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5598 P. Torrey et al.

Figure 9. The median gas fraction, defined as the ratio of ISM mass to stellar mass, is shown with respect to the mass metallicity relation for six distinct
redshifts as labelled in the upper left corner of each panel. As in Fig. 6, the median MZR is indicated with a solid black line, with the 1σ variation indicated
with dashed black lines. A trend can be identified where galaxies with high (low) gas fractions have low (high) metallicities, when compared against the MZR.
This trend holds across a wide redshift and mass range.

Figure 10. The average metallicity is shown as a function of MISM for three thin mass bins (corresponding to the three panels) at several redshifts as indicated
within the legend. There is a clear correlation between galactic metallicity and the ISM mass where galaxies with higher ISM masses have lower metallicities.
The steepness of the correlation decreases for higher galaxy mass samples. The dashed red lines indicate observational data from Bothwell et al. (2013) which
broadly agrees with the simulated trends. The dot–dashed black lines indicate a leaky box model with a yield of y = 0.05 and an assumed outflow mass loading
of η = 4). The dotted red lines indicate the equilibrium model predictions (see text for further details).

In general, the slope between metallicity and H I gas-mass found
in the Bothwell et al. (2013) data is very similar to the slope
found in the majority of the IllustrisTNG data between metallicity
and ISM mass. In more detail, the redshift z = 0, low-mass
IllustrisTNG galaxy metallicity (black line in the left-hand panel,
in Fig. 10) scales as Z ∝ M−0.3

ISM , which is very similar to the
Bothwell et al. (2013) trend. Moving from the lowest mass bin
(left-hand panel) to the intermediate-mass bin (centre) and highest

mass bin (right) we find the continued presence of a correlation
between metallicity and ISM gas-mass. However, the slope grad-
ually flattens to Z ∝ M−0.1

ISM for the highest mass bin. This slope
flattening is consistent with the observed mass-dependent trend.
We emphasize again, however, that some caution should be used
when interpreting the exact quantitative slope comparisons between
these two datasets owing to non-trivial conversions from MISM

to MH I.

MNRAS 484, 5587–5607 (2019)
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In general, the slope between metallicity and H I gas-mass found
in the Bothwell et al. (2013) data is very similar to the slope
found in the majority of the IllustrisTNG data between metallicity
and ISM mass. In more detail, the redshift z = 0, low-mass
IllustrisTNG galaxy metallicity (black line in the left-hand panel,
in Fig. 10) scales as Z ∝ M−0.3

ISM , which is very similar to the
Bothwell et al. (2013) trend. Moving from the lowest mass bin
(left-hand panel) to the intermediate-mass bin (centre) and highest

mass bin (right) we find the continued presence of a correlation
between metallicity and ISM gas-mass. However, the slope grad-
ually flattens to Z ∝ M−0.1

ISM for the highest mass bin. This slope
flattening is consistent with the observed mass-dependent trend.
We emphasize again, however, that some caution should be used
when interpreting the exact quantitative slope comparisons between
these two datasets owing to non-trivial conversions from MISM

to MH I.
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Figure 6. Gas-phase mass–metallicity relation at redshifts z = {0, 1, 2, 3, 4, 6}, as labelled in the upper left corner of each panel. The coloured two-dimensional
background histogram indicates the distribution of central galaxies from the TNG100 simulation. The solid black line and surrounding shaded band indicate
the median MZR and the 1σ scatter, respectively. Observational data from Tremonti et al. (2004), Zahid, Kewley & Bresolin (2011), and Erb et al. (2006)
have been included in the z = 0, z = 1, and z = 2 panels, respectively. We do not place any emphasis on the absolute normalization of the MZR owing to
uncertainties in the observed metallicity diagnostics, but instead focus on the slope and normalization evolution. Our models broadly match the low-redshift
shape of the MZR and we find there is a gradual decline in the normalization with increasing redshift.

Figure 7. Evolution of galactic metallicity as a function of redshift for
several mass bins, as indicated in the legend. Solid curves indicate the
metallicity as determined from the simulation, while dashed lines indicate
best fits and extrapolations to the data. We find a best-fitting slope of Z ∝ −
0.064z which applies reasonably well for z > 2 across the full mass range
resolved in our simulations.

minimization on the full dataset for z > 1 of Z = Z0 − 0.064z.
Predictions for metallicity of galaxies past z > 6 are dependent on
the nature of our adopted extrapolation, but clearly point towards
continued decline in the metallicity for all galaxy mass bins. By

redshift z = 8 we expect that galactic metallicity will be ∼0.5 dex
lower than redshift z = 0 galaxies of the same mass.

