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ABSTRACT

We present the results of millimetre-wave spectroscopic and continuum observations of the comet C/2020 F3 (NEOWISE) undertaken
with the Institut de RadioAstronomie Millimétrique (IRAM) 30-m and the NOrthern Extended Millimeter Array (NOEMA) telescopes
on 22, 25-27 July, and 7 August 2020. Production rates of HCN, HNC, CH;O0H, CS, H,CO, CH;CN, H,S, and CO were determined
with upper limits on six other species. The comet shows abundances within the range observed for other comets. The CO abundance is
low (3.2% relative to water), while H,S is relatively abundant (1.1% relative to water). The H,CO abundance shows a steep variation
with heliocentric distance, possibly related to a distributed production from the dust or macro-molecular source. The CH;0H and H,S
production rates show a slower decrease post-perihelion than water. There was no detection of the nucleus point source contribution
based on the interferometric map of the continuum (implying a size of r < 4.7 km), but this yielded an estimate of the dust production
rate, leading to a relatively low dust-to-gas ratio of 0.7 + 0.3 on 22.4 July 2020.
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1. Introduction

Comets are the most pristine remnants left over from the forma-
tion of the Solar System 4.6 billion yr ago. They contain samples
of some of the oldest and most primitive material in the Solar
System, including ices, rendering them our best window into the
volatile composition of the proto-solar disk. Comets may have
also played a role in the delivery of water and organic mate-
rial to the early Earth (see Hartogh et al. 2011, and references
therein). The latest simulations of early Solar System evolution
(Brasser & Morbidelli 2013; O’Brien et al. 2014) suggest a more
complex scenario. On the one hand, ice-rich bodies that formed
beyond Jupiter may have been implanted in the outer asteroid
belt and then participated in the supply of water to Earth; on the
other hand, current comets coming from either the Oort Cloud
or the scattered disk of the Kuiper belt may have formed in the
same trans-Neptunian region, sampling the same diversity of for-
mation conditions. Understanding the diversity in the chemical
and isotopic composition of cometary material is thus essen-
tial in order to assess the validity of such scenarios (Altwegg
& Bockelée-Morvan 2003; Bockelée-Morvan et al. 2015).

* The radio spectra are available only at the CDS via anonymous
ftp to cdsarc.cds.unistra. fr (130.79.128.5) or via https://
cdsarc.cds.unistra.fr/viz-bin/cat/]/A+A/668/A171

**Based on observations carried out with the IRAM 30m and
NOEMA telescopes. IRAM is supported by INSU/CNRS (France),
MPG (Germany), and IGN (Spain).

Comet C/2020 F3 (NEOWISE) is a long-period (incoming
P ~ 4550 yr) Oort cloud comet on a retrograde orbit (inclina-
tion = 128°)!, which came close to the Sun (perihelion at 0.29 au)
on 3.7 July 2020 UT. It was discovered on 27.8 March 2020
by the Near-Earth Object Wide-field Infrared Survey Explorer
(NEOWISE) at r, = 2.1au from the Sun (Masiero 2020). It
attracted public attention in July 2020 as the brightest naked eye
comet since 2007, with a visual magnitude m; = 1.0 at perihelion
and tails extending beyond 14° in the night sky mid-July 2020
(Figs. 1, 2)>. Owing to these parameters, this comet has been
qualified as a “great comet” by some researchers. Its outgassing
rate at perihelion resembles that of comet C/1995 O1 (Hale-
Bopp) in 1997 (~10*'molec. s™!, Combi et al. 2021; Colom
et al. 1997). We observed comet C/2020 F3 with the Institut de
RadioAstronomie Millimétrique (IRAM) 30-m telescope on 25—
27 July 2020 and with the NOrthern Extended Millimeter Array
(NOEMA interferometer) on 22 July and 7 August, during direc-
tor discretionary times. Section 2 presents the observations and
spectra of detected molecules. The spectroscopic data are anal-
ysed in Sect. 3. In Sect. 4, we present the retrieved abundances
relative to water and their evolution. In Sect. 5, we give our
results and interpretation of the 2 mm interferometric continuum
map. The results are discussed and compared to other comets in
Sect. 6.

1" Nakano
nk4202.htm
2 https://www.lesia.obspm. fr/perso/nicolas-biver/
neowise.html

Note 4202, http://www.oaa.gr.jp/~oaacs/nk/
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Fig. 1. Image of comet C/2020 F3 (NEOWISE) on 13.1 July 2020
UT, 8.6° field of view (celestial north to the top); 8 min exposure
with 135mm F/D = 2.5 telephoto lens from Indre-et-Loire (France).
ON. Biver.

2. Observations of comet C/2020 F3 (NEOWISE)
2.1. IRAM 30-m observations

In the frame of the IRAM director discretionary time proposal
DO01-20, 18 h of observing time with the IRAM 30-m radio tele-
scope were allocated on 25-27 July 2020, between 15h and 21h
local time (UT+2) to observe the exceptional comet C/2020 F3
(NEOWISE). Short additional observations were obtained pre-
perihelion on 23.7 May 2020, under poor weather conditions at
3 and 2 mm wavelengths. As a typical summer weather pattern,
afternoon cloudiness affected all the observations and the first
4-5h were unstable and displayed relatively high atmospheric
opacity (10-20 mm of precipitable water vapour — pwv). This
affected the pointing and focusing accuracy of the telescope and
resulted in a loss of beam efficiency. In July, the comet was
also close to zenith during part of the observing runs, which
had the advantage of limiting the impact of low atmospheric
transmission. The last 1-2 h of each observing run in July gener-
ally yielded the best data quality and detections. The comet was
tracked using orbital elements JPL#5° in May and JPL#14 in July
and pointing errors were later estimated using JPL#15 orbital
elements and the mapping of strong lines undertaken during the
observations (see for example Fig. 3).

The IRAM 30-m observations used the EMIR (Carter et
al. 2012), side band separation (2SB), dual polarisation, 3 mm,
2 mm, and 1 mm bands receiver, connected to the wide-band
Fourier transform spectrometer (FTS, 4 x 8GHz, 195 kHz sam-
pling) and VESPA high resolution autocorrelator (40-512 MHz
bandwidth, 20-1250 kHz sampling). In order to cancel the sky
emission, a wobbler switching mode at a frequency of 0.5 Hz
was used, with reference sky positions at +180” in azimuth.

Table 1 summarises the setups used, integration time (includ-
ing mapping), and amount of precipitable water vapour. Sample
spectra are shown in Figs. 4-8 and the line-integrated intensity
are provided in Tables 2-4. HCN, CH3;0H, H,CO, CS, and H,S

3 https://ssd.jpl.nasa.gov/horizons.cgi
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were clearly detected through at least two lines (Figs. 4-8), while
the HNC and CH3CN (Fig. 5) lines are weaker. CO (Fig. 4) is
only marginally detected. In Table 4, we provide the line inten-
sity (or 3-0 upper limit) for molecules that were not detected and
for which we averaged several lines. Although the comet activity
was high, poor weather conditions did not help with regard to
potential detections of more complex molecules that are some-
times observed in comets with lower activity levels (Biver et al.
2021).

2.2. Observations with NOEMA in single-dish mode

In parallel, the IRAM director also awarded discretionary time
(proposal D20AC) for two tracks with the NOEMA interfer-
ometer, carried out on 22.3 July (2 mm band) and 7.8 August
(1 mm band) under marginal summer weather as well. The
interferometer was in its 10D compact configuration with ten
antennas. The interferometric observations were interlaced with
2 min ON-OFF position-switch integrations every 25 min. The
first run took place on 22 July from 5h30 to 11h UT tuned to
144.756 GHz in the lower sideband (LSB) and 160.244 GHz
in the upper sideband (USB), both for the continuum (two
+2 x 3.872 GHz windows with a 2 MHz sampling per polari-
sation) and for line emissions in 25 windows of 62.5-312 MHz
width with high spectral resolution (62.5 kHz), using the Poly-
fix correlator. Beam efficiencies in single dish mode (ON-OFF
or position-switched observations) of 0.78 (145 GHz) and 0.76
(160 GHz), estimated from planet observations, were used to
convert the data in Ty, scale.

The second run on 7 August (16h20-20h20 UT) also suffered
from poor weather conditions (pwv decreased from 10 to 4 mm
at the end) and, also due to reduced cometary activity, yielded
only marginal results. The receiver was tuned to 213.25 GHz
(LSB) and 228.75 GHz (USB), and was connected to 20 win-
dows with high spectral resolution (62.5 kHz) for the lines and
two 7.774 GHz wide bands at 2 MHz spectral sampling for the
continuum. Beam efficiencies values for the ON-OFF observa-
tions of 0.62 and 0.60, for 213 and 229 GHz respectively, were
used. The continuum signal was marginally detected.

The two setups used are summarised in the last lines of
Table 1 and sample spectra are shown in Figs. 9-12. The
ON-OFF line-integrated intensity are provided in Table 5.

