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Quantum distillation is a modern technology to decrease the von Neumann entropy of a subsystem by coherent
system dynamics. Here we propose an active quantum distillation protocol, in which a bang-bang theme is
applied to actively control the coherent dynamics of our system in order to obtain a subsystem with the von
Neumann entropy as low as possible. For a bipartite bosonic system, we derive the analytical expression of
the entropy lower bound of one subsystem under any unitary transformation for mixed states with conservation
of particles. The lower bound is validated by numerical simulations on the Bose-Hubbard model, where the
coherent evolution is controlled by tuning one interaction term of the Hamiltonian. Our protocol can be used to
decrease the entropy of one subsystem lower than the total bipartite state and increase the number of bosons or

only distill out very few bosons in the subsystem.
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I. INTRODUCTION

Decreasing the entropy of a quantum system is an essential
task in quantum science and technologies. Low entropy states
play an important role in the study of quantum many-body
physics, such as the quantum phase transition [1,2], topolog-
ical order states [3,4], and Bose-Einstein condensation [5-7].
To get manifests of those quantum phenomena one must
measure some physical quantities on low entropy states. For
example, the quantum phase transition is usually accompanied
by close of energy gap between their eigenstates, and topolog-
ical order systems have a topological entanglement entropy
on their ground states. Consider a thermal state p = e #H+V)
with Hamiltonian H + V and inverse temperature 8 = 1/T . If
we increase the strength of the potential V, it is equivalent to
increase the inverse temperature of the state. A similar idea
is also mentioned in quantum virtual cooling [8], which is
to square the state to get half of the temperature. Thus the
temperature somehow does not capture the essence of the low-
energy quantumness. However, as a fundamental quantity in
thermodynamics and quantum information, low entropy is the
most essential manifestation of the high purity of a quantum
state.

In order to get low entropy states, quantum distillation
[9-11] technologies are proposed. Quantum distillation refers
to a quantum dynamics that makes the final states smaller
samples with purer quantum states than initially present. In
the case of fermions, numerical simulation shows that dur-
ing the expansion and with the strongly repulsive interaction,
doublons group together and form a low entropy state [10]. In
the experiment with a cloud of bosonic atoms trapped in one-
dimensional optical lattices [11], some singlons are observed
to quantum distill out of the doublon center.

Here, to avoid confusion, we point out that the term “dis-
tillation” can also be used for distilling smaller number of
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higher quality states, from higher number of copies of states
with lower quality, such as entanglement distillation [12—14].
However, as in the relevant literature [9-11], we use the other
meaning of “distillation” here, which refers to making the
final state purer, regardless of the number of copies.

The advancement of quantum simulation techniques based
on cold atom experiments has made it possible to experimen-
tally implement quantum distillation protocols. Controlling
the interaction Hamiltonians for Bose-Hubbard models has
been achieved on cold atom experiment platforms [15-26].
And experimentalists can measure the entanglement entropy
and mutual information in Bose-Hubbard models by using
quantum interference of many-body twins to measure second-
order Rényi entropy [27]. The boson-related Hamiltonians can
also be simulated on a superconducting quantum simulator
using a boson-to-qubit mapping [28,29].

Here we aim at getting low entropy states from a thermal
mixed state in a bosonic system through quantum distillation.
To be exact, we focus on decreasing the entropy of one sub-
system lower than the total system without distilling out many
bosons from this subsystem. Previous quantum distillation
protocols were based on the expansion from a confined region
pure state to another empty lattice. In the final state, the region
where doublons group together has entropy nearly equal to
zero [10]. For an initial pure state, the entropy of the final
target state will be never less than the total state. In this
paper we propose active quantum distillation, which is a pre-
cise quantum control protocol to decrease the von Neumann
entropy without distilling out many bosons. For a bipartite
bosonic mixed state AB, we derive the analytical expression
of the entropy lower bound of subsystem B under a unitary
transformation Usg. We then construct a unitary evolution by
only controlling the interaction Hamiltonian between B and A
as illustrated in Fig. 1. The control protocol is constructed by
a simple greedy search algorithm.

Our protocol can be used to group bosons together or to
distill out some bosons based on different site configurations
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FIG. 1. Active quantum distillation protocol for decreasing the
entropy of system B in the Bose-Hubbard model. The strength of the
interaction terms in the Hamiltonian is controlled during the time
evolution. The total time 7, is divided into N time steps, each of
which is §z. The interaction strength can be discretely controlled such
that the system will evolve along the direction of decreasing Sp to
minimum.

and control parameter choices. In the general case where
subsystem A has more than two sites, by choosing appropriate
control parameters, we can decrease the entropy of B lower
than the entropy of initial total state AB, and increase the
number of bosons in B or only distill out very few bosons.
If subsystem A has only one site, we group particles together
and decrease the entropy of pp to the entropy of pap, which
is the lower bound of the entropy of pp under the unitary
transformation Uypg. The essence of the quantum distillation
phenomenon is to get a purer state with more bosons. We
explain this quantum distillation phenomenon from the per-
spective of quantum information theory. Also the protocol
stability is tested by numerical simulations.

