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A B S T R A C T 

We have carried out a detailed analysis of the 3.4μm spectral feature arising from Polycyclic Aromatic Hydrocarbons (PAH), 
using James Webb Space Telescope archival data. For the first time in an external galaxy (NGC 6240), we have identified two 

distinct spectral components of the PAH 3.4μm feature: a shorter wavelength component at 3.395μm, which we attribute to 

short aliphatic chains tightly attached to the aromatic rings of the PAH molecules; and a longer wavelength feature at 3.405μm 

that arises from longer, more fragile, aliphatic chains that are weakly attached to the parent PAH molecule. These longer chains 
are more easily destroyed by far-ultraviolet photons ( > 5 eV) and PAH thermal emission only occurs where PAH molecules 
are shielded from more energetic photons by dense molecular gas. We see a very strong correlation in the morphology of the 
PAH 3.395μm feature with the PAH 3.3μm emission, the latter arising from robust aromatic PAH molecules. We also see an 

equally strong correlation between the PAH 3.405μm morphology and the warm molecular gas, as traced by H2 vibrational 
lines. We show that the flux ratio PAH 3.395/PAH 3.405 < 0.3 corresponds strongly to regions where the PAH molecules are 
shielded by dense molecular gas, so that only modestly energetic UV photons penetrate to excite the PAHs. Our work shows that 
PAH 3.405μm and PAH 3.395μm emission features can provide robust diagnostics of the physical conditions of the interstellar 
medium in external galaxies, and can be used to quantify the energies of the photon field penetrating molecular clouds. 

Key words: techniques: imaging spectroscopy – ISM: molecules – galaxies: individual: NGC 6240 – galaxies: ISM – infrared: 
galaxies – infrared: ISM. 
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 I N T RO D U C T I O N  

olycyclic aromatic hydrocarbon (PAH) molecules are ubiquitously 
resent in the Interstellar Medium (ISM) of our Galaxy and of star-
orming galaxies (e.g. J. D. T. Smith et al. 2007 ; F. Galliano et al.
008 ; M. Pereira-Santaella et al. 2010 ; F. R. Donnan et al. 2023 ; S.
ernandez et al. 2023 ; T. S. Y. Lai et al. 2023 ; D. Rigopoulou et al.
024 ) and Active Galactic Nuclei (AGN; I. Garcı́a-Bernete et al. 
022 , 2024b ; L. Zhang et al. 2024 ; C. Ramos Almeida et al. 2025 )
ocally and at high redshifts (e.g. J. S. Spilker et al. 2023 ; Y.-C. Chen
t al. 2024 ). They exhibit distinct infrared (IR) features at 3.3, 6.2,
.7, 11.3 and 17μm (e.g. A. Leger & J. L. Puget 1984 ) which are
ttributed to thermal emission by PAH molecules upon absorption of 
ltraviolet (UV) photons from their surrounding radiation fields. 
 E-mail: niranjan.thatte@physics.ox.ac.uk 
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PAH molecules consist of carbon and hydrogen atoms arranged 
n benzene ring structures (e.g. A. G. G. M. Tielens 2008 ). The
mission bands are believed to originate from the stretching and 
ending of the vibrational modes of the C–H and C–C bonds (e.g.
. J. Allamandola, A. G. G. M. Tielens & J. R. Barker 1985 ) with

he smaller PAH molecules reaching high-excitation temperatures 
nd emitting strongly in the C–H stretching region encompassing 
he 3–4μm regime (A. Ricca et al. 2012 ). PAHs are present in
hotodissociation regions (PDR) where they play a key role in heating
he gas through the photoelectric phenomenon (e.g. J. C. Weingartner 
 B. T. Draine 2001 ). Understanding the nature, origin and evolution

f PAHs across cosmic time and galaxy properties offers crucial 
nsights into the interplay between galaxy evolution, dust, and gas. 

The 3.3μm PAH emission band is known to be an excellent tracer
f small, neutral PAHs (e.g. B. T. Draine & A. Li 2007 ; B. T. Draine
t al. 2021 ; D. Rigopoulou et al. 2021 , 2024 ). In addition to the
.3μm band, a weaker band can also be observed around ∼3.4μm.
he exact relationship between the 3.4 and 3.3μm bands is unclear.
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he 3.4μm band is often assigned to aliphatic side chains attached
o PAH molecules (W. W. Duley & D. A. Williams 1981 ; F. Pauzat,
. Talbi & Y. Ellinger 1999 ) although this idea has previously been
isputed (e.g. S. A. Sandford et al. 1991 ). 
The 3.4μm PAH band has been seen to exhibit a lot of variability,

epending on whether the carrier is purely aliphatic or attached to
n aromatic ring system (A. Wexler 1967 ), and even shows some
ariability depending on the specific ring system to which it is
ttached, and the configuration of the resulting alkyl PAH molecule
e.g. X. J. Yang et al. 2013 ). Significant variation is also seen in
strophysical sources, where some planetary nebulae show a 3.4μm
and which is stronger than the 3.3μm band (B. J. Hrivnak, T. R.
eballe & S. Kwok 2007 ), despite it normally being the weaker of the

wo emission features. Other observations suggest the possibility of
he 3.4μm band arising from an anharmonicity effect (J. R. Barker,
. J. Allamandola & A. G. G. M. Tielens 1987 ; A. Li & B. T. Draine
012 ) or superhydrogenation (S. A. Sandford, M. P. Bernstein & C.
. Materese 2013 ; X. J. Yang, A. Li & R. Glaser 2020 ). In addition,

