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Bi-coherent states as generalized eigenstates of the position and the momentum
operators
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Abstract. In this paper, we show that the position and the derivative operators, ¢ and D, can be treated as ladder operators
connecting various vectors of two biorthonormal families, F, and F,. In particular, the vectors in F, are essentially
monomials in z, ¥, while those in Fy are weak derivatives of the Dirac delta distribution, 5(m) (), times some normalization
factor. We also show how bi-coherent states can be constructed for these ¢ and D, both as convergent series of elements
of F, and F, or using two different displacement-like operators acting on the two vacua of the framework. Our approach
generalizes well- known results for ordinary coherent states.
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1. Introduction

The relevance of coherent states (CS) in quantum mechanics is rather well established. Since their intro-
duction, as the more classical among the quantum states [1], they have been studied, refined and extended
in different ways. Several applications to concrete physical systems have also been considered. A list of
monographs and edited volumes on CS is the following, where the interested reader can find also many
other references: [2-8].

One of the standard ingredients when dealing with CS is a pair of ladder operators, ¢ and ¢, which
most of the times are assumed to satisfy the so-called canonical commutation relation (CCR): [c,c] = 1.
Here 1 is the identity operator on the Hilbert space H where ¢ and ¢! are defined. It is useful to stress
that, as it is well known, these operators are unbounded. For this reason, the CCR needs to be properly
defined, considering, for instance, its strong version [¢,cf]f(x) = f(x), Vf(z) € S(R), or in some other
properly chosen subspace of H. It is not really necessary to use CCR to construct CS. CS have also been
constructed for fermions, see, e.g., [6] and references therein. And other possible approaches also exist
which still give rise to states with properties analogous to those of CS. This is, in particular, the case of
nonlinear CS [9,10]. Several other generalizations have been proposed during the years by many authors,
and with different aims, from the vector CS to the so-called Gazeau—Klauder CS.

CS have also been considered in that slightly extended version of quantum mechanics in which the
observables, and the Hamiltonian in particular, are not required to be self-adjoint. This is the case of
PT-Quantum Mechanics [11-14], or of pseudo-Hermitian Quantum Mechanics [15]. We refer to [16] for
some of these appearances. Another class of CS, which in our opinion is more appropriate when studied
in connection with PT or pseudo-Hermitian Quantum Mechanics, has been proposed in [17] and then
considered in details by us in recent years. We refer to [18] for a quite updated review of the results on this
specific topic, with a specific view to pseudo-bosons, to their number-like operators, and to the so-called
(weak) bi-coherent states: these states are (generalized) eigenstates of the two lowering operators, a and
b, associated with the following deformation of the CCR: [a,b] = 1, where a # b. The essential idea
of bi-coherent states is that, since we have two lowering operators, we could have two coherent states,
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¢(z) and ¥(z). However, since a and b' are different, but connected, it is reasonable to imagine that ¢(z)
and ¥(z) satisfy useful results only when taken in pairs, in analogy with what happens when going from
orthonormal to biorthonormal bases. The reason why we adopt here the adjective generalized for p(2)
and W(z) is that, in principle, it could happen that they do not belong to £2(R). In fact, this effect has
been found and discussed in several papers, both in a rather general (and abstract) approach to quantum
mechanics [19,20], and more recently for some concrete choices of a and b [21-24]. In particular, in these
references, it has been shown that, when going from ¢, ¢] = 1 to [a, b] = 1, it might happen that £2(R) is
no longer the natural vector space to work with. It could be necessary to work with compatible spaces [24],
or even with (tempered) distributions [21]. This is due to the fact that a and b could be really different
one from the other, as far as they satisfy (the strong or weak form of) [a,b] = 1. In particular, this is
true if we put a = D= % =ip, and b = ¢, the derivative and the multiplication operators. Here p is the
momentum operator. This particular choice, first considered under this perspective in [23], will be at the
basis of this paper where our main interest will be focused on the bi-coherent states associated with them.
In particular, we will show that (weak) bi-coherent states can be introduced for these operators, and how.
An interesting relation with delta function of complex argument will appear as a simple consequence of
our approach. We will also discuss the role of the displacement-like operators in connection with our
states.

More in detail, the paper is organized as follows. In Sect. 2, we review some results on ¢ and 15,
considered as ladder operators on nonsquare-integrable functions. In view of this unusual interpretation,
in Sect. 3 we show how these operators can be associated with specific bi-coherent states which we call
weak, in view of their intrinsic distributional nature. These states are introduced via convergent series
of the vectors introduced in Sect. 2. Some plots of these states are given in Sect. 4, where we also put
in evidence some differences between our states and ordinary CS. In Sect. 5, we show that these states
can also be introduced by acting on two different vacua with two different displacement-like operators.
Our conclusions are given in Sect. 6. To keep the paper self-contained, we devote Appendix A to a brief
introduction to pseudo-bosons and their bi-coherent states in Hilbert spaces, while in Appendix B we
discuss two interesting applications of a formula connected with the Dirac delta distribution with complex
argument mentioned above.

2. The operators § and D

In the first part of this section, we briefly introduce the problem, together with some of the results already
deduced in [23].

Let us consider the following operators defined on H = L2(R): ¢f(z) = zf(z), (Dg)(z) = ¢ (z),
the derivative of g(z), for all f(z) € D(¢) = {h(z) € L*(R) : zh(z) € L%(R)} and g(z) € D(D) =
{h(z) € L2(R) : b'(x) € L2(R)}. Of course, the set of test functions S(R) is a subset of both sets above:
S(R) € D(§)ND(D). The adjoints of § and D in H are ¢ = G and Dt = —D. We have [D, z]f(z) = f(z),
for all those f(z) for which the commutator makes sense. In particular, for instance, the commutator
makes sense on any f(z) € S(R). However, if we look for the vacua of a = D and b = §, we easily find
that, with a suitable choice of the normalizations, these are po(x) = 1 and 9g(z) = d(x) so that neither
¢o(z) nor 1o (x) belong to S(R) or even to L£?(R). Nonetheless, many of the results listed in Appendix A
for pseudo-bosons can be extended to the present situation.

