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The purpose of this work is to rewrite the generating functional of ¢* theory for the n = 0 and
n = 4 correlation functions as the inner product of a state with an observable, as we did in a previous
work, for the two-points correlation function. The observables are defined through the external
sources and the states are defined through the correlation function itself. In this sense, the divergences
of Quantum Field Theory (QFT) appear in the reduced state by taking the partial trace of the state
with respect to the internal vertices that appear in the perturbation expansion. From this viewpoint,
the renormalization can be substituted by applying a projector on the internal quantum state. The
advantage of this new insight is that we can obtain finite contributions to the correlation funct-
ions without introducing counterterms in the Lagrangian or by manipulating complex divergent

quantities.
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I. INTRODUCTION

This paper, as its predecessor, develops the perturbation
expansion of any correlation function in terms of the mean
values of some observables, in particular, states as we did
in [1]." In fact, our formalism produces unphysical infin-
ities in the form of [8(0)]* that will be represented in a
dimensional regularization scheme by the poles ﬁ where
e=d—4 and d is the space-time dimension.” These
infinities arise because the quantum state associated to
the internal vertices of the perturbation expansion has a
diagonal part in the coordinate basis. In [1] we have shown
that we can simply disregard these unphysical infinities by
applying a projection operator on the quantum states. The
finite results found coincide with those of the usual renor-
malized QFT in several models (and we will present more
coincidences in this and forthcoming papers). In this sense,
it seems that throwing away the unphysical infinities due to
the short-distance behavior through the projector is, after
all, a good method. These ideas agree with those intro-
duced in [3] (vol. 1, page 499): QFT yields divergent
integrals ‘“‘but these infinities cancel when we express all
the parameters of the theory in renormalized quantities,
such as the masses and the charges that we actually mea-
sure’”’. Moreover, it also coincides with [4], since we
believe that the process of subtracting infinities is really a

'This idea has been called “the observable-state model”.

’The equivalence between §(0) and % can be found in Quantum
Field Theory textbooks, like [2], page 352, below eq. (11.55). In
Appendix A we show how to obtain this equivalence in a formal
way.
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matter of subtracting the irrelevant effect of the ~’perhaps
poorly understood physics at high energy or short scale to
obtain the meaningful physics at the scales actually studied
in the laboratory” ([4], page 254). In this sense, the con-
straining is done by neglecting the physics of high energy
or short scale.

A. List of sections

The paper is organized as follows: In Sec. II we will
explicitly show how to define the observables and states in
a general way and the projection procedure. In Sec. III we
will show how to describe the n = 0 correlation function in
¢* theory using the observables and states. In Sec. IV we
show in a similar way how to handle the observable-state
model for the n = 4 correlation function. In particular, we
show how the renormalization group of the coupling con-
stant arises. In Sec. V we show how to obtain the renormal-
ization group equations for the mass and the coupling
constant using the finite contribution of the correlation
function obtained by application of the projector on the
quantum state. In Sec. VI we briefly discuss the conceptual
meaning of the reduced state and partial traces and its
relation with the nonphysical virtual particles and we intro-
duce some general ideas of the observable-state model.
In Sec. VII we present the conclusions. The Appendix A
shows the relation between the Dirac delta and the pole
parameter representation of the dimensional regularization.
The appendix B shows how to obtain the relation between
the vacuum energy and the space volume. Finally, in
Appendix C we analyze the properties of the projector that
gives the finite contribution in each correlation function.
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II. OBSERVABLES AND STATES IN QUANTUM
FIELD THEORY: THE MAIN IDEA

Let us recall the main idea of the observable-state model
of paper [1], that can be considered as the first part of this
paper, and that will be used in this section. The starting
point is some (symmetric) n-point functions 7 (x,, . . ., x,,)
(like Feynman or Euclidean functions), and its corres-
ponding generating functional [[5], Eq. (IL.2.21), [6],
Eq. (3.2.11)]. Then, the main equation reads

iZ[J] = i S

n! pl
n=0p=0n' p:

X [ (QolTbo(x1) ... bolen) LI ... LI(y,)1Q0)

J(x,) ﬁ d*x; ﬁ d'y;, (D
i=1 i=1

l‘ﬂ l'p

X J()Cl)..

where y; are the internal vertices of the perturbation expan-
sion and L£{(y,) is the Lagrangian interaction density [see
Eq. (I1.2.33) of [5]].

This last equation will be our starting point, we will write
Z[J] as an mean value of an observable defined through the
J(x,) sources in a quantum state defined by the correlat-
ion function (Qq|T¢(x))... d(x,) LIy))... I‘}(yp)lﬂ()}.3
This procedure will be done for each correlation function of
n external points.

Using dimensional regularization (see [8]) we can write
the one-particle irreducible contribution to the correlation
function such that (see [9] for ¢* theory):

p
-E?(yp)|QO> l_[ d*y;
i=1

j (QoITd(xy) ... () L) ...

6 Z B (m3, w)e, 2)

I=—L(n,p)

%)

where f((]”) is some function of the external points,

BY"P(m3, ) are some coefficients of the dimensional
regularization that depends on the external momentum,
the mass factor p used to keep the coupling constant
dimensionless and the mass of the field m,. The parameter
€ is € = d — 4, where d is the dimension of space-time.
The sum in [ starts at —L(n, p), where L(n, p) is the
number of loops at order p in the correlation functions of
n external points (see Appendix A, Eq. A6 of [1]). The

functions f ™ and L(n, p) are very simple in the case of ¢*

theory, for example,
i n=0

O—y,  LOp=p+1 3)

3In some sense, these observables will be the particle detector
[see [7], page 6, below Eq. (2.6)].
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(i) n =2

d4 efip(xlfxz)
o [£P L2p)=p @)

) ent (P -m)*
(iii) n =4
@ _ d4p e_iﬂ(xl_x4) d4q e_lYI(xz_xzt)
oJemt pPomy Jen)t ¢ —mg
d*l e*il(x; —Xx4)
(277')4 (12 - mo)((P +tq+ l) - m())

