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「ALMAに満足しない若手」が仕掛ける実験天文学
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宇宙の「氷山」：大規模構造
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WISE-GAMA survey @ IR
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LST + Super-DESHIMA target: 
mm/submm CO/CII tomography  
(Kawabe et al., SPIE 2016, Tamura et al., in prep)

宇宙の「氷山」：大規模構造



ALMA =「顕微鏡」
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ALMA FoV at 350 µm
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MKIDで実現する、 
ALMAと相補的な広視野広帯域観測装置 
宇宙の「氷山」のサイエンスのために

The effect of FIR lines on the selection of high-z galaxies L97

Figure 2. The rest-frame SED of SMM J2135−0102, a typical high-redshift
SMG at z = 2.3259, showing the bright, narrow molecular and atomic emis-
sion lines seen in the FIR and submillimetre. The continuum component of
the SED is derived from fits to the Herschel and ground-based photometry
(Ivison et al. 2010a; Swinbank et al. 2010) corrected for the emission-line
contributions. Added to this are the emission lines derived from the obser-
vations of Danielson et al. (2011) or for lines shortward of 100 µm from
the predictions from the PDR model used in that work. The observed [C II]
line in this source contributes 0.27 per cent of LFIR and along with other
strong lines may make a significant contribution to broad-band fluxes at cer-
tain redshifts (to better illustrate this, the inset shows the same SED around
the dust peak, with a linear flux scaling). We also indicate the observed-
frame passbands for the Herschel PACS (160 µm) and SPIRE (250, 350 and
500 µm), SCUBA-2 (450 and 850 µm) and LABOCA (870 µm) filters.

Before continuing, we stress that SMM J2135−0102 was first
identified at 870 µm, a passband which is not influenced by strong
line emission in this source and hence the strength of its emission
lines is likely to be representative of typical high-redshift SMGs,
rather than the most extreme examples. This is illustrated in Fig. 1,
which shows an L[C II]/LFIR ratio which is not extreme for luminous,
high-redshift sources, where line emitters have already been found
with greater than or equal to four times higher ratios. In fact, as we
discuss below, the selection of the brightest sources in a particular
waveband may select a population with line-to-continuum ratios in
that waveband which are far higher than typical.

3 R ESULTS

As an illustration of the effects of line contamination on the broad-
band fluxes of high-redshift SMGs, we redshift our template SED
and at each redshift we find the fluxes which would be observed
in the Herschel 160-, 250-, 350- and 500-µm bands, and the 450-
and 850-µm SCUBA-2 bands (the latter matching the LABOCA
870-µm filter). In Fig. 3, we plot the fractional increase in these
fluxes as a function of the redshift for the SMM J2135−0102 SED,
compared to a line-free SED. This figure demonstrates that even
for relatively weak-lined SEDs there can be moderate variations
in the expected fluxes, 5–10 per cent, for many passbands at z !
1. These line contributions are comparable to the absolute flux
calibration uncertainty of typical submillimetre maps (e.g. Weiss
et al. 2009) and the residual errors in source fluxes after correcting
for confusion effects in these low-resolution maps (so-called flux

Figure 3. The contribution as a function of the source redshift to the contin-
uum emission in the Herschel PACS and SPIRE, SCUBA-2 and LABOCA
bands, from the emission lines shown in Fig. 2. The influence of the
[C II] 158 µm line can be seen in the 250-, 350-, 500- and 850-µm bands at
z ∼ 0.6, 1.2, 2.2 and 4.4, respectively, with a contribution to the broad-band
fluxes of 5–10 per cent. Note that these contributions are based on a [C II]
line comprising 0.27 per cent of the galaxy’s LFIR. The line contributions
will scale linearly with the line-to-FIR luminosity ratio, so sources with
L[C II]/LFIR ! 1 per cent (Fig. 1) will have contributions greater than or
equal to four times larger, ∼20–40 per cent, corresponding to the right-hand
flux scale. We caution that the contributions for the higher redshift sources
in the shorter wavelength filters (e.g. at z ∼ 4 and z ∼ 6 at 250 and 350 µm,
respectively) are based on predicted, rather than observed, line fluxes.

boosting, Coppin et al. 2006), although unlike these two sources of
flux error, the line contamination is redshift-dependent.

