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ABSTRACT

X-ray and infrared surveys provide efficient, and to some degree complementary, means of detecting and characterising Active Galac-
tic Nuclei (AGN), with the infrared also providing an important probe of the host galaxies. To this end we combine the deepest X-ray
survey from the Chandra Deep Field-South (CDF-S) “7-Ms’ survey (Luo et al.|2017) with the deepest mid-infrared (5.6 um) image
from the JWST/MIRI Deep Imaging Survey (MIDIS) in the Hubble Ultra-Deep Field (HUDF) to study the infrared counterparts and
point-source emission of 31 X-ray sources with a median, intrinsic, rest-frame X-ray luminosity of log,,(L%>~7*V) =42.04 +0.22
ergs~'. The sample includes 24 AGN with a redshift range, as set by the X-ray detectability, of z~ 0.5 —3, with the bulk of the sources
lying at z~1-2, i.e. at around the epoch of Cosmic Noon. Through a multi-wavelength morphological decomposition, employing
three separate classifications (visual, parametric and non-parametric) we separate (where present) the luminosity of the point-like
AGN component from the remainder of the host-galaxy emission. The unprecedented mid-infrared sensitivity and imaging resolu-
tion of MIRI allows, in many cases, the direct characterisation of point-like (i.e. unresolved) components in the galaxies’ emission.
We establish a broad agreement between the three morphological classifications. At least 70% of the X-ray sources, including some
classified as galaxies, show unresolved emission in the MIRI images, with the unresolved-to-total flux fraction at rest-frame 2 um
ranging from ~ 0.2 to ~ 0.9. At high X-ray luminosities (log;,(Lx.) > 43 erg s™!) we derive a consistent rest-frame near-infrared 2 um
point-source luminosity to that derived for local AGN, whilst at lower X-ray luminosity we identify an excess in the 2 pm emission
compared to pre-JWST studies. We speculate this offset may be driven by a combination of Compton-thick AGN components and
nuclear starburst, merger driven activity. Our observations highlight the complex nature of X-ray sources in the distant Universe and
demonstrate the power of JWST/MIRI in quantifying their nuclear infrared emission.
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1. Introduction tions, as a function of X-ray energy. These studies combined

. . . the results from all-sky catalogues which sampled the discrete
_Smce Fhe Fdlsgovzzthhat thel gcgozs mlﬁ X'lga%’] bacc11<gr01.1nd. Was  sources at limited X-ray sensitivity, with deeper serendipitous
ISOt?OpCIIC (ra 1an h arcons'b - ): L ?rg. ollowed major mtTr— samples of sources scattered around the sky e.g. using Chandra
est in determining the contributions of discrete source popula- o4 XMM-Newton. These studies (Cappelluti et al.|2017) have

* [ORCIDs|listed on final page resolved more than 90% of the background below 10 keV into
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different classes of AGN, including unabsorbed sources, par-
tially obscured sources and Compton thick sources. At energies
greater than 10 keV the fractions of the AGN population change
in favour of the obscured sources. Although there is a correlation
between X-rays and the mid-infrared (MIR), it was shown that
using a MIR colour selection criterion based on the WISE all sky
survey (e.g. Stern|[2015), missed a significant fraction of AGN
detected in hard X-ray by NuSTAR and XMM-Newton (Mateos
et al.||2012). Since the Mid Infrared Instrument (MIRI; Wright
et al.|2023) on board JWST offers so much greater sensitivity and
spatial resolution compared with all previous mid-IR facilities, it
is now possible to spatially resolve high redshift (z> 1) galaxies
in the mid-infrared (Boogaard et al.[2024;|Costantin et al.|2024)).

The contribution of an AGN to a galaxy’s spectral energy
distribution (SED) peaks at mid-infrared wavelengths, especially
for dust-obscured sources whose non-stellar emission is repro-
cessed through hot and warm dust emission (Hickox & Alexan-
der|2018)). With MIRI observations it is thus possible to isolate
the unresolved AGN-heated dust emission in the rest-frame near-
infrared spectral range at much higher redshifts than is possible
with NIRCam (Tanaka et al.|[2024). At rest-frame 2—-3.5 pm,
type 1 (unobscured) nearby AGN show a strong correlation be-
tween the hard (2-10 keV) X-ray and the non-stellar (unre-
solved component) luminosities, while type 2 lie below the cor-
relation due to torus obscuration effects (see e.g. Kotilainen et al.
1992 |Alonso-Herrero et al.|| 1997} [Burtscher et al.|2015)). Thus,
it is interesting to examine a sample of X-ray selected sources
(AGN and galaxies, see below) detected in the MIRI Deep Imag-
ing Survey (MIDIS; Ostlin et al.[2024) field. This provides new
information regarding the presence or absence of an AGN dust
heated nuclear component and its contribution with respect to
the host galaxy emission, even in low X-ray luminosity galax-
ies where part of the X-ray emission may have stellar origins
(e.g. X-ray binaries, shocks) and thus providing insights into the
nature of the host galaxy (e.g. |Gao et al.|[2003; Barrows et al.
2024).

In this paper, we present a morphological analysis of a sam-
ple of 31 X-ray-selected sources in the MIDIS field with the
goal of estimating the unresolved emission associated with AGN
heated dust. In Section 2] we present the parent X-ray catalogue
from the Chandra 7-Ms survey before outlining the other obser-
vations and data reduction in Section[3l In Section [l we define
the sample of X-ray sources in the MIDIS survey and present the
analysis of multi-wavelength JWST observations with the asso-
ciated results and discussion in Section [5] before summarising
our main conclusions in Section [6} Throughout the paper, we
assume a ACDM cosmology with Q,, = 0.3, Qy = 0.7, and
Hy = 70kms~' Mpc~!. All quoted magnitudes are on the AB
system and stellar masses are calculated assuming a Chabrier
initial mass function (IMF) (Chabrier| 2003). All uncertainties
reported on median values are bootstrapped uncertainties.

2. The sample: CDF-S X-ray sources

We use the X-ray source catalogue from the Chandra Deep Field-
South (CDF-S) “7-Ms’ survey (Luo et al. 2017ﬂto identify the
infrared (IR) counterparts to galaxies with detected X-ray emis-
sion in the MIDIS field. To date, this set of observations com-
prises the deepest X-ray survey conducted anywhere in the sky,
and hence represents the most sensitive search for AGN X-ray

' Downloaded from the online CDS VizieR catalogue server:
https://vizier.cds.unistra.fr/viz-bin/VizieR-3?
-source=]/Ap]S/228/2
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emission, outside of observations utilising gravitational lensing
to augment the luminosity and redshift reach (e.g. Bogdan et al.
2024).

CDEF-S covers a roughly circular region of sky, with total
area 484 arcmin?; it encompasses, and is roughly concentric
with, the GOODS-S survey region; hence it also contains the
HUDEF, and thus MIDIS, which are located towards the cen-
tral, most sensitive part of CDF-S. The CDF-S source survey is
flux-limited, with full-band (0.5 -7 keV) point-source threshold
ranging from <3 x 107"7ergem™2s7! close to the survey cen-
tre, to > 10715 ergem™2s7! near to the survey perimeter (Luo!
et al.[|2017, Fig. 29). The main source catalogue contains 1008
sources above the detection-significance threshold. There is a
supplementary catalogue of 47 lower-significance sources in-
cluded due to proximity to bright near-infrared (NIR) candi-
date counterparts. We refer to the main-catalogue sources by
the running number (‘XID’) assigned by |Luo et al| (2017),
while for the supplementary list we prefix the XID with °S-
> to avoid ambiguity. As detailed in [Luo et al.| 2017, the
main catalogue has a median redshift of z=1.2+0.05 with
a 16" —-84" percentile range of z=0.52-2.32. The median
intrinsic (i.e. rest-frame), absorption-corrected, X-ray lumi-
nosity of the catalogue is log,o(L% ~7V)=42.5+0.06 ergs™

with a 16™—84™ percentile range of log,o(L%>~"*V)=41.1-

43.8 erg s~!. Whilst the median intrinsic absorption column den-
sity is log;o(Np) =22.7 + 0.04 cm~2 with a 16" — 84" percentile
range of log,,(Ng) = 21.8 —23.5 cm 2. The Chandra images have
a spatial resolution ~1 arcsec, varying with photon energy and
off-axis angle (e.g. Primini et al.[2011).

