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Abstract

In the setting of non-reversible Markov chains on finite or countable state space, exact results
on the distribution of the first hitting time to a given set G are obtained. A new notion of
“conditional strong quasi stationary time” is introduced to describe the local relaxation time.
This time is defined via a generalization of the strong stationary time. Rarity of the target set
G is not required and the initial distribution can be completely general. The results clarify the
the role played by the initial distribution on the exponential law; they are used to give a general
notion of metastability and to discuss the relation between the exponential distribution of the
first hitting time and metastability.

Keywords First hitting - Strong stationary time - Metastability

1 Introduction

The distribution of the first hitting time 7 to a goal set G, is a classical topic widely discussed
in the literature. In particular (see for instance [1-3,14]) it is well known that under suitable
“rarity hypotheses” for the target set G and for a suitable starting measure «, the hitting time
¢ is approximately exponential.

In this paper we study the distribution of the hitting time in the general setting of non-
reversible, ergodic Markov chains, starting from an arbitrary initial distribution o and we
prove an exact (non-asymptotic) representation formula for P (‘Eg > t) in terms of a new
notion of “conditional strong quasi-stationary time”” (CSQST in the following). We apply this
representation formula to obtain a very detailed control on the exponential approximation of
the exit law in terms of the ratio between a local relaxation time, related to the CSQST, and the
hitting time 7. In particular, we get new information of the role of the starting distribution.

Heuristically, the system, under “rarity hypothesis” on the target set G, before reaching
the target, thermalizes to a local equilibrium. From then on, G is reached after many trials,
which give the exponential behavior of 7. This means that, for the exponential behavior of
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76, it is sufficient that the time needed to reach G is much longer than the time needed to
relax to the local equilibrium.

The same scheme can be applied to describe metastable situations: here the system spends
a long time in a set A = G, thermalizing on a “short” time-scale to a local equilibrium,
often described by the quasi-stationary measure

wo() = IIHEOP(XrZ'|f<TG)~ (1.1

Only after a “long” time spent in A the system leaves this set and then rapidly reaches a
stable state contained in G.

This time comparison is very common in the literature, see for instance [7]. Rarity hypothe-
ses, as well as metastability hypotheses, are often given in terms of the ratio between the
following two different time-scales: the “short” time-scale characterizing the approach to
the local equilibrium, and the “long” time-scale characterizing the arrival to G. The precise
definition of the short and long time-scales, however, vary according to the methods used by
different authors and to the different regimes at issue.

In some of these regimes, hitting times to “renewal points” are a very powerful tool to
describe the behavior of the chain. In particular, renewal ideas have been used in metastability
literature (see e.g. [7,16]). Suppose that, asymptotically in some parameter of the system,
u* concentrates on a single point m and the invariant measure 7 concentrates in G. In this
case, the metastability hypothesis can be given in terms of a time comparison (see [12] for a
discussion) as

Ec*
sup —1G « ] (1.2)
x¢mUG Ez;

The idea is that if we observe the system on a time scale larger than the local relaxation time

R:= sup Er, .
x¢mUG

the process behaves like a two state chain, since all other points x ¢ m U G decay rapidly to
mor G.

In this simplified scheme we see that the hitting time 7 depends on the starting distribution
o on A in a crucial way, since there can exist starting states in A “close” to the target G, i.e.,
states from which G is reached in a short time with large probability; for these starting states
the law of 7 is not expected to be exponential. It is natural to consider the initial time scale
R in which the system makes its choice and relaxes either to m or to G. The notion of local
relaxation time that we give in this paper is inspired by the time t,,g, but, unlike all other
choices in the literature, it leads to an exact representation formula for the hitting time in the
general case: non reversible, non recurrent, for any initial state.

The key idea is to replace the hitting time to the metastable state m with a sort of “hitting
time to the quasi-stationary measure”, obtained via a generalization of the notion of strong
stationary time (see [4,15]): We define a conditional strong quasi-stationary time (CSQST)
T satisfying

PXf =y, 10 =) =p " WPy =t <1d) Vy¢G, Vi=0.
This means that the law of the process at the CSQST, t¢, conditioned to remain in the

complement of G, is the quasi-stationary one; under the conditioning 7y < 7§, the variables
X7 and 7 are independent. Here and below o denotes the initial distribution.
*
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CSQST’s are the central object of this paper and give a very powerful description of the
approach to the local equilibrium. The point is to use this CSQST in the decomposition

P(rg > 1) =P(rg >t 17 <t) +P(ri5 > 1) (1.3)

where ‘c:‘.G =15 A1) takes the role of 7} -, the local relaxation time. Equation (1.3), has
some interesting features that we will exploit in this paper in order to obtain bounds on the
exponential approximation:

1. Itis an exact formula, that does not require reversibility and holds for any initial state.
2. The conditional quasi-stationary property of 7, allows to give exponential bounds on the

first term in the r.h.s. of (1.3). Since P(rg > t) = A (see (1.7) for the definition of 1),
and the event in the first term implies a visit to ©*, its probability is proportional to A’

3. The role of the starting measure « is explicit and will be related to the long-time asymp-
totics of the chain. Even when the system does not exhibit exponential behavior or « is
outside the “basin of attraction of ©*, Eq. (1.3) always holds. This exact decomposition
formula, when looked on long times ¢, produces rich asymptotic results especially on the
dependence of the asymptotic exponential law on the initial distribution. We will show
that, in the long period, the main effect of the initial state can be encoded in a time-shift
and that the first term in (1.3) asymptotically goes like A’ T, where the time-shift 8, is a
real constant, possibly negative. To our knowledge, no other result in the literature gives
a comparable control on the initial state.

4. Exponential behavior emerges when the second term P(z7, > 1) is negligible with
respect to the first one in (1.3); we will show that it is natural to express the metastable
hypothesis in terms of the comparison between the times 7,7  and 174 " The first represents
the local relaxation time, to be compared with the hitting time. In this way, we get a
probabilistic interpretation of the exponential approximation.

