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Mini-MegaTORTORA

Operational since mid-2014, Russian Caucasus near 6-m telescope
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Wide Field Monitoring with High Temporal Resolution

All sky = 41253 square degrees ~900 sq.deg simultaneously
BATSE
Human eyes = 20000 square degrees = 2% of the sky
Swift BAT = 10000 sq.deg. Survey the hemisphere
in a night
Fully coded BAT +

Independent search for
transient events

Transients on sub-second
timescale:

® GRBs

® Fast Radio Bursts

® SN shock break-out (?)

® Neutrino and GW events (?)

® Flaring Stars
TORTORA MMT-9

6-m BTA=0.06 sq.deg.

FAVOR ® Meteors

® Artificial Satellites

® 777
_Wide field of view allows for independent detection of rapid transients MM‘I@
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.. + follow-up + multi-regime

30 deg

¥

Wide-Field Monitoring Filters Installation

A
 J
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Narrow-Field
Follow-Up

Rapid follow-up in 2-3 seconds

_Follow-up observations are essential part of any sky survey! MM'I'@
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Mini-MegaTORTORA

Single channel

® Multichannel system _i-jir-i i Of MMT-9
- 9 channels in MMT-9 . . _|=|l’1|‘
- 100 sq.deg. per channel, 900 sq.deg. total ‘x_h \ ¥

- ~16”/ pixel, ~2 pixels PSF W\
— Coelostate mirrors for rapid repointing

® Sub-second temporal resolution

— 10 frames per second, down to V~11 mag

® [ndependent transient detection «Canon EF85 F/1.2. D=70mm
— Real-time data analysis pipeline *Andor NEO sCMOS, 2560x2160 pix

® Independent follow-up of transients -
v

B

— 9 channels = 3 colors x 3 polarizations
— Photometry / polarimetry / ???

— All that in a ~ seconds after detection

® Fully automatic operation *

10 deg

Narrow-Field
Follow-Up

® |n operation since Jun 2014
— MMT-9 near Russian 6-m telescope '

Wide-Field Monitoring Filters Installation

Rapid follow-up in 2-3 seconds
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Andor Neo sCMOS

Quantum sificiancy %)

Key Specifications

Sensor Type

Active Pixels

Front llluminated Scientifig CMOS

2560 x 2160 (5.5 Megapixel)

Sensor Size 16.6 x 14.0 mm (21.8 mm diagonal)

’ 560 (280 MHz % 2 sensor halves)
P T nas 200 (100 MHz x 2 sensor halves)
Read MNoise (e-) Rolling Shutter Global Shutter
200 MHz 1 2.3
560 MHz 1.3 25
Minimum temperature air cooled -30°C
Minimum temperature coclant -40'C
Dark current, e-/pixel/sec
@ -30°C 0.015
@ -40°C 0.007
Data range 12 bit & 16 bit

Peak Guantum Efficiency

Readout modes

Rolling Shutter and Global (Snapshot) Shutter

Internal memory buffer size 4 GB
Maximum burst frame rates
2560 x 2160 (full frame) 100 fps Rolling Shutter, 4g fps Global (Snapshot) Shutter
128 x 128 ROI 1,639 fps Rolling Shutter, 716 fps Global (Snapshot) Shutter
Pixel well depth (e-) 30,000
1]
30y 400 300 B0 00 200 S0 1000 . . .
Waveiengh (v Dual-amplifier ADC = non-linearity!
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Andor Neo sCMOS - non-linearity

Mon-linearity

Mon-linearity
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e Column Level Amplifiers and ADCs 7

Pixel response is non-linear
over whole dynamic range
due to ADC architecture (two
amplifirs with non-linear
response each)

Piece-wise polynomials with
per-pixel coefficients to
“linearize”
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Canon EF85 /1.2

e —

=

* 8.5 cm focal length R —
* 7/ cm diameter
* Image quality is so-so

* Proprietary focus control —
reverse engineered

: EF 85mm f/1.2L I USM

—-‘———-——-__*-:

0.9

0.8 T T e e e T ey,

0.7 = == -
0.6
0.5
0.4
0.3
0.2

0.1
0

0 5 10 15 20

1 NWUNVUVULIVV 7T A\UVILWLVITLIVITNIVUIYD UV VYOV L VAWV LIV LU1 7




Mounts

Skywatcher NEQ6 Pro
- tripod

- handheld controller

+ custom pillar

~5 deg/s slewing

PE ~ 5-10 arcsec
+ jumps
+ misalignment
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Meteo Station

Boltwood Could Sensor Il
+

All-Sky Camera
+

Sky Quality Meter

Temperature
Sky Temperature (clouds!)
Wind Speed
Humidity
Rain
Sky Brightness

Robotic Autonomous Observatories 2017
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Scheduler

