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Follow-up of gravitational waves alerts with
IACTs using Astro-COLIBRI

Mathieu de Bony
on behalf of the Astro-COLIBRI team (Fabian Schussler, Patrick Reichherzer, Atilla Alkan, Jayson Mourier)
and on behalf of the tilepy team (Fabian Schussler, Monica Seglar Arroy, Halim Ashkar, Jayson Mourier)
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IACTs

Observe Very High Energy gamma-rays (> few tens of GeV)

MAGIC
2 x 18m telescopes
FoV ~ 2.5 deg
H.E.S.S.
4 x 12 m telescopes
+ 28 m telescope
FoV ~ 5 deg
VERITAS
4 x 12m telescopes
FoV ~ 3.5 deg
CTA
2 sites

> 64 telescopes
3 size of telescopes
FoV ~ 5to 10 deg

23/06/2023 2



Challenge of GW follow-up

m Large localisation uncertainty

event ID: G357490
u 50% area: 85 deg?
90% area: 300 deg?

60°

> Covering the uncertainty region

requires a smart observation strategy
30°

00
Oo
12h

-30° -30"

@ Journée SF2A, Mathieu de Bony 23/06/2023 3



Tiling

m Observation of multiple tiles to cover the uncertainty region

m A python software called tilepy has been developed
at IRFU / CEA Paris-Saclay since 2016

m Currently used by H.E.S.S. and LST-1

@ Journée SF2A, Mathieu de Bony

Probability

TN

A&y
’5'_52'»".9

PIAS o 0" 20 30"

GW1 9091 5_235702 (RFOV=2°)

(M. Seglar-Arroyo, 2022)
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200x200 pix

5 '/pix,

2D algorithm

= lterative algorithm based on spatial information

1: Coordinate grid using low res maps 2: Grid used as FoV pointing centers

200x200 pix

5 '/pix,

(314,10) (314,10)

| O e — o]
1.55e-10 0.0457 1.51e-13 5.81e-05

@ Journée SF2A, Mathieu de Bony

200x200 pix

5 '/pix,

3: PL9Y computation with high res maps

5 '/pix, 200x200 pix

Ashkar et al., ICRC 2021

4: PEOY-MAX FoV selected then masked

(314,10)

| );
1.51e-13 5.81e-05
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5 '/pix, 200x200 pix

3D algorithm

= Correlation of the spatial and distance information with Glade+ galaxy catalog
> Compute probabilities for each galaxy
m lterative process based on galaxy position

Ashkar et al., ICRC 2021

4: PFOV, MAX

cwsoni. FOV selected then masked

1: Calculate Pf,, s, for each galaxy 2: Choose the galaxies as ponting seeds 3: PESY. o COMputation

o Q Q
o o o
o [«] o
o ~N o~
x x x
o o (=}
o o o
o~ o~ o~
2 e g
0 i 0
(197.449,-23.384) (197.449,-23.384) (197.449,-23.384) (197.449,-23.384)

| ) | ) | | )
0 0.00033 0 0.00033 0 0.00033 0 0.00033

| S
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GW 180817

m Coincidence EM/GW

_ Ashkar et al., JCAP 2021
m BNS merger detected by Ligo/Virgo

205° 200° 195° 190°
m Short GRB detected by Fermi ’
m Poor localisation from both instruments
__-20° [ R N—— S .......... L 20°
m With the help of tilepy, H.E.S.S. was the first ground based &
instrument to point in the direction of the event 5
% 250 ........ ............. L D50
o i
-30° A .............. , ............... L _30°

205° 200° 195° 190°
Right Ascension (J2000)
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Tilepy

s Publication in 2021

The H.E.S.S. gravitational wave rapid follow-up program, Ashkar et al., JCAP 2021

DOI : 10.1088/1475-7516/2021/03/045

m Preliminary code release on github : https://github.com/astro-transients/tilepy

= Documentation ongoing

m Refactoring of the code is starting

Journée SF2A, Mathieu de Bony

23/06/2023


https://ui.adsabs.harvard.edu/link_gateway/2021JCAP...03..045A/doi:10.1088/1475-7516/2021/03/045
https://github.com/astro-transients/tilepy

Tilepy in the cloud

m Tilepy is now running in the cloud
m No need for local installation
m No need to download the map
m Should work with small connection
m Stable interface

@ Journée SF2A, Mathieu de Bony 23/06/2023



Astro-COLIBRI

A tool for
transient astronomy

@ Journée SF2A, Mathieu de Bony

1 |
photons, GWs, v

 vhmows |

monitoring satelites and observatories

gl | 2 A e
& | "7 (& \
g @Ay Eesa [
GAIA SVOM swift @ ) | 'INTEGRAL/ { Fermi

ZTF HAWC

Ee@MEr

UTMOST

Pan-STARRS IceCube
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Astro-COLIBRI

