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Model for Cameron band emission in comets; A case for EPOXI
mission target comet 103P/Hartley 2
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ABSTRACT

The CQ production rate has been derived in comets using the Canemah (&11 - X' %)
emission of CO molecule assuming that photodissociaticéation of CG; is the main pro-
duction mechanism of CO i’ #l metastable state. We have devoloped a model for the pro-
duction and loss of COaI) which has been applied to comet 103P/Hartley 2: the target o
EPOXI mission. Our model calculations show that photoetecimpact excitation of CO and
dissociative excitation of CQcan together contribute about 60%Qo the Cameron band
emission. The modeled brightness of (0-0) Cameron bands@ni®n comet Hartley 2 is
consistent with Hubble Space Telescope observations %30, (depending on model
input solar flux) and 0.5% CO relative to water, where phaobn impact contribution is
about 50-75%. We suggest that estimation ofsGbundances on comets using Cameron
band emission may be reconsidered. We predict the heigégristied column brightness of
Cameron band of~1300 R during EPOXI mission encounter period.
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1 INTRODUCTION channels of excitation of CO molecule in thélhstate. It has
been shown that photoelectrons generated by solar EUVtiaalia
also play an important role in excitation, dissociationd aon-

ization processes leading to emission and chemistry in tamgne

In the exploration of the solar system, comets have beeettg
by various space missions. After successful encounter wfeto
gzzlll—zné%%i?rrfsiﬂ%Zggietrhﬁg':xstgr? dzzeiz\'/r:gif;trigﬁ;c:rz al comae (g.g.. 'p_1986; Boice et al. 196.36: Korosmezeyletes.i 1
DIXI will encounter co’met 103P/Hartley 2 on 4 November 2010, Bhardwaj _etal‘ 1990, 1996; Bhardwaj _1999. 2003; Weaverlet al
with closest approach around 700 km from the nucleus. Thiwto 1994; | Haider & Bhardwaj 2005; Capria et al. 2008). Recently,
has been observed by several space telescopes in diffeesitead
regions [(Weaver et 51. 1994; Crovisier etlal. 1999; Colaragedl.
1999; Groussin et al. 2004; Lisse el al. 2009; Snodgrass 2068,
2010).

The first clear detection of the Cameron bariti{a X' ) of
CO was reported by Weaver et al. (1994) in HST/FOS spectrum of
comet 103 P/Hartley 2. Since Cameron band emission is adforbi
den transition, resonance fluorescence is not an effectaitagon
mechanism. The upper state of this emissiofiljais a metastable
state with lifetime of 3 ms_(Gilijamse etial. 2007), which igitg
small. Thus, Cameron band emissions are treated as “pronigt e
sions” and can be used to probe distribution of parent spdtie
this emission is produced in dissociative excitation of denalar
species. Photodissociative excitation of £i® considered as the
major production mechanism of CO Cameron band and has been
used to trace the distribution and abundance of, @@ comets
(Feldman et al. 1997; Weaver etlal. 1994).

Besides photodissociative excitation of &@here are other

Campbell & Brunger|(2009) demonstrated the importance of ph
toelectron impact excitation in comets, and showed thattele
impact on CO gives 40% contribution to the total CO Fourthipos
tive emission. The presence of photoelectron excitati@mometary
coma is clearly publicised by detection of Ol 1386 mission in
comets (e.gl, Sahnow et al. 1993; McPhate et al.|1999), #itice
emission being a spin-forbidden transition cannot be predby
solar fluorescence. There are other siginificant evideraresnfim-
portant role of photoelectron excitation in cometary cored
Tozzi et al. 1998; Bhardwaj 1999; Feldman €tial. 2009). Ini-add
tion to photon and electron impact reactions, dissociatleetron
recombination reactions of CQbearing ions can also produce CO
in the &1 excited state.

