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Sako et al. 2018, SPIE

the first wide-field CMOS camera
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Survey power for transient events

- CMOS

Tomo-e Gozen
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The numbers in the circles show limiting magnitudes.




Limiting magnitude

flash
5-c limiting magnitude Duration time of flash (sec) ° ‘ ;
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Exposure time (sec) Apparent moving speed (arcsec/sec)
CMOS: efficiency=0.65, N, ., =2 e- Tomo-e Gozen : 0.5 sec/frame, N, ,,=2 e-
CCD : efficiency=0.90, N ,=5 e- PanSTARRS, ZTF: 30 sec/frame, N, ,4=5 e-
LSST : 60 sec/frame, N =10 e-

assuming same filter-bandwidth and pixel size

Kojima et al. 2018, SPIE



Intensive Science Programs

1. Transient survey
Elv > 40 deg (7,000 deg? ) every 2 hours

D000, Eﬂlﬂ-lﬂ-%ﬂTlB:ﬂﬂ:ﬂD.Dﬂﬂ

3 visits per night

Record all events < 20 mag (dark clear night)

SNs, Novae, variables

2. Follow-up / Simultaneous

- GWs, neutrinos

- FRBs, NSs, BBHS, meteors, NEO, Simulation of transient survey
- Each circle: FoV with ®9 deg
- Yellow: Milky way

3. Fixed FoV + high-speed
- 2-fps@ 20 deg? -- 200-fps@ 52" x 38”
- Occultation of TNOs, YSOs, flares, FRBs, NSs, BBHs, meteors, NEOs
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Institute of Astronomy, the University of Tokyo
Director: M. Doi

Kiso Observatory
Director: N. Kobayashi

e Tomo-e Gozen Project
: P.I.: S. Sako

Technical Working Groupt Science Working Groupt
S. Sako (leader) and 36 persons T. Morokuma, R. Ohsawa (leaders)

based on collaborative researches, and KAKENHI Supernova
' m %A 3 I;JEQ Gravitational wave

rossau
Rl

"@' Planetary system

Compact object
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TR

Kiso Schmidt symposium on July 10-11 2018 Data science

0 rga n |zat|0n t Initially, the survey data can be accessed by only Tomo-e members.
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Publications

Urakawa et al., “Shape and Rotational Motion Models for Tumbling and Monolithic Asteroid 2012
TC4: High Time Resolution Light Curve with the Tomo-e Gozen Camera”, The Astronomical
Journal, Volume 157, Issue 4, article id. 155, 13 pp. (2019)

Ohsawa et al., “Luminosity function of faint sporadic meteors measured with a wide-field CMOS
mosaic camera Tomo-e PM”, Planetary and Space Science, Volume 165, p. 281-292. (2019)
FRB0FEE RRAFARANFERELwXFHRS (2019/3), NBK

Press release

HRAFASERFTIC X 2HEIZEI/NEE2019 FAOFEEICDWT (2019/3/20)
FEIITEVICKBBEBHOBEHE2019cxxDFE (2019/4/5)

Outreach

E 3 KA B A LR — a5/ E2018 (B XX B B0 L FHE RERRT, 2018/8/25)
£330 [RFEIFHE| T—74 v 7 (KRBTSR AR+t v % —, 2019/2/18) i

Presentations

Annual European Meeting on Atmospheric Studies by Optical Methods (Kiruna, Sweden, 2018/08/27-31)
T—RAERARII 2T 4773y 7 (BRRRKEFEEREMR L X —, 2018/9/5)
HAXNFR2018FEMEFE (EERILKF. 2018/09/19-21), b#F

EO2EFEMFEGHES (ABKT T4 77, 2018/10/24-26)

FLIEIXR—=ZAH = FfRE (FEIZERXFHERAAAY Y —X 7> F v /8Z,2018/11/01)

HFMEE [EHRYEBFRT - fItFE] BHiE Y Ry v L (REKF, 2018/11/26-28)

FE8E AR—XF 7Y 77— 3w (8th Space Debris Workshop, F8#JAXA, 2018/12/03-05)
FBIEFHRNGER L FARFEEE T — 7 > a3y 7 (BEKRFE, 2018/12/25,26), 2144+

