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A B S T R A C T 

Infrared emission features at 3.3, 6.2, 7.7, 8.6, and 11.2 μm, attributed to polycyclic aromatic hydrocarbons (PAHs), 
sho w v ariations in relati ve intensity, shape, and peak position. These v ariations depend on the physical conditions of the 
photodissociation region (PDR) in which strong PAH emission arises but their relationship has yet to be fully quantified. 
We aim to better calibrate the response of PAH species to their environment using observations with matching apertures and 

spatial resolution. We present observations from the Field-Imaging Far-Infrared Line Spectrometer onboard the Stratospheric 
Observatory for Infrared Astronomy of the gas cooling lines [O I ] 63, 146 μm and [C II ] 158 μm in the reflection nebula 
NGC 1333 and use archi v al dust continuum observations from the Photodetector Array Camera and Spectrometer (PACS) 
onboard Herschel . We employ PDR modelling to derive the physical conditions and compare these with the characteristics of 
the PAH emission as observed with the Infrared Spectrometer onboard Spitzer . We find distinct spatial characteristics for the 
various PAH spectral components. We conclude that the ionic bands (6.2, 7.7, 8.6, and 11.0) and the 7–9 μm emission are due 
to multiple PAH subpopulations and that the plateaus are distinct from the features perched on top. The 6–9 μm PAH emission 

exhibits a significant change in behaviour between the irradiated PDR and diffuse outskirts, confirming these bands arise from 

multiple PAH subpopulations with different underlying molecular properties. We find multiple promising relationships between 

PAH ratios and the far -ultra violet radiation field strength but no clear correlations with the PAH ionization parameter. 

Key words: astrochemistry – techniques: spectroscopic – ISM: individual objects: (NGC 1333) – photodissociation region 

(PDR) – infrared: ISM. 
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 I N T RO D U C T I O N  

he mid-infrared (MIR) spectra of a vast number of astronomical
ources are dominated by prominent emission features at 3.3, 6.2, 7.7,
.6, 11.2, and 12.7 μm along with weaker associated bands found at
.2, 5.7, 6.0, 11.0, 12.0, 13.5, and 14.2 μm. These features are widely
ttributed to the IR fluorescence of polycyclic aromatic hydrocarbons
PAHs; e.g. L ́eger & Puget 1984 ; Allamandola, Tielens & Barker
985 , 1989 ; Puget & L ́eger 1989 ) and related carbonaceous species
uch as PAH clusters, polycyclic aromatic nitrogen heterocycles
PANHs; Hudgins, Bauschlicher & Allamandola 2005 ; Bauschlicher,
eeters & Allamandola 2008 ) or PAHs with functional groups
ttached (e.g. Joblin et al. 1996a ; Sloan et al. 1997 ; Pilleri et al.
015 ; Maltse v a et al. 2016 ; Shannon & Boersma 2019 ). These species
re characterized by their shared molecular composition, made up
rimarily of a planar collection of fused benzene rings with hydrogen
toms located on the outer edges. These molecules are electronically
xcited by the absorption of far -ultra violet (FUV) photons from
 nearby stellar source. This energy is rapidly redistributed to
ower lying vibrational states, where these molecules cascade back
 E-mail: collinknight11@gmail.com (CK); epeeters@uwo.ca (EP) 
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Pub
o their ground state by radiating MIR photons corresponding to
ibration relaxation. Astronomical sources where these bands have
een routinely observed include H II regions, young stellar objects
YSOs), post-asymptotic giant branch stars, planetary nebula(e)
PN(e)), reflection nebula(e) (RN(e)), external galaxies as well as the
iffuse interstellar medium (ISM; e.g. Hony et al. 2001 ; Verstraete
t al. 2001 ; Peeters et al. 2002 ; Bern ́e et al. 2007 ; Smith et al. 2007 ;
alliano et al. 2008 ; Boersma, Rubin & Allamandola 2012 ; Shannon,
tock & Peeters 2016 ; Stock et al. 2016 ). 
The spectral fingerprints of these PAHs show significant variation

n the relative intensities, profile shape, and peak positions between
ources and spatially within extended sources. Intensity variations
re mainly attributed to the molecular charge state, i.e. the PAH
mission in the 6–9 μm range increases in cationic species, whereas
he 3.3 and 11.2 μm bands are more prominent in neutral species
Allamandola et al. 1989 ), the 12.7 μm band has both cationic and
eutral components (e.g. Peeters et al. 2012 ; Boersma, Bregman
 Allamandola 2013 ; Shannon et al. 2016 ). To a lesser extent,

ntensity variations are driven by the size distribution of a PAH
opulation because smaller molecules tend to have less vibrational
odes available, hence they have more energy per mode or reach a

igher internal temperature upon the absorption of an FUV photon
Schutte, Tielens & Allamandola 1993 ; Croiset et al. 2016 ; Knight
© 2021 The Author(s) 
lished by Oxford University Press on behalf of Royal Astronomical Society 

http://orcid.org/0000-0003-2968-3522
http://orcid.org/0000-0002-2541-1602
http://orcid.org/0000-0003-0030-9510
mailto:collinknight11@gmail.com
mailto:epeeters@uwo.ca


PAHs in NGC 1333 4889 

e
t
c
s
s

T  

<  

a  

m
s  

v
a  

(
e
c
s  

e
p
m
H  

K
M  

a
b  

l
e
s  

o
s

P
d
d
P
r  

T  

B
6
N  

f
B
2
b
i  

t
l  

(  

p
c
e  

2

e
m
a
d  

d  

i
r  

H
t

&  

f  

n  

a  

o  

f  

P  

i  

t
o

 

t
m
R
A
d  

W  

t  

c  

r  

t
m  

t  

c  

a  

s

2

T  

l
K  

i  

(  

r  

H  

t  

e  

s  

3  

B  

&  

t  

s  

d
 

a  

b  

3  

e  

h  

(  

b  

s  

t
M  

p  

s  

i  

R  

o  

a

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/510/4/4888/6428409 by guest on 24 April 2024
t al. 2021b ). Additionally, intensity variations in PAH bands in 
he 10–15 μm range are attributed to structural differences in their 
arriers, i.e. the 11.2 μm band is stronger in compact-symmetrical 
pecies whereas the 12.7 μm band becomes more prominent in 
pecies with an irregular edge structure (e.g. Hony et al. 2001 ). 

PAH emission is prominent in photodissociation regions (PDRs). 
hese are regions where FUV photons of energies between > 6 and
 13.6 eV (i.e. the ionization energy of hydrogen) control the physics

nd chemistry of the gas and which includes the neutral atomic and
olecular hydrogen in IR-luminous regions around young massive 

tars (Hollenbach & Tielens 1997 , 1999 ). PDRs extend to a wide
ariety of neutral environments, in fact they account for all atomic 
nd a minimum of 90 per cent of the molecular gas in the Galaxy
Hollenbach & Tielens 1999 ). In addition to PAH features, observed 
mission features from PDRs include the far-infrared (FIR) dust 
ontinuum, H 2 emission lines, the atomic fine structure lines of 
pecies such as [O I ] and [C II ], and CO rotational lines. These
mission features have all proven to be useful in predicting the 
hysical conditions of PDR environments through the use of PDR 

odelling (e.g. Tielens & Hollenbach 1985 ; Wolfire, Tielens & 

ollenbach 1990 ; Kaufman et al. 1999 ; Young Owl et al. 2002 ;
aufman, Wolfire & Hollenbach 2006 ; Wolfire, Hollenbach & 

cKee 2010 ; Neufeld & Wolfire 2016 ). These models use underlying
ssumptions about thermal balance, gas chemistry, and the ionization 
alance (Tielens & Hollenbach 1985 ) to derive how the emission
ines change as function of environment, using such parameters as 
lemental abundances, gas density ( n H ), and FUV radiation field 
trength (G 0 ). Ho we v er, PAH emission features remain one av enue
f measuring the physical conditions of PDR environments that is 
till in its infancy. 

Recent efforts hav e unco v ered promising correlations between 
AH emission features and PDR physical conditions. Based on three 
istinct PDR environments, Galliano et al. ( 2008 ) have empirically 
etermined a quantitative relationship between the observed 6.2/11.2 
AH emission and the PAH ionization rate to recombination rate 
atio or the PAH ionization parameter γ = G 0 T 

0.5 / n e (Bakes &
ielens 1994 ), where n e is the electron density . Similarly , Boersma,
regman & Allamandola ( 2015 ) found a relationship between the 
.2/11.2 emission ratio and the ionization parameter in the RN 

GC 7023, where they fit spectra with a collection of PAH species
rom the NASA Ames PAH IR Spectroscopic data base (PAHdb; 
auschlicher et al. 2010 , 2018 ; Boersma, Bregman & Allamandola 
014 ) to calculate the ionization parameter. Additionally, it has 
een shown that the 7.7 μm PAH complex can be decomposed 
nto four Gaussian components (Peeters et al. 2017 ). The ratio of
wo of these components, G7.8/G7.6, has been shown to have a 
inear relationship with G 0 o v er a wide range of PDR environments
Stock & Peeters 2017 ). Finally, through the use of the spectral fitting
rogram, PAHTAT , an empirical relationship between the fraction of 
arbons contained within very small grains (VSG) and G 0 has been 
stablished o v er a wide range of PDR environments (Pilleri et al.
012 ). 
Unfortunately each of the abo v e relationships between PAH 

mission and environmental conditions have outstanding issues that 
ust be resolved before they become more applicable to astronomy 

t large. For instance, the correlations between the 6.2/11.2 and γ
etermined by Galliano et al. ( 2008 ) and Boersma et al. ( 2015 )
isagree with each other by an order of magnitude in γ . Another
mportant issue with the latter relationships is the individual pa- 
ameters that make up γ (i.e. G 0 , n e , and T ) cannot be isolated.
ence, this correlation alone does not provide enough information 

o properly characterize the PDR environment. Likewise, the Stock 
 Peeters ( 2017 ) relationship between G7.8/G7.6 and G 0 suffers
rom a bias in their data set towards higher values of G 0 , with almost
o representation from more quiescent re gions. Moreo v er, due to
 lack of FIR observations at a comparable resolution to the MIR
bservations, the Stock & Peeters ( 2017 ) relationship is currently
orced to make simple assumptions to derive an estimate for G 0 . The
illeri et al. ( 2012 ) correlation between fraction of carbon locked

n VSG and G 0 also has its limitations as this method is unable
o properly measure the rising dust continuum found in spectral 
bservations of H II regions and star-forming galaxies. 
In this work, we aim to further investigate the relationship between

he PAH emission features and PDR physical conditions using 
atching apertures and spatial resolution for observations of the 
N NGC 1333. We obtain Stratospheric Observatory for Infrared 
stronomy ( SOFIA ) FIR spectroscopic maps to measure three 
ominant PDR cooling lines: [O I ] 63, 146 μm and [C II ] 158 μm.
e use archi v al Herschel FIR photometric observ ations to measure

he FIR dust continuum and archi v al Spitzer MIR spectral maps to
haracterize the PAH emission features and the rele v ant emission
atios. In Section 2, we introduce NGC 1333. Section 3 presents
he observations and data reduction applied. Section 4 reviews the 

ethodology used to measure the MIR and FIR emission involved in
his study. We present our major results in terms of emission maps,
orrelations, cross cuts, and PDR modelling in Section 5 and provide
n interpretation of these results in Section 6. Finally, we give a
ummary of these findings in Section 7. 

