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Background: 

sensitivity to the steep faint-end slope at low z is the reason for the
relatively large uncertainty in the luminosity density at low red-
shift. At high z the uncertainty owes to the limited amount of data.
In any case there is awell-defined peak in the luminosity density at
z ¼ 2:154 " 0:052 (formal error from fit; we expect a systematic
error"0.15 from choices in sampling and binning the observa-
tions), well outside the range where either of these systematic con-
cerns is problematic.

3.2. Analytic Fits as a Function of Redshift

We characterize the QLF as a function of redshift by adopting
a standard pure luminosity evolution (PLE) model, where the

bolometric QLF is a double power law at all z, with constant !1,
!2, and "#, but an evolving L#. We allow L# to evolve as a cubic
polynomial in redshift,

log L# ¼ log L#ð Þ0 þ kL;1# þ kL;2#
2 þ kL;3#

3; ð9Þ

where

# ¼ log
1þ z

1þ zref

! "
: ð10Þ

Here kL;1, kL;2, and kL;3 are free parameters, and we set zref ¼ 2
(which roughly minimizes the covariance in the fit). The cubic
term is demanded by the data (!$2 ' 600 on its addition), but
higher order terms in # are not (!$2 P 1). Since this model
includes the evolution with redshift, we can simultaneously fit
to all of the data sets in Table 1, each over the appropriate red-
shift intervals of the observed samples.
The best-fit PLE model parameters are given in Table 3 and

plotted as a function of redshift in Figure 8, and the resulting
QLF is shown in Figures 6 and 7. Although this provides a rea-
sonable lowest order approximation to the data, it fails at the faint
end, underpredicting the abundance of low-luminosity sources at
zP 0:3 and overpredicting it at zk 2, and the fit is poor at zk 5
with much too steep a bright-end slope. Over the entire data set,
the fit is unacceptable,with$2 ( 1924 for % ¼ 510 degrees offree-
dom. A pure density evolution (PDE) model fares even worse,
with$2/% ¼ 3255/510 (although for completenesswe provide the
best-fit PDE parameters in Table 4), unsurprising given that nearly

Fig. 8.—Best-fit QLF double power-law parameters as a function of redshift. Symbols show the best-fit values to data at each redshift, dotted lines the best-fit PLE
model, and solid lines the best-fit full model (with shaded range showing the 1 & uncertainty). Open diamonds in !2(z) show the bright-end slope fits from Richards et al.
(2006b). Although PLE is appropriate for a lowest order fit, both the bright- and faint-end slopes evolve with redshift to high significance (>6 &). The bottom right panel
shows the predicted number density of bright optical (MB < )27) quasars from the full fit (solid line), compared to that observed in Croom et al. (2004; square),
Richards et al. (2006b; diamonds and dashed line), and Fan et al. (2004; circle). [See the electronic edition of the Journal for a color version of this figure.]

TABLE 2

Best-Fit QLF at Various Redshifts

hzi log "#
a log L#

b !1 !2 $2/%

0.1...... )5.45 " 0.28 11.94 " 0.21 0.868 " 0.050 1.97 " 0.17 89/73

0.5...... )4.66 " 0.26 12.24 " 0.18 0.600 " 0.136 2.26 " 0.23 124/66

1.0...... )4.63 " 0.15 12.59 " 0.11 0.412 " 0.122 2.23 " 0.15 182/69

1.5...... )4.75 " 0.19 12.89 " 0.13 0.443 " 0.145 2.29 " 0.20 214/86

2.0...... )4.83 " 0.05 13.10 " 0.04 0.320 " 0.046 2.39 " 0.07 66/67

2.5...... )4.96 " 0.14 13.13 " 0.09 0.302 " 0.091 2.30 " 0.15 72/53

3.0...... )5.23 " 0.12 13.17 " 0.10 0.395 " 0.060 2.10 " 0.12 45/53

4.0...... )4.66 " 0.37 12.39 " 0.32 )0.254 " 0.736 1.69 " 0.18 54/32

5.0...... )5.38 " 1.19 12.46 " 1.10 0.497 " 0.458 1.57 " 0.41 14/13

6.0...... )5.13 " 0.38 11.0 0.0 1.11 " 0.13 5/3

a Mpc)3.
b L* + 3:9 ; 1033 ergs s)1.

