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Abstract. Time correlations for KPZ growth in 1 + 1 dimensions are reconsidered. We
discuss flat, curved, and stationary initial conditions and are interested in the covariance
of the height as a function of time at a fixed point on the substrate. In each case the
power laws of the covariance for short and long times are obtained. They are derived
from a variational problem involving two independent Airy processes. For stationary initial
conditions we derive an exact formula for the stationary covariance with two approaches:
(1) the variational problem and (2) deriving the covariance of the time-integrated current
at the origin for the corresponding driven lattice gas. In the stationary case we also derive
the large time behavior for the covariance of the height gradients.
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1 Introduction

Because of novel experiments [48, 49, 50] and exact solutions (see surveys and lecture notes [10,
14, 26, 41, 44]), there is a continuing interest in growing surfaces in the Kardar—Parisi-Zhang
(KPZ) universality class [35], in particular for the case of 1 + 1 dimensions. The object of
interest is a height function h(z,t) over the one-dimensional substrate space, x € R, at time
t > 0, which evolves by a stochastic evolution. Examples are the KPZ equation itself, the single
step model, polynuclear growth, Eden type growth, and more. The spatial statistics, z +— h(x,t)
at large, but fixed time ¢ is fairly well understood. The typical size of the height fluctuations
is of order ¢'/3 and the correlation length grows as t2/3. The precise spatial statistics depends
on the initial conditions. Three canonical cases have been singled out, which are flat, step (also
curved), and stationary. On the other hand, our understanding of the correlations in time is
more fragmentary. For the point-to-point semi-discrete directed polymer, which corresponds
to curved initial data, Johansson [33] recently derived the long time asymptotics of the joint
distribution of (h(0,7t),h(0,t)), 7 fixed, ¢ — co. In an earlier work on the same quantity [20]
Dotsenko obtains a replica solution of the KPZ equation. In both cases the final result is an
infinite series, from which it seems to be difficult to extract more explicit information'. For us,
this state of affairs is one motivation to reconsider the issue of the KPZ time correlations.

*This paper is a contribution to the Special Issue on Asymptotics and Universality in Random Matrices,
Random Growth Processes, Integrable Systems and Statistical Physics in honor of Percy Deift and Craig Tracy.
The full collection is available at http://www.emis.de/journals/SIGMA /Deift-Tracy.html

'In [21] progress has been achieved recently at the level of joint distribution functions for curved initial data
in the limit 7 — 1.
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The most basic observable is the temporal correlation function
C°(to,t) = Cov(h(0,tp), h(0,t)) = E(h(0,t9)h(0,t)) — E(h(0,t))E(R(0,t)). (1.1)

Here the superscript © stands for the initial conditions, which are denoted by either “flat”,
“step”, or “stat”. In the stationary case the covariance depends only on t —tg. But for flat and
curved both arguments have to be kept.

The correlation (1.1) has been measured in the turbulent liquid crystal experiment by Takeu-
chi and Sano [50] and is also determined numerically by Singha [47] (for the step case) and Ta-
keuchi [48] in the closely related Eden cluster growth. The large t scaling behavior is reported as

where we ignored the model-dependent prefactors, see [50, Section 2.6] for more details. Thus
in the curved case the correlation of the unscaled height function does not decay to 0 for large ¢,
which is surprising at first sight. The rough explanation is as follows (see also [34]): In the flat
case the height h(0,¢) depends on the nucleation events in the backward light cone with base
points x such that |z| < t?/3 and so does h(0,to) with |z| < (t9)%/3. On the other side, in the
curved case the domain of dependence has the form of a cigar of width t2/3, resp. (to)g/ 3 since
at short times only the few nucleation events close to the initial seed are available. Estimating
the overlap in each case results in the distinct behavior as stated in (1.2).
In our contribution we consider the covariance

Co(1) = t723C° (rt,t)
rescaled according to the KPZ scaling theory. Thus one expects the limit
. o w0
Jim CF () = C°()

to exist. Without loss of generality one may set 0 < 7 < 1. To study C°(7), we consider
last passage percolation (LPP) as a particular model in the KPZ universality class. In this
model at zero temperature, the height function is represented through the energy of an optimal
directed polymer in a random medium, which is tightly related with the totally asymmetric
simple exclusion process (TASEP), see Section 2. We first obtain an expression for C°(7) based
on a variational problem involving two independent Airy processes. This looks complicated, but
we succeed in studying the power law behavior of C°(7) for 7 close to 0 and 1, see (2.4), (2.5).
In the first limit our result is in agreement with the behavior stated in (1.2). For stationary
initial conditions we even obtain the entire limiting C5%**(7). Proving our result mathematically
rigorously is technically difficult and goes beyond the scope of this paper.

An alternative approach comes from switching to local slopes, d,h(x,t), which are then
governed by a type of stochastic particle dynamics. For example, the slope of the single step
model is equivalent to the TASEP. The process t — 0:h(0,t) = j(t) is stationary and the
covariance Cov(j(t),j(t')) depends only on ¢t — ¢. In the particle picture Cov(j(¢),j(0)) is the
correlation of the current (density) across the origin. We argue that [, dtCov(j(t),j(0)) = 0 and
Cov(j(t),j(0)) =~ —|t|=*/3 for large |t|, see (3.9). Thereby we arrive at an expression for CS%t(7)
which is identical to the one obtained by the LPP method. In fact, C*%**(7) equals the covariance
of fractional Brownian motion with Hurst exponent % However, since the rescaled height
function is expected to converge to a limit with Baik—Rains distribution, the limiting height
process cannot be Gaussian (this is proven for a few models [7, 25, 27, 40]).

Our contribution consists of three parts. In Section 2 we investigate C°(7) in the framework
of directed polymers. In Section 3 we study the current time correlations for stationary lattice
gases and in Section 4 we report on Monte-Carlo simulations of the TASEP in support of our
theoretical findings.
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2 Variational formulas for the universal part
of the two-time distribution

As a model in the KPZ universality class we consider the totally asymmetric simple exclusion
process (TASEP). Particle configurations are denoted by 1 € {0, 1}%, where n; = 1 stands for
a particle at lattice site j and n; = 0 for site j being void. Particles jump independently one
step to the right after an exponentially distributed waiting time and subject to the exclusion
rule. Equivalently the exchange rate between sites j and j + 1 takes the form ¢;;11(n) =
n;(1 — nj41). The particle configuration at time ¢ is denoted by 7(t). Of central interest is the
height function, h(j,t), defined through?

