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We analyze the spectrum and normal mode representation of general quadratic bosonic forms H
not necessarily hermitian. It is shown that in the one-dimensional case such forms exhibit either
an harmonic regime where both H and H' have a discrete spectrum with biorthogonal eigenstates,
and a coherent-like regime where either H or H' have a continuous complex two-fold degenerate

spectrum, while its adjoint has no convergent eigenstates.

These regimes reflect the nature of

the pertinent normal boson operators. Non-diagonalizable cases as well critical boundary sectors
separating these regimes are also analyzed. The extension to N-dimensional quadratic systems is

as well discussed.

I. INTRODUCTION

The introduction of parity-time (P7T)-symmetric
Quantum Mechanics ﬂ, E] has significantly enhanced the
interest in non-hermitian Hamiltonians. When possess-
ing PT symmetry, such Hamiltonians can still exhibit a
real spectrum if the symmetry is unbroken in all eigen-
states, undergoing a transition to a regime with com-

lex eigenvalues when the symmetry becomes broken
IRJ.L E] A generalization based on the concept of pseu-
dohermiticity was then developed , which provides
a complete characterization of diagonalizable Hamiltoni-
ans with real discrete spectrum and is equivalent to the
presence of an antilinear symmetry. A similar approach
had been already put forward in ﬁ in connection with
the non-hermitian bosonization of angular-momentum
and fermion operators introduced by Dyson ﬂ, ] An
equivalent formulation of the general formalism based on
biorthogonal states can also be made ﬂ, g, m]

Non-hermitian Hamiltonians were first introduced as
effective Hamiltonians for describing open quantum sys-
tems [L1]. Non-hermitian Hamiltonians with P7 sym-
metry have recently provided successful effective de-
scriptions of diverse systems and processes, specially
in open regimes with balanced gain and loss. Exam-
ples are laser absorbers Iﬁ], ultralow threshold phonon
lasers , defect states and special beam dynamics in
optical lattices ﬂﬂ] and other related optical systems
ﬁ%, E] PT-symmetric properties have been also ob-
served and investigated in simulations of quantum cir-
cuits based on nuclear magnetic resonance Iﬂ], super-
conductivity experiments iﬁ, microwave cavities
m], Bose-Einstein condensates , spin systems Iﬁ],
and vacuum fluctuations m Evolution under time-
dependent non-hermitian Hamiltonians has also been dis-
cussed in 4, 23]

Of particular interest are non-hermitian Hamiltoni-
ans which are quadratic in coordinates and momenta,
or equivalently, boson creation and annihilation opera-
tors. They include the so-called Swanson models @?@],
based on one-dimensional P7T-symmetric Hamiltonians

with real spectra, which have been examined and ex-
tended in different ways 3-B1]. Effective quadratic non-
hermitian Hamiltonians have also arisen in the descrip-
tion of LRC circuits with balanced gain and loss Iﬁ,
coupled optical resonators @], optical trimers Iﬂ and
the interpretation of the electromagnetic self-force .
The aim of this article is to examine the normal modes,
spectrum and eigenstates of general, not necessarily her-
mitian, quadratic bosonic forms in greater detail, extend-
ing the methodology of @, @] to the present general sit-
uation. Such quadratic forms can represent basic systems
like a harmonic oscillator with a discrete spectrum, a free
particle Hamiltonian with a continuous real spectrum,
the square of an annihilation operator, in which case it
has a continuous complex spectrum with coherent states
| as eigenvectors, and the square of a creation opera-
tor, in which case it has no convergent eigenstates. We
will here show that a general quadratic one-dimensional
form belongs essentially to one of these previous cate-
gories, as determined by the nature of the normal boson
operators, i.e., as whether one, both or none of them
possesses a convergent vacuum. Explicit expressions for
eigenstates are provided, together with an analysis of bor-
der and “nondiagonalizable” regimes. The extension to
N-dimensional quadratic systems is then also discussed.

II. THE ONE-DIMENSIONAL CASE
A. Normal mode representation

We consider a general quadratic form in standard bo-
son creation and annihilation operators a, a’ ([a,a’] = 1),

1 1
H=A T - Z
(aa+2)+2

:%(af a)’;’-[((;), ”H—(ﬁ ]if>, (2)

where A and By are in principle arbitrary complex num-
bers. By extracting a global phase we can always as-

(Bya'? + B_a®) (1)
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sume, nonetheless, A real non-negative (A > 0), while
by a phase transformation a — e®a, af — e *?af, we
can set equal phases on By, such that By = |By|e®.
The hermitian case corresponds to H hermitian and the
original Swanson Hamiltonian to By real m

Our first aim is to write H in the normal form

HzA(bTb—i—%) : (3)

where b, b are related to a and af through a generalized
Bogoliubov transformation
b=ua+va', b =v"a+ual. (4)

Here b' may differ from b' although they still satisfy the
bosonic commutation relation

b0 =1, ()
which implies
ua® —vv* =1. (6)

If H is hermitian and positive definite (|By| < A), such
that H represents a stable bosonic mode, we can always
choose u, v, @ and ¥ such that b" = bf. This choice is no
longer feasible in the general case.

