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WISHスリットレス分光の検討    矢部清人(国立天文台)

スリットレス分光の必要性
•  WISHでサンプルされたhigh-z候補天体の分光フォローアップ
• SN/GRBなどの分光フォローアップ
• 輝線フラックス／等級リミットの無バイアスサーベイ

WISHでのスリットレス分光の可能性の検討
• グリズムによるスリットレス分光
• WISHにおける実現可能性
• グリズム検出限界の評価
• confusion？の影響は？解析手法は？
• 他の観測装置との比較
• サーベイプラン



スリットレス分光の重要性
WISHで期待される分光観測
• WISHで検出されたhigh候補天体の分光同定
• SNの分光フォローアップ観測
• 輝線フラックス／等級リミットの無バイアスサーベイ

events is 0.3. Another possible origin for IOK-2 is a transient object
such as a supernova or active galactic nucleus that happened to
brighten inMarch 2005, but was inconspicuous in broadband images
taken 1–2 years earlier. Counts of variable objects in i 0 band images
from the SDF taken over 1–2 years indicate that the expected number
of variable objects having brightness amplifications large enough to
exceed our detection limit (NB973 ¼ 24.9) is at most about three.

Those transient objects, if any existed, would not show conspicuous
emission line features in the NB973 waveband.
We note, however, that even for the brighter IOK-1, it was necessary

to combine the eleven 30-min exposures with the highest signal-to-
noise ratio under the best sky conditions selected from the 17 spectra
taken to detect the z ¼ 6.96 Lyman-a emission shown in Fig. 2 clearly.
Because our spectral detection limit for 3 h did not reach the depth
required to deny the presence of weak Lyman a emission, we retain
IOK-2 as another possible but unconfirmed LAE. Therefore, we
conclude that the detected number of LAEs at z ¼ 7.0 in our survey
volume is at least one, and possibly could be two at most.
The observed LAE number density is expected to decline beyond

the redshift at which the reionization had completed, because the
increasing fraction of intergalactic neutral hydrogen absorbs the
Lyman-a photons from young galaxies. However, no significant
decline of LAE number densities has been yet observed for
3 , z , 6.6 (ref. 26). Figure 3 shows the volume densities of the
LAE numbers, Lyman-a line luminosity, and star formation rate at
three redshifts6,7,18 down to our detection limit. These physical
parameters are useful for tracing the properties of LAEs in an
environment with an increasing fraction of neutral hydrogen in the
intergalactic medium (IGM). Errors shown in the figure include (1)

Figure 2 |Combined spectrumof z 5 6.96 galaxy, IOK-1. The bottompanel
shows the removed OH sky emission lines. An echelle grism (175 lines per
millimetre, resolution < 1,600) with z 0 filter and 0.8 00 slit was used to obtain
11 spectra of 30-min exposure each, dithered along the slit by ^1 00 . The
Lyman-a emission peak is located at 9,682 Å. This feature was confirmed to
follow the dithered shifts along the slit. The Lyman-a emission has a total
flux of 2.0 £ 10217erg s21 cm22, consistent with the estimate from the
NB973 image (2.7 £ 10217erg s21 cm22), and a full width at half-
maximum of 13 Å. The Lyman-a luminosity is LLya ¼ 1.1 £ 1043 erg s21,
corresponding to SFRLya ¼ 10M( yr21. The emission feature is significant
at the 5.5j level. The asymmetric emission line profile matches the
composite template line profile (dashed line) produced from 12 Lyman-a
emitters at z ¼ 6.6 (ref. 22) normalized and shifted to z ¼ 6.96. This
emission cannot be unresolved z ¼ 1.6 [O II] doublet lines with 7.0 Å
separation (3,726 Å, 3,729 Å at rest frame), as finer sky lines (about
5.1–6.2 Å) are clearly resolved. Similarly, the line is not Hb, [O III] 4,959 Å,
[O III] 5,007 Å, Ha, [S II] 6,717 Å or [S II] 6,731 Å, because our spectrum
shows none of the other lines that should accompany any of these lines in the
observed wavelength range. The possibility that OH lines mask other lines
was carefully examined for each case and ruled out. There appears to be an
extremely weak emission at around z ¼ 7.02 in the 3 h integration spectrum
of IOK-2, but this needs further integration for confirmation.