J
O+ A —2m), ifj>1,
=1
h(j,t) = ¢ J(t), if j =0, (2.1)
0
J(t) = > 3 —2m(t)), ifj <1,
i=j+1

where J(t) is the particle current across the bond (0,1) integrated over the time interval [0, ¢].
Note that h(0,0) = 0. We study the TASEP because it allows for a simple mapping to last
passage percolation (LPP), which will be the main technical tool in this section.

We will study the three different initial conditions mentioned in the introduction:

(i) step initial conditions, n = 1z_,
(i) flat initial conditions with density %, n = loz,

(iii) stationary initial conditions with density %, L.e., n is distributed according to vy /3, where
v, is the Bernoulli product measure with density p.

Density % is chosen for convenience, since in this case the characteristic line has velocity 0.
For these three initial conditions we would like to understand the scaling limit

7 XO(7) = lim 2434713 (B0, 7t) — Lrt), (2.2)
which defines X°(7), 7 > 0, as a stochastic process in 7 (provided the limit exists). 7 is
a fraction of the physical time ¢ and the asymptotic mean has been subtracted. The fact
that the scaling (2.2) should give a non-trivial limit process is due to the slow-decorrelation
phenomenon, namely that along special space-time paths, fluctuations of order t1/3 occurs only
over a macroscopic time scale. The special paths are the characteristics of the PDE describing
the macroscopic evolution of the particle density [16, 22].

Up to model dependent scale factors, the limit processes are expected to be universal, meaning
that the limit is the same for any model in the KPZ universality class. In case the particular
initial condition has to be specified, a superscript is added as AsteP, xflat - ystat regpectively.
The one-point distribution of these processes is well-known [3, 4, 30, 40] and given by

P(X*P(1) < 5) = Fqug(s),
P(xM4(1) < 5) = Faor(2¥%s),
P(x*?(1) < s) = Fgr(s),

2In the literature the height function is mostly defined to be twice the one defined in this paper. As we will
discuss also the particle current, in our context it seems to be more natural to avoid unnecessary factors of 2
relating the two quantities.
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see Appendix A for their definition. We denote by {qug, cor, and &gr random variables
distributed according to GOE/GUE Tracy—Widom distribution and the Baik—Rains distribution
respectively.

For the spatial argument, the corresponding scaling limit reads

w = Yo (w) = tllglo —4/34=1/3 (h(w21/3t2/3,t) — 1) (2.3)

with w € R. For flat and stationary initial conditions, convergence has been proved in the sense
of finite-dimensional distribution [1, 9, 45]. For step initial condition weak*-convergence has been
proved in [32]. More specifically, one has V5P (w) = Ag(w) — w?, Y12t (w) = 21/3 .4, (272/3w),
and V5% (w) = Agtat (w), see also the review [23]. Again we refer to Appendix A for the definition
of these Airy processes.

In Section 2.1 we will argue that the joint distribution of X°(7) and A°(1) can be expressed
through a suitable variational formula, involving two independent copies of Y°(w), with o €
{step, flat, stat} depending on the cases. Unfortunately, it is not so straightforward to extract
some useful information from these formulas. Hence we first try to study the covariance

C(1) := Cov(X°(1), X°(1)) = E(X°(1)X°(1)) — E(X°(7))E(X°(1)).

The parameter 7 can be restricted to the interval [0, 1], since the case 7 > 1 is recovered by
a trivial scaling from the fact that X'°(7) is given through the limit (2.2). As will be seen from
the explicit formula for the stationary case or from the numerical simulation in the other cases,
for 7 away from 0, 1, C°(7) looks smooth and strictly increasing, but shows interesting scaling
behavior close to the boundary points of this interval. As one of our main results we determine
the respective scaling exponents. For 7 — 0 we obtain

CP(r) =O(r7),  C(7) = O(r?), 24)
and for 7 — 1 we obtain®

C™tP(7) = Var(équr) — 4 Var(&pr)(1 — 7)2 + 01 - 7),
et (1) = 273Var(¢gor) — LVar(gpr)(1 — 7)%2 + O(1 — 7). (2.5)

This implies that for the normalized correlation function A°(7) := C°(7)/C®(1) we have
A(r)=1-1-1P+0(1~-1)

as 7 — 1, where

Val“(fBR) £ Var(fBR)
step T TBBR) 707, cat — ~ (0.901.
2Var(§cuE) 2-1/3Var(¢cor)
For the stationary case, we obtain the exact expression
Cstat(T) _ Var(fBR)%(l + 723 _ (1— 7_)2/3)‘ (2.6)

The behavior close to 7 = 1 is based on the same reasoning in all three cases. As key ingredient
we use that the limit processes )° defined in (2.3) are locally Brownian [17, 27, 28, 39, 42]. Close
to 7 = 0, step and stationary initial conditions exhibit the same scaling exponent. Interestingly,
the ©(7%/3) behavior relies on two very distinct mechanisms: for the step it is due to the
correlations generated at small times, while for the stationary case it is due to the randomness
of the initial conditions.

3The coefficient in front of (1 — 7)%3 for the flat case was conjectured by Takeuchi in [49] and verified
experimentally in his context.
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2.1 TASEP and LPP

Let us first recall the relation between TASEP and LPP. A last passage percolation (LPP)

model on Z? with independent random variables {wij, i,j € Z} is the following. An up-right

path © = (7(0),7(1),...,m(n)) on Z? from a point A to a point F is a sequence of points in Z>

with m(k+ 1) —w(k) € {(0,1),(1,0)}, with 7(0) = A and n(n) = E, and where n is called the

length ¢(7) of m. Now, given a set of points S4, one defines the last passage time Lg, . as
LSA—>E = 7rH1143£>(E Z ww(k). (27)

A€Sy 1<k<(r)
Finally, we denote by mg'{*, p any maximizer of the last passage time Lg,,p. For continuous

random variables, the maximizer is a.s. unique.
For the TASEP the ordering of particles is preserved. If initially one orders from right to left as

o< 22(0) < 21(0) <0 < 20(0) <21(0) < -+,

then for all times ¢ > 0 also ,4+1(t) < zn(t), n € Z. The w; j in the LPP is the waiting time of
particle j to jump from site i — j — 1 to site i — j. By definition w; ; are exp(1) i.i.d. random
variables. Let Sa = {(u,k) € Z?: u =k + 24(0), k € Z}. Then

P(Ls,—(mm) <t) =P(n(t) >m—n).
Further, for m = n,
P(Ls,—nn) <t) =P(z,(t) > 0) =P(J(t) > n).
In particular, for the initial conditions under consideration, the set S4 is given by
(i) Step initial conditions: S4 = {(0,0)}.
(ii) Flat initial conditions with density 2: Sa = £ = {(i,4)|i+j = 0}.

