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Abstract

The covariant quantization and light cone quantization formalisms
are followed to construct the coherent states of both open and closed
bosonic strings. We make a systematic and straightforward use of the
original definition of coherent states of harmonic oscillators to estab-
lish the coherent and their corresponding cat states. We analyze the
statistics of these states by explicitly calculating the Mandel parame-
ter and obtained interesting results about the nature of distribution of
the states. A tachyonic state with imaginary mass and positive norm
is obtained.
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1 Introduction

The concept of coherent states was first introduced by Schrodinger in quan-
tum harmonic oscillators and is thus oftenly associated with harmonic oscil-
lators. It is for the same reason that it is also known as canonical coherent
states or standard coherent states and has seen application in many areas of
physics. The concept of coherent states has been well explained in mathemat-
ical physics and has been applied not only in quantization, signal processing
and image processing but is backbone of quantum optics. The term coherent
state was constructed by Glauber in the electromagnetic field and has been
defined as the eigenstates of the annihilation operator.[I] In Quantum me-
chanics coherent states being the states of minimal uncertainty has played
crucial role.[2] As per their role in string theory, the concept is yet to be
explored completely but till now it has been widely used for the computation
of scattering amplitudes [3].

The attempts to construct coherent states for a closed string in the orthonor-
mal covariant gauge to remove the ghosts by applying the mean values of
Virasoro operators have been studied long before, but the difficulties to gen-
eralize the results could not be completely eliminated [4].

In general coherent states can be defined in two equivalent ways either as
eigenstates of the annihilation operator, or as the exponential of the creation
operator acting on the ground state[5]. The concept of coherent states has
been recently generalized to Lie groups [6]. The entanglement of coherent
states is the current area being studied by many [7]. But the concept of
coherent states needs to be studied more in string theory to explore the wide
area of utility. Very recently the coherent states of open bosonic strings has
been studied using DDF and vertex operators [§, [9]. Unfortunately quanti-
zation using BRST symmetry can not be used for exponentially increasing
states. Therefore the equivalence of our theory with that of [I0] cannot be
probed, unless it is possible to extend the quantization using BRST symme-
try to exponentially increasing states. That could be a new area of work,
clearly very general, very difficult and that escapes the purposes of our pa-
per. Some work on construction of coherent states has been discussed to
study the cosmic superstrings [I1]. People have attempted to establish the
concept of coherent states in string theory, but no considerable theory has
been established yet.

The concept of cat states is in its early infancy, in the well known theory of
strings. In quantum mechanics this concept is attached to Schrodinger cat,



which is defined as a quantum state composed of two diametrically opposed
conditions at the same time. The other definition relates it to the superpo-
sition of distinct states [12]. Cat states are actually a type of non-classical
states that results through the superposition of coherent states. These are
also known as even and odd coherent states[I2]. Generalization of single-
mode Schrodinger cat states and the superposition of Gazeau-Klauder co-
herent states has been analysed to know the photon statistics. [13] [14]

A straightforward way to study the photon number squeezing or photon
statistics of any states is to evaluate the Mandel parameter.In well behaved
coherent states like the Glauber coherent states the Mandel parameter is
zero,which corresponds to the fact that the photon distribution is Poisso-
nian. Thus depending upon the value of Mandel parameter one can easily
comment on the statistics and thus the nature of the probability distribu-
tion of the states. For the Mandel parameter greater than O the statistics
correspond to super Poissonian and for less than 0, the distribution is sub-
Poissonian.[I5] There are alternative methods to study the photon squeezing
through the second order correlation function.

The motivation for this work is to define the true coherent Glauber states
for the bosonic string. This has not been achieved so far by a covariant for-
mulation of the theory or by formulating it in the light cone Inquisitiveness
about the claims made by many for covariant formalism not being successful
in accomplishing the task of obtaining coherent states, is the real stimulus
for the present analysis. Quite motivated by the validity of the true defini-
tion of the coherent states being an eigenfunction of the harmonic oscillator
annihilation operator and having faith on the the pedagogical clout of the
straight forward approach of the covariant quantization, the present work
aims at constructing the coherent states for the bosonic string. Contrary
to the earlier claims, we constructed and developed not only the coherent
states of open and closed bosonic strings but have been able to remove the
difficulties arising due to gop = —1, thus were successful in obtaining the
general form of coherent state. In this way we were able to define the coher-
ent state with well satisfied physical conditions. It is worth mentioning that
instead of lack of any literature of cat states in string theory, we made a bold
try and we calculated the complete cat states of the strings and evaluated
the corresponding Mandel parameters. we have obtained very interesting
and new results. An impressive work on tachyonic field related to complex
mass fields and their forbidden propagation asymptotically as free particles
and compatibility of Wheeler propagator Green function in suppressing the
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asymptotic free modes of the tachyonic field has been done [16, [17] and ref-
erences therein. In this study we also obtained new tachyonic states of the
string with imaginary mass and positive norm. This opens a new area to
be dealt with, using Wheeler propagator Green function in our future stud-
ies. This is first of its studies, which is very simple and straightforward and
based on the original definition of the coherent states of harmonic oscillator.
For the benefit of readers we have written three appendices with the main
mathematical results used in this paper.

