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本研究の目的 

•  Open questions :"
–  Lya LF の暗い側の傾き　？ 
–  z<3 LAE の UV/Lya EW の統計的性質 (e.g. UV LF & EW分布)？ 
–  LAE と LBG/AGN との関係？ 

•  大規模 & 幅広いLya光度範囲の z=2.2 LAE サンプルを用いて、
LAEの統計的性質を探る 

!
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Figure 7. Lyα LF of our z = 7.3 LAEs. The red filled circles represent
the Lyα LF derived with the data of the entire fields, i.e. both the SXDS
and COSMOS fields. The red open circles and squares denote our Lyα LFs
estimated with the data of the SXDS and COSMOS fields, respectively. In
the brightest luminosity bin, we also plot the upper error of the Lyα LF in
COSMOS field. The best-fit Schechter function for the Lyα LF of the entire
fields is shown with the red curve.

of the faint-end LF. Because the luminosity range of our
LF is not wide, the parameter of α in the Schechter func-
tion cannot be determined. We fix a power-law slope of
α = −1.5, which is a fiducial value used for low-z Lyα LFs
(e.g., Malhotra & Rhoads 2004; Kashikawa et al. 2006, 2011;
Ouchi et al. 2008, 2010). In the calculations for the χ2 val-
ues, we adopt an upper error as 1σ in the case that models
are beyond the data point of our LF. Similarly, a lower error
is adopted in the case that models are below the data point of
our LF. We obtain the best-fit Schechter parameters of φ∗ =
3.7+17.6

−3.3 × 10−4 Mpc3 and L∗
Lyα = 2.7+8.0

−1.2 × 1042 erg s−1

with the fixed α = −1.5, and present these best-fit values in
Table 4. The best-fit Schechter function is shown in Figure 7
with the red solid line.

3.4. Comparison with z # 7.3 Lyα LFs of Previous Studies
We compare our z = 7.3 Lyα LF with those obtained by

previous studies for LAEs at z = 7.0 − 7.7, assuming that
the Lyα LF does not significantly evolve at z = 7.3 ± 0.4.
In Figure 8, we plot the previous Subaru measurements of the
Lyα LF at z = 7.0 (Iye et al. 2006; Ota et al. 2008, 2010)
and 7.3 (Shibuya et al. 2012) that include spectroscopy re-
sults. These previous Subaru results are consistent with the
bright-end of our Lyα LF within the uncertainties, while these
previous Subaru studies typically reach L(Lyα) ∼ 1043 erg
s−1 that is significantly shallower than our ultra-deep survey.
Similarly, the black solid line of Figure 8 presents the upper
limits of the Lyα LF given by the VLT observations that iden-
tify no LAEs at z = 7.7 (Clément et al. 2012). These upper
limits of the Lyα LF are consistent with our results.
On the other hand, we find discrepancies between these

Subaru+VLT results including ours and the previous 4m-
telescope results of z = 7.7 LAEs that are reported by
Hibon et al. (2010), Tilvi et al. (2010), and Krug et al. (2012).
In Figure 8, the number densities of the Lyα LF of the 4m-
telescope results are about a factor of several or an order of
magnitude larger than those of the Subaru+VLT results be-

Figure 8. Comparison of our z = 7.3 Lyα LF with the previous measure-
ments of Lyα LF at z = 7.3 ± 0.4. The red circles denote our z = 7.3
Lyα LF, and the red curve is the best-fit Schechter function. The orange dia-
monds, square, and triangles represent the Subaru measurements of the Lyα
LF at z = 7.0 − 7.3 given by Shibuya et al. (2012), Iye et al. (2006), and
Ota et al. (2010), respectively. The gray region indicates the parameter space
of z = 7.7 Lyα LF ruled out by the VLT observations (Clément et al. 2012).
The black dashed line is the upper limit of the number density determined by
the VLT photometric observations, while the black solid line represents the
upper limits from the combination of the VLT photometric and spectroscopic
data (Clément et al. 2012). The cyan filled pentagons, hexagons, and crosses
denote the 4m-telescope estimates of the Lyα LF at z = 7.7 obtained by
Hibon et al. (2010), Krug et al. (2012), and Tilvi et al. (2010), respectively.
The cyan open pentagons and hexagons are the same as the cyan filled pen-
tagons and hexagons, but for the results of no emission-line detection of the
spectroscopic follow-up observations for the 4m-telescope samples, which
are presented in Clément et al. (2012) and Faisst et al. (2014), respectively.

yond the uncertainties. We discuss these discrepancies of
z # 7.3 Lyα LF measurements between the Subaru+VLT and
4m-telescope results in Section 4.1.

