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By employing a variational approach, the density matrix renormalization group (DMRG), the exact
diagonalization, and symmetry and mean-field analyses, the ground-state properties of the two-bath spin-boson
model with simultaneous diagonal and off-diagonal coupling are systematically studied in the sub-Ohmic
regime. A quantum phase transition from a doubly degenerate “localized phase” to the other doubly degenerate
“delocalized phase” is uncovered. Via the multi-D; Ansatz as the variational wave function, transition points are
determined accurately, consistent with the results from DMRG and exact diagonalization. An effective spatial
dimension d.i = 2.37(6) is then estimated, which is found to be compatible with the mean-field prediction.
Furthermore, the quantum phase transition is inferred to be of first order for the baths described by a continuous
spectral density function. In the single-mode case, however, the transition is softened.
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I. INTRODUCTION

As an archetype of open quantum systems, the
spin-boson model [1,2] finds a wide range of applications
in condensed-phase physics and physical chemistry in topics
such as quantum computation [3-5], spin dynamics [1,6,7],
biological molecules [8,9], and quantum phase transition
[10-13]. The spin-boson model consists of a two-level system
coupled linearly to an environment bath represented by a set of
harmonic oscillators. The coupling between the system and the
environment can be characterized by a spectral function J(w),
which usually adopts a power-law form in the low-frequency
regime as J(w) & o*. Depending on the value of s, there exist
three distinct cases known as sub-Ohmic (s < 1), Ohmic (s =
1), and super-Ohmic (s > 1) regimes. An interesting aspect of
the spin-boson model concerns the quantum phase transition
in the ground state. Recent theoretical studies [10-13] show
that there exists a second-order phase transition separating a
nondegenerate delocalized phase from a doubly degenerate
localized phase due to the competition between tunneling and
environment induced dissipation in the sub-Ohmic regime. It
is also well known that there exists a Kosterlitz-Thouless type
phase transition in the Ohmic regime [1].

The spin-boson model is similar to a one-exciton, two-site
version of the Holstein model [14] that is widely used to
study optical and transport properties of organic and biological
molecules. In the Holstein model, the diagonal and off-
diagonal exciton-phonon coupling are defined as nontrivial
dependence of the exciton site energies and transfer integrals
on the phonon coordinates, respectively [15]. Similarly, the
diagonal and off-diagonal coupling in the spin-boson model
denote bath-induced modulation of the spin bias and the
tunneling, respectively. Most studies on the quantum phase
transition of the spin-boson model consider the coupling only
in the diagonal form, predominantly because identifying the
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quantum phase transition with simultaneous diagonal and
off-diagonal coupling is a challenging problem from the
theoretical point of view. Recent studies [16] utilized the
Davydov D; variational Ansatz to investigate the quantum
phase transition of the spin-boson model in the sub-Ohmic
regime with the spin coupled diagonally and off-diagonally to
a common bath. It is revealed that the off-diagonal coupling
lifts the degeneracy in the localized phase, thereby removing
the second-order phase transition. The interplay between the
diagonal and the off-diagonal coupling is thus known to give
rise to a much richer phase diagram.

To obtain a deeper insight into the competition between the
diagonal and the off-diagonal coupling, an additional phonon
bath coupled to the spin off-diagonally can be taken into
account, resulting in a two-bath spin-boson model (see Fig. 1).
This two-bath model is an appropriate low-energy description
of a variety of physical systems and phenomena, such as
the excitonic energy transfer process in natural and artificial
light-harvesting systems [17], electromagnetic fluctuations
of two linear circuits attached to a superconducting qubit
[18-20], two cavity fields coupled to a SQUID-based charge
qubit [21], and the process of thermal transport between
two reservoirs coupled with a molecular junction [22]. In
the case of zero bias and tunneling, the model exhibits
a high level of symmetry, which can be described by a
nontrivial central extension of the Abelian symmetry group.
The group-theory analysis shows that the system’s ground state
is always doubly degenerate, and rendering invalid the picture
of phase transition from degenerate to nondegenerate ground
states. In other words, the ground-state degeneracy does not
necessarily support spontaneous magnetization. Moreover, the
quantum-to-classical correspondence fails in dealing with the
two-bath model due to a sign problem [23]. Hence, it remains
very challenging to understand the quantum phase transition
of the two-bath model.

Previous numerical studies on the spin-boson model are
typically based on the numerical renormalization group
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FIG. 1. (Color online) Schematics of the two-bath spin-boson
model.

(NRG) [11,24-26], the density matrix renormalization group
(DMRG) [23], the method of sparse polynomial space repre-
sentation [12], quantum Monte Carlo [13], the extended co-
herence state approach [27-29], and the variational approach
[16]. The results point to a second-order phase transition which
is ascribed to the competition between the diagonal spin-bath
coupling and the spin tunneling. Apart from the spin tunneling,
the off-diagonal spin-bath coupling in the two-bath model can
also provide a communication channel between spin-up and
spin-down states. It is thus interesting to investigate whether
the quantum phase transition of the two-bath model retains its
second-order characteristics.

Motivated by these considerations, in this paper we aim
to investigate the quantum phase transition of the two-bath
model in the simultaneous presence of the diagonal and off-
diagonal coupling. By using the variational approach, DMRG,
exact-diagonalization as well as symmetry and mean-field
analyses, we conduct a comprehensive study on the ground-
state properties of the two-bath model, identify the picture of
quantum phase transition, and accurately determine transition
points in the sub-Ohmic regime. A first-order quantum phase
transition between the localized and delocalized states is
inferred, and an effective spatial dimensional d.¢ = 2.37(6)
is estimated, consistent with the mean-field prediction. The
rest of the paper is organized as follows. In Sec. II, the
two-bath model is described, followed by analyses based on
symmetry and the mean field theory. In Secs. III and IV,
the numerical results are presented for the quantum phase
transition of the two-bath model involving baths described
by a single mode and a continuous spectral density function,
respectively. Finally the results obtained are discussed at length
before drawing conclusions in Sec. V.

II. MODEL AND ANALYSIS
A. Model

The standard Hamiltonian of the spin-boson model can be
written as

N e A
Hspm = 70: 7 0% + Zl:wlb}bl

o, T
+?Xl:)~z(bl + by), (1
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where ¢ is spin bias, o, and o, are Pauli matrices, A is the
tunneling constant, w; denotes the frequency of the /th effective
bath mode for which b; (bj) represents the phonon annihilation
(creation) operator, and A; signifies the coupling amplitude
with the spin. The spectral density function is

J(@) =) 1780 — o). )
1

Generally, it is convenient to rewrite Eq. (1) into its continuous
form

= -0, — —0y w »
2772 , 5P
o, [ i
+7 / h(w)(b,, + by,), 3
0

where b,, and b} are the continuous by and b), g(w) is the
dispersion relation, and h(w) is the coupling function. As
indicated in Refs. [11], [24], and [30], g(w) and h(w) obey

—1
=7 D), )
1)

with g~!(w) being the inverse function of g(w). A logarithmic
discretization procedure is adopted by dividing the phonon
frequency domain [0,w,.] into M intervals [A~¢+D A~ w,
(!=0,1,...,M — 1) and choosing h(g~!(w)) as constant in
each interval [11,24,27], where M is the number of effective
bath modes, and . is the maximum frequency in the bath.
Then, the parameters w; and A; in Eq. (1) can be obtained by

A w. Ao
)le :/ dxJ(x), w = )»1_2[ dxJ(x)x. (5)
A

—I—le' A”’lw,.

