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Survey of Distant Galaxies
✴ Distant Galaxy Survey

- distant galaxy
・optical wavelength observation is difficult
    because the emission is absorbed by dust
・dust emission can be observed at mm-wave
    to THz range A&A 554, A70 (2013)

(in prep.)

Fig. 4. SFRD densities in the FUV (blue), in the FIR (red), and in to-
tal (i.e., FUV + FIR) in green (other colors are due to overlaps of the
previous colors). The lines are the mean values, while the lighter col-
ors show the uncertainties evaluated from the 2000 runs as in Fig. 2.
After the initial increase of the total SFRD from z = 0 to z ⇠ 1.2, it
remains flat or slightly increases/decreases up to z ⇠ 2.5�3.0 followed
by a decrease. Globally and over 0 < z  3.6, the total average SFRD
is slightly below that reported in Hopkins & Beacom (2006) and agrees
with that of Behroozi et al. (2012) up to z ⇠ 2. The SFRD from Barger
et al. (2012) and preliminary results from Herschel/SPIRE estimated by
Vaccari et al. (in prep.) agree with these trends. Symbols and lines are
explained in the plot.

combined two Gaussians,

a1e
�(z�z1)2

2�2
1 + a2e

�(z�z2)2

2�2
2 , (1)

with a1 = 0.1261±0.0222, �1 = 0.5135±0.0704, z1 = 1.1390±
0.0959 and a2 = 0.2294 ± 0.0222, �2 = 0.8160 ± 0.0964, z2 =
2.7151 ± 0.0839. At higher redshifts, we made assumptions that
are explained below.

The cosmic SFRD presents a (weak) maximum at z ⇠
2.5–3.0 (i.e., between 2.6–2.1 Gyr) while the dust attenuation
presents a maximum at z ⇠ 1.2 (i.e. 5 Gyr). We tried to lock
the faint-end slope of the UV LF to ↵ = �1.2, to see how far
out in redshift the obscuration peak could potentially move, but
we detected no change, suggesting this e↵ect is solid. We have
no definite explanation for this delay of ⇠2.7 Gyr. Type II su-
pernovae start producing dust earlier than AGB stars (e.g. Fig. 3
in Valiante et al. 2009) but the di↵erence in timescales is too
short and only on the order of a few 10 Myr for the onset of
dust formation. Dust grain destruction in the ISM might play a
role (e.g. Dwek & Cherchne↵ 2011) but the e�ciency of de-
struction is only poorly known and depends on the star forma-
tion history. These dust-related origins for the delayed maximum
are un-likely. The best explanation might be that this delay is
related to a global move of galaxies in the [log10(LFIR/LFUV)
vs. log10(LFIR + LFUV)] diagram. Buat et al. (2009) showed that
galaxies evolve in redshift from z = 0 to z = 2 in this diagram,
with high-redshift sources having lower IRX at given total lumi-
nosities. This change is very likely related to systematic changes
of the FIR SEDs themselves (e.g. Elbaz et al. 2011; Nordon et al.
2012). This suggests that the shift might be caused by the relative
importance of more luminous galaxies (log10 LFUV[L�] � 10) in
the FUV as z evolves.

By integrating the SFRD, we can estimate the stellar-mass
density (SMD; Fig. 5 and Table 2). To do this, we set the mass

Fig. 5. Evolution of the cosmic SMD vs. redshift. The lines with blue
and red boxes are the mean values evaluated by integration while the
lighter colors show the uncertainties from the 2000 runs as in previous
figures. We overplot the trends found in Labbe et al. (2010) at z = 7–8,
Gonzalez et al. (2011) and Stark et al. (2013) at 3 < z < 7. We also
plot the line corresponding to the compilation of published measure-
ments in Wilkins et al. (2008). Within the uncertainties, we find a good
agreement of the SMD integrated from the SFRD with all other SMDs
based on galaxy surveys from z = 0.6 to z = 5. The black-limited area
represents the compilation of results in Santini et al. (2012). Scaled to
the same cosmology and IMF (Salpeter). Using Gonzalez et al. (2011),
we integrate down to luminosities equivalent to M ⇠ 2500 M�.

fraction of a generation of stars that is returned to the interstellar
medium to a fixed value R = 0.3 (Fraternali & Tomassetti 2012).
We also assumed a star formation history from z = 3.6 to the
galaxy formation set at zform = 10. Option 1 is a linear extrap-
olation, while option 2 corresponds to a rising exponential et/⌧

with ⌧ = 0.42 (Papovich et al. 2011) that joins the observation-
ally deduced SFRD3.

