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Abstract

We introduce a prescription for estimating the flux of the 7.7 ym and 11.3 pum polycyclic aromatic hydrocarbon
(PAH) features from broadband JWST/MIRI images. Probing PAH flux with MIRI imaging data has advantages
in field of view, spatial resolution, and sensitivity compared with MIRI spectral maps, but comparisons with
spectra are needed to calibrate these flux estimations over a wide variety of environments. For 267 MIRI/MRS
spectra from independent regions in the four luminous infrared galaxies (LIRGs) in the Great Observatories All-
sky LIRG Survey Early Release Science program, we derive synthetic filter photometry and directly compare
estimated PAH fluxes to those measured from detailed spectral fits. We find that for probing PAH 7.7 um, the best
combination of filters is FS60W, F770W, and either F1500W or F2100W, and the best for PAH 11.3 um is
F560W, F1000W, F1130W, and F1500W. The prescription with these combinations yields predicted flux densities
that typically agree with values from spectral decomposition within ~7% and ~5% for PAH 7.7 and 11.3 pum,
respectively.

Unified Astronomy Thesaurus concepts: Polycyclic aromatic hydrocarbons (1280); Interstellar dust (836);
Luminous infrared galaxies (946)

1. Introduction

The mid-infrared (MIR) radiation from the smallest dust
grains in the interstellar medium can be used as a probe of the
physical conditions within galaxies. Known as polycyclic
aromatic hydrocarbons (PAHs), these grains reprocess the local
interstellar radiation field, with the bulk of their spectral
emission taking the form of prominent features at 3.3, 6.2, 7.7,
8.6, 11.3, 12.6, and 17 um (A. Leger & J. L. Puget 1984;
L. J. Allamandola et al. 1985). As PAH material preferentially
absorbs ultraviolet radiation (L. J. Allamandola et al. 1989;
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B. T. Draine & A. Li 2001) and it is abundant at the edges of
molecular clouds in photodissociation regions (PDRs), PAH
emission is often used as an infrared tracer of the star formation
rate (SFR) in galaxies (E. Peeters et al. 2004; H. V. Shipley
et al. 2016; T. S. Y. Lai et al. 2020). The relative strengths of
the PAH spectral features are influenced both by physical
properties of the grains, such as their size and ionization state,
as well as by the hardness and intensity of the radiation field
(e.g., B. T. Draine et al. 2021). This allows the observed ratios
of these features to inform models of dust growth, destruction,
and photoionization (D. Narayanan et al. 2023; K. Matsumoto
et al. 2024).

The most accurate way to probe PAH emission is by using
spectroscopy. As PAH spectral features exhibit wide “wings,”
knowledge of the underlying continuum across a broad


https://orcid.org/0009-0001-6065-0414
https://orcid.org/0009-0001-6065-0414
https://orcid.org/0009-0001-6065-0414
https://orcid.org/0000-0001-8490-6632
https://orcid.org/0000-0001-8490-6632
https://orcid.org/0000-0001-8490-6632
https://orcid.org/0000-0003-3498-2973
https://orcid.org/0000-0003-3498-2973
https://orcid.org/0000-0003-3498-2973
https://orcid.org/0000-0003-0699-6083
https://orcid.org/0000-0003-0699-6083
https://orcid.org/0000-0003-0699-6083
https://orcid.org/0000-0003-3917-6460
https://orcid.org/0000-0003-3917-6460
https://orcid.org/0000-0003-3917-6460
https://orcid.org/0000-0003-0057-8892
https://orcid.org/0000-0003-0057-8892
https://orcid.org/0000-0003-0057-8892
https://orcid.org/0000-0002-6570-9446
https://orcid.org/0000-0002-6570-9446
https://orcid.org/0000-0002-6570-9446
https://orcid.org/0000-0002-4375-254X
https://orcid.org/0000-0002-4375-254X
https://orcid.org/0000-0002-4375-254X
https://orcid.org/0000-0002-5666-7782
https://orcid.org/0000-0002-5666-7782
https://orcid.org/0000-0002-5666-7782
https://orcid.org/0009-0003-4835-2435
https://orcid.org/0009-0003-4835-2435
https://orcid.org/0009-0003-4835-2435
https://orcid.org/0000-0002-2688-1956
https://orcid.org/0000-0002-2688-1956
https://orcid.org/0000-0002-2688-1956
https://orcid.org/0000-0003-2638-1334
https://orcid.org/0000-0003-2638-1334
https://orcid.org/0000-0003-2638-1334
https://orcid.org/0000-0001-6028-8059
https://orcid.org/0000-0001-6028-8059
https://orcid.org/0000-0001-6028-8059
https://orcid.org/0000-0003-4268-0393
https://orcid.org/0000-0003-4268-0393
https://orcid.org/0000-0003-4268-0393
https://orcid.org/0000-0002-2603-2639
https://orcid.org/0000-0002-2603-2639
https://orcid.org/0000-0002-2603-2639
https://orcid.org/0000-0003-4023-8657
https://orcid.org/0000-0003-4023-8657
https://orcid.org/0000-0003-4023-8657
https://orcid.org/0000-0002-1000-6081
https://orcid.org/0000-0002-1000-6081
https://orcid.org/0000-0002-1000-6081
https://orcid.org/0000-0003-0532-6213
https://orcid.org/0000-0003-0532-6213
https://orcid.org/0000-0003-0532-6213
https://orcid.org/0000-0001-6919-1237
https://orcid.org/0000-0001-6919-1237
https://orcid.org/0000-0001-6919-1237
https://orcid.org/0000-0001-7421-2944
https://orcid.org/0000-0001-7421-2944
https://orcid.org/0000-0001-7421-2944
https://orcid.org/0000-0003-3474-1125
https://orcid.org/0000-0003-3474-1125
https://orcid.org/0000-0003-3474-1125
https://orcid.org/0000-0001-5231-2645
https://orcid.org/0000-0001-5231-2645
https://orcid.org/0000-0001-5231-2645
https://orcid.org/0000-0003-1545-5078
https://orcid.org/0000-0003-1545-5078
https://orcid.org/0000-0003-1545-5078
https://orcid.org/0000-0002-3139-3041
https://orcid.org/0000-0002-3139-3041
https://orcid.org/0000-0002-3139-3041
https://orcid.org/0000-0002-2596-8531
https://orcid.org/0000-0002-2596-8531
https://orcid.org/0000-0002-2596-8531
https://orcid.org/0000-0001-5434-5942
https://orcid.org/0000-0001-5434-5942
https://orcid.org/0000-0001-5434-5942
https://orcid.org/0000-0002-1912-0024
https://orcid.org/0000-0002-1912-0024
https://orcid.org/0000-0002-1912-0024
http://astrothesaurus.org/uat/1280
http://astrothesaurus.org/uat/836
http://astrothesaurus.org/uat/946
https://doi.org/10.3847/1538-4357/adb97f
https://crossmark.crossref.org/dialog/?doi=10.3847/1538-4357/adb97f&domain=pdf&date_stamp=2025-04-08
https://crossmark.crossref.org/dialog/?doi=10.3847/1538-4357/adb97f&domain=pdf&date_stamp=2025-04-08
https://creativecommons.org/licenses/by/4.0/

