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Impressive multi-band data

jaso

O
[ .
i
&)
D
CROh
o
=
o
e
»
Mgihd
O
(-

"=

Lk
Cb
IVI
o

OA -

a‘
;Q Hy ¢

mSmartt+ly  TPAS

A Tanvir+17 g E*;
v Cowpertwdite+17
» Kasliwal+

4 Drout+17

i
B,

<>
q4 4 HP> OGAV O

<

4
4

) LAY

4




(VHS)

GROND +1.4d |8

GROND +12d
(ref)



mSmartt+l7 AT
A Tanvir+17 0 5*;
v Cowpertwdite+17/
» Kasliwal+

4 Drout+17/




NS-NS mergers - what do we expect to see ?

lzg tzrroerature | MeV |

S. Rosswog | -



http://compact-merger.astro.su.se/

Multiple components

luminosity

Disk Outflow K(-frj

YL‘ ~002.-.04

Metzger 2014



Multiple components or 17

- = Red Kilonova, M=0.035 Ms, v=0.15¢
==++ Blue Kilonova, M= 0.025 Mg, v=0.25¢
ombined Models

Dynamical ejecta
low Ye

Fig. 4. Schematic picture of the ejectz of the NS merger event GW170817
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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)




-process radioactivity

Table 1. Properties of the dominant f#-decay nuclei at £ ~ |1 d.

Isotope f112 Q° ! : d EVe®

Y

Radioactivity ) (MeV) (MeV)

135 6.57 2.65 0.18 018 064 1.17
4.4 2.38 022 022 055 0.86
9.0 439 0.14 014 073 0.66
1.16 147 048 048 004 0.22
2.30 3.58 0.19 019 062 0.77
9.14 1.15 038 040 022 0.26
2.1 3.2 024 023 053 0.92
0.88 4.2 020 019 061 0.86
146 2.14 010 010 080 0.53
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“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.
1 0-5 : 0-5 10 -4 10" 2 1 0_2 0.1 /Note: *°Ni is not produced by the r-process and is only shown for compar-
’ ison [although a small abundance of **Ni may be produced in accretion disc
Time Since Mefge' (DOyS) outflows from NS-NS/NS-BH mergers (Melzger 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
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Reasonable criticisms - and
implications for future

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 (Lpol
only)

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




1-component or 2 ?

nature
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See also Rosswog et al. 2017, A&A,
Waxman et al. 2017, submitted
P(t) =At-+F

- = Red Kilonova, M=0.035 Ms, v=0.15¢
«+++ Blue Kilonova, M=0,025 M, v=0.25¢
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Combined photometry for
SED fitting +0.47d to +14.3d
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+0.64d Space - Swift
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+1.22d South Africa
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+14.3d Chile

uger i zy
T =0.9537 + 0.76767 -0.767p7
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Flux Density (erg/sec/cm2/AA)

1.5 2
Observed Wavelength (AA)

Opt: FORS2 NIR: VISTA and Gemini South
: Tanvir et al. 2017,
Pian et al. 2017

Chornock et al. 2017
Kasliwal et al. 2017
Troja et al. 2017



Unconstrained beyond +150

 K-band only beyond
+150

« SED unconstrained,
can't say if it is

compatible with T = msmartt+ly A o 48
2500 K ATanvir+17 o ﬁ*;
v Cowpertwdite+£17% 3 Vv

» Kasliwal+
<4 Drout+17 ¢ AY




Lbol - reasonable agreement

Beyond 2.5m
Waxman et al. add Rayleigh-Jeans
arXiv:1711.09638 tail f(A) ~ A4

A phot integ.
O phot BB fit
» spec integ.
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1.0 1':r|
Cays from discovery of GW170817
10 -
. . : : Days from discovery of GW170817
Time since explosion |[days



Peak luminosity

"Peak” resolved within first
24nrs

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

[ =1+026455 x 1042 ergs/s

Australia
S. Africa —e*%

0.2 04 06 08 1.0 .
Days from discovery of GW170817

New - BB integration from all data

Waxman et al




Reasonable criticisms - and
implications for future

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 (Lpol
only)

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




Arnett-derkstrand moael

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

q 43 asinSmartt, Chen, Jerkstrand et al. 2017 Comparison of measurement methods
. 42.5 S A e
| s2.00 o 4 i
——— ’"
T o i Lhk |
w —
o L 410t ;i ;
= [ X ~ 6]' -
% ' i g 40.5 (e Lbol GW170817 revised Kcorr MC Otol4d snip.txt T -
o ' ' g — ' | l
[ Ve 0.2c 0.2c X |1 - _Io -
40 - K (cm2 g_1) 0.1 0.1 ‘s.‘ ' 40.0 @ Waxman etal L int ’. |
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1-component fits

Data :
* Up to 6-7 days : reproduce - "t
: Cd 1A
all photometric data 5 Ll 78
. SED iS (apprOXimately) blaCk _8]1 ) Lbol GW170817 revised Kcorr MC Otol4d snip.txt 6§I
O O d y Waxman et al. L_int _I.’.
e | o after that - uncertain
s 0.1 1.0 10.0
¢ \IO an COmpOﬂeﬂt requ,red Days from discovery of GW170817
Powering x efficiency
Model : .

