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We introduce a general method to engineer arbitrary Hamiltonians in the Floquet phase space
of a periodically driven oscillator, based on the non-commutative Fourier transformation (NcFT)
technique. We establish the relationship between an arbitrary target Floquet Hamiltonian in phase
space and the periodic driving potential in real space. We obtain analytical expressions for the
driving potentials in real space that can generate novel Hamiltonians in phase space, e.g., rotational
lattices and sharp-boundary well. Our protocol can be realised in a range of experimental platforms
for nonclassical states generation and bosonic quantum computation.

I. INTRODUCTION

Generation of nonclassical bosonic states [IH3], e.g.,
squeezed lights, Fock states and Schrédinger’s cat states,
is important not only for fundamental studies of quantum
mechanics but also for applications in quantum technolo-
gies [2] 4H6]. For example, bosonic states with discrete
translational or rotational symmetries in phase space [7-
T4] have been proposed to encode quantum information
[I5H20], paving the way for hardware efficient quantum
error correction [2IH24]. Bosonic code states can be pre-
pared and stabilized against dissipation via a sequence
of universal gates, e.g. interleaved selective number-
dependent arbitrary phase (SNAP) gates and displace-
ment gates [25H27]. A fundamental limitation of this ap-
proach is that the state can leak out of the code and er-
ror subspaces [16, 20]. Hamiltonian engineering can solve
this problem, allowing to design systems in which photon
decay naturally leads into these subspaces [16], 28430]. A
further advantage of this approach is that the dephasing
error for the ensuing logical qubit can be exponentially
suppressed, allowing for fault tolerant syndrome detec-
tion [28].

Another area of interest for Hamiltonian engineering is
topology. Due to the non-commutative nature of phase
space, a quantum particle moving on a closed phase-
space loop acquires a geometric phase analogous to the
Ahronov-Bohn phase for a particles in a magnetic field.
As a consequence, a gapped lattice Hamiltonian in phase
space can support non-trivial Chern numbers [16] 31H39].
This is an appealing feature because in a system with a
physical boundary, it would lead to topologically robust
edge transport. While it has been shown how to gener-
ate arbitrary lattice potentials in phase-space [40], so far
it was unclear how to combine such a potential with a
sharp phase-space confinement.

It is well known that the stroboscopic dynamics of any
periodically driven system can be described in terms of a
time-independent Hamiltonian, known as Floquet Hamil-
tonian Hr which is defined via

exp (%HFT) = U(T,0) = T exp UA /OT ﬁ(t)dt] e

Here, U(T,0) is the time-evolution operator from ¢ = 0
to t = T where T is the time-period of the system’s
time-dependent Hamiltonian H(t). In adddition, A is
an effective dimensionless Planck constant, and T is the
time-ordering operator. For a single Bosonic mode or,
equivalently, quantum mechanical particle, the Floquet
Hamiltonian Hg(&,p) can be any arbitrary function in
phase space. Except for very few models, it is impossi-
ble to obtain a closed form of the Floquet Hamiltonian
Hp(&,p) from the time-dependent Hamiltonian H (¢). In-
stead, one often evaluates the Floquet Hamiltonian rely-
ing on a high-frequency expansion [41H43], e.g. the Mag-
nus expansion theory [44] 45], the van Vleck degenerate
perturbation theory [46] and the Brillouin-Wigner per-
turbation theory [47]. In this work, we focus on the in-
verse problem, that is, to find the time-dependent Hamil-
tonian H (t) that synthetizes a target Floquet Hamilto-

nian H éT) (Z,p). This is the realm of Floquet engineering
which is a very developed and active field [38|, 48] [49].
Most of the work so far has focused on implementing
specific Floquet Hamiltonians of interest. However, a sys-
tematic constructive method to solve the inverse Floquet
problem for a single quantum particle is still missing. In
this work, we provide such a method.

II. MODEL AND GOAL

As a starting point we consider a periodically driven
oscillator with lab-frame Hamiltonian

A(t) = (B +3%) + BV (@), @)

Here, wy is the oscillator natural frequency, g is the am-
plitude of the nonlinear driving potential V (&, t) which
has time-period Ty and might contain also static terms.
In order to introduce an effective dimensionless Planck
constant A, the position &, the momentum p and Hyp(t)
have been rescaled such that [Z,p] = i\ and at the
same time the Schrodinger equation reads i\ = ﬁ(t)w.
The Floquet Hamiltonian we want to design will be
defined in a frame rotating with the oscillator natu-
ral period T = 27/wg via the transformation O(t) =
exp(iafawgt), where a is the oscillator annihilation oper-
ator, @ = (& +ip)/v2). We assume to be in the regime



of weak non-linearity, 8 < wq, and that the natural pe-
riod T is an integer multiple of the driving period Ty,
T = qTy. Then, the Hamiltonian in the rotating frame
H(t) = O()H(t)OT(t) — iAO(t)OT (t) reads

H(t) = BV & cos(wot) + psin(wot), t]. (3)
This Hamiltonian has time-period T allowing to use
Eq. to define the Floquet Hamiltonian. We note that
a small detuning from the multiphoton resonance can be
incorporated in the driving potential V(x,¢). In addition,
the system in this frame evolves on the slow time-scale
B~1. Thus, we are in the realm of application of the
Floquet high-frequency expansions, here, with the small
parameter /wg. This allows to approximate the Flo-
quet Hamiltonian with the leading-order of the Floquet-
Magnus expansion corresponding to the rotating wave

approximation (RWA),
/ dtH (t (4)

Our goal is to engineer an arbitrary target Floquet

lim Hp(#,p) =

wp—o0

Hamiltonian H}T) (Z,p) in phase space by properly de-
signing the driving potential V(z,t) in real space, see
Fig.[1} Up to leading order (or within the RWA) we, thus,
require that the right-hand side of Eq. @ coincides with
the target Hamiltonian H}T) (Z,p). The ensuing solution
becomes exact in the high-frequency limit 8/wo — 0.