The transformation @) can be written as

(5) :W(;ﬁ) W= (f j) , (7)

with W satisfying Det W = 1. We can then rewrite H as
1 - b
H=50 0w (3). (s)
! !
H = MWMHW ™! = (g, Ej) : )

where A" = A(ut*+v0*)—Buv*—B_u*v, B}, = Biu*+
B_v? —2Auv, B” = B_@*? 4 B,v*? — 2Au*?* and

M= (é _01> . (10)

It is then seen from Eq. (@) that a diagonal H' (B!, =0,
A = ) and hence a diagonal representation [l can be
obtained if and only if i) the matrix

= (4 ") (1)

whose eigenvalues are )\ with

A=/A2 - B,B_, (12)

is diagonalizable, i.e. X # 0 if rank(H) > 0, and ii) W1 is
a matrix with unit determinant diagonalizing MH, such

that WMHW™! = AM and H' = A1. For instance,
assuming A # 0, we can set

where signs of v, * are such that 2 \uv* = B_, 2\u*v =
B,. Any further rescaling b — ab, b' — o~ 'bf, a # 0,
remains feasible, since it will not affect their commutator
nor Eq. @), although the choice [3) directly leads to
bt = bl when # is hermitian and positive definite (in
which case 0 < A < A). Eqs. ([3) remain also valid for
By — 0or B_ — 0, in which case A > A, u =u* — 1
and (v,7%) = (0, 27) or (5£,0).

If no further conditions are imposed on b, b, the sign
chosen for A is irrelevant, since (@) can be rewritten
as —A(b' T + 1) for bt = —b, ¥ = bl (also satisfying
[',b'T] = 1). The sign can be fixed by imposing the
condition that b (rather than b') has a proper vacuum,
as discussed in the next section, in which case the right
choice for A > 0 is Re(\) > 0.

The matrix M?H determines the commutators of H
with a and af, [H,a] = —Aa—B,al, [H,a'] = Aa'+B_a:

[H, <;T)] = —MH <;+> . (14)

The normal boson operators b, b' satisfying (@) are then
those diagonalizing this semialgebra:

[H,b] = —Xb, [H,b']=\b". (15)
Therefore, if |o) is an eigenvector of H with energy E,,
Hla) = Eala), (16)

then bf|a) and bla) are, respectively, eigenvectors with
eigenvalues E, + \, provided b'|a) and b|a) are non zero:

Hb|a) = (bTH + M) |a) = (B, + Nbf|a),  (17)
Hbla) = (bH — \b)|a) = (Eq — \)bla) . (18)

As in the standard case, these operators then allow one
to move along the spectrum, even if it is continuous, as
discussed in sec.

The case where MH is nondiagonalizable corresponds
here to H of rank 1, and hence to an operator H which
is just the square of a linear combination of a and a':

Hpg=(V/B_a+

Such H leads to A = £1/B+B_ and A = 0. This case,
which includes the free particle case H oc P?, will be
discussed in sec. [T T}

Byah)?/2. (19)



B. The harmonic case

Let |0,) be the vacuum of a, a|0,) = 0, and let us
assume a vacuum |Op) exists such that b|0p) = 0. Then,
|0p) is necessarily a gaussian state of the form

2 n!

00) o exp (— ) 02) = 3 (— ) L2 o
n=0

(20)
Recalling that Y~ (%)™ (3:!1)!2 converges to \/11: iff |z] <

1 and z # 1 [4d] we see that |0) has a finite standard
norm (0,|0p) only if |v| < |u|, implying

|B4 |

A+A’
. 21
B ’ 2D

A—- A

Eq. @I imposes an upper bound on |B,/B_| for given
values of A and By B_. Similarly, assuming a vacuum
|05) exists such that b|0;) = 0, then

(22)
with (0p|0p) convergent only if |o| < |al, i.e.,
B_ A
IB-| _[A£A] (23)
B+l A=A

Eqgs. @I)—(23) determine a common convergence window

|A— A
|A+ A

|B4 |
|B—|

|A+ )|
A=Al

(24)

equivalent to |[A—\| < |Bx| < |A+ |, within which both
|0p) and |0;) are well defined. For A > 0, such window
can exist only if A > 0 and Re(A) > 0, which justifies
our previous sign choice of A\. This window corresponds
to region I in Figs. TH2

