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Computational simulation has become accepted as a third
mode of discovery, together with theory and experimentation,1 and
atomistic molecular simulation is one of the most widely used tech-
niques in all of scientific computing. It has become standard in
many disciplines, including physics, chemistry, biology, materials
science, and mechanical engineering. Around 40% of supercomput-
ing time is spent on molecular simulation (quantum chemistry and
classical molecular dynamics).2 Recognizing the growing impor-
tance of molecular simulation software, funding agencies across the
globe have invested heavily in computational chemistry software
development.

The prominence of molecular simulation has been made possi-
ble by numerous advances in theoretical chemical physics, many of
which have been published in The Journal of Chemical Physics, and
also by many person-years of effort developing efficient algorithms
and software to implement the theory. In this Special Topic issue
on Electronic Structure Software and an upcoming issue on Clas-
sical Molecular Dynamics Simulations, we celebrate these accom-
plishments and the powerful software tools now available to the
molecular simulation community through a collection of invited and
contributed articles.

For electronic structure computations, there are a surprising
number of available software packages. As pointed out by Aquilante
et al.,3 Wikipedia currently lists almost a hundred quantum chem-
istry program packages4 (many of which are featured in this issue).
With so many choices available, our primary goal for the present
issue was to collect articles presenting the features, strengths, and

limitations of the current programs as a resource to the community.
The articles in this issue succeed admirably in this task, providing
not only an overview of available features but often also demon-
strations of computational speed and scaling to an increasing num-
ber of computer cores. Many of the articles also provide thorough
reviews of the relevant electronic structure theory literature, which
should serve as a helpful introduction to the key theoretical and
algorithmic advances enabling the capabilities and speedups of the
described software. Although not very widely implemented in quan-
tum chemistry software ten years ago,5 rank-reduction techniques
such as density fitting (DF) or resolution of the identity (RI)6–13 and
Cholesky decomposition (CD)14–18 feature prominently in many of
the papers.3,19–39

This Special Topic issue includes papers on several general-
purpose quantum chemistry programs for molecules such as
ACES,40 CFOUR,21 Dalton,23 DIRAC,41 eT ,16 GAMESS,25 Molpro,26

MRCC,28 MOLCAS and OpenMolcas,3 ORCA,31 PSI4,33 and Ter-
aChem.37 General-purpose codes with periodic boundary condition
capabilities to treat condensed-phase systems include ABINIT,42

BDF,43 CP2K,22 MPQC,27 NWChem,29 PYSCF,32 and TUR-
BOMOLE.38 ACE-Molecule,44 BigDFT,45 CONQUEST,46 CRYS-
TAL,47 DFTB+,48 ONETEP,30 QUANTUM ESPRESSO,49 SIESTA,50 and
WIEN2k51 focus on density functional theory computations for con-
densed phases, while CASINO,52 QMCPACK,34 and TURBORVB53

are periodic quantum Monte Carlo codes. Codes aimed at con-
figuration interaction include COLUMBUS54 and GronOR.55 The
NECI code56 enables the union of full configuration interaction
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with quantum Monte Carlo, a union first reported in JCP in
2009.57 Several of the papers describe software focused on rela-
tivistic computations, such as BDF,43 BERTHA,20 DIRAC,41 and
ReSpect.35

This issue also presents several more specialized software
packages. ATOM-MOL-nonBO performs non-Born–Oppenheimer
computations on atoms and small molecules.19 Octopus is a real-
space code meant to model light–matter interactions using gener-
alized time-dependent density functional theory.58 The SAPT codes
described by Garcia, Podeszwa, and Szalewicz36 provide a wide array
of symmetry-adapted perturbation theory methods for the study
of intermolecular interactions, including automation procedures to
aid in the development of new (system-specific) force field mod-
els; the Molpro and PSI4 papers also describe some SAPT capabil-
ities.26,33 TheoDORE provides post-processing analysis of excited
state computations with interfaces to several quantum chemistry
programs.59 VOTCA-XTP allows for the calculation of excited elec-
tronic states using the GW approximation with the Bethe–Salpeter
equation.39

Electronic structure software has been growing more user-
friendly over the years. User friendliness is emphasized in sev-
eral of the papers, such as native Python interfaces in packages
such as ABINIT,42 BERTHA,20 BigDFT,45 Dalton Project,23 Mol-
pro,26 MPQC,27 NWChem,29 OpenMolcas,3 PSI4,33 PYSCF,32 QMC-
PACK,34 QUANTUM ESPRESSO,49 SIESTA,50 TeraChem,37

TheoDORE,59 and TURBORVB53 and the graphical user interfaces
mentioned in, e.g., the ACES,40 Molpro,26 ORCA,31 and WIEN2k51

papers.
Facilitating their use by the community, the

majority of the software described in this issue is
either open-source,3,16,22,23,27,29,32–34,39,42,44–46,48–50,55,56,58,59

free,19,25,35,36,40,41,43,53,54 or free for academic and/or non-commercial
use.21,28,31,52

We hope that the collection will help introduce readers to the
capabilities now available and help them find the right tools for their
research problems.