II. QUANTUM CONTROL MODEL

We consider the one-dimensional Bose-Hubbard model
with open boundary condition, whose Hamiltonian

L-1 L
; U~ .
Hy=—-J E,- (bibisi +He) + — ;_1 (A — 1), (1)

where b; (13'!) is the annihilation (creation) operator of the
bosonic mode of site i, 7; = B}B,- is the number operator of
mode i, J is the hopping strength, and U is the onsite interac-
tion energy between two bosons. Here we adopt a bang-bang
control protocol [30,31], which is widely used in quantum
control. In the language of bang-bang control protocol, the
total Hamiltonian

H(t) = Hy + H.(1), )

where the Hamiltonian H, specified by Eq. (1) is called the
drift Hamiltonian, and the control Hamiltonian

G

A.(t) = y @) (b] b1 + B],,,By,), 3)

which plays a role like a switch to adjust the hopping strength
between [4th and (4 + 1)th sites. Let us divide our system
into subsystem A and subsystem B, where subsystem A con-
tains the sites from the first to the /4th, and subsystem B
contains the remaining sites. Then our central task is to min-
imize the von Neumann entropy of the subsystem B at a final
time 7 by choosing a suitable y (¢), which can be formulated
as

min S[pp(t)], “4)
y (1)

where pp(f) is the reduced state of pap(t) [pp(t) =
Trapap(t)], and the von Neumann entropy S(p) = —Trp In p.
Note that the minimal entropy depends on the initial state
045(0). In our protocol, we take the initial state of the whole
system pu5(0) = e P /Z with the partition function Z =
Tr(e #H0), where g = kELT, kg is the Boltzmann constant, and
T is the temperature. In most cases, the minimum entropy
obtained is smaller than S[p45(0)]. We will see in the fol-
lowing sections that, in the task of minimizing the subsystem
B entropy, our protocol is nearly equivalent to that capable
of applying any global unitary transformations when [, = 1.
And for general cases when [y > 1, our protocol has the
appropriate capacities to decrease the entropy of B to be less
than S[pap(0)] without losing many bosons.

III. ANALYTICAL LOWER BOUND
OF SUBSYSTEM ENTROPY

In this section we derive the analytical expression of the
lower bound of one subsystem entropy under any unitary
transformation. This lower bound is universal for all bosonic
systems but not restricted in the Bose-Hubbard model, since
in the derivation we only restrict the total particle number to
be conserved and all modes are the same after the unitary
transformation. In other words, letting Nip = ZiL:l fi;, in this
section we derive the lower bound under any unitary transfor-
mation which is generated by a Hamiltonian commuted with
NAB-

Suppose that psp = pap(0) is a bipartite state with to-
tal particle number Njp. The number of sites in A is
l4, and the number of sites in B is lp with Iy + g = L.
We take the occupation number bases {|nj,ns,...,np)},
which are defined as #;|ny, no, ..., n.) = niny, ny, ..., ny)
and satisfy Zf:l n; = Nap. The reduced density operator
of A and B is ps = Trgpap and pp = Trapap. The occu-
pation number bases for ps are {|ny,ny,...,n;,)a}, and
for pp are {|n;41,...,n.)p}. The number operator of A
1S fig = Z?‘:l ni;, and the number operator of B is iig =
ZiL=lA+l n;. Let fixlng, na, ..., nlA>A = nalny, no, ..
and le|n]A+1, ey nL)B = I’lBll’llA_H, P I’lL>B.

Both p4 and pp are block-diagonal matrices, where differ-
ent blocks have bases corresponding to different n4 and ng. So
we can write py = Gaflz"gp,;,i and pg = eaﬁvgng,i. The dimen-
sion of each p4; is da; = (i +Ia — 1)!/[i!(l4 — 1)!], where
i =Npp,...,1,0. And the dimension of each block in pp
isdp;=(+1g—1)!/[i!(lg — 1)!], where i =0, 1, ..., Nap.
dA,,’ and dB’,‘ satisfy ZfV:AS dA,i X dB,NAB*i = dAB’ where dAB is
the dimension of pap.

