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Motivated by the growing importance of strong system-bath coupling in several branches of quan-
tum information and related technological applications, we analyze and compare two strategies cur-
rently used to obtain (approximately) steady states in strong coupling regime. The first strategy is
based on perturbative expansions while the second one uses reaction coordinate mapping. Focusing
on the widely used spin-boson model, we show that the predictions of these two strategies coincide
in many situations. This confirms and strengthens the relevance of both techniques. Beyond that,
it is also crucial to know precisely their respective range of validity. In that perspective, thanks to
their different limitations, we use one to benchmark the other. We introduce and successfully test
some very simple validity criteria for both strategies, bringing some answers to the question of the

validity range.

I. INTRODUCTION

It is notoriously challenging to describe the dynam-
ics and the steady states of quantum systems coupled to
noisy environment[T]. This is particularly true when the
coupling strength is such that system-environment corre-
lations cannot be neglected, invalidating the traditional
Born and Markov approximations [2], characterizing the
so-called strong coupling regime.

Still, strong coupling effects are playing increasing role
in quantum transport [BHI1], quantum sensing [12HI4],
quantum thermal engines [I5H21], magnets properties for
memory hard-drive [22], and possibly in biological sys-
tems [23H26]. For such applications, since one is usually
interested in stationary properties and performances, the
knowledge of the steady state of the strongly dissiaptive
dynamics is enough.

Several techniques have been established to gain access
to the strong coupling dynamics where usual Markovian
Master equations cannot be used straightforwardly. One
of them is the polaron transformation [I5 27H31], which
consists in analyzing the problem in a rotating frame
with respect to the coupling Hamiltonian. In the fol-
lowing, however, we will focus on two other approaches
which have been recently used to obtain estimates of the
steady states in the strong coupling regime. The first
one uses embedding techniques like reaction coordinate
[BL 6], 16], 19, 32, B3] and pseudo-mode [34H37] to obtain
the dynamics of the system of interest and then consid-
ers time going to infinity. The second one relies on a
result sustained by several studies [38443] establishing,
under some generic conditions, that a system S interact-
ing strongly with a thermal bath B tends together with
B to a global thermal state. Greater details on this tech-
nique can be found in the recent review [44].

Both approaches have some strengths and weaknesses.
The limitations of the first approach relying on embed-
ding techniques typically come from the bath spectral
density. On the other hand, the results are expected

to have a broad range of validity in terms of coupling
strength. The second approach requires to trace out the
bath in the global thermal state, which actually amounts
to similar difficulties as computing the exact dynamics
in the first place. Thus, one is left with perturbative ex-
pansions, with limited range of validity. However, within
the range of validity of these expansions, the obtained ex-
pressions are expected to provide very good description
of the steady states.

Even though one expects these two approaches to coin-
cide, at least for some regions of parameter, this has not
been tested. This is the first aim of this paper. Secondly,
we will use the strength of each approach to benchmark
and define more precisely the range of validity of the
other approach. This allows us to introduce and suc-
cessfully test some simple validity criteria for both ap-
proaches, providing some answers to the crucial question
of validity range for each approach.

II. PERTURBATIVE EXPANSION APPROACH

We consider a system S, of self Hamiltonian Hg, in-
teracting with a thermal bosonic bath B of self Hamil-
tonian Hp at inverse temperature 8 := 1/kgT (T being
the usual temperature). The interaction is of the form
V = AB, where A is an observable of S, and B is the
standard bosonic operator B =), gx (b;i +by), where g
is the coupling coefficient between S and the k*" mode of
the bath (setting i = 1), with creation and annihilation
operators bL and by, respectively. The starting point of
the perturbative expansion approach is the convergence
of the system together with the bath towards the global
thermal state

p.tS‘hB = Z;ée_ﬂHSBa (1)

where Hgp := Hg+ Hp+V is the total Hamiltonian gen-
erating the dynamics of SB, and Zsp := Trsp[e #Hs5]



is the partition function. This fundamental result has
been widely used for classical and quantum systems, and
is supported by several important studies focusing on
quantum systems [38-44] under the important condition
[Hs,V] # 0 (which can be seen as pure dephasing and
can be simply solved). From , the reduced steady state
of S is obtained by tracing out B,

p% = Trp[pSs)- (2)
|
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where we used in the first line the usual “split-
ting” formula [48], and defined the operators X (u) :=
eulfs+He) ye—ulls+Hr) the bath correlation function
cp(ur — up) = Trplply B(u1)B(uz)] = TrplpfBlur —
u2)B] taken in the thermal state plf := Zp'e PHs
with Zp := Trgle #H#], and the local thermal state of
S, ph = Zg'e PHs  with the local partition function
Zg := Trg[e PHs]. We also use the property of station-
ary baths, namely, Trp[pt B(u)] = 0. We obtain for the
bath correlation function,

cp(u) = /OOO dwJ (w) [e™“" (ny + 1) + € ny] (4)

where nf? = (e## —1)~! is the thermal occupation at the
frequency w, and the bath spectral density is defined as

=D gid(w —wr). ()
k

Introducing the eigen-decomposition of the coupling ob-
servable A = >° A(v) such that [A(v), Hs] = vA(v),
Af(v) = A(—v), and A(u) = 3, e " A(v), we have, up
to the second order,
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(6)
where

B uy ,
g(v, V) ::/0 du1/0 duge™ V"1 T 2 ep(uy — ug), (7)

As usually, tracing out the bath is a very challenging
task which can only be done approximately. A common
approach is perturbative expansion, whose main steps
are presented below (for more details see Appendix
and [43H47]). By “taking out” the local contributions in
and then expanding up to second order, we obtain,

/ duy / dus A(ur) A(uz) Trg e 72 Bluy) B(us)]

1+ / dus / dugA(ul);l(uQ)cB(ul—uQ)], 3)

(

and the superscript “PE” stands for “Perturbative Ex-

pansion”. Addtionally,
Zsp = TrSB[e—ﬂ(Hs+HB+V)]
24 order ZsZp |1+ ZV: TrS[PfghA(V)AT(V)]g(y, V)

(8)

Expression @ is Hermitian and is equivalent to the ex-
pression obtained in [47] (up to the initial renormalisa-
tion term). An explicit, analytical expression of the func-
tion g(v,v’) in term of usual functions is provided in Ap-
pendix [A| for under-damped and over-damped
bath spectral densities.

