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Designed to detect Hα at 1.4<z<1.7 in H-band (1.6—1.7μm)$
Period: 2012 March — 2016 April$
Observed galaxies:  In total, >5600  / Success rate  ~35%
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The FMOS-COSMOS survey 
Designed to detect Hα at 1.4<z<1.7 in H-band (1.6—1.7μm)$
Period: 2012 March — 2016 April$
Observed galaxies:  In total, >5600  / Success rate  ~30% (tentative)
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Metal ions’ collisional-excitation lines  
 [OIII]5007, [NII]6584, [SII]6717,31

Metal abundance$
Ionization/
Excitation state of 
elements

Study the physics of star formation from the ISM properties$
• Metal abundance reflects the past history of star formation.$
• Ionized elements emit various lines: we can observationally investigate 

the physical conditions of the ionized gas.

Aim
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Useful tool to distinguish ionizing origins: hot stars (pure SF) or AGNs.  
Purely star-forming population forms a tight sequence. A&A 519, A31 (2010)

2.3. Sample selection for Sects. 5 and 6

For Sects. 5 and 6, we selected SF galaxies following the cri-
terion given by Kauf03 in the BPT empirical diagnostic dia-
gram: log[O III] λ5007/Hβ ≤ 0.61/{log([N II]/Hα)−0.05} + 1.3,
the same used by Veilleux & Osterbrock (1987), Kewley et al.
(2001, 2006), and Stasińska et al. (2006), among others. After
all these selections, the number of galaxies of each redshift bin
is reduced to 61 921 SF galaxies for z0, 27 853 for z1, 1671 for z2,
and 67 H II galaxies for z3.

The extinction correction and metallicity estimates were cal-
culated as in Lara-López et al. (2009b). Our extinction correc-
tion was derived using the Balmer decrements in order to ob-
tain the reddening coefficient C(Hβ). We used the Cardelli et al.
(1989) law, with Rv = Av/E(B − V) = 3.1, assuming case B re-
combination with a density of 100 cm−3 and a temperature of
104 K, with Hα/Hβ = 2.86 (Osterbrock 1989).

We estimated metallicities using the R23 relation intro-
duced by Pagel et al. (1979), R23 = ([O II] λ3727+[O III]
λλ4959, 5007)/Hβ, and adopted the calibration given by
Tremonti et al. (2004), 12 + log(O/H) = 9.185 − 0.313x −
0.264x2 − 0.321x3, where x = log R23. We selected the up-
per branch of the double-valued R23, in which the Tremonti
et al. (2004) calibration is valid, taking 12 + log(O/H) > 8.4
and log([N II]/[O II]λ3727) > −1.2, since the upper and lower
branches of the R23 calibration bifurcates at those values
(see Kewley & Ellison 2008).

After applying this final criterion, we end with 58866 galax-
ies for z0, 24 385 for z1, 1631 for z2 (from which 712 galaxies
are in their completeness magnitude interval), and 62 galaxies
for z3 (from which 41 galaxies are in their completeness magni-
tude interval), all of them in the upper branch of the R23 relation,
corresponding to the ∼99% to the H II classified galaxies. Then,
we are not introducing a bias when selecting the upper branch
for this samples.

3. The S2N2 diagnostic diagram as a star-forming,
composite, and AGN galaxy segregator

As mentioned in Sect. 1, BPT diagrams are the most
used method of segregating star-forming and AGN galax-
ies. From the three BPT diagrams ([N II]/Hα, [S II]/Hα, and
[O I] λ6300/Hα vs. [O III] λ5007/Hβ), the most used one is the
[N II]/Hα vs. [O III] λ5007/Hβ, since it is the only one that can
segregate pure SF and composite galaxies, as demonstrated by
Kewley et al. (2006) and Pérez-Montero et al. (2009). The two
other BPT diagrams are not useful for segregating SF from com-
posite objects.

Commonly known as the S2N2, the log(Hα/[S II]) vs.
log(Hα/[N II]) diagram has been used to separate planetary neb-
ulae (PNe), H II regions, and supernova remnants (SNRs, see
Sabbadin et al. 1977; Riesgo & López 2006; Viironen et al.
2007). We propose the S2N2 diagram for classifying SF, com-
posite, and AGN galaxies, something until now only possi-
ble with the [N II]/Hα vs. [O III] λ5007/Hβ diagram. However,
the S2N2 diagram use only the Hα, [N II], and [S II] emission
lines, all of them close in wavelength, avoiding reddening cor-
rections, and making possible its use for surveys limited in the
spectral range.

