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	Answers	(to	be	explained)		
Q1:	What	do	you	think	is	the	“KEY”	science/observa0ons	for	ULTIMATE	in	your	
research	field?		
	-->	Chemical	evolu0on	of	galaxies	probed	by	gas	temperature.		
							Origin(s)	of	Lyα	and	Ly-Con0nuum	photons	escapes.		
	
Q2:	Which	instrument	(WFC/MOS/IFU)	do	you	think	is	1st	priority	for	ULTIMATE?		
	-->	MOS	
	
Q3:	Do	you	have	good	science	cases	to	be	done	with	GLAO+MOIRCS	during	the	
period	of	~2020-2023?	
	-->	We	can	subs0tute	MOIRCS+AO	and	start	to	conduct	follow-up	observa0on	
							if	sensi0vity	and	spectral	resolu0on	are	comparable	to	those	of	MOSFIRE.	
	
Q4:	Which	survey	design	sounds	best	for	you	(see	survey_design.pdf)?		
	-->	(D)	ULTIMATE	MOS	spec.	survey	
	
Q7:	For	those	who	are	interested	in	spectrographs	(IFUs	or	MOS)	:	are	you	happy	
with	our	current	specifica0ons?		
	-->	Yes.	Improved	sensi0vity	by	GLAO,	medium	spectral	resolu0on	(R~3000),	and		
							high	mul0plicity	(~100)	would	be	nice.	



	MOS	Survey	Design	

ULTIMATE	PFS	

Target	 Redshih	 Ngal	

Mass-selected	
logMstar/Msun>10.5	

2.0	–	2.6	 15k	

LBGs	(w/	PFS)	 2.0	–	2.6	 4k	

LBGs	(w/	PFS)	 3.0	–	3.7	 2.5k	

LBGs	(w/	PFS)	 4.4	–	5.2	 0.5k	

LAEs	(w/	PFS)	 2.2,	3.3,	4.9	 3.2k	

K+H	spectroscopy	for	1.8x104	z=2--5	galaxies	over	3	deg2	in	200	nights	
	

					+	LAEs	and	LBGs	surveyed	by	HSC	and	iden0fied	by	PFS	
					+	Mass-selected	sample	to	probe	massive	galaxies	
	
						z=2.0-2.6	and	z=3.0-3.7	are	sweet spots	

Proposed	by	K.	Tadaki	



	Evolu0on	of	chemical	enrichment	in	galaxies		
z=0.1	Mass-Metallicity	relaNon	determined	by	53,000	SDSS	galaxies	
	
	+	star-forma0on	quenching,	or 	
    downsizing	
	+	gas	inflow,	ouqlow	
	+	star-forma0on	efficiency	
	+	gas	frac0on	
	+	…	etc.?	

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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Higher-z	MZR	is	needed		
to	constrain	Physics		
governing	galaxy	evolu0on	
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Higher-z	galaxies	are	observed to be 	
less	chemically	enriched	
	
	+	Ac0vely	star-forming	galaxies	
				are	more	dominant	at	high-z		
							-	Inflow	of	metal-poor	gas	?	
							-	Ouqlow	of	metal-rich	gas	?	
	+	More	efficient	star-forma0on?		
	+	…	etc.?	

For	defini0ve	conclusion,	we	need…		
1)  Larger	samples	
2)  Accurate	metallicity	es0mate	

1924 F. Mannucci et al.

Figure 5. Evolution of the mass–metallicity relation from z = 0.07 (Kewley & Ellison 2008) to z = 0.7 (Savaglio et al. 2005), z = 2.2 (Erb et al. 2006a)
and z = 3–4 (AMAZE+LSD). All data have been calibrated to the same metallicity scale and IMF (Chabrier 2003) in order to make all the different results
directly comparable. Turquoise empty dots show the AMAZE galaxies, blue solid dots the LSD galaxies. The solid square shows the ‘average’ LSD galaxy,
having average mass and composite spectrum (see Fig. 4). The lines show quadratic fits to the data, as described in the text.

individual galaxies, as discussed in Maiolino et al. (2008), but this
is the evolution of the average metallicity of the galaxies contribut-
ing to a significant fraction of the SF activity at their redshifts. The
observed evolution implies that galaxies with relatively high stellar
masses [log (M/M⊙) = 9–11] and low metallicity are already in
place at z > 3, and this can be used to put strong constraints on the
processes dominating galaxy formation.

While stellar mass, based on integrated photometry, is repre-
sentative of the full galaxy, metallicity is possibly dominated by
the central, brightest regions. The presence of metallicity gradients
could have some influence on the observed mass–metallicity re-
lation. These aperture effects are present at any redshift: even at
z ∼ 0, galaxy spectra from Sloan Digital Sky Survey (SDSS) refer
to the central few arcsec of the galaxies. In most models, the central
brightest part of the galaxies are also the most metal rich, therefore,
the use of total metallicities for our LSD galaxies is expected to
produce an even larger evolution.

The effect of ‘downsizing’ (Cowie et al. 1996) on chemical en-
richment is expected to produce differential evolution related to
stellar mass. Stronger evolution for low-mass galaxies is observed
from z = 0 to 2.2 (see Fig. 5). The observed spread of the distribution
and the uncertainties on the single points still make it impossible to
see if such an effect is already in place between z = 2.2 and 3–4.
Constraints on this effect can be derived when the full AMAZE data
sample will be presented.

Using the same representation as in Maiolino et al. (2008), we fit
the evolution of the mass–metallicity relation with a second-order

polynomial:

Z = A[log(M∗) − log(M0)]2 + K0,

where A = −0.0864 and M0 and K0 are the free parameters
of the fit. By using the LSD and AMAZE galaxies, we derive
log (M0) = 12.28 and K0 = 8.69. The values of M0 and K0 for the
samples at lower redshifts can be found in Maiolino et al. (2008),
and can be converted to the present system by subtracting log(1.7)
to M0.

Several published models of galaxy formation (e.g. de Rossi,
Tissera & Scannapieco 2007; Kobayashi, Springel & White 2007)
cannot account for such a strong evolution. The physical reason
for this can be due to some inappropriate assumption, for example
about feedback processes or merging history. When taken at face
value, some other models (e.g. Brooks et al. 2007; Tornatore et al.
2007) provide a better match with the observations, but a mean-
ingful comparison can only be obtained by taking into account all
the selection effects and observational biases, and by comparing
not only stellar mass and metallicity but also all the other relevant
parameters, such as dynamical mass, angular momentum, gas frac-
tion, SFR, morphology and size (see, for example, Calura et al.
2009).