2 Solution to and old problem in string the-
ory

As is known, the stress-energy tensor of the string must satisfy
Taplphys >=0 (2.1)

where [phys > is the physical state of the string. That translates exactly to
the Virasoro’s operators as:

(Lo — 1)|[phys >=0 (2.2)
Lunlphys >=0 m#0 (2.3)

But this last equality cannot be satisfied for all m since it leads to the
cancellation of all L,,. Instead it asks that:

(Lo — Vlphys >=0 (2.4)

Lnlphys >=0 m >0 (2.5)

This is not equivalent to (2.1). To satisfy (2.1) at mean values level we ask
then:
< [phys|(Lo — 1)lphys >=0 (2.6)

< phys|nlphys >=0 m #0 (2.7)
Which is another possible choice, more appropriate for constraints.
In a foundational paper on coherent states for the string, Callucci [4] proves

that the integral that defines the norm of the coherent state is exponen-
tially divergent due to the gop component of the metric tensor of space by
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Minkowski [4]. It also shows that the coherent states corresponding to the
annihilation operators a® cannot be defined by the known series for the usual
coherent states.That is why it concludes that the coherent states for the string
cannot be defined in a covariant way. We have managed to solve this prob-
lem using new mathematical tools developed in [24] and references therein,
based on Ultradistributions theory of Sebastiao e Silva |26} 27], also known as
Ultrahyperfunctions. This solution is explained in detail in subsection 5.2 of
this manuscript. In Appendix A-C we show how to obtain the expression for
the coherent states corresponding to the operators a® by a series that gen-
eralizes the Glauber series. We have thus obtained in a satisfactory way, the
theory of coherent states in covariant form, without using DDF operators,

that do not lead to the obtaining of the true Glauber coherent states.

3 Review of covariant quantization

Before going for the extensive calculation of the coherent states and the
corresponding cat states, we need to give a basic review of the string quanti-
zation, the commutation relations and the idea of Virasoro algebra followed
in the paper. In this paper we are following the covariant quantization for-
malism and later the light cone treatment to study the coherent states and
their respective physicality is studied using the Virasoro constraints. Treat-
ing all fields X" as operators and imposing the constraint equations on the
states is what we call covariant quantization. X" and their conjugate mo-
menta [T, = 27:7Xu are promoted to operator valued fields which obey the
canonical equal-time commutation relations,

X*(0,7),Ty(0",7)] = 18(0 — 0’)5%
X*(o,7),X¥(0",1)] = [M,(0,7), Ty (c",T)] =0 (3.1)

These commutations relations are translated into the commutation relations
for the Fourier modes x*, p*, ok and o, as

X", py] =104 (3.2)

[oM, oY

ko] = [ad, &l =" 8nimo (3.3)



The commutation relations for x,, and p,, are same for operators governing
the position and momentum of the center of mass of the string. The commu-
tation relations of «k and &k are those of harmonic oscillator creation and
annihilation operators which after scaling are given as

(0.0

a, = ﬁ,n >0 (3.4)
X_n
and the resulting commutation relation becomes
[an) ajn] = 6mn (36>

We consider a string equivalent to infinite countable number of harmonic
oscillators and the matrix raising and lowering operators can be expressed as

B
a, =

(xn +iph) (3.7)

tH

an

Sl= Sl-

(xh — iph) (3.8)

[18,[19]. In momentum space we define quantum number p* as the eigenvalue
of momentum operator P we can also write the vacuum state as [0;p > which
obeys (0, p >= p*(0,p >

The elegance and convenience of the Polyakov string action makes it the
most preferable choice of action, thus the starting point in any analysis of
the covariant string quantization. In its very suggestive form we write the
Polyakov action as

1
S=—1-7 J dtdon®?9,X"9X N (3.9)
with m,, the Minkowski metric, o, 3 the indices corresponding to the two
world sheet coordinates T and o. [3] The beauty of Lorentz covariant quanti-
zation of string theory lies in the fact that it treats all the string coordinates
on equal footing, with all the coordinates including the X° the time coor-
dinate become the operators, thus showing the built in time dependence of
the states and in addition keeps us away from the usual Hilbert space pos-
tulates. It has an upper hand over the light cone quantization in preserving



the Lorentz symmetry , which occupies a pivotal importance in the string
theory.. Keeping in view the restrictions in other quantization schemes, and
the straightforward character of covariant approach, we prefer to follow the
old covariant quantization formalism. In this paper we are following the co-
variant quantization formalism and later the light cone treatment to study
the coherent states and the physicality is verified using the Virasoro con-
straints. All the fields and their conjugate momenta are treated as operators
and imposing the constraint equations on the states is the method followed
in covariant quantization. The mode expansion for open and closed string
coordinates read as

int

XH(1,0) = x§ + V2 of T+ 14 % Z en ok cos o) (3.10)
n#0

OC/ efin"c ) ~ )
X*(t,0) = x§ + V2 T+ 14/ 5 Z - (axhe™ 4+ ahe ™) (3.11)
n#0

[3] These expansions are used for all the string coordinates. For open strings
only one set of modes «! appears while as there are two independent sets
of modes for closed string al and o!;. The only constraints that relates the
left moving and right moving modes is the level matching condition of the
bosonic string. In open string, the boundary conditions force the left and
right moving modes to combine into standing waves. The Virasoro operators
obtained after exploring the constraints are

|
Lv=15 Z o 0t (3.12)
P

_
Lh=15 D ooty (3.13)
P

In covariant formalism the quantum constraint satisfied for any physical state
of the open string ¢ is

(Ln - 5n,0)|¢ >=0n>0

For the closed string the constraints apply to both left and right moving
modes and are



(Ly = dnp)ldp >=0;n >0 (3.14)

(I:n - 5n,0)|¢ >= O;Tl >0 (315)

The speciality of Virasoro operators is that it annihilates the physical states
and thus leaves no physical state. The commutation relations for the modes
ol has shown that the Virasoro generators satisfy the relation

Cc
[I—m) ]—n] = (TTL - TL)I—m—i-n + Em(mz - 1)5711—&-71,0 (316)

where ¢ = D = 26 is the space time dimension and is proportional to the
quantum effect and also called as central charge.[3]

4 A Useful Equality

A coherent state is defined as an eigenfunction of the Harmonic Oscillator
annihilation operator a (Glauber).[I] Thus we have:

alo >= oo > (4.1)

