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ABSTRACT

The James Webb Space Telescope (JWST) will provide deep imaging and spectroscopy for sources at redshifts above 6, covering the
entire Epoch of Reionization (EoR, 6< z <10), and enabling the detailed exploration of the nature of the different sources during
the first 1 Gyr of the history of the Universe. The Mid-IR instrument (MIRI) integral field spectrograph (MRS) will be the only
instrument onboard JWST able to observe the brighest optical emission lines Hα and [OIII]0.5007µm at redshifts above 7 and 9,
respectively, providing key insights into the physical properties of sources during the early phases of the EoR. This paper presents
a study of the Hα fluxes predicted by state-of-the-art FIRSTLIGHT cosmological simulations for galaxies at redshifts of 6.5 to
10.5, and its detectability with MIRI. Deep (40 ksec) spectroscopic integrations with MRS will be able to detect (S/N > 5) EoR
sources at redshifts above 7 with intrinsic star formation rates (SFR) of more than 2 M� yr−1, and stellar masses above 4-9 × 107

M�. These limits cover the upper end of the SFR and stellar mass distribution at those redshifts, representing ∼ 6% and ∼1% of the
predicted FIRSTLIGHT population at the 6.5-7.5 and 7.5-8.5 redshift ranges, respectively. In addition, the paper presents realistic
MRS simulated observations of the expected (rest-frame) optical and near-infrared spectra for some spectroscopically confirmed EoR
sources recently detected by ALMA as [OIII]88µm emitters. The MRS simulated spectra cover a wide range of low metallicities
from about 0.2 to 0.02 Z�, and different [OIII]88µm/[OIII]0.5007µm line ratios. The simulated 10ks MRS spectra show S/N in the
range of 5 to 90 for Hβ, [OIII]0.4959,0.5007 µm, Hα and HeI1.083µm emission lines of the currently highest spectroscopically
confirmed EoR (lensed) source MACS1149-JD1 at a redshift of 9.11, independent of metallicity. In addition, deep 40 ksec simulated
spectra of the luminous, merger candidate B14-65666 at 7.15 shows the MRS capabilities of detecting, or putting strong upper limits,
on the weak [NII]0.6584µm, [SII]0.6717,0.6731µm, and [SIII]0.9069,0.9532µm emission lines. These observations will provide the
opportunity of deriving accurate metallicities in bright EoR sources using the full range of (rest-frame) optical emission lines up to
1µm. In summary, MRS will enable the detailed study of key physical properties like internal extinction, instantaneous star formation,
hardness of the ionizing continuum, and metallicity, in bright (intrinsic or lensed) EoR sources.

Key words. galaxies: high-z – galaxies: formation – galaxies: evolution – infrared: galaxies – telescopes – astronomical instrumen-
tation, methods and techniques

1. Introduction

Deep imaging surveys with the Hubble Space Telescope (HST)
have detected galaxies at very high redshifts (z > 5) in large num-
bers, with hundreds of them at (photometric) redshifts of about
7, and about 200 candidates at redshifts of 8-10, i.e. well within
the Epoch of Reionization (EoR) of the universe (Bouwens et al.

2015; Oesch et al. 2015a; Roberts-Borsani et al. 2016; Stefanon
et al. 2017; Oesch et al. 2018). The combination of HST and
Spitzer deep imaging has further identified these galaxies as po-
tential strong optical line emitters based on the flux excess in the
IRAC 3.6 and 4.5 µm bands (e.g., Schaerer & de Barros 2009;
Labbé et al. 2013; Stark et al. 2013; Smit et al. 2015; Bouwens
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et al. 2016b; Rasappu et al. 2016; Roberts-Borsani et al. 2016).
The Hβ+[OIII] and the Hα lines have large equivalent widths
with values of up to (rest-frame) 1000-2000Å (e.g. Faisst et al.
2016; Mármol-Queraltó et al. 2016; Rasappu et al. 2016; Smit
et al. 2016; Caputi et al. 2017; Lam et al. 2019), and a non-
linear dependency with redshift (1+z)α with α ∼ 1.8 and ∼ 1.3
for sources at redshifts z < 2.5 and 2.5 < z < 6, respectively
(Faisst et al. 2016; Mármol-Queraltó et al. 2016).

The spectroscopic confirmation of EoR sources remains very
limited. It has been based mostly on the Lyα detection (Stark
et al. 2017 for a recent compilation; Zitrin et al. 2015; Oesch
et al. 2015b; Jung et al. 2019), which becomes very inefficient
at z > 7 as only the brightest sources exhibit Lyα emission
(Pentericci et al. 2011). Additionally, detection of far-infrared
[CII]158µm and [OIII]88µm line emitters at redshifts of up to
9.11 have been recently reported with ALMA (Inoue et al. 2016;
Carniani et al. 2017; Tamura et al. 2019; Hashimoto et al. 2019,
2018; Smit et al. 2018).

The sub-arcsec imaging and spectroscopic capabilities of
JWST, combined with its broad spectral range coverage (0.6 to
28 µm), and its increased sensitivity of one to two orders of mag-
nitude better than that of previous space observatories such as
HST and Spitzer, will provide exquisite data to investigate in de-
tail the physical nature and properties of EoR sources at redshifts
above 6. Among the JWST instruments, the Mid-infrared In-
strument (MIRI) Medium Resolution Spectrograph (MRS) cov-
ering the 5 to 28 µm spectral range, will be the only instru-
ment capable of detecting the strongest optical lines, Hα and
[OIII]0.5007µm at redshifts well above 6.6 and 9, respectively
(Wright et al. 2015; Wells et al. 2015; and references therein).
In addition, while JWST near-infared spectrograph (NIRSpec)
will be covering the UV and blue rest-frame range (Chevallard
et al. 2019), the MRS extends the observed spectral range above
the rest-frame [OIII] lines, and well into the 1 µm region, where
internal extinction is less relevant, and other, less explored, lines
such as [SIII]0.907,0.953 µm and HeI1.083µm are present.

The rest-frame optical/near-IR spectral range covered by the
MRS is key to develop a full understanding of the physical prop-
erties and mechanisms involved in the earliest stages in the for-
mation of galaxies during EoR. Of the main optical diagnostic
lines, the Hα is the least affected by internal extinction, and
therefore the cleanest tracer of the instantaneous star formation
rate (SFR, Kennicutt 1998 for review) in EoR sources, even if
a measurement of internal extinction is not available. Moreover,
the combination of Hα with Lyα and UV-continuum measure-
ments will provide more accurate values for the Lyα and the
ionizing escaping fractions. In addition, the [NII]0.6584µm/Hα
and [SII]0.6717,0.6731µm/Hα ratios trace the metallicity (Z) in
pure star-forming galaxies (Maiolino & Mannucci 2019 for a re-
view), and combined with the [OIII]/Hβ ratio trace the nature
of the ionizing source (Kewley et al. 2013). Several other, less
explored, combinations of line ratios involving the [NII], [SII],
and [SIII] lines become available as additional metallicity trac-
ers (Maiolino & Mannucci 2019 and references therein). Finally,
the HeI 1.083 µm, which is the strongest HeI line in the entire
optical and near-infrared (near-IR) range (Porter et al. 2005), can
provide in combination with the Hα line, a measurement of the
hardness of the ionizing continuum, and therefore information
on the nature of the ionizing source, as the hydrogen and HeI
lines are sensitive to the total amount of photons with energies
above 13.6 eV (912Å) and 24.6 eV (504Å), respectively.