4. DISCUSSION
4.1. Discrepancies of z # 7.3 Lyα LF Estimates

In Section 3.4, we find the discrepancies of z # 7.3 Lyα
LFs between the Subaru+VLT results (including ours) and
the 4m-telescope results (Hibon et al. 2010; Tilvi et al. 2010;
Krug et al. 2012). There is a possibility to explain the discrep-
ancies by the cosmic variance effects. However, all of these
4m-telescope LF measurements fall above the Subaru+VLT
LF estimates. It is difficult to reconcile all of the 4m-telescope
measurements by the chance fluctuations of cosmic vari-
ance. Another possibility is contamination. Clément et al.
(2012) mention the results of the VLT/X-Shooter spectro-
scopic follow-up observations for the brightest five out of
seven photometric LAE candidates of Hibon et al. (2010), and
report that no Lyα emission lines from these Hibon et al.’s
candidates are identified (see J. G. Cuby et al. in preparation).
More recently, Faisst et al. (2014) conduct the spectroscopic
follow-up observations for the brightest two out of four pho-
tometric candidates of Krug et al. (2012), and they detect no
Lyα emission line from the Krug et al.’s candidates (see also
Jiang et al. 2013). There is a similar spectroscopic study that
reports no detection of Lyα from z > 7 LAEs whose sample
is made with 4m-telescope data (Matthee et al. 2014). Thus,
the photometric samples of Hibon et al. (2010) and Krug et al.
(2012) include a significant number of contamination sources
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with the NB816 band overestimate the broadband magnitudes,
because the Ly!morphology in the narrow band is generally more
extended than UV morphology on the broad band. Thus, we take
our best estimates based on the MAG_AUTO magnitudes with the
source deblending on the broadband images.

In Figure 22 we find that UV LFs of LAEs do not change at
z ’ 3 4, but evolve from z ! 4 to 5.7. There exists an emer-
gence of UV-bright LAEs at z ¼ 5:7. We compare these UV LFs
with those of dropout galaxies. At z ¼ 3 4, number densities of
our LAEs are as much as 10% of those of dropout galaxies down

Fig. 22.—UV luminosity functions (LFs) of LAEs at z ¼ 3:1 5:7 The cyan, blue, and red circles indicate the best estimates of LFs for our z ¼ 3:1 (top), 3.7 (middle), and
5.7 (bottom) LAEs. The solid lines represent the best-fit Schechter functions for the best estimates. The best-fit Schechter function of z ¼ 3:1 LAEs is presented in each panel
for reference. The triangles are the lower limits of these LFs at each redshift that are derived with the aperture photometry of broadband images (see text). For circles and
triangles, we show the reliable and less reliablemeasurements with filled and open symbols, which are obtainedwithUVmagnitudes at >5 " and 2–5" levels, respectively.We
only use these >5 " data ( filled circles) for our Schechter-function fit (see text). The filled squares and stars in the bottompanel are theUVLFs of LAEs at z ¼ 5:7 obtained by
Shimasaku et al. (2006) andHu&Cowie (2006). In each panel, we also plot theUVLFs of dropout galaxies for comparison. The dashed and dot-dashed lines are the z ¼ 3 LFs
of Steidel et al. (1999) and (Paltani et al. 2006), respectively. The dotted line indicates the z ¼ 3 LF of Steidel et al. (1999), but ## of the LF is multiplied by 1/10. Note that the
LF of z ¼ 4 dropout galaxies are almost same as that of z ¼ 3 (Steidel et al. 1999; Ouchi et al. 2004a; Beckwith et al. 2006; Yoshida et al. 2006). In the bottom panel, we show
theUVLFs of dropout galaxies at z ! 6with crosses (Bouwens et al. 2006) and asterisks (Shimasaku et al. 2006). The gray region in the bottompanel indicates the range of the
best-fit Schechter functions for i-dropouts obtained by various studies (Bunker et al. 2004;Yan&Windhorst 2004;Malhotra et al. 2005; Bouwens et al. 2006), which show the
uncertainties of measurements for z ¼ 6 dropout LF. For the reader’s eye guide, we plot ticks of SFR obtained from eq. (10) on the upper abscissa axis.
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z=3.1 UV LF; Ouchi+08"