HOPKINS, RICHARDS, & HERNQUIST742

• “Cosmic high noon” in the cosmic history at z=1-2 
✓ “Peaks” and “drastic changes” in various properties of galaxies 
‣ Peak of star-formation activity 
‣ Peak of AGN activity 
‣ Emergence of galaxy morphology (such as Hubble sequence) 

• Spectroscopic properties remain unclear because primary emission 
lines (such as Hα, Hβ, [OIII], [NII]) enter in NIR wavelength region at z~1-2 
• Large systematic survey in NIR is desirable

Hopkins & Beacom 2006

QSO number density

Hopkins et al. 2007

SFR density

redshift

redshift
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Figure 1. MZ relation at five epochs ranging to z ∼ 2.3. The curves are fits to the data defined by Equation (4). The solid curves indicate metallicities determined
using the KK04 strong-line method and the dashed curves indicate metallicities converted using the formulae of Kewley & Ellison (2008). Data presented in this figure
can be obtained from H.J.Z. upon request.
(A color version of this figure is available in the online journal.)

binning the data. We sort galaxies into equally populated bins of
stellar mass and plot the median stellar mass and metallicity for
each bin. The MZ relation of Yabe et al. (2012) and Erb et al.
(2006) is determined from stacked spectra sorted by stellar mass.
The errors for the z < 1 data are determined from bootstrapping.
For the z > 1 data, the errors are determined from the dispersion
in the stacked spectra.

We fit the MZ relation using the function defined by
Moustakas et al. (2011). The functional form of the MZ relation
fit is

12 + log(O/H) = Zo − log

!

1 +
"

M∗

Mo

#−γ
$

. (4)

This function is desirable because it is monotonic unlike the
commonly used quadratic fit (e.g., Tremonti et al. 2004; Zahid
et al. 2011) which turns over at high stellar masses. Furthermore,
the parameters of the fit reflect our physical intuition of chemical
evolution and are more straightforward to interpret physically
(see the discussion in the Appendix of Moustakas et al. 2011).
In Equation (4), Zo is the asymptotic metallicity where the
MZ relation flattens, Mo is the characteristic mass where the
MZ relation begins to flatten, and γ is the power-law slope
of the MZ relation for M∗ ≪ Mo. The fitted value of Zo
is subject to uncertainties in the absolute calibration of the
metallicity diagnostic, though the relative values are robust (see
Section 2.3). We do not probe stellar masses where M∗ ≪ Mo.
Therefore, the power-law slope of the MZ relation at the low-
mass end, γ , is not well constrained. Table 1 lists the fitted

Table 1
MZ Relation Fit

Sample Redshift Zo log(Mo/M⊙) γ Calibration

SDSS 0.08 9.121 ± 0.002 8.999 ± 0.005 0.85 ± 0.02 KK04
SHELS 0.29 9.130 ± 0.007 9.304 ± 0.019 0.77 ± 0.05 KK04
DEEP2 0.78 9.161 ± 0.026 9.661 ± 0.086 0.65 ± 0.07 KK04
Y12 1.40 9.06 ± 0.36 9.6 ± 0.8 0.7 ± 1.5 PP04
E06 2.26 9.06 ± 0.27 9.7 ± 0.9 0.6 ± 0.7 PP04

Notes. The sample and median redshift are given in columns 1 and 2,
respectively. The fit parameters from Equation (4) are given in columns 3–5.
Column 6 indicates the strong-line method used for deriving metallicity. We
convert PP04 metallicities to the KK04 calibration using the formulae from
Kewley & Ellison (2008).

parameters. We propagate the observational uncertainties to the
parameter errors.

3.2. Scatter in the MZ Relation

The scatter in the metallicity distribution as a function
of stellar mass and redshift provides important additional
constraints for the chemical evolution of galaxies. In Figure 2
we plot the scatter in the MZ relation. We note that we
have converted the metallicity to linear units for clarity. In
Figures 2(a) and (b), we plot the limits containing the central
85% and 50% of the galaxy metallicity distribution, respectively,
as a function of stellar mass. The errors bars are determined from
bootstrapping the sample distribution. In Figures 2(c) and (d),
we plot the scatter in the MZ relation (defined as the difference
between the upper and lower limits of the 85% and 50% contour,
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Fundamental Metallicity Relation:
• Mannucci+10 suggested that the scatter of the MZ relation at z~0.1 is reduced by SFR
✓ They proposed the Fundamental Metallicity Relation (log(M*)-μlog(SFR) vs. 12+log(O/H)
✓ They claimed that this FMR are unchanged from z~2 to z~0.1

