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Towards a quantum time mirror for nonrelativistic wave packets

Phillipp Reck!, Cosimo Gorini', Arseni Goussev?, Viktor Krueckl!, Mathias Fink?, Klaus Richte[]
Institut fiir Theoretische Physik, Universitit Regensburg, 93040 Regensburg, Germaiiy
2 Department of Mathematics, Physics and FElectrical Engineering,
Northumbria University, Newcastle upon Tyne, NE1 8ST, United Kingdom and
3 Institut Langevin, ESPCI, CNRS, PSL Research University, 1 rue Jussieu, 75005, Paris, France
(Dated: February 8, 2018)

We propose a method — a quantum time mirror (QTM) — for simulating a partial time-reversal
of the free-space motion of a nonrelativistic quantum wave packet. The method,is based ‘on a
short-time spatially-homogeneous perturbation to the wave packet dynamicsgsachieved by adding
a nonlinear time-dependent term to the underlying Schrodinger equation. Numerical calculations,
supporting our analytical considerations, demonstrate the effectiveness of the proposed QTM for
generating a time-reversed echo image of initially localized matter-waye packets in one and two
spatial dimensions. We also discuss possible experimental realizations ©0f the proposed QTM.

I. INTRODUCTION

The question of how to invert the time evolution of
a wave, classical or quantum, in an efficient and con-
trollable way has both fundamental and practical impor-
tance. The fundamental aspect of the question is evident
from its connection with the problem of unidirectionality
of the arrow of time, conceived in a seminal 19th century
debate between Loschmidt and Boltzmann [I], 2]. The
practical importance is apparent from numerous applica-
tions in medicine, telecommunication, material analysis,
and, more generally, wave control [3H7].

One fruitful approach to the time inversion of classical
wave motion is based on the concept of a time-reversal
mirror: an array of receiver-emitter antennas is‘used to
first record an incident wavefront, originating say from.a
localized source, and then to rebroadcast a, time-inverted
copy of the recording, thus generating a wave,that effec-
tively propagates backward in time and refocuses,at the
source point. To date, time reversal mirrors have been
successfully implemented with acoustie [8,9], elastic [3],
electromagnetic [10], and water waves [111 [12].

The classical procedure at the heart of such time-
reversal mirrors, i.e. a comtintous measurement and a
subsequent reinjection of the signal, cannot be directly
applied to quantum systemss. The fundamental obsta-
cle here is that any measurement,performed on a quan-
tum system is bound to,perturb the quantum state and
consequently affects_its time evolution. (A theoretical
scenario in which/a time-dependent wave function is
measured, recorded and thém “played back” by a per-
fect non-invasive detector-emitter has been analyzed in
Refs. [13] [14])¢An alternative approach to manipulate the
propagation of waves{relies on non-adiabatic perturba-
tions to the system dynamics, such as an instantaneous
change of its boundary conditions [I5H22]. Protocols of
this kind were considered for time- and space-modulated
one-dimensional photonic [23H25] and magnonic crystals
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[26, 27]. More reeentlyzBacot et al. put forward and
experimentally realized an instantaneous time mirror for
gravity-capillary waves, requiring a sudden but homoge-
nous modulation,of water wave celerity [7]. Such ap-
proaches bypass the recording procedure, and are thus
very rappealing for quantum systems. A specific time-
reversal protocol, albeit valid in a very narrow momen-
tum range. gwas indeed devised for a one-dimensional
periodically-kicked optical lattice [28] and realized in a
STRb Bose-Einstein condensate (BEC) [29]. On the other
hand, an instantaneous quantum time mirror (QTM) for
Dirac-like systems (exploiting their spinor structure) was
recently proposed in Ref. [30].

