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We consider a run an tumble particle with two velocity states +vp, in an inhomogeneous force
field f(z) in one dimension. We obtain exact formulae for its velocity Vz and diffusion constant
Dy, for arbitrary periodic f(z) of period L. They involve the “active potential” which allows to
define a global bias. Upon varying parameters, such as an external force F', the dynamics undergoes
transitions from non-ergodic trapped states, to various moving states, some with non analyticities
in the Vi, versus F' curve. A random landscape in the presence of a bias leads, for large L, to
anomalous diffusion  ~ t*, u < 1, or to a phase with a finite velocity that we calculate.

PACS numbers: 05.40.-a, 02.10.Yn, 02.50.-r

Persistent random walks, where a walker persists in
the same direction for a finite time before changing di-
rection, have been studied extensively [1-5]. The recent
years have seen a resurgence of interest in this stochas-
tic process in a different reincarnation, namely the “run
and tumble particle” (RTP), mostly in the context of ac-
tive matter [6-15]. While several interesting collective
properties of interacting RTPs have been discovered re-
cently, it was realised that even a single RTP exhibits
rich and interesting static and dynamic behaviours [16—-
28]. For example, the stationary state position distri-
bution for an RTP in an external confining potential
has been shown to deviate from the equilibrium Gibbs-
Boltzmann form [23, 24]. Other interesting questions
such as the relaxation dynamics towards the stationary
state in a confining potential [23], the first-passage prop-
erties [16, 17, 19, 20, 25, 27, 29] or the distribution of
the current of non-interacting RTP’s [30] have been re-
cently studied in the one-dimensional geometry. In this
paper, we study a single RTP subjected to an external
force periodic in space. We show that, due to the pres-
ence of a finite persistence time, the position distribution
under the periodic force exhibits a rich and nontrivial be-
haviour, compared to the ordinary diffusion. In particu-
lar, we compute explicitly the velocity and the diffusion
constant of the RTP for an arbitrary periodic force f(z).

The overdamped dynamics of the RTP is described by
the stochastic evolution equation

L = F@) + 00 (1) 1)
t

where f(x) is an external force and o(t) = %1 repre-
sents a telegraphic noise which switches from one state
to another at a constant rate ~.

In free space on the line in the case where f(z) = f is
uniform, it is well known that the dynamics of the active
particle becomes diffusive at large time and can be effec-
tively described on large scale by a Langevin equation

dxr

i f+ /2Dy &(t) (2)

where the effective diffusion constant Dy = v3/(27) and
the mean velocity is V = f. This effective description of
(1) is valid above a characteristic persistence time t* =
O(1/7). In fact, the RTP dynamics (1) converges to the
Langevin dynamics (2) in the limit where both vy — 400,
v — 400 with fixed Dy [51].

A natural question is what happens to this effective
description when the RTP is subjected to an inhomoge-
neous force f(x)? In particular what is the mean velocity
V and the diffusion constant D for arbitrary f(z)? In
the case where f(x) = —U’(x) with a confining potential
U(z), there exists a stationary solution with zero current
[18, 31-35]. This stationary state was analysed in de-
tail in [23] for potentials of the type U(z) = «alz|P and
an interesting ”shape transition” in the stationary posi-
tion distribution was found in the («,p) plane. In that
case the RTP motion is bounded which corresponds to
V =0and D = 0. In fact this stationary state is typically
non-Boltzmann, which shows that the Langevin equation
approximation breaks down.

In this paper we consider the RTP dynamics in Eq. (1)
on an infinite line subjected to an arbitrary force land-
scape f(z), periodic in space, of period L, f(z) =
f(x+ L) for all z € R. In this case, one would anticipate
that, for small f(x), there will not be any stationary po-
sition distribution and the particle will keep on moving
with time, with a non-zero speed V7, and a non-zero diffu-
sion constant Dy,. One of the principal goals of this paper
is to compute V, and Dy. But before we do that for the
RTP, it is useful to recall what happens for a simple dif-
fusive particle (2) subjected to this periodic force, which
has been studied extensively [43-46]. In this case, the
position distribution P(x,t) satisfies the Fokker-Planck
equation

0P =—0,J, where J=—-D0, P+ f(z)P, (3)

which, for bounded potential, does not have a normalis-
able steady-state solution. However, its periodised ver-



sion,

+oo
P(z,t)= Y P(z+nL,t), (4)

n=-—oo

which satisfies the same Fokker-Planck equation (3), is
known to reach a stationary limit P(z,t) — P(z) as
t — 400 [43-46]. Indeed P(z,t) corresponds to the
position distribution of a diffusive particle on a ring of
size L. This stationary periodised solution P(x) can be
computed explicitly by setting ;P = 0 in (3), looking
for a solution with a non-zero constant current J. The
constant J can be determined from the normalisation
condition fOL P(x)dz = 1. Knowing J, one can then find
the velocity V7, from the general identity [44]

. d
VL:tETma/dme(%t)—JL, (5)
where P(z,t) is the non-periodised distribution. Simi-
larly, the diffusion constant Dy, defined as

b )

where 2*(t) = [ dz z* P(z,t), was also computed explic-
itly [43-46]. In addition, if the potential U(z) is itself
periodic, U(0) = U(L), the current vanishes, J = 0, and
the periodised solution converges to P(x) = e~U®)/Do /7
for « € [0, L] where Z is a normalisation constant. Thus
the dimensionless quantity which measures the “tilt” of
the potential landscape,

U@)-U(L)

Gr = Do (7)
can be interpreted as an effective measure of the global
bias which determines the sign of the velocity V.

In this paper, we carry out a similar procedure for the
RTP (1) subjected to this periodic force f(z) = f(x+ L)
which we assume to be continuous. However, due to
the competition between the periodic force f(z) and the
noise (with a persistent memory) in Eq. (1), we show
that one obtains a much richer behaviour for the pe-
riodised stationary solution leading to different phases
and transitions between them. Indeed we find four dif-
ferent phases (denoted by A, B, C' andD), depending on
whether f(z) = fvp has real roots or not, leading to an
interesting phase diagram shown in Fig. 1. In addition,
we also compute explicitly for any L, the stationary pe-
riodised solution P(x), the velocity V and the diffusion
constant Dy. Furthermore, we also compute the mean
first passage time to an arbitrary level X.

As mentioned above, the four phases are as follows (see
also Figs. 1 and 2).

Phase A: |f(z)| < vp for all . In this case the motion
is unbounded and the stationary measure is smooth (if

0 () F

FIG. 1. Dynamical phase diagram of the RTP with f(x) =
fo(z)+ F as a function of the driving force F' and of the maxi-
3*#* of the environment (assumed to equal minus

mum force fj
the minimum one). The Vi versus F characteristics mea-

sured along the two dotted lines undergo different sequences
of transitions.

f(z) is smooth). We obtain a closed formula for Vi, (see
Eqgs. (20) and (21)) and Dy, (see Egs. (24) and (25)).

Phase B: f(x) > —wvg and there are roots z; (in in-
creasing order) to f(z) = vg (see Fig. 2 top panel). Out
of these, every alternate ones (denoted by z{ in Fig. 2
top panel) are attractive fixed points for the RTP dy-
namics (1) when it is in the —vg state. The motion is a
bit more complicated in this case. The position remains
unbounded but the stationary periodised solution P(x)
has singular points (see Eq. (26) and also Fig. 3). We
also obtain a formula for Vi, given in Eq. (28). A similar
phase exists for the symmetric case where f(z) < vy and
there are roots to f(z) = —wvg.

Phase C: there exists roots to both f(z) = +vg, de-
noted by z;, and to f(x) = —wvg, denoted by y; in in-
creasing order (see Fig. 2 bottom panel). In this case
the motion is bounded. The stationary periodised mea-
sure }5(90) has disjoint supports in a set of intervals with
different weights depending on the initial condition. The
dynamics is non-ergodic in this case.

Phase D: f(x) > vp for all z. The RTP moves to the
right in both v states. A similar situation arises for
the symmetric counterpart where f(z) < —wvp.

Evidently, one can make transitions between these
phases by tuning the maximum of the periodic force f(z).
One way to achieve this is to apply an additional con-
stant force F' on top of a periodic force landscape fo(x) =
fo(x + L). This amounts to setting f(z) = fo(z) + F.
Let f*** denote the maximum of fo(z), for x € [0, L]
and, for simplicity, we assume that fii* = — fIax_ From
our analysis, an interesting phase diagram emerges in the
plane (F, fi***) as shown in Fig. 1. The motion under-
goes transitions along the solid lines f{***+F = vy (A to
B), —ffr**4+ F =vy (Bto D) and —ff"™ + F = —vg (C
to B). As F is increased along different lines (dotted lines
in Fig. 1) the velocity-force characteristics exhibits tran-
sitions, with V;, = 0 in phase C, and non-analyticities in



the B phase as new fixed points appear or disappear.

Another interesting question is whether, for the RTP,
there exists a single global measure G, of the bias as in
the diffusive case in Eq. (7). For this, it is useful to
define an ”active external potential”

_ o[ f(y)
W=t [ i

where xg is an arbitrary position. In the diffusive limit,

vg,y — +oo with fixed Dy = %, W(z) — U(x)/Dg
converges to the standard external potential U(z) =
- ffo f(z)dz. We show that in phase A the dimensionless
global bias for the RTP, which determines the direction
of the velocity, can be expressed in terms of this active

potential W (x)

L
G =W(0) — W(L) :27/ A3 f@; . (9)
0 f*(y)

Indeed we show that the sign of Vi is the same as the
sign of Gy, (and also Vi, vanishes when G| vanishes).
Clearly, in the diffusive limit, Eq. (9) reduces to Eq. (7).
In addition, we show that in the small bias limit (G —
0), the velocity satisfies an Einstein-like relation (within
linear response in G,)

» GL

VLZD L7

(10)
where D%" denotes the diffusion constant Dy, in the case
of zero bias [given below in (24)].

