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mass, we invoke another well-known empirical correlation,
the Schmidt star formation law (Schmidt 1959; Kennicutt
1998), which relates the star formation surface density to the
gas surface density.

For each of our galaxies we calculate the star formation rate
(SFR) in the fiber aperture from the attenuation-corrected H!
luminosity following Brinchmann et al. (2004).

We multiply our SFRs by a factor of 1.5 to convert from a
Kroupa (2001) IMF to the Salpeter IMF used by Kennicutt
(1998). Our SDSS galaxies have star formation surface den-
sities that are within a factor of 10 of !SFR ¼ 0:3 M" yr#1

kpc#2, exactly the range found by Kennicutt (1998) for the
central regions of normal disk galaxies. We convert star for-
mation surface density to surface gas mass density, !gas, by
inverting the composite Schmidt law of Kennicutt (1998),

!SFR ¼ 1:6 ; 10#4 !gas

1 M" pc#2

! "1:4

M" yr#1 kpc#2: ð5Þ

(Note that the numerical coefficient has been adjusted to in-
clude helium in !gas.) Combining our spectroscopically de-
rived M/L ratio with a measurement of the z-band surface
brightness in the fiber aperture, we compute !star, the stellar
surface mass density. The gas mass fraction is then "gas ¼
!gas=(!gas þ !star).

In Figure 8 we plot the effective yield of our SDSS star-
forming galaxies as a function of total baryonic (stellar+gas)
mass. Baryonic mass is believed to correlate with dark mass, as
evidenced by the existence of a baryonic ‘‘Tully-Fisher’’ rela-
tion (McGaugh et al. 2000; Bell & de Jong 2001). We are inter-
ested in the dark mass because departures from the ‘‘closed
box’’ model might be expected to correlate with the depth of
the galaxy potential well. Data on the distribution of the ef-
fective yield at fixed baryonic mass are provided in Table 4.
Because very few of our SDSS galaxies have masses below
108.5 M", we augment our data set with measurements from
Lee et al. (2003), Garnett (2002), and Pilyugin & Ferrini
(2000), all of which use direct gas mass measurements. We

Fig. 6.—Relation between stellar mass, in units of solar masses, and gas-phase oxygen abundance for '53,400 star-forming galaxies in the SDSS. The large
black filled diamonds represent the median in bins of 0.1 dex in mass that include at least 100 data points. The solid lines are the contours that enclose 68% and 95%
of the data. The red line shows a polynomial fit to the data. The inset plot shows the residuals of the fit. Data for the contours are given in Table 3.
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Mass—metallicity relation (MZR)

• Metallicity reflects the history of 
star formation, inflow and outflow 
of gas content. 

• Established in the local Universe 
(z~0.07) using 53,000 galaxies 
from SDSS 

• A tight correlation  
~0.1 dex in Z at fixed M✱ 

• MZR evolves with redshift:  
now studied up to z~5

How do the gas properties connect with 
the galaxy’s mass and SF activity?
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Mass—metallicity—SFR relation:
The fundamental metallicity relation 2119

Figure 2. Three projections of the FMR among M⋆, SFR and gas-phase metallicity. Circles without error bars are the median values of metallicity of local
SDSS galaxies in bin of M⋆ and SFR, colour-coded with SFR as shown in the colour bar on the right-hand side. These galaxies define a tight surface in the 3D
space, with dispersion of single galaxies around this surface of ∼0.05 dex. The black dots show a second-order fit to these SDSS data, extrapolated towards
higher SFR. Square dots with error bars are the median values of high-redshift galaxies, as explained in the text. Labels show the corresponding redshifts. The
projection in the lower left-hand panel emphasizes that most of the high-redshift data, except the point at z = 3.3, are found on the same surface defined by
low-redshift data. The projection in the lower right-hand panel corresponds to the mass–metallicity relation, as in Fig. 1, showing that the origin of the observed
evolution in metallicity up to z = 2.5 is due to the progressively increasing SFR.
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Figure 11. The direct method M⋆–Z–SFR relation for the M⋆–SFR stacks
(circles color-coded by SFR) in the mass–metallicity plane. The thick solid lines
color-coded by SFR show the asymptotic logarithmic fits (see Equation (5)) for
the M⋆–SFR stacks. The thick black line shows the direct method MZR from
Figure 10. The solid, dashed, and dotted gray lines show the median, 68%
contour, and 95% contour, respectively, of the Tremonti et al. (2004) MZR. The
error bars correspond to the mean error for the M⋆–SFR stacks of a given SFR.
The metallicities and fit parameters for the stacks are given in Tables 3 and 4,
respectively.
(A color version of this figure is available in the online journal.)

We note that the direct method and D02 MZRs have similar
slopes and normalizations over a wide range in masses from
log(M⋆) = 8.5–10.0.

5.2. Mass–Metallicity–SFR Relation

The features of the direct method MZR are shaped by
the SFR-dependence of the MZR, which we investigate with
the M⋆–SFR stacks. Figure 11 shows the M⋆–SFR stacks (circles
color-coded by SFR) in the mass–metallicity plane (see Figure 1
for the number of galaxies per stack). The solid colored
lines indicate the asymptotic logarithmic fits (Equation (5)) of
the M⋆–SFR stacks of a given SFR, hereafter referred to as SFR
tracks (e.g., the orange line is the SFR−0.5

−1.0 track). The solid black
line is the direct method MZR of the M⋆ stacks from Figure 10;
the solid, dashed, and dotted gray lines are the median, 68%
contour, and 95% contour, respectively, of the T04 MZR. The
error bars represent the mean error for the M⋆–SFR stacks of a
given SFR.

The M⋆–SFR stacks help establish the robustness of the direct
method MZR. The low turnover mass and metallicity of the
direct method MZR relative to the T04 and other theoretical
strong line calibration MZRs is reminiscent of empirical strong
line calibration MZRs that suffer from a lack of sensitivity
at high metallicities. However, the most metal-rich M⋆–SFR
stacks have some of the highest direct method metallicities
(12 + log[O/H] > 9.0)—metallicities well above the turnover
metallicity of the direct method MZR. These measurements
unambiguously demonstrate that the turnover in the direct
method MZR is not caused by a lack of sensitivity to high
metallicities.

