\
Ostro-ph Seminav 2023, 11,02 Rysn Ohsowion e
=== Stelar umatiemated
. Nebutar emision
v 2310.07266v2  AD scbmited Rl S JL
D Observed lues
CEERS: 7.7 um PAH Star Formation Rate Calibration with JWST MIRI 100 [ ¥ Observedupperiimis
2
KAILA RONAYNE @12 Casey ParovicH ©,12 Guang YanG ©,>4 Lu SHeN ©@,'2 MARrk DickinsoN @3 B
ROBERT KENNICUTT ©,"2¢ ANaHITA ALAVI 8,7 PABLO ARRABAL HARO ®° MicaELA B. BAGLEY ©,® DENIS BuRGARELLA ©,° @ 107t i
AURELIEN LE BAIL ©,'° Eric F. BELL @,"! Nikko J. CLErR1 @,"2 JusTIN CoLE @,"2 Luca Co. TN ©,!2 Jj’l Lo}
ALEXANDER DE LA VEGA ©,'* EMANUELE DapDI ©,'° DavID ELBAZ ©,'° STEVEN L. FINKELSTEIN &% 102 ~;:,ﬂ
NORMAN A. GROGIN ©,'* BENNE W. HOLWERDA "5 JEYHAN S. KARTALTEPE (9,'¢ ALLISON KiRKPATRICK 2,7
ANTON M. KOEKEMOER ©,'® Ray A. Lucas ©," BENJAMIN MAGNELLI ©,'° BAHRAM MoBASHER 8,13 1653 ‘[
PABLO G. PEREZ-GONZALEZ ,%° Laura PricHARD ©,"* Marc RareLskl &,'%2! GiuLia RopiGHiEro 8,222 L T Chomions
BEN SUNNQUIST ©," Harry 1. TEPLITZ @2 XN WaNG .2 RoGIER A. WINDHORST .2 AND L. Y. AARON YUNG B?7-* ] . L +
B8 OpF-—pohH - ¢ t
We test the relationship between UV-derived star formation rates (SFRs) and the 7.7 pum polycyclic aromatic 28 2=0.32
hydrocarbon (PAH) luminosities from the integrated emission of galaxies at z ~ 0—2. We utilize multi-band = 100 1ot 107
photometry covering 0.2 — 160 um from HST, CFHT, JWST, Spitzer, and Herschel for galaxies in the Cosmic Observed A (um)
Evolution Early Release Science (CEERS) Survey. We perform spectral energy distribution (SED) modeling of ] o . ] - "
3 - 5 Figure 4. Each panel shows an example of the best-fit SEDs from CIGALE for sources in the selected sample in order of increasing redshift
these data to measure dust-corrected far-UV (FUV) luminosities, Lgyy, and UV-derived SFRs. We then fit SED (10p 1o bottom). The data in cach plot show the measured flux densities with cach curves representing different model components (sce panel
. . e o legend). The location of the observed 7.7 um fi s highlighted h panel by th l w. To the right of each panel are 10" x 10"
models to the JWST/MIRI 7.7 — 21 um CEERS data to derive rest-frame 7.7 gm luminosities, L770, using the ;ii:g: samps of the CEERS HST FIGOW (1op), composite RGB image of INSTIMIRI F1000W (5) + FIZS0W (G + FISOOW (R¥middie
average flux density in the rest-frame MIRI F770W bandpass. We observe a correlation between L7 and Lruy, AR festore e o th et MIR! b At <0317 PAH el e IO b, withan sl AR
where log Ly7g  (1.27£0.04)log Lgyy . Ly7o diverges from this relation for galaxies at lower metallicities, lower e oo b g e
dust obscuration, and for galaxies dominated by evolved stellar populations. We derive a “single-wavelength”
SFR calibration for L;79 which has a scatter from model estimated SFRs (oaspr) of 0.24 dex. We derive SFR (M
s s By . e L (Molyr)
a “multi-wavelength” calibration for the linear-combination of the observed FUV luminosity (uncorrected for 1022 101 100 10t 102
dust) and the rest-frame 7.7 gm luminosity, which has a scatter of 0 Aspr=0.21 dex. The relatively small decrease " L A . " .
in o suggests this is near the systematic accuracy of the total SFRs using either calibration. These results 190 105
demonstrate that the rest-frame 7.7 zm 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 10%
of attenuation and metallicity. 10.0
104 —~
Bac(:amc( ) 1
o b o( : D e 05 =
PAH: . \Ipdﬁ\qﬁ o CWLohMGeOMS uSt g\mm\'} g 10°4 3
= s
efficently obso UV potws 8. veemt I fe nen- od wid-efiared. R 1o 0 2
AL =~
o, \
A Leotine o FFpm is as stveg as (0% st s‘kn-:Fwn-é gl o @
. . L85 g
\
The TR pon Lestue. com be a g00d, extiuctionfree SR Indieator . %
10 g
F8o0 ©
The owalability of e 7-7pm‘9w&0rc was oy eamined v the loed Unverse . i &
. \ ° o ©
(ade ot Senrfiotty w the MIR wwelcvsi"hs = JWST/ S ooloia 0 % 3
< 8 go.ov '{
= °
MM ~1{0a,=0.289 dex I
1041 1042 1043 1044 1045
k N
2 HIRI| C\‘de\s I the CEERS wvey . Lruv (ergls)
T )
e OVCASBLES + JWRT MIRI phofmeryy ( PRV, Floos?, HEOW, Figao .
()< 266 . Shosa Lo RSooW, F vor, F2\00u0
o
e i testehame R baod. Sowees hths aeo. wioe acastbe Lee JIST.
 HSTF160W [ MIRIF1800W
3 < & ° 10% L1012
10%
104 L 10n
10%
— —
2l “n ~
~ ~ 10%
R 2 I L 100 :i’
- % 8 w0 s =
102
w % E 10° E
% :]. 109 5 ~
2 . 104 '
= oA, ertnction-Conected FON Llow of == Lo comespordiy to (55 —’ﬁ
l’ 1 b
w | 4 e Sehebod Powples T
7 =4 e Spitzer MIPS 24 ym S/N >4
',' --- approx. completeness limit --- approx. completeness limit 107
10% 10% .
000 025 050 075 100 125 150 175 20 000 025 050 075 100 125 150 175 2.00
z z

o~ P eraple of SED Pt with CIGALE .
dest odfervoted 'emr-D\T lw\mgﬁ‘é' LRN',o'nS
Aust odkrtien or FOT, AGov)
lost (OMpe-mvaged OF SFR | SFR.
vest-frome ZFpmn [winoty | Lo
ste et e PRI photoelvy os @ uge ot on AGROT) estinghon.
Thus, AU ad SFRe o net Mdeperdad of [0 .

Rawes 67

107 { Shghe woelongth olibrot on o | fos
Lo Vs cavedrd o Liov
10t] Then Leow )s comeed o IR 100 _
5 s
B 100 ] 95
g S
o))
[~ 9.0 O
LL 10 —_
) »
3 o5 &
10-2 4 As‘fs‘i’awﬁ\c offet o SFRc >
‘poss'.bl«a we To o o
SFR
i assontion &€ SFH () d L 8.0 %
o~ 0.24 dex =
i wn
Eé . al o &8s S o o 7.5
(f) 0 fF=mmm—— = e Qe 2 -’-'-.—-— )
< -1 10g(SFRy 7m) = (0.787 £0.03)log(Ly0) (3.8 +:2)
i i . i 170
102 107! 10° 10! 102
SFR7.7pm (Mo/yr)
107§ pandh -wNNZ.[eng» calibroction o - fos
aneé on *LQ. Am‘sh\\w
LF I R R 100 _
5 s
S
;? 10° 4 - 9.5 .~
3 . 3
5 1071 4 5 ~the avthoa pthboste e, W e
%)) ° dr@erm ‘(B the SFH &Sw?\%m g
-2 | g5 @©
10 o SFRc =
o
SFRM15 L 6o (:U
10~ 0 e 8
T~ ex
g 1 ()
SIS oo SGaIRNIS o 5 ||| -
<] -19 10gSF Rpuv+7.7um = 10g(Lruy,,, +1nL770) —43.32
L-7.0

10‘ 10U 101 10?

