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Abstract. We consider a smooth, rotationally invariant, centered Gaussian
process in the plane, with arbitrary correlation matrix Cy. We study the winding
angle ¢, around its center. We obtain a closed formula for the variance of the
winding angle as a function of the matrix Ci. For most stationary processes
Cy = C(t — t') the winding angle exhibits diffusion at large time with diffusion
coefficient D = [°dsC’(s)?/(C(0)* — C(s)?). Correlations of exp(ing;) with
integer n, the distribution of the angular velocity &, and the variance of the
algebraic area are also obtained. For smooth processes with stationary increments
(random walks) the variance of the winding angle grows as %(ln t)?, with proper
generalizations to the various classes of fractional Brownian motion. These results
are tested numerically. Non-integer n is studied numerically.
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1. Introduction and model

The winding of planar random processes has been studied for a while. These are of interest
for the physics of polymers [1, 2], flux lines in superconductors [3, 4] and the quantum Hall
effect [5]. Recently there was revived interest in winding properties of processes described
by Schramm-Loewner evolutions (SLE) [6], such as the loop erased random walk [7]. In
the case of the planar Brownian motion the distribution of the winding angle ¢; around a
point O was computed a long time ago by Spitzer [8] who found that ¢;/Int¢ has a Cauchy
distribution, i.e. with infinite first moment. This peculiar feature was later understood
to be related to the large winding accumulated while the trajectory wanders infinitely
close to point O, and is removed by considering either a small excluded region around
O, or a lattice cutoff, or some other regularization of the short time, and leading instead
to exponentially decaying distributions [9]-[14]. Recently it was found that correlated
Gaussian processes related to the fractional Brownian motion, a scale invariant process
with stationary increments correlated in time, has similar properties [15].

The aim of this paper is to study the winding of a very general continuous-time
Gaussian process & = & +i¢] in the complex plane with arbitrary correlations in time.
The only restriction, mainly to avoid a cumbersome formula, is that the measure is
rotationally invariant around the origin 0 and the winding angle ¢; is measured around
point 0, i.e. & = rie'® where ¢; is a continuous real function of time and r; = |&].
The process is thus centered (§;) = 0 and fully characterized by its two-time correlation
function:

(€)Y = 6;Cy (1)

with 4,7 = 2, y, or equivalently (££y) = 0 and (§&) = 2Cy. The most general form
would be (&) = 2(Ci + 1A ) but we also assume reflection symmetry which forbids
the antisymmetric term €;; A, in (1) with €15 = —e9; = 1. Since the process &;/+/Cy has
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the same winding angle as &, observables involving only the winding angle should only
depend on the combination

Cpr = Ctt’/ V CuCpy (2)

with ¢;; = 1 and from Cauchy—Schwartz inequalities, |¢;| < 1, the bound being saturated,
ie. ¢y = 1, if and only if § = +/(Cy/Cpy)&y. Some particular cases are (i) the
stationary process Cy = C(t — ') and one defines ¢y = c(t) = C(t)/C(0), (ii) the
process with stationary increments C’t(tl/’l) = 00yCyr = Co(t — t') (here and below
we adopt the following definition for partial derivatives: 0,Cy = Cftl,’o) etc). (Strict)
normalizability of the Gaussian measure requires that these functions have (strictly)
positive Fourier transforms ¢(w) > 0 and Cy(w) > 0. In some cases we restrict to
a process which everywhere below we call ‘smooth’, meaning—by definition here— ¢&;
differentiable at least once, i.e. C’t(tl’l) exists (equal to —C"(0) for a stationary process).
For such a smooth process, (£i¢f) = ¥ = ¢V = 20,Cy, which vanishes if
furthermore the process is stationary. These processes appear everywhere in physics;
prominent examples occur in the study of quantum noise, where C'(w) = nhw coth(hw/2T")
(supplemented by a bath-dependent short time cutoff, e.g. at T = 0, C(w) = hnjw|e~ ™,
ie. C(1) = (nh/m)((78 — 72)/(7¢ + 7%)?)) or of quantum Brownian motion [16] and has
served as a motivation for the present work [17].

