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ABSTRACT
We present 5–14 μm spectra at two different positions across the Orion Bar photodissociation region (PDR) obtained with
the Infrared Spectrograph onboard the Spitzer Space Telescope and 3.3 μm PAH observations obtained with the Stratospheric
Observatory for Infrared Astronomy (SOFIA). We aim to characterize emission from Polycyclic Aromatic Hydrocarbon (PAH),
dust, atomic and molecular hydrogen, argon, sulfur, and neon as a function of distance from the primary illuminating source.
We find that all the major PAH bands peak between the ionization front and the PDR front, as traced by H2, while variations
between these bands become more pronounced moving away from this peak into the face-on PDRs behind the PDR front and
at the backside of the H II region. While the relative PAH intensities are consistent with established PAH characteristics, we
report unusual behaviours and attribute these to the PDR viewing angle and the strength of the FUV radiation field impinging on
the PDRs. We determine the average PAH size which varies across the Orion Bar. We discuss subtle differences seen between
the cationic PAH bands and highlight the photochemical evolution of carbonaceous species in this PDR environment. We find
that PAHs are a good tracer of environmental properties such as the strength of the FUV radiation field and the PAH ionization
parameter.

Key words: astrochemistry – techniques: spectroscopic – ISM: individual objects: Orion Bar – photodissociation region (PDR) –
infrared: ISM.

1 IN T RO D U C T I O N

Mid-infrared (MIR) observations throughout the interstellar medium
(ISM) of our Galaxy as well as external galaxies show strong
emission features at 3.3, 6.2, 7.7, 8.6, 11.2, and 12.7 μm attributed
to the infrared fluorescence of polycyclic aromatic hydrocarbons
(PAHs). These molecules absorb far-ultraviolet (FUV) photons
causing electronic excitation (i.e. Allamandola, Tielens & Barker
1989), which is rapidly converted into vibrational excitation that is
radiated away as MIR emission as these PAH species cool. Since their
discovery by Gillett, Forrest & Merrill (1973), these bands have been
observed in a wide variety of sources including H II regions, young
stellar objects (YSOs), post-AGB stars, planetary nebulae (PNe),
reflection nebulae (RNe), galaxies as well as the diffuse ISM (e.g.
Hony et al. 2001; Verstraete et al. 2001; Peeters et al. 2002; Berné
et al. 2007; Boersma, Rubin & Allamandola 2012; Shannon, Stock
& Peeters 2016; Stock et al. 2016).

PAHs and related species account for up to 15 per cent of the
cosmic carbon inventory (Allamandola et al. 1989) and play a key
role in the physical and chemical processes in these environments.
For instance, PAHs have been shown to be useful tracers of star
formation rates (e.g. Peeters, Spoon & Tielens 2004; Calzetti et al.
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2007; Maragkoudakis et al. 2018), they are the dominant heating
source in the neutral ISM via photoelectric ejection (Bakes &
Tielens 1994), and are essential to the ionization balance through
photoionization and recombination processes (Lepp & Dalgarno
1988). Thus, studying these PAH emission features can yield a wealth
of knowledge towards our understanding of the important role these
molecules have in the physical and chemical processes that occur
within the ISM.

The PAH emission features show variations in relative intensities,
peak position, and band shape in different Galactic and extragalactic
environments as well as within extended sources (e.g. Hony et al.
2001; Peeters et al. 2002; Galliano et al. 2008). The main driver for
variations in PAH band intensities is the charge state of the underlying
population. The 6.2, 7.7, and 8.6 μm bands are strong in ionic PAHs,
whereas the 3.3 and 11.2 μm bands are more prevalent within neutral
PAHs (e.g. Allamandola et al. 1989; Bakes & Tielens 1994; Hudgins,
Sandford & Allamandola 1994; Allamandola, Hudgins & Sandford
1999). Generally, PAH bands attributed to the same ionization state
tend to be well correlated. For instance, there is a tight relationship
between the 6.2 and 7.7 μm bands found in a wide variety of
MIR bright sources (e.g. Galliano et al. 2008; Boersma, Bregman
& Allamandola 2014b; Peeters et al. 2017; Stock & Peeters 2017;
Maragkoudakis et al. 2018). However, the above relationship does not
hold for all astronomical sources. Indeed, it has been found to break
down on small spatial scales within the giant star-forming region N66
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in the Large Magellanic Cloud (Whelan et al. 2013) and towards the
centre of ultracompact H II regions within the Galactic massive star-
forming region W49A (Stock et al. 2014). An investigation of PAH
emission features in a much closer H II region with similar radiation
field properties could provide an explanation for this anomaly by
availing of the much higher spatial resolution as set by the observing
instrument by virtue of proximity.

To this end, we consider the prototypical nearby star-forming
region, the Orion Nebula (M42), located at a mere distance of
414 ± 7 pc (Menten et al. 2007). Within this nebula lies the Orion Bar,
which has long been known to be a source of strong MIR emission
(e.g. Aitken et al. 1979; Sellgren 1981; Tielens & Hollenbach 1985;
Bregman et al. 1989; Geballe et al. 1989; Sellgren, Tokunaga &
Nakada 1990; Tielens et al. 1993; Giard et al. 1994; Cesarsky et al.
2000; Rubin et al. 2011; Boersma et al. 2012; Haraguchi et al. 2012;
Salgado et al. 2016; Pabst et al. 2019). Due to the edge-on, stratified
nature of this photodissociation region (PDR), it is considered to
be the benchmark for modelling these environments (e.g. Tielens
& Hollenbach 1985; Tielens et al. 1993). Furthermore, the edge-
on morphology is a key facilitator in our understanding of PDRs
in that it allows us to clearly delineate the boundaries between the
ionized cavity surrounding a stellar source of strong UV radiation,
the neutral PDR where freely flying PAH species are abundant, and
the cold molecular cloud that tends to encompass these PDRs (e.g.
Tielens et al. 1993; Tauber et al. 1994; Walmsley et al. 2000; van der
Werf, Goss & O’Dell 2013; Cuadrado et al. 2015; Goicoechea et al.
2015).

In this study, we examine PAH emission features along with
prominent MIR atomic and molecular emission lines towards the
Orion Bar using spectroscopic observations from the Spitzer Space
Telescope, along with supplementary data previously obtained from
FLITECAM on board the Stratospheric Observatory for Infrared
Astronomy (SOFIA). In Section 2, we give an overview of the general
morphology and physical properties of the Orion Bar. In Section 3, we
present our spectroscopic observations as well as the data reduction
methodology. We describe how the continuum and feature fluxes
are measured in Section 4. In Section 5, we describe our primary
results in the form of cross cuts of individual emission components
and corresponding emission ratios with respect to distance from the
primary illuminating source and correlations between these features.
We discuss these results with respect to the environmental conditions
and the properties of the PAH population in Section 6. Finally, a
summary of this work is provided in Section 7.

2 O R IO N BA R

In the Orion Nebula, the primary illuminating source of the PDR is the
brightest member of the Trapezium cluster, θ1 Ori C, an O6V type star
with Teff = 38 950 K (e.g. O’Dell, Kollatschny & Ferland 2017). In
Fig. 1, we show a zoomed-in mosaic of the Orion Nebula using MIR
imaging. This image demonstrates where the MIR bright gas and dust
forms the PDR boundary between the large ionized cavity centred
on the Trapezium cluster and the surrounding molecular cloud. The
Orion Bar is part of this PDR boundary and is an edge-on, compressed
shell (Salgado et al. 2016). The outer boundary of the Orion Nebula
is referred to as the Orion Veil, a large expanding shell of neutral
gas driven by stellar winds expanding radially from the Trapezium
Cluster (Pabst et al. 2019). The stratified edge-on morphology of
the Orion Bar and its proximity makes it an ideal probe of a PDR
environment as we can investigate the photoprocessing of the gas
and dust with distance to the illuminating source (e.g. Cesarsky et al.
2000; Goicoechea et al. 2015; Knight et al. 2021). In contrast, in

OBN

OB

OBC

Orion Bar

HII Region (PDR)

T1 Ori C

N

E

OBI

T2 Ori A

24.0 5:35:20.0 16.0 12.0

23
:0
0

-5
:2
4:
00
.0

25
:0
0.
0

26
:0
0.
0

Figure 1. Mosaic of the Orion Nebula with IRAC 3.6 μm in blue,
IRAC 5.8 μm in green, and IRAC 8.0 μm in red (Megeath et al. 2012).
IRS SL apertures are referred to as ‘Orion Bar’ (OB; cyan), ‘Orion Bar
Neutral’ (OBN; white), and ‘Orion Bar ionized’ (OBI; yellow). We combine
OB and OBN into a single aperture ‘Orion Bar Combined’ (OBC; black) as
detailed in Section 3.2.1. The position of TI Ori C (θ1 Ori C) and T2 Ori A
(θ2 Ori A) is indicated by white circles. We note that each image is shown in
a square root scaling.

Figure 2. Schematic representation of the H II region surrounding the
Trapezium stars and the PDR bounding the Orion molecular cloud (OMC-1,
not to scale). The line-of-sight view is perpendicular to the IRS SL apertures
which are oriented across the Orion Bar and are indicated here as OBC/OBI
(see Section 3.1 for observation details). The PDR viewing angles (face-on or
edge-on) and the nomenclature used in this paper for the three different regions
are indicated below the representation. Adapted from Boersma et al. (2012)
with permission from the authors. C©AAS. Reproduced with permission.

a face-on PDR morphology, the entire processing history is mixed
along the line of sight. This PDR morphology makes it significantly
more difficult to infer how the gas and dust chemistry is driven by
the stellar radiation field. Fig. 2 shows a schematic representation of
the Orion Nebula. Face-on PDR emission is seen towards the H II

region surrounding the Trapezium cluster (left side in Fig. 2), which
originates from the PDR on the surface of the Orion molecular cloud
(OMC-1), as well as behind the edge-on PDR front outwards towards
the Veil (right side in Fig. 2). Henceforth, we refer to the face-on PDR
towards the Orion H II region surrounding the Trapezium cluster as
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Table 1. Log of observations.

Orion Bar Orion Bar Neutral Orion Bar Ionized

Map α1 5:35:27.5 5:35:27.7 5:35:25.7
Map δ1 −5:30:48 −5:31:14 −5:30:39
AORs2 4117760 4118016 4118272

Notes. aα, δ (J2000) are the central coordinates of each map. α has units of
hours, minutes, and seconds and δ has units of degrees, arcmin, and arcsec.
bAOR is Astronomical Observation Request Identifier.

the H II region (PDR) and the face-on PDR behind the Orion Bar
outwards towards the Veil as the face-on PDR behind the PDR front
to distinguish it from the edge-on PDR, the Orion Bar.

For the Orion Bar, Marconi et al. (1998) reported gas densities
of 3–6 × 104 cm−3 and a FUV radiation field strength, G0,1 of
2.6 × 104 times that of the average interstellar value at the ionization
front. As we consider observations that are, in part, positioned behind
the PDR front, it is worth noting that it has been suggested that θ2 Ori
A, an O9.6V type star with an effective temperature of 34 600 K, is
the primary source of UV radiation on the far side of the Bar (O’Dell
et al. 2017).

3 O B S E RVAT I O N S A N D DATA R E D U C T I O N

3.1 Observations

3.1.1 Spitzer

Spectroscopic observations were obtained with the short-low (SL)
staring mode of the Infrared Spectrograph (IRS; Houck et al. 2004)
on board the Spitzer Space Telescope (Werner et al. 2004). This data
set consists of three pointings with slits that transverse the Orion
Bar at different locations (PID: 45, PI: Thomas Roellig, Fig. 1). We
assign the following nomenclature for these three pointings based on
how much (part of) the aperture is in front of the Orion Bar towards
the illuminating source, θ1 Ori C. From closest to farthest from θ1

Ori C, these pointings are referred to as: ‘Orion Bar ionized’ (OBI),
‘Orion Bar’ (OB), and ‘Orion Bar neutral’ (OBN). A summary of
our observations is given in Table 1.

The SL mode has an effective wavelength range of 5.2–14.5 μm
and a spectral resolution of 60–128 over three orders of diffraction:
SL1, SL2, and SL3. The pixel size of the SL mode is 1.8 arcsec, with
a slit width of 3.6 arcsec and a slit length of 57 arcsec.

3.1.2 SOFIA

We include SOFIA-FLITECAM observations of the Orion Bar in the
‘PAH’ filter (PID: 04 0058, PI: A. Tielens; Knight et al. 2021). This
filter has an effective wavelength of 3.302 μm and a bandwidth of
0.115μm. The FLITECAM instrument has a 1024 pixel × 1024 pixel
InSb detector that covers a 8 arcmin × 8 arcmin area on the sky with
0.475 arcsec × 0.475 arcsec pixels.