The source positions reported by [Luo et al.| (2017) are ad-
justed by ARA =+128 mas, ADec =—-288 mas, as derived by
Lyu et al| (2024) for the Systematic Mid-infrared Instrument
Legacy Extragalactic Survey (SMILES: PI: G. Rieke, #1207), to
bring them into alignment with the GAIA reference coordinate
system adopted for the JWST (and reprocessed HST) images
(Gaia Collaboration et al.|[2021). We cross-match the updated
Chandra positions for the X-ray sources with the footprint of the
MIDIS Survey, as shown in Figure[T] For our analysis we require
the X-ray source to be covered by at least the F560W filter in
the MIDIS survey, ensuring observed-frame mid-infrared is sam-
pled. This results in a sample of 31 X-ray sources for which|Luo
et al.|(2017) classify 14 as ‘AGN’, and 17 as ‘galaxy’. The label
of ‘galaxy’ indicates that through the multi-wavelength analy-
sis carried out to date, no AGN component has been identified.
However, using somewhat different criteria, Lyu et al.| (2022),
in their (pre-JWST) AGN catalogue, classify 23 of these X-
ray sources as ‘AGN’: all those previously so classified, plus 9
from the ‘galaxy’ category. In addition, the recent JWST/MIRI
SMILES AGN survey (Lyu et al.[|2024) yields one further AGN
classification. Hence, the current tally is 24 AGN and 7 Galax-
ies. These AGN/Galaxy assignments are listed in Table[I} All 31
MIRI sources were previously detected at mid-IR (Spitzer) and
near-IR/visible (HST) wavelengths; hence their basic X-ray/IR
properties have already been established (e.g. [Luo et al.| 2017,
Lyu et al.|2022). Six of the highest-flux Chandra sources have X-
ray spectra reported by [Liu et al.[(2017). These same six sources
were also detected by XMM-Newton (Ranalli et al. 2013ﬂ

For 97% (30/31) of the MIDIS sources that originate
from the main CDF-S catalogue, we compare their proper-
ties to the overall CDF-S survey as presented above. We

2 A seventh, low significance, source in the XMM-Newton catalogue
of Ranalli et al.|(2013) was noted by them as ‘probably spurious’, and
we find no reasonable MIRI-F560W counterpart.
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Fig. 1. The MIDIS MIRI 5.6 um image in the HUDF (centre) with 4”70 x 4”0 false colour maps (F1000W/F770W/F560W as R/G/B) for the 31
X-ray-detected sources. We highlight the positions of sources classified as Galaxy (blue squares) and AGN (red squares) in the 5.6 um image.
In each false colour image, we label the source ID from [Luo et al.| (2017), spectroscopic redshift, absorption-corrected intrinsic 0.5-7.0 keV
luminosity (L., and the object class (AGN or Galaxy). ID 695 and ID:758 are shown as monochromatic FS60W images due to the high noise

levels in the F1000W image.

establish a median redshift of z=1.3+0.2 with a 16%—
84" percentile range of z=0.65-2.49. The thirty sources
have a median absorption-corrected X-ray luminosity of
log oLy~ 7%V)=42.1 £ 0.21 ergs™" and column density of
log,o(Ny)=22.5+0.3cm™2, with a 16" —84" percentile range
of log;o(L%~7*V)=41.0-43.7ergs™" and log,,(Ny)=21.7-
23.2 cm~? respectively. This indicates that there is not a substan-
tial difference in these properties between the MIDIS sample and
the parent catalogue. Comparing the number of X-ray sources
and the sky area for MIDIS and the full CDF-S: MIDIS occu-
pies ~ 1% of the CDF-S, but has ~ 3% of the X-ray sources; this
can be understood in terms of MIDIS lying in a relatively high
sensitivity part of CFD-S.

3. Observational Data

To analyse the AGN component of the X-ray detected galaxies in
the MIDIS deep survey, we utilise deep multi-wavelength obser-
vations from public HST and JWST surveys in combination with
those from the MIDIS survey of the HUDF, as we now describe.

3.1. MIDIS

A full description of the MIRI Deep Imaging Survey obser-
vations and data reduction is given in Ostlin et al.| (2024). In
short, between December 2022 and December 2023, 52 hours
of FS60W and 10 hours of FI000W imaging were obtained in
the HUDF. All observations were coherently reduced using a
modified version of the official JWST pipelineﬂ version v1.12.3
(CRDS_CONTEXT =1137), with additional routines to deal with
cosmic-ray showers and background variations. As per the NIR-
Cam and HST observations, each exposure was aligned to Gaia
DR3, co-added and drizzled to a final pixel scale of O'.’Oéﬂ In
Figure [T] we show the final 5.6 um mosaic from MIDIS, with
a 5o point-source depth of 28.6 mag (0.013 uly) (Ostlin et al.
2024), highlighting the unprecedented depth and resolution of
the MIDIS observations. This is comparable to the depths of
the JWST Advanced Deep Extragalactic Survey (JADES; PI:

3 https://github.com/spacetelescope/jwst

4 We note this pixel scale is different to that presented in Ostlin et al.
(2024) to be consistent with the ancillary observations used in our anal-
ysis.
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Fig. 2. Absorption corrected X-ray (0.5—7 keV) luminosity as a func-
tion of redshift for the 31 X-ray sources in the MIDIS survey coloured
by column density (Ny). In the background we show the X-ray emitting
sources identified by [Luo et al.|(2017) in the 7Ms survey. We show the
distribution for the MIDIS sources (black histogram) and 7Ms sources
(grey histogram, scaled down by a factor 10) on each axis. A clear trend
of increasing X-ray luminosity with redshift is apparent, as expected for
a flux-limited sample.

D. Eisenstein, #1180) NIRCam observations (Eisenstein et al.
2023) with a F444W 50 point-source depth of 29.2, whilst be-
ing significantly deeper than the wide-area observations from
SMILES with a 50 point-source depth of 25.6 at 5.6 um.

3.2. HST and JWST

We collate multi-wavelength JWST and HST observations in the
HUDF from the DAWN JWST Archive (DJAf)} as described
in Gillman et al. (in prep.). Briefly, these observations cover
the full observed-frame spectral energy distribution from 0.4 —
4.8 um with the HST (F435W, F606W, F775W, F814W) and
NIRCam (FO90W, F115W, F150W, F200W, F210M, F335M,
F277W, F356W, F410M, F444W, F460M, F480M) filters as well
as the MIRI F770W filter at 7.7 pum. The observations, taken
from a variety of public JWST surveys (e.g. JADES; [Eisen-
stein et al|[2023, First Reionization Epoch Spectroscopically
Complete Observations (FRESCO; PI: P. Oesch, #1895) Survey;
Oesch et al.[2023] SMILES; Alberts et al.|2024) were coherently
reduced using the GrizL1 software (Brammer et al.|2022), which
builds upon the level-2 data products from the STScl archiveE]
and incorporates additional routines to deal with diagonal strip-
ing, cosmic rays and stray light identified in some exposures (see
Boogaard et al.|[2024; |Gillman et al.|[2023] |2024). We align all
images to the same World Coordinate System (WCS) reference
using the Hubble Legacy Field (HLF) catalogue in Whitaker
et al.|(2019) based on Gaia DR3 (Gaia Collaboration et al.|2021)).

> https://dawn-cph.github.io/dja/index.html
% https://mast.stsci.edu/
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The final mosaics are co-added and drizzled to a 0”704 pixel scale
(Fruchter & Hookl[2002)) for all JWST and HST filters.

4. Analysis

To study the properties of the point-source (AGN) component
of the X-ray detected sources in the MIDIS survey, we first
identify the MIRI FS60W and F1000W counterparts and char-
acterise their multi-wavelength properties prior to employing a
two-dimensional spatial decomposition routine to separate the
AGN component and host galaxy.

4.1. MIRI Counterparts

To identify the MIRI counterparts, we cross-match the sam-
ple of 31 X-ray sources, with updated positions (see Section
to THE FARMER catalogue, as presented in Gillman et al. (in
prep.). THE FarRMER catalogue, which utilises the deep FS60W
image from the MIDIS survey as the detection image, employs
a model-based forced photometry approach to define the multi-
wavelength fluxes of the detected sources from 0.4 —10 um.

