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Probing the nature of dark matter by wide field and high 
angular resolution astronomical imaging observations


広視野かつ高分解能天体イメージングによるダークマター探索

Miyazaki, Komiyama, Kawanomoto, Kamata (NAOJ)

Oguri（U-Tokyo/KIPMU）



Dark matter from Astronomical Observations
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Kinematics of galaxies in clusters

(Zwicky 1937)
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Gravitational lensing

(Clowe et al 2006)

• proof of existence

• constraints on its nature (cold, small cross section)
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Testing Dark Matter: Cluster Shapes
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Oguri et al. (2012)

• Subaru gravitational lensing analysis 
reveals highly elongated (not spherical) 
dark matter distribution


   (Oguri et al. 2010, 2012, Umetsu et al. 2018, ..)

mostly cold and collisionless 

at cluster scale 

• more information can be extracted by substructures, 
edge of cluster (splashback radius), etc.


   → need higher-resolution lensing observations



Testing Dark Matter: dwarf galaxies 
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12 Errani et al.
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Figure 9. Mean densities r(< 1.8Rh) within 1.8 half-light radii Rh of Milky Way dSphs, estimated using the minimum-variance mass estimator (equation 12).
Grey curves show the mean density profiles of cuspy (g = 1, left-hand panel) and cored (g = 0, right-hand panel) haloes of the controlled cosmological
simulations introduced in section 3.2. These curves assume {a,b ,g} = {1,5,g} profiles with {rmax,vmax} as fitted to the simulated haloes. Note that the
ultrafaint Milky Way dwarfs are too dense to be compatible with any of the simulated cored DM haloes.

Figure 10. {rmax,vmax} degeneracy curves of the DM haloes of Milky Way dSphs obtained by assuming cuspy (left-hand panel, g = 1) and cored (right-hand
panel, g = 0) DM density profiles for tidally stripped systems (a = 1, b = 5 in equation 5). {rmax,vmax} values of subhaloes of our controlled cosmological
simulations are shown by grey filled circles. Crosses indicate the minimum-c2 estimates (see equation 19). Note that the {rmax,vmax} curves of the ultrafaint
Milky Way dwarfs result incompatible with any of the simulated cored DM haloes.

5.3 (Total) halo mass - stellar mass relation

Extrapolating total halo masses from measured enclosed masses is
an uncertain endeavour: whereas enclosed masses within multiples
of the half-light radius are well constrained by measurements of
hs2

losi and Rh, constraints on the total halo mass are very weak (l �

1 in Fig. 3). Total halo masses are therefore commonly extrapolated
from enclosed masses under the assumption of median cosmological
mass - concentration relations obtained for cuspy Navarro et al.
(1997) profiles (see e.g. the discussion in Strigari et al. (2008),
making use of the Bullock et al. (2001) relation between virial mass

MNRAS , 1–18 (2018)

Errani et al. (2018)
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FIG. 2. The 1� parameter estimation of hvi-h�vi/m based on
MLE. We also show the SIDM cross-section which are favored
by the dwarf irregular galaxies (red), low surface brightness
galaxies (blue) and clusters (green).

prior-independent constraints.
In Fig. 1, we show the fitting results of �/m for tage =

10Gyr. For the Bayesian analysis, we show the median of
�/m with 1� and 2� credible intervals. The figure shows
that the posterior distributions of �/m reach the lower
limit of its prior distribution. Thus, no UFDs strongly
favor non-zero self-interaction cross-section. This also
means that the upper limit of �/m strongly depends on
the prior distribution in the Bayesian analysis.

For the MLE, we estimate the 1(2)� confidence inter-
vals via �2� log(Ltot) = 1 and 4. We have checked that
the estimated intervals by the MLE are consistent with
the bootstrap Monte-Carlo simulation. The figure again
shows that no UFDs favor non-zero cross-section. In par-
ticular, the fitting results for Segue 1 and Willman 1 are
consistent with zero cross-section at 1� C.L. and provide
the 2� upper-limit 8.6 ⇥ 10�2 cm2/g and 0.39 cm2/g,
respectively.

