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ABSTRACT

We test the relationship between UV-derived star formation rates (SFRs) and th& palycyclic aromatic
hydrocarbon (PAH) luminosities from the integrated emission of galaxias a- 2. We utilize multi-band
photometry covering 0.2 — 160m from HST, CFHT, JWST, Spitzer, and Herschel for galaxies in the Cosmic
Evolution Early Release Science (CEERS) Survey. We perform spectral energy distribution (SED) modeling of
these data to measure dust-corrected far-UV (FUV) luminosliigg;, and UV-derived SFRs. We then t SED
models to the JWST/MIRI 7.7 — 21m CEERS data to derive rest-frame 7. luminosities,l ;o, using the
average ux density in the rest-frame MIRI F770W bandpass. We observe a correlation bepwsamdL gy,
where lod 770/ (1:27 0:04)logLryy. Ly7odiverges from this relation for galaxies at lower metallicities, lower
dust obscuration, and for galaxies dominated by evolved stellar populations. We derive a “single—~wavelength”
SFR calibration forL77¢9 which has a scatter from model estimated SFRssfg) of 0.24 dex. We derive
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a "“multi-wavelength” calibration for the linear-combination of the observed FUV luminosity (uncorrected for
dust) and the rest-frame 7.1 luminosity, which has a scatter of sgg=0.21 dex. The relatively small decrease

in  suggests this is near the systematic accuracy of the total SFRs using either calibration.These results
demonstrate that the rest-frame 7./m emission constrained by JWST/MIRI is a tracer of the SFR for distant
galaxies to this accuracy, provided the galaxies are dominated by star-formation with moderate-to-high levels
of attenuation and metallicity.

Keywords:Star Formation (1569) — Polycyclic aromatic hydrocarbons (1280) — James Webb Space Telescope
(2291) — Hubble Space Telescope (761) — Galaxy evolution (594) — Infrared galaxies(790)

1. INTRODUCTION bons (PAHS), and the 24m feature (see, e.gkennicutt &

Measuring the rate that galaxies form stars (the star- Evans 201} Tracers that rely on far-IR data have not had
formation rate, SFR) remains a challenge in astrophysics. MUch recent studies since the end of far- IR space based mis-
SFRs are not measured directly, but rather estimated basedSions .such as Spitzer, Herschel, the Infrared Astronomical
on observations of the direct or reprocessed light produced Satellite (IRAS), and the Infrared Space Observatory (ISO).
by young stars. In turn this estimation is extrapolated to a As JWST Gardper etal. 2006:ont|ques to unveil new dust
total SFR based on assumptions of the stellar initial mass ©Pscured galaxies, there is a growing need for new methods

function (IMF, see reviews bitennicutt 1998 Kennicutt & to study star formation. N

Evans 201p There have been a number of empirically de- 1€ mid-IR offers new opportunities to explore star forma-

rived SFR calibrations making use of the continuum or emis- 0N in dust obscured galaxies, which is imperative for under-
sion lines that have demonstrated to be indicative of the short- Standing the new era of galaxies uncovered with JWST. The
lived stellar populations in galaxies (e.Galzetti et al. 2007 mid-IR covers strong PAH emission features at rest-frame

Houck et al. 2007Kennicutt et al. 2009Hernan-Caballero ~ Wavelengths 3 — 18m, and are found in photo-dissociation
et al. 2009 Hao et al. 2011 Shipley et al. 2016Xie & Ho regions surrounding HIl region£alzetti et al. 2007Smith

2019 Cleri et al. 202} Such tracers of star formation range €t @l- 200J. PAHS contribute up to 20% of the total-IR lumi-
from the X-ray to the radio, and exhibit varying ability to es-  NOSity for star-forming galaxiess(baz et al. 201}, with the
timate SFRs without large uncertainties (with calibration sys- /-/ M feature consisting of up to half of the total PAH lu-
tematics on the order of 30%gnnicutt 1999, where atleast ~ MiNosity Smith et al. 200y The 7.7 m PAH emission has
some of this is contingent upon the properties of a galaxy (e.g been shown in previous Works to co_rrelate with the SFR for
stellar mass, optical depth, etc<ennicutt & Evans 201 resqlved star-formlng reglons‘;(;ll.zettl et al. 200yand for
Understanding the galaxy properties that limit the accuracy the integrated emission of galaxiesquck et al. 2007Pope
of SFR tracers is crucial. Frequently employed SFR trac- €t al. 2008 Hernan-Caballero et al. 20pBope et al. 2013
ers such a8l , Far-UV (FUV), Near-UV (NUV), and even Cluver et al. 201,48h.|pley et al. 2016Xie & Ho 2019).
the widely recognized Pasuffer from attenuation by dust However, the correlation between t_he PAH emission an_d the
(Calzetti et al. 1994Papovich et al. 20Q9which can reduce ~ SFRatz> 1forlarge samples remain an unexplored territory
the certainty of SFR estimates when employed for dust ob- |n.I|terature due to the sensitivity of available IR instruments
scured galaxies{ennicutt 1998, prior to the launch of JWST. _

Another complication is that most of the stellar light from ~ Th€ JWST mid-IR instrument (MIRMWright et al. 2023
galaxies at cosmic noon is absorbed and then emitted again 'S Sensitive to the emission from galaxies at wavelengths

at longer wavelengths, where obscured galaxies contribute  ©~ 28 m, including those from the PAH features at an
up to 80% of the star-forming population f&@ 1- 3 unprecedented level. Results from the rst year of JWST

(Madau & Dickinson 2013 As such, calibrations for trac-  Mighlight the capability of MIRI to trace the PAH features
ers that are capable of measuring SFRs for obscured galaxies@1d constrain the 7.7m PAH emission (e.gChastenet et al.
are essential for discerning the overall picture of star forma- 2024 Evans et al. 2022Dale et al. 2023Kirkpatrick et al.

tion during these epochs. The infrared (IR) has been fre- 2023 Shen etal. 20Z3(ang etal. 2023a The 7.7 memis-
quently employed for this purpose in the obscured population SioN €an be observed up to a redshift of 2 with the available
of galaxies, more speci cally the total IR luminositifr= MIRI bands, and can achieve depths up to two orders of mag-

3 m— 1100 m), the mid-IR polycyclic aromatic hydrocar- nitude fainter than Spitzer. There have yet to be galaxy-scale
’ star formation (SF) studies done for the 7./ with MIRI,

with the exception of preliminary tests fro®hipley et al.
NASA Postdoctoral Fellow (2016 andKirkpatrick et al.(2023. MIRI observations al-
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low us to probe the faint end of the relation between the 7.7
mfeature and SFR that has yet to be observed by any of the
JWST predecessors out to z2.

This paper presents one of the rst tests of the rest-frame
7.7 m PAH emission using JWST/MIRI imaging to track
the SFR on galaxy—wide scales for sources at redshifts O
— 2. To do this, we perform spectral energy distribution
(SED) modeling with multi-band photometry from the UV
to far-IR in addition to MIRI photometry from the Cosmic
Evolution Early Release Science (CEERS) surveymKel-
stein et al. 2017Yang et al. 2023a We use the model
SEDs to measure the rest-frame observed FUV luminosity
(un-corrected for dust), FUV attenuatioA(FUV)), stellar
mass, and SFR. In addition, we perform SED modeling of the
CEERS JWST/MIRI 7.7 — 21 m data to measure the rest-
frame 7.7 m luminosity measured using the average ux-
density in the MIRI F770W bandpaskz{g). We compare
the correlation between the dust-corrected FUV luminosity
andL77o, and use the relation to derive a “single—wavelength”
SFR calibration. We then model the dust corrected FUV lu-
minosity using a linear combination of the observed FUV lu-
minosity and_77o for a “multi-wavelength” SFR calibration.