 N G C  1 3 3 3  

he source, NGC 1333, primarily refers to a large star-forming region
ocated within the Perseus cloud complex (e.g. Liseau, Sandell & 

nee 1988 ; Gutermuth et al. 2008 ; Walawender et al. 2008 ), ho we ver,
t was originally used to refer to the RN at the core of this region
Fig. 1 ). In this paper, we will use the original nomenclature when
eferring to NGC 1333 (Strom, Vrba & Strom 1976 ). Astrometry of
 2 O masers within the star-forming region of NGC 1333 has shown

his complex is at a distance of 235 ± 18 pc from the Sun (Hirota
t al. 2008 ). This RN is illuminated primarily by SVS 3, a B6 type
tar located at the centre of the RN while the nebulous region at
.5 arcmin to the north-east of SVS 3 is illuminated by the B6 star
D + 30 ◦549 (see Figs 1 and 2 ; Strom et al. 1976 ; Harv e y, Wilking
 Joy 1984 ). A study of the FIR cooling lines of the PDR gas within

he RN by Young Owl et al. ( 2002 ) found an FUV radiation field
trength of 4800 times the average interstellar field as well as gas
ensity and temperature of 2 × 10 4 cm 

−3 and 690 K, respectively. 
There have been several notable MIR studies of NGC 1333 which

re focused on its PAH emission. Bregman et al. ( 1993 ) used ground-
ased spectral imaging of the nebula around SVS 3 to show that the
.3 and 11.2 μm bands are spatially distinct. In particular, the 3.3 μm
mission peaks farther from SVS 3 than the 11.2 μm emission and
as a distribution comparable to a limb-brightened shell. Joblin et al.
 1996a ) sho wed ho w the relati ve intensity of the aliphatic 3.4 μm
and to the 3.3 μm band increased significantly in the diffuse ISM
urrounding the RN with respect to pointings near SVS 3, suggesting
hat interstellar PAHs are highly methylated. Other ground-based 

IR spectroscopic observations of NGC 1333 found the 8.6 μm band
eaked at the location of SVS 3, while the 11.2 μm peaked 10 arcsec
outh of SVS 3, suggesting this was evidence for the existence of
onized PAHs in the ISM (e.g. Joblin et al. 1996b ; Sloan et al. 1999 ).
oche, Aitken & Smith ( 1994 ) determined that the relative intensities
f the PAH emission features in the 8–13 μm range in NGC 1333 and
nother well-studied RN, NGC 2023, are comparable. More recently, 
MNRAS 510, 4888–4908 (2022) 
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Figure 1. Spitzer IRAC mosaic of NGC 1333 RN region (Gutermuth et al. 
2008 ). IRAC 3.6, 4.5, and 8.0 μm are shown in blue, green, and red, 
respectively. Illuminating sources BD + 30 ◦549 and SVS 3 are indicated 
by green circles and the region covered by Spitzer IRS SL is shown as a white 
rectangle. Axes are given in right ascension and declination (J2000). 

Figure 2. Herschel PACS mosaic of NGC 1333 RN region. PACS 70, 100, 
and 160 μm data are shown in blue, green, and red, respectively. All images 
are shown on a square root scale for clarity. Illuminating sources BD + 30 ◦549 
and SVS 3 are indicated by green circles and the region covered by Spitzer 
IRS SL, FIFI-LS [O I ] 63 μm, 146 μm, and [C II ] 158 μm are shown as white, 
blue, green, and red rectangles, respectiv ely. Ax es are given in right ascension 
and declination (J2000). 
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tock et al. ( 2016 ) did a surv e y of MIR-bright re gions using Spitzer
nfrared Spectrometer (IRS) short-low (SL) observations including
oth NGC 1333 and NGC 2023, where it was again found that
orrelations between the observed PAH emission features are similar
NRAS 510, 4888–4908 (2022) 
n both sources (for a recent o v erview of the observed PAH emission
eatures in NGC 2023, see Peeters et al. 2017 ). Moreo v er, using
SO CAM spectral imaging, Bregman & Temi ( 2005 ) observed a shift
n the central wavelength of the 7.7 μm band from 7.75 to 7.65 μm
ith decreasing distance to SVS 3. These authors also found the
1.2/7.7 ratio decreases with proximity to the star which they relate
o PAH ionization. 

 T H E  DATA  

.1 Obser v ations 

.1.1 Spitzer 

e present observations obtained with the Infrared Spectrograph
IRS; Houck et al. 2004 ) onboard the Spitzer Space Telescope
Werner et al. 2004 ). We retrieved Spitzer-IRS 5–14 μm SL
pectral mapping observations from the Spitzer archive (AORKEY
4587648, PI T. Bergin). These observations have a spectral reso-
ution ranging from 60 to 128 o v er three orders of diffraction: SL1,
L2, and SL3. The SL mode has a pixel size of 1.8 arcsec, with a slit
idth of 3.6 arcsec and a slit length of 57 arcsec. The region covered
y the IRS SL spectral data is shown in Fig. 1 . 

.1.2 SOFIA 

he Field-Imaging Far-Infrared Line Spectrometer (FIFI-LS) on-
oard SOFIA is an integral field FIR spectrometer which includes
wo independent grating spectrometers with wavelength ranges from
1 to 210 μm and 115 to 200 μm, respectively (Colditz et al. 2018 ;
ischer et al. 2018 ). Both channels have a 5 × 5 pixel projection
n to the sky, with centres offset by 10 arcsec. The short and
ong wavelength channels have a pixel size of 6 arcsec × 6 arcsec
nd 12 arcsec × 12 arcsec, respectively, which translates to a 0.5
nd 1.0 arcminute-squared field-of-view (FOV), respectively. The
 × 5 pixels are re-organized along a 25 × 1 line and subsequently
ispersed into 16 pixels in the spectral dimension. Spectral resolution
anges from 600 to 2000 depending on the observed wavelength,
hich tends to be higher towards the longer wavelengths in both

pectrometers. 
We obtained FIFI-LS spectral observations of NGC 1333 for

he following cooling lines: [O I ] 63, 145 μm and [C II ] 158 μm
PID: 05 0110, PI: E. Peeters). These data cubes have a point source
unction (PSF) full width at half-maximum (FWHM) of 6.4, 14.6, and
5.9 arcsec respectively. Our observations are centred at 3:29:09.3,
 31:21:47.2 (J2000) and are comprised of four parallel pointings
ith a stepsize of 30 arcsec. 

.1.3 Herschel 

e obtained FIR photometric observations taken with the Photode-
ector Array Camera and Spectrometer (PACS; Poglitsch et al. 2010 )
nboard the Herschel Space Observatory (Pilbratt et al. 2010 ) from
he Herschel Science archive. PACS includes a dual-band photometer
ith an instantaneous FOV of 3.5 arcmin × 1.75 arcmin that has
andpass combinations of either 60–85 and 125–210 μm (70/160 μm
lter) or 85–125 and 125–210 μm (100/160 μm filter). The 70 and
00 μm bands have a pixel scale of 3.2 arcsec while the 160 μm
and has a pixel scale of 6.4 arcsec. The absolute flux uncertainties
or the 70, 100, and 160 μm filters are ± 10, 10, and 20 per cent,
espectively (Poglitsch et al. 2010 ). 

art/stab3295_f1.eps
art/stab3295_f2.eps


PAHs in NGC 1333 4891 

C  

O
t  

p
c
T  

w  

F
a

3

T  

S
p  

o  

s
M
b
r  

W  

a
e

m  

o  

t  

c
o
t
t  

t  

s
p

4

4

T  

S  

(  

a  

f  

c  

t  

I  

t  

t  

f  

c
9  

s  

(  

w  

S  

d  

s  

s  

a  

o  

Figure 3. NGC 1333 extinction map in units of A k . North and east are 
indicated by the thick and thin white arro ws, respecti vely, in the upper left 
corner of the map. Contours of the 11.2 and 7.7 μm emission are shown, 
respectively, in white (1.0, 1.4, 1.8, and 2.2 × 10 −5 W m 

−2 sr −1 ) and pink 
(1.0, 2.0, 3.0, 4.5, 6.0, and 9.5 × 10 −5 W m 

−2 sr −1 ). The position of SVS 3 
is indicated by a white cross. Axes are given in IRS SL pixel units. 

Figure 4. Typical IRS SL spectrum from the RN within NGC 1333 is shown. 
The orange 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). We label the different PAH emission plateaus defined 
between the aforementioned continuum components as follows: ‘8 bump’ for 
the 8 μm bump between the LS and GS continua, ‘5–10 plat’ for the 5–10 
μm plateau emission between GS and PL continua, and ‘10–13 plat’ for the 
10–13 μm plateau emission between the GS and PL continua. 
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These observations consist of imaging data taken of the Perseus 
omplex in the 70, 100, and 160 μm bands (PID: KPGT pandre 1,
BS ID: 1342190326 and 1342227103) created with the JScanam 

ask (Fig. 2 ). Notably the 70 μm map was taken in the SPIRE/PACS
arallel mode with a nominal scan velocity of 60 arcsec s −1 

orresponding to a PSF FWHM of 5.86 arcsec × 12.16 arcsec. 
he 100 and 160 μm maps were taken in the PACS photo mode
ith a nominal scan speed of 20 arcsec s −1 corresponding to PSF
WHMs of 6.89 arcsec × 9.74 arcsec and 11.31 arcsec × 13.32 
rcsec, respectively. 

.2 IRS reduction 

he SL raw data were processed with the S18.18 pipeline by the
pitzer Science Center. The resulting bcd data products were further 
rocessed using cubism (Smith et al. 2007 ). We applied a wavesamp
f 0.04–0.96 to exclude spurious data at the extremities of the SL
lit and cubism’s automatic bad pixel generation ( σ TRIM 

= 7 and 
inbad-fraction = 0.5 and 0.75 for, respectively, global and record 

ad pixels). Remaining bad pixels were removed manually. The 
esulting SL2 and SL3 data cubes were regridded to the SL1 grid.

e clip the original SL1 data cube to a 24 × 41 pixel aperture
round the nebula surrounding SVS 3 where we find appreciable PAH 

mission. 
We find mismatches between the different orders of the SL 

odule (SL1, SL2, and SL3). To remedy this issue, scaling factors
f < 20 per cent were applied to the SL2 data and < 10 per cent
o the SL3 data to scale these orders to the SL1 and to the
ombined SL1 and scaled SL3 data, respectively, with the exception 
f outlier pixels in the south-west and south-eastern corners of 
he FOV considered which are masked out. We also masked out 
wo prominent YSOs in the western edge of the final FOV, as
he y e xhibit strong silicate absorption and extinction. The SL1 and
caled SL2 data are combined into a single spectrum for each 
ixel. 