A tool for
transient astronomy

@ Journée SF2A, Mathieu de Bony

1 |
photons, GWs, v

l ' v

monitoring satelites and observatories

gl | 2 A e
& | "7 (& \
g @Ay Eesa [
GAIA SVOM swift @ ) | 'INTEGRAL/ { Fermi

UTMOST ) ZTF Pan-STARRS HAWC IceCube

Ligo & Virgo,
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Astro-COLIBRI

A tool for
transient astronomy

| |
photons, GWs, v

l v '

monitoring satelites and observatories

o) £8 A @ e
& | 3 (& 7|
@.Ay (2] @esa [
GAIA SVOM swift @ ) | “INTEGRAL/ { Fermi

@ ®=)ET

UTMOST ZTF Pan-STARRS AWC lceCube Ligo & Virgo,
e |* creator -'YJ.
follow- - streams

= (alert (= ooy () rennse )
\§ MY J 5 J Pn sk)] % J [“J [EﬂN__KlJ
up- \=broker \ M X901 o ) <€ 2){_amon AMPEL ‘. )
/e o—\ COLIBRL R\ @@?tsailed event/src. info
(real-time) DB* = = @JL @J[ @J
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— |
(push alerts\g cone search visibility event info

o
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n
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()

\
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Astro-COLIBRI

A tool for
transient astronomy

| |
photons, GWs, v

| e

monitoring satelites and observatories
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Astro-COLIBRI

A tool for
transient astronomy

| |
photons, GWs, v

| e

monitoring satelites and observatories
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Tiling with Astro-COLIBRI

The web interface

Latest transients logged out

Observatories ® Swift Fermi HAWC IceCube AMON Integral GECAM FLaapLUC @ LVC @ other
Event type ®FRB #* OT *SN @GRB Oburst ©neutrino ® nuem 0O 4FGL TeVCAT SGR/AXP O IceCat

O 20230301 » o It : T O O A STAGTRMA ok Mk ASKMMONGR & D C MK @ ook Gk Ak Ak AD R A TR A KA AN M A K 2023-04-07 4

IceCube-230405A
Neutrino 120.85°  9.75°
IceCube-230405A IceCube-230405A
Cone search 2.97° > 2023-04-05 13:20:20

120.85 9.75
8h3m23.98s 9d45m0s
2.9700
SN 2023eod * IceCube
Supernovae (optical) Bronze
2.84/yr ¥ 110.43 TeV

IceCube-230405A
Neutrino

SN 2023e0a
Supernovae (optical)

@ Journée SF2A, Mathieu de Bony https://astro-colibri.com 23/06/2023 15
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https://astro-colibri.com/

Tiling with Astro-COLIBRI

The web interface Activate science mode

Latest transients logged out

Observatories ® Swift Fermi HAWC IceCube AMON Integral GECAM FLaapLUC @ LVC @ other
Event type ®FRB #* OT *SN @GRB Oburst ©neutrino ® nuem 0O 4FGL TeVCAT SGR/AXP O IceCat

O 20230301 » o It : T O O A STAGTRMA ok Mk ASKMMONGR & D C MK @ ook Gk Ak Ak AD R A TR A KA AN M A K 7230407

IceCube-230405A
Neutrino 120.85°  9.75°
IceCube-230405A IceCube-230405A
Cone search .97° > 2023-04-05 13:20:20

120.85 9.75
8h3m23.98s 9d45m0s
2.9700
SN 2023eod * IceCube
Supernovae (optical) Bronze
2.84/yr ¥ 110.43 TeV

IceCube-230405A
Neutrino

SN 2023e0a
Supernovae (optical)

@ Journée SF2A, Mathieu de Bony httos://astro-colibri.com 23/06/2023 16
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https://astro-colibri.com/

Tiling with Astro-COLIBRI

The web interface

Latest transients 5 logged out

Observatories ® Swift Fermi HAWC IceCube AMON Integral GECAM FLaapLUC @ LVC @ other
Event type ®FRB #* OT *SN @GRB Oburst ©neutrino ® nuem 0O 4FGL TeVCAT SGR/AXP O IceCat

O 20230301 » o It : T O O A STAGTRMA ok Mk ASKMMONGR & D C MK @ ook Gk Ak Ak AD R A TR A KA AN M A K 2023-04-07 4

IceCube-230405A
Neutrino 120.85°  9.75°
IceCube-230405A IceCube-230405A
Cone search .97° > 2023-04-05 13:20:20