The outline of the paper is as follows. In section 2 we study single-time quantities. The
distribution of angular velocity is obtained. In section 3 we study the periodized winding
probability distribution which is easier to deal with than the full one. The correlations
of exp(ing,) are obtained analytically for integer n, and studied numerically also for non-
integer n. In section 4 we obtain a closed formula for the variance of the winding angle as a
function of the matrix Cy,. We show that for most stationary processes the winding angle
exhibits diffusion at large time and we obtain the diffusion coefficient. We also study non-
stationary process such as the random walk and the various classes of fractional Brownian
motion. Finally in section 5 the variance of the algebraic area is obtained. Most results
are tested numerically.

2. Single-time quantities

Single-time quantities are easily extracted from the Gaussian distribution ~d?2¢, e 16:1*/(2Cw)
by performing a change of variables. Everywhere below d2¢ = déd¢* = dé®dev.
The modulus is distributed as P(r;)dr, with P(r) = (r/Cy)e /%) hence the
probability of being within 7, < € near the center vanishes as €?/(2Cy). To com-
pute the distribution of the angular velocity ét one uses that X; = (ft,ft) is Gaus-
sian with measure (d2&, d2¢,/(2m)?) det(M)e= (/DX MX and correlation matrix M~! =

((Cy, C§t1’0)), (Cfto’l), C§t1’1))). Let us define & = ;& with ay = 7¢/ry + i¢;. Here we have
required a smooth process. The measure becomes (d2¢; 2y /(27)2)|&,|? det (M )e~ (/28I

where 8 = (1,af)M(1,0q).  Integration over & yields the joint distribution
P(pr, ¢1)dpr dgy, with p, = Inry, equal to
dpy Ay Cttot(tLl)

. — (3)
T (O =200 by + Cu(p2 + 62))?
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Integration yields

P(¢y) dgy = d¢t—( )2 (4)
with a, = (C,C" — (C’ftl’o))Q)/C’ft = 0,0y In|cy||ly=;. For a stationary process,
a; = a = —c”(0). For stationary increments, a; = C5(0)/Cy — +(0;InCy)?%. Note that
this distribution is broad; it does have a first moment but no second moment, i.e. (¢?) is
infinite.

3. Periodized winding

Next one can compute two-time correlations of the winding angle. The two-time
probability measure of the process can be written as

’I“t’l“t/th d’l“t/ d¢t d¢t’ ox B Ot’t’TL? + C’ttrf, — Qott/TtTt/ COS(¢t — ¢t’) (5)
(27)2A P 20,

with Ay = CuCyy — C’ft,; hence integration over 7, and ry allows us to obtain the
probability distribution of cos(¢; — ¢p). Equivalently this gives the probability of
¢ := ¢1—¢y modulo 27, i.e. it gives the periodized probability P(¢) = 3.7 P(¢+2mm)
where P(¢) is the probability of the total winding ¢ €] — oo, +00]. Deﬁmng

1 z arccos(—z)
F(z) = —(2%/2)—(y?/2)+zyz _ 6
=) /M>O e 12" 1= 2 (6)

for —1 < z < 1, with arccos(—z) = 7 —arccos z and F'(z) = > 7 (2" /n)T[1 + n/2]?z" =
1+ (72/2) + 22% + O(2?), one finds

P(¢) = o (1 = ciy) Few cos(9)). (7)

One can check that f dpP(¢) = 1. An interesting limit is ¢ close to #. Then ¢y is close
to unity and using the expansion F(z) = (7/2v2(1 — 2)32) — (7/84/2(1 — 2)) + O(1
find that

s I —cp

P(o)~ 2(1 — cw) + 2)32 (8)

and furthermore we expect that P(¢) ~ P(¢) since the probability of 27n winding with
n # 0 is negligible in that limit. Upon Taylor expansion in ¢ — ¢’ one finds that this result
is consistent with (4) but the approach here is more general as the formula (7) does not
require a smooth process. The only assumption in (8) is then the continuity of ¢;y. The
short time behavior is controlled by the distribution (8) for moments with 0 < a < 2,

e. (|61*)p ~ Ka(l — cu)*? with K, = 2*/°I(1 — o/2)I((1+ a)/2)//7, and becomes
dommated by the cutoff at ¢ = O(1) for a > 2 with (|$|*) s ~ K/ (1 — cy)?>~ (/2. For
instance the variance of the winding angle is found as