Predictions of the nebular spectra of EoR sources from state-
of-the-art cosmological simulations (Barrow et al. 2017; Cev-

erino et al. 2019; Katz et al. 2019) are now available for a direct
comparison with future JWST observations. These simulations
follow the physical processes associated with the early forma-
tion and evolution of galaxies during the first 1 Gyr of the uni-
verse. These simulations predict galaxies in the early universe as
strong line emitters, confirmed by the detection of Lyα and, more
recently, [OIII]88µm line emitters at redshifts ∼ 7-9. Therefore,
the prospects of investigating the nature, evolution and physical
properties of early galaxies with the MIRI spectrograph should
be explored in detail.

This paper presents a study of the detectability of FIRST-
LIGHT simulated galaxies at redshifts of 6.5 to 10.5, and
realistic MIRI/JWST spectra of the newly discovered high-z
[OIII]88µm emitters detected with ALMA. The paper is struc-
tured as follows. The most relevant features of the FIRSTLIGHT
simulations, and the apparent fluxes for the two strongest op-
tical emission lines, [OIII]0.5007µm and Hα for FIRSLIGHT
galaxies at redshifts 6.5 to 10.5 as a function of their SFR, stel-
lar mass (M∗), and specific star formation (sSFR) are presented
in Sect. 2 together with a discussion of the detectability of the
population of FIRSTLIGHT Hα emitters with MRS. Specific
examples of MRS simulated spectra for two of the recently de-
tected [OIII]88µm emitters, MACS1149-JD1 (Zheng et al. 2012;
Hashimoto et al. 2018) and B14-65666 (Bowler et al. 2014,
2017; Hashimoto et al. 2019) at a redshift of 9.11 and 7.15,
are presented in Sect. 3, together with the possibilities that MRS
opens for the detail studies of their physical properties such as in-
ternal extinction, instantaneous star formation, hardness of ion-
izing continuum, and metallicity. A summary of the results and
future work is presented in Sect. 4. Throughout this paper we
use a standard cosmology with matter and dark energy density
Ωm = 0.3, ΩΛ = 0.7, and Hubble constant H0 = 70 km s−1

Mpc−1, and the AB magnitude system.

2. FIRSTLIGHT: EoR line emitters from
cosmological simulations

We use the zoom-in cosmological simulations of galaxies of
the FIRSTLIGHT project (Ceverino et al. 2017, 2018, 2019).
Briefly, this consists of a complete mass-selected sample of 289
halos, selected at z = 5 in two cosmological boxes of 10 and
20 Mpc h−1 with halo masses between 109 - 1011 M� (see
more details in Ceverino et al. 2017). The maximum spatial
resolution is 10 pc. The dark matter particle mass resolution is
mDM = 104 M� and the minimum star particle mass is 100 M�.

These high-resolution simulations are performed with the
ART code (Kravtsov et al. 1997; Kravtsov 2003; Ceverino et al.
2014; Ceverino & Klypin 2009; Ceverino et al. 2019). They fol-
low the evolution of a gravitating system and the Eulerian gas
hydrodynamics, and incorporates other astrophysical processes,
such as gas cooling radiation, photoionization heating by the
cosmological UV background, a stochastic star formation model,
as well as a model that includes thermal, kinetic and radiative
feedback (see more details in Ceverino et al. 2017).

The FIRSTLIGHT database1 includes several properties for
all snapshots of the main galaxy progenitor of the 289 zoom-in
simulations, such as the virial, stellar and gas masses, and its
SFR, in steps of 10 Myr. The database starts when the galaxy
reaches the halo mass of Mvir = 109 M� and ends in the last
available snapshot at z ≥ 5. In general, these galaxies show non-
uniform star formation histories, spending most of their time

1 visit the website for data retrieval: http://www.ita.
uni-heidelberg.de/~ceverino/FirstLight/index.html
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(70%) in bursts of star formation (Ceverino et al. 2018), consis-
tent with cosmological gas accretion events. In this work, we use
all snapshots within the redshift range 6.5 ≤ z ≤ 10.5. This sam-
ple is composed of 10,064 snapshots, and covers a wide range
of stellar masses (∼ 105−9 M�), SFRs (∼ 0 − 30 M� yr−1), and
metallicities (Z = 3 × 10−5 − 8 × 10−3).

In addition to the physical properties mentioned above, spec-
tral energy distributions (SEDs) are also publicly available for all
these snapshots (Ceverino et al. 2019). Stellar SEDs are gener-
ated using the Binary Population and Spectral Synthesis model
(BPASS: Eldridge et al. 2017) and assume a Kroupa (2001) ini-
tial mass function (IMF). The contribution of nebular emission
is also available and assumes the stellar metallicity, and a gas
covering factor of one with an electron density of 100 cm−3 (see
Ceverino et al. 2019, for details).

2.1. MRS detectability of FIRSTLIGHT EoR line emitters

Luminosities of the two strongest optical emission lines,
[OIII]0.5007µm and Hα, are extracted for each nebular SED
component and converted to observable fluxes (in units of
erg s−1 cm−2) using the following equation:

Fobs([OIII],Hα) =
L([OIII],Hα)

4πD2
L

, (1)

where DL is the luminosity distance at a given redshift for the
adopted cosmology. Figure 1 shows the relation between the
[OIII]/Hα ratio and the Hα emission line fluxes of the simulated
galaxies. The most luminous FIRSTLIGHT galaxies present
similar Hα and [OIII]0.5007µm fluxes ([OIII]0.5007µm/Hα ≥
1), whereas for fainter galaxies, Hα tends to be brighter than
[OIII]0.5007µm ([OIII]0.5007µm/Hα < 1), similar to what is
found in metal deficient low-z galaxies (e.g., Izotov & Thuan
2011; Hirschauer et al. 2016; Izotov et al. 2018). Note, however,
that these simulations do not include the effect of dust attenua-
tion, although it is expected to be negligible in low-mass, low-
metallicity high-z galaxies (e.g., Hashimoto et al. 2018).
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Fig. 1. Relation between [OIII]/Hα and Hα fluxes of the FIRSTLIGHT
simulated galaxies at 6.5 < z < 10.5. The most luminous galaxies
present similar Hα and [OIII] fluxes, whereas for fainter galaxies, Hα
tends to be relatively brighter than [OIII], similar to what is found in
metal poor low-z galaxies.

