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FIG. 3. Localization of GW170814. The rapid localization using data from the two LIGO sites is shown in yellow, with the inclusion
of data from Virgo shown in green. The full Bayesian localization is shown in purple. The contours represent the 90% credible regions.
The left panel is an orthographic projection and the inset in the center is a gnomonic projection; both are in equatorial coordinates. The
inset on the right shows the posterior probability distribution for the luminosity distance, marginalized over the whole sky.

s as O 2LLL LA LA 14
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e Smartt S.J. et al. Nature, 2017, 551, 75 : ATLAS upper limits, GROND,
ESO-NTT, Pan-STARRS, 1.5m Boyden,
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NS-NS mergers - EM
radiation
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Multiple components
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namre _ b 43, Smartt et al. 551, 75-79 (2017)
.~ Low opacity model ngh opacity model

log[L (erg s7)]

N [ M, (M;) 0.017 0.018
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0.1 0.1 | -k (cm?g7") 10 10
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2 lightcurve models: our own Arnett formulation and Metzger

See also Rosswog et al. 2017, A&A, Waxman et al. 2017
Heating rates P(t) = At # (Lippuner & Roberts 2015)




Semi-analytic models
“Arnett-derkstrand”

o \2 I/ Tm 1 A2 dt’
Lon(t) = e /) f P(t")2(t' [ty)e" /=" —ergs™!,
0 Tm
(D1)
where T, is the diffusion timescale parameter, which in the case
of uniform density (Eyx = (3/10)M,; Ve:}) is

1.05 |00 381/
tm = ——sk PME M s, (D2)

(B)'”

Can vary

M = mass
E = energy (velocity)
K = opacity

P(t) = power source function

Inserra, Smartt, Jerkstrand et al 2013

https://star.pst.qub.ac.uk/wiki/doku.php/users/ajerkstrand/



-process radioactivity

Table 1. Properties of the dominant S-decay nuclei at ¢ ~ 1d.

Isotope 1,2 Qe ' ‘ E;Va ¢

Radioactivity M (MeV) (MeV)

1351 6.57 2.65 0.18 0.18 0.64 1.17

129G 4.4 2.38 0.22 0.22 0.55 0.86

1286h 9.0 4.39 0.14 0.14 0.73 0.66

1.16 1.47 0.48 0.48 0.04 0.22

2.30 3.58 0.19 0.19 0.62 0.77

9.14 1.15 0.38 0.40 0.22 0.26

2.1 3.2 0.24 0.23 0.53 0.92

- 0.88 42 0.20 0.19 0.61 0.86

Free Neutrons (107" M) #, SONY 146 2.14 0.10 0.10 0.80 0.53

~~
|
»
o
~
Q
e
>
~—
T
O
3=
=)
3

“Total energy released in the decay.
b.¢.dFraction of the decay energy released in electrons, neutrinos and y -rays.
¢ Average photon energy produced in the decay.
10°¢ 10=° 10™* 10~* 1072 0.1 f.Notc: 36Ni is not produced by the rs;(),nxc\ss and is only sh(')wn for compar-
ison [although a small abundance of “"Ni may be produced in accretion disc
Time Since Merger (DO)’S) outflows from NS-NS/NS-BH mergers (Metzger et al. 2008b)].

- Metzger 2017, Living Reviews in Relativity, 20, 3 “Kilonovae”

- Metzger et al. 2010, MNRAS, 406, 2650, “EM counterparts of compact
object mergers powered by the radioactive decay of r-process material”

- Heating rates P(t) = At ‘ also see Lippuner & Roberts 2015



Spectra : light r-process
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Reasonable criticisms

e Qur models are too simple - Metzger 2017 “toy model” and Arnett-derkstrand semi-
analytic model

e We do not use the SED/spectral information available when fitting the lightcurve (L
only)

e \We have underestimated K-band at > 10d. Therefore underestimated the contribution to
a high opacity component
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K-band Issue with our data
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K-band Issue with our data

JAXS!

pointed
out In Villar
et al.
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1-component or 2 ?

