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ABSTRACT

We measure the ionizing photon production e�ciency (⇠ion) for a sample of faint, low-mass galax-
ies (107.8-109.8 M�) at an intermediate redshift of 1.4 < z < 2.7. This allows us to constrain the
total ionizing emissivity and, thus, the contribution of dwarf galaxies to the ionizing background and
cosmic reionization. In order to study these faint systems, we target galaxies that are highly mag-
nified by strong lensing galaxy clusters (Abell 1689, MACS J0717, and MACS J1149). We utilize
Keck/MOSFIRE rest-optical spectra to measure nebular emission line fluxes and HST rest-UV and
rest-optical imaging to measure the photometry. We present two ways of flux stacking. First, we take
the average of the log(LH↵/LUV ) of galaxies in our sample in order to determine the typical log(⇠ion).
Second, we take the logarithm of the total LH↵ over the total LUV . We prefer the latter as it provides
the total ionizing UV luminosity density of galaxies once it is multiplied by the total non-ionizing
UV luminosity density derived from the UV luminosity function. For dwarf galaxies in our sample,
log(⇠ion) calculated from the second method is ⇠ 0.2 dex higher than the first method. We do not
find any strong dependence between log(⇠ion) and stellar mass, MUV or UV spectral slope (�). We
report a value of log(⇠ion) ⇠ 25.47 ± 0.09 for our UV-complete sample (�22 < MUV < �17.3) and
⇠ 25.37 ± 0.11 for our mass-complete sample (7.8 < log(M⇤) < 9.8). The measured ⇠ion of our low-
mass galaxies is consistent with measurements of more massive and more luminous galaxies in other
high-redshift studies that used the same stacking technique. We report a 0.2 � 0.3 dex increase in
log(⇠ion) of our sample relative to low-redshift galaxies of similar mass, indicating an evolution in the
stellar properties, possibly due to e↵ects of metallicity, age, or the prevalance of binary stars. We also
find a correlation between log(⇠ion) and the equivalent widths of H↵ and [OIII]�5007 fluxes, confirming
that these equivalent widths can be used to estimate ⇠ion.

Keywords: galaxies: dwarf — galaxies: evolution — galaxies: high-redshift

Corresponding author: Najmeh Emami

najmeh.emami@email.ucr.edu

⇤ Some of the data presented herein were obtained at the W.
M. Keck Observatory, which is operated as a scientific partner-
ship among the California Institute of Technology, the University
of California and the National Aeronautics and Space Adminis-
tration. The Observatory was made possible by the generous fi-
nancial support of the W. M. Keck Foundation. This research is
based on observations made with the NASA/ESA Hubble Space
Telescope obtained from the Space Telescope Science Institute,
which is operated by the Association of Universities for Research
in Astronomy, Inc., under NASA contract NAS 526555. These ob-

1. INTRODUCTION

Many studies have demonstrated that by z ⇠ 6 the
neutral hydrogen in the intergalactic medium (IGM)
was fully ionized (Becker et al. 2001; Fan et al. 2006;
McGreer et al. 2015). What is not well understood is
what are the sources that ionized the universe and pro-
vided the intergalactic medium thereafter (Fan et al.
2001; Somerville et al. 2003; Madau et al. 2004; Bouwens

servations are associated with programs 12201, 12931, 13389 and
14209.
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et al. 2015a). In fact, it is not clear whether the galax-
ies that we have detected at high redshift are capable
of ionizing the IGM (Robertson et al. 2015; Finkelstein
et al. 2019; Naidu et al. 2019; Mason et al. 2019). In
order to determine this, we need to know the rate of
ionizing photons emitted into the IGM as a function of
redshift (often referred to as �(z)). In order to calculate
�(z), three quantities must be known.