* Sky Survey

weighting by distances from the zenith, Sun, Moon
weighting by previous sky coverage

additional weights to Swift and Fermi FOVs
High-resolution monitoring for ~1000 s on each field
Long exposure “deep” imaging before and after

Rapid multi-mode follow-up for detected transients

* Targeted observations

User-provided objects

*  Wide-field or narrow-field, monitoring or imaging
External triggers

e Swift in multi-mode narrow-field regime

* Fermi in wide-field imaging regime

* LIGO-Virgo in wide-field imaging regime

Map of restrictions

Map of previous coverage

Function of merit

Robotic Autonomous Observatories 2017
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Control System

Mount Central conirol of MMT system -

5 L]
i i i i Lines of code

of MMT operaion - deme and weather cen¥ol, ]
e observations,
Repainting commands. 1 et h also collects all the information o he
Geteciod Fanserts and infates folow-up ~
i Cbservations f necessary

Python ~ 17000

LUA ~ 7000

Risiative repointing
com

l | it

® Distributed system
® Central controller

Canon

Andor
objective | NeosGMOS MOXA contoler

Arbitrary combination of

Channel and mount

Cosioetat miror allows
- chainal Wi of ks phalometric (8, V, or R) and

® C code + LUA scripting =+ ===~

cespmeeeeaaas

Central MMT conrol
= Channel haroware. mooule
o control moduie

Database:
~600 Gb

ables

ses

b -
.‘ gt s Storage:

* Channels € 4
® C code + LUA scripting =

P

andstatus

Realtime data processing pipeline

[
® Mounts / /

intormation
i Getecteq objects and ransients along with

. H boiple=d Gt } iomationon loge ofsystem operatan, 9
.. | channel operation X
client i _ v
1-2rights. Averaged ames, survey frames. R . togger
and parameters of e delocied Vansients Pl A 7 T N S
D are stored forever. Vi | b ‘ *

® \Weather station o
® Behaviour programmed in LUA ===
® Fast embedded programming language .~ |

Longer tmescale

Probmety and astromes
data processing s w

of all detected objects

Central control of MMT system Py Global networks

Weather station

I
1
[ s
module
I Dome control module
[ =
\ v
[

Remote observer

o +* Weather
Dome commands 0 informaton

Central control
web-interface module

control module

Externally |

® rFSM Statecharts state machine [ RN
® Opening/closing the dome

A remote observeris able i
access current state of the system,
overview and manage its operation,
manually control the system

if necessary, as well as 1o access
the logs of system operation and
its data archive

. scheduler_server

s Checking of ransients Observaton
scheduling module

® Starting/stopping the night schedule = e R g 1 T

of all objects in the field logs.

L

PosigreSQL
ApachesDjanga

The system also interacts with

1
gon_dientpy {1
", !
utorocusin arks, tiats, ... - - et
g ] 9y L) . and transient objects 3 . in order to promptly receive
The central control interacts with nine . logger information on transients. detected
[l = channels and five mounts and sends . [T ) ! by other telescopes and initiate
oordinating the channels, mounts, etc =EzEiie | =] .
] 3 performing observations, configuration of e H i
fiiters, coelostate movemens, etc Y 1
It also collects the information from them on . Web interface to I
. . . all the detected stationary and transient Photometric and data archive module 1
objects, siores this information, reacts o asrometric archive
detection of transients and forwards this
information to.global networks if necessary. 1
® Looking for weather Changes or errors

Catalogue of variable

® Controlled through the Web interface M
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Control System

c| channel.c : Users/karpov/sciwork/favor2/channel.c

static void connection_connected(server_str xserver
channel_str xchannel = (channel_str %)data;

if(connection == channel->beholder_connection) {
server_connection_message(connection, "iam |

® Distributed system

® Central controller

® C code + LUA scripting
® Channels

® C code + LUA scripting
o MOU nts i
® Scheduler
® GCN client =

connectiol
if(channel->

¥

if(connection == channel->logger_connection){
server_connection_message(connection, "iam

if{connection == channel->hw_connection){

script_set_boolean(channel->script, "is_fi_|

server_default_connection_connected_hook(server

statie void connection_disconnected(server_str #ser

channel_str %channel = (channel_str +)data;

channel->hw connection){

s_focus_3 = rfsm.state{en
rfsm. trans{sre="s_focus_3'