J(w)

Note that infinite bath modes are considered via the integration
of the continuous spectral density J(w), although the number
of effective bath modes M is finite.

In this paper, we primarily aim to study the two-bath model,
for which the Hamiltonian is written as

N e A
Hrpspm = 70 50 + szb;ibl,i
1,i

(og +
+ > XI:M(bM +b11)

+5 ; B1(b) > + by2), ©)

where the subscripti = 1,2 is introduced to distinguish the two
baths, and A; and ¢; are the diagonal and off-diagonal coupling
amplitude, respectively, which determine spectral densities,

J(w) = Zaw(l,_sa)‘v, Jo(w) = 2,3w2._§a)§. (7

In the equation above, o and B are dimensionless coupling
strengths, and the two boson baths are characterized by spectral
exponents s and §, accounting for the diagonal and the off-
diagonal coupling, respectively. The frequency cutoff w, is set
to be unity throughout this paper.

B. Symmetry arguments

For nonzero values of o, 8, ¢, and A, the system Hamiltonian
does not possess any symmetry. Therefore, in this work we
assume that ¢ = 0, and focus on the case of e = A =0 as it
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corresponds to scenarios with much stronger symmetry (the
case of A = 0 can be reduced similarly by an obvious rotation).
We introduce the notation

Pl = ™ Tabhibu  py = i Ty blobe )
and consider the operators
P =to. P, PF=xo0.P, )

that act in the system space of states, and obviously commute
with the system Hamiltonian when ¢ = A = 0. Taking the
product of the above operators, we obtain

Pre = PYPS =iyio, PPy, (10)

where y,¢,y ¢ = =% clearly obey a product rule. A straightfor-
ward verification shows that eight operators Z i,P;t,Pzi,Pi,
where Z¥ = +id, form a non-Abelian group G, whose center
(i.e., the set of elements that commute with any element
of the group) is represented by {Z*}. We thus have the
factor group G/{Z*} = Z, ® Z, that is an Abelian group.
Stated differently, the non-Abelian symmetry group G of the
two-bath model with zero bias and tunneling is given by a
nontrivial central extension of the Abelian group Z, @ Z,.
The set of its unitary irreducible representations is given by
four one-dimensional representations, characterized by the
trivial action of the group center, and therefore labeled by
four irreducible representations of the Abelian group Z, & Z,,
characterized by a nontrivial action of the center, or more
specifically the elements ZF are represented by the operators
+id. Since by definition the operators Z* act in the space
of states as *id, only the two-dimensional representation
participates in the decomposition of the space of states in
irreducible representations. Furthermore, by the Schur lemma,
all energy levels, in particular the ground state, are necessarily
doubly degenerate.

In the A # 0 case, the symmetry is reduced to the
Abelian subgroup G, C G that consists of two elements G, =
{Z*, P}, so that G, = Z,, and the quantum phase transition
occurs between the phase with spontaneous magnetization
in the z direction, characterized by a doubly degenerate
ground state, and a symmetric phase with no spontaneous
magnetization (o,) and nondegenerate ground state. The
above picture is quite similar to the phase transition in the
standard spin-boson model with one diagonally-coupled bath.
The implications of A = 0, on the other hand, are markedly
different. First, due to the symmetry considerations presented
above, the system ground state is always doubly degenerate,
and the phase transition from degenerate to nondegenerate
ground state disappears. Second, one can, and should, consider
spontaneous magnetization (o,) and (o,) in the z and x
directions, respectively. In what follows we will first describe
the symmetry-based picture of the phase transition in the
A = 0 case, and then give further support to the presented
scenario with numerical simulations, based on the variational
and DMRG approaches.

We start with noting that, while the nondegenerate ground
state does not support spontaneous magnetization by mere
symmetry arguments, neither does the ground-state degener-
acy necessarily. Rather, the latter merely creates an opportunity
for spontaneous magnetization to occur. Indeed, to consider the
dependence of spontaneous magnetization (o) on bias &, we

PHYSICAL REVIEW B 90, 155135 (2014)

switch on a very weak “magnetic field,” which in our case
introduces a weak yet nonzero bias e. For a nondegenerate
ground state one has (o;) ~ ¢, which corresponds to finite
susceptibility. In the case of degenerate ground state the
additional term (¢/2)o, can eliminate the degeneracy, and
we will obtain a finite value of (o;) for ¢ — 0, given by the
expectation value of the o, operator evaluated with respect
to the nondegenerate ground state. Therefore, to ascertain
whether the symmetry is actually broken one needs to evaluate
the projection of the o, or o, operator onto the two-dimensional
subspace of the ground states. This can be done by invoking
a convenient basis set of the eigenstates of P, = P or P, =
P operator. Since P? =7, the eigenvalues would be +£1.
Let P |¢) = [¥); then P Pily) = =P P |¢) = —Pel¥),
so that our basis is given by (|¥),Py|¥)). A straightfor-
ward computation yields (y|P,o,P|¥) = —(¥|o,|¥) and
(U|Pro:|yr) = (Ylo. Pxly) = 0, as well as (Y [Proy Pe|¥) =
(Uloxly) = 0. (Ylo-P:|¥) = (Y |P2lyr) and (¥|oxPrlih) =
(Y| P1|yr) are also derived. Denoting by s, and s, the operators,
acting in the two-dimensional subspace of ground states,
represented by the corresponding Pauli matrices in the basis
set as introduced above, we arrive at

Qo. = (Y| P2|Y)s., Qox = (YIP1|Y)sy, an

where Q denotes the projection onto the subspace of the ground
states. It follows directly from Eq. (11) that the spontaneous
magnetization

(o)l = (W[ P2lr),  [ow)| = (V[ Pilr) 12)

can be expressed in terms of overlaps of properly chosen
system states. This means that although due to the symmetry
the system ground state is always doubly degenerate, the
symmetry can be broken or independent of whether the
corresponding overlap in Eq. (12) vanishes or not.

We are now in a position to lay out a picture of the phase
transition, which will be verified by numerical simulations to
come. For ¢ = A = 0 there is a phase transition that for a
given « occurs at 8 = f.(«), so that for 8 < B. the system is
in a phase with (o) # Oand (o,) = 0, whereas for § > S, the
opposite trend ensues. This implies that one of the spontaneous
magnetizations is always nonzero while the other necessarily
vanishes.