SFRruv +7.7um (Mo/yr)

10‘2



2310.07766v2 [astro-ph.GA] 13 Oct 2023

arxXiv

DRAFT VERSION OCTOBER 16, 2023
Typeset using IXTEX twocolumn style in AASTeX631

CEERS: 7.7 um PAH Star Formation Rate Calibration with JWST MIRI

KAILA RONAYNE 2,12 CASEY PapovicH 2,12 GUANG YANG @2 *# Lu SHEN (2,12 MARK DICKINSON (23
ROBERT KENNICUTT 2,126 ANAHITA ALAVI (2.7 PABLO ARRABAL HARO 223 MicAELA B. BAGLEY 2,8 DENIS BURGARELLA 2°
AURELIEN LE BAIL @' Eric F. BELL &,'" Nikko J. CLERI 2,12 JusTIN CoLE 2,12 Luca CoSTANTIN (2,12

ALEXANDER DE LA VEGA 2,'3 EMANUELE DaDDI 2,'° DavID ELBAZ 2% STEVEN L. FINKELSTEIN (28

NORMAN A. GROGIN £,'* BENNE W. HOLWERDA 2,5 JEYHAN S. KARTALTEPE 2,'® ALLISON KIRKPATRICK 2,
ANTON M. KOEKEMOER (2.'8 RaY A. Lucas 2, BENJAMIN MAGNELLI 2,'° BAHRAM MOBASHER 2,3

PABLO G. PEREZ-GONZALEZ 9,2 LAURA PRICHARD 2,'* MARC RAFELSKI 2,'%2! GruL1A RODIGHIERO &2,

BEN SUNNQUIST 2,'° HARRY 1. TEPLITZ 2,2* XIN WANG 22> ROGIER A. WINDHORST 2 2% AND L. Y. AARON YUNG

17

22,23
27, *

I Department of Physics and Astronomy, Texas A&M University, College Station, TX, 77843-4242 USA
2George P. and Cynthia Woods Mitchell Institute for Fundamental Physics and Astronomy, Texas A&M University, College Station, TX, 77843-4242 USA
3 Kapteyn Astronomical Institute, University of Groningen, P.O. Box 800, 9700 AV Groningen, The Netherlands
4SRON Netherlands Institute for Space Research, Postbus 800, 9700 AV Groningen, The Netherlands
SNSF’s National Optical-Infrared Astronomy Research Laboratory, 950 N. Cherry Ave., Tucson, AZ 85719, USA
Department of Astronomy and Steward Observatory, University of Arizona, Tucson, AZ 85721, USA
TIPAC, California Institute of Technology, 1200 E. California Boulevard, Pasadena, CA 91125, USA
8 Department of Astronomy, The University of Texas at Austin, Austin, TX, USA
9Aix Marseille Univ, CNRS, CNES, LAM Marseille, France
10 Université Paris-Saclay, Université Paris Cité, CEA, CNRS, AIM, 91191, Gif-sur-Yvette, France
" Department of Astronomy, University of Michigan, 1085 S. University Ave, Ann Arbor, MI 48109-1107, USA
12Centro de Astrobiologia (CAB), CSIC-INTA, Ctra de Ajalvir km 4, Torrejon de Ardoz, 28850, Madrid, Spain
B3 Department of Physics and Astronomy, University of California, 900 University Ave, Riverside, CA 92521, USA
1Z‘S‘Dace Telescope Science Institute, Baltimore, MD, USA
15physics & Astronomy Department, University of Louisville, 40292 KY, Louisville, USA

161 aboratory for Multiwavelength Astrophysics, School of Physics and Astronomy, Rochester Institute of Technology, 84 Lomb Memorial Drive, Rochester, NY
14623, USA

" Department of Physics and Astronomy, University of Kansas, Lawrence, KS 66045, USA
18Space Telescope Science Institute, 3700 San Martin Dr., Baltimore, MD 21218, USA
19Space Telescope Science Institute, 3700 San Martin Drive, Baltimore, MD 21218, USA
20Centro de Astrobiologia (CAB), CSIC-INTA, Ctra. de Ajalvir km 4, Torrejon de Ardoz, E-28850, Madrid, Spain
21 Department of Physics and Astronomy, Johns Hopkins University, Baltimore, MD 21218, USA
22 Department of Physics and Astronomy, Universita degli Studi di Padova, Vicolo dell’ Osservatorio 3, I-35122, Padova, Italy
23INAF - Osservatorio Astronomico di Padova, Vicolo dell’Osservatorio 5, 1-35122, Padova, Italy
24IPAC, Mail Code 314-6, California Institute of Technology, 1200 E. California Blvd., Pasadena CA, 91125, USA
25 School of Astronomy and Space Sciences, University of the Chinese Academy of Sciences (UCAS), Beijing 100049, China
26School of Earth and Space Exploration, Arizona State University, Tempe, AZ 85287-1404, USA
27Astrophysics Science Division, NASA Goddard Space Flight Center, 8800 Greenbelt Rd, Greenbelt, MD 20771, USA

(Received xx xx xxxx; Revised xx xx xxxx; Accepted XX XX XXXX)

ABSTRACT

We test the relationship between UV-derived star formation rates (SFRs) and the 7.7 um polycyclic aromatic
hydrocarbon (PAH) luminosities from the integrated emission of galaxies at z ~ 0—2. We utilize multi-band
photometry covering 0.2 — 160 pum 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) luminosities, Lyyy, and UV-derived SERs. We then fit SED
models to the JWST/MIRI 7.7 — 21 ym CEERS data to derive rest-frame 7.7 pm luminosities, 779, using the
average flux density in the rest-frame MIRI F770W bandpass. We observe a correlation between L779 and Lryy,
where log L77g oc (1.27+0.04)log Lryy. Ly7g diverges 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 for L77p which has a scatter from model estimated SFRs (casgr) 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 7.7 ym luminosity, which has a scatter of o Aspr=0.21 dex. The relatively small decrease
in o suggests this is near the systematic accuracy of the total SFRs using either calibration. These results
demonstrate that the rest-frame 7.7 yum 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

Measuring the rate that galaxies form stars (the star-
formation rate, SFR) remains a challenge in astrophysics.
SFRs are not measured directly, but rather estimated based
on observations of the direct or reprocessed light produced
by young stars. In turn this estimation is extrapolated to a
total SFR based on assumptions of the stellar initial mass
function (IMF, see reviews by Kennicutt 1998; Kennicutt &
Evans 2012). There have been a number of empirically de-
rived SFR calibrations making use of the continuum or emis-
sion lines that have demonstrated to be indicative of the short-
lived stellar populations in galaxies (e.g., Calzetti et al. 2007;
Houck et al. 2007; Kennicutt et al. 2009; Hernan-Caballero
et al. 2009; Hao et al. 2011; Shipley et al. 2016; Xie & Ho
2019; Cleri et al. 2022). Such tracers of star formation range
from the X-ray to the radio, and exhibit varying ability to es-
timate SFRs without large uncertainties (with calibration sys-
tematics on the order of 30%, Kennicutt 1998), where at least
some of this is contingent upon the properties of a galaxy (e.g
stellar mass, optical depth, etc., Kennicutt & Evans 2012).
Understanding the galaxy properties that limit the accuracy
of SFR tracers is crucial. Frequently employed SFR trac-
ers such as Ha, Far-UV (FUV), Near-UV (NUV), and even
the widely recognized Pac suffer from attenuation by dust
(Calzetti et al. 1994; Papovich et al. 2009), which can reduce
the certainty of SFR estimates when employed for dust ob-
scured galaxies (Kennicutt 1998).