3.2 Data reduction

3.2.1 Spitzer

The IRS-SL raw data were processed by the Spitzer Science Center
with the S18.18 pipeline version. The resulting bcd products are

1In units of the Habing field (1.3 × 10−4 erg cm−2 s−1 sr−1, Habing 1968).

Table 2. PAH contribution to SOFIA 3.3-μm observations.

Name1 TDT2 Distance3 PDR PAH
(arcsec) fraction

D8 69501409 81.4 H II region (PDR) 69.5
Brγ 69502108 106.0 H II region (PDR) 69.8
D5 83101507 118.3 Orion Bar 73.6
H2S1 69501806 130.5 Orion Bar 76.4
D2 69502005 155.8 Behind Bar 71.2

Notes. aName given to the observation in the ISO archive.
bTDT numbers uniquely identifying the ISO observation.
cDistance between the illuminating source and the center of the 14 arc-
sec × 20 arcsec aperture.

further processed with cubism (Smith et al. 2007). Specifically, we
set cubism’s wavsamp to 0.04–0.96 and applied cubism’s automatic
bad pixel generation with σ TRIM = 7 and Minbad-fraction = 0.50
and 0.75 for global and record bad pixels, respectively. Remaining
bad pixels were subsequently removed manually.

Spectra are extracted in an aperture of 2 × 2 pixels moving along
the slit in one-pixel steps. As a consequence, adjacent pixels are
not independent. We found small mismatches in absolute flux levels
between the SL1 and SL2 of 2–16 per cent and <5 per cent between
SL1 and SL3. To remedy this, the SL3 data were scaled to the SL1
data followed by a scaling of the SL2 data to the combined SL1
and scaled SL3 data. Subsequently, the SL1 and SL2 orders were
combined into a single spectral cube for each pointing.

Due to the considerable spatial overlap of the OB and OBN
apertures (see Fig. 1), we combine both slits into one extended
aperture. We take pixels corresponding to the OB slit where the
pointings overlap as it has a higher SNR in overlapping pixels. We
refer to this combined aperture as ‘Orion Bar Combined’ (OBC) for
the remainder of the text.

3.2.2 SOFIA

We refer the reader to Knight et al. (2021) for details on the data
reduction of the SOFIA–FLITECAM observations. We regrid the
FLITECAM 3.3 μm image to each of the three IRS SL apertures
and applied a 2 × 2 binning of the FLITECAM data to be
consistent with our analysis of the IRS SL data. We convert the
3.3 μm observations from units of integrated (over the filter) surface
brightness (W m−2 μm−1 sr−1) to average surface brightness (in
units of W m−2 sr−1) following the method employed in Knight et al.
(2021). Specifically, we multiply by the bandwidth of the 3.3 μm
filter of ∼0.1 μm, which assumes emission within the filter can be
approximated by a nominal flat spectrum.

Five ISO-SWS spectra are available across the Orion Bar (see
Table 2 and Fig. 3 from Knight et al. 2021). The 3.3μm PAH emission
accounts for ∼72 per cent of the flux in the FLITECAM 3.3 μm filter
(Knight et al. 2021). The three PDRs (H II region (PDR), edge-on
PDR, and the face-on PDR behind the PDR front) have only slightly
different PAH contributions (range of 6.9 per cent) with the edge-on
PDR exhibiting the highest values (Table 2). No correction factor is
applied in this paper to account for this as such small variations do
not influence our conclusions.

3.3 Spectra

Typical spectra observed towards the Orion Bar are displayed in
Fig. 3. Comparison of these spectra demonstrates how the slope of
continuum rises with increasing proximity to the illuminating source.
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Figure 3. Typical IRS SL spectra from the Orion Bar PDR (left) and the H II region PDR (right) are shown. The red line traces the local spline continuum (LS),
the magenta line traces the global spline continuum (GS), and the green line traces the underlying dust continuum (PL). See Section 4.1 for more details on the
continuum fitting procedure.

Emission features discernible above the dust continuum include the
major PAH bands at 6.2, 7.7, 8.6, 11.2, and 12.7 μm as well as
weaker PAH bands at 5.7, 6.0, 11.0, 12.0, and 13.5 μm. These PAH
bands are usually on top of broad emission plateaus at 5–10 and 10–
15 μm (separate from the dust continuum, detailed in Section 4.1).
Additionally, other atomic and molecular lines were detected such
as the 6.98 μm [Ar II] line, the 7.46 μm Pfund α line, the 8.99 μm
[Ar III] line, the 9.7 μm H2 S(3) line, the 10.5 μm [S IV] line, the
12.37 μm H I recombination line, and the 12.8 μm [Ne II] line. In
the ionized gas, the underlying dust continuum is much steeper and
displays broad silicate emission at ∼10 μm (Cesarsky et al. 2000).

4 DATA A NA LY SIS

4.1 Continuum fitting

In order to separate the PAH emission features from the underlying
continuum, we make use of the spline decomposition method (e.g.
Van Kerckhoven et al. 2000; Hony et al. 2001; Peeters et al. 2002;
van Diedenhoven et al. 2004; Boersma et al. 2012; Stock et al. 2014,
2016; Shannon, Stock & Peeters 2015; Shannon et al. 2016; Peeters
et al. 2017) to define a local spline (LS), a global spline (GS), and
the underlying dust (PL) continuum (Fig. 3). For the LS continuum,
we use anchor points at 5.37, 5.52, 5.83, 6.54, 7.07, 8.25, 9.15, 9.40,
9.89, 10.33, 10.76, and 11.82 μm. In order to better fit the continuum
underneath the 12.7 μm complex, we extend our spline fits as two
straight lines from 11.82 to 12.1μm and 12.1 to 13.2μm respectively.
We do not fit the spectra beyond 13.2 μm due to the abrupt change
in slope at the end of the spectra. The GS continuum fitting uses the
same anchor points as the LS, except for the removal of the 8.25 μm
anchor point. The difference between these two continua (LS and
GS) is referred to as the 8 μm bump (e.g. Peeters et al. 2017). The
dust continuum consist of a straight line between anchor points at
5.5 μm and 10.1 μm as well as a straight line between 10.4 and
13.2 μm.

We find two very different shapes in the underlying dust continuum
which is related to the position with respect to the illuminating source
(Fig. 3). Spectra obtained at positions closest to the star have a
much steeper rise in continuum emission towards longer wavelengths
(Fig. 3, right-hand panel). All other spectra located behind the Orion
Bar ionization front (IF, see Section 5.1 for details) have a much
shallower rise in continuum emission. In the case of the spectra in

front of the IF, we do not detect significant plateau emission and the
steep slope of the underlying dust continuum does not allow to apply
the dust continuum method described earlier. Hence, the GS fit is
used to characterize this dust continuum (which is represented by the
PL continuum for spectra located behind the IF). This is similar to
what was found for H II region spectra by Stock & Peeters (2017).

4.2 Flux measurement

The fluxes of the major PAH bands are determined through inte-
grating the LS continuum subtracted spectra over the wavelength
range of the feature. However, in the case of the 6.2, 11.2, and
12.7 μm features, another method is needed due to blending with
weaker PAH features or atomic emission lines. Similar to Peeters
et al. (2017), a two Gaussian fit of the 6.0 and (blue wing of
the) 6.2 μm PAH bands was done with peak positions/FWHM of
6.02/0.12 μm and 6.232/0.156 μm, respectively. We determine these
values by allowing them to vary during the initial fitting procedure
and subsequently take the average values over all the spectra. The
6.2 μm band flux is determined by subtracting the 6.0 μm Gaussian
from the integrated flux of the LS subtracted spectra taken over the
wavelength range spanning the 6.0 μm and 6.2 μm bands. We use
a similar decomposition method to obtain the 11.2 μm emission
feature flux. The 2 Gaussian fit of the 11.0 and (blue wing of the)
11.2 μm PAH bands has peak positions/FWHM of 11.003/0.15 and
11.262/0.227 μm, respectively.

The 12.7 μm PAH band is significantly blended with the 12.8 μm
[Ne II] line in all observations and, in some cases, with a weak
12.37 μm H I recombination line. To differentiate between these
emission features, the decomposition method used in Stock et al.
(2014), Shannon et al. (2015), and Stock et al. (2016) is employed.
We use the NGC 2023 12.7 μm line profile in the Southern Ridge
PDR front detailed in Peeters et al. (2017) as a template for the
12.7 μm band. We simultaneously fit two Gaussian functions to
the 12.37 μm H I recombination line and the 12.8 μm [Ne II] line,
along with the 12.7 μm template, which is scaled to align with the
spectra in the 12.4 to 12.7 μm range. The 12.7 μm band flux is
obtained by integrating the continuum subtracted spectra from 12.15
to 13.2 μm and subtracting the 12.37 μm H I and the 12.8 μm [Ne II]
fluxes determined from the Gaussian fits. We find an average peak
position/FWHM of 12.829/0.13 μm for the Gaussian fitted to the
12.8 μm [Ne II] line for all of our spectra. We also note that the
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Figure 4. The 7–9 μm decomposition at positions behind (left) and in front (right) of the Orion Bar with respect to the illuminating source. The GS continuum
subtracted spectra are displayed in black, individual Gaussian components are shown in blue, and the combined fit in red. The residuals (shown in yellow) and
black dashed lines are offset by 1 × 10−5 W m−2 μm−1 sr−1 for clarity.

12.37 μm H I line flux is detected at the 3 σ level or higher only in
spectra closest to the illuminating source. Thus for most spectra, the
12.37 μm H I recombination line does not influence the measurement
of the 12.7 μm PAH strength.

A Gaussian decomposition is performed to extract individual
components within the 7 to 9 μm spectral range, similar to Peeters
et al. (2017), Stock & Peeters (2017). Taking the GS continuum
subtracted spectra, 6 Gaussians are simultaneously fitted to the
prominent features within this range: 4 PAH Gaussian components
at 7.6, 7.8, 8.2, and 8.6 μm, the 8.99 μm [Ar III] line, as well as
the 7.46 μm Pfund α line (see Appendix A for details). Fig. 4
shows examples of this decomposition. The fit is unable to match
the sharpness of the 7.6 μm peak due to the chosen FWHM (and
they thus overshoot around 7.8 μm).

Aside from the [Ne II] 12.8 μm line, lines that are isolated upon LS
continuum subtraction are fit using a Gaussian profile. These include
the 6.98 μm [Ar II] line, the 9.7 μm H2 line, and the 10.5 μm [S IV]
line.

The signal-to-noise ratio of the PAH emission features is estimated
as SNR = F/(rms × √

N × �λ) where F is the feature’s flux
(in W m−2 sr−1), rms is the rms noise, N is the number of spectral
wavelength bins within the feature, and �λ is the wavelength bin size
determined from the spectral resolution. The rms noise is determined
from featureless portions of the spectra between 5.36–5.52, 9.2–9.4,
and 9.95–10.3 μm. For atomic and H2 lines, the signal to noise is the
ratio of the peak line flux to the underlying rms noise.

5 R ESULTS

In this section, we investigate the relationships between individual
PAH emission bands, atomic spectral lines, the 9.7 μm H2 emission
line, the underlying plateaus, and the dust continuum emission within
our pointings across the Orion Bar. We use two separate methods to
analyse these spectral features, namely cross cuts and correlation
plots. Our cross cuts (or linear projections) allow us to measure
how these spectral features as well as their ratios vary (i) with
distance to the illuminating source, and (ii) relative to the changing
environmental conditions across the Orion Bar.

5.1 Cross cuts

Figs 5 and 6 show cross cuts of the intensity of emission features
and their ratios for the Orion Bar Combined and Orion Bar Ionized
apertures.2 We normalize these cross cuts to their maximum value
within each respective aperture. Only fluxes and emission ratios
equal or larger than 3σ are presented here. We make use of the
following groupings for the remainder of this section based on the
relative position to the Orion Bar IF in each aperture, i.e. in front
of and behind the IF (Fig. 2). We refer to pixels in front of the
IF as the H II region (PDR) where we find the steep underlying
dust continuum coinciding with the ionized cavity surrounding
the Trapezium cluster. We further refer to the region between the
Orion Bar IF and PDR front, encompassing the PAH peak, as
the edge-on PDR and beyond the edge-on PDR front as ‘behind
the PDR front’. We emphasize that the edge-on PDR dominates
the PAH emission up to 5.5 arcsec beyond the PDR front (see
Section 6.1 for details). The latter transition is used in Fig. 2 and in
Section 6.