Let us mention that the idea of using a strong time that somehow catches the arrival
to the quasi-stationary measure is not new in the literature; in [11], for a birth-and-death
process starting from 0, in a particular regime, the authors construct what they call a “strong
quasi-stationary time” for this purpose. Although the motivations are similar, our approach is
different, our notion of conditional Strong Quasi Stationary Time is completely general and
its existence does not require any additional assumptions besides ergodicity of the stochastic
matrix outside G.

More difficult is to replace G by the stationary measure 7. This problem is not discussed
in the present paper.

As a final remark we have to note that, at least at the current stage, our result is not a
computational tool, since the quantities appearing in our representation formula are in general
difficult to calculate. Indeed, their computation requires a detailed control of the h-transform
of the process (see the local chain X; below). This is in some sense the common downside of
very general results. The advantage is that general connections between dynamical quantities
come to light. It would be interesting to determine a viable set of sufficient conditions ensuring
the control of this local chain X ‘e

The paper is organized as follows.

— In Sect. 1.1.2 we introduce a local chain X ;on A := G€ related to the Doob transform
of P. This construction is useful in order to

— determine the dependence of P(zg > t) on the initial distribution o in terms of the
time shift 84
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— control the distribution of the CSQST t and the terms in (1.3). In particular its first
term can be rewritten as P(t& > t; 1) <1) = M Fe (1 — 5 (t)) , where §%(1) is
the separation from stationarity for the law of the local Markov chain X f‘ at time t
and & is a measure on A induced by «.

— obtain rough estimates of P(t& > r) in terms of 59(7).

— In Sect. 1.2 we state our main results:

— in Theorem 1 the existence of minimal CSQST;

— in Theorem 2 the sub-multiplicative property of the distribution of 7 ;

— in Theorem 3 the exact representation formula for the hitting time 7&;

— in Theorem 4, under the additional hypothesis of time separation, we give sharp
explicit estimates on the distribution of 7.

— In Sect. 2 we collect the proofs of our main results. We introduce an auxiliary process, the

tracking process, to provide a construction of the CSQST, which is discussed in Sect. 2.2.
In Sect. 2.5 we prove the representation formula for the hitting time.
‘We use again the tracking process to construct the ephemeral measure in Sect. 2.3 describ-
ing the process before the CSQST. Even if the tracking process has transition probabilities
depending on the initial distribution « and on time, the ephemeral measure, constructed
with it, has a nice semigroup property that turns out to be the main ingredient in the proof
of submultiplicativity of the distribution of 7 ;, the local relaxation time.

— We give in Sect. 3 a simple example where the CSQST is explicitly constructed in terms
of a sequence of hitting times. This example is also useful to discuss the relation between
metastability and exponential distribution of the decay time.

1.1 General Setting, Definitions and Preliminary Remarks
1.1.1 Hypotheses and Notation

We collect in this subsection definitions and notation used in the paper.

— Process we will consider a discrete time Markov chain {X;};cn on a finite state space
X. Our results can be extended to the case of countable state space but for the sake of
simplicity we consider the finite case. We denote by P (x, y) the transition matrix and by
w7 (+) the measure at time 7, starting at x, i.e., u} (y) = P(XJ = y) = P'(x, y), for any
y € X. More generally, given an initial distribution o on X

pi( =P =y) =) a®)P'(x,y)
xeX

Starting conditions (starting state x or starting measure ) will be denoted by a superscript
in random variables (i.e., X7, X7, t*, ...).
Let G C X be a target set and 7 its first hitting time

TG :=min{t > 0; X, € G}.

— Ergodicity we will study the process {X;};cn up to time 75, so it is not restrictive to
consider G as a set of absorbing states. We assume ergodicity on A := X\G. More
precisely, denoting by [P]4 the sub-stochastic matrix obtained from P by restriction to
A
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[Platx,y) = P(x,y) Vx,yeA,  with Y [Platx,y) <1,
yeA

we suppose [ Pl4 a primitive matrix, i.e., there exists an integer n such that ([P] A)" has
strictly positive entries.
— Separation given two measures vy and v» on X their separation is defined by

vi(y)
sep(vi, vn) ;= max |1 — ] 14
pO1,v2) = ma [ 1= (1.4)
— Scalar product given two functions a(x) and b(x) on A = X\G we define their scalar

product as
a-b:= Za(x)b(x).
X€EA

— Strong Stationary Time (see [5] and [4]): a randomized stopping time 73 is a Strong
Stationary Time (SST) for the Markov chain X{ with starting distribution « and stationary
measure 7, if forany > O0andy € X

P(Xy=y.10=1)=a(P (g =1).
This is equivalent to say
P(Xy=y|t2 <t)=7n(y) (1.5)
If T is a strong stationary time then
P(zy > 1) > sep(uy, ), vVt >0 (1.6)
since by multiplying (1.5) by P (‘c;;‘ < t) we get for any y:
P(eg <t)n(y)=P(Xy =y, o <t) <P(X=y), V>0
When (1.6) holds with the equal sign for any ¢, the strong stationary time is minimal.
— Quasi-stationary measure on A by the Perron—-Frobenius theorem, there exists A < 1

such that A is the spectral radius of [ P]4 and there exists a unique probability measure
that is a non negative left eigenvector of [ P]4 corresponding to 1, i.e.,

W Pla = apn* (1.7)

w* coincides with the quasi-stationary measure mentioned in the introduction. We get
immediately

P(rg* > t) = Al
Moreover, the quasi-stationary measure p* satisfies the following equation (see [9]):
W)= lim P(X; =]t <15) VxeA (1.8)

— Hitting distribution starting from u*, the hitting distribution to G is defined forany y € G
as

w(y) = IP’(X’T‘G* = ) = Z]P’(X;‘* =y, rg* = t)

r>1

*(2)P(z,
=Y S MW @PG ) = Liea W OPE ) (1.9)

1—Ax
s>0 zeA
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— Conditional strong quasi-stationary time a randomized stopping time t is a conditional
strong quasi-stationary time (CSQST ) if forany y € A, and ¢t > 0

PX? =y, 1 =1) = pn* WPy =1 < 18). (1.10)
or, in other words, forany y € Aand ¢ > 0
P(X¢=y.tf=t|t<tl)=n* OMP(rf =1t <1§) (1.11)

which is equivalent to
IP’( % = y|ed < rg) — (). (1.12)

1.1.2 The Local Chain )7t onA

In this subsection we construct an ergodic Markov chain X . on A, that we call the local chain.

