PHYSICAL REVIEW RESEARCH 1, 033086 (2019)

Editors’ Suggestion

Large fluctuations of the first detected quantum return time
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How long does it take a quantum particle to return to its origin? As shown previously under repeated projective
measurements aimed to detect the return, the closed cycle yields a geometrical phase which shows that the
average first detected return time is quantized. For critical sampling times or when parameters of the Hamiltonian
are tuned this winding number is modified. These discontinuous transitions exhibit gigantic fluctuations of the
return time. While the general formalism of this problem was studied at length, the magnitude of the fluctuations,
which is quantitatively essential, remains poorly characterized. Here, we derive explicit expressions for the
variance of the return time, for quantum walks in finite Hilbert space. A classification scheme of the diverging
variance is presented, for four different physical effects: the Zeno regime, when the overlap of an energy
eigenstate and the detected state is small, and when two or three phases of the problem merge. These scenarios
present distinct physical effects which can be analyzed with the fluctuations of return times investigated here,
leading to a topology-dependent time-energy uncertainty principle.
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I. INTRODUCTION

The return time is the time it takes a quantum [1,2] or
classical particle [3,4] to return to its origin. For diffusive
particles this time determines chemical reaction rates while
for celestial mechanics the return of a comet is a classical
problem. For a quantum particle, say on a graph, the definition
of the return time needs the introduction of a measurement
protocol. A well-investigated approach is to consider mea-
surements on the original node, repeated stroboscopically un-
til the first detection. The problem is to find the distribution of
the number of attempts » till first detection [5—18]. This sheds
light on the backfire of measurement on unitary evolution,
and on time processes in quantum mechanics. Besides its
fundamental aspect this line of research became important
in the context of quantum search [19-21], where one of the
basic questions is whether repeated measurements destroy or
enhance the success of quantum search [5-8,17,22]. For that
one would like to know the average of n and its fluctuations.

Recently, Griinbaum et al. [1,2] demonstrated how this
problem is related to a new class of geometrical phases. In
the quantum return problem the particle performs a loop, as it
starts and is measured on the same spot, so a cycle is found.
However, unlike other approaches [23-26] to topology here
unitary evolution is pierced by measurements. The result is
that the average of n is equal to a winding number w, which in
turn is equal to the number of distinct phases exp(iE; ) in the
system. Here E} are the energy levels of the time-independent
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Hamiltonian H, and t is the sampling time; 7 is set to 1 in this
paper. So (n) = w is quantized.

The goal of this paper is to investigate the fluctuations
of the number of measurements needed till the first return
is recorded, namely the variance of n. It was shown previ-
ously that these can be very large close to critical sampling
parameters even for small systems [1,13]. Here we provide
formulas for the blowups of the fluctuations, using an elegant
mapping of the quantum problem to a classical charge theory
[1]. For critical values of the Hamiltonian’s parameters or the
sampling time, one finds discontinuities in the mean detected
return time, namely w — w + «, where « is a nonzero inte-
ger, typically in the examples studied below o = £1 or =+ 2.
Close to these nonanalytical points, the fluctuations diverge.
We classify different scenarios for critical behavior; using
a one-, two-, three-, or many-charge theory, the physics in
each case yields very different insights on the mechanism
of the fluctuations’ blowups. As we discuss below, from
an engineering point of view, the critical fluctuations are a
nuisance since they deem the quantum search as nonpractical,
and our work shows how to avoid them.

II. MODEL AND FORMALISM
A. Model

The system is initially prepared in state |y,), for example
on a node of a graph. Every 7 units of time we perform a
measurement in an attempt to detect the particle in its initial
state. Between the measurements the evolution is unitary with
U (t) = exp(—iHt). The Hamiltonian H is time-independent,
and we assume a finite Hilbert space, so energy levels are dis-
crete. While the main results presented below are general, as
examples we will consider Hamiltonians describing a particle
hopping on a ring and a model system describing two interact-
ing bosons in the process of tunneling. The measurements are
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FIG. 1. A sketch of the measurement protocol. Measurements
M are performed every 7 units of time, between which the system
evolves unitarily with U (7). In the lower part of the figure we present
the effect of collapse, with failed detection. The system in mind is a
quantum walk on a line with 21 sites and the measurements are made
on site x = 11. The process is continuous until the first successful
measurement. From collapse theory we get a wipeout of the wave
function on this site when the particle is not detected. This is shown
in the subfigures indicated by the arrows with a label M.

strong, performed via the projector D = |v/i,) (Win|; namely,
we use the collapse postulate. The probability of detecting
the particle at some time ¢ is as usual the squared absolute
value of the amplitude of finding the particle in the detected
state. For example if we measure on a node |r) of a graph,
this is given by |(r|1)|?, and since we are dealing here with
the return problem we also have |yy,) = |r). If the particle
is detected, we are done. If not, the amplitude on the detected
state is zero and the wave function is renormalized (see details
in [13] and schematics of the process in Fig. 1). The outcome
of this procedure is a string of measurements “failure, failure,
...” and in the nth attempt a “success.” The time nt is called
the first detected return time, which is random.

B. Recap: General formalism

After presenting the model, we provide a primer on the
quantum return time rederiving the results obtained in [1] us-
ing standard mathematical tools. The first detection amplitude
yields the statistics of the problem and is denoted ¢,, [1,11,13].
We now discuss its properties. The probability to detect the
particle for the first time at the nth attempt is the squared
absolute value of this amplitude, F, = |¢,|?, and the mean
number of detection attempts till success is (n) = >_ nF,.
We remark that the normalization condition Y - F, =1 is
valid for finite Hilbert space and for the return problem under
investigation [1,27]. The amplitude ¢, is given by [1,11,13]

A

b0 = WanllU@PI" 'O, P=1-D. (1)

This shows that the unitary evolution, represented by U (z),
is interrupted by projective measurements via the operation
(1 — D) for (n — 1) times until the nth success.

A useful tool is the discrete Fourier transformation of ¢,,,

[ee]

F) = ", = Wil (@ —BY  |Yn). (@)

n=1

Using the identity (1 + B)y"'=1—B(1+B)"!' (Bis a ma-
trix) we get

() = (Yinl (™ — PY " iriy)
= (Yl — 1) i)
— (Wil (T — DT ) Be™),  (3)

or equivalently,

(Yinl (™7 = 1)~ i)

P =1 + (Winl (= — 1)~ 3in) |

“

Now we notice that (Wi (€™ 7 — 1) Hhin) = D02 | upe™,
where u,, is defined as follows:

wy = (Yinle ™ W) = D pre” " (5)
k=1

u, is the return amplitude describing dynamics free of mea-
surements; i.e., exp(—inHt)|;,) is the system’s wave func-
tion at time nt in the absence of measurements. Here we
define the overlaps py = szl |{(Win|Exi)|?, and {|Ey;)} are the
eigenstates of H corresponding to the eigenvalue E; with 0 <
I < gk, where gy, is the degeneracy. w is the number of distinct
phases e’£x* with corresponding nonzero py;. This means that
if we modify t in such a way that exp(iE; 1) = exp(iEyp 7) for
k # k', w will be reduced by one. This effect is called merging
of phases [1]. In a disordered system with no degeneracy in the
sense exp(iE;t) # exp(iEy t) for all energy states, and when
all p; are nonzero, w is the dimension of the Hilbert space. In
general

[o.¢]
() s =Y e"uy = (Yl (€ = 1) Y
n=1

Pk
= Z oiE—io _ | ©)
k=1

With this formula, ¢(¢) can be reexpressed as

ﬁ(eiw) _ eia) Z;{UZI pk/(eiEkr _ eia))
1+ ft(eiw) Z;(U:I pkeiEkr/(eiEkr _ ei“’).

P(e'”) =
@)

One can easily find that [#(e™)]* = —[1 + @i(e'®)] or
|#(e)| =1, and this in turn gives the normalization
Y. FE =1

We now switch exp(iw) — z and write ¢(z) = N'(z)/D(z).
@(z) is called the generating function of ¢, [1,13]. The nu-
merator N (z) and the denominator D(z) are related. Using
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Eq. (7), it is easy to show that

_Zzpkl—[(etEr_

j=1
J#Fk

N@):=a@ [ " -z
k

D(z):

[1+a@1] [ —2)
k

w

— Zpk U 1_[ (eiE/-r —2). (8

=1 j=1
j#k

A straightforward calculation shows

D(z) = exp(iy)(—1)""'z" [N (;)] , ©

where y = )"}, Ext. Clearly NV (z) is a polynomial which is
now rewritten as

w—1

N =z]]G-2. (10)

i=1

where {z;} are the zeros of ¢(z), which are complex numbers
within the unit disk. Mathematically these zeros determine the

J

i w—1 i w—1
1 [T @ — 26 115

fluctuations of n; see Eq. (17) below. Using Eq. (9) we find a
useful identity [1,13]

-1
2l @2
—1 *

[Tz =22
We will discuss the zeros {z;} more carefully soon, as they are
key to our main results.