Figure 2 shows the derived Hα fluxes of all snapshots of the
main galaxy progenitor of the FIRSTLIGHT simulations with
redshifts between 6.5 and 10.5 as a function of their SFRs, stellar
masses, and specific SFRs. Overall, these galaxies show a linear
relation between Hα fluxes and SFRs, as expected, since FIRST-
LIGHT SFRs are computed using stellar particles younger than
∼ 10 Myr that produce copious amounts of ionizing photons that
ionize the surrounding gas. The relation between Hα flux and
stellar mass, and therefore sSFR, is, nevertheless, much broader
due to the stochastic star formation histories in the simulations
(see Ceverino et al. 2018, for details). This sample is dominated
by numerous low mass galaxies with extremely faint Hα emis-
sion for JWST spectroscopy, characterized by median values of
F̃(Hα) = 3.8, 2.4, and 1.5 × 10−20 erg s−1 cm−2 in the redshift
intervals of 6.5-7.5, 7.5-8.5, and z > 8.5, respectively. However,
there is a fraction of galaxies showing much higher fluxes around
F(Hα) ∼ 10−18 - 10−17 erg s−1 cm−2 being accessible to observe
with MIRI/JWST spectroscopy.

In order to study the detectability of Hα in such galaxy pop-
ulation, we use the expected MRS limiting sensitivity curves
of Glasse et al. (2015). Note that these sensitivity curves refer
to point-like sources with spectrally unresolved lines. By using
medium deep (10 ks) and deep (40 ks) on-source MRS spectro-
scopic observations we find limiting Hα fluxes of ' 5.8 × 10−18

erg s−1 cm−2 (10σ in 10 ks) and ' 1.4 × 10−18 erg s−1 cm−2 (5σ
in 40 ks), respectively.2 As shown in Figure 2, this means that
for the entire 6.5 < z < 10.5 FIRSTLIGHT sample, only a small
fraction of about 6.2, 1.1, and 0.4% of FIRSTLIGHT galaxies in
the redshift range of 6.5-7.5, 7.5-8.5, and z > 8.5, respectively,
would be detected (signal-to-noise ratio, S/N ≥ 5) in deep 40 ks
observations. This indicates that only the most luminous FIRST-
LIGHT simulated galaxies, those with star formation rates larger
than 1.6, 1.9, and 3.9 M� yr−1, and stellar masses larger than 4,
9, and 14 × 107 M� in the redshift intervals of 6.5-7.5, 7.5-8.5,
and z > 8.5, respectively, will be accessible for detailed studies
with MRS spectroscopy in a moderate amount of observing time
(40 ks).

Note, however, that the FIRSTLIGHT simulations are lim-
ited to halo masses of a few times 1011M� within a cosmo-
logical volume of ∼ 2 × 104 Mpc3. As shown in the middle
panel of Figure 2, this limits simulated galaxies to have stel-
lar masses above 2 × 109 M�. However, massive EoR galaxies
have been recently detected by ALMA as [OIII]88µm emitters
(Inoue et al. 2016; Hashimoto et al. 2019; Tamura et al. 2019).
These galaxies are relatively massive, M∗ = (2 − 5) × 109 M�,
and show very strong [O III] 88µm line fluxes, ' (0.6 − 17.5) ×
10−18 erg s−1 cm−2. The UV-luminous, high EW[Hβ+OIII] Lyα-
emitters sources (Roberts-Borsani et al. 2016; Stark et al. 2017),
could also belong to the same class of EORs. Assuming a
wide range of [OIII]0.5007µm/[OIII]88µm (hereinafter R[OIII])
and [OIII]0.5007µm/Hα line ratios (R[OIII]= 6.5 − 10 and
[OIII]0.5007µm/Hα = 0.59 − 1.93, see Table 3), these galaxies
will show Hα fluxes of about (0.2−30)×10−17 erg s−1 cm−2 (see
Figure 2), well above the detection limits even for medium-deep
(10 ks) MRS observations. On the other hand, for more typical,
less luminous galaxies, the power of strong gravitational lensing
may add the required boost in the apparent fluxes necessary to
reach the MRS sensitivity. Therefore high S/N optical (∼ 0.5 to
1 µm) emission line spectra will become available with MRS for
the first time at such early cosmic times, providing the opportu-

2 The sensitivity is roughly constant within the wavelength range cov-
ered by the MRS channel 1, from 4.9 to 7.6 µm, i.e., Hα redshifted to
6.5 < z < 10.5 (see Glasse et al. 2015).
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Fig. 2. Predicted Hα fluxes as a function of star formation rate (left), stellar mass (middle), and specific star formation rate (right) for the FIRST-
LIGHT simulated galaxies at 6.5 < z < 10.5. Grey and black horizontal dashed lines mark respectively the 10σ and 5σ limits of medium deep (10
ks) and deep (40 ks) MRS spectroscopic observations. Other known z > 7 galaxies with detected [OIII] 88µm emission line (Inoue et al. 2016;
Laporte et al. 2017; Hashimoto et al. 2019, 2018; Tamura et al. 2019) are also shown with filled symbols (SFR and stellar mass measurements of
A2444_YD4 SXFD-NB10006-2 have been corrected for the lower proportion of low-mass stars in the Kroupa IMF relative to the standard Salpeter
assumed in Inoue et al. 2016; Laporte et al. 2017, respectively). For these, ratios of [OIII] 88µm / [OIII] 0.5007µm = 10 and [OIII] 0.5007µm /
Hα = 1.1 are used to derive the expected Hα fluxes (vertical lines show the minimum and maximum expected Hα fluxes considering different
line ratios of R[OIII] and [OIII]0.5007µm/Hα; see text for details). For the galaxies magnified by gravitational lensing, such as MACS1149-JD1,
A2744_YD4, and MACS0416_Y1, the de-magnified expected fluxes are shown in empty symbols (SFR and M∗ measurements refer to intrinsic
values).

nity of characterizing several of the physical properties of these
sources. An exploration of these possibilities is presented in the
following section with two specific examples.

3. MIRI/JWST spectroscopy: EoR [OIII]88µm line
emitters

In the previous section, we concluded that all ALMA detected
[OIII]88µm sources, and also known UV-luminous LAEs (Stark
et al. 2017), in the EoR will be easily studied using the Hα
emission line with a medium-deep (10ks) and deep (40ks) MRS
observations. In the following, we present realistic MRS simu-
lated observations of the rest-frame optical and near-IR spectrum
(∼0.5 - 1.2 µm) for two recently ALMA detected [OIII]88µm
emitters, MACS1149-JD1 (Zheng et al. 2012; Hashimoto et al.
2018) and B14-65666 (Bowler et al. 2014, 2017; Hashimoto
et al. 2019). MACS1149-JD1 is a lensed galaxy with a mag-
nification factor of ∼10 at a redshif of 9.11, being the highest-z
spectroscopically confirmed galaxy based on an emission line.
Its derived intrinsic SFR of 4.2M� yr−1, sSFR of 4 Gyr−1, stel-
lar mass of 1.1× 109 M�, and observed [OIII] 88µm flux of
3 × 10−18 erg s−1 cm−2 places it within the range of Hα fluxes
clearly detectable with medium-deep (10ks) MRS spectroscopy.
On the other hand, B14-65666 is a Lyman break galaxy system
of two sources likely interacting/merging at redshift 7.15, iden-
tified as UV bright with an absolute magnitude of MUV ∼ −22.3
places it in the range of luminous LAEs (Roberts-Borsani et al.
2016; Stark et al. 2017). The global system has a derived SFR
of 200 M� yr−1, sSFR of 259 Gyr−1, stellar mass of 7.7 × 108

M�, and [OIII] 88µm flux of 21.8 × 10−18 erg s−1 cm−2. Table 1
summarizes the intrinsic properties of both sources.