Figure 3 | Decline of the number density of LAEs between 6.6 < z < 7.0.
The number density n (a), luminosity density rLLya and star-formation-rate
density SFRD (b) derived from Lyman-a line fluxes detected in several
Suprime-Cam LAE surveys are plotted for the three epochs of z ¼ 5.7
(square6 and triangle18: other survey fields), 6.6 (open circle7: also SDF),
and 7.0 (filled circles: our result) down to our detection limit
LLya ¼ 9.9 £ 1042 erg s21 calculated from NB973 ¼ 24.9 (5j). The
volumes probed by these surveys are of a similar order of magnitude
(,2–3 £ 105Mpc3). The large filled circle at z ¼ 7.0 represents the values
derived for the single LAE discovered in the present study, and the small
filled circle those for two LAEs, including the unconfirmed candidate
IOK-2. All the vertical error bars in both panels include the errors from
both poissonian statistics for small numbers and cosmic variance. The
horizontal error bars indicate the surveyed redshift ranges. Note that
large and small filled circles are shifted slightly horizontally from z ¼ 7.0
to make them easier to see.

Table 1 | Properties of z < 7 Lyman-a emitter candidates

ID Position (J2000) i 0 (mag) z 0 (mag) NB973 (2 00 ) NB973 (total) LLya (1043 erg s21) SFRLya (M( yr21)

IOK-1 a ¼ 13 h 23min 59.8 s,
d ¼ þ27824 0 55.8 00

.27.84 .27.04 24.60 24.40 1.1 ^ 0.2 10 ^ 2

IOK-2 a ¼ 13 h 25min 32.9 s,
d ¼ þ27831 0 44.7 00

.27.84 .27.04 25.51 24.74 ,1.1 ^ 0.2 ,10 ^ 2

Magnitudes (SDSS i 0 , z 0 filters and NB973) are in the AB system, measured with a 2 00 aperture. The NB973 total magnitudes integrated over the entire image are also given. The Lyman-a
luminosity LLya of IOK-1 was derived from spectroscopy, while the upper limit of LLya for IOK-2 was evaluated using NB973 total magnitude by assuming that 68% of the NB973 flux is in the
Lyman-a line, on the basis of simulations. Luminosities were then converted into corresponding Lyman-a star-formation rate SFRLya using the relation derived from Kennicutt’s equation27 with
case B recombination theory. 1j errors are also given for L Lya and SFRLya IOK-1 was spectroscopically identified as a z ¼ 6.96 Lyman-a emitter. For IOK-2, the photometric estimation of
Lyman-a luminosity should be regarded as an upper limit because we were unable to make a spectroscopic confirmation.

NATURE|Vol 443|14 September 2006 LETTERS

187

a

b

1.14 1.15 1.16 1.17 1.18 1.19 1.20 1.21 1.22
Observed wavelength (μm)

–0.2

0.0

0.2

0.4

0.6

Fl
ux

 (1
0–

18
 e

rg
 c

m
−2

 s
−1

 Å
−1

)

Lyα at z = 8.555

–60 –45 –30 –15 0 15 30 45
Spectral offset (Å)

–2

–1

0

–1

–2

O
ffs

et
 (″

)