(0*)p = —(1 —cw)In(1 — cr) (9)

for ¢y close to unity, and we check below that this coincides with the behavior of (¢?)p
at short time differences.

doi:10.1088,/1742-5468/2009/07 /PO7012 4
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This allows us to compute the correlation functions C,(t,#) = (e™@=%)) for
integer n, which thus have closed expressions as a function of the matrix Cyy:
Cn(t, t/) = Fn(ctt/)- (10)
One finds for instance
1
Fi(e) = —(B(¢*) + (¢ = )K(")) (11)
1 2
Fy(c)=1+ g—l In(1—¢%) (12)
where E(z) = Oﬂ/Q(l —xsin?y)/?dy and K (z) = Oﬂ/Q(l —xsin?y)~Y2 dy are the elliptic

integrals. We then obtain the limiting behaviors:

3

7c  wc  3ncd 1—c 8
File)=—+—+"4+0(") =1~ 1 -1
1le) =+ 33+ 556 O 2 (n(l—c> )

+ O(In(1 — ¢)(1 —¢)?) (13)

for small ¢ (large time separation), and for ¢ near 1 (small time separation), respectively,
and Fy(c) = (c*/2) + O(c¢") and more generally F,(c) = (I[1 +n/2]*/n!)c" + O(c"2) for
integer n at small c.

We have checked these results numerically for several stationary processes where
e = c(r) = C(7)/C(0) where 7 = t — . The process & was generated numerically
using a discrete Fourier transform of /c(w)NATA?, where N, the number of points, is
typically N = 216, A7 = 0.01 is the time segment in the process and A’ is a unit white
Gaussian process. We have computed C,(7) where the average (e"?) is over the time
range and over several realizations, typically 10. We have plotted C,(7) parametrically as
a function of ¢(7) for various types of noise. Up to numerical accuracy all the curves fall
on the predicted master curve C,(7) = F,,(¢(7)). When ¢(7) is non-monotonic, the master
curve may be traced more than once. This is illustrated in figure 1 where we use

o(r) =

1—17

a+rpe 14)

which changes sign and becomes negative before converging to zero: one can distinguish
in the inset two branches very close, to within numerical accuracy.

4. Variance of the total winding angle

The previous results are easy to derive, and are simple functions of ¢y, but they do
not contain information about integer winding. They only probe P(¢), the periodized
winding angle distribution. An interesting question is how to access the full winding
distribution P(¢) and whether its dependence on the matrix Cyy remains tractable. It
is a more difficult question, since to compute the full winding angle one must follow
somehow the time evolution of the process, e.g. use that ¢ = ¢, — ¢p = f; do,. A related
difficult question, which requires the full distribution P(¢), is how to obtain the averages
Co(t, V') = (e™@ =)} for non-integer n. It is seen in figure 2 that these are not simple
functions, but rather unknown and more complicated functionals, of ¢ .

doi:10.1088/1742-5468/2009,/07 /P0O7012 5
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Figure 1. The correlation function C,(7) for n = 1 (top curve) and for n = 2
(bottom curve) as a function of ¢(7) for ¢(7) = ((1 — 72)/(1 + 7%)2) (blue curves)
and the prediction for F(c) and F5(c) (red curves). The inset shows how each of
these two curves is traced twice for negative values of ¢ (once dotted, once full).

