an enormous amplitude of 2.6 mag, larger
than ever observed for any minor body native to the Solar System. Our result is consistent
with a strongly elongated body, having an axis ratio of at least 5. The lightcurve indicated
a rotation period of 7.56 hrs, however, minor inconsistencies between the cycles of rotation
allowed us to discover that the body is tumbling, i.e. it is in a non-principal axis rotation
state.

The second publication presents the earliest characterization of the second interstellar

minor body, 2I/Borisov. Rapid reaction to this object was possible thanks to the dedicated
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program which we developed after 1I/°*Oumuamua. The program checks public databases
containing astrometric measurements of newly discovered minor bodies in search of
potential interstellar visitors and informs us if it detects a promising candidate. Our
observations of 2I/Borisov using the 4-m William Herschel Telescope and the 8-m Gemini
North telescope revealed that the second interstellar interloper is a familiar-looking comet
with a nucleus radius of ~1 km, and morphology, color, and dust properties typical to solar
system comets.

In the third publication, we analyzed the UV part of the spectrum of 2I/Borisov, ob-
tained with the X-Shooter spectrograph on the 8-m ESO/VLT telescope. The observations
spanned three nights with an effective integration time of 3.84 hrs. The spectrum revealed
emission lines of gaseous atomic nickel which has not been reported in any cold astro-
physical environment before. The discovery was completely unexpected, since the comet
was 2.32 astronomical units from the Sun at that time, with the temperature of its coma
below 180 K and far below the melting point of nickel. We estimated the production rate
of 0.940.3x 10?2 atoms per second. We also analyzed the spatial profile of the detected
lines and found out that nickel atoms originate from the parent molecule with a lifetime of
340388 seconds at 1 astronomical unit. All of the typical cometary emissions (i.e. CN,
C,, C3, NH, NH,, and OH) were also present in the spectrum, confirming the complete

similarity of 2I/Borisov to solar system comets.
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1. Introduction

The Solar System contains comets and asteroids, collectively known as minor bodies. They
consist of primitive material that was left after the formation of planets. Until recently,
all known minor bodies were considered native to the Solar System but visitors from
other planetary systems were also hypothesised for a long time. The first interstellar
object, 1I/‘Oumuamua, was discovered in 2017, followed by the detection of 2I/Borisov in
2019. These objects carry the matter that formed in other planetary systems and provide

invaluable information about their birthplaces.

1.1 Solar system minor bodies

Comets have thrilled humans for millennia. Thanks to their sudden appearances and often
spectacular look, they inspired both fear and fascination. Despite their ability to dominate
the night sky, comets are actually small icy bodies known as cometary nuclei, composed
mainly of water, carbon monoxide, and carbon dioxide mixed with dust. They are usually
between hundreds of meters and a few dozen kilometers in size. When warmed by the
Sun, they release gas and dust, forming a vast atmosphere called a coma, which can further
interact with solar wind and radiation to create the iconic cometary tail.

On the other hand, asteroids are rocky objects that began to be discovered in the early
19th century. Their sizes range from a few meters to hundreds of kilometers. Unlike
comets, these objects appeared completely stellar for many decades, when observed from
the Earth, lacking any signs of gas or dust emissions.

Both comets and asteroids are remnants of the protoplanetary nebula from which our
Solar System formed. Comets are believed to originate further away from the Sun, resulting
in a higher content of volatiles, while rocky asteroids formed closer and do not contain
significant amounts of ice. Many comets were scattered to the Oort Cloud, a spherical
structure in the outer regions of the Solar System, while most asteroids remained in the
asteroid belt located between the orbits of Mars and Jupiter.

This simplified distinction between comets and asteroids has been recently challenged
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with the discovery of new populations of minor bodies, such as active asteroids (Jewitt,
2012), main belt comets (Hsieh & Jewitt, 2006), or barely active objects coming from Oort
Cloud (Meech et al., 2016).

1.2 Decades of expectations

Models of the early Solar System suggest that most minor bodies remaining after the
formation of planets were ejected into interstellar space due to planetary perturbations
(Dones et al., 2004). Considering the prevalence of planetary systems throughout the
Galaxy, it can be inferred that the entire Galaxy is likely filled with remnants from the
formation of planetary systems - minor bodies traversing interstellar space, with occasional
visits to the inner Solar System. These expectations have been postulated for several
decades (Sekanina, 1976; McGlynn & Chapman, 1989; Cook etal., 2016). The prospect of
directly detecting interstellar visitors gained momentum with the advancement of all-sky
surveys, and on October 19, 2017, the first such object, 11/*Oumuamua, was discovered
(Meech et al., 2017).

1.3 1I/'Oumuamua

11/*Oumuamua was first spotted by the PAN-STARRS survey a few weeks after its peri-
helion passage and during its closest approach to Earth (at the time of discovery, it was
approximately 0.22 AU from Earth). Already early observations showed its extrasolar
origin as its orbit displayed the eccentricity of 1.20 equivalent to hyperbolic excess velocity
(the velocity relative to the Solar System when it was effectively at an infinite distance) of
about 26 km/s.

Despite favorable geometric conditions, its brightness had never exceeded 19 mag,
thus the study on this object was strictly limited to the largest telescopes. Although
11/*Oumuamua appeared asteroidal, it was initially classified as a comet due to the prevail-
ing notion that most interstellar minor bodies should be comets (e.g. Cook et al., 2016).
This expectation stems from the fact that comets are formed further away from their
home stars compared to asteroids, making their orbits less gravitationally bound and more
susceptible to ejection into interstellar space.

The object quickly receded from both Earth and the Sun, rapidly fading, which limited
the time available for its study. Initial deep images confirmed its completely stellar
appearance and asteroidal nature (Drahus et al., 2018; Meech et al., 2017). The rotational
lightcurve of 11/*Oumuamua exhibited an enormous amplitude of 2.6 mag (Drahus et al.,
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2018), the largest ever observed among minor bodies in the Solar System, indicating a
highly irregular shape. Though the elongation ratios as large as 10:1 were postulated
(Meech et al., 2017), the detailed lightcurve modeling indicates that the actual axis ratio
needed to account for such large brightness variations may be as low as 5 (Drahus et al.,
2018), with an effective radius of approximately 75 m. The reported rotational periods of
the object seemed to be slightly inconsistent, varying between 7 and 8 hours, probably
because of non-principal axis rotation of the object (Drahus et al., 2018; Fraser et al., 2018;
Belton et al., 2018). Spectra taken during that time revealed a featureless profile with a
moderately reddish slope, consistent with icy solar system minor bodies (Fitzsimmons
etal., 2018).

Exceptional extrasolar origin of the object sparked the debate about the location of its
birth. At first, it was noted that the motion of the object (i.e. both its direction and velocity)
was nearly the same as that of the local standard rest (Mamajek, 2017) and did not fit the
motion of any nearby star. Further, a much deeper search for its home planetary system
(e.g. Dybczynski & Kroélikowska, 2018; Bailer-Jones et al., 2018) also failed to point it
with certainty.

The peculiarities of the object combined with its extrasolar origin have given rise to
speculations about its artificial origin which led to the search for radio emissions (Harp
etal., 2019) withtheworld'spremieresingledishradiotelescope-110-mGreenBank
Telescope. No signal was detected, however.

The most unexpected discovery regarding 11/*Oumuamua was reported a few months
later. Archival astrometric data analysis revealed that the object deviated slightly from
its gravitational path, apparently under the influence of unknown non-gravitational forces
(Michelietal., 2018). Suchforcesarepresentinthecaseofsolarsystemminorbodies,
but they are observed only in active comets. However, no trace of cometary activity from
1I/*Oumuamua has ever been detected. Despite this, the team that made the discovery
favored sublimation as the most plausible source of the drag experienced by the object. To
remain undetectable, the material released from the surface of 11/*Oumuamua would need
to consist of exceptionally large particles. This hypothesis has later been challenged by
the considerations of rotational stability of the object (Guzik & Drahus, 2018; Rafikov,
2018). The non-gravitational forces were also consistent with the solar radiation pressure
but that would require an exotic structure of the object (Moro-Martin, 2019) or even its
artificial origin (Bialy & Loeb, 2018). New hypotheses trying to explain the oddities
of 11/*Oumuamua are constantly being developed (see e.g. Seligman & Laughlin, 2020;
Jackson & Desch, 2021; Bergner & Seligman, 2023), but it is unlikely that any of them
will ever be proven.

10
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The only way to verify the mysterious nature of 11/*Oumuamua would be through a
space mission to this enigmatic object and indeed, such a mission has been proposed (Hein
etal., 2019) with further modifications added later (Hibberd et al., 2020; Hibberd & Hein,
2021; Hibberd et al., 2022), though it will not be feasible with the current technology. On
the other hand, another mission inspired by the visit of 11/*Oumuamua, called "Comet
Interceptor” (Jones & Snodgrass, 2019) has been selected by ESA and is being developed
for launch in 2029 and is designed to approach either a pristine comet coming from the
Oort cloud or another interstellar minor body if such an object with favorable trajectory is
found.

1.4 2l/Borisov

Less than two years after the discovery of 11/*Oumuamua, on August 30, 2019, the second
interstellar visitor to the Solar System was identified. Contrary to expectations, this object,
named 2I/Borisov, was surprisingly bright and was first spotted by an amateur astronomer
named Gennadiy Borisov. It had gone unnoticed by automated all-sky surveys primarily
due to its small solar elongation, which persisted for a significant period leading up to its
discovery. The object's brightness was even more remarkable considering it was still well
before perihelion, and it was expected to reach a magnitude of 15.

Initial observations of 21/Borisov revealed a comet with a familiar appearance, display-
ing typical colors and morphology (Guzik et al., 2020). The radius of the cometary nucleus
was initially estimated to be about 1 km, but later the observations made with Hubble
Space Telescope refined this value to be between 0.2 km and 0.5 km (Jewitt et al., 2020a).

As observing conditions improved over time, the comet received extensive attention
in the following months. Spectroscopic observations showed well-known emissions that
indicated that the chemical composition of 2I/Borisov matches that of solar system comets.
The first molecule detected was CN (Fitzsimmons et al., 2019; Kareta et al., 2020; de Le6n
etal., 2020), followed by C2 (Lin et al., 2020), Ol (McKay et al., 2020), NH2 (Bannister
etal., 2020), OH (Xing et al., 2020) and CO (Cordiner et al., 2020; Bodewits et al., 2020).
Even the amount of the unexpected vapors of nickel found in its coma (Guzik & Drahus,
2021) turned out consistent with the simultaneously discovered metal vapors in comae of
comets native to Solar System (Manfroid et al., 2021).

Following the discovery, the comet brightened according to expectations and its bright-
ness reached 15 mag at the end of 2019, shortly after the perihelion passage. Then it
started to fade, but at the beginning of March 2020, it experienced multiple outbursts which
increased its brightness by about 0.7 mag (Drahus et al., 2020). Later, the observations

11
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made with Hubble Space Telescope showed that the outburst was associated with the
splitting of the comet's nucleus (Jewitt et al., 2020Db).

Despite the fact that precise astrometry for 21/Borisov covers a period longer than
a year, including pre-discovery detection (Ye et al., 2020) when it was still more than
7 astronomical units from the Sun, its home planetary system cannot be established

(Dybczynski et al., 2019; Bailer-Jones et al., 2020).

12



2. Motivation

Minor bodies are known to be the remnants of planetary formation. They are time capsules
that preserve the primordial matter that once formed planets. Until very recently all of the
known minor bodies were native to the Solar System, allowing us to study the distant past
of our home.

