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Classical simulation of quantum dephasing and depolarizing noise
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Dephasing decoherence induced by interaction of one qubit with a quantum bath can be simulated classically
by random unitary evolution without the need for a bath and this random unitary evolution is equivalent to
the quantum case. For a general dephasing model and a single-qubit system, we explicitly construct the noise

functional and completely specify the random unitary evolution. To demonstrate the technique, we applied our
results to three paradigmatic models: spin-boson, central spin, and quantum impurity. For multiple qubits, we
identify a class of generalized quantum dephasing models that can be simulated classically. Finally we show that
depolarizing quantum models can be simulated classically for all dimensionalities of the principal system.
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I. INTRODUCTION

The notion of an open quantum system has received intense
scrutiny in recent years, motivated initially by questions about
the location and nature of the boundary (if any) between the
quantum and classical worlds [1]. Further impetus has been
given by the desire to minimize decoherence in quantum
information processing [2,3]. Open quantum systems have
been conceived in two quite distinct ways: a system and
bath considered as a single quantum entity with overall
unitary dynamics, or a quantum system acted on by random
classical forces. The first (system-bath or SB) approach is
usually thought of as being more general since it includes the
transformation of information and the idea that decoherence is
connected to the entanglement of a system with its environment
[4]. In the random classical (RC) force approach these effects
are absent. Furthermore, in the question of the quantum-
classical divide, it is often seen as important that the bath be
macroscopic since this precludes the complete measurement
of the bath degrees of freedom.

It is very clear from the Kraus operator representation that
the SB approach is more general than the RC one, since
the operators need not be unitary in SB. However, this does
not illuminate what precisely is the role of entanglement in
separating the SB and RC methods. In fact, it has been pointed
out that SB models whose coupling is of dephasing type should
always be able to be rewritten as classical models [5]. This is
based on general results concerning the existence of certain
positive maps [6]. A specific example of a single-qubit bath
has been given [7]. Since SB entanglement is present in many
dephasing models, this implies that this entanglement is not
the decisive feature of SB models that distinguishes them from
RC models.

In order to understand this particular aspect of the difference
between quantum theory and classical physics, we seek to find
situations in which SB models can be classically simulated.
There are two aspects to this program. The first is existence:
Which SB models can be classically simulated? The second is
construction: Can we write down explicitly the RC model
that corresponds to a given SB model? The possibility of
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such simulation of course does not imply that system-bath
entanglement is not important for quantum decoherence, but it
does imply that the distinction between quantum and classical
noise is more subtle than has been previously recognized.

The existence question for one qubit has been essentially
settled in Refs. [5,7]. We extend this work by giving an
explicit construction method. As examples, we show explicitly
how three paradigmatic system-macroscopic dephasing bath
models can be simulated by subjecting the quantum two-level
system to a classical random force without ever needing the
bath. We do this by describing completely the classical noise
source that perfectly mimics the effect of entanglement of
the qubit with the bath (Sec. II). The three models are the
popular spin-boson model, a specific central spin model, and
the quantum impurity model (Sec. III). The last model is
particularly interesting in this context since it has a “classical”
and a “quantum” phase [8]. For multiple qubits, we can also
give a construction method for a certain class of multiple-qubit
dephasing models, extending both existence and construction
results. The qubits can be interacting and entangled, so the
generalization is nontrivial (Sec. IV). Finally we show that
pure depolarizing models on qudits of arbitrary dimension can
always be simulated classically (Sec. V).

II. CLASSICAL SIMULATION OF QUANTUM
DEPHASING MODELS

A. Quantum models

The class of quantum models considered in this section
consists of a single-qubit principal system subject to dephasing
by an arbitrary quantum system. Thus the total Hamiltonian
of the composite system is

H = Hglo;] + Hp[A;] + Hsgloi,Ai], (D

where 0y , . are the identity matrix I and the Pauli matrices
that act on the qubit and the matrices A ; are some complete set
of Hermitian operators for the bath, taken for simplicity to be
finite dimensional. Hg[);] + Hsglo;,A;] are linear functions
of the A;. Ag is proportional to the identity, and Trz A; = 0
for i > 0. For an N-level bath the A; for i > 0 could be
chosen as proportional to the N2 — 1 generators of SU(N)
and Ag = I/N. Trp is the trace over bath variables. We shall
normalize the A; by the condition that Trg[A;A;] = §;; for
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i,j > 0. Hg[A;] is the bath Hamiltonian. Infinite-dimensional
baths can be treated by the same method at the cost of some
additional notational complexity.

We will focus on dephasing models, defined as those for
which [HS7HSB] =0.

