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A B S T R A C T 

We present the analysis of the stellar population and star formation history of 181 MIRI selected galaxies at z = 0 − 3.5 in 

the massive galaxy cluster field SMACS J0723.3–7327, commonly referred to as SMACS0723, using the JWST Mid-Infrared 

Instrument (MIRI). We combine the data with the JWST Near Infrared Camera (NIRCam) catalogue, in conjunction with the 
Hubble Space Telescope (HST) WFC3/IR and ACS imaging. We find that the MIRI bands capture PAH features and dust 
emission, significantly enhancing the accuracy of photometric redshift and measurements of the physical properties of these 
galaxies. The median photo- z’s of galaxies with MIRI data are found to have a small 0.1 per cent difference from spectroscopic 
redshifts and reducing the error by 20 per cent. With MIRI data included in SED fits, we find that the measured stellar masses 
are unchanged, while the star formation rate is slightly lower by 0.1 dex. We also fit the median SED of active galactic nuclei 
(AGNs) and star-forming galaxies (SFG) separately. MIRI data provides tighter constraints on the AGN contribution, reducing 

the typical AGN contributions by ∼15 per cent. In addition, we also compare the median SED obtained with and without MIRI, 
and we find that including MIRI data yields steeper optical and UV slopes, indicating bluer colours, lower dust attenuation, 
and younger stellar populations. In the future, MIRI/MRS will enhance our understanding by providing more detailed spectral 
information and allowing for the study of specific emission features and diagnostics associated with AGN. 

Key words: galaxies: formation – galaxies: general – galaxies: photometry – galaxies: star formation. 
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 I N T RO D U C T I O N  

n the vast expanse of the univ erse, man y galaxies remain hidden
ehind a veil of dust, rendering them challenging to observe using
raditional optical telescopes (e.g. Asboth et al. 2016 ; Fudamoto et al.
017 ; Reuter et al. 2020 ). Dust particles can absorb or scatter the
mitted light, obstructing our view and limiting our understanding of 
heir properties and e volution. Ho we v er, the adv ent of the JWST and
ts successful commissioning have opened up a new era of exploration 
t infrared wavelengths (Menzel et al. 2023 ; Rigby et al. 2023 ). 

JWST has started to revolutionize our ability to study the dusty
niverse by enabling deep imaging and spectroscopy in the 1–30 μm 

avelength range. Its new capabilities, including high sensitivity and 
xceptional spatial resolution, have propelled our investigations into 
he basic features of galaxies (e.g. Castellano et al. 2022 ; Harikane
t al. 2022 ; Naidu et al. 2022 ; Pontoppidan et al. 2022 ; Adams
 E-mail: qiong.li@manchester.ac.uk 

A
i  
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ublished by Oxford University Press on behalf of Royal Astronomical Society. Th
ommons Attribution License ( https:// creativecommons.org/ licenses/ by/ 4.0/ ), whic
rovided the original work is properly cited. 
t al. 2023 ; Yan et al. 2023 ). By delving deep into the universe
ith this imaging, we can unco v er intricate details about galaxy

tructures, stellar populations, and the interplay between stars, gas, 
nd dust. Furthermore, the JWST’s infrared observations provide 
aluable insights into star formation processes, dust distribution, and 
he activity of supermassive black holes at the centers of galaxies. 

The emission from dust in the star-forming galaxies (SFGs) can be
ivided into three components as wavelength increases towards the 
ed. The dominant features observed in the ∼ 3 –20 μm mid-infrared
ange are attributed to polycyclic aromatic hydrocarbon (PAH) bands, 
s discussed in studies such as (Allamandola, Tielens & Barker 1989 ;
i & Draine 2001 ; Draine & Li 2007 ; Li 2020 ). These PAHs can
bsorb UV photons and re-emit the absorbed energy as fluorescence 
t longer wavelengths, typically in the mid-infrared range (e.g. 
ometimes known as ‘Sellgren Grains’, dust grains size a ∼10 Å and
emperate peak T ∼1000 K in Sellgren, Werner & Dinerstein 1983 ).
s the wavelength increases to the mid-infrared range, the emission 

s progressively taken over by very small, warm grains. At higher
is is an Open Access article distributed under the terms of the Creative 
h permits unrestricted reuse, distribution, and reproduction in any medium, 

http://orcid.org/0000-0002-3119-9003
https://orcid.org/0000-0003-1949-7638
http://orcid.org/0000-0003-4875-6272
https://orcid.org/0000-0002-9081-2111
https://orcid.org/0000-0003-0519-9445
http://orcid.org/0000-0002-4130-636X
https://orcid.org/0000-0002-8919-079X
https://orcid.org/0000-0002-6089-0768
http://orcid.org/0000-0003-2000-3420
https://orcid.org/0009-0003-7423-8660
mailto:qiong.li@manchester.ac.uk
https://creativecommons.org/licenses/by/4.0/


618 Q. Li et al. 

M

Figure 1. Plot showing the JWST and HST filters we use as well as SEDs for representative AGNs and SFGs. The broadband co v erage of the AGN (Seyfert 
2 galaxy) and starburst galaxy (NGC6090) templates ( λF λ, in relative units of erg s −1 ) at different redshift bins (Weedman et al. 2006 ) are shown. The top 
panel presents the AGN and star-forming galaxy templates, while the bottom panel displays the relative transmission functions for various filters: HST/ACS 
and WCS3/IR (F435W, F606W, F814W, F105W, F125W, F140W, and F160W), JWST/NIRCam (F090W, F150W, F200W, F277W, F356W, and F444W), and 
JWST/MIRI (F770W , F1000W , F1500W , and F1800W). Emission lines and PAH features are appropriately labelled. Notably, the MIRI data enable us to probe 
the SEDs of galaxies up to ∼ 5 μm (at z ∼ 2–3) in the rest-frame, facilitating the characterization of PAH features and dust emission. 
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adiation field intensities, the thermal continuum emission from non-
quilibrium heating of warm grains becomes dominant and reaching
emperatures from a few hundred to a few thousand K (Draine 2003 ).
eyond 100 μm, the emission is increasingly attributed to larger,

elatively cold grains with the grain size exceeding 0.01 μm and emit
t temperatures T ∼ 30–100 K (e.g. Ysard et al. 2019 ; McKay et al.
023 ). 
While the Spitzer Space Telescope allowed observations in this
id-infrared range, it had severe limitations in sensitivity and

esolution at longer wavelengths (e.g. Ashby et al. 2015 ; Timlin et al.
016 ; Nayyeri et al. 2018 ). The JWST’s Mid-Infrared Instrument
MIRI; Rieke et al. 2015 ) has made significant advancements o v er
his, of fering higher sensiti vity at a magnitude limit as deep as ∼29
ag (and perhaps beyond) and with sub-arcsec resolution (Rigby

t al. 2023 ; Wright et al. 2023 ). The advanced capabilities of MIRI
hus enable more precise investigations into the impact of dust on
tar formation and galaxy evolution, as well as the analysis of PAH
eatures in the mid-infrared (see Fig. 1 ), surpassing the limitations
f optical and earlier infrared observations. In principle, longer
avelengths can be used to find AGN and this is another advantage

hat MIRI has o v er what can be carried out with just NIRCam to
NRAS 531, 617–631 (2024) 
nd and characterize these objects, although see Yang et al. ( 2021 );
uod ̌zbalis et al. ( 2023 ). Recently, Lyu et al. ( 2023 ) reported 217

IRI-selected AGNs from SMILES, a JWST Cycle 1 GTO program,
n the GOODS-S field, co v ering ∼34 arcmins 2 . Notably, 34 per cent
f the AGNs do not have previous identifications. Yang et al. ( 2023 )
lso disco v ered 25 MIRI-selected AGNs at z = 0–5 in the CEERS
eld. The spectral energy distributions (SEDs) of these AGNs closely
esemble typical SEDs observed in hot dust-obscured galaxies and
eyfert 2 galaxies. Kirkpatrick et al. ( 2023 ) point out that MIRI
xcels in detecting faint galaxies with L IR < 10 10 L � at z = 1–2, and
hus find < 10 infrared AGNs per MIRI pointing. Likewise, Barro
t al. ( 2024 ) investigate 37 Extremely Red Galaxies at z = 5–9 using
IRI and NIRSpec, suggesting that these galaxies might be obscured
GNs. 
With these moti v ations in mind, we have selected a well-studied,

trong-lensing galaxy cluster field, SMACS 0723 (Medezinski et al.
007 ; Ebeling et al. 2010 ; Repp & Ebeling 2018 ) to carry out an
nalysis of the uses of MIRI data for unco v ering galaxy properties.
revious research on this cluster field has been conducted using
arious telescopes and instruments, including Chandra, VLT/MUSE,
ubaru , the Hubble Space Telescope (Reionization Lensing Cluster