±0.5 E–W from
expected position

S
ky

 li
ne

S
ky

 li
ne

S
ky

 li
ne

Figure 1 | Two representations of the spectrum of UDFy-38135539 showing
its significance. a, The spectrum shows a faint emission line detected at 6s
significance at a wavelength of 11,615.6 Å, corresponding to a redshift of
z 5 8.5549 6 0.0020 for Lya. The integrated spectrum was extracted from a
square aperture of 5 3 5 pixels, corresponding to 0.62599 3 0.62599, which is
approximately the size of the seeing disk. The measured line full-width at half-
maximum is 9.2 6 1.2 Å, which is about 1s greater than the instrumental
resolution. The line flux is (6.1 6 1.0) 3 10218 erg cm22 s21, detected at 6s
significance. All of the line parameters (redshift, width, flux and significance)
were estimated with a Monte Carlo simulation assuming a Gaussian line and
randomly generated Gaussian noise similar to that estimated for the observed
spectrum. We note that the absolute flux calibration may have a significant
systematic uncertainty of up to 30–40%, but this does not affect the estimate of
the significance of the line detection. The night sky spectrum, scaled arbitrarily,
is shown in grey. Regions of particularly deviant values in the spectrum
correspond to strong night sky lines. The emission line from the source lies
fortuitously in a region relatively free of night sky contamination. We estimate
that the percentage of regions in the night sky with a background as low as that
near the detected line is approximately 50% for 1.15–1.35mm and is generally
lower over the rest of the SINFONI J passband. b, The sky-subtracted two-
dimensional spectrum shows the projection of the spectrum along the spectral
and right-ascension axes of the data cube. It corresponds to a two-dimensional
long-slit spectrum obtained with a slit width of 0.62599 positioned along right
ascension on the sky. The object is indicated by the white circle, the regions
affected by the night sky lines are labelled and the range in the expected position
of the source is marked.
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Figure 2 | Lya line image of UDFy-38135539. The line image was
constructed by summing the region containing the emission in the wavelength
direction. The inset shows the expected morphology of a point source with the
same signal-to-noise ratio in its centre as that of the source, and the circle shows
the size of the point spread function (PSF). The colour bar shows the
significance relative to the root mean squared noise in the data set. The image
has been smoothed using a Gaussian with the same width as the point spread
function. The size of the line image is consistent with the expected size of an
intrinsically unresolved source whose image is smeared out by the turbulence in
the Earth’s atmosphere and distortions induced by the telescope and
instrument optics.
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Figure 3 | The predicted Lya flux for a given ultraviolet flux density. The
Lya flux, fLya, is predicted assuming a range of characteristics for the stellar
population within UDFy-38135539. The characteristics — age, metallicity and
distribution of stellar masses — determine the relationship between the non-
ionizing ultraviolet continuum at 1,500 Å (with flux density fn) and the ionizing
continuum with l , 912 Å. We adopted a range of ages from 10 to 300 Myr for
a metal-poor stellar population given by a Scalo initial mass function26. Our
other initial mass function is the one that only contains massive stars,
.100M[, which have zero metallicity18. For this top-heavy initial mass
function, we only considered ages of 10 and 100 Myr because it is unrealistic for
metal-free star formation to persist after the first supernova explosions, which
are expected after a few to a few tens of megayears. For all the calculations, we
have assumed an escape fraction of ionizing photons of 10%. Estimates of the
escape fraction in the local Universe up to about z < 3.3 suggest modest
fractions of ,10% or less27–29. The black circle represents the ultraviolet
continuum flux density and Lya flux of UDFy-38135539. The uncertainties in
this data are shown in the inset (the 1s random uncertainty and the systematic
uncertainty added in quadrature). The uncertainty in the Lya flux is dominated
by the systematic uncertainties, which are included in the error bars. Under our
assumptions, the Lya flux of UDFy-38135539 is greater than that expected if it
alone was responsible for ionizing its local volume. Because the recombination
time is long at z < 8.6, ,600 Myr, many of the sources responsible for ionizing
this region could have easily faded or may simply be of lower luminosity.
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広帯域フィルターによって選択された候補天体を分光同定
することは非常に重要
• 正確なredshiftを決めるのに重要
• WISHによって多くのhigh-z候補天体が検出される予定
• 分光フォローアップとしてはJWSTやTMTが想定
• WISH単体で閉じることはできないか？
• redshiftを決めるだけであればR~100で十分？
• スリットレス分光モードの検討

Iye+2006 (z=6.96)

Lehnert+2010 (z=8.55?)



スリットレス分光の重要性
WISHによる超新星サーベイの重要性
• 正確なredshiftの決定
• SN タイプの決定 (SiIIのfeature?)

• R~100程度の近赤外分光の必要性 諸隈さんのスライドから

WISHサイエンスWS 2012/07/19,20

WISH grism spectroscopy for SNe

SiII: Iaに固有なfeature
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- 0.8-2µmくらいをカバーしたい
- z<1は地上可視でOK

- 1<z<1.5も地上可視で観測可能(Riess+2004, 

Morokuma+2010)だが夜光が強くギリギリ。
- 天気のことも考えると、z>1はスペース(+地
上からAO分光)がよい
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      0.4          0.5          0.6               　　　 

+ R~50-100程度でOK
+ 限界等級: 23-24 magAB --> z~<1
   cf. WFIRSTはIFUに???



スリットレス分光では輝線フラックス／等級リミットの無バイアスサーベイが可能
• 主にz=1-3のHα輝線/連続光などが対象になる
• stellar massなどでリミットしたsystematicな研究が可能
• ある程度の波長分解能は欲しい？

スリットレス分光の重要性

The Astrophysical Journal Letters, 743:L15 (6pp), 2011 December 10 van Dokkum et al.

Figure 2. HST/WFC3 F140W images and G141 grism spectra of galaxies with Mstar > 1011 M! and 1 < z < 1.5. The spectra were averaged in the spatial direction
to optimize the S/N and smoothed by a boxcar filter for presentation purposes. The y-axis is in units of Fλ; each spectrum was normalized and offset with respect to
the others. Squares indicate broad- and medium-band photometry from public catalogs (see the text). The orange spectra are the best-fitting EAZY models (Brammer
et al. 2008) for the continuum emission and for Hα. In the grism spectral range the models were convolved with the morphologies of the galaxies to properly model
the spectral resolution. The galaxies are ordered by decreasing Hα equivalent width. The spectra are of high quality. The fraction of galaxies with strong Hα emission
is much higher than in the nearby universe. Galaxies with strong Hα emission are often two-armed spiral galaxies. Galaxies with weak or undetected Hα typically
have an early-type (E, S0, or Sa) morphology.
(A color version of this figure is available in the online journal.)

a large mass range in the NEWFIRM Medium Band Survey
(NMBS; Whitaker et al. 2011). The 3D-HST galaxies span a
similar range in rest-frame U − V color as massive galaxies in
the NMBS. This range is much smaller at M > 1011 M! than
at lower masses: all massive galaxies are red compared to blue
cloud galaxies at M ∼ 1010 M!, which have U − V ∼ 0.8.