. F. Roche et al. ( 1996 ) suggested that the feature is more prominent
n nitrogen-rich objects. The comparative fragility of the aliphatic
ydrocarbons is possibly the reason for the estimate of < 15 per cent
f the carbon atoms responsible for emitting the PAH bands being in
liphatic form (A. Li & B. T. Draine 2012 ), however, this does not
ecessarily apply to the 3.4μm carriers observed in absorption (J. E.
hiar et al. 2013 ; Y. J. Pendleton et al. 2025 ). In this paper, we will
dopt the hypothesis that the 3.4μm band is attributed to aliphatic
ydrocarbons. We will focus, in particular, on understanding the
ature of the carriers, the relation between the 3.3 and 3.4μm bands
nd the use of the latter in probing the local ISM conditions. So
ar, detection of the PAH 3.4μm band has been limited to galactic
ources (e.g. M. Jourdain de Muizon, L. B. D’Hendecourt & T. R.
eballe 1990 ; P. F. Roche et al. 1996 ; R. Ohsawa et al. 2016 ) and a
andful of IR luminous galaxies (e.g. M. Imanishi et al. 2010 ; T. S.
. Lai et al. 2023 ). 
With the advent of James Webb Space Telescope ( JWST ) it is

ow possible to study PAH emission in a spatially resolved manner
n a wide range of sources and environments. Observations with
WST ’s Near Infrared Spectrograph (NIRSpec - covering the 1–5μm
avelength range) have paved the way for the study of the PAH 3.3

nd 3.4μm emission features in galactic and extragalactic sources.
uch observations have shown that the PAH 3.3 and 3.4μm bands
re observed in galaxies of the nearby Universe (e.g. T. S. Y. Lai
t al. 2023 ; M. Perna et al. 2024 ; I. Garcı́a-Bernete et al. 2024a ) and
p to a redshift of four (the lensed galaxy SPT0418-47; J. S. Spilker
t al. 2023 ), where only the 3.3μm band is detected with JWST
id-Infrared Instrument’s (MIRI) Medium-Resolution Spectrometer

MRS).Finally, the PAH 3.3 and 3.4μm emission features have also
een detected by JWST , through its Near Infrared Camera, in a
umber of galaxies at intermediate redshifts z ∼ 0.2–0.5 in the Great
bservatories Origins Deep Survey-South (J. Lyu et al. 2025 ). 
In this work, we focus on the emission from the weaker 3.4 μm

and and how the feature might be linked to the local physical
onditions in the ISM of galaxies. We first investigate the nature of the
liphatic PAH 3.4μm emission band and then explore the conditions
hat might influence its presence and strength. In particular, we
ant to explore whether clouds of molecular hydrogen (H2 ) might
e shielding PAHs in strong UV radiation fields, as suggested by
. Rigopoulou et al. ( 2002 ), H. Roussel et al. ( 2007 ), and A.
lonso-Herrero et al. ( 2020 ). For this purpose we employ archival
bservations of the Orion Bar, which offers unparalleled spatial
esolution, and use this as a template to guide our investigations of
earby galaxies. In addition, we employ observations of the nearby
NRAS 545, 1–10 (2026)
uminous Infrared Galaxy NGC 6240, which is well-known for its
trong PAH and H2 emission (e.g. D. Rigopoulou et al. 1999 ; D.
utz et al. 2003 ; A. Alonso-Herrero et al. 2014 ; L. Hermosa Mu˜ noz
t al. 2025 ). The article is structured as follows: in Section 2 , we
ive a brief description of the targets and the ensuing data analysis.
n Section 2.1.2, we discuss in detail the procedure we used for
tting and extracting the PAH 3.3 and PAH 3.4 features. In Section
 , we present theoretical spectra of molecules containing aliphatic
ide-groups, computed using density functional theory (DFT). In
ection 4 , we analyse the spatial distribution of the features with a
etailed discussion in Section 5 . Finally, we present our conclusions
n Section 6 . Throughout the paper we use H0 = 70 km s−1 Mpc−1 ,

m 

= 0.3 and �� 

= 0.7, unless otherwise stated. 

 OBSERVATI ONS  A N D  DATA  R E D U C T I O N  

.1 JWST data 

e used archival JWST NIRSpec Integral Field Unit (IFU) Spec-
roscopy to study the PAH emission features in the 3.2–3.6μm
avelength range. Data for NGC 6240 were obtained as part of the
uaranteed Time Observations (Program ID 1265, P.I. A.Alonso-
errero) in the F290LP-G395H configuration. Data for the Orion
ar were obtained as part of the Early Release Science (ERS)
rogramme (Programme ID 1288, P.I. O. Berné), also with the
290LP-G395H configuration of NIRSpec in integral field mode.
he NGC 6240 data were calibrated and reduced with the standard
WST NIRSpec pipeline, with one exception. We added an extra
tep between Stages 2 and 3 of the pipeline, correcting for residual
ad, hot, and dead pixels that had not been flagged by the pipeline,
ith a procedure similar to that described by I. Garcı́a-Bernete et al.

 2024a ). For the Orion Bar, we used the Stage 3 data products from
he Mikulski Archive for Space Telescopes (MAST) archive without
ny alterations. 

.1.1 NGC 6240 analysis 

GC 6240 is located at a distance of 108 Mpc, so each 0 . 1 arcsec IFS
paxel corresponds to 52 pc (NASA/IPAC Extragalactic Database).
he aims of the data analysis were to recover the integrated flux

n the PAH features in the range 3–4μm as well as a number of
mission lines of molecular and ionized Hydrogen. The hydrogen
ecombination lines have been analysed and presented by M. Ceci
t al. ( 2025 ) whereas an analysis of the molecular H2 lines has
een presented in L. Hermosa Mu˜ noz et al. ( 2025 ) for NIRSpec and
WST / MIRI data sets, respectively. For the purposes of this work, we
sed the H2 0 −0 S(8) line of molecular Hydrogen (rest wavelength
.053μm ), and the Pfund γ transition of ionized Hydrogen (rest
avelength 3.740μm ). We chose Pf γ over Pf β, as the Pf β transition

s harder to isolate from nearby CO features, particularly in the
uclear regions. We also used H2 0 −0 S(8) instead of H2 0 −0 S(9)
or the same reason. No correction for differential extinction was
pplied, given the relative proximity of the wavelengths of the
eatures examined. 