2.3. Observations with NOEMA in interferometric mode

While the interferometric data of 7 August 2020 could not
be used due to bad atmospheric conditions, several lines were
detected on 22 July 2020. The CS J(3-2) line near 147.0 GHz
was detected with a signal to noise ratio of ~15 in line-integrated
intensity. Seven CH3;OH(Jy — J_1E) lines (J = 2, 3, 4, 5, 6,
7, 8) between 156.5 and 157.3 GHz were also detected with
a lower signal to noise ratio (between 4.8 and 8.8). The mea-
sured fluxes integrated in the synthesised or primary beam
are reported in Table 6, together with other line parameters
(frequency, synthesised beam size, spectral integration range).
The line-integrated interferometric maps of the detected lines
are presented in Fig. 13. The spectra extracted from the data
cube at the position of the brightness peak on the line-integrated
maps are presented in Fig. 14. Given the low signal-to-noise
ratio of the spectra of the methanol lines, we present the aver-
age spectrum of the seven detected lines. The analysis of the
continuum data is presented in Sect. 5. The offsets between the
peak of the continuum and the CS and CH3OH were estimated
to (Aa, Ad) = (-0.01,+0.08) = 0.4” and (0.00, +0.30) + 0.34”,
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Fig. 2. Telescopic optical images of comet C/2020 F3 (NEOWISE) on 21.9, 26.9 July, and 6.9 August 2020 UT, close in time to the IRAM
observations. North is to the top and the field-of-views (fov) are 40 x 40’. Corresponding estimates of Afp (red band) were 10000, 4300, and
1600 cm, respectively. The 20—40 s exposure at the focus of a 407 mm diameter telescope (F = 1750 mm) from Eure-et-Loire (France). ©N. Biver.
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Fig. 3. Coarse map of the HCN(3-2) line-integrated intensity in the
coma of comet C/2020 F3 (NEOWISE) on 27.7 July 2020 with the
IRAM 30-m telescope. The intensity distribution is best matched
assuming a distributed source with a scale length of 830 + 360 km,
but this corresponds to 1.6”, on the order of typical pointing instabil-
ity especially in the afternoon.

from the weighted average of the seven methanol lines, respec-
tively. Thus, no significant offset between gas and the larger (mm
size) dust is seen, suggesting their emission both peak at the
nucleus position. The offsets (either tailward for the gas or sun-
ward for the dust) observed by Faggi et al. (2021) on 9-20 July
are not seen here. Faggi et al. (2021) observations may have been
sensitive to smaller dust seen in the IR that was ejected with a
larger velocity and in the sun-ward direction as was seen in the
visible continuum images in early July.

3. Data analysis

Several lines of HCN, CS, H,S, and CH5;0H were detected with
a signal-to-noise ratio (S/N) sufficient to derive precise informa-
tion on the gas expansion velocity, outgassing pattern, and the
temperature of the atmosphere of the comet.

3.1. Expansion velocity

The mean expansion velocity was determined from the shapes
of the lines with highest S/N (Figs. 4-11). The mean values
of the velocity in km s~ at half the peak intensity on these

lines (VHM, Biver et al. 2021) are (—1.07 £ 0.08;+1.16 + 0.07),
(-=1.00+0.02;+1.05 £ 0.03), and (—1.06 + 0.18;+0.68 + 0.04) for
the 22, 26 July, and 7 August respectively. We adopted expan-
sion velocities of 1.1, 1.0, and 0.85 km s™', for these dates.
The H,S lines (on 25-27 July, Fig. 4) suggest a lower velocity
(~0.82 km s~!) than for all other molecules which is likely due
to its shorter lifetime (7(H,S)=2000 s at r, =0.71 au), combined
with gas acceleration in the coma. Gas acceleration is also likely
responsible for the increase in line width of the CS (J = 3-2)
and CH;OH lines between the line profiles seen in interfero-
metric mode (6.3” beam, Fig. 14) and single-dish (ON-OFF;
33" beam, Fig. 9—11) mode. The inferred expansion velocity
(means of the two VHM) are 0.91 kms™' (CS (J = 3-2)) and
0.87 km s~! (methanol average) from interferometric spectra and
1.20 +0.12 km s~! (CS) and 1.37 + 0.18 km s~' (CH30H) from
the ON-OFF spectra. The S/N being too low on individual
CH3;OH spectra to estimate the line width with accuracy, we
added the seven detected lines. To simulate acceleration in the
coma as a function of the radial distance r (in km), we define
vexp,var(r) as:

1+

0o X (0.6 + 0.3 V10g(r/3) + 0.1 xsec(1 + tanh(1.3 log ——2 1))},
600007,

6]

which we use to fit the variation of observed line-widths,
following Biver et al. (2011), with vy = 0.6 km s and
Xace = 8.0.

We note that changing the expansion velocity from 1.0 to
0.85 km s~! for H,S does not change the retrieved production
rate, since most of the molecules are inside the beam and then
On,s = Niot(H2S)/7(H2S) does not depend on the expansion
velocity. For the other species, using velocity law (Eq. (1)), or
the value that fits the observed line-width, does not significantly
change the retrieved production rate either. The line shapes do
not show significant asymmetry, which is not surprising since
the phase angle was close to 90° — and a day versus night asym-
metry in outgassing should be mostly seen in the plane of the sky,
but it is not evident in the visible images at that time (Fig. 2).

3.2. Gas temperature

Rotational temperatures were measured for several series of
methanol lines. Based on IRAM 30-m spectra, the measured

A171, page 3 of 18



A&A 668, A171 (2022)

Table 1. Log of observations with IRAM telescopes.

UT date (rn) (A)  Phase pwv@ Integ. Time @ Freq. range
(yyyy/mm  dd.dd-dd.dd) (au) (au) (mm) (min) (GHz)
IRAM 30-m
2020/05 23.63-23.70 1.090 1.622 37.8° 11-15 38 83.3-91.1,141.6-149.4
2020/07 25.59-25.61 0.687 0.701 94.1° 13 23 248.7-256.5,264.4-272.2
25.66-25.70 0.689 0.702 93.9° 11-16 47 209.7-217.5,225.4-233.1
25.75-25.79 0.691 0.702 93.7° 7.3 47 240.4-248.1,256.0-263.8
2020/07 26.57-26.62 0.709 0.709 91.4° 12-20 56 209.7-217.5,225.4-233.1
26.68-26.74 0.711  0.710  91.2° 13 63 83.3-91.1,141.6-149.4
26.76-26.79 0.713 0.711  91.0° 12.7 39 146.9-154.7,162.6-170.4
2020/07 27.63-27.64© 0.732 0.721 88.7° 9 12 83.3-91.1,141.6-149.4
27.67-27.73 0.733 0.721 88.5° 9 53 209.7-217.5,225.4-233.1
27.74-27.79 0.735 0.722 88.3° 7.5 53 248.7-256.5,264.4-272.2
NOEMA (10 antenna)
2020/07 22.23-22.45 0.615 0.692 101.9° 10 180 140.9-148.6,156.4—-164.1
2020/08 07.68-07.85 0.969 0.959 63.5° 104 130 209.4-217.1,224.9-232.6 @

Notes. @Total integration time (ON+OFF), adding up each NOEMA antenna. ’Mean precipitable water vapour in the atmosphere above the
telescope. First 1h30 lost due to strong wind. “The Polyfix high spectral resolution windows only covers 20-25% of the frequency domain of

the tuning.

values are: 73 + 14, 64 + 15, 69 + 18, and 84 + 9 K, respec-
tively, for the 145-147, 165-169, 242, and 250-254 GHz series of
methanol lines. The lines around 252 GHz are the best suited to
probe the inner coma gas temperature (7'g,,), while the rotational
temperature of the lines around 145 and 242 GHz are expected
to be lower than Tg. As shown in Fig. 15, a model using
Tqs = 90K provides a good fit to the observed rotational tem-
peratures. The modelled rotational temperatures are Ty (model,
145 GHz) = 62 K, T;yw(model, 166 GHz) = 88 K, T,y (model,
242 GHz) = 73 K, and T,,(model, 252 GHz)=81 K. For the
May data, we used Ty,s = 60 K, assuming a ~1/r,-dependence
of the temperature (Biver et al. 2002).

NOEMA ON-OFF methanol data (also sampling a region
that is twice larger due to a larger beam) of 22.4 July sug-
gest a temperature of Tg,s ~ 95K (Fig. 16). If we exclude the
J=15 and 16 lines below the 3-0 level, we have the retrieved
Tiot = 87 £ 19 K, while the lines at 145 GHz require a high value
as well for Tgys: Troi(0bserved, 145 GHz) = 104 + 17 K. The value
of Ty for the 7.8 August is not very well constrained: using
the three detected methanol lines, we get T,(213-230 GHz) =
50*2¢ K. This suggests Tgos = 31-58 K, implying a very steep
decrease with heliocentric distance (as ~r; 7). We adopted a
value of Tg,s = 50K for the 7.8 August observations.

The interferometric fluxes measured on the maps of seven
methanol lines (Jo—J_1E, with /=2, 3, 4, 5, 6, 7, 8) were used
to derive a rotational temperature in the inner coma. We find a
value of Ty = 71 + 11 K, which is marginally lower than the
value at larger scales in the coma derived from ON-OFF data
(87 = 19 K). In order to simulate the observed increase of gas
temperature in the coma we modelled T, With an increase from
50 to 125 K in the r = 100-100 000 km range following:

Taas = 50 + 25 x log(r/100) (K). )

The results of the comparison between observed versus sim-
ulated Ty, values are provided in Table 7. The change of
production rates derived from single dish data using Eq. (2)
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instead of 7 = 95K is negligible for CS(3-2) and implies a
reduction of less than 8% for CH3OH lines at 157 GHz.