L4, p)=p—1 (5)
In general

(n) _ d Pi

—=3(377)

o o ©)
L(n,p)=p — 5 +1

Inserting Eq. (2) in Eq. (1) we obtain*

n!
i=0p=0m P T

X f fg)")(xl,...,x,,)](x,)...J(x,l)lild“xi.
i=1
(7)

The observable-state model consist in the assump-
tion that the generating functional of the last equa-
tion can be rewritten as a mean value of the
following observable:

onr =onerr), (8)

in the following quantum state:
pin” ©)

where ng)l is some observable that acts on the

external coordinates x; and Il(ft) is the identity op-

erator that acts on the internal vertices due to the

perturbation expansion. In a similar way, pg’({ is the

(n,p)
nt S

p(” D) — p(")

quantum state of the external part and p;
the quantum state of the internal part.
Then, the mean value of O"?) in pP) reads

Tr (p"0"")) = Tr(p&OG) i) (10)

“The infinite sum in the [ index in Eq. (2) can be truncated in
1 = 0, because the remaining terms are proportional to €’ and the
final result must be computed by taking the € — 0 limit. In this
sense, what concern us is the principal part plus the constant
term of the Laurent series with poles d — 4.
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Using the last equation, the generating functional of Eq. (7)
can be written as

iZ[J] = Z Z - Tr( PP 0P
n=0 p= !
[e o] [} l . ) i
-2 Z a1 o TR TR0, A
where
n
gl(i = j.f(")(xlr -..an)lxly . "’x(ﬂ/2)><x(n/2)+1; ""xnl l—[d4xi
i=1
(12)
and
n
Og?(izfj(xl)-...](xn)lxl,...,X(n/2)><x(”/2)+l’_“)xnll_[d4xi.
i=1
(13)
In turn
+00
Tr (pmtp)) - Z Bg”’P) 61 (]4)
I=—L(n,p)

which implies that the divergences of the quantum field
theory are the consequence of taking the trace of the

internal quantum state p"”

it - This point is relevant; be-
cause the trace of an operator is an invariant quantity, this
means that it is the same in different bases. This implies
that if we want to obtain a finite contribution B(” P we

must apply a nonunitary transformation on pl(r’ft” ) that

changes its trace, i.e., we must project to another p;,,.

A. Internal quantum state

To define the internal quantum state we will just recall
some considerations (see Sec. 6 in [1]): the algebra of
observables O is represented by *-algebra A of self-
adjoint elements and states are represented by functionals
on O, that is, by elements of the dual space O', p € O'. We
will construct a C*-algebra of operators defined in terms of
elements with the property Tr(A*A) < co. As is well
known, a C*-algebra can be represented in a Hilbert space
JH (GNS theorem)’ and, in this particular case O = O,
therefore O and O’ are represented by H ® JH that will
be called 2NV, the Liouville space.

As we are interested in the diagonal and nondiagonal
elements of a matrix state we can define a subalgebra of
N, that can be called a van Hove algebra [11] since such a
structure appears in his work as

th=N5®NRCN, (15)

where the vector space Ny is the space of operators
with O(x) =0 and O(x,x’) is a regular function.
Moreover O = N ;s is the space of self-adjoint operators

SGelfand, Naimark, and Segal [10].
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of N, which can be constructed in such a way it could
be dense in N'g (because any distribution can be approxi-
mated by regular functions) (for the details see [1],
Sec. I1.B and Sec. VI). Therefore essentially the introduced
restriction is the minimal possible coarse-graining. Now
the ® is a direct sum because Ny contains the factor
S8(x — x’) and N, contains just regular functions and a
kernel cannot be both a 6 and a regular function. Moreover,
as our observables must be self-adjoint, the space of
observables must be

@=NUhS=NS®WRCW. (16)

The states must be considered as linear functionals over
the space O (O’ the dual of space 0),

0'=N,c=N,® Ny C N (17)

The set of these generalized states is the convex set
SCO.

Having this in mind, we can define the internal quantum
state in the following way:

pfstp) f l—[ (p(npt)

—wy) + pst D (i, wy))

L(n,p)
X |y, . o VL)XW s WL(,,,p)l l_[ d*yd*w
i=1
(18)
The trace reads [see Appendix B, Eq. (A7)]
L(n,p) , ,(n,p,i)
n, P n,p,i
Tr (pﬁm”)) = l_[ (—D + P§v1)] )), (19)
i=1 N 7€
where
pp”" = f pB P (v)dby;
(20)
pp! = f Pt vis i)y
We can see from the last equation that p( P and p(” 21) are

merely normalization factors.
written as

Equation (19) can be

0
> e, 1)

I=—L(n,p)

Tr(p\"") =

where

(n.p) L(n,p) )
np) __ n,p,t
Yo T I I PND s
i=1 (22)

(n.p) T
np — np,i
yL(",P) L(n p) l_[ :
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All the terms y\"” with [ > 0 that are multiplied by €’
contain at least one pf,)”’p ") that is, the diagonal part of the
state of the i-internal quantum system. In particular, we can
make the following equality:

=¥ (23)

In this sense, the coefficients obtained by the dimen-
sional regularization can be associated with the products of
the diagonal and nondiagonal parts of the internal quantum

(n P _

N 5 1 2
Hp(pi(:tp)) = Pi(:tp) - f o )(y )p(np )(yz) e

+[ 3P 0DPE " (0 P

L(n,p)—
WLl d WL ) l_[ d*y; +

=

X |ylr CER) yL(n,p)><y1’ B

,p,L(n,
p(an (n p))(yL(n,p))lyl’ .-

(n,p,L(n,p)— U(YL(n - l)p(an(n ,P))
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state. In particular, the coefficient that is not multiplied by

aeis y(() ”) which depends exclusively on the nondiagonal

quantum state.