Turn off the camera, e|
s_camera_final = rfsm.sta
rfsm. trans{sr amera_|

command_queut

server_defaul - Grabbers should work aj
0 done = rfsm.state{},

static void dispi end
{
Monitoring state constructor
make_monitoring_state = functiof
state_name = state_name or "

comnand_sent]

start_fn = function(id)
return rfsm.state
{

inage_de| rfsm.trans{src="initia

ome -
we assume that
channel.c e current poin|

setup = make_multi_mes:
{

® \Weather station
® Behaviour programmed in LUA
® Fast embedded programming language
® (FSM Statecharts state machine s
® Opening/closing the dome
® Starting/stopping the night schedule
® Autofocusing, darks, flats,
® Coordinating the channels, mounts, etc
® Governing the whole night operation
® |_ooking for weather changes or errors
® Controlled through the Web interface

rfsm. trans{s
rfsm.trans{s

error = rfsm.state{ent|
rfsm.trans{src="e

done = rfsm.state{},

stop = make_multi_messi
rfsm.trans{src
rfsm.trans{s
_—t— beholder.lua  22% (163,08

00

<2 rokos.sonarh.ru:8889/beholder
MMT Central Gontrol [EE)

B oo T o Vit condDomecprei oot |
2Zmoon: Suggested: [T Name: A Dec: Y Fiter: [0 Exposure: (X

SetPOl = Clear POl Reschedule

Automatic mode: | Start = Stop

Scheduler: [ Zsun: [EZE

Weather: [EXEE) E23 2 [ Temperature: [[IX Sky-Ambient: [EEX] Wind: [ Humidity: [T Brightness: [ oo | 4
Dome: [ETEIT] [0 TN (T st [ (57 R Sl [T Hances: (3 s
R cornected L1 Jca Joa oi [ os Joa [ercafca [ono ) Restat | Ghilers: | On | Off

Gommand:

Channel 2 [Z277) Channel 3 2]

state: [T stae: [T TN
RA: Dec: [EETY Fitter: E: Mirror: O Ra: FIET) Dec: Filter: mMHm{:
[c0 127 ]

Channel 1 [E27)

stae: [T OO
RA: [EZET) Dec: Filter: |25 Mirror:

Channel 4 2] Channel 5 2] 11 Channel s T

state [ state [ stat: ([ T
Ra: [EZEE ec: (XY Fiter: [ Miror: m RA: [ Dec: mmxer:mMHw: [E1 © R EXX oec: XY Fiter: EM\"N: o
[ 12127 ]

Channel 7 [ZZE] 2 Channels Z) 12 Channels 2]

stao: [T O stao: [T TN stao: [T TN
Dec: [T Fitter: m Mimor: © R X Dec: ETTR Fiter: m Minor: CE3 © RA: Dec: [ Fiter: g:l Mirror: EEXE3©
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Wide-Field Monitoring

Systematic sky survey, ~1000 seconds per field
Uniform coverage of the hemisphere + restrictions + following Swift / Fermi FOVs
900 sq.deg. in white light or 300 sqg.deg. in BVR
0.1 s exposure, limit about V~10.5

4 72000

4 64000

- 56000

- 48000

40000

32000

24000

16000

goa0

Data flow rate ~110 Mb/s per channel, ~30 Tb per night
Everything processed on the fly, ~300 Gb archived M M
Robotic Autonomous Observatories 2017



Fast Differential Imaging Pipeline

We got a new frame
every 100 ms

q

Subtracting the
running median

Extracting the objects S
and analyzing the B8
sequence of frames

Normalizing to
Median Absolute
Deviation

~20 ms for managing running median frame

~13 ms for extracting transient candidates from frame
~10 ms for analysing candidates and tracking objects MM
Robotic Autonomous Observatories 2017



Sky in Real Time
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Sky in Real Time
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Sky in Real Time
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Sky in Real Time
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Meteors

45

50} —

551 —-—

6.0} P —

Magnitude / Clear

6.5}

7.0

0.0 0.2 0.4 0.6 08 10 12 14 16
Time, seconds

400

Intensity, rms units

500

600

Position along the trail, degrees

Since mid-2014, 128000 meteors detected, ~400 per night
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Meteors: public database

rokos.sao.ru:8889/metenrs rokos.s5ao0.ru:8889/meteors/7003347 {5 e
MMT  Control =  Status =  Nights  Data =  Scheduler  Links User: karpov = M
eteor 7003347
Id: 7003347 Time 2015-03-19 02:01:38.350000 UT
Meteors detected by M MT Might: 2015_03_18 Start RA/Dac: 263.540 27.822
Channel ID: [ End RA/Dec 281.272 30.867
Night Nmeteors Coverage  Rate Moon Meteors 62570
sqdeghour  1/sq.degmour  Phase Ot 2014.06.04 Length, frames: 7 Zenith distance, deg: 20.2

