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ABSTRACT

We present observations from the First Light Infrared TEst CAMera (FLITECAM) on–board the

Stratospheric Observatory for Infrared Astronomy (SOFIA), the Spitzer Infrared Array Camera (IRAC)

and the Spitzer Infrared Spectrograph (IRS) SH mode in three well-known Photodissocation Regions

(PDRs), the reflection nebulae (RNe) NGC 7023 and NGC 2023 and to the southeast of the Orion

Bar, which are well suited to probe emission from Polycyclic Aromatic Hydrocarbon molecules (PAHs).

We investigate the spatial behaviour of the FLITECAM 3.3 µm filter as a proxy for the 3.3 µm PAH

band, the integrated 11.2 µm PAH band, and the IRAC 8.0 µm filter as a proxy for the sum of the 7.7

and 8.6 µm PAH bands. The resulting ratios of 11.2/3.3 and IRAC 8.0/11.2 provide an approximate

measure of the average PAH size and PAH ionization respectively. In both RNe, we find that the

relative PAH ionization and the average PAH size increases with decreasing distance to the illuminating

source. The average PAH sizes derived for NGC 2023 are greater than those found for NGC 7023 at all

points. Both results indicate that PAH size is dependent on the radiation field intensity. These results

provide additional evidence of a rich carbon-based chemistry driven by the photo-chemical evolution

of the omnipresent PAH molecules within the interstellar medium. In contrast, we did not detect a

significant variation in the average PAH size found in the region southeast of the Orion Bar and report

a peculiar PAH ionization radial profile.

Keywords: astrochemistry - infrared: ISM - ISM: lines and bands - ISM: molecules - ISM: individual

objects (NGC 2023, NGC 7023, Orion)

1. INTRODUCTION

The mid-infrared (MIR) spectra of many astronomical

sources are dominated by emission features at 3.3, 6.2,

7.7, 8.6, 11.2, and 12.7 µm, attributed to the infrared

(IR) fluorescence of Polycyclic Aromatic Hydrocarbon

molecules (PAHs, e.g. Allamandola et al. 1985; Léger

& Puget 1984). It has been well established that PAH

molecules with sizes from 50–100 carbon atoms are the

carriers of these bands (e.g. Allamandola et al. 1989;

Puget & Léger 1989). In recent works, different authors

have adopted various monikers to refer to these fea-

tures such as the aromatic emission features (AEFs, e.g.

Werner et al. 2004a), the aromatic infrared bands (AIB,

cknigh24@uwo.ca

e.g. Croiset et al. 2016) or simply referred to them as the

PAH emission features (e.g. Boersma et al. 2012; Peeters

et al. 2012, 2017). Other related species are also consid-

ered to be carriers such as polycyclic aromatic nitrogen

heterocycles (PANHs, Hudgins et al. 2005; Bauschlicher

et al. 2008) or PAHs with functional groups attached

(e.g. Joblin et al. 1996; Sloan et al. 1997; Pilleri et al.

2015; Maltseva et al. 2016; Shannon & Boersma 2019).

These PAH emission features have been found in wide

variety of Galactic and extragalactic sources such as H ii

regions, reflection nebulae (RNe), post-AGB stars, plan-

etary nebulae (PNe), the diffuse interstellar medium,

and galaxies (e.g. Sellgren et al. 1996; Hony et al. 2001;

Peeters et al. 2002; Verstraete et al. 2001).

The PAH emission features show variations in inten-

sities, peak positions, and band profiles (e.g. Bregman

et al. 1989; Hony et al. 2001; Peeters et al. 2002; Gal-
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liano et al. 2008). Relative intensity variations reveal

how these bands relate to each other and to the intrinsic

properties of these species. The 6.2, 7.7, 8.6 µm bands

are well correlated over a wide range of environments

(Joblin et al. 1996; Galliano et al. 2008). Likewise, the

3.3 and 11.2 µm bands are well correlated (Russell et al.

1977; Hony et al. 2001) but do not strongly correlate

with the 6–9 µm PAH bands. Laboratory and quantum

chemical studies show that the most significant driver

of these intensity variations is the PAH charge state:

6.2, 7.7, 8.6 µm bands are prominent in ionized PAHs,

whereas the 3.3 and 11.2 µm bands are strongest in neu-

tral PAHs (e.g. Allamandola et al. 1989; Bauschlicher

et al. 2008). This in turn is strongly dependent upon

the UV radiation field of nearby stellar sources incident

upon the environment in which these PAHs reside (as

well as local gas density and temperature, e.g. Tielens

2005; Galliano et al. 2008; Boersma et al. 2013; Stock

et al. 2016; Stock & Peeters 2017; Peeters et al. 2017).

The MIR spectra can be strongly influenced not only

by ionization, but also by changes in the chemical struc-

ture of these species. In particular, changes in PAH

size can be traced by relative intensity variations within

an extended region (e.g. Mori et al. 2012; Croiset et al.

2016). We investigate the PAH size distribution through

the measurement of the 11.2/3.3 PAH intensity ratio in

the photodissociation regions (PDRs) adjacent to three

astronomical sources: two reflection nebulae (RNe):

NGC 2023 and NGC 7023; and the region southeast

from the Orion Bar. RNe are ideal test beds for the

study of the PAH emission bands as they have strong

MIR emission and have a well defined structure without

contamination from atomic lines (i.e. Sellgren 1983; Ra-

pacioli et al. 2005; Berné et al. 2007; Boersma et al. 2013,

2016), whereas the Orion Bar has long been considered

the prototypical PDR (Tielens & Hollenbach 1985), i.e.

regions where far-ultraviolet (FUV) photons with ener-

gies between 6 eV and 13.6 eV control the physics and

chemistry of the gas.

In this paper, we relate the PAH sizes in each source

considered (NGC 2023, NGC 7023, and the region

southeast of the Orion Bar) to other properties of these

species as well as the physical characteristics of their

PDRs. Section 2 details the properties of each of the

sources studied here. In Section 3, the observations used

in this study are detailed while in Section 4, the data

reduction performed is discussed. Section 5 presents the

results of our analysis in the form of spatial maps of

emission feature ratios and line projections of these ra-

tios extending from the illuminating sources. These re-

sults are discussed in Section 6 and conclusions are given

in Section 7.

2. ASTRONOMICAL SOURCES

For our analysis, we selected three well known sources

that show prominent PAH emission features. We briefly

summarize the general morphology and properties of

these sources relevant to this study below.

NGC 2023 —NGC 2023 is a well-known RN illuminated

by the B1.5V type star, HD 37903, and located at a dis-

tance of 403 ± 4 pc (Kounkel et al. 2018). Its MIR emis-

sion has been the focus of many studies over the past

40 years (e.g. Sellgren 1984; Gatley et al. 1987; Abergel

et al. 2002; Peeters et al. 2012, 2017). It shows the same

morphology at a wide range of wavelengths: a limb-

darkened shell or a ‘bowl’ shaped PDR surrounding the

interior cavity (Figure 1). We can see into the various

layers of the PDR along with some diffuse filamentary

structure throughout the RN. PDR models of the cav-

ity have shown a FUV radiation field strength of ∼ 4000

times that of the average interstellar field (position H5,

Steiman-Cameron et al. 1997) as well as gas densities

ranging from 104 to 105 cm−3 (e.g. Burton et al. 1998;

Wyrowski et al. 2000; Sandell et al. 2015). We focus our

study of this RN to the south of HD 37903, where the

presence of multiple MIR emission peaks are suggestive

of significant PAH emission along the PDR boundaries

and are associated with the densest gas structures in

the region. These peaks are labelled as in Peeters et al.

(2017) as the S ridge, the SSE ridge, the SE ridge and

the S’ ridge.

NGC 7023 —NGC 7023 is another RN that is well-known

for its strong MIR emission (e.g. Cesarsky et al. 1996;

Boissel et al. 2001; An & Sellgren 2003; Werner et al.

