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Abstract  Feeding/feedback mechanisms are the most important keys driving the process of galaxy formation. Gas outflow ejects 
metals, kicks surrounding gas, and suppresses star formation. Then, recent models predict that the "cold gas accretion" is the dominant 
gas supply mechanism in high redshift galaxies. Those phenomena depend strongly on halo masses, redshifts and environments (Dekel 
et al. 2009). However, current observational challenges have not reached yet on constraining such mechanisms at all.
With such motivation, I propose the wide and ultra-deep spectroscopy to unveil inflow/outflow processes based on > a few thousand UV-
bright galaxies at z=0.5-2.3 by using [OII], [NeIII] and FeII, MgII. This will provide us with enormous amount of the galaxies with outflow 
signatures and also some with inflow features. Those should be the best targets for the future AO-assisted IFU spectroscopy with TMT.

Chemical evolution and its redshift 
& environmental dependences

Cold mode accretion IS vs nebular lines

Survey proposal

Gaseous feeding & feedback processes 
play a significant role in chemical 
enrichment of galaxies. For example, 
gaseous metallicity is one of the crucial 
physical quantities to trace the chemical 
enrichment histories hence star formation 
histories of galaxies. There is a well-
established relationship between stellar 
mass (or luminosity) and metallicity known 
as the M-Z relation (Tremonti et al. 2004). 
This reflects relationships among gas 
accretion, chemical nucleosynthesis and 
outflows of galaxies (Zahid et al. 2014). 
Based on such chemical cycles in galaxy 

evolution, redshift dependence of inflow & 
outflow process is analyzed (Yabe et al. 
2015), which is comparable with the 
results from more direct approaches 
(Steidel et al. 2010, Boche et al. 2013). 
Those show that high-z galaxies should 
have higher inflow/outflow rates. 
Moreover, it may cause strong 
environmental dependence on chemical 
evolution as claimed by recent studies 
(Shimakawa et al. 2015a). It suggests the 
environmental dependence of “feeding & 
feedback” driven by surrounding gas 
pressure and/or gravitational forces.

So far observations have not 
revealed in detail the mechanism of 
gas accretion, especially “cold 
mode” accretion. This dominates 
inflow process at high redshifts (Dekel 
et al. 2009), and depends also on halo 
mass and environments (Keres et al. 
2005). Cold accretion often directly 
penetrates into centre of galaxies along 
filaments, allowing rapid mass growth 
compared to that from hot mode 
accretion. It can produce massive 
galaxies even at high redshift as ever 
found. In order to identify kinematics of 
stream-like inflows in high-z galaxies, 
(I) we need to find galaxies with clear 
inflow features, and (II) to conduct deep 
IFU spectroscopy to them.

Combination of interstellar (IS) 
absorptions and nebular lines allows us to investigate inflow/
outflow signitures of star-forming galaxies. FeII and MgII are 
well-investigated lines from the aspects of models (Prochaska et 
al. 2011) and obsevations (Erb et al. 2012). Those also can be 
observed in the galaxies at nearly-all redshift range. Past works 
(e.g. Erb et al. 2011, Steidel et al. 2010) have studied outflow 
velocities and physical properties for ~100 UV-selected galaxies at 
z=1-2. However, current datasets still need more statistic to reveal 
environmental dependence, redshift evolution, and so on. Then, 
they suffer from inhomogenious sample in the sense that they had 
to rely on different IS absorptions of the galaxeis at different 
redshifts. The capability of wide-coverage of the spectroscopic 
wavelength is needed to resolve these problems. In addition to 
that, the most of galaxies basically show only outflow signiture, 
whilst nobody constructs a sample that includes a large amount of 
galaxies with inflow features. A lot more numbers of spectroscopic 
sample would enable us with establishing such unique data.

