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uploaded). The ARO support was acknowledged in numerous invited talks and university seminars. The computer 
codes were integrated in the Q-Chem package and in open-source libtensor library.
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Results from the ARO support, “Metastable autoionizing states of molecules and
radicals in highly energetic environments”, 2015-2019

Building on our formalism and production-level computer codes for CS and CAP-augmented EOM-
CCSD,1 during the previous funding period we developed several snew tools for modeling reso-
nances.1–4 Our main focus was on extending the theory to calculation of properties of metastable
states and extracting insight from resonance wave functions. We also conducted computational
studies of resonances in various systems of increasing complexity;5–9 some in collaborations with
the experimental groups.5–7 The ARO support has been acknowledged in nine original papers2–10

and one review,1 and in numerous invited talks and university seminars. In 2016, Krylov’s work
on resonances (which is exclusively funded by ARO) was recognized by the Phi Kappa Phi Fac-
ulty Recognition Award from USC. Krylov has also recieved prestigeous Simons Fellowship, Mildred
Dresselhaus Award, and Mainz Guestprofessorship, which supported her full-year sabatical stay in
Germany in 2018-2019. Finally, Krylov has been selected as 2020 Earle K. Plyler Prize for Molecular
Spectroscopy and Dynamics from APS (https://www.aps.org/programs/honors/prizes/plyler.cfm).

Our most important achievement in the past 3 years is the extension of the CAP-augmented
EOM-CC methods to calculations of electronic properties of metastable states and experimental ob-
servables. Specifically, we extended the concepts of Dyson orbitals,11–14 reduced one-particle density
matrices,15–20 and Natural Transition Orbitals (NTOs)20–24 to the domain of metastable states.2,4
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Figure 1: Extension of the Dyson orbitals to the domain of metastable states allows us to rationalize chemical
changes induced by electron attachment. The three panels show the connection between the shape of the
Dyson orbital and the shape of the PES for the σ∗ valence, π∗ valence, and π dipole-stabilized resonances
in F−

2 , N−
2 , and CuF−, respectively. Resonance widths as a function of bond distance and Dyson orbitals

are displayed in insets. Attachment to anti-bonding orbitals ( F−
2 and N−

2 ) leads to significant change in the
potential energy slope and strong dependence of the lifetime on the internuclear distance, whereas attachment
to a dipole-stabilized orbital does not perturb the molecular core resulting in nearly constant lifetime and
parallel potential energy curves of the neutral and the anion (CuF−).

Dyson orbital,11–14 φd, is the key quantity in processes involving electron ejection or electron
attachment:

φd(1) =
√
N

∫
ΨN

I (1, . . . , n)ΨN−1
F (2, . . . , n)d2 . . . dn (1)

It connects the initial (N -electron) and final (N−1-electron) states. In the context of photoionization,
Dyson orbitals appear in the so-called photoelectron matrix element:25–27

DIF = (φd|µ|ξω) (2)

that determines the cross sections and angular distributions of photoelectrons (ξω denotes the wave
function of the ejected electron).

Dyson orbitals are also useful for deriving qualitative insight from many-body calculations, be-
cause they extend simple molecular orbital theory to correlated wave functions. For example, the
shapes of Dyson orbitals can be used to explain main features of potential energy surfaces of various

1



shape resonances, as illustrated in Fig. 1. Distinctly different shapes of the Dyson orbitals in F−2 , N−2 ,
and CuF− allow one to classify these shape resonances as of σ∗-, π∗-, and dipole-stabilized π-type. In
the σ∗ and π∗ resonances, the curvature of the neutral and anionic PES are very different, whereas
in the dipole-stabilized case the two PES are nearly parallel because the extra electron resides out-
side of the molecular core. Likewise, the shape of the Dyson orbital explains the observed different
dependence of the lifetime on the internuclear distance in these shape resonances. Quantitatively,
complex Dyson orbitals can be used for calculating partial widths corresponding to different detach-
ment channels, as was done in Ref. 9. As described below, in the next funding period we will extend
the theory of calculating photoionization/photodetachment cross sections using Dyson orbitals27,28

to describe autoionization.
The key objects in properties calculations are reduced state and transition density matrices:15–20