o 2000 2008 o0 BVTM- Lo 2015 08,10 Realtime Object: 7003347 Angular Velocity, deg/s: 5.72
218 s 2005 o1 RVTM-D Paak Magnituda: 6.7/ Clear
104 2708.9 0.028 04 RVTM-D il Anguiar veiocities -
78 0128 a07s 05 RYTM-D o1 First image / Detection mask
ars 7678.1 0.040 0.8 RVTM-D o
368 70767 0.052 04 RVTM-D
308 T186.4 0.043 04 RVTM-D
1ar 4608.6 0.030 1.0 RVTM-D .
215 7638.3 0.028 1.0 RVTM-D _
13 4078 0.026 04 RVTM-D i
132 1618.3 0.082 o7 RVTM-D :
485 8020.8 0.060 0.8 RVTM-D
182 77286 0.024 05 RVTM-D
88 4567.8 0019 04 RVTM-D - i
458 8097.2 0.056 04 RVTM-D
479 7779.4 0.062 02 RVTM-D
498 7002.2 0.063 01 RVTM-D Jll Durations
ar 1462.5 0.025 0.0 RVTM-D
478 7450.4 0.064 0.0 RVTM-D -
498 8208.3 0.054 02 RVTM-D 0
a3 B457.5 0.018 04 RVTM-D -
99 3252.8 0.030 07 RVTM-D
6 a7 0.065 0.8 RVTM-D - ol Track Profile
398 BO78.1 0.087 05 RVTM-D s
431 5500.8 0.078 02 RVTM-D - 4
645 8975.8 0.072 01 RVTM-D
5 727.5 0021 0.0 RVTM-D -
15 30914 0.087 0.0 RVTM-D o . - = = - *
200 4025.8 0.050 01 RVTM-D
401 5080.6 0.082 01 RVTM-D %
542 72464 0.075 02 RVTM-D all Min magnitudes g2
589 8490.0 0.07 04 RVTM-D E
561 7670.3 0.073 01 RVTM-D - £

o § .
675 7029.4 0.09 04 RVTM-D £
758 8351.7 0.091 04 RVTM-D -
1086 9509.4 0115 05 RVTM-D
a0a 4086.9 0.076 0.8 RVTM-D o
143 3892 0.047 08 RVTM-D
245 62044 0.035 1.0 RVTM-D
431 77003 0056 10 RVTM-D o -3
540 73129 0.074 049 ARVTM-D e Position along the trail, degrees
77 8150 0.094 0.8 RVTM-D E B

Since mid-2014, 176000 meteors detected, ~400 per night
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Meteors: annual activity

Large number of meteors we detect every night allows us to build a purely statistical
radiant estimation even with single-station data by checking the number of meteor great
circles passing close to every point of the sky and bootstrapping it for the significance.

1226 meteors in Solar Longitude [0 - 5] deg

Since mid-2014, 176000 meteors detected, ~400 per night
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Meteors: multicolor

Some meteors are observed in multicolor mode

Robotic Autonomous Observatories 2017
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Artificial Satellites

MmT >

NORAD # 25909
GLOBALSTAR MO033

Type: Inactive
Launch: 1999-09-22
Country: GLOB

Track
Date: 17.06.2015
UT: 19:32:26.2

Period = 7.5 sec

Range = 1669.8 km
Phase angle = 83.57

Since mid-2014, MiniMegaTORTORA detected more than 146000 tracks of 5480

satellites on altitudes up to 21000 km

Standard Magnitude

Lomb-Scargle periodogram

NORAD 25909 / GLOBALSTAR M033, track at 2015-06-17 19:31:45.497

_3 .
Sl ; &
T o
] ot ‘. -
-1 b . 7 "
-~y ) ”.
e _'r_ “."‘ b :2- “.:‘ % e _",-. “._“ s
O R A e IR S i U S
w'y R o el g "?}‘ L s e E ) .é‘t' L A £ ,&_’ “
D LI .l LR b+ e e & . -4
g R T 'g‘.-;‘,: .M,:" T T gt T e ‘4:" BN T -
b R v R AR A AT A =
1 v ey b . By o iy . -
* . % . % .
1t
—I5 o] 5I 10
Time, seconds, folded to period 7.49025 (original 7.49025) s
NORAD 25909 / GLOBALSTAR MQ033, track at 2015-06-17 19:31:45.497
10.0}
10
01
|
|
0.0}

0.10 1.00

Frequency, Hz
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Artificial Satellites: public database