Zahid et al. (2014) argue that the existing observational MZR
data out to z = 1.55 are accurately fit with a single, unchanging
saturation metallicity. The simulated saturation metallicity, on the
other hand, clearly evolves significantly as can be seen in Fig. 7
(or in Fig. 6). Importantly, however, a direct comparison of the
simulated MZR relations and the data explored in Zahid et al.
(2014) show that the two datasets agree reasonably well, with the
strongest point of tension being whether and where one defines the
saturation metallicity based on sparsely populated high-mass high-
redshift data points. Our simulations agree with the Zahid et al.
(2014) data in the sense that neither the simulated MZR nor the
observed MZR saturation metallicity evolve significantly over the
redshift range 0 < z < 1.5, but our models do predict that there is an
evolution of the MZR saturation metallicity and that this evolution
will become more pronounced at increasingly high redshift. We
expect that this prediction can be (in)validated in the coming
years.

The driving force behind the evolution in the normalization in the
MZR has been subject to widespread debate. Galactic metallicity
trends with redshift or mass have been explained with competing
scenarios based on changes to the metal retention efficiency or
changes to the gas fractions of galaxies. Our models indicate that
the ISM metal retention efficiency (which is driven by feedback) is
not responsible for the redshift evolution of the MZR in our models.
While our models indicate a decrease in the normalization of the
MZR with increasing redshift, the ISM metal retention efficiency
(as in Fig. 3) increases with increasing redshift which should give
rise to an increasing metallicity. Changes in the ISM metal retention

MNRAS 484, 5587–5607 (2019)
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not use the HSC y-band photometry, which is shallower than
the other bands, to reach as faint magnitudes as possible. After
calculations, the classifier outputs four probabilities of the
EMPG, non-EMPG galaxy, star, and QSO and chooses only
one type whose probability is the highest of the four. Here we
obtain probabilities with the softmax function. The soft-
max function is a mathematical function that normalizes a
vector with an exponential function.

The structure of the neural network is optimized so that the
sum of the output errors is minimized. We optimize our
classifier with a training sample, in which object types are
already known beforehand. The optimization process is usually
called “training.” We use the cross-entropy and Adam
optimizers (Kingma & Ba 2014), which are built into the
Tensorflow software, to calculate and minimize the errors in
the training, respectively. To train our classifier, we prepare a
training sample with the SED models that will be detailed in
Section 3.2.3. Then the training sample is divided into two
independent data sets. Here 80% of the training sample is used
as training data and the other 20% as check data. We use the
training data to train the neural network, while the check data
are prepared to check whether the classifier successfully
identifies and separates EMPGs from other object types. In
every training step, 100 models are randomly chosen from the
training sample and used to train the neural network. The one
training step is defined by a training with the 100 models. This
training step is repeated 10,000 times.

Successful cases are defined by the true-positive EMPGs
(i.e., a real EMPG classified as an EMPG) and its true negative
(i.e., a real galaxy/star/QSO classified as a galaxy/star/QSO),
as summarized in Figure 9. Here we only focus on whether an
object is an EMPG or not. In other words, we ignore mistakes
in the classification between galaxies, stars, and QSOs. Our
EMPG classification is not affected by this ignorance. We
define the success rate by the number of successful cases over
the number of total classifications. In the calculation, we repeat
the training step 10,000 times, until the success rate exceeds
99.5% constantly.

3.2.3. Training Sample

We prepare the training sample that is used to train the ML
classifier explained in Section 3.2.2. The training sample
consists of photometric magnitudes calculated from models of
EMPGs, non-EMPG galaxies, stars, and QSOs. The photo-
metric magnitudes are calculated from the SED models by
convoluting the SEDs with the throughput curves of the HSC
(Kawanomoto et al. 2018) or SDSS (Fukugita et al. 1996)
broadband filters. Below, we detail the models of the EMPGs,
non-EMPG galaxies, stars, and QSOs.

Figure 8. Schematic illustration of the structure of our ML classifier based on the DNN. The nodes (open circles) and branches (solid lines) represent a linear
combination. The green circles are ReLU activation functions.

Figure 9. Matrix that explains the successful cases defined in this paper. The
columns and rows correspond to answers in reality and estimations made by the
classifier, respectively. We mark successful cases with circles. Note that we
ignore mistakes in the classification between galaxies, stars, and QSOs because
we only aim to select EMPGs.
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Deep neural network ML classifier
to efficiently/reliably select EMPG candidates 
from Subaru HSC photometric data
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catalogs are called “HSC-EMPG candidates” and “SDSS-
EMPG candidates,” respectively.