B. Projection over the finite contribution

As we saw in Egs. (21) and (22), the finite result
exclusively depends on the nondiagonal quantum state,
so we can construct a projector that projects over the non-
diagonal quantum state. This projector reads®

L(n,p)

o yL(n,p)><y1’ B yL(n,p)l l_[ d4yi
i=1

'L p)y WL(n,p)

1
(n,p,L(n,p))
ND

+[ 22D () el vy, wa) L p

L(n,p)
X (yL(n,p)r WL(n,p))lylr cee yL(n,p)><y1r s WL(n,p)|d4y1 l_[ d4yid4wi)~ (24)
i=2
|
The projection procedure consists in the subtraction of the ) top
part of the state that contains at least one internal diagonal Tr(p'" O) = Z —‘Tr(H p(P("’p )otmr)
quantum state. This projector acting on the state p?) p=0P"
yields ir ) ;
_Z B(lp)ff( )(-xl’""xn)ogx)t(xl"'wxn)
(n.p) T i
n, l
o) = [ TT A8 0wl oo it *[Td*. @7
i=1
L(n,p)
X Wi, oo wppl T d*yidtw (25)  where
i=1
n) — (n,p)\ .(n)
Then, using the equivalence of Eq. (23), the mean value of p = (Z Bo ) Pexv (28)
O0'"P) in the state I1 p(p(””’)) reads
where ("”’ ) is the coefficient of the quantum state p ).

Tr(Hp(p("'P) or)

(n.p) j Wiy, x) 00 (x1, . X ]‘[d4x,, (26)
where OU(xy, ..., x,) = J(x))...J(x,) [see Eq. (13)].

Multiplying by ;7"! and summing in p we obtain’

SIs not difficult to show that it is a projector: linearity implies
that II(a + b) = II(a) + I1(b), then, if II(a) = a — G, then,
I1%(a) = (a — G) = I(a) — II(G), but II(G) = G — G =0,
then I1%(a) = I(a).

"The factor L’, is introduced for later convenience, but its
meaning could be that in the observable-state model, the quan-
tum state is invariant under an exchange of internal vertices.

In thlS way, we can eliminate all the divergences of the
observable-state model by the application of the projector
over a well-defined Hilbert subspace. This formalism has
been applied to the two-point correlation function for ¢*
theory (see [1]) and the idea of this work is to apply it to
n = 0 and n = 4 correlation function of external points. In
Appendix C we briefly show the relation between the
projector and the R-operation of the BPHZ subtraction
method in QFT.

IIl. EXAMPLES: ¢* THEORY, n=0

In this section we will briefly study the vacuum ampli-
tude for the ¢* theory. When there are interactions, the
vacuum amplitude reads (see [12], page 87):
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(Q1Q) = (KQo|Q)Pe~H02T)~!
><<QO exp(—i'[detHI(t)>

where |Q)) is the vacuum vector for the interacting theory,
Q) is the vacuum vector for the free theory, E, =
(Q|H|Q) is the energy of the vacuum state of the interacting
theory, H is the full Hamiltonian H = H, + H;, where H,
is the interacting Hamiltonian, and 27 is the time interval
where the process occurs. The brackets in Eq. (29) can be
written in terms of the perturbation expansion in the cou-

pling constant A:
)

<QO exp(—i[_TTdtHI(t))

= 1+(=iAy) j Ay (Dol (1) + (—iky)?

Q). @9)

X fd4y1d4y2(90|¢4(y1)¢4(y2)|QO) .. (i)

X [d4)’1 -'-d4)’p<90|¢4()’1)-~¢4()’p)|90>+
(30)

The structure of the vacuum amplitude in terms of the
perturbation expansion can be obtained, to do so we will
consider the first order in the perturbation expansion. We
just recall that we will compute the connected diagrams and
not the products of them.

The first order p = 1 reads

(—id) j 'y Qol ¢4 (r)120) = iA[AO) ] iy,

iA[AO)2TV,  (31)

where V is the volume of space and A(0) is the Feynman
propagator of a scalar field. Using dimensional regulariza-
tion, Eq. (31) reads

(_i)\o)fd4Y1<Q()|¢4(Y1)|Qo>

(0,1)

= iAOZTV( 22

,3(0’1) ©,1)
+ ]T + By ) (32)

where the coefficients ,85-0’1) are some constants that
can be obtained from the regularized propagator A(0)
and depend on a mass factor w that is introduced to
keep the coupling constant dimensionless, this is, we

PHYSICAL REVIEW D 85, 125008 (2012)

must replace Ay by Ay(u€).® The first superscript 0 in 8
refers to the number of external points and the second
superscript 1 refers to the order in the perturbation expan-
sion. The subscript refers to the power of the e = d — 4
factor, where d is the dimension of space-time. Using
Eq. (A.44) of Appendix A.4 of [12], page 807, the coef-

ficients ﬂio‘ D read

01 _ mg
2 647"
4 2
o1y _ My my
=0 (= 1+ (2o
Ai 64774(7 n<47m>>
O0 =M (15 g4yt 1292 4 2
0 T 24 64n" yriey e m

+ 12(In?(m3) — In*(4ar) + In?(w))

+24(1 — y + 1n(47r))1n<4’7;2"“ )) (33)

0

The second order p = 2 in the perturbation expansion has
three terms, where two of them are connected,

(—idy)? [ By dy s Qol () 4 (521 2)
— (—iAPIAO)P [ &y d*y,[A(y, = )P
+ (—iAp)? / dy d*y,[A(y, — y 1" (34)

It can be shown that the following orders for the con-
nected Feynman diagrams in the perturbation expansion
can be accommodated following Eq. (32)°:

(_i)lo)p/d4)’1 ---d4yp<90|¢4(y1)---¢4(yp)|90>

p+l B(_O,P)
= 2 (Cid) P QTV) =, (35)
j=0

where i>” comes from 2p propagators that can be obtained
from the vacuum expectation values of the 4p quantum
fields. If we want to compute Eq. (29) we must consider the
nonconnected Feynman diagrams that can be constructed
by multiplying the connected ones. For example, for the
second order p =2 we can obtain the nonconnected
Feynman diagram by multiplying by itself the first order

81s not difficult to show that the coupling constant has dimen-
sion [Ay] = [mass]*~? where d is the dimension of space-time
(see [12], page 322). Then, the mass factor x~“~% multiplied to
Ap maintains the new coupling constant dimensionless. A di-
mensionless coupling constant is necessary because it is the
parameter we use to apply the perturbation expansion.

