Atomic recipes for astronomical transients...

...and relative experimental setups!
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* The «ingredients» of a kilonova lightcurve

* The importance of atomic opacities
* The PANDORA experiment
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A KILONOVA (KL) arises from a translucent stage of the expanding ejecta, when
thermal radiation can escape. Its energy results from a balance between thermalization
processes and the warm-up due to nuclear fissions and decays (a and f3).

Basic ideas:
g o Shisck 1. radioactive decay of freshly
(S’/ | sinthesized r-process elements

in the expanding ejecta (0.1-
0.2c) release nuclear energy;

2. thermalization of high energy
decay products with ejecta;

3. diffusion of thermal photons
during ejecta expansion;

4. thermal emission of photons at
photosphere.

" Merger Ejec
Tidal Tail & Disk

Metzger & Berger 12




Key ingredients

Numerical relativity simulations of BNS mergers: physical trajectories are
needed to determine the physical conditions to which matter is exposed during
a BNS (fix velocity and mass of the ejecta);

r-process nucleosynthesis calculations: r-process yields are needed to
properly compute KLs because, depending on the chemical species, different
types of KLs can be obtained;

Heating efficiencies: thermalization of high-energy decay radiation directly
affects the luminosity of a kilonova;

Heavy element atomic opacities: a fundamental input to properly compute
KLs are atomic opacities, which regulate the interaction between the emerging
radiation and the expanding plasma;

Radiative transfer code: last but not least, a tool combining all the aforelisted
inputs 1s needed to properly determine local thermodynamic variables.
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The transition from blue-KN to red-KN

luminosity Stefan-Boltzmann’s law:
g L = 4nR2c T
0=5.67x107 erg cm? K4 s°!
j—'- time
days
weak r-process robust r-process
Y, measures of the neutron richness (A<130) (A>130)
D ot ey | e
Ye: " € = (1+nn/np)'1 g J / P V\?eek

b
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A kilonova lightcurve

Bolometric curve
of at2017gfo

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

o
=

GW170817 counterpart from
Cowperthwaite et al. 2017
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The bolometric luminosity is a measure of the total radiation emitted at all wavelengths.
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Bolometric curve
of at2017gfo
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e 001 Msun “Kilonova™ model from
Metzger et al. 2010 (their Fig. 4)

o
=

Rebrightening in
GW170817 c::u:t:rznrt from -
Cowperthwaite et al. 2017 - the IR:

which is the
cause?
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The bolometric luminosity is a measure of the total radiation emitted at all wavelengths.



Nuclear heating rate

heating rate Q L Q M
Qr—process — z Qi

iEreactions

Q = Minitia1 — Mfinal
A = decay rate

time
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Nuclear heating rate

heating rate Q L X QM
Qr—process — Z Qi

iEreactions
e t_1'3
Q = Minitiar — Mrinai time
A =decay rate 1s

Heating efficiencies

™ i a0y

/ ]_ |:f f_ N o |: f _ '|‘:1 :| N O
— — —arctan . 5 + —arctan J
(2)




Finanziato 7%, Ministero i . .
dall'Unione europea i, dell’'Universita 2 [taliadomani
NextGenerationEU 3¢ edellaRicerca - B RIeREek R ienza

Nuclear heating rate

heating rate Q L QM
Qr—process — Z Qi

iEreactions
e t—l 3
Q = Minitiat — Mrinai time
A =decay rate 1s

Heating efficiencies

With four parameters I can fit an elephant, and
with five I can make him wiggle his trunk.
[J. VON NEUMANN]

d= X 4 1 g f.l-_-l W 1 B '|‘:1 N ¥y

o — Eo ( — — — arctan J ( — 4 — arctan J

dt A o |} \4 T g1 |,
(2)

4+ Cre ™ 4 Che™t/™ 4 Cage /™

...13 free parameters...
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A kilonova lightcurve

Bolometric curve
of at2017gfo
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0.01 Msun “Kilonova” model from
Metzger et al. 2010 (their Fig. 4)

o
=

GW170817 counterpart from
Cowperthwaite et al. 2017 B
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Radiative Transfer (RT) basics

v,out

erg

. PR ' I(Qv)=—F"-""—
Basic quantity: intensity LS a—rrm—

erg

1
Definition of mean intensity: 4k 4 454/ (€L v)dl2= s cm’>Hz ster

r g cr
DINIISSRS I () = 1(Q,v)(dQ=——=

scm”Hz
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RT equation
Source function
Optical depth (emissivity to absorption ratio)

