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Overview

e ~10% atomic physics theory and radiative opacity

e ~90% astrophysics: gravitational waves, neutron star
mergers, and an application of radiative opacity
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We have entered the age
of gravitational wave spectroscopy!

|dd Selected for a Viewpoint in Physics week ending
PRL 116, 061102 (2016) PHYSICAL REVIEW LETTERS @

Observation of Gravitational Waves from a Binarv Black Hole Merger

B. P. Abbott ef al.”

(LIGO Scientific Collaboration and Virgo Collaboration)
(Received 21 January 2016; published 11 February 2016)

On September 14, 2015 at 09:50:45 UTC the two detectors of the Laser Interferometer Gravitational-Wave
Observatory simultaneously observed a transient gravitational-wave signal. The signal sweeps upwards in
frequency from 35 to 250 Hz with a peak gravitational-wave strain of 1.0 x 10-2!, It matches the waveform
predicted by general relativity for the inspiral and merger of a par of black holes and the ringdown of the
resulting single black hole. The signal was observed with a matched-filter signal-to-noise ratio of 24 and a
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Two years later, a stunning observation:
gravitational + electromagnetic waves (GW+EM)!

THE ASTROPHYSICAL JOURNAL LETTERS, 848:L12 (59ppf, 2017 October 20 https://doi.org /10.3847/2041-8213 /aa91c9
© 2017. The American Astronomical Society. All rights reserved. @

OPEN ACCESS

Multi-messenger Observations of a Binary Neutron Star Merger

CrossMark

LIGO Scientific Collaboration and Virgo Collaboration, Fermi GBM, INTEGRAL, IceCube Collaboration, AstroSat Cadmium Zinc

Abstract

On 2017 August 17 a binary neutron star coalescence candidate (later designated (GW170817) with merger time
12:41:04 UTC was observed through gravitational waves by the Advanced LIGO and Advanced Virgo detectors. The
Fermi Gamma-ray Burst Monitor independently detected a gamma-ray burst (GRB 170817A) with a time delay of
~1.7 s with respect to the merger time. From the gravitational-wave signal, the source was initially localized to a sky

These observations supportﬁ the hypothesis that GW 170817 was produced by the merger of two neutron stars in
NGC 4993 followed by a short gamma-ray burst (GRB 170817A) and a kilonova/macronova powered by the
radioactive decay of r-process nuclei synthesized in the ejecta.
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Stellar evolution chart (simplified)

Stellar Nebula
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Stellar evolution chart (simplified)
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First GW LIGO detection (2015) occurred in LA
and WA, 0.7 milliseconds apart

Hanford, WA




The Hanford, WA detector site
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The Hanford, WA detector site
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Diagram of LIGO detector
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Gravitational wave spectrum

Sources: Relic Baclx?round Stochastic signal from Big Bang
Binary Backaround - Stochastic signal from binary systems
SMBHB - Super-massive black hole binaries
EMRI - Compact stellar remnents
BHB - Black hole binaries
NSB - Neutron star binaries
NS - Neutron stars
WDB - White dwarf binaries
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Gravitational wave spectrum

Sources: Relic Background - Stochastic signal from Big Bang
Binary Backaround - Stochastic signal from binary systems
SMBHB - Super-massive black hole binaries
EMRI - Compact stellar remnents
BHB - Black hole binaries
NSB - Neutron star binaries
NS - Neutron stars
WDB - White dwarf binaries

Electromagnetic
radiation
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A brief history of gravitational waves (GWSs)

* 1916: Einstein predicted existence of

GWs based on general relativity Hulse-Taylor binary

compa

e 1974: Russell Hulse & Joseph Taylor
provided indirect evidence of GWs
through observation of first pulsar
binary

..................
.....
-
il

e W ™\
e 1974: Lattimer & Schramm proposed : a DR -~
that such mergers could produce r- :
process elements in the Galaxy
e 1993: Nobel Prize awarded to Hulse & FRtron star:
Taylor T e R ~ 12 km

Toronto /

Image: Oleg Korobkin
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A brief history of GWs (contlnued )

e 2015-2017: LIGO direct observations
of GWs (GW150914, GW151226,
GW170104, GW170814) arising from
binary BH mergers

* August 17, 2017: LIGO direct
observation of GWs from neutron star
merger with electromagnetic (EM)
counterpart: GW170817 (gamma rays
through radio frequencies!)

e QOctober 3, 2017: Nobel prize to be
awarded to Weiss, Barish & Thorne for
first direct GW observation

* October 16, 2017: Worldwide press
release of first GW+EM observation
A (Nature, Science, ApJ Letters...)

