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Stability of ¢*-vector model: Four-loop ¢ expansion study
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In most papers, ¢*-field theory with the vector (d-component) field ¢, is considered as a particular case of
the n-component field model for n = d and O(n) symmetry. However, in such a model the symmetry O(d)
admits an addition to the action of a term proportional to the squared divergence of the field ~h(8,¢,)>. From
the point of view of renormalization group analysis, it requires a separate consideration, because it may well
change the nature of the critical behavior of the system. Therefore, this frequently neglected term in the action
requires a detailed and accurate study on the issue of the existence of new fixed points and their stability. It is
known that within the lower order of perturbation theory the only infrared stable fixed point with 7 = 0 exists
but the corresponding positive value of stability exponent wj, is tiny. This led us to analyze this constant in
higher orders of perturbation theory by calculating the four-loop renormalization group contributions for w, in
d = 4 — 2¢ within the minimal subtraction scheme, which should be enough to infer positivity or negativity
of this exponent. The value turned out to be undoubtedly positive, although still small even in higher loops:
0.0156(3). These results cause the corresponding term to be neglected in the action when analyzing the critical
behavior of the O(n)-symmetric model. At the same time, the small value of w, shows that the corresponding

corrections to the critical scaling are significant in a wide range.
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I. INTRODUCTION

In recent years, the theory of critical behavior has ex-
perienced a renaissance. It is dictated by the emergence
of new theoretical approaches [1-5] and by the fact that
compared to a couple decades ago a number of powerful
numerical methods used for the needs of renormalization
group (RG) approaches have appeared [6—18]. Apart from
that, the computational power of modern hardware opens up
great prospects for breaking into high orders of perturbative
critical thermodynamics by means of RG methods for field
models where previously it was unthinkable due to the tech-
nical features of calculations. One of these problems is the
analysis of the field model, where the quadratic part of the
action differs from the standard one by a term ~h(3,¢,)>. In
the general case, such an additive, which preserves rotational
symmetry, is not prohibited by any fundamental restrictions.
To the surprise of the authors, a proper analysis of its presence
in the action of the standard O(n)-symmetric model has not
been presented in the literature, although this could potentially
lead to a change in the usual Heisenberg universality class.
Moreover, the realization of such work is also motivated by
the recently published paper of the authors, in which we
analyze the action in the strong dipole-dipole coupling regime
[19], where the term mentioned above was discarded. The
neglect of this additive was due to the belief that it does not
change the universality class, giving as a stable fixed point
one that contains the zero value of & coordinate (h* = 0).
Some discussion and the lowest-order analysis regarding the
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stability of such fixed point can be found in Refs. [20,21].
However, the smallness of the exponent requires checking
for the fact that the sign of this quantity does not change in
higher orders, as it frequently happens in the theory of critical
behavior.

The authors of this paper are sure that such an omission in
the general theory should be eliminated as soon as possible.
Thus, in this work, we analyze the stability of the A-vector
model within the minimal subtraction (MS) scheme in the
4 — 2¢ dimensions. On the basis of these results, we will
give an unambiguous conclusion regarding the stability of
the corresponding fixed point, or rather the stability of the
ordinary Heisenberg point with respect to the presence of the
~h(dy@y)* term in the action.

The paper is organized as follows. In Sec. II, the model
and renormalization scheme which we use in this work are
described. Next, in Sec. III the expansions for RG functions
and numerical results are presented. At the end in Sec. IV, we
will draw a conclusion.

II. MODEL AND RENORMALIZATION

The action we plan to study is as follows:
1
So =~ / d'x [5[<aﬁm )’ Mg, + ho(aoa)’]
1 afys
+ uoTg" PoaosPoy $os | (D
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where ¢g, is a d-component bare field, 1 is bare coupling
constants, and m} is bare mass being proportional to 7 — T,
where T, is the mean-field critical temperature. The tensor
factor TS“ PY? reads as follows:

Tsaﬁys = %(aaﬁayé + 8y 8p5 + Busdyp)- @

The corresponding propagator within the momentum repre-
sentation is

8 Pab
Gaﬂ (P) = f

(1 + ho)p> + m’
where the orientation vector is defined as p, = po/p. The
propagator denominator makes it easy to understand the re-
gion of stability, which is determined by the condition %y >
—1. From the computational point of view, it is convenient to
resort to projectors, in terms of which the propagator is written
as

af — ﬁaﬁﬂ
p*+m}

3)