We also hope that this Special Topic issue is helpful for
software developers. Anyone who has written electronic structure
software understands that it is an intellectually challenging and
labor-intensive task. Many electronic structure methods are quite
complex, and they may require special techniques to make the com-
putations numerically stable. Computations are generally very time-
consuming, and thus, software authors must think carefully about
their algorithms and how to optimize their code. The evolution of
computing hardware makes writing computational chemistry soft-
ware even more challenging: processors feature an increasing num-
ber of compute cores, individual researchers and computing cen-
ters are making greater use of graphics processing units (GPUs),
and supercomputing centers are deploying machines with increas-
ing numbers of nodes. Adapting complex software to take advan-
tage of these changes is a daunting task. Several of the articles in
this issue discuss software design strategies,23,25,27,29,32,33,37,40,44,45,48–50

which are becoming increasingly important for large software pack-
ages. Numerical techniques utilized in implementing the software
are also discussed in some detail (e.g., Refs. 22, 44–46, 52, 56,
and 58). Numerical details are often not documented in the liter-
ature, and we hope that these papers are useful to the community
in sharing best practices and in assisting reproducibility. Many of

the packages feature distributed parallel capabilities, and several
articles provide an extended discussion on their parallelization
strategies (e.g., Refs. 20, 22, 25, 27, 29, 30, 32, 38, 40, 45, 48–50,
52, 55, and 56). The TeraChem package described here37 was the
first electronic structure package written from the ground up for
GPUs, and several additional articles in this collection discuss
GPU capabilities and strategies for effective implementation on
GPUs.20,22,25,27,29,34,39,40,44,45,48,49,55,58

One strategy to deal with the growing complexity of electronic
structure software is to move away from monolithic, stand-alone
program packages and toward reusable software components that
can be combined in various ways. Efforts to help create or utilize a
“software ecosystem” of components are described by the ABINIT,42

ACE-Molecule,44 BigDFT,45 Dalton Project,23 eT ,16 GAMESS,25

GronOR,55 MPQC,27 NECI,56 NWChem,29 [Open]Molcas,3 PSI4,33

PYSCF,32 SIESTA,50 and WIEN2k51 teams, as well as the team behind
the CECAM electronic structure library.60

The many excellent software papers in this Special Topic issue
have convinced the editors to welcome submissions of software-
focused papers to regular issues of The Journal of Chemical Physics.
Submissions should describe software that will be of significant
interest to the chemical physics community. They should present
readers with a clear understanding of the features of the software,
its scope of applicability, and any relevant limitations. Demonstra-
tions of computational performance and discussions placing the
software in the context of other available options are welcome. To
aid the community in future software development, discussions of
software design and algorithms are also welcome. To aid in repro-
ducibility, a discussion of numerical implementation details is also
encouraged.

The editors of this Special Topic issue thank all the authors who
contributed and the staff who assisted.
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Q. Wu, C. Yang, Q. Yu, M. Zacharias, Z. Zhang, Y. Zhao, and R. J. Harrison,
J. Chem. Phys. 152, 184102 (2020).
30J. C. A. Prentice, J. Aarons, J. C. Womack, A. E. A. Allen, L. Andrinopoulos,
L. Anton, R. A. Bell, A. Bhandari, G. A. Bramley, R. J. Charlton, R. J. Clements,

