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A B S T R A C T 

We present a charge distribution-based emission model that calculates the infrared spectrum of fullerenes (C 60 ). Analysis of 
the modelled spectrum of C 60 in various charge states shows that the relative intensity of the features in the 5–10 μm versus 
15–20 μm can be used to probe the C 60 charge state in interstellar spectra. We further used our model to simulate emission from 

polycyclic aromatic hydrocarbons (PAHs) and C 60 at five positions in the cavity of reflection nebula NGC 7023. Specifically, 
we modelled the 6.2/11.2 band ratio for circumcoronene and circumcircumcoronene and the 7.0/19.0 band ratio for C 60 as a 
function of the ionization parameter γ . A comparison of the model results with the observed band ratios shows that the γ values 
in the cavity do not vary significantly, suggesting that the emission in the cavity does not originate from locations at the projected 

distances. Furthermore, we find that the C 60 -derived γ values are lower than the PAH-derived values by an order of magnitude. 
We discuss likely scenarios for this discrepancy. In one scenario, we attribute the differences in the deri ved γ v alues to the 
uncertainties in the electron recombination rates of PAHs and C 60 . In the other scenario, we suggest that PAHs and C 60 are not 
co-spatial resulting in different γ values from their respective models. We highlight that experiments to determine necessary 

rates will be required in validating either one of the scenarios. 

Key words: astrochemistry – infrared: ISM – ISM: individual objects - NGC 7023 – ISM: molecules – ISM: lines and bands –
ISM: photodissociation region. 

1

P
f
d  

P  

2  

m
a
B
I  

m  

2  

e

c
a
t
(
p

�

i
1  

T  

a  

p  

f  

t
 

p
o
m
w  

i
t
o  

m  

P  

d  

a  

i

©
P

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/522/3/3227/7136162 by Bibliotheek Instituut M
oleculaire Plantkunde user on 21 February 2024
 I N T RO D U C T I O N  

olycyclic aromatic hydrocarbons (PAHs) and fullerenes are two 
amilies of large aromatic molecules that are widespread and abun- 
ant in the Universe (Sellgren, Werner & Dinerstein 1983 ; Leger &
uget 1984 ; Allamandola, Tielens & Barker 1985 ; Galliano et al.
008 ; Cami et al. 2010 ; Sellgren et al. 2010 ). While PAHs are planar
olecules composed of fused benzene rings decorated with hydrogen 

toms at their edges, fullerenes are closed cage structures of carbon. 
uckminsterfullerene, C 60 , is the most famous fullerene molecule. 

t has been unequivocally detected in the Universe and is the largest
olecule disco v ered to date (e.g. Cami et al. 2010 ; Sellgren et al.

010 ; Bern ́e, Mulas & Joblin 2013 ; Campbell et al. 2015 ; Cordiner
t al. 2019 ). 

Despite their distinct molecular structures, PAHs and C 60 share a 
ommon excitation and emission mechanism (Tielens 2021 ). PAHs 
nd C 60 are both strong ultraviolet (UV) photon absorbers that release 
he absorbed energy via their vibrational modes in the mid-infrared 
MIR). Emission from these molecules typically originates from 

hotodissociation regions (PDRs), the transition regions between the 
 E-mail: asidhu92@uwo.ca 
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onized gas and the molecular clouds where far -ultra violet (FUV; 6–
3.6 eV) photons drive the physics and chemistry of the gas. Bern ́e &
ielens ( 2012 ) have hypothesized that these two molecular families
re possibly linked by the mechanism of C 60 formation from the UV
rocessing of PAHs. Ho we ver, se veral questions remain about the
ormation and destruction of PAHs and C 60 and how they are related
o each other. 

In Sidhu et al. ( 2022 ), hereafter referred to as Paper I, we
resented an emission model that calculates the charge distribution 
f PAHs using experimentally measured and theoretically calculated 
olecular properties of PAHs and combines that charge distribution 
ith the emission model of PAHs to calculate the total PAH emission

n astrophysical environments. In Paper I, we demonstrated that 
he charge distribution-based emission model could explain PAH 

bservations in five different PDRs. In this paper, we extend our
odel to C 60 given the similarity in the excitation mechanism of

AHs and C 60 . We model the emission of PAHs and C 60 at five
ifferent locations in the cavity of the reflection nebula NGC 7023
nd compare our results with observations in order to provide more
nsight into the relation between C 60 and PAHs. 

This paper is organized as follows. In Section 2 , we describe the
strophysical environment NGC 7023. In Section 3 , we apply our
mission model to PAHs and C 60 , and in Section 4 , we compare

http://orcid.org/0000-0003-3771-4990
http://orcid.org/0000-0002-2541-1602
mailto:asidhu92@uwo.ca


3228 A. Sidhu et al. 

M

Figure 1. The three-colour Hubble Space Telescope ACS image of NGC 

7023. The red channel corresponds to the combined optical H α (658 nm) 
and infrared I -band (850 nm) filters, the green channel to the optical V -band 
(625 nm) filter, and the blue channel to the optical B -band (475 nm) filter. 
The yellow star indicates the location of the illuminating star HD 200775. 
The figure clearly shows the cavity carved out by the star, the walls of which 
are outlined in the image tracing PDR emission. The cavity and one of the 
PDRs, the NW PDR, are annotated in the figure. The positions of the cavity 
studied in this paper have been labelled from 1 to 5 and are shown in pink 
rectangles. 
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he model results to the observations. In Section 5 , we discuss the
isagreement between model results for C 60 and PAH observations.
inally, in Section 6 , we provide a summary of this work. 

