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ABSTRACT
We present a new analysis of the potential power of deep, near-infrared, imaging surveys
with the James Webb Space Telescope (JWST) to improve our knowledge of galaxy evolu-
tion. In this work we properly simulate what can be achieved with realistic survey strategies,
and utilise rigorous signal:noise calculations to calculate the resulting posterior constraints
on the physical properties of galaxies. We explore a broad range of assumed input galaxy
types (> 20,000 models, including extremely dusty objects) across a wide redshift range (out
to z ' 12), while at the same time considering a realistic mix of galaxy properties based
on our current knowledge of the evolving population (as quantified through the Empirical
Galaxy Generator: EGG). While our main focus is on imaging surveys with NIRCam, span-
ning λobs = 0.8−5.0µm, an important goal of this work is to quantify the impact/added-value
of: i) parallel imaging observations with MIRI at longer wavelengths, and ii) deeper support-
ing optical/UV imaging with HST (potentially prior to JWST launch) in maximising the power
and robustness of a major extragalactic NIRCam survey. We show that MIRI parallel 7.7-µm
imaging is of most value for better constraining the redshifts and stellar masses of the dustiest
(AV > 3) galaxies, while deepB-band imaging (reaching' 28.5AB mag) with ACS on HST
is vital for determining the redshifts of the large numbers of faint/low-mass, z < 5 galaxies
that will be detected in a deep JWST NIRCam survey.

Key words: galaxies: evolution, galaxies: formation, galaxies: high-redshift, galaxies: pho-
tometry, telescopes

1 INTRODUCTION

In recent years, deep, multi-band imaging surveys have played a
key role in advancing our understanding of galaxy evolution. Deep
optical surveys have been conducted with wide-format CCD cam-
eras on ground-based telescopes such as Subaru (e.g. Taniguchi
et al. 2007, Furusawa et al. 2008, Furusawa et al. 2016), and with
the Advanced Camera for Surveys (ACS) on the Hubble Space
Telescope HST (e.g. Giavalisco et al. 2004; Beckwith et al. 2006;
Scoville et al. 2007). Over the past decade these studies have been
extended into the near infrared with ground-based imagers such as
WFCAM on UKIRT (Lawrence et al. 2007; Hartley et al. 2013),
VIRCAM on VISTA (McCracken et al. 2012; Jarvis et al. 2013)
and HAWK-I on ESO’s Very Large Telescope (VLT) (Fontana
et al. 2014; Brammer et al. 2016), and with Wide Field Camera
3 (WFC3) on HST (e.g. Grogin et al. 2011; Ellis et al. 2013; Illing-
worth et al. 2013; Lotz et al. 2017). This extension in wavelength
coverage to λ ' 2µm (or λ ' 1.6µm in the case of HST) has
been crucial in pushing back our knowledge of galaxy luminos-
ity functions (e.g. McLure et al. 2010, 2013; Bouwens et al. 2011,

? tkemp@roe.ac.uk

2015, 2017; Bowler et al. 2014, 2015; Finkelstein 2016; McLeod
et al. 2015, 2016; Ishigaki et al. 2018; Oesch et al. 2018) and stel-
lar mass functions (e.g. Fontana et al. 2006; Muzzin et al. 2013;
Tomczak et al. 2014; Davidzon et al. 2017) to earlier times, facil-
itating the study of red dust-obscured objects and passive galax-
ies at redshifts z > 1 (e.g. Dunlop et al. 2007, 2017; Fontana
et al. 2009; Bourne et al. 2017; Glazebrook et al. 2017; Koprowski
et al. 2018; Merlin et al. 2018), and improving the quality of pho-
tometric redshift information at all redshifts (e.g. Cirasuolo et al.
2010; Ilbert et al. 2013; Dahlen et al. 2013; Simpson et al. 2014;
Santini et al. 2015; Parsa et al. 2016; Laigle et al. 2016; McLure
et al. 2018b). Extension to longer near/mid-infrared wavelengths
has proven more difficult, as it is essentially impossible to achieve
imaging of sufficient depth from the ground at λ > 2.3µm for the
study of distant galaxies. As a result the provision of useful data at
λ ' 3− 30µm has had to rely on the much smaller Spitzer Space
Telescope. The data produced by deep surveys with the IRAC and
MIPS instruments on-board Spitzer have been undeniably impres-
sive (e.g. Sanders et al. 2007; Damen et al. 2011; Ashby et al. 2013,
2015, 2018; Labbé et al. 2013, 2015), and have certainly demon-
strated the power of such longer-wavelength imaging for rest-frame
optical/near-infrared studies to the very earliest times (e.g. Dunlop
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2 Kemp et al.

2013; Stark 2016), but nonetheless they are ultimately limited in
angular resolution (> 1.5 arcsec) and depth (to mAB ' 25 mag)
by the small (85-cm) aperture of Spitzer.

Both the resolution and depth of near/mid-infrared imag-
ing will be revolutionized by the James Webb Space Telescope
(JWST; Gardner et al. 2006), currently now scheduled for launch
in 2021. As a result of its 6.5-m diameter primary mirror, its
planned passively-cooled operation from Lagrangian point two
(L2; 1.5×106 km anti-sunward from the Earth), and its powerful
near/mid-infrared instrumentation suite, the advances offered by
JWST for the study of galaxies in the young Universe are truly spec-
tacular. Most uniquely transformative are its capabilities at wave-
lengths λ > 2µm, which will never be rivalled from the ground,
even in the era of 25-40m telescopes.

There are four main instruments on-board JWST: NIRSpec
(Near Infrared Spectrograph, Posselt et al. 2004), MIRI (Mid-
Infrared Instrument, Rieke et al. 2015), NIRCam (Near-Infrared
Camera, Horner & Rieke 2004), and FGS/NIRISS (Fine Guidance
System/Near-InfraRed Imager and Slitless Spectrograph, Doyon
et al. 2012). While the spectroscopic capabilities of JWST clearly
promise enormous advances in our understanding of the physical
properties of galaxies (especially at high redshifts), the focus of the
work presented here is on planned deep imaging surveys, primarily
with NIRCam, but also potentially involving MIRI.

Modest programmes of NIRCam and MIRI imaging have al-
ready been approved as part of the JWST Early Release Science
(ERS) programme (e.g. the Cosmic Evolution Early Realease Sci-
ence (CEERS) survey; Finkelstein et al. 2017) with more ambi-
tious imaging also planned as part of the guaranteed time programs
in Cycle-1 (e.g. as part of the JWST Advanced Deep Extragalactic
Survey (JADES) program12). CEERS plans to provide 100 arcmin2

of JWST imaging and spectroscopy across the majority of the Ex-
tended Growth Strip HST legacy field with approximately 37 hours
of science integration time at a total cost of ' 63 hours. CEERS
utilises 10 NIRCam prime imaging pointings with 6 parallel NIR-
Spec spectroscopy observations and 4 MIRI imaging parallels.This
results in an estimated depth capability of mAB ' 28 − 29 mag
for NIRCam andmAB ' 25−26 mag in MIRI F770W. Therefore,
CEERS NIRCam imaging should enable the detection of ' 50
galaxies between z ' 9 − 13. However, the shortest wavelength
filter used in CEERS is the NIRCam F115W band which places
the Lyman break at around z ' 9. Therefore, by design, CEERS
will heavily rely on sufficient HST data to maximise the scientific
output of the resulting NIRCam dataset.

JADES is a JWST Cycle-1 programme designed by the NIR-
Spec and NIRCam GTO team, aiming to observe in both the CAN-
DELS GOODS-N and GOODS-S fields with a two-tier exposure
strategy consisting of a ‘Deep’ and ‘Medium’ imaging survey. The
‘Deep’ survey, centred on GOOD-S/HUDF, will reach depths of
mAB ' 29.8 mag across 46 arcmin2 with no MIRI imaging par-
allels. The shallower ‘Medium’ survey will cover a wider area of
' 190 arcmin2 to a limiting magnitude of mAB ' 28.8. Here,
there will be a total of ' 14 arcmin2 of parallel MIRI imaging in
the F770W filter, with approximately 8 arcmin2 reaching a limit-
ing magnitude of mAB ' 26.7 mag. Like CEEERS, the dataset
produced will require sufficient HST optical data to robustly select
Lyman break galaxies at z < 7. However, as outlined in Finkelstein

1 https://www.cosmos.esa.int/web/jwst-nirspec-gto
2 https://issues.cosmos.esa.int/jwst-nirspecwiki/
display/PUBLIC/Overview

et al. (2015), the community has ambitions to go beyond these pro-
grams and to engage in more ambitious NIRCam+MIRI surveys
increasing the contiguous area coverage and depth across all the
CANDELS fields (COSMOS and UDS) in the early years of JWST
operations. This will enable the community to discover and study
hitherto undetected populations of galaxies (at extreme redshifts,
low masses and/or extreme dust obscurations), to better constrain
the redshifts, stellar masses, and rest-frame optical morphologies
of known high-redshift galaxies, and also to select future targets
for JWST. spectroscopic follow-up within the lifetime of the mis-
sion. One attractive feature of larger area (> 100 arcmin2) NIR-
Cam mapping is that parallel-mode JWST observing can be used to
drag MIRI (which lies' 6 arcmin distant from NIRCam in the tele-
scope focal plane) over regions already mapped with NIRCam, to
produce homogeneous imaging of consistent depth across the full
wavelength range 0.8 < λ < 20µm, exploiting to the full JWST’s
near-to-mid infrared imaging capabilities.

Such JWST imaging surveys promise huge advances in our
understanding of cosmic history, but, given the substantial invest-
ment in observing time required for large area mapping with JWST,
and the range of possible observing strategies, their detailed design
demands to be based on careful analysis. Notwithstanding the obvi-
ous fact that deep JWST imaging will open up new discovery space,
enough is now known about the expected performance of the tele-
scope and instrumentation, and the properties of the known galaxy
population, to merit a proper quantitative evaluation of the trade-
offs between different choices of NIRCam filter combinations, and
survey depth versus area. There are two key related aspects to con-
sider, which are the primary focus of this paper, namely i) the added
value of MIRI parallel observations (which while nominally ‘for
free’ can set significant constraints on survey layout, scheduling
etc) and, ii) the depth/quality of optical data in the chosen survey
fields required to maximise the power of the investment planned
with JWST.