) Image: Dana Berry, SkyWorks Digital, Inc.
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Why study neutron star mergers (NSMs)?

e NSMs are suspected to produce short (< 2 seconds)
gamma ray bursts (GRBs) [Paczynski (1991)]

* Possibility to observe both gravitational waves (GWs) and
electromagnetic (EM) signals from a single event

* NSMs are hypothesized to be the site of the r-process,
l.e. the location where heavy nuclei are created from the
capture of rapid neutrons (as opposed to s-process for
the capture of slow neutrons)
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The r-process: nucleosynthesis via the capture
of rapid neutrons

Nuclear Landscape

F 71ess than 300 stablei

proton number Z

known nuclei

: 4 . \
] ' terra incognita
=5 50

: 5 8 neutron number ;
n +@) > (ZA+]) +v
Lﬁ, > +)+e +v
> Los Alamos Slide 15

NATIONAL LABORATORY
T.1943

T YA a3
N A" A=



Another reason to study neutron star mergers

* We can not yet predict the abundance of neutron-rich
heavy elements (A = Ny otonst Nneutrons 2 130) that is
typically observed in the universe (long-standing mystery)

» Los Alamos Image: Amanda Bayless
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Another reason to study neutron star mergers

* We can not yet predict the abundance of neutron-rich
heavy elements (A = Ny otonst Nneutrons 2 130) that is
typically observed in the universe (long-standing mystery)
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Origin of elements in the universe
(What is the site of the r-process?)
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Origin of elements in the universe
(What is the site of the r-process?)
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Some very basic characteristics
of neutron star mergers...
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(Av/c) ~ 0.01

A double neutron star

axis of rotation

Massive
Doppler
shifts!
Ejecta
composed
of heavy
elements:
lanthanides
and
actinides!

L% courtesy of Stephan Rosswog
» Los Alamos
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(Av/c) ~ 0.01

A double neutron star

angle of inclination

Massive
Doppler
shifts!
Ejecta
composed
of heavy
elements:
lanthanides
and
actinides!

L% courtesy of Stephan Rosswog
» Los Alamos
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What sort of EM signals are expected from NSMs?
First consider supernova light-curve examples.

Legend
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Supernova light-curve examples

. Legend
Each point represents an "
| a
integrated spectrum
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Predicted EM signals from a binary neutron star
merger (pre-GW170817 observation)

° Short gamma ray burSt Jet—-ISM Shock (Afterglow)
(GRB) lasting < 2 seconds Spta G- dayy

Ejecta—ISM Shock

<5/ Radio (years)

Kilonova “_ (J\/
ical (t ~ 1 day) ™ A

e X-rays produced during the
afterglow phase

e UV-Optical-IR emission
produced from the
“macronova’ or “kilonova” o
iInvolving dynamical ejecta

composed of broad range of -— C> @ @

elements; emission

powered by radioactive

decay of r-process "v\

elements, depends on the
 opacity of relevant elements

)
» Los Alamos
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NSM light-curve (“macronova” or “kilonova®)
predictions

* Typical modeling predicted a light curve similar in shape
to that observed for supernovae, but significantly reduced
iIn peak brightness (1/10 — 1/100 compared to a typical
supernova or ~1,000 times brighter than a classical nova)

e Light will be emitted predominantly in the optical-IR range

* We now have one observation of a NSM light curve and
associated spectrum... (easy to fit in various ways, not yet
much opportunity for spectroscopy)
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Light curve for GW170817 displays surprising
monotonic decrease with time. Why?

Light curve

' _—  from GW170817
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First GW+EM multi-messenger observation

Abbott et al, ApJL (2017): “Multi-messenger Observations of a Binary Star Merger”

» Los Alamos
NATIONAL LABORATORY
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Post-GW170817 interpretation of NSM observation

e Short (weak) GRB consistent with ~30° A
viewing angle radio afterglow g

Al Cameron

e X-ray and radio afterglow delayed in
time due to off-axis observation

* Both a blue (lanthanide-free) and red
component kilonova resulting from
dynamical ejecta and ejecta winds

@@ disk wmds
. ‘ V ok | B - - v

Image: B. Metzger
» Los Alamos
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Predicted elemental abundances in the ejecta of
a neutron star merger (NSM)

actinides__

lanthanides
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Let’s calculate some opacities:
the lanthanides and actinides