In this paper we investigate the fluctuations of n and for
that aim we now find the moment-generating function which
is the discrete Fourier transform of F,. Applying the Fourier
transform to the first detected return probability and using

Fn = |¢n|2’

() =e (11)

Flp):=Y e™gul>= > ™ ¢utidm
n=1 n=1,m=1

— / Z¢ ezn(w+(p) Z¢* e—zmw dow

n=1

= " ae e e do

2w
1 b4 ~ i(w+@) 1 ~ 0 i
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21 J_p 14 di(ef@t®))  fi(ei®)

where we used Eq. (7). To compute the integral, we set ¢’ —
z, and with the useful factorization Eq. (11), Eq. (12) becomes

1—-2z%z
( ’)d

Fp) =

i f
i Jgm 2 15N —2ize) [0 —2)

13)

1(z)

Since |z;| < 1, the residues of the integrand Z(z) are Res[Z(z), z0] = €' (where the trivial pole 7o = 0) and Res[Z(z), zx] =

1 TTw— l(z —ze)(1-252)
—ez; H A A 1_[] 1k (@ — ) Mforl <k <

Tz )

w — 1, which give a rather formal result

w—1 w—1 w—1 ;
_ 1 — 5z Zi — ke
F(p) =) ReslZ(z). ut] = ¥ — (1 —e"”)z I 1_—fw I % (14)
pors i=1 Z;2ke L,k 7 — %
Recall that
o0 o0
Fp)=") exp(ing)F, =Y (1 +inp —n*¢*/2+---)F,
n=1 n=1
= Pyt + i@ (n) Paet — 9> (n*) Pact/2+ -+ (15)

where Pyey = > o | F, is the detection probability, appearing here since the expectation values are actually conditional moments:
(n™) = Zf’il n"™F, /Pyet, and Py = 1 in our case study. Expanding Eq. (14) around ¢ = 0 yields

F(p) =1+ ipw + ¢ ———Z

A comparison between Eq. (15) and Eq. (16) shows [1]

w 277"

Var(n) = () — (n)> = Y ——L_. (17

(n) = w, T,
= 2iZ}

w 27 *
(16)

l—zlz
i,j=1

(

First of all, the mean of #n is quantized, namely, is equal to the
number of the zeros of ¢(z) or as mentioned the number of
distinct energy phases corresponding to nonzero pi. Further,
w has a topological meaning [1] as it is the winding number
of the generating function of ¢,; see Appendix A. Second, to
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(a)
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FIG. 2. A system with five distinct phases e'Zi*. These phases give the positions of positive charges on the unit circle whose magnitudes
are overlaps of energy states with the initial condition. In the unit disk we have four nontrivial zeros of the corresponding force field; these
are on {z;} here denoted with empty circles [1]. Once we obtain the zeros, we have the quantum fluctuations using Eq. (17) while the mean is
(n) = w = 5. Here we show (a) the single-charge theory, where the red colored charge is weak, hence a zero z, is found close to the unit circle
(see arrow); then (b) the two-charge theory, where the green colored charges are merging, namely exp(iE;t) =~ exp(iE,7); accordingly a zero
Zp is close to the unit circle (see arrow). Both in turn mean that we have large fluctuations in the system as the variance of n Eq. (17) will be

large when |z,| — 1 or [z,] — 1.

compute the variance, one needs to get the zeros of ¢(z) and
then use the second equation in Eq. (17). Via the procedures
above, we can regard Eq. (14) as a “moment-generating
function” of n, which in principle gives (n*) in terms of zeros
{zi} by merely expanding to an order ¢*, namely, (n*) =
(—=)FF®(0)/F(0) with F(0) =1 the normalization. Notice
that if one or more zeros approach the unit circle |z;| — 1 we
obtain a large variance and this will be the topic of our work.

We now discuss the z;’s. Generally finding the zeros can
be difficult, since these are roots of the polynomial N (z)
Eq. (8) [or equivalently the zeros of @(2)]. Griinbaum et al. [1]
presented a mapping of the problem of finding the zeros {z;}
to a classical charge theory. This allows us to find the zeros
using our physical intuition from electrostatics. From Eq. (7)
we see that {z;} are solutions of

w

o:ZLzﬁ. (18)

par eiEkT —Z z
Now the terms pi/(e’®*" —z) can be thought of as two-
dimensional Coulomb forces, generated by positive “charges”
Pk located on the unit circle, namely on the phase exp(iE; 7).
The force field generated by the w charges all on the unit circle
is

w

0=F@) =) mr—. (19)

k=1 -

So we are searching for the stationary points of the clas-
sical force field. Integration of F(z) with respect to z re-
veals a two-dimensional Coulomb potential V(z) = Y /_; pk
In [eBT — 7],

To recap, in the electrostatic picture shown schematically
in Fig. 2, we have w charges located on the unit circle,
positioned at exp(iE;t) and with magnitude py. In the unit
disk we find w — 1 stationary points of the force field located
on the zeros {z;} and (n) = w. Once we find these stationary

points, i.e., the {z;} of the force field, we can use Eq. (17)
to obtain the variance. When a zero approaches the unit
circle, the fluctuations of n are large because the denominator
of the variance formula in Eq. (17) vanishes [1]. The goal
now is to find out explicitly the magnitude of these fluc-
tuations, and to better understand when the fluctuations are
large.

III. ASYMPTOTIC FORMULAS FOR THE VARIANCE OF n

A. Single-charge theory

Assume that one of the overlaps denoted pg, associated
with energy Ey, is small, pp <« 1, and in particular much
smaller than all the others. We will later present simple
Hamiltonians which exhibit this property. In the electrostatic
language we have a weak charge on exp(iEyt). We put Ey =
0. Clearly, as shown in Fig. 2(a), we find a zero close to this
charge, denoted z; >~ 1 with s standing for single. On z, the
electrostatic force vanishes, because the force of the weak
charge balances all other forces (in analogy, the equilibrium
point in the sun-earth system is much closer to earth than to
the sun). It follows that for this single-charge scenario, we
have

po — 0. (20)

Using Eq. (19) with perturbation theory, presented in Ap-
pendix B 1, we find

Po
Zj;eo /11 — exp(E;T)]’

g~ 11— 21

hence

1
Var(n)wz—po 1+ ;p_,-cot[(Ej—Eo)r/Z] . (22)
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This is the first main result of this paper. As expected the vari-
ance depends on all charges p;. The blowup of the variance
is easy to understand from the classical picture, but what is
the physics in the quantum problem? Roughly speaking, the
process of repeated measurements may drive the system into
a state that has considerable overlap with |Ey). Nevertheless,
since po is small, the particle is not efficiently detected. A
typical outcome of n may be much larger than (n) (= w),
which implies large fluctuations of n for small pg, given by
Eq. (22). Notice that when |E; — Ey|t 2 2k for some k, we
get a large contribution from the cot(---) in Eq. (22) (see
Remark 1). In the electrostatic picture this is because two
phases (and hence two charges) are merging and this is the
topic of the next section, where we do not assume that py is
small.

B. Pair of charges

Another mechanism leading to the blowup of the variance
is the case when two energy levels, denoted E; and E,, satisfy
the resonance condition exp(iE|7) =~ exp(iE>7) [1,13]. Note
that this can be achieved by modifying t or some other
parameter of H. When exp(iE;t) = exp(iE>T) exactly, the
winding number is reduced by one, and in the vicinity of this
jump in w = (n) we get large fluctuations. The jump in (n) is
not directly measurable, since it is found only for an isolated
value of the control parameter, say t [see Fig. 3(c) for an
example]. The investigation of the variance is thus crucial as
it presents the signature for this transition in its vicinity. In
our case we have two charges p; and p, close to each other,
both located on the unit circle. So we expect to find a zero,
denoted z, with p standing for pair, in their neighborhood.
This is because the point of zero force is largely determined
by this pair. In analogy, the equilibrium point between two
neighboring stars is determined to leading order by these and
not by other distant stars. See Fig. 2(b) for this case.

Since z, =~ 1 but |z,|* < 1 we have from Eq. (17) Var(n) ~
2|z,2/(1 — |z,/*). We need to find an approximation for z,, as
6 — 0, where § = (Eht — E17)/2 mod2m. At § = 0 the two
phases merge. As explained in Appendix B 2, a second-order
expansion of Eq. (19) in § yields

4p1p>
(p1+p2)°

z,,~1+ipl_p28
p1+p2

pi 1o
ZeiE,r_l 28'

j#A1.2
(23)

The leading order term is unity because we choose the zero
energy as (E; + E)/2 = 0. The first correction term depends
only on p; and p; as expected, while the last term is already
sensitive to all the other charges p; with j # 1, 2. Importantly
the first-order term has no real part, unlike the single-charge
theory case. Since we are actually interested in |z,|* the
expansion must be carried out to second order. Here enters
a little magic: using the normalization condition ) ipi=1
and 1/(exp[ix] — 1) = —1/2 —icot(x/2)/2, we find |z1,|2 and
the variance is

(p1+ p2)’ 1
pip2 THE, — Ep)?