Note that, for disentangled subsystems A and B, total sys-
tem AB is a direct sum of the sector labeled by ny and ng

S ) A
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(also known as the superselection rule [32]):

pa ® pp = &)

na+ng=Nap

Pry.ng> ®)

where p,, n, 1S a sector whose subsystem A only has bases

with ny and subsystem B only has bases with ng. There exist

unitary transformations that can entangle A and B:
Upa®ppU' = &

pnA Jnp
na+ng=Nap

+ {non-block-diagonal elements},  (6)

where “non-block-diagonal elements” means the entangle-
ment between two subsystems. Denote the Hilbert space of
Prang aS Hy, ny» and denote system A and B in H,, ,, as Ha n,
and Hp ,,,. In each p,, », the Hilbert space has tensor product
structure, i.e., Hy, ny = Han, @ Hp -

Before going into Theorem 1, we omit the non-block-
diagonal elements and rearrange the order of the sectors in
Eq. (5). The rearranged sectors are

pas = B ok @)

such that the dimension of A of each py is in decreasing order,
i.e., dax = dary1. For each py, the dimension of AB is d;.
Theorem 1. Suppose the eigendecomposition of the bi-
partite particle number conservation state plp is pl; =
Z;lfl pil¥;)(¥;l. We assume these eigenvalues are in de-
creasing order, i.e., p; > pjy1. Divide all eigenvalues p; into
Nap groups or, k = 1,2, ..., Nag. The number of eigenvalues
in group gy is di. Denote the /th eigenvalue in the kth sector
as px,;. The division satisfies (i) inside the kth group py; >
Pri+1 and (ii) for all /and /!’ in kth and (k 4 1)th groups

Pkl Z Pk+1,0'
Let

dk

Gkb = Zpk,(bfl)d,x,wra- (®)

a=1

By performing a unitary operation U on AB, the minimal
entropy of the subsystem B is

min S[op(U)] =~ ) . Xb: qr.b 108, G- ©)

k

In particular, if A only has one site, then the dimension of
pp equals to the dimension of pr, dp = dyp. In this case the
optimal U satisfies psp(U) = pp(U ), and the condition (i) and
(ii) can be ignored. Thus miny S[pp(U)] = S(p3y).

Proof. The lemma we mainly use is for the majorization
and von Neumann entropy [33]: Suppose p and o are den-
sity operators such that p < o, then S(p) > S(o). For two
quantum state density operators p and o, p < o if and only
if A, < As, where ) is the list of eigenvalues for operator
p(o). The majorization between two real vectors d < b with
dimension D is defined as (i) Zf;l a; < Z;I:l bi,1<d <D,
and (i) Y2 a; = Y2 b= 1.

For the case that A only has one site, [ =1, and
dg = dsp. The trace operation actually drops out those
non-block-diagonal elements in pap, i.€., pPp = Pap —
{non-block-diagonal elements}. When U satisfies pap =
pp, non-block-diagonal elements are zeros. If pp # pap,

pap has nonzero non-block-diagonal elements. There ex-
ists a block-diagonal unitary matrix Up that can diag-
onalize pg, UD,OBU,; = diag{Ap}, where diag{\g} repre-
sents a diagonal matrix with diagonal elements being
the eigenvalues of B. Note that UDpABUg = diag{Ap} +
{non-block-diagonal elements}. By the Schur-Horn theorem,
Aag > Ap, therefore S(B) > S(AB).

For general cases that the site number of subsystem A is
larger than 1,4 > 1, and dg < dsp. We aim to show pp < pf,
where pj; is the optimal state of B in Theorem 1, and pp is
any other state different from pj;. From the above situation we
learn that the non-block-diagonal elements will increase the
entropy of one subsystem, so in the following we will only
consider the density operator being block diagonal, and only
focus on any one of the sectors. We first note that if the sector
in pap is not diagonal, there exists a doubly stochastic matrix
D, suchthat A,, = D X A;. And this will make 4, < A, and
leads to a greater entropy of B. We next note that inside one
diagonal sector, each eigenvalue of pg in sector py is obtained
from sum of dj ; eigenvalues in p;. So we want to arrange
the largest dy4 ; eigenvalues of psp into the sector with largest
da k., and so on, until the smallest d4 ; eigenvalues of psp for
the sector with smallest dy . Any other order of the A,,, in
pap leads to A, < Ap-.

The full proof in detail is given in Appendix A. |

IV. NUMERICAL RESULTS

The total evolution time ¢, is divided into N identical
time steps 8t = t;/N. In the jth time step, (j — 1) x 8t <t <

J % ét, the control parameter yj(k) (k=1,...,d) is selected
from C(y ), which is a set of d possible choices. Thus H_](k) =

Hy +Hc(J/j(k)) and U;k) — ¢ "% The selected N control

parameters construct a path I' = {yl(k') , yz(kz), R y,{,k’v)}. The
total unitary transformation is U = Hiy:o U;.

