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Abstract. We discuss the shape dependence of the finite-size scaling limit in a strongly anisotropic O(N)
model in the large-N limit. We show that scaling is observed even if an incorrect value for the anisotropy
exponent is considered. However, the related exponents may only be effective ones, differing from the
correct critical exponents of the model. We discuss the implications of our results for numerical finite-size

scaling studies of strongly anisotropic systems.

PACS. 05.70.Jk Critical point phenomena — 64.60.-i General studies of phase transitions

1 Introduction

Finite-size scaling (FSS) [1-5] is a very powerful tool that
allows to extract information on the critical behavior of
a system—which in principle can only be observed in the
infinite-volume limit—from finite-volume results. In par-
ticular, the most recent Monte Carlo studies heavily rely
on FSS for the determination of critical properties (see,
e.g., Refs. [6-14] for recent applications to the N-vector
model in two and three dimensions; the list is of course far
from being exhaustive). For isotropic systems the recipe
is well known. For instance, in two dimensions one con-
siders a domain M x L and the finite-size scaling limit
v — 00, M, L — oo at fixed &ys,1/L and aspect ratio
M/L. Here &y, is a suitably defined finite-volume corre-
lation length. In this limit, long-distance quantities, e.g.
the susceptibility, show a scaling behavior. For instance,
if O diverges in the thermodynamic limit as [t|~7° for
t=T—-T.— 0 (T is the temperature and 7. its critical
value), then in the FSS limit one finds

O(t, M, L) = L*'" fo(€rr.1.(t) /L, M/ L), (1)

where fo(z,y) is a universal function.
One may also ask what happens if one considers a dif-
ferent limit: £y p — oo, M,L — oo keeping fixed the
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ratios &ar.r/L and M/LY*0 with § # 0. If § > 0, M in-
creases faster than L and it is easy to guess that we will
obtain an effective strip geometry so that

O(taMaL) %on/ny(fM,L(t)/Laoo)' (2)

On the other hand, if § < 0, M increases slowly, and, if
we are able to keep &1/ L fixed, i.e. to use L as refer-
ence box size (it is not obvious that this is possible), the
domain effectively shrinks and becomes one-dimensional.
Then, the question is whether a scaling behavior is still
observed. One may imagine that the scaling function to
be used is that of a one-dimensional system, but in this
case it is unclear which exponent should be used in the
prefactor.

This problem may appear academic at first but it is
motivated by systems that are strongly anisotropic. In
such systems correlations increase with exponents that de-
pend on the direction®. For instance, the critical two-point
function on a lattice M x L scales as

G (ky, ks M, L) =
ATZG (AT Mo s AT AMOATIL), (3)

where k:” (resp. k) is the momentum in the direction of
extent M (resp. L) and A is a new exponent that is usually

! The reader should not confuse this class of systems with
those that show weak anisotropy. In this case, metric factors
but not exponents depend on the direction.
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called anisotropy exponent?. Because of the anisotropy one
must define different finite-volume correlation lengths that
measure the correlations in the two directions, £ /.7, and
&1 m,1- The canonical FSS limit is obtained by taking
& m — 00, §||,M,L — o0, M,L — oo keeping fixed
&omn/L, & ar,/M, and the aspect ratio M/L'T4. Ex-
amples of such systems are provided by driven systems
that admit nonequilibrium stationary states with strong
anisotropy [15,16], surface-growth processes [17], Lifshitz
points [18-21], uniaxial magnets with dipolar interac-
tions [22-24], just to mention a few of them. Anisotropic
FSS is also relevant for d-dimensional quantum systems.
Indeed, quantum models can be mapped into (d+1)-
dimensional classical systems with strong anisotropy. In
this case 1 + A is related to the dynamical critical ex-
ponent z that controls temporal correlations in the clas-
sical system [25]. A general approach to scale invariance
in infinite volume for these anisotropic systems has been
developed by Henkel [26]. However, FSS is still poorly un-
derstood. An exact computation on a dimer model which
undergoes an anisotropic phase transition was performed
by Bhattacharjee and Nagle [27], while, in the context of
the FSS for driven diffusive systems, a phenomenological
FSS theory was proposed by Binder and Wang [28] and
by Leung [29,30], who also gave some heuristic arguments
on the consequences of taking the FSS limit with an in-
correct anisotropy exponent. Symmetry properties of uni-
versal F'SS functions in strongly anisotropic systems are
discussed in reference [23].

Often in experimental or Monte Carlo applications the
exponent A is not known a priori (for instance in nonequi-
librium driven systems it cannot be derived directly from
the microscopic Hamiltonian [15]), and thus two questions
naturally arise. First, if we consider the FSS limit with
fixed M/L**4+° 5 £ 0, do we still observe scaling? and
if yes, with which exponents? Second, how do we deter-
mine A7 An answer to these two questions is of utmost
practical importance.

In this work we analyze the finite-size scaling behavior
of the N-vector model in the N — oo limit, since in this
case it is exactly solvable, see, for instance, reference [31].
The FSS behavior has been determined exactly both in
the case of short-range [32,33] and of long-range [34-36)
interactions. Here, we consider a general class of O(o0)
models which includes the classical isotropic short-range
and long-range cases but also models in which the spin-
spin coupling decays with different power-laws in differ-
ent lattice directions, giving rise to a strongly anisotropic
phase transition. For these models we analyze the FSS
limit using finite boxes with arbitrary shape.

We show that A is uniquely determined if one prop-
erly measures the correlation length. On the other hand, if
only zero-momentum quantities are available, for instance
the susceptibility y, A cannot be easily determined. In-
deed, even if the aspect ratio is incorrect, i.e. § # 0, one
still observes scaling. In some cases, it is even possible to

2 The anisotropy exponent should not be confused with the
gap exponent A = -+~ or with the correction-to-scaling expo-
nent A = wv that are usually indicated with the same symbol.
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observe two different F'SS limits with the same data, one
corresponding to the layer/strip geometry, the second one
corresponding to a lower-dimensional system.