120.85 9.75
8h3m23.98s 9d45m0s
2.9700
SN 2023eod * IceCube
Supernovae (optical) Bronze
2.84/yr ¥ 110.43 TeV

IceCube-230405A
Neutrino

SN 2023e0a
Supernovae (optical)

@ Journée SF2A, Mathieu de Bony https://astro-colibri.com 23/06/2023 17
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https://astro-colibri.com/

Tiling with Astro-COLIBRI

The web interface

Latest transients

Activate the GW filter

logged out

® Swift Fermi
[CR:]

HAWC
® GRB O burst

Observatories IceCube AMON FLaaplLUC @ LVC @ other

niveyre. vt

Event type % OT % SN O neutrino  (/nuem A GW [O4FGL TeVCAT SGR/AXP O IceCat

O 20230531 4 A DOk A M ok % SkAK O BN A 20230615 4

science mode
$230601bf

$230615an Gravitational wave

Gravitational wave 307.97

$230601bf
Cone search 1°

-40.82°

S$230601bf
2023-06-01 22:41:34
307.97 -40.82
20h31m52.5s -40d49m1.38s
Lvc H1,L1
Update spiir
BBH: 1.00

5.41e-8/yr — significant event
3565 + 1260 Mpc
907 deg?

S$230601bf

S230615ak
Gravitational wave

2497 deg?

S230615af
Gravitational wave

S230615t
Gravitational wave

$230615k
Gravitational wave

Journée SF2A, Mathieu de Bony 23/06/2023 18
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https://astro-colibri.com/

Tiling with Astro-COLIBRI

The web interface

Latest transients

® Swift
® FRB

HAWC
® GRB O burst

Ok

S$230601bf
Gravitational wave

Observatories Fermi IceCube AMON Integral GECAM —aaplUC @ LVC @ other

Event type # OT % SN O neutrino ®&nuem AGW M _ TeVCAT @ SGR/AXP O IceCat

O 20230531 4 A ik X [ VN Ve A M A

$230615an

Gravitational wave 307.97

$230601bf
Cone search 1°

-40.82°

S$230601bf
2023-06-01 22:41:34
307.97 -40.82
20h31m52.5s -40d49m1.38s
Lvc H1,L1
Update spiir
BBH: 1.00

5.41e-8/yr — significant event
3565 + 1260 Mpc
907 deg?

S$230601bf

S230615ak
Gravitational wave

2497 deg?

S230615af
Gravitational wave

S230615t
Gravitational wave

$230615k
Gravitational wave

Journée SF2A, Mathieu de Bony

Select your event

logged out

2023-06-15 #°

science mode

23/06/2023
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https://astro-colibri.com/

Tiling with Astro-COLIBRI

The web interface

Latest transients logged out

Observatories ® Swift Fermi HAWC IceCube AMON Integral GECAM FLaapLUC @ LVC @ other
Event type ®FRB % OT *SN @GRB Oburst ©neutrino ®nuem AGW 0[O4FGL TeVCAT @ SGR/AXP O IceCat

O 20230531 4 A DOk A M ok % SkAK O BN A 20230615 4

science mode
S$230601bf
Gravitational wave 307.97°  -40.82°

S$230601bf $230601bf
Cone search ” 2023-06-01 22:41:34
307.97 -40.82
20h31m52.5s -40d49m1.38s
Lve H1,L1 $230601bf
Update spiir
BBH: 1.00

S$230615an
Gravitational wave

S230615ak
Gravitational wave 5.41e-8/yr - significant event
3565 + 1260 Mpc
907 deg? 2/ /deg?

S230615af
Gravitational wave

S230615t
Gravitational wave

$230615k
Gravitational wave

Journée SF2A, Mathieu de Bony 23/06/2023
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https://astro-colibri.com/

Tiling with Astro-COLIBRI

The web interface Observation Plan

Latest transients

Observatories ® Swift Fermi HAWC IceCube AMON Integral GECAM FLaapLUC @ LVC @ other
Event type ®FRB #*OT *SN @GRB Oburst ©neutrino ®nuem AGW [O4FGL TeVCAT [ SGR/AXP O IceCat

O 20230531 2 A K Onx A Hohke X PN She A DA A 2023-06-15 4

science mode
$230601bf
Gravitational wave 307.97°  -40.82°

S230601bf $230601bf
Cone search ° 2023-06-01 22:41:34
307.97 -40.82
20h31m52.5s -40d49m1.38s
Lve H1,L1 $230601bf
Update spiir
BBH: 1.00

$230601bf_tile_015
tilepy

$230601bf_tile_014
tilepy 5.41e-8/yr — significant event

3565 + 1260 Mpc
907 deg? 2497 deg?