IIT. NcFT TECHNIQUE

As a preliminary step towards deriving a suitable driv-
ing potential V(x,t), we introduce a useful decomposi-
tion of the target Hamiltonian H (r )(x p) in the form of
a noncommutative Fourier tmnsformatzon (NcFT). This
can be viewed as a variant of quantum distribution the-
ory [50]. We wish to decompose the target Hamiltonian

Hy () (Z,p) as a sum of plane-wave operators

H (2,p) = //dk dkey f (Ko, kp)ei ke +hD) | (5)

It can be shown that the Fourier coefficients fr(ky,kp)
are given by the inverse transformation [see the Ap-
pendix A]

g k2+k2)
fr(ke,kp) = // dmde ,p)e

where the phase-space function Hg) (x,p) is the equiv-

alent of the Husimi Q-function, here, for an Hamilto-
nian instead of the density operator. We remind that
the Q-function of an operator evaluated at a phase space
point (x,p) is simply its expectation value Hg) (z,p) =

(a|ﬁg)|a> for the corresponding coherent state ala) =

—i(kyx+kpp) (6)
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FIG. 1: Rotational lattice Hamiltonian in phase

space. (Left) Q-function H( )(m p) for the target Floquet
Hamiltonian Eq. @D and ( nght) the engineered real-space
potential V(z,t) for parameters ¢ = 6, A = 0.01. The white
curves in the right figure indicate the locations of minimum
(stable) points of V(z,t) at a fixed time moment.

(z+ip)|a)/v/2X. The latter mean value can be calculated
by normal ordering the target Hamiltonian IA{},T) (af,a).
We point out three important features of the Hamilto-
nian @Q-function: (i) For fixed A, the mapping between
Floquet Hamiltonians and Q-functions is one to one; (ii)
The Hamiltonian @Q-function has the same phase-space
symmetries as the corresponding Floquet Hamiltonian,
and (iii) limy_q Hg)(x,p) = HI(;T) (x,p). For more de-
tails see the Appendix B and Appendix H.

IV. DESIGNING DRIVING POTENTIAL

The driving potential V( t) that generates the target

Floquet Hamiltonian H ( p) can be readily obtained
from its Fourier coefﬁment fT(k:gD7 k,). We can formally
write the solution as a superposition of sinusoidal poten-
tials

+oo
V(z,t) = A(k, wot) coslkx + ¢(k,wot)]dk (7)

0

with time-varying amplitudes A(k,7) and phases ¢(k, 7)
determined from the Fourier coefficients in polar coordi-
nates (k; = kcosT, k, = ksinT)

A =Fk|fr(kcosT,ksinT)|, ¢ = Argfr(kcosT,ksinT). (8)
This solution can be readily verified by plugging it into
Egs. (3) and @ and changing the integration variables
back to cartesian coordinates to arrive at Eq. . For
more details see the Appendix C. In the reminder of this
paper, we demonstrate the flexibility of our method cal-
culating the potential V(x,t) for a range of interesting
Floquet Hamiltonians. In passing, we will also highlight
more general features of our solution and comment on
certain subtleties associated with it.



V. EXAMPLES
A. Rotational lattice

We now apply our method to synthetize a particularly
interesting Floquet Hamiltonian with ¢-fold rotational
lattice symmetry in phase space

A = Bl(E —ip)? — 1) (& +ip)? — 1]. (9)

The discrete rotational symmetry can be described by
R(%’r)ﬁg)ﬁ(%’r) = FII(;T), where R(0) = exp(ia'ad) is a
phase-space rotation by an angle 6 [20] [36]. This Hamil-
tonian supports ¢ global minima, cf. the @Q-function
in Fig. [1] (left) for ¢ = 6. Here, we have rescaled the
phase-space coordinates such that the global minima ful-
fill |z 4 ip| = 1. Each minimum corresponds to a differ-
ent classical solution. Remarkably, quantum fluctuations
do not introduce any tunneling between these solutions
. 27
as the corresponding coherent states |a) = | s /v/2\)
with m = 0,1,--- ,q — 1 are exact zero-energy eigen-
states. In other words, the groundstate manifold is g-
dimensional and is spanned by ¢ g-legged cat states. The
oscillator is steered into this manifold by photon decay
(see the Appendix E). The case ¢ = 2 has been proposed
as a platform for fault tolerant syndrome detection [28§].
Note that since the Hamiltonian Q-function is a poly-
nomial, its Fourier transform Eq. @ is divergent. To
solve this problem, we renormalize the divergence intro-
ducing the bounded Hamiltonian ﬁg;) = U,Yﬁl(mT) UJ; with
U, = exp[—va'a]. Obviously, lim._o Aff;) = ﬁg). We
can calculate analytically fr(k.,k,) and V (z,t) for H ;,TW)
for any arbitrary positive integer ¢ and v > 0. In the limit
v — 0, the Fourier transform can be viewed as a gener-
alized function. This allows to perform the integral in
Eq. and arrive at a closed expression for the driving
potential (for more details see the Appendix D)

q
V(z,t) = Z By m A x*™ — O, cos(quot)z?,  (10)
m=1
. mgh)2(=1)9t™ 7q!
with By = Colinir and Cy = st Comyay
We note that for ¢ = 2 we recover a well-known result:
Eq. corresponds to a parametrically driven Duffing
oscillator [51H54]. We further note that the driving pe-
riod is Ty = T/q which directly follows from the g-fold
rotational symmetry of the Floquet Hamiltonian.

B. Sharp-boundary well

Next, we demonstrate that our method allows to engi-
neer wells with a sharp boundary in phase space. For con-

creteness we choose an elliptical shape, i.e. Hg) (z,p) =
—p inside the white dashed line in Fig. a) and H, é)T) =0
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FIG. 2: Elliptical well in phase space. (a) Hamiltonian
Q-function Hg) (z,p)/B with long axis a = 2, short axis b =
1, A = 0.1 and convolution factor o = v/A. (b) Designed
driving potential V' (z,t) in one Floquet period (lower) and at
instants t = 0, t = w/2 (upper). (¢) Energy spectrum and
Husimi Q-functions of ground state (i = 1), first excited state
(1 = 2), fourth (i = 5) excited eigenstates. The dashed circles
in (a) and (c) indicate the boundary of ellipitical well.

otherwise. In the classical limit A — 0, our method al-
lows to find a closed form solution for V(z,t) (see Ap-
pendix F). However, our solution is divergent at two time-
dependent positions. In addition, it does not directly
apply to the quantum regime, A # 0, because the depen-
dence of V'(x,t) on A is not analytical. This is due to the
exponential factor in Eq. @ leading to divergent NcFT
coefficients fr(ky,kp) in the limit of large wavevectors,
k2 + k2 — oo, for any X # 0. We eliminate these un-
physical features by smoothing out the target Floquet
Hamiltonian applying a convolution with a gaussian ker-
nel with standard deviation o, cf. Fig. a). For o above
a threshold, o > \/\/2, the NcFT spectrum fr(ks,kp)
becomes integrable and, thus, leads to a smooth solution
for V(z,t), cf. Fig. 2[b) and the closed expression in
the Appendix F. This implies that we can implement a
potential step that is arbitrarily sharp when compared
to the typical dimensions of the phase-space well, but
should remain smooth on the scale of the oscillator quan-
tum fluctuations. We point out that a sharp boundary
narrower than quantum fluctuations (¢ < /A/2) does
exist (Hamiltonian matrix elements in Fock presentation
are well defined, see Appendix B and Appendix F) but
cannot be realised by our present method. The spectrum
and first few eigenmodes are also shown in Fig. c). The
latter are squeezed non-gaussian states.