In fact, it is important to emphasize that the galaxy samples used
for Fig. 5 change with redshift. In the Tremonti et al. (2004) work,
the local SDSS galaxies under study constitute an almost complete
census of the local star-forming galaxies, and the derived mass–
metallicity relation shows the average properties of the sample. At

C⃝ 2009 The Authors. Journal compilation C⃝ 2009 RAS, MNRAS 398, 1915–1931
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Different	SFE	evolu0on	

	Evolu0on	of	chemical	enrichment	in	galaxies		



Accurate	metallicity	is	provided	by	gas	temperature	
	
	+	[OIII]4363/[OIII]5007	
	+	OIII]1661,1665/[OIII]5007	
	
à Limited	by	the	faintness.	
					Only	~10	galaxies	are	reported		
					at	z>2	(e.g.	Kojima+16)	
	

à Obtainable	w/	PFS+ULTIMATE	
					from	several	x100	z>2	galaxies		
								(cf.	Kakazu+07)	
	

					up	to	Z<~0.5Zsun	
	

	Metallicity	es0mate	based	on	gas	temperature		

OIII]1661,1666	

[OIII]4363	

~0.5Zsun	

Lower-Z	

Higher-Z	



Metallicity	indicators	of	strong-line	raNos	need	to	be	checked	and		
re-calibrated	at	high-z	
	
	+	(Low-Z)	Temperature	method	
	+	(high-Z)	Photoioniza0on	model	
	
à Complementary	Z	es0mators		
					for	galaxies	w/o	Te	measurement	

à Also	enable	us	to	examine…	
	-	Evolu0on	of	ioniza0on	state	
	-	Change	of	ionizing	radia0on	field		

	Improved	metallicity	diagnos0cs	

z=0,	1,	2,	3	



	Dust	ex0nc0on	correc0on	
Direct Metallicity Measurements at z = 0.8 5
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Fig. 4.— Strong emission line ratios at z ' 0.8 compared to local
galaxies. Grey shading shows the population of SDSS galaxies which
are classified as star forming according to Kau↵mann et al. (2003).
The increased scatter and general trend at [O iii]/H� . 1 may be due
in part to a mix of star formation and AGN excitation in these galax-
ies; the ionizing source is increasingly ambiguous at lower [O iii]/H�.
Our z ' 0.8 sample is consistent with the local star-forming locus, ly-
ing exclusively at relatively high ratios of [O iii]/H� and [Ne iii]/[O ii].
The Te subsample has even higher line ratios on average but likewise
shows no o↵set from the locus of galaxies at z ' 0, nor from the
broader population at z ' 0.8. Broad-line AGN in the parent z ' 0.8
sample lie near the locus of star formation with a considerably larger
scatter.

(1982) to calculate slit loss as a function of wavelength for
the median seeing, airmass, and slit position angle of the
DEIMOS observations. The expected e↵ect is that the total
extinction is underestimated by '0.01 dex, with [O ii] and
[Ne iii] emission line fluxes underestimated by only . 0.01
dex compared to the other emission lines used in this work.
In summary, systematic errors in the de-reddened line ra-
tios are expected to be .0.02 dex. Despite this small un-
certainty we strive to use reddening-independent line ratios
(i.e., with close wavelength spacing such as in Figure 4)
wherever possible.

3.2. Electron temperature and density

Nebular electron temperatures and densities are derived us-
ing the IRAF nebular.temdens package. We first esti-
mate temperatures Te from the R[O iii] ratio assuming an
electron density ne= 100 cm�3, and then calculate ne from
the [O ii]��3727,3729 doublet ratio using the derived Te.
This process is iterated and results in no significant change
compared to uncertainty in the flux ratios. Importantly,
we find values of ne< 400 cm�3 and Te< 2 ⇥ 104 K in all
cases, as shown in Figure 7. In this regime Te is insensitive
to ne (<50 K variation). Density is weakly sensitive to Te
in this regime and we account for this in the uncertainty of
ne, although the e↵ect on derived abundances is minimal
(.0.01 dex). The Te values we derive di↵er by <300 K from
the analytic method used by Izotov et al. (2006), resulting
in <0.01 dex di↵erence in the derived oxygen abundance.
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Fig. 5.— Balmer emission line ratios and best-fit extinction A(V).
Multiple Balmer lines generally give consistent results. The solid col-
ored line shows expected Balmer decrements as a function of A(V)
for our adopted extinction curve with RV = 4.05. Di↵erent values
of RV result in an indistinguishable curve (given the measurement
uncertainties), with A(V) varying in proportion to RV in such a way
that the color excess E(B�V) = A(V)/RV is robust.
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Fig. 6.— Emission line flux ratios compared to various Cardelli
et al. (1989) extinction curves, demonstrating a degeneracy in RV.
All values are relative to a fiducial curve obtained by fitting the sam-
ple mean Balmer emission line ratios with RV = 4.05. Data points
show sample mean Balmer fluxes relative to H� (assuming intrin-
sic Balmer decrements from case B recombination: H�/H� = 0.47,
H�/H� = 0.26) and mean [Ne iii] relative to [O iii] (assuming intrin-
sic [Ne iii]/[O iii] = 0.077, the mean de-reddened value from the local
comparison sample). We additionally fit the Balmer line ratios us-
ing extinction curves with various RV (dashed lines). We note that
RV = 3.1 and 4.05 are typically assumed for the Milky Way (Cardelli
et al. 1989) and for starburst galaxies (e.g., Calzetti et al. 2000), re-
spectively. The data are in excellent agreement and cannot constrain
RV due to the short wavelength range probed, although di↵erent RV
curves diverge rapidly at longer and shorter wavelengths. Future mea-
surements of H↵ or other features beyond the present wavelength
range could therefore be used to determine RV.

Balmer	line	raNos	provide	amounts	of	dust	reddening	of	ionized	gas					
	

	+	Hα/Hβ	
	+	Hγ/Hβ	
	+	Hδ/Hβ	
		
	
	
	
	
	
		-	Stellar	absorp0on	underneath	Balmer	lines		
				can	be	directly	evaluated	in	composite	spectra		
	

		-	For	galaxies	w/o	Balmer	decrement	measurements,	
				stellar	reddening	might	be	useful	for	nebular		
				reddening	es0mate,	but	the		
				E(B-V)nebular	vs.	E(B-V)stellar	rela0on	needs	to	be		
				re-established	(e.g.	Reddy+15)	

Jones+15	

Absolute	SFR		
Accurate	line	ra0os	(PFS+ULTIMATE)	

Reddy+15	



Reliable	metallicity	will	be	provided	at	z>2	as	funcNons	of	…			
	
	+	Stellar-mass	
	+	SFR	
	+	Environment	
	+	Ioniza0on	state	
	+	Gas	frac0on	
	+	Etc.	