Var(n) ~ 2 24

(a) (b)

—J/V2 ~J/V2
E)--()~62)
U 2U

4U

(c)

=
o
N

Lot J (d)

0 2 4 6 8 10
u

FIG. 3. (a) Interacting two-boson model schematics, (b) charge
configurations, (c) the mean of n, and (d) the fluctuations of n as
a function of the interaction strength U with J = 1 and v = 3. The
red horizontal line in (c) presents (n) for nonexceptional U, and the
green crosses are the reduced winding number found for special U’s.
The peaks in (d) correspond to the discontinuous reduced w in (c);
i.e., whenever w = 2 we get diverging variance. As shown in the
upper right corner (b), when U is large an overlap or charge (colored
red) becomes small corresponding to single-charge theory and hence
the zero z, is approaching this charge. Simultaneously, two phases
corresponding to a pair of charges (blue) merge when U — oo, and
this means that a second zero z,, is also approaching the unit circle.
The theory for Var(n), i.e., the sum of Egs. (22) and (24), perfectly
matches exact results when U is large.

where E;v = E;jt mod2m. Surprisingly the background
charges (all the p;’s, for j # 1,2) cancel out in the final
formula. The asymptotic variance is not sensitive to their
presence, in contrast with Eq. (22). However these charges
cannot be neglected in the calculation; see Eq. (23). To put
this differently: had the charges not satisfied the normalization
condition, the final result would be sensitive to all the charges.
So in this sense we are dealing with a classical charge theory,
but with three important constraints: all charges are positive,
their sum is one, and they are on the unit circle. More impor-
tantly Eq. (24) exhibits the blowups of the variance close to
resonances which can be controlled for example by varying t.
We now demonstrate these results with two examples.
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1045
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10 0 n/2 n 3n/2 2n

T

FIG. 4. (a)—(d) Charge configurations, (e) the mean of n, and (f) the variance of n versus 7 for the quantum return problem on a ring of size
eight with y = 1. As presented in (e), the winding number (red horizontal line) remains constant for general t. Then isolated jumps, shown
by vertical lines with colors corresponding to scenarios (a)—(d), appear at some critical 7, around which one finds diverging fluctuations of n
in (f). When the variance is large, corresponding to merging phases, we find rich physical behaviors which are captured by our theory: (a) for
the Zeno regime t — 0 we have a five-charge theory described by the bound Eq. (31) (dashed cyan line), (b) purple curves represent the
two-charge theory Eq. (24), (c) blue is the double two-charge theory, and (d) green peaks are the triple-charge theory Eq. (28). Our formulas

perfectly match the exact results presented with the red curve.

C. Two interacting bosons in a Josephson junction

Two particles can occupy two states, left and right, and are
governed by the Hamiltonian

J . .
H= —E(a}a, +ala) + UG+ i), Ay =a) a,, (25)

where &;r (a;,,) is the creation (annihilation) operator on the
left (/) or right (r) well.

The Fock space is spanned by |2, 0) and |0, 2), i.e., both
bosons on the left or right of the junction, and |1, 1) one
boson on each site. This well-known system is described by
tunneling elements J and the interaction energy U ; see sketch
in Fig. 3(a) and further details in Appendix C1. We start
with two particles on the left and investigate the first return
of this pair as we vary U, i.e., |¥i,) = |2, 0). Since we have
three distinct energy levels, the winding number is (n) = w =
3 except for special values of U where the variance of n
diverges; see Fig. 3(c).

In the limit of large U, one of the overlaps or charges,
which we call pg, becomes very small and the single-charge
theory applies. Here, py is the overlap of the detected state
|¥in) with the ground state |Ep). The vanishing overlap is
understood easily. For large U, the ground state is almost
[1, 1) and orthogonal to [v3,) = |2, 0). More precisely, po =
[(2, 0|Eo)|? ~ J?/8U? « 1. As we increase U a second ef-
fect takes place; it is easy to show that two excited en-
ergy levels approach each other |E; — E;| ~ J?/(2U) — 0,
so we get a contribution also from the two-charge theory (see
Appendix C 1). As shown in Fig. 3(b) the two effects imply
two zeros approaching the unit circle separately, and hence

we can add up the two contributions Eq. (22) and Eq. (24)
to reach excellent agreement between exact results and theory
presented in the figure. As demonstrated in Fig. 3 whenever
we have a nonanalytical jump (n) =3 — 2 on isolated U we
find large fluctuations in the vicinity of the critical parameters.
As mentioned, since the discontinuous jump in (#) is found for
an isolated point (of measure zero), the measurement of the
variance is the way to demonstrate the qualitative transition of
the topological number w in the system.

D. The ring

A nearest-neighbor tight-binding model on an eight-site
ring has the Hamiltonian

7
H=—y ) ()4 1]+ ke + x| —2x)x]],

x=0

(26)

where |0) = |8), and y is the hopping rate. This Hamiltonian
describes hopping between nearest neighbors. Consider a
particle initially localized on a site of the ring |¥,) = |0) and
we investigate how Var(n) is controlled by the sampling time
7. In this model we have five distinct energy levels because of
degeneracies (the energy levels are E;/y =2 — 2 cos[wk/4]
with £ =0, ...,7). This means that except for the special
sampling times the winding number is (n) = w = 5. The
exceptional sampling times are given by AEt = 27 j, where
AE = |Ey — Ei|t for any pair of energies in the system.
When t approaches this limit, we find large fluctuations (see
Fig. 4).
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There are no effectively small charges, so we expect to
find the scenario of the two-charge theory. However, in reality
the physics of this system (and of other simple examples) is
richer than what we have found so far. As shown in Fig. 4
we have four categories. When 7 — 0 we have the Zeno
regime [28]; in this case all five phases exp(iE;T) converge to
unity, so here in principle we must locate the stationary points
arising from a configuration of five charges [see Fig. 4(a)].
We also have cases where three phases approach each other
on the unit circle [Fig. 4(d)]. So our theory based on a pair
of charges or a single charge is not sufficient and we will
soon consider these interesting cases in some detail. We also
find cases where two pairs of charges converge at different
locations on the unit circle [see Fig. 4(c)]; here we may use
our results and sum up the two contributions. Finally we have
the cases where the two-charge theory holds. The comparison
in Fig. 4(f) between our theory and an exact diagonalization
of the problem shows excellent agreement. Note that for the
Zeno regime (five-charge theory), we have plotted a lower
bound to be discussed soon. Motivated by these observations
we now extend further the basic theory, revealing two more
mechanisms for the blowup of the fluctuations.

E. Triple-charge theory

It is common that three (or more) phases merge on the
unit circle, for example in systems with commensurate energy
levels or in the T — O limit. The corresponding zeros {z;}
may exhibit interference effects as the off-diagonal terms in
Eq. (17) may become important. Consider the case where
three phases are close by on the unit circle. Here, we will
consider a symmetrical situation to reduce the number of free
parameters. The three energy levels are £y =0 and Ey =
+E with phases ¢ and e™F7 = F27kE0  \where k is an
integer and § is our small parameter. This configuration of
charges or phases yields two zeros called zj, and d stands
for dimer. These are located in the vicinity of the unit circle,
as expected from basic electrostatics; see Fig. 4(d). We denote
Po = [{¥in|Eo)|* and p = |(¥in|Ex)|?; this corresponds to the
example of the ring. Using Eq. (17) in this case we have

al? + ()
Var(n) ~ Z 27| ( 224 (z4)

S jef -Gy

M

+ c.c.) .27

From the example’s symmetry we have z; = (z;)*. A de-
tailed calculation, presented in Appendix B 3, shows that as
long as p is not small,

oo+ 2p)? 1

V: ~1 — ——
ar(n) (B, —F)

(28)

Again, this describes gigantic fluctuations as the three phases
are merging and perfectly matches those peaks in Fig. 4(f).
The mixed terms become negligible in the limit; more
specifically as shown in Appendix B3, lims_,o M = -2 +
p/[po(po + 2p)]. The physical reason is that in the limit the
two zeros overlap and then they cannot interfere.