Superimposed in Fig. 5 are recent SMDs (converted to
Salpeter IMF if needed). Stark et al. (2013) accounted for the
nebular emission line contribution to the broad-band fluxes used
to infer stellar masses (see also Ono et al. 2010; de Barros et al.
2012). The trend from Labbe et al. (2010) lies above our points.
The other SMDs agree within the uncertainties at 0.6 < z < 3.6
for the two options described above. Wilkins et al. (2008) com-
piled measurements of the SMD from the literature and pro-
vided a best-fit parametric law ⇢?(z) = ae�bzc where a = 0.0023,
b = 0.68 and c = 1.2. We also overplot this in Fig. 5. This curve
slightly underestimates our SMD at very low redshifts, but fol-
lows the points derived from our data and our assumptions at
higher redshifts.

We reach a fair agreement, especially at 0.6 < z < 3.6.
The discrepancy previously observed is reduced here, and is still
marginally consistent at very low redshifts. As shown in Fig. 4,
our total SFRD generally lies below that reported in Hopkins
& Beacom (2006), suggesting that this previous evaluation of
dust attenuation might be overestimated in this redshift range.
The FIR data allowed us to reach a better agreement. Note that
Hopkins & Beacom (2006) did not directly use MIR-based data
to estimate their best-fitting parametric curve, but only to correct
the obscuration of the FUV data.

Figure 6 shows the variation of the cosmic specific star for-
mation rate (sSFR = SFRD/SMD) as a function of redshift.
3 Selecting option 1 or 2 does have no impact on the results presented
in Fig. 4.
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✴ Star Formation History

Burgarella et al., 2013
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Figure 2: Spectral energy distribution (SED) and Herschel/SPIRE colors of HFLS3. a, HFLS3 was 
identified as a very high redshift candidate, as it appears red between the Herschel/SPIRE 250-, 350-, 
and 500-!m bands (inset). The SED of the source (data points; #obs, observed-frame wavelength; $rest, 
rest-frame frequency; AB mag, magnitudes in the AB system; error bars are 1!! r.m.s. uncertainties in 
both panels) is fitted with a modified black body (MBB; solid line) and spectral templates for the 
starburst galaxies Arp 220, M82, HR10, and the Eyelash (broken lines, see key). The implied FIR 
luminosity is 2.86+0.32

-0.31 x 1013 Lsun. The dust in HFLS3 is not optically thick at wavelengths longward of 
rest-frame 162.7 !m (95.4% confidence; Figure S12). This is in contrast to Arp 220, in which the dust 
becomes optically thick (i.e., #d=1) shortward of 234+/-3 !m.20 Other high-redshift massive starburst 
galaxies (including the Eyelash) typically become optically thick around ~200 !m. This suggests that 
none of the detected molecular/fine structure emission lines in HFLS3 require correction for extinction. 
The radio continuum luminosity of HFLS3 is consistent with the radio-FIR correlation for nearby star-
forming galaxies. b, 350 !m/250 !m and 500 !m/350 !m flux density ratios of HFLS3. The colored 
lines are the same templates as in a, but redshifted between 1<z<8 (number labels indicate redshifts). 
Dashed grey lines indicate the dividing lines for red (S250!m<S350!m<S500!m) and ultra-red sources 
(S250!m<S350!m and 1.3 x S350!m < S500!m). Gray symbols show the positions of five spectroscopically 
confirmed red sources at 4<z<5.5 (including three new sources from our study), which all fall outside 
the ultra-red cutoff. This shows that ultra-red sources will lie at z>6 for typical SED shapes (except 
those with low dust temperatures), while red sources typically are at z<5.5. See Supplementary 
Information Sections 1 and 3 for more details. 
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- redshift can be determined from the SED 
  of the galaxy



Wide-Field Observations

For distant galaxy survey,
• camera development for wide field-of-view observation
• good observation site for astronomical observations

are important
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<mm/submm Survey>

ALMA : high-angular resolution interferometer 
→ follow-up observations of galaxies detected by the camera

✴ Wide-field telescope and multi-pixel superconducting camera
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Fig. 3 Transmittance in submillimeter wave and 

THz wave band. The blue line represents the New 

Dome Fuji station in the best condition. [2] 

New Dome Fuji 

Fig. 4 A schematic illustration of the 10 m THz 

telescope 

Fig. 5 A schematic illustration of the main 

reflector consisting of 60 aluminum panels 

optical image

observation area

Ivison et al., 2000



Wide-Field  Continuum Camera

✴ 100-GHz band Camera (now developing)
・Camera is installed to Nobeyama 45m telescope
・Detector : 109 pixel MKID array
・frequency band : 90 - 110 GHz

✴ THz band Camera (Future Plan)
・Our group is planning to construct the 10 m 
　telescope at the Antarctica plateau. 