C. Moiré superlattice

In Ref [40], we have shown how to synthetize arbitrary
lattices in phase space. We can use our method to com-
bine a lattice potential with a sharp confinement realizing
a finite size lattice. For concreteness we focus on a Moiré
superlattice, cf. Fig. a). This is the phase-space equiva-
lent of the 2D potential for electrons in twisted graphene
[55H58]. The Moiré superlattice is formed by overlay-
ing two honeycomb lattices with a relative twist angle
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FIG. 3: Moiré superlattice in phase space. (a) Hamil-
tonian Q-function of Moiré superlattice with twisted angle
0 = 10° and confined in a region with radius R = 207. (b)
Density plot of NcFT coefficient B fr(kz,kp). (c) Designed
driving potential V (z,t) for t € [0,7/6). (d) V(z,t) at fixed
time instants ¢ = 0 (upper) and ¢ = T'/12 (lower).

0o in a finite region of radius R. Outside of this region

Hl(,,T) (z,p) = 0. The resulting Hamiltonian Q-function
for the twist angle §y = 10° is shown in Fig. a).

discussed above, overall the Floquet Hamiltonian should
be smooth on the scale of the oscillator quantum fluc-
tuations. As for the phase-space well example above,
this can be implemented applying a convolution with
a gaussian kernel to the initially discontinuous Floquet
Hamiltonian. The ensuing transition between the Flo-
quet lattice potential and the phase-space region with

H}T) (z,p) = 0 can be arbitrarily sharp compared to R
or to the honeycomb lattice constant (in our dimension-
less phase-space coordinates the lattice constant is 7). A
closed formula for the Floquet Hamiltonian is given in
the Appendix G.

Applying our method, we calculate the NcFT spec-
trum fr(kg, kp) shown in Fig. b). It is formed by three
groups of twelve peaks. Each group of peaks is obtained
from a single peak by applying one of the six-fold phase-
space rotations and/or the rotation by the twist angle 0o,
cf Fig. B(a). The width of all the peaks is o« R~1. All
these features as well as the exact locations of the peaks
can be read out from a closed form solution for fr(k,,kp)
given in the Appendix G. In Fig. [§[c), we plot the ensu-
ing driving potential V'(x,t) for 0 < ¢t < Ty. [In this case,
the driving period Ty is one sixth of the natural period,
Ty = T/6, reflecting the 6-fold rotational-symmetry of
our target Floquet Hamiltonian.] In Fig. B[d), we also
plot the instant driving potential at t = 0 and t = T,;/2
(or t = T'/12). We note that the real-space driving po-
tential is a sequence of discrete lattice potentials localized

in a finite region of real space that are switched on for
a short time interval. We note further that in the limit
R — o0, the peaks in (k;, k;,)-space become d-functions
and the driving potential reduces to a discrete sequence
of stroboscopic lattices with specific amplitudes, wave-
lengths and phases [38, 40] 59, 60]. Considering that
the contact interaction of cold atoms turns into a long-
distance Coulomb-like interaction in the rotating frame

[38, [ 40, [60H66], many atoms in the phase space Moiré
superlattice would mimic the behaviour of electrons in

twisted bilayer graphene [55H58)].

D. Artificial atomic spectrum

As a final application, we show that our method al-
lows to implement a target spectrum {E,} as well as
desired target eigenstates {|¢,,)}. As mentioned above,
this could be useful for quantum simulations with in-
teracting atoms. In this scenario, our method could be
straightforwardly applied to the target Floquet Hamilto-

nian I:Il(pT) = . En|tn)(¢n|. For concreteness, we con-
sider |¢,,) = |n) where {|n}} is the harmonic oscillator

(Fock states) eigenbasis. In this example, the Hamilto-
nian Q-function and the NcFT spectrum can be easily
expressed as a sum over the excitation number n,

_ a24p? > En x2+p2 n
=Yy (5 5E)

T
) (x,

and
2

k2 k
RV B

k:IHk Y
2)

Z AEn
respectively. Here, 1 Fj(a;b;z) is the Kummer conflu-
ent hypergeometric function. The driving potential V ()
can be straightforwardly calculated by plugging Eq. (12))
into Eqs. @ and . Note that since the NcFT spec-
trum fr(kcosT, ksin ) is independent of the angular co-
ordinate 7, the driving potential V(z) is static. This,
in turn, follows from our choice of eigenbasis leading to
a target Floquet Hamiltonian invariant under arbitrary
phase-space rotations, cf. Eq. . Note further that the
K2 )nefi

(12)

asymptotic behavior 1 F;(1 4 n; 1; 77) ~ (=5
for k — oo ensures that the integral in Eq. is well
defined. In Fig. [i] we display the potential V(z) for two
interesting choices of the spectrum {E,}. In panel (a),
we fix {E,} to be the spectrum of the hydrogen atom
E, = —ﬁ)\/(n +1)2. In panel (b) we choose E; = —fA
and Ey = Ey — SA(X — 2) while all other levels are zero,
E,~1 = 0. Thus at A = 3/4, the energies Ey and F; of
the second spectrum display an exact crossing.

VI. EXPERIMENTAL IMPLEMENTATIONS

In order to design arbitrary Hamiltonians in phase
space, one needs the ability to engineer the driving real-
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FIG. 4: Artificial spectrum: (a) designed hydrogen

atomic levels with parameter A = 1; (b) levels |0) and |1)
gapped from other degenerate levels with A = 1. In both
figures, the eigenstates |n) are the harmonic Fock states.

space potential V(z,t) in experiments. As discussed
above, cf. Eq. , the driving potential can be engineered
by superposing a series of cosine lattice potentials with
tunable amplitudes, wave vectors and phases. In cold
atom experiments, this can be done with optical lattices
that are formed by laser beams intersecting at an angle
[40, 67, [68]. In experiments with sperconducting circuits
[69HTT], a microwave cavity in series with a Josephson
junction (JJ) biased by a dc voltage (V') is described by
the Hamiltonian (t) = hwod'a— E coslw st+A(al +a)],
where Fj is the JJ energy, wy = 2¢V/h is the Joseph-
son frequency and A = /2e2/(hwoC') with C the cavity
capacitance [(2H83]. In principle, more complicated driv-
ing potential can be realized using more JJs and electric

elements.