	ISM	proper0es	probed	with	ULTIMATE	

2894 P. Dayal, A. Ferrara and J. S. Dunlop

Figure 3. Oxygen abundance versus the H I gas fraction fH I = MH I(MH I +
M∗)−1: the empty (solid) points show the values inferred for H I-deficient
(normal) galaxies by Hughes et al. (2012) using a volume-limited sample of
260 nearby late-type galaxies. The solid lines show the theoretical results
for different stellar masses, in the range M∗ = 109.1 + 0.15j M⊙, with j = 0,
. . . , 15, from the bottom to the top curves.

For an M∗ range spanning about two orders of magnitude, for
a given M∗, fH I decreases with increasing X. Alternatively this
implies that for a given stellar mass, galaxies that have assembled a
larger stellar mass are also more metal enriched. However, the slope
of the fH I−X relation steepens with increasing M∗ values as shown
in Fig. 3: galaxies with low M∗ values are slowly building up both
their stellar mass and metal content, and the gas fraction decreases
as gas is both consumed in star formation and lost in outflows. On
the other hand, more massive galaxies that start with larger gas
reservoirs consume gas in an initial burst after which ψ decreases
and X flattens as a result on the balance between metal production
from star formation and the dilution due to infalling IGM gas.

Finally, although it is a success of the model that it is able to
explain the X−fH I relation for the bulk of the galaxies observed by
Hughes et al. (2012) without needing to invoke any free parameters,
there are a few outliers with X and fH I values lower than those
predicted by our model. The reasons for this discrepancy are now
discussed: we have used a fiducial value of MH I = 0.3Mg , inferred
for the Milky Way. In reality, however, this ratio depends on a
number of complex, interlinked and poorly understood processes
including star formation, the temperature, density and ionization
distribution in the ISM and the effects of turbulence. Further, the
‘H I-deficient’ galaxies observed by Hughes et al. (2012) have, by
definition, a lower H I content than expected for a galaxy of their
size and type.

4 C O N C L U S I O N S A N D D I S C U S S I O N

We have presented a very simple model that provides a straight-
forward explanation of the 3D FMR relating the stellar mass (M∗),
SFR (ψ) and gas metallicity (X) observed by Mannucci et al. (2010)
in the local Universe. Starting from a galaxy that has already assem-
bled its gas mass after a transient gas-accretion phase, assuming the

metallicity of the infalling IGM gas to be much lower than that of
the ISM gas, and assuming both the inflow and outflow rates to be
proportional to the ψ , we calibrate the only two model free param-
eters (the inflow and outflow rates) to the local FMR data. Using
this model, we show that both inflows and outflows are required to
explain the observations, although their importance is mass depen-
dent: since we assume the inflow rate to be proportional to ψ (and
hence M∗), galaxies with the largest M∗ accrete the largest amount
of metal-poor IGM gas, which is balanced by the larger amount
of metals produced due to star formation; this, coupled with the
negligible outflow rates due to their large potential wells, makes the
X–ψ relation essentially constant for galaxies with M∗ ≥ 1011 M⊙.
On the other hand, due to their smaller values of ψ , less massive
galaxies produce less metals. However, as a result of their smaller
potential wells, outflows lead to a loss of metal-rich ISM gas so that
at a given M∗, galaxies with the largest ψ are the most metal poor;
alternatively, for a given ψ , smaller galaxies are more metal poor
than massive ones. Without needing to invoke any free parameters,
this relation also provides an elegant explanation for the 3D relation
linking M∗, X and the gas content (fH I) of nearby galaxies observed
by Hughes et al. (2012): for a given M∗, galaxies that have converted
a larger fraction of their gas mass into stars (i.e. have a lower fH I

value) are expected to be more metal enriched.
The strength of the simple model presented here lies in the fact

that it reproduces both the locally observed FMR and X−M∗−fH I

relations extremely well, essentially through the single, redshift-
independent equation (4). Time (or z) only specifies when in the
course of its evolution a galaxy reaches a given (X, ψ) point in the
plane. Further, in our model, the X−M∗−ψ or X−M∗−fH I rela-
tions are shaped by the evolutionary processes taking place within
the galaxy. This scenario has recently been lent strong support by
the observations of Hughes et al. (2012) who find that the X−M∗
relation is purely shaped by the internal evolution of a galaxy, with
environmental effects playing only a minor role.

Finally, we comment on how our model compares to a few other
existing works. In their work that presents the data, Mannucci et al.
(2010) have briefly discussed two possible scenarios that could
lead to the FMR: (a) galaxies on the FMR are in a transient phase
of high star formation and low metallicity following a period of
infall of metal-poor IGM gas into the galaxy, or (b) galaxies are
in a quasi-steady state where infall, star formation and gas/metal
ejection occur simultaneously and outflows regulate the FMR; in
this case, outflows are inversely proportional to the mass of the
galaxy and increase with the SFR. As explained, our model, where
the FMR arises due to an interplay between star formation, the
infall of metal-poor IGM gas and the ejection of metal-rich ISM
gas embody the spirit of both of the above-mentioned scenarios.

We also compare our model to that presented by Davé, Finlator
& Oppenheimer (2012, D12). First, D12 make the ansatz that the
galaxy system is in a steady state, i.e. the infall rate exactly balances
the gas lost in outflows and star formation; galaxies that are driven
off such equilibrium due to stochastic inflows tend to be driven back
towards the steady state. This is equivalent to setting dMg/dt = 0 in
equation (2) above, or a = (1 − R) + w. A posteriori, the values for
the infall and outflow rates we find by fitting the z = 0 FMR data are
such that a < (1 − R) + w, due to the large outflow rates deduced;
it is important to note that in our model, both the inflow and outflow
rates are related to the SFR and hence the gas mass at any given
time. Further, in D12, dX/dt = 0 is imposed on the metallicity
(equation 3), yielding X = y(1 − R)a−1. By inspecting equation
(4), we see that this expression approximates the relation for large
galaxies with µ ≪ 1, but fails to catch the metallicity decrease
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metallicity of galaxies at high redshifts because of the limited number of major emission lines used. The
size of the existing samples is another cause. The spectroscopic samples of high-z galaxies are still more
than 2 orders of magnitude smaller than the local ones (§ 4.1). Therefore, the SDSS-like spectroscopic
sample of galaxies at z =2.0–2.6, which is achieved by ULTIMATE-Subaru, is sure to revolutionize our
understanding of galaxy evolution at cosmic noon, as the SDSS has done in the local Universe.