00 [ rokos.sonarh.ru:8889/satellites : e

rokos.sonarh.ru:8889/satellites/track /7934730 v @ |T

MMT Control ~ Status ~  Nights  Data ~ Scheduler  Links

GLOBALSTAR M033

Track 7934730
S H H £ H Name GLOBALSTAR M033 Number of tracks 46
atellites identified in MMT data Numoer o recorcs
Catalogue ID 25909 Number of records 53975
{ Start 2015-06-17 19:31:45 UT
ID: | Catalogue ID number Name: | Satellite name Comments: | Comments End 2015-06-17 19:32:28 UT Catalogue NORAD Std Mag (Clear) 5.97 + 0.84
1 ) Launch date 1999-09-22 / GLOB Std Mag (B)
(@) Non-variable @ Aperiodic @ Periodic Min Period, s Max Period, s Sa Duration 4348 o X
- - - | Variability Periodic Std Mag (V)
Period 118.01 minutes
[«) UWSAT [ ACT (] INACT [¢) R'B (v) DEB [v) MDEB () F/DEB [») UNIDENT e Current Period: 760s Std Mag (R)
- - - - . - - - Inclination 51.99 degrees
Enter either satellite ID or name. If exact name will not be found, substring search will be used to show candidates. Use checkboxes| Eccentricity 0.00 Type: cgactveSatsie
varlous variability classes or object types. Specify the period to refine search of satellites with periodic light curves. Read the short dé . Satellite: Lightcurve - Standard magnitudes - Distances - Phases - Phase-Stdmag -
also. If you have any questions or wish to use the data in your research, please contact Elena Katkova, who is the primary person bel Age of orbit 1.0 days Periods - Download
database, using e-mail address mmt.satellite@yandex.ru
Transversal shift 26 + 6 arcsec D@ mmaie
Binormal shift -22 + 4 arcsec
: & iabi i KpacuBblii cnyyai
All satellites ordered by latest track - 4336 object(s) asiablit) erodc P 4
Sort by latest track, latest new detection, number of tracks (descending), variability period (descending), mean brig Lightcurve period: 7498 “
I»] Name Type Launched Latest Track Ntracks Clear Std Mag (Clear) 5.40 + 0.71 Update Comment Delete comments
© 8895 COSMOS 83118 INACT  1976-06-15/CIS 2015-08-23 4 6.7 +1.] Std Mag (B)
©22282 COSMOS 2226 INACT  1982-12-22/CIS 2015-08-23 25 5.2 £ I8 Std Mag (V)
©25624 GLOBALSTARMO038  INACT 1999-02-09/GLOB  2015-0823 50 581 Std Mag (R) .l Track standard magnitudes
© 16494 SL-8RB R/B 1986-01-16 / CIS 2015-08-23 20 6.1+ 04 Penumbral @ No
| ) NORAD 25909 / GLOBALSTAR MO33, track at 2015-06-17 19:31:45.497
©2539 SL-14R/B R/B 1998-06-15/ GIS 2015-08-23 18 5.4 04 Filters: Clear
© 40091 ORBCOMM FM 103 U/SAT  2014-07-14 /US 2015-08-23 20 7.0+04 Channels: 8 3
© 25273 IRIDIUM 57 ACT 1998-03-30 / US 2015-08-23 15 6.4 + 04 Realtime: 7934730 5
© 12171  DELTA 1 DEB F/DEB  1978-03-05/US 2015-08-23 16 7.0£04 :E- !
©25162 GLOBALSTARMOO!  INACT 1998-02-14/GLOB  2015-0823 46 5614 # Modity Track )
©20235 COSMOS 2041 INACT  1989-09-14/CIS 2015-08-23 18 7.6+04 '
B
1 5 13 41 121 314 394 422 430 434 > >

[ 0 0 £ a0
Time since track star, seconds

Track: Lightcurve - Standard magnitudes - Distances - Phases - Folded - PDM -
Periodogram - Download

Show track records

Since mid-2014, MiniMegaTORTORA detected more than 146000 tracks of 5480
satellites on altitudes up to 21000 km
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Artificial Satellites: periodicities

27370 RHESSI

WCAMe 27370 19032015 UT 011816 493 P = 4.15 secC

7.00
7.20
7.40
760
mo 7800 WRE W LTRL  Lwa s TR B THR AL R ]
&.00

8.20
840
860
860
i

_______________________

£ T 15 El % gl

b [zec]

41896 ARASE (ERG)

MC3IN: 41896 07.08.2017 UT 23:23:36.703 P =8 sec

il

t[sec]

26638 ASTRA 2D

WC3M: 26638 26022016 UT 16:49:51.498 P = 1-09 Sec

NORAD 26638 / ASTRA 2D, track at 2016-02-26 16:49:51.498

mil

10 220 330 430 S50 60D 70 BE0 830 1100 1210 1320 1430 1540 1650 1760 1670 1980 2090 2200
1o =05 [ 05 10 15

t [sec] Time, seconds, folded to period 1.09189 (ariginal 1.09180) s

Active satellites stabilized by rotation
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Artificial Satellites: periodicities

41748 Intelsat-33e, period 3.4 seconds

WC2 e 41748 2212.2016 UT 20:22:28511
E.00
B.40 F1-t- g% - B dopey- WOLIRL
ganl .-: £* ;.:: SRR ".
7.20 : '
" g
B.00
£.40

8.80

27168 Milstar-5, period 6.4 seconds

MC3I M 27168 19.07.2017 UT 21:30:14.702

Active satellites with three-axis stabilization and no rotating parts - ???
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Artificial Satellites: periodicities