Our analysis will be limited to systems below the upper
critical dimension and above the lower critical one so that
we do not consider the problem of anomalous scaling. Also,
we will not address the question of the FSS limit at fixed
vanishing magnetization, which is of relevance for lattice-
gas studies and has already been discussed for isotropic
systems in reference [37].

The paper is organized as follows. In Section 2 we
define the model, the basic observables, and discuss the
large-N limit. In Section 3 we derive the anisotropy expo-
nent A that defines the aspect ratio and report the FSS
functions for the susceptibility and the correlation lengths.
In Section 4 we discuss the noncanonical FSS limit in
which the ratio M/L'*T4%9 § £ 0, is kept fixed as the
size of the lattice is increased. The results of these two
sections are derived in the Appendices. In Section 5 we
present a simple numerical example: we consider the stan-
dard isotropic model with short-range interactions on a
cubic lattice M x L? and show that two different scal-
ing behaviors can be observed by keeping fixed the ratio
M/L3/2, in agreement with the theoretical results of Sec-
tion 4. Finally, in Section 6 we present our conclusions and
discuss the implications for numerical studies. In partic-
ular, we discuss how one can determine numerically the
anisotropy exponent A.

2 The model

We consider a d-dimensional hypercubic lattice Z?, unit
N-vector spins o defined at the sites of the lattice, and
the Hamiltonian

H=-NY J@-y)os oy—NhY or.  (4)

T,y

The partition function is simply
2= [T]ldo25 (o2~ 1)] e, (5)

with 8 = 1/T. We will be interested in studying the finite-
size behavior of the theory. For this purpose, we consider
a finite box Ay of finite extent M in the first ¢ direc-
tions (called the “parallel” directions and denoted by the
subscript ||) and L in the remaining p directions (called
“transverse” and denoted by 1), with d = ¢ + p, and
therefore of volume V' = M9LP. In order to be able to con-
sider long-range interactions, we define a finite-size cou-
pling Ju () as

Jur(@)= > > J@+mM+n,L), (6)

|| €ZLP ny €74
and the finite-size Hamiltonian

H= —N Z JMyL(a:fy)UmUy*Nh Z 0;7 (7)

z,y€Ay z€AY
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with periodic boundary conditions. Note that defini-
tion (6) implies for the Fourier transforms (with p € A3,
see Eq. (11) below)

Z eip'zJMyL(:E)

TENy

Jap(p) =

~

= 3" (@) = Tp). (8)

€79

We consider anisotropic long-range interactions and thus
we assume that asymptotically J(q) has the form

J(@) = J(0) +arlg* +aylq|*,  for|gl—0, (9)
with 0 < p,o <1 and a; <0, ap < 0in order to have a
ferromagnetic system. For simplicity, we will assume the
two metric factors to be equal, and, by redefining the in-
verse temperature (3, we can set a| = a| = —1/2. The case
0 < p < 1and o =1 has been considered in reference [38]
in relation to the Casimir amplitudes for long-range quan-
tum systems.

In the large-N limit, assuming periodic boundary con-

ditions and h = 0, the theory is solved in terms of the gap
equations

Avoy =0,

1

1
_ 2
=PV + Toara Z K(g)+ v’ (10)
qeAy,

where K(q) = —2(J(g) — J(0)) and A3, is the lattice

(11)

In infinite volume, the same equations hold, with the sim-
ple substitution of the summation with the normalized
integral over the first Brillouin zone [, 7]%.

The meaning of the parameters Ay and oy is clarified
by considering the magnetization and the two-point func-
tion. If (-)y is the mean value for a system of volume V/,
we define

Ay = (2nM 128, 2n L7V ZE)

My = <01>V, Gy(z)= (09 -0z)v. (12)
Then L
My =ovy, @V(Q) = m7 (13)

where G(q) is the Fourier transform of G(z). As we show
in Appendix B in the limit V' — oo and in the scaling
limit Ay — 0, the correlation function has the form
GOO(:I:) = Jp_(i;D)éoo (wl/gl,oo; .’,UH/fn’oo) , (14)

where
Eloo =A%, §oe =A%, (15)

Therefore, even if the model has long-range correlations in
the high-T" phase, it is sensible to look at £ o and §|
as appropriate typical length scales of the system. We will
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refer to them respectively as transverse and longitudinal
correlation lengths. They are related by
o0 = €12 (16)
The critical point is characterized by a vanishing mass gap,
i.e. 51100 = 5”7; = 0, and by a vanishing magnetization,
00 = 0, so that the critical temperature is given by (see
Eq. (10))
dp 1

&:A¥MN%WK@V

which is finite whenever the effective dimensionality D =
p/p + q/o is greater than 2 and infinite for D < 2 (the
system undergoes a zero-temperature phase transition).
Moreover, given that we will be interested in finite-volume
properties, we have My = 0 for all values of g, so that we
can set oy = 0 in the gap equation.

(17)

3 Canonical finite-size scaling

We do not address here the problem of the definition of a
finite-volume correlation length and we simply use

)\—1/2/)

v =N"" v =M1, (18)

which are the finite-volume analogues of the infinite-
volume correlation lengths defined above.