SFR
stellar mass

stellar massSFR

• Our result show that the scatter appear not 
to be reduced by the FMR
• Averaged metallicity against the log(M*)-
μlog(SFR) is different from that by Mannucci
+10

log(M*)-μlog(SFR)

stellar mass

Mannucci+2010

metallicity

This work

• Star-formation history traced by gas metallicity 
✓ Metallicity is a quantity that contains the past star-formation activity 
and gas inflow and outflow history as well.  
✓ Correlation between stellar mass and metallicity (MZR) 
✓ SFR dependence of the MZR (Fundamental Metallicity Relation=FMR) 
✓ Redshift evolution of the MZR and FMR 

• MZR and FMR at z>1 still remain unclear because samples are small 
• Subaru/FMOS is a powerful instrument for studies in this redshift range

Background: 

z~0.1

z~0.3

z~0.8

z~1.4

z~2.3

fundamental 
metallicity relation



• What is FMOS? 
✓ Fibre-fed NIR multi-object spectrograph on the Subaru Telescope (8.2m) 
✓ Prime Focus Unit with fibre positioner “Echidna” (400 fibres, 30 arcmin Φ) 
✓ Two NIR (0.9 - 1.8µm) spectrographs (IRS1 & 2) 
✓ Low Resolution (LR; R~650) and High Resolution (HR; R~3000) mode 
✓ Details are presented by Kimura et al. 2010, PASJ, 62, 1135

FMOS on the Subaru Telescope

Fiber positioner “Echidna”

Optical design of FMOS including OH-mask mirror

Two NIR 
spectrographs

Prime Focus Unit

Fibre cable

Multi-Object Spectroscopy in the Next Decade Big Questions, Large Surveys and Wide Fields

FMOS (Fibre Multi Object Spectrograph): 



• Cosmological redshift Survey at z=1.2-1.5 with Subaru/FMOS 
• Goal: The first detection of RSD at z>1  
• Constraints to the gravitational theory

・すばる戦略枠採択
　2012−2013年で40晩の観測（80% Done！）
　（明日の岡田君のスライドで軽く報告あり）

・対象銀河：1.2 < z < 1.5 の Hα emitter
　遠方宇宙(z >1)における RSD の検出 

　 → 線形成長率 “ fσ8 ” を測定、
　　  重力理論に制限
　　（ΛCDM？ modified gravity？）

FastSound
Wiggle Z

Guzzo+2008 加筆Z
0 1

• Fields: CFHTLS-Wide regions 
(W1, W2, W3, W4; 20 deg2, ~0.1 
Gpc3) 
• Targets: Photometric redshift 
(zph) selection (zph=1.1-1.6) + 
additional colour cut 
• Survey was carried out 
during the Subaru Strategic 
Program (SSP) from Mar. 2012 
to Jul. 2014 
• See details by Tonegawa et 
al. 2015 PASJ submitted (arXiv:
1502.07900)

Multi-Object Spectroscopy in the Next Decade Big Questions, Large Surveys and Wide Fields

FMOS Galaxy Redshift Survey (FastSound): 

redshift
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Fig. 1. The footprints of the observed FastSound field-of-views (FoVs). FMOS FoVs (shown by red circles) are arranged in the continuous hexagonal
tiling. The FMOS FoV field IDs are indicated in each FoV. FoVs actually observed by FastSound are filled by different colors corresponding to different
observing periods, as indicated in the figure, while the white FoVs were not observed.
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Fig. 1. The footprints of the observed FastSound field-of-views (FoVs). FMOS FoVs (shown by red circles) are arranged in the continuous hexagonal
tiling. The FMOS FoV field IDs are indicated in each FoV. FoVs actually observed by FastSound are filled by different colors corresponding to different
observing periods, as indicated in the figure, while the white FoVs were not observed.
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Fig. 1. The footprints of the observed FastSound field-of-views (FoVs). FMOS FoVs (shown by red circles) are arranged in the continuous hexagonal
tiling. The FMOS FoV field IDs are indicated in each FoV. FoVs actually observed by FastSound are filled by different colors corresponding to different
observing periods, as indicated in the figure, while the white FoVs were not observed.
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• Observation: FMOS high resolution (Hs prime) mode (1.43-1.67µm) 
• On source exposure time is 30 min. in each FoV (~0.2 deg2) 
• Hα line detection (S/N>4) from ~4,000 star-forming galaxies 
• Spectroscopic redshift ranges from 1.18 to 1.54 (zmed~1.36)