(Note that for true Glauber coherent states the eigenvalue of op-
erator @ is given by A = Ay, = «) Its usual and well-known expression
is

>—e T > %(ﬁﬂﬂ() > (4.2)
m=0 :

Has been proved in [20, 2] (see also Appendix A ) that the following equality
is valid:

o >= (%) tette J e eVImvey )y S gy (4.3)

As a consequence a simple component of the coherent state for the open
bosonic string is given by:
m

) iz X j
|041>:e—%ZVL

-~ (@)™o > (4.4)



Where:
al=-"" . n>0 ; 1<j<25 (4.5)

Taking into account (10.3)) we can write:

. mw \*  (d)? 12 w5 i .
= <T> e e E e T eIy, > dy,

(4.6)
This proves that either of these two expressions can be used to define the
coherent state of the string for p =j =1,2,...... ,25. The problem appears
when you want to use a similar equality for the case p = 0. In this case,
the expression of the series that defines the coherent state component cannot
be used since the integrand of the integral that defines that component is
exponentially increasing. We now proceed to study and define a coherent
state for the bosonic string

5 Coherent states for open strings

It is very well known that the annihilation operator for the one-dimensional
harmonic oscillator is given by
. i i)
g, = TP (5.1)
V2

In the y-representation of Quantum Mechanics, this operator is expressed via

o 1 . 0
Gy = 5 (y; T E) (5.2)

Thus, a coherent state is defined as the eigenfunction of the annihilator op-
erator and indeed it has been stressed in various studies that eigenstates of
the annihilation operator are the actual coherent states possessing all the
required properties of coherent states because these properties are based on
the commutation relation between the creation and annihilation operators of
the harmonic oscillator [12]. Thus we express the states as:

o, (yh o
N ) )> — by (yh)  (5.3)
OYn

L . 1 . .
dw (Y )by (yn) = 7 ( W () +
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or, equivalently,

My (yh) S ~
- (\/Zodl — y%) b (yn)- (5.4)

The solution of this differential equation is

1 . : .
By (yn) = (l) [ R A S (5.5)
j=1,2,...,25 Thus

W2 12 (wh)?

1
. 1 4 X i . .
lod, >= (7—1) e H e Je 2 eﬁ(’d“ﬂ‘IyJn > dyl, (5.6)

Here we used the general definition of coherent states to obtain a coherent
state of the bosonic string which is expressed as:

W2 e ?

. . . . 1 4 (e 7
o, PP >=log > @fpT >= || — | emrrer e x

2 T . )
Je‘ =3 eV2munjyl > dy’n] ® [p > (5.7)
And: o . .
Y (Y P =1, (yn)d(p’) =
1 . . .
[GJ e e eﬁ“”i‘] ). (58)

Now in order for the state obtained above to be an admissible or a represen-
tative of a physical state we need to prove the constraint relations imposed by
Virasoro operators on the strings. Here we analyze the physicality of states
of open strings. In this case we will demand that they are verified in average

value (See (.22)),(5.23))). We have for Virasoro operator:

1, &
Lo= 58+ ;_1 &g - Qs (5.9)
.I (o]
Li=5 3_2 By s - Qs (5.10)
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And for annihilation and creation operators:
o = Lfa; n>0
n
a = L&’ n>0
n \/— —n

Thus we get in the |y > representation

+(X s Xs0

R S [(E)

Now we consider the case u = 0. For it we have:

=1 s

The coherent state is now:

1 092 19012 wQ)?
I
7T

And:

1
T\7 92 1«82 W% 500
o >= (— e T e |ef eVl s ayl
7

We now calculate its norm:

(5.11)

(5.12)

(5.13)

(5.14)

(5.15)

(5.16)

1 x2 2 5. 02 0 j
<ol >= — J €T e'T e2%n e V2% Y] g V20, (xy) xjy > dxdy =

M2

1 e
—]J Te'T eXne V2§ (x —y)dxdy =
2
l J e~ ez“Rne Zﬁ(anXdX =

Tt
l J e(X_\/ZOCORn)Z dx =
7t
1
- J CZZ dz =
T2

12

N|=

Nj=



1 o0
— J s 2erds (5.17)
T2

0

Now we use the result [22](Appendix B):

X" TeX dx = cos(mv)B T (—v), (5.18)

o3

As a consequence:

llog, > | =0 (5.19)
Thus the complete state is defined as:

25

o, p>=[]]]©led > @led > lp > (5.20)
n#£0 j=I1

Since the coherent state has a null norm, that is

< o, loyp >=0 (5.21)
It is then verified that
<o, p (Lo —Dla,p >=0 (5.22)
and /
<o,p Lioyp>=0 ; k>0 (5.23)

We must clarify that in this case the constraints of Virasoro can only be
satisfied in average value. The mass of the coherent state is given by:

M25(p —p') =< &, p 2Ly — 2 — oo, p >=0 (5.24)
As a consequence:
M? =0 (5.25)
We will prove that: .
. doq1 .
[=|la, > — < (5.26)
s
and o0
0= Jmﬁ > % <o (5.27)



Let od, be given by od, = oc{zn + iocjln Then we have
. dod .
Jloc]n > T" < o] =

1 242 j2 j j j j
— | e T e T e RneV 2%k ) V2 )y > < y|dxdyded, dod, =

2 2

1 x -
—\/EJ e~ T e e 2 %n eV 2%nl “W§(x —y)x >< yldxdydod,, =

1 2 i2 j j
—V2 J e e 2%n V2% X|x >< x|dxdod,, =
T2

1 2
—]\/2 V1 x> < x|dxded,, =

Jlx >dx<x|=1 (5.28)

Let now ol be given by ol = af + i
dot 0
JIoc > —1 < oc | =
s

2 2 .
1 2082, o —V2ad, (x+y) V2o

e7e T e e *Vix >< yldxdydog, dod, =
u:

3

2
1 X2 Y2

—1\/§J eTe'r eXne VIR M5 (x —y)lx >< yldxdydal, =

I

N

1
—1\/§J e e2%n e V2% x >< x|dxdad, =
T2
x 12
—\/_J (k=5 | >< x|dxdod, =
ﬁﬁJeZZZdZJIX > dx < x| =
2

OJ!x>dx<x!:0 (5.29)

As a consequence we conclude that the components with w = 0 can be
eliminated from the coherent state and the coherent states are redefined as

25
o, p>=[[]] el > @lp > (5.30)
n#£0 j=I1

14



Thus the redefined form of coherent states is with us and we then have:
2 o0
< o,p (Lo — Do, p >= (% — 1+ anocn|2> dp—p)=0 (5.31)
n=1

and.aszxconsequence

2 o0
P 2 _
L ;nlocn! =0 (5.32)

When k > 0 they must satisfy:

k
< o4 p Loy p >=< o, | (Z vk —nyna,ay o+
n=0

+ Y Vnokvnd.al, Yy vnt k\/ﬁamaﬂ) o, p>=0  (5.33)
n=1

n=k+1

And when k < 0 :

< o, p Lo, p >= <ocp|(Z\/ kvna  a,+

—k—1

+Z\/—\/_a an+k+Z vV—n— \/_akn n) lo,p >=0 (5.34)

n=—k

The mass of the coherent state is now:

Mzé(p' —p) =< oc,p’I(ZLo —2— océ)loc,p > (5.35)

And then: -
=2) mnfa,* -2 (5.36)

n=1

Looking closely at we can see that by suitably choosing the
&, we can obtain states for which M? < 0 and < a,p’|a,p >=d(p —p)
that is, a tachyonic state whose norm is positive. For example if
we select o« = 0.

In the section 11 of the paper, we will prove that these results coincide
with those obtained by defining the coherent states in the Light cone quan-
tization formalism.
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6 Mandel Parameter for coherent states of
open bosonic strings

The definition of Mandel parameter [I5] Q for a single mode of the string is
given as Q = Q; + Qz where:

(6.1)

(We use the convention summation repeated indices for 1 < j < 25) We
use this expression for Mandel parameter to evaluate the Mandel parameter
of the coherent states of open strings obtained in the previous section. We
evaluate the terms as below

< @)d, >=< odflalial |od, > (6.2)
Now @) |od, >= od |od, > and as consequence: < oc|@,) =< oJ|oc). Thus
<aa >=|od | (6.3)
Thus substituting the results in the equation for Q parameter we could get
the Mandel parameter as:
lod |2 —|od [* < @@t > +[od, [*

Qr=—=+ . (6.4)

e

With < @@} >=< 1+ aJa >= 1+, |* We obtain
Q=0 (6.5)
Similarly.for © = 0 we have:

< ara® > — < (a°a%at’a’) > + < atead >2

n n n n-mn
QZ - < a+0/\0 N (66)
Again we calculate the terms and use then for calculating Q as
< ai’a) >=< a%a,%a% ol > (6.7)

Now @%]a >= o] > and as consequence: < «%|a° =< ac®®|o*%. Thus

A+0A0

< a,%a% >= [0} (6.8)

16



Then we have:

02 02 A0 A0 014
(0.6 (08 <a,a’™ > +jx
QZ | TL| | Tl| n-n | T‘Ll (69)

o |2

With < @%a° >=< —1+@;°a% >= —1 + |a®|* We obtain

n n

Qr=-2 (6.10)
Then:
Q=-2 (6.11)

Q indicates the sub-Poisson nature of distribution of states. For the redefined
coherent state we have

Q=0 (6.12)

Distribution of states is Poisson.

7 Mandel parameter for even cat states of
open strings

The cat state is defined as the quantum superposition of two opposite phases
coherent states of a single optical mode. We define even cat state as

|Cate(od,) >= C(lod, > +| — o, >) (7.1)

Its norm is given by:
< Cate(a?

n

)|Cate(od, >=
ICF[< olfod, >+ < )| —od, >+ < —a)) o), >+ < —o)| —od, >] (7.2)

Or equivalently:

< Cate(o))|Cate(od, >= ICI*[2 + 2R [< o) — od, >]] (7.3)
As we have: . . ,
<& — o), >=e 2l (7.4)
We obtain: ‘ . .
< Cate(a)|Cate(od, >= |CI22[1 4 e 2] (7.5)
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And as a consequence:
elod 2

C= (7.6)
2(1 + el

For this cat state it is verified:
. . . e|°‘IN|2 . .
a |Cat.(ad,) >= o, (lod, > =] —od, >) (7.7)
2(1 + ekl

Also we have: .
2[oy |
. . oedoNlT — 1
<ald >= Iodnlz—J ;
eZloal® 1
And:

2lad, 2 2lad, |2
. o . edant — 1 N L |
HeyqaHagl ~— o) 22— j |2
< aldala), >= || T (1 + |od)| TR (7.9)

Thus we obtain:

.. . . e2|°‘%\1|2—] .
<aldald >=d P~ +Jod |* (7.10)
el 41
As a consequence:
: o e2|°‘1]\1‘2
Q1 = Ao — (7.11)
eron —1
Or equivalently:
2|od |?
= 7.12
Q= Gan@ed) (7.12)
For u =0 we have:Q, = —2 Thus
2|od |?
. L (7.13)
sinh(2|odh|?)
For the redefined cat state we have
2|0d |2
. L (7.14)
sinh(2|oh |2)

The Mandel parameter of cat states show clear dependence on |od,|. The
nature of the distribution, whether it is Poissonian, sub-Poissonian or super-
Poissonian will be decided by the value of |od |.
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8 Mandel parameter for odd cat states of open
strings