・frequency band : 0.4 / 0.85 / 1.3 THz

MKID detector is one of the important technology for realizing wide-field camera

・Field-of-view : ~ 3 arcmin

・Field-of-view : 1 degree



δf

equilibrium

MW Readout  (3 - 9GHz)

500 um
Gold：Superconductor(Al)
Black：Substrate (Si)

Microwave Kinetic Inductance Detector (MKID)
✴ Operation Principle

✴ Advantage of MKID

・Superconducting resonators operated in 
　the microwave range

→ Kinetic Inductance is changed

Signals from the objects are observed by 
monitoring the shift of the resonance frequency. 

・High-detector yield is expected because the MKID fabrication process is relatively simple

photon
absorption

Day et al., Nature, 2003

→ 2GHz / 2 MHz span ～ 1000素子程度MKID1 MKID2 MKID3

 36
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 46
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S2
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B]

Frequency [GHz]

Readout 

MKID1 MKID2 MKID3

Low-noise amplifier

・Incident photons break Cooper-pair

→ Resonance frequency of MKID is also 
　 changed

・Intrinsic frequency multiplexing capability → ~1000 pixels can be measured with one LNA

力学インダクタンスはクーパー対の慣性質量に起因するため、超伝導体にEgap＜ hνの
エネルギーを持つフォトンが入射しクーパー対を破壊すると力学インダクタンスが変化
する。MKIDとはこの力学インダクタンスの変化を読み取る直接検出器である。図 2.2に
MKIDおよび等価回路を示す。

図 2.2: (左)MKID (右)MKIDの等価回路 (Barends, 2009)

最初に述べたようにMKIDとはマイクロ波帯で動作する超伝導共振器であり、等価回路
から分かるようにキャパシタンスとインダクタンスが並列接続された構造を持つ。また、
MKIDでは共振器の長さは読み出しに使用するマイクロ波 (一般には 4 - 8 GHz)の 1/4波
長になっており、片側 short , もう片側が openになっていることから長さに対応したマイ
クロ波で共振を起こす。この時、共振周波数 ω0は

ω0 =
2π

4l
√

(Lg + Lk)C
(2.9)

で表される。ここで、lは共振器の長さ、Lg, Cは超伝導配線が持つインダクタンス、キャ
パシタンスである。MKIDにEgap＜ hνのエネルギーを持つフォトンが入射しクーパー対
を破壊すると力学インダクタンスが変化することから、共振周波数は

ω0 −∆ω0 =
2π

4l
√

(Lg + Lk + ∆Lk)C
(2.10)

となり、図 2.3に示すように低周波側にシフトする。
また、図 2.4に示すように short端では電流が最大、電圧が最小であり、open端では電
圧が最大、電流が最小となっている。力学インダクタンスの変化に対する感度、つまり
MKIDの感度は short端で最大となるため short端でフォトンをたくさん吸収しクーパー
対を破壊したい。そのため図 2.5に示すようにMKIDでは short端にアンテナを付けてサ
ブミリ波のフォトンを効率よく吸収するような構造になっている。
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✴ Millimeter-wave MKID Camera

MKID Camera for the Nobeyama 45m Telescope

・Millimeter-wave MKID camera has been 
　developed for the Nobeyama 45m telescope

Observation Frequency 100-GHz band（90 − 110 GHz）
Field-of-view ～ 3 arcmin
Polarization linear single polarization
Detector Microwave Kinetic Inductance Detector

Cold Optics Refractive optics using Si lens
No. of pixels 109 pixels

Bath temperature < 200 mK

✴ Camera specifications

・Optics of the 45 m telescope consists of the 
　four reflective mirrors
→ Two Si lenses are used to connect the 
　 telescope focus to the MKID array.