°The general solution showed in Eq. (35) can be traced to
general results which appear in the dimensional regularization
scheme (see [9], pages 103—130 and [13], page 686).
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p = 1. This procedure can be done for all the orders, in
particular, to obtain the nonconnected Feynman diagrams
at order p we must multiply all the lowest orders where the
sum of them gives p. If we call the result of Eq. (35) as
f(p), then, the sum of the connected diagrams and the
nonconnected diagrams reads

+ool

Zk,(Zf(p))
=f)+fQ)+...+fp)+...
+2i!(f(1)+f(2)+-.-)(f(1)+f(2)+...)+..., (36)

the factor % is introduced to avoid double counting, for
example, f(i)f(j) and f(j)f(i). With this result, we can
proceed to evaluate Eq. (29),

) toq st ptl ,8(0 ,P)
(Ol )P ET = 5 (Z > (iAo QT )
k=0 p=1j=

(37)

where we have put (Q[Q)) = 1 and we have introduced the
result of Eq. (35) in f(p). The projection procedure will be
given by only keeping the j = 0 term in Eq. (37) as we will
show in the following section. We then have

S CIVY
(e o= 3 ET(S -ingin ).
(38)

In Appendix A we show how to obtain the relation be-
tween the vacuum energy E and the volume of space V in a
formal way. This result has no direct relation with the aim of
this work, butis a contribution to the observable-state model.

A. The observable-state model for n=0 in ¢*

Now we can apply this mathematical structure to the
case of vacuum bubbles in ¢4 theory, where we can use
Eq. (18) in the case n = 0, then,

PHYSICAL REVIEW D 85, 125008 (2012)

0
09 =27

[ TT (8758055 — ) + %83 w0

i=1
p+1

Wp+1| l_[ d*yd*w;,  (39)

i=1

L TR G

(0,p,1) (0,p,1)

where p;,"" and pyp' " are some regular functions. The

trace Tr(pmt” ) reads

0
Tr(pp) = Y w'7e, (40)
[==(p+1)

where in particular,

p+1
0P — 0.p,1) op _ | 0.p,0)
? l'[p s i = [T ™" (@D
i=1

and the remaining coefficients y(o P with pt1>1>1
contains at least one pp.
Comparing Eq. (41) with Eq. (35) we can see that the

(0,p)

coefficients vy, " read

Y7 = (=ig)? P TV) 7. (42)

In the first order in the perturbation expansion, using
Eq. (40) and (41) we have

2

02) —1 _ (02 02) —
Sy lel =yt e +
=0

02) —
¥y e

021) (022)
ND PND
+(p (0,2,1)p(022) +p(022) (021))6_1

n p(ozl)p(ozz) -2 (43)

Using Eq. (33) and (42) we have that

021 (022) _ i/\o2TVm3
b =
p02D ,022) | 022) 021) _ 1A0624T77‘im3<_1 byt ln(%))
el = —";2?761;;3 (18 — 24y + 1292 + 72 + 12(02(m2) — In>(47) + In*())
+24(1 — y + In(4)) 1n<4n7:“‘ )) (44)
0

This implies that the diagonal and nondiagonal quantum
states are not well determined. In this case, we have four
unknown quantities and three equations. As we saw in
Sec. 11, the finite contribution for the correlation function

|
comes from the nondiagonal quantum states, so the inde-
termination can be translate to an arbitrary election of one
of the nondiagonal quantum states. The indetermination
will grow up with the order of the perturbation expansion;
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in fact, at order p we will have p diagonal states and p
nondiagonal states, so we have 2 p unknown quantities, but
we have p + 1 equations, so the indetermination grows
like 2p — p — 1 = p — 1. In general, for the correlation
function of n external points we will have 2L(n, p)

0, 0,p 1 2
Hp(pgntp))_pfntl) / o7 )(y) P )(y2)

0,p,2 0,
+f O3PS (33) . p O ety W DIV s ¥ DV s

1 0, 0, 1
+f S ()P (2 W) oo DT 1 W DL oo Vs YD1

This projector eliminates all the diagonal parts of the
quantum state. Then, the trace with the projected state
reads

Tr (I, (pin”) = By (46)

nt

Adding all the orders in the perturbation expansion we
finally obtain

+o00
Tr(IL(p\) = 1+ Y (—iXg)?i* QTV) B, (47)
p=1

Then, multiplying the nonconnected Feynman diagrams,
we obtain Eq. (38).

Qe (x1)b(x2)b(x3)b(x4)|Q) =

PHYSICAL REVIEW D 85, 125008 (2012)

unknown quantities and L + 1 equations, so the indetermi-
nation will grow as 2L — L — 1 =L — 1.

The finite contribution of Eq. (40) can be obtained by
the application of the projector on the quantum state of
Eq. (39)

p+1

1
I | RS (e | I P

i=1

)4
Wp+l|d4wp+ll—[d4yi+
i=1
pt+1
,,+1|dy11'[d4y,d4 . (45)
=2

In the case of no external points, the renormalization is a
normalization of the quantum state itself. In the
observable-state model, this normalization is explicit, be-
cause the projection changes the trace of the quantum state
[see Egs. (40) and (46)]. From this point of view, the
renormalization is a change of the norm of the quantum
state by a projection, in a similar manner in which the
projection postulate occurs in nonrelativistic quantum
mechanics.

IV. EXAMPLE: ¢* THEORY, n = 4

The four-point correlation function, when there are in-
teractions, reads

<QO|¢(x1)¢(x2)¢(x3)qb(x4)|ﬂo)

+ (—iAp) f<Qo|¢(X1)¢(X2)¢(x3)¢(x4)¢4()’1)|Qo>d4Y1

(i) ] (ol (1) b (2) (x3) b xg) 2 (31) b (1) | Qodely by, +

T (—idg)? f (Qold () () b3 ) b (3) ...