The total density matrix can be expanded as

P=ZNij0i®)»j 2
ij
and we can invert this equation:
Nij = %Tf[(ﬁi ® Aj)p].

The reduced density matrix of the system is
1
ps =Trpp = 5 Zi:niais

and n; = (1,n,,ny,n;) is the expanded Bloch vector of the
system. For quantum noise we have

p(t) = Up(O)U'

with U = exp(—i Ht) where we have set i = 1. In terms of
components this is

1
Nij(0) = 5 ) Trl(oi @ 2 )U (01 ® m)U T INu(0).
kl

We assume that the initial p is in a product form p(0) =
03(0) ® p2(0), which in components says that N; i(0) =
%n,-(O)mj, where

m; = TIB )\,,,OB(O)

This is an important assumption, which will be used through-
out the rest of the paper. It is an open question whether
the results below can be generalized to nonproduct initial
conditions. The dynamics of the system can be rewritten as

1
Nij() = 5 3 Trl(o: ® 3/)U (0% ® (O)U Tni(Oymi,
kl

and the Bloch vector of the qubit at time 7 is given by
n;i(t) = 2Njo(1)

=Y Trl(o; ® 2)U(ox @ 1)U Ink(Oym,.
kl

Finally we have a linear relation between the initial and final
expanded Bloch vectors:

ni(t) =y T;&ni(0),

k

where the quantum transfer matrix is given by

732 =Y Trl(o: ® 2)U(0x ® W)U my.— (3)
1

One should note that this represents a linear relation between
the initial and final expanded Bloch vectors. However, if
construed as a relation between the usual three-dimensional
Bloch vectors, it is an affine relation, since if n;(t = 0) =
(1,0,0,0), then the initial state has zero ordinary Bloch

vector, but the final state has n;(t) = Tl.(OQ), which is not zero.
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Expanding the Bloch vector to four components is just a
convenient way of including the affine part.

The whole dynamics of the qubit is contained in the matrix
Ti(kQ)(t). Given a Hamiltonian for the coupled system and bath
V' the matrix Ti(kQ) (t) is uniquely defined by Eq. (3). More
formally, let us define the set Q M of quantum models specified
by H and U. Letgm € QM be amember of this set. Let RS be
the set of all evolutions of the density matrix of the principal
system and let rs € RS be a member of this set. Then Eq. (3)
definesamap f : QM — RS.

B. Classical noise

A two-level system acted on by dephasing classical noise
has the 2 x 2 Hamiltonian

Hci = —1Bo, + h(t)o.. 4)

h(t) is a random classical (c-number) function of time that
represents an external source of noise. To completely specify
the model we need a probability functional P[/] on the noise
histories. Then the system dynamics is given by

p V(1) = f DA PLh(t)]

x Ualh(t)p @O UL R, (5)

This is a functional integral over all real functions 4(t’) defined
on the interval 0 < ¢’ < ¢. Each h(t') is assigned a probability
Plh(t')] and

/ DIAEIPIAEY] = 1.

Here the time-ordered exponential Uglh(t)] =
T exp[—i [y Ha(t)dt'] is a 2 x 2 matrix, unlike Up(t),
which is infinite dimensional. In the dephasing case
two Hamiltonians taken at different times commute:
[Hci(t), Hoi(2)] = 0 and the time ordering can be dropped.
Note the simplicity of the classical problem relative to the
quantum one.

We now follow the steps of the discussion of the quantum
models with the appropriate modifications. Restating the
results in terms of the 3 x 3 transfer matrix TP, we have,
in exact analogy to the section above,

3
1
PS E 2”1"71',
i=

n=3 Tr 0:p°,

3
() =y _ T (0)n;(0),
j=0
where
%0 = 5 / DIhGIPA)]

x Tr{o; Uailh(t)]o ;UL [h(2)]}. (6)

Note that Ti(OCD = %Tr o; = &;0, so the classical model always
gives a linear relation between initial and final ordinary Bloch
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vectors—there is no affine term. This is another example of
the fact that not all quantum models have a classical analog.
A simple example of an affine evolution is a qubit initially
in equilibrium at high temperature that is cooled by a bath.
Then we have that p5(t = 0) ~ /2, whereas at long times the
system will be at thermal equilibrium at a lower temperature
and the state populations will be determined by the Boltzmann
factor. This physical process cannot be mimicked by classical
external noise in the sense of random unitary evolution.

Define the set C M of quantum models specified by Hc; and
‘P. Then Eq. (6) definesamap g : CM — RS.