Let us first outline briefly our derivation of the main
results. We first define Py (z,t) as the probability densi-
ties of the RTP to be in position x at time ¢ and in the
state o(t) = +1. They satisfy the pair of Fokker-Planck
equations corresponding to Eq. (1)

0Py = —0,[(f(x) + v0)Ps] — Py +7P- (1)
P = =0, [(f(x) —vo) P_] + 7Py —yP-. (12)

The associated periodised distributions, Py (z,t) =
> n Pr(x+nL,t), satisfy the same pair of equations due
to the periodicity of f(x). We also define the total prob-
ability P(z,t) = Py (z,t) + P_(z,t), as well as the differ-
ence Q(z, t) Py (z,t)— P_(x, ) which then satisfy the
coupled Fokker-Planck equations

WP = —,J(x,t) = —0.[f(x)P +vQ],  (13)
0Q = —0:[f(2)Q + voP] — 27Q . (14)

At large time, assuming a stationary state to exist, we
set 8, P to zero in the first equation. This implies that
the probability current density J(z,t) = f(x)P(z,t) +
voQ(z,t) converges to a constant J = limy— 100 J(x,t)
independent of z. Hence, in the stationary state, we
have f(ac)]5 + 1voQ = J where J is yet to be determined.
Eliminating Q using this relation in Eq. (14), and setting

6t6~2~: 0, one obtains a first-order differential equation
for P

d

dm[(v — [2(@)P(x) + J ()] + 2] —27f(2)P(x) = 0.

(15)
This equation can be explicitly solved for P( ), using the
periodicity condition P(z+4L) = P(z), see below. Know-
ing P(x) and Q(x) from the relation f(z)P + voQ = J,
one gets the stationary distribution for each state ¢ = =+

(16)

Finally, the unknown constant J is determined from
the normalisation condition fOL P(z)dz = 1 and conse-
quently the velocity Vi, = J L is obtained from Eq. (5).
The computation of the diffusion constant Dy is a bit
more cumbersome, but it can be derived from a generali-
ation of the method used for the diffusive case [43—45].
The result for the zero-bias case G, = 0 for phase A, is
simpler and is given explicitly in Eq. (24). The detailed
derivation can be found in [47].

Phase A. Let us first consider phase A, |f(z)| < vo
for all z, in which the motion of the RTP is unbounded.
Assuming a non-zero bias, i.e. G(L) # 0, and following
the procedure outlined above, we obtain the stationary
distribution

o 2 L dud_(x,u)
P(x)_US—fz((E)(/O AL

_ f(=)
/du@ x,u) 27> (17)

where we have defined

2

(Y
O (1,0) = 0 ___AEW@)-W(w) 18
:I:( ) U% — f2(u) ( )
Ap=1—e WO-WE) — 1 _=Cr (19)

In the limit of zero bias Gy — 0, one can show that
P(z) - A®,(0,z), for z € [0, L] and A is a normalisa-
tion constant. For arbitrary G, by determining J from
the normalisation condition fOL dzP(z) = 1, we get the
velocity V, from (5)

1 1 1 GrL
— == dedu¥(z,u) | — — 0 -
VL L ~/['07L]2 ( ) <AL ( )) 2"}/L

(20)
where we have further defined
22 e~ (W(z) =W (u))
U(z,u) = 7% ° (21)

(0§ = £2(@)) (05 = f2(w)

The formula (20) for Vi, is exact for any L [52].
To study the L — oo limit, it is natural to
assume that f(z) satisfies an ergodicity property,



namely the existence of translational averages for lo-
cal observables O[f](z), denoted as (O[f](z)). =

limy, 400 7 fOL dz O[f](z). In addition [see Eq. (9)] we
assume that

LYo 9L v’
where for = (%)1 is an 7effective active force”

that arises from the global bias Gp. Without loss of
generality, we assume f.g > 0. Since G — oo from
Eq. (22) it implies limy_, 4 Ar = 1 from (19). Using
Ap =1, Eq. (20) can be re-arranged in a more compact
form, leading to limy_, 1 V =V where

+oo
% = /0 dz(U(z,z+ 2))s —

In addition, the diffusion constant D2  for the case of
zero bias G(L) = 0, is obtained as (see [47] for the general
case)

feff
5 -

Yo

(23)

Dy 1 k g / ’
D =12 ; du® (0, u) ; du'®_(0,u") . (24)
In the large L limit, D% —

D? with
—W () W (=)

Djazvg<; . > X <26 , > . (25)
D vo = f2@) /. \vg— @)/,

This formula is valid provided each translational average
in (25) converges. Finally, in the diffusive limit v,y —
400 with fixed Dy = i one can check that our formulae
(23) and (25) for L — oo reduce to the diffusive results
obtained in [45].

Phase B. In this phase, there are 2n roots to the equa-
tion f(z) = vo in a period L. Let us denote them by x?
(stable) and z} (unstable), i = 1,...,n, with f/(zf) <0
and f'(z¥) > 0 (we assume for simplicity that f(z) is dif-
ferentiable). We choose the period such that the roots are
ordered as z§ <z} < x5 < --- < xp <3y, =]+ L,
see Fig. 2. The ;" correspond respectively to stable
and unstable fixed points when the RTP is in the state
o = —1. The motion of the RTP in the state o = +1 is
always to the right. Hence the RTP can not cross any
of stable points to the left. Hence, we expect a net drift
with V7, > 0 since the particle always spends a finite frac-
tion of its time in state 4. The stationary measure can
be computed from Eq. (15) and has the form

JZ J J+1 z;‘ (1}) (26)

Fyo) = s /dumf( e

This expression is smooth around the unstable points x}'
but has singularities near the stable points

S ’y
P(z) ~ (xi+1

W] wi)l
(27)

)P G = -

+vo \ '/\
IMT x5 [y rBng
0 T
_/ L
—Ug > > o=+
f(x)
“+vg \ [\\ [ o= —
xy Fry x4

0 x
\ \ / L
—vo Yoo of | o =
\//Ii‘ Y AN

FIG. 2. Plots of f(z) in a period z € [0,L] showing the
stable (s) and unstable (u) fixed points, i.e. the roots of
f(x) = —ovo, when the RTP is in the o0 = —1 state (top line)
and o = +1 state (lowest line). The RTP moves along the
arrows and changes state with rate v. Top, phase B: In the
— state the RTP moves left or right towards the fixed points
x;, and in the 4 state always to the right, leading to a mean
velocity Vi, > 0. Bottom, phase C': the RTP ends up in either
intervals I; = [z7,y7] or Io = [x3,y3], which are the supports
of the stationary measures (up to periodicity L), and V7 = 0.
Starting points in [z5 — L, y5] and [z}, y5] end up in I; and
I respectively, with probability one. Starting in [y3,z{] or
[y5,z3], the RTP ends up randomly in either intervals

assuming that f’(x) is continuous. From (16) we also ob-
tain the singularity associated to each state as Py(z) ~

+ . _
(23, — x)%+ with ¢, = ¢iy1 + 1 and @],
¢i+1. The velocity is then obtained from normalisation

fxﬁ_L dx P(x) = 1 and J = Vi /L leading to the result
for phase B

1 & [T
V=1 Z/ dz Fyu () . (28)
Jj=1"%;

To illustrate phase B we consider a simple example,
f(x) = 4]z — 3| — 1+ F with period L = 1 (setting
vg = 1). We first study the case F = 1. The period
is [2§,27 + 1] with 2§ = 1 and 2} = 2 (see Fig. 3).
We set v = 4, which leads to the simplest expressions.
By directly solving (13), (14) one finds that, due to the

angular points of f(z) at x = % and z = 1, the solution



P = Py takes different forms depending on the interval I
(see Fig. 3)

3—4dr = 4Jx

P[i’%](x) =c + §logm 5 P[%,l](l') = m
~ J 7 —4x
P[L%](Z‘) = C2 + §IOg574 (29)

with ¢; = 2J, ¢o = %(8 — 9log3) from continuity of
P at the angular points. Normalisation then leads to
Vp=J= ﬁﬁ)g(s). One can check these results agree
with a direct evaluation of the formula (26) and (28) [53].
The result (29) is compared in Fig. 3 with a numerical
simulation of Eq. (1). The exponent (27) predicted for
the singularity at * = 7 = i is ¢ = %4, in agreement
with the logarithmic divergence in (29) for v = 4. The
case of general + is solved in [47].

0 0.2 0.4 0.6 0.8 1

FIG. 3. Stationary distribution P(x) versus z, for f(z) =
4|z — | (inset), v = 4, vo = 1. Squares: numerical simulation
of the RTP (shown in period [0,1]). Solid line: analytical
prediction (29). Note the logarithmic divergence at z = 1/4.
The angular point at z = 1/2 arises from the cusp in f(x).