The outline of this paper is as follows. Sectipprovides
an overview of our UV, optical, mid-IR, and far-IR imaging
and multi-wavelength catalogs. We describe our selection
methods and sample in Secti@n Section4 describes our
SED modeling and measurements of the rest- framgand
observed FUV luminosities, as well as our prescription for at-
tenuation. In SectioB we show our results and discuss their
implications in addition to caveats in Sectién Lastly, our
summary and main conclusions are in SecffonThrough-
out this paper all magnitudes are presented in the AB system
(Oke & Gunn 1983Fukugita et al. 1996 We use the stan-
dard Lambda cold dark matter CDM) cosmology withHg
=70kmMpcls?,  =0.70,and y = 0.30.

2. DATA

2.1. The Cosmic Evolution Early Release Science (CEERS)
Survey

CEERS Finkelstein et al. 200yAProposal ID #1345) cov-
ers 100 sqg. arcmin with JWST imaging and spectroscopy,
targeting the Extended Groth Strip (EG3vis et al. 200Y.
The June 2022 observations include four MIRI and NIRCam
pointings taken in parallel. Pointings CEERS MIRI 1 and
CEERS MIRI 2 used for this work have no overlap with the
CEERS NIRCam imaging, and were covered with MIRI in
six continguous lters: F770W, F1000W, F1280W, F1500W,
F1800W and F2100W (séxagley et al. 202&ndYang et al.
20233. Importantly, these two elds have overlap with the
Cosmic Assembly Near- infrared Deep Extragalactic Legacy
Survey (CANDELS,Grogin et al. 2011 Koekemoer et al.
2017 and they are the only two such CEERS MIRI elds that

3

have follow-up UV imaging from Hubble Space Telescope
(HST) as part of the UVCANDELS progranWang et al.
2020. This provides coverage from 0.2 — 1.& with HST-
quality angular resolution, which is well matched to MIRI
(see below). The other two CEERS MIRI pointings (3 and
6) observed deeply with the F560W and F770W to study the
stellar populations of more distant galaxies (4, Papovich

et al. 2023 and only trace the 7.7m PAH emission for very
low redshift galaxies.

2.1.1. CEERS MIRI Imaging and Photometry Catalog

A full description of the MIRI data and reduction is pro-
vided in Yang et al.(20233, but will brie y be described
here (also se¥ang et al. 202]1Kirkpatrick et al. 2023Shen
et al. 2023 Yang et al. 2023p

The MIRI images were processed with the JWSALE
IBRATION PIPELINE (v1.10.2) Bushouse et al. 203%ri-
marily using the default parameters for stages 1 and 2. The
background was modeled with the median of all images in
the same bandpass but different elds and/or dither positions.
With the background subtracted from each image, the as-
trometry is corrected by matching to CANDELS imaging (as
described in more detail iBagley et al. 202Bprior to stage
3 processing in the pipeline. This results in the nal science
images, weight maps, and uncertainty images with a pixel
scale of 0.09 "/pix registered to the CANDELS v1.9 WFC3
images. This last step is important as we use MIRI uxes
matched to the existing CANDELS HST catalogs.

The MIRI photometry is measured from sources selected
from the CANDELS WFC3 catalogSgefanon et al. 2017
and see below) with T-PHOT (v2.0Merlin et al. 2018.
T-PHOT uses priors from the HST/WFC3 F160W for the
lower resolution MIRI images for the photometric analy-
sis. The point spread function (PSF) for each MIRI band
is constructed using WebbPSFgfrin et al. 2012 The ker-
nels are then constructed to match the PSF from the CAN-
DELS/WFC3 F160W image (FWHM ¢f 0.2")) to the MIRI
images (FWHM of 0.2"-0.5")) to extract source photom-
etry with T-PHOT. These uxes and their uncertainties for
each source are used as the MIRI catalog. We note that the
MIRI ux calibration has since been updated frorang et al.
(20233 where the median offset in MIRI F770W is 0.18 mag
and is substantially lower for the redder MIRI bands, which
are impacted by only a few percent

2.2. CANDELS Imaging and multi-wavelength Photometry
Catalog

We use the catalog frotefanon et a2017), which pro-
vides matched-aperture photometry for a larger range of ob-
servations covering 0.4 —8nin the EGS eld built upon the

1 Please visit the followingink for more.
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Figure 1. HST F160W (left) and MIRI F1800W (right) for elds CEERS MIRI 1 (top row) and CEERS MIRI 2 (bottom row). Blue squares
are sources with m(F160V) 26.6 mag at = 2, and purple circles (diameter of 2.6" for scale) are sources with S/N(rest-framm)7> 4.
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Figure 2. SFR—mass relation for the galaxies in our samples compared to the star-forming main sequence. The panels show the SED-measurec
SFRs from CIGALE SFR, section4.1) as a function of the estimated stellar masses in different redshift bins (as labeled). The blue line

indicates the star—forming main sequence and the uncertainty in the relation in the blue shaded regivhifaéer et al(2014).

CANDELS, All-wavelength Extended Groth strip Interna-
tional Survey (AEGIS), and 3D-HST program with imaging
from Canada France Hawaii Telescoeg-HT)/MegaCam,
NEWFIRM/NEWFIRM, CFHT/WIRCAM, HST/ACS,
HST/WFC3, and Spitzer/IRAC. The catalog also includes
photometric redshifts and estimated properties from SED
tting of the multi-wavelength photometry, which were in-
dependently carried out by 10 different groups, each using
different codes and/or SED templates including FABTi€k

et al. 2018, HyperZ Bolzonella et al. 2000 Le Phare I(-

bert et al. 2008 WikZ (Wiklind et al. 2009, SpeedyMC
(Acquaviva et al. 201 and other available codeBdntana

et al. 2000 Lee et al. 2010 This catalog includes the spec-
troscopic and photometric redshifts that will be used for this
work. The spectroscopic redshifts in this catalog are from
the DEEP2/DEEP3 survey€£0il et al. 2004 Willner et al.
2008 Cooper et al. 20%;1Cooper et al. 20L2Newman et al.
2013, and the photometric redshifts are measured using the
methods outlined fronDahlen et al(2013 and Mobasher

et al.(2015.

2.3. UV-CANDELS Imaging

We also use the HST WFC/F275W and ACS/F435W imag-
ing as part of the Ultraviolet Imaging of a portion of the
CANDELS eld from UVCANDELS, a Hubble Treasury
program (GO-15647, PI: H. Teplitz). The primary UVCAN-
DELS WFC3/F275W imaging reached m 27 mag for
compact galaxies (corresponding to a SFR0.2M yr' 1)
atz=1, and the coordinated parallel ACS/F435W imaging
reached m 28 mag. A UV optimized aperture photom-
etry based on optical isophotes aperture was utilized, sim-
ilar to the work done on the Hubble Ultra-Deep Field UV
analysis Teplitz et al. 2013 Rafelski et al. 2016 The

smaller optical apertures without degradation to the image
quality allows the UV-optimized photometry method to reach
the expected 5 point-source depth of 27 mag in F275W.
The UV-optimized photometry yields a factor of1:5 in-
crease in signal-to-noise ratio in the F275W band with higher
increase in brighter extended objects, which complement
the pre-existing CANDELS multi-wavelength catalog from
(Stefanon et al. 2037

2.4. Spitzer and Herschel Far-IR Data Imaging

We also use Spitzer MIPS 24m and Herschel PACS 100
and 160 m photometry for the EGS eld from the “super-
deblended” catalog of Le Bail et al.(in prep, as briey de-
scribed inLe Bail et al. 2023 This catalog was devel-
oped following the methods outlined &n et al.(2018 and
Liu et al. (2018 for COSMOS and GOODS-N respectively,
where speci cally the MIPS and PACS photometry were ex-
tracted by PSF tting to prior positions of galaxies from the
Stefanon et al(2017) catalog.