On the other hand, their overlap (0;]05) converges iff

oo™

_‘A—)\

Z %<« 25
A+/\‘— ’ (25)

uu*

and vv* # uu*, but these conditions are always satisfied

due to Eq. (@) and the choice Re(A) > 0 (for A > 0). In

particular, if Eq. (24) holds, Eq. (Z8) is always fulfilled.
It is now natural to define, for m,n € N, the states

iy Tym
b =0,y = i, o)

which, since [b'h,b] = bT and [bTb, bT] = bT, satisfy
bib|ny) = nlny), biblmg) = m|mg), (27)
with

(mg | nb) = 6mn(05/0p), (28)

implying that {|np)} and {|ng)} form a biorthogonal set

|. Adding “normalization” factors u~'/? and @~1/? in
@022 directly leads to (04|0;) = 1. Note, however,
that the |np) are not orthogonal among themselves, nor
are the |mg). Since bf = C![bf + (uv — va)*b], with
C = |u|* — |v|? = [b,bT], the |n}) are linear combinations
of standard Fock states oc (b7)¥|0,) with k =n,n—2....
Similar considerations hold for the |mg).

We can then write, in agreement with Eqs. ([T)—(I3]),

HMQ:A(n+%)mQ, (29)

and also,
f . 1
H |mg) = X" | m+ 5 ) [mg) , (30)

where HT = X\*(bTb+ 3 ). Hence, in the interval [24) there
is a lower-bounded discrete spectrum of both H and HT,
as corroborated in section

This discrete spectrum will be proportional to A. As-
suming A real, A is real and nonzero iff By B_ is real and
satisfies

ByB_ < A*. (31)

For equal phases of B, it then comprises two cases:
i) By real (# = 0,7) satisfying @BIl), in which case
A=+A? —|ByB_| < A and u,v,7 in Eq. (I3) are real.
Here H is invariant under time reversal, since Ta7T = a
and TaT = al. This is the Swanson case [2d].
ii) By imaginary (§ = =4m/2), in which case A\ =
VA2 +|ByB_| > A, with u real and v,7* imaginary.
Here H has the antiunitary (or generalized PT) sym-
metry UT, with U the phase transformation
(a,a’) — (—ia,ial).

For A real, Eq. 24)) implies |By 4+ B_| < 24 in case 1)
and |B1—B_| < 2Ain case ii), which can be summarized,
for any case with real A, as

|By + BX| < 24. (32)
Eq. B2) is equivalent to H + H' positive definite, i.e.,
H+H >0, (33)

such that Re[ZTHZ] > 0V Z = (21, 22)T # 0. Therefore,
both H and H' will exhibit a discrete real positive spec-
trum iff Eq. [33) holds. Eq. [B2) then leads to region I
in Fig. [ i.e., the stripe |B;+ + B_| < 24 when By are
real.

On the other hand, when A is complex the spectrum
of H can be made real just by multiplying H by a phase
A*/|A|, as seen from @9)). The ensuing operator H' has
the antiunitary symmetry U7, with U the Bogoliubov
transformation (%) — U(%)U~! = W*)"'W(%,). For
complex A, the stable sector adopts the form depicted in
Fig. @ (sector I). For a common phase § = 0 (By real
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FIG. 1. Regions of distinct spectrum for the operator () in
the case of B+ real (and A > 0). I denotes the region with
discrete positive spectrum (Eq. (82))), IT that with continuous
complex twofold degenerate spectrum (Eq. ) and III that
with no convergent eigenfunctions (Eq. ([@Q)). The dashed
curves depict the set of points where M is nondiagonaliz-
able. The hermitian case corresponds to the line B_ = B.

|B_|/A

T T T

3 4 5 6
|B+|/A

=
N

FIG. 2. Regions of distinct spectrum for the operator () with
complex By = |Bx e and 6 = 7/6. Same details as Fig. [}
In I, H has a discrete complex spectrum, while in IT it has a
continuous complex spectrum and in III no convergent eigen-
functions. The dotted segment |By| + |B—| = 24 indicates
the upper limit of region I for § = 0 (B+ real and positive)
whereas dotted lines |By| — |B—| = £2A indicate the border
of I for = /2 (B+ imaginary); For general § € (0, 7/2] and
|B+| > A, Iis limited by lines |B4| — |B-| = £2Asin.

and positive) it is just the triangle |B4| + |B-| < 24,
while for § = 7/2 (Bi imaginary, equivalent through
a phase transformation to By real with opposite signs)
it corresponds to ||By| — |B_|| < 2A (sectors delimited
by dotted lines). The union of these two sectors leads
to the stripe of Fig. [ for B4 arbitrary real numbers.