Many dynamics have been used in the literature to describe the local behavior of the
process X; on A. Examples are the reflected process or the conditioned process (see for
instance [6,13]).

We use here a local chain X, constructed by means of the right eigenvector of [P]a
corresponding to A. This construction is related to the Doob h-transform of [P]4 (see for
instance [15]). This chain X ;+ 1s also related to the “reversed chain” in Darroch—Seneta,
introduced in [9] while considering the large time asymptotics.

The construction is the following: by the Perron-Frobenius theorem there exists a unique
positive right eigenvector y of [ P]4 corresponding to 2, i.e.,

[Play = Ay  with normalization — u* .-y =1. (1.13)
This eigenvector is related to the asymptotic ratios of the survival probabilities (see eg [8])

P(té > 1) B y(x)

im : = X,y € A.
>0 Py, >1) ¥ () Y
For any x, y € A, define the stochastic matrix
~ P(x,
B,y = YD PEY) (1.14)
y(x) A
Notice that P is a primitive matrix. Let v be its invariant measure
5 y(») P(x,y)
D @ P ) =v(y) =) V) T
xeA XeA Y
it is easy to see that
v(x)
y(x) = , Vxe A
w*(x)
For the chain X + we define
P (x,
Py =1 L0
v(y)
§5(t) = sep(iy,v) = sup§*(t,y), §(t):=sups ().
yeEA xX€A
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Note that 5*(z) € [0, 1]. Moreover, since Pisa primitive matrix, it is well known (see for
instance [5], Lemma 3.7) that 5(¢) has the sub-multiplicative property:

5t +u) <505 u).

This implies in particular an exponential decay in time of 5(z).
The relation between the local chain and the original chain X; on X is given by the
definition (1.14) and more generally by

S _ Y Py

Pl(x,y) ENT Vi > 0. (1.15)

1.1.3 Preliminary Remarks

We can use this last relation to obtain a rough estimate about the absorption time tg,. We give
here this simple calculation in order to point out the dependence on the initial distribution «
of the distribution of tZ by means of a time shift defined by

8o :=log, (a-y) (1.16)

Note that 8, € [logk (minges ¥ (x)), log, (max,ea y(x))] and 8, = 0.
We will show that it is natural to associate to every initial measure o the following measure
a for the local chain X,:

100708
a-y
Indeed,
Pg >t =Y Y a(x)P'(x,y)
yeEA xeA
P,
=Y Za(X)y(X)AtM*(y)¥
yeAxeA Y y)
= 1) ey () Y mt )1 =5 y)
XeA yeA
_ )\‘[‘F‘Sa (1 o ZM*()))E&(I‘, y)) Z )\‘l‘“r(sa(l _ 5&(t)> (1.17)
yeA
with } s g
5%, y) = Z&(x)ix(t, y) and  §%(r) :=sup5U(t, y) (1.18)
xeA yed
Note that from (1.17) we obtain for any initial distribution «
A1 —5%0) <1 Ve=0. (1.19)

To obtain an upper bound on P(z§ > t), we can consider the minimal strong stationary time
7)) (see [4]) such that

P(X; =y, & =1 =v(y)PGE =1)
with

P(z) > 1) = §°(1).
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Similarly, we have

Peg >0 =YY a@y@r 2 (y)P(xx =y, <1

yeAxeA ( )
—I—Z Za(x)y(x)ktu (y)]P’(Xx =y,T >1)
yeA xeA ( )
<> Za(x)y(x)x’mv@)@(ff <1
yeAxeA v(y)

- P
+1’Iliny y(y) );a(x)y(x))\ P(z) > 1)

_ 140y ~a _
- [1+s ([)(7minyy(y) 1)].

This quantity could be much larger that 1, since m > 1, and so this estimate from
above on the distribution of tf is quite rough. However, we have to note that this factor is
independent of time so that, for large ¢, due to the exponential decay of §(¢), and so of 59 (1),
the estimate is not trivial.

It is interesting to notice that for sufficiently large 7, say + > min{n € N : n + 4, > 0},
the separation 5%(¢) has a straightforward meaning for the X, process: it is related to the
separation between the measure u¢ and the evolution starting from the quasi-stationary
measure corrected with a time-shift 8., namely the measure

. AMTap*(y) ifyeA
u —
M5, (V) 7= [ 1 — A eg(y) ifye G’

where o is the hitting distribution defined in (1.9). More precisely, by the definition of the
process X; (see (1.15)) we have for any y € A:

P o
P y) =1 Y @) (x y) S R (1.20)
XeA M,+5a()’)

This means that

Dt a
Z&(X)P(x,y)_ ui (y) veA

x€A v(y) Mﬁlga )

so that the convergence to equilibrium of the local chain )?f‘ controls the convergence of
the chain Xy to the evolution starting from the quasi-stationary measure corrected with a

N
time-shift, ,uf oy as far as its permanence in the set A is concerned. This is the reason why
the local chain X, is crucial in our discussion.