$230601bf_tile_013 \\ Schedule
tilepy AN

$230601bf_tile_000

$230601bf_tile_012

q S2.. ""1bf_tile_001
tilepy

$230601bf_tile_011
tilepy

Journée SF2A, Mathieu de Bony 23/06/2023 21
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https://astro-colibri.com/

Tiling with Astro-COLIBRI

The web interface

Latest transients

Observatories ® Swift Fermi HAWC IceCube AMON Integral GECAM FLaapLUC @ LVC @ other
Event type ®FRB #*OT *SN @GRB Oburst ©neutrino ®nuem AGW [O4FGL TeVCAT [ SGR/AXP O IceCat

O 20230531 4 A * -@** A | AR ok * [V IN 9 b OV

$230601bf_tile_01:
tilepy

S230601bf_tile_014
tilepy

$230601bf_tile_013
tilepy

$230601bf_tile_012
tilepy

$230601bf_tile_017
tilepy

Journée SF2A, Mathieu de Bony

$230601bf
Gravitational wave

Cone search

307.97°

$230601bf
1°

-40.82°

S230601*+
2023-06-01 22:41:34
J7.97 -40.82
~ 31m52.5s -40d49m1.38s
Lvc H1,L1 S$230601bf
Update spiir
BBH: 1.00

5.41e-8/yr — significant event
3565 + 1260 Mpc
907 deg? 2497 deg?

Schedule

$230601bf_tile_000

S2.. ""1bf_tile_001

https://astro-colibri.com

202306-15 #°

science mode

23/06/2023
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https://astro-colibri.com/

Visibility at H.E.S.S.

Tiling with Astro-COLIBRI

Forecast Seeing Sky view
The mobile interface

Visibility panel

uuuuuuuuu

18h oh
RA: 7:23:31 Dec: -44:50:47
Gal.long.: 256:37 Gal.lat.: - d
Altitude: HO 30
| Geo.long.: 16:30.0 1lat.: - B .

Schedule

®

Journée SF2A, Mathieu de Bony ® : 23/06/2023 23



Visibility at H.E.S.S.

Tiling with Astro-COLIBRI

Forecast Seeing Sky view
The mobile interface

Compute the schedule

uuuuuuuuu

18h Oh

RA: 7:23:31 Dec: -44:50:47
Gal.long.: 256:37 Gal.lat.: -13

Altitude: HO 30 W45
| Geo.long.: 16:30.0 1lat.: -

23

‘ Schedule ’

Journée SF2A, Mathieu de Bony 23/06/2023 24



Visibility at H.E.S.S.

Tiling with Astro-COLIBRI T

The mobile interface

Observation Plan

18h Oh
RA: 7:23:31 Dec: -44:50:47
Gal.long.: 256:37 Gal.lat.: -13:36
Altitude: O
| Geo.long.:

Schedule

$230622ah_tile_000
S230622ah_tile_001

S20622ah_tile_002

Journée SF2A, Mathieu de Bony 23/06/2023 25
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An API to go further

m Astro-COLIBRI allows you to set simple observatory parameters
(Position, FoV, Zenith limit, Maximum Moon phase)

@ Journée SF2A, Mathieu de Bony

23/06/2023
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An API to go further

m Astro-COLIBRI allows you to set simple observatory parameters
(Position, FoV, Zenith limit, Maximum Moon phase)

m The HTTP API allows you to customise much more parameters:
m Visibility constraints (Moon, Sun, ...)
m Number of pointings
m Number of observation nights
m Start observation time

m Website : https://tilepy.com
API : https://tilepy.com/tiling
API documentation : https://tilepy.com/apidoc

@ Journée SF2A, Mathieu de Bony
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https://tilepy.com/
https://tilepy.com/tiling
https://tilepy.com/apidoc

Conclusion

m IACTs use a tiling observation strategy for GW follow-up

m The tilepy python software has been developed to compute an optimal observation schedule
m 2D algorithm for distant alerts
m 3D algorithm for close by alerts

m tilepy is currently integrated in Astro-COLIBRI

m An HTTP API allows also to send requests with more parametrisation possibilities

tildpy

m Feedback is welcome

@ LST General Meeting, Mathieu de Bony
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FoV of CTA

LST General Meeting, Mathieu de Bony

CTAO Northern Array
—— 50- 80 GeV
------- 0.5-0.8 TeV

—_—

Point-source flux sensitivity relative to FoV center

O 05 1 15 2 25 3 35 4 45
Angle w.r.t. to the FOV center (deg)

19/06/2023
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