Now, with the discovery of 1I/‘Oumuamua followed by 2I/Borisov, a new era of
planetary science has begun. Each interstellar interloper is in fact a sample of extra-solar
matter, representing primordial matter that was left after the formation of an alien planetary
system. Thus, while studying interstellar minor bodies traversing the Solar System, we
study other planetary systems from up close without the need for interstellar travel. We can
inspect their physical properties as well as their chemical composition with well-established
methods and techniques used to study our native comets and asteroids.

The main objective of my research conducted while preparing the doctoral dissertation
is to understand these new objects in the Solar System that have never been observed
before. What are they and what do they look like? What are they made of? How similar
are they to "our" comets and asteroids, and how do they differ from each other? Do the
places they come from resemble our Solar System? Such questions arise from our innate
curiosity about the world when something entirely new appears in our surroundings. In
order to find answers to these questions, I strive to determine the basic characteristics of
these distant visitors: their shape, size, color, density, chemical composition, and how they
evolve under the influence of the energy they receive from the Sun. These studies are of
fundamental importance for gaining a better understanding of extrasolar planetary systems

and, consequently, our own Solar System in the broader context of our galaxy.

13



3. The future prospects

With the exciting advancements in all-sky surveys, particularly the start of operation of
Vera C. Rubin Observatory in 2024, the imminent detection of next interstellar visitors
seems to be inevitable. Indeed, the first estimates after the discovery of 11/*Oumuamua
indicated, that up to 10 000 such objects are present all the time within the orbit of Neptune
(Jewitt et al., 2017) and they are not observed only because they do not reflect enough
light to be within the range of the surveys at that time. The statistics inferred from the
discovery led to suggestions that with the present surveys a new interstellar object should
be discovered every few years (Jewitt et al., 2017; Do et al., 2018). Given that Vera C.
Rubin observatory will reach roughly 10 times deeper then PAN-STARRS survey that was
used to discover 11/*Oumuamua, one may expect that up to a few interstellar interlopers
will be discovered every year after the start of its operation. The most up-to-date statistical
study (FlekkOy & Toussaint, 2023) argues that the discovery rate will not be that high,
however it still indicates that with 66% probability the next ‘Oumuamua-like object will
be detected by Vera C. Rubin Observatory within a year and a half of its launch.

14
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nature

astronomy

Tumbling motion of 11/*Oumuamua and its
implications for the body's distant past

Michat Drahus T, Piotr Guzik 1If, Wactaw Waniak 1 Barbara Handzlik 1 Sebastian Kurowski© 1

and Siyi Xu 2

Models ofthe Solar System'sevolutionshowthatalmostallthe
primitive material leftover from the formation of the planets
was ejected to the interstellar space as a result of dynamical
instabilities1 Accordingly, minor bodies should also be ejected
from other planetary systems and should be abundant in the
interstellar space?2 giving hope for their direct detection and
detailed characterization as they penetrate through the Solar
System34. Theseexpectationsmaterializedon19October2017
ut with the Panoramic Survey Telescope and Rapid Response
System'sdiscovery of11/‘Oumuamuab Here, we reporthomo-
geneous photometric observations of this body from Gemini
North, which densely cover a total of 8.06 h over two nights. A
combined ultra-deep image of 11/‘Oumuamua shows no signs
of cometary activity, confirming the results from other, less
sensitive searches69. Our data also show an enormous range
of rotational brightness variations of 2.6 + 0.2 mag, larger
than ever observed in the population of small Solar System
objects, suggesting a very elongated shape of the body. Most
significantly, the light curve does not repeat exactly from one
rotation cycle to another and its double-peaked periodicity of
7.56+0.01h from our data is inconsistent with earlier deter-
minationsg 1012 These are clear signs of a tumbling motion, a
remarkable characteristic of 11/*Oumuamua’s rotation that is
consistent with a collision in the distant past. Bearing marks
ofaviolent history, this first-known interstellar visitor tells us
that collisional evolution of minor body populations in other
planetary systems might be common.

11/*'Oumuamua entered the Solar System from the direction of
the solar apex with a large hyperbolic excess speed of 26 km s- 1 then
reached perihelion at 0.26au from the Sun on 9 September 2017
ut, approached the Earth to 0.16au on 16 October 2017 u t and is
currently on its way back to the interstellar space. Previous stud-
ies have not detected any signs of cometary activity69and reported
an average V-band absolute magnitude of 22.4 to 22.95 (refsG79.
Such an intrinsically faint object could be discovered only thanks to
the close Earth flyby in October 2017, which created a tremendous
opportunity for the first detailed characterization of a minor body
ofexosolar origin. We were awarded director's discretionary time on
the 8.1m Gemini North telescope (programme GN-2017B-DD-7)
to characterize this unique object photometrically using the Gemini
Multi-Object Spectrograph (GMOS-N). On 27 and 28 October
2017 ut, we obtained a total of 431 r,-band13images suitable for
accurate time-resolved photometry, having an effective integration
time of 3.58h and spanning a total of 8.06h (see Methods). The
images, among other reduction and calibration steps, were cleaned
of background stars and galaxies interfering with 11/Oumuamua,

which resulted in an uncontaminated representation ofthe targeton
a very clean and uniform background (see Methods). Photometric
measurements were made in the standard way (see Methods) and
were geometrically corrected (brightness and time) to the standard
epoch of the observations, 28 October 2017 at 00:00 ut.

In Fig. 1, we show a mean combined image of 11/'Oumuamua.
No signs of cometary activity can be seen, consistent with ear-
lier reports&9 however, the sensitivity of our image is a factor of
two to ten higher than those achieved by the previous searches.
The median flux corresponds to an apparent r,-band magnitude
of 22.45 and an absolute magnitude of 22.1 (see Methods), the
absolute magnitude being broadly consistent with those reported
before679 More interestingly, the range of brightness variations
is enormous—a factor of 11+ 2, or 2.6% 0.2mag (see Methods),
and possibly more—which exceeds even the largest rotational
variations observed in the population of Solar System asteroids.
The photometric time series of 1I/‘Oumuamua was scrutinized
for periodicity using the classical phase dispersion minimization
(PDM) algorithmXwith implemented inverse-variance weighting
of the data pointsi5(see Methods). We found the best periodicity
solution for a frequency 0f0.13230+ 0.00014h- 1 ora7.56+ 0.01 h
period (Fig. 2a), implying a double-peaked phased light curve
(Fig. 2b) most easily explained by shape-dominated brightness
variations. Although not as good, a corresponding single-peaked
phasing, consistent with albedo-dominated brightness variations,
is also clearly indicated by the periodograms at approximately
twice the double-peaked frequency, 0.26584+ 0.00011 h-1 or
half the double-peaked period, 3.762+ 0.002 h (Supplementary
Fig. 1). Other periodicities offer implausible data phasings and
can be safely excluded (Supplementary Figs. 2-8). The reported
temporal colour variations1,1§17of 11/‘Oumuamua could, in prin-
ciple, provide additional constraints on the light curve periodicity.
Unfortunately, the available colour information is too incomplete
to be useful in this regard and thus is indifferent to the two above
periodicity solutions. We proceed assuming shape-dominated
brightness variations and, consequently, adopt the double-peaked
periodicity as 11/Oumuamua's synodic rotation period. In terms
of the rotation period, our target compares well to the population
of Solar System asteroids. However, the period appears remark-
ably long if we restrict our comparison to the objects smaller than
200 m in diameter—a category that 1I/‘Oumuamua probably falls
into (see next paragraph)—dominated by rapidly rotating mono-
liths with non-negligible tensile strength®8 In Fig. 3, we show the
range of rotational variation and rotation period of 11/‘Oumuamua
in the context of 16,213 Solar System asteroids with reliably mea-
sured light curves?d

Astronomical Observatory, Jagiellonian University, Krakéw, Poland. 2Z5emini Observatory, Hilo, HI, USA. These authors contributed equally: M. Drahus
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Fig. 1| Deep stack of the r'-band imaging time series of 1 I/,Oumuamua.
The negative images of the target to the left and right of the positive image
were produced using our background subtraction algorithm and do not
affect the photometry. The presented region is 1.0x 1.0arcmin. North is to
the top and east is to the left. Despite having avery high surface brightness
sensitivity of 28.2 magarcsec-2measured in a larcsec2region, the image
does not show any signs of cometary activity.

Using Hapke's reflectance modelZ) we found from our data the
spin-axis orientation to be within 25° from perpendicular to the
line of sight, the long-to-short axis ratio to be >4.9 (see Fig. 4) and,
assuming the rotation axis strictly perpendicular to the line of sight,
we determined the volume-equivalent radius to be in the range
75-79m (see Methods). Note that the axis ratio, though certainly
very large, can still be much smaller than the measured range of
brightness variations, in contrast with several previous reportsg71l
(see Methods). The very large elongation, together with the mea-
sured moderate rotation rate, require a density of >1,100kgm- 3to
prevent the body from falling apart (see Methods). This limit is cal-
culated under the assumption that the tensile strength is negligible,
which may or may not be true for 11/'Oumuamua. Nonetheless, our
estimate shows that the body may be strengthless and still have a
density within the ranges of typical Solar System asteroids2i*again
in contrast with most of the previous revelations6711 (see Methods).

While the light curve of 11/'Oumuamua is clearly periodic, it
does not repeat exactly from one rotation cycle to another. As we
cannot explain this behaviour by instrumental effects, we conclude
that it is a real feature of the light curve, intrinsic to the object.
Furthermore, the light curve does not appear to have a single,
unique periodicity because the rotation periods reported by other
studies6710-12differ from one another and are inconsistent with our
data (Supplementary Figs. 9-12). We recognize these peculiarities
as the characteristic signatures of non-principal-axis (or excited)
rotation, also often referred to as tumbling2223 which has significant
consequences for understanding the distant history of this object.

Although the vast majority of Solar System minor bodies do not
show any measurable deviations from simple rotation, a small frac-
tion of asteroids1922and a few cometsZShave been identified as tum-
blers. In particular, comet 1P/Halley was the first minor body found
in a non-principal-axis rotation stateZ#*and, subsequently, asteroid

Fig. 2 | results from the periodicity analysis of the r-band photometric
time series of 11/*Oumuamua. a, Example of aweighted PDM
periodogram 415 calculated for the time series expressed in flux using

20 bins and 5 covers (see Methods). The red arrow indicates the best
periodicity solution for a frequency of 0.13230+ 0.00014 h-1or a

7.56% 0.01 h period. b, Light curve phased using the best periodicity
solution. The phase zero-point was chosen arbitrarily and corresponds to
phase 0.979435 at the standard epoch of the observations, 28 October
2017 at 00:00 ut. The grey areas indicate replicated data. It is evident that
the light curve does not repeat exactly from one night (27 October 2017 ut)
to another (28 October 2017 ut), consistent with a non-principal-axis
rotation state, or tumbling.

(4179) Toutatis was identified as the first tumbler among asteroids&
Rotational excitation occurs mainly through collisions and, restricted
to comets, sublimation torques, but tidal and Yarkovsky-O'Keefe-
Radzievskii-Paddack torques can also play an important roleZ.
A tumbler then dissipates rotational energy due to stresses and
strains resulting from complex rotation, and returns to a simple,
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Fig. 3 | Light curve parameters of 11/‘Oumuamua in the context of 16,213 Solar System asteroids. Reference asteroid data (histograms) were taken
from the minor planet Lightcurve Database Pretrieved on 13 November 2017. The characteristics of our target (red dashed line) are compared separately
against small asteroids with diameters <200 m (green), dominated by monoliths with non-negligible tensile strength1§ and against all objects (blue).
Out-of-range values, where present, were added to the last bins (grey). a, Light curve ranges of 11/‘Oumuamua and small asteroids. b, Light curve ranges
of 11/*‘Oumuamua and all asteroids. c, Rotation periods of 11/‘'Oumuamua and small asteroids. d, Rotation periods of 11/‘Oumuamua and all asteroids.

minimum-energy rotation state on a certain timescale. The damping
(or relaxation) timescale depends on the object's size, shape, den-
sity, stiffness and rotation rate, and ranges from hundreds of years to
hundreds of billions of years for the known Solar System asteroids&
Detailed quantification of 11/'Oumuamua’s complex rotation state is
beyond the scope of this paper. Instead, we explore the fundamental
fact that the body was once excited and has not fully relaxed to date.