4.1. EMPG Candidates from the HSC Data

In Section 2.2, we created the HSC-SSP source catalog,
which consists of 17,912,612 and 40,407,765 sources in the
S17A and S18A source catalogs, respectively. As noted in
Section 2.2, the sources selected from S17A and S18A data at
this point are partly duplicated, but the duplication will be
removed in the last step of the selection. In this section, we
select EMPG candidates from the HSC-SSP source catalog in
four steps, described below.

In the first step, we coarsely remove sources based on
blending, extendedness, and color before we apply our ML
classifier. We remove sources whose photometry is strongly
affected by back/foreground objects as follows. Fluxes of a
source and a back/foreground object are measured at the
central position of the source, and when a flux of the back/
foreground object exceeds 50% of the source flux, the source is
removed. We only select extended sources whose exten-
dedness_value flags are 1 in all of the griz bands. The
hscPipe labels a point source and an extended source as
extendedness_value = 0 and 1, respectively. The
hscPipe defines a point source as a source whose PSF
magnitude (mpsf) and cmodel magnitude (mcmodel) match
within mpsf − mcmodel < 0.0164 (Bosch et al. 2018). To save
calculation time, we remove part of the sources before we
apply the classifier. To roughly remove sources whose colors
are apparently different from EMPGs, we apply

( )� � �r i 0.3, 2

( )� �i z 0.2. 3

To remove possible contamination from normal galaxies, we
also apply

( ) ( )� � � � �g r r i0.3125 0.1375. 4

In other words, we choose sources that satisfy Equations
(2)–(4) here. We show Equations (2)–(4) in Figure 12. After
these selection criteria, 680 and 2494 sources remain from the
S17A and S18A data, respectively. The source removal in the
first step effectively reduces the calculation time in the ML
classifier in the second step below.

In the second step, we apply the ML classifier constructed in
Section 3.2 to the sources selected above. The ML classifier
selects 32 and 57 sources out of the 680 (S17A) and 2494
(S18A), respectively.

In the third step, we remove transient objects by checking the
g- and r-band multi-epoch images. We measure fluxes in each

epoch and calculate an average and a standard deviation of
these flux values. If the standard deviation becomes larger than
25% of the average value, we regard the source as a transient
object and eliminate it from the sample. Removing 10 and 15
sources, we obtain 22 and 42 sources after the third step for the
S17A and S18A data, respectively.
In the last step, we inspect a gri-composite image. Here we

remove apparent H II regions inside a large SFG, sources
affected by a surrounding bright star, and apparently red
sources. The apparently red sources are mistakenly selected due
to an issue in the cmodel photometry. Indeed, they show red
colors (r−i>0.0) in the 1 0 aperture photometry, while they
become blue in the cmodel photometry. In the inspection of
multi-epoch and gri-composite images, we removed 10 and 21
sources from the S17A and S18A data, respectively.
Eventually, we thus obtain 12 and 21 HSC-EMPG

candidates from the S17A and S18A catalogs, respectively.
We find that six of the HSC-EMPG candidates are duplicated
between the S17A and S18A catalogs. Thus, the number of
independent HSC-EMPG candidates is 27 (=12 + 21 − 6).
The magnitude range of the 27 HSC-EMPG candidates is
i = 19.3–24.3 mag.
Out of the 27 candidates, we find six candidates that are

selected in S17A but not selected again in S18A. Four out of
the six candidates are slightly redder in S18A than in S17A and
thus not selected in S18A. The other two are removed in S18A
due to flags related to a cosmic ray or nearby bright star. Such
differences probably arise due to the different pipeline versions
between S17A and S18A. We check the images and
photometry of these six candidates individually. Then we
confirm that these six candidates seem to have no problem as
an EMPG candidate.

4.2. EMPG Candidates from the SDSS Data

In Section 2.3, we constructed the SDSS source catalog
consisting of 31,658,307 sources. In this section, we select
EMPG candidates from the SDSS source catalog similarly to
the HSC source catalog in Section 4.1.
First, we remove sources that have colors apparently

different from EMPGs with Equations (2)–(4). Then we apply
our ML classifier to the SDSS source catalog, and our classifier
selects 107 sources. Checking gri-composite images, we
eliminate apparent H II regions in a spiral galaxy, sources
affected by a surrounding bright star, and apparently red
sources. We also remove sources if the corresponding
composite image shows an apparent problem that may be
caused by an incorrect zero-point magnitude. In the visual
inspection above, 21 sources have been removed. These steps
leave us with 86 SDSS-EMPG candidates from the SDSS
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catalogs are called “HSC-EMPG candidates” and “SDSS-
EMPG candidates,” respectively.

4.1. EMPG Candidates from the HSC Data

In Section 2.2, we created the HSC-SSP source catalog,
which consists of 17,912,612 and 40,407,765 sources in the
S17A and S18A source catalogs, respectively. As noted in
Section 2.2, the sources selected from S17A and S18A data at
this point are partly duplicated, but the duplication will be
removed in the last step of the selection. In this section, we
select EMPG candidates from the HSC-SSP source catalog in
four steps, described below.