4. SPECTRAL FEATURES

The WFC3/G141 spectra and WFC3/F140W images of the
galaxies are shown in Figure 2, ordered by decreasing rest-frame
Hα equivalent width. We detect Hα emission in 20 galaxies, or
in 59% of the sample. The rest-frame equivalent widths for the
detected galaxies range from 10 Å to 130 Å. The immediate

3

3D-HSTの初期成果: z~1.5のmassive 
galaxies (van Dokkum+2012)The Astrophysical Journal Letters, 743:L15 (6pp), 2011 December 10 van Dokkum et al.

Figure 4. Top panel: relation between EWHα , Sérsic index, and morphology. The
F140W images are color-coded according to their average U − V color. Bottom
panel: relation between EWHα , velocity dispersion, and morphology. The
velocity dispersions were inferred from the stellar masses, effective radii, and
Sérsic n values of the galaxies. The error bars denote the typical uncertainties,
as determined from a combination of formal errors and varying the fitting
methodology. Sérsic index, velocity dispersion, and morphology all correlate
with the strength of Hα. All these parameters span large ranges: massive galaxies
exhibit a striking diversity at 1 < z < 1.5, ranging from large star-forming spiral
galaxies to compact quiescent galaxies.
(A color version of this figure is available in the online journal.)

cosmic star formation rate peaked (e.g., Bouwens et al. 2007).
In this first Letter we focused on a stellar mass-limited sample
of 34 galaxies at z = 1–1.5 to study the properties of massive
galaxies when the universe was 4–6 Gyr old. This is the first
study of the Hα emission and rest-frame optical morphologies
of a complete, mass-limited galaxy sample at z > 1.

The most striking result of our study is the diversity of the
spectra and structure of massive galaxies at z > 1: a large
fraction has strong Hα emission, whereas others have absorption

features characteristic of relatively old stellar populations.
Similarly, the morphologies, Sérsic indices, and implied velocity
dispersions show a large range. These results are broadly
consistent with previous studies that were based on photometric
redshifts, the SED shapes of galaxies, and/or imaging of lower
quality (e.g., Franx et al. 2008; Williams et al. 2010; Wuyts et al.
2011b; Weinzirl et al. 2011). The simplest interpretation is that
at z > 1 we are entering the epoch when massive galaxies were
undergoing rapid evolution. Specifically, the star-forming disks
may be progenitors of some of today’s most massive S0 and Sa
galaxies.

Noeske et al. (2007) suggested that the star formation rates of
galaxies are tightly coupled to their mass and redshift, and it is
interesting to compare the range in EWHα in our sample to the
scatter in their “star formation main sequence.” At fixed mass
Noeske et al. (2007) find a 68% range in star formation rates of a
factor of ∼4 (among galaxies with clear signs of star formation);
if we limit the sample to the central 68% of the distribution of
galaxies with EWHα > 10 Å we find a larger range of a factor
of six. More to the point, within our sample the scatter in EWHα

can be significantly reduced by considering the structure of the
galaxies. The 68% range in EWHα among the 11 galaxies with
inferred σ < 200 km s−1 is only a factor of 1.7. We therefore
follow earlier work in suggesting that velocity dispersion (or
surface density) is a more fundamental parameter than mass
in determining the properties of galaxies (see, e.g., Kauffmann
et al. 2003b; Franx et al. 2008; Bezanson et al. 2011).

The growth rate of the star-forming galaxies is substantial;
using standard prescriptions to correct for extinction toward
H ii regions (Calzetti et al. 2000; Wuyts et al. 2011a), we
find a median stellar mass increase due to star formation of
∼50% per Gyr for the galaxies with EWHα > 10 Å. An
important question is where in the galaxies the star formation
is occurring, that is, which structural component of massive
galaxies is in the process of formation at 1 < z < 1.5. Due
to the nature of grism spectroscopy the 3D-HST data provide
two-dimensional emission line maps at the spatial resolution of
HST. Two examples are shown in Figure 5: in these galaxies the
star formation appears to trace the spiral arms, similar to spiral
galaxies in the nearby universe. A quantitative analysis of the
spatial extent of the emission line gas is beyond the scope of
this Letter, but we note here that in cases such as those shown in
Figure 5 the spatial extent of the Hα emission rules out dominant
contributions from active nuclei to the integrated line fluxes.

