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Malmö group for Atomic Astrophysics

I Henrik Hartman

I Jörgen Ekman

I Stefan Gustafsson

I Hampus Nilsson

I Wenxian Li (Post-Doc)

I Kai Wang (former Post-Doc)

I Betul Atalay (former Post-Doc)

I Madeleine Burheim (PhD student)

I Asimina Papoulia (PhD student)

I Sacha Schiffmann (PhD student)
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Computational Atomic Structure Group (COMPAS).
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COMPAS - people

I Charlotte Froese Fischer

I Ian Grant

I Michel Godefroid

I Gediminas Gaigalas

I Tomas Brage

I Jacek Bieron

I Jon Grumer (former PhD)

I Many more
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COMPAS - aim and activities

I Provide open source multiconfiguration codes for atomic
bound state properties

I Improve computational methodologies to meet the
requirements in different applications

I Collect and exchange knowledge in atomic structure
calculations

I Lab astrophysics part – knowledge exchange

I Educate new generation of scientists

I Collaboration to attract funding
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Outline of the talk

I Michel, a hommage

I Multiconfiguration methods and codes

I Atomic structure calculations - science goals

I What have we done and what did we learn?

I New developments: PCFI calculations

Per Jönsson Department of Materials Science and Applied Mathematics Malmö University, SwedenAtomic Structure Calculations New developments in relativistic multiconfiguration methods



Working with Michel since 1993 - a great pleasure
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Working with Michel - first paper
Code development: F-dependent CI program
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Working with Michel - science should be fun!
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Michel Honorary Doctor at Malmö University
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Michel as a code developer - Seven programs with Michel
as an author in Computer Physics Communications
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Michel as a code developer

’A limited amount of non-orthogonality is allowed between orbitals
of the initial and final state’
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Michel as a code developer

’For transition probabilities the orbitals of the initial and final state
need not be orthogonal. A bi-orthogonal transformation is used for
the evaluation of matrix elements in such cases.’
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Michel as a code developer

Includes an accurate and general formalism for the electron-nucleus
interaction (J. Ekman)
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Fundamentals: wave equation

I State in N-electron atom described by a wave function
Ψ(q1, . . . ,qN)

I Wave function solution to the wave equation

HΨ(q1, . . . ,qN) = EΨ(q1, . . . ,qN)

I Differential operator H depends on the underlying quantum
mechanical formalism. E total energy of the system.
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Formalisms

I Non-relativistic

I Breit-Pauli terms added as perturbations

I Fully relativistic

I Transverse Breit interaction and QED effects added as
perturbations.
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Difficulties

I Dimensionality: 30 electrons, represent the wave function on a
grid with 10 points per dimension, total 1090 grid points!

Product representation needed

I Singularities
N∑
i<j

1

|ri − rj |

Wave function has cusps (nightmare)

I QED is not fully developed
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Variational multiconfiguration methods

Multiconfiguration Hartree-Fock + Breit Pauli (MCHF-BP)

Multiconfiguration Dirac-Hartree-Fock (MCDHF)

I Expand in many-electron basis functions (CSFs) Φ(γiJMJ)

Ψ(γJMJ) =
∑
i

ciΦ(γiJMJ)

I CSFs symmetry adapted, anti-symmetrized products of
one-electron orbitals. Radial part represented on a grid.

I Radial orbitals fulfill the orthogonality condition∫ ∞
0

P(nl ; r)P(n′l ; r) dr = δ(n, n′)
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Numerical solution

I Energy functional: radial integrals × angular coefficients ×
weighted product of expansion coefficients of CSFs for
targeted states + terms for orthonormality

I Apply variational principle

I Eigenvalue problem for coefficients

Hc = Ec

where Hij = 〈Φ(γiJMJ)|H|Φ(γjJMJ)〉
I Coupled integro differential equations for the radial orbitals

I Eigenvalue problem and differential equations solved
iteratively until convergence
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Properties as expectation values

Transition rates, HFS, IS parametes etc.