Phase C'. In this phase, within the period L, there are
2n solutions to f(z) = vg, called z}“, i = 1,...,n or-
dered as in phase B, and 2m roots to f(z) = —wvyg, called
y;", j =1,...,m ordered similarly with f'(y$) < 0 and
f'(y§) > 0. The roots y;™ correspond respectively to
stable and unstable fixed points when the RTP is in
the state 0 = +1. As a result the particle motion is
now bounded, as one can check in the bottom panel of
Fig. 2. We now detail the structure of the possible sta-
tionary states. Let us define & the subset of indices ¢
such that [z7,x}] contains at least one y;, and define
k(i) = min(j|z; < y; < z}). The stationary distribu-
tion P(z) has zero current J = 0, and both the velocity
V1, and the diffusion constant Dy, are zero. It reads

Plx)y=) A

i1€S

Lotwgo) (®) 2y g2yt
i At (30)
2 2 ’
vy — f2(z)
where u; can be chosen as the midpoint u; = ——=.
The stationary measure has a support made of a collec-

tion of disjoint intervals and is zero elsewhere, which cor-
respond to “downwards travels” of f(z), as represented
in the bottom panel of Fig. 2. The coefficients 4;, i € S,
are however determined by the initial condition, together
with the normalisation condition. Hence if there is more
than one element in S the system is non-ergodic.

Phase D. In this case there are no roots to f(x) = wy.
However there is a global bias and the velocity Vi, # 0.
It turns out that both the stationary P(z) and Vi, are
given by exactly the same formula as in phase A, namely
by Egs. (17) and (20) respectively.

In the limit v — 07T, transitions being rare, the velocity
simplifies (in all phases) as V, ~ (Vi + V_), where

Vo =1L/ fOL Miﬁ is the velocity of an RTP frozen in
state o = +1, with V, = 0 if a root to f(z) = —vgo
exists [47].

Transitions and velocity force characteristics. As men-
tioned earlier, dynamical transitions can occur between
these phases as some external parameters are varied, such
that f(z) crosses the levels +vg, see e.g. Fig. 1. Let us
give a concrete example of this transition for the model
f(@) = fo(z) + F with fo(z) = 4|z — 3| — 1 for € [0,1]
and we set vg = 1 as well as L = 1. Clearly, in this case,

X = gy = 1. If we now vary F, we move along the
horizontal line fi*** = vy in the phase diagram in Fig. 1.
For any F' > 0, the system is in phase B, a special case of
this was discussed before for F' = 1. However, exactly at
F = 0 the system is in phase C. Thus the critical point
in this example is exactly at F' = F, = 0. As F' — 0,
the velocity V7, vanishes as a power law Vg ~ (F — F,.)?
where the exponent 8 = S(v) depends continuously on
~. For example, we find 5(4) = 2 and B(2) =1 [47].

Similarly, by varying f3"** in Fig. 1 one can induce
a transition from phase A to phase C along the ver-
tical line at FF = 0. Here we provide a concrete ex-
ample of this transition by considering the attractive
logarithmic potential, f(z) = fo(z) = — %7, on the
interval [-L/2,4+L/2], of period L > a [54]. Note
that in this case the global bias in Eq. (9) vanishes,
G = W(-L/2) — W(L/2) = 0, due to f(x) being an
odd function. To proceed, we look for the possible real
roots of f(x) = twvy. It is easy to verify that the four
roots are given by a (Fr £ v/r? — 1) where r = a/(2voa).
Clearly, if < 1, there is no real root — this corresponds
to phase A. In contrast when r > 1 there are four real
roots — this corresponds to phase C'. Thus, by tuning r
across the critical value r = 1, the system can go from
phase A to C.

e For r > 1, in phase C, following our general discus-
sion before (see also Fig. 2 bottom panel), there is only
one region of space [xg,ys] with z; = a(—r + V72 —1)
and ys; = a(r —v/r? — 1), where the particle gets trapped
in the stationary state, irrespective of the initial condi-
tion (since L > 2y;). Thus in this phase, both V;, and
Dy, vanish and the particle position is always localised
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FIG. 4. Dynamical phase diagram of the attractive logarith-
mic potential model, in terms of r (activity parameter) and
g (potential strength), exhibiting two binding transitions of
different nature. In the A bound phase g > 1, r < 1, the
stationary measure P(z) becomes bimodal for g < 8r2.

(bound) at long times.

e In contrast, for r < 1, i.e. in phase A, the parti-
cle position at long times may or may not be localised
in the limit . — oo. This can be clearly seen by ex-
amining the zero-bias (G = 0) stationary distribution
P(z) = A®,(0,z) where ® is given in (18). It is easy
to check that, for large 1 < |z| < L/2, P(z) o |z|~9
with the exponent g = 2ya/v3. If g > 1, the station-
ary distribution P(z) becomes independent of L in the
large L limit, since it can be normalised on the interval
(—00,400). Thus the particle position is bound in the
large L limit. This can also be seen from the asymp-
totic behaviour of Dy, for large L, where Eq. (24) pre-
dicts Dy, ~ d, L'79, with d, some r-dependent constant.
Thus for g > 1, the diffusion constant vanishes asymp-
totically for large L, confirming the bound state. On
the other hand, if ¢ < 1, there is no stationary distri-
bution in the large L limit and the diffusion constant,
for large L, approaches a constant Dy = Dg(1 — g?).
This leads to the phase diagram in the (r,g) plane as
shown in Fig. 4. For ¢ > 1, as r — 1~ from below
(from phase A), the Dy, has an essential singularity [47],
ie. Dy ~exp(—7mg/+/8(1 —r)) asr — 17. It would be
interesting to investigate the behaviour of the diffusion
constant Dy, around the multicritical point in Fig. 4.

Mean first passage time. One can calculate the mean
first passage time at a fixed level X, Ty (x), for a RTP
starting from z in the state +. In phase A, for an infi-
nite line (not assuming periodicity) assuming W (—o0) =
+00, it reads

+T(X)
(31)

W)W gy
i T8 the mean first

7 X ovdy Y WW-W(2) gy
(=) 7/;5 vo — f(y) /;oo vo + f(2)

Here T_(X) = %+2f_X

W) —-W(z) =

return time to level X, which, for an RTP started in
the — state is non-zero, while T} (X) = 0. In fact the
difference is given for general x by

T gy W) g

T@)-Ti@ =2 Pt @)
Note that in the diffusive limit 7_(X) — 0, T4 (z) —
T_(z) — 0 and one recovers the formula given in
[46]. These are thus purely active quantities. We have
checked [47] that the velocity in (23) can also be obtained
from the limit limx_, . T4 (0)/X =1/V.

All our results extend to inhomogeneous transition
rates v — y(z) and velocity vg — vo(z), see [47] for
details. For example, in the absence of an external force
f(x) =0, the velocity vanishes and the diffusion constant
is given by

L? ‘
(fo Lo L)) (fo d%ou))

Random landscape: velocity. Consider now f(x) a ran-
dom force where each realisation is periodic f(z + L) =
f(x), but the probability distribution of f(x) is indepen-
dent of x. We restrict to the phase A in the large L
limit. Let us define f(z) = v2f(z)/(v2 — f?(x)), with
f(x) = fog, the effective bias defined in (22), which we
choose to be non negative (overbars denote averages over
the random force). We assume that the translational av-

Dy =

(33)

erage (...), coincides with the disorder average. This
implies from (23) that the velocity is given by
too fcff
Vvl= / dz K(z) — — (34)
0 Yo
in terms of the two point correlator
2 —(W(0)-W(z))
K(z)= —10°¢ (35)

(v§ — £2(0))(vF — £2(2))

There are thus two possible phases separated by a thresh-
old force f.: (i) if erOO dzK(z) < +oo there is a non
zero velocity V > 0 since the blas is positive, and (ii)
0+OO dz K(z) = 400, for which the velocity vanishes.
The first case occurs for large enough feg > f. since
ferrz/ Do.

Random landscape: anomalous diffusion. The exis-
tence of a V = 0 phase is a signature of anomalous
diffusion. By tuning the random force we first con-
sider the case fog = 0. Consider the case where f(z)
is short range correlated. Then W (x) performs an un-
biased random walk as a function of z. From (24), a
good estimate, which is also a lower bound log%ﬁ >
—[maxgep,r) W(x) — mingep,r) W(z)] + ¢, with ¢ =
log mingep, (1 — fig)). If W(x) has bounded mo-
ments, it behaves, under rescaling, as a Brownian mo-
tion, growing typically as W (z) ~ +6/z, with 6% =




fjooj dz f(0)f(z). This lower bound then leads to the es-
timate %log Dy ~ —2v6w, where the PDF of w > 0
is known. The diffusion time 7 on scale L, is thus
log Ty, = log(L?/Dyr) ~ 2y6+/L. This is similar to the
Sinai problem [48] for a passive particle, as noted in [28].

Let us return to the case of non zero bias, fog > 0, not
studied in [28]. As discussed above, V =0 for feg < fe.
The Brownian approximation for W (z) allows to char-
acterise the anomalous behaviour. Discarding the pre-
exponential factors in (35) one obtains V. ~ feg — f¢
for fox > fo, with fo = 29
phase, anomalous diffusion xow th is expected, as in
the Sinai problem [48]. Qualitatively, from Eq. (20),
v~ [._. WW)=Wz)  eAm ~ [r=1 where A,, is
the maximum drawdown of the Brownian motion with

A, = plog L where pu = 2 = fog/f. [49).

2m

In the zero velocity

In conclusion, we have obtained analytical expressions
for the stationary measure, the velocity and the diffusion
constant for a single RTP in an arbitrary 1D periodic
force field with period L. We obtained exact results both
for finite L and in the large L limit. We showed that,
even for a single particle, the dynamics exhibits inter-
esting phase transitions, with power law or exponential
singularities in these observables. We also investigated
[47] how the Fick’s law gets modified for non-interacting
RTP’s subjected to a concentration gradient. It would
be interesting to explore how these results are modified
for interacting RTP’s.