2004a; Rapacioli et al. 2005; Berné & Tielens 2012;

Boersma et al. 2013, 2014). It is illuminated by the

Herbig Be star, HD 200775, and is located at a dis-

tance of 361 ± 6 pc (Gaia Collaboration et al. 2016,

2018). There are three main regions of study located

around this star: 40′′ northwest, 70′′ south, and 170′′

east (Berné et al. 2007). Each of these regions coincides

with a PDR front. In Figure 2, only the NW and S PDR

are visible. The NW PDR is the most prominent of the

three with an edge-on structure in which clear strat-

ification of emission is visible (e.g. Pilleri et al. 2012).

Estimates for the UV radiation field strength at the NW

PDR front are 2600 times that of the average interstel-

lar value with gas densities on the order of 4×103 cm−3

(Chokshi et al. 1988). Due to its prominence, the NW

PDR of NGC 7023 is the focus of our study of this RN.

Orion Bar —The Orion Bar or Bright Bar refers to the

ionization ridge in the Orion Nebula or the interface be-

tween the H ii region and PDR located at a distance
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Figure 1. FLITECAM 3.3 µm (top left), IRAC 8.0 µm (top right), and the 11.2 µm PAH band extracted from IRS SH (bottom
center) observations of NGC 2023. The illuminating star, HD 37903, is indicated by a cyan circle and the young stellar objects,
C and D, are indicated by black circles, the south IRS SH FOV by a white–dashed rectangle, the ISO-SWS FOV by a black
rectangle. The crosscut used is shown as a white line, at the same position of crosscut used by Peeters et al. (2017). The south
ridge and south-southeast ridge as referred to by Peeters et al. (2017) are labelled by S Ridge and SSE Ridge respectively. A
2MASS point source embedded within the S Ridge is indicated by a black circle (see Section 6). The units are surface brightness
(MJy/sr) for FLITECAM 3.3 µm and IRAC 8.0 µm images and integrated fluxes (× 10−6 W m−2 sr−1) for the 11.2 µm image.

of 414 ± 7 pc (Menten et al. 2007). The MIR emis-

sion within the Orion Bar has been well studied show-

ing a stratified plane-parallel structure in which different

species peak at a range of distances from the source of

UV radiation, θ1 Ori C (e.g. Aitken et al. 1979; Sellgren

1981; Bregman et al. 1989; Geballe et al. 1989; Sellgren

et al. 1990; Tielens et al. 1993; Giard et al. 1994; Ce-

sarsky et al. 2000; Rubin et al. 2011; Boersma et al. 2012;

Haraguchi et al. 2012). In Figure 3, the bar structure

is quite prominent as it separates the extremely bright

Trapezium Cluster responsible for the production of the

strong UV radiation field in the northwest from the rel-

atively colder, lower density region extending southeast

from the Bright Bar. PDR models of the Orion Bar sug-

gest a gas density of 5 × 104 cm−3 and FUV radiation

field strength of 4 × 104 times that of the average in-

terstellar value (e.g. Tauber et al. 1994). The UV field

of the H ii region surrounding θ1 Ori is expected to be

too harsh to allow a significant PAH population to pros-

per. Indeed, most of the MIR emission to the north of

the Orion Bar is associated with warm dust within the

ionized gas (Salgado et al. 2016). Thus our study of the
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Table 1. Log of observations.

Data S/N1 RA2 DEC2 Nod Exp.12

(′′ , ◦)3 (s)

NGC 2023

FC4 12 5 41 37.89 -2 15 52.2 1000,
245

460

IRS SH5 5 41 37.63 -2 16 42.5

IRAC 8.06,7 46 5 41 37.89 -2 15 52.2

NGC 7023

FC4,8 76 21 01 36.92 68 09 47.7 600, 0 50

IRS SH9 21 01 32.89 68 09 52.5

IRAC 8.06,8 80 21 01 36.92 68 09 47.7

Orion

FC4 40 5 35 26.00 -5 26 12.0 1500,
50

360

IRS SH10

I4 5 35 23.3 -5 25 20.7

I3 5 35 24.4 -5 26 39.1

I2 5 35 26.3 -5 26 12.1

I1 5 35 28.1 -5 27 43.8

M1 5 35 29.9 -5 27 14.4

IRAC 8.011 39 5 35 22.33 -5 24 36.0

1 This value corresponds to the peak SNR in each frame.; 2

α, δ (J2000) refer to the center of the map; α has units of
hours, minutes, and seconds, and δ has units of degrees, arc
minutes, and arc seconds; 3 Nod parameters (throw, angle);
4 FLITECAM; 5 e.g. Peeters et al. (2012, 2017); Shannon
et al. (2016); 6 Spitzer Heritage Archive; 7 Fleming et al.
(2010); 8 Croiset et al. (2016); 9 e.g. Berné et al. (2007);
Boersma et al. (2013); Stock et al. (2016); 10 Rubin et al.
(2011); Boersma et al. (2012); 11 Megeath et al. (2012); α,
δ in this case reference the center of a sub image extracted
from the original mosaic. 12 Exposure Time.

Orion Nebula extends beyond the PDR front within the

Bright Bar southwards towards the outer Veil.

3. OBSERVATIONS

We used multiple MIR observations to measure the

dominant PAH emission bands. First, we obtained

photometric observations from the First Light Infrared

TEst CAMera (FLITECAM, Temi et al. 2012) on–board

the Stratospheric Observatory for Infrared Astronomy

(SOFIA, Young et al. 2012) to probe the 3.3 µm PAH

emission. Second, PAH emission in the 7–9 µm range

was investigated using observations from the Infrared

Array Camera (IRAC, Fazio et al. 2004) on–board the

Spitzer Space Telescope (Werner et al. 2004b). Finally,

the 11.2 µm PAH emission was extracted from observa-

tions in the short-high mode (SH) of the Infrared Spec-

trograph (IRS, Houck et al. 2004) on–board the Spitzer

Space Telescope. These observations are detailed below

and are summarized in Table 1.

3.1. SOFIA observations

We obtained SOFIA-FLITECAM observations in the

4th to 6th cycles for both NGC 2023 (Figure 1) and

towards the southeast of the Orion Bar (Figure 3) in

the ‘PAH’ filter, which has an effective wavelength of

3.302 µm and a bandwidth of 0.115 µm (PID: 04 0058,

PI: A. Tielens). The FLITECAM instrument has a

1024 pixel × 1024 pixel InSb detector that covers a

8′ × 8′ area on the sky with 0.475′′ × 0.475′′ pixels.

The NGC 2023 field of view (FOV) is centered on the

central star, HD 37903, while the Orion FOV was chosen

such that it is centered on the Spitzer-IRS SH pointing

I2 as defined in Rubin et al. (2011), which probes the

region southeast of the Orion Bar, in order to cover the

five Spitzer–IRS SH pointings closest to the Trapezium

cluster observed by Rubin et al. (2011). To account

for background emission, the instrument was used in

nod mode, where the nod parameters were set so that

the telescope was moved sufficiently off source between

each observation. In the case of NGC 7023 (Figure 2),

we have used SOFIA-FLITECAM archival data previ-

ously published by Croiset et al. (2016). The FLITE-

CAM 3.3 µm images were found to have a point source
FWHM of ∼ 2.1′′ .

3.2. Spitzer observations

We obtained Spitzer-IRAC 8.0 µm observations (chan-

nel 4) of each source (see Figures 1, 2, and 3). The

IRAC 8.0 µm band is a broadband filter with a band-

width of 2.9 µm and a nominal wavelength of 7.87 µm,

and is found to be an excellent tracer for the Σ7–9 µm

PAH emission (e.g. Smith et al. 2007; Stock et al. 2014,

see Appendix A). The IRAC 8.0 µm observations were

found to have a point source FWHM of 2′′.

