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Very Low Energy in the Gamma-rays
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Follow-up of GW170817 from Earth and Space
Earth Space
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GW170817: EM follow-up the
spectrum

A

Near-IR



Picture to kee in mind:

‘Relativistic Jet
Radio-to-Xrays,

. (OV/optical/IR)

Isotropic Component:
Cocoon, Ejecta Tidal tail

Credit: NASA’s Goddard Space Flight Center/Cl Lab



Picture to keep in mind:

Relativistic Jet

Heavy Elements
(OV/optical/IR)

Isotropic Component:
Cocoon, Ejecta Tidal tail

Credit: NASA’s Goddard Space Flight Center/Cl Lab



DECam team set-up for this event

Arcsec
Localization

Advaod IGO-V ‘GO DECam identifies

network detects a candidate counterparts.
source (30deg’) (PI. Berger)

Gemini provides

spectroscopic
confirmation.
VLA detects off-axis + 70 other
radio afterglow , + teams!!
emission. Chandra detects off-axis

X-ray afterglow emission.



M Gmail

All Eyes! G298048. Images will be downloadable here

Ryan Chornock <chornock@ohio.edu> Thu, Aug 17, 2017 at 7:42 PM
Reply-To: chornock@ohio.edu

To: Sahar Allam <sallam@fnal.gov>, "Berger, Edo" <eberger@cfa.harvard.edu>,
Douglas L Tucker <dtucker@fnal.gov>

Cc: "Philip S. Cowperthwaite" <pcowperthwaite@cfa.harvard.edu>, Dillon Brout
<dbrout@physics.upenn.edu>, Marcelle Soares Santos <marcelle@fnal.gov>, Dan

Scolnic <dscolnic@kicp.uchicago.edu>, des-gw <des-gw@fnal.gov>

COw

Holy @l
Check out NGC 4993 in DECam_00668440 fits.fz[N5]

Attached is tonight's image + ps1-3pi.
Galaxy is at 40 Mpc.

-R
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All Eyes! G298048. Images will be downloadable here

Ryan Chornock <chornock@ohio.edu> Thu, Aug 17, 2017 at 7:42 PM
Reply-To: chornock@ohio.edu
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o 500+

people

Check out NGC 4993 in DECam_00668440.fits.fz[N5]
Attached is tonight's image + ps1-3pi.
Galaxy is at 40 Mpc.
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Discovery of visible light from the GW
source GW17081Y7

What had caused Ryan C. to curse?
GW170817 % NGC 4933

DECam observation
(0.5-1.5 days post merger)

i

Soares-Santos... Fong, Margutti et al. 2017

NEARBY! |
e DECam Cerro-Tololo (Chile)
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GW170817: EM follow-up across
the spectrum

A

Near-IR

Thermal

Non-thermal (synchrotron)—-



The Kilonova Red+Blue emission

The first two weeks

Near-infrared observations, together
with information from visible light, the
observations require two components!

i) Blue, faSt: Mel — 0.0I Msol
Vej — 0.3C

ii) Red, slow: Mej = 0.04 Mol
Vej — 0. I C

“Brightness”

(Cowperthwaite et al. 2017; Nicholl et al. 2017, Smartt et al.
2017, Kasliwal et al. 2017 AND MORE)

X
10 12 14 16 18
MJD - 57982.529

Cowperthwaite, .. Margutti et al. 2017

“Time after Merger”

...faded away after 2 weeks



Amazing Agreement!

—— I

7

GW1 7081 7 Kasen et al. 2017

red kilonova model
M= 0.04 M,
v =0.1c

Xlanlhanide =107

1.0 1.2 1.4
Rest Wavelength (microns)

Chornock et al. 2017
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Neutron star mergers as an

2 o
SO mm
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f heavy elements?

origin o

Big Bang

Exploding Massive Stars

Merging Neutron Stars

Exploding White Dwarfs Cosmic Ray Fission

Dying Low Mass Stars

credit: Jennifer Johnson / SDSS / CC BY 2.0 (modified)



Evidence for r-process

1. That there was anything at all to see in the
optical/NIR!

2. SED peaks near ~1 micron are a
consequence of lanthanide opacity



Did we see GOLD!? No!
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Bl Ndll (f-shell)
Bl Fell (d-shell)
3 Snll (p-shell)

« Atoms/ions with open f-
shells have many more
available states
compared to iron-peak
elements

10 15
excitation energy (eV)

Kasen et al. 2013

Ion Configurations Number of levels Number of lines

Nd1  4f46s2, 4f46s(5d, 6p, 7s), 4F45d2, 4f45d6p, 31,358 70,366,259
4f35d6s2, 4f35d?(6s,6p), 4f35d6s6p

Tanaka et al. 2017

This matters for the opacity
—> NIR
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Ingredient #2: Expansion=
everything is blended

* The effects of weak
lines are greatly
enhanced In
material with strong
velocity gradients

—— Pure Fe, VALD
—— Pure Fe, A.S.

—— r-process, VALD

15000
A (A)

— r-process, A.S.

