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Integrated system with telescope, video camera, and intelligent data processing
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Sako et al. 2018, SPIE
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105-cm wide-field telescope

Kiso Schmidt
telescope

KEHRFAIZ2017FE IR TLE L=,
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Kiso Observatory, the University of Tokyo
Kiso, Nagano, JAPAN
Established in 1974

Aperture diameter : 105cm

Field of View : 9 degrees
Focal length : 3,300 mm, f/3.1

Image: KOJI OKUMURA (Forward Stroke)




First astronomical wide-field video camera

Mosaic CMOS
camera

On the Kiso 105cm Schmidt telescope

Field-of-view : 20 square degrees
84 chips of CMOS sensors with 190 Mpixels High-sensitivity CMOS

video sensors
Video in 2 frames/sec

Big data of 30 TB/night - 3PB/yr x 10 yr = 30PB (raw)

Optical, single color

Operation >10 years
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Camera unit was completed in Apr. 2019
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Survey power
for transient

events
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The numbers in the circles show limiting magnitudes.




Comparison of
fields-of-view

Tomo-e Gozen
Kiso Schmidt, 1.05 m,
CMQOS, video

ZTF/Palomar.Schmidt, 1.2.m..
CCD; static image . 3

| Pan-STARRS. 18m. .

" CCD, static image

size of moon

Field-of-view of a single
sensor : 0.66° x 0.37°




2-fps video taken by 2 sensors of Tomo-e Gozen

M27 (planetary nebula)

LML

Altair (1t mag. star)

MI1 (open cluster)

M54
M70 M64
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Quick report
Data center of UTokyo

(Hongo, Kashiwa)

a5 ;
++ .++ under construction
!/

- o >
Temporary g Fak @ = @ Asteroid A

30 TB/night Spark-joy of 3 %

storage =

Long-term

84CPUs storage ) iy
rchive
ZOQTB 300TB 300TB Data center of NAOJ

Deleted - e Gravitational (Mitaka)
in7 days N @ Wave

N 200TB/ A -/

Every month

SMOKAF — L & ikE&rh

RawT — R & I %Zigd Dh ?

B Freshness is important

Kiso, Nagano

m Twitter-like
Mitaka, Hongo Kashiwa,
4-Gbps (shared line) Tokyo Chiba

We hope that SINET will be connected to the KISO region. I ||_I |'-|
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Schmidt Status
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e Romos Contrals "‘]‘“:p:"“" ) Tomo-e Gozen Field Checker with DSS i
Time (UTT) N :
st 12:3047 )
Dare Sl CLOSE /
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Drrrmre Anghe pILE]
Right Ascenasan 12:32:45.5 s
Declination 11858114
Maur Angle Lo 1Y
Aziemsth IS
Zenith Distance s
Focus Postign a4 Rain Cloud Fog Hum.  Sundlt.
Mirvor Cover e WET 1085 10000m &7.0W 20.48d
ND Filter NDLS
Flat Lasmp oFF

#tobservation
g Tomo-e Gozen Queue Status Monitor

too bot 77V i
Anyway, this is a test event came during Current Schedule ( ' ! E"‘euu“"g Queue Item ( pid 18791/ ) History
1 = Kiso Obsenvatory | Kiso Obsenvatory | 2019-07-07T07:32.45 69806572 W
Ryo Hamasaki 1/:0¢ soce
F—LAORRERELELEOT, § - - - 5 - -
¥ SR 3400 0300 0800 0900

#0:10V End Obsenation: 03-40

FrUTL—aERMDET.
' Ryou Ohsawa 1711
£ALCERMVWLET.
too bot 77V
This is a TEST EVENT! (GracelD: M516

e
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First 10 Recipes in the Queue (ol 0}