The M⋆–SFR stacks also can be used to test whether galaxies
with the highest SFRs at a given stellar mass disproportionately
influence the line fluxes and metallicities of the M⋆ stacks. High
SFR galaxies have more luminous emission lines and lower
metallicities and thus may dominate the inferred metallicity

of the stack. To investigate this possibility, we calculated the
difference between the metallicity of the M⋆ stack and the galaxy
number-weighted average of the metallicities of the M⋆–SFR
stacks (for the stacks with measured metallicities) at a given
stellar mass. The median offset is only −0.037 dex in metallicity;
for reference, the median metallicity uncertainties for the M⋆

and M⋆–SFR stacks are 0.019 and 0.027 dex, respectively.
The slight offset could be due to preferentially including
the metallicities of M⋆–SFR stacks with higher SFR (lower
metallicity) relative to lower SFR (higher metallicity) in the
weighted average because the former tend to have larger
line fluxes than the latter, whereas the M⋆ stacks include the
contribution from galaxies of all SFRs at a given stellar mass.
Still, the magnitude of this offset is small, which indicates that
the highest SFR galaxies do not have an appreciable effect
on the metallicity of the M⋆ stacks because they are quite rare
(see Figure 1). Furthermore, the metallicities of the M⋆ stacks
effectively track the metallicity of the most common galaxies at
a given stellar mass.

The most striking features of Figure 11 are the 0.3–0.6 dex
offsets in metallicity at fixed stellar mass between the M⋆–SFR
stacks. This trend results from the substantial, nearly monotonic
dependence of the MZR on SFR. At a given stellar mass, higher
SFR stacks almost always have lower metallicities than lower
SFR stacks, so there is little overlap between the different SFR
tracks. Furthermore, the small regions with overlap may be the
result of the observational uncertainties.

The interplay between stellar mass, SFR, and metallicity for
typical galaxies is reflected in the features of the direct method
MZR, especially the turnover mass. The constant SFR tracks
(colored lines in Figure 11) show that metallicity increases
with stellar mass at fixed SFR. However, the typical SFR also
increases with stellar mass, which shifts the “typical” galaxy
(as measured by the M⋆ stacks) to progressively higher SFR
and consequently lower metallicity at fixed stellar mass. Taken
together, the turnover in the MZR is the result of the conflict
between the trend for more massive galaxies to have higher SFRs
and the trend for metallicity to decrease with SFR at fixed mass.
The turnover in the T04 MZR (and other strong line calibration
MZRs) occurs at a higher stellar mass than the direct method
MZR because the strong line metallicity calibrations produce
a weaker SFR–metallicity anticorrelation. This means that the
progression to higher SFRs with increasing stellar mass has less
of an effect on the MZR.

Interestingly, the SFR0.0
−0.5 stacks (light green circles/line) are

nearly identical to the T04 MZR in slope, shape, turnover,
and normalization. While the exact cause of this agreement
is unclear, it is possible that the photoionization models that
underlie the T04 metallicities assume physical parameters that
are most appropriate for galaxies with this range of SFR. We
discuss potential systematic effects of strong line calibrations in
Section 7.3.

The stacks with very high SFRs (SFR1.5
1.0 and SFR2.0

1.5; blue and
dark blue circles/lines, respectively) have significantly lower
metallicities than the stack of all galaxies at fixed mass in the
MZR. The high SFRs and low metallicities of these galaxies
suggest that they are probably undergoing major mergers, as
found by Peeples et al. (2009) for similar outliers. Major mergers
drive in considerable amounts of low metallicity gas from large
radii, which dilutes the metallicity of the galaxy and triggers
vigorous star formation (e.g., Kewley et al. 2006, 2010; Torrey
et al. 2012). These stacks also have a larger scatter than lower
SFR stacks, which is likely driven by the small numbers of

13
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• Metallicity is inversely correlated with SFR at fixed M✱ at z~0.1. 

• Z(M✱, SFR) has been proposed to be redshift-independent up to z~2 
(Fundamental Metallicity Relation: FMR), while it remains under 
debate. 

• Gas mass may play a central role: elevated inflow rate could enhance 
SFR while diluting metallicity.
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Electron density ne of HII regions

relative populations in the higher and lower ionized states.
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Here, Q0 is the rate of production of hydrogen-ionizing photons
(hν�13.6 eV). The first term ( iiT̄ B ) on the right-hand side of
this expression is a constant that will change for each ionic
species. The second term (Q0/4π r2ne) contains only properties
of the ionizing source and the gas, and is not dependent on the
specific ionic species. The dimensionless ionization parameter
- is defined as the second term on the right-hand side of
Equation (10) divided by the speed of light, c.
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Accordingly, the ratio of the relative population in an upper
ionization state to that in a lower ionization state scales directly
with the ionization parameter. Since the electron density is
approximately the hydrogen gas density in a fully ionized
plasma, the ionization parameter can be thought of as the ratio

of the number density of hydrogen-ionizing photons to the
number density of the hydrogen gas. When working with H II

regions it is convenient to define the dimensionless ionization
parameter using the radius of a canonical Strömgren sphere, RS,
as the distance between the gas and the ionizing source
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Often, the dimensional ionization parameter, q c ,-� q is
used instead, which is the ratio of the flux of ionizing photons
at the Strömgren radius to the hydrogen number density. The
definition of the Strömgren radius, based on a balance between
ioniziation and recombination rates assuming case B recombi-
nation, is
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where ò is the volume filling factor of the gas. The volume
filling factor can be defined by assuming that the gas is

Figure 6. [S II]λλ6716,6731 (bottom row) and [O II]λλ3726,3729 (top row) as a function of stellar mass (left), SFR (middle), and sSFR (right). Blue and green points
show the z ∼ 2.3 [O II] and [S II] density samples, respectively. The gray two-dimensional histogram in the bottom row shows the distribution of the local comparison
sample. Spectra from SDSS do not have a high enough spectral resolution to resolve the components of the [O II] doublet. The blue, green, and gray dashed lines show
the median line ratios for the corresponding sample. Dotted lines show the line ratios corresponding to denities of 10, 100, 1000, and 10,000 cm−3.
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Electron density of ionized gas at z = 2.5 1287

Figure 2. Comparison between slit-loss-corrected H α line fluxes and [N II]-
corrected NB fluxes for HAEs at z = 2.5 in Shimakawa et al. (2015). Solid
and dotted lines show a 1:1 line and the median scatter of 16 per cent,
respectively.

dust extinction based on the Balmer decrement (H α/H β= 2.86) by
assuming a Case B recombination in the gas temperature of Te =
104 K and the electron density of ne = 102 cm−3 (Brocklehurst
1971), as well as assuming the Calzetti et al. (2000) extinction
curve for [O II] and [O III] lines. H α and H β fluxes are derived
from the [N II]-corrected NB flux and the spectroscopic H β line
flux whose slit loss is rectified as mentioned above.