PERIODIC TABLE NIST

Group . . f | National Institute of
1 Atomic Properties of the Elements Standardsand Tchnoloay 18
A .S. Department of Commerce VIIIA
2, o H 1
1 s, Frequently used fund | phy Physics Standard 2 S,
For the most accurate values of these and other constants, visit physics.nist.gov/constants Lab_ora_tory Refere_nce Data He
1 Hydrogen 1 second = 9 192 631 770 periods of radiation corresponding to the transition physics.nist.gov www.nist.gov/srd Helium
1.00794 between the two hyperfine levels of the ground state of '**Cs 1 1 1 4.002602
1s 2 speed of light in vacuum c 299792458 ms” (exact) D Solids 13 14 5 6 [ 15’
13.5984 A Planck constant h 6.6261x10%J's (h = hi2) [ Liquids 1A IVA VA VIA VIIA | 245874
19 o g o
3 s,(4 'S, elementary charge e 1.6022x1073‘c D Crees 5 *,|6 P |7 *s3,|8 *®,19 %P3, |10 s,
L' B electron mass me 9.1094 x 10" kg ey C N o F Ne
2 1 e mec? 0.5110 MeV O Artificially
Lithium Beryllium proton mass m, 1.6726 x 107 kg Prepared Boron Carbon Nitrogen Oxygen Fluorine Neon
A fine-structure constant @ 1137.036 qoen | zowr (A e S
2 %25 il s'25%2p s*2s%2p s252p s°252p s252p s*2s%2p
5.3917 9.3227 RGeS glcensiant gm 2«3022338122 ;"015H 8.2980 112603 | 145341 | 136181 | 174228 | 21.5645
.. iz
M %,(12 s, R”Z " 13 °P;,|14  °p |15 ‘s;, |16  °p,[17 *P5, (18 s
hc 13.6057 eV 112 P 312 2 12 o
a g Boltzmann constant k 1.3807 x 102 J K Al SI P S Cl Ar
3 Sodium Magnesium Aluminum Silicon Phosphorus Sulfur Chlorine Argon
22.98976928|  24.3050 3 4 5 6 7 8 9 10 11 12 26.9815386 | 28.0855 | 30.973762 | 32.065 35.453 39.948
[NeJ3s [NeJ3s® Nels?3p | [Nepsap? | (Nejas?p® | Nelss?ap’ | [Nelas®ap® | Nejas’ap®
51391 76462 1B VB VB ViB VIB Vil 1 1B 1B 5.9858 8.1517 10.4867 10.3600 12.9676 15.7596
19 %,|20 's,|21 °D,,(22 °F |23 °‘F,[24 Ts,|25 °s,,[26 °D,(27 °‘F,|28 F,|29 *s,|30 's,|31 °P;,[32 P, (33 ‘s;, (34 °P,|35 “P5,[36 s,
oS . .
3 Ca|Sc|Ti|V |Cr| Mn|Fe |Co|Ni [Cu|Zn | Ga|Ge|As | Se | Br | Kr
‘.; 4 Potassium Calcium Scandium Titanium Vanadium Chromium | Manganese Iron Cobalt Nickel Copper Zinc Gallium Germanium Arsenic Selenium Bromine Krypton
o 39.0983 40078 | 44.955012 |  47.867 509415 51.9961 | 54.938045 | 55845 | 58.933195 | 58.6934 63.546 65.38 69.723 72.64 74.92160 78.96 79.904 83.798
[Ads [Aras? [Afadas’ | (Aaa’as® | (Anad’as® | [Adad’ss | [Anad®as? | [anad%s® | [ansd’as® | (Adad®ss” | (Ad3a"as | [An3a"as? | (Arj3a s p | [An3a"as%p? |[Arj3a s ap’ |(Arjaa s p* | [Arad " 4s%ap® | [Arjad %4s 4p°
4.3407 6.1132 6.5615 6.8281 6.7462 6.7665 7.4340 7.9024 7.8810 7.6399 7.7264 9.3942 5.9993 7.8994 9.7886 9.7524 11.8138 13.9996
37 *,(38 's,[39 °p,,|40 °F,|41 °D,,|42 's,|43 °s,,|44 °F, (45 °F,, (46 s |47 *s,,[48 's,|49 °P;, |50 °P |51 “s3,|52 °*p,|53 *P;, (54 s,
Sr| Y |Zr |[Nb|Mo| Tc |[Ru|Rh|Pd |Ag|[Cd| In|Sn |Sb|Te | I | Xe
5 Rubidium Strontium Yttrium Zirconium Niobium Molybdenum | Technetium | Ruthenium Rhodium Palladium Silver Cadmium Indium Tin Antimony Tellurium lodine Xenon
85.4678 87.62 88.90585 | 91.224 92.90638 95.96 (98) 101.07 | 10290550 | 106.42 107.8682 112411 114.818 118.710 121.760 12760 | 12690447 | 131.293
[Kn5s [Kns? [Kriadss® | [Krjad’ss’ | [Krjdd®ss [Kr4d®ss | [Knad®ss® | [Krad'ss [Krj4d®ss [Krjad'® [Krjad"5s | [Krjdd"%s? | [Krfad"5s%6p | (Kriad ®5s%sp? | (Krad"5s%6p° | [Kri4d %ss%5p* | (Krjad*5s%sp° [Krj4d %55 5p®