The first term of the last equation reads

<QO|¢(x1)¢(x2)¢(x3)¢(x4)|90> = A(x; — x)A(x;

- X4) + A(xl

P
¢* ()1 [T d*y:- (48)

i=1

—x3)A00 — xg) + Alx; — x9)A(x; —x3)  (49)

where A(x — y) is the scalar propagator. This term does not contribute to the scattering amplitude because it describes a

trivial process where the initial and final states are identical.

The first order in the perturbation expansion reads

(—idy) [ (Qol b (1) (1) b (x3) b (x) ()| Qo dedy,

_fO (xlyxzyx3Jx4
2m)*t p* —mg

In this case, the first order does not have any loops.

d4p je " ip(x1—x4) d4q jeialx—xs) d*l jeills—xa) i
(=iko) f [ : f . (50)
( Qm)* q* —m}

Q@m* (P —mg) (p+q—1*—mg)
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The second order in the perturbation expansion reads

PHYSICAL REVIEW D 85, 125008 (2012)

(—ido) / (ol () b () (x3) b xg) 2 (31) b2 (1) | Qodely 'y,

d*r

1

4
= (())(Xp X2, X3, X4) A3

:8(4 ,2)
= f(()4)(x1,x2) X3, X4))12< + 3(42))y

where ,8(14’2) and ,834’2) read [see [14], pages 120-122 or
Eq. (4.4.16)]

1
42) _
Ai 3272
1 3 A4’
42 _ 2y _ ld
0 T35 In(u?) y+2+1n( m%)
1 am? [y1+2 4
~3 1+ —In| ——=—1|1| (52
=s,Lu Z _2 —
=5t \/1 +0-1
where s, t, and u are Mandelstam variables s =
(p1 + p2)* t=(py + p3)% and u = (p; + py)* and 5 is

the symmetry factor and the w factor appears by changing
the coupling constant Ay to Agu ™ €. Is not difficult to show
that the higher orders in the perturbation expansion obey
the following rule:

(—idg)? f (ol ()b () (x5 b (x) b (1) . 4 (7)1 2

(—iA )p12+2p5(4 .P)

Xnd4y fo (xl,xz,x3,x4)z f

6

(33)
where p — 1 is the number of loops in the case of ¢*
theory with four external points.

Following the idea of our work, we will apply the
observable-state model to the four-point correlation function.

A. The observable-state model for n=4 in ¢* theory

The state and the observable reads
pr = [ 18 x 02 1‘[<p<‘”’ 2(3)8(3; — )
© ypf l>

4 p—1
4 4y, gh
Wp—lll_[d Xi n d*yd*w;,
i=1 i=1

(54)

+ P(4p l)(yi» w)lxy, xp, y1 ..

X X3, X4, Wi, - -,

Qm* (r* = mg)(p + g — 1)* — mp)

(S
[
p—1
01 = [ e ) [T 803 = wo
i=1
X |xy, xa, 1, - - .,)’p71><x3, X4 Wis e ey Wp*ll
4 p—1
X [Td*x; [T d*yid*w (55)
i=1 i=1

Then, the trace reads

Tr(p“P O P))
“.p)

Z”

[ £y, 00 130 20)T (o) (02 () ()

x]'[d4x,-, (56)
i=1
where
Y = (midg) it . (57)
In particular
r Z T pled wo_ 1w
’ l'[pmé’",..., vt == [1ep"" 9
i=1

For the order p = 2, using Eqgs. (52) and (57), the 7(42 1)

coefficients read

2) 2y A§
42) _ (421
Yo = PnD

1 4ar
= —ZIn(p)—y+2+1 (—)
2| MW Y F2EN) (s

4m

Y P N B S i
(p+q)7 L m
(p+q?

The projector over the finite contribution reads
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4, 4, 1 4.p2 4
1,6 =l = [ 570000008

PHYSICAL REVIEW D 85, 125008 (2012)

p—1
,p,p—1
pr )(J’pfl)m,---,)’p71><)’1y---,yp71|l_[d4J’i

i=1
p—2

1 4.p,2 4, 1
- [ 5P G0PYP32) e PN Gyt W DIV 1 e Y e Y01 Wyl Wy [ i +

+ [ @rD(y ) p &2 (3 ). p

Then, the trace of the observable in the projected state
reads

Tr(]‘[pp(4,ﬂ)0(4,n))

4
Vi [ P03 v 50 ) ) ) [T

i=1

(61)
Summing all the perturbation expansion terms we obtain

Tr(I1 p(4)0(4))
4
= [0 x5 x0T [T
i=1
= Z(_i)\o)p
p=0

where we have replaced y(4 ?) by (—i)\o)f’i“zf’ﬂff”’) [see
Eq. (57)].

i2+2pB£)4yP), (62)

B. Renormalization of A

We can proceed by summing the perturbation expansion,
but without taking account the p = 0 order, because it
describes a trivial process in which the initial and final
states are identical. Only fully connected diagrams con-
tribute to the scattering amplitude. Then

(Qlep(x1) P (x2) Plx3) b (x4) 1)
= f(()4)(x1,x2, X3, X4) Z Z (Zido)

2+2p ,3(4 ,P)

(63)

We can then put x, = 0 and take the Fourier transform on
both sides of last equation,

/d4x1d4x2d4x3e—ipxl e 9% p—ilxs

X{(Qp(x1) P (x2) b (x3) $(0)]€2)
1 1 1 1
(p - mo) (C] - mo) (12 - mo) (p+q— 1)2 - m())
+00 p— 1(_“\ )pl2+2pB(4p)

X2 2.

p=11=0

(64)

i=1
-1

pp 1)(yp LWp— 1)|)’1:-- > Yp— 1><J’1,- S Wp— 1|d4yll_[d4yld4wz (60)

i=2

If we remove the propagators of the external lines we
obtain the four-point proper vertex I'¥. We can write
iT™(0) = A, this is, the renormalized coupling constant
is equal to the magnitude of the scattering amplitude at
zero momentum (see [12], page 325). But from dimen-
sional regularization we know that the coupling constant
depends on the mass factor w, so in the most general case,
iT® = A(w), then

(4,p)

M) = thvﬁbzﬂ L)

where ,854”’ ) depends on w and the external momentum.