1.2 Main Results
We collect in this section our main results on conditional strong quasi stationary times

(CSQST) and their application to control the distribution of the hitting time 7.
From the definition of CSQST (1.10) we can prove the following:
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Proposition 1 For any initial distribution a on A and for any conditional strong quasi sta-
tionary time t¥ we have for any t > 0:

Py <t <td) =Y MNP =u<tg) <A1 —540).

u<t

Proposition 1 suggests a new notion of minimality.

Definition 1 For any initial distribution « on A a conditional strong quasi stationary time 7
is minimal if for any t > O:

P(zd <1 < &) = A1 —5%(1)).

The existence of minimal conditional strong quasi-stationary times is given by the fol-
lowing Theorem.

Theorem 1 For any initial distribution o on A, there exists a minimal conditional strong
quasi stationary time t¥ such that for any t > 0

P(zd =1 < t&) = AT G9(1 — 1) — 5%(1)).

Note that in particular for a minimal conditional strong quasi stationary time we have for
t>0

P(rf >t 18 <18) = Y MFE - 1) — 5% w) < AFE ).

u>t

Let 7 be a minimal CSQST and define
T.G=T6 ATy

This time plays the role of local relaxation time or metastability time, like t,uc in the
metastable hypothesis (1.2). It is a sub-multiplicative time:

Theorem 2 If v is a minimal CSQST, then for any positive u and v
supIP’(tzG >u+ v) < supP(rﬁG > u) supIP’(rf:fG > v). (1.21)
o o o

The local relaxation time 7" ; is a key ingredient in the following representation formula:

Theorem 3 For any initial distribution o on A, if T is a minimal conditional strong quasi
stationary time, we have, for any t > 0

P(zg > t) — A (1 — 59()) + P(rgc > t) (1.22)
Moreover; for any y € G, we have
]P’( fg = y) = IP’(tg <1y, ‘r"g = y) —|—a)(y)]P(‘L'g > Tf), (1.23)
where w is the hitting distribution starting from u* (see Eq. (1.9)).

This theorem provides a control on the convergence to an exponential distribution for the
hitting time 7 and on the hitting distribution and it gives a probabilistic interpretation of
the errors in the exponential approximation of P(rg > t) in terms of conditional strong

quasi-stationary times.
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In order to obtain a multiplicative bound on the exponential distribution, it is useful to
rewrite Eq. (1.22) as

P(fg > z) y o
— s =0+ PG > 1), (1.24)

The first error term —5%(¢) decays exponentially fast in 7 and it will be easy to deal with;
the second error term A~/ %P T > t) will decay faster than the leading term only under

suitable metastability hypotheses.
Let ¥ be a minimal CSQST. Define the local relaxation time scale as

R = supE(tgG) (1.25)
o
and the relaxation time .
Ti=(1—-" :]E(r“) (1.26)
Definition 2 We call time-separation of rate a, with a > 0, the condition
R 1\’
== (1 — —) e =ATe @, (1.27)
T T

Note that e~ //* < AT < ¢~! become strict bounds when T is large, as in metastable
situations.

Theorem 4 Under the time-separation hypothesis of rate a, given in Definition 2, for any
initial measure o on A and for any positive integer n,
o1/

P(tc"; > nT) 5
—any —84
T | <€ A T (1.28)

Note that the time-separation hypothesis (1.27) does not exclude the existence of starting
states x € A from which the process reaches G in a very short time with high probability.
When the starting distribution « is concentrated on such states, we expect to have A% very
small. This implies that Theorem 4 provides a sharp result, in the case of small n, only if
the parameter a in (1.27) is sufficiently large and A% is not too small. More precisely, if
the support of the starting measure « is contained in a “basin of attraction of the metastable
state” defined for instance as (see [13])

B = {x cA: P(ré‘; > 2R) > 3/4}7

we can give a very rough estimate A% > 1/4.
Indeed by using the trivial estimate

P(xg > nT) = Y P(X§x = y)P(xj > nT —2R) = X" *KP(? < 2R < &)
yeA
— nT=2R [P(rg > 2R) —P(:%g; > 2R)],
by Theorem 4 and the Markov inequality we get

2% — im P(rg > nT)
n

—00 T

> ) 2R [P(rg > 2R) — P > 2R)] > 1/4.
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In many applications it is interesting to study the behavior of the process on an intermediate
time-scale S, say R < S <« T. The process has an early exponential behavior if Eq. (1.28)
holds when replacing 7 with S. In [12] the early exponential behavior of the first hitting time
is proved in a particular case, with a particular starting configuration. In our setting, we can
study the early behavior starting from a general measure « under time-separation hypothesis
with large rate a.

2 Proofs

2.1 Tracking Process

In order to prove the existence of a minimal CSQST, we introduce an auxiliary tracking
process. The construction is inspired to [5] and [10], where the existence of strong stationary
times is proved. The idea is to duplicate the state space into two layers and to define a process
on this larger state space with a jump probability from one layer to the other one. In order to
have a general construction, we introduce first a control function to define the jump rate.

Definition 3 LetZ>_, denotes integers larger or equal to — 1. The function m(t) : Z>_; —
[0, 1]is a control function for the process starting at « if it is a monotonic decreasing function
with

m(t) >5%@t) fort >0, m(—=1)=1.

Given a control function m (¢) for every z € A, we define the following jump probabilities

forany t > 0
o . m(t —1) —m(t)
e e R D

with the convention 0/0 = 0. Since m(t — 1) > m(t) > s%(t, z), we have J2(z, z) € [0, 1]
for any z € A and any ¢. For any ¢ > 0 and any z € G we define

J(t,2) =J%1,G) = 1.