UV LF of LBG@z=3; Steidel+99"



z=2.2 LAE サンプル 

•  Lya EW homogeneous な LAEサンプル 
–  EW=30, 60A の 2つのLAEサンプルを用意 
–  EW=30(60)A のサンプルに対し、~2200(~1000)天体 
• 過去の研究: 数十 ‒ 数百天体 (e.g. Blanc+11, Cassata+11)"

–  Lya 限界光度 … log L(Lya) ~ 41.8 erg/s (~0.1L*(z=3-6))!
•  大規模 & 幅広いLya光度範囲の z=2 LAE サンプルを構築 

U - NB387!

B 
- N

B3
87
!

  Model LAE"
(EW=30,60,100,200A)"

Elliptical, Spiral"
Starburst, Galactic star "

Selection"
criteria"•  Suprime-Cam NB387 obs."

–  PI: 大内, 観測解析: 中島・嶋作 
–  4天域, 計~1.4平方度 

• COSMOS, SXDS, GOODS, SSA22"
–  UV/X線/電波 catalog を用いて

AGN や他の emitter を除去 
–  ~3400天体 (Nakajima+)"



結果 – Lya LF 	

Blanc+11"

Cassata+11"

Hayes+10"

Ciardullo+11,14"

This Work!



結果 – Lya LF	


•  EW=30Aサンプルを利用、過去の研究と一致"
•  Schechter 関数フィット"
"
"

•  同時フィットでの強い制限は本研究が初めて"

Blanc+11"
Cassata+11"

Hayes+10"

Ciardullo+11,14"

This Work! 個数密度超過!

! = !1.71!0.11
+0.12 L* = 4.74!0.91

+1.30 "1042erg / s !* = 5.73"1.93
+2.45 #10"4Mpc"3



結果 – z=2.2-3.1でのLya LF進化 

•  EW=60Aサンプルを利用 (c.f. EW~64A for z=3.1; Ouchi+08)"
•  z=2.2から3.1にかけてLya LFは >90% 信頼度で増加"
– 過去の研究と一致 (e.g. Ciardullo+11)"

z=2.2"
(This Work)"

z=3.1"
(Ouchi+08)"

z=3.1"

z=2.2"

Inner : 68% CL"
Outer : 90% CL"

増加 



結果 – Lya 光度密度進化 

•  全ての z で同じLya限界光度まで積分 (log L(Lya) = 42.4)"
•  z=7で加速的進化 (Konno+14)"
•  z<3で急激に減少 → Lya 脱出率の急激な変化"
– 原因：ダスト、中性水素柱密度の増加の可能性"

This!
Work!



結果 – UV LFとその進化 

•  z=2 での Lya fraction と整合 (EW=30(60)Aで13(4)%; Cassata+15)"

•  z=2.2-3.1 で UV LF は有意な進化が見られず (or 増加？)"
–  z=3.1 UV LF のエラーが大きいため"

•  LBG UV LF は z>2 で単調減少 (e.g. Reddy & Steidel 09 & Bouwens+14)"
–  LAE UV LF は z=2-4 で大きく進化せず、z=5 で増加 (Ouchi+08)"
–  z=2 から high-z で LAE が単調に優勢になる描像"

z=2.2"
(This Work)"

z=3.1"
(Ouchi+08)"

z=2.2"

z=3.1"

Inner : 68% CL"
Outer : 90% CL"



結果 – Lya EW分布とその進化 

•  Exp. fit → scale length = 72.0(+4.1)(-4.0) A"
–  過去の研究と一致 (83(+10)(-10)A at z=2.1; Guaita+10)"