A. Conditions of validity

The above expression @ is a second order expansion.
It provides a good approximation of the exact steady
state p¥ Eq.(2) in the limit of small corrections, when
the second order contribution is much larger than higher
order contributions. Based on that, one can build valid-
ity criteria by requiring that the corrections brought by
(6) with respect to the thermal state pft = Zg'e=#Hs
remain small. Expressed in different mathematical ways,
we present in the following several potential validity crite-
ria to be tested later with numerical simulations (section

V).

e A first criterion can be obtained by considering that
small corrections should imply that the global par-
tition function Zgp is close the product of the local
partition functions ZgZpg,

_ 7—1) 1, 9
cry ‘ZBZS < (9)



which turns out to be equivalent to the condition
suggested in [47].

Alternatively, one could consider that the expan-
sion is valid as long as the corrections to the popu-
lations (in the eigenbasis of Hg) are small, resulting
in the following criterion

th
p?'Ls — DPn

SS
Dy

cro 1= < 1, (10)

for all energy level n of S, where p}® stands for the
populations of the steady state @ and ptt corre-
sponds to the populations of the thermal state ptsh,
reached in the weak coupling limit. Note that a
coherence-based criterion would typically be equiv-
alent to the above population-based one.

Additionally, the quantity
Q= / dwij(w), (11)
0 w

known as the “re-organisation energy” [49H51],
gives a figure of merit of the coupling energy.
Therefore, one can expects the expansion to be
valid for Q) < wg, where wg stands for the typical
energy difference in Hg. Thus, we define a third
candidate for the validity criterion as

cra = g < 1. (12)

ws
Anticipating sections [[II] and [[V] we can obtain
explicit expressions of ) in term of the bath pa-
rameters for the bath spectral densities used there.

For the under-damped spectral density Jyp(w) :=
w% (m_w»g;g&iimw)z (see more details in section
, we obtained Qup = A%/, while for the over-

damped spectral density Jop(w) := aw

ﬁ, we
have Qop = §awe.

Finally, considering a two-level system, focus of the
comparison section [[V] we can come up with an
additional criteria obtained from a special choice
of the system parameters for which the partition
function can be easily computed. More precisely,
if we take r, = r, = 0 (see next section [[IB]), we
can diagonalise the total Hamiltonian and compute
exactly the partition function, giving a simple but
non-trivial expression, Zgp = ef9ZsZp. Then,
in the same spirit as in the first criterion, we can
consider that small corrections imply |Zsg/ZsZp—
1] < 1, which leads to the simple criterion

cry = 00Q < 1. (13)

Note that at this stage we only use the setting
ry = ry = 0 as a mathematical trick to com-
pute Zgp, while in the reminder of the paper we

consider 7, # 0, implying [Hg, V] # 0, necessary
condition for the applicability of . Although it
might not seem totally justified to approximate the
order of magnitude of Zgp for arbitrary r, and
ry by its value for r, = r, = 0, we will see in
the following (section IV), that cry is always very
close to cry, justifying afterwards this approxima-
tion. Additionally, the factor e is reminiscent of
the renormalization factor e#?4” due to the bath
interaction [47, [52], so one can conjecture that this
criterion could be extended to arbitrary systems in
the form cry := BQ|A%| < 1. Finally, this last
criterion seems promising because it involves the
bath inverse temperature 3. Indeed, the expansion
@ becomes trivially valid when the energy scale
set by the bath temperature, kg7 = 37!, is much
larger than the system-bath coupling [47] (infinite
temperature limit), suggesting that 8 should play
a role in the validity criterion.

We will test these criteria in section [[V] and see that
two of them, cr; and cry, seems to indicate particularly
well the validity range of expression @

B. Spin-boson model

In order to obtain explicit comparison with embedding
techniques (reaction coordinate), we choose a specific sys-
tem, namely the spin-boson model, for being a widely
used system, experimentally as well as theoretically. The
Hamiltonian of the two-level system is of the form

Hg = %(maw +ryoy +1.0.) = %Fﬁ', (14)
where 7 is a real unit vector of component r,, r,, and
r. (such that r2 + 72 4 r2 = 1), and & is the Pauli
vector of component the Pauli matrices o, oy, and 0.
Importantly, we will use in the following the notation
r 1= 15 +iry. We consider a typical coupling with the
bath, namely A = o0,. The eigen-decomposition takes
the form A(u) = A(ws)e s + A(—ws)e"™s + A(0), with

Alws) = —rlg){el,
A(—ws) = —r7le)(gl,
A(0) = r=(le)(el = lg)(gl) := =2, (15)

where
(I +r)|+) +7|-)
2(1+r,)
-4 + (1 +r2)|-)
2(14r,)

le) :=

)

lg) == : (16)

are the excited and ground eigenstate of Hg, respectively.
In the above expression, we used the notation |+), |—)
to denote respectively the excited and ground state of
o,. Injecting these expressions in @ with the use of
the explicit expression of the function g(v,v’) provided



in Appendix [A] we obtain for the reduced steady state of
S in the basis {|e),|g)},

= (B9, (")
with
Css7PE _ _2TTZ(ﬁ/w8)[G(w87 5) — (1 + einﬁ)Q/ﬂ]
ge (1+ e P11 +r28Q] + |r]232G(ws, B)
(18)

and the population,
ss,PE __ 67wsg(1 + T?BQ) B |T|2BG/(‘U57B)

be T U r e P)1+128Q] + [r2B2Glws, B)’
(19)

where () is the re-organisation energy defined above,

1
G(ws, B) ::/0 due““*"ﬁ“cB(uB), (20)

and G'(ws, B) = %G(ws,ﬁ). The explicit expression
of G(ws,B) and G'(ws,B) in term of usual functions is
provided in Appendix [A] for both under-damped and
over-damped spectral densities Jy p(w) and Jop(w)

3.

III. REACTION COORDINATE

In the perspective of comparing the perturbative ex-
pansion approach with embedding approaches, we briefly
review some important features of the reaction coordi-
nate mapping. Introduced in [53] and further developed
in 5], [16], [32] B3], 54}, 53], the archetypal application of re-
action coordinate is for the spin-boson model, although
it can applied to other systems [Bl [6l 19]. Thus, consider-
ing the two-level system of the previous section, the spin-
boson model of Hamiltonian Hsp = %*7.6 + 0.8 + Hp
can be mapped onto [32, [33]

Hgp = Hgpcg = %FE—&— )\oz(aT +a)+ Qata

2
+(a"+a)Bg + Hg + (a' + a)? Z i—k, (21)
k
3

where a and a' are the annihilation and creation oper-
ators of the collective bosonic mode, called the reaction
coordinate (RC), defined as AA(af +a) = 32, gx (b} +by),
and the system F is a residual bath (the original bath
“minus” the collective mode) of self Hamiltonian Hg and
coupling to the reaction coordinate through the opera-
tor Bg. The detailed expressions of the residual bath’s
modes and parameters are not useful in our problem so
we refer interested readers to [32, B3] for further details.

