The Tomo-e Gozen Camera
- The first wide-field CMOS imager -
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105-cm wide-field telescope

Kiso Schmidt
telescope

Kiso Observatory, oA, School of Sci., UTokyo
Kiso, Nagano, JAPAN

since 1974

Aperture diameter : 105cm

Field of View : 9 degrees

Focal length : 3,300 mm, /3.1

Image: KOJI OKUMURA (Fonzvvard Stroke)




History: wide-field cameras

PI: Porf. Sadanori Okamura, Head Dr. Maki Sekiguchi

215 1994 1000x1000x40 1999 4000x2000x10 Suprime-Cam
LCO Swope 1m 2012 4000x2000x116 Hyper SupC

Mosaic Camera | WHT 4.2m 8.2m Subaru P

by S. Okamura
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SDSS 2.5-m imager




First astronomical wide-field camera

T OMMO-BE B OZEBEIT

Mosaic CMOS
camera

Sako et al. 2018, SPIE

On the Kiso 105cm Schmidt telescope

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

Video in 2 frames/sec

Big data of 30 TB/night

Optical, single color | ey CMOS sensor

Operation > 10 years




CCD and CMOS sensor

CCD

(Charge Coupled Device)
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Serial Charge Transfer
| %
Transfer charges to the corner of the sensor
One frame time: ~10 second

= take pictures

CMOS Sensor

Amplifier & SW

Phadaa:
Bhaaaa
_TYYLY

Read out each pixel with switching lines
Line read out time : ~1 msec

= take videos



Large pixel CMOS sensor | |
Details are presented in

Kojima et al. 2018, SPIE [10709-70]

- Canon 35MMFHDXM

- 2,000 x 1,128 pixels, front side illuminated
- 19 um pix?

- Micro lens array + cover glass

- Rolling shutter (always reading out pixels)
- Analogue 16-ch outputs

- Photosensitive / package = 0.35

Canon
discussion started in 2010

Photoelectric conversion efficiency

- Photon sensitive: 370 — 730 nm
- Power consumption: 230 mW chip! @2-fps st 0.68 at a peak of 500 nm
- Well: 6,000 e, 53,000 e @ G=x16, x1.7 FIN
- Read noise: 2.0e,9.2 e @ G=x16, x1.7 Ll \
- Dark current: 6 e sec! @305K [ AN

efficiency

Y
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- Less than sky background in dark night, 50 e~ sec!, at room temperature
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Design concept

v' Simple design
- w/o moving parts
- ordinary temperature and pressure
no cryogenic dewar
= wide field, easy maintenance

Front side view
230 mW/chip at 2-fps
total 19W @84 chips

heat from sensofs

thermal insulation plate

heat from

read out electronics
to ambient air

compressed air

Tomo-e Gozen Q1
21 CMOS sensors

to telescope structure



Data acquisition system

GPS antenna

Telescope rack

Camera units Server room in the dome

to main

optical fibers of 50-m length building

pya
7/

10-Gbps LAN

l,"'Anangue DAQ

(Dedicated) Digital I/O board + PCle bus extension

(commercial) GPS receiver

L

(=2 . = 13
L. Al perreeeer

: u-box EVK-M8N
lnterfece 720-046A

1,344 ch of 16-bit ADC, 400 ksps - 24 boards, 32 bits, 10 MHz - UTCtime

9.9 Mbyte/sec/chip at 2-fps - LVDS - optical convertor - Absolute accuracy: 0.2 msec

- Synchronized with each other camera - bus-mastering DMA - Frequency stability: glO'5
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Camera unit was completed in Apr. 2019,

~ Full operation from Oct. 2019
S\




Comparison of
fields-of-view

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

ZTk/Palomar Schmldt 1 2 P
CCD, staticimage :

| Pan-STARRS;1.8m . .

" CCD, static image

size of moon

Field-of-view
sensor: 0.66

a single
.37°




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

"M27 (planetary nebula)

"WML

== Altair (15t mag. star)

M14
M11 (open cluster)

h22
o M2

a4 !
70 MES




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

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

Total 6 sec exposure

#1




Northern Sky Transient Survey w/ Tomo—e Gozen

o ho filter: effectively g+r bands
a 1 visit
= 6 sec exposure: [0.5 sec exposure] x 12 ==> "18-19 mag

o 60 deg2 w/ 2x2 (or 2x3) dithering to fill the gaps between
Sensors

o survey planning: Pedroso, Ikeda, Morokuma et al. in prep.