FMOS Galaxy Redshift Survey (FastSound): 

We observed 
~120 FMOS 
FoVs in total



Subaru Telescope Press Release Aug. 2013 http://www.subarutelescope.org/Topics/2013/08/07/index.html

Multi-Object Spectroscopy in the Next Decade Big Questions, Large Surveys and Wide Fields

http://www.subarutelescope.org/Topics/2013/08/07/j_index.html


Stacked spectrum 
for all ~4000 sample

Multi-Object Spectroscopy in the Next Decade Big Questions, Large Surveys and Wide Fields

• Quality of individual 
spectrum is not so good, 
and thus, a spectral 
stacking analysis is 
applied in this study

Spectral stacking analysis: 

zoom up
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The number of 
galaxies in each bin 
is ~160

Multi-Object Spectroscopy in the Next Decade Big Questions, Large Surveys and Wide Fields

• Stacking analysis 
dividing sample into 
stellar mass and SFR 
bin (5 masses x 5 SFRs)

Spectral stacking analysis: 

Stacked spectra around Hα line (6563Å)



Roughly consistent with 
previous observational 
results in the similar redshift 
range (Yabe+14: GTO/SXDS, 
Zahid+14: COSMOS)

• Metallicity from [NII]λ6584/Hα (N2 method; Pettini & Pagel 04) 
• The MZR at z~1.4 is established by using ~4,000 sample (the 
largest sample in this redshift range ever)

No clear SFR dependence 
of the MZR can be seenm

et
al

lic
ity

gray dots: individual data points

Multi-Object Spectroscopy in the Next Decade Big Questions, Large Surveys and Wide Fields

Mass-metallicity relation at z~1.4: 



• Flat in metallicity with increasing SFR 
• Higher metallicity than the extrapolation of the FMR at z~0.1 
‣ Redshift evolution of FMR? 
‣ Deviation of FMR in high SFR? 
‣ Problem in metallicity indicator (N2 method)?

dashed: local SDSS 
extrapolation

FMR@z~0.1

Multi-Object Spectroscopy in the Next Decade Big Questions, Large Surveys and Wide Fields

Fundamental metallicity relation at z~1.4: 

x axis: projection 
parameter



[SII]λλ6717,6731 lines from stacked spectra
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• [SII]λλ6717, 6731 detected significantly 
• [SII]λ6717/[SII]λ6731 line ratio as a good tracer of electron density 
• ne ~ 10 - 500 cm-3  (comparable to SDSS galaxies at z~0.1)

Multi-Object Spectroscopy in the Next Decade Big Questions, Large Surveys and Wide Fields

[SII]λλ6717,6731 emission lines:

M* vs. [SII] ratio (ne)



• N2S2([NII]λ6584/[SII]λλ6717,6731) : N/O indicator (Perez-Montero+09) 
• Higher metallicity shows higher nitrogen-to-oxygen ratio (N/O) 
• At a fixed metallicity, higher N/O than local galaxies (~solar value)

• “Green Pea” galaxies 
show similar higher N/O 
(e.g., Amorin+10, 
Hawley12) 

• Similarly higher N/O at 
high-z has been reported 
(e.g., Masters+14, Steidel
+14) 

• Higher SFR shows higher 
N/O? 

metallicity

N
/O

 ra
tio

Multi-Object Spectroscopy in the Next Decade Big Questions, Large Surveys and Wide Fields

Nitrogen-to-Oxygen ratio (N/O):

local values



• Metallicity with N2 may be overestimated due to N/O enhancement 
• N2 method with N/O effect included (Perez-Montero & Contini 09) 
‣ 12+log(O/H)=0.79 N2 - 0.56 log(N/O) + 8.41 
‣ The metallicity of our sample is re-calculated 