First of all, let us check if Eq. (A.2) still makes some sense. Indeed, we have

b . (a))" ()"

on(z) = ﬁwo(ﬂﬁ) =7 n () = N tho(x) = W(S( (2), (2.1)

for all n = 0,1,2,3,.... Here 6" (x) is the n-th weak derivative of the Dirac delta function. We see that
on (), Yn(z) € §'(R), the set of the tempered distributions [25], that is the set of the continuous linear
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functionals on S(R). This suggests to consider a! and b as linear operators acting on S’(R). For this
reason, in [23] we have considered the (extended) action of ¢ and D to S'(R). This was possible also
because a, b, a’ and b' all map S’(R) into itself. Hence, the following (weak) pseudo-bosonic commutation
relation makes sense:

[a, blp(z) = p(2), (2.2)
for all p(x) € S’'(R). In [23], the following ladder and eigenvalue equations have been deduced for the
elements of F, = {¢n(x)} and Fy = {¢n(2)}:

bor(z) = VEk+ 1pgia (), al'y (@) = Vk + 1 (@), (2.3)
k=0,1,2,3,..., and
apr(z) = Vi pp_i(x), b (a) = V1 (z), (2.4)

k =0,1,2,3,..., with the understanding that apg(x) = bf1pg(x) = 0. Moreover, introducing N = ba =
ab.

Neog(z) = kor(x), Ny (x) = kb (x), (2.5)
forall k=0,1,2,3,....

As discussed in Appendix A, for D-PBs the families of vectors F, and F, are biorthogonal, and, if
the vacua are chosen to satisfy (¢g, 1) = 1, they are biorthonormal. Here, the first problem is to give
a meaning to the scalar product between these vectors. In fact, it is well known that, in general, two
(tempered) distributions cannot be multiplied. However, see [26], there are exceptions: for some particular
pairs of tempered distributions, one can indeed define a map which extends the scalar product in £2(R).
And this is in fact possible for each pair (pg(z), ¥m(z)), Vk, m > 0.

First we observe that the scalar product between two good functions, for instance, f(z), g(z) € S(R),
can be written in terms of a convolution between f(z) and the function §(z) = g(—x): (f,g) = (f*3)(0).
Following [22,23,26], this approach was used in a quantum mechanical settings, to extend the ordinary
scalar product of £2(R) to elements F(z),G(z) € S'(R) as the following convolution:

(F,G) = (F *G)(0), (2.6)
whenever this convolution exists. In order to compute (F, ), it is therefore necessary to compute (F *
G)[f], f(x) € S(R), that is, the action of F % G on the test function f(x), and this can be computed by
using the equality (F * G)[f] = (F,G * f).
We refer to [23] for the details of the computation. We report here only the result, which is the
following: if F(z) = 2™ and G(z) = 6™ (x), then

if m>n
(F+Q)(x) =< (=1)"n! ifm=n
(—1)™ (nfin)!x"_m if  m<n,
so that (F * G)(0) = (—1)"n!6,,,m. Hence,
<§0nv¢m> = 5n,m7 (27)

showing that the families F, and F, are biorthonormal, in our extended sense.

As always, it is useful to check if F, and Fy give rise to some resolution of the identity, as in (A.5),
for some suitable subspace of H. In what follows, we will slightly refine the results found in [23].

We first need to compute (f, ¢,) and (¢, g), for suitable functions f(z) and g(x). It is easy to see,
using (2.6), that, for all f(x) € S(R),

(o) = (F * )(0) = / 7@ () da. (2.8)
R
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This is not unexpected, since it is nothing that the same result we would get working formally with f(x)
and ¢, (z) as if they were both square integrable functions. Incidentally we observe that f(x) ¢, (x) is
integrable for all n > 0, being the product of a monomial and a function in S(R). In fact, f(z) ¢, (z) €
S(R) as well, Vn > 0. Formula (2.6) also implies that, Vg(x) € S(R),

(9, 6n) = (3% ) (0) = / (@) nla) do = —= / 90 (2) 6(x) dx ﬁgwm, (2.9)

R

n > 0. In deducing this formula, we have also used the definition of the weak derivative of distributions,
which produces, for instance, {(g,d") = —(g¢’,0) = —¢'(0).

Let us now introduce the set A(R) of all those functions f(x) which admit Taylor expansion Vz € R,
flz) = 307, L™ (0)2". Sometimes in the literature the elements of A(R) are called real analytic
functions [27]. Then, we introduce

SA(R) = S(R) N A(R), (2.10)
i.e., the set of all the functions in S(R) which are also real analytic.

Remark. It may be not so evident that the set S(R) contains also functions which are not real analytic.
However

pla) = 4 &L a0
0, if x=0,

is such a function. In fact, it is C'°° and goes to zero, together with all its derivatives, faster than any
inverse power of 2. However, its k-th derivative in z = 0, p*)(0), is zero for all k > 0, so that p(z) cannot
be expanded in x = 0.

Before going on, we need to prove the following simple lemma, which will be used to prove Theorem 2:

Lemma 1. Let {sy(z), N € N} be a sequence of complex-valued functions uniformly convergent to s(x) in
R, and let F(z) € L1 (R) be a given function. Suppose that o (x) = sy (x)F(z),0(z) = s(x)F(z) € L1(R),
VN € N. Then,

fim [ o) da::/a(m) dz.

N—o0

R R

Proof. The uniform convergence of sy(z) to s(x) implies that Ve > 0 IN. > 0 such that, VN > N,
|sn(z) — s(z)| <€, Vo € R. Therefore, for all such N’s; |on(z) — o(x)| < €¢|F(zx)], Vx € R. Hence,

/JN(a:)dx—/a(x) dz §/\UN(x) —o(z)|dz < e/|F(ac)|dac7
R R

R R

which can be made as small as we want. O
Slightly modifying and refining what proved in [23], we now deduce the following result:

Theorem 2. (F,, Fy) are S4(R)-quasi bases.