PL P||
Gap(p) = 2 o : 4
)= e T Uy @

with Palﬁ = Sup — PaPp and Polllﬁ = puPg. Let us discuss the
renormalization of the action (1) within the & expansion
technique. As is well known, the only two- and four-point
one-irreducible Green’s functions are spoiled by the pole
singularities in €. In the considered model, an additional diver-
gence compared to the O(n)-symmetric model appears in the
quadratic contribution ~hop, pg. The counterterm necessary
for the renormalization is reproduced by the multiplica-
tive renormalization of the parameter hy. This preserves the
general multiplicative renormalizability of the theory. The
renormalization procedure is reduced to introducing the nec-
essary renormalization constants to bare field theory (1). The
renormalized action has the following form:

1
S=— /d”lx[z[zl(aﬁwo»2 + Zom? @ + Zih(3.94)*]

1 a
+4TZSMZSMTS ﬂy8¢a¢ﬁ¢y¢6i|~ (5)

The renormalization constants Z; are calculated perturbatively
in the form of series in renormalized coupling constant u and
for u = 0 they satisfy Z; = 1. The transition from bare action
(1) to renormalized one (5) can be interpreted as redefining of
field and system parameters from bare values to renormalized
ones:

Poa = (pazfp’ mg = mZZmZa ho = hZy, uy= I‘Lzsuzu'

Comparing the bare (1) and renormalized (5) action, the dif-
ferent renormalization constants are related to each other as

2 =2, L=ZZyp Z3=27, Zi=ZZ,. (6)

Note that, in Ref. [22], the difference between the renormal-
ization constants Z; and Z; was interpreted as the difference
between the renormalization constants of the transverse ¢ =

Paiﬁ(pﬁ and longitudinal ¢! = PCU p¥p components of the field:

ga(l)la = Z‘ﬂgoﬂt and (p&x =Z(j-<pj. However, in this case it is
impossible to interpret the renormalization constant Z3 in the
form Z3 = ZuZ; that violates the multiplicative renormaliz-
ability of the model.

In the MS scheme, the coefficients of the series in
u of the renormalization constants Z; do not depend on
m and u, but only on dimensionless parameter & which
plays the role of a nonperturbative charge. The renormal-
ization group equations for the Green’s functions can be
obtained from the condition that their bare counterparts—
GO = (@ou, Poa, - - - P, )—do not depend on the parameter
. Taking into account the relation between bare and renor-

malized Green’s functions G*) = Z;‘GnR, we act on both sides
of the equality by the operation D,, = 3, |ug.ng.my:
DGR 4 ny,GR =0, )
where y, = D, InZ,. Passing completely in the operator D,
to the renormalized parameters
D, =D, + (Dym*)d,2 + (Dh)dy, + (Dyu)d,,  (8)

we obtain the following equation for the renormalized Green’s
function:

Dy + (Dyum®)d,e + Budh + Bubdu + 1y, JGR = 0. (9)
where the 8 functions are defined as
Bu.=Dyu, By=D,h. (10)

Also, from the connection between bare and renormalized
parameters, one can extract the following necessary relations:
2

D,ym” = —ymzmz, Bn = Dﬂh = —yuh,
Bu = Dyu = —ue + y.), (1D
where anomalous dimensions read as
Yo=D,InZ,. (12)

Ym2 = DIJ« In Zmz, Yn = IN)M In Zh,

Taking into account all the above, we get the following RG
equation:
(140 = Yoy + Badh + Buda + nygIGR = 0. (13)

The anomalous dimensions ¥, V2, ¥, and y,, do not possess
poles in &; moreover, within the MS scheme they depend only
on u and & and do not depend on ¢ at all:

Yi = (:Bhah + ﬂuau)lnzi~ (14)

Thus all RG functions are expressed in terms of renormal-
ization constants, except the trivial dependence of §, on €.
Taking into account the relations (14) and (11) the beta func-
tions can be found from the following system:

IBM = —u[28 + (lguau + ,Bhah)zu]v (15)

Bn = —h[(Budy + Brdn)Zp]. (16)

The critical behavior of the system is determined by the fixed
point, or, equivalently, by the zeros of the 8 functions:

Bu(*, h*) =0,  Bu(u*, h*) = 0. a7)

If the analyzed fixed point is infrared stable that is determined
by the behavior of the 8 functions, then in the critical region
the Green’s function satisfies the following equation:

(10, — yom*d,e +ny1GR = 0,y = i, H*). (18)
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In the next section, we will apply these formulas to specific
Feynman diagrams.