• Metallicity taking into consideration the N/O effect is in good 
agreement with the extrapolation of the local FMR

x axis: projection 
parameter

with N/O 
correction

without N/O 
correction
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x axis: projection 
parameter

Multi-Object Spectroscopy in the Next Decade Big Questions, Large Surveys and Wide Fields

Fundamental metallicity relation revisited: 



• Cosmological redshift survey with Subaru FMOS (Fastsound) 
• ~4000 Hα detection at z=1.18-1.54 (zmed~1.36) 
• Spectral stacking analysis in each stellar mass and SFR bin 
• The stellar mass-metallicity relation (MZR) at z~1.4 
✓ The largest NIR spectroscopic sample at z>1 
✓ Good agreement with previous observations 
✓ No clear dependence of SFR on the MZR 
✓ Flatter in high SFR regime comparing to the local FMR 

• Significant detection of [SII]λλ6717,6731 emission lines 
✓ Electron density comparable to that at z~0.1 
✓ Nitrogen-oxygen (N/O) abundance ratio at z~1.4 
✓ Higher N/O than z~0.1 at fixed metallicity 
✓ Metallicity based on N2 method is overestimated 

• After N/O correction for metallicity, our result is in good 
agreement with the extrapolation of the local FMR 
• An excellent test case for the future Subaru MOS instrument, PFS

Multi-Object Spectroscopy in the Next Decade Big Questions, Large Surveys and Wide Fields

Summary:





N2S2 diagram：
• N2S2 ([NII]λ6584/Hα vs. [SII]λλ6717,6731/Hα) 
• Our sample is not largely contaminated by AGN 
• [NII]λ6584/Hα and [SII]λλ6717,6731/Hα is lower than local galaxies

• The line ratio of our sample 
at z~1.4 is comparable to that 
of local “Green Pea” Galaxies 
• At a fixed [NII]/Hα, [SII]/Hα 
decreases with increasing SFR

Green Pea

Galaxies

[NII]/Hα

[S
II]

/H
α

SDSS galaxies
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N2S2 diagram：

[NII]/Hα

[S
II]

/H
α

• N2S2 ([NII]λ6584/Hα vs. [SII]λλ6717,6731/Hα) 
• Our sample is not largely contaminated by AGN 
• [NII]λ6584/Hα and [SII]λλ6717,6731/Hα is lower than local galaxies

• The line ratio of our sample 
at z~1.4 is comparable to that 
of local “Green Pea” Galaxies 
• At a fixed [NII]/Hα, [SII]/Hα 
decreases with increasing SFR 
• Comparison with 
photoionization model 
MAPPINGS III (Levesque+10): 
Higher ionization parameter (q) 
than local galaxies

Multi-Object Spectroscopy in the Next Decade Big Questions, Large Surveys and Wide Fields



N2S2 diagram：

[NII]/Hα

[S
II]

/H
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• N2S2 ([NII]λ6584/Hα vs. [SII]λλ6717,6731/Hα) 
• Our sample is not largely contaminated by AGN 
• [NII]λ6584/Hα and [SII]λλ6717,6731/Hα is lower than local galaxies

• The line ratio of our sample 
at z~1.4 is comparable to that 
of local “Green Pea” Galaxies 
• At a fixed [NII]/Hα, [SII]/Hα 
decreases with increasing SFR 
• Comparison with 
photoionization model 
MAPPINGS III (Levesque+10): 
Higher ionization parameter (q) 
than local galaxies 
• Direction of increasing N/O is 
different from that of q

Multi-Object Spectroscopy in the Next Decade Big Questions, Large Surveys and Wide Fields



• Higher SFR shows higher N/O
Dependence of SFR on N/O：

Multi-Object Spectroscopy in the Next Decade Big Questions, Large Surveys and Wide Fields



N/O ratio impact on emission-line diagnostics 957
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Figure 11. Relation between the N2S2 parameter and the oxygen abundance (left-hand panel) or the N/O abundance ratio (right-hand panel) for the objects
described in Section 2. The solid line represents the best linear fit to the sample.