THE ASTROPHYSICAL JOURNAL, 983:79 (10pp), 2025 April 10

wavelength range is required to accurately extract the flux of
PAH features (K. I. Uchida et al. 2000; J. A. Marshall et al.
2007; J. D. T. Smith et al. 2007; Y. Xie et al. 2018). Further,
spectroscopy is required to accurately separate the fluxes of
overlapping PAH features that arise from distinct vibrational
modes in PAH molecules—and thereby indicate different
physical conditions—in addition to separating the emission
from overlapping atomic fine structure and recombination lines.
Attenuation can add additional complexity to the MIR
spectrum. In particular, the absorption feature attributed to
silicate grains and centered at 9.7 ym can significantly alter the
observed flux from the PAH 11.3 ym feature (T. S. Y. Lai et al.
2024).

The more spatial coverage a PAH emission map has for a
given object, the better it can capture how PAH characteristics
change with environment. This is clear from studies of Milky
Way regions (e.g., R. Chown et al. 2024a) and of large sections
of other galaxies (K. M. Sandstrom et al. 2012; G. P. Donnelly
et al. 2024; C. M. Whitcomb et al. 2024). Further, high spatial
resolution is necessary to explore key questions related to the
survival or excitation of PAHs at varying distances to high-
energy sources, such as an active galactic nucleus (AGN; e.g.,
T. Diaz-Santos et al. 2010; J. J. Jensen et al. 2017) or PDRs
(e.g., O. V. Egorov et al. 2023; A. Pedrini et al. 2024). The
Spitzer Space Telescope could efficiently create spectral maps
over whole galaxies (R. C. J. Kennicutt et al. 2003; S. Haan
et al. 2011), but only at a spatial resolution of typically a few
hundred parsecs for nearby galaxies. The James Webb Space
Telescope (JWST) offers an order of magnitude improvement
over Spitzer in spatial resolution and nearly two orders of
magnitude in sensitivity for studying PAHs, but the relatively
small fields of view (FOVs) of the NIRSpec and MIRI integral
field units (IFUs) require a substantial amount of observing
time to cover wide areas of nearby galaxies.

At the cost of spectral information, the imaging modules of
NIRCam and MIRI onboard JWST offer a much larger FOV
(over 100 times larger for MIRI) and better sensitivity to faint
emission compared with the IFUs, while retaining high spatial
resolution. These factors make it desirable to use imaging data
to investigate PAH emission by photometric proxy over much
larger areas and down to lower surface brightness than is often
practical with spectral mapping, and work using JWST images
of nearby galaxies has demonstrated this to be effective
(J. Chastenet et al. 2023a, 2023b). JWST is particularly suited
to image PAH emission because it offers multiple bands
centered on PAH features for low-redshift targets: NIRCam/
F335M, MIRI/F770W, and MIRI/F1130W.

However, it is also necessary to estimate the continuum
contribution in these bands to accurately estimate PAH flux.
Efforts to extract the PAH flux from the NIRCam/F335M band
benefit from the flanking F300M and F360M bands that can be
used to estimate the local continuum (H. Inami et al. 2018;
T. S. Y. Lai et al. 2020; K. M. Sandstrom et al. 2023;
A. D. Bolatto et al. 2024; B. Gregg et al. 2024), but there are
now MIRI bands specifically designed for continuum
subtraction.

Recently, R. Chown et al. (2024b) have shown that PAH
flux can be accurately estimated with MIRI photometry based
on images and IFU spectroscopy of the Orion Bar on scales of a
few parsecs. In this work, we provide a spectroscopically
calibrated method for estimating the observed flux of the PAH
7.7 and PAH 11.3 um features using only MIRI photometry
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down to ~7% and ~5%, respectively. We test and calibrate
this prescription on a diverse set of 267 regions on spatial
scales of ~80-300 pc with varying spectral slope, SFR, and
degree of obscuration in the four luminous infrared galaxies
(LIRGs) from the Great Observatories All-sky LIRG Survey
(GOALS) Early Release Science (ERS) sample. We provide
details of the calibration for various combinations of MIRI
bands that are available.