The approach taken here, considering fully realistic photome-
try, and deriving full posterior probability distributions for derived
galaxy physical parameters under different observational strate-
gies differs somewhat from that of other published studies aimed
at providing extragalactic predictions for JWST. In recent years, a
number of such ‘JWST prediction’ papers have appeared, typically
analysing mock JWST catalogues built using semi-analytic models,
or numerical cosmological hydrodynamical simulations of galaxy
formation and evolution (e.g. FIBY Paardekooper et al. 2013, Blue-
Tides Feng et al. 2016; Wilkins et al. 2017, GALFORM Lacey et al.
2016, Barrow et al. 2017, Lovell et al. 2018, Yung et al. 2019).

As a recent example, Cowley et al. (2018) built a mock galaxy
catalogue based on the GALFORM semi-analytic model, and used
this to predict galaxy number counts, redshift distributions and lu-
minosity functions in all broadband filters available for NIRCam
and MIRI. They predict that assuming a 104s exposure, very few
galaxies will be detectable per field-of-view beyond z > 10 and
z > 6 with NIRCam and MIRI, respectively. They also estimate
the size of the galaxies in each photometric band in order to under-
stand the resolving capabilities of NIRCam and MIRI at high red-
shift. Williams et al. (2018) made similar predictions for NIRCam
only, assuming the observational prescriptions of the JWST Ad-
vanced Deep Extragalactic Survey (JADES) GTO program. They
show that they expect to detect thousands of galaxies at z > 6 with
tens at z > 10 across the entirety of the JADES NIRCam imaging
(236 arcmin2) as well as constraining the evolution of the galaxy
UV luminosity function at z > 8. However, the goal of these stud-
ies was not to investigate the accuracy and reliability with which
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Figure 1. The power of multi-band NIRCam + MIRI imaging for the discovery and study of high-redshift galaxies. The blue SED shown at z = 7, 8, 10

is that of a FiBY (Paardekooper et al. 2013; Cullen et al. 2017) simulated star-forming galaxy with Z/Z� ' 1/3, normalised to m3µm = 29 mag, with
the data-points showing the simulated photometry (and associated uncertainty) assuming 1-hr exposures per NIRCam filter. As well as clear delineation
of the Lyman-break, the impact of the strong rest-frame optical emission lines (produced by sub-solar metallicity galaxies) on the photometry is clear;
F444W−F410M colour is invaluable for redshift refinement, and provides estimates of emission-line equivalent widths, and resulting corrections to stellar
mass. The 4th panel shows an alternative (red) SED at z ' 10, produced by a starburst at z ' 15 (' 200 Myr old), demonstrating that NIRCam + MIRI
imaging can also provide key information on earlier star-formation activity.

the JWST data would enable simple galaxy properties, such as red-
shift and stellar mass to be robustly reclaimed. This means that
the predicted results are inevitably somewhat unrealistic, and also
precludes quantitative comparison of the power of alternative ob-
serving strategies, and the importance of supporting data outside
the wavelength range of NIRCam.

One study which tested how reliably galaxy properties can be
reclaimed under different filter combinations of JWST photometry
is that of Bisigello et al. (2016, 2017). First focussing on photo-
metric redshifts, Bisigello et al. (2016) created a mock galaxy cat-
alogue, added appropriate observational noise, and then used spec-
tral energy distribution (SED) fitting in order to estimate the phys-
ical properties of each ‘observed’ galaxy. They concluded that, in
isolation, NIRCam data struggle to deliver acceptable photometric
redshifts in certain redshift ranges, and they attempted to explore
which filter combinations offered the best prospect of overcoming
(or at least ameliorating) this problem. Their main conclusion is
that, while deep optical data at λ < 0.6µm from HST is desir-
able, the lack of such short-wavelength information can be miti-
gated somewhat by the use of MIRI photometric observations in

the F560W and F770W filters. In particular, they reported that the
addition of such MIRI imaging to a NIRCam survey can reduce
the photometric redshift Catastrophic Outlier Rate (COR, defined
as |∆z| > 0.15, where |∆z| = |(zphot − zinput)/(1 + zinput)|,
by a significant fraction both with and without the addition of HST
data. However, in coming to this conclusion, the authors assumed
that a MIRI detection at 28 AB mag would have a comparable S/N
as a NIRCam detection at 29 AB mag in the F150W filter. This is
an optimistic (and, in practice, unrealistic) assumption for an imag-
ing survey, since it requires MIRI integrations ' 50 times longer
than the NIRCam integrations in this scenario. Therefore, this is
not appropriate to the anticipated real-world case described above
for MIRI imaging being obtained in parallel to NIRCam imaging,
and would require a NIRCam+MIRI survey design that committed
> 95% of the available integration time to MIRI imaging. In a sec-
ond paper, Bisigello et al. (2017) then focussed on exploring the
optimum combination of NIRCam and MIRI filters for reclaiming
the physical properties of a sample of 1542 simulated galaxies in
the high redshift range, z = 7 − 10. Again they reported that the
addition of MIRI data was very valuable, especially for improving

MNRAS 000, 000–000 (0000)



4 Kemp et al.

stellar mass and specific star-formation rate (sSFR) estimation at
z ' 10. However, again these calculations are not really realistic
for a JWST imaging survey, as a signal:noise ratio of S/N = 10
is assumed for a galaxy with mAB ' 28 mag in the F560W fil-
ter which, even with a low background level, requires ' 200 hr of
integration per MIRI pointing.

The aim of the study presented here was therefore to: i) con-
sider a set of fully schedulable and realistic observing scenarios,
ii) explore a wide range of assumed input galaxy types (> 20, 000
alternative model galaxies), iii) perform detailed signal:noise cal-
culations to perturb the resulting predicted photometry, and iv) use
state-of-the-art Bayesian methods to assess the precision and accu-
racy with which basic galaxy physical parameters can be reclaimed.
Armed with such machinery we are able to accurately assess the
power of alternative observing strategies (both for the galaxy pop-
ulation in general, and for special galaxy subclasses of potential
interest) and, specifically, the importance of complementing NIR-
Cam imaging with MIRI observations and/or additional HST op-
tical imaging than already exists in the likely target JWST survey
fields.

The structure of this paper is as follows. In Section 2 we sum-
marize the key properties of the NIRCam and MIRI imagers, and
explain the rationale behind our adopted NIRCam filter combina-
tion and observing strategy for the discovery and study of high-
redshift galaxies. Next, in Section 3, we describe the methods
used to produce simulated galaxies. Here we aimed both to sam-
ple a wide range of possible galaxy properties (using the models of
Bruzual & Charlot (2003), with star-formation histories informed
by the First Billion Years (FIBY) simulations; Paardekooper et al.
2013; Cullen et al. 2017), and to consider realistic models of the
evolving galaxy population (based on current data, using The Em-
pirical Galaxy Generator (EGG; Schreiber et al. 2017). Then, in
Section 4, we describe the process by which we synthesized the
predicted JWST photometry for the simulated galaxies, consider-
ing realistic NIRCam+MIRI observing strategies. In Section 5, we
explain how we utilised the Bayesian SED-fitting code BAGPIPES

(Carnall et al. 2018b) to reclaim the physical parameters of the sim-
ulated galaxies from the JWST photometry, and explore the accu-
racy with which this can be achieved both with and without the
addition of MIRI and deeper HST photometry to the core NIRCam
dataset. Finally, in Section 6, we give a summary of our main con-
clusions. Throughout the paper magnitudes are quoted in the AB
system (Oke 1974; Oke & Gunn 1983) and we assume a flat cos-
mology with ΩM = 0.3, ΩΛ = 0.7, andH0 = 70 km s−1 Mpc−1.

2 IMAGING HIGH-REDSHIFT GALAXIES WITH JWST

2.1 The JWST imagers

Full details of the JWST instrumentation are publicly available on-
line3,4,5. The key features of NIRCam and MIRI can be summa-
rized as follows.

The Near-Infrared Camera (NIRCam, Horner & Rieke 2004)
is the primary imager onboard JWST with a wavelength range
of 0.6 < λ < 5µm. There are two identical modules, A

3 https://jwst.stsci.edu/instrumentation
4 https://www.nasa.gov/mission_pages/webb/
instruments/index.html
5 https://jwst-docs.stsci.edu/display/JTI

and B, where the field of view (FOV) is split into a short-
wavelength channel and a long-wavelength channel with co-
aligned FOV’s (2.2 × 2.2 arcmin). The short-wavelength channel
(λ = 0.6 − 2.3µm) has four 2040×2040 detector arrays with
a pixel scale of 0.032 arcsec per pixel in each module. The long-
wavelength channel (λ = 2.4 − 5µm) has only one 2040×2040
detector array in each module with a pixel scale of 0.065 arcsec per
pixel. The short-wavelength channel has twelve filters in total; five
wide-band (R ∼ 4) filters, four medium-band (R ∼ 10) filters, and
three narrow-band (R ∼ 100) filters. The long-wavelength channel
consists of three wide-band, eight medium-band, and four narrow-
band filters. In total, there are therefore 8 available broad-band fil-
ters: F070W, F090W, F115W, F150W, F200W, F277W, F356W and
F444W. With such filters, the key spectral feature of extreme red-
shift galaxies, the Lyman break at λrest = 1216Å, can in princi-
ple be detected over the redshift range 4.2 < z < 40, while the
4000Å/Balmer break feature is identifiable over the redshift range
0.6 < z < 11.3.

The Mid Infrared Imager (MIRI, Bouchet et al. 2015) is a
combination of multiple instruments providing observing capabili-
ties over a vast range of MIR wavelengths (λ = 5 − 27µm).
In broad-band imaging mode, nine photometric broad bands
are available, with resolution capabilities of R ∼ 5 (F560W,
F770W, F1000W, F1130W, F1280W, F1500W, F1800W, F2100W,
F2550W). Along with broad-band imaging, this module contains
instruments that perform coronography and low-resolution spec-
troscopy (LRS) (Kendrew et al. 2015). The pixel scale of the im-
ager is 0.1 arcsec per pixel with a total FOV of 74×113 arcsec de-
voted to imaging alone. MIRI’s sensitivity, combined with its long
wavelength baseline, will provide unrivalled mid-infrared data. The
wavelength range accessible with MIRI becomes very important
for high-redshift galaxies (especially at z > 6), where the rest-
frame optical continuum and several of the key nebular emission
lines become redshifted longward of λ ' 5µm. MIRI’s first two
bands are by far the most sensitive, with the F560W band sitting
very close to the end of the NIRCam wavelength range.