 ANALYSIS  

.1 IRS SL continuum and extinction 

o correct our IRS SL spectra for extinction, we apply the ‘modified
poon method’ (Stock et al. 2013 , 2014 , 2016 ). The Spoon method
Spoon et al. 2007 ) is an iterative fitting procedure that interpolates
 power-law continuum with anchor points at 5.5 and 14.5 μm of the
orm y = a x k and then calculates the natural log of the ratio of this
ontinuum at 9.8 μm to the observed flux at 9.8 μm. This is referred
o as the optical depth of the 9.8 μm silicate absorption feature, τ 9.8 .
n some cases the 14.5 μm is affected by silicate absorption, leading
o an underestimation of τ 9.8 . The spectrum is then dereddened using
he derived τ 9.8 and the Spoon method is reapplied to get a new value
or τ 9.8 . This process is reiterated until the anchor point at 14.5 μm
ontinuum does not change, at which point the final continuum at 
.8 μm is compared to the observed flux at 9.8 μm in the original
pectrum. Ho we ver, RN typically has a more linear shaped continua
i.e. Bern ́e et al. 2007 ; Stock et al. 2016 ; Peeters et al. 2017 ). Thus,
e use a linear fit to the continua for this procedure as done by
tock et al. ( 2016 ), referred to as the modified Spoon method. We
efine a linear continuum of the form, y = a + b x , where b is the
lope. We then deredden our spectral data by dividing by our final
ilicate extinction, A k = 1.079 τ 9.8 (Stock et al. 2013 ). We assume
n uncertainty in silicate extinction of 10 per cent. We show a map
f the extinction in Fig. 3 . We find that the extinction is very high
A k > 1) in the south-western edge of the map and the western edge
ear the two YSOs. 

We make use of the spline decomposition method (e.g. Hony 
t al. 2001 ; Peeters et al. 2002 , 2017 ; van Diedenho v en et al. 2004 ;
oersma et al. 2012 ; Stock et al. 2014 , 2016 ; Shannon, Stock &
eeters 2015 ; Shannon et al. 2016 ) to fit the continua in each of the
pectra as local spline (LS), global spline (GS), and the underlying
ust continuum (PL). An example of the typical spectrum and its
ontinua is shown in Fig. 4 . For the LS continuum, we apply anchor
oints at 5.36, 5.46, 5.86, 6.58, 6.92, 8.28, 9.15, 9.40, 9.89, 10.14,
0.51, 10.76, 11.8,12.13, 13.18, and 13.49 μm. A spectral artefact 
rises beyond 14 μm, therefore we exclude this wavelength range 
rom further analysis. The GS continuum uses all the same anchor
oints as the LS continuum except for the removal of 8.28 μm point.
he PL continuum is fit using straight lines between anchor points at
.46 to 9.40 μm and 10.14 to 13.8 μm. We refer to the broad emission
omponent in the 7–9 μm range between the LS and GS as the 8 μm
MNRAS 510, 4888–4908 (2022) 
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ump. Likewise, we define the broad emission components between
S and the PL continua as the 5–10 and 10–15 μm plateaus. We use

he term ‘5–10 plat’ to refer to the 5–10 μm plateau under the GS
ontinuum and bounded below by the PL continuum. Likewise, we
se the term ‘10–13 plat’ to refer to the 10–13 μm plateau under the
S continuum and bounded below by the PL continuum. 

.2 IRS SL flux measurement 

he fluxes of the major PAH bands are in general derived by
ntegrating the continuum-subtracted spectra. In the case of the 6.2
nd 11.2 μm bands, there is significant blending with the weaker
.0 and 11.0 μm bands, respectively. We fit Gaussians to the 6.0
nd the (blue part of the) 6.2 μm simultaneously with λ (FWHM)
f 6.027 (0.10) and 6.228 (0.18) μm, respectively. We obtain these
arameters by taking the average peak position for both Gaussians in
ixels with sufficiently high 7.7 μm flux ( ≥1.0 × 10 −5 W m 

−2 sr −1 ).
he peak positions are fixed and the average FWHM over the same
et of pixels is determined and subsequently fixed as well. We then
ubtract the flux of 6.0 μm Gaussian from the integrated 6.0 + 6.2 μm
ux. The same treatment is used to disentangle the 11.0 and 11.2 μm
ands where we use Gaussians with λ (FWHM) of 10.979 (0.21) and
1.261 (0.258) μm, respectively. 
The 12.7 μm feature blends with the 12.3 μm H 2 line. Therefore,

e use a decomposition method similar to that used in previous
tudies (Stock et al. 2014 , 2016 ) to isolate the 12.7 μm emission
and. In short, we use the NGC 2023 12.7 μm profile at the PDR
ront from Peeters et al. ( 2017 ) as a template and scale it to the
2.7 μm band between 12.4 and 12.8 μm. We subtract this scaled
rofile from the spectra and a Gaussian is used to fit the 12.3 μm
 2 line. We then integrate each spectra from 12.15 to 13.1 μm

nd subsequently subtract the 12.3 μm H 2 Gaussian component to
easure the 12.7 μm flux. 
Following Peeters et al. ( 2017 ) and Stock & Peeters ( 2017 ), we

ecompose the PAH emission in the 7–9 μm range using four
aussians, referred to as G7.6, G7.8, G8.2, and G8.6 components.
e begin with a constrained fit to each of these component where

he peak positions and FWHMs are allowed to vary within a 0.2 and
.25 μm range, respectively. The starting values for these parameters
re set to the average RN values found by Stock & Peeters ( 2017 ,
heir table 1). Each Gaussian is then fixed to the average peak position
ound for the pixels where the 7.7 LS integrated flux is abo v e a
hreshold value of 1.0 × 10 −5 W m 

−2 sr −1 . The average FWHM over
his set of pixels is determined and fixed as well. The fitting procedure
s run once more with the following fixed λ (FWHM) values for G7.6,
7.8, G8.2, and G8.6 μm: 7.58 (0.497), 7.90 (0.443), 8.25 (0.29),

nd 8.57 (0.41) μm, respectiv ely. F or additional details and example
ts of the abo v e decompositions, see Stock & Peeters ( 2017 ) and
eeters et al. ( 2017 ). 
We estimate the signal-to-noise ratio of the PAH emission features

s SNR = F / ( rms × √ 

N × �λ), where F is the feature flux (in
 m 

−2 sr −1 ), rms is the rms noise, N is the number of spectral
avelength bins within the feature, and �λ is the wavelength bin size
etermined from the spectral resolution. The rms noise is determined
rom featureless portions of the spectra between 9.3–9.5, 13.3–13.5,
nd 13.7–13.9 μm. For atomic and H 2 lines, the signal-to-noise ratio
s the ratio of the peak line flux to the underlying rms noise. 

.3 FIFI-LS flux measurement 

e make use of the SOSPEX spectral cube analysis software (Fadda
 Chambers 2018 ) to measure the FIR cooling line fluxes. We apply
NRAS 510, 4888–4908 (2022) 
n atmospheric correction to all spectra. Specifically, for the [O I ]
3 μm line, we apply an atmospheric correction equal to the median
alue of the atmospheric transmission, ∼0.56, due to the atmospheric
ransmission curve having a large drop towards the red end of this
ine. For the [O I ] 146 μm line, we apply an atmospheric correction
qual to the median value of the atmospheric transmission, o v er the
avelength range of the spectra, ∼0.8, due to a significant broad

bsorption band corresponding with the reference wavelength of the
ine. For the [C II ] 158 μm line, we apply an atmospheric correction
qual to the value of the atmospheric transmission at the reference
avelength of the line, ∼0.85, to a v oid a broad absorption band at
57.5 μm (Lord 1992 ). 
We fit a straight line to anchor points at both ends of each spectral

ine to define the underlying continuum o v er the entire spectral cube
ith the specification that the continuum must have positive values.
he continuum for each pixel is set to the median value within the
urrounding pixels. To measure line intensities, we use a Gaussian
odel for [O I ] 63 μm and a Voigt model for [O I ] 146 and [C II ]

58 μm (Dario Fadda, pri v ate communication). 
We convolve the [O I ] 63 and 146 μm flux maps to match the larger

SF of the [C II ] 158 μm map. For example, the width of the Gaussian
ernel for the [O I ] 63 μm to [C II ] 158 μm convolution is w =
 

(15 . 9) 2 − (6 . 4) 2 , where 6.4 and 15.9 arcsec are the [O I ] 63 μm
nd [C II ] 158 μm PSFs, respectively (e.g. Houde & Vaillancourt
007 ). The FIR line maps are then converted to units of W m 

−2 sr −1 

nd regridded to the largest spatial resampling size of 2 arcsec for
he red spectrometer of FIFI-S and clipped to the FOV of the [O I ]
3 μm map allowing us to compare both data sets at a matching
patial resolution and FOVs. 

.4 FIR spectral energy distribution (SED) fitting 

e use PACS images at 70, 100, and 160 μm to measure the FIR
ust continuum emission. We first convolve each of these images to
he largest PSF in our data set, specifically the [C II ] 158 μm PSF,
sing a 2D Gaussian kernel to account for the differnt PSFs of the
ACS data. We extract a sub image of the convolved PACS maps
qual to the FOV of the [C II ] 158 μm map and regrid to the PACS
60 μm pixel scale. We then fit the data with a modified blackbody
unction of the form: 

 ( λ, T ) = 

K 

λβ
B( λ, T ) , (1) 

here K is a scaling parameter, β is the spectral index, T is the dust
emperature, and B( λ,T) is the Planck function (e.g. Abergel et al.
010 ; Bern ́e & Tielens 2012 ; Andrews et al. 2018 ). We use starting
alues of β = 1.8, T = 20 K, and K = 1.0 × 10 −15 and modified β, T ,
nd K until a best fit was achieved. The obtained modified blackbody
ts to the PACS data points agrees with the observations within the
bsolute flux uncertainties for each pixel (Fig. 5 ). The FIR flux is
etermined by integrating the area under the fitted function for each
ixel. 

.5 Matching apertures 

n order to compare the MIR IRS SL spectral maps with the FIR
IFI-LS and PACS maps, we convolve all the maps to the lowest
ommon resolution as was discussed in previous sections. Because
he [C II ] 158 μm observation has the largest PSF in this data set,
ll of the other maps are convolved to this spatial resolution. In our
omparison of the MIR and FIR maps in Section 6.3, subimages of
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Figure 5. Example of the SED fitting procedure used to fit the PACS data. 
The data are shown as black squares and the modified blackbody fit is shown 
in red. The fit parameters for this pixel are given in the upper right. 
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1 We note that the 7–9 μm decomposition had generally much poorer fits to 
the 7.7 μm peak in these eastern pixels. This is attributed to a weak bump at 
∼7.2 μm which the G7.6 μm component tries to account for in the Gaussian 
decomposition fit resulting in an underestimation of the peak in the 7.7 μm 

band. Consequently we find that these pixels correspond to G7.8/G7.6 > 1.0, 
thus we consider these pixels to be unreliable in tracing this ratio. 

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/510/4/4888/6428409 by guest on 24 April 2024
he FIR maps are extracted to match the IRS SL FOV, the smallest
OV within our data set. 

 RESULTS  

.1 IRS results 

n this section, we probe the relationships between the PAH emission
eatures, the underlying plateaus, the H 2 emission, and the dust 
ontinuum emission obtained from the IRS SL data. We present 
ur maps at the native pixel scale of the SL cube to explore this data
t the highest resolution possible. 

.1.1 SL maps 

n Fig. 6 , we show the spectral maps of the fluxes of the various
pectral components within the IRS SL spectral cube of NGC 1333 
ncluding the PAH features, plateau components, and H 2 lines. We set
he range of the colourbar to the minimum and maximum intensities
hown in each map. Note that the black areas correspond to the pixels
hat have been masked for various reasons as described in Section 3.2.

The major trends present within these maps are as follows. To 
rst order, each of the major PAH features appears to share a similar
oncentric ovular morphology with intensities peaking just to the 
outh of the stellar source, SVS 3, and gradually drop with distance
rom this source. All PAH bands show deviations in symmetry from
his concentric ovular morphology. In particular, the southern edge 
f the RN has a much steeper drop in emission relative to the other
dges. This corresponds to regions with increased extinction. 