Proof. Let f(z),g(z) € S4(R). Using (2.8) and (2.9), we have

o0

S (F b oms) = X =T /f dx—/z £ (@) g(a) da = (£.g),

n=0 n=0




ZAMP Bi-coherent states as generalized eigenstates. .. Page 5 of 20 119

using Lemma 1 putting oy (z) = ZnN:O L (0)am g(x), o(x) = f(x) g(x), which are both in S(R) and,
therefore in £1(R), and recalling that f(z) € A(R).
In a similar way, one can show that
> (fen)(Wng) = (f.9).
n=0
which concludes the proof.
O

Then, we can say that the operators a = Dandb= q are weakly pseudo-bosonic in the sense that they
and their Hermitian conjugates act on two different vacua producing two sets of distributions which are
mutually orthogonal, in an extended sense, and produce a resolution of the identity on the set S4(R).
The role of F, and Fy, in connection with bi-coherent states will be discussed in the next section.

3. Bi-coherent states

In Appendix A, we briefly discuss how pseudo-bosonic operators on some Hilbert space H can be used to
construct two power series in z € C which are both convergent in all the complex plane and which have
some interesting properties similar to those of ordinary CS. In particular, they are eigenstates of the two
pseudo-bosonic annihilation operators and produce a resolution of the identity on some dense subspace
G of H, see formulas (A.10) and (A.11). Here we want to show that similar results can be deduced also
in our settings, where neither ¢, (x) nor ¢, (z) can satisfy any bound like those in (A.8), since they are
not square integrable functions.
We start introducing the set, already considered in [28],

G={f(z) e SMR): " f(z) € S(R), Vk € C}.
This set is dense in £2(RR), since it contains D(R), the set of compactly supported C°° functions. It is
possible to check that, Vf(z) € G, the series > .-, j—% (f, pr) converges for all z € C. More explicitly,
we can check that, Vz € C and Vf(z) € G,

—=(fror) = | f(z)e™ dz. (3.1)
k=0 V' ?
Indeed, we have, taken N € N and using (2.8),
Nk _ (zz)k X (zx)F
kzomg’wz/f(x);) ! d$_>/ () 3~
= 5 -

R k=0

when N — oo, so that (3.1) follows. The limit N — oo can be moved inside the integral because of
R k R
Lemma 1, identifying oy (z) with f(z) Zszo (ZZ!) and o(x) with f(z)e®®, which are both in £*(R)
because of the properties of the functions in G.
As it is done in [24] and in [18], this suggests us to define a functional F, on G as follows:

Z) = F 3 z —e_% e f(z)dx
Flf(:7) = 5 3 T o) = ! f@) da, (3.2)
|z|?

— 5 pRT

which in turns suggests to define the function ¢(z;x) = e~ 2 e**, so that we can also write

&m@@=/¢w@ﬂmm:@@J» (3.3)
R
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Remark. It might be useful to notice that, even if ¢(z; z) depends on both z and «, the dependence on x
does not appear in ((z), f). The reason is obvious: x is integrated out, here, so that the scalar product
does not depend on x. The same notation will be adopted in the rest of the paper, for similar quantities.

Zlc

o
(f,r), Le., for 377 \j—% (f, ). We start recalling that, see (2.9), (g, ¥,) = \Fg(")( ) for all g(z) €
S(R). This implies, in particular, that

The same analysis, but with some difference, can be repeated for the companion series of y 7o,

2 2 >, 2 R R —
> =) =) PO =3 5 f0(0) = fZ) (34)

k=0 ! k=0 k=0

for all functions in Sa(R). Here f(z) = 372, %’: f%)(0), which is clearly convergent Yz € C, because of
the definition of A(R). Asin (3.2), we define a linear functional F;, on S4(R) and its related representation
Y(z;x), as follows

Fylgl(2,2)

wy%w‘gﬂﬁz/ﬂ@ww@NxZW@w% (3.5)
R

Vg(x) € SA(R). This could be formally rewritten as

2|2

U(z;x) =€ 2 6(z — 2), (3.6)

where the Dirac delta distribution with complex argument appears. We refer to [29-31] for some results
on this specific topic. In Sect. 4, we plot formulas (3.3) and (3.5) for some specific choice of f(z) and
g(x), and we compare the results also with the plot of ordinary CS. These plots will suggest an interesting
interpretation for these states.

Using now the same steps as for ordinary CS, we can check that ¢(z; x) and ¥(z; z) satisfy the following
resolution of the identity:

(19) = [ e nw@.0 = [ i o@)ee).9, (37)

C C

for all f(x),g(x) € SA(R)NG. Indeed, we have, for instance,

J 1=0
1 i ,sﬁk><¢l,g>/dzze—|z| k2= (f,q)
T k!

k,1=0 C

since [ d2ze= 2’ 2k 5l = 0,1 k!. The conclusion follows from Theorem 2. Incidentally, we observe also

C
that we have moved the sums outside the integral. This is, in general, a dangerous operation. However,
here, as formula (3.8) confirms, this can be done.
Formula (3.7), together with (3.3) and (3.5), allows us to write

[T@gta M—@>—/ [T G%E@)
R

R
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which can be rewritten, changing the order of the integration,
— — d?z e .
[T@gde= [T | [ e engio)| o
R R C

This equality should be satisfied for all f(z),g(z) € Sa(R) NG, which is true if the following equality
holds, at least weakly on S4(R) N G:

[ E et = g 59
C

Vg(z) € SA(R)NG. This identity looks interesting, since it can be seen as a sort of integral representation
of the Dirac delta distribution with complex argument.