C. Classical simulation of quantum models

To demonstrate the quantum-classical equivalence we need
to prove the existence of a functional P[h(#)] such that
P\ (1) = pi@(1), or equivalently that T\ (1) = T,\2)(1). For
dephasing models we shall do more than this—we shall give
the explicit construction of the classical model.
In the construction we shall need only the discrete version
of Eq. (5), which is

where r labels the possible noise histories and Ugl) is the
evolution operator for that history. The positive numbers p,
satisfy ) . p, = 1. The corresponding statement for the Bloch
vector is

ni(t) =Y pr O (nk(0), (7)

k,r

and the Oi(/:) are orthogonal matrices for every r. Thus the
problem of showing that a quantum noise model is actually
classical reduces to the problem of showing that the matrix
T(Q) can be written as a convex combination of orthogonal
matrices.

We shall consider the system-bath model for one qubit
of Eq. (1). Without loss of generality we choose the total
Hamiltonian

H = —1Bo, + Hg[\] + Hsplhilo, ®)

so that the qubit has no nontrivial dynamics and the noise is
pure dephasing.
In this model o, is conserved, which implies that

19=1; 19=72=79=10 =0

We also have that To((?) =1 and T(Q) T(Q) =0 fori > 0,
so we only need to calculate 72, T(Q) TX(Q) and T2
First we note that the total evolunon operator is

Ug =T exp <—i/ H(t')dt’) =u(t) +v(t)o,, (9)
0

where u(t) and v(¢) are time-dependent bath operators and 7°
denotes time ordering. Explicitly,

u(t) = lTrS |:T exp (—i /r H(l’)dt/):| ’
2 0

v(t) = 1Trs |:UZT exp (—i /t H(t’)dt’>i| ,
2 0

(10)
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where Trg is the trace over qubit variables. In Eq. (9) the time
ordering is essential, since the A; do not commute with one
another. Note that these expressions do not depend in any way
on having a finite-dimensional bath. Since I = UU we have

uu' + vl = 1,
uv' +vul = 0.
Expressing T(?) in terms of u and v we find
T () = T2 (1)

= Tr{(u' + vio) (0, ® ho)(u + vo,)lo, ® pB(0)]}
=2 Trgl(u'u — viv)p?(0)], (11)
TP = ~T,2(1)
= Trg{(u' + vio,) (0, ® 20)(u + vo,)lo, ® p2(0)])
= Trp[(—2iu'v + 2iviu)pB(0)], (12)

and defining ¢ = T\ =T and s = -T\Q = T2, the
matrix 79 has the form

7O —

S o o =
o
o
- o © o

0

with positivity implying that ¢? 4+ s = r? < 1. The submatrix
Ti(AQ) with i,j = x,y is proportional to an orthogonal 2 x 2
matrix. All effects of the bath on the system are summarized
by the quantities c(¢) and s(t).

The task is now to construct the equivalent classical model.
In two dimensions, an orthogonal matrix M is characterized
by a single unit vector (cos 6, sin #), so a convex sum of
orthogonal matrices is of the form

> picos 6;
Z pth l

1

3" pisin 6;

i
with p; > 0and ) ; p; = 1. This matrix is proportional to the
i,j = x,y submatrix of Tl.(.Q),

We first write the vector (c,s) as the convex sum of unit

— Y pisin 6;
i
> picos b |’
i

vectors:
c\ _ c+ Bs + c—Bs
s) 2\s—fc s+ Bc)’
where
1—,2
P s = [TOT +[1OT: p=Y" a3

This decomposition of the vector (c,s) is not unique. This
implies that the mapping g : CM — RS is not injective.
Then the classical evolution submatrix is written as

T(Cl) _ 1 Ccos @1 —sin q>1 + l Cos @2 —sin CDQ
2\ sin @, cos 2\ sin &, cos O, )’
T is the convex sum of rotations through the two angles

— Bc s+ B
—i—ﬂs)’ ®,(t) = tan (c—ﬂs)' (14)

o.(t) = tan~! <S
c
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Hence, by comparison to Eq. (7), it defines a classical model.
Define the fields /;(¢) and h,(¢) by

BLON
hi = — + B,
1 Y +

- (15)
hy = —2 +B.

at

Then the equivalent classical model is given by
Hc = —3Bo, + Sh(t)o,

and the probability distribution for h is h(t) = h(t) with
probability 1/2 and h(¢) = h,(¢) with probability 1/2. More
formally, P[h(¢)] = (1/2)6[h — hi] + (1/2)8[h — hy]. Writ-
ing ®;(¢t) = fot[—B + h;(¢t")]dt’ and following Eq. (6) we find

T(Cl) 1 Tr[a e(1/2)a <1>1(t)0 e—(z/Z)a d>](z)]

+ }1 Tr[o,l_e(l/z)ﬂzq)z([)o.je_(l/z)arq)Z(t)]'

The contents of this section can be summarized by the
following theorem and constructive proof.