Acknowledgments: This research was partially sup-
ported by ANR grant ANR-17-CE30-0027-01 RaMa-
TraF.

[1] M. Kac, Mt. Rocky J. Math. 4, 497 (1974).

[2] J. Masoliver, K. Lindenberg, B. J. West, Phys. Rev A
34, 1481 (1986); ibid. 34, 2351 (1986).

[3] G. H. Weiss, J. Masoliver, K. Lindenberg, B. J. West,
Phys. Rev. A 36, 1435 (1987).

[4] G. H. Weiss, Physica A 311, 381 (2002).

[5] J. Masoliver, Random Processes: First-passage and Es-
cape (World Scientific, 2018).

[6] J. Tailleur, M. E. Cates, Phys. Rev. Lett. 100, 218103
(2008).

[7] S. Ramaswamy, Annu. Rev. Conden. M. P. 1, 323 (2010).

[8] M. E. Cates, J. Tailleur, Annu. Rev. Conden. M. P. 6,

219 (2015).

[9] M. E. Cates, J. Tailleur, Annu. Rev. Conden. M. P 6,
219 (2015).

[10] G. De Magistris, D. Marenduzzo, Physica A 418, 65
(2015).

[11] C. Bechinger, R. Di Leonardo, H. Léwen, C. Reichhardst,
G. Volpe, G. Volpe, Rev. Mod. Phys. 88, 045006 (2016).

[12] A. B. Slowman, M. R. Evans, R. A. Blythe, Phys. Rev.
Lett. 116, 218101 (2016).

[13] A. B. Slowman, M. R. Evans, R. A. Blythe, J. Phys. A:
Math, Theor. 50, 375601 (2017).

[14] E. Fodor, C. Marchetti, Physica A 504, 106 (2018).

[15] E. Mallmin, R. A. Blythe, M. R. Evans, J. Stat. Mech.:
Theor. Exp. 013204, (2019).

[16] L. Angelani, R. Di Lionardo, M. Paoluzzi, Euro. J. Phys.
E 37, 59 (2014).

[17] L. Angelani, J. Phys. A: Math. Theor. 48, 495003 (2015).
[18] A. P. Solon, Y. Fily, A. Baskaran, M. E. Cates, Y. Kalfri,
M. Kardar, J. Tailleur, Nature Phys. 11, 673 (2015).

[19] K. Malakar, V. Jemseena, A. Kundu, K. Vijay Kumar,
S. Sabhapandit, S. N. Majumdar, S. Redner, A. Dhar, J.
Stat. Mech. P043215 (2018).

[20] T. Demaerel, C. Maes, Phys. Rev. E 97, 032604 (2018).

[21] M. R. Evans, S. N. Majumdar, J. Phys. A: Math. Theor.
51, 475003 (2018).

[22] J. Masoliver, Phys. Rev. E 99, 012121 (2019).

[23] A. Dhar, A. Kundu, S. N. Majumdar, S. Sabhapandit,
G. Schehr, Phys. Rev. E 99, 032132 (2019).

[24] F. J. Sevilla, A. V. Arzola, E. P. Cital, Phys. Rev. E 99,
012145 (2019).

[25] F. Mori, P. Le Doussal, S. N. Majumdar, G. Schehr,
Phys. Rev. Lett. 124, 090603 (2020).

[26] G. Gradenigo and S. N. Majumdar, J. Stat. Mech. 5,
053206 (2019).

[27] P. Le Doussal, S. N. Majumdar, G. Schehr, Phys. Rev.
E 100, 012113 (2019).

[28] Y. B. Dor, E. Woillez, Y. Kafri, M. Kardar, A. P. Solon,
Phys. Rev. E 100, 052610 (2019).

[29] P. Singh, A. Kundu, J. Stat. Mech. 083205 (2019).

[30] T. Banerjee, S. N. Majumdar, A. Rosso, G. Schehr,
preprint arXiv:2001.01923

[31] W. Horsthemke, R. Lefever, Noise-Induced Transitions:
Theory and applications in Physics, Chemistry and Biol-
ogy, Springer-Verlag, Berlin, (1984).

[32] V L. Klyatskin, Radiophys. Quantum El. 20, 382 (1978).

(33] V. I. Klyatskin, Radiofizika 20, 562 (1977).

[34] R. Lefever, W. Horsthemke, K. Kitahara, I. Inaba, Prog.
Theor. Phys. 64, 1233 (1980).

[35] P. Hanggi, P. Jung, Adv. Chem. Phys. bf 89 239, (1995).

[36] J. Toner, Y. Tu, S. Ramaswamy, Ann. Phys. 318, 170
(2005).

[37] H. G. Othmer, S. R. Dunbar, W. Alt, J. Math. Biol. 26,

263 (1988).

] J. Masoliver, G. H. Weiss, Physica A, 183, 537 (1992).

| H. J. Leydolt, Phys. Rev. E 47, 3988 (1993).

] D. J. Bicout, Phys. Rev. E 56, 6656 (1997).

] K. Martens, I. Angelani, R. Di Leonardo, L. Bocquet,

Eur. Phys. J. E 35, 84 (2012).
[42] A. Sim, J. Liepe, M. P. H. Stumpf, Phys. Rev. E 91,
042115 (2015).

43] B. Derrida, Y. Pomeau, Phys. Rev. Lett. 48, 627 (1982).

4] B. Derrida, J. Stat. Phys. 31, 433 (1983).

5] P. Le Doussal, V. M. Vinokur, Physica C 254, 63 (1995)

6] D. A. Gorokhov, G. Blatter, Phys. Rev. B 58, 213 (1998).

47] See supplemental material, which also cites [50].

48] See e.g. J.P. Bouchaud, A. Georges, Phys. Rep. 195 127
(1990); D. S. Fisher, P. Le Doussal, C. Monthus, Phys.
Rev. E, 59 4795 (1999) and references therein.

[49] M. Magdon-Ismail, A. F. Atiya, A. Pratap, Y. S. Abu-
Mostafa, J. App. Prob. 41, 147 (2004).

[50] S. F. Burlatsky, G. Oshanin, A. Mogutov, M. Moreau,
Phys. Rev. A 45, R6955 (1992); G. Oshanin, A. Mogutov,
M. Moreau, J. Stat. Phys. 73, 379 (1993); A. Comtet,
C. Monthus, M. Yor, J. Appl. Prob. 35, 255 (1998); G.
Oshanin, A. Rosso, G. Schehr, Phys. Rev. Lett. 110,

[
[4
[4
[4
[
[


http://arxiv.org/abs/2001.01923

100602 (2013). [54] For L/a > 1 we can neglect the small jump in f(z)
[51] This property remains true for arbitrary f — f(x). atx = +L/2.
[52] For uniform f(x) = f it gives V' = f, as obvious from (1).
[63] f'(z) is discontinuous but the integral (26) is well defined.

J

Supplementary Material for Active particle in a one dimensional force field

We give the principal details of the calculations described in the main text of the Letter.

A. Calculation of the velocity

Stationary distribution. As in the text we consider a RTP moving on the infinite line according to Eq. (1), and
submitted to a periodic force f(z) = f(x + L). One defines Py(x,t) as the probability densities of the RTP to be
in position z at time ¢ and in the state o(t) = £1, which obey the equations (53), (12). One defines the periodised
distributions, Py (z, t) = >, Px(x +nL,t), and the total probability P(x,t) = Py (x,t) + P_(x,t), as well as the
difference Q(xz,t) = Py (x,t) — P_(x,1).

Let us first obtain the stationary distributions in the phase A, i.e. |f(z)| < vo. Inserting the stationarity condition
Oy P(x) = 0;Q(x) = 0 in (13) we recall that the first one is solved as f(z)P(x) + voQ(z) = J, where J is a constant,
equal to the total current. Solving for Q(x) and inserting in (14) one obtains that P(z) must satisfy

d

(08 = £ @) P(w) + TF(@)] + 297 = 27 f(2)P(x) =0 (36)

We then obtain the stationary distribution P(z) as

- J 2~ [0 dy 7z (y2) /w , 2y [‘m dy 2f<142) )
Plz)=5——— [ Ke P du(2v + f'(u F) 37
@) = =5 ( " au(zn + 7' e (37)
Imposing P(0) = P(L) one obtains
L / 205 dy gy
72')/]0 dy 2f(1/)
1—e £2(v)
One can recapitulate the formula in the form
Py = s [ auGoy ) R : b~ w) (39)
B US - fz(x) 0 7 1— 6_27 fo dy:- 2f(fy2)(y)

There is a useful alternative formula for P(w) which does not contain derivatives of the force. Integrating by part
the above formula one obtains

[yt e

2y fo dur—fe W2 f(u)? f(u) €

2 2 - o)
f2(z) 1—e 27 o dy; ea T

= z 2 3 ()
P(x) = Jp(z) with p(x) = _/ du——"0 62” W _ I(x)

2y

(40)
which is the formula given in the text in (17), together with the definitions (18) for ®_(z,w), (19) for Ay, and the
definition (8) of W (x). Note that although we have used here the interval [0, L] as the elementary period, a similar
formula exists for any other choice of the elementary interval (such as [—L/2, L/2] see below).




Diffusive limit for the stationary distribution. In the limit v,y — +o0o with v3/(27y) = Dy this formula becomes

L -5 [Ydyf(y) x
~ J d D ® 1 [z
P(z) = Dy (IO x T g T - /0 dues Ju dyf(y)) (41)

1—¢ Do fo dy f(y)
which is exactly the equation (7) in [45].