Importantly, the mapping is exact when the original
bath B has an under-damped spectral density,

2 YU D Q2 )\2

Top (@)= et opome Y

where A (frequency),  (frequency) and vy p (dimension-
less) characterise respectively the strength of the cou-
pling, the peak of the spectral density, and its width.
According to the reaction coordinate mapping, the pa-
rameters of the collective mode are given directly by the
parameters of the under-damped spectral density [32],33]:
A corresponds to the strength of the coupling between S
and the collective mode, and {2 is its frequency.

It is also possible to find an approximate mapping
when the original bath spectral density is over-damped,
namely of the form,

w2

© (23)

J = aw—t
OD(w) awwg_’_wg

where w, is sometimes referred to as the cutoff frequency
and « is a dimensionless parameter determining the cou-
pling strength. The RC' coupling and frequency can be
expressed in terms of the parameters of Jop(w) as [32],33]

Q=9w, and A=,/ gawcﬂ. (24)

Written directly in term of the reaction coordinate

parameters, the over-damped spectral density takes
2
the form Jop(w) = W%Q?iﬁ While the expression

is a function with two parameters a and w,,
this later expression contains three parameters. The
extra parameter ~ is introduced during the reaction
coordinate mapping and is required to be much larger
than 1. To understand better the emergence of this free
parameter 7, one should mention that for over-damped
spectral density, the mapping is actually obtained
from an asymptotic limit of the under-damped spectral
density case, as follows [32] B3]. For vyp > 1, we

2vupA?
Q2

Then, with these settings, we can use the

have Jyp(w) ~ Jop(w) when setting o = and

we = L.
reaction coordinate mapping used for the under-damped
case, and the parameter y appearing in is actually
vy p which must be much larger than 1 in order to have
the approximate identification Jyp(w) ~ Jop(w) . As a
conclusion, the reaction coordinate mapping is not exact
for over-damped spectral density, and only holds under

the condition Q > w. (or yyp > 1).

Now that we have introduced the reaction coordinate
mapping for the under-damped and over-damped spec-
tral densities, we can focus on the steady state. For weak
coupling between the reaction coordinate RC' and the
residual bath E, which is precisely the situation where
the reaction coordinate mapping is useful, one expects
from weak dissipation theory that the extended system



SRC (S and the reaction coordinate) tends to the ther-
mal state at inverse temperature 3, the inverse tempera-
ture of the original and residual bath,

Pfsth = ZgécefﬁHSRcv (25)

where
Hspo = Hg + M(a' + a) + Qa'a. (26)

This conjecture was indeed benchmarked by numerical
techniques (hierarchical equation of motions) in [32] B3]
and Redfield master equation [46] and used in [I6] [17].
However, when the residual coupling between RC and F
is not weak, one expects pghRC to depart from the ex-
act steady state of SRC. Thus, ptSth becomes an ap-
proximation of the exact steady state. How good is this
approximation and when exactly does it start breaking
down are the questions which motivated this paper. In
the following, we will refer to pfghRC as the “reaction coor-
dinate mapping of the steady state”’, or “mapping of the
steady state” in short. From pW, ., the reduced steady
state of S is given by

P%S’RC = Trre[pSrel- (27)

Again, we stress that since in general p%, - is an approx-
imation of the exact steady state of SRC, ,OZS’RC is also
in general an approximation of p¥ , the exact steady
state of S.

The partial trace over the RC mode can be realised nu-
merically or analytically via approximate diagonalization
of Hsre (see for instance [56, [57]). Note that the plots
presented below were indeed realised using numerical di-
agonalisation using QuTiP (with adequate truncation of
the RC mode). The remainder of the paper is mainly
dedicated to the comparison of the predictions of the two
approaches, namely comparing with , , and
(18). Before that, we introduce a third approximation
of the steady state which will help us in the comparison
and is detailed in the next section [I[Al

A. Perturbative expansion applied to reaction
coordinate

Beyond our prime objective to confirm that the pertur-
bative expansion approach and the reaction coordinate-
based approach coincide, at least for some range of pa-
rameters, we also aim at studying the validity range of
each approach. In that perspective, when some discrep-
ancies appear between p?’RC and pSSS’PE7 how can we tell
that it is because the reaction coordinate mapping of the
steady state, pgth, fails to faithfully approximate the
exact steady state of RC', or that it is because the per-
turbative expansion stops being valid, or both? How can
we separate the two effects?

We can obtain some insights on these questions by con-
sidering a third state, obtained by applying the general

perturbative expansion of section [[If to ptShRC 7 where
the reaction coordinate RC plays the role of the bath B.

We denote the resulting state by pfgs’PRC, where the su-

perscript “PRC” stands for Perturbative expansion of the

RC mapping. Then, from the point of view of the per-
turbative expansion, pZS’RC is the “exact” (containing all

orders) version of pgs’PRC

between pi ¢

. Consequently, the discrepancy

P S .
and pg’ RC brovides information on the

cq- . . ss,PE
validity of the perturbative expansion. Conversely, p&

and p?’PRC are both expansions to the same order, of the
original problem and of the reaction coordinate mapping,

respectively. Then, from the point of view of the reaction

coordinate mapping, ps;’PE is the exact version of pSSS’PRC.

Thus, by observing the discrepancy between pfgS’PE and

PRC . .
o we can obtain information on the performance

of the reaction coordinate mapping. We will use in the

. . . P
next section these discrepancies pgs’RC Versus pg’ RC and
ss,PRC

VErsus pg to gain precious information on the
range of validity of each approach.
Applying the general perturbative expansion of section

ss,PE
Ps

to pghRC we obtain the same form as @, namely,

ZsZB n

ss,PRC s 1+ ZA(Z/)AT(V/)Q(V7 V,)

Ps

2d o_rder ZsB
(28)

The functions g(v, "), cg(u), G(v, 8), and G’ (v, B), have
the same general expression as the one detailed in Ap-
pendix [A] but using the following spectral density

J(w) = A%6(w — Q). (29)

Thus, for the steady state populations and coher-
ences, it leads to the same expressions as and
, respectively, substituting G(v,8) and G'(v, )
by GFRC(v,B) CPRC(—p) + e ¥PCPRC(Y), and

GPRC’ (V»B) — _CPRC’(_V) _ 567V’GCPRC(V) +
e VPCPRC (1), with
)\2 nth 4 1 nth
PRC, \._ A (1o g
¢ (V)'_ﬁ (Q—I/ Q—i—u) (30)
and
, )\2 nth 4 1 nth
PRC N Q Q
C (v) = 3 <(Q—y)2+(Q+u)2>' (31)