We find that all of the major PAH bands peak at the same distance
from the illuminating source in both apertures between the edge-on
PDR front, as defined by the 9.7 μm H2 peak, and the edge-on IF,
as defined by the [O I] 6300 Å line peak obtained from MUSE IFU
spectroscopic observations of the Orion Nebula (Weilbacher et al.
2015). The distance between the peak of the PAH emission and
H2 emission [at 117 arcsec and 130 arcsec) from the illuminating
source, respectively] is 13.0 arcsec ± 3.6 arcsec, which agrees with
the distance found between the 3.3 μm peak and the 2.122 μm
H2 peak of ∼12 ± 2 arcsec in Tielens et al. (1993). The edge-on
IF is located at 112.5 arcsec ± 1.5 arcsec, ∼4 arcsec in front of
the PAH emission peak, in agreement with cross cuts presented in
Salgado et al. (2016). In this section, we will first discuss in detail
the cross cuts along the OBC aperture, followed by a discussion on
the observed differences and similarities between the OBC and OBI
aperture.

2We give a summary of all of the emission components for which we have
derived cross cuts and their normalization factors in Appendix B.
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PDR Front
Ionization Front

[ArII] [OI][SIV] [NeII] HI 12.37[ArIII] HI 7.46 (a) [ArII] [OI][SIV] [NeII]HI 7.46 HI 12.37[ArIII] (e)

5-10 plat 10-13 plat
cont. 13.2 cont 10-13cont. 10.2 (b)

5-10 plat 10-13 plat
cont. 13.2 cont 10-13cont. 10.2 (f)

6.2 11.2 12.73.3 (FC) G11.08.6 (c) 6.2 8.6 11.2 12.73.3 (FC) G11.0 (g)

G7.6 G7.8 G8.2 G8.6 8 bump (d) G7.6 G7.8 G8.2 G8.6 8 bump (h)

Figure 5. Orion Bar combined (OBC, left) and Orion Bar ionized (OBI, right) cross cuts normalized to the peak values for each emission feature. The dark grey
shaded region corresponds to the location of the Orion Bar PDR front as defined by the peak of the 9.7 μm H2 line. The light grey shaded region corresponds
to the ionization front as defined by the [O I] 6300 Å line peak given in panels (a) and (e) for the OBC and OBI apertures, respectively. G0 cross cut values are
shown on the right y-axis in units of 103 Habings (see Section 6.5 for derivation).
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PDR Front
Ionization Front

7.7/11.2 8.6/11.26.2/11.2 11.0/11.2 12.7/11.2 (a) 7.7/11.2 8.6/11.26.2/11.2 11.0/11.2 12.7/11.2 (e)

6.2/7.7 8.6/6.2 11.0/8.68.6/7.7 12.7/7.7 (b) 6.2/7.7 8.6/6.2 11.0/8.68.6/7.7 12.7/7.7 (f)

G7.8/G7.6 G8.2/G8.6
G8.6/G7.66.2/(G7.6+G7.8)

G8.2/G7.8 (c) G7.8/G7.6 G8.2/G8.6
G8.6/G7.66.2/(G7.6+G7.8)

G8.2/G7.8 (g)

bump8/7.73.3/6.2 3.3/7.7 3.3/11.23.3/11.0 (d)
bump8/7.7

3.3/6.2 3.3/7.7 3.3/11.23.3/11.0 (h)

Figure 6. Orion Bar combined (OBC, left) and Orion Bar ionized (OBI, right) emission ratio cross cuts normalized to the peak values for each ratio. The
dark grey shaded region corresponds to the location of the Orion Bar PDR front as defined by the peak of the 9.7 μm H2 line. The light grey shaded region
corresponds to the ionization front as defined by the [O I] 6300 Å line peak given in Fig. 5 panels (a) and (e) for the OBC and OBI apertures, respectively. G0

cross cut values are shown on the right y-axis in units of 103 Habings (see Section 6.5.1 for derivation).
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5.1.1 Atomic lines

In Fig. 5a, the cross cuts for each of the atomic emission lines peak
inward of the IF towards the illuminating source in the following
order: [Ar II], [Ne II], [Ar III], Pfund α, and [S IV] (which does not
show a peak but a steady rise towards the star). We also include
the MUSE [O I] 6300 Å cross cut for reference. Note that the order
in which these atomic emission lines peak (aside from Pfund α)
towards the star is directly related to the ionization potential of each
respective species. The relative emission of these lines sharply drops
from their peak emission moving away from the Trapezium cluster
but they are still detected well beyond the IF.

5.1.2 Dust emission

The dust continuum emission measured at 10.2 and 13.2 μm as well
as the integrated 10–13.2 μm continuum emission generally agree
with each other (Fig. 5b). These continua all have a strong peak
at 100 arcsec from the illuminating star, coinciding with the peak
emission of [Ar III] and Pfund α. A secondary (local) continuum
maximum, not seen in the [Ar III] and Pfund α emission, is found
where the PAH emission peaks. These continuum measurements
show a gradual decrease moving further away from the Trapezium
cluster past the PAH emission peak, the PDR front, and beyond. We
note that Felli et al. (1993) identified a bar-like emission structure
in the ionized gas which is located in front of the Orion Bar. The
location of the peak in the dust continuum emission coincides with
this ‘ionized gas Bar’.

5.1.3 PAH emission features

All PAH bands, the Gaussian PAH components from the 7–9 μm
decomposition, the 5–10 and the 10–13 μm PAH plateaus show
the same peak position within the Orion Bar PDR at 117 arcsec
from the illuminating star (see Figs 5b, c, and d). Moving towards
the illuminating source, all PAH bands display a rapid decrease in
emission strength but remain detected throughout (except for the
G8.2 component and 8 μm bump). In contrast, behind the PDR
front, a more gradual decline occurs for all PAH emission features.
Additionally, significant variations in the relative intensities of the
PAH emission features become evident upon moving away from their
shared peak position. In particular, the intensity at which the PAH
features level off in the H II region (PDR) varies and does not seem
to be solely governed by the ionization state of the feature’s carrier.
Behind the PDR front, the drop in PAH band intensity (relative to
the peak emission) varies with the 3.3, 11.2, 12.7, 6.2, 7.7, 11.0,
and 8.6 μm bands in decreasing order, respectively.3 In other words,
the PAH bands that are attributed to neutral species have a less
pronounced decrease in relative flux in this region. Similarly, we
find that the 7–9 μm Gaussian components show a decrease in
relative intensity (with respect to the peak intensity) towards the
illuminating source in the following order: G7.6, G8.6, G7.8, and
G8.2 μm components. We note that the G8.2 component is very
weak or absent in the H II region (PDR). Behind the PDR front,

3We note that the ISO-SWS D5 observation is centred on the PAH emission
peak. Hence, the normalized flux of the 3.3 μm emission in the H II region
(PDR) and behind the PDR front will further decrease by, respectively, ∼
4 per cent and ∼ 2.5 when accounting for the variable PAH contribution to
the SOFIA filter (see Table 2). Likewise, at the PDR front, the normalized
flux of the 3.3 μm emission may increase by 2–3 per cent. Such changes do
not influence our major conclusions.

these components show a decrease in relative intensity in the reverse
order to what is found in the H II region (PDR): i.e. G8.2, G7.8,
G7.6, and G8.6 μm. We note that the G7.6 μm component and LS
derived 7.7 μm band have very similar spatial cross cuts, reflecting
the dominance of the G7.6 μm component to the 7.7 μm complex.

The 5–10 and 10–13 μm plateaus cross cuts are very similar to the
PAH bands within the edge-on Orion Bar PDR and have a gradual
decline moving behind the PDR front (Fig. 5b). We note the rapid
drop in these cross cuts at the IF to the point where they are no longer
detected in the H II region (PDR). Similarly, the 8 μm bump has a
cross cut that is comparable with other PAH features, most notably
the G8.2 μm component as it is derived from essentially the exact
same spectral region (Fig. 5d).

5.1.4 PAH emission ratios

In Fig. 6a, the 6.2/11.2, 7.7/11.2, 8.6/11.2, and 11.0/11.2 cross cuts
are very comparable: these ratios show a broad maximum at the PAH
peak and at the dust continuum peak, which coincides with the peak
emission of [Ar III] and Pfund α. The relative strength of the maxima
of these ratios at the dust continuum peak with their maxima at the
PAH peak varies significantly and can be organized in decreasing
order from 11.0/11.2 to 8.6/11.2, 7.7/11.2, and finally to 6.2/11.2.

In Fig. 6b, the 6.2/7.7 ratio shows little variation behind the IF.
However, within the H II region (PDR), the 6.2/7.7 ratio decreases
to a minimum roughly co-spatial with the dust continuum peak. We
note that the 6.2/(G7.6 + G7.8) ratio shows very little variation
(see Fig. 6c). This arises from the difference in the PAH behaviour
being traced by the 7.7 μm band, for which the LS continuum is
subtracted, and the combined G7.6 and G7.8 μm components which
include emission from the 8 μm bump which is minimized within
the H II region (PDR, Fig. 3). In contrast, the 8.6/7.7, 8.6/6.2, and
11.0/8.6 ratios are strong in the H II region (PDR) and weaker behind
the IF (Fig. 6b).

The 12.7/11.2 and 12.7/7.7 emission ratios show overall similar
trends, characterized by a strong peak near the dust continuum peak
akin to the 11.0/11.2 ratio (Figs 6a and b). However, despite each
of these ratios showing a sharp decrease at the IF, these ratios differ
with the 11.0/11.2 ratio as they do not show any significant maximum
near the PAH peak.

Regarding emission ratios between the 7–9 μm Gaussian compo-
nents (Fig. 6c), G7.8/G7.6 shows a very pronounced minimum at the
dust continuum peak followed by a substantial rise towards the IF and
a local minimum within the Bar, followed by a rise moving behind the
PDR front. The G8.6/G7.6 ratio fluctuates across the cross cut with
local maxima roughly corresponding to the dust emission peak, the
PAH emission peak, and at 155 arcsec from the illuminating source
(i.e. behind the PDR front). The G8.2/G7.8, G8.2/G8.6, and the 8 μm
bump/7.7 emission ratios are comparable, with a strong minimum
roughly corresponding with the dust continuum peak. Further from
the illuminating star, these cross cuts shows a steep rise into the
edge-on PDR, which levels off near the edge-on PDR front. Further
into the PDR, these ratios proceed to significantly drop again to a
sharp local minimum found at ∼160 arcsec attributable to a ‘blip’ in
the G8.2 μm and 8 μm bump components here.

Overall, the 3.3/6.2, 3.3/7.7, 3.3/11.2 ratios all show similar trends
with a strong peak near the dust continuum peak comparable with
the 6–9/11.2 and 11.0/11.2 peaks found here (Fig. 6d). However,
each of these emission ratios involving the 3.3 μm have a minimum
corresponding to the PAH peak followed by a subsequent rise behind
the PDR front. The 3.3/11.0 is unique amongst PAH ratios involving
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the 3.3 μm PAH emission feature as it lacks a local strong maximum
at the dust continuum peak. It shows very little variation in front of the
Orion Bar IF and in the edge-on PDR. At the edge-on Orion Bar PDR
front, this ratio increases considerably and, within the uncertainties,
plateaus behind the PDR front. We note that the 3.3/11.0 behaves
very similar to the 3.3/11.2 in the transition to the Orion Bar and
beyond.

5.1.5 Aperture differences

The OBI aperture is a slightly different case in comparison to the
OBC aperture as it does not intersect with the edge-on Orion Bar PDR
front and extends much deeper into the ionized cavity surrounding the
Trapezium cluster (i.e. closer to the cluster). The atomic lines show,
in general, the same behaviour as the OBC aperture with the peaks of
the [Ne II], [Ar III], and H I Pfund α line being broader, encompassing
the shoulder seen in the OBC aperture (Fig. 5e). The 10–13.2 μm
continuum cross cut (and the 10.2 and 13.2 μm continuum emission)
is distinctly different in the OBI aperture with a continual rise towards
the star and a broad peak much deeper into the H II region (PDR;
Fig. 5f). Many of the atomic emission lines show a minor bump that
can be associated with the dust continuum peak in the OBI aperture.