To identify a MIRI counterpart to each of the 31 sources in
the MIDIS field of view, we require a counterpart search ra-
dius of 1”’5. As shown in Figure |1} we identify X-ray sources
across the full extent of the MIDIS footprint, with a median
X-ray to 5.6 um offset of or=0725+0"05 arcseconds and a
16— 84" percentile range of 6r = 0"/11—0748. Comparing &r for
each source with the corresponding X-ray positional error radius
(1 standard deviation (~ 68% confidence level), o, |Luo et al.
2017), we find that all the sources lie within dr/o, <2.0 (i.e.
within the 95% confidence level), with only three, rather weak,
sources (ID:698, ID:758 and ID:S-36) exceeding or/o ~ 1.2.
These same three sources also have relatively large (~ 1 arcsec)
counterpart-to-X-ray offsets in [Luo et al.| (2017). All 31 X-ray
sources have clearly identified MIR counterparts, with a median
FarMER model-based 5.6 wm magnitude of mpsgow =21.3 £0.3
with a 16 —84th percentile range of mpsgow =20.3—22.4 and
median 5.6 um S/N = 1199 + 264. The full properties of the sam-
ple are presented in Table [I| In addition to the optical and in-
frared detections from HST and JWST respectively, 11 sources
(35%) of the sample are detected in the far-infrared as part of the
ALMA Spectroscopic Survey in the Hubble Ultra Deep Field
(ASPECS; PI: F. Walter, Walter et al.|2016) as highlighted in Ta-
ble[I] For a complete analysis of the ALMA-detected sources in
the MIDIS survey see |Boogaard et al.|(2024).

4.2. Redshifts

There are spectroscopic redshifts for all 31 sources in our sam-
ple. For ninety per cent of them (28/31), spectroscopic red-
shifts are available from the far-infrared surveys (e.g. Boogaard
et al.|2020, 2024) as well as near-infrared optical studies such
as the MUSE HUDF Survey (Bacon et al.|[2023). For the re-
maining three sources without published spectroscopic redshifts
we utilise the public spectroscopic observations from FRESCO
(Oesch et al.|[2023) that target the MIDIS field. Following the
same procedure as [Boogaard et al.| (2024), we extract spectro-
scopic redshifts for ID:797 at z=2.695 and ID:805 at z=2.698
based off the detected nebula line emission (e.g. Ha, [OIII]).
For the remaining source, ID:695, which is not covered in the
FRESCO Survey, we search the Next Generation Deep Ex-
tragalactic Exploratory Public (NGDEEP, PI: S. Finkelstein,
#2079) Survey (Bagley et al.|[2024). Again adopting the pro-
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Table 1. Properties of the 31 X-ray sources in the MIDIS MIRI field of view.

X-ray ID RA Dec. Redshift  log,o(LY"7*Y)  mpseow mrr7ow  mriooow  Class  MIRI Sep.
(J2000) (J2000) [ergs™'] AB AB AB "
667 3:32:35.79 -27:47:35.05 1.22 42.41 21.88 21.89 21.81 AGN 0.13
668 3:32:35.83 -27:47:19.31 1.91 41.96 21.86 22.29 21.97 AGNT 0.35
6894 3:32:36.46 —27:46:31.66 1.10 42.16 20.82 20.63 20.75 AGN 0.32
690 3:32:36.65 —-27:46:31.24 1.00 41.60 21.71 21.63 21.36 Galaxy 0.05
694 3:32:36.92 -27:46:29.09 1.56 41.44 21.99 22.46 22.62 Galaxy 0.29
695 3:32:37.10 -27:47:36.24 0.23 40.23 23.64 23.73 23.10 AGNT 0.32
698 3:32:37.22 -27:46:07.60 1.10 41.46 19.45 19.66 - AGNT 0.83
700 3:32:37.34 -27:47:29.49 0.67 41.08 19.29 19.86 20.00 AGNT 0.37
7034 3:32:37.39 -27:46:45.42 1.85 42.18 21.14 21.53 21.22 AGNT 0.53
7094 3:32:37.65 —-27:47:44.61 1.10 41.34 21.78 21.67 22.06 Galaxy 0.22
7154 3:32:38.03 —-27:46:26.54 3.71 44.14 21.31 20.59 19.84 AGN 0.04
7184 3:32:38.53 -27:46:34.79 2.54 42.65 21.66 21.32 21.40 AGN 0.31
7244 3:32:38.77 —-27:47:32.34 0.46 40.92 20.27 19.91 18.19 Galaxy 0.16
727 3:32:38.83 —-27:46:49.11 0.62 40.78 21.03 21.66 21.81 AGNT 0.41
735 3:32:39.09 -27:46:02.05 1.22 43.82 19.37 19.07 18.89 AGN 0.05
745 3:32:39.63  -27:47:9.50 1.32 41.89 20.76 21.04 21.35 AGN 0.16
7484 3:32:39.74 -27:46:11.55 1.55 43.71 19.96 19.99 19.67 AGN 0.07
7494 3:32:39.87 -27:47:14.75 1.10 41.52 20.56 20.37 20.68 Galaxy 0.61
7514 3:32:40.05 -27:47:55.77 2.00 42.38 20.54 20.87 20.59 AGN# 0.32
754 3:32:40.65 —-27:47:31.23 0.32 42.00 20.61 21.22 21.32 AGN 0.35
756 3:32:40.73 -27:47:49.75 2.08 4243 22.17 - 22.12 AGNT 0.20
758 3:32:40.75 -27:46:07.16 3.09 42.95 24.59 24.57 24.71 AGN 0.93
767 3:32:41.43 -27:47:17.28 0.62 40.96 20.29 20.97 21.17 AGNT 0.29
788 3:32:42.83 -27:47:02.72 3.19 44.30 23.01 36.14 22.24 AGN 0.12
7974 3:32:43.34 -27:46:46.73 2.69 42.67 22.25 22.05 22.20 AGN 0.31
799 3:32:43.44 -27:46:34.53 0.67 40.99 21.20 21.50 19.64 Galaxy 0.24
801 3:32:43.62 —-27:46:58.89 1.57 42.04 21.74 21.83 21.60 AGNT 0.10
8054 3:32:44.03 -27:46:35.89 2.70 43.81 21.27 20.71 20.22 AGN 0.11
809 3:32:44.26 -27:47:00.93 1.92 42.34 23.33 23.77 23.47 AGN 0.61
840 3:32:46.34 -27:46:32.26 1.22 44.11 22.01 21.38 - AGN 0.14
S-36 3:32:40.23 -27:47:23.21 0.62 40.41 23.01 23.47 21.83 Galaxy 1.30

Notes. Column 1 lists the IDs adopted from |Luo et al.|(2017), where an ‘A’ indicates the source is detected in the ASPECS ALMA survey of the
HUDF (Boogaard et al.[2024). Columns 2 and 3 indicate the X-ray-source coordinates, adjusted as described in Sect.[2] The updated spectroscopic
redshifts of the sources are listed in column 4. The absorption-corrected intrinsic 0.5—7.0 keV luminosity, amended where necessary (from that
reported by [Luo et al.[2017) to reflect updated redshift, is given in column 5. The MIDIS 5.6 um, SMILES 7.7 um and MIDIS 10 um integrated
magnitudes are given in columns 6, 7 and 8. The class (AGN or Galaxy) is given in column 9 as defined in|Luo et al.|(2017) and FS60W to X-ray
offset is given in column 10. Objects classified as Galaxy in Luo et al.|(2017) but as AGN in|Lyu et al.| (2022) or|Lyu et al.|(2024)) are indicated
with a T or % respectively.

cedure of Boogaard et al.| (2024)), we identify a spectroscopic Our sample has a median redshift of z=1.22+0.19 with a
redshift of z=1.56 for the X-ray source ID:694. 16" — 84 percentile range z=0.62—2.48. The redshifts of the
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Fig. 3. JWST multi-wavelength imaging and colour maps for two examples of the X-ray sources in our sample. The full sample is shown in
Appendix [C] For each galaxy, we show, and contour, a 3-arcsecond cutout in the NIRCam F210M band (a), the NIRCam F480M band (b) and the
MIRI F560W band (c). We label the galaxy’s ID as given by |Luo et al.| (2017), measured flux in each band and spectroscopic redshift. We also
indicate the FWHM of the PSF in each band by the white circle in the lower-right corner. The F210M/F560W (d) and F480M/F560W (e) colour
maps are shown for each source, highlighting the presence of any AGN (point source) component at longer (near-infrared) wavelengths.

full sample are presented in Table [I] For 12 sources we iden-
tify a different spectroscopic redshift to the photometric redshift
used by |[Luo et al.|(2017). We therefore update the redshift, and
intrinsic X-ray luminosity, for the sources in our sample, with
a median ratio of LYIPIS/L!7 = 1.04 £ 0.05. The updated X-ray
luminosities, as well as spectroscopic redshifts, for the full sam-
ple are reported in Table [T] and in Figure 2] we plot the 0.5-7
keV absorption-corrected X-ray luminosity (Lx.) for the 31 X-
ray sources in the MIDIS survey as a function of their redshift,
showing the comparison to the full sample presented in|Luo et al.
2017).