C. Mean-field analysis

The two-bath model can be treated using an approach pre-
sented in Appendix A for the case of the standard spin-boson
model counterpart. In this subsection, we present an alternate,
completely equivalent approach to study the two-bath model,
in order to emphasize its connection with the theory of stochas-
tic processes and the probability theory. Consider a Gaussian
stochastic process for periodic B(t + 8) = B(t) trajectories
B(t) = (B.(1), B,(1)) with the probability measure

du(B) = e BDB,
1 | By (wn)?|
SolB) = % Zn: ( K (wy) +

where D is defined as a differential in the path integral, and
the time-ordered Matsubara Green’s functions of the spin

|B.(w)?
K. (w,) >’ (13)
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operators adopt a form
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(1) . ..ot = ZT'TIT(6;,(n1) ... 6, (x.)e PH1 = Z7HTt[T (0),(x1; B) . . .0}, (s B)UB; B)])sy(B)

_ Z—l/dM(B)Tr[T(o‘jI(‘CI;B)...O‘jx(fs;B))u(IB;B)]

=2z /DBTr[T(ajl(rl;B)...ojy(rs;B))L{(ﬁ;B)]e’S‘)(B). (14)

In the equation above, we have denoted

U(; B) =T exp <—/ dt{[Bx(1) + eloy + [B:(7) + A]Gz}>, 0j(t; B) =U(z; B)o;U~\(z; B). s5)
0

The partition function is given as

Z = Tre P = / du(B)TtU(B; B) = / DBTHAB; B)e™5®) = / DBe 5B (16)

and the form of the effective action is

Sei(B) = So(B) — InTrid(B; B). a7

Note that Eq. (14) provides formal expressions for the Matsubara spin correlation functions in terms of stochastic averaging. In

the most interesting case of ¢ = A = 0, Eq. (15) adopts a form

U(t; B) =T exp (—/ dt[B.(t)o, + Bz(r)crz]> =T exp (—/ drB(r)a). (18)
0 0

The above representation for the spin correlation func-
tions, including the partition function, is readily obtained
by introducing the collective coordinates B, = ), gxx; and
B, = Zk frzk, associated with the two uncorrelated baths,
which fully describe the spin-bath coupling. Further, we note
that the spin correlation functions in the quantum system
studied here, are fully determined by the two-point correlation
functions of the collective coordinates. These functions can
thus be reproduced by a Gaussian stochastic model with the
spin coupled to the stochastic variable B(t), provided the two-
point correlation functions of the stochastic variables coincide
with the quantum correlation functions of the corresponding
collective-coordinate variables. The latter condition is satisfied
if (and only if) the functions K,(w,) and K,(®,) satisfy
Eq. (AS).

To obtain the mean-field picture of the phase transition, we
consider the value of the effective action for B independent of
7. In this case, we have

Sett(B) = BEcsi(B),

B? B2
E.«(B) = X *_ — /B2 + B2, 19
etf(B) ZKX(0)+2KZ(O) \/ B; + B; (19)

where the contribution of the lower eigenvalue is neglected
in the calculation of Tr[l/(8; B)]. Minimizing the effective
energy with respect to B, we obtain

B, = £K(0), B;=0, for K,(0)> K.(0),
B, =0, B.=+K.(0), for K,(0) < K,0). (20)

This will lead to a phase transition (on the mean-field level
of theory) at K, = K. In each of the two phases, we have
nonzero spontaneous magnetization in one direction, but not
in the other. Moreover, at the mean-field level of theory, the

(

phase transition is of first order, since there is spontaneous
magnetization at the phase transition point.

Note that at the phase transition point the system has
higher U(1) symmetry, at least on the mean-field level. As
we know in systems with local interactions, strong transverse
fluctuations destroy spontaneous magnetization for the space
dimension d < 2. Although our model is one-dimensional,
the nonlocal nature of interactions gives rise to an effective
dimension that depends on the parameter s and should
be identified by considering the properties of long-range
fluctuations around the mean-field solution. In what follows
we argue that according to the aforementioned criterion, we
have deis = 3 — 2s, so that the critical value of s is s = 1/2;
ie., for s < 1/2 and 1/2 < s < 1 the phase transition is of
first and second order, respectively.

III. SINGLE-MODE BATHS

A. Exact-diagonalization results

We first explore the ground-state properties of a spin
coupled to two single-mode baths using exact diagonalization.
The corresponding Hamiltonian can be written as

€ A f t
H = 0.~ S0+ w(bibi + blby)
Or . Ox i
+ ?)»(bl +by) + ?fﬁ(bz + by), 21

where XA and ¢ are the diagonal and the off-diagonal coupling
constants, respectively. For convenience, we assume [1/4) and
|, ) are the bosonic states corresponding to the spin up and
down states, which can be expanded in a series of Fock states
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k) = [(bH* //k!]|0) as follows:
Nu

W) =Y crlkika), (22)

kyky

Nie

V1) = di lkika), (23)

kiks |
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where cg,k, (dk,k,) are the coefficients with respect to a series
of {ki,k;} for the two bosonic baths with diagonal and
off-diagonal coupling, respectively, and Ny is the bosonic
truncated number defined as a cutoff value of the phonon
occupation number. In this work, N, = 40 is used in the exact
diagonalization to label a truncated Hilbert space, which is
sufficiently large for the ground-state energy to converge.

The Schrodinger equations of the Hamiltonian shown in Eq. (21) are then derived as

+ A A i
gl%) + w(b]by + bib)|Yy) + E(bI Ho0l) — Sl + (g(bﬁ +b)l¥y) = ElYy), (24)

A A
—%Ilﬂi) + w(bjby + biby)|y)) — E(bf +o0lYy) — S l¥n) + %(bl + b)) = Elyry). (25)

After substituting Eqs. (22) and (23) and left-multiplying the bosonic states on both sides of Eqgs. (24) and (25), one has

2 2

£ A
_Edklkz + w(ky + k2)di, 1, — E(dk,fz,kz\//z—}-dk,ﬂ,kz\/ ki +1)

The expectation value of o, and o, can be derived as

2
(ox) = Zczlkzdklkz +d 1, ks (02) = Z k] = |k

kiks

The von Neumann entropy Sy_n, also known as the entan-
glement entropy [31,32], that characterizes the entanglement
between the spin and the surrounding bath is also introduced
[26,33],

Sy.N=—wilogw; —w_logw_, (28)

where @i = [1 £ ,/(0,)2 + (0,)% + (0,)?]/2. It should be
noted that (o,) = 0 due to Hamiltonian invariance under the
transformation o, — —o, [26].

Figure 2 shows (o;) and (o) as a function of the off-
diagonal coupling strength ¢ for the diagonal coupling strength
A =0.2ande = A = 0. In this case, the ground state is always
doubly degenerate as discussed before. With an increase
(decrease) in the off-diagonal coupling strength ¢, (o) ({(o%))
decays gradually until ¢ = A = 0.2 where a sharp jump to zero
occurs. {o;) ({oy)) remains zero when ¢ is larger (smaller)
than L. However, the entanglement entropy Sy_n exhibits
continuous behavior at ¢ = 0.2, different from that of (o,)
and (o).

B. Variational results

For comparison, the two-bath model involving single-mode
baths is also investigated by the variational approach. A
systematic coherent-state expansion of the ground-state wave
function is introduced as our variational Ansatz [34],

N M
W) = 14 ) A, exp [Z(fn,lb} - Hc)} 10)ph
n=1 !

N M
+|=) ) Byexp [Z(gn,zbi - Ha)} 10)phs (29)
n=1 1

g A A ¢
= Chik, T (ki + ka)ckk, + —(Ckl—l,kQ\/kT+ C+lioVh + 1) — ?dklkz + E(dkl,kz—l\/]g"‘ diy o1V k2 + 1) = Ecyg,

A
— = Chk + ?(Ck,,krn/kz-i-Ckl,sz\/ ky+1) = Edy, 1,. (26)

2 2

? @7)
klkz

[
where H.c. denotes Hermitian conjugate, |+) (|]—)) stands for
the spin up (down) state, and |O)ph is the vacuum state of

the boson bath. This Ansatz describes a superposition of the
localized states |4+) which are correlated to the effective bath

O
c0000608

000

0.8

0.6

m
Il
o
B>
Il
o

’

0=0.1,A=02

0.4

0.2

FIG. 2. (Color online) The magnetization (o,), spin coherence
(0,), and entanglement entropy S,_n are plotted as a function of
the off-diagonal coupling ¢ for ¢ = 0,A = 0,0 = 0.1, and A = 0.2.
The dashed line marks sharp jumps of (o;) and (o,) at ¢ = 0.2. A
truncated number of N, = 40 is used in Egs. (22) and (23) in the
exact-diagonalization procedure.
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modes with displacements f,; and g, ;, where n stands for the
nth coherent state and / denotes the /th effective bath mode.
Since this trial wave function is identical to the Davydov D,
variational Ansatz when N = 1, it can also be termed as the
“multi-D; Ansatz.” In the single-mode case, the number of the
effective bath modes M is set to 1.