The whole calculation of Mandel parameter for even cat states is repeated
for the odd cat states. We define odd cat state as

|Caty(od,) >= C(|od, > —| — o, >) (8.1)
The norm of this state is:
< Cato(a?)|Caty(od, >=
ICP[< ad|od, > — < o] —od, > + < —o|od, > + < —a)| —od, >] (8.2)

Or equivalently:

< Cato(o)|Cate(od, >= [CI*2 — 2R[< | — od, >]] (8.3)
As is verified: I
< o)) — o, >= e 2l (8.4)
Or: . .
< Cato(a)[Caty(ed, >=|CP2[1 — e 2nF] (8.5)
As a consequence:
elod 2
C= (8.6)
2(eokE — 1)
We have now:
. . ) e|°‘IN|2 . .
a|Caty(od,) >= o), (lod, >+ —od, >) (8.7)

2(e2nl — 1)

And then: -
viledl!
o e LI
<adld >=|od P—m— 8.8
Moreover:
2la, 2 2lod, 12
. . e L . oedoN” — 1
< Clﬂ(lJ Clﬂ(lJ >= O(] L — 1 + OCJ L — 8.9
n -n-n vm | n| ez“xIN‘z_] | n| ez|“IN|2—|—1 ( )
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Or equivalently:

o el 4 :
<aldald >=|dd eZ| ]le + ] + lod [* (8.10)
N
Then, we have the result:
Z\rx{\,\z
_ _ai2_C
Qi = —4lo '~ N (8.11)
And finally:
2Jod, [
Q=—""""5- (8.12)
sinh(2]od,?)
For u =0 we obtain:Q, = —2. Thus
2/od |2
__Awl (8.13)
sinh(2|ody|?)
For the redefined cat states we have:
2|od |?
. . (8.14)
sinh(2|odh|?)

The results Mandal parameter for odd cat states are interpreted the same
way as that of the even states.

9 Coherent states for closed strings

The mathematical analysis of closed strings involves a doubling of the degrees
of freedom of that of the open strings. Here the left or right moving modes
are the same as the standing waves on open strings. In string theory, closed
strings are of particular importance because the spectrum includes a massless
graviton. The two sets of modes are independent except for the relation
Ly = Lo [3] The covariant quantization of the closed strings in fact brings no
complications. The procedure and the general behavior is very similar to that
of open strings. Here we have two sets of covariant Virasoro operators and the
operators which possess non-negative mode number annihilate the physical
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states. In fact the left and right number operators have the same eigenvalue
when acting on physical states. We begin by considering the coherent states:

- TN* 2 b2 wh? 5
- - - 2
Vi (yyn) = (— e 2 e 2 e 2z eVmn,

- ) T\* _&p?r 16 @l)? < =
. (1) — _ - - - \/Z“nyn
11)&31 (yn) = ( e 2 e 2 e 2 e

1
. T\?  dp? 12 [ w2 i ~
o >= (— e Te i e T Vi) > dy)
T
: 1 . .
. T (& _(Gh) PSS R o
|6q, >= (—) e 2 e 3 Je PVt gl > dgl
T

A coherent state of the closed bosonic string is:

lod,, &, p >= |od, > @l&d, > @lp’ >

1 . . . .
T\2 2 e @2 2
—] e 2 e 2 e 2 e 2
T

J\2. (5) 2 A A
Je_(yn] ;’(Un) eﬁ“iﬂfn"‘ﬁ‘ﬂﬂﬁx

uh > 9l > dybdgh | @ ' >
And then: o o . .
Uoss (UL P) = Uy (W)U (GL () =

7 j2 j2 j2 L
[(l) ei(cx,zi] ei‘DCTzl‘ ef(yTZLJ eﬁch“UJ“]
Tt
1

(9.1)

(9.2)

(9.3)

(9.4)

(9.5)

(9.6)

The annihilation operators for the one-dimensional harmonic oscillator is

given by . .
i _gu+ip
" V2

a
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A YL+ ip
a, = 9.8
n 7 (9.8)
In the x-representation of Quantum Mechanics, this operators are ex-
pressed via
. 1 . 0
d'(yh) = — |yn + —) 9.9
=75 (5 (9.9)
85 = = (gi + i) (9.10)
Thus, a coherent state is defined as the eigenfunction
. . 1 . ) oy ; (y%) )
i (1) (Y= — W ( o — o j
d\n (yn)ll)od1 (yn) - \/z (ynlbodl(yn) + ay]n = &Py (yn) (9 11)

P . 1 - . a~~j ~11 o~ »
& (0, (9 = (9;%; () + L”) — &by (0 (9.12)

or, equivalently,

N (yh) o .
o~ (V2R ). (9.13)
alL&j (g%) i e~ ~ ~i
T = (\/ioc]n _]U]n) Yy (Un)- (9.14)
We have now for Virasoro operators:
-I o0
L = 2&5 +Y & (9.15)
s=1
~ ]/,)2 > A A
Ly = 7% + X g+ O (9.16)
s=1
-I o0
Le=5 D BB ; k>0 (9.17)
~ 1 > o A
k=35 s & 5 k>0 (9.18)



And

a,=—7=&, n>0
n

al=—ad, n>0
n

0
+ X~ Ks0

’ —%@Zis(yl;;“%) (y’é;zaf;z)

% + o o
j=1 s=1 \/z \/z o
And: o o
aO gn B 1ﬁ
" V2
20 . <20
asl Yp —1Pp
V2

The states coherent states turn out to be now:

1
T\% 0?2 912 wd?

Voo (Yn) = (—) e e e b oe VIR,

And:

N

s 1 @p)? &y @2 5050 |~ _
%, >= (;) S [ eyt oy
Using ((5.18) we have again:

0
lfoc, > [/ =0

~0
llog, >[I =0
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(9.19)

(9.20)

(9.21)

(9.22)

(9.23)

(9.24)

(9.25)

(9.26)

(9.27)

(9.28)



The complete state:

25
o, &,p >= ][] [ ®led, > @lad > @&, > @l& > lp > (9.31)

n>1 j=1

Again the coherent state has a null norm, that is

<o, &, p log, &, p >=0 (9.32)
And then /
<o, 0,p |(Lo—D]a, &,p >=0 (9.33)
<o, &,p (Lo —Dla, &p >=0 (9.34)
and /
<o, &, p |Lile, &, p >=0 (9.35)
< o, &, p Lo, & p >=0 (9.36)

Subtracting (9.34) to (9.33) we see that the level-matching condition is sat-
isfied:

< o, & p'|Lo — Lo)lox, & p >=0 (9.37)
The mas of the coherent state is given by
M2(p—p') =< &, &, p 2[2(Lo + Lo) — o — 63 — 2|, &, p >=0 (9.38)
As a consequence
M? =0 (9.39)

The same thing happens for the closed string as for the open string. In that
case we have:

. dod dad o
[= Jloc’n, &), > S o al) (9.40)

and o 10
dom Aot _ 40 &0 (9.41)

ny n

ozjyag,&g>

We can then redefine the coherent state as follows:

25
o & p >=[[] [ @l > @l&, > @lp > (9.42)
n#£0 j=I
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The treatment of Virasoro constraints is similar. We give here the mass of
the redefined coherent state:

M25(p —p') =< Xn&n, P 1212(Lo + Lo) — o — &2 — 4Jotn, &n, p > (9.43)

Then we have:

M =4 nlonl + &) -2 (9.44)
n=1

In this case the level-matching condition translates into:

in(ywz — & *) =0 (9.45)
n=1

10 Mandel Parameter for closed bosonic string
cat states

The Mandel parameter of closed string coherent states is calculated in the
same way as in open bosonic string coherent states and the results for both
right handed and left handed coherent states of the closed strings are same

Qi=Qi =0
Q=Q,=-2 (10.1)

Following the procedure for open strings the Mandel parameter for both
the sides of closed string have same result and is given as:

Q=Q=-2 (10.2)

In this section we will calculate the cat states and the corresponding Mandel
parameter for closed strings. The even cat states of closed strings are defined
as:
ICate(od,) >= C(lod,, &, > +| — od,, —&J, >) (10.3)
As:
< gl &1 — adyy ) = e Heh e 2 (10.9)
We have:

eloh P glad 2

C- (10.5)
V201 + ek o)
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In a similar way that for the open string we have:

o, 2 gl 2
j i 51 ) > o eren i 5 )
d [Cate(od, 6d) >= o, — (Joqy, 60, > —| — o, —&), >)
V201 + ek o)

(10.6)
. L » e|"‘%\1|2e‘5‘%\1‘2 L . .
d [Cate(od,ad) >= &, (led, &), > —| — od,, —ad, >)
V201 + e ek
(10.7)
The mean values are now
2|0J |2 2|5c] |2
. ., edanlTedant —
<afd, >= o (10.8)
eZlocNI eZloch +‘|
21,12 216 1
e _LoedanT ettt —
<aja, >= & 75 (10.9)
o2l P o2l 2 4 1
And: oot
2o 2 o282 _ 1
Hal gl >— [of 12 j (4
< a’ala’d, >= |« + o 10.10
n s n n “nm | n| ezmmzez‘&]]\[p_i_] | n| ( )
2le 12 p2/a) |12
L . edlonlTedan T .
<abd ald >=a + & [* 10.11
n “n n “n | n| ezmll\”zez‘&wz_}_] | n| ( )
We are going to calculate the normalization constant for these states.
|Caty(od,, &) >= C(|ad, ol &), > —| —od,, —&), >) (10.12)
As: ] ]
. ~ . . ~ 3 _ 2 _ ~ 2
<o) & —od ) —ad, >= e Honl e (10.13)
We obtain: Do e
locy 1% ploeg |
el el
C= (10.14)

V/2(ereki e 1)
For the annihilation operators we have:

el gl 2

V2(eXekE el 1)

@ [Cato(od,, &) >= of, (lody, &, > +| — o, =&, >)

(10.15)
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el 2 glad 2

d |Cate(od , &) >= &,
\/2(e2|“’N|2e2‘&]N|2 1)

(lod,, &, >+ — od,, —ad, >)

(10.16)
We have as a consequence:
2l 2 p21&l 1?1 1
Hal s lod 2 € +
< ayal, >=|od,| TR A (10.17)
. el e2lE P 4
aHG w— | PE
< a))a, >=lo, TR A (10.18)
And: 112 o) 12
. .. . 2l 1= g2l | +1 .
Hed abd >— lod PE j |4
< alaald, >= || e IR + |od, | (10.19)
2o o20&l 2 4 q
G aha s g pE e s
< aaaya, >= || AT + &, (10.20)
The Mandel parameter for even cat states is
2|od |?
Qi = — — (10.21)
sinh(2(Jow|?) + [&nl?))
~ 2/ad ?
Q= — R (10.22)
sinh(2(Jowm|?) + [anl?))
For the odd cat states for both right and left handed states we have
2|od 2
Q= —— o - (10.23)
sinh(2(Joml? + [aml?))
5 2612
S o™ (10.24)
sinh(2(lom|? + [oml?))
11 Cat states for =20
For u =0, the even cat states are
ICate(o®) >=C(le?, & > +| — o, —&° >) (11.1)
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The scalar products are null again.
<o & -, & >=0
<o ol 6l >=0
<= - — o, & >=0