Definition 4 On the state space X := X x {0, 1}, consider the transition matrix

0 (7, 0), 2, 0)) i= P, (1= /(1. 2)),
0% (5. 0). z. 1)) = P(y.2)J°(1, 7).
O (. ), (z,€)) == P(y, D)L=y, (2.2)

where e € {0; 1}; also, consider the initial distribution & on the two layers of X, defined, for
any x € A, as

a(x,0) := () (1 = J*0,x)) = a(x) — A% u* (x)(1 — m(0)),
a(x, 1) := a(x)J%(0, x) = 2% 1" (x)(1 — m(0)). (2.3)
We define the tracking process X¥ via

t—1

t
P (ﬂ(Xi’f = yu)> =a(o) [ ] Q4w yurn)
u=0

u=0
with y, € X forany u <t.
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1250 F. Manzo, E. Scoppola

By (2.2), (2.3) it is immediate to see that the marginal distribution of X% on X corresponds
to the distribution of X¢, so that we can study each event defined for the process X in terms
of sets of paths of the process X¢. For this reason, with an abuse of notation, we denote with
the same symbol P the probability of events defined in terms of the process X¥.

Notice that unlike the process defined in [5] and [10] for the strong statlonary times, in
our definition of the jump rates we use the separation 5% for the process X%, defined on X

We want also to note that the starting measure « appears as a parameter in the definition
of the transition matrix Q (see (2.1), (2.2)), the process is time-inhomogeneous and Markov
property does not hold. However, we can get rid of this dependence and recover a sort of
semigroup property by considering a suitable conditioning of the process X¥. We will clarify
this point, that represents a crucial ingredient in our approach, in Sect. 2.3.

We will be interested to the process X¢ up to its first hitting to the set X' x {1}, i.e. for
t < ¥ with

= ‘L'g‘(xu} =min{r > 0; X¢ = (y, 1) for some y € X}, 2.4)

indeed, we prove that t{* is a conditional strong quasi-stationary time.

This construction of a CSQST is quite implicit, for it requires the knowledge of the sepa-
ration 5% (¢) at any time, which in general is very hard to obtain. In this paper we use CSQST
as a theoretical tool and we are not concerned with their explicit construction. However, it
is well-known that in some systems the separation can be estimated with the distribution of
a hitting time to a suitable halting state (see e.g. [15]). In the example in Sect. 3, we exploit
this idea to construct explicitly a (non-minimal) CSQST.

2.2 Conditional Strong Quasi Stationary Times (CSQST)

In this section we prove Proposition 1 and Theorem 1.
Let us start by proving Proposition 1: by the definition of CSQST we have for any y € A

PX? =y, tf=u) =pu* WPy =u<1td), forany u>0 (2.5)
If (2.5) hods for any u € [0, 7] then we have:
]P(Xa =Yy, Tf < t) = ZZP(Xg =2z, T:l = M)PI_M(Z’ y)

U=t zeA

= ZZM*(Z)P(T:‘ =u<tE)P 7"z, y)

U=t zeA

=@t Y NP = u < 1) (2.6)

u<t
and by summing over y € A:
P <t <t8) =Y MNP =u<1f). 2.7)
u<t
Moreover for any y € A we have

uE) =P <6, Xf=y) =Y Y Pl =u X; =Pz y)

U<t zeA

=M ZA‘”IP’(tf =u <& (y)

u<t
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so that by (1.20)

ui(y)
Mu*(y)

= A (1 = 5%, y)) > Z)L_“]P’(Tf =u<tl)=Px <t <tr"’

u<t

since this holds for any y € A we get

Prf <t <td) =Y N T'P@Ed =u <) <A1 -5 0). (2.8)

u<t

O
We prove a stronger version of Theorem 1. Indeed by choosing the control function
m(t) = §%(t), Theorem 1 immediately follows by:

Theorem 5 For any initial distribution a on A and for any control function m(t) there exists
a conditional strong quasi stationary time tJ such that

P(t¥ <t <td)=A"( —m(t)) forall t>0
with
Pt =1 < t&) = A% (m(t — 1) — m(1)).

To prove Theorem 5 consider now the tracking process defined in Sect. 2.1 and the hitting
time

r= r}"zx{l} =min{r > 0; X7 = (y, 1) for some y € X}.
We will prove that 7{* satisfies the following condition for any ¢ > 0:
) = {IP’(X;" =y, i =) =wMPEf =t <tf) foranyye A
P(ef =1t < t&) = A% (m(t — 1) — m(t))
If C(u) is verified for any u < t, we can conclude
P <t <t = Y M TPEf=u<t8) =1 (1-m@).
uel0,r]

In order to prove that t{* satisfies C(¢) for all # > 0 we proceed by induction on . For
t = 0, by the definition of the initial distribution e« in definition 4 we immediately verify
C(0). Indeed, for y € A we get

P(X§ =y, 1 =0) = P(X§ = (3. D) = X’ p* () (1 — m(0))
= WP =0 < 15)
with

P(rf =0 < 18&) = Y P(X§ = (x, 1)) = 1% (1 — m(0)).
X€EA

To prove the induction step we use the following:
Lemma1 Iffor any u € [0, t] and for any y € A we have
P(XS =y, 1 =u) = OPCF =u <18)
then, for any z € A,

P(X{ = (z, 1)) = p* @PG <1 < 1§).
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Proof Note first that under the hypothesis of the Lemma, by (2.6) we get

Py <t <t@) =Y MNTPEY =u<18). (2.9)
u<t
We have
P(X¢ =@ D) =) > P(X¥=(D, 1f =u, X; =)

U=t yeA

=Y Y Paf =u, X{=y)P (2
U<t yeA

=) P@f=uw) w@P Ty, 2)
u<t yeA

=wr @) Y MNTPEY =u < 1) = W QPG <1 < 18).

u<t

Suppose now that C(u) holds for u € [0, ¢]. By using then Lemma 1 we get
P(X{ =y f =1+1)