Our aim in this paper is to study various production and loss
mechanisms of CO{4I) and to estimate the contribution of pho-
toelectron impact excitation of CO and @@ the production of
Cameron band for different relative abundances of, @@ comet
103 P/Hartley 2: the target of EPOXI mission. Since modetuzal
lations depend on input solar flux, we have estimated itsitbatys
on the calculated intensity of Cameron band emission. We/ sho
* E-mail: anilbhardwaj@vssc.gov.in; bhardwspl@yahoo.com that photoelectron impact on CO and €&re dominant processes
+ E-mail: raghuramsusarla@gmail.com (~60-90% contribution) in producing CO molecule ifKB state.
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Around the EPOXI encounter epoch predictions are made for th
brightness of Cameron band on for comet 103P/Hartley 2, whic
will be observed by several space-based telescopes inglttis T.

2 MODEL

We have developed a model for the production of Cameron band
emission on comets, which uses the basic coupled chemisigim
described in detail in our earlier papefs (Bhardwaj et aB&19
Bhardwe| 1999; Haider & Bhardwaj 2005). Various sourcesrof p
duction and loss of CO{al) are summarized in Tablé 1. The to-
tal water production rate is taken as 6310?® s~! for comet
103P/Hartley 2 (Weaver etial. 1994).

To evaluate the effect of solar EUV flux on model calcu-
lations, we have considered 2 solar flux models: EUVAC model
of IRichards et al. | (1994) and SOLAR 2000 (S2K) model of
Tobiska et al.|(2000). The degradation of the solar UV-EUiaa
tion and solar EUV-generated photoelectrons in the comaoid-m
eled using the method of Bhardwaj et al. (1990, 1996) andhéurt
developed by Bhardwa) (1999, 2003). The electron impact pro
duction rates are calculated using the Analytical Yield cSpen
(AYS) approach, which is based on the Monte Carlo method. De-
tails of AYS approach are given in several of the previousepsp
(Bhardwaij et al. 1990, 1996; Bhardaj 1999; Bhardwaj & Mieha
19994,b; Bhardwaj & J&in 2009). The current model takesanto
count the most recently published cross sections for théopho
impact and electron impact dissociation, ionization, ardite-
tion processes for the gases in the coma. The cross section fo
photodissociative excitation of GOproducing CO in &Il state
is calculated using absorption cross sections of. Gd yield

of Cameron band measured by Lawrerice (1972). The cross sec

tion for electron impact excitation of CO{H) from CO is taken
fromJackman et all (19777) and for dissociative excitatib@O-

is taken from_Bhardwaj & Jain (2009). The electron tempegatu
profile required for dissociative recombination reactiimsaken

from [Kdrosmezey et all (1987) and is assumed to be same as on

comet Halley. Calculations are made for the comet 103Pléya2t
at heliocentric distance of 0.96 AU.

3 RESULTSAND DISCUSSION

The photodissociation of GOproducing CO in Il state is deter-
mined by solar flux mainly in the wavelength region 550 to 1050
A. Table[2 presents the calculated photon production frecjes

of CO(&'11) for two different solar flux models. The CO@) pro-
duction frequencies calculated for photoelectron impaxciC®;

and CO are also shown in the same table for the correspond-

ing solar flux models. Our calculated photodissociatiomyden-
cies are about 50% to a factor of 2 lower than those reported by
Huebner et all (1992).

Using EUVAC solar flux, the calculated radial profile of vol-
ume production rate for the various sources of COijgat the rel-
ative abundance of 4% GGand 0.5% CO are shown in Figure 1.
At 100 km cometocentric distance, the dominant source of pro
duction of CO(&II) is electron impact of C® (~50%) followed
by electron impact of CO~25%), and photodissociation of GO
(~15%). The contributions from dissociative recombinatiena-
tions are quite smallg{5%) at lower cometocentric distances, but
the recombination of CP is a significant £30%) source at 1000

km and beyond. Figulld 2 shows radial profile of various loss pr
cesses of COf4I) for the same relative composition of G@nd
CO. Since lifetime of CO in excited state’{d) is very short £3
ms;[Gilijamse et al. 2007), the radiative decay is the dontiless
process. Collisional quenching of CO[& by cometary neutral
species is negligible since 103P/Hartley 2 is a low productate
comet. But in the case of large production rate comets, liakeH
Bopp, quenching by water would be a dominant loss proces$®in t
innermost part of the coma.