In fact, this equality can be checked explicitly for many functions, not necessarily in S4(R) N G. In
particular, for instance, it holds for all polynomials. In Appendix B, we will check (3.8) for all monomials
2" and for the gaussian e~*

More at an abstract level, we can recover (3.8) using the following rather general idea: since g(z)
belongs, in particular, to S(R), it is clear that it admits a Fourier transform §(p) which is still in S(R)
and that g(z) = \/% fR G(p) eP* dp. If we now call a and 3, respectively, the real and the imaginary parts

of z, z = a+ i3, we can write

_L 6(p) e'P? :L i(n)elP e
)—\/%R/g(p) dp mk/g(p)

which is surely well defined if, for instance, §(p) € G since, when this is true, then §(p)e? € S(R) by
definition. Hence, g(Z) can be seen as the inverse Fourier transform of §(p)e”P, which exists.

9(z

ipa

dp,

Remarks. (1) Notice that requiring that g(z) € G does not necessarily imply that g(p) € G. It only
implies that g(p + ik) € S(R) for all fixed k& € C. But this formula is not particularly useful for us,
here.

(2) However, there are important examples of functions in G whose Fourier transforms are still in G.
.. . . . o 1 7w2/2
This is the case, for instance, of all the Hermite functions e, (z) = NG H,(x)e . Indeed,

they all belong to G, of course. Moreover, since their Fourier transforms é,(p)’s coincide, a part
some inessential factor (and a rename of the variable), with e, (x) themselves, [32], é,(p) € G as
well.

Going back to the left-hand side of (3.8), we have, after some rearrangement,

d?z 2 1 2 . 2 )
Bl e W [ Jogp /d —a? a(z+ip) /d —p3? _B(p+iz)
e e Z) = ae” Y e Be P e
9(z) o R/ p §(p) )

C R
1 .
=—— [ dpg(p)e™* = g(x),
NoTS / p9(p) g(x)
R
as we had to check. Here we have used the gaussian integrals fdae’o‘Qea(x”p) = Jme@+ir)’/4 and

R
[ dBe=F*ePlotia) — | frelptiz)?/4,
R

Remark. We have deduced formula (3.8) from (3.7). Using the results in Appendix B, or the explicit
check proposed here, we could reverse the procedure and use (3.8) to check (3.7).
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The vectors o(z; ) and v(z;z) are also (weak) eigenstates of a and bf, as any CS is expected to be.
Indeed, we can prove that Vf(x) € G and Vg(z) € S4(R), we have

(frap(2)) = 2(fip(2),  (9.bM0(2)) = 2(g,¥(2)), (3.9)

which are our weak versions of the eigenvalue equations for CS. The evident asymmetry in these formulas
could be removed by working on a common set, S4(R) NG, but we prefer to keep this more general
version of formulas (3.9).
First we observe that G is closed under derivation. Indeed, if f(z) € G, then it is possible to check
that f/(xz) € G as well. The proof is easy and will not be given here. Now we have, using (3.2),
<f7 a<p(z)> = _<f/a SO(Z»

7§0k faSDk>

Here we have used the definition of the weak derlvatlve in the first and in the last equalities. Now, since
oo (z) =0 and ¢} (z) = VEk pr_1(x), k > 1, with standard computations we get

2237 sV} = z¢ Z \ﬁ (f.01) = 2(F.0(2)),

as we had to prove. In the last equality, we have introduced | = k: — 1.

The proof of the second equality in (3.9) works in a different way, due to the fact that the ¢y (x) are
not functions (even if not square integrable, like the ¢y (x)’s), but genuine distributions.

The proof is based on the fact that, if g(x) € S4(R), then zg(xz) € S4(R) as well. This is easy to
check. Now, using (3.5), we have

(f,ap(2)

2 ‘2‘2 -

(9(@),bT9(2)) = (zg(@),9(2)) = e = Zg(z) =¢” = 29(2) = 2 (9(x),¥(2)),
as we had to prove.
The conclusion is that, at the price of working weakly on suitable subsets of £2(R), for the operators

q and D it is possible to introduce two functionals F, and F);, or equivalently two z-dependent vectors
p(z;2) and (z;x), which share with ordinary CS some of their essential properties. It is important
to stress that, in what we have done so far, our weak bi-coherent states have been introduced by two
convergent series, following the same underlying idea of the states introduced in Appendix A, see (A.9).
In Sect. 5, we will discuss the role of displacement-like operators in connection with our states.

4. Some plots

In this section, we show some plots of the evaluations of (3.3) and (3.5) for a particular choice of f(x) and
g(x), and we compare these plots with those of the ordinary CS, ®(z,x) = w11/4 e~ (@=VER{2})?/2+iv2e3{z}

|2
e 202, As shown in the plots, the results

More specifically, we will consider f(z) = g(x) = f,(x) =
are strongly dependent on the value of o.

We see from Figs. 1, 2 and 3 that the behavior of the three states can be very different. In particular,
if we compare |F,[f,](z,Z)| with |Fy[fs](2,Z)|, we see that while |F,[f,](2,Z)| decays very fast along
3(z), but not along R(z), |Fy[f-](z,Z)| behaves exactly in the opposite way. And this is independent of
the value of o. In fact, this same behavior is recovered also for other values of o, other than those plotted
here. On the other hand, the behavior of the standard CS |Fs[f,](z,Z)| is the one we expect, localized
in both R(z) and in I(z) and not so strongly dependent on o. The three plots in each figure look really
different. This is very close to what one of us found also for other examples of bi-coherent states leaving
in some Hilbert space [18]: the two bi-coherent states are always different one from the other, but they
are connected by some sort of symmetry. Here, for instance, a part from some scaling factor, we see that