Table 1. Intrinsic properties of MACS1149-JD1 and B14-65666

MACS1149-JD1(1,∗) B14-65666(2)

Redshift 9.11 7.15
L[OIII]88µm [L�] 7.4×107 34.4×108

SFR [M� yr−1] 4.2 200
M∗ [M�] 1.1×109 7.7×108

sSFR [Gyr−1] 3.8 259
(1) Hashimoto et al. (2018), (2) Hashimoto et al. (2019)
(∗) Intrinsic physical properties (After magnification-correction of µ ∼
10)

3.1. Generating MRS simulated spectra

The process to build a final calibrated 1D MRS simulated spec-
trum has four different phases. First, a variety of spectral tem-
plates that cover the expected range of metallicites and excitation
conditions of the ionized gas for galaxies in the EoR are built
(Sect. 3.1.1). Second, we take advantage of the MIRI instrument
simulator (MIRISim)3 to generate simulated MRS observations
where the spectral template, astronomical scene, instrumental
and observational configurations are set up (Sect. 3.1.2). Third,
the official JWST calibration pipeline is used to calibrate the
simulated MRS observations and derive the 3D spectral cubes
(Sect. 3.1.3). Finally, we extract the final 1D calibrated spectrum
for each simulated MRS observation and calculate the emission
line fluxes (Sect. 3.1.4).

3 It is part of MIRICLE python environment (http://www.miricle.
org)
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3.1.1. Low-metallicity spectral templates

The spectral templates consist of only rest-frame optical/Near-
IR emission lines (i.e. no stellar continuum included), where
the line ratios are based on observed spectra of low-z, low-
metallicity dwarf galaxies (Figure 3 and Table 2). To cover
the range of metallicities expected in EoR sources, three differ-
ent templates are constructed according to metallicity, one low-
metallicity (∼0.2 Z�) and two metal-poor (0.04 and 0.02 Z�). For
the low-metallicity template (METAL_0.2_SOLAR), the emis-
sion lines are taken as the average ratios derived for a sample of
well measured low-metallicity (0.2 Z�) dwarf galaxies (Izotov
& Thuan 2011). For the metal-poor templates, the spectra of the
metal-deficient, blue-compact dwarf SBS0335-052E (Izotov &
Thuan 2011, METAL_0.04_SOLAR), and the lowest metallic-
ity J0811+4130 dwarf star forming galaxy (Izotov et al. 2018,
METAL_0.02_SOLAR) are used. The selected values cover the
wide range of metallicities derived for FIRSTLIGHT EoR galax-
ies (Ceverino et al. 2019). The spectral templates do not in-
clude any contribution by a low-luminosity active galactic nuclei
(AGN) as done in some explorations of UV BPT-like diagrams
based on photoionization models (Feltre et al. 2016; Nakajima
et al. 2018). In the optical range, the presence of an AGN will
increase the luminosity of the metalic lines relative to hydro-
gen and therefore would help of detect the presence of an AGN
(Kewley et al. 2013).

The templates are further normalized in flux using the
R[OIII], and the observed [OIII]88µm flux. The line ratios be-
tween the optical and far-infrared [OIII] lines have a well known
and strong dependency on the electron density and temperature
of the ionized gas (Dinerstein et al. 1985; Keenan & Aggarwal
1990). According to these authors, the R[OIII] ratio has a value
of ∼3 to ∼15 for an electron density of 100 cm−3, and electron
temperatures in the (1−2) × 104 K range. For a given tempera-
ture in this range, the R([OIII]) ratio would further increase with
density by factors of up to 2 for electron densities of up to 1000
cm−3.

Studies of a large representative sample of giant HII re-
gions, nearby HII galaxies and green peas covering the 8.5 to 7.2
(12+log[O/H])4 metallicity range, show a well defined relation
between the metallicity and the [OIII] electron temperature given
by the expression (Amorín et al. 2015): 12+log(O/H) = 9.22 -
0.89×Te([OIII], in units of 104 K). According to this expression,
the electron temperature of the [OIII] ionized gas ranges from
1.4 to 2.3 × 104 K, for metallicities ∼8.4 to ∼7.2 (Amorín et al.
2015). These temperatures agree well with those measured in a
sample of high-ionization, metal-deficient blue dwarf galaxies
(Thuan & Izotov 2005). Blue dwarfs have [OIII] temperatures in
the range of 1.3-1.4, 1.4-1.8, and 1.8-2.0 × 104 K for metallici-
ties above 8.0, between 7.5 and 7.9, and below 7.5, respectively.
On the other hand, the electron density derived from the [SII]
doublet line ratio has values in the 110 to 1310 cm−3 range, with
an average of 410 cm−3. These densities are similar to those mea-
sured in some of the most metal deficient low-z galaxies known,
such as SBS0335-052E (Izotov et al. 2009), J0811+4730 (Izotov
et al. 2018), or A198691 (Hirschauer et al. 2016). In summary,
the physical conditions of the [OIII] emitting gas in low metal-
licity and metal poor galaxies favour electron densities above
100 cm−3, and temperatures well above 104 K, and closer to
2× 104K. Therefore, following the dependence of R([OIII]) with
temperature and density, the spectral templates are normalized
in flux with two different R([OIII]) ratios, R([OIII]) = 6.5 for the

4 Throughout the paper a value of 8.69 is assumed for the solar abun-
dance as given by Asplund et al. (2009)

low-metallicity, i.e. 0.2 Z�, template and R([OIII])= 10 for the
metal-poor, i.e. 0.04-0.02 Z�, templates.

The width of the emission lines in the templates is simulated
by a gaussian with the Full Width at Half Maximum (FWHM)
of the [OIII]88µm measured in each galaxy, i.e. 154 km s−1 for
MACS1149-JD1, and 300 and 267 km s−1 for the components of
the B14-65666 system. Finally, the templates are normalized to
the [OIII]0.5007µm flux derived from the [OIII]88µm flux, and
redshifted to the corresponding observed wavelengths. Galaxies
at redshifts above 6 show a steep UV continuum slope (β < −2,
Bouwens et al. 2016a), i.e. an optical extinction AV < 0.3 mag,
and therefore no internal extinction correction is applied to the
line fluxes in the templates.

Finally, the UV-brightest sources at z > 7 (Roberts-Borsani
et al. 2016; Stark et al. 2017) have continuum fluxes of 0.2-
0.4 µJy at 4.5µm. The 10σ sensitivity for a 10ks observation with
the MRS channel 1 is ∼35-55 µJy (Glasse et al. 2015), depend-
ing of the wavelength. The continuum emission is well bellow
the detection limit of the MRS in the exposure time used here.
Then the templates only contain the main optical and near-IR
emission lines, in the Hβ to Paβ spectral range, without contin-
uum emission.

