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Introduction

Why are EM counterpart

observations of GWs important?,



Information on the binary

Masses

Spins

Tidal deformability
Orientation
Eccentricity

Exact time of merger

Distance

Precise localisation
Astrophysical context
Redshift

Host galaxy

Environment of the
progenitor

Outflow properties
» Composition

» Velocity

» geometry




Why EM counterparts!?

Nature of gravity

Cosmological constraints

Origin of the heaviest
elements

Equation of state at
supranuclear densities

|dentification of short
GRB progenitors




EM counterparts of
compact binary mergers

!



Types of cmac
binary mergers

® Binary Black Hole
BBH

® Binary Neutron Star
BNS

® Neutron Star-Black Hole

NSBH GRBs

® Mass gap
(3-5 Mo)




Gamma-ray bursts



Gamma Ray Bursts

Long GRB GRB191219A

creen - 5 GO

green = 3 CeV ;

blue = 30 GeV - 300 CeV
- total = 0.3 - 300 GeV

- ’ " - N

GRB191219B Short GRB



Naming of GWVs

* In a similar way as GRBs: GW191219 (without the letter)

* Before they are confirmed (published): S191219az

N\

Superevent Unique identifier



Long GRBs

Most luminous explosions in the
Universe (Eiso = 10°1-54 erg)

Detected at all redshifts

0.08 <z < 9.4, 99% of the
Universe’s history (Tanvir et al.
2009, Cucchiara et al. 2011)

Average z ~ 2 (Jakobsson et al.
2006)

Associated with broad-line SN Ic
(Galama et al. 1998)

Located in star forming galaxies
(Christensen et al. 2004)

Collapsars are the most probable
progenitors
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Fainter and very elusive!
Varied types of host galaxies

Only spectroscopy of 1 SGRB
afterglow published until now
(GRB130603B, de Ugarte Postigo et
al. 2013)

No SN, but an associated kilonova
(Tanvir et al. 2013, Berger et al. 2013)

Associated to GW signals
(GRB170817A)

Produced by the merger of compact
objects

Short GRBs
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Heliosphere

= Termination Shock
Heliopause

|

o

=3
o

Interstellar Space

Qort Cloud

100,000

» a-Centauri

AC +79 3888

1,000,

00

1 UTO de ASTRg,
st 15y,
W (>



Black hole
engine

Week

Month

Jet collides witt
ambient medium

°
I n ute [external shock wave)

-
Colliding shells emit _\N\}"’
low-energy gamma rays ’ High-energy

: aamma rays
(internal shock wave) gamma rays

Faster N\i', v c 2

shell

Prompt o

emission | Minute ‘

Second Afteralow




Uv

X-ray

>\ L
/ - a |
e Com SEus opupd ‘Gl SES G Gume S (Jwe e ‘Gust o (pmmm e o x — —
o
. |
nu..
o L
i 5 / | |
d
T Y| o
(@ o - o
e ;,

() Ktsuep xnr

10"

1016

1014

10"

1010

10"

v (Hz)

Sari et al. 1998

|5



— - —
(o)} RN N

Corrected R_magnitude in the z =1 system
w w w w w N N N N —
oo (o)) BAN N (@) (00) BN N O (00

40
1E-5

130603B——— ="
-

0707148

v :

1 ';a'////' >4
v v L] ;
160821B o i
S |

070724A .
\ N
100117A N
—
080905A | ®~.__

{ wi v
1060505 \

; \\\\\\\\:\ -
{ v

! v
|
1 1 1 I el 1 L el

1E-4 1E-3 0.01 0.1 1 10 100 1000
t (days after burst in the observer frame in the z =1 system)

SGRBs are
~250 times

fainter
than LGRBs
(6 mags)

Adapted from
Kann et al. 201 |



Other sources of GWs

!



O

Long GRBs

® GWs from:
> Nearest LGRB at 37 Mpc

® GRB jets [wrong freq.]

® Collapsar [~] Mpc]

® Neutrino Dominated

Accretion Flow g
(NDAF) [~10 kpc]

® Much brighter EM
counterpart:

® Afterglow if on axis

® SN independent of the
orientation



Supernovae

® Neutrino driven CCSN (99% of all CCSN): ~5.5 kpc
® Rapidly rotating CCSN: ~50 kpc (LMC)

Extreme models could expect detections up to a few Mpc

< : ' re expected
At d<100 kpc, neutrinos a pect Gossan et al. 2016

® FEasily detectable at those distances with any technique
(imaging, spectroscopy, polarimetry, spectropolarimetry, radio,
X-rays, etc.)

