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Origin of the Elements, circa 2008
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Whence the r-process?
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An Alchemist, 26 Protons, 30 Neutrons

(Jacob Toorenvliet, 1679)

Gold
79 Protons, 118 Neutrons




potential r-process sites

“magneto-rotational

supgrfioyae’
(e.g. Wintele12) Mosta+14)

proto-neutron star winds proto-magnetar winds
(e.g. Thompson+04, Metzger+07)

"Explosion and nucleosynthesis
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Neutrino-
driven “wind”

neutron star mergers “collapsar” accretion disk winds
(e.g. Lattimer & Schramm 74; Eichler+89 Freiburghaus+99) (e.g. MacFadyen & Woosley 99; Siegel+19)




LIGO’s First Neutron Star Merger

R. Hurt/Caltech-JPL

Frequency (Hz)

August 17, 2017 - GW170817

IR Gravitational-wave time-frequency map

300

200

100
- LIGO + Virgo 2017

—10 —8 —6 —4 —2 0 2 4
Time from merger (s)

Miot = M1 + My = 2. 740 0. 01M®




Electromagnetic Follow-Up Campaign

SWOPE telescope
(Las Campanas)
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Dark Energy Camera
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identification of the host galaxy NGC 4993 at 40 Mpc!




Dark Energy Camera / CTIO
i-band
Time Relative to 2017 August 17

+0.5 Days Credit: P. S. Cowperthwaite / E. Berger
Harvard-Smithsonian Center for Astrophysics




GR Hydro Simulation

Courtesy: David Radice, Wolfgang Kastaun, Filippo Galeazzi




Electromagnetic Gounterparts
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Electromagnetic Counterparts

Jet—ISM shock (afterglow)
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Radio (weeks—years) r B S> 1

Ejecta—ISM shc
Radio (years)

. /
om Fermi/GBM (50 — 300 keV) GW1 7081 7 /
o /
~
obs 2 5

unts/s) Event rate (counts/s)

GRB
(t~0.1-15)

120000 > 100 /

mts/s) Event rate (cc

S 117500

rate (

115000 1l

Kilonova
ptical (t ~ 1 day)

€ 112500

/ 1 Merger ejecta
’ Tidal tail and disk wind
Yt v~0.1-0.3 ¢

, -

4

e — BH R
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« time for BH/jet to f

« jet propagation?
~1000 times less luminous
than cosmological GRBs
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Afterglow of Gamma-ray Burst Jet

Flux density (mJy)

Non-Thermal Synchrotron Radiation
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Afterglow of Gamma-ray Burst Jet

Jet slows as it sweeps up ISM

Flux density (mJy)

Non-Thermal Synchrotron Radiation

0
10 T T T
" Hallian+17 5 Q
I : D
[ Margutti+17, +18 g §§
| Haggard+17 o
Alexander+17
107! Kasiwal+17 %g? radio |
- Troja+17 ._;\
- Mooley+17 66\'\7’ ", }
_2 /‘ *\Q = \\
10 F ’ ‘QQ\ 2T \ r
% OQ\\ f” ‘\ \\ i
7 ,/ \ \ 4
4 z/ \ [ |
// 4 N *%0 N  \
/ 57 ‘\\(\e ’_i—-i \ N
-3 i /’ g R \
10 _ /’, /,’ i\ \\ _
/ e ; \\ ]
/; . h A ]
1.4 X-ray '\ N
o + y S 1
. . o Wu & MacFadyen 18 '\,
10 1 1 1 P AT | 1 1 1 1 PR ST 1 12 1 " " - M
10 10 10 10

Time since Merger (days)



Afterglow of Gamma-ray Burst Jet

Jet slows as it sweeps up ISM

y ~ 3

(“cocoon”)

e.g.
Nakar&Piran 18
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Afterglow of Gamma-ray Burst Jet

Jet slows as it sweeps up ISM

Non-Thermal Synchrotron Radiation

" Hallian+17
| Margutti+17, +18
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Consistent with a powerful gamma-ray
burst jet viewed off-axis (0,,s ~ 20-25°)
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Electromagnetic Gounterparts
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Tidal Tail.s |
Neutron-Rich Ejecta >

“Dynamical” Rosswog etal.....
M, ~ 10 - 102 Mg
texp ~ Milliseconds
Vej~ 0.3 cC

Disk Winds 0 oy U 1o

Mej ~ 10-2 - 10-1 M@
texp ~ SECONdS
Vej ~01c




Tidal TaiIbS |
Neutron-Rich Ejecta ==

“Dynamical” Rosswog et ala...