2.2 JWST imaging strategy for high-redshift galaxy surveys

Although WFC3/IR enabled HST to probe beyond z ' 7 into
the first ' Gyr of cosmic time, the isolation of secure samples
of z > 7 galaxies has been severely hampered by the curtail-
ment of HST wavelength coverage at λobs < 1.7µm. Robust red-
shift information benefits greatly not only from identification of
the Lyman-break at λrest = 1216 Å, but also from extended/high-
quality wavelength coverage redward of the break to exclude lower-
redshift red/dusty interlopers. Here, JWST will be transformative;
as we show in Fig. 1, an 8-filter NIRCam approach can not only se-
curely identify Lyman-break galaxies out to the highest redshifts,
but can also provide powerful SED information (e.g. revealing the
presence of rest-frame optical emission-lines or a Balmer break).

As can be seen from Fig. 1, 7 NIRCam broad-band filters
(F090W, F115W, F150W, F200W, F277W, F356W, F444W) pro-
vide complete (and independent) coverage of the observed spec-
tral range λ = 0.8 − 5µm. We have decided to adopt this as our
baseline NIRCam filter set for the simulations presented here, with
inclusion of the F090W filter (excluded in the CEERS ERS pro-
gram) vital for delivering samples of galaxies at z = 7− 8. We do
not include imaging in the F070W filter, because i) this is the least
sensitive short-wavelength channel broad-band filter for NIRCam
imaging, ii) this wavelength range is least unique to JWST, and iii)
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the image quality in this filter is not expected to be significantly
better than achieved with HST at comparable wavelengths.

We also assume equal exposure times in all 7 of these broad
bands. There are two reasons for this. First, since imaging is per-
formed simultaneously in a short-wavelength channel filter and a
long-wavelength channel filter, it is not straightforward/practical
to fine-tune the relative exposure times (e.g. increasing systemat-
ically with wavelength). Second, the imaging sensitivity expected
in each of these filters (in terms of AB mag or µJy) is compara-
ble (to within 0.5 mag, with the exception of F444W6), and thus
already well matched to the consistent detection of high-redshift
star-forming galaxies, which are known to have a fairly ‘flat’ (i.e.
β = −2, where fλ ∝ λβ) rest-frame UV continuum above the
Lyman-break, as shown in Fig. 1.

Having decided on a combination of 4 broad-band filters in the
short-wavelength NIRCam channel, and all 3 available broad-band
filters in the long-wavelength channel, it only remains to decide on
the choice of a fourth long-wavelength channel filter. The obvious
options are additional integration in one of the broad-band filters al-
ready included (i.e. F277W, F356W, F444W) or inclusion of imag-
ing in a different long-wavelength channel filter. In practice, this
becomes a choice between more integration in F444W (given it is
the least sensitive of the broad bands in the long-wavelength chan-
nel) or inclusion of a long-wavelength channel medium-band filter
in a comparable wavelength regime. For constraining continuum
SEDs, experiments indicate that this choice is unimportant as the
relative sensitivity capabilities and effective wavelengths are some-
what similar for the F444W and F410M NIRCam filters 7. How-
ever, here we choose to utilise the medium-band F410M filter (as
again shown in Fig. 1) because of its potential to help distinguish
between a spectral break at the red end of the NIRCam imaging, or
the presence of strong emission lines within the broad band (sim-
ilar baseline filter set in the JADES program). In this regard, the
combination of F444W and the medium-band F410M filter can be
particularly powerful. It is now well-established that [OIII] lines
of extreme equivalent widths (EW0) become more prevalent with
increasing redshift and/or decreasing metallicity (Nakajima et al.
2016), and, for brighter objects, have already proved detectable
in broad-band Spitzer IRAC photometry (Smit et al. 2015). Not
only can such emission-line signatures provide invaluable addi-
tional redshift information, but they also offer one of the few ways
of estimating the escape fraction of ionizing photons from young
galaxies in the reionization epoch (Stark 2016).

Given this NIRCam imaging strategy, one of the key issues
we aim to explore in this work is the added value of MIRI imaging
for high-redshift galaxy studies. In principle this would appear to
be extremely valuable. The wavelength coverage of NIRCam and
MIRI compliment each other nicely, and while surveys with NIR-
Cam alone will effectively encompass the 4000Å/Balmer break dis-

6 https://jwst-docs.stsci.edu/display/JTI/NIRCam+
Imaging
7 Although the F444W band is slightly more sensitive than F410M band
for most observations, the background is steeply rising between 4 and 5
µm (this is the Wien tail of the thermal zodiacal dust spectrum). The
F444W filter goes out to almost 5 µm, so it takes the brunt of this rise.
This significantly counteracts the sensitivity gains that would otherwise be
obtained from the wider bandpass. Because F444W is more sensitive to
the background than F410M, any observation with long exposure time be-
comes background-dominated in F444W, and thus the flat-field residual
noise on the background becomes significant for background-dominated
calculations.

played by galaxies across the broad redshift range 1 < z < 10, at
z > 4, the wavelength range sampled by MIRI better samples the
light from the evolved stellar populations which dominate the stel-
lar masses of galaxies. Moreover, the enhanced wavelength base-
line offered by the addition of MIRI imaging can be of value for
distinguishing between quiescent and dusty star-forming galaxies,
and hence establishing reliable galaxy masses for red sources and
completing our census of the stellar-mass density at early times.

The appeal of adding MIRI imaging is, at first sight, further
enhanced by the fact that it can be obtained in parallel with NIR-
Cam imaging. MIRI lies' 6 arcmin from NIRCam in the JWST fo-
cal plane, and thus images a different part of the sky. However, for
moderately wide-area surveys (e.g. of GOODS/CANDELS fields
> 100 arcmin2) the observations can be designed to drag the MIRI
parallel imaging over the majority of the area imaged with NIR-
Cam, and thus the MIRI imaging can be obtained ‘for free’. How-
ever, such a strategy means that the MIRI integration times are,
necessarily, limited to be comparable to the NIRCam integration
times. One could of course choose to keep observing in a single
MIRI filter while the observations at a given location cycle through
all of the NIRCam filters described above, but that still sets a max-
imum MIRI integration time of ' 4× the NIRCam integration
time per filter. This is then potentially problematic when trying to
close the gap between the detection limits of NIRCam and MIRI.
Even the two most sensitive MIRI filters at wavelengths immedi-
ately longward of those probed by NIRCam, F560W and F770W,
are ' 10× less sensitive than NIRCam F444W imaging. The sen-
sitivity rapidly degrades further with increasing wavelength in the
MIRI channels, largely due to the increased background noise from
the JWST insturments themselves8. This means that realistic calcu-
lations need to be performed to assess the true added value of MIRI
photometry to deep multi-band NIRCam imaging, including a full
simulation of the accuracy with which the physical parameters of
galaxies over a range of masses, redshifts and spectral types can be
reclaimed with and without the addition of MIRI parallel imaging.

In the simulations presented here we assume that all the avail-
able parallel imaging integration time is devoted to 7.7-µm MIRI
imaging (i.e. F770W) because i) the sensitivites offered by F560W
and F770W imaging are comparable, and ii) 7.7-µm imaging most
significantly extends the wavelength baseline covered by NIRCam.
We stress that important extragalactic science can undoubtedly be
undertaken using the longer-wavelength MIRI filters, but the aim
here is to test the extent to which MIRI imaging in the most sensi-
tive MIRI channels, taken in parallel with deep NIRCam imaging,
can really contribute to our knowledge of the tens of thousands of
previously undiscovered galaxies which will be revealed by deep
NIRCam imaging surveys.

Finally, while Fig. 1 shows that at redshifts z > 7 essentially
all of the transmitted galaxy SED lies longward of λ ' 1µm, and
is thus fully sampled by JWST, it remains the case that the vast ma-
jority of the new galaxies which will be discovered in deep JWST
surveys will lie at more modest redshifts. This means that shorter-
wavelength (optical) observations can still be of value in constrain-
ing the galaxy SEDs, and raises the question of whether the exisit-
ing optical (e.g. HST ACS) imaging in likely target JWST survey
fields is adequate to enable full exploitation of deep JWST imag-
ing data. This is the second key strategic issue that we explore here
through our galaxy simulation work.

8 https://jwst-docs.stsci.edu/display/JTI/MIRI+
Sensitivity
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Figure 2. Polynomial fits to the median FIBY SFHs for z = 4 galaxies.
The solid coloured lines represent the median (green) and ±2σ (blue and
red) normalised SFHs across the mass range 108 − 1010 M�. The dashed
lines show the minimum-χ2 polynomial fits to the solid lines. The resulting
extracted rising star-formation τ values are displayed in the top-right corner.
These are the τ values adopted to build our suite of exponentially-increasing
BC03 galaxies

Table 1. Physical parameter values used to build the suite of model galaxies
based on the BC03 templates for our simulated galaxies at z = 3−9. These
values were used for all of the SFH prescriptions detailed in Table 2.

Property Parameter Value(s)

Stellar mass log10(M∗/M�) 8, 9, 10
Metallicity Z / Z� 0.2, 1
Redshift z 3, 3.5, 4 ... 8, 8.5, 9
Dust obscuration AV / mag 0, 0.2, 0.4, 0.8 ... 6.4
Ionisation parameter log10 U −3
Age of the Birth Cloud Tbc / Gyr 0.01

3 SIMULATED GALAXIES

In this section, we describe the two suites of galaxy models we con-
structed to explore the potential power of JWST imaging surveys.
First we constructed an extensive (deliberately not necessarily rep-
resentative) range of galaxy SEDs utilising the models of Bruzual
& Charlot (2003) (BC03). As described in detail below (subsection
3.1), we explored the impact of a wide range of physical proper-
ties, in part to enable a search for those types of (possibly extreme)
galaxies for which MIRI data could have the most significant effect
on reclaimed galaxy parameter estimates. Second, as described in
subsection 3.2, we constructed a more representative (at least given
current knowledge) distribution of galaxy SEDs using the Empir-
ical Galaxy Generator (EGG) simulations (Schreiber et al. 2017),
in an attempt to quantify the actual number/redshift-distribution of
galaxies which will be uncovered by deep NIRCam surveys, and
assess the relative prevalence of the likely subsets of galaxies for
which additional MIRI or HST photometry is predicted to be of
most value.