(iii) Stationary initial conditions with density %: Sy = L is a two-sided simple symmetric ran-
dom walk passing through the origin and rotated by 7 /4. Using Burke’s property [11] one
can equivalently replace all the randomness which is above the random line £ but outside

the first quadrant by exponentially distributed random variables with parameter % only

along the bordering lines {(i, —1), ¢ > 0} and {(—1,4,), i > 0}, see [40] for more details.

See Fig. 1 for an illustration.

2.2 Step initial conditions

TASEP with step initial conditions corresponds to the point-to-point problem in the LPP
picture, see Fig. 1(i). In this framework, consider A, = (7t/4,7t/4) and I.(u) = A, +
u(7t/2)?/3(1,—1). Then as t — oo one has [8, 15, 32]

L — 7t
LA, T 7173 45(0),

92/341/3
Loosr,u — 7t 1/3 2
SOl lw) T 13 () — u?)
92/341/3 T ’
Liwy—a, — (L—=7)t - 2/3\2
22/13t1/3 ~ (1-— 7')1/3 [Ag (u7’2/3) — (u72/3) ],

where As and As are two independent Airys processes. These identities are understood for
fixed 7, where the first is convergence of random variables, while the last two identities hold
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3
D
3

0,0) " (1) step IC
(ii) Periodic IC

A

B

(iii)-(a) Stationary IC (iii)-(b) Equivalent to stationary IC

Figure 1. Last passage percolation settings corresponding to TASEP with (i) step, (ii) periodic and
(iii) stationary initial conditions. The random variables in the gray regions are exp(1) i.i.d., while in the
dark gray they are exp(2) i.i.d. In (iii)-(b) the blank regions at the boundary have a length which is i.i.d.
geometric of mean 1.

as processes in u. Also we introduced the convenient shorthand 7 = 7/(1 — 7). Using (2.2)
and (2.7) we thus conclude

L — 7t
step o 0—Ar
AT(r) = i = s

Therefore
XSP (1) = 713 A,(0)
and, using the relation Lo, 4, = maxy(Lo_1, (u) + L1, (w)—4,), also

Xstep(1> _ 7_1/3 méaﬁ( {AQ(U) - u? + 71*1/3./12(1”@2/3) _ u27A'}. (2.8)

Together these formulas are a tool for determining the joint distribution of X5%P(7), A'5tP(1).
Limit 7 — 0. First of all, as 7 — 0, as a process in u,

#713 (Ay (ur?) — As(0)) ~ V2B(u), (2.9)

where B is a standard Brownian motion [17, 28, 39] (with standard meaning with normalization
Var(B(u)) = u). Further, for the two terms proportional to u?, the right term is of order 7
smaller than the left one. Therefore the maximum in (2.8) is taken at u = ©(1) and consequently
as 7 — 0 we have

CStep(T) _ C()V()(step<,r)7 XSteP(l))
~ 7,2/3(30‘,(“42(0)7 T&? {Ag(u) —ur 4+ \@B(u)} + %*1/3fl2(0))7
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where the processes Ay and B are independent, and B is independent of A3(0). Since As(0)
and Aj(0) are independent, their covariance is zero.

To understand what happens, we rewrite the expectation in the covariance as the expectation
of the conditional expectation with respect to the Brownian motion B, namely

Cov(A2(0) , 08X {As(u) — u® + V2B(u)})
= E[COV(AQ max{.Ag —u? +\/§B(U)HB):|
For typical realizations of B, the maximum is reached for u of order 1 (for B = 0 there is an
explicit formula, see [2, 37, 46]). On the other hand, the random variables ma]é((- --) and A2(0)
ue

are non-trivially correlated. Therefore we conclude C5%*P(7) = ©(7%/3) as 7 — 0.

Remark 2.1. In the LPP picture, the fact that the maximum is obtained for u of order 1 is
a consequence of the constraint that the polymer maximizing Lg_, 4, starts at the origin.

Remark 2.2. We have
Cov (.Ag , max {Az(u) — u® + \/§B(u)}>

= ]E(,Ag max {As(u) —u® + \@B(u)}), (2.10)
where we used the fact that E(Aga:(0)) = 0 and the identity [43]
X5 (1) = Ay (0) £ max { A (v) — % + V2B(v)} (2.11)

in distribution, where the Airy, process As and the Brownian motion B are independent. The
joint distribution of the two random variables in (2.10) might be obtained analytically from the
formulas in [33] and [20].

Limit 7 — 1. In this case, the maximum in (2.8) is achieved for u = ©((1 — 7)?/3) as can
one see for instance by symmetry of the point-to-point problem. Therefore let us set v = u72/3
so that now

A1) = (1= 1) ma {71245 (07 72%) — 027! 4 (Aa(v) =) }. (2.12)

To argue about the behavior for 7 — 1, we will use the convergence of the Airys process to
Brownian motion (see (2.9)) and we use the identity

Cstep(,r) — lvar(Xstep( )) lvar()(step( )) - lE((Xstep( ) o Xstep(l))Q)
— (1 —I—T2/3)Var(XStep ((Xstep Xstep( ))2)
Now, by (2.12) and X5*P(7) = (1 — 7')1/3%1/3A2(0), we have
XSTP(1) — XS*P(1) = (1 — 7‘)1/3 max {7‘1/3 [AQ( 2/3) — .AQ(O)] + Ay (v) — U2(1 + %_1) },

veER

where A5 and .,Zlg are independent Airys processes. In the 7 — 1 limit, using (2.9) the first term
becomes v/2B(v) and since the maximum is obtained for v of order one, the term v2#~! should
be at most a correction of order O(1 — 7). (2.11) gives us

CP(7) = (14 72/3) Var(X*P(1)) — 5(1 — 7)*3Var(A52(1)) + O(1 — 7),
where we used the property that Agat(0) has mean zero.