MIRI-selected galaxies in SMACS0723 619 

S  

G  

M  

0
m
1  

m  

2  

S
i
(

t  

d
d  

i  

i  

i  

t
s
c

t  

d  

g
s
g  

a
e  

r
g  

n  

fi  

fi

�  

u

2

2

O
2  

p
T
F  

t  

t  

B
t
d  

d  

o
d  

i
s
d
p

1

W  

u  

i
 

t  

t
o
0  

a
a
f
d
t  

T  

(

2

M  

a  

i
b  

t  

p
T
d
w
t  

p
o  

u
r  

a  

r  

c
1  

d  

r
s
T  

t
a
r
a  

T  

p  

e

v
�  

a  

2 https:// github.com/ spacetelescope/ drizzlepac 
3 https:// reproject.readthedocs.io/ en/ stable/ 
4 https:// jwst-docs.stsci.edu/ jwst-near-infrared-camera/ nircam- 
performance/nircam- point- spread- functions 
5 Images and catalogs of JWST/MIRI in the SMACS0723 field processed 
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urv e y; Coe et al. 2019 ), and Planck (e.g. Richard et al. 2021 ;
olubchik et al. 2022 ; Lagattuta et al. 2022 ; Mahler et al. 2023 ).
ahler et al. ( 2023 ) determined the cluster redshift to be z =

.3877 based on a sample of 26 spectroscopically confirmed cluster 
embers. They also derived a cluster velocity dispersion of σ ∼

180 ± 160 km s −1 . According to the Planck estimation, the total
ass of the cluster is approximately 8.39 × 10 14 M � (Coe et al.

019 ). Pre vious infrared observ ations with the Spitzer and Herschel
pace Telescopes have revealed the presence of a population of dusty, 

nfrared-luminous, red-sequence galaxies in the SMACS0723 field 
Sun et al. 2021 , 2022 ). 

In this paper, we use JWST MIRI observations of SMACS0723 
o study the role of MIRI in measuring photometric redshifts of
istant galaxies and to study the physical properties of the potentially 
usty and AGN galaxies which are obscured at optical bands. This is
mportant as we know that the fraction and amount of AGN at high- z
s perhaps surprisingly high (e.g. Juod ̌zbalis et al. 2023 ). Thus it is
mportant to determine how we can measure the amount of AGN and
heir contribution to galaxy SEDs. Thus, this paper focuses on the 
election and analysis of dusty galaxies selected by MIRI bands in 
onjunction with HST and JWST/NIRCam data. 

The structure of the paper is organized as follows. We describe 
he JWST and the ancillary data sets used in this study and the
ata reduction process in Section 2 . We also describe the catalogue
eneration process. In Section 3 , we present the MIRI selected 
ample and the physical properties from the SED fitting for the 
alaxy. In Section 4 , our study focuses on the notable advancements
chieved through the utilization of MIRI data. We examine the 
nhancements it brings to various aspects, such as the accuracy of
edshift measurements, the characterization of star populations in 
alaxies, and the impact on the SED analysis of both active galactic
uclei (AGNs) and SFGs. In Section 5 , we provide a summary of our
ndings and discuss the potential avenues for future research in this
eld. 
Throughout this paper, we assume a flat cosmological model with 
� 

= 0.7, �m = 0.3 and H 0 = 70km s −1 Mpc −1 . All magnitudes
sed in this paper are in the AB system (Oke & Gunn 1983 ). 

 DATA  R E D U C T I O N S  A N D  C ATA L O G U E  

.1 JWST NIRCam obser v ations 

bservations of the SMACS-0723 galaxy cluster were taken on 
022 June 06, as part of the Early Release Observations (ERO)
rogramme (ID: 2736, PI: K. Pontoppidan, Pontoppidan et al. 2022 ). 
he observations consist of 6 NIRCam photometric bands F090W, 
150W , F200W , F277W , F356W , and F444W . The total integration

ime is 12.5 h. Our NIRCam image reduction is performed using
he procedure of Ferreira et al. ( 2022 ) and Adams et al. ( 2023 ).
elow we summarize the procedure. The data were processed using 

he JWST Calibration Pipeline (v1.8.2 and CRDS v0995) using the 
efault parameters for stages 1 and 2. This was the most up-to-
ate version at the time of writing, and includes the second round
f post-flight calibrations. We then apply the 1/f noise correction 1 

erived by Chris Willott after stage 2. After stage 3, we subtract an
nitial flat background and carry out a 2-dimensional background 
ubtraction. Then we align the final F444W image onto a GAIA- 
erived WCS using tweakreg , as part of the DrizzlePac python 
ackage. We then match all remaining filters to this derived F444W 
 https:// github.com/ chriswillott/ jwst

w
6

i

CS. 2 We then pixel-match the images to the F444W image with the
se of astropy reproject . 3 The final resolution of the drizzled
mages is 0.03 arcsec pixel −1 . 

We use the SExtractor (Bertin & Arnouts 1996 ) version 2.8.6
o identify our sources. We run this in dual-image mode with
he F444W image used for object selection. Here the apertures 
f all measurements should be consistent. MIRI’s PSF FWHM is 
.5 arcsec in the F1500W filter. Thus we conduct forced circular
perture photometry within 1.0 arcsec diameters. We perform the 
perture correction derived from simulated WebbPSF point spread 
unctions 4 for each NIRCam band. We experimented with many 
ifferent aperture photometry measurement methods and found that 
his one is the best for reco v ering accurately the flux es of our galaxies.
he effects of galactic extinction are negligible in these IR bands
 < 0.1 mag), and thus are not applied. 

.2 JWST MIRI obser v ations 

IRI observations for this field were taken on 2022 June 14, co v ering
 specific area measuring 112 ′′ 6 × 73 ′′ 5. The data acquisition
ncluded observations in the F770W, F1000W, F1500W, and F1800W 

ands within this field. In the first version of this analysis, we use
he data processed from the grizli reduced by Brammer et al. in
rep. 5 The data were processed using CRDS v0995 calibration file. 
he cosmic rays and detector-level corrections, including linearity, 
ark current, and jump detection have been corrected. After that, 
e performed 2-dimensional background subtraction using photu- 
ils (Bradley et al. 2022 ), ensuring that the background has been
roperly subtracted. The resulting drizzled images have a resolution 
f 0.04 arcsec pixel −1 . And the 5 σ depth at F770W is 24.95 AB mag.
In September 2023, the MIRI Team has delivered significant 

pdates 6 to the Imaging and Coronagraphic Imaging flux calibration 
eference files. To validate the issues related to MIRI flux calibration
nd assess their potential impact on SED analysis results, we re-
educed the data using the JWST standard pipeline with the new
alibration file CRDS v1148 using the default parameters in stage 
 and 2. We correct the cosmic rays and detector noise. We run the
efault step to subtract the background. Ho we ver, the reduced images
eveal the presence of pronounced background patterns, specifically 
tripes and gradients, pre-dominantly around the edges of the images. 
he central region of the image exhibits no discernible impact from

hese artefacts. Thus, we conducted a custom image processing to 
ddress the stripe issues. Briefly, we subtract locally along both 
ows and columns (subtracting the median) after masking the regions 
round bright sources. Here, we choose 10 × 10 pixels in each box.
he o v erall effect of reducing the stripes is significant. A similar
rocess is carried on in rele v ant MIRI papers, e.g. Álv arez-M ́arquez
t al. ( 2023 ), Lyu et al. ( 2023 ). 