IV. COMPARISON

In this section, we compare the steady state PZS’RC
given by the reaction coordinate (27)), the steady state

psss’PRC (28) given by the perturbative expansion of the

reaction coordinate, and the steady states pZS’PE’UD and

pSSS’PE’OD, given respectively by the perturbative expan-

sion of the original problem for under-damped bath
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FIG. 1. Steady state coherences cgeE 0D . (red thick solid
line), cqf up . (orange thick solid line), RC . blue
dashed line), and cie ([33) (sparse dotted hne) in function of
the inverse temperature 8 in unit of Ws , for (a) \Jws = 0.5

and (b) A/ws = 1.5. The other parameters are given by
Q/ws =10, yyvp = 0.1, 7, = V0.75, r = ry +iry = 0.5.

spectral density Jyp(w) (22) and over-damped bath
spectral density Jop(w) (23). We denote the coherence
and excited population in the eigenbasis {|e), |g)} of Hg
as

PRC = (el pF ), (32)
RO = (glpT"Ce), (33)
PERC = (e|pF ), (34)
RO = (gl Ce), (35)
e VP = (el pg TP e), (36)
IR = (g|pe TP Pe), (37)
pFEOP - (o] B PEOP ) 59)
b OD = (g|p5 P e). (39)

Fig. presents the plots of the steady state coher-
ences as given by ¢/iOP (red thick solid line), ¢fYP

(orange thick solid hne) b B (blue dashed line), and

RC (sparsely dotted line), in function of the inverse tem-
perature 3 (in unit of wg'). The panel (a) corresponds to
a coupling A\/wg = 0.5 and the panel (b) to A\/wg = 1.5.
The other parameters are chosen as follows, 2/wg = 10,
vup = 0.1 (dimensionless), r, = V0.75, r = ry +ir, =
0.5, meaning that r, = 0 (note than one would obtain
a similar behavior up to a m/2 phase for the coherence
with the alternative choice r, =0, and r, = 0.5).

One can see a very good agreement between c?ec

(sparse dots) and R (blue dashed line) at high
temperature (low inverse temperature (), but this
agreement slowly deteriorates beyond S ~ 4w§1 in panel
(a), and beyond 8 ~ wg! in panel (b). By contrast,
the agreement between ci ®:OP (red solid line) and CPRC
(blue dashed line) is only good at very high temperature
and it deteriorates quickly as the temperature decreases.
Finally, ¢, VP (orange solid line) and CPRC (blue dashed
line) coincide perfectly at high temperature7 and only a
very small discrepancy appears at small temperatures.

Fig. [2]is the counter-part of Fig. [I]for the excited pop-
ulation. Note that instead of plotting directly the popu-
lations for wg /3 from 0 to 10, we zoom in and consider two
sections, otherwise all five curves would be indistinguish-
able: the panels (a) and (b) represents the steady state
excited population as a function of the inverse tempera-
ture /3 in the interval [5;6] (in unit of wg'), while panels
(¢) and (d) correspond to 8 € [0.5;0.51]. Additionally,
panels (a) and (c) correspond to a coupling A\/ws = 0.5,
while panel (b) and (d) to AJwg = 1.5. The color conven-
tion is the same as in Fig. |1} namely, p?=©P (38) (red
solid line), pP=UP ([36) (orange solid hne) pPRC ([34) (the
blue dashed line), and pRC (sparsely dotted line) (32).
The grey dotted line represents the thermal excited pop-
ulation pth := (e|pP|e) at inverse temperature 3. The
other parameters are chosen as in Fig. [I}

The conclusions are the same as in Fig. [1} namely, the
agreement between pRC and pPRC is very good at high
temperature and deteriorates more at low temperature
when the system-bath coupling is larger. However, the
agreement between pP®OP and pPRC is relatively good
only at high temperature, and large discrepancies appear
at low temperatures, while pf®UP and pPRC coincide
perfectly at both ranges of temperatures, even in strong
coupling.

Finally, Fig. [3| presents the plots of the steady state
coherences and populations in function of the coupling
strength A (in unit of wg) for (a)-(b) wsB = 0.5 and (c)-
(d) wsf = 5. The color conventions are the same as in
Fig. [ and Fig. 2] as well as the remaining parameters.

As a first observation, one can see that the plots for the
coherences and populations have almost identical shapes,
which will be confirmed in Figs. ] and [7] Secondly, the

agreement between cSS ;RO (sparse dotted line) and csgS ;PRC

(blue dashed line) (as well as p$>RC and pssPRC) is excel-

lent below A ~ 2wg at high temperature wgf = 0.5, and
below A ~ 0.75wg at low temperature wgfB = 5, while
it starts deteriorating beyond these values of coupling

strength.  For ¢;pPOP (red thick line) and ¢{ R (blue

ge
dashed line) (as well as pP®:OP and pPRC)| the agree-

ment is good until A ~ 1 for wgB = 0.5, but for wgf =5
the agreement drops quickly beyond A ~ 0.2wg. By con-

trast, the agreement between cSE 'UD (orange thick line)

and cPRC (blue dashed line) (as well as pE®:UP and pELRC)
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FIG. 2. Steady state populations in function of the inverse
temperature § € [5;6] (in unit of wg') for panels (a) and (b),
and B € [0.5;0.51] for (c) and (d). The coupling strength
is AJws = 0.5 for panels (a) and (c), and A\/wg = 1.5 for
panel (b) and (d). Following the same color convention as in
Fig. the red thick solid line corresponds to pt™©P 138),
the orange thick solid line corresponds to pL®©P , the
blue dashed line corresponds to pLRC , and the sparse
dotted line corresponds to pi°© (32). The dotted grey line
represents the thermal excited population pt* := (e|p'|e) at
inverse temperature . The other parameters are as in Fig

is almost perfect for both values of g and for all A.
Conclusion—. From Fig. - we can conclude
that the two approaches do coincide on an extended re-
gion of parameters for under-damped spectral densities,
namely from high to low temperatures for limited cou-
pling A = 0.5wg, and even for large coupling A = 1.5wg at
high temperature wg = 0.5. However, for over-damped

Pe
0.386r

0.382r

(d) 0 1 2 3

FIG. 3. Steady state populations (a,c) and coherences (b,d) in
function of the coupling strength A (in unit of wg) at inverse
temperature (a,b) wsB = 0.5 and (¢,d) wsB = 5. The color
conventions are the same as in Figs. [l|and [2} The remainder
of the parameters are chosen as in previous figures, namely
Q/ws =10, yyp = 0.1, 7, = 0.75, r = ry +iry, = 0.5.

spectral densities, the two approaches coincide only at
high temperatures.