——  r-process, A.S. (boosted)
Barnes et al. 2013




r-process —> NIR

Ni opacity
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Kasen, Badnell, & Barnes 2013




Comprehensive kilonova photometry

Thermal Emission
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Schematics of the EM emission from the BNS

Image credit:

N

LIGO

Sonoma State University
A. Simonnet
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Schematics of the EM emission from the BNS

Image credit:
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Schematics of the EM emission from the BNS

Image credit:
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A. Simonnet
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Schematics of the EM emission from the BNS

s

Image credit:
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LIGO

Sonoma State University
A. Simonnet
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Kilonova Colors

LONG-LIVED NEUTRON STAR ‘

Shocked-Interface Dynamical Ejecta,
M~ 10%4-102M. v~0.1-0.3c
Disk Wind Ejecta
M~102-10tM,v~0.01-0.1c

Tidal Tail

Dynamical Ejecta R, ONLY
M~ 104-102 M.,

V~0.1-03c

Za

Metzger+2017



The broad-band Radio-to-Xray spectrum
NON-THERMAL EMISSION



Radio X-rays
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Radio X-rays
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A POWER-LAW in the Sky
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A POWER-LAW in the SKy
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A power-law in the sky!
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Non-thermal synchrotron emission across the spectrum:
the show is still on

Flux density (udy)
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Extremely well-
behaved SPL
spectrum over 8
orders of magnitude
in frequency

R 2

Particle acceleration by
trans-relativistic shock
in action!
Emitting material has
' 3-10

ALL GOOD BUT...




GW170817
Non-thermal emission is RISING !

Observer sees more Energy(t)
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What’s the nature of the mildly relativistic ejecta?
(What is the INTRINSIC nature of GW17081%7)

Credit: NASA’s Goddard Space Flight

Classical Short GRB viewed New class of transients
from the side powered by NS-NS mergers



Onset of the afterglow
(on-axis /spherical)
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=+ 7=1.5: E=10* erg ; n=0.025 cm™
==High E cocoon : I'=2 ,; E=10"? erg ; n=0.003 cm™
== Low E cocoon : I'=2 ; E=1049 erg ; n=0.0034 o::m'3
=== Off-axis jet: 9j=12°; 90b3=30°; E. =2 x 10°° erg ; n=0.001 cm™
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With NEW DATA does not work

Time since Merger (days)

oingle Gamma fireball does NOT work



REAL energy injection

Kasliwal+2017; Mooley+2017; Gottlieb+2017;
Failed Jet Hotokezaka +2018

#

Ejecta kinetic energy
Ek 4 profile

(FB)>




Introduce STRUCTURE in the quasi-
spherical ejecta

E(>GammaBeta)~(GammaBeta)?-alpha

¢ Observations
- -B__ =0.8; E(>yB)=5 x 10°° (v8/0.4)° ; n=0.03 cm™3 . €,=0.003

T Y a0 s E(GP)=2 % 10°1 (v8)° ; n=8 x 10° cm™ . €,=0.01
Cocoon model from Gottlieb et al. 2017

"""" 3 GHz data

40
Mooley+2017 Time (day)




Off-Axis Jet [w. structure]
APPARENT energy injection

DECELERATION



This is the SIMPLEST version of a
relativistic jet

kiso,51— 99 Oobs= 10" n0:10_4 63210_2 66210_2
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This is the SIMPLEST version of a
relativistic jet
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This is the SIMPLEST version of a
relativistic jet

-=-== 3 GHz

1.4 GHz
Top-hat Jet — 1 keV
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This is the SIMPLEST version of a
relativistic jet

-=-== 3 GHz

1.4 GHz
Top-hat Jet — 1 keV

Structured Jet \‘\.\

100
e since Merger (days)




REAL
or

APPARENT

Flux density (mdy)

Flux density (mly)

6 GHz

Structured Jets :
(This work)

0.10
v?
\ \
— Fast Spherical Fireball
(Mooley et al., 2017) AN
00l ¥ 4£/ L Slow Spherical Fireball
u (Mooley et al., 2017) 3
B — Structured Jet 7
i (Lazzati et al.,, 2017) i
< L L L L L L L I L L L L L L L L
10 100 1000
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X—rays 1 keV
1075F T T T .
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B $=0.61 (Mooley et al., 2017) N
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Margutti+2018



Structured Jet Simulations for GW170817
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Structured Jet Simulations for GW170817
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SGRB
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POINT #1

A POWER-LAW in the SKy

81,,70
o
I'/-o
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Particle acceleration by
2 a transrelativistic
S jet in action
r-(3=10)

m Radio
¢ Optical /NIR
® X—rays
----Afterglow: F ~v7°
Kilonova
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POINT #&2

New Method for Hubble Constant Measurement
Schutz 1986

Planck 2015
Riess+ 2016

9
0.0
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<
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0
]
(qv)

=

O

=

100 110
Hubble Constant (km s-1 Mpc)
HO paper, LVC + 6 EM host-galaxy co-discovery teams, Nature, 2017




Improving the constraints on HO with GW + EM

LIGO Posterior @ 166km/s
e LIGO Posterior @ 250km/s

100

H, (km/s/Mpc)

0.. Prior

= Using 15° Opening Prior
0.06 SHOES

Using 5° Opening Prior

0.05 = A17:HO Posterior (no additional prior):
0.04
0.03
0.02

0.01 All curves using 250km/s o peculiar velocity

0.00
40 84 100

H, (km/s/Mpc)

Guidorzi, Margutti.. Fong et al., 2017




An ultra-relativistic outflow in
GW17081%7 is NOT ruled out

POINT #&: how to distinguish
between quasi-spherical models
and structured-jet models?
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