3.1.2. MIRI instrument simulator: MRS raw observations

We use MIRISim (Klaassen et al. in prep.), public release 2.0.0,5
to perform simulated MRS observations of the EoR sources,
MACS1149-JD1 and B14-65666. MIRISim is the MIRI instru-
ment simulator able to reproduce realistic observations with the
MRS, as well as with other MIRI observational modes. It takes
advantage of the full information collected during the cryogenic
test and calibration campaigns of MIRI, to simulate realistic
Point Spread Function (PSF), detector read noise, Poisson noise,
dark current, detector no-linearity, flat field, cosmic rays, fring-
ing, as well as others observational and instrumental effects.
MIRISim allows modelling of astronomical targets, combining
SEDs and emission lines information with different morpholo-
gies, as well as with user-provided astronomical images. It pro-
duces the raw, uncalibrated, data that are input into the MIRI
JWST calibration pipeline to obtain the calibrated data cube.

MACS1149-JD1, the lensed galaxy detected at z = 9.11
with ALMA, presents [OIII] 88µm observed flux of 3 ×
10−18 erg s−1 cm−2 with a line width of 154 km s−1 (FWHM,
Hashimoto et al. 2018). Its strongest optical and near-IR lines:
Hβ, [OIII] 0.4959,0.5007µm, Hα, and HeI 1.087µm, fall in MRS
Channels 1 and 2.6 In order to investigate their detectability as a
function of metallicity and electron temperature/density, we sim-
ulate three medium-deep (10 ks) MRS observations with differ-
ent spectral templates and R[OIII] ratios (see Table 3 for details).
We consider MACS1149-JD1 as an unresolved source for the
MRS, and located in the center of the Channel 1 Field-of-View.
The solar activity, that is related with the frequency of cosmic
rays events, and the instrument and sky backgrounds are set to
low. A 4-point dither pattern is used to generate the MRS obser-
vations. Each of the dither pointings consists of 35 groups, 3 in-
tegrations, and 1 exposure in SLOW read-out mode, which gives
2.5 ks of integration per pointing, for a total of 10ks on-source

5 Public and stable MIRISim releases are available at http://miri.
ster.kuleuven.be/bin/view/Public/MIRISim_Public.
6 MRS have wavelength ranges in Channel 1 (4.89 < λobs[µm] < 7.66)
and Channel 2 (7.49 < λobs[µm] < 11.71), and its resolving power
ranges are 2750 < λ/∆λ < 3610.
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Table 2. Spectral templates for MRS simulations of EoR sources.

Template Metallicity Source Hβ [OIII] Hα [NII] [SII] [SIII] [SIII] Pa-ε Pa-δ HeI Pa-γ Pa-β
(12+log(O/H) 0.4861 0.4959 0.6563 0.6583 0.6716 + 0.6731 0.9069 0.9532 0.9550 1.005 1.087 1.093 1.282

TM_0.2_solar(a) 8.02(c) blue dwarfs 0.19 0.33 0.52 0.018 0.042 0.021 0.057 0.006 0.010 0.068 0.015 0.026
TM_0.04_solar(a) 7.29 SBS0335-052E 0.33 0.33 0.91 0.002 0.014 0.010 0.022 0.012 0.016 0.088 0.024 0.040
TM_0.02_solar(b) 6.98 J0811+4130 0.61 0.34 1.68 0.004 0.014 — — — — 0.14(d) — —

Note: Line ratios are normalized to the flux of [OIII]0.5007µm emission line.
References: Izotov & Thuan (2011)(a) and Izotov & Thuan (2011)(b)

(c) Average of O/H values from II Zw 40, Mrk 71, Mrk 930, and Mrk 996. Their metallicity range is 7.85<12+log(O/H)<8.10.
(d)The template TM_0.02_solar does not include emission lines redder than [SII] 0.6731µm, because optical spectral lines are only available.
The HeI1.087µm flux have been calculated from HeI 0.5876µm, using the line ratio (HeI 1.087µm/HeI 0.5876µm) derived using the templates
TM_0.2_solar and TM_0.02_solar.

Fig. 3. Spectral templates used on the MRS simulated observations (see Table 2 for details). Upper panel shows the brightest optical and near-IR
emission lines in the range from Hβ to Paβ. The bottom panel is a zoom-in of the dashed line rectangle shown in the upper panel, and illustrate the
fainter optical and near-IR emission lines in the range from Hα to Paβ. The spectra have a line width of 154 km s−1 (FWHM), are normalized to
the peak of the [OIII]0.5007µm emission line, and the continuum is set to zero.

integration time per MRS spectral setting7. Note that a MRS
spectral setting (SHORT, MEDIUM, or LONG) covers one-third
of the available wavelength range in each channel, therefore the
three different spectral settings are needed for full spectral cov-
erage. For MACS1149-JD1 simulations, we use two spectral set-
tings, SHORT and LONG.

B14-65666, the interacting/merging system at redshift of
z = 7.15, is composed of two UV-bright sources with a pro-
jected separation of 2-4 kpc. The system presents a total inte-
grated [OIII] 88µm flux of 21.8 × 10−18 erg s−1 cm−2. We simu-
late a deep (40 ks) Channels 1 and 2 MRS observation to inves-
tigate the possibility of detecting Hα and other weak optical and
near-IR emission lines ([NII]0.6583µm, [SII] 0.6716,0.6731µm,
[SIII] 0.9069,0.9532µm, Paschen series). B14-65666 is simu-

7 Information about wavelength coverage, spectral setting, spatial res-
olution, dithering pattern, detector read-out mode and exposure time
for the MRS is at https://jwst-docs.stsci.edu/display/JTI/
MIRI+Medium-Resolution+Spectroscopy

lated combining two unresolved sources with a separation of
1". The full extension in [OIII]88µm is 0.84", and the sepa-
ration between clumps in rest-frame UV is around 0.5". Since
the optimal deblending of two sources in the MRS observa-
tions is out of the scope of this paper, the separation be-
tween clumps has been increased to reduce the confusion.
B14-65666_0.2_solar is simulated at a redshift of 7.153, with
[OIII] 88µm flux of 13.5×10−18 erg s−1 cm−2, R[OIII] of 6.5, and
a line width of ∼325 km s−1 (FWHM). B14-65666_0.04_solar
is simulated at a redshift of 7.1482, with [OIII] 88µm flux of
8.3 × 10−18 erg s−1 cm−2, R[OIII] of 10, and a line width of
∼267 km s−1 (FWHM). Note that a offset in velocity between the
two components have been included as presented in Hashimoto
et al. (2019). A different spectral template and R[OIII] ratio
is used for each component to analyze the detectability of the
lines with different metallicity and physical conditions (see Ta-
ble 3). The solar activity and the instrument and sky background
are set to low. A 8-point dither pattern is used to generate the
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MRS observations. Each of the dither pointings consists of 35
groups, 3 integrations, and 2 exposures in SLOW read-out mode,
which gives 5 ks of integration per pointing, and a total of 40 ks
on-source integration time per MRS spectral setting (SHORT,
MEDIUM and LONG).

EoR sources are expected to have sizes of less than 1 kpc
(Shibuya et al. 2019), and therefore are point-like sources for the
MRS PSF8, galaxies at lower redshifts would be larger in size,
with a median radius of 2.2 kpc (Ribeiro et al. 2016). This would
imply a dilution of the observed flux over a larger number of
spaxels, and therefore would required these galaxies to be treated
as extended sources with a specific light profile and clumpiness
in the simulations.