In Fig. 2, we show the 1� estimation of hvi-h�vi/m with
the MLE for Segue 1 and Willman 1, which correspond to
two dimensional contours of �2� log(Ltot) = 2.3. Com-
pared with the favored SIDM cross-section in the previ-
ous study using the dwarf irregular galaxies [9], the low
surface brightness galaxies [69] (blue), and galaxy clus-
ters [70] (green) (see Ref. [34] for details), the Segue 1
and Willman 1 place stringent upper limits.

CONCLUSION

We investigated the SIDM by using the stellar kine-
matics of the 23 UFD galaxies with the phenomenolog-
ical modeling of the SIDM halo profile. We found all
the UFD galaxies are consistent with collisionless DM.

In particular, Segue 1 and Willman 1 provide stringent
constraints on the self-interacting cross-section: �/m <
O(0.1) cm2/g. As seen in Fig. 2, our result with the UFDs
is in considerable tension with the DM self-interaction
strength preferred by the dwarf irregular and the low sur-
face brightness galaxies which are more a↵ected by the
baryonic feedback e↵ects than the UFDs. In the present
framework, it would not be easy to explain this discrep-
ancy with the DM velocity dependent cross-section, as
the typical velocities of the DM in the UFDs and those
in the dwarf irregular galaxies are close with each other
[71].
It should be emphasized that our analysis is based

on the simple steady-state modeling of the SIDM in
Refs. [34, 35]. If some of the UFDs are in the core-collapse
phase, for example, the simple model does not describe
their halo profiles properly, which could invalidate the
constraints obtained in this work. (See Ref. [72] for the
study of the SIDM using the classical dSphs in which
the core-collapse process is taken into account semi-
analytically [73].) The estimation of the core-collapse
time scale of the subhalo, however, may depend on sub-
tle dynamics such as the tidal-stripping, and hence, needs
further studies [12, 13, 16, 74–78].
We thank H. Yu, M. Valli and S. Ando for helpful dis-
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• current kinematics measurements suggest cuspy profiles 
consistent with cold and collisionless dark matter


   → improve constraints by kinematics+lensing?
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Testing Dark Matter: Primodial Black Hole (PBH)
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27

between limits based on positive detections and null detections. Claimed positive detections come from OGLE in the
low mass range [216], MACHO and quasar microlensing [217] in the solar mass range and from Dong et al. [218] in
the high mass range.
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FIG. 12. Lensing constraints with the (disputed) GRB and SNe limits and the original HSC constraint shown by broken lines.

1. Femtolensing and picolensing

It has been argued that constraints on PBHs with very lowM come from the femtolensing of �-ray bursts. Assuming
the bursts are at a redshift z ⇠ 1, early studies [219, 220] claimed to exclude f = 1 in the mass range 10�16–10�13 M�
and later work [221] gave a limit which can be approximated as

f(M) < 0.1 (5⇥ 1016 g < M < 1019 g) , (61)

as shown in Fig. 12. The femtolensers could either be PBHs or ultra-compact dark matter minihalos (e.g. made up
of QCD axions). However, Katz et al. [222] have reviewed this argument, taking into account the extended nature
of the source as well as wave optics e↵ects, and argue that most GRBs are inappropriate for femtolensing searches
due to their large sizes. This probably removes the femtolensing limit altogether. A small fraction, characterized by
fast variability, might be small enough to be useful but many such bursts would be needed to achieve meaningful
constraints. The femtolensing limits in Figs. 10 and 12 are shown with broken lines to reflect this uncertainty.