The last equation is identical to Eq. (2.3.b) of [15]. Once
renormalized, we must only keep the / = O term, then

+o0
i) = Y (=idg)?i2* 27 G, (66)
p=1

In terms of the observable-state model, this reads (see
Eq. (57)):

+o0
iMw) =Y vy (67)
p=1

In this sense, the nondiagonal functions of the quantum
state of Eq. (54), that is, the renormalized coupling
constant.

V. THE RENORMALIZATION GROUP

In this last section we will see how the renormalization
group arises in the context of the observable-state model.
As we see in [1] and this paper, the n =2 and n =4
correlation functions give the mass and coupling constant
renormalization. Those equations read [see Eq. (B18) of
[1] and Eq. (66) of this paper]lo

+o00

m? = m} + Z(—i)to)pin”hp,BE)Q’p)(m%, m)
p=1
_ Z—Ah(z’l)(z ) + 68
mg ohBy (mg ) + ..., (68)

'°In the following equations we will restore the Planck constant
# for later convenience.
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+o00
A=A+ X (=id)? 2P ne= B md, )
p=2

= Ay + A2RB (md, w) + ... (69)

In the other side, since m% and A do not depend on w in the
absence of loop correction, we have
dAy

d_m(z) = O(h), — = 0(h).

70
in i (70)

The renormalization group can be obtained by imposing
the fact that the dressed masses m? and A do not depend on
M, this is, ii—’:f = (0 and % = (. Using the chain rule in
Eq. (68), we have for m?:

2

2 2 7.2 2
dm” _ 8m2 dmg  om” dAy n am” _ 0 a1
du amg du oAy du I
using Eqgs. (68) and (70), Eq. (71) reads at order #:
2 9 2,1)
dmy B g (72)
du o
From Eq. (82) of [1]
2 2
21 _ mo 47TILL )]
= 1—vy+21 73
0 16772[ Y n( m2 (73)
then
@1 2
9By " _ Mo (74)

o _8772;.

Replacing Eq. (74) in Eq. (72) we obtain a differential
equation for m} at order #:

2 2
dmg my 1

= —. 75
d,bL 08772 w ( )
We can solve it and obtain
(Ao/872)
m2 = m3(£) (76)
0 § Ms

where m% is the value of the mass when u = ug. This
result is in concordance with Eq. (4.6.20) and Eq. (4.6.22),
page 142 of [14] at order 7. In a similar way, we can obtain
the change of Ay in terms of wu at order A. To do so, we
must impose that the dressed coupling constant does not
depend on w:

dA A dmj
dp

Using Egs. (69) and (70), the last equation reads at order #:

dA dAy  9A
———+ —=0.
Ay du

77
am(z) du 7

(42)
d dA
22 Bo” _dho_ (78)
o du

Using the result of Eq. (52), the last equation reads

PHYSICAL REVIEW D 85, 125008 (2012)
ddo 3 N _
du 167 u

(79)

The last equation can be solved with the following result:

Ag
3A '
1 =555 ln(l%)

which is identical to Eq. (4.6.15), page 139 of [14]. This
last equation is the one-loop correction to the coupling
constant that arises from Eq. (78)."!

Thus, we can see that the projection method not only
allows finite perturbation expansions, but also, finite values
that are consistent with the results shown in textbooks and
the renormalization group.

Ay = (80)

VI. DISCUSSION

The formalism introduced in Sec. I has a physical
content which can be traced to the decoherence formalism
(see [16-21]) and to systems with continuous spectrum
(see [17,18,22-25]). The trace of the internal quantum state
of Eq. (14) can be interpreted as a reduced state, since the
observable is an identity operator in the Hilbert space of
the internal vertices. This has a physical meaning. It is well
known that the reduction of a state decreases the informa-
tion available to the observer about the composite system.
In this case, the reduction is done over the internal vertices
where the interaction occurs due to the perturbation ex-
pansion. In QFT, the particles that are created in these
vertices are virtual particles because they are off-shell,
that is, they do obey the conservation laws, but the propa-
gators must be integrated out, which implies that the
momentum of the particle associated with each internal
propagator may not obey the mass-energy relation
pupt = m3. In this sense, the conceptual meaning of the
partial trace of the internal degrees of freedom is to neglect
these virtual nonphysical particles. This is consistent with
the experiments of scattering because basically what is
seen are the in and out states. However, perturbation theory
introduces off-shell intermediate states whose existence
depends on the uncertainty principle AEAt = % In turn,
these give us an interpretation of this integration as a
reduction of the degrees of freedom of the theory. In the
conventional interpretation of this integration The integral
d*z instructs us to sum over all points where this process
can occur. This is just the superposition principle of quan-
tum mechanics: when a process can happen in alternative
ways, we add the amplitudes for each possible way ([12],
page 94). In our case, the integration over the internal
vertices reflects the fact that we are neglecting the degrees

The power of the Planck constant counts the number of loops,
so at order O(#), we obtain the one-loop correction (see [13],
page 623).
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RENORMALIZATION: THE OBSERVABLE-STATE MODEL. I

of freedom of this virtual particles and what we finally
obtain is a reduced state which is divergent.