Remark 2.3. To make the present result into a theorem one has to control the convergence
of the Airy process to Brownian motion. In recent work in progress, Corwin and Hammond
establish rigorously the behavior close to 7 = 0 and 7 = 1 for the point-to-point problem [18].
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2.3 Flat initial conditions

TASEP with flat initial conditions corresponds to the point-to-line problem in the LPP picture,
as illustrated in Fig. 1(ii). Consider A, = (7t/4,7t/4) and I,(u) = A, + u(rt/2)*/3(1, -1).
From [9, 15], we know that by setting ¢ = 21/3 in the ¢t — oo limit we have

Lpsa, — 71t
22/341/3
LE—)IT(u) -7t
22/341/3

~ /3 41(0),
~ cr'/3 Ay (c_Qu),

L — (-7t ~
IT(U)—2>124/13t1/g nt (1= 7) B[ Ay (up??) — (us?/3)?],

where the Airy; process A; is independent of the Airys process As. As before, the first identity
is understood for fixed 7, while the last two identities hold as processes in u. We have

L — Tt
flat _ : EﬁAT
A(r) = Jim = s

and thus
X090 (r) = /3 44 (0).
Further, using the relation L4, = maxy,(Lz 7, (u) + L1, (u)—4, ), We obtain

Xﬂat(l) = 713 mea]éc {c.A1 (C*QU) + %71/3.[12 (ui'Q/g) — u27°}.
u
Limit 7 — 0. Unlike for step initial conditions, this time the quadratic term responsible for
the localization of the maximizer over a distance of order 1 (in the u variable) is absent. This
implies that the maximization no longer occurs for u of order 1. Rather, from [31, 37] we know
that the point-to-line maximizer starts from the line £ at a distance of order t2/3 from the origin.
As a consequence the maximization will occur typically at values u = ©(7~2/3). Therefore

C’ﬂat(T) — 72/3Cov <.A1(0), rggﬁc {cA1 (c_Qu) + %_1/3/12 (u%2/3) — u2%}>

_ 7’2/3E [COV(Al(O),IT?Eaﬁ({CA]_ (C_2u) + 7A_—1/3./212(,LL7A_2/3) _ u2%}> ’./Z(Qi|

To understand the behavior at small values of 7 of the covariance between Xf12t(7) and A2t (1),
we need to consider the following two cases (see Fig. 2 for an illustration).

(1) Realizations of Ay such that the maximization occurs for u > 1. In this case, since the
covariance of the Airy; process A; decays super-exponentially [6], the covariance conditioned
on those events goes to zero faster than any power of 7.

(2) Realizations of Ay such that the maximization occurs for u = ©(1). In this case, the
covariance conditioned on those events is of order @(7‘2/ 3) by the same argument as for step
initial conditions. The only minor difference is to replace As(u) — u? by cA;(c2u).

The first situation occurs with probability of order 1—©(7%/%), while the second case only with
probability @(72/ 3). This is due to the superdiffusive transversal fluctuations of the maximizers
(compare with the point-to-point transversal fluctuations in Poisson points see [31] and [5,
Section 9] for a refined result). Therefore as 7 — 0,

Mt (r) = Cov(X (1), X(1)) = ©(r"/3).
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(i) Step IC (ii) Periodic IC
Figure 2. The maximizer of the LPP for A, is denoted by 7, and for A; by ;. The LPP for A; can be

decomposed in the LPP to the dashed line and the one from the dashed line to A;. For periodic initial
condition, the probability that 7, and 7, merges is expected to be of order ©(r%/ 3).

Limit 7 — 1. We use the same argument as for the step-initial condition. (2.12) is replaced

by

A1) = (1= 7)o max {71741 (0772%) + (Aa(v) —0?) }.
Thus we get

M () = L (14 72/%) Var (21(1)) — 4B((A™ (7) — 27(1))?).
Now,

A () = X% (1) = (1= )P max {712 [ Ay (v772) = A1 (0)] + Ao (v) — 0%},

where the two Airy processes, A; and Aj, are independent. Using the property that the Airy;
process is locally Brownian [42], one concludes that

CMet(r) o 2(1 4+ 723) Var (X194(1)) — 3(1 — 7)?BVar (X5 (1)) + O(1 — 7).

2.4 Stationary initial conditions

For the stationary initial conditions we employ the LPP with boundary conditions, see
Fig. 1(iii)(b) for an illustration, and denote the corresponding maximal last passage time by L5.
Let A, = (1t/4,7t/4) and I, (u) = A, 4+ u(rt/2)?/3(1,~1). Then from [1, 29] we know that in
the limit ¢ — oo one has

1361+A¢ -7t
22/341/3
LB — 7t
0—1I-(u)
22/3¢1/3

L r(u)—A1 — (1 — T)t T ~ ~
- )22}%1/3 ~ (1= 1) [Ay (ur??) — (U72/3)2],

x~ 71/3Astat(0)7

=~ Tl/gAstat (u) 5

where the processes Agiat and Ag are independent. As before, the first identity is understood
for fixed 7, while the last two identities hold as processes in .
Further it holds

X(r) = lim 22313 X9 (1) = 75 Agar 0),
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Figure 3. The maximizer of the LPP to A,, A; are denoted by 7, m respectively. C; and C, are the
points where the maximizers leaves the axis.

and, using the relation LOB—>A1 = maxu(LgﬁlT(u) + L1 (w)—4,), We obtain
Ast(]) = r1/3 max {Astat(u) + 7713 4, (u%2/3) — uQ%_l}. (2.13)
ue

Limit 7 — 0. In the LPP picture with boundary terms, denote by C7 and C; the sites on
the boundary at which the maximizers of Ly _1)_ 4, and L(_; 1) 4, enter into the positi-
ve quadrant. Similarly to flat initial conditions, the maximizer in (2.13) is attained for w of
order ©(772/3).