Form of SFH Parameter Value(s)

Exponentially Decreasing
Timescale τ / Gyr 0.05, 0.25, 1.25, 6.25
Age of SFH T / Gyr 0.02, 0.1, 0.4, z-lim Age

Exponentially Increasing
Timescale τ / Gyr −0.1, −0.4, −0.7
Age of SFH T / Gyr 0.02, 0.1, 0.4, z-lim Age

Burst then Constant
Fractional mass in SF burst Mb / Mc 1/3, 1/2, 2/3

Constant then Burst
Fractional mass in const. SF Mc/Mb 1/3, 1/2, 2/3

Table 2. SFH parameter values used to create the suite of SEDs based on the
BC03 templates and applied to galaxies with the chosen physical parameters
summarized in Table 1.

3.1 BC03 Models

Using the population synthesis models of Bruzual & Charlot
(2003), we created a set of 21,216 galaxy SEDs covering a vast
range of specified physical parameters. We built this suite of
galaxies using the model generation component of the spectral
fitting code Bayesian Analysis of Galaxies for Physical Infer-
ence and Parameter Estimation (BAGPIPES; Carnall et al. 2018b).
We spread the BC03 templates across 13 evenly-spaced red-
shift bins (z = 3, 3.5, 4 ... 8, 8.5, 9), and, at each redshift,
constructed galaxies at three stellar masses of potential interest
(M∗ = 108, 109, 1010 M�). At each redshift and stellar mass,
we created model galaxies with both solar or 1/5 solar metal-
licity, explored 34 alternative star-formation histories (SFH) (16
exponentially-declining models, 12 exponentially-increasing mod-
els, 3 burst+constant star-formation models, and 3 constant+burst
models), and considered a range of dust obscuration extending up
to AV ' 6, applying dust attenuation using the Calzetti redden-
ing law (Calzetti et al. 1994; Calzetti et al. 2000). The effect of the
intergalactic medium (IGM) attenuation is also included in these
models, following the prescription of Inoue et al. (2014). The BC03
templates do not include nebular emission, however, BAGPIPES has
fully integrated the latest version of the CLOUDY photoionization
code (Ferland et al. 2017). The logarithm of the ionisation parame-
ter (U , defined as the ratio of ionising photons to neutral particles)
combined with the input metallicity determines the level of nebular
emission applied to the BC03 templates. In this work, we fix the
logarithm of the ionization parameter to log10(U) = −3. More in-
formation on the implementation of these processes is detailed in
Carnall et al. (2018b).

At all redshifts the maximum galaxy age is limited by the age
of the Universe at that redshift. The burst+constant SFH models
represent galaxies with an initial burst of star-formation activity
at the epoch of formation, followed by a constant build-up of ad-
ditional stellar mass over the remaining period of time governed
by the defined age of the galaxy. In contrast, the constant+burst
models are defined by an intitial extended period of constant star
formation, followed by a short, sharp burst immediately before the
epoch corresponding to the redshift of the observed galaxy. Each
of these models is split into 3 separate mass prescriptions, with
either 1/3, 1/2 or 2/3 of the total stellar mass built up in either
the burst or constant component of the SFH. The exponentially-
declining (τ ) models are, as is standard practice, defined by a range
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of e-folding timescales. and ages (four of each). However, while
such models may be appropriate for relatively mature galaxies in
the late-time Universe, a range of observations and simulations
suggest that rising star-formation histories are more plausible for
growing galaxies in the young high-redshift Universe. In an at-
tempt to ensure physically-realistic rising star-formation histories,
we estimated appropriate τ values for exponentially-rising mod-
els via fits to the SFHs of typical young galaxies in the First Bil-
lion Years (FIBY) simulations (Paardekooper et al. 2013; Khoch-
far et al. in preparation), as shown in Fig. 2. The FIBY simulation
suite is a set of high-resolution cosmological hydrodynamics sim-
ulations using a modified version of the GADGET code utilised in
the Overwhelmingly Large Simulations (OWLS) project (Schaye
et al. 2010). These simulations reproduce the stellar-mass func-
tion and star-formation rate of galaxies at z > 6 and at the same
time also recover the trends in the metallicity evolution of galax-
ies. We extracted the median SFH of all galaxies within the stellar
mass range, 108 − 1010 M�, and performed a simple polynomial
(minimum-χ2) fit to the median and ±2σ SFH for each redshift
bin in the FIBY simulations. Fig. 2, shows these fits along with the
calculated τ values for the z = 4 galaxies. The solid coloured lines
represent the median and±2σ normalised SFHs extracted from the
FIBY simulations, with the dashed lines showing the polynomial
fits. We found that the median (green line) and ±2σ (red and blue,
respectively) τ values (τ = −0.1,−0.4,−0.7 Gyr) encompass all
calculated τ values up to redshifts z > 9 in the FIBY simulations.
They are also consistent with the values reported by Finlator et al.
(2011), who found that τ should vary over the range 50− 350 Myr
within the redshift range 6 < z < 12.

The complete list of adopted values is summarized in Ta-
bles 1 and 2, where Table 2 summarizes the SFH parameters. Our
simulated galaxy sample contains 9,984 exponentially-decreasing,
7,488 exponentially-increasing, 1,872 burst+constant and 1,872
constant+burst model SEDs distributed equally across the redshift
range 3 < z < 9 and the stellar-mass range 108, 109, 1010 M�.

3.2 EGG

The Empirical Galaxy Generator (EGG v.1.1.0; Schreiber et al.
2017), is a tool that can generate large mock galaxy catalogues
with realistic flux densities. These catalogues are built using empir-
ical prescriptions rather than deriving galaxy properties from phys-
ical first principles or simulations, and seek to provide the most
accurate match to current observational data for galaxies in the red-
shift range 0 < z < 7. EGG takes the approach of assuming that
the galaxy population can be simply segregated into star-forming
galaxies and quiescent galaxies, and assumes that redshift, z, and
stellar mass, M∗, are the fundamental properties from which all of
the other observables can be statistically derived. In essence, draw-
ing z and M∗ from the observed stellar-mass functions for star-
forming and quiescent galaxies, EGG uses the SFR–M∗ ‘main se-
quence’ displayed by star-forming galaxies to assign a SFR to each
galaxy drawn for the star-forming mass function, and then utilises
empirical relations (established from the HST, Spitzer and Herschel
observations of the CANDELS fields) to derive dust attenuation,
optical colours and disk/bulge morphologies for the galaxies. Dust
attenuation is applied using the Calzetti law (Calzetti et al. 1994;
Calzetti et al. 2000) while the redshift-dependent impact of the
Inter-Galactic Medium (IGM) is calculated using the prescription
of Madau (1995).

After random scatter is introduced (to reflect the observed dis-
tributions of each parameter), Schreiber et al. (2017) assign each

galaxy a best-fitting SED and also calculate synthetic photometry
by integrating the redshifted SED through any chosen set of filters
as specified by the user. Effectively, Schreiber et al. (2017) create
a mock galaxy catalogue calibrated to the highest-quality existing
data, with the ability to produce either SEDs or perfect (noise-free)
multi-wavelength photometry.

For the current investigation we initially used EGG to cre-
ate a sample of 3,908,096 galaxies across a sky area of 1.2 deg2,
complete to a magnitude limit of 29.5 mag in the F440W NIRCam
filter. The resulting synthetic galaxy population spans the redshift
range 0 < z < 15, and hence has a wide range of stellar masses
(5 < log10(M∗/M�) < 12). From this large-area sample we then
constructed two galaxy sub-samples satisfying the area/depth of the
two' 150−250 arcmin2 regions produced by our observing strat-
egy in the COSMOS and UDS CANDELS fields, which are the two
most obvious equatorial extragalactic survey fields for a major pub-
lic NIRCam+MIRI survey, beyond CEERS and JADES (see section
4.3 and Fig. 4 for a more detailed description). The shapes of these
two survey fields were defined using the existing HST mosaics, but
with realistic NIRCam+MIRI mosaicing strategies, taking into ac-
count JWST roll-angle and minimum background constraints.

Having defined these two survey fields, we adopted a straw-
man approach to observing time, and calculated what could be
achieved if we committed ' 100 hr of JWST observing time to
each field. The calculation of the resulting noise levels for each
passband is described in detail in Section 4, but taking into account
the achievable sensitivities, we trimmed our EGG galaxy samples
by removing any non-detected objects (defined as< 4-σ detections
in more than 4 filters according to our proposed 8-filter NIRCam
observing strategy).

The final redshift and mass distributions for the predicted
JWST COSMOS-CANDELS and UDS-CANDELS galaxy samples
are shown in Fig. 3. The predicted number of detected galaxies is
69,766 and 51,879 in the UDS and COSMOS, respectively, and the
sample properties are summarised in Table 3. The slightly differ-
ent galaxy numbers and redshift/mass distributions shown in Fig. 3
result from the necessarily slightly different observing strategies
adopted for each field (due to field geometry and allowed telescope
roll angle); the proposed UDS survey is approximately 2× wider
and therefore shallower than the COSMOS survey. Nevertheless,
the predicted galaxy populations are broadly very similar. The an-
ticipated galaxy redshift distribution in both fields peaks at z ' 0.5,
with median z ' 2, and extends to z > 10, while the stellar-mass
distribution is predicted to peak at log10(M∗/M�) ' 8.5 and ex-
tend to log10(M∗/M�) > 11. The UDS appears to yield far more
lower-redshift galaxies than our deeper COSMOS observations, yet
a similar number of high-redshift objects are detected in both fields.
This is largely caused by the increased detection of higher-mass
galaxies found at lower-redshift, while the COSMOS imaging is
better suited to detecting the higher-redshift objects and/or lower-
mass objects in our deep field.

In the next section we explain how we added noise to the pho-
tometry of the simulated galaxies, and summarize the realistically
achievable depths given our adopted strawman observing strategy.

4 SIMULATING OBSERVATIONS

In this section we describe the processes by which we simulated
the JWST NIRCam and MIRI data for our model galaxies, and then
outline the strawman observing strategy which leads on to the typ-
ical depths anticipated in each NIRCam and MIRI filter.
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Table 3. A summary of the key features of the galaxy samples predicted (by EGG) to be detected with JWST in the the COSMOS-CANDELS and UDS-
CANDELS fields, assuming a JWST observing time committment of ' 100 hr to each field (see Section 4.3)

Field Area Mass Range Median Mass Redshift range Median z SFG-QG Ratio No. of Galaxies
/arcmin2 log10(M?/M�) log10(M?/M�)

COSMOS '150 5.02− 11.90 8.45 0.050 < z < 11.69 2.019 11.10 51,879
UDS '250 5.11− 11.86 8.48 0.050 < z < 10.92 1.969 10.97 69,766
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Figure 3. The redshift and stellar-mass distributions of our finalised EGG mock galaxy catalogues of JWST-detected galaxies in the COSMOS-CANDELS
and UDS-CANDELS survey fields, observed under a realistic observing strategy for JWST (see Section 4.3). The inset in the first panel provides a zoom-in of
the anticipated detectable galaxy samples at z > 7.