Figure [3 shows the modeled limb brightness profiles of
Cameron band emission for different production procesdes o
CO(&'II). The cometary coma is assumed to be spherically sym-
metric. The production rates are integrated up to K along the
line of sight at a given projected distances from the cometar
cleus, and converted into brightness. The brightness esddile av-
eraged over the projected area of slit (287054 km) correspond-
ing to the HST observation (Weaver etial. 1994). The volumisem
sion rate for 3 transitions (0-0, 1-0, 0-1) of Cameron bandssion
are calculated using the following formula

Virn (T) = Gov’ (Au’u”/ Z AU’U”) V(T) &Z’p(—T)

vl

@)

where V(r) is total volume excitation rate of CB{&) at cometo-
centric distance r, §- is the Franck-Condon factor for transition,
A, is Einstein transition probability from upper stateto lower
statev”’, andr is optical depth. Since resonance fluorescence is not
an effective excitation mechanism for the Cameron bandantbt

tal gas production rate is only 63 10°® s~1, the cometary coma
can be safely assumed to be optically thin. The Franck-QGondo
factors are taken from Nichalls (1962) and branching rafiom
Conway ((1981). The relative contributions of (1-0), (0-();1)
transitions to the total Cameron band are 13.9%, 10.4%, 4T84,

respectively.

Table[3 presents the model calculated slit-averaged Ingghst
of (1-0), (0-0), (0-1) transitions of Cameron band, as wsltatal
Cameron band brightness and height-integrated columhtbegs
for different relative abundances of CO and £rresponding to
the HST observation of comet 103P/Hartley 2 on Septembéi9] 8-
1991. Due to the absence of CO Fourth positive emission s thi
comet (Weaver et &l. 1994), the abundance of CO is constraine
0.5%. However, we do consider a case of 1% of CO to evaluate it’
implications on the results. This table also depicts foaetl con-
tribution of photodissociation of C{) photoelectron impact of CO
and CQ, and dissociative recombination of ¢Qo the total cal-
culated brightness at 3 projected distanceg (10°, and 1d km)
from the nucleus. Since the production rates of photodiatoe
excitation of CQ, and photoelectron impact of CO and ¢Q@re
dependent on input solar flux model, results are presentetthéo
EUVAC and S2K solar fluxes relevant to the date of comet obser-
vation which was in solar maximum condition.

The HST observation of 0-0 transition of Cameron band is 35
Rayleigh (Weaver et &l. 1994), which is consistent with nhadé
culated brightness for the relative abundance of 4 to 5% of CO
and 0.5% CO when EUVAC solar flux is used. In this case, at 100
km, the photoelectron impact of Gg50%) and CO (25%) con-
tribute around 75%, while photodissociative excitationCad- is
<15%. At 1000 km and beyond, the contribution due to electron
impact of CQ and CO is about 60—70% while those of dissocia-
tive recombination of CQ is ~15-30% and of photodissociative
excitation of CQ@ ~10% only. On an average, the photoelectron
impact of CQ and CO contribute about 60-75% to the production
of Cameron band emission, while photodissociative exoitabf
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CO, contribute about 10-15% only. In the case of S2K solar flux REFERENCES

model, the CQ@ abundance of 3 to 4% is required to match HST-
observed Cameron band 0-0 transition brightness. Hereotftei-c
bution of photodissociative excitation of G@& ~20%, while the
electron impact of C@and CO together contribute65%, to the
total Cameron band emission. When the CO abundance is @buble
to 1% of water the relative contribution due to electron istpan

CO increases resulting in the reduction (k%) in the require-
ment for CQ abundace to match the HST-observation brightness.
However, there is no major change in the percentage cotitiizu
due to photodissociation and photoelectron impact exeitatf CO

and CQ. Hence, we conclude that the photodissociative excitation
of CO; is not the dominant source for the production of Cameron
band in comets.

4 SUMMARY

The summery of Tablel 3 and the above results is that whatever b
the relative abundances of G@nd CO, and the solar input flux,
the photodissociation contribution is in the range of 5-20#iile
photoelectron impact excitation contribution is about&. We
conclude that photoelectron impact excitation of Cametamdiin
comets is much more important than was thought previousis. F
ther, the contribution due to photoelectron impact exidtaof CO

is significant and vary between 20-50%. We have also shown tha
dissociative recombination of COion is also a significant source
of Cameron band at cometocentric distansd©®00 km with con-
tribution of as high as 30%. Hence, the derivation of ;C&bun-
dances based on the assumption that photodissociation 9isCO
major mechanism should be revisited. The results presémtéds

paper suggest that Cameron band emission may not be used to

probe cometary C@abundance uniquely.