D. J. Cole, G. Constantinescu, F. Corsetti, S. M. Dubois, K. K. B. Duff, J. M.
Escartín, A. Greco, Q. Hill, L. P. Lee, E. Linscott, D. D. O’Regan, M. J. S. Phipps,
L. E. Ratcliff, Á. R. Serrano, E. W. Tait, G. Teobaldi, V. Vitale, N. Yeung, T. J.
Zuehlsdorff, J. Dziedzic, P. D. Haynes, N. D. M. Hine, A. A. Mostofi, M. C. Payne,
and C. Skylaris, J. Chem. Phys. 152, 174111 (2020).
31F. Neese, F. Wennmohs, U. Becker, and C. Riplinger, J. Chem. Phys. 152, 224108
(2020).
32Q. Sun, X. Zhang, S. Banerjee, P. Bao, M. Barbry, N. S. Blunt, N. A. Bogdanov,
G. H. Booth, J. Chen, Z.-H. Cui, J. J. Eriksen, Y. Gao, S. Guo, J. Hermann, M. R.
Hermes, K. Koh, P. Koval, S. Lehtola, Z. Li, J. Liu, N. Mardirossian, J. D. McClain,
M. Motta, B. Mussard, H. Q. Pham, A. Pulkin, W. Purwanto, P. J. Robinson,
E. Ronca, E. R. Sayfutyarova, M. Scheurer, H. F. Schurkus, J. E. T. Smith, C. Sun,
S.-N. Sun, S. Upadhyay, L. K. Wagner, X. Wang, A. White, J. D. Whitfield, M. J.
Williamson, S. Wouters, J. Yang, J. M. Yu, T. Zhu, T. C. Berkelbach, S. Sharma,
A. Y. Sokolov, and G. K.-L. Chan, J. Chem. Phys. 153, 024109 (2020).
33D. G. A. Smith, L. A. Burns, A. C. Simmonett, R. M. Parrish, M. C. Schieber,
R. Galvelis, P. Kraus, H. Kruse, R. Di Remigio, A. Alenaizan, A. M. James,
S. Lehtola, J. P. Misiewicz, M. Scheurer, R. A. Shaw, J. B. Schriber, Y. Xie, Z. L.
Glick, D. A. Sirianni, J. S. O’Brien, J. M. Waldrop, A. Kumar, E. G. Hohenstein,
B. P. Pritchard, B. R. Brooks, H. F. Schaefer, A. Y. Sokolov, K. Patkowski, A. E.
DePrince, U. Bozkaya, R. A. King, F. A. Evangelista, J. M. Turney, T. D. Crawford,
and C. D. Sherrill, J. Chem. Phys. 152, 184108 (2020).
34P. R. C. Kent, A. Annaberdiyev, A. Benali, M. C. Bennett, E. J. L. Borda, P. Doak,
H. Hao, K. D. Jordan, J. T. Krogel, I. Kylänpää, J. Lee, Y. Luo, F. D. Malone, C. A.
Melton, L. Mitas, M. A. Morales, E. Neuscamman, F. A. Reboredo, B. Rubenstein,
K. Saritas, S. Upadhyay, G. Wang, S. Zhang, and L. Zhao, J. Chem. Phys. 152,
174105 (2020).
35M. Repisky, S. Komorovsky, M. Kadek, L. Konecny, U. Ekström, E. Malkin,
M. Kaupp, K. Ruud, O. L. Malkina, and V. G. Malkin, J. Chem. Phys. 152, 184101
(2020).
36J. Garcia, R. Podeszwa, and K. Szalewicz, J. Chem. Phys. 152, 184109 (2020).
37S. Seritan, C. Bannwarth, B. S. Fales, E. G. Hohenstein, S. I. L. Kokkila-
Schumacher, N. Luehr, J. W. Snyder, C. Song, A. V. Titov, I. S. Ufimtsev, and
T. J. Martínez, J. Chem. Phys. 152, 224110 (2020).
38S. G. Balasubramani, G. P. Chen, S. Coriani, M. Diedenhofen, M. S. Frank, Y. J.
Franzke, F. Furche, R. Grotjahn, M. E. Harding, C. Hättig, A. Hellweg, B. Helmich-
Paris, C. Holzer, U. Huniar, M. Kaupp, A. M. Khah, S. K. Khani, T. Müller,
F. Mack, B. D. Nguyen, S. M. Parker, E. Perlt, D. Rappoport, K. Reiter, S. Roy,
M. Rückert, G. Schmitz, M. Sierka, E. Tapavicza, D. P. Tew, C. van Wüllen, V. K.
Voora, F. Weigend, A. Wodyński, and J. M. Yu, J. Chem. Phys. 152, 184107 (2020).
39G. Tirimbò, V. Sundaram, O. Çaylak, W. Scharpach, J. Sijen, C. Junghans,
J. Brown, F. Z. Ruiz, N. Renaud, J. Wehner, and B. Baumeier, J. Chem. Phys. 152,
114103 (2020).
40A. Perera, R. J. Bartlett, B. A. Sanders, V. F. Lotrich, and J. N. Byrd, J. Chem.
Phys. 152, 184105 (2020).
41T. Saue, R. Bast, A. S. P. Gomes, H. J. A. Jensen, L. Visscher, I. A. Aucar, R. R. Di,
K. G. Dyall, E. Eliav, E. Fasshauer, T. Fleig, L. Halbert, E. D. Hedegård, B. Helmich-
Paris, M. Iliaš, C. R. Jacob, S. Knecht, J. K. Laerdahl, M. L. Vidal, M. K. Nayak,
M. Olejniczak, J. M. H. Olsen, M. Pernpointner, B. Senjean, A. Shee, A. Sunaga,
and J. N. P. van Stralen, J. Chem. Phys. 152, 204104 (2020).
42A. H. Romero, D. C. Allan, B. Amadon, G. Antonius, T. Applencourt, L. Baguet,
J. Bieder, F. Bottin, J. Bouchet, E. Bousquet, F. Bruneval, G. Brunin, D. Caliste,
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