From the “main galaxy sample”, we consider SF galaxies
as those lying below the Kauf03 division, composite galax-
ies as those lying between the Kauf03 and Kew01 lines, and
AGN galaxies those above the Kew01 division (see Fig. 2).
From the total sample (82 884 galaxies, see Sect. 2), the 71.4%,

Fig. 2. Log([N II]/Hα) vs. log([O III] λ5007/Hβ) BPT diagram. The
solid line shows the Kauf03 empirical division between SF and com-
posite galaxies, and the dashed line represents the Kew01 starburst
limit. (See the electronic edition of the Journal for a color version of
this figure.)
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Fig. 3. Contour plots for star-forming, composite, and AGN galaxies.
a) Star-forming, darker (blue) contour, and composite, lighter (orange)
contour, enclosing the ∼90% (∼1.8σ) of each sample. The solid line es-
tablishes our limit for star-forming galaxies, while the dot-dashed line
delimits the almost pure star-forming galaxies. b) Composite, darker
(orange) contour, and AGN, lighter (gray) contour, enclosing ∼75%
(∼1.2σ) of each sample. The dashed line shows our separation for
composite and AGN galaxies, with solid and dot-dashed lines as in
panel a). (See the electronic edition of the Journal for a color version of
this figure.)

19%, and 9.6% correspond to SF, composite, and AGN galaxies,
respectively. Taking this classification as a reference, we plot-
ted the S2N2 diagram with the three classifications of galaxies
(see Figs. 3 and 4).

To establish division lines to separate SF, composite and
AGN galaxies in the S2N2 diagram, we generated contour plots
for each category of galaxies (see Fig. 3). Because our sam-
ple of galaxies is larger for the SF and composite galaxies,
we used contours enclosing ∼90% for those galaxies. However,
as AGN galaxies are less numerous, we used contours enclos-
ing ∼75% for composite and AGNs. The contour plots shown
in Fig. 3a delimit two tangent parallel lines, generating with
this criterium division lines defined by Eqs. (1) and (2). To de-
fine a division line between composite and AGN galaxies, we
sampled the plot area with parallel lines of Eq. (1) in bins of
0.02 dex, in this way generating histograms for composite and
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19%, and 9.6% correspond to SF, composite, and AGN galaxies,
respectively. Taking this classification as a reference, we plot-
ted the S2N2 diagram with the three classifications of galaxies
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Is this SF sequence 
universal at high-z?



High-z galaxies DO NOT follow the local (low-z) rules.$
Changes in emission-line ratios for high-z SF galaxies are  
directly related to the physical conditions of the ISM (ionized gas).

e.g.,  Shapley+05, Erb+06, Liu+08,  
Newman+14, Masters+14, Yabe+12,14,  
Steidel+14, Shapley+15, Hayashi+15,  
Zahid+14, Kartaltepe+15, Masters+16

High-z galaxies on the BPT diagram

Offset from the local sequence 
in the BPT diagram

Shapley+15

[O III] λ5007/Hβ upper limits in both of these samples, the
requirement of [O III]λ5007 detections does not result in a
significant bias against galaxies with low [O III]λ5007/Hβ ratios
typical of metal-rich star-forming regions. We return to the
question of sample selection bias at the end of this section. For
comparison, we plot SDSS galaxies in the same diagrams,
along with a theoretical prediction of the z ∼ 0 [O III]λ5007/Hβ
vs. [N II]λ6584/Hα star-forming sequence from Kewley et al.
(2013), which provides a good fit to the local data.

As initially suggested by the small high-redshift samples
featured in Shapley et al. (2005), Erb et al. (2006a), Liu et al.
(2008), and recently confirmed by Steidel et al. (2014) using a
much larger sample, the set of z ∼ 2.3 MOSDEF points is
clearly offset on average from the z ∼ 0 star-forming sequence
in the [O III]λ5007/Hβ vs. [N II]λ6584/Hα diagram.11 With the
adoption of the same functional form as that used by Kewley
et al. (2013) and Steidel et al. (2014), the best-fit to the z ∼ 2.3
MOSDEF sample star-forming sequence is