However, given that we already know of examples of high-
redshift sources with stronger lines than our template SED (Fig. 1),
there is the potential for even larger variations. As an example,
we renormalize the atomic lines in our template SED so that [C II]
158 µm corresponds to 1 per cent of the bolometric emission and
recalculate their contribution to the broad-band fluxes. We find
that for such strong-lined emitters the emission lines can boost the
broad-band fluxes by ∼20–40 per cent or greater (as shown by the
right-hand scale in Fig. 3). Such variation in the apparent flux of
sources due to emission lines falling in the passband have two ob-
vious consequences: (i) the presence of lines in only a subset of
passbands may result in unusual colours for some combinations
of filters at certain redshifts; and (ii) the visibility of strong-lined
sources at particular redshifts is enhanced, resulting in their over-
representation in flux-limited samples.

To show the influence of line contamination on properties derived
from the broad-band photometry, we look at the effect of including
emission lines on the dust temperature and luminosity estimates.
We fit the fluxes from our redshifted template SED, with and with-
out emission lines, with a modified blackbody with β = 1.5 at the
known redshift and determine the characteristic temperature, Tdust,
and FIR luminosity, LFIR. Using the SMM J2135−0105 SED, we
find negligible effects on the derived temperatures and luminosities,
"1 K and "10 per cent, respectively, when complete, high-quality
photometric data are available. However, sources with stronger lines
may suffer more significant biases, for example, ∼30 per cent in
luminosity. Moreover, the increased flux in the line-contaminated
passbands, and hence the apparently higher significance of the de-
tections in these passbands coupled with incomplete photometric
coverage, may lead to even larger discrepancies. Such effects would

C⃝ 2011 The Authors, MNRAS 414, L95–L99
Monthly Notices of the Royal Astronomical Society C⃝ 2011 RAS

Smail et al., 2011
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DESHIMA (Deep Spectroscopic High-redshift Mapper)
超伝導フィルターバンクによる、超広帯域サブミリ波分光器
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DESHIMA (Deep Spectroscopic High-redshift Mapper)
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展望：テラヘルツBig-data装置のフロンティア
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2.
学際研究のすすめ 
DESHIMA誕生の経緯を例に
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新しい観測手法／観測装置が 
種から芽生える研究環境とは？



DESHIMA着想から原理実証まで： 
Klapwijk研究室＠カブリナノ科学研究所
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Klapwijk研究室＠カブリナノ科学研究所 
D論の例

Cosmology with Nanotechnology

• Pieter de Visser 
• Nature Communications x1 
• Physical Review Letters x2 (+1) 
• Applies Physics Letters x1 (+2) 
• Journal of Applied Physics x1 
• Journal of Low temperature physics x1 
• 計6本のpeer-reviewed journal 

• 中でも：超伝導共振器におけるG-R雑音の初観測 
• MKIDだけでなく、量子ビットの分野でも重要

• ちなみに：TUD&SRON KIDグループで~80本の論文 (’06-’18) 
• Physical Review Letters x5 
• Nature Communications x1 
• Applies Physics Letters x16 
• その他(A&A, ApJSなど)



Klapwijk研究室＠カブリナノ科学研究所 
フィルターバンクチップの原理実証

Cosmology with Nanotechnology

to the polarisation of the antenna on the chip. By turning the
orientation of a linear polarising grid in the optical path, we
can make the polarisation of the signal entering the cryostat
either parallel or perpendicular to the designed polarisation
of the antenna on the chip.

The bandpass characteristics of the filters are measured
by observing the response of each MKID while sweeping
the submillimeter source frequency. We use an FFTS-based
multi-tone readout electronics12,13 with 400 MHz bandwidth,
which allows us to simultaneously measure the response of
16 MKIDs, of which 5 have (1) MKID resonance frequen-
cies within a single readout bandwidth, (2) designed filter
resonance frequencies in the 600–700 GHz band, and (3)
situated consecutively on the chip. A common background
signal is seen for all 16 MKIDs, as shown in the inset of
Fig. 2, where the response of one channel is compared with a
trace of a channel with a filter tuned to outside of the
600–700 GHz band. Because there was no systematic de-
pendence of the common signal on the positions of the reso-
nators on the chip, we conclude that it is due to stray light
leaking from around the lens into the sample holder, which
forms an integration cavity to couple the stray light directly
to the MKIDs. In a future experiment the amount of stray
light can be reduced by a better design of the sample box14