We use a greedy algorithm to find the control parameters
path. For an initial state pg, at the beginning of time step
t, the state is p;j_| = ]_[{;01 U; x pg. We choose the control
parameter in ¢; to be

y(t;) = argmin S (o). (10)

k)
¥

where pj(.k) = U;k) X pj—1, and pgf;. = trApj(-k). If S(pé{_)i) =

S(pl(f}) =...= S(pl(;‘f;), then we choose
v () =argmaxy}‘. (11)
v/

In the following numerical simulations, we choose C(y) =
{1, 0.9, 0.8, ..., 0.1, 0}. In actual numerical simulation we
first choose the value of 6¢, and the value of #; is chosen to
make S(pp) converge to its minimum.

In the case where A only has one site, we show that
our active quantum distillation groups particles together and
decreases the entropy of pp to the entropy of psp, which
is the lower bound of the entropy of pp under arbitrary
unitary transformation. From Theorem 1, if A only has
one site, the optimal U satisfies pap = UpSzU" = pp, and
miny S[op(U)] = S(pap).
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FIG. 2. The numerical results on the Bose-Hubbard model: L =4, [, =1, N =2, J = U = 1. (a) The entropy of subsystem B as the
function of time . B = 1, §t = 0.1. (b) The final entropy of subsystem B as a function of 8, with other parameters fixed. S; is the entropy of
initial state pg, and S; is the entropy theoretical lower bound of pg. (c) The entropy of subsystem B as the function of time # for § = 1 and
5; the control parameters are identified on the model with 8 = 1 and are tested on the model with 8 = 5. (d) The number of bosons (7i) in
subsystem B as the function of time ¢ for different . (e) The choice of y as the function of 7. The path of the y (¢) tends to be an adiabatic

evolution. The units on the y axis of (a)—(c) are bits; the unit of # and g is J~!.

The entropy of subsystem B as the functions of ¢ is pre-
sented in Fig. 2(a). The entropy of B decreases to nearly
exactly the theoretical lower bound in 7 = 30. The entropy
of A and mutual information I45 also decrease under the
evolution. The purity of B, which is defined as Py = trpj,
increases under the evolution. In Table I, we list the difference
between the final entropy of pg and theoretical lower bound,
as well as total evolution time for different size of system. The
total evolution time #; for Sp to converge to the minimum is
not scaling with the system size. Actually, the total time 7,
depends on the §¢. Also the entropy of pp does not converge
to the lower bound with any 6¢. Thus finding the best §¢ needs
a fine-tuning process.

In Fig. 2(b) we plot the final entropy of subsystem B,
Sles(tr)], as the function of temperature 8, with other pa-
rameters fixed. The distillation protocol performs well at all
temperatures. When the temperature is high, the theoretical
lower bound is very close to the initial entropy of pp. How-
ever, at low temperature the initial state is more like a pure
state, thus subsystem B can be distilled to nearly zero entropy.

The control parameters path we found based on one state
with reverse temperature § also works well for other state
with B’, while other parameters J and U are fixed. The test
of the path for the state with 8§ = 1 on the state with 8 =5
is plotted in Fig. 2(c). We find the control parameters path I"
using the initial thermal state with 8 = 1 and use the same
path I" to test the distillation on a thermal state with 8 = 5.
Under the control parameters path for the state with § = 1,
the entropy of pp with 8 = 5 also converges to its lower bound
with only a little fluctuation. Other stability tests are shown in
Appendix B.

TABLE 1. The difference between final entropy and theoretical
lower bound, and total evolution time ¢, for different size of Bose-
Hubbard models with I, = 1. From the table we can see that the
total time and errors are parameter dependent. The total time 7, is
relatively scaling with O(1) but not scaling exponentially.

Parameter Value

(Nag, L) (1,3) (2,3) (3.3 2.4 (3.4 4.4)
Difference  0.016  0.055 0.039 0.022 0.034 0.069
ty 20 100 30 30 50 40

A key hallmark of quantum distillation is the final
state with lower entropy and a greater number of bosons.
Figure 2(d) shows the number of particles in subsystem B as
a function of ¢ for different 8. The final state pp groups more
bosons with low entropy. When the initial state tends to be
a pure state, the final state pp tends to group all the bosons
in the initial state psp. In the case that the subsystem A has
only one site, the distillation process mainly eliminates the
non-block-diagonal elements in the density matrix of psp such
that pap = pp. Note that

L
g =Y A= @kl oy (12)

i=ly+1

where klg,, xd,, 18 an identity matrix with dimension dp; x
dp . The largest eigenvalues of pp are mainly distributed on
the bases with largest occupation number ng. The presence
of non-block-diagonal elements will diminish the degree of
majorization of the diagonal elements of pp, thus causing
(np) to be smaller. So we get the conclusion that the distil-
lation process will increase the particle number of subsystem
B, which is consistent with numerical simulation plotted in
Fig. 2(d).

The control parameters path in our protocol is actually an
approximately adiabatic evolution. Figure 2(e) shows y (¢) as
the function of ¢. If we add the number of choices d in I',
the parameter y (¢) tends to change continuously. The strength
of interaction terms in the Hamiltonian can be tuned adiabati-
cally instead of discretely choosing from I'.