 N G C  7 0 2 3  

GC 7023 is a bright well-studied reflection nebula located at
 distance of ∼361 pc (Gaia Collaboration 2016 , 2018 ). It is
lluminated by a spectroscopic binary Herbig B3Ve – B5 star HD
00 775 having an ef fecti ve temperature ( T eff ) of 17 000 K (van
en Ancker et al. 1997 ; Witt et al. 2006 ; Alecian et al. 2013 ). UV,
ptical, and IR observations have shown that the illuminating star
lew away the surrounding gas, leaving an hourglass shaped cavity
lmost completely devoid of gas (Rogers, Heyer & Dewdney 1995 ;
uente et al. 1996 ; Gerin et al. 1998 ). The edges of the cavity are
elineated with PDRs ∼42 arcsec north-west (NW), 55 arcsec south-
est (SW), and 150 arcsec east (E) of the illuminating star. Fig. 1

hows the NW PDR and the cavity blown by the illuminating star
s observed in the three-colour Hubble Space telescope ACS image
f NGC 7023. It is worth pointing out that the cavity shows a faint
 α glow, which rather than revealing the presence of ionized gas,

s due to reflection by the dust of the H α emission associated with
ccretion on to the central star (Witt et al. 2006 ). 

NGC 7023 is one of the first objects in which both the mid-IR PAH
nd C 60 emission was observed (Sellgren et al. 1983 ; Sellgren et al.
010 ; Bern ́e et al. 2013 ). While PAHs have been associated with both
he cavity and the PDR of NGC 7023, C 60 has only been observed in
he cavity carved by the illuminating star (Bern ́e et al. 2013 ). In this
aper, we analyse the emission from PAHs and C 60 using the mid-IR
pectra obtained with the IR spectrograph (IRS; Houck et al. 2004 )
n the Short-Low (SL; spectral resolution ∼60–128, pixel scale ∼1.8
rcsec; AORs: 3871488 and 3871744) and Short-High (SH; spectral
NRAS 522, 3227–3235 (2023) 
esolution ∼600, pixel scale ∼2.3 arcsec; AOR:3871232) modules,
nboard the Spitzer Space Telescope (Werner et al. 2004 ). We cleaned
he data using cubism’s automatic bad pixel generation with σ TRIM = 7 

nd Minbad-fraction = 0.5 and 0.75 for the global and record bad
ix els, respectiv ely. We did not apply background subtraction. We
xtracted spectra from five positions within the nebula at increasing
istances from the illuminating star (see Fig. 1 ). The five positions
re at projected distances of 13.2, 20.1, 27.4, 34.7, and 42.2 arcsec
rom the star with position 1 being the closest and position 5 being
he farthest away from the star. 

 APPLI CATI ON  O F  T H E  C H A R G E  

I STRI BU TI ON  BA SED  EMISSION  M O D E L  TO  

A H S  A N D  FULLERENES  

n Paper I, we presented an emission model of PAHs that first
alculates the charge distribution of a given PAH molecule and
hen uses it to calculate the emission spectrum in an astrophysical
nvironment by weighing the spectrum of each charge state of a
AH molecule with its charge fraction and then summing them
o obtain the total emission spectrum. By applying our emission
odel to five different PDRs with varying physical conditions, we

emonstrated that the charge distribution emission model could
uccessfully explain the characteristics of the PAH fluxes. In this
aper, we extend the application of the charge distribution-based
mission model to calculate the emission spectrum of C 60 . In this
ection, we first describe the calculation and the results of the charge
istribution of C 60 o v er a range of physical conditions characterized
y the ionization parameter γ , followed by a discussion of the
mission spectra of C 60 in various charge states. We refer the reader
o Section 3 in Paper I for the analogous discussion on PAHs. 

.1 Charge distribution of C 60 

e calculated the charge distribution using the model described in
aper I. Essentially, the model calculates the charge distribution of
olecular species using the principle of ionization balance between

he photoionization rate and the electron recombination rate (or
he electron attachment rate for anions), eventually yielding the
ollowing equation: 

 ( Z ) = 

k e ( Z + 1) 

k ion ( Z ) 
f ( Z + 1) , (1) 

here f ( Z ) is the fraction of molecular species in a charge state Z ,
 ion ( Z ), and k e ( Z ) are the photoionization and electron recombination
ates of a molecule in a charge state Z in units of s −1 . For Z =
1, k e ( Z + 1) is the electron attachment rate, k ea ( Z ). Applying the

ormalization condition, i.e. the sum of the fraction of all the charge
tates is equal to 1, yields the charge distribution of a molecule. For
 detailed description of the model, see Paper I. 

