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Abstract Body: Phosphorus is a key element in all known forms of life but its role in the origin of life is not known. Phosphorus-bearing
compounds have been observed in space, it is ubiquitous in meteorites, albeit in small quantities, and it has been detected as part of
the dust component in comet Halley. However, searches for P-bearing species in the gas phase in comets have been unsuccessiul.
We present results from the first quantitative study of phosphorus-bearing molecules in comets to identify likely species containing
phosphorus to aid in future searches for this important element in comets, possibly shedding light on issues of comet formation (time
and place) and understanding prebiotic to biotic evolution of life. Acknowledgements: This material is based upon work supported by
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Introduction: Phosphory i 2 key elessent 1 il
knonn form: of hfe and phosphorusbewnmp com.
pomnds have baen observed i space (22, [I-4])
Phosphorus 15 ubsquitous sn meteontes, albest i small
quantibes, with phosphates bemg found m stony mede-
ontes and phosphides bave been sdenbified 1 won mwe-
montes. Phosphorus has bess detected x5 past of the
dust componsnt 1 comat Halley [5] but searchas for P-
bearng species i the gas phawe m comets have been
wnsuceesafil [6). Based of its modarate cosmuc abua-
dance (sighoeendh most abundazt element, [PITN] = 4
% 10" and the positive identification of P-bearing pe-
cies in the wmterstellar medim (zuch a3, PN, PC, HCP
and PO), we would expect simple molecules, diatowics
(lke PH, PO, PC, PS), tnatommcs (hke HCP and PH),
and posubly other poly (ke phosphine PH;
and dipbosphmne P-Hy). fo exnst m cometery sces, and
bence be relessed wto the s phase upon sow sublimi.
por We present results fiom the fost guanntative
study of phocphorus-bearing molecules i comete [7] 1o
idennfy likely spectes coutaining phozphone to aid in
futuze searches for this mportant element in comets,
possibly sheddme light on 1:mes of comet formstom
(nmne and place) and matters of the prabione to buone
evolmeon of lxfe

Phorphorur and the Origins of Life: Although
MW‘SBN’WM nuewumlfwhle‘
Phosphorus 1 3 key gy of
(ATP), eall shucrre (phospholpeds), and replication
(backbors of DNA and RNA) The phosphats paradox
m the svolunon of hifs can be mmmanzad ar extreme
stabilsty (~10% yrs) veesms rapud easpalability (~107
sac). Since P15 present in bsomalesules - repheanon,
wetibolian, & coll sruchue, and actively scavenged
from the smvwonment by hifs, then perhaps P was also
uuportant in the ongins of bifs on Eath How 12 P con-
sruned 1 tae mater? Wers there sxtraterrsstmal
somress” These are wnancwered queshens m owr guest
to understand the engies of lufa

Coma Chemictry Modeling: SUISEL ow flmd
d model wath ch of tary comae [§-
12]. b bosa sdapind fo ndydnspohln\ SUISEI

1

pr of the coma ga:

We have wed 2 generie volanle sompesition for the
comat smelens minal condinon:. based prmmanly on the
Comet Halley miving ratios wath respeet to water [11].
For example, mitrogen 15 10 tumes more depleted with
respect to the solar abundance m comets 30 thes bao
beess commdered 16 the consa chemmstry s our study
Ths wunal modal wsed phosphuse (PH,) a¢ the phos-
phorusbeansg parent moleculs wath 3 moang e
based on the coumue abundincs of phosphorus.
Phosphine Chemistry: Over 100 azd gac-phase
Teactions apgropnate for coma chemdiioy Bave besn
collected from databases of NIST, UMIST, and JPL,
selected P-beanng melecules [13] More than 30 P-
bearmg species were added to the chemucal metwark
but mumy el unpact p are unk The

chemustry of phosphme m the wmner coma 15 tllustrated
w the figmre The mujor destruchon chansel are
photodissoctation aed protoration with water-gowp
ions. This leads recycling of PH) i the iomer coma.