VII. SUMMARY AND OUTLOOK

In this work, we have introduced a powerful tool
for Floquet engineering: A general constructive method
to derive the driving potential V(z,t) generating any

arbitrary target Floquet Hamiltonian H}T)(x, p) of a
single Bosonic mode. Here, we provide an approx-
imation for V(z,t) up to leading order in the high-
frequency Floquet-Magnus expansion. A natural ex-
tension of our work would be to include higher-order
perturbative corrections, which can be viewed as the
inverse problem of the Floquet-Magnus theory. An-
other exciting prospect is to extend our method to a
many-body scenario. A building block for this exten-
sion is to upgrade the single-particle plane-wave operator
expli(ky® + kpp)] used in the NcFT Eq. to a many-
body equivalent, exp[zj i(k)2; + k)p;)] where (;,P;)
are the phase-space coordinates of the j-th particle. In
experiments with superconduncting circuits, this could
be implemented coupling a dc-voltage biased JJ to mul-
tiple superconducting cavities [72] [77], [78], [80], BT} [83].
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Appendix A: Noncommutative Fourier transformation

In this section, we provide detailed calculation of the noncomutative Fourier transformation (NcFT) coefficient for

a given target Floquet Hamiltonian operator fI}T) = HI(,T)(;%, p). We start from writing the target Hamiltonian as a

sum of plane-wave operators, cf. Eq. in the main text,

HD (3,p) = %//dkmdkpr(kz’kp)ei(kx:i-‘rlcpﬁ).

(A1)

In order to calculate the Fourier coefficient fr(k,,k,), we first express the target Hamiltonian with reordered ladder

operators

g @4 a) = xam(@hmam.

Note that the ordering here keeps all the terms from commutators. By defining the coherent state |a) as the eigenstate
of lowering operator d|a) = a|a), we calculate the operator in the diagonal coherent representation

T Wy — (T
Hé?)(a,oz ):<a|Hl(p)|oz

> = Z Xnm(a*>n01m-

(A2)

Function Hg) (o, @*) can also be written as H((QT) (x,p) by identifying o = (z + ip)/Vv 2\ where

x = (a|z]a) =

p=(alpla) = iy/3(a" — a).

2a* +
0"+ 0) "

In order to calculation the NcFT coefficient fr(ks,kp) in Eq. (Al), we need to calculate the coherent diagonal
element of the plane-wave operator <a|ei(kzi+k1’ﬁ)|a>. For this purpose, we introduce the displacement operator



D, = @' =2"a with the following relationship [65]

DaDﬁ = eﬂm(aﬂ*)Da—i—ﬁa Doz|ﬂ> = 6iIm(o¢ﬁ*)|a + ﬂ) (A4)

We then write the plane-wave operator as e!(k=+kpp) = ) f by k)’ Using the relationship Qj we have the

i(kedtk

matrix element of plane-wave operator e’ »P) in coherent state representation

(afeit=a+hoD)|g) = <0“D_\/§<k,,_ikm)|5>

= <a - \/g(kp - ik‘z)>e*i\/§lm[(kpfikw)ﬂ*]
— el =31B—/3 (kp—iko) P +a” B—a” /3 (kp—ike)—in/ 3 Iml(ky —iks)B7] (A5)

In the last step, we have used and the identity (a|8) = e~lal®/2=181° /240" B, Thus, we have the diagonal elements of
plane-wave operator from Eq. (A5

(a]ei®=T+hoD) | q) = exp (- ,|k — ik |?) et hethop) — e~ 3 (k2+kY) (ke zthpp) (A6)

Using Eqgs. (A2]) and (A6), we have the Fourier coefficient from Eq. (Al]) as follows
e (k2+ED)

(T ) —i(ks z+kpp)
g //dxde (x,p)e (A7)

Egs. (Al]) and (A7) construct the noncommutative Fourier transformation (NcFT) technique introduced in this paper.
From the hermicity of Hamiltonian operator, we have the following important relationship

fT(kzv kp) = f’;(_kxa _kp) (AS)

Note out that here we present a general way to calculation the NcFT coefficient. In practice, for some specific target
Hamiltonians, there may exist a simpler and more direct way to obtain the result as for the rotational lattice shown
below.

fT(kﬂw kp)

Appendix B: One-to-one correspondence between Hamiltonian operator and Q-function

In the above derivation of the NcFT coefficient for a given target Hamiltonian operator, we perform Fourier
transformation of the Hamiltonian Q-function that only takes the diagonal elements of Hamiltonian operator in the
coherent state representation, cf. Eq. (A2)). One may wonder if some information is lost by neglecting the off-diagonal

elements. In this section, we will prove the Hamiltonian operator H}T)(i,ﬁ), given by Egs. 1) and |) is fully
determined by its Hamiltonian Q-function H g) (z,p) = <a|HI(;T) (Z,p)|c) together with commutator [, ] = i

We write the Hamiltonian in the Fock representation IA{}T) = pm Enm|n)(m| with n,m = 0,1,--- and define the
following operator

Hyp(2,P) = —//dk dkp frum (s, k) et Fe®HhoP) (B1)

where fpm(ks, kp) is the NcFT coefficient of the operator |n)(m/| given by

ol (k2 4+k2 4
from(ks, kp) = — / / dmdenm(x’p>e—Z(km$+k‘pp) (B2)
T
with the Q-function of operator |n)(m| given by
Hpm(z,p) = (aln)(m|a). (B3)
Because the target Hamiltonian is the liner superposition of |n){m| with n,m = 0,1,---, we just need to prove

(0| Hpm (2, 9)|m") = 8 O - (B4)



Using coherent state in the basis of Fock states |a) = e~ ), we calculate the Q-function of |n)(m|

Hon(e.p) = {aln)(mla) = <=5 (T22)" (1), (B5)

By introducing x = rcosf, p =rsinf and = = kcos7, p = ksin7, we have the Fourier component

3k
fnm(kyT) — el TdrdﬂHnm(TC0807TSing)efichos(eff)

i(m—n)T m4+n k2 2m
_ etlm—n) ( 1 ) +neak /OO Tm+n+1€—§dr / dee—ikr cos(0—7)+i(m—n)(0—7)
vnlm! N2\ 2m Jo 0

i(m—n)T 1 m-+n o0 2

_ € 2k2 n—m m+n+1_ —Ix

— S ea™ g r e 2x Jn,m —kr)dr
vnlm! (\/2)\> /0 ( )