I Transformations of wave functions to bi-orthonormal orbital
basis

I Radial integrals × angular coefficients × product of expansion
coefficients of CSFs
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Open source multiconfiguration codes

ATSP2K (Fischer, Tachiev, Gaigalas, Godefroid)
Multiconfiguration Hartree-Fock-Breit Pauli (MCHF-BP)

GRASP2018 (Fischer, Gaigalas, Jönsson, Bieron)
Multiconfiguration Dirac-Hartree-Fock (MCDHF)

I Bound state properties: transition energies, rates etc

I Broadening: HFS, IS, Landé-gJ , external fields

I MPI for supercomputing

I Perturbative corrections, non-orthogonal orbital sets

I Open source – users can modify and add modules

I Extensive documentation to ensure correct operation
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Systematic calculations

I Use a model to construct basis functions from orbitals:
target different electron correlation effects; VV, CV CC.

I Within a model: more orbitals give more basis functions

I Relax model: include more electron correlation effects

I Everything comes with a prize – large expansions

I Accurate results – supercomputing
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Shortcuts - Brillouin-Wigner perturbation theory

Construct only part of the matrix

{Φ(γ1J), . . . ,Φ(γMJ)︸ ︷︷ ︸
zero-order, dim M

,Φ(γM+1J), . . . ,Φ(γM+NJ)︸ ︷︷ ︸
first-order, dim N

}

M N
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Atomic structure calculations

Science Part
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Atomic structure – Lab astrophysics

’Lab spectroscopy has long lagged behind telescope observations,
but it is striking just how wide the gap has now grown’

Editorial, Nature, 503, 437 (2013)
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Oscillator strengths neutral and near neutral systems

Oscillator strengths are extremely difficult to measure

Gold standard for oscillator strengths gf includes two steps:

I Lifetimes with time-resolved laser spectroscopy (LIF)

I Branching fractions (BF) with spectrometer (FTS)
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LIF measurements

Setup in Lund, Sweden (courtesy Hans Lundberg)

Per Jönsson Department of Materials Science and Applied Mathematics Malmö University, SwedenAtomic Structure Calculations New developments in relativistic multiconfiguration methods



LIF and BF for oscillator strengths

Lifetime of upper state together with branching fractions from FTS
give the oscillator strengths of individual transitions
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LIF and BF – weaknesses

I Limitations on the ions and the transitions for LIF

I Uncertainties in lifetimes due to plasma effects

I Uncertainties in BF due to calibration of spectrometer

I Uncertainties of oscillator strengths at best 5 – 10 %

I Very few labs left that perform LIF measurements!

I Future: calculated lifetimes and experimental BF

I Good compromise.
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Accurate oscillator strengths in Si I and Si II

I LIF and BF measurements (e.g. Hartman’s talk)

I Calculations;
Si I, 20 ×106 CSFs
Si II, 12 ×106 CSFs
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Si I comparison experiment and theory
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Not all atomic data are good, Si II (’silicon disaster’)
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Current status

Work by:
Asli Pehlivan, Asimina Papoulia, Madeleine Burheim, Betul Atalay

I Measurements/calculations done for Mg I, Al I-II, Si I-IV

I Very good agreement between theory and experiment

I Hfs also measured and analyzed

I Valuable validation!
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Hinode, X-ray telescope
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Hinode, science goals

I Understand how energy generated by magnetic-field changes
in the lower solar atmosphere (photosphere) is transmitted to
the upper solar atmosphere (corona),

I Understand how that energy influences the dynamics and
structure of that upper atmosphere, and

I Determine how the energy transfer and atmospheric dynamics
affects the interplanetary-space environment.

I Atomic data for magnetic field determination, Zeeman
induced transitions (compare Tomas Brage)

I Atomic data for plasma modeling

I Atomic data for line identification
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Current status, highly charged ions

I MCDHF/RCI do very well for highly ionized systems

I Be- to Cl-like ions of Cr, Fe, Ni etc

I Hundreds of states for each ion

I Computed λ with uncertainties 1 mÅ for line identification

I MCDHF/RCI data validated against RMBPT (Kai Wang)

I New concept ’calculations with spectroscopic accuracy’
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Systematic MCDHF calculations for Mg-like Fe

Excitation energies from 158 lowest states in Fe-like Mg.