44771 5.6949 6.2173 6.6339 6.7589 7.0924 7.28 7.3605 7.4589 8.3369 75762 8.9938 57864 7.3439 8.6084 9.0096 104513 12.1298
55 *s,,|56 s, 72 |73 °F,|74 °D,|75 °s,,|76 °D,|77 °F,,|78 °D,(79 °’s,,[80 's,(81 *r;,|82 °p,|83 ‘s;,|84 °P,|85 °P;, |86 s,
Ba Hf | Ta | W |Re |Os | Ir | Pt |Au|Hg | Tl | Pb | Bi | Po | At | Rn
6 Cesium Barium Hafnium Tantalum Tungsten Rhenium Osmium Iridium Platinum Gold Mercury Thallium Lead Bismuth Polonium Astatine Radon
132.9054519 | 137.327 17849 | 180.94788 | 183.84 186.207 190.23 192.217 195084 | 196.966569 | 20059 204.3833 207.2 208.98040 (209) (210) (222)
[Xel6s [Xels® [Xel4f'*50%6s” | (Xelaf"*5%s? | [xela “5°6s? | (Xeldr*5d%6s? | [Xelaf"*5a%6s” | [xe]ar 5d6s” [ [XeJar‘5d%6s | [Xelaf'*5a'%s |[Xeldf*5d"%s]  [Halep {Hgl6p® {Hgl6p® [Hg16p* [Hg6p® [Hgl6p®
3.8939 52117 6.8251 7.5496 7.8640 7.8335 8.4382 8.9670 8.9588 9.2255 104375 6.1082 7.4167 7.2855 8.414 10.7485
87 *5,(88 s, 104 °r,2|105 106 107 108 109 110 11 112 113 114 115 116 117 118
Fr | Ra Rf | Db | Sg | Bh [ Hs | Mt | Ds | Rg | Cn | Uut |Uuq|Uup|Uuh|Uus |Uuo
7 Francium Radium i Dubnium i Bohrium Hassium D C i Ununtrium | i L L i L i L
(223) (226) (265) (268) (271) (272) (277) (276) (281) (280) (285) (284) (289) (288) (293) (294) (294)
[Rn]7s [Rn]7s? Rn]sf" ‘60’75
4.0727 5.2784 6.0?
r\/l\:%gtr G"’Ege;sl‘a‘e @ m 60 °L|61 °H;, (62 F |63 °s;,|64 °D;|65 °H:,,|66 °I,|67 ‘I;,|68 °H,|69 “F7 N 71 D,
T
1 3 Ce | Pr | Nd |Pm |Sm | Eu |Gd | Th [ Dy | Ho | Er | Tm | Yb [bte~
Symbol 58 G4 < | Lanthanum Cerium Samarium Europium Gadolinium Terbium Dysprosium Holmium Erbium Thulium Ytterbium Lutetium
€| 13890547 | 140.116 [ 14000765 | 144.242 (145) 150.36 151.964 157.25 | 15892535 | 162500 | 164.93032 | 167.259 | 168.93421 | 173.054 | 174.9668
Ce = | (xelsdes’ | [xelatsdes® | [xelrfss’ | [xelar'ss’ | (xeld’ss® | [xelar’ss® | (xela'6s® | (Xelar'5des? | [xelafes’ | (xelar'%6s? | [xelar"6s® | (Xelar'6s? | [xeldr"6s? | [Xelaf'*6s? | [Xe]a'*5d6s”
Name — | Cerium 5.5769 . 5473 5.5250 5.582 5.6437 5.6704 6.1498 5.8638 5.9389 X 6.1077 6.1843 6.2542 5.4259
) | 140.116 89 °D,[90 °F|91 K,,|92 °7|93 °L,,|94 F,[95 °s;,(96 °D;|97 °H;,,|98 |99 “I%,|100 °Hs|101 *F;, (102 s, (103 °P;,7
Atomic, — . 2 8
Weight! 1 [Xel4f5d6s (f/Ac | Th |Pa| U |[Np | Pu | Am|Cm | Bk | Cf | Es [Fm|Md | No | Lr
5.5387 = | Actinium Thorium Protactinium | Uranium Neptunium Plutonium | Americium Curium Berkelium | Californium | Einsteinium Fermium | Mendelevium | Nobelium | Lawrencium
T % 23203806 | 231.03588 | 238.02891 (237) (243) (247) (247) (251) (252) (257) (258) (259) (26,
Ground-state lonization 2.2 2, -2 3, 02 64752 5,2 7.2 702 9,2 10, 2 11,2 12, 2 13, 2 14,2
: [Rn] 0l6d’7s” | [Rn5f°6d7s” | [Rnjst6d7s” | [Rjsf'ed7s’ | [Rn57s Rajsf'7s* | Rjsfea7s® [ Rajst'7s® | [Ralsf'7s® | [Rojst"'7s® | [Rnjst?7s® | [Ralsf7s® | [Ro)st 75°7p?)
Configuration  Energy (eV) PP ol R 6.1939 6.2657 6.0260 5.9738 59914 6.1979 6.2817 6.3676 6.50 6. ﬂﬁh— 492
PY Los AI a m "Based upon '2C. () indicates the mass number of the longest-lived isotope. For a description of the data, ] .gov/data NIST SP 966 (September 2010)
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The LANL Suite of Atomic Modeling Codes
[Overview: Fontes et al, JPB 48, 144014 (2015)]