5 PREDICTION

The EPOXI mission will encounter the comet 103P/Hartley 2 on
4 November 2010 when comet will be at heliocentric distarfce o
1.06 AU and geocentric distance 0.15 AU. In the current solar
imum period, using our model we have estimated the intersity
Cameron band around mission encounter date by taking solar fl
on 1 sept. 2010 for both EUVAC and S2K solar flux models. The
calculated Cameron band intensity is tabulated in fable théorel-
ative abundance of 4% of GGand 0.5% of CO. For EUVAC solar
flux, the predicted height-integrated column intensity aih&ron
band is 1365 R, in which 1-0, 0-0, and 0-1 band transitions con
tribute 189, 142, 200 R, respectively. Figlile 3 presentstdted
Cameron band predicted brightness profile as a function @f pr
jected distances from the nucleus. For the same relativedaimees

of CO, and CO and the solar S2K flux, the predicted intensity is
1258 R. The results presented in the paper will help in unaieds

ing and interpretation of the extensive data to be obtainethd
EPOXI encounter period.
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Table 1. Reactions for the production and loss of GOII)

Reaction Rate(cm3 s~ ors™1) Reference

CO; + hv — CO(&II) + O(GP) Model Shunk & Nagdy [(2009); |_Lawrence
(1972)

CO +hv — CO(&1I) 1.69x 10~9 Weaver et gl (1994)

Cox +e,, — CO@I)+0O+e  Model Present work

CO+e, — CO(@II) + e~ Model Present work

COj +e~ — CO@II) +0 6.5x 107 (300/Tef-8 x 0.87' x 0.29" |Seiersen et al. | (2003); _Rosati et al.
(2003),

HCOT +e~ — CO@I) +H 0.23 x 2.4 x 10~7 (300/Tef-" Rosati etal. 1(2007);_Schmidt et al.
(1988)

CO@IM)+hy - C+0 7.2 10°° Huebner et all (1992)

CO(@II) + hv — COtT +e~ 8.58x 10~ Huebner et all (1992)

CO(@TI) + hy — O+Ct + e 2.45x 10~8 Huebner et all (1992)

Co@I)+hy - C+0Ot +e- 2.06x 10~8 Huebner et all (1992)

CO(&11) +H20 — CO + HhO 3.3x 10710 Wysong (2000)

CO(&@II) + CO; —+ CO+CO 1.0x 10~ 11 Skrzypkowski et gl (1998)

CO(&11) + CO— CO + CO 5.7x 10~ 11 Wysong (2000)

CO(&1I) + e, — COt +2e Model Present work

Co@I) —CO+h 1.6x 1079 Weaver et gl. (1994)

[lo.87is yield of dissociative recombination of gquroducing cofo.29is yield of CO(AII) produced from CO;
Bo.23is yield of dissociative recombination of HE@roducing CO(AII); e;h = photoelectron.

Table 2. Production frequency (s!) of CO(2211) for three different processes at 1 AU

Solar flux  Photodissociation of GO Photoelectron impact of GO Photoelectron impact of CO
Solar min Solar max Solar min Solar max Solar min Solar max
(2010 Sep 1) (1991 Sep 18) (2010 Sep 1) (1991 Sep 18) (2010)Sep 11991 Sep 18)

S2K 1.1x 1077 5.6x 1077 3.4x 1077 9.7x 1077 1.5x 10°6 43x 1076
EUVAC 1.7x 1077 2.6x 1077 35x 1077 89x 1077 1.5x 10°6 3.7x 1076

‘ . . 10°
Photodissociation of CO, —e— o
Photoelectron dissociation of CO, --x--- '-‘l hv + CO@3M) ~> CO* + & ——
Photoelectron impact of CO -+~ ~, € pn+CO@M) W>_co* + 2€ —-xe--
Dissociative recombination of CO," & otk ey Quenching by CO, ---:-- 1