Theorem. The dynamics of the open quantum system given
by Eq. (8) can be simulated by the classical noise model given
by Eq. (4) with h(t) given by Egs. (15); the density matrix of
the qubit is the same for the two models at all times.

Proof. The quantum Hamiltonian H of Eq. (8) determines
the noise functions u(¢) and v(¢) in Egs. (10) and hence the
matrix 79 in Egs. (11) and (12) uniquely. The classical fields
hi(t) and hy(t) are given explicitly in terms of the matrix
elements of 7@ by Eqgs. (13)—(15). h;(¢) and h,(¢) in turn
define the classical Hamiltonian H¢; and noise probability
functional P given in Egs. (4) and (5). The evolution of the
qubit density matrix according to Hp with the usual partial
trace is precisely the same as the qubit evolution according to
the classical Hamiltonian H¢; with the averaging over noise
histories. ]

D. Equivalent classical and quantum models

Our terminology is to call a classical model equivalent to a
quantum one if rs € RS, the evolution of the principal system,
is the same. More precisely, we say that gm is equivalent to
cm if there exists rs such that f(gm) = rs and g(cm) = rs.
We now complete our characterization of f using a standard
method [2] that immediately implies that many quantum
models correspond to any particular rs. The proofis as follows.
Itis notrestricted to single qubits. Let the principal system have
an S-dimensional Hilbert space Hs. The evolution of an RC
model is of the form

ps(t) = Mo(0)psO)M(0), (16)

where M, = /psU., and U, is the unitary operator corre-
sponding to the « history of the classical noise; p, is the
probability of that noise. pg is an S x S matrix. We then
construct the equivalent quantum model as follows. There is a
bath, which is a D-dimensional quantum system with Hilbert
space Hp which has basis states {|0)p,|1)5,12)5,...,|D —
1) g}. We associate a bath state |«) g with each of the classical
histories «. The bath is in the initial state |0)p and the total
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initial state is

pr(t =0) = ps ®0)5(0|5. (17

The assumption that the environment is in a pure state is not
too restrictive since we can increase D and purify the state if
we wish. The product form is restrictive, however, as already
stated. We now need a total evolution operator Ur that is an
(SD x SD) unitary matrix that acts on the coupled system and
bath, i.e., it acts in the Hilbert space Hp ® Hs. We partially
define it by

Ur(In)s ® 10)5) = ZM n)s ® la) (18)

This only gives the action of Uy on states of the total system
that are of the form (|n)s ® |0)p), i.e., where the state of the
system is arbitrary but the environment is in the |0)p state.
This is enough to show that f is surjective. This definition
determines only S columns, i.e., only S?D of the S?D? of
the elements in Uy. On states for which it is so far defined,
U preserves the inner product [2]. To complete the definition
of U, we can use Gram-Schmidt orthogonalization to get the
other S(D — 1) columns of Ur. This process clearly leaves
considerable arbitrariness in the quantum model, so there are
many quantum models that correspond to a given classical
model, i.e., f is not injective. We have already seen that g is
not injective, and earlier work [6,7] had shown that g is not
surjective.

III. CLASSICAL SIMULATION OF SINGLE-QUBIT
DEPHASING MODELS

In this section we give three examples of the explicit
construction of random classical fields that correspond to
well-known quantum models. Since the construction proceeds
from the expression for the evolution of the reduced density
matrix, it is possible to do the construction exactly when the
quantum model is exactly solvable (Sec. IITA) and also when
only approximate solutions are known (Secs. IIIB and IIIC).

A. Spin-boson model

The spin-boson Hamiltonian is
1
T
Hyp = =5 Bo: +o: ;(gkbk + gibi) + Zwkb by.

The initial density matrix is p(t = 0) = ps(t = 0) ® pp(t =
0), where ps(t = 0) is the initial state of the two-level system
and pg(r = 0) is the thermal state of the bath at temperature
1/B8. We are interested in the case of a macroscopic bath,
and it is then conventional to define the coupling function
J(w)=4 Zk S(w — a)k)|gk|2 Using Up(t) = exp(—iHpt),
the system dynamics is given by Ps )(t) =Trg Up(t)p(t =
0OuU é (t). The initially unentangled system and bath are
entangled by Uy(¢). This model has been well studied and
is exactly solvable [9], with the result that the off-diagonal
elements of pg(t) are proportional to e"?, where I'(t) =
— fooo dw J(w) coth(Bw/2)(1 — cos wt)/w* < 0.
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More explicitly,
p(Q) — Poo POler(IH_iBt
pioe" V1B Pi
_poo+,011a 4 Poo—pu
) 0 ) z
L ro iBt —iBt
+ e Y(po1e'”" + proe 7)oy

2

+ %er(”(/)loe_im — pore'?oy.
pij are the (time-independent) initial values for the elements
of p. In terms of the Bloch vector we have

ny(t) = e"P[n,(0)cos Bt + n,(0)sin Bt],

ny(t) = " “[—n,(0)sin Bt +n,(0)cos Bt].