Remark. Note that the former three formulas Egs. (22),
(24), and (28) are correlated. In Eq. (22), assuming some I,
(E;t — Ey)t ~ 2wk with k an integer, namely, (E;t — Ey)t =

FIG. 5. Schematic sketch of the six-site ring with one defect.
The circle colored blue shows where the defect is. The introduction
of defect A& breaks the original rotational invariance, resulting in
reflection symmetry (see the dashed line).

8 with § — 0, using cot(8/2) ~ 2/, we obtain Var(n) ~
2p? /[po(E; — Ep)*t?]. Then recalling Eq. (24), if p; < 1 and
pr is finite, further simplification gives the same expression.
As to Eq. (28), if the upper and lower charges p are small
but py is finite, we get Var(n) ~ 16p3/[p(E+ — E_)*t?]. This
is consistent with the single-charge theory Eq. (22) but with
two “single charges”; namely, we have two z; [see Eq. (21)].
Since we have the middle charge close by the two charges with
small p, applying the same approximation of cot(.. . ), we get
Var(n) ~ 4p3 /[p(Eo — E+)*t*]; here (Eg — E4 )t is half of
(E4 — E_)7, and thus it is consistent with the single-charge
theory.

F. Symmetry breaking in a ring system with defect

We now consider a ring with six sites as our final example.
One site denoted |0) is a defect in the sense that its on-site
energy is A&, while other on-site energies are zero. Hopping
is between neighboring sites similar to previous example. The
schematics of our system is shown in Fig. 5. The Hamiltonian
reads

5
H=—y Z[IXHer 1+ |x + 1){x| — A§|0)(0]],  (29)
x=0

where |6) = |0), satisfying the periodical boundary condition,
and A& > 0. In this system we break the symmetry of H
when A& # 0. We now address how this influences return
time statistics.

We consider the return problem for three cases, choosing
[Yin) = 10), |1), and |3). Importantly, when we measure on |0)
and |3) we do not break the reflection symmetry of the system,
while when we measure on |1) we do. First let us consider
the mean (n) = w. The first thing to do is to search for the
energy levels of the system. While when A& = 0 we have
four energy levels, the perturbation breaks symmetry and now
we have six distinct energy levels (when the splitting is small
corresponding to weak A& we expect two-charge theory to
hold, as degenerate energy levels split into two). When A is
large we find a state very much localized on the defect, which
suggests that weak-charge theory is expected to play a role.
While these effects are certainly present, a more subtle feature
is related to symmetry. Solving for the energy states we find
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FIG. 6. Variance of n for six-site ring model with one defect. Here y is set to 1, and the defect strength A& ranges from O to 50. (a) When
the detector is set at site x = 0, where the defect is located; (b) when the detected or initial state is |1), the neighbor of the defect; (c) when the
state |3) is the target. The figures show perfect matching between our theory (purple curves) and exact results (orange crosses). Note that in
this system, the quantum fluctuations are gigantic even far from resonances. In case (b) the measurements break the reflection symmetry of the
system, making the qualitative features of statistics of returns different from the measurements maintaining the symmetry. See further details
in the text.

that two eigenstates of H are {0,1/2,—1/2,0,1/2, —1/2}, G. Zeno regime
{0, -1/2,—-1/2,0,1/2,1/2}, corresponding to eigenvalues
y, —y, respectively. See Appendix C3 for further details.
Now recall that the charges are the overlaps of the energy
eigenstates and the detected state. From this we see that if
the detection is on site |0) or |3) two charges will have zero
magnitude. The consequence is that

As we increase the number of merging charges, the calcula-
tion of the variance becomes exceedingly hard. Such a case is
the Zeno regime, T — 0, when all phases exp(iE; ) coalesce.
Basic electrostatics tells us that all zeros are located in the
convex hull of the charges [1], the area of which vanishes as
T — 0 (see schematic diagram in Appendix B 4). We may use
this to our advantage and obtain a lower bound using basic

{4, if |Yin) = 10) or |3), 30) geometry (see Appendix B 4 for further details),
6, if [Yin) = |x) withx # 0, 3. Var(n) > (w — D[2cot? (AE,t/2) —w+2],  (31)

where AE,, = Enax — Emin 18 the width of the energy spec-
trum. This useful bound shows that the variance diverges as
T — 0. It is plotted in Fig. 4(f) for the ring example.

As explained, this result is valid as long as the phases of
the system exp(iE;t) # exp(iEyp T) do not overlap. When this
happens we get a blowup of the variance presented in Fig. 6.
The variance of n for the two classes of initial conditions
exhibits qualitatively different behavior. When detection does
not break symmetry we have clusters of three peaks, and On the right-hand side of Eq. (31), we can further simplify
for symmetry-breaking measurement we have five, i.e., when cot(- - -) by using cot(x) ~ 1/x with x < 1; then we obtain an
[¥in) = |1); see Fig. 6. This is related to the fact that when uncertainty-like relation of time and energy:
symmetry is preserved the effective dimension of the Hilbert ) ) )
space is reduced (w = 4) if compared with the symmetry- (AE) (Atger)” Z 8(w — DA, (32)
breaking case (w = 6). An interesting effect for Var(n) is  where Aty is the standard deviation of the first detected
found for weak perturbations A& < 1. As shown in Fig. 6(b) return time, which is defined as Atge; = \/W —
the fluctuations blow up in this limit when we break the sym- 7/Var(n). Here we recover the /i to formulate the relation
metry, i.e., [in) = [1). The opposite is found when symmetry  Eq. (32). In the derivation we assume AE,t < h. In the
is maintained, Figs. 6(a) and 6(c): now there is no blowup  yncertainty principle we relate the variance of the first de-
of fluctuations. To explain this, note that when symmetry is tected return time fq, the width of the energy spectrum,
not broken, w for A§ = 0 is a constant equal to four and it the topological number w, and the Planck constant /. In the
remains four also for A§ > 0. In contrast, when we break  mathematical limit w = 1, there is only one energy level; then
symmetry, we have a transition from w = 4 for A§ =0 to Aty = 0 as the particle is detected at the first attempt, so
w =6 when A& is small (due to removal of degeneracies,  ; = | with probability one for any sampling time 7. Indeed
and nonzero overlaps). Since large fluctuations are found  the right-hand side of Eq. (32) gives 0 in this limit, so the

when w performs a discontinuous jump, we find diverging presence of the factor w — 1 is physically reasonable.
fluctuations only when the detected state breaks symmetry.

Our theory works nearly perfectly and thus in Fig. 6 it is
hard to distinguish between predictions and exact solutions.
The details of the theory and classification into weak-charge, We provided a valuable theoretical background which
two-charge theory, etc., are provided in Appendix C 3. gives explicit formulas for the large quantum fluctuations of

H. Time-energy uncertainty

IV. DISCUSSION
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the first detected return times. The protocol of measurement
relies on unitary evolution pierced by repeated measurements,
a theme that is now used in many theoretical works. As the
interest in quantum information and monitoring increases, a
deeper understanding of the measurements’ backfire and its
influence on the dynamics become essential. Our work shows
how this combination can yield diverging fluctuations.

With the development of experimental techniques, it is now
possible to perform single-atom quantum walk experiments in
the laboratory, e.g., in Refs. [29,30], and single-atom imaging
has been perfectly achieved with single-site resolution. In
Ref. [30] the same model as in our first example, the Bose-
Hubbard model, was employed in experimental research with
a number of particles. And the investigation of this boson
model involved the Mott-insulating state, a phase in which
the on-site interacting strength U is much greater than the
tunneling element J. This is also discussed in this paper,
with a smaller scale of two wells and a pair of bosons,
namely a few-particle system rather than a many-body sys-
tem. Recent works [18,31-33] indicate a growing awareness
of repeated measurements piercing unitary evolution, such
experiments being based on single-photon or coherent-laser
pulses. The ring model with six sites has been implemented
in [32]. Reference [18] nicely demonstrated the effects of
repeated local measurements on unitary dynamics, similar
to the projective measurement under study here. Therefore,
with the techniques of single-atom and single-site imaging,
or single-photon and coherent-laser-pulse platforms, or even
other approaches mentioned in Ref. [34], the theory developed
here could be tested via these discrete-time quantum dynamics
setups.

We hope that others will elaborate more on this theme, as
many open questions remain to be explored. For example,
are the observed effects discussed here relevant to other
measurement protocols? In the limit of small sampling time
7, Dhar et al. [11] showed that the repeated measurement
protocol is equivalent to the well-known non-Hermitian [35]
description of leaking, i.e., non-norm-conserving systems.
The latter approach is used extensively in quantum optics
[36], where the radiative decay rate plays the role of 1/,
while in other systems the non-Hermitian dynamics is related
to a sink term, e.g., in light-harvesting systems [37]. Our
preliminary results in this direction show that the Zeno limit
of the current work is well suited to describe non-Hermitian
dynamics. Second, what is the effect of disorder? If the
disorder is static, localization plays an important role. Then
overlaps of energy states with localized measurement are
typically small, leading to what we termed “small charge”
(however here we have more than one small charge). In this
case the zeros z; are random, and further work is needed
to evaluate their distribution. However, the basic formalism,
especially the weak-charge limit, is expected to be of value
also in this direction. Many other topics remain to be explored,
like the effects of weak measurements [38] or coupling to the
environment [39-41], or random sampling times [8] on the
quantum return time. The last one could modify the effects
discussed here within the two- and three-charge theories,
since these effects are related to partial revivals of the wave
packet. In contrast the physics of weak charges is expected
to be more robust to changes in the protocol of measurement,

since weak overlaps imply small probability of recording the
particle.