The charge distribution calculation relies on the various rates
 k ion ( Z ), k e ( Z ), and k ea ( Z )), which depend on the molecular properties
f chemical species as well as the physical conditions of the
strophysical environment. The specific rates adopted for PAHs are
escribed in Paper I. Here, we briefly describe our calculations of
he rates for C 60 . 

.1.1 Photoionization rate 

he photoionization rate ( k ion ( Z )) for C 60 is calculated using the
ame expression as for PAHs using the molecular properties of
 60 instead of PAHs. Calculating the ionization rate requires the

art/stad1180_f1.eps
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Table 1. Ionization potential of C 60 in various charge states. 

Charge state ( Z ) IP( Z ) (eV) 

−1 2.65 1, 2 

0 7.6 3 

1 11.5 4 

Notes . 1 Støchkel & Andersen ( 2013 ); 2 Huang et al. ( 2014 ); 3 Yoo, Ruscic & 

Berkowitz ( 1992 ); 4 Dresselhaus, Dresselhaus & Eklund ( 1996 ). 
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Figur e 2. Char ge distribution of C 60 as a function of the ionization parameter, 
γ . See text for the details of the calculation. 
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ollowing molecular parameters: the ionization potential (IP), the 
bsorption cross-section, and the ionization yield. 

.1.1.1 The ionization potentialTable 1 lists the IPs of the C 60 

olecule adopted in this work. The IP dictates the number of charge
tates accessible to a molecule. Since we are applying the model to
he cavity in NGC 7023 where hydrogen (H) ionizing photons (i.e. 
he photons with energy > 13.6 eV) are absent, the charge state Z +
 will be accessible to C 60 if the IP( Z ) is less than 13.6 eV. Based on
he IPs listed in Table 1 , the highest possible charge state accessible
o C 60 in the cavity of NGC 7023 is Z = 2. 

.1.1.2 Absorption cross-sectionSev eral e xperimental measure- 
ents of the photoabsorption cross-section exist in the literature 

Yasumatsu et al. 1996 ; Berkowitz 1999 ). These measurements, 
o we ver, are inconsistent with one another. Kafle et al. ( 2008 )
dentified and attributed the discrepancies to the use of inconsistent 
apour pressure data of C 60 in the analysis of these measurements. 
afle et al. ( 2008 ) compiled the photoabsorption cross-section data 

rom 3.5–26 eV accounting for the necessary changes in the vapour 
ressure data, which we adopt in this work (see Fig. A1 ). 

.1.1.3 The ionization yieldThe ionization yield for C 60 has been 
alculated analytically by Yasumatsu et al. ( 1996 ) using their mea-
urements of the photoabsorption cross-section. Ho we ver, we did not 
se their ionization yield data because of the discrepancies in their 
hotoabsorption cross-section, as stated abo v e. Instead, we adopted 
he semi-empirical relation derived by Jochims, Baumgaertel & 

each ( 1996 ) for calculating the ionization yield of PAHs to calculate
he yield for C 60 (see Fig. B1 ), assuming the ionization behaviour of
 60 and PAHs is similar (Tielens 2021 ). 

.1.2 Electron recombination rate 

ince there is no experimentally measured value for the electron 
ecombination rate coefficients for C 60 , we estimated it using the 
ollowing expression (see equation 8.106 in Tielens 2021 ) which is
ased on the collisional interaction between an electron and spherical 
pecies of radius r = 0.9 N 

1 / 2 
C : 

 e ( Z) = 1 . 3 × 10 −6 Z N 

1 / 2 
C 

(
300 

T gas 

)1 / 2 

n e 
(
s −1 

)
, (2) 

here N C = 60 are the number of the carbon atoms in a molecule,
 gas is the gas temperature in K, and n e is the density of electrons

n an astrophysical environment in units of cm 

−3 . We note that our
dopted value of the electron recombination rate matches well with 
he recent theoretical estimates by Zettergren et al. (in preparation) 
sing the models in Zetter gren, Forsber g & Cederquist ( 2012 ) and
ind ́en, Cederquist & Zettergren ( 2016 ). 
.1.3 Electron attachment rate 

he electron attachment rate coefficient has been determined exper- 
mentally as 10 −6 cm 

3 s −1 by Viggiano et al. ( 2010 ). We adopt this
xperimentally measured value and use the following expression to 
stimate the electron attachment rate in a given environment: 

 ea = 10 −6 n e 
(
s −1 

)
. (3) 

Fig. 2 shows the charge distribution of C 60 as a function of the
onization parameter, γ = G 0 ×

√ 

T gas / n e Habings K 

1/2 cm 

3 . We
oint out that since the units of γ are long, we omit them for
he remainder of our paper. The dense NW PDR in NGC 7023 is
haracterized by a radiation field of G 0 = 2600 in the units of the
abings field (Chokshi et al. 1988 ), T gas = 400 K (Fuente et al. 1999 ;
leming et al. 2010 ), an electron abundance of 1.6 × 10 −4 (Sofia et al.
004 ) relative to the density of hydrogen, and gas density, n gas , of
0 4 cm 

−3 (Chokshi et al. 1988 ; Joblin et al. 2010 ; K ̈ohler et al. 2014 ;
ernard-Salas et al. 2015 ; Joblin et al. 2018 ), corresponding to a γ =
.3 × 10 4 Habings K 