For each source, we measured the 11.2 µm PAH

emission using IRS SH data, which covers the wave-

length range of 10–20 µm at a spectral resolution of

600. IRS SH spectral maps were obtained over a por-

tion of the nebula for both NGC 2023 and NGC 7023

(see Figures 1 and 2 respectively). The spectral map of
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Figure 2. FLITECAM 3.3 µm (top left), IRAC 8.0 µm (top right), and the 11.2 µm PAH band extracted from IRS SH
(bottom center) observations of NGC 7023. The illuminating star, HD 200775, is indicated by a cyan circle, the northwest
IRS SH FOV by a white–dashed rectangle, the ISO-SWS FOV by a black rectangle and the crosscut used is shown as a white
line. We use the same units as given in Figure 1.

NGC 2023 covers the S and SSE emission ridges, which

correspond to the PDR front as traced by H2 emission

(following the nomenclature of Peeters et al. 2017), as

well as YSO C defined by Sellgren (1983). The spectral

map of NGC 7023 is comprised of the region surround-

ing the NW PDR. For Orion, we use IRS SH pointings

taken along a line from 2.1 to 5.1′ extending radially

away from the illuminating source θ1 Ori C near the

Bright Bar (Rubin et al. 2011; Boersma et al. 2012).

The spectra obtained for each pointing correspond to a

2 × 10 aperture grid pattern or ‘chex’ of SH spectra (for

details, see Rubin et al. 2011). The resulting FOV of

each of these pointings (25.4′′ × 16.3′′) and the position

of each pointing are shown in Figure 3. These point-

ings are given the following designations by Rubin et al.

(2011) with increasing distance from the Bar: ‘inner’

(I4, I3, I2, I1), and ‘middle’ (M1).

4. DATA PROCESSING
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Figure 3. FLITECAM 3.3 µm (left) and IRAC 8.0 µm (right) observations of the Orion Nebula. The position of the illuminating
source, θ1 Ori C, is indicated by a cyan circle, the IRS SH maps for each position specified in Rubin et al. (2011) by white–dashed
rectangles, and the ISO-SWS FOVs by black rectangles. We note that the FLITECAM 3.3 µm and IRAC 8.0 µm images use a
square root scale to show the entire range in emission structure. We use the same units as given in Figure 1.

The same general reduction procedure was used for all

sources to generate emission ratio maps.

4.1. FLITECAM

To extract the 3.3 µm emission feature, the raw

FLITECAM frames were co-added using a noise

weighted mean into a single image and flux calibrated

using standard stars observed during the same night as

the observations. These images were slightly misaligned

with respect to the IRAC 8.0 µm images. We correct

for this misalignment by shifting our FLITECAM im-

ages to align with the IRAC 8.0 µm images, this is

done by aligning the prominent stellar sources or the

extended emission peaks in the FLITECAM frames with

the corresponding sources in the IRAC 8.0 µm frames.

The FLITECAM images are converted from units of

surface brightness (Jy/pixel) to flux (W m−2 sr−1) by

multiplying by the bandwidth of the FLITECAM filter,

assuming a nominal flat spectrum. This is done in order

to have comparable units with the 11.2 µm emission

extracted from the IRS SH spectra.

4.1.1. Reflection Nebulae

In the case of NGC 7023, we obtained a single set

of observations for which it was necessary to rotate

the FLITECAM image to get the NW and S PDRs to

overlap with respect to the IRAC image (Croiset et al.

2016). In the case of NGC 2023, we obtained three

sets of observations. Each of these three FLITECAM

frames had a significantly high median on-frame back-

ground level that is subtracted from each frame (755,

357, and 224 MJy/sr) after which they are combined in

a single image. We checked the absolute calibration for

both sources in two ways. First, by comparison with

ISO-SWS observations1. In particular, we checked the

absolute flux calibration of the ISO-SWS spectra with

IRAC 3.6 µm observations by comparing the observed

IRAC 3.6 µm emission with the expected value in the

IRAC 3.6 µm bandpass based on the ISO-SWS spec-

trum. We found a consistency of 90% and 98% for

NGC 7023 and NGC 2023 respectively, indicating that

the ISO-SWS spectra are well calibrated in an abso-

lute sense. Subsequently, we compare the FLITECAM

emission observed in the ISO-SWS aperture with the

expected FLITECAM emission based on the ISO-SWS

spectrum. We found an agreement of 100% and 104%

for NGC 7023 and NGC 2023 respectively, indicating

that the FLITECAM images are well calibrated. Sec-

ond, by comparison with photometry of their central

star. Specifically, for NGC 2023, we performed photom-

etry on the central star, HD 37903, in each frame after

background subtraction which resulted in a flux density

of 0.38 ± 0.02 Jy on average. Similarly for NGC 7023, we

performed photometry on the central star, HD 200775,

and found a flux density of 11.56 ± 0.03 Jy. This is con-

sistent with the spectra of HD 37903 and HD 200775

given in Sellgren (1984), again demonstrating that our

FLITECAM data is properly calibrated.

1 The TDT (Target Dedicated Time) number is 20700801 and
65602309 for respectively NGC 7023 and NGC 2023.
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We estimate the PAH contribution to the total flux ob-

served in this FLITECAM filter from AKARI spectral

observations of NGC 7023 coinciding with the NW PDR

(Pilleri et al. 2015). We do this by multiplying both

the continuum–subtracted 3.3 µm band and the total

spectrum with the FLITECAM 3.3 µm filter response

curve and subsequently integrating over the filter range

for each AKARI pointing. Dividing these quantities, we

found that the PAH contribution in the 3.3 µm filter

is 59–74% of the total emission (which comprises both

PAH and dust continuum emission). As both continuum

and PAH features are due to UV pumped fluorescence

from large molecules (Allamandola et al. 1989) and both

species require similar sizes to be excited, it is reason-

able to assume that the feature to continuum ratio will

remain constant within a given source. Moreover, ISO-

SWS observations of NGC 2023 and NGC 7023 show

that both sources have very similar feature to contin-

uum emission ratios for the 3.3 µm band (e.g. Moutou

et al. 1999, their figure 3), thus the total PAH contribu-

tion in the FLITECAM filter will be approximately the

same.

4.1.2. Orion

We investigate the absolute calibration of the Orion

FLITECAM 3.3 µm data by comparing it with IRAC 3.6 µm

data. First, we estimate the expected ratio of the

FLITECAM to IRAC observations for the Orion Bar.

To this end, we use the ISO-SWS spectra across the

Orion Bar2. We multiply these ISO-SWS spectra with

both filter response curves and find that the average

FLITECAM-to-IRAC ratio equals 2.7 ± 0.3. Next, we

compare the observed surface brightness of the FLITE-

CAM 3.3 µm and the IRAC 3.6 µm images (after apply-

ing the IRAC 3.6 µm extended source correction; Figure

4). The weighted line of best fit to the data has a slope

of 3.82 ± 0.02 and a y–intercept of 342.1 ± 0.8 MJy/sr.

We thus find a scaling factor of 1.4 ± 0.2 which is equal

to the observed FLITECAM-to-IRAC ratio divided by

the expected FLITECAM-to-IRAC ratio. Hence, to

calibrate the FC (FLITECAM 3.3 µm) observations, we

use the following scaling relation:

FC(scaled) = (FC − 342.1)/1.4, (1)

Applying this relationship to the observed Orion

FLITECAM 3.3 µm data yields values that agree with

2 There are five ISO-SWS spectra available across the Orion Bar
at distances of 2.597′, 2.175′, 1.971′, 1.766′, and 1.356′ from θ1 Ori
C referred to as positions D2, H2S1, D5, Brγ, and D8 respectively
(Figure 3, e.g. Peeters et al. 2002; van Diedenhoven et al. 2004).
Their TDT numbers are 69502005, 69501806, 83101507, 69502108,
and 69501409 respectively.

the expected FLITECAM 3.3 µm values based on the

SWS spectra within 12%.
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Figure 4. The observed surface brightness in the FLITE-
CAM data and the IRAC 3.6 µm data (after extended source
correction). All stellar sources within the FOV have been
masked. Surface brightness values of the FLITECAM obser-
vations within the ISO-SWS apertures are indicated by ma-
genta triangles and expected mean surface brightness values
(from multiplying the SWS spectra with each filter response
curve) are shown as black diamonds. A weighted linear fit is
given by green line.