For intermediate phases the stable region is essentially
the union of the previous triangle with a narrower stripe,
asymptotically delimited by the lines ||By| — |B_|| =
2A sin6 for |By| > A. A similar type of diagram for a
non-quadratic system was provided in Ia]

C. The coordinate representation

We now turn to the representation of H and its eigen-
states in terms of coordinate and momentum operators

_a+ al _a— af
Q=" -t (34)
satisfying [@Q, P] = ¢. The Hamiltonian ([2]) becomes
H= % AP+ 4,Q° + B(QP+PQ) (35)
- - A, B
=@ P)H <f§> , H=8"HS = <B+ A) (36)

where S = (} _%)/+/2 and

B B_ - B. — B_
birt+b- By =B

A=A+
+ 2 %

(37)
The hermitian case corresponds to Ay and B real, while
the generalized discrete positive spectrum case [B3) to
H+H' > 0. Thus, for By real the border |B;+B* | = 24
corresponds to A— = 0 or Ay = 0, i.e. infinite mass or no
quadratic potential, while for By imaginary to |B| = A.
The diagonal form (@) can then be rewritten as
A

H=32(P?+Q"7), (38)

where Q' = % and P’ = % satisfy [Q', P'] = i but

are in general no longer hermitian. They are related to
Q, P through a general canonical transformation

Q/ s Q - 7 ata* _B—E*
<P, =W|(p), W=8Wws= “52?‘* [Hj;* :
3 (39)
where (%) = u £, (%) =4+ and Det(WW) = 1. Here A
can be expressed as

A=1/A,A_ — B2, (40)

with £\ the eigenvalues of MH = STMHS.

Setting Q|x) = x|z), the coordinate representations
o(z) = (2]0p), ¥5(x) = (x]0;) of the vacua can be
found from Eqs. @0) and @2). They can also be de-

rived by solving the corresponding differential equations
(x[b]0s) = 0, (2[b|05) =0, i.e.,

oz + B0, () =0, [az + 3O, Yb(x) =0, (41)



and read

W) o exp [—%]  h(a) o exp [—%x} (42)

2
: zitz] _ |22z )? g :
Since Re[z17z2] = e V 21 # 29 € C, it is verified

that they have finite standard norms iff |v| < |u| and
|| < |a]. The wave functions of the excited states |np)
and |mj) can be similarly obtained by applying b and b
to the functions ([@2), according to Eq. (26):

[ ], (e .
vhe) = = @ Hn(v)wé;( ) 43)

wmx)—il f—ﬂl H, (%)wgm, (44)

where v = +/38* and H,(z) is the Hermite polynomial
of degree n. These functions satisfy the biorthogonal-
ity relation 28), i.e., [*_ ¥l (@)¥l (2)dx = Gpma (05| 0b),
with (0z | 0p) = 1 if normalization factors (v/78)~ /2 and
(v/7B)~1/? are added in @Z). They are verified to be the
finite norm solutions to the Schrédinger equations asso-
ciated with H and H' respectively. In the case of ¥ (z),
the latter reads

Y

1 " - 7 / L
- A —MBP¢—+§]+§A+ﬁw::Ew, (45)

with = A(n + 1/2), while in the case of b (x), As, B
are to be replaced by A% and B*, with E = X\*(m+1/2).

D. The case of continuous spectrum

If |v/u| < 1 but [v/a] > 1, the vacuum |0;) of b is no
longer well defined, since the coefficients of its expansion
in the states |n,), Eq. 22)), become increasingly large for
large n, and the associated eigenfunction ¥§(z), Eq. (@),
becomes divergent. This situation occurs whenever

Byl _ [A=A

< 1T
[B-| A+l

i.e. below the window (24)), and corresponds to regions
II in Figs. M and Bl The same occurs with the excited
states |ng) defined in Eq. (26).

Instead, it is now the operator b which has a conver-
gent vacuum, namely

o) x> (i) ),

20* n!
n=0

satisfying b' |05:) = 0. Since we can write H as
H = —X[(=b)b" +1/2], (48)

it becomes clear that H |05:) = —\/2 |03:). Moreover,
due to the commutation relation [bT, —b] = 1, we may
as well consider —b as a creation operator and b as an
annihilation operator, and define the states

(=0)" 1051)

|nET> = \/m ) (49)
which then satisfy —bb' [ng:) = n |nz), and hence
1
Hng) =—=A (n + 5) [ng:) - (50)