4.3. Morphological Analysis

In Figure |I| we show the MIRI F560W/F770W/F1000W false
colour images for the X-ray sources, highlighting the diverse
range of morphology in the sample from compact, point-source
red objects to extended, disc-like systems. These MIRI mid-
infrared observations sample the galaxy emission at rest-frame
>1 um providing insights into the structure and morphology of
the continuum emission.

We visually assess the morphologies of the X-ray sources, in
addition to both a non-parametric and parametric analysis of the
MIRI F560W and F1000W observations, to quantify their rest-
frame near-infrared morphology. We exclude the HST and NIR-
Cam observations from our morphological analysis because we
are interested in identifying the AGN component of the galax-
ies, which becomes more prominent at wavelengths greater than
rest-frame 1 wm. The analysis of the JWST imaging employs
5’70 x 5”70 cutouts of each source with pixel scales of 0”704 per
pixeﬂ The cutout in each filter is centred on the source detected
in the MIDIS 5.6 wm observation. We use pHoTUTILS (Bradley
et al.|2022)) to model (and remove) the background level in each
cutout as well as to quantify the root-mean-square (rms) noise.
In the following sections "cutout" refers to these 10770 x 1070,

7 We use a slightly larger cutout than shown in Figure 1| and Figure
to ensure the background is well modelled.
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background subtracted images that are used in the morphologi-
cal analysis that follows.

Before measuring the galaxies’ morphology, we first define
the point spread function (PSF) for each of the JWST bands.
We adopt the PSFs used in Gillman et al. (in prep.) which were
used to build THe FarRMER catalogue. For the FS60W band, this
includes an empirical PSF made from stacked stars that accu-
rately models the extended cross-form pattern of the FS60W
PSF, whilst for the MIRI F1000W band the PSF is generated
from WEBBPSF (Perrin et al.|[2014). For full details see Gillman
et al. (in prep.).

4.3.1. Visual Morphology

To aid the visual classification we also generate two colour maps
for each galaxy, an example of which is shown in Figure [3]
The colour maps contrast the NIRCam F210M and F480M fil-
ters, which sample the rest-frame optical emission of the galax-
ies, with the MIRI F560W observation, which samples the rest-
frame near-infrared emission. In this way, by contrasting the
rest-frame optical and near-infrared emission any unresolved
AGN-heated dust emission that begins to dominate over the stel-
lar emission in the near-infrared clearly stands out (e.g. |[Martini
et al.[[2003)). The colour maps of the full sample are shown in
Appendix [C]

The visual classification of all 31 target galaxies utilising
the MIRI F560W and F1000W “cutouts” as well as correspond-
ing colour maps was carried out by six team members (and co-
authors). The initial classifications were assigned independently,
and a final, merged outcome was produced from an interactive
discussion. Where deemed necessary, a more detailed inspection
was done with the FS60W and F1000W images displayed using
DSﬂ and interactively optimising the greyscale or colour scale
to view the faintest or brightest regions of an object.

8 https://sites.google.com/cfa.harvard.edu/
saoimageds9/home
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Fig. 4. Examples of the rest-frame 2 um morphological analysis for six X-ray sources in our sample, highlighting the diverse range of morphology
in the sample. For each source, we show a 10-arcsecond cutout, best-fit Sérsic plus PSF parametric model and normalised residuals (residual/o).
We label the source ID, MIRI filter, non-parametric (Gini, My, C, A, S') and parametric (nsyic, R.) morphological parameters, as well as goodness
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of fit parameters (y

For ease of comparison with similar studies, we adopt the
classification scheme used by [Kartaltepe et al.| (2023) in study-
ing galaxy structure and morphology at z=3-9 from the Cos-
mic Evolution Early Release Science (CEERS: PI: S.Finkelstein,
#1345) programme. Hence we allow for recognition of up to four
categories of surface-brightness morphology: Disk, Spheroid, Ir-
regular, and Point-source/Unresolved. The first three are collec-
tively referred to as Extended. Each galaxy can exhibit multiple
extended-morphology classes. The main aim of this exercise is
to identify the presence of: (i) point-source components, and (ii)
extended emission components, for comparison with the mor-
phological results from the parametric and non-parametric meth-
ods. We caution that there is some degree of subjectivity and un-
certainty concerning the visual classification into the three indi-
vidual extended-emission categories, as discussed in |Kartaltepe
et al.| (2023)), nevertheless, we consider that they form a useful
basis for the cross-comparisons.

4.3.2. Non-Parametric Modelling

Next, we adopt a non-parametric approach to quantify the mor-
phology of the X-ray-selected galaxies. This approach invokes
no assumptions on the underlying structure of the galaxy’s light
distribution, thus highlighting the unique properties of each
source. Prior to quantifying the morphology we first smooth the
source segmentation map generated from THE FARMER using the
binary dilation routine in pHoTUTILS. Then, excluding this seg-
mented region, we mask the remaining sources in the cutout,
down to a 1o isophote. This ensures full masking of any contam-

RFF). For each parametric model we also annotate the Sérsic and PSF derived magnitude.

inants (spurious or otherwise). We run STATMORP]-ﬂ (Rodriguez-
Gomez et al.|[2019) on the masked cutouts in the 5.6 um and
10 wm bands using the same segmentation maps and PSFs as for
the THE FARMER catalogue (see Section[&.).

sTaTMORPH measures the Concentration, Asymmetry and
Clumpiness (C, A, S; |Abraham et al.|[2003} Lotz et al.|[2008)
parameters that quantify how concentrated, asymmetrical and
clumpy the galaxies’ surface brightness profiles are, with higher
values indicating more concentrated, more asymmetric, or
clumpier light profiles respectively. In addition, the Gini and Myg
parameters are also derived (for full definitions see [Lotz et al.
2004; Snyder et al.|2015). Briefly, the Gini parameter defines the
pixel distribution of the galaxy’s light, where G = 1 corresponds
to all of the light concentrated in one pixel whilst G =0 indi-
cates each pixel contributes equally. The My parameter mea-
sures the second moment of the brightest 20 percent of pixels in
the galaxy. This is normalised by the total moment for all pixels.
Highly negative values indicate a high concentration of light, not
necessarily at the centre of the galaxy.

4.3.3. Parametric Modelling

Finally, to quantify both the parametric morphological profiles
of the galaxies and the deviations from these, we use the GALFITM
code (HauBler et al.[2013)). garrrtm is a Python-wrapper for GaL-
FiT (Peng et al|2010), that allows multi-component parametric
models to be fit to a galaxy’s multi-wavelength light distribu-

9 https://statmorph.readthedocs.io/en/latest/
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Fig. 5. The near-infrared colour properties of the 31 X-ray sources coloured by X-ray luminosity. Grey points are star-forming galaxies in the
MIDIS field of view above z > 0.5. We show the F444W — F770W colour versus F356W — F560W colour (@), highlighting the near-infrared colour
selected AGN region proposed by [Kirkpatrick et al.|(2017) (red-dashed line) and Donley et al.[(2012) (orange-dashed line). In panel b) we plot the
MIRI colours, FS60W — F770W versus F770W — F1000W. The three X-ray emitting galaxies with F770W — F1000W > 1.5, have a colour likely
driven by the presence of the 6.2 um PAH feature in the F1000W filter with redshifts between z =0.46—0.67 as demonstrated by |[Langeroodi &

Hjorth| (2023)).

tion. For our analysis we fit each band independently thus allow-
ing us to constrain the intrinsic wavelength dependence of each
galaxy’s morphology. We further simultaneously model, with a
single Sérsic model (Sérsic|[1963), all sources within 3”70 of the
X-ray source, as identified in the THE FARMER segmentation map

(see Section[d.T) .