Table 4. Calculated typical JWST 5σ point-source depths in each filter for our strawman NIRCam+MIRI survey observing strategy.

Survey Field) F090W F115W F150W F200W F277W F356W F410M F444W F770W

COSMOS-CANDELS 28.96 29.23 29.43 29.51 29.47 29.42 28.65 28.93 25.91
UDS-CANDELS 28.58 28.84 29.05 29.09 29.08 29.01 28.20 28.44 25.96

4.1 NIRCam Simulations

The NIRCam observations were simulated using the simulation-
hybrid PYTHON engine, Pandeia (Pontoppidan et al. 2016). Pandeia
calculates 2-D pixel-by-pixel signal-to-noise ratios for all observ-
ing modes onboard JWST. The JWST Exposure Time Calculator
(ETC) web interface is based on this same PYTHON engine. How-
ever, for large numbers of objects and simulations, the web inter-
face is not sufficient. Pandeia allows the user to define an astro-
physical scene with an external input SED, and then to ‘observe’
the synthesized objects using observational parameters defined by
the user. The input SEDs can be normalized at any wavelength,
across all JWST and HST filters.

The astronomical scene comprises a set of sources and asso-
ciated SEDs independent of the observing instrument. This scene
is projected onto a realised scene, that is initially spatially sub-
sampled, avoiding under-sampling of the PSF. The realized scene
cube is then projected onto an appropriate detector plane, dictated
by the chosen instrument and the observing mode defined by the

user. The details of how this is done are described in Pontoppidan
et al. (2016).

In our case, we define our observing strategy using back-
ground models, an instrument mode and a specified detector setup.
The background models are chosen based on the region of the sky
where JWST is pointing at a user-defined time of year. The detector
setup governs the specified read-out mode along with the number
of groups per integration, number of integrations per exposure and
the total number of exposures. Combing these parameters provides
a total exposure time for our observations in each selected filter.
These values were selected based on the average exposure times
calculated from our APT-designed observing strategy described in
section 4.3. We note that we assume the objects are point sources.

The intermediate step of tracking the photons through the op-
tical train to the detector is done in a similar manner to our inde-
pendent MIRI simulator (described next in section 4.2). Once the
SNR has been found in each photometric band for our chosen in-
tegration times, we assign an error and scatter the data accordingly

MNRAS 000, 000–000 (0000)



Deep extragalactic surveys with JWST 9

(assuming a Gaussian distribution). The result is a best estimate
of the anticipated NIRCam photometry (and uncertainty) for each
of our simulated galaxies, after processing with the NIRCam data-
reduction pipeline.

4.2 Independent MIRI Simulator

We calculated the MIRI photometry using an independent code
which we had already created prior to this work based on a set
of sensitivity models used in the official MIRI Team simulator,
MIRISim (Glasse et al. 2015). We could of course have used the
Pandeia software to perform SNR calculations in the MIRI bands,
but it transpires to be far less efficient than our own simulator; for a
few objects this would not be important, however, as we wished to
run more than 20,000 galaxies through our pipeline under different
observing scenarios, Pandeia can become very computationally ex-
pensive. Our own MIRI simulator quickly produces very accurate
synthetic observations to within a ∼1% accuracy of that predicted
by the official ETC for all observing modes with MIRI. We show
the results of a simple test run to asses the quality and accuracy
with which our own independent simulator compares to that of the
ETC in the appendix (Fig. A1). After calculating the expected pho-
tometric errors for our chosen observing configuration, we again
scattered the predicted photometry using a Gaussian distribution to
provide the raw observational data expected from our MIRI imag-
ing of the simulated (BC03 and EGG) galaxies. Full details of our
MIRI simulator are published in Kemp et al. (in preparation), but
for the interested reader we provide a brief summary of its key ele-
ments (and the underlying physics) in Appendix A.

4.3 Observing Strategies

Clearly the final observing strategy of any large-scale public extra-
galactic survey with JWST cannot be known until JWST is oper-
ational, and open-time programmes are selected for the early ob-
serving cycles. However, our aim here is to provide predictions
which are both generic and realistic. We have therefore explored
in detail possible NIRCam+MIRI imaging strategies for the UDS-
CANDELS and COSMOS-CANDELS covering the survey areas
outlined in Table 3. As a result we have produced a fully-realistic,
schedulable,‘strawman’ observing strategy which devotes' 100 hr
of JWST observing time to each of these two fields, while striving
to maintain > 50% efficiency: specifically our proposed observing
scenario devotes 101.9 hr of observing yielding 53.4 hr of science
time in the UDS-CANDELS field, and 90.6 hr of observing time
yielding 47.5 hr of science time in the COSMOS-CANDELS field.
The mosaic footprint for our COSMOS CANDELS field imaging
strategy is shown in Fig. 4. We overlay the proposed observing
strategy for our MIRI (red tiles) and NIRCam (blue tiles) pointings
on the current HST and UVISTA COSMOS coverage. The UDS
observing strategy follows a different format due to more difficult
V3PA constraints (perpendicular to COSMOS). Both the UDS and
COSMOS strategies were built using the APT to ensure a fully re-
alistic and schedulable set of observations.

As explained above, the proposed observing plan involves
equal integration times in 8 NIRCam filters (F090W, F115W,
F150W, F200W, F277W, F356W, F410M, F444W), with MIRI ob-
servations obtained in parallel over as much of the NIRCam area
as possible given the constraints of survey field size/shape and the
fairly limited permitted JWST roll angles for equatorial target fields.
For this strawman survey we devote all of the parallel MIRI inte-
gration time to F770W imaging since, as already explained, the

Figure 4. The layout for our prescribed COSMOS observing strategy de-
scribed in section 4.3. The red tiles represent the dithered MIRI coverage in
the F770W filter, while the blue tiles represent the dithered NIRCam point-
ings with the deepest region (due to multiple exposures) highlighted by the
dark blue box. We overlay this mosaicing strategy onto the current HST
ancillary data available in COSMOS CANDELS along with the UVISTA
colour composite image.

focus of this paper is on the value of the added 7.7µm MIRI pho-
tometry to the NIRCam photometric dataset. The anticipated 5-σ
point-source depths (for all 10 NIRCam+MIRI filters) predicted
by our noise simulations for the deepest region of contiguous area
coverage in each field under our prescribed observing strategy are
summarized in Table 4. The typical depths are somewhat lower in
the UDS-CANDELS field because, as already explained above, the
field geometry leads naturally to a somewhat wider-area, shallower
survey (assuming comparable intergation time in each field) if sub-
stantial MIRI+NIRCam overlap is to be achieved. We stress, how-
ever, that the main results of this work, described in the next sec-
tion, apply to any similar NIRCam multi-band survey with MIRI
parallel observations, and in that sense our conclusions can be re-
garded as generic, even if based on a specific strawman observing
strategy to ensure realism.

Given these depths (summarized in Table 4), as previously
mentioned in relation to Table 3 and Fig. 3, in the interests of effi-
ciency and meaningful analysis, we removed any galaxies from the
simulations that did not match certain criteria as judged from the
simulated photometry. Specifically ‘non-detections’ were removed,
as judged by synthesised photometry which yielded less than 4-σ
detections in more than four JWST wavebands.

Finally, we assumed that we can utilise ancillary homo-
geneous HST optical imaging coverage of our survey fields at
the depths/filters of the current public ACS data. For the UDS-
CANDELS and COSMOS-CANDELS fields, this consists of V606
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and i814 imaging which, in both bands and in both fields reaches a
5-σ point-source detection limit of 28.4 mag. As with the JWST
photometry, we simulated and scattered the predicted photome-
try in the HST/ACS bands given the known depths, and assuming
Gaussian errors.

5 RECLAIMING GALAXY PROPERTIES

In this section we introduce the SED-fitting code BAGPIPES and ex-
plain the process of reclaiming the physical properties of the sim-
ulated galaxies from the synthesized JWST photometry. We also
present and analyse the results for our BC03 and EGG simulations,
exploring the impact of the addition of both MIRI and HST pho-
tometry to the core NIRCam 8-filter data.

5.1 SED Fitting Code - BAGPIPES

Bayesian Analysis of Galaxies for Physical Inference and Param-
eter Estimation (BAGPIPES, Carnall et al. 2018b) is a Bayesian
spectral-fitting code, capable of fitting galaxy SEDs to photomet-
ric and/or spectroscopic data simultaneously in a statistically robust
manner. BAGPIPES can also be used to also generate model galaxy
spectra based on set physical parameters described via PYTHON

dictionaries; all of our simulated galaxy SEDs based on the Bruzual
& Charlot (2003) spectrophotometric models were generated using
BAGPIPES, with the specified physical parameters summarized in
Tables 1 and 2.

BAGPIPES requires defined multiple-model parameterisation
to fit against the submitted observational data, including the uncer-
tainties of the observations. The user is required to define a prior
probability distribution, describing the free parameters and lim-
its for the fitting process. For this work we varied galaxy redshift
(0 < z < 15), stellar mass (0 < log(M∗/M�) < 13), metallicity
(0 < (Z/Z�) < 3) and dust obscuration (0 < (AV /mag) < 7).
All galaxies are fitted against two separate SFHs, exponentially
decreasing/increasing and Log-Normal (see Section 2.3 in Car-
nall et al. 2018a) . We allow the exponential prescription to vary
in both decay timescale (−10 < τ < 10) and age (0.001 <
T/Gyr) < 10), thus allowing SFHs to be exponentially increasing
or decreasing, and spanning a very large region of parameter space.
For the Log-Normal SFH, we allow a wide range in Full Width
Half-Maximum (0 < (FWHM/Gyr) < 10) and maximum age
(0.001 < (tmax/Gyr) < 10). Through attempting to fit this range
of models to the simulated photometry, BAGPIPES produces a pos-
terior distribution for each free parameter, and hence calculates the
posterior median along with the±1-σ confidence intervals for each
parameter value. The free parameters and their allowed ranges are
summarized in Table 5.