2
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bearmg species for optical observations and to mvesti-
gate thewr chemucal pathways m the reaction network as
shown i the figure. Initial abundances are found to be
on the order of 10~ relative to water, about the same as
1sotopic spectes. The scale length of PH; m the coma s
about 13.000-16.000km. Protonation reactions of PH.
with water-group 10ns are mportant due to the high
proton affinity of phosphine. Other P-beanng species
likely to be found m the coma include: PH; PC, PN,
and HCP. Electron mpact reachions may also be mm-
portant but little laboratory data 13 available. Collabo-
rations with observers to use modemn telescopic facili-
ties (e.g., Keck 2 NIRSPEC and Subaru IRCS) are
underway to search for the first phosphorus detection
In cometary comae.
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The Inventory of Phosphorus in Cometary Volatiles
Daniel Boice'*. Amaury A. de Almeida’
!Scientific Studies & Consulting, San Antonio. Texas. USA: IAG/USP. Sio Paulo. Brasil
* dcboice@yahoo.com

Phosphorus 1s a key element in living organisms but its role in the origins of life 1s not well understood.
Phosphorus-bearing compounds have been observed in space. are ubiquitous in the upper atmospheres of the
gas giant planets and meteorites in small quantities. and have been detected as part of the dust component in
comet Halley. However. searches for P-bearing species in the gas phase in cometary comae have been
unsuccessful. We present results of the first quantitative study of P-bearing molecules in comets to identify
likely species containing phosphorus. We have found reaction pathways of gas-phase and photolytic chemistry
for simple P-bearing molecules likely to be found in comets and important for prebiotic chemistry (see Figure
for PN chemistry). We hope these results will aid future searches for this important element. possibly
shedding light on issues of comet formation (time and place) and understanding prebiotic to biotic evolution
of life.

Acknowledgements. We greatly appreciate support from the National Science Foundation Planetary
Astronomy Program under Grant No. 0908529 and the Instituto de Astronomia. Geofisica e Ciéncias
Atmosféricas at the University of Sdo Paulo.
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Figure. Relevant chemistry of PN in cometary comae.
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The radiative association of P and O atoms
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ABSTRACT

The formation of PO from the radiative association of phosphorus and oxygen atoms has been
estimated by accurate quantum chemistry calculations. The radiative association of P and O
atoms along the B°X T potential energy curve is the most efficient way of producing PO in the
X?T1 ground state. For temperatures ranging between 300 and 14 000 K, the rate coefficients
are found to vary from 1.61 x 1072 to0 1.99 x 107" ¢cm’s™!, respectively. These values
indicate that only a very small amount of PO molecules can be formed by radiative association
in dense and hot gas close to the photosphere of evolved oxygen-rich stars and other hostile
environments.

Key words: atomic data—atomic processes —molecular data—circumstellar matter — ISM:
molecules.
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Table 1. Molecular constants for the electronic states of PO.

'4154 | 1 I I | I I | 1 I I | I I I I I |
] ] X1l a* 1 B2x+
415.5 — -
. - R. (A) This work 1.489 1.731 1.494
i i Exp.®? 1.476 (1.750Y 1.463
415.6 — - MRCI+Q* 1.489 1.732 1.478
] ] MRCI+Q? 1.474 1.714 1.455
2 . - MRCI* 1.482 1.713 1.463
£ -415.7 — -
:i:ﬁ . - we (cm™!) This work 1243 1156 1042
= ] i Exp.®? 1233 1164
S 415.8 — — MRCIHQF 1218 753 1129
T . ] MRCI+Q 1234 766 1186
i ] MRCI* 1215 771 1174
4159 7 ] T, (eV) This work 3.43 3.75
. . Exp.®? (3.00) 3.81
416.0 —] N MRCI+Q* 341 3.84
- - MRCI+Q* 3.52 3.78
] i MRCI* 3.43 3.85
L B L N L L Notes. ® Huber & Herzberg (1979). *Grein & Kapur (1983). “Spielfiedel

& Handy (1999) (MRCI4-Q: MRCI methods plus the Dadidson correction
(+0Q)). “Liu et al. (2013). ¢1zzaouihda et al. (2014)./The results in brackets
are not accurate.

Internuclear distance {(ag)

Figure 1. Potential energy curves for the doublet states of PO.