Another complication is that most of the stellar light from
galaxies at cosmic noon is absorbed and then emitted again
at longer wavelengths, where obscured galaxies contribute
up to ~80% of the star-forming population for z ~ 1 -3
(Madau & Dickinson 2014). As such, calibrations for trac-
ers that are capable of measuring SFRs for obscured galaxies
are essential for discerning the overall picture of star forma-
tion during these epochs. The infrared (IR) has been fre-
quently employed for this purpose in the obscured population
of galaxies, more specifically the total IR luminosity (Ltr=
3um — 1100pum), the mid-IR polycyclic aromatic hydrocar-
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bons (PAHs), and the 24 pm feature (see, e.g., Kennicutt &
Evans 2012). Tracers that rely on far-IR data have not had
much recent studies since the end of far- IR space based mis-
sions such as Spitzer, Herschel, the Infrared Astronomical
Satellite (IRAS), and the Infrared Space Observatory (ISO).
As JWST (Gardner et al. 2006) continues to unveil new dust
obscured galaxies, there is a growing need for new methods
to study star formation.

The mid-IR offers new opportunities to explore star forma-
tion in dust obscured galaxies, which is imperative for under-
standing the new era of galaxies uncovered with JWST. The
mid-IR covers strong PAH emission features at rest-frame
wavelengths 3 — 18 pm, and are found in photo-dissociation
regions surrounding HII regions (Calzetti et al. 2007; Smith
et al. 2007). PAHs contribute up to 20% of the total-IR lumi-
nosity for star-forming galaxies (Elbaz et al. 2011), with the
7.7 um feature consisting of up to half of the total PAH lu-
minosity (Smith et al. 2007). The 7.7 ym PAH emission has
been shown in previous works to correlate with the SFR for
resolved star-forming regions (Calzetti et al. 2007) and for
the integrated emission of galaxies (Houck et al. 2007; Pope
et al. 2008; Herndn-Caballero et al. 2009; Pope et al. 2013;
Cluver et al. 2014; Shipley et al. 2016; Xie & Ho 2019).
However, the correlation between the PAH emission and the
SFR at z > 1 for large samples remain an unexplored territory
in literature due to the sensitivity of available IR instruments
prior to the launch of JWST.

The JWST mid-IR instrument (MIRI, Wright et al. 2023)
is sensitive to the emission from galaxies at wavelengths
~ 5—28 pm, including those from the PAH features at an
unprecedented level. Results from the first year of JWST
highlight the capability of MIRI to trace the PAH features
and constrain the 7.7 um PAH emission (e.g., Chastenet et al.
2022; Evans et al. 2022; Dale et al. 2023; Kirkpatrick et al.
2023; Shen et al. 2023; Yang et al. 2023a). The 7.7 pm emis-
sion can be observed up to a redshift of 2 with the available
MIRI bands, and can achieve depths up to two orders of mag-
nitude fainter than Spitzer. There have yet to be galaxy-scale
star formation (SF) studies done for the 7.7 pum with MIRI,
with the exception of preliminary tests from Shipley et al.
(2016) and Kirkpatrick et al. (2023). MIRI observations al-
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low us to probe the faint end of the relation between the 7.7
wm feature and SFR that has yet to be observed by any of the
JWST predecessors out to z ~ 2.

This paper presents one of the first tests of the rest-frame
7.7 pm 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) survey (Finkel-
stein et al. 2017; Yang et al. 2023a). We use the model
SEDs to measure the rest-frame observed FUV luminosity
(un-corrected for dust), FUV attenuation (A(FUV)), stellar
mass, and SFR. In addition, we perform SED modeling of the
CEERS JWST/MIRI 7.7 — 21 pm data to measure the rest-
frame 7.7 pm luminosity measured using the average flux-
density in the MIRI F770W bandpass (L779). We compare
the correlation between the dust-corrected FUV luminosity
and L77¢, and use the relation to derive a “single—wavelength”
SFER calibration. We then model the dust corrected FUV lu-
minosity using a linear combination of the observed FUV lu-
minosity and L77¢ for a “multi-wavelength” SFR calibration.

The outline of this paper is as follows. Section 2 provides
an overview of our UV, optical, mid-IR, and far-IR imaging
and multi-wavelength catalogs. We describe our selection
methods and sample in Section 3. Section 4 describes our
SED modeling and measurements of the rest- frame L;7o and
observed FUV luminosities, as well as our prescription for at-
tenuation. In Section 5 we show our results and discuss their
implications in addition to caveats in Section 6. Lastly, our
summary and main conclusions are in Section 7. Through-
out this paper all magnitudes are presented in the AB system
(Oke & Gunn 1983; Fukugita et al. 1996). We use the stan-
dard Lambda cold dark matter (ACDM) cosmology with Hy
=70 km Mpc~'s™', Qx =0.70, and 2y = 0.30.

2. DATA

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

CEERS (Finkelstein et al. 2017) (Proposal ID #1345) cov-
ers ~100 sq. arcmin with JWST imaging and spectroscopy,
targeting the Extended Groth Strip (EGS, Davis et al. 2007).
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 filters: F770W, F1000W, F1280W, F1500W,
F1800W and F2100W (see Bagley et al. 2023 and Yang et al.
2023a). Importantly, these two fields have overlap with the
Cosmic Assembly Near- infrared Deep Extragalactic Legacy
Survey (CANDELS, Grogin et al. 2011; Koekemoer et al.
2011) and they are the only two such CEERS MIRI fields that

have follow-up UV imaging from Hubble Space Telescope
(HST) as part of the UVCANDELS program (Wang et al.
2020). This provides coverage from 0.2 — 1.8 pm 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 FS60W and F770W to study the
stellar populations of more distant galaxies (z > 4, Papovich
et al. 2023) and only trace the 7.7 um 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. (2023a), but will briefly be described
here (also see Yang et al. 2021; Kirkpatrick et al. 2023; Shen
et al. 2023; Yang et al. 2023b).

The MIRI images were processed with the JWST CAL-
IBRATION PIPELINE (v1.10.2) (Bushouse et al. 2022) pri-
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 fields 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 in Bagley et al. 2023) prior to stage
3 processing in the pipeline. This results in the final 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 fluxes
matched to the existing CANDELS HST catalogs.