The morphologies of the 6.2, 7.7, 8.6, and 11.0 μm PAH bands all
how a similar condensed shape in their peak emission (shown in red), 
n contrast to the much more elongated peak emission in the spatial
istribution of the 11.2 μm PAH band, the 5–10 μm plateau, and the
0–15 μm plateau. The spatial distribution of the 8 μm bump and the
2.7 μm PAH band is a mixture of these condensed and elongated
eak morphologies. We also note the presence of a diffuse emission
plateau’ in the PAH emission maps moving westward from the centre 
n a pixel range of approximately x = 10–20 and y = 3–5, which may
e attributed to the two YSOs that are located at the western edge of
hese map. This emission plateau is much more readily apparent in 
he 11.2 μm band and the emission components that share a similar
eak morphology. Continuum emission at 13.9 μm is much more 
patially concentrated compared to the PAH emission and peaks 
lmost on top of SVS 3. The H 2 S(3) 9.7 μm morphology deviates
rom the abo v e trends: it is clearly concentrated to the south-west
f SVS 3 with a peak cospatial with the 10–15 μm plateau and one
ear the YSO at the western edge of the map. We do not have 3 σ
etection of H 2 S(2) 12.3 μm line o v er much of the RN inhibiting
n y conclusiv e trends. 

In Fig. 7 , we present the spectral maps of the four Gaussian
omponents in the 7–9 μm decomposition. Upon first inspection, it 
s evident that the G7.6 and G8.6 μm components show a remarkably
imilar morphology which is comparable to that of the major PAH
ands in the 7–9 μm range. The spatial distribution of the G7.8 and
8.2 μm components is similar with an elongated shape in their
eak emission as well as both having an extended emission ‘plateau’
owards the western edge of the map. However, the peak intensity
f the G7.8 μm component is more concentrated near the 7.7 μm
mission peak while the G8.2 μm morphology better mimics that of
he 11.2 μm band. 

In Fig. 8 , we compare the spatial distribution of PAH emission
atios that have previously been shown to be relevant in PDR studies
e.g. Galliano et al. 2008 ; Boersma et al. 2013 ; Stock & Peeters
017 ). First, we consider the ratio of each of the respective major
AH bands in the 6–9 μm to the 11.2 μm. In each of these maps, we
ee a circular peak very close to the position of the star which are
ore concentrated and symmetric compared to the 7.7 μm emission 

eak archetype seen abo v e. In each case, the o v erall morphology
eviates from circular symmetry with enhanced emission towards 
he west, i.e. north of the 11.2 μm peak and in the direction of
he YSO located at the bottom of the map. Furthermore, the spatial
istribution of the 8.6/11.2 emission is more extended compared to 
he 6.2/11.2 and 7.7/11.2 morphology. We note two long filaments 
vertical and diagonally in pixel coordinates, respectively) in the 
.2/11.2 and 7.7/11.2 ratios that extends into the eastern reaches of
hese maps. 

The spatial distribution of the G7.8/G7.6 ratio exhibits a minimum 

hroughout much of the nebula relative to the diffuse outskirts where
n appreciable increase is found in this ratio. We note maxima located
n the eastern edge of this map where PAH emission is essentially at
ts lowest. 1 

.1.2 IRS correlation plots 

ig. 9 presents a selection of observed intensity correlations found 
etween PAH related emission components within the IRS SL data. 
o investigate the effects of extinction in our data, we group this data
ased into three regimes of extinction: low A K < 0.5; intermediate
.5 < A k < 1; and high A k > 1. In general, all correlations show
n impro v ement when we only account for the low e xtinction pix els,
hich fortunately coincides with the bulk of the RN. 
We find very tight correlations between the 6.2 and 7.7 μm

S continuum subtracted (hereafter LS) PAH bands (Fig. 9 a). The
.6 LS μm band also shows a strong correlation with both of these
ands with some appreciable deviations (Figs 9 b and c). Notably,
e find that the 6.2, 7.7 GS and 8.6 μm GS continuum subtracted

hereafter GS) bands show even tighter correlations with each other 
MNRAS 510, 4888–4908 (2022) 
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Figure 6. Spatial distribution of the emission features in the 5–15 μm IRS SL data within the NGC 1333 SVS 3 region. PAH band and continuum intensities 
are given in units of 10 −6 W m 

−2 sr −1 and 100 MJy sr −1 , respectively. Contours of the 11.2 and 7.7 μm emission are sho wn, respecti vely, in black (1.0, 1.4, 
1.8, and 2.2 × 10 −5 W m 

−2 sr −1 ) and pink (1.0, 2.0, 3.0, 4.5, 6.0 and 9.5 × 10 −5 W m 

−2 sr −1 ). North and east are indicated by the thick and thin white arrows, 
respectively, in the upper left corner of each map. The position of SVS 3 is indicated by a white cross and the cross cut used in Section 5.1.3 is shown as a 
yellow line in the H 2 S(2) 12.3 μm map (bottom right). Note that the 11.2 μm emission contours are shown in white in the H 2 S(2) 12.3 μm map for clarity. 
Axes are given in IRS SL pixel units. 
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han the LS counterparts (Figs 9 e–g). This is most evident for the
orrelations involving the 8.6 GS μm band. In addition, at high
alues, the 7.7 and 8.6 (both LS and GS) μm bands level off instead
f linearly increase. 
The G7.6 and G8.6 μm components have the best correlation of

ll features consider here (Fig. 9 i), while the 6.2 μm band and the
8.6 μm component also show very tight correlations (Fig. 9 k). In

ontrast, the G7.8 and G8.2 μm components only correlate modestly
Fig. 9 j). 

The 12.7 μm band correlates strongest with the 8.6 LS μm band
Fig. 9 o). Ho we v er, instead of e xhibiting a linear correlation, there
re two regimes present. At low 8.6/11.2 values, a steep increase
n the 12.7/11.2 is seen while at intermediate and high 8.6/11.2
alues, the corresponding increase in 12.7/11.2 is more moderate.
 similar behaviour is seen in the relation of the 12.7 μm band
ith the 6.2, 7.7, and G7.6 μm bands o v erall though the y e xhibit
NRAS 510, 4888–4908 (2022) 
nhanced ‘scatter’ which seem to occur in a similar pattern (Figs 9 m,
, and p). The 11.0 μm band shows a bifurcated pattern for all
orrelations considered. One of the branches is entirely composed
f spectra with moderate to high extinction while the other branch is
ominated by regions with low extinction. Given the uncertainty
elated to extinction measurements, we restrict ourselves to low
xtinction areas. The 11.0 μm band exhibit moderate correlations
ith the 6.2, 7.7, and 8.6 μm bands (Figs 9 r–t). Its behaviour
ith the 12.7 μm band shows a similar pattern as that of the
2.7 versus 8.6 μm band: for the lower range of 12.7/11.2 values,
ittle to no variation is seen in the 11.0/11.2 and only for the
pper range of 12.7/11.2 values, a clear correlation is observed
Fig. 9 q). 

The 5–10 μm plateau does not correlate well with the 6.2 and
.7 μm bands, primarily because of a bilinear trend that seems to
tem from this plateau. This bilinear trend is also evident between

art/stab3295_f6.eps
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Figure 7. Spatial distribution of the Gaussian components in the 7–9 μm range of the IRS SL data within the NGC 1333 SVS 3 region. Colour bars of band 
intensities are given in units of 10 6 W m 

−2 sr −1 . Contours of the 11.2 and 7.7 μm emission are sho wn, respecti vely, in black and pink as in Fig. 6 . North and 
east are indicated by the thick and thin white arrows, respectively, in the upper left corner of each map. Axes are given in IRS SL pixel units. 

Figure 8. Spatial distribution of ratios of major PAH bands and Gaussian components in the 7–9 μm range of the IRS SL data within the NGC 1333 SVS 3 
region. Contours of the 11.2 and 7.7 μm emission are sho wn, respecti vely. in black and pink as in Fig. 6 . North and east are indicated by the thick and thin white 
arro ws, respecti v ely, in the upper left corner of each map. Ax es are giv en in IRS SL pix el units. 
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he 6.2 μm band and G8.2 μm component correlation with both 
ranches containing pixels with low extinction. 

.1.3 IRS cross cuts 

igs 10 and 11 show radial cuts of rele v ant emission features and
heir ratios. 2 The radial cut is centred on SVS 3 in a South to North
irection as illustrated in Fig. 6 . A clear stratification in the emission
eaks is present. Consistent with the results in Section 5.1.1, the 
1.0 μm band peaks closest to SVS 3. The 6.2, 7.7, and 8.6 μm
ands peak at approximately the same distance southwards of SVS 3, 
ollowed by the 12.7 μm band and then the 11.2 μm band which is
urthest southwards of SVS 3 towards the H 2 9.7 μm peak (Fig. 10 a).

e note that 6.2 and 7.7 μm bands show increased emission south of
he star compared to 8.6 μm band and the H 2 9.7 μm, 11.2 μm band,
nd to a lesser extent the 12.7 μm emission, exhibit a second, local
aximum about 8 arcsec north of SVS 3. The Gaussian components 
7.6 and G8.6 have a radial profile similar to that of the 8.6 μm band
hile the G8.2 μm component shows a broad peak encompassing 
 We give the nomenclature and normalization factors in Appendix A. 

 

e  

h  
oth the 6–9 μm peak and the 11.2 μm peak, and the G7.8 μm
omponent shows a broad distribution peaking slightly to the north 
f SVS 3 (Fig. 10 b). The 10–13 μm plateau shows a similar radial
rofile as the H 2 emission with slight increased emission between 
he main peak and the second local maximum (i.e. towards the star)
hile the 5–10 μm plateau behaves similar to the 11.2 μm emission

Fig. 10 c). Both plateaus are thus significantly displaced from the
ndividual bands perched on top of these plateaus. The 8 μm bump
hows a broad radial profile peaking close to the peak of the 6.2, 7.7,
nd 8.6 μm bands. The underlying dust continuum measured at 10.3
nd 13.9 μm show similar radial profiles which are very different
rom those of the PAH bands and plateaus (Fig. 10 c). The y hav e a
imilar 2 pixel wide flat peak on the star, which also corresponds to
he peak of the G7.8 μm emission, and have a weaker shoulder from
he peak of the 11.2 μm band to the H 2 emission peak. We refer to
eak position of the dust continuum emission as the ‘dust peak’ for
he remainder of this section. Finally, the extinction A k is highest
n the southern edge of the cross cut and shows a minimum around
VS 3 (Fig. 10 c). 
The 6.2, 7.7, 8.6, and 12.7 μm emission, normalized to the 11.2 μm

mission, all peak 2 arcsec north of SVS 3, within the dust peak, but
ave variable width (Fig. 11 a). The peak of the 11.0 μm emission,
MNRAS 510, 4888–4908 (2022) 
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Figure 9. Correlation plots between PAH features in NGC 1333. The data are sorted into three separate regimes based on the degree of extinction (Section 4.1): 
points with A k < 0.5 are given as blue squares, points with 0.5 < A k < 1 are shown as orange squares, and points with A k > 1 are shown as red squares. 
Correlation coefficients are given in the top left of each panel for the entire map in black and for only the pixels with A k < 0.5 in blue. Linear fits are shown for 
all pixels in black and for only the pixels with A k < 0.5 in green. 
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6.2 7.7 8.6 12.7(a)