0.5 - T T T T 1 T T - Table 2. Radiative association rate coefficients of PO.
T )
(K) |[1c:m3 s_]]

_ 300 161 x 107
3 700 5.06 x 102!
= 1000 2.79 x 1072
2 1500 1.10 x 1071
2 2000 227 x 107"
2 2500 3.58 x 1071
a 3000 4.90 % 107"
h 3500 6.19 x 1071¢
= 4000 7.41 x 1071
"é 4500 8.56 x 10719
= 5000 9.62 x 1071®
6000 1.15 x 107 1%

7000 .31 % 10718

8000 1.45 % 10718

10 000 1.68 x 10718

12 000 1.85 x 107 1#

14 000 1.99 x 107 ¥

Internuclear distance (ap)

Figure 2. Electronic transition moment function between the doublet states

of PO. values of R.. w, and T, are also in sood acreement with those cal-



Carbon, hydrogen, oxygen, and nitrogen make up the
bulk of living matter, because they form

MOLECULES

“CHNOPS”

P is a major atom in
DNA, RNA

S isfound in two
amino acids that are
found in all proteins

Carbon
Hydrogen
Nitrogen
Oxygen

Phosphorus
Sulfur



Table 2-1

Atomic % in Human
Element Number? Body®

Hydrogen (H) 1 9.5
Helium (He) 2 Trace
Carbon (C) 6 18.5
Nitrogen (N) 7 3.3
Oxygen (0) 8 65
Sodium (Na) 11 0.2
Magnesium (Mg) 12 0.1
Phosphorus (P) 15 1
Sulfur (8) 16 0.3
Chlorine (CI) 17 0.2
Potassium (K) 19 0.4
Calcium (Ca) 20 1.5
Iron (Fe) 26 Trace

aAtomic number = number of protons in the atomic nucleus.

bApproximate percentage of atoms of this element, by weight, in the
human body

Table 2-1 Biology: Life on Earth, 8/e
© 2008 Pearson Prentice Hall, Inc.



TABLE 1

Solar-System Abundances of the First 35 Elements, Based on Meteorites (Atoms/105 Si)

|

Abundance

VRN ABDWN-
TOZAWPLET

2.79 x 1010
2.72 % 10°
57.1
0.73
21.2
1.01 % 107
3.13 % 106
238 % 107
843
3.44 x 106
574 % 104
1.074 x 108
849 % 104
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Formation of PS through radiative association
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To appear in Theoretical Chemistry Accounts, 2019

ABSTRACT

The thermal rate coefficient for the radiative association of phosphorus and sulfur atoms to
form phosphorus monosulfide (PS) is estimated. This rate constant is obtained using accurate
ab initio molecular data calculated at the MRCI level of theory, with a CASSCF zero-order
wavefunction. The contribution of the 12Z* state to spontaneous radiative association of the
P(*S) and S(°P) atoms is more significant for forming PS. The computed radiative associ-
ation rate constant is represented over the 300-450 K temperature range by the expression
k(T)= 2.07 x 1072*(T /300)%-?!exp(=371/T) cm’s~! and over the 450-14000 K temperature
range by k(T) = 3.68 x 107'¥(7/300)" 3 exp(~3603/T) cm’s~!, where T is in K.

Key words: atomic data - atomic process - circumstellar matter - ISM: molecules.
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Table 1. Molecular constants for the X2IT and 12Z7 states of PS (re is expressed in A, all other

constants in cm‘])

Te We We Xe Be e I'e Ref.
XTI 708 1.918  This work
732 298 02936 0.00150 1879 CASSCE/MRCI¢
735.6 360  0.2836 1.944 MRD-CI”
739.13 279 02975 0.00158 1897 Exp©
739 0.2965 1.900  Exp9
739.50 297 02974 000156 1898 Exp®
1X*  33777.15 373 2.164  This work
33634.09 3444 424 02372 000170 2090 CASSCF/MRCI®
32343.58 2773 20 0.1949 2.345  MRD-CI”

Notes. “ Yaghlane, Francisco & Hochlaf (2012). b Kama, Bruna & Grein (1988). © Kawaguchi

{1988). 4 Balasubramanian, Dixit & Narasimham (1979). € Jenowvrier & Pascat (1978).
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Figure 1. Calculated potential curves for the 12%* and X211 states of the PS
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Reaction network of P-bearing species in the shocked gas.
Aota & Aikawa, ApJ 761 (2012) 74.



Figure 1: Phosphorus Nitride

Figure 2: Phosphorus Monoxide

Figure 3: Carbon Phosphide

Figure 4: Phosphorus Monohydride
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Elemental and molecular abundances in
comet 67P/Churyumov-Gerasimenko
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Table 2 cont.