Since the previous states |0p) and |np) remain conver-
gent, and Eq. [Z9) still holds, it is seen that H posseses
in this case two sets of discrete eigenstates constructed
from the vacua of b and b, with opposite energies. The
wave functions of the “negative” band are given by

o (@) xep | 7747

7 R (51)
Al 1T Al
(0 (CL‘) X \/m [ 2ﬁ*‘| o, (7) 0 (,T),

which are convergent since now Re(a*/5*) < 0.
However, these eigenvalues do not exhaust, remark-
ably, the entire spectrum. The Schrodinger equation ([45)
has in the present case two linearly independent bounded
eigenstates |1) and |vg), for any complex energy

E,,:)\(u—i—%), (52)

with v € C. As demonstrated in the appendix, the as-
sociated eigenfunctions ¥%(r) = (z|v) and 1/13f (x) =
(x| vpt) are given explicitly by:

#) [ (5 e (5))

Y@L o



where n = |Re(v)|, with |x] the greatest integer lower
than 2 (floor function), and

_ v (lv] = D) v=-1,-2,...
=) = ﬁ otherwise (55)

For integer v > 0, these functions are proportional to the
previous expressions ([@3) and (GI). For general v € C,
they satisfy

H|w) :)\<u+%> ), (56)
Hlgi) = - <y + %) et | (57)

with
blwy) o< Vv v —1p),

= Vv +1v+ 1)
bt [vy) oc{ 103) b wZ_1)

b |vge) o< Vo v — 131),

(_b)|VbT>O({ \/V+1|V+1ET> (U#_l) , (59)
|05 (v=-1)
where the proportionality constant is a phase factor. Ex-
pressions (B6)—-(E) are in agreement with Eqs. (T)—-(3)).
They are valid in this region for both real or complex .
Note that if b |-1;) would vanish, then |-1;) would be
proportional to |0z:), which is not the case. A similar
argument holds for b|-13). It is also verified that in the
case of discrete spectrum (region I), such state |-1;) does
not exist, i.e., the solution of the first order differential
equation (x| b [-1,) = (x|0y) is divergent. In addition,
we remark that Eqs. (B3]) and ([B4) are always linearly in-
dependent solutions of the Schrodinger equation ([@3)), but
in region I the function ([B4)) is always divergent whereas
[E3) is divergent except for v =n =0,1,2,....

E. The case of no convergent eigenstates

If now |0/u| < 1 but |[v/u] > 1, ie.,
Bl A+
(B~ A=Al

neither b nor b have a convergent vacuum, so that the
eigenstates |np) and |ng+) of sec. [IBlare not well defined.
In fact, Eqs. (53) and (&) become divergent for any v,
so that H has no convergent eigenfunctions for any value
of E. This case corresponds to regions III in Figs. TH2

On the other hand, it is the operator b' which now
has a well defined vacuum |0,:), in addition to b, which
preserves its vacuum |0z). Therefore, one can define the
states |ny:) and |ng) in the same way as the treatment of
previous section, and also |vi) and |vg) for any v € C,
which will be eigenstates of HT. Hence, in this case HT,
rather than H, has two linearly independent bounded
eigenfunctions for every complex value of F. In contrast,
in IT H' has no bounded eigenstate.

(60)

F. Non diagonalizable case

The matrix M?H becomes non diagonalizable when A =
0, i.e. rankH = 1. This case occurs whenever By B_ =
A? and corresponds to the dashed curve in Fig. [l which
lies in regions IT and ITI. The operator H takes here the
single square form ([3)).

We first analyze the sector lying in region II. In the
limit By — 0, with B_ = A?2/B, — oo, H becomes
proportional to a?. Its eigenstates then become the well
known coherent states

@) ¢ explaa’]|0,) , (61)
satisfying a |ag) = aa,), o € C, with %HH:O(@) —
a? |£a,). This implies a continuous two-fold degenerate
spectrum, as in the rest of region I1. The spectrum of H
in IT is then similar to that of a2, reflecting the fact that
here both b and b' have a convergent vacuum and are
then annihilation operators.

In fact, for A — 0 and A > 0, the operators b and b of
Eq. @) become proportional, i.e. b — \/B_/By b, such
that H o b? at leading order. At the curve A = 0 and
within region II, H takes the exact form

H= BBl e §_ VB atyBral g
2 ’ [B--IB4+| ’

where b fulfills [b,b'] = 1 and has a convergent vacuum
|0;) since here |[By| < |B_|. It then represents a proper
annihilation operator. The eigenstates of H become its
coherent states ’a5> o explabl] ‘05> satisfying b‘a5> =
« ‘a5>, such that

H|+ap) = BEIB 02 |4 o) (63)

with @ € C. The spectrum is then complex continuous
and two-fold degenerate, as in the rest of sector II. The
eigenfunctions become

VB /BT (1_ﬁa¢m>2

wa(x):<x‘a5>o<e_ VE-—VE VAR
(64)

On the other hand, in region III, |By| > |B_| and
along the curve A = 0 we have instead

[N

jt — VB aty/Bral (65)
VB -1B_]

with b a proper creation operator satisfying [b,b'] = 1
and having no bounded vacuum. Hence, here H has no
bounded eigenstates while H' has has a continuous com-
plex spectrum.

