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ABSTRACT

A basic fact, having fundamental significance in quantum mechanics, is that hermitian (or self-
adjoint) operators have only real eigenvalues. However, in certain applications in molecular physics,
one deals with non-hermitian operators. We discuss a condition for non-hermitian operators to have
real eigenvalues, proving that it is the case if and only if it can be decomposed as a product of two,
generally non-commuting hermitian operators, one of which is positive definite. The theoremiisillus-
trated on the example of non-hermitian effective Hamiltonians occurring in the non-perturbative

form of the Bloch equation.
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1. Introduction
Standard self-consistent-field (SCF) equations
FCi = SiSC,' (1)

with the Fock matrix F, molecular orbital (MO) coefli-
cients C; and MO energies ¢; emerge from the matrix rep-
resentation of the eigenvalue equation of the Fock oper-
ator in the non-orthogonal basis set of atomic orbitals
characterised by the metric (overlap) matrix S. The
Fock operator being hermitian, its eigenvalues are real
numbers, so are the MO energies ¢; in a finite basis.
Equation (1) is usually solved by some eflicient tech-
nique, e.g. the Cholesky-decomposition of the metric
matrix. However, multiplying by $~!, Equation (1) can
be rewritten as

GC; = &G (2)
where
G=S'F (3)

(51

is a non-hermitian matrix, whose eigenvalues are never-
theless real.

In matrix theory, there is a theorem which precisely
formulates a condition under which a non-hermitian
matrix has only real eigenvalues. The statement is:

Theorem: A non-hermitian matrix G has real eigenvalues
ifand only if it can be decomposed as a product of a positive
definite hermitian and another hermitian matrix.

Evidently, the (inverse) metric matrix being positive
definite, Equation (3) exactly exhibits this structure.

In this paper, after recapitulating the proof of the
above theorem for matrices in Section 2, we formulate the
question whether an analogous statement holds for non-
hermitian operators. An affirmative answer is provided in
Section 3.

In molecular physics, one often deals with non-
hermitian model Hamiltonians, despite the basic fact
that physical quantities are described by self-adjoint

CONTACT P.R.Surjan @ peter.surjan@ttk.elte.hu e Laboratory of Theoretical Chemistry, Institute of Chemistry, Faculty of Science, Lorand E6tvos

University, H-1518 Budapest, POB 32, Hungary
*Dedicated to the 65th birthday of Attila Csaszar

© 2023 Informa UK Limited, trading as Taylor & Francis Group


http://www.tandfonline.com
https://crossmark.crossref.org/dialog/?doi=10.1080/00268976.2023.2285034&domain=pdf&date_stamp=2023-11-24
mailto:peter.surjan@ttk.elte.hu

2 (& PETERR.SURJANETAL.

operators. Some important examples are:

(1) The similarity-transformed Hamiltonian in coupled-
cluster (CC) theory [1-3],

H=c¢THe, (4)

where T is the cluster operator

(2) Transcorrelated Hamiltonians [4-9]

(3) The effective Hamiltonian in the Bloch equation
[10-14], or the effective Hamiltonian in Mukherjee’s
energy-independent partitioning technique [15]

(4) The original, non-hermitian formulation of Mayer’s
chemical Hamiltonian approach [16-18]

(5) Application of non-hermitian (complex) potentials
in the theory of resonances and scattering problems
(19]

Non-hermitian Hamiltonians have been widely stud-
ied in theoretical physics [20-24], out of the realm of
molecular physics, resulting in several alternatives of the
above theorem [22, 25].

Equation (4) is not of present interest, since (i) it
exhibits a similarity transformation, thus the eigenval-
ues of H and H coincide; and (i) in CC theory, one does

not diagonalise H, but solves momentum-like equations
instead. Transcorrelated Hamiltonians are also exam-
ples for similarity transformations. An application of the
present result to item (3) will be presented in Section 4.
Items (4) and (5) are more special examples, these are not
discussed in this paper.