Comparing the results with the previous calibration file CRDS 

0995, the magnitude deviations for MIRI bands are as follows: 
 m [F770W , F1000W , F1500W , and F1800W] = [0.17, 0.05, 0.03,

nd 0.05]mag. These values are derived by calculating the median of
MNRAS 531, 617–631 (2024) 

ith the grizli software pipeline: https:// zenodo.org/ record/ 6874301 
 https:// www.stsci.edu/ contents/ news/ jwst/ 2023/ updates- to- the- miri- 
mager- flux- calibration- reference- files 

https://github.com/chriswillott/jwst
https://github.com/spacetelescope/drizzlepac
https://reproject.readthedocs.io/en/stable/
https://jwst-docs.stsci.edu/jwst-near-infrared-camera/nircam-performance/nircam-point-spread-functions
https://zenodo.org/record/6874301
https://www.stsci.edu/contents/news/jwst/2023/updates-to-the-miri-imager-flux-calibration-reference-files
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 m for bright sources with m < 22 mag. In the F770W band, � m F770W 

 0.17 mag implies an average flux reduction of approximately
5 per cent. In comparison to local depth, the deviations fall within
he error range (local depth), except for the F770W band. Therefore,
he impact on other bands is negligible, with the only noteworthy
onsideration being the F770W band. Therefore, we applied an
dditional correction factor of � m F770W 

= 0.17 mag to the data
or F770W. We find the results of the SED fitting do not change
uch with this. 
We then align the images to NIRCam F444W matching systems

ith separations � < 0.05 arcsec. We then we run SExtractor
ersion 2.8.6 (Bertin & Arnouts 1996 ) in dual-image mode to detect
bjects in each field. The detection image we use is MIRI F770W.
e use the F770W filter as it has the best sensitivity and angular

esolution in the MIRI bands. The apertures of 1.0 arcsec are the
ame as before. We also perform aperture corrections derived from
imulated WebbPSF MIRI point-spread functions 7 for each band.
he observed MIRI PSFs at < 10 μm exhibit cruciform artifacts
aused by internal reflections in the camera, that the simulated
ebbPSF models do not include. It mostly affects the F560W

nd F770W bands. We plot the enclosed flux vs radius of Gaia
tars in the field and compare it to the W ebbPSF . It suggests its
nfluence < 5 per cent at F770W, co v ered by our 10 per cent min
rrors. The aperture corrections are essential as it allows us to
easure photometry on different bands and then to normalize these
easurements by correcting for the effects of using an aperture which

y its nature limits the amount of flux measured. 

.3 HST imaging obser v ations 

ST observations of SMACS0723 are from the Reionization Lensing
luster Surv e y (RELICS). This surv e y observ ed 41 massiv e galaxy
lusters with Hubble and Spitzer at 0.4–1.7 μm and 3.0–5.0 μm,
espectively. SMACS0723 (ID: GO 14017; Coe et al. 2019 ) was
bserved in one WFC3/IR pointing, with a total of 10 orbits in
CS3/IR (F105W , F125W , F140W , and F160W) and ACS imaging

F435W , F606W , and F814W). The observational details and the
ST data reduction are available from Coe et al. ( 2019 ). The image

esolution is 0.06 arcsec pixel −1 . 
As mentioned before, before the source extraction we align the

ST images to NIRCam F444W to a level of � < 0.05 arcsec. Ṫhen
e run SExtractor version 2.8.6 (Bertin & Arnouts 1996 ) in
ual-image mode to detect objects in the field with an aperture of 1.0
rcsec for photometry measured in each filter image. The weighted
tack of all the HST images is the input detection image, the same
s that in Coe et al. ( 2019 ). 

We also perform aperture corrections based on the ACS/WFC 

8 and
FC3/IR PSF 

9 encircled energy fraction. We correct all photometry
or Galactic extinction using the IR dust emission maps of Schlafly &
inkbeiner ( 2011 ). 

.4 Source photometry and cataloguing 

o generate a matched catalogue for all the sources in SMACS0723,
e use TOPCAT to combine SExtractor’s HST and JWST catalogs.
NRAS 531, 617–631 (2024) 

 https:// jwst-docs.stsci.edu/ jwst-mid-infrared-instrument/ miri- 
erformance/miri- point- spread- functions 
 https:// www.stsci.edu/ hst/ instrumentation/ acs/ data-analysis/ aperture- 
orrections 
 https:// www.stsci.edu/ hst/ instrumentation/ wfc3/ data-analysis/ photometric- 
alibration/ir- encircled- energy 
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t  
he maximum separation allowed is 0.3 arcsec, which is a good com-
romise between the false-positive rate achieved and how restricted
t is due to the size of MIRI’s PSF. For the final catalogue, we use
 forced circular 1 arcsec diameter aperture. This diameter is chosen
o enclose the central/brightest ∼86 per cent of the flux of a point
ource of NIRCam and ∼83 per cent of MIRI, enabling us to use
he highest SNR pixels to calculate galaxy colours while a v oiding
eliance on strong aperture corrections that can be as high as the actual
easurements made. It is also consistent with the circular apertures

f 0.9 arcsec diameter in P apo vich et al. ( 2023 ). Additionally, we
reate a composite mask to a v oid image artefacts. These masks
o v er diffraction spikes, the few remaining snowballs in the NIRCam
maging, as well as regions of intra-cluster medium (in the NIRCam

odules containing any foreground cluster), and a buffer around the
dges of the observations. The remaining total unmasked region is
2.3 arcmin 2 . We plot the NIRCam and MIRI observations o v erlaid

n the HST ACS F606W image, in Fig. 2 . 
When computing the stellar mass and SFR for individual galaxies,

e generate SEDs using aperture-corrected photometry with the
ame aperture size, that might underestimate the total flux for
esolved sources. To address this, we apply a simple correction
actor based on the ratio between the aperture and total photometry
 MAG AUTO ) measured by SExtractor in the F444W band. The
ele v ant physical parameters, SFR and stellar mass, have been
orrected. 
SExtractor is known to underestimate the photometric errors

f sources. To ensure accurate measurements, we calculate the local
epth of our final images. We place circular apertures (1 arcsec) in
mpty regions that are about 1 arcsec away from real sources in our
mages. We use the measured background flux in these apertures
o derive a median depth for each field. Finally, we calculate the
hotometric errors for each individual source using the nearest 200
mpty apertures to determine the local depth. The 5 σ depths of each
and can be found in Table 1 . 
Finally, we use robust methods to construct the final samples.

he rele v ant selection criteria are described in Section 3.2 . In
otal, 181 galaxies are matched and meet our selection criteria.
o comprehensively detect all sources in this field, especially at
igh redshift, we use NIRCam as the detection image and strive
o determine the corresponding measurements for HST and MIRI.
pecifically, we use SExtractor + + (Bertin et al. 2022 ) in
ual-image mode to measure HST and MIRI fluxes for the NIRCam
etections. For high-redshift galaxies at z > 6.5, their blue-ward
ands (HST) are anticipated to appear faint or undetected due to
he Lyman break. Out of the total of 12 candidates at z > 6.5
dentified by NIRCam, unfortunately, these candidates are not within
he co v erage of MIRI and HST. More detailed analysis of this z >
.5 sample can be found in our EPOCHS paper I (Conselice, in
reparation). 
SMACS0723 is a strong-lensing field, we correct the lensing

ffect on all galaxies situated behind the galaxy cluster to extract
he physical properties of these galaxies, e.g. stellar mass and SFR.

e employ a lens model from RELICS, that is computed using
enstool (Sharon et al. 2023 ). Then, we excluded sources near

he center of the cluster ( μ > 5) to mitigate issues related to multiple
maging and e xcessiv e gravitational amplification. All the physical
roperties of these galaxies in this paper have been corrected for the
ffects of lensing. 

Considering the wavelength-dependent morphology of galax-
es that may lead to chromatic effects, we have chosen galax-
es with the highest μ/magnification ( μ ∼ 5) to investigate po-
ential differences in their SEDs when using APER magnitude

https://jwst-docs.stsci.edu/jwst-mid-infrared-instrument/miri-performance/miri-point-spread-functions
https://www.stsci.edu/hst/instrumentation/acs/data-analysis/aperture-corrections
https://www.stsci.edu/hst/instrumentation/wfc3/data-analysis/photometric-calibration/ir-encircled-energy
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Figure 2. The SMACS0723 fields of view o v erlaid on HST images (R:JWST/MIRI, G:JWST/NIRCam, B:HST). Before generating the catalog, we produce a 
mask to a v oid the diffraction spikes of bright stars and image artifacts. These masks co v er diffraction spikes, the few remaining snowballs, regions of intra-cluster 
medium, and a buffer around the edges of the images. The imaging data is from HST, the green dotted boxes show the co v erage of NIRCam, and the red dashed 
lines show the area imaged by MIRI. 

Table 1. 5 σ depths and correction factors of magnitude-zeropoints, apertures 
and extinctions. 