K, is the frequency-dependent
opacity of the medium

Photon mean free path
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Radiative Transfer (RT) basics

The ejecta 1s extremely hot immediately after the merger. This thermal energy cannot
initially escape as radiation because of its high optical depth at early times:

3

r ( TR " ) ( i } gl g ] _9
102M ) ( lem2g—1 f \D.1e/ ( 1 day |
and the correspondingly long photon diffusion timescale through the ejecta:

R 3Mk B IM k&
AreR  4mevt

taiff = —T =
C
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Radiative Transfer (RT) basics

Radiation can escape when the diffusion timescale is equal to the expansion
timescale, when the lightcurve peaks:

The  corresponding

\().lc/ ( 0.01M 0

i’
s

luminosity 1s:
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Radiative Transfer (RT) basics

Radiation can escape when the diffusion timescale is equal to the expansion
timescale, when the lightcurve peaks:

The  corresponding f ke, O\ /2 ( b\ a2 ( M ) l—a/2
~_ 0.01M,,,

oic)

luminosity 1s:

In these formulas, k is assumed CONSTANT in time and independent from chemical abundances (and,

therefore, independent from the frequency).

HOWEVER, opacity heavily depends on the wavelenghts and evolves with time by reflecting changes

in density and temperature (and, THUS, ionization/excitation states).
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Bolometric curve
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0.01 Msun “Kilonova” model from
Metzger et al. 2010 (their Fig. 4)

o
=

GW170817 counterpart from
Cowperthwaite et al. 2017

We see a power law whenever a large statistical
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the heating rate has “bumps' since it is dominated by a

few nuclei.

Bolometric Luminosity (ergs s

—_

o
s
w

1
Metzger+2010 Time Since Merger (Days)




Finanziato # %  Ministero

’ H QQ ' s s l' d s
dall'Unione europea (- dell'Universita [talladomani
NextGenerationEU %> adellaRicerca D RIPRESA & RESILIENZA

A kilonova lightcurve
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0.01 Msun “Kilonova” model from
Metzger et al. 2010 (their Fig. 4)
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GW170817 counterpart from
Cowperthwaite et al. 2017

We see a power law whenever a large statistical
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ensemble of nuclei is produced (Ye<0.2). For higher Ye,
the heating rate has “bumps' since it is dominated by a
few nuclei.
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Bolometric curve
of at2017gfo

Chemical abundances
come from network
calculations.

But the question is:
how do they interact
with radiation?
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Atomic opacities

Opacity (x,), which i1s proportional to the plasma atomic level
population and to radiative process cross sections, regulates the
energy exchange between radiation and plasma, via multiple
absorption-scattering processes through the radiative transport, and
arises from the blending of millions of atomic line transitions.

Random walk t C

ofphoton | V> NS According to the famous 'drunkard's walk' problem, the
distance a drunk, making random left and right turns, gets
from the lamp post is his typical step size times the square

root of the number of steps he takes: D=d;, . *(N.,.)"".
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Atomic opacities

Opacity (x,), which i1s proportional to the plasma atomic level
population and to radiative process cross sections, regulates the
energy exchange between radiation and plasma, via multiple
absorption-scattering processes through the radiative transport, and
arises from the blending of millions of atomic line transitions.

Random walk t C

ofphoton | V> NS According to the famous 'drunkard's walk' problem, the
distance a drunk, making random left and right turns, gets
from the lamp post is his typical step size times the square

root of the number of steps he takes: D=d;, . *(N.,.)"".

TAKE HOME MESSAGE FOR STUDENTS:
tonight check how many steps you need to return to your room at Waldwirt Hotel!!!
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Number of electrons in the upper and lower states

State wavefunction

Radiative transition data
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Radiative transition data

free-free
l (continuum transition)

ionization edge

Number of electrons in the upper and lower states

bound-free
(continuum transition)

excited level u

A
| I excited level |

bound-bound
(line transition)

ground level




%

e

LS

PP

Finanziato HR Ministero
dall'Unione europea . dell’'Universita
NextGenerationEU ¢ edellaRicerca

. Italiadomani

B PIANO NAZIONALE
DI RIPRESA E RESILIENZA

State wavefunction

Radiative transition data

Number of electrons in the upper and lower states

Free-free transitions

free-free

{ { (continuum transition)

ionization edge

bound-free
(continuum transition)

excited level u

A
| | excited level |

bound-bound
(line transition)

ground level
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State wavefunction

Radiative transition data

Number of electrons in the upper and lower states

Free-free transitions

free-free

\ { (continuum transition)

ionization edge

bound-free
(continuum transition)

excited level u

4
| | excited level

bound-bound
(line transition)

ground level
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Atomic opacities

Kilonova emission is centered in the optical/IR band, as this is the first spectral
window through which the expanding merger ejecta becomes transparent.
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Atomic opacities

Kilonova emission is centered in the optical/IR band, as this is the first spectral
window through which the expanding merger ejecta becomes transparent.