Time Domain Astronomy in the Era of Massively Multiplexed (2019/02/08-10)

LT RY A T ZAOMEE (BILFHEAT, 2019/04/25)

. AMON workshop 2019 (FE K%, 2019/05/21-22)

. JPGUE AR ERIFEAS2019F k< (35K, 2019/05/26-30)
L RXFUICET BT — 2 BENAE, (FEHEEErt, 2019/5/29)

. Meteoroids 2019 (Bratislava, Slovakia, 2019/06/17-21)



Cyber space of Tomo-e Gozen
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On-site computing system

4 Y\ Weather monitoring system

Telescope rack

digital I/O + Servers
LVDS — opt convertor ’

Camera

GPS
antenna

~~~~~~~~~~

- Abs. accuracy:

+0.2 msec

optical fibers of 50-m
- Freq. stability:

P
7/

~10°

Status visualization system

* Camera controllers  cpu 72 cores
Memory 640 GB

HDD  40TB
e Buffer servers CPU 24 cores

Memory 256 GB

Telescope dome HDD  384TB
* Analysis servers cPU 90 cores

2F control room Memory 1024 GB

HDD  96TB
* Telescope controller ﬁ

1F server room e Storage servers CPU 12 cores
Memory 128 GB ——
HDD  384TB T

10 Gbps, fiber connection

Remote operation
system
via VPN + VNC

6 Gbps up,
Main building 0.3 Gbps down




Volatile data management system

On-site (10 Gbps network)

Volatile

in
7 deys Coord.

grid

mining
for Science teams

GW
Supernova

High-energy |
transient

Image
Coadd

~1% of RAW
Tomo-e Gozen A HitiEe

000 o -
000 —
000 :

Moving obj. &

30 TB/night detection

Compressi @
on

Long-term
storage

Solar system _
&

Space debris

4 )

Y < Q Young stellar |
objects

\VPN accounts are needed to access to the on-site servers from external network.

Wy,

Reduction servers DB servers
~84 CPUs ~300TB

Kiso, Nagano

6 Gbps upload

(
Off-site
Data platform in
Kashiwa, UTokyo
Computing, Quick
3 data sharing

Every events

= “ (every 1min)

Astronomical data
center in NAO)J

Data archive

Every month

Mitaka, Tokyo "J_IJ_”‘L-L
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High speed network

Kiso Observatory will be connected to Kiso-Fukushima city
via a 10-Gbps dedicated line by Aug. 2019.

Rental server

Present 0.3 Gbps upload in Tokyo
NTT-shared .
Kiso . /K Open data
Observatory . O O e Alert tables, cut-out images (JPEG)

community * Data size : 3 % of raw data

Upload: 0.3 Gbps typ. (NTT)
Download: 0.3 Gbps typ. (NTT)

Data platform center,

2019/9 - 10 Gbps 6 Gbps upload (max) UTokyo, Kashiwa (2020-)  Open data

dedicated J:COM shared O * Alert tables , photometry tables,
Kiso . ] * cut-out images (JPEG, FITS)
o @

Kiso-Fukushima

Observatory * Data size : 60 % of raw data
NAQ)

Upload: 6 Gbps max (J:COM) Data Center Hongo,

Download: 0.3 Gbps typ. (NTT) UTokyo

10 Gbps bidirectional connection is achieved when SINET-5 is directly connected
to Kiso-Fukushima city in future.



Operation

Schmidt Status

A Remote Control: (teleseaps_ ok ON)
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* Browser use interface

e Automatic observations based on Queue system
* Quick information sharing with =
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T . All sources can be followed
omo-e transient su rvey by spectroscopy with 1 —3 m

class telescope

First wide-field movie survey /

7,000 deg? - 2 hr cadence - 18 mag depth

* no filter: effectively g+r (A = 400 — 700 nm)

Q00, Eﬂlﬂ-lﬂ-ﬁﬂTIE:Uﬂ:Dﬂ.Dﬂﬂ
e [0.5 sec exposure] x 12 frames

* 6 sec exposure/visit
e ~7,000 deg? sky (El > 40 deg)

e 3 -5 times visits per night

Ta rgEtS total 6 sec exp.