As described by M. Ceci et al. ( 2025 ) and L. Hermosa Mu˜ noz
t al. ( 2025 ), NGC 6240 exhibits very strong molecular hydrogen
mission throughout its nuclear region, and relatively modest ion-
zed hydrogen emission. M. Ceci et al. ( 2025 ) present a detailed
inematic analysis of several emission lines in the nuclear region
f NGC 6240, including the H2 1 −0 S(1) line. They show that the
olecular hydrogen emission exhibits two components in many
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Figure 1. Rest-frame spectrum of a representative single spaxel in the nuclear 
region of NGC 6240 (0 . 1 arcsec E, 0 . 4 arcsec S of the southern nucleus). 
Plotted flux is per spectral pixel. Median 1–σ error across the spectral range 
is 4.4 per cent of plotted flux. Observed continuum subtracted spectrum in 
black, fits to the PAH features in red, fits to H2 features in green, post-fit 
residual in blue. PAH Drude profiles overlaid in magenta (shifted for clarity, 
see Section 2.1.2 for details). 
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paxels within the NIRSpec IFU field-of-view, as do the ionized 
ydrogen features. Consequently, we used a double Gaussian fit (and 
 linear continuum) for all molecular hydrogen and ionized hydrogen 
ines in NGC 6240, using the mpfit2gauss routine. The mpfit 
ibrary provides Levenberg–Marquardt least-squares minimization 
ts to user specified functions, we used it throughout our analysis for
aussian and Drude profile fitting, with appropriate constraints. 

.1.2 PAH features 

efore fitting the PAH features, we fitted and subtracted the emission
rom a number of lines in the same wavelength range as the
AH emission, namely the H2 1 −0 O(5) line ( λrest = 3 . 235μm ),
he H2 2 −1 O(5) line ( λrest = 3 . 438μm ), the H2 0 −0 S(17) line
igure 2. Intensity maps of the PAH 3.395μm, PAH 3.405μm, PAH 3.3μm, and 
he three dissociation fronts (DF) are indicated in each map. Spaxel fluxes are in 
er cent, except for H2 0 −0 S(8), where median error is 26 per cent. 

2

 λrest = 3 . 485μm ), and the H2 1 −0 O(6) line ( λrest = 3 . 500μm ). A
pectrum of a typical spaxel in the nuclear region with fits to these
ines overlaid in green, is shown in Fig. 1 . 

We fit the 3.3μm PAH feature, using the combination of a Drude
rofile (J. D. T. Smith et al. 2007 ) and a Gaussian, plus a linear
ontinuum. The Gaussian accounts for any Pf δ emission ( λrest = 

 . 297μm ) just slightly redward of the PAH 3.3 peak, although the
onized hydrogen emission is weak compared to the PAH and H2 

eatures in the nuclear region of NGC 6240. 
Fig. 1 shows that the 3.4μm PAH feature in NGC 6240 is clearly

ouble-peaked. Although the double-peaked profile of the 3.4μm 

eature has been previously observed in external galaxy spectra (e.g. 
. S. Y. Lai et al. 2023 ; J. S. Spilker et al. 2023 ), the two components
ave not been distinguished as separate features, and have typically 
een fit using a single Drude profile. For our analysis we follow
he feature decomposition adopted by E. Peeters et al. ( 2024 ) for the
AH features in the 3.37–3.6μm range in the Orion Bar and fit Drude
rofiles to five features centered at rest wavelengths of 3.395, 3.405,
.425, 3.464, and 3.516μm , with guess widths as per table H.1 of E.
eeters et al. ( 2024 ). The fit includes a linear continuum spanning

he wavelength range, and constraints on the 3.395 and 3.405μm 

eatures to be blueward and redward of 3.4μm , respectively. 

.1.3 Orion Bar analysis 

he Orion Bar is the outer region of the Orion Molecular Cloud, and is
lluminated by the stars of Trapezium Cluster E. Peeters et al. ( 2024 ).
he Orion Bar observations with JWST / NIRSpec cover nine slightly
verlapping pointings. Detailed analysis of the NIRSpec data can be 
ound in O. Berné et al. ( 2022 ), R. Chown et al. ( 2024 ), E. Peeters
t al. ( 2024 ), and I. Schroetter et al. ( 2024 ). Adopting the standard
istance of 414 pc to the Orion Bar makes each 0 . 1 arcsec spaxel
qual 2 ×10−4 pc. We followed the same procedure as for NGC 6240
o fit the molecular hydrogen and ionized hydrogen emission lines, 
s well as the PAH features. The only exception was that there was
o need to fit two kinematic components to each hydrogen emission
ine, so we only fit single Gaussians. The resulting maps are shown
n Fig. 2 . 
MNRAS 545, 1–10 (2026)

H2 0 −0 S(8) emission features in the Orion Bar region (1 arcsec = 0.002 pc). 
units of 10−15 erg s−1 cm−2 . Typical errors on fluxes are in the range 10–20 

5 by guest on 06 M
arch 2026
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M

Figure 3. DFT theoretical emission spectra of the 3–4 μm region showing 
aliphatic and aromatic C–H stretching vibrational modes for molecules 
with aliphatic side groups. From bottom left and going clockwise, 
Coronene C24 H12 , Coronene with methyl side-group C24 H11 –CH3 , Coronene 
with ethyl side-group C24 H11 –CH2 –CH3 , Coronene with vinyl side-group 
C24 H11 CH = CH2 . 
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 T H E O R E T I C A L  PA H  SPECTRA  

o gain further insight into the 3.3 and 3.4μm PAH emission
ands and, in particular, the nature of the double-peaked profile
een in the PAH 3.4μm feature, here we examine DFT theoretical
pectra of molecules containing aliphatic sidebands. Following the
ethodology described in D. Rigopoulou et al. ( 2021 ) and B. Kerkeni

t al. ( 2022 ) we compute the IR spectra of PAH molecules containing
ethyl, ethyl, and vinyl side-groups. To keep the computations

imple we chose Coronene, a molecule with a small number of
arbons ( Nc = 24) and computed DFT spectra of C24 H12 , C24 H11 –
H3 , C24 H11 –CH2 -CH3 , and C24 H11 –CH = CH2 . The computations
resented here are not intended to be exhaustive but to give an
ndication of the strength and location of the PAH 3.4 μm feature in
he presence of side-groups. We refer the reader to the works of X.
. Yang et al. ( 2020 ) and C. Cabezas et al. ( 2025 ) for a discussion of
uperhydrogenated and ring-containing aliphatic PAHs, respectively.