Atomic Physics Codes —— Atomic Models

CATS: Cowan Code

RATS: relativistic

ACE: e excitation

GIPPER: 10nization

http://aphysics2.lanl.gov/tempweb

/A
° I.;?s Alamos

AAAAAAAAAAAAAAAAAA

fine-structure

config-average
UTAs

MUTASs
energy levels
gf-values
e excitation
€ 10nization
photoionization
autoionization

> ATOMIC

LTE or NLTE

atomic level
populations

spectral modeling
emission

absorption
transmission
power loss
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Conditions for neutron star mergers

Initial conditions: T = 1 MeV, p = 10'* g/cm?®

Light curve approaching peak brightness: T =1 eV,
p = 1020 —101° g/cm3; (if <Z> =1, then N.= 10 — 10" el./cm?)

The presence of heavy elements at such cold temperatures
requires the calculation of near-neutral ions with many (> 60)
bound electrons. (Very complicated and difficult to calculate
accurately!)

We calculate radiative opacities for NSM elements under the
assumption of local thermodynamic equilibrium (LTE)

o
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Consider the LTE opacity of cold samarium
(Z=62) as an example (Sm% - Sm3*)

PERIODIC TABLE NIST

Group . . f | National Institute of
1 Atomic Properties of the Elements Stonderds ond Techclegy 18
U.S. Department of Commerce
1A VIIA
1 s, Er end | physical Physics Standard 2 s
equently used phy o
For the most accurate values of these and other constants, visit physics.nist.gov/constants Lab_ora_tory Refere_nce Data He
1 Hydrogen 1 second = 9 192 631 770 periods of radiation corresponding to the transition physics.nist.gov www.nist.gov/srd Helium
1.00794 between the two hyperfine levels of the ground state of '**Cs 1 1 4.002602
1s 2 speed of light in vacuum c 299792458 ms” (exact) D Solids 13 14 15 6 [ 15’
13.5984 A Planck constant h 6.6261x10%J's (h = hi2) [ Liquids 1A IVA VA VIA VIIA | 245874
19 o o o
3 2-3”2 4 'S, elementary charge e 1.6022x1073‘c D Crees 5 *,|6 P |7 *s3,|8 *®,19 %P3, |10 s,
B electron mass me 9.1094 x 10" kg A B C N o F N
2 1 e me? 05110 MeV. [ Artificially e
Lithium Beryllium proton mass m, 1.6726 x 107 kg Prepared Boron Carbon Nitrogen Oxygen Fluorine Neon
oot | sorziez fine-structure constant @ 1137.03 N 1 | D e el
15725 15725 il s'25%2p s*2s%2p s252p s°252p s252p s*2s%2p
5.3917 9.3227 RGeS glcensiant gm 2«3022338122 ;"015H 8.2980 112603 | 145341 | 136181 | 174228 | 21.5645
5 ¥ x z = - =
1M *s,(12 s, Roho 136057 eV 13 ;|14 Py 15 *s;, (16 °F, |17 *P5, (18 s,
a g Boltzmann constant k 1.3807 x 102 J K Al SI P S Cl Ar
3 Sodium Magnesium Aluminum Silicon Phosphorus Sulfur Chlorine Argon
22.98976928 2:.3(;520 3 4 5 6 7 8 9 10 11 12 26.9815386 | 28.0855 | 30973762 | 32065 35453 30948
biser | tewp | WB VB VB VIB VIB i 1 1B B | SR | "SR | “odser | ‘osooo | 'iseete | ‘taress
- 19 ’s,,(20 's,|21 °D,,|22_ °F, (23 “Fy;|24 'S,|25 °S;,|26 D,(27 Fy,|28 °F,|29 s, (30 's,|31 Py, (32 P33 “‘s:, (34 °P,|35 “P5,|36 s,
3 Ca|Sc|Ti|V |Cr| Mn|Fe |Co|Ni [Cu|Zn | Ga|Ge|As | Se | Br | Kr
‘.; 4 Potassium Calcium Scandium Titanium Vanadium Chromium | Manganese Iron Cobalt Nickel Copper Zinc Gallium Germanium Arsenic Selenium Bromine Krypton
a 39.0983 40078 | 44.955012 47.867 509415 51.9961 | 54.938045 | 55845 | 58.933195 | 58.6934 63.546 65.38 69.723 72.64 74.92160 78.96 79.904 83.798
[Ads [Aras? [Afadas’ | (Aaa’as® | (Anad’as® | [Adad’ss | [Anad®as? | [anad%s® | [ansd’as® | (Adad®ss” | (Ad3a"as | [An3a"as? | (Arj3a s p | [An3a"as%p? |[Arj3a s ap’ |(Arjaa s p* | [Arad " 4s%ap® | [Arjad %4s 4p°
4.3407 6.1132 6.5615 6.8281 6.7462 6.7665 7.4340 7.9024 7.8810 7.6399 7.7264 9.3942 5.9993 7.8994 9.7886 9.7524 11.8138 13.9996
37 *,(38 's,[39 °p,,|40 °F,|41 °D,,|42 's,|43 °s,,|44 °F, (45 °F,, (46 s |47 *s,,[48 's,|49 °P;, |50 °P |51 “s3,|52 °*p,|53 *P;, (54 s,
Sr| Y |Zr |[Nb|Mo| Tc |[Ru|Rh|Pd |Ag|[Cd| In|Sn |Sb|Te | I | Xe
