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Observations of kilonovae are hard
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Observations of kilonovae need to know where to look
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Observations of kilonova are unlikely to be much better soon

16

Villar et al. 2018

187" AN ‘

Apparent Magnitude
N N
N o

N
SN

26+
9
f B
1,
F275W ) : F336W,u,U
28O 10 15 20 25 } 30
MJD - 57982.529
AT2017gfo:

Number of photometric points: ~750
Number of spectra:~50

AB—magnitude
) [N )
o o ~

N
~2

28

29

Time since GRB 130603B (days)
1 10

] ]
* F606W A
¥\ ]

SR | T T T T 17T T

*X-ray 7

\ *F160W A

104

108 108
Time since GRB 130603B (s)

Others (KN dominating):
Number of photometric points: ~50
Number of spectra: 2

Radboud Universiteit S%ﬂ

* 5
e

10—11

4 1012

4 10-13

4 10-14

X-ray flux (ergs s™! cm™2)



Observations of kilonovae in GRBs require potentially complex decomposition
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Observations of kilonova can still deliver new science, even if they aren’t as good as

AT2017gfo
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+ Kilonovae should have diversity depending on component masses, viewing angles etc Radboud Universiteit %



X—rays (1 keV)

AT2017gfo — still providing new results oo
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Absolute Magnitude(AB)

Short GRB kilonovae
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Peak Absolute Magnitude

Diversity in short GRB kilonovae
Gompertz et al. 2018
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Diversity in short GRB kilonovae

Number of GRBs (binned)

Gompertz et al. 2018
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Lack of arcsecond positions

Of faint bursts only GRB 080905A has an
optical afterglow

Uncertainty in host association/redshift
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(a) GRB 211211A: Swift/BAT (c) Fermi/GBM Catalog:

Lor Normalized Counts, 15-25 keV Duration vs. Hardness
—— Normalized Counts, 25-50 keV too (seconds)
- —— Normalized Counts, 50-100 keV 1072 10-1 10° 10! 102 103
" : = NormaI!zed Counts, 100-150 keV & 3001 long GRBs
e —— Normalized Counts, 15 - 150 keV m
=] @ 200
(e} O
(@] Y— .
kel O 100 A short GRBs :
0] # :
N 0 -
© il
£ 0 0
| - o
[e)
=2

6t (seconds)

(b) GRB 211211A: Fermi/GBM

Normalized Counts, 8-900 keV

Hardness ratio
[}

0.1 . : - —_
0.0 \ : : " - x x 1072 107! 100 101 102 103
0 10 20 30 40 50 60 70 80
6t (seconds) teo (seconds)

Normalized Counts
o
()]

Rastinejad,et al. 2022, Troja et al. 2022, Yang et al. 2022, Gompertz et al. 2023




-

(a)
61‘_ 124

- . i .
'Y . & .
.-“'... 17 . { e ' )
X - : '~ skl '
. B v ST i T a'® = ¥
'.‘.‘ . ’ = ‘i . .
*.' . ool C -
., gl g . . .
% : Dy = 2
- . - . "W\
5
- 5
!

SDSS

z=0 076

Dlstance 350 5
J140910 47+275320 8 ' s

d

HS77ACS/\NFC/F606W

2”
1 ~3 kpc

(b)
5t=4.1d
Gemini-N/NIRI K

1
5t=122d .
HST/WFC3/IR/F140W.

Rastinejad,et al. 2022, Troja et al. 2022, Yang et al. 2022, Gompertz et al. 2023




100

10

>

=

oy

B 1

c

()]

©

X

3

= 01
0.01

Rastinejad,et al. 2022, Troja et al. 2022, Yang et al. 2022, Gompertz et al. 2023

time (days from trigger)
1

0.1 10
= | T T T1TTT I T T T T T T TT I ',.. | | | T T T TT ‘I’
; (a) -
B # N '.....'x |
i an G
T T % ¢[: -

I IIIIIII|

[ TTTTIT

afterglow

—— KN + afterglow §¥

¥ 6GHz *¥ g $'¢.,

[ " U

¢ ) ¢ M2 ™.