To model the target source, on which the cutout is centred,
we fit two different models to each band to determine the pres-
ence of a point-source component to each galaxy’s light profile.
First, we fit a single free Sérsic model with magnitude, Sérsic
index (n), half-light radius, position angle and axis ratio free to
vary. We then fit a free Sérsic model plus PSF model with the
PSF model defined from the input PSF and parametrised with
a position angle and magnitude. An example of the parametric
modelling of the galaxies is shown in Figure 4]

To evaluate the goodness of fit of each of the models, we em-
ploy two metrics. First, we quantify the significance of the resid-
uals to each model in each band using the residual flux fraction
(RFF), as defined in[Hoyos et al.| (2011} 2012),

Zijea llij — IEOde” — 0.8 X Xijea OBkgij

RFF =
ijea lij

ey

where the sum is performed over all pixels within 2.5 times the
Kron radius as derived in the F560W image. |I;; — Ii‘g"del| is the
absolute value of pixel i, j°s residuals to the model Sérsic fit,
whilst 3’; ic4 [;; indicates the total flux measured in the source
as defined in Section 4.1} The 0.8 factor, multiplied by the sum
over the background rms of the region (o pig; ), ensures that
a blank image with a constant variance has an RFF=0.0 (see
Hoyos et al.|2012| for details). Finally, we calculate the reduced
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chi-squared of each model which is defined as:

Na
=)o @)
Xai = X/ (Na = Nyarys) A3)

Na
where Z ”1'2 is the sum of the residual image, Ny is the number

i
of data points and Ny, is the number of variable parameters.
The model with the X?e 4 close to unity is preferred.

4.4. Aperture photometry of point-source components

As an independent verification of the point-source fluxes de-
rived from the GALFITM parametric modelling, which assumes the
point-source component is well modelled by the PSF model, we
perform aperture photometry on the target galaxies in the FS60W
image and their free single Sérsic model residual images. We ex-
pect the gaLritm modelled point source fluxes to be larger than
those derived from the residuals whilst being smaller than those
derived from the input images that contain contributions from
the host galaxy.

We use sep (Barbary et al.|[2016), a pythonic version of
SOURCE EXTRACTOR (Bertin & Arnouts|1996a)) to perform aperture
photometry in 0”2 radius circular apertures centred on the MIRI
source. We correct the aperture fluxes to “total" following the

aperture corrections as reported by STSCIIE For the residuals, on
average, we find log,,(LS4-T)/ log,O(Lgé’;mre) =1.04+0.01.
On the images themselves we derive a median value
of 10go(LSATT)/ Tog o (LAE™") = 0.98 + 0.02 highlighting the
contributions from the host galaxy to the point-source emission.

10 https://jwst-docs.stsci.edu/
jwst-mid-infrared-instrument
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As a final validation of the point-source fluxes, we re-run
the GaLrir modelling using the MIRI ePSF models from |Li-
bralato et al| (2024). We derive a field of view varying ePSF
model following the same procedure as for the empirical PSF
(see Boogaard et al.| (2024) for full details). For the 31 X-ray
sources we derive a lower point-source flux when using the ePSF
models (fepsr/ fempircal = 0.70 = 0.03), which we suspect is driven
by the lower noise level in the ePSF model and brighter cruci-
form pattern at large radii when compared to the empirical PSF.
We note however the choice of PSF does not alter the results
presented in the forthcoming sections.

5. Results and Discussion

From our sample of 31 X-ray detected galaxies, we have 24
AGN/AGN:-candidates and 7 star-forming galaxies as classified
from previous literature studies (e.g, Luo et al.|[2017; Lyu et al.
2022,[2024) with a median redshift of 7=1.22+0.19 and a 16" —
84" percentile range z = 0.62 —2.48. The AGN sources are iden-
tified through a multi-wavelength analysis that encompasses the
objects’ X-ray, radio and infrared properties. One such selection
is the mid-infrared colour selection, which isolates the potential
AGN contribution to the near-infrared emission (e.g. [Lyu et al.
2024).

In Figure [h, we show the source integrated
F444W —F770W  versus F356W —F560W  colour-colour
diagram which mimics the IRAC colour selection commonly
used to isolate AGN sources (Donley et al.|2012} Kirkpatrickl
et al|[2017), as indicated by the red and orange-dashed region.
Whilst a small fraction (7/31) of the X-ray detected sources
fall in the AGN parameter space, isolating the most luminous
X-ray sources in our sample, the majority do not. It is well
known that this colour selection is not robust against obscured
or high-redshift AGN that can have near-infrared colours that
mimic star-forming galaxies due to the dominance of stellar
emission at these wavelengths in these systems (e.g.|Cardamone
et al.|[2008; |Donley et al.|2012; Mateos et al.|2015; |[Kirkpatrick:
et al.|2017; [Lyu et al.|2022)).

In Figure E}), we show the MIRI F560W, F770W, F1000W
colour—colour diagram, highlighting the comparable brightness
across the three filters. In three of the X-ray sources classified as
star-forming galaxies we identify excess F1000W emission com-
pared to F770W with an F770W — F1000W > 1.5. These three
galaxies (ID:724, ID:799 and ID:S-36) have redshifts between
7=0.46-0.67, making the F1000W filter sensitive to the 6.2 um
feature indicating the presence of star-formation activity. We
suspect this drives their excess F1000W emission, as highlighted
in |[Langeroodi & Hjorth| (2023). This excess is not seen in the
AGN at similar redshifts due to the presence of non-stellar emis-
sion dominating over the PAH features.

5.1. Visual Morphology

A summary of the visual classifications is given in Table 2} with
a detailed breakdown of each source given in Appendix [B] For
a point-source component, we identify eight (6 AGN / 2 galaxy)
objects where we consider it is likely present, 14 (11/3) where it
is definitely present, and of these latter, ten (9/1) where the char-
acteristic pattern of the instrumental PSF (Perrin et al.|2014)) can
be seen. For the nine cases where we do not report the presence
of a point source, this should be taken as ‘absence of evidence’
rather than ‘evidence of absence’, as complexity and contrast in a
galaxy’s emission morphology can limit the visual classification
process. For extended emission, there are ten (8/2) objects where

Table 2. Visual classification statistics of the 31 X-ray emitting galaxies
detected in the MIDIS survey.

Frequency Likely
Present Present | Interacting
Disc 6 7
Spheroid 11 12
Irregular 8 2
Extended Sub-total 10 17 14
Point Source (Diff. pattern) 8 14 (10)

Notes. Multiple extended-component categories may be present in a
single object.

we consider it is likely present, and 17 (13/4) where it is defi-
nitely visible. There are 17 (12/5) objects with possible multiple
extended component types, and 14 (11/3) where the morphology
indicates a possible interacting system.

5.2. Morphological Modelling

To evaluate the presence of a point-source component by mod-
elling the surface brightness profiles of the X-ray emitting
galaxies, we assess the relative goodness of fit of paramet-
ric models using the reduced chi-squared and RFF parameters.
For each galaxy we calculate a Ay>= Xéémc - )(gémic +psp and
ARFF = RFFgigte / RFFsingle+psr. Defined in this Way, a galaxy
with Ay? >0 and ARFF > 1 indicates its morphology is better
modelled with a single Sérsic plus PSF model.

On average, for the 31 galaxies in the F560W fil-
ter we identify an improved reduced chi-squared when fit-
ting a Sérsic plus PSF model with a median value of
/\{éérsic - X%érsic +psp =335+ 1.12 (see Appendix D). We further
establish an average reduction in the amplitude of residuals
for the two component model with ARFF =1.28 +0.08. In two
sources ID: 695 and ID: 709, we identify an increase in the resid-
uals when fitting two components. Upon visual inspection (see
Appendix [B) the morphological measurements of both galaxies
are clearly impacted by a companion, possibly merging, galaxy.