The structures and vibrational frequencies of the four molecules
resented here were optimized with B3LYP / 6-311 ++ G(d,p) using
aussian 16. 1 Infrared spectra were computed from harmonic fre-
uencies and intensities according to R. Barzaga et al. ( 2025 ). In
ig. 3 , we show the model emission spectra in the 3–4μm range for
eutral PAHs exposed to photons of 6 eV energy. We consider the
ull cascade model (for details see D. Rigopoulou et al. 2021 and
eferences therein). It is evident from the spectra that the addition
f ethyl / methyl side-groups shifts the peak of the 3.4μm feature
edward towards the observed 3.405μm peak. Likewise, a peak
lueward of 3.4μm becomes prominent as the number of CH3 side-
roups decreases. 
The bond dissociation energies to remove the attached aliphatic

ide groups are 4.14, 3.94, and 4.51 eV for C24 H11 –CH3 , C24 H11 –
H2 –CH3 , and C24 H11 –CH = CH2 , respectively (e.g. M. Buragohain
t al. 2020 ). In the harsh conditions of an astronomical source, the
hemical pathways might be different and perhaps there might be
NRAS 545, 1–10 (2026)

 Gaussian 16, Revision C.01, M. J. Frisch et al., Gaussian Inc., Wallingford 
T (2016). 

R  

S  

b  

A  
n intermediate product before the molecule completely loses the
ttached side groups. Of the three molecules considered here, vinyl
ide groups ( −CH = CH2) are more strongly bound and 4.51 eV is
eeded to remove the group from the parent molecule. 

 D O  H 2 M O L E C U L A R  C L O U D S  SHIELD  PA H  

OLECULES?  

n this Section, we set out to investigate how the physical ISM
onditions impact the presence and strength of the two components
hat make up the PAH 3.4μm feature. We want to establish what sets
he overall strength of the two components seen in Fig. 1 . In the pre-
WST era the double-peaked nature of the feature was not known
nd investigations were focused on the relation between aliphatic
nd aromatic stretches, which correspond to the PAH 3.4μm and
AH 3.3μm emission features, respectively. For instance, X. J.
ang & A. Li ( 2023 ) investigated the ratio PAH 3.3/PAH 3.4 in
amples of Planetary Nebulae (PNs), Reflection Nebulae (RNs) and
DR and concluded that the aliphatic feature is stronger in UV-
oor environments (they treat the PAH 3.4μm as a single feature).
one the less, the Red Rectangle, a PN illuminated by HD 44 179 of
eff ∼ 7750 K, had a rather low PAH 3.4μm intensity, much lower

han that of PDRs and RNs illuminated by stars of much higher Teff 

T. R. Geballe et al. 1985 ). This implies that although the hardness
f the radiation field is one of the parameters affecting the survival
f aliphatic side-groups attached to PAHs it is probably not the only
ne. 

.1 The case of the Orion Bar 

e employ JWST spatially resolved data to further investigate
hich factors determine the relative strength of the two PAH 3.4

ubfeatures at 3.395 and 3.405μm. For this purpose, we first turn to
he JWST / NIRSpec IFU spatially resolved observations of the Orion
ar since its exquisite resolution enables a detailed investigation of

he spatial extent of the features. Fig. 2 shows the spatially resolved
aps of the Orion Bar in the PAH3.3, PAH3.395, PAH3.405, and
2 0–0 S(8) lines. Similar maps have been presented in E. Peeters

t al. ( 2024 ) and I. Schroetter et al. ( 2024 ) but for consistency we
how our own analysis here. Inspection of the maps in Fig. 2 shows
hat the PAH 3.405μm feature peaks in regions where the H2 0–
 S(8) emission is strong, hinting at a possible link between the
wo. A prominent enhancement in the strength of PAH 3.405 feature
s seen at the southern end of the mapped region, coincident with
he Dissociation Fronts (DF 2 and 3) discussed in E. Habart et al.
 2023 ) and E. Peeters et al. ( 2024 ) and indicated in our maps as well.
mission from PAH 3.395, on the other hand, dominates in regions
hich are closer to the Trapezium stars, located towards the north–
est (off the map, roughly in the direction of the long axis of the

mage mosaic). The morphology of the PAH 3.395μm emission
roadly follows that of the PAH 3.3μm, the latter arising from
romatic C −H stretches which are more robust against destruction
y UV photons. The spatial distribution of the two features, therefore,
mplies that the PAH 3.405 likely arises in regions which are shielded
rom intense UV radiation, with the molecular H2 providing the
hielding. 