_ e »J\F R S o A2
= et m!<ze A )\) F(l—m+n)1FI(1+n’1 m+n; 2k) (B6)

where J,,_.,,(2) is the Bessel function with order of n — m, and 1 F;(a;b; z) is the Kummer confluent hypergeometric
function. We introduce the marix element [84]

A N by m' —n' [ ! A
<n/|6l(kxa:+kpp)|m/> _ e*%(ki‘kki) [\/;(kp + ka):| n'! Lm —n’ [ (kg + kﬁ)} (B7)

where an,/fnl(z) is the generalized Laguerre polynomial. Then, we have the matrix element of H,,,(Z,p) in Fock
representation

(0| Hym (2, ) m)

1 P .
— / / dkydky frm (K, kp) (0| FeETR0P) 1/

= o n)\/>\/> \/> (1in+n)

ez[(m n)—(m’'—n )]Td’T

277

></ dk(fk)m_ E L B (L4l —m+on; —%%LQ%’*"’(AH)
0

n'!
- 677 f—
v—n,m’—n’ \/ m—n-+n') \/ 1—m—|—n

X/ kdk 1 Fy (1 + n; 1—m+n——k2)Lm "( k2)
0

n’!
= Om—n.m’— 1/ ,/
m—n,m/—n’ —n+n 1—m—|—n

(oo}
g - - - A
X / kdk 1 Fy(1+n;1 —m+n; —k*)L7 " (k*)  (where k= \/;k;)
0

= 5n,n’5m,m’- (BS)

This is the identity (B4]) we aim to prove. As a result, for a fixed A, the mapping between Floquet Hamiltonians and
Q-functions is one to one.
. . ,A(kQJrk?) . . . .
Note that the exponentially suppression factor e~ 4"=""») in Eq. 1@] cancels the same exponentially increasing
factor in Eq. . We will mention the sequence of this point in the discussion of sharp-boundary elliptical well
below.

Appendix C: Designing driving potential

In this section, we show how to construct the driving potential from the NcFT coefficient such that its Floquet
Hamiltonian equals to the target Hamiltonian in the leading order (RWA). We introduce the polar coordinate system



in (ky,k,) space via (ky; = kcosT,k, = ksin7), and write the Fourier expansion Eq. (A1) as

]fI(T) _ 1 o dr e dk|k|f k ik(& cos T+psinT)
o _ B gk, e . (C1)
271' 0 — 0o 2

Here, we have defined the Fourier component in the polar coordinate system via fr(k,7) = fr(ky, kp), and allow for
negative k via the relation fr(k,7) = f5(—k,7), cf. Eq.(A8]). From the Fourier component of the target Hamiltonian
fr(k,7), we design the real space driving potential as follows

V(x,t) = /M @fT(k,wot)e“”dk, (C2)

— 00

where the phase variable wyt in time domain plays the role of angle 7 in (k;, k,) space. By setting driving period
T, = 27 /(woq), the Hamiltonian in the rotating frame, cf. Eq. in the main text, becomes

| o .-
H(t) _ / §|l€|fT(k,th)elk(zCosw0t+p51nw0t)dk. (03)

— 00

By time averaging the above Hamiltonian, cf. Eq. in the main text, and comparing the averaged result to Eq. (C1)),

one can directly find that the lowest-order Floquet-Magnus expansion (RWA) gives the target Hamiltonian H }T) (Z,p).
We can also write the engineered driving potential in real space as

+oo
V(z,t) = /0 |k f(k,wot)| cos[kx + ¢(k, t)]dk,

where we have introduced phase ¢(k,t) = Arg[fr(k,wot)] and used the property f(—k,wot) = f*(k,wot). Thus,
the driving potential can be engineered by superposing a series of cosine lattice potentials with tunable amplitudes
|k fr(k,wot)| and phases ¢(k,t).

Appendix D: Rotational lattice Hamiltonian

We apply our method to engineer the target Floquet Hamiltonian with g-fold discrete rotational lattice symmetry
in phase space

(T B —~vata,x *q\ (A —~a'a
Ay = e 1001 — ag?) (@t — af)e 100, (D1)

where the factor e=74'% with v > 0 is introduced to suppress the divergence of Hamiltonian in phase space. The
above Hamiltonian is a generalised version of the rotational lattice Hamiltonian discussed in the main text, and it
goes back to Eq. @ by setting g = 1/v/2X. Using the identity

e 1818 q) = em3(1=e T Nlaf | 4oy,
we have the Hamiltonian Q-function as follows

T ~ (T
HY (2,p) = (oA |a)

2+ p? (e Hip\T 4 o)
— _ qy
ager s P 2\0? )K NG ) o€ ‘ ' (D2)

Here, we have defined the parameter o, = 1/v1 —e=27.

In order to obtain the analytical expression for the NcFT coefficient of Hamiltonian Q-function, we transform
into the polar coordinate system by introducing (z = rcos¢,p = rsin¢) and (k, = kcosT,k, = ksint). Plugging



Eq. (D2) into Eq. , we have

eAR? /4 ptoo 2 - ‘
T(k,T) = rar TCosSQ,rsing)e B
f k 5 B d d¢H(Q7) ¢ ; ¢ ikr cos(¢p—1)
m 0 0
e)\k2/4 +oo _;72‘ 7,2q ira e'y—i‘r q —’L'TOé*e’H—iT q
= Taee /O rdre. 7 | (QA)qu(kr)—( (;)\)% Pty - e (2(3)% ) Jalkr) + lage” *LJo kr) |
ek Rty A 99 . —ir A4 A 9,2
W{n'1Fl(1+q,l,7§U,yk )7 (726 OLOG’y 5) kq1F1(1+q,1+q,7§0',yk )
i A\ ¢ A ape? |24 A
f( —ie aw”ﬁ) K Fi(1+ ¢ 14 g5 *50'3]62) + ‘ gv ’ 1F1(1;1; 750314:2)] (D3)