Evidently, the rotational excitation of 11/‘Oumuamua is not eas-
ily explainable by sublimation torques. First, the object does not
show any signs of active outgassing despite the superb sensitivity
of our combined image (Fig. 1) and exceptionally favourable orbital
circumstances. Second, it is unlikely that the body was active in
the past because the sublimation levels required to excite its rota-
tion would also generate enormous changes in the rotation rate,
quickly leading to rotational instability and disruption. Instead, the
complex rotation state of 11/‘Oumuamua may result from tidal or
Yarkovsky-O'Keefe-Radzievskii-Paddack torques, but is most eas-
ily attributable to an impact—our preferred explanation. However,
collisional excitation of this body in our Solar System is hardly pos-
sible because of the rarity of collisions, even in the (not so) dense
main asteroid belt, and because 11/‘Oumuamua missed the belt at
a safe distance and spent very little time close to the ecliptic plane
due to the highly inclined orbit and large orbital speed. A sensitive
non-detection of a body's debris trail (Fig. 1), starkly contrasting
with the prominent, long-lived trail of the similarly sized impacted
asteroid P/2010 A2 (ref. 3), is also not in favour of a very recent col-
lision. Rather, we believe that 11/‘Oumuamua was excited in another
planetary system—presumably its home system—in the distant
past. The damping time scale of a typical rubble pile asteroid having
the same effective size and rotation rate as 11/‘Oumuamua, and the
minimum allowable axis ratio, is about 1Gyr (see Methods). This

appears to be long enough to preserve the signs of collisional exci-
tation over the timescale of a typical interstellar exile8 supporting
our conclusion. Whether 11/‘Oumuamua was produced and excited
in a catastrophic collision between larger bodies or subcatastrophi-
cally impacted by another small body is unclear, but both scenarios
lead to the same conclusion that collisional processing of minor
object populations in exoplanetary systems might be common.
Supposedly, 11/‘Oumuamua was ejected from its home system with
alarge number ofsimilar bodies during a period ofdynamical insta-
bilitylwhen frequent collisions would have been expected.

Methods

Observations, data reduction and photometry. The GMOS-N we used to collect
data contains three adjacent Hamamatsu charge-coupled devices, providing imaging
over a5.5x 5.5arcmin field of view and spectroscopy from 0.36 to 0.94 pm3L

For the present analysis, we pre-selected imaging data from the central charge-
coupled device chip, taken consistently through the broadband r' filter from the
Sloan Digital Sky Survey photometric systemBwith the instrument configured to
provide 2 x 2 binning and 0.1614 arcsec effective pixels. The complete time series
consists 0f438 images with an integration time of 30.0s, 2 images with a20.0s
integration time acquired as part of a multi-band sequence, and 2 images with a
10.0s integration time obtained as part of a spectroscopic acquisition sequence.
The data were taken between 7:34:49 and 12:46:23u t on 27 October 2017 and
between 5:52:24 and 12:25:30u t on 28 October 2017. The sky was photometric
and the median zenith seeing close to 0.6arcsec (in full width at half maximum)
throughout the observations. It is practical to anchor data reduction and modelling
at one specific epoch, which we chose to be 28 October 2017 at 00:00ut, close to
the middle-point of our run. At this standard epoch, the helio- and geocentric
distances of 11/‘Oumuamua were equal to 1.4317 and 0.4963 au, respectively, and
the phase angle was 22.93°.

The images were corrected for overscan, bias and flatfield in the standard
manner. Then, using our established technique3, we carefully subtracted a dense
background of stars and galaxies interfering with 11/'Oumuamua as it moved
across the sky. To remove the background from a given image, we mean combined
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Fig. 4 | results from Hapke modelling applicable to the observing
circumstances of 11/‘Oumuamua. The filled coloured symbols show the
dependence between the maximum-to-minimum flux ratio and long-
to-short axis ratio calculated for a set of aspectangles 6 (defined as the
angle between the line of sight and the rotation axis). The solid coloured
lines are the fourth order polynomial fits added to guide the eye. For
each angle 6, two extreme trajectories are presented for different polar
angles (orthogonal to 8)—one for the minimum flux ratio and one for the
maximum flux ratio. See Methods for details of the computation. The
grey dashed line shows a commonly used linear model calculated for

6= 90° in which the flux ratio is directly equal to the axis ratio. The black
dashed line shows the actual flux ratio measured from our 11/‘Oumuamua
photometric data.

up to six star-aligned images taken around the same time and subtracted the result
of this operation from the affected image. We did not use the nearest images from
a consecutive series to avoid contaminating the photometric background annulus
with the object's own signal. As a result, we obtained uncontaminated images of the
targeton a very clean and uniform background suitable for accurate time-resolved
photometry. The frames were then visually inspected for artefacts, such as cosmic
ray hits and residual signal from imperfect subtraction of bright background
objects at a location of 11/‘Oumuamua. This procedure resulted in the rejection of
11 images—a small number compared with the remaining 431 images available for
detailed analysis. The restricted dataset has the same time limits as the complete
time series, a total temporal coverage of 29,030s (or 8.06h) and a total integration
time 0f 12,880s (or 3.58h). In this work, we define the total temporal coverage as
a sum of observing blocks characterized by negligibly small gaps (not exceeding
300s) between the end times and start times of consecutive integrations.

The restricted dataset was photometrically measured using the Aperture
Photometry Tool3configured in mean sky subtraction mode. The brightness
of 11/'Oumuamua, along with photometric uncertainty, were determined
from a circular aperture with a constant diameter of 2.26 arcsec (14 pixels),
which ensured negligible influence of seeing variations and an acceptable level

of background noise contribution. We also made similar measurements of
brighter background stars, this time employing a larger aperture of 4.84arcsec
(30 pixels) to account for the elongation of stellar profiles caused by rapid non-
sidereal tracking of the target. Instrumental photometry of 11/‘Oumuamua

was then corrected for the atmospheric extinction (assuming the standard r'
-band extinction coefficient for Mauna Kea of 0.11 magairmass-1) and absolute
calibrated using acommon magnitude zero level determined for our run from
the photometry of background stars available in the Sloan Digital Sky Survey
photometric catalogue34 Apparent magnitudes were then reduced to the standard
observing geometry on 28 October 2017 at 00:00 ut, assuming the asteroidal
photometric phase function®with a parameter G= 0.15 characteristic of Solar
System C-types3% However, the phase component of the geometric correction
was very small thanks to the nearly constant phase angle during the observations,
and the correction was dominated by the geocentric distance. The same phase
function was assumed in the calculation of the absolute median magnitude, but
this time the phase component of the correction was significant, reflecting the
relatively large value of the phase angle during the observations. The dataset was
also corrected for the non-constant travel time of light by subtracting light travel
time offsets calculated with respect to the standard epoch of the observations.
The light curve expressed in magnitudes was also converted to flux, expressed
as a product of the effective wavelength and the wavelength flux density. We
measured several parameters of the light curve, including the maximum-to-
minimum flux ratio. The extrema were calculated by averaging the five highest
fluxes and the five lowest fluxes using inverse-variance weighting.

Periodicity analysis. Periodicity analysis was conducted using the PDM method
because this technique is particularly well suited to the analysis of a non-sinusoidal
time series ofunequally spaced datal4 The PDM algorithm folds the input

data using a range of trial frequencies and examines the quality of data folding
using avariance ratio, defined as the effective variance of the data in phase bins
normalized by the variance of the unbinned data. The method has two adjustable
parameters—the number of independent (adjacent) phase bins Nband the number
ofbin covers Nc. The former controls the width of the actual computational bins
(equal to 1/Nb) and the latter controls the overlap of successive computational

bins (that is, it specifies how many ofthem overlap), while both control the total
number of computational bins (equal to Nbx Ng). Originally insensitive to data
uncertainties) the classical PDM was later upgraded to include inverse-variance
weighting of the data points5—a major improvement, which this study takes full
advantage of.

Due to this inverse-variance weighting of the data, we chose for the analysis the
time series expressed in flux (and not magnitude), characterized by rather uniform
uncertainties, to within a factor of two (see Fig. 2b), thereby ensuring good
sensitivity of the method to the entire dataset. As for the light curve expressed in
magnitude, the weighted PDM was practically blind to the light curve minima,
featuring a factor of approximately ten larger uncertainties than the light curve
maxima (Fig. 2b), which severely limited its usefulness for periodicity analysis.
The algorithm was run on the data with Nbranging from 10 to 30 and Ncranging
from 3 to 7, ensuring, on the one hand, good overall statistics in the computational
bins (containing on average 43.1 to 14.4 data points, respectively) and, on the other
hand, good sensitivity to moderately complex light curves (resolved into 10.0 to
3.3% rotation-phase elements, respectively). Given that for all these settings we
obtained consistent results, we present only one representative outcome, calculated
using Nb= 20 and Nc= 5.

Formal uncertainties of the selected periodicity solutions were estimated by
propagating the photometric errors using a Monte Carlo method. This was done
by generating and analysing 1,000 simulated light curves, each created from the
original light curve by adding a random realization of noise. The superimposed
variates were calculated individually for each data point, assuming a normal
probability distribution with a standard deviation equal to the photometric
uncertainty. Then, using again the weighted PDM, we analysed the simulations in
narrow frequency windows centred on the investigated periodicity solutions, and
from the observed frequency variations about their original values, we derived
their standard errors. It is important to realize that the formal uncertainties
estimated in this way do not take into account the fact that 11/'Oumuamua is in
a state of non-principal-axis rotation. Consequently, the light curve folded using
even the best simple-periodicity solution suffers from excessive scatter of the data
points, often significantly exceeding the formal photometric error bars, which was
ignored in the present analysis. Moreover, the determined frequency may not work
at all for other datasets obtained at different times, even though it has a very small
formal uncertainty.

Hapke modelling. Using Hapke's reflectance modelZ) we computed simulated
light curves for the observing geometry of 11/Oumuamua anchored at the
standard epoch of our observations, 28 October 2017 at 00:00 ut. We employed
the modified isotropic multiple scattering approximation with the shadow-hiding
opposition effect and macroscopic roughness influencing reflectance properties.
Colorimetric and spectroscopic observations of 11/'Oumuamua have revealed
that the reflectance spectrum of this object is close to those of Solar System C- or
D-type asteroids, Trojans or comets781037. Thus, we adopted a set of literature
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values for the reflectance parameters of C-type asteroids3® such as a single
scattering albedo of 0.037, an opposition surge amplitude and width of 0.20 and
0.025, respectively, the asymmetry factor in the Henyey-Greenstein particle phase
function equal to -0.47, and an average topographic slope angle of macroscopic
roughness of 20°. Furthermore, we defined the spin-axis orientation by the aspect
angle (that is, the angle between the spin axis and the line of sight) and the polar
angle (measured in the plane perpendicular to the line of sight counterclockwise
from the object-Sun direction). For simplicity, we assumed that 11/'Oumuamua has
the shape of a prolate spheroid.