3.3. Reference water production rate

The water production rate of comet C/2020 F3 was estimated
from observations of the Lyman-a Hydrogen emission with
the Solar Wind ANistropies (SWAN) instrument on the SOHO
spacecraft from 51 days before to 66 days after perihelion
(Combi et al. 2021). Unfortunately, there is a gap in the data
at the time of IRAM observations, but the water production rate

followed regularly the Qu,0 = 10 X r; 3 molec. s™! law during

that period, implying Qn,0 = 3—4 x 10* molec. s~! at the time of
the July IRAM observations. For 23.7 May, the SWAN data gives
On,0 ~ 6 x 10®® molec. s~!. For 22.4 July and 7.8 August, the
rounded values are: Qp,0 = 6 and 1 X 10% molec. s~ !, respec-
tively.

The OH lines at 18 cm were detected on 24.7 July with the
Green Bank Telescope (GBT) and on 24.6, 26.6, and 27.6 July
with the Nancay radio telescope. The combination of GBT and
Nancay data enabled a precise determination of the quenching of
the OH maser and production rate, yielding a water production
rate around 4.5 x 10* molec. s~! (Drozdovskaya et al., in prep.)
on 24.7 July and around 4 x 10%° molec. s~! for the 2627 July
period, value that we have adopted here. Table 8 summarises
the parameters used to analyse the data and compute molecular
abundances.

4. Production rates and abundances
4.1. Spatial distribution of CS from interferometric maps

There are several ways to study the distribution of molecules
in the coma from radio interferometric data as obtained with
ALMA or NOEMA. We may directly study the visibility dis-
tribution as a function of baseline length (as done for HCN,
HNC, and H,CO in comets C/2012 F6 (Lemmon) and C/2012 S1
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Fig. 4. Average spectra of HCN, HNC, CS, H,S H,CO, and CO detected in the coma of comet C/2020 F3 (NEOWISE) on 25-27 July 2020 with
the IRAM 30-m telescope. The vertical scale is the main beam brightness temperature and the horizontal scale is the Doppler velocity in the comet
rest frame, with respect to the strongest line.

(ISON), Cordiner et al. 2014) or compare the ON-OFF and inter- ~ S/N values and cannot be used. We thus study the single-dish
ferometric fluxes (as done for CS, SO, and CO in comet C/1995 (ON-OFF) to interferometric-flux ratio (R = Fsp/Fn), which
O1 (Hale-Bopp), Boissier et al. 2007; Bockelée-Morvan et al.  depends on the molecule distribution in the coma, as shaped by
2009). In the present case, the individual visibilities have too low its release and dissociation processes between scales on the order
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Fig. 5. Spectrum of a series of CH3CN lines around 147 GHz on 25—
27 July 2020 in the comet C/2020 F3 (NEOWISE) with IRAM 30-m.
The vertical scale is the main beam brightness temperature and the hor-
izontal scale is the Doppler velocity in the comet rest frame with respect
to the (8,0)—(7,0) line. The frequency scale is also provided on the upper
axis.
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Fig. 6. Spectrum of a series of methanol lines around 145 GHz on
26-27 July and 242 GHz on 25.77 July 2020 in the comet C/2020 F3
(NEOWISE) with IRAM 30-m. The vertical scale is the main beam
brightness temperature and the horizontal scale is the Doppler velocity
in the comet rest frame with respect to the strongest line. The frequency
scale is also provided on the upper axis.

of the Synthesized beam (~6" or 3000 km) and of the antenna
primary beam (that is 32.7” or 16400 km). A distributed source
in the coma will result in a higher ratio (R = Fsp/Fiy) than the
value that would be expected for a pure nuclear production.

The study of the distribution of methanol commonly
regarded as a pure parent species (direct release from the
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Fig. 7. Spectrum of a series of methanol lines around 165 GHz on 26.77
July 2020 in the comet C/2020 F3 (NEOWISE) with IRAM 30-m. The
vertical scale is the main beam brightness temperature and the horizon-
tal scale is the Doppler velocity in the comet rest frame with respect
to the strongest line. The frequency scale is also provided on the upper
axis.

Frequency (MHz)

252000 251500
T T T T T
0.3 F, | | I+ + +CHJO+H + + +
+ + 4 i i i i i
<< < < << < < < << < <
N N N mmwe N & ~ N ~ N
o (2} 0 MY 0 © ~ [ o o
L | | 11 | | | | | [
02 S " n memm 0 m " " " S
pd o 0 o O © NS o o ©
< o1f y
2
~
o MR Tt AR A A Tt sk RS L O
i i i BRI R B
I
—0.1 1 L L
-500 500

0
Velocity (km/s)

Fig. 8. Spectrum of a series of methanol lines around 252 GHz on 27.8
July 2020 in the comet C/2020 F3 (NEOWISE) with IRAM 30-m. The
vertical scale is the main beam brightness temperature and the horizon-
tal scale is the Doppler velocity in the comet rest frame with respect
to the strongest line. The frequency scale is also provided on the upper
axis.

nucleus) is relatively straightforward, since it has a well known
photo-dissociation rate. This is not the case for the CS radical
which is produced by an unknown distributed source (recent
measurement suggest that CS, cannot be the only source of CS,
Roth et al. 2021) and for which the photo-dissociation rate is
also poorly known (Boissier et al. 2007; Biver et al. 2011).

We modelled the CS (J = 3-2) and CH30H (Jo—J_ E, J =2,
3,4, 5,6, 7, 8 ON-OFF and interferometric fluxes assuming
different conditions in the coma: constant (95 K) or variable tem-
perature (Eq. (2)) and constant (1.1 kms™!) or variable outflow
velocity (Eq. (1)).

We report in Table 7 the CH3;OH and CS ON-OFF to inter-
ferometric flux ratios (Rcp,on and Rcs) computed using the
standard values for their radial extension: CH3;OH released from
the nucleus and the photo-dissociation rate of By(CH3OH) =
1.31 x 102 s7! (at 1au) as well as CS created by the photo-
dissociation of CS, (8o(CS,) = 1.7x 1073 s7!) and dissociated at
arate of 8y(CS) = 2.5 % 107> s~!. These photo-dissociation rates
can be converted into scale lengths in the coma of comet NEO-
WISE at the time NOEMA observations. For the models with a
constant velocity, we get: L(CS) = 16 642 km, L(CS;) = 245 km,
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Table 2. Line intensities from IRAM 30-m observations.

Date Molecule  Transition Frequency @ Offset ® Intensity ~ Doppler shift
(yyyy/mm/dd.dd) (MHz2) ) (Kkms™) (kms™)
2020/05/23.67 HCN 1-0 88631.848 1.9 0.140£0.029 -0.12+0.18
2020/05/23.67 CH;CN 8-7 (4 hnes) 147174-147149 2.1 (sum) < 0.180
2020/05/23.67 CH;0H 5.4 84521.169 1.9 0.033 £0.019 +0.00 +0.47
2020/05/23.67 CH;0H 3-2 (9 hnes) 144-146 2.1 sum = 0.059 + 0.099
2020/07/25.60 HCN 3-2 265886.434 5.1 4462 +0.334  +0.17 £ 0.08
9.1 3.701 £0.404 +0.19 +0.11
13.0 2479 +£0.537 +0.06 + 0.27
2020/07/26.71 HCN 1-0 88631.848 4.5 0.301 £0.025 -0.08 +£0.07
10.1 0.279 £0.053 -0.34 +0.18
13.5 0.404 £0.113  +0.26 £ 0.28
2020/07/27.63 HCN 1-0 88631.848 3.0 0.309 £0.041 +0.03 £0.16
2020/07/27.77 HCN 3-2 265886.434 1.2 5913 +0.098 +0.03 +£0.02
5.8 4.178 £0.137  +0.04 £ 0.03
9.8 3.166 + 0.239  +0.14 + 0.08
12.9 1.701 £0.565 +0.21 +0.34
2020/07/27.77 HNC 3-2 271981.142 1.2 0.336 £0.092  +0.09 +0.24
2020/07/25.77 CH;CN 14-13 (4 lines)  257527-257483 42  sum =0.122 +0.126
2020/07/26.77 CH;CN 9-8 (4 lines) 165569-165540 2.9  sum =0.090 +0.118
2020/07/25.77 CS 5-4 244935.557 4.2 1.105 £ 0.064  +0.03 +0.05
9.8 0.556 £0.153 -0.37 +£0.25
2020/07/27.63 CS 3-2 146969.029 3.7 0.268 £0.045 -0.32+0.17
2020/07/26.77 CH;0H 1,-1,E 165050.229 2.9 0.099 £0.050 -0.36+0.46
2,-20E 165061.187 0.211 £0.050 +0.02 +0.22
3,-30E 165099.300 0.159£0.052 -0.38 £0.29
4,-4.E 165190.539 0.263 £0.050 +0.06 +0.15
51-50E 165369.410 0.234 £0.064 -0.02 +£0.25
6,—6)E 165678.724 0.222 +0.058 +0.07 £ 0.21
7,-ToE 166169.179 0.195 £0.056 -0.27 +0.24
81-8yE 166898.566 0.110 £0.059 -0.48 +0.47
9,-9E 167931.056 0.173 £0.070
10,-100E 169335.219 0.143 + 0.080
CH;0H 3,-2,E 170060.581 0.252 +0.087 -0.45+0.31
2020/07/25.68 CH;0H 8_1-7oE 229758.811 3.1 0.359+£0.093 -0.24 +£0.22
8.1 0.266 +0.088  +0.08 +0.27
2020/07/27.70 CH;0H 8_1-7ToE 229758.811 4.2 0.267 £0.086 +0.10 £0.26
8.6 0.244 £0.116 -0.39+0.42
2020/07/25.77 CH;0H 50—4oE 241700.168 4.2 0.359 £0.060 -0.19+0.14
5.1-4_E 241767.247 0.472 £0.058 +0.01 £0.10
S50—40A 241791.367 0.400 £0.060 +0.18 £0.13
55-45A 241832.910 0.250 £0.060 -0.14 +£0.20
54,A- 241842287 0.220 = 0.075
5;-4;E 241843.608 0.135 £ 0.075
5_;-4;E 241852.299 0.088 + 0.056
5,-4,E 241879.038 0.334 £0.056 -0.02+0.14
5,4, At 241887.678 0.231 £0.057 -0.26+0.22
5.0-44,E 241904.401 0.577 £0.058 -0.02 +0.08
51-41A° 243915.811 0.385+£0.067 -0.21 £0.15
2020/07/27.77 CH;0H 35-3,A*" 251917.057 1.2 0.217 £0.064 +0.23 £0.27
33-3A™ 251905.720 0.240 £0.064 +0.15+0.24
4;-4,A*" 251900.439 0.267 £0.064 -0.35+0.23
434, A~ 251866.510 0.241 £0.065 +0.48 +0.27
5;-5,A* 251890.868 0.306 £ 0.064 +0.16 £0.19
53-5,A"" 251811.936 0.296 £ 0.065 -0.08 £0.19
63-6,A*" 251895.703 0.362 £+ 0.064 -0.07 £0.15
63-6,A"" 251738.411 0.398 £ 0.061  +0.05 +0.12
T3-T,A*" 251923.671 0.213 £0.062 +0.37 +£0.26
T3-T,A™* 251641.754 0.306 +0.058  +0.09 +0.16
8;-8,A*" 251984.802 0.264 +0.064 -0.40+0.23
8;-8, A" 251517.269 0.172 £0.063 -0.16 +0.30
9;-9,A*" 252090.369 0.314 £0.066  +0.13 £0.17
9;-9,A™" 251359.841 0.254 £0.061 +0.28 £ 0.21
10;—-10,A* 252252.807 0.214 £0.070 -0.14+0.29
10;-10,A 251164.056 0.186 £ 0.067 -0.36 +0.34
11;-11,A* 252485.631 0.165 £0.063  +0.02 +0.33
113-11,A 250924.342 0.300 £ 0.068  +0.19 £ 0.20
12;-12,A*" 252803.346 0.195+0.070 -0.18 £0.32
123-12,A 250635.144 0.225 £0.060 +0.03 +£0.22
133-13,A* 253221.390 0.072 £ 0.071
13;-13,A* 250291.180 0.075 £ 0.062
CH;0H 11p-10;A* 250507.016 0.350 £ 0.058  +0.00 +0.13
CH;0H 5,-4_E 266838.123 1.2 0.347 £0.074 +0.33 £0.16
2020/07/25.77 CH;0H 2,-1E 261805.736 4.2 0.239 +0.077 +0.08 +0.29