Grounded on the data sets, this paper explores the relationships
of electron density (ne) in the ionized regions with stellar mass,
sSFR, SFR surface density (#SFR), and [O III]/[O II] line ratio. #SFR

is defined by SFR/πr2
eff , where reff is the effective radius of an NB

image profile for each object. We derive reff from the NB image
(seeing 0.4 arcsec FWHM) by using the GALFIT version 3.0 code
(Peng et al. 2010). Here, we employed only the NB data with
good seeing sizes among the data used in Hayashi et al. (2012).
The seeing-limited data may cause a large uncertainty of reff for
the galaxies which remain unresolved in some cases. However,
our conclusion remains the same even if we exclude those small,
unresolved galaxies. The median effective radius is reff = 2.1 kpc
which corresponds to 0.26 arcsec.

Fig. 3 represents (a) [O II] λλ3726, 3729 line ratio, log (b) stellar
mass, (c) sSFR, (d) surface density of SFR, and (e) [O III]/[O II] line
ratio (O32≡ [O III] λλ4959, 5007/[O II] λλ3726, 3729) as a function
of log electron density. All physical parameters are dust-corrected
by using the Balmer decrement and the Calzetti et al. (2000) extinc-
tion curve (Section 2.2). First of all, as seen in the Fig. 3a, the [O II]
λλ3726, 3729 line ratio is most sensitive for ne > 100 cm−3. On the
other hand, there is a large uncertainty in estimating electron density
for the galaxies with low ne since [O II] line ratio is saturated below
∼10 cm−3. Measured [O II] λ3726/[O II] λ3729 ratios show values
between 0.71 and 1.6, and the median electron density is 291 cm−3.
To investigate the correlations among the physical quantities, we
calculate Spearman’s rank correlation coefficients rs and their sig-
nificance. These are summarized in Table 1. Also, we check them
excluding low mass galaxies (log(M⋆/M⊙)<10) as well, in order to
minimize the stellar mass dependence.

In our sample, sSFR (Fig. 3c) and SFR surface density (Fig. 3
d) are both correlated with electron density with ∼4σ significance
(Table 1). Current data show sSFR ∝ n1.1±0.2

e and #SFR ∝ n1.7±0.3
e .

Figure 3. From top, log (a) [O II] λλ3726, 3729 line ratio, (b) stellar mass,
(c) sSFR, (d) #SFR, and (e) O32 as a function of log electron density. Dia-
monds indicate our sample, HAEs at z = 2.5. Error bars of ne are determined
from flux errors of [O II] λλ3726, 3729. Blue star symbols represent ne of
the stacked data separated by ne = 160 cm−3 and those y-values show me-
dian values and 1σ scatters. Dotted lines show the best-fitting lines for our
targets.

Table 1. Fitted slopes (N) and those standard errors to the
HAEs on log stellar mass, sSFR, #SFR, or O32 (y) plotted
against log electron density (x≡log(ne/cm3)). Third and Fourth
columns indicate Spearman’s rank correlation coefficients and
their significance in the respective diagram suggested for the
HAEs at z = 2.5.

y N rs σ

log(M⋆/M⊙) −0.13 ± 0.26 −0.16 1.3
log(sSFR/Gyr−1) 1.04 ± 0.23 0.68 4.0
log(#SFR/M⊙ yr−1 kpc−2) 1.65 ± 0.29 0.73 4.2
log(O32) 0.04 ± 0.21 0.07 0.6
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from the [N II]-corrected NB flux and the spectroscopic H β line
flux whose slit loss is rectified as mentioned above.

Grounded on the data sets, this paper explores the relationships
of electron density (ne) in the ionized regions with stellar mass,
sSFR, SFR surface density (#SFR), and [O III]/[O II] line ratio. #SFR

is defined by SFR/πr2
eff , where reff is the effective radius of an NB

image profile for each object. We derive reff from the NB image
(seeing 0.4 arcsec FWHM) by using the GALFIT version 3.0 code
(Peng et al. 2010). Here, we employed only the NB data with
good seeing sizes among the data used in Hayashi et al. (2012).
The seeing-limited data may cause a large uncertainty of reff for
the galaxies which remain unresolved in some cases. However,
our conclusion remains the same even if we exclude those small,
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by using the Balmer decrement and the Calzetti et al. (2000) extinc-
tion curve (Section 2.2). First of all, as seen in the Fig. 3a, the [O II]
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other hand, there is a large uncertainty in estimating electron density
for the galaxies with low ne since [O II] line ratio is saturated below
∼10 cm−3. Measured [O II] λ3726/[O II] λ3729 ratios show values
between 0.71 and 1.6, and the median electron density is 291 cm−3.
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calculate Spearman’s rank correlation coefficients rs and their sig-
nificance. These are summarized in Table 1. Also, we check them
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• Typical ne ranges from a few to <100 cm-3 in the local SDSS galaxies 
• At higher z (z≳1.5), ne is often estimated to be >100–1000 cm-3. 

• may correlate with the global SF activity (sSFR and/or Σ_SFR).

▼Sanders+15 z~2.3

◀Shimakawa+15 
z~2.5
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Ionization parameter U = Sion/cnH 

• Commonly estimated from [OIII]/[OII], but the Z-dependence has 
to be accounted for. 