2. The proof for matrices

Proof of the theorem for matrices has to be elaborated in
both directions:

(1) If G = AB, with A and B hermitian and A positive
definite, then the eigenvalues of G are real

(2) If Gisdiagonalisable and has real eigenvalues, then it
can be decomposed as G = AB with the mentioned
properties.

The theorem is well known in linear algebra. Here we
present a simple proof for completeness.

2.1. Direction (1)

Suppose we have two hermitian matrices, A and B, with A
positive definite, the matrices AY/2 and A=1/2 are there-
fore well defined. (ByAl/ 2 we mean the positive definite
square root of A which is obviously invertible.) Then, let

us construct the product matrix

C
—
G =AB = AY2 AY2 B A1/2 A-1/2 (5)
A I

where the unit matrix I was introduced. Since A and B
are hermitian, so is C = AY/2BAY/2, thus we have

G = AY2cA™1/2, (6)

which is a similarity transformation of the hermitian C.
Since the latter has real eigenvalues, those of G must also
be real, q.e.d.

2.2. Direction (2)

If G is diagonalisable, then
G=LDL™' 7)

where D is a diagonal matrix, with some invertible
matrix L, which is, owing to the non-hermiticity of G,
not unitary. We assume that all diagonal elements of
D are real. Then, consider the construction augmenting
Equation (7) with a unit matrix I = LYLT ™ in between L
and D:

G=LL'L' 'DL!. (8)
—— —_—
A B

Here B = L'~ 'DL~! is hermitian for real D, while A =
LL" is positive definite and hermitian, by which the proof
for matrices is completed.

Note that the proof in this direction remains valid for
any decomposition of G as L'D’L'~!, where D’ is hermi-
tian but nondiagonal, thus the decomposition G = AB is
not unique.

3. The proof for operators

For linear operators, the theorem can be stated as follows.

Theorem: A non-hermitian operator G has real eigenval-
ues if and only if it can be decomposed as a product of two
hermitian operators one of which is positive definite.

The implications, again, have to be shown in both
directions. However, direction (1) emerges as a trivial
transcript of Equations (5)-(6) which were written for the
case of matrices: If operators A and B are hermitian and A
is positive definite, then operator G = ABhas real eigen-
values, albeit it is not hermitian. (We must not suppose



that A and B commute.) This statement follows from the
construction, analogous to (5)

A

C
e N
G=AB=Al2 A1/2 B 412 A-112 ©)
—_— S——

A 1

with I standing for the unity operator. Operator Cis her-
mitian by construction, and G is obtained as its similarity
transformation, the eigenvalues of G are real.

The reverse direction requires some care, as, to remain
general, one does not want to turn to a matrix rep-
resentation in which a ‘diagonal operator’ D could be
defined. Instead, let us formulate the reverse statement
using the concept of spectral decomposition. Consider a
non-hermitian operator G having right eigenvectors ;

Gli) = eily) (10)
with real eigenvalues €;, and left eigenvectors ¢;
(6ilG = (€. (11)

For simplicity, the case of a discrete spectrum is dis-
cussed.

Non-hermiticity of G is manifested in that the two sets
of eigenvectors are not the same. However, they form a
biorthogonal set:

(BilYk) = dik> (12)

assuming suitable normalisation (¢;|v;) = 1. This biorth-
ogonal property for non-hermitian operators is well
known in operator calculus, but, for completeness, we
recapitulate a proof in the Appendix.

With these two sets of eigenvectors, the spectral
decomposition of the non-hermitian operator G with real
eigenvalues €; can be written as

G=) «l¥)gl (13)
J

as it can be verified by simple substitution of Equation (13)
into Equations (10) and (11) and using biorthogonality,
Equation (12) of the eigenvectors.