Velocity. We now calculate the velocity V, = limy_, 4o & [ dzazP(z,t). We assume that P (z,t) vanishes fast
at * — 400, i.e. localised initial condition. Let us define P(z,t) = Py (x,t) + P_(x,t), as well as the difference
Q(z,t) = Py(x,t) — P_(x,t). The mean instantaneous velocity of the particle (irrespective of its internal state) is
calculated as follows

%@ jt/dme(x t) = /dmx%[f(x)P(m,t)+on(x,t)] (42)

L L
- / dalf () Pz, 1) + v0Q(x. )] = / dxlf (@) P, £) + 060, )] —1orso0 / dalf (@) P(e) + wO(x)] = JL |

where in the last line we have considered the large time limit and used that f(z)P(z)+ voQ(z) = J in the stationary
state, where the current J is a constant. This shows Eq. (5), i.e. that the velocity is V, = JL. Since the current .J

is obtained by imposing the normalisation condition fOL dzP(z) = 1, we obtain V;, by integrating the formula (40) as

V=1 fo dzp(z). This leads to (20) in the text.

We now show that, as announced in the text the sign of V7, is the same as the sign of W(0) — W(L). Assume first

that fo dy- 2 fQ( 5 > 0. Since we consider phase A) one has f(x) < v for all . The following inequalities hold

2 d fw) 2 2 T d f)
2,7 fO du 2f(u()u)26 ’on Y 2120 2,}/ fOL du 2 Uo(u)ze ’Yf Y w22
f(0) <o = o < (43)
*QVI dy Fw) 7271 dy f)
1—e¢ 0 "Tug—r2() 1—¢ 0 g -r2(w)

where the equality in the middle is obtained by integration. This implies that p(0) given by (40) is strictly positive.
Since we know that as a probability density p(x) <0, it implies J > 0, hence Vz, > 0. Similarly if fOL dy—> )|

o—rf2(y)
one has the inequalities
I 2 [ dy f(y) I 2 2~ f; dy- ()
2y fo du 2f(fu(3l)z€ 0 6w 2y fo duiz Uo(u)z o)
f(0) > —vo = —vo “oy [F dy 1) “oy [ dy 1) (44)
1—e 0 g —r2(w) 1—e 0 g —r2 )

which implies p(0) < 0 and hence Vi, < 0. Note that since the point x = 0 has nothing special one can similarly show
that P(z) > 0 for all z in phase A.

Limit v — 0. In the limit v — 0 the particle changes state only rarely. If the particle is frozen in state o = £1, i.e.
never changes state, it is easy to see that its velocity is
L
V, = (45)
fO I( x)-i—voa

Since the particle spends on average the same time in each state o = +1, in the limit v — 0 its total velocity is

L L

1
lim VL = §(V+ + V,) = I3

y—0 dx (46)
2 0 wvo+f(x) fO vo— f(z

a formula which is valid in all phases, provided one interprets it by setting V,, = 0 if there is at least one root to the
equation f(z) = —vgo with o = £1.

Stationary current for a collection of independent RTP’s. Let us study a collection of independent RTP’s
between two reservoirs in a segment [0, L] (with no assumption here of periodicity) and determine the stationary
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current J when the concentrations denoted P(0) and P(L) are fixed. We can use the formula as (37). The constant
K is then determined by another condition. We have

P(0) = Kvg T (47)
L L g f () L f(y)
P(L) = ~—— jf(L‘ B (/ du(2y + fw)ed 7 F et dyﬁ”) (48)
0~ 0
J /L , 2y [ L dy— LW v% _ f(0)2 2y [ L dy e
= du(2y + f'(w))e 7" T | 4 2 P(0)e Yo /7 W) 49
The current is then
PO B (A Y0 . (4 — 1(0))P(0) 50)
L 2y [ 1 dy T8 — L 2v [ dy L4 —
S du(y + £ ())e T [ qu(2y + fru))e’ T E

This result, which gives back the standard formula in the diffusive limit [50], allows to study the modification of Fick’s
law J ~ 1/L, induced by an arbitrary force landscape for a RTP.

B. Calculation of the diffusion constant

General formula

In addition to the functions defined in the text, to calculate the diffusion constant for an infinite periodic medium,
we need the additional periodic functions defined as

Si(w,t) =Y (v +nL)Ps(x +nL,t) (51)

n

where Py (z + nL,t) satisfy the evolution equations (12). One easily show that the functions Sy satisfy the following
equations

Sy = —0:[(f(x) +v0)54) =S¢ + %?— + (f(2) +vo) Py (52)

It is also convenient to define

S(x,t) =Sy (x,t) +S_(z,t) , R(z,t)=Sy(x,t)—S_(x,t) (54)
which satisfy
0,8 = —d(i [f(2)S + voR] + f(2)P + v0Q (55)
OR =~ L[ R+ 8] ~ 29 R + [(2)Q + 0o

where P and Q are defined in the text. One expects that in the large time limit, as is the case in the diffusive
problem [44]

P(x,t) —» P(z) , Qz,t) = Q(z) (56)

S(x,t) = a(x)t +s(x) , R(x,t) — blz)t +r(z) (57)

Note that all these functions are periodic in x of period L.
Injecting this form into (55) and collecting the terms proportional to ¢, we see that a(z) and b(z) satisfy the same
equation as the stationary solutions P(z) and Q(z) given in the text in (13). Hence we set

a(z)=AP(z) , bx)=AQ(x) (58)
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where A is for now un unknown constant.
The equations which determine s(z) and r(z) are then

AP = —%[f(:v)s—i—vor] + ()P + 000 (59)
AQ = —%[f(m)r + vos] — 297 + f(2)Q + v P . (60)

We will study these equations below. If one knows the solution, one can obtain the diffusion constant as follows. One
can write the instantaneous velocity, and its large time limit as

z(t) = /+OO dxx P(z,t) = /OL dzS(z,t) — t/OL dx a(z) +/0L dx s(x) (61)

— 00

where we have used that S(x,t) = 3>, (x + nL)P(z + nL,t). The above equations allows to identify both A and JL
with the velocity V,

JL:V:/OLdm(x):A/Odeﬁ(x)zA (62)

Note that fOL dxs(x) is a shift at large time. Next, we have

%W = /dsz&P(z,t) = f/dx;vQGx(f(x)PJr v0@Q) (63)
L ~ ~
_ 2/dmx[f(x)P+on] - 2/0 delf(2)S(2,t) + vo Rz, 1) (64)
L
Lo / delf(x)a(x) + vob(a)]t + 2 / delf (2)5(z) + vor(x)] (65)

0
L
=24 [ dolf@)P(@) + Qe +2 [ delf(@)s(a) + vr(@)] = 24% +2 [ dalf@)s(e) +wr@]  (66)
The diffusion constant Dy, is now given by

Dy =2 tim (jtx(t)Q— ;tx(t)2> _ / delf(2)s(x) +vor(z)] — A /0 " des(a) (67)

T 2t5 400

hence it requires the knowledge of s(x) and r(z).

Diffusion constant in phase A, and in the absence of a bias

Let us first study the phase A, i.e. |f(x)| < vg, with zero bias, i.e. W(L) = W(0) i.e. fOL dyvgf(;é)(y) = 0, for which
0

Vi, = JL = A = 0. The stationary distribution is given by

(68)

2 : f(y) L 2 : f(y)
P(z) = 4”70 7)o dy”S—f12<y> 1 dzvioe%ﬁ dyvg—f/%)
2 2 ) 2 2
vg — f(x) 0 vg — [ (@)

where the equation for A is determined by the normalisation condition fOL dzP(x) = 1. Using that f(z)P(x) +
v0Q(x) = J = 0, the equations (59), (60), simplify into

0= f%[f(x)s + vor] (69)
v2— 2(x) ~
0= —%[f(x)r + vgs| — 297 + %()P (70)

The first equation gives

f(@)s(x) +vor(z) = c (71)
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where ¢ is a constant. From ¢ one obtains from (67) (with A = 0) the diffusion constant as D = ¢L. Solving for s(z)
and inserting in (70) we obtain an equation for r(x)

d f2( ) _ ,02 f/(x) ~ 'Vfo y 2f(u) -
0= o [Wr(x)] + cvg @) 2vr(z) + Avge 2@ (72)
Let us define the auxiliary function 7(x) as
f(y)
r(@) = () LI i (73)

vg — f2(x)

Note that since r(z) and f(z) are periodic and W (L) = W(0), the function 7(z) is also periodic of period L. From
(72) we see that it satisfies

N,( ) d 1 —2y fo dy (1’)
T ()= CUyg— e
0 dx

) T2 — Ay . (74)

We find by integrating from 0 to L and using 7(0) = 7(L)

Dy AL
B T N Ld d 1 _2’)’foaC dyp% (75)
fo L 4w [f(a:)} € 0

which can be integrated by parts (with a vanishing boundary term since the bias is zero). Using the formula (68) for
A we finally obtain

L2
Dp = B oy [ dy 2 2 2y dy—1D) (76)
222, wZ_f2(y
2y (fo deg—pme 0 ”’) (fo dopme 0 >)

This gives the formula (24) of the text, where we used Dy = 2. For f(x) = 0 one recovers Dy, = Dy. In the diffusive

limit, vy, vy — oo with Dy fixed, this formula becomes
L2
Dy = Dy (77)

(foL dze Do Jo dyf(y)) (fOL dreDs Jo dyf(y)>

which is the standard formula in the diffusive case.

