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Through Quantum Master Equation by Method of
Reaction Coordinate Mapping and the Mesoscopic
Lead Construction
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Abstract

In this article we want to present a thorough overview about the well known technique known as the
Reaction Coordinate Mapping which is one of the most used theoretical tool in the context of Open
quantum system and Quantum thermodynamics of quantum systems which is not weakly coupled
to the reservoir. Here we discuss different aspects of the Reaction Coordinate mapping along with
detailed mathematical derivations for the Bosonic and Fermionic mappings which can be achieved
through the Symplectic and unitary transformations. In the later part of this article we discuss the
derivation of the Quantum master equation for the extended systems (System+Reaction Coordinate)
coupled to the residual reservoir in the weak coupling limit described by the usual Redfield Quantum
Master equation. We observe that though the dynamics of the Extended system is Markovian in
nature because of the weak coupling between the extended system and the Residual reservoir but
the Reaction coordinate transformation enables us to analyses the dynamics of the system which is
essentially non-Markovian.

Keywords: reaction cooridnate mapping; non markovian dynamics; single electron transistor; atom-
matter interaction; open quantum systems; lindblad master equation; markovian embedding; meso-
scopic lead construction; non-additive effects; strong system bath coupling

1. Introduction

The standard formulation of thermodynamics is based around the assumption of vanishingly
weak interactions between the system of interest and any thermal reservoirs to which it is attached.
Under these conditions, a system that is put into contact with a single heat reservoir will customarily
thermalise to a canonical Gibbs state, with the reservoir itself assumed to remain in thermal equilibrium
at a given temperature. A weak coupling approximation is generally very well justified on macroscopic
scales, whereby only a small fraction of the system and reservoir constituent degrees of freedom are
usually in contact. On nanoscale, however, such a simplification becomes much more questionable,
perhaps particularly so when the system and reservoir are quantum mechanical in nature and the
generation of non-classical correlations between the two may then play a prominent role. Several
attempts have therefore been made to move beyond weak coupling in this context. The idea of the
reaction coordinate mapping is extremely useful when someone is interested to study the dynamics of
the system which is strongly coupled to the bath or, surroundings. This introduces memory effect and
non markovian evolution of the system though the dynamics of the extended system obtained after
the markovian embedding is markovian in nature. The quantum master equation after the reaction
coordinate mapping has also been derived for both the case of weak and strong coupling case between
the system and the reaction coordinates. In this article the sections deals with the mathematical
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derivations of the results related to the Reaction coordinate mapping for different situations. The
aspects of the mesoscopic lead construction has also been discussed in the later section.

2. Reaction Coordinate Mapping

Let us consider the hamiltonian of the supersystem describing the interaction of a quantum
system coupled with a single bath described by,

HIH5+HB+HSB (1)
Hp =Y vméhom 2)
m
Hgp = SAZgM(CAm‘f‘CAL) 3)
m

The bath spectral function can be defined as,
Jo(w) =27y |gm[*6(w — vin) 4)
m

Let us consider an example of Reaction coordinate mapping before returning to the present context.
Let us consider a quantum system coupled to a bath which itself has infinite number of degrees of
freedom described by infinite number of bath modes (energy levels) with each of them is represented
by a harmonic oscillator. With 3 being any arbitrary system operator the Hamiltonian of the entire
supersystem i.e. system coupled to the bath can be written as,

N N 1 R R Cm a2
A =Hs(t) + 5 1 | Pin + v (S = —55) (5)
m m
In general the system Hamiltonian can be time independent. After decomposing the above Hamiltonian
we get,
A o JUg— - -
H=Hg(t)+ S Zw—’g+HB+HSB (6)
m m
N 1 ) .
fu= 3 T |+ 3] ?
m
HSB = —§2Cmfm 8)
m
The usual commutation relations are,
[J?m/ J?n] =0= [ﬁmz ﬁn} and [J?m/ ﬁn] = Z}i’\lémrzf )
Let us define the spectral function of the bath as,
T €2
Jo(w) = 5 Y 528(w = vim) (10)
m Vm
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Figure 1. Reaction Coordinate mapping
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Now let us consider the Reaction Coordinate mapping as shown in the figure which enables us to
separate one of the modes called the reaction mode or reaction coordinate from the infinite number of
bath modes such that the system is now interacting with that particular segregated reaction coordinate
which in turn coupled to the rest of the modes of the bath which we call residual bath modes. In this
way we can visualise the system is interacting with one reaction coordinate which is connected or
coupled to the residual bath. The situation after one such steps of Reaction coordinate mapping the
hamiltonian will be as follows,

A = UzrAUL (11)
. SRy s .
Hg = Hs(t) + —5 5"+ Hrc + Hs—rc + Hre + Hre-re (12)
N 1( 4 o
Arc = 5 [P% + w%X%} (13)
Hs_gc = —AoSXy (14)
N 1 A o
Are =5 ) [P,% +wﬁlx,%1] (15)
m#1
Hre—re = —X1 Y CunXim (16)
m#1

Hpz describes the Hamiltonian of the system after one step of reaction coordinate mapping which can
be treated as an unitary transformation of the Hamiltonian before the RC mapping i.e. . Now, the
exactness of the mapping which depicts the equivalence between the situation before and after the
reaction coordinate mapping is given by,

AoSX1 =8 cmtm = AoXi =) cmxm (17)
m m

The above reaction coordinate mapping can be visualized as a transformation from one set of nor-
mal modes (coordinates) say (%1, £2, ..., £n; P1, P2, --s Pn) tO (X1, X2, ..., Xn; Py, Py, ..., P, defined by an
orthogonal transformation the later being required to preserve the usual commutation relations of the
newly defined normal mode coordinates. And as the bath has been represented by infinite number
of modes in a discreet sense then later we will take the thermodynamic limit i.e. n — co. Let us
define the following transformation X = A% and P = Ap with a claim that A has to be an orthogonal
matrix which we are going to derive. From now on-wards we will use the natural unit system with

h=kg=c=1.
We need {xmx] _0- [pmp] with [xmp} — Gy a8)
[men] ;;zxma/\nﬂ {xa,ﬁﬁ] =0 (19)
similarly [PmPn] =YY Aulpp {f)“, ;aﬁ] =0 (20)
“op
{Xm,ﬁn} = ;%;Amzxnﬁ [ae,x, ;aﬁ] = i;%;/\m/\nﬁsaﬁ (21)
{Xm,ﬁn] = i6pn = ;AWAM = Oy = ;(A)m(AT)m = Ly (22)
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Hence we can see that to preserve the commutation relations of the newly defined set of normal mode
coordinates i.e. (X, p‘B) the transformation has to be orthogonal with AAT
of orthogonality along with AoX;

