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ABSTRACT

The e’ program is an open-source electronic structure program with an emphasis on performance and modularity. As its name suggests,
the program features extensive coupled cluster capabilities, performing well compared to other electronic structure programs and, in some
cases, outperforming commercial alternatives. However, e’ is more than a coupled cluster program; other models based on wave function
theory (such as full and reduced-space configuration interaction and a variety of self-consistent field models) and density functional theory
are supported. The second major release of the program, e’ 2.0, has specialized functionality for strong light-matter coupling conditions.
In addition, it includes a wide range of optimizations and algorithmic improvements, as well as new capabilities for exploring potential
energy surfaces and for modeling experiments in the ultraviolet and X-ray regimes. Molecular gradients are now available at the coupled
cluster level, and high-accuracy spectroscopic simulations are available at reduced computational cost within the multilevel coupled cluster
and multiscale frameworks. We present the modifications to the program since its first major release, ¢’ 1.0, highlighting some notable
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new features and demonstrating the performance of the new version relative to the first release and to other established electronic structure

programs.

© 2026 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0309334

I. INTRODUCTION

Research in electronic structure theory relies on efficient, reli-
able, and maintainable software. Over the past six decades, a large
number of programs have emerged to address this need, some focus-
ing on specific electronic structure methods and others adopting a
broad and ambitious scope; see for instance Refs. 1-21. A massive
amount of work has been invested in the development of these pro-
grams. In many cases, what may seem like simple calculations (e.g.,
evaluating some molecular property such as the dipole moment)
often depend on thousands of lines of code. This can make extend-
ing the software a daunting and time-consuming task, emphasizing
the need for adherence to best practices in software development.

To remain useful, software must also continually adapt to new
computing paradigms to follow the evolution of computer hard-
ware and architecture. Perhaps the most important shift in recent
years has been from serial to parallel programming, where high
performance gains are achieved by exploiting the large number of
central processing unit (CPU) cores in modern computers, and
more recently toward accelerator-based, heterogeneous architec-
tures. This shift is reshaping high-performance computing (HPC)
facilities around the world, driven to a large extent by developments
in artificial intelligence and machine learning. Adapting (or rewrit-
ing) software to accommodate new hardware paradigms, such as
a transition from single-node CPU algorithms toward multi-node
CPU (with shared or distributed memory) or graphical processing
unit (GPU) algorithms, is central to the productivity of the field of
quantum chemistry.”

The size of electronic structure programs, combined with
developments in hardware, highlights the need for code bases that
are easily adaptable. This fact has led some to argue that electronic
structure software requires commercialization to meet the need for
software expertise and maintenance.”’ Others have emphasized the
importance of open-source software’* and the broad adoption of
software best practices to minimize the technical debt (and thus the
time taken away from research) that results from poorly written and
poorly maintained code bases.””

The present work is in line with the latter perspective. The e’
program is an open-source electronic structure program under the
GNU General Public License v3.0 (GPLv3) with a developer com-
munity that places emphasis on code quality, rigorous testing, and
maintainability, reflecting our belief that, under these conditions,
large code bases can be developed and successfully managed by the
scientific community. While initially focusing on coupled cluster
methods, e” is today a full-fledged electronic structure program with
a wide variety of features.

The e’ program is an object-oriented code, primarily writ-
ten in Fortran 2018. The code is especially optimized for modern
CPU nodes with fast (shared) memory and input/output (I/O),
parallelized through OpenMP and extensive use of the BLAS and
LAPACK libraries. e’ 2.0 can be used on Unix-based operating

systems (macOS and Linux). We support modern versions of the
GNU compilers (10.4 or newer) and Intel compilers (ifx, icx, and
icpx 2024.0 or newer). Installation instructions for the program
and dependencies are provided in the README.md file, and repro-
ducible installation recipes for both GNU and Intel compilers
are available as public Dockerfiles.”> The code is hosted on Git-
Lab (www.gitlab.com/eT-program/eT) and publicly developed, with
both code review and a development version of the code available to
the public, in addition to the latest stable release. The user manual,
along with news about the community, is available on the website
(www.etprogram.org). The e’ community is, therefore, fully open to
collaboration and committed to transparency.

In this paper, we present the second major release of the
program, e’ 2.0, highlight the improved performance of the pro-
gram compared to its first release, and showcase several significant
features.

Il. PROGRAM STRUCTURE AND FEATURES

The e’ 2.0 program offers a wide range of features for electronic
structure calculations. Its structure reflects the subtasks involved in
such calculations, with dedicated modules (more precisely, classes in
object-oriented terminology) with distinct and well-defined respon-
sibilities. High-level examples include the classes referred to as
engines (which drive calculations by invoking a sequence of tasks),
solvers (which solve model equations), and wave functions (which
implement the particular model equations). This modular structure
makes it easy to extend the program and reuse existing code when
designing new features. It also facilitates interfacing with other codes
that may invoke high-level modules to obtain the desired electronic
structure information (see, e.g., Ref. 26).

Compared with its first release,”’ the new version of e’ includes
various algorithmic improvements, in addition to extensions in
terms of which areas of chemistry can be explored. In particular,
it has been shown that molecular properties can be manipulated
by placing molecules between closely spaced mirrors, resulting in
a strong coupling of electrons and photons. These situations are
described through cavity quantum electrodynamics (QED) meth-
ods, which incorporate the coupling of the electronic structure to
one or several photonic modes. The e’ program now provides ener-
gies at both mean-field and correlated levels of theory for investigat-
ing such strong-coupling chemistry.” ** The QED functionality has
also been extended to use plasmonic modes’*® that are calculated
separately for the nanostructure and imported into the e’ program.
This enables the study of strong coupling between localized surface
plasmons and molecules.

The new version also enables a broader set of applications in
the areas of spectroscopy and photochemistry. For example, ground-
and excited-state equilibrium geometries, as well as vibrational fre-
quencies, calculated using analytical nuclear gradients, can now
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be efficiently determined at the Hartree-Fock (HF) and coupled
cluster singles and doubles (CCSD) (ground and excited states)’”
levels of theory. Furthermore, molecular gradients at the QED-HF
level” are also available. Hence, the program can be used to
explore new regions of the potential energy landscapes, as well as for
ground- and excited-state Born-Oppenheimer molecular dynamics
calculations.””*’

The new version enables fast simulation of absorption spec-
tra with coupled cluster theory. These features have also been
extended in new directions, such as the determination of triplet
states and improved support for multilevel coupled cluster calcu-
lations. In e’ 2.0, excitation energies and transition moments can
also be computed with time-dependent Hartree-Fock (TDHF) the-
ory. The time-dependent coupled cluster (TDCC)*' method has
been extended with the time-dependent equation-of-motion cou-
pled cluster (TD-EOM-CC) technique,’"** further extending the
program’s capabilities of simulating electron dynamics with explicit
pulses.

e 2.0 also has extended support for other established electronic
structure models. The full configuration interaction (FCI) model,
both in a full or in an active orbital space, has been added to the
program. Within coupled cluster theory, the coupled cluster sin-
gles, doubles, and triples (CCSDT) model is now available for both
ground- and excited-state calculations. At the Hartree-Fock level,
we have expanded e’ to include the restricted open-shell model,
implemented through the constrained unrestricted Hartree—Fock
approach.”’ Kohn-Sham density functional theory (DFT) has been
added for ground-state calculations using the local density approx-
imation (LDA), generalized gradient approximation (GGA), and
hybrid functionals.***” The DFT grid is constructed using the widely
employed Lebedev grid,” with the radial quadrature proposed in
Ref. 47.