At the lowest frequencies (radio and
far-IR), free-free absorption from
ionized gas dominates (red line). As
the ejecta expands, the free-free
bound—free opacity will decrease rapidly due to
the decreasing density p a t3and the
fewer number of free electrons as the
ejecta cools and recombines.

opacity (cm® g7')

e—scatt

0.1 1 10 100 10° 10* 10° 10% 107
Metzger 2019 photon energy (eV)
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Atomic opacities

Kilonova emission is centered in the optical/IR band, as this is the first spectral

window through which the expanding merger ejecta becomes transparent.

Throughout the far UV and X-ray
bands, bound-free transitions of
the ejecta dominates the opacity
(blue line). This prevents radiation

from escaping the ejecta at these
frequencies.

bound—free

opacity (cm® g7')

e—scatt

0.01 0.1 1 10 100 10° 10* 10° 10% 107
Metzger 2019 photon energy (eV)
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Atomic opacities

Kilonova emission is centered in the optical/IR band, as this is the first spectral
window through which the expanding merger ejecta becomes transparent.

At  near-IR/optical  frequencies
(brown line), the dominant source of
opacity is a dense forest of line
(bound-bound)  transitions.  The
bound—free magnitude of this opacity is
determined by the strengths and
wavelength density of the lines,
which in turn depend sensitively on
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the ejecta composition.
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Lanthanides

* Solar r-process
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Chemical elements contribute to the global opacity
with very different contributions, basing on their
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Chemical elements contribute to the global opacity
with very different contributions, basing on their
electronic configuration and their

In particular, open f-shell elements (lanthanides)
have larger opacities than the elements with other
outermost electron shells.
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The Periodic Table of Elements

LANTHANIDES

ACTINIDES
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- The Periodic Table of Elements

‘ H F 13 14 15 12 ” He

Li | Be H Bl c|IN|o]| F | Ne

3 Na Mg 4 s [} b ] : ] Q0 n 9 Al SI P S CI Ar

el kK [calsel il v ] clmn| re|lcol Nilcul|lzn|Gal|lgel| as| se| B | ke

s | Rb Sr Y Zr Nb | Mo | Tc Ru Rh Pd | Ag | Cd In Sn Sb Te | Xe
55 s7-Nn ﬂ\u\n\ 7% 7 78 9 0 8 L 43 L 3] 12 85 ]

6 | Cs KBa La-Lu| Hf Ta W Re *Os\*h"—PF_Au\\Hgsi Pb Bi Po | At Rn

FF LETTER

LANTHANIDE

Identification of strontium in the merger of two
neutron stars

Darach Watson'*?, Camilla 1. Hansen™*, Jonatan Sclsing"z'*, Andreas Koch?, Danicle B, Malesani®*®%, Anja C. Andersen', Johan P. U,
Fynbo'*, Almudena Arcones®™’, Andreas Bauswein”®, Stefano Covino®, Aniello Grado'”, Kasper E. Heintz'*'", Leslie Hunt'®, Chryssa
Kouveliotou'*'* Giorgos Leloudas'®, Andrew Levan'®"®, Paolo Mazzali'™'®, Elena Pian"" [See end for affiliations]
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The Periodic Table of Elements

: o he
ROYAL ASTRONOMICAL SOCIETY

MNRAS 518, 332-352 (2023) https:/idoiorg/10.1093/mnras/stac3 129
Advance Access publication 2022 November 4

Opacity calculations in four to nine times ionized Pr, Nd, and Pm atoms for
the spectral analysis of kilonovae

H. Carvajal Gallego,' J. Deprince,'? J. C. Berengut,® P. Palmeri “'! and P. Quinet © '4*

! Physique Atomique et Astrophysique, Université de Mons, B-7000 Mons, Belgium

2 Institut d’Asironomie el d’Astrophysique, Université Libre de Bruxelles, B-1050 Brussels, Belgium
3 Sehool r}_f'.r‘.‘l IVSicS, [ ,"m'ller.w'fy :glf' New South Wales, S'ye'!'m.’}' NSW 2052, Australia