1/2 cm 

3 . We expect the cavity region to have a
igher FUV field, therefore higher G 0 , but to be much less dense.
ence, we have e v aluated the charge distribution for γ ranging from
0 to 5 × 10 6 Habings K 

1/2 cm 

3 . We observe that anions dominate
n low γ regions ( γ < 10 3 ), neutrals dominate in intermediate γ
egions (10 3 < γ < 7 × 10 4 ) and cations dominate in high γ regions
 γ > 7 × 10 4 ). It is worth pointing out that the general trend of the
harge distribution of C 60 is similar to that of PAHs (Figs 2 and C1 in
aper I), although the precise numbers of the fraction of molecules

n a given charge state vary. 

.2 Intrinsic spectra of C 60 

e calculated the emission spectra of various charge states of C 60 

n NGC 7023 using the emission model presented in Paper I. We
egin by calculating the average photon energy absorbed by the 
 60 molecule in different charge states (see equation 12 in Paper I).
he resulting average energies are presented in Table 2 . Following
bsorption of a photon, a molecule dissipates the absorbed energy 
y redistributing it across its various vibrational modes, eventually 
ascading down to the ground state by emitting in the IR. In our
odel, we include the possibility of the absorption of another photon
hile the molecule fully cascades down to the ground state. For a

horough description of the emission model, we refer the reader 
MNRAS 522, 3227–3235 (2023) 
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Table 2. Average energy ( E avg ) absorbed by each charge state of C 60 

molecule in NGC 7023. 

Charge state ( Z ) E avg ( Z ) (eV) 

−1 5.65 
0 6.22 
1 6.47 
2 6.50 

Figure 3. Emission spectra of C 60 in the anionic, neutral, cationic, and 
dicationic states for the excitation conditions of the NW PDR in NGC 7023. 
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o section 2.2 of Paper I. Our model requires the photoabsorption
ross-section and the frequencies and corresponding intensities of the
ibrational modes of C 60 in a given charge state as input molecular
arameters to model the C 60 emission in various charge states. The
easurements of the photoabsorption cross-section adopted in this
ork are described in Section 3.1.1 . We obtained the frequencies and

he intensities of the vibrational modes of C 60 in various charge states
rom Strelnikov, Kern & Kappes ( 2015 ). These authors measured the
requencies of the vibrational modes and the corresponding intrinsic
ntensities in a Neon matrix. Previous studies have shown that matrix
nteractions results in uncertainties in frequencies of 0.21 per cent

0.63 per cent (Jacox 2002 ) and this accuracy is born out for
AHs (Mackie et al. 2018 ). Intensities of PAH vibrational transitions
easured in matrix isolation studies agree within 18 per cent ±

2 per cent with the results of anharmonic density functional theory
alculations (Mackie et al. 2018 ). We expect the uncertainties for C 60 

o be of the same order. 
In Fig. 3 , we present the calculated emission spectra of C 60 in the

nionic, neutral, cationic, and dicationic charge states for absorbed
hoton energies listed in Table 2 . Here, we ha ve conv olved the
odelled emission intensities with a Gaussian profile having a full
idth at half maximum, corresponding to a spectral resolution of 200,
NRAS 522, 3227–3235 (2023) 
imilar to Paper I. We note that the C 60 anions, cations, and dications
xhibit a rich spectrum with various features in the 5–30- μm region.
he relative intensities of the features in the 5–10 μm versus 15–
0 μm range for all C 60 charge states are quite interesting. While
eutral C 60 has weak features in the 5–10 μm range compared to the
5–20 μm range, the anionic, cationic, and dicationic C 60 behave
ifferently. The charged species have stronger features in the 5–10
m range compared to the features in the 15–20 μm range, with the
ffect being most pronounced for C 60 dications. This demonstrates
hat the charge state of C 60 in the spectra observed in the interstellar

edium can be probed by comparing the relative intensity of features
n the 5–10 μm range to those in the 15–20 μm range. To this end,
t is worth pointing out that PAHs also exhibit features in the mid-IR
hat are typically much stronger than the C 60 features in interstellar
pectra owing to the low abundance of C 60 in the interstellar medium
ompared to PAHs (Bern ́e & Tielens 2012 ; Omont 2016 ; Cami et al.
018 ; Omont & Bettinger 2021 ). 

 C O M PA R I S O N  O F  T H E  M O D E L  RESULTS  

I TH  T H E  OBSERVATI ONS  

n Paper I, we applied our emission model to a single position in
 given PDR. Here, we apply our model to five different positions
ithin one object. In this section, we compare our model results to the

AH and C 60 observations in the cavity of NGC 7023. In particular,
e compare the modelled intensities of the 6.2/11.2 ratio for PAHs

nd 7.0/19.0 for C 60 to the observed ratios. First, in Section 4.1 , we
escribe the observations of PAHs and C 60 in the cavity of NGC 7023
nd the procedure we used to extract fluxes of the 6.2, 7.0, 11.2, and
9.0 μm bands. We then compare the observed ratios to the model
redictions in Sections 4.2 and 4.3 for PAHs and C 60 , respectively. 