2. Observations and Data Reduction

This work uses MIRI IFU spectroscopy of four LIRGs in the
GOALS ERS sample: NGC 3256, NGC 7469, VV 114, and
IIZw 96 (Director's Discretionary Time ERS program 1328,
Co-PIs: L. Armus and A. Evans). The MIRI cubes are reduced
using pipeline version 1.12.5 and with CRDS number
11.17.16. After the pipeline reduction, we matched the angular
resolution of the wavelength-planes of each cube to the
resolution at A = 11.3 um, which is the central wavelength of
the longest-wavelength PAH feature that we consider. We use
the fit from D. R. Law et al. (2023), which gives a full width at
half-maximum (FWHM) for the point-spread function (PSF) of
the MIRI IFU at 11.3 ym of ~048 FWHM, and convolve
these planes with matching Gaussian kernels of the relevant
sizes.

The 4.8-28 um MIRI/MRS spectra are extracted from a
13 x 13 grid of square apertures for each galaxy with a side
length of 0.4 using the CAFE Region Extraction Tool
Automaton (CRETA; T. Diaz-Santos et al. 2025);23 an example
spectrum extracted from VV 114 is shown in Figure 1. This
extraction grid completely covers the MIRI channel 1 FOV,
which is the smallest of the four channels. The side length of
these extraction apertures is approximately the FWHM of the
PSF for the MIRI IFU at ~9 um (D. R. Law et al. 2023), which
is approximately halfway between the PAH features of interest
in this work (7.7 and 11.3 um). This aperture size maximizes
the number of extracted spectra, while still mitigating aperture
effects introduced by smaller extraction regions. For each
target, the center aperture of the grid is itself centered on the
brightest source in the FOV, typically at the nucleus, but the
two pointings of NGC 3256 (N and S) are treated separately in
this regard, and we ensure there are no overlapping regions in
the two pointings. To ensure good data quality, we exclude
spectra containing NaNs or negative flux values.

Adopting D =40.4, 70.6, 84.4, and 160 Mpc (L. Armus
et al. 2009), these 0.4 apertures subtend physical scales of 78,
137, 164, and 310 pc for NGC 3256, NGC 7469, VV 114, and
I Zw 96, respectively. All extracted spectra are shifted to the
rest frame using the adopted redshifts z = 0.009, 0.016, 0.020,
and 0.036, and all of the following analysis is conducted on
these rest-frame spectra. Spectral decomposition is performed
using the CAFE tool (see footnote (23); T. Diaz-Santos et al.
2025; J. A. Marshall et al. 2007), which provides the quantities
that we will compare the photometrically inferred results to,
i.e., the observed integrated flux of PAH features and the total
continuum. We compare with the observed PAH flux from
CAFE rather than the attenuation-corrected flux.

The focus of this work is on spectra from regions dominated
by star formation, so we apply cuts to exclude spectra that have
a small 6.2 yum PAH equivalent width (EW), which is an
indicator for a significant AGN contribution. The 6.2 ym PAH

23 CRETA, CAFE: https://github.com/GOALS-survey /CAFE.
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Figure 1. An example rest-frame MIRI/MRS spectrum from a region within VV114. The maximum flux values have been truncated for clarity. The blue line shows
the CAFE-fit contribution from the two PAH features discussed in this work, and the solid red line is the CAFE-fit continuum. Filled circles indicate the value of the
synthetic photometry for each MIRI filter, shown as shaded areas. The dashed red line shows an example power-law continuum (see Section 3.1) anchored at FS60W
and F1500W. In the inset, we show a section of the CAFE-fit PAH spectrum from this region as a black line, and the PAH 7.7 ym feature as a blue line. The dashed
orange lines indicate the half-power of the F770W filter. Finally, the shaded orange and green regions correspond to the fractional PAH power used to compute cpang

and cying, Tespectively (see Section 3.2).

EW for each spectrum is determined using a spline continuum
following the method described in H. W. W. Spoon et al.
(2007) and spectra with EW < 0.2 um are removed. This cut is
selected to primarily exclude the regions containing or adjacent
to known AGN: the nucleus of NGC 7469 (H. Landt et al.
2008) and the southwest nucleus of VV 114 (A. S. Evans et al.
2022). However, this cut also excludes six PAH-faint regions
from IIZw 96 and one from NGC 3256 S. These cuts result in
267 total spectra used in the analyses described in the following
sections of this paper: 66, 62, 61, 54, and 24 each from
NGC 3256N, NGC 3256 S, NGC 7469, VV 114, and I Zw 96,
respectively.

The final sample of extracted regions spans a wide range of
physical characteristics. Using an SFR prescription based on the
sum of fluxes from the [Ne 1I] (12.8 um) and [Ne 1] (15.5 pm)
from C. M. Whitcomb et al. (2020), we find that the SFR density
of our regions span 0.1-3.1 M., yr~ ' kpc ™~ with a median value
of 0.6M_ yr "kpc . Following the method suggested in
H. W. W. Spoon et al. (2007), we also determine the strength
of the 9.7 um silicate absorption Sg; feature (see Figure 1 for a
moderate example) for each region, where Sg; = 0 indicates no
absorption and the most heavily absorbed galaxies have
Ss1~ —4 (H. W. W. Spoon et al. 2007). Our sample spans a
significant portion of this parameter space, with a maximum
Ssi1 = 0.23, a minimum of —2.77, and a median value of —0.43.