Tabell : Number of basis functions and accuracy for different models

VV VV+CV VV+CV+CC

even states 2 738 644 342 5 624 158

odd states 2 728 630 502 6 214 393

uncertainty 0.217% 0.051% 0.023%
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Energy uncertainties for different computational models -
detection of miss assignments
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Calculations for Fe XIV
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Calculations for Fe XIV

I 360 states, 5 000 000 CSFs

I Uncertainties in excitation energies 0.02% and 0.05%

I Nail miss identifications and confirm tentative identifications

I Internally validated transition rates
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Calculations for Fe XIV
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Calculations for Fe XIV, miss identifications and tentative
assignments
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Calculations with spectroscopic accuracy - review

I Ion coverage Be-like to Cl-like

I Spectroscopic accuracy - a number of miss identifications
found, tentative identifications confirmed

I Much work by Kai Wang
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Gaia ESO survey
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Gaia ESO survey, science goals

science goals
www.gaia-eso.eu/sites/default/files/messenger-no147-25-31.pdf

I Abundance determination for 10 million stars

I Abundances accurate down to 1%

I Na, Mg, Si, Ca, Ti, V, Cr, Mn, Fe, Co, Sr, Zr, Ba

I Chemical similarities

I Atomic transition data and broadening data

I Atomic data for Rydberg states for 3D non-LTE modeling
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Current status

I Measurements and calculations planned for Ca, Ti II
(Wenxian Li)

I Accurate calculations for many of the remaining elements
extremely challenging.

I Semi-empirical tuning necessary, orthogonal operators?
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Nuclear physics, science goal

Combine computed electronic quantities with of measured HFS
and IS for isotopic chains (ISOLDE) to extract nuclear parameters
Our financing: Swedish Science Council

I Heavy and superheavy neutral elements

I IS - cancellation effects: very accurate wave functions needed

I HFS - oscillations in computed A and B constants as a
function of the increasing orbital set

I Correlation deep down in the atomic core
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Current status

I Proper relativistic IS operators (RIS4)

I Refined treatment of electron-nucleus interaction, general
nuclear models, deformations etc (RIS4)

I Hyperfine anomalies, variety of nuclear magnetization models

I Natural orbitals transformation

I Small system, we do really well (+)

I Large system, challenging but possible, Q for many ions

I Orbital set needs to be further extended to obtain well
converged electronic quantities (-)

I Size of CSF expansion grows too fast to include core-core
correlation effects deep down (-)
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Atomic structure calculations

Science Part - what have we learnt?
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MCDHF/RCI limitations and bottle necks

I Hard to extend Hamiltonian matrix size much more than a
few million CSFs per symmetry block (CPU requirement and
memory)

I Computed properties sometimes not fully converged with
respect to the orbital basis

I Computational models can often not be extended to include
CC correlation

I Sometimes oscillatory behavior with respect to the increasing
orbital basis

I Energy shifts in strongly interacting systems due to unbalances

I No way to a priori condense a CSF list
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Hard cases

I Complex shell structures (open f -shells), basis expansions
blow up as a function of the orbital set

I Dense level structures problematic in general

I Neutral systems are harder than a few times ionized systems
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Atomic structure calculations

Ways forward?
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Non-orthonormal orbital sets
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Non-orthonormal orbital sets

Test case for the paper

1s22s22p 2Po − 1s22s2p2 2D in B I

I 2s, and 2p orbitals of the two configurations are very different

I We want to perform separate calculations for the two states.

I Problem: how to compute the transition rates? Racha algebra
requires one orthonormal orbital set.

I Solution: transform wave functions so that the orbital basis
becomes biorthonormal
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Non-orthonormal orbital sets

l and r built from different orbital sets

Ψl =

Nl∑
i=1

c li Φ
l
i and Ψr =

Nr∑
i=1

c ri Φr
i

Transform l and r orbital sets to become biorthonormal, counter
transform expansion weights (representation change)

Ψl ≡
Nl∑
i=1

c̃ l
i Φ̃

l
i and Ψr ≡

Nr∑
i=1

c̃ r
i Φ̃r

i .