Here we present the simplest result on this question, the variance of the winding
angle. Here, for simplicity, and to avoid stochastic calculus subtleties, we first restrict
to a smooth, i.e. differentiable process as discussed above. We only need to compute the
two-time angular velocity correlation C,(t,t') = (¢y¢r). We use that ¢, = Im(£€%)/[€]? =

€611 /1€|; hence,
Cv(t7 t,) — 2/ GSS,tt/
s,8'>0

Gss’tt’ = <£§jézj>s,s’<§gj£§>s,s’ - <ég£g>s,s’ <£féf’>s,s’

(15)

using isotropy, where (O[&,])s s = (O[€,]eE* =<'} and the same for averages over &y
The integrals over s restore the (difficult) denominators. Each average can be computed
from the generating function:
<eiu§f+iu/§f,+iu1£fl +im§,g> _ ef(l/Q)(Ctty2+Ct/t/u’2)fuu’Ctt/

> e*MMQCtth*Zi:LQ(l/Q)CtitiM?Jrui(uctiﬂru'ctit/) (16)
by taking appropriate derivatives w.r.t. u; and ¢; at u; = 0 and coinciding times, and
integrating with the measure (1/47v/ss') [, e~ (/49 =(W)*/4) o restore the (- ),y
averages. After straightforward but lengthy algebra, and massive simplifications, one
finds

(1,0) ~(0,1) (1,1)
_Ott/ Ott/ + Ott/ Ct,t’

(]_ + 280tt + QS,Ct’t’ + 488/(Ctt0t’t’ — Cﬁ/))Q
doi:10.1088/1742-5468 /200907 /P0O7012 6
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Figure 2. The correlation function C,(7) for n = 1 (three curves starting at
the top), 2 (three curves starting at the bottom) as a function of ¢(7) for three
processes: ¢(7) = exp —72/2 (in blue), the ¢(7) given by (14) used in figure 1 (in
green), ¢(7) = (1 —7%)exp —72/2 (in red). Note that for each n the three curves
remain very close for ¢ > 0.4 and that for n = 5/4 all processes change sign.

which, after integration over s, s’, gives the angular velocity correlation, which is our main
result:

, 1 [=chPew + o0l
Co(t,t') := (Pypy) = 5 < it tt02 o tt In(1 — c?t,)

tt’

- __(atat/ lIl |Ctt/ ‘) lIl( Ctt/) (17)

where we recall that ¢,y = Ci//CyCpyp. The variance of the winding angle is then
obtained as

Dy = (¢ — dp)? / dt / dty Cy(ty, ) (18)

hence 0,®;y = 2 ft/ dty C,(t, ta), where C,(t1, t2) is given by (17). We now discuss separately
stationary and non-stationary processes.

4.1. Stationary processes

Let us study first stationary processes ¢,y = ¢(7) = C(7)/C(0) with 7 =t — t’. Then the
angular velocity correlation becomes C,(¢,t') = C,(t — t') with

e =5 (COLE T Y - o) = @ mlenhma - ) (9

doi:10.1088/1742-5468/2009,/07 /P0O7012 7
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which exhibits a divergence at small time 7, C,(7) =~ ¢’(0) In(74/—¢c"(0)), but an integrable
one. The winding angle variance takes the form by = @(t — t'), and using that

0, ®(1) =2 fo dry C,(72) one finds upon integration by parts
T ds)? d) 2

0,®(1) =2 d In(1 — 20

) =2 [ aspS + S — () (20)

with no boundary term at 7 = 0 since ¢(7) & 1 + 3¢”(0)72 at small 7, with ¢’(0) < 0
since the process is smooth. The small 7 behavior of the variance of the winding angle
is ®(1) ~ 73("(0) In(r/—c"(0)) — 3¢"(0)). More generally, the formula (20) holds for
processes such as ¢(7) = e~ at small 7 with a > 1, so the small time singularity of C,(7)
is integrable.

If we now consider processes such that ¢(4+00) = 0 then we find that the generic
behavior is that the winding angle diffuses at large time as ®(7) ~ 2D7 with a diffusion

coefficient:
[e%s) Cl(8)2
D= ds———— 21
Lo 21)

an integral which converges at small s when the process is smooth since then ¢/(0) = 0.
In fact, this formula, as well as (20), holds also for some processes with ¢’(0) = +oo,
e.g. such as ¢(7) = e 7" at small 7 with a > 1, the main condition being that the small
time singularity of C,(7) is integrable. The convergence at large s should be discussed
separately. Since D > f dsd(s)? a necessary condition for convergence at large s is
[dsd(s)* = [(dw/2m)w?¢(w)? < +o00. For a positive ¢(s) this is guaranteed by ¢(co) = 0.
For oscillating ¢(s), e.g. ¢(s) = cos(s)f(s), it requires | f(s)| to decay faster than 1/4/s, or
in the Fourier case, e.g. if ¢(w) ~ 1/|w—w,|’, then one must have b < 1. Interestingly, (21)
can also be written as