5 Rubidium Strontium Yttrium Zirconium Niobium Molybdenum | Technetium | Ruthenium Rhodium Palladium Silver Cadmium Indium Tin Antimony Tellurium lodine Xenon
85.4678 87.62 88.90585 | 91.224 92.90638 95.96 (98) 101.07 | 10290550 | 106.42 107.8682 112411 114.818 118.710 121.760 12760 | 12690447 | 131.293
[Kn5s [Kns? [Kriadss® | [Krjad’ss’ | [Krjdd®ss [Kr4d®ss | [Knad®ss® | [Krad'ss [Krj4d®ss [Krjad'® [Krjad"5s | [Krjdd"%s? | [Krfad"5s%6p | (Kriad ®5s%sp? | (Krad"5s%6p° | [Kri4d %ss%5p* | (Krjad*5s%sp° [Krj4d %55 5p®
44771 5.6949 6.2173 6.6339 6.7589 7.0924 7.28 7.3605 7.4589 8.3369 75762 8.9938 57864 7.3439 8.6084 9.0096 104513 12.1298
55 *s,,|56 s, 72 |73 °F,|74 °D,|75 °s,,|76 °D,|77 °F,,|78 °D,(79 °’s,,[80 's,(81 *r;,|82 °p,|83 ‘s;,|84 °P,|85 °P;, |86 s,
Ba Hf | Ta | W |Re |Os | Ir | Pt |Au|Hg | Tl | Pb | Bi | Po | At | Rn
6 Cesium Barium Hafnium Tantalum Tungsten Rhenium Osmium Iridium Platinum Gold Mercury Thallium Lead Bismuth Polonium Astatine Radon
132.9054519 | 137.327 17849 | 180.94788 | 183.84 186.207 190.23 192.217 195084 | 196.966569 | 20059 204.3833 207.2 208.98040 (209) (210) (222)
[Xel6s [Xels® [Xel4f'*50%6s” | (Xelaf"*5%s? | [xela “5°6s? | (Xeldr*5d%6s? | [Xelaf"*5a%6s” | [xe]ar 5d6s” [ [XeJar‘5d%6s | [Xelaf'*5a'%s |[Xeldf*5d"%s]  [Halep {Hgl6p® {Hgl6p® [Hg16p* [Hg6p® [Hgl6p®
3.8939 52117 6.8251 7.5496 7.8640 7.8335 8.4382 8.9670 8.9588 9.2255 10.4375 6.1082 7.4167 7.2855 8.414 10.7485
87 *5,(88 s, 104 °r,2|105 106 107 108 109 110 11 112 113 114 115 116 117 118
Fr | Ra Rf | Db | Sg | Bh [ Hs | Mt | Ds | Rg | Cn | Uut |Uuq|Uup|Uuh|Uus |Uuo
7 Francium Radium i Dubnium i Bohrium Hassium D C i Ununtrium | i L L i L i L
(223) (226)2 (3?5)2 ) (268) (271) (272) (277) (276) (281) (280) (285) (284) (289) (288) (293) (294) (294)
[Ral7s [Rn]7s Rnj5f ‘64775’
4.0727 5.2784 6.0?
omic  Ground-state 4[57 D,[58_ 'c:[59 T;,[60 |61 Y,[62 'F,|OR °;,[64 D65 °H:,[66 |67 'Ii,|68_ |69 °F;,[70 's,[71 D,
T
X t (i La|Ce | Pr | Nd [Pl |Sm | Bu  Gd | Tb | Dy | Ho | Er |[Tm | Yb | Lu
Symbol 58 1G4 < | Lanthanum Cerium Promahium | Samarium Eugppium Gadolinium Terbium Dysprosium Holmium Erbium Thulium Ytterbium Lutetium
€| 13890547 | 140.116 [ 14000765 | 144.242 ( 150.36 19964 157.25 | 15892535 | 162500 | 164.93032 | 167.259 | 168.93421 | 173.054 | 174.9668
N Ce = | [xelsdes’ | [Xelrsdes® | [xelrfos’ | [xelat'ss’ | (xel4r¥g> | [xel4r’ss’ ar'es? | (xelaf'sdes® | (xelar®ss® | [xelar®6s® | [Xela'ss® | [xelar%6s® | (xel4i“6s? | [Xelar'*6s’ | [Xe]dr'*sd6s’
lame — | : 5.5769 5473 5.5250 5.582 5.6437 5.6704 6.1498 5.8638 5.9389 X 6.1077 6.1843 6.2542 5.4259
I— Cerium
- 89 °n,[90 °F[91 k,,|92 °3|93 °L 95 °s;,(96 °D;|97 °H,[98  °L|99 “I,|100 °H,|101 *F;,[102 's,|103 °P;,7)
Atomic —|— 140.116 o A 32 Th 2 P 1112 U 5 N 1112 P d A 712 C 2 Bk«s/z Cf 5 E 152 F 3 de N o L 112
e 2 8
Weight [Xe]4{5d6s b} (o] a P u m m S m (o] r
5.5387 g Actinium Thorium Protactinium | Uranium Neptunium Plutonium | Americium Curium Berkelium | Californium | Einsteinium Fermium | Mendelevium | Nobelium | Lawrencium
—— <| @) 23203806 | 231.03588 | 238.02891 (237) (244) (243) (247) (247) (251) (252) (257) (258) (259) (262)
Ground-state _lonization Rnj6d7s’ | [Rnj6d’7s? | [Rnjsf’6d7s’ | [Rnjsi'6a7s’ | (Rnjsf'6d7s’ | [Rnjsf®7s” | [Rst'7s? | [Rnlsf'ed7s’ | (Raisf7s® | (Ralsf'7s? | Rapst"7s? | Rst7s? | Repst7s? | (Rnist7s? [(Rn)st7s%7p?!
) Configuration  Energy (eV) 5.3807 6.3067 5.89 6.1939 6.2657 6.0260 59738 5.9914 6.1979 6.2817 6.3676 6.50 6.58 6.65 497
PY Los AI a m 'Based upon '%C. () indicates the mass number of the longest-lived isotope. For a description of the data, visit physics.nist.gov/data NIST SP 966 (September 2010)
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Sm (Z=62) LTE ionization balance
(p = 1013 g/cm?3)