71,000 deg2 — 2 hr cadence — 18 mag depth 2019 (initial phase)

4

7,000 deg2 — one visit — 18 mag depth 2020~ (now)
==> 2,000 deg2 — 0.5 hr cadence — 18 mag depth s

o near—future changes:
o 24 contiguous frames instead of 12?

13



Example of wide-field video survey

Footprints of Tomo-e Gozen on 25t Sep. 2019
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B Application of optimizations for traveling salesman problem

B Re-optimization according to changing situations (Pedroso in prep.)
14



- Web browser base software
* Full-automatic observation by Queue system
 Quick information sharing by s slack

Operation

Schmidt Status

= e Remote Control: & BIf (telescope_lock ON) Tomo-e Gozen Field Checker with DS e
Time (UTC) 08:22:44 Go. t

LsT 12:33:17 QFPan | #Mov Kk Home 4 Align
e e o

Telescope Mode.

Dome Angle

Right Ascension 12:32:45.5
Declination 118:58:14
Hour Angle 0:00:31
Azimuth 359.9
Zenith Distance 825 -
Total Integration Time
Focuis Dositian = Rain Cloud Fog  Hum. SunAlt. 49995
‘sampling Interval 5
Mirfor Govar e WET 1.085 10000m 67.2% 20.46d Zsoms =%
ND Filter ND18 = 20000
Flat Lamp OFF Date (s1)

Tracking:OFF

3190

: - Tomo-e Gozen

Tomo-e Gozen ~ 0 #observation
€ Shigeyuki Sako 231 | &0 | for observation Tomo-e Gozen Queue Status Monitor
FE % teobot 77V 1
EORD e s Current Schedule (disabled [ blocking ) Executing Queue Item (pid: 18791 /1 History
AA—{]= Anyway, this is a test event came durin,
= Kiso Obsemvatory | Kiso Observatory | 2019-07-07T07:32:45 6980652 o
general J Ryo Hamasaki 17:06 i i
F—LADRLERBLELELDOT, § R - = o o 0
15:00 18:00 21:00 24:00 03:00 06:00 09:00

oister

tomo

tomoe-bot

FrUTL—2a R ED.

Ryou Ohsawa 17:11

LELL<BRAVLET.

»? toobot 77Y 17:16

* Thisis a TEST EVENT! (GracelD: MS18
| have got an alert of a GW event, Grac
https://gracedb.ligo.org/superevents/M

GracelD: MS5181219i can be observed
Consider observing it. Recipe files can

st
Naxis2

NAXIS3 »
[ High-Spesd mod (TED)

Update

3 bed

Calibration: 18:40/ Start Observation: 20:10/ End Obsenation: 03:40

Scheduled Observations (total: 200)

First 10 Recipes in the Queue (total: 0)

ple Recipe | 2019-07-07T07.28.61.832360Z o
51-2bar33000152

cemment: Obtain calibration framas

Kiso Obsenatory | Kiso Observatory | 2019-07-07T06:58:44 2422427 ~
Tezanst 24003 42044084300