Diffusion constant in phase A, and in the presence of a bias

Let us consider now the case where the bias is non zero, i.e. Vi # 0. Let us recall the expression (67) for the
diffusion constant where we use that A = Vi, namely

L L
Dy = / dx[f(x)s(z) + vor(x)] — VL/ dxs(x) (78)
0 0
Let us also recall that the equations which determine s(x) and r(x) are
VP = —%[f(x)s +vor] + f(x)P + voQ (79)
ViQ =~ (fa)r + vos] 20 + F@)G + 0P

and that we can use that f(z)P + v9Q = J. We should also remember that r(z) and s(z) are periodic of period L.
The first equation gives

F(@)s(z) + vor(e /(m1—LP v) + (80)
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where ¢ is an integration constant. We will see below that its value is immaterial for calculating Dy, but for now
we keep it. We can thus express r(x) as a function of s(x) and insert its expression in the second equation in (79).
Replacing Vi, = JL, we obtain the following equation for s(z)

0= —%[(03 = f2(@))s(2)] + 2vf (2)s(x) — e(f'(x) + 27) + B(z) (81)
Bla) =~ f(@) [ dy(1 - LP))) (52)
—2vJ /Ow dy(1 — LP(y)) + (v§ — f*(x) + JLf(2))P(2) + f(z)J — LJ? (83)
To solve this equation one defines the auxiliary function §(z) via
— iz 1 2’Yf£dy zf(;/Q),/
5(1’) - ( )vg . fg(x) @ (84)

Ey2Ion) (85)

which we integrate as follows

o )
/ dy(Bly) — (') + 2))e 1 (86)
Hence we now have a second unknown integration constant, §(0). It can be fixed however from the periodicity of s(z).
Writing s(0) = s(L) we obtain the condition

fw)

L
01— VE ) = / dy(B(y) — (f'(4) + 27))e

f(u)
-2y [} d“w ' (87)

Substituting we write the final result for s(z)

1 i avg’y ( 1
1

_ "y f(u)
2y jL duv%—f(uﬂ (88)

L
/0 dy(B(y) — e(f' () + 29))e

s(x) = 2 ()
S e

# [y - e+ 2e )

From (78) and (80) the diffusion constant is given by (upon insertion of the result for s(z) and various manipulations)

L x L
Dy = J/ dw/ dy(1 —LP(y))+cL—JL/O dzs(z) (89)
:J/ dx/ dy(1 — LP(y)) + cL (90)
27] du 2;(,()“)2 1
L / dr / gy (B~ )+ e =) - —— ] (01)

Now we note, remarkably, that the terms proportional to ¢ cancel because of the normalisation condition fOL dx]B(x) =
1 applied on Eq. (39). Hence we simply obtain

2’yf du oz (f()u)2

DL =J /dm/ dy(1 — LP(y JL/ d:c/ e T Pl ) - )

1— 6*27 fo du w2 7“”)2

where B(y) is given in (82) which we rewrite as

B(z) = —J(2vy+ f'(x / dy(1 — LP(y)) + (v2 — f2(z) + 2JLf(z))P(z) — L J? (93)
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The final result for the diffusion constant in the presence of a drift is given by substituting the expression (40)
(equivalently (39)) for P(z) in Eqs. (92), (93). Although it is a complicated formula, it is valid for any force
landscape such that | f(z)| < vo (phase A).

We can now check that in the limit of zero bias this formula crosses over smoothly to formula (76) (i.e. (24) in
the text) for the zero bias diffusion constant. First it is easy to see from Eq. (40) that the stationary distribution

P(z) converges to the one given by formula (68) in the zero bias limit where both .J and fOL du UQE(;‘(L)Z tend to zero.
0

This can be seen since in that limit the r.h.s. in (76) is dominated by the first term. The normalisation condition
fOL dzP(z) = 1 in Eq. (76) further implies that, in the limit .J — 0 the following ratio goes to a constant

J Dzb

o gl T T2

(94)

1—e

where D" is the zero bias diffusion constant given by Eq. (76). This is nothing but the Einstein relation [see
Eq. (10) in the main text], i.e., V; ~ D*SL = D?L(W(0) — W(L)) in the small bias limit, where we have used
G =W(0) — W(L). We note that when J — 0 one has

N N 2 [V du IO
B(y) ~ (W2 — f2(y))P(y) ~ AvZe grw? (95)

where A is given in (68). Substituting in (92) one sees that the integrand in the last term (which is the only remaining
term in the limit J — 0) does not depend on y. This produces a factor L? and one can check that the remaining
integral over x cancels exactly the factor A, with the result Dy, — D%* when J — 0.

C. Piecewise linear force model

We provide additional information on the study of the model vy = 1 and f(z) = 4|z — 2| — 1 + F in the interval
x €0,1], i.e. we set L =1 here. For v =4 and F = 1 this model was studied in the text. The stationary measure is
given in (29). Here we study other values of v and F'.

The case v = 2, F = 1. Consider first the case v = 2 and F' = 1 where more explicit formulae can be given. We
find, by solving explicitly (36) in each subinterval where f(z) is linear
~ Cl
P(x) = , O<ax<1/4 96
(=) (1 —42)(3 —4x) / (96)
~ Co
P(x) = , 1/d<ax<1/2 97
(z) IRy / / (97)

2 ( (3 —4z)(dz — D)(1 — 2z) +sin! (, /3 zx))

(x) = (= i)z — 1)) , 1/2<zx<3/4 (98)
p(x):J(2(2x—1)\/16x2—16x+3—log(\/16m2—16x+3+4x—2)) C3a<r<l (99)

(42 — 3)(da — 1))72

where ¢; and ¢y are integration constants. The singularity at the unstable fixed point (see text) = 3/4 is only
apparent on these formula. Note that the general solution on the interval z € [1/2,1] involves an additional term
multiplied by an integration constant. This term however has a non-integrable divergence at = 3/4, hence the
coefficient can be set to zero. There is no change at x = 3/4 since we have chosen the integration constant to be zero
leading to the third line. In fact the last two lines in (114) are analytical continuations of each other. This is a general

feature of the problem, valid for any . Imposing the continuity of P(m) at x = 1/2, the periodicity ]5(0) = P(1), and
the normalisation fol dz P(x) = 1 we can determine all the unknown constants ¢, ¢, and J as

1 = %J (2¢§ “log (2 + \/§>) (100)

ﬂ
2

1= 41—8J (3772 +4 (4\/5 +log (2 - \/§)) cosh—1(2)) (102)

(101)

Co =



15

Vi,
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0 10 20 30

FIG. 5. Plot of the velocity Vi for the potential f(z) = 4|x — 1/2| vs 7, as given by the exact formula in Eq. (107). In
particular, in the limit v — 0, one has Vi = 1/log3 = 0.910239... [see Eq. (108)].

which, using Vi, = JL with L = 1, leads to the result for the velocity
Ve — 48
b 32 4443+ log (2 — V/3)) cosh 1 (2)

with cosh™'(2) = log(2 + V/3).

= 0.811251. .. (103)

The case of arbitrary v for F' = 1. Performing the same steps as before we obtain the stationary measure as

N (v=2)J2F1 (1,2—-%;2— 120 — 1)

Plz) =c (1 — 42)(3 — 4a))T ' + — L O<a<1/4 (104)
~ 5 —2)JoF (1,2 2;2 - 2520 — &
P(Jc)=Cz((496—1)(3—4:c))1‘1+(7 2 ( vfz 120 3) , A<z <1/2 (105)
- 2)J o Fy (1,244, 248.3 _ 9

Py = UEDLA LT =2) (106)

v+4

where 5 F(a,b; ¢; z) denotes the Gauss hypergeometric function. Proceeding as before we determine the integration
constants c¢1, co, J and finally obtain the velocity for any v > 0 as

1 (=2 L2322 5 -0) + 3 (1,1,2- 352,233 4))

7 Ay — 4) (107)
+(7+2)(3F2(1,1,g+2;2,%+2;—§)+3FQ(1,1,g+2;2,%+2;§))
Ay +4)
(= EIG DGR | ()
8 I (%) 4
13\ T (2R (LN -5 (0-2oR (L2-32-5-9) L (7 7 at4 L
v \2 v+4 v —4 2t 474 4 0 2)”

where 3F5 (a1, a9, as;by,be; 2) denotes a generalised hypergeometric function. This formula is plotted in Fig. 5. We
see that V7, is a decreasing function of 7. In the limit v — 0 we can use the prediction given in (45), (46), i.e.

1 1 1
lim V, = = =0.910239..., (108)

L d = 1 d
~—0 2f0 7U0+jf($) 2f0 71+4‘$7%‘ log 3

which is found to be in very good agreement with the numerical evaluation of V7, (see also Fig. 5) as well as with the
Taylor expansion V7, = 0.910239... — 0.0654649 . ..~ + O(v?) performed with Mathematica.
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VL, VL,
2F 2
1.5} 1.5}
1t 1
0.5}¢ 0.5}
‘ ‘ ‘ — 7 0 ‘ ‘ ‘ —
0 0.5 1 1.5 2 F 0 0.5 1 1.5 2 F
a) b)

FIG. 6. Plot of Vi, for the potential f(z) = 4|z — 1/2| + F — 1 as a function of F' € [0, 2] for two different values of : a) for
~v =4, as given in Eq. (112) and b) for v = 2 as given in Eq. (117). While the two formulae in Eq. (112) and (117) are quite
different, the two curves shown in panel a) and panel b) look very similar on that scale. However, they actually differ by their
behaviour near F = 0, with Vi, oc F? for v = 4 (left panel) while Vi, o< F for v = 2 (right panel).