� =

Z
L�(L)⇠ion(L)fesc(L)dL (1)

The first quantity is the luminosity function of galax-
ies, �(L), which is typically measured in the non-
ionizing ultraviolet (UV), as it is relatively easy to detect
galaxies at those wavelengths at high redshift. If the UV
luminosity function is integrated, it gives the total non-
ionizing UV luminosity density at a given redshift. The
second quantity that is needed is a conversion from the
non-ionizing UV luminosity density to ionizing UV lu-
minosity density. This conversion is often referred to as
⇠ion and is defined as the rate of ionizing photon pro-
duction normalized by the non-ionizing UV luminosity
density (in f⌫). The third necessary quantity is the frac-
tion of ionizing photons that escape into the intergalac-
tic medium, referred to as the escape fraction, fesc. Of
course, all of these quantities can vary with luminosity.
Many studies have constrained the luminosity func-

tions (Bouwens et al. 2006, 2007; Reddy & Steidel 2009;
Oesch et al. 2013; Alavi et al. 2014; Bouwens et al.
2015b) and escape fractions (Inoue et al. 2006; Siana
et al. 2007; Wise & Cen 2009; Vanzella et al. 2010; Va-
sei et al. 2016; Japelj et al. 2017; Grazian et al. 2017) of
high redshift galaxies . Here we are interested in con-
straining the second quantity, ⇠ion. The primary way of
determining ⇠ion is to infer the ionizing UV flux from
the hydrogen recombination lines (e.g., H↵ or H�) as-
suming that the interstellar medium (ISM) is optically
thick to ionizing photons and does not allow them to
escape the galaxy. In this case, the rate of ionizations
and, thus, the ionizing photon production rate, can be
inferred from recombination lines assuming case-B re-
combination. As such, Bouwens et al. (2016); Naka-
jima et al. (2016); Matthee et al. (2017); Shivaei et al.
(2018); Tang et al. (2018) evaluated ⇠ion as the ratio
of hydrogen recombination lines to 1500 Å UV fluxes.
Another indirect way of inferring ⇠ion is to implement
metal nebular emission lines and stellar continuum into
the photoionization models and output the shape of the
ionizing spectrum and, thus, the best ⇠ion match to the
observed spectrum (Stark et al. 2015, 2017; Chevallard
et al. 2018).

However, all of these studies measure ⇠ion of high-
redshift galaxies that are exclusively luminous H↵
or Ly↵ emitters or have extreme emission lines. As
such there are not many measurements of ⇠ion in low-
luminosity, low-mass galaxies (Lam et al. 2019).
It is not clear what type of galaxies contribute the

most to the total ionizing photon budget necessary for
reionization. Some studies suggest that perhaps rare Ly-
man continuum leakers with substantial star-formation
surface densities have led to a rapid, recent reioniza-
tion at z⇠6 (Naidu et al. 2019). Other studies predict
that low-mass galaxies should have a greater contribu-
tion to reionization because of the steep faint end slope
of the UV1500 luminosity function of high redshift galax-
ies (Reddy & Steidel 2009; Bouwens et al. 2012; Alavi
et al. 2014; Finkelstein et al. 2015; Ishigaki et al. 2015;
Atek et al. 2015; Livermore et al. 2017). Additionally, at
low mass, more ionizing photons are thought to escape
from the galaxies into the IGM (Paardekooper et al.
2013; Wise et al. 2014; Erb 2015; Anderson et al. 2017;
Henry et al. 2015; Karman et al. 2017) at high redshifts,
possibly through hot “chimneys” created by feedback-
driven outflows. In order to determine whether low-mass
galaxies are the primary reionizing agents, we still need
to investigate the ionizing photon production e�ciency
(⇠ion) of these low mass galaxies and compare to their
massive counterparts. However, despite its great impor-
tance, little is known about the ⇠ion in faint low mass
systems.
In this paper we measure, for the first time, ⇠ion

for low-mass (7.8  log(M⇤) < 9.8), low-luminosity
(�22 < MUV < �17.3) galaxies at 1.4 < z < 2.7.
These galaxies may be intermediate-redshift analogs of
the sources of reionization at z > 6. Galaxies in our
sample are highly magnified by gravitational lensing
by foreground galaxy clusters. The magnification en-
ables us to detect low luminosity galaxies, up to an in-
trinsic UV magnitude of -17. We quantify ⇠ion using
H↵ recombination emission and non-ionizing (1500 Å)
UV fluxes from deep Keck/MOSFIRE spectroscopy and
HST imaging, respectively. We also have H� detections
for all of the galaxies in our sample which allows us to
correct H↵ fluxes for the dust extinction via the Balmer
decrement. We correct the UV stellar continuum using
the dust extinction inferred from the SED fitting. We
carefully select galaxies to be complete in both low and
high UV luminosities.
There is an intrinsic scatter in the ratio ofH↵ (orH�)