‘comment: cfart obsenation with Tomo-e Gezen

Kisn Obsanatory | Kiso Obsanvatary | 2019-07-07T01-61-51 420; >

tomoedag-master m

tomoedag-slaved m

tomoedag-siavel m

. . daqclp daq frp01 OPPED daqirp01 OPPED
shinohara:/home/tomoesn/script/alert u u - u
b - daq exptime 0:45:38 u daq irp02 (> | dagirp2 (> |
%" toobot 7 17:18
tomoe-gw & r - 1aq o0
*I visibility and pointings gag-main (> | daq frp03 | sToPPED ] (> | daq ip03 | sToPPED | (> |
tomoe-ps
> :MS1812151 = daq pur 3 o (> I o
dagsync QIR o4 [  caanpos (> I [sioppeo] o
monitor gpstime [RUNNING oas3s [ dag frpoé daq frpo6
weather /
i Exposure Log
DATE(JST) ExpID  Object Observer Project (RA, DEC) Frame Size  Nfame Gain Tint FPS zD
- 2019-07-07 20:17:46 129850 FLAT Kiso Staff Sample Recipe (15:28:21.7, 115:56:18) 2000%1128 920 high 1.0000 1.0000 79.99
. F 2019-07-07 20:13:09 129849 DARK Kiso Staff Sample Recipe (15:23:44.9, 115:56:24) 2000%1128 360 high 0.5000 2.0000 79.99
e s a c T 2019-07-07 20:07:04 129848 DARK Kiso Staff Sample Recipe (15:17:39.8, 115:56:32) 2000%1128 360 high 1.0000 1.0000 79.99
¢ Shigeyuki Sako L . 2019-07-07 19:57:59 129847 DARK Kiso Staff Sample Recipe (15:08:34.7, 115:56:43) 400%240 4500 high 0.0410 24.4057 79.99 1 5
N b 2019-07-07 19:51:51 129846 DARK Kiso Staff Sample Recipe (15:02:25.9, 115:56:50) 400x24 40000 high 0.0055 181.0610 79.99




Each field-of-view : 2 frames/sec for 6 sec

| | Stacked image
Total field-of-view : 2 hours'— 7,000 deg2 — 18t mag

Detected objects : 100 million sources/night

on 25t Sep. 2019




Transient candidates

130 thousand events/night

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

Refer to the press release on 234 Apr. 2019

on 25t Sep. 2019




Data fl OW to the world

/ Servers of \

astronomer groups
Tomo-e L. & P
Gozen mining —

camera 3 @ Supernova Quick report

Real time Data center of UTokyo

30 TB/night (Hongo, Kashiwa)
under construction

Temporary ;
storage @ Asteroid

Long-term

84CPUs  storage Archive

ZOQTB 300TB 300TB SR Data center of NAOJ
1?1] + @ W;"i‘/‘(’e'a'ona (Mitaka)

\_ 200TB/

Every month

B Freshnessis important

B Twitter-like

Kiso, Nagano

Mitaka, Hongo Kashiwa,
4-Gbps (shared line) Velse
We hope that SINET will be connected to the KISO region. "J-IJ-H" 18 |-||-|"-|
]|




Data taken in 2019 (only from the survey)

Rainy seasonl | Fullop!)eratlon 6.0TB/day ————-_Supemova Survey —
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Transients in Transient Name Server (TNS)

o Dec > -3 deg & 2019/04/06 — 2019/12/31 (discovery date@TNS)
”1,600 transients reported to TNS
o #(Tomo—e Obs, deeper than discovery magnitude)

-5 0 1 3
TNS discovery date t [days]
Tomo—e discovery
Example: SN 2019dwy (SN Ic) (2nd detection), MUD=58585.71 (12 days before TNS

discoery), ~18 mag

sub
sub

sub

TNS discovery
MJD=58597.41
17.2 mag (ASAS-SN)

Tomo—e

18.44)
14.51)
18.73
18.69)

o
v
0
®

ref

ref 20

2019-04-09 58582.4163 (1694305) 17.78 +-
cr

2019-04-08 58581.6367 (1679085) 18.88 +-
cr
1.76 (limmag
ref

2019-04-12 585,
0.08 (limmag
ref
0.10 (limmag
0.14 (limmag
ref

0.29 (limmag




Progenitor of Type la supernova
white dwarf in close binary system

Absolute magnitude

® steady accretion from normal star
=> Single Degenerate (SD) scenario
® merging with another white dwarf

=> Double Degenerate (DD) scenario

Key to understand the progenitor system

Early phase interaction with companion/CSM
with Subaru HSC

5"

—20
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w20
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Apparent magnitude

[N)
i

20 30 40

ays since explosion (3 April)

50

60

MUSSES1604D (04/04/16) MUSSES1604D (04/05/16) ;' -~

He detonation model
~Chandrasekar mass WD (~1.3-1.38M WD)
ignited with a thin He shell detonation
(0.01-0.03Mo)

21

Jiang+2017, Nature



Transient Survey Power Yasuda+2019
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Survey power
for transient

events

0B 25 LSST
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L. PanSTARRS
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The numbers in the circles show limiting magnitudes.