b [Far(2) @

where ¢(s) = sinf(s) with 6(s) € [—n/2,7/2], 6(0) = 7/2 and here §(4+00) = 0. From
there one sees that the strict criterion for convergence is that [(dw/2m)w?cy(w)? < +00
where ¢y(w) is the Fourier transform of ¢y(7) = (#(0)0(7)), and is also positive (the variable
6 however is not Gaussian).

Let us give examples of some of the non-generic situations where winding angle
diffusion does not occur. The simplest case is the process & = &et + &e ™ with &
and & two i.i.d. complex Gaussian noises, which has correlation ¢y = cos(t — t'). One
finds C,(7) = —(Insin® 7) /(2 cos? 7) and 9,®(7) = 27 —tan 7 In(sin® 7); hence the winding
angle grows faster than diffusively as ®(7) ~ 72 Consider next c¢(7) = Jy(7), where
Jo(2) is the Bessel function, i.e. in the Fourier case c(w) ~ (1 — w?)(1 — w?)/2. The
integral (21) is log-divergent at large s and one finds superdiffusion ®(7) ~ (2/7)7In7 at
large 7. A range of superdiffusion can be obtained, e.g. ¢(7) ~ 77 bsin(7 + 1) at large T
yields ®(7) ~ 7272 for 0 < b < 1/2.

The above predictions are checked numerically in figure 3 in the time variable 7, and
as a parametric plot using ¢(7) in figure 4, for the diffusive and superdiffusive cases.

Finally let us consider the stationary process c,(7) = e V¢ *7° which as a — 0
converges to the non-smooth process C(7) = e”I"l. For any small a > 0 the process

doi:10.1088/1742-5468/2009,/07 /P0O7012 8
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Figure 3. The angular velocity correlation function C,(7) as a function of 7 for the
¢(7) used in figure 1 (the blue curve with the stronger decay), and for ¢(7) = Jy(7)
(the second blue curve), together with the predictions of equation (19) (red
curves). In the inset the winding angle variance ®(7), divided by 7, is displayed
for the same two cases. From the top, the first function (in blue) saturates
to its diffusive value (red line), with D ~ 2.92 calculated from equation (21).
The second function (in blue) is compared with the superdiffusion prediction
®(7) = (2/m)1log 7 + 0.9077 from equation (20). Both results are averages over
50 realizations.

is smooth and leads to diffusion. The diffusion coefficient however diverges as D =
1In(1/a)+(w/4) asa — 0. As we will see below, the non-smooth limit process C(7) = e~/
is related to Brownian motion and leads to broad distributions of winding angle and to
an infinite variance due to singular behavior at short times.

4.2. Non-stationary processes

We now study non-stationary processes. Such processes often occur in the context of
ageing or coarsening dynamics [18]. In fact they can, in some cases, be mapped onto a
stationary process using the property of reparametrization of time: if the process ¢y has
a winding angle ¢; then the process cy)q) has a winding angle ¢, for any positive
monotonic function g(¢). Note that equations (17) and (18) have precisely the differential
form required to satisfy this property. Hence for processes of the form ¢,y = ¢(g(t) —g(t')),
the variance of the winding angle is immediately obtained as ®y = ®(g(t) — g(t')) where
®(7) is the variance for the stationary process é(7). Hence diffusion in ®(7) ~ 2D7 implies
D, = 2(g(t)—g(t'))D at well separated times. One example, frequent in ageing processes,
is ¢ = f(t'/t) for t > t'. Then one can choose g(t) = Int and ¢é(s) = f(e™®). To avoid
divergences at short time difference one must have that f(x) = 1 — (1 — x)® for = close to
unity, with b > 1. One example is f(z) = e~Ime” Tf this is the case, and provided that
we have convergence at large s, one finds that ®;, ~ 2D In(t/t') at well separated times,