We are free to consider the polarization vector along the z
direction by change of basis and we can also begin with a pure
state since total evolution is simply proportional to the initial
polarization vector. Written in terms of elements of T,

csp = "' cos Bt,

s = —e' D sin B,
/T— 2T®
Bso = 0

According to the prescription in the previous section, therefore,
b 3
HEY = —1Bo, + 1™ (t)o,

and the noise source 1 (¢) is

; 0 _i (S — BsvCob 1
R%) = — tan™' [ 22— ) 4 By =,

: ( ) ot Csb + ,Bsbssb + P 2 (19)
WSOy = itan_l (ssb + BsvCsb
2 ol Csb — ,Bsbssb

where p; is the probability of &;.

Equation (19) gives the result for a general coupling
function J(w). A common choice for J is the ohmic bath:
J(w) = Awe™®/%, important in quantum optics. In this case
there is the exact result [9]

1
>+B; P2 =3

1 inh(#
() o — 2 In(1 + Q2% — In ( SORC/DY
2 t/t
where 2 is the cutoff frequency and 7 = # is the thermal

correlation time where we have taken kg = 1. This expression
for I'(¢) allows an exact calculation of 4(¢) and h,(¢) up to an
overall scale factor. The results of this calculation are plotted
in Fig. 1 for the case 2t = 20 where we have taken the overall
scale factor to be 1.

The classical fields have a complicated form, with an initial
quadratic decay crossing over to exponential at longer times.
The behavior for ¢ >> 7 is due to thermal decay, while the
behavior for t < t is determined by the cutoff 2 and is due to
fluctuations of the field [9].

B. Central spin model

The central spin Hamiltonian describes a qubit coupled to
a bath of nuclear spins. In the case of free induction decay, the
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Q=1.0 7=20.0

h1, ha (units of Q)
o
o

0 1 2 3 4 5
t (units of Q1)

FIG. 1. Fields h,(t) and h,(¢) for the spin-boson model.

Hamiltonian is
Hes = —1Bo. + Hy + Hiy,
where
Hpo =Y o Ji + Y bi(JTI7 =247 T3)
i i#]

and

1 AiA; _
Hy = o, EZA’JIZ_‘_Z 4B] ‘]i+Jf
i i#]
w; are the nuclear Zeeman splittings, b;; contain the dipolar
interaction, and A; are the hyperfine couplings. We assume
that the initial state is a product state of the qubit and the
equilibrium bath state. For realistic conditions on w;, b;;, and
A;, the qubit dynamics can be calculated approximately at
experimentally relevant time scales [10-12]. The off-diagonal
component of the qubit density matrix is given by pjo(t) =
£10(0) Des(), where

ei arctan(at)—i Bt

NI
where o is a complicated function of the parameters of
the model. The explicit dependence is found in [10] and «
determines the relevant time scales since the model is valid
only for ot < 1. In Ref. [10], 1/a ~ 20 us for a GaAs dot.

The qubit gains an additional phase from the bath interac-
tion. In terms of 7@, we have

Dcs(t) =

coslarctan(at) — Bt],

1
Cog = —F/——
RV pprere
1
Ses = ——— sin[arctan(at) — Bf],
V1 + a?t?

ot

Then we can write

ot
&, = —Bt + arctan(at) + arcsin (—)
! V1 +a?t?

ot
&, = —Bt + arctan(xt) — arcsin (—)
V1 + o222
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at

Noting that arctan(at) = arcsin( m) and applying
Egs. (15) we get

2
1+ a2t?’
W) = 0.

This model shows a Lorentzian falloff of one of the two
possible fields but the other one vanishes. Unlike the spin-
boson model, these fields have a nonzero time average which
indicates that the central spin noise induces an additional
relative phase ¢ between the two system states. Furthermore, if
we write the decoherence function as re’?, for r,¢ € R so that
p10(t) = [p10(0)e B ][r(£)e’®], then the central spin model
gives a simple relation between r and ¢. Namely, r = cos ¢
for all values of 7.