In order to perform the FSS limit we must identify
the correct aspect ratio. From equation (9) we see that
¢ ~ qf, i.e. L=7 ~ M~°. Therefore, the F'SS limit should
be taken keeping S = M/L'T4, A = p/o — 1, fixed. In
Appendix A we show that, in the limit L, M, ¢ — oo with
S and {1 v /L (or, equivalently, £ v /M) fixed, below the
upper critical dimension, i.e. for D < 4, the gap equation
takes a scaling form. Above the lower critical dimension,
i.e. for D > 2, we obtain

(47T)p(2—D)/2(ﬁ _ 5C)L9(D_2)22_D —

—Apgpot Ip,q,p,a(za S), (19)

where z = (47)"P/2(L /€, v), B is given in equation (17),

1 1
T (4m@to/2 po
I'(p/2p)I'(q/20) P4
st (! ) e

2p 20
and Ipq,0(2,9) is defined in Appendix A, cf. equa-
tion (60).
For D < 2 there is no finite-temperature phase transi-
tion and the gap equation assumes the form

APJLPJ =

(47T)p(2—D)/2ﬁLp(D—2)Z2—D _

—Apgpot Ip,q,p,a(za S). (21)
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Considering the case D > 2, equation (19) shows that

LY feu (8- L, 5]

= feo [(B=BOM P S| (22)

that allows us to define a “parallel” exponent v and a
“perpendicular” exponent v, as

1 1
V1l = —F= 57 V| = —/= 5V
p(D—2) ) (23)
ﬂ:1+A:£.
V) g

Analogously, for the finite-volume susceptibility yy =
BGyv (0) we obtain

v = A = L [(B = B L0, 8]

= M* 2 [(8 - B)M7P=2), 8] (24)
The corresponding critical exponent ~ associated with the
behavior in infinite volume, xoo ~ (8. — )77, is correctly
identified as v = 2pv, =201 = 2(D —2)~ "

4 Noncanonical finite-size scaling
4.1 General considerations

In Section 3 we discussed the canonical F'SS, obtained by
keeping S constant. However, in many anisotropic systems
the correct exponent A is not known and thus an impor-
tant question is what happens if we consider the FSS limit
keeping fixed the ratio

M

S5 = Tiars

(25)
with 0 # 0. If one has separately defined parallel and
transverse correlation lengths, one can immediately iden-
tify the correct anisotropy exponent A. It corresponds
to the value for which £, v /L and /M both remain
finite in the FSS limit. This uniquely defines the cor-
rect exponent. This is not surprising, since the correla-
tion lengths satisfy equation (16) that essentially defines
the correct aspect ratio. On the other hand, one may not
have access to the correlation lengths but only to some
zero-momentum correlation function, for instance to the
susceptibility. Thus, one may ask what kind of scaling be-
havior, if any, is observed if S5 is kept fixed. In other
words, we may ask if we can find exponents 7, 7, , and v
so that asymptotically, for L and M going to infinity and
8 — B., we observe a scaling behavior analogous to that
defined in equation (24), i.e.

X = L7 o [(B = BLM™, )] (26)

_ M'?/ﬂ“ fX,Q |:(ﬁ _ ﬁc)Ml/DH , S(;i| . (27)
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Of course, the second important question is the relation
of these exponents with the correct ones defined above.
Again, we will restrict our attention to the case 2 < D < 4,
i.e. below the upper critical dimension and above the
lower critical one.

In the following, we only consider the case § > 0, given
that the case —1 — A < § < 0 is obtained by performing
the substitutions

p—q L« M,
51— =002/ p(p+00), S5 S5 /O,

p o,

(28)

If § is positive, S goes to infinity as L, M — co. We must
then study the gap equation in that limit, requiring at
the same time Ay — 0 in an arbitrary way. The detailed
calculation is presented in Appendix C, where we show
that there are two nontrivial cases:

(a) One can take the limit S — oo at 22 ~ A\ L?” fixed.
In terms of the correlation lengths this corresponds
to the FSS limit at &, v /L fixed. At the same time
§Lv/M ~ (€Lv/L)?/7L™% goes to zero, i.e. M in-
creases faster than parallel correlations. Therefore, the
final “effective” geometry is co? x LP, so that we obtain
the FSS behavior of a “layer”.

Alternatively, one can take the limit S — oo, with
z — 0, keeping 22827 ~ Ay M?° fixed. This corre-
sponds to keeping fixed the ratio £y /M while at the
same time &, v /L diverges. The expected “effective”
geometry should be that of a ¢-dimensional hypercube
with linear size M (MY x 0P).

The first limit always exists and it is easy to predict the re-
sult. It correspond to the standard FSS limit for a system
00? x LP and thus the scaling in terms of L is canonical.
Therefore, it corresponds to taking 6 — (. and L — oo
keeping fixed (8 — 3.)LPP~2), which is indeed the correct
combination. Then, we obtain

X =L fya (8= B) L7 P~2) o] (29)
and, using equation (25),
2p p(D—2)
M\ TFa+s M\ THa+s
X=\|3a fx,l (6 - ﬂc) R y OO (30)
55 Sé

Thus 7, = v, and 4 = 7 (note that both equations give
the same result for 7). On the other hand, the parallel
exponent 7y is given by

1+A+456
1+A

I/” = I/H, (31)
a result which is a trivial consequence of the fact that, if
Ss is fixed, then DH/DL = 14+ A + 4. Therefore, even if
0 # 0, one still observes scaling. Transverse exponents
are correct, while longitudinal ones are only effective.
Let us finally note that equations (29, 30) give both the
correct infinite-volume behavior for x. Indeed, the exis-
tence of a finite infinite-volume limit for 8 < (. implies
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fra(@) ~ (—2)72/P=2) ~ (—z)™7 for + — —oo and
therefore equations (29, 30) are consistent with y.o(8) ~
(6. — B)~7. In other words, one must have ¥ = + in order
to have the correct infinite-volume limit.

Limit (b) is much less conventional and we will show
that such a limit exists (in the sense that x has a scaling
behavior) only if ¢/o < 2, i.e. if the ¢-dimensional theory
is below the lower critical dimension: in this case how-
ever, the exponents obtained from the data collapse do
not have anything to do with the correct ones, while the
scaling functions depend only on the ¢-dimensional the-
ory, i.e. theories with different p and/or p—they are thus
physically inequivalent—have the same scaling functions.
Thus, in this case from the observation of a good scal-
ing behavior one can draw the incorrect conclusion that
physically inequivalent theories have the same critical be-
havior.