NORAD 25909 / GLOBALSTAR M033

NORAD 38744 / TELKOM 3

.
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5 9% 5OV 5 &9 o9 LoV 49% &9 \,3_0‘3' 3‘9'@- ngﬂ.- Xb_o(:- s o a ' a NS 7 40
70> 10> e 1o¥ sl Pl sl 10 70 40 40 70 70 40 40 40
Time, UT Time, UT
Burned on 23.03.2016
NORAD 22076 / TOPEX/POSEIDON NORAD 40550/ CZ-3C R/B
60 : s - - -
12.0 ° ©
.. °
F T 50
L) ° M
< 115 ° ° :' = :
2 i e ° ° ° B 40
° =
3 Y S 3 g 2
¢ oo® L S ¢ 30
=1 ° L] S
o 110 - 2
=
o fe ® g\ 20 000
.l ® ° i Cwma 4 ® 0 oam
L] L]
& e ® w0 . LT ¢
e .’l [ o * e . °
10.5 e o 10 . - °
] L] ° . =®
o o> o> o> o> o> o> 'S N 3e 3 3e N 3e A9 3
02" o oo o o2 o R 49 @° o Q \:_D o Q o® a® »° e
L A2 Ao O 2o Al A ] ) 5 ) ) ) [3 © © o
40 40 10 40 10 79 90 oY o 0% o 0% A0 2O O O
Time, UT Time, UT

~1000 periodic objects in the database, with various dynamics
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Artificial Satellites: flashes

Apparent Magnitude

Apparent Magnitude
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NORAD 36301 /ISIS 1 DEB, track at 2016-10-20 17:22:49.796
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NORAD 7021 / DELTA 1 DEB, track at 2016-11-26 16:39:23.698
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NORAD 7024 / DELTA 1 DEB, track at 2017-06-30 20:43:44.400
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NORAD 19133/ SL-14 DEB, track at 2016-08-23 18:04:31.997
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Artificial Satellites: Sub-Threshold Detection
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\

0 50 104 150

Co-Addition with
Motion Compensation

NORAD 32275 / GLONASS, 37.7 /s, V~12.5 mag, 300 frames
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0 50 104 150

Direct Co-Addition

MWMT 2
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Rapid Optical Flashes

~10000 non-scintillation flashes detected since mid-2014, ~10% not
identified with satellites in NORAD database
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Rapid Optical Flashes

Realtime Alerts for night 2016 08 29
24 alerts, 23 W|thobject5 18 followed up
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~10000 non-scintillation flashes detected since mid-2014, ~10% not
identified with satellites in NORAD database
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~10000 non-scintillation flashes detected since mid-2014, ~10% not
identified with satellites in NORAD database
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Rapid Optical Flashes — Follow-Up

- >
< >

A

Mini-MegaTORTORA is a multi-
channel system with rapid
repointing of channels which

allows to perform rapid follow-up : *
observations of transients "

10 deg

@
@
o
=)
-

Narrow-Field
Follow-Up

B

Typical reaction time is 2-3 seconds
since transient detection v

Wide-Field Monitoring Filters Installation

Rapid follow-up observations of

self-detected transient involve all 9 channels and typically include:

® High-resolution (0.1 s exposure) white-light imaging with channel which detected the
transient to acquire uninterrupted light curve

® | ow-resolution (1 s exposure) white-light imaging with better limit

® Even lower resolution (10 s exposure) white light imaging for deepest data

® Three-color (BVR) imaging by three channels with 10-s exposures for reliable
determination of colors

® Polarimetry in three orientations of polarizers simultaneously by three channels with 5 s
exposures to measure the polarization

Regular follow-up of self-detected transients started in Feb 2016

To date, about 2000 transients have been followed up, typically one to
several tens per night MM
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Rapid Optical Flashes — Follow-Up

Magnitude
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Automatic
Follow-Up in 3.5 s

Mini-MegaTORTORA trigger 10436413 at 2016-06-03 23:02:11.391000
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1: Pol,20x 5 s

: Clear, 0.1 s, unchanged
: Clear, 100 x 1 s
:Clear, 10 x10 s
:B,10x10 s

'V, 10x 10 s
R,10x10s
:Pol,20x 5 s
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Double-Station Observations

Operated since 2003, decommissioned in 2009

D=15cm, D/F=1/1.2
Scaling image intensifier + Sony ICX285AL

17x24 deg field of view, ~60” pixel
7.5 FPS frame rate
Limit down to V~9-10 mag

Double-station event at 2017-08-30 18:17:22.214000

MMT-9
FAVOR

+60°

Together with Mini-MegaTORTORA it
should be able to detect parallax at
up to 6000 km

Robotic Autonomous Observatories 2017



External Triggers

Mini-MegaTORTORA also performs follow-up of Swift, Fermi and LIGO-Virgo
triggers, including the ones with poor localization accuracy due to its large field of
view allowing for simultaneous observations in ~900 sq.deg. sky fields. For the
triggers with better localizations, multicolor and/or polarimetric follow-up is
performed.