= ATA = I. The condition
=Y . Cm%y leads to,
with X1 =) Aqa2a (23)
4
A0 Y Aafa =) cafa = AoA1g = o
14 14

(24)

AGY AL =) cwith Y A, =1 =
4 4 4

=) (25)

Now applying the inverse orthogonal transformation by writing £, = Y4 AwmXa and P, = Yy AamPa
the hamiltonian becomes

. N 1 1 o« A A N
A= HAg(t) + ?"s2 AoSXy + = [Pl +w%X2} +5 Y [P,ﬁ +wan,%1} ~ X1 Y CuXom (26)
m#1 m#1
2
c _
where 6Q3 = ; é = ;vm%fn (27)
The mathematical deduction of the above is as follows

1
dt o
second term: 7 Z

3
L—
sy
I
+
—_

L1 o o
2 ZZZAmAﬁmePﬁ +3 ZZZanAamAﬁmXaX/s
p

Pedup + 5 ZVA X2+ S L 2 Vi XG

m =1
"‘Z Z iAamAlmXacxl + Z Z V2 AixmA/SmXch,S
m a£1 m D;fﬁ
«

1[4 A 1 N N A N

2|t 45 L Bt -5 ¥ Can
m71

interaction term: $ Z CmXm

cmAamXy = 8 ZcmAlle +8Y Y cnAamXa = 105Xy
m g£1

1 1 R .
TS2 +5 {PZ +w1X2] +5 0 [P,% +wﬁ1xﬁl}

m#1
Using the fact that, AgA1,, = ¢ we get

MoS%1— %Y Co
m

Owl ZV

(28)
where we have identified the following,
605 =Y cAv,?
m

= Z VrznA%m

21/2/\2 form # 1
for m # nwe have Y V2 AyuuApg =0
4

together we get ZvﬁAmAm = W2 6mn
14
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Now, by using the definition of the Bath spectral function i.e. Jo(w) we can express the new parameters
mainly, Ag, w1, (50% in terms of the old bath spectral function i.e. the one we have defined before the
Reaction Coordinate mapping. Just to note that, Ay defines the new system-bath coupling strength
alternatively we can call it the coupling strength quantifying the interaction between the system and
the reaction coordinate. Similarly, w; defines the frequency of the Reaction coordinate. The idea is to
express the newly defined quantities in terms of the older (known) quantities. We have defined,

Zc 6(w — vm) (29)
We get,
502 :% O°° ]OETW)d (30)
=Ya = [ o Q)
Wt = 2 [T pwide = wf = % 7 @ h(w)de (32)
Wi = o whl (33)

I w]o(w)dw

One important property of this RC mapping is the Scaling transformation property. If the interaction
coefficient cy, is transformed to ac;;, & € R before the reaction coordinate mapping then only Ag and
503 will be affected by this scaling transformation. To show it mathematically we can write,

ANy = e — AgA1, = acy, such that /\% =a? Zcfn (34)
m
3= 2 e (35)
7T JO
502 — 24; RIS /O Bol®) o (36)
m m
202 ‘*)1 202

T (@) (37)

ZV A Owl Z Vin€ 2 /0 (AJ]()( )dw_

Wl = Jo @*Jo(w)dw
Jo wlo(w

7T Jo

(38)
From the above calculation it is evident that the on site energy of the reaction coordinate i.e. w;
remains unaffected by the scaling parameter a. Similarly we can show that the new coupling coefficient

describing the coupling between the reaction coordinate and residual reservoir will be unaffected by
the parameter a. Now let us define the spectral function of the residual bath or residual reservoir as,

Ji(w) = 2c2 (W — wp) (39)

Now the job is to express the spectral function of the residual bath i.e. J;(w) with the older bath
spectral function (one before the RC mapping) i.e. Jo(w).
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Now we would like to extend the above idea of reaction coordinate mapping in the general
situation described by,

H= HS + HB + HSB
m
HSB = gzgm(ém + 6;1)
m

Where, § being any arbitrary hermitian operator corresponding to the system. An alternative scenario
of the system bath coupling can be described by,

Hep =Y (gmS'em + g5 5¢h) (40)

m

. In this situation $ is non-hermitian. Lets illustrate it by an example with the spin boson model
hamiltonian dsescribed by,

AW . 4 A 4 oA
A = 7002 + vac+ Cm + O ng(cfn +Em) (41)
wo 4

+
\_/

—UZ +Evmc Cm + Z gma Cm+ gm0~ (42)

The hamiltonians F; and H, describes the above two situations. The only difference between the two
hamiltonians is that for the first case scenario with H; does not commute with the total excitation
number operator i.e. Noxe = 076 + Yo 6;rném which means that N,,. is not a conserved quantity in
this case. But in the second case we can write, [Hz, Nexc} = 0 which means that N, is a conserved
quantity which is the outcome of the Global U(1) symmetry. Now we can define the normal mode
coordinate transformation as follows,

¢l = Umg * B;r + v;‘nql;q (44)

This kind of transformation is called a symplectic transformation. There is another way to define the
transformation defined as,

e = uquq and ¢f, = u%f),}r (45)
The difference between the transformations of two kinds are noteworthy. In the first case the transfor-
mation mix up the creation and annihilation operators of the bath modes before and after the reaction
coordinate mapping where as in the second case such mixing doesn’t happen. The later case is just an
unitary transformation. The condition of unitarity and symplecticity are hereby imposed to preserve
the commutation (anti-commutation) relations of the bosonic (fermionic) creation and annihilation

operators.