5.2 Results for the BC03 simulated galaxy sample

In Fig. 5 and Fig. 6 we show an example of using BAGPIPES

to fit the simulated photometry of a z = 5, M∗ = 1010 M�,
dusty (AV = 3.2 mag) galaxy, fitting to HST+NIRCam and then
HST+NIRCam+MIRI F770W photometry respectively. In each
case, we show the posterior distributions and contour plots for all
the fitted free parameters described in Table 5, including also the
inferred SFH (top right). We present the median and ±1-σ best-fit
SEDs to our scattered photometric data in the lower panel of each
figure.

In the first example (Fig. 5), the redshift posterior distributions

Table 5. The free parameters, and their allowed ranges, used to build the
SED library within BAGPIPES for fitting to our simulated galaxy photome-
try.

Parameter Description Range

M∗ Stellar Mass 0 < log10(M∗/M�) < 13

Z Metallicity 0 < (Z/Z�) < 3
z Redshift 0 < z < 15

AV Dust Obscuration 0 < (AV /mag) < 7

Exponential SFH

τ Timescale −10 < (τ/Gyr) < 10
T Age of SFH 0.001 < (T/Gyr) < 15

Log-Normal SFH

FWHM SFH width 0 < (FWHM/Gyr) < 10

tmax Age of SFH 0.001 < (tmax/Gyr) < 15

and contours plots are dual-peaked, with the majority of the distri-
bution lying within the low-redshift peak at z ' 2. As a result,
the posterior median (middle dashed line) lies within the incorrect,
low-redshift peak of the solution. A separate peak in the redshift
distribution can be seen close to the correct (simulated) redshift at
z ' 5, however the dominance of the low-redshift solution means
that this is only just included within the +1σ confidence region.

Incorrectly inferring the redshift has an obvious detrimental
impact on the estimation of galaxy mass, especially given this type
of bi-modal posterior distribution. The stellar-mass distribution and
contour plots also therefore show two potential solutions, peaking
at approximately M∗ ' 109 M� and M∗ ' 1010 M�. The width
of the distribution lying around the incorrect (lower) stellar-mass
estimate at M∗ ' 109 M�, draws the posterior median to lie at ap-
proximately 109.25 M�. This type of serious mass under-estimate
(clearly linked to the bi-modal distribution of redshift) can intro-
duce substantial errors in the determination of the galaxy stellar-
mass function, and its inferred evolution with cosmic time.

The best-fitting SEDs are shown alongside the galaxy photom-
etry in the bottom panel of Fig. 5. The blue points represent the raw
photometry (with black error bars), while the orange ‘points’ show
the photometric posterior distribution. Three SEDs are shown, with
the red, green and blue SEDs showing the best fitting SEDs for the
posterior median (green) and ±1-σ (blue and red, respectively).
These can be matched to the dashed lines on the posterior dis-
tributions found in the corner plots: the blue line is a z ' 5,
M∗ ' 1010 M�, AV = 3.2 mag galaxy, while the green line rep-
resents the median z = 2.09, M∗ = 109.25 M�, AV = 5.7 mag
SED fit, and the red line is a z = 1.7, M∗ = 108.77 M�,
AV = 6.5 mag galaxy.

In Fig. 6 we show the results of fitting the same simulated
galaxy, but this time including MIRI F770W photometry in the sim-
ulated dataset. It can be seen that the posterior distributions are very
different, and in particular no longer dual-peaked. The distributions
for redshift, stellar mass and dust obscuration all take the form of a
single sharp peak lying very close to the correct values. This results
in much tighter ±1-σ confidence intervals with a relatively narrow
range of allowed parameter values. We also reclaim the shape of
the SFH relatively well, with the fitting producing a SFR that grows
slowly with time, matching very well the input fiducial τ = −0.1
SFH shown in Fig. 2.

The scatter seen in the fitted SEDs also reduces dramatically
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Figure 5. An example of a BAGPIPES fit to a dusty (AV = 3.2 mag), z = 5 galaxy without any MIRI photometry (i.e. fitting only to the photometry from the
8 NIRCam filters). The upper panel presents a corner-plot of the resulting posterior distributions of all 6 free parameters described in Table 5. We also show
the inferred age, SFR and SFH. The dashed lines in each panel represent the posterior median along with the ±1-σ solutions. The solid purple line marks
the true input values for the stellar mass, redshift and dust obscuration. The lower panel shows our simulated galaxy photometry (blue points with error-bars),
along with the BAGPIPES SED fits to these data. The green line represents the SED extracted from the posterior medians of each distribution, in this case, at
redshift z ' 2.09. The red and blue lines show the corresponding −1-σ and +1-σ SEDs respectively. In this case, the blue line corresponds to a high-redshift
solution (at z ' 5, close to the true value), while the red line corresponds to a low-redshift solution (at z ' 1.8, close to the stronger low-redshift peak seen
in the redshift corner plot). Most parameter distributions appear to be dual-peaked, with a larger proportion of the redshift distribution lying in the low redshift
solution (z ' 2, red SED).
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Figure 6. The BAGPIPES fit to the same z = 5 galaxy as in Fig. 5, but this time also fitting to the simulated MIRI F770W photometry. Again, the upper panel
presents a corner-plot of the resulting posterior distributions of all 6 free parameters described in Table 5, and we also show the inferred age, SFR and SFH. As
before, the dashed lines in each panel represent the posterior median along with the±1-σ solutions, but this time it can be seen that the parameter distributions
are no longer dual-peaked and sit close to the true input values represented by the solid purple line. The lower panel shows our simulated galaxy photometry
(blue points with error-bars, this time including the MIRI 7.7-µm photometry), along with the BAGPIPES SED fits to these data. The green line represents the
SED extracted from the posterior medians of each distribution, this time at redshift z ' 4.97 (only ∆z = 0.03 from the true value). The red and blue lines
show the corresponding −1-σ and +1-σ SEDs respectively; these now quantify the width of the single peak close to z = 5 (z = 4.56 and z = 5.38) due to
the fact that the addition of the MIRI photometry has removed the bimodality in the distributions.
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Figure 7. Photometric versus input redshifts (with |∆z| = |(zphot − zinput)/(1 + zinput)| sub-plotted below each panel) for the 1010 M� exponentially-
increasing SFH BC03 simulated galaxies. As indicated in the legend, the data points are coloured according to 8 bins in simulated dust obscuration (AV =0,
0.1, 0.2, 0.4, 0.8, 1.6, 3.2, 6.4 mag). The upper panel shows the results when the galaxies are fitted without including the MIRI F770W photometry in the
simulated dataset, while the lower panel shows the impact of including the MIRI photometry. The legend on the right-hand side of both panels gives the
catastrophic outlier rates (COR), where the COR is defined by the percentage of galaxies for which |∆z| > 0.15. It can be seen that the photometric redshifts
are of excellent quality for all but the dustiest galaxies (AV > 3 mag) and that the addition of the MIRI data improves the results for a significant subset of
these, particularly at intermediate redshifts (as illustrated by the example shown in Fig. 5 and Fig. 6).
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with the addition of the F770W filter. This time the SED extracted
from the posterior medians (green line) lies at redshift z ' 4.97
(only ∆z = 0.03 from the true value), and the red and blue lines
(showing the corresponding −1-σ and +1-σ SEDs respectively)
now simply quantify the width of the single peak close to z = 5
(z = 4.56 and z = 5.38) due to the fact that the addition of the
MIRI photometry has removed the bimodality in the distributions.

For this type of dusty, red, high-redshift galaxy the impact of
adding MIRI photometry is thus clear. It is also clear that the HST
ACS optical data (in this case V606 and i814) has very little impact:
the red colour of this galaxy combined with the depth of available
ACS imaging in the CANDELS fields means that the errors on the
ACS photometry are too large (in comparison with the JWST pho-
tometry) to significantly affect the fit.

Having highlighted an example of an object for which MIRI
photometry clearly matters, in Fig. 7, we plot derived photomet-
ric redshift versus true input galaxy redshift for our sample of
M∗ ' 1010 M� BC03-simulated galaxies over the redshift range
3 < z < 9, in this case (for clarity) focussing on the subset
of such galaxies simulated with exponentially-rising SFHs. These
plots show the results of attempting to determine photometric red-
shifts without (upper panel) and then with (lower panel) inclusion
of the MIRI data. Both the z − z plot and the normalised redshift
distribution (|∆z| = |(zphot − zinput)/(1 + zinput)|) are plotted
in each case, and the galaxies are colour-coded by (input) dust ob-
scuration. It is important to note that although we have 13 discrete
redshift bins, we scatter the true input redshift values on the x-axis
randomly by up to ±0.25δz. We subsequently apply the same off-
set to the fitted photometric redshifts on the y-axis to effectively
project the redshift onto smaller, equally sized redshift bins making
the plot itself far more digestable. Fig. 7 confirms that the galaxy
discussed above (Fig. 6 and Fig. 5) is indeed typical of the sort of
object for which the addition of MIRI 7.7-µm photometry is im-
portant. The addition of the MIRI data has no real impact on the
(already excellent) photometric redshifts for the vast majority of
objects with AV < 2 mag, but clearly impacts on the (often much
poorer) results for the galaxies in the two highest bins of obscura-
tion (essentiallyAV > 2 mag). The catastrophic outlier rate (COR,
defined as |∆z| > 0.15) is reduced by a factor of two (from COR
= 29.2% to COR = 14.6%) by the inclusion of the MIRI photom-
etry, with the improvement most dramatic at intermediate redshifts
(z ' 4 − 6). At very high redshifts the improvement is much less
dramatic, primarily because dusty galaxies of this mass yield rela-
tively poor-quality detections at z > 7 in the F770W filter (given
our chosen exposure times). Finally, we note here that while the
results shown in Fig. 7 include HST ACS photometry, the effect of
excluding any HST ancillary data only degrades the COR by a very
small amount (' 2%) but, as we discuss further in the next section,
this is largely because i) the impact of HST optical data is most
important at redshifts z < 3, and ii) the BC03 simulated galaxy
sample analysed here contains a (deliberately) unrealistically-large
proportion of dusty galaxies with extreme values of AV . The ap-
proach taken here has therefore enabled us to isolate the type of
galaxy for which MIRI parallel-mode imaging is of real value in
contraining model parameters.