At this point the reader may be puzzled by the fact
that for the same Ss we observe two different types of
scaling. Mathematically this is related to the fact that in
the FSS limit we must follow a path in the 3, L plane
with 8 — (. and L — oo. The two limits correspond
to two different families of paths. Unexpectedly scaling is
observed on both of them.

4.2 Limit (b)

We wish now to consider the limit S — oo, z — 0 at
fixed z57. Such a limit has been considered in Appendix C
where it is shown that the leading contribution to the gap
equation has the form

(47r)p(2fD)/2+d/2(5 _ BC)LP(D*Q) —
(4m) V2902724907 150 () — Ag o] + K, (32)

where

r= (47r)p/”7152,

w=zro/? = (4%)7”/2)\%//2M”, (33)
Ao = Aoyg,po (it does not depend on p), and I:;g(w) is
the analogue of I, ; , »(2,5) appearing in equations (19)
and (21) for an isotropic g-dimensional system with long-
range exponent o. The constant K, ¢f. equation (88), gives
a subleading correction for ¢/o < 2. We will now distin-
guish two cases, depending on the value of ¢/o.

421 Case 0 < q/o <2

In this case we can neglect K and set r = r5L%, where
rs = (4m)?/77152 (by definition 79 = r) is kept fixed in
the limit. Then, for 8 > (., we can rewrite

(4m)PC=PI2AP2(g — B)E = 0 (w) — Age  (34)

with
== Tg/Q*ULp(D—2)—25(0—q/2)w2—q/0.
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This equation has the same functional form as the gap
equation of an isotropic g-dimensional system with effec-
tive dimension deg = ¢q/0 < 2, ¢f. equation (21). There-
fore, if for a g-dimensional isotropic system of extent M
and long-range exponent ¢ we have,

1 = M20f>i<so {Ma(deff—Q)ﬁ} , (35)
then in the limit we are considering we obtain
x = M2 f [S /AN (- )] (36)
where (14 At +60(degg — 2)
= I ° : (37)

1+A+9

We note that the second term in the numerator of equa-
tion (37) is equal to & V|Iilso’ where V)| j50 = [0(degg — 2)] 7"
is the correct exponent for the deg-dimensional isotropic

system, so that equation (37) interpolates between 1/”7 !

and V|Iilso'

There are two limitations to the validity of equa-
tion (36). First, equation (36) holds only in the limit in
which the argument is constant as M — oco. Since we are
considering 3 — f3, this requires 7| > 0 and in turn

_(D-2)(1+ A4)
6 < 6III&X —_— W'

If 0 is larger than . no scaling is observed by taking
B — fB.. One observes a truly ¢g-dimensional F'SS behavior:
a scaling behavior is obtained only by taking § — oo.

Additionally, it should be observed that fjcso(:c) is de-
fined only for > 0, and indeed a solution to equation (34)
is found only when the left-hand side is positive. In Ap-
pendix C we show that the correct extension for x < 0
is f)ifo(:c) = 0 in the sense that, for 8 < (., we have
x/M?* — 0.

We also obtain

(38)

:)/:20'17”,
_
1+A+46

1Za0 (39)
The effective exponents are thus unrelated to the correct
ones and vary continuously with 4, interpolating between
the correct ones (§ = 0) and those of a deg-dimensional
system (0 = dmax)-

At this point the reader may be puzzled by the fact
that 4 # ~, since we already claimed in Section 4.1 that
this is a necessary condition to ensure the correct infinite-
volume limit. We now show that there is no contradic-
tion. The effective exponent 74 differs from v because in
limit (b) the scaling function f, (z) vanishes identically in
the whole high-temperature phase x < 0, i.e. in the only
phase in which x is finite (xoo(8) = oo in the whole low-
temperature phase). In other words, scaling (b) does not
give any information on the infinite-volume behavior, and
thus there is no surprise for 7 # 7.
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422 Case q/o > 2

In this case K in equation (32) cannot be neglected, and
therefore no scaling solution can be found. Scaling can
only be observed along a very specific trajectory in the j3,
L plane. Indeed, if we consider the line
Bo(L) = Be +aL Vv, (40)

where
a = (4r)~P2-D)/2=d/2 ¢ (41)

we still observe scaling in the sense that asymptotically

X = S§0L20(1+A+5)f>i(so S(;2U+QL1/IJL (6 _ BC(L)):| ,

(42)
where 7' = v + do(de — 2) = v + 51/”_’330 and fi
is the scaling function of a deg-dimensional isotropic sys-
tem (with degr = q/0 > 2). However, this is not standard
scaling since a must be tuned to a proper value: it is not
enough to take 8 — (., but it is also necessary to take
this limit along the line (40).

5 A numerical example

We wish now to present a numerical example, in order
to clarify the issues discussed in the previous sections.
We consider the standard short-range model with nearest-
neighbor couplings, so that p = ¢ = 1 and A = 0. We
consider a three-dimensional cubic lattice of dimensions
M x L?, i.e. p=2 and ¢ = 1. For this system 3. can be
easily computed to arbitrary precision. Indeed, the inte-
gral (17) can be written as [39]

V3-1

oz L (1/24)°I'(11/24)* ~ 0.25273101.

66 = (43)
According to the results of Section 4.2 we should be able
to observe a noncanonical scaling for 0 < § < 1. We thus
fix § = 1/2 and compute x for several values of 3, L,
and M corresponding to Sy, = 1 and Sy /2 = 10. We use
5 < L <245 and 0.235 < 8 < 0.279. The previous results
predict two possible scalings. Scaling (a) corresponds to
consider x/M* versus (8 — B.)M?/3, while scaling (b)
corresponds to consider x/M? versus (3 — B.)M*/3.