The e’ program now has broadened support for molecular
properties. Dipole and quadrupole moments are available with the
Hartree—Fock models, the coupled cluster models (except CCSDT),
and with FCI and complete active space configuration interaction
(CASCI). Static and frequency-dependent (dipole) polarizabilities
can be calculated at the Hartree-Fock and coupled cluster levels
of theory, and nuclear magnetic resonance (NMR) shielding para-
meters are available with Hartree-Fock. Dipole oscillator strengths
in various gauges (length, velocity, and mixed), as well as rotatory
strengths of electronic circular dichroism, in both length and mod-
ified velocity gauges, are available with the CCSD model and with
restricted closed-shell Hartree-Fock and QED-Hartree-Fock.

Some of the program features rely on external open-source
software packages and libraries. Integrals are provided through one
of three integral libraries: Libcint* is the default integral library,
but e’ can also be used with integrals from Libint" or PhasedInt™’
through a unified interface that allows for a seamless exchange of
integral providers. Optionally, polarizable continuum environments
can be included through the PCMSolver library,”" and the LibXC
library‘;z‘s“ enables DFT calculations. However, to use most of the
features in e’, only one integral library must be installed (i.e., Libcint,
Libint, or PhasedInt).

On the algorithmic front, the e’ program offers a range of
solvers that ensure efficient and robust convergence for the vari-
ety of equations that must be solved. Since the release of the first
major version, the program has significantly improved in this regard.

SOFTWARE pubs.aip.org/aipl/jcp

The program now has support for a trust-region algorithm™ ™ that
is currently used for quadratically convergent self-consistent field
(SCF) optimizations, occupied and virtual orbital localization,”” and
for SC-QED-HF optimization.”’ However, the trust-region solver
can be used for any optimization problem, as long as the functional,
its gradient, and the linear transformation by the (approximate)
Hessian are implemented. Similarly, the e’ program also provides
Davidson-like reduced space solvers™”” that can be used for any
eigenvalue or linear equation problem, as long as the linear trans-
formation is provided. These solvers are flexible and only require
setting up a transformation object and passing it along to the solver,
facilitating future extensions.

Particular improvements have been made for the calculation of
excited states with the perturbative coupled cluster models (CC2%
and CC3°"%"). For these models, the eigenvalue problem may be
recast into a nonlinear eigenvalue problem in a reduced para-
meter space. In e’ 1.0, these equations were solved using a DIIS
algorithm®“* that suffers from the occasional appearance of dupli-
cate roots and does not ensure convergence to the lowest-energy
solutions. In e’ 2.0, a nonlinear Davidson solver that avoids both
these problems is available. Furthermore, for CC3, the multimodel
solvers by Kjonstad ef al® can be used for both the ground- and
excited-state equations. These solvers improve convergence, result-
ing in significant computational savings in CC3 calculations. Finally,
the code also features a band-Lanczos solver*” and a damped linear
response solver for resonance-convergent response properties and
spectra.® In general, the solvers in e’ are built using general tools
that make it easy to implement new solvers.

The robustness of the program is supported by a broad and
comprehensive suite of tests, and we have made several improve-
ments in this direction since the original release. Our tests are
optimized for speed, single out selected features for testing, and tar-
get near-complete code coverage (monitored using Coveralls®”). Our
code repository is connected to a CI/CD setup that automatically
checks the validity of the code upon every commit to the reposi-
tory, both in the development and the release branches. The test
set includes a large number of integration tests (using the Runtest
library®®) and some unit tests,”” checking a range of possible con-
figurations of the program (with different compilers, dependencies,
compiler flags, etc.). The test suite provides confidence in the cor-
rectness of the program and aids in refactoring and extending the
program with the knowledge that new bugs are likely not being
introduced in existing features.

Ill. HIGHLIGHTED PROGRAM CAPABILITIES

A. Quantum-electrodynamical electronic structure
theory

Strong coupling between electromagnetic fields and molec-
ular systems gives rise to hybrid light-matter states known as
polaritons.””””” Due to photon-molecule entanglement, polaritons
exhibit unique properties that cannot be explained by their uncou-
pled counterparts.”’”° Crucially, they can be engineered by tun-
ing the photonic component, enabling noninvasive modulation of
matter properties.”””” Optical cavities, composed of mirrors that
confine the electromagnetic field within a small quantization vol-
ume, provide an optimal platform for achieving strong light-matter
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coupling.”’"* The interaction strength increases as the quantization
volume decreases, driving experimental efforts toward extreme field
confinement. Plasmonic nanocavities currently achieve the strongest
coupling, with quantization volumes below a single nm?.*>*!

By engineering cavity mirrors, key field properties—such as
frequency, shape, and polarization—can be controlled.* Polaritonic
effects have been experimentally observed in absorption spectra,
photochemical reaction rates, and conductivity.”"* Notably,
it has been shown that photonic coupling to molecular vibra-
tions can catalyze, slow down, or induce selectivity in chemical
reactions.”” ™ However, reproducing experimental results remains
challenging,” highlighting the need for theoretical modeling to
understand the complex light-matter interplay. Developing ab initio
electron-photon methods is an important step toward understand-
ing cavity effects. Since photons play a fundamental role, they must
be treated as quantum particles following QED principles. The first
ab initio methodology that adopted standard quantum chemistry
methods for electron-photon systems was quantum electrodynami-
cal density functional theory (QEDFT).”"”” While computationally
efficient, QEDFT inherits functional limitations in describing
electron-electron and electron-photon correlations. Subse-
quently, we have developed and implemented QED-Hartree-Fock
(QED-HF),”*” strong coupling QED-HF (SC-QED-HEF),”"
QED-coupled cluster (QED-CC),”** QED-FCI, and complete
active space configuration interaction (QED-FCI/QED-CASCI), as
well as the cavity Born-Oppenheimer (CBO) approximation for all

electronic structure methods,’” in the el program. These methods

Photonic
excitation

— Lower Polariton

—_—
e
v
_____________,.> /
IGs) Electronic / IEX)
excitation

— Dark state
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now enable the computation of both ground- and excited-state
properties of molecules within optical cavities. In Fig. 1, for example,
we display how the excitation energies of a furan molecule depend
on the cavity frequency w. The excited-state results are computed

—— QED-FCI —— SC-QED-HF
—— QED-HF —— QED-CCSD
—

0.10

QED Energy(eV)
o
o
(6,1

0.00

0.00 0.02 0.04
Aa.u.)

FIG. 2. Dispersion of the ground-state energy of LiH using the aug-cc-pVDZ basis
with respect to the light-matter coupling, A. While QED-CCSD clearly outperforms
QED-HF and SC-QED-HF, all the implemented methods capture the qualitative
behavior of the function.