Alternatively, the SED-fitting SFRs could be used to de-
rive the Hα emission (Kennicutt 1998). MACS1149-JD1 and
B14-65666 system have a intrinsic SFRs of 4.2 and 200
M� yr−1 that is equivalent to observed Hα fluxes of 8 and 67
× 10−18 erg s−1 cm−2, respectively. The predicted Hα fluxes are
in well agreement with the low-metallicity templates derived us-
ing the methodology presented in Sect. 3.1.1.

Table 3. Properties of the MACS1149-JD1 and B14-65666 MRS simu-
lated templates

Simulated_Spectrum Template R[OIII](1) F(2)
[OIII] F(2)

Hα

MACS1149_0.2_solar TM_0.2_solar 6.5 19.5 10.1
MACS1149_0.04_solar TM_0.04_solar 10 30 27.3
MACS1149_0.02_solar TM_0.02_solar 10 30 50.7
B14-65666_0.2_solar TM_0.2_solar 6.5 87.7 45.5

B14-65666_0.04_solar TM_0.04_solar 10 83.2 75.6
(1) R[OIII] = F([OIII]0.5007µm)/F([OIII]88µm)
(2) Flux given in units of 10−18 erg s−1 cm−2

3.1.3. Calibration of MRS observations

The MACS1149-JD1 and B14-65666 MIRISim simulated MRS
observations are calibrated with the JWST calibration pipeline
(release 0.9.6).9 The pipeline is divided in three different pro-
cessing stages. The first stage performs a detector-level correc-
tion, where the MRS observations are corrected for saturation,
linearity, and dark current. It also applies the jump detection and
ramp-fitting modules to transform the raw MRS ramps observa-
tions to slope detector products. We use a rejection threshold of
1.75σ to identify the jumps between adjacent frames and cor-
rect the cosmic ray events. The selected rejection threshold is
optimized to produce the best S/N on the final calibrated spec-
trum. The modification of the rejection threshold from 4σ to
1.75σ produces variations of S/N in factors of ∼1.5 and ∼1.25
for Channel 1 and 2, respectively. These variations are likely to
be relevant during on-orbit operations as the solar activity, and
therefore changes in the density and energy of cosmic rays, could
have different residual effects in the calibrated data. The second
stage corrects the slope products from flat-field and fringes, as-
signs the coordinate system, and produces a photometric cali-
bration at individual exposure level. Note that the pipeline and
MIRISim use the same reference file to simulate and calibrate
the fringes effect. It could under-estimate the fringes residual in

8 FWHM ∼ 0.31"-0.42" depending on the Channel, see Wells et al.
2015 for an extensive explanation of the PSF dependence with the wave-
length
9 More information about the JWST pipeline see https:
//jwst-docs.stsci.edu/display/JDAT/JWST+Data+
Reduction+Pipeline

the final MRS simulated spectra, which are expected to be lower
than 2%. The third stage combines the different dither exposures
to create a 3D spectral cube. The final cubes have a spatial and
spectral resolution of 0.196" × 0.196" × 0.001 µm for Channel
1, and 0.196" × 0.196" × 0.002 µm for Channel 2. Figure 4 is an
example of the MRS calibrated 3D spectral cubes, and illustrates
the integrated Hα map of the simulated B14-65666 system (see
detailed explanations and caveats in Sect. 3.1.2).

Fig. 4. Simulated B14-65666 system. It illustrates the integrated Hα
map for a deep (40ks) MRS observations, where two components have
been simulated as Point-like source separated 1", and with metallicities
of 0.2 and 0.04 Z�.

3.1.4. Extraction and analysis of 1D MRS spectra

The 1D spectra are obtained by performing circular aperture
photometry with a radius equal to the PSF FWHM (r ∼ 0.31"-
0.42" depending on the Channel). The subtracted background
is obtained in an annulus from 0.78" to 1.37" centered in the
source. An aperture correction is applied to obtain the final 1D
calibrated spectra. The aperture correction is calculated by com-
bining simulated bright point sources on MIRISim and the PSF
model obtained during the test and calibration campaigns of
MIRI. The aperture correction is calculated in each wavelength
of the spectral cube, the channel 1 presents values from 1.59 to
1.69 and channel 2 from 1.64 to 1.89.

The emission line fluxes are derived by fitting a single Gaus-
sian model to the line profile. The fit is performed within a spec-
tral range equal to 0.1µm and 0.14µm for Channel 1 and 2, re-
spectively. If the defined spectral range contains more than one
emission line, we use a multiple Gaussian model to simultane-
ously fit the different line profiles. To estimate the flux error of
each emission line, we implement a Monte Carlo method. We
measure the noise of the spectra as the root mean square (rms) of
the residuals after subtracting the derived Gaussian profile. The
noise is used to generate N (N = 3000) new spectra, where a ran-
dom Gaussian noise with a sigma equal to the rms is added to the
original spectrum and the lines are again fitted. The error of the
measurements is obtained as the standard deviation of the N de-
rived fluxes. Tables 4 and 5 contain the derived integrated fluxes
and uncertainties for the optical and near-IR emission lines an-
alyzed in the simulated MACS1149-JD1 and B14-65666 MRS
observations.
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Table 4. Derived emission line fluxes for the MACS1149-JD1 simulated spectra.

Simulated_Spectrum(a) Hβ [OIII] [OIII] Hα HeI
0.4861 0.4959 0.5007 0.6563 1.087

MACS1149_0.2_solar 3.1±0.7 5.4±0.7 18.8±0.7 9.2±0.5 2.0±0.4
MACS1149_0.04_solar 9.1±0.7 9.5±0.7 28.6±0.7 25.0±0.5 2.2±0.4
MACS1149_0.02_solar 16.7±0.7 9.7±0.7 30.0±0.7 44.8±0.5 3.9±0.4

Note: the fluxes and noise for all emission lines and metallicities correspond to an exposure time of 10ks.
(a) flux given in units of 10−18 erg s−1 cm−2

4.88 4.90 4.92 4.94 4.96
Wavelength [ m]

0

20

40

60

80

100

120

Fl
ux

 [
Jy

]

H

5.00 5.02 5.04 5.06 5.08

[O
III

]0
.4

95
9

[O
III

]0
.5

00
7

6.60 6.62 6.64 6.66 6.68

H

10.92 10.94 10.96 10.98 11.00

He
I1

.0
83

MACS1149_0.02_solar
MACS1149_0.04_solar
MACS1149_0.2_solar

Fig. 5. Simulated medium-deep (10ks) MRS observation of MACS1149-JD1 at a redshift of 9.11. It illustrates the simulated spectrum with
metallicities of 0.02 Z� (blue), 0.04 Z� (green), and 0.2 Z� (red). The main emission lines are identify with dashed lines, and their derived
integrated fluxes can be found in Table 4.