The MIRI photometry is measured from sources selected
from the CANDELS WFC3 catalog (Stefanon et al. 2017,
and see below) with T-PHOT (v2.0, Merlin et al. 2016).
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 WebbPSF (Perrin et al. 2012). The ker-
nels are then constructed to match the PSF from the CAN-
DELS/WFC3 F160W image (FWHM of ~ 0.2")) to the MIRI
images (FWHM of ~ 0.2" - 0.5")) to extract source photom-
etry with T-PHOT. These fluxes and their uncertainties for
each source are used as the MIRI catalog. We note that the
MIRI flux calibration has since been updated from Yang et al.
(2023a) 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 from Stefanon et al. (2017), which pro-
vides matched-aperture photometry for a larger range of ob-
servations covering 0.4 — 8 pum in the EGS field built upon the

I Please visit the following link for more.
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HST F160W MIRI F1800W
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Figure 1. HST F160W (left) and MIRI F1800W (right) for fields CEERS MIRI 1 (top row) and CEERS MIRI 2 (bottom row). Blue squares
are sources with m(F160W) < 26.6 mag at z < 2, and purple circles (diameter of 2.6" for scale) are sources with S/N(rest-frame 7.7pm) > 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-measured
SFRs from CIGALE (SFRc, section 4.1) 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 region from Whitaker et al. (2014).

CANDELS, All-wavelength Extended Groth strip Interna-
tional Survey (AEGIS), and 3D-HST program with imaging
from Canada France Hawaii Telescope (CFHT)/MegaCam,
NEWFIRM/NEWFIRM, CFHT/WIRCAM, HST/ACS,
HST/WFC3, and Spitzer/IRAC. The catalog also includes
photometric redshifts and estimated properties from SED
fitting of the multi-wavelength photometry, which were in-
dependently carried out by 10 different groups, each using
different codes and/or SED templates including FAST (Kriek
et al. 2018), HyperZ (Bolzonella et al. 2000), Le Phare (II-
bert et al. 2006), WikZ (Wiklind et al. 2008), SpeedyMC
(Acquaviva et al. 2012), and other available codes (Fontana
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 surveys (Coil et al. 2004; Willner et al.
2006; Cooper et al. 2011; Cooper et al. 2012; Newman et al.
2013), and the photometric redshifts are measured using the
methods outlined from Dahlen 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 field 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 SFR ~ 0.2 Myr™!)
at z =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. 2015). The

smaller optical apertures without degradation to the image
quality allows the UV-optimized photometry method to reach
the expected 5o point-source depth of 27 mag in F275W.
The UV-optimized photometry yields a factor of ~ 1.5% 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. 2017).

2.4. Spitzer and Herschel Far-IR Data Imaging

We also use Spitzer MIPS 24 um and Herschel PACS 100
and 160 pm photometry for the EGS field from the “super-
deblended” catalog of Le Bail et al.(in prep, as briefly de-
scribed in Le Bail et al. 2023). This catalog was devel-
oped following the methods outlined in Jin et al. (2018) and
Liu et al. (2018) for COSMOS and GOODS-N respectively,
where specifically the MIPS and PACS photometry were ex-
tracted by PSF fitting 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 fields CEERS
MIRI 1 and CEERS MIRI 2 with F160W magnitude < 26.6
mag (i.e., at the 90% completeness limit, see Shen et al.
2023). We select these fields 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 21 pm. We further
restrict our sample to have z < 2 in order to ensure that the 7.7
pm PAH feature falls within the wavelength coverage of the
MIRI bands. This work utilizes spectroscopic redshifts when
available from Stefanon et al. (2017) and compiled from the
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literature (N. Hathi, private communication). After visually
inspecting the faintest objects in the MIRI mosaics, we deter-
mine that robust detections are possible for objects with S/N
> 4. We then require that objects have detections more sig-
nificant than 4o in the MIRI band in which the 7.7 um PAH
feature resides (i.e., the band that includes (1+z) x 7.7 um).
On average with MIRI we detect one-third of the sources de-
tected by HST/F160W in the redshift range 0 < z < 2 (see
Figure 1). In addition to identifying faint objects in the
MIRI mosaics, we also flag galaxies that either reside on the
edge of the image (where there is less exposure time) or that
experience contamination from bright sources or diffraction
spikes. Such galaxies are marked with mosaicFlag = 1.
We then only select galaxies with mosaicFlag =0 for this
work. We also identify and remove galaxies with AGN in our
sample by using the IRAC color selection from Donley et al.
(2012).

Lastly, we apply a selection to ensure we include only ac-
tively star-forming galaxies that are along the star-forming
main sequence, as defined by Whitaker et al. (2014). Using
the SFR and stellar mass estimates from our modeling of the
SEDs (see Section 4.1 below), we measure ASFRy,s defined
as |1og(SFRuys) —10g(SFRc)|. SFRc is the model-estimated
SFR from the SED fitting with CIGALE as described in Sec-
tion 4.1 (the subscript “C” stands for CIGALE). SFRys is
the value of the main-sequence SFR from Whitaker et al.
(2014) at a fixed stellar mass and redshift. Through visual
inspection of our sources along the star-forming main se-
quence (Figure 2), we determine that ASFRys < 0.6 dex is
sufficient to select only star-forming galaxies in our sample
(that is, we select galaxies that have a SFR within a factor
of ~4 of the SFRyg). This selection removes both quench-
ing/quenched galaxies (those below SFRys) and galaxies
in a “burst” that lie above SFRys. Starbursts can also lie
within the star-forming main sequence (see Elbaz et al. 2018;
Goémez-Guijarro et al. 2022), which can be diagnosed using
the ratio of the total IR luminosity and the PAH luminosity.
We cannot consider such sources here as less than 1% of our
sources have coverage in the far-IR (at ~70-160 pm), 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 Table 1.

3.2. Sample Properties

Figure 3 shows the distribution of the rest-frame 7.7 um
luminosity (L77¢) and dust-corrected FUV luminosity (Lgyy,
see Section 4.1 and 4.2) as a function of redshift for the
120 galaxies in our final sample (see Table 1). The major-
ity (87%) of galaxies in our sample reside at z > 0.5, and
the majority (89%) have inferred Lt values above 10° L.
The final sample includes a large range of dust—attenuation

Table 1. Summary of Sample Selection

Selection Criteria # of Galaxies

Initial Sample with m(F160W) < 26.6 mag 816
Redshift range: 0 < z < 2 607

MIRI brightness: S/N(rest-frame 7.7um) > 4 189
Sufficient coverage: MIRI mosaicFlag=0 173
Not an AGN: AGN flag =0 173

Final sample with [(log(ASFRus))! < 0.6 120

in the visual (Ay, estimated from the CIGALE SED fits in
Section 4.1), ranging from Ay = 0.35 mag to 3 mag. The
MIRI data detect the mid-IR emission of galaxies at much
fainter flux densities than previous instruments. For exam-
ple, only four out of 15 galaxies in our sample at z > 1.8
have a Spitzer/MIPS 24 pm detections with S/N > 4. This
is relevant because it is at this redshift where the 7.7 um fea-
ture would have been observed by Spitzer at 24 um. These
four galaxies have an average Lyir of roughly 7 x 10'! Lg,
whereas at the same redshifts MIRI is sensitive to the mid-IR
emission from sources down to 4 x 10'° L, more than an
order of magnitude fainter. With increased sensitivity from
MIRI, we are able to observe SFR. as faint as 1072 M er‘1
up to ~ 10> Moyr~'. With this, our final sample encom-
passes a wide range of galaxies with considerably varying
star-forming activity, dust obscuration, and total IR luminosi-
ties for redshifts up to 2. We explore how different properties
of our sample (e.g., mass or attenuation) impact the ability of
PAH to trace SF in Section 6.