and using intermediate optics to improve the coupling effi-
ciency from the source to the lens-antenna. Here we take
advantage of the fact that the background signal is common
for all channels and use it first to calibrate the responsivity
variation between the MKIDs. Then we flatten the spectra by
normalizing each spectrum on the background signal. As a
result, we obtain a spectrum for each channel which has a

normalized background level at unity, onto which any
response unique to that channel is superimposed. Fig. 2
shows the obtained spectra for the 5 in-band channels. Each
spectrum has a single peak, which is fitted well with the the-
oretically expected Lorentzian curve given in Eq. (2). The
center frequencies of each filter agree well with the design,
with an offset of 4%. The center frequencies of the channels
increase linearly, with a spacing of !17 GHz, which is
slightly smaller than the designed value of 20.8 GHz. As we
rotate the polariser so that the polarisation of the signal from
the source is perpendicular to the designed polarisation of
the antenna, the peak vanishes while the broad band response
to stray light remains similar.

By fitting each curve in Fig. 2 with Eq. (2), we extract
Ql and the height of the peak above the background level
and plot them against each other in Fig. 3. Ql varies from
140 to 350, while the peak height spans over a factor of 6. It
is interesting to consider whether there is a systematic rela-
tion between the two. In Fig. 3, we have overlaid a paramet-
ric plot of jS31j2 as a function of Ql calculated using Eq. (2),
by adopting the designed value of Qc ¼ 2000 and sweeping
Qi in the range of 160 < Qi < 530. The reasonably good
agreement between the model and the observation indicates
that the Ql of the resonators, which sets the resolution of the
filter bank as a spectrometer, is limited by dissipation in the
resonators, rather than too strong a coupling to the input and
output ports. Note that for the opposite case in which Qc <
Qi ¼ const and Qc is swept as a parameter, jS31ðQlÞj2
becomes a monotonically decreasing curve. From the curve
we can tell that the filter transmission jS31j2 is in the range of
1%–6%. The Qi calculated in this way for each filter is plot-
ted as a function of resonance frequency in the inset of
Fig. 3. Qi begins at 530 for f0 ¼ 614 GHz and decreases by a
factor of !3 as the frequency is increased.

If we would now assume that this decrease in Qi with
frequency is due to the increase in dielectric loss, it would
imply that the loss tangent (tan d ¼ Q% 1

i ) of the SiNx film
increases from 2 & 10% 3 at 614 GHz to 6 & 10% 3 at 685 GHz.
Although the absolute magnitude of these values are com-
parable to the room-temperature losses at the same frequen-
cies reported for CVD-deposited SiNx films,15 the losses

FIG. 2. Normalized phase response of the MKIDs behind consecutive filters
in the range of 600–700 GHz. All 5 curves have been normalized so that the
average background response outside the filter band is equal to unity, and
each curve has been given an offset for clarity. The stepped plots indicate
the measured data, where the solid curves are Lorentzian fits to each set of
data. (Inset) Example of spectra for two channels before dividing out the
common stray light component. The vertical axis shows the phase response
of the MKIDs in units of milliradians. One of the spectra (solid blue curve)
has a filter with a frequency within the measured band at 614 GHz, where
the other one (dashed black curve) has, by design, a filter centered at
759 GHz, which is outside the measured frequency band. The spectrum of
the 614 GHz channel after dividing out the stray light component is included
also in the main figure, as indicated by the arrows.

FIG. 3. (Left axis, points) Normalized peak height plotted against the loaded
quality factor Ql, where both values are taken from the fitted curves pre-
sented in Fig. 2. (Right axis, curve) Normalized filter transmission jS31ðQlÞj2
as a function of Ql, where both jS31ðQlÞj2 and Ql are calculated by varying
Qi as a parameter in Eq. (2). (Inset) Inferred Qi for each filter, plotted against
the resonance frequency.
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✴ First experimental proof-of-concept of submm-wave on-chip filterbank spectrometry 

650 GHz Microstrip Filterabank
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DESHIMAの装置開発期： 
Neto研究室 / Terahertz Sensing Group @ TU Delft 
Baselmansグループ　/ TU Delft, SRON
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350GHz帯 超伝導フィルターバンク分光チップ
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@SRON 
DESHIMAクライオスタット、読み出しエレクトロニクスの開発

Cosmology with Nanotechnology

Cryostat & Optics

Filterbank chip 
at 0.12 K

Readout Electronics 
(van Rantwijk et al., 2016)