・Collaboration with National Astronomical 
    Observatory of Japan



Cryostat Design

Camera CryostatReadout System

ਤ 2.3: μϒϧεϩοτΞϯςφͱ݁߹ͨ͠MKID

2.2 ίϓϨφઢ࿏

MKID ͷ৴߸༠ిମج൘ʹບ͞ΕͨಋബບʹΑΓܗ͞ΕͨίϓϨφઢ࿏
(Coplanar Waveguide; CPW)ʹΑͬͯૹ͞ΕΔɻίϓϨφઢ࿏ਤ 2.4(a)ʹࣔ͢௨
Γ৴߸͕ૹΒΕΔத৺ಋମͱج४ిҐͱͳΔ྆ଆಋମ (άϥϯυϓϨʔϯ)͕ҰఆͷΪϟο
ϓΛִͯͯಉҰฏ໘্ʹ࡞ΒΕ͍ͯΔɻ·ͨਤ 2.4(b)ి࣓քγϛϡϨʔλʔHFSSʹΑ
ΔίϓϨφઢ࿏͕࡞ΔిքΛද͓ͯ͠Γɺத৺ಋମ͔Β྆ଆಋମి͏͔͕ੜ͡
͍ͯΔ͜ͱ͕Θ͔Δɻ͜ͷిͱத৺ಋମΛғ͏࣓ʹΑΓ৴߸Λૹ͢Δɻ

(a) CPWͷஅ໘ਤͱύϥϝʔλɹ (b) CPW͕࡞Δిɹ

ਤ 2.4: ίϓϨφઢ࿏

ແଛࣦͷૹઢ࿏Ͱ͋Ε৴߸ޫ cͰΘΔ͕ɺ࣮ࡍਤ 2.4(b)ͷΑ͏ʹ༠ిମج
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✴ Comparison to other sites

✴ Planning telescope at Antarctica

Antarctica Plateau

・10 m class telescope @ Dome C (France-Italy site)
・30 m class telescope @ New Dome F (Japanese site)

Antarctica is the best site for millimeter-wave and terahertz astronomical observations

Dome F
200 K, 0.1 mm (25% in winter)）

Dome F
200 K, 0.14 mm (50% in winter）

Atacama Desert
260 K, 0.6 mm (50% in winter）

Mauna Kea 
270 K, 1.5 mm 
(50% in winter）

・There are a lot of telescope on these sites

＜e.g. Atacama / Mauna Kea >

＜ Antarctica ＞

・very good site for astronomy

mm-wave submm-wave THz Yang et al., 2010

good

・higher transmittance
・THz bands are only available at the Antarctica

4000

Dome A

Dome F

South 
Pole

Showa Station

Dome C

Altitude (m)
20000



✴ THz band MKID Camera

- ~20000 pixels for 0.45, 0.85, 1.3 THz

・Two types of focal plane arrays
→Si lens array and horn array

MKID Camera for Antarctica telescope

・7 optics tubes with Si lens

Main Reflector

Subreflector

Telescope Focus Cold Optics

- based on the NRO 45m MKID camera

✴ Antarctic 10 m Telescope
・Field-of-View：1 degree

 - Survey of distant galaxy
・Two instruments @ Nasmyth focus

 - Heterodyne receiver & Camera
 - Select by changing the third mirror

Third mirror Camera
Heterodyne receiver

1 K Si Lens
(dia. = 110 

4 K Si Lens
(dia. = 400 

HDPE 
window cold baffle

telescope 
focus@F/6

8.3 Design of 850 GHz-bands Camera 145

Figure 8.8: A module design of 850-GHz band camera. (Left) Green part showed the
silicon substrate, and the bottom space is used for the carbon based absorber. (Right)
The camera module with the 2977 pixel silicon lens array and the springs for fixing the
camera module and the lens array.

dB. These parameters were summarized in chapter 5, Fig. 5.1.

The optimized parameters of the extension thickness, the gap height and the lens

diameter were L/R = 0.34, H/R = 0.604 and D = 2.4λ (λ = 353 µm; the wavelength of

850 GHz), respectively. In this simulation, the detector spacing was equivalent to the lens

diameter. Figure 8.7 shows the simulated beam patterns of integrated silicon lens array

at (Left) 810 GHz, (Middle) 850 GHz, and (Right) 890 GHz. Good-quality beam patterns

with symmetry mainlobe, low-sidelobe level less than － 15 dB and cross-polarization

level less than－ 20 dB were achieved by optimizing the parameters of lens array.