Instrument/Filter Zeropoint Aperture correction 5 σ depths 
AB mag AB mag AB mag 

(1) (2) (3) (4) 

HST/F435W 25.66 −0.106 25.14 
HST/F606W 26.50 −0.095 25.39 
HST/F814W 25.95 −0.098 25.23 
HST/F105W 26.27 −0.136 25.17 
HST/F125W 26.23 −0.155 24.87 
HST/F140W 26.45 −0.164 24.67 
HST/F160W 25.95 −0.170 25.19 
NIRCam/F090W 28.08 −0.079 27.08 
NIRCam/F150W 28.08 −0.090 26.91 
NIRCam/F200W 28.08 −0.103 26.99 
NIRCam/F277W 28.08 −0.110 27.40 
NIRCam/F356W 28.08 −0.119 27.57 
NIRCam/F444W 28.08 −0.143 27.43 
MIRI/F770W 28.9 −0.202 24.95 
MIRI/F1000W 28.9 −0.326 25.15 
MIRI/F1500W 28.9 −0.369 24.65 
MIRI/F1800W 28.9 −0.421 24.18 
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aperture-corrected) compared to AUTO magnitude. The colour 
ifference ( � color = color APER − color AUTO ) for F277W-F1000W is 
0.04 mag, which is negligible in comparison to the magnitude 

rrors. 
 M I R I  SELECTED  G A L A X I E S  

n the following sections, we describe the main results of this
aper. We outline SED fittings with and without MIRI, using 
igale and EAZY and identify the types of galaxies that are
referentially selected with MIRI included to the depths we are 
eaching. Additionally, we will explore whether MIRI is capa- 
le of observing more galaxies compared to using NIRCame 
lone. 

.1 Spectral energy distribution modelling 

fter generating our catalogues, we fit the SEDs of each source to
erive photometric redshifts in various different ways. To calculate a 
reliminary photo- z, we fit SEDs using cigale (Boquien et al.
019 ). cigale better constrains the fluxes on the redder bands
ecause it includes AGN contributions and more accurate dust 
emplates compared to EAZY , which we use in other EPOCHS
apers (e.g. Adams et al. 2023 ). Here, we follow the setups used
y Yang et al. ( 2023 ). 
We use the standard delayed- τ ‘sfhdelayed’ star formation history 

ithin our fitting. We set the e -folding time and stellar age to vary
rom 0.5–5 and 1–5 Gyr, respectively. We use Bruzual & Charlot
 2003 )(BC03) templates for the stellar population (SSP) models, 
ssuming a Chabrier ( 2003 ) initial mass function (IMF), with a solar
etallicity of Z = 0.02. We also include within our fits the nebular
odule (Villa-V ́elez et al. 2021 ) for emission from the HII regions,
MNRAS 531, 617–631 (2024) 
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Figure 3. Plot of observed NIRCam and MIRI mag-colour diagram for 
the matched robust galaxies in SMACS0723 field. The magnitude error 
is calculated using measurements of the local depth. The redder colour 
corresponds to higher redshift galaxies. A gradient in redshift can clearly 
be seen in the F444W-F770W colour. Quiescent galaxies in the cluster are 
represented by triangles. 
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ith an ionization parameter of log U = −2.0, a gas metallicity =
.02 and with lines width = 300.0 km s −1 . 
We use the ‘skirtor2016’ module to describe the AGN com-

onent (Stalevski et al. 2012 , 2016 ), with the fraction of AGN
rac AGN varying from 0 to 0.99 and the relative rest-frame wave-

ength λAGN in the range of 3–30 μm. The 9.7 μm optical depths
llowed in our study includes all available values 3, 5, 7, 9, and
1. We fix the AGN viewing angle to be at 70 degrees to select the
bscured AGN, which is a typical value for type II AGN (Yang et al.
020 , 2022 ). 
We also use the ‘dl2014’ module developed by Draine et al.

 2014 ) to calculate dust emission. The dust emission comprises
wo components: a diffused emission and a photodissociation region
PDR) emission associated with star formation. In our fitting, we
llow the fraction of PDR emission ( γ ) to vary from 0.01 to 0.9, the
inimum radiation parameter ( U min) to vary from 0.1, 1.0, 10, 50,

nd a maximum fixed value of U max = 10 7 . The mass fraction of
AH in total dust is the same for both components, and we set it
s [0.47, 2.5, 7.32]. For the dust attenuation, we adopt the ‘dustatt’
odified starburst module in cigale (Calzetti et al. 2000 ; Leitherer

t al. 2002 ). The colour excess is set within the range E ( B − V ) =
–1. 
In order to determine the most accurate photometric redshifts,

e use the redshifting mode and a redshift grid ranging from z =
.0 to 15.0, with a bin width of 0.1. We measure the properties
f our sample of galaxies, including redshift, SFR, stellar mass,
nd frac AGN through both traditional least- χ2 analysis and different
ypes of Bayesian approaches. The latter methods take into account
he full probability density functions, and provides more compre-
ensive and informative results than the least- χ2 approach (Boquien
t al. 2019 ). 

In addition, we also utilize the EAZY photometric redshift code
Brammer, van Dokkum & Coppi 2008 ) to assess the accuracy
f the SED fitting derived from cigale , and EAZY , in conjunc-
ion with HST and NIRCam data. Our EAZY approach involves
 modified Kroupa IMF (Kroupa 2001 ) and the default templates
tweak fsps QSF 12 v3), which is comprised of younger stellar
opulations, lower metallicities, and more active star formation
Larson et al. 2023 ). 
NRAS 531, 617–631 (2024) 
The comparison between the redshift measurements obtained from
hese methods reveals a high level of concordance, with deviations
ypically falling within 15 per cent, except for a small subset of
argets (8/181) fit using EAZY at a redshift of approximately z ∼ 6.
ue to the the limited availability of dust and AGN templates at the

ed wav elengths, EAZY e xhibits a less restrictiv e approach towards
he data. It tends to primarily rely on the blue end of the data, using
yman-break or Balmer-break techniques for redshift determination.
his inclination can result in potential contamination when selecting
amples with high redshifts at z > 6. It is important to note that
he occurrence of such sources is relatively scarce. Therefore, when
ublishing high-redshift candidates, additional stringent selection
riteria need to be employed for accurate screening, a topic which
s discussed in our EPOCHS paper I (Conselice, in preparation).
ev ertheless, our results pro vide strong evidence supporting the

eliability and stability of our SED fitting technique when leveraging
he rich photometric information provided by HST and NIRCam
bservations. None the less, an important conclusion from our study
s that some low redshift galaxies can be mistaken for high redshift
nes without the use of MIRI data. 

.2 A robust sample of MIRI selected galaxies 

n order to determine the physical properties of MIRI selected
alaxies, we utilize the cigale SED fitting approach outlined in
ection 3.1 . We employ a series of selection criteria described below:

(i) We require detections in both MIRI and NIRCam: ≥5 σ
etection in 2 bands in MIRI, and ≥5 σ detections in 2 bands in
IRCam. 
(ii) Removal of the sources close to the centre of the cluster to

 v oid multiple imaging and e xcessiv e gravitational amplification
aused by lensing. 

(iii) Morphology checking to exclude non-galaxy targets, e.g. hot
ixels, artefacts, blended features. 
(iv) Matching with HST catalogue within 0.3 arcsec; for non-
atched targets, we use SExtractor + + with the forced

perture to collect the flux at its position. 
(v) We require χ2 

red < 6 for best-fitting SEDs to be classed as
obust. 

(vi) P ( z sec ) < 0.5 × P ( z phot ) to ensure the probability of a
econdary peak, if one exists, is less than 50 per cent of the high- z
olution. 

The broad emission features of PAHs in the 3–20 μm range are
hifted to longer wavelengths with increasingly higher redshifts. As
 result, these features are expected to dominate the flux at specific
id-infrared wavelengths, leading to significant redshift-dependent

olour variations in broad-band photometry (Langeroodi & Hjorth
023 ). In Fig. 3 , we present the NIRCam and MIRI magnitude-colour
F444W versus F444W-F770W) diagram for our sources, while the
olour-colour (F444W-F770W versus F770W-F1000W) diagram is
hown in Fig. 4 . 