All of the major PAH bands excluding the 12.7 μm band show
very similar cross cuts moving towards the source, with a somewhat
broad local maximum centered at ∼98 arcsec, a few arcseconds
behind a corresponding small bump in the dust continuum cross
cuts (Figs 5g and h). Only minor variations in each cross cut are
seen towards the star with a slight rise closest to the star. Emission
ratio cross cuts between PAH features within the OBI aperture show
very similar trends with those found for the OBC aperture in the
H II region (PDR) with each emission ratio generally having the
same behaviour at the dust continuum peak and within the edge-
on Orion Bar PDR (Figs 6e–h). The most significant discrepancy
between both apertures is the local (weaker) maximum, the ‘PAH
bump’, at ∼98 arcsec which is only found in the OBI aperture. In
addition, the 12.7/11.2 and 12.7/7.7 ratios are notably different in
the OBI aperture, with a strong peak in front of the IF and a broad
minimum at the dust continuum peak. This peak coincides with the
peak of the [Ne II] emission, which may influence the 12.15–13.2 μm
decomposition we applied. Higher spectral resolution data from, for
example, the James Webb Space Telescope, will settle this.

5.2 Correlation plots

We investigate potential intensity correlations between major PAH
features as well as the 7–9 μm Gaussian components (Figs 7, D1,
and D2; Appendix D). We separate our data into two groups based
on the relative position to the IF: (1) the H II region (PDR, shown in
red) and (2) the PDR spectra behind the Orion Bar IF as described
in Sections 2 and 5.1 and illustrated by the shaded regions in panel
(a) of Fig. 9. For comparison, we include the reported correlation fits
for the RN NGC 2023 (black line, Peeters et al. 2017) and the Orion
Bar (green line, Galliano et al. 2008).

We observe modest to strong correlations between the 6.2, 7.7,
and 8.6 μm bands with the degree of correlation depending on the
environment (Figs 7a–c). Specifically, the 6.2 and 7.7 μm bands as
well as the 6.2 and 8.6 μm bands are strongly correlated for the PDR
spectra behind the Orion Bar IF and significantly weaker correlated
within the H II region (PDR). In contrast, the 8.6 versus 7.7 μm
bands correlate similarly strong in both environments. In addition, a
separation is present between data points from the H II region (PDR)

and the PDR behind the Orion Bar IF, albeit with some overlap.
This separation is most pronounced when comparing the (G7.6 +
G7.8) μm bands directly with the 7.7 μm band (Fig. 7d). Indeed, a
bi-modal distribution is present with the H II region (PDR) data fit
being shallower and located below the fit for the PDRs behind the
IF. We also note that numerous data points from the PDR behind
the Orion Bar IF are located well below (for the 6.2 versus 8.6 μm
bands) or above (for the 8.6 versus 7.7 μm bands) the line of best fit
for the PDR behind the Orion Bar IF.

As the behaviour of the 11.0 μm in the PDR behind the Orion
Bar IF and H II region (PDR) tends to change drastically, correlation
plots involving the 11.0 μm band show two distinct distributions
(Figs 7e, D1). Of these, the 8.6 μm shows the best correlation with
the 11.0 μm band (Fig. 7e), with strong to moderate correlations in
the PDR behind the Orion Bar IF and H II region (PDR), respectively.
We do not find any strong correlations with the 12.7μm band (Figs 7f
and D2) but note that the H II region (PDR) and the PDR behind the
Orion Bar IF behave very different again, as demonstrated by the 7.7
and 12.7 μm bands (Figs 7f). Similarly, most PAH features do not
show a strong correlation with the 3.3 μm PAH feature (Fig. D2)
with the exception of the 11.2 μm PAH feature which correlates
very well with the 3.3 μm PAH feature beyond the Orion Bar
PDR front (Fig. 7g). The H II region (PDR) exhibit two groups, one
following the correlation seen beyond the IF front and one seemingly
opposite to it. We note that most ‘outliers’ from the correlation seen
beyond the IF front occur in the OBC slit at the dust emission peak
(3.3/6.2� 5.4 with 0.63� 11.2/6.2� 0.71). As the H I recombination
line peaks very sharply at this position, expected (enhanced) free–
free continuum emission in the SOFIA 3.3 μm filter will decrease
the PAH contribution to this filter. For these data points to agree with
the observed correlation beyond the PDR front, a decrease in the
PAH contribution to the SOFIA filter of ∼30 per cent is required
at the dust emission peak (with respect to the fraction seen at other
positions). This is consistent with the H I recombination emission as
it decreases by ∼30 per cent (relative to its peak) at the pointings
of the two ISO-SWS positions that straddle the dust emission peak
(Table 2 and Fig. 5a). Hence, the deviations from the correlation
are likely due to a varying and uncorrected PAH contribution to the
SOFIA 3.3 μm filter in the H II region (PDR).

6 D ISCUSSION

We presented the behaviour of the emission features observed
towards the Orion Bar (Section 5). A stratified structure is clearly
present between the various atomic lines tracing the ionized gas,
the PAH emission, and the H2 emission. While all PAH related
components peak at the same distance from the illuminating source,
variations in relative strengths are present in both cross cuts. In
general, these relative variations are consistent with well established
PAH characteristics though we do report unexpected behaviour. This
is best exemplified by enhanced scatter and bi-model distributions in
the presented correlation plots. In this section, we investigate poten-
tial drivers of this behaviour such as the environmental conditions
and properties of the underlying PAH populations. Specifically, we
discuss the effect of the PDR viewing angle in Section 6.1. We
investigate the PAH size dominating the PAH emission in the edge-
on PDR in Section 6.2, the behaviour of the ionic PAH bands in
Section 6.3, and the characteristics of the dust continuum, silicate,
and plateau emission in Section 6.4. In Section 6.5, we explore the
diagnostic power of PAHs as PDR tracers.
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(a) (b) (c)

(f)(e)

(g)

(d)

Figure 7. Correlation plots within the Orion Bar Combined (OBC, squares) and the Orion Bar Ionized (OBI, triangles) I: ratios from within the Orion Bar PDR
are shown in blue, ratios from the PDR spectra behind the Orion Bar PDR front in light blue (>131.5 arcsec from the Trapezium), and ratios from the H II region
(PDR) in red (see shaded areas in panel a of Fig. 9). Correlation coefficients for the PDR behind the Orion Bar IF (i.e. both blue and light blue data points) and
the H II region (PDR; red data points) are given in blue and red, respectively. Weighted linear fits are shown as solid lines for each respective region given in the
same colours as the correlation coefficients. The black and green lines correspond to the respective correlation fits found for NGC 2023 in Peeters et al. (2017)
and the Orion Bar using the spline method in Galliano et al. (2008) respectively.

6.1 The influence of PDR viewing angles

In Section 5, we separated the Orion spectra from both apertures
into two groups based on the relative position of each pixel to the
edge-on IF of the Orion Bar [as depicted in Fig. 9a by the shaded
areas]. Using this grouping, the correlations found are significantly
worse than reported for the Orion Bar and other PDR sources in
the literature (e.g. Galliano et al. 2008; Boersma et al. 2014b; Stock
et al. 2016; Peeters et al. 2017; Stock & Peeters 2017). To investigate
the origin of these weaker correlations, we explore the effect of the
different PDR viewing angles (i.e. face-on versus edge-on) present
within the two slits. Indeed, as discussed in Section 2, we detect
PDR emission coming from the direction of the H II region (PDR)
which is associated with the face-on PDR on the backside of the H II

region, PDR emission associated with the edge-on PDR of the Orion
bar, and PDR emission beyond ∼136 arcsec which is associated
with the face-on PDR created by illumination of the backside gas
by (likely) θ2 Ori A. In Section 6.1.1, we determine the depth of

the penetration of UV photons into the Orion Bar as a means to
quantify the transition from primarily an edge-on to a face-on PDR
orientation. In Section 6.1.2, we compare correlations between the
6–9 μm PAH bands using different pixel groupings based on PDR
viewing angles. To summarize the ensuing discussion, the edge-on
PDR dominates the observed PAH emission up to 19 arcsec beyond
the PAH emission peak. The PAH characteristics of the two edge-on
PDRs (one in the OBC slit and one partially probed in the OBI slit) are
distinct reflecting the highly structured nature of the PDR interface
(Goicoechea et al. 2016). In addition, PAH emission characteristics
from the edge-on PDR in the OBC slit are unique indicating the
importance of the PDR viewing angle.

6.1.1 Determining the depth of the edge-on PDR

In order to understand the effects of the different PDR viewing angles
on the relative behaviour of the PAH emission features in the FOV, we
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7.7 PAHtot

Figure 8. The expected decrease in total PAH emission into the Orion Bar
PDR due to the decrease in UV photons available for excitation for the Orion
Bar Combined aperture (green; see Section 6.1.1 for details). The normalized
total PAH emission and, for reference, the 7.7 μm emission cross cut are
shown in respectively blue and black. G0 cross cut values are shown on the
right y-axis in units of 103 Habings (see Section 6.5.1 for derivation). The
dark and light grey shaded region correspond to the Orion Bar PDR front and
the IF, respectively.

estimate the relative contribution of the edge-on and face-on PDRs to
the PAH emission deeper into the Bar and behind the PDR front (i.e.
for distances larger than ∼117 arcsec from θ1 Ori C). To this end, we
quantify the effect of the extinction of UV photons from dust grains
into the edge-on PDR and thus the decrease in available energy for
PAH excitation. Following Salgado et al. (2016) and beginning at the
PAH peak in the Bar at 117 arcsec, we fit the total PAH emission as
a function of distance s by

FPAH(s) = FPAH(peak) × e-k (s−speak) , (1)

where k is a free parameter and the optical depth is defined as
τUV = −k (s − speak). This exponentially decreasing trend traces
the observed total PAH emission very well out to about 136 arcsec
(Fig. 8). Beyond 136 arcsec, equation (1) increasingly deviates from
the observed total PAH emission. Taking the ratio of the total PAH
emission predicted due to UV extinction and the observed total PAH
emission, we find that 86 per cent of the PAH emission between 117
arcsec (the PAH peak) and 170 arcsec (the largest distance from the
illuminating source in the OBC slit) can be attributed to the edge-
on PDR where the UV photon flux, and thus the PAH excitation,
exponentially attenuates with depth. From 136 arcsec to 170 arcsec,
only 45 per cent of the total emission is accounted for by the edge-
on PDR. The 55 per cent of excess emission thus arises from the
face-on PDR, as shown in diagrams depicting the structure of the
Orion Nebula (Fig. 2; e.g. Boersma et al. 2012; van der Werf et al.
2013; Pabst et al. 2019). We note that we are unable to quantify the
contribution of the face-on PDR to the observed emission in the H II

region (PDR).

6.1.2 Effect on PAH correlations

We now re-visit the observed PAH correlations applying a different
grouping: one group includes only data points from the edge-on PDR,
bounded by the IF and 136 arcsec distance from the illuminating
source, and the second group representing the remaining data points
of (i) the face-on PDR and cavity located in front of the IF [i.e. the

H II region (PDR)], and (ii) the face-on PDR beyond 136 arcsec (as
depicted by the shaded areas in panel b of Fig. 9). The resulting
correlations between the 6–9 μm PAH emission features are shown
in Fig. 10 (top row). Overall, this new grouping better represents two
distinct behaviours in the observed correlations but some overlap
between the two groups still remains. In addition, the correlation
coefficients are higher considering all face-on PDRs pixels (as traced
in red in Fig. 10) in comparison to considering only the H II region
(PDR) pixels (as traced in red in Fig. 7). This suggests that the
PAH emission at projected stellar distances of more than 136 arcsec
agrees better with the PAH emission arising from within the H II

region (PDR) than with the PAH emission from the edge-on PDR of
the Orion Bar.

This employed grouping (i.e. edge-on PDR data points in blue
and face-on PDR data points in red) also exhibit some mixing in
Fig. 10 (top row): i.e. a few blue data points are located with the
red data points. We therefore employ a third grouping: one group
representing only the OBC edge-on PDR pixels and the second group
representing the remaining pixels, including the face-on PDR pixels
and the OBI edge-on PDR pixels (as depicted by the shaded areas
in panel c of Fig. 9). This grouping clearly represents two distinct
behaviours in the PAH emission without any confusion (Fig. 10,
bottom row). Indeed, the bi-linear trend now clearly separates the
OBC edge-on PDR emission from the remainder. The addition of the
OBI edge-on PDR emission to the face-on PDR emission results in
a slight decrease in its correlation coefficients relative to our second
grouping. This suggests that while it is more similar to the PAH
emission of a face-on PDR, the PAH emission from the OBI edge-on
PDR may still be slightly distinct. The distinct behaviour of the edge-
on PDR in both slits is puzzling. It likely arises from the detailed
structure on small spatial scales within the slits. Indeed, in contrast
to the transition from the ionized region to the PDR, the molecular
emission (HCO+ and CO) from the Orion Bar displays a fragmented
ridge of high-density substructures (Goicoechea et al. 2016). Future
observations with the James Web Telescope (JWST; ERS ID 1288;
Peeters, Berne & Habart 2018)4 will be able to explore the PAH
emission on similar smaller spatial scales.