However, this time the correlations do not decay super-exponentially. We have
CStat (7—) = T2/3COV (Astat (O)a maﬂ%{ {Astat (’LL) + 72_1/3“212 (U%2/3) - uzf})
ue

= 7'2/3E [COV (Astat (0), I}ngﬂ}{( {-Astat (’LL) + %—1/3/{2 (uf—2/3) — u27A'}> ‘./Zl2j| .

To understand the behavior for the covariance of X' (7) and X (1) at small values of 7, we need
to consider the following two cases (see Fig. 3 for an illustration).

(1) Realization of Ay such that the maximization occurs for u = ©(1). The same argument
as for step initial conditions indicates that the covariance conditioned on those events is of
order ©(72/3). Since these events occur with probability of order ©(72/3), the overall contribution
is of order O(7%/3).

(2) Realizations of Ay such that the maximization occurs for u > 1. This event occurs
with probability 1 — ©(7%/3). The maximizers of L(—1,-1)-a, and of L_; _1)_, 4, use disjoint
background noise, except for the randomness on the boundaries (in case they are at the same
boundary). Thus in this case the covariance of the LPP to A; and A; should be as the covariance
of the LPP to C7 and C; at leading order.

With this reasoning, one expects that

Cstat(T) — COV(XStat(T), Xstat(l))
~ O(1) max {74/3, t_2/3Cov(L(_1’_1)_>CT, L(—l,—l)—>01)}-

Since the LPP on the boundaries is merely sum of iid random variables, by the central limit
theorem, in the ¢ — oo limit,

VL sy = 2B@), TPL (s = 2B(=),
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where x +— B(z) is a two-sided Brownian motion with constant drift. For its covariance,
Cov(B(z),B(y)) = lJr%n(m’)min{hc], ly|} independent of the drift. Finally, since |Cy| ~ t2/3
and |C;| ~ (7t)%/3, we obtain

C5** (1) ~ ©(1) max {7'4/3,72/3} = @(7'2/3).

Entire 7 interval. The argument used to determine the 7 — 1 limit in the step and flat
initial condition case, can be used to derive a formula for the covariance in the stationary case.
(2.12) is replaced by

A1) = (1= 1)V man {715 Aggag (07 72%) + (Aa(v) —0%) }.

Thus we get
CStat(’T) — %(1 + 7_2/3)var(Xstat(1)) o %E((Xstat(,r) . XStat(l))Q),
But now

XSt (r) — stat(1) = (1 — 7)V/3 max {713 [ Astar (07 7%) = Agtar(0)] + Az (v) — 0*},
ve
where the two Airy processes, Astar and Ag, are independent. For Airyg.; the increments are
not only locally Brownian, but exactly Brownian. More precisely,

#1753 [ Aggar (vF23) = A (0)] £ V2B(w),
where B is a standard Brownian motion. Then, using the identity (2.11), we obtain
O (r) = S(1 4+ 7% — (1 — 7)) Var (x124(1)) (2.14)

for0<r<1.

3 Current covariance for stationary lattice gases

The height function h(0,t) of the TASEP is identical to the time-integrated current across
the bond (0,1), denoted by J(¢) in (2.1). This suggests to study the covariance of the same
observable for a more general class of one-dimensional lattice gases. The mapping to LPP is
then lost. On the other hand, in case of stationary initial conditions, one can exploit the local
conservation law for the particle number together with space-time stationarity to obtain some
information on the current covariance. Thereby we extend the validity of (2.14). The covariance
of J(t) is identical to the one of fractional Brownian motion in the scaling limit. For reversible
models the Hurst parameter is H = %, while for non-reversible lattice gases H = % In fact,
for reversible models it is expected, and proved for particular cases [19, 38], that as a stochastic
process J(t) converges under the appropriate scaling to fractional Brownian motion, which is
a Gaussian process. Such a result cannot hold in the non-reversible case, since the large ¢
distribution of J(t) is Baik—Rains, as proved for a few models [7, 25, 27, 40].

We consider exclusion processes on Z, for simplicity with nearest neighbor jumps only.
They are defined as a generalization of the TASEP by allowing for an arbitrary exchange rate
¢jj+1(n) > 0. For the ASEP the exchange rates are ¢; j+1(n) = pn;(1 — nj41) + ¢(1 — nj)n41
withp4+q¢g=1,p= % being the reversible SSEP. We assume that c¢; ;41 has finite range and
is invariant under lattice translations. The generator, L, of the corresponding Markov jump
process is then defined through

Lfm) =Y cjgam)(f () = f(n)

JEZ
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acting on local functions f, where n/7*! denotes the configuration n with occupancies at sites j
and j + 1 exchanged.

We start the dynamics in the steady state. For reversible models, by definition there is
a finite range translation invariant energy function, H, such that

¢ gr1(n) = ¢j a1 () e WO =H ),

For given average density, 0 < p < 1, there is a unique stationary measure, p,, satisfying
fp = upeLt. fp is the Gibbs measure for H — /]Zj 75, where the chemical potential i has to be
adjusted such that the average density equals p. On the other hand, for non-reversible lattice
gases one immediately encounters the long-standing problem to prove the existence of a unique
stationary measure at fixed p. Here we simply assume such a property to be valid, including
the exponential space-mixing of 11,. We use E(-) as a generic symbol for the process expectation
and (-), as expectation with respect to p,. For the ASEP the steady state is Bernoulli and
obviously our assumptions hold.

Let us consider the empirical current across the bond (j, j + 1), denoted by j; j4+1(t). This is
a sequence of d-functions with weight 1 for a jump from j to j+ 1 and weight —1 for the reverse
jump. The time-integrated current across the bond (j,j + 1) is then

t
Jj,j+1(t)—/0 dsjji+1(s)

with the convention J(t) = Jo1(t), j(t) = jo,1(t). The average current reads E(j(t)) = (co,1(n)(no—
M), = j(p). We also introduce the stationary covariance

S(j,t) = Cov(n;(t),m0(0)) = E(n;(t)no(0)) — p*.

There is a sum rule which connects S with the variance of J(t),

Var(J(t) =Y 315G, t) = Y _ 131534, 0). (3.1)

JEZ JEL

The proof is deferred to Appendix B.
Since J(t) has stationary increments, it is convenient to study the correlations of the incre-
ments dJ(t) = j(t)dt. As discussed in Appendix B, the covariance is given by

Cov (j(t),j(t")) = {co1)pd(t —t') + h(t —t').