=Y P(X{y, = (. DIXT = (2. 0))P(XF = (2. 0))
7eX

=Y PN+ 1, »[uf @) —PXF = (z, 1)]
zeX

=J%t+1,y) |:/L‘;‘+1(y) — Z W@ P(z, )P <t < 'L'g):| . (2.10)
zeX

Since C(u) holds for u € [0, ] we have

P(rf <t <1d) =Y NP =u <18 =21 —m@)

u<t
Recalling that, by (1.20),
i () = AT )L =5+ 1, )1,
we obtain
P(XP =y, of =1+ 1) =T+ Ly P [ =53¢+ 1,5) — (1= m@)].
By using the definition of J¥(r 4+ 1, y), we get
P(Xfy =y, off =1+ 1) = [m(t) —m(t + DI ()
so that, by summingon y € A
P(ef =t +1 < 1&) = [m(@t) — m(t + DT,

we show that C(z + 1) holds, concluding the proof of Theorem 5 and so of Theorem 1. O

@ Springer



Exact Results on the First Hitting via Conditional Strong... 1253

2.3 Ephemeral Measure

In this section we describe the behavior of the process before 7{*. We call this behavior
“ephemeral” since in metastable situations t{* is typically much smaller than 7.

Consider the tracking process before 7{*, more precisely, the conditioned measure on
X x {0} obtained by the process X¢ conditioned to the layer {0}:

Definition 5 The measure
Df(x) =P (X} =(x,0) |t >1). (2.11)
is called the ephemeral measure.

With a slight abuse of notation, we consider this ephemeral measure either as a measure on X’
(with supportin A x {0}) or as a measure in A. Recalling that e (x, 0) = o (x) (1 —J%(0, x))
we get for the ephemeral measure:

o 1 o
DR (x) = W%“(’“’)(l — J%(0.x0))
t—1
< 3 [HP(xsl,xs)(l—J“(s,xs))}P(xtl,y)(l—J“(t,y))
X1y Xt—1 Ls=1

We will prove the following “Markov-like” properties for the tracking process and for the
hitting time 7{*:

Proposition 2 Consider the tracking process X¢ starting at o and with control function
m(t) =5%(t) Vt>0 (2.12)
then for any x € A
D, (x) = D" (x)

Proposition 3 Consider the tracking process X ¥ with control function m(t) = 59(r), V>
0, then

P >t +u) = P(r¥ > OP(r]" > 1)

From this Proposition the submultiplicativity property of Theorem 2 easily follows (see
Sect. 2.4).

To prove these propositions, we introduce two technical lemmas to obtain the crucial
property on the jump rates given in Lemma 4.

Recalling from Sect. 1.1.2 that

- a(x)y (x)
ax) = ————,
a-y
we denote by & the measure
-~ (o3
Fi) = 2 (z)y(x)_
ey
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Lemma 2 Forall t and a there exist real numbers K and H such that for all x and y € A,

I =K Y @) P (x,y) — Hu(y).

XeA
Proof By the CSQST property of t}¥, we see that
P(X¢ = )~ P (X% = (. 1)
P(ry > 1)
= K'pui(y) — H'p*(y)
with K" = 1/P(tf >~t2 and H' = P(rf <t < t&)/P(zf{ > t). By plugging this equation
into the definition of @ , we get

D (y) =

D)y (y) | oxea @) (K’P)i,y - H’M*(y)) y()

DTy oty , (2.13)
by using (1.15) and v(x) = u*(x)y (x), we get
(ths. of 2.13) = K" Za(x)@ﬁ; () — Hu(y),
o v
where K" = ¢'§_/y and H = % do not depend on y. Since &(x) = %;;(x)’ we immedi-
t t
ately get the thesis with K = A'K"a - y. |

_ With the help of Lemma 2, we can prove the following iteration formula for the separation
s%(t, y):

Lemma 3 For all t and « there exist real numbers U and V such that for all u and 7 € A

9 4u2) = U (u, )+ V

Proof
pé % (x) "
1—5% (u,z2) = M. 2.14)
v(2)
By Lemma 2,
K& (x) — Hv(x)) P!
(th.s of 2.14) = Lea (Kitf () ) P,
v(z)
o
- KM_H:K(I —Ea(t-l-u,z))—H
v(z)
and the thesis follows immediately with U = 1/K and V =1 — % ) O

A corollary of this result is the following

Lemma4 For any initial measure o on A , any time t and u and z € X

Jt4u,2)=J% u,z)

@ Springer



Exact Results on the First Hitting via Conditional Strong... 1255

Proof By direct computation, if z € A,

5t 4+u—1)—5%@t 4u §% - 1) — 5% (u p
Ja(t+u,z)=~~( ) ~~( ) _ ~&( ) ~&() = I (u, 7):
s +u—1D—=s*C+uz)  §%w—-1)—5% u,z)
while, for z € G, we have J*(t +u,z) = J% (u,z) = 1. o

Proof of Proposition 3 By the Markov property and Lemma 4,
P(zy >t +u)
u
=Y PP =0 0) Y [P x) (1= I+ v,x050)
X €A Xt-15ees Xt 4u v=1
u
=P >0 Y o) Y [] POt xa) (1= 7% @ x000)
xi€A Xitlsees Xe4u v=1
=Py > t)IP’(Tl(p’a > u)
a
Proof of Proposition 2 With the same expansion we write
¢f(+u(xt+u)
P(X§ = (x;,0)) - o
IR = D S| PGt 5r00) (1= 9 + 0, x040) )
xr€A Xtt1seerXt4u—1 V=1

RiGEDE Z = >
ore) Y ] PGt s (1= 77 .x000)
IED(Tl >1 + M) Xtt1seeen Xiu—1 v=1 (

B P(ry > t)]P(rl "> ) 4>
a PGy >t +u)

" ()

and by Proposition 3 we conclude the proof. O

2.4 Submultiplicativity of sup,, IP’(T >0

In this section we prove Theorem 2.

Let ¥ be a minimal CSQST, and ‘t* ¢ = T4 A 1 the associated local relaxation time.
We prove that the function f(t) := sup, P(t} ‘G > t) is submultiplicative, i.e. that for any
t,u>0, f(t+u) < f(t)f(u). This fundamental property implies that IP’(‘C*’G > t) has an
exponential bound, allowing in the next section to estimate the error terms in (1.22).