3. SAMPLE
3.1. Selection Criteria

We use as our initial sample all coordinate matched galax-
ies in the UVCANDELS and MIRI catalogs in elds CEERS
MIRI 1 and CEERS MIRI 2 with F160W magnitude 26.6
mag (i.e., at the 90% completeness limit, s&wen et al.
2023. We select these elds as they are the only two point-
ings that overlap with the UVCANDELS data with the full
complement of MIRI bands from 7.7 to 2Im. We further
restrict our sample to hawe< 2 in order to ensure thatthe 7.7

m PAH feature falls within the wavelength coverage of the
MIRI bands. This work utilizes spectroscopic redshifts when
available fromStefanon et al(2017 and compiled from the
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literature (N. Hathi, private communication). After visually Table 1. Summary of Sample Selection
inspecting the faintest objects in the MIRI mosaics, we deter-

mine that robust detections are possible for objects with S/N Selection Criteria # of Galaxies
> 4. We then require that objects have detections more sig- —|nitial Sample with m(F160Wx 26.6 mag 816

ni cant than 4 in the MIRI band in which the 7.7m PAH
feature resides (i.e., the band that includesZl 7:7 m).
On average with MIRI we detect one-third of the sources de- MIRI brightness: S/N(rest-frame7 m) > 4 189
tepted by HST/FH_BQW in the re_dshift rgngeﬂ]_z< 2 .(see Suf cient coverage: MIRImosaicFlag =0 173
Figure 1). In addition to identifying faint objects in the
MIRI mosaics, we also ag galaxies that either reside on the Notan AGN: AGN ag =0 173
edge of the image (where there is less exposure time) or that Final sample with |(log( SFRus))| < 0:6 120
experience contamination from bright sources or diffraction
spikes. Such galaxies are marked witlosaicFlag = 1.
We then only select galaxies withosaicFlag = 0O for this
work. We also identify and remove galaxies with AGN in our
sample by using the IRAC color selection frdbonley et al. in the visual @, estimated from the CIGALE SED ts in
(2012. Section4.1), ranging fromAy = 0.35 mag to 3 mag. The
Lastly, we apply a selection to ensure we include only ac- MIRI data detect the mid-IR emission of galaxies at much
tively star-forming galaxies that are along the star-forming fainter ux densities than previous instruments. For exam-

Redshift range: & z< 2 607

main sequence, as de ned byhitaker et al(2014. Using ple, only four out of 15 galaxies in our sample atz1:8
the SFR and stellar mass estimates from our modeling of the have a Spitzer/MIPS 24m detections with S/N> 4. This
SEDs (see Sectiofi.1 below), we measure SFRys de ned is relevant because it is at this redshift where the Trifea-

asjlog(SFRys) - log(SFR)j. SFR is the model-estimated  ture would have been observed by Spitzer at 24 These
SFR from the SED tting with CIGALE as described in Sec-  four galaxies have an averagegr of roughly 7 101 L

tion 4.1 (the subscript “C” stands for CIGALESFRys is whereas at the same redshifts MIRI is sensitive to the mid-IR
the value of the main-sequence SFR frokthitaker et al. emission from sources down to 410'° L , more than an
(2014 at a xed stellar mass and redshift. Through visual order of magnitude fainter. With increased sensitivity from
inspection of our sources along the star-forming main se- MIRI, we are able to observe SERs faint as 1¢ M yr !
guence (Figur®), we determine that SFRys < 0:6 dex is up to 10 M yrl. With this, our nal sample encom-
suf cient to select only star-forming galaxies in our sample passes a wide range of galaxies with considerably varying
(that is, we select galaxies that have a SFR within a factor star-forming activity, dust obscuration, and total IR luminosi-
of 4 of the SFRys). This selection removes both quench-  ties for redshifts up to 2. We explore how different properties
ing/quenched galaxies (those below ${fsRand galaxies of our sample (e.g., mass or attenuation) impact the ability of
in a “burst” that lie above SH. Starbursts can also lie PAH to trace SF in Sectiof.

within the star-forming main sequence ($8baz et al. 2018

GOmez-Guijarro et al. 2032which can be diagnosed using 4. METHODS

the ratio of the tptal IR luminosity and the PAH luminosity. 4.1. SED Modeling

We cannot consider such sources here as less than 1% of our
sources have coverage in the far-IR (at0-160 m), and

we defer the analysis of these objects for a future study. A
summary of all our selection criteria as well as the number of
galaxies in our sample are listed in Talile

We model the SEDs built from the multi-wavelength pho-
tometry for our sample with CIGALERoquien et al. 2010
CIGALE uses simple stellar populations and parametric star
formation histories to build composite stellar populations.
The code then calculates the emission from ionized gas and
thermal dust emission that is balanced based on the dust
attenuation from exible attenuation curves. THER014

3.2. Sample Properties module used for this work considers a multi-component dust

Figure 3 shows the distribution of the rest-frame 7. emission based on theraine et al(2014 models. The rst
luminosity (L770) and dust-corrected FUV luminositizdyy, dust emission component considers heating from a single
see Sectiont.1 and 4.2) as a function of redshift for the source such as a stellar population, whereas the second con-
120 galaxies in our nal sample (see Taldlg The major- siders variable heating linked to star-forming regioBs-
ity (87%) of galaxies in our sample reside z+ 0:5, and quien et al. 201p CIGALE uses a large grid of models that
the majority (89%) have inferreldrr values above 0L . is tted to the data where the physical properties are then es-

The nal sample includes a large range of dust—attenuation timated by analyzing the likelihood distribution.
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ing Ltir estimated from our SED modeling. The black dashed line in each redshift bin indicateslthrét4vith MIRI.

We consider two different SED modeling cases for this

study where we t the data with CIGALE. For both cases

we use the same parameters as shown in Tahtexed red- Module Parameter Input Value(s)
shifts. In Case 1, we t models to the MIRI dataly for SFH: [Myr] 0.1,0.5,1.0, 5.0
each object to test the capability of CIGALE to derive the SFR(t)/ & exgLt)  t[Myr] 0.5,1.0,3.0,5.0,7.0
rest-frame 7.7 mluminosity. This is to ensure that the mea-  sSimple stellar population:  IMF Chabrier(2003
sured rest-frame 7.7m luminosity is not in uenced by the Bruzual & Charlot(2003  Metallicity Z =0.02
rest of the galaxy multi-wavelength SED. Dust attenuation: E(B- V) 0.1,03,05,0.8

In Case 2 we use all available photometry from UVCAN-  Calzetti et al(2000 UV bump amplitude 0.0, 1.5, 3.0
DELS through the far-IR, which includes the MIRI data. powerlawslope  -0.3,-0.1,0.0
While we include far-IR data when available, only 23 of ~ DustEmission: Gpan 0.47,1.77,3.19, 4.58,
the 120 galaxies in our sample have a S/N4 detection Draine et al(2019 5.95,7.32
from MIPS 24 m, and only one source is detected by Her- tmin 8'20’ (1)605’ 56 1062(?2’ 3
shel/PACS at 160 m. Given that CIGALE is dependent on . ——————

Redshift z Fixed at z of

the principle of an energy balance, the MIRI data play a sig
ni cant role for the Case 2 SED tting. We will visit the

175 2.00

Table 2. CIGALE parameters used for SED tting

Stefanon et al(2017)
and (N. Hathi, private

signi cance of the MIRI data on the Case 2 models further in
Section6.3.

We use the results from the Case 2 ts to measure the (1)N0L||:—The default CIGALE values were used for parameters not listed in this
observed FUV luminosity, de ned by equati@n(2) the stel- @ole:
lar mass, (3) th&FR, and (4) the estimated FUV dust at-
tenuation A(FUV)). We note thaBFR; is the SFR averaged
over the previous 10 Myr using the tted star-formation his-
tories (we discuss this further in Appendi.