Hα emission is sensitive to star formation in short time-scale of < 10 Myr. When an initial mass
function is assumed, the correction for dust extinction is the largest factor causing the uncertainty in
the estimation of SFR. The amount of dust extinction can be estimated by Balmer decrement (the flux
ratio of Hα to Hβ). The sensitivity currently considered (§ 4.1) enables us to detect relatively faint Hβ
(less than ∼0.35 of Hα flux) for most galaxies targeted. To derive the Hα/Hβ ratio accurately, we have
to take account of the absorption of stellar continuum underneath the Balmer lines and dust extinction
curve (e.g., Reddy et al., 2015). It may be difficult to detect the stellar continuum in individual spectra
even for bright galaxies. However, the large sample obtained by the ULTIMATE-Subaru survey allows
us to divide the sample based on stellar mass, SFR, or environment, and then do stacking analysis to
detect the average stellar continuum. Thus, with the most reliable measurement of SFR, we investigate
the main sequence of galaxies and the dependence of the main sequence on environment at z ∼ 2.

The diagnostics with the ratios of major emission lines are used to estimate gas-phase metallic-
ity; R23=([OII]+[OIII])/Hβ, O3N2=([OIII]/Hβ)/([NII]/Hα), and N2=[NII]/Hα (e.g., Kewley & Dopita,
2002; Pettini & Pagel, 2004). Most of the current studies cannot help relying on the stacking analysis
to derive the mass-metallicity relation at z ∼ 2 due to difficulty in the detection of faint emission lines
(Fig. 11). Thus, it is important to detect the multiple major emission lines for individual galaxies inves-
tigated. This is crucial to obtain a consensus of mass-metallicity relation and discuss whether there is a
fundamental metallicity relation at z ∼ 2. We investigate what kind of processes causes the dispersion
about the correlations and discuss key processes that play a critical role on galaxy evolution, which can-
not be achieved without the large, deep spectroscopic sample by ULTIMATE-Subaru. At present some
studies argue that there is an offset in metallicity at a given stellar mass, while other studies indicate
the mass-metallicity relation of cluster galaxies at z ∼ 2 consistent with field galaxies at similar redshifts
(Fig. 11 and e.g., Shimakawa et al., 2015; Tran et al., 2015). Revealing the environmental dependence
of the correlations is another topic that we should address. Finally, we would like to mention possible

Figure 11: (left) Fig. 6 of Tremonti et al. (2004) showing the mass-metallicity relation for ∼53,400 star-
forming galaxies in the local Universe. (middle) Fig. 9 of Tran et al. (2015) showing the mass-metallicity
relations with the stacked spectra for cluster (red and orange) and field (the other colors) galaxies at
z ∼ 1.6 and 2.3. Tran et al. (2015) argue that there is no offset between cluster and field galaxies.
(right) Fig. 6 of Shimakawa et al. (2015) showing the mass-metallicity relations with stacked spectra for
proto-cluster (red) and field galaxies (blue) at z ∼2–2.5. Shimakawa et al. (2015) argue that the cluster
galaxies have higher oxygen abundance than field galaxies at a given stellar mass.
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SFE	evolu0on?	

Environmental		
dependence?	

Gas	contents	
consistent	with	
inflow/ouBlow/SF?	
	

RedshiD	evolu0on?	

Conclusive	picture	of	evolu0on	of		
chemical	enrichment	in	galaxies	
	

-->	Physics	governing	galaxy	evolu0on	
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Fig. 4.— Left : Best-fit SED models (blue line) to the observed HST + Spitzer/IRAC + ground-based photometry (red points and error
bars) for the 4 especially bright (H160,AB < 25.5) z ≥ 7 galaxies selected using our IRAC-red selection criteria ([3.6]− [4.5] > 0.5). Also
included on the figure is the redshift estimate for the best-fit model SED provided by EAZY. Right : Redshift likelihood distributions P (z)
for the same 4 candidate z ≥ 7 galaxies, as derived by EAZY. The impact of the Spitzer/IRAC photometry on the redshift likelihood
distributions should be close.

Some	galaxies	at	EoR	could	have	ISM	properNes	very	differently	
	

	+	Extremely	strong	[OIII]+Hβ	(EW~1500A)	
						-	Hardness	of	ionizing	radia0on	field?		
						-	Ioniza0on	parameter?	
						-	Column	density	of	HI	gas?	
	

JWST/NIRSpec	will	provide	direct	iden7fica7on	

	ISM	proper0es	at	Epoch	of	Reioniza0on	

Roberts-Borsani+16	

ULTIMATE	will	enable	us	to	fully	examine	the	nature		
by	observing	lower-z(=2--4)	counterparts	
	+	High-z	Green	pea	galaxies	(van	der	Wel+11,	Kakazu+07,	searched	by	WFC?)	

	+	Galaxies	showing	highest	[OIII]/[OII]	(Nakajima&Ouchi+14,	Izotov+16)	

	+	LyC	leaking	galaxies	(Iwata+09,	Micheva+15,	searched	by	CHORUS)	

4 Micheva et al.

Figure 1. LAE LyC candidates. The green cross marks the lo-
cation of the R band detection. The filter order is always R,
NB497�BV (continuum-subtracted Ly↵), NB359 (LyC). The
2 and 3� contours trace the LyC detection in the NB359 band,
and are overplotted in all other bands. The intensity scales of the
display have been normalized to a common constant per filter so
that direct comparison between di↵erent LAE objects is possible.
The scale bar is 200in all images. The color map is inverted.

which was designed to sample the ionizing part of the spec-
trum of a normal star-forming galaxy at redshift z & 3.06,
with very little contamination (< 1%) from the non-ionizing
part of the spectrum. To qualify as a LyC candidate a source
had to be detected at > 3� significance with 1.200 diameter
aperture and it had to be within a radius r = 1.400 (⇠ 10 kpc
at z ⇠ 3.1) from the position of the object in R-band. This
resulted in an initial sample of 34 LyC candidates, listed in
Tables 1 and 2. Four candidates showed AGN broad emission
line spectral signatures. From the remaining 30 LyC candi-
dates 9 are LBGs, 21 are LAE. Basic information about the
LyC candidates and confirmed contaminants is summarized
in Tables 1 and 2, and Suprime-Cam images are presented
in Fig. 1 and 2.