C
B

�

�
���

¬

®
­­­­
�

�
�log [O ] H

0.67
log ([N ] H ) 0.20

1.12 (1)III
II

Compared with the fit to the z ∼ 2.3 UV-selected sample of
Steidel et al. (2014; orange curve in Figure 3), or the locus of
emission-line-selected galaxies from Masters et al. (2014) at z
∼ 1.5 and 2.2, the sequence of rest-frame optically selected

MOSDEF galaxies as a whole is not as offset from the local
one. This difference underscores the importance of sample
selection at high-redshift in determining the region occupied in
the [O III]λ5007/Hβ vs. [N II]λ6584/Hα diagram. Although the
Steidel et al. (2014) sample has a similiar median stellar mass
to that of the z ∼ 2.3 MOSDEF sample (_ :M1010 ), it spans a
wider range of stellar masses (from :M108.6 to 1011.4) than the
MOSDEF sample. Furthermore, at the lowest masses
(� :M109.5 ), galaxies in the Steidel et al. sample have higher
average SFRs and sSFRs. The Masters et al. (2014) sample is
significantly lower in mass than the MOSDEF sample, with a
median of _ :M109 . Given the similar range of SFRs in the
Masters et al. (2014) and MOSDEF samples, the Masters et al.
(2014) sample is characterized by significantly higher sSFRs
on average. It is crucial to understand the differences in galaxy
physical properties probed by the various z ∼ 2 samples, and
how they translate into differences in the [O III]λ5007/Hβ vs.
[N II]λ6584/Hα diagram. It is these intrinsic physical properties
that modulate the integrated line ratios for a galaxy, as opposed
to simply the redshift at which a galaxy is observed. Along
these lines, we investigate possible causes of the difference in
[O III]λ5007/Hβ vs. [N II]λ6584/Hα star-forming sequences in
Section 3.2, with the separation of our sample according to
various galaxy properties.
The [O III]λ5007/Hβ vs. [S II]/Hα BPT diagram has also been

used to discriminate between star-forming galaxies and AGNs,
and star-forming galaxies form a fairly well-defined sequence
in this space as well. Masters et al. (2014) constructed a
composite rest-frame optical spectrum from 24 emission-line
galaxies at � § �z 1.85, finding no systematic offset in the [S II]/
Hα vs. [O III]λ5007/Hβ ratio relative to the metal-poor tail of
the local star-forming sequence (see also Domínguez
et al. 2013). Based on our larger sample of individual

Figure 3. Left: [O III]λ5007/Hβ vs. [N II]λ6584/Hα BPT diagram for z ∼ 2.3 MOSDEF galaxies. Green points indicate the sample of 53 MOSDEF galaxies with T⩾3
detections in Hβ, [O III]λ5007, Hα, and [N II]λ6584. The grayscale histogram corresponds to the distribution of local SDSS galaxies. Large red stars represent
measurements of stacks, binned by stellar mass, of all MOSDEF galaxies with coverage of the relevant emission lines regardless of whether or not lines were detected,
indicating that plotting only MOSDEF detections does not result in significant bias. Stacks of increasing mass are characterized by lower [O III]λ5007/Hβ and higher
[N II]λ6584/Hα. The black dotted curve is the “maximum starburst” line from Kewley et al. (2001), while the black dashed curve is an empirical AGN/star-formation
threshold from Kauffmann et al. (2003). The cyan curve indicates the z ∼ 0 star-forming locus (Kewley et al. 2013), while the magenta curve is the bestfit to the z ∼
2.3 MOSDEF sequence. The orange curve is the bestfit to z ∼ 2.3 UV-selected galaxies from Steidel et al. (2014). The fit to the z ∼ 2.3 MOSDEF sample is not as
significantly offset from the z ∼ 0 star-forming sequence as is the fit describing the Steidel et al. (2014) sample. Right: [O III]λ5007/Hβ vs. [S II]/Hα BPT diagram for z
∼ 2.3 MOSDEF galaxies. Symbols are the same as in the left-hand panel. In the [O III]λ5007/Hβ vs. [S II]/Hα diagram, the z ∼ 2.3 sample scatters symmetrically
around the z ∼ 0 star-forming sequence.