Derivation of Symplecticity and Unitarity: For bosons and fermionic mapping case we must
have,

{@m,cﬂ = Spn with {Ea,ég] = dap (46)
+ +
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The condition essentially preserve the necessary commutation (anti-commutation) relations for the
bosonic and fermionic mapping case for the creation and annihilation operators corresponding to the
new and older normal modes. We have defined in general for any two operator A and B,

[A, B} _ [Aé n BA] 7)
+
Now for the fermionic case we have,

{@m,@n} _y {umunﬁ{aa,@ﬁ} +umavnﬁ{f)a,f9;§} +unﬁvm{@ﬁ, 19;} +vmvnﬁ{g;‘, z;,g}] (48)

ap
— Dmvnﬁ{@a,@;} +unﬁvm{@ﬁ,@;} ~0 (49)
ap
2 {(”)mtx(”T)an + (@) ma (U )an = 0] d (50)
4
{@m, @,’;} _y [umu;ﬁ{aw,fag} + vmv;ﬁ{m, zaﬁ}] (51)
ap

= ; {(“)ma(“Jr)an'f'(v)moc(v+)an] =(Dmn = (52)

(53)

For the bosonic case the same calculation as above keeping in mind that the commutation relations
holds we get,

onts] =0 = [ 0a(Dhon = @] =0 = [T —ou —0] 51
ensch)| - ) [0 = D0 )on| = (D = 55)

Summing up those results we can write

‘ uwol +ou’ =0and uu® oo’ =1 ‘ (56)

plus (minus) signs appears in the case of fermionic (bosonic) mapping case respectively. The mapping
enables us to achieve a reaction coordinate mapping of the following form given below with #,4, Va
being real such that with a Bogoliubov transformation,

1[a b

Umy = E |:bZ: + a::l:| Ao (57)
1[a b

Uma = 5 LJZI - LZ:;] A (58)
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we can establish a mapping of the following type,
H=Hs+Y vmthém+SY gm(ém+ch) (59)
m m
I
A = UpAUY = Hs + wibiby +AS(by +01) + Y wmbl b + (b1 +51) Y- hu(b + b1,)  (60)
m#1 m#1
such that Hg = Hg + Hgc + Hs_rc + Hre + Hre—re = Hes + Hre + Hre—re (61)
Hpe = wiblby, Hre = Y, wmbhbm , Hs_rc = AS(b1 + b7) (62)
m#1
Hre—re = (b1 +01) Y hu (b +B})) (63)
m#1
Hext = Hs + Hre + Hs_re = Hs + wibiby + AS(by + b]) (64)
The exactness of the mapping is given by the condition that,
SY gmém+eh) =AS(by+b]) = A(by+ b)) =Y gu(ém +ch) (65)
m m

The above is true for both the bosonic and fermionic case. In order to prove further results related to
the symplectic case let us consider the relatively easy case of unitary mapping which is obtained by
putting, v, = 0. Then the transformations will be,

ém - uWZlXBDL (66)
En = tabi (67)
+ aB + ®
which gives Y (t)ma (4" )an = (Dmn = uu’ =1 (69)
14

Which gives the condition of unitarity which holds for both the fermionic and bosonic mapping. This
kind of transformation maps the hamiltonian H with HR such that,

H=Hs+Y vmcén+) (gm§+am + g;§6;> (70)
m m
U
Hr = Ur AU = Hs + wibiby + (ASThy + A*SBT) + Y wmblb + Y (hubibw + hb101)  (71)
m#1 m#1

Hy = Hs + Hgc + Hs_rc + Hre + Hre-rE (72)
HAgc = w1biby , As_gc = ASThy + A*SbT (73)
(74)
Are = Y wwblbw, Arc—re = Y (hubiby + 1,515} (75)

m#1 m#1
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Now for the bosonic case with the unitary mapping from the exactness condition of mapping we can

write,
Y gmStem + g5 5¢h = ASThy + A*SbT = A 2 Sl , VBT = 2 gheh (76)
m

A2 {Blri’ﬂ nggn {CA ] E Sm&nOmn = E ‘8m|2 = A= E ‘8m|2 (77)

mn m m

Hp = vac =D mu,*mumﬁﬁlf)ﬁ = va|um1|zl3{l31

m m « ﬁ m
+ Z Z V| thma |20 by + Z Z Uttty DBy + (other terms ) (78)
m g1 m =£1
which gives|wi = Y v |t |* and Y viu|tima|* = wa for a # 1 (79)
m m

Now, we can write ,

Aby =Y @b with by = uj1 0 gives Ay = g (80)
m
2 _ lgml 2 2
= S = [1APwr = Ll P gy
m

Let us define the bath spectral function of the original bath before the RC mapping as,
Jo(w) =27} gm*d(w = vin) (82
m

We can express the new quantities i.e. A, wj in terms of Jy(w).We can write assuming A being real that,

= Ylgul = 5 [ )i (5)
2m=;@#m=méﬂmwwu (54
1 0 B fooowfo(w)dcu

wy = m/o wo(w)dw = W (85)

with A being real we can also write that,

)\Bl = ngém = Ezgmuma = ngumlbl + 2 Z gmumtx it (86)

m g1
on comparison A = Z SmUm1 wWith Z Z gmumba =0 (87)
m =1
=A= ng m = A= ngum Y &t (88)
m

*

with Z |upm1]|? = 1and A2 = Z |gm|* we get u,; = m

A (89)

Now for the fermionic mapping case, the above results will also hold but the mapping has to be written
in such a way that the fermionic anti-commutation relations are satisfied. We can write

H=Hs+ vac Cm + Z (gmd"em + gpethd) (90)
Hsp = Z(gm“ Cm +8mcm”) = E(Smd e — S;jéjn) 91)

HR = CIRHH% = HS + (4)13{@1 + Z meLBm + /\dNrE1 - Alﬂi{ + Z hmBIBm - Zh;‘nﬁlfa}; (92)
m##1 m#1 m
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For the fermionic situation the frequency corresponding to the bath modes can be negative as well .In
this case the above results will still hold along with the exactness condition of the mapping such that
with,
Y gmd'en — Y ghdewm = Ad by — AdD] (93)
m m

which leads to, A> = ¥, ¢2, along with the condition of unitarity Y, |#,1|> = 1. Similarly we can
write, A2y = ¥, Vim|gm|?. In terms of the old spectral function Jy(w) we can write,

= o [ e o)
= Llsnlvn =5 [ _wfo(w)de (95)
1 0 B 2, wlh(w)dw
w1 =57 /700 wjo(w)dw = T Jo(w)deo (96)

The above mapping is called fermionic particle mapping. Now lets come back to the discussion of
the symplectic mapping to be more precise the symplecticity imposed along with the Bogoliubov
transformation. The idea is to map the hamiltonian in the first quantized form i.e. in terms of position
and momentum operators with the fact that the transformation when written in terms of position
and momentum operators corresponding to individual bath modes it will become an orthogonal
transformation to preserve the desired commutation relations for the bosonic case. We have previously

defined that,
. 1[a by 1[a b A
Cm = [bi: + }Amab + 5 L}Zj - 11:1] Amszl 97)
o _ |am  Da o Lfam b
h= |+ am]Amb 3|2 - 2| Avabs %)

Now let us define the two sets of position-momentum operators corresponding to the old and new
sets of normal mode (coordinates). such that,

