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Observations of Artificial Objects with a wide-field CMOS mosaic camera: Tomo-e Gozen
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We are developing a new wide-field mosaic CMOS camera, Tomo-e Gozen, for the 105-cm Kiso Schmidt
Telescope at Kiso Observatory, the University of Tokyo. Tomo-e Gozen is composed of four individual camera
modules, each of which has 21 CMOS image sensors. Equipped with the 84 CMOS image sensors in total,
Tomo-e Gozen is able to monitor a sky of about 20 sq-degree at up to 2 Hz. The limiting magnitude for stars is
about 18.5 mag. Frame rates faster than 2 Hz are available by narrowing the field of view. Tomo-e Gozen is
expected to show high performances in detecting tiny space debris and deriving the motion of space debris. The
development of the first camera module Q1 was completed in February, 2018. In the experimental observations,
the camera was successfully operated with the 21 CMOS image sensors. Currently, a high-cadence wide-area
survey is in operation. We'll present some observations of near earth asteroids and artificial objects with Tomo-e
Gozen, and discuss possible contributions of Tomo-e Gozen to the surveillance and tracking of space debris.

This document is provided by JAXA.
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8th Space Debris Workshop in JAXA

Observations of Artificial Objects
with a wide-feld CMOS mosaic camera: Tomo-e Gozen

Ryou Ohsawa, Shigeyuki Sako, Yuto Kojima (U. Toké/o),
Shin-ichiro Okumura, Seitaro Urakawa (JSGA),
Toshifumi Yanagisawa, Makoto Yoshikawa (JAXA),
and Tomo-e Gozen Science Group

Tomo-e Gozen

The world largest video camera (84 CMOS sensors+ 1.0 m telescope)
Suitable specifications to characterize/detect debris

Wide feld-of-view ~ — 20deg? sky coverage with 1.27pixel

High sensitivity — stars of 18 mag detected in 2 Hz observation

High time-resolution — 2 Hz observation, higher framerate available by partial readout
Accurate timestamp  — synchronized with the GPS time, accurate to ~0.2 ms

Operating with a limited performance / Full operation is scheduled in 2019

Performance of Tomo-e Gozen in debris observations
Detection limits: ~30 cm board & ~3 mm mirror in GEO / ~ 5 cm namecard in LEO
Follow-up capability:
sub-second time-resolution lightcurve revals the shape and motion of debris
Daily moving object survey:
detect ~1,000 high-speed (>1"/s) objects and self follow-up in 2 hours

This document is provided by JAXA.
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1. Ground-based observations of orbit debris
2. Tomo-e Gozen project

3. Examples from observations with Tomo-e Gozen

Backgrounds

More than 17,000 objects orbiting around the Earth are identified

Observable characteristics: the size, orbit, and motion of orbit debris

understanding the population of space debris
removal missions of orbital debris
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Backgrounds

Ground-based optical observations:

Only available in night time
Brightness o distance=2 (cf. o« distance in radar observation)
Advantages in observations of distant small debris

Preferred specifications of telescopes and cameras

Erroneous ephemeris  —  wide field-of-view
Size ~ brightness — highsensitivity
Moving & rotating — high time-resolution
Fast movement —  accurate timestamp

Tomo-e Gozen project

A mosaic CMOS camera at Kiso Observatory, the University of Tokyo

This document is provided by JAXA.
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Tomo-e Gozen project

A mosaic CMOS camera at Kiso Observatory, the University of Tokyo

' » JAXA

" Map data ©2018 Google, SK telecom, ZENRIN ~ 50km

Blank map from www.wikimedia.org, detailed map from www.google.com/maps

Tomo-e Gozen project

A mosaic CMOS camera at Kiso Observatory, the University of Tokyo

1.05 m Schmidt-type telescope (Kiso Schmidt)
Designed for observations with photographic plate

Extremely wide field-of-view (@ ~ 9°)

This document is provided by JAXA.
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Tomo-e Gozen camera

A wide-field mosaic CMOS camera for Kiso Schmidt telescope

2kx1K CMQOS image sensor by Canon
84 CMOS sensors covering ~20CF
Composed of four camera modules
Continous monitoring at 2 Hz
High-speed observation by partial readout

Tomo-e Gozen camera

A wide-field mosaic CMOS camera for Kiso Schmidt telescope

Specifications (Sakoet al. Proc. SPIE, 2018)

Observatory Kiso Observatory

Telescope 1.0-m /3.1 Schmidt telescope
Sensor format ~ 2160x1200pixchip™

Field of view 39°.7x22".4 x 84 chips (~20deg?)