A key open question is what drives the diversity of massive
galaxies at z > 1. At fixed stellar mass, we see large, star-
forming spiral galaxies and very compact galaxies in which
star formation has apparently ceased. If AGN feedback is
responsible for shutting off star formation in massive galaxies it
is clearly more effective in some galaxies than in others. It may
be that AGN feedback correlates with black hole mass, which
correlates better with velocity dispersion than with stellar mass
(e.g., Magorrian et al. 1998). It will also be interesting to study
correlations with other parameters, such as the environment, at
fixed stellar mass and at fixed (inferred) velocity dispersion.
Finally, it will be important to extend this study to lower masses
and to higher redshifts. Star-forming galaxies that have been
studied at z ! 2 tend to have higher EWHα and also more
irregular morphologies than the galaxies studied here (e.g., Erb
et al. 2006; Kriek et al. 2009a; Förster Schreiber et al. 2011),
and it will be interesting to see whether a broader selection of
galaxies would only increase the dynamic range in Figure 4 or
(also) increase the scatter.
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WISHにおけるスリットレス分光の検討
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• 波長帯：1.0-2.5µm

• 分解能：R~100

• 分光方式：スリットレス分光
　　          　　瞳面近くにグリズムを設置
• 結像性能：全視野で十分な結像性能
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スポットダイアグラム　
box size = 2pix x 2pix



仮定するグリズムは以下の通り
• 波長範囲／効率曲線はHST/WFC3 G141グリズム
• R~100, 分散~20Å/pix

• 効率のピークは80%程度

バックグラウンドの見積もり
• 広帯域フィルターの場合と同様
✓ 各光学コンポーネントからの熱輻射は

　　　  gray bodyを仮定する
✓ 黄道光 (散乱光成分;5800Kと放射成分;275K)

✓ 黄極の3倍の強さを仮定
✓ 詳細はWISH SW 2010年のスライドを参照
• フィルターをグリズムに置き換えた
• サイズ150mm、検出器から500mmの所に配置
• 各ピクセルが見込む立体角を計算し、

　　1ピクセルに入る光子数を計算する

transmission curve

良い所で80%程度

HST/WFC3 G141グリズム

検出限界の評価
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検出限界の評価
スペクトルのシミュレーション
• 天体はフラットスペクトルの点源を仮定
• 装置効率xグリズム効率をかけて、上記のグ
リズム分散を考えて検出器上に配置
• 空間方向はFWHM~0.27”のガウス分布を仮定
• 簡単のため、1次光のみを考える

波長方向：R=100, dispersion=20Å/pixを仮定

空間方向：ガウシアンで分布していると仮定
　　　　　FWHM~0.27 arcsec 回折限界@1.5µm

実際の天域を観測した場合、どう見えるか？
• SXDS/UDS領域（5’x5’, H-band画像, ~24 ABmag）
• 各天体の等級でフラットスペクトルを規格化
• 積分時間 1hr/10hrs/50hrsで計算

exp. time=1hr



輝線天体はどう見えるか？ 

• 輝線の位置は1.46µm (z=11のLyαを想定)

• UV連続光は~27等AB

• EWrest=50, 100, 200 Åの場合で計算
• → f(Lyα) ~ 0.5, 1.0, 2.0 x 10-17 erg/s/cm2　

• → L(Lyα) ~ 0.8, 1.6, 3.2 x 1043 erg/s　
• 積分時間 1hr/10hrs/50hrs

• 10hrsだと、EW=100Åが限界か

exp. time=10hrs

EWrest=50Å EWrest=100Å EWrest=200Å

検出限界の評価

0.5x10-17 cgs 1.0x10-17 cgs 2.0x10-17 cgs



exp. time=50hrs

EWrest=50Å EWrest=100Å EWrest=200Å

検出限界の評価
輝線天体はどう見えるか？
• 輝線の位置は1.46µm (z=11のLyαを想定)