For the continuous part we first define the generator of time reversed process, LY, through
(f(Lg)), = (LR f)g),. Its exchange rates are given by

R i (7011
Cj,j+1(77)=7p ) Cj,j+1(17

)
to(n

Hence the current function across the bond (7,7 + 1) equals

rig+1(n) = ¢ji+1(m) (N5 — Nj+1) (3.2)
and the time-reversed current function equals
R R -
riir1(m) = ¢ 77 ) (05— ).

They satisfy (rjj+1)p = —<rﬁ”j+1>p. Then

h(t) = (5 — 3(0)e™ (o1 — §(p))),.
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3.1 Reversible models

While our focus is on non-reversible models, it is still instructive to first explain how fractional
Brownian motion appears for reversible lattice gases. Then Tﬁj 41 = 7jj+1(n) and the smooth
part h(t) simplifies to

h(t) = —(co1(n) (o — m)eeo1(n) (0 — m))p

see Appendix B. Since L is a symmetric operator in the Hilbert space L2({0,1}%, ), there
exists a spectral measure v of finite mass such that

h(t) = — /OOO v(d\)e A, (3.4)

In particular, h is monotonically increasing with h(0) = —{co1(n)*(no — m1)?), and h(co) = 0.
From hydrodynamic fluctuation theory [12, 13], one knows that S(j,t) broadens diffusively as
S(j.1) = x(DH) "2 fa (D)%) (3.5)

with fg the standard Gaussian, D a diffusion constant depending on p, and the susceptibility

JEZ

Hence, using (3.5) for large ¢,

15180 t) 2 XD [ dolalfe(o)

JEZ

Now,

Var(J(t)) = (co,1)pt +/0 ds/o ds'h(s —§).

The sum rule (3.1) implies a variance of order /. Thus to cancel the leading behavior propor-
tional to ¢, one must have

/ dth Co 1>

Substituting in (3.1), one arrives at

x/Rdxr:dfG( )(Dt)V2 = /ds/ duh(u

which implies
Bt) = —cot ™2, o= 1DV2y / dalz| fo (). (3.6)
R

The current correlation is negative and decays as —|t|=3/2.

With this information, one can now determine the covariance of J(t),

Cov(J(t)J(r // dsds’ (/duh s—s')—h(s—s')>
= /O ds< / ds'h(s') — /T:_:ds’h(s’)> (3.7)

with 0 < 7 < 1. We insert the asymptotics from (3.6) in the form —co(c; + Dt)~3/2. Then
Cov(J(t)J(t)) ~ (1 + /2 (11— 7)1/2)(Dt)1/2x/ dzxfa(x)
0

for large t, which one recognizes as the covariance of fractional Brownian motion with Hurst
parameter H = %.
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3.2 Non-reversible models, zero propagation speed

For reversible lattice gases the average current j(p) vanishes and a localized perturbation stays
centered, compare with (3.5). For non-reversible models the average current does not vanish, in
general. A small perturbation of the steady state will propagate with velocity v(p) = j'(p), which
generically will be non-zero. The correlator is centered at v(p)t. If v(p) # 0, then the sum rule
implies that Var(J(t)) ~ /¢, indicating that J(t) will be close to a Brownian motion. Fractional
Brownian motion can be seen only when the current is integrated along the ray {z = v(p)t}. To
properly implement such a notion requires extra considerations, which will be explained in the
next subsection. For this part we assume v(p) = 0. For the ASEP j(p) = (p — q)p(1 — p) and
our condition holds only at p = %

Secondly non-reversible models are in the KPZ universality class and the covariance is ex-
pected to scale as

S(j,t) ~ x(T't) ™3 fxpz (Tt)72/%5) (3.8)

with T' = £x?(5”(p)| according to KPZ scaling theory [36]. From the sum rule (3.1), again we
infer that

/ dth(t) = *<CO,1>p
R

with h(t) given by equation (3.3). Thus, substituting (3.8), one arrives at

t )
N /R d |z fcpn (@) (D23 ~ —2 /0 ds / duh(u),

which implies
Bty = —cot 3, ey = 112y /R d |z fpn (). (3.9)

The current correlation is negative and decays as —|t|_4/ 3. The full covariance is obtained by
the same scheme as above, see (3.7), with the result

Cov(J(t),J(rt)) ~ $(1+ 723 — (1 - 7)2/3)(rt)2/3x/Rdxmepz(x) (3.10)

valid for large t. We recognize the covariance of fractional Brownian motion with Hurst pa-
rameter H = % Note that the Hurst exponent for the driven lattice gas is larger than the
reversible value %. Nevertheless, the process X*'3(7) is not a fractional Brownian motion, since
its one-point distribution is known to be non-Gaussian. The non-universal prefactors in (2.6)
and (3.10) look different. But they have to agree because of the sum rule (3.1). As explained
in Corollary A.6, their equivalence can also be verified directly from the definition.

Our argument is on less secure grounds than in the reversible case. Firstly, the scaling (3.8) of
the correlator is proved only for the TASEP. Even then, no spectral theorem in the form (3.4) is
available. But if for TASEP at density 3 the current correlator h(t) is assumed to be increasing,
then (3.10) holds in the limit ¢ — oco. In Section 4 we display the results of Monte Carlo
simulations for the TASEP at density % They very convincingly confirm h(t) < 0, strict
increase, and —t~%/3 asymptotics, see Figs. 7 and 8. For density % the theoretically predicted
parameters are I' = v/2 and ¢o = 0.02013. . ..
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3.3 Non-reversible models, non-zero propagation speed

We first have to generalize the sum rule to a current integrated along the ray {z = vt}, where for
notational simplicity we assume v > 0. As a start-up this will be done for the more transparent
case of a continuum stochastic field u(x,t), which is stationary in time and, for each realization,
satisfies the conservation law

ou(x,t) + 0. T (x,t) = 0. (3.11)

The random current field J(z,t) is also space-time stationary. Without loss of generality we
assume E(u(z,t)) = 0, E(J(x,t)) = 0. (3.11) implies that (—u,J) is a curl-free vector field
on R2. Thus there is a potential, resp. height function, defined by

h(y,t) :/0 dsJ(0,s) _/Oy dzxu(z,t), (3.12)

where y > 0 in accordance with v > 0. h(y,t) does not depend on the choice of the integration
path. In particular, one can integrate along the ray {x = vt}. Then

h(vt,t) = /0 ds(TJ (vs, s) — vu(vs, s)).