Firnn Obmercators | Kinn Obaseosnes | $01907-ATT01 51 59 498537 =

GracelD: MS518121%i can be observed : !omoedau-m:ﬂsterm lomoedaq-leVEDm tomuedaq-sl:ﬂvﬂm
Consider observing it. Recipe files can k
. . daqc STOPPED daqfrp01 daqfrp01 STOPPED
shinohara:/home/tomoesn/script/alert aclp u u a:Ip0 m u P >
oo bot 7 dagexpume I o @ semo O s o
anl too T —
#aisibilty and pointings saqman daq 903 O oo o
D o v dagpwr STOPPED (> | daq:frp04 STOPPED [ > | daq:frp04 STOPPED [ > |
dagq:sync [RUNNING | 0:45:38 u daq:frp05 [sToPreD | [ » | daqfrp05 [ » |
monitor.gpstime [ RUNNING | 0:45:38 n daq frp06 dagqfrp06 STOPPED
/ Exposure Log
DATE(JST) Exp ID Object Observer Project (RA, DEC) Frame Size Ntrame  Gain Timt FPS zn
2019-07-07 20:17:46 129850 FLAT Kiso Staff Sample Recipe (15:28:21.7, 115:56:18) 2000=1128 an high 1.0000 1.0000 T0.99
. 2018-07-07 20:13:08 129849 DARK Kiso Staff Sample Recipe (1523 8, 115:56:24) 2000=1128 360 high 0.5000 20000 TO.99
e 2 T 2019-07-07 20:07:04 120848 DARK Kiso Staff Sample Recipe (16:17:39.8, 115:56:32) 2000=1128 360 high 1.0000 1.0000 70.99
L . 2019-07-07 19.67:59 129847 DARK Kiso Staff Sample Recipe (15:08:34.7, 115:56:43) 400=240 4500 high 0.0410 24 4057 79.99
b 2018-07-07 19:51:51 120846 DARK Kiso Staff Sample Recips (15:02:25.8, 115:56:50) A00=24 40000 high 0.0055 181.0610 79.99




Wide sky areas are scanned in video to reveal rapidly

changing universe

B Video observations of each sky area ( 2 frames/sec, for 6 sec)
B Scanning the sky of elevations > 35° (7,000 deg?) in 2 hours

B Recording all events brighter than 18t mag

100 nights/year x over 10 years

Field-of-view of
0.5 sec exposure each Tomo-e Gozen

Total 6 sec exposure

#1




Expected Scientific Results

Discoveries of supernovae *+ + + - + 1,000 events/year
Supernovae just after explosions « + a few events/year

Near-earth asteroids =+« « « « - « -« 100 events/year

High-speed spinning Faint meteors and

Diierupies) siefplmziz white dwarfs interplanetary dust

- WD 1145+017

white dwarf merger

B ASA

Shock breakouts of supernovae Hot gas falling to black hole

g
£
HAYABUSA 2 /JAXA NASA/YouTube
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<, Faint meteor detected by Tomo-e Gozen | o
b R .y »
. .

Outbursts of comets

17P/Holmes

Disruptions of asteroids

P/2010 A2




Example of wide-field video survey

Footprints of Tomo-e Gozen on 25t Sep. 2019

B Application of optimizations for traveling salesman problem

B Re-optimization according to changing situations (Pedroso in prep.)



Each field-of-view : 2 frames/sec for 6 sec \
, Stacked im

age

on 25'™ Sep. 2019




Detection for hours timescale’
transient events

Tomo-e raw-movie data total 6 sec exp. Basic image
. calibration
412 image l . .
+ Differential
( l — ® Q ,
# stacked : image

Pan-STARRS image (PS1,r-band)
0.5 sec each
8 N Q Simple photometry
in a few minutes D) 10° events/night

Classifier based on
Classifier based on CNN machine |earning b Cut-out

Tomo-e transient

Web server existing catalogues
interface ¥/ candidates Al : -“ IMmages

< o
III supernova 0.1-1% \l/
SQL egre o °
erface ﬁl AN & 8 8 Bogus (artificial, seeing
< ” dance, cosmic ray, etc.)
I]I stars Multi-wavelength catalogues including
AGNs, transients, and solar system.
| g ( optical, UV, IR: SDSS, PS1, GALEX, WISE, AKARI...; X-ray:
E ﬁ] solar ROSAT, XMM-Newton, Chandra...; radio: FIRST, NVSS, TGSS;

w SDSS(BAL) quasars, TNS transient, MPChecker... )

Alerts of
follow-ups

is rejected.




Transient candidates

130 thousand events/night

o LY
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Past image taken Subtracted image

Image taken by
Tomo-e Gozen by Pan-STARRS
telescope

Refer to the press release on 239 Apr. 2019

on 25t Sep. 2019




Detection for Fast Moving Objects
with ‘v > 1 arcsec/sec’

Tomo-e raw-movie data

Web

Tomo-e fast-moving

interface

SQL

<——

interface

<——

Alerts of
follow-ups

<—

0.5 sec each

Masking stable sources

Masked frames with
only moving objects

#12

+
> O

Mask image

#1\ O - S Q Simple photometry

in a few minutes >

object server

|]| satellite

T A

4

III meteors

candidates

108 records/night

. re Photometr
Classifier based on table with y
Classifier based on . .
existing catalogues maChlne Iearnlng VvV feature values
Al «<——

0.1-1% !

T_ 8 8 Bogus (artificial, seeing
dance, cosmic ray, etc.)

Satellite, space debris, and NEO catalogues

is rejected.