• Higher [OIII]/[OII] ratios are often measured for high-z LBGs and 
LAEs — possible strong correlation between U and sSFR 

• Anticorrelation appears to exist between U and Z 

Nakajima+14906 K. Nakajima and M. Ouchi

Figure 3. Average ionization parameter and metallicity for our galaxy sam-
ples (Table 1).

the local galaxy samples. For the SDSS sample, only the values
in the high-Z branch are given, since the average metallicity for
the low-Z branch, 12 + log (O/H) =7.7–8.1, is significantly lower
than that estimated with R23-index and N2-index (Fig. 1). We have
checked that the SDSS high-Z branch metallicity of 12 + log (O/H)
= 8.92–9.12 (Table 1) is consistent with our estimate in Section 3,
as well as those estimated in previous studies (e.g. Tremonti et al.
2004; Mannucci et al. 2010). For GPs, LBAs, and LyC leakers,
we calculate the metallicities and ionization parameters for individ-
ual objects, whose two-branch solutions are distinguished by other
metallicity indicators of gas temperature and/or N2-index (see also
Section 5.2). Their 68 percentile of the distributions are listed in
Table 1 and shown in Fig. 3.

Although only weak constraints are placed on metallicity due to
the degeneracy of the two branch solutions, the difference of ioniza-
tion parameters between galaxy samples is clearly found in Fig. 3.
The SDSS galaxies have the average value of log (qion/cm s−1) ∼
7.3 (see also e.g. Dopita et al. 2006a). In contrast, high-z galaxies
have an ionization parameter of log (qion/cm s−1) ∼ 7.6–9.0. High-z
LBGs have an ionization parameter higher than the SDSS galaxies
by a factor of ∼4, and high-z LAEs show the highest ionization
parameter among the galaxy samples, which is about an order of
magnitude higher than the SDSS galaxies. In the local galaxies, GPs
and the LyC leakers exhibit ionization parameters much higher than
the SDSS galaxies. Similarly, the ionization parameter of LBAs is
high. These extreme local populations of GPs, LyC leakers, and
LBAs have an ionization parameter as high as LBGs and LAEs at
high redshifts. Moreover, the ionization parameter of GPs is compa-
rable to that of LAEs. In this sense, GPs could be local counterparts
of high-z LAEs.

Fig. 2 suggests that there is a variation of ionization parameter in
the SDSS sample. In fact, the SDSS galaxy distribution sequence
departs from the model curve of ∼2 × 107 cm s−1. In the large
R23-index regime, we recognize the slope of the SDSS galaxy se-
quence steeper than that of the photoionization model predictions.
This trend indicates that galaxies with a low metallicity of 12 +
log (O/H) ∼ 8.5 have a high ionization parameter (e.g. Dopita et al.
2006a; Nagao, Maiolino & Marconi 2006). If the M∗–Z relation is
in place (e.g. Tremonti et al. 2004), this would imply that low-M∗
galaxies have a high ionization parameter. We examine the pos-
sible dependencies of M∗ and other galaxy global properties on
ionization parameters in Sections 4.4 and 4.5. Similarly, the im-
portant characteristics can be found in the small R23-index regime.

The sequence of SDSS galaxies presents an upturn from high to low
R23-index values. This trend is probably caused by the presence of
a hidden AGN activity in a galaxy. In this regime, the SDSS galaxies
departing from the model curve would be also dominated by objects
with a low SFR and a high M∗ (Section 4.5; see also Dopita et al.
2006a).

4.4 Dependence of [O III]/[O II] on M∗ and SFR

In Section 4.3, we have estimated the typical ionization parameters
for our galaxy samples from the comparisons of the photoionization
models with the measurements of [O III]/[O II] and R23-index, and
compared them (Fig. 3). However, these comparisons do not focus
on possible dependencies on galaxy global properties such as M∗
and SFR. Fig. 2 presents a relatively large scatter in [O III]/[O II]
ratios at a given R23-index in one galaxy sample. This scatter could
be originated from the galaxy global properties. To address the
issue, we examine the dependencies of the [O III]/[O II] ratio on the
galaxy global properties.

Fig. 4 shows [O III]/[O II] ratios as a function of M∗, SFR, spe-
cific SFR (sSFR; SFR divided by M∗), and µ0.32 (equation 1 with
α = 0.32). Fig. 4 indicates that the [O III]/[O II] ratio correlates with
the galaxy global properties of M∗, SFR, sSFR, and µ0.32. A high
[O III]/[O II] ratio is found in low M∗, low µ0.32, and high sSFR
galaxies. A similar trend is initially proposed by Brinchmann et al.
(2008), but we find these trends in local extreme populations and
high-z galaxies. There is an anti-correlation between [O III]/[O II]
and metallicity (Section 4.2). Thus, the dependence of [O III]/[O II]
ratio on M∗ and µ0.32 is reasonable, because the M∗–Z relation and
the FMR are in place. In this way, the [O III]/[O II] ratio is tightly re-
lated to the galaxy global properties, while this ratio is an indicator
of ionization parameter and metallicity. In the next section, we in-
vestigate dependencies of the galaxy global properties on ionization
parameter and metallicity with the SDSS sample on the [O III]/[O II]
versus R23-index diagram.

Before moving to the next section, we comment here on the
variations of global properties for the galaxies shown in Fig. 4. First,
GPs are the least massive and the most actively star-forming galaxies
in the local universe. Their low µ0.32 values are probably due to their
low metallicities (e.g. Amorı́n, Pérez-Montero & Vı́lchez 2010).
LBAs are the next extreme population. The LyC leakers have SFRs
as high as GPs and LBAs. High-z galaxies have a M∗ comparable
with the SDSS galaxies, but a SFR higher than these local galaxies.
This tendency is consistent with the evolution of the star formation
main sequence (e.g. Daddi et al. 2007). The SFRs and M∗ of high-z
galaxies are little higher than those of GPs and LBAs, while the
sSFR of high-z galaxies are comparable with those of GPs and
LBAs. LAEs exhibit remarkable properties on average, having the
least M∗ and the highest SFR among galaxies at any redshifts.

4.5 Fundamental ionization relation

As shown in Fig. 2, the [O III]/[O II] versus R23-index diagram allows
us to study ionization state of hot ISM in galaxies. In Section 4.4,
we discuss that the [O III]/[O II] ratio depends on four galaxy global
properties of M∗, SFR, sSFR, and µ0.32. The large scatter found in
Fig. 2 would be explained by the differences of the galaxy global
properties.