Synthetic photometry of MIRI imaging bands is derived
from each of our spectra (see J. Koornneef et al. 1986;
K. D. Gordon et al. 2022). The synthetic photometry
integrations are performed only over positive spectral values
using the scipy method trapezoid, and the filter
transmission curves (A. Glasse et al. 2015) are interpolated
linearly between each wavelength element to match the
wavelengths associated with the MIRI/MRS spectra using
the scipy function interpld. Using the synthetic photo-
metry from MIRI filters for this analysis affords the advantage
of directly comparing spectral flux density values to photo-
metric values in a given aperture, without the complexities of
the different PSFs and sensitivities between the IFU and
imaging modules. Since the photometry from imaging data and
the synthetic photometry from spectra have principally the

same value for the same aperture and filter, we hereafter refer to
synthetic photometry as photometry.

3. Analysis

An accurate estimation of the PAH flux within a photometric
band hinges upon how well the contribution from the
continuum can be estimated and removed. In the MIR, this
continuum arises primarily from the thermal emission from
large dust grains emitting at a range of temperatures, roughly
forming a power-law spectral shape. Our prescription capita-
lizes on this to infer a pseudocontinuum at two MIRI bands
centered on PAH features (F770W and F1130W; see Figure 1)
by anchoring a power law between a choice of two continuum-
dominated bands (F560W, F1000W, F1500W, and F2100W),
similar to A. R. Marble et al. (2010). We exclude F2550W
because a significant portion of this bandpass is outside of the
range of MIRI spectra. Here, we describe how we obtain a
pseudocontinuum as well as a few constants required to extract
PAH flux from MIRI photometry. In the following section, we
compare the efficacy of using various combinations of MIRI
bands to recover this flux for each considered PAH feature.

3.1. Power-law Continuum

If foe and fieq are the photometric flux density measure-
ments in two continuum-dominated bands, then the flux density
associated with filter » from a simple power law intersecting
these measurements is

fCont,b (Jy) = G

blue r(e?l) (Jy)’ ( 1 )

where

_ 10g(>\b) - log()\blue)
log(Area) — log(Aplue)

and Ay, Aeq, and Ay are the pivot wavelengths (K. D. Gordon
et al. 2022) of each filter. Thus, Equation (1) gives the
continuum emission within . An example of such a power-law
continuum evaluated over all wavelengths in the MIRI/MRS
range is shown in Figure 1.

©))
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Table 1
Summary of Derived Constants and Their Values for the 7.7 ym and 11.3 ym
PAH Complexes

Complex b Wy CPAH Cwing
PAH 7.7 pm F770W 0.271 0.74 + 0.01 1.15 £ 0.01
PAH 11.3 pum F1130W 0.066 0.87 + 0.02 1.16 £ 0.01

Note. For a PAH-dominated MIRI filter &', wy accounts for the filter width and
shape, cpap isolates the flux from the PAH complex of interest from the total
PAH flux in &', and cyng corrects for lost flux of the PAH complex of interest
out of b’ (see Section 3.2 for each). Reported uncertainties are 1o from all
spectra in our sample.

3.2. Estimating PAH Fluxes

The PAH 7.7 ym and PAH 11.3 ym features are usually
treated as complexes consisting of multiple Drude profiles
centered at 7.42, 7.60, and 7.85 um and 11.23 and 11.33 um,
respectively (J. D. T. Smith et al. 2007). Ratios of these
complexes are often used to infer the properties of PAH grains
in galaxies in both observations (e.g., M. J. O’Dowd et al.
2009; T. S. Y. Lai et al. 2022) and models (e.g., B. T. Draine
et al. 2021). However, other PAH features contributing to these
MIRI bands need to be removed to enable a direct comparison
with models and previous works: the 6.7, 8.3, and 8.6 um
features in F770W, and the 11.0 pum feature and the blue wing
of the 12.0 um feature in F1130W.

To isolate these complexes of interest, we need to determine
their fractional contribution to the total PAH emission within
these bands, cpay. The CAFE fit to each spectrum provides the
parameters of each individual PAH feature, as well as the
combined PAH spectrum (see T. S. Y. Lai et al. 2022; T. Bohn
et al. 2024). For each spectrum, we take the ratio of the
integrated power of a PAH complex of interest to that of the
total PAH spectrum within a given filter bandpass based on the
fits. See the inset plot in Figure 1 for an example of this
fractional PAH power. Taking the median of these over all
spectra gives cpay for a given complex of interest, which are
given for each complex in Table 1. Although the relative
strengths of PAH features vary according to environmental
factors, as well as characteristics of the distribution of PAH size
and ionization, the magnitude of this variation is typically
insignificant for these adjacent features. The variation in cpay
across our sample amounts to <2% for the 7.7 pm and 11.3 ym
PAH complexes.

Drude profiles have a significant fractional power contained
in their broad wings. As a consequence, a non-negligible
amount of the power from a rest-frame PAH complex lies
outside of the corresponding MIRI filter, which we correct for
with cying. We correct for this with a similar method as was
used to determine cpay, €xcept that the average fraction that we
are interested in here is that of the total emission of that
complex across all wavelengths to the PAH complex emission
contained within the filter (see inset plot in Figure 1). This is
averaged for the CAFE fits over all of our spectra to find cying
for each PAH complex, which varies by 1% across all spectra.
The values of cying are given in Table 1. Thus, cying represents
the boost needed to account for the fraction of PAH power lost
outside of the bandpass.