A i ¢ 1keV

€ r + N\
[ R o !

N N N N N = =
(o8] (o)} £ N o (00) o

apparent magnitude + constant

W
o

| | |
AT2017gfo @ z=0.076

=--N ]
— _
\\g
’ _~a ¢
Sa=
s oe=ss
\4
. ~, B K4 ¢ B+2
\\\ Q J3 B U+3
N L 2 ® Wil+4
S v A i o M2+53
4 r+0 ® W2+6
N T ¥ g+l |
N | ~ ~ ~ .
4 6 8 10

time (days from trigger)




¢

3 .
Gillanders et al.)
-

ULTRACAM i-band
2.4 days
-

éFMMfN’GOS«Z K-b‘and
10 3 days P

L BT SV A
YL I
S 133 :
.. S G ¥ LRy
Sy & o 2ley £
15 * R
3 - A
)

5 o, “ Ky i 5 -~
X | = e v Ly
bk 4L ; L attn s 1
¢ RS AE A 4 v : S g5
. 4 3 . SRS 3 e ™
A T A : v "3y
AL e T ' TR e
ok &5 X 3 v «
- < oA sdh S 2

—
FORS2 i-band

11.3 days

FORSZ r-band
19 4 Jays Ui

Timeline:

+8 hours
First IPN (2 sq.
degrees)

+20 hours
Swift tiling begins

§ +29 hours

improved IPN (30 sq.
arcmin)

+31 hours
Swift reports, 1 faint

{ source, plausible

afterglow but not clear
if it is new and/or
transient

+33 hours
ULTRACAM - new
source vs legacy
survey, confirm optical
afterglow.



log Fx/Fluence, (s7%)
!
(®)]

2.4 days
.-

ULTRACAM i-band

| 230307A

080503, 170817A, 191019A,
[ 211211A
— 10} Long GRBs

FORS2 i-band
11.3 days

15.0

12.5

=
=
o

7.5

Fraction (%)

5.0

2.5




JWST-NIRCAM
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JWST-NIRCAM
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Other “long GRBs” from mergers — GRB 191019A, dynamical?
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Other “long GRBs” from mergers — GRB 191019A, dynamical?
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Other “long GRBs” from mergers — GRB 191019A, dynamical?

Time since tirgger

20.0 = 450
S 20
o —— High Density
17.5 30 15 = Low Density 400
<10
» 15.0 e 350
5 e =
Y455 3% 3 10 15 20 25 [300X
2 ) Time since tirggers a
8 10.0 Peak Frequency 250 &
>
= 2005
2 ‘1.5 w
= 150 %
3 &
3 5.0 \ 100
% Light curve
231 ‘ '50
0.0 - : : . 0
0 5 10 15 20 25

Lazzati et al. 2023




The sample of long GRBs from mergers

At z<0.3 there are 24 bursts detected by Swift

* 5areshort (T90 < 2s)

* 19arelong (T90 > 2s)

* 7 are long but with no supernova emission or in ancient

galaxies (050219A, 050724, 060505, 060614, 111005A,
191019A, 211211A).

* Selection effects (mostly faint afterglows) mean merger
GRBs more likely to be missed than collapsar GRBs.

Long GRBs from mergers may be as common as short GRBs (for
Swift).

JWST can do KN spectroscopy (at peak) out to z~0.3 = likely 1
opportunity per 18 months.

JWST can do KN imaging to z=1 =» many opportunities per year
(but which bursts.....)
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Long lived central engines are common
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Long lived central engines are common
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Outliers 18

— K

—— 3.6 micron

But beware false dichotomies
19

It’s a long GRB without a supernova = it must be a merger

GRB 111005A 23

Suggested as merger by e.g. Michalowski et al., very nearby
(55 Mpc), E, = 2 x 107 erg.