2. Microlensing of stars

Microlensing observations of stars in the Magellanic Clouds (LMC and SMC) probe the fraction of the Galactic
halo in MACHOs over the mass range 10�7 M� < M < 10M� [223]. The optical depth of the halo towards LMC
and SMC, defined as the probability that any given star is amplified by at least 1.34 at a given time, is related to the
fraction f(M) by

⌧ (SMC)

L
= 1.4 ⌧ (LMC)

L
= 6.6⇥ 10�7 f(M) (62)

for the S halo model [224]. Although the initial motivation for microlensing surveys was to search for brown dwarfs
with 0.02M� < M < 0.08M� , the possibility that the halo is dominated by these objects was soon ruled out by
the MACHO experiment [225]. However, MACHO observed 17 events and claimed that these were consistent with
compact objects of M ⇠ 0.5M� contributing 20% of the halo mass [224]. This raised the possibility that some of the

Microlensing is useful for constraining PBHs

mass

Carr et al. (2020)
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M31 microlensing

(Niikura et  al. 2019)

caustic crossing

(Oguri et  al. 2018)

much of parameter space is still unconstrained



Modern Astronomical Imaging Surveys (optical)
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Future: 2023-2030’s

LSST Survey

20,000 sq. degs r ~ 27


Current: 2014-2022

HSC Survey

1,200 sq. degs  r ~ 26


Past: 2000’s

Sloan Digital Suvey

10,000 sq. degs  r ~ 23


Future in parallel:  Near Infrared Surveys from Space  — Euclid, WFIRST



Hyper Suprime-Cam
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Lens

Filter

CCD

~ 3 m tall  ~ 3 tons

nearly GB pixel 

116 200 µm thick

fully depleted CCDs

built by Hamamatsu



Wide Area Dark Matter Map
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RA (deg)
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30 sq. deg (out of planned 1200 sq. deg)

Miyazaki, Oguri,  et al. (2018)



Satoshi Miyazaki HSC/NAOJ

Latest Cosmology Result

⌦m

S8

Cosmic Shear Tomography to constrain 

HSC
DES

Planck

1800 deg2
137 deg2

HSC’s coverage is less than 1/10 of DES’s 
but the errors are equivalent


thanks to the sharp and deep imaging

⌦m

HSC ?
1, 200 deg2

We are going to observer 1,200 sqdeg and 

the error will become 1/3. We are able to test


the discrepancy from Planck result more accurately. 

If it is confirmed, it will become a significant

challenge against standard cosmology (LCDM).

S8

PASJ Excellent 

Paper Award 2020

Hikage, Oguri et al. 2019



Wide Area Dark Matter Map (3D)

But these tell almost nothing  about the nature of dark matter

Even higher angular resolution map is necessary.

Oguri, Miyazaki et al. (2018)

Growth of the structure clearly visible for the first time.

Only Subaru/HSC can draw this map for now. 

RA

DEC

redshift

(8 G lyr)

(1 G lyr)

(0.25 G ly)



Beyond Hyper Suprime-Cam

• More powerful rivals showing up: LSST, 
Euclid, and WFIRST


• CCD read out time (30 sec) makes the 
short time exposure observation quite 
inefficient

11

HSC LSST

Survey

Period 6 yr 10 yr

Nights 300 ~3000

Rel. Inst. 
Survey 
Speed

1 3.4

Rel.

Yearly


progress
1 20 !!!

Exposure Read Exposure Read Exposure Read

Introduction of high speed CMOS might be one way to go where

we might be able to explore unprecedented parameter space

Thus, we resumed a collaboration with Hamamatsu to build

fast readout CMOS sensor.



Beyond Hyper Suprime-Cam
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We resumed a collaboration with Hamamatsu to build

fast readout CMOS sensor armed with the former 

“新学術領域研究” of Murayama-san’s PI. 

• Lucky Imaging


• Image quality of ground base telescope is limited by the atmospheric disturbance


• Selecting “luckily” less disturbed images from  a series of short time exposures 
makes sharper imaging possible


• Angular resolution of mass map  improves as N_g increases (0’’.7->0’’.5 doubles N_g)


• Micro-lensing observation in more crowded field


• Exploring new parameter space

High Speed CMOS enables:

9 
 

 
 

Figure 7: The output from a long run of simulated images for GravityCam on the NTT. The seeing was 0.75 arcseconds 
and the wind velocity 8 m/s. This is a simulation of 1000 images. The image on the bottom right shows what would 
be obtained with conventional imaging, therefore without any attempt to co-align different images. The other seven 
frames show the different percentages in each bin and the Strehl ratio which is a measurement of the sharpness of 
the image produced.  
 