1
oV2m
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F1G. 1. Plots of |Fy[fs](2,2)| (a), |Fy[fs](2,Z)] (b), |Fao[fs](2,Z)| (c) for o = 0.95
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FiG. 2. Plots of |Fy[fo)(z.2)| (), [Fylfol(z.2)| (b), |Fslfsl(,2)] (c) for o = 1

|Fy[fs](2,Z)| for o < 1 looks like a rotated version of |F,[f,](2,%)| for o > 1. Of course, it would be
interesting to understand if this is general, or strictly connected to the choices we have considered here.
This question, together with other similar aspects of bi-coherent states, will be considered in a future

paper.
5. Displacement-like operators

We recall that, for an ordinary CS ®(z), we usually meet one of the following, all equivalent, expressions:
= 1,2 i 4
B(2) = D(2)eg = € ~*°¢y = e~ 217l Z — ep. (5.1)

D(z) = e*'=%¢ ig called displacement operator, and it is unitary. Here ¢ and ¢! are the usual bosonic
ladder operators satisfying [c, c'] = 1. In the situation considered in this paper, the annihilation operator

is a = D, while the creation operator is b = §. Hence, the operator D(z) should be replaced by a different
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Fic. 3. Plots of |F,[fs](2,2)| (a), |Fylfs](z.2)| (b), |Falfs](z 2)| (¢) for o = 1.05

operator! which we formally write V(z) = e*4=*P. We could, of course, work formally with V'(z), for
instance using the BCH-formula [6]. But this is not what is interesting for us. We prefer to give a rigorous
meaning to V(z), and this will be done in the first part of this section. In particular, we will show that the
vector p(z; ) in (3.3) can be defined in complete analogy with (5.1), ¢(z;2) = V(2)po(x). In the second
part of this section, we will also show that the other bi-coherent state, the vector ¢ (z;x) in (3.5), can
be deduced by a second displacement-like operator W (z) as in ¢(z; 2) = W (2)g(z), with W (z) deduced

out of V(z) replacing ¢ and D by their adjoint.

5.1. Introducing V (z)

Let us introduce the sequence of functions h,(x; z,%) as follows

1 A\
hnlw:2,) = — (20— 2D) " 0o (@), (5.2)
n!
n=0,1,2,3,.... Our aim is to prove that >~ h,(z; z,Z) converges; its sum coincides with ¢(z;z) and

can be used to introduce the operator V(z) as follows:
V(2)go(x) =D hn(w;2,2) = @z 2).
n=0
First of all we prove that h,(z;z,Z) can be written as follows:
3] (1)

hal@:22) = D or e omi
k=0

|2k ($z)n—2k7 (53)

for all n > 0, where [%] is the integer part of 5. We begin noticing that (5.2) can be rewritten as
1 .
hpy1(x;2,2) = ] (zcj - ED) hi (x5 2,Z), (5.4)
n > 0, with ho(z; 2,Z) = @o(x).
In proving our claim, it is convenient to distinguish between even n, n = 2[, and odd n, n = 21 + 1,
1=0,1,2,3,..., We then use induction on n. In particular, we show that (5.3) returns (5.2) if n = 0 and

I'We indicate our displacement-like operators here and in the following with V' (z) and W (z), even if both these operators
also depend on z. This is to simplify the notation.
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that, when acting as in (5.4), we go from hg; to hgj1, and from hgyq; to ha(141), covering in this way all
possibilities.

If n = 0, formula (5.2) produces ho(z;2,Z) = wo(x) = 1, which is the same result we get from (5.3)
for n = 0, clearly. Now, let us assume that for some n = 2[ formula (5.3) holds true:

l
g (1)
a(2:) = D o ooy

k=0

‘Qk (xz)2l72k. (55)
We want to prove that, acting as in (5.4), we recover the following expression for hojy1(x; 2, Z):
1

_ —1)* _
bt (@52.7) = 3 g e g P (2 (5
2 7T

The proof is long but easy. We give here only the main steps. Using (5.5), we have
(zq — Eﬁ) hoi(x; 2, %)

-1

! k
_ 2k 2+1-2k _ = (1) 2% 202k (o7 _ 21—2k—1
= Z 3 (ol = k)T [2]°% (22) ZZ 5% (2l — 2K [2]°" 2 (20 — 2k)x
k=0 k=0
l 2k 204+1—2k — (=) 2(k+1) 2—1-2k
:kzzo Sl —akk 2 @) +Z 5 (2 — 2k — 1T ! (z2)
xz)Ql“ l _1)k |Z|2k <x2)2l+1—2k

(
o @ )kzzl 9% (21 — 2k + 1)1 &

In this last step, we have written explicitly the contribution k£ = 0 in the first sum, changed k into k + 1
in the second sum, and unified the two sums 22:1 obtained in this way, simplifying the formula where
possible. Hence, we have

l

1 . - -1 k B
(s 30) hatei=:9) = 32 gy g o 007
k=0

2+ 1 20+ 1 — 2k)! k!

which is hgy11(x; 2,Z) in (5.6), as we had to check.
Now we should show that

1 A
20+2 (Z(j a ED) hoiv1(z;2,2) = hoga(x; 2, %),

where hgjy1(z;2,%) is given in (5.6) while hgjio(z;2,Z) can be found replacing [ with I + 1 in (5.5).
This check is completely analogous to that described above, and will not be repeated. The conclusion is
therefore that each function h,(x;z,%) in (5. 2) can be written as in (5.3).

The next step consists in computing Y 7 h,(2; 2, Z). Indeed, if this series converges, formula (5.2)
suggests that this sum is what can be interpreted as V(z)po(x). In this computation, it is useful to use

5]

the identity Y07 30120 Akn = Doneo Doneo Aknt2k, which in our computation, identifying Ay, with
(="

PacETl |2|?F (2)" 2k, returns
S = Lt St (R
> hafein®) =305 g o P et = OIS ()
n=0 n=0 k=0 n=0 k=0

so that
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N n . A
as we wanted to prove. Of course, since y -, o (zzj — ED) = ¢*17%D = V/(2), at least formally, we

could also write

S (i 2.2) = €0 (2) = V(adala) = ¢ F e = p(zia), (5.7)
n=0

We should probably stress that this formula is not the definition of V(z), since, among the other issues,
it only indicates us how V(z) acts on a single state, ¢o(z). We should also recall that po(x) ¢ L2(R).
Hence, po(z) cannot belong to the domain of V'(z), strictly speaking. This is because, given an operator
T on some Hilbert space H, its domain D(T) is usually meant to be a subspace of H [33].