11,

— Upper Polariton

QED-HF QED-CASCI(6,18) QED-CCSD
7_ 6
| ‘/ 7.55 76
= S S
L L 2 —
> > >
7.4 07.5 /—— 3
9] @ 9]
= C C
7.45
7.3 >
7.3 7.4 7.5 7.45 7.5 7.55 7.3 7.4 7.5 7.6
w(eV) w(eV) w(eV)

FIG. 1. Dispersion of the excitation energies of furan using the aug-cc-pVDZ basis in an optical cavity, as a function of the cavity frequency, w. On the top panel of the
image, we display the orbital transition mainly featured in the excitation. On the bottom panel of the figure, we show the formation of the lower and upper polaritons.
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using QED-HF, QED-CAS, and QED-CCSD. For all three cases, we
observe that when the photonic energy is resonant with a molecular
excitation, an avoided crossing is observed. The accuracy of the
excitation energies increases when going from HF to CCSD, but
the qualitative picture is the same, independent of the chosen
approach.

In Figs. 2 and 3, we show the cavity frequency (w) and
light-matter coupling (1) dispersions for the ground-state energy of
lithium hydride as computed using mean-field methods (QED-HF,
SC-QED-HF) and correlated methods (QED-CCSD, QED-ECI).
While all approaches capture the qualitative behavior of the A energy
dispersion, the same is not true for the w dispersion. In particular,
we notice that the QED-HF ground-state energy is independent of
the field frequency. This problem is solved using the SC-QED-HF
mean-field approach, which also provides a fully consistent set of
molecular orbitals.””"

—— QED-FCI —— SC-QED-HF
—— QED-HF —— QED-CCSD
g
<0.02
)
S -
2
w
n0.01
w
o
0.00
-5 0 5
log(w)

FIG. 3. Dispersion of the ground-state energy of LiH using the aug-cc-pVDZ basis
with respect to the cavity frequency, w. The QED-HF energy is completely inde-
pendent of w, while SC-QED-HF, despite being a mean-field approach, reproduces
the QED-FCI behavior qualitatively. Excellent agreement is observed between
QED-CCSD and QED-FClI results.

1.69 fs 5.08 fs
/ E E
11.85fs 15.24 s

WE Wi
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B. Real-time time-dependent equation-of-motion
coupled cluster theory

Real-time time-dependent equation-of-motion coupled cluster
theory parametrizes time dependence with the linear coefficients
of the EOM-CC states. This allows one to compute the electronic
time evolution of a system, its observables, and the populations of
excited states. The TD-EOM-CC approach has applications in, for
example, the simulations of ultrafast phenomena such as stimulated
X-ray Raman scattering.”””* The TD-EOM-CC method can pro-
vide greater numerical stability” compared to the TDCC method,
which was already present in e’ 1.0. In addition to the already
present numerical integrators, adaptive time-stepping capabilities
and Dormand-Prince integrators [with orders 5(4) and 8(5,3)]7”
have been added to the new version of the program.*”

As an illustration of these capabilities, we consider the
p-nitroaniline molecule in the presence of an external electric field.
Figure 4 shows the density difference relative to the ground-state
electron density at different time steps. The molecular geometry is
provided in the supplemental material of Ref. 28, and it was opti-
mized at the DFT/B3LYP level of theory using a 6-31+G” basis set.””
The time-dependent state is propagated for 800 a.u., and the chosen
electric field has a Gaussian envelope with a width of 5 a.u. The cho-
sen carrier angular frequency is 0.166 152 a.u., which corresponds
to the excitation energy between the ground state and the second
excited state. The peak strength was set to 1 a.u., the envelope has a
central time set to 80 a.u., and the polarization was oriented in the
[1,1,1] (non-normalized) direction.

C. Ground- and excited-state molecular geometry
optimization, harmonic frequencies, and normal
modes

Identifying stationary structures is useful in various contexts,
allowing the user to inspect vibrational modes and frequencies
and potentially aiding in the interpretation of excited-state dynam-
ics, as well as in isolating spectral signatures by extraction of
spectra at stationary points, for example, for interpreting time-
resolved X-ray spectra. In e’ 2.0, we have implemented ground-
and excited-state singlet gradients at the EOM-CCSD level of

8.47 fs

FIG. 4. Time evolution of the isodensity
surfaces after subtracting the ground-
state electron density, plotted using
UCSF Chimera.® The calculation was
performed with TD-EOM-CCSD/aug-cc-
pVDZ. The system is a molecule of p-
nitroaniline in the presence of an external
electric field. The red surface depicts
the isosurface at a 0.001 contour level,
while the blue one refers to the —0.001
contour level. The interaction with the
external electric field induces a migration
of electrons that leads to an increase of
negative charge on the nitro group, while
the amino group becomes more posi-
tively charged with respect to the ground
state.

18.63 fs
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9H-adenine (So minimum)

theory (both for valence and core excited states),”” allowing for
easy determination of stationary structures as well as harmonic fre-
quencies, associated normal modes, and Wigner samples at 0 K.
The new version of the program now also features a more robust
Broyden-Fletcher-Goldfarb-Shanno (BFGS) optimizer that uses
redundant internal coordinates'”’ and rotational coordinates.'’’ In
this way, optimization of single-molecule systems, the orientation
of fragments, and cavity-induced orientation effects (in QED-HF)
are made possible. In Fig. 5, we provide an illustration of these new
capabilities for the ground- and excited-state minima in 9H-adenine
determined with the EOM-CCSD model. Associated harmonic
frequencies are given in Tables I and I1.

D. Modeling UV-vis and X-ray absorption
and photoelectron spectroscopy

Modeling spectroscopies with coupled cluster theory has been
a primary driver for developments in e’. One-photon absorp-
tion and photoelectron spectra can be generated in the ultraviolet
(UV)-visible and X-ray regions of the spectrum. Core excitations are
obtained using the core-valence separation (CVS)'"*'"” approxima-
tion, and ionization potentials are generated through the inclusion
of a noninteracting orbital into the excited-state calculation, with
intensities obtained through the use of Dyson orbitals.'"*'%

In Figs. 6 and 7, we have plotted the core (X-ray)
and valence (UV) absorption and photoelectron spectra of the

TABLE 1. Harmonic frequencies (w) for the ground-state equilibrium geometry of
9H-adenine determined with EOM-CCSD/cc-pVDZ.

Mode w (em™) Mode w (em™) Mode w (em™)
1 3736 14 1380 27 697
2 3702 15 1337 28 673
3 3606 16 1277 29 624
4 3285 17 1273 30 581
5 3217 18 1165 31 541
6 1709 19 1097 32 527
7 1694 20 1059 33 499
8 1640 21 1000 34 476
9 1572 22 950 35 465
10 1548 23 910 36 302
11 1488 24 882 37 275
12 1444 25 818 38 220
13 1394 26 731 39 170

SOFTWARE pubs.aip.org/aipl/jcp

FIG. 5. An S; and an S; minimum
in 9H-adenine determined with EOM-
CCSD/cc-pVDZ. In the S minimum, we
observe a puckering of the C2 car-
bon atom that is not present in the Sy
minimum.

9H-adenine (S1 minimum)

TABLE II. Harmonic frequencies (w) for the excited-state minimum of 9H-adenine
determined with EOM-CCSD/cc-pVDZ.

Mode w (em™) Mode w (em™) Mode w (em™)
1 3704 14 1312 27 638
2 3696 15 1273 28 590
3 3576 16 1254 29 572
4 3302 17 1165 30 529
5 3273 18 1097 31 470
6 1654 19 1059 32 458
7 1643 20 1000 33 414
8 1602 21 926 34 375
9 1564 22 796 35 298
10 1509 23 735 36 256
11 1440 24 714 37 238
12 1376 25 693 38 161
13 1334 26 660 39 147

penta-2,4-dieniminium cation (PSB3, see Fig. 8). The calculations
are performed with the CCSD and CC3 models. The geometry of
PSB3 is optimized at the CCSD level of theory, and the CCSD spec-
tra are also generated using 40 (NEXAFS) and 100 (UV) geometries
obtained from a 0 K Wigner sample (see, e.g., Ref. 109) of geometries
around the Sy minimum.