The final constant accounts for the bandwidth and shape of
the PAH-dominated filter 5’ when converting from the flux
density units of the synthetic photometry to the inferred

Donnelly et al.

integrated flux. We determine this value wy empirically as the
median over all spectra of the ratio

3)

F e (Wm™
Wy = Med( PAH.Sp ( o ) ),

107200y foprp (Y)

where Fpap spec 18 the spectrally integrated flux of a PAH
complex taken from CAFE, vy is the frequency associated with
the pivot wavelength of b/, and fy,y, is the synthetic
photometry for the model of this PAH complex from CAFE
within band »’. The values of wy are given in Table 1.
Combining the previously described components, the flux of
a given PAH complex is estimated from MIRI photometry as

Foany (Wm=2) =10726 vy wyy Cying CPAH
X (fy = Foue” Fred) @)
for flux densities f given in jansky.

4. Results

In this section, we apply our prescription via Equation (4)
to several combinations of JWST/MIRI filters to extract the
PAH 7.7 ym and PAH 11.3 ym fluxes, and we compare the
resulting flux values to those from the CAFE fits. Then, we
introduce a calibration to the inferred continuum derived from
comparisons to spectral fits, and compare the resulting new
PAH flux estimates to values from the CAFE fits. In general,
we evaluate the performance of a given set of continuum
bands based upon two criteria: the systematic offset of the
inferred PAH flux relative to the spectroscopically measured
CAFE PAH flux, and the spread of the distribution around this
offset. These are quantified by the median of the distribution
of percent differences with the spectroscopic flux, and the
25th—75th percentile range (the interquartile range, or IQR) of
this distribution, respectively.

4.1. Uncorrected Photometric PAH Estimates

In Figure 2, we show the results from Equation (4) for each
set of continuum bands and both PAH complexes of interest
compared with the CAFE values. For the PAH 7.7 pm complex
shown in the left panel of Figure 2, the best-performing band
combination is Blue:F560W, Red:F1000W. For the PAH
11.3 yum complex, there are two combinations that produce
similarly accurate results: Blue:F1000W, Red:F1500W, and
Blue:F1000W, Red:F2100W, with the latter yielding a slightly
smaller systematic offset.

The right panel of Figure 2 shows that the FI000W band is
critical for an accurate estimation of the PAH 11.3 ym flux.
This results from the PAH 11.3 um complex being situated
within the absorption feature centered at 9.7 yym and attributed
to silicate grains (F. Kemper et al. 2004; see Figure 1); the
F1000W band is necessary to trace the depth of this absorption
feature and establish the blue end of the continuum.

The percent difference of the flux inferred from photometry
and of that from the CAFE fit for each spectrum is shown in
Figure 3 for certain filter combinations, Blue:FS60W, Red:
F1500W for PAH 7.7 ym and Blue:F1000W, Red:F1500W for
PAH 11.3 ym. These combinations perform the best after a
calibration is applied (see Sections 4.2 and 5), so we show the
uncalibrated results in Figure 3 for later comparison. The
photometric estimate of the PAH 7.7 yum complex using this
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Figure 2. Comparisons between inferred photometric PAH flux and PAH feature strength measured from the JWST spectra with CAFE for various combinations of
JWST/MIRI filters using Equation (4). Characteristics of the distribution expressed as a percent difference from the CAFE values are shown, with the medians as blue
lines, the 25th and 75th percentiles as the left and right of each gray box, respectively, and the horizontal black lines indicate the largest percent difference within 1.5
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values for PAH 7.7 pim, and the right panel is for PAH 11.3 gum. There are both random and systematic offsets for the distributions of all filter combinations that can

be greatly reduced through the use of spectroscopically derived calibrations.
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Figure 3. The percentage differences between PAH flux as estimated by Equation (4) and as fitted with CAFE for PAH 7.7 um (left panel) and PAH 11.3 ym (right
panel). Colored points indicate individual spectra in our sample. The horizontal black line indicates a perfect match between photometrically and spectroscopically
derived PAH fluxes. These filter combinations, indicated at the top of each panel, yield the most accurate results when a spectroscopic calibration is applied (see
Section 4.2). However, they produce large differences with the CAFE values here without a calibration.

combination is underestimated for almost all regions, typically
by about 21%. For the PAH 11.3 yum complex in the right
panel, the uncalibrated estimates for this combination are
accurate to within about 5% for the brightest PAH fluxes
(Fcapg > 5 X 10717Wm72), but the PAH flux is increasingly
underestimated up to 25%—-50% for regions with fainter PAH
11.3 pm flux.

4.2. Correcting Photometric PAH Estimates

In our sample of spectra, there is an overall offset between
the PAH fluxes measured with CAFE and the fluxes estimated
by Equation (4) for a given set of continuum bands; see
Figure 2. One approach to account for this this would be to
simply apply a correction for each filter combination directly to

the resulting PAH flux in order to align the median of each
distribution to 0% difference with CAFE values, but that would
preserve the same (often large) IQR within each distribution.
Instead, we introduce a correction factor g.., that can be
applied to the photometric power-law continuum within each
region. This is done by finding the median relative offset
between the value of the inferred continuum at the fiducial
wavelength of a PAH-dominated band, and the synthetic
photometry of the featureless CAFE fitted continuum in that
band. For example, this would correspond to the ratio between
the solid red line and the dashed red line at 7.7 yum for PAH
7.7 pm, Blue:F560W, Red:F1500W in Figure 1. Table 2 gives
Zcont for each PAH complex and filter combination. Using
these, the spectroscopically calibrated versions of our
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Figure 4. The same as Figure 2, except the photometric PAH fluxes were estimated using Equation (5) (left panel) and Equation (6) (right panel), meaning the
continuum correction g.onc Was applied. For B:F1000W, R:F1500W and B:F1000W, R:F2100W with PAH 11.3 um, we use g.onc = 0.86 and 0.88, respectively, as
computed via the method described in Section 4.2. Comparing with Figure 2, the overall offsets have been largely removed and the IQR has been reduced for most

filter combinations.