I propose the ambitious survey to study 
galaxy feeding/feedback mechanisms 
and those redshift/environmental 
dependences based on UV bright 
galaxies at the redshift between 0.5 and 
2.3. In order to detect UV continuum, PFS-
SSP should include "ultra-deep field" as 
HSC-SSP doing now. This must allow us 
to study feeding and feedback processes 
statistically founded on the most large 
amount of dataset for the first time. 
For example, we can study the physical 

correlation between outflow velocities 
of the galaxies and other properties (SFRs 
from UV or [OII], redshifts, metallicities 
from [OII]/[NeIII]). We can test how large 
effects of gas transfers on galaxy evolution 
by combining with the rest-NUVur diagram 
(ugi/giY at z=0.5/2.3) which is sensitive to 
star-forming activities for a given stellar 
population (Schawinski et al. 2014). 
Especially, if we find the objects having 
inflow signitures, those should be the best 
data for the future follow-up IFU with TMT.

Search for ISM pressure of high-z galaxies
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fresh gas accretion on to the galaxy which would have otherwise
diluted the high metallicity gas at the centre in the infall dominated
phase of galaxy formation (z > 2). Therefore, we expect that this
process can effectively increase the gaseous metallicity of galaxies
in cluster environment, as compared to isolated galaxies.

(3) Thirdly, there is an intrinsic (nature) effect that the time-scale
of galaxy evolution depends on environment, because densest en-
vironments such as clusters of galaxies start off from the highest
density peaks in the early Universe which must collapse first. Be-
cause of this bias, galaxy formation and evolution should proceed
earlier and/or faster, so does the chemical evolution. In this case, the
environmental dependence of gaseous metallicity seen particularly
in lower mass galaxies can be naturally explained by environmen-
tally dependent galaxy downsizing (mass-dependent time-scale of
galaxy formation and evolution; Cowie et al. 1996; Cattaneo et al.
2008), in the sense that the downsizing proceeds earlier in the pro-
tocluster regions, and hence the gas in protocluster galaxies are
more chemically enriched for a given stellar mass especially in less
massive galaxies.
One should note, however, that we are comparing metallicities

between different environments at a given ‘stellar’ mass, and not at
a fixed total or ‘halo’ mass including ‘gas’ mass. The same amount
of stellar mass means that they have synthesized the same absolute
amount of metals. However, the gaseous metallicity (O/H) depends
on gas content or fraction as well. Cluster galaxies can have the
same stellar mass as the field galaxies but with smaller gas fraction
and thus smaller total baryonic or halo masses, because of the
more advanced downsizing effect. Basically, we may be comparing
between the advanced stage of galaxies with low halo masses in
clusters with the less advanced stage of galaxies with high halo
masses in the field. Such difference is expected to be seen more
prominently in less massive systems, since massive galaxies are
already well evolved irrespective of their environments, and we do
not expect to see a sizable difference in the evolutionary stage hence
gaseous metallicity for massive galaxies.
This scenario, however, has a contradiction. Because the advanced

evolutionary stage should mean smaller gas fraction for cluster
galaxies for a given stellar mass, we would expect them to have
lower sSFRs compared to those of field galaxies. This is not consis-
tent with the observational results of Koyama et al. (2013a,b) who
show the environmental independence of sSFRs.

(4) A top-heavy IMF for cluster galaxies can also explain the
metallicity excess since it increases the intrinsic chemical yield. The
top-heavy IMF is actually preferred to account for high (α/Fe) ratios
of massive early-type galaxies (e.g. Baugh et al. 2005; Nagashima
et al. 2005a,b). However, the metallicity difference is seen only in
low-mass galaxies, and so this scenario is not favoured.