Quenching by CO &

b
55 Quenching by HyO -~
Radiative decay -~ - -

" Dissociative recombination of HCO" —-#-—

(km)

Resonance fluorescence of CO - -+- - 4

o 0102 | )é')éx -\. |
b, .
? oxx xf E*ﬁm, .
10! 5 ‘»4 ‘-3 ‘»5 ‘-1 - ‘OE 1 2 2o 3 10! )f7 ‘»6 5 ‘»4 ‘-3 ‘D; ‘-1 ‘0 ‘w. .
10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10
Production rate (cm'3 s") Loss frequency (s")

Figure 1. Radial profiles of the production processes of GOlain comet Figure 2. Radial profiles of the loss frequencies of CEXB in comet
103P/Hartley 2 for 0.5% CO and 4% G@sing EUVAC solar flux on 18-19 103P/Hartley 2 for 0.5% CO and 4% G@sing EUVAC solar flux on 18-19
sept 1991. sept 1991.

Weaver H. A, Feldman P. D., McPhate J. B., 1994, ApJ., 422, 37
Wysong I. J., 2000, Chem. Phys. Lett., 1 - 2, 42



Cameron band emissionincomets 5

Table 3. Calculated brightness of Cameron band on comet 103P/M&fier different conditions

Relative abundance Percentage contribution to total Cameron band for diffepeacess at three Total
HST-slit averaged different projected radial distances (km) Cameron

band

bright-

ness

(R)

COy CO (%) brightness (R) Photodissociation Photoelectron Photoelectron Recombination of HST- Height
(%) of CO, impact of CQ impact of CO cof Slit  in-

Avg. te-
grated
nadir
view

(1-0) (0-0) (0-1) 16 10® 10* 102 103 10t 102 108 10t 102 103 10t

EUVAC "

7 0.5 68 51 72 15 12 15 57 42 51 17 12 15 10 32 17 489 4769
5 0.5 51 39 54 14 11 14 53 40 48 22 17 21 9 30 16 369 3710
4 0.5 43 32 45 13 11 13 50 38 45 26 20 25 9 29 15 309 3172
3 0.5 34 26 36 12 10 12 46 36 42 32 26 30 8 26 13 250 2628
2 0.5 26 20 28 11 9 10 39 32 36 42 34 40 7 23 12 190 2078
4 1 51 38 54 11 9 11 40 32 36 41 33 38 7 24 12 311 3948
3 1 43 32 46 10 8 10 35 29 32 48 40 45 6 21 11 311 3420

*

7 2K 0.5 86 64 91 26 21 25 48 36 44 15 11 14 10 31 16 622 5928
5 0.5 65 48 68 25 20 24 45 35 42 20 15 19 9 29 15 467 4586
4 0.5 54 40 57 23 19 22 43 33 40 24 19 22 8 28 14 390 3903
3 0.5 43 32 46 22 18 21 40 31 37 30 23 28 8 26 13 313 3210
2 0.5 33 25 35 19 16 18 35 28 32 39 32 37 8 23 11 236 2508
3 1 53 40 56 17 15 17 31 25 29 45 37 42 6 21 10 384 4093
2 1 43 32 45 14 12 14 25 21 23 55 47 52 5 18 8 308 3411
Prediction

EUVAC f

4 0.5 18§ 142 2000 21 18 20 46 37 42 25 20 23 7 23 12 - 1365
sa2kt

4 0.5 178 130+ 185 16 14 16 50 41 46 28 23 25 7 23 13 - 1258

E]Solar flux for 18 sept. 199ffisolar flux for 1 sept. 2018Relative contribution of band in total nadir view intensity

R T

-——.
S it 1 N
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CO," +ey, ->CO@EMN)
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Figure 3. Brightness profile of Cameron band on comet 103P/Hartley 2 as
a function of projected distance from nucleus for 4%-,Cdd 0.5% of CO
using EUVAC solar flux on 18-19 sept 1991. Resonance fluonescealues
and dissociative recombination profiles are plotted afteltiplication by a
factor 5. Total brightness predicted profile for EPOXI nossperiod is also

shown
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