In this paper, we propose and investigate an exper-
imentally realizable method for simulating the time-
reversal of the free-space motion, thus mimicking a non-
linear QTM, for a spatially extended (orbital) quantum-
mechanical wave function, such as a BEC cloud. The ap-
proach relies on generating a short-time spatially-uniform
perturbation to the wave packet dynamics that corre-
sponds to an additional nonlinear term added in the
Schrédinger equation; in a BEC cloud system, such a
perturbation can be realized using established experi-
mental techniques allowing to tune the strength of the
interaction among the cloud atoms [31] [32]. More pre-
cisely, our QTM protocol comprises three stages: (i) a
matter-wave packet propagates freely in space for a time
0 <t < to; (ii) at t = to, a strong nonlinear perturba-
tion is switched on globally for a short period dt, lead-
ing to a near-instantaneous modification of the position-
dependent phase of the wave function; (iii) the pertur-
bation is switched off, the wave function evolves freely
again, and at a time fecho > to+9t an “echo” signal of the
original wave packet is observed. From the conceptual
viewpoint, the nonlinear QTM proposed in this paper
can be viewed as a quantum-mechanical counterpart of
the instantaneous time mirror for gravity-capillary waves
by Bacot et al. [1].

The paper is organized as follows. In Sec. we
describe the physical principle underlying the proposed
QTM. Two concrete scenarios for generating a time-
reversed motion of matter waves in one and two spatial
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dimensions are analyzed in Sec. A summary, con-
cluding remarks, and a discussion of the feasibility of an
experimental realization of the proposed QTM are pre-
sented in Sec. [Vl Technical calculations are deferred to
an appendix.

II. PHYSICAL PRINCIPLE OF A NONLINEAR
QUANTUM TIME MIRROR

We address the time evolution of a matter-wave packet
U(r,t), subject to the initial condition ¥(r,0) = Wq(r),
in accordance with the (D + 1)-dimensional nonlinear
Schrédinger equation

. 0¥ R _, 9

ih T 2mV U+ Af(t—to)|T|*W0. (1)
Here, m is the atomic mass, A quantifies the nonlin-
earity strength, and ¢y denotes the time around which
the nonlinear term representing interaction effects is
switched on. The function f(¢) is sharply peaked around
¢ =0 and is chosen to satisfy the normalization condi-
tion fj:; d¢f(¢) = 1. We take f to be a d-function in

our analytical calculations and a Gaussian peak f(¢) =

<l . . .
ﬁe 2a¢2 in all numerical simulations. The pulse

length At < to will be taken as 0.001ty; and 0.0025tg
in one and two dimensions, respectively.

Wave packet dynamics in the presence of an infinites-
imally short nonlinear kick, f(¢) = 46(¢), Canube, de-

scribed as follows. Rescaling t — tgt, r — %r,

D/4 D /o
i v, and A — h(%) 4 Xy, we write the
nonlinear Schrédinger equation in a dimensionless form

as

v — ﬂ)

v 1
PG Ve + A5(t A1) WD, (2)
ot 2
The evolution of the wave functionrom Uy(r) at t = 0
to its value ¥_(r) = ¥(r,t =117 ) right before the kick is
given by

U_(r) = / dPr' K (r =/, t)Uo(r)), (3)

where  the intggration * runs over the infi-
nite  D-dimensional £ spagce, and K(q,t) =
(2mit)~P/2 exp [i|q|2/(2t)] is the free-particle propa-
gator. The nonlinear kick results in an instantaneous
change of the wave function from U_(r) at t =1~ to

P )= 0 (r)eMY-0F (4)

at t = 1. Indeed, during the time interval 1= < ¢ < 17,
the wave funetion transformation is dominated by the

second term in the right-hand side of Eq. , and effec-

. . . . OlnW(r,t) _
tively governed by the differential equation ==~ =

—iMW_(r)|?6(t — 1), the solution of which is given by

2

Eq. . After the kick, the wave function evolves freely,
so that U(r,t) = [ dPr'K(r — v/, t)U (") for all times
t>1.

As evident from Eq. , the instantanecous monlin-
ear kick alters the phase of the wave function without
producing any probability density ‘redistribution, so that
p(r) = |V, (r)|> = |¥_(r)|% The phase chanige however
affects the probability current, whose dimensionless ex-
pression reads j(r, ) = Im[W*(r, ¢)V(r, t)]. A'straight-
forward evaluation of thefcurrent right after the kick,
jr = Im[\I/iV\II+}, yields

=oAL with O Aj=—xVp, ()
where j_ = Im[\Il*_V\IJ_]‘}s the probability current im-
mediately precedingthe kick. This in turn means that,
by properly tuning the kicking strength A, the wave prop-
agation direction can be reversed for those parts of the
matter wave for which the vector Vp is aligned (or anti-
aligned) with j.. Below we show that in geometries ac-
cessible in atom-optics experiments this reversal effect is
robust and wellspronounced.