Notes. @From Miiller et al. (2005) and Pickett et al. (1998). ® Average radial pointing offset.
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Table 3. Line intensities from IRAM 30-m observations: 2-3 day averages.

Mean date Molecule  Transition Frequency @  Offset® Intensity  Doppler shift
(yyyy/mm/dd.dd) (MHz) @) (Kkms™) (kms™)
2020/07/26.98 HCN 1-0 88631.848 4.1 0.298 +0.023 —0.07 + 0.06
2020/07/26.98 HNC 1-0 90663.568 4.1 0.046 +0.011  +0.34 +£0.19
2020/07/27.65 HCN 3-2 265886.434 2.9 5.256 +0.067 +0.03 +0.01
2020/07/27.47 HNC 3-2 271981.142 2.9 0.315+0.066 -0.13+0.15
2020/07/26.92 CH;CN 8,0-7,0 147174.588 4.2 0.053 +0.020 +0.39 + 0.34
8,1-7,1 147171.752 0.049 + 0.021
8,2-7,2 147163.244 0.010 = 0.021
8,3-7,3 147149.068 0.025 +0.021
2020/07/25.77 H3CN 3-2 259011.798 4.2 0.109 + 0.081
2020/07/25.77 HCPN 3-2 258156.996 4.2 0.279 + 0.066
2020/07/26.98 HCPN 1-0 86054.966 4.1 <0.038
2020/07/26.98 H"*CN 1-0 86340.163 4.1 <0.062
2020/07/26.79 DCN 3-2 217238.538 3.5 0.061 = 0.050
2020/07/26.95 DCN 2-1 144828.002 4.4 <0.074
2020/07/26.89 CS 3-2 146969.029 3.9 0.362 +0.023 -0.09 +0.07
2020/07/26.73 CS 3-2 146969.029 8.4 0.365 +0.066 —0.23 +£0.19
2020/07/26.77 H,S Lio—1o1 168762.762 29 0.556 +0.070 —0.03 +0.09
2020/07/26.79 H,S 250—211 216710.437 3.5 0212 +£0.048 -0.26 +0.19
2020/07/26.58 8.3 0.051 +0.054
2020/07/26.7 CO 2-1 230538.000 55 0.104 £0.036 —0.10 +£0.28
2020/07/26.77 H,CO 21110 150498.334 29 0.097 £0.037 +0.19 £ 0.35
2020/07/26.95 H,CO 200101 145602.953 4.4 0.020 = 0.022
2020/07/26.79 H,CO 313212 211211.469 3.5 0.343 +0.043  +0.05 +0.10
321 225697.772 3.5 0.344 +0.042 +0.01 +£0.10
2020/07/26.58 H,CO 313212 211211.469 8.3 0.274 £0.048 -0.08 +£0.14
31211 225697.772 8.3 0.240 +£ 0.050 +0.00 = 0.17
2020/07/26.91 H,CO 313212 211211.469 13.8 0.177 £0.077 -0.02 +£0.35
31211 225697.772 13.8 0.220 +£0.072  +0.12 +£0.27
2020/07/26.98 CH;0OH _1—4oE 84521.169 4.1 0.025 £0.015 -0.70+0.73
2020/07/26.95 CH;0H 3,-2,A" 143865.801 4.4 0.102 +0.023 -0.25+0.22
30—20E 145093.707 0.133 +0.020 +0.13 +£0.12
3_,—2,E 145097.370 0.086 + 0.021 +0.26 +0.24
30—20A 145103.152 0.199 +0.023  +0.10 +£0.12
3,-2,A" 145124.410 0.033 = 0.020
3,,-2.,,E 145126.290 0.083 +0.021 —-0.09 +£0.24
1-21E 145131.855 0.078 £0.021  +0.47 +£0.29
3,-2,A" 145133.460 0.010 £ 0.019
31-21A" 146368.342 0.149 + 0.024  +0.03 +£0.15
CH;0H 99—-81A* 146618.794 0.171 £0.026 —-0.09 +0.14
2020/07/26.79 CH;0H 11—00E 213427.118 3.5 0.117 £0.045 -0.37 +0.38
5,-4,E 216945.559 0.193 +0.047 +0.32 +0.22
8_1-7ToE 229758.811 0.319+0.052 -0.14 +0.13
»—4_,E 230027.002 0.125 +0.055 -0.72 +0.47
2020/07/26.58 CH;0OH 1,-00E 213427.118 8.3 0.060 + 0.055
5,-4,E 216945.559 0.132 £ 0.054
8_1-1E 229758.811 0.260 + 0.065 -0.18 +0.21
2020/07/26.58 CH;0H 8_1-70E 229758.811 13.8 0.237 +£0.101
2020/07/27.65 CH;0H 3;-3,A" 251917.057 29 0.149 £ 0.042  +0.24 +0.24
3;-3,A " 251905.720 0.121 £0.045 +0.25 +£0.34
4;4,A*" 251900.439 0273 +£0.045 -0.21 £0.15
4;4,A™ 251866.510 0.162 £ 0.046  +0.38 +£0.27
53-5,A* 251890.868 0.302 +£0.045 +0.14 +£0.13
53-5, A" 251811.936 0.235 +£0.046 +0.12 +0.17
63—6,A* 251895.703 0.333+£0.045 -0.03+0.12
63—6,A"" 251738.411 0.248 +0.044 -0.12 +£0.15
T3-T,A* 251923.671 0.222 +0.044 +0.28 +0.18
73T, A" 251641.754 0274 £0.045 -0.36 +0. 16
8;-8,A" 251984.802 0256 +0.046 -0.30+0.1
8;-8, A" 251517.269 0.201 £0.046  +0.05 £ 0. 19
9;-9,A* 252090.369 0.234 +£0.046 +0.25+0.17
9;-9, A" 251359.841 0.244 £0.045 +0.26 £0.16
10;-10,A*~  252252.807 0.159 +0.049 -0.25+0.28
10;-10,A™*  251164.056 0.166 + 0.048 —0.15+0.26
115-11,A*  252485.631 0.105 +0.044  +0.15 +0.43
115-11,A™*  250924.342 0.272 £0.050 +0.12 +0.16
12;-12,A*~  252803.346 0.120 £ 0.043 —-0.43 +£0.32
12;-12,A~*  250635.144 0.188 +0.044 -0.07 £0.19
13;-13,A*  253221.390 0.055 £ 0.045
13;-13,A~*  250291.180 0.065 + 0.043
14;-14,A*~  253755.850 0.041 = 0.040
14;-14,A~"  249887.470 0.130 + 0.047
155-15,A*~  254423.580 0.130 + 0.039
155-15,A*  249419.920 0.058 + 0.049
165-16,A*~  255241.970 0.044 +0.043
16;-16,A~*  248885.480 —0.011 = 0.049
CH;0OH 11p-10,A* 250507.016 0.281 £0.043  +0.00 +£0.12
CH;0OH 20—-1_1E 254015.367 2.9 0.072 £ 0.039
2020/07/27.65 CH;0OH 6,-5,E 265289.616 2.9 0.162 + 0.044  +0.06 + 0.22
CH;0H »—4_E 266838.123 29 0.310+£0.052 +0.15+0.13

Notes. @From Miiller et al. (2005) and Pickett et al. (1998). ®’ Average radial pointing offset.
A171, page 8 of 18



N. Biver et al.: Observations of comet NEOWISE with IRAM

Table 4. Average line intensities from IRAM observations: searching for other species.