Expected Scientific Results

Discoveries of supernovae 1,000 events/year

Supernovae just after explosions - - afew events/year

Shock breakouts of supernovae SNe just after explosions Nar Earth Objects

. H
Time )

NASA/YouTube
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~1,000 transient events / day & NEO only ~1 / day




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

Tomo-e raw-movie data

Masking stable sources
0.5 sec each +
O

Masked frames with
only moving objects

#12 -

Mask image

#1\\0 —

in a few minutes >

Simple photometry
108 records/night

.pe Photometr
T fast ] Classifier based on table with y
omo-e fastmoving  awreiwein  machine learning |
Web object server existing catalogues feature values
interface \___/ candidates Al :
N ﬁ| 0.1-1%
NEO . 0 ¢

SQL epe o .
interface j debris <1 8 8 Bogus (artificial, seeing

N ) 4 dance, cosmic ray, etc.)
Alerts of |]| satellite Satellite, space debris, and NEO catalogues iS rEjECtEd.

follow-ups

1 .
I]l meteors

26
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Able to find10-100 of Near Earth Object

8NEO registered by IAU by March 2020

# name Discovery Estimated
date diameter
8 2020 FA2 2020/3/18 ~10m
7  2020EO 2020/3/12 ~24m > o
6 2019XL3  2019/12/15  ~13m - \Farth )
5  2019XT2  2019/12/08 ~17m Orbit of 20195U10 %5019 SUT0
03 ! ! ] ! " 2020E0 e
4 2019XM2  2019/12/05 ~18m - i L
50x 68 38 8 FE,
L X 2N éx";a F
3 2019VD3  2019/11/05 ~21m ’%’Eﬁf‘t%‘&%‘@?ﬂ g
N SR TN T ‘i ’;} [
) % ’l; §? A ...-‘ ?: ‘o .:.:2 .
2 2019SU10  2019/09/25 2m 2 ¥R §L ™ Light Curve of 2020E0
1 2019FA  2019/03/16 ~6m " | (diameter ~10m)

. . . . . L
0 100 200 300 400 500 600 700 800
time[s]
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Multi-messenger gravitational wave astronomy in

the 2020s -
_ Listén incoming of gravitational wave

Gravitational-wave
observatory KAGRA

NS S _
3.8m SEIMEI telescope G‘ : ; n : S meOLﬁ—szen
Okaygpriariyoto U, NAC! (Heml L RIS Kiso, UTokyo

Aim the origin of the gravitational wave

e
-

. - 29




Targeted observations
GW fO | | OWUuUp Day 1.17-1.70 Day 7.17-7.70

* A kilonova associated with a
GW event is found only in
one case so far
(GW170817/AT2017gfo).

* Properties of kilonovae are
still highly uncertain.
* e.g., ejecta mass
distribution, r-process
abundance pattern

* typical localization of GW
events ~ several x 100 deg? N
* wide FoV and rapid . SHaoeT
readout speed of Tomo-e )
Gozen enable quick survey
of a large area

N GW151226

- GW150914

,:;_,-:--' - e =
LIGO/Virgo/NASA/Leo Singer
i 22 Axe! li

GW170814

Aiojesoqe ODIT/LIN/Y993eD ASaunog

30



GW followup

* An automated system starts
follow-up observation of GW
events triggered by VOEvent
alerts.

* No observer needs to attend.

* During O3, Tomo-e Gozen
followed 26 GW events and
observed > 7,000 deg? in total.

* No EM counterpart of a GW
event is found during O3
neither by Tomo-e Gozen or by
other telescopes.

 GW events detected during O3

are more distant than
GW170817.

e The automated observations are
conducted as intended.

Dec [deg]

Dec [deg]

ul 00't¢

visibility of 5200114f_1_P (-99.9 Mpc) @ Kiso
—80 4 observable: 97.1%
T

T T T T T T
350 300 250 200 150 100 50

RA [deg]
c,“?"l‘

visibility of 5190901ap_3_U (240.9 Mpc) @ Kiso
—80 1 i observable: 72.0%

350 300 250 200 150 100 50
RA [deg]

Probability skymaps of GW events with good and poor
localization precision. Red colored region is visible from
Kiso. Black circles represent telescope pointings

computed by the automated system.
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Tomo-e high-speed programs

Seconds or shorter
timescale events

Fast spinning WDs

10,000 deg?, 2-fps survey
~300 WDs would be found.
P=1-100sec ,ﬂ\ 7

Kashiyama, Kawana+

i -Fast‘s;pi‘n‘_lrié

WD

Peculiar light curves _—— -
of exoplanets —p—

Evaporating rocky planet? 1

Alien’s artificial planet? d

Kawahara+ t ~ 10 sec Keplar’s light curve

Occultations of small s
bodies Aafew events per year B ponia

Km-size objects outer Neptune

Duration time ~ 0.3 sec
Watanabe+

Fast rotating asteroids

Phase variations on color
and albedo reflects their
formation history.