To summarize, our classification describes rich physics.
Based on the stroboscopic measurement protocol, the inves-
tigation of the statistics of first detected return times shows
that the mean (n) is equal to the winding number w [1],
its value fixed apart from exceptional parameter values. In
contrast, the variance exhibits rich physical behaviors. It
diverges whenever the winding number changes. Our theory is
based on four layers: single-charge theory where the variance
is sensitive to the background charges Eq. (22), two-charge
theory describing the variance when two phases merge on the
unit circle and the variance is insensitive to the background
charges Eq. (24), triple-charge theory where a dimer is found
to describe two zeros in the vicinity of the unit circle Eq. (28),
and finally a bound for the Zeno regime Eq. (31), a many-
charge scenario, in which we also provide a time-energy
uncertainty relation Eq. (32). The latter exploits the fact that
the return time is fluctuating, while in the standard uncertainty
relation AE At > h, At is actually fixed. Further it provides
a relation that relates uncertainty to the topology; i.e., the
winding number w enters in our relation.

ACKNOWLEDGMENTS

E.B. thanks P. Hinggi and D. Kessler for valuable dis-
cussion. The support of Israel Science Foundation Grant No.
1898/17 and the Humboldt Foundation is acknowledged. F.T.
is supported by DFG (Germany) under Grant No. TH 2192/1-
1 and K.Z. by the Julian Schwinger Foundation.

APPENDIX A: WINDING NUMBER

Here we provide a topological interpretation for the mean
of n: winding number, and an alternative derivation for the
quantization of (n). As mentioned above, the mean of n is
equal to the winding number of o) with —7 < w < 7

. " 1 b4 qg(ei(w-&-(p))
(n) = (=0, F (¢)lp=0 = [—f ——dw
% ¢=0 i . 2 ¢(e"") o
_ L/” g elf@r ot go | = L/” 0 f do.
i ), ¢ oo 2m )

(AD)

Here we use the property |¢(e/®)| = 1 so that we can write as
@(e) = €@ This equation represents “winding” behaviors
of the generating function with z on the unit circle in the
complex plane. From the spectral decomposition Eq. (7),
using the identity 1/[exp(ix) — 1] = [—1 — icot(x/2)]/2, we
get

f(®) = 2 ArcTan |:2k: P cot EkTT_ai| (A2)

We use below the standard domain of the principle value of
—m /2 < ArcTan(x) < /2. Note that there exists a unique
wy = Ext such that cot[(Ext F € — wy)/2] — Foo for
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€ — 0%. Using ArcTan[+o0] =
small vicinity of w, = E 7,

4+ /2 we notice that in the

lin})[f(EkT +€) — f(Ext —€)] = —2m, (A3)
J
1 E\Tt—¢ Ert—e
(n) = w=—Ilim / Bwfdw—i—/
2r e—0 ) J ; Ejt+e

1 ~ _
=5 lim[f(Eit —€) — f(—m) + f(E>T
T €—0

Note that f(—m) — f(7r) = 0 and using Eq. (A3) we see that
(n) = w.

APPENDIX B: PERTURBATION METHOD

We now determine the fluctuations of n for the different
classification schemes discussed in the text, namely single-
charge theory, pair-of-charge theory, etc. Using Eq. (19) or
equivalently the first line in Eq. (8), the zeros are given by

> o[ =z =0

k=1 j#k

(BI)

We will also apply the perturbation method to this equation
for simplicity in calculation.

1. Single-charge theory

This case, as mentioned in the main text, is set with one
effective weak charge py < 1; the corresponding energy is
Ey = 0. From the force balance F(z) = 0, Eq. (19), we find

= +ZezEkr_ ’

where ¥’ means summation over all k except for k = 0.
Assuming that z; ~ 1 — €, we find in leading order

_Po " Pk
0_?_; 1 —elbit’

(B2)

(B3)

which yields
Pk
€~ . B4
> ipi/ (1 — eifir) B

Alternatively, we can plug the ansatz z; ~ 1 — € into Eq. (B1)

to obtain
0=py—e Z

which gives the same result. From here the results Eqs. (21)
and (22) follow.

(BS)

elEkT ’

2. Pair of charges

When a pair of charges is nearly merging, say exp(iE;t) ~
exp(iE>t), a zero denoted z, will approach the unit cir-
cle in the vicinity of the charges; see schematic Fig. 2(b).
For simplicity, as mentioned in the text, we assign the

dufdw+ -+ /
E,t+e

—e)—fET+e)+ -

provided that p; % 0. We see that on wy, f(w) experiences a
jump of size 2, so clearly in this representation f(w) is not
smooth in [—r, 7r]. Since in Eq. (A1) we take a derivative of
f(w) the formula must be treated with some care. We perform
the integral by parts:

T

8wfdwi|

+ f() = f(EuT + ). (A4)

(

zero energy (E; + E;)/2 =0, then rewrite exp(iEit) =
exp(—id), exp(iE,t) = exp(i§), and § < 1 is the small pa-
rameter of the problem. Note that 28 = E»t — E| 7. Inserting
zp =1 —C18 — C38” into Eq. (B1) and regrouping the 8, §*
terms, we find

0= [(p1 +p2)Ci +i(p1 — p2)IA1 28

+
+ { |:(P1 + p2)C — i p2:|A1,2

2
+ Y pi(1+CP)Bjaa (8 + 0%, (B6)
J#1.2
where
A= [T =D Biuo = [ @ =1, gy

k#1.2 k#j.1,2

Solving Eq. (B6), we get
Pl SRS 1

_ 4pip> Z
P1+P2 2 (pi+p2)? Py 'ET— '

C=—

(B8)
Then with some further algebra we get Egs. (23) and (24).

3. Triple-charge theory

To start with the calculation, we reduce the number of free
parameters. We consider the symmetric case first; namely, the
three energy levels are assigned as Ey, E+ = +E. When the
corresponding phases are merging, we rewrite ¢'f+7 = %%,
These charges imply that two zeros can be found close to
the unit circle zj with o = &; see the schematics in Fig. 7.
Inserting the expansion z =1 —A,8 — B,8? into Eq. (B1)
we find to third order in &

A, = —io Po ,
po+2p
po+p
B, =B = , (B9
2po+2p) (po+ 21!7)2 Z ’E T—1

where the primed sum excludes the three charges indices.
Hence,
b 2

o |2 2,2
O =1-4,6-B8P =1- —F
& (po +2p)?

(B10)
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FIG. 7. Three merging charges on the unit circle create a dimer:
two zeros denoted z;.

Recall the off-diagonal term M in Eq. (27); substituting
75 =1—A,8 — B§? into it yields

1
Ml = 2[_2 + n ]
|8%0 1 - (Z;)*Zd 550+

-z (z))*
1
=442 c.c.
+ |:(B—|—B* —A%)82 4+ 2448 + ]H)+
B + B*
- 3+ +2 -2y —Pr @I
1A+ ] po(po +2p)

which is finite as mentioned. Therefore, we can indeed neglect
M inEq. (27) as |t (E; — E»)| — 0. Then plugging Eq. (B10)
into Eq. (27) yields Eq. (28).

4. Zeno regime

We investigate the Zeno regime, where t is small though
finite, seeking a lower bound for the fluctuations. We can
generally rewrite the second line in Eq. (17) as

w—1
Var(n) = Y Vi, (B12)
Jik
where
iz 757
V= Lk S (B13)
Il —zzg 1 =2
Letz; = r;e" and then
1 - rjz.rlf
Vik=—-1+ (B14)

1+ rjz.r,f —2rjrecos AQj’

where A0, = |0; — 6k|. As presented in Fig. 8, we have
the bounds cos(AE,t/2) <r; < 1,0 < Afjy < AE, T, with
AE,, = Eax — Emin, and Eqx or Eni, is the maximum or
minimum of the discrete energy levels. Recall that we con-
sider finite systems where the spectrum is bounded, energy
levels are discrete, and hence (n) = w finite. For the diagonal
terms, namely when j = k, every element

2r12.