Considering the remaining LyC candidates our strat-
egy was as follows. The source positions on the frames were
measured from SourceExtractor detections in the R band.
For some targets the position of the LyC emission was o↵set
from the reference R band position or from the position of

the Ly↵ emission. Similar o↵sets have been found in pre-
vious studies (e.g., Iwata et al. 2009; Mostardi et al. 2013;
Nestor et al. 2011, 2013). Initially we considered all detec-
tions in the NB359 filter within a r = 1.400 aperture centered
at the rest-frame UV to be LyC candidates. For some cases
our followup spectroscopy with VIMOS (2008, Inoue et al.
2011; Kousai 2011, Hayashino et al. in prep.), LRIS (2010)
and FOCAS (2008 and 2010, Iwata et al. in prep.) at the po-
sition of the NB359 detection allowed us to determine that
the o↵set object is at the same redshift, and we consequently
considered the entire structure to be a LyC candidate. For
LyC LAE, o↵sets > 100, equal to our resolution, between the
LyC and Ly↵ positions were considered large. In some cases
NB359 and R positions are well aligned (see LAE04, LAE07,
LAE12, LAE13 in Fig. 1), suggesting R-band detection may
be a foreground source and not associated with Ly↵ emis-
sion. They were assigned a higher probability of being a
foreground contaminant and marked as such in our catalog.
For the LyC LBGs, we measured o↵sets between LyC and
the UV continuum in the R band instead. The reason we
considered o↵set LyC-emitting objects to possibly be a part
of the main object is because strongly star-forming galaxies
are likely to have disturbed morphology with clumpy sub-
structures spread throughout the galaxy. Additionally, there
are arguments in the literature that dust and gas geometry
plays a significant role in creating escape tunnels for both
Ly↵ and LyC (e.g., Rauch et al. 2011). Consequently the
LyC leakage would not be expected to be isotropic and may
only be detectable from an individual star-forming region in
the galaxy. In what follows we will briefly justify our deci-
sion for each object. A detailed analysis of all spectral data
is presented in Iwata et al (in preparation).

Five of the remaining 30 candidates are confirmed fore-
ground contaminants both in the literature (Nestor et al.
2013; Siana et al. 2015) and from our own spectral data.
These objects, listed in Table 2, are included in the estima-
tion of the statistical contamination rates in Section 5, but
are otherwise omitted from all analysis of the LyC candi-
dates.

In addition to these spectroscopically confirmed fore-
ground contaminants, we have considered which objects
could have possible contaminants by utilizing both the avail-
able spectra and the imaging data, including HST if avail-
able. This morphological analysis led us to flag LAE01,
LAE04, LAE07, LAE11, LAE12, LAE13, and LAE18 as pos-
sible contaminants because they have large o↵sets ranging
from 1.000 to 1.300 between the LyC and Ly↵ positions. Fur-
ther, for the candidates LAE02, LAE03 and LAE05 in ad-
dition to strong Ly↵ we detect an extra emission line in the
spectrum which we were not able to identify. Curiously, for
both LAE03 and LAE05 the contaminant would have to be
perfectly aligned (within the PSF) to the background galaxy
since there is no measurable spatial o↵set in the 2D spectra.
For LAE05 the extra emission line is marginally detected
and very close to a sky line. Nevertheless, unidentified emis-
sion lines in the spectrum could mean contamination, and
we flag these three candidates as possible, but not confirmed,
foreground contaminants throughout our analysis. LAE09 is
reported as a possible LyC emitting galaxy in Nestor et al.
(2013) (their LAE038), but our FOCAS spectrum at the po-
sition of NB359 does not show Ly↵ emission. We flag this
object as a possible contaminant. For LAE08 the Suprime-
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strengths, durations, and frequency of bursts. The increased
frequency of interactions with other galaxies and higher gas
fractions at z > 1 may have resulted in strong, short-lived
starbursts. In this paper, we place the first constraints on the
open question of how many and how frequently strong, short-
lived starbursts occur in dwarf galaxies at z > 1, and how
relevant this mode of star formation is for the buildup of the
dwarf galaxy population in a cosmological context.

2. DATA

2.1. Multi-wavelength Imaging

We select objects from multi-wavelength photometry of two
fields with HST/WFC3 and Advanced Camera for Surveys
(ACS) coverage: the Ultra Deep Survey (UDS) field and the
GOODS-South Deep (GSD) field at four-epoch depth.20 For the
UDS we use WFC3 imaging in F125W (J) and F160W (H), and
ACS imaging in F814W (I) from CANDELS. For the GSD we
use the J- and H-band imaging from CANDELS, supplemented
by WFC3 imaging from the Early Release Science (ERS)
program (Windhorst et al. 2011) and I-band imaging from
GOODS (Giavalisco et al. 2004). The total area with I-, J-,
and H-band coverage used here is 279 arcmin2.

Sources are detected in the H band with SExtractor (Bertin &
Arnouts 1996) and photometry is performed with the template
fitting package TFIT (Laidler et al. 2007), which uses additional
imaging data sets, ranging from U to 4.5 µm to produce
resolution-matched, multi-wavelength catalogs. The catalog
construction is described in full by Q. Guo et al. (2011, in
preparation). In addition, we use a version of GALAPAGOS
(Häussler et al. 2007) adapted for CANDELS WFC3 imaging
to measure structural parameters (A. van der Wel et al. 2011, in
preparation).

2.2. Color–Color Selection

We select objects that are red in I − J and blue in J − H
(see Figure 1), tracing luminous emission lines that contribute
significantly to the total J-band light. No known continuum
emission can produce such broadband colors. The highlighted
objects in Figure 1 have I − J > 0.44 + σ (I − J ) and J − H <
−0.44−σ (J − H ), where σ refers to the color uncertainty; that
is, we select those objects that are significantly more than 50%
brighter in J than in both I and H. We identify 69 such objects,
that is, there is 1 per ∼4 arcmin2. They range in magnitude
from HAB = 24 to HAB = 27, with a median of H = 25.8
(see Table 1). We note that there is no gap in color–color space
between the emission-line galaxy candidates that we select and
the general distribution; the selected objects are merely the most
extreme outliers.

In Figure 2, we show false-color composites of all 69 candi-
dates. These sources are typically compact, but not unresolved;
their J- and H-band half-light radii from GALFIT are typically
0.′′1. A subset (∼20%) is more extended or consists of multiple
components. We show the U through 4.5 µm spectral energy
distributions (SEDs) of a subset of the emission-line candidates
in Figure 3. The SEDs are seen to be almost entirely flat in Fν , or
in terms of ultraviolet spectral slope they have β ∼ −2, where
β is defined as Fλ = λβ . The J band is a notable outlier from
this SED shape for all these objects.

20 GOODS is the Great Observatories Origins Deep Survey. CANDELS
provides deep images over the central parts of GOODS-North and
GOODS-South, and wider, less deep imaging over the remainder of those
fields and over the other CANDELS fields, including UDS. See the
CANDELS website, http://candels.ucolick.org/, for details of the field layouts.