Table 2
Prescription Parameters and Results for Various Filter Combinations

PAH7.7 pm Complex

PAHI11.3 pzm Complex

Filters @ Zeont No Cal. Cal. @ 8cont No Cal. Cal.

(B, R) (%) (%) (%) (%)
F1500W, F2100W —2.11 1.29 6.6 (—3.7, 17.5) —1.5(-17.2, 10.6) —0.89 0.81 —15.7(-38.2, —1.1) 4.3 (—-13.3, 13.8)
F1000W, F2100W —0.36 1.51 14.3 (1.0, 28.4) 2.7(—14.5, 18.3) 0.17 1° —4.0 (—6.8, —0.1) —4.0 (—6.8, —0.1)
F1000W, F1500W —0.64 1.56 13.8 (2.4, 29.5) 1.7 (—16.4, 19.6) 0.31 17 —5.2(-8.6, —2.5) —5.2(-8.6, —2.5)
FO560W, F2100W 0.23 0.62 —26.4 (—35.8, —17.5) —1.1(-=7.7,64) 0.53 0.49 —68.0 (—128.0, -47.2) 5.2 (-21.8, 19.2)
FO0560W, F1500W 0.31 0.68 —21.3 (-30.0, -13.8) —0.6 (—7.7, 6.2) 0.71 0.6 —44.6 (-81.8, -28.3) 5.4 (—19.4, 16.0)
FO560W, F1000W 0.53 091 —3.2(-14.1, 3.9) 0.4 (-9.7, 8.0) 1.22 1.18 16.7 (9.5, 27.5) 4.1 (-2.6, 14.0)

Note. The columns labeled No Cal. and Cal. correspond to the median percent difference between the PAH flux inferred from photometry versus fit with CAFE (as
photometric — CAFE) without and with g, applied, respectively. These are given with the 1st (left) and 3rd (right) quartile percent differences. Entries marked with
indicate that having no continuum correction (g.one = 1) results in more accurate fluxes for PAH 11.3 pm. See Section 5 for an alternative prescription for these filter

combinations.

prescription become

Foau77 (Wm*z) =(9.00 £ 0.21) x 10~ Hz
X (fy = Zeont Sopwe " T5) (5)

and

Fpani13 (Wm*Z) =(1.77 £ 0.04) x 10~ 4 Hz
X (fy = Zeont fine " frcd) ©)

for values of flux densities f given in jansky. Values for o and
Zcont €an be found in Table 2. Note that Equation (6) does not
account for the 9.7 um silicate absorption feature and an
additional correction is necessary for significantly absorbed
sources (see Section 5).

In Figure 4, we once again show the performance of each set
of continuum bands compared to the spectral fits from CAFE
for extracting PAH fluxes, but with the correction factor for
each combination applied. The systematic offsets with CAFE
values for both PAH complexes are greatly reduced, and are

essentially eliminated for all filter combinations in the case of
PAH 7.7 um. There is a remaining systematic offset that is
shared between all of the filter combinations for the estimation
of the PAH 11.3 um complex, and, critically, the two
previously best-performing combinations (Blue:F1000W, and
F1500W or F2100W) perform worse after the calibration in
both median offset and IQR. Thus, we artificially set geon = 1
for these combinations in Table 2, and these combinations are
further discussed in Section 5. However, the IQR of the
distribution for most of the filter combinations has also been
reduced for both PAH complexes. This reduction is most
striking for the estimation of PAH 11.3 yum by Blue:F560W,
Red:F1500W and Blue:F560W, Red:F2100W. Without the
continuum correction, these combinations resulted in PAH flux
estimations with unacceptably large errors with median percent
differences of —45% and —68%, respectively. With the
correction, they can be used with typical differences from the
spectroscopically derived true fluxes of <20%.

The postcorrection distributions for each combination show
that there is a filter for each PAH complex that will
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Figure 5. The same as Figure 3, except the photometric PAH fluxes were estimated including the g.on correction using Equation (5) (left panel) and Equation (6)
(right panel). In the right panel, g.one = 0.86 was used, instead of g.o, = 1 as in Table 2 (see text). There is an overall improvement for PAH 7.7 pm compared with
Figure 3. For PAH 11.3 um, the apparent trend of underestimated prescribed PAH fluxes is removed, but there is an overestimated flux for bright spectra with a
minimal silicate absorption feature. Filter combinations using Blue:F1000W for PAH 11.3 um require an adjusted prescription (see Section 5).

substantially improve its estimation. For the PAH 7.7 ym
complex, all of the combinations that include FS60W outper-
form all of the combinations which do not by exhibiting a
smaller IQR, showing how important FS60W is for establishing
the blue end of the continuum that lies within the F770W filter.
Similarly, the F1000W filter is critical for the best estimation of
the PAH 11.3 yum complex for essentially the same reason: to
establish the blue end of the continuum that lies within the
F1130W band. The complex spectral shape introduced by the
silicate absorption feature at 9.7 ym magnifies the importance
of the F1000W band in highly obscured regions.

Figure 5 is similar to Figure 3, but now shows the results
applying the spectroscopically based correction g.o,.. For PAH
7.7 um, the distribution of percent difference is now centered
around 0%, whereas it was previously centered around —21%.
Additionally, the IQR has been reduced by more than a factor
of 3. It is worth noting, however, that Blue:F5S60W,
Red:1000W was only slightly improved by geon, and it
performs only slightly worse than Blue:F560W, Red:F1500W
in both median offset and IQR (see Table 2).