IIT. "THE QUANTUM TIME MIRROR AT
WORK

As our first example, we consider the case of the initial
state given by a 1D Gaussian wave packet,

22

Uo(z) = (o) Y4 exp (W + zkx) ) (6)
characterized by the dimensionless real spatial disper-
sion o and average momentum k. The corresponding
wave function at time ¢ = 17 is obtained from Eq. (3
and reads (up to a position-independent phase factor)
U_(z) = [r(0® + o7)] 7V exp[~€2/2(0® + i) + ik¢]
with € = x — k denoting the distance from the wave
packet center. Thus, the probability density at t = 1 is
p = exp(—£2%/0?)/\/moy1, where o1 = Vo2 + 02 is the
dispersion of the wave packet at the time of the kick.
The probability currents before and after the kick are,

respectively, j_ = (k; + Ufgz> pand jy = j_ + Aj, with
1
Aj = % p?. The minimal kick strength A, necessary
1
for reversing the direction of motion of (and effectively
reflecting) a part of the wave packet can be estimated by
requiring j+ = 0 at £ = —o1. In the case of a fast mov-
ing wave packet, such that k > 1/0%0, this estimation
yields

1
Amin =~ Ck <02 + 02> (7)

with C' = ey/7/2 ~ 2.4. Then, given a kicking strength
A > Amin, the time techo at which the reflected part of
the wave packet reaches its initial position, leading to a
partial echo of the original wave packet, can be evaluated

Page 2 of 10
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as follows. The velocity of the reflected wave is kyey =~

‘j+’§:—0'1 =~ k- c%,g = (1 - ﬁ) k, and the revival

occurs when |krev|(fecho — 1) = k or, correspondingly, at

A

A— )\min ' (8)

techo =
The numerical simulations are based on the wave
packet propagation algorithm Time-dependent Quantum
Transport (TQT) [33]. The state is discretized on a
square grid and the time evolution is calculated for suffi-
ciently small time steps such that the Hamilton oper-
ator can be assumed time independent for each step.
We calculate the action of H on % in a mixed posi-
tion and momentum-space representation by the appli-
cation of Fourier Transforms. With this a Krylov Space
is spanned, which can be used to calculate the time evo-
lution using a Lanczos method [34].
The echo strength is quantified by the norm correlation
between the initial and the time propagated wave packet
defined as [35]

[ AP o) (w0
VI aPe e[ [ dPr (e, o)

In contrast to other possible measures of the &cho
strength, such as fidelity, the norm correlation is ‘eas-
ily accessible in experiments on quantum systems with
continuous degrees of freedom, e.g., atom optics ex-
periments. Figure [1h) presents N (¢) for variousipulse
strengths A at constant ¢ and k, demonstrating, echo
strengths up to 60%. The occurring lower peaks at higher
A for larger times are due secondary ‘peaks of the dis-
torted wave packet, which can be seen in Fig: ): This
panel shows the spatial probability density p =nly|* at
times t = 0 (black dashed curve) and £ = 0.99 (immedi-
ately before pulse, black dashed-dotted curve), as well as
the reflected wave packets for different X’s (color code as
in panel (a)), each shown at its peakdecho time. In the
lower plot, the current dengity”j is showndirectly after
the pulse t = 1.01. Parts of the wave packet with negative
current density move backwards leadingyto the echo. For
the parameters used, the/estimated value for the minimal
pulse strength in i Amin =~ 20 corresponding to the
red curve, whose current density exhibits only a vanish-
ing negative part that isinsufficient for echo generation,
thus verifying the prediction @

To explore the parameter space for the possibility of
achieving echoes, the peak of the norm correlation (in
time) is plotted as a{function of A and o in Fig. [Ik)
and as a funetion of A and k in Fig. [Id). The black
curve shows the amalytic approximation of the min-
imal pulse strength A.;,. Although it does not fit per-
fectly, the,analytic approximation is in good agreement
and still well=suited to approximate the minimal pulse
strength required for a time-reversal.