.1 Obser v ations of PAHs and C 60 in NGC 7023 

e considered five positions in the cavity of NGC 7023 at increasing
istances from the illuminating star (see Fig. 1 ). In Figs 4 and 5 , we
how the mid-IR spectra observed in the SL and the SH modules
or the five positions. While the 6.2 and 11.2 μm PAH bands are
bserved in all five positions, the 7.0 and 19.0 μm C 60 bands are
nly visible in positions 1 and 2. The 19.0 μm C 60 band is easily
dentified in positions 1 and 2 (see the right-hand panel of Fig. 4 );
o we ver, the 7.0 μm band is blended with the 7.7 μm PAH band and
hus its characteristics are challenging to extract. To demonstrate the
resence of the 7.0 μm band in positions 1 and 2, we present a zoom-
n of the spectra in the 6.5–8.5 μm region for the five positions in
ig. 5 . Furthermore, to distinguish the C 60 band from the wing of the
trong 7.7 μm PAH band, we match the blue wing of the latter in the
.35–7.5 μm region by scaling the spectra of position 1, 2, and 4 by
 factor of 3.4, 1.8, and 0.9, respectively. After scaling, we find that
he spectra of positions 3, 4, and 5 match in the 6.5–7.5 μm range,
ut not for positions 1 and 2, where we can now clearly observe the
.0 μm band of considerable and weak strength in positions 1 and 2,
espectively. 

To obtain the fluxes of the 6.2 and 11.2 μm PAH bands, we first
ubtracted a spline continuum with anchor points roughly at 5.4, 5.8,
.9, 6.9, 8.1, 8.9, 9.0, 9.1, 9.3, 9.5, 9.8, 10.2, 10.4, 11.6, 12.2, 13.2,
3.8 μm. Then we integrated the continuum subtracted spectra in the
.9–6.9 and 10.4–11.6 μm regions to e xtract flux es for the 6.2 and
1.2 μm bands, respectively. Table 3 shows the resulting PAH ratio
f 6.2/11.2. 
The flux of the 7.0 μm C 60 band is challenging to extract because

t blends with the 7.7 μm PAH band, which is lying on a rising

art/stad1180_f3.eps
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Figure 4. The SL and SH spectra observed at five positions in the cavity of NGC 7023. While the PAH bands at 6.2 and 11.2 μm are observed in all five 
positions, the C 60 band at 19.0 μm is only observed in positions 1 and 2. 

Figure 5. Zoom in of the SL data in the 6.5–8.5 μm region for all five 
positions. For clear identification of the 7.0 μm C 60 band, we scaled the 
spectra in positions 1, 3, and 4 matching the blue wing of the 7.7 μm band 
roughly in the 7.35 to 7.5 μm range. For reference, we have indicated the 
position of the 7.0 μm C 60 band. 
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Table 3. Values of the PAH ratio 6.2/11.2 and C 60 ratio 7.0/19.0 in the cavity 
of NGC 7023. 

Position PAH ratio 6.2/11.2 C 60 ratio 7.0/19.0 

1 3.92 1.04 
2 3.87 0.88 
3 3.70 –
4 3.23 –
5 2.77 –
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ontinuum. Therefore, we first isolate the 7.0 μm C 60 band by 
ubtracting the contribution from the PAHs and the continuum to 
he spectrum. To accomplish this, we fit the 6.8–7.4 μm region in
he continuum subtracted spectra with the profile of the 7.0 μm C 60 

and as observed in the planetary nebula Tc1 by Cami et al. ( 2010 )
nd the blue wing of the 7.7 μm band from position 5 representing
he contribution of PAHs (see top panels in Fig. 6 ). We note that
n position 5, we do not observe any C 60 band; thus, we interpret
he 6.8–7.4 μm region spectrum in position 5 as representing the
ontribution from PAHs. Finally, we integrate the fitted 7.0 μm Tc1
rofile to obtain the flux of the 7.0 μm C 60 band in positions 1 and 2.
or the flux of the 19.0 μm C 60 band, we subtract a spline continuum
ith anchor points roughly at 15.1, 15.5, 15.9, 17.7, 18.5, and 19.4
m in the SH data. Then, we integrate the continuum subtracted

pectra in the 18.5–19.4 μm region to extract the flux of the 19.0 μm
 60 band. We also fitted the profile of the 19.0 μm band as observed

n Tc1, where PAHs are absent, to the SH data observed in NGC
023. Fig. 6 shows the continuum subtracted 19.0 μm band in NGC
023 and the scaled 19.0 μm band in Tc1. Table 3 lists the C 60 ratio
f 7.0/19.0 in positions 1 and 2. 
Perusing the spectra in Fig. 4 and the intensity ratios in Table 3 ,

e recognize that the variations in PAH emission features are very
MNRAS 522, 3227–3235 (2023) 
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Figure 6. Top panel: The fit in the 6.8–7.4 μm region to extract the 7.0 μm C 60 band in positions 1 and 2. The spectral region is fit with the 7.0 μm C 60 band 
as observed in Tc1 and the blue wing of the 7.7 μm PAH band from position 5. Bottom panel: The 19.0 μm C 60 in positions 1 and 2 along with the scaled 19.0 
μm C 60 band as observed in Tc1. 
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odest but systematic: as the positions approach the star, the 6.2/11.2
AH ratio increases from 2.77 to 3.92. The 7.0/19.0 C 60 ratio also
ncreases from position 2 to 1 (Table 3 ). As we will discuss later, this
uggests that the γ value in the cavity does not vary drastically. 