Figure 1. Observed I − J vs. J − H colors (in AB magnitudes) from HST/WFC3
and ACS imaging for all objects in the UDS and GSD (small black points) and
the sample of emission-line-dominated objects (large red points with error bars),
selected by I − J > 0.44 + σ (I − J ) and J − H < −0.44 − σ (J − H ), where
σ (I − J ) and σ (J −H ) are the 1σ uncertainties on the colors. The blue line
represents the redshifted (z = 1.7) continuum colors of the Starburst99 model
(Leitherer et al. 1999) for continuous star formation, in the age range from
1 Myr to 100 Myr. The red line represents the same model, but with the J-band
flux density increased by the emission-line luminosity predicted by the model
(Starburst99 predicts Hα luminosity—[O iii] emission, which falls in the J band
at z = 1.7, is assumed to have the same equivalent width). The black arrow
indicates dust attenuation.

3. EXTREMELY BRIGHT EMISSION LINES

3.1. Photometric Constraints

No known objects have continuum SEDs that resemble those
shown in Figure 3; in particular, the extraordinarily blue J−H
colors are difficult to explain by any radiative process. Our
hypothesis is that the J-band excess is due to one or more
emission lines. The implied equivalent widths (EWs) in the
observed frame are extraordinarily high: EW ∼ 1500–3000 Å.

Among the emission lines that can reach such extreme EWs,
Lyα and [O ii] are immediately ruled out because the implied
high redshift would produce a strong break in the SEDs; the lack
of such a break implies z < 2 for these objects. WFC3/UVIS
observations (Windhorst et al. 2011) provide UV photometry
over the ERS area. The average color of those candidates in the
ERS area is F275W −U = 1.44, which suggests that the Lyman
break is situated at around 3000 Å in the observed frame, which,
in combination with the very blue continuum slopes redward of
the U band, implies z > 1.5. Only one candidate with UVIS
coverage has a F275W − U color consistent with that of a
galaxy at z < 1.5. The implication is that strong [O iii] emission
at 4959 Å and 5007 Å provides the most plausible explanation
for the J-band excess light.

If [O iii] is responsible for the J-band excess the redshift
upper limit is z = 1.8. Furthermore, because we select objects
with blue J−H colors, the H cannot contain the bright Hα line,
which implies z > 1.6. Thus, solely based on their photometric
properties, we suggest that our candidates are strong [O iii]
emitters in the redshift range 1.6 < z < 1.8.
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Table 2. Apparent magnitudes

Name SDSSa GALEX WISE
u g r i z FUV NUV W1 W2 W3 W4

u(ap) g(ap) r(ap) i(ap) z(ap)

J1152+3400 20.43 20.28 19.74 20.63 19.79 20.66 20.38 17.00 15.96 12.65 ...
20.72 20.60 20.06 20.86 20.01

J1333+6246 20.91 20.76 20.10 20.97 20.27 20.72 20.97 18.14 ... 13.28 ...
21.24 21.10 20.48 21.33 20.59

J1442�0209 20.40 20.30 19.48 20.73 19.77 20.16 20.30 17.14 15.83 11.64 8.29
20.76 20.61 19.83 21.03 20.01

J1503+3644 21.00 20.79 20.37 21.11 20.45 21.01 20.76 16.58 15.30 12.31 8.82
21.37 21.12 20.70 21.46 20.94

au, g, r, i, z are total modelled SDSS magnitudes. u(ap), g(ap), r(ap), i(ap), z(ap) are magnitudes within the 300 diameter spectroscopic
aperture for J1333+6246 and J1442�0209 and within the 200 diameter spectroscopic aperture for J1152+3400 and J1503+3644.

Figure 1. 2500⇥2500 SDSS composite images of the LyC leaking galaxies.

4.5 % are characterized by lower O
32

(green filled squares in
Fig. 3).

3 HST/COS OBSERVATIONS AND DATA
REDUCTION

The HST/COS (Green et al. 2012) observations were ob-
tained in the course of the program GO13744 (PI: T. X.
Thuan). The galaxies were first acquired using COS NUV
images with the MIRRORA setting. The galaxy region with
the highest number of counts was automatically centered
in the 2.005 diameter spectroscopic aperture (Fig. 4). Al-
though all galaxies show some structure with an extended
low-surface-brightness (LSB) component, they are very com-
pact and are localized in the central part of the spectroscopic
aperture, which is free of vignetting.

To obtain spectra we used two gratings, G140L and
G160M, applying four focal-plane o↵set positions in each ob-
servation to minimize fixed-pattern noise and to patch grid-
wire shadows and other detector blemishes (Table 3). The
low-resolution G140L grating, with the central wavelength
1280Å for J1152+3400 (same as for J0925+1403, Izotov et
al. 2016) and 1105Å for the remaining galaxies, was used
to obtain the spectrum, which includes the redshifted LyC
emission. The medium-resolution G160M grating with two
di↵erent central wavelengths was used to obtain spectra with
a spectral resolution su�cient to well resolve the redshifted
Ly↵ �1216 Å line and study its profile.

The data were reduced with custom software specifically
designed for faint HST/COS targets (Worseck et al. 2011;

Syphers et al. 2012). This gives more accurate spectra, im-
proving upon previous results on LyC leakage obtained with
the default CALCOS pipeline (Borthakur et al. 2014).

The detector dark current in spectra of the four galax-
ies, which dominates the COS background, was subtracted
in the same way as for J0925+1403, as described in Izotov
et al. (2016).

One of us (G. Worseck) investigated the impact of back-
ground errors on the determination of the LyC flux. Monte
Carlo simulations were run, assuming that the background
is a Gaussian variate around the measured value and adopt-
ing an estimated uncertainty equal to one standard devia-
tion. In Table 4 we present the measured LyC fluxes with
separate statistical and systematic errors (first and second
numbers for upper and lower 1� errors, respectively) for all
four galaxies studied in this paper and for J0925+1403 (Izo-
tov et al. 2016). The total counts before background sub-
traction and the background counts with 1� uncertainty are
also listed in the Table. It is seen that the statistical error by
far dominates the systematic error. Due to the large number
of counts, the background error does not have a large e↵ect
on the result, i.e. the measurements are not background-
limited. For J1333+6246 the background-subtracted signal
is relatively small (⇠ 45 counts), therefore the background
uncertainty has a larger impact on the resulting LyC flux.
The probabilities that the measured counts are Poisson
background fluctuations (i.e. the LyC flux from the galaxy
is zero) are 3⇥10�6 for J1333+6246 and <1⇥10�6 for the
other galaxies.