2
LI

® At these distances pre-imaging of the progenitor is feasible

We need a Galactic SN
while the detectors are ON!!!
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Spinning NS

GVV e Continuous but weak
signal

® Slow decline in the
periodicity of the pulsar
signal

__

Spinning neutron star

)

Continuous gravutatlonal waves

‘Mountain’




Results of O3



The rest

Statistics of O3

O1l:3 GWV signals (all BBH)
O2:8 GW signals (7 BBH, | BNS) one EM counterpart!
O3 started in April 2019 and stopped for a month in November

Will go on for a total of at least | year

50 triggers in 300 days (one every 6 days)
= ® 5 BNS, mean D= 206 Mpc (0.037 Gpc3 => ~ 167 BNS/Gpc3/yr)

% @ 5 NSBH, mean Dy = 366 Mpc (0.205 Gpc3 => ~ 30 BNSBH/Gpc3/yr)
i ® 4 Mass gap, mean D= 616 Mpc (0.977 Gpc3 => ~ 5 MG/Gpc3/yr)
5 ® 33 BBH, mean D= 1669 Mpc (19.47 Gpc? => ~ 2.1 BBH/Gpc3/yr)

P
®

| Burst even, D= ?2?

® No electromagnetic counterpart found yet

22



Rate from short GRBs

® Avg distance:
z~ 0.5 (2.8 Gpc)
z(median) ~ 0.454 (2.55 Gpc)
z(avg) ~ 0.647 (3918 Gpc)

- L:r(?t;f_r.: From GWs: 170 Gpc-3 yr-!
~ 125 yr From SGRBs: 1.4 Gpc-3 yr-|

e Rate: Collimation factor ~ 120
SAPoin ggz; ﬁ: => half opening angle ~7.4 deg

0.05 SGRB Gpc-3 yr-!

® Correction for sky coverage ~12.6 (Swift/BAT)
1.38 SGRB Gpc-3 yr-!
2.26 SGRB Gpc-3 yr-!
0.63 SGRB Gpc-3 yr-!
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BNS tatistics

,dL KN AG (Niye  AGyr
(Mpc) peak mag peak mag (1/100)
001 | 43 | 172 |82-162 | 006 | 47-10
002| 88 | 187 |97-17.7 | 047 | 40-103
003|132 | 196 |106-186| 1.6 4102
Med| 004 | 178 | 202 [112-192] 39 | 34-0°
BNS[ 005|224 | 207 |117-197] 78 | 67-10?
_ 1006|270 | 212 [122-202] |4 0.12
O4 (007318 | 215 [125205] 22 0.19
008 |365| 218 |128-208| 34 0.29

0.09 | 414 | 221 |13.0-21.1] 50 0.43
010463 223 |133-213] 69 0.59
O5 [0.202]1000] 240 |148-23.0] 698 6.0
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' t
Current GRANDMA /76.

Telescope
name

Location

Aperture
(m)

FoV
(deg)

Filters

3 — o limit
(AB mag)

Maximum night slot
(UTC) (h)

TAROT/TCH
CFHT/WIRCAM
CFHT/MEGACAM
Zadko

TNT
Xinglong-2.16

GMG-2.4
UBAI/NT-60
UBAI/ST-60
TAROT/TRE
Les Makes/T60
Abastumani/T70
Abastumani/T48
ShAO/T60
Lisnyky/AZT-8
TAROT/TCA
IRIS

T120

OAJ/T80
OSN/T150
CAHA/2.2m

La Silla Obs.
CFH Obs.
CFH Obs.

Gingin Obs.

Xinglong Obs.
Xinglong Obs.
Lijiang Obs.
Maidanak Obs.
Maidanak Obs.
La Reunion
La Reunion.
Abastumani Obs.
Abastumani Obs.
Shamakhy Obs.
Kyiv Obs.
Calern Obs.
OHP
OHP
Javalambre Obs.
Sierra Nevada Obs.

Calar Alto Obs.

0.25
3.6
3.6

1.00

0.80

2.16
24

0.60

0.60

0.18

0.60

0.70

0.48

0.60

0.70

0.25
0.5

1.20

0.80
1.50

2.20

1.85 x 1.85
0.35 x 0.35
1.0 x 1.0
0.17 x 0.12
0.19 x 0.19
0.15 x 0.15
0.17 x 0.17
0.18 x 0.18
0.11 x 0.11
4.2 x 4.2
0.3 x0.3
0.5 x 0.5
0.33 x 0.33
0.28 x 0.28
0.38 x 0.38
1.85 x 1.85
04 x 04
0.3 x0.3
14x 1.4
0.30 x 0.22

0.27Q)

Clear, g' ri
JH

rrg ot

griz

Clear, g’ ri Ic

|

BVgri
BVRI
BVRI

BVRcIc

BVRcIc
Clear

Clear, BVRc
BVRcIc
UBVRcIc
BVRcIc
UBVRcIc

N S

Clear, g ri

Pt

Clearu griz

BVRI
r/
BVRclIc

Pty

ugriz

18.0 in 60 s (Cear)
22.0in 200 (J)
23.0in 200s (r)

20.5 in 40's (Clear)
19.0 in 300's (Rc)

21.0in 100's (Rc)

22.0in 100s (R¢)
18.0in 180's (Rc)

18.0 in 180's (Rc)

16.0 in 60 s (Clear)
19.0 in 180's (Rc)
18.2in 60's (Rc)
15.0in 60s (Rc)
19.0 in 300's (R¢)
20.0 in 300 s(Rc)

18.0 in 60 s (Clear)

18.5in 60's (r )

20.0 in 60's (R)
21.0in 180s ()
21.5in 180 (R¢)
23.7in 100s ()

06-15
10-16
10-16
12-22
12-22
12-22
12-22
14-00
14-00
15-01
15-01
17-03
17-03
17-03
17-03
20-06
20-06
20-06
20-06
20-06
20-06




Observed mag
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BNS vs distance
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Error areas in O3

® Mean error area in O3 = 2258 sqdeg

® Median error area in O3 = 765 sqdeg

® How will this improve in O4 and O5!