/1 . w .
B = va(cm+6+> P =i ;(c;—cm> (99)
N 1 A . Jw A~ A
xm:,/mm<bm+b+),1ﬂm:z,/z’”(b;bm> (100)

From the transformation laws we can clearly see that the preservation of commutation relations require

that,

[6711/ :| =0= 2 UmaOna — Umaumx] =0 = Z 7 - a*)AmtxAmx =0 (101)

n m
Y Amalpg =0form #n (102)

14

|:6 :| Z [ ] =1 = ZA =1 = ZAmaAmx - 5mn (103)

14 14
such that AAT = Tie. AT = A1 (104)
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So, the transformation is strictly orthogonal. Using the transformation laws we can write,

X = \/2T<Cm + ¢ ) Z (umtx + Umzx) (Brx + Bl) (105)

) o\ N A o aw (v
R = Z — b Npa Xy = X = ZAleXDC with b =\ (106)
X « « &

Um Wy

Now along with the transformation £, = Ay X, and Pm = Ama Py we can write,

Heg =SY gm(ém+¢h) = Sng 2um) % SZcmxm with ¢, = (2vm)%g (107)
m
Hg =Y vméhém = %2 [ﬁi + vﬁmﬂ (108)
m m
1w, 1 55 legm 1o 1ooa
5 L= 5 L Amlmplbally = 53 By = 3 1+52Pm (109)
m m oo B i3 m#1
12%31322,% - 12221/,%1/\,,1“1\"15)2“)?,3 = 12v AL XD+ = 2 Y viALXE  (110)
2 m 2 m o ,B 2 m m Dé?él
+ 2 L vaAmeAm XX+ 130 Y vieAmaAnpXaXp (111)
"l "o patp
L EED WS RS O ppets o (112)
2 m;«él m#1

mapping gives §Zcm£m =18Xy = S Y gm(Cm+ ¢h) = AS(by + b1) with A = )\0(2(411)*%
m m
(113)

With the Bogoliubov condition the transformation laws can be written as,

1 Um Wy
2(,/w“+,/Vm>Am (114)

1 [ Vi [wy
Uma = > ( _wa Vs )Amtx (115)

On comparison we can also write,

=Y 2N, (116)
m
R =) Vi (117)
m
Ca =Y Vo Amalp (118)
m
AS(by +B5) =8 gm(em+ &) = A2w)V?Xy =Y gm(2vim) 22 (119)
m m
A2w)2Y Ayt = Y gm ()28 = A(2w1)? Ayt = g (2um)/? (120)
m m
%
_ 8m (Vm
A = <w1> (121)
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The above relation puts a constraint over the matrix element (elements of the first column) of orthogonal
transformation Now from the orthogonality condition we get, AyaAua = dmn We can write, with
Y A2, = 1that,

2 N2 i/w 2 1 /°°
A%y —;gmvm =57 )y wly(w)dw = [A? = 5o Jo wo(w)dw (122)
2,
ZV A2, and A2, = ‘f\ w3 = Zg (123)
1
2, 3_ 1 3
AMwy = 271/0 w’Jo(w)dw (124)

2 f0°° w3Jo(w)dw

1 (oo}
2 _ 3
wi = 27'()\2w1/o w’Jo(w)dw = |wy fooo wlo(@)dew (125)

Now after transforming the Hamiltonian in terms of position and momentum operators i.e. (£, Pm)
and then making the transformation to the new set of coordinates i.e. (Xm, ﬁm) we can again convert it
back in terms of new set of creation and annihilation operators i.e. (b, b},) we can write,

N N A A R R A 1 . R A .

H=Hs+Y vmthém+SY gm(ém—+ch) =Hs+ 5 ) [pfn +v,2nxfn] +5Y cmfm (126)
m m m m
U (127)
1 1 " - Ao N N
Ar = Hg+ = [Pl +w Xﬂ +5 ) [ 31+w2mxfn] +20SX1 + X1 Y CnXom (128)
m#1 m
= A5+ w1bfby + Y wmb! by +AS(by +b7) + (by +B7) Y I (b + b)) (129)
m#1 m#1
_1 _1 _1 Cm
where A = Ag(2w1) "2, by = Cp(2w1) "2 2wp) "2 = (130)
(4wmwy )

In the above group of equations we have identified c,; = (2wy,;)/2¢y. Let the new spectral function of
the residual bath be,

Ji(w) =27 ) h3é(w — wm) (131)

Now the next job is to express the Residual bath spectral function in terms of the old bath spectral
function Jo(w) which we will find for both type of mapping cases, the symplectic and unitary situations.
For establishing the relation between the new spectral function of the residual bath and the old bath
spectral function (the one before the reaction coordinate mapping) we can use two different techniques.
Let us consider the mapping between the two Hamiltonians H and Hy such that,

N A 1 A
A=Hs+ = Z{pmw (Zm L;s) } (132)
2 m Vm

‘59%2 Tis opo| 1 52 2921y 8% % %

Agr = Hg + 5 O 5| HwiXi| + Yo | PL+ wnXa | — AoSKy — X1 Y CunXon (133)
m
with Jo(w Zc 5(w — v and J; (w) g Y C25(w — wnm) (134)
m

2.1. Establishing the relation between the Spectral function of the residual bath and the old bath after one step of

reaction coordinate mapping

Replacing the system Hamiltonian by the classical hamiltonian[1][2] of a generalised coordinate g
moving in a potential U(g) we can write a classical hamiltonian also by replacing the bath modes by
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the classical position and momentum observables i.e. the canonically conjugate classical entities we
will get from the initial hamiltonian that,

P; 1 2
Hy= 5+ U@ + 31 | o] - gL+ 2L 5 (139)
m m m m

And the classical counterpart of the transformed hamiltonian (the one obtained after making the
reaction coordinate transformation) will be,

P; sO% , 1 1
HE = u(g) + 0+ ) [pf " w%X%] S [p,a " wznxgl} At — X0 Y X (136)
m#1 m

From 135 we can write the classical Hamilton’s equations of motion for g4 and x,,; such that,

_O0H ,  OoH _ aU(q) 2 o
q—a—Pq—Pq,Pq— i Tq%—;cmxm q;cmvm (137)
. ou
§="PF = —T(q) + ) emxm (138)
q m
oH oH
Xm = E);Tm =Pm,Pm = —m = —v,znxm + gcm (139)
Xm = pm = —1/,2nxm + qgcm (140)

Let us define the fourier transform of any arbitrary function f(t) as,
flz) = / F(H)edt with I>(z) > 0 (141)