Finally, in the hermitian limit |By| = |B_| = A, i.e.
when the curve A = 0 crosses the border between IT and
III, H — 4(e”*a + e'?at)?, becoming proportional to
Q? (or equivalently, to P? if ¢ = 7/2). It then possesses
a continuous two-fold degenerate nonnegative real spec-
trum, although with non normalizable eigenstates (|z) or

H= |B+\;\B—\ BT2,



|p)). This case corresponds in Fig. [l to the two “criti-
cal” points where all three regions 1, II, IIT meryge, i.e.,
|v/u| = |9/a] = 1. Thus, at the non-diagonalizable curve
A = 0, H is proportional to the square of: an annihila-
tion operator inside region II, a creation operator inside
region ITI, and a coordinate or momentum operator at
the crossing with the Hermitian case.

G. Intermediate regions

We finally discuss the border between regions I and
IT or III. These intermediate lines have either |v/u| =1
or [v/u] = 1. When crossing from I to II (III), b (b)
undergoes an annthilation — creation transition, loosing
its bounded vacuum and becoming at the crossing a co-
ordinate or momentum.

As can be verified from Eqs. B3) and (B4) when
A_ # 0, at the border between I and II H has still a
discrete spectrum and satisfies Eq. 29), since (E3) re-
mains convergent just for v = n. On the other hand,
©4) has no longer a finite norm since (1B — A)/(2A4_) is
an imaginary number. However, the dual states |0z) and
|ng), while also lacking a finite norm (ng | ng), still have
finite biorthogonal norms (mg | np), fulfilling Eq. 28). In
contrast, at the border I-IIT H ceases to have convergent
eigenfunctions for any value of v, since |n;) stops being
convergent, while dual states |nz) remain convergent.

When A_ = 0, which corresponds to the case B real
and By + B_ = 2A (the border between I and regions
IT-I1T in Fig. [0l), we have © = 4. In this case, and for
A # B_, Eq. [@3) becomes of first order and has a unique
solution given by

2

___Az®
wﬁ(x) xe 2B-—Ag¥ (66)

where we have set E = A(v + 1/2), with A = B_ — A,
along this line. Hence, at the border with region III
(B- < A) Eq. (60) is always divergent for |z| — oo, while
at the border with IT it is always convergent for |z| — oo
yet regular at x = 0 just forv =n = 0,1,2,..., as in
the previous case. For these values, Eq. (GO) becomes
proportional to Eq. ([@3).

Regarding the dual states, at this line b=>0bl =2 2u0),
(since 4 is real) and as such |0z) is the state with @ = 0,
ie, (x]0z) x é6(x). In fact, for ¥ — @ the coordinate
representation of the state |0;) in [22)) becomes a delta
function, as also seen from Eq. ([#2):

(z]05) — = 7/45(x), (67)

—m2/2 > H2n HQn )
=Y

where we have used §(z) = (x| 05) = Y07 o (z[na)(na]05).
It is then still verified that (07 | 05) is a finite number. The
same holds for the remaining states |ng), with (z]|ng)

involving derivatives of the delta function, such that Eq.
[]) still holds.

IIT. THE GENERAL N-DIMENSIONAL CASE

We now discuss the main features of the N-dimensional
case. We consider a general N-dimensional quadratic
form in boson operators a;, a;r- satisfying [ai,a;] = 44,
[a;,a;]=0,4,5=1,...,N:

H = ZA”a a; +

:%(QT a)’H,<;T>, H= (;_ i?)- (69)

Here By are symmetric N x N matrices of elements Bi,
such that H satisfies

B+a

UlJ

U+ Bjaa;)  (68)

HT = RHR, R = (g g) . (70)

Following the treatment of m for the general hermitian

case, we define new operators b;, bZ through a generalized
Bogoliubov transformation

B w-(8). o

where again 1_71 may not coincide with bI although the
bosonic commutation relations are preserved:

[bi,b] = i, [bi,b;] = [b],bl] = (72)
These conditions imply IE, @]
WMRWTR = M, (73)

(M is the matrix ([I0) extended to 2N x 2N) i.e.,

voHt —vHT =1, (74)
vuT —uvT =0, vOT —0OVT =0. (75)

We can then rewrite H exactly as in Eqs. @)—():
1 - b

=Lt oy (m) W

where H’ has again the form (@) and satisfies [{0) due

to Eq. (@3). The problem of obtaining a normal mode
representation

= MWMHW™t, (76)

_ 1
H= Z Xi(bib; + 5 (77)

leads then to the diagonalization of the matrix

MH = (_g _BXT) , (78)

which is that representing the commutation relations of
Eq. (@) in the present general case: [H, (%;)] = MH(S;).