In the first step, we coarsely remove sources based on
blending, extendedness, and color before we apply our ML
classifier. We remove sources whose photometry is strongly
affected by back/foreground objects as follows. Fluxes of a
source and a back/foreground object are measured at the
central position of the source, and when a flux of the back/
foreground object exceeds 50% of the source flux, the source is
removed. We only select extended sources whose exten-
dedness_value flags are 1 in all of the griz bands. The
hscPipe labels a point source and an extended source as
extendedness_value = 0 and 1, respectively. The
hscPipe defines a point source as a source whose PSF
magnitude (mpsf) and cmodel magnitude (mcmodel) match
within mpsf − mcmodel < 0.0164 (Bosch et al. 2018). To save
calculation time, we remove part of the sources before we
apply the classifier. To roughly remove sources whose colors
are apparently different from EMPGs, we apply
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To remove possible contamination from normal galaxies, we
also apply
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In other words, we choose sources that satisfy Equations
(2)–(4) here. We show Equations (2)–(4) in Figure 12. After
these selection criteria, 680 and 2494 sources remain from the
S17A and S18A data, respectively. The source removal in the
first step effectively reduces the calculation time in the ML
classifier in the second step below.

In the second step, we apply the ML classifier constructed in
Section 3.2 to the sources selected above. The ML classifier
selects 32 and 57 sources out of the 680 (S17A) and 2494
(S18A), respectively.

In the third step, we remove transient objects by checking the
g- and r-band multi-epoch images. We measure fluxes in each

epoch and calculate an average and a standard deviation of
these flux values. If the standard deviation becomes larger than
25% of the average value, we regard the source as a transient
object and eliminate it from the sample. Removing 10 and 15
sources, we obtain 22 and 42 sources after the third step for the
S17A and S18A data, respectively.
In the last step, we inspect a gri-composite image. Here we

remove apparent H II regions inside a large SFG, sources
affected by a surrounding bright star, and apparently red
sources. The apparently red sources are mistakenly selected due
to an issue in the cmodel photometry. Indeed, they show red
colors (r−i>0.0) in the 1 0 aperture photometry, while they
become blue in the cmodel photometry. In the inspection of
multi-epoch and gri-composite images, we removed 10 and 21
sources from the S17A and S18A data, respectively.
Eventually, we thus obtain 12 and 21 HSC-EMPG

candidates from the S17A and S18A catalogs, respectively.
We find that six of the HSC-EMPG candidates are duplicated
between the S17A and S18A catalogs. Thus, the number of
independent HSC-EMPG candidates is 27 (=12 + 21 − 6).
The magnitude range of the 27 HSC-EMPG candidates is
i = 19.3–24.3 mag.
Out of the 27 candidates, we find six candidates that are

selected in S17A but not selected again in S18A. Four out of
the six candidates are slightly redder in S18A than in S17A and
thus not selected in S18A. The other two are removed in S18A
due to flags related to a cosmic ray or nearby bright star. Such
differences probably arise due to the different pipeline versions
between S17A and S18A. We check the images and
photometry of these six candidates individually. Then we
confirm that these six candidates seem to have no problem as
an EMPG candidate.

4.2. EMPG Candidates from the SDSS Data

In Section 2.3, we constructed the SDSS source catalog
consisting of 31,658,307 sources. In this section, we select
EMPG candidates from the SDSS source catalog similarly to
the HSC source catalog in Section 4.1.
First, we remove sources that have colors apparently

different from EMPGs with Equations (2)–(4). Then we apply
our ML classifier to the SDSS source catalog, and our classifier
selects 107 sources. Checking gri-composite images, we
eliminate apparent H II regions in a spiral galaxy, sources
affected by a surrounding bright star, and apparently red
sources. We also remove sources if the corresponding
composite image shows an apparent problem that may be
caused by an incorrect zero-point magnitude. In the visual
inspection above, 21 sources have been removed. These steps
leave us with 86 SDSS-EMPG candidates from the SDSS
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S17A and S18A source catalogs, respectively. As noted in
Section 2.2, the sources selected from S17A and S18A data at
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removed in the last step of the selection. In this section, we
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four steps, described below.
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blending, extendedness, and color before we apply our ML
classifier. We remove sources whose photometry is strongly
affected by back/foreground objects as follows. Fluxes of a
source and a back/foreground object are measured at the
central position of the source, and when a flux of the back/
foreground object exceeds 50% of the source flux, the source is
removed. We only select extended sources whose exten-
dedness_value flags are 1 in all of the griz bands. The
hscPipe labels a point source and an extended source as
extendedness_value = 0 and 1, respectively. The
hscPipe defines a point source as a source whose PSF
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(2)–(4) here. We show Equations (2)–(4) in Figure 12. After
these selection criteria, 680 and 2494 sources remain from the
S17A and S18A data, respectively. The source removal in the
first step effectively reduces the calculation time in the ML
classifier in the second step below.