To further validate this approach, we also apply it

to the RNe. The predicted FLITECAM to IRAC ra-

tio is determined by multiplying the AKARI spectra of

NGC 7023 (Pilleri et al. 2015) with the respective filters.

We find that the mean flux density of the spectrum mul-

tiplied with the 3.3 µm filter is about 2 times greater

than multiplying with the IRAC 3.6 µm. A similar ra-

tio is expected for NGC 2023 based on the similarity of

the IR spectra of these sources (e.g. Moutou et al. 1999;

Verstraete et al. 2001). Using the same sized apertures

as the Orion pointings in both RNe, we are able to re-

produce the predicted FLITECAM-to-IRAC flux ratios

of 2. This shows that the FLITECAM observations of

the RNe are in agreement with predicted values.

We estimate the PAH contribution to the total flux

observed in the FLITECAM filter from the ISO-SWS

Orion Bar D2 position by multiplying the filter response

curve with the Bar D2 spectrum (e.g. Peeters et al. 2002;

van Diedenhoven et al. 2004). We find that the total

PAH contribution to the 3.3 µm filter is about 71% of

the total emission (which comprises both PAH and dust

continuum emission).
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4.2. Spitzer

We obtained the Spitzer-IRS data in reduced form

(for details on the reduction process, see Peeters et al.

(2012) and Shannon et al. (2015) for the RNe and

Boersma et al. (2012) for the Orion data). To measure

the 11.2 µm PAH emission, we defined and subtracted

a local spline continuum with anchor points at 10.85

and 11.65 µm (as in Peeters et al. 2017) from the spec-

trum at each pixel in our spectral maps or in the case

of the Orion IRS SH data, from the spectrum at each

pointing. We performed a simultaneous Gaussian fitting

procedure to the 11.0 and 11.2 µm emission features in

each continuum–subtracted spectra in order to separate

these features (e.g. Stock et al. 2014, 2016; Peeters et al.

2017). The flux of the 11.2 µm emission band is then

determined by integrating these continuum–subtracted

spectra over the wavelength range given above and sub-

tracting the 11.0 µm band flux.

We obtained the Spitzer-IRAC data in reduced form

for NGC 2023 and the Orion Nebula (Fleming et al.

2010; Megeath et al. 2012) and retrieved them from the

Spitzer Heritage Archive in the case of NGC 7023. To

approximate the 7.7 µm PAH emission, we converted

the IRAC 8.0 µm images (MJy sr−1) to flux densi-

ties (W m−2 sr−1) by multiplying by the wavelength

range covered by the 7.7 µm emission band of ∼ 1.0 µm

(e.g. Peeters et al. 2002), again assuming a nominal flat

spectrum. The relative PAH contribution in this filter

is about 89% of the total emission in the diffuse ISM

(Stock et al. 2014) and between 72–80% across the S

ridge in NGC 2023 over the distance range for which we

have 11.2 µm IRS SH measurements (Appendix A).

In order to compare the spatial distribution of the

different PAH bands for the RNe, the FLITECAM and

IRAC 8.0 µm images were regridded to the IRS SH pixel

scale (2.3′′ × 2.3′′ ). Both images were additionally aver-

aged over 2 × 2 pixels, set by the IRS spatial resolution.

Bright stellar sources in the IRS FOVs and pixels for

which there was no 3 σ detection of the 11.2/3.3 PAH

ratio were masked out. In case of the Orion, we deter-

mined the median flux density for both FLITECAM and

IRAC 8.0 µm images within the IRS aperture at each

pointing. In this way, the PAH emission at 3.3, 7.7, and

11.2 µm are compared at 5 different pointings within the

Orion region.

5. RESULTS

We determined the 11.2/3.3 and IRAC 8.0/11.2 (as

probed by IRAC 8 µm/11.2 µm) PAH intensity ratios

spatially where images of each band were present. For

NGC 2023 and NGC 7023, these ratios were measured

where each of our observations overlap, this resulted in

a FOV of the same size as the IRS SL maps. For Orion,

we determined these ratios in the IRS SH apertures in

covered by the FLITECAM frame. We consider the ra-

tio maps and cuts obtained for each source individually.

NGC 2023

Figure 5 shows the 11.2/3.3 and IRAC 8.0/11.2 PAH

intensity ratios in the southern PDR of NGC 2023. Con-

tours of the 12.3 µm H2 line are overplotted in white to

emphasize the S and SSE emission ridges. These bright

filaments are thought to be edge-on corrugations of the

cloud material that surrounds the bowl-shaped cavity

(Field et al. 1994). The central star is beyond the upper

right edge of this map.

We find minima in the 11.2/3.3 PAH intensity ratios

at the peak of the H2 emission and the 3.3 µm emis-

sion near the S ridge. In the SSE ridge, the minimum

is slightly displaced (in the direction towards the star)

compared to the H2 peak intensity, again coinciding with

the nearby peak of the 3.3 µm emission. Another min-

imum in the 11.2/3.3 ratio behind the H2 peak cen-

tered at pixel (5, 11) is also apparent. In general, we

find an increase in this ratio as we move towards the

star and further into the molecular cloud behind both

ridges. Moving inwards towards the star from the S

ridge H2 peak, there is a local minimum shown in cyan

surrounded by green which extends westward from the

SSE ridge towards the far right of the image and which

is centered at pixel coordinates (15, 18). This ratio then

proceeds to rise moving further inwards towards the top

right of the frame.

Overall, the IRAC 8.0/11.2 PAH intensity ratio ex-

hibits a stratified morphology with its highest values

closest to the central star. In addition, it exhibits a nar-

row local peak just above the H2 peak within the S ridge

as well as in the lower right portion of the S ridge. The

SSE ridge, in contrast, has a minimum in this ratio. Be-

low the S ridge into the molecular cloud, there is a rise

in this ratio.

Figure 7 shows a crosscut taken across the S ridge

emission peak (see Figure 1 for the orientation of the

cut) of the normalized flux densities of the 3.3, IRAC 8.0,

and 11.2 µm emission as well as the 11.2/3.3 and

IRAC 8.0/11.2 ratios. Note that the 3.3 µm and the

11.2/3.3 profile have a shorter range beyond the PDR

front, due to the lack of a 3 σ detection with FLITE-

CAM. All three emission features peak at the PDR front

(as traced by the peak intensity of the H2 emission,

at 78.6′′ from the illuminating source). However, the

3.3 µm emission drops fastest in intensity away from
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S
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Figure 5. The 11.2/3.3 (left panel) and the IRAC 8.0/11.2 (right panel) PAH intensity ratios for the south FOV in NGC 2023.
Contours of the 12.3 µm 0-0 S(2) H2 line are overplotted in white ((2.5, 3.32, 4.14) × 10−7 W m−2 sr−1). The direction to
the illuminating source, HD 37903, is indicated by a white arrow. A magenta line is overplotted to indicate the position of the
radial profile used for this source. The MIR emission peaks referred to as the the south ridge and south-southeast ridge as in
Peeters et al. (2017) are given by S and SSE respectively. Pixels below a 3 σ detection or near the source YSO C are set to zero
(shown here in black). North is up and east is to the left.