Figure4 shows example CIGALE SED ts from Case 2
for several sources in our sample in order of increasing red-
shift. For Case 1 and Case 2 models we measure the typical

communication)

brightness. The distinction in notation primarily serves as a
reminder of our methodology for measuring the 7 ux
in this study. To calculatd=-¢ we use,

R .
mean reduced 2 for our nal sample to be 1.65 and 1.53 _ :jg n(T()F)= d
) =R : 1)
respectively. 770 = —Ra "T()= d (
c=8:8 m -

WhereF and are the ux and frequency from the model
SEDs output from Case I.( ) is the MIRI F770W transmis-
sion Iter taken from the Spanish Virtual Observatofid-
drigo et al. 2012Rodrigo & Solano 202 We then measure

4.2. SED Integration and Luminosity Calculation

We calculate the average rest-frame ux in the Ml
F770W band If7¢) as an approximation for the 7.7m

<F:Ro> HN PM'U\~W3€4 'ﬁw& o[wS\th?
W’Mged oMo 'Q‘Q‘ivwvﬂa_ olomin
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Figure 4. Each panel shows an example of the best- t SEDs from CIGALE for sources in the selected sample in order of increasing redshift
(top to bottom). The data in each plot show the measured ux densities with each curves representing different model components (see panel
legend). The location of the observed 7 feature is highlighted in each panel by the purple arrow. To the right of each panelareltff

postage stamps of the CEERS HST F160W (top), composite RGB image of JWST/MIRI F1000W (B) + F1280W (G) + F1500W (R)(middle),
composite RGB image of JWST/MIRI F1500W (B) + F1800W (G) + F2100W (R) (bottom). The MIRI images shift in color as tha 7.7

PAH feature redshifts through the different MIRI bands zAt0:32, the 7.7 m PAH feature falls in the F1000W band, with an additional PAH

feature that peaks at F1500W which makes the image "purple’zAt.02, the 7.7 m PAH feature falls in the F1500W band, making the

middle image “red” and the bottom image “blue”. 2t 2:0, the PAH feature falls in the F2100W band, making the bottom image “red”.
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the PAH luminosity as,

)

WhereD, is the luminosity distance, calculated with the-
tropy.cosmologpackage in python, and.; is the rest-frame
frequency at 7.7 m ( 7.7 =c=7:7 m).

We note that the rest-frame 7.7m contains the bright
emission from the 7.7 PAH compl@ndthe dust continuum
(and we make no correction for the latted)77o primarily
does not have any contribution from the stellar continuum
for star-forming galaxies, such as those in our sample. How-
ever, there are a few exceptions which we discuss in Section
6.3. The dust continuum is estimated to contribute up to 10%
of the emission compared to the 7./ PAH luminosity for
MIRI F770W (Chastenet et al. 2022 This value is an ap-
proximation for star-forming galaxies at low redshift from
the SINGS sample, which will require further study with
JWST/MIRI to determine if this holds for fainter galaxies
at higher redshifts. With this, we will assume thgg7gl Is
dominated by the equivalent width of the 7.ih PAH emis-
sion in star-forming galaxies at<z 2. We explore the impact
of the dust continuum on our results in Sect®B and Ap-
pendixB.

We estimate the observed FUV luminosity following the
same de nition aKennicutt & Evans(2012 with a central
wavelength of 0.155mand  =0:2 m. We integrate the
tted models from CIGALE using,
N ‘r'(vm c(ws\fk]

F d:
0:135 m

z 0:175 m
o Fruvess =
Pl
The observed FUV luminosity is then corrected for dust us-
ing the Case 2 model output FUV attenuati&HUV)). This
yields,

®)

Fruv = Fruv,,, 1074 AFUY): 4)

Where the dust-corrected FUV luminosity ispyy =
4 (DL)?Feuv-

4.3. Estimate of Uncertainties on Derived Quantities

We estimate the uncertainties on derived quantities, includ-
ing the rest-frame observed FUV and 7m luminosities us-
ing a Monte Carlo (MC) simulation. To do this, we perturb
the photometry for each galaxy in the catalogs 1000 times
with a random valueR) taken from a normal distribution
with mean, =0 and variance,’=1,i.e.,N( =0; ?=1),
then multiplied by the observed erroffgy,, and added to the
measured ux densityf. This yields the following equation,

®)

In each iteration, we re-t the perturbed galaxy SED using
the same method outlined in Sectidil. Following the same

frew=f+fer R

9

equations in Sectiod.2, we then measurks7o and the ob-
served FUV luminosity from each newly modelled SED for
each source. After the 1000 iterations are complete, we mea-
sure the 1 standard deviation, which is used as our uncer-
tainty estimate on these quantities. For uncertainty in the
dust-corrected FUV luminosity dyy), we also consider the
model estimated uncertainties dFUV) and propagate ac-

cordingly for each source. .
gy VAR qv\hﬂe} is ws«& QS

5. RESULTS & taet of Hhe coblbresion

In this Section we examine the correlation between th
rest-frame dust-corrected FUV luminosity and the rest-fram
7.7 mluminosity. Our goals for this section are to asses th
application of the 7.7 m luminosity as a tracer of star for-
mation for the following cases: (1) retrieving information
the total SFR when only MIRI data is available and (2)'the
PAH luminosity as a tracer of obscured star formation when
FUV data is also available. From the analysis we meashre
a “single—wavelength” calibration between the 7m lumi-
nosity and the dust-corrected FUV luminosity (SectioB).
We then also derive a “multi-wavelength” relation betwee
the dust-corrected FUV luminosity and a linear combinatio
of the observed (uncorrected for dust) FUV and 7 lumi-
nosities (Sectios.3). In both cases, we evaluate the perfor,
mance of our calibrations by comparing the estimated SFRs
derived from both single and multi-wavelength SFR califra-
tions with SED model estimated SFRs from our work and the
independent analysis from ti&efanon et al2017) catalog.

5.1. The PAH-FUV Relation

We compare the rest-frame dust-corrected FUV luminos-
ity with the rest-frame 7.7 mluminosity in Figure5. In this
gure we introduce an additional top abscissa that shows the
SFR corresponding to the dust-corrected FUV using the re-
lation from Kennicutt & Evans(2012 assuming a constant
SFR over the past 100 Myr, which is corrected f@labrier
2003IMF using the conversion factor fromadau & Dick-
inson 2014

To characterize the correlation between the dust-corrected
FUV and PAH luminosities, we t a linear relation (where
the slope is a free parameter) and unity relation (where the
slope is set to one). Speci cally, we de ne the linear rela-
tion such that lo@t;70/ k logLgyy, wherek is a constant
of proportionality. The unity relation then h&s= 1. The
linear ts were measured using LINMIX, a python package
that uses a hierarchical Bayesian approach fikafty (2007)
and accounts for uncertainties on both the dependent and in-
dependent variables. From these we obtain,

log(L770) = (1:27  0:04)loglruv)- (121 2);  (6)

where the luminosities have units of erd.sThe unity ts are
measured usingurve_t from scipy (Virtanen et al. 202))
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with
which gives
)

The tted unity and linear relations are shown as the green
and purple lines respectively in Figuse The deviation from
unity at the luminosity limits of our sample suggests that for
these regimes the PAH emission has a complex relation with
the SFR. We further explore this in Secti6ri.

We test the unity and linear relations above using the
Akaike information criterion (AIC). The AIC considers an
improvement in the likelihood of a the t of a model with ad-
ditional parameters, where a model is adopted if the change
in the log-likelihood increases by more than the change in
twice the number of parameters. We nd that the linear t
shows an improved log-likelihood by a factor of1:4 when
we have added only one additional parameter. This indicates
that the data favors the linear model over the unity model.

|Og(|_770) = |Og(|_|:uv) - (0286 0001):

log(L770) - log(LLinear),

5.2. Single-Wavelength SFR Calibration

Motivated by the strong correlation between the rest-frame
mid-IR luminosity and the rest-frame dust-corrected FUV
luminosity, we derive a “single—wavelength” calibration of
SFR from the 7.7m luminosity. We convert;7o to Lgyy
using the linear t from equatior®, which was selected by
the AIC as mentioned in Sectidhl We then derive SFR
from Lryy following the relation fromKennicutt & Evans
(2012 corrected for aChabrier(2003 IMF. The resulting
conversion is,

l0g(SFR:7 m) =(0:787 0:03)loglL770)- (338 2); (8)

where the SFR is measuredvh yr ! and the luminosity is
again in units of ergs.

To test the performance of this calibration we compare
the estimated values for SER , from Equation8 to SFR;
and independently measured SFR estimates fromStiee

For this reason we measure the scatter about the linear rela-fanon et al. (2017 catalog estimated with method 2a from

tion as opposed to the unity in the bottom panel of Figure
Formally, we measure a scatter of 0.29 dex.