From Theorem 1, we can decrease the entropy of pg lower
than that of psp only when A has more than one site. It is
important that in this case we can also group bosons together
with S[pp(U)] = S(pap) by using some control parameters.
However, by fine tuning the control parameters, we can ac-
tually find a control path such that S[pp(U)] < S(,OXB) with
increasing the number of bosons or only distilling out very
few bosons. Combining Theorem 1 and Eq. (12), we get a
corollary that when subsystem pp has lowest entropy, the
smallest particle number of pg is (fig) = Y, k Y, qx», Which
is very close to zero. However, we do not want to get a low
entropy state with nearly no bosons. It is important to find
a balance between the lower entropy and larger number of
particles. Fortunately, the unitary transformation constructed
by our protocol does not possess strong abilities to completely
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FIG. 3. (a), (b) The entropy and bosons number of system B as the function of . (a) L=5, [, =2, N=2,5t =0.6.(b) L = 6,14, =2, N =3,
8t = 0.5. The parameters in the Bose-Hubbard model are / = U = 1, 8 = 2. (c), (d) Test of the control parameters path identified in (a) and
(b) on the states with 8 = 1. S, is the entropy of the total state p4p. Smin is the theoretical lower bound of S[pg(#f)]. Smin is (a) 0.219, (b) 1.067,
(c) 0.347, and (d) 1.738. The unit of entropy on the y axis is bits; the unit of ¢ is J .

rearrange all the eigenvalues of pap to get the lowest entropy
state. In Figs. 3(a) and 3(b), we plot the entropy of pp as
the function of ¢z, for states with two sites in A. The control
parameters path is searched using Eqs. (10) and (11). For
the Bose-Hubbard model with L = 5,14 =2, and N = 2, the
entropy of pp decreases to half of psp and the bosons number
of pp slightly decreases to to around N/2. For the Bose-
Hubbard model with L = 6,14 = 2, and N = 3, the entropy
of pp decreases to slightly lower than that of psp and the
bosons number of pp increases to around 5N/6. The test of
the control parameters path identified in the states with § = 2
on the states with 8 = 1 is plotted in Figs. 3(c) and 3(d).

It is worth noting that we can also use purity as the target
function in Eq. (10), where the purity is defined as P(p) =
tr(p?). The active quantum distillation protocol based on opti-
mization of purity can also decrease the von Neumann entropy
to its minimum. The performance is basically the same as the
protocol based on von Neumann entropy. In Appendix C, we
give numerical results about the protocol based on optimiza-
tion of purity.

V. SUMMARY AND OUTLOOK

We introduce the active quantum distillation protocol to de-
crease the von Neumann entropy without losing many bosons
of the target system by a controlled unitary evolution in a
Bose-Hubbard model. Our protocol only needs to control the
interaction terms in the Hamiltonian between the two subsys-
tem. We derive the analytical lower bound of the target system
entropy, which can be naturally generalized to other bosonic
or fermionic models. When one subsystem A only has one site,
our protocol can decrease the entropy of the other subsystem
B to the entropy of the total state and group particles together
at the end of the evolution, where the entropy of the total state
is the lower bound of the subsystem entropy. When one sub-
system A has more than one site, our protocol can decrease the
entropy of the other subsystem B lower than the total system
with increasing the number of bosons or only distilling out
very few bosons in B. We also find that one control parameter
path identified for one set of model parameters can be used
in all models with different parameters. The active quantum
distillation protocol is actually universal in the whole model
parameter space.

In our previous paper [34] about the disentanglement us-
ing a quantum circuit, the theoretical lower bound of one
subsystem entropy in a spin (qubit) system was given. We
show in Appendix D that our entropy minimization protocol
is also feasible in qubit systems. Actually, we believe that our
minimization protocol is universal for a wide range of states
of local Hamiltonians, and will have wide applications in
quantum distillation, cooling [35—43], and metrology [44—48]
technologies.
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APPENDIX A: PROOF OF THEOREM 1

In this section we prove Theorem 1 in the main text. We
will first give one definition and three lemmas in matrix the-
ory [49] for the proof of Theorem 1.

Definition 1. A n x n matrix A = (a;;) is called doubly
stochastic if

ajj 2 0, for all i, j, (A1)
> a=1, forallj, (A2)
i=1

(A3)

> a=1, foralli.
=1

Lemma 1 (Schur’s theorem). Let A be a Hermitian matrix,
let diag{A} denote the vector whose coordinates are the di-
agonal entries of A, and let A{A} denote the vector whose
coordinates are the eigenvalues of A, then diag{A} < A{A}.