E. Multilevel coupled cluster theory

For the calculation of intensive properties in molecular systems
that are too large to be considered with standard coupled cluster
methods, multilevel or multiscale (embedding) methods can be
used.'” ' In these approaches, an active region, or a set of active
orbitals, is modeled with higher accuracy than the rest of the
molecular system. In multiscale models, the environment is treated
classically—for instance, with molecular mechanics (MM)'!* or as a
polarizable continuum.'"*""” In multilevel models, different approx-
imate levels of quantum mechanics (QM) are used for different
orbital spaces.

The e’ program provides a range of multilevel and multiscale
features. In particular, e’ provides an efficient implementation of the
polarizable QM/MM method based on the fluctuating-charge force
field,"*'*" and the multilevel coupled cluster and Hartree-Fock
models, all of which are particularly powerful for spectroscopic and
response properties.'”' '’
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FIG. 6. Nitrogen K-edge excitation energies (ES) and ionization potentials (IP) for
PSB3, calculated at the CCSD/aug-cc-pVDZ (top) and CC3/aug-cc-pVDZ (bot-
tom) levels of theory. The NEXAFS and XPS peaks are rescaled separately. For
the CCSD/aug-cc-pVDZ spectrum, the NEXAFS obtained from a Wigner sampling
(n = 40) is shown. The CCSD spectra are shifted by —1.5 eV. A Lorentzian broad-
ening is applied, with 0.4 eV FWHM for the S0-geometry calculations and 0.2 eV
FWHM for the Wigner-sampling calculations.

In multilevel coupled cluster theory, the cluster operator is par-
tially (MLCC) or fully (CC-in-HF) restricted to an active orbital
space. For instance, in e’ 2.0, excitation energies can be calculated
with MLCC2 and MLCCSD. In Table III, we present excitation

= ES (0.00 eV shift)
= 1P (0.00 eV shift)
— ES Wigner (0.00 eV shift)

Intensity [arb. units]

= ES (0.00 eV shift)
= IP (0.00 eV shift)

Intensity [arb. units]

2.5 5.0 7.5 10.0 12.5 15.0 17.5 20.0
Energy [eV]

FIG. 7. Excitation energies (ES) and ionization potentials (IP) for PSB3, calcu-
lated at the CCSD/aug-cc-pVDZ (top) and CC3/aug-cc-pVDZ (bottom) levels of
theory. The absorption and photoelectron spectra are rescaled separately. For the
CCSD/aug-cc-pVDZ spectrum, the UV spectrum obtained from a Wigner sample
(n=100) is shown (with states limited to <10 eV). A Lorentzian broadening is
applied, with 0.4 eV FWHM for the S0-geometry calculations and 0.2 eV FWHM
for the Wigner sample calculations.
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FIG. 8. The penta-2,4-dieniminium cation (PSB3) plotted using UCSF Chimera.’®

energies of the betaine-30 molecule (see Fig. 9), calculated with CC2,
CCSD, MLCC2, and MLCCSD. The wall time to calculate a single
excitation energy with CCSD/aug-cc-pVDZ is around 137 h, and
the full 2 TB of memory allocated for the calculation is utilized. An
MLCCSD calculation, using approximate correlated natural transi-
tion orbitals (CNTOs)"'"""" to select the active orbital space, yields
an excitation energy with an error of less than 10 meV in less than
4 h, and the memory usage is more than halved.

In Fig. 10, the X-ray absorption spectrum of a water molecule
in liquid water is modeled by use of CCSD-in-HF and CC3-in-
HEF. The core-excited water molecule and its four closest neighbors
are included in the coupled cluster calculation, while the remain-
ing molecules in the water cluster are modeled with a frozen
Hartree-Fock density. The aug-cc-pVDZ basis is used for the five
water molecules included in the coupled cluster calculation; the cc-
pVDZ basis is used for the rest. The single snapshot in Fig. 10
echoes the findings of Ref. 121, where it was shown that the inclu-
sion of triple excitations in the cluster operator is necessary to model
the relative intensities between the main- and post-edges of the
spectrum.

TABLE lIl. The lowest excitation energy, w, of betaine-30 calculated with CC2, CCSD,
MLCC2, and MLCCSD using the aug-cc-pVDZ basis. The active orbital space used
in the MLCC2 and MLCCSD calculations consists of 40 occupied and 400 virtual
orbitals and was determined using approximate correlated natural transition orbitals
(CNTOs)."%""" In total, there are 102 occupied and 1102 virtual orbitals (under the
frozen core approximation). The calculations were done on two Intel Xeon Platinum
8380 CPUs (2.30 GHz&, using 20 threads and 2 TB memory. The Cholesky decompo-
sition threshold is 107°. The reported wall times are for the full calculation, including
the determination of the reference state.

Peak memory

Model w (eV) Wall time (h) usage
Low memory CC2 1.2157 7.1 2.0TB
MLCC2 1.2918 2.0 365.3 GB
CCSD 1.7000 137.5 2.0 TB
MLCCSD 1.7064 3.7 868.1 GB

J. Chem. Phys. 164, 132501 (2026); doi: 10.1063/5.0309334
© Author(s) 2026

164, 132501-7

6Y €€ T 9202 |14dv 6T


https://pubs.aip.org/aip/jcp

The Journal

of Chemical Physics

m====CCSD-in-HF
= CC3-in-HF

Intensity [arb. units]

536 538 540 542 544 546 548
Energy [eV]

FIG. 10. X-ray absorption spectrum of a water molecule at the center of a water
cluster, calculated at the CCSD-in-HF and CC3-in-HF levels of theory. The aug-
cc-pVDZ basis is used for the five central water molecules, while the cc-pVDZ
basis is used for the rest of the water cluster. The CCSD and CC3 spectra are
normalized separately, such that the first peak has the same intensity for both
models. A Lorentzian broadening with 0.4 eV FWHM is used.

The coupled cluster implementation in e’ is based on
Cholesky-decomposed electron repulsion integrals. In multilevel
calculations of this type, where a large part of the molecular sys-
tem is described by a frozen Hartree-Fock density, the number of
Cholesky vectors can be significantly reduced if one targets accuracy
in the reduced active molecular orbital basis during the decomposi-
tion. This is done through the method-specific screening procedure
described in Refs. 124 and 125, where the accuracy of the integrals in
the active (reduced) molecular orbital (MO) basis is targeted, rather
than in the full orbital space. For the water cluster calculations,

SOFTWARE pubs.aip.org/aipl/jcp

FIG. 9. The betaine-30 molecule and
a water cluster plotted using UCSF
Chimera.®8

the standard decomposition yields #n; = 12689 Cholesky vectors,
while with active-space screening, n; = 1195 Cholesky vectors are
obtained, reducing the cost of the subsequent coupled cluster cal-
culation. In Table IV, we report wall-time comparisons of the
two decompositions and of the final CCSD-in-HF calculations. In
Fig. 11, we show that the two X-ray absorption spectra generated
with CCSD-in-HF, using different Cholesky decompositions, are
nearly identical.