(Mobasher et al. 20155FRy;5) in Figure6. The work from
Mobasher et al(2015 estimated SFfys by modeling the

P ok fher SFRe wes estimrtd sl HIRI Phefometiles.
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Figure 6. (Top:) SFR derived from the single—wavelength cali-
bration compared to SFR(the circular points colored by stellar
mass estimated by CIGALE) and SiR (represented with the
grey squares). The dark purple line shows the one-to-one relation.
(Bottom:) Measured scatter about the one-to-one relation, which
is measured by SFR=l0g(SFR:7 m) - log(SFR. The measured
srrfor SFR- and SFRuss is 0.24 dex and 0.36 dex respectively.

multi-wavelength photometry from tt&efanon et a(2017)
catalog using a variety of methods. We adopt method “2a”
from Mobasher et al, which was xed to @habrier(2003

IMF and left star formation history (SFH), metallicity, ex-
tinction, and population synthesis code as free parameters.
We selected this SFR estimate from stefanon et al2017)
catalog since it was the most similar to our work. We mea-
sure the scatter between the model estimated SFRs to the
estimates from our calibration to nd sgr= 0.24 dex for
SFR: and 0.36 dex for SFRs respectively. We note that
there appears to be an offset in the plot where theSER

ues are higher than SEFR ., at lower SFRs, but we expect
this to be a result of the star-formation histories used by the
SED modeling (see Appendi). Regardless, the measured
scatter about the linear relation in Figuiés tight across all

7.7 mluminosities.

5.3. Multi-Wavelength SFR Calibration

We next consider a case where the total SFR is a combi-
nation of the unobscured SFR measured from the observed
rest-frame FUV, and obscured SFR measured from the 7.7

m luminosity. In principle, there should exist some energy-
balance between these two variables as they trace the total
emission from the young massive stars (eCGplzetti et al.
2007 Kennicutt et al. 200y Motivated by this concept,
we model the total intrinsic FUV luminosity as a multi-
wavelength, linear combination of the observed FUV lumi-
nosity (un-corrected for dust attenuation) and the 71 lu-

retonaated !’3
dust acbvcton

‘Dﬁj Ls.cL‘_ ‘H\{
Honocted enagy fx 112

!

Lruv = Lruviobst L7700

minosity using ,
©)

Equatiomis similar to the linear combination offlg and the
FUV luminosity discussed by Equation 11 frokennicutt

& Evans (2012, and is in the simplest form. In principle
there could be additional factors that manifest as higher order
polynomials, which we ignore here. Usimgirve_t from
scipywe ndthat =0:732 0:002.

Using this result, we establish a “multi—-wavelength” cal-
ibration for the SFR based on the linear combination of the
observed FUV and the mid-IR luminosity using the FUV-
SFR relation fronKennicutt & Evang2012 corrected for a
Chabrier(2003 IMF. This yields,

l0gSFRuv+7:7 m = 109(Lruvy,+ L770)- 4332 (10)

where =0:732 0:002 from above, the SFR is in units of
M yr ! and the luminosities are in units of erg' s

We compare the estimated SFRs from the multi—
wavelength calibration to the model estimated SFRs (SFR
and SFRys) in Figure 7. We measure the scatter between
the model estimated SFRs to that of the multi-wavelength
calibration, which results in sgr=0.21 dex for SFR and
0.27 dex for SFIg15. We again observe an offset between
the model estimated SFRs and the estimates from the multi—
wavelength calibration at SFRs below roughly 4®1 yr 1,
which is attributable to the SFH used on the models in addi-
tion to varying galaxy properties. We explore the effects of
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Figure 7. (Top:) SFR derived from the multi-wavelength calibra-
tion (shown in Equatiori0) compared to SFR(represented with

the circular points colored by stellar mass from CIGALE), and
SFRuis (represented with the grey squares). The dark purple line
shows the one-to-one relation. (Bottom:) Measured scatter about
the one-to-one relation, which is measured byF R=log(SFR-uv)
-log(SFR. The measured gsrrfor SFR: and SFRyss is 0.21 dex

and 0.27 dex respectively.
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SFH on SFR (see Appendixd), and the galaxy properties SFR 10- 30M yr1, the galaxies are optically thick in the
which can contribute to the observed offset at these SFRs in visual (the average dust attenuatiojs' 1:9) with an aver-
Section6.1.2 age stellar mass of 9.5 ldd( =M ). This is typical of galax-
ies at these masses/SFRs, where most of the star-formation
6. DISCUSSION in such galaxies is obscured. For exampMhitaker et al.
MIRI provides a new opportunity to quantify dust obscured (2017 nd that 70-90% of star-formation is obscured for
star formation for high redshift galaxies that are much fainter galaxies in this redshift and mass range. This is signi cant in
than those previously accessible by any of the JWST pre- the era of JWST as more obscured galaxies are being discov-
decessors. As we have demonstrated above, the rest-frameered due to the unprecedented sensitivity. It is also prudent to

mid-IR luminosity measured from broad-band JWST/MIRI
data (770) correlates strongly with the most recent star for-
mation activity traced by the far-ultraviolet luminosity. We
discuss the physical process behind the FUV-PAH correla-
tion in Section6.1. We then discuss what types of galaxies
depart from the FUV-PAH correlation in Sectiofisl.2and
6.1.3 We place our results in the context of previous cal-
ibrations of the PAH luminosity in Sectiof.2 Finally, we
discuss some caveats that can impact the interpretation of our
results in Sectios.3.

6.1. The Relation between the PAH Emission and SFR

In this section we consider the relation between the 7
luminosity and the SFRs in three different regimes: galax-
ies with “moderate” SFRs ( 10- 30 M yr 1) where the
galaxies have PAH luminosities that are nearly proportional
to the total SFR; “low” SFRs.( 10 M yr'1), where the
PAH luminosities of the galaxies are low compared to the to-
tal SFRs; and “high” SFR(30M yr 1), where the PAH
luminosities again depart from the unity relation with FUV
based SFRs as shown in FiglireEach SFR regime is likely
a result of different physical effects in galaxies that impact
this relation.

6.1.1. Relation at Moderate SFRs

Figure5 highlights the capability of the PAH emission to
trace the total SFR, where we compare the rest-framem.7
emission to the SFR from the dust-corrected FUV luminos-
ity. We nd that more than half of our sample (60%) has
SFRs between 10-3@ yr %, which is where the linear and
unity correlations between the dust-corrected FUV luminos-
ity and the PAH luminosity intersect. Such galaxies provide
important case-studies in which the 7. PAH luminosity
is a direct tracer the total star formation rate. This is con-
sistent with previous studies that focused on the relation be-
tween PAH luminosity and the SFR (e.glouck et al. 2007
Shipley et al. 2016see Sectiol.2 below). Here, the impli-
cation is that the 7.7 m luminosity is directly proportional
to the SFR. The scatter in the relations is also small, with

srr' 0:3 dex, which is likely a systematic oor to the
(combined) accuracy of the UV and mid-IR SFRs.

To further investigate the reasoning behind this occurrence
in our sample for this regime, we must rst examine the prop-
erties of these sources. For this subset of our sample with

consider the galaxy properties in which such an assumption
would not be valid, which we explore below.

6.1.2. Relation at Low SFRs

From Figure5 we observe that at low PAH luminosities
(L770/ erg s > 10%) the slope of the relation between the
SFR and kg is steeper than the unity relation. This means
that the 7.7 m PAH luminosity is weaker (at xed SFR or
at xed mass), and is less of a direct tracer of the total SFR.
This occurs at stellar masses of approximatdlyx 10°M .

This subset of our sample corresponds to the lowest redshift
objects in our samplek 0:75, see Figurg).