In Figure 1 we report the results for limit (a). For
S1/2 = 1 there are somewhat large corrections to scaling
and the convergence is slow in the low-temperature region.
For S/ = 10 the agreement is very good: no corrections
can be seen on this scale. This different behavior is due
to the different lattice sizes that are used: the data have
the same values of L and therefore lattices with Sy /5 = 10
are ten times larger than those with S;,, = 1. In Fig-
ure 2 we show the same data in a log-log plot. Here we see
better the results corresponding to the high-temperature
phase, although corrections in the low-temperature phase
are somewhat less visible.

In Figure 3 we report the results for limit (b). The
data show a reasonably good scaling behavior, although
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S1/2=1

-2 -1 0 1 2 3
(B—Bc)(M/S1/2)?/3
51/2:10

O e s s cememmamm et

) 0 1 2 3
(B—Be)(M/S1/2)?/3

Fig. 1. Noncanonical FSS scaling in 3 dimensions: limit (a).
The solid line is the theoretical prediction. Here § = 1/2.

S1/2=1

|
NO N

|
N

log[x(M/ Sy /2)~4/?]
|

—4 -3 -2 -1 0 1

log||8—Bc|(M/S1/2)/3]
S1/,=10

|
VO N B

IS

log[x(M/ Sy /2)~4/?]

|
o
4

—4 -3 —2 —1 0 1
log[|3—Bc|(M/S1 /2)%/3]

Fig. 2. Noncanonical FSS scaling in 3 dimensions: limit (a).
The same data of Figure 1 in a log-log plot.
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S1/2=1

0.3
0.25

> 0.15
0.1
0.05

.'E.
070.3 —0.2 -0.1 0O 0.1 0.2 0.3
Sy 2 (B=Be)M1/3
31/2:10

0.4

0.006
0.005
~ 0.004
= 0.003
0.002

0.001

e |

—0.04 —0.02 0 0.02 0.04

Sy (B—pe)MH/3

0.06

Fig. 3. Noncanonical FSS scaling in 3 dimensions: limit (b).
The solid line is the theoretical prediction. Here § = 1/2.

the convergence to the limiting curve, corresponding to
a one-dimensional system (see Ref. [40] for a discussion
of the FSS behavior of one-dimensional O(N) models),
is quite slow. For limit (b) we have also investigated the
behavior of the leading correction term. In Appendix C.3
we compute the first scaling correction to equation (36). It
can be effectively taken into account by a size-dependent
shift of the critical temperature, i.e. by writing

XM—2 _ f)i(SO [554/3(ﬁ_ﬁc)M1/3 —f(M_l/?’} ,(44)

where K = K(47T)_1S(;2/3, K is defined in equation (88).
Numerically, in this particular case, K ~ —3.9002649. In
Figure 4 we plot the difference between the left-hand and
the right-hand side of equation (44) versus the argument of
the function f)ifo. It is clear that data points in Figure 4 are
converging towards zero, confirming that asymptotically

)ifo(ac) is indeed the correct scaling function. A numerical

analysis shows that corrections to equation (44) vanish
as M1

From a practical point of view it is important to be
able to distinguish scaling (a) from scaling (b). This is not
very difficult since in scaling (b) fy(z) = 0 in the region
x < 0. This observation provides a simple criterion: if the
high-temperature data scale onto a nontrivial curve we are
clearly observing limit (a): for instance the scaling curve
appearing in Figure 2 can only correspond to scaling (a).
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Fig. 4. Corrections to the FSS behavior: limit (b). Here § =
1/2.

6 Conclusions

In this paper we have considered an anisotropic O(c0)
model, focusing on the shape dependence of the FSS limit
and in particular on the role of the aspect ratio. Consid-
ering for instance the susceptibility, we have shown that,
even if the FSS limit is taken by keeping constant an in-
correct aspect ratio M/ L4+ one still observes scaling,
i.e. the data satisfy the scaling forms (26) and (27), al-
though the effective exponents differ from the correct ones.
Therefore, the numerical observation of data collapse does
not give direct information on the correct values of the
anisotropy exponent A and of the critical exponents. In
the case of limit (a), if we consider the scaling at fixed
M/L%, we obtain for « > 1+ A

vV =V
DH =ar|
J=", (45)
while for o« < 1+ A we have
v =y /a
v =v
= (46)

These expressions have been explicitly verified in the spe-
cific model we consider, but we expect them to be valid
for generic anisotropic systems. Indeed, if for instance
a>1+4+ A, we always expect

X =D f (8= Bo) L o0 (47)
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and, by simply using the fact that S, = ML~ is con-
stant, we obtain

AN\ @) A\ V)
X = <S_a) f [(666) <S_a) ,OO] ; (48)

that gives equation (45). Note that this simple argument
does not only predict the values of the effective critical
exponents, but also a very simple dependence on S,,.

In the case of limit (b) we are not much interested in
the specific form of the effective exponents. The only im-
portant feature that we must notice is that all exponents
vary continuously with « and, if « is sufficiently different
from 1+ A, scaling is observed only for § — oo.