The multi-D; Ansatz is a generalization of the variational
wave function originally proposed by Silbey and Harris [35],
where the variational parameters are fixed to obey A, =
By, fu1 = —gni,and N = 1. Itis also an extension of the hier-
archy of translation-invariant Ansdtze proposed by Zhao et al.
[36]. More than one coherent superposition state is considered
in the multi-D; Ansatz to capture bath entanglement, and quan-
tum fluctuations which are important to the quantum phase
transition are well taken into account. Theoretically, the num-
ber of coherent superposition states N — oo is required for the
completeness of the environmental wave function. However,
large values of N pose significant challenges in carrying out
numerical simulations. We have found N = 4 to be sufficient
in obtaining reliable results for the variational approach, as
the results from simulations with N = 6 show no appreciable
difference.

Using the multi-D; Ansatz defined in Eq. (29), the
system energy E can be calculated with the Hamilto-
nian expectation H = (W|H|¥) and the norm of the wave
function D = (V|W) as E = H/D. The ground state is
then obtained by minimizing the energy with respect
to the variational parameters A,,B,,f,;, and g,;. The
variational procedure entails N(4M + 2) self-consistency
equations,

g o, (30)

where x;(i =1,2,...,4NM + 2N) denotes the variational
parameters. For each set of the coefficients («, 8,s, and §) of the
continuous spectral densities defined in Eq. (7), more than 100
initial states are used in the iteration procedure with different
sets of variational parameters (A,,B,) uniformly distributed
within an interval [—1,1]. The initial values of the parameters
fa1 and g, are based on the classical displacements to a
minimum of the static spin-dependent potential, i.e., f,; =
—8n.1 ~ A/2w; for the diagonally coupled bath, and f,; =
—gn.1 ~ ¢1/2w; for the off-diagonally coupled bath. For the
single-mode case, both f,; and g,;, as well as A, and B,,
are initialized randomly. After preparing the initial state,
the relaxation iteration technique [37,38] is adopted, and a
simulated annealing algorithm is also employed to improve
the energy minimization procedure. The iterative procedure is
carried out until the target precision of 1 x 10~'# is reached.
Finer details of the variational approach are provided in
Appendix B.

With the ground-state wave function |W,) obtained so far,
one can calculate the magnetization (o) = (Wg|o,|Ws)/D, the
spin coherence (0,) = (V4|0 |V,s)/D, and the ground-state
energy E, = (\Ilg|I:I |W,)/D. The von Neumann entropy Sy_n
is also evaluated according to Eq. (28). To further investigate
the quantum phase transition, we introduce the ground-state
fidelity F' [27],

F(B) = {(We(B)We(B))|/v/ D(BYD(B), €29}

PHYSICAL REVIEW B 90, 155135 (2014)

T T T T ‘ T '
1 FAA A._A\ _ —. -0
&gg Ap : 0009 é@"@ e
CALA o~ 08
ApD %" og?
A‘&Aﬁ | 009/
A = |
0.8 A N=1 A INKe G
< > N=2 \,%A 9/
X,z A N=4 nlg
No [ s
0.6 --- ED results o; L i

(=}
O‘dD\\\\‘\\\\‘\\\\‘\\\\‘\\\\

GO .

F@® O

]
]
04 e=0,A=0 ;
0=0.1,A=02 ©° |
o
M=1 o I
0.2 o {
o )
° !
o © !
I
-0 G0 00000HANASL 44— &: =4
0.1 0.2 03 0.4

FIG. 3. (Color online) The magnetization (o,) (triangles) and
spin coherence (o,) (circles) of two-bath model coupled to single-
mode baths are displayed for various values of off-diagonal coupling
strength ¢ in the case of ¢ = 0,A = 0,0 = 0.1, and A = 0.2. In the
inset, the von Neumann entropy S,_x is plotted. The symbols with
black, red, and blue colors correspond to variational Ansdtze with N =
1,2, and 4, respectively. The dashed lines mark the transition point,
and the dash-dotted lines represent exact-diagonalization results.

where B’ = B + 38 is the neighboring Hamiltonian parameter,
and §8 = 1 x 107>, An abrupt decrease in fidelity is expected
to give a hint to the location of the transition, and a vanishing
value of the fidelity at the critical point 8. usually indicates a
first-order phase transition.

InFig. 3, the behavior of magnetization (o), spin coherence
(o), and von Neumann entropy Sy_y is displayed for various
values of off-diagonal coupling strength at ¢ = 0,A = 0,0 =
0.1, and X = 0.2. For comparison, exact-diagonalization re-
sults for the same case are also plotted with the dash-dotted
lines. As N increases, the difference between variational and
exact-diagonalization results vanishes. It indicates that N = 4
is sufficient to reproduce the ground state of the two-bath
model coupled to single-mode baths.

As shown in Fig. 4, the ground-state energy E,, equivalent
to the free energy of the system, is also displayed for
various numbers of coherence states N, in comparison with
exact-diagonalization results. When N = 1, i.e., the usual D
Ansatz, a visible difference between variational and exact-
diagonalization results can be observed near the transition
point ¢ = 0.2. This suggests that the D; Ansatz is too simple
to study the phase transition of the two-bath model, even
with single-mode bosonic baths. The shift of the ground-state
energy AE, = E,(N) — Eq presented in the inset of Fig. 4
shows an exponential decay with N, and the slope of the
linear-log plot [1.42(6)] is significantly large. We thus establish
that a small value of N, i.e., N =4, is sufficient to study the
two-bath model via the variational approach.

In Fig. 5, the ground-state fidelity F(¢) is plotted as a
function of the off-diagonal coupling strength ¢. A sharp
decrease in F(¢) is observed at ¢ = 0.2, consistent with
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FIG. 4. (Color online) The ground-state energy E,(¢) are shown
for different variational Ansdrze with N = 1,2, and 4, in comparison
with the exact-diagonalization results. In the inset, the shift AE, =
E,(N) — Eqat¢ = 0.2is displayed on a linear-log scale. The dashed
line represents an exponential fit.

the exact-diagonalization results. The value of the fidelity
F(¢.) = 0.706 is much larger than zero, indicating that the
transition is not of first order. To confirm this contention, the
derivative of the ground-state energy d E, /d¢ is also displayed.
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FIG. 5. (Color online) The ground-state fidelity F' and the deriva-
tive of the ground-state energy E, are displayed with respect to the
off-diagonal coupling strength ¢ in the single-mode case with ¢ =
0,A = 0,0 = 0.1, and A = 0.2. The open circles and stars represent
variational results, and the solid lines denote the exact-diagonalization
results.
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FIG. 6. (Color online) The magnetization (o,), spin coherence
(0, ), and von Neumann entropy S,_n are plotted as a function of 8 for
the case of s = 0.3,5 = 0.2, and @ = 0.02. The dashed line indicates
abrupt jumps. In both the diagonal and off-diagonal coupling baths,
M = 20 is set.