In order to investigate the dependencies of M∗, SFR, sSFR, and
µ0.32 on the [O III]/[O II] versus R23-index plane, we make subsam-
ples of our SDSS sample. We choose one quantity from the four
galaxy global properties. The chosen quantity is referred to as a
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Notwithstanding the three with upper limits, the Hβ-
detected LAEs have an average Yion,0 larger than that inferred
for z=3.8–5.0 LBGs by ∼0.2–0.5 dex. They support the
contention deduced from Figure 3 that LAEs typically have a

harder ionizing radiation field than LBGs (also refer to
Matthee et al. 2016). The difference is apparent at a fixed UV
magnitude suggesting a higher production rate of ionizing
photons.

Table 1
Spectral and Stellar Properties of the MOSFIRE-identified LAEs and LBGs

Obj. EW(Lyα) spec(FUV)? znebular [O III]/[O II] R23 log Yion,0 log SFR0 log �M MUV
(Å)(1) (2) (3) (4) (5) (Hz erg �1)(6) ( :M yr �1)(7) ( :M )(8) (AB)(9)

LAE 93564 �
�61 4

4 yes 3.6768 o10.78 2.0 o9.8 0.9 o25.63 0.04 o1.80 0.04 �
�10.28 1.21

0.27 �21.3
LAE 94460a �

�54 8
9 yes 3.0721 �2.5 �5.4 �25.0 �0.68 �

�9.10 0.73
0.39 �20.0

LAE 97081 �213 yes 3.0760 �4.9 �10.6 �25.70 �0.63 �
�8.08 0.72

0.70 �18.1
LAE 97176 �

�62 13
15 yes 3.0749 �4.5 �12.4 �24.93 �0.57 �

�9.28 0.71
0.31 �19.9

LAE 103371 �
�151 47

72 yes 3.0892 �7.0 o8.7 2.3 o25.68 0.10 o0.65 0.10 �
�9.87 0.72

0.26 �18.3
LAE 104037 �

�37 3
3 yes 3.0646 o6.0 0.3 o16.9 1.2 o25.29 0.03 o1.51 0.03 �

�9.95 0.13
0.09 �21.4

LAE 89723a �
�43 7

7 no 3.1109 �3.3 �7.2 �24.81 �0.69 �
�8.47 0.39

1.06 �20.5
LAE 91055 �77 no 3.0814 �3.7 o4.3 1.1 o25.59 0.09 o0.69 0.09 �

�8.80 1.36
0.82 �18.6

LAE 97030 �
�26 9

11 no 3.0731 o6.7 1.0 o9.7 1.4 o25.78 0.06 o1.16 0.06 �
�8.41 0.57

0.68 �19.3
LAE 97254 �

�74 20
27 no 3.0709 �3.5 o5.8 1.6 o25.53 0.11 o0.79 0.11 �

�9.14 0.41
0.56 �19.0

LAE 99330 �
�48 6

7 no 3.1054 o11.5 1.7 o12.4 1.0 o25.51 0.03 o1.30 0.03 �
�10.64 0.67

0.33 �20.3
LAE 104147 �

�24 6
7 no 3.0991 �5.7 �8.6 �25.19 �0.61 �

�9.37 0.83
0.41 �19.4

AGN 86861 �
�79 3

3 yes 3.1051 �5.6 o10.1 3.4 o24.96 0.12 o1.16 0.13 �
�10.52 0.04

0.03 �21.3
LBG 102826 � �

�4 3
4 yes 3.0710 o2.0 0.2 o7.9 1.7 o25.13 0.08 o1.15 0.08 �

�9.80 0.23
0.08 �20.9

LBG 104097 � �
�1 6

8 yes 3.0671 o2.5 0.2 o5.1 1.4 o25.49 0.10 o1.42 0.10 �
�9.69 0.16

0.18 �20.7

Note. (1) Rest EW(Lyα). For the �z 3.1 objects, the EW is estimated from the BV–NB497 color. The EW of LAE 93564 is derived from spectroscopy. A T3 lower
limit is given if the object is not detected significantly in the BV image. (2) Confirmed or not from previous rest FUV spectroscopy. (3) Nebular redshift. (4) [O III]
λλ5007, 4959/[O II]λ 3727 ratio. (5) R23-index. (6) Yion under the assumption of a zero fesc. (7) SFR under the assumption of a zero fesc, estimated from the Hβ
luminosity. An upper limit of T3 is adopted in Columns (4)–(7) if the line is not detected. (8) Stellar mass derived from SED fitting, which adopts an SMC dust law.
(9) Absolute UV magnitude measured from an SED around 1500–1600 Å.
a The Yion,0, stellar mass, and MUV estimates are less certain due to less precise optical photometry.

Figure 3. [O III]λλ5007, 4959 /[O II]λ 3727 line ratio vs. R23-index for the MOSFIRE and other samples. Red and blue filled circles represent the newly observed
LAEs and LBGs, respectively; AGN 86861 is shown with a gray diamond. Orange symbols show LyC leaking objects, and other red and blue symbols are high-z
LAEs and LBGs, respectively, compiled from the literature as shown in the legend. Gray shading illustrates the equivalent distribution for SDSS galaxies. The black
arrow indicates the shift expected for a harder ionizing radiation (see the text).
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cannot Ðnd the correlation for the extragalactic H II

regions.4 Thus, we consider that the correlation in Figure 3a
may be caused by our sample selection. Hence, we assume
conservatively in this paper that does not depend onNLy@
the metallicity. In Figure 3b the correlation between the
metallicity and the electron number density, is notn

e
,

found. Thus, we does not consider that depends on then
emetallicity. In Figure 3c interestingly, we can Ðnd a corre-

lation between and for only samples in Table 2.n
e

NLy@
Next, in the Figures 3dÈ3f, we present the dependence of f

on the parameters of H II regions. The estimated f is regard-
ed as a function of the metallicity in Figure 3d, i.e., as the
metallicity in an H II region increases, f becomes smaller.
This is because, in our formulation, the dust-to-gas ratio
(i.e., metallicity) has a positive dependence on the optical
depth of dust as shown in equation (7), and then, a larger
dust content leads to a larger optical depth of dust and
smaller f. Although the correlation in Figure 3d is not the
result directly derived via the analysis of the observational
quantities, we conÐrm a trend that f depends on the metali-
city (see also Hirashita et al. 2001). In Figure 3e we also Ðnd
that f is related to which has a positive dependence onNLy@
the dust optical depth (eq. [7]). This issue will be discussed
again in ° 3. We cannot Ðnd a signiÐcant correlation in
Figure 3f, probably because has a weak dependence inn

ethe dust optical depth (index 1/3 in eq. [7]) and its dynamic
range is small relative to which has the same depen-NLy@ ,
dence in equation (7).