In order t6 better understand the quality, underlying
principles and limitations of the proposed QTM, it is

N(t) = (9)

AUTHOR SUBMITTED MANUSCRIPT - NJP-107935.R1

instructive to compare the state W, rendered by the
nonlinear kick (see Eq. ), against the desired (per-
fectly time-reversed) state CW_, obtained by applying
the (anti-unitary) complex conjugation operator €to the
pre-kick state W_. In the case of the initial state given
by Eq. @, we have

A€ (1)

Ty = BoeT, - Vo

and

2
CU_ = y_eileted), o= <£> +2kE,  (11)

g10

where o1 = Vo?+ g2 i;uhe width of wave packet at
time t = 1 when the kick oceurs, & = x —k is the distance
measured from the center of the wave packet, and ¢q is
a constant, (position-independent) phase related to the
global phase of ¥_. While, in general, the two phases, ¢
and ¢ dave different functional forms, ¢(£) may serve as
a reasonable approximation to ¢(£), modulo a physically
irrelevant constant shift, over a finite position interval.
Itwisnthe probability density supported by this position
interyal thagymakes the main contribution to the time-
reversed wave generated by the nonlinear QTM. Figure
presents/a comparison between the ideal (target) phase
p(&)and the phase ¢(&) imprinted by the proposed QTM.
The system parameters are taken to be the same as in
Fige[lh), i.e. 0 =1 and k = 4, and the three values of
the kicking strength considered are A = 30, 40, and 50.

We further investigate the dynamics of a 2D wave
packet, initially given by

/ 1 r—R)?
\IJO(I') = m exp |:_(20_2) + 'Lkr (12)

with » = |r| and & > 0. For R > o, the wave func-
tion is normalized to one and describes a Gaussian ring
of radius R and width o that spreads radially with the
average velocity k. A straightforward, although tedious,
calculation shows that, in the parametric regime defined
by 1 € ¢ < R and kR > 1, the wave packet at t = 1~
has the form (up to a spatially uniform phase) (see Ap-

pendix :

1 (7’ - R1)2 .
U_(r) ~4/ 23 Rio exp [ 52 +ikr| , (13)

where Ry = R + k is the radius of the Gaussian ring at
time 17. (Essentially, Eq. corresponds to a short-
time approximation of the ring-shaped wave packet at
the kick time, and is valid in the parametric regime in
which the dispersive widening of the ring is negligible.)
Thus, the corresponding probability density is given by
p = (2r%2Ry0) "  exp[—(r — R1)?/0?], and the probabil-

2>\(T7R1) 2 r
o2 p "

ity current at t = 1%, reads j. = (k:p+
Then, the evaluation of the minimal kick strength re-
quired to trigger a probability density echo proceeds in



oNOYTULT D WN =

AUTHOR SUBMITTED MANUSCRIPT - NJP-107935.R1

close analogy with the corresponding 1D calculation, re-
sulting in

Amin = 27C(R + k)ko? . (14)

Finally, just as in the 1D case, the echo time is deter-
mined by Eq. (8).

The numerical calculations (Fig. [3)) attest the possibil-
ity of pronounced echoes up to 90% also in the 2D setup.
Although the parameter range is not in the regime of the
analytical approximation, the value of A, in Eq. is
still well-suited to estimate the minimal pulse strength A
required (see black curves).

The color plots in Figs. [[]and [3]seem to imply A > Ain
(marked as black lines) to be the only echo requirement
for echo generation. However for large A the wave packet
splits into many peaks, as shown in Fig. ), blue curve
for A = 200. In such a scenario the norm correlation is
still fairly high, but the wave packet might not longer
have the desired shape. The effect of many peaks, i.e.
very large A, on the norm correlation can be seen in
Fig. ), where the echo strength moderately declines for
o~ 1 and A > 3000.