Figure 6. The 11.2/3.3 (left panel) and the IRAC 8.0/11.2 (right panel) PAH intensity ratios for the northwest NGC 7023
FOV. Contours of the 2.124 µm 1-0 S(1) H2 line are overplotted in white (80, 120, 175, 220 arbitrary units, Lemaire et al. 1996).
The direction to the illuminating source, HD 200775, is indicated by a white arrow. A magenta line is overplotted to indicate
the position of the radial profile used for this source. Pixels below a 3 σ detection or outside of the IRS SH aperture are set to
zero (shown here in black). North is up and east is to the left.

this PDR front, followed by the 11.2 µm emission. In-

terestingly, the IRAC 8.0 µm emission shows a plateau

from ∼ 50–70′′ , before dropping off as well closer to the

central star. This overall radial profile is reflected in the

11.2/3.3 and IRAC 8.0/11.2 PAH intensity ratios which

show, in general, a smooth decrease with increasing dis-

tance from the star until the PDR front, after which

they start to increase again. We note that the 11.2/3.3

ratio decreases quickly from ∼ 4 ± 1 to ∼ 2.5 ± 0.5

going from 45 to 55′′ away from the star. It then tends
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to be relatively constant between 55–70′′ before drop-

ping to a minimum of ∼ 1.8 ± 0.1 near the PDR front.

In contrast, the IRAC 8.0/11.2 PAH intensity ratio dis-

plays a slower decrease moving away from the star, until

it becomes relatively flat between 65–75′′ . At the PDR

front, the IRAC 8.0/11.2 PAH ratio shows a very small

peak which thus corresponds to the local maximum at

the PDR front as discussed above (see also Figure 5).

NGC 7023

Figure 6 shows 11.2/3.3 and IRAC 8.0/11.2 ratios in

the NW PDR of NGC 7023. Note that these images have

been rotated to align with the astrometry of NGC 7023

H2 data from Lemaire et al. (1996). Contours of the

2.124 µm H2 line are overplotted in white to probe the

PDR front. The central star is positioned beyond the

bottom left edge of this image. The 11.2/3.3 intensity

ratio is at a minimum all along the PDR front. Moving

towards the star, this ratio rises while also showing some

smaller local fluctuations on top of the overall increase

with respect to the PDR front. In addition, it does

not trace very well the ring structure observed in the

IRAC 8.0 µm and FLITECAM 3.3 µm images. Behind

the PDR front, the ratio rises although a S/N decrease

limits the extent to which this can be traced reliably.

Overall, the IRAC 8.0/11.2 ratio decreases in an al-

most parallel layered structure with distance from the

central star and does not show the ring structure as seen

in the IRAC 8.0 emission. While the lowest values are

found in regions sandwiching the PDR front, local max-

ima are apparent along the PDR front itself relative to

its immediate surrounding area (around pixels (5, 20)

and (13, 18)). Behind the PDR front, away from the

central star, the ratio seems to rise again.

Figure 7 shows a crosscut across the NW PDR (see

Figure 2 for the orientation of the cut) of the normal-

ized fluxes of the 3.3, IRAC 8.0, and 11.2 µm emission

as well as the 11.2/3.3 and IRAC 8.0/11.2 intensity ra-

tios. Each of the emission features peak close to or at

the PDR front (as traced by the peak intensity of the

H2 emission, at 46.3′′ from the illuminating source). In

NGC 7023, as was also found for NGC 2023, the 3.3 µm

emission decreases more sharply away from the PDR

front compared to the 8.0 and 11.2 µm emission. Moving

towards the star, both the 3.3 and IRAC 8.0 µm inten-

sities show an initial decrease followed by a plateau be-

tween ∼ 30–40′′ before decreasing again close to the star.

This plateau in emission is likely due to the ring of emis-

sion seen south of the PDR front detected at both wave-

lengths (Figure 2). The 11.2 emission shows a linear de-

crease in intensity as the portion of the ring structure

facing the illuminating star is much fainter in this band.

The 11.2/3.3 radial profile shows a decrease away from

the star up to a distance of 25′′. The ratio then increases

up to a maximum at ∼ 38′′ due to the filaments compris-

ing the ring structure perpendicular to the PDR front

becoming increasingly luminous in the 11.2 µm. Beyond

this peak, there is another decrease to a minimum lo-

cated just beyond the PDR front at 50′′, after which the

ratio increases again. The IRAC 8.0/11.2 radial profile

shows a different overall trend. It peaks closest to the

illuminating star and shows a significant decrease away

from the star down to a minimum that occurs at the

same distance as the maximum in the 11.2/3.3 radial

profile, corresponding to the emergence of the 11.2 µm

emission within the ring structure. This again can be

attributed to the steadily increasing prominence of the

ring structure in the 11.2 µm emission relative to the

other bands which show a more uniform emission distri-

bution here. With increasing distance from the central

star, the IRAC 8.0/11.2 ratio increases again until ∼ 50′′

after which it drops.

We note that while the relative trends in 11.2/3.3

and IRAC 8.0/11.2 ratios are quite similar between this

study and Croiset et al. (2016), the absolute values of

the ratios are not in agreement. This arises due to the

following differences. First, Croiset et al. (2016) used

the FORCAST 11.1 µm broadband filter with a FWHM

of 0.95 µm. These authors estimated that the continuum

emission contributes 20% to the observed emission in the

FORCAST filter and, as a consequence of this low con-

tribution, represents the 11.2 µm PAH flux by the ob-

served FORCAST 11.1 µm flux. In contrast, we measure

the integrated 11.2 µm band strength from the IRS SH

cube (Section 4.2). The PAH emission contributes 80%

of the observed emission at 11.2 µm at the PDR front.

Due to the FORCAST filter width, this results in a lower

(integrated) PAH contribution. Indeed, we find that the

integrated flux accounts for 58% of the PDR front emis-

sion within the FORCAST bandwidth decreasing to 35%

at 20′′ from the illuminating star. In addition, we note

that the portion of the ring-like structure facing the il-

luminating source is not clearly visible in our 11.2 µm

PAH map (extracted from IRS SH spectra) whereas it

is clearly evident in the FORCAST 11.2 µm image pre-

sented in Figure 1 of Croiset et al. (2016). We attribute

this to our subtraction of the dust continuum emission

from the IRS SH spectra to isolate the 11.2 µm PAH

emission. Summarizing, different methods of represent-

ing the 11.2 µm PAH emission strength and the sub-

traction (or not) of the underlying dust continuum give

rise to differences in the 11.2 µm PAH strength between

this work and Croiset et al. (2016). Second, the absolute

surface brightness of the IRAC 8.0 µm observations used
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Figure 7. Shown are normalized radial profiles of 3.3, IRAC 8.0, and 11.2 µm intensities (left panels), radial profiles of the
11.2/3.3 and the IRAC 8.0/11.2 intensity ratios (right panels) as a function of distance to the central star in NGC 2023 (top,
see Figure 1) and NGC 7023 (bottom, see Figure 2). In the top left panel, we overplot the SH PSF as a black–dashed line. The
11.2/3.3 intensity ratio determined from the ISO-SWS pointing of each source is shown as a green circle in the respective ratio
profiles (right panels, see text for details). The PDR front is traced by the 12.3 µm 0-0 S(2) H2 emission line in NGC 2023
and the 2.124 µm 1-0 S(1) H2 emission line in NGC 7023 (shown in magenta). Note that increasing 11.2/3.3 corresponds
to increasing PAH size and increasing IRAC 8.0/11.2 corresponds to increasing ionization. The associated uncertainties are
indicated as error bars of the same color as the respective data.

in each study differs. Specifically, the surface brightness

at the NW PDR of the archival IRAC 8.0 µm obser-

vation used here is ∼ 3–4 times brighter than in the

IRAC 8.0 µm observation used in Croiset et al. (2016).

The origin of this discrepancy is unknown and so we

elected to use the archival IRAC 8.0 µm observation.

As a consequence of these differences with the 11.2 and

IRAC 8.0 measurements, our IRAC 8.0/11.2 ratios are

a factor of 7 higher than those reported in Croiset et al.

(2016). Despite these discrepancies, we emphasize that

the relative trends found in both studies are consistent.

Orion

Figure 8 shows the normalized flux densities of the 3.3,

IRAC 8.0, and 11.2 µm PAH emission as well as the

11.2/3.3 and IRAC 8.0/11.2 ratios as a function of dis-

tance from the illuminating source for each IRS pointing.