As explained earlier, we determine redshifts using a Bayesian anal-
sis based on cigale fitting. In Fig. 3 , we observe a considerable
umber of cluster members that do not exhibit PAH emission and
ave low specific star formation rates (sSFR). Their redshifts are
round z = 0.4 and they are located at the bottom of the mag-colour
lot. In Fig. 4 , we find that galaxies primarily occupy the region
owards the bottom left of the colour-colour diagrams, in several
agnitudes of the flat-spectrum point located at position (0,0). Due

o their colours, this region is likely populated by quiescent galaxies
nd higher redshift galaxies. 
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Figure 4. Colour-colour diagram of NIRCam and MIRI bands for the 
matched galaxies in SMACS0723. The symbols and points are otherwise 
the same as in Fig. 3 . 
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We group our sources into the following primary categories based 
n the criteria abo v e and primarily from the χ2 

red fits. Figs 5 and
 summarize the cutout images and SED fitting results for each 
ategory. 

(i) AGN: The emission from AGN in the MIRI bands can 
rise from several components. One component is the thermal 
mission from the dusty torus surrounding the central black hole 
Fritz, Franceschini & Hatziminaoglou 2006 ; Nenkova et al. 2008 ; 
iebenmorgen, Heymann & Efstathiou 2015 ) The temperature of 

he torus typically ranges from a few hundred to several thousand 
egree K, depending on the AGN’s level of activity. This emission
s influenced by the temperature and geometry of the torus, as well
s the orientation of the system with respect to the observer. Another
ontribution from AGN at the MIRI bands is non-thermal emission 
riginating from relativistic jets or outflows associated with the black 
ole (e.g. Kotilainen et al. 1992 ; Neugebauer & Matthews 1999 ).
hese high-energy particles can produce synchrotron emission in the 
id-infrared regime, which can be detected by MIRI. Disentangling 

he AGN contribution from other sources, such as star formation, 
llows for a more comprehensive analysis of the galaxy’s overall 
mission and underlying processes. We will discuss this in more 
etail in Section 4.3 . 
(ii) High- z galaxies: With the broad wav elength co v erage of the
IRI bands on JWST, several techniques can be employed to select 

 > 2 galaxies. Flux dropouts or steep declines in the SED due to
yman and Balmer breaks can be identified as indicators of high- 
edshift sources. Additionally, MIRI enables the detection of key 
mission features, such as PAH, which are redshifted to longer 
avelengths for high-redshift sources, making them accessible in 

he MIRI bands. At the most ele v ated redshifts ( z > 10), MIRI is the
ole instrument capable of offering a groundbreaking opportunity to 
bserve robust optical emission lines ([O III ] 4959,5007 Å, H α , H β ).
everaging the IR capabilities of JWST, we successfully applied 

he Lyman and Balmer break to select high- z objects that may be
ndetectable or faint in blue bands like HST and F115W. MIRI
hotometry provides robust constraints on the SEDs, enabling precise 
eterminations of redshift and galaxy properties. In our final catalog, 
e identified 46 galaxies at z photo > 1, of which 29 (63 per cent) have

onfirmed high spectroscopic- z values (Caminha et al. 2022 ; Carnall 
t al. 2023 ; Noirot et al. 2023 ). For a detailed description of our study
n high- z objects at z > 6.5, see our EPOCHS paper I (Conselice, in
reparation). 
(iii) Dusty star-forming galaxies: MIRI offers a range of methods 
o search for dusty SFGs. The thermal emission from dust heated by
V/optical photons from young, massive stars can be detected using 

he MIRI bands. Moreo v er, The presence of PAH features at 6.2,
.7, 8.6, 11.3, and 12.7 μm indicates actively SFGs, especially at
igh redshift (e.g. Langeroodi & Hjorth 2023 ). Additionally, MIRI’s
road wav elength co v erage allows us to measure the SED shape and
dentifying characteristic features, such as the 9.7 μm silicate feature 
Rich et al. 2023 ), to investigate whether the galaxy is obscured in
he mid-IR. We employ the ‘dl2014’ module in cigale , which is
omprised of a diffused emission and a PDR emission associated 
ith star formation and PAH features. This fully considers the abo v e

ituation and can ef fecti vely select dusty SFGs. 
(iv) Quiescent galaxies: Quiescent galaxies are characterized by 

 low level of ongoing star formation and are typically associated
ith an older stellar population. In the colour-colour diagram shown 

n Fig. 4 , some quiescent galaxies tend to be found within a cluster
t a redshift of z cl = 0.39 and are observed to have a colour of
F770W–F1000W) ∼−0.5 mag (AB), which is consistent with the 
redictions of the quiescent galaxies models (fig. 1 of Langeroodi &
jorth 2023 ). Quiescent galaxies tend to cluster in the region towards

he bottom-left of the stationary locus of the star-forming tracks. 
he position of these quiescent galaxies in this region are roughly

ndependent of redshift due to their approximately power-law SEDs. 
e identified all the cluster galaxies occupying the region corre- 

ponding to quiescent galaxies using spectroscopic redshifts from 

USE observations ( z = 0.387 ± 0.02) as reported in Caminha et al.
 2022 ). This is expected as various quenching mechanisms operate
ore efficiently in cluster environments (e.g. Donnari et al. 2021 ;
im et al. 2023 ). Furthermore, in addition to the quiescent sources
ithin the cluster, several quiescent galaxies at redshifts around z 
1–2 have been discovered within overdensities associated with a 

ignificant number of SFGs (e.g. Noirot et al. 2023 ). 

We also check for sources with only MIRI detections, that are not
ound within NIRCam or HST observations. To ensure that we do not
iss these sources, we utilised SExtractor + + and searched 

or detections with a 5 σ threshold or higher on at least two MIRI
ands. We then measure the NIRCam and HST flux at the same
ositions as before, using the same aperture and mask. Interestingly, 
e did not find any sources that are only detected solely with MIRI,

ndicating that NIRCam photometry is deep enough within this field 
nd at the MIRI depth we study to capture all the IR bright sources.
he 5 σ depth of F770W and F1000W is 24.95 and 25.15 mag, which

s 3 mag shallower than NIRCam F444W of 27.43 mag. This suggests
hat previous JWST work that relied solely on NIRCam detections 
s reliable in finding all galaxies to our MIRI depth. 

 STARS,  DUST,  A N D  AG N  PROPERTIES  

n this section we discuss the physical properties of our MIRI selected
alaxies. We first explore their redshift, stellar mass and star forma-
ion history derived by cigale fitting and then we investigate how

IRI can impro v e the accurac y of these measurements. Additionally,
e also analyse the AGN contribution and conduct a detailed study
f the median SED of the selected galaxies. 

.1 The impact of MIRI on redshift measurement 

imited by the available JWST observations, most recent photo- z 
edshift measurement works only focus on the NIRCam analysis (e.g. 
dams et al. 2023 ; Bouwens et al. 2023 ; Endsley et al. 2023 ). Here we

est how and if MIRI impro v es the accurac y of photo- z redshift mea-
MNRAS 531, 617–631 (2024) 
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Figure 5. The different band images of a subset of the galaxies in log scale. Their IDs are labelled on the left. From left to right, the images are ACS F435W, 
A CS F606W, A CS F814W, NIRCam F090W, WCS3 F105W, WCS3 F125W, WCS3 F140W, NIRCam F150W, WCS3 F160W, NIRCam F200W, NIRCam 

F277W, NIRCam F356W, NIRCam F444W, MIRI F770W, MIRI F1000W, MIRI F1500W, and MIRI F1800W. The text in blue, green, and red denotes different 
instruments: HST, NIRCam, and MIRI, respectively. The images are 2 ×2 arcsec 2 and are centred on the galaxy in each bandpass. The black circle is the aperture 
of 1 arcsec. 
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urements. We use the cigale code again to determine the photo- z
edshift with and without MIRI data. The parameters in the fit are the
ame as before. The results show that the photo- z redshifts are nearly
onsistent, as shown in Fig. 7 . These two methods have photometric
edshift solutions within 15 per cent of that with MIRI. In addition,
e find cigale fitting with MIRI data decreases the uncertainty of
hoto- z redshifts ( σMIRI − σnoMIRI ) /σMIRI by 50 per cent. 
In Fig. 7 , there are three objects that stand out as outliers with

 difference greater than � z > 2. When using MIRI to measure
hotometric redshifts, these objects are at high redshifts z phot > 2.5,
hereas without MIRI, the derived redshift is z < 1.0. The identifica-

ion of good photometric redshifts relies on either the Lyman break or
almer break. While fitting without MIRI data, the photo- z code fits

he gap between HST/ACS F435W and F606W as the Balmer break,
hereby identifying them as being lo w redshift. Ho we ver, fitting with