G7.6 G7.8 G8.2 G8.6(b)

8 Bump 5-10 plat 10-13 plat cont. 10.3
cont. 13.9Ak

(c)

Figure 10. NGC 1333 cross cuts normalized to the peak values for each 
emission feature across SVS 3 from S (ne gativ e distance) to N (positive 
distance) along a cross cut which is shown in Fig. 6 . The nomenclature is 
given in Table A1 . Cross cuts of the 11.0 and 11.2 μm bands as well as the 
H 2 9.7 μm line are included in each panel for reference. Error bars for each 
emission feature are given in the same colour as the associated cross cut. The 
magnitude of the extinction A k is given on the right y -axis (bottom panel). 
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ormalized to the 11.2 μm emission, nearly coincides with SVS 3 
i.e. it is one pixel closer to SVS 3 compared to the other bands)
nd is the sharpest. The sharp rise in the ratios involving the 11.0
m band towards the southern edge of this cut is attributable to

he strong effects of silicate extinction on the 11.0 μm band as
entioned in Section 5.1.2. The 6.2/7.7 emission ratio is quite 

onstant o v er this cross cut, with a slight rise towards the southern
dge, and is thus distinct from the 8.6/6.2 and 8.6/7.7 ratios cross
ut. The latter show very similar cuts that show slight variations 
orth of the 11.2 μm peak and drop off south of the 11.2 μm peak
Fig. 11 b). Cross cuts of ratios involving the 11.0 μm emission
ll peak at the same location (Figs 11 a–c). Cross cuts of ratios
nvolving the 12.7 μm emission also peak at the same location
nd exhibit broad minima/maxima (Figs 11 a and c). Finally, we
onsider cross cuts involving the 7–9 μm Gaussian sub components 
Fig. 11 d). We note that the G8.6/G7.6 ratio remains approximately
onstant o v er the entire cut, consistent with these features showing
he best correlation (Section 5.1.2). The cross cuts of the G7.8/G7.6
nd G8.2/G8.6 ratios are also somewhat comparable with peaks 
owards the southern edge. Their differences largely originates in the 
ariable G7.8/G8.2 ratios which shows a strong peak 2–4 arcsec north
f SVS 3. 

.2 FIFI-LS maps 

n Fig. 12 , we show the FIFI-LS spectral maps of the three FIR
ooling line fluxes. Each of these maps is convolved to the PSF of
he [C II ] 158 μm observations and regridded to the PACS 160 μm
ap grid (see Section 4.3). In each case, these emission lines show
 simple concentric morphology with emission peaking near the 
lluminating source. Ho we ver, the [O I ] 146 μm peak intensity is
ffset from the source position (to the south-east) similar to the
.7 μm PAH peak emission, whereas [O I ] 63 and [C II ] 158 μm
eaks are nearly cospatial with the star. The [C II ] emission is
lightly displaced from the central star to the north-east and exhibits
ignificant emission to the north and north-east of the star. Another
otable difference is the [O I ] 63 μm is significantly more centrally
oncentrated relative to the other FIR cooling lines which cannot be
iscounted because this map has been convolved to match the [C II ]
58 μm resolution. 

.3 PACS maps 

n Fig. 2 , we show the PACS 70, 100, and 160 μm images in
lue, green, and red, respecti vely. These maps sho w a very similar
oncentric morphology within the RN with peak emission found to 
he south of SVS 3 in each case. They also show emission extending
o the west of SVS 3 with a secondary peak corresponding to
he YSO IRAS 03260 + 3111E. In Fig. 13 , we show the FIR dust
ontinuum emission map derived from the PACS images as detailed 
n Section 4.4. This map is essentially identical in spatial morphology
o the individual PACS maps. 

.4 PDR modelling 

e make a simple estimate for the FUV radiation field strength
between 6 and 13.6 eV) using the FIR dust continuum emission: 

 0 � 

1 

2 

I FIR 

1 . 3 × 10 −7 
, (2) 

here we assume a face-on PDR morphology (Hollenbach 
 Tielens 1997 ) and take G 0 in units of the Habing field

1.3 × 10 −7 W m 

−2 sr −1 ; Habing 1968 ). We determine the gas density
nd temperature by using (i) this FIR dust continuum derived G 0 

long with the FIR cooling lines [O I ] 63 and [C II ] 158 μm and (ii) the
O I ] 63/ [C II ] 158 ratio and the gas temperature PDR model grids as
 function of gas density and FUV radiation field strength from the
hoto Dissociation Region Toolbox ( PDRT ) software (Kaufman et al.
006 ; Pound & Wolfire 2008 ). Several of the chemical and thermal
rocesses in the model have been updated with recent rates. In
articular, the photodissociation and photoionization rates of Heays, 
MNRAS 510, 4888–4908 (2022) 

art/stab3295_f10.eps


4898 C. Knight et al. 

Figure 11. NGC 1333 emission ratios cross cuts normalized to the peak values for each emission ratio across SVS 3 from S (ne gativ e distance) to N (positive 
distance) along a cross cut which is shown in Fig. 6 . For emission ratios involving the 11.0 μm band, we normalize to the ratio value at the 11.0 μm peak. Cross 
cuts of the 11.0 and 11.2 μm bands as well as the H 2 9.7 μm line are included in each panel for reference. Error bars for each emission ratio are given in the 
same colour as the associated cross cut. 
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osman & van Dishoeck ( 2017 ) and the collisional excitation rates
f [O I ] from Lique et al. ( 2018 ) and Lique (pri v ate communication)
re used. These model grids have resolution elements of 0.125
n log G 0 and n H and co v er a range of −0.5 to 6.5 in log G 0 

nd a range of 1–7 cm 

−3 in log n H . We observe the median [O I ]
46/63 ratio to be 0.154 (in pixels where the [O I ] 63 μm line
as a 3 σ detection), which is higher than the 0.1 value suggested
y Ossenkopf et al. ( 2015 ) as a sign for self-shielding in the [O I ]
3 μm line. We therefore multiply our [O I ] 63 μm observations by
 factor of 2 (e.g. Schneider et al. 2018 ). We compare the observed
 ×[ O I ] 63/ [C II ] 158 ratio and G 0 in each pixel with the [O I ]
3/ [C II ] 158 model grid in G 0 and n H to predict the gas density,
 H , based on where the observed quantities intersect the grid. We
se the derived densities along with the G 0 values to derive a gas
emperature by comparing our predicted values with a model grid for
as temperature, T , as a function of gas density and FUV radiation
eld strength. We then convert the gas density to electron density
ssuming that all free electrons result from the photoionization of
arbon and all gas-phase carbon is ionized (e.g. Galliano et al.
008 ): n e � (C/H) n H � 1.6 × 10 −4 n H , where 1.6 × 10 −4 is the
nterstellar gas-phase carbon abundance (Sofia et al. 2004 ). From this,
e derive the PAH ionization parameter ( γ = G 0 T 

0.5 / n e ; Bakes &
ielens 1994 ). 
We find that the derived G 0 , n H , and T are of the same order of
agnitude as the results of the FIR analysis performed by Young Owl
NRAS 510, 4888–4908 (2022) 
t al. ( 2002 ) for this region: 10 3 , 10 4 cm 

−3 , and 10 2 K, respectively.
light discrepancies in the absolute values found between both
tudies may be attributed to a difference in spatial resolution. Indeed,
oung Owl et al. ( 2002 ) consider a single pointing for each line with
eam sizes > 40 arcsec whereas our maps have been convolved to
he [C II ] 158 μm PSF of 15.9 arcsec and resampled to the PACS
60 μm grid with a pixel scale of 3.2 arcsec. 
The resulting maps of the PDR conditions are shown in Fig. 14 .

xcept for the G 0 map, these maps are limited to the [O I ] 63 μm
 σ detection limit. The G 0 and T maps show a high degree of
pherical symmetry emanating from their nearly cospatial peaks.
ikewise, the morphology of the PAH ionization parameter is similar

o that of G 0 . Each of these three parameters (G 0 , T , γ ) peak
o the south of SVS 3 where they almost o v erlap with the PAH
1.2 μm emission peak. In contrast, the gas density map shows
ery little variation, with a large plateau of ∼2.3 × 10 4 cm 

−3 o v er
uch of the nebula and a substantial rise towards the southern edge

f the map beyond the PDR front as traced by H 2 S(3) 9.7 μm
Fig. 6 ). 

 DI SCUSSI ON  

n this section, we investigate potential drivers of the PAH charac-
eristics reported in Section 5 such as the environmental conditions
nd properties of the underlying PAH populations. Specifically, we
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Figure 12. FIR cooling line fluxes. Top : The [O I ] 63 μm line fluxes with 
white contours of 0.60, 1.43, 2.26, 3.09, 3.92 × 10 6 W m 

−2 sr −1 . Middle : 
The [O I ] 146 μm line fluxes with white contours of 1.06, 2.17, 3.27, 4.38, 
5.48 × 0 7 W m 

−2 sr −1 . Bottom : The [C II ] 158 μm line fluxes with white 
contours of 2.05, 2.81, 3.59, 4.35, 5.12 × 10 7 W m 

−2 sr −1 . Contours of the 
PAH 7.7 μm flux are shown in black as in Fig. 6 . The position of SVS 3 is 
shown as a white cross. North is up and east is to the left. Pixels below the 
3 σ noise level of each respective map are shown in black. Axes are given in 
right ascension and declination (J2000). 

i
c
i
P
d

Figure 13. The FIR dust continuum in units of W m 

−2 sr −1 . The IRS SL 

aperture is shown in red. Contours of the 11.2 and 7.7 μm emission are 
sho wn, respecti vely, in white and black as in Fig. 6 . The position of SVS 3 
is shown as a magenta cross. North is up and east is to the left. Pixels below 

the 3 σ noise level are shown in black. Axes are given in right ascension and 
declination (J2000). 
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nvestigate the origin of the non-linearity behaviour in the reported 
orrelations and relate these to the environment (diffuse ISM versus 
rradiated PDR) in Section 6.1. We discuss the presence of multiple 
AH subpopulations in Section 6.2. In Section 6.3, we explore the 
iagnostic power of PAHs as PDR tracers. 
.1 PAH emission in the diffuse ISM versus irradiated PDR 

hile we report significant correlations between various PAH 

eatures, clear deviations from the tight correlations and anomalous 
roups of pix els e xist within our FOV (see Fig. 9 ) that deserve a
ore in-depth investigation. We have illustrated that in particular 

or the 11.0 μm band, the degree of extinction introduces such an
nomalous group of pixels. Clearly, due to its weakness and being
ocated in the wing of the silicate absorption feature, the 11.0 μm
and is more affected by extinction (correction) in comparison to 
he major PAH bands. Ho we ver, significant scatter remains when
e only account for the low extinction regime. Here, we apply other
eighting schemes in order to better characterize these discrepancies. 

n Fig. 15 , we show a selection of the correlation plots shown in Fig. 9
here we apply a colour to each pixel based on the PAH 7.7 LS μm
ux (top two rows) and the 8.6/11.2 ratio (bottom two rows). We use

he same colour scale as shown for the 7.7 μm map in Fig. 6 and for
he 8.6/11.2 μm map in Fig. 8 for easy comparison. 