• UV連続光は~27等AB

• EWrest=50, 100, 200 Åの場合で計算
• → f(Lyα) ~ 0.5, 1.0, 2.0 x 10-17 erg/s/cm2　

• → L(Lyα) ~ 0.8, 1.6, 3.2 x 1043 erg/s　
• 積分時間 1hr/10hrs/50hrs

• 10hrsだと、EW=100Åが限界か
• 50hrsやれば、EW=50Åレベルまで可能か



検出限界の評価
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← J~22等AB →

← J~23等AB →

← J~24等AB →

連続光に対する検出限界
• 1hr積分だと22-23等ABくらいが限界？
• 10hrs積分でも24等ABくらいが限界？

J~25等AB →

exp. time=1hr exp. time=10hrs

検出限界の評価



検出限界の評価
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他の装置との比較
HST/WFC3との比較
• HST(口径2.4m)/WFC3のグリズムモード
✓ IRではG102 (0.8-1.15µm)とG141(1.1-1.7µm)

✓ 分解能はR~210 (G102), R~130 (G141)

✓ 3D-HSTのような大規模なサーベイ
• WFC3グリズムモードでの検出限界
✓ 3D-HSTの最新の結果 (Brammer+12)

✓ 1.3hrsあたりの5σ limiting flux=5.0x10-17 cgs

✓ IRではG102 (0.8-1.15µm)とG141(1.1-1.7µm)

JWST/NIRSpecとの比較
• JWST(口径6.5m)では分光器を搭載(NIRSpec)

• 0.6-5µmでいくつかの分光・分散モード
• R=100、t=10000s、S/N=10の検出限界
• 5σ limiting flux=4x10-18 cgs　
• 1hrあたりだと2.4x10-18 cgs

The Astrophysical Journal Supplement Series, 200:13 (19pp), 2012 June Brammer et al.

20 21 22 23 24
MAG AUTO m140

1

10

100

co
nt

in
uu

m
S/

N

0.0 0.2 0.4 0.6 0.8
R50 [arcsec]

0.4

0.6

0.8

1.0

1.2

1.4

1.6

δ
co

nt
.S

/N

1 2 3
Background [e− / s]

0.4

0.6

0.8

1.0

1.2

1.4

1.6

δ
co

nt
S/

N

0.3 0.4 0.5
C = R50/R90

0.4

0.6

0.8

1.0

1.2

1.4

1.6

δ
co

nt
S/

N

1 10 100
line flux [10−17 ergs / s / cm2]

1

10

100

lin
e

S/
N

0.0 0.2 0.4 0.6 0.8
R50 [arcsec]

0.5

1.0

1.5

2.0

2.5

δ
lin

e
S/

N

1 2 3
Background [e− / s]

0.4

0.6

0.8

1.0

1.2

1.4

1.6

δ
lin

e
S/

N

0.3 0.4 0.5
C = R50/R90

0.4

0.6

0.8

1.0

1.2

1.4

1.6

δ
lin

e
S/

N

Figure 7. Simulations of G141 spectra to evaluate the 3D-HST continuum (top panels) and emission-line (bottom panels) sensitivities. The input spectrum for each of
13,000 simulated galaxies is a flat continuum (fλ) and a single (narrow) emission line at 1.3 µm with equivalent width 130 Å. The left panels show how the continuum
(per 92 Å resolution element) and line S/N varies with continuum magnitude and integrated line flux, respectively. The additional panels show how the S/N depends
specifically on higher-order properties of individual galaxies: half-light radius, background level, and morphological concentration, defined as the ratio of the radii
containing 50% and 90% of the flux in the direct image (SExtractor flux_radius; the indicated range of C corresponds roughly to Sersic profiles with n = 4 and
n = 1 from left to right). In all of the panels, the S/N dependence on the properties other than the one plotted on the ordinal axis have been divided out, i.e., cuts in a
five-dimensional plane, S/N = f (S, R50, Bkg., C). The shaded gray bands in the second panels indicate R50 typical of point sources for 0.′′06 pixels. The solid red
lines in the center two panels indicate a dependence of δS/N ∝ 1/

√
x.

(A color version of this figure is available in the online journal.)

levels are consistent with those predicted by the WFC3 Exposure
Time Calculator (ETC). The angle of the bright Earth limb can
vary within an orbit, and the two grism exposures taken within
an orbit can have background levels that differ by as much
as 50% (Appendix B) and also different background structure
(Section 3.2.2).

We evaluate the effective continuum and emission-line sensi-
tivities of 3D-HST using a suite of simulations that is tied closely
to the observed F140W direct and G141 grism exposures. We
use a custom developed software package modeled closely after
the aXeSIM package (Kümmel et al. 2009) to generate a 2D
model spectrum based on (1) the spatial distribution of flux as
determined in the F140W direct image and (2) an assumed input
(1D) spectrum, normalized to the F140W flux. The 2D grism
spectrum is then determined uniquely by the grism configura-
tion files provided by STScI that specify how the flux in a given
pixel of the direct image is dispersed into the spectrum of the
grism image. These scripts will be described in more detail and
released to the community in a subsequent publication; for a
simple spectral model of a flat continuum, they produce nearly
identical results to aXeSIM and the aXe fluxcube.