We start by observing that it is sufficient to study a particular realization of a minimal
CSQST, since

Pt >0 = Y P(X =yt > 1) = 3 (uf () — i PGS <1 < 78)
yeA yeA
=1—pf(G) — A1 =5 1))
does not depend on the choice of the minimal CSQST.

Consider a particular realization of the minimal CSQST, namely, the time 7* defined in
Sect. 2.1. Applying now Proposition 3 we immediately complete the proof.
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2.5 Representation Formula for Tg with 77

In this section we prove Theorem 3. Equation (1.22) is an immediate consequence of the

definition of minimal CSQST and of Theorem 1.
To prove the final statement of the theorem on the hitting distribution note that for any

y € G we have
]P’( ;"g =y) =]P(Tg <td, ng = y) +]P(‘L'g > 17, Xﬁ‘g = y)

The second term in the r.h.s. can be written as

o0
E E P(rg >t=1), X{ = z)IP’(XiZ = y)
G

t=0 zeA
_ izu*(z)ﬂb(fg >t = Tg)]P)(Xi(zj = )’)
t=0 zeA

= w(y)IF’(rg > rjj’)

so that (1.23) holds.

2.6 Under the Time-Separation Hypothesis

In this section we prove Theorem 4.
By Theorem 3 we have

P(Tg > nT) _ P(t%, > nT)
— 7 1 =—5nT)+ %G~ 7
T+ anT+éq

By applying Theorem 2 and the Markov inequality we have

n Ran
P(zg; > nT) < <sup[P(z;{G > T)) < (?) . (2.15)
o
We can prove the upper bound:
P(tg > nT) R \n e—an
7_1<(7))\,_6“= .
anT+da —\TA\T a-y

As for the lower bound, notice that, by Theorem 1 and by the minimality of 7,
P(z; =1) = P(% =1 < 1&) = A"+ (5% — - 5%)) ,

so that
PO =) Fu—-1)=5w <Y APl =)

u>t u>t

= Zr”—su (Pl >u—1)—P(r%; > u)

u>t

1—2
=1 TTR(lg = )+ —— D AT g > ). (2.16)

u>t
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Thus, the total error in (1.22) can be bounded as

. 1—2
Pl > 1) — A5 (1) > —T,\’ D AT > w). (2.17)

u>t

Again by Markov inequality and submultiplicativity,

RNk TA~THL /R \"
—u o —(k+1)T _
Z}L ]P)(.E*,G>M)§TZ:)L (T> _1_ (TAT> ’

_R_
u>nT k>n AT

where we used the fact that the sum is convergent since T—’;T < 1 by hypothesis.
Thus, we obtain the lower bound

P(tg > nT) 1 1—2a

—5q _
R 1z ) AP > W
u>nT
-T
> _}L—Su A e
- 1l—e @

and the thesis immediately follows.

3 An Example: The Rim

As explained in the introduction, metastability is associated to the existence of two
asymptotically-separated time-scales: a “short” time-scale in which the system relaxes to
a sort of “apparent equilibrium” and a “long” time-scale that characterizes the arrival to the
invariant measure. We introduce here a simple model, inspired by a similar example intro-
duced in [10] to show how the conditional Strong Time language can be used to formalize
this picture.

In this model, each term in the representation formula can be computed, so that we can
illustrate the meaning of the terms of the representation formula (1.22) in an explicit case.

Let n € N be an integer parameter. The state-space of the model is T,, U G, where T,
denotes the 1-dimensional discrete torus of lenght 4" (labeled from O to 4" — 1) and G is a
single absorbing state. The graph is illustrated in Fig. 1.

All transition probabilities will be invariant under rotations by multiples of 4 , so that,
according to the heuristic definition of metastability given above, we should compare the
time to diffuse onto the ring to the time needed to take one of the spokes. If the former
time is much shorter than the latter, the system somehow thermalizes before undergoing the
transition to equilibrium; if not, we cannot talk about metastability even when the arrival
time to G is exponentially-distributed.

The transition probabilities, as we will show later on, are chosen to keep as simple as pos-
sible the construction of the CSQST. On the same graph, all choices with similar symmetries
would allow the construction of the CSQST, but the construction would not be as simple.

Let Tg be the subset of the multiples of 4 in T, , T}l denote the subset of the odd numbers

inT, and T2 =T, \ (TS U T},) denote the remaining subset.

Let A € (0, 1) be a real parameter that will correspond to the largest eigenvalue of the
matrix [ P]4. The non-null elements of the transition matrix P are:
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X © & O <«
32

Fig.1 The graph and the subsets S,’(‘ whenn =3

Ifx e TS (that is, a multiple of 4),

A

5 ify=x
A2Q2—1 .
Px.y: m lnyT”and|x—y|:1
8—12)+42%
s-sxixz ify=G

Ifx € ’H‘,ll (that is, an odd number),

% ify=x
_ 2 .
Poy= {585 ifyeT)and|x -y =1
2 .
ﬁ ifyeT2and|x —y| =1

Ifx € Tﬁ (that is, an even number but not a multiple of 4),

|>

P ify=x
U ifyeT,and x—yl =1

SR

Moreover, Pg.c = 1.
The Perron-Frobenius theorem and a direct computation allows to prove the following:

Proposition 4 A is the largest eigenvalue of the sub-markovian matrix [Py, associated to
the left eigenvector (normalized to 1)

2
478 e e TY)
wh= {47 ifx eT)
4mn 2 ifx € T?
(2-2) n
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and to the right eigenvector

8—81+A2 n

_J]1 : 1
Vx = X lfx S ']I'n
i ifx € T2

with normalization such that )" . yy it = 1.