It is possible to extend the action of V'(z) to all monomials ¢;(x), as we will show now. In particular,
we will check that, VI > 0, V(2)¢;(x) can be defined as follows:

Viz)pi(z) =Y % (zq - zb)” oi(z) = % e e (g — ), (5.8)
n=0 .

Of course, and not surprisingly, none of the functions in the right-hand side belong to £2(R). However,
they are all nice functions in x, z and Z, which makes of V' (z) an operator acting on a rather large set of
functions in a simple way.

The proof of (5.8) goes like this: we start by extending (5.2). In particular, we put, for all n =
0,1,2,3,...,

1 . A\ ™ 1 . A\
hyL] (z;2,2) = o (zq — zD) 2l = o (Zq - ZD) (\mgpl(az)), (5.9)
1=0,1,2,3,..., and we prove that
o0 . 2
3 hl(z52,2) = (@ —2)le = e, (5.10)
n=0

for all I > 0. Of course AL (2;2,2) = hy(x;2,Z), n > 0, see (5.2), This, together with (5.7), implies that
(5.10) holds for I = 0.

Now, let us assume that (5.10) holds for a given I. We want to check that the same equality holds also
when [ is replaced by [ 4 1. For that, we will use the following formula:

[(ZQ - 2[))n ’ q] = —nz (th - Eﬁ)n_l 7

for n > 1. Of course, this commutator is zero if n = 0. This formula can easily be derived when applied
to any sufficiently regular function. In particular, it is well defined on any polynomial in 2. We observe

now that, using (5.9), h([JlH] (z;2,2) = 2!*1 and
1 A\ T A\
B (a2, 7) = — (qu —ED) ,cj] +4 (zq —zD) ) 2!
n!

1 An—1 1 AN
= — 2(71)' (,Z(j — ED) z + T (Z(j — ED) !
n—1)! nl

for all n > 1. Hence, we have

STl a2, 2) = b (@ 2,2) + D Al (a5 2, %)

n=1

:fEZhgtl(x;z,E)+x2h¥](x;z,z (x—Z Zhl x;2,%),
n=1 n=0 n=0
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with a change of variable in the first sum, n — n — 1. Now, because of our induction assumption, formula
(5.10) holds for {. Hence, we conclude that

0 2
Zh”“l(xzz) (x—2) 5 2 e*t,
n=0
as we had to prove.
Formula (5.8) is now an easy consequence of (5.10):
> 1 ~ _~\" 1 1 7l7‘z|2 zT
T;)n!(zqu) iz fzn'(zq zD) x*ﬁ(:c—z)e 2 %,

The output of this analysis is that, even if we are not identifying a domain for V(z), we have proved that
this operator can be defined on a very large set of functions. In particular, we have proven that V'(z) can
AT
be defined as a convergent series - # (zcj — ED) on any polynomial. As already observed, the fact

that polynomials are not square integrable is not a problem here, since Hilbert spaces play only a minor
role in the analysis considered in this paper.

5.2. The operator W (z)

The general framework of pseudo-bosons shows that a and b are not the only ladder operators. In fact, af
and b behave as ladder operators too, see (A.3). This suggests that, as widely discussed in [18], a second
displacement-like operator W (z) does exist, which we can formally write

W(Z) _ ezansz _ 6—E¢jfzﬁ’ (511)
since af = —D and bl = G. Of course, in complete analogy with what we have seen for V(z), it is

possible to check that W (z) can be defined on any polynomial since each series 7 | (—Ed — 215) 7!

converges for all z € C and for all fixed | > 0.

What is more interesting for us is to discuss the possibility to act with W (z) on ¢g(z), and to see
if the result is somehow related to t(z;z) in (3.5) and (3.6). In other words, we want to show that
W (z) produces, when acting on the vacuum (), the bi-coherent state 1(z; z). For that, we will try to
understand if and how (W (2)vy, f) can be defined, and if the result agrees with (3.5), i.e., if

1212

(W (2)to, f) /1/) z;x) =e 2 f(2). (5.12)

First of all, we must clarify what (W (2)vyo, f) is for us. In analogy with what we have done for V(z), we
will prove that, calling

wn(f;z,f):%<(—zﬁ—§§)nwo,f>7 (5.13)

f(z) € SA(R), the series Y7 wy,(f; z,Z) converges for all z € C. Hence, in view of the formal expression
(5.11), we put

(W(2)¢o, f) an f;2,2) (5.14)

As in Sect. 5.1, we can check that w, (f;z,%Z) can be written as the following sum:
5]

Y
wn(fi209) = 3 gy P ), (5.15)
k=0
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Of course, the right-hand side of this formula is well defined, since f(z) is, in particular, a C°° function.
The proof of (5.15) is similar to that for (5.3), but with some differences. In fact, due to the need of
introducing here the regularizing function f(x), formula (5.4) is replaced here by

wpa1(f;2,2) = wa(Zf —zx f;2,2), (5.16)

n+1

V¥n > 0. This formula is a consequence of the definition of wy,(f;2,z) in (5.13). Indeed, we have, with
easy computations,

1 1 A .
wnt1(f;2,2) = - << zD — 5@) Yo, (ED —Z(f> f>7
from which (5.16) follows. In deriving this result, we have moved (—ZD — Z§) to the right, using in
particular the definition of the weak derivative of a distribution.