Vi > = 2cot’(AE,T/2),

(B15)

)
1 rj r%:cosz(AEmr/Z)

exp(iEmazT) eXp(iEnLinT)

FIG. 8. In the limit of small 7 the charges on the unit circle will
coalesce. As shown the zeros are within a convex hull whose vertices
are the charges. When t — 0 these zeros will approach the unit circle
and thus the fluctuations of n are large. The calculation of the zeros,
while a possibility for small systems with numerics, is nontrivial
since we are dealing with a many-charge theory. Still we can obtain
a useful bound for the fluctuations using geometrical arguments.

and for the off-diagonal terms (j # k),
Vi > —1, (B16)

since the second term on the right-hand side of Eq. (B14) is
always positive. Thus the sum is bounded as

w—1
Var(n) = Y Vix > 2(w — 1) cot*(AE,7/2)
J.k
—(w— D(w —2), (B17)

which is Eq. (31).

APPENDIX C: DETAILS ON THE EXAMPLES

1. Interacting two-boson model

Two bosons in a Josephson tunneling junction, governed by
the Hamiltonian Eq. (25), are our first example. We focus here
on the quantum return problem of |y,) = |2, 0); namely, we
consider a detector that records two particles on the left (other
measurements are of course possible and they will be treated
elsewhere). The energy levels of this system are

Ey=3U —JU2+J2, E, =4U,
E, =3U +/U2+ )2 (C1)

The subscript 1 or 2 means the first or second excited state.
Since there are three energy levels here, the average of n is
(n) = w = 3, except for special t’s, U’s, and J’s; see details
below. As shown in Fig. 3 we investigate Var(n) varying
the on-site interacting energy U (while t,J are fixed). In
this example we find that when U becomes large one of the
overlaps approaches zero (one-charge theory) but at the same
time two charges merge (two-charge theory), so we have two
effects taking place at the same time.
Specifically,  exp(iEjt) = exp(iE,T)
J?t/Amk —mwk/t when k=1,2,... and notice that
this merging may take place only when Jt > 27
(we consider only U >0). The merging of two

when U=
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FIG. 9. The overlaps p; versus interacting strength U for the
interacting two-boson model with J = 1. The green curve represents
Po, and the blue and red ones are p; and p,. As shown, py decays
along with the increase of U. When U is large, py is almost 0, while
P1, P2 are finite.

other phases exp(iEj7) =exp(iEgt) happens when
U= —J?t/4wk + wk/t. Finally, exp(iE;t) = exp(iEyT)
will merge when U = ,/m2k?/t2 — J2. Since we choose
J =1, 7 = 3 only the last two cases are relevant in Fig. 3 in
the main text. Note that the overlaps of |E;) with |2, 0) are
also parameterized by U, J:

J2
Po = s p=1/2,
AU+ P(VU2+ T2+ U)
J2
P2 (C2)

AU PWUTH T -U)

We plot the overlaps p; changing with U, as shown in Fig. 9.
So as mentioned in the main text we also have one-charge
dominance here. The critical U’s give |E; — Ey|t = 27k or
|E; — Eg|t = 2wk, and these are described by the single-
charge theory, Eq. (22). Note that when U becomes very large,
E, >~ E5, as mentioned in the main text. This leads to large
fluctuations of n coming from two sources: two phases are
merging on the unit circle, together with single charge effects
since py is also small. Thus the final approximation is the sum
of Eq. (22) and Eq. (24), namely,

L+ {X2,_14 pjcotl(E; — Eo)r/21)
Var(n) ~ 20
+ p2)? 1
Py (p1+ p2) N — ©3)
pip2 Tk — Ep)

In Fig. 3 we show that the approximation perfectly matches
the exact results when U is large.

2. The eight-site ring

The Hamiltonian of the eight-site ring model, Eq. (26),
gives the energy levels E; =2 —2cos(k/4), ie., Ey =
0,Ei=E =E;=2— N2, En=E =E¢=2Ey=E; =
Es =2+ +/2, and Eyy = E4 = 4 when y = 1. So here as
mentioned, (n) = w =5 except for special sampling times
given by © = 1 j/2, 21 j/(2 + N/2), 7 j /2, 7 j, 27 j, and

277j/(2 — +/2) with j an integer. The corresponding eigen-
states are

7
E) =) ™ x) /27/2; (C4)

x=0

hence, |(¢m|Ek)|2 =1/8 with k =0, 1,...,7. However, we
have a degeneracy so we define py = pryv = 1/8, pr = 1/4,
pn = 1/4, pm = 1/4. Thus on the unit circle we have five
charges: two with charge 1/8 and three with charge 1/4; these
merge for the mentioned special sampling times 7.

We now explain how to get the approximations presented
in Fig. 4(f), for which we find Var(n) close to resonances.

(1) When t is equal to m, 2w, or /27 there are only
three phases on the unit circle. Hence close to these sampling
times we get the blowup of Var(n). Specifically in these cases
(€°, €27, ¢7) and (/@YD 27 ¢i2+VDT) merge. Hence in
this case we use the triple-charge theory Eq. (28). These cases
are the peaks colored in green in Fig. 4(f).

For the first case, consider 7 ~ 7; the parameters in
Eq. (28) are py = prs = 1/4, p=1/8, so Var(n) ~ 2/(w —
7)?, while when t ~ 27 we get Var(n) ~ 2/(2mw — 7)%. The
configurations of charges and zeros are shown in Figs. 4(a)—
4(d). For the case t ~ /27 with py = p = 1/4, Var(n) ~
9/12(v27 —)’].

(2) When 7 ~ 27j/(2 ++/2) with j =1,2,3, we have
two zeros separately approaching the unit circle as we have
two couples of phases or charges merging on the unit circle.
These correspond to the three blue peaks in Fig. 4(f). Using
Eq. (24) we find the approximation Var(n) ~ 27/{4[2mj —
(2 + +/2)7]?}. Here the contributions from the two zeros add
up. We use j =1, 2,3 since we consider 7 in the interval
(0, 2m); see Fig. 4.

(3) When 7 ~ 71/2, 7 /+/2, 37 /2, we have the two-charge
theory, namely one zero approaching the unit circle Eq. (24);
these correspond to the three peaks colored in pink in
Fig. 4(f). We find the corresponding approximations Var(n) ~
1/[8(r /2 — ©)?], Var(n) ~ 1/[2(7r /+/2 — ©)*], and Var(n) ~
1/[8(3m /2 — 1)?], respectively.

(4) When 7 ~ 0, namely in the Zeno regime, we apply
Eq. (31), which gives Var(n) > 8cot’(2r) — 12 as a lower
bound.

All this information is presented Fig. 4(f) perfectly match-
ing the exact solution.

3. Symmetry breaking in a ring system with defect

The final example in the main text is governed by the
Hamiltonian Eq. (29). The defect will increase the original
energy levels of the clean system. As mentioned, the defect re-
moves the degeneracy of the system. For A§ = 0 the number
of distinct energy levels is four while when A& # 0 we have
six levels. Figure 10(a) shows the influences of the defect on
the energy levels.

In the following we consider the mean of n and its
fluctuations for three different cases: first when the initial
state is |Yi,) = |0) (namely on the defect) and then when
[¥in) = |1) (the nearest neighbor), |¥i,) = |3) (the oppo-
site); see Fig. 5 for notations. Figures 10(b) and 10(c) de-
scribe the corresponding overlaps p; as a function of the

033086-12



LARGE FLUCTUATIONS OF THE FIRST DETECTED ...

PHYSICAL REVIEW RESEARCH 1, 033086 (2019)

501 1.0
40 0.8
. .
ﬂ 4
% 30 . 0.6
- Q
>~20,
o
5 0.4
b
101 (a) 0.2 k (b)
§ 0.0
0 10 20 30 40 50 0 10 20 30 40 50
0.35
0.30 0"‘&
0.251 0.3
0.20] .
Q 0\ Q
0.151 0.2
0.10 o1
0.051 (c) (d)
0.00, 10 20 30 40 50 99 10 20 30 40 50
Y3 AE

FIG. 10. (a) The energy levels, (b)—(d) the overlaps p; of eigenstates {|E;)} and the detected state versus the defect strength A& for six-site
ring with one defect. See Fig. 5 for notations and schematics of this system. Here y in Eq. (29) is set to 1, and A& ranges from O to 50. (b) When
the detector is set at site x = 0, where the defect is located; (c) when the detected or initial state is |1), the neighbor of the defect; (d) when the
state |3) is the target. Notice the color coding, e.g., color blue for an energy level and the same color for the corresponding overlap. See further

details in the text.

defect A&, and Fig. 6 gives the fluctuations of n versus
A&, from which one finds gigantic variance around some
special A¢. Due to symmetry breaking the return time is not
translation-invariant.