Molecule Deduced bulk Northern vs southern . Name [of some Reference &
abundance hemispheresat 3.1 au® isomers) notes

Hz0 100 100 J 100 Water definition
HzS 1.10 + 0.46 0.67 / 1.75 Hydrogen sulfide i

0cs 0.041*5582 0.017 / 0.098 Carbonyl sulfide i)

S0 007155542 o004 / 0.0014 Sulfur monoxide i)

50z 012702 0.011 0.041 Sulfur dioxide i)

CSz 0.00575-0484 0.003 / 0.024 Carbonyl sulfide i)

Sz 0.0020*3 5040 0.0004 / 0.0013 Sulfur dimer il

H:C5 0.0027+5-333% Thioformaldehyde i)

5 0.46 +£0.36 Atomic sulfur i)

CH:5H 0.038+3072 Methanethiol i)

CHzCH:z5H Ethanethiol o

CH3SCH3 0.000587555535 Dimethyl sulfide ’

Ar 0.00058 £ 0.00022 0.00012 to 0.0027 @ Argon b

Kr 0.000049 £ 0.000022 Krypton k]

Xe 0.000024 + 0.000011 Xenon k]

Ne < 0.000005 Neon k], upper limit
HF 0.01135037 Hydrogen fluoride il, range given
HCI 0.01433043 Hydrogen chloride i, range given
HEBEr 0.00030* 550033 Hydrogen bromide il, range given
PO 001135522 Phosphorous oxide | ¥




NITROGEN SULFIDE IN COMETS HYAKUTAKE (C/1996 B2) AND
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Abstract. The chemistry of both nitrogen and sulfur presents interesting problems in comets. In this
paper, we use a model of cometary comae with gas-phase chemical kinetics and gas dynamics to
predict molecular abundances in the inner coma region for two of the brightest comets in the past 20
years, Hyakutake (C/1996 B2) and Hale—Bopp (C/1995 O1). In this progress report we concentrate
on the gas-phase chemistry of the nitrogen sulfide (NS) radical at a heliocentric distance of 1 AU
to study the abundance of NS using a detailed photo and chemical reaction network with over 100
species and about 1000 reactions. The results are compared with recent observations of Comet Hale—
Bopp and reveal that conventional gas-phase reactions schemes do not produce NS in sufficient
quantities to explain the observations. We plan to continue the refinement of the model to improve
agreement with observational constraints.

Keywords: Abundance, comet C/1995 Ol Hale—Bopp, comet /1996 B2 Hyakutake, cometary
comae, nitrogen sulfide

1. Introduction

Nitrogen sulfide (NS) was first identified in the giant molecular cloud, Sgr B2
(Gottlieb et al., 1975) at 115 GHz (transition J = 5 — 3), and is now known
to be common in dense interstellar clouds in regions of massive star formation
(McGonagle et al., 1992). It has been detected also in cold dark clouds (McGonagle
et al., 1994). Recently, Irvine et al. (2000) reported the first detection of the NS
radical in the coma of a comet using the James Clerk Maxwell Telescope (JCMT)
on March 22, 1997, to observe Hale-Bopp (C/1995 O1) at a heliocentric distance of
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Figure 1. Schematic diagram showing the major sulfur reactions relevant to the inner coma for the
NS radical. Symbols next to the arrows are the reactants; v indicates photodissociation.
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Abstract

We have developed a multifluid chemical model of cometary comae which is an improvement to a recent work by Canaves et al. [Can-
aves, M.V, de Almeida, A.A., Boice, D.C., Sanzovo, G.C., Nitrogen sulfide in comets Hyakutake (C/1996 B2) and Hale-Bopp (C/1995
O1), Earth Moon Planets, 90, 1-13, 2002.] with the purpose to predict the abundances of carbon monosulfide (CS) and nitrogen sulfide
(NS). The model is applied to the recent bright comets Hyakutake and Hale-Bopp at a heliocentric distance of 1 AU using a detailed
photo and chemical reaction network including more than 100 species and over 1000 reactions. The collisional reactions have up-to-date
rate coefficients from Le Teuff et al. [Le Teuff, Y.H., Millar, T.J., Markwick, A.J., The UMIST database for astrochemistry 1999, A&AS,
146, 157-168, 2000.], while the photolytic rate coefficients were taken for minimum and maximum solar fluxes in order to estimate an
lower and a upper limit for the abundances of NS and CS. The comparison of results for NS molecule in comet Hale-Bopp is in good
agreement with Irvine et al. [Trvine, W.M_, Senay, M., Lovell, A.J., Matthews, H.E., McGonagle, D., Meier, R., Note: detection of nitro-
gen sulfide in comet Hale-Bopp, Icarus, 143, 412-414, 2000.], while for CS species we show that the abundances do not seem to vary
much with the cometocentric distance.
© 2007 COSPAR. Published by Elsevier Ltd. All rights reserved.
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Fig. 1. Chemical reactions network for the formation and destruction of the CS species in cometary comae.