Summarizing, the main idea of this work is that in the p
order in the perturbation expansion of any quantum field
theory, we can define a quantum state as

P = pli @ pin” (81)
and an observable
o = ol eI (82)
then the trace reads
Tr (p™P 0" P)) = Tr(p” ) Tr(plO%y).  (83)

The divergences of the quantum field theory occur in the
trace of the internal quantum state Tr(pgl’f;p ). These diver-
gences appear because the internal quantum state contains
diagonal functions multiplied by Dirac deltas that cannot
be avoided unless we remove the diagonal functions by a
projection. This is the only available transformation that
can cure the divergences, because the trace is an invariant
quantity that does not depend on the basis in which the
state is written. The projector reads

(np) _ ™ e (p(n,ﬁ)

ner =5 e M =150 @ (pf” = pi”),  (84)

(n,p)

where p;,’” is the sum of all the states that has a diagonal

part of the quantum state pi(;’t”’ ). Then, the trace of I1p"?)
reads
Tr(I1 (n,P)p(n,p) o'r)
= (Tr(piy”) = Tr(p " NTr(puOGD,  (85)

which is our finite desired physical contribution. Basically,
the projection is a translation of the quantum state by
an amount given by the diagonal state. In this work, the

Te(p" 115" 0%,

where O™ is the plane wave observable and F[f] is the
Fourier transform of the function f.
(1) The mass shift
In the case n = 2,

dip emivtnr)

(2) _
y 0 - )
0o (0= | G e

9D
then
5 1 +o00 ,
Tr(p(Z)H(z)O(z) — (—l/\ )pﬁ( ,p)
0 ext (pz — m(z))z I;Zl 0 0

M
= 5 92)
(> = iy

+o00 -
i’ o
=3 BT
p=0£""
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renormalization procedure is done by the projection
method, but without introducing counterterms, which in
principle is much more advantageous, because it can be
applied to nonrenormalizable theories, like ¢° in four
space-time dimensions, or the quantum field theory of a
massless particle with spin 2, such as gravitation. These
two theories will be worked out in future works.

A. A general procedure
Suppose we define the following projector that acts on
the external quantum state p of Eq. (28):

N =nehLe...1,®0X0], (86)

where |0) corresponds to x, = 0. When we apply it to p
we obtain

+o00

iP
p(")Hé”) = Z ?Bé""’) /fé”)(xl,xz, ey X1, 0)

p=0
n—1

X |X1, ...,X(n/2)><X(n/2)+1, ...,xn_1,0| l_[d4x,-_1.
i=1

(87)

The trace with O") reads

+o00 +p
I
Tr(p(”H(()”)Oé’Q = Z;B(()n’p) /fé)n)(xhxz,---yxn—po)
p=0£"

n—1

XJ(x1)...d (e, )JO) [ [ d*xiz1. (88)
i=1

If we allow the currents to be plane waves'?

J(xp) = e P, (89)
then, the trace reads
2 Xn—1, 0]k, oo Ky o), (90)
|
where M = 3 1% (—iAg)? Bf)z’p ). Then, this equation
implies that
(P> — md? Tr(p@TPOG) = M. (93)

The mass renormalization is obtained by having in
mind that the last equation is the result of the one-
particle irreducible diagrams.'? The full contribution

"2This idea is in concordance with [7], page 19, “For an
ingoing particle, we use a source function J(x) whose Fourier
components emit a positive amount of energy k. For an out-
going particle the source emits a negative k;.”

? A one-particle irreducible diagram is any diagram that cannot
be split in two by removing a single line.
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of the n =2 correlation function is equal to the
following geometric series [see [12], Eq. (10.27),
page 328]:

f (Qb () blxo)| Qe P,

S R U S —
pr—mg  (pP—mg)  (p*—mp?
1

p?— (m}+ M)’

(94)

On the other side, [using Eq. (92)] we have

[ (Qlb () )| Qe P dx,
1
PTG IPO%)
95)

p? _mo

which implies the mass shift reads

Am=m>—m3=M

= (p* — m%)2 Tr(p(z)1_15)2)0~,(5.%()t . (96)

(i1) The coupling constant
In the n = 4 case

f(()4) (x1, %2, x3,0)
d4 —ipxl d4
Qm)* p*—miJ 2m)* g% —mj
d*l e 1
Qm* (P —=md) ((p+q—1)*—m})

e lax

97)

then
[(12 = m§)(p* — m§)(g* — my)((p + g — )* — m§)]

><Tr(p<4>H<‘”0£m)—Z(—MO)PB(‘”’) A (98)

which has the same structure of Eq. (93).
In a general way we can write

Tr(p™ 11y O%) f l_[(p, —mg) (pn -

:Cn,

n—1
Z pi>d4pn
i=1

99)

where C,, is the renormalized quantity.

This last equation is important, because it can be applied
to nonrenormalizable theories. In [26], the renormalization
group has been generalized to Lagrangians of arbitrary
form, in particular, to nonrenormalizables theories. The
idea of this work and [1] follows the same line of thought
because the observable-state model treats on equal footing

PHYSICAL REVIEW D 85, 125008 (2012)

the nonrenormalizable theories and the renormalizable
ones.

VII. CONCLUSIONS

The aim of this work was to extend the observable-state
model in ¢* theory to the n = 0 and n = 4 external points
in the correlation function, showing how to build a projec-
tor that eliminates all the divergences that appear in the
perturbation expansion. This procedure allows us to renor-
malize the quantum field theory of ¢* without introducing
counterterms in the Lagrangians. Besides this, we have
shown how the renormalization group arise in this context
obtaining the same results as the conventional renormal-
ized QFT.
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APPENDIX A: THE DIRAC DELTA AND THE
DIMENSIONAL REGULARIZATION POLES

To understand the relation between the Dirac delta and
the poles of the dimensional regularization we can use the
following representation of the Dirac delta (see [27],
page 35)

S(x) = lim— ! €

e Al
e—0 7 x2 + €2 (AD)

where € is some parameter that tends to zero. In particular,
we can assume that this parameter is the pole parameter of
the dimensional regularization, that is, € = d — 4.

