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Abstract: 2I/Borisov is the second ever interstellar object (ISO). It is very different from the first
ISO ’Oumuamua by showing cometary activities, and hence provides a unique opportunity to
study comets that are formed around other stars. Here we present early imaging and spectroscopic
follow-ups to study its properties, which reveal an (up to) 5.9 km comet with an extended coma and
a short tail. Our spectroscopic data do not reveal any emission lines between 4000–9000 Angstrom;
nevertheless, we are able to put an upper limit on the flux of the C2 emission line, suggesting
modest cometary activities at early epochs. These properties are similar to comets in the solar system,
and suggest that 2I/Borisov—while from another star—is not too different from its solar siblings.
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1. Introduction

2I/Borisov was first seen by Gennady Borisov on 30 August 2019. As more observations were
conducted in the next few days, there was growing evidence that this might be an interstellar
object (ISO), especially its large orbital eccentricity. However, the first astrometric measurements
do not have enough timespan and are not of same quality, hence the high eccentricity is yet to be
confirmed. This had all changed by 11 September; where more than 100 astrometric measurements
over 12 days, Ref [1] pinned down the orbit elements of 2I/Borisov, with an eccentricity of 3.15 ± 0.13,
hence confirming the interstellar nature. For comparison, the orbital elements of 2I/Borisov imply
a hyperbolic excess speed of 30 km/s, comparable to and slightly larger than ’Oumuamua [2],
whose excess speed was 26 km/s. More interestingly (and unlike ’Oumuamua), 2I/Borisov showed
an extended coma and a broad, short tail (∼15′′) in short g’- and r’-band exposures taken on 10
September 2019 [1]. Thus, it is clear that this second-known interstellar interloper is a comet.

It is known that comets in our solar system can serve as a reservoir of the primordial
materials of the proto-planetary disk when the planets were formed and as the disk cooled down.
Hence, the interstellar comet 2I/Borisov provides a unique opportunity to probe chemical compositions
of other exo-planetary systems. We note that unlike ’Oumuamua, 2I/Borisov was spotted very early
on. It was at a distance of ∼3 a.u. on 30 August, and the existence of a short tail indicates that its
cometary activities just started, and we can still probe the pristine material on its surface. We expect,
as this interstellar comet is on its way in (perihelion at ∼2 a.u.), that the tail will develop further. Here
we present early observations, at the epoch of 17 September 2019 UT.

2. Observation

From JPL/HORIZONS, it was predicted that 2I/Borisov could brighten to V = 18.5 mag around
September 2019. We were not only aiming at the comet nucleus, but also the cometary tail as well,
which can be much fainter than the nucleus. Hence, we conducted imaging observations with a total
of 600-second integrations in the V-band with the Alhambra Faint Object Spectrograph and Camera
(ALFOSC) mounted on the 2.5 m Nordic Optical Telescope. In 600-second integration time, ALFOSC
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can reach to V = 22 mag with a signal-to-noise ratio (S/N) ∼20. The field of view (FoV) of ALFOSC is
6.4 × 6.4 squared arcminutes, sampled by 2048× 2048 pixels in the imaging mode, translating into
0.2138 arcsec/pixel. To better remove CCD artifacts and cosmic rays, we divided the total 600-second
integration into 3 × 200-second single exposures, each of them reaching to S/N ∼ 10 at V = 22 mag.
Even in the single exposure, 2I/Borisov was bright enough to allow us to align and stack individual
exposures into a deeper stack.

In addition to imaging, we also performed spectroscopic observations to search for emission
lines that can be indicative of outgassing molecules of 2I/Borisov. We employed the g4 grism
of ALFOSC, to cover the C2 emission lines (4700 Ang. < λ < 6000 Ang.) and potential absorption
features from hydrated silicates at 7000 Ang. With 10-minute integration time using a 2.5-arcsecond
slit under a median sky condition (1.5-arcsecond seeing condition under 1.5 airmass during grey
nights), we expect to reach a S/N ∼20 of the continuum. This sufficiently allows us to detect the
above-mentioned features in the spectra. The slit was aligned to a fixed position angle (90 degrees,
east of north) with atmospheric dispersion corrector to correct for atmospheric differential refraction.
To enable the removal of cosmic rays and CCD artifacts, we thus divided the 600 s integration into
3 × 200-second single exposures.

The above-mentioned observations, both photometrically and spectroscopically, were conducted
on 17 September 2019 UT, between 5 and 6 a.m. Data reduction and analysis were performed in
a standard fashion, making use of the Image Reduction and Analysis Facility (IRAF). The photometric
observations were de-trended with bias subtraction and flat fielding. After de-trending, we further
aligned the three individual images and median combined them into a deeper image. The spectra
were also reduced with corresponding bias subtraction, flat fielding, and wavelength-calibration
against ThAr lamp. To remove cosmic ray and CCD artifacts, the three individual spectra were median
combined into a single, deeper spectrum.