We performed two types of simulation. First, we tested the dependence
between the maximum-to-minimum flux ratio and long-to-short axis ratio for a
set of spin-axis orientations (Fig. 4). The aspect angle was probed with a step size
0f15° and the polar angle was probed with a step size of 22.5°. Second, for a fixed
aspect angle 0f90° and light curve extrema equal to those measured from our
11/'Oumuamua data, we investigated the allowable range for the volume-equivalent
radius, changing the polar angle with the same step size as before. From the first
type of simulation, we found that even an enormous range of brightness variations
does not necessarily imply a huge axis ratio. To generate a 2.6 mag rotational
amplitude—the same as we observed in our data—an axis ratio can be as low as
4.9, inconsistent with most ofthe recently published valuesG711. These reported
larger axis ratios were calculated under the assumption that flux is proportional
to the instantaneous projected cross section, but this can be far from reality for
large phase angles and significant shape elongations, when shadowing effects as
well as asymmetry ofthe phase function have a strong influence on an observed
light curve. Our approach is more accurate in that it takes the aforementioned
factors into account. Moreover, we have found that for aspect angles smaller than
about 65° it is virtually impossible to obtain a maximum-to-minimum flux ratio
consistent with 11/‘Oumuamua, in spite ofblowing up the axis ratio to abnormal
values. Thus, we conclude that the aspect angle must be larger than 65°. Finally,
from the second type of simulation, we found the volume-equivalent radius in a
relatively narrow range from 75 to 79m (depending on the polar angle and thus the
axis ratio) for the assumed model parameters.

Density estimation. The minimum bulk density that ensures rotational stability
inthe absence of material strength can be calculated from the rotation period

and the lower limit to the axis ratio. For simplicity, we neglect the excitation of
11/‘'Oumuamua’s rotation state, assuming that the body rotates around the shortest
axis with a rotation period P. From the exact formula for the shortest tolerable
rotation period of a prolate spheroid 23 we find that the densityp satisfies:

3
w2 b ®
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where G=6.67384 x 10-11 makg-1 s-2 isthe gravity constant,and ¢ = J 1- ¥f2 is
a function of the long-to-short axis ratio f. Note that the term in they outer bracket
approaches unity for a sphere and is commonly approximated by f (ref. 9. The
approximation works well for small axis ratios (it is good to 5% for f between 1.0
and 3.0), but introduces significant (and unnecessary) errors for large axis ratios,
resulting in underestimated density limits (for example, the full term in the outer
bracket is almost 20% larger for f = 5 and over 60% larger for f = 10). Moreover,
the term in the outer bracket is a monotonically increasing function of f , implying
that the above inequality is also naturally satisfied if we replace the actual value
of f with the lower limit on f . Substituting the measured rotation period and
axis-ratio limit of 11/'Oumuamua, equal to 7.56h and 4.9, respectively, we find

p = 1,100 kg m-3. The density limit for an oblate shape is even less stringent, as in

this case we findp = 500 kg m-3, calculated from3
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where ¢ = - f - 1 isadifferent function of the long-to-short axis ratio f . The term
in the outer bracket is again a monotonically increasing function off and again
approaches unity for a sphere, but can no longer be approximated with f (except
for nearly spherical shapes).

The same approach was also used by other teams671011, who reported the
density limit estimated from the rotation periods and axis-ratio limits extracted
from their data. However, with one prominent exception1), they obtained grossly
overestimated values ranging fromp = 5,000 kg m-3 to p = 20,000 kg m-3
(interpreted as an indication of non-negligible tensile strength). The reason for
this is threefold. First, the overly simplistic treatment ofthe light curve resulted
in overestimated axis-ratio limits (see before), up to a factor of about two6or less
where the light curve range was not fully recovered711 Second, the teams used the
simplified version of equation (1), which actually somewhat reduced the density
overestimation. Finally, and most significantly, the formula they used contains

23

an error in the axis ratio f , which is introduced as a square term but should be a
linear term.

Damping timescale estimation. The damping (or relaxation) timescale rd can be
written asB4

P3
3= W (3)
where P is the measured ‘effective’ rotation period, D is the volume-
equivalent diameter and C is a function of shape (or axis ratios for an ellipsoid
approximation), material (density, stiffness and quality factor) and rotation
(maximum and minimum wobble angle). The most recentBestimates find
C~3.6x 100hGyr13 km-23~4.1x 10-3 s3 m-2s for typical properties of Solar
System asteroids. Substituting this value and the measured rotation period and
diameter of 11/'Oumuamua, equal to 7.56h and 154 m, respectively, we find
1d~ 0.4 Gyr. However, the real damping timescale of this object is significantly
longer because 11/Oumuamua has a much more extreme shape than that adopted
in the estimation ofC and the value ofthis parameter decreases with the axis
ratio4l2 Hence, our conservative order-of-magnitude estimate for 11/'Oumuamua’s
damping timescale is 1 Gyr, but it can be much longer if, for example, the axis ratio
is significantly greater than the measured lower limit 0f4.9.

Data availability. The GMOS-N raw data will be available in the Gemini
Observatory archive at https://archive.gemini.edu after the expiration ofthe
12 month proprietary period.
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Initial characterization of interstellar

comet 21/Borisov

Piotr Guzik 17, Michat Drahus 17, Krzysztof Rusek2 Wactaw Waniak®© 1 Giacomo Cannizzaro 34

and Ines Pastor-Marazuela 56

Interstellar comets penetrating through the Solar System had
been anticipated for decadesl2 The discovery of asteroidal-
looking ‘Oumuamua34 was thus a huge surprise and a puzzle.
Furthermore, the physical properties of the ‘first scout' turned
out to be impossible to reconcile with Solar System objects4-6,
challenging our view of interstellar minor bodies 8 Here, we
report the identification and early characterization of a new
interstellar object, which has an evidently cometary appear-
ance. The body was discovered by Gennady Borisov on 30
August 2019 ut and subsequently identified as hyperbolic by
our data mining code in publicly available astrometric data.
The initial orbital solution implies avery high hyperbolic excess
speed of ~32kms-1 consistent with ‘Oumuamua9 and theo-
retical predictions27 Images taken on 10 and 13 September
2019 ut with the William Herschel Telescope and Gemini
North Telescope show an extended coma and a faint, broad
tail. We measure a slightly reddish colour with ag'-r' colour
index of 0.66 * 0.01 mag, compatible with Solar System com-
ets. The observed morphology is also unremarkable and best
explained by dust with a power-law size-distribution index
of -3.7 = 1.8 and a low ejection speed (44 * 14 ms-1forp =1
particles, where B is the ratio of the solar gravitational attrac-
tion to the solar radiation pressure). The nucleus is probably
~1 km in radius, again a common value among Solar System
comets, and has a negligible chance of experiencing rotational
disruption. Based on these early characteristics, and putting
its hyperbolic orbit aside, 2I/Borisov appears indistinguish-
able from the native Solar System comets.

On 8 September 2019 at 04:15 universal time (ut), we were
alerted by our software Interstellar Crusher (see Methods) of a pos-
sible new hyperbolic object gb00234. Within less than 4d, the orbit
became reliable enough to trigger the first announcements1d1l, and
subsequently, the body received an official name 21/Borisov. As of
20 September 2019 at 12:00ut, 447 published astrometric positions
collected over a 21.1d intervall-15are demonstrably incompatible
with a parabolic orbit (Fig. 1). In the absence of non-gravitational
forces, the residuals show a very strong systematic trend and reach
up to 20arcsec. Inclusion of non-gravitational forces greatly reduces
the residuals, but a small systematic trend is still present. More
importantly, the resulting non- gravnatlonal accelerations » 1=7.43
+ 0.07% 10-4aud-2 and a2=- 1.83 £ 0.01 % 10-4aud-2 given at
lau from the Sun (see Methods) are implausibly high, exceed-
ing the largest measured non-gravitational accelerations of com-
ets’6 by two to three orders of magnitude and comparable to the

sunward gravitational acceleration at lau. However, the data are
accurately fitted by an unrestricted, purely gravitational solution
(Fig. 1) that implies a strongly hyperbolic orbit with an eccentricity
of 3.38+ 0.02 (Table 1). This strong hyperbolicity cannot be attrib-
uted to gravitational perturbations from the Solar System's plan-
ets because the body travels from a direction far from the ecliptic
plane. Thus, the only viable explanation is the arrival from outside
the Solar System. The huge eccentricity together with a moderate
perihelion distance of 2.012+ 0.004 au (Table 1) imply a hyperbolic
excess speed of ~32 km s- 1 The body entered the Solar System from
adirection ~75° away from the Solar apex with the asymptotic radi-
ant at J2000.0 right ascension (RA)=02h 12m and declination
(dec)=59.4° in the constellation of Cassiopeia. For the most up-to-
date orbital parameters, readers are referred to the online databases
of the Minor Planet Center or Jet Propulsion Laboratory.

We observed this object using the 4.2m William Herschel
Telescope (WHT) on La Palma and the 8.2m Gemini North
Telescope at Maunakea in the Sloan Digital Sky Survey (SDSS) g
and r' bandslZ WHT data were obtained with the Auxiliary-port
CAMera (ACAM) on 10 September 2019 at 05:38ut and on 13
September 2019 at 05:47u t (observation mid-points). The first set
comprises ten sidereal-tracked 60s exposures, of which five were
obtained in the g band and five in the r' band, whereas the second
set contains 40 sidereal-tracked 20s exposures, 20 obtained in g
and 20 in r,. Gemini data were collected with the Gemini Multi-
Object Spectrograph (GMOS-N) on 10 September 2019 at 14:57u't
(mid-point) with non-sidereal tracking and comprise four g,-band
and four r,-band exposures taken with 60s integration time. The
datasets were obtained at low elevation (22° to 31°) in morning
twilight (solar elevation from - 19° to - 12°). At the time of the
observations, the helio- and geocentric distances of 21/Borisov were
equal to 2.8 and 3.4au, respectively, the phase angle was ~15° and
the apparent motion was ~75arcsech- 1 The images were corrected
for overscan, bias and flatfield in the standard fashion, and then a
global background level was subtracted from each frame.

In Fig. 2 we show median-stacked g,-band and r,-band images
from Gemini, which have a better signal-to-noise ratio than the
WHT images. The latter are presented in Supplementary Fig. 1. The
images reveal an extended coma and a broad, short tail emanating
in roughly antisolar direction. We see no clear difference in mor-
phology in the two bands. The comet was measured photometri-
cally in each individual exposure from the two telescopes and two
nights. We consistently used a 5,000 km (~2 arcsec) radius photo-
metric aperture and determined the brightness against background
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Fig. 1| astrometric residuals of 2I/Borisov calculated for three different orbital solutions. a,b, The residuals calculated for a parabolic solution without
non-gravitational forces. c,d, The residuals for a parabolic solution with non-gravitational forces. e,f, The residuals for an unrestricted solution without non-
gravitational forces. Residuals are presented separately in RA (a,c,e) and dec (b,d,f). Black symbols denote data used in the computation and red symbols

denote rejected outliers. r.m.s., root mean squared.