4. METHODS
4.1. SED Modeling

We model the SEDs built from the multi—-wavelength pho-
tometry for our sample with CIGALE (Boquien et al. 2019).
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 flexible attenuation curves. The d12014
module used for this work considers a multi-component dust
emission based on the Draine et al. (2014) models. The first
dust emission component considers heating from a single
source such as a stellar population, whereas the second con-
siders variable heating linked to star-forming regions (Bo-
quien et al. 2019). CIGALE uses a large grid of models that
is fitted to the data where the physical properties are then es-
timated by analyzing the likelihood distribution.
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Figure 3. (Left:) Dust-corrected UV luminosity Lryv compared to redshift for our final sample. The black dashed line shows the approximate
90% completeness limit of the UV-CANDELS data. (Right:) L;79 versus redshift for our final sample. The right ordinate shows the correspond-
ing Ltr estimated from our SED modeling. The black dashed line in each redshift bin indicates the 4o limit with MIRI.

We consider two different SED modeling cases for this
study where we fit the data with CIGALE. For both cases

Table 2. CIGALE parameters used for SED fitting

we use the same parameters as shown in Table 2 at fixed red- Module Parameter Input Value(s)
shifts. In Case 1, we fit models to the MIRI data only for SFH: 7 [Myr] 0.1,0.5,1.0,5.0
each object to test the capability of CIGALE to derive the SFR(t) o< ﬁ xexp(=)  t[Myr] 0.5, 1.0, 3.0, 5.0, 7.0
rest-frame 7.7 pum luminosity. This is to ensure that the mea- Simple stellar population: ~ IMF Chabrier (2003)
sured rest-frame 7.7 pym luminosity is not influenced by the Bruzual & Charlot (2003)  Metallicity Z5 =0.02
rest of the galaxy multi-wavelength SED. Dust attenuation: EB-V), 0.1,03,0.5,0.8

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. power-law slope =03,-0.1,00

While we include far-IR data when available, only 23 of Dust Emission: dpah 0.47,1.77,3.19, 4.58,
the 120 galaxies in our sample have a S/N > 4 detection Draine et al. (2014) 05'2951’ (7)'352 020,35
from MIPS 24 pim, and only one source is detected by Her- Homin S

Y 0, 0.005, 0.1, 0.02

shel/PACS at 160 pm. Given that CIGALE is dependent on
the principle of an energy balance, the MIRI data play a sig-
nificant role for the Case 2 SED fitting. We will visit the
significance of the MIRI data on the Case 2 models further in
Section 6.3.

We use the results from the Case 2 fits to measure the (1)
observed FUV luminosity, defined by equation 3, (2) the stel-
lar mass, (3) the SFR¢, and (4) the estimated FUV dust at-
tenuation (A(FUV)). We note that SFR¢ is the SFR averaged
over the previous 10 Myr using the fitted star-formation his-
tories (we discuss this further in Appendix A).

Figure 4 shows example CIGALE SED fits 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
mean reduced x? for our final sample to be 1.65 and 1.53
respectively.

4.2. SED Integration and Luminosity Calculation

We calculate the average rest-frame flux in the MIRI
F770W band ({Fy79)) as an approximation for the 7.7 pm

Redshift

z

Fixed at z of

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

communication)

NOTE—The default CIGALE values were used for parameters not listed in this
table.

brightness. The distinction in notation primarily serves as a
reminder of our methodology for measuring the 7.7 pm flux
in this study. To calculate (Fy79) we use,

A T ()F,) v dv
fc/6.4,um : M

(Fr70) =
¢/8.8m T(w)/v dv

Where F, and v are the flux and frequency from the model
SEDs output from Case 1. T'(v) is the MIRI F770W transmis-
sion filter taken from the Spanish Virtual Observatory (Ro-
drigo et al. 2012; Rodrigo & Solano 2020). We then measure

<F:Ro> is PM'U\~M¢'\3Q4 'ﬁw& O[wg\l‘fj?
G\\rewged e Qac(u«m& olomrln
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Figure 4. Each panel shows an example of the best-fit 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 flux densities with each curves representing different model components (see panel
legend). The location of the observed 7.7 pm feature is highlighted in each panel by the purple arrow. To the right of each panel are 10" x 10"
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 the 7.7 um
PAH feature redshifts through the different MIRI bands. At z=0.32, the 7.7 um PAH feature falls in the F1000W band, with an additional PAH
feature that peaks at F1IS00W which makes the image “purple”. At z=1.02, the 7.7 um PAH feature falls in the F1500W band, making the
middle image “red” and the bottom image “blue”. At z=2.0, the PAH feature falls in the F2100W band, making the bottom image “red”.
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the PAH luminosity as, \(

La70 = 47(Dp)*(Fri0) V1 7,m) - )

Where Dy is the luminosity distance, calculated with the as-
tropy.cosmology package in python, and v 7 is the rest-frame
frequency at 7.7 ym (v77 =c¢/7.7 pm).

We note that the rest-frame 7.7 pm contains the bright
emission from the 7.7 PAH complex and the dust continuum
(and we make no correction for the latter). L;7¢ 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 7.7 ym 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 that (Fy79) is
dominated by the equivalent width of the 7.7 pm PAH emis-
sion in star-forming galaxies at z < 2. We explore the impact
of the dust continuum on our results in Section 6.3 and Ap-
pendix B.

We estimate the observed FUV luminosity following the
same definition as Kennicutt & Evans (2012) with a central
wavelength of 0.155 um and A\ = 0.2um. We integrate the
fitted models from CIGALE using,

N ‘Rvm dws\ft]

0.175uum
FFUVM =/ Fl,dV. (3)
_‘{_‘l\“ - ! 0.135um

The observed FUV luminosity is then corrected for dust us-
ing the Case 2 model output FUV attenuation (A(FUV)). This
yields,

Fruv = Fruv,, % 1004XAFUV) @)

Where the dust-corrected FUV luminosity is Lpyy =
4m(D)*Fruy-

4.3. Estimate of Uncertainties on Derived Quantities

We estimate the uncertainties on derived quantities, includ-
ing the rest-frame observed FUV and 7.7 pm 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 value (R) taken from a normal distribution
with mean, p =0 and variance, o?=1,1ie., N(u= 0,02 =1),
then multiplied by the observed errors, f.r, and added to the
measured flux density, f. This yields the following equation,

fnew=f+ferr X R. )

In each iteration, we re-fit the perturbed galaxy SED using
the same method outlined in Section 4.1. Following the same

equations in Section 4.2, we then measure L779 and the ob-
served FUV luminosity from each newly modelled SED for
each source. After the 1000 iterations are complete, we mea-
sure the 10 standard deviation, which is used as our uncer-
tainty estimate on these quantities. For uncertainty in the
dust-corrected FUV luminosity (Lgyy), we also consider the
model estimated uncertainties in A(FUV) and propagate ac-
cordingly for each source.

5. RESULTS

In this Section we examine the correlation between the
rest-frame dust-corrected FUV luminosity and the rest-frame
7.7 wm luminosity. Our goals for this section are to asses the
application of the 7.7 ym luminosity as a tracer of star for-
mation for the following cases: (1) retrieving information on
the total SFR when only MIRI data is available and (2) th
PAH luminosity as a tracer of obscured star formation when
FUV data is also available. From the analysis we measure
a “single—wavelength” calibration between the 7.7 ym lumi-
nosity and the dust-corrected FUV luminosity (Section 5.2).
We then also derive a “multi-wavelength” relation between
the dust-corrected FUV luminosity and a linear combination
of the observed (uncorrected for dust) FUV and 7.7 pm lumi-
nosities (Section 5.3). In both cases, we evaluate the perfor-
mance of our calibrations by comparing the estimated SFRs
derived from both single and multi-wavelength SFR calibra-
tions with SED model estimated SFRs from our work and the
independent analysis from the Stefanon et al. (2017) catalog.