A. Discrepancies due to the perturbative expansion

In order to obtain a more precise and quantitative cri-
terion of “good” and “bad” agreement, we introduce the
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FIG. 4. Panel (a): the yellow and green dots correspond
to doP in function of A (in unit of ws) for wsB = 0.5 and
wsB = b5, respectively, and the black and purple large dots
(in the background of the yellow and green dots) correspond
to dpop in function of A for wsf = 0.5 and wsfB = 5, respec-
tively. Panel (b): the yellow and green dots correspond to dgsp
in function of 8 (in unit of wg ) for A = 0.5ws and A\ = 1.5wg,
respectively, and the black and purple large dots correspond
to dpop in function of 8 for A = 0.5ws and A = 1.5ws, respec-
tively. For both panels, the remainder of the parameters are
chosen as in previous figures, namely Q/ws = 10, yyp = 0.1,

r. =v0.75, rp +iry = 0.5

relative discrepancies

C
dzz:ﬁ = ( 56 /Cge ’

ex PRC
AP = (pi© — iR /(pR©

PRC)

- pgh)v
(40)

where one should note that the relative discrepancy re-
lated to the population is defined with respect to the devi-
ation from the thermal excited population pt* = (e|p'!|e)
(at inverse temperature ). As already discussed in sec-
tion [[ITA] these relative discrepancies provide informa-
tion on the validity of the perturbative expansion.

Fig. {4 (a) provides the relative discrepancies associ-
ated with Fig. namely, the yellow and green dots
correspond to do.p for wgf = 0.5 and wgf = 5, re-
spectively, while the black and purple large dots (in the
background of the yellow and green dots) correspond to
dieh for wgB = 0.5 and wsB = 5, respectively. The
remainder of the parameters are chosen as in previous
figures, namely Q/wg = 10, yyp = 0.1, r, = V0.75,
r = ry +1iry = 0.5. Firstly, one can see that the rela-
tive discrepancies is exactly the same for coherences and
for populations at both temperatures, confirming obser-

vations from Fig. More importantly, adopting the
standard 10% error criterion, these plots testify that the
perturbative expansion is valid up to a coupling strength
A~ 2wg at wgfB = 0.5, and up to A ~ 0.5wg at wgf =5,
which also coincides with what we can see from Fig.
Fig. {4 (b) provides the relative discrepancies of Figs.
[[] and 2] Adopting a similar color convention as panel
(a), the yellow and green dots correspond to dg.p for
A = 0.5wg and A = 1.5wg, respectively, while the black
and purple large dots correspond to diep for A = 0.5ws
and A = 1.5wg, respectively. Thus, as for panel (a),
the relative discrepancies are also exactly the same for
coherences and populations.
Conclusion—. These plots confirm the observations from
Figs. [1] and [2| namely that the perturbative expansion
is roughly valid up to wgf ~ 5 for A = 0.5wg, and up to
wgfB ~ 1 for A = 1.5wg.

B. Benchmarking the validity criteria for
perturbative expansions

Using the observations from the previous figures, we
can benchmark the capacity of the validity criteria in-
troduced in section [[TA] to pinpoint the actual range of
validity of the perturbative expansion. In Fig. [5| we plot
the four criteria cry (9) (black line), cry (10) (blue line),
crs (12) (green line), cry (red dashed line), in func-
tion of A (in unit of wg), for wgB = 0.5 in panel (a), and
wgfB = 5 in panel (b). Considering that cr; < 1 means

ZoZs 1‘
and cry = Q, which, interestingly, coincide exactly, indi-
cate a range of Validity in agreement with our conclusions
from Figs. [Bland [ More precisely, at inverse tempera-
ture wg8 = 0.5 (wgB = 5), cry and cry indicate a validity
of the perturbative expansion up to a coupling strength
A ~ 15wg (A ~ 0.5wg), in agreement with the value
A~ 2wg (A~ 0.5ws to 0.75wg) from Figs. 3| and
Similarly, in Fig. [6] we plot the same validity criteria,
but now as functions of the inverse temperature, using
the same color convention as in the previous figure
One can see that the conclusions are the same: only cry
and cry, which coincide almost perfectly, indicate a range
of validity in agreement with our previous conclusions

from Figs. and

Thus, we obtain a very simple criterion for the valid-
ity of the perturbative expansion incorporating both the
coupling strength and the temperature aspects,

pR <01 (41)

cr; < 0.1, one can see that only criteria cry = ‘

This takes the explicit form 5?2—2 < 0.1 for an under-
damped spectral density of parametrization , and
5Baw. < 0.1 for an over-damped spectral density of
parametrization .

Importantly, we also benchmarked this result for Q ~
wg and ) < wg, both in function of 8 and A (see addi-
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FIG. 5. Plots of the validity criteria introduced in section
in function of the coupling strength A (in unit of wg)
for (a) wsB = 0.5 and (b) wgB = 5. Criteria cr; and cry
coincide almost exactly and correspond to the black solid line
and red dashed line, respectively; cra corresponds to the blue
solid line, and crg corresponds to the green solid line. The
remainder of the parameters are chosen as in previous figures,
namely Q/ws = 10, yup = 0.1, r; = V0.75, r = ry +iry =
0.5.

tional plots provided in Appendix . In all situations,
we confirm that SQ < 0.1 is a surprisingly good validity
criterion. In particular, even in regimes where the crite-
rion Q K wg is totally misleading, SQ < 0.1 indicates
accurately the region where the expansion stops being
valid.

One should note that there is something unexpected in
this result. It is comparing the energy scale of the system
with the energy scale of the coupling that one sometimes
defines weak/strong/ultrastrong coupling: the system’s
transition energy scale (here wg) is the reference. How-
ever, our results point at a criterion which is independent
of wg, namely 8Q < 0.1, while the criterion based on wg
is wrong most of the time. This could suggest that ei-
ther the breakdown of the validity of the perturbative
expansion is not strictly related to strong coupling, or
the definition of strong coupling might not always be re-
lated to the system’s energy scale.

As a side comment, cr; and cry are exactly equal for
ry = ry = 0, by definition. However, their exact agree-
ment, at least for the considered range of parameters (see
also plots in Appendix, is quite surprising and justifies
afterwards the assumption made in section [[TA] that the
order of magnitude of Zgp does not depend on the spin
orientation.

Cr;

e A
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(b)012345678

FIG. 6. Plots of the validity criteria introduced in section
in function of 8 (in unit of wg') for (a) A = 0.5ws and
(b) A = 5ws. The color conventions are the same as in Fig.
namely: cri (black solid line), crs (red dashed line), cra
(blue solid line), and crs (green solid line). The remainder
of the parameters are chosen as in previous figures, namely
Q/ws =10, yyp = 0.1, 7> = V0.75, r = 5 +iry, = 0.5.