γIFpq = (ΨI |p†q|ΨF ) (3)

where ΨI and ΨF are the initial and final states, respectively (if I ≡ F , one obtains a state density
matrix). For example, dipole (or transition dipole) is computed as contraction of such one-particle
density matrices with the matrix of dipole moment. Due to c-product normalization, density matrices
become complex in non-Hermitian extensions of quantum mechanics. We have implemented and val-
idated computer code for computing these quantities using the CAP-EOM-CCSD wave functions.2,4

Transition density matrices are similar to Dyson orbitals defined above, in a sense that they
connect initial and final states and determine the probabilities of one-photon transitions between
these states. Transition density matrices can be interpreted as amplitudes on one-electron excitation
operator mapping ΨI onto ΨF . If the initial state ΨI is bound (and its wavefunction is real, ΨI ≡
ΨRe

I ) and the final metastable excited state is represented by complex-valued wavefunction ΨF , then
the expressions for transition one-particle density matrix γRe

pq (FI) and γRe
pq (FI) contain only one

term with ΨRe
I ≡ ΨI and ΨF can be represented as:

ΨRe
F =

∑
pq

γRe
pq (FI)p†qΨI + higher excitations (4)

ΨIm
F =

∑
pq

γImpq (FI)p†qΨI + higher excitations (5)

Thus, γRe and γIm can be interpreted as real and imaginary amplitudes of a single excitation opera-
tor that generates a correlated many-body ΨF from ΨI . Because γ describes the changes in electron
density upon excitation, it can be interpreted as exciton wavefunction17–20 when expressed in coor-
dinate space. This analysis provides a roadmap for interpreting the physical meaning of complex
transition densities in non-Hermitian theories.4

NTOs, which are defined by singular value decomposition of the transition density matrix, al-
low one to describe electronic transitions in terms of pairs of hole and particle orbitals.17–21,24 We
extended4 this powerful and rigorous theory to metastable states, enabling the description of reso-
nances in a simple molecular orbital framework (particularly important is the ability to visualize the
decay channels). In analogy with real-valued theories, γRe and γIm can be used to define real and
imaginary parts of the exciton’s wavefunction:

χRe/Im(rp, rh) =
∑
pq

γRe/Im
pq φp(rp)φq(rh), (6)

We showed4 that while real parts of excitons describe changes in the electron density corresponding
to the bound part of the resonance, the imaginary excitons can be interpreted as virtual states
facilitating one-electron decay into the continuum. Fig. 2 shows bound and imaginary NTOs for
the 1Σ+ resonance in C7N

−. While the shape of the real and imaginary holes are very similar, the

2



particle states are very different. As one can see from the NTOs and the respective singular values,
the real part of the resonance can be described as π → π∗ excitation, whereas the main decay channel
is the transition from a lone-pair to an s-like orbital, with minor contributions of the π → p type.

Real

Real

Real

Imaginary

Imaginary

Imaginary

! = #. %&

! = #. %&
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! = #. )(

! = #. #%
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Figure 2: Real and imaginary NTOs and the re-
spective singular values for the 1Σ+ resonance in
C7N−. The singular values enable the evaluation
of partial widths corresponding the channels pro-
ducing Σ and Π neutral states: ΓΣ=0.10 eV and
ΓΠ=0.03 eV. From Ref. 4

Among various applications,5–9 I would like to highlight our calculations9 of a metastable dian-
ion, C2−

2 . Neutral and anionic C2 species play a role in combustion,29 plasma,30–32 and astrochem-
istry.30,33 Fig. 3 shows potential energy curves of C2−

2 and C−2 . The resonance, located 3.2 eV
above the ground state of C−2 , can decay into three channels. The norms of the corresponding Dyson
orbitals (shown in Fig. 3) are close to one, indicative of one-electron process. Despite very similar
shapes of the Dyson orbitals, the computed partial widths are vastly different because of the energy
dependence of the outgoing wave.
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Figure 3: Left: Electronic configuration
of C2−

2 . Electronic states of C−
2 are de-

rived by removing electron from one of the
three Dyson orbitals shown in the left panel.
Computed partial widths for the 3 channels
are: Γ(2Σ+

g )=0.21 eV, Γ(2Πu)=0.04 eV and
Γ(2Σ+

u ) ∼0. Right: Potential energy curves of
C2−

2 and C−
2 illustrating its resonance nature.

From Ref. 9
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