A link between PAH emission morphology and that of other
ense gas tracers has already been suggested by various studies. D.
igopoulou et al. ( 2002 ), H. Roussel et al. ( 2007 ), and M. Pereira-
antaella et al. ( 2010 ) demonstrate that a strong correlation exists
etween PAH and the pure H2 rotational lines. More recently, A.
lonso-Herrero et al. ( 2020 ) investigated the relation between the
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Figure 4. PAH 3.395 / 3.405 as function of PAH3.3 / H2 flux ratio for the rotational H2 0–0 S(8) emission line at λ = 5.05 μm (left panel) and the Pfund γ / H2 

ratio (right panel) for the Orion Bar. We assign those points with PAH3.395 / 3.405 < 0.3 to ‘shielded’ PAHs (green circles) and the remaining points with values 
above this ratio as ‘iraddiated’ PAHs (red circles), as discussed in the text. 
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etection of the PAH 11.3μm feature in the nuclear regions of Seyfert
alaxies and the properties of the cold molecular gas. They found 
hat the strength of PAH 11.3 emission correlates positively with 
he column density implying that the molecular gas likely plays a 
ole in shielding the PAH molecules in the harsh environments of
eyfert nuclei. The PAH 3.395, on the other hand, traces regions 
hich have been exposed to UV photons as has been suggested by

.g. I. Schroetter et al. ( 2024 ). 
In Fig. 4 (left), we plot the PAH3.395/PAH3.405 ratio as a function

f the PAH3.3 / H2 0 −0 S(8) ratio for the Orion Bar (the H2 pure
otational line at 5.053μm). The majority of the spatially resolved 
oints appear to have PAH3.395 / PAH3.405 values above ∼0.3 with 
 median of around 1. Interestingly, there appears to be a cluster of
oints with low values in the PAH3.395 / 3.405 ratio, corresponding to
AH molecules with a noticeably stronger PAH3.405 feature. These 
oints all have PAH3.3 / H2 in the range ∼100–750. The upper value
f this ratio together with a value for the PAH3.395 / 3.405 ratio of
0.3 mark a sharp transition into a region which is devoid of any

bservational points. We interpret the presence of this clear locus of
oints with PAH3.395 / 3 . 405 < 0.3 as evidence of shielding of the
ore fragile aliphatic PAH molecules, responsible for the 3.405μm 

eak, by clouds of molecular hydrogen. As the PAH3.3 / H2 ratio 
rows bigger (hence the H2 emission becomes weaker), exposure to 
ar-ultraviolet (FUV) photons will tend to destroy some of the fragile 
liphatic side chains responsible for the PAH 3.405 emission. 

In order to locate the region(s) where PAH 3.395 / PAH 3.405 < 0.3
e take the ratio of the PAH 3.395 and PAH 3.405 maps and apply a

ut of 0.3 to the ratio values. In this manner, we create a mask which is
hown in Fig. A1 . The areas with PAH 3.395 / PAH 3.405 < 0.3 (shown
n green) are coincident with peaks of the H2 0–0 S(8) emission (Fig.
 ) which shows higher intensity in the lower half of the Orion mosaic.
hese peaks in H2 emission trace the DF fronts (e.g. E. Habart et al.
023 ; E. Peeters et al. 2024 ). In these regions, dissociating FUV
hotons are attenuated enough to just excite the aliphatic molecules 
ithout destroying them. As one moves north of the molecular region 
ast the DF regions, and toward the Trapezium stars, higher UV 

hoton fluxes facilitate the processing of the aliphatic molecules, 
emoving some of the alkylated bands and resulting in a gradual 
ncrease in the PAH 3.395 / PAH 3.405 ratio. This is also evident in
ig. 5 where we plot the spatially resolved points for each of the three
AH features as a function of the strength of the molecular hydrogen
ine H2 (0 −0)S8. It is clear that the PAH 3.405 points cluster around
igh values of H2 and whilst the molecules responsible for the PAH
.395 peak are also present, their emission is weaker. In addition, it
ppears that the PAH 3.405 intensity increases with increasing H2 

ntensity, contrary to the behaviour of both the PAH 3.395 and PAH
.3 features. 
A similar picture emerges when we examine the variation of 

he PAH subfeatures as a function of the ionizing flux (in this
ase parametrized by the Pfγ line). The right-hand plot of Fig. 4
hows PAH 3.395 / PAH 3.405 as a function of the Pfγ /H2 ratio.
e observe a similar distribution of the spatially resolved points of

he Orion Bar as we saw earlier (in the left-hand side plot of the
ame figure). We note the existence of a clear cluster of points with
alues of the ratio of PAH 3.395 / PAH 3.405 < 0.3 and Pfγ / H2 < 10.
s before, in these regions the molecular H2 clouds are shielding 

he more fragile aliphatic molecules from ionizing photons (as is 
vident from the low values in the Pfγ / H2 ratios). Once the Pfγ / H2 

atio crosses the threshold value of 10, we move to more irradiated
egions where the UV field is stronger and where the H2 molecules
re photodissociated. In these regions, photoprocessing of aliphatic 
MNRAS 545, 1–10 (2026)
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M

Figure 6. Intensity maps of the PAH 3.395μm, PAH 3.405μm, PAH 3.3μm, and H2 0 −0 S(8) emission features in NGC6240 (1 arcsec = 524 pc). The black 
crosses denote the location of the two nuclei. The red (white for the H2 0–0 S(8) map) and black circles represent the interaction zone and the region south of 
the southern nucleus as discussed in the text. Spaxel fluxes are in units of 10−15 erg s−1 cm−2 . Typical errors on fluxes are in the range 10–20 per cent. 
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AHs is likely to take place resulting in large PAH 3.395 / PAH 3.405
atios. The analysis of the Orion Bar data has enabled us, for the first
ime, to locate regions where fragile PAH molecules are shielded
rom FUV photons. We were able to trace these regions through the
eak 3.405μm emission of the PAH molecules. 
PAH molecules in regions exposed to a hard radiation field

xhibit weak 3.405μm emission, presumably because the fragile
liphatic side chains are destroyed by the energetic FUV photons.
hese regions are labelled as ‘irradiated’ regions by I. Schroetter
t al. ( 2024 ). The presence of dense molecular gas, traced by the
2 emission, shields the PAH molecules from the energetic FUV
hotons. This not only softens the radiation field, but also weakens
t, so that there is less PAH emission overall. However, as the PAH
olecules remain intact, they exhibit all three emission features, at

.3, 3.395, and 3.405μm, with PAH 3.405 stronger than PAH 3.395
mission. 