C. Benchmarking the reaction coordinate mapping

In this section we focus on the other aspect of the prob-
lem: how well does the reaction coordinate mapping of
the steady state approximate the steady state of the
original problem, p¥ ? We already saw in Figs.
2l and [3] that it depends strongly on the bath spectral
density as well as on the bath temperature. As in the
previous section m in order to obtain more quanti-
tative information on the performance of the mapping
of the steady state, we introduce the following relative
discrepancies,

drcr;z;lp,UD (CPE ,UD _ PRC)/CPE UD7

d}rjnoag) UD ( PE,UD _ C)/( PE,UD pzh)7
drcr(lj:;;lp,OD (CPE ,OD C)/CPE OD

d;no? OD ( PE,OD _ PRC)/( PE,OD _ pzh). (42)

and plot them in function of A and 8 in Fig. In
Fig. [7] (a), the yellow and green thin solid line represent

doi® "D as a function of A for wgfB = 0.5 and wgf = 5,
respectively, while the black and purple large solid line
represent daP-UP in function of A for wgf = 0.5 and
wgfB = 5, respectively. In Fig. [7] (c), the same quanti-
ties are plotted for the over- damped Spectral densities.

Interestingly, we can see that the relative discrepancies



are independent of the coupling strength. In some sense
it means that both perturbative expansions p;s’PRC and

pSSS’PE drift away in parallel from their respective exact

ss,RC

states pg and p%. This is a good indication that the

strategy of comparing pSSS’PRC and pZS’PE does result in

getting rid of discrepancies stemming from the perturba-
tive expansion and thus retains only discrepancies stem-
ming from the reaction coordinate mapping, as if we were
measuring directly the discrepancies between pSSS’RC and
p%. From Fig. [ (a) we also have the confirmation that
the mapping of the steady state performs well for nar-
row under-damped spectral densities, and fails for over-

damped spectral densities, panel (c).

In panel (b), the yellow line corresponds to dg(ljlp’UD

in function of B (in unit of wg') and the black thick

line corresponds to dgloag”UD also in function of 8 (both

for arbitrary \ since dg‘oalf/’ii is independent of A\). The

same quantities are plotted in panel (d) for over-damped
spectral density. The main message of these plots is that
the reaction coordinate mapping seems to always perform
well at high temperatures.

In the following, we briefly explain the reasons be-
hind the failure of the reaction coordinate mapping of
the steady state for over-damped spectral densities at
arbitrary temperatures, and we also explain its universal
success at high temperature.

1. Reasons for discrepancies

Since the reaction coordinate mapping is exact for
under-damped bath spectral densities [16, [32] B3], one
might not be surprised that we observed a good perfor-
mance for such spectral densities. On the other hand,
for under-damped spectral densities of increasing width
(determined by yyp), the reaction coordinate mapping
is still exact, but one can verify that the under-damped
spectral density becomes indistinguishable from an over-
damped spectral density, and the steady state coherences
and populations also become indistinguishable from the
ones of an over-damped spectral density. Thus, how can
we have an exact mapping giving a wrong stead state?
As already commented in section [[TI} the reason for this
apparent contradiction is that the reaction coordinate
mapping of under-damped spectral densities is exact for
the dynamics, and the steady state ptSth (25) is only an
approximation of the actual steady state of the dynam-
ics [16], 177, [32] B3], [46]. Thus, as already stressed above,
the observed failure of the reaction coordinate mapping of
the steady state is not a failure of the reaction coordinate
mapping per se, but is a break down of the approxima-
tion consisting in equating the exact steady state of SRC'
by pghRC (25). This breakdown can be understood from
three related point of view.

e Although the mapping is exact for under-damped
spectral densities of arbitrary width, the strength
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FIG. 7. Plots of the relative discrepancies dgi//?i in function
of the coupling strength A and 8. Panel (a) (panel (c)): the

yellow and green thin solid line represent d74>YP (gmarOD)

as a function of A (in unit of wg) for wgB = 0.5 and wgf =
5, respectively, while the black and purple large solid line
represent d;’“o%p’UD (d;“(f}f”OD) in function of A for wsfB = 0.5
and wgfB = 5, respectively. Panel (b) (panel (d)): the yellow
d™2»-90) iy function of B (in

coh
unit of wg ') and the black thick line corresponds to dpar-YP

(d™ar-OPY 3150 in function of B, both for arbitrary A. The

pop
other parameters are chosen as in previous figures, namely

Q/ws =10, yup/ws = 0.1, r. = 0.75, ro + iry, = 0.5.

. map,UD
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of the coupling between the residual bath and the
reaction coordinate grows as yyp. Therefore, for
increasing spectral widths, one should expect pghRC
to depart from the exact steady state. In par-
ticular, one expects a steady state of the form
Pere = Trp[pPacp] # pso. More precisely, one
can show [16] that Trrc[pUhs] is equal to Trp[p2y]
at lowest order in the residual coupling between RC
and E. Thus, for increasing vy p, and therefore in-
creasing residual coupling, discrepancies between

pSre and p . as well as p% and p3"C increase.

e Alternatively, this can be seen directly from the ex-
pressions we obtained for the general perturbative
expansion @ The steady state @ depends on
the function g(v,v’), which is entirely determined
by the bath correlation function cp(u) (), which
is itself ultimately determined by the bath spec-
tral density J(w). Thus, when approximating the
steady state p¥ = Trp[pdy] by Trre(p@so]
(27), we are ultimately approximating the original
bath spectral density by a single mode, represented
by the reaction coordinate. In other words, we are
approximating the original bath spectral density
J(w) by A?6(w — Q). This approximation is reason-
able if J(w) is a narrow spectral density centered
in €, but is not justified for a broad spectral den-
sity. Thus, one expects that Trrc[p%y ] becomes
increasingly distant from p% = Trp[pdy] as the
spectral width increases.

e Final viewpoint, strongly related to the first one.
One can show that the steady state pgth (125) is
actually the steady state of the master equation de-
rived in the Supplementary Material of [32] when
applying the secular approximation. However, the
secular approximation is valid when max|wsrc —
Wspe!™t < Tp, where 7p denotes the dissipa-
tion timescale induced by the action of the bath
and wgprc denotes the Bohr frequencies of the ex-
tended system SRC. A rough analysis show that
Tp ~ (myrpws) 1, so that one expects the secular
approximation to become unjustified for growing
Yup, and thus a steady state increasingly distinct
from ptShRC. This question has been analyzed in
great details in [6], and one of the conclusion actu-
ally limits the strength of this last argument: the
authors show that the reaction coordinate mapping
of the steady state might actually be valid way be-
yond the supposed validity of the secular approxi-
mation.