Dates Molecule  Transitions Frequencies @  Offset ® Intensity Number of lines
(yyyy/mm/dd-dd) (MHz) @) (Kkms™)

2020/07/25-27 HC;N 10-9 to 29-28 91-264 4 0.020+0.009 6
2020/07/25-77 HNCO JoxesJ1.ke, J = 10,11 241-264 42 0.060+0.029 5
2020/07/25-27 HCOOH  Jguke,J = 10-12, Ka = 0-3  215-268 4 0.016+0.014 12
2020/07/25-27 OCS 12-11 to 22-21 146-267 4 0.033+£0.016 6
2020/07/25-27 SO 5—4 and 6-5 215-262 4 <0.083 4
2020/07/25-27 CH3;CHO  Jkukc,J = 8-14 168-270 4 <0.022 41

Notes. @From Miiller et al. (2005) and Pickett et al. (1998). ®’ Average radial pointing offset.

and L(CH30H) = 32 000 km. With models that include acceler-
ation (Eq. (1)), we get: L(CS) = 18300 km, L(CS;) = 125 km,
and L(CH30OH) = 38 500 km. We note that the fact that the abso-
lute flux scale calibration is performed in an independent way
in interferometric and ON-OFF modes adds a 10% additional
uncertainty on the flux ratio, taken into account in the error-
bars o(Rons). In Figs. 17 and 18, we plot y* = (falesst ) for
CS and CH3OH and various model parameter as a function of
CS dissociation scale length (Fig. 17) or parent scale lengths
(Fig. 18).

All ratios are lower than the observed values, suggesting that
the gas distribution is more extended than expected. We note that
the (T =95 K, v = 1.1 km s™!) model is in 1-o agreement with
the observations but this temperature and velocity do not repro-
duce other observed characteristics (larger line widths and higher
T in larger single-dish beams with respect to interferometric
beams). This more extended distribution can be generated in two
ways: (i) a slower dissociation (that is lower 8 and larger scale
length in the coma) or (ii) a more distributed production (non-
nuclear origin for CH3OH, larger scale length for the parent of
CS).

The former is unlikely for CH3;OH, since its photo-
dissociation rate is well known and has been thoroughly used
in the analysis of previous millimetre observations of comets
without any indication that it might be incorrect. As mentioned
above this is not the case for CS so we computed the ON-OFF-
to-interferometric flux ratios (Rcs) obtained assuming different
values for S(CS). The results are presented in Fig. 17. In the
models assuming constant outflow velocity, the observed and
simulated flux ratios can be reconciled with CS scale length
at least twice larger than the commonly used value. Assuming
a variable temperature we have to go for extreme L(CS) val-
ues suggesting that the extended distribution we observe is due,
rather, to a more extended production. The lower panel of Fig. 17
shows no solution assuming that the parent scale length of CS is
that of the photo-dissociation of CS,.

To investigate the impact of a more distributed source on the
distribution of CH30H and CS, we computed ON-OFF to inter-
ferometric flux ratios using the standard S(CH;OH) and B(CS)
and assuming different production scale lengths (Lp) for both
species. The results are presented in Fig. 18. Depending on the
model, the production scale lengths which leads to the best fit
results are in the range 200-2100 km for CH3;OH and 700—
3000 km for CS. Outgassing from icy grains could be responsible
for a distributed source of most molecules in the first 1000—
2000 km around the nucleus. We note that this is on the same
order of magnitude as found for HCN from IRAM 30-m maps
(Lp = 470-1190 km, Fig. 3).

However Lp(CS) is always larger than Lp(CH30H), with a
difference on the order of 500 km (constant vey,) to 900 km
(Vexp,var), Which is significantly larger than the ~200 km photo-
dissociation scale length of CS,. This demonstrates again that
CS; cannot be the unique parent species for CS. With a lifetime
7p = 450-1000 s at 0.615 au the unknown parent of CS would
have a photo-dissociation rate Sy p in the range 448 x 107 s7!
at 1 au corresponding to a lifetime on the order of 7po = 2000 s
at 1 au.

This is consistent with the results of Roth et al. (2021),
deduced from ALMA compact array observations of comet
C/2015 ERg; (PanSTARRS), and confirms that CS;, cannot be
the only parent species for CS. We also use a parent lifetime of
7po = 3000 s, that is, about five times the CS; lifetime to derive
CS production rate from a still unknown other parent source.
This values includes both the likely grain source and unknown
parent contribution to the distribution of CS.

4.2. Production rates

Production rates were determined assuming a Haser density pro-
file, with molecular lifetimes as provided in Biver et al. (2021).
Collisional excitation with neutrals at Ty, and electrons and
radiative processes (infrared or pumping via vibrational bands
for HCN, HNC, CH3;CN, H,CO, CH30H, and CO) were taken
into account. Daily and average production rates or upper lim-
its are provided in Table 9. For non-detected species for which
we could use several lines, we provide the 3-0- upper limit based
on the weighted average of production rates derived from each
individual line.

We used the constant velocity and temperature (no variation
with distance to the nucleus) given in Table 8 to compute pro-
duction rates of Table 9. If we use the expansion velocity and
temperature profiles that varies with » for NOEMA data, this will
decrease the CS and CH3;OH production rates by ~7%. However,
when taking into account also the production from a distributed
source (Lp ~ 1500 km), then production rates are 12% higher,
which is also the increase in HCN production rate based on
IRAM 30-m map data with the best fit parent scale length of
~1000 km.

When taking into account the possible release of most
molecules from a distributed source (e.g. icy grains) with the
best temperature and velocity profile, all production rates and
abundances relative to water (reference Qpy,o is not sensitive
to those scales) would generally be increased by about 10%.
Nevertheless, the abundances relative to each other molecule
observed at millimetre wavelengths would not be significantly
affected. Since most observations were obtained under marginal
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Fig. 9. High resolution (62.5 kHz) spectra of CS, SO, H,CO, and
CH;OH lines on 22.4 July 2020 in the coma of comet C/2020 F3 (NEO-
WISE) with the 10 NOEMA antennas in single dish mode. Scales are
as in Fig. 4.
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Fig. 10. Spectra of H,CO (sum of two lines), H,S, and CH3;0H lines
on 7.8 August 2020 in the coma of comet C/2020 F3 (NEOWISE) with
the 10 NOEMA antennas in single dish mode. Spectral resolution has
been degraded to 250 kHz due to limited signal-to-noise. Scales are as
in Fig. 4.
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Fig. 11. Spectrum of a series of methanol lines around 145 GHz on 22.4
July 2020 in the comet C/2020 F3 (NEOWISE) with the 10 NOEMA
antennas in single dish mode. The vertical scale is the main beam bright-
ness temperature and the horizontal scale is the Doppler velocity in the
comet rest frame with respect to the strongest line. The frequency scale
is also provided on the upper axis.
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Fig. 12. Spectrum of a series of methanol lines around 157 GHz on 22.4
July 2020 in the comet C/2020 F3 (NEOWISE) with the ten NOEMA
antennas in single dish mode. Scales are as in Fig. 11.

observing conditions (the distributed source length Lp = 1000—
1500 km corresponding to 2-3”, which is a typical value for
pointing rms), we prefer to remain cautious about the presence
of a distributed source for all molecules.

For H,CO, we also computed the production rate assum-
ing a parent scale length Lp = 4200-8000 km, following the
law Lp ~ 2 X L(H,CO), where L(H,CO) is the formaldehyde
photo-destruction scale length (vexp, X rfl /2 x 10™). This is the
maximum value suggested by Biver et al. (1999), which pro-
vides the best fit to the evolution of line intensity with offset
position from the 25-27 July period. The reduced Chi-squares
(modelled vs observed line intensities as a function of Qp and
Lp(H,CO)) are X3:2=3.3, 1.5, and 1.1 for Lp=0, 1.5x and 2Xx
L(H,CO), respectively.

The detection of the HNC lines (Fig. 4) with a small J3-2
to J1-0 intensity ratio of 6.9 + 2.2 (compared to 17.6 for HCN
lines) is consistent with the production of HNC in the coma.
Assuming a parent scale length of Lp = 2000 km reduces the
difference between Qunc based on the J=3-2 and the J=1-0
lines, because the 1-0 line is observed with beam three times
wider. An HNC distributed source with a parent scale length on
the order of 1000-3000 km has been suggested by Cordiner et al.
(2014, 2017) and Roth et al. (2021).

4.3. Relative abundances

Abundances or 3-0- upper limits on the abundances relative to
water, and lower limits on isotopic ratio, are provided in Table 10.
Values measured in other comets are also provided for compar-
ison: all abundances are within the range of values measured in
comets.

Formally, HC;N is not detected, but the average of each of
the NOEMA and IRAM observations in July yield a 2-3 o sig-
nal suggesting an abundance relative to water on the order of
0.01%, consistent with values measured in other comets. The
3-0 upper limits given for five molecules (HNCO, NH,CHO,
HCOOH, CH3;CHO, and SO,) show that these molecules are not
enriched in comet C/2020 F3 in comparison to other comets.
Limits on isotopic ratios are provided for completeness, but are
not significant.