F. Efficient solvers for high-level coupled cluster
theory

In e’ 2.0, several new solvers have been added that facilitate
new calculations or significantly speed up convergence. In the calcu-
lation of excited states with the perturbative coupled cluster models
(CC2 and CC3), the eigenvalue problem may be recast into a non-
linear eigenvalue problem in a reduced parameter space. In el 1.0,
these equations were solved using a DIIS algorithm, which suffers
from the occasional appearance of duplicate roots and does not
ensure convergence to the lowest-energy solutions. In e’ 2.0, anon-
linear Davidson solver that avoids both these problems is available.
Furthermore, for the CC3 model, an efficient multimodel solver
based on the Olsen algorithm can be used.””'** The multimodel
Olsen solver exploits the lower-level CCSD model to accelerate

TABLE IV. Cholesky decomposition wall time and the number of Cholesky vectors
(ny) for an X-ray absorption spectra (XAS) calculation of a water molecule in liquid
water. Calculations are reported using the standard decomposition procedure and a
decomposition targeting accuracy in the electron repulsion integrals in the reduced-
space MO basis. The decomposition time (fcp), the number of Cholesky vectors
(ny), and the total computational time for the XAS calculation ({1 ) are given.

Type ny tcp (s) trotal (h)
Standard 12689 179 6.4
MO-screened 1195 17 4.1
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FIG. 11. Comparison of the X-ray absorption spectra of a water molecule in
liquid water calculated with CCSD-in-HF/aug-cc-pVDZ using the standard and MO-
screened Cholesky decompositions. A Lorentzian broadening with 0.4 eV FWHM
is used.

convergence of the CC3 excited-state equations with the Olsen algo-
rithm.'*® Similarly, for CC3 ground-state and response equations,
a quasi-Newton solver that uses the CCSD Jacobian, rather than
the orbital differences, to approximate the CC3 Jacobian, improves
convergence.

In Table V, we compare timings of the CC3/aug-cc-pVDZ
calculation of nicotine (C1oN2Hi4, 402 MOs) using e’ 1.0 and e’
2.0. The overall wall time to determine the ground-state ampli-
tudes [t and f determined from Egs. (A3) and (A12)] is more
than halved in e’ 2.0. The ground-state and left amplitude equa-
tions have been optimized following the release of e’ 1.0; that is,
in constructing Q and performing the linear transformation by
A", see the Appendix. However, the computational savings are pri-
marily a result of changing the default solver to the multimodel
Olsen solvers,”> which approximately halve the number of Q con-
structions and linear transformations by A”, compared to the pure
DIIS-accelerated algorithms used in e’ 1.0.

For excited states, CC3 calculations can be performed
with three different solvers: a DIIS-accelerated steepest-descent

SOFTWARE pubs.aip.org/aipl/jcp

TABLE VI. CC3/aug-cc-pVDZ excited-state calculations for nicotine (C1oNaH14, 402
MOs). Calculations were performed using 20 cores with 2 TB memory available.

Necalls
Non-linear
Operation DIIS Davidson Olsen tasar
A 8 20 8 80 min
AT 8 11 7 76 min
tr (h) 11.3 27.9 12.8
tr (h) 11.0 15.6 10.8

algorithm. In Table VI, we report timings comparing the different
algorithms when we calculate a single excited state with e’ 2.0. The
DIIS and Olsen algorithms require fewer transformations than the
nonlinear Davidson algorithm and, therefore, significantly reduce
the wall time. This is especially pronounced for the right excited
state, for which the initial guesses are less accurate; the left excited
states are calculated with the right excited states as the initial guesses.
In addition to optimizations of the Q construction and the linear
transformation by A", we have optimized the transformation by A
since the release of ¢” 1.0. For nicotine, CC3/aug-cc-pVDZ, the aver-
age wall time of an A transformation is 1 h 30 min with e’ 1.0 and
1 h 20 min with e” 2.0.

From these calculations, the DIIS solver seems competitive,
especially compared to the nonlinear Davidson solver. This picture,
however, changes when one calculates several excitation energies. In
Table VII, we report the calculation of ten excitation energies of the
PSB3 molecule. The DIIS solver is the least efficient, and it also skips
a root that is identified with both the nonlinear Davidson and the
multimodel Olsen algorithms (compare roots 9 and 10 in Table VI).
Both for nicotine and PSB3, the multimodel Olsen algorithm proves
to be the more efficient algorithm for the CC3 model.

TABLE VII. Lowest ten singlet excitation energies of PSB3 calculated at the frozen-
core CC3/aug-cc-pVDZ level of theory. Three different solvers have been used: DIIS,
nonlinear Davidson, and multimodel Olsen. We also report the total time for the cal-
culation of the excitation energies. The convergence threshold for the excited states
is 10~3. All energies are given in eV.

algorithm, a nonlinear Davidson algorithm, or a multimodel Olsen Non—.hnear Multimodel
State DIIS Davidson Olsen
1 4.1068 4.1059 4.1046
TABLE V. CC3/aug-cc-pVDZ ground-state calculations for nicotine (C1gNoH14, 402 2 5.7480 5.7469 5.7436
MOs). Reported timings are wall times (t) per call, and we also report the number of 3 6.3519 6.3509 6.3510
calls. Calculations were performed using 20 cores with 2 TB memory available. 4 6.6510 6.6505 6.6504
Lo "0 5 7.0396 7.0383 7.0378
e - e~ 6 7.3710 7.3690 7.3693
Operation ¢ Healls t e 7 7.3914 7.3924 7.3924
8 7.6928 7.6904 7.6903
Q construction 48 min 10 41 min 5 9 7.7620 7.7024 7.7025
AT transformation 87 min 11 76 min 6 10 8.3043 7.7647 7.7645

Determine # and f amplitudes ~ 24.7h 124h Total time (h) 5.9 3.7 2.4
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IV. COUPLED CLUSTER IMPLEMENTATION
PERFORMANCE

The e’ program was originally a coupled cluster code, and
the ability to perform efficient coupled cluster calculations remains
among the most important features of the program. In this section,
we demonstrate the capabilities of e’ 2.0 for standard coupled clus-
ter calculations. We compare our current implementations to e’ 1.0
and other notable electronic structure software. The notation and
relevant equations are defined in the Appendix. We use the default
thresholds of e” 2.0, unless stated otherwise: the Hartree-Fock equa-
tions are solved with a residual threshold of 1077 a.u., Cholesky
decomposition of the two-electron integrals is performed with a
threshold of 107 a.u., and the coupled cluster ground- and excited-
state equations are solved to residual thresholds of 10~ and 107°
a.u., respectively. For calculations with e’ 2.0, the default integral
library (Libcint) is used. All timed calculations are performed on two
Intel Xeon Platinum 8380 CPUs (2.30 GHz) with 2 TB shared mem-
ory, unless otherwise stated. All calculations are assigned 20 threads
(or ten threads per CPU).

A. Comparing e’ 20to e’ 1.0

Since the release of e’ 1.0, significant optimizations have been
carried out in the coupled cluster implementations for the CC2,
CCSD, and CC3 models. The improvements for CC3 are mainly due
to the multimodel solvers, as detailed in Sec. I1I F. Here, we restrict
our attention to CC2 and CCSD.