Let us develop a constructive proof. Define two her-
mitian auxiliary operators

A= sy (il (14)
i
with the right eigenvectors of G and scalars s; > 0, and
~ €
B="Y"Zig (gl (15)
i
with the real eigenvalues €; of G and the left eigenvec-

tors of the latter, Equation (11). Constructions of Equa-
tions (14) and (15) are not to be considered as spectral
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decompositions, since neither of the sets {;} or {¢;} are
orthonormal. Since both s; and €; are real, both operators
A and B are hermitian by construction. Moreover, Ais
positive definite with s; positive. Evaluating the product
one obtains:

A A €;
AB = ) (il (i
;%}$wwwWA

8ij

=Y alvi)igil =G. (16)

That is, the non-hermitian operator G having real eigen-
values has been decomposed as a product of two hermi-
tian operators AB, of which A is positive definite. This
completes the proof in the reverse direction.

Since in the above construction the real positive
parameters in A, s;, are arbitrary, this decomposition is
not unique, just like the similar decomposition of matri-
ces in the preceding section. Note finally that the adjoint
of Gis

For G to be non-hermitian, A and B must not commute.
Further,

[G GT] AB2A — BA2B =0,

thus this G is not a normal operator, either. We can,
therefore, formulate the following

Corollary: If a normal operator N is not hermitian, it
must have at least one complex eigenvalue.

4. Application to the theory of effective
Hamiltonians

Effective Hamiltonians have long been dealt with in
molecular physics, starting from Lowdin’s partitioning
technique [26, 27], Mukherjee’s energy-independent par-
titioning technique [15], the effective Hamiltonian in
¢ perturb-then-diagonalise’ versions of multi-reference
(MR) perturbation theory (PT) [28-32], and the field of
the Bloch equation [10, 11]. Wave operators and effec-
tive Hamiltonians have also been used in the field of the
ro-vibrational molecular Schrédinger equation [33-35],
an area on which Attila Csdszar, to whom this Volume
is dedicated to, has been extensively working. Here we
present an application to the non-perturbative formal
Bloch equation.
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Consider a set of exact eigenfunctions of a Hamilto-
nian H,
WL, W,

They satisfy the eigenvalue equations

HY; = EjW;, i=1,2,...p,
and, owing to the hermiticity of H, form an orthonormal
basis in the p-dimensional eigensubspace.

Consider now a set, formed by the same number of
model functions:

(@), i=12,...p,

which are chosen to be orthonormal, (®;|®;) = §;;, span-
ning a p-dimensional model space. The interrelation
matrix between the two sets is

Ti = (Di|Wy)

For the set {®;}, we only assume that they represent an
approximation to W; which is not singularly wrong, i.e.
the diagonal overlaps

Tii = (Pi| W) #0

are nonzero for all i. We also assume that matrix T is non-
singular.
The next step is to define a formal wave operator 2 by

Q=7 1W)T;" (Pl (17)
ik

where Tizl is a shorthand for the elements of the inverse
of matrix T. This wave operator obviously maps the
model space to the exact eigensubspace, and has the
following properties:

(1) Itisidempotent:
P =Q

which results from simple substitution of Equation
(17)

(2) Itis obviously not hermitian: QF£Q

3) Tre=p

(4) It satisfies the non-perturbative form of the Bloch
equation

aS = QAQ, (18)
which, again, follows easily from simple substitution.
This form of the wave operator is a skew projec-

tor from the mathematical point of view, owing to the
properties of items (1) and (2).

The above construction makes clear that this wave
operator corresponds to a MR theory. The single-
reference version of (18), where p = 1 and the definition
Q = |W)(P| is used for the wave operator, was termed
the nonlinear Schrédinger equation by Lowdin [11] (see
also ref. [36]).

Note that Equation (18) can also be obtained from
the requirement that € commutes with the Hamilto-
nian, multiplying the commutator with €2 and using the
idempotency of the wave operator.

The Bloch Equation (18) is not easy to solve, partly
because it has many solutions. An equation of the same
structure can be written down in a one-electron theory
for the density matrix P and the Fockian F [37-39]:

FP = PFP.

Iterative solution of the above equation, albeit slow, is
possible [37-39], and it provides the density matrix with-
out explicit diagonalisation of F.