Figure 12. Different diagnostic diagrams used to separate star-forming galaxies and narrow-line AGN. We show in the top four panels the relations between
[O III]/Hβ and from left- to right-hand panels: [N II]/Hα, [S II]/Hα, [O I]/Hα and [O II]/Hβ. The bottom panel represents the relation between [N II]/Hα and
[S II]/Hα. Brown points represent composite galaxies (see the text) whose log(N/O) as derived from the N2O2 parameter is higher than −0.5. Solid lines
represent the curves proposed by Kewley et al. (2001) to separate star-forming galaxies (bottom-left panel) and AGN (top-right panel) stay. The dashed line
in the first panel represents the empirical curve predicted by Kauffmann et al. (2003). Finally, the white points represent two different models of star-forming
regions with high metallicity (Z = 0.02 Z⊙) and high N/O ratio (−0.5).

(Max Planck Institute for Astrophysics/John Hopkins University)
Data catalogue of the SDSS3 Data Release 7 (DR7) release. We have
kept only the galaxies with an S/N of at least 5 in all the involved
lines. This excludes all the objects at redshift z < 0.02, whose [O II]
3727 Å emission line is not observed in the SDSS catalogue and
giving as a result a total of 101 753 emission-line galaxies.

We corrected the emission-line intensities for reddening using
the Balmer decrement. In the diagram [O III]/Hβ versus [N II]/Hα,
the separation curves proposed by Kewley et al. (2001) and
Kauffmann et al. (2003) do not coincide. In fact, as it is described in

3 Available at http://www.mpa-garching.mpg.de/SDSS/.

Kewley et al. (2006), the number of star-forming galaxies predicted
by the empirical separation is overestimated when compared with
the theoretical relation. This is explained in terms of a population
of composite objects, whose ionization is due partially to the star
formation and to the presence of an active nucleus. This agrees with
the fact that [N II] emission lines are more sensitive to the presence
of X-ray sources and, therefore, they allow to probe the presence of
low-activity active nuclei in some galaxies classified as star forming.

Nevertheless, the enhancement of the N/O abundance ratio due
to peculiar chemical histories can lead to high values of the [N II]
emission lines in some star-forming galaxies. In all the panels
of Fig. 12, we identify those SDSS galaxies catalogued as com-
posite following Kewley’s criterion and whose log(N/O) is higher

C⃝ 2009 The Authors. Journal compilation C⃝ 2009 RAS, MNRAS 398, 949–960
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Perez-Montero & Contini 2009:

• log(N/O)=1.26×N2S2-0.86 
• S.D. ~0.3 dex 
• Less affected by dust 
extinction 

N/O calibration (N2S2 index)：
Multi-Object Spectroscopy in the Next Decade Big Questions, Large Surveys and Wide Fields



Stellar mass (opt only)
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• ~20% of our sample have 
NIR and/or MIR data 
coverage 
• Stellar masses derived 
with only optical data tend 
to be overestimated 
• If the object has only 
optical data, the stellar 
mass is corrected for this 
trend 

• It is worth noting that the 
uncertainty of the stellar 
mass does not affect the 
conclusions in this work 
largely

Comparison of stellar mass (w/ or w/o NIR/MIR data)

regression 
line

Uncertainty of stellar mass estimation：
Multi-Object Spectroscopy in the Next Decade Big Questions, Large Surveys and Wide Fields



• The origin of the higher N/O(~solar) relative to local galaxies 
• Time-delayed nitrogen enhancement (e.g., Edmunds & Pagel 78) 
✓  Nitrogen from low-/intermediate-mass stars 
✓  Contradicted to the trend that higher SFR shows higher N/O? 

• Effect of Wolf-Rayet stars? 
✓ Nitrogen rich Wolf-Rayet (WN) (e.g., Brinchmann+08) 
✓ Actual effects is not clear yet (e.g., Perez-Montero+13, James+13) 

• Inflow of metal poor gas? 
✓ Metallicity decreases keeping high N/O by the dilution effect 
✓ High-z galaxies are really secondary dominated? (Masters+14) 

• Selective gas outflow by the SN driven winds? 
✓ If outflow is SN driven, oxygen rich gas is expelled 
✓ N/O abundance ratio decreases (e.g., van Zee+06) 
✓ This explains the fact that higher SFR shows higher N/O

Nitrogen-to-Oxygen ratio (N/O)：
Multi-Object Spectroscopy in the Next Decade Big Questions, Large Surveys and Wide Fields
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Fig. 2. Tracks in the N/O–O/H-diagram of infall models with various
mass ratios of the infalling gas and the galaxy. The infall event starts
at the same age of 5 Gyr and lasts for 1 Gyr (marked by a dot). The
shaded area indicates the region of the observations as in Fig. 1.