•  同じ EW & L(Lya) cut で z=3.1 との比較	

–  z=2.2-3.1で分布は大きく進化していない。"
–  large Lya EW (EW > 240A) 天体の割合 … 23% at z=2.2"
–  10 – 40% at z=3-6 (Ouchi+08) → どの時期でも同じ割合。"

z=2.2"
(This Work)"

z=3.1"
(Ouchi+08)"

z=2.2 (total)"



•  定義 : "
•  LBGs と同様の傾向 (cf. beta = -1.8 … Hathi+13)"
•  Lya が強いほど UV slope が小さくなる(青くなる)"
– ダストによる影響の可能性 

結果 – UV slopeとLya/UV関係 

Kurcznski+14!
LBGs at 2<z<3!

2 Kurczynski, P. et al.

& Steidel (2009), L∗
z=1 reported in Gabasch et al. (2004),

and L
∗
z=0 reported in Lee et al. (2011a). Magnitudes are

in the AB system, and we adopt a cosmology with ΩΛ =
0.7, Ω0 = 0.3, and H0 = 70 km s−1 Mpc−1.

2. DATA AND SAMPLE SELECTION

We utilize the 11 waveband HST dataset for photom-
etry, catalogs and redshifts. Catalogs and photometry
are made from images consisting of WFC3/UVIS mo-
saics in F225W , F275W , F336W (UVUDF Epoch 3),
ACS mosaics in F435W , F606W , F775W , F850LP ,
and WFC3/IR mosaics in F105W , F125W , F140W ,
F160W . Objects are detected in a weighted sum of ACS
and WFC3/IR images (8 images total) and catalogued
based on aperture matched, PSF corrected photometry
as described in Coe et al. (2006) and Rafelski et al. (2014
in preparation).
The new UV photometry improves the accuracy of

photometric redshift estimates, particularly at z < 3.
Sampling the Lyman break reduces catastrophic errors
and significantly improves redshift estimates (Rafelski
et al. 2009). We use the Bayesian Photometric Red-
shift (BPZ) algorithm (Beńıtez 2000) as described in Coe
et al. (2013). There are 148 sources across the entire
redshift range with ground-based spectroscopic confir-
mation, from which a photo-z error is σz = 1.8%.

12 Nine
nominal 10σz outliers (6.1%) include seven sources that
are near an image edge, have incomplete photometric
coverage or segmentation problems. The remaining two
sources yield an outlier fraction of 1.35%. No outliers
are included in our sample. Previous photo-z estimates
in HUDF (Coe et al. 2006), have larger error (4.2%) and
nominal 10σz outlier fraction (7.8%) than the UVUDF.13

Details are presented in a forthcoming paper (Rafelski et
al. 2014 in preparation).
Our sample selection criteria include:

SN2330 > 5.0; zphot > 1.0; odds > 0.9;χ2
ν < 2.0 (1)

SN2330 refers to signal-to-noise ratio at restframe 2330
◦
A , which is at the center of the wavelength range used
for β estimation (see below). The odds requirement is a
quality criterion imposed on the integral of the BPZ pos-
terior probability distribution. The reduced chi-squared,
χ
2
ν , threshold rejects unreasonable fits. We also reject

fits where the estimated β is at either end of the al-
lowed range (−10 < β < 10), and by visual inspec-
tion (28 sources are rejected as unphysical SEDs or bad
SED fits, 9 are likely photoz errors, 9 have segmenta-
tion problems, 6 are near an image edge or bright source
and 1 is a known AGN). The final sample consists of
923 galaxies, including 12 with spectroscopic confirma-
tion (remaining spectroscopic sources do not meet the β

fit quality criteria or are at low redshift), that have ap-
parent magnitudes F435W > 23.6 and span the redshift
range 1.0 < z < 7.63.

3. METHODS

12 σz is the normalized median absolute deviation. Given dz ≡
|zspec − zphot|, σz ≡ 1.48 × median |(dz−median dz)/(1 + zspec)|
(Brammer et al. 2008).