Based on these Spitzer observations, we conclude that the viewing
angle of the PDR influences the observed PAH correlations. In the
case of Orion, different PDR viewing angles results in relationships
between PAH ratios which are almost parallel but offset from each
other (Fig. 10). This is most pronounced in correlations involving
the 8.6 μm PAH emission. Specifically, either there is additional 8.6
μm emission in the face-on PDR compared to the edge-on PDR or
there is additional 6.2 and 7.7 μm emission in the edge-on PDR
compared to the face-on PDR or both. This extra component seem to
be roughly constant for all pixels. We note that also for correlations
involving the 8.6 μm PAH emission, two distinct distributions are
present within the face-on PDRs and the OBI edge-on PDR pointings
(Fig. 10e). The higher distribution (i.e. with a larger y-offset) arises
from the face-on PDR in front of the Bar [i.e. the H II region (PDR)]
where the strength of the UV radiation field impinging on the PDR
(G0 ∼ 105, Tielens & Hollenbach 1985) is largest. Unique behaviour
for the OBC edge-on PDR is also seen in correlations involving
the 11.0 and 12.7 μm bands (Figs 7, D1, and D2). The observed
relationships in PAH ratios differ both in offset and slope between
the OBC edge-on PDR and the remaining pixels.

4https://stsci.edu/jwst/observing-programs/approved-ers-programs/progra
m-1288
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PDR FrontIonization Front
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OBC  PDR OBI PDR(a)
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Figure 9. The 10–13.2 μm continuum cross cut for Orion Bar combined (squares; dark colors) and Orion Bar ionized (triangles; light colours) with the
pixels located beyond the IF and pixels in the H II region (PDR) represented in respectively blue and red symbols. The shaded areas highlight the pixel
groupings and thus the colour coding used for Figs 7, D1, and D2a and Fig. 10b–c. The dark and light grey shaded regions correspond to the Orion Bar
PDR front and the IF (see Fig. 5). Face-on and edge-on labels refer to regions to be dominated by said PDR viewing angle as detailed in Sections 2 and
6.1.

(a) (b) (c)

(f)(e)(d)

Figure 10. Correlation plots within the Orion Bar Combined (squares) and the Orion Bar Ionized (triangles) II: Edge-on and face-on PDR data points are
shown in, respectively, blue and red in the top row (as depicted in Fig. 9b). In the bottom row, OBC edge-on PDR data points are shown in blue while OBI
edge-on PDR and all face-on PDR data points are shown in red (as depicted in Fig. 9c). Correlation coefficients as well as weighted linear fits (solid lines) for
each grouping are given in their respective colour. The black and green lines correspond to the correlation fits found for NGC 2023 (Peeters et al. 2017) and the
Orion Bar using the spline method (Galliano et al. 2008), respectively.

Other studies have reported the presence of bi-linear trends or
bifurcation between different PAH emission features (e.g. Boersma
et al. 2014b; Stock et al. 2016; Stock & Peeters 2017). This
bifurcation has been attributed to the distinct physical environments
of low G0 diffuse ISM and high G0 H II regions. These reported
bi-linear trends involving the 6.2, 7.7, and 8.6 μm PAH bands are
however distinct from the results of this paper: these authors observe
a difference in slope in these correlations while we mainly find a
difference in offset. This is consistent with a different origin of the
reported bifurcation (FUV radiation field intensity versus the PDR
viewing angle).

Galliano et al. (2008) studied ISOCAM observations of the Orion
Bar which included the ionized region, the Orion Bar, and the region
behind the PDR front. These observations thus cover all the different
regions discussed in this paper. While these authors also find tight
correlations between the 6.2 versus 7.7 and the 7.7 versus 8.6 μm
bands, their correlation is offset from our data points (Fig. 7, panels a
and c). The origin of the offset between the trends in both data sets of
the Orion Bar is currently unclear and warrants further investigation.
Such offsets have been seen between sources (e.g. Stock et al.
2016; Stock & Peeters 2017; Andrews et al. 2018; Maragkoudakis
et al. 2018). For example, the correlations in the reflection nebula
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NGC 2023 (Peeters et al. 2017) are in many cases displaced from our
trends albeit parallel (Figs 7 and 10). In particular, the NGC 2023
correlations involving the 11.0 and 12.7 μm PAH bands exhibit a
similar slope to those from the OBC edge-on PDR. Given that these
NGC 2023 observations largely cover edge-on PDRs or filaments,
this supports our conclusion that the PDR viewing angle influences
the relationships between PAH ratios. However, Stock et al. (2016)
reported that the spherical symmetric reflection nebula NGC 1333
shows correlations that closely mimic those of NGC 2023 which
is thus not consistent with our conclusion. This suggests that other
parameters contribute to the observed relationships as well.

6.2 Probing PAH size across the edge-on PDR

The 3.3/11.2 emission ratio is a well-known tracer of PAH size (e.g.
Schutte, Tielens & Allamandola 1993; Ricca et al. 2012; Croiset et al.
2016; Maragkoudakis, Peeters & Ricca 2020). In this section, we
derive the average PAH size across the edge-on PDR and conclude
that intense UV fields lead to increased photoprocessing of PAHs
destroying the smallest PAHs.

Ricca et al. (2012) employed the NASA Ames PAH IR spectro-
scopic data base (PAHdb; Bauschlicher et al. 2010; Boersma et al.
2014a; Bauschlicher et al. 2018; Mattioda et al. 2020) to calculate
the intrinsic emission spectrum for compact-symmetric PAH species
over a wide range of sizes with average absorption photon energies of
6 and 9 eV. These authors show a clear inverse relationship between
the 3.3/11.2 emission ratio and PAH size for both the coronene and
ovalene families probing the range of sizes and structures thought to
be prevalent in space. In addition, these authors demonstrate how
a higher absorbed average photon energy increases the intrinsic
3.3/11.2 emission ratio for a given PAH size. Consequentially, the
theoretical and observed 3.3/11.2 emission ratios can be compared
to obtain an estimate for the PAH size dominating the observed PAH
emission.

This approach has been used to study the PAH population in other
spatially resolved Galactic MIR bright sources. For the reflection
nebulae NGC 7023 and NGC 2023, Croiset et al. (2016) and Knight
et al. (2021) reported that the average PAH size reaches a minimum
at the PDR front and increases towards the illuminating star. In
addition, NGC 2023 has greater average PAH sizes than those found
for NGC 7023 (Knight et al. 2021). Both results indicate that PAH
size depends on the radiation field intensity (Knight et al. 2021). We
note that Knight et al. (2021) did not detect significant variation in
the average PAH size found in the face-on PDR beyond the Orion
Bar.

In the case of the Orion Nebula, the average photon energy from θ1

Ori C absorbed by PAHs is 8.1 eV (Knight et al. 2021). We compare
our observed 3.3/11.2 ratios in the edge-on PDR, the Orion Bar, with
the 9 eV model of Ricca et al. (2012) to obtain the average PAH size
(Fig. 11). Both slits exhibit a similar 3.3/11.2 emission ratio cross
cut: an overall increasing 3.3/11.2 ratio and thus a decreasing PAH
size starting from the IF going deeper into the PDR with a slight
bump slightly behind the PAH emission peak at ∼118–121 arcsec.
We find an average PAH size of ∼90 carbon atoms at the IF, ∼70
carbon atoms at the PAH emission peak, decreasing to 60 carbon
atoms at the PDR front in the OBC aperture. Hence, the average
PAH size in the edge-on PDR increases with increasing strength of
the FUV radiation field, consistent with the results in the reflection
nebulae (Knight et al. 2021). This suggests that intense UV fields
lead to increased photoprocessing of PAHs destroying the smallest
PAHs. While the derived PAH size near the IF is sufficiently large

OBC OBI

Figure 11. The 3.3/11.2 PAH ratio across the edge-on PDR in the Orion
Bar Combined (blue) and Orion Bar Ionized (red) slits. The corresponding
dominating PAH size for four 3.3/11.2 values is shown on the right y-axis (see
Section 6.2 for details). The dark and light grey shaded regions correspond
to the Orion Bar PDR front and the ionization front (see Fig. 5).

for the formation of fullerenes, the tell-tale signature of fullerenes at
18.9 μm is (unfortunately) not covered by our observations.

6.3 Ionic PAH bands

Recent observations indicate subtle differences between the PAH
emission bands arising from cationic PAHs (i.e. the 6.2, 7.7, 8.6, and
11.0 μm bands). In this section, we report similar behaviour for the
Orion Bar.

Whelan et al. (2013) and Stock et al. (2014) reported a break-down
of the tight correlation between the 6.2 and 7.7 μm PAH bands on
small spatial scales towards the giant star-forming region N66 in the
Large Magellanic Cloud and W49A in the Milky Way, respectively.
Peeters et al. (2017) found the 8.6 and 11.0 μm emission features
share a similar spatial morphology peaking closer to the illuminating
source in NGC 2023 than the 6.2 and 7.7 μm emission, which also
have a similar spatial morphology. These authors define a spatial
sequence of the PAH bands characterized by the distance of their peak
emission from the illuminating source. They further argue that the 7.7
μm complex traces at least two PAH sub populations, one co-spatial
with the 8.6 and 11.0 μm emission and the other co-spatial with the
11.2 μm emission attributed to neutral PAHs. The tight correlation
between the 6.2 and 7.7 μm bands then suggests that at least two
PAH sub populations also contribute to the 6.2 μm band. Sidhu et al.
(2021a, 2021b) further advocates for the distinction between the
6.2 and 7.7 μm bands on one hand and the 8.6 and 11.0 μm bands
on the other based on a Principal Component Analysis (PCA) of
the main band intensities within NGC 2023 and NGC 7023. These
authors discuss two origins for these subsets: (i) a distinct charge
(balance) of the PAHs contributing to the emission with the 6.2 and
7.7 μm carriers being less ionized than the 8.6 and 11.0 μm carriers,
and (ii) a contribution of the VSGs and PAH clusters to the 6–9
μm PAH emission.

A spatial sequence or stratification of the cationic PAH bands
is also observed within our data set. This is most easily discerned
when considering the 6.2/11.2, 7.7/11.2, 8.6/11.2, and 11.0/11.2 PAH
ratios (see panel a of Fig. 6). In particular, the relative values of these
emission ratios at the dust emission peak (at 100 arcsec) and at the
PAH emission peak (at 117 arcsec) changes significantly. Ordering
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these from high to low values, we find the following sequence:
11.0/11.2, 8.6/11.2, 7.7/11.2, and 6.2/11.2 with the 11.0 and 8.6 μm
ratios having a significantly higher value in the H II region (PDR). In
addition, the 8.6/7.7, 8.6/6.2, 11.0/6.2, and 11.0/7.7 ratios as well as
the 11.0/8.6 ratio are strongest in the H II region (PDR; see panel b
in Fig. 6 and panel a in Fig. C1). This is consistent with the spatial
sequence found in NGC 2023 (i.e. the 11.0 μm PAH emission peaks
closest to the star, then the 8.6 μm PAH emission, followed by 7.7
and 6.2 μm PAH emission; Peeters et al. 2017).

We also observe significant variation in the 6.2/7.7 ratio which
remains roughly constant across the edge-on PDR but reaches a
minimum at the dust emission peak in the H II region (PDR) for the
OBC aperture (panel b in Fig. 6), consistent with results from Whelan
et al. (2013) and Stock et al. (2014). Stock et al. (2014) suggest
this behaviour may arise from the different vibrational assignments
of these features (the 6.2 μm band is attributed to C–C stretching
whereas the 7.7 μm band is a combination of the C–C stretching and
C–H in plane bending modes; Allamandola et al. 1989) with the C–
H in plane bending mode dominating within the H II region (PDR).
As the 8.6 μm band is attributed solely to C–H in plane bending
modes, Stock et al. (2014) argue that, in this case, the 8.6/7.7 ratio
is expected to exhibit an increase within the ionized cavity. Such
an increase was detected in their observations. We also detect a rise
in the 8.6/7.7 ratio in the OBC aperture moving from the edge-on
PDR towards the H II region (PDR, panel b in Fig. 6). This is further
reflected in the weaker correlations between the 6.2 and 7.7 μm
bands in the H II region (PDR) while, conversely, the 7.7 and 8.6 μm
bands have a stronger correlation in this region relative to the edge-
on PDR (Fig. 7a–c). Hence, although the PAH emission at stellar
distances of more than 136 arcsec (i.e. in the face-on PDR beyond
the Orion Bar) agrees better with the PAH emission arising from
within the H II region (PDR, face-on) than that from the edge-on
PDR (Section 6.1.2), both face-on PDRs exhibit distinct behaviour
in their PAH emission.