Taking the fourier transformation of 138 and 140 respectively we get,

—ZZE]\(Z) = —al;;q) + Zcmfm(z) (142)
—22%(2) = =230 (2) + cmi(2) (143)

after eliminating X, (z) from the above equations we can write,

—

9 2 = 2 .
~24(z) = -5 0+ D 20,y S (144
_ 2 24 au(q)
-2 + L 2 - § 249 | - 20 (115)
- Uy
Lo(2)g(z) = === , (146)

Where Ly (z) has been defined as a Fourier space operator defined as,

~ C2
To(z) = [_ 24 602 - szfzz] (147)
m “m
Now using 134 we can write,
y o2 ehl),, 1o (@), a8
=2 —z2 mo w?—22 T w—2
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Where we have used the property that, Jo(—w) = —Jo(w).It allows us to define the Cauchy transfor-
mation of the older bath spectral function Jy(w) defined as,

Wo(z) = 1= de _ 2" wlo(w) dw (149)

T ) o —2 7)o w?—22

Using the definition of the Cauchy transform of Jo(w) we can directly express the Fourier space
operator in terms of Wy(z) such that,

Lo(z) = —2% + 60 — Wp(2) (150)
[ =22+ 603 — Wo(z)]3(z) = —al;;") (151)

Using the Cauchy residue theorem we can calculate the integral [149] by calculating the residue of the
integrand at the point w = z, a pole type singularity of order 1 such that,

% Ooo szoiuég dw = % X (7ti) x Resat (w = z) (152)
_ i W —2)wh(w) 1
Resatz = (}}li)nz m = ] (Z) (153)
Wo(z) = iJo(z) with z = w + ie we get lig(l) Im[Wy(w +i€)] = Jo(w) (154)

We can write with, W (w) = lim Wo(w + ie)| Now the Fourier space operator can be further
0 e—0 P P

simplified by using the contour integral evaluation such that,

: 2 Jo(w) 2 E/"" Jo(w) , 2 [ w]y(w)
with 6005 = / L dw we get Lo(z) = —z + D @ dw <)o w2_22dw (155)

Lo(z) = 222 ~__Jo(w) dw = —22 [1 + 2 /oo w]()(w)dw} = —22L(z) (156)

T Jo w(w?—2z2) 2 72)
=l / w(wz - z2 (157)
—/ olw ]0 Zz)dw—zx(ni)xResat(w_z) (158)
(w—=2)Jo(w) _ Jo(z) l]o( )
Resatz = (}}an (w2 (w = ) =57 = L(z)=1+ (159)
LO z2 [1 + l )] =722 - iJo(z) (160)
with z = w + ie we have Lo(w + ze) = —(w +ie)? — ifo(w + ie€) (161)
then lig(l) Im[Lo(w +ie)] = lig(l) [ —2we — Jo(w +i€)] = —Jo(w) (162)
Hence | Jo(w) = — lim Im [Lo(w + ie)] (163)
It is interesting to note that,
” ]Og")dw = 603 (164)
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Now lets use the same set of tricks to find out the hamilton’s equations of motion from the transformed
hamiltonian I:IR for q, X1 and X, for m # 1 from equation [136] we can write,

oHR

. 1 _ 5
4= _an Py, i=0 (165)
oHR au(
5 q q) 2
By =— 5 = ey 6059 + Ao Xy (166)
. OHF o
Xlza—Pl:.Pl,Xlzpl (167)
oHR
S, — 9 _ 2
P, = 3% = —wiXy + m; CnXm (168)
. OHF L
Xm:m:Pmer:Pm (169)
oHR
Py = ———t = —w? Xy + CuXy (170)
aXm

Altogther we write the equations for g, X; and X, for m # 1 as,

ou
G = —# — 805 + Ao X (171)
X = —wiXi + Y CuXn (172)
m#1
X = —w? Xy + CuXq (173)

Now taking the fourier transformation at both sides of the above equations we can write,

~24(z) = - 250 - 505(:) + a2 (174)

—22X(z) = —w%f(l(z) + Z CnXom(2) (175)
m#1

—2*Xn(z) = —wp X (2) + Cu X1 (2) (176)

Now eliminating X, (z) and X;(z) from the above equations and expressing everything in terms of
the action of the Fourier space operator on §(z) we can write,

> CnX1(2)
Xm(z) = h (177)
~ sy 9 C2 ~
X1(z) {wl —22=) %} = Aog(2) (178)
— Wi —z
22 oU ()
[ — 224503 — 0 ] 7(z) = - 24 (179)
> 2 c, 9q
(Ul — Zc — Zm m
Such that the above equation can be expressed as,
S au(q)
Lo(@)(z) = ~ 75,2 (150)
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. Where we have defined the Fourier space operator Ly(z) as,

AS

Lo(z) = —2% +60% — (181)

wi—22 — Zm—_zz

By definition we have,

Ji(w) = gzcﬁﬁ(w )

Defining the Cauchy transformation of the Residual bath spectral function J; (w) as before with,

Wi (z) = % 0°° Zzhf“;l dw (182)

we can write

2 o oo
ey )| (C) Uy L T CO A (183)

2 2 2 2 _
m Wy — 2 7TJo we—2Z 7T J—c0o W —2Z

Such that we can write,
A2
0

[w? — 22 — Wy (z)]

Due to the equivalence of the reaction coordinate mapping we can compare [151] and [179] we get,

Lo(z) = —2% +60% — (184)

AS
[w? — 22 — Wy (2)]

Wo(2) = —p 2
(=) = [w? — 22 — Wy (2)]

—22 45005 — = —22 4+ 003 — Wy (2) (185)

(186)

Let us define the transformed system renormalization term as,

o v G w0 2C2 — ]1
50?2 = Z = C (187)
m m

Again frorn the definition of the Cauchy transformation of J; (w) we can directly write that Wy (0) =
2 fo h h@) gy = 603 Such that in general we can write fori = 0,1,

507 = Wi(0)
From [186] we can write,
A2
Wi(z) =w? —22 — 9 188
1 ( ) 1 WO ( Z) ( )
The above equation along with the fact that, Q2 = W;(0) we can find the relation between 6033 and
503 given by,
A3 A

o3 = w? — (ﬁoz = |w} =003+ 502 (189)
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Proceeding in the same manner as before we can write,lin}) Im|[W; (w + i€)] = J;(w) such that from
e—

equation [188] we can write by replacing z — (w + i€) we get,

AZ

SN2 S N\2 0
Wi (w +ie) = w] — (w + i€) Wolw £70) (190)

MW (w + ie)

N 2 2 . 2 0""'0

Wl(w+1€)—w1_w _21w€+€ _W (191)
A3Im [Wy(w +ie)]

Im[W €)] = —2 0 192
m[W (w + ie)] we Wolw + )2 (192)

A3 lim [Im [Wo(w + ie)]]
lim Im [W; (w + i€e)] = 0 (193)
0 | tim [Wo(w +ie)

Such that we can directly write,

Aglo(w)
Wy (@)
Now we can express the denominator of the above equation in terms of Cauchy principle value integral
and the old bath spectral function i.e. Jo(w). By definition,

Ji(w) = (194)

g (U]O( ,)d/

WO((“‘J): 7)o w?—

Such that we can write,

Wo(w+i€) = %/700 (]O(wI)dw/

o (W —w —i€)

L IO(W')(WI_“’)]dw’+i71T [ o (195)

T ) [(w —w)?+ €2 W' — w)? +€?]