III. RG EXPANSIONS AND NUMERICAL ESTIMATES

Since we are analyzing the stability of an O(n)-symmetric
fixed point, which, as we will show, is stable with respect
to a perturbation of the type ~h(d,¢,)>, we do not need
to renormalize the mass to obtain expressions for the crit-
ical exponents v, «, etc.; they will be the same as in the
case of O(n)-symmetric universality class with n =4 — 2.
Moreover, to simplify the calculations, one can resort to a
massless computational scheme. Let us write down the way
we calculate the renormalization constants. As was said, due
to multiplicative renormalizability of the model it is enough

J

to remove divergences in two- and four-point one-particle
irreducible Green’s functions which can be denoted as F;zﬁ)

and ths)ys’ respectively. The counterterms eliminating the
divergences in these functions are polynomials in external
momenta. For ng it is quadratic polynomial in the form

c1(8)p*8ap + c2(8)papp = P*lc1(€)8up + c2(e)PuPpl, while

for FS:S))/ s the polynomial is of the zero order. In addition, from

the point of view of convenience, we will use the MS scheme
which is expressed by the transition to another perturbative
charge v:

u = v(dm)??e?=4/2y (19)

where y is the Euler constant. Thus we will determine the

renormalization constants based on the finiteness condition
. 2 4

for the functions 9, Fé ﬁ) and Fé ﬂ) v/ e

8F(2[; 25 2 M 4e Zl Zj 2 M 4e
P =621 |[1— (=) 2= papshZs |1 — | — | [ == - 2
i o= (7) 2 G) o raan = (73) (7) () @<y ] e
(4/; s Zg M 2¢e
— 0 =T 7 (1 — [ —
o =T 7)) e @1
[
where symbols § and p denote the contributions of corre- elllle|:!
sponding tensor structures; the multiplier p~"¢ appears when 9
the change of integration variable from momentum to dimen- @ _ _0(20+ 36ho + 319h0) Pabp
sionless (in units of external momentum) one is performed. In af 432(1 4 ho)’e
this case the left diagrams depend only on & and h. Having (36 + 76h¢ + 63h3 + 20h3) 5 O (0
done all of these steps, the obtained expressions for renormal- - 432(1 + hg)3e ap + 0O ()
ization constants have the following structure: o 0
- @ ﬁp(xpﬂ + @ 6(50/[1’ +0 (E )a
/ (24

Zi=1+Y uw)_ c;?(h)s—l. (22)

j=1 1=l

It is essential that the pole contributions, which are ob-
tained in (20) and (21) from the product of the expansion
(u/p)* =1+ ke Inu/p...,and higher-order pole contribu-
tions (from diagrams and renormalization constants) cancel
each other, which is a very important consequence of the
renormalizability of the theory. This leads to the fact that
the renormalization constants do not depend on w/p. At the
same time, the interesting for us contribution in (21) does not
depend on the way of momentum passing through a diagram.

Having obtained Z,, Z3, and Z,, as functions of v, s, and
& we can extract Z,, Z,, and Z, by means of the following
expressions:

Z Z,
S Zn=2,

Z, ==,
oz Z

Z, = 7. (23)

Let us compose all the expressions; as a first step we need to
find the lowest order for the § function of the nonperturbative
charge h in order to analyze a possibility to obtain a new fixed
point or to make sure that only zero-valued # is possible. For
this purpose, it is enough to calculate the pole of the diagram

where we have taken into account symmetry and combinato-
rial factors (n everywhere is replaced by d = 4 — 2¢). After
substituting hy = hZ4/Z;, by means of Egs. (20), (21), and
a simplified (valid only in low order) expression for the S
function of & (B, = 2¢hvd, In Z;), this diagram allows one to
obtain the following result:
h(5h* + 6h +4) , 3