Pixel scale 19um, 17189pix™

Wavelength 350—-700nm (peak at 500nm)
Filters optical broadband (transparent)
Frame rate 2Hz (max, continuous, full frame)
Read noise ~1.9e at 2Hz

Dark current ~0.1e secpix'at 277K

Well depth ~6,400e"

50 lim. mag. ~18.5mag. in 0.5sec exposure

This document is provided by JAXA.
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Tomo-e Gozen camera

Brief summary of the specifications of the Tomo-e Gozen
M31 The world largest video camera (84 CMOS sensors+ 1.0 m telescope)
Located at 35°47°50.0"N, 137°37° 31.5"E
Distinctive specifications:
b} 20 deg? sky coverage with 1.2"/pixel
stars of 18 mag detected in 2 Hz observation

2 Hz observation, higher framerate available by partial readout
synchronized with the GPS time, accurate to ~0.2 ms

2015.07 2017.09 2018.02 2018.11 2019.04?
Prototype with 8 sensors

1 module with 4 sensors 1 module with 21 sensors 2 modules with42 sensors 4 modules with 84 sensors

SCienceCases of Tomo-e(Gozen
Rare & Fast Transient Phenomena

+ Shock Breakout of core-collapse SN

+ Optical follow up of Gravitational wave
+ Optcal counterpart of fast radio burst \
+Bilosionofnove e
+ Afterglow of gamma-ray burst

+ X-ray time variable objects

+ Transit of Exoplanet

+ Occultation by Trans-Neptunian object
+ Potentially Hazardous Asteroid

+ Faint meteor

Neutron star marger > GW  Planet transit

From the presentation by S. Sako in the Kiso Schmidt symposium 2016

This document is provided by JAXA.
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Skippec

Example: Catalina /2013 US10

This document is provided by JAXA.
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Example: Meteor trall

Comparing with other facilities
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Comparing with other facilities
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Flash detected by Tomo-e Gozen
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0.5s exposure without tracking, albedo=0.1, phase=0.0
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1. Follow-up/monitoring observations

2. Blind survey of moving objects

1. Follow-up/monitoring observations

2. Blind survey of moving objects

This document is provided by JAXA.
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Observation of NEO: 2012 TC4

Observation of 2012 TC4
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Data from Urakawa et al., submitted

This document is provided by JAXA.
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Observationof 2012 T4

Observation of JCSAT-2

This document is provided by JAXA.
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Observation of JCSAT-2

Difference in Magnitude w/arbitrary offset

Difference in Magnitude w/arbitrary offset
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Observation of JCSAT-2
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Observation of Astro-H

Observation of Astro-H
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1. Follow-up/monitoring observations

. . . by Yuto koi:
2. Blind survey of moving objects " Uniy, Tokyo)

Tomo-e Gozen Supernova Survey

Tomo-e Gozen is originally developed to detect explosions in the Universe.
Take a 6-second video, move the telescope, take a 6-second video, and ....
Patrol the entire visible sky at least twice in a night.

3 this data are useful for a blind survey of moving objects

Image by Stellarium

This document is provided by JAXA.
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Near-tarth Obj

Tomo-e Gozenﬁmaeﬁacmae

Frame Extraction
Dark Subtraction

Raw Data

C’§urvey

12th frame

[anp| NoT]|

Frame Extraction
Dark Subtraction
Flat Fielding

WCS Mapping

mﬁﬁrwiii:!ll

SExtractor

st frame

SExtractor

12th frame

Masked 1st frame

Masked 1t frame

Masked 12th frame

-Earth Obj

Ne e
Tomo-e Gozenﬁ:p@ﬁac@

NEOs

Flat Fielding SExtractor i
WCS Mapping Fi Binary Mask Image
—
X >
= SExtractor
1st frame :
TXT >
= SExtractor

Masked 12th frame

AR TE R

tracklets

kd-tree
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» Moving Object
detected

For the details of NEO detection system, refer to the master thesis by Yuto Kojima

C§urvey

GEO objects

LEO objects

Garbage

ic

For the details of NEO detection system, refer to the master thesis by Yuto Kojima

This document is provided by JAXA.
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Near-Earth Obje
Tomo-e Gozenﬁqaeﬁac@ Céurvey

GEOobjects LEO objects Garbage ‘ CosmicRays -

For the details of NEO detection system, refer to the master thesis by Yuto Kojima

Near-Earth Obje
Tomo-e Gozenﬁnpeﬁac@ %urvey

GEOobjects LEO objects Garbage ‘ Cosmic Rays

put labels k

.| complie the characteristics
;| intoatable moving objects  bogus detections

1000 : 1000

For the details of NEO detection system, refer to the master thesis by Yuto Kojima

This document is provided by JAXA.
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Near-Earth Objec
Tomo-e GozenM §urvey