Notably, we do not find a similar trend in the cross cut of the OBI
aperture for the 6.2/7.7 ratio (panel f in Fig. 6). Similarly, despite the
fluctuations of the 8.6/7.7 ratio in the OBI aperture, they are not in
sync with changes in the environment.

6.4 Dust continuum, silicate, and plateau emission

As mentioned in Section 4.1, the underlying dust continuum has a
much steeper rise towards longer wavelengths within the H II region
(PDR) compared beyond the IF (see also Salgado et al. 2016). We find
this change in continuum slope to occur at roughly the position of the
edge-on IF. The increase in the slope of the underlying continuum is
indicative of the irradiation of large dust grains within the H II region
along the line of sight (Cesarsky et al. 2000). These authors further
report that the 9.7 μm amorphous silicate emission peaks closest
to the Trapezium cluster with appreciable emission near θ2 Ori A
behind the PDR front. We only detect silicate emission in the H II

region (PDR) peaking at the dust emission peak and dropping very
sharply towards the IF. This is consistent with the results of Cesarsky
et al. (2000), indicating these silicates do not become hot enough to
emit within the relatively sheltered PDR environments. Furthermore,
the lack of silicate emission behind the IF is consistent with the dust
in the H II region being heated by trapped Lyman α photons (Salgado
et al. 2016).

The spectral components associated with the plateaus are very
weak or non-existent in front of the IF (Fig. 5b and e). In particular,
the 5–10 μm plateau in both apertures and the 10–13 μm plateau
in the OBC aperture are not detected in front of the IF while the

(a)

(b)

Figure 12. Top: A comparison of the IR emission (solid lines) and GS
continuum (dotted lines) at three different locations within the OBC aperture:
the PAH emission peak at ∼117 arcsec (P1), the dust peak at ∼100 arcsec
(P2), and a position far behind the PDR front at ∼155 arcsec (P3). Bottom:
Spectral composites (solid lines) consisting of different fractions (10 and
20 per cent) of the combined PAH and plateau emission at the PAH emission
peak position (P1) added to the peak dust emission at dust emission peak
position (P2) and GS continuum (dotted line).

10–13 μm plateau only shows marginal emission (above 3σ ) at the
‘PAH bump’ in front of the IF in the OBI aperture. The very weak or
lack of plateau emission coincides with an increasing strength of the
dust continuum emission. This thus raises the question whether the
increasing prominence of the dust emission drowns out the plateau
emission or whether the plateau carriers do not survive in front
of the IF. Therefore, we investigate the relative contribution of the
dust continuum and plateau emission components at two distinct
locations within the OBC aperture, namely the PAH emission peak
at ∼117 arcsec (P1) and the dust peak at ∼100 arcsec (P2, Fig. 12).
As the dust continuum emission in the H II region (PDR) only rises
steeply towards longer wavelengths, the 5–9 μm range (and thus the
5–10 μm plateau) is significantly less influenced compared to the
10–13 μm plateau (see also Fig. 3). Notably, the dust continuum
emission at P1 is actually stronger in the 5–10 μm range than that
at P2 thus dispelling the notion that the non-detection of the 5–
10 μm plateau into the H II region (PDR) is due to the dominance
of the dust emission. In the 10–13 μm range, we find that the dust
continuum emission has similar strength at P1 and P2. Hence, like the
5–10 μm plateau, the disappearance of the 10–13 μm plateau cannot
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be attributed to a drastic change in dust emission between the edge-
on PDR and the H II region. In addition, the detection of plateau
emission in front of the IF may be influenced by the presence of
silicate emission as the latter may lead to increased uncertainty in the
continuum determination. However, when adding 10 or 20 per cent of
the plateau and PAH emission at P1 (corresponding to the minimum
relative strength of the main PAH bands in the H II region (PDR) and
to the average strength of the plateau emission in the face-on PDR
beyond the Orion Bar) to the dust continuum emission at P2, the
plateau emission is still detectable (Fig. 3). We therefore conclude
that the lack or weak detection of plateau emission is significant.
Similar weak to no detections are seen for the 8 μm bump and the
G8.2 and G7.8 μm components (see panel d in Fig. 5).

In Fig. C1, we show the cross cut of the ratio of the 5–10 and 10–
13 μm plateaus to the 11.2 μm PAH band (tracing neutral PAHs) and
to the sum of the 6.2, 7.7, and 8.6 μm PAH bands (which traces ionic
PAHs). We find that the relative strength of the 10–13 μm plateau
emission is highest just behind the edge-on PDR front (at ∼132 arcsec
which is thus displaced from and located behind the PAH emission
peak (at ∼117 arcsec). From the edge-on PDR front towards the
IF, we find these ratios drop steadily while across the face-on PDR
behind the Orion Bar, they level off to about 80 per cent. Relative to
the ionic PAH bands, the 5–10 μm plateau emission peaks at roughly
the same position as the 10–13 μm plateau but with a sharp decrease
beyond the peak (in the face-on PDR behind the Orion Bar) and a
more gradual decrease in the edge-on PDR. In contrast, relative to the
neutral PAH band, the 5–10 μm plateau emission peaks at the PAH
emission peak only showing a slight decrease towards the location
where the other plateau ratios peak, after which it drops equally sharp
as seen for the 5–10 μm plateau relative to the ionic bands.

The plateaus are typically assigned to loosely bound PAH clusters
(e.g. Allamandola et al. 1989; Bregman et al. 1989; Peeters et al.
2017) while the G8.2 and G7.8 components may also arise from
very large, irregularly shaped PAHs (in addition to or instead of
PAH clusters, Peeters et al. 2017). These crosscuts indicate that the
carriers of the plateaus and the G7.8 and G8.2 components are more
photochemically labile than the stable free-flying PAHs which can
survive harsher radiation fields closer to the star (e.g. Andrews et al.
2015). The very small contribution of the plateau emission to the
total emission observed in the H II region (PDR) with respect to the
face-on PDR behind the Orion Bar and the edge-on PDR can be
attributed to the stronger UV-field impinging on the face-on PDR in
the H II region (PDR). The removal or suppression of these plateau
features with proximity to the illuminating source is a clear indicator
of the photochemical evolution of carbonaceous species in this PDR
environment.

6.5 Environmental diagnostics

The PAH population, and thus the PAH emission characteristics,
is influenced by the physical conditions of their host environment.
In order to quantify these dependencies, we derive the physical
conditions in Section 6.5.1. We find that the G7.6/G7.8 PAH ratio is
an excellent tracer for the radiation field strength while the 6.2/11.2
PAH ratio probes the PAH ionization parameter (Section 6.5.2).

6.5.1 Deriving PDR conditions

We determine the FUV radiation field strength, G0, across our
apertures following the method employed by Galliano et al. (2008).
Briefly, these authors measured the very small grain (VSG) con-
tinuum emission from 10 to 16 μm to determine G0 using the

relationship G0 ∝ I1/1.3
cont and the absolute value of G0 = 4 × 104

at the ionization front taken from Tauber et al. (1994).
First, we measured the integrated strength of the dust continuum

emission from 10 to 13.2μm. To connect this 10–13.2μm continuum
flux with the 10–16 μm VSG continuum of Galliano et al. (2008),
we use ISO-SWS spectra positioned across the Orion Bar (Table 2).
For these spectra, we determined the ratio of the integrated strength
of the underlying dust continuum from 10–13.2 and 10–16 μm to
be an average of 2.2 ± 0.1 over the five SWS pointings, indicating
that these continua are effectively proportional. For the absolute
calibration, we use the observation-based value of 2.6 × 104 at the
edge-on ionization front in the Bar as reported by Marconi et al.
(1998) instead of the model-based value of 4 × 104 as reported by
Tauber et al. (1994). Thus, we calculate the G0 cross cut for both
apertures using the following scaling relationship:

G0(r) = G0(IF)

(
I10–13 cont(r)

I10–13 cont(IF)

)1/1.3

, (2)

where IF refers to the position of the ionization front and r refers to an
arbitrary position in either aperture. This results in G0 ranging from
0.7–3.1 × 104 in the OBC aperture and ranging from 2.1–4.7 × 104

in the OBI aperture. In both apertures, G0 peaks in the H II region
(PDR). The derived G0 cross cut is shown in Figs 5 and 6. We obtain
G0 values that are about a factor of ∼1.5 lower than those of Galliano
et al. (2008) due to the different absolute calibration.

Next, we derive an estimate for the average gas density, nH, using
the UV extinction fit to the total PAH emission cross cut in the OBC
aperture (Section 6.1.1). The fit traces the exponential drop in the
edge-on PDR from 117 to 136 arcsec, and thus up to a distance s
from the PAH emission peak of 1.18 × 1017 cm. This corresponds to
FPAH(s)/FPAH(peak) = 0.195 from the UV extinction fit as defined in
equation (1), or an optical depth of τUV = 1.63. We use a conversion
factor of τUV = 1.8 AV from the model 2 of Flannery, Roberge &
Rybicki (1980) and Roberge, Dalgarno & Flannery (1981) along
with the standard NH/AV = 1.9 × 1021 cm−2 mag−1 (Bohlin, Savage
& Drake 1978) and solve for the average gas density, nH, across the
edge-on PDR as

nH = NH

AV

AV

τUV

τUV

s
. (3)

We derive an average gas density of 1.44 × 104 cm−3 within the
Orion Bar. We note that there is a systematic uncertainty associated
with this derivation as the UV extinction curve is shallower for Orion
(RV ∼ 5.5, Lee 1968). However, our derivation makes it consistent
with PDR models.

Subsequently, we derive the PAH ionization parameter,
γ = G0 T0.5 / ne, where ne is the electron density and T the gas
temperature (Bakes & Tielens 1994). We use the same method as
described in Galliano et al. (2008) within the OBC edge-on PDR.
We take the value for gas temperature at the Orion Bar PDR front
of 500 K as derived in Tauber et al. (1994). The average gas density
is converted to electron density using the assumption that all free
electrons result from the photoionization of carbon and all gas-phase
carbon is ionized, ne � (C/H) nH � 1.6 × 10−4 nH, where 1.6 × 10−4

is the interstellar gas-phase carbon abundance (Sofia et al. 2004).
Under the assumption that the electron density and gas temperature
remains constant within the Orion Bar, we derive γ across both
apertures. We find γ within the OBC edge-on PDR ranges from
∼5–8.5 × 103. For reference, Galliano et al. (2008) determined the
Orion Bar γ range from ∼1.5 to 4 × 103, below our estimates (by a
factor of ∼0.46). This can be accounted for in terms of the different
absolute calibration for G0 and the difference in nH (Galliano et al.
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Figure 13. G0 versus G7.8/G7.6: Orion Bar combined (squares) and Orion Bar ionized (triangles). Left: Pixels located beyond the IF and pixels in the H II

region (PDR) are represented in dark blue and red, respectively, for the OBC aperture and in light blue and light red, respectively, for the OBI aperture (as
depicted in Fig. 9a). Right: Pixels are colour coded such that the OBC edge-on PDR is shown in dark blue while all face-on PDRs and the OBI edge-on PDR
are shown in dark red (as depicted in Fig. 9 panel c). Correlation coefficients for each respective region are given in the same colour as listed above. Weighted
linear fits are shown as solid lines for each region in their respective colour. The linear fits derived in Stock & Peeters (2017) are given as a green dot–dashed
line and magenta solid line where they do and do not include the Ophiuchus diffuse cloud pointings, respectively. The maximum G7.8/G7.6 ratio of 0.88 found
in the outskirts of W49A by Stock & Peeters (2017) is shown as a black horizontal dashed line.

(2008) used the density reported by Tauber et al. (1994), which is a
factor of ∼3.5 higher than our value).

6.5.2 PAHs as PDR tracers

First, we compare our Orion Bar data with the previously established
relationship of Stock & Peeters (2017) between G0 and G7.8/G7.6
(Fig. 13). We observe a strong anticorrelation between these two
parameters with G7.8/G7.6 being highest in low G0 environments,
consistent with Stock & Peeters (2017). In the left-hand panel of this
figure, we compare these parameters separating the spectra before
and after the IF in two groups (as illustrated by the shaded regions in
panel a of Fig. 9) for the OBC and OBI apertures separately. We find
a strong anticorrelation in the OBC PDR spectra behind the edge-on
IF, a slightly weaker correlation in the H II region (PDR) spectra of
both apertures, and a strong positive correlation in the OBI edge-on
PDR spectra. The latter, however, only probes a very small range in
G0.