Each of the three emission features are brightest near the

Bar and decrease steeply out to the M1 pointing. Note
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Figure 8. Normalized radial profiles of the 3.3, IRAC 8.0,
and 11.2 µm intensities (a) and radial profiles of the
IRAC 8.0/11.2 (b) and the 11.2/3.3 (c) ratios as a function
of distance to the illuminating source in the Orion Nebula
(see Figure 3). Radial profiles including 3.3 and 11.2 µm
intensities and the associated ratios derived in each of the
five ISO-SWS pointings across the Orion Bar are shown here
using dashed lines. The projected distance from θ1 Ori C
to the ionization front of the Orion Bar (shown in magenta)
is taken from [OI] 6300 Å measurements of Salgado et al.
(2016). Note that increasing 11.2/3.3 corresponds to increas-
ing PAH size and increasing IRAC 8.0/11.2 corresponds to
increasing ionization. The associated uncertainties are indi-
cated as error bars of the same color as the respective data.

that all three of these features vary in lockstep across

the Orion Bar. Subsequently, moving outwards towards

the Veil, the IRAC 8.0 and 11.2 µm exhibit a slower

rate of decrease with distance reaching a minimum at

the M1 pointing. Differences in the relative decline of

the band intensity are better probed with their intensity

ratios. Across the I1–I4 positions, the 11.2/3.3 ratio re-

mains constant within the associated uncertainties at

2.3 ± 0.2 and decreases at the M1 position to a ratio

of 1.4 ± 0.1 due to the larger relative decrease in the

11.2 µm band. In contrast, the IRAC 8.0/11.2 intensity

is high at the I4 position and decreases down to a mini-

mum at the I1 position. This is followed by an increase

back to a maximum at the M1 position, again due to the

11.2 µm emission showing the sharpest relative decrease

at this pointing.

6. DISCUSSION

Relative intensity variations of the 3.3 to 11.2 µm

bands trace the average size of the observed PAH pop-

ulation (e.g. Schutte et al. 1993; Ricca et al. 2012). In-

deed, upon absorption of a UV photon of a given energy,

a smaller PAH molecule, with less vibrational modes in

comparison to a larger molecule, will obtain a higher in-

ternal temperature as more energy is being distributed

per mode. Smaller PAHs will thus emit preferentially in

the 3.3 µm band compared to the 11.2 µm band. Both

the 3.3 and 11.2 µm emission bands originate in neu-

tral PAH species which eliminates any dependence on

the PAH charge state. Both bands also originate in CH

modes and are therefore not sensitive to variations in

the H/C ratio of the emitting species. In addition, these

bands span the largest range in wavelength of the major

PAH bands (excluding the 12.7 µm, which is of mixed

charge state, i.e. Peeters et al. 2012, 2017; Shannon et al.

2015, 2016), maximizing the spectral sensitivity to inter-

nal temperature.

Ricca et al. (2012) employed the NASA Ames PAH

IR spectroscopic database (Bauschlicher et al. 2010) to

calculate the intrinsic emission spectrum of PAHs with

different sizes for an average photon energy of 6 and

9 eV. These authors find i) a clear inverse-relationship

between the 3.3/11.2 PAH band ratio and PAH size for

PAHs of the coronene and ovalene family and ii) that

a higher absorbed average photon energy will increase

the 3.3/11.2 ratio for a given PAH species (their Figure

16). Hence, comparing the observed 3.3/11.2 PAH in-

tensity ratios with these calculations can then provide

an estimate for the expected size distribution of the PAH

population.

In contrast, the IRAC 8.0/11.2 ratio traces the ion-

ization balance of the PAH population. Indeed, the

IRAC 8.0 µm channel covers the 7.7 and 8.6 µm PAH

emission bands which are due to ionized PAH molecules

while the 11.2 µm emission band arises from neutral

PAH species. Hence, this ratio yields another probe of

the interaction between FUV radiation and the PAH

population.

Croiset et al. (2016) investigated the size and charge

distribution of the PAH population in NGC 7023. These

authors followed the approach by Ricca et al. (2012)

to determine the average size of the PAH population

based on the 11.2/3.3 PAH intensity ratio using an av-

erage absorbed photon energy of 6.5 eV (their Figure 5).
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They report that the average PAH size reaches a min-

imum of 50 carbon atoms at the PDR front and thus

increases away from the PDR front towards both the

molecular cloud and the illuminating star reaching sizes

up to 70 carbon atoms. In addition, these authors report

that the charge distribution becomes increasingly dom-

inated by ionized PAHs with decreasing distance from

the central star, consistent with previous results (e.g.

Joblin et al. 1996; Verstraete et al. 1996; Berné et al.

2007).

Comparing the (relative) PAH intensity radial profiles

for NGC 7023 and NGC 2023 (Figure 7), we report very

similar trends in both RNe which are consistent with

the results of Croiset et al. (2016): i) the intensity of

each emission component increases with distance from

the illuminating source and peaks at the PDR front be-

fore decreasing again into the molecular cloud, ii) the

size of the PAH population reaches its minimum at the

PDR front, and iii) the charge state of the PAH pop-

ulation decreases from the illuminating source towards

the PDR front. As we probe a different configuration

with our pointings towards the Orion Bar, its trends, as

described in Section 5, are clearly distinct compared to

those of the RNe. We now consider the specific prop-

erties of the size distribution and charge balance of the

PAH population for each source individually.

6.1. Average PAH size distribution

We derive the average PAH sizes for our sample based

on the 11.2/3.3 ratios as observed with FLITECAM and

IRS. We remind the reader that some uncertainty exists

related to their absolute values (cf. FLITECAM–SWS

comparison, Section 5) and we did not apply a correction

for the PAH contribution in the FLITECAM filter. Both

will affect the derived average PAH sizes. Consequently,
trends in the average PAH size are trustworthy while its

absolute value is indicative.

NGC 7023 —To determine the average PAH size in

NGC 7023, we apply the emission model shown in Fig-

ure 5 of Croiset et al. (2016). The minimum in the

11.2/3.3 ratio of ∼ 1.7 ± 0.1 at the NW PDR front

(Figure 6 and Figure 7) corresponds to an average PAH

size of ∼ 50 ± 2 carbon atoms. Closer to the illuminat-

ing star, the 11.2/3.3 ratio rises up to 2.9 ± 0.2, corre-

sponding to PAHs with ∼ 65 ± 5 carbon atoms. This is

followed by a decrease to a ratio of 1.8 ± 0.1 or PAHs

with ∼ 50 ± 2 carbon atoms before rising again into the

cavity surrounding the star. As detailed in Section 5,

the trends found in the 11.2/3.3 and consequently the

average PAH size for the NW region of NGC 7023 are

overall similar to those reported by Croiset et al. (2016)

while absolute values differ due to the different methods

used to measure the 11.2 µm emission.

NGC 2023 —We use the Kurucz stellar model used by

Andrews et al. (2015) and the emission model of Croiset

et al. (2016, which takes the absorption cross–section

into account) to obtain an average photon energy of

7.3 eV. Using the dependence of the 11.2/3.3 PAH ratio

on size as determined by Ricca et al. (2012, their Figure

16), we obtain an average PAH size of 75 ± 5 carbon

atoms for a minimum value of the 11.2/3.3 ratio of ∼
1.8 ± 0.1 at the S and SSE Ridges (Figures 5 and 7).

Moving towards the star, the 11.2/3.3 ratio rises up to

∼ 4 ± 1 corresponding to a size of ∼ 110 ± 20 carbon

atoms.

Orion —By using the emission model of Croiset et al.

(2016) with a Kurucz stellar model of Teff = 39000 K

and log(g) = 4 for θ1 Ori C (Kurucz 1993), we obtain an

average photon energy of 8.1 eV3. The 11.2/3.3 ratios in

all regions probed SE of the Orion Bar vary between ap-

proximately 2.3 ± 0.2 to 1.4 ± 0.14. This corresponds to

an average PAH size ranging from 70 ± 5 to 85 ± 5 car-

bon atoms based on the 11.2/3.3 PAH ratio and size

relationship as determined by Ricca et al. (2012).