As a rule of thumb, from observations coming from
the above plots and additional plots (not shown), one
can consider that the reaction coordinate steady state

performs well, meaning dpmoalf/’ii < 0.1, as long as the

spectral width vy p is smaller than ~ 3/Qp.
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2. Universal faithful mapping of the steady state at high
temperature

Contrasting with the breakdown of the reaction coordi-
nate mapping of the steady state for broad bath spectral
densities at arbitrary temperatures, the mapping seems
to be always faithful at high temperatures (see Fig.
(d)). This can be seen as follows. Assuming that the
bath spectral density J(w) vanishes for w > 2/8, the
correlation function can be approximated by

cp(u) := Trpph B(u)B

::Amdmm@kﬂwmw+n+eWmJ

~AdWM$:?7 (43)

where we use the approximation e~ (n,, + 1) +e“*n,, ~
% valid for wf < 2 (reminding that the variable u be-
longs to [0;5]). Then, applying this result to the bath
spectral densities we have been considering, Jop(w) and
Jup(w), both vanishing for w > €, one expects to
have cp(u) ~ % for both spectral densities as soon as
0 < 2/p. Additionally, considering the effective spectral
density representing the reaction coordinate Jreo(w) =
§(w — ), we have cg(u) ~ % when Q < 2/5. Thus,
for Q <« 2/8, G(ws, ), and therefore G’ (ws, 8), become
independent of the form of the bath spectral density, re-
taining only a dependence on . Then, for Q <« 2/3, we
should have the same steady state for any bath spectral
densities of same re-organization energy (). This is what
we observed in Fig. [7] (d), and confirmed in Fig. [§ as
soon as

QB <1 (44)

This hols for arbitrary spectral width vy p, and might
also hold for arbitrary coupling strength (again, accord-
ing to our conclusions from Fig. [7)).

V. CONCLUSION

We compare the perturbative expansion of the mean
force Gibbs state with the approximate steady state (25))
from the reaction coordinate mapping. We reach our
first objective by showing the agreement of these two
approaches, for some ranges of parameters and focusing
on the spin-boson model, see Figs. [1] -

In a second time, we focus on the crucial task of explor-
ing and understanding their respective range of validity.
To achieve that, we use one approach to benchmark the
other. We establish and test successfully a validity crite-
rion for the perturbative expansion depending only
on the inverse bath temperature 5 and on the reorgani-
zation energy @ (11)).

Regarding the reaction coordinate mapping and its ap-
proximate steady state 7 we quantify its performance



dmaps UD/OD
0.1+

coh/pop

0.05¢

—0.05¢

-0.1t

Plots of df;ip’UD/OD

FIG. 8.

dpopy ;Ub/OD (black thick line) in function of the inverse tem-

perature S (in unit of wg) for Q/ws = 1/8, yvp = 20
(any value larger than 20 gives the same plot), r. = +/0.75,

7 = ry+iry = 0.5. The plots of d™2°P and &3> VP (gmap.OD

and d{)“(fpp’UD) are indistinguishable. Additionally, we chose

A = 1.5ws, but the plots are actually independent of A as
shown in Fig. [7]

(vellow thin line) and

and derived a validity criterion involving only the
inverse bath temperature 8 and the reaction coordinate
frequency §2, holding for arbitrary spectral width vy p
and arbitrary coupling strength. This criterion relies on
analytical arguments which were confirmed numerically.

Thanks to these validity criteria, one has in hand prac-
tical tools to assess the validity range of these two tech-
niques. Although these validity criteria were numerically
tested for the spin-boson model, they can be extended
to arbitrary systems, and the curious fact that they do
not involve the system’s energy scale might suggest that
they do work for other systems. It would be interesting
to test that.

Additionally, it would also be instructive and useful
to extend this comparative analysis to other techniques
like pseudo-mode [34H37], as well as to the ultrastrong
coupling regime [47], 52, [5§].
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Appendix A: Expression of the function g(v,v")
The function g(v, v') introduced in the main text is de-
fined by g(v,v') := foﬁ duq foul duge™ VitV v e p (yy —uy).

Re-writing its expression and introducing the variable
vy = U1 — Uz, We obtain

B ul ,
gy, V') = / duq / duge™ V" TV 2 ep (g — ug)
0 0
B uy ,
= / duq / dvge V"1 e (“1_”2)03(02)
0 0

B UI ’ !’
2/ duy dvyelV ~Vve—v 2cp(vg)
0

0
B B , ,
/ dvg/ duqe” ~V)u ey “2cp(vs)
0 V2

B e(u'—l/),@ _ e(l//—l/)’u ,

— d -V v
; v I e cg(v)
1 V' -v)8 _ (V' —v)vB
€ € —v'v
= ﬁ/ dv p e " "Pep(vB)
0 v —v
8 ! , ,
U _y 0 dv[e(” e e_UUB}CB(Uﬁ)
8 , ! ,
=— e *”)ﬁ/ due™" Pucp(up)
1 2 0
1
—/ due™Picg(uf)|. (A1)
0
We are then led to compute
1
G(v,B) ::/ due "Ptcg(uf). (A2)
0

In order to obtain analytical expressions for the under-
damped and over-damped bath spectral density, it will
be convenient to decompose G(v, 8) in the following way,

G, B) =C(~v)+e PC(v), (A3)
where
— [ wJ(w ne 1l e
cwi= [ et ’[mw—u) Bw+n) AY
[ T (w0 veoth(wf/2) + w
- [, W G

Then, from (Al]), we obtain

TG, 8) — G(v. B)] (A6)

n_
g(%l/)_l//—l/[
for v # v/, and for vV = v,

9(v) = g(v,v) = B[BG(v, B) + G' (v, B)] (A7)



where G'(v, 8) := ZG(v, B) = —C'(-v) — Be™"PC(v) +
e VB0 (v) and C'(v) is the partial derivative with respect
to v,

= - wJ(w e + 1 Mw
= [t )[mw—u)”ﬂ(ww)? ‘
(A8)

Alternatively, in term of the function C(v), we have

g(v) = B[BC(~v) = C'(=v) + e C'(v)].