Table 1| Hyperbolic heliocentric orbital elements of 2I/Borisov
calculated for the osculation epoch 2019 september 20.0

Date of perihelion passage, T 2019 December8.42+ 011 tt

orbital eccentricity, e 3.3790 + 0.020
Perihelion distance, q 2.0119+ 0.0044au
209.001 + 0.100°(J2000.0)
308.195 + 0.040° (J2000.0)

44.004 + 0.041° (32000.0)

argument of perihelion, w
Longitude of ascending node, Q
Inclination, i

Allerrors are 1standard deviation.

stars available in the SDSS photometric cataloguel® As a result,
we obtained dataset-averaged AB magnitudes g'=19.38+0.01
and r,=18.71 £0.01 for the WHT observations on 10 September
2019 at 05:38ut, ¢,=19.38+0.01 and r,=18.72+0.01 for the

26

Gemini observations on 10 September 2019 at 14:57ut, and
9,=19.32+0.02 and r,=18.67+0.01 for the WHT observations
on 13 September 2019 at 05:47ut. Photometric magnitudes can
be used to estimate the nucleus size. Following two independent
approaches, we have found that the nucleus of 21/Borisov is most
likely ~1 km in radius (see Methods). However, it should be noted
that these approaches are inherently veryuncertain. Our photomet-
ric measurements give a consistent g,-r, colour index, with an aver-
age value of 0.66 + 0.01 mag. The colour is slightly redder than the
solar g,-r,=0.45+ 0.02mag (ref. 19 and implies a positive spectral
slope S' ~ 12.5% per 100 nm (see Methods), in good agreement with
an independent spectroscopic determination2) Within the errors,
the same colour is obtained for other photometric apertures as well
(we made measurements for the apertures ranging from 3,000 to
15,000km in radius), implying a uniform colour of the coma. This,
and the similarity of morphology in both bands, are both indicative
ofdust-dominated activity in our data. Monte Carlo modelling ofthe
object's dust environment with our established codeZl has revealed
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Fig. 2 | Median-stacked images of 2I/Borisov from Gemini North. The

left panel shows the image in the g' band and the right panel shows the
image in the r' band. Both panels subtend 1.0% 1.0 arcmin and were scaled
logarithmically. Arrows show the directions of north (N) and east (E), the
projected antisolar vector (-©) and the negative of the orbital velocity
vector (-V). The pixel scale is 0.16arcsec px-land the seeing was 1.8arcsec.

a power-law particle size-distribution exponent of -3.7+ 1.8 and a
44+ 14m s lejection speed applicable to B = 1 particles (where B is
the ratio of the solar gravitational attraction to the solar radiation
pressure; see Methods).

The dynamical properties and morphology of 21/Borisov make
it clear that the body is the first certain case of an interstellar comet,
and the second known interstellar minor body identified in the
Solar System (after ‘Oumuamua3d). Evidently, the extended coma
and the broad tail stand in stark contrast with the purely asteroidal
appearance of ‘Oumuamua. The estimated nucleus size is common
among Solar System's comets223 Adopting the formalism of rota-
tional disruption probability2d and assuming typical properties of
Solar System comets, we have estimated the probability of rotational
disruption during the Solar System flyby to be smaller than 1% (see
Methods). The measured colour is consistent with the colours of
the Solar System's cometsZ27and falls only slightly redwards of the
median and average values ofthe observed g'-r' distribution (Fig. 3).
The same similarity can be noticed for the dust coma parameters832.
These facts are remarkable in and of themselves, and especially
remarkable after ‘Oumuamua, the multiple peculiarities of which46
prompted us to rethink our entire view of the nature of interstellar
interlopers7. However, 21/Borisov appears completely similar to the
native Solar System's comets.

Comet 21/Borisov was discovered on its way to perihelion (8
December 2019 ut at 2.0au) and before the closest approach to
Earth (28 December 2019 u t at 1.9au); thus, the overall visibility
will be gradually improving. The body is destined for an intensive
observing campaign lasting many months (Supplementary Fig. 2)
that will allow us to gain groundbreaking insights into the physical
properties of interstellar comets and exosolar planetary systems in
general. This discovery is in line with the detection statistic of one
interstellar object per year proposed by several authors33Lafter the
discovery of ‘Oumuamua, which is an order of magnitude higher
than the most optimistic pre-‘Oumuamua estimates32 It also shows
that cometary nature of these bodies might be a common charac-
teristic, in agreement with the original expectations12 More discov-
eries are expected in the near future thanks to the Large Synoptic
Survey Telescope.

M ethods

Interstellar Crusher. Interstellar Crusher is a custom Python3 code running

on Windows Subsystem for Linux. It continuously monitors the Possible Comet
Confirmation Page and computes orbits of newly discovered minor bodies

using Bill Gray's Find_Orb (https://github.com/Bill-Gray/find_orb/commit/
abe3f5847aad4c39f1d82239hf343c876b3d1bd0). Detection of a possible interstellar
object triggers an alarm that is sent via e-mail.

Fig. 3 | Colour of 2I/Borisov in the context of solar system comets. The
histogram shows the g'-r' colour index distribution for 60 comets%=27
(long-period, Jupiter-family and active Centaurs). It was calculated from
the colour indices reported in the Johnson-Cousins (UBVRGQ and the
original SDSS (ugriz) photometric systems using standard transformation
formulae345. Whenever available, multiple measurements of a single
object were filtered and combined to minimize the colour uncertainty.
The sample has an r.m.s. error of g'-r' equal to 0.036 mag and the error
does not exceed 0.075 mag for any object (the latter criterion resulted in
the rejection of three comets). Dashed lines show the median (blue) and
average (green) values of the distribution, and the red arrow indicates the
measured g'-r' colour index of 21/Borisov.

Orbit. We computed the orbit using Bill Gray's Find_Orb with planetary
perturbations. The initial input dataset comprised 447 astrometric positions
obtained at 45 different stations that were publicly available as of 20 September
2019 at 12:00ut. We computed parabolic and unrestricted solutions without
non-gravitational forces and a parabolic solution with non-gravitational forces
defined according to the standard Marsden-Sekanina model® Given the absence
of reliable uncertainties of individual observations, we assumed equal weights.
Astrometric positions with residuals greater than 1.5arcsec with respect to the
unrestricted solution without non-gravitational forces were iteratively rejected,
resulting in a restricted dataset of 362 measurements. This dataset was used for the
final computations, the results of which are presented in Fig. 1 and Table 1. The
reported uncertainties of the orbital elements were estimated by the least squares
method from the astrometric residuals.

Photometry and colour. Individual calibrated exposures were first scrutinized for
background stars, cosmic-ray hits and other artefacts in the comet's photometric
aperture. As a result of this procedure, we rejected one g'-band frame from the
Gemini dataset, one g'-band and one r'-band frame from the first WHT dataset,
and accepted all frames from the second WHT dataset. For each dataset, we
identified a set of field stars available in the SDSS photometric cataloguel8that were
brighter than the cometand had a g'-r' colour index between 0.3 and 1.0mag. We
identified 7 and 9 suitable stars for the firstand second WHT dataset, respectively,
and 4 stars for the Gemini dataset. Photometric measurements of the comet were
done using a circular aperture with a 5,000km (~2.0arcsec) radius. The stars were
measured in a larger, 4.0arcsec radius aperture that contained >99% of the flux
(determined from the curve of growth). Sky background level was estimated (as a
mean value) in an annular aperture with a radius of 7.0-9.0 arcsec for the comet
and 5.0-8.0 arcsec for the stars. We masked the regions of the background aperture
contaminated by the comet's tail, faint field stars and cosmic-ray hits. Centroids
were measured from a 1.0 arcsec radius aperture. Differential magnitudes of
the comet were calculated for each individual image and then dataset averaged
(with equal weights) and compared with the SDSS catalogue magnitudes of the
reference stars. The photometric uncertainties were propagated from the individual
differential measurements and SDSS uncertainties of the reference stars.

Colour index (m1- m2 can be easily converted to the normalized reflectance
slope S'. By definition

(m1- me)- (mi- m2B= -2 5l0g(SVSz)

where (mi - m9O0is the solar colour index, S\= 1+ S'(A—\0Q/A NOis the normalized
reflectance at wavelength A, ANOdefines the standard wavelength interval of S' and
AOis the normalization wavelength. Using the customary values AO=550nm and
AMNO= 100nm, and substituting the measured g'-r' colour index of
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comet 21/Borisov equal to 0.66 mag along with the effective filter wavelengths
Ag=475nm and Ar = 630 nm and the solar g'-r' = 0.45mag (ref. 19, we calculated
the corresponding slope S' = 12.5% per 100 nm.

Nucleus size estimation. To estimate the size of the nucleus, we followed a simple
approach2that connects theoretical sublimation rate of water from a unit surface
area3iwith an empirical correlation of the observed total visual magnitudes

with the total water production rates® By solving the standard energy budget
equation3iwith an assumed Bond albedo of 4% and emissivity of 100%, we find
that the average water sublimation flux from a spherical non-rotating nucleus

is 1.86x 10molecules s- Ikm- 2at the heliocentric distance applicable to our
observations. From our Gemini data, we estimate the total visual magnitude to be
~17.5, which is the asymptotic magnitude from the curve of growth transformed
from the SDSS g' and r' bands to the Johnson Vband3 Taking into account the
geo- and heliocentric distances at the time of the observation, this magnitude
corresponds to the water production rate of ~10ZZmolecules s- 1according to an
empirical relationd By comparing the theoretical and observed water production
rates, we estimate the area of the sublimating surface to be ~5 km2 which
corresponds to ~1 km radius nucleus with 30% active fraction, assuming negligible
contribution of icy grains in the coma.

The same result is obtained from a comparison of 21/Borisov with the well-
studied comet Hale-Bopp in terms of the Afp parameter3’. From our r'-band
magnitudes measured in the 5,000 km radius aperture, we calculate Afp~ 100 cm,
and similar for other aperture sizes. The Afp of comet Hale-Bopp was ~10,000 cm
at the heliocentric distance and phase angle compatible with our observations®
Simple scaling of the ~30 km in radius nucleus of the latter comet®suggests the
nucleus radius of 21/Borisov of~ 1km.

Probability of rotational disruption. Rotational disruption occurs when the
nucleus rotation rate becomes too high for the self-gravity and tensile strength

to keep the body intact4) The probability of disruption P has been formulated
as the ratio of the expected change in the rotation frequency Aw to the total extent
of tolerable frequency regime, limited by the negative and positive

critical frequency wait Thus

Pv. Mo

20crit

The two components of this equation can be calculated in a relatively
straightforward manner using standard formulae54-44 Substituting in these
formulas the estimated nucleus radius of ~ 1km and adopting typical properties of

Solar System comets4 we find the probability of rotational disruption of 21/Borisov
to be <1%.

Dust modelling. We modelled the dust environment of 21/Borisov using a Monte
Carlo approach2L The simulations were done with 2x 106power-law distributed
dust particles spanning a size range a from 0.5pm to Imm. We assumed the
density of the dust material to be 1,000 kg m-3, the scattering efficiency for
radiation pressure to be 1.0 and a size-dependent dust ejection speed (at the
boundary of the collisional zone) vex a~0s. The dust emission rate is assumed

to be inversely proportional to the square of the heliocentric distance with the
earliest particles ejected 70 d before the observation. Under these assumptions, we
investigated three different ejection patterns: (1) isotropic; (2) into the subsolar
hemisphere with the emission rate proportional to the cosine of the solar zenith
distance; and (3) into a sunward conical jet with an opening angle of 30° and a
constant intensity. The model was fitted to our highest signal-to-noise ratio r'-
band image created from the Gemini data (Fig. 2). The best fit was obtained for
the hemispheric pattern (Supplementary Fig. 3), though the fit of the isotropic
emission is nearly as good. As a result of this procedure, we retrieved a power-law
particle size-distribution exponent of -3.7 + 1.8 and the ejection speed for particles
of agiven size, equal to 44+ 14ms. 1for f= 1(a= 1.2um).