For numerical applications, it is very important to es-
tablish a strategy that can be used to correctly identify
the exponents in generic anisotropic systems. One pos-
sibility consists in performing a numerical study keep-
ing fixed M/L“ for different values of . If one observes
that the data obtained with two different values of a col-
lapse onto a single curve by using the same exponents
and the same value of 3., then the exponents which are
determined in this way are correct. Indeed, this implies
that one is observing limit (a)—in limit (b) all exponents
vary continuously—and therefore equations (45, 46) ap-
ply. Note that as an additional check one can see whether
fx(z) is nontrivial for z < 0: if this the case, one is observ-
ing limit (a). To be more specific, suppose that the scaling
behavior (26) is observed for oy and s, 4 and 7, being
the same in both cases; then 4 and 7, can be identified
with v and v, and 1+ A < min (a3, @3). From the data at
ay and az one cannot determine v and A. For this pur-
pose, one must perform simulations at a value a3 such that
Uy # v, i.e. one must find a value such that ag < 1+ A.
Then, one should use equation (27) setting ¥ = v (this
is meant to avoid limit (b)) and using 7 as a free pa-
rameter. Then v = 7 and 1 + A = v /vy. As a check,
one can analyze the data at a3 and as and look for the
scaling behavior (27), fixing v to avoid limit (b). The effec-
tive exponents 7| should satisfy 7 = o /(1 + A). Thus,
in principle, by studying the behavior for three different
values of a one can determine all exponents. However, in
practice this may be difficult, because it requires the abil-
ity to distinguish corrections which vanish as M, L — oo
from corrections that persist in the limit M, L — oo and
that require therefore the use of different values of the ef-
fective exponents. Note that this method relies only on
equations (45, 46) that we expect to be valid in general
and not only in our specific model.

Let us note that all the above-discussed ambiguities are
not present if the correlation lengths are measured, since
their scaling behavior is fixed, §| ~ L, § ~ M. Deviations
from these laws give immediately the exponent A. There-
fore, finite-size numerical studies of anisotropic systems
should always determine finite-volume correlation lengths,
as done for instance in reference [41] for a driven lattice
gas.

A somewhat unexpected result of our analysis is that
in some cases it is possible to observe two different types
of effective scaling: one corresponding to the layer/strip
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geometry oo? x LP, which is the scaling one would natu-
rally expect, and the other one corresponding to a lower-
dimensional system M9 x OP. The possibility of this type
of scaling is not obvious since it requires that one corre-
lation length increases much faster than the shortest of
the two lattice sizes. Even less clear is why this limit ex-
ists only if g is below the lower critical dimension of the
model (for larger values of ¢ such a scaling can still be
observed by performing an additional tuning). We expect
that scaling (b) is strictly related to the fact that x and
& as defined here diverge in the whole low-temperature
region, but it is difficult to transform this conjecture into
a quantitative argument. In Ising systems it is simple to
avoid this feature. For instance, one could define a finite-
volume susceptibility as

x =5 (G0) - var) (49)

1
MV< > (50)

An open question is whether such a quantity may show a
noncanonical scaling (b). Our guess is that only scaling (a)
is possible in this case.

where

o

€Ay

We thank Daniel Dantchev for useful comments.

Appendix A: Gap equation: Finite-size scaling
limit

In this Appendix we wish to determine the asymptotic
form of the gap equation for Ay — 0, M, L — oo, with-
out making any hypothesis on the way in which the limit
is taken. We will assume to be below the upper critical

dimension, i.e. D < 4 where D = p/p + q/o. We will
consider separately the cases D < 2 and D > 2.

A.1 Gap equation above the lower critical dimension:
2<Db<4
We start by rewriting (see Ref. [33]) the gap equation as

- ddp 1
B—Bc=—Av /[—W,W]d (27r)d K(p)(K(p) + \v)

+x, (51)

where

1 1 / d?p 1

Vo K(p)+X v Jiorqe 2m)* K(p) + Av
(52)

Now, for D < 4 and Ay — 0 we can expand K(p) in

the integral appearing in equation (51) and extend the
integration over all R?, obtaining

Y=

B—Be~-A'B 4+ 3, (53)
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where

= Ap,q,pm (54)

_ d? 1
b= /]Rd (2m)? Ke(p)(Ke(p) +1)

with Kc(p) = [pL|** +|py[** and A, 4, - defined in equa-
tion (20). Using the Poisson summation formula for a pe-
riodic function f(z) = f(z +1),
Z fy=2r 3 / duf(n)e®*=, (55)
k=—o00
we can rewrite
ipynyM+ipin, L
RO
w0 ﬂ-]d K(p)+ \v
dd ipynyM+ipin, L
~Y [ SO
= (p) + v

where in the last step we have assumed L, M — oo. Con-
vergence is guaranteed by the oscillating phase factor.

In order to compute the asymptotic behavior of X' for
Av — 0, M, L — oo, we introduce the Laplace transform
fa(p) of exp(—u®), i.e. we define

/ dpe ™ fo(p) = e ", (57)
0
for 0 < a < 1. Of course, for a =1, fi1(p) =d(p—1). It is
easy to show that for 0 < a < 1
falp) ~ p~ (), (58)
for p — 400, and
__2-a _ o
fa(p) ~p 0= exp [~(1 = a)(p/a) =],  (59)

for p — 0+. Then, we obtain

22/

n#0

2 20 | .
></ dt e Avi—tpL* =t |*7 +ipL-ny L+ipyn M

—Z/ dndr £,(n fa()/ (dd)d

n#0

></ dte— vt— nelpL > —7elpy > +ipL -ny L+ipyny M
0

(2=D)p
~ (4m)ptd—pD)/2

x/omdndrm Vo () Hy o (0,7, 2,7)

= )‘D/Q I Ip.q.,0(2,9), (60)
where
SEM/L”/”, r= (47r)”/‘7_15'27
2% = (4m)"PL* Ay, (61)
ne = tHPy, 7 =t"T,

) model 213
= -p/2_—q/2 2t
HP#I(anaZaT) = dtnt Tt €
0
< [B” (n ') BT (rm 1) 1], (62)
and )
= Z e s, (63)
neZ
Note the well-known property
B(s) = s Y/2B(1/s), (64)

that implies B(s) ~ s~ /2 for s — 0.

Using equations (53) and (60) we obtain equation (19).
Note that for an isotropic geometry with ¢ = 0,
I;0,p,0(2,5) does not depend on S and thus we will sim-
ply write I,’9(z) = I,0,,0(2,5). For a geometry with
M = oco—we call it layer geometry—equation (19) still
holds with S = oo. In equation (62) it corresponds to
setting 7 = oo, i.e. to replacing BY(rr, ') with 1.