The primary advantage of the custom software is that we can
easily modify the full input spectrum used to generate the model:
here we assume a simple continuum, flat in units of fλ, combined
with a single emission line at 1.3 µm (i.e., Hα at z = 1). The
emission line has a fixed equivalent width of (arbitrarily) 130 Å,
observed frame, and the overall normalization of the spectrum
(and thus the integrated line flux) is set to the flux_auto flux
measured by SExtractor on the F140W image. The result is
very much like the aXe “fluxcube” model shown in Figure 6;

however, each modeled spectrum has the same line+continuum
shape. We add realistic noise to the simulation using the
WFC3/IR noise model in the error extension of the flt images,
which includes terms for the Poisson error of the source counts
and the read noise and dark current of the WFC3 IR detector.17

Thus, the simulations fully account for noise variations as
a function of background level across all of the available
pointings, and, most importantly, for the true distribution of
source morphologies as a function of brightness within the
3D-HST survey. There are approximately 13,000 objects in the
simulation.

After computing the full grism image models, we extract
individual spectra with the standard optimal extraction weight-
ing (Horne 1986) and measure the median continuum signal-
to-noise ratio (S/N) between 1.4 and 1.6 µm, averaged over
a typical G141 resolution element of 92 Å. The emission-
line strengths are extracted using the technique described in
Section 4.2, and uncertainties on the line fluxes are determined
with an MCMC fit of the line + continuum template combina-
tion. Thus, the continuum and line S/N is measured in a very
similar way as is done in the analysis of the observed spectra.
Because of the optimal weighting in the spectral extraction, the
effective “aperture” of the extraction is likely somewhat larger
(and variable) compared to the 1 × 3 pixel extraction window
used by the WFC3 ETC.

The result of these simulations is shown in Figure 7. The
continuum and emission-line S/N depends, clearly, on the

17 The simulations do not, however, account for the effects of drizzling, which
tends to smooth out some of the apparent noise because the pixel errors tend to
be correlated (e.g., Casertano et al. 2000).
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→ WISHグリズムの検出限界
はHST/WFC3と同程度

~4x10-18 cgs

http://www.stsci.edu/jwst/instruments/nirspec/
sensitivity/index_html 

HST/WFC3

JWST/NIRSpec

http://www.stsci.edu/jwst/instruments/nirspec/sensitivity
http://www.stsci.edu/jwst/instruments/nirspec/sensitivity
http://www.stsci.edu/jwst/instruments/nirspec/sensitivity
http://www.stsci.edu/jwst/instruments/nirspec/sensitivity


Confusionの影響 exp. time=50hrs

スリットレス分光なので他天体のスペクトルとの重複が起こる
• 実際にシミュレーション画像でも重複が見られる
• 暗い輝線シグナルの同定はなかなか厳しそう
• スペクトルの位置が分かるのである程度はソフト的に対処可
能？（3D-HSTの例）
• PAを変えて取ることである程度回避可能？
• 具体的な解析方法は要検討

The Astrophysical Journal Supplement Series, 200:13 (19pp), 2012 June Brammer et al.

(a) Direct F140W (b) Grism G141

(d) Model-subtracted grism Emission
0th order

(c) aXe Model

Figure 6. Model of the grism spectra based on the observed direct images and computed with aXe. Panels (a) and (b) show 50′′ × 28′′ cutouts of the F140W and G141
observations within the GOODS-South field, with wavelength increasing toward the right on the grism panel. Panel (c) shows the aXe “fluxcube” model of the grism
spectra, where the spatial profile and intensity of the spectra are determined from the direct image(s). Along with the F140W imaging, the model for the example
shown includes color information from the F125W and F160W CANDELS imaging of this field. Panel (d) shows the model-subtracted grism image, with the image
stretch increased by a factor of two compared to panels (b) and (c). The model is quite a good representation of the data, despite the fact that no fit has been done; the
model inputs come from the direct image(s) and the grism calibration alone. Compact features in the model are zeroth-order spectra. While the zeroth-order spectra
are not perfectly modeled and subtracted (open triangles in panel (d)), they can generally be identified and distinguished from emission lines. The majority of the
residuals in panel (d) are emission lines, indicated by filled blue triangles. Even this small cutout shows the diversity of the emission lines found within the 3D-HST
survey, which is fully ∼1600 times larger than the area shown here.
(A color version of this figure is available in the online journal.)

order to generate a model spectrum based on the direct image,
we take the observed F140W flux and full spatial profile within
a given object’s segmentation map and assume a constant profile
and a flat spectrum in units of fλ. As additional HST photometric
bands become available, for example, the CANDELS F125W
and F160W imaging covering the 3D-HST survey fields, they
will be added to the aXe fluxcube to incorporate the wavelength
dependence of both the flux (i.e., the color) and spatial profile
into the model.