Supernovae, nova, pulsar, (GW), neutrino, comet, asteroid, meteor, occultation,
NEO, debri, super-flare, dwarf star flare, CV, “Tomo-e Flash” , YSO, Ultra-Long
GRB, Fast Radio Burst, AGN, X-ray transient, unknown unknown.
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Tomo-e transient survey ERIRCESEVEANEUE v

SN follow-up collaborators

~1,000 supernovae including ~ 5 early >

phases could be discovered per year. ﬁ, T .
* Very Early Phases of Core-Collapse Supernovae : T r
et 3N Emﬁgkg@NGC ma Barstens 2018, Natura
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Time after 2016 Sep. 20 4:30 UT [min] . hn.-l'r-m- days after vore collapse
* Very Early Phases of Type la Supernovae Other three candidates discovered so far.
B A —— = m
Single degenerate (SD) vs double degenerate (DD) "':; i 1M G | 2 i : -
; 2 Mg MS ] ~r = 20
11 1 — 10 COMpAENIEN ' .§-'IH : jr [P -y . %
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Light curve of

theoretical models Jiang+2017, Nature, @z=0.117



L] BRI EIIIRS)A Hours timescale events

. Hounsell+2010
Classical novae 10 hr X-ray flares MAXI X-ray detector
Brightness at pre-maximum halt .+ (-~ Black hole binaries s
corresponds to Eddington | S1 —j/ appears optical Black hale
luminosity? = use as standard - \ transient bursts.
candle. - 5 days
Maehara+ R T T T MAXI team+ Super giant

YSO flares, dust obscuration

Optical
Infrared

Rapid variabilities are observed
due to gas accretion and dust

Exoplanet surrounding WD?

Broken by tidal disruption? |
Minutes timescale LT Y Y Wi
variability is detected. '

disk in YSO system. N _
Mon567 .| W WD 11454017 e

Mori+ Stauffer+2014 <«—> 1day Ohsawa+ Gansicke +2016

Asteroid collisions rro1042 || Comet outbursts it

Search for evidences of
a recent collision
between two asteroids.

Ishiguro+

Fresh material is
emerged from
inside in outbursts.

Sarugaku+




3. Survey

Tomo-e transient survey

~ 100 small-NEOs could be discovered per year.

Diameter (km)

Near earth objects (NEOs) 100 100 100 102

10 A — a1
are asteroids or comets with a closest & 108 5 b s Lﬁﬂj‘j /. %
approach to the Sun (perihelion) of < § adl Vost of 10. et 10 ;E
1.3 au. Their orbits are evolved from g 1 ar:in?ss.n; sies T‘”"ﬁ “”" i s
main belts. E 100 | 100§

. § 102 1 e ;rr’}; Ohservations 10’ g
100 LT 100 £

16,0 12.8 15,0 178 200 12,8 25,0 75 0
Absolute magnitude

L 4

reach the Earth's surface

"‘“m__ﬁ_l_\/lain belt _ e

Tunguska event in June 1908 Chelyabinsk meteor in Feb. 2013

Planetary defense is necessary for keeping human civilization!



GW1TO104

Tomo-e GW follow ups

, LVT151012

GW151226

2018 2019 —_—
|Sep Cct  Mavy Dec Jan Feb  Mar  Apr  May  Jun @ Jul  Aug > : i
L Emsl;rénan:na;nﬂ; :::: 14 S:Ez1gﬂ;3hw weeks, staring at ihe cardies! March 158, 2015 GW150314
| H1 Cammissaning . EFi]3 Caimmissinning Enm Gw170814 L syt
g L1 Commissicning EH]3 Cammisscning ER {! O: cna calencar year keng ER14: from |V|al‘. 4 2019
VIRGO | cmres  =rfs cormmons A0S ISR e O3: from Apr. 12019
https://www.ligo.org/scientists/G1801056-v4.png KAGRA ’ Tomo-e Gozen GW fo"ow-
oy UPS: from late Mar. 2019
NS-NS sensitivity NS-NS event rate
02 (Mpc) 03 (Mpc) (4—-10) x 103 Gpc3yr! from 01-02
LIGO/Hanford (H1) 20 5 90 - 1 /month max, 2/year med.

T BH-BH: 1/month - 1/week
LIGO/Livingston (L1) 100 > 135
Virgo (V) 27 > 55 NS-NS localization

KAGRA 8-25 120 - 180 deg? with 90% credible (med)
Reported on Feb. 15 2019 10 — 20% of the area is localized < 20 deg?