These integrals vanish for the following reason

0% 0 _
< oy log, >=
1
T\2 9?2 1812 192 1812
— ] e 2 e 2 e 7 e 2
7T

(‘ngzﬂywlxolz V2[00 +o¥0 0 / ’
=ns oen s /2] +o ] 0y, ,0 0 0
Je 2 e VAT <y llyy > dyndy,

We use:
<yaly >=3(yn —y,)
And then:
< ool >=

1
T\2 «9)? ()2 0 2
— ) e 2 e z e*
7T

0y2 _ 0 *01,,0
Je(yn) o V2SS gy 0

Completing squares

G CR T (R :

V2

and making the variable change

(o0 + af)

z=(yp) - v
We have:

oo
_ 2
< oo >= 2112 J e” dz
0
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(11.5)
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We made the change of variable:z? = u

<ol >=m/2 Ju_]/zeudu (11.8)
0
And after: s =1/u
< ool >= /2 J s e ds (11.9)
0

Using again (5.18]) we obtain:

<ol >=0 (11.10)

Since in the integrals from to (9.28) we have the product of the type
of (9.29). thus all these vanish. keeping in view the values of the above

expressions we evaluate Q parameter and obtain

Q=Q=-2 (11.11)

By similar procedure the Mandel parameter is —2 for odd cat states. The
Mandel parameter for even cat states is

- 2|od |2
sinh(2(|och|?) + |6h?))
and for odd: 2Nod 1
Q=0=— Ll —2 (11.13)

sinh(2(|0611!2) + |5d.1’2))

12 Coherent States in the light cone quanti-
zation formalism

Heuristic at par with the covariant formalism but pedagogically more intu-
itive, the method of light cone quantization, has been successful in advanced
problems like the calculation of string amplitudes. The idea behind the light
cone quantization lies actually in the fact that it preserves the physical de-
grees of freedom and eliminate the part of the string degrees of freedom by

29



using residual symmetry and fix the residual gauge by setting X™ = x*+p*t
and thus Lorentz covariance is explicitly broken. Here the zero modes x and
p* are the integration constants, are arbitrary and left as free parameters.
This choice of gauge is advantageous because it allows every point on the
string to be at the same value of time or we can say that X" is independent
of 0. Classically interpreting this gauge fixing means to set the oscillator
coefficients o' to zero for n # 0. The mode expansion scheme of the os-
cillator remains the same, but the formalism involves in setting an infinite
set of modes to zero thus everything is formulated in terms of the transverse
oscillators alone. Thus &, is expressed as

. 1 _
= o ; X Ok (12.1)

The quantization takes place in the same way as in canonical formalism but
for the transverse oscillators only.
&, are defined as operators as

__ 1 _
X, = 21p+ ; ke X - —aén’o (122)

For the zero mode n = 0 the square mass operator is defined as

M2 — & (Z T O — a) (12.3)
n=1

This is the same mass-shell condition as found in that of the covariant treat-
ment, with the only difference that in light cone treatment only the transverse
oscillators contribute. For the theory to be Lorentz invariant, the parame-
ter a must be equal to 1 and the dimension D has to be 26. As per the
status of physical states is concerned, the light cone formalism is considered
to be ghost free.[3] Thus the treatment of coherent states in the light cone
quantization is similar to that of coherent states of open bosonic string with
the only difference that j = 2,3,4,...25. Following the same mathematical
procedure we express the coherent states for the open string in light cone
treatment as

25
o, p >= 1_[1_[®|0c21 > Qlp > (12.4)
n#£0 j=2
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and for the closed string we again have the result expressed in two degrees

of freedom:
25

o, &, p >=[[[[@led, > @&, > @lp > (12.5)
n#£0 j=2

Thus we have constructed the coherent states of both open and closed string
in light cone quantization formalism and found the results are similar as that
obtained from the old covariant formalism. The mass of the string will also
be similar as that of the results obtained in covariant treatment. Note that
the only difference between and and between and
are the states with j = 1. This clearly justifies that for practical purposes
the coherent states obtained with quantization in the light cone can be used
as an approximation to the coherent states obtained in covariant form

13 Conclusion

In this paper we have obtained the Glauber coherent states for the bosonic
string in the four instances, two using old covariant formalism and the two in
the light cone quantization scheme, followed in this paper. In the covariant
quantization formalism, we followed the original definition of coherent states
of harmonic oscillator and rigorously defined the coherent states for both
open and closed string. The coherent states thus obtained in both the cases,
identically satisfied the Virasoro constraints at mean value. The interesting
point to see here is that, the coherent states have zero mass very similar to
that of the Glauber’s coherent states for the electromagnetic fields, which
validates the covariant quantization approach followed by us in establishing
the coherent states of the string. Taking advantage of the fact that the iden-
tity resolution for the temporal components of the coherent state is null, we
were able to redefine them into the coherent states of non-zero mass.

The behavior of the coherent states obtained by light cone quantization treat-
ment is similar as that of the redefined states obtained using the covariant
formalism. Thus we have a good indication of the validity of the covariant
approach followed in the paper.We evaluated the Mandel parameter for the
coherent states and the respective cat states to see the statistical nature of
their probability distributions, which turned out to be sub-Poissonian, Pois-
sonian and super-Poissonian depending on the value of the parameter being
negative, null and positive respectively.
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An important fact we found is as : Looking closely for example at
, we can see and infer that by a suitable choice of the «, (say
for example «, = 0 ), we come across with positive norm states
bearing imaginary mass, i.e the states with < o,p’|,p >=8(p —p)
and M? < 0 which conclusively corresponds to a tachyonic state
with positive norm.