— O+ I+ 2+ 3+
Sm Sm Sm Sm

0.8

0.6

ion fraction

0.4~

0.1 |
temperature (V)

» Los Alamos
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Consider LTE opacity of Sm (Z=62) at T ~ 0.5 eV
and p = 10-3g/cm?

. ASimpIe eStimate Of the 1;)09 T T T Il: T=(I)3;V:I%I>I:l.lll()()03l T T IIIIII T T T TTT
opacity: assume 10* AR A
Thomson/Compton 10’

. . . 10
scattering is the dominant e
mechanism 10’
]\E l03
 Opacity ~ 0.4 <Z>/A (cm?/g) -
10"
10°
10"
10°
10°
10"
-5 1 IIIIIII| 1 IIIIIII| 1 IIIIIII| 1 | N I T |
1001 0.01 0.1 1 10
hv (eV)
- Los Alamos S 3
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Consider opacity of Sm (Z=62) at T ~ 0.5 eV and
p = 10-13 g/cm? (configuration list, assume [Xe] )

e 25 configurations

e SmY*: 4f° 6s?, 4f> 5d 652, 4f° 5d 6s , 4f° 5d?, 4f> 5d 6s 6p,
4f° 5d 6p , 4f° 6s 6p

e Sm'*: 4f° Bs, 4f° 5d, 4° 6p, 4f° 5d2, 4f° 5d 6s, 4f° 5d 6p, 4f°
6s 6p

Sm2+: 4f6, 45 Bs, 45 5d, 45 Bp, 4f* 5d, 4f4 5d 65, 4f 5d2 Bs
Sm3*: 4f5, 44 Bs, 4f4 5d, 4F* 6p

e ~10° energy levels

e ~ 3.3x108 radiative transitions

AAAAAAAAAAAAAAAAAA Slide 37
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Consider LTE opacity of Sm (Z=62) at T ~ 0.5 eV
and p = 10-3g/cm?

Next, consider detailed .
10 T T T T TTTT] T T T T TTTT]
bound-electron treatment . 03 10003
] ] 108 — T=05eV:<Z>=1.9973
Just 25 configurations leads — T=10eV: <Z>=29995
to 100,000 Ie\{els and o bound-bound
330,000,000 lines! o
~ 10
°§D 10°
i, 10°
10'E free-free
10° ~_
10" ‘\H
10° W W T
‘Oj scattering
10
-5 1 1 IIIIlII III] | | IIIIII| 1 1 | I I |
1001 0.01 0.1 1 10
hv (eV)
- Los Alamos Slide 38
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Consider LTE opacity of Sm (Z=62) at T ~ 0.5 eV
and p = 10-3g/cm?