The case vy =4 and 0 < F' < 2. Consider 7 = 4 and vary the external force F' while remaining in phase B (see the
upper panel of Fig. 2), i.e. 0 < F' < 2. The critical points are x5 = % and z, = %. We find that the stationary
measure is given by

. 1 F

P(z)=c + iJ(log(F —4x+2) —log(F —4x)) , 0<zx< T (109)
- 1 F
P(m)202+§J(10g(F—4x+2)—log(4x—F)) g << 1/2, (110)
= o J(F+4x—1)

One finds the constants ¢y, ¢z, J from the continuity of P(z) at = = 1/2, the periodicity P(0) = P(1) and the
normalisation, leading to the following formula for the velocity

2F2(F + 2)2

2((F—1)(F +5)+7) — F2(F + 2)2log F + F*(F + 2)?log(F + 2) (112)

Vi =

This formula for Vy, vs F for v = 4 is plotted in the left panel of Fig. 6. From this formula (112), one obtains that
the velocity vanishes quadratically as F' — 0T as

Vy = 2F? —2F3% 4 F* <2 log(F) + g - log(4)> +0 (F°) (113)

with some subdominant logarithmic singularities.

The case 7y =2 and 0 < F' < 2. We now find the stationary measure

~ C1 F

P(z) = e Tt O<a < 1 (114)
P(z) = \/(4x_F)Z+F_4x) : §< x<1/2, (115)
Pla) = QDT (1255575205 — ) s, 1/2<z<1, (116)

v+4
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FIG. 7. Plot of the force f(z) = — 274z vs ¢ with a =1 and for two different values of the parameter r: r <1 (orange solid

line), corresponding to the phase A and r > 1 (black solid line) corresponding to the phase C. In the latter case, x5 and z,
denote respectively the stable and unstable fixed points in the state 0 = —1, while ys and y. denote their counterpart in the
state o = +1 (see Fig. 2 in the main text). In phase C' (black solid line), the stationary measure P(z) is supported on the

interval [xs,ys].
) (117)
—VF(F + 1)VF + 2log (F— F(F+2)+1)) (118)

4 ((F —1)\/—(F — 2)F — sin~" (. /1 - g)) sin”! (, /1- g)
(F-2)F '

This formula for Vi, vs F for v = 2 is plotted in the right panel of Fig. 6. Around F' = 1 it reproduces the result

given above, i.e. one finds V7, ~ 0.811251 ... + 0.854383...(F — 1). Now we find that it vanishes linearly as F' — 0

8F  4F?  642F%/2  64F3  208V2F7/2  1600F*
V= o ELa _208v2 + +O(F9/2), (119)

2 w2 373 4 1573 94

with subdominant half integer powers.

which leads to the formula for the velocity

VlL:4F3/§((]f‘?j22))3/2( (\FW(F—Q—l —|—10g( m+1)>sinh_l<

EE

+

D. RTP in a logarithmic potential

Stationary distribution. Consider, as in the text, the attractive logarithmic potential U(x) = § log(z? + a?), i.e
f(z) = =U'(z) = — 757, and define the dimensionless parameters r = 55, and g = 2va/v3 (see Fig. 7). We choose
the period [-L/2, L/2]. Note that there is then a jump of the force at x = £L/2 in order to ensure periodicity. Since
we are interested in the large L limit, this jump is very small and does not change our results below in that limit.
One can calculate, denoting & = z/a and %o = z¢/a,

W) W) =2 [T =8 [ (120)

which holds for (i) » < 1 and any z,z¢ (i) » > 1 and —ys < z,20 < ys with ys, = a(r F V72 — 1) (see Fig. 7). For
r < 1onesets z=2r2 —1+42rv/1—7r2 and z = 2r2 — 1 + u2rv/1 — r2 and obtains

S
gqudui V,)QQ , =22 —14uw2rV/1-72 , r<l1

W) - W)= §[5 G4 . r=1 (121)

z2 (1-2)2

g du’i(u,;;if , B =2 —14u2rVir2—1 , r>1
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P(x) P(x) P(x)
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FIG. 8. Plot of the stationary distribution P(z) corresponding to the force f(x) = —ax/(z*+ a?) for a = 1 (see Fig. 7) at the
critical point 7 = 1, as given by the exact formula in Eq. (125). It exhibits a shape transition as g crosses the value g. = 8.
For g =4 < g, ﬁ’(x) is bi-modal (panel a) with two maxima close to the boundaries at x = £1 while for g = 12 > ¢, ﬁ(az) is
unimodal with a maximum at z = 0 (panel ¢). Exactly at the critical value g = g. = 8 (panel b), the stationary distribution

has a very flat maximum at z = 0.

where in the last formula u,up < —1 (u = —1 corresponds to & = ty,). Performing the integrals this leads to
, (u-‘rﬁﬂ T4(4 llgg(lJruQ)Jr\/li7 arctan u)+K Cor<i1
v
®.(0,2) = #GZF(W(JC)—W(O)) - (122)
vp — F2 (@) (ut——==)? F2(4 log(u?—1)— ——~—arccothu) £ K
——e V-1 , r>1

where K is a r dependent integration constant which cancels out in the observables of interest. Note that the ratio
between the two species is

P_(z) wo+ f(z) 22+a®—2rza

= = . 123
' (x)  wvo— f(z) 2?+a’+2rza (123)
For r > 1 it vanishes near the stable point y, for the 4+ species (where they outnumber the — species).
Phase A. For r < 1 (phase A) we thus obtain the stationary distribution as
~ ~ (U+ - - )2 4 L _ arctanutK 2 1 —2r2
P(a) = A0, (0,2) , @u(0,2) = — A FEmE R C 750 i b Sk TN

(1 +u2)'*4 2rv/1 — 12
where K is an immaterial constant and Ae¥ is determined by the normalisation condition fj;o dzP(z) = 1 [54].
Since @4 (0,2)  |z|79 for |x| — +oo, this stationary measure is normalisable only for g > 1. Hence for g > 1 the
particle is bound by the logarithmic potential, which corresponds to the phase bound A in Fig. 4 of the text. In that
phase Dy, ~ d,.L'~9 at large L from (24) and (124). For g < 1, the above stationary distribution is not normalisable
in the infinite space. This corresponds to the phase unbound A in Fig. 4 of the text. Using L as an upper cutoff one
finds from (24), D = Dy(1 — ¢?) in that phase.
Critical point. At » = 1, i.e. the critical point between the A and C phases, the stationary distribution reads for
any g > 1
2 212 2
P(x) = A, (0,2) , ®4(0,s)= (a—’—ix)gejugiw"‘ o _a<az<a (125)
(a2 — 22)2%3

and vanishes outside the interval [—a,a]. It thus vanishes with an essential singularity at = +a. This distribution
is bimodal for g < 8 and, in that case, with two symmetric maxima close to the boundaries at = +a, see Fig. 8.

Phase C. For r > 1 the formula (122) gives, up to a normalisation prefactor, the stationary distribution P(z) =
A(Ihr((), z) in the bound phase C' (see Fig. 4 in the text). The stationary distribution has a finite support, which is the
interval [z, ys] with ys = a(r — V72 — 1) > 0 and x5 = —y,. It is an even function of x and vanishes at the edges of
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~ Vr2—1+4r
the support (stable fixed points) as a power law, P(z) ~ (y; — z)?. Note that for r > 1, f'(y,) = _ 2 7 Lir)-1

a 272 ’
hence the singularity exponent ¢, given in (27) in the main text, reads
p=-1+7 1 = 1+g( - 1) (126)
dr(Vrr=14r) -1 4\Vr2 -1

Within the phase C' there is thus a transition line g = g.(r) = 4 (T (\/ r2 —1+ r) — 1) where the exponent ¢ changes
sign (for g < g.(r) ¢ < 0).

Vanishing of diffusion constant at the transition from phase A to phase C. Note that in the bound phase
C the diffusion constant vanishes Dy = 0 for any L > 2y, since the particle is blocked by the first absorbing region
that it encounters (remembering that the force f(z) is chosen periodic, hence the RTP will move at most by one
period). Let us see how it vanishes as » — 17, coming from the bound A phase. From (24) we see that we can take
the constants K = 0 since they cancel in the product. Let us consider g > 1, i.e. the bound A phase. From (122) for

~ _ 321 - ~ :
r < 1 we see that u ~ o) as r — 17, hence for any fixed £ # 1 we can use the large u — 400 asymptotics.

Hence we have, as r — 1~

1 sen(#-1)7 ——L— 4 g
~ (VA=) e ﬁ)z)ige”( S (127)

From (24), in order to calculate Dy, we need to compute the integrals 2 fo L2 g D, (0,2) (recalhng that the functions
g
EvaEs , for @, (0,2) from the

®4(0,z) are even). Both integrals are found to be exponentially diverging as ~ e
region Z < 1 and for ®_(0, ) from the region # > 1. Indeed one has

L/2 g1 +g/2 724 1)2 g
2/ dz®(0,7) ~2e ' V30 q (2\/2(1 - r)) / di%ei 7o (128)
0 ger. 1)%=2

72—

where Iy = [0,1] and I_ = [1, L/a]. Hence we obtain

g 1 1 52 2 9 L/a 52 2 B 9-1 _xg_ 4
& 24(12L*262 12— / di%e*?‘iz x/ di%eiiiz‘—l ~ £ e 3 V2-m 0 (129)
Dy 0 (.232 — 1)2+§ 1 (3:2 — 1)275 a

We see that the first integral is convergent, while the second behaves at large L/a as (L/a)'™9. Putting all factors

_zg_ 1
together we obtain that %ﬁ ~ (L/a)}79%¢ * v2(-7 with an amplitude that can be obtained from the above integrals.
This leads, for g > 1, to the essential singularity in the limit » — 17 for the diffusion constant, as given in the text.
Note that it is multiplied by the estimate for the diffusion constant in the unbound A phase, (L/a)'79.