Data availability

The ACAM data are available from the corresponding authors upon reasonable
request. The GMOS-N raw data will be available in the Gemini Observatory
archive at https://archive.gemini.edu after the expiration of the 12 month
proprietary period.
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Gaseousatomicnickelinthecomaof
Interstellarcomet2l/Borisov

On 31August2019,aninterstellar cometwasdiscoveredasitpassed through the Solar
System (21/Borisov).On the basisof initialimaging observations, 21/Borisovseemed
tobesimilarto ordinary Solar System cometsl2-an unexpected characteristic given
themultiple peculiaritiesof the only known previousinterstellar visitor,
11"'Oumuamua346 Spectroscopic investigations of21/Borisov identified the familiar
cometary emissions from CN (refs. 79), C2(ref. 10, O 1 (ref. 1), NH2(ref. 1), OH (ref. B3,
HCN (ref. 9 and CO (refs. 41, revealing acomposition similar to that ofcarbon
monoxide-rich Solar System comets. At temperatures greater than 700 kelvin, comets
also show metallic vapours that are produced by the sublimation of metal-rich dust
grainsl6 Observation ofgaseous metals had until very recentlyIbeen limited to bright
sunskirting and sungrazing cometsi8and giant star-plunging exocomets2l Here we
reportspectroscopic observations ofatomic nickel vapour in the cold coma of
21/Borisov at aheliocentric distance of2.322 astronomical units—equivalent to an
equilibrium temperature of 180 kelvin. Nickel in 21/Borisovseems to originate from a
short-lived nickel-containing molecule with alifetime 0f340+20 seconds at
lastronomical unitand is produced at arate 0f0.9 +0.3 x 102atoms per second, or
0.002 per cent relative to OH and 0.3 per cent relative to CN. The detection of
gas-phase nickel inthe coma of21/Borisov isin line with the recent identification of
this atom—as well as iron—in the cold comae of Solar System cometsT/

Weobserved 2I/Borisov with the X-shooter spectrograph ofthe Very
Large Telescopeatthe EuropeanSouthernObservatory (ESO)on 28,30
and31January2020ut.Atthetimeoftheobservations,the meanhelio-
centricandgeocentricdistancesofthecometwere2.322auand2.064au,
respectively,and the mean heliocentric velocity was +19.16 km s-1
X-shooterisamedium-spectralresolutioninstrumentthatsimultane-
ously coversthe spectral range between 3,000 Aand 2.5 pm, divided
into threearms: near-ultravioletand visible blue (UVB), visible,and
near-infrared. However,for the presentanalysisweuse only the UVB
data. The UVB arm was configured to provide aspectral resolution of
4,100.Theslitfield of view was 1.3x 10.88arcsec,butthe length was
trimmedintheanalysisto theinner10.24arcsecwithlowanduniform
noise, correspondingto 1,950 x 15,300 km at the comet distance. For
furtherdetailsontheobservationsanddataprocessing,seeMethods.

Aportionofthe spectrapresentedinFig. 1a,b show nineemission
linesbetween 3,375A and 3,625 A thatarenotassociated with any
species that are routinely or lessfrequently detected in Solar System
comets.Thetwobrightestlinesareclearlyvisibleinco-addedspectra—
bothprocessedand unprocessed—from eachnight,and areinvisiblein
equivalentspectraofthe sky background;thiseffectively eliminates
the possibility ofconfusion withabackground sourceorinstrumental
artefacts.

Although the region between 3,375A and 3,625 A doesnotoverlap
with the well known near-ultravioletcometary emissionsfrom OH,
NH and CN (all three were also detected in our full spectrum from the
UVBarm;seeExtendedDataFig.1),itdoesencompassthewavelengths

of fainter emissionsfrom OH, NH and CN, as wellasHZ O, S2 and the
cometary ions CO+ CO 2, N2rand OH+ which have all been previously
detected or sought inthis spectral region in other comets16226 How-
ever, we identified no combination ofthese species that would match
theninelinesthatwedetected.Furthermore,fromstrongdetectionsof
OHat309nm,NHat336nmandCN at387nm,andfromnon-detections
of CO+at425nmand 427nm,CO2at367nm,and N2at391nm (all
wavelengthscorrespondto the strongestbandsofthesespeciesinour
fullspectrum),weconcludethatthesecometaryspeciesareundetect-
able in our data via the weaker emissions between 3,375 Aand 3,625 A.
Wenotethatthedetectedninelinesarespatiallycompact (Fig. 1la)and
spectrally unresolved (Fig. 1b),whichrenderstheirappearancedistinct
fromthatoftheroutinelyobservedcompounds,suchasOH,NHandCN.

Werecognize the detected linesasthe spectroscopicsignatures
ofatomicnickelvapour,Nii, which has previously been observedin
the spectrum of sungrazing comet C/1965 S1 (lkeya-Seki)1819 To con-
firm the identity, we created amodel of nickel fluorescence emission
(see Methods),whichisdependenton the heliocentricdistance and
heliocentricvelocity ofacomet (the formerscalingtheamountof
incomingsolarenergy through the inverse-square law and the latter
arisingasaresultoftheSwingseffectZ). Amodelspectrum computed
fortheepochofourobservationsispresentedinFig.1c.Theagree-
mentwiththeobservedspectrumof2l/Borisovisverygood,although
minordifferencesexistandcanbeattributedto severalfactors.Onthe
observationside, these factorsinclude the observation noise, minor
features inthe baseline, and rather large spectral channels compared
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Fig. 1|Emissionlinesfromgaseousatomicnickelinthe near-UVspectrumof
21/Borisov.a,Portionofthe co-added and calibrated 2Dspectrum with the
dust-continuumcomponentremoved (see Methods). b, Corresponding 1D
spectrum (see Methods)with the identified nickelemission lineshighlighted in
red.c, Modelledspectrum of nickel fluorescence emission (see Methods),
convertedtoairwavelengths2 and scaledto bestmatchthe twobrightestlines.

tothelinespreadfunction (thelastfactorvanishinginthecomparison
ofintegrated line fluxes). The contributorson the modelside are the
limitedaccuracyoftheinputtransition parameters,limited resolution,

coverageandaccuracyofthesolarspectrumused,and solarvariability.
Smalldifferencesarethereforenotunexpected. The model predicts
thatnoadditional nickellineswillbe detectablein otherregionsof
the X-shooterspectrum (Extended DataFig. 1).InTable lweshowthe
measured fluxesofthe detected nickellines,theirwavelengthsand clas-
sifications,and thecomputed fluorescenceefficiencies (see Methods).

Thedetected emissionlinesofnickelwere furtherexplored using
thestandardtwo-generation Haser model2Q3(see Methods). First,we
attemptedtoretrievethe parentand daughterscalelengths (see Meth-
ods)fromthespatial profileofthelinesalongtheslit, presentedinFig. 2.
Thesensitivityof spectral observationsto these parametersis gener-
allylimited by theobservationnoise,andisfurtherconstrained by the
spatial resolution (onthe shortside) and the extentofsampledcoma
region (onthelongside). Thisrestrictsthe usefulnessofourdatafor
suchananalysistothescalelengths (reducedto 1aufrom the Sun) rang-
ingfromaboutonehundredkilometresupto afewtensofthousands
ofkilometres.Figure3ashowstheresultsoftheretrieval.ltcanbeseen
thatthe shorterscalelength reduced to 1au from the Sunisfound at
170km,correspondingto 920 kmatthe heliocentricdistanceofcomet
21/Borisov.Thisvalueiscomparableto—butslightly greater than—
theradialextentofthepointspread function (PSF)inourdata (see Meth-
ods),correspondingto 750km atthe geocentricdistanceofthecomet.
Theshortscalelengthisthereforereliably constrained by the data.
Conversely,thelongscalelengthisfoundattheupperlimitoftheinves-
tigatedspace,implyingthatonlyitslowerbound mightbe constrained
bythedata. Todeterminetheallowableregimesofthetwoscalelengths,
weranaMonte Carlosimulation (seeMethods),the resultofwhichis
presentedinFig.3b.Withinonestandarderror,wefoundthe shorter
scalelength tobe confined toaregion between 70 km and 300 km,
andthelongerscalelengthto be more than 18,000 km,both reduced
to lau.AssumingaconstantgasexpansionvelocityMof0.5kms-landa
negligible daughterexcessspeed,wefoundthecorrespondinglifetimes
to be between140sand 600 sand morethan 36,000 s, respectively
(alsoatlau).Althoughthe Hasermodelalonedoesnotenableusto
distinguish which lifetime belongs to which generation, wecancon-
vincingly attribute the longer lifetime to nickel itself, consistent with
itslow photoionization rate3of9.43 x 10-7s-1, equivalentto alifetime
0f1.06 x 106s (both at1au from the Sun).

Finally,usingthe Haser modelwith theconstrainedscalelengthsand
the assumedgasvelocity,and usingthe modelof nickel fluorescence
emission,weobtained from the measured fluxesofthe two bright-
estlines(see Tablel)anickelproductionrateof0.9 +0.3 x 102atoms
persecond (see Methods). Nickelisthereforea minorconstituentof
thecomaof2l/Borisov,witharelativeabundance 0f0.002% compared
to OH and 0.3%comparedto CN atthetimeofour observations (see
Methods). Theuncertainty of the production rate is estimated from

Table 1|Measured, modelled and laboratory dataforthe detected nickellines

Modelled fluorescence
efficiency at 1aua(10-13erg s-1)

Measured flux
(10-16erg cm-2s-1)

Laboratoryair

wavelength (A) Configuration Term J Configuration Term J
3,392.983 0.29+0.12 0.6547 3d9D)4p o 3 3d9D)4s D 3
3,414.764 1.44£0.13 1.7834 3d9D)4p F 4 3d9D)4s D 3
3,446.259 0.48+0.13 0.7963 3d9D)4p D° 2 3daD)4s D 2
3,458.460 0.42+0.15 0.6772 3d9D)4p F° 2 3d9D)4s D 1
3,461.652 0.88+0.15 0.9196 3d8(F)4sap(@P°) ;2 4 3d9D)4s D 3
3,492.956 0.56+0.13 1.0223 3d9D)4p Pe 1 3dqD)4s D 2
3,515.052 0.51+0.11 0.9423 3d9D)4p F 3 3d9D)4s D 2
3,524.536 1.34+011 1.8276 3d9D)4p Pe 2 3d9D)4s D 3
3,619.301 0.44£0.07 0.9349 3d9D)4p F 3 3d9D)4s D 2

Upper level

Lower level

aCalculated forthe heliocentric distance and heliocentric velocity of 2I/Borisovand reduced to 1au from the Sun (see Methods).

J, totalelectronic angular-momentum quantum number
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Offset (arcsec)

Fig.2|Observedandmodelled spatial profilesofnickelemission. The
observed profile (black) isanaverage fromthe profilesofthe twobrightest
lines. Themodelledprofile (red) was calculated using the standard
two-generation Hasermodel with the best-matchingcombinationofthe parent
anddaughterscalelengths (see Methods). Thestandard deviationofthe
modelledprofile fromthe observed profileisequal to 3.6 x 10-18erg s-lcm-2
arcsec-1 Forreference,alsoshownisatwo-generation Haserprofile calculated
withthe canonical CNscalelengths®(green)and asingle-generationprofile
calculatedwithaninfinite scalelength (blue). Inthe calculation ofthe modelled
profilesweassumed the nominal extentofthe PSF,equalto 1.0arcsec (see
Methods).

theerrorsofthe measuredline fluxesand correlated uncertaintiesof
the PSFand parentand daughter scalelengths (propagated from the
scatterintheMonteCarlosimulation),anditadditionallyaccountsfor
an (assumed) 30%cumulativeuncertainty ofabsoluteflux calibration,
fluorescenceefficienciesand gasvelocity.Ascan beseenin Extended
DataFig.2,the variation ofscalelengthsand PSF within the allowable
regimes hasasmalleffecton the determined nickel production rate
(seeMethods).