In panels (a)–(c) of Fig. 15 , we compare the correlations between
he major PAH bands in the 6–9 μm range. When only considering
ositions where the 7.7 μm flux is > 10 −5 W m 

−2 sr −1 , the correla-
ions are tighter than in the case of the low silicate regime of Fig. 9 .
his cut-off value for 7.7 μm flux distinguishes between the nebula

tself and the outskirts in the FOV which correspond to the more
iffuse ISM (see Fig. 6 ). Thus, these bands are much better correlated
n the irradiated PDR than in the diffuse ISM. In addition, when the
.6 μm band is considered, a stumpier second correlation is observed
or locations where the 7.7 μm flux is ≤ 10 −5 W m 

−2 sr −1 , i.e. the
iffuse ISM. This second branch exhibits little change in the 8.6 μm
and intensity while a larger change is seen in the 6.2 or 7.7 μm
and intensity. Another notable anomaly is the ‘arc’ found in the
orrelation of the 6.2 versus 8.6 μm bands and the 7.7 versus 8.6 μm
ands while it is absent in the correlation of the 6.2 versus 7.7 μm
ands. The majority of the pixels in the arc exhibit a low degree of
xtinction thereby excluding extinction as its origin. Ho we ver, the
ixels in the arc are located in the western edge of the FOV and thus
he PAH emission may be affected by the nearby YSO. In addition,
t is only when considering the 8.6 μm band that at high ratio values
he data level off. We note that the arc disappears and the degree
MNRAS 510, 4888–4908 (2022) 
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Figure 14. The physical conditions in NGC 1333 derived from FIR data and PDR models. From top left to bottom right: the FUV radiation field strength, 
G 0 , in units of the Habing field, with the IRS SL aperture shown in red; the gas density, n H (cm 

−3 ); the gas temperature, T (K); and the ionization parameter, 
γ = G 0 T 

0.5 / n e . Contours of the 11.2 and 7.7 μm emission are sho wn, respecti v ely, in white and black as in Fig. 6 . Pix els where [O I ] 63 μm emission line has 
an SNR < 3 are shown in black all panels except G 0 . The position of SVS 3 is indicated by a magenta cross. North is up and east is to the left. Axes are given 
in right ascension and declination (J2000). 
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f levelling off decreases significantly when considering the G8.6
omponent instead of the 8.6 μm band (which were obtained with
ifferent underlying continua). 
Concerning correlations with the 12.7 μm band (Figs 15 d and e),

wo major regimes are present and characterized by high and low
2.7/11.2 (i.e. > 0.25 or < 0.25, respectively). This boundary
orresponds approximately to the region between the two lowest
ontours in our 7.7 μm map (Fig. 6 ), representing the transition from
he nebula to the diffuse ISM. In the lower flux regimes, there is
ignificant scatter with a much wider range in 12.7/11.2 compared to
hose found in the other ionic bands normalized to the 11.2 μm band.
n particular, the 6.2 or 7.7 versus 12.7 relation exhibit two separate
rcs in this low 12.7/11.2 regime that seem to make up opposite halves
f a circular trend. Based on the 7.7 μm band intensity, the right arc
s largely located in the transition region between the nebula and the
iffuse ISM, the left arc is relegated to the diffuse emission outside
f the PDR while the nebula represents the high 12.7/11.2 regime. 
A similar behaviour with pixel location is seen for the strong

ilinear trend observed between the 6.2 μm band and 5–10 μm
lateau (Fig. 15 f). The branch representing a large change in the
lateau emission relative to the 11.2 μm band has a high correlation
oefficient and low ionization degree (as traced by 8.6/11.2 intensity
atio in Fig. 15 i). This branch arises from the diffuse ISM. In contrast,
he second branch exhibiting a smaller range in plateau intensity
ormalized to the 11.2 μm band represents the nebula where a
edium to high degree of ionization is found. Bilinear trends arising

rom different regions are also found between the 6.2 μm band and
he four Gaussian components (Figs 15 g, h, j, k, and l), in particular
NRAS 510, 4888–4908 (2022) 
or the G8.2 and G7.8 μm components. An 8.6/11.2 value of about
.3 distinguishes the nebula from the diffuse ISM and represents the
ransition between both (Fig. 8 ). Using this boundary condition, one
ranch arises from the nebula and exhibits a strong correlation while
he other branch arises from the diffuse ISM and the transition region
etween the nebula and the diffuse ISM and shows more scatter. The
iffuse ISM branch is very pronounced and distinct for the G8.2 μm
omponent and subsequently the G7.8 μm component while for the
7.6 and G8.6 μm components this branch is closer to the nebula
ranch and shows much less variation. In addition, the G7.8 and G8.2
m components normalized to the 11.2 μm band show a stronger

ncrease for a given increase in 6.2/11.2 for the diffuse ISM branch
han the branch arising in the nebula while the opposite holds for the
7.6 and G8.6 μm components. 
Finally, we note the existence of a third branch for relations

etween the G7.8 μm component and the G7.6 μm component,
8.6 μm component, or 8 μm bump (Fig. 15 l shows the second

orrelation). Specifically, the relationship between this set of bands
s different in the nebula, the diffuse ISM as well as the transition
egion between both with the third branch representing the latter.

oreo v er, the diffuse ISM branch and the branch representing the
eb ula ha ve roughly similar slopes. The common factors in this set
f relations is the G7.8 μm component and the almost ‘identical’
haracteristics of the G7.6 and G8.6 μm components (cf. these
ands exhibit the strongest correlation between any PAH bands).
s the relation of the G7.8 with the G8.2 μm component exhibits a

ingle linear correlation, albeit with significant scatter, and the G8.2
m component exhibits bilinear trends with the G7.6 and G8.6 μm
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(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

(j) (k) (l)

Figure 15. Correlation plots between PAH features in NGC 1333. The data are colour coded to the PAH 7.7 LS μm integrated intensity (in units of 
10 −6 W m 

−2 sr −1 ; top two rows) and to the PAH 8.6 LS/11.2 ratio (bottom two rows). Correlation coefficients are given in each panel for the entire map (black) 
and for the pixels where the 7.7 μm LS flux > 10 −5 W m 

−2 sr −1 (orange) and ≤ 10 −5 W m 

−2 sr −1 (blue, top two rows) and for the pixels where the 8.6/11.2 
ratio > 0.3 (orange) and ≤ 0.3 (blue, bottom two rows). Linear fits are shown in the same respective colours as for the regimes defined for the correlation 
coefficients. 
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omponents, the existence of the third branch confirms that the G7.8 
nd G8.2 μm components, as defined here, do not completely arise
rom the same PAH population. 

Multilinear trends in the relation between various PAH ratios have 
lready been reported in the literature. Specifically, Stock et al. ( 2016 )
emonstrated that correlations between the 12.7 and 7.7 μm bands, 
ormalized to the 11.2 μm band, sho wed dif ferent linear trends with
espect to the different physical environments they probed from most 
uiescent environments to harsher environments associated with 
 II regions and PDRs characteristic of RNe in between. Using the
MNRAS 510, 4888–4908 (2022) 

art/stab3295_f15.eps


4902 C. Knight et al. 

s  

c  

t  

b  

w  

P  

a  

t  

i  

o  

d  

t  

b
 

P  

2  

a  

m  

r  

t  

e  

w  

m  

I  

a  

t  

r  

s  

b  

u  

b  

f  

t  

b  

6

W  

o  

b  

5  

S  

(  

b  

r  

d  

1  

P  

n  

e  

p  

P  

a  

b
 

b  

t  

2  

s  

g  

t  

f  

S  

T  

8  

8  

t  

r  

a  

8  

w  

F  

b  

t  

w  

P
 

N  

G  

(  

d  

c  

i  

P  

μ  

p  

p  

f  

d  

c  

c  

C  

n  

a  

m
 

t  

P  

p  

w  

t

6

I  

fi  

r  

i  

t
(  

c  

T  

P  

fi  

e  

G  

t  

t  

f  

P  

l  

a  

t  

t  

M

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/510/4/4888/6428409 by guest on 24 April 2024
ame sample, Stock & Peeters ( 2017 ) reported a bifurcation in the
orrelations between the 7 to 9 μm Gaussian components involving
he G7.8 and G8.2 μm components, normalized to the 11.2 μm
and intensity. These authors associated the G7.8 μm component
ith diffuse regions and the G7.6 μm component with irradiated
DRs, consistent with the results reported abo v e. The presented
nalysis here and by these authors thus clearly demonstrates that
he relative behaviour of the PAH bands (i.e. how the different band
ntensities normalized to the 11.2 μm band intensity relate to each
ther) depends on the type of environment in which they reside, the
iffuse ISM, the irradiated PDR or the transition region between
hese environments. Note that we detect a discrete set of trends or
ranches (e.g. one, two, or three) and not a continuous distribution. 
This implies that (some of) the PAH bands arise from multiple

AH subpopulations or from multiple grand-PAHs (Andrews et al.
015 ) that (i) each have distinct relative PAH intrinsic intensities,
nd (ii) have dif ferent relati ve abundances in these different environ-
ents. For instance, the fact that we only see one branch or linear

elationship between the G7.6 and G8.6 μm components and between
he 6.2 and 7.7 μm bands indicates that both sets of bands arises from
ither a single PAH subpopulations or from PAH subpopulations
hich are colocated across the entire FOV (i.e. for all three environ-
ents: the diffuse ISM, the irradiated PDR, and the transition region).

n contrast, when we observe two linear relationships or branches for
 set of PAH bands, e.g. the 6.2 and the 8.6 μm bands, this indicates
hese bands arise from at least two distinct subpopulations that have
elative abundances dependent on the environment in which they re-
ide. As a consequence, this then indicates that, similar to the 7.7 μm
and, the 6.2 μm band arises from at least two distinct PAH subpop-
lations. The latter was already implied by the fact that the 6.2 μm
and correlates very strongly with the 7.7 μm band which has been
ound to arise from at least two subpopulations (Peeters et al. 2017 ;
his paper). Thus, we present support of this hypothesis by the unique
ehaviour of the PAH emission in the diffuse ISM versus the nebula.