to UV , especially in low-mass galaxies (Lee et al. 2009;
Weisz et al. 2012; Domı́nguez et al. 2015; Guo et al.
2016; Emami et al. 2019). Many factors are known to
contribute to this scatter including bursty star forma-

Escape fraction  (𝑓𝑒𝑠𝑐), Luminosity Function (Φ(𝐿))は観測的に決まりつつある
Þ 𝜉𝑖𝑜𝑛(ionizing UV/non-ionizing UV)を決めたい。
方法１： recombination ilne (Ha, Hb)
方法２ : metal line + stellar continuum + photoionization model

軽い銀河の寄与はモデルを絞り込む上で重要
そもそも軽い銀河の方がfescが大きいと予想されている
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signal-to-noise cuto↵ on our H↵ measurement, in order
to avoid a bias against intrinsically faint H↵ emitters.
Galaxies with “very” high magnification: If a
galaxy has a high average magnification, it means it is
sitting close to the caustic in the source plane. Thus,
the gradient of the magnification can be large, result-
ing in large magnification di↵erences across the galaxy.
This could result in an observed ratio of LH↵ to LUV

that is di↵erent from the true ratio. Not only would
this increase the scatter, but it can result in a bias, as
the galaxies are selected via rest-frame UV continuum
luminosity density. Hence, we remove 7 galaxies whose
magnifications (µ) are µ > 30 in A1689 and µ > 15 in
HFF clusters.
Multiply-imaged galaxies We remove multiple im-
ages of two galaxies to avoid double-counting. In these
cases, we keep the most highly magnified image in the
sample unless the magnification is very large (> 30 in
A1689 and > 15 in HFF clusters), in which case, we use
the next brightest image. These multiple images were
identified using Lenstool (Limousin et al. 2016; Alavi
et al. 2016).
High slit-loss galaxies: For larger, extended galaxies,
the slit loss correction can be large, and the MOSFIRE
measurement will only be sampling a small, possibly un-
representative portion of the whole galaxy. As such, we
remove four galaxies with H↵ slit losses > 70% from the
sample.
Galaxies with large mass errors: We also make sure
not to include galaxies with large stellar mass errors in
our analysis. There are only four galaxies that lack HST

rest-frame near-IR filter coverage and ultimately end up
having large mass errors shown as gray points in Figure
1. We note that we only exclude these galaxies from our
sample when we perform flux stacking based on stellar
masses (Section 5.1), but use them when stacking based
on properties other than the stellar mass (UV magnitude
and UV spectral slope, Sections 5.2 and 5.3).
The final sample contains 28 galaxies that are free of

the aforementioned concerns.

3.4. Non-Dust-Corrected ⇠ion

The goal of this paper is to measure the ionizing pho-
ton production e�ciency of galaxies (⇠ion) for our sam-
ple, which represents the rate of Lyman continuum pho-
tons per unit UV1500 luminosity as:

⇠ion =
QH0

LUV
[s�1

/erg. s
�1

. Hz
�1] (3)

where LUV is the intrinsic UV-continuum luminosity
density (per unit frequency) around 1500 Å. Based on
Case-B recombination, the rate of production of ioniz-

ing photons (QH0) can be determined from the hydrogen
recombination lines, in this case H↵, as