1. Calculations with the CC2 model

There are two implementations of the CC2 model in e’ which
differ in their memory requirements. The standard CC2 implemen-
tation has the same memory requirements as the CCSD implemen-
tation (tensors of dimension n’n? are kept in memory), while the
low-memory CC2 implementation has an N> memory requirement,
where N denotes the number of orbitals in the system. While both

TABLE VIII. Comparison of e” 1.0 and e 2.0 CC2 ground- and excited-state calcula-
tions of erythromycin (C37Hg7043N, 1719 MOs under the frozen core approximation).

SOFTWARE pubs.aip.org/aipl/jcp

models have been optimized since e’ 1.0, the most significant opti-
mizations have been implemented for low-memory CC2, where a
looping strategy similar to that of the CC3 implementation”*'*” has
been introduced.

In Table VIII, we report timings from a calculation of a single
excitation energy of the erythromycin molecule (C3;Hs;O013N, 1719
MOs under the frozen core approximation; see Fig. 12(a). For ery-
thromycin, the time to construct the Q-vector [Eq. (A3)] and the
linear transformation by the A-matrix [to solve Eq. (A4)] has been
reduced by factors of ~6 and ~4, respectively. The result is a sig-
nificant reduction in the total computational times for the ground
and excited states. Because different solvers are used (by default)
in the two versions, the calculated excitation energies differ. In el
1.0, a DIIS solver was used for low-memory CC2. This solver does
not ensure convergence to the roots with the lowest energy and is
also prone to convergence of duplicate roots. In e’ 2.0, a nonlinear
Davidson solver is used, ensuring no duplication of roots and con-
vergence to the roots with the lowest energy (in molecules without
symmetry).

2. Calculations with the CCSD model

We test the performance of the CCSD implementation with
a calculation of the first four excited states for an azobenzene dye
[C24H200,Ny, 822 MOs within the frozen core approximation, see
Fig. 12(b)], and their transition strengths from the ground state;
this provides the first features of the dye’s ultraviolet spectrum.
Here, we are primarily interested in the performance metrics and
the comparison with e 1.0. Timings are given in Table IX.

The test consists of a ground-state and an excited-state calcu-
lation, where we need to determine the left and right amplitudes
of both the ground state and the excited states [Eqs. (A12), (A3),
(A9), (A4), and (A13)], and we present timings for each of these

TABLE IX. Comparison of e’ 1.0 and e’ 2.0 CCSD/aug-cc-pVDZ ground- and
excited-state calculations on the azobenzene dye (Cy4Hp002N4, 822 MOs within
the frozen core approximation). Reported timings are wall times. Calculations were
performed using 20 cores and 2 TB memory.

We report the correlation energy (Ecorr), the lowest excitation energy w, and wall e’ 1.0 el 2.0
times to calculate the ground and excited states (fgs and tes), and the average times

to construct the Q vector (tq) and the linear transformation by the Jacobian matrix Total time 6423 h 164.8h
(ta)-

Ground Excited Ground Excited
el Ecorr (En)  tg(h)  to(min)  w(eV) tes(h) ta(h) state state state state
v1.0  -8.3934 7.1 36 5.1858 53.1 4.1 Left 29.3h 336.3h 11.8h 244 h
v2.0 —-8.3934 1.8 6 4.0551 32.5 1.3 Right 10.8 h 265.7h 89h 119.3h

(a) (b) (©

FIG. 12. Molecules for performance test-
ing of e” plotted using UCSF Chimera:?®
(a) erythromycin, (b) azobenzene dye,
(c) nicotine, and (d) tryptophan.
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four steps. For the ground state, we observe only a modest perfor-
mance improvement for the ¢-amplitudes, whereas the £-amplitudes
are obtained almost three times faster than in e’ 1.0. This speedup
is primarily due to optimizations of the A” -transformation, which is
more than twice as fast in e’ 2.0 compared to e” 1.0.

For the excited states, we see speedups for both the right and
the left amplitudes. The time per A-transformation is almost halved
compared to e’ 1.0. This is the primary cause of the speedup of the
right excited states. For the left states, the speedup is due to both the
optimizations of the A”-transformation and an improved starting
guess; in e’ 2.0, the initial guess for the left amplitudes is generated
from the converged right amplitudes. Overall, the optimizations for
ground and excited states cut the total cost of the calculation by a
factor of ~4 compared with e’ 1.0.

B. Comparisons to other electronic structure
programs

We compare the CCSD implementation of e’ 2.0 to the elec-
tronic structure programs CFOUR,” Q-Chem (6.3),"* and Psi4
(1.9.1)," all known for extensive coupled cluster functionality. For
the latter two, Cholesky factorization of the electron repulsion inte-
grals is used (with decomposition threshold 7). Psi4 is open source,
whereas both CFOUR and Q-Chem are proprietary codes, with Q-
Chem being commercial and CFOUR” being available for academic
use upon request. Calculation input files can be found in Ref. 128.

In Table X, we present wall times for calculations of the
first four excited states of nicotine using the aug-cc-pVDZ basis
[CioH14N3, 402 MOs; see Fig. 12(c)]. The wall times to solve the
ground- and excited-state equations [Eqs. (A3) and (A4)] are given.
The calculations are performed with either 200 GB or 2 TB of mem-
ory available; with 2 TB, all electron repulsion integrals can be stored

in memory. Both e’ 2.0 and Q-Chem obtain four excited states of

nicotine in 3-4 h, depending on the Cholesky decomposition thresh-
old. While e” solves the ground states more efficiently, Q-Chem is
more efficient for the excited-state equations of this molecule.

In Table X, we also compare to the two coupled cluster pro-
grams included in the public release of CFOUR (ECC and NCC).
The NCC program solves the excited-state equations in less than
4 h and is approximately twice as fast as the ECC program.

SOFTWARE pubs.aip.org/aipl/jcp

However, the total wall time in all CFOUR calculations is high due
to the integral transformations following the mean-field calculation;
this bottleneck is eliminated in ¢’ and Q-Chem with the Cholesky
decomposition of the integrals.

As the size of the molecular system increases, there is a
crossover point at which e’ 2.0 becomes more efficient than the Q-
Chem software. In Table XI, we compare Q-Chem to e’ 1.0 and
e’ 2.0 for the first four excitations of tryptophan [C11H12N>O3,
aug-cc-pVDZ, 438 MOs under the frozen core approximation, see
Fig. 12(d)]. In these calculations, we calculate the energies and the
transition strengths, that is, we solve Eqs. (A3), (A4), (A9), (A12),
and (A13). From these calculations, we see that e’ 2.0 provides
a significant improvement on the first release and that the first
four excitation energies and transition strengths of tryptophan are
obtained almost three times faster than with Q-Chem.