Nickelissuppliedinthe Universe by exploding white dwarfsand
exploding massive stars, with relative contributions of 71%and 29%,
respectively® Solid nickelisamajorconstituentofinterplanetary mat-
ter,andisthe second mostabundantchemicalelementincorporated
inironmeteoritesintheform ofFeNialloys34 Measurementsofmetal
ionsintheupperatmosphereafter meteorshowers,obtained usinga
rocket-borneion massspectrometer,showedthattheabundancesof
metalions—including Ni—in meteors are compatible with the abun-
dancesinchondritemeteorites® Verysimilar metalabundanceswere
reported from the insitu analysisofdustaround comet 1P/Halley3
FeNi alloys, as well as iron-nickel sulfides, were also present in all
samplesofcometary dustcollected during the Stardustmission to
comet 81P/Wild¥38

Although solid-phase nickelis widespread, observation of the gas-
eous form of nickel (and other metals) hasbeen limited to hotenvi-
ronments. Notably,emissions from neutral nickel vapourand other
gaseous metalsweredetectedincometC/1965S1 (lkeya-Seki)atheli-
ocentricdistancesofapproximately 30 and approximately 13solar
radiilBl9 Severalyearslatersome faint, transientemission featuresthat
wereattributed to nickeland siliconionswere observed in the solar
coronashortly afterthe possiblecollisionofcometC/1979Q1 (Solwind)
with the Sun® Morerecently,aniron tailwasindirectly identified in
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Fig.3|Haserscalelengthsofthe observed nickelemission. a, Mapofthe
standard deviationofthe modelfitsfromthe observed profileinFig. 2,
computedforthe nominalextentofthe PSF,equalto 1.0arcsec (see Methods).
The linear colour scale shows the quantity odg=((0 - on)/(0 - on®); where gis
the mapped standard deviation of the fitandy =0.2 was chosen empirically.
b,Map of the solutions resulting from 3,000 Monte Carlo simulations,
constructed from the observation noise for the minimum, nominal and
maximum extents of the PSF, equal to 0.65 (blue), 1.0 (red) and 1.5(green)
arcsec, respectively (see Methods). The scatter within each PSFgroup shows
the effect of the observation noise, whereas the spread of the groups illustrates
the influence ofatmospheric seeing. Inboth panels, the nominal solutions are
indicated by the star symbols.

cometC/2006 P1(McNaught)ataheliocentricdistance of lessthan
40solarradiiZd Gaseousmetalswerealso detected inhotenvironments
aroundotherstars. Theyareobservedintheatmospheresofultrahot
Jupiters@4latequilibriumtemperaturesgreaterthan2,000K,including
arecentdetectionofatomicnickelvapouratWASP-121b4l Evaporation
ofnumerouslargeexocometsisregardedasthemostplausibleexpla-
nationforthestronglyvariablemetalabsorptionlinesobservedinthe
B Picdebrisdisk2, with ameasured Fei gastemperature2lofaround
1,300K.Disintegratingminorbodiesarealsothoughttobe thesource
of metalpollution in whitedwarfatmospheres243
Inthiscontext,thedetectionofgaseousnickelataninterstellarcomet
travellingthroughthecold outskirtsofthe terrestrialplanetregion,at
adistanceofmorethan 2aufrom the Sun,isan unexpected finding.
On thebasisofobservationsofsungrazingand sunskirtingcomets,
the equilibrium temperature needed for rocky dustto sublimate is
greater than 700 K; this ishigh compared to the 180K equilibrium
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temperatureof 2I/Borisov at the time of our observations (see Meth-
ods). Even the subsolar equilibrium temperature of 260 K—which is
consistent with the maximumnucleustemperature fromrealistic ther-
mal modelling*—is muchtoo low. In the absence of known non-solar
high-temperature heat sources that are strong enough to cause dust
sublimation at large heliocentric distances, and given the detected
Haser scalelength of the nickel-containing parent, unbound nickel
atoms seem to originate from the photodissociation of a short-lived
nickel-containing molecule that sublimates at low temperaturesor is
otherwise released with major volatile compounds.

Until recently, atomic nickel hasnot been detected inthe cold comae
ofSolar System comets. Notably, nickel wasnot detected by the Rosetta
spacecraft at comet 67P/Churyumov-Gerasimenko in any form, and
no heavy element was observed inthe gas phase, despite the smaller
heliocentric distance* of 1.5 AU. However, an independent study has
shown that gaseous nickel (and iron) isindeed present in native Solar
System comets up to large heliocentric distances, but has been over-
looked in previous studies”. The simultaneous identification of this
species inthe cold comae of both 2I/Borisov and local comets shows
that they have even more similarities than was previously thought,
and strengthens the affinity between the unknown birthplace of
2I/Borisovand ourown Solar System. However, whether analogues of
Solar System minor bodies are widespread throughout the Galaxy is
yet to be seen; although 2I/Borisov ismarkedly similarto Solar System
comets, the only previous known interstellar visitor, 1I/'Oumuamua,
was quite different®¢. Newdiscoveries of interstellarminorbodies are
expected atan increased rate after the commencement of the Vera
C.Rubin Legacy Survey of Space and Time*, which might help us to
answer this question.
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Methods

Additional details of the observations

As part of ourcustom calibration plan, we secured accurate absolute
flux calibration by observing, on each night, spectrophotometric
standard stars HD 111980 and HD 115169. The former was observed
before the comet at a higher airmass andthe latter after the comet at
alowerairmass. Because of the extended nature of our target and the
rather limited slit length, our nightly routine also included frequent
integrations of the sky background at offset positions (10.0 arcmin
on the first night and 5.0 arcmin on the following two nights). Onthe
firstnight wetook 400-sintegrationsand obtained 13 individual spec-
tra of 21/Borisov (O) and 6 spectra of the sky background (S) in the
sequence OSO0SO, whereas on the second and third nights we took
240-s integrations, obtaining on each night 18 spectra of 2I/Borisov
and 9 spectra ofthe sky backgroundinthe sequence OOS. Allspectra
were taken with the slit aligned with parallactic angle. Exposures of
arc-lamps and flat-fields were also obtained as part of the X-shooter
default calibration plan.

Thetarget airmass was inthe range 1.14-1.45 and the mean zenithal
size of the seeing disk at 500 nm was equal to 0.76 arcsec in full width
at half maximum (FWHM), extracted from the seeing measurements
recorded at thestart and end ofthe exposures. To determinethe extent
of the PSF applicable to our combined spectrum at the wavelengths
of nickel emission, we scaled the recorded seeing values for airmass
and wavelength using the canonical power laws with exponents of
+0.6and-0.2, respectively. The resulting effective seeing was equal to
0.92arcsec, suggesting that the overall extent of the PSF (atmospheric
andinstrumental) wascloseto 1.0 arcsec, and was certainly withinthe
range of 0.65 and 1.5 arcsec.

Data processing

Allspectrawere first processed using the ESO Reflexpipeline*’ to merge
theorders, calibrate the wavelength (using arc-lamp spectra), correct
fortheflat-field (using flat-field integrations) and subtract inter-order
background. We then cleaned the spectra of cosmic rays and other
minor artefacts, filling them with the interpolated neighbourhood
values.

Visualinspection oftheindividual integrations of 2[/Borisov showed
four spectra in which the comet was out of the slit and five spectra in
which the comet’s signal was contaminated by background objects
(cross-checked in Sloan Digital Sky Survey’s images). These spectra
were removed from further analysis. As an auxiliary procedure, the
2D spectra of the comet and sky background were summed along the
spectral dimension to reveal faint background objects, which were
then completely masked.

Ineach 2D sky spectrum, the signal along the spatial dimension was
median-combined to producea 1D version ofthe spectrum. Pairsof the
1D sky spectra bracketing integrations of the comet were thenlinearly
interpolated to the middle time ofthe comet spectrum, andthe result of
thisprocedure wassubtracted fromevery row ofthe comet’sspectrum,
effectively removing thesky-emission component. The resulting spec-
tra were then flux-calibrated using observed and reference™ spectra
of two flux standard stars (see Methods section ‘Additional details of
theobservations’). The reference spectrawere recalculatedto airwave-
lengths®™ andthe observedspectra (natively in theair reference frame)
were smoothed with a Gaussian kernel to match the spectral resolution
and sampling of the reference spectra. This procedure enabled usto
retrieve the extinction curve and instrumental response function for
eachnight.

Repeating the previously described auxiliary procedure, we summed
thesky-subtracted and flux-calibrated spectra of 21/Borisov along the
spectraldimension (wavelength range 3,600.0-5,400.0 A)tofindthe
brightness peak ofthe coma. Thisenabled usto vertically shift and aver-
agetheindividual 2D spectra. The resulting merged 2D spectrum had
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increased noise in the rows closetothe edges ofthe spatial dimension;
therefore, forthe analysis we extracted thecentral part (64 pixelslong;
equivalentto 10.24 arcsec or 15,300 km at the comet). Subsequently,
we summed this spectrum along the spatial dimension to create a 1D
high signal-to-noise ratio wavelength-calibrated and flux-calibrated
spectrum that was free of atmospheric emissions.

To remove the dust-continuum component, we selected two
emission-free regions (4,390.0-4,500.0 A and 5,200.0-5,320.0 A)
andleast-square-fittedthe spectrumofthe Sunwith an unrestrictedlin-
earspectralslope.Forthis procedure, we usedahigh-spectral-resolution
solar irradiance atlas*®, which we recalculated to air wavelengths®,
Doppler-shiftedto account for the heliocenticand geocentric velocities
ofthe comet, and smoothed with a Gaussiankernel tomatch the spec-
tral resolution and sampling of our data. The fit was then subtracted
fromthe 1D spectrum of 2I/Borisov to produce the final spectrum that
was used for the analysis.

Spectral line measurements

Theline fluxes were consistently measured in 2-A wavelength intervals
(centred to a fraction of a spectral channelto maximize the recorded
flux), and the noise was estimated fromthe nearest emission-free inter-
valstothe left and right with a 5-A width. The width of the flux interval
was chosen as a compromise between the need to enclose the entire
flux and cut out the unwanted noise. Thus, the actual signal-to-noise
ratios of the detections might be higher.