LH↵[erg. s
�1] = 1.36⇥ 10�12

QH0 [s�1] (4)

where LH↵ is the H↵ luminosity (Osterbrock & Ferland
2006). Here we assume that all ionizing photons result
in a photoionization (none escape into the IGM) and are
converted into case B recombination emission.
Figure 1 shows the ratio of observed (not dust-

corrected) LH↵ to LUV as a function of stellar mass. Be-
cause the Hubble images are far more sensitive than our
Keck/MOSFIRE observations, our primary incomplete-
ness is determined by the depth of the spectroscopy. We
are therefore concerned about completeness for galaxies
with low LH↵ and, thus, low ⇠ion. We therefore decide
to only include galaxies in our final sample with spectra
that are sensitive to the “worst-case” (lowest) observed
LH↵ that can be expected.
In order to determine the lowest LH↵, we start by as-

suming the lowest LUV for the measured stellar mass of
the galaxy. This is found with a line near the lower edge
of the observed log(LUV )-log(M⇤) relation (at M⇤ > 108

M� where our sample is complete) shown in Figure 2.
Once the worst-case LUV is determined, we then assume
a worst-case log(⇠ion) to find the faintest expected LH↵.
We determine this worst-case value at the higher masses
(> 109M�, where we are complete), where we see that
the lowest log(LH↵/LUV ) in our sample is ⇠ 13.2. Fi-
nally, we compare this faintest LH↵ to our line sensi-
tivity (assumed as 3� H↵ flux detection) to determine
what magnification is required to detect H↵ in our spec-
tra. We keep all galaxies in our sample that have a high
enough magnification. In this way, we ensure that all
galaxies remaining in our sample, have su�ciently sen-
sitive spectra to detect galaxies with the lowest expected
log(⇠ion).
Once we find the magnification threshold at any given

mass, we remove galaxies in our sample whose magni-
fications are less than that threshold. There are 12 of
these galaxies in our sample which are shown as black
points in Figure 1. Now we only work with the remain-
ing objects (red points) in our sample, which are not
a↵ected by any biases. We note that log(LH↵/LUV )
spans about one dex across the sample (13-14), as is
evident in Figure 1.
We also perform a sanity check to determine whether

our final sample can truly represent ⇠ion in low-mass
galaxies or su↵ers from any biases against low-mass faint
galaxies. This investigation is primarily due to the fact
that our spectroscopic sample is a magnitude-limited
subsample of our parent photometric sample (B < 26.5
AB). In this case, there is a possibility that we are pop-
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Figure 1. Not dust-corrected log(LH↵/LUV ) as a func-
tion of log(M⇤) derived from the observed LH↵ and LUV .
The gray points show galaxies with high mass errors. Black
points indicate galaxies that could not be detected if they
had the very low observed log (LH↵/LUV )< 13.2. The green,
red and magenta diagonal dotted lines indicate the typical
log(LH↵/LUV ) detection limit for three magnification fac-
tors of 5, 15 and 25 respectively, below which galaxies are
intrinsically too faint to be detected through MOSFIRE. The
remaining galaxies in red are free of any biases in our mea-
surements.

ulating the lower mass bins only with the most lumi-
nous and youngest galaxies and might be missing the
faint sources. To ensure that our final sample does not
su↵er from this bias, we plot the log (LUV ) - log(M⇤)
distribution of our parent photometric sample and com-
pare it to the final ⇠ion sample in Figure 2. This figure
indicates that our final sample has a similar distribu-
tion to the parent sample, and is not biased toward high
log(LUV ) values at a fixed stellar mass down to the mass
of 107.8M�. Hence, our final ⇠ion sample is representa-
tive of low-mass galaxies at 1 < z < 3 and is not biased
against the low mass, faint galaxies.

3.5. Dust Extinction Correction

We use the AV values derived from SED fits (Section
3.1) and assume an SMC extinction curve to correct
for the dust attenuation of the UV luminosity density.
We also use the Balmer decrement (LH↵/LH�) to deter-
mine the LH↵ attenuation assuming a Cardelli extinc-
tion curve (Cardelli et al. 1989).