Which leads to,

/ 2
tim ot +ie) = W ) = | 17 [ SO el ase

Using the fact that the Dirac delta function can be expressed as a limiting form of the Lorentzian with
vanishingly small width such that,

L im =6(w—) (197)

Then we can finally determine [; (w) from Jy(w) using the equation,

T (w) = A O(w)z (198)

1p [l g |+ [fo(w))?

It is important to note that as pointed out before that the scaling transformation of c;, — ac;, with
« € Ronly affects Ag and §Q3 with the other quantities like w? and the spectral function of the residual
bathi.e. J;(w) remain unaffected by the scaling transformation. Now the transformed Hamiltonian
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i.e. i can be expressed in terms of 6Qy and the modified system renormalization term 6Q? by using
[189] and [187] as follows,

. 0B, 14 A% 1 R . o o .
Ar = A+ —25% + = [Pf + (602 + 2)xl} +- ) [P,% +w;xﬁ1] — 25X X1 Y CuXn
2 2 50 2 = =
(199)
1o, A5 o 6Qpa2] 1 s 2.6 Cmg 2
e+ ) [pl i (- 509 ] 3L, [pm + (R~ 2 R) } (200)

Now using the same steps we can find the relation between the spectral function of the resid-
ual bath and the spectral function of the old bath for the symplectic mapping discussed before
along with the Bogoliubov transformations discussed before. For the mapping between the two

hamiltonians achieved through the symplectic transformation with u,, = % [, / Z)—'z + 4/ 1‘;:::} Ay and

= ;{,/Zj:"—,/‘lj’ys]Amwehave,

H=Hs+Y vmchén+8Y gm(ém+eh) (201)
m m
) 2
after decomposition Hs = A\ + §2 2 Sm (202)
m
2
=AY +522g—;”+2vma+ @m+szgm(@m+a;) (203)
m Vm m m
N . c2 1 R ] 5 . .
= éo) + §2 Z ﬁ + 5 Z [pi +1222 | +8 Zcmxm with ¢, = V2Umem (204)
m m m J m
[}

. . A 2 1 1 [ . e« .

Ay = Héo) + szzziz 5 {pl +w1X2] 5 Yo P+ wiXa | +ASXi+ X1 Y CuXm  (205)
m <V m#1 L m#1

Again by defining 603 = ¥, ¢2,v,,% and the bath spectral function

Jsp(w) = 2n2gm — V) = n; ’Z&(w — V) using gm = \/Czime (206)

Then, again proceeding in the same fashion i.e. by replacing the system hamiltonian by a classical
coordinate § moving in a potential U(q) along with the replacement of the system operator S by g
and the bath mode operators by usual position and momentum operators we can write the classical
counterpart of the initial hamiltonian and the transformed hamiltonian respectively as,

P 505 5 1 2, .2.2
Hy = 5+ U(q) + — Tt chmxm +5 Y [pm + vmxm] (207)
m
r_ P 605 5 12 2 2 22
Hyt = 2F +U(0) + =207 + Aoq Xy + 5 | P + wiX] +§ Y | PhtwnXn| +X1 ) CuXm
m=#1 m#1
(208)
Now the hamilton’s equations of motion for g and x, from the hamiltonian H; will be,
ou

i+ oulq) +q60% + Y cpxm =0 (209)

9q m
X + VEXm + gem = 0 (210)
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After taking the fourier transform of the both sides of the above equations just like before and then
eliminating x,, we found,

L au(g)
K(2)q(z) = — = ; (211)
where K (z) = [—zzﬁ-dﬂﬁ—z%] = [—ZZ-I-cSQ%—%/OOO %dw] (212)
K(z) = [—zz + 0003 — %Wo(z)} (213)

Like before again we can define the cauchy transformation of Jsg(w) such that,

Wo(z) = po

(214)

(w? —22) M) W—2z

2 /°° w]sp(w) Jew — 1 [ ]SB(W)dw
0

Such that, the fourier space operator becomes, K (z) = [ — 2%+ 603 — 1Wy(z)]. Further calculation

using the fact that,
o _ 1 [*]sp(w) 1
605 =Y v, = —/ 28 dw = ZWy(0) (215)
0= &mmtm gy w 2
we get
K(z) = 2|1+ E —C% =—z2|1 + Js(w dw (216)
~ 12 (v}, — z?) ww2—22

Further evaluating the integral using the cauchy residue theorem we get,
K(z) = [—2* —2iJsp(2)] (217)

and then replacing z — (w + i€) we get,

Jsp(w) = —% lim Im [K(w +i€)] (218)

Jsp(w) = gré Im|[Wy(w + ie)] (219)

Now similarly from the Hamilton’s equations of motion of the transformed hamiltonian i.e. H;a we

can write,
ou
q+#+50 g+AoX; =0 (220)
X+ wiXi+Aog+ Y, CuXm =0 (221)
m
X 4+ W X 4+ CnX1 =0 (222)

Taking the Fourier transform of both sides of above written equations we can write,

> CnX
Xn(z) = 3= 5 _15;) (223)
%y(2) = Ao (z) (224)
— 224 w? — Zm

,ZZ)
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Eliminating X,,(z) and X;(z) and expressing everything in terms of §(z) we can write the operator
equation such that,

—

A2 oU(q) _
— 224503 - 0 a0 =-H9  Re)ge) =M@ (s
0 2 1 9q 1 g
[—22+wi - me _zz]
- A2
R(z) = [_ 24603 - AU (226)
[ 2+ w0 = Ln 2]
We define the spectral function of the Residual bath as,
2
Jre(w) = m ) —é(w — wn) (227)
m Wm
with, Wy (z) = 2 [° ‘(‘% =1/% I’fg ~dw we can write,
¢ 2 502 AG
K(z) = [—z + 0% — (228)
0 [— 22+ w? — Wi (2)]
Where we have used the fact that,
Ch  _ 1 [®wgclw), 1
Lata=q), wroz =W (229)