Here, J,(e) is the Bessel function of ¢-th order and 1F}(a;b; e) is the Kummer confluent hypergeometric function.
In order to obtain an analytical expression for the driving potential V(x,t), we introduce the following identities:

teoq A ,
Identity I : / §|k|e%k2kq1F1(1 +q¢;1+¢; —503k2)e““dk:
+2 1 x?
=271 @02 = )~ )+ (D)) A -
AT = T[T+ (DA 55 —)
. a4+ 3 q+3 3 x? }
His(l = (DDA G 5—)]; (D4)
Rl B A , 2 4 x
Identity II : / ~|kle3* 1 Fy (11, =S 02 k%)™ dk = ——; - . = D( );  (D5)
—oo 2 2 A0y =A (203 = N)F  2ag2 — A
oo q A2 A )
Identity IIT : / §\k|ezk 1F1(q+1;1;—50—3k2)emdk
—o0
e A2 A 99
:/O ket 1F1(q+1;1;—§(77k ) cos(kx)dk
400 m +o00
1 (*1) A2 A 9.9 2 2
== F 1,1, ——02k?) (kx)*"dk
+oo m +o0
1 -1 A
= §mz::0 ((273)' xzm/o eﬁlel(q—l—l;l;—Eaiz)zmdz (here, z = k?)
_1 N (_1)mx2m(— é)’”Hr(erl) Fi(m+1,q+1;1;202) (D6)
szo (2m)' )\ 2471 ,q y Ly v/

Here, I'(e) is the Gamma function and D(z) = e foz et’dt is the Dawson function. Identity Eq. 1) is the special
case of identity Eq. (D4]) by setting n = 0. In identity Eq. , 2F1(a, b;c; z) is the hypergeometric function given
by the path integral in the complex (-plane [85]

2F1(a,byc;2) = (—z)°dC. (D7)

I'(c) 1/“°° [(a+ QL+ Or(=¢)
T(a)T(b) 27 J o T(c+C)

The above integral is valid for |arg(—z)| <7 —€ (0 < e < 7) and a,b ¢ Z; . For |z| < 1, the hypergeometric function
can be written by the power series

> a Zk
2Fi(a,bc2) =) ( zi)(,l:)k R

k=0

2] <1 (DS)
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with the Pochhammer symbol (z); = I'(x 4+ k)/T'(x). The analytical continuation of 5 F(a, b; ¢; z) into the domain
|z| > 1 can be realised from the following relationship [85]

L(e)l'(b—a) 1
Fi(a,bc;2) = — =) 2F} i1—b+a;—
2 1(0,, 76,2) F(b)F(c—a)( Z) 2 1( C+a7 +a7z)
T'(e)T'(a—0b) 1. 1
— =) oF1 (bl —c+b1— b; —). D9
+F(a)f‘(c—b)( Z) 2 1( ) c+ 3 a+ 72) ( )
The above relationship is valid for |arg(—z)| <7 —€ (0 < e <) and a — b ¢ Z. From Egs. and (D3)-(D6), we

obtain the analytical expression for the designed driving potential for finite values of v > 0 and arbitrary complex
number «aq as follows

()¢ +1) X I(m+1) 2m(4)m+1
|\faoe’7|2‘1 F2m+1 2 A

(Aof)riiae p— T
ﬁaoe':;q(g)\gg_)\){ﬂgs{(lev ao\/g)q+<267+ o %)Q}

7 g+2 1 z?
X[(1+(—l)q)qr(§)\/2)‘037)‘1}71( B 757 m)

V"/(x’t) =

2Fi(m+1,q+1;1;202)

. q+3 q+3 3 x?
diz(1 = (=1)O)T F 2 }
+diz(1 — (=1)1)I( B )1 ( 5 g 2)@37}\)
2 2
207 1 43@07 T

+ - — D( )- (D10)
205 =1 VX(202-1)7 ", fax02 — \

Next, we discuss how to calculate driving potential V,(z,t) in the limit of v — 0 (0, = 1/V1 —e~27 — +00).
Using Eq (Dg), (DY) and the Euler’s reflection formula F(z)I‘(l — z) = 7w/sin(wz), we obtain the following series
expansion of the hypergeometric function for |z| > 1 and q € Zg

+oo
T(m+k+1)2(=1)mtatt
Fi(1 1 i1 2) =
2 1( +m7 +Q7 72) ZF(

k=0

1 1\ k+m+1
— (- . D11
1+m)F(1+q)F(qu+k+1)k!<z) (D11)
Note that the parameter m actually can take the whole real values, i.e., m € R. Although the above expansion is
not defined for m at negative integers m € Z~, but the limit values do exist and can be defined as the values of the
expansion for m € Z~ . By plugging the above series expansion Eq. (D11)) and also the confluent hypergeometric

function 1 Fy (a;b;2) = Y e (a): 7: into Eq. 1) we obtain the driving potential in the limit of v = 0 (o0, = +00)

BRSNS o o i’ NS AU/l Vil oV s I M L
VAag2e =& T(2m+1) T(m—q+k+1) k! ‘202

el i oy 2)" + (= ieriragy (3] D13)

Vysolz,t) = (D12)

XTr+m+HrQd) 41/ _2\%—m 2
(1+ (=17 ; (=1)7227m T Ae) e (D14)
X [ T;O T +m)
+oo q 3
+Z(1 B (71)(]) Z F(% ;(?i;))r(g) (71)m2%7m7%(}\U’Qy)%fmf%x2m+1} (D15)
m=0 2
Y (D16)

L )k+m7q =0in

20,2Y
the limit of 0., = 400 (note that Gamma function I'(z) = oo for nonpositive integer argument z € Z ). In line ,
only terms with even integer ¢ and m < ¢/2 give nonzero contribution. Furthermore, we emphasise that the driving
potential V(x,t) is obtained from the RWA. In the rotating frame, the oscillating terms from m < ¢/2 cannot cancel
the time-dependent parts given by terms that contain e**7 in line (D13]). Therefore, the only nontrivial contribution

In line (D12)), only terms that satisfy k+m —q = 0 give nonzero contribution otherwise m(
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comes from the term with m = ¢/2 in line (D14]). For the same reason, only nontrivial contribution comes from the
term with m = (¢ — 1)/2 in line (D15)). By neglecting these terms, we have the designed driving potential

! m 12
Viz.t) = \/ﬁlaolmg_:o(_ )m+q(2m()2!(q%)\q—mx2m
ol o

~[V2hag|
AL+ 9r() (-1)#
(VI

+1. (D17)

[ SIS

By taking the value of ap = 1/v/2)A, we obtain the driving potential given by Eq. shown in the main text, i.e.,

q bz 2 +m
(@ma) (=D)T" 1+ (1) 1— (-1
V(z,t) = T2 L \TT™ME™ —\/7q! + cos(qr)z? + 1
= (2m)l(g —m)! r(g+1) " T(E+1)
q
= Z By m AT " x*™ — C, cos(quot)z? + 1. (D18)
m=0
. 2mg)2(—1)9t™ 14(—1)? 1—(—1)? 2./7q!
Here, we have defined the coefficients By, = % and C; = \/Eq!{FéJr%)) + T (%H)) } = r[(2q+3\§31)q)/4]'