5.1. The PAH-FUYV Relation

We compare the rest-frame dust-corrected FUV luminos-
ity with the rest-frame 7.7 pum luminosity in Figure 5. In this
figure 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 for a Chabrier
2003 IMF using the conversion factor from Madau & Dick-
inson 2014.

To characterize the correlation between the dust-corrected
FUV and PAH luminosities, we fit a linear relation (where
the slope is a free parameter) and unity relation (where the
slope is set to one). Specifically, we define the linear rela-
tion such that log L;79 o k X log Lgyy, where k is a constant
of proportionality. The unity relation then has k = 1. The
linear fits were measured using LINMIX, a python package
that uses a hierarchical Bayesian approach from Kelly (2007)
and accounts for uncertainties on both the dependent and in-
dependent variables. From these we obtain,

log(L770) = (] 27+ 004‘)]0g(LFUV) —(1 2.1+ 2), (6)

where the luminosities have units of erg s~'. The unity fits are
measured using curve_fit from SCIPY (Virtanen et al. 2020),

VAR qv\hh‘e\} s wsed s
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Figure 5. (Top:) L770 compared to the dust-corrected FUV luminosity. The top axis shows the corresponding SFR derived following Kennicutt
& Evans (2012) corrected for a Chabrier 2003 IMF. The green dashed line is the linear relationship (as described in Equation 6), and the purple
dashed line shows the the unity relation (as described in equation 7). (Bottom:) Scatter about the linear fit where AL = log(L770) —10g(Liinear),

with o = 0.289 dex. The data are colored by stellar mass in log scale.

which gives
log(L770) = log(Lruv) —(0.286 £ 0.001). 7

The fitted unity and linear relations are shown as the green
and purple lines respectively in Figure 5. 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 Section 6.1.

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 fit 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 find that the linear fit
shows an improved log-likelihood by a factor of ~ 1.4 when
we have added only one additional parameter. This indicates
that the data favors the linear model over the unity model.
For this reason we measure the scatter about the linear rela-
tion as opposed to the unity in the bottom panel of Figure 5.
Formally, we measure a scatter of 0.29 dex.

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 7.7 pm luminosity. We convert L77g to Lpyy
using the linear fit from equation 6, which was selected by
the AIC as mentioned in Section 5.1. We then derive SFR
from Lpyy following the relation from Kennicutt & Evans
(2012) corrected for a Chabrier (2003) IMF. The resulting
conversion is,

log(SFR7.7,m) = (0.787£0.03)log(L770)—(33.8 £2), (8)

where the SFR is measured in M, yr™! and the luminosity is
again in units of erg s~

To test the performance of this calibration we compare
the estimated values for SFR7 7, from Equation 8 to SFR¢
and independently measured SFR estimates from the Ste-
fanon et al. (2017) catalog estimated with method 2a from
(Mobasher et al. 2015, SFRyj5) in Figure 6. The work from
Mobasher et al. (2015) estimated SFRy;;5 by modeling the

P ok fhet SFRe wos estimcted sl HIRI Prefometiley. .
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Figure 6. (Top:) SFR derived from the single-wavelength cali-
bration compared to SFRc (the circular points colored by stellar
mass estimated by CIGALE) and SFRwm;s (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 ASFR = 10g(SFR7.7um) - 10g(SFR). The measured
oasrr for SFRc and SFRys is 0.24 dex and 0.36 dex respectively.

multi-wavelength photometry from the Stefanon et al. (2017)
catalog using a variety of methods. We adopt method “2a”
from Mobasher et al, which was fixed to a Chabrier (2003)
IMF and left star formation history (SFH), metallicity, ex-
tinction, and population synthesis code as free parameters.
We selected this SFR estimate from the Stefanon et al. (2017)
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 find o ag-z = 0.24 dex for
SFR¢ and 0.36 dex for SFRy;;5 respectively. We note that
there appears to be an offset in the plot where the SFR¢ val-
ues are higher than SFR; 7, at lower SFRs, but we expect
this to be a result of the star-formation histories used by the
SED modeling (see Appendix A). Regardless, the measured
scatter about the linear relation in Figure 6 is tight across all
7.7 pm luminosities.

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
pm luminosity. In principle, there should exist some energy-
balance between these two variables as they trace the total
emission from the young massive stars (e.g., Calzetti et al.
2007; Kennicutt et al. 2007). 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 7.7 ym lu-

retonaated L:] Py badk +he

dust wctinchon  Clomoted gy s 11
minosity using , 1
Lruv = Lruv obs +11L770. 9

Equation 9 is similar to the linear combination of Lyg and the
FUV luminosity discussed by Equation 11 from Kennicutt
& 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. Using curve_fit from
SCIPY we find that n =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 from Kennicutt & Evans (2012) corrected for a
Chabrier (2003) IMF. This yields,

log SFReuv+7.7,m = log(Lruv,,, + nl770)—43.32,  (10)

where n = 0.732 +0.002 from above, the SFR is in units of
Mg, 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 SFRy;5) in Figure 7. We measure the scatter between
the model estimated SFRs to that of the multi-wavelength
calibration, which results in oaspr = 0.21 dex for SFR¢ and
0.27 dex for SFRy;;5s. We again observe an offset between
the model estimated SFRs and the estimates from the multi—
wavelength calibration at SFRs below roughly 10~' Mg yr!,
which is attributable to the SFH used on the models in addi-
tion to varying galaxy properties. We explore the effects of

9.0

8.5

r8.0

Stellar Mass log(M*/Mo)

F7.5

1072 107t 10° 10! 102

SFRruv +7.7um (Mo/yr)

Figure 7. (Top:) SFR derived from the multi-wavelength calibra-
tion (shown in Equation 10) compared to SFRc (represented with
the circular points colored by stellar mass from CIGALE), and
SFRwmis (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 ASFR =1og(SF Rruv)
- log(SFR). The measured oaser for SFRc and SFRys is 0.21 dex
and 0.27 dex respectively.
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SFH on SFR¢ (see Appendix A), and the galaxy properties
which can contribute to the observed offset at these SFRs in
Section 6.1.2.

6. DISCUSSION

MIRI provides a new opportunity to quantify dust obscured
star formation for high redshift galaxies that are much fainter
than those previously accessible by any of the JWST pre-
decessors. As we have demonstrated above, the rest-frame
mid-IR luminosity measured from broad-band JWST/MIRI
data (L770) 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 Section 6.1. We then discuss what types of galaxies
depart from the FUV-PAH correlation in Sections 6.1.2 and
6.1.3. We place our results in the context of previous cal-
ibrations of the PAH luminosity in Section 6.2. Finally, we
discuss some caveats that can impact the interpretation of our
results in Section 6.3.