13 We caution that Coe et al. (2006) used different filters, espe-
cially in the IR, that may also affect a comparison.

The restframe UV continuum is characterized by a
power law according to fλ ∝ λ

β ; β = −2 corresponds
to a flat spectrum in fν . Local starburst galaxies have
�β� ∼ −1.3; as an extremely blue example, NGC 4861
has β = −2.4 (Meurer et al. 1999). The lowest expected
value, β = −3, corresponds to the spectrum of individual
O-type stars (Leitherer & Heckman 1995).

The wavelength range [1260,2600]
◦
A is widely adopted

for β estimation (Calzetti et al. 1994). We use an ex-

panded range, [1260,3400]
◦
A restframe, and we find that

fits using this range have fewer β outliers, smaller 68%
confidence errors, and a broader, more plausible distri-
bution of χ2 values in the range 1 < z < 3. Comparison
of β estimates for galaxies in our sample that also appear
in Finkelstein et al. (2012), using identical photometry,
shows a marginal systematic difference, �∆β� = 0.09 and
scatter, σ = 0.19, between the two methods.
To avoid contamination from Ly−α emission or the

Ly−α decrement, we adjust the blue end of the fitting
range slightly to exclude photometry for galaxies where
the Ly−α line would fall within the full width tenth max-
imum of the system throughput for the bluest filter in the
fitting wavelength range.
The spectral energy distributions (SEDs) of galaxies

in the entire catalog are fit using χ
2 minimization in or-

der to determine their UV spectral indices, β. We use
power-law templates that span the range β ∼ [−10, 10]
with stepsize = 0.01. For each template, the spectrum
is multiplied by HST system throughputs from F225W
through F160W wavebands to yield predicted photom-
etry modulo a normalization factor. Normalizations are
determined analytically for each fit. We require at least
three points in the fits for β estimation, and we estimate

MUV at 2330
◦
A , in the center of the wavelength range

used for β estimation to avoid bias in the MUV estimates.
For each galaxy in the sample, absolute magnitude at

restframe 2330
◦
A and 1500

◦
A (for comparison to litera-

ture) is computed by integrating the best-fit model spec-

trum over a centered, rectangular 100
◦
A bandpass. Av-

erage M2330 values are found to be 0.1 magnitude more
luminous than M1500 values (standard deviation = 0.2
magnitude).
We determine errors to the β and M2330 estimates

from Monte Carlo simulation. Simulated sources span
the range of redshifts, β and M2330 values encountered
in the data. Photometry is simulated in the observed
wavebands by multiplying model spectral flux densities
by system throughputs for each filter. Errors are drawn
at random from magnitude-matched sources in the actual
data. Scatter and bias of the β estimates are determined
from simulations with 103 realizations. Errors in β are
found to be a few percent for the brightest, and most
red sources and increase toward 20% for the faintest and
bluest sources in our sample. We find negligible bias.

4. RESULTS

The deep HUDF data reveal galaxies down to absolute
magnitude MUV = −14. The lowest luminosity galaxies
are found in the redshift range 1 < z ≤ 2, where they
sample the faint end of the UV luminosity function at z =
1 (0.006L∗

z=1; Gabasch et al. 2004), and are comparable
to the bulk of the dwarf galaxy population in the local
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議論 – Lya LF の faint/bright end 

•  LAE Lya LF (z=2.2; This Work) … "
•  LBG UV LF (z=2; Reddy+09)    … "
–  UV-Lya conversion factor 一定？？"

•  bright end での個数密度超過 ⇒ AGNの寄与がほとんど"

! = !1.71
! = !1.73 一致する理由？	
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結果とまとめ	


•  大規模 & 幅広いLya光度範囲の z=2.2 LAE サンプルを用いて、
LAEの統計的性質を探った"

•  Lya LF faint-end slope を仮定無しに制限; "
–  同時フィットで強い制限は本研究が初めて"
–  UV LF of z=2 LBG のとほぼ同じ"
–  明るい側で個数密度超過 → AGN による寄与"

•  z=2.2-3.1 で Lya LF は有意に進化しているが、UV LF は有意に
進化せず。"

•  Lya EW 分布は z=2.2-3.1 で同じ分布"
–  large EW 天体の割合は z=2-6 までほぼ一定 (10-40%)"

•  UV slope は Lya/UVと相関がある？(不定性大)"

! = !1.71!0.11
+0.12