No discontinuity in dEy/d¢ supports that the transition is
softened, though the magnetization (o,) and spin coherence
(o) exhibit sharp jumps.

IV. CONTINUOUS SPECTRAL DENSITIES

A. Variational results

The ground-state properties of two-bath model with the
baths described by a continuous spectral density function
J(w) are also studied via the variational approach. By
adopting the logarithmic discretization procedure, more than
one effective bath mode is introduced in the variational
calculations. Figure 6 shows the magnetization (o;), spin
coherence (o, ), and entanglement entropy S,_n plotted against
the off-diagonal coupling strength (8 = 0 to 0.02) when the
number of effective bath modes M = 20. In these calculations,
the other parameters are setto s = 0.3,5§ = 0.2, and o« = 0.02.
For simplicity, only one branch of the twofold degenerate
ground states is presented, and the other can be obtained
easily by projecting the operator P, or P, onto the ground
state. Abrupt jumps are observed at 8 ~ 0.011 for all the
three quantities, and such discontinuous behavior points to
a first-order phase transition. Since the Ansatz employed in
this work is much more sophisticated and contains more
flexible variational parameters than the Silbey-Harris Ansatz,
itis important to distinguish the discontinuous behavior shown
in Fig. 6 from that obtained by Silbey-Harris variation in the
biased single-bath model. The latter is regarded as an artifact
arising from the excessive simplicity of the Silbey-Harris
Ansatz, which is considered poorly equipped to deal with the
asymmetry induced by the bias [39].

To locate the critical point more accurately, the magnetiza-
tion (o) is displayed in Fig. 7 in a smaller range of 8 from
0.0105 to 0.012. The transition point 8. = 0.01109 is then
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FIG. 7. (Color online) The magnetization (o,) and ground-state
energy E, are displayed in a narrow range of j for the case of s = 0.3,
§ =0.2, and @ = 0.02. The critical point 8 = 0.01109 is located
according to the discontinuity in the functions (o;) and dE/dS. The

dotted lines represent the results of the metastable states.

determined according to the discontinuous behavior of (o)
within the interval [0.01105,0.01115]. Figure 7 also shows
the calculated ground-state energy E, as a function of 8.
Two different slopes resulting from linear fitting, 1.01 and
1.79, indicate that the derivative of the free energy d E,/0p is
discontinuous at the transition point, different from that in the
single-mode case shown in Fig. 5. For comparison, the results
for the metastable states are obtained from the relaxation
iterations with gradually increasing (decreasing) off-diagonal
coupling strength B, starting from the ground state at 8 < f¢
(B > B.). After B crosses the transition point, the system will
be trapped in metastable states with higher system energy. This
further supports the first-order nature of the phase transition.

We next probe the wave function of the ground state
in the vicinity of the transition point. Shown in Fig. 8(a)
are the displacement coefficients f,; and g,; of the bath
diagonally coupled to the spin for 8 = 0.01108 and 0.01109.
For convenience, the notations W, and Wg are used to
denote wave functions of these two ground states. At low
frequencies, all the displacement coefficients converge to a
value independent of n, i.e., f,,; = gn1 = —Ai/2w; (0) in Wp
(Up). A huge jump appears in the low-frequency asymptotic
value of the displacement coefficients as the coupling strength
B is changed by only a paltry amount of 1075, A similar
phenomenon can also be found in Fig. 8(b) for the displace-
ments of the off-diagonal coupling bath, i.e., f,; = g,; ~ 0
in Wa and f,; = gn; = ¢;/2w; in Wg. At high frequencies,
however, f,; and g, exhibit quite different behavior not
only at 8 =0.01108, but also at g =0.01109 in both
Figs. 8(a) and 8(b).

Figure 9 shows the ground-state fidelity F'(8) in the case of
s =0.3,5 =0.2, and o = 0.02. A sharp drop in F () at the
critical point B, = 0.01109 separates the “localized phase” at
small 8 and the “delocalized phase” at large 8. The vanishing
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FIG. 8. (Color online) The displacement coefficients f,; and g,
determined at 8 = 0.01108 and 0.01109 are plotted in (a) and
(b) for the diagonal coupling and off-diagonal coupling baths,
respectively. The dashed lines represent the classical displacements
to the minimum of the static spin-dependent potential.

value of the fidelity at 8 = B, i.e., F(B8.) = 0, lends further
support to the first-order transition. Since the fidelity maintains
a value of unity on both sides of the transition point, W4 and Wg
shown in Figs. 8(a) and 8(b) can be approximately considered
as the ground states for 8 < B, and 8 > B, respectively. We
further calculate the energies of the ground state and the first
excited state Ex = (U4|H|W,) and Eg = (Wg|H|Vp). The
fact that E and Ep exhibit a crossover at the critical point is

T T T T ‘ T T T T ‘
CO0000000606606066060660660609
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o—o fidelity F
0.8 — energy E, 1
r energy E 1
FB) | & s
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02 F o=0.02
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FIG. 9. (Color online) The ground-state fidelity F and two en-
ergy functions Ex = (W4|H|W,) and Eg = (W |H|Wy) are plotted
as a function of g for the case of s = 0.3, 5§ = 0.2, and @ = 0.02. At
the critical point B., a sharp drop of F(8) and an intersection of the
two energy curves are found.
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FIG. 10. (Color online) The ground-state energy E, and fidelity
F are displayed as a function of S inthe case of s = § = 0.25and @ =
0.02. The discontinuity of the derivative of the energy curve 0E, /98
and an abrupt drop of the fidelity F(B) are found at . = 0.0201.

consistent with the picture of the first-order phase transition,
e.g., the ice-water phase transition [40].

Finally, the case with two identical spectral exponents s = §
is studied by the variational approach to further explore the
competitive effects of the two phonon baths. The ground-state
energy E,(B) and fidelity F(8) are displayed in Fig. 10, fors =
§ = 0.25 and o = 0.02. According to the discontinuity in the
derivative of the ground-state energy d E,/08 and the abrupt
drop in the fidelity F(8), one can locate the transition point
B accurately. The resulting value of 8. = 0.0201 is in good
agreement with 8. = o = 0.02 obtained from the symmetry
analysis. The relative error (68/8.) in the transition point is
only 0.5%. It thus indicates that the variational approach is
an effective and feasible approach to study the quantum phase
transition of the two-bath model.

B. DMRG results

To provide a platform for comparison of the results obtained
by the variational approach, we have carried out DMRG
calculations to investigate the quantum phase transition of the
two-bath model. Starting from Eq. (3) for the usual spin-boson
model, one can map the phonon bath onto a Wilson chain by
using the canonical transformation [30,41]. The Hamiltonian
can be simultaneously mapped onto

N e A
H =200~ S0c+ ) [wnblby + tu(blbusr + bl b))
n=0
O
+ 2 L)+ bo) (32)

where bj, (by) are phonon creation (annihilation) operator, w, is
the on-site energy of site n, and #,, is the hopping amplitude. The
coupling constant 1 is proportional to ¢z, which is often chosen
as the control parameter in the studies of the quantum phase
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FIG. 11. (Color online) (o,) and (o) are plotted as a function
of B for the case of s = 0.3,5 = 0.2, and o = 0.02. The transition
point is marked by the dashed line. The corresponding von Neumann
entropy Sy_n is shown as well with a sharp peak at the transition point
B. = 0.0110.

transition of the spin-boson model. Following the same routine
of the single-bath spin-boson model, the two phonon baths in
the two-bath model can be mapped onto two Wilson chains.
The matrix product state (MPS) approach is then adopted with
an optimized phonon basis in the framework of DMRG to
study the quantum phase transition in the ground state of the
two-bath model. The reader is referred to Appendix C for
detailed derivation of Hamiltonian mapping and introduction
of the MPS method.