Along the ray {x = vt} the current is given by s — J(vs, s) — vu(vs, s), which is a stationary
process in s and integrates to h(vt,t).
As before, we define S(z,t) = Cov(u(x,t),u(0,0)). Then the sum rule (3.1) generalises to

Var(h(y,t)) = /dx]y —z|S(z,t) — /daz|x5’(:c,0), (3.13)

see Appendix B. If S(z,t) is peaked at vt, then the variance of the time-integrated current with
end-point (vt,t) reflects the anomalous peak broadening.

For lattice gases the position space is discrete and one has to adjust the scheme. We denote
by Jjj+1([t’,t]) the current across the bond j,j + 1 integrated over the time-interval [¢',¢]. The
height h(y,t), y € Z4, is defined in analogy to (3.12) as

y
h(y7t) = JO,I([Oat]) - an(t)
j=1
The path from (0,0) to (0,%) to (y,t) is deformed into a staircase with step width 1. Then
hy: vy Z = Ji-13([5G = 1,33]) = mi (59)-

{Xj,j € Z} is a stationary process and sums up to h(y, %y)
The sum rule (3.13) remains valid in the form

Var(h(y, t)) = 17 = ylSG.¢) = Y lilS(,0

JEZL JEZL

The covariance has the scaling form

SGG, 1) = x(TH 3 fipn (P23 — v(p)t)). (3.14)
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Now all pieces are assembled. In the definition of X; we set v = v(p). Then the sum rule yields

Z COV(X(), Xj) = 0,
JEZ

and using the scaling form (3.14) of S(j,t) one arrives at
Cov(Xo, X;) ~ —|j|~**

for large |j|. Then as before one concludes that

Cov (h(v(p)t, t), h(v(p)Tt, 7)) =~ L (1 4+ 723 — (1 — 1)2/3) (1) 3 /R dz|z| fxpz (z)

in the scaling regime.

Considering arbitrary space-time rays provides a more complete picture of the current fluc-
tuations than merely considering the current across the origin. There is a special direction of
slope v(p)~1, along which the covariance is the same as that of fractional Brownian motion with
Hurst parameter H = % For any v # v(p), the time-integrated current behaves like a Brownian
motion.

4 Numerical simulations

To have numerical support of our results we rely on Monte Carlo simulations. As for most of
the theory part, we consider the TASEP at density % From previous works [24] it is known
already that the one-point distribution of the rescaled time-integrated current converges quite
fast to the asymptotically proven GUE/GOE Tracy-Widom distributions. Thus similar good
convergence is expected for the covariance and the current-current correlation.

In the first set of simulations, we consider the three initial conditions discussed in Section 3
and run the process until time ¢ty = 10%. We measure the vector of the integrated current at
the origin J(7tmax) for 7 € {1/100,2/100,...,99/100,1}. We then rescale the current process
as (2.2) and compute numerically the covariance. To facilitate the comparison of the different
initial conditions, we divide by the value at 7 = 1. Therefore in the figures below we plot

7 — Cov(X°(7), X°(1))/Var(X°(1)).

Since tmax = 10% is large but not equal to infinity, we computed for comparison the same
quantities for tmax = 10% and plotted the numbers with a red dot. For the step and periodic
initial conditions we compute the numerical fit in the first and the last 10 of data according to
the scaling exponent derived heuristically in Section 3.

Step initial conditions

For step initial conditions, the number of Monte Carlo trials is 2 x 106 for tax = 103 and 6 x 10°
for tmax = 10%. The fit functions in Fig. 4 are 7 — 0.657%/3 and 7 — 1 — ¢s*P(1 — 7)2/3 —
0.21(1 — 7).

Periodic initial conditions

For periodic initial conditions, the number of Monte Carlo trials is 108 for ¢t = 103 and 4 x 10°
for tmayx = 10, The fit functions in Fig. 5 are 7 — 0.977%3 and 7 — 1—cl2(1—7)%/3-0.23(1—7).
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Figure 4. Plot of 7 — Cov(X5%*P (1), X5%P(1))/Var(X®*P(1)). The top-left (resp. right-bottom) inset is
the log-log plot around 7 = 0 (resp. 7 = 1).
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Figure 5. Plot of 7 — Cov(X!at(r) xfat(1))/Var(X2t(1)). The top-left (resp. right-bottom) inset is
the log-log plot around 7 = 0 (resp. 7 = 1).

Stationary initial conditions

For periodic initial conditions, the number of Monte Carlo trials is 3 x 10° for tmax = 103 and 10°
for tmax = 10*. The fit functions in Fig. 6 is obtained from (3.10) by normalization, namely
T %(1 + 723 — (1 —1)%/3).

For the stationary initial conditions, we also simulated the current-current correlations. To
measure its smooth part h(t), defined in (3.3), the TASEP is run up to time ¢ = 50 with 50 x 10°
Monte Carlo trials. The results are displayed in Figs. 7 and 8. The predicted power law of t=4/3,
including its prefactor, is convincingly confirmed.

A Scaling functions and limiting distributions

We recall the definitions of the GUE/GOE Tracy-Widom and the Baik-Rains distribution
functions as well as the scaling function fxpz used for the two-point function.

Definition A.1. The GUE Tracy—Widom distribution function is defined by

_1 n
FGUE(S) = det(]l — KQ,S)LZ(R+) = Z ( n') /R dry - /R dx,, det [KZS(x“xj)]lgi,jgn
: + +

n>0

with the kernel Ky s(2,y) = [ dAAi(z + s+ MAi(y + s+ ).
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0.0 0.2 0.4 0.6 0.8 1.0

Figure 6. Plot of 7 — Cov(X5%(7), X5%%(1))/Var(X*%(1)). The top-left inset is the log-log plot
around 7 = 0 and the right-bottom inset is the log-log plot around 7 = 1. The fit is made with the
function 7 — (14 72/3 — (1 —71)2/3).
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Figure 7. The smooth part of the current-current correlations for TASEP. We plot —h(t) and the
theoretical large time behavior (3.9), namely 0.02013 - ¢=4/3.
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Figure 8. Log-log plot of the smooth part of the current-current correlation for TASEP.