A basic result is that the eigenvalues of (&) always
come in pairs of opposite sign, as in the hermitian case



Bd] (see also [4d]): Noting that RM = — MR and M2 =
R? =1, Eq. @) implies
(MH —A1)T = RHRM — A1 = RM(MH + A\1)RM
and hence Det[MH — A1l] = Det[MH + Al], entailing
that if A is an eigenvalue of MH, so is —A\.

From Eq. [T0) we also see that if Z; are eigenvectors
of MH satisfying MHZ; = \;Z;, then ZIRMZ;(\i +
Aj) = 0, implying the orthogonality relations

(A # ). (79)

The pairs (bi,l;j) emerge then from the eigenvectors
Z;, Z5 associated to opposite eigenvalues £\;, which are
to be scaled such that

ZIRMZ; = 1. (80)

ZIRMZ; =0

Writing Z; = (U* —V*)iT and Z; = (—V U)l.T, we can
form with them the eigenvector matrix W™, with Eqs.
[@@)—-@0) ensuring that W will satisfy Eq. (3.
Therefore, if MH is diagonalizable, a diagonalizing ma-
trix W satisfying ([@3]) will exist such that H can be
written in the diagonal form (7). The N-dimensional
H can then be reduced to a sum of N commuting one-
dimensional systems (complex normal modes) described

by operators H; = /\i(l;Ibi + 1). The normal operators
b, EZ, satisfy

[H,bi] = —Nibi, [H,b!] =\, (81)

diagonalizing the commutator algebra with H and satis-

fying then Eqs. ()-8 V b = b;.
Now, if a common vacuum |0p) exists such that

bil0p) =0, (82)
for i =1,..., N, it must necessarily be of the form @]
1 _
04) oc exp[— > (U V)salal]j0), (83)
4,J

where U~V is a symmetric matrix due to Eq. (3). Eq.
[®3) can be directly checked by application of b;. Simi-
larly, assuming a common vacuum |0z) exists such that

b|05) =0, (84)
fori=1,..., N, it must be of the form
1 o
105) o exp[—3 > (U 'V)yalal]l0a). (85)

0,J
Assuming these series are convergent, which implies that

U~V and U~V have both all singular values o; < 1,
0; < 1, we can define the states

o)
N1, N ) = HW 105), (86)

%

o)
Imi,...,mn) = H\/m 05) - (87)

Due to the commutation relations ([2)), these states form
again a biorthogonal set,

. 6mNnN <OE|Ob> )
(88)

(ml,...,mN5|n1,...,an> =6m1n1 ..

and satisfy

1

H||ni,...,nnp) = E i (nl+§) In1,...,nN 5){89)
y 1

HT|m1,...,mNg>= E )‘i (mz+§) |m17'-'7mNé90)

Thus, both H and HT possess in this case a discrete spec-
trum. Such spectrum can be real if H has some antilinear
(generalized PT) symmetry (for instance, H real).

In a general situation, a common vacuum may exist
just for a certain subset of operators b; and b;, leading
to terms H; with behaviors similar to those encountered
in the previous section. An important difference is to be
found in the non-diagonalizable cases: The correspond-
ing modes may not necessarily be of the form ([[d)), and
are not necessarily associated with vanishing eigenval-
ues \; = 0, since Jordan forms of higher dimension can
arise, as was already shown in two-dimensional systems
33, @], in the context of hermitian yet unstable Hamil-
tonians. Besides, M may remain diagonalizable in the
presence of vanishing eigenvalues Iﬂ, @]

IV. CONCLUSIONS

We have first analyzed the spectrum and normal modes

of a general one-dimensional quadratic bosonic form,
showing that it can exhibit three distinct regimes:
i) An harmonic phase characterized by a discrete spec-
trum of both H and H', with bounded eigenstates con-
structed from gaussian vacua, which form a biorthogonal
set. Such phase, which comprises the cases considered
in m, , arises when the deviation from the stable
hermitian case is not “too large” (Eq. 24)), equivalent
to B2)-B3) for A > 0), in which case the generalized
normal boson operators bf, b can be considered as cre-
ation and annihilation operators respectively. According
to the phase of A, the discrete spectrum can be real or
complex, but in the latter it can be made real by apply-
ing a trivial phase factor (as opposed to discrete regimes
in nonquadratic Hamiltonians [41]).