In the second step, we apply the ML classifier constructed in
Section 3.2 to the sources selected above. The ML classifier
selects 32 and 57 sources out of the 680 (S17A) and 2494
(S18A), respectively.

In the third step, we remove transient objects by checking the
g- and r-band multi-epoch images. We measure fluxes in each

epoch and calculate an average and a standard deviation of
these flux values. If the standard deviation becomes larger than
25% of the average value, we regard the source as a transient
object and eliminate it from the sample. Removing 10 and 15
sources, we obtain 22 and 42 sources after the third step for the
S17A and S18A data, respectively.
In the last step, we inspect a gri-composite image. Here we

remove apparent H II regions inside a large SFG, sources
affected by a surrounding bright star, and apparently red
sources. The apparently red sources are mistakenly selected due
to an issue in the cmodel photometry. Indeed, they show red
colors (r−i>0.0) in the 1 0 aperture photometry, while they
become blue in the cmodel photometry. In the inspection of
multi-epoch and gri-composite images, we removed 10 and 21
sources from the S17A and S18A data, respectively.
Eventually, we thus obtain 12 and 21 HSC-EMPG

candidates from the S17A and S18A catalogs, respectively.
We find that six of the HSC-EMPG candidates are duplicated
between the S17A and S18A catalogs. Thus, the number of
independent HSC-EMPG candidates is 27 (=12 + 21 − 6).
The magnitude range of the 27 HSC-EMPG candidates is
i = 19.3–24.3 mag.
Out of the 27 candidates, we find six candidates that are

selected in S17A but not selected again in S18A. Four out of
the six candidates are slightly redder in S18A than in S17A and
thus not selected in S18A. The other two are removed in S18A
due to flags related to a cosmic ray or nearby bright star. Such
differences probably arise due to the different pipeline versions
between S17A and S18A. We check the images and
photometry of these six candidates individually. Then we
confirm that these six candidates seem to have no problem as
an EMPG candidate.

4.2. EMPG Candidates from the SDSS Data

In Section 2.3, we constructed the SDSS source catalog
consisting of 31,658,307 sources. In this section, we select
EMPG candidates from the SDSS source catalog similarly to
the HSC source catalog in Section 4.1.
First, we remove sources that have colors apparently

different from EMPGs with Equations (2)–(4). Then we apply
our ML classifier to the SDSS source catalog, and our classifier
selects 107 sources. Checking gri-composite images, we
eliminate apparent H II regions in a spiral galaxy, sources
affected by a surrounding bright star, and apparently red
sources. We also remove sources if the corresponding
composite image shows an apparent problem that may be
caused by an incorrect zero-point magnitude. In the visual
inspection above, 21 sources have been removed. These steps
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catalogs are called “HSC-EMPG candidates” and “SDSS-
EMPG candidates,” respectively.

4.1. EMPG Candidates from the HSC Data

In Section 2.2, we created the HSC-SSP source catalog,
which consists of 17,912,612 and 40,407,765 sources in the
S17A and S18A source catalogs, respectively. As noted in
Section 2.2, the sources selected from S17A and S18A data at
this point are partly duplicated, but the duplication will be
removed in the last step of the selection. In this section, we
select EMPG candidates from the HSC-SSP source catalog in
four steps, described below.

In the first step, we coarsely remove sources based on
blending, extendedness, and color before we apply our ML
classifier. We remove sources whose photometry is strongly
affected by back/foreground objects as follows. Fluxes of a
source and a back/foreground object are measured at the
central position of the source, and when a flux of the back/
foreground object exceeds 50% of the source flux, the source is
removed. We only select extended sources whose exten-
dedness_value flags are 1 in all of the griz bands. The
hscPipe labels a point source and an extended source as
extendedness_value = 0 and 1, respectively. The
hscPipe defines a point source as a source whose PSF
magnitude (mpsf) and cmodel magnitude (mcmodel) match
within mpsf − mcmodel < 0.0164 (Bosch et al. 2018). To save
calculation time, we remove part of the sources before we
apply the classifier. To roughly remove sources whose colors
are apparently different from EMPGs, we apply
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To remove possible contamination from normal galaxies, we
also apply
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In other words, we choose sources that satisfy Equations
(2)–(4) here. We show Equations (2)–(4) in Figure 12. After
these selection criteria, 680 and 2494 sources remain from the
S17A and S18A data, respectively. The source removal in the
first step effectively reduces the calculation time in the ML
classifier in the second step below.