Compared to the results of Stock & Peeters (2017), our linear
fits are significantly steeper. This may be attributed to (i) the much
smaller range of G0 values covered here and (ii) the fact that we
only probe high UV field regions relative to the range given in
Stock & Peeters (2017). In fact, if we only consider the H II region
observations of Stock & Peeters (2017), the slope of their relation will
increase substantially. Additionally, it should be noted these authors
only consider the global, spatially integrated, values of G0 and
G7.8/G7.6 in each of the sources they included in their relationship,
which resulted in considerable uncertainties in G0.

We discussed in Section 6.1 that the grouping sperating the PDR
behind the Orion Bar IF versus the H II region (PDR) fails to take the
underlying differences in PDR morphology into account. In order
to understand the effects of PDR morphology on the G7.8/7.6 ratio
versus G0, we use a different grouping of our data, i.e. the grouping
with the OBC edge-on PDR in one group and all of the face-on

and the OBI edge-on PDR in the second group (Fig. 13, right-hand
panel; the grouping is illustrated in Fig. 9c). In the OBC edge-on
PDR, we find a moderate anticorrelation but more interestingly, the
linear fit to these data points agrees within the uncertainties with the
Stock & Peeters (2017) relationship that excludes the diffuse ISM.
Additionally, we find that the grouping including the face-on PDRs
and the OBI edge-on PDR has a very strong anticorrelation between
G7.8/7.6 ratio and G0 with a steeper slope than the Stock & Peeters
(2017) relationships. This suggests that an edge-on and face-on PDR
morphology may generally also yield a different linear relationship
between G7.8/G7.6 and G0. Despite the differences between these
studies and between face-on and edge-on PDRs, it is clear that the
G7.8/G7.6 has the potential to become a useful tracer of the FUV
radiation field for a wide variety of PDRs.

We proceed with investigating the dependence of the PAH emis-
sion characteristics on the PAH ionization parameter. To this end,
we first investigate the relationship between the PAH ionization
parameter γ and the 6.2/11.2 ratio in the OBC edge-on PDR and
compare with the results reported by Galliano et al. (2008). In Fig. 14,
we show a fit to this relationship making use of data points from
Galliano et al. (2008) for NGC 2023 and NGC 7027 to constrain
this relationships at low γ (<103). This relationship is expressed as
follows:

I6.2/I11.2 = 0.00015 γ + (0.65 ± 0.05). (4)

Our derived relationship is a factor of ∼2 lower in slope in
comparison with that of Galliano et al. (2008) due to the different
γ -values (see Section 6.5.1).

We can now derive how the gas density, nH, varies with distance
from the illuminating source. Indeed, using the relationship between
the 6.2/11.2 and γ calibrated on the edge-on PDR (equation 4)
and the observed 6.2/11.2 emission ratios, we solve for γ for the
remainder of the data, namely the face-on PDRs in both apertures
and the OBI edge-on PDR. Based on these calculated γ values and
the derived G0 values (equation 2, Section 6.5.1) and assuming a
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Figure 14. The PAH ionization parameter γ versus the 6.2/11.2 PAH ratio for
the OBC edge-on PDR. A weighted linear fit and their 1σ fit uncertainties (in
offset) are shown as solid and dashed lines, respectively, and the correlation
coefficient is given in red. The linear fit derived by Galliano et al. (2008)
is shown as a solid green line with dashed green lines representing the 1σ

deviations (in offset). Data points for the reflection nebula NGC 2023 and the
planetary nebula NGC 7027 are shown in green.

7.7 6.2/11.2 nH G0/nH

Figure 15. The derived physical conditions across the OBC aperture. Cross
cuts are normalized to the peak values for each parameter. The horizontal
indigo dashed line from 117 to 136 arcsec indicates the average density, nH,
of 1.44 × 104 cm−3 derived from the UV extinction fit in the OBC edge-on
PDR (Section 6.5.1) normalized to the peak gas density in the aperture. The
dark and light grey shaded regions correspond to the Orion Bar PDR front
and the IF (see Fig. 5). G0 cross cuts values are shown on the right y-axis
in units of 103 Habings (see Section 6.5.1 for derivation). The 7.7 μm and
6.2/11.2 cross cuts are shown for reference.

constant gas temperature of 500 K, we derive the corresponding gas
density, nH, cross cuts (Fig. 15). The derived gas density nH shows
a maximum of 3.00 × 104 cm−3 in front of the IF, decreasing down
to ∼1.5 × 104 cm−3 throughout the edge-on PDR, followed by a
slight rise behind the edge-on PDR front and subsequent drop to a
minimum of 7.16 × 103 cm−3 at ∼165 arcsec. Note that this derived
gas density depends on G0 and the (inverse of the) 6.2/11.2 emission
ratio, evident in comparing the respective cross cuts. Additionally,
we note that the resulting G0/nH cross cut follows a very similar trend

as the 6.2/11.2 cross cut primarily due to how the gas densities were
calibrated on the γ versus 6.2/11.2 relationship and the assumption
of a constant gas temperature.

We re-calculate the PAH ionization parameter, γ , employing a
variable gas density and investigate the relation between γ and the
G7.8/G7.6 ratio (Fig. 16). In the left-hand panel, we use the original
division of pixels before and behind the edge-on IF for each aperture
separately (as illustrated by the shaded regions in Fig. 9a). No clear
correlation is found: only datapoints from the H II region (PDR) in
the OBC aperture (in dark red) show a moderate anticorrelation. In
the right-hand panel, we consider the grouping where the OBC edge-
on spectra are in one group with the rest of the spectra in the other
group [as illustrated by the shaded regions in Fig. 9a]. In this case,
the OBC edge-on spectra show a moderate anticorrelation while the
remainder group is significantly weaker.

As G7.8/G7.6 is a strong tracer of G0 (see Fig. 13), it is
unsurprising to find some resemblance of a relationship between
G7.8/G7.6 and γ as the latter is directly proportional to G0. However,
the inclusion of a variable gas density to calculate γ seems to weaken
this relationship. This suggests G7.8/G7.6 is not an ideal tracer for
PAH ionization, whereas ratios involving cationic to neutral PAH
emission features, such as 6.2/11.2, are much better suited to this
role. In addition, this suggests that variations in the G7.8/G7.6 ratio
originates in a different photochemical processing of the carriers
responsible for these two components.

7 C O N C L U S I O N

In this paper, we investigate the characteristics of the PAH emission
features across the Orion Bar through the use of Spitzer IRS SL
spectroscopic observations consisting of two apertures that cross
the Orion Bar at different locations along with SOFIA FLITECAM
imaging observations. We make use of the spline decomposition
method to separate the PAH emission features from the underlying
continuum components. We measure the fluxes on the various
emission components found within both spectral apertures including
the PAH features and related components, the atomic recombination
lines, the H2 lines, and the underlying dust continuum. Variations in
these spectral components are found using cross cuts taken with
respect to distance from the primary illuminating source in the
Orion Nebula. Correlations between the PAH related features are
considered based on the relative position to the ionization front of
the Orion Bar as well as the different PDR morphologies present in
each aperture, these being edge-on and face-on. Finally, we compare
specific PAH emission ratios with the derived cross cuts of the FUV
radiation field and the PAH ionization parameter. Our major findings
are as follows:

(i) All of the PAH-related emission has a strong peak located
within the Orion Bar. Variations in PAH features become more
prominent away from the this peak behind the PDR front and into
H II region (PDR) in front of the Bar. Additional maxima or mimima
in the PAH emission cross cuts and PAH ratio cross cuts typically
coincide with the G0 peaks as defined by the dust continuum emission
in each aperture.

(ii) We quantify the effect of the extinction of UV photons into
the edge-on PDR and thus the decrease in available energy for PAH
excitation. We show that the excess emission found behind the edge-
on PDR front can be attributed to a face-on PDR. We derive an
average gas density within the edge-on PDR of 1.44 × 104 cm−3.

(iii) Grouping the spectra based on PDR morphology yields
much tighter correlations between the PAH emission features in

MNRAS 509, 3523–3546 (2022)

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/509/3/3523/6409138 by guest on 24 April 2024



3540 C. Knight et al.

Figure 16. The PAH ionization parameter γ versus the G7.8/G7.6 ratio: Orion Bar combined (squares) and Orion Bar ionized (triangles). Left: Pixels located
beyond the IF and pixels in the H II region (PDR) are represented in dark blue and red, respectively, for the OBC aperture and in light blue and light red,
respectively, for the OBI aperture (as depicted in Fig. 9a), Right: Pixels are colour coded such that the OBC edge-on PDR is shown in dark blue while all face-on
PDRs and the OBI edge-on PDR is shown in dark red (as depicted in Fig. 9c). Correlation coefficients for each respective region are given in their respective
colour. Weighted linear fits are shown as solid lines for each region in their respective colour.

comparison to grouping based on relative position with respect to
the ionization front in general. PAH emission correlations in many
cases demonstrate two distinct trends that are attributed to the edge-
on PDR of the Bar and the face-on PDRs located in front of the
ionization front and behind the PDR front. Hence, the PDR viewing
angle influences the observed PAH characteristics.

(iv) The PAH emission within the edge-on PDRs in both apertures
behaves differently confirming the Bar is not a uniform structure.

(v) The average PAH size in the edge-on PDR increases with
increasing strength of the FUV radiation field. This suggests that
intense UV fields lead to increased photoprocessing of PAHs,
destroying the smallest PAHs.

(vi) Subtle differences are observed between the bands assigned
to cationic PAHs (at 6.2, 7.7, 8.6, and 11.0 μm). There is a spatial
sequence evident in the relative intensities of these features with
respect to proximity to the illuminating source, namely 11.0, 8.6,
7.7, and 6.2 μm. We also report a deviation from the well-known
tight relationship between the 6.2 and 7.7 μm bands within the H II

region (PDR) where the UV radiation field strength is strongest.
(vii) The carriers of the PAH plateaus and the G7.8 and G8.2

components are more photo-chemically labile than the stable free-
flying PAHs responsible for the main PAH bands. This is indicative of
photoprocessing driving the chemical evolution of aromatic species
throughout the PDR environment. Conversely, a broad emission
component attributed to silicates only becomes prominent at the
highest UV radiation fields within the H II region (PDR) and becomes
invisible into the PDR.

(viii) Overall, we confirm the anti–correlation between the
G7.8/G7.6 and G0 reported by Stock & Peeters (2017). Using a
grouping based on PDR morphology shows that the OBC edge-on
PDR displays a similar linear relationship as Stock & Peeters (2017)
whereas the face-on PDRs show a steeper relationship. A weaker
correlation of G7.8/G7.6 with the PAH ionization parameter indicates
that the carriers of the G7.6 and G7.8 components experience
different photochemical processing.

(ix) We replicate the linear relationship found between 6.2/11.2
and the PAH ionization parameter of Galliano et al. (2008) within

the edge-on PDR. Using the derived relationship and the observed
6.2/11.2 emission ratios, we derive the gas density with distance from
the illuminating source.

To summarize, the Orion Bar PDR has clearly earned its reputation
as the prototypical edge-on PDR. We show clear stratification of the
relative intensities of the PAH emission features within the different
layers of the Orion Bar yielding insight into the physical and chemical
structure of this well-studied environment. However, the murkier
face-on PDRs on both sides of the Bar also deserve closer scrutiny
as few observed PDRs are as unambiguous as the Orion Bar. Novel
JWST observations of the Orion Bar will allow us to further advance
our understanding of astronomical PAHs and their relationship with
their PDR environments.
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APPENDI X A : D ECOMPOSI TI ON O F 7–9 μM
R E G I O N

We decomposed the GS subtracted spectra in the 7–9.2 μm region
with 6 Gaussians. These include the 7–9 μm PAH components G7.6,
G7.8, G8.2, and G8.6μm (Peeters et al. 2017; Stock & Peeters 2017),
and the atomic lines H I 7.45 μm and [Ar III] 8.99 μm. As in Peeters
et al. (2002), we chose Gaussian components to fit the 7.6 and 7.8μm
peaks of the 7.7 μm complex, the 8.6 μm PAH band, and a fourth
Gaussian component at 8.2 μm to obtain a good fit in the 7–9 μm
region. We also note that the 8 μm bump found between the LS and
GS spline continua is incorporated into these Gaussian components,
hence the similarities between the cross cuts of the 8 μm bump and
the G7.8 and G8.2 μm components in particular (Fig. 5d and h).
This fitting procedure was first run with the starting parameters of all
6 Gaussians allowed to vary in peak position in a window of 0.2 μm
and in FWHM in a window of 0.1 μm. Subsequently, the average
peak positions for each feature within each aperture was obtained

Table A1. Orion 7–9 decomposition parameters.