Since mid-2015, 6 of 95 Swift GRBs have been followed up in polarimetric mode
in 30 to 60 seconds since trigger distribution through GCN network, with no optical
emission detections. 9 of 300 Fermi GBM triggers have been also followed up in
wide-field mode in 20 to 90 seconds from the trigger. All other events were either
below the horizon or occurred in bad weather conditions.

s ermi

Gamma-ra ¥

o . / Space Telescope
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Fermi GRB 151107B

The localization of Fermi GBM trigger
""""" - mmrchannels ||z GRB 151107B has been observed
— IPN raingulation before, during and just after the
1 Fermi GEM . . . .

: trigger time, covering nearly all its error
box simultaneously since T-329.3 s till
T+25.7 (including brightest part of first
gamma-ray peak) with temporal
resolution of 0.1 s in white light.
Dedicated real-time transient detection
pipeline did not detect any events longer
than 0.3 s and brighter than
approximately V=10.5 mag. Inspection
of co-added images with 10 s effective
exposure has not revealed any variable
source down to V=12.0 mag during that
interval.
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400
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Fermi GRB 151107B

The localization of Fermi GBM trigger
GRB 151107B has been observed
before, during and just after the
trigger time, covering nearly all its error
box simultaneously since T-329.3 s till
T+25.7 (including brightest part of first
gamma-ray peak) with temporal
resolution of 0.1 s in white light.
Dedicated real-time transient detection
pipeline did not detect any events longer
than 0.3 s and brighter than
approximately V=10.5 mag. Inspection
of co-added images with 10 s effective
exposure has not revealed any variable
source down to V=12.0 mag during that
interval.
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Fermi GRB 151107B

- RO R e After receiving GCN trigger the system
initiated a wide-field follow-up and
since T+62.7 s (during the continuing
gamma-ray activity) till T+666.7 s
acquired 20x9 deep images with 30 s
exposures in a 30x30 degree field of
view covering the whole final 1-sigma
localization box. Analysis of the acquired
data has not revealed any variable
object down to roughly V=13.5 mag over
the time interval.
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Fermi GRB 160625B

+30° — .

------- ven| o MMT channels
; : 3 Fermi GBM
R 1 Fermi LAT

E : e*s GRB 1606258

The on-sky position of GRB 160625B has
been observed before, during and just
after the LAT trigger time (TO = 2016-06-25
22:43:24). Mini-MegaTORTORA reacted to
precursor GBM event and started
observing its error box 52 seconds after it ...
and 136 seconds before LAT trigger. Due to
large size of GBM error box, the
observations have been performed in
"widefield+deep" regime, with channels
simultaneously covering ~30x30 deg field of
view with 30 s exposures in white light to
achieve deepest detection limit.

Zhang et al, in press. _ s ......................

Rate (Counts/s)
[ [
1\

5

_|
=
| |

=1000.0

Time (s)

Robotic Autonomous Observatories 2017



Fermi GRB 160625B

The system acquired 20 frames in such regime, covering time interval from T0-136 to T0+466
s, and detected a bright optical flash on a frame coincident with LAT trigger time (T0-15.9 -
T0+14.1 s), with a magnitude of about V=8.8 mag, which then brightened for about 0.1 mag,
and then faded following nearly smooth power-law decay with slope of about - 1.6, down to
V=12.2 at last acquired frame. The images acquired prior to LAT trigger do not display any
object at that position down to about V=13.8 mag.

T=I[-136.6, -106.6] s

al

[
=
T

=
=
T

W magnitude

=
%]
T

13}

14 | =

=200 =100 0 lﬂl:l EDG
Time since LAT trigger, seconds

Follow-up observations since ~1 minute after precursor with low temporal resolutmg@
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Fermi GRB 160625B

The burst has also been observed by Pi of the Sky cameras with ~10 s temporal resolution
and by MASTER network with 5 s resolution

8 g Fermi GBM
—— 4+ MMT-9
9 - +  Piof the Sky 1
10 'i’**j,, , -+ Pi of the Sky 2
5 fittfﬂﬁj, + MASTER
c 111 er |
~ +
12 1 Jﬁrm?n T+
131
14 1-‘?'1_1_
-200 -100 0 100 200 300 400 500 600

Time since LAT trigger, s

Mini-MegaTORTORA observations cover entire main gamma
_emission, as well as most of late-time activity episode M M
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GRB 160625B: long-term behaviour

- L X-ray

Zhang et al., in press. e w
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GRB 160625B: Optical vs Gamma

]()4 1 ' | : 1 : I ' [ ' I
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Optical prompt emission is_brighter than gamma-ray extrapolation MM
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GRB 160625B: Optical vs Gamma