The detection of an SO line (Fig. 9) on 22.4 July with
NOEMA yields an abundance relative to water which is higher
than observed in other comets and then the upper-limit derived
from the IRAM 30-m observations. The line is present in both
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Table 5. Line intensities from observations with NOEMA in ON-OFF mode (10 antennas).

Date Molecule Transition  Frequency @  offset ® Intensity  Doppler shift
(yyyy/mm/dd.dd) (MHz) (@) (Kkms™) (kms™)
2020/07/22.35 CS 3-2 146969.029 2.0 0.172+0.011 -0.07 £0.06
2020/07/22.35 CH;CN 8,0-7,0 147174.588 0.027 £0.012 -0.32+0.29
8,1-7,1 147171.752 0.021 +£0.012
8,2-7,2 147163.244 0.001 +£0.012
8,3-7,3 147149.068 0.020 = 0.010
2020/07/22.35 SO 4,3-3,2 158971.811 0.055+£0.019 -0.55+0.34
2020/07/22.35 H,CO 200—1o1 145602.953 0.034 +0.013 —0.06 +0.26
H,CO 210111 140839.518 <0.078
2020/07/22.35 CH;0H 73-8,E 143169.500 0.021 £0.012 -0.12+0.58
2020/07/22.35 CH;OH 31-21A* 143865.801 0.067 +£0.011 +0.34 £0.18
30—20E 145093.707 0.060 = 0.010 +0.11 £0.17
3.12E 145097.370 0.059 £0.010 -0.28 +£0.19
30—20A 145103.152 0.064 +0.010 +0.41 £0.18
3,-2,A~ 145124.410 0.040 £ 0.011 +0.19 £0.27
3.0-2.E 145126.290 0.056 £ 0.011 +0.41+0.21
31-2,E 145131.855 0.100 £0.011  +0.03 +0.11
3,-2,A* 145133.460 0.022 +0.011
31-2,A" 146368.342 0.034 £0.010 -0.51+0.34
CH;OH 90-81A* 146618.794 0.101 £0.011  -0.08 £0.12
CH;0H 1o—1_1E 157270.851 0.055+0.016 +0.21 £0.26
20—2_1E 157276.058 0.093 +0.018 +0.29 +0.21
30-3_1E 157272.369 0.100 £0.017 —-0.13+0.16
40-4_1E 157246.056 0.152 £ 0.018 +0.14 £0.13
50-5_1E 157179.017 0.123 £ 0.018 -0.00 +0.15
60—6_1E 157048.625 0.111 £0.016 +0.18 £0.15
To-7-1E 156828.533 0.119+0.017 +0.23 £0.16
80—8-1E 156488.868 0.111 £0.017 +0.40+0.17
150-151E  148111.993 0.020 = 0.010 —0.68 + 0.64
160-16_1E  145766.227 0.007 = 0.011
CH;OH 21-3pA* 156602.413 0.045 £0.018 +0.03 +0.42
2020/08/07.76 H,CO 313212 211211.469 2.7 0.048 £0.014 -0.05+0.21
31211 225697.772 0.034 £ 0.012 -0.21 £0.27
H,S 250211 216710.437 0.035 +£0.013 +0.08 + 0.25
CO 2-1 230538.000 0.012 £ 0.012
CH;0H 11-00E 213427.118 0.050 £ 0.013 —0.29 £0.20
8_1-7oE 229758.811 0.075 £0.013 -0.06 +0.12
3,4_E 230027.002 0.034 +0.013 -0.72+0.37
51-4,E 216945.559 <0.060

Notes. @From Miiller et al. (2005) and Pickett et al. (1998). ®) Average radial pointing offset, estimated from continuum maps.

Table 6. Line characteristics from observations with NOEMA in interferometric mode.

Molecule Transition Frequency  Synthesized beam Integration range Interferometric flux @ ON-OFF flux *
(MHz) (%) (kms™h) (Jykms™) (Jykms™)
CS 3-2 146969.029 8.30x4.52 1.91 0.403 +0.028 3.25+0.21
CH30H 20-21E 157276.058 8.15x4.18 2.14 0.238 +£0.036 1.76 £ 0.34
CH30H 3¢-3_E 157272.369 8.05x4.18 1.79 0.222 +0.032 1.90 +0.32
CH30H 4¢4_E 157246.-56 8.15x4.18 2.38 0.262 +0.038 2.08 +0.34
CH30H 50-5_1E 157179.017 8.14 x4.18 2.38 0.236 £0.040 233 +0.34
CH30H 6¢-6_E 157048.625 8.16 x4.17 1.79 0.281 +£0.032 2.11+0.30
CH30H 7¢-7_1E 156828.533 8.28 x4.21 2.39 0.251 +£0.038 2.26 +0.32
CH30H 80—8_1E 156488.868 8.21 x4.21 2.27 0.173+0.036 2.12+0.32

Notes. “Flux deduced from a point source visibility distribution fitted to the interferometric data. ’Converted from line intensities in Table 5
using the Rayleigh—Jeans approximation to Planck’s law and the primary beam size of the NOEMA antennas.
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Fig. 13. Interferometric maps of the CS J=3-2 and for each methanol J, — J_; E line (J = 2,3,4,5,6,7, 8) as observed with NOEMA on 22 July
2020. The synthesised beam is shown on the bottom left corner. The maps were recentered on the brightness peak position (as found by fitting a
point source to the visibility distribution). Contour intervals are 1 x o, o being the map rms (0.028 Jy km s~! for CS J(3-2), and 0.036, 0.032,
0.038, 0.040, 0.032, 0.038, and 0.036 Jy km s~! for the methanol J, — J_{E lines, with J = 2, 3,4, 5,6, 7, and 8, respectively.
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Fig. 14. Spectra extracted at the brightness peak position of the inter-
ferometric maps. The CS (J = 3-2) line is presented in the left panel
while the sum of seven methanol lines (Jo—J_E, J =2,3,4,5,6,7,8)
is displayed in the right panel. The vertical scale is the flux in Jy per
beam and the horizontal scale is the Doppler velocity in the comet rest
frame.

the low and high resolution spectrometer, although with a lim-
ited S/N. To explain the difference with the non-detection at
IRAM 30-m 4 days later, SO needs to be produced by a more
extended source than assumed (Lp > 10000 km) in order to be
detected in the NOEMA 30” beam but not in the IRAM 30-m
10”beam, and exhibiting a strong dependence on the heliocentric
distance. Another explanation could be related to the excitation
of SO rotational levels: the NOEMA line is sampling a lower
energy level (Ey, = 29K) than the transitions observed with
IRAM 30-m (E,, = 44-57K): any process leading to a much
lower rotational temperature than modelled could partly explain
the discrepancy. The simultaneous search for SO, was attempted
through several lines, but yielded upper limits in production that
are not useful as they are twice higher than for SO.

The pre-perihelion observations in May are too marginal
to be used in the study of heliocentric variation. However, the
NOEMA single dish results provide useful complementary data
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Fig. 15. Rotational diagram of the methanol lines around 252 GHz
observed on 27.8 July 2020 (Fig. 8). The derived rotational tempera-
ture (84 £ 9K) is close to the expected value for a gas temperature of
90 K in the coma of comet C/2020 F3 (NEOWISE; model in green).

to the IRAM 30-m observations for the evolution of the pro-
duction rates with heliocentric distance (post-perihelion) which
is plotted in Fig. 19. The fits to the heliocentric variations of
production rates during the three weeks post-perihelion period
are Qu,0 = 860(x10)r; **0, Ocpon = 39(x4)r, >0, Qcs =

2.8(x0.6)r; ™93 and Qu,co = 2.3(£0.5)r; ®5*08, in units of

10%° molec. s~!.

5. Analysis of the continuum radiation

The interferometric maps of the continuum radiation measured
at 144.8 GHz (LSB) and 160.2 GHz (USB) frequencies on
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Fig. 16. Rotational diagram of the methanol lines around 157 GHz
observed on 22.4 July 2020 (Fig. 12). The derived rotational temper-
ature (97 = 17 K) is close to the expected value for a gas temperature of
95 K in the coma of comet C/2020 F3 (NEOWISE; model in green).

22 July 2020 are presented in Fig. 20. The detected emission
is due to the thermal emission of dust particles in the coma.
Indeed, the decrease of the visibilities with increasing baseline
length B (Fig. 20) is characteristics of the brightness distribution
expected for a steady-state dust coma with a local density o 1/72,
where r is the cometocentric distance. Here, we recall that for an
unresolved source, visibilities display a constant value indepen-
dent of B;. We also show in Fig. 20 (central plots) the total flux
measured within circular apertures as a function of the aperture
radius, p. The nearly linear trend for p <8” 1is a clear evidence
for dust-coma emission. The plateau observed for p >8" is due
to large-scale spatial filtering set by the shortest baseline lengths
and is in agreement with the estimated largest recoverable scale
of ~10".

5.1. Upper limit on nucleus size

A strict conservative upper limit on the nucleus flux density can
be obtained by selecting the data recorded by the longest base-
lines (i.e. sensitive to the smaller scales). Using baseline lengths
B;>22kA and applying a point-source fit to the visibilities,
the inferred flux densities are 0.7 + 0.4 mJy and 1.7 + 0.2 mly,
at LSB and USB frequencies, respectively; thus, this gives
us an average of 1.2+0.2 mlJy for the median frequency of
152.5 GHz.