IRI data could change the measurement of photo- z redshift in
wo aspects. First, MIRI data could impro v e constraints on the dust
mission/attenuation at the redwards wavelength. Secondly, another
actor to consider is the impact of nebular emission lines, including
he PAH feature, on the flux in certain bands. This can potentially
ause significant changes in the photometric redshift solutions. In
uch cases, the code fits the observed NIRCam/F200W excess as a
almer break, resulting in a high- z solution. 
Although there are currently 17 multiband data points available in

his field that ef fecti vely and accurately distinguish between high- z
nd low- z targets, it is evident that relying solely on photometry still
reates significant uncertainties. Currently, 85 ( ∼50 per cent) of our
alaxies have spectroscopic redshift information available. In Fig.
 , we present a comparison between the spectroscopic redshift and
he photometric redshift with and without MIRI. The spectroscopic
edshifts are measured by Suburu, VLT/MUSE, JWST/NIRISS and
WST/NIRSpec(Caminha et al. 2022 ; Carnall et al. 2023 ; Noirot
t al. 2023 ). The photometric redshift data are almost all located
ithin 15 per cent of the spectroscopic redshift. It can be seen that

he photometric redshift is quite reliable to a certain e xtent, ev en
hen utilising only HST and NIRCam data. This is due to the fact

hat the Lyman break/Balmer break is the basis for the photometric
edshift, which relies more heavily on data from the blue end. In
ontrast, an absence of HST data can cause a significant bias in the
hotometric redshift. 
Fig. 8 (right) displays the relative difference between the spectral

edshifts and photometric redshifts with and without MIRI data. This
eveals that median photometric redshift estimates have a scatter
NRAS 531, 617–631 (2024) 

l

f 0 . 00 + 0 . 01 
−0 . 05 (0.1 per cent) and −0 . 04 + 0 . 04 

−0 . 03 (4.0 per cent) from the
pectroscopic redshift for fits with and without MIRI data, respec-
ively. The outlier fractions, defined as the fraction of photometric
edshift that disagrees with the spectroscopic redshift by more than
5 per cent in (1 + x ), ( | � z| /(1 + spec- z) > 0.15), are 1 per cent
nd 5 per cent, respectively . Additionally , the results obtained from
tting with MIRI data show a closer alignment with the spectroscopic
edshift and reduce the estimated errors on the photometric redshift
y ( σX − σspec ) /σspec of 20 per cent. 
At present, spectroscopic observations are mostly at low redshifts.

n the SMACS0723 field, only 10 sources with a redshift greater than
.5 have been observed by NIRCam, and unfortunately, the y hav e
ot been co v ered by MIRI observations. JWST mid-infrared and
pectroscopic observations are still lacking at this stage. Upcoming
ollow-up studies are expected to provide more data, which will help
o systematically constrain their redshifts and physical properties. 

.2 Stellar mass and star formation history 

ere we discuss the comparisons between star formation rate and
asses derived when we include MIRI data and we excluded
IRI data as shown in Fig. 9 . We employ the standard delayed-
‘sfhdelayed’ star formation history and the bc03 stellar population
odule (Bruzual & Charlot 2003 ), assuming using Chabrier2003

MF (Chabrier 2003 ). We have excluded the galaxies from our
nalysis, which positioned exceptionally close to the cluster’s center.
e corrected the gravitational amplification for these physical

arameters. 
In the Fig. 9 (left-hand panel), the majority of stellar mass values

all within a 15 per cent error range. Only a few galaxies lie away
rom the 1:1 line, b ut ha ve a large error of > 1 dex. The range of
referred values for stellar mass and SFR have been narrowed down
ith the inclusion of MIRI data. The median � M � error decreases
.1 dex. This is a result of impro v ed constraints on the dust emission
nd attenuation. 

For the star formation rate, cigale provides several SFR indi-
ators based on different time-scales: instantaneous SFR, as well as
FRs averaged over the last 10 and 100 Myr. Generally, the SFR
v eraged o v er the last 100 Myrs is considered the most reliable
ndicator of the stable star formation activity. Here we follow this
ustom to use the SFR averaged over the last 100 Myr. We have
xcluded the quiescent galaxies with a low star formation rate of
og sSFR < −10 yr −1 from this comparison. 
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Figure 6. A subset of MIRI selected galaxies with fits done using cigale Ṡhown are systems which we classify as AGN, high- z galaxies, dusty star-forming 
galaxies, and quiescent galaxies. The black line represents the best fitting result from the cigale code. The purple points represent the observed fluxes for each 
band; the red points represent their fitted fluxes. The yellow line represents the star formation contribution; the green line is the fitted emission line template. 
The red and orange lines represent the contributions of AGN and dust, respectively. The lower part of each panel is the relative residual of the fitting. 
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The SFRs derived with MIRI data are generally slightly lower by 
 0.1 de x. P apo vich et al. ( 2023 ) also reported that adding the MIRI

ata could reduce SFRs for the galaxies with � SFR of 0.15 dex at 4
 z < 6 and 0.29 dex at z > 6, matching our findings. Ho we ver, for

wo high- z objects, the log SFRs fitted with MIRI data increase by
ore than three times, and the error bars also significantly decrease. 
his is because they are identified as low- z objects with a large
ncertainty when we exclude MIRI data. In contrast, adding MIRI 
hanges the best-fitting redshifts, so that they are all z ∼ 3 objects. 

In the middle and right-hand panels of Fig. 9 , we re-run the
igale fitting with fixed redshift values obtained from fitting with 
IRI data. This was done to eliminate the influence of redshift on the
esults. We can see that the results show good agreement. The results
ndicate that the impact on the galaxy mass and SFR measurements
s primarily a consequence of changing the redshift. This effect can
e attributed to the additional information provided by MIRI’s mid- 
nfrared observ ations, allo wing for a better constraint on the galaxy’s
edshift and, consequently, improving the accuracy of its mass and 
FR determinations. 
Fig. 10 illustrates a representative example of a single galaxy 

t, highlighting the significant impact of including MIRI data. The 
bsence of MIRI data results in a loss of constraints at the red-
MNRAS 531, 617–631 (2024) 
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Figure 7. Comparison of the photometric redshifts derived by 
cigale fitting with and without MIRI data. The black dashed line shows 
the one-to-one relation, which is the ideal 1:1 matching case of photometric 
versus spectroscopic redshifts. The dotted lines show 15 per cent offsets in (1 
+ z). The colour of the point represents the relative difference between the 
photometric redshifts of the galaxies with and without MIRI. 
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nd of the fit, leading to potential inaccuracies in various physical
arameters such as redshift determinations. This emphasizes the
rucial role of MIRI data in improving the accuracy and reliability
f galaxy characterization and analysis. 
Generally speaking, including MIRI data gives approximately

imilar measurements of stellar masses and SFRs to we only using
IRCam and HST. We also find that MIRI reduces the error of the

tellar masses and SFRs by ∼0.1 dex, narrowing down the preferred
alues of stellar population parameters. In some cases, the large
ifferences are al w ays caused by the redshift uncertainties. 

.3 The impact of MIRI on AGN contribution 

e measure the contribution of AGN to our sample based on the
est-fit frac AGN parameter from cigale fitting, and distinguish the
alaxies between SFGs and AGNs (referred to as SFG and AGN,
espectively). The dale2014 module provides a basic template from
he ultraviolet to the infrared for cigale fitting. The AGN fraction
 frac AGN ) is defined as the ratio of the AGN luminosity to the sum of
he AGN and dust luminosities (Boquien et al. 2019 ). The dale2014

odule is particularly sensitive to data in the red-end at wavelengths
f 3 microns to several hundred microns. It co v ers the emission
rimarily attributed by the AGN. Thus, we are not using a binary
pproach to determine if a galaxy is all AGN or all ‘stars’, but we are
etermining from this fitting what fraction of the light emitted arises
rom AGN. 

In Fig. 11 , we conduct a test to investigate the impact of including
r excluding MIRI data on the frac AGN measurement. Our findings
ndicate that frac AGN has a mean value of 0.09 ± 0.14 in the
t that includes the MIRI data points, which is smaller than the
esult that does not include MIRI, where we get a fraction of
.23 ± 0.10. This implies that the MIRI data lower the derived
raction of the AGN and that often the contribution is higher without
he use of MIRI. The median frac AGN difference between with

IRI and without MIRI is −0 . 15 + 0 . 09 
−0 . 12 . In Yang et al. ( 2021 ), the

IRISIM simulation of CEERS imaging yielded a � frac AGN =
frac AGN , MIRI − frac AGN , no MIRI ) value of ∼−0.2 in Fig. 12 Bottom
anel, which aligns with our findings of −0.15. In addition, the
NRAS 531, 617–631 (2024) 
nclusion of MIRI has caused a significant decrease of ∼0.18 in the
rror of mean frac AGN , similar to the effect on redshift and other
alaxy parameters. 