In the second step, we apply the ML classifier constructed in
Section 3.2 to the sources selected above. The ML classifier
selects 32 and 57 sources out of the 680 (S17A) and 2494
(S18A), respectively.

In the third step, we remove transient objects by checking the
g- and r-band multi-epoch images. We measure fluxes in each

epoch and calculate an average and a standard deviation of
these flux values. If the standard deviation becomes larger than
25% of the average value, we regard the source as a transient
object and eliminate it from the sample. Removing 10 and 15
sources, we obtain 22 and 42 sources after the third step for the
S17A and S18A data, respectively.
In the last step, we inspect a gri-composite image. Here we

remove apparent H II regions inside a large SFG, sources
affected by a surrounding bright star, and apparently red
sources. The apparently red sources are mistakenly selected due
to an issue in the cmodel photometry. Indeed, they show red
colors (r−i>0.0) in the 1 0 aperture photometry, while they
become blue in the cmodel photometry. In the inspection of
multi-epoch and gri-composite images, we removed 10 and 21
sources from the S17A and S18A data, respectively.
Eventually, we thus obtain 12 and 21 HSC-EMPG

candidates from the S17A and S18A catalogs, respectively.
We find that six of the HSC-EMPG candidates are duplicated
between the S17A and S18A catalogs. Thus, the number of
independent HSC-EMPG candidates is 27 (=12 + 21 − 6).
The magnitude range of the 27 HSC-EMPG candidates is
i = 19.3–24.3 mag.
Out of the 27 candidates, we find six candidates that are

selected in S17A but not selected again in S18A. Four out of
the six candidates are slightly redder in S18A than in S17A and
thus not selected in S18A. The other two are removed in S18A
due to flags related to a cosmic ray or nearby bright star. Such
differences probably arise due to the different pipeline versions
between S17A and S18A. We check the images and
photometry of these six candidates individually. Then we
confirm that these six candidates seem to have no problem as
an EMPG candidate.

4.2. EMPG Candidates from the SDSS Data

In Section 2.3, we constructed the SDSS source catalog
consisting of 31,658,307 sources. In this section, we select
EMPG candidates from the SDSS source catalog similarly to
the HSC source catalog in Section 4.1.
First, we remove sources that have colors apparently

different from EMPGs with Equations (2)–(4). Then we apply
our ML classifier to the SDSS source catalog, and our classifier
selects 107 sources. Checking gri-composite images, we
eliminate apparent H II regions in a spiral galaxy, sources
affected by a surrounding bright star, and apparently red
sources. We also remove sources if the corresponding
composite image shows an apparent problem that may be
caused by an incorrect zero-point magnitude. In the visual
inspection above, 21 sources have been removed. These steps
leave us with 86 SDSS-EMPG candidates from the SDSS
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of EMPG-tails potentially contaminate those of EMPGs by at
most 50%, which implies that the EW0(Hβ) of EMPGs would
be underestimated. We calculate errors of EW0(Hβ) including
the uncertainties of stellar continua as well as those of Hβ
fluxes.

4.2. Chemical Property

All of the LRIS EMPG candidates have [O III]λ4363
detections, which allows us to derive metallicities and other
element abundances with the direct-Te method (e.g., Izo-
tov 2006) as described below.

The electron temperature Te is calculated from two
collisional excitation lines of the same ion such as O2+,
because the collisional excitation rate is determined by Te.
Using the PyNeb package getCrossTemDen with the latest
atomic data and temperature relationship listed in Table 3, we
derive the Te of O

2+ (Te(O III)) and ne from emission-line ratios
of [O III]λ4363/[O III]λλ 4959,5007 and [S II]λ6731/[S II]
λ6716, respectively. If [S II]λ6716 is not available, we
calculate Te with a fixed ne of 100 cm−3, which is roughly
consistent with that of EMPGs (e.g., Paper I). We summarize
results of Te and ne in Table 5. Again, our iterative calculations
provide self-consistent values of E(B− V ), Te(O III), and ne (cf.
Section 4.1). We also note that Te is mainly determined by
the ratio F([O III]λ4363)/F([O III]λλ4959, 5007) and almost
independent of ne because the derived ne values are much lower
than a critical density of 6.4× 105 cm−3 for the [O III]λ4363
transition of 1S0→

1D2.
Using PyNeb with the latest atomic data and temperature

relationships listed in Table 3, we derive ion abundance ratios
of O+/H+ and O2+/H+ from emission-line ratios of [O II]λλ