We now proceed with constructing the decomposition
of the effective Hamiltonian, formulated in the field of the
Bloch equation as

A = AQ. (19)

Matrix elements of H°® in the model space read
HET = (@, |HQ D). (20)
This is a p x p dimensional non-hermitian effective

Hamiltonian matrix, that is diagonalisable, and has p
exact eigenvalues. This can be simply verified:

(HT), = Y@l AQI@n Ty

b
= > (@i HIW) Ty" (D1 Dp) Ty
bkl EpWy S
= E;Tj, (21)

where the definition of the wave operator was substituted,
and the orthonormality of the model space functions was
utilised. The result can simply be written as

(T7'HT) = B, (22)

i
indicating that the interrelation matrix diagonalises the
non-hermitian Hamiltonian in the model space with all
of its eigenvalues remaining real. Therefore, in accord
with the theorem under discussion, the effective Hamil-
tonian of Equation (19) must feature a decomposed form



as the product of a positive definite and a hermitian
operator. Rearranging Equation (20) as

HET = ZEjTijszl (23)
j

allows one to express the model space projection of At
as

PHT =) |0y HT (. (24a)
ik
= ZEj Z T; <I>i> <Z T].;I @, (24b)
j i k
) (%1
(24¢)

=) 5 [ (@]
j

for real matrix elements of T. Here, the model space
projector

P=" "0

was used, and the form Equation (23) was substituted
for A% to get (24b). The form (24c) perfectly matches
the structure of Equation (13) in Section 2.2: it is a
spectral resolution of a non-hermitian Hamiltonian, with
real eigenvalues E;. Therefore, the construction used in
Section 2.2 applies. First, it is evident that the sets {y}
and {¢} are biorthogonal:

(djlyn) = T]f (Pk|Di) Ti = 6j1.
ik ki

Next, one defines, following Equations (14) and (15),
A= sl (il
i
with arbitrary but positive parameters s;, and

N E;
B= Z 5—;|¢j><¢>,-|.
]

Both A and B are hermitian and A is positive definite, and
their product gives the effective Hamiltonian (24c). This
illustrates the theorem.

5. Conclusion

Inspired by the Hartree-Fock-Roothaan equation (the
eigenvalue problem of the Fockian represented in an
overlapping basis set), we recapitulated a theorem of
matrix theory stating that the spectrum of a nonhermi-
tian matrix is real if and only if it appears as a product
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of two non-commuting hermitian matrices, one of which
is positive definite. We presented a formal constructive
proof for the analogous statement for operators, using
the formalism of spectral decompositions for nonher-
mitian operators. The proof makes it evident that the
decomposition is not unique. The non-perturbative form
of the Bloch equation results in a nonhermitian effec-
tive Hamiltonian, and the formal theorem is illustrated
on this example.

Disclosure statement

No potential conflict of interest was reported by the author(s).
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Appendix

Here we recapitulate that Equation (12) is correct. Assume that
M # M is a non-hermitian operator, its eigenvalue equation
reading

M) = ailyr). (A1)
The eigenvalue problem of the adjoint operator reads

M| = bjl ). (A2)
Taking the adjoint of Equation (A2) one gets:

(51M = b (g, (A3)

with right and left eigenvectors (i and ¢) and eigenvalues (a
and b*) of M, respectively. Multiplying Equation (A1) by (¢
from the left and Equation (A3) by |y;) from the right, one
obtains:

(i M) = ailejl i) (A4)
and
(@I M) = b7 (1. (A5)
Taking their differences:
0= (a;—b) (g1 (A6)
Assuming (¢;|v;) is nonzero, this leads to
a; = bf

That is, the left- and right eigenvalues are the complex conju-
gates of each other. (In the discussion of the present paper, a;
are real, thus they are equal.) In this case, one usually applies
the normalisation condition:

(DilYri) = 1.
If, however, i # j, the eigenvalue differences are nonzero in gen-
eral (the case of degeneracy may be separately discussed). Then,
we obtain:

(#ilj) = 0.
Combining the last two equations one arrives at the biorthog-
onality property Equation (12).
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