IV. SUMMARY AND CONCLUSIONS

In summary, we have proposed a protocol for simu-
lating the time-reversed motion of a localized matter-
wave packet evolving in free space. Our methed is based
on making a near-instantaneous spatially-homogeneous
perturbation to the wave packet dynamics by externally
switching on a nonlinear perturbationsfor a short time
interval. The analytical and numerical eonsiderations
presented in our paper demonstrate the efficiency of the
proposed quantum time mirror in one and two spatial
dimensions.

We note that the time reversal protocel proposed in
this paper could in principle be/employed<in different
physical systems, such as ultracold atemic clouds, optical
pulses, or shallow water waves, as long.as the system’s
time evolution is governed by the nonlinear Schrodinger
equation. Here, we further explore the possible connec-
tion between the numerical simulations reported in this

4

paper and relevant atom-optics experiments. To this end,
we provide an estimate for values of the dimensionless
parameters ¢ and k, defined in Egs. @ and , for
the case of ultracold lithium atoms. /The 'mass of a "Li
atom is m = 7.016u = 1.165 x 10726 kg. " Taking the
wave packet propagation time until the nonlinear kick
to be tg = 10ms, we see‘that the wave.packet width
range of 10 — 50 um corresponds te. 1.05 <'@< 5.26, and
the mean velocity range of 2~ 10 mmis_! corresponds to
2.1 < k < 10.5. These parameter ranges coincide with
the ones considered in this paper, which strongly sug-
gests that the matter wave reversal effects predicted here
can be realized in experiments with lithium BECs.

In order to furgher facilitate experimental realization
of the proposed QTMy'we make a rough estimate of the
scattering length of econdensed lithium atoms required to
generate a reflected wave. In the one-dimensional case,
the (dimensional) kicking strength Afi+/fitg/m/At (see
the discussion, preceding Eq. ) is approximately equal
to 2N h2@g/(mad)sWhere N is the number of condensed
atoms, a is the scattering length, At is the kick duration
(taken to be At'= 0.001%y = 10 us in our numerical simu-
lations), and a is the linear length scale of the potential
confining, the atomic motion in the transverse direction
[36]¢ This yields the estimate as = Aa? \/mto/h/(2NAt).
Taking N = 107, a; = 10 um, and X in the range 10—200
(see, e.g., Fig. 7 we find the required scattering length
to lie in the range 5nm < as < 105nm. While challeng-
ingy the suggested parameter values are not impossible
to achieve in modern atom-optics experiments, using, for
instance, such novel techniques as optical control of Fes-
hbach resonances [37].
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Appendix A: Free spreading of a Gaussian ring wave packet in 2D: Derivation of Eq. ((13)

Let us congider a two-dimensional wave packet, initially (at ¢ = tg) given by

Ty (r) = Cexp <—

% +iko(r — R))

R)?

with r = Jefi=/22 + 42, 0 < R, ko > 0 and C ~ 1/v273/2Ro, so that the probability density is normalized to
unity. Let U(r,t) be the wave packet evolved from Wy(r) in the course of a free-particle evolution through time ¢.
Here, we wornld like to show that in the parametric regime given by /ht/m < ¢ < R and koR > 1 the wave packet

W has the same functional dependence on r as Wy.
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The free-particle propagator in 2D reads

m m(r —1')?
Ko(r,x',t) = omint P (l 2ht ) '
Hence,
mC (r —R)* . m(r —1')?
\/j — 2.7 0y I S
(r,t) 5 / d“r’ exp ( 52 +iko(r' — R) + 1 STt
mC R? mr?
=i ™ P( 207 “‘COR“m) Gr1),
where

/ 1 1 R
Gt :/o dr'r’Jo ( i )“‘p {2 <az - m) ™ § (;5 Q) ] '

Let us investigate the behavior of G(r,t) around the spatial point R + hmﬂt. Taking into account the fact that the
main contribution to the integral comes from the region | — R| < o, sve have

+ koR> koR.

mrr’  mR (R n hko t) B mR?