For the convenience of comparison, the parameters s =
0.3,§ = 0.2, and o = 0.02 are used in the DMRG calcula-
tions with L = 60,d, = 60,A =2, and D. = 50 defined in
Appendix C. Figure 11 shows (o,), (o), and Sy_x in a range
of B from 0 to 0.02. The transition point B. = 0.0110 is
determined by the peak of the entanglement entropy S,_n,
in perfect agreement with the value of 0.01109 found via
variational calculations. However, continuous behavior of
(0,),(0;), and Sy_n is observed near the transition point,
different from that observed in variational results shown in
Figs. 6,7, and 9.

The convergence of the finite-size effect is investigated
carefully in the DMRG calculations for various lengths of
the Wilson chains L = 30,40,50, and 60. Figure 12 shows
the magnetization (o,) with respect to B for the case of
s =§ =0.25 and o = 0.02. The parameters employed here
are identical to those used in Fig. 10. With an increase in
L, the jump in the magnetization (o,) becomes increasingly
sharper. For L = 60, the transition point B. = 0.0202 is
determined, consistent with . = 0.0201 obtained by the
variational approach.

V. DISCUSSION AND CONCLUSIONS

At first glance, numerical results from the DMRG approach
seem to suggest that the phase transition is continuous,
different from the first-order nature of the transition suggested
by the variational results, in which discontinuities are observed
not only in (o), (0y), and S,_, but also in F(8) and d E, /9.
The difference poses a question on whether the discontinuities
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FIG. 12. (Color online) The magnetization (o,) is plotted as a

function of B for the case of s = 5§ = 0.25 and « = 0.02 for different
lengths of Wilson chains L = 30,40,50, and 60.

uncovered are caused by artifacts arising from the variational
approach. According to the arguments on the results obtained
for the single-mode case shown in Figs. 3, 4, and 5, the multi-
D variational Ansatz with N = 4 is sufficiently sophisticated
to reproduce exact-diagonalization results. Furthermore, the
convergence of N is also investigated for the two-bath model
coupled to the baths described by a continuous spectral
function J(w) in the case of s = 0.3,5 = 0.2, = 0.02, and
B = 0.011. Correspondingly, the ground-state energies E, =
0.042255 and 0.042283 are obtained for N =5 and 6, very
close to the value of 0.042224 at N = 4. To further verify that
N =4 is sufficient to obtain reliable results for the quantum
phase transition of the two-bath model, the transition point
at N =6 is calculated to be B. = 0.01111 in the case of
s =03,5 =0.2,04 =0.02, and M = 20. It is thus in good
agreement with . = 0.01109 found with N = 4 in Fig. 7.

The continuous behaviors of (o,), (0, ), and Sy_x in Figs. 11
and 12 may be misleading, since the numerical results of
DMRG are sensitive to the boson number d,,, Wilson chain
length L, and cutoff dimension of the matrices D.. As shown
in Fig. 12, the width of the transition regime decays rapidly
with an increase in the length L. Hence, it is reasonable to
conjecture that the transition may be of first order in the
limit of L,d,,D. — oo. Moreover, similar linear behavior of
the magnetization (o) is observed apart from the transition
point in both of the DMRG and variational results shown in
Figs. 6 and 11, consistent with the prediction of the first-order
transition theory [42]. Additional simulations with s =5 =
0.4,0 =0.1ands = § = 0.6,a = 0.1 are performed using the
DMRG algorithm, and the discontinuity in the magnetization
is found in both the cases, lending further support to the claim
that the transition is of first order.

In addition, we have carefully examined the convergence of
the numerical results with respect to the effective bath-mode
number M for the variational approach. In Fig. 13, the ground-
state energy Ej is displayed as a function of M in the case
of s =0.3,5§ =0.2,0 =0.02, and 8 = 0.011. A power-law
decay curve of the form Eo(M) = aM =" + E,(c0) is found to
provide a good fitting to the numerical data, which yields the
asymptotic value Eg(00) = —0.04345. Since the length of the
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FIG. 13. (Color online) The ground-state energy E,(M) is dis-
played with circles and triangles (as a function of L) in the
case of s =0.3,5§ = 0.2, = 0.02, and 8 = 0.011. The solid lines
represent power-law fits E,(M) = aM™" + E,(c0). In the localized
approximation, the energy of effective bath modes Y_,(—A7/4wy) is
plotted with the dash-dotted line shifted up for the convenience of
comparison.

Wilson chain L is equivalent to M, the numerical results Eo(L)
of DMRG for different values of L are also shown in Fig. 13
for comparison. The ground-state energy from the variational
approach is found to be lower than that from DMRG when M
and L are sufficiently large, pointing to the superiority of the
variational results.

To further understand the decay of E4(M), we focus on a
localized bath state in which the energy of the /th effective
bath mode can be approximated by —A7 /4w, (derived from
Jn1:8n1 = £A1/2w;). According to the results presented in
Fig. 8, one bath of the two-bath model is in the localized
state, and the other is in the delocalized state. The contribution
of the effective bath modes in the delocalized state to the
ground state is negligible since f, ;,g,; & 0. Therefore, the
energy of the effective bath modes can be calculated as Epahn =
qu(—)»lz/%)/). As shown in Fig. 13, Ep,n(M) deceases with
M and tends to a constant value, in a trend similar to that of
the ground-state energy Ey(M). It indicates a change in the
ground state of two-bath model by new effective bath modes,
even though their frequencies are very low.

To investigate the influence of M on the quantum phase
transition of the two-bath model, we have carried out further
simulations with M = 5,10,30, and 40 for the case of s =
0.3,5§ =0.2, and @ = 0.02 as an example. When M > 10,
a first-order phase transition is observed, and the transition
point B.(M) is determined accurately. For simplicity, only the
results of M = 30 and 40 are displayed. Figure 14 shows the
corresponding magnetization (o), spin coherence (o), and
entanglement entropy Sy_n. Sharp jumps in (o), (o,), and
Sy—nN are observed, similar to the behavior shown in Fig. 6 at
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FIG. 14. (Color online) The magnetization (o), spin coherence
(0,), and entanglement entropy S,_n are plotted as a function of B
for M = 30 (open symbols) and 40 (solid symbols), respectively, in
the case of s = 0.3,5 = 0.2, and o = 0.02. The transition point is
marked by the dashed line.

M = 20. However, the transition point 8. &~ 0.0108 is much
smaller than 8. = 0.0111 of M = 20, thereby emphasizing the
dependence of the critical point on M.

In order to reveal the relation S.(M), the transition points
calculated from the variational approach for different numbers
of effective bath modes M are depicted in Fig. 15. With an
increase in M, B, is found to decrease monotonically tending
to an asymptotic value B.(00), similar to the trend in Eo(M)
shown in Fig. 13. This suggests that the shift of the transition
point 8. may possibly be related to the change in the ground
state induced by the new effective bath modes. General scaling
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FIG. 15. The transition point f. determined by the variational
results is displayed with open triangles as a function of the effective
bath-mode number M. Inset: The shift AB.(M) = B.(M) — B.(c0) is
plotted with solid circles on a log-log scale. The dashed line represents
a power-law fit.
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TABLE 1. The influences of the symmetry operations projecting
onto the ground state |W,) characterized by the magnetization (o),
spin coherence (o, ), von Neumann entropy S,_y, and ground-state
energy E,.