4. TWO APPROACHES TO FLUX STACKING FOR
⇠ion ESTIMATES

Here we attempt to evaluate the representative
log(⇠ion) value of our sample. For this, we need to
stack the dust-corrected H↵ and UV fluxes of indi-

Figure 2. Log (LUV ) - log (M⇤) relation of our lensed galax-
ies. Green points are the parent photometric sample withM⇤
above 107M�. The final spectroscopic ⇠ion sample is shown
in red. Black points are removed from the ⇠ion sample due
to biases discussed in Section 3.3. The galaxies in our final
sample (red points) span a similar range in LUV at a given
mass as the parent population, indicating that this sample
is representative of low-mass galaxies at 1 < z < 3. The red
line denotes the lower edge of the log (LUV ) - log (M⇤) main
sequence trend of the parent sample that is used to exclude
galaxies with insu�cient sensitivity (black points) from the
⇠ion sample described in Section 3.4.

vidual galaxies. However, we note that the spread in
log(⇠ion) is large (⇠ 1 dex). Given such a large spread in
the logarithm of ⇠ion, we need to be careful about how
we stack, depending upon the question we are trying to
answer.
There are two ⇠ion values that we are interested in

obtaining. First, we are interested in the properties of
the typical galaxy, which can simply be obtained via
the median, or the average of a symmetric distribution.
Second, we are also interested in the total contribution
of these galaxies to reionization, in which case we are
interested in the total H↵ luminosity of all galaxies di-
vided by the total UV luminosity of all galaxies. Such a
number allows a direct conversion from UV luminosity
functions to ionizing photon production rate densities.
The stack in this case is not the average of the log(⇠ion)
values that many have calculated before. Instead, this
stack is equivalent to an LUV -weighted average of the
LH↵/LUV ratios of the galaxies, as shown below.

⌃LH↵,i

⌃LUV,i
=

1

⌃LUV,i
⌃
LUV,iLH↵,i

LUV,i
(5)

In order to obtain the composite log(⇠ion) for each of
these methods more quantitatively, we follow the proce-
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Figure 3. Log(⇠ion) as a function of log(M⇤). Log(⇠ion) derived from the Typical ⇠ion stacking method are shown in red open
circles and the E↵ective ⇠ion in red filled circles. The log(⇠ion) inferred from E↵ective ⇠ion is ⇠ 0.2 dex larger than that of the
Typical ⇠ion. Green open and filled circles denote the local sample of Weisz et al. (2012) applying the Typical ⇠ion and E↵ective
⇠ion stacking methods respectively. Sky blue open squares and circles denote the MOSDEF sample (Shivaei et al. 2018) of higher
stellar mass galaxies using Calzetti et al. (2000) and SMC Gordon et al. (2003) UV dust corrections respectively. Purple circles
show the Lam et al. (2019) sample of faint (LUV < 0.2 L⇤) galaxies at higher redshifts (z = 3.8� 5.3). For a better comparison
of samples with similar stacking methods, we use open markers to indicate the Typical ⇠ion stacking method and filled markers
to indicate the E↵ective ⇠ion stacking method. The dashed line is the canonical value of 25.2 from Robertson et al. (2013). The
local sample of Weisz et al. (2012) indicates lower log(⇠ion) compared to ours. High-redshift samples of Shivaei et al. (2018)
and Lam et al. (2019) lie within the 1� error bars of our two stacking methods. Orange and blue lines indicate the log (⇠ion)
predicted by two di↵erent stellar models, (BPASS model (Eldridge et al. 2017), and BC03 (Bruzual & Charlot 2003)), assuming
a constant star formation history and 0.2Z� metallicity.

ular, the di↵erence between the two methods increases
at lower masses where the scatter in the log (⇠ion) is
dramatic and is likely due to the increasing burstiness,
as was found by Emami et al. (2019).
Comparing our results with Weisz et al. (2012), we

find that at a given mass, our sample shows higher
log(⇠ion) relative to that of Weisz et al. (2012) (compare
red markers with green ones), suggestive of a log(⇠ion)
evolution with redshift in the low-mass systems. We
discuss possible explanations for this in Section 6.