Now we can compare [213] and [226] them such that with the exactness condition of the RC Mapping
we can directly write,

1 A2
2 2 2 2 0
— 24005 — =Wy(z)| = | —z°+ 605 — 230
02 o )] { 0 [— 22+ w? — Wy (2)] (230)
1 A2
= “Wy(z) = 0 (231)
2 S T e
From the above equation we can write,
4)2
Wi(z) = —22% + 203 — -0 232
1( ) 1 WO(Z) ( )

Such that with, (5012 = %Wi(O) for i = 0,1 we can write a slightly modified equation connecting
(50% =Y, C3w,?and JQ% such that,

2 2 g
00 = w? — 233
Then following the same method and with lir% Wo(w + ie) = Wy (w)we can write,
e~
423 Jsp(w)
Jre(w) = 250 (234)
Wy (@) 2
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Now lets simplify the denominator part which can be written in terms of the older bath spectral
function and the Cauchy principle value of Jsg(w). We can write,

_ 1 Jsp(w) , _l/‘” Jsg(w')
W()((U)—n oow’—wdw :>W0(w+1e)—n N p—— (235)

/ ]SB w—w+ze)dw,
(w—w"?+ €2

lim Wy(w + ie) = hm Re[Wp(w +i€)] +1i 11rr(1) Im|[Wy(w + ie)] (237)
e—

Wo(w + i€) (236)

e—0
Re[Wo(w +ic)] = = [~ fﬁgf‘j jj,‘;;g? (238)
m[Wy(w + ie)] = %/j:o mdwl (239)

we know §(w — w') = lim

lin S — limIm[Wo(w i) = Jsp(@) (240

Re[Wp(w +ie)] = P/ {j?—w (241)
2 2
then |W; (w)|* = lin}] Wo(w +ie)|> = lir% { <Re [Wo(w + ie)]) + <Im [Wo(w + ie)}) } (242)
2 2
{ P / . {j’f « dw’] + {Isg(w)] (243)
Then we can finally write,
2
Jre(w) = 4A5]sB(w) (244)

1P gt dw’r+ [“"B(“’)r

2.2. Equation of motion technique to find the relation between the Residual bath spectral function and the Initial
spectral function for the case of particle and phonon mapping

The mapping visualized by the symplectic mapping is called the phonon mapping and the one
achieved through the unitary transformation is called the particle mapping. In this section we will
discuss the most general way to map between the spectral functions using the Heisenberg equation
of motion technique[3]for both the cases of phonon and particle mapping for both the bosonic and
fermionic case. First lets consider the situation for the phonon mapping.

2.2.1. Heisenberg Equation of motion technique for the phonon mapping

Phon mapping maps the two hamiltonians H and Hz, such that,
H=Hs+Y vmdhim+ S Y (hmim + It (245)
m m

HR = HRHH;% = HS + (4)11;{@1 + /\g(gl + E-{) + Z me;’Bm + (191 + BD Z (Hml;m + H:;B;L) (246)
m#1 m#1

Now for any arbitrary hermitian operator of the system say, A we can write the Heisenberg equation
of motion for it. We have,A(t) = e/t Ae=*H! such that,

%Et) —i[A,A(H)] = %it) = iSy(t) +iASy(t) [ba (t) + B (1)] (247)
dagt(t) vl (£) — i 8(1) (248)
dﬁ%t(t) ivmdt (£) + i S (1) (249)
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Where we have defined, $; = [Hs, A] and $; = [$, A] and also keeping in mind that any arbitrary

operator O can be expressed in the Heisenberg picture such that, O(t) = ¢iftOe~iH! Then let us define

the Fourier transformation of any arbitrary operator P(t) such that,

P(z) = / P(t)e* dt with Imz > 0 (250)

[ee]

Taking the Fourier transformation of the both sides of the above equations we get,

2 (2) = —Vmiim(2) — i58(2) = Am(z) = m (251)
iz}, (2) = ivml,(z) + ihnS(z) = al(z) = M (252)
m m“m m m (Z+Vm)
izA(z) = i$1(2) + 5= 1 / 832 i (2~ 2)d2' + - T / Sy (At (2 — 2)de! (253)

It is important to note that, the operators 4,,(z) and &}, (z) will not be hermitian conjugate anymore in
the fourier space and this is also true for by, (z) and b}, (z) as well. We can see that,

G (2) = L " an(t)edt (254)
it (z) = / T At (f)edr (255)
then [a,,(z)]" = /f i ah (e #dt — |at(—z) = [am(z)]" (256)

To derive the last equation we have used the convolution property of the Fourier transform. Lets
illustrate it mathematically starting from the definition of convolution. In general the convolution of
two functions f(t) and g(t) is defined as follows,

(Fr8) = 5= [ Flu)g(e—u)du 57)

such that the Fourier transform of the convolution of two functions is the product of their individual
Fourier transformations. Such that,

FI[f*g] = 5= / Z( £ x g)ei“tdt — (217'5)2 / c: / °; Flu)g(t — u)e dudt (258)
_ % / Z Flu) [zln / Z gt — u)ei“’tdt] du = % / Z F(1)G(w)e“ du (259)
where G(w) = % / °; ¢(1)e!dt along with E.T[g(t — u)] = ¢“"G(w) (260)

— ET[f*g] = G(w)F(w) with F(w) = % /_0; F(u)edu (261)

Where in the last step we have invoked the shifting property of the Fourier transformation. So, thye
inverse fourier transformation of the product of the fourier transformations of the functions f(t)
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and g(t) will be the convolution of the two functions i.e. (f * ). Such that, in the above mentioned
heisenberg equation of motion for A(t) we can write,

oA A )L ~ .

izA(z) = i$1(2) + 5 /_ So (1) [by () + BF (1)) et (262)
with [~ Sy (0)by (b dt = % [ Sz~ e (263)
and/ S ()bt (t)e*dt = 217T/§2(z’)19{(z—z’)dz’ (264)

Using the inverse fourier transfomation result with,

/oo F(w)G(w)e“tdw = % /j:of(u)g(t —u)du (265)