(5) Finally, different sample selections may be an issue between
this work (protoclusters) and Erb et al. (2006a) (general field).
Our NB selection of SF galaxies based on Hα emission line can
cover a broader range of SF galaxies in terms of stellar mass. Also
the dust obscuration effect can be minimized. On the contrary, the
UV-selected SF galaxies by Erb et al. (2006a) tend to be biased
to less dusty and relatively young populations (see also Steidel
et al. 2004). This may result in an apparent difference in the M–Z
relation between the two samples as discussed by Stott et al. (2013)
at z = 0.8–1.5. These two samples correspond to different stages
of galaxy evolution in the sense that Hα-selected galaxies are in a
more advanced stage hence could be chemically more enriched at a
given stellar mass. However, there is no environmental dependence
between field and cluster galaxies at z ∼ 2 as reported by Koyama
et al. (2013a,b). Moreover, the offset we see in the M–Z relation for

the protocluster galaxies (0.1–0.15 dex) cannot be accounted for by
the sampling bias alone that Stott et al. (2013) claim. In fact, for the
SDSS galaxies, the amount of dust extinction is largely determined
by the stellar mass, and at the fixed stellar mass we do not see any
clear dependence of the deviation from the M–Z relation on the
amount of dust extinction (see the appendix and also Zahid et al.
2014b). Therefore, we do not expect a strong selection bias between
the UV-selected SF galaxies (Erb et al. 2006a) and the Hα-selected
samples (this work). Furthermore, the fact that we do not see the
metallicity offset for massive galaxies which tend to be more heavily
obscured also suggest that the sampling bias should not be the main
reason for the offset of the M–Z relation for low-mass galaxies.

Following the above discussions, we suggest that the offset in
gaseous metallicity in dense regions may be driven by the envi-
ronmental dependence of ‘feeding & feedback’ processes of galaxy
formation at high redshifts. Cluster galaxies are formed within com-
plicated structures such as clusters, surrounding groups, filaments
and sheets, as simulated by cold dark matter-dominated cosmo-
logical simulations (e.g. Springel et al. 2005). Also, recent models
predict that the cold gas accretion is the dominant gas supply mech-
anism in high-redshift galaxies, and that such process of gas inflow
depends strongly on halo mass and redshift (Dekel et al. 2009).
Moreover, other models simulate gas outflow processes which are
dependent on galaxy mass and surrounding environment (Davé et al.
2011). Therefore, it is natural that cluster galaxies follow different
tracks of chemical evolution from the field ones in their vigorous
formation phase.

Fig. 8 represents the offset of gaseous metallicities of the cluster
galaxies from those of field counterparts. Here, we collect z ∼ 2
samples from Kulas et al. (2013) and Valentino et al. (2014) in-
clude them in this work, and local samples from Ellison et al.
(2009) (SDSS galaxies in dense region above " > 1 Mpc−2) and
Hughes et al. (2013) (Virgo cluster). We clearly see a metallicity

Figure 8. The offset of the averaged gaseous metallicities 12+log(O/H)
of protocluster/cluster galaxies from those in general fields in the literature
plotted against stellar mass. The red diamonds, squares, and a star indicate SF
galaxies at z ∼ 2 in dense regions reported by this work, Kulas et al. (2013),
and Valentino et al. (2014), respectively. The grey crosses and triangles
show local SF galaxies in dense regions above " > 1 Mpc−2 based on
SDSS sample (Ellison et al. 2009) and in Virgo cluster (Hughes et al.
2013), respectively. The dotted and dashed lines are the fitted lines where
#log(O/H) is set to be zero at log(M⋆/M⊙) = 11.16 for both local and the
z ∼ 2 samples except for the Valentino et al. (2014) data.
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Figure 2. Streams in three dimensions. The map shows radial flux for the galaxy of Fig. 1 in a

box of side length 320 kpc. The colours refer to inflow rate per solid angle of point-like tracers at

the centers of cubic-grid cells. The dotted circle marks the halo virial radius. The appearance of

three fairly radial streams seems to be generic in massive haloes at high redshift — a feature of

the cosmic web that deserves an explanation. Two of the streams show gas clumps of mass on the

order of one-tenth of the central galaxy, but most of the stream mass is smoother (SI, Fig. 10).