The decision to construct the coherent states of strings analogous to that of
the quantum harmonic oscillator was not liked by our contemporaries, but
the rhythmic mathematical treatment and the musical results of the theory
is really an encouraging and motivating force to proceed to construct and
establish the super coherent states in very near time.
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A Appendix: Coherent states

The well known annihilation operator is expressed as
X+ 1ip

V2

a=

(A1)

In the x-representation of Quantum Mechanics, this operator is written as:

Aoy ] d
a(x)—ﬁ(x—l—a)

By definition, a coherent state is an eigenfunction of @

dll)cx(x))
dx

a(x)a(x) = % (xwa(x) ; — spa(x)

The solution of (A.3) reads

Palx) = Ce 5 V2

To evaluate the constant C we use the normalization.

J N)a(XNZdX _ |C’2 J efxzeﬁ(owrcx*)xdx —1
We have then:

T ata*)? T xto* 2
[ Hoatax = jepe £ [ &b ) ay =1

—00 —00

By recourse to the Table [23] we obtain

As a consequence,

(A.2)

(A.3)

(A7)

(A.8)



Thus, we have for P, (x) the expression

1
1 4 oc+0<* 2 xz
Po(x) = <%> e e T oV (A.9)
or, equivalently,
1
1 i o2 2
R e (A10)

where we have:x = og + ix;. As e*®* is an imaginary phase, it can be
eliminated from (A.10) to finally obtain

1
1\% o2 2 2
Py (x) = (%) e Te e T eV, (A.11)

In the Abstract Hilbert space we have

1
1\4 o2 o2 2
o >= (;) e Te T J e T eV?™|x > dx. (A.12)

Thus we have obtained a simple formula for coherent states without the use
of a series

We will prove now that (A.12)) is a Glauber’s coherent state. The n—th HO
eigenfunction is

dn(x) = Hn (x), (A.13)

where H, is Hermite’s n—th order generalized function

1,

H,(x) = (ﬁzw) e T HL (%), (A.14)
Here H,, is the n—th Hermite polynomial. We take Eq. (A.11]), expand it in
a Hermite series, and verify that one arrives to the Glauber expansion for a
coherent state.

In the x-representation, the coherent state (A.11)) expanded into HO eigen-
functions is written:

Pa(x) = (—) ' e~ F o~ T VIax _ Z andn(x (A.15)
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Then we express a, as:

We obtain:

1 le? 2
T 4€ 2 —(y——=
an=""0 | e ) ay
<n!2“7t%> e
We appeal now to a result of (see [23]) to obtain
1 laf?
e 2 n
an = —lﬂ%Zf o
(n!Znn%) ’
and
ot l«?
an = e 2.

vnl

Replacing ((A.22) in (A.15)) we obtain the Glauber’s result:

We have proved that (A.12)) and (A.24) are equals.
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(A.17)

(A.18)

(A.19)
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(A.21)

(A.22)
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B Appendix: Analytic extension

We consider the integral:

o0

v 1 B yo1 vl £ B
JX ](X—I—Y)H Te xdx = Bz vz +Hr(1—u—\/)€2vw%+u’_% (;), (Bl)
0

larg(y)| < 7T, R(1—pu—v) > 0, where W is the second Whittaker’s function.
Note that PR(B) > 0 is not required, as made clear by Gradshteyn and
Rizhik in their table [23] (this formula figure in page 340, eq. (7), called ET
IT 234(13)a, where reference is made to [22] (Caltech’s Bateman Project).
The last letter ”a” indicates that analytical extension has been performed.

Selecting =1 in (B.1])) we obtain:
B
<_ ) (B2>
v

The last formula is valid for v # 0,1, 2, 3, ..... The following formula appears

in the same table [23]:
v+1
=
20 2 1/ 2 1/ ,y

where M is the first Whittaker’s function. We have then the result:

o0
v—1 v+1

J X leRdx = By F(—v)e%WVTH)

0

N2

(N1

J X lefdx = B T (—v) (B.4)
0

This integral can be evaluated using the generalization of the Bollini and Gi-
ambiagi dimensional regularization obtained [24] for v = 1,2, 3, ... Changing
now by —f3 in (B.4) we have

J X' Tetdx = (—B)'T(—V) (B.5)
0

Eq. (B.5)) displays a cut at 58(p) > 0.

One can therefore choose
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(—B)Y =e™BY, (—B)Y =e ™Y, or (—B)" = cos(mv)p".
As the integral must be real for 3 to be real, we choose the last possibility
of the three expressions available and finally obtain:

J X Tefdx = cos(mv)RYT(—v), (B.6)
0
We have used this important result in section 4 of this paper.

C Appendix: The new Glauber theory

We will show now that (5.15) is a new type Glauber’s coherent state. In the
x-representation, the new coherent state ([5.15]) expanded into HO eigenfunc-
tions is written:

1
1 4 (XZ | 2 xz \f
) = (- S e Viax _ WP C.1
Py (x) (7[) eTe T e Zad) (C.1)
Then we express a, as
an = [ Dulx)bn(x)x, (C2)
We can further write
:
] Z L'Xz x Xz
a, = (%) eTe s Jeze_ﬁ"‘"d)n(x)dx. (C.3)
We obtain: -
1 o2 Jw? 2 Jlax
a, =7 4e2e 2 ele Hn (x) dx. (C.4)
We can also write it as
11 \T2 oﬁﬁw Vo
an =70 4 (7[22 n!) eZez e H, (x) dx. (C.5)



or equivalently in we express it as:

J e"*H,, (x) dx = Hy (o) (C.6)

—0o0

Here H, (o) is the complex Fourier transform of Hy, (x), and it is an analytic
functional [25]

Qn =77 (ﬁ%Z”n!)_ e7e 2 Hy(ivV2w) (C.7)
Wo(x) = TeTe S i (nlznn!)_; L, (1V2) by (x) (C.8)

lox >= 71’16“T S i (nzznn'> ‘H H,(ivV2x)n > (C.9)
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