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Extremely wide-field high-speed camera

Tomo-e Gozen

« Telescope Kiso 105 cm Schmidt

« Field of view 20 deg? in ¢ 9 deg

e Sensor 2k x 1k CMOS x84 chips
« Frame rate 2 fps (max)

« Datarate 30 TB/night (max)

Commissioning 2018

Sako et al. 2016, SPIE
Ohsawa et al. 2016, SPIE




Collaborators

NACJ

National Astronomical
Observatory of Japan
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Comparison of Field of Views
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ZTF (1.2m) , 47 deg? (2017-)

Pan-STARRS (1.8m), 9 deg?

KWFC (1.0m), 4.8 deg?

LSST (8.4m), 9.6 deg? (2023-)

Tomo-e Gozen
20 deg?in ¢ 9 deg
Mosaic CMOS sensors



Field of View (deg?)

100 |~

[T
o
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Performance of Time-domain survey
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Time resolution (sec)

The numbers in the circles indicate
limiting magnitudes.



New fields developed by Tomo-e

Rare and Transient Phenomena

Shock Breakout of core-collapse SN
R hlws

Explosion of Nova v
Optical follow up of Gravitational wave

Background starlight is diffracted as
Kuiper Belt Object passes in front of it.

Afterglow of Gamma-ray burst : s
Occultation by TNO Gamma ray burst
Optical candidate of fast radio burst
X-ray time variable objects

Transit of Exoplanet

Occultation by Trans-Neptune object

Potentially Hazardous Asteroid . L
Neutron star marger > GW Planet transit

OO0O0O0000O0aOaanon

Faint meteor



Tomo-e Gozen (EX{HIi), a drawing by
Shitomi Kangetsu (1747-1797)

Scene of the Genpei war (1180-1185, Japan)

Tomo-e Gozen (Lady Tomo-e, 1157?-1247) is a woman warrior, born in the Kiso region in the 12th
century. She fought with Minamoto-no-Yoshinaka in the Genpei War.

Tomo-e was especially beautiful, with white skin, long hair, and charming features. She was also a
remarkably strong archer, and as a swordswoman she was a warrior worth a thousand, ready to
confront a demon or a god, mounted or on foot. She handled unbroken horses with superb skill; she
rode unscathed down perilous descents. Whenever a battle was imminent, Yoshinaka sent her out as
his first captain, equipped with strong armor, an oversized sword, and a mighty bow; and she
performed more deeds of valor than any of his other warriors.

— The Tale of the Heike

”

from Wikipedia



Tomo-e Gozen: g1 (PM)  sakoetal 2016, SPIE
Ohsawa et al. 2016, SPIE
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10 cores CPU x1 24 TB, RAIDO 64GB RAM, I/0 board x5
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Sensor

Front side illuminated 35 mm CMOQOS, micro lens array,
cover glass with AR, 2000 x 1128 pix?

Sensor alignment

8 chips along RA direction

Total field of view

2 degree?, North is up-side

Pixel size and scale

19 um/pix, 1.189 pix/arcsec

Sensitive wavelength

400 - 650 nm

Filter

None (transparent window)

Maximum frame rate

2 fps @full-frame, 20 fps @partial

Read noise (2 fps)

1.9, 4.3, 9.9 e- @G=High, Mid, Low

Full well

6,400, 26,000, 59,000 e- @G=High, Mid, Low

Linearity (error < 1%)

90, 90, 80 % @G=High, Mid, Low

Conversion factor

0.23,0.95, 2.4 e/ADU @G=High, Mid, Low

Dark current

0.1, 1 e/s/pix @4, 20°C

Sky background (dark night, no-filter)

52 e’/s/pix

Limiting magt (50, no-filter, 0.5 sec)

18.0, 17.8, 17.3 mag @G=High, Mid, Low

(10 sec)