The simulation shown in figure 7 give results that are poorer than with a 2.5 m telescope which can 
allow near diffraction limited imaging with a higher percentage of frames. However the NTT is on a good 
site and under the right conditions we should be able to get very good image resolution indeed. Our design 
for GravityCam does not try to achieve diffraction limited image quality, and sacrifices pixel size for field 
of view. It is these simulated outputs that have allowed us to select 16 µm pixels which give a scale of 
85.76 milliarcseconds per pixel.  

That scale would be achieved without any additional reimaging optics. The design of GravityCam is very 
simple. In the front of the detector enclosure (a vacuum dewar) is an atmospheric dispersion corrector 
consisting of two crossed prisms. This is essential if we do not wish to compromise the resolution when 
we observe at significant zenith distances. It is at that point that facilities for introducing broadband filters 
are included. However many of the programs that are particularly exciting with GravityCam are related to 
gravitational lensing. In both cases we must remember that the gravitational lensing process is completely 
achromatic. When signal-to-noise is important it means we can use a very broadband or indeed a simple 
long pass filter. 

The front element of the detector housing will be a weak lens to compensate for the non-flatness of 
the focal plane. The focal plane from the NTT has a curvature with radius of 1.9 m. Although that is not 
great it will be significant over the 33 cm diameter of the field of view and without compensation would 
cause significant defocus at the edge of the field. 

Inside the detector housing we will use a close-packed array of CMOS detectors. The original Gravi-
tyCam concept proposed using photon counting electron multiplying CCDs. They have the ability to run 
with extremely low read noise and count individual photons. The disadvantage of CCDs generally is that 
when running at high-speed there is a significant amount of smear caused by the bright stars in the field. 
As the charge is transferred across the device prior to being read out the light from a bright star gives a 
trail which will be familiar to those who use CCDs at other telescopes. When running at high frame rates 
the charge transfer time is a significant fraction of the total integration time and therefore the smearing 
becomes more noticeable. It is relatively straightforward to correct for it but it still does compromise 
image quality particularly when working at the limits of the instrument. 

Mackey et al. (2018)



Observing Plans

Revival of the retired Suprime-Cam with the new detectors


- High cadence observation of PBH


- Blind optical pulsar surveys in globular clusters


Lucky imaging on D = 2 ~ 3 m telescopes


Shift-and-Add on 0.5 m  SuperBIT balloon telescope


- Massive cluster (z ~ 0.5) center and outer skirts


- Caustic crossing observations

13



Prototyping since 2017

• Design goals


• 2,560 x 10,000 pixels


• 7.5 µm square pixel


• Full well ~ 30,000 e


• R.N. ~ 2 e


• Dark: 90 e/s/pix @ 300 K


• 10 Frame/sec

14



Item Unit Back Illuminated Front Illuminated

Image Size mm 19.20 x 75.00

Pixel Size µm 7.5

Format pixel 2560 x 10000

Fastest Frame Rate fps 6 10

Quantum Efficiency % >= 48 (400 nm)  
>= 60 (800 nm)

>= 5 (400 nm) 
>= 11 (800 nm)

Ratio of defect pixels % <= 5

Resolution (*1) µm <= 5 <= 5

Dark Current e / pixel / sec <= 1000 (Room Temperature) <= 200 (Room Temperature)

Read Noise     (High Gain) 
                      (Low Gain)

e rms <= 5 
<= 30

<= 3 
<= 25

Full Well (High Gain) 
             (Low Gain)

e >= 2000 
>= 20000

>= 2000 
>= 30000

Responsivity       (High Gain) 
                          (Low Gain)

µV/e 640 
40

ADC Resolution bit 10 (*2)

 

 

2018.07 㻷㻿X-㻵5XXXXX-㻶_㻿14596 

1

CMOSイメージセンサ S14596-XXXX 
XXXX に䛿注文番号が割り当てられます。 

 