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

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

e Choices can allow it epoch (days)




Arnett-derkstrand posteriors
?R@-

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+°301 Kk~0.3cm2g!
v(m) = vy m«
for (0.1c < v < 0.3¢c)



https://github.com/mcoughlin

Updated Metzger pcsterlors
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https://github.com/mcoughlin

Luminosity (erg s™1)

Kasen, Metzger,

Squeezad dynamical
v = 0.2c-0.3¢c

Neutron stas . Utron star
Lormg-liived neut on-star remnant

- = Red Kilonova, M=0.035 My, v=0,15¢
=+++ Blue Kilonova, M=0,025 M,, v=0,25¢
Combined Models
¢ Data

Kilpatrick et al.
2017

{

nature

Barnes, Quartet, Ramirez-Ruiz 2017

Squeazed dynamical
v~02¢c-0.3c

Ticel dynamical

Nautron star + neutron star Neutron star + black hola
Remnant promptly collapsas 10 black hole Black-hole remnant

Keasen et al. 2017

red kilocnova model
M= 0.04 M,
v =0.1¢c

|

Chornock et al.
2017

[
)

1.2 1.4
Reslt Wavelenglh (microns)



Kasen et al. vs xshooter +4.5d

« Same model - full
optical and NIR

* Lacking optical

flux (scaled)

0.8 1.0 1.2 1.4

Wavelength



Xshooter spectra - early

+1.4d




Diffusion phase or optically
thin transition

| |
0.7 0.8

Wavelength




ESO xshooter spectra sequence

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

e Not convincing BBody
fits with single Teff

beyond about 6 days "
 Are we seeing I
“nebular” phase T o
spectra between 6 to '
10.5 days 7 o

Wavelength / 107




Rates are biggest
uncertainty for futre

LIGO - Virgo rate of NS-NS mergers RS REIAEr A H €/ Tl
Abpott et al. 2017

O3 sensitivity 1112 ¢ ~0to 1




Conclusions

* [pol 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 may be the sole dominant component

o Quantitative fits (simple models) to Lyoraccount for all observed
I.umin,osity,wi,th one _Co_on_ent_,ich i lanthanide free,




2-component fits - example
at +8.4d

T1=4.2151 +0.0085271 <0.L09€Ey 1
A1 =0.2436 4+ 0.0C7 6295 <0.0016985

12 = 1.7993 + 000404 0004048

A2 = 2.132 + 0,0082906 -0.C0989(E

g
~
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wn S
Pe] (=]
Q >
=
A B
]
=
-
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LS 2 2.5
Observed Wavelength (A4)

* Reasonable fits at some epochs

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

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



GW20170814 (BBH
Sky location : 3 detectors

1160 square degrees shrinks to 60

T T T Y T
D=0 250 500 750 1000
‘s‘[l‘

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 insct 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.

.......asof 2017 Aug 14




Skymap movement

=
m
O
=
T
e

| - -40 -30 -20 -10 0
204 202 200 1R98(d196 194 192 190 Time before discovery (observer-frame days)
A (deg)

e Smartt S.J. et al. Nature, 2017, 551, 75 : ATLAS upper limits, GROND,
ESO-NTT, Pan-STARRS, 1.5m Boyden,



Implications for chemical
evolution

Total mass of r-process in Milky Way

LVC (2017)

IPctn'llo ctal. (2013)

Rnsns Mej Tgal
My~ 17000Mg (SOOGpC‘3 yr-! )(0.0SM@ 1.3 x 100yr /"

|Kim etal. (2015)

LIGO - Virgo rate of NS-NS mergers
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A

R = 1540772 Gpc=2 yr~!

Fig. 5. Needed event rates, scaled to an ejectz mass of 0.03 Mg, if NSNS
mergers are to produce al! 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- C an accou nt fo r a_" [- p r0CesSs a b un d dNCes
sis study of Kim et al. (2015), the sGRB rates based on SWIFT data

from Petrillo et al. (2013) and the LVC estimate based on the first de- Wlth AT2O 1 7ng type ObJeCtS
tected NSNS merger event. ]
We may have over-production problem !

Rosswog et al. 2017




Fin




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/