“IPNAS, Université de Liége, Sart Tilman, B-4000 Liége, Belgium
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ROVAL ASTRONOMICAL SOCIETY
MNRAS 517, 281-293 (2022) hittps:fidoi.ong10.1093/mnras/stac2401
Advance Access publication 2022 September 1

Theoretical investigation of energy levels and transitions for Pr1v

G. Gaigalas “,'* P. Rynkun “','* S. Banerjee,” M. Tanaka “',>* D. Kato “*> and L. Radziuite *'"
Unstitute of Theoretical Physics and Astronomy, Vilnius University, Sawlétekio Ave, 3, LT-10257 Vilnius, Lithuania

Astromomical Institute, Tohoku University, Sendai 980-8578, Japan

3 Division for the Establishment of Frontier Sciences, Organization for Advanced Studies, Tohoku Univerzity, Sendai 980-8577, Japan
*National Institute for Fusion Science, 322-6 Oroshi-cho, Toki 509-5292 Japaan

\ffllt“ﬁffli'llrlfllirf!\' Graduate School of Engineering Sciences, Kvushu University, Kasuga, Fukuoka 816-8580, Japan
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Arlicle
Relativistic Atomic Structure of Au IV and the Os Isoelectronic
Sequence: Opacity Data for Kilonova Ejecta

Zahra Sadat Taghadomi ', Yier Wan !, Alicia Flowers !, Phillip Stancil !, Brendan McLaughlin ', Steven Bromley 2,
Joan Marler 3, Chad Sosolik * and Stuart Loch >*
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ROYAL ASTRONOMICAL SOCIETY

MNRAS 515, L89-1.93 (2022) https:f/doi.org/10.1093/mnrasl/slac071
Advance Access publication 2022 July 29

Tungsten versus Selenium as a potential source of kilonova nebular
emission observed by Spitzer

Kenta Hotokezaka,'** Masaomi Tanaka “,** Daiji Kato’® and Gediminas Gaigalas’

| Research Center for the Early Universe, Graduate School of Science, The University of Tokyo, Bunkyo, Tokye 113-0033, Japan

2 Kavli IPMU (WPI), UTIAS, The University of Tokye, Kashiwa, Chiba 277-8583, Japan

3 Astronomical Institute, Tohoku University, Sendai 980-8578, Japan

* Division for the Establishment of Frontier Sciences, Organization for Advanced Studies, Tohoku University, Sendai 980-8577, Japan
I National Institute for Fusion Science, 322-0 Orosfu-cho, Toki 509-3292, Japan

& Department of Advanced Energy Engineering Science, Kyushu University, Kasuga, Fukuoka 816-8580, Japan

7 Institute of Theoretical Physics and Asironomy, Vilnius University, Sauléfekio Ave. 3, Vilmius, Lithuania
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oaMNRAS 513, 2302-2325 (2022) hitps:/fdoiorg/10.1093/mnras/stac 1063
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Theoretical approach
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General Relativistic Atomic
Structure Package

Based on

v" Relativistic Multi-Configuration
Dirac-Hartree-Fock (MCDHF)
v" Breit and Quantum ElectroDynamics (QED)
corrections




Theoretical approach

GRASP

General Relativistic Atomic
Structure Package

} Based on

K/ Electron configurations for atomic data\ v" Relativistic Multi-Configuration
v’ Spectroscopic labels Dirac-Hartree-Fock (MCDHF)

v' Atomic data needed for: v" Breit and Quantum ElectroDynamics (QED)
1. Wavelengths of emission lines; corrections

2. E1 and M1 spontaneous emission

\ rates (transition probabilities). /
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Structure Package

K/ Electron configurations for atomic data\

v Spectroscopic labels

v Atomic data needed for:

1. Wavelengths of emission lines;

2. E1 and M1 spontaneous emission
\ rates (transition probabilities).

} Based on

v" Relativistic Multi-Configuration
Dirac-Hartree-Fock (MCDHF)
v" Breit and Quantum ElectroDynamics (QED)
corrections

M. Bezmalinovich PhD Thesis

’ Opacity estimation
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Theoretical approach

GRASP

General Relativistic Atomic
Structure Package

Based on

Besides this, we have to consider the thermodynamic conditions of the
plasma in which these transitions occur.

Thus, it is of outmost importance to address experimental facilities able to

reproduce stellar plasma conditions.