How important such dusty high-redshift galaxies actually are
obviously depends on their prevalence/distribution in the gen-
eral galaxy population, and the science question to be addressed.
We note that, while we have assumed that such objects exist
in all three mass bins of our BC03 simulated galaxy sample
(M∗ = 1010, 109, 108 M�), it transpires that, in the two lower
mass bins, very few such objects survive our S/N cuts due to the

combination of low mass, high redshift, and extreme dust attenu-
ation. Thus, even if such objects exist at such masses, they do not
feature in our simulated JWST samples. In summary, given real-
istic exposure times, it is only at stellar masses M∗ ≥ 1010 M�
that MIRI data can have a significant impact on the accuracy with
which the physical properties of dusty high-redshift galaxies are re-
claimed. However, there is in any case a growing body of evidence
that dust content is strongly correlated with galaxy stellar mass,
and hence that such objects are indeed largely confined to the stel-
lar mass range M∗ ≥ 1010 M� in the real Universe (Dunlop et al.
2017; McLure et al. 2018a).

5.3 Results for the EGG simulated galaxy sample

Finally, we used BAGPIPES to reclaim the properties of the galax-
ies in the simulated EGG galaxy samples in the COSMOS and UDS
simulated surveys as summarized in Table 3. Again we explored the
impact of adding the MIRI photometry to the HST-ACS + JWST-
NIRCam dataset, and this time found that the addition of parallel
MIRI F770W photometry had very little impact on the accuracy
of the reclaimed photometric redshift estimation. In fact, the pho-
tometric redshifts improved for only '1% of the EGG-simulated
JWST-detected galaxy population, which is of course intended to
produce a more realistic distribution of galaxy properties than ex-
plored in the BC03 simulations. There are two reasons for the rela-
tively low impact of MIRI. First, the EGG simulations extend down
to essentially z ' 0, and the redshift distributions are dominated
by galaxies at z < 3. Such objects, which were deliberately not
included in the BC03 simulations (which were aimed at exploring
the high-z galaxy population) have redshifts that are already well-
constrained by multiple detections in the ACS+NIRCam filters, or
if not are too faint for MIRI to help. Second, binning the EGG sam-
ple by dust obscuration, we found that the EGG simulations con-
tained only a tiny number of dusty galaxies with AV > 3.0 mag
in the simulated JWST survey galaxy samples. This may reflect a
problem with EGG which requires further exploration/refinement,
since such objects are certainly known to exist in the CANDELS
fields (Dunlop et al. 2007), but at least it explains the virtually neg-
ligible impact of MIRI on the photometric redshifts (and hence stel-
lar masses etc).

In fact, we found that where MIRI was making its very modest
impact on the EGG photometric redshifts was for a small sample
of relatively dust-free galaxies which happened to have two alterna-
tive peaks in their posterior redshift distributions, and the addition
of the MIRI F770W photometry just happened to tip the probabil-
ity balance slightly in favour of the correct peak. However, for these
objects, the impact of MIRI was still too modest to modify the pos-
terior distributions to the extent that the incorrect solutions could
be excluded, and on close examination of this subset of objects
we discovered that the real problem was the lack of HST data at
wavelengths shortward of the existing V606 data. We therefore de-
cided to explore whether the addition of ACSB435 imaging in these
fields would actually have more impact on this subset of objects
than the addition of the MIRI photometry. To explore the impact of
adding B435 imaging of increasing depth, we decided to perform
a series of re-runs using differing B435 depths of 27.6, 28.0 and
28.4 mag. The first of these depths was chosen to represent what
could be achieved in a Medium-sized HST programme, the second
effectively matches the depth of the available B435 imaging in the
GOODS fields, while the final deepest depth was chosen to match
(in terms of AB magnitudes) the depth of the existing V606 and i814

imaging in the UDS-CANDELS and COSMOS-CANDELS fields.

MNRAS 000, 000–000 (0000)



Deep extragalactic surveys with JWST 15

Figure 8. Density maps showing reclaimed photometric redshift as a function of simulated galaxy redshift for our sample of EGG galaxies, exploring the
impact of increasingly deep HST ACS B435 imaging as indicated in each panel. Left: Photometric redshifts reclaimed using the 8 NIRCam Bands with
existing HST V606, i814 and B435 imaging (reaching 27.6 mag, 5-σ). Centre: The results of the same procedure, but assuming the B435 imaging is 0.4 mag
deeper. Right: The results when it is assumed that the B435 imaging is 0.4 mag deeper still. The catastrophic outlier rate (COR) in each case is also given,
defined as the percentage of galaxies with |∆z| > 0.15, where |∆z| = |(zphot − zinput)/(1 + zinput)|.

Figure 9. Density maps showing reclaimed photometric redshift as a function of simulated galaxy redshift for our sample of EGG galaxies in multiple filter
combinations. Left: Photometric redshifts reclaimed using the 8 NIRcam Bands with existing HST V606 and i814 imaging. Centre: Photometric redshifts
reclaimed using the 8 NIRcam Bands with existing HST V606 and i814 + MIRI F770W photometry. Right: Photometric redshifts reclaimed using the 8
NIRcam Bands with HST V606 and i814 + B435 (28.4 mag) imaging. The catastrophic outlier rate (COR) in each case is also given, defined as the percentage
of galaxies with |∆z| > 0.15, where |∆z| = |(zphot − zinput)/(1 + zinput)|.
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Figure 10. Reclaimed galaxy stellar mass versus input fiducial model mass for the galaxies in our JWST-detected EGG Sample, with NIRCam alone (Left),
NIRCam with added MIRI F770W (Centre) and with the addition of deep HST ACS B435 photometry reaching 28.4 mag (5-σ) (Right). We colour code by
photometric redshift offset (|∆z|) in three separate bins. The green points represent galaxies fitted with well-constrained photometric redshifts (|∆z| < 0.05),
the blue points represent galaxies that have reasonably good fits to redshift (0.05 < |∆z| < 0.1) while the red points represent galaxies with poor photometric
redshift estimations (|∆z| > 0.1). We also give the mean |∆m| in each case, where |∆m| is defined as log(M∗[model]/M�) − log(M∗[fit]/M�).
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The impact of this simulated progressive increase in B435

imaging depth on the photometric redshifts delivered by BAGPIPES

for the EGG JWST galaxy sample is shown in Fig. 8. There is a ma-
jor impact on the number of incorrect redshifts at z < 3.5, and
as a result the COR is predicted to decline from ' 12% to ' 4%
simply by deepening the ACS B435 imaging by a factor of ' 2 in
limiting flux density. The vertical arm feature representing z ' 1
galaxies with seriously over-estimated photometric redshifts almost
completely disappears as we now have a good enough detection of
the flux blueward of 0.6µm. Previously, the poor detection allows
for an incorrect confirmation of the Lyman-break pushing the pos-
terior median of the photometric redshift distribution to higher red-
shifts. We also see a substantial number of genuine z ' 2 − 3.5
galaxies have their previously under-estimated redshifts corrected
by better confirmation of the Lyman-break feature due to the deeper
B435 imaging. We see no real improvement beyond z > 5 as, for
many of these galaxies, a more secure non-detection in the B-band
adds little to the information provided by the existing V606 imaging
given the location of the Lyman break.

The relative added value of either MIRI F770W or HST B435

imaging is compared in Fig. 9. Here we show the inferred pho-
tometric redshift versus the fiducial input redshift for 3 separate
filter combinations of photometric data. In producing the results
shown in the left-hand panel we used HST V606, HST i814 and the 8
JWST NIRCam bands, in the middle panel we added MIRI F770W
photometry, and for the right-hand panel we instead added deep
(28.4 mag.) HST B435 photometry. Consistent with the above re-
sults, we see a small improvement when we add the MIRI F770W
parallel photometry, with COR reduced by ∼2.3%, while the addi-
tion of deep HST B435 imaging decreases the COR by ∼10%.

As already demonstrated for the example galaxy highlighted
in Fig. 5 and Fig. 6, an error in photometric redshift is one of the
key sources of systematic error in reclaimed galaxy stellar mass.
Consequently, catastrophic redshift errors of the type seen in Fig. 8
and Fig. 9 can have a serious impact on the determination of galaxy
mass functions. For example, a galaxy in the vertical arm feature
focused at a true redshift of z ' 1 in Fig. 8 and Fig. 9 could have
its redshift over-estimated up to a value of zphot ' 5.3. This al-
ters the inferred galaxy stellar mass from M∗ = 106.4 M� to
M∗ = 109.1 M�. Fig. 10 shows reclaimed stellar mass versus the
fiducial model stellar mass for the galaxies in our EGG sample
first with NIRCam only, then NIRCam with the addition of MIRI
F770W imaging and finally with the proposed deeper HST B435

imaging data (reaching 28.4 mag, 5-σ). We colour code each panel
with 3 photometric redshift offsets bins: the green points represent
galaxies with a good photometric redshift (|∆z| < 0.05), the blue
points represent galaxies with reasonably well fitted photometric
redshifts (0.05 < |∆z| < 0.1), while the red points represent
galaxies with a poorly inferred photometric redshift (|∆z| > 0.1).
The relationship is significantly tightened only with the addition of
the deep B-band data where a large number of galaxies with true
stellar masses in the range M∗ = 107 − 1010 M� have their re-
claimed masses restored to their true (i.e. input) values. This is pri-
marily as a result of the reduction in catastrophic redshifts, where
not only do we see a dramatic decrease in scatter as we add the
B435 imaging, but also the vast reduction in the number of galax-
ies with poor photometric redshift constraints (i.e reduction in the
number of red points). The normalised change in stellar mass |∆m|
(where |∆m| = log(M∗[model]/M�)− log(M∗[fit]/M�) drops by
0.0336, reflecting the accuracy with which the stellar masses are
reclaimed with the addition of the deep B435 imaging. Clearly an
accurate determination of galaxy stellar masses is key to an effec-

tive confrontation between the results from JWST galaxy surveys
and the predictions of theoretical models and simulations. These
results indicate that deep B435 HST optical imaging in the CAN-
DELS fields is crucial for minimising systematic errors in the stel-
lar masses of the galaxies that will be uncovered in deep JWST
surveys.

6 SUMMARY AND CONCLUSIONS

We have undertaken an analysis of simulated JWST+HST photom-
etry for a wide range of model galaxies, in order to explore the abil-
ity with which the redshifts and physical properties of galaxies can
be reclaimed from different multi-band combinations of photome-
try. In particular we have explored the potential value of extending
the wavelength baseline of JWST NIRCam photometry to longer
wavelengths with JWST MIRI, and/or to shorter wavelengths with
additional HST ACS imaging. The former is of interest because,
for moderate size NIRCam surveys, MIRI data can be obtained in
parallel, while the latter is of interest because we still have the op-
portunity to utilise HST to improve the available optical imaging in
likely JWST extragalactic survey fields.