10 Available at http://www.mpa-garching.mpg.de/SDSS/DR7/.
11 We note that there are two galaxies in the MOSDEF [O III]λ5007/Hβ vs.
[N II]λ6584/Hα sample that lie above the Kewley et al. (2001) “maximum
Starburst” curve in a region populated primarily by AGNs in the local universe.
There is no evidence based on X-ray or rest-frame near-IR properties that these
objects are AGNs (Coil et al. 2014); therefore, we retain them in our sample.
We note that the functional form derived for the excitation sequence of the z ∼
2.3 MOSDEF sample is insensitve to the inclusion or exclusion of these two
objects.

5

The Astrophysical Journal, 801:88 (13pp), 2015 March 10 Shapley et al.

z~2.3z~0

What changes? What causes?$
‣ How do the physical parameters of 

the ionized gas evolve? 
‣ No clear picture and consensus.
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Rest-frame wavelength [Å]

5000 7500 10000 12500 15000 17500
Observed λ (z=1.5) [Å]

J -long H -long

FMOS Band Range Lines N Hα det. (S/N>3)

H 1.6-1.8μm Hα  [NII]  [SII] 554 
J 1.11-1.35μm Hβ  [OIII] 246 → BPT diagram

COSMOS photometric catalog (McCracken+12, Ilbert+13) 
1.43≤z≤1.67,  KAB<23.5,  M✽≳109.6M⦿,  Predicted f(Hα)≳10−16 erg/s/cm2

Galaxy sample - FMOS-COSMOS
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• Tracing well trace the epoch’s main sequence  
= ‘normal’ SF population 

• High sampling rate of massive ( M✽≳1011 M⦿) population 
• AGNs are removed based on Chandra X-ray data (Civano+16).

    Hα detection $
    All KAB<23.5$
    AGN candidates

Galaxy sample
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Results: the BPT diagram
FMOS galaxies deviate from the local sequence towards the upper-right.

SF/AGN division 
Kauffmann+03

     FMOS z~1.6 (#76)$
Contours: SDSS z<0.1
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Results: the BPT diagram

     FMOS z~1.6 (#246)

z~1.6 z~2.3

z~2
z~

1.5

z~1.4

z~2.3

Evolution beyond z~1.6  
is still unclear:  
Saturates or keeps increasing?

Stacks include all Hα-det. 
galaxies: no bias due to 
non-det. of weak lines. 
Agree well with the fit

FMOS galaxies deviate from the local sequence towards the upper-right.
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Results: offset in the [SII]-BPT diagram

     FMOS stack$
Contours: SDSS z<0.1

Important evidence: $
a significant offset towards 
lower [SII]/Hα at fixed [OIII]/Hβ  
for massive gals. (≳1010.6M⦿).
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Stacked H-long spectrum 
 n=554

Rest-frame wavelength [Å]

Hα

[NII] [SII] doublet

Results: electron density

Local SF galaxies$
10−100 cm-3$

(e.g., Brinchmann+08)

FMOS sample at z~1.6
2−10倍

Consistent with recent studies at z~2:  
(e.g., Shirazi+14, Shimakawa+15, Sanders+15)
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Metallicity Z!
decreases from z=0 to 1.6, 
except for the most massive bin.$
➡ the MZ relation

Ionization parameter U$
✓ Increase from the  

local U-Z anti-correlation$
✓ Additional excess

Additional effects $
high ne (P/k)  
+ hard radiation (e.g., Steidel+16)

Discussions: comparison with model

Photoionization model: Mappings V  
(Nicholls et al., Dopita et al. 2016)

What is the origin(s) of the changes of emission-line ratios?

Essential
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and additional effects:  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Discussions: [SII]-BPT diagram

The most massive bin

Evidence of both the U enhancement and additional effects  
required for massive galaxies
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high-z 

Denser gas

Strong ionizing 
radiation$

✓More stars form.$
✓ Top-heavy IMF$
✓Metal-poor stars$
✓Massive binaries

Density-bounded?

Overlapped?
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low-z

Expected situations in high-z star-forming regions



✓a significant BPT offset at z~1.6. 
✓higher gas density (2—10 times higher than local) 
✓ “excessive” enhancement of ionization parameter is the 

primary origin for the changes in high-z emission-line ratios. 
✓plus, high gas density and harder ionizing radiation are likely 

important. 
$

➡A lot of “circumstantial evidence”, but still far from 
understanding the physical of star formation.!
★ Chemical composition — N/O enhancement? !
★ Geometrical properties?!
★ Evolution of IMF, stellar population, stellar spectra!

Summary
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