In the right panel of Figure 5 for PAH 11.3 yim, we show the
results of Equation (6) where g.on = 0.86 as computed in the
way described in Section 4.2, instead of g.on; = 1 as shown in
Table 2. Here, g.on benefited regions with fainter PAH flux by
removing the trend that was apparent in the right panel of
Figure 3. However, Figure 5 shows a new trend of growing
disagreement as the CAFE PAH flux values increase. This
offset can be removed by applying an additional correction
based on the silicate optical depth, as we explain in Section 5.

5. Discussion

PAH ratios can be used to probe the average size and
ionization distributions of PAHs (B. T. Draine & A. Li 2007,
B. T. Draine et al. 2021), and PAH emission extracted from
MIRI images can be used to map these parameters over large
solid angles and at high angular resolution. Using band ratios
for these purposes would be particularly effective when
combined with the highly grain size-sensitive PAH 3.3 ym
feature extracted from NIRCam photometry. Through the
spatially resolved diversity of environments offered by the

GOALS ERS sample of LIRGs, we have shown that this
method is applicable for regions across a wide variety of
spectral characteristics, such as SFR and attenuation.

The flux of the 7.7 and 11.3 um PAH complexes can be
recovered from MIRI photometry accurate to ~7% and ~5%
when the recommended filter combinations are used with
Equation (5) and Equation (6), respectively. These photometric
accuracies are comparable to the uncertainties in the spectro-
scopic fitting, which are typically 5%.

The efficacy of this spectroscopic correction (g.on:) depends
upon the choice of continuum filters. In general, the calibration
improves the systematic and random offsets of the photome-
trically derived fluxes for most combinations, sometimes
transforming combinations with previously unsatisfactory
results into those providing an IQR of ~20%.

When a correction to the continuum is applied as in the right
panel of Figure 5, the low attenuation, high PAH flux spectra that
were previously quite accurately estimated with respect to PAH
11.3 um flux (see Figure 3) are now overestimated. This is due to
the fact that g.,,; represents the median continuum correction
necessary for our sample of spectra that is affected by a wide
range of silicate absorption strengths. For low or attenuation-free
spectra, such as those with the brightest PAH 11.3 ym from
NGC 7469 or NGC 3256N, g.on reduces the flux of the already
well-estimated continuum, causing an overestimation of PAH
flux that rises as the degree of absorption decreases. To illustrate
this, if Equation (4) (no geone applied, Blue:F1000W, Red:
F1500W) is used to estimate PAH 11.3 um for regions with low
to moderate Sg; > —0.5, the accuracy is improved to —3.6
(—1.6, —5.6)%, preserving the format used in Table 2.

When deriving the 11.3 yum PAH flux, silicate absorption
can significantly affect the results for some continuum filter
combinations (Blue:F1000W, Red:F1500W and Blue:F1000W,
Red:F2100W). The apparent trend of underestimation seen in
Figure 3 for PAH 11.3 um results from more absorbed
sources tending to have a fainter PAH flux. Indeed,
NGC3256S, VV 114, and I1Zw 96 contribute the bulk of
regions with underestimated PAH flux in the right panel of
Figure 3 and contain the most highly obscured spectra
(mean Sg; = —0.87,—1.13, —0.87, respectively), while the
relatively low-absorption NGC 7469 and NGC 3256N (mean
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the same as the right panels of Figures 3 or 5, but using either Equation (6) or Equation (8) to estimate PAH 11.3 xm flux, depending on the degree of silicate strength.
The systematically underestimated fluxes from Figure 3 have been corrected, and this adjusted prescription also avoids the overestimated PAH fluxes present from

Zeont in Figure. 5.

Ssi1= —0.19, —0.28, respectively) do not show this under-
estimation. By including an extra filter in the prescription, we
can increase the accuracy in the face of significant dust
attenuation. Here, we provide an adjusted prescription for these
filter combinations to estimate PAH 11.3 um for sources with a
significant silicate absorption strength.

The FI1000W band is wide enough to encompass a
significant amount of continuum on either side of the
wavelength of maximum absorption (9.7 um). When the
absorption is strong, the synthetic photometry of F1000W
yields higher flux values than the actual spectrum at 10 pm, as
demonstrated by the example in Figure 1. This leads to an
overestimation of an inferred continuum anchored at F1000W,
and thus an underestimation of the PAH flux. Since the shape
of this absorption feature is relatively constant and it primarily
varies in its strength, the offset between the synthetic
photometry for F1000W, fpnor 10, and the spectral flux density
at 10 pm, fgpec,10, both relative to the unabsorbed continuum,
Jcont10, should vary predictably with the silicate strength, Sg;.
We can estimate fconj0 from photometry by applying
Equation (1) with Blue:F560W, Red:F1500W, evaluated for
10 pm. In Figure 1, fcone 10 €stimated this way would appear on
the red dashed line at 10 um. Similarly, we estimate the silicate
strength photometrically as

fF] 0oow (7)
0.42 0.58 '
F560W J F1500W

S sil,phot = In

Using this combination of anchor bands to probe the silicate
absorption rather than the more nearby Blue:F770W, Red:
F1130W provides a better estimate of the PAH and true
continuum level between the 7.7 and 11.3 yum PAH emission
features. We find that there is a close linear relation between
Ssil,phot and S from the method outlined in H. W. W. Spoon
et al. (2007) (see Section 2), S = 1.298 phoe + 0.24, with a
Pearson correlation coefficient » = 0.99.