6.1. The Relation between the PAH Emission and SFR

In this section we consider the relation between the 7.7 um
luminosity and the SFRs in three different regimes: galax-
ies with “moderate” SFRs (~ 10—30 M, yr'!) where the
galaxies have PAH luminosities that are nearly proportional
to the total SFR; “low” SFRs (< 10 M yr '), where the
PAH luminosities of the galaxies are low compared to the to-
tal SFRs; and “high™ SFRs (= 30 M, yr'!), where the PAH
luminosities again depart from the unity relation with FUV
based SFRs as shown in Figure 5. Each SFR regime is likely
a result of different physical effects in galaxies that impact

this relation. A +he thedh 0\ Jg Cowect ?22
6.1.1. Relation at Moderate SFRs

Figure 5 highlights the capability of the PAH emission to
trace the total SFR, where we compare the rest-frame 7.7 ym
emission to the SFR from the dust-corrected FUV luminos-
ity. We find that more than half of our sample (60%) has
SFRs between 10-30 M, yr‘l, 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 7.7 pum 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.g., Houck et al. 2007,
Shipley et al. 2016, see Section 6.2 below). Here, the impli-
cation is that the 7.7 pum luminosity is directly proportional
to the SFR. The scatter in the relations is also small, with
oasrr = 0.3 dex, which is likely a systematic floor 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 first examine the prop-
erties of these sources. For this subset of our sample with

SFR~ 10—30 M, yr', the galaxies are optically thick in the
visual (the average dust attenuation is Ay ~ 1.9) with an aver-
age stellar mass of 9.5 log(M* /M). This is typical of galax-
ies at these masses/SFRs, where most of the star-formation
in such galaxies is obscured. For example, Whitaker et al.
(2017) find that ~ 70-90% of star-formation is obscured for
galaxies in this redshift and mass range. This is significant in
the era of JWST as more obscured galaxies are being discov-
ered due to the unprecedented sensitivity. It is also prudent to
consider the galaxy properties in which such an assumption
would not be valid, which we explore below.

[
<0 ¢ 6.1.2. Relation at Low SFRs

From Figure 5 we observe that at low PAH luminosities
(L0 / erg s7' > 10*) the slope of the relation between the
SFR and L77g is steeper than the unity relation. This means
that the 7.7 pum PAH luminosity is weaker (at fixed SFR or
at fixed mass), and is less of a direct tracer of the total SFR.
This occurs at stellar masses of approximately M < 103M,.
This subset of our sample corresponds to the lowest redshift
objects in our sample (z < 0.75, see Figure 3).

Observations of local galaxies show that the PAH emission
is significantly 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-poor H II regions com-
pared to metal-rich counterparts (Engelbracht et al. 2005;
Calzetti et al. 2007). 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 find that these low mass sources
have metallicities of 0.4 dex below Solar, therefore we expect
that the lower 7.7 pm 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 3 of Calzetti
et al. (2007) for H Il regions in galaxies with intermediate and
low metallicities (12+1log(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 to ~0.3 dex) even at low stellar
masses. This likely implies there is a common cause to the
decrease in the 7.7 pm 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 fields that destroy the molecules, or
delayed formation of PAH molecules in AGB stars Chastenet
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 between L7790 and SFR in our
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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
(Ay ~ 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. 2001). However, the majority
of the low-mass sources (11/14) are more obscured (Ay >
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

Figure 5 shows that at high PAH luminosities ( L779 / erg
s7! > 10*) the slope of the relation to the SFR is shallower
than the unity relation, which indicates that the 7.7 um PAH
luminosity is departing as a direct tracer of the total SFR.
Given the SFR, this occurs for galaxies with sellar masses
above approximately 10'°3M. Based on Figure 3, these
galaxies are between 1.25 < z < 2 and Lyjg > 1011L@. How-
ever, we note again that the scatter in the relation between
L770 and the SFR remains relatively small, oagpr ~ 0.3 dex,
which implies that the cause of this shallower relation be-
tween L77¢ 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 (ULIRGSs) with Lt > 10'2 /Lo
as has been seen in some studies (Pope et al. 2008; Takagi
et al. 2010; Rieke et al. 2015). 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 Figure 11), where we explore trends between the
ratio of the dust-corrected FUV luminosity to the L;7¢ lumi-
nosity as a function of stellar mass and A(FUV). We observe
the L7 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
stellar masses. Again, both processes may be at play, but the
lower scatter between L77¢p 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

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 between L7709 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 Figure 8. To ensure an
accurate comparison between calibrations, we corrected all
calibrations to a Chabrier (2003) IMF. There are other cali-
brations from literature (Hernan-Caballero et al. 2009; Xie &
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 Ha emission line, and used the relation
between Ha and SFR following Kennicutt & Evans (2012).
The sample of Shipley used Spitzer/IRS spectroscopy of rel-
atively low-redshift galaxies, with z < 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 a Chabrier (2003)
IMF. The linear single-wavelength calibration was derived
with a synthesized JWST/MIRI F770W filter, which was de-
termined to be most similar to this work. We find that our
calibration is consistent with the results from Shipley et al.
within the 68% uncertainties in the range where they are cal-

102 4

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

1072 4

1640 1641 1642 1643 1644

L7790 [erg/s]

Figure 8. Comparison of the L7790 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 from Ship-
ley et al. (2016) which used Spitzer/IRS data to predict the relation
between the MIRI F770W rest-frame luminosity and SFR. All SFR
estimates from the literature are corrected to an Chabrier (2003)
IMF. The shaded regions around each line are the 1 o dispersion
reported on each relation.
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ibrated (see Figure 8). Shipley et al. (2016) concluded that
the 7.7 um PAH feature directly traces the total SFR mea-
sured from dust—corrected Ha, with a unity relation. Here,
we find that the relation between 7.7 um is linear, with a
slope of 0.78 (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 Section 6.1). In addition, Ship-
ley et al. (2016) used Ha-derived SFRs, which can probe the
SFR on shorter timescales than the FUV. If we refit our lin-
ear relation derived in Equation 6 to a subset of our sample
at PAH luminosities which are comparable to Shipley et al.(
Ly70 > 1 x 10® erg s71), we would measure a slope of 1.114
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 Ltir—SFR relation from Kennicutt (1998) to derive a
single-wavelength SFR calibration for the PAH luminosity.
The sample for their work spanned redshifts (z < 0.5) and
included galaxies with a range of Lrg and type, such as
AGN, ULIRGsS, and starburst galaxies. To compare the re-
sults from Houck et al., to our calibration, we adjust the Ken-
nicutt (1998) Ltir—SFR relation to the one from Kennicutt &
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 both Shipley et al.
(2016) and this work. This is evident in Figure 8§ as 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. 2010; Xie & 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 obscuration (Pacifici et al. 2023). This is one reason
that we follow the recommendations of Pacifici 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 160 pm detec-
tions, the FUV attenuation is predominately constrained by
the MIRT 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 Section 4.1) removing the

MIRI data from the fits. 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 to L779, which would cause our estimate to not strictly
trace the 7.7 ym 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 Figure 4). For sources with mid-IR lu-
minosities above L779 = 1 X 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 x 10% erg s7!, 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 five appear to have small, but non-negligible
contribution of the stellar continuum to the L779. 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 five galaxies. Therefore, the PAH
luminosity even in these cases accounts for than §7% of the
total mid-IR light.

Lastly, we have assumed that the 7.7 pum PAH luminos-
ity can be reasonably measured by the average flux density
in the rest-frame MIRI F770W bandpass. Whereas, other
studies have quantified the PAH luminosity as the integral
of the emission in the lines directly. We test the validity
of our assumption in Appendix B, but will briefly describe
it here. We used the estimated values of the 7.7 pm lumi-
nosity from Kirkpatrick et al. (2023) (L7.7), 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 L;79 to L77 in Figure 10. We find 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 compute v(f, ), in con-
trast to Kirkpatrick et al. 2014 who calculated the line flux as
F = [F\ d\. In Appendix B we illustrate that this will lead
to an offset of approximately 0.6 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 pm and the SFR in star-forming galaxies
at redshifts 0 < z < 2. We used photometry from CEERS
MIRI, UVCANDELS, and the Stefanon et al. (2017) multi—
wavelength catalog and fit the SEDs with CIGALE for a
sample of 120 galaxies. With the SED fits we measure the
rest-frame FUV luminosity (uncorrected for dust attenuation)
and the rest-frame 7.7 pm luminosity from the average rest-
frame flux in the MIRI F770W band (L770). Using the best-fit
estimates of the FUV attenuation (A(FUV)) from CIGALE,
we correct the FUV luminosities for dust (Lgyy). We then
compare Lryy and L7790, and from these we derive both a
single-wavelength calibration between the SFR and L77¢ and
a multi—wavelength calibration between the SFR and a linear
combination of the FUV luminosity (uncorrected for dust)
and L77¢. These calibrations are given in Equations 8 and 9.
Our primary findings are as follows:

* We find that the 7.7 pum PAH luminosity is well corre-
lated with the dust-corrected FUV luminosity, follow-
ing a linear relationship described by Equation 6.