B = T E 1P v° 4+ 0”). (25)
It is easy to see that for a fixed point equation here is only
one real root—h = 0. At this stage, the important question
connected with the stability of this point appears. If it is not
stable, then it is necessary to look for other fixed points and,
obviously, this can be done only in higher orders of perturba-
tion theory. If the point is stable (w;, > 0), but numerical value
of the exponent is small, it is necessary to check whether the
sign does not change in higher orders. The latter is realized in
our case—as it turned out, @, > 0 does not become negative
in higher orders. It is worth noting that there are situations in
the literature when the conclusion regarding one or another

'Originally description of this diagram notation was presented in
the report in [24].
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TABLE I. Two-point Feynman diagrams up to four loops which
should be calculated in order to extract the & expansion for w,. Each
graph is accompanied by nickel index. Nickel index is commonly
used in describing the topologies of Feynman diagrams. The explana-
tion of its modern modifications was described in detail in Ref. [23].

elllle| ell12|22]e| e112|33|e33||
€112]23(33l¢]  e112[e3]333]| €123(¢23|33]|

N U

class of universality changes with the growth of the orders of
the perturbation theory [25,26].

Taking into account the value of fixed point coordinate
v* = g/2, which is the same as in the case of O(n)-symmetric
theory with n = 4 — 2¢, the corrections to the scaling expo-
nent equal £2/27, which in case of physical value of & = 1/2
gives ~0.009. As was said above, such a small value of the
correction to scaling exponent forces us to make sure that, in
higher orders of perturbation theory, the sign of this quantity
does not change to negative. Note that, since we are interested
in the case i = 0, it will suffice to consider only terms linear
in & in the B, function. This fact allows one to calculate only
linear contributions in % in all two-legs diagrams, and four legs
can be computed initially for 2~ = 0. In the future, only this
consideration will be enough, since the fixed point with zero
h value turns out to be stable. The corresponding topologies
of diagrams are presented in Table I.

Thus, having calculated all necessary up to four-loops dia-
grams, we obtain the following expansions for 8 functions:

26 6984 + 4032
By = —2ev + 4 — =3+ uv“ + O(vs),
3 216
4h , 4h 5 2344h , 5
= —v° - — 0] . 26
B 57V = 55V + 187 Y +0®) (26)

It is interesting to note that g, differs from its O(4)-symmetric
counterpart [27] starting only from v*:

26 7176 + 4032
,33 = —2ev + 4v? — ?v3 + %v“

The fixed point extracted from (26) has the following coordi-
nates:

+0W).

1 13 (47 — 168¢3)
* __ 2 3 4
v = 28+_248 —288 & +0(8 )v
W =0. 27

Let us now calculate the ¢ expansion for the correction to
scaling exponent w;, = 9,8, (h*, v*):
1 , 5 5 (2605—3024s3) 4 5
= — — _ o), (28
=gt gt T T a0 ¢ PO @Y

which numerically reads as follows:

wp = 0.03704e* + 0.06173¢ — 0.02944¢* + O(&%).  (29)

0.01560

0.01558

0.01556

0.01554 —

WPBL (e = 1/2)

0.01552 -

0.01550

10 30 50 70 90
b

FIG. 1. Dependence of construction by means of PBL technique
numerical estimate of exponent wj, on the value of fitting parameter
b. The corresponding Padé approximant is [1/1].

In order to obtain the proper numerical estimates for wy
the different resummation strategies should be applied [28].
Before we get into the resummation procedures, let us look at
the estimate that can be obtained by a simple direct summation
in case of ¢ = 1/2. This gives ~0.0151. Later we will see
that, due to the favorable structure of the expansion, such an
estimate turns out to be quite close to the numbers that are
obtained using various resummation techniques.