It is easy to see that (5.13) and (5.15) return the same result, f(0), when n = 0. Next, it is possible
to show that (5.15) satisfies (5.16) for n even and for n odd. In fact, the function in (5.15) satisfies both

wa41(f;2,2) = ST 1w21(7f,*2$f§2’7§)» (5.17)
and
1
wat2(f;2,2) = 2l+2w2l+1(5f/—233f;z75), (5.18)

for all I > 0. The proof of these statements is based on the fact that, calling ®(x) =z f'(z) — zx f(z),
its m-th derivative

o) () = J 21 (@) =z f(2), if m=0
(z) = {Zf(m-‘rl)(x) _ mzf(m—1)<x) _ xzf(m)(x)7 it om>1,

so that
(m) _ ff’(O), if m=20
2(0) {zf<m+1>(0) —mz fm=D(0),if m>1. (5.19)
This result can be checked easily. Using now (5.19), after few simple computations, we find
wm(zf’ - zxf;z 2)

Z ) |Z|2k 2l—2k+1f(2l—2k+1)(0) lz_f (—l)k |Z|2k+2 —2l—2k—1f(2l—2k—1)(0)
T 2ok 2l—2k)'k'z 229k (21— 2k — DTk~

: k|Z|21€ 21—2k+1 p(21—2k+1)
= @+1) Z 21—2k+ Dk~ / (0),

which implies (5.17). Formula (5.18) can be proved in a similar way.
Once we have proved (5.15), we can compute >~ wy,(f; 2, %), as in (5.14). As we did for h,,(z; 2, Z), we

n k
use the identity > 07 Z,[;]O Apn =30 0 > re o Ak ntok, identifying now Ay, ,, with % | 2|2k zn—2k

f(=2k)(0). We find

oo 2 k 12
zwn fea=Y 2z 0y & (<) e e
k=0 "

n=0

which is formula (5.12), as we had to prove. Then, we can conclude that, other than V(z), we can also
consider the second displacement-like operator W(z) giving rise, in a weak sense, the bi-coherent state
¥(z;x) when acting on the vacuum ().
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5.3. The BCH-formula

We devote the last part of this section to check the validity of the BCH-formula for V' (z) and W (z), when
applied, respectively, to po(z) and ¥g(x).
First we check that the following equalities are satisfied:

P z 2 A~ = z
TP pg(x) = e % e*le TPy (2) = € 7 e PPy (), (5.20)
2G—zD L2 2T

recalling that, as we proved in Sect. 5.1, e wo(z) =p(z;z) =e = e
Our check is based on the same idea used before, when we introduced V' (z) as a suitable convergent
series. In fact, since

1
L (-ZD)"po(x) = br.0p0(),
Vn > 0, the series > - n,( —zZD)"po(x) converges clearly to ¢o(z). This suggests, in analogy with (5.7),

_ZDgoo( ) =522 L(—zZD)"po(x) = @o(x). Now, recalling that § is the multiplication operator,

n=0 n!

to put e

we have ez‘fe_fbgoo( ) = e*lpy(z) = e*Fpo(x) = €, so that the first equality in (5.20) follows. To check
the second, we start noticing first that, as just stated, e*4¢q(x) = e**. Hence,

1 =)\ 2T 1 n zx
S (ED) T = ([ e,
so that
1=12 —Z z El = 1 n zx _L=z? zx
e e gy (z) = ¢ 2 Zﬁ(_MQ) e =e 2 e,
n=0
which again coincides with ¢(z; x).
= 2
As for W(z), we recall first that, according to (5.12), (W (2)vo, f) = Lf( ), for all f(z) € Sa(R).
Then, we want to check if this result can be found also using the BCH—formula for W(z), i.e., if we have
z 2 a — z 2 — a z 2
(7% e ey, f) = (5 e Py, [y =" F £() (5.21)

for all f(x) € SA(R).
To check the first identity, we use the definition of the weak derivative as follows:

(DY e, f) = (e, (D)) = 2 [T @) ) @) de
R
=25 [ @)y @) de = 2 ()
R
Then, we have
(e F Doty £y = e T3 L (aD) e g, =Y T o) = 43,
n=0 " n=0

which is what we had to check. As for the second equality in (5.21), we start noticing that

2 N . 1212 .
(e e e Py, f) = e 2 (e Pahg, e > f).
Now, due to the fact that e=** f(z) € S(R), we can use, as many times in this paper, the definition of
the weak derivative to deduce

T (=2D) e ) = o, (D) ey = 2 Z( ) o)
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To compute the sum of all these contributions, we use now the identity > " >/ A =D 00 oD rey
Ajntk, and we get

| 2

. . X 1.12yn X k 12
P,y =%y CER S 20 jwg) = o= 4,

12]2
2

(&

once again.

Then, we conclude that BCH formula works in the present context. Of course, this is expected but
not entirely trivial since the operators we are dealing with are unbounded, and they act on distributions,
rather than on usual square-integrable functions.

Remark. It is maybe useful to observe that here we have focused our attention only on the action of V(z)
and W(z) on ¢o(z) and 1g(x), since this was enough for our purposes. Extending this result to other
vectors is not an easy task, in general. We refer to [18] for a detailed analysis of the BCH formula in a
Hilbert space settings.

6. Conclusions

In this paper, we have deduced some properties connected to the position and to the derivative (and
therefore the momentum) operators arising from noticing that they can be seen as weak pseudo-bosons
and, as such, they work as ladder operators on two different, but connected, sets of distributions.

In particular, after a preliminary section on these two sets, F, and Fy, we have investigated if and
how bi-coherent states can be defined for ¢ and D, and which are their properties. We have also shown
that this can be done directly, by means of suitable convergent series, but also by using two different
displacement-like operators, again defined as suitable convergent series.

In our knowledge, these aspects of ¢ and D were not considered previously and open the way to several
interesting mathematical problems and to possible applications to physics, and to quantum mechanics in
particular.
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Appendix A: Few facts on pseudo-bosons and bi-coherent states

This appendix contains a list of useful definitions and results on pseudo-bosons and on bi-coherent states
in Hilbert spaces.