The diagnostic plots of the dark current monitoring pro-
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4.4 Gas Kinematics and ISM Properties

Lyα line profiles and its velocity shift traces various physical properties of high-z galaxies due to the
resonant nature of Lyα photons (e.g. Verhamme et al., 2006; Duval et al., 2014). As a result of multiple
resonant scattering in H i gas clouds, the large-scale galactic outflows make the Lyα line peak redshifting
from the systemic redshift (zsys) of galaxies. In addition, the Lyα line profiles would depend on the
column density of neutral hydrogen (NHI) and the gas covering fraction (fc) (see Figure 13(a) and the
caption). These dependences indicate that analyses of the Lyα line profiles would provide useful hints on
gas kinematics and ISM structures and for understanding Lyα emitting mechanisms in high-z galaxies.

To dissect the Lyα line profiles, zsys needs to be determined by nebular emission lines (e.g., Hα, [O
iii], [O ii]) from galactic H ii regions. In the past few years, deep NIR spectroscopic observations have
detected nebular emission lines from ∼ 300 LBGs (e.g. Steidel et al., 2010) as well as ∼ 100 LAEs at
z = 2−3, and measured the Lyα velocity shift (∆vLyα) from zsys (e.g., Hashimoto et al., 2013; Shibuya et
al., 2014; Erb et al., 2014; Trainor et al., 2015). Hashimoto et al. (2013) find an anti-correlation between
Lyα EW and ∆vLyα in a compilation of LAE and LBG samples. Combined with the velocity offset of
interstellar (IS) absorption lines (∆vIS), detailed kinematic analyses suggest that NHI could be a key
quantity determining Lyα emissivity for z ∼ 2− 3 galaxies. However, the sample of galaxies with ∆vLyα

measurements has still been small beyond z ∼ 3 (e.g. Schenker et al., 2013, Figure 13(b)). A deep and
large-area NIR spectroscopic survey is required for constructing a larger sample at z ! 3.

Here we propose a statistical study on gas kinematics and ISM properties for galaxies at z ∼ 2 − 5
with ULTIMATE-Subaru. Our target galaxies are z ∼ 2 − 5 LBGs and LAEs selected in the Deep and
Ultra-Deep fields of the HSC SSP and future NB surveys (Table 7). These LBG and LAE samples cover
wide ranges of Lyα EW and UV magnitudes, allowing for a systematic study on the relation between
Lyα emissivity and physical properties. We make use of the rest-frame UV spectroscopic data obtained
by the PFS survey for the redshift determinations of Lyα emission and IS absorption lines. The deep
ULTIMATE-Subaru and PFS spectroscopy will measure ∆vLyα and/or ∆vIS for ∼ 3, 000 LBGs and
∼ 2, 000 LAEs even at z ! 3. The great synergy with HSC, PFS, and ULTIMATE-Subaru will overcome

Figure 13: (a) IS absorption and Lyα emission lines in velocity space (Erb et al., 2015). The top
and bottom panels present line profiles in the cases of gaseous outflows with high and low fc values,
respectively. In the case of outflows with a high fc (top panels), a Lyα emission line is redshifted from
zsys and blueshifted low ionization interstellar (LIS) absorption lines (e.g. Si ii) become deep on the UV
continuum. If a galaxy is surrounded by thin and/or patchy H i gas clouds (i.e. low NHI and/or low fc;
bottom panels), ∆vLyα decreases and Lyα flux emerges blueward of zsys. In this case, the LIS absorption
lines would be shallow compared to the high fc outflow. (b) Lyα velocity offsets as a function of redshift
(Schenker et al., 2013).
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Figure 10. Rest-frame Lyα EW as a function of ∆vLyα (right) and ∆vIS (left). The red and magenta squares indicates LAEs observed with Keck/LRIS and Magellan/
IMACS, respectively. The purple open symbols denote LAEs in the previous studies, (squares; McLinden et al. 2011), (triangles; Finkelstein et al. 2011; Chonis et al.
2013), (circles; Hashimoto et al. 2013), and (pentagons; Guaita et al. 2013). The black open circles with error bars represent the average EW in each ∆vLyα bin. The
large red circle in the left panel depicts the weighted mean of the four continuum-detected LAEs. The blue symbol denotes the average of 41 LBGs, with the error
bars corresponding to the 68th percentiles of the ∆vLyα and ∆vIS distributions (Steidel et al. 2010) and the EW distribution (Reddy et al. 2008).
(A color version of this figure is available in the online journal.)

Table 7
Properties of the NB-selected Galaxies with Detections of Lyα and Nebular Emission Lines in the Previous Studies

Object zsys EW(Lyα) ∆vLyα SFR E(B − V ) log M∗ Comments
(Å) (km s−1) (M⊙ yr−1) (M⊙)

(1) (2) (3) (4) (5) (6) (7) (8)

McLinden et al. (2011)

LAE27878 3.11879 118+34
−40 125 ± 17.3 32+9

−7 · · · 9.97+0.378
−0.395

a [O iii]λ5007

LAE40844 3.11170 78+8
−8 342 ± 18.3 113+120

−60 · · · 9.80+0.734
−0.363

a

Finkelstein et al. (2011) and Chonis et al. (2013)

HPS 194 2.28628 114 ± 13 303 ± 28 > 29.3b 0.09 ± 0.06 10.2+0.08
−0.14 HETDEX sample

HPS 256 2.49024 206 ± 65 177+52
−68 > 35.4b 0.10 ± 0.09 8.28+0

−0.02 Hβ, [O iii]λ4959, [O iii]λ5007, Hα

HPS 251 2.28490 140 ± 43 146+116
−156 > 9.9b 0.07 ± 0.08 9.04+0.73

−0.04

Hashimoto et al. (2013)

CDFS-3865 2.17210 64+29
−29 281+99

−25 190+13
−13

b 0.185+0.009
−0.009 9.50+0.028

−0.018 Subaru NB387 sample

CDFS-6482 2.20443 76+52
−52 156+52

−25 48+10
−9

b 0.185+0.026
−0.018 9.72+0.087

−0.071 [O iii]λ5007, Hα

COSMOS-13636 2.16125c 73+5
−5 99+16

−16
c 18+3

−3
b 0.273+0.018

−0.079 9.30+0.078
−0.330

COSMOS-30679 2.19776 87+7
−7 253+26

−26 45+5
−5

b 0.528+0.026
−0.026 10.3+0.124

−0.151

Guaita et al. (2013)