W) =

C. Quantum impurity model

The quantum impurity Hamiltonian is
Hqr = —%Baz + %v(de)az + Hp,
where

Hp = epd’d + Z(tkc,fd + H.c.) + Z ekcick.
k k

c,i creates a reservoir electron and d' creates an impurity

electron. v represents the qubit-impurity coupling strength
and #; are the tunneling amplitudes between the impurity and
level k. Define the tunneling rate y =27 ), |t 128(ex — €0).
Assuming an initial product state and an equilibrium bath,
this model can be solved via numerically exact techniques
[13]. The off-diagonal components of the qubit density matrix
satisfy

p10(t) = p1o(0)e " P' Dy (t).

Using the numerical methods outlined in [13], we compute
D(t) = r(t)e’®® for r(t) > 0. Applying the method outlined
earlier yields

®; = —Bt + ¢(1) £ cos~ ' [r(1)],

and the classical noise source ©9"(z) can be calculated using
Egs. (15). Numerical results are shown in Fig. 2.

This model is of particular interest because it shows a
“classical” phase for v < y and a “quantum” phase for v > y
with a crossover region in between. The quantum phase is
characterized by oscillation in the coherence measures such
as the visibility. These oscillations are clearly caused by the
oscillations in the noise fields as shown in Fig. 2. There is,
however, nothing quantum about the fields at any value of v;
they are classical noise sources.

IV. DEPHASING OF MULTIQUBIT SYSTEMS

In this section we generalize the one-qubit dephasing model
to a class of multiqubit models that satisfy a transitivity
condition. In contrast to the single-qubit case, there are mul-
tiqubit dephasing models that cannot be classically simulated
[7]. However, there are multiqubit dephasing models that
can be simulated classically and that cannot be reduced to
independent qubits.

PHYSICAL REVIEW A 89, 042123 (2014)

=10 8 =100.

11, ho (units of )

t (units of y71)

FIG. 2. Fields h,(t) and h,(¢) for the quantum impurity model.
The solid line shows coupling v = 3 (quantum phase). The dotted line
shows v = 2 (crossover). The dashed line shows v = 0.6 (classical
phase). Note the oscillatory behavior of the stronger coupling,
indicative of coherence oscillation.

A. Two-qubit dephasing

We will begin with the two-qubit case. The total quantum
Hamiltonian again has the form

H = Hg+ Hp + Hgp.

Just as in the single-qubit case, we define dephasing models by
the condition [Hg, Hsg] = 0. The system Hamiltonian Hg can
be expanded in the 15 generators of SU(4). Now we note that
the subset of generators having the form o; ® o; is mutually
commuting. Consider all models for which these operators
commute with the total Hamiltonian. That is,

[H,o0;®0;]=0

for each i. Note that this class of models does not reduce
to independent qubits. For example, the bath could be a set of
phonons (or other quantized fields) that modulates an isotropic
Heisenberg coupling between two spin-1/2 particles that have
a time-independent Ising interaction with each other.

Once again we assume that the system and bath are initially
in a product state and that the full density matrix reduces to
the system density matrix p. Note that since the generators
0; ® o; are mutually commuting they can be simultaneously
diagonalized and the set of eigenstates is equal to the set of
maximally entangled Bell states. In this basis the diagonal
elements of p are constant, i.e., p;;(t) = p;;(0). Thus, in this
model, the populations of the Bell states remain constant in
time. Note that these qubits are entangled and thus are not
independent. We will continue to work in this basis for the
remainder of the section.

For a classical noise source to simulate the system-bath
Hamiltonian and preserve the diagonal elements, each noise
source must be diagonal. Note that in the usual basis, this is
equivalent to the condition that each noise term is a linear
combination of the generators o; ® o;. If this is the case,
then the time evolution of the reduced density matrix is
given by p;;(t) = r;;(¢)0;;(0) (no summations) and r;; satis-
fies the conditions r;;(¢) = rj; (t)*, |r;;(1)] < 1, and r;(¢) =
rij (0) =1.
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To simulate this quantum system, we need classical noise
sources H, acting with a probability distribution p(«) for
a € R. The corresponding evolution of the two-qubit density
matrix is given by

oo
o) = [ p@U.0pOU e
—00

In our basis of Bell states, the set of valid noise terms H, is
simply the set of diagonal matrices. Thus, define the diagonal
entries of each H, as ad; (t) so that the set { H, } is characterized
by a single parameter, «. This assumption is a particularly
simple case.