it ht ht

m

Assuming kgR > 1, we see that the argument of the Bessel function is always large compared to one, i.e. m” > 1.
This allows us to use the large argument asymptotics,

Jo (mrr’) ~ L [ei<%_%) + e_i<m{tr/_z)] )

ht 2rmre!

in order to write

C | mR R? mr?
U(r,t) ~ — 5y €XD (—20 zkoR—HQh ) [D4(r,t) + D_(r,1)] .
Here,
dy(r,t) =eTT /+Ood7' —exp ——zm r'? + +l(l€ :t@) r’
V. R ht O Tt
mT‘ 2
G R
o2 At a2 fit

Introducing

ht hko

=—> and vo=—,
mo m

we rewrite the previousexpression as

2mikit .m [eR +i(vot £ 7)]?
o Fig, .
+(nt) = m( + i) P ( 2ht 1+ e

This leads to

C R
U(r,t) = B 27:71” exp (21;;[ eR? — 2iRuot + ir2]> [D4(r,t) + D_(r,t)]
— Z F exp m €(R+vot + )% + i2(R + vot + yr)vot — i[(vot)? + €2(R + yr)?] .
1 + i€)r 2nt 1+ €2
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Assuming further that e < 1, we have

6

U(r,t) ~ C4/ g Z e % exp {—ﬂ [e(R + vot + yr)* +i2(R + vot + y7)vot — i(vot)Q]}

= 2ht

(R VAV 4 (R+U0t+’}/7")2 . hk;gt
:C 27 Z e V1 eXp<_w_Zk0(R+UOt+,yr)+l2m .

y==%1

Taking into account that the last expression for ¥ is only valid for r close to r;, where

hkot

Tt:R—f—Uot:R—‘r?,

we see that a contribution of the term with v = +1 is negligibly small. Thus we arrive at the sought approximation
for the freely propagated wave function:

~

/1 (r—ry? . hkt
\I/(I', t) ~ m exp <_%._2 + Zk/’o(r — Tt) =+ 7 m .

This expression is only valid in the parametric regime defined by

| ht
E<<CT<<R and {koR > 1.
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FIG. 1. Echo of a 1D Gaussian wave packet subjected to ashort, nonlinear pulse. All quantities are dimensionless according
to the rescaling in the text above Eq. . (a). Norm correlation, Eq. (ED, as a function of time for various pulse strengths A
of a kick at ¢t = 1 at fixed wave packet width-a =1 and momentum k = 4, yielding echoes up to 60%. (b) Upper panel: real
space probability density p = |1|? at t = 0'(black dashed curve), t = 0.99 (just before pulse, black dashed-dotted curve), and
at the peak echo times (colored curves, color code as in (a)). Notice that the latter depend on A, as evident from (a). Lower
panel: current density j at ¢ = 0 (blacksdashed curye) and ¢t = 1.01 (right after the pulse, color code as in (a)). A negative
current density indicates the part of the wave packet reversing its propagation direction thereby causing the echo. The minimal
kicking strength for the used parameters{ as predicted by Eq. , is Amin >~ 20 (red curve); the associated negative current
density is not sufficient for echo generation. Panels (c) and (d) show the echo strength, i.e. the maximal achieved value of the
norm correlation after the pulsefor a givenyparameter set. The parameter, which is kept constant is (¢) k =4, (d) ¢ = 1. The
black curves are the analytical‘appreximations (Eq. @ for the minimal pulse strength Amin required to generate an echo and
matches well the numerical results.
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FIG. 3. Echo of a 2D Gaussian wave packet subjected,to a short, nonlinear pulse. (a) The norm correlation @D is shown as
function of time for varying pulse strength A and fixed momentum k = 4 and width ¢ = 2. A norm correlation up to 90% is
achievable. Note that the large A values are due to the variable rescaling as described in the text. (b)-(d) The echo peak of the
norm correlation is plotted as a function of X; gyand k. The constant parameters are (b) ¢ = 2, (¢) k =4 and (d) A = 3000.
The black curves are the analytical approximationsiby Eq. for the minimal pulse strength Amin required to generate an

echo. The radius of the Gaussian ring, is R = 6.
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