3. Result and Discussion

Our deep imaging (Figure 1) clearly detects 2I/Borisov, with an extended coma (compared to
field stars, see Figure 1) and a short tail, spanning ∼15 arcsec in anti-solar direction (with a position
angle of ∼300 degrees). To extract the photometry from the imaging, we used SExtractor [3]. Adopting
a circular aperture with a radius of 20 arcseconds and calibrated using field stars against the APASS
survey, we estimated the comet to be V = 18.93 ± 0.03 mag. Given the brightness, we can estimate the
size of the comet as follows. We computed the absolute magnitudes HV using

HV = mV − 5log10(rH∆)−Φ(α), (1)

where rH and ∆ are the helio- and geo-centric distances (in a.u.) respectively. Φ(α) is the phase function
given a phase angle α. We assume Φ(α) = βα and β = 0.04 mag/degree. With the absolute magnitude
in hand, we can further calculate the effective scattering cross-section Ce by

Ce =
1.5× 106

pV
× 10−0.4HV , (2)

where pV corresponds to the V-band geometric albedo. As the albedo of 2I/Borisov is yet to be
determined, here we assume pV = 0.05 [4] for the comet nuclei, which is similar to the albedo
distribution of primitive class asteroids. Using the above-mentioned equations, the mean magnitude

corresponds to Ce = 108 km2. This translates into an equal-area circle of radius
√

Ce
π = 5.9 km;

assuming a nominal density ρ = 0.5 × 103 kg/m3 from the Rosetta observations of comet
Churyumov–Gerasimenko [5], we estimate the mass of 2I/Borisov to be 2 × 1014 kg. We should
note that the photometry is affected by the extended coma, and hence the estimates (both size and
mass) should be treated as an upper limit. Nevertheless, even with this upper limit, the size and the
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mass of 2I/Borisov are in similar ranges of the comets in the solar system [4,6]. We note that our
independent observations lead to the results similar to [1,7–9].
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Figure 1. Left: V-band imaging of 2I/Borisov. The direction of the velocity and the Sun, and the North
(to the up) and East (to the left) are marked accordingly. The contours indicate the appearance of
an extend coma. Right: brightness profile of 2I/Borisov (cyan filled circles) and a field star taken under
sidereal tracking (pink filled circles). The blue and red lines indicate the best-fit point-spread-function.
The brightness profile of 2I/Borisov significantly different from a point-source (field star), suggesting
the existence of an extend coma.

It has been reported that the reflectance spectrum of 2I/Borisov is similar to that of comets and
D-type asteroids seen in the solar system [10]. However, in our spectrum there is no sign of emission
lines, especially C2 (4700 Ang. < λ < 6000 Ang.), which are prominent features seen in the comets
in the solar system. We employ a procedure similar to that of [11] to obtain an upper limit from
the non-detection of the C2 lines. We first calibrate the spectral continuum using the broad-band
photometry. As we only have V-band (λc = 5500 Ang.) in hand, we thus focus on the C2 emission lines.
On 17 September 2019, we measured V = 18.93 magnitude for 2I/Borisov. Since a V= 0 (Vega) star
has a flux density fλ = 3.75 × 10−9 erg/cm2/s/Ang. [12], we can infer the mean V-band continuum
flux density of 2I/Borisov to be fV = 1.0 × 10−16 erg/cm2/s/Ang. The strong C2∆V = 0 band is
confined in the wavelength range of 5050–5220 Ang. [13], yet there is no detection in our spectrum of
2I/Borisov. To quantify the level of non-detection, we made use of the continuum adjacent to the C2∆V
= 0 band with equal width, both blueward and redward at the corresponding wavelength ranges of
BC at 4880 Ang. < λ < 5049 Ang. and RC at 5221 Ang. < λ < 5390 Ang., respectively (as marked
in Figure 2). We estimated uncertainties statically (expressed in terms of fractions of the continuum)
of BC, C2, and RC as 0.17, 0.19, and 0.18, respectively. We used the largest uncertainty among the
three, i.e., 1σ = 0.19, as the fractional uncertainty in the continuum in the C2∆V-band. This provided
an empirical upper limit of the gas flux density fC2 = 0.57 × fV = 5.7 × 10−17 erg/cm2/s/Ang. at
3 σ-level. By summing up the flux in the ∆λ = 170 Ang. of the C2∆V-band, we further estimated
an upper limit of the flux F = fC2 × ∆λ < 9.7× 10−15 erg/cm2/s at 3 σ-level. We note the non-detection
of C2 lines could be due to our shallow spectrum, or because the comet is at lower activity at this
epoch; the surface activity could increase significantly as it approaches perihelion. We note that our
independent spectroscopic observations lead to the results similar to [7,14,15].
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Figure 2. Normalized optical spectrum of 2I/Borisov. There are no traces of strong emission
lines. Inset: Normalized spectrum of 2I/Borisov at the wavelength of C2∆V = 0 emission
(5050 Ang. < λ < 5220 Ang.). The horizontal lines mark the wavelengths of the C2 band and the
blue and red continua (BC and RC) used to estimate the noise.

To summarize, both imaging and spectroscopy show that 2I/Borisov shares similar properties
with comets in the solar system, hence it is unremarkable except for it being ejected from another star.
However, we should note that comet ejection is not uncommon, and can happen in the solar system
due to the migration of giant planets, as predicted by the Nice model [16–18]. Current astrometric
data indicate that 2I/Borisov came from and will return to a radiant close to the direction of open
star cluster Stock 2 [10]. However, we should note that given its speed (∼30 km/s), Stock 2 would
not be at its current location and could not have been the origin of 2I/Borisov after it travelled
∼33,000 years. We will be able to better determine the trajectory of 2I/Borisov after it passes perihelion;
combining with the exquisite astrometry of nearby stars with Gaia, we will be able to pin down its
home star. Furthermore, with LSST on the horizon, we will be able to identify incoming interstellar
objects early on; this will enable fly-by or sample-return missions, e.g., comet interceptors, to provide
in situ investigations of interstellar objects. Another possibility is that some of the interstellar objects
(comets and asteroids) can become trapped in the solar system by three-body gravitational interactions
involving Jupiter and the Sun (Lingam & Loeb 2018). Hence, it would be possible to carry out in situ
explorations in more detail.
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