e Next, consider detailed

1010 IIII I I IIIIIII
bound-electron treatment . 03 10003
_ ] 108 — T=05eV:<Z>=19973
* Just 25 configurations leads — T=10eVi<Z>=29995] ————>
to 100,000 levels and 10°
330,000,000 lines! 1o’
e Visible photons have a lowz '©
.re = 10
probability of escape = < i
infrared spectroscopy is 10"
required to see these 10
. 10~
objects e
10"
-5 1 IIIIIIII 1 IIIIIIII | IIIIIlI| 1 I I I N |
1%.001 0.01 0.1 1 10
hyv (eV)

optical window

» Los Alamos Slide 39

NATIONAL LABORATORY
ST.1943

T YA a3
N A" A=



We have calculated LTE opacities
of the lanthanide elements and also uranium

Ce (Z=58)

K, (cm:/g)

bin

T

T Sm (Z=62)

)
Ty

3,
T

K, ( cm:/g)

bin

5 (=} (] o0 = a
AL RRLLL BRI I AL BRRLLL BRI L B IR

u“l

1||1|

—.‘> Lol Lol L
L 1% 001 0.01 0.1

o LUs Arainun
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hv (eV)

bin

K, (cm7g)

bin 2
K, (cm /g)

10'

5’\
T

3 3.

Nd (Z=60)

TTTTY

TTTT]

0.01 0.1

U (Z=92)

.I.....I

||u|

"boon

Fontes et al (2019) arX1v(2019): 19()4 08781

0.01

10
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We have calculated LTE opacities
of the lanthanide elements and also uranium

Ce (Z=58)

K, (cm:/g)

bin

T

T Sm (Z=62)

)
Ty

3,
T

K, ( cm:/g)

bin

5 (=} (] o0 = a
AL RRLLL BRI I AL BRRLLL BRI L B IR

u“l

1||1|

—.‘> Lol Lol L
L 1% 001 0.01 0.1
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hv (eV)

bin

K, (cm7g)

bin 2
K, (cm /g)

10'

5’\
T

3 3.

Nd (Z=60)

TTTTY

TTTT]

0.01 0.1

U (Z=92)

.I.....I

||u|

"boon

Fontes et al (2019) arX1v(2019): 1904 08781
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Z =57 (419) Z=58(4f")  Z=59(4f) Z = 60 (4f*

10 F . ; y 10 T n L B B 10— A Ty
0 ala@=57 - 10 b) Ce (Z=58) E ) Pr(Z=59) é d)Nd (Z = 60) E
10 E b E E
10°F q a;
10 3;
2wE 2 1 3
ok g i 5
ek 4 %
10'F E 4
10°F ]
10"
107
16001 X 0.1 10 1%.001 0.1 i 0.1 m
hv (eV) hv (eV) v (eV) wiew 10
— S5 S
Z =61 (4°) Z =62 (41°) /. = 63 (417) Z =644
T T Ty T T 10°g T AR A T 3 10" T ey T A y
) Pm Z=61) £)Sm (Z=62) E Foom@=6) E 0 wGdz=64) 1
'F 1 10'E E
F 1
2 r 1
3
0.01 0.1 10 0.1 1 10 o hv (V) hv (eV)
hv (V) hv (eV)
— 10 — 11 — 12
Z = 65 (41%) Z = 66 (41'Y) = /=68 (4
i) Tb (Z=65) 12 m‘; j) Dy (Z=66) 12 k) Ho (Z=67) E 1) Er (Z=68) !
E; 10’ F 4 4
‘% 10 e E
1 |0"; ; 1
m‘; 1 210 2
w0 2 £

K,

el

Ty

wd vuved ol

ol vod vod 1ol

0.1 1 10
0.1 hv (eV)

7 = 69 (4f13)

0.01 1

hv (eV)

7 =70 (414

Q) (neutral stage is dominant)
- Los Alamos i
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Complexity of bound electrons does not
necessarily lead to high opacity

10

10 - I [ [ [ [ [ | [ [ | [ [ |

=
‘gﬂ 8: o~
g 10F Ry
= - g
g F g
4-;" - )
g 10 F &
s & £,
g N 2
o 6 =
C 10E z
- - y
£ T :
E 10F =
= U F

Ke
10" E ul i
103 | | | | | | | | | | | | ]01

57 58 59 60 61 62 63 64 65 66 67 68 69 70
7. (atomic number)

> Los Alamos T=0.1eV (~1,100 K); p = 10-13 g/cm? Siide 43
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What does the future hold for observations and

modeling of neutron star mergers?

. _ April 1, 2019
» LIGO is scheduled to restart in September-2018 with

improved sensitivity... What will be observed???

e Current predictions range from 2-30 observations per year,
based on star formation rate of galaxy NGC4993

e Simulations to explain GW170817 have been carried out,
but no perfect match: different radiation transport methods,
opacities, 1-D vs 2-D geometry, wind + dynamical ejecta,
etc. (Need more observations!)

e Important to make opacities available to NSM modeling
community; Exploring the creation of an online database

~ with NIST colleagues
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Thank you for your attention!
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