As the first method, we choose the simple Padé ap-
proximants. Let the analyzed expansion for w, read as
g2 Zi:o cre®. The standard step that should be done in this
case is to reduce the polynomial to such a form that starts
with the constant. The corresponding highest available ap-
proximant is Pyj;:

2
0.037037 4 0.0793899¢
Py [Z CkSki| = . (30)
k=0

14 0.476861¢

Keeping in mind the factor &2, for the physically interesting
case (¢ = 1/2) we have 0.01549. The number of digits we
have left is due to the accuracy of alternative resummation
methods.

The more tricky method is the Padé-Borel-Leroy (PBL)
technique. This approach is based on the so called Borel
transformation. The resummed value can be found by means
of the following formula:

PBL 2 [T 2 aler)
ohi @ = | R 2 ran g |
k=0
(31

The fitting parameter b is chosen from the principle of maxi-
mum or minimum value of dependence of analyzed quantity
on b variation. The dependence of numerical estimate of the
PBL approximant on parameter b is demonstrated in Fig. 1.
As an error, we will take the variation of the change in the
PBL estimate when changing the fitting parameter over the
entire range [0, c0). Thus our PBL estimate for w;, equals
0.01559(10).

A more advanced approach, called the conformal Borel
resummation technique, still uses the Borel transform, but
the analytic continuation is sought using a special conformal
mapping. The general idea can be formulated as follows. Let
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TABLE II. Numerical estimates of the correction to scaling ex-
ponents w;, obtained by means of different resummation strategies.
An error is indicated in those cases where it is implied by the
resummation algorithm.

Padé Padé-Borel-Leroy Conformal Borel SSFT

0.01549 0.01559,-0(10) 0.0156(12) 0.01577

the asymptotic behavior of the series coefficients of analyzed
expansion c(g) = ) cre* for large order behave as

cx —> constk!kPo(—a)*, 32)
k—o00

where 1/a is the radius of convergence and b, is fixed by
the high-order asymptotic behavior of the series. The authors
of Ref. [27] proposed to treat the parameter b = b, + 3/2
as a free one, to be determined variationally. Once a Borel
transformation, based on this modified asymptotic form, is
performed, the variable ¢ is conformally mapped onto w as

Nl tas—1 4w

Moreover, it is assumed that the expansion has the strong
asymptotic behavior c(¢) ~ €*, ¢ — oo. The results are then
improved by a preliminary homogeneous homographic trans-
formation,

e — (34)
1 +ge”’ 1 —ge’
and the final approximate estimates are found by applying
the steps mentioned above to the new &' expansion. At the
end, the optimal parameters are chosen such that the final
estimate is the least sensitive to changes in these parameters
in the vicinity of their optimal values. After analyzing the
numerical values of the estimates obtained using this method,
we managed to come to the following number: 0.0156(12).
The last procedure we use is the one based on self-similar
factor transformations (SSFT) [29]. The essence of the tech-
nique is to replace the summation with the product, which
should improve the convergence

A

1
wgspr(e) = coe” [ (1 +4;)", (35)

j=1

where constants A; and n; can be found from

2 1
D (er/eo)et = [ +4)" + 0. (36)
k=0

j=1

Based on the expansion (29) we obtain A; = 2.62039 and
n; = 0.63604. For ¢ = 1/2 the value of the exponent equals
0.01577.

Numerical results that were obtained using various resum-
mation techniques were collected in Table II. It can be seen
that the fourth order of perturbation theory makes it possible
to give a good grouping of answers. Based on the results
obtained by means of different resummation strategies, we
come to the following final estimate for correction to scaling
exponent:

oy = 0.0156(3). (37)

The resulting number allows us to make an affirmative con-
clusion regarding the stability of the standard Heisenberg
universality class to the appearance of the term ~h (9, ¢, )2

IV. CONCLUSION

To sum up, in this paper we solved the problem, which
for a long time remained without required attention—the sta-
bility of an O(n)-symmetric fixed point with respect to the
additional term proportional to the divergence of the field in
the action. For this purpose, we have calculated four-loop
& expansion for correction to scaling exponent wjy. In the
lower orders, we have found that there is only one fixed point
with zero h. Analyzing higher orders, we made sure that the
correction to scaling exponent, although small, is unambigu-
ously positive. Thus we can conclude that discarding the term
~h(3,9s)* when considering the critical behavior of systems
described by O(n)-symmetric theory is fully justified.
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