doi:10.1088/1742-5468/2009,/07 /P0O7012 9
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Figure 4. Left panel: parametric plot of the winding angle variance ®(7) (y-axis)
and ¢(7) (z-axis) for the ¢(7) used in figure 1 (blue curves) and the linear diffusion
formula ®(7) = 2D with D ~ 2.92 as predicted from equation (21) (in red). The
inset shows the angular velocity correlation function C,(7) as a function of ¢(7)
for the same choice of ¢(7) (blue curves) and the results of equation (19) (red
curves). Right panel: parametric plot of the winding angle variance ®(7) as a
function of ¢(7) for ¢(r) = Jy(7) (blue curves) and the asymptotic prediction
®(7) = (2/7)71 log T+ 0.907T calculated from equation (20) (in red). In the inset
the correlation function C,(7) is shown as a function of ¢(7) for the same ¢(7)
(blue curves), together with the results of equation (19) (red curves). Both results
are averages over 50 realizations.

i.e. diffusion in the logarithm of time. Clearly the case b = 1 leads again to a non-smooth
process and is discussed below.

Among non-stationary processes, processes with stationary increments are of special
importance. One such process is the so-called fractional Brownian motion (FBM),
Cw = (8" + (¢)*" — |t — ¢|*), with 0 < h < 1, which is the only member of this
class which is also scale invariant. For h = 1/2 one recovers the standard Brownian
motion. The FBM with A > 1/2 is sufficiently smooth for the above considerations to
apply and one easily sees that the time change ¢(t) = Int and

¢(s) = cosh(hs) — 22"71| sinh(s/2)|*" (23)

can be used, leading to diffusion for the winding angle in the variable g(¢) = Int at large
times, i.e. Dy ~ 2D, In(t/t') where Dy, = [° ¢(s)?/(1 — ¢é(s)?) diverges as h — 1/27.
The cases of the Brownian motion A = 1/2 and of the FBM for h < 1/2 require a
separate discussion. Let us first recall what was found for the two-dimensional BM with
diffusion coefficient Dy, i.e. (|&]?) = 2Cy; = 2Dyt. At large t, for BM in the full plane the
classical result [8] is that y = 2¢;/Int has a Cauchy distribution py(y) = (1/7)(1 + y?)~*;
hence the variance ®; cannot be defined. This broad distribution is regularized in the
presence of an absorbing small disk centered at 0 of radius R, where the distribution of
y = 2¢;/ In(Dot/R?)) becomes [10] pa(y) = 7/(4 cosh®(wy/2)). For a reflecting small disk
(or for big windings around several point centers or for a lattice random walk around a
point not on the lattice) one finds [11] another distribution, pr(y) = 1/(2 cosh(my/2)). In

doi:10.1088/1742-5468/2009,/07 /P0O7012 10
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the latter two cases one has @ ~ & In*(Dgt/R?) at large ¢ and fixed ¢ for absorbing
obstacles (resp. @ ~ 11In*(Dot/R?) for reflecting ones); however these are no longer
Gaussian processes, so the comparison with our results is not straightforward. We see
below however that the process studied here yields some similar result. Before we do
so let us recall how the above scaling ¢; ~ Int for the (regularized) BM results can
be understood from simple arguments. From the BM properties one easily obtains the
stochastic equations for radius and angle (in the Ito formulation) as dr, = dB; + (dt/2r)
and d¢;, = dBy/ry where, for Dy =1, By, B; are two independent unit Brownian motions
(i.e. with (dB?) = (dB?) = dt). Diffusion in the winding angle is thus only possible
if (1/r?) is bounded, as also nicely discussed in [14]. If the Brownian can explore
large distance then (1/77) ~ In(Dgyt/R?)/(Dyt), where the small distance cutoff is also
necessary, and one recovers the above non-diffusive behavior ¢, ~ Int from the estimate
d¢? = Do dt(1/r?) ~ dtIn(Dyt/R?)/t.