We also compare our sample with higher mass galaxies
at similar redshift (1.4 < z < 2.6) from the MOSDEF
Survey (Shivaei et al. 2018). In Figure 3 we show the
log(⇠ion) values for MOSDEF assuming SMC (Gordon
et al. 2003) and Calzetti et al. (2000) UV dust extinction
corrections. We see that the log(⇠ion) of our sample is
in good agreement with that of Shivaei et al. (2018) at
109 � 109.5M� within 1� uncertainty, in the mass range
where the two samples overlap. In fact, the log(⇠ion)
values of our galaxies in our sample and those at higher
stellar mass are consistent at all stellar masses. Thus,

12

Figure 6. Top:log (⇠ion) vs. [OIII] 5007 equivalent width.
The solid red line and the pink region denote the best-fit
line and 1� confidence region respectively. The green dashed
line is from Tang et al. (2018) for extreme [OIII] emitters
at 1.3 < z < 2.4. Overall, a positive slope of 0.38 ± 0.16
is apparent between the two properties, but less steep than
Tang et al. (2018). Bottom: log (⇠ion) vs. H↵ equivalent
width (EWH↵). There is a slope of 0.52 ± 0.16 between
the two properites. The gray line denotes the Faisst et al.
(2019) relation at z ⇠ 4.5, which overlaps with the Tang
et al. (2018) (green) but extends to a larger range of H↵
equivalent widths (40-5000 Å).

First, the oxygen-to-iron abundance ratio of galaxies
a↵ects the production of ionizing photons at high red-
shift. Recent studies by Steidel et al. (2016); Strom et al.
(2017) show that in high-mass (9  log(M⇤/M�) 
10.8), high-redshift galaxies (z = 2.4± 0.11), the [O/Fe]
abundance is super-solar (' 4 � 5 [O/Fe]�) referred
to as “↵ enhancement.” This has been shown in the
composite UV spectrum of a representative sample of
galaxies in KBSS-MOSFIRE spectroscopic survey (Stei-
del et al. 2014). They found that emission spectra from
photoinization modeling best matches their composite
UV spectra with stellar models with low stellar metal-
licities (Z/Z� ⇠ 0.1), while the gas-phase oxygen abun-
dances measured from nebular emission lines are ⇠ 4
times higher. Given that stellar opacity is dominated
by iron, this suggests a super-solar [O/Fe].
The deficit of iron in high-redshift galaxies can be

explained by a model in which iron is produced dur-
ing a delayed detonation of type Ia supernovae (SNe)
(Khokhlov 1991). As a consequence, in high-redshift
galaxies not all white dwarf stars have detonated and
released iron into the interstellar medium (ISM). Since
iron predominantly controls the opacity of stellar atmo-
spheres, its deficiency allows stars of a given mass to be
hotter and, thus, have higher ionizing photon produc-
tion at higher redshifts, leading to an increase in ⇠ion

compared to local samples. It is likely the case that
stellar populations of lower mass galaxies at z ⇠ 2 are
as young as the higher mass galaxies of Steidel et al.
(2014), and therefore exhibit a similar ↵ enhancement.
To confirm this requires measurement of the iron abun-
dance of low-mass galaxies via absorption lines in their
UV spectrum.
Second, this excess in the ionizing UV photons could

be due to a recent increase in the star formation ac-
tivity of high-redshift galaxies resulting in an enhance-
ment in the LH↵ relative to the LUV. This e↵ect has
also been reported in Faisst et al. (2019) such that their
z ⇠ 4.5 main-sequence galaxies indicate a ⇠ion median
of 25.5 which is 0.3 dex above the typically used canon-
ical value of Robertson et al. (2013). This recent star
formation activity can be in the form of continuous in-
crease in the star formation history of the galaxy, which
is typical in z > 4 galaxies (Behroozi et al. 2019), a
recent, rapid burst. Either of these star formation sce-
narios will lead to an increase in the number density of
young stellar populations relative to the number density
of intermediate-aged stellar populations in galaxies and
ultimately results in an excess in the LH↵ to LUV ratios.
However, exploring the e↵ect of star formation variation
on the ionizing photon production e�ciency requires a
deeper analysis of the star formation properties of galax-