Lemma 2. Let x and y be n-dimensional vectors, then the
following two conditions are equivalent:

)x < y. (A4)
(1) Treo(x) < Tre(y) for all convex functions ¢ from R to R.
(A5)
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Lemma 3. A matrix A is doubly stochastic if and only if
Ax < x for all vectors x.

Proof. We begin the proof from the case that A only
has one site. In this case dg = dsp, and the trace process
actually drop out those non-block-diagonal elements, i.e.,
o8 = pap — {non-block-diagonal elements}. When U satis-
fies pap = pp, non-block-diagonal elements are zeros, and
o8 = pag- If p # pas, pas has nonzero non-block-diagonal
elements. There exists a block-diagonal unitary matrix Up, that
can diagonalize pg, UD,OBUDJr = diag{A(B)}, where diag{A(B)}
represents a diagonal matrix with diagonal elements being
the eigenvalues of B. Note that UDpABUg = diag{A(B)} +
{non-block-diagonal elements}. By Lemma 1, A(AB) > A(B).
And according to Lemma 2, S(B) < S(AB).

We next prove general cases. Denote the optimal unitary
transformation as V = V;Vp, where Vp, is a unitary transfor-
mation that block diagonalizes ,OXB, and V| = @,V is a uni-
tary transformation that diagonalizes p, = VppQ,V,). Take
the bases of Ha as {|ax), 1 < ar < dax}, and the bases of
Hpx as {|bk), | < by < dpy}. Let the block-diagonal density

. d d
matrix be phg = @pr, and px = Y0 e |We) (Wil So

ViV -1)dp +a) = la, b). Then

PBk = Zpk,(bfl)dA,k+aTrA(|Wk,(bfl)d,\,wra)(wk,(bfl)d,\,wral)

=" qislb) (bl (A6)
b
where
da k
b= Zpk,(b—l)dA_k+u (A7)
a=1
which implies S(op(V)) = — D", > ) qk.5 1085 Gk -

(D If pap=U ,ogBU T is not diagonal but block diagonal,
U = UpV,Vp, where Up is a block-diagonal unitary matrix.
And Up = & Upy, where Up, is a unitary matrix in kth
subspace. The eigendecomposition of pg (U) is

ppcU) =Y qis@)IBW)) (bWU)ls. (A8)

b

and
B (U) = pp i (Up Vi k)

=" Prr-vap+aTraUp ila. b)(a. blUp.i")
a,b

= Z Z Pro—nap+a(ms 11 Up kla, b) (a, bl

m,n a,b

x Up ' lm, @) [n @) (n@],

—Zpiffm,, Oy, (A9)

where

(%)

P (A10)

*)
Z B, vap P(),(b=1)ds s +a
a,b

with
Bgr]:)nub (m, n O Up rla, by (a, blxUp i |m, n'¥);.
(A11)
Combining Eqgs. (A8) and (A9), we arrive at
(A12)

qkp(U) = Z Pl
n

k) (k) _ (k) —
Note that anuh >0, and ), ,B," ., =2,.B

m,nia,b
1, namely, B is a doubly stochastic matrix. According to

Lemma 3, we obtain

P < pr. (A13)
Now we denote p(U) as pE{U) in decreasing order. Similarly, we

introduce q,(cui) b= a piUk)’ (-1} +a" According to the defini-

tion of majorization,

7" < qu. (Al4)
a <q), (A15)

which implies that q,(cU) < gi- According to Lemma 2,

Slpa(V)1 < Slpa(U)].

This completes the first part of the proof.

(2) If pap is not block diagonal, let pfp be the
block-diagonal part of psp. There exists a UP, such
that UPpD,UPT = diag{A(pZy)}. Note that UPp,pUPT =
diag{)»(pr)} + {non-block-diagonalelements}. By the Schur-
Horn theorem, A(045) > )\(,of,)B). Then we repeat the proof in
step 1, and we finish our proof of step 2.

(3) Our protocol in Theorem 1 is actually as follows: divide
the eigenvalues of p}, into each subspace, and the larger
eigenvalues are in the subspace with larger d4. When pgp is
diagonal, each g; ; is the sum of d4; eigenvalues of p;. So
we want the situation in which the larger d, ; the larger py ;.
Then by definition of majorization, when p4p is diagonal, any
order that differs from the above protocol will result in a set
{¢'}, such that ¢’ < g, where ¢ is the set in Eq. (A7). This
completes the proof of Theorem 1. |

(Al6)

APPENDIX B: ADDITIONAL NUMERICAL DETAILS

In this section we give additional numerical details about
the active quantum distillation protocol. In Figs. 4(a)-4(d),
we plot the final entropy of subsystem B, S[pp(ts)], as the
function of J and U on Bose-Hubbard models with differ-
ent parameters. When the hopping strength is large, bosons
move faster than the small hopping amplitude, therefore larger
hopping strength leads to a shorter evolution time. For a
model with N =2 and L = 4, when the onsite repulsion U
is small, the model is in free bosons limit U — 0, and the
evolution time becomes longer. Strong onsite repulsion makes
the model to be in a hard-core bosons limit U — oo, and the
evolution time becomes longer. However, for a model with
unit filling (N =4 and L = 4, N/L = 1), large U implies fast
minimization.