—00

Then substituting 4, (z) and 4f,(z) from [251,252] and then substituting it back in [253] we can write,

izA(z) = i$ (2 / 35 Z,|)22Vf vrzn $(z — 2)dz! (266)
with 1 ¢ 7”1”" v = % Ow —(Z _“’;?;2 ) —daw (267)

and Wo(w) = = [ 32105“;3 = _°; %dw (268)

izA(z) = i%(z / Sz [ / ~ (Z_“’Z]f’)(z“’_)wzdw} 8(z— 27 (269)
—i8(z) — / S(z w0 2 —2)8(z — 2)d7 (270)

2A(z) = / Ss(z wO 2 —2)8(z — 2)dz' 271)

It is important to note that, Jo(w) = 27t ¥, |hm|*6(w — vy ) and the fact that, 1irr(1] Im[Wy(w +ie)] =
€—

Jo(w). Now applying the same set of Heisenberg equations of motion for any arbitrary hermitian
operator of the system as mentioned in this context A starting from the hamiltonian obtained after the
reaction coordinate mapping i.e. i such that we can write,

d‘Z—gt) = iS1(t) +irS () [br () + b} ()] (272)

dB;Et) = —iwiby (t) —iAS(t) — i; [Houbu (£) + HBY, (1)] 273)
it

db;zft) = w1 b (£) +iAS(t) + i; [H;,b5,(t) + Hubm (1)) (274)

dBZt(t) = —iwmbw(t) — iHy, [b1(t) + B (1)] (275)

dgilnt(t) = iwn by () + iH [by (1) + b1 (1)] (276)
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Again by taking the fourier transformation of both sides of the equations and then eliminating the
operators by (z), b} (z) and then by, (z), b}, (z) sequentially we can write the following equations.

izA(z) = i51(z) +iA / $o(2) [b1(z — 2') + b} (z — 2)]dZ’ (277)
izby (z) = —iw1by (z) — iAS(z) —12 [Hnb (z) + Hyy b} (2)] (278)

* [ ht 7 pt
b(z) = — T l? ;(i)imbl @ and bt () = L ;(i);mbl @] (279)
zbi(z) = —wiby(z) — Z |Hm| 2wm [b1(z) + bi(2)] (280)

A A, Hpl2wm A
bl(Z) = —mS(Z) + Z (CU] |—|—Z)|(w(;)— ZZ) [bl(Z) + b-ll-(Z)] (281)

5 A s m|*2wm - 5
bi(z—2)+bl(z—7) = Nwi5(z ~2) (283)

{(Z -z ) OJ1 +4) ., mel(jm;))lz}
Then we can write,

zA(z) = 51(2) + % / $(2') 20 1° S(z—2')dZ (284)

{(z — 22 —w?+4Yy, —J,Hngjm;)lz}

Now by defining J1(w) = 27 Y., |Hm|?*6(w — wy) and the Cauchy transformation of J1(w) as Wy (z)

by,
Wi(z) = % Ooo Z;Zh—iwzgdw = 71_[ j:o %d(u (285)
Such that by invoking,
4wy Z M 2wy / = w]lz(ﬁi 7 dw = wiWi(z—2') (286)
we can finally write,
zA(z) = $1(z) + % /gz(z’) 21 S(z—2)d7 (287)

(-2 -t + - 2)]

Now by comparing [287] and [271] we can write that,

2

Wo(z =) 2ol (258)

[(z —2')2 — w? + w Wy (z — z’)]

o o 2
putting z' = 0 we get Wy (z) = @) + w o (289)

Now by substituting z — (w + ie) we can write,
422 Jo(w)

M= WG we @
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by using the fact ’chat,lirr(lJ Im|[J;(w +ie)] = Ji(w) fori = 0,1 and W (w) = lin}) Wy (w + ie). We have
€— e—
already shown the identity for W, (w)|? i.e.

Wi ()t = | 17 [ B ] [Io(w)]z 91)

Such that, we can write,

4/\210(60) .
{173f°°00 B,(“’)dw’} + [fo(w)}

The result can be generalized by writing in terms of a recursive relation which relates the bath spectral

Ji(w) = (292)

function at the present step with that in the preceding step such that,

113(1) Im[W,(w +i€)] = Ju(w) (293)
2
o (@) = A nlw) . (294)
1Pf°°oo {;(ww dw/:| + []n(w)]
_ A (w)
Jnp1(w) = (Wi ()2 (295)

2.2.2. Heisenberg equation of motion technique for the particle mapping in the Bosonic context

Now we will derive the relation between the Spectral density function of the Residual bath and
that of the initial bath using the Heisenberg equation of motion technique in the case of the particle
mapping which maps the two hamiltonians H and Hy such that,

H=Hs+Y vl im + Z (STt + h3y, St ] (296)
m
HAr = Ur AU} = Hs + w1l + Y wubl,b + /\[.§ by + 865 + Y [Hubibw + HibiBY]  (297)
m#1 m#1
With,
Jo(w) = 271; | |26 (w — Vi) (298)
hi(w) = Zn; [Hu|*6(w — wm) (299)

Now for any Hermitian operator A for the system we can write the heisenberg equation of motion
with the hamiltonians H and Hp respectively. Starting with the Heisenberg equation of motion with
H at the first place we can write,

AW _ 1A, Age)] and PO (11, 8,(0)] (300)
dt dt
After substituting H we get

dA(t)  .» , ot Nk 8 (A

% =1iS1(t) — thmSIam(t) —I—thmSz(t)aL(t) (301)
m m
d“z;t(t) = — iVl () — i, 8(t) (302)
At

() _ o at () + il SH(E) (303)
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Where in the above equations we have defined, [Hs, A] = $; and [S: A] = S, such that we can write,
(51, A] = —SI. And just to mention that any operator O in the Heisenberg picture is defined as,

O(t) = et Oe—iHt (304)

Now taking the fourier transfomation of the both sides of the equations we can write with P(z) =
[, P(t)e™*dt for Imz > 0,

zA(z) = §; z)——Zh /Sz(z am(z —2')dZ +—Eh* /52 f(z—2)dZ  (305)

20 (2) = —ivmin(2) — iH58(2) —> an(z) = — m5() (306)
Z+ U
&t
izal, (z) = vy, (z) + il 8T (z) = al,(z) = h:S—V(Z) (307)
— Vm
s hnS(z—2) o St (z—2)
m(z—2") = B and af (z—2') = e —— (308)
A =80+ [ S T Ll L Ry [ TRO) o L e S
27T z—z' —vy z—z’—i—v
(309)
We can write
— 0 an—w

. Now we can write the Heisenberg equation of motion starting from the transformed hamiltonian Fp
such that for any arbitrary operator O in the heisenberg picture we can write,