279 10 20 30
Off-axis long version of GRB 170817A, or something different Time since GRB 111005A

If this is a merger then My > -12, or A, > 60 for AT2017gfo-like event
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Rates

* Rates are also extremely challenging, V.., rates dominated by local, low luminosity examples (e.g.
h|gh‘|_ R211211A =0.01 GpC'3 yrl, IOW'L R111005A = 1000 GpC3 yrl )

* Lower limit. Swift has seen 12 mergers to z<0.3 in 18 years, 1/6t™ sky, 80% duty cycle.

* There have been > fyfgrg() - 3 Gpc3 yr! mergers*™
e f,—beaming fraction ~ 20 for SGRBs

* fare) — faint end of luminosity function ~10-100.....

* Rates consistent with LVK BNS merger rates

Crude calculation, as it isn’t really volume limited, but OK for lower limits Radboud Universiteit %



GW localisations for nearby GRBs

Afterglow Lightcurves of GRB Sample

50% area: 192 deg? 16 1
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What about collapsars?

GRB 221009A — brightest ever long GRB
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What about collapsars?
GRB 221009A — brightest ever long GRB
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The Astrobiology Periodic Table

© Charles S Cockell, v. 6.0 (2023): The Astrobiology Periodic Table
For comments email: c.s.cockell@ed.ac.uk

Group 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18
Berlod Astrophysical source =% — Biological Use*
ero | Big Bang e B cements required by all known life
1 Low mass stars e . Essential for some organisms in all three domains of life
High mass stars B Essentiai for some organisms in at least one domain of life

XY

. Beneficial to at least one species

10 11

12 13

14 15

Supernovae
2 Cosmic rays i ! D No known biological use
D Artificial Element Atomic m
e Number
Na 1" Mg 12
40 41 40 42 45 46 47 50 51 50 52 55 54 56 59 58 60 63 65 64 66 69 71 74 76 79 81
43 44 48 49 53 54 57 58 51 62 67 68 77 78
4 46 48 . 80 82
85 87 84 86 w 11.3,!}2
87 88 113:'23
5 d 46 Ag 47 Cd 48 In 49 Sn 50 Sb 51 Te 52 | 53
i a o m
Rf104 Db105 Sg106 Bh107 Hs 108 Mt109 DS110 Rg111 Cn112 Nh113 = 114 MC115 Lv 116 Ts 17 Og118

\[Ac® [Theo

Pa 91 |y 92

Np93 Pu 94 Am95 Cm96 Bk 97

Cf 98

Es 99

Fm10

0 Md 101

N0102

Lr 103

=

* Biological categorization taken from Remick KA and Helman JD. (2023) The elements of life: a biocentric tour of the periodic table. Adv. Microbial Phys.
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Conclusions

*  Observations of kilonovae are hard for many reasons, but there are routes to improvements

* Future GW still likely to give the best lightcurves and spectra (distances <300 Mpc) and no
afterglow contamination. But they are rare.

 Still no wide-field survey discoveries, but things may improve (see Stephen Smartt talk).

*  GRBs currently seem the most promising route to expand the KN sample.
e Short and long GRBs may contribute to the merger rate at similar levels

* Rate of such events with LVK volume (for face-on mergers) is ~1/yr — GRB 211211A/230307
should have been seen

* But GRBs require afterglow subtractions and so not good for early KN properties

* If our goal is to understand the r-process in mergers, then GRBs likely to provide more
opportunities than GW in the next few years.
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Conclusions

* Open questions:
* What new observations will really solve open problems (robust to model uncertainties)?

* Can we separate what we can learn from small samples with good data and larger sparsely
sampled data?

* How can we (pre-)select objects that will contain kilonovae?

* Do we need GW to determine if long GRBs with kilonovae are BNS, BH-NS or even WD-NS?
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