In this paper we ensure our results are fully realistic, because
i) they are based on fully-developed observing strategies which are
achievable with JWST in the selected survey fields; ii) we assume
MIRI integration times that are achievable in parallel-mode observ-
ing, and iii) we use the latest information on available HST imaging
in the survey fields, while also exploring what improvements can be
achieved with feasible future HST large programs.

We created two different simulated galaxy samples, one
(based on the models of Bruzual & Charlot 2003) designed to ex-
plore a wide range of possible galaxy properties including very
dust-obscured objects, and a second (based on the the Empirical
Galaxy Generator: EGG) that is designed to be representative of
the known galaxy population. The photometry for all these objects
was created and scattered given the latest knowledge of the pre-
formance of the relevant instruments, and the samples were then
trimmed to only include significant detections (given our adopted
observing strategy). Finally we used the Bayesian SED-fitting code
BAGPIPES to attempt to reclaim the properties of the galaxies from
the scattered photometry, performing the analysis both with and
without the inclusion of the MIRI and/or HST ACS data.

Our main findings are that i) parallel MIRI 7.7µm imaging is
of real value (in some cases crucial), but only for a subset of galax-
ies at z ' 4− 7 which have high dust obscuration, AV > 2; ii) the
current EGG simulations suggest that such galaxies only constitute
0.5% of the z = 0− 12 galaxy population that will be detected by
JWST NIRCam surveys, but this could easily be an under-estimate,
given the known existence of galaxies in the GOODS fields with
AV ' 5 (e.g. Dunlop et al. 2007); iii) while the MIRI photometry
also appears to help with the accurate recovery of the properties
of some galaxies at z < 4, it transpires that deep HST B-band
photometry is of more value (and is more efficient) for removing
photometric redshift degeneracies for such galaxies.

Given the importance of robustly quantifying the evolution of
the high-mass dusty galaxy population out to the highest redshifts,
our results still favour the use of MIRI parallels with deep NIR-
Cam surveys, despite the fact that, for the vast majority of the bluer
galaxy population, the MIRI photometry struggles to add value
to the deeper NIRCam data. Our results also argue strongly for
the acquisition of additional deep public HST ACS imaging in the
key CANDELS fields (e.g. UDS and COSMOS) prior to the com-
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mencement of JWST operations, to ensure that the power of deep
extra-galactic imaging surveys with JWST is maximised.

Moreover, in closing we also note that, given the known ex-
istence of dusty galaxies such as the example highlighted in Figs.
5 and 6, even if such objects prove to be rare on the scale of the
CANDELS fields, they will undoubtedly be revealed in wider area
surveys (e.g. in on-going near-infrared or sub-mm/mm surveys).
This means that deep pointed MIRI follow-up of such sources will
be invaluable, both for resolving redshifts/mass ambiguities, and
indeed potentially for delineating their mid-infrared SED’s through
multi-band MIRI imaging.
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APPENDIX A: MIRI SIMULATOR

The 25-m2 collecting mirror of JWST provides the potential for
huge gains in sensitivity for a mid-infrared telescope. This, cou-
pled with the cold radiative environment (' 40 K) of JWST will
allow MIRI to excel in a relatively unexplored region of the elec-
tromagnetic spectrum for extra-galactic science. As MIRI covers a
large spectral range, care must be taken to track the change in dom-
inating background factors as a function of wavelength. At short
wavelengths, the Zodiacal dust concentrated in the ecliptic plane
of our solar system dominates the background noise. However, as
one moves to longer wavelengths the general thermal background
increases by a few orders of magnitude. The thermal background
can be simply modelled as the sum of the six thermal emission
sources expected when observing with MIRI, equation A1, where
each background source has a different effective temperature and
emissivity (ε, quantifying the efficiency of emission/absorption rel-
ative to a perfect black-body):

Bν = ε
2hν3

c2
1

ehν/kT − 1
(A1)

Table A1 presents a breakdown of the different contribu-
tions to the thermal background emission that MIRI will be ex-
posed to when operating. Components A and B take into account
the scattered and emissive components of the Zodiacal dust spec-
trum, while C to F account for stray light in the telescope. Compo-
nent G is representative of a ‘high background’, simulating double
that currently expected in the optical system. When these compo-
nents are plotted, the problems encountered when venturing into
the longer wavelengths accessible with MIRI are clear: the ther-
mal background increases by several orders of magnitude, reduc-
ing the observational abilities of the instrument. At λ > 14µm, the
background noise is dominated by the JWST components and the
thermal emission they produce when the telescope is in operation.

To quantify the background noise an analytical integration can
be performed over the grey-body profiles in the across the specified
wavelength range, for example, the range of photometric bands for
MIRI imaging, or the separate MRS bands and channels when un-
dertaking spectroscopic observations. It is important to integrate
across these channels separately, as a number of variables depend

Table A1. Specific JWST background contributions. Used in conjunction
with Equation A1, this information can be used to produce a set of profiles
describing the wavelength-dependent thermal background emission which
will be observed with MIRI.

Component Emmisivity (ε) Temperature / K

A - Zodiacal 4.20×10−14 5500
B - Zodiacal 4.30×10−8 270
C - DTA Tower 3.35×10−7 134
D - Primary Mirror 9.70×10−5 71
E - DTA Shield 1.72×10−3 62
F - Sun Shield 1.48 ×10−2 52
G - High Background 1.31×10−4 87

on the wavelength. The quantum efficiency, τλ, and optical trans-
mission ηλ vary on small scales, and therefore we can use the mean
values rather than integrating a designated profile. The Photon Con-
version Efficiency (PCE: the number of detected electrons per in-
cident photon) is the product of τλ and ηλ. The PCE stays rela-
tively constant over small wavelength ranges, varying by about 3%
within the separate passbands. These grey-body profiles should be
integrated individually to ensure the background in each channel is
accurately calculated.

ibgd = ΩpixτtelτEOL

∫ λ2

λ1

Pbgd(λ)τληλdλ (A2)

Ωpix, τtel and τEOL represent the solid angle field of view
from each pixel and two forms of transmission efficiency respec-
tively. Specifically, τtel(0.88) describes the transmission of the
clean optics at the start of the mission while τEOL(0.8) accounts
for the ‘end of life’ transmission where we see losses in the optical
train. These transmission coefficients were derived by the manufac-
turer’s cryogenic measurements in an operational environment. Pλ
can be found using:

Pλ = Sbgd(λ)
Atel
hλ

(A3)

where Sbgd defines the background source flux density. Equation
A3 ensures proper unit conversion, providing variables ready to be
integrated using equation A2.

Once the background signal is quantified, the noise can be cal-
culated using equation A4:

N2
int = K1(isig + ibgd)tint +K2idarktint +K3R

2
N (A4)

where it can be seen that the total noise expected to be detected by
MIRI consists of three terms, each representing a different back-
ground source. The first accounts for the total incident photon flux
from the target and background. The second accounts for an in-
duced current detected in each pixel in the absence of illumination
(i.e. dark current). The third, read noise (R2

N ), describes the fluctu-
ations associated with the electronic equipment within the optical
systems.

Equation A5 defines the factor by which the noise measured
within the system exceeds the theoretical shot noise limit:

K1 = Kexc
6

5

n2
read + 1

n2
read − 1

(A5)
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Figure A1. The upper panel presents the average SNR in each MIRI imag-
ing band calculated by both the ETC (filled circles) and our own indepen-
dent simulator (downward triangles). The red and blue points represent a
mAB ' 25 mag and mAB ' 24 mag galaxy respectively. The lower
panel shows the average SNR percentage offset calculated in each filter
(green diamonds), and we also print the median percentage offset for all
MIRI bands.

The shot noise describes the random arrival of photons to the
telescope pupil and therefore affects increasingly weaker sources.
Here, it is specifically defined under the conditions that the astro-
nomical target or background is the dominating source of photons.
Kexc accounts for gain and gain dispersion in the detectors from
the signal. The noise associated with the dark current in term two
of equation A4 follows a Poisson form, effectively behaving like
shot noise. This allows us to set the coefficient K2 to unity with
the dark current (idark) taking a value depending on the observ-
ing mode in use (Imager, Low Resolution Spectrometer (LRS),
Medium Resolution Spectrometer (MRS), Short Wavelength (SW)
or Long Wavelength (LW) Channels) The final term is nread which
simply determines the number of equi-spaced pixel reads per inte-
gration.

As discussed above, RN defines the noise picked up from
electrical components with a coefficient given by Equation A6:

K3 = K2
RNobs

12nread
n2
read − 1

(A6)

where RN is approximately equal to 32.6 electrons or 11.53 elec-
trons depending on whether the instrument is working in ‘FAST’ or
‘SLOW’ readout mode, respectively. The type of science goal and
instrument selected determines which mode is required. ‘SLOW’
mode is mainly used for observing faint objects with MRS spec-
troscopy, whereas ‘FAST’ mode is sufficient for almost all other
observing scenarios. The extra term,KRNobs, reflects the factor by
which the system noise does not reach the ‘ideal’ behaviour.

Once a target object has been defined in terms of a flux density,
these equations enable calculation of the signal and noise received
in each integration. Depending on the instrument (Imager, MRS, or
LRS) and the observing mode chosen, specific values for all factors
are required. The user can select the readout mode, the number of
groups/frames, the number of integrations and the number of ex-
posures for each observation in each photometric band, giving a
total exposure time. With the selected background, the simulator
delivers the signal-to-noise ratio for the simulated observation of
the user-defined astronomical target.

Figure A1 presents tests completed in order to assess the ac-
curacy of our independent simulator used to calculate and simulate
the MIRI observations in this work. In the upper panel, we show the
average SNR calculated for two test runs, the first was amAB ' 25
mag object (red points), while the second was a mAB ' 24 mag
object (blue points). The filled downward triangles represent the
SNR calculated in a 5550s exposure by our independent simulator,
whereas the filled circles represent the SNR calculated using the
offical ETC9. The lower panel presents the median SNR percentage
offset (|∆snr|) in each band (green filled diamonds). We assume
the same target source, background models and specific observing
strategy in all cases. We also appropriately reduce the number of
groups/integrations for both the ETC and our independent simula-
tor to avoid background satruation in the longer-wavelength MIRI
filters. In general, our independent simulator tends to marginally
overestimate the SNR capabilities of MIRI imaging, however this
effect is almost negligible producing an average SNR offset of
0.55%.

9 https://jwst.etc.stsci.edu
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