Beyond Born- C . .
Oppenheimer D Tampere University
Physics of
Solids

Ville Harkénen

Beyond Born-Oppenheimer Physics of Solids

Ville J. Harkonen

Computational Physics Laboratory, Tampere University, P.O. Box 692, FI-33014 Tampere, Finland
Helsinki Institute of Physics, P.O. Box 64, FI-00014 Helsinki, Finland
ville.j.harkonen®tuni.fi.

August 25, 2026




Beyond Born-
Oppenheimer
Physics of
Solids

Ville Harkénen

Background

CD Tampere University

Many-Body Theory Group

® Doctoral researchers: Gentrit Zenuni, 1-2 to be hired 8/2026; Msc student
Emin Besic; Bsc students: Joonas Falt, Justus Korhonen.

¢ Collaborators: E. K. U. Gross (Hebrew University of Jerusalem), Patrick
Rinke (Technical University of Munich), Ivan Gonoskov (Friedrich Schiller
University Jena), Simo Huotari (Helsinki University, if measurements
necessary), Matthew Krzystyniak (Vesuvio, neutron scattering experiments),
Jouko Nieminen (in house).

* Home page of the group: https://research.tuni.fi/mbt/.


https://research.tuni.fi/mbt/

Quantum Mechanical Coulomb Problem of Electrons and Nuclei
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Background

® Major success in the description of atoms, molecules, solids.
e Essentially always approximations for molecules and solids.
® Born-Oppenheimer approximation very central, always assumed for solids.




BO Breakdown, Problems and Systems of Interest!
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® Experiments suggest BO breakdown in LiH, no L 25 \\ o an
Background . . . .04 A\ ok
seeren beyond-BO studies exist for solids, quantum 00 T \ e
mechanical nuclei within BO leave a discrepancy. sl |
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® High-T,. hydride superconductors show large R
unexplained gap in 7, between experiment and ® wo
theory.
® QOpen question on the existence of solid hydrogen,
2.0

solids of light elements in general.
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'D Tampere University Overview
Coulomb Interaction
[ H=Te+Tn+ Vee + Ven + Van
Schrédinger Equation / Exact Factorization® Green’s Functions and E-N QFT*
Heg (r) = ¢ (R) PR (v) G(1,2) == T{$ () @} )
HU (R,r) = EY (R, 1)
Hox (R) = Ex (R) G = Go+ Go=G
PSS | . 5
BO Approximation / Gre(‘n’s Functlons Exa(‘t Factoriz. of Green’s Functions®
Hpo®r (r) = epo (R) Pr (v)) (GRC (1 ( = )it (2 [PR) "
R SN e Gr (1,2) = =i @r| T {$ (1) 9! @)} |Br)
thx(R)=Ex(R) = GBC + GBOoxBoG
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How?

¢ Beyond Born-Oppenheimer Python (BboPy). ...

e (Can systematically compute quantities like o
electron density and structure factors ab
initiol. Aim G = Go + GoXG...

® Will be made open source.

V. J. Harkénen. J. Phys.: Condens. Matter 38.4 (2026),
p. 045501
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Physics of

Solids ¢ Objective 1: Study of beyond-BO electron density (WP1, planned
Ville Harksnen 1/2026-12/2027). BboPy development going well, some set backs.

¢ Objective 2: First beyond-BO electronic G and band structures (WP2,
S planned 7/2026-7,/2028).

® Objective 3: First beyond-BO theory of superconductivity and its
implementation (WP3, planned 1/2026-). Depends on Objectives 1 and 2.

* Objective 4: Development of (Pauli-Fierz3) QFT/GFT#® with photons

(WP4, planned 1/2027-). [Head start.|

® Objective 5: Use of our theoretical tools to study gravity>:® (WP5, planned

7/2027-). _
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Thank You!

The End
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