㻿14596-xxxx 䛿 㻭㻼㻿 (active pixel sensor)型䛾 㻯㻹㻻㻿 エリアイメージセンサです。列毎に 㻭㻰 変換回路を内蔵する

ことで高フレームレート(10 フレーム/秒) を実現しました。7.5μm□、2560 × 10000 画素䛾受光エリアを有していま

す。タイミング発生回路、バイアス発生回路を内蔵しており、デジタル入出力䛾ため取り扱いが容易です。 

 
■ 特長 

● 画素サイズ： 7.5 × 7.5μm 

● 画素数： 2560×10000 画素 

● 裏面入射型 

● フレームレート 10 フレーム/秒（データ取り込みエラーによる欠陥ラインあり） 

● 㻿㻼㻵(㻿erial 㻼eripheral 㻵nterface)搭載 

● 㻸V㻰㻿 出力(20 ペア) 

 

■ ブロック図                     ■ 分光感度特性 (代表例) 
        

基本となる入力信号䛿基準クロック 㻹㻯㻸㻷 です。出力䛿基準クロックから逓倍（㻿㻼㻵 にて変更可）した出力クロック信号

(㻼clk)と、同期した映像信号(㻸V㻰㻿 20 ペア)、および同期信号(Vsync,㻴sync,㻯T㻾)です。 

Structure

15

2560 Column ADC

Digital output from a device



Data Acquisition Board
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ZDAQ: developed jointly by 
JAXA (KIPMU)Takahashi’s Lab



X-ray test result

17

Mn Kalpha FWHM: 160 eV


Readout noise: 2.5 e

HPK

CCD

HPK

CMOS



Assembly of the focal Plane 2019/08

18



19September 2, 2019 @ Hiroshima



Lucky Imaging Trial
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alpha-Gem.: Binary stars with 5 arc sec separation

- R-band、1 ms、1000 exposures


-Selection options: 1000/1000, 100/1000, 50/1000, 
20/1000, 10/1000 


- FWHM changes 3.84 ->3.24-> 2.88->2.64-> 2.28 arc-sec


-Improvement confirmed

1000/1000

0100/1000

0050/1000

0020/1000

0010/1000



127.2

150.4	(Sens.	Area)

Field	of	view	of	
Suprime-Cam	

(ϕ	30	arcmin)

Development plan under this funding phase

21
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ग़͠ճ࿏͸ɺXILINXࣾͷ Zynqͱ͍͏ FPGAΛத৺ͱͨ͠σδλϧೖग़ྗճ࿏Ͱ͋ͬͨɻZynq

͸ैདྷͷϓϩάϥϚϒϧϩδοΫճ࿏ʹ ARMΞʔΩςΫνϟͷ CPU͕౷߹͞Εͨ΋ͷͰɺͦ
ͷ CPU্Ͱ LinuxΛಈͤ͞࡞Δ͜ͱͰɺϋʔυ΢ΣΞߏ੒ͷ୯७Խɺσʔλऩूιϑτ΢ΤΞ
։ൃޮ཰ͷ্޲ʹ੒ޭͨ͠ɻ͔͠͠ͳ͕Βɺσʔλόϯυ෯ͷݶքʹΑΓɺ࡞ࢼCMOSηϯαʔ
ͷϑϨʔϜϨʔτ͸ɺ3.3ϑϨʔϜຖඵʹཹ·͍ͬͯΔɻຊਃ੥ͷॿ੒ʹΑΓ 3ຕͷϘʔυΛฒྻ
ಈͤ͞࡞ΔվྑΛ͜͏ߦͱʹΑΓɺ10ϑϨʔϜຖඵͷಡΈग़͠Λ࣮͍ͨ͠ݱɻ
଎ͳγϦίϯσΟεΫʹॻ͖ग़͞ΕΔ͕ɺͦͷ๲େͳσʔλΛղੳ͢ߴଌதը૾σʔλ͸ɺ؍

ΔͨΊʹػࢉܭΫϥελʔͷ੔උ͕ඞཁͱͳΔɻ͜Ε·ͰHSCͷσʔλղੳͷͨΊʹཱࠃఱจ୆
ʹ੔උ͖ͯͨ͠ػࢉܭΫϥελʔΛ׆༻ͭͭ͠ɺ೥Λ௥͏͝ͱʹ૿͑ΔσʔλྔʹରԠͯ͠ɺه
Աഔମ༰ྔɺCPU਺Λ૿ܭ͍ͯ͘͠ڧըͰ͋Δɻ

