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SUPPLEMENTARY MATERIAL FOR “A CONTINUOUS VARIABLE QUANTUM BATTERY WITH
WIRELESS AND REMOTE CHARGING”

The density matrix of the continuous variable system has an infinite number of rows and columns, which is detri-
mental to the study of the properties of the system. The system can also be described by the Wigner functions
or characteristic functions, which are complex numbers that correspond one-to-one to the density matrix. Once the
characteristic functions are obtained, all the information about the system can be determined. Reference [47] provides
a method for calculating the characteristic function of the Gaussian states. For obtaining the characteristic function
of the continuous variable quantum batteries in the main text, the expectation values of the operators <d£d2>, <a§&;>,

(a262) and (ad(t) £ ao(t)) need to be calculated firstly.

The expectation value of the operator does not vary due to the differences in the selected pictures (such as
Schrodinger’s picture, Heisenberg’s picture, and Dirac’s picture). The Heisenberg’s picture is chosen for our closed
system. The evolution of the operators with time can be calculated analytically by the Laplace transform. The
Hamiltonian is

H = hwyalay + hanalas + gh(al + ay)(al + ao) + Gh(al — ap)(al — as). (S1)

According to the Heisenberg equation of the operator, we can obtain the dynamical equations from Eq. (S1) if the
role of the environment has not been taken into account (y = 0):

ddit(t) = iwa] (1) +i(g — G)ak(t) +i(g + G)as(t),

dd;ft) — iwran(t) — i(g + G)ab(t) + (G — g)as(t),

d&}lt(t) = iwpab(t) +i(g — G)al (t) +i(g + G)an(t),

dd;t(t = —iwin(t) — i(g + G)al (1) + i(G — g)ay (). (2)

The variation of the operators with time in the above equations can be solved by the Laplace transform and its
inverse transform. Through performing the Laplace transform for Egs. (S2), we can obtain

pLlal ()] — al (0) = iw  L[al (1)) +i(g — G)L[ak(t)] +i(g + G)Llaa (1)),

pL[ar ()] — a1(0) = —iwi Llar ()] — ilg + G)Llab(D)] +i(G — g)Llaz (1)),

pLab(1)] — ah(0) = iwaLlad(t)] + i(g — G)Lla} (1)] + i(g + G)Llar (1)),

pLlaz(t)] — a2(0) = —iwsLlas(t)] — i(g + G)Llal (D)} + (G — g)Llan (1) (3)
The Laplace transform is defined as L[f(t)] = 0+°O f(t)e~Ptdt for function f(t). The Laplace transform of ai (t),

ai1(t), a (t) and a2 (t) can be obtained from Egs. (S3). From the inverse Laplace transform, we can obtain

a1(t) = qu(t)al (0) + g2(t)ar (0) + gs(t)al
ax(t) = fL(t)al(0) + f2(t)a1(0) + f3(t)ak(0) + fa(t)az(0). (S4)
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The conditions that the functions f;(t) and ¢;(t) (j = 1,2,3,4) need to satisfy are

Ll (0)] = 5 2ilg” ~ G*)wn),

1 . .
Lg2(t)] = Z{p3 —dwip? + (w3 — 4Gg)p + z[2w2(G2 +4%) — wlwg]},

Llas(t)] = 5=i(C + ) + (G + g)ews —wp +i(G + 0)(4Cg — wrn)],

Llaa(t)] = 5 =iy — GO — (9 — O)fes +w)p + ilg — G)(4Gy + wrwn)],

LUAW] = G+ 9" + (G +g)(wr —w)p + (G +9)(4Gg — wre)],

LURM] = Zl-ilg ~ O — (g O)lews +wi)p+ilg — C)(ACy + wiwn)],

Llfs(t)] = Sf2i(g? - G,

LIfa(t)] = %{p3 —iwpp® + (wf — 4Gg)p + i[2w1(G? + ¢%) — wawil}, (S5)

with Z = p* + (w} + w3 — 8Gg)p? + [16G?¢? — dw1wa(G? + ¢g?) + w?w?]. Based on the residue theorem, one can
solve Z = 0 with p and find out the corresponding pole point. The covariance matrix of the Gaussian states and the
expectation values of d;(t) + Go(t) can be solved by Eqgs. (S4). Therefore, the dynamics of the closed system can be
determined.

For the open system (v # 0), it is convenient to use the master equations. The variation of the expectation value of
the operator <6> with time can be calculated by % =Tr {5%(:)}, where O is an operator that does not obviously
contain time. If we take the environment into account, the expectation values of the operators (af al), (al a,) and
(Gman) (myn =1 or 2) are governed by the following ordinary differential equations:

d<&§t€z1> — (G + g)((alal) — (a1a2)) — i(g — ) ((alaz) — (a1ah)) — v(@lar) +vnen,

d<&3t&2> = —i(G +g)((a]a) — (a1a2)) —i(G — g)({afaz) — (ara})),

d(@jtf@ = i(wn + wa) (@) + 4G + g)((alar) + (@has) + 1) +ilg — Q)@ + (@2) — v/2(alah),
d<&d1t&2> = (w1 + w){@rdn) — i(G + g)((alar) + (alas) + 1) —i(g — G)((@2) + (a2)) — ~/2(a1as),
d<&3td2 = i(w1 — wy)(@las) —i(G + g)((al%) — (a3)) —i(g — G)((a}ar) — (afas)) — v/2(alas),

= 2i1(af?) + 20(G + g){afaz) + 2i(g — G) (ala}) — 1(a}?),

= —2iwy(a3) — 2i(G + g){alas) — 2i(g — G)(ards),

= 2iwy(al?) 4 2i(G + g)(arad) + 2i(g — G)(alal). (S6)

The evolution of {(af al), (al a,) and (a,,a,) for the open system can be obtained by solving the system with 10

ordinary differential equations (ODEs). The change of the expectation values of the operators (ahds), (alal) and

(G2a2) with time can be calculated from Egs. (S6). The expectation values of (d;(t) + as(t)) can be obtained by
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solving the following equations

%ﬁgﬁ = —iwy (1) — ig({(a) + (a)) — iG((ab) — (a2)) — v/2(a),

dizib = iwi(a]) + ig((ah) + (a2)) — iG((ad) — (@2)) — 7/24a]),

d%> = —iwa(an) — ig((af) + (a1)) —iG({a}) — (@),

dg@ = dwa(ay) +ig((al) + (a1)) — iG((a}) — (a1)). )

Based on such calculations, the characteristic functions of the Gaussian states for the open system can be determined.
It is noted that the evolution of the above expectation values for the closed system can also be investigated by the
master equations under the condition v = 0. The results are consistent with that given by the method of the Laplace
transform.