Considering these three sources, we thus find that i)

the average PAH sizes in NGC 7023 are the smallest,

with its maximum average PAH size being similar to the

minimum average PAH size in both NGC 2023 and SE

of the Orion Bar, and ii) the range of average PAH size

across the FOV is largest towards NGC 2023 (Table 2).

Comparing these results with the physical conditions of

the sources (Table 2), we note that for the RNe, the

average PAH size increases when the intensity of the

radiation field, as measured by G0, increases.

6.2. PAH charge distribution

NGC 7023 —As discussed in Section 5, the values of

the IRAC 8.0/11.2 ratio are significantly higher than

those derived by Croiset et al. (2016). Yet the relative

ionization of the PAH population in NGC 7023 shows

the same overall decreasing trend with distance from the

3 We again note that O’Dell et al. (2017) have suggested that
the primary ionization source beyond the Orion Bar is θ2 Ori A,
a O9.5V type star with Teff = 34600 K. This corresponds to
an average photon energy of 7.9 eV, which does not significantly
change our size estimates.

4 We note that these ratios and the subsequent PAH size deriva-
tions are highly influenced by the large multiplication factor used
in Orion FLITECAM calibration. Hence, we emphasize the abso-
lute values should be considered highly uncertain while the relative
variations are trustworthy.
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Table 2. Physical conditions and average PAH size for our sample.

Source Coordinates1 G0
2 ne

3 Tgas γ 4 Average PAH size Refs

(J2000) (cm−3) (K) (× 102) minimum maximum

NGC 7023 (21:01:33.3; +68:10:17.60) 2600 0.64 250 20 50 ± 2 65 ± 5 1

NGC 2023 (05:41:40.39; -02:16:02.48) 5 1.5 × 104 16 750 8 2

(05:41:37.99; -02:16:35.26) 6 4000 75 ± 5 110 ± 20 2

Orion Bar (05:35:19.9; -05:25:09.82) 7 4 × 104 8 500 88 70 ± 5 85 ± 5 3, 4

1 Position at which the physical conditions were derived; 2 G0 is the integrated 6–13.6 eV radiation flux in units of the Habing
field = 1.6 × 10−3 erg cm−2 s−1; 3 electron density in the PDR (cm−3) estimated by ne ≈ (C/H)nH = 1.6 × 10−4 nH using the

Carbon abundance of Sofia et al. (2004); 4 Ionization parameter γ = (G0/ne)(Tgas/1000K)0.5; 5 corresponds to the peak IR
emission located outside our IRS FOV; 6 corresponds to the S ridge position; 7 Orion Bar position 4, which corresponds to the

ISO-SWS D5 position.
References: 1. Chokshi et al. (1988); 2. Steiman-Cameron et al. (1997); 3. Tauber et al. (1994); 4. Galliano et al. (2008).

illuminating star as well as a local peak along the PDR

front as reported by Croiset et al. (2016).

Another tracer for the PAH ionization balance is the

11.0/11.2 PAH ratio (e.g. Hudgins & Allamandola 1999;

Rosenberg et al. 2011; Shannon et al. 2016; Peeters et al.

2017) as the 11.0 and 11.2 PAH emission are due to solo-

CH out-of-plane bending modes in respectively cationic

and neutral PAHs (e.g. Hudgins & Allamandola 1999;

Hony et al. 2001; Bauschlicher et al. 2008). A crosscut

of the 11.0/11.2 PAH ratio in NGC 7023 shows a clear

decrease with distance from the illuminating source (see

Figure 9). This is fairly consistent with the crosscut of

the IRAC 8.0/11.2 ratio in NGC 7023 shown in Figure

7.

NGC 2023 —Regarding the degree of ionization, we no-

ticed the existence of a local maximum in the S ridge

whereas no similar peak is seen at the SSE ridge (Fig-

ure 5). The Two Micron All Sky Survey (2MASS, Skrut-

skie et al. 2006) observations of NGC 2023 detect a

stellar source embedded within the south ridge located

∼ 2.5′′ to the west of our line cut through this region

(see Figure 1), which possibly gives rise to this increased

PAH ionization balance.

There are clear difference between the IRAC 8.0/11.2

ratio and the 11.0/11.2 PAH ratio in NGC 2023 (see Fig-

ure 9). The 11.0/11.2 PAH ratio does not show the local

maximum at the PDR front seen in the IRAC 8.0/11.2,

but a local minimum just behind this point. Addition-

ally, the 11.0/11.2 PAH ratio profile may reflect the

bowl-shaped geometry of the cavity, where the relative

ionization decrease is largest at the edge-on PDR front.

There is a slight rise in the 11.0/11.2 PAH ratio mov-

ing into the molecular cloud, but it is nowhere near as

pronounced as the rise found in the IRAC 8.0/11.2 ratio

of NGC 2023 (see Figure 7). The discrepancy between

the IRAC 8.0/11.2 ratio and the 11.0/11.2 PAH ratio

seen beyond the PDR front suggests that the increas-

ing continuum contribution of the IRAC 8.0 µm makes

the IRAC 8.0/11.2 ratio a less reliable tracer of PAH

ionization into the molecular cloud (e.g. Appendix A).

Orion —The radial profile of the PAH ionization as

traced by the IRAC 8.0/11.2 ratio does not resemble

that of the 11.0/11.2 PAH ratio reported by Boersma

et al. (2012, see Figure 10). This discrepancy may arise

from, amongst others, a possible changing PAH con-

tribution to the IRAC 8.0 µm band and/or from PAH

dehydrogenation. As discussed in Section 3.2, the for-

mer cannot be the main driver of the observed variation

in the IRAC 8.0/11.2 ratio. In contrast, PAH dehydro-

genation will influence the 11.0, 11.2, and 8.6 µm band

differently as the 11.0 and 11.2 µm bands are due to solo

CH groups while the 8.6 µm band probes all CH groups

in large compact PAHs. We note that the IRAC 8.0 µm

band comprises both the 7.7 and 8.6 µm band with the

7.7 µm band dominating. Hence, PAH dehydrogenation

may cause the IRAC 8.0/11.2 and 11.0/11.2 tracers for

PAH ionization to diverge. Boersma et al. (2012) invoke

PAH dehydrogenation for these observations to explain

the discrepancy between the 11.0/11.2 PAH ratio and

the observed change in the hardness of the radiation

field as traced by the [SIV] 10.5/[SIII] 18.7 line ratio

reported by Rubin et al. (2011).

Additionally, Peeters et al. (2017) have shown that

the 6.2 and 7.7 µm bands are spatially distinct from

the 8.6 and 11.0 µm bands in NGC 2023. They found

that the 11.0 and 8.6 µm bands peak much closer to
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Figure 9. The 11.0/11.2 PAH intensity ratio for the south FOV in NGC 2023 (left) and for the northwest NGC 7023 FOV
(right). See Figures 5 and 6 for details on the contours shown for NGC 2023 and NGC 7023 respectively. Pixels below a 3 σ
detection or outside of the IRS SH aperture are set to zero (shown here in black). The direction to the illuminating source is
indicated by white arrows. The magenta line (top) indicates the cut used for the radial profiles. Radial profiles of the PAH
ionization balance as traced by the 11.0/11.2 PAH ratio as a function of distance to the central star are shown in the lower
panels. The PDR front is traced by the 12.3 µm 0–0 S(2) H2 emission line in NGC 2023 and the 2.124 µm 1–0 S(1) H2 emission
line in NGC 7023 (magenta, bottom). The associated uncertainties are indicated as error bars.

the illuminating source in NGC 2023 than the 6.2 and

7.7 µm bands. Although all of these bands are at-

tributed to ionic PAH species, the spatial diversity found

suggests that the 6.2/7.7 µm and 8.6/11.0 µm bands

correspond to distinct groups of PAH ions. Since the

7.7 µm band will have a significantly larger contribution

within IRAC 8.0 µm than 8.6 µm, we conclude that

IRAC 8.0/11.2 and 11.0/11.2 cannot both be used as

identical tracers of relative PAH ionization.