3727,3729/Hβ and [O III]λλ 4959,5007/Hβ with electron
temperatures of Te(O II) and Te(O III), respectively, and the
derived ne. We calculate Te(O II) using an empirical relation of

T O ii T O0.7 III 3000 1e e( ) ( ) ( )� �

(Garnett 1992). Just adding O+/H+ to O2+/H+, we finally
obtain 12 log O H( )� . We note that neutral oxygen is
negligible in H II regions because the ionization potential of
neutral oxygen atoms is 13.6 eV, the same as that of neutral
hydrogen atoms. We also ignore O3+ and higher-order oxygen
ions for consistency with previous works (e.g., Izotov 2006;
Paper I)28.
Using the latest atomic data and temperature relationships

listed in Table 3, we can also derive other gas-phase ion
abundances such as Ne2+/H+, Ar2+/H+, N+/H+, and
Fe2+/H+ with optical emission lines of [Ne III]λ3869, [Ar III]
λ7136, [N II]λλ 6548,6584, and [Fe III]λ4658, respectively.
We use Te(O III) and Te(S III) to calculate high- and
intermediate-ionization ion abundances of Ne2+ and Ar2+,
respectively. We derive Te(S III) from an empirical relation of

T TS III 0.83 O III 1700 2e e( ) ( ) ( )� q �

(Garnett 1992). We adopt Te(O II) to estimate low-ionization
ion abundances of N+ and Fe2+.

Figure 2. HSC gri-composite images of the 13 HSC photometric EMPGs that we observed with LRIS. The HSC g, r, and i bands correspond to the blue, green, and
red colors in the figure, respectively. Each EMPG is located between the two white bars of each panel. The cutout size is 20″ × 20″. The number shown at the top-left
corner of each panel corresponds to the number in Table 2.

28 O3+ and higher-order oxygen ions are usually ignored because they have
ionization potentials of >55 eV, which cannot be generated by the UV
radiation of typical stars. However, supermassive or metal-free stars can
efficiently produce high-energy photons above 55 eV (Vink 2018 and
Tumlinson & Shull 2000, respectively). If such stars exist in EMPGs (e.g.,
Paper II), the higher-order oxygen ions may not be negligible.
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Figure 1. The newly identified 5 EMPRESS EMPGs with their optical spectra and images. For each object the bottom panel
shows the MagE spectrum arbitrary normalized based on the strong emission lines, while the top panels decreases the scale of
the vertical axis by a factor of 20 to see the weaker lines. The inserted panel presents 2000 ⇥ 2000 gri composite image from HSC
centered on the EMPG core. North is up and east is to the left.
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In Section 2.2, we created the HSC-SSP source catalog,
which consists of 17,912,612 and 40,407,765 sources in the
S17A and S18A source catalogs, respectively. As noted in
Section 2.2, the sources selected from S17A and S18A data at
this point are partly duplicated, but the duplication will be
removed in the last step of the selection. In this section, we
select EMPG candidates from the HSC-SSP source catalog in
four steps, described below.

In the first step, we coarsely remove sources based on
blending, extendedness, and color before we apply our ML
classifier. We remove sources whose photometry is strongly
affected by back/foreground objects as follows. Fluxes of a
source and a back/foreground object are measured at the
central position of the source, and when a flux of the back/
foreground object exceeds 50% of the source flux, the source is
removed. We only select extended sources whose exten-
dedness_value flags are 1 in all of the griz bands. The
hscPipe labels a point source and an extended source as
extendedness_value = 0 and 1, respectively. The
hscPipe defines a point source as a source whose PSF
magnitude (mpsf) and cmodel magnitude (mcmodel) match
within mpsf − mcmodel < 0.0164 (Bosch et al. 2018). To save
calculation time, we remove part of the sources before we
apply the classifier. To roughly remove sources whose colors
are apparently different from EMPGs, we apply
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In other words, we choose sources that satisfy Equations
(2)–(4) here. We show Equations (2)–(4) in Figure 12. After
these selection criteria, 680 and 2494 sources remain from the
S17A and S18A data, respectively. The source removal in the
first step effectively reduces the calculation time in the ML
classifier in the second step below.

In the second step, we apply the ML classifier constructed in
Section 3.2 to the sources selected above. The ML classifier
selects 32 and 57 sources out of the 680 (S17A) and 2494
(S18A), respectively.