Now, we concentrate on the dependence of the dust-to-
gas ratio (i.e., metallicity) on f, because the variation of dust-
to-gas ratio has the largest inÑuence on determining the
dust optical depth as seen in equation (7). That is, we
assume that the optical depth of dust is a function of the
dust-to-gas ratio only. If we consider that and doesNLy@ n

enot depend on D (or metallicity), we can reexpress equation
(7) as

q
d
4 yi qS,d \ x

A D

6 ] 10~3
B

, (11)

where is the dust optical depth over the actual ionizedq
dradius (see ° 2.1), and x is a factor containing the depen-

dence of and We Ðnd that the best-Ðt value ofNLy@ nH( B ne).x for the adopted Galactic H II regions is 1.8, although the
dispersion is large. In Figure 4 we display the estimated f of
the individual H II region in our sample as a function of its
dust-to-gas mass ratio, D. The open and Ðlled symbols rep-
resent the sample of Tables 1 and 2, respectively. This Ðgure
is basically identical to Figure 3d. The solid line is the best-
Ðt line (x \ 1.8). We also show the lines of x \ 1.0, and 3.0
for comparisons.

Here let us discuss the increment factor for the SFR, 1/f,
which is introduced at the beginning of ° 2. It is useful for us
and readers to check quantitatively how f is a†ected by D.
As a representative case, we consider the model of x \ 2,
which corresponds with s~1 and cm~3NLy@ ^ 1049 ne ^ 100
(nearly equal to the Lyman continuum number Ñux and
electron number density of the Orion Nebula). Numerically,
from the set of equations (7) and (10), we Ðnd f to be about
0.2 for D \ 6 ] 10~3 (the typical value of the ISM in the

4 We examine whether H II regions with higher metallicity have larger
luminosity for the data of H II regions in M101 presented by Scowen,
Dufour, & Hester (1992). The data can be taken from ADC, NASA/
Goddard or CDS, Strasbourg, France via on-line.

FIG. 4.ÈEstimated f vs. dust-to-gas mass ratio, D. Open symbols are
the representative giant H II regions in Table 1, and Ðlled symbols are H II

regions in Table 2. This Ðgure is basically the same as Fig. 3d. The solid line
denotes the best Ðt, x \ 1.8 in eq. (11). Two dotted lines mean x \ 1.0 and
3.0.

Galaxy ; Spitzer 1978). If D is 1/3, 1/10, or 1/100 of the
Galactic value, f becomes 0.6, 0.9, or nearly unity, respec-
tively. Thus, it is found that the increment factor for the
SFR, 1/f, increases from almost unity to about 5 as D
increases from 6 ] 10~4 (1/10 of a typical Galactic value) to
6 ] 10~3. Clearly, the correction factor for the SFR is very
sensitive to the dust-to-gas ratio (or metallicity), especially
around D D 10~3. Hence, we should determine D precisely
to Ðnd an actual f and SFR. In any case, we must take
account of the e†ect of LCE by dust at least for the objects
whose metallicity is as high as that of the Orion Nebula.

Smith et al. (1978) have also determined f for a numerous
radio sample of giant H II regions in the Galaxy. Although
our equation (7) is equivalent to their equation (A.2), there
is a di†erence in the method of determining the dust-to-gas
ratio of H II regions. Indeed, they used an empirical relation
of the absorption cross section as a function of the Galacto-
centric radius (Churchwell et al. 1978), whereas we deter-
mine D for each H II region individually as described above.
The determined mean f for the giant H II regions by Smith et
al. (1978) is 0.56. Since of their sample is larger thanNLy@
1049 s ~1, their sample H II regions correspond to our
sample in Table 1, which has mean f \ 0.35. The estimated f
values by us may be systematically small. This is due to the
di†erences of some adopted parameters in calculation, for
example, Also, Smith et al. (1978) took account ofNH/E

B~V
.

the e†ect of helium, which we neglect, as mentioned in the
previous subsection. The parameter of f in Smith et al. is
thus determined as the sum of the fractions of Lyman con-
tinuum photons absorbed by both hydrogen and helium.
This increment by helium in f is about several percent (up to
10%) in their framework. If the increment is removed,
SmithÏs mean f will approach our value.

Throughout this section, we have found that the determi-
nation of D is very important to estimate the ““ real ÏÏ SFR
(or f ) from an observational count of Lyman continuum
photons. To obtain D accurately, it is a recommendable
way that we use the luminosity of IR thermal emission of
dust in H II regions. Since dust grains absorb the radiative
energy from the young massive stars and then reemit the

Theoretically, some explanations have been proposed. 
 (e.g., Dopita et al. 2006) 

At higher Z, ionizing photons that contribute to ionization of the gas 
reduces because 

• higher opacity of stellar winds absorb more ionizing photons. 

• radiation energy is more efficiently converted into kinetic energy of 
the winds. 

• higher dust content in the HII region  
absorb more ionizing photons.

▶︎ Fraction of the “contributing” 
photons vs. dust-to-gas mass ratio  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regions.4 Thus, we consider that the correlation in Figure 3a
may be caused by our sample selection. Hence, we assume
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metallicity in an H II region increases, f becomes smaller.
This is because, in our formulation, the dust-to-gas ratio
(i.e., metallicity) has a positive dependence on the optical
depth of dust as shown in equation (7), and then, a larger
dust content leads to a larger optical depth of dust and
smaller f. Although the correlation in Figure 3d is not the
result directly derived via the analysis of the observational
quantities, we conÐrm a trend that f depends on the metali-
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dence in equation (7).

Now, we concentrate on the dependence of the dust-to-
gas ratio (i.e., metallicity) on f, because the variation of dust-
to-gas ratio has the largest inÑuence on determining the
dust optical depth as seen in equation (7). That is, we
assume that the optical depth of dust is a function of the
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dradius (see ° 2.1), and x is a factor containing the depen-

dence of and We Ðnd that the best-Ðt value ofNLy@ nH( B ne).x for the adopted Galactic H II regions is 1.8, although the
dispersion is large. In Figure 4 we display the estimated f of
the individual H II region in our sample as a function of its
dust-to-gas mass ratio, D. The open and Ðlled symbols rep-
resent the sample of Tables 1 and 2, respectively. This Ðgure
is basically identical to Figure 3d. The solid line is the best-
Ðt line (x \ 1.8). We also show the lines of x \ 1.0, and 3.0
for comparisons.