Opacity estimation
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The storage ring approach i1s
based on the investigations of a
single charge state at a time.

Plasma
Plasma chamber

Solenoids

Hexapole

A plasma trap reproduce
stellar-like conditions where
a Charge State Distribution
(CSD) of the 1ons 1s
established.
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Plasmas for Astrophysics Nuclear Decays Observation and Radiation for Archaeometry

PANDORA
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PANDORA

Mascali+2021

2)

)

1) Superconducting Magnetic Plasma Trap:

the plasma i1s generated via the electron
cyclotron resonance (ECR) mechanism,
sustained via microwave, and confined by the
magnetic trap;

HpGe Array: it consists of 14 detectors to
measure the y rays emitted after B-decays;
Plasma Diagnostics System: it consists of
RF, optical and X ray spectrometers allowing
direct correlation of B-decay rate to plasma
density and temperature

It could “add unique research capability” in Astrophysics and Nuclear Astrophysics in laboratory:

1) for the first time, B-decay measurements in plasmas (176Lu, 134Cs, and °*Nb);

2) plasma opacity measurements in conditions similar to kilonovae ejecta.
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Magnetic Coils

Optical fiber -

Collimator/ Collimator/

i Spectrometer
slit slit

Backlighter . . .

The plasma, enriched with a single heavy element, is irradiated with a (white)
calibrated source with an emissivity larger than plasma’s one. Then, by means
of a spectrometer, the spectral characteristics of the chemical elements are
derived.
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Homologous expansion of a fluid

element under adiabatic conditions.

103 102 10~} 10°
Pidatella+ 2021 Time after merger [days]

PANDORA will have a dense and hot
plasma, made of multi-charged ions in a
cloud of energetic electrons, which is
confined in a so-called minimum-B
magnetic profile, and heated by
microwave power, according to the
electron cyclotron resonance (ECR)
mechanism.

O n.:10'9- 10" cm

d T.: few eV

PANDORA plasma parameters fit better the conditions of early-stage kilonova emission,

i.e., between 102 - 1 days after merger.

This early phase of the signal (blue-kilonova emission) has its peak at optical
frequencies, more likely due to the ejecta’s light component featuring a low degree of

opacity.
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PANDORA will have a dense and hot
plasma, made of multi-charged ions in a
cloud of energetic electrons, which is
confined in a so-called minimum-B
magnetic profile, and heated by
microwave power, according to the
electron cyclotron resonance (ECR)
mechanism.

O n.:10'9- 10" cm

d T.: feweV

s2r the conditions of early-stage kilonova emission,
Sroer.
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Main atomic abundances in the astrophysical environment, according to r-process
nucleosynthesis, have been determined to constrain relevant elements for in-
laboratory measurements.

Light r-process elements dominate for
Ye>0.25 (typical value expected for
early-days blue kilonovae).

Following step: determination of the

suitability of plasma species for
experiments basing on their contribution

Log Final abundances at 10%

to opacity.

O
Atomic number Z
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PANDORA and Neutron Stars

First phase of PANDORA: considered elements going from selenium to rhodium as
eligible for the experimental campaign. Thus, single-species self-emitting plasmas
made of Se, Sr, Zr, Nb, Mo, Tc, Ru, and Rh have been considered.

NLTE Planck mean opacity at 1.000000E+12 cm™

Opacity can differ of several orders of

magnitudes:

« ejecta enriched in light r-process elements
have relatively low opacity (k<1 cm g7),
radiating optical light that fades in days;

« heavy r-process elements enlarges the
opacity (k=10 cm g'), with redder light
curves lasting even for weeks.

Se-Sr-Zr-Nb exhibit larger mean opacity at the temperature condition of early-
epochs kilonova (<2-10% K).
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In view of these numerical results, it is useful to
define a mean opacity weighted on abundances
at a given Y,. For Y, 0.25 and T typical of blue-
kilonova emission, selenium plasma as one of
the most favoured for the experiment.

N @

Plasma species
=
=

0.25
Electron fraction Y

3Se orbitals wavefunctions

Selenium

= ¥ i(i?;un':‘:'j X r_,l.. [.H._r.i?_:l )
M. Bezmalinovich
. —— Selenium electron configuration
PhD Thesis _ [Ar] 3d04s4p!

Se ground state
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The PhD course in Astronomy Astrophysics and Space Science [(AASS) — jointly run by University of Rome "Tor
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and Space Sciences, who carry out their research activity in the following reference areas:
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