The >
∼1010M⊙ clumps, which involve about one-third of the incoming mass, are also gas rich —

in the current simulation only 30% of their baryons turn into starts before they merge with the

central galaxy.

simulation in a comoving box of side length 71 Mpc and a resolution of 1.4 kpc at the
galaxy centers (SI §3). The gas maps in Figs. 1 & 2 demonstrate how the shock-heated,
high-entropy, low-flux medium that fills most of the halo is penetrated by three narrow,
high-flux streams of low-entropy gas (SI, Figs. 7-10). The flux map demonstrates that more
than 90% of the inflow is channeled through the streams (blue), at a rate that remains
roughly the same at all radii. This rate is several times higher than the spherical average
outside the virial sphere, ṁvir≃8 M⊙ yr−1rad−2 by eq. (4). The opening angle of a typical
stream at Rv is 20◦−30◦, so the streams cover a total angular area of ∼0.4 rad2, namely a
few percent of the sphere. When viewed from a given direction, the column density of cold
gas below 105K is above 1020cm−2 for 25% of the area within the virial radius. While the
pictures show the inner disk, the disk width is not resolved, so the associated phenomena
such as shocks, star formation and feedback are treated in an approximate way only.

The penetration is evaluated from the profiles of gas inflow rate, Ṁ(r), through shells

Dekel et al. 2009

Galaxy formation by cold streams 13

Figure 5. Analytic prediction for the regimes dominated by cold flows and shock-heated
medium in the plane of halo mass and redshift, based on Fig. 7 of DB06. The nearly
horizontal curve marks the robust threshold mass for a stable shock based on spherical
infall analysis, Mshock(z). Below this curve the flows are predicted to be predominantly
cold and above it a shock-heated medium is expected to extend out to the halo virial
radius. The inclined solid curve is the conjectured upper limit for cold streams, valid at
redshifts higher than zcrit ∼ 2. The hot medium in haloes of Mv > Mshock at z > zcrit is
predicted to host penetrating cold streams, while haloes of a similar mass at z < zcrit are
expected to be all hot, shutting off most of the gas supply to the inner galaxy. Also shown
is the characteristic Press-Schechter halo mass M∗(z); it is much smaller than Mshock at
z>2.

expected to develop along narrow, cold, radial streams that penetrate through the halo,
because the cooling there is more efficient than in the surrounding halo.

The appearance of intense streams at high z, as opposed to their absence at low z, is
likely to reflect the interplay between the shock-heating scale and the independent charac-
teristic scale of nonlinear clustering, i.e., the Press-Schechter36 mass M∗ that corresponds
to the typical dark-matter haloes forming at a given epoch. The key difference between the
two epochs is that the rapid growth of M∗ with time, as seen in Fig. 5, makes Mshock≫M∗

at z>2 while Mshock∼M∗ at lower redshifts.

Cosmological N -body simulations9,37 reveal that while the rare dark-matter haloes of
Mv ≫M∗ tend to form at the nodes of intersection of a few filaments of the cosmic web,
the typical haloes of Mv∼M∗ tend to reside inside such filaments. Since the filament width
is comparable to the typical halo size R∗∝M1/3

∗ and seems not to vary much with position
along the filament, one expects the rare haloes to be fed by a few streams that are narrow

Line ratio of [OII]λλ3727,3730 doublet taken 
by R=4400 resolution of PFS (NIR) gives us 
with electron density (ne) of star-forming 
galaxies at z=2. Electron density 
proportionally relates with total gas density 
and mean ISM pressure when we assume HII 
region is fully-ionized at the electron 
temperature of ~1E4 K which is typical value 
in galaxies (Dopita et al. 2006). 

Shimakawa et al. (2015b) for 
the first time have found the tight relation 
between SFR surface density and electron 
density. Direct connection between Hα depth 
of HII regions and mean electron density could 
show that high SF intensity arise from high 
ISM pressure (see also Liu et al. 2008; Shirazi 
et al. 2014). PFS will allow us to study that in 
detail based on extremely large dataset.
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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 NBQ13

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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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 NBQ13

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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PFS allows us to trace the rest 2600-3869Å of the 
galaxies at z=0.5-2.3. I do not know the accurate 
PFS sensitivity, but to detect UV continuum, >10h 
(ref: Yabe-san’s talk; additional ~10h in red may 
be needed) integration time would be favored. 