Ho we ver, it becomes challenging to constrain the model in the
arly Universe, which results in a substantial increase in the error. For
nstance, at z < 3, the warm dust heated by the AGN is well tracked
y the MIRI band, with a peak at 10 μm in the rest frame. On the
ontrary, at z > 5, the key emission from AGN-heated dust is shifted
eyond MIRI detection ranges. The F1800W band corresponds to
he rest frame wavelength of 3 microns, where the contribution of
GN has just started and is still relatively weak. This introduces

ignificant challenges in the pursuit of identifying and investigating
GN beyond a redshift of z > 3. We refer readers to see our other
aper in this series (Juod ̌zbalis et al. 2023 ), dedicated to clarifying
he complications and strategies entailed in probing AGN at z ∼ 6. 

.4 SED analysis constraining AGN and dusty contributions 

n this section, we analyse the median SEDs of AGN and SFGs using
imilar redshift ranges and with accurate photometric redshifts. We
lso investigate the effects of including MIRI data on the median
EDs. 
Using frac AGN to identify AGN is not a strict criterion, and the

alue we use is somewhat arbitrary. To ensure the plausibility of
ur results, we tested different frac AGN values, ranging from 0.05
o 0.5, to calculate the proportion of AGN to the total number of
alaxies, aiming to closely approximate the actual observed results.
irst, we select 151/181 best-fitting galaxies ( χ2 < 6) and verify

o ensure the y e xhibit a good fit in the red-end of the SED. As a
omparison Chiang et al. ( 2019 ) used the Northern Ecliptic (NEP)
ide-area catalogue who identified 6070 AGNs out of a total of
6 464 IR-selected galaxies. Whilst this catalogue of galaxies is
ifferent from the JWST sample as the redshifts and magnitudes
f sources are different, as well as having more bands, it does
ho w ho w to find a reasonable selection for AGN. The fitting
or this NEP catalogue used LePhare fitting to find AGN. This
EP catalogue consists of 18 mid-infrared filters, including 9 from
KARI, 4 from WISE, and 5 from Spitzer. They found the total
roportion of AGN in this NEP catalogue is 36.9 ± 0.5 per cent.
ur data set exhibits a comparable redshift distribution within

he range of 0 < z < 2.5, close to that of the NEP sample.
ig. 12 left illustrates our results, we use frac AGN = 0.1, that

he derived proportion of AGN is most consistent with the NEP
bservation statistics. In this case, the proportion of AGN (57/151) is
7.7 per cent. 
As a result, if an object has a frac AGN value of less than 0.1,

e classify it as SFG; otherwise, we classify it as AGN. Using
his criterion, we identified 94 SFG and 57 AGN. Fig. 12 right
hows the photo- z distributions for different types of objects. We
ote that slightly altering these empirical classification criteria would
ot significantly affect our main results. 
One way see how different the AGN and star-forming galaxies

re in our sample is to compare their SEDs. When generating the
edian SEDs, we first exclude the quiescent galaxies, which have

o discernible PAH features ( qpah < 1) and a lack of ongoing star
ormation activity, such as ID:6823 shown in Fig. 6 . Here qpah is
he mass fraction of the PAH (Boquien et al. 2019 ). Some of these
alaxies may correspond to foreground cluster members. 

Then, we use the photometric redshift obtained from the
igale fit including MIRI to convert the best-fitting models to its

est frame wavelength. We perform a linear interpolation for each
odel, ranging from 0.1 to 20 microns. Next, we use the bootstrap
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Figure 8. Left: Diagnostic plot showing the comparison of spectroscopic redshifts with photometric redshifts for fits with and without MIRI data. The 
spectroscopic redshifts are from the observations of Subaru, VLT/MUSE, JWST/NIRISS, and JWST/NIRSpec (Caminha et al. 2022 ; Carnall et al. 2023 ; Noirot 
et al. 2023 ). The black dashed line shows the one-to-one relation; the dotted lines show 15 per cent offsets in (1 + z). Right: the histogram of the relative 
difference between the photometric redshifts from our cigale fits with or without MIRI and the spectroscopic redshift in (1 + z spec ). The labelled scatter 
indicates the median of the relative difference, respectively. The error bars show the range of the 16th −84th percentiles. 

Figure 9. Comparisons between the derived stellar masses and star formation rates when including and excluding MIRI data. SFR and stellar masses are taken 
from the cigale SED fitting, as discussed in Section 3.1 . The left-hand panel shows the comparisons of stellar masses and SFR respectively, when the redshift 
is a free parameter. The black dashed line shows the one-to-one relation, while the red line shows the best polyfitting considering the error. In the middle and 
right-hand panels, the redshifts are fixed to the values obtained from fitting the MIRI data. The right-hand panel shows the difference ( � = X MIRI - X no MIRI ) 
as a function of redshift. The colours of the points indicate the redshift. The stellar mass and SFR are corrected for magnification. 
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ethod to conduct 5000 repetitions calculating the median value and 
ts error. Finally, we normalize the models at 3 microns, where the
mpact of emission lines and PAH can be a v oided. We also employ
 similar methodology to compute the median SED solely based on 
hotometric data points, thereby mitigating the influence of fitting 
ncertainties. It is consistent in ensemble with that generated from 

he models. 
Fig. 13 shows the median SED for both the AGN and SFG objects.

he grey lines indicate each individually fitted model. The SEDs are
elatively constant at wavelengths below approximately 4 μm. But 
MNRAS 531, 617–631 (2024) 
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Figure 10. An example for different ways of fitting the SEDs in our sample. 
We show here the cigale SED fitting for Galaxy ID: 1906 with or without 
MIRI data. The black open circles are observed fluxes in each band; while 
the red ones are cigale Bayesian best fitting fluxes. The red and blue lines 
are the best-fitting SEDs with and without MIRI, respectively. The bottom 

panel is the relative residual of the observed data points and the fitting results. 
There are no blue points at long wavelengths as in this situation there is no 
data here. 
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he slope of the SEDs begins to change at longer wavelengths as a
esult of the presence of dust and AGN. It is evident that AGN and
ust greatly contribute to the red wavelengths. At redshifts of z =
–3.5, MIRI F770W corresponds to a rest wavelength of 2 − 8 μm,
nd F1800W corresponds to 4 − 18 μm. In this case, the MIRI data
s responsible for fitting data larger than 2 μm. Note that we do not
ifferentiate between different redshift bins due to a limited number
f samples, but all our sample’s photometric redshifts are less than
.5. Thus, the results are not significantly impacted by a very wide
edshift distribution and range. 

We o v erlay on these SEDS a moderately luminous AGN – Seyfert
 galaxy template 10 and a star-forming galaxy template. The MIRI-
elected SFGs exhibit strong dust emission and prominent PAH
eatures. Their median SED closely resembles that of typical starburst
alaxies. The median AGN SED is similar to Seyfert 2 in the
nsemble sense, but has lower 6–9 μm PAH emission. The 6–9 μm
mission primarily arises from highly vibrationally excited cations,
hereas the 3.3 μm, 8.6 μm, and 11.3 μm originate mostly from
eutral PAH molecules (e.g. Allamandola et al. 1989 ; Li & Draine
001 ; Draine et al. 2021 ). 
The varying ratios, such as 6.2 μm or 7.7 μm/11.3 μm, indicate

ifferences in the PAH ionization fraction (e.g. Galliano et al. 2008 ;
igopoulou et al. 2021 ). AGN SEDs have a slightly lower average at
.2 and 7.7 μm compared to SFGs. This suggests a lower fraction of
onized PAH molecules in AGN-dominated systems from within our
ample. These findings align with a PAH study on Seyfert galaxies
nd SFGs using Spitzer/InfraRed spectral data in Garc ́ıa-Bernete
NRAS 531, 617–631 (2024) 

0 SWIRE Template Library: http:// www.iasf-milano.inaf.it/ ∼polletta/ 
emplates/swire templates.html 

O

 

i  
t al. ( 2022 ). They imply that the nuclear molecular gas concentration
n AGN centers may play a role in shielding their PAH molecules. 