We also performed a two-parameter fit to the measured vis-
ibilities using a linear combination of a dust-coma visibility
profile and a constant (point-source) profile. The inferred point-
source fluxes are 0.5 £ 0.8 mJy (LSB) and 0.4 + 0.3 mJy (USB),
showing that there is no hint of nucleus detection in the data. The
most stringent upper limit is for USB data, i.e., 0.9 mJy (3-0) at
160.244 GHz, which we used to determine an upper limit on the
nucleus size.

Our size determination is based on the Near-Earth Asteroid
Thermal Model (NEATM, Harris 1998). We assumed a beaming
factor 7 = 0.7 and a bolometric emissivity of 0.8, consistent with
the analysis of 8P/Tuttle interferometric data made by Boissier
et al. (2011). The derived 3-0 upper limit for the nucleus radius
of C/2020 F3 (NEOWISE) is r <4.72km. This upper limit is
about twice the value (=2.5 km) derived by Bauer et al. (2020)
from the WISE infrared data. With » = 2.5 km we would have
expected a 0.25 mJy signal from the nucleus, below our point-
source sensitivity after removing the dust contribution.

Observations of comet NEOWISE with IRAM

5.2. Dust mass loss rate

The dust mass loss rate was computed using the dust thermal
model of Bockelée-Morvan et al. (2017). This model computes
the wavelength-dependent absorption coefficient Qs and tem-
perature of dust particles as a function of grain size using the Mie
theory combined with an effective medium theory in order to
consider mixtures of different materials. Effective medium the-
ories (EMT) allow us to calculate an effective refractive index
for a medium made of a matrix with inclusions of another mate-
rial. The Maxwell-Garnett mixing rule is used in this model,
and is also applied to consider the porosity of the grains, set to
be 50% at maximum (Bockelée-Morvan et al. 2017). The ther-
mal spectrum is computed by summing the contributions of the
individual dust particles which are within the field of view. The
size distribution of the dust particles is described by a power-
law n(a) cca™®, where S is the size index and the particle radius
takes values from api, t0 amax- The dust density is taken equal
t0 Paust =800 kg m~>, which corresponds to the mean value of
comet 67P dust particles (Fulle et al. 2018). The local density of
the dust particles in the coma is described by the Haser model
and follows a 1/(r? vgusi(a)) variation. vgug(a) is the expansion
velocity of particles of size a, and is assumed to vary o a0
as expected for gas drag. The total dust production rate, sum-
ming all sizes with their respective mass contribution, is given
by Qdust-
The literal expression of the flux density is:

Fo=1s f f yrer ;()2( S Ous @B, T @) 0,
3)

with the total dust production rate given by:
Odust = fa gﬂa3pdustn(a)da. (4)

In Eq. (3), B, (T 4us(@)) is the black-body radiation at the tem-
perature, Tqus(@). The integrals are over the field of view (fov of
radius proy and volume integral on the line of sight (z = —oco to
+00) within 8 < 27, as well as the projected radius p < proy) and
size range.

We consider that the dust particles are made of amorphous
carbon with inclusions of amorphous olivine with a Fe:Mg com-
position of 50:50 (see Bockelée-Morvan et al. 2017, for the
references for optical constants). The mass ratio between carbon
and olivine is 1. The maximum liftable size from the surface
of C/2020 F3’s nucleus on 22 July 2020 is estimated to be
amax =0.7 m, based on a H,O production rate of 6 X 102571,
and assuming a nucleus density of 500kgm™ and a nucleus
radius of 2.5 km (V. Zakharov, priv. comm., see Zakharov et al.
2018, 2021). The minimum particle size is set to api, = 0.5 pum,
but model results are not sensitive to this parameter, since the
thermal emission in the millimetre domain is more efficient
for large particles. The terminal velocity of the dust particles
is determined following Crifo & Rodionov (1997), using the
nucleus and dust gas parameters described above, and a gas
expansion velocity of 1.1 kms™!: the value inferred for 10-um
particles is 260 ms~!

We present in Table 11 the dust production rate inferred for
size distribution indexes S of 2.5, 3.0, and 3.5. These values are
in the range of 6-18 x 10° kg s~'. We used the total flux densities
measured on the interferometric maps within an aperture radius

p=>5". The production rates determined for the USB and LSB
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Table 7. Observed and simulated rotational temperatures of CH;OH and integrated fluxes ratios with NOEMA.

Observations Models (Tgas, Vexp)
Tiot (O5K11kms™)  (Tyrllkms™) (95K, vexpyar)  (Tvars Uexpuvar)
Methanol rotational temperature (Lines Jo—J_|E, J=2, 3,4, 5, 6, 7, 8): observed and modelled T
Interferometric 71+ 11K 952+03K 69.1 +0.3K 950+05K 69.0+0.6K
ON-OFF 87+ 19K 954 +1.0K 88.6 +0.6K 955+08K 854+03K
ON-OFF/interferometric flux ratio
Rcu,on 85+1.8 7.0 5.6 4.6 3.8
Rcs 7.8+ 19 5.7 4.88 3.8 33
Table 8. Adopted model parameters. 6 " ; — ; . T . .
[ Les2 i 2 Vep=1.Tkms ™' — T=05K ]
L : ‘ cS 4
4
Date <Vh> QHZO Uexp Tgas ~ [ : F ervon
> I i 7
(au) (molec.s™!) (kms™!) (K) L | i @ 1
1 =
23.7 May 1.090 1 x10% 0.80 60 :D't“flm v 5 ' ]
22.4 July 0615  6x10% 1L10@  95@ olod ™ ]
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. . . ' . . . ' . .
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|
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Fig. 17. Relative deviation between simulated and observed ON-OFF-
to-interferometric flux ratio, x> = (%ﬁ";"de‘)z, as a function of CS
lifetime. The different colour lines represent the different physical con-
ditions assumed in the model, which are presented in Table 7 (‘T =
50-125 K’ for the T, temperature model). The grey shaded region cor-
responds to the 1-0- observed value. The CS default photo-dissociation
rate (By = 2.5 X 1073 s7!) is indicated by a vertical dashed line. CS is
assumed to come from the photo-dissociation of CS,.

data are consistent within the uncertainties. The USB and LSB
frequencies are too close to derive a spectral index that could
constrain the size index. As a matter of fact, the derived spec-
tral index (defined as F, ocv?*) is @=1.2 + 1.6. Spectral indexes
derived from the model outputs range from 2.0 and 2.12.

The derived dust production rate is not so sensitive to
the assumed dust composition, since large particles (with size
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Fig. 18. Relative deviation between observed and simulated ON-OFF-
to-interferometric flux ratio (R), (x> = ( %ﬁ"“;““' %), for various models
(four panels), as a function of parent scale length. Default photo-
dissociation rate for CH;OH and CS have been used, and the data for
the seven methanol lines (Jo—J_1E, J=2,3,4,5, 6,7, 8) have been aver-
aged. The acceptable values (within 1-0) for the parent scale lengths are
in the grey shaded region.

parameter x=2ma/A > 1, and Qups ~ 1) are the most efficient
emitters in the mm domain. On the other hand, this strongly
relies on the assumed dust size distribution index (Table 11),
maximum particle size, amax, and dust particles volumetric den-
sity. For example, increasing the maximum particle size by a
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Table 9. Production rates.

UT date Molecule h Production rate Lines @
(yyyy/mm/dd.d) (au) (10%°molec. s71)
2020/05/23.7 HCN 1.09 1.6+03 1
CH;0H <20 an
CS <1.4(<1.5®) 1
CH;CN <0.85 4)
2020/07/22.4 CH;0H 0.62 125+5 22
Cs 6.7+04(7.2+05®) 1
c*s <1.14 o)
CH;CN 0.66 +0.20 4)
H,CO 38 + 14 1
H,CO© 46 + 18 1
Ne) 39 + 14 1
HCOOH <22 3)
NH,CHO <5.0 3)
HC3N 0.87 +0.35 )
2020/07/25.7 HCN 0.69 54+03 1
CH;0H 97 +5 12
CH;CN 0.22+0.23 )
CS 51+0.3(62+04®) 1
HNCO <2.1 )
2020/07/26.7 HCN 0.71 4.6+04 1
CH;0H 93+4 15
CH;CN 0.55+0.15 8)
CS 55+0.3(64+04®) 1
2020/07/27.7 HCN 0.73 49+0.1 2
CH;0H 82+2 29
CS 40+0.7(47+08®) 1
3-days average: 25.6 to 27.8 July:
2020/07/26.7 HCN 0.71 48+0.1 2
H*CN <0.25 )
HCPN <0.20 )
DCN <0.19 )
HNC 0.30 £ 0.15 2
HNC @ 042 +0.16 2
CH;0H 87 +2 67
H,CO 115+0.8 4
H,CO© 223+1.6 4
CS 52+0.2(62+02®) 2
Cc¥s <0.66 ()
H,S 455 2
Cco 128 + 48 1
CH;CN 0.45+0.13 (12)
HC;N 0.35+0.12 (6)
0oCs <74 (6)
SO © <5.0 4)
HCOOH <4.9 (12)
SO, <114 (12)
NH,CHO <13 (16)
CH;CHO <3.1 (41)
2020/08/07.8 CH;0H 0.97 40 7 3
H,S 37+ 14 1
H,CO 1.8+04 2
H,CO© 27+0.6 2
Cco <56 0
Ne) <52 0
NH,CHO <1.2 3)
CH;CHO <4.9 (6)
Notes. @Number of lines used for the determination of Q, in

parenthesis if not all detected individually. ® Assumed parent lifetime
of 3000 s=5 X 7cs,. Assumed parent scale length of 2 X Ly,co.
@ Assumed parent scale length of 2000 km. ’SO assumed to be the
daughter product of SO,.
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Fig. 19. Production rates of comet C/2020 F3 (NEOWISE) post-
perihelion (13 July to 14 August 2020). The H,O data points are from
Combi et al. (2021) and (Drozdovskaya et al., in prep.). The Afp values
have been estimated from digital (red layer) images, as in Fig. 2, and
corrected for the phase angle (Schleicher 2007; Markus 2007).

factor 2 (i.e., dmax = 1.4 m), the inferred Qg values are 30-40%
higher.