Let us indicate a qualitative, but more general argument for the vanishing of the diffusion constant upon entering
phase C, valid for any smooth enough f(x) (twice differentiable). For simplicity and by choice of coordinate (thus
without loss of generality), we fix the position of the minimum of f(z) to be at x = 0, and define f(0) = —vg(1 — p).
Upon approaching phase C, coming from phase A, we have p — 07. In that limit, we can approximate f(y) =
—vo(l —p) + %f”(())yz, with f”(0) > 0. One has, denoting y = pz+/vo/f"(0), the following divergence of the active
potential

1
3pt0 + (0 W/ 1+22

where for any fixed z,xg, the boundaries of the integrals are pushed to infinity. If one integrates the last integral in
(130) from —oo to +oo (which corresponds to z,zy each on one side of x = 0) and substitute in the formula for the
g 1

W) — W(zo) ~ 27/d (130)

diffusion constant, one finds again the estimate D, ~ e * v2(-7 in agreement with the previous computation (129).
E. Mean first-passage time

We consider the particle in o € [—L1,+00) and denote T (x) the mean first-passage times to the level X, starting
initially at x in the velocity state 0 = £. We focus on phase A here, i.e. |f(z)| < vo. Note that here we do not assume
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any periodicity of f(x). For convenience, we consider reflecting boundary conditions at @ = —L;. Then T4 (z) satisfy
the following pair of backward Fokker-Planck equations in « € [—Lq, X]

dT,

o+ 1) T @) £ AT (@) = 1 (131)
[vo+ @) T AT (@) 4 T (a) = -1 (132

The boundary conditions for T4 (z) are

dT_(x)
dx

T (X)=0 |, =0. (133)

x=—1L

The first condition comes from the fact that if the particle starts at X with a positive state o = +1, and given that
|f(L)] < wo, it implies that the particle crosses X immediately. The second condition is more tricky to derive. By
writing down the backward Fokker-Planck equation exactly at x = —L; and imposing that if the particle tries to go
to the left of —L; it remains stuck at x = —L;, we can show that this second condition emerges. Since eventually we
will be interested in the limit I; — —oo, with a non negative drift, this second boundary condition is expected to be
unimportant.

One can eliminate T (z) and write a single differential equation for T_ (x) as follows. We re-write the two equations
in the operator form:

LT (@) = [(v0 + F(2))0s — 1] Ty (a) = —1 — 7T (), (134)
LT () = [(—vo + f(2))0s — 2 T () = —1 — 7 T (x). (135)

Operating with £ on the left and right hand side of Eq. (135) and using (134) we get, denoting Z_(z) = dT- /dz,
the first order differential equation

dz_
03— @) = 2 f@) — v /@) — (@) (@) Z-(2) = 2. (136)
Integrating, and taking into account the boundary condition at x = — Ly (133), we obtain
dT- n [ g
Z_(x) = =— e vovg i) 137
W T T @ ) w i) 150
Integrating we get
x
T (2) = / dyZ_(y) +c (138)
-

where ¢ is an arbitrary constant yet to be fixed. Substituting this result into Eq. (132) we obtain T (x). Using the
boundary condition T’y (X) = 0 gives us the constant ¢, and finally we obtain

X \
27 Yy dz —2y j‘y g(u);lu,
T (x)=T_(X +/ d 7/ - e Z vg—f2(u) , 139
(z) (X) YT ) w e (139)
where
T (X) = l 1 + 2 /L LG_Q’Y fyL '"(Zf(;uf)zd(z) (140)
Ty T vt ) '

Interestingly, note that T_(X), which is the mean first return time to x = X of a RTP starting in the state o = —1
(which implies that it travels first to the left), is non zero, contrarily to the diffusive limit where both T (X)) vanish.
From this result we also obtain
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In the case where the bias is to the right (i.e. meaning here W(—oc0) — +oo where W (x) is defined in Eq. (8) of the
main text), we can safely take —L; — —oo and obtain our final result for the first mean passage time from x to X on
the infinite line in phase A, as given in the text [see Egs. (31) as well as (32)].
We now show that if there is a finite velocity V' in the large X limit, which can be extracted from the mean first
passage time as
T (x) 1

li —— 142

for arbitrary fixed x then it coincides with the one obtained in formula (23) of the text.
To show this we choose = 0, and we can also choose L; = 0, as it does not affect the (positive) velocity in the
large X limit. We obtain

1 1 2y Voodz oy [y fade
—T (0)~~ [ d * gt 143
x -0 X/o yvo—f(y)/o vt f(2)° i (143)

since T (X) remains bounded as X — +o00. Multiplying the numerator and the denominator by (vo+ f(y))(vo — f(2))
we obtain

_oy [v flw)du

1 1 (X 2y Yo dz ) VA
O 5 [t [ 0d 4 i — s - wsene T EG L

which we can then expand into the sum of four terms. One can check that the first term is exactly the first term
in (23). We can further show using integration by parts that the sum of the second and the third term gives the
second term in (23). Finally the fourth term vanishes in the large X limit, using again integration by parts. This
shows that the exchange of limits (large spatial period and large time) used to obtain (23) is legitimate.

F. Fully inhomogeneous model

All our formula extend easily to the case where the RTP velocity vy and transition rate v depend also on space
vg — vo(x) and v — y(z), with the same periodicity of period L. The model is now defined by the pair of Fokker-
Planck equations which generalise the Eqs. (12)

9Py = —0,[(f(x) +vo(@)) P] — 7(x) P +(x) P (145)
OhP- = ~0,[(f(x) - vo(e))P_] + 7(x) Py — (x)P-. (146)

We can now follow all the steps presented in the paper and check that they generalise straightforwardly to this fully
inhomogeneous case. Let us illustrate it in the case of phase A, |f(z)| < vo(x) (the phases A, B, C, D generalise
also straightforwardly and we assume that vo(z) > 0, v(z) > 0 for all ). The equations (13) still hold with the
substitutions vg — vo(x) and v — y(z). From them one obtains that the equations for the stationary distributions
now read

[(@)P(z) + vo(a)Qa) = J (147)
4B = @) 5 F@) ) @) 5
e (@) P(z) + Jvo(x)] + 2vg(x) J—2 v0(@) P(x)=0 (148)

where the second equation generalises Eq. (36). Solving it one finds that for J # 0, the formula (17) of the text for
the stationary distribution becomes

Bl — J Edu2~y(u)®_(z,u) [ e )
P() w2 (z) — f2(x) (/0 AL /0 du2y(u)®—(z,u) — f( )) (149)

with now @4 (z,u) = %ei(w(m)’w(“)) and Ay, given by (19), where from now on the definition of the “active

potential” (8) becomes

(150)
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The formula for the velocity Vp remains the same as (20) where one substitutes in the last term

W(L L @ . . w)vo () vo (1) e= (W @ =W ()
QV(L) =1/ dxm and the function ¥(z, u) is now ¥(z,u) = Q'zigzz‘;(ff)z‘(’i)))(vg(u)ifz(u)) .

Consider now the diffusion constant in the absence of a bias, i.e. W(0) = W(L). The equations (52), (53), (55),
(59) again still hold with the substitution vy — wvo(z) and v — (z). From (147), the equation for the stationary
distribution in the case J = 0 is slightly modified as compared to (68) and becomes

Pla) = Ao@) gt L /L __wl®) 2t (151)
U5(w) = /() i~ J TR@ - e
The equations (69), (70) and (71) still hold setting vy — vo(z) and v — (z). The equation (72) becomes
f*(2) — vi(x) Uo(m)} o fr ay s
0= — — 2 r(x)+c —2v(x)r(x) + Ae B —F2) 1592
dw[ O] AR (152)

Defining again (73), integrating and using the periodicity to determine the integration constant ¢, we obtain after an
integration by part, the following expression for the diffusion constant Dy in the fully inhomogeneous case at zero
bias

L2
2y (c)vo(x)  —2J5 dy 35 Wy)f@) vo() 2 [= a3 1)
(fo ﬁ ’ fo We 0 —12(v)

Note the non-trivial limit for the diffusion constant in the absence of an external force f(x) = 0 but in the presence
of inhomogeneities in the velocity and rate

Dy = (153)

L2
Dy = (154)

2y(x ’
(5 ao i) (I et
as given in Eq. (33) in the text.

For the mean first passage time, Eqgs. (131), (132), (134), (135), still hold with the substitutions vy — wvg(z) and
v — v(x). We need now to operate with £ on the left and right hand side of Eq. (135) divided by ~(x). This leads
to the following equation for Z_(z) = dT_ /dz, which generalises (136)

[30) — 0] 2+ [290) 1(0) = 2@ oate) + s | U 70 (155)
d 1
—~2(a) +9(@)n(e) + Fo) g |- ] (156)
This leads to
_dT- _ 2y(z) ’ 1 - L\ 2 0 ot
20~ =7 Lo o om0 1o
Hence we obtain
_ B () N Lo L s
T =T+ [ / dz<v0<z>+f<z> a%(z)) . 15

Substituting this form (158) in Eq. (135) we obtain T () and by imposing the boundary condition T (L) = 0, we
finally obtain

1 L 1 5 1 2 [L v((u))f(w Etu)
T_L:—+2/ d( - )e v ovgw—riw) 159
T U Rl AP e v o R T (159)

In presence of a bias to the right one can take the limit L; — —oo, which generalises the formula in the text.
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