The relationship between Sgiipnot and fspec,10/fcont10 takes
the form of a simple exponential function, as shown in the left

panel of Figure 6. With this relation, the spectral flux value at
10 um can be estimated from the photometry of F560W,
F1000W, and F1500W. Substituting this inferred 10 ym
spectral flux for fi,, in Equation (4), the adjusted prescription
for PAH 11.3 um with Blue:F1000W becomes

Fpani13 (Wm’Z) =(1.77 + 0.04) x 10-'“Hz

_ 120 £-008 012 (I—a) £(@)
X Ly = 1094 feiooow Sessow Srisoow 1 “rea I
(8)

where f,.q is the flux density in either F1500W or F2100W and
all flux densities have units of jansky. Testing S pnot cutoffs
between —2.5 and 0, we find that Equation (8) performs better
than Equation (6) when there is significant absorption of
Ssil,phot < —0.6. For reference, this corresponds to S ~ —0.54
from the method of H. W. W. Spoon et al. (2007).

When Equations (6) and (8) are used in tandem to estimate
PAH 11.3 ym for sources with Sg pnoy > —0.6 and < —0.6,
respectively, the median and IQR percent differences with
CAFE across all regions in our sample are —0.3,(—4.2,4.3)%
for Red:F1500W and 2, (—5.0,10.5)% for Red:F2100W,
presented in the same format used in Table 2. For Red:
F1500W, the overall offset has been removed while preserving
a similar IQR as before. For Red:F2100W, the distribution of
percent differences with CAFE is better centered around 0%,
but the IQR has increased. Figure 6 shows the results for Red:
F1500W where Equations (6) and (8) are applied selectively
based on Sg; phor- Here, we see the under/overestimation trends
in the right panels of Figures 3 and 5 have been removed. This
adjusted prescription for PAH 11.3 um accounts for the
complexity introduced by the silicate absorption.

This work focuses on estimating the observed PAH flux from
MIRI photometric data. Various spectral decomposition tools/
methods attempt to recover the true or intrinsic flux by including
a MIR attenuation law as a scalable or fittable component and
assuming a simple geometry for the obscuring dust (e.g.,
J. A. Marshall et al. 2007; J. D. T. Smith et al. 2007; S. Stierwalt
etal. 2014; Y. Xie et al. 2018). See T. S. Y. Lai et al. (2024) for
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a comparison of various MIR attenuation laws and geometry
scenarios. By determining the degree of attenuation with
Ssilpho it may be possible to estimate the intrinsic PAH flux
photometrically in a similar manner. In highly obscured
environments, such a correction would be necessary to
accurately infer PAH properties.

The prescriptions for both the PAH 7.7 and 11.3 um
complexes are intended for photometric measurements of
targets in the local Universe. To quantify at what maximum
redshift the flux errors become unacceptably large, we applied
an artificial redshift to three spectra from our sample,
recomputed the synthetic photometry, and compared the results
of our prescription for redshifted to spectra to the results at rest.
This was done to z=0.06, which is approximately where the
PAH 11.3 ym complex is completely shifted out of F1130W.
We find that the estimated flux for PAH 7.7 um is under-
estimated by ~2% at z=0.01, ~7% at z=0.03, and between
8% and 16% by z = 0.06, depending on the spectrum. For low-
attenuation spectra, the flux of PAH 11.3 um stays within
+2.5% until z~0.015, at which point it is underestimated
rapidly to ~—30% at z = 0.03 and ~—80% at z = 0.06.

6. Summary

In this work, we detail a prescription for estimating the flux of
the PAH 7.7 um and PAH 11.3 um complexes from MIRI
photometry for low-redshift sources over a wide range of SFR,
dust attenuation, and spectral slope. This prescription is calibrated
using 267 independent spectra from four star-forming LIRGs
observed with the MIRI/MRS IFU. We perform this calibration
and compare the accuracy of six different combinations of wide
MIRI filters. We can summarize our results as follows:

1. For the PAH 7.7 um feature, the F770W filter traces the
intensity of the PAH flux, while FS60W provides the best
short-wavelength anchor for estimating the continuum.
Using Equation (5), both F1500W and F2100W similarly
provide good results when either is used as the long-
wavelength anchor, yielding PAH flux estimates that are
typically accurate within ~7%.

2. For PAH 11.3 um, the F1130W filter traces the flux of
this feature, while F1000W provides the best short-
wavelength anchor for estimating the continuum. If only
three filters are used (Equation (6)), the best filter to use
as the long-wavelength anchor is either F1500W, or
F2100W. These combinations do not require spectral
calibrations for sources with a weak or moderate 9.7 ym
silicate absorption feature (S pnot > —0.6), but sources
with significant absorption will have significantly under-
estimated PAH flux up to 25%-50%. Incorporating
F560W as a fourth filter (alongside F1000W, F1130W,
and either F1500W or F2100W) for PAH 11.3 um can be
used to account for the strength of the silicate absorption
feature and correct underestimated PAH fluxes for
obscured sources (Sgi phot < —0.6, see Equations (7) and
(8)). With this additional filter, the PAH 11.3 pm flux can
be estimated for both absorbed and unabsorbed sources to
a typical accuracy of within ~5% or ~8% if F1500W or
F2100W is used, respectively.

Using this prescription, large-area maps can be made of the
PAH 7.7 and 11.3 pm flux. These can be used to probe physical
conditions of PAH grains, such as their grain size and

Donnelly et al.

ionization distributions, especially when combined with the
PAH 3.3 ym flux extracted from NIRCam photometry.
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