In the third step, we remove transient objects by checking the
g- and r-band multi-epoch images. We measure fluxes in each

epoch and calculate an average and a standard deviation of
these flux values. If the standard deviation becomes larger than
25% of the average value, we regard the source as a transient
object and eliminate it from the sample. Removing 10 and 15
sources, we obtain 22 and 42 sources after the third step for the
S17A and S18A data, respectively.
In the last step, we inspect a gri-composite image. Here we

remove apparent H II regions inside a large SFG, sources
affected by a surrounding bright star, and apparently red
sources. The apparently red sources are mistakenly selected due
to an issue in the cmodel photometry. Indeed, they show red
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candidates from the S17A and S18A catalogs, respectively.
We find that six of the HSC-EMPG candidates are duplicated
between the S17A and S18A catalogs. Thus, the number of
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The magnitude range of the 27 HSC-EMPG candidates is
i = 19.3–24.3 mag.
Out of the 27 candidates, we find six candidates that are

selected in S17A but not selected again in S18A. Four out of
the six candidates are slightly redder in S18A than in S17A and
thus not selected in S18A. The other two are removed in S18A
due to flags related to a cosmic ray or nearby bright star. Such
differences probably arise due to the different pipeline versions
between S17A and S18A. We check the images and
photometry of these six candidates individually. Then we
confirm that these six candidates seem to have no problem as
an EMPG candidate.

4.2. EMPG Candidates from the SDSS Data

In Section 2.3, we constructed the SDSS source catalog
consisting of 31,658,307 sources. In this section, we select
EMPG candidates from the SDSS source catalog similarly to
the HSC source catalog in Section 4.1.
First, we remove sources that have colors apparently

different from EMPGs with Equations (2)–(4). Then we apply
our ML classifier to the SDSS source catalog, and our classifier
selects 107 sources. Checking gri-composite images, we
eliminate apparent H II regions in a spiral galaxy, sources
affected by a surrounding bright star, and apparently red
sources. We also remove sources if the corresponding
composite image shows an apparent problem that may be
caused by an incorrect zero-point magnitude. In the visual
inspection above, 21 sources have been removed. These steps
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EMPG exploration at higher-redshift: 
Feasible with GREX-PLUS  
@z~2.2-2.8
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EMPG exploration at higher-redshift: 
Feasible with GREX-PLUS 
@z~3.1-4.1
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EMPG exploration at higher-redshift: 
Feasible with GREX-PLUS 
@z~4.3-5.6
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EMPG exploration at higher-redshift: 
Feasible with GREX-PLUS  
@z~6.0-7.7
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EMPG exploration at higher-redshift: 
Feasible with GREX-PLUS and Roman 
@beyond z=8

8 9

Lyman-break/Lyα available w/ Roman

→ GREX-PLUS color excess for LBGs
→ Lower-mass (primordial?) EMPG searches at further high-redshift (z=8-10.5)

GREX-PLUS：遠⽅の若い低⾦属量銀河の探査 ‒ 中島王彦 @ 光⾚天連シンポジウム



EMPG exploration with current GREX-PLUS wide survey plan 
Redshift BBcont Depth Area 

(deg2)
>Mstar
(Msun)

Exp. # of 
EMPGs

2.5 F303 27.7 1.3 2.4e7 30

27 40 4.2e7 600

26 200 1.0e8 2000

24.5 2000 4.0e8 10000

3.5 F397 27.7 1.3 4.0e7 30

27 40 6.8e7 600

26 200 1.6e8 2000

24.5 2000 6.6e8 10000

5.0 F520 25.5 1 4.3e8 5

24.4 40 1.3e9 100

23 200 3.1e9 300

22.5 500 5.0e9 700

6.8 F680 24 1 2.3e9 2

23 40 5.0e9 50

22 200 1.0e10 200

21 500 2.2e10 90 Based on GREX-PLUS factsheet v0.2

Assuming: 

+ Number density of EMPGs at z~0 (Kojima+20) 
as a function of survey depth (minimum Mstar)

+ Evolution of mass-metallicity relation
(Torrey+19, Sanders+21)

+ Evolution of stellar mass function
(Baldry+12, Song+16, Davidzon+17, Stefanon+21)

Confirmed to work:

+ @z=0.6 using HST from GOODS-N CANDELS catalog

+ @z=1.5 using JHK from COSMOS2016 catalog

GREX-PLUS：遠⽅の若い低⾦属量銀河の探査 ‒ 中島王彦 @ 光⾚天連シンポジウム
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@z=6.8

Summary: Systematic exploration of young, metal-poor galaxies 
at high-redshift will become possible with GREX-PLUS 
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GREX-PLUS：遠⽅の若い低⾦属量銀河の探査 ‒ 中島王彦 @ 光⾚天連シンポジウム

Photometrically-selecting EMPGs 
(e.g. ML classifier exploiting characteristic colors)

GREX-PLUS to innovatively offer wide & deep
2-10µm imaging data 
→ EMPG searches at z=2-8 (and beyond w/ Roman)
→ Early-phase structure formation studies 