In the following we study more closely the basic behaviour
of the chemical evolution of galaxies that undergo such a mas-
sive infall of metal-poor gas. We consider models in which the
finite delay between star formation and metal production is ne-
glected. Oxygen is assumed to be produced primarily, with a
yield yO = 0.0091, to give results comparable to observed val-
ues. Nitrogen is taken to be produced purely in secondary mode
with yN = 0.095 ZO. The SFR is supposed to be proportional
to the gas mass, with a timescale of 5 Gyr. We note that this
choice of the SFR does not determine the basic behaviour in
the N/O–O/H diagram, although it does affect the exact shape
and timing of the evolutionary tracks.

In Fig. 2 we show the evolution of nitrogen and oxygen
of models which are closed-box, except for an infall of metal-
poor gas starting at 5 Gyr age and lasting for 1 Gyr. It is evident
that in order to have a significant deviation from the closed-box
secondary-primary relation, the mass of the infalling gas must
be substantially larger than the mass of the galaxy.

Immediately before the infall starts, all models have a gas
fraction of 0.55 and an oxygen abundance [O/H] = −0.3. The
commencement of the infall raises the accretion ratio a from
0 to about 10 and 1000 for Mcloud/Mgal = 1 and 100, respec-
tively. We note that in galaxies larger in size than a HVC, Mgal

will represent only that part of the galaxy which mixes with
the infalling gas and forms stars. The oxygen abundance is
strongly reduced due to the “dilution” by the accreted metal-
poor gas. As the gas in the galaxy accumulates, the star forma-
tion rate increases. Since the star formation timescale is longer
than the duration of the accretion event, the enhancement of the
SFR takes place appreciably after the infall. Thus we deal not
with a proper starburst – in the sense of a reduced star forma-
tion timescale – but rather with a galaxy which becomes more
gas-rich and thus makes more stars. The oxygen synthesized
by the massive stars limits the excursion of the oxygen abun-
dance, and it also brings down the N/O ratio. When the infall
stops – marked by a dot on the tracks – the gas fraction is be-
tween 0.67 and 0.90 for Mcloud/Mgal = 1 and 100, respectively.
After this, the models continue to evolve like closed boxes, al-
beit with different initial conditions, and the tracks return to
the Simple Model secondary-primary relationship. The overall
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Fig. 3. The time evolution of models with an infall rate of 100 galaxy
masses per Gyr, starting at an age of 5 Gyr. The labels refer to the
times after the start of the infall. The short-dashed curves show the
evolution after accretion events of 0.1 and 0.3 Gyr.
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Fig. 4. Evolutionary tracks of models with the same mass (10 galaxy
masses) and duration of the accretion, but with different starting times
(in Gyr, as labeled). All models are evolved up to 15 Gyr age.

effect is that the model traces a “loop” above the Simple Model
relation in the N/O–O/H diagram.

For the extreme model with an infall rate of 100 Mgal/Gyr
we follow in Fig. 3 the evolution along this loop. Because of
the high infall rate the decrease in [O/H] takes place rapidly.
Depending on the duration of the infall episode, the model
returns within less than one star formation timescale to the
Simple Model relation. If the infall episode lasts only a short
time (e.g. 0.1 Gyr), the increased primary production of oxygen
then leads to an evolution towards the lower right (similar to the
zig-zag curves of Garnett’s (1990) starburst model), followed
by the (secondary) production of nitrogen leading towards the
upper right, towards the Simple Model relation. If the infall
lasts for a time comparable to the star formation timescale, the
oxygen production may just compensate the continuing “dilu-
tion” by the infalling gas. The oxygen abundance may remain
nearly constant and thus one may obtain a rather large and deep
loop leading again towards the close-box relation.

The horizontal excursion of the loop depends essentially on
the mass ratio of infall gas and the gas present in the galaxy. In
Fig. 4 we study the influence of the time at which the accretion
starts. As the gas fraction decreases from 0.80 (at 2 Gyr), 0.36
(at 8 Gyr) to 0.16 (at 14 Gyr), the loop makes a larger excursion
when less gas remains available in the galaxy.
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Fig. 2. Tracks in the N/O–O/H-diagram of infall models with various
mass ratios of the infalling gas and the galaxy. The infall event starts
at the same age of 5 Gyr and lasts for 1 Gyr (marked by a dot). The
shaded area indicates the region of the observations as in Fig. 1.