As mentioned, with the introduction of the defect at site
x =0, the degenerate energy levels of the original clean
system split. For the “perfect” six-site ring, i.e., A& =
0, E(k) = —2y cos(wk/3) with k =0, 1, 2, 3,4, 5, so there
are four energy levels —2y (1), —y(2), y(2), 2y (1), and the
numbers in parentheses are degeneracies. With the defect,
we have six nondegenerate energy levels. To determine the
winding number w we need to find the number of dis-
tinct energy levels whose overlaps with the detected state
are not zero. We notice that two exact solutions to |H —
All =0 of the Hamiltonian Eq. (29) are y, —y, and the
corresponding eigenvectors are {0, 1/2, —1/2,0, 1/2, —1/2},
{0, —-1/2,—1/2,0, 1/2, 1/2}, which indicates one property of
the model: reflection symmetry. Therefore, when the detected
state is |0) or |3), owing to the vanished charges or overlaps
D(y)> P(—y), the mean of n or the winding number is 4, the
same as the perfect ring. This is valid for nearly any A&; the
exceptions are singular points where two phases of the prob-
lem merge. Specifically, for the former case |,) = |0), there
are three weak charges, and one strong charge corresponding
to the largest energy, as A& becomes large; see Fig. 10(b).
Then there are three zeros close to the three weak charges,
making dominant contributions to the variance. The final
approximation is the summation of all three 2|z;|?/(1 — |z;|?),

or Eq. (22):

1
Var(n) ~ 3 > (1 + {ps cotl(Es — E)r/211). (C5)
k=1,3,5

Here the indices are from sorting energy levels from small
to larger; i.e., E| is the ground energy, p; is the overlap of
its eigenstate with |0). Inside the bracket, we only use the
charge pg, the strong charge, since other p; (k =1, 3,5, p, =
ps = 0) are small and not merging with one another under
our case, making nonsignificant contributions. For the latter
case, where the target is |3), we have simply one weak charge,
corresponding to the largest energy, when A& becomes large.
This is easy to understand, since its eigenvector has a large
overlap with |0); the other overlaps with other position states
should be effectively small. As a result, applying Eq. (22)
gives a perfect asymptotic description for the fluctuations of
n in Fig. 6(c). Note that all the peaks in the variance figures
for the two cases are caused by the merging of weak charge(s)
and strong charge(s), when the winding number is reduced
by 1.

When the initial state is |1), we have a different behavior.
And this is because the location of the detector breaks the
reflection symmetry of the system. We have six charges on
the unit circle as long as A& > 0. This means that when
A& changes from zero to be positive, there is a jump of the
winding number from 4 to 6, around which we find enormous
variance of n as expected. Here we apply the two-charge
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theory to two pairs of charges merging at different locations,
which gives us an excellent agreement between exact solution
and our theory [see Fig. 6(b)]. Furthermore, from Fig. 10(c),
we see that depending on the value of A¢ we have different
small charges (red line when A& ~ /2 and blue when A& >

J

1). Notice that the charge represented by the red line decreases
to 0 when A& = ﬁ, leading to w = 5 at this critical value.
Thus we sum over the contributions of both dominating zeros
to provide an approximation. The global asymptotic formula
is

2 2

6 5

1 1
Var(n) ~ =—1{ 1+ | Y pecotl(Ex — Es)t/2] | t +>—1 14| prcotl(Ex — E¢)t/2]

2ps k=1,k5 26 k=1

2 1 2 1
+2(P2+P3) I (P4 + ps) N — (C6)
p2p3 TA(Er — E3) paps  T2(E4 — Es)

See the matching in Fig. 6(b). Note that the clusters of five peaks in the variance of n are due to the merging of the weak charge

of the largest energy and the other five charges.

[1] FE. A. Griinbaum, L. Velazquez, A. H. Werner, and R. F. Werner,
Commun. Math. Phys. 320, 543 (2013).

[2] J. Bourgain, F. A. Griinbaum, L. Veldzquez, and J. Wilkening,
Commun. Math. Phys. 329, 1031 (2014).

[3] S. Redner, A Guide to First-Passage Processes (Cambridge
University Press, Cambridge, UK, 2001).

[4] O. Bénichou, T. Guérin, and R. Voituriez, J. Phys. A: Math.
Theor. 48, 163001 (2015).

[5] H. Krovi and T. A. Brun, Phys. Rev. A 74, 042334 (2006).

[6] H. Krovi and T. A. Brun, Phys. Rev. A 73, 032341 (2006).

[7] H. Krovi and T. A. Brun, Phys. Rev. A 75, 062332 (2007).

[8] M. Varbanov, H. Krovi, and T. A. Brun, Phys. Rev. A 78,
022324 (2008).

[9] M. §tefaﬁz’1k, I. Jex, and T. Kiss, Phys. Rev. Lett. 100, 020501
(2008).

[10] P. L. Krapivsky, J. M. Luck, and K. Mallick, J. Stat. Phys. 154,
1430 (2014).

[11] S. Dhar, S. Dasgupta, A. Dhar, and D. Sen, Phys. Rev. A 91,
062115 (2015).

[12] P. Sinkovicz, T. Kiss, and J. K. Asbéth, Phys. Rev. A 93,
050101(R) (2016).

[13] H. Friedman, D. A. Kessler, and E. Barkai, Phys. Rev. E 95,
032141 (2017).

[14] H. Friedman, D. A. Kessler, and E. Barkai, J. Phys. A: Math.
Theor. 50, 04LTO1 (2017).

[15] F. Thiel, E. Barkai, and D. A. Kessler, Phys. Rev. Lett. 120,
040502 (2018).

[16] S. Lahiri and A. Dhar, Phys. Rev. A 99, 012101 (2019).

[17] A. Ambainis, E. Bach, A. Nayak, A. Vishwanath, and J.
Watrous, in Proceedings of the Thirty-Third Annual ACM Sym-
posium on Theory of Computing, STOC "01 (ACM, New York,
2001), pp. 37-49.

[18] T. Nitsche, S. Barkhofen, R. Kruse, L. Sansoni, M. Stefaiidk, A.
Gabris, V. Potocek, T. Kiss, 1. Jex, and C. Silberhorn, Sci. Adv.
4, eaar6444 (2018).

[19] L. K. Grover, Phys. Rev. Lett. 79, 325 (1997).

[20] A. M. Childs and J. Goldstone, Phys. Rev. A 70, 022314 (2004).

[21] S. Li and S. Boettcher, Phys. Rev. A 95, 032301 (2017).

[22] E. Bach, S. Coppersmith, M. P. Goldschen, R. Joynt, and J.
Watrous, J. Comput. Syst. Sci. 69, 562 (2004).

[23] Y. Aharonov and D. Bohm, Phys. Rev. 115, 485 (1959).

[24] M. V. Berry, Proc. R. Soc. A 392, 45 (1984).

[25] D. Xiao, M.-C. Chang, and Q. Niu, Rev. Mod. Phys. 82, 1959
(2010).

[26] E. Flurin, V. V. Ramasesh, S. Hacohen-Gourgy, L. S. Martin,
N. Y. Yao, and . Siddiqi, Phys. Rev. X 7, 031023 (2017).

[27] F. Thiel, I. Mualem, D. A. Kessler, and E. Barkai,
arXiv:1906.08108.

[28] P. Facchi and S. Pascazio, J. Phys. A: Math. Theor. 41, 493001
(2008).

[29] M. Karski, L. Forster, J.-M. Choi, A. Steffen, W. Alt, D.
Meschede, and A. Widera, Science 325, 174 (2009).

[30] J. F. Sherson, C. Weitenberg, M. Endres, M. Cheneau, 1. Bloch,
and S. Kuhr, Nature (London) 467, 68 (2010).

[31] X.-Y. Xu, Q.-Q. Wang, M. Heyl, J. C. Budich, W.-W.
Pan, Z. Chen, M. Jan, K. Sun, J.-S. Xu, Y.-J. Han et al.,
arXiv:1808.03930.

[32] F. Nejadsattari, Y. Zhang, F. Bouchard, H. Larocque, A. Sit, E.
Cohen, R. Fickler, and E. Karimi, Optica 6, 174 (2019).

[33] K. Wang, X. Qiu, L. Xiao, X. Zhan, Z. Bian, W. Yi, and P. Xue,
Phys. Rev. Lett. 122, 020501 (2019).

[34] K. Manouchehri and J. Wang, Physical Implementation of
Quantum Walks (Springer Publishing Company, Incorporated,
2013).

[35] N. Moiseyev, Non-Hermitian Quantum Mechanics (Cambridge
University Press, New York, 2011).

[36] M. B. Plenio and P. L. Knight, Rev. Mod. Phys. 70, 101 (1998).

[37] F. Caruso, A. W. Chin, A. Datta, S. F. Huelga, and M. B. Plenio,
J. Chem. Phys. 131, 105106 (2009).