The absolute fluxes of the emission lines detected with high
significance (S/N > 10) are in agreement with the input values
with average deviations lower than 10%10. The same emission
lines, those with S/N > 10, are also used to investigate the S/N
differences between the JWST exposure time calculator (ETC)11

and the MRS simulated observations based on the combination
of MIRISim and JWST pipeline. The ETC provides mean S/N
values of 25% and 6% lower than those derived from respec-
tively the medium-deep (10ks) and deep (40ks) MRS simulated
observations for channel 1 and 2. As we commented in Sect.
3.1.3, the tuning of the configuration parameters of the JWST
pipeline produces variations in the S/N of the final 1D spectrum.
This level of difference is expected as the ETC, MIRISim, and
JWST pipeline approximate our current best knowledge and un-
derstanding of the performance of MIRI, and remaining uncer-
tainties associated with noise properties, cosmic ray effects, and
pipeline processing are still under study, and will be revised with
in orbit commissioning data.

3.2. Exploring the physical properties of EoR [OIII]88µm line
emitters

MRS simulated 1D spectra of the [OIII]-emitters MACS1149-
JD1 and B14-65666 are analysed to investigate the detectabil-

10 The absolute photometric calibration uncertainties reported by the
MIRISim team are at http://miri.ster.kuleuven.be/bin/view/
Public/MIRISimPublicReleases
11 https://jwst.etc.stsci.edu/

ity of their main optical and near-IR emission lines, and the
prospects of infering key physical properties such as the instanta-
neous star-formation rates, ionization and Lyα escape fractions,
shape/hardness of the ionizing continuum, metallicity, as well as
others physical properties.

3.2.1. EoR lensed sources: MACS1149-JD1

MACS1149-JD1, as already mentioned in Sect. 3 and Table 1,
is a lensed galaxy recently detected in [OIII]88µm at a red-
shift of 9.11. The intrinsic properties, SFR of 4.2 M� yr−1,
and sSFR of 4 Gyr−1 place it in the upper SFR range of
FIRSTLIGHT galaxies at redshift of 9, but in the lower end
of the sSFR as the total estimated stellar mass is 1.1× 109

M� (Hashimoto et al. 2018). Figure 5 shows the simulated
(10 ks) MRS spectra for a MACS1149-JD1-like source us-
ing three different metallicities (0.2, 0.04, and 0.02 Z�) and
R[OIII] values, covering the expected range of metallicities and
excitation conditions in the ionized gas at a redshift of 9.11.
The 1D extracted spectra containing the brightest optical emis-
sion lines (Hβ, [OIII]0.4959,0.5007µm, Hα, and HeI1.087µm),
shows the detection of all lines at a significance level higher
than 4σ at different metallicities. In particular, we obtain S/N
∼ 5-24, 8-42, 18-90, and 5-10 for the integrated fluxes of Hβ,
[OIII]0.4959,0.5007µm, Hα, and HeI1.083µm emission lines,
respectively.

Thanks to the additional magnification factor due to lens-
ing, the MRS spectra illustrate important results for strong [OIII]
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Table 5. Derived emission line fluxes for the simulated spectra of the B14-65666 system.

Simulated_Spectrum(a) Hα [NII] [SII] [SIII] [SIII] Pa-ε Pa-δ HeI Pa-γ Pa-β
0.6563 0.6583 0.6716 + 0.6731 0.9069 0.9532 0.9550 1.005 1.087 1.093 1.282

B14-65666_0.2_solar 46.1±0.6 1.1±0.4 4.7±0.6 1.8±0.3 5.0±0.3 <0.9 (b) 0.9±0.2 5.7±0.3 1.1±0.3 2.6±0.3
B14-65666_0.04_solar 77.0±0.6 <1.2 (b) <1.8 (b) 0.8±0.3 1.9±0.3 1.3±0.3 1.4±0.2 6.9±0.3 2.2±0.3 3.5±0.3

Note: the fluxes and noise for all emission lines and metallicities correspond to an exposure time of 40ks.
(a) flux given in units of 10−18 erg s−1 cm−2

(b) 3σ upper-limits.
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Fig. 6. Simulated deep (40 ks) MRS observation of B14-65666 at a redshift of 7.15. Upper panel shows the spectrum for one of the components
assuming a metallicity 0.2 Z� (B14-65666_0.2_solar), and the bottom panel for the second component with a lower metallicity of 0.04 Z� (B14-
65666_0.04_solar). The emission lines are identified with a dashed line, and their derived integrated fluxes can be found at Table 5.

88µm line emitters at the highest redshifts (i.e. z > 9). First, for a
given [OIII] 88 µm luminosity, the [OIII]0.5007µm and Hα lines
will be most luminous for the lowest metallicity, and therefore
would be detected with the highest significance at 0.02Z�. This
effect is mainly due to the expected increase in the electron tem-
perature of the ionized gas, and therefore the R[OIII] decreases
with metallicity from sub-solar to metal-poor (see Sect. 3.1.1).
Second, additional detection of the Hβ emission line provides
the opportunity to set direct quantitative constraints in key phys-
ical aspects of these galaxies like the internal extinction (Hα/Hβ
ratio) and the total instantaneous star formation rate (Hα). Third,
the detection of both Hα and HeI1.083µm, the strongest HeI in
the entire UV to near-IR spectral range, will provide unique in-
formation on the hardness of the ionizing source, even for the
lowest metallicity sources. The ratio of ionizing photons can be
derived as

N ph [> 13.6eV]
N ph [> 24.6eV]

= (0.89 − 2.10) ×
L [Hα]

L [HeI1.083µm]
(2)

after extinction correction, and assuming emissivities for hydro-
gen (Osterbrock 1989), and HeI (Benjamin et al. 1999; Porter
et al. 2005) for electron densities of 100 cm−3 and tempera-
tures of 1-2 × 104 K, similar to those measured in low metal-
licity, low-z galaxies (Izotov et al. 2014). However, as the HeI
1.083µm emissivity has a strong dependence with the electron
density (factors 6 to 8 for densities in the 102 - 104 cm−3 range),
a measure of the electron density (e.g. [SII]0.6717+0.6731µm
optical lines or [OIII]52,88µm far-IR lines) is required to get an
accurate value for the hardness of the ionizing source. For an in-
stantaneous starburst and a given metallicity, the ratio of ionizing
photons is a strong function of age with a drop of photons with
energies above 24.6 eV relative to 13.6 eV for ages older than 6
Myr. Binaries (Eldridge et al. 2017) could also be playing a rel-
evant role in changing the hardness of the ionizing spectrum in
these galaxies, in particular at low metallicities. The presence of
a low-luminosity AGN could also produce an ionizing spectrum
harder than the predicted from stars only.
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In addition, if Lyα measurements are available, the MIRI-
MRS Hα observed flux and the Hα/Hβ derived internal extinc-
tion measurement, will provide a measurement of the Lyα es-
caping fraction:

Fesc[Lyα] =
Fobs[Lyα]
Fint[Lyα]

=
Fobs[Lyα]

R(Lyα,Hα) × Fint[Hα]
, (3)

where Fobs[Lyα] is the observed Lyα flux (at z > 6, Fobs[Lyα]
will also depend on the intergalactic medium (IGM) transmis-
sion, so that Fobs[Lyα]=Fem[Lyα]×TIGM

Lyα , where Fem[Lyα] is the
emitted Lyα flux and TIGM

Lyα is the IGM transmission to Lyα pho-
tons, e.g., Inoue et al. 2014), Fint[Hα] is the intrinsic Hα emis-
sion after correction for internal extinction, and R(Lyα,Hα) is
the theoretical recombination case B value assumed to be 8.7
for the typical electron densities (few × 102 cm−3 and tempera-
tures < 2 × 104 K). Likewise, as the Hα line is the least affected
by extinction of all the optical hydrogen recombination lines, it
provides a more accurate estimate of the escape fraction of ion-
izing photons (e.g. Matthee et al. 2017) when combined with the
observed rest-frame <912Å photometry from existing HST or
future NIRCam/JWST imaging.