States (o) (o) Sv_N E,

[Wa) 8.4125 x 107" —0.87616  0.23221 —4.2305x 1072
P W,)  —8.4125x 107" —0.87616  0.23221 —4.2305x 1072
P Wa) 8.4125x 107" 0.87616  0.23221 —4.2305x 1072

PP W) —8.4125x 10711 0.87616  0.23221 —4.2305x 1072

arguments on the first-order phase transition lead to a finite-
size scaling relation [40,43,44]

AT(L) = To(L) = Te(00) ~ L™, (33)

where T.(o0) is the transition point in the limit of L — oo,
and L? is the system volume. Similarly, AB.(M) = B.(M) —
B.(00) ~ M~% is assumed with an effective spatial dimension
d.sr based on the equivalence between the number of effective
bath modes M and the length of Wilson chains L. Taking
Bc(00) = 0.0106 as input, perfect power-law behavior of
AB.(M)is presented in the inset of Fig. 15. From the slope, the
effective spatial dimension is estimated as degr = 2.37(6) for
the two-bath model. Interestingly, it is in good agreement with
the prediction d = 3 — 25 = 2.4 by the mean-field analysis
with s = 0.3.

Finally, the symmetry analysis of the two-bath model
presented in Sec. II is numerically verified. Taking the
ground state |W,) obtained at s=0.3,5=0.02,a0 =
0.02,8 =0.01108 as an example, the influences of the
symmetry operators P,,Py, and P,P, on the ground state
are investigated, and the results are summarized in Table I.
Twofold-degenerate ground states |Wa) (P,|Wa)) and P, |W4)
(PyP,|W,a)) are obtained according to different values
of the magnetization (o,) = £0.87616. The ground-state
energy E,, entropy S,_n, and spin coherence (oy) of the
two states are found to be nearly the same. The overlaps
between [Va), PA¥a), Pel¥a), PxP:l¥a), Pilya), and
P, |ra) are also calculated. The relations (Yra [Py P, Py ¥a) =
—(WalP:Ava) =1, (YalPP2|Ya) = (07) = —0.087617,
and (YAlP2l¥a) = |{0;)] =0.087617 are  obtained
along  with (YalPyPPelYa) = (YaloePelyya) =0 and
(UalP1Px|a) = (¥alox|¥a) = 0. All of them are consistent
with the predictions of the symmetry analysis. By projecting
these operators onto another ground state |\Wp) at the other
side of the transition point, similar properties are revealed
except that the doubly degenerate ground states become |Wg)
and P, |Wg) with different values of (o, ). This further supports
the contention that the phase transition does not remove the
ground-state degeneracy, but rather eliminates spontaneous
magnetization.

In summary, the ground-state properties of the extended
spin-boson model with two baths coupled to the x and z
spin components, respectively, have been studied in this paper
by the variational approach, the DMRG approach, and the
exact-diagonalization method, as well as by the symmetry
and mean-field analyses. A quantum phase transition from
a doubly degenerate “localized phase” to the other doubly
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degenerate “delocalized phase” is uncovered. Adopting the
multi-D; Ansatz as the variational wave function, transition
points are determined accurately, in good agreement with the
results of exact diagonalization and DMRG. According to
the discontinuity in the magnetization, spin coherence, von
Neumann entropy, and derivative of the ground-state energy,
and the vanishing value of the fidelity at the transition point, the
transition is inferred to be of first order for the baths described
by a continuous spectral density function. In the case with
single mode, however, the transition is found to be softened.
Furthermore, the convergence of results is carefully evaluated
against the number of the coherence superposition states (N)
and that of effective bath modes (M). An effective spatial
dimension is then calculated, consistent with the mean-field
prediction within the error bar.
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APPENDIX A: THE GINZBURG-LANDAU THEORY
FOR THE SPIN-BOSON MODEL

Consider a spin-boson (SB) Hamiltonian

A 2 mw2x2
H = Ao, +ongkxk+Z<§—;+#), (A1)
k k

where coupling coefficients are characterized by the spectral
function

J@) =) gidlox — o) = aw w'e w. (A2

k

We are primarily interested in the so-called sub-Ohmic regime
with 0 < s < 1. We also assume that the interaction cutoff
frequency w, is sufficiently large, so that w, > A and w, >
B~ (B = T~!is the inverse temperature).

We are interested in studying the partition function of the
system, Z = Tr(e PH). It is known that for a sufficiently
large value of spin-bath coupling «, the system exhibits a
continuous phase transition into a localized phase, i.e., a
phase where spin acquires spontaneous magnetization along
the z direction. (As a result, the oscillators shift from their
equilibrium positions, e.g., some “weak” analogy with the
Peierls transition). Therefore one can introduce an order
parameter as B = (D, grxx) by introducing a constraint in
the Hamiltonian (A1) through a Lagrange multiplier field A.
That is, we rewrite Eq. (A1) as

2 ma)2x2
H= Aax+Baz+Z(5—r];l+#>
k

2
+i)\.<B - ngxk).
k

(A3)
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By integrating out the oscillators and then the field A, we
obtain an (imaginary time) effective action for the spin+order
parameter system,

p 1 |B(C‘)n)|2
S = dt [A B — E _ A4
[) T [Ao, + B(t)o ] + 28 — K (o) (A4)
where w, = 2mn /B are Matsubara frequencies and
2 ’
gk / / J(a) )
K(w)= —_— = _ A5
(Cl)) Z m(wZ + (,()]%) @ m(a)Z + 0)/2) ( )

k

Note that for the spectral function given by Eq. (A2), K (w) ~
K@) —co* for w <« w., where c¢= (m%z)f(f" X1+
x3)~ldx, and K (w) ~ o2 for w > w,.

In order to average over the spin, one needs to evaluate
the time-ordered exponent 7 e~ [y drlAo+B@0o] This can be
done perturbatively in B. Indeed, near the critical point the
value of the order parameter B is infinitesimally small, and
therefore such expansion is well justified. Furthermore, near
the phase transition point, the energy functional Eq. (A4) is
dominated by low-frequency fluctuations. Therefore for finite
A, when evaluating the time-ordered exponent, one can use
an adiabatic approximation [in B(t)]. For sufficiently high 8
(i.e., low temperature),

Trspin(Te_foﬁdr[Aa‘+B(t)a‘"]) ~ efnﬁ dr\/m’ (A6)
where we have dropped the term with +./ A% + B%(t) eigen-
value. Expanding the square root up to the quartic order in B,
we obtain an effective Ginzburg-Landau-type functional for
the partition function of the system in the vicinity of critical
point, Z = [ DB(t) e fe, where

B 11 , 1
Feff—% Z <m - K)lB(wnN + AT

(27

dt|B(1)|*.