In Figure [6] we show the fractional point-source flux density

in the F560W filter, ﬂcgggow’ as a function of the Gini parameter

(GinifW), where ffpsr is the point-source flux density relative
to the total (Sérsic + PSF) flux density in the GaLritm model. The
sources are coloured by the visual classification of point source
presence (PSP) as defined in Sect.@.We note there is overall,
a positive correlation (as might be expected) between Gini and
ftpsr, albeit with a broad dispersion, indicating good agreement
between the different morphological parameters. Those ‘AGN’
with visually no point source presence have a fipsg < 0.2, and
similarly for the sources classified as ‘Galaxy’ with one excep-
tion (ffpsg ~ 0.55). Conversely, it appears that point-source com-
ponents with ffpge 2 0.25 can be reliably discerned by GaLFIT™.
All sources with Giniz 0.5 have the PSF pattern visible.

A recent study by Bonaventura et al.|(2024)), which analysed
the near-infrared morphology of a sample of mid-infrared se-
lected AGN, identified a 3-0- correlation between the observed-
frame 1.5 um asymmetry and the column density of the sources,
establishing that mergers are more common amongst high-
redshift obscured AGN. For the 24 AGN in our MIDIS sam-
ple of X-ray selected sources, we find no strong correlation be-
tween the 5.6 pm asymmetry and column density, with a me-
dian asymmetry of Asg ym =0.06 £0.02, below the ‘mild’ dis-
turbance threshold of A =0.1 (see [Bonaventura et al.[[2024). We
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Fig. 6. Example comparison of the three morphological analysis meth-
ods, for the MIRI/F560W waveband, for each source: Gini (STATMORPH)
vs. fractional point-source flux density ffpsr (GALFITM), with the visual
classifications of point-source presence indicated by colour-coding of
each symbol (purple — no point-source identified; blue — likely; green —
yes; yellow — yes, with a visible PSF characteristic diffraction pattern).
The source classification, ‘AGN’ or ‘Galaxy’, is indicated by symbol
shape: triangle and star respectively. The numbers by each symbol give
the X-ray source reference (XID,|Luo et al.|2017).

note that whilst we find no correlation between asymmetry and
column density in our sample, this is not a direct comparison
given the difference in rest-frame wavelength probed between
the two studies. Furthermore, our sample is X-ray selected whilst
the Bonaventura et al.| (2024) AGN sample includes (X-ray un-
detected) infrared selected AGN which from previous HST stud-
ies, have been shown to exhibit a higher fraction of mergers (e.g.
Kocevski et al.[2015; [Donley et al.|2018; Ji et al.[2022).

5.3. Comparison with X-ray luminosity

Given the broad range of redshift of our sample from z=0.2—
3.6, the rest-frame wavelength probed by the MIDIS 5.6 um
(10 um) observations varies from 4.7 pum (8.3 um) to 1.2 um
(2.1 wm). To align the observations to a common rest-frame
wavelength, we select the observation that samples closest to the
rest-frame 2 pum emission. At 2 um the emission is mostly un-
affected by recent star-formation and highlights any AGN com-
ponent if present. Given the redshift range detailed in Table [I]
for 84% (26/31) of the sources we select the FS60W filter, for
6% (2/31) we use the F1000W filter and for the remaining 10%
(3/31) we use the F770W observations from the MIRI-SMILES
survey as detailed in Section [3] In doing so, on average we sam-
ple the rest-frame 2.54 +0.16 um, emission with a 16" — 84"
percentile range of 1.94—3.47 um.

To convert the point-source luminosity of the galaxies, as de-
rived from GALFITM, to an intrinsic rest-frame luminosity we first
convert the observed-frame fluxes to luminosities using the lu-
minosity distance of each source. We then apply a K-correction
of the form (1+z) following the prescriptions of [Hogg| (1999)
to derive the rest-frame 2 pm luminosity. Finally we scale the
luminosities by the rest-frame frequency of the observations to
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give final units of ergs™'. In Figure , we correlate the rel-
ative contribution of the point source component to the total
2 um luminosity of each source, with the absorption-corrected
intrinsic 0.5-7.0 keV X-ray luminosity, identifying a correlation
with a Spearman rank coefficient of ry=0.48. For 13/31 (42%)
of the sources we find the relative point-source contribution to
the total luminosity to be less than 20%. These sources exhibit
no correlation with X-ray luminosity and represent the fainter
X-ray sources in our sample with log;,(Lx.) <43 ergs~!. For
sources with a point-source contribution above 20%, we identify
a stronger correlation with X-ray luminosity, but no dependence
on the column density (Ng), which we adopt from [Luo et al.
(2017).

Of the galaxies in our sample, 5/7 (71%) have a point
source to total luminosity ratio below 40%, with one galaxy
(ID:695) with the lowest X-ray luminosity in our sample
(log;o(Lxc) =40.23 erg s7!) having almost zero contribution
from a point source in the mid-infrared (<0.01%), indicating the
X-ray emission may arise from X-ray binaries or merger driven
activity in the extended (non-nuclear) regions of the galaxy (e.g.
Gao et al.|2003; Barrows et al.[[2024). In contrast, two X-ray
sources classified as galaxies (ID: 694 and ID: 690) have very
high levels of point-source contribution, 79% and 57% respec-
tively. Both of these galaxies are also visually classified as pos-
sibly undergoing interactions or mergers which makes the mor-
phological modelling more uncertain. Furthermore both galaxies
have small half-light radii (Ry, <07/26), comparable to the PSF
size of the MIRI observations, making it challenging to resolve
the presence of a host galaxy, with both sources remaining point-
source like even at rest-frame optical wavelengths (4 < 0.4 pm).
As noted by [Luo et al.[(2017), some of the X-ray sources clas-
sified as galaxies in their analysis might host low-luminosity or
heavily obscured AGN that remain undetected based on the six
selection criteria used for AGN identification (see |[Luo et al.
(2017) for full details.). Looking at the spectral properties of
ID: 694 and ID: 690 from the NGDEEP prism spectra (see Sec-
tion[d) there is no clear evidence of AGN activity i.e broad-line
emission.

In Figure[7b we correlate the 2 um point-source luminosity
of the sources with their X-ray luminosity. We exclude sources
with point-source to total fraction of less than 20% (13 sources)
which showed no correlation with X-ray luminosity as identified
in Figure [7a. We identify a strong correlation with a Spearman
rank coefficient of r; =0.73, although no strong dependence on
the column density as derived by |Luo et al.| (2017). We derive a
running median in bins of 1 dex in X-ray luminosity, as shown by
the grey squares in Figure[7p, which we quantify further using a
linear orthogonal distance regression (ODR) fit of the form,
logo(LSmps) = @logjo(Lxe) +5 )
establishing @ =0.55 +0.04 and $=20.10 = 1.70.

We compare our relation between near-infrared point-source
luminosity and X-ray luminosity to other literature samples of
Quasars and AGN. Specifically we plot the sample of local
(z~0.01) Seyfert 1 (blue triangles) and 2 (red triangles) AGN
from |Burtscher et al.| (2015). We convert the 2— 10 keV X-ray
luminosities reported in [Burtscher et al.| (2015), to the 0.5-7
keV energy band using a scaling factor of 0.73 derived from
WEBPIMM@ assuming a (negative) power-law spectrum with
photon index of 1.8 and (galactic) column density absorption of

I https://heasarc.gsfc.nasa.gov/cgi-bin/Tools/
w3pimms/w3pimms.pl
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Fig. 7. We show the relation between the ratio of rest-frame 2 um point source (PS) luminosity to total (PSF + Sérsic) 2 wm luminosity (a) and
PS luminosity (b) as a function of the 0.5 7.0 keV X-ray luminosity. In each panel we show the Spearman rank correlation coefficient (r;) for the
relations, a running median (grey squares) in bins of 1 dex in X-ray luminosity. We exclude sources in panel b) with a PS to total luminosity ratio
of less than 20%. We further show the one-to-one relation (black-dashed line) and overlay nearby (z ~ 0.01) AGN from Burtscher et al.|(2015), as
well as the 6 um — X-ray luminosity relations from Mateos et al.|(2015)) for z~0.2—-2.8 AGN and higher redshift Quasars from|Chen et al.|(2017),
as well as the MIRI-SMILES X-ray sources from |Lyu et al.|(2024). Whilst we identify a strong (r = 0.73) correlation between near-infrared point-
source luminosity and X-ray luminosity in our samples, at log,,(Lx.) <43 ergs~!, we identify higher 2 pm PS luminosities than other studies, with

no strong correlation with column density (Ng).