We emphasize that our current MIRI data points only rely on
roadband photometric data. This approach may omit PAH charac-
eristic lines, leading to inadequate fitting. To address this limitation,

IRI medium-resolution spectrometer (MRS) can provide high-
esolution spectra, enabling us to determine PAH characteristic lines
nd mid-infrared band physical parameters more accurately. 

.5 The impact of MIRI on median SED fitting 

ne of the things we investigate in this subsection is the impact
f MIRI data on the o v erall shape and form of SEDs. What we
re interested in examining is how different these SEDs would
e with and without MIRI data. Fig. 14 shows the median SED
nd the difference when fitting the data with and without MIRI.
he SED difference is not noticeable at wavelengths less than 4
icrons. Ho we v er, at longer wav elengths, including MIRI data leads

o prominent PAH features compared to the case without it (Fig. 14
op panel). This is because the absence of MIRI data w ould mak e it
mpossible to constrain the PAH emission line details in mid-infrared
ands. But the dust continuum exhibits a similarity between the two
ases. The cigale fitting procedure guesses a relatively accurate
odel of dust emission, which aligns with the actual properties of

he galaxies under investigation. Note the quiescent galaxies were
xcluded from the analysis due to their infrared SED shapes that
eviate significantly from those of other galaxies. 
At the rest wavelength between 4000 Å and 1 micron, we find

hat including MIRI data in the fitting process yields a slightly
teeper optical slope, though the effect is less pronounced. We also
nvestigate the SEDs shown in Fig. 14 (bottom), when it comes to
ight which is emitted at wavelengths less than 4000 Å . We calculate
he rest-frame UV slope ( β) by fitting a power-law model of the
orm f λ ∝ λβ to the UV photometry within the range 1250 Å; < λrest 

 3000 Å; using SED fitting (Calzetti, Kinney & Storchi-Bergmann
994 ; Bouwens et al. 2009 ; Finkelstein et al. 2012 ). 
The best-fitting average UV slope with MIRI data is β =
1.84 ± 0.01; whereas it is β = −1.68 ± 0.01 without MIRI.
his indicates that the MIRI selected galaxies exhibit bluer colours,

o wer le vels of dust attenuation, and younger stellar populations. This
nding is also pointed out in P apo vich et al. ( 2023 ) for the CEERS
eld. It is important to note that the resolution of MIRI broadband
hotometry data points may not be sufficient to accurately identify
ey spectral lines, leading to inaccuracies in the existing median SED.
n the future, further research using MIRI/MRS would impro v e our
nderstanding of SED in the mid-infrared band. 

 C O N C L U S I O N S  

n this eighth article of the EPOCHS series, we collect data from
WST/MIRI to analyse the field SMACS0723, which is the first
ublic release of data from this instrument from JWST. In this study,
e focus on the o v erlapping re gion between the MIRI, NIRCam, and
ST observations, co v ering an area of approximately 2.3 arcmin 2 .
ithin this region, we select 181 sources from a MIRI based

atalogue and measure their photometric redshifts. Furthermore, we
onduct an e xtensiv e inv estigation of various properties, including
tar formation activity, stellar mass, and contributions from AGNs.
ur primary findings include: 

(i) We use MIRI, NIRCam, and HST data to determine these galax-
es’ photometric redshifts of the range of z = 0–3.5. Furthermore,

http://www.iasf-milano.inaf.it/~polletta/templates/swire_templates.html
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Figure 11. Left: The AGN fraction( frac AGN ) as a function of redshift with and without MIRI data. Right: the distribution of the difference 
frac AGN ( � frac AGN = frac AGN , MIRI − frac AGN , no MIRI ) for galaxies with and without MIRI in the fits. The median value for this difference is −0 . 15 + 0 . 09 

−0 . 12 , 
similar to what is found in the MIRISIM simulation of CEERS imaging (Yang et al. 2021 ), that find a value −0.2. The error bars show the range of the 16th −84th 
percentiles. 

Figure 12. Left: The proportion of AGN to the total number of galaxies as a function of redshift. We compare different frac AGN values [0.05, 0.1, 0.3, ≈nd 
0.5]. We mark the points with significant uncertainty greater than 1 as open circles. With the NEP observational statistics (although these galaxies are at different 
redshifts and magnitudes), we conclude that a frac AGN value of 0.1 is appropriate. The data shows that 37.7 per cent of the sample consists of AGN in this 
case. Therefore, we classify objects with frac AGN values less than 0.1 as SFG and those abo v e as AGN. Right: The redshift distribution of AGN and SFG is 
categorized based on this frac AGN = 0.1 limit. 
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e conduct a detailed analysis of the stellar populations and the star
ormation and dust properties of each galaxy with and without the 
se of MIRI data 
(ii) We conduct a comparison between the photometric redshifts 

btained with and without MIRI data, and cross-check them with 
xisting spectroscopic redshifts. We find the results of the photo- 
etric redshifts are in good agreement with spectroscopic redshifts. 

ncluding MIRI data leads to an small average 0.1 per cent differ-
nce between photometric and spectroscopic redshifts, while the 
ifference is 4 per cent without MIRI data. Additionally, the fitting 
rror has also been reduced by 20 per cent. The redshifts of three
alaxies vary by as much as �z > 2, and there are instances where
igh redshift galaxies would incorrectly be put at low-z without the 
se of MIRI data. The photometric redshifts with MIRI are highly 
onsistent with spectroscopic redshifts, showing that the MIRI fits 

re better. f  

�

(iii) We compare stellar masses and SFRs measured with and 
ithout MIRI data. Including MIRI is consistent with stellar mass 
easurements obtained only from HST and NIRCAM, while the SFR 

s slightly reduced systematically by < 0.1 de x. Moreo v er, MIRI data
lso led to a decrease in both parameter errors by an average of
0.1dex. 
(iv) We select 151 the best-fitting galaxies ( χ2 < 6) and categorize 

hese using the parameter frac AGN , where we consider galaxies 
ith frac AGN > 0.1 as AGN. Out of the total samples, 37.7 per cent

57/151) are found to be AGN. We determine the median values for
GN and SFG, respectively. Our findings suggest that AGN and dust
ave a great impact on the long-wavelength flux, which is covered
y the MIRI bands. Compared with the SED template, we find the
FGs match the starburst galaxy template very well. We also find

hat including MIRI data significantly reduces the mean value of 
rac AGN , to 0.09 ± 0.14, with its uncertainty also decreased of
μerr = 0 . 18. 
MNRAS 531, 617–631 (2024) 
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Figure 13. The median SEDs of AGN and SFGs fitting with MIRI using cigale . The gray lines indicate the individual robust fitting models, shifted to the 
rest-frame. The models are all normalized at 3 microns. The median SED and its error are obtained by sampling 5000 times using the bootstrap method. The 
purple solid line is a Seyfert 2 galaxy template from the SWIRE Template Library; the purple dashed line is the star-forming galaxy template. These templates 
are also normalized at 3 microns. 

Figure 14. Comparison of median SEDs fitted when we include or exclude 
MIRI data. The SEDs have been normalized to 3500 Å , shown as the dashed 
line. The bottom panel is a zoom-in view in the range from 1000 to 4000 Å . 
The lower part of each panel shows the difference between best fit SEDs with 
or without MIRI data (X MIRI -X no MIRI ), plotted as the black line. 
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(v) We compare the median SEDs of our sample with and without
IRI data. We find that at wavelengths greater than 4 μm, including
IRI data reveals significant PAH features, while the dust continuum

emains similar. Including MIRI data yields steeper optical and UV
lopes, indicating bluer colours, lower dust attenuation, and younger
tellar populations. 
NRAS 531, 617–631 (2024) 
t present, the MIRI observations remain relatively shallow, with an
verage depth approximately 3 mag shallower than that of NIRCam in
he SMACS0723 field. Extending the depth of MIRI observations in
he future will open up a promising avenue to explore the intricacies
f these galaxies in detail, and to enable the disco v ery of fainter
nd hidden galaxies. Moreo v er, future research utilising MIRI/MRS
ill impro v e comprehension of SEDs in the mid-infrared band and
ffer a more efficient approach to get redshifts and star formation
ates. Through combining this with spectroscopic observations, a
ore detailed and nuanced illustration of the galaxies’ emissions,

ust properties, and other significant attributes can be achieved. 
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