t~ 1 sec ultima Thule/NASA

Urakawa+

Faint meteors
Interplanetary dust of <1 mm
Use earth atmosphere as a

detector

Ohsawa+

from ISS Rt
/NASA (B e

t <1sec

Unknown flashes

Optical counterparts of FRBs?
Unknown high-energy burst?
Unknown objects near earth?
Unknown physics? t < 1 sec

ggknown
unknown




Tomo-e high-speed programs Ohsawa+2020

First simultaneous observations of faint
meteors with optical and radio wavelengths

331 simultaneous detections
70-130 km height

Optical 500nm
- mass

Radio 46.5 MHz
- velocity

— 173 km distance
3 = ‘ ’

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.



Tomo-e high-speed programs

Test survey for single flash of t < 0.5 sec (= Tomo-e flash)

Data set (2 fps)

Fields Observation time
High galactic latitude 6.0 hours
Virgo cluster 3.4 hours
Detection and classification
Fields Meteor Cosmic ray
High galactic latitude 87 140
Virgo cluster 121 59

Jlf SDSS J122147 99+124935 5.

1 sensor 39 7.’ X 22 4’ Hre

galaxy‘
055ec/frame SRt

with 8 sensors

Data size frames
1.8 TBytes 43,000
1.0 TBytes 24,000
Elec. noise Artificial obj. others
14 107 7
5 28 3

Detected in only one frame, < 0.5 sec
Single event (not repeated), 16-mag
Same PSF as other sources, ~3”

No color information obtained

Richmond+2020 search flash >=1.5sec



in partial read mode

Tomo-e very high-speed programs

Detection of 10-msec scale flares in the black-
hole binary MAXI J1820+070

Sako et al. 2018, Atel #11426

* 6.149 msec/frame, 1.6' x 0.79°
Absolute time accuracy: = 0.2 msec 15 sets of consecutive 10,000 frames
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Time (sec) Kokubo+ 2018, ASJ spring meeting »



in partial read mode

Tomo-e very high-speed programs

6.45-msec resolution observations of Crab pulsar
Periodic pulsations of 33.7 msec Ichiki+2018, AS) meeting

« Kiso/Tomo-e, partial readout, 299" x 29"
« UTC time synthesized by GPS (£0.2msec accuracy)

« 6.45 msec/frame, ~50,000 frames 50,000 frames

Light curve at the pulsar position

1 frame image (6.45msec exposure)

000000000000000

Photometry value (counts)
0

3.0

Q

2 Folding analysis

o / P=33.73792msec

T8 = T T ; . 0
\ < \ S o
0.5 3 ]

Holding analysis with P=33.73792msec s :

0.0

Differential image (perk - out of peak) ; : )
ge P P IR a1 Pulsation clearly
M1 Crab nebula ( Supernova remnant) ,1:50 . . . | detected
frames

Plans
- Simultaneous observations of giant pulses of Crab pulsar with radio and X-ray telescopes.

- Optical survey for periodic pulsations in milky way fields. °°



First Optical Pulsar Survey with Tomo-e Gozen

Very high speed reading: 6.45msec/frame
0.053 deg? with 84 sensors

6 second observation per position : depth ~4kpc for L.,
= : 3800 deg® for ~40 clear nights
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Other pulsars

® LAT radio-loud pulsar
u LAT radio-quiet pulsar

Radio MSP from LAT UniD 37

A& LAT millisecond pulsar



Summary

 Tomo-e Gozen Camera: First Wide-Field CMOS imager
* High time resolution optical imaging (area per shot)
0.5sec/frame (20 deg?) ~ 6msec/frame (0.053deg?)
* Northern sky patrol (7000deg? 1-2/night) and
high cadence survey (2000 deg?, every 30min)
 Various Scientific Targets
GW/v/FRB/GRB optical counter part, AGN, SN, Nova,
compact binary, Pulsar, ..

e Observations automated, Data analysis Pipeline being developed

Very welcome for your joining Tomo-e collaboration!
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