Mej ~10-3 - 10-2 Mo Shock-Heated Ejecta
'11: R “ ' |
texp - mllllseconds Magnetar Wind?

Vej ~0.3c

Disk Winds
/\%V'k%/\

M . ~ 10'2 - 10-1 M S
i ° NS
texp ~ SECONS

Vej ~01c




Black Holes are Fussy Eaters
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r-process in decompressing ejecta

Courtesy A. Frebel
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R-Process Network (neutron captures, photo-dissociations, a- and p-decays, fission)
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Radioactive Heating of Ejecta

102 ' ' | ' | | |
O, Beta Decays

10" | J—'\' ——————— Fission

: Total Heating

| BDM et al. 2010
10 " (see Barnes et al. 2020 for the latest)
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a “Kilo-nov
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Dark Energy Camera / CTIO
i-band
Time Relative to 2017 August 17

+0.5 Days Credit: P. S. Cowperthwaite / E. Berger
Harvard-Smithsonian Center for Astrophysics




Bolometric Luminosity (ergs s
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0.01 Msun “Kilonova” model from
Metzger et al. 2010 (their Fig. 4)

THEORY

DATA

GW170817 counterpart from
Cowperthwaite et al. 2017
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Kilonova Colors Reveal Ejecta Composition
8 ; . : : .

Periodic Table of the Elements

light r-nuclel (d-shell)

or T ~ 5500 K

tpeak ~ 1 day o

Ul

heavy r-nuclei (f-shell)
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== 200K IS Au
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“Blue” + “Red” Kilonova Models

e.g. BDM & Fernandez 14
A t ~day
2 277N t ~week
’ \

luminosity
N\

N

\\

\

\
>

Red

(e.g. disk wind)

more neutrons
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Apparent Magnitude
N N
N (@
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26
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I Two-C'ompon'ent Kilonova

Blue KN: ~102 M., v~ 0.3 c
Red KN: ~4x102 M., v~0.1c

Galactic r-process rate:
MA>100 ~7x107 M yr_l
NG Rgns ~200 — 1000 Gpc3 yr -
. M, ~4x10-3 — 2x10-2 Mg

1

——

——

—

.
“fast blue”
“slow red”
g
* Kasen, BDM et al. 2017 B
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Villar+18 MJD - 57982.529



Finding the Milky Way’s Last Neutron
Star Mergers
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26A\l traces the locations of young and massive stars.



Nuclei with X/y decay lines: 100 yr < 14, < 100 Myr

database (NuDat2 2019).