Chemistry

Chemical Reaction Processes with Examples

Photodissocation [hy + H20 > H + 0H]

Photoionization [hy + CO - cot + e]

Photodissociative ionization [hv + C0, » 0 + ot + e]

Electron impact dissociation [e + N2 - N + NJ

Electron impact ionization [e + CO - cot + 2e]

Electron impact dissociative ionization [e + CO, » 0 +cot 4 2e]

2

Positive ion-atom interchange [CO+ - H,0 +‘lIC0+ + 0H]

2

Positive ion charge transfer [CO+ + H20 > H, 0" 4 c0]

2

Electron dissociative recombination [C2H+ te>C,+ H]

3-Body positive ion-neutral association [CZH + H, + M > C2H4+ + M]

+
2 2
Neutral rearrangement [N + CH = CN + H]

3-Body neutral recombination [CZH + H+ M> CH, + M]

2 23

Radiative electronic state deexcitation [0(]D) > 0(3P) + hv]

Electron impact electronic state quenching [e + 0(]D) +> e + 0(3P)]
Radiative recombination [e + Y > Ho+ hv]

Radiation stabilized positive ion-neutral association [C+ + W CRY 4 hv]

Radiation stabilized neutral recombination [C + C » C, + hy]

2

Neutral-neutral associative ionization [CH + 0 ~ Hco' + e]

About 700 reactions
About 130 species

Stiff differential equations
Rate coefficients (Arrhenius)

k= A (5350 e ¢/T

C...activation energy
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Abstract

SUISEI is a suite of computational tools that has been developed over the past
three decades and successfully applied to comets; including ComChem, a
global, multi-fluid gas dynamics simulation with detailed chemical kinetics of
the cometary coma; ComDust, a model of comet dust evolution and interac-
tion with gas; and ComNug, a 3-D simulation of gas and heat flow within the
comet nucleus porous subsurface layers. The combination of these tools have
resulted in an improved knowledge of chemical species in the comet’s coma
and their relationship to native molecules in the nucleus ices by analyzing
space- and ground-based observations and in situ measurements from space-
craft missions. A review of SUISEI is presented and applications are made to
two cases: chemical recycling of HCN in comets and the physical conditions
of the near-Sun object, 3200 Phaethon.

Keywords

Caomets, Coma Chemistry Models, Reactive Dusty Gas Dynamics, 3200
Phaethon

1. Introduction

Comets are believed to be the remnants of the swarm of planetesimals from
which the planets formed some 4.6 Gy ago. By investigating in detail the physical
and chemical properties of comets, we can characterize the conditions and
processes of the Solar System’s earliest epoch. Comets are also thought to hold
clues to the origins of life since they contain large inventories of water and or-
ganics, including prebiotic molecules, on Earth-crossing orbits.

Modeling is central to understand the important properties of the cometary

environment. We have developed a comet model, SUISEI (Chinese HE, pro-
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Formation of the CF radical in comets
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Abstract. In March 2015 the European Space Agency’s Rosetta spacecraft performed
a close flyby over the surface of comet 67P/Churyumov-Gerasimenko of just 15 km
from the comet center. This comet belongs to the Jupiter family with an aphelion at
5.5 au and a perihelion at 1.25 au. Its orbital period is 6.5 years. The ROSINA
(Rosetta Orbiter Sensor for Ion and Neutral Analysis)/DFMS (Double Focusing Mass
Spectrometer) instrument on board Rosetta reported the first detection among others
of glycine (C;HsNO:) an amino acid, other prebiotic molecules, phosphorus atom (P),
and fluoromethylidyne (CF), which is not a stable chemical species but a metastable
radical [1]. In the case of phosphorus, the search for the parent (PHs3, PH, PO, PN, CP,
HCP, HPO, CCP) was unsuccessful although these species have been detected mostly
in the interstellar medium [2]. This work reports a study of model-dependent chemical
networks, based on several databases such as UMIST and NIST among others, to
explain the formation of CF radical in comets from gaseous tetrafluoromethane (CFi).