Let H be a given Hilbert space with scalar product (.,.) and related norm ||.||. Let a and b be two
operators on H, with domains D(a) C ‘H and D(b) C H, respectively, al and b' their adjoint, and let D
be a dense subspace of H such that a'D C D and W'D C D. Here with x! we indicate z or at. Of course,
D C D(a*) and D C D(b).

Definition 3. The operators (a,b) are D-pseudo bosonic if, for all f € D, we have
abf—baf=7F (A1)

When b = af, this is simply the CCR for ordinary bosons. However, when the CCR is replaced by
(A.1), the situation changes. In particular, it is useful to assume the following:

Assumption D-pb 1.— there exists a nonzero ¢y € D such that a g = 0.

Assumption D-pb 2.— there exists a nonzero ¥y € D such that bf ¥y = 0.

Recalling that D is stable under the action of b and af, we deduce that ¢y € D> (b) := Ni>oD(b*)
and ¥y € D®(a'), so that the vectors

1 1

.~ _n T,
Op = \/mb o, v, : ma U, (A.2)

n > 0, can be defined and they all belong to D. Hence, they also belong to the domains of af, b* and N¥,
where N = ba. Moreover, the following lowering and raising relations can be easily deduced:

b, =vVn+ lopit, n >0,
apo=0, ap,=+np,_1, n>1, (A3)
atl, = /n+ 19,41, n >0, ’

bivy =0, bW, =n¥, i, n>1,
together with the eigenvalue equations N, = ng,, and NTW, =n¥,, n > 0. If (pg, ¥y) = 1, then

<§0na ‘Ilm> = 5n,m; (A4)

for all n,m > 0. Hence, Fy = {¥,,, n > 0} and F, = {¢,, n > 0} are biorthonormal. The analogy with
ordinary bosons suggests us to consider the following:

Assumption D-pb 3.— F is a basis for ‘H.

This is equivalent to requiring that Fy is a basis for H as well. However, several physical models show
that F, is not always a basis for H, but it is still total in H: if f € H is orthogonal to ¢, for all n, then
f = 0. For this reason, we prefer to adopt the following weaker version of Assumption D-pb 3 [28]:

Assumption D-pbw 3.— For some subspace G dense in H, F, and Fy are G-quasi bases.

This means that, for all f and ¢ in G,

(f.9) =D (fr0n) (Tnrg) = > (f.00) (0n. 9), (A.5)
n>0 n>0

which can be seen as a weak form of the resolution of the identity, restricted to G.
The families 7, and Fy can be used to define two densely defined operators S, and Sy via their
action, respectively, on Fg and F:

S(p\pn = Pn; S\IIQDTL = \I]na (A6)

for all n. These operators play a very import role in the analysis of pseudo-bosons, since they map F,
into Fy and vice versa and define new scalar products in H is terms of which, for instance, the (new)
adjoint of b turns out to coincide with a. We refer to [23,28] for more details.
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According to [18], and references therein, ¥, and Fy can also be used to construct two vectors
depending on a complex variable z, p(z) and (z), which behave, when taken in pair, as the usual CS
do, at least under some aspects. In particular, if four strictly positive constants A,, Ay, r, and ry exist,
together with two strictly positive sequences M, (¢) and M, (¥), for which

M, () M, (V)

lim = M(yp) > 0, lim = M(¥) > 0, (A7
n—o0 Mn11() n—o0 Mp11(V) )

where M (¢) and M (¥) could be infinity, and such that, for all n > 0,
lenll < AproMn(p),  [[Wn]l < Aw rg M (¥), (A.8)

then the following series

|z |z

2 o= 2P ) 2 = 2P (A.9)

2 E Pk ’l/) z)=e 2 E \Ijk-,, 9
im0 VH! im0 V!

are all convergent in all the complex plane C. Moreover, for all z € C,

ap(z) = zp(2),  b'Y(2) = 24(2). (A.10)

p(z) =

We also have
dz B

[t v@h e = [ o) we. E =0, (A1)
C

C
for all f,g€g.

An obvious comment is that, contrarily to what happens for ordinary coherent states [4-6], the norms
of the vectors ¢, and ¥,, need not being uniformly bounded, here. On the contrary, they can diverge with
n, see (A.8), still producing two everywhere convergent series. We refer to [18] for a generalized version
of this result, and for some connections of ¢(z) and (z) with displacement-like operators analogous to
that used for ordinary coherent states, U(z) = €*¢~*¢ | where [c, cl] = 1. It is maybe useful to stress here
that the vectors in (2.1) do not satisfy the bounds in (A.8), for any n. This is the reason why we have

proposed in this paper a larger framework, for ¢ and D.
Appendix B: on formula (3.8)

We first check that (3.8) holds for all monomials:

R, = / @6_‘2‘26”2" =", (B.1)
J T
n=0,1,2,3,.... We start rewriting the integral above in polar coordinates: d*z = rdrdf. Hence,
e} 2 0o 2
R, = %/re_rzdr/deemew (re )" = %/T"+1e_rzdr/d@e‘me'”“w.
0 0 0 0
2 .
But [ de—m0+ree” = 27 8" and therefore
0
n o]
R, =2 % /7"2"“6”2(# =",
0

for all allowed values of n.
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To check now formula (3.8) for gaussians, it is more convenient to use cartesian coordinate. For this

reason, we write z = a + i3, so that [ d*z = [da [ dj. Taking g(z) = e~ we have
R R

C
d?z 1 (otm 1 )
I = / 767‘2‘26230‘9(3) — 7/d22621672(z+z) - = /da€72a2+az/dﬂezﬂ(x+2a)7
s s 7T
C C R R

with minor computations. Now, observing that e—20’+ax
rewrite

is a test function (in the variable «), we can

I= 1 /dae‘2a2+o‘xﬂ5 (a + f) = e_”’cz7
T 2
R

as we had to check.
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