Observations of local galaxies show that the PAH emission
is signi cantly weaker and less correlated with star formation
for metal-poor galaxies. In such objects the PAH emission
drops by up to a factor of 30 for metal-pooniHegions com-
pared to metal-rich counterpart&ngelbracht et al. 2005
Calzetti et al. 200y Due to the lack of necessary data to
determine the metallicity content of our sample, we approxi-
mate the metallicity using a mass-metallicity relation (MZR)
from Zahid et al(2011). We nd that these low mass sources
have metallicities of @ dex below Solar, therefore we expect
that the lower 7.7 m luminosities for low-mass galaxies is
a result of lower metallicities. This is consistent with previ-
ous work for nearby galaxies, as seen in Figure Balzetti
etal.(2007) for H Il regions in galaxies with intermediate and
low metallicities (12+log(O=H) < 8:35, i.e., less than about
0.5 dex of the Solar value). We note that the scatter in both
of the SFR calibrations derived in this work are remarkably
constant (it remains close t00.3 dex) even at low stellar
masses. This likely implies there is a common cause to the
decrease in the 7.7m luminosity — such as the galaxies
having lower metallicity — rather than some other mecha-
nism that would lead to larger scatter.

We consider other physical phenomena in galaxies besides
low metallicity which could cause the PAH emission to not be
capable of tracing the total SFR in these low mass galaxies.
One alternative is that the lower PAH emission is caused by
hard ionizing radiation elds that destroy the molecules, or
delayed formation of PAH molecules in AGB st&tkastenet
et al.(2023. Both of these require timescale arguments, we
expect the galaxies to have a wider range of ages that allowed
by the relatively low scatter betwedry;o and SFR in our



RONAYNE ET AL.

sample. Another possible explanation as to why the PAH
luminosity does not directly trace the total SFR for lower-
mass/SFR galaxies is that the degree of obscuration is lower
in these galaxies. For three of the 14 low—mass sources we
observe that these galaxies experience low attenuation, with
(Av ' 0:3). As such, the dust and PAH molecules do not
trace the majority of the light emitted by star-forming regions
in galaxies Hirashita et al. 200l However, the majority

of the low-mass sources (11/14) are more obscukgd>(

1). This evidence suggests that lower metallicity is the more
probable cause as to why the measured PAH luminosity is
less correlated with the total SFR.

6.1.3. Relation at High SFRs

Figure5 shows that at high PAH luminosities G49/ erg
s> 10™) the slope of the relation to the SFR is shallower
than the unity relation, which indicates that the 71 PAH
luminosity is departing as a direct tracer of the total SFR.
Given the SFR, this occurs for galaxies with sellar masses
above approximately #6°M . Based on Figur&, these
galaxies are between26< z< 2 andLygr > 10L . How-
ever, we note again that the scatter in the relation between
L770 and the SFR remains relatively small, spr'  0:3 dex,
which implies that the cause of this shallower relation be-
tweenLz7¢ and the SFR is not a result in an increased scatter.

In these higher luminosity regimes, there are two primary
reasons why the strength of the PAH features could be ex-
pected to diverge as a tracer of the total SFR. One reason
would be that the strength of PAH emission is suppressed in
ultra- luminous IR galaxies (ULIRGS) withmg > 102 L ,
as has been seen in some studiéspe et al. 2008Takagi
et al. 2010 Rieke et al. 201p A second reason is that these
galaxies have built up a population of older, more-evolved
stellar populations that are contributing to the heating of the
PAH molecules, where it can be possible for both effects to
contribute. We favor the second scenario as more applica-
ble to our sample based on our discussion in the Appendix
C (see also Figurél), where we explore trends between the
ratio of the dust-corrected FUV luminosity to the;q lumi-
nosity as a function of stellar mass ai@FUV). We observe
theL770 luminosity is higher than the dust-corrected FUV for
galaxies at larger stellar mass, which indicates that there is
an increase in the fraction of the PAH luminosity that is not
correlated with the short-lived stellar populations that drive
the UV emission. If instead there was an increase in the sup-
pression of PAH molecules in ULIRG-type galaxies in our
sample, we would anticipate the opposite outcome for higher
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main sequence, but could not identify starbursts that might
lie within the star-forming main sequence. These galaxies
could contribute to the observed trends or may show differ-
ing trends betweeh;7o and the total SFR, which we will
explore in future work.

6.2. Comparison to literature

We compare our derived single—wavelength calibration to
previous calibrations from literature in Figu8eTo ensure an
accurate comparison between calibrations, we corrected all
calibrations to &Chabrier(2003 IMF. There are other cali-
brations from literatureH{ernan-Caballero et al. 2008ie &

Ho 2019 that are not considered for our comparison due to
the differences in sample selection, where these other stud-
ies include AGN and/or very high luminosity objects (e.g.,
bright ULIRGS) with a much larger SFR range that is not
included in our sample.

Shipley et al.(2016 derived a relation between the PAH
luminosities and the H emission line, and used the relation
between H and SFR followingKennicutt & Evang(2012).

The sample of Shipley used Spitzer/IRS spectroscopy of rel-
atively low-redshift galaxies, witlz < 0:4, where our sam-

ple probes much smaller SFRs at these same redshifts. To
compare the calibration to our results, we select Equation 18
from Shipley et al(2016 and correct it to &habrier(2003

IMF. The linear single—wavelength calibration was derived
with a synthesized JWST/MIRI F770W lter, which was de-
termined to be most similar to this work. We nd that our
calibration is consistent with the results from Shipley et al.
within the 68% uncertainties in the range where they are cal-

102

This Work
—— Shipley et al. 2016
Houck et al. 2007

1042 104 1044

L770 [erg/s]
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Figure 8. Comparison of thé770 and SFRs from our work and pre-
vious works in the literature. There is good agreement where the
calibrations overlap, in particular between the relation fi®hip-

stellar masses. Again, both processes may be at play, but theley et al.(2016 which used Spitzer/IRS data to predict the relation

lower scatter betweeh;79 and the SFR even for high SFR

galaxies indicates most galaxies follow the same trends. One
caveat here is that we excluded galaxies in the “starburst”
phases that lie more than 0.6 dex above the star-forming

between the MIRI F770W rest-frame luminosity and SFR. All SFR
estimates from the literature are corrected toGirabrier(2003
IMF. The shaded regions around each line are thedispersion
reported on each relation.
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ibrated (see Figur8). Shipley et al.(2016 concluded that
the 7.7 m PAH feature directly traces the total SFR mea-
sured from dust—corrected K with a unity relation. Here,
we nd that the relation between 7.7m is linear, with a
slope of 078 (sub-unity). The main reason for this differ-
ence is that we are considering galaxies over a larger range in
luminosity, where we consider different effects that can im-
pact the PAH emission (see Sectiéri). In addition,Ship-

ley et al.(2016 used H -derived SFRs, which can probe the
SFR on shorter timescales than the FUV. If we re t our lin-
ear relation derived in Equatiaghto a subset of our sample
at PAH luminosities which are comparable to Shipley et al.(
L770 1 10%ergs?), we would measure a slope of 1.11
0.07. This is consistent with the single—wavelength calibra-
tion derived from Shipley et al., indicating that our ability to
probe fainter SFRs with JWST/MIRI reveals the sub-unity
relation at these lower luminosities.

Houck et al.(2007 derived a relationship between the
PAH luminosity and the total IR luminosity, and then used
the L1r—SFR relation fromKennicutt (1998 to derive a
single—wavelength SFR calibration for the PAH luminosity.
The sample for their work spanned redshifts<(0:5) and
included galaxies with a range afgr and type, such as
AGN, ULIRGSs, and starburst galaxies. To compare the re-
sults from Houck et al., to our calibration, we adjust ken-
nicutt (1998 L1 jr—SFR relation to the one froiennicutt &
Evans(2012 (accounting for the updated calibration and the
Chabrier(2003 IMF). In general, the Houck et al. results re-
turn larger SFR values than the ones from Blthpley et al.
(2016 and this work. This is evident in Figuias a small
offset between the calibrations. The origin of this difference
is likely related to the strength of the PAHs in different galax-
ies. For example, the PAH strength is observed to be weaker
in AGN and ULIRGs {Takagi et al. 2010Xie & Ho 2022).