Definition A.2. The GOE Tracy—Widom distribution function is defined by

—1)n
Feor(s) = det(L — K1) 2, ) = Z ( n') / dzy - / dan det [Ky s (2, 25)| <; <y,
n>0 o JRt Ry

with the kernel K s(z,y) = Ai(x +y + s).
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Definition A.3. The Baik—Rains distribution function is defined by

Fgr(s) = i(FGUE(S)Q(S))7

where ¢(s) is given as follows

o) =s+ |

where Py is the projection onto (s, 00) and

dedyAi(z +y+ s) — /2 dxdy®g(z)(1 — POKQ’SPO)_l(l', Y)Vs(y),

2
+ R

By(z) = /R dyKos(m,y),  Ua(y) =1 — /R dzAi(z 4y + 5).
+ +

Definition A.4. The KPZ scaling function fxpz is defined by

; ()—132/ 24F, (s)
wez(w) = 1505 [ 5 dFu(s),

where

Fyu(s) = aas(FGUE(S +w?)g(s +w? w)),

where g(s,w) is given by

g(s,w) = /3 ( / dadye” ™V Ai(z +y + s) + / dxdy%,s(x)ps(a:,y)\vw,s(y)).
_ R

2
+

Here, py(z,y) = (1 - PyKa Py) " (x,y), and
Boo(z) = / LTI Ky (2,2),  Wasly) = / dzc" Ai(y + 2 + 5).

The scaling function fxpz(w) is even with [, dw fxpz(w)|w| = 0.287599.... Remark that

9(s,0) = g(s).
Here is another identity that allows us to compare the two formulas obtained for the stationary
case.

Lemma A.5. It holds
1
/ dz|x| fxpz(x) = §Var(§BR).
R
Proof. Using the above definitions and the fact that fxpz is an even function, we have
d N o dss® o F, 2 2
A x|z| fxpz(z) = B i xx@ A 58 @( GUE(S—I—x )g(s—i—x ,x))
= 1/ dss28—2 /Oo dxxa—Q(FGUE(s +2%)g(s + 2%, 7))
2 R 882 0 8332 ’

1 5 02 1
=3 Rd.ss @FGUE(S)g(S,O) = §Var(£BR),

where in the third step we use integration by parts twice and in the last step the fact that
E(¢gr) = 0. |
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Corollary A.6. For the stationary TASEP, the prefactors in (2.6) and (3.10) are identical.

Proof. For TASEP with stationary initial conditions and density 1/2, the parameters in (3.10)
are x = 1/4 and I' = v/2. Rescaling h(0,t) = J(t) as in (2.2) we get from (3.10)

Cov(A24 (1), A0 (1)) = 5 (1+ 7% = (1 = r)2/%)212/%x [ dola fcpr(a)
R
- % (1+ 7% = (1= 7)**) Var(épr) = (2.6),

where we used Lemma A.5 in the second equality. |

B Sum rule and current-current correlations

B.1 The sum rule

We prove that

Var(h(y,t) = > 1j = y1S(,) = > 171S(,0

JEZ JEZ
We use the definition (3.12). Expanding out the square yields the terms (I), (II), and (III). Let
us introduce the short hand ) g;7;(t) = n(g,t) and correspondingly » f;J; i+1(t) = J(f,1).
JEZ JEZ
By the conservation law,

Cov(n(f,t),n(g,t)) = COV(J(E)T@f, t), J(g, t))

with (9f); = fj+1 = fj-
Choosing g; = dpj and f; = |j|, hence (910 f); = —20y;, one arrives at

(1) = Var(Jo1 () = 5 Y 13(S( 1) + S(=3,t) — 25(5, 0)),

JEZ

where we used stationarity in j. Next we consider the cross term starting from

Cov(n(f,t),n(g,0)) = —Cov(J(f,t),n(0"g,0)).

Choosing fj = 6, and —9Tg as the indicator function of [1,...,y] yields

(II) = _2COV(Jy,y+1( ) 8 ga = 229] Jyt) — S(y - ja 0))
JEZ
Finally
Y Y
(ID) =Y ) " S(j —14,0).
7j=11:i=1

Summing all three terms establishes the claim.
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B.2 Current-current correlation

One can think of j; j1+1(t) as a point process with weights 1. Then the covariance has a self-part,
proportional to §(¢t — t'), and a continuous part. Such a decomposition holds also for current
correlations. We first consider the self-part and introduce the short hands ¢; = 7;(1 — nj41),

3 = (L =ni)njt1, ¢;(n@) = q;(t), Jjj41([s,t]) = Jjj41(t) — Jjj41(s) for 0 <'s < £. Note that
4j = qj = nj — Nj+1- Then

lim 61 (i1 ([t ¢+ 0]) T 41 ([t + 0))
= lim VB ((6s()a: 0+ 0) = ()it + )05 (T (¢ +0) = G5(1)g;(t +)))
=09 Lq:3 + 43Lqiq; — 43 Laiq; — 49;L4id;)p = 0ij{(cjj+1)p-
By the same method the continuous part is obtained as
limy 02 E (i1 ([s,s + )T 11([t, + )
= %1_1)% §E((qi(5)@i(s + 6) — @il(s)ails + 6)e" = "0r; 11 (n(s + 6)))

R L(t—s)

= ((mi — 771;+1)Ci,z‘+1(6L<t_s)7“j,j+1)(nj’j+1)>p = —(riipe 7“j,j+1>p-

Here rl-{{i 41 18 the reverse current defined by
R fus (1) >
() = =i (7)) (g — nj4)-
s (1)

Hence

E (jii1(8)ig4+1(8)) = (ej+1)000,50(5 = 8) = (rfiae™™rjj0n) .

In particular,

Cov(j(s),i(1)) = E(i(s)i(t)) = j(p)* = (co1)pd(s —t) + h(s — 1),

where
ht) = —((rfy — j(p))e ! (ro s — j(P))>p-
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