.2 The case of NGC 6240 

e now turn to NGC 6240 as we seek to establish whether the
ame mechanism, where the molecular H2 is shielding the PAHs
rom strong UV fields is observed on larger scales in nearby
NRAS 545, 1–10 (2026)
alaxies with strong molecular hydrogen emission, even though the
patial resolution for the NGC 6240 observations is several orders of
agnitudes coarser than for the Orion Bar. Fig. 6 shows the intensity
aps of the PAH 3.3, PAH 3.395, PAH 3.405, and H2 0–0 S(8) lines in

he nuclear region of NGC 6240. The location of the two NGC 6240
uclei is indicated with crosses on all the images. The morphology
f the PAH 3.3 map delineates the regions in the galaxy where the
AH molecules are excited by FUV photons. Within these regions,
e see a strong enhancement of the PAH 3.405 emission relative to

he PAH 3.395 emission in the so-called interaction region, marked
y a red circle in Fig. 6 . Conversely, little PAH 3.405 emission is
een from the region south of the southern nucleus, indicated by the
lack circle. The corresponding region in the H2 emission map shows
 ‘hole’, whereas considerable PAH 3.395 emission is present. The
ocation of this ‘hole’ coincides with the ionized bubble south of the
outhern nucleus, as identified and discussed in M. Ceci et al. ( 2025 ).

The data points with values of PAH 3.395 / PAH 3.405 < 0.3 (the
shielded’ region) are all located in the ‘interaction region’ between
he two nuclei of NGC 6240. This is coincident with the region
here the H2 molecular hydrogen emission is strong, as has already
een noted by M. Tecza et al. ( 2000 ), D. Lutz et al. ( 2003 ), M. Ceci
t al. ( 2025 ), and L. Hermosa Mu˜ noz et al. ( 2025 ) and is evident in
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Figure 7. PAH 3.395/3.405 as function of PAH3.3/H2 flux ratio for the rotational H2 0-0 S(8) emission line at λ= 5.05μm (left panel) and the Pfund γ / H2 ratio 
(right panel), for NGC 6240. We assign those points with PAH3.395/3.405 < 0.3 to ‘shielded’ PAHs (green circles) and the remaining points with values above 
this ratio as ‘irradiated’ PAHs (red circles), as discussed in the text. 
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he map shown in Fig. 6 . This is also consistent with the findings
rom the analysis of the Orion Bar where the peak of the PAH 3.405
ntensity is coincident with regions of high H2 intensity as shown 
n Fig. 5 . Our qualitative interpretation uses the H2 0 −0 S(8) as an
ndicator of the presence of warm molecular gas, given its proximity 
n wavelength to the PAH 3.3 features. Although the higher 0 −0
 transitions trace warmer gas, we note that in NGC 6240 all the
2 0 −0 transitions exhibit the same morphology, with a strong peak 

t the interaction region, in between the two nuclei (Hermosa Mu˜ noz 
t al., in preparation). We will revisit this issue in the Discussion
ection. 

NGC 6240 is well-known for being H2 -luminous not only in ro-
ibrational lines (e.g. R. D. Joseph, R. Wade & G. S. Wright 1984 ;
. P. der Werf et al. 1993 ; M. Tecza et al. 2000 ) but also in pure
otational lines. D. Lutz et al. ( 2003 ) found that the luminosity of the

2 pure rotational lines of 1.8 ×109 L� corresponds to 0.3 per cent 
f the bolometric luminosity of the galaxy. In Fig. 7 , we plot the ratio
f the PAH3.395/PAH3.405 as a function of the PAH3.3 / H2 0 −0 S(8)
atio. The NGC 6240 points broadly follow the same distribution as
ith the Orion Bar data (Fig. 4 , left). A fraction of the spatially

esolved NGC 6240 data points have low PAH 3.395 / PAH 3.405
alues ( < 0.3), these points are indicated with the green symbols
n Fig. 7 . Interestingly, all NGC 6240 data points with low PAH
.395 / PAH 3.405 values have PAH3.3 / H2 values below 10, and as
as the case with the Orion Bar, the bottom right-side portion of

he plot is devoid of points. Once again, we see evidence of H2 

olecular gas shielding: the large amount of molecular hydrogen 
resent in NGC 6240 shields the aliphatic PAHs from energetic FUV 

hotons. Following the same procedure as outlined earlier, we create 
 ‘mask’ for NGC 6240 by dividing the two maps PAH 3.395 / PAH
.405 and applying the same cut of 0.3 for the ratio. The mask is
hown in Fig. A2 , with the two circles marking the ‘shielded’ region
nd the ‘irradiated’ region overlaid. It is very clear that the PAH 3.405
mission is strong in the shielded region, and weak in the irradiated
egion, in comparison to the PAH 3.395 emission. 

Fig. 7 (right) shows the ratio of PAH 3.395 / PAH 3.405 as a
unction of the Pfγ / H2 0 −0 S(8) ratio. The shape of the distribution
f the NGC 6240 points loosely follows that of the Orion Bar but
ith noticeably more scatter. This is not surprising given that in 
GC 6240 the Pfγ emission is overall stronger and, in particular, 
round the two nuclei (see e.g. M. Ceci et al. 2025 ). Whereas for
he Orion Bar there are no points with PAH 3.395 / PAH 3.405 < 0.3
nd Pfγ / H2 > 10, in NGC 6240 the H2 emission lines are almost
wo orders of magnitude stronger. For the same PAH 3.395 / PAH
.405 ratio, the region devoid of points has Pfγ / H2 > 0 . 05. As in the
ase of the Orion Bar, the PAH 3.395 / PAH 3.405 ratio increases in
egions where the ionizing flux (as traced by Pfγ ) is strong. 