Can we make contact with our results, in particular can we also obtain from our
formula (17) the (regularized) BM scaling ®,; ~ In?¢? The answer is yes, but since we
can only address smooth processes, we now consider the general smooth process with
stationary increments:

Cw = 3(f(t) + f(t') = f(t =) (24)

with f”(t) = 2Cy(t) in the notation of section 1, with f(0) = 0 hence Cy = f(t). The
choice f(t) ~ t at large ¢ corresponds to the random walk with a short time cutoff. Apart
from the short times, it should look like the BM on large timescales. One example is
& = [ dt'ny where (nny) = se7="I; then f(t) =t — 1+ e~ ~ t?/2 at short times. In
general f(t) is an increasing function. Taking the large ¢ limit at fixed 7 = ¢ — 5, one
finds

o)
2/(t)
This gives 0,Pyy = 2 fot*t, drCy(t,t—7) =~ (In f(t)/f(t)) J; d7f"(7); hence for the random

walk f(t) ~ Dyt at large t one finds
@tt/ ~ %(ln t)Q (26)

Colt,t —7) =~

In(f(7)/f(#)). (25)

and one recovers the behavior of the regularized BM. The prefactor, however, is different
from both the absorbing and reflecting core ones, but is nicely anticipated from the simple
argument presented above. This prefactor is checked numerically in figure 5 for the random
walk. In this figure the result for the FBM with h = 0.6 is also shown, and exhibits faster
convergence to the asymptotics than the random walk since for 4 > 1/2 no small time
regularization is required.

The same calculation can be performed for the regularized FBM for h < 1/2, i.e. for
the FBM random walk with f(t) ~ t*" at large ¢t with h < 1/2 and f(¢) smooth at small
t. There one finds that the leading term above vanishes and one obtains

N t1_2h 00 Tf/(T)Q
v g ), 0

i.e. a much faster growth of the variance of the winding angle.
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Figure 5. The variance of the winding angle ®; for ¢’ = 1 as a function of ¢ for the
random walk, i.e. Cy of equation (24) with f(¢) = t—1+4e~" (bottom blue curve)
as compared to the asymptotic prediction of equation (26) (the corresponding red
curve). The correlation functions @ for ¢ = 1 as a function of ¢ for the FBM
with h = 0.6 calculated using the equivalent stationary process (23) with the time
reparametrization s — e’ (top blue curve). The asymptotic diffusion prediction,
®yy = 2Dp—g6logt, where equation (21) gives Dp—g¢ ~ 1.7 is also shown (top
red curve). The results for the random walk required an averaging over ~103
realizations. Inset: the ratio ®y/ In? ¢ for the random walk, for the same data,
showing the convergence towards 1/2 as predicted in (26).

Note that apart from in the case of exact scale invariance f(t) = t?, there is no time
reparametrization which allows us to map the problem (24) with an arbitrary f(¢) to a
stationary process. And only for A > 1/2 is the stationary process corresponding to the
FBM, f(t) = t*" smooth enough that the present results can be used: note that in that
case, the contribution (25) of the regime of fixed ¢ — 5 is integrable and contributes only a
constant to the winding variance, while the regime of ¢5/t fixed (usually called the ageing
regime when dealing with two-time correlations) gives the main contribution, leading to
the result @y ~ 2Dy In(t/t") found above. Conversely, the ageing regime gives exactly
zero contribution for the BM h = 1/2. Indeed then Cyy = t+t'— |t —t'|; hence ¢y = /T /t
for t > ¢/, and C,(t,t') = 0 for t > ¢’ with a singularity at ¢ = t'. Similarly, the ageing
regime is subdominant for the FBM random walk with h < 1/2.

4.3. From the Spitzer result to the winding of the stationary process ¢(7) = e~ |7l

Let us return to the unrestricted BM motion for which Cyx = min(¢,t'); hence ¢;pp = +/t'/t
for t > t’. Clearly because of the singularity at ¢ = ' in C,(¢,t) one cannot apply our
formula for the winding angle to this case. However the formula (10) does hold for the
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BM and one has for integer n

(@ =0)) = F(y/1/V) (28)

with the large ¢ decay (at fixed ') (e™@=%)) ~ (I'[1 + n/2)?/n!)(t' /t)"/2.