In the following we study more closely the basic behaviour
of the chemical evolution of galaxies that undergo such a mas-
sive infall of metal-poor gas. We consider models in which the
finite delay between star formation and metal production is ne-
glected. Oxygen is assumed to be produced primarily, with a
yield yO = 0.0091, to give results comparable to observed val-
ues. Nitrogen is taken to be produced purely in secondary mode
with yN = 0.095 ZO. The SFR is supposed to be proportional
to the gas mass, with a timescale of 5 Gyr. We note that this
choice of the SFR does not determine the basic behaviour in
the N/O–O/H diagram, although it does affect the exact shape
and timing of the evolutionary tracks.

In Fig. 2 we show the evolution of nitrogen and oxygen
of models which are closed-box, except for an infall of metal-
poor gas starting at 5 Gyr age and lasting for 1 Gyr. It is evident
that in order to have a significant deviation from the closed-box
secondary-primary relation, the mass of the infalling gas must
be substantially larger than the mass of the galaxy.

Immediately before the infall starts, all models have a gas
fraction of 0.55 and an oxygen abundance [O/H] = −0.3. The
commencement of the infall raises the accretion ratio a from
0 to about 10 and 1000 for Mcloud/Mgal = 1 and 100, respec-
tively. We note that in galaxies larger in size than a HVC, Mgal

will represent only that part of the galaxy which mixes with
the infalling gas and forms stars. The oxygen abundance is
strongly reduced due to the “dilution” by the accreted metal-
poor gas. As the gas in the galaxy accumulates, the star forma-
tion rate increases. Since the star formation timescale is longer
than the duration of the accretion event, the enhancement of the
SFR takes place appreciably after the infall. Thus we deal not
with a proper starburst – in the sense of a reduced star forma-
tion timescale – but rather with a galaxy which becomes more
gas-rich and thus makes more stars. The oxygen synthesized
by the massive stars limits the excursion of the oxygen abun-
dance, and it also brings down the N/O ratio. When the infall
stops – marked by a dot on the tracks – the gas fraction is be-
tween 0.67 and 0.90 for Mcloud/Mgal = 1 and 100, respectively.
After this, the models continue to evolve like closed boxes, al-
beit with different initial conditions, and the tracks return to
the Simple Model secondary-primary relationship. The overall
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Fig. 3. The time evolution of models with an infall rate of 100 galaxy
masses per Gyr, starting at an age of 5 Gyr. The labels refer to the
times after the start of the infall. The short-dashed curves show the
evolution after accretion events of 0.1 and 0.3 Gyr.
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Fig. 4. Evolutionary tracks of models with the same mass (10 galaxy
masses) and duration of the accretion, but with different starting times
(in Gyr, as labeled). All models are evolved up to 15 Gyr age.

effect is that the model traces a “loop” above the Simple Model
relation in the N/O–O/H diagram.

For the extreme model with an infall rate of 100 Mgal/Gyr
we follow in Fig. 3 the evolution along this loop. Because of
the high infall rate the decrease in [O/H] takes place rapidly.
Depending on the duration of the infall episode, the model
returns within less than one star formation timescale to the
Simple Model relation. If the infall episode lasts only a short
time (e.g. 0.1 Gyr), the increased primary production of oxygen
then leads to an evolution towards the lower right (similar to the
zig-zag curves of Garnett’s (1990) starburst model), followed
by the (secondary) production of nitrogen leading towards the
upper right, towards the Simple Model relation. If the infall
lasts for a time comparable to the star formation timescale, the
oxygen production may just compensate the continuing “dilu-
tion” by the infalling gas. The oxygen abundance may remain
nearly constant and thus one may obtain a rather large and deep
loop leading again towards the close-box relation.

The horizontal excursion of the loop depends essentially on
the mass ratio of infall gas and the gas present in the galaxy. In
Fig. 4 we study the influence of the time at which the accretion
starts. As the gas fraction decreases from 0.80 (at 2 Gyr), 0.36
(at 8 Gyr) to 0.16 (at 14 Gyr), the loop makes a larger excursion
when less gas remains available in the galaxy.
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