6.3. Photochemical evolution of PAHs

The observed variation of the average PAH size gives

further evidence of significant ongoing photoprocessing

of these molecules. Indeed, for both RNe, NGC 7023

and NGC 2023, we find that the average PAH size dis-

tribution in each source and variations in average size

between the two RNe is strongly dependent on the ra-

diation field strength, G0. Specifically, we find that

the minimum average PAH size is found at the PDR

front and that the average PAH size increases upon



16 Knight et al.

2.5 3.0 3.5 4.0 4.5 5.0 5.5
0.04

0.06

0.08

0.10

0.12

0.14

11
.0
¤

11
.2

 

2.5

3.0

3.5

4.0

4.5

5.0

IR
AC

 8
.0
¤

11
.2

 
2.5 3.0 3.5 4.0 4.5 5.0 5.5

Distance from Star (arcmin)
0.001

0.010

0.100

S+
+

+
¤

S+
+
 

(a)

(b)

I4 I3 I2 I1 M1

Figure 10. The Orion Nebula radial profiles of the PAH
ionization balance as traced by the IRAC 8.0/11.2 ratio (red,
this work, top) and the 11.0/11.2 PAH ratio (green, Boersma
et al. 2012, top), and of the hardness of the radiation field
as traced by the S+++/S++ ratio (blue, Rubin et al. 2011,
bottom) as a function of distance to the illuminating source.
The associated uncertainties are indicated as error bars of
the same color as the respective data.

closer approach to the illuminating stars as G0 increases.

Likewise, smaller average PAH sizes are found towards

NGC 7023 (compared to NGC 2023) which has also the

lowest radiation field intensity (Table 2). Enhanced in-

tensity of the radiation field thus leads to increased PAH

photo–processing resulting in the destruction of smaller

PAH species as predicted by Allain et al. (1996). This,

in turn, gives rise to a larger average PAH size. To-

gether with the enhanced emission of fullerenes near the

illuminating source (Sellgren et al. 2010; Peeters et al.

2012; Berné & Tielens 2012), these results give support

to the hypothesis of the formation of fullerenes from

PAH molecules. Specifically, extreme levels of UV ra-

diation promote the complete dehydrogenation of PAHs

(> 60 carbon atoms) that subsequently fold into loose

cage structures upon losing C2 atoms until they reach

stability as C60 molecules (Berné & Tielens 2012; Zhen

et al. 2014; Berné et al. 2015). The interpretation of the

average PAH size distribution southeast of the Orion

Bar is more complicated than that of the RNe. We find

no real variation in the average PAH size (within the

associated uncertainties) with distance from the illumi-

nating source, except for the M1 pointing. The geomet-

rical nature of the region delineated by the Orion Bar

and the southeastern Veil is much more complex than

the edge–on morphology of the PDRs found in the RNe.

The Bar is an edge–on, compressed shell at the edge of

a bowl created by the Trapezium cluster (Salgado et al.

2016). In our positions out to the Veil, we see a face–on

PDR at the surface of the molecular cloud (Pabst et al.

2019). In the case of an edge–on PDR, the gas is trans-

ported into the cavity by the PDR evaporation flow and

hence the material closer to the star is the ”same” ma-

terial as farther away except that it is more thoroughly

processed by UV photons. In contrast, in the Veil, we

are looking face-on and hence we are integrating over

the history of this processing.

7. CONCLUSIONS

We present spatial maps of the 3.3 and 11.2 µm PAH

intensities, the IRAC 8.0 µm emission, and the 11.2/3.3

and IRAC 8.0/11.2 emission ratios in three prominent

MIR-bright sources – the reflection nebulae NGC 2023

and NGC 7023, and the region southeast of the Orion

Bar – based upon observations from FLITECAM on-

board SOFIA as well as archival Spitzer data. These

emission ratio maps provide a measure of the average

PAH size distribution and the relative PAH ionization

respectively.

Both RNe exhibit similar trends in these intensity ra-

tios: i) the average PAH size increases upon approaching

the illuminating source while it is at a minimum along

the PDR front and ii) the relative PAH ionization in-

creases with proximity to the illuminating source. iii) In

contrast to the 11.0/11.2 PAH ratio, the IRAC 8.0/11.2

ratio is not a suitable tracer of the relative PAH ioniza-

tion into the molecular cloud region because of an in-

creasing continuum contribution to the IRAC 8.0 band.

In contrast, the region southeast of the Orion Bar ex-

hibits little to no variation in the average PAH size and

a peculiar radial profile in the relative PAH ionization:

a decrease away from the illuminating source up to 4.5′,

followed by a increase at ∼ 5′. This radial profile does

not resemble that of the 11.0/11.2 PAH ratio.

We derive an average PAH size of 75 carbon atoms

at the PDR front up to 110 carbon atoms nearest to

the illuminating source for NGC 2023; 50 carbon atoms

at the PDR front, which increases up to 65 carbon

atoms near the cavity region surrounding HD 200775

for NGC 7023; and a range of 70 to 85 carbon atoms for

the southeast Orion region. For the RNe, larger average

PAH sizes correlate with an increase in G0. In addi-

tion, the average PAH size in NGC 7023 is lower at all

points in comparison to NGC 2023, whereas NGC 2023
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has the widest range of average PAH sizes in the FOV

considered. These results support the interpretation

of the rise in the UV field intensity with proximity to

the illuminating source driving the photochemical evo-

lution of the PAH population that destroys all but the

largest species and promote the formation of more stable

fullerene molecules. Due the lack of variation in the av-

erage PAH size in the region southeast of the Orion Bar,

combined with its complex geometry, we are unable to

make any significant conclusions about the photochem-

ical evolution of PAHs here. Future studies of these

astronomical sources using space–borne telescopes with

higher spatial resolution instruments such as the James

Webb Space Telescope will allow these trends of PAH

size and relative ionization to be refined in much more

detail.
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APPENDIX

A. Relative PAH contribution to the IRAC 8.0 µm emission in a PDR

The IRAC 8.0 µm emission is often used as a tracer for PAH emission (e.g. Hogg et al. 2005; Smith et al. 2007; Stock

et al. 2014). Here, we estimate the relative contribution of the individual emission components contained within the

IRAC 8.0 µm filter within the South NGC 2023 and the Northwest NGC 7023 IRS SL spectral cubes (e.g. Stock et al.

2016; Peeters et al. 2017; Stock & Peeters 2017). The spectral components in these spectra within the IRAC 8.0 µm

filter include the 7.7 and 8.6 µm emission features, the 8 µm bump and 5-10 µm plateau, both of which are attributed

to emission of PAH and related species, the 6.9 µm H2 line, and the underlying dust continuum (where we follow

the decomposition given by Peeters et al. 2017). We multiply spectral maps of these emission components by the

IRAC 8.0 µm filter response function and integrate over the relevant wavelength range of each feature. Subsequently,

we determine the fractional contribution of each spectral component to the total IRAC 8.0 µm flux for a given spectrum.

Figure A.1 presents these relative contributions to the IRAC 8.0 µm bandpass along radial cuts across the S ridge

PDR front in NGC 2023 and the NW PDR front in NGC 7023 in the direction to the illuminating sources in both

RNe. We find that along the radial cut, extending from inside the cavity to the PDR front, the PAH related species

account for ∼ 80% of the emission within the IRAC 8.0 µm. Beyond the PDR front into the molecular cloud in

NGC 2023, PAH related emission drops down to ∼ 73% of the total emission. Thus, we can effectively state that the

IRAC 8.0 µm filter is a strong tracer of PAH emission within PDR environments but becomes a slightly less reliable

tracer in molecular cloud dominated regions.
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