LAE27 3.0830 25.7 167.8 ± 105.3 · · · ! 0.1 9.95+0.13
−0.17 MUSYC sample

z3LAE2 3.1118 23.8 221.8 ± 90.0 · · · 0.32+0.06
−0.23 9.95+0.13

−0.17 Hβ, [O iii]λ4959, [O iii]λ5007

Notes. Columns: (1) Object ID. (2) Systemic redshift. (3) Lyα equivalent width. (4) Lyα velocity offset. (5) SFR. (6) Dust extinction. (7) Stellar mass. (8) Comments.
a Estimated in Rhoads et al. (2014).
b Based on Hα flux.
c The ∆vLyα of this object is calculated to be 197±102 km s−1 in our FMOS observation with higher spectral resolution than that of the Keck-II/NIRSPEC spectrosocpy
in Hashimoto et al. (2013) (see Table 2).
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Figure 10. Rest-frame Lyα EW as a function of ∆vLyα (right) and ∆vIS (left). The red and magenta squares indicates LAEs observed with Keck/LRIS and Magellan/
IMACS, respectively. The purple open symbols denote LAEs in the previous studies, (squares; McLinden et al. 2011), (triangles; Finkelstein et al. 2011; Chonis et al.
2013), (circles; Hashimoto et al. 2013), and (pentagons; Guaita et al. 2013). The black open circles with error bars represent the average EW in each ∆vLyα bin. The
large red circle in the left panel depicts the weighted mean of the four continuum-detected LAEs. The blue symbol denotes the average of 41 LBGs, with the error
bars corresponding to the 68th percentiles of the ∆vLyα and ∆vIS distributions (Steidel et al. 2010) and the EW distribution (Reddy et al. 2008).
(A color version of this figure is available in the online journal.)

Table 7
Properties of the NB-selected Galaxies with Detections of Lyα and Nebular Emission Lines in the Previous Studies

Object zsys EW(Lyα) ∆vLyα SFR E(B − V ) log M∗ Comments
(Å) (km s−1) (M⊙ yr−1) (M⊙)

(1) (2) (3) (4) (5) (6) (7) (8)

McLinden et al. (2011)

LAE27878 3.11879 118+34
−40 125 ± 17.3 32+9

−7 · · · 9.97+0.378
−0.395

a [O iii]λ5007

LAE40844 3.11170 78+8
−8 342 ± 18.3 113+120

−60 · · · 9.80+0.734
−0.363

a

Finkelstein et al. (2011) and Chonis et al. (2013)

HPS 194 2.28628 114 ± 13 303 ± 28 > 29.3b 0.09 ± 0.06 10.2+0.08
−0.14 HETDEX sample

HPS 256 2.49024 206 ± 65 177+52
−68 > 35.4b 0.10 ± 0.09 8.28+0

−0.02 Hβ, [O iii]λ4959, [O iii]λ5007, Hα

HPS 251 2.28490 140 ± 43 146+116
−156 > 9.9b 0.07 ± 0.08 9.04+0.73

−0.04

Hashimoto et al. (2013)

CDFS-3865 2.17210 64+29
−29 281+99

−25 190+13
−13

b 0.185+0.009
−0.009 9.50+0.028

−0.018 Subaru NB387 sample

CDFS-6482 2.20443 76+52
−52 156+52

−25 48+10
−9

b 0.185+0.026
−0.018 9.72+0.087

−0.071 [O iii]λ5007, Hα

COSMOS-13636 2.16125c 73+5
−5 99+16

−16
c 18+3

−3
b 0.273+0.018

−0.079 9.30+0.078
−0.330

COSMOS-30679 2.19776 87+7
−7 253+26

−26 45+5
−5

b 0.528+0.026
−0.026 10.3+0.124

−0.151

Guaita et al. (2013)

LAE27 3.0830 25.7 167.8 ± 105.3 · · · ! 0.1 9.95+0.13
−0.17 MUSYC sample

z3LAE2 3.1118 23.8 221.8 ± 90.0 · · · 0.32+0.06
−0.23 9.95+0.13

−0.17 Hβ, [O iii]λ4959, [O iii]λ5007

Notes. Columns: (1) Object ID. (2) Systemic redshift. (3) Lyα equivalent width. (4) Lyα velocity offset. (5) SFR. (6) Dust extinction. (7) Stellar mass. (8) Comments.
a Estimated in Rhoads et al. (2014).
b Based on Hα flux.
c The ∆vLyα of this object is calculated to be 197±102 km s−1 in our FMOS observation with higher spectral resolution than that of the Keck-II/NIRSPEC spectrosocpy
in Hashimoto et al. (2013) (see Table 2).
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Fig. 4.— Correlation of Lyα equivalent width with H i covering fraction as traced by low-ionization absorption lines. The dashed line shows a
linear fit to the data. Here WLyα includes only the emission component, and the two points at (1,1) are slightly offset for clarity. As discussed in
the text, these absorption line measurements correspond to a lower limit on fc and an upper limit on fesc. Since Lyα emission strength increases
with redshift (Stark et al. 2010, 2011), this result likely indicates lower covering fractions (which would permit higher escape fractions) at earlier
times.
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Interpret	high-z	JWST	observa0ons	&			
Understand	role	of	galaxies	at	EoR		
		in	supplying	ionizing	photons	

?	



	Answers	(summary)		
Q1:	What	do	you	think	is	the	“KEY”	science/observa0ons	for	ULTIMATE	in	your	
research	field?		
	-->	Chemical	evolu0on	of	galaxies	probed	by	gas	temperature.		
							Origin(s)	of	Lyα	and	Ly-Con0nuum	photons	escapes.		
	
Q2:	Which	instrument	(WFC/MOS/IFU)	do	you	think	is	1st	priority	for	ULTIMATE?		
	-->	MOS	
	
Q3:	Do	you	have	good	science	cases	to	be	done	with	GLAO+MOIRCS	during	the	
period	of	~2020-2023?	
	-->	We	can	subs0tute	MOIRCS+AO	and	start	to	conduct	follow-up	observa0on	
							if	sensi0vity	and	spectral	resolu0on	are	comparable	to	those	of	MOSFIRE.	
	
Q4:	Which	survey	design	sounds	best	for	you	(see	survey_design.pdf)?		
	-->	(D)	ULTIMATE	MOS	spec.	survey	
	
Q7:	For	those	who	are	interested	in	spectrographs	(IFUs	or	MOS)	:	are	you	happy	
with	our	current	specifica0ons?		
	-->	Yes.	Improved	sensi0vity	by	GLAO,	medium	spectral	resolu0on	(R~3000),	and		
							high	mul0plicity	(~100)	would	be	nice.	