DATE(UTC),08)ECT,FITS

2020-01-02715:07:37.847

20amkwy_08011+20691

TMQ3202001020021826813 fits
Trackdet Search

Cirde

2020-01-02712:08:03.495
20amkpz_02342 + 05475
TMQ3202001020021808713.fits

2020-01-02711:25:29.630
20amklu_04576-05758
TMQ1202001020021797841 fits

3
:

2020-01-02711:27:25.319

20amkma_04592-05750

TMQ1202001020021793431.fits
Search

ircle fit

2020-01-02T15:45:25.683
20amlaj 07983+19973
TMQ42020010200218357 14 fits

]

2020-01-02T10:17:42.845

20amkei_04612-07426

TMQ3202001020021778411 fits
Search

ircle fit

2020-01-02710:09:42.704
20amkd|_03428+04611
TMQ3202001020021776114.fits

2020-01-02710:05:14.537
20amkcy_04489-03946
TMQ4202001020021774816.fits

i
]

2020-01-02716:02:38.498

20amlcg_05309+12310

TMQ3202001020021840614.fits
racklet Search

icle fit

LIGHT CURVE

Detected fast-moving ob jects

Majority are artificial ob jects including space debris. There are several near-earth .objec’rs ina nigh’r.

~ I35 O 53

08h00M41.1176s
+20d41m27.3921s

02h20m29.75415
+05d28m20.9898s

04h34m33.9624s
-05d45m30.14965

04h35m32.12335
-05d45m02.37425

07h58m58.351s
+19d58m26.8782s

04h36m44.5036%
-07d25m26.4031s

03h25m38.5353s
+04d36m29.5043s

04h29m19.8435s
-03d56m45.5029s

05h18m33.8163s
+12d18m34.72625

V_MEAN [“/sec]

OamKn_U520
TMQ2202001020021802932 fits
Tracklet Search

Circle fit

2020-01-02T15:00:34.544

20amkwf_05498-04235

TMQ120200102002 1824944 fits
Trackdet Search

rcle fit

2020-01-02715:13:40.957
20amkoch_07252+31691
TMQ2202001020021827713.fits

3
{

2020-01-02T12:02:47.375

20amkpk_02634+01881

TMQ1202001020021807232 fits
Search

ircle fit

2020-01-02T12:10:29.257
20amkgg_02473-05748
TMQ2202001020021809432 fits

3
]

2020-01-02112:09:37.519
20amkge_02499+03385
TMQ220200102002 1809242 fits

2020-01-02T12:02:11.739
20amkpi_02756+01494
TMQ1202001020021807022 fits

3
§

2020-01-02711:25:12.068
20amkit_04708-04014
TMQ1202001020021797723 fits

2020-01-02T10:17:05.653
20amkeg_04622-05985
TMQ2202001020021778212.fits

2020-01-02T10:11:46.413
20amkdr_03181+02923
TMQ1202001020021776734 fits

05h17m06.9861s
-04d31m28.2281s

05h29m52.3445s
-04d14m16.66385

07h15m06.8848s
+31d41m33.1599s

02h38m00.6009s
+01d52m41.7195s

02h28m21.6532s
-05d44m55.3739s

02h29m54.23455
+08d23m05.277s

02h45m23.1962s
+01d29m46.7819s

04h42m28.2843s
-04d00m57.0347s

04h37m18.4347s
-05d59m08.097s

03h10m51.2492s




Detected fast-moving ob jects | . c’/ 4

Majority are artificial ob jects including space debris. There are several near-earth objects in a nigh’r.

Discovered Near-Earth Asteroids
6 asteroids were assigned by IAU in 2019.

Estimated orbit of 2019 SUI10
2019 SU10

Name Discovery date  Diameter
2019 XL3 15t Dec. 2019 “13m
2019 XT2 8" Dec. 2019 “17m
2019 XM2 5 Dec. 2019 “18m
2019 VD3 5% Nov. 2019 ~21m

2019 SUI0 25t Sep. 2019 “12m

2019 FA 16 Mar. 2019 ~6m 2019 SUI0 g




Tomo-e very high-speed programs

Detection of 10-msec scale flares in the black-

in partial read mode

hole binary MAXI J1820+070

Sako et al. 2018, Atel #11426

Absolute time accuracy: £ 0.2 msec

66.294 msec/frame, 9.9'x 7.1/
15 sets of consecutive 2,000 frames

reference star - 5000 ADU

Intensity (ADU)
.:43—14

18000

MAXI J18204070 —— -
186000 |- reference star - 5000 ADU —— |

14000 —

10000 |- 34

i
8000 1 M

Intensity (ADU)

4000

2000 — .

u0 100 200 300 400 500 600
Time (sec)

* 6.149 msec/frame, 1.6' x 0.79°
15 sets of consecutive 10,000 frames

o 10 msec
% e

b I\ ?\I W
il LR

Intensity (ADU)