[38] T. A. Brun, Am. J. Phys. 70, 719 (2002).

[39] R. S. Whitney, Y. Makhlin, A. Shnirman, and Y. Gefen,
Phys. Rev. Lett. 94, 070407 (2005).

[40] S. Gherardini, L. Buffoni, M. M. Miiller, F. Caruso, M. Campisi,
A. Trombettoni, and S. Ruffo, Phys. Rev. E 98, 032108 (2018).

[41] Y. Ashida, K. Saito, and M. Ueda, Phys. Rev. Lett. 121, 170402
(2018).

033086-14


https://doi.org/10.1007/s00220-012-1645-2
https://doi.org/10.1007/s00220-012-1645-2
https://doi.org/10.1007/s00220-012-1645-2
https://doi.org/10.1007/s00220-012-1645-2
https://doi.org/10.1007/s00220-014-1929-9
https://doi.org/10.1007/s00220-014-1929-9
https://doi.org/10.1007/s00220-014-1929-9
https://doi.org/10.1007/s00220-014-1929-9
https://doi.org/10.1088/1751-8113/48/16/163001
https://doi.org/10.1088/1751-8113/48/16/163001
https://doi.org/10.1088/1751-8113/48/16/163001
https://doi.org/10.1088/1751-8113/48/16/163001
https://doi.org/10.1103/PhysRevA.74.042334
https://doi.org/10.1103/PhysRevA.74.042334
https://doi.org/10.1103/PhysRevA.74.042334
https://doi.org/10.1103/PhysRevA.74.042334
https://doi.org/10.1103/PhysRevA.73.032341
https://doi.org/10.1103/PhysRevA.73.032341
https://doi.org/10.1103/PhysRevA.73.032341
https://doi.org/10.1103/PhysRevA.73.032341
https://doi.org/10.1103/PhysRevA.75.062332
https://doi.org/10.1103/PhysRevA.75.062332
https://doi.org/10.1103/PhysRevA.75.062332
https://doi.org/10.1103/PhysRevA.75.062332
https://doi.org/10.1103/PhysRevA.78.022324
https://doi.org/10.1103/PhysRevA.78.022324
https://doi.org/10.1103/PhysRevA.78.022324
https://doi.org/10.1103/PhysRevA.78.022324
https://doi.org/10.1103/PhysRevLett.100.020501
https://doi.org/10.1103/PhysRevLett.100.020501
https://doi.org/10.1103/PhysRevLett.100.020501
https://doi.org/10.1103/PhysRevLett.100.020501
https://doi.org/10.1007/s10955-014-0936-8
https://doi.org/10.1007/s10955-014-0936-8
https://doi.org/10.1007/s10955-014-0936-8
https://doi.org/10.1007/s10955-014-0936-8
https://doi.org/10.1103/PhysRevA.91.062115
https://doi.org/10.1103/PhysRevA.91.062115
https://doi.org/10.1103/PhysRevA.91.062115
https://doi.org/10.1103/PhysRevA.91.062115
https://doi.org/10.1103/PhysRevA.93.050101
https://doi.org/10.1103/PhysRevA.93.050101
https://doi.org/10.1103/PhysRevA.93.050101
https://doi.org/10.1103/PhysRevA.93.050101
https://doi.org/10.1103/PhysRevE.95.032141
https://doi.org/10.1103/PhysRevE.95.032141
https://doi.org/10.1103/PhysRevE.95.032141
https://doi.org/10.1103/PhysRevE.95.032141
https://doi.org/10.1088/1751-8121/aa5191
https://doi.org/10.1088/1751-8121/aa5191
https://doi.org/10.1088/1751-8121/aa5191
https://doi.org/10.1088/1751-8121/aa5191
https://doi.org/10.1103/PhysRevLett.120.040502
https://doi.org/10.1103/PhysRevLett.120.040502
https://doi.org/10.1103/PhysRevLett.120.040502
https://doi.org/10.1103/PhysRevLett.120.040502
https://doi.org/10.1103/PhysRevA.99.012101
https://doi.org/10.1103/PhysRevA.99.012101
https://doi.org/10.1103/PhysRevA.99.012101
https://doi.org/10.1103/PhysRevA.99.012101
https://doi.org/10.1126/sciadv.aar6444
https://doi.org/10.1126/sciadv.aar6444
https://doi.org/10.1126/sciadv.aar6444
https://doi.org/10.1126/sciadv.aar6444
https://doi.org/10.1103/PhysRevLett.79.325
https://doi.org/10.1103/PhysRevLett.79.325
https://doi.org/10.1103/PhysRevLett.79.325
https://doi.org/10.1103/PhysRevLett.79.325
https://doi.org/10.1103/PhysRevA.70.022314
https://doi.org/10.1103/PhysRevA.70.022314
https://doi.org/10.1103/PhysRevA.70.022314
https://doi.org/10.1103/PhysRevA.70.022314
https://doi.org/10.1103/PhysRevA.95.032301
https://doi.org/10.1103/PhysRevA.95.032301
https://doi.org/10.1103/PhysRevA.95.032301
https://doi.org/10.1103/PhysRevA.95.032301
https://doi.org/10.1016/j.jcss.2004.03.005
https://doi.org/10.1016/j.jcss.2004.03.005
https://doi.org/10.1016/j.jcss.2004.03.005
https://doi.org/10.1016/j.jcss.2004.03.005
https://doi.org/10.1103/PhysRev.115.485
https://doi.org/10.1103/PhysRev.115.485
https://doi.org/10.1103/PhysRev.115.485
https://doi.org/10.1103/PhysRev.115.485
https://doi.org/10.1098/rspa.1984.0023
https://doi.org/10.1098/rspa.1984.0023
https://doi.org/10.1098/rspa.1984.0023
https://doi.org/10.1098/rspa.1984.0023
https://doi.org/10.1103/RevModPhys.82.1959
https://doi.org/10.1103/RevModPhys.82.1959
https://doi.org/10.1103/RevModPhys.82.1959
https://doi.org/10.1103/RevModPhys.82.1959
https://doi.org/10.1103/PhysRevX.7.031023
https://doi.org/10.1103/PhysRevX.7.031023
https://doi.org/10.1103/PhysRevX.7.031023
https://doi.org/10.1103/PhysRevX.7.031023
http://arxiv.org/abs/arXiv:1906.08108
https://doi.org/10.1088/1751-8113/41/49/493001
https://doi.org/10.1088/1751-8113/41/49/493001
https://doi.org/10.1088/1751-8113/41/49/493001
https://doi.org/10.1088/1751-8113/41/49/493001
https://doi.org/10.1126/science.1174436
https://doi.org/10.1126/science.1174436
https://doi.org/10.1126/science.1174436
https://doi.org/10.1126/science.1174436
https://doi.org/10.1038/nature09378
https://doi.org/10.1038/nature09378
https://doi.org/10.1038/nature09378
https://doi.org/10.1038/nature09378
http://arxiv.org/abs/arXiv:1808.03930
https://doi.org/10.1364/OPTICA.6.000174
https://doi.org/10.1364/OPTICA.6.000174
https://doi.org/10.1364/OPTICA.6.000174
https://doi.org/10.1364/OPTICA.6.000174
https://doi.org/10.1103/PhysRevLett.122.020501
https://doi.org/10.1103/PhysRevLett.122.020501
https://doi.org/10.1103/PhysRevLett.122.020501
https://doi.org/10.1103/PhysRevLett.122.020501
https://doi.org/10.1103/RevModPhys.70.101
https://doi.org/10.1103/RevModPhys.70.101
https://doi.org/10.1103/RevModPhys.70.101
https://doi.org/10.1103/RevModPhys.70.101
https://doi.org/10.1063/1.3223548
https://doi.org/10.1063/1.3223548
https://doi.org/10.1063/1.3223548
https://doi.org/10.1063/1.3223548
https://doi.org/10.1119/1.1475328
https://doi.org/10.1119/1.1475328
https://doi.org/10.1119/1.1475328
https://doi.org/10.1119/1.1475328
https://doi.org/10.1103/PhysRevLett.94.070407
https://doi.org/10.1103/PhysRevLett.94.070407
https://doi.org/10.1103/PhysRevLett.94.070407
https://doi.org/10.1103/PhysRevLett.94.070407
https://doi.org/10.1103/PhysRevE.98.032108
https://doi.org/10.1103/PhysRevE.98.032108
https://doi.org/10.1103/PhysRevE.98.032108
https://doi.org/10.1103/PhysRevE.98.032108
https://doi.org/10.1103/PhysRevLett.121.170402
https://doi.org/10.1103/PhysRevLett.121.170402
https://doi.org/10.1103/PhysRevLett.121.170402
https://doi.org/10.1103/PhysRevLett.121.170402