The relationship between the direct image and the grism
spectra and a demonstration of the fluxcube spectral model
are shown in Figure 6. The images are oriented as in the
individual flt exposures, with the grism spectra offset in the
positive x-direction with respect to the direct image and with
wavelength increasing toward the right. The main horizontal
feature in Figure 6(b) is the “+1st” spectral order, which has the
greatest sensitivity (Kuntschner et al. 2010). Compact, point-like
features seen in both the observed and model images are zeroth-
order spectra. The residuals of the model subtracted from the
grism image are shown in Figure 6(d). The model is generally a
reliable quantitative representation of the data. It bears mention
that for the present reduction there has been no fit to optimize the
model—the relatively low level of the residuals demonstrates
the quality and stability of the G141 grism calibration. Most
of the compact features in the residuals are in fact emission lines,
which are not included in the model. The zeroth-order spectra do
not always subtract completely, but their presence in the model
allows them to be distinguished from emission lines. In future
versions of the reduction, we will implement an iterative scheme
to refine the spectral model based on the observed spectra.

We use aXeDrizzle to combine the four grism exposures
(in the original distorted flt frame) of each visit/pointing and

extract a 2D spectrum for each object with perpendicular spatial
and dispersion axes. We adopt output 0.′′06×22 Å spectral pixels,
which are roughly square with respect to the drizzled pixels in
the direct image mosaics. These 2D spectra with HST spatial
resolution (∼0.′′13 for WFC3/G141) are one of the truly unique
products of the 3D-HST survey. As there is no slit defining
a spatial axis, an “effective slit” running roughly parallel to
the major axis of each object is not generally parallel to the
y pixel direction in the undistorted frame. The aXe software
includes an option to account for the orientation of this effective
slit to optimize the wavelength resolution of the extracted
spectra (see Kümmel et al. 2009); however, we simply adopt the
spatial axis as perpendicular to the spectral trace and account
for the orientation and shape of the object profiles in post-
processing analysis (see Section 4.2). Finally, we use aXe to
extract optimally weighted 1D spectra from the drizzled 2D
spectra, where the relative weights are determined from the
object profile perpendicular to the dispersion axis.

3.4. Grism Sensitivity

We have described above how the non-negligible background
emission must be subtracted from the grism exposures. In fact,
this background flux from a combination of zodiacal light, Earth
glow, and low-level thermal emission is the limiting factor
for the sensitivity of the 3D-HST grism exposures: the read
noise of the WFC3/IR detector is ∼20 e−, while the number
of background electrons per pixel in a typical grism exposure
is 1.4 e− s−1× 1300 s = 1820 e−. The average background
level varies for the different survey fields, as shown in Table 1,
depending on the field location relative to the ecliptic plane and
the date of observation. In general, the observed background
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Confusionありの例 Confusionなしの例



サーベイプラン



まとめと今後の課題
1. スリットレス分光の必要性
•  WISHでサンプルされたhigh-z候補天体の分光フォローアップ
• SN/GRBなどの分光フォローアップ
• 輝線フラックス／等級リミットの無バイアスサーベイ

2. WISHでのスリットレス分光の可能性の検討
• グリズムによるスリットレス分光
• グリズム配置案はコールドストップ直後
• λ<2.5µmでは十分実現可能

3. WISHにおけるグリズム観測の検討
• WISHグリズムで得られるスペクトルをシミュレート
• 輝線に対する検出限界は5x10-17 erg/s/cm2 (1hr, 5σ)

• 連続光に対する検出限界は21.5 ABmag (1hr, 5σ)

4. High-z候補天体の検出可能性
• z=11で1043 erg/s程度のLyαの検出は50時間程度の積分時間で可能か
• そのために必要な観測時間は？具体的なサーベイプランなど
• confusion？の影響は？解析手法？
• グリズム設計の最適化：波長範囲／分解能／分散／透過率など



low-z天体（吸収線, spec-z）
low-z (z=1-3)天体の連続光観測は可能か
• spectral fittingによる正確なredshiftの同定
• 吸収線観測 (年齢、金属量、速度分散などの情報)

典型的な楕円銀河のスペクトルを想定
• Kinney & Calzetti 96のテンプレートを仮定
• z=2にredshiftさせる
• m5500Å=21.5 ABmagで規格化

simulated spectrum (exp. time=10hrs)

4000Å break

CaII K, H

G band

Mgb

10 hrs程度積分すれば
吸収線の議論可能？
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