4-6 GHz readout signal



@ Terahertz Sensing Group / TU Delft 
実験室でフィルターバンク分光器の実証
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日本との国際共同開発： 
ASTE搭載システムの開発
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Orion Nebula (continuum map) NGC253 (CO(3-2) map)
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HCO+
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40GHz in single shot 40GHz in single shot

12CO(3-2)

フィルターバンク分光器で 
初の天体スペクトル検出
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DESHIMAデータ解析ソフトウェアDe:codeの開発 
（谷口暁星さん、石田剛さん、鈴木向陽さん、上田哲太郎さん、陳家偉さん、田村陽一さん）

/ 11

Tsuyoshi ISHIDA (U. Tokyo, M2)2018/03/16 (Fri) ASJ Meeting 2018 Spring @ Chiba University

❖ DESHIMAデータの解析
パッケージ 

❖ キャリブレーション 

❖ マップメイキング 

❖ スペクトル出力 
❖ Python 3系で実装 

❖ データ構造はxarray 
(numpy+coordinates) 

❖ オープンソース (GitHub)

5

De:codeの開発
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天文学会2018: 石田剛さん

https://github.com/deshima-dev

✦ Subref 最適位置の推定 →  z: ± 0.2mm

1. Focus: DESHIMAによるFocus合わせ

4

Saturn Raster scan data × 10, 
2017/11/03, UTC 17h-18h

Saturn Rater scan 2017/11/03 
Subref (x, y, z) = (+1.25, +1.25, -0.45)
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天文学会2018: 鈴木向陽さん



DESHIMA/ASTE 2017の意義
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• 超伝導フィルターバンク分光器を使って天体輝線を受けることに  
世界で初めて成功した。 

• A very successful  
Atacama Submm Telescope Experiment  

• フィルターバンク分光器の新たなマイルストーン 
• 2012: 原理の提唱  
Endo et al., J. Low Temp. Phys. 167, 341 (2012) 

• 2013: 実験室でのフィルターバンクの原理実証  
Endo et al., Appl. Phys. Lett. 103, 032601 (2013) 

• 2017: 実験室で、完全に動作するシステムの実証  
(paper in prep.) 

• new! > 天体信号の初検出  
(paper in prep.)  

新しい観測手法／観測装置が 
種から芽生える研究環境とは？ 

に一つの答え



✴ 25画素のフィルターバンク分光器 
✴ on-chip beam steering

MOSAIC (Baselmans, Kohno et al.)

Cosmology with Nanotechnology

Jochem Baselmans Part B1 MOSAIC 
 
The beam steering concept is illustrated in Figure 2A and B. The 3D spectrometer mimics the data 
cube of galaxy position and distance that it will visualize. 

I intend to develop and build the entire instrument, including a modified cryogenic system, 
optics, readout, and the steerable pixel spectrograph and install it on the 10m ASTE observatory to 
detect the redshift of many SMGs. The ASTE observatory, located at 4860 m altitude in the 
Atacama Desert in northern Chile, is ideally suited for the detection of the brightest molecular fine 
structure line CII in the redshift range z~1-5 at frequencies between 325-905 GHz.  

MOSAIC, Multi-Object Spectrometer with an Array of superconducting Integrated Circuits, 
will be a revolutionary instrument, outperforming the entire ALMA observatory for a fraction of the 
cost when implemented on ASTE. When implemented on larger observatories the complete 
cosmic infrared background can be resolved from the ground, as shown in Figure 2C.  

a.3 Superconducting nanotechnology for astronomy 

The practical realization of MOSAIC is only possible with revolutionary levels of on-chip 
integration and miniaturization. In the visible to near infrared band, there is the emergence of 
'astrophotonic' components and instruments5. These instruments are designed by replacing free-
space optics with solid-state optical waveguides, including on-chip waveguides and flexible fibers 
to pursue higher performance, added functionality, reduced complexity, and compactness. For mm 
wave and sub-mm astronomy one can look at superonducting nanotechnology: A superconductor 
transports electrical current without any losses at frequencies F<Fgap, but it will absorb radiation for 
frequencies F>Fgap. (The quantity Fgap represents the binding energy of the superconducting paired 
electrons)  I will use NbTiN, with a gap frequency Fgap = 1.2 THz to create electrical circuits without 
any losses and combine those with aluminium with Fgap = 80 GHz to absorb the radiation and 
convert it into a meaningful electrical signal. This material combination is obviously ideally suited 
for ground based mm wave and sub-mm astronomy from 80 GHz – 1.2 THz. 