In the low-temperature phase (6 > (. fixed) we have
Ay — 0 for all 8 when V' — oo. Thus, we can use
the above-reported expressions to determine the infinite-
volume behavior of £, . From equation (53) we obtain
Y = B — B > 0 in the infinite-volume limit. Because
of the prefactor L2~P)P appearing in the last term of
equation (60), since D > 2, this is possible only if the
integral, i.e. Hp 4(n, T, z,7) diverges (the  and 7 integra-
tions are completely harmless), which only happens for
z — 0. In order to compute the asymptotic behavior of
H, ,(n,7,2,7) for z — 0, we use the duality property (64)
to rewrite

HP’Q(nﬂTazaT) =
1

[ e e [ ) )

0 . 2

—|—/ dtr=9/2e=%t [B? (n:) BY (1¢/r) — 1]
1
(a2 —p/2_—aq/2

+/ dte™* (r‘J/ —n, P, )
1

The first two integrals are always finite while the third one
gives Hy, ,(n,7,2,7) ~ r~9/2 /2%, This implies that in the
infinite-volume limit

(65)

ELy o~ §a/207pD/2 (66)

A.2 The case D < 2

For D < 2 little changes. Now criticality is observed only
for B — oo. We rewrite the gap equation as

d4p 1
- )
v /[w,ﬂ']d (27T)d K(p) + Av

For D < 2 and Ay — 0, we can expand K (p) in the first
term and extend the integration over all R, while X can
be treated as before. We obtain

B=M2 gy AP L  (2, ),

(67)

(68)
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where

44 1
BQ = / pdi =
R4 (27T) Kc(p) +1

and A, 4 .o is defined in equation (20). Equation (21) fol-
lows immediately.

—A

(69)

P:q,p,0

Appendix B: FSS of the correlation function

Now we consider the (real-space) correlation func-
tion Gy ():
eip-z

K(p)+ v’ (70)

Gy () :% 3

peEAS,

and compute its asymptotic behavior for L, M, |z| — oo
and Ay — 0. Using the Poisson summation formula (55)
we obtain

Gv(m):/ dte_)“’tz
0 n

d4p . ;
% / 5 delpu(nuM+mu)+11u(nLL+au)—tK(P). (71)
[_Wﬂr]d ™

Since we are interested in the limit |z|, L, M — oo we can
replace K(p) with its small-p expansion and extend the
integration to the whole space, obtaining

Gl@)~ iz [ o (o)

(oo}
X / dt e_’\VtT;q/Qn;p/Q
0
% Z e—\:u-i-Lru\2/(477t)—|’£u+MnH|2/(47'f,). (72)
nezd
By rescaling ¢, we obtain finally

(2-D) poo
Gu(w) ~ T [ dmdrfy ) fo()

(oo}
% / dt e—(kszp)tTt*q/Qn;P/Q
0

X Z e_‘(iﬂ/L)-Hu|2/(477t)—52\($\|/M)+"\|\2/(477)
nezd

= LP* D) F(z, /L, 2y /M, S, A, L*)

— 8P Gy fe1, @))€, S, €0/, S). (73)

Appendix C: Gap equation for S — oo
C.1 General results

Now we will determine the limiting form of the gap equa-
tion (51) for L — oo, M — o0, S — oo and arbitrary
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values of z = (47)~#/2(L /€, v)P, including z = 0. Indeed,
we shall mainly be interested in the limit z — 0 together
with S — oo.

For this purpose we need to compute the asymptotic
behavior of Hj 4(n, T, z,7) (see Eq. (62)) for r — co. We
start from equation (65). For what concerns the first term
in this equation, we can take the limit naively, i.e. we can
replace B(r7; ') with 1. The second term can be rewritten
in the form

— / Tt B () B (1) — 1] =
o [ e ) 5

(o) o0
+7“_‘I/2/ dte_ZQth(Tt/r) —r_‘I/Q/ dte =", (74)
1 1

In the first term we can simply replace B(1/r) with its
asymptotic behavior for 7, /7 small, i.e. (;/r)~"/2, while
some additional manipulations are needed for the second
one. Rescaling ¢t = sr?, we rewrite it as

e}
r_‘I/Q/ dte_zzth(Tt/r) =
' > 2,0
rff—q/2/ dse " [BY(ry) — 1]
1

1
+ro—a/2 /7 ds efZ?TaST;q/2 [Bq(’l';l) — 1}

2 o
e—Z T
o—q/22
tr 22re
1 2
p— s —
dse*7"sg q/2o.

+ro1/27-0/2 / (75)

r—o

In the second term, one can easily convince himself that
it is safe to replace the lower integration limit 7~ with 0.
Collecting everything together, we obtain

HPvQ(na Ty 2, T) -

1
qu/Q/ dt eszttfq/Qant—P/Q [Bp(nt_l) _ 1]
0
+r—‘1/2/ dte1479/27 [BP(p,) — 1]
' o0 2 o
+r"_‘I/2/ dte "t [BY(1) — 1]
1

1
ol /0 dte==""" b [BY (771) — 1]
2 o

— r?
-‘r’I“U_Q/QG 22 ; + T—q/2/ dt e—zztt—q/Qa
2%r 1

o0
—T_‘I/Qn_p/Q / dt t—P/2¢=%"t,
1

(76)
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Then, for D > 2, we can write the gap equation as

(4ﬂ)p(2—D)/2+d/2(ﬁ _ 5C)L9(D—2) _
o (47T)d/2Ap’q’p,gzD72 + 7’07(1/2‘71(227”0)

+ Jo(2%) + Cy g / dte=*"t4=a/20 (77)
1
where

Filw) = S+ ) (@), (78)