Remark 1 Ifx € T)andy = x=£1,then Py, = 4"~ '3, while P, , = 2-4"~' u*. Therefore,
starting from the uniform distribution & on T}:

HEO) = Py = D 2:47"P(x,y) =}

|
xeT,

In order to construct the CSQST, we define a family of sets S} recursively:
Let x be a starting configuration, for k € {1, ...,2n — 1}

%(0) = 7o
Sg = {X/‘:X(O)}
St={yeTsyxo* e |
(k) = inf{t >t'k—1); X7 € S,f}

where the symbol + denotes the sum/difference modulo 4" (see Figure 1).

Remark2 (1) For every k € {2,...,2n — 2}, between each two consecutive elements of
Si_;we put two elements of S;.
() IS§] =2~

(3) The sets S; are stochastic only because S is stochastic. As we will see in what follows,
due to the symmetry of the model, we are mainly interested in the case x = 0. In this
case S; = 0.

(4) Toeachelementy of S} isassociated aunique “parent” g(y)in S;_, suchthat|y—g(y)| =
22n—k=1 Fach parent has two offsprings and for every k > 1, if Xfx w0 = Y then

X?x(kfl) = g(y)
With these definitions we can state our main result on this model.

Theorem 6 The time
=t"Cn—-1)+1
is a CSQOST.

Proof We first consider the case x = 0 and we start by proving inductively that for each

ke {0,...,2n—1}, Xi‘o (k)is independent of 79(k) and uniformly distributed on S,?: for
y €S,

P(X? =y, i) =1) =27"P (<) =1). 3.1

O
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Indeed, for k = 0, Sg = 0 is a singleton and there is nothing to prove. For k > 1,
P(x) =y 20 =1)=) P(xP =y, %0 =1, X)=3g(), - 1) =)
s<t

by symmetry we have

P(X) =y, (k) =1) = % D P =1, X) =g(y), k- 1) =5)

s<t

and by the inductive hypothesis we get

= % Y P (k) =1|x) =g(y), Pk — 1) =5) 2P (% — 1) =)

s<t

By symmetry we can ignore the conditioning X = g(y) obtaining

= %ZP(TO(k) = t, To(k - 1) = S) 2_k+] = 2_k]P’ ('L'O(k) — t)
s<t

Now, we observe that Sgnilis the set T,ll of the odd numbers, from which it is not allowed to
move to G, and by recalling Remark 1 we immediately obtain for any y € T),:

P(Xx) =y, t?:t):M;P(tB:t)

Since in our example ‘L'? = t entails rg > t, we can condition the last two formulae and see
that ¥ is a CSQST.

If we now consider an arbitrary starting point x, due to the definition of S and j, this
is equivalent to start from some point in Tg, defined below as S, depending on x. As noted
above this point Sj is random if x ¢ ']I‘S. However, due to the symmetry of the model, every
starting point in TV is equivalent to 0. This concludes the proof of the theorem.

We want to discuss now the application of our representation formula to this particular
model.

Let us call Opp(x) := S; + 22"=1 the point opposite to S5 - In order to reach this point,
the process has to visit every set Sy, so that we get the estimates

P(ef >1) <P (rgpp(x) > t) and P(rfg>1) <P (rgpp(x),c > t) .

Standard diffusive bounds show that [P (répp(x) < 42n—1 ) is larger than a constant ¢ € (0, 1].

By dividing the time ¢ into intervals of length 42*~!, we get

4—211+]t

_ —2n+1
P (ppinc = 1) = <ys;§ P (ppcn.c = 4 ‘)) <1-o* """ (32

In order to compute the other terms in the representation formula, we consider the local chain
on T,

ifx=y

Boy=LD 2
yx) A

A= D=

iflx —y|=1

Clearly, the local process F)ﬁ y is a lazy random walk on the ring. It is easy to control
the convergence to equilibrium for this process in separation distance. Indeed, by standard
diffusive estimates we get that §* (42*~1) < b for some constant b € (0, 1).

@ Springer



Exact Results on the First Hitting via Conditional Strong... 1261

Since sup,ct, s (¢) is submultiplicative, we get

) < bt (3.3)

From these estimates, we see that the error terms in (1.22) can be estimated by
YAl p+ + (1 - c)472”+1t and, when the time needed to diffuse onto the ring is smaller
than the mean time 1/(1 — 1) to reach G, they decay faster than the leading term y, A’

It is useful to compare the estimate given by Theorem 3 with a direct computation of
P (ré > t). To this end, let us introduce the projection operator p : T, UG — {0, 1,2, G}

defined by p(G) = G and x € T ™) We notice that the projection p(P") is itself a Markov
process with transition matrix

Poo 2P 0 Pog
Pio Py Pip O
0 2P Pbp O
0 0 0 1

ﬁ —

this means that P; ; = Py, with x € ']I‘f,, y € 'JT,J; for any i, j € {0, 1, 2, G}. Thus,
P (té‘; > t) =P (Tg(x) > z), where P denotes the probability for the Markov chain with

transition matrix P.
The largest eigenvalue of the restricted matrix is again A and the quasi-stationary measure
is the projection of u*:

—x 18—81422
Ko = 1772
=% A

M= 3

=% 22

Remark 3 i} = Pj.;. Hence, when starting from 1, the projected chain reaches equilibrium
at time 1.

Thus,

P (72 D! < ) t—s—2 A\ i A\'2-2 t—s—2
(G =1) =P+ ) PP 2= (3) +3(5) =5+

s=0

M 2—2a 1
= (7> + S =27 = ! (1 -2 (1 - 7)) ,
2 2 V2

1—1 : )
5 5 - A A
P(td>1)=Pio+ > PyoPoan 2= (5) + Zyow*z(l -2
s=0

()

We see that, due to the symmetry of this system, the distribution of 7, can be approximated
with an exponential distribution much before the diffusive time on the ring. In other words,
the hitting time has an exponential behavior even before the metastable time.
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