Finally, we compare the CC3 implementation of e’ 2.0 to the
CC3 implementation of the NCC program in CFOUR. Previously,
the CC3 implementation has been compared to the implementations
in the Dalton program,* in the ECC program of CFOUR,” and in
Psi4.'” It was shown that e significantly outperformed the other
implementations. From Table XII, where we present the calculation
of a single excited state of nicotine, it is evident that both ¢! and the
NCC program provide efficient implementations of the CC3 model.
With a Cholesky decomposition threshold of 7 = 107%, e” 2.0 per-
forms better under low-memory conditions, and CFOUR performs
better under high-memory conditions, although the differences in
performance are relatively minor. Note that the minimal memory

TABLE XI. CCSD/aug-cc-pVDZ ground- and excited-state calculation of trypto-
phan (C41H2N,0,, 438 MOs under the frozen core approximation). Cholesky-
decompos?d electron repulsion integrals are used, and the decomposition threshold
ist=10""

R L
tes (h)  tes (h) o () 0S50 mE0 Ry nly
eT 1.0 1.0 12.3 13.3 12 13 79 81
eT 2.0 0.6 2.8 3.5 12 11 79 29
Q-Chem 1.8 7.9 10.0 13 8 83 24

TABLE X. CCSD/aug-cc-pVDZ calculations of the ground state and four excited states of nicotine (C1gH14N,, 402 MOs) using e”, CFOUR, Q-Chem (6.3), and Psi4 (1.9.1).
For e, Q-Chem, and Psi4, 7 is the threshold for the Cholesky decomposition of the electron repulsion integrals. Calculations were performed using 20 cores, and the available
memory is either 2 TB or 200 GB. Wall times for the ground state (tgs), excited state (tes), and the total calculation (tita) is given in hours.

2TB

200 GB

Psi4 CFOUR el 2.0 Q-Chem

Psid CFOUR el 2.0

7=10% ECC NCC 7=10"% 7=10"% 7=10"* 7=10"%

7=10* ECC NCC 7=10"% 7=10"% 7=10"* 7=10"%

tes 0.5° 0.7 03 0.3 0.5 0.6 0.8 0.5° 0.7 0.7 0.2 0.3 0.6 0.8
Les 10.7 70 3.8 3.0 33 2.3 2.8 10.8 69 3.1 33 4.5 2.5 3.1
tot 11.2 123 8.6 33 3.9 3.1 3.8 11.8 121 83 3.5 4.8 3.1 3.9

Ground-state equations are solved to (1072).
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TABLE XII. CC3/aug-cc-pVDZ calculations of the ground state and a single excited state of nicotine (C1qH14N5, 402 MOs)
using e” and CFOUR. For e, we report timings with different Cholesky decomposition thresholds 7. The available memory

is either 2 TB, 400 GB, or 200 GB.

Available memory 200 GB 400 GB 2TB
Program
el 2.0 CFOUR el 2.0 CFOUR el 2.0
r=10"* 7=1078 r=10"% 7=107% =10 7=107%
Wall time (h) 208 210 226 209 214 198 210 210

requirement for CFOUR is 245 GB, whereas ¢! 2.0is able to run with
less memory due to its batching algorithm® and never uses more
than 427 GB in these calculations on nicotine.

V. FUTURE DEVELOPMENTS

The e’ program is a product of, and a framework for, signifi-
cant and ongoing research activities within quantum chemistry. New
functionality that reflects these activities will be introduced in the
program. Below, we list some of the major ongoing developments
that are underway.

Several recent developments in the code have targeted ground-
and excited-state molecular dynamics, with recent developments
of efficient analytical nuclear gradients and coupling elements at
the CCSD”'* and similarity-constrained CCSD (SCCSD)"*'**~"**
levels, which recently enabled nonadiabatic excited-state dynam-
ics simulations with coupled cluster theory.””'*” Very recent work
has also made progress on the description of conical intersec-
tions at the CC2 level (SCC2),"** determination of ground- and
excited-state minimum-energy intersection geometries at the cou-
pled cluster level,'** as well as a correct description of ground-state
intersections using the generalized coupled cluster (GCC)'*° and
convex Hartree-Fock (CVX-HF)'*” methods. These developments
are planned to be included in the next release, enabling the adoption
of the developed methods for dynamics simulations.

Within multicomponent chemistry, additional functionality
for conditions with strong light-matter coupling—such as triplet
polaritonic states at the CCSD level of theory,'”® response the-
ory for SC-QED-HF,”*"* real-time time-dependent QED-CCSD,*!
as well as QED-HF harmonic frequencies (molecular gradients
and Hessians)*’ and magnetic properties'*’ —is underway. Recently,
the QED implementations have been extended to treat chiral
cavities'*"'** that enable the study of enantiomeric selectivity in
ground and excited states. A model for collective strong coupling
using QED-CCSD will be included in the next release.'** Finally,
additional wavefunction models, such as complete active space
self-consistent field (CASSCF), QED-CASSCF,'** and SC-QED-
MP2,*? and, in the context of electronically open molecules, the
particle-breaking Hartree-Fock model ' ** and its time-dependent
version,'*” have been developed within the e’ community.

To study electronic excitations, time-dependent DFT (TDDFT)
will soon be released,'” in addition to new multilevel meth-
ods based on DFT.""*>'*" This will allow for the study of large,

realistic condensed-phase systems. To calculate local response prop-
erties, such as polarizabilities and electronic excitations, energy-
based orbital localizations in specific fragment regions at the HF
and DFT levels of theory'”’"*" will allow for novel energy decom-
position analysis."”""'** Regarding the calculation of spectroscopic
properties at the coupled cluster levels of theory, several upcoming
features are in store. Resonant inelastic X-ray scattering (RIXS) spec-
troscopy™ and X-ray emission spectroscopy (XES), implemented
using a damped response solver (available in el 2.0), will soon be
available. Transition moments will be available with the MLCC2 and
MLCCSD models, as well as triplet excitation energies.

Another strand of developments in the code moves away
from manual implementations of equations. Indeed, several upcom-
ing developments in the program have been aided by the equa-
tion and e’ code generation tool SpinAdaptedSecondQuantization
(SASQ)."

A significant emerging challenge for established electronic
structure software, and also for the e’ program, is adapting to a
further shift in HPC facilities toward heterogeneous computer archi-
tectures. Support for GPU acceleration and/or parallelization over
multiple CPU/GPU nodes could be a necessary step to ensure that
the e” program remains competitive.

VI. CONCLUDING REMARKS

e’ 2.0 is an electronic structure program with an emphasis on
efficiency and modularity, featuring efficient coupled cluster imple-
mentations and unique multicomponent and multilevel features.
The program is open source and available to everyone free of cost,
both for use and modification under the GPLv3.0 license conditions.
The development cycle of the program is also open, with public
code review and continuous improvements added to the develop-
ment version hosted on GitLab. Rigorous testing and a continuous
integration/continuous delivery (CI/CD) setup ensure that modifi-
cations are correct and that new additions follow style guidelines.
Since the release of e’ 1.0, the program has undergone signifi-
cant improvements. The coupled cluster implementations have been
made more efficient with new solvers, improved starting guesses,
and refinements in both memory handling and how terms are
evaluated.

Since its first major release, the program has also evolved in new
directions. Additional established mean-field and correlated mod-
els have been added to the program—such as ROHF, DFT, FCI,
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and CASCI—and e has also been extended to treat new chemi-
cal and physical phenomena, such as strong light-matter coupling
considered with the CBO approximation and at the mean-field and
correlated levels of theory. With this major release, the e’ program
is no longer only a coupled cluster code, even though it continues
to prominently feature the functionality that gives the program its
name.