.2 Spatial sequence 

hile NGC 1333 has a concentric ovular morphology and is not
bserved as an edge-on PDR, our results reveal distinct spatial
ehaviour of the PAH emission components (Sections 5.1.1 and
.1.3). In particular, with increasing distance from SVS 3 (in the
 direction), we observe the peak emission of first the ionic bands
i.e. 6.2, 7.7, 8.6, and the 11.0 μm bands), followed by the neutral
and (11.2 μm), and subsequently by H 2 . Such a pattern has been
eported numerous times and reflects that PAH charge is the primary
river of relative PAH intensities (e.g. Joblin et al. 1996b ; Sloan et al.
999 ; Bern ́e et al. 2007 ; Galliano et al. 2008 ; Boersma et al. 2013 ;
eeters et al. 2017 ; Sidhu et al. 2021 ). As for two other reflection
ebulae (NGC 2023 and NGC 7023; Peeters et al. 2012 ; Shannon
t al. 2016 ), the 12.7 μm band peaks between the neutral and ionic
eak emission, reflecting either an origin in both neutral and cationic
AHs, or that conditions conducive for changes in the charge balance
re also conducive for changes in the molecular edge structure, or
oth. 
Recent analysis of Spitzer-IRS spectral maps showed distinct

ehaviour of the ionic bands, which indicates we do probe changes in
he PAH family beyond cationic versus neutral PAHs (Peeters et al.
017 ; Knight et al. 2021a ; Sidhu et al. 2021 ). Specifically, these
tudies report that the ionic bands behave as roughly two distinct
roups: one being the 6.2 and 7.7 μm bands and the other being
he 8.6 and 11.0 μm bands, with the latter being less tight than the
ormer potentially reflecting the need for three instead of two groups.
NRAS 510, 4888–4908 (2022) 
uch a division in two groups is present but less clear in NGC 1333.
he 11.0 μm band peaks closest to the star while the 6.2, 7.7, and
.6 μm bands peak slightly further away (Fig. 10 a). Ho we ver, the
.6 μm emission drops faster going south of the star compared to
he 6.2 and 7.7 μm emission (Fig. 10 a) and the 6.2, 7.7, and 8.6 μm
atios indicate that the 8.6 μm band is clearly distinct from the 6.2
nd 7.7 μm bands (Fig. 11 b). Moreo v er, amongst the 6.2, 7.7, and
.6 μm bands, the 8.6 μm band exhibits the strongest correlation
ith the 11.0 μm band (within the low silicate extinction regime;
igs 9 r–t). While this is not clear evidence for the 8.6 and 11.0 μm
ands belonging to a single group, it does show that both the 8.6 and
he 11.0 μm bands are distinct from the 6.2 and 7.7 μm bands. Thus,
e infer there may be at minimum two and potentially three distinct

AH subpopulations responsible for the ionic bands. 
Different subcomponents of the 7–9 μm PAH emission in

GC 1333 exhibit distinct morphologies (Fig. 7 ). Specifically, the
7.6 and G8.6 μm components have the same spatial characteristics

seen in spatial maps and correlation plots) which is significantly
ifferent from the spatial characteristics of the G7.8 and G8.2 μm
omponents, which are also similar, yet clearly not the same. This
s consistent with the results of Peeters et al. ( 2017 ) and Stock &
eeters ( 2017 ) for RNe. In contrast to NGC 2023, the G7.8 and G8.2
m components show distinct morphology compared to that of the
lateaus, which in turn, is distinct from those of the individual bands
erched on top of them. The origin of these differences may originate
rom different band assignments for these components (and thus
ifferent structure and size of their carriers), different sizes of their
arriers (including PAH, PAH clusters, and VSGs), and/or different
harge states (see Peeters et al. 2017 , for a detailed discussion).
learly, the applied decomposition in subcomponents is simple in
ature and will need to be refined when JWST observations of PDRs
re av ailable. Ne vertheless, this analysis points to the contribution of
ultiple PAH subpopulations to the 7–9 μm PAH emission. 
Summarizing, we have found that the PAH emission bands and

heir associated ratios qualitatively depend on their environment.
robing the relationships between PAH emission ratios and the
hysical conditions quantitatively could provide insight into a no v el
ay to use PAH emission as PDR diagnostics. We further explore

his in the next section. 

.3 PAHs as PDR diagnostics 

n Figs 16 and B1 , we compare the strength of the FUV radiation
eld (G 0 ; as derived from the FIR dust continuum) with selected PAH
atios at the [C II ] 158 μm resolution. The three major PAH bands
n the 6–9 μm range as well the G7.6 μm component, normalized
o the 11.2 μm band, show very similar, positive, trends with G 0 

Figs 16 a–c). The G7.6/11.2 intensity ratio has the best positive
orrelation with G 0 of all PAH (and PAH-related) bands (Fig. 16 d).
hese positive correlations reflect the fact that all four ratios trace the
AH ionization state which is driven, in part, by a stronger radiation
eld. We observe two separate regimes: a tight correlation between
ach ratio and G 0 for lower ranges of each quantity, while, for
 0 > 10 3 , we find substantial scatter for all four PAH ratios. In

his regime, the observed relation rather gives a lower boundary to
he considered PAH ratio. These stronger radiation field strengths are
ound within the nebula (see Fig. 14 ). The increased range in these
AH ratios for a given FUV radiation strength across the nebula
ikely reflects the larger variation present in the electron density
nd gas temperature across the nebula compared to the outskirts as
hese parameters also determine the PAH ionization parameter and
hus the PAH ionization fraction. Specifically, the spatial distribution
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Figure 16. Correlation plots between the strength of the FUV radiation field, G 0 , and PAH emission ratios in NGC 1333. Correlation coefficients are given in 
each panel. Linear fits between log(G 0 ) and each PAH ratio are shown by a green line. We divide each plot into two regimes based on the relative strength of 
the FUV radiation field: log(G 0 ) ≥ 3 in orange corresponds to the irradiated PDR and log(G 0 ) ≤ 3 in blue corresponds to the diffuse ISM. In the bottom centre 
panel, we show linear fits of Stock & Peeters ( 2017 ), with (blue) and without (red) inclusion of low G 0 regions. In this panel, the maximum G7.8/G7.6 ratio of 
0.88 found in the diffuse outskirts of W49A by Stock & Peeters ( 2017 ) is shown as a magenta horizontal dashed line. 
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f the 6.2/11.2 emission ratio is approximately spherical (similarly 
or 7.7/11.2 and 8.6/11.2; see Fig. 8 ). In contrast, the G0 map has
 much larger divergence from spherical symmetry (Fig. 14 ). This
iscrepancy in the two-dimensional morphology results in scatter 
een in Fig. 16 (see Appendix C for more details). 

A strong anticorrelation exists between G7.8/G7.6 and G 0 

Fig. 16 e) of the form: 

 7 . 8 /I 7 . 6 = 1 . 7575 − 0 . 3797 log G 0 . (3) 

n contrast with the ratios discussed abo v e, this relationship does not
how increased scatter for strong FUV radiation fields (G 0 > 10 3 ).
his dependence of G7.8/G7.6 on G 0 strongly supports the results of
tock & Peeters ( 2017 ). These authors found a strong anticorrelation
f G7.8/G7.6 with G 0 for a sample of integrated PDRs over a wide
ange of physical conditions. Here, we show that this also holds true
ithin a spatially resolved source. Ho we ver, we find that the slope of
ur fit (equation 3) is significantly larger than the slope of both fits
iven by Stock & Peeters ( 2017 ; see Fig. 16 e). This contradicts their
rediction that the inclusion of diffuse ISM regions or regions with a
eak FUV radiation field will cause a shallower correlation between 
7.8/G7.6 and G 0 . One e xplanation for this discrepanc y may be

he lack of data at low G 0 in the Stock & Peeters ( 2017 ) study and
he large uncertainties involved in estimating G 0 as mentioned in 
ection 1. In particular, we only employed a single method to derive
 0 values at the same spatial scale as the PAH emission while Stock
 Peeters ( 2017 ) resorted to multiple methods and considered the
patially integrated values of G 0 and G7.8/G7.6 in a sample of PDRs,
hich combined resulted in considerable uncertainties in G 0 . While 
e do not probe G 0 values as low as the Ophiuchus positions in
tock & Peeters ( 2017 ), we do encounter G7.8/G7.6 ratios greater

han those found in the diffuse outskirts of W49A, which has been
rgued to be representative of PAH spectra for diffuse ISM sightlines
Stock et al. 2014 ). In fact, pixels where G7.8/G7.6 > 0.88 seem to
all in between the two correlations from Stock & Peeters ( 2017 ),
uggesting their predictions are not too far off for the diffuse ISM.
e note that a similar increased slope was also found by Knight et al.

 2021a ) across the Orion Bar (also when employing a single method
o determine G 0 ). 

We find another strong anticorrelation between G8.6/G7.6 and G 0 

Fig. 16 f). Given that the G7.6 and G8.6 μm components exhibit
he strongest correlation of all PAH bands (when normalized to the
1.2 μm band) for NGC 1333 (Fig. 9 ) and for NGC 2023 (Peeters
t al. 2017 ), this is somewhat surprising. Ho we ver, we note that the
ange of variation in G8.6/G7.6 is quite small (of ∼0.1) while G 0 

aries o v er almost two orders of magnitude. Nevertheless, the ob-
erved anticorrelation with G8.6/G7.6 suggests that our simple four 
aussian decomposition needs further impro v ement to disentangle 

he components contributing to the 7–9 μm emission. Alternatively, 
r in addition, it may reflect the different band assignments of the 7.6
nd 8.6 μm PAH emission. Indeed, while the G7.6 μm component
s attributed to compact symmetric cationic PAH species with sizes 
anging from 50 to 100 carbon atoms, the G8.6 μm component is only
etected in larger, highly symmetric, PAHs (with a few exceptions, 
MNRAS 510, 4888–4908 (2022) 
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Figure 17. Relationship between the PAH ionization parameter, γ , and PAH emission ratios in NGC 1333. The correlation coefficient are given in each panel. 
Linear fits between log( γ ) and each PAH ratio are shown by a green line. 
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n the size range from 96 to 150 carbon atoms; e.g. Bauschlicher
t al. 2008 ; Bauschlicher, Peeters & Allamandola 2009 ; Ricca et al.
012 ; Peeters et al. 2017 ) or in less symmetric PAHs with straight
dges, containing 50 carbon atoms or more (Ricca et al. 2018 ). This
ight correlation with G 0 may be suggestive of photoprocessing of the
ompact, less symmetric PAHs with straight edges to compact, highly
ymmetric PAHs as they are increasingly exposed to the radiation
eld. 
In Fig. 17 , we compare the ionization parameter, γ , derived

rom the PDR models, with a few relevant PAH ratios. We note
hat convolving the IRS spectral maps to the PSF of the [C II ]
58 μm observation and accounting for the 3 σ detection limits of
he [O I ] 63 μm map in our PDR models restricts this comparison
rimarily to pixels within the nebula as shown in Fig. 14 . We do
ot find a significant correlation between 6.2/11.2 and 7.7/11.2 with
(Figs 17 a and b). Interestingly, no low PAH ratios are found for
edium to high values of the PAH ionization parameter. Here as
ell, the observed relation (fit) gives a rough lower boundary to the

onsidered PAH ratio. This is in contrast with the strong correlation
etween γ and 6.2/11.2 found by Galliano et al. ( 2008 ), Boersma
t al. ( 2015 ), and Knight et al. ( 2021a ). We note the different regimes
n γ considered in these studies: these studies consider regions where
og( γ ) > 4 with the addition of only two data points at lower γ values
n Galliano et al. ( 2008 ) and Knight et al. ( 2021a ). Similarly as for
he observed scatter in the 6.2/11.2–G 0 correlation, the observed
catter likely reflects the complex line-of-sight contribution of this
pherical nebula (see also Appendix C). Moreo v er, NGC 1333 is
ot viewed as an edge-on PDR while the other studies were largely
ased on edge-on PDRs: the NW PDR in NGC 7023 in Boersma et al.
 2015 ) and the Orion Bar in Galliano et al. ( 2008 ) and Knight et al.
 2021a ). Additionally, the different methodology used to derive the
DR conditions may contribute to the observed discrepancy between

he studies: Galliano et al. ( 2008 ) assumed a fixed n H and T for the
rion Bar whereas we derived both n H and T using PDR models.
oreo v er, these models may not be sensitive enough to probe the

DR at the same resolution as the MIR and the FIR maps. Finally,
e see a modest anticorrelation between γ and G8.6/G7.6 (Fig. 17 c).
o we ver, there is significant scatter and the range in G8.6/G7.6 is
ery small ( ∼0.05). Hence, this may as well reflect the imperfectness
f the four Gaussian decomposition. 
In summary, from this comparison between PAH emission ratios

nd PDR conditions in and around the RN NGC 1333 there is clearly
vidence to support the case for the emission features as viable PDR
iagnostics in particular with respect to G 0 . 
NRAS 510, 4888–4908 (2022) 
 C O N C L U S I O N  

e characterize the PAH emission features and investigate their
ependence on the physical conditions for the RN NGC 1333 by
sing a Spitzer –IRS spectral map from 5 to 15 μm, SOFIA FIFI–LS
pectral maps of the FIR cooling lines [O I ] at 63 and 146 μm and
C II ] at 158 μm and Herschel PACS images at 70, 100, and 160 μm.

e derive maps for the PDR’s physical conditions using the FIR
ooling lines and the FIR dust continuum emission determined from
ED fitting of the PACS images in combination with the PDR models
f Kaufman et al. ( 2006 ) and Pound & Wolfire ( 2008 ). The derived
hysical conditions are in agreement with previous PDR modelling
fforts of Young Owl et al. ( 2002 ). Subsequently, we compare the
IR PAH emission with the PDR conditions determined from the

IR data using matching apertures and spatial resolution for the MIR
nd FIR data. 