Using the linear relationship between the 7.7 pm and
dust-corrected FUV luminosities, we derive a single—
wavelength SFR calibration that approximates the total
SFR with the obscured SFR in Equation 8. We com-
pare the SFR estimates from our single—wavelength
calibration to model estimated SFRs from CIGALE
and the SFRs from the independent catalog of Stefanon
et al. (2017). The SFRs are well correlated with a scat-
ter of oaspr = 0.24 dex and 0.36 dex, respectively. We
find that the total SFR can be approximated with the
measured 7.7 pm luminosity reliably for galaxies over
a wide range of luminosity and dust attenuation.

* We derive a multi—-wavelength SFR calibration to es-
timate the the (dust-corrected) FUV based total SFR
using a linear combination of the FUV luminosity (not
corrected for dust) and the 7.7 pm 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 the Stefanon et al. (2017) catalog. From these we
measure a scatter of oaspr = 0.21 dex and 0.27 dex,
respectively. The relatively small decrease in the scat-
ter from the single-wavelength to the multi-wavelength
calibration implies that these are near the systematic
accuracy of the total SFR using either calibration.

* We compare L779 measured from the average flux in
the rest-frame MIRI F770W bandpass to the indepen-

dent estimate of the 7.7 wm luminosity (L77) from
Kirkpatrick et al. (2023) and measure a scatter of 0.24
dex. Our estimates are offset from L7 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 filter
and various assumptions). This is further evidence that
the mid-IR emission at 7.7 um is 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 7.7 um PAH
emission to trace star formation with JWST/MIRI. Future
JWST surveys that explore the relation between the 7.7 um
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 7.7 um PAH
feature in galaxies across redshifts.
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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 the SFH (Carnall et al. 2019). 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 from Kennicutt & Evans (2012). This is only true if the SFH does not vary significantly over 100 Myr. For
the case that the SFH varies on timescales faster than this, then the SFR/Lyy is time dependent and varies by factors of several to
an order of magnitude (Reddy et al. 2012). This is also true for SFHs that evolve exponentially in time (like those assumed here,
see Table 2). We therefore explore the impact of the SFH on the SED-measured SFRs here.

We compare the SFR averaged over 10 Myr (SFR¢ 1) and those averaged of 100 Myr (SFR¢ 109) to the dust-corrected FUV
luminosity in Figure 9. These plots show that while there is a strong correlation, the plots diverge from the FUV-SFR relation
from Kennicutt & Evans (2012) at lower SFRs. Ultimately, we find that SFR¢ ;o shows a tighter relation to the FUV-SFR relation
with a measured scatter of 0.11 dex. In contrast, the SFR¢ 190 values 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 SFR¢ values and the Lgyy 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 (Figures 6 and 7), 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 (Myr, SFRc,10) from the SFH compared to dust-corrected FUV
luminosity. (Right:) CIGALE output SFRs measured similarly to the left, but averaged over 100 (Myr, SFRc,100). Both Figures are colored by
sSFR in log scale and include the FUV-SER relation from Kennicutt & Evans (2012) corrected to a Chabrier (2003) IMF shown in black. For
each panel we measure the scatter about the FUV-SFR relation using ASFR =1og(SFRc,10/100)—1log(SFR)

, where log(SF'R) is the log of the FUV-SFR relation.

B. THE RELATION BETWEEN THE 7.7 uM 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 ym PAH feature, which is the primary feature we use as a tracer of the SFR. However, the F770W
bandpass includes the 7.7 pm PAH complex, the mid-IR continuum, and for some sources the Ar[II] and 8.6 um PAH feature
(Pagomenos et al. 2018). While we expect the 7.7 ym emission to dominate the total emission in this band based on observations
of local star-forming galaxies (Chastenet et al. 2023), here 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 flux in the rest-frame MIRI F770W bandpass
(L770) to the estimated 7.7 pm luminosity (L77) from Kirkpatrick et al. (2023) in Figure 10. Kirkpatrick et al. independently
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measured the luminosity in the 7.7 um PAH complex for galaxies in CEERS. Here, we cross-correlated the galaxies in our sample
with those from Kirkpatrick et al., finding 86 galaxies in common to both samples. Figure 10 compares the mid-IR luminosities
from our work (L770) with the 7.7 ym 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 measurement for L¢, in
Section 4.2), but we will briefly describe it here. This work uses mid-IR spectroscopy to estimate the continuum contribution
to the 7.7 um 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 and log Lig = 10.79—11.63 L. Kirkpatrick et al. shifted the
SMUSES spectra into rest-frame for sources that covers the 7.7 um feature. They then calculated L; ;(SMUSES) by fitting a line
to the continuum at 7.2 and 8.2 p to remove the continuum and then integrating the remaining luminosity. Kirkpatrick et al. also
calculates a synthetic photometric point, L, , by convolving with the appropriate transmission curve. They used the ratio L;7/L,
for the SMUSES galaxies to estimate L7 7 for the MIRI galaxies, which we use for this work.

We find that L7 is greater than Ly 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 flux density in the rest-frame F770W bandpass,
v{f,), while Kirkpatrick et al. (2014) integrate over the continuum-subtracted line to get the total line flux, F. Assuming the
continuum is negligible (see above), we can take the line flux to be F = (f\)A\, where (f)) is the average flux density, and
A is the width of the F770W bandpass (AX = 1.95 um). We further set v(f,) = A(f)) and calculate the ratio. This leads
to v{f\)/F =~ A\/AX=7.7 um/1.95 pm, 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 the
methods.
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Figure 10. (Top:) The 7.7 wm luminosity estimated from Kirkpatrick et al. (2023) compared to L7790, 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 by AL =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 7.7 pm luminosity as a function of
galaxy stellar mass and FUV attenuation (A(FUV)), using the values estimated by CIGALE. If rest-frame 7.7 pum luminosity
directly traces the total SFR, we expect this ratio to be ~ 1.

To study any general trends in the data we measure ratio of the dust-corrected UV luminosity to the 7.7 pm luminosity as
a function of stellar mass and A(FUV). Figure 11 shows the results. At lower stellar masses (< 109‘4M@) the galaxies in our
sample have much higher ratios of FUV luminosity to the 7.7 pm luminosity, which reaches as high as a factor of 6. These
galaxies tend to be optically thin (Ay < 1). For galaxies with higher stellar masses (> 10°4M,) the dust attenuation and the
7.7 wm luminosity increase with increasing stellar mass. In this case, we have already shown that the 7.7 pm luminosity scales
with the total SFR (see Figure 5). The ratio of Lryy/L779 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 from H II regions (Boselli et al. 2004). 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.
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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 and A(FUV) are estimated from CIGALE as described in Section 4.1. The dark purple dashed line in

both panels are the Lryv = L7 line.
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