28



What do we need!

® Cover a typical area of 765 sqdeg
® Down to 20.5 mag (better +| mag)
® Within the first night

® Spectroscopic follow-up!

29



Instruments for
discovery

® Wide field
® Multi-band

® Large area IFS
SED machine




Instruments 1¢
Characterisation

® Multiband Imaging
® Broad wavelength range spectroscopy
® Polarimetry

® [ime resolution

31
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GUC su

m Multiband (VIS+NIR) spectroscopy

m VIS integral-field spectroscopy

m NIR integral field spectroscopy

NIR multi-object spectroscopy
VIS single object spectroscopy, R> 15,000
NIR single object spectroscopy, R>15,000

m Multiband (VIS+IR) imaging

NIR imaging, wide field

VIS Imaging, wide-field
MIR imaging

MIR spectroscopy
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-\
upernova

Transients « Trans-Neptunian objects

X-ray binaries/transients  +  Transiting extrasolarﬁes
TDEs * Asterosei

AGNs o“ g“ ﬁ icity stars

Lensing assive a# llar winds
High-r “&“ ) “& aries

Ic medium YBrown dwarfs
‘“ m * Interacting binaries

SN remnan Magnetars
GRBs * |solated Neutron stars
High-redshift Universe *  Gravitational wave follow-up

34




Efficiency!

Throughput
Quantum efficiency

Operation .
Calibration

Maintenance






Imaging

+ Simultaneous VIS/NIR |
g’, r’l i’J Z’J \/5‘-/5 HJ KS |

* Negligible overheads

— No readout time loss
e 3'x3 0or4.2'0 field of view
— 3'x3'x8 = 72 sqr. Arcmin

— 4.2°0Ox8 = 112 sqr. Arcmin

. /
i >
.
¢

— No filter change time loss | /

r exp: 40 s




Spectroscopy

® Wavelength range: 3700 A to 23,500 A

[OIl] 3727/29 A at z = 0 (blue end), HX at z = 2.5 (red end)

® Resolving power ~4000:
® | ook between NIR sky lines

® Continuum of faint sources

® Velocity fields of galaxies

e Long slit (180”)

38




® Frame transfer in the VIS
e2v CCD 231-84

e HAWAII-2RG+SIDECA
R in the NIR

XFull frame > 4Hz
*Window > 20 Hz

*Drift scan > 100 Hz

39

A

L/

= ) =

PR N




* Image slicer 9.7x6.8”
e |7 0.4 resolution elements

* Wavelength coverage UV+IR!

* Full spectral resolution at any
seeing

e An additional AO-IFU has
been also desighed:
3.6”°x2.5” with 0.08” slitlets

Integral field spectroscopy

To spectrograph EJ4RE I 8 BN

B N | - S )
s : Field optics
| | (slit mirrors S3)

e
Output focus = _ _ - hd_ _-.. - -..- Spectrogram

40
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slicing

From telescope
and fore-optics



modulator Savart plate

focal plane mask

[ |
0.5 arcsec

® Based on the design by Frans Snik (2012) for X-shooter
|. Spectropolarimetry of full range
2. Low resolution single shot spectropolarimetry
- Structure and magnetism in SNe
- Stellar physics

= Characterisation of transients
4



8 independent channels

Common focal plane in
cryostat
(avoid thermal noise)

Common backbone
(reduce flexures)

Retractable ADC

Different slits
(0.55”,0.77,0.9”,1.17,5”)

Allows to include
IFU + polarimetry

Optical design concept

(Cryostat

Focal station
Slits, masks, etc.

light from

telescope

-
J[.J .

- |detector \l

i

filter/grism  /

VIS
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Specifications

Simultaneous
spectral range

Photometry: gr’i’z’YJHK
Spectroscopy: 3700-23500 A

Field of view

3’x3’ rectangular, 254”diameter circular

3’ long slit

9.7”x6.8” (0.4” slitlets) IFU / 3.6”x2.5” (0.08” slitlets) AO-IFU

Plate scale

0.2”/pixel

Spectral resolution

>3500ing’
4100 - 4500 in other bands

Expected efficiency
(peak efficiency)

Imaging: > 42 %
Spectroscopy: > 35 %

Maximum frame rate

> 4 Hz full frame
> 20 Hz for 30x30pix window
> 100 Hz drift scan

Observing modes

Multi-band imaging

Broad-band spectroscopy (long slit)
High time-resolution (img. & spectr.)
IFU

Spectropolarimetry
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Thank you!