Isotope Decay channel ti/2 major lines* intensity
(10° yr) (keV) > 30%

299¢F a to 2*°Cm 0.0035 388 66.0

241Am a to 2"Np 0.0043 13.9 37.0

59.5 35.9

BIGr a to 2*"Cm 0.0090 15 53.0

. #2°Ra af to 2°Pb 0.016 351.9 (***Pb) 35.6

ra re/S h O rt' | |Ved 609.3 (***Bi) 45.5
240py a to 26U 0.066 13.6 9.6

243Am af to *°Pu 0.074 14.3 (**°Np) 43.3

74.66 67.2

229Th af to 2°Bi 0.079 12.3 80.0

40.0 (***Ra) 30.0

250Cm af to 4°Cm 0.083 679.2 (?*°Am) 11.5

245Cm aoff to 2"Np 0.084 14.3 53.0

239py a to °U 0.24 13.6 4.3

ra re 231p, af to 27Pb 0.33 12.7 45.0

230 af to 2°8Pb 0.75 351.9 (*'“Pb) 35.6

609.3 (***Bi) 45.5

3y af to 2*°Bi 1.59 12.3 (***Th) 80.0

40.0 (**°Ra) 30.0

126Qn B to 12Te 2.3 87.6 37.0

2" R-Process Peak i bl
695.0 (*2°Sb) 97

il a to °Th 2.46 13.0 10.0

242py a to 28U 3.73 13.6 8.6

ra re Z7Np af to 29Bi 21.4 12.3 (**°Th) 80.0

13.3 49.3

40.0 (***Ra) 30.0

311.9 (**Pa) 38.5

18217¢ B to 182W 89 67.7 (*¥2Ta) 426

34 R-Process Peak 270.4 790

1121.3 (**2Ta) 35.24

247Cm af to U 156 14.3 (¥*°Np) 43.3

74.66 (***Am) 67.2

. 402.4 72.0
ra re/ I O n g - I Ive d 1291 B to 2°Xe 157 29.782 36
23617 a to 2Th 234 13.0 9.0

244py af to 23¢U 811 14.3 (**°Np) 27.0

554.6 (2*°Np) 20.9




Milky Way’'s Last Remnants ...,

Wu, Banerjee, BDM+21; see also Korobkin+20 ~10°y cm= s~

126Sn (14, = 2x10°yr)  E, ~400-700 keV
~10 Mergers Cont7r5|put|ng y cm2 s

-150°-120° -90° -60° -30° O° ° 60% 90° 120° 150°

[

 Many remnants outside Galactic plane
« Typical angular size ~few degrees



Electromagnetic Gounterparts

Jet—ISM shock (afterglow)
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BDM & Berger 12




Afterglow of Gamma-ray Burst Jet

Jet slows as it sweeps up ISM

Non-Thermal Synchrotron Radiation
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3.4 years later: X-rays are still there!

Haleja+21; see also Balasubramanian+21 Troja+21

X-rays E53key radio

GW170817 GW170817

S ) O

NGC. 4993 NGC 4993

Figure 1 | Combined images of GW170817 at 6t ~ 3.4 years: Left Panel: Combined X-ray image consisting of CXO
observations spanning 0t ~ 1209 — 1258 days in the 0.5 — 8 keV energy range. An X-ray source is clearly detected at
the location of GW 170817 with statistical significance of 7.2 o (Extended Data Table 1). Right Panel: Combined radio
image comprising VLA 3 GHz observations acquired in the time range 6t ~ 1216 — 1265 days. No radio emission
is detected at the location of GW170817. The RMS noise around the location of the BNS merger is ~ 1.7 uJy (§2).
In both panels the orange and light-blue regions have a 1” and 2.5” radius, respectively, and mark the location of the
BNS merger and its host galaxy.

...but radio has continued to fade
=> change in spectral slope or new emission component



X—rays (1 keV)
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Electromagnetic Gounterparts
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X—rays (1 keV)
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2D axisymmetric about z-axis
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Electromagnetic Gounterparts

Jet—ISM shock (afterglow)
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Radio (weeks—years)

Ejecta—ISM shock
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X-rays from Black Hole Accretion Disk

see also Ishizaka+21

4G M,c ss [ M, 1
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M (Mg s7)

Accretion Rate

Neutrino- to Photon-Cooled in 3 Years
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Electromagnetic Gounterparts

Jet—ISM shock (afterglow)
Optical (hours—days)
Radio (weeks—years)

Ejecta—ISM shock
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Magnetar-Boosted Kilonova

1. 2. 3. 4.
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ionized ejecta

46 T T — —T r
10 E|—th —— B =10" G, Mej=10_2M®:
:|—>< CLE B = 10" G, Mej=10_2M®
) B =10"° G, M;=10"Mo]
o) B = 10" G, M,;=10""Mo
o 10°F -
~
>
=
7p)
@)
-E 1044
=
)
—
10% & A VO S
0.1 1.0 10.0

Days since Merger



Magnetar-Boosted Kilonova

oY Late-time radio upper limits
1 GRB200522A |l =
© 1 Fong+20 ) Me = 0.03 Mo, E¢j = 10°° erg
| ® - Schroeder+20
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Mult-Messenger Merger Timeline
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