It is also worth pointing out that the nominal spatial resolution of
he NGC 6240 observations is a lot coarser than that of the Orion Bar,
ith each spaxel corresponding to 52 pc in linear scale. Therefore,

ach spaxel in NGC 6240 is sampling much larger areas including
 mix of H2 and PDR regions. The much stronger H2 emission in
GC 6240, enhanced by the presence of powerful shocks (e.g. H.
ugai et al. 1997 ; D. Lutz et al. 2003 ), causes the PAH3.3 / H2 and
fγ / H2 ratios to have lower values than in Orion such that a direct
omparison of the ratio ranges is not possible. We also note that the
2 emission morphology is quite distinct to the PAH emission, as 

he excitation mechanisms are not the same. The analysis presented 
ere is limited to the regions where PAH 3.3 emission is observed. 
Still we note that there are two regions in NGC 6240 that exhibit

lear signatures consistent with our hypothesis: (1) the ‘interaction 
egion’ exhibits strong H2 emission, and a low PAH 3.395 / PAH 3.405
atio, consistent with shielding by dense molecular gas, and (2) the
egion south of the southern nucleus, showing evidence of stronger 
V flux (see figure 21 of M. Ceci et al. 2025 ), little molecular gas

mission, and exhibits PAH 3.395 emission, but little or no PAH
.405. These regions are indicated by red and black circles in Fig. 6 ,
espectively. 

 DI SCUSSI ON  

he 3.4μm aliphatic C–H emission has been widely seen in various
alactic astrophysical sources (e.g. G. C. Sloan et al. 1997 ; T. I. Mori
t al. 2014 ; P. Pilleri et al. 2015 ; C. Boersma et al. 2023 ). However, the
etection of two separate features at 3.395 and 3.405μm in external
alaxies had not been observed prior to JWST . The two features have,
o far, been seen in the Orion Bar data (E. Peeters et al. 2024 ), and
 number of other galactic sources (e.g. C. Boersma et al. 2023 ).
n their work, I. Schroetter et al. ( 2024 ) employed template spectra
o fit the 3.3 and the 3.4μm PAH bands by fitting single profiles
MNRAS 545, 1–10 (2026)
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lines that share the same upper level (i.e. ν, J.). 
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o each of these two features. In contrast, in this work, we fit the
wo subfeatures at 3.4μm separately with Drude profiles, and the
.3μm feature using a combination of Drude and Gaussian profiles,
s discussed in Section 2.1.2 . Our method results in robust fits for
very spaxel in the Orion Bar and NGC 6240. For each of these two
argets, through the analysis presented here, we have been able to
dentify regions where there appears to be an enhanced population of
ragile aliphatic PAHs, which are responsible for the PAH 3.405μm
eak. Their survival appears to depend on the presence of dense
olecular gas that shields the PAH molecules from energetic UV

hotons, whilst still allowing lower energy UV photons to excite the
AH molecules. 

The comparison of the distribution of aromatic and aliphatic
olecules (Fig. 5 ) reveals that the PAH 3.395 emitting molecules

ollow broadly the distribution of the aromatic ones whereas those
esponsible for the PAH 3.405 band appear to cluster around high-
ntensity values of the H2 0 −0 S(8) line. The theoretical DFT spectra
how that the 3.405μm peak is prominent when there are –CH3 side-
roups attached to the PAH molecule. Given that the aliphatic-to-
romatic (PAH3.4 / PAH3.3) ratio decreases with increasing intensity
f the FUV radiation field (G. C. Sloan et al. 1997 ; T. I. Mori
t al. 2014 ), it is possible that the molecules responsible for the
AH 3.405μm peak will only survive when they are sufficiently
hielded from FUV radiation. This is consistent with observations
f an enhancement of PAH 3.405 when the H2 intensity is high, as
hown in Fig. 5 . 

Previous observations of PDRs have also shown that emission from
romatic PAH molecules and that from H2 excited by fluorescence are
early cospatial, with H2 sometimes seen to extend slightly deeper
nto molecular clouds (e.g. K. Sellgren, A. T. Tokunaga & Y. Nakada
990 ; A. G. G. M. Tielens et al. 1993 ; E. Habart et al. 2003 ). This
ospatial emission is not unexpected since both species are excited by
UV photons. PAH molecules can also be excited by lower energy
hotons in the ultraviolet and optical, but with smaller absorption
ross-sections (see A. Li & B. T. Draine 2001 ); although FUV
hotons will always dominate the excitation whenever massive stars
r AGN are present. However, H2 is dissociated by FUV photons
etween 11.3 and 13.6 eV where it is not self-shielded, whereas
romatic PAHs survive the absorption of these photons. 

In the case of relatively dense molecular clouds, PAHs may
eside on the surfaces of large grains. When the propagating
hotoionization / photodissociation front arrives at a parcel of gas that
as previously ‘dark cloud’ material, PAHs will be ejected from the
rains. This ejection has two main consequences: the PAHs begin to
mit following single-photon heating and second, the photoelectric
eating rate increases, heating the H2 gas (e.g. K. N. Allers et al.
005 ). In this scenario, H2 emission should peak at slightly higher
ptical depth than aromatic bands but likely at the same optical depth
s the aliphatic PAH 3.405 band. 

Can we link the presence of the most fragile aliphatic PAHs, those
esponsible for the PAH 3.405μm peak, to the physical conditions of
he molecular clouds and in particular the levels of extinction required
o shield the PAH molecules? In the case of the Orion Bar, E. Peeters
t al. ( 2024 ) determined that the extinction towards DF3 has values of
V ∼ 1.8–2.30 mag assuming a screen or mixed dust scenario. Their
nalysis concluded that the variations seen in the profiles and the
atios of aliphatic to aromatic PAHs are also influenced by changes
n the FUV radiation. 