Tomo-e Gozen NEO Viewer

563

NEO candidates

detections: 1545

1070  2018-12-01 42157.126_6
16:55:01.353510

1261  2018-12-01 42360_126_1
17:56:06.295714

646 2018-12-01 41677123 3
14:37:09.120533

1112 2018-12-01 421891153
17:04:18.968920

774 20181201 417981123

No.  DATE(UTC) Obj ID. image file

rTMQ1201812010004215726.fits

rTMQ1201812010004236026.fits

rTMQ1201812010004167723 fits

rTMQ1201812010004218915 fits

Near-tEarth Objec
Tomo-e Gozen%peﬁac@ §urvey

Gozen NEO Viewer

Information of a NEO candidate 42157_126_6

utc
RADEC

Vx

Vy

X

Y

Detection Threshold

Machine Leaming Threshold

MPC format
First Detection €2018 12 01.70487305 24 00.35 +11 44 32.8
Last Detection €2018 12 01.76493105 24 04.46 +11 44 38.0

201812-01 16:55:01.353510
05h24m00.3529s +11d44m32.7725
4.61 [pix/frame], 11.064 ['/sec]

0.37 [pix/frame, 0.887 ['/sec]
167.1186 [pix]

646.0013 [pix]

17

05

381

381

score

0.999

0.998

0998

RA, DEC

05h24m00.3529s
+11d44m32.772s

07h33m47.7041s
+26d45m53.3968s

04h51m08.392s
+09d25m32.7805s

03h10m31.5474s
+03d40m01.6718s

Vx
[pix/frame]

i
i
o

-
o
~

Vy
[pix/frar

0.37

0.82
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Tomo-e Goz
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Near-tarth Objec

en

Tomo-e Gozen NEO Viewer

MPC format

First Detection

Last Detection

Information of a NEO candidate 42157_126_6

€2018 12 ©1.76487305 24 00.35 +11 44 32.8

€2018 12 ©1.76493105 24 04.46 +11 44 38.0

utc

RADEC

Vx

Detection Threshold

Machine Leaming Thres!

a §urvey

Tomo-e Gozen NEO Viewer

Detected Object

ute

20181201 16:55:01.353510

Matched NEOs
no object detected None

Matched Satellites and debris

name residual [arcsec] ra

0SL-12R/B(2) 199.867757711

5:24:13.61

5h24m00.3529s
dec vra ["/min]
None None

dec elevation [kn]

11:44128

33946.764

11d44m32.772s

Vdec [*/min]

None

expected speed ["/sec] shadow

16.1 False

Near-Earth Objec
Tomo-e GozenM §urvey

MPC format

First Detection

Last Detection

Information of a NEO candidate 42608_126_2

utc

RADEC

Vx

vy

X

Y

Detection Threshold

Machine Leaming Threshold

€2018 12 ©1.79634305 57 48.46 +11 39 55.1

€2018 12 ©1.79641205 57 51.20 +11 40 8.3

20181201 19:06:44.733165
05h57m48.46s +11d39mS55.05835
3.085 [pix/frame], 7.403 [/sec]
0.995 [pix/frame], 2.389 ['/sec]
1149.0126 [pix]

864.4681 [pix]

17

05

381

381
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Near-Earth Objec
Tomo-e GozenM §urvey

Tomo-e Gozen NEO Viewer

Information of a NEO candidate 42608_126_2 Tomo-e Gozen NEO Viewer

Detected Object

ute ra dec

urc
RADEC

Vx 2018-12-01 19:06:44.733165 5h57m48.46s 11d39m55.0583s

Matched NEOs

nane ra dec Vra ["/nin] Vdec [*/min]

Detection Threshold no object detected None None None None

Machine Leaming Thres!

Matched Satellites and debris

name residual [arcsec, 1 ra dec elevation [kn] expected speed ["/sec] shadow

MPC format

First Detection €2018 12 ©1.79634305 57 48.46 +11 39 55.1

Last Detection €2018 12 ©1.79641205 57 51.20 +11 40 08.3

Summary

Tomo-e Gozen = The world largest video camerat (84 CMOS sensors+ 1.0 m telescope)
Suitable specifications to characterize/detect debris

Wide feld-of-view ~ — 20 deg? sky coverage with 1.2"7/pixel

High sensitivity — starsof 18 mag detected in 2 Hz observation

High time-resolution — 2 Hz observation, higher framerate available by partial readout
Accurate timestamp — synchronized with the GPS time, accurate to ~0.2 ms

Operating with a limited performance / Full operation is scheduled in 2019

Performance of Tomo-e Gozen in debris observations
Detection limits: ~30 cm board & ~3 mm mirror in GEO / ~5 cm namecard in LEO
Follow-up capability:
sub-second time-resolution lightcurve revals the shape and motion of debris
Daily moving object survey:
detect ~1,000 high-speed (>1"/s) objects and self follow-up in 2 hours

This document is provided by JAXA.
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B fﬂ] ﬁfj [tomo.e go zen]

A famous woman warrior rooted in the Kiso region
possibly fictional character

Famous for her extraordinaly strongness
Lived very long (1157°-1247°)

This document is provided by JAXA.