Superconducting materials, and especially NbTiN and Al, enable the construction of monolithic 
integrated circuits that can replace large optical components and instruments for sub-mm and 
millimeter wave astronomy. 

                                                
5 J. Bland-Hawthorn and P. Kern 2012, Phys. Today 65, 31 
6 C. M. Casey et al. 2013 Astro-ph, 1302.2619 
7 Tom Bakx 2014, M.Sc. Thesis, Delft University of Technology 
8 M. Béthermin et al., 2011, Astron. Astrophys., vol. 529, p. A4 

 
Figure 2: A: The dashed structure represents the patrolling range of a 9-pixel multi object spectrometer, 
which is overlaid on the SCUBA-2 450µm Cosmos field from Casey et al. 20136. The cross hairs show 
galaxies under observation. After detection each pixel can move to the next source.  
B:  The MOSAIC focal plane unit (right) is a 3D integrated field spectrometer of ~12x20 cm with 25 
individual spectrometers. Each pixel has a steerable beam as shown in A.   
C:  The power of MOSAIC in resolving the cosmic infrared background, from Bakx et al. 20147 based upon 
the backward evolution model from Bethermin et a., 20118. for a 7.5 arcmin FOV instrument, operating at 
325-905 GHz on ASTE and for a 7.5 arcmin FOV instrument,  operating at 100-300 GHz, on the 50m LMT. 
The data is compared to the performance of ALMA obtained using the ALMA observing time calculator; the 
25 pixel MOSAIC outperforms ALMA. The horizontal axis shows the total observing time to complete the 
survey, excluding overheads. The vertical axes are, going from the left, (1) 850 um flux density limit, and (2) 
fraction of the CIB at z>1 which has been spectroscopically detected.  
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超伝導アストロフォトニクスの夜明け
DESHIMA: オンチップ装置群の第一歩 
急速に進歩するフォトニクス・量子計算デバイスの最先端技術を、 
いち早く観測天文学に応用し続けたい。
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FIG. 1. Concept of microwave power amplification using SIS up- and down-converters.

millimetre-wave signal in the first SIS converter. Then, the millimetre-wave signal propagates through
a WR-10 (1.27 mm ⇥ 2.54 mm) rectangular waveguide circuit incorporating a 5-6 dB attenuator, and
it is finally down-converted back to a microwave signal by the other SIS converter and output via the
output SMA connector. The test module used in this experiment is an existing heterodyne mixer block
and two SIS converter chips at a radio frequency (RF) band of 100 GHz developed for the four beam
receiver system on the 45-m telescope (FOREST).8 The test module incorporates a WR-10 waveg-
uide LO power divider and a 15 17-dB RF/LO coupler for the LO power distribution. The 5-6 dB
waveguide attenuator for the millimetre-wave signal was inserted to provide isolation between two
SIS converters and to avoid the risk of saturation in this experiment. Fig. 3(a) shows the transmission
loss and phase of the waveguide attenuator measured at room temperature using a vector network
analyser. The SIS converter chip used in this experiment has a conventional design similar to that in
previous studies,9,10 but differs in that it integrates 4-series SIS junctions with a current density of
4.6 kA/cm2 and typical junction size of 1.9 µm2 as well as an RF matching circuit with coplanar
waveguides and microstrip lines. We note that the on-chip circuit in the converter chip was not
optimized for this experiment.

A proof-of-concept experimental setup is shown in Fig. 4. For the gain measurement, we used
a two-port vector network analyser PNA E8361C provided by Keysight technology. The microwave

FIG. 2. (a) Schematic diagram and (b) photograph of the proof-of-concept test module. The test module incorporates a WR-10
(1.27 mm x 2.54 mm) waveguide LO power divider and a 15 17-dB RF/LO coupler, has two mounted SIS mixer chips, and
implements two SMA connectors as the signal input and output interfaces. In this experiment, a 5-6 dB attenuator at 100 GHz
was inserted into the waveguide circuit connecting the SIS mixer chips. We show one of the two SIS converter chips only
because the design of both on-chip circuits are identical. The SIS on-chip circuit consists of a low-pass filter, RF waveguide
probe, RF matching circuit, and 4-series SIS junctions.

SIS amplifier
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日本に潜在する明白なシナジー：量子コンピュータ
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