0 05 10 15 20 25 30 35
Time (sec)

Simultaneous observations with Optical and X-ray

T 035 W Emmnan A Tomoe-Gozen MJID-STR=58200.78313090
2 o3 AHH200Hz = 53 UHIIL—A
T 025
0.2 i Lk W L L b i
L o015 Ll a " J Wi Py WV T Y A ey P
»x 0.1
S 005 AR/ UL R-KERD
[ : = . : e T i e - ST
@ 1000 Optical (Kiso/Tomo-e) e SWVXRT (10maecbin) AA0-STR-58200.7613000
@ ’hﬁ 800 |
< 600 ﬁ i | | | Al R
ES A iy T { | o M Rha f e 0 PN ALEY
2 2 400 '1 i ARG ¢ T T P o I T B T T T T b \FIa I i LA
8§ z '1f o 4 Vit DAY S i A DU Y T ik
o X-ray (Swnft/XR‘[) 20 30 40 50

2B () (/YUY NIy IR IEEH]

Kokubo+ 2018, ASJ spring meeting



Tomo-e high-speed programs

High-speed imaging of NEO

Urakawa+ 2019, AJ

accepted

Near earth object 2012 TC,

Tomo-é single sensor, 39.7’ x 22.4’, 2 fps
‘reproduction speed x200

Tomo-e observations
|

[E
Yol
1

Relative magnitude
= =
(0] ~N
i

mag. Number of Events

0 6 12
Elapsed time (min)

2012 TC4 was produced by impact eve
x 10° year and has fresh surface.

Reproduced shape
and motion

<+“—>

10-m size

nts within ~3

zero

First faint-meteor survey

Ohsawa+ 2019, Planetary and Space Science

Sample of bright meteor with drifting trail

e

Detection number
of meteor

e I
© n o wu <

5

>1,500 events
detected in a night.
e H et ”;%;m =»— Brighter than 13 mag

Observation Time (UT

N
LX=)

I
X

n

Luminosity function of faint meteors is derived for the
1st time. The slope is consistent with brighter one.



Tomo-e high-speed programs

First simultaneous observations of faint

meteors with optical and radio wavelengths

900 events of simultaneous detections
‘ in 4 nights

70-130 km height

Optical 500nm
- mass

Radio 46.5 MHz
-2 velocity

173 km distance

Red: Tomo-e (optical)
MU radar, Kyoto U @Shiga, Japan Kiso Tomo-e @Kiso Blue: MU radar (radio 5 deg

Successfully derived relationship between radar cross-section and optical brightness

(= mass) for faint meteor.
Abe, Hirota, Ohsawa+



Multi- -messenger graw’rqhonql wave as’rronomy
in the 20205

. Listen incoming of gravitational-wave

Gravitational-wave
observatory KAGRA

3.8m SEIMEI telescope b ; ; o~ '_’s g ’ Tomo-e Gozen

Okayama/Kyoto U, NAOJ“*’Q‘—_ = == Kiso, UTokyo

Aim the origin of the gravitational wave Find out an origin of the gravitational wave




Utilization of sky bigdata in multi-fields

Soclety .0

vyHIF4

B Conveying attraction of nature and science to society
++

Kashi dat t
SINET (science information os z\:coUTo(l)fygen e
+,

network of Japan), 100 Gbps
Educational facilities, science
museum, planetariums
to the world

4 utiion

i

15 W ,
Deriver fresh data of
the sky to students

=
=
&=
[
—
—

Tokyo DC

B Nature bigdata produced in intermountain areas

4-Gbps upload
(shared line) +

-

B Monitoring space debris, which is serious
environmental problem in the future

%)
s s
Pieces  the numbers of debris

8,000

DECENT WORK AND
ECONOMIC GROWTH
Kiso wide-area

ﬁ/i information center 4,000 s ,
network o ‘
, 13 iaor

Connect it to space

ity Kiso Observatory
Tomo-e Gozen
business

&3
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Schedule of Development

FY2018 FY2019 FY2020 FY2021 FY2022

Present
\Y4

High-speed network —+ = =« = = o o B SiNET?

DB for Alerts  + = = ¢+ o e e e e e e B @ Hongo. Kashiwa
DB for Archive + + =+« o o e e e B @ Mitaka/NAOU
Quick follow-ups for GW events  + = -+ - - B Real-time Optimization
Pipeline for Fast-moving objects = =« - - B Machine learning
Pipeline for Hours-time-scale fransients « - - I /\\cchine learning

Pipeline for Seconds-time-scale transients * * Anomaly detection GGGy

SOCiG| uﬂ“ZOJrion on Space debris e o o .N\ochinelearning _
Social utilization on Education =+ + « - - ]