The analysis of Mini-MegaTORTORA light curve together with data acquired by Pi of the
Sky and MASTER cameras shows that optical flash is correlated with gamma-ray one and
lags behind it for 4-6 seconds, which much resembles the properties of optical emission

from Naked-Eye Burst, GRB 080319B.
200

MASTER lag =15.179! s

150

™~

~
100

50

Optical lag, s
600

500
400 Mini-MegaTORTORA lag = 6.4*38 s

%< 300
200
100

0

0 2 4 6 8 10 12
Optical lag, s

_Optical emission lags behind gamma-ray one for several seconds
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Optical lags in GRBs
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Optical lags in GRBs

14} - - Klotz et al. 2009
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Optical lags in GRBs

(a) Swift BAT
(c) GRB 0803198
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GRB 080319B —lag is ~2 s
(~1 s rest frame)

—— Low-resolution (1.3 s)
—— Full-resolution (0.13 s)
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Broadband properties of GRBs

In GRB 080319B, the optical energetics is comparable to gamma-ray one
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Racusin, Karpov et al (Nature 455, 183, 2008)
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Insights into GRB physics?

* Optical emission lags behind gamma-ray one for several
seconds

- Distinct emission regions
- Variability pattern???

* Optical emission exceeds gamma-ray spectrum extrapolation
- Different populations of particles

* Models

- Synchrotron gamma-rays +
external shock

- Synchrotron Self Compton
- Residual internal shocks

- Neutron-rich ejecta
el els

The number of simultaneous optical prompt emission obervations is still small_r@
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Thanks!
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WIP: Time Domain Sky Survey

White-light images with 20 to 60 s exposures before and after observing each field

Number of survey frames

1500

1400
41200

- 1000

800

GO0

400

200

In (slow, but steady) development:

® Automatic photometry

® Photometric / positional database

® Variable / transient objects detection

Limit about V~14.5

® Slowly-moving objects detection _I@
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Survey Imaging

Typical 60-s exposure close to Galaxy plane
Robotic Autonomous Observatories 2017




Survey Imaging

* Highly crowded fields for most of the sky
* Unstable and highly variable PSF

* Superflats + sky flats
* Histogram-based background estimation
* PsfEx for PSF extraction

* Custom PSF-fitting code for object
detection and characterization

* Global Calibration?

- Tycho2 + 2MASS catalogues for photometric
calibration (Bt, Vt, J)
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Time Domain Sky Survey

Lightcurve RMS as function of brightness for a set of 60-s exposures
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Planned: Northern Sky Polarimetric Survey

14 . . .
i Mini-MegaTORTORA expected erfﬂrmanr.:e
Heiles (2000) (single 60-s exposure) = p
12
10
B B

Polarization degree, percents

10 T
V Magnitude

Mini-MegaTORTORA is able to perform polarimetric observations in three polarizer

orientations (0, +/- 120 deg) simultaneously, allowing to measure linear polarization.

Photometric accuracy of 0.01 mag at V=10 allows to achieve 1% polarimetric accuracy, to

trace interstellar polarization (which typically reaches 2 to 5 percents) and to reliably
select highly polarized sources like magnetic white dwarfs or bright blazars. _I@

Robotic Autonomous Observatories 2017



Thank you!






Field of View

2017/2/3 00:54:20 UT, Sidereal 12:32:48.43

State: monitoring Weather Good
Dome: Open > Clear: -36.9
Chillers: On Temperature: -6.6

Cameras: On
Covers: Opean

et Channel = 9.5 x 11.2 deg
\ Dry FOV <= 900 sq.deg

&
ra

Pixel size = 16"/pix

FWHM = 2-3 pix
: BB
. B
@
ST B 7
r‘_‘:mitﬁrhm

Normal Mormal Normal

Night ~ . .
Zsun: 128.86 . . S Mormal Mormal Normal

Zmoon: 126.65 Normal Normal Mormal
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Coordinate accuracy

Number of stars

100 -

80 -

0 2 4 6

'Astrumelrg.net

Local Astrometry.net plate solver

+
Dedicated SIP distortion
refinement routine (3" order) using
all Tycho-2 stars in the frame

Robotic Autonomous Observatories 2017
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Coordinate accuracy: problems

delta RA, arcsec

delta Dec, arcsec
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Time, seconds

Centroiding errors
Distorted objects near frame edge,
brightness dependent

Unaddressed as of now

Time, seconds

Tracking errors
Periodic Error due to worm inaccuracies,
mount alignment problems, jumps

Addressed by WCS refinement every
10 seconds
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Mounts

Skywatcher NEQ6 Pro
- tripod

- handheld controller

+ custom pillar

~5 deg/s
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Mounts
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Every mount is equipped with liquid cooling system and dehumidifier
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