(A7)
Note that the use of the adiabatic approximation was not
necessary. An explicit account of nonlocality in the quadratic
term gives

_ L 1 _ A 2
Feir = 252<K(wn) Az+C{)2>|B<a>n)|

o n

1 4
+—/dr|B(r)| , (A8)

4N3
where, in the spirit of Ginzburg-Landau expansion, the
frequency dependence in the quartic term is neglected. The
energy functional exhibits an instability given at the mean-field
level by the condition A = K (0). Note that the phase transition
is believed to occur at the critical value of &, ~ A'~%, while our
mean-field condition corresponds to o ~ A. So, presumably,
the renormalization effects are strong for s ~ 1.
To first order, the renormalization of the phase transition
point (i.e., one loop correction) is given by the equation

1 1+ 1 /dw 1 _o (A%
KO) A 2A3) 27 L AT

K(®)  A4o?

Here, for simplicity, we consider the T = 0 case.
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APPENDIX B: THE VARIATIONAL APPROACH

For convenience, the Hamiltonian in Eq. (6) can be recast
in a single-bath form

A & 4 0. , .
— 50+ 50 +Xl:w;b;'b;+ éZI:x,(b; + b

A=
Oy ,
+7 2900 + ) (B1)

by the transformation

; _ Jwr, O0<l<M,

T Vo, M <1<2M,

YA bR 0<I<M,

r—1o, M <I<2M,

¢ = 0, O0<I<M,

7 \b-m, M <I1<2M,

;o bl,l, 0<l< M,

b= bi_yp, M <I<2M, (B2)

where M is the number of effective bath modes for both
of the diagonal and off-diagonal coupling baths. Using the
multi-D; Ansatz defined in Eq. (29) as trial wave function, the
system energy can be calculated as £ = H/D, where H is
the Hamiltonian expectation and D is the normal of the wave
function. In the case ¢ = A = 0, they can be written as

H = Z AmBnFm,n Z nk(fm,k + gn,k)

m,n k

Ak
+ Z AmAnFm,n Z |:wkfm,kfn,k + ?(fm,k + fn,k)i|

m,n k

Ak
+ Z BmBnGm,n Z I:wkgm,kgn,k - ?(gm,k + gn,k):|
m,n k

(B3)
and

D=Y)=> (AnAnFun+ BuBiGun), (B4

m,n

where F, ,,G,.,, and 'y, , are Debye-Waller factors defined
as

| -
Fopn = . mk — Jn 2:
n=exp| 2;<f,k Ju)?|
| -
Gmn= s mk — 8n 2,
: eXp_ 22}{:@ & g.k)_
| .

anz s mk — 8n 2- B5

n=exp| 2;(” &)’ (BS)

One can get a set of self-consistency equations with the form
of Eq. (30) by minimizing the energy E = H /D with respect
to the variational parameters. They can also be deduced by the
Lagrange multiplier method when we consider the constraint
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condition D = 1. Finally, the iterative equations are derived:

— Zm ern,mddn,m + 2 Z;Z;ﬁn Aan,m(aan,m - E)

A} ,
2(E - an,n)

B* o Zm AmFm,nddm,n + 2 Zz;ﬁn Bme,n(bbm,n - E)

" 2(E — byn) ’

f* _ 2 ZZ#M An Fm,n(a)kfn,k + )‘-k/z + aam,nfn,k - Efn.k)
kT 2Am(E — Wi — aam,m)

Zn BnFm,n(gn,kddm,n + nk) + Am)‘«k
2A,,(E — oy — aay, )
x 2 Z:#m BnGm,n(a)kgn,k - )\k/z + bbm,ngn,k - Egn,k)
gm.k 2Bm(E — Wi — bbmm)

Zn Anrn,m(fn.kddn,m + nk) - Bm)\k
2Bm(E - Wk — bbm,m)

)

; (B6)

where dd,, ,,aay », and bb, , denote

ddm,n = Z nk(fm,k + gn,k),
k
atnn = 3|0 fuk fri+ 2k + Fo)
mn — - k Jm,k Jn,k 2 m,k n,k 5

A
bbm,n - Z I:(ngm,kgn,k - ?k(gm,k + gn,k)i| s (B7)
k

respectively. Using the relaxation iteration technique, one
updates the variation parameters by x; = x; +t(x} — x;),
where x} is defined in Eq. (B6), and ¢ is the relaxation factor.
Usually, + = 0.1 is set in the variational procedure, while
it gradually decreases to 0.001 in the simulated annealing
algorithm. With the ground state at hand, the magnetization
(o) and spin coherence (o, ) can be calculated by

_ Zm,n AmAn Fm,n - Bm BnGm,n
Zm,n AmAﬂFm,n + BmBnGm,n ’

_ Zm,n 2Am BnFm,n
Zm,n AmAn Fm,n + Bm BnGm,n .

{02)

(o) (B3)

And the entanglement entropy S,_n and ground-state energy
E, are measured according to Eq. (28) and H/ D, respectively.

APPENDIX C: THE DMRG METHOD

In order to deal with the two-bath model by employing
the DMRG algorithm, followed by the standard theoretical
treatment [11,24,30,41] that leads to Eq. (32), the two
phonon baths are transformed into two Wilson chains. The
Hamiltonian Eq. (6) is mapped simultaneously to

. € A
H=-0, — —~O0x
2" 2
+ Z [a),,,,-bl,ibn,i + tn,i(bjl_ibnﬂ,i + bjlﬂ,ib",i)]
n=0,i
O; [Nz .4 Ox [Mx ,+
+ ?Z ;Z(b(),l + b071) + 7 ;(b0.2 + bO,Z)s (Cl)
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where
Ve 2rB 5
= Ji(wdw = —w?, C2
n /(; (w)dw T3 (C2)
@ 2ra
n, = J(wydw = —o, (C3)
0 1+

and i = 1,2 is the index for the baths. w,; and ¢, ; are given
as [30]

wn1 = §(A, + Cy), )
Nl‘l
th = —4s < N+1 ) Ay, (C5)
s+1/1—A06
=0T (1 _ A(s+1)> ; (C6)
—n (1 — A~ (t1+9)y2
=t (1 — A=@nt149)(] — A=@n+2+9))’ €N
—n\2
— A—(ts) 1—=A"
Cn =A (1 — A—(2n+s))(1 _ A—(2l‘l+l+‘y))’ (CS)
-1 —1\2
2 A —n(l+s) (A A )n
Nn =A (Af(erl);Afl)%(l _ A*(2’l+1+s))’ (CQ)

with
(a;b)y = (1 —a)(1 — ab)(1 —ab?)---(1 —ab™ V) (C10)

and the discretization parameter A = 2.
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In the Fock representation, the ground-state wave function
of Hamiltonian (C1) characterizing a single-chain system can
be written in the form of matrix product states (MPS) as

W)= D ATATAR. AT ), (C11)
io=".1sj

where iy is the spin index, ] =(j1,j2,---,Jj1-1),0 < ji < dp,
represents the quantum numbers for the phonon basis, L is the
length of the chain, and d, is the number of phonon allocated
on each site on the chain. A/ defined in Eq. (C11) are single
matrices whose dimension is restricted by a cut off D..

Subsequently, performing the iterative optimization proce-
dure [45], each matrix A can be optimized with the truncation
error less than 10~7. Furthermore, if we used the DMRG
algorithm combined with the optimized phonon basis [23,46],
the phonon numbers d,, on each site of the Wilson chain can
be kept up to 100. Therefore, totally about 10°L phonons
will be included in the DMRG calculations. Here, in order to
determine the phase transition conclusively, at least d, = 60
phonon should be kept in the calculation. After that, (o, ), (o,),
and the von Neumann entropy

Sv-N = _Trpsl()gva (C12)

where p; is the reduced density matrix of the spin, can all be
extracted by performing common quantum averaging using
the MPS wave function.
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