13
1. Exact expression of C(ws) and C'(ws)

a.  Owver-damped (Lorentz-Drude) spectral density

ww .
For Jop(w) = agrroT, We have

veoth(wfB/2) + w

Cop(v) = /OOO dwJ(w)

5~ 12)
aw? /Ood w  vceothwf/2+w
= w
B Jo w? + w? w? —p?
° w w

v—_ %
w? + w2 w? — 2

=l

w IX i w 1 w
- d

n=—oo

(A9)

with v, = 27n/8, called the Matsubara frequencies [].
For the first term we have

> w w
dw—5 2,2 2
0 W+ w; we —v

fil /Oodw w + v
w2 +1v? J, w2+ w? w2 -2

UJ2 ™

= ¢ . Al
w? + 12 2w, (A10)

Generalising that to situations where w. is a complex
number (which will be useful for under-damped spectral
densities, see in the following), we have

2

Y w ot i Rwe >0,

Yl —2 ) el o« TR 0

0 c Thr s, i Rwe <0
(A11)

For the second term, we have
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> [T e
w2+w2w2 V2 w? +v2

n=—oo
1 > V2 1 1 v? 1 1
S ) .
= V242 /o w2 =2 \w?+1v2 wr+w? V24w \w?2—12 w4 w?
_ i 1 V2 T T n v? 0 m
B S v g lwi =g 2| 2(Fwe) V2 +w? 2(+we)

T Z 1 1 [Vn] v?
2 —~ V2 +v) dwe [Fwe + |vn| v+ w?

n=

o0 2 oo
_ s Z 1 |Vn| . 14 Z 1
+2w, V24l dwe + v 24 wE = V2t

n=—oo

0 2
Fowe | AP+ vp twet vy 24wl P tw? i+ 1/2

™ 1 "
T 2w 1?2 Wl + ;th.; 24 Z:: 427522 e V2 w2 = Z:: 427?22]
T 1 T B2 1 2 B o v
- An2 771: + - 2 2
Tou At T Ee | Ayt el - e
™ 1 T 1 ﬂ ﬁ
- Fwe - th— 1
:l:QUJC V2 _'_wg + j:QOJC 2 +w2 |: (1/6 w, 5) 5 co + :|
a 1 vB vp
N mm |:F(Vﬂ’ iwcﬁ) - ? coth :|

(A12)

where +w, stands for the possibility of w. being complex, where in such case one has to choose the sign corresponding
to R(Lw) > 0, and

F(vf, 2w.B) = % [—(iwc +iv)fU (1 + if) — (tw, — iv) BV (1 - f;f) + 2w AU (1 + i;f;)] . (A13)

with ¥(x) being the Digamma function. All together we obtain (changing the variable in the argument from v to w),

T oo w? 9 9 2w
_ T e Y — hwB/2) + 22 F(wB, +w.B) | . Al4
Conlu) = Lo ey [~ wPeothlw/2) + 5 F ) (A14)
For C(0) = [, dw% = %, we simply have
Qop  moa(fw,)
Con(0) = 402 — 2220, (A15)
Then, C,(w) is "just” the derivative of Cop(w), which gives
, Ta  w? 2ww, w?B 2 w?—w? P
Con(e) = 55 ma ez | e+ coth(wB/2)] - oot (/2) + 25 25 FlwBwoad) + 25 F(whwef)
(A16)

where coth’(z) := =—(1 — cothz) is simply the derivative of coth(x), and

smhx
F/(wB,ef) = o Flfeh)

= ﬁ [—iqf (1 +z°;f) +i0 (1 - z;’f) + (w —iwc)g\lﬂ (1 +z°;f> + (w—&—iwc)%\lf’ (1 —iwﬁﬂ



with ¥/ is the derivative of the Digamma function.

Again, if w. is complex, we simply have
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: 2 -2 28 20— 2
Con) = G | P e < 1+ coth(w/2)] — L corh(wB/2) + G o P,k + %)

b.  Under-damped spectral density

We now consider an under-damped spectral density of

the form Jyp(w) (22),

2 X
™ (2 = w?)? + (ywpQw)*

Such spectral densities can lead to difficulties related to
analytical integration. This can be circumvented by ex-
pressing Jyp as the difference of two over-damped spec-
tral densities,

Jup(w) = w

(A19)

Jup(Ww) = Jop W) = J5p(w) (A20)
where
2 QQ 2
TEplw) = 22PN« (A21)

2 2 2
T Wy —wI wftwi

with wi =02 (7‘”3 1+vupy/ ’YUD ), always pos-

itive for yyp > 2, and complex for yyp < 2. Using this
mapping, we straightforwardly obtain

Cup(w) = Cop(w) — Cgp(w)a
Cup(w) = C'opw) - OISD(W)v
where C3 ( ) and C'5 D( ) are given by the above ex-

pressions 1 ) and (A16 substltutmg w? by wi, and «

2 YwpQ®N? /‘*’i
by at == 2 ——5——5—=

UJ+7UJ

(A22)

= TrQQ f+(yup) with
1

(w_li'YUD lop 1) \/”UD —

(A23)
However, one has to be careful (see (A1l)) for vyp < 2
since w} becomes complex. One can verifies that for all

Jf+(wbp) =

ywp > 0, Ry/w? > 0, so that the above expressions
(A22)) still hold without change of signs, namely,

2

Cup(w) = 2;1 %—w%“;wg [wi — wcoth(wB/2)
= P,w- )

T ooy wi

2 2
2w+ /8 W |:w+ — W COth(UJB/Q)

S FWB,wi )], (A24)

(A18)

(

and similarly for C{,(w).
As a side note, we also show that the reorganisation

energy is given by Qup = ’\52 From the above mapping
into over-damped spectral densities, we have

Qup = QOD— —Qop,+

foz \Jw —701_1,_\/0}_2,'_

M 11
wl—w? \w-  wy/)’

(A25)
Since
1 1 1Ty 1 Wy — W
w?—w? \w. wy) w-w? wiwo
B 1 1
B Wy +wW_ wyw—
11
Cwy w2
1/2
1 VIQJD ’YUD
03 < 2 + b 4
5 1/29 -
Vb 4 [Tup 1
1 1
== A26
QB ywp ( )

Note that one can easily see the last line by taking the
square of what is in the square bracket. Then, we finally
obtain

A2
Qup o (A27)
Finally, note some useful identities with wfb
wiw_ =02
wy +w_ = MNup. (A28)
Appendix B: Some additional plots of dcoh/pOp and

criteria cr;

In this section we provide some additional plots in Figs.
Oland[10] showing unambiguously that the criterion cry =
BQ (as well as cry) accurately predicts the validity range
of the perturbative expansion.
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FIG. 9. On the left-hand-side, plots of dpop (large purple dots)
and d_.p (small green dots); on the right-hand-side plots of
the criteria cr;, all in function of A (unit of wg). The color
convention for the criteria is the same as in the main text,
namely, cry (black solid line), crz (blue solid line), crs (green
solid line), and cry (red dashed line). The other parameters
are as follows:(a) Q/ws = 1, wsB = 0.5; (b) Q/ws = 0.1,
wsB = 0.5; (c) Q/ws = 1, wsf = 20; (d)Q/ws = 0.1, wsf =
20. The remainder of the parameters are chosen as in figures
of the main text, namely yyp = 0.1, r, = v0.75, r = ry +
iry = 0.5.
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