Here let us discuss the increment factor for the SFR, 1/f,
which is introduced at the beginning of ° 2. It is useful for us
and readers to check quantitatively how f is a†ected by D.
As a representative case, we consider the model of x \ 2,
which corresponds with s~1 and cm~3NLy@ ^ 1049 ne ^ 100
(nearly equal to the Lyman continuum number Ñux and
electron number density of the Orion Nebula). Numerically,
from the set of equations (7) and (10), we Ðnd f to be about
0.2 for D \ 6 ] 10~3 (the typical value of the ISM in the
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Galactic value, f becomes 0.6, 0.9, or nearly unity, respec-
tively. Thus, it is found that the increment factor for the
SFR, 1/f, increases from almost unity to about 5 as D
increases from 6 ] 10~4 (1/10 of a typical Galactic value) to
6 ] 10~3. Clearly, the correction factor for the SFR is very
sensitive to the dust-to-gas ratio (or metallicity), especially
around D D 10~3. Hence, we should determine D precisely
to Ðnd an actual f and SFR. In any case, we must take
account of the e†ect of LCE by dust at least for the objects
whose metallicity is as high as that of the Orion Nebula.

Smith et al. (1978) have also determined f for a numerous
radio sample of giant H II regions in the Galaxy. Although
our equation (7) is equivalent to their equation (A.2), there
is a di†erence in the method of determining the dust-to-gas
ratio of H II regions. Indeed, they used an empirical relation
of the absorption cross section as a function of the Galacto-
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mine D for each H II region individually as described above.
The determined mean f for the giant H II regions by Smith et
al. (1978) is 0.56. Since of their sample is larger thanNLy@
1049 s ~1, their sample H II regions correspond to our
sample in Table 1, which has mean f \ 0.35. The estimated f
values by us may be systematically small. This is due to the
di†erences of some adopted parameters in calculation, for
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the e†ect of helium, which we neglect, as mentioned in the
previous subsection. The parameter of f in Smith et al. is
thus determined as the sum of the fractions of Lyman con-
tinuum photons absorbed by both hydrogen and helium.
This increment by helium in f is about several percent (up to
10%) in their framework. If the increment is removed,
SmithÏs mean f will approach our value.

Throughout this section, we have found that the determi-
nation of D is very important to estimate the ““ real ÏÏ SFR
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way that we use the luminosity of IR thermal emission of
dust in H II regions. Since dust grains absorb the radiative
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No observational confirmation of the “partial” anti-correlation906 K. Nakajima and M. Ouchi

Figure 3. Average ionization parameter and metallicity for our galaxy sam-
ples (Table 1).

the local galaxy samples. For the SDSS sample, only the values
in the high-Z branch are given, since the average metallicity for
the low-Z branch, 12 + log (O/H) =7.7–8.1, is significantly lower
than that estimated with R23-index and N2-index (Fig. 1). We have
checked that the SDSS high-Z branch metallicity of 12 + log (O/H)
= 8.92–9.12 (Table 1) is consistent with our estimate in Section 3,
as well as those estimated in previous studies (e.g. Tremonti et al.
2004; Mannucci et al. 2010). For GPs, LBAs, and LyC leakers,
we calculate the metallicities and ionization parameters for individ-
ual objects, whose two-branch solutions are distinguished by other
metallicity indicators of gas temperature and/or N2-index (see also
Section 5.2). Their 68 percentile of the distributions are listed in
Table 1 and shown in Fig. 3.

Although only weak constraints are placed on metallicity due to
the degeneracy of the two branch solutions, the difference of ioniza-
tion parameters between galaxy samples is clearly found in Fig. 3.
The SDSS galaxies have the average value of log (qion/cm s−1) ∼
7.3 (see also e.g. Dopita et al. 2006a). In contrast, high-z galaxies
have an ionization parameter of log (qion/cm s−1) ∼ 7.6–9.0. High-z
LBGs have an ionization parameter higher than the SDSS galaxies
by a factor of ∼4, and high-z LAEs show the highest ionization
parameter among the galaxy samples, which is about an order of
magnitude higher than the SDSS galaxies. In the local galaxies, GPs
and the LyC leakers exhibit ionization parameters much higher than
the SDSS galaxies. Similarly, the ionization parameter of LBAs is
high. These extreme local populations of GPs, LyC leakers, and
LBAs have an ionization parameter as high as LBGs and LAEs at
high redshifts. Moreover, the ionization parameter of GPs is compa-
rable to that of LAEs. In this sense, GPs could be local counterparts
of high-z LAEs.

Fig. 2 suggests that there is a variation of ionization parameter in
the SDSS sample. In fact, the SDSS galaxy distribution sequence
departs from the model curve of ∼2 × 107 cm s−1. In the large
R23-index regime, we recognize the slope of the SDSS galaxy se-
quence steeper than that of the photoionization model predictions.
This trend indicates that galaxies with a low metallicity of 12 +
log (O/H) ∼ 8.5 have a high ionization parameter (e.g. Dopita et al.
2006a; Nagao, Maiolino & Marconi 2006). If the M∗–Z relation is
in place (e.g. Tremonti et al. 2004), this would imply that low-M∗
galaxies have a high ionization parameter. We examine the pos-
sible dependencies of M∗ and other galaxy global properties on
ionization parameters in Sections 4.4 and 4.5. Similarly, the im-
portant characteristics can be found in the small R23-index regime.

The sequence of SDSS galaxies presents an upturn from high to low
R23-index values. This trend is probably caused by the presence of
a hidden AGN activity in a galaxy. In this regime, the SDSS galaxies
departing from the model curve would be also dominated by objects
with a low SFR and a high M∗ (Section 4.5; see also Dopita et al.
2006a).