We also numerically show that our protocol is robust under
the impact of imperfect timekeeping. The impact of imperfect
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FIG. 4. (a), (b) The final entropy of subsystem B, S[pp(t;)] as the function of J and U, on the Bose-Hubbard model with L =4, [, =1,
N =2, and 8 = 1. §; is the initial entropy of pp, and S, is the theoretical lower bound of S[pg(t;)]. (a) The final entropy of subsystem B with
different initial-state parameter J, with U = 1. The unit of entropy is bits; the unit of J is U~!. (b) The final entropy of subsystem B with
different initial-state parameter U, with J = 1; the unit of U is J~'. (c), (d) The final entropy of subsystem B, S[pp(t)] as the function of J
and U, on the Bose-Hubbard model with L =4, 14 =1, N =4, and 8 = 1. (c) The final entropy of subsystem B with different initial-state
parameter J, with U = 1. (d) The final entropy of subsystem B with different initial-state parameter U, with J = 1. (e) The relative error of the
final entropy with imperfect timekeeping evolution as functions of standard deviation of the timekeeping tick o for states with L =4, N = 2,
dt = 0.1. The error is defined as the difference between Sy and S;. (f) The comparison between method with and without random dt. The
entropy of subsystem B as the functions of # for the method with the randomness (¢ = 0.2) and without the randomness (¢ = 0) is plotted.
The method with randomness converges to the minimum with less steps.

timekeeping on quantum control was shown in [50]: for cool-
ing a qubit with protocol based on a SWAP gate, timekeeping
error only impacts the rate of cooling but not the achievable
temperature. In a time duration t, the imperfect timekeeping
means the evolution of an initial state p is given as

o J5E

/ —it 17:4%
P /; N dt me pet,
where o is the standard deviation of the timekeeping tick dis-
tribution. Here we numerically show that our protocol is stable
against the imperfect timekeeping from the aspects of entropy
minimization. Specifically, we first find the optimal control
sequence with perfect timekeeping, then we numerically test
our optimal control sequence with a Gaussian-error imperfect
timekeeping.

In Fig. 4(e) we show the relative error of the final entropy
with imperfect timekeeping evolution as functions of standard
deviation of the timekeeping tick o with dt is 0.1. Our pro-
tocol remains valid even when the standard deviation of the
timekeeping tick distribution o equals to dt.

To furthermore shorten the total evolution time, the ran-
domness can be used in this protocol. The time step dt can be
chosen as a random Gaussian variable with mean (dt) = dft,

(BI)

and standard deviation o. And we use the above method to
find control parameters in each random time step dt;. This
random time step method does not promise that every path
we searched will have a shorter evolution time; however, we
find that there is a very high probability that we will search
out a better path than the method without randomness. The
landscape of the entropy is very complex, taking dr as a
random variable to some extent increasing the probability to
find a better path with shorter total evolution time. In Fig. 4(f)
we show the comparison between the method with random
time period and without random time period. The entropy of
subsystem B as a function of ¢ for the method with random-
ness and without randomness is presented.

APPENDIX C: ACTIVE QUANTUM DISTILLATION
BASED ON OPTIMIZATION OF PURITY

In this section we give the numerical results of the active
quantum distillation protocol based on optimization of purity.
We change the target function in the main text,

y (t;) = argmin S (py)), (C1)

o)
v
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FIG. 5. The numerical results using the purity as the target function. (a) The entropy of subsystem B as the function of time 7. 8 =1,
6t = 0.1. Inset: The purity of subsystem B as the function of time z. (b) The entropy of subsystem B as the function of time ¢ for 8 = 1 and
5; the control parameters are identified on the model with 8 = 1 and are tested on the model with 8 = 5. (¢c) The number of bosons (7ig) in
subsystem B as the function of time ¢ for different 8. (d) The choice of y as the function of ¢. The path of the y (¢) tends to be an adiabatic
evolution. (e), (f) The entropy and bosons number of system B as the functionofz. (e) L = 5,14 =2,N =2,6t =08. ()L =6,[4, =2, N =3,
8t = 0.5, where B = 2. The parameters in the Bose-Hubbard model are / = U = 1, § = 1. Inset: The purity of subsystem B as the function
of time ¢. (g), (h) Test of the control parameters path identified in (e) and (f) on the states with 8 = 2. The unit on the y axis of entropy is bits;

the unit of # is J~1.

to the purity of the subsystem B,

y(tj) = argmax P(p}"), (€2)
z
where the purity of the subsystem B is defined as
P(pp) = tr(pj). (€3)

The numerical results based on optimization of purity are
given in Fig. 5. In the case where A has one site, using the
purity as the target function is almost the same as using the
von Neumann entropy. In the case where A has more than one

site, a slightly different time step §z will be used when using
the purity as the target function.