Consider now for simplicity, the following quantum
state:

p= f [pp(@8(x — &) + pple X)) ldxdy’. (A2)

Replacing the representation of the Dirac delta of Eq. (A1)
in last equation we obtain

1. €
= ;l{%fp,;(x)mh)()c’ldxdx’

+ f pivp 6 ) dxdx. (A3)

Taking the trace of p we obtain

4The relation between the Dirac delta and the dimensional
regularization pole in this appendix is introduced by formal
mathematical operations, but we must warm the reader that
this development is not mathematically rigorous.
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Tr(p) — [ (W ple"ydx"

= —lim S(x' — x)dxdx'

T e—0

+ prD(x, x")6(x' — x)dxdx'.

€
pp(x) m

(A4)

We can proceed with the integral of the Dirac delta in both
terms, so finally we obtain

11
Tr(p) = lim— —pp + pyp, (AS)
e—07TT €

where

Pp :[PD(x)dx PND = prD(x: x)dx. (A6)

In the case of the quantum state of Eq. (19) we will have
(we do not put the lim._, for simplicity)

e
) npi)\ _
Tr (pmtl ) = l_[ ( e + le;) ) -

Z ,y(n D) _j J,

i=1 j=—L(n,p)
(AT)
where in particular
Y (n.p.0) (np) _ oy (np.i)
l_[ PND e Vi) T L(np) l_[
(A3)

In [1] we suggest the relation between the Dirac delta
valuated at zero and the pole of the dimensional regulari-
zation but we do not prove it.'?

APPENDIX B: RELATION BETWEEN THE
VACUUM ENERGY AND THE SPACE VOLUME

To obtain the relation between the energy of the vacuum
and the space volume V we can recall the renormalized
result of Eq. (38),

+oo k y+oo
Kuloype =3 CE(S (—ingyrper),
(B1)

then we can call

(—)R(K) = (Z(—m ) )

rP=

which implies that

SFrom a different point of view, if we expand in Taylor series
the representatlon of 2the ]4)1rac delta of Eq. (Al) we obtain
8(x) =lim_ot( -5 +5+ ). Taking the trace of the quan-
tum state implies to replace x = 0 in the representation of the
Dirac delta.
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R(k) = [R(D], (B3)
where
+o00
R(1) = Y (—irg)BS", (B4)
p=I1
then, Eq. (B1) reads
+o00
_ 1, .
|<QO|Q>|26 iE2T — ];)E(_IZTVR(I))]( =¢ lZTVR(l))
(B5)
then the vacuum energy reads
i
= VR() = 5= (KU, (B6)
in particular, for 7 — oo
Ey~V, (B7)

which is the desired result (see [12], page 98). This result is
valid if the R(1) as a sum converges. In fact, the ratio test
applied to argument of the sum in Eq. (B4) implies that

18y _

(BS)
=187 Ao

This inequality can be tested on the 1.h.s. step by step using
dimensional regularization. Is not the purpose of this work
to prove the convergence of the n = 0 correlation function
of ¢* theory, besides that it would be a long task.

APPENDIX C: THE PROJECTION
IN ALGEBRAIC TERMS

Let us remember the transformation of Eq. (24). For
simplicity we will describe it when there are only one
diagonal state and one nondiagonal state, in this case, the
transformation act in the following way:

H(p)=p = pp- (C1)

This transformation is linear
I(p® + p@) = pV + p@ — () + p)

=p = pp’ + p@ — p)

= [I(pW) + II(p?). (C2)
Then it is a projector because
IT%(p) = I1(I1(p)) = IL(p — pp) = Il(p) — IL(pp)

=p—pp—(pp — pp) = l(p) (C3)

or by using that the diagonal part of the transformed state
I1(p)p is zero

I (I1(p)) =11(p) — (p)p=p — pp — 1(p)p = 1(p).

(C4
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In this sense, the projector can be written as

mH=r1-0, (C5)

where

O(p) = p — pap (Co)

then, Eq. (C5) is the relation of orthogonal projections. In
fact

QIl(p) = O(p — pp) = Q(p) — Q(pp)

=pptpPvp —Pnp —Pp =0 (C7

which implies that I1(p) is the null space of Q.

What the projector does is to subtract from p its diagonal
part, which gives a divergent structure when we compute
the trace with the observable. In this sense, to subtract the
€~/ terms via a projection is similar to the minimal sub-
traction, where an operator K is defined to pick out the pure
poles terms of the dimensional regularization [see [9],
Eq. 9.76)]:

+o00 -1
K[ > A,,e"] = > A€ (C8)
n=—k n=—k
then
+o00 “+o0
(I—K)[ D A,,e”:l =Y A=A +Ajet ...
n=—k n=0
(C9)

In fact, K> = K, then K is a projector. The main difference
is that our projector acts on a quantum state and not over a
Laurent series. It will be source of future works to study the
relationship between the projection procedure and the
BPHZ subtraction method [28].

Finally, we can rewrite the projector that acts on the
whole Liouville space in algebraic language. For this, in
the order p of the perturbation expansion we have the
following Hilbert spaces:

PHYSICAL REVIEW D 85, 125008 (2012)
H mr) = 3, @="P FHO), (C10)

The total Hilbert space to all orders in the perturbation
theory reads

H=H"DeoH"e. oH"»=e! ") (CI)
The observables are defined in the Liouville space N

N=HeH =@, H")) e @ H )= N,

(C12)
We can decompose as [see Eq. (C13)],
Ny=Ns;@ N CN. (C13)
Then, the relevant Liouville space will read
N oy =" (N e N (C14)

Because the states must be considered as linear functionals
over the space N, (N, the dual of space N ),

N, = (N & N, (C15)

then, the projector will be a map from N7, to N%,

N=M1%e..elIP:N!,  — Nk (C16)

This is the simple trick that allows us to neglect the
singularities [i.e. the 8(x — x')] in a rigorous mathemati-
cal way and to obtain correct physical results. Essentially
we have defined a new dual space N, (that contains the
states p without divergences) that are adapted to solve our
problem.

So, essentially we have substituted an ad hoc counter-
term procedure (or an ad hoc subtraction procedure [28])
with a clear physical motivated theory. These are the
essential features of the proposed formalism, where the
deltas are absent.
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