4.4 Dependence of [O III]/[O II] on M∗ and SFR

In Section 4.3, we have estimated the typical ionization parameters
for our galaxy samples from the comparisons of the photoionization
models with the measurements of [O III]/[O II] and R23-index, and
compared them (Fig. 3). However, these comparisons do not focus
on possible dependencies on galaxy global properties such as M∗
and SFR. Fig. 2 presents a relatively large scatter in [O III]/[O II]
ratios at a given R23-index in one galaxy sample. This scatter could
be originated from the galaxy global properties. To address the
issue, we examine the dependencies of the [O III]/[O II] ratio on the
galaxy global properties.

Fig. 4 shows [O III]/[O II] ratios as a function of M∗, SFR, spe-
cific SFR (sSFR; SFR divided by M∗), and µ0.32 (equation 1 with
α = 0.32). Fig. 4 indicates that the [O III]/[O II] ratio correlates with
the galaxy global properties of M∗, SFR, sSFR, and µ0.32. A high
[O III]/[O II] ratio is found in low M∗, low µ0.32, and high sSFR
galaxies. A similar trend is initially proposed by Brinchmann et al.
(2008), but we find these trends in local extreme populations and
high-z galaxies. There is an anti-correlation between [O III]/[O II]
and metallicity (Section 4.2). Thus, the dependence of [O III]/[O II]
ratio on M∗ and µ0.32 is reasonable, because the M∗–Z relation and
the FMR are in place. In this way, the [O III]/[O II] ratio is tightly re-
lated to the galaxy global properties, while this ratio is an indicator
of ionization parameter and metallicity. In the next section, we in-
vestigate dependencies of the galaxy global properties on ionization
parameter and metallicity with the SDSS sample on the [O III]/[O II]
versus R23-index diagram.

Before moving to the next section, we comment here on the
variations of global properties for the galaxies shown in Fig. 4. First,
GPs are the least massive and the most actively star-forming galaxies
in the local universe. Their low µ0.32 values are probably due to their
low metallicities (e.g. Amorı́n, Pérez-Montero & Vı́lchez 2010).
LBAs are the next extreme population. The LyC leakers have SFRs
as high as GPs and LBAs. High-z galaxies have a M∗ comparable
with the SDSS galaxies, but a SFR higher than these local galaxies.
This tendency is consistent with the evolution of the star formation
main sequence (e.g. Daddi et al. 2007). The SFRs and M∗ of high-z
galaxies are little higher than those of GPs and LBAs, while the
sSFR of high-z galaxies are comparable with those of GPs and
LBAs. LAEs exhibit remarkable properties on average, having the
least M∗ and the highest SFR among galaxies at any redshifts.

4.5 Fundamental ionization relation

As shown in Fig. 2, the [O III]/[O II] versus R23-index diagram allows
us to study ionization state of hot ISM in galaxies. In Section 4.4,
we discuss that the [O III]/[O II] ratio depends on four galaxy global
properties of M∗, SFR, sSFR, and µ0.32. The large scatter found in
Fig. 2 would be explained by the differences of the galaxy global
properties.

In order to investigate the dependencies of M∗, SFR, sSFR, and
µ0.32 on the [O III]/[O II] versus R23-index plane, we make subsam-
ples of our SDSS sample. We choose one quantity from the four
galaxy global properties. The chosen quantity is referred to as a
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This “apparent” 
anticorrelation includes 
effects of changes in other 
parameters. 
!
How strong is the “partial”  
(=“intrinsic”) dependence?

U ∝�Z–1.5



The conditions of the gas and the global properties of host 
galaxies are connected through various physical processes. 

Our goal: 
Quantifying the scaling relationships between them: 
here M✱, sSFR, Z, ne, and U  
Especially, we aim to reveal their “partial” correlations. 

It requires “direct” metallicity estimates to avoid 
systematic dependencies on other parameters inherent in 
the commonly-used strong-line indicators. 
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2×105 galaxy spectra from SDSS DR7 (0.027≤z≤0.25) 
Stellar mass and SFR from the MPA-JHU catalog

Data

Composite spectra in M✱-sSFR bins  
The direct method requires [OIII]4364 and/or [OII]7320,7330 

Example of  
stellar template  
subtraction
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via direct Te method using [OIII]4363 and/or [OII]7320,30 

succeeded for N=133 stacks with Δlog M✱ =0.2, Δlog sSFR=0.25 
Ngal~1–104 per bin

Gas-phase metallicity
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via [SII] 6716,6731 doublet ratio, incl. the Te dependence. 

Electron density
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from [OIII]5007/[OII]3727, incl. the Z and ne dependences.

Ionization parameter
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These key ISM parameters 
are all strong functions of 
M✱ and sSFR.
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Interpretation with simple ansatze
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the gas content.
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Assuming a power law (linear in log):  
log U= α log sSFR + β log (O/H) + γ log ne + Const.

≡Sion/cnH 

Focused on now

Expected correlation 
Positive 
Negative

We have no 
information on 
the gas content.



Results: dependencies of Ionization parameter  
U ∝ sSFRα Zβ neγ
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α = 0.55±0.01 
β = –0.45±0.02 
γ = –0.46±0.04

Residual dependence after regressing onto sSFR:  
y-axis = Log U – α (log sSFR/Gyr–1)

Primarily controlled by sSFR, but also 
significantly “negatively” dependent on Z and ne

Log ne

Color: Z Color: ne

12+LogO/H



How does sSFR govern U ?
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Possible pictures of higher-sSFR galaxy (fixed M✱)

Increase in N of HII regions, 
but each of them is similar to 
those in lower-sSFR objects 

➡ No increase in the “local” 
ionization parameter

Probably,… 
• Enhanced SF in a single HII region 
➡ increase in ionizing radiation 
• Overlap of HII regions 
• Escape of ionizing photons 

— “density-bounded” case 
➡ effectively increase [OIII]/[OII] ratios

Lower-sSFR galaxy



Summary and Caveats
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Goal of this work was: 
Quantifying the relationships between the key ISM and global parameters. 
!
Observationally, we demonstrate that U is primarily controlled by sSFR, as 
well as that “partial” anti-correlations to Z and ne exist. 
!
Functional forms are obviously over-simplified. 
!
Still, our results provide us with useful bench marks to be reproduced (on 
average) in galaxy models.  
!
Many parameters are not considered: 
Gas content, galaxy size (ΣM and ΣSFR), morphology, clumpiness, dust, 
escape fraction, diffuse HII gas, etc… may also affect the ISM conditions. 
!
Beyond the local Universe with e.g., PFS and MOONS