namre

a 43 ’ - = Red Kilonova, M=0.035 M,, v=0.15¢

Low opacity model -
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See also Rosswog et al. 2017, A&A, <i|patrick et al. 2017

Waxman et al. 2017, submitted Jrout et al. 2017
P(t) =At |
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+11.3d Chile + Space (HST)
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+14.3d Chile
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Unconstrained beyond +150

* K-band only beyond
+150

 SED unconstrained,
can't say if it is

compatible with T = mSmartt+®7 WA o

2500 K A Tanvir+17 o 5*;
v Cowpertwdite+17 i Vv A
» Kasliwal+

4 Drout+17




Lbol - reasonable agreement

Beyond 2.5m

Waxman et al. add Rayleigh-Jeans
arXiv:1711.09638 tail f(A) ~ A5

A phot integ.
O phot BB fit
spec integ.

-
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—
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-
s

1ys from discovery of GW170817

Bolometric luminosity [ergs™]

10
Time since explosion |[days|

0
10 Days from discovery of GW170817



Peak luminosity

"Peak” resolved within first
24nrs

0.4 < fheak < 0.9 days
Log Lpeak = 42.0 £ 0.1

B S e e e

PanSTARRS
SkyMapper
S. Africa —e%

3
/p)
02 04 06 08 10 1.2 :

Days from discovery of GW170817

New - BB integration from all data

Waxman et al




Reasonable criticisms

e Qur models are too simple - Metzger 2017 “toy model” and Arnett-derkstrand semi-
analytic model

e We do not use the SED/spectral information available when fitting the lightcurve (L
only)

e \We have underestimated K-band at > 10d. Therefore underestimated the contribution to
a high opacity component
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Arnett-derkstrand moael

https://star.pst.qub.ac.uk/wiki/doku.php/users/ajerkstrand/

a 43 asinSmartt, Chen, Jerkstrand et al. 2017 Comparison of measurement methods
.. 475 —_— l e

42.0- iq ; -

— i *Q’ |
— w 41.5 &
> | g -
> L 410} ;f -
@ N _ |
%’) g @ Lbol GW170817 revised Kcorr MC 0Otold4d snip.txt -
o ! : : : 9 40.5e I
o oV, 0.2¢c 0.2c - ° -
40F 12 - - , tal L ®°
L K (cm ) 0.1 0.1 \.‘ 40.0 @ Waxman etal. L_int . -
P -1.3  -1.0 : ° .
: X?ed 26 21 39.5 N A PP IR | . A ———maaal
P T 0.1 1.0 10.0

D . . Days from discovery of GW170817
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Barnes et al. : thermalisation efficiency

|

Numerical

Analytic fit

> Q / lll\y“lﬂ()l
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(pazijewaou)

FRDM, Y., = 0.25 ‘ 10! ] —
' 1 10 10

= fotY.o=025(t)
Days

frotrrOM (F)

In(1 + 2bzd)]

Jo (1) = 0.36[exp(—at) - hrd

random B-field
p-particles —— a-particles : 10: 'M=001, V_—_'O-lc

fission

y-rays fragments M

Comparison

B FRDM
(fiducial)

(M=0.05, v=0.1c
DZ31 M=0.05, v=0.3c
FRDM, Yo = 0.25 '
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Arnett-derkstrand posteriors
Wh

Michael Coughlin: https://github.com/mcoughlin
T 1 0.04 #0105 oMo
" Compare with
l ﬁ -1.2+0.3 Recent analysis by
Waxman et al. 2017
' 3+°3 k~0.3 cm2g
v(m) = v mra
ol O e = 0L



https://github.com/mcoughlin

Updated Metzger posteriors
mhi.
Michael Coughlin: https://github.com/mcoughlin i
n 0.06 +0-97 gsMe

0.2+0.1c

Bolometric Luminosity [erg/s]

100
Time [days]



https://github.com/mcoughlin

1-component fits

Data :

 Up to 6-7 days : reproduce
all photometric data

 SED is (approximately) black

elele\Y,

* |po after that - uncertain

* No 2nd component required " Days from discovery of GW170817

Model :

o Within the uncertainties of
powering exponent (beta) and
efficiency (Barnes et al.)

e Deposited energy does not 3N
require 2nd component 0.1 1.0 10.0

e Choices can allow it epoch (days)




Kasen, Metzger,

Neutron sta: . ytron star
Lorg-lived neut on-star remnant

- = Red Kilonova, M=0.035 My, v=0.15¢
«+++ Blue Kilonova, M=0.025 My, v=0.25¢

w—=Combined Models
¢ Data
-

Kilpatrick et al.
2017

]

Y
OI..