20.1, 20.1, 20.0 mag @G=High, Mid, Low

Photometric accuracy

0.1 %@t >afewsec, 1% @2 fps

Output file

4.9 Mbyte/s/chip, 16bit 3D FITS

tbased on SDSS-g, = 0.5 mag inaccuracy
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High-gain
Mid-gain
Low-gain

1 10
Integration time (sec)

No filter -

700

1 %R0
A 7L T ILC
WY B EE
High 90 %
Mid 90 %
— Low 80 %
900 1100

&R (nm)

High 4 >~
s BRI R
() (%%, 50) (k)
0.1 17.2 10.0
1 18.8 12.6
10 20.0 15.0
100 21.3 GESIAe-
Mid7 A >
balisdia PRI FHK B SR
(%) %R, 50) =309
0.1 16.8 8.4
1 18.7 11.0
10 20.0 13.4
100 21.3 16.0
Low”s 4 ~
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(%) %14k, 50) %EHR)
0.1 16.0 7.4
1 18.3 10.0
10 20.0 12.4
100 21.3 15.0
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Kig 2N BRI (trans-Neptunian objects; TNO) 12 & 2 BE OHERRIRSR & 8814

Arimatsu 2014, Kiso Schmidt
5Z2&T, km¥P A XDTNODY A ZEES T & RE L. T DFARD © KGR AHA symposium
DNEERDIBIBEPLPE AKBREOBE A X ZHONICT I EAENET 5.
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Size and distance of TNOs

EFE (km)

REE LY
Regular

\ e starlight =S

Regular

o starlight

300 msec

http://hubblesite.org/newscenter/archive/releases/2009/33/image/c/format/web_print/



TAOS NI &k D S4EE

TAOS Il project
1.3-m f/4 telescope (FoV 2.3 deg?) x3

Baja California, Mexico
2k x 4k backside CMOS x 10 chips
10,000 stars at 20 Hz

Partial readout of 7 pix x 7pix

L= (Tready

T HIES R HMm
VAT LOREITENTWNS

1,000 stars/chip

Simultaneous observations with 3 telescopes

192 1/ 608 1920°%-4608
u pixels 16u plxe\rs\
\\
/ 1920 X 4608 1920 X 4608 A
16u pixels 16u pixels Y
1920 X 4608 1920 X 4608
16u pixels 16u pixels
f
1920 X 4608 1920 X 4608 /
16u pixels 16U pixels /
4
) s@!
1920 X 4608 1920 X 4§
16i-pixels 16u pixéls
pixel _ u pi
—

154mm ——

Tomo-eE 1 Tk

Tomoe project

Kiso 1.0-m Schmidt telescope (FoV 20 deg?) x 1

1k x 2k front side CMOS x 84 chips .
W LW

8,400 stars at 10 Hz | U

Partial readout (~3 deg?)
100 stars/chip

.ﬂEHU

N(> Diameter) [deg”]

_MML—U

R V=17 A0y 1

1 event/100 hours @event rate = 1072
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Law et al. 2015, PASP 127, 234L EvrySCOpe ‘: * % é%.ﬂ. —_— /\‘ /r

Hardware

System design
Telescope apertures
Telescope mounting
Detectors

Field of view

Sky coverage per night
Total detector size
Sampling

Observing strategy
Data storage

27 individual telescopes; shared equatorial mount
Gilmm

Fibreglass dome w. aluminium supports

28, 8MPix KAI20050 interline-transfer CCDs

Te- readout noise @ 4s readout time

50% QE @ 500nm; 20,000 e- capacity w. anti-blooming
380 sq. deg. per telescope (23.8% x 16.07)

10,200 sq.deg. instantanceous total

8660 sq. deg. excluding overlap regions

18,400 59. :l:‘p, (2-10 hours |w1 night)

\a A 2 A
> )R A 727818, T3 confusion
rack for '_ hours; reset and ro])oat

All data recorded for long-term analysis

LOOTE [/ year (compressed)

AU o)