It could be possible that if one would want to calibrate SFRs
using the PAH luminosities for these galaxies, then it would
require larger area studies with JWST/MIRI to ensure proper
statistics for high IR luminosity objects with well calibrated
SFRs.

6.3. Impact of Caveats and Assumptions

Estimates of parameters with CIGALE (e.g., SFRs, stellar
mass, dust attenuation) can be less accurate for galaxies with
high dust obscuratiorP@aci ci et al. 2023. This is one reason
that we follow the recommendations Bé&ci ci et al. (2023
and use the measured properties from SED models that in-
clude FUV to Far-IR photometry. Given that less that 1% of
our sources have any Hershel/PACS 100 or 169detec-
tions, the FUV attenuation is predominately constrained by
the MIRI data. To test the effect of MIRI on FUV attenua-
tion estimates from CIGALE, we reran the models from SED
modeling Case 2 (as described in Sectiof) removing the
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MIRI data from the ts. We then compared the FUV attenu-
ation estimates and found that the uncertainty in the FUV at-
tenuation increases by an order of magnitude when the MIRI
data are excluded. Both of our calibrations are dependent on
dust-corrected FUV luminosity, which was corrected for dust
with A(FUV) output from CIGALE. This is why the MIRI
data are included in our Case 2 SED modeling. We plan to
study this further in a future work where we will explore the
mid-IR luminosity and SFR relation with SFR tracers that are
less sensitive to attenuation compared to the FUV.

We also consider if there is any stellar continuum contami-
nation toL;7o, which would cause our estimate to not strictly
trace the 7.7 m PAH luminosity for our selected sample.
To test this, we used the CIGALE model SED outputs that
include the individual contributions from continuum, nebu-
lar, and dust spectra to the total SED (example shown in
the top panel of Figurel). For sources with mid-IR lu-
minosities abové ;70& 1 10* erg s? the difference be-
tween the “dust” SED and the total SED is approximately
0.009 dex. Therefore, we conclude that the galaxies in our
sample that are above these luminosities do not have any
contribution from the stellar continuum. For sources below
L770. 1 10* erg s?, the PAHs are weaker, and the stel-
lar continuum can account for some of the light. To quantify
this, we examined the 14 sources below this luminosity limit
and found that ve appear to have small, but non-negligible
contribution of the stellar continuum to the;o. The mean
difference is approximately 0.06 dex between the “dust” SED
model (that includes the PAH emission) and the the total SED
from CIGALE for these ve galaxies. Therefore, the PAH
luminosity even in these cases accounts for than 87% of the
total mid-IR light.

Lastly, we have assumed that the 7.ih PAH luminos-
ity can be reasonably measured by the average ux density
in the rest-frame MIRI F770W bandpass. Whereas, other
studies have quanti ed the PAH luminosity as the integral
of the emission in the lines directly. We test the validity
of our assumption in AppendiB, but will brie y describe
it here. We used the estimated values of the HYlumi-
nosity fromKirkpatrick et al.(2023 (L+:7), which excludes
the continuum emission and integrates over the emission of
the line; this is described in Section 4.2 of their work. We
then compared.;7¢ to L77 in Figure10. We nd there is
a constant offset between the lines of 0.67 dex, and a tight
scatter of 0.24 dex. This offset is expected given the differ-
ence in the methods. In this work we comput# i, in con-
trasigoKirkpatrick et al. 2014vho calculated the line ux as
F= F d . InAppendixB we illustrate that this will lead
to an offset of approximately:6 dex, which accounts the
near-constant offset (measured to be 0.67 dex) with a tight
scatter.
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7. SUMMARY AND CONCLUSIONS

In this paper, we studied the relation between the mid-IR
luminosity at 7.7 m and the SFR in star-forming galaxies
at redshifts < z< 2. We used photometry from CEERS
MIRI, UVCANDELS, and theStefanon et al(2017) multi—
wavelength catalog and t the SEDs with CIGALE for a
sample of 120 galaxies. With the SED ts we measure the
rest-frame FUV luminosity (uncorrected for dust attenuation)
and the rest-frame 7.7m luminosity from the average rest-
frame uxinthe MIRI F770W bandl(77¢). Using the best- t
estimates of the FUV attenuatioA(FUV)) from CIGALE,
we correct the FUV luminosities for dustdyy). We then
compareLgyy and L7z, and from these we derive both a
single-wavelength calibration between the SFRlangdand
a multi-wavelength calibration between the SFR and a linear
combination of the FUV luminosity (uncorrected for dust)
andL;7o. These calibrations are given in Equatidhand9.
Our primary ndings are as follows:

* We nd that the 7.7 m PAH luminosity is well corre-
lated with the dust-corrected FUV luminosity, follow-
ing a linear relationship described by Equati®n

Using the linear relationship between the 7m and

dust-corrected FUV luminosities, we derive a single—
wavelength SFR calibration that approximates the total
SFR with the obscured SFR in EquatiBn We com- :
pare the SFR estimates from our single—wavelength
calibration to model estimated SFRs from CIGALE:s
and the SFRs from the independent catalogtefanon 4
et al.(2017. The SFRs are well correlated with a scat-s
terof sgr=0.24 dex and 0.36 dex, respectively. Wes
nd that the total SFR can be approximated with ther
measured 7.7 mluminosity reliably for galaxies over s
a wide range of luminosity and dust attenuation. °

We derive a multiiwavelength SFR calibration to es-
timate the the (dust-corrected) FUV based total SFR
using a linear combination of the FUV luminosity (not12
corrected for dust) and the 7.7m luminosity. This
method assumes an energy balance between the mid-
IR and the FUV, which considers the total SFR as a
combination of the unobscured and obscured SFR. We
compare our SFR estimates from the multi-wavelength
calibration to model estimated SFRs from CIGALE"
and theStefanon et al(2017) catalog. From these we ’
measure a scatter of spr= 0.21 dex and 0.27 dex, 20
respectively. The relatively small decrease in the scat-
ter from the single-wavelength to the multi—wavelengtﬁ2
calibration implies that these are near the systematic
accuracy of the total SFR using either calibration.

» We compard.77o measured from the average ux in
the rest-frame MIRI F770W bandpass to the indepen-
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dent estimate of the 7.7m luminosity L77) from
Kirkpatrick et al.(2023 and measure a scatter of 0.24
dex. Our estimates are offset from.; by 0.67 dex,
which is primarily due to difference in the methods
(this agrees with our estimate that the offset should be
0.6 dex based on the width of the MIRI F770W Iter
and various assumptions). This is further evidence that
the mid-IR emission at 7.7m s a good tracer of the
SFR with a limiting systematic accuracy of approxi-
mately 0.2 — 0.3 dex.

This paper demonstrates the capability of the WYPAH
emission to trace star formation with JWST/MIRI. Future
JWST surveys that explore the relation between the 7
feature and star formation in variable environments (such as
starburts, ULIRGs, or AGN) will provide more insight into
obscured star formation and the behavior of the frvPAH
feature in galaxies across redshifts.

Software: astropy fstropy Collaboration et al.
2013 2018, CIGALE (Boquien et al. 2019
Source Extractor Rertin & Arnouts 199§, Mat-
plotlib (Hunter 2007}, pandas Reback et al. 2022
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Pipeline Bushouse et al. 2022 LINMIX (Kelly 2007)

This work bene ted from support from NASA/ESA/CSA
James Webb Space Telescope through the Space Telescope
Science Institute, which is operated by the Association of
Universities for Research in Astronomy, Incorporated, un-
der NASA contract NAS5-03127. Support for program No.
JWST-ERS01345 was provided through a grant from the
STScl under NASA contract NAS5-03127. This work is
based on observations with the NASA/ESA Hubble Space
Telescope obtained at the Space Telescope Science Insti-
tute, which is operated by the Association of Universities
for Research in Astronomy, Incorporated, under NASA con-
tract NAS5- 26555. Support for Program number HST-GO-
15647 was provided through a grant from the STScl un-
der NASA contract NAS5-26555. This work bene ted from
support from the George P. and Cynthia Woods Mitchell
Institute for Fundamental Physics and Astronomy at Texas
A&M University. This research has made use of the Span-
ish Virtual Observatory (https://svo.cab.inta-csic.es) project
funded by MCIN/AEI/10.13039/501100011033/ through
grant PID2020-112949GB-100. RAW acknowledges support
from NASA JWST Interdisciplinary Scientist grants NAG5-
12460, NNX14AN10G and 8ONSSC18K0200 from GSFC.