Finally, the high SNR of [OIII]0.5007µm and Hα emission
lines opens the possibility of detecting the presence of ionized
gas outflows. Although out of the scope of the present paper, pre-
liminary simulations show that massive ionized outflows (> 107

M�, blue-shifted by ∼300 kms−1, and with terminal velocities of
650-700 km s−1) could by traced by the Hα line in metal-poor
sources similar to MACS1149-JD1 (Colina et al. in prep.)

3.2.2. UV-bright and massive EoR sources: B14-65666

B14-65666, as already mentioned in Sect. 3 and Table 1, is a
strong [OIII]88µm line emitter at a redshift of 7.15 detected
with ALMA also as a [CII]158µm source (Hashimoto et al.
2019). This UV-bright source (MUV ∼ −22.3), is identified
with a system of two galaxies, likely interacting/merging. Its
derived global properties with a total SFR of 200 M� yr−1,
an stellar mass of 7.7 × 108 M�, a low visual extinction
(AV=0.3 mag), and sSFR of 259 Gyr−1 places it among the
most massive star-forming galaxies known at a redshift above
7, excluding Quasi-Stellar Objects (QSOs). At such it pro-
vides with an extraordinary opportunity for the detection of
faint metallic lines ([NII]0.6584µm, [SII]0.6717,0.6731µm, and
[SIII]0.9069,0.9532µm), and therefore establishing strong con-
straints on the metallicity of the ionized gas in addition to the
physical properties already mentioned in Sect. 3.2.1. Figure 6
shows the deep (40 ks) MRS simulated spectra of B14-65666
assuming, for the purpose of this simulation, that one of the com-
ponents of the system has a metallicity of 0.2 Z� (upper panel),
while the metallicity for the second component is 0.04 Z� (bot-
tom panel). For the 0.2 Z� spectrum, the weak [NII]0.6584µm
and [SII]0.6717,0.6731µm integrated emission lines are detected
at about 3σ level while the [SIII]0.9069,0.9532µm integrated
lines are detected at 6 and 17σ, respectively. On the other
hand, the 0.04 Z� spectrum shows no detection (at 3σ level)
of neither [NII]0.6584µm nor [SII]0.6717,0.6731µm, while the
[SIII]0.9069,0.9532µm lines are detected at 3 and 7σ, respec-
tively. Thus, the metallicity of luminous [OIII]88µm emitters
detected by ALMA, or other JWST instruments (e.g. NIRSpec)
could be explored in full, not only using the standard R23, but
all the different optical tracers, including the N2, S2, N2S2Hα,
N2S2, as well as the combined O3N2, O3S2 and S23 ratios (see
Maiolino & Mannucci 2019 for a review).

4. Conclusions

This paper has presented a study of the Hα fluxes predicted
by state-of-the-art FIRSTLIGHT cosmological simulations for
galaxies at redshifts of 6.5 to 10.5, covering the Epoch of Reion-
ization, and of its detectability with the medium resolution spec-
trograph (MRS) of the mid-IR instrument (MIRI) on JWST.
The paper has investigated the MRS detectability of the FIRST-
LIGHT sources as a function of redshift, star formation rate, stel-
lar mass, and specific star formation. In addition, it has presented
realistic MRS simulated observation of the (rest-frame) opti-
cal and near-infrared spectra of EoR sources recently detected
by ALMA as [OIII]88µm emitters. These include the lensed
source MACS1149-JD1, and the interacting/merger candidate
B14-65666 at redshift of 9.11 and 7.15, respectively. These sim-
ulations cover different metallicities and emission line ratios, and
are based on medium-deep (10ks) and deep (40ks) MRS obser-
vations using the current versions of the MIRI instrument simu-
lator (MIRISim), and of the official JWST calibration pipeline.
The main conclusions are:

1. All currently ALMA-detected [OIII]88µm emitters at red-
shifts above 7 can be detected in the Hα line with MRS spec-
troscopy in a few hours (10 ks) with a high significance (i.e.
with S/N > 5σ).

2. Deep integrations (40 ksec) with MRS will detect (at least
at 5σ level) Hα emission line in EoR sources at redshifts
above 7 with a SFR above ∼ 2 M� yr−1, stellar masses above
∼ 4-9 × 107 M�, and specific star formation above 4 Gyr−1.
These limits cover the upper end of the SFR and stellar mass
distribution at those redshifts, representing ∼ 6% and ∼1%
of the predicted FIRSTLIGHT population at the 6.5-7.5 and
7.5-8.5 redshift ranges, respectively.

3. The FIRSTLIGHT population is dominated by numerous
low mass galaxies with faint Hα emission for JWST spec-
troscopy, characterized by median values of F̃(Hα) = 3.8,
2.4, and 1.5 × 10−20 erg s−1 cm−2 in the redshift intervals of
6.5-7.5, 7.5-8.5, and z > 8.5, respectively. However, there
is a fraction of galaxies showing much higher fluxes around
F(Hα) ∼ 10−18 - 10−17 erg s−1 cm−2 being accessible to ob-
serve with MIRI/JWST spectroscopy.

4. MRS will provide a good S/N Hβ (5-24σ) - Hα (18-90σ)
emission line spectra of sources similar to the MACS1149-
JD1 at a redshift of 9.11 in exposures of a few hours (∼ 10ks),
for metallicity 0.2-0.02 Z�. This example illustrates clearly
the possibility of performing detailed studies of intrinsically
bright or lensed sources even at the beginning of the Epoch
of Reionization.

5. The MRS will be able to establish and put strong limits to
the metallicity of bright EoR sources as demonstrated by
the simulated B14-65666 system at 7.15 with metallicities
0.2 and 0.04 Z�. This will be achieved by adding the opti-
cal metallicity tracers (N2, S2, N2S2Hα and N2S2) to the
standard R23.

6. A measure of the hardness of the ionizing spectrum,
Nph(>912Å)/Nph(>504Å), can be derived directly from
the L(Hα)/L(HeI1.083µm) line ratio, if electron density is
known. This measure of the hardness will constrain the na-
ture of the ionization source, i.e. the age and IMF upper mass
limit of the stellar population, or the presence of a low lumi-
nosity AGN.

As shown in this paper, the prospects of detecting the Hα
emission line with very high S/N (>50) in at least bright (intrin-
sic or lensed) sources at redshifts of 7 to 9, opens the opportunity
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of investigating the presence and properties of outflows of ion-
ized gas in galaxies during the Epoch of Reionization.
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