Time evolution is given by diagonal unitary operators Uy
with diagonal entries exp[—ia0;(¢)] for

t
eﬁ)=/~¢wmﬁ
0
Then the action U, pU] gives
pij = e p,,

where y;;(t) = 6;(¢t) — 6;(¢). Applying this result and averag-
ing the result over the probability distribution gives

oo
pij (1) :/ p(@)pij(0)e " Oda
—00

= 0;;(0)p(y;; (1)), (20)

where p(t) = ffooo p(@)e " da. That is, for the model speci-
fied above,

rij(t) = py;;(1)). (21)

r;; is just the Fourier transform of the probability distribution
p(a), and we can choose p(«) as we wish. This completes the
classical description of the process.

The class of quantum systems susceptible to this construc-
tion is not very broad: The fact that y;; is a difference of two
functions is quite restrictive. y;;(¢) must satisfy the transitivity
condition: y;;(t) = yx(t) + y;(t) for all i, j,k, which leads in
turn to a restrictive set of conditions on the r;;(¢). Such models
are simple enough to construct however, since we only need
to specify the 6;(¢) and transitivity is automatically satisfied.
However, the transitivity condition limits us to three noise
functions 6; out of a possible six y;;.

B. Generalization to many qubits

The results for two qubits can be extended to more qubits in
a straightforward manner. Let the principal system consist of n
qubits. In the quantum case, we consider the principal system
coupled to a bath with evolution governed by a system-bath
Hamiltonian Hgp.

In a system of n qubits, the Pauli operators [2] can be formed
as the tensor products of two-qubit Pauli matrices. Including
the identity, there are 4" Pauli operators that act on the space of
n qubits. It has been shown [14] that the 4* — 1 Pauli operators
(excluding the 2" x 2" identity) can be partitioned into 2" + 1
unique sets of 2" — 1 pairwise commuting operators. Let A be
a subset of the Pauli operators consisting of 2" — 1 commuting
operators. For example, A could be the subset defined by all
tensor products of oy and o3 (excluding the identity).

PHYSICAL REVIEW A 89, 042123 (2014)

The Pauli operators O; € A are mutually commuting and
can be simultaneously diagonalized. Along with the identity,
we have 2" independent operators. Working in a basis such
that each O; is diagonal, these operators span the diagonal
matrices. Consider a system-bath Hamiltonian Hgp such that

[Hsp,0;1=0

for each O;. Since the O; are simultaneously diagonalized,
there is no population transfer in the basis of simultaneous
eigenstates and it is clear that the above conditions produce
dephasing noise and we can define the analogous quantities
r;j(t) characterizing the evolution of the principal system.
However, as in the two-qubit case, not all of the quantum
models satisfying these conditions can be simulated classi-
cally.

We can consider a random noise model acting on the
principal system specified by {H,} and p(«x) with all of the
noise terms H, equal to linear combinations of O; € A.
Proceeding as in the two-qubit case, define the analogous
quantities y;;(¢). These y;; remain subject to the transitivity
condition y;;(t) = y;x(t) + y;(t). As in the two-qubit case,
a sufficient condition for classical simulation is that r;;(¢) =
Pp(yij(t)). For many qubits, the transitivity condition on y;;
becomes increasingly restrictive. Once again, however, we
only need to specify the 6; (¢) in order to construct such a model.
With n qubits, this amounts to specifying 2" — 1 degrees of
freedom, out of a possible (2"~ 1)(2" — 1).

V. N-DIMENSIONAL DEPOLARIZATION

Given a principal quantum system in N dimensions
with initial density matrix pp, the depolarization channel is
given by

1
p@t) =[1—p@®)lpo + p(ﬂ(N)l,

where p(t) € [0,1] for all  and p(0) =0. I is the N x N
identity matrix. In this section we drop the subscripts on p.

A quantum model for depolarization of n (N = 2") qubits
is given by the Kraus operators M; where i = (i1,i2, ...,i,)
withi; € {0,1,2,3},

41
My(1) = /1 — PO (22)

and for i # 0,
A pt
M;i(r) = gk%®%®m®%) (23)
Then
p(6) =) MipoM] (24)

L

holds for p(t) defined above [2].

We now present a classical model for depolarization
in arbitrary dimension. Consider the unitary group SU(N).
Nneed not be a power of 2, so the following construction
holds not only for qubit arrays, but also for qudits. Each
time-independent U € SU(N) can be expanded in terms of
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its eigenvectors | j) as
U=>Y e ")l
J
with d; € (—m,7]. For a fixed U, define Hy as
Hy = d;lj){j]
J

so that
U= e_iHUl|t:1 .