16 RONAYNE ET AL.

APPENDIX

A. MODEL ESTIMATED STAR FORMATION RATES

CIGALE calculates several different SFRs, including an instantaneous SFR, and the SFR averaged over 10 and 100 Myr
timescales calculated from the star formation history (SFH). However, previous studies have shown that the SFR estimates can
be biased because of the assumed parameterization of theC3ifih(l et al. 201 The FUV continuum is sensitive to the SFH
over the past 100 Myr, and therefore one could expect that a SFR averaged over this timescale would be best correlated with the
FUV-SFR relation fromKennicutt & Evang2012. This is only true if the SFH does not vary signi cantly over 100 Myr. For
the case that the SFH varies on timescales faster than this, then tHg,$FRiime dependent and varies by factors of several to
an order of magnitudeReddy et al. 201R This is also true for SFHs that evolve exponentially in time (like those assumed here,
see Table?). We therefore explore the impact of the SFH on the SED-measured SFRs here.

We compare the SFR averaged over 10 Myr (§ifRand those averaged of 100 Myr (SERo) to the dust-corrected FUV
luminosity in Figure9. These plots show that while there is a strong correlation, the plots diverge from the FUV-SFR relation
from Kennicutt & Evang2012) at lower SFRs. Ultimately, we nd that SkRo shows a tighter relation to the FUV-SFR relation
with a measured scatter of 0.11 dex. In contrast, thecgfR/alues show a larger scatter of 0.215 dex. We therefore use the
SFR: values from CIGALE derived by averaging the SFH over the past 10 Myr. We do note, however, that there is an offset
between the CIGALE SFRvalues and thé.ryy values at lower SFRs. We interpret this as a result of uncertainties in the
assumed SFHs. This offset leads to the offsets seen in our relations in the main text (Figndg3, which we again attribute
to the SFHs from CIGALE.
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Figure 9. (Left:) CIGALE output SFRs measured by the average SFR over 10 @BR..10) from the SFH compared to dust-corrected FUV
luminosity. (Right:) CIGALE output SFRs measured similarly to the left, but averaged over 1009M#g;100). Both Figures are colored by
SSFR in log scale and include the FUV-SFR relation fidemnicutt & Evang2012) corrected to &habrier(2003 IMF shown in black. For
each panel we measure the scatter about the FUV-SFR relation uSR&= log(SFR:; 10=100)- log(SFR

, where log6FR is the log of the FUV-SFR relation.

B. THE RELATION BETWEEN THE 7.7 M LUMINOSITY AND THE PAH LUMINOSITY

In this work we use the rest-frame mid-IR luminosity measured in the MIRI F770W bandpass. This bandpass includes the
emission from the 7.7 m PAH feature, which is the primary feature we use as a tracer of the SFR. However, the F770W
bandpass includes the 7. PAH complex, the mid-IR continuum, and for some sources the Ar[ll] and & 16°AH feature
(Pagomenos et al. 201.8Nhile we expect the 7.7m emission to dominate the total emission in this band based on observations
of local star-forming galaxiesQhastenet et al. 2023here we consider how much of the rest-frame F770W luminosity stems
from the PAH emission.

We compare our measurements of the PAH luminosity measured from the average ux in the rest-frame MIRI F770W bandpass
(L770) to the estimated 7.7m luminosity (7.7) from Kirkpatrick et al.(2023 in Figure 10. Kirkpatrick et al. independently
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measured the luminosity in the 7.1 PAH complex for galaxies in CEERS. Here, we cross-correlated the galaxies in our sample
with those from Kirkpatrick et al., nding 86 galaxies in common to both samples. Figdmmpares the mid-IR luminosities
from our work (77¢) with the 7.7 m PAH luminosities estimated by Kirkpatrick et al. A full description of the estimation of
L7 from Kirkpatrick et al. can be found in Section 4.2 of their work (the method is the same as the measurerhgpirfor
Section 4.2), but we will brie y describe it here. This work uses mid-IR spectroscopy to estimate the continuum contribution
to the 7.7 m feature with the SMUSES sample that was observed with Spitzer/IRS. Kirkpatrick et al. selected 11 star-forming
galaxies from the SMUSES sample, which span redshifts 0.06-0.24 ahgkled 0:79- 11:63L . Kirkpatrick et al. shifted the
5MUSES spectra into rest-frame for sources that covers theni féature. They then calculatée;(5SMUSES) by tting a line
to the continuum at 7.2 and 8.20 remove the continuum and then integrating the remaining luminosity. Kirkpatrick et al. also
calculates a synthetic photometric poiint, by convolving with the appropriate transmission curve. They used thelratid
for the 5SMUSES galaxies to estimdtg-; for the MIRI galaxies, which we use for this work.
We nd that L77 is greater thar;.7 roughly by 0.67 dex with a measured scatter of 0.24 dex. The reason for this offset is
in likely because of the difference in the methods. Here we take the average ux density in the rest-frame F770W bandpass,
hf i, while Kirkpatrick et al.(2014) integrate over the continuum-subtracted line to get the total line RuxAssuming the

continuum is negligible (see above), we can take the line ux td=behf i , wherehf i is the average ux density, and
is the width of the F770W bandpass ( = 1:95 m). We further set hf i = hf i and calculate the ratio. This leads
to hf i=F = =77 m=1:95 m, which is approximately a factor of 4, or (in logarithmic units) 0.6 dex. This is very

nearly the observed offset (0.67 dex) and therefore reasonably accounts for the near constant offset and tight scatter between th
methods.
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Figure 10. (Top:) The 7.7 m luminosity estimated fronKirkpatrick et al. (2023 compared td_;7o, with points colored by stellar mass
estimated from CIGALE in log scale. The dark purple line shows the one to one relation. (Bottom:) Measured scatter about the one-to-one
relation, which is measured byL = log(L770) - log(L77). The data are colored by stellar mass in log scale. We argue that most of this offset is
expected from the differences in the different methods (see text).

C. BINNED PAH LUMINOSITY TRENDS

We test if there is any dependence between the dust-corrected FUV luminosity and the lmminosity as a function of
galaxy stellar mass and FUV attenuatidx{(KUV)), using the values estimated by CIGALE. If rest-frame 7uid luminosity
directly traces the total SFR, we expect this ratio to be.
To study any general trends in the data we measure ratio of the dust-corrected UV luminosity to thel@nfinosity as
a function of stellar mass am{FUV). Figure11 shows the results. At lower stellar masses1(0®**M ) the galaxies in our
sample have much higher ratios of FUV luminosity to the 7ud luminosity, which reaches as high as a factor of 6. These
galaxies tend to be optically thi\; < 1). For galaxies with higher stellar masses10**M ) the dust attenuation and the
7.7 mluminosity increase with increasing stellar mass. In this case, we have already shown that timedufriinosity scales
with the total SFR (see Figur®. The ratio ofLgyy=L77¢ dropping to unity for high stellar masses and high dust attenuation
implies the existence of an additional source of PAH heating in these galaxies. This is expected as there exists heating from
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longer-lived stellar populations instead of fromiHegions Boselli et al. 200%. Therefore, it is most likely that these observed
trends in our sample are caused by additional PAH heating (most likely from older stars) for galaxies at such high stellar mass.

Lruv
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Figure 11. Binned ratio between dust-corrected FUV and PAH luminosity compared to the stellar mass in log scale (left) and FUV attenuation
(A(FUV)) (right) . Both the stellar mass a#dFUV) are estimated from CIGALE as described in Sectloh The dark purple dashed line in

both panels are thie-yy = Ly7o line.
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