Tomo-e high-speed programs

Seconds or shorter
timescale events

Fast spinning WDs

10,000 deg?, 2-fps survey

~300 WDs would be found. : B
P=1-100sec L?.ﬂ\ | _'Fastgm’ng.
Kashiyama, Kawana+ |

l“-“* *}1
N ] . WD

Peculiar light curves _—— -

of exoplanets -

Evaporating rocky planet? 1
Alien’s artificial planet? —

Kawahara+ t ~ 10 sec Keplar’s light curve

Background

Occultations of small

bodies A few events per year | &

Km-size objects outer Neptune pZcasiims

Afl | ~ | At
VA lf

Duration time ~ 0.3 sec W
Watanabe+ S

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
INASA B

t € 1sec

Unknown flashes

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

Unknown
unknown




Scheduling and Data sharing

 Tomo-e Transient Survey (Oct. 2019 - July 2020)

- Schedule: Basically every night, from Oct. 2019
- Operation: Full-automatic
- Authorization of data: TBD
- Data access: Via Kiso-VPN (until end pf 2020), external data center (from end of 2020)
- Data items: _
@ Tables of transient events (SN, variables, NEOs...)
€ Cut-out images where transients are detected
€ Photometry tables of sources detected in co-added images
€@ Reduced co-added FITS (optional)
€ Reduced cube-FITS (optional)

e Campaign programs including GW follow-ups (Oct. 2019 - July 2020)
Proposal: Always accepted. Please contact to Kiso staff.
At least, a Tomo-e member must be included in the science team.
- Schedule : Scheduled by SAC members (TBD, basically Kiso staff)
- Operation : Semi-automatic with queue system. Classical is not supported.
- Authorization of data: Science team who proposed the program.
- Data access: TBD

All programs are conducted under risk share agreements. The Tomo-e Gozen is based on
collaborative researches, but not an open-use projects.
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Fact sheet of the Tomo-e Gozen

Telescope the Kiso 1.0-m f/3.1 Schmidt telescope,
Kiso observatory, the University of Tokyo
Sensor Canon 35MMFHDXM, 35-mm front-side-illuminated CMOS sensor with

microlens array and AR coated cover glass

Sensor format

2,160 x 1,200 pix chip™ (total),
2,000 x 1,128 pix chip™ (photosensitive)

The Number of sensor chips

84 chips

Field of view

39.7' x 22.4’ x 84 chips = 20.8 deg?

Pixel size and scale

19 mm pix?, 1.189 “ pix?

Sensitive wavelength

370 to 730 nm

Photoelectric conversion efficiency

0.68 at a peak of 500 nm

Photosensitive area / package area

0.35

Filters

Pre-set: transparent windows, optical filters, grisms (optional)
Changeable: 4 pieces of f2.5” with the FEX unit

Max frame rate

2 fps in full-frame, maximum 500 fps in partial-frame

Read noise (2 fps)

2.0,4.1,9.2 e in High-, Mid-, Low-gains

Well depth (linearity < 5%)

6,000, 25,000, 53,000 e in High-, Mid-, Low-gains

Dark current

0.5 e sec? pix! at 290 K, 6 e sec? pix! at 305 K

Sky background (dark night)

50 e sec! pix* (transparent windows)

Gain conversion factor

0.23, 0.94, 2.4 e ADU! in High-, Mid-, Low-gains

50 limiting mag (High-gain)

16.7,18.5,19.9 mag at t.,, of 0.1, 1, 10 sec w/transparent windows

Photometric stability

4 to 30 milli-mag (time scale < 5 sec)
1 to 3 milli-mag (time scale > 100 sec)

Absolute time accuracy of time stamps

+0.2 millisecond

Stability of frame read time

10~

Output file (full-frame)

4.9 MByte frame!, 16-bit cube FITS

Data production rate (full-frame, 2 fps)

830 MByte s, 30 TByte night!