]

)

Luminosity (erg s~?%)
[N
=

—— —
—_
N

Nature

Barnes, Quartet, Ramirez-Ruiz 2017

Neutron star + neutron star
Remnant promptly collapses to black hole

/
f

Neutron star + black hole
Black-hole remnant

Kasen et al. 2017
red kilonova model
M=0.04 M,
0.1c
10

Chornock et al.
2017

1.2 1.4
Rest Wavelength (microns)



Kasen et al. vs xshooter +4.5d

e Same model - full
optical and NIR

* |Lacking optical

flux (scaled)

0.8 1.0 1.2 1.4

Wavelength



Kasen et al. vs xshooter +4.5d

Q.7 | | [ | | | T | I I
0.6 i
« Same model - full 0.5 - )
optical and NIR -
o 0.4 )
T
* Lacking optical B 0.3 %
P4 ‘ i ‘{
T 3 0.2 .w II.h t
4 ) ,. t“h'l"hﬁnj‘!il.

2.0

1.0 1.2 1.4
Wavelength

1.6
10*
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Kasen et al. vs xshooter +4.5d

« Same model - full )
optical and NIR = N
Q2
@ _
* |Lacking optical 2
Y
il 3
0.1 | | | | | | | | | |

0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0 a.2

Wavelength / 10*



2-component fits - example
at +8.4d

o
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* Reasonable fits at some epochs

* But cool component is not T ~ 2500K (lanthanide recombination)
* Consistency calculations needed for R, Veool, Vot Tcool, Thot

* Spectra do not appear photospheric after +3-4 days



Xshooter spectra - early
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Diffusion phase or optically
thin transition

|
0.7

|
0.8

Wavelen



ESO xshooter spectra sequence

e Are all of these
optically thick, diffusion
phase spectra 7

* Not convincing BBody
fits with single Teff
beyond about 6 days

* Are we seeing
‘nebular” phase
spectra between 6 to
G5 el g it




ESO xshooter spectra sequence

e Are all of these
optically thick, diffusion
phase spectra 7

* Not convincing BBody
fits with single Teff
beyond about 6 days

* Are we seeing
‘nebular” phase

spectra between 6 to
G5 el g it

flux (scaled)

Wavelength / 10%




Implications for chemical
evolution

Total mass of r-process in Milky Way

M, ~ 17 000Mo, (RNSNS )( e )(Tg"“ )
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LVC (2017)
IPctxillo ctal. (2013)

lxjm et al. (2015)
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Fig. 5. Needed event rates, scaled to an ejecta mass of 0.03 M, if NSNS
mergers are to produce all r-process (in solar proportions) above a min-

imum nucleon number ~ A (solid black line). Also shown are the esti-
mated rates (90% conf.) for NSNS mergers from the population synthe- Can aCCO u nt for a_" r_ p roceSS ab U n d an CeS
sis study of Kim et al. (2015), the sGRB rates based on SWIFT data

fmn;dprztsrilng et al. (2013) and the LVC estimate based on the first de- Wlth AT20 1 7ng type ObJeCtS
tect merger event. )
We may have over-production problem !

Rosswog et al. 2017




Conclusions

* [ recalculated : ok up to 10 days, very uncertain beyond

e Two component models already shown to be plausible - physically
motivated, Kasen et al. models (see Monday talks)

 “Blue component” : plausible Cs | and Te | identifications. With k ~ 0.7
- 1.0, gjecta

¥

AR P

- - -l'g | el

-« Blue component may be the sole dominant component