Jo(x) = —CU,QCM,/1 dtt—P/2e—ot 4 Q,(f;’g,q(ac), (79)

and

s [ oy g = 11O

G () = / dr f(1)G) (7. ),
GU{ZI(T, x) = / dt et [BY (;) — 1]
1
1
s [ a5 () 1]
0

o0
_ / dtetr, 2 [B (r71) — 1]
0

o0 x
+ T*‘Z/Q/ dte~otp—1/2e &
1 ZC

gg?zg,a,q(x) = 0‘77‘1/0 d?] fﬂ(n)Gg?g)),a,q(na l‘)a

o0
G(p?;ya’q(n, x) = /1 dt e @tp—1/29 [B? () — 1]

1
+ /O dt et~ 9/2 P2 [ () — 1] (80)

Note that gf,ﬂ} (z), ,(,52,),,07(1(99), and J2(z) are finite for z —
0 and the relation

T7Q/2G(p?;),a,q(n7 22) = prq(nv T, %, OO)

a2 0/ /OO Aot/
1
—r—q/2/ dte = 1t=9/20  (81)
1

We will be interested in computing the behavior of J;(x)
for x — co. If 0 < 0 < 1, we rewrite

oo
Ji(z) =Cyy / dt e~@tg—a/20

1

* > efth—q/2 a (1) _
+/0 dea(T)/ dtetr 92 (B9 (77Y) — 1] (82)

0

By performing an integration by parts it is easy to see that
the first term vanishes as e? /z. The asymptotic behavior

215

of the last term depends on o. For 0 = 1 we can rewrite it

o
/ dte*'t~9/2 [BI (t71) — 1]
0

(oo}
~ 2q/ dt¢=9/2g—wt=mt"
0

— 9qu/A-1/2 / Qa2 VAT
0

m\3Aa/d
~ 2 (E) e VAT, (83)

For 0 < ¢ < 1, more work is needed. First, we replace 7
with s = 7t'/? = 7, obtaining

/ dttil/”e*zt/ ds
0 0

x 5792 f (st ) [B(sTH) —1] . (84)

In the limit of large x, only the small-¢ region contributes
to the integral (because of the exponential factor e ~**) and
the function f,(st='/7) can be replaced with its small-
t behavior (this is safe because the integral over s is
convergent near s = 0), i.e. we can replace f,(z) with
271779, Thus, neglecting a multiplicative constant, the in-
tegral (84) becomes

/ dtte_xt/ dss177-9/2 [Bq (5_1) — 1] =
0 0

e / T dss1mome2 (B (1) — 1], (85)

z? J,

and it is easy to check that for ¢ > 0, ¢ > 0 the sec-
ond integral is convergent. Therefore, as * — 0o, we have
that Ji(z) ~ 272 for any 0 < o < 1 and Ji(x) ~
P exp(—C/x) for o = 1.

From equation (77) we see that there are two interest-
ing scaling limits: (a) r — oo at fixed z; (b) r — oo at
fixed 22r°. As we will show below these two limits corre-
spond to the two different cases we discussed in Section 4.
They are presented in detail below.

C.2 Limit (a)

In this case we should consider the limit r — oo at fixed
z and we should therefore reobtain equation (19) with
S = oo. This follows immediately from the fact that
ro=9/2 7, (2%r°) — 0, cf. Section 6, and from

T2(2%) +Cg,q/ dte=7"tp=a/20 —
1
/ g £,(0) () Hy g (1,7 2,00), (36)
0

which is a direct consequence of equation (81).
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C.3 Limit (b)

Now we discuss the limit 22 — 0 and r — oo at constant
2%r?. Note that the last term in equation (77) behaves
differently, depending on whether ¢/20 is larger or smaller
than 1. For ¢/o > 2, integrating by parts, we obtain

o

1 q— 20 q—20

1
_ .20
X e 5 4 220
T*U

Then, note that for D < 4 we can extend the remaining
integration down to zero. Moreover, we can approximate
e=* with 1 since 22 is subleading with respect to r?~/2:
indeed 22 ~ =% ~ r7~ /2 x9/2720 and ¢ < 4o for D < 4.
Therefore, if we define

TU_Q/Q

dte~*"t¢1-9/27| | (87)

2
K = 7(0) + ﬁcg,q, (88)
~ 20
j1($) = j1($) - m 0,q

1
X [e_“' +ac/ dte_”ttl_qm”}
0

= /00 detfg(T)e*”Tt_Q/2 [Bq (Tt_l) — 1}
0

+ Cy o I(1 = q/20)2(1729)/27 (89)

we obtain

(47r)p+(dpr)/2(5 _ BC)LP(D*Q) —
ro92 7 (227) + K, (90)

where we have also discarded the term proportional to
2P=2 ~ (2r9/2)P=2p0=a/2p=0P/20  wwhich is subleading
with respect to r?~/2,

For q/o < 2, we write

7 1
/7‘ e_z2tt_q/20' _ ’I"U_Q/Q / e—z2rott—q/2a dt
1 r—7

1
_ rafq/2/ efz2r‘7tt7q/20' dt
0

1
—/ e~ F /20 g4
0

It is then easy to see that we reobtain equation (90). In this
case K is subleading and can be neglected in the scaling
limit.

In this derivation we have implicitly assumed that it
is possible to take the limit z — 0, r — oo, with 2%r“
fixed. However, we now show that this is not the case for
8 < [c. Indeed, the function jl(z) is positive and thus
equation (90) can only be valid if 5 > .. If this condition
is not satisfied, the only possibility is that (3— 3.)LP(P—2)
vanishes in the scaling limit as well as the right-hand side,

(91)
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which in turn implies 227 — oco. This means Ay M?2° —
o0, or x/M?* — 0.

Finally, we rewrite the gap equation in terms of the
constant Ay , = Ag,q,p,0 (it is easy to check that it is p-
independent) and of the integral I’ (2) that appear in
the gap equation of an isotropic g-dimensional system. It
is indeed easy to show that

J1(2%) = (4m) /2272497 159 (2) — Ay ] . (92)
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