.2 Model results versus PAH observations 

 ollowing P aper I, we modelled the emission of circumcoronene
C 54 H 18 ) and circumcircumcoronene (C 96 H 24 ) in NGC 7023 and
reated curves of the 6.2/11.2 PAH ratio as a function of γ values.
e chose these two compact PAH molecules to represent PAHs in

he cavity of NGC 7023 because of their stability that can withstand
arsh conditions closer to the star (Andrews et al. 2015 ; Croiset
t al. 2016 ). Moreo v er, since PAHs undergo photoprocessing with
hanging physical conditions (e.g. Peeters et al. 2017 ; Murga et al.
022 ), we chose two molecules to represent a range in the size of
he molecules consistent with the determined PAH sizes for NGC
023 derived by Croiset et al. ( 2016 ). Fig. 7 shows the modelled
.2/11.2 v ersus γ curv es with the observ ed values for the fiv e
ositions studied in this paper. For reference, we also o v erplot the
bserved value of the 6.2/11.2 for the NW PDR (see Appendix C ). 
For each position, the comparison of the observed 6.2/11.2 PAH

atio with the theoretical curve results in two gamma values, one from
ircumcoronene and the other from circumcircumcoronene. The γ
 alue deri ved from circumcoronene represents the upper limit, while
hat derived from circumcircumcoronene represents the lower limit.

e find that, in the cavity, the observed values lie in the γ ranging
NRAS 522, 3227–3235 (2023) 
rom 8.5 × 10 4 to 3 × 10 5 with position 1 exhibiting the highest
value and position 5 exhibiting the lowest γ value. While the γ

alues predicted from the PAH observations systematically decrease
s we go from position 1 to position 5, the change in the γ values
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s small given that the overall range of γ values is much wider. This
esult is consistent with the fact that the spectra of positions 1–5 in
he cavity show modest variations (see Fig. 4 ). 

We further note that the γ values in the five positions of the cavity
o not differ significantly from the γ value of the dense NW PDR.
he predicted γ values in the cavity are at most a factor of 7 larger

han in the NW PDR, suggesting that the physical conditions in the
W PDR and the cavity do not differ significantly. 

.2.1 Physical conditions in NGC 7023 

he comparison of the modelled 6.2/11.2 PAH ratio for circum- 
oronene with the observed ratio has shown that (i) the γ values 
n the cavity only vary by a factor of 3 from position 5 to position
 and (ii) the γ values in the cavity and the dense NW PDR do
ot differ significantly from each other. Ho we ver, these predicted 
alues of γ in the cavity are not consistent with those estimated 
y Bern ́e, Montillaud & Joblin ( 2015 ). These authors estimated γ
alues ranging from 4 × 10 4 to ∼7 × 10 6 . Bern ́e et al. ( 2015 )
dopted the projected distance as the location of the emitting PAHs, 
herefore upon approaching the star, the effect of geometric dilution 
iminishes (with r −2 ) and the radiation field, G 0 , increases from
7 × 10 3 Habings at 25 arcsec from the star to ∼2 × 10 5 Habings

t 5 arcsec from the star. At the same time, the gas density, n gas , was
ssumed to drop from ∼10 4 to ∼ 10 3 cm 

−3 , and the higher abundance
f C 

+ of 3 × 10 −4 was assumed to calculate the electron abundance
n the cavity. As a result, in their model, γ increases by a factor of

170 from ∼4 × 10 4 to ∼7 × 10 6 in the cavity. 
To explain the significantly lo wer v alues of γ in the cavity

erived in this work, we suggest that the emission from PAHs at
he five positions between the dense PDR and the star does not
riginate from the projected distances. Therefore, the systematic 
ncrease in the radiation field, G 0 , caused by geometric dilution 
s positions approach the star and increase γ values, will not be 
ele v ant. Similarly, in this scenario, the gas density does not need to
ystematically decreases from position 1 to 5; the other assumption 
hat resulted in higher γ values. 

Finally, we note that the observations of C 60 in positions 1 
nd 2 can reveal additional information about the change in the 
hysical conditions in the cavity of NGC 7023. Andrews, Candian & 

ielens ( 2016 ) modelled the dehydrogenation of circumcoronene and 
ound that the PAH to carbon-cluster transition scales with G 

2 . 5 
0 / n e .

ssuming that C 60 forms via dehydrogenation of PAHs, we can 
urmise that the change in the γ values from position 5 where only
AHs are observed, to position 1 where both PAHs and C 60 are
bserv ed, is driv en more by the changes in G 0 than by changes in
as density. 