ACKNOWLEDGMENTS

This work was supported by the European Research Coun-
cil (ERC) under the European Union’s Horizon 2020 Research
and Innovation Program (Grant Agreement No. 101020016), the
Marie Sktodowska-Curie European Training Network “COSINE -
COmputational Spectroscopy In Natural Sciences and Engineering”
(Grant Agreement No. 765739), and the Research Council of Nor-
way through FRINATEK (Project Nos. 263110 and 275506). The
work was also supported by advanced user support provided by
Sigma2—the National Infrastructure for High-Performance Com-
puting and Data Storage in Norway. J.P. and S.C. acknowledge
financial support from the Technical University of Denmark within
the Alliance Ph.D. Program. S.C. acknowledges financial support
from the Independent Research Fund Denmark-Natural Sciences,
Research Project 2 Grant No. 7014-00258B, and from the Novo
Nordisk Foundation, Grant No. NNFSA220080996. T.G. acknowl-
edges financial support from the European Union—Next Gen-
eration EU in the framework of the PRIN 2022 PNRR Project
POSEIDON—Code No. P2022J9C3R. R.A., G.T., and E.R. acknowl-
edge financial support from the European Research Council (ERC)
under the European Union’s Horizon 2020 Research and Innovation
Program (Grant Agreement No. 101040197).

AUTHOR DECLARATIONS
Conflict of Interest

The authors have no conflicts to disclose.

Author Contributions

Sarai Dery Folkestad, Eirik F. Kjenstad, and Alexander C. Paul
contributed equally to this work.

Sarai Dery Folkestad: Conceptualization (equal); Software (lead);
Writing - original draft (lead); Writing - review & editing (lead).
Eirik F. Kjonstad: Conceptualization (equal); Software (lead); Writ-
ing - original draft (equal); Writing - review & editing (equal).
Alexander C. Paul: Conceptualization (equal); Software (lead);
Writing - review & editing (supporting). Rolf H. Myhre: Con-
ceptualization (supporting); Software (equal); Writing — review &
editing (supporting). Riccardo Alessandro: Software (supporting);
Writing - review & editing (supporting). Sara Angelico: Software
(supporting); Writing - review & editing (supporting). Alice Balbi:
Software (supporting); Writing - original draft (supporting); Writ-
ing - review & editing (supporting). Alberto Barlini: Software
(supporting); Writing — review & editing (supporting). Andrea
Bianchi: Software (supporting); Writing - review & editing (sup-
porting). Chiara Cappelli: Software (supporting); Writing — review

SOFTWARE pubs.aip.org/aipl/jcp

& editing (supporting). Matteo Castagnola: Software (supporting);
Writing - review & editing (supporting). Sonia Coriani: Concep-
tualization (supporting); Software (supporting); Writing — review &
editing (supporting). Yassir El Moutaoukal: Software (supporting);
Writing - review & editing (supporting). Tommaso Giovannini:
Software (supporting); Writing - review & editing (supporting).
Linda Goletto: Software (supporting); Writing — review & editing
(supporting). Tor S. Haugland: Software (supporting); Writing -
review & editing (supporting). Daniel Hollas: Software (support-
ing); Writing - review & editing (supporting). Ida-Marie Hoyvik:
Software (supporting); Writing — review & editing (supporting).
Marcus T. Lexander: Software (supporting); Writing - review
& editing (supporting). Doroteja Lipovec: Software (supporting);
Writing - review & editing (supporting). Gioia Marrazzini: Soft-
ware (supporting); Writing — review & editing (supporting). Torsha
Moitra: Software (supporting); Writing - review & editing (support-
ing). Ylva Os: Software (supporting); Writing - review & editing
(supporting). Regina Paul: Software (supporting); Writing — review
& editing (supporting). Jacob Pedersen: Software (supporting);
Writing - review & editing (supporting). Matteo Rinaldi: Soft-
ware (supporting); Writing - review & editing (supporting). Rosario
R. Riso: Software (supporting); Writing — original draft (support-
ing); Writing — review & editing (supporting). Sander Roet: Soft-
ware (supporting); Writing - review & editing (supporting). Enrico
Ronca: Software (supporting); Writing — review & editing (sup-
porting). Federico Rossi: Software (supporting); Writing — review
& editing (supporting). Bendik S. Sannes: Software (supporting);
Writing - review & editing (supporting). Anna Kristina Schnack-
Petersen: Software (supporting); Writing - review & editing (sup-
porting). Andreas S. Skeidsvoll: Software (supporting); Writing -
review & editing (supporting). Leo Stoll: Software (supporting);
Writing - review & editing (supporting). Guillaume Thiam: Soft-
ware (supporting); Writing - review & editing (supporting). Jan
Haakon M. Trabski: Software (supporting); Writing — review &
editing (supporting). Henrik Koch: Conceptualization (lead); Soft-
ware (supporting); Writing - original draft (equal); Writing - review
& editing (equal).

DATA AVAILABILITY

The e’ program is available on GitLab (www.gitlab.com/eT-
program/eT) and the user manual can be found on the program
website, www.etprogram.org. Molecular geometries and output files
for the reported calculations can be found in Ref. 128.

APPENDIX: SOLVING THE COUPLED CLUSTER
EQUATIONS

156

In coupled cluster theory, the wavefunction is given by

ICC) =exp (T)|R), T =Y tyTu (A1)
W

where |HF) is the Hartree-Fock determinant, and T is the clus-
ter operator that generates excitations of the reference determinant
through excitation operators 7,. The ground-state coupled cluster
equations are obtained by projecting the Schrodinger equation onto
the Hartree-Fock state and excited configurations:

Ey = (R|H|R), (A2)
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O, = (u| H[R) =0. (A3)

Here, we have introduced the similarity-transformed Hamilto-
nian H = exp (-T)H exp (T). The Q-equations [Eq. (A3)] must be
solved to determine the cluster amplitudes ().

Coupled cluster excitation energies can be calculated with lin-
ear response theory or the equation-of-motion (EOM) approach.
In EOM coupled cluster theory, the states |k) are defined by the
expansion,

k) =3 exp (T)Ri|u). (A4)

u=0

where RF are the right eigenvectors of the similarity-transformed
Hamiltonian:

HR* = E,R". (A5)

The similarity-transformed Hamiltonian has the form

. (E T E T
- 5 S I L § (A6)
Q A+ E) 0 A+ Ell

where A is the Jacobian matrix with elements
A = (u] [H, 7] |R), (A7)

and 7, = (R|[H, 7y]| R). The eigenvalues of H are the energies of the
electronic states in EOM coupled cluster theory, and the excitation
energies wy are the eigenvalues of A.

The similarity-transformed Hamiltonian is non-Hermitian,
and its left and right eigenvectors differ. We may express the left
EOM coupled cluster states as

(k| = > Ly(ulexp (-T), (A8)
40
where
H'Lf = B IF, (A9)

and we require that the left and right states form a biorthonormal
set. With this biorthonormalization condition, the right vectors are
given by

1 -1.T
R - (0) Rt - (“”‘ " r") for k>0, (A10)
g3

where r; are the right eigenvectors of A, corresponding to the
eigenvalue wy. The left vectors are given by

L0=(;), Lk=(10) for k > 0, (Al1)
k

where # are the left ground-state amplitudes, determined by solving
A't= -y, (A12)

and I is a left eigenvector of A, corresponding to the eigenvalue w.
The eigenvector equations for the Jacobian matrix and Eq. (A12) are

SOFTWARE pubs.aip.org/aipl/jcp

solved using the linear transformation by A or its transpose. This
transformation usually dominates the computational cost required
to solve these equations.

Molecular response properties and oscillator strengths can also
be obtained from linear response theory or within the EOM frame-
work. For instance, the EOM oscillator strengths (for excitations
from the ground state) are obtained from the expression

2
Ji= 500l mlk)(k|p]0), (A13)
which requires the calculation of left and right transition dipole
moments.
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