ii) A coherent-like phase where H exhibits a complex
twofold degenerate continuous spectrum while H has no
bounded eigenstates. It corresponds to large deviations
from the hermitian harmonic case. The normal operators
b, b can be considered as a pair of annihilation opera-
tors, each with a convergent vacuum yet still satisfying
a bosonic commutator. The spectrum is then similar to
that of a square of a bosonic annihilation operator.

iii) An adjoint coherent phase where H' has a contin-
uous complex spectrum while H has no bounded eigen-
states. Here the normal modes are a pair of creation



operators. While ii) and iii) might be considered as
having no proper biorthogonal eigenstates, the conver-
gent eigenstates (of H or HT) constitute a generaliza-
tion of the standard coherent states, which arise here in
the particular case of a non-diagonalizable matrix MH.
These regimes may be considered to correspond to a bro-
ken generalized P7T symmetry, since there are complex
eigenvalues. Nonetheless, the latter do not emerge from
the coalescence of two or more real eigenvalues E] but
from the onset of convergence of eigenstates with com-
plex quantum number v.

We have also analyzed the transition curves between
these previous regimes, where one of the operators
changes from creation to annihilation (or viceversa). At
these curves such operator is actually a coordinate (or
momentum), and even though there is just a discrete
spectrum (with bounded eigenstates) of either H or HT,
the biorthogonality relations are still preserved. Ex-
plicit expressions for eigenfunctions were provided in all
regimes.

The normal mode decomposition of the N-dimensional
non-hermitian case has also been discussed, together with
the corresponding harmonic regime. It opens the way to
investigate in detail along these lines the spectrum of
more complex specific non-hermitian quadratic systems.

Appendix: Solutions of the Schrodinger equation in
the case of continuous spectrum

The solutions to the Schrodinger equation (@3] can be
obtained by making the substitution

¥(x) = exp _Z];L,sz 0] (%) . (A1)
We obtain the Hermite equation [4d):
¢ (z) — 22¢/(2) + 2v¢(z) = 0, (A.2)

with z = /v and v = (2E — X)/(2\). For complex v,
four solutions are:

oV (z) = H,(2), ¢ (z)=H,(-%)

¢l(,3) (2) = ez2H_,,_1(iz), ¢l(,4) (2) = ez2H_,,_1(—iz),
(A.3)
where H, are the Hermite functions @] Since the Her-
mite equation is of second order, any of these solutions
can be written as a linear combination of two others. For

instance, for real A, By, B_ > 0:

2T -
_ 2T+l [e”’”/QH,V,l(iz)
VT

+e*””/2H,,,,1(—iz)] .

H,(2)
(A.4)

Additionaly, note that for integer v > 0, ¢1 = (—1)"¢2
whereas for integer v < 0, ¢3 = (—1)"T1¢y.
The asymptotic behaviour of the Hermite functions for
|arg z| < 3/4 goes as follows:
Hy(2) ~ (22)" + O(|2]"7?),

and for 7/4+ 6 < argz < 57/4 — § (which includes z on
the real negative axis):

(A.5)

Hy(z) ~ (22)" [1+ O(|2]7%)] =

ﬁeuﬂ'i R 9 (AG)
(1) e z [1+0(=27)].
Note that:
e* exp —ZBj_ )\xz = —ZB~_ /\:102 (A7)
2A_ 24

For hermitian H, B is either a real number or zero, and
A determines whether the eigenfunctions are bounded or
not (i.e., if A is real and positive then there are some
bounded eigenfunctions, whereas for A negative or imag-
inary every eigenfunction is divergent). In such case, for
positive, integer v only (;51(,1) (and gb,(,2), since they are lin-
early dependent) may be bounded (see Eq. ([(AG)), and
for other values of v there are no bounded eigenfunc-
tions. On the other hand, for non-Hermitian H, the con-
vergence of both linearly independent eigenstates may
be assured provided that Re[(iB — A\)/A_] > 0, which
is fulfilled in region II, i.e., when both b and bf have
convergent vacua. Moreover, both linearly independent
eigenstates may be convergent even if A is an imaginary
number or zero, which implies for real A, B, that region
IT extends into the imaginary part of the spectrum in
Fig. @

The eigenfunctions of H must then be constructed
from (A.3) in such a way that they behave as the eigen-
states |np) and |ng), i.e., they satisfy Eqs. 28] and @1]),
and they must be even or odd with respect to coordinate
inversion & — —z (since the Hamiltonian is parity in-
variant). These considerations lead to the eigenfunctions

G3) and &4).
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