.3 Model results versus C 60 observations 

e next compare the C 60 observations with the model calculations 
o investigate the charge state of C 60 as well as to check if the

values predicted from C 60 observations are consistent with those 
redicted from PAH observations. Similar to PAHs, we create a curve 
f 7.0/19.0 C 60 band ratio, and compare the observed values for two
ositions (see Fig. 8 ). We note that the γ values for positions 1 and
 based on C 60 ratios (3.5 × 10 4 for positions 1 and 2 × 10 4 for
osition 2) differ from those based on PAH observations by an order
f magnitude. We discuss this disagreement between the γ values 
redicted from C 60 and PAH ratios further in Section 5 . Nonetheless,
he C 60 predicted γ values are also much lower than the previous 
stimates (Bern ́e et al. 2015 ) and similar to the NW PDR estimate,
urther confirming our conclusions that the emission in the cavity is
ot originating from projected distances (Section 4.2.1 ). 
For the γ values obtained in positions 1 and 2 based on C 60 ratios,

e use the Fig. 2 obtained from the charge distribution model to
etermine the charge fraction of C 60 molecules in positions 1 and
. We find that for positions 1 and 2, C 60 is primarily neutral with
8 per cent neutrals, 29 per cent cations, and 2 per cent anions in
osition 1 and 80 per cent neutrals, 14 per cent cations, and 5 per cent
nions in position 2. In both positions, the dictations have negligible
ractions. Bern ́e et al. ( 2013 ) estimated an ionization fraction of
8 per cent for C 60 at a projected distance of 7.5 arcsec from the star
n NGC 7023. In this work, positions 1 and 2 correspond to projected
istances of 13.2 and 20.1 arcsec from the star. Thus, the theoretical
rediction of the ionization fraction based on the charge distribution 
odel matches well with the observations. 

 DI SCUSSI ON  

he γ values in positions 1 and 2 predicted from C 60 and PAH ratios
iffer by a factor of 10 (Sections 4.2 and 4.3 ). In this section, we will
iscuss two potential explanations for this discrepancy. 
The first explanation is based on the uncertainties in the modelled

.2/11.2 and 7.0/19.0 band ratios, which in turn are a result of
he uncertainties in the charge distribution calculations. The charge 
istribution calculations depend on the ionization and electron re- 
ombination/attachment rates of PAHs and C 60 . While the molecular 
roperties involved in the calculations of the ionization rate have 
een experimentally measured for both PAHs and C 60 , there is
o such measurement for the recombination rate of astrophysically 
ele v ant PAHs and C 60 . Due to these gaps in laboratory data, we adopt
heoretical expressions to calculate recombination/attachment rates. 
o we ver, these theoretical expressions are only an approximation 

Tielens 2008 ). These approximations lead to uncertainties in the 
harge distribution calculations, which further translate into the 
and ratio calculations, and for this work, result in the systematic
ncertainties in the deri ved γ v alues from the C 60 and PAH obser-
ations. Therefore, similar to Paper I, we highlight that laboratory 
xperiments to determine electron recombination and attachment 
ates of astrophysically rele v ant PAHs and C 60 are highly desirable. 
MNRAS 522, 3227–3235 (2023) 

art/stad1180_f8.eps


3234 A. Sidhu et al. 

M

 

c  

l  

c  

i  

f  

t  

S  

W  

r  

t  

n  

r  

P  

U
 

t  

o  

r  

h  

t  

s  

e  

1  

N  

c  

p  

c  

T  

i  

b  

d  

H  

a  

t  

c  

t  

a  

a

6

W  

i  

7  

i  

b  

c  

t  

p  

b  

i
 

i  

a  

T  

t  

i  

d  

i  

i  

C  

t  

μ

 

b  

7  

t  

a  

f  

F  

h  

m  

(  

l  

t  

l
i  

t  

b
 

1  

e  

t  

r  

m  

a  

e

A

E

D

T  

t

R

A
A
A  

A
B
B
B  

B
B
C
C  

C
C  

C
C  

D  

 

F
F  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/522/3/3227/7136162 by Bibliotheek Instituut M
oleculaire Plantkunde user on 21 February 2024
An alternate explanation is that PAHs and C 60 emission are not
o-spatial as the observed emission represents all emission along the
ine-of-sight, assuming that the uncertainty in the rates for our model
alculations is not significant enough to account for the discrepancy
n the γ values of a factor of 10. This interpretation is supported
urther by the fact that the C 60 ionization fractions predicted using
he C 60 deri ved γ v alues agree well with the observ ations (see
ection 4.3 ), lending confidence in our C 60 derived γ values.
e note that the laboratory experiments to determine electron

ecombination and attachment rates will be useful in eliminating
he uncertainty in the rates and validating the argument about the
on-cospatial nature of PAH and C 60 emission. In general, accu-
ate molecular physics parameters carry the potential to transform
AHs and C 60 observations into astronomers tools to study the
niverse. 
Finally, we note that, in principle, dehydrogenation can also affect

he 6.2/11.2 ratio. Ho we v er, Hon y et al. ( 2001 ) concluded, based
n the detailed analysis of the observed bands in the 11–14 μm
egion in a wide variety of astronomical objects, that dehydrogenation
as little influence on the bands in this region. This is because the
ransition from fully hydrogenated to fully dehydrogenated PAH
pecies is very sharp in the G 0 / n H ratio (Tielens 2005 ; Andrews
t al. 2016 ). Andrews et al. ( 2016 ) demonstrated that for G 0 >