Counter transformation distributes weights of one CSF onto other
CSFs (small subset) according to Malmqvists algorithm

Racah algebra can be used for new representation.
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Partitioned Correlation Function Interaction (PCFI)
Michel is taking the picture.
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Partitioned Correlation Function Interaction (PCFI)

I Based on the transformation we have tools to construct any
matrix element, including Hamiltonian, between individual
CSFs or groups of CSFs built on different orbital basis.

I Much faster than other methods (Löwdins co-factor method)
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Partitioned correlation function interaction (PCFI)
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Partitioned correlation function interaction (PCFI)

I Main CSFs build the zero-order wave function.
I Remaining CSFs describe corrections; divide CSFs into groups

each describing different corrections, e.g. VV, CV, CC
I Each group has it’s own orbital sets and is optimized

independently (divide and conquer)
I We can expand the wave function in all the CSFs, but with

the difference that CSFs have different orbital sets depending
on the group. Full size CI problem.

I We can merge the CSFs in a group to form a so called PCFs
(super CSFs), leading to a low dimensional CI problem.

Per Jönsson Department of Materials Science and Applied Mathematics Malmö University, SwedenAtomic Structure Calculations New developments in relativistic multiconfiguration methods



Partitioned correlation function interaction (PCFI)

I Full MCHF-BP PCFI program available, with manual
I Racah algebra can not be used for matrix elements (-)
I Biorthonormal transformation needed for matrix elements (-)
I Original MCHF-BP implementation very slow (-)
I Now tools to make the transformation very efficient and fast
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Optimally localized orbital sets in 1s22s2 1S in Be
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One orbital set vs many orbital sets

One orbital set (inefficient)

I MR (spectroscopic orbitals)
I Correlation must be built outside in
I VV, most important differential effect
I VV+CV, second most important effect
I VV+CV+CC, last

Many non-orthogonal orbital sets (good)

I MR (spectroscopic orbitals)
I VV, CV, CC separated, with different orbital sets
I Calculations for VV, CV, CC decoupled
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Results for 1s22s2 1S in Be

Tabell : |1s22s2 1S〉, |1s22p2 1S〉, |ΛVV 〉︸ ︷︷ ︸
200 CSFs

, |ΛCV 〉︸ ︷︷ ︸
900 CSFs

, |ΛCC 〉︸ ︷︷ ︸
1000 CSFs

Energies are compared with CAS-MCHF results based on a single
orthonormal orbital set.

n ≤ E5×5 ECAS−MCHF

4 −14.660 679 48 −14.661 403 17
5 −14.665 553 46 −14.664 839 93
6 −14.666 582 83 −14.666 067 32
7 −14.666 905 87 −14.666 541 14
8 −14.667 047 86 −14.666 857 41
9 −14.667 122 76 −14.667 012 75

10 −14.667 168 08 −14.667 114 20

I CAS-MCHF 650 000 CSFs, days on a super computer cluster
I Optimally localized orbital sets, a few hours on a PC.
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Advantages and disadvantages

I Basis is quite small (+)
I PCFs with optimally localized orbitals efficient in capturing

correlation effects (compact representation) (+)
I Small basis, little time needed for biorthonormal

transformation (+)

I Loosing the variational freedom that comes with the
expansion coefficients of the basis; constraining effect (-)

I We can deconstrain
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Excitation energies
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Excitation energies

Excitation energies for 2s22p 2P0
3/2 − 2s2p2 4P5/2 in C II
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HFS for 5d96s2 2D3/2,5/2 in Au I
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Oscillations, one orbital set
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HFS: one orbital set vs many orbital sets

One orbital set (inefficient)

I MR (spectroscopic orbitals)
I If VV+CV or VV+CV+CC; large oscillations with respect to

increasing orbital set

Many non-orthonormal orbital sets (good)

I MR (spectroscopic orbitals)
I VV, CV, CC, SP, OP, separated, with different orbital sets
I Calculations for VV, CV, CC, SP, OP decoupled
I Oscillations with respect to increasing orbital set damped out
→ allows for basis extrapolation
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HFS for 1s22p 2P in Li I
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A fast PCFI method for GRASP

In progress.
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Thank you for your attention
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