3. ৽ܕCMOSηϯαʔΛ༻͍ͨఱମ؍ଌʹΑΔμʔΫϚλʔڀݚ
μʔΫϚλʔͷީิͱͯ͠ଟ༷ͳૉཻ͑ߟ͕ࢠΒΕ͍ͯΔ͜ͱ͔Βɺఱମ؍ଌʹΑΔμʔΫϚλʔ
ʹతੑ࣭͸ओࢠଟ֯తʹਐΊΔඞཁ͕͋ΔɻμʔΫϚλʔͷૉཻྀͯ͠ߟ΋ෳ਺ͷՄೳੑΛڀݚ
খεέʔϧ෼෍ʹ൓ө͞ΕΔͨΊɺҎԼͰઆ໌͢Δͱ͓ΓCMOSηϯαʔ؍ଌʹΑͬͯখεέʔ
ϧͷμʔΫϚλʔ෼෍ଌఆΛ༷ʑͳ໘Ͱ੾Γ։͘͜ͱͰμʔΫϚλʔڀݚͷ৽͍͠ల։Λ໨͢ࢦɻ
ϥοΩʔΠϝʔδϯάΛར༻ۭͨؒ͠ߴ෼ղೳμʔΫϚλʔ෼෍ଌఆ
ୈ 1અͰड़΂ͨͱ͓Γɺզʑ͸HSCΛ༻͍ͨऑ͍ॏྗϨϯζޮՌʹΑΔ޿ఱҬμʔΫϚλʔ෼෍
ଌఆʹ͓͍ͯଞϓϩδΣΫτͷ௥ਵΛ͞ڐͳ͍ϢχʔΫͳ੒ՌΛ͖ͨͯ͛ڍɻ͔͠͠ͳ͕Βμʔ
ΫϚλʔͷੑ࣭Λௐ΂ΔͨΊʹ͸ɺ͞Βʹۭؒߴ෼ղೳͷμʔΫϚλʔ෼෍Λଌఆ͢Δඞཁ͕͋
Δɻऑ͍ॏྗϨϯζͰଌఆ͢ΔμʔΫϚλʔϚοϓͷ֯౓෼ղೳ͸ղੳʹ࢖༻͢ΔഎۜܠՏͷ਺
ີ౓Ͱܾ·Δ͕ɺ஍্๬ԕڸͷ؍ଌͰ͸େؾͷγʔΠϯάʹΑΔۭؒ෼ղೳͷݶքʹΑΓ҉͍ߴ

Improvement of QE

while maintaining pixel resolution

by adopting high resistivity silicon

Mass (!?) production to pave the

Subaru Suprime-Cam Focal Plane

Twelve Devices necessary



Comparison with other CMOS Cameras
Tomo-e	Gozen TAOS	II Subaru	CMOS

Tel.	Aperture 1.05	m 1.3	m 8.2	m

Field	of	View	 20	deg2 2.3	deg2 0.25	deg2

Frame	Rate 2	sec-1		(20	for	part) 20	sec-1 10	sec-1

Limiting	Mag. ~17	mag ~18	mag ~21	mag

Sensor	Format 2000x1128

(19um/pix)

1920x4608	(16um/
pix)

2560x10000

(7.5um/pix)

#	of	Sensors 84 10 12

Vendor Canon e2v Hamamatsu

Site Kiso Mexico Maunakea

Tomo-e	Gozen																																											TAOSII	Focal	Plane																											Subaru	CMOS	Camera	



Challenges
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- Data Acquisition System


- Post Processing Data Analysis System

50 MByte x 10 Hz x 12 = 6 GByte/sec 



Summary

• Please contact us if you are interested in the project.


• New ideas for observations wanted


• New ideas to handle massive dataset wanted


• We encourage you to apply for the “公募研究” to promote 

the collaboration. 
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