0 4 Habings (probable radiation field conditions in the cavity of
GC 7023), circumcoronene would fully dehydrogenate, while

ircumcircumcoronene would remain fully hydrogenated. It is worth
ointing out that once the PAH is (almost) fully dehydrogenated,
arbon loss, and isomerization to fullerene cages occur (Bern ́e &
ielens 2012 ; Zhen et al. 2014 ; Bern ́e et al. 2015 ). In that case, the

nterstellar PAH family in the cavity of NGC 7023 will be sharply
ounded on the side of small-sized PAHs. At that (size) boundary,
ehydrogenation will be important and may affect the 6.2/11.2 ratio.
o we ver, e ven only slightly larger PAHs will be fully hydrogenated,

nd our calculations well represent the expected 6.2/11.2 ratio. As
he structures of the partially dehydrogenated PAHs and their IR
haracteristics have yet to be studied, we refrain from quantifying
his aspect. Ho we ver, we surmise that the ef fect will only be minor
s – at any point – only a very limited range of PAH sizes will be
ffected. 

 SUMMARY  

e simulated the emission of PAHs and fullerene (C 60 ) molecules
n the cavity carved out by the star in the reflection nebula NGC
023 using the charge distribution-based emission model presented
n Paper I. The model first independently calculates the charge distri-
ution of a given molecule and the emission spectrum in the various
harge states of the molecule in an astrophysical environment using
he experimentally measured or theoretically calculated molecular
roperties. The total IR emission from a molecule is then computed
y weighting the spectrum of each charge state of a molecule with
ts corresponding charge fraction. 

We discussed the results of our model’s application to PAHs
n Paper I. In this paper, we discuss the results of our model’s
pplication to C 60 and compare the C 60 results with the PAH results.
he analysis of the charge distribution of C 60 as a function of

he ionization parameter γ = G 0 × T 

1 / 2 
gas / n e demonstrates that the

onization behaviour of C 60 is similar to that of PAHs, with anions
ominating in low γ regions ( γ < 10 3 ), neutrals dominating in
ntermediate γ regions (10 3 < γ < 7 × 10 4 ), and cations dominating
n high γ regions ( γ > 7 × 10 4 ). Using the emission spectrum of the
 60 in the anionic, neutral, cationic, and dicationic states, we show
NRAS 522, 3227–3235 (2023) 
hat the relative intensity of the features in the 5–10 μm versus 15–20
m range can be used as a tracer of the C 60 charge state. 
From the model calculations, we further computed the 6.2/11.2

and ratio for circumcoronene and circumcircumcoronene and
.0/19.0 for C 60 as a function of γ . We compared the modelled ratios
o the observed ratios at five positions in the cavity of NGC 7023
nd predicted the γ values at these positions. The γ values derived
rom PAH ratios at these five positions do not differ significantly.
urthermore, the PAH deri ved γ v alues are at most a factor of 7
igher than the γ value at the dense NW PDR in NGC 7023 and
uch lower than the previous estimates in the cavity by Bern ́e et al.

 2015 ). Moreo v er, we find that the C 60 deri ved γ v alues are also much
ower than the previous estimate. Based on these findings, we propose
hat the PAH and C 60 emission in the cavity does not originate from
ocations at the observed projected distances. Furthermore, if the C 60 

n positions 1 and 2 in the cavity form from the PAH dehydrogenation,
he change in γ values in the cavity is driven more by G 0 rather than
y the gas density. 
Finally, we note that our C 60 deri ved γ v alues are a factor of

0 lower than the PAH derived γ values. We discuss two possible
xplanations for this discrepancy. In the first explanation, we attribute
he differences in the two γ values to uncertainties in the electron
ecombination rates of PAHs and C 60 for which we lack experimental
easurements. In the second explanation, we argue that the PAHs

nd C 60 are likely not co-spatial, resulting in different γ values from
ach model. 
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PPEN D IX  A :  ABSORPTION  CROSS-SECTION  

ig. A1 shows the absorption cross-section from Kafle et al. ( 2008 )
hat we adopted in this work. We note that we used the same
bsorption cross-section for all C 60 charge states. 
igure A1. The absorption cross-section of C 60 from Kafle et al. ( 2008 ) that
e adopted in this work. 

igure B1. The ionization yield of various charge states of C 60 adopted in
his work. 

PPENDI X  B:  I O N I Z AT I O N  YI ELD  

ig. B1 shows the ionization yield we used for each charge state of
 60 derived from the formalism of Jochims et al. ( 1996 ). 

PPENDI X  C :  SPECTRUM  AT  T H E  N W  PDR  

ig. C1 shows the spectrum observed in the SL module at the NW
DR front in reflection nebula NGC 7023. The PAH bands at 6.2 and
1.2 μm are clearly observed in the spectrum. For this spectrum, the
AH ratio of 6.2/11.2 is 1.68. 

igure C1. The SL spectrum observed at the NW PDR front in NGC 7023.
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