Feature (μm) <Peak Position (μm)>a <FWHM (μm)>a

Pfund α 7.481 ± 0.006 0.06 ± 0.01
G7.6 7.59 ± 0.02 0.44 ± 0.01
G7.8 7.86 ± 0.04 0.40 ± 0.03
G8.2 8.29 ± 0.02 0.263 ± 0.02
G8.6 8.61 ± 0.01 0.34 ± 0.01
[Ar III] 8.99 9.004 ± 0.008 0.122 ± 0.009

Note. aCombined averages of fits in spectra of all three slits.
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Table A2. Orion Bar IRS SL and FLITECAM emission components.

Feature taga Emission description Peak locationb

Atomic lines
[Ar II ] [Ar II ] 6.98 μm emission line H II region (PDR)
H I 7.46 H I 7.45 μm recombination line H II region (PDR)
[Ar III ] [Ar III ] 8.99 μm emission line H II region (PDR)
[S IV ] [S IV ] 10.5 μm emission line H II region (PDR)
H I 12.37 H I 12.37 μm recombination line H II region (PDR)
[Ne II ] [Ne II ] 12.8 μm emission line H II region (PDR)
[O I ] [O I ] 6300 Å emission line IF

Dust emission
Cont. 10.2 Dust continuum emission at 10.2 μm H II region (PDR)
Cont. 13.2 Dust continuum emission at 13.2 μm H II region (PDR)
Cont. 10–13 Integrated dust continuum emission from 10–13.2 μm H II region (PDR)

PAH–related emission
3.3 (FC) PAH 3.3 μm bandc Edge-on PDR (Orion Bar)
6.2 PAH 6.2 μm band Edge-on PDR (Orion Bar)
7.7 PAH 7.7 μm band Edge-on PDR (Orion Bar)
8.6 PAH 8.6 μm band Edge-on PDR (Orion Bar)
G7.6 PAH G7.6 μm Gaussian sub-component Edge-on PDR (Orion Bar)
G7.8 PAH G7.8 μm Gaussian sub-component Edge-on PDR (Orion Bar)
G8.2 PAH G8.2 μm Gaussian sub-component Edge-on PDR (Orion Bar)
G8.6 PAH G8.2 μm Gaussian sub-component Edge-on PDR (Orion Bar)
G11.0 PAH 11.0 μm band Edge-on PDR (Orion Bar)
11.2 PAH 11.2 μm band Edge-on PDR (Orion Bar)
12.7 PAH 12.7 μm band Edge-on PDR (Orion Bar)
8 bump 8 μm bump PAH plateau Edge-on PDR (Orion Bar)
5–10 plat 5–10 μm PAH plateau Edge-on PDR (Orion Bar)
10–13 plat 10–13 μm PAH plateau Edge-on PDR (Orion Bar)

Molecular hydrogen lines
H2 9.7 H2 9.7 μm emission line Orion Bar PDR Front

Notes. aShorthand used to refer to individual features in Figs 5, 6, and C1, and throughout the paper.
bPeak of the emission component (see Section 5.1).
cObserved with SOFIA FLITECAM photometry (Knight et al. 2021).

and fixed (Table A1). We determine the average FWHM for each of
these Gaussian fits and fix these parameters as well.

APPENDIX B: O RION BA R SPITZER IRS SL
C RO S S C U T DATA

In Table A1, we summarize the prominent emission components
found in the Orion Bar Spitzer IRS SL spectra as discussed in
Section 5. To facilitate parsing the large amount of cross cuts shown

Table B1. Orion emission cross cut normalization factors.

Emission feature (μm) OBCa,b OBIb,c

[Ar II ] 1.25 (−5) 8.19 (−6)
H I 7.46 2.67 (−6) 1.94 (−6)
[Ar III ] 2.43 (−5) 2.09 (−5)
[S IV ] 1.34 (−5) 2.39 (−5)
H I 12.37 9.10 (−7) 5.02 (−7)
[Ne II ] 6.85 (−5) 6.11 (−5)
Cont. 10.2 1.47 (−4) 1.88 (−4)
Cont. 13.2 1.19 (−4) 1.25 (−4)
Cont.10–13 4.69 (−4) 5.40 (−4)
3.3 3.90 (−5) 3.59 (−5)
6.2 1.33 (−4) 1.05 (−4)
7.7 2.75 (−4) 2.10 (−4)
8.6 6.20 (−5) 4.85 (−5)

Table B1 – continued

Emission feature (μm) OBCa,b OBIb,c

G7.6 2.19 (−4) 1.63 (−4)
G7.8 1.21 (−4) 1.05 (−4)
G8.2 2.54 (−5) 2.18 (−5)
G8.6 8.53 (−5) 7.05 (−5)
11.0 5.69 (−6) 4.30 (−6)
11.2 7.05 (−5) 6.74 (−5)
12.7 3.48 (−5) 3.03 (−5)
8 bump 1.22 (−4) 1.05 (−4)
5–10 plat 2.07 (−4) 1.71 (−4)
10–13 plat 3.80 (−5) 3.41 (−5)
5–10 plat 2.07 (−4) 1.71 (−4)
H2 9.7 1.04 (−6) N/A

Notes. aCombined aperture of Orion Bar/ Orion Bar Neutral.
bNormalization factors in units W m−2 sr−1 (i.e. multiply by these values to
get the original values) in the format: 3 significant digits (order of magnitude).
cOrion bar ionized.

in Figs 5 and 6, we use the same nomenclature used to refer to each
feature. We organize these components based on the different types
of emission found as well as where they spatially peak within each
aperture relative to the Orion Bar ionization front. Furthermore, in
Tables B1 and B2, we provide the normalization factors for each
cross cut shown in this work.
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PAHs in Orion 3543

Table B2. Orion emission ratio cross cut normalization factors.

Emission ratio (μm) OBCa,c OBIb,c

6.2/7.7 0.542 0.507
8.6/7.7 0.263 0.267
8.6/6.2 0.680 0.601
6.2/11.2 1.91 1.79
11.0/11.2 0.152 0.187
7.7/11.2 4.18 3.88
8.6/11.2 1.08 0.983
12.7/7.7 0.341 0.336
12.7/11.2 1.22 0.879
12.7/6.2 0.854 0.768
12.7/8.6 1.41 1.39
11.0/12.7 0.176 0.398
11.0/6.2 0.104 0.139
11.0/7.7 0.0409 0.0582
11.0/8.6 0.172 0.239
G7.8/G7.6 0.853 0.672
G8.2/G7.8 0.287 0.275
G8.2/G8.6 0.481 0.358
G8.6/G7.6 0.481 0.454
G8.2/G7.6 0.167 0.138
G8.6/G7.8 1.59 1.35
6.2/(G7.6 + G7.8) 0.467 0.453
7.7/G7.6 1.47 1.37
7.7/G7.8 9.68 6.08
7.7/(G7.6 + G7.8) 1.12 0.982
3.3/6.2 0.663 0.622
3.3/7.7 0.315 0.276
3.3/11.2 1.11 0.932
3.3/11.0 16.4 8.66
(6.2+7.7+8.6)/11.2 6.84 6.61
8 Bump/7.7 0.658 0.560
5–10 plat/(6.2+7.7+8.6) 0.448 N/A
10–13 plat/(6.2+7.7+8.6) 0.181 N/A
5–10 plat/11.2 2.96 N/A
10–13 plat/11.2 0.756 N/A

Notes. aCombined aperture of Orion Bar/ Orion Bar Neutral.
bMultiply emission ratio by respective normalization factors to get original
ratio.
cOrion bar ionized.

APPENDI X C : ADDI TI ONA L EMI SSI ON RATIO
C RO S S C U T S

In this section, we present a selection of supplementary emission
ratio cross cuts within both Orion Bar apertures described in the text
(Fig. C1).
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7.7/(G7.6 +G7.8)
G8.6/G7.8G8.2/G7.6 11.0/7.711.0/6.2

7.7/G7.6 7.7/G7.8
(a)

7.7/(G7.6 +G7.8)

G8.6/G7.8 G8.2/G7.6

11.0/7.711.0/6.2

7.7/G7.6 7.7/G7.8 (d)

(6.2 + 7.7 + 8.6)/11.212.7/6.2 12.7/8.6

11.0/12.7

(b) (6.2+7.7+8.6)/11.2 12.7/6.2

12.7/8.611.0/12.7

(e)

10-13 plat/(6.2 + 7.7 + 8.6)
5-10 plat/(6.2+7.7+8.6) 10-13 plat/11.2

5-10 plat/11.2 (c)

Figure C1. Orion Bar combined (OBC, left) and Orion Bar ionized (OBI, right) emission ratio cross cuts normalized to the peak values for each ratio. The grey
shaded regions correspond to the Orion Bar PDR front and the IF (see Fig. 5). G0 cross cuts values are shown on the right y-axis in units of 103 Habings (see
Section 6.5 for derivation). The PAH 7.7 μm emission, 9.7 μm H2 line, and G0 cross cuts are shown in grey as a solid, dot–dashed and dashed line, respectively.
Error bars for each emission ratio are given in the same colour as the associated cross cut.

APPENDIX D : C ORRELATION PLOTS

To supplement Section 5.2, we present a selection of additional
correlation plots within both apertures (Figs D1 and D2) and
discuss correlations involving the Gaussian components. As in
Section 5.2, we use our first grouping which is based on the
relative position to the IF: (1) the H II region (PDR, shown in red)
and (2) the PDR spectra behind the Orion Bar IF as described

in Sections 2 and 5.1 and illustrated by the shaded regions in
Fig. 9a.

The 6.2 μm band correlates much stronger in both groups with
the sum of the G7.6 and G7.8 μm (Fig. D1a) than with the 7.7 μm
band (Fig. 7a). This is consistent with our findings for the cross
cuts of these features (Section 5.1). The 7.7 μm strongly correlates
with the G7.6 μm component, reflecting the dominance of the
G7.6 component to the 7.7 μm complex (Fig. D1c). The Gaussian
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(a) (b) (c)

(f)

(g)

(i) (j) (k)

(h)

(e)(d)

Figure D1. Correlation plots within the Orion Bar Combined (OBC, squares) and the Orion Bar Ionized (OBI, triangles): ratios from within the Orion Bar
PDR are shown in blue, ratios from the PDR spectra behind the Orion Bar PDR front in light blue (>131.5 arcsec from the Trapezium), and ratios from the
H II region (PDR) in red (see shaded areas in Fig. 9a). Correlation coefficients for the PDR behind the Orion Bar IF (i.e. both blue and light blue data points) and
the H II region (PDR; red data points) are given in blue and red, respectively. Weighted linear fits are shown as solid lines for each respective region given in the
same colours as the correlation coefficients. The black lines correspond to the respective correlation fits found for NGC 2023 in Peeters et al. (2017).

components show more variation between each other. The G7.6 and
G8.6 μm components correlate within the PDR behind the Orion Bar
IF but show significantly greater scatter within the H II region (PDR;
Fig. D1e), the G7.8 and G8.2 μm components are only moderately
correlated in the H II region (PDR; Fig. D1f), and the G7.8 and G8.6

components are correlated in both the H II region (PDR) and the
PDR behind the Orion Bar IF (Fig. D1g). In addition, correlations
involving the G7.8 and G8.2 components exhibit a clear separation
in values associated with the PDR behind the Orion Bar IF and
H II region (PDR; Figs D1f, g, and h).
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(a) (b) (c)

(f)(e)(d)

(g) (h) (i)

(l)(k)(j)

Figure D2. Correlation plots within the Orion Bar Combined (OBC, squares) and the Orion Bar Ionized (OBI, triangles): ratios from within the Orion Bar
PDR are shown in blue, ratios from the PDR spectra behind the Orion Bar PDR front in light blue (>131.5 arcsec from the Trapezium), and ratios from the
H II region (PDR) in red (see shaded areas in Fig. 9a). Correlation coefficients for the PDR behind the Orion Bar IF (i.e. both blue and light blue data points) and
the H II region (PDR; red data points) are given in blue and red, respectively. Weighted linear fits are shown as solid lines for each respective region given in the
same colours as the correlation coefficients. The black lines correspond to the respective correlation fits found for NGC 2023 in Peeters et al. (2017).
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