Ni = 9x10'° cm~2 following|Luo et al.[2017["] We note the near-
infrared luminosity reported in [Burtscher et al.| (20135)) is derived
from a combination of the radial CO equivalent-width profile
and spectral decomposition, and might thus not be directly com-
parable to our morphological decomposition.

In addition to the local AGN, we compare to the relations
derived by Mateos et al.| (2015) and |Chen et al.| (2017), for X-
ray AGN and Quasars across a broad range of redshift (z~0.2 -
2.8). Both these studies report the relation between the galaxy
integrated rest-frame mid-infrared (6 pm) and 2-10 keV X-ray
luminosity, which we convert to the 0.5 -7 keV energy band us-
ing the same scaling as for the Burtscher et al.|(2015) sample. We
further include the comparison to the recent study by [Lyu et al.
(2024) of the 217 AGN reported in the MIRI SMILES survey
in GOODS-S. In Figure [7b we plot the X-ray detected MIRI-
SMILES AGN (orange triangles) and Galaxies (orange stars),
again converting to the 0.5—7 keV energy band. All three of
these samples are derived at longer rest-frame wavelengths than
2 um. In the absence of strong star-formation activity, at 6 um for
a power-law spectrum any AGN component of the X-ray source
will dominate over the stellar emission of the host galaxy, remov-
ing the need for any decomposition of fluxes at this wavelength.
Thus we expect the rest-frame 6 pum luminosity to be larger than
the 2 um luminosity in our sample.

In Figure [Jb we see that, whilst the high X-ray luminos-
ity (log,o(Lx) >43.5 erg s~1) MIDIS sources are consistent with
other studies, the lower luminosity sources are offset to higher
near-infrared luminosities, compared to all pre-JWST surveys.
However the low X-ray luminosity MIDIS sources are com-
parable to the 6 uwm—X-ray luminosity relation identified in
the MIRI-SMILES survey, with near-infrared luminosities more

12 For an index of 1.4, the conversion factor would be =~ 1.0.

than an order of magnitude higher than expected from the
Burtscher et al.| (2015) sample. Whilst the low X-ray luminos-
ity MIDIS sources align with the MIRI-SMILES galaxies and
AGN from [Lyu et al.|(2024), as noted before this is not a direct
comparison to the SMILES sample due to the offset in rest-frame
wavelength probed by the infrared observations.

To understand the origin of this offset we investigate a num-
ber of different scenarios for the X-ray sources classified as
galaxies and AGN. Firstly, the origin of the near-infrared point-
source emission might come from nuclear starburst activity. For
instance, known local nuclear starbursts such as Arp 220, with
an X-ray luminosity of ~ 10* ergs™! has a rest-frame 2.2 um
point-source luminosity of ~10* ergs™' (e.g. Scoville et al.
2000; Iwasawa et al.|2011). Of the three most offset sources in
this regime, two (ID:799 and ID: 724) are classified as galax-
ies, indicating the AGN contribution is minimal or currently
undetected. As also highlighted in Figure 5] these two X-ray
sources have redshifts of z ~ 0.6, thus placing the 3.3 um PAH
feature in the FS60W filter. Hence this may result in an ex-
cess in this filter thus boosting the near-infrared luminosity in
the presence of strong star-formation activity (e.g. [Langeroodi
& Hjorth|[2023). Furthermore, ID: 724 has a reported 1-mm flux
of 1 omm =34+ 10 Wy from the ASPECS survey (Aravena et al.
2020; Boogaard et al|2024), further indicating the presence of
intense star-formation activity. Both ID:799 and the AGN with
the largest offset (ID:727) have featureless NGDEEP prism spec-
tra (see Section [d), with no clear signs of AGN activity. Mean-
while ID:724, has a clear detection of a broad Pag line, poten-
tially indicating the presence of AGN activity in this source pre-
viously classified as a galaxy. We note however it is difficult to
definitively determine the presence of AGN activity in the prism
spectrum given the low (~2000 km s™!) resolution.
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Another possible reason for the large offset at low X-ray
luminosities, might be that the intrinsic X-ray luminosity of
these sources could be underestimated if their column den-
sity is underestimated. We can calculate the increase in col-
umn density required for the least luminous X-ray sources, with
log,o(Lxc) ~41.0 erg s~!, to be consistent with the Burtscher
et al.| (2015) sample. For example, the AGN source ID: 727
has a power-law index of y=1.65 and a column density
of Ny=2.1x10?' cm™2 as reported by [Luo et al| (2017).
Using wesBPIMMS, we estimate that a column density of
Ng ~3 x 10**cm™2 would be needed to yield the required ab-
sorption factor ~ 30 to be applied to the observed X-ray luminos-
ity. We note that this scenario may not be physically reasonable,
given that the source has a significant detection in the Chandra
‘soft” band (0.5—-2 keV; |Luo et al.|2017). However, in the next
luminosity bin at log,(Lx.) ~42.04 erg s! the required column
density to enhance the intrinsic X-ray luminosity is not so ex-
treme, with the uncertainty on the median bin making it nearly
consistent with the relations from |Mateos et al.|(2015) and |Chen
et al.|(2017).

We note that the excess identified at low X-ray luminosity is
unlikely to be driven by just one of these scenarios, and is more
likely a relative combination of all processes that is driven by
the unique evolutionary path of each galaxy. This study of the
X-ray sources within the MIDIS observations has demonstrated
the power of deep, high resolution mid-infrared imaging with
MIRI whilst highlighting the complex nature of X-ray sources
in the distant Universe and the need for the upcoming MIDIS-
Red observations at 7.7 pm and 10 pm with equivalent 5o point
source depth, that will unveil the true nature of X-ray sources
and AGN in the HUDE.

6. Conclusions

The unprecedented mid-IR sensitivity and imaging resolution of
MIRI, and the great depth of the MIDIS survey, allow, in many
cases, the direct characterisation of point-like (i.e. unresolved)
components in high-redshift galaxy images, at rest-frame near-
infrared wavelengths.

— Our sample consists of the 31 X-ray sources (CDF-S, [Luo
et al||2017) in the MIRI Deep Imaging Survey (MIDIS) of
the HUDF, using two filters F560W and F1000W.

— From the measured mid-infrared emission, the sources clas-
sified as ‘Galaxy’ do not appear to have clearly distinct prop-
erties, though we note that three of them show high colour
values F770W — F1000W, likely driven by the presence of
the 6.2 um PAH feature in the F1000W filter with redshifts
between z=0.46—0.67 (Fig.Bb).

— We employ three methods to examine the presence of
rest-frame mid-infrared unresolved emission, which is as-
sumed to arise in AGN-heated hot dust. Two are based on
morphological modelling techniques (parametric and non-
parametric), and one on visual inspection. There is broad
agreement between these methods (Fig. [6).

— Atleast 70% of the sources show unresolved emission in the
MIRI images, with the unresolved-to-total flux fraction rang-
ing from ~ 0.2 to ~0.9. About half of our sample have pub-
lished X-ray column densities (Luo et al.|2017). We find no
strong correlation between the column densities and the ra-
tio of the point-source component to the total 2-micron rest-
frame luminosity. For an obscured AGN having a high col-
umn density, we might have expected a smaller point-source
contribution.
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— In common with previous studies we confirm a strong cor-
relation between the 2-micron (rest-frame) point-source lu-
minosity and the X-ray luminosity, with a Spearman rank
coefficient of r;=0.73 (Fig. . We establish a shallower
slope than previous studies with @ =0.55 +0.04, giving rise
to an excess rest-frame near-infrared 2 wm luminosity below
log,o(Lx.) =43.5 ergs™!, comparable to that derived by Lyu!
et al.[(2024) at 6 um.