8.3.2 Camera Mount

Figure 8.8 shows a CAD drawing of a 850-GHz band camera module. 2977 pixel MKIDs

are mounted on the camera module with a diameter of approximately 50mm. The green

and gray parts correspond to the silicon substrate and silicon lens array, respectively.

Gold-plated copper module with two SMA connectors for readout of the microwave sig-

nals was used. As shown in Fig. 8.8, the camera module has hexagonal shape. In this

case, several modules can be assembled into a larger array which fits the circular focal

plane (Lee et al., 2008).

Figure 8.9 shows a CAD drawing of a 850-GHz band camera for the 10-m Antarctica
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図 2: 37個のホーンが並んだホーンアレイ。図 3: 導波管の先に取り付けられるスロットアンテナと超
伝導回路の模式図。

それぞれのホーンは 2Fλ ∼ 15.7mm程度 1で並べる。野辺山 45m鏡に搭載した場合、100GHz帯の
ビームサイズは約 15′′であり、ここで計画しているホーンアレイと検出器によって視野∼ 3′の領域を一
度に観測できる。15′′の分解能があれば、1 kpc先の分子雲を < 0.01 pcスケールで分解できる。Planck

衛星の 100GHz帯のビームサイズは約 10′程度であるから、Planck衛星によって得られたマップを空間
的にさらに 40倍ほど細かく分解することができる。13CO、C18Oも同時観測することで、密度分布もト
レースできる。

申請者の担当部分 表 2: 検出器の構成部品
構成要素 備考
真空容器
光学素子 真空窓からホーンまで

ホーンアレイ
超伝導回路 filter + MKID

読出回路 申請書に書かない？

申請者は検出器の各構成部品の設計、製作、性能評価
を行なう。本申請書で提案する検出器の構成部品を表 2に
まとめた。
真空容器
真空容器はMKID部分が ∼100mKのオーダーまで冷

やす必要があるが、真空容器の設計方法自体はすでに確
立しているため、それにしたがって丁寧に設計と熱計算を行なう。制約としては野辺山 45m鏡に搭載す
ることを考え、45m鏡の構造体と干渉しないことが挙げられる。
光学素子
ホーンを並べる間隔の関係から、45m鏡の焦点距離を F/3程度に変換するためのレンズが必要であり、

その光学設計を行なう。また、真空窓からの赤外線放射の侵入を防ぐために、赤外線カットフィルターや
バッフルなどを設置する必要がある。従来は 1視野のみの検出器であることが多かったため、多素子 (広
視野)の光学系に対してどのように最適化すればよいのかは十分に議論されてはいない。この点について
も詳細な検討を行う予定である。
ホーンアレイ
最近になって広帯域のコルゲートホーンを作ることができるようになってきた。2015年度中に 4ビー

ムのホーンアレイが作られる予定であり、図 2のような 37ビームのホーンアレイは 2015年度中にもでき
る可能性がある。申請者はホーンアレイの開発には他の要素と比べると担当する作業は少ない。
超伝導回路
申請者は主に超伝導回路の設計、製作に注力する。図 3に超伝導回路の模式図を示す。37個のホーンと

導波管の先に図 3のような回路がそれぞれ取り付けられる。37個分の回路を 1枚のシリコン基板上に作成
する。本申請書で提案する超伝導回路は直線 2偏波を検出するために超伝導線路が交差する場所ができて
しまう。図 3にあるようなブリッジ部分を設計・製作することは開発の鍵となる。また、2Fλ ∼ 15.7mm

間隔で並んでいるそれぞれのホーンの占める面積の中に超伝導回路全体を納める必要がある。いかに小型
1Airy diskの第 1暗環の直径と同じ大きさである。ただし、空間分解能としては Nyquist samplingになっていない。

Lens array

Horn arrayMKID
(< 4 K) (<0.2 K)



Summary

✴ Scientific Motivation
・distant galaxy survey

 - wide-field survey is important to detect the unknown galaxies

・Antarctica is the best site for THz astronomy

✴ MKID camera development
・MKID camera for the Nobeyama 45 m telescope

- 109 pixel array using lens-antenna coupled MKID
- dark NEP : ~ 10-16 [W/rHz]

✴ Future development

・~ 20000 pixel camera is designed for the Antarctic 10 m telescope

 - redshift can be determined from the spectrum energy distribution

- Beam pattern measured with planets is comparable with the simulation
- improvement of the sensitivity is needed