APPENDIX D: ENTROPY MINIMIZATION PROTOCOL
FOR THE TRANSVERSE FIELD ISING MODEL

In this section we show some numerical results about
our entropy minimization protocol in the spin (qubit) sys-
tem. In our previous paper [34], the theoretical lower bound
of one subsystem entropy in the spin (qubit) system was
given. For a bipartite state pJ, with the eigendecomposition

250 50 -
]
2 m““‘ 4 : T 52300
o S
1.5 fj 3 :..
1 —S:;Bn““,..«onnn«wn 2 * .
A4
0.5 “‘“ 1 . '00000
0 0 i PN
0 50100150200250300 O 1 2 63 4 5
t

(2) (®)

0.3 SRR
[ ]
02 ¥ @ error
[ ]
0.1
'.
000.
0 1 2 3 4 5 0 05 1 15 2_25
J o x10

FIG. 6. (a) The entropy of system B of the six-qubit Ising model with / = 1 and 8 = 1 as functions of the evolution time; the time duration
8t = 1. The unit of the entropy is bits; the unit of ¢ is J~'. (b) The final entropy of B as the function of 8 for the Ising model with fixed
parameter J = 1. §; is the initial entropy of pg, and S, is the theoretical lower bound of S[pp(t;)]. The unit of 8 is J ~1. (c) The final entropy
of B as the function of J for the Ising model with fixed 8 = 1. The unit of J is 8~'. (d) The relative error of the final entropy with imperfect
timekeeping evolution as a function of standard deviation of the timekeeping tick o for a six-qubit Ising model with d¢# = 0.5. The error is

defined as the difference between Sy and S, .
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,023 = Z;{fl pilvi)(¥;l, assuming these eigenvalues are in
decreasing order, by performing a unitary operation U on AB,
the minimal entropy of the subsystem B is

min S[pp(U)] = —ij log, pj, (D1)
J

where ¢; = Y04, PG 1y +a-

Here we show the numerical results of our entropy mini-
mization protocol on the transverse field Ising model, whose
Hamiltonian is

L
Hy=—> Jolo}, —of. (D2)
i=1

and the control Hamiltonian is

H.(t) = y(t)Jo} o} - (D3)
In Fig. 6(a) we plot the entropy of p4, pp, and the mutual
information between A and B, as the function of ¢. Here
we choose C(y) = {1,0.5,0.3,0.2,0.1,0}, and set L = 6,
I, = 1. The mutual information between A and B, Ip, first
fluctuates, and decreases to nearly zero at around t = 50, then
increases at around ¢ = 100, and finally decreases to zero in
the end. We note that the time period of the I4p decreases
exactly corresponding to the decreasing of S4, which indicates
that I4p acts as a kind of “potential” to decrease Sg. In the
landscape of Sp, I4p decreases to zero corresponding to getting
a local minimum of S, and the increasing of I4p correspond-
ing to climbing out of the local minimum. The entropy of A
reaches the maximum value 1 for A equal to one qubit.

TABLE II. The difference between the final entropy and the
theoretical lower bound, and total evolution time ¢, for different size
of Ising models. The total time and difference are model dependent
and parameter dependent. The total time is relatively scaling as O(1)
and is not scaling exponentially with N.

Parameter Value

N 4 5 6 7 8 10
Difference  0.013  0.092 0.019 0.065 0.047 0.044
ty 30 500 300 420 500 220

In Figs. 6(b) and 6(c), we plot S[pp(tf)] as the function
of B and J. When the parameter J is relatively big, i.e., the
two-body interaction in the Hamiltonian is strong, the evolu-
tion time becomes longer. Strong interaction makes the initial
ground state tend to be a Greenberger-Horne-Zeilinger state
(|4)®8L + |—)®L)//2, thus the initial state is strongly entan-
gled and the initial I is big, which leads to a longer evolution
time. When the two-body interaction in the Hamiltonian is
very weak, the ground state tends to be a product state |0)®~,
and the entropy minimization nearly fails. Weak interaction
leads to a small I4p of the initial state and a weak ability to
increase the I4p during the evolution, thus leading to no such
kind of “potential” to decrease Sp.

In Fig. 6(d) we show the relative error of the final en-
tropy with imperfect timekeeping evolution as a function of
standard deviation of the timekeeping tick o with dt is 0.5.
Our protocol remains valid when the standard deviation of the
timekeeping tick distribution o is lower than 10% of dr. In
Table II, we list the difference between the final entropy of
op and the theoretical lower bound, as well as total evolution
time for different size of the system.
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