— We speculate this offset to be driven by a combination of
compact galaxy size, nuclear starburst activity, Compton-
thick AGN and 3.3 um PAH emission acting to enhance the
near-infrared point source emission.

The current MIDIS data will be augmented during 2024—
2025 by deep imaging at longer wavelengths (F770W and
F1000W) with programme id. 6511, PI G. Ostlin, facilitating
identification of obscured AGN at redshifts ~3—4.
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Appendix A: Rest-Frame 2 um Morphology

Table A.1. Rest-Frame 2 um GaLFiT and statMorPH outputs, ordered by X-ray ID from|Luo et al.| (2017).

X-ray ID  log,y(Lpsr) log;o(Lsersic) PSFLum. SérsicIndex Sérsic Size Gini  Myg Extended Point Source

[ergs™'] [ergs™'] Fraction (n) (R.) [kpc]
667 43.26 43.13 0.57 0.69 2.85 0.51 -1.81 likely yes: psf
668 43.20 43.87 0.18 0.76 2.42 048 -1.55 yes
6894 42.68 43.45 0.15 0.30 4.18 052 -1.75 yes
690 43.03 42.90 0.57 3.31 1.46 0.61 -2.09 yes
694 43.62 43.04 0.79 0.30 2.18 051 -1.72 likely yes
695 36.99 40.93 <0.01 0.50 2.02 040 -1.39 likely
698 43.56 44.27 0.16 2.25 4.32 0.58 -2.06 yes
700 43.05 43.81 0.15 2.69 3.00 0.57 -2.03 yes yes: psf
7034 43.43 44.10 0.18 0.37 4.51 046 -1.75 yes likely
7094 42.51 43.31 0.14 0.30 6.09 044 -1.04 likely likely
7154 44.66 44.96 0.33 2.01 0.44 039 -1.55 yes: psf
7184 43.55 4427 0.16 0.56 1.76 047 -1.53 likely
724A 42.65 42.89 0.37 2.61 0.60 050 -1.74 yes: psf
727 42.54 43.04 0.24 5.07 2.22 058 -1.95 likely yes: psf
735 44.43 43.76 0.83 0.57 5.37 0.56 -1.82 yes: psf
745 43.57 43.84 0.35 1.45 3.18 0.57 -1.98 likely yes: psf
7484 4391 44.36 0.26 0.96 3.70 0.52 -1.90 yes yes: psf
7494 42.97 43.77 0.14 0.59 4.94 047 -1.88 yes yes
7514 43.70 44 .42 0.16 0.87 2.16 0.56 -1.60 yes
754 42.22 42.33 0.44 0.76 1.57 051 -1.85 yes likely
756 43.56 43.71 0.41 2.74 1.30 049 -1.77 yes likely
758 42.19 43.27 0.08 0.77 2.06 0.39 -0.81 yes
767 42.49 43.35 0.12 3.78 2.14 056 -1.92 yes likely
788 43.73 43.67 0.54 1.16 0.79 041 -1.56 likely yes
7974 43.87 43.96 0.45 1.48 2.73 0.58 -1.92 yes yes
799 42.45 42.98 0.23 0.80 2.26 050 -1.78 yes
801 43.51 43.56 0.47 0.57 3.35 052 -1.78 yes likely
8054 44 .38 44 44 0.46 1.66 0.68 047 -1.47 yes: psf
809 43.11 43.09 0.51 0.86 1.15 051 -1.72 likely likely
840 43.40 42.78 0.81 0.39 6.33 0.55 -1.76 likely yes: psf
S-36 41.36 42.23 0.12 0.51 1.65 045 -1.70 yes likely

Notes. Column 1 lists the IDs adopted from |Luo et al.|(2017), where an ‘A’ indicates the source is detected in the ASPECS ALMA survey of the
HUDF (Boogaard et al.[2024). Columns 2 and 3 indicate the rest-frame 2 um luminosities for the PSF and Sérsic model, converted to units of
ergs~! using the rest-frame frequency, whilst column 4 details the PSF to total luminosity fraction of the source from the GaLrir modelling. The
Sérsic index, effective radius, Gini and M20 parameters are given in columns 5, 6, 7 and 8. In columns 9 and 10 we list the visual classification of
extended and point-source components, for ease of comparison with the quantitative results (see Appendix [B]for details).
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Appendix B: Visual classification: details

Table B.1. Visual classification for each object in our sample, ordered by X-ray ID from |Luo et al.| (2017).

ID Class Class_ref Morphological categories identified in each object
Disk  Spheroid Irregular Extended Point_Source Notes
[c]
667 AGN Luol7 likely likely yes: psf
668 AGN Lyu22 likely yes yes 00923 [a]
689  AGN Luol7 yes likely yes interacting?
690 Galaxy Luol7 likely yes likely yes interacting?
694  Galaxy Luol7 likely likely yes interacting?
695 AGN Lyu22 likely likely likely interacting?
698  AGN Lyu22 yes yes
700  AGN Lyu22 yes yes yes: psf
703  AGN Lyu22 yes yes yes likely 01520 [a]
709  Galaxy Luol7 likely likely likely likely likely interacting?; East IR source
is X-ray source
715  AGN Luol7 yes: psf
718  AGN Luol7 likely likely likely interacting?
724 Galaxy Luol7 yes: psf
727  AGN Lyu22 likely likely likely yes: psf
735 AGN Luol7 yes: psf
745  AGN Luol7 likely likely yes: psf
748  AGN Luol7 yes likely yes yes: psf
749  Galaxy Luol7 yes likely yes yes
751  AGN Lyu24 yes yes interacting?; 00272 [a];
complex morphology
754  AGN Luol7 yes yes yes likely interacting?
756  AGN Lyu22 yes yes likely
758 AGN Luol7 yes yes interacting?
767  AGN Lyu22 likely yes yes likely
788  AGN Luol7 likely likely likely yes interacting?; [b]
797  AGN Luol7 yes yes yes interacting?
799  Galaxy Luol7 yes yes yes
801 AGN Lyu22 yes likely yes likely interacting?
805 AGN Luol7 yes: psf interacting?
809 AGN Luol7 likely likely likely likely interacting?
840 AGN Luol7 likely likely yes: psf
S-36  Galaxy Luol7 yes yes yes likely 00862 [a]
Notes.

a. NGDEEP_nnnnn (Shen+24 H-alpha map)

b. also in z > 3 massive galaxies sample (CANDELS 14587; Costantin+24)

c. yes: psf — indicates PSF characteristic diffraction pattern is visible
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Appendix C: Colour Maps
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Fig. C.1. Multi-wavelength imaging and colour maps for all 31 X-ray sources in our sample. For each galaxy, we show, and contour, a 3-arcsecond
cutout in the NIRCam F210M band (a), NIRCam F480M band (b) and the MIRI F560W band (c). For each cutout, we label the galaxy’s ID as
given by |Luo et al.| (2017)), measured flux in each band and spectroscopic redshift. We also indicate the FWHM of the PSF in each band by the
white circle in the lower-right corner. The F210M/F560W (d) and F4A80M/F560W (e) colour maps are shown for each source, highlighting the
presence of any AGN (point source) component at longer (near-infrared) wavelengths.
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Appendix D: Morphology Statistics
10910 (Lxc) [erg/s]
405 41.0 415 42.0 425 43.0 435 44.0
L S 1 |
*
. Y Galaxy a) A A A b)
0 A AGN Lot ~rm e Y
w N L (A x A A A A
=] (@)
[ n % A
Q 1----& = e W ) A
» A A ] I *
o i % A A * K] 075 * Ak
2 | A A A 2 Ay A
= | A A o
oS A w o5} *
£ osf A A x
N>< 7 A
o
2o * c | 4o
+ A, -2 025
QT o
v %]
g ozt
A
o5 1 T 100 o1 T s
Single Sersic x? red. Single Sersic RFF

Fig. D.1. The caLrT modelling statistics for the 31 X-ray sources at rest-frame 2 um. We compare the single Sérsic fit to a Sérsic plus PSF model,
analysing the difference in reduced chi-squared (a), and RFF (b). For the majority of sources, we identify improved reduced chi-squared and RFF
values between the two models.
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