The derived dust-to-gas ratio Qgus/On,0 in mass for
C/2020 F3 on 22 July is between 0.37 to 0.94. This range
overlaps with the range of values (0.7-2.4) determined for
67P/Churyumov-Gerasimenko from the total water loss rate and
the total mass loss of the nucleus over the whole Rosetta mission
(Pitzold et al. 2019; Choukroun et al. 2020).

In previous studies of the dust thermal radio continuum from
comets, the velocity of the dust particles contributing to the
emission is assumed to not vary with particle size. The dust mass
within the field of view is directly derived from the measured
flux density using assumptions or calculations of the so-called
dust opacity (e.g. Jewitt & Luu 1990; Altenhoff et al. 1999;
Boissier et al. 2012). The dust opacities at 145 GHz derived from
our thermal model for am;x =0.7m are 4.5 x 1073, 1.2 x 1072,
and 7.3 x 1072 kg m2, for =2.5, 3, and 3.5, respectively.

6. Discussion and conclusion

We determined production rates and molecular abundances for
comet C/2020 F3 (NEOWISE) with a good level of accuracy
despite adverse observing conditions. Eight molecules, namely,
HCN, HNC, CH;3CN, H,S, CS, CH30H, H,CO, and CO, were
detected and good upper limits on the abundances of six other
species have been determined. All abundances are within the
range of values observed in other comets.
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Table 10. Molecular abundances in comet C/2020 F3.

Molecule Name Abundance relative to water

in C/2020 F3 in comets @

(NEOWISE)
HCN Hydrogen cyanide 0.120 + 0.003% 0.05-0.25%
CH;CN Methyl cyanide 0.011 + 0.003% 0.008-0.054%
CH;0H Methanol 23+0.1% 0.6-6.2%
H,CO Formaldehyde 0.3+0.2%
H,CO4® Formaldehyde 0.5+02% 0.1-1.4%
CcO Carbon monoxide 32+1.2% 0.2-35%
H,S Hydrogen sulphide 1.2 +0.3% 0.09-1.5%
CS Carbon monosulphide 0.12+0.01% 0.02-0.54%
CSq© Carbon monosulphide 0.14 +0.01% 0.02-0.54%
HC3N Cyanoacetylene 0.010 + 0.003% 0.002-0.068%
HNCO Isocyanic acid <0.05% 0.009-0.080%
NH,CHO Formamide <0.033% 0.015-0.022%
HCOOH Formic acid <0.12% 0.03-0.18%
CH;CHO Acetaldehyde <0.08% 0.05-0.08%
SO @ Sulphur monoxide 0.7+0.2-<0.13%  0.04-0.30%
SO, Sulphur dioxide <0.29% 0.03-0.23%

Abundance relative to HCN
HNC/HCN Hydrogen isocyanide 0.06 + 0.03 0.02-0.25
HNCy ©“/HCN  Hydrogen isocyanide 0.09 + 0.03 0.02-0.25
HCN/H'3CN >21 88-114
HCN/HCPN >24 139-205
DCN/HCN <0.039 0.0023
Abundance relative to CS

CS/C*s Carbon monosulphide >8 16-23

Notes. Subscript “4

«4” refers to the extended daughter distribution alternative. “Bockelée-Morvan and Biver (2017); Biver et al. (2021) ¥’ Assumed

parent scale length of 2 X L(H,CO). Taking into account heliocentric dependence yields H,CO4/H,0=0.27 £ 0.06r;%308%. ) Assumed parent
scale length of 5 x L(CS,) instead of L(CS,). ” Assumed to come from SO, with a parent scale length of 2000 km. The abundance of 0.7% is for

the single 22 July detection.  Assumed parent scale length of 2000 km.

The heliocentric variation of the CH3;OH, CS, and CH;CN
production rate is not as steep as that of water. The marginal
detection of a single line at 0.97 AU of H;,S, needs to be taken
with caution to draw any definitive conclusion on the evolu-
tion of the H,S production rate over time. Nevertheless, these
species are more volatile than water which could explain a shal-
lower decrease of their production when the comet receded from
the sun. On the other hand, the H,CO production rate, or its
parent production rate varies steeply with heliocentric distance
(Fig. 19). Such a trend is seen for larger distances from the Sun
in the case of comet Hale-Bopp (Biver et al. 2002). Fray et al.
(2006) interpreted this trend as HyCO coming from the thermal
degradation of a parent such as a polymer like POM in the dust
grains. This production process of H,CO is then dependent on
dust production and temperature which varies steeply with helio-
centric distance. Since the dust production in comet C/2020 F3
also varied steeply with heliocentric distance (Afp(0) o ri 49,
Fig. 19), a similar explanation could be invoked.

CO was marginally detected and we inferred a relatively low
abundance (3.2%) for this comet. This low abundance could
explain the steep variation of the visual activity of the comet
with heliocentric distance and lack of strong activity beyond
~1.6au from the Sun* that is responsible for its late discovery.

4 http://www.aerith.net/comet/catalog/2020F3/2020F3.
html
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A lack of abundant hyper-volatiles like CO in this comet could
explain the absence of sustained activity beyond some distance
from the Sun. A similar behaviour was observed for the short
period comet 67P (Biver et al. 2019; Lauter et al. 2020) which is
similarly CO-poor.

Faggi et al. (2021) observed comet C/2020 F3 (NEOWISE)
in the infrared at similar epochs. Between 20 July and 08 August
2020 they found similar production rates and abundances for
CH30H and CO. The trend of having CH3;OH/H,O decreasing
towards shorter heliocentric distance is also observed in the IR.
The comparison for H,CO is not straightforward as we assume
and generally find that most of H,CO is coming from a large
distributed source (Lp = 4200-8000 km) that infrared small
aperture spectroscopy would not see. Nevertheless, when assum-
ing that H,CO would come solely from the nucleus, we find an
abundance relative to water (0.3%) similar to that measured in
the IR. The HCN abundance relative to water measured in the IR
(Faggi et al. 2021) is twice higher than inferred from the radio.
Such a trend has been observed in many other comets and still
needs to be resolved.

The interferometric continuum maps obtained on 22.4 July,
yielded an upper limit on the nucleus diameter of 9.4 km, which
is twice the value inferred by Bauer et al. (2020) from the
infrared NEOWISE data. The dust production rate derived from
the dust continuum emission, leads to a mass dust-to-gas ratio
Qaust/ Om,0 between 0.4 and 0.9, encompassing the mean values
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Fig. 20. 2 mm continuum emission of comet C/2020 F3 (NEOWISE) obtained on 22 July 2020 UT with NOEMA. Top and bottom panels refer
to LSB (144.8 GHz) and USB (160.2 GHz) data, respectively. Left: interferometric maps with the synthesised interferometric beam (8.5 x 4.6” in
LSB and 8.0 x 4.1” in USB) plotted in the bottom left corner. Contour intervals are 2 X o, o being the map rms noise (with oo = 0.19 and
0.28 mJy beam™! in LSB and USB, respectively). Centre: total flux as a function of aperture radius. Right: real part of the visibilities as a function
of baseline length expressed in units of kA where A is the wavelength (dots with errors); the curve shows the expected visibilities for an isotropic
dust coma with a local density o« 1/r%, where r is the cometocentric distance.

Table 11. Dust continuum and production rates.

v 0@ Flux density Qaust ?
(GHz) () (mly) 10° (kgs™)

=25 B=3  B=35
144757 5 345+025 179+13 13.7+1.0 7.0 £0.5
160.244 5 379+£041 158+17 121+x13 6.1 £0.7

Notes. @ Aperture radius. “’Dust production rates for different size
indexes B. The maximum size is set to 0.7 m, and the dust volumetric
density is taken equal to 800 kg m~3.

for 67P (0.85 for dust-to-water, 0.64 for dust-to-volatile ratios,
Choukroun et al. 2020). The dust-to-gas ratio in comets is often
poorly constrained (0.1-10, e.g. Boissier et al. 2014; Choukroun
et al. 2020) especially due to uncertainty on the mass distribu-
tion index 8, maximum dust size, and without constraints on the
spectral index from observations on a wide range of wavelengths.
The dust-to-gas ratio of C/2020 F3 is relatively low, but it may
also have varied over time: the Afp(0°)/On,0 Was at its lowest
(Fig. 19) at the time of NOEMA observations.

In summary, comet NEOWISE exhibited a high level of
activity around perihelion with typical molecular abundances,

on the high side for H, S, and low side for CO and the dust-to-gas
ratio. We found that CS is produced by an unknown parent with
a lifetime of ~2000 s at 1 au. Our observations focused on the
3-5 weeks period post-perihelion and suggested that the H,CO
abundance decreased with heliocentric distance likely following
the dust-to-gas ratio evolution.
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