Appendix E: Ground state property of rotational lattice Hamiltonian

In the main text, we have claimed that the groundstate manifold of present rotational lattice Hamiltonian is g-
dimensional and is spanned by ¢ ¢-legged cat states. This is because the ¢ coherent states |a,,) = |eim27W/ V2X)
with m = 0,1,--- ,q — 1 are exact zero-energy eigenstates and quantum fluctuations do not introduce any tunneling
between these coherent states. Mathematically, the ¢-fold symmetry of Hamiltonian in phase space is described by

R AR = HYD, (E1)
42

where ]:Zq = ¢'4' %7 s the discrete rotational operation [20] [36]. According to the Bloch theorem extended in phase
space [36], the eigentsates of Hamiltonian can be written in form of

q—1

1 imp2= 1
m) — —= q Rp 5 E2
[Y1,m) \/Z]pz::o@ Plb1) (E2)

where index [ labels the Bloch bands, m is called quasinumber and |¢;) is the Wannier state of I-th Bloch band. The
Wannier state |¢;) for the lowest band can be chosen by the coherent state |ag), and the constructed Bloch states are
exact eigenstates that are exactly degenerate (flat band). The single-photon loss only alternates the Bloch eigenstates
inside the band:

14
alYim) = — ) e aRf|ao)
[t
1 &
= — Y ™ RERIPAR?|ag)
([t
o A
_ @0 i(m=1)p2T pp
= — e @ RPlay)
Vi q
o Y1 m—1)- (E3)

In the third line, we have used the property RZ&RQ = Ge”"% and alag) = aplag). Thus, photon decay does not
leak quantum information out of the code subspaces [16], 28H30], allowing for fault tolerant syndrome detection that
exponentially suppresses phase flips and does not cause error backaction on the encoded system [28].
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Appendix F: Sharp-boundary elliptical well in phase space

In this section, we calculate analytical expression of the engineered driving potential for the elliptical Hamiltonian
in phase space. We start from the general formula of the engineered driving potential as follows

1 [t ,
Vi, t) = 5/ k| fr (e, £)e™ dk, (F1)
—o0
According to the identity 272 = 2 oo |I€|e””dk and defining the following function
[t ;
v(z,t) = 2—/ fr(k,t)e*dk, (F2)
™ — 00

the driving potential V' (x,t) is the convolution of —z~2 and u(z, ), i.e.,

V(z,t) = —2 2 xv(x,t)
+o0 1
= —/ —v(z — z,t)dz

= — lim &E{ﬁ}v(z — z,t)dz

oo z — 1€

) +oo 2,2 _ E2
= 7613(1){r . mv(xfz,t)dz. (F3)

Here, we should first replace the convolution function 1/22 by (22 — €2)/(2% + €2)? to get converged integral, and then
take the limit of € — 0 to obtain V(z, ).

In the (z,p) phase space, we set a new coordinate (2/,p’) system which is rotated by an angle 7 between 2 and z’
axes given by the following orthogonal transformation

x=2a'cosT —p'sint; p=2a'sinT+p cosT. (F4)

We can express the target Hamiltonian Q-function with rotated coordinates by H, Q(T) («',p)) = H g) (z,p). Then, we
project the Hamiltonian on the 2’ axis by the so-called Radon transformation

R AHSI@) = [ D (¥s)
The 1D Fourier transformation of the above projected function is given by
FIRHSN( / R etk g (F6)
The 2D Fourier transformation of H;Q(T) (a',p') is
FIHS (kar ki) //H Ye i kara' +hy D) gt gyt (F7)

By plugging Eq. into Eq. and comparing with Eq. , we have
T T
FIRHg ko) = FIHG |k iy = 0). (F8)

This is the so-called projection-slice theorem [86] [87]. Comparing to Eq. (A7) and using the orthogonal transformation
, we have F[R, [HQ(T)]](k) = 27 fr(k,7)e~ 1% (here we have set ky» = k) and thus

—+oo

Ro[Hy")(z) = / Frlk, r)e” 3% b g (F9)

— 00
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In the classical limit A = 0, according to Egs. and , we have v(z,7) = 5=R, [Héz(T)](x) and thus

Viz,t) =

2m x2

11

* Ro[HSD) (). (F10)

Now, we apply the convolutional form (F3|) and Radon transformation (F5|) to calculate the engineered driving
potential for the elliptical well in phase space in the classical limit A = 0. The boundary of the elliptical Hamiltonian

Q-function in phase space is given by

(' cosT —p'sinT)

2

(2’ sinT + p’ cosT)?

Using the transformation (F4)), we have the following

sin 72 COS T

e = =1
2 1 1 2 : 2
)p/2 _ sin(2r)(—2 _ b—z)x’p’ I (g 811227' )x'2 _1—o.
a a

(

Using the two solutions pj and pf

bZ

a2

of the above equation, the length across the ellipse is

Py — 15| = \/(p’l +ph)? — Apiph
1 9 1 1\2 4 cosT2 sinT?
=V een (- g) il )
2
= —+/1— Bx'? F11
Vi (F11)
where
__sint?  cosT? _ /cosT?  sinT? 1 . 9 1 1\2
A= B o () e (L)
From Eq. , we have the Radon transformation
/ 2 1
RAH ) = —|p), — ph| = — V1—=DB(n)z? for |2/]< ) F13
From Eq. (F10]), the driving potential is given by
1 /
Viz,t) = fggﬂ « Re[H) ()
1 . Too 2 g2 "(T)
= ok ) el N2
1. /B too 222 1 1
= —2/—= 1 ——— (= - — —z)d
o Aei%+[m (22+62)2\/(\/§ x+z)(\/§+m z)dz
B €— 1T
= —/— 1 1-%R F14
A€—1>I(1;l+ ( [ B_l +(€_'L.’I;)2]) ( )
In the limit ¢ = 0, we have
B{)
- %’ ] < E13(t)
A(t) zsz%t) ’ - \/B(t)'

This is the driving potential that can generate classical elliptical potential with shar

Note that the value of V(x,t) is divergent at x = +1/1/B(¢) according to Eq. (F15

p boundary in phase space.
. In fact, the Fourier coefficient

Eq. (A7) is always divergent for £ — oo in the quantum regime A > 0. For physical result, we can add an exponentially

suppressing factor to the Fourier coefficient:

Frlkaky) = fr(ke.ky)e 27 F2HED) with o > \/A/2.