Using the time change ¢(f) = Int one can now use the reverse correspondence and
transfer the Spitzer result [8] for planar BM to the stationary process ¢(7) = e~(1/217l which
is not smooth and cannot be analyzed with the above methods. Hence the prediction for
this process is that y = 2¢, /7 is distributed at large 7 with the Cauchy distribution py(y).
Its variance ®, is thus infinite at all times, as for the BM.

An example of such a process is the Brownian motion or an ideal chain in a harmonic
well, with C'(w) = 1/(w?+m?); hence in real time C(7) = (1/2m)e ™"l and ¢(7) = e™™/"].
The distribution of the winding for such a confined Brownian is thus again the unit
Lorentzian distribution for the scaled variable y = ¢,/m7. An interesting generalization
of a discrete version of this model to a chain was studied in [19], with the result that,
again, each monomer sees a Lorentzian winding.

It is interesting to now consider a smoother variant of this model, i.e. an ideal chain
with a small curvature energy in a harmonic well, described by C'(w) = (w? + m?)~1 —
(w? + MH) ™ = 1/(w*/M? + w? +m?) at large M > m. The decay in the time domain,
c(t) = (Me™™ —me=M7) /(M —m) is now smooth at small times, and one finds that the
winding angle recovers now a finite variance and is diffusive, & ~ 2D7, with a diffusion
coefficient D ~ 1M In(4.2/M).

5. Algebraic area enclosed

Finally we can study the algebraic area A; enclosed by the process, which satisfies
Ay = 3§78 — €/&7). Tts variance is extracted from Gy above and one easily finds
that

Ca(t,t') = (A1Ay) = %(Cftlf’l)gt,t’ -yt (29)
For a smooth stationary process one finds Ca(1) = —%C’”(T)C’(T) + %C"(T)2, and

O (A% (1)) = 2 [] Ca(r) = 2 J; C'(s)>ds — C'(1)C(7) and one finds the diffusion result
(A%(7)) ~ 2D a7 with Dy = [ C’(s)?ds. Let us consider now the above process with
stationary increments. Note that the time reparametrization is useless here. For the
random walk f(t) ~ Dot one finds (A?) ~ Dgt?/4 at large t. This is larger than the result
for Brownian paths constrained to come back to their starting points (loops) obtained
in [14]. This is well confirmed by our numerics displayed in figure 6, where the result for a
stationary process, which instead exhibits only diffusive growth of the area, is also shown
for comparison.

6. Conclusion

We have computed here the angular velocity correlation of a very general smooth Gaussian
process in the plane. This allowed us to obtain a simple closed formula for the diffusion
coefficient of the winding angle valid for most such stationary processes. Our formula
also extends to non-stationary processes, and has allowed us to obtain the three main
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Figure 6. The variance of the algebraic area ®4 = ([4; — Ay]?) with ' = 1 as
defined above, equation (29), for: (i) the random walk, i.e. Cyp as in figure 5
(blue curve at the top at large time) and the asymptotic prediction ~t2/4 (the
corresponding red curve); (ii) the result for the stationary process ¢(7) of figure 1
as a function of ¢ = 7 (bottom curve) and the asymptotic prediction 2D 4t with
D4 = 371/8 (the corresponding red curve). In the inset the ratio ® 4 /t? is plotted
for the random walk as a function of ¢, and shows saturation towards the predicted
prefactor 1/4.

behaviors: (i) diffusion in the logarithm of time for sufficiently smooth fractional Brownian
motion; (ii) the square of the logarithm in time (26) for the winding for the usual random
walks related to the Brownian motion; (iii) power law growth in time (27) for the winding
angle of the random walks which provide a regularization of the non-smooth fractional
Brownian motion.

Various extensions of the present calculations are left for the future. These include:
higher moments and distributions of area and winding, winding around a point different
from the origin, or around several points, winding conditioned to closed paths, the most
general 2D Gaussian process including a non-zero average, and finally, devising methods
for accounting perturbatively for non-Gaussian effects. It would also be interesting to
study persistence effects such as the probability that the winding angle never crosses zero,
or to compute the winding for loops, i.e. conditioning the process to return to its starting
point.
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