Performance

PSF 50% enclosed-energy diameter
Exposure times

Survey efficiency

Limiting 111.:1_._,111!.[1&[0

Photometric performance

2 pixels in central 2/3 of FoV; 2-4 pixels in outer 1/3
1205 standard (plus shorter for bright-star mode)
97% (‘Ifl( ency fmm -l- camera r:n:lum

S BHEDNFIHU

3 s every 2 minutes (ine. scintillation)
3- mll]mmﬂ photometry on m\,.—ll 5 stars every 20 minutes

3- mll]mmﬂ on my =6 stars in 10 mins (saturation-limited short exps.)

1% photomotl‘)‘ on my=15 stars every hour

Extragalactic transient survey

Tomo-e 20 1050

Sur vey

FOV / sq. deg. _Aperture / mm _"/pixel Sites
ATIAS O ] i

150

250

;]:.1.‘(

PROMPT
Pi of the Sky
Evryscope

1.2 1 168 Mpix General

A (4 tels.)  16MPix Glibs

2 (8 tels.) 16 MPix
2 8 MPix GRBs
1(6tels.) 24 MPix GRBs

2 64 Mpix GRBs (1c

1 780 MPix

Pixels [ site Targets
100 MPix

Ref.

'I'um.'.v (2011} http://fallingstar.com

Yost et al. (2006)*
Shappee et al. (2014)®
Klotz et al. (2009)
Reichart et al. (2005)

1 storage) Malek et al. (2010)

This paper

*Multiple sites for continuous observation
EMultiple sites observing different fields

Transiting planet survey

Survey FoV® Aperture
/ sq deg. / mm
KELT 676 42
SuperWASP 488 111
A 128 150
28 400
20 145
|] RM-PSES 19 00
AWCams 504 & 1205 71 & 42
NGTS 96 200
Kepler 105 950

Evryscope 5,660 (i1

" [pixel Sites MPix/site  Targets

16 Bright stars
(8 tels.) a2 General transits
3 (6 tels.) 128 General transits

M-dwarfs
Bright stars

2 (8 tels each.) 32
{Antarctic) 4

16 M-dwarfs
(Polar) a2 Bright stars
(12 tels) 48 Bright stars
a5 Earth-like planets
TS0 Bright stars, MDs, WDs

Ref.

Pepper et al. (2007
Pollacco et al. (2006)
Bakos et al. (2000, 2012)°
Irwin et al. (200079
Wang et al. (2014)®

Fors et al. (2013)

Law et al. (2013)f
Wheatley et al. (2013)
Kaoch et al. (2010)#

Law et al. (2012¢)

EVRYSCOPE

http://evryscope.astro.unc.edu/
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REXE (FHE)

BARKED7 A —

15 ] D &R CERE R BE R R I8

J Tomo-eH' 1R & T B EH

10,000 Kiso/Tomo-e Gozen

1,000

100

10

17 19 21 23 25 27

BRRZER (Vipag)

COMIZEMARECHE LD, BRBICHBHABRICL 2ERIDETY,

7v7

Bk & B8 70 DADAR H By D
m%ﬁﬁ% BRI, FT600F 7,
HRAIAKRES 2Ty FOREF
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BREXE (FHE)

BEHEEDOD7F+A—Tv7

67> M D ER R TERE Rl RE 74 KI5,

J Tomo-eH 1R & T B EiH

1,000 Kiso/Tomo-e Gozen

100

10

0.1

17 19 21 23 25 27
BESH (V,,)

COMIFEMARECHELIO, BRBICBHBRICL 2RIV ETT,




NHESS Tomo-eMD 7 4 LR
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300 500 700 900 1100
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SDSSA 5.3 > g,
@g{g% 9 gr + r/’ gr + rl + il

ERICEREEZEETER L, TYHNTD 7 4 L ZTIRIEERE L 72U,
Tomo-eld discovery [ZTlT % A, fEEB Y HBEZERET 5 D%,
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