Note that each Hy can be expanded as
HU - Zhr)"ra

where 5, are real and X, are the generators of SU(N). Then
consider the Hamiltonian defined by the set {Hy} with the
probability distribution equal to the uniform distribution in
Haar measure over SU(N). For convenience, choose

/ v =1,
SU(N)

where the integral is taken with respect to the Haar measure.
Time evolution is then given by

o(t) = / e Ut p(0)e' v qU . (25)
SU(N)

We need to show that this time evolution is purely
depolarizing. Consider an arbitrary unitary transformation V
such that

VooVl = py.
Then we can write that
p(t):/ e oty p Vit qu
SU(N)

from which we can easily obtain

Vip()v = /

SU(N)

ViemtHutypovietHily qu.

Since the above integral runs over the entire unitary group
SU(N), conjugation by V simply amounts to a reparametriza-
tion of the integral. Thus, we can write

Vip()V = /

SU(N)

e_iHUtpOeiHuth = p(0). (26)

Hence, any rotation leaving the initial polarization vector fixed
must also leave p(¢) fixed, and the polarization vector of p(¢)
must be parallel to that of py.

Now, consider the case t = 1. From our initial definition of
Hy;, we see that

pt=1) = / UpoU'dU.
SU(N)
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Further consider an arbitrary unitary operator W. Then
conjugation gives

Wo@it = DW' = f WUpUIWidU

SUN)

= / UpoUTdU
SU(N)

since if U runs over the entire unitary group than so does WU.
Thus, we see that

Wp(t = DW= p@t = 1).

Since this holds for arbitrary unitary operator W, we must have
that p(1) is proportional to the identity. Thus, p(1) is the totally
mixed state and we see that the model presented is indeed a
depolarizing channel.

For the single-qubit (N = 1) case, the integral can be
evaluated explicitly. Without loss of generality, assume that
the initial qubit state is specified by

p(t =0) = 3(I +02).
Then
p(t) = %[1 + nz(t)az]-

The integration in Eq. (25) reduces to an integral over the
three-sphere S°. It can be evaluated explicitly and one finds

sin(27t)
3n(t —13)

This expression indeed satisfies n (t =0) =1 and n, (¢t =
1) = 0. Somewhat surprisingly, this function has a root near
t = 0.77 and has a limiting value of 1/3 as t — co. Because
of the unexpected root, proper depolarization behavior ends
before t = 1; however, a simple reparametrization of time and
the corresponding redefinition of noise terms H, allows for
arbitrary depolarizing behavior. The graph of n,(¢) is shown
in Fig. 3.

In this classical model the noise histories belong to an
uncountably infinite set. It is also possible to construct a
classical depolarization model using a finite set of histories.
The Clifford group C(NV) is a subgroup of SU(NV) defined as
the stabilizer group of the Pauli group; the latter consists of

1
n () = 3t 27)

0.0 0.5 1.0 1.5 2.0 2.5 3.0
t (arb. units)

FIG. 3. The z component of the Bloch vector as a function
of time for single-qubit classical depolarization. Note that proper
depolarization ends at the first root (r ~ 0.77).
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tensor products of the Pauli matrix multiplied by the units
of the complex numbers. It has been shown that C(N) is
a unitary 2-design, meaning that averages over the Clifford
group of polynomial expressions of a degree less than or equal
to 2 (such as py) are equal to uniform averages over the Haar
measure [15-17]. This means that the above derivation of the
depolarizing evolution may be repeated with the substitution

U)dU
/SU(mf( ) |C<N>|Zf( )

Since the members of C(N) are unitary, evolution of p
according to

|C(N)| D CoC

UeC

is a RC evolution. The construction of the equivalent de-
polarizing quantum system-bath model then proceeds as in
Eqgs. (16)—-(18).

VI. CONCLUSION

We have shown how to construct classical simulations of
decoherence arising from the interactions of a single qubit and
an external bath for the pure dephasing case. We demonstrated
that the noise functional takes on the particularly simple form

PHYSICAL REVIEW A 89, 042123 (2014)

of two uniformly distributed random unitary evolutions and
gave the explicit expression for the corresponding Hamiltonian
fields. We offered exact results of the calculation of these fields
for the spin-boson model, approximate results for the central
spin model, and numerically exact results for the quantum
impurity model.

Classical simulation of quantum noise acting on multiple
qubits and qudits is also possible in certain cases. For
two interacting qubits, we showed that the simulation is
possible if the interaction is sufficiently simple and we gave
the corresponding classical noise model. We demonstrated
that the depolarization channel can be simulated classically
for a state space of arbitrary dimension, using well-known
properties of the Clifford group.

Philosophically, it is surprising that classical simulation
is mainly possible when the decoherence arises from phase
randomness of quantum states and is more difficult when
the decoherence comes from randomness in the population
of those states, since phase is a characteristic of quantum
mechanics that is not shared with classical mechanics, while
the concept of population is common to both.
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