わかったこと
• Effective 𝜉-./(= log(∑𝐿56 /∑𝐿89)) の方がTypical 

にくらべて大きい：
よりくらい銀河からの寄与が大きい

• 近傍の結果に比べて𝜉-./は大きい：
• Metallicity がより小さい
• 直近の星形成より活発
• 大質量バイナリが多い

• 𝜉-./は他のhi-zの結果と同様の値
• 𝜉-./にMUV, betaの依存性は見られない
• 𝜉-./はEW(Ha), EW(OIII)と正の相関

Z=1.4-2.7, M*=1e7.8-9.8Msunの重力レンズ銀河の𝜉-./の評価

(z>6でのアナログとして)
データ： MOSFIRE Ha & 1500A UV
サンプル：６２天体中２８天体を解析に利用
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Figure 1. Not dust-corrected log(LH↵/LUV ) as a func-
tion of log(M⇤) derived from the observed LH↵ and LUV .
The gray points show galaxies with high mass errors. Black
points indicate galaxies that could not be detected if they
had the very low observed log (LH↵/LUV )< 13.2. The green,
red and magenta diagonal dotted lines indicate the typical
log(LH↵/LUV ) detection limit for three magnification fac-
tors of 5, 15 and 25 respectively, below which galaxies are
intrinsically too faint to be detected through MOSFIRE. The
remaining galaxies in red are free of any biases in our mea-
surements.

ulating the lower mass bins only with the most lumi-
nous and youngest galaxies and might be missing the
faint sources. To ensure that our final sample does not
su↵er from this bias, we plot the log (LUV ) - log(M⇤)
distribution of our parent photometric sample and com-
pare it to the final ⇠ion sample in Figure 2. This figure
indicates that our final sample has a similar distribu-
tion to the parent sample, and is not biased toward high
log(LUV ) values at a fixed stellar mass down to the mass
of 107.8M�. Hence, our final ⇠ion sample is representa-
tive of low-mass galaxies at 1 < z < 3 and is not biased
against the low mass, faint galaxies.

3.5. Dust Extinction Correction

We use the AV values derived from SED fits (Section
3.1) and assume an SMC extinction curve to correct
for the dust attenuation of the UV luminosity density.
We also use the Balmer decrement (LH↵/LH�) to deter-
mine the LH↵ attenuation assuming a Cardelli extinc-
tion curve (Cardelli et al. 1989).

4. TWO APPROACHES TO FLUX STACKING FOR
⇠ion ESTIMATES

Here we attempt to evaluate the representative
log(⇠ion) value of our sample. For this, we need to
stack the dust-corrected H↵ and UV fluxes of indi-

Figure 2. Log (LUV ) - log (M⇤) relation of our lensed galax-
ies. Green points are the parent photometric sample withM⇤
above 107M�. The final spectroscopic ⇠ion sample is shown
in red. Black points are removed from the ⇠ion sample due
to biases discussed in Section 3.3. The galaxies in our final
sample (red points) span a similar range in LUV at a given
mass as the parent population, indicating that this sample
is representative of low-mass galaxies at 1 < z < 3. The red
line denotes the lower edge of the log (LUV ) - log (M⇤) main
sequence trend of the parent sample that is used to exclude
galaxies with insu�cient sensitivity (black points) from the
⇠ion sample described in Section 3.4.

vidual galaxies. However, we note that the spread in
log(⇠ion) is large (⇠ 1 dex). Given such a large spread in
the logarithm of ⇠ion, we need to be careful about how
we stack, depending upon the question we are trying to
answer.
There are two ⇠ion values that we are interested in

obtaining. First, we are interested in the properties of
the typical galaxy, which can simply be obtained via
the median, or the average of a symmetric distribution.
Second, we are also interested in the total contribution
of these galaxies to reionization, in which case we are
interested in the total H↵ luminosity of all galaxies di-
vided by the total UV luminosity of all galaxies. Such a
number allows a direct conversion from UV luminosity
functions to ionizing photon production rate densities.
The stack in this case is not the average of the log(⇠ion)
values that many have calculated before. Instead, this
stack is equivalent to an LUV -weighted average of the
LH↵/LUV ratios of the galaxies, as shown below.

⌃LH↵,i

⌃LUV,i
=

1

⌃LUV,i
⌃
LUV,iLH↵,i

LUV,i
(5)

In order to obtain the composite log(⇠ion) for each of
these methods more quantitatively, we follow the proce-