Within the nebula, we find a distinction in the behaviour between
he PAH emission bands in the 6–9 μm range and the 11.2 μm band
long with the underlying plateaus between 5–10 and 10–15 μm with
espect to the distance from the illuminating source, SVS 3. Namely,
he 6–9 μm PAH bands are much more condensed within the nebula
elative to the 11.2 μm band and the plateaus. This dichotomy is also
eflected in the 7–9 μm Gaussian components where the G7.6 and
8.6 μm components show a similar structure to the 6–9 μm bands
hereas the G7.8 and G8.2 μm components are more comparable to

he 11.2 μm band group. 
More precise detail emerges upon considering emission cross cuts

rom SVS 3 in the N–S direction. In particular, the peak emission
f the various bands exhibit a clear stratification with respect to
istance from the star. The 6.2 and 7.7 μm band show similar
patial behaviour that is distinct from both the 8.6 and 11.0 μm
ands, which are also distinct from one another. The 7–9 μm
mission has contributions from at least two subpopulations with
istinct morphology and the spatial characteristics of the plateaus are
istinct from that of the features perched on top. We attribute these
o the effects of photoprocessing on the implicit PAH population
haracterized through spatial variations in the molecular properties
ncluding PAH charge, size, and structure. 

In addition, we find the PAH characteristics of the nebula and the
iffuse outskirts to be distinct from each other. Specifically, the PAH
mission features within the nebula tend to be stronger and more
ightly correlated with respect to the PAH features from the diffuse
e gions. In sev eral cases, we find separate linear correlations for the
iffuse emission and the nebula suggesting their PAH population
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onsist of distinct subpopulations with different underlying proper- 
ies. This supports previous evidence of multilinear trends disco v ered 
etween PAH ratios with respect to different physical environments. 

We investigate previously reported relationships between PAH 

mission ratios and the physical condition within the relatively simple 
DR geometry of the RN NGC 1333. We find strong correlations 
etween the ratio of the 6–9 μm bands to the 11.2 μm band and
he FUV radiation field strength particularly within the diffuse 
SM. We also find strong ne gativ e correlations between ratios of
he 7–9 μm Gaussian components, G7.8/G7.6 and G8.6/G7.6, with 
espect to G 0 . This supports a similar relationship found by Stock
 Peeters ( 2017 ) between G7.8/G7.6 and G 0 for a sample of
DRs co v ering three orders of magnitude in G 0 . We did not find
trong correlations between the ionization parameter and the 6.2/11.2 
ontradicting the previously established relationships of Galliano 
t al. ( 2008 ) and Boersma et al. ( 2015 ). Ho we ver, we did find there
s a promising correlation between G8.6/G7.6 and γ that warrants 
dditional investigation. 

To conclude, PAHs have much potential as PDR diagnostics. 
urther refinement of these correlations between PAH emission and 
DR conditions will solidify the value of the PAH emission features 

n PDR studies. A robust surv e y of PAH and FIR observations in
patially resolved PDR sources within the Galaxy is the next step 
o accomplish this goal. With the imminent launch of JWST and 
he FIR access of SOFIA , a new golden age of astronomy will
llow astronomers to characterize PDR environments and their PAH 

mission in our own Milky Way as well as in extragalactic sources. 
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Table A1. NGC 1333 IRS SL spectral emission components. 

Feature tag a Emission description 

Dust emission 
cont. 10.3 Dust continuum emission at 10.3 μm 

cont. 13.9 Dust continuum emission at 13.9 μm 

A k Silicate extinction in units of A k 

PAH-related emission 
6.2 PAH 6.2 μm band 
7.7 PAH 7.7 μm band 
8.6 PAH 8.6 μm band 
G7.6 PAH G7.6 μm component 
G7.8 PAH G7.8 μm component 
G8.2 PAH G8.2 μm component 
G8.6 PAH G8.2 μm component 
11.0 PAH 11.0 μm band 
11.2 PAH 11.2 μm band 
12.7 PAH 12.7 μm band 
8 bump 8 μm bump PAH plateau 
5–10 plat 5–10 μm PAH plateau 
10–13 plat 10–13 μm PAH plateau 

Molecular hydrogen lines 
H 2 9.7 H 2 9.7 μm emission line 

Note. a Shorthand used to refer to individual features in Figs 10 
and 11 . 

Table A2. NGC 1333 emission cross cut 
normalization factors. 

Emission feature 
( μm) 

Normalization 
factor a 

cont. 10.3 3 .72 ( −5) 
cont. 13.9 3 .33 ( −5) 
A k 1 .15 
6.2 5 .71 ( −5) 
7.7 1 .10 ( −4) 
8.6 1 .96 ( −5) 
G7.6 1 .15 ( −4) 
G7.8 4 .12 ( −5) 
G8.2 9 .08 ( −6) 
G8.6 4 .15 ( −5) 
11.0 3 .88 ( −6) 
11.2 3 .18 ( −5) 
12.7 1 .01 ( −5) 
8 Bump 7 .58 ( −5) 
5–10 plat 1 .32 ( −4) 
10–13 plat 3 .71 ( −5) 
H 2 9.7 9 .26 ( −7) 

Note. a Normalization factors in units 
W m 

−2 sr −1 (i.e. multiply by these val- 
ues to get the original values). Emission 
strength given in format: three significant 
digits (Order of magnitude). 
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PPENDIX  A :  N G C  1 3 3 3  SPITZER  I R S  SL  

RO S S  C U T  DATA  

n Table A1 , we summarize the prominent emission components
ound in the NGC 1333 Spitzer IRS SL cross cuts as discussed in
ection 5.1.3. We use the same nomenclature used to refer to each
eature in Figs 10 and 11 . Furthermore, in Tables A2 and A3 , we
rovide the normalization factors for each cross cut shown in this
ork. 
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Table A3. NGC 1333 emission ratio cross cut normalization 
factors. 

Emission ratio ( μm) Normalization factor a 

6.2/7.7 0 .636 
8.6/7.7 0 .185 
8.6/6.2 0 .343 
6.2/11.2 2 .54 
11.0/11.2 0 .173 
7.7/11.2 5 .12 
8.6/11.2 0 .820 
12.7/7.7 0 .131 
12.7/11.2 0 .392 
12.7/6.2 0 .244 
12.7/8.6 0 .884 
11.0/12.7 0 .447 
11.0/6.2 0 .0723 
11.0/7.7 0 .0366 
11.0/8.6 0 .218 
G7.8/G7.6 0 .669 
G7.8/G8.2 5 .91 
G8.2/G8.6 0 .509 
G8.6/G7.6 0 .402 
(G7.6 + G7.8)/7.7 1 .56 

Note. a Multiply emission ratio by respective normalization 
factors to get original ratio. 
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PPENDIX  B:  A D D I T I O NA L  C O N S I D E R AT I O N S  

O R  PA H S  A S  PDR  DIAG NOSTICS  

n this section, we present additional correlation plots between 
he FUV radiation field strength and other PAH ratios of interest 
Diffuse

Nebula

Diffuse

(a) (b)

igure B1. Correlation plots between the strength of the FUV radiation field, G 0 , 
ach panel. Linear fits between log(G 0 ) and each PAH ratio is shown by a green lin
UV radiation field: log(G 0 ) ≥ 3 in orange corresponds to the irradiated PDR and 
Fig. B1 ). Notably, in panels (a) and (b), we do not see an appreciable
orrelation between G 0 and G7.8/11.2 or G8.2/11.2, respectively. As 
he G7.8 and G8.2 components may arise from larger and/or neutral
pecies (i.e. Peeters et al. 2017 ), both the G7.8/11.2 and G8.2/11.2
mission ratios are not expected to depend on the radiation field
trength. Hence the relationship between these emission ratios and 
 0 is more complex in comparison to traditional tracers of PAH

onization. In panel (c), we find that G8.6/11.2 shows a relatively
trong correlation with G 0 , with a similar higher scatter within
he nebula such as was found in Fig. 16 panels (a)–(d). This is
ot surprising since G7.6 and G8.6 have a very tight correlation
Fig. 9 i). 

PPENDI X  C :  ADDRESSI NG  T H E  SCATTER  IN  

A H  DI AG NOSTI CS  

n Section 6.3, we find significant scatter in the relationships between
he derived PDR physical conditions and relevant PAH emission 
atios, particularly within the nebula (Figs 16 and 17 ). To further
llustrate this, we investigated the spatial location of various groups 
f data points in the scatter for the G0 versus 6.2/11.2 plot. As
an be seen from the spatial location of the different-coloured 
roups (Fig. C1 ), data points located abo v e the best-fitting line in
he correlation plot (see Fig. C2 for colour coding) originate from
ositions near the centre and northern edge of the nebula where the
mission drops less steep than at southern edge (which coincides 
ith increased extinction). 
Using the colour coding of Fig. C2 , we explore how these colour-

oded groups behave in the gamma versus 6.2/11.2 space (Fig. C3 ).
verall, we find the same trends between γ versus 6.2/11.2 as we
nd for G 0 versus 6.2/11.2 albeit with higher scatter. 
Nebula

Diffuse

Nebula

(c)

and PAH emission ratios in NGC 1333. Correlation coefficients are given in 
e. We divide each plot into two regimes based on the relative strength of the 
log(G 0 ) ≤ 3 in blue corresponds to the diffuse ISM. 
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Diffuse

Nebula

Figure C1. Correlation plot between the strength of the FUV radiation field, 
G 0 , and the 6.2/11.2 PAH emission ratio in NGC 1333 showing five distinct 
groups of data points. The line of best fit between log(G 0 ) and 6.2/11.2 
is shown by a blue line. We divide each plot into two regimes based on the 
relative strength of the FUV radiation field: log(G 0 ) ≥ 3 in orange corresponds 
to the irradiated PDR and log(G 0 ) ≤ 3 in blue corresponds to the diffuse ISM. 

Figure C2. Spatial location of the five different colour-coded groups of data 
points selected in Fig. C1 . Contours shown in white are G0 (500, 1000, 2000, 
3000) in units of the Habing field and in black the PAH 7.7 μm emission at 
the native IRS SL resolution as in Fig. 6 . The position of SVS 3 is shown as 
a magenta cross. North is up and east is to the left. Pixels below the 3 σ noise 
level are shown in black. Axes are given in right ascension and declination 
(J2000). 

Nebula

Figure C3. Relationship between the PAH ionization parameter, γ , and 
6.2/11.2 emission ratio in NGC 1333. The colour coding shown here is the 
same as in Figs C1 and C2 . 
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