(F16)
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According to the convolution theorem [88], we equivalently modify the Hamiltonian Q-function with a convolution
operation, i.e.,

1 m2 P2
Hg,c)r=//dm’dp’g(fﬂ’,p’)Hg)(x—w’,p—p’) with g(z,p) = 5—e” e (F17)

The kernel function g(z,p) smooths the sharp boundary of the elliptical well. Correspondingly, the driving potential
is also modified with a convolution, i.e.,

1 __=?
Vy(z,t) = [ dx’h(z")V(x —2',t) with h(z) = ——=¢ 2°-x. (F18)
m(202 — \)

We point out that, in the Fock representation, the exponentially suppression factor e~ (kR i Eq. Gi cancels
the same exponentially increasing factor in Eq. . As a result, a sharp well with boundary narrower than quantum
fluctuations (o < y/A/2) does exist. However, this scenario cannot be realised by our present method.

Appendix G: Moiré superlattice

In this section, we discuss how to engineer a Moiré superlattice in phase space that is formed by two honeycomb
phase space lattices overlaid with a relative twist angle and confined in a finite region with radius R,

_ _ 2 2 <
HC(QT)(% )= Ho—o + Ho—p,, V2*+p*<R (G1)
0, Va2 +p?>R.

p) = — Hi:l sin [Lv,, - ()] + 2 is the honeycomb lattice in phase space [A0]. We have defined the
= (xcosf + psinf, —xsinf 4 pcosf), and three ancillary vectors

%ﬁvo)a V2 = (7§7 1)a V3 = (7?,71). (Gz)

Here, Hy(x,
vector z(6)

’01:(

In Fig. a) in the main text, we plot the resulting Moiré superlattice Q-function with twisted angle 6, = 10°.

We calculate and plot the NcFT coefficient fr(k,,kp) in Fig. b) in the main text, which composes of discrete
peaks reflecting the discrete translational symmetry of target Hamiltonian in phase space. The centers of these peaks
take place at (ki = kg cosTy, ki = kysint,) where 7, = ¢7/6, qm/6 + 0y and k; = 2/v/3, 2, 4/v/3 with ¢ € Z.
The finite width of peaks comes from the boundary condition of Moiré superlattice. In fact, we have the analytical

expression from Eq. (A7)

A, (R\/(kx ) - kZ)Q)

Jr(ke, kyp) = Z o R-1 V (ke — kD2 + (ky — k)2

q

, (G3)

where A, = 7/16, —7/16, 7/32 for k, = 2v/3, 2, 44/3 respectively. Due to the long-distance asymptotic behavior of
Bessel function

2
Ju(k) | = cos(k - g) for |k| > 1, (G4)

we have added an exponentially suppressing factor e~ 124K 1o obtain convergent NcF'T coefficient. As a result, the

I2 2
Hamiltonian Q-function smoothed with a convolution kernel function g(x,p) = ﬁe’ e , cf. Eq. l}

Appendix H: Hamiltonian operator and Q-function symmetry

In this section, we prove that the Hamiltonian operator and its Q-function has the same symmetry in phase space.
iata2r
q

We first discuss the Hamiltonian operator in the discrete rotational operation Rq =e . From the Fourier form
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of Hamiltonian operator Eq. (Al]), we have

. o 153 . . R -
R @) Ry = o [ [ dhadby o, ) Ry explilhad + b))

ﬂ//dkmdkpr(km,kp)exp [z([km cos(%r) —kp sin(2;r)] + [ks Sln(2q )+ kp COS(2;)]13)]
= o [ [ ki g k) explitisa + ko). (11)

Here, we have used the property

A APt _ 4 2 - 2
Hyilty = & cosCy) + psin(y) (12)
RypR] = —#sin 7) +pcos(7),
and transformed the integral coordinates by
I 2y s (2T
L ) 7 oo e) (13)
b= msm(7) + COS(7)

with the property dk,dk, = dk;dk; as the transformation is orthogonal.
Next, we will prove the NcFT coefficient of rotational lattice satisfies f(k7,, k) = f(kz, k). According to (A7), we

have o
%(k/2+k/2) , ,
f (k’;,k;) = T//dIdPH (,’I,‘ p) _7(kzx+kpp)
e (k2 +k7) - e
= o /dx’dp’Hé2 )(Jﬁl,p/)e_l(sz +hpp') (H4)

where we have used transformation Eq. (H3|) and made the orthogonal transformation in the phase space plane

{ 2’ = x cos(2

Q‘:\

) +psin( ™)
p' = —xsin —”) +pcos(7”) (H5)

—~

Therefore, if the Hamiltonian Q-function satisfied the discrete rotational symmetry HéT) (',p") = H T) (z,p), the
NcFT coefficient of rotational lattice satisfies f(kz, kp) = f(k7,, k,). Then, comparing Eq. (Al]) and Eq. (HI]

. ), we have

RqH(fc,ﬁ)R:g = H(Z,p) and vice versa .
The same discussion can also be applied for the translational symmetry described by the displacement operator

Do H(2,p)D},, = o / / dkydky fr (g, ky) Do, expli(kyd + kyp)| DY,
B %/ / dkypdky fr (kg ky)e™ FemotEer) expli(k, & + kyp)), (H6)

where we have used the property ﬁao dﬁ};o = a — ag and thus

{ l?aoisl?:&o =& — xo with zp = {ap|Z|ao) (1)
DoopD},, = p — po with po = (awo|p|av).
From Eq. (A7), we have
et e (k2+k) @ " X
frlbstgpem terrton) = Som [ [ antph{e.premtte s otoin
3 (K2 +K7)
et —i(kez+k,
= S [ [ e ot oy o, (1)

Therefore, if the Hamiltonian Q-function satisfied the translational symmetry Hg) (x + x0,p+po) = Hg) (x,p), the
NcFT coefﬁcient of rotational lattice satisfies fr(ks, kp)e —i(kazotkppo) — f(kz,ky). Then, comparing Eq. (A1) and
Eq. (H , we have D, H (&, p)D = H(&,p) and vice versa .
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The same discussion can also be applied for other phase-space symmetries like the mirror symmetry, i.e., if the
Hamiltonian Q-function satisfies Hg)(a:o,p) = Hg) (£, +p), the Hamiltonian operator has H (£, +p) = H (£, +p)
and vice versa.

Lastly, we point out that the conclusion is also true for the smoothed Hamiltonian Q-function with a convolution
operation, i.e.,

Hy) = //dﬂﬁ’dp’g(%’,;0')H£2T)(aj —a',p—7p)

as long as the kernel function is rotationally symmetric, e.g., the standard Gaussian kernel g(x, p) = 5

(H9)

2, 2
71'102 eXp(— x2j§ )
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