Nickel fluorescence

To compute the fluorescence spectrum of nickel, we first solved
statistical-equilibrium equations for 133 energy levels participating
in464 transitionslisted in the Atomic Spectra Database ofthe National
Institute of Standards and Technology (NIST)*. Theequations balance
thefluorescence absorption and emission, and can be written for each
energy leveliinthe form:

Y SR+ IZ PR, = ¢,{Z Ry, + IZ Rilj: o

u>i u>i

where ¢, is the fractional population of the ith energy level, R, is the
pumping rate betweenthe lower levelland theupper levelu,and R, is
the decay rate between these levels. The pumping and decay rates are
defined through the Einstein coefficients for spontaneous emission
A, prompt emission B, and absorption B,

w, /15[
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where h=6.62607015x10"**Jsisthe Planck constant,c=2.99792458 x10%
mstisthe speed of light, A,,is the transition wavelength,w,and w,are
thestatistical weights ofthe upper and lowerenergy levels, and F,(1)
isthe wavelength-dependent solar energy flux density (energy per unit
time, unit surface area, and unit wavelength). (1) can be calculated
from the solar irradiance spectrum (that is, energy flux density at 1
AU from the Sun) by scaling with the inverse square of heliocentric
distance. Note that the right-hand sides of the last two equations
were obtained by substituting the known relations between Einstein
coefficients. The Einstein coefficient for spontaneous emission A4,
was taken from the NIST data. From the provided error flags we con-
clude that the errors of A, of the nine detected lines of nickel range
between <18% and <25%. Moreover, in the computation of the absorp-
tion and prompt emission rates we used solar irradiance data from
two sources: for the vacuum wavelength range 2,990.0-10,000.0 A
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we used the high-resolution solar atlas*® obtained with the spectral
resolution of 500,000 and natively available in the vacuum refer-
ence frame (the same that we used for the dust continuum subtrac-
tion; see earlier in Methods); and for the range 2,000.6-2,990.0 A
we used 0.1-A data®, which we converted to vacuum wavelengths®.
Outside the combined wavelength range of these two sources we
assumed zero solar irradiance; this assumption affected only seven
transitions and had a negligible effect on the result ofthe computa-
tion. The composite solar irradiance spectrum was then scaled by
the inverse square of heliocentric distance, and Doppler-shifted in
accordance with the comet’s heliocentric velocity to account for the
Swings effect?. The resulting set of equations is linearly dependent,
but the dependence is removed after replacing one (any) of the equa-
tions with a normalization condition:

241 @

The set was solved with the lower-upper (LU) decomposition
method. As a result of this computation, we obtained fractional level
populations ¢, for each of the 133 considered energy levels, and then
obtained the fluorescenceefficiencies g, forthe 464 considered tran-
sitionsusing:

hc
g,= A_u,¢”A”" ()]

The fluorescence efficiency is conventionally reduced to 1 AU from
the Sun, obtained by scaling with the inverse square of heliocentric
distance.

The model was tested against the spectrum of comet C/1965 S1
(Ikeya-Seki) and provided an excellent fit to the spectrum taken ata
heliocentricdistance ofapproximately 30 solar radii’®. A fitto the spec-
trum taken at around 13 solar radii*?, although still reasonable, is not
asgood, but is consistent with saturation effects of the photographic
plate, and possibly affected by additional excitation and de-population
mechanismsthat operate at the boundary of the solar corona.

Haser model
Thedensity distributionofneutral speciesin the cometary comaiscon-
ventionally described by the Haser model?**°*°. We used the standard
two-generation version, in which isotropically ejected first-generation
‘parent’ speciestravel radially outwards and progressively decay, giv-
ing birthto second-generation ‘daughter’ speciesthat continue along
the same lines at the same speed, also progressively decaying. In this
simple scenario, the number of daughter species dn, contained in an
infinitesimal volume dVis:

Qz A (e*r/ﬂp - e”/ﬂd)d v, (6)
4w p,- py

dny(r)=

where risthe nucleocentric distance, Q and v are the production rate
andspeed ofthespecies (the same for both generationsintheassumed
scenario),and p, and p, are the parentand daughter scalelengths; their
corresponding lifetimesare 7=p/v.Forequal p,and p,the above equa-
tion becomes:

=_Q I oarip
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where p=p, = p,is the common scalelength. Integration of dny over
infinite volume givesthe total number of daughter speciesinthe coma:
g

nd=T. (8)
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Note that the shape of the daughter density distribution depends
solely on the two scalelengths and can be conveniently traced
through thefraction of daughter species contained inan infinitesimal
volume dv:

dng(r) _ 1 1
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whichbecomes:
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forequalp,andp,scalelengths. Integration ofdf; overinfinite volume
obviously returns the normalization conditionf,= 1. It can be readily
seenthatthe fraction of species dfyisinvariantunder the interchange
of p,and py, making it impossible to attribute the scalelengths to the
generations onthe basisof the shape of the density profile alone. The
modelbecomesindefinite if bothscalelengths are equal to zero; how-
ever, if only one scalelength is equal to zero, it becomes effectively
reduced tothe simpler single-generation version.

Althoughthe Haser modelignorestheadditional isotropic velocity
gained by the daughter species at creation, it can still produce realistic
daughter density profiles and production rates, albeit with altered
scalelengths and speed to compensate for the missing parameter®*s.
Likewise, the implicated equality of the parent and daughter produc-
tion ratesis often poorly realized, as most parent specieshave multiple
decaybranchesand most daughter speciescan be created viamultiple
avenues. However, the two production rates may still be calculated
from one another if the parent-daughter photochemical path is well
characterized in terms of the parent decay ratio and daughter origin
ratio.Inthe calculation of nickel production rate we assumed that nickel
originated from asingle parent, but refrained from associating this
production rate with the parent due to the unknown branching ratios
ofthe parent.

The lifetime of the species changes with the square of heliocen-
tric distance, and itis also dependent on the level of solar activity.
It is normally given at a standard heliocentric distance of 1 AU to
facilitate comparisons betweenspecies and comets. The scalelength
changes in the same way if the species velocity is set constant. In this
work we used the standard scaling with the square of heliocentric
distance.

Haser scalelengths

To retrieve the two Haser scalelengths from our data, we generated a
set of 9,801 synthetic Haser profiles along the slit length with different
combinations of scalelengths and compared these profiles against
the observed spatial profile (Fig. 2) in search of the best match. Each
synthetic profile was calculated on a grid emulating the 1.3 x 10.24
arcsec (1,950 x15,300km) trimmed slit and consisting of 45 x 320 cells,
oversampling the actual number of CCD pixels along the slit by a fac-
tor of 5. First, we integrated the fractions of the daughter species df;
along the line of sight using our in-house adaptive step-size integra-
tor with error control. Next, the integrated fractions were convolved
with the PSF approximated by a symmetric two-dimensional Gauss-
ian with FWHM equal to 1.0 arcsec (see Methods section ‘Additional
details of the observations’). Finally, we binned the grid cellsusing a
45 x 5 bin size, which resulted in a one-dimensional synthetic profile
along the slitsampled at 64 equally spaced points, consistent with
the observed spatial profile. Note that the fractions dfy were consist-
ently calculated with the comet nucleus offset from thesslit centre by
-0.083 arcsec (-0.52 pixels) along the slit length, consistent with the
offset of the observed profile (determined from the best match of a
single-generation infinite-lifetime density profile with an unrestricted
offset alongthesslit). The entire set of synthetic profiles was based on
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121 parent scalelengths equally spaced along a linear scale between 0
and 1,200 km, and 81 daughter scalelengths equally spaced along a
logarithmic (base of 10) scale between 10?° and 10%° km, both at 1 AU
fromtheSun. Every profile from the set was individually scaled to best
match the observed profile by minimizing the sum of squared residu-
als. Asaresultofthis procedure, we could construct amap of standard
deviation (Fig. 3a) and therein find the best solution.

Monte Carlosimulations

We used aMonte Carlo methodto simulate the effect of the observation
noise and seeing uncertaintyonthe determined Haser scalelengths and
the production rate. The simulations were generated and analysed in
threegroupscorresponding tothe PSFFWHMs of 0.65,1.0and 1.5arc-
sec, which we considered tobe, respectively, the minimum, the nomi-
nal, andthe maximumvalues applicable to our combined spectrum of
nickel (see Methods section ‘Additional details of the observations’).
Each group consisted of 1,000 clones of the observed spatial profile
alongtheslitlength. The cloneswere generated from the best-matching
synthetic Haser profile (with a group-specific PSF) by superimposing
random realizations of noise. Weassumed normally distributed noise
withaconstant standarddeviation calculated asthe root-mean-square
deviation ofthe best-matching profile from the observed one. As with
the original search for the Haser scalelengths, the clones from each
group were linked with the best-matching combinations of scalelengths
identified in a set of 9,801 synthetic Haser profiles with a compatible
PSF, and used for the determination of acorresponding production
rate. For details of the Haser profile computation see Methods section
‘Haser scalelengths’.

Productionrate

The production rate can be easily deduced from the observed emis-
sion. Assuming anopticallythin regime, the measured energy flux Fis
simply the energy rate of asingle emitterg,, known asthe fluorescence
efficiency or ‘g-factor’ (see Methods section ‘Nickel fluorescence’)
multiplied by the number of emitters visible in the slitand divided
by the area of aspherical surface at the distance of the observer A.
Thus,

F= (11)

where n*= nf* and the asterisk indicates that the quantities were
calculated upon integration over the slit, to distinguish from the
corresponding quantities calculated with infinite integration limits,
introduced earlierin Methods section ‘Haser model’. By further assum-
ing the Haser density distribution and substituting equation (8), we
obtain:

_4mAt
o'g,
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Note that the last two equations hold for species of any generation.

Reference production rates of OH and CN

To facilitate acomparison of the production rate of nickel with that
of common cometary species in 2I/Borisov, we calculated the pro-
duction rates of OH and CN, which are both robustly detected in our
data (see Extended Data Fig. 1). The flux of OH was measured to be
4.6+09x105ergs cm(integrated between 3,070.0 Aand3,110.0 A)
andthefluxof CNwasequal t03.73+0.02x 10 ¥ergs™ cm™ (integrated
between 3,850.0 A and 3,885.0 A). These fluxes imply OH and CN pro-
duction ratesof3.6 x 10% molecules per secondand 2.5 x 10* molecules
persecond, respectively, calculated using the standard two-generation
Haser model (see Methods section ‘Haser model’) with the canonical
parameters*andusingthe fluorescence efficienciesof 5.0 x 10 ¥ erg s™
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and 3.65 x 10 erg s, respectively, both applicable to our observing
geometry*>. Note that in this calculation we used a higher species’
speed of 1km s (compared to 0.5 km s used for nickel); this reflects
theexcessspeedthat OHand CNgain at creation (see Methodssection
‘Haser model’). The excess speed of nickel is unfortunately unknown,
andassuch it wasneglected. A detailed study of these and other com-
mon species in the coma of 2I/Borisov, based on the X-shooterdata,
willbe presented in a separate work.

Equilibrium temperature

Theequilibrium temperature isthe temperature that equilibratesthe
incoming and outgoing energy. The average equilibrium temperature
T,,of a rotating spherical body orbiting the Sun is given by:

YA
- _(L@(l A)j ’

= (13)
16moR?

av

where 0=15.670374419 x 10" Wm™K™* is the Stefan-Boltzmann con-
stant, L,=3.828 x 10 Wisthesolar luminosity,A isthe Bond albedo and
Ristheheliocentric distance. The maximum equilibrium temperature
isreachedatthesubsolarpoint. Inthe extreme case of the rotation axis
directed totheSun(oranon-rotating body), the subsolarequilibrium
temperature T, becomes:

Ts= \/7 Tav (14)

Inthe calculation of the equilibrium temperatures of 2I/Borisov, we
implicitly assumed a typical cometary albedo of A= 0.04.Note that the
result is weakly dependent onthe albedoaslongas A« 1.

Dataavailability

The X-shooter raw data are available in the ESO archive at https://
archive.eso.org. Source data are provided with this paper.

Code availability

The EsoReflex pipeline is available from the ESO website at https://
www.eso.org/sci/software/esoreflex/. All custom codes are direct
implementations of standard methods and techniques, described in
detail in Methods.
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Extended DataFig. 1| Completespectrum ofcomet2l/Borisovfrom Majoremission featuresare labelled. c, Modelled spectrum of nickel
X-shooter UVBarm. a, Flux-calibrated spectrum with fitted dustcontinuum fluorescence emission (see Methods) scaled to bestmatch the two brightest
(see Methods). b, Sameasabutwiththe dust-continuum componentremoved.  lines.
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Extended DataFig.2| Distributionof Monte Carlo-simulated production
rates. Thedistribution wasconstructed from the production rates
correspondingto the results of the Monte Carlosimulationin Fig. 3b

(see Methods). Resultsare presented inthree groupsaccording to the assumed
PSFequal to 0.65 (blue), 1.0(red) and 1.5(green) arcsec.
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