A comparison of the maps shown in Figs 6 and A2 reveals that
he ‘shielded’ molecules in NGC 6240 are located in the ‘interaction
egion’ between the two nuclei. Fig. 8 shows the AK extinction map
f NGC 6240, assuming a screen dust model. The map was created
NRAS 545, 1–10 (2026)
n a manner similar to that described by D. Rosenthal, F. Bertoldi
 S. Drapatz ( 2000 ), where all detected H2 vibrational transitions

hat share the same upper level ( ν, J) are used to determine the
ifferential extinction (more details in Speranza et al., in preparation).
he highest values of the extinction are found towards the southern
ucleus of NGC 6240. This region has a value of AK ∼1.0 mag
orresponding to an AV ∼10 mag. Extinction towards the interaction
egion is around AV ∼6 mag. The interaction region is the location
here the aliphatic PAH ratio (PAH 3.395 / PAH 3.405) is < 0.3,
ence this is where the ‘shielded PAHs’ are located. These PAHs
ust reside in the outer layers of the molecular clouds. The dense,

nner regions of the molecular clouds likely correspond to very high
evels of extinction that significantly attenuate the FUV photons,
esulting in little or no PAH emission. 

Given that in the Orion Bar the extinction towards DF3 was
stimated to be AV ∼1.8–2.30 mag (E. Peeters et al. 2024 ), we
onclude that as long as the AV values remains ≥2, aliphatic
olecules are able to survive in the outer layers of molecular clouds,

ust past the transition zone between atomic and molecular hydrogen
as. It is, however, worth noting that although the extinction towards
he Southern nucleus has the highest values, the radiation field is
lso very strong (e.g. M. Ceci et al. 2025 ) potentially destroying the
ragile PAH 3.405 molecules. 

However, a major difference between the Orion Bar and NGC 6240
s the source of H2 excitation. While PDRs dominate the excitation
f H2 in the Orion Bar, shocks have been implicated as an extra
echanism for H2 excitation in NGC 6240, especially in the inter-

ction region (e.g. M. Tecza et al. 2000 ; D. Lutz et al. 2003 ). An
n-depth analysis of the impact of shocks on the PAH population in
GC 6240 is beyond the scope of this work and will be the focus of
 forthcoming study. 

 C O N C L U S I O N S  

he spatially resolved spectroscopic capabilities of JWST /NIRSpec
FU, combined with the telescope’s unprecedented mid-IR sensitiv-
ty, has allowed us to clearly identify and analyse two subfeatures in
he PAH 3.4μm emission band, both in galactic and extragalactic
ources, for the first time. The PAH 3.4μm feature most often
rises from bond stretches within the aliphatic side-chains attached
o aromatic PAH molecules. The two subfeatures, the PAH 3.395μm
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eak and the PAH 3.405μm peak, have been observed in the Orion
ar region, with a very strong correlation between the PAH 3.405 
mission and the molecular H2 vibrational emission. The PAH 3.395 
mission, on the other hand, follows the morphology of the much 
righter PAH 3.3μm feature, arising from aromatic bond stretches. 
Backed up by theoretical PAH spectra computed using DFT, 

e conclude that the PAH 3.405 subfeature indicates the presence 
f fragile aliphatic side-chains of PAH molecules. The thermal 
mission is excited by UV photons of ∼5 eV in energy. However,
he presence of stronger UV radiation can cause these side-chains 
o completely break off. Thus, the presence of strong PAH 3.405 
mission, in particular, values of the ratio PAH 3.395 / PAH 3.405 <
.3, corresponds to regions where the PAH molecules are shielded 
y dense molecular gas, so that only modestly energetic UV photons 
enetrate to excite the PAHs. 
Using spatially resolved plots of PAH 3.395 / PAH 3.405 versus

AH 3.3 / H2 on a spaxel-by-spaxel basis, we show a clear de-
arcation between shielded and irradiated regions. Strong PAH 

.405μm emission only arises in regions of high-molecular gas 
ensity, evidenced by the complete lack of points with low PAH 

.395 / PAH 3.405 and high PAH 3.3 / H2 . This is true both in the Orion
ar region, but also in NGC 6240, although the spaxels encompass 
ery different size scales in the two sources. In contrast, the PAH
.395 subfeature arises from more robust aliphatic side-chains that 
an withstand irradiation by more energetic UV photons, similar to 
he aromatic PAH molecules. This irradiated aliphatic PAH 3.395 
ubfeature displays an almost perfect correlation in its morphology 
ith the PAH 3.3 emission (arising from aromatic PAH molecules), 
oth in the Orion Bar, and in the nuclear region of NGC 6240. 
Dense molecular gas is required to shield the fragile aliphatic 

ide chains that give rise to the PAH 3.405 feature. However, if no
V photons can penetrate, the PAHs are not excited, and do not

xhibit thermal emission. Thus, a ‘Goldilocks’ level of shielding, 
orresponding to AV of ∼a few, appears to provide the optimal 
onditions to observe both components of the PAH 3.4μm feature, 
eading to a double-peaked emission line. We conclude that the 
AH 3.405μm and PAH 3.395μm emission features can provide 
obust diagnostics of the physical conditions of the ISM, and can 
e exploited to trace the energetics of the photon field penetrating 
olecular clouds. 
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Figure A1. The Orion Bar mask, green areas represent spaxels with PAH 

3.395 / 3.405 values of < 0.3 corresponding to ‘shielded’ PAHs, as discussed 
in the text. The red lines mark the dissocation fronts. 

Figure A2. The NGC 6240 mask, green areas represent spaxels with PAH 

3.395 / 3.405 values of < 0.3 corresponding to ‘shielded’ PAHs, as discussed 
in the text. The white crosses mark the locations of the two nuclei. The two 
circles mark the same regions as in Fig. 6 , except that the black circle has 
become white, to make it visible. The red circle corresponds to a ‘shielded’ 
region, whereas the white circle marks an ‘irradiated’ region. 
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