2. Observations and qualitative results
A sample mass spectrum measured by the ROSINA/DFMS onboard Rosetta spacecraft at 75, 45, 31 and
30 dalton in the coma of comet 67P/Churyumov-Gerasimenko is shown in Figure 1. There is a clear
peak at mass 31.009 dalton, which is the exact mass of CF (carbon monofluoride) [1].
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Figure 1. ROSINA DFMS mass spectra (9 July 2015) for masses 30, 31, 45, and 75 dalton.
Integration time is 20s per spectrum. Error bars represent 1-¢ counting statistics [1].

In this work, the possible gas-phase formation route of the CF radical in comets is studied. The Figure
2 shows the reaction network developed, starting from CF4 (carbon tetrafluoride) and ultimately leading
to CF (carbon monofluoride) in the outer coma gas, as illustrated in Figure 3.
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Figure 2. Possible gas-phase formation route of the CF radical in comets.
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Figure 3. Descriptive sketch of a comet.



3. Summary and conclusions

In this work, a fundamental and comprehensive chemical network was developed to explain the possible
origin of the CF radical in the inner coma of comet 67P/Churyumov-Gerasimenko, detected by
ROSINA/DFMS. It is shown that the neutral gaseous CF radical can be formed from CF4. Chemical
reaction processes with relevant photo (dissociation, ionization), photodissociative ionization, electron
impact (dissociation, ionization, dissociative ionization), protonation, positive ion (-atom interchange,
charge transfer), electron dissociative recombination, 3-body (positive ion-neutral association, neutral
recombination), neutral rearrangement, radiative recombination, radiation stabilized (positive ion-
neutral association, neutral recombination) and neutral-neutral associative ionization reactions will be
used and included as needed, in Figure 2, in the future.

Table 1. Fragmentation pattern and sensitivity used to calculate the relative abundance [16].

Species Fragmentation Sensitivity
pattern

H:0 M M
co NIST Cc
CO; M M
CHa M M
C.H, NIST c
CaHs M M
CH:OH NIST C
H.CO NIST C
HCOOH NIST Cc
CH,OHCH,0OH NIST c
HCOOCH: NIST C
CH:CHO NIST C
NH3 M M
HCN NIST Cc
HNCO [17] C
CHsCN NIST C
H.S M M
0cs NIST C
50 estimated C
50; NIST C
CS» NIST C
Ss estimated C
CF this work -

Notes. M refers to fragmentation pattern and sensitivity
determined in the calibration facility. C refers to the
sensitivities that were calculated from the function
determined thanks to the calibration measurements.



Table 1. Fragmentation pattern and sensitivity used to calculate the relative abundance [16].

Species Fragmentation Sensitivity
pattern

H;O M M
CO NIST C
CO2 M M
CH4 M M
CzHz NIST C
CyHs M M
CH>0OH NIST C
H2CO NIST C
HCOOH NIST C
CH;OHCH;0OH NIST C
HCOOCH3 NIST C
CH:CHO NIST C
NH3 M M
HCN NIST C
HNCO [17] C
CH:CN NIST C
H,S M M
OCS NIST C
SO estimated C
SO, NIST C
CS; NIST C
S2 estimated C
CF this work -

Notes. M refers to fragmentation pattern and sensitivity
determined in the calibration facility. C refers to the
sensitivities that were calculated from the function
determined thanks to the calibration measurements.



Our next step is to use the 3-D code Suisei [18], departing from a reasonable assumed initial
chemical abundance for the volatile species — due to various uncertainties and errors involved in
different quantities, the species listed in Table 1 [16], should be taken as an indicator of the trend of
the results rather than the actual values — in order to obtain the following:

e variation of the columnar density for the CF radical as a function of the cometocentric
distance along the inner and outer comae;

e variation of the average expansion speed of the neutral gaseous CF as a function of the
cometocentric distance in the inner coma;

e variation of the gaseous CF temperature as a function of the cometocentric distance in the
inner coma;

e profile of the columnar density for the CF radical in the case of maximum solar flux as a
function of the cometocentric distance in the inner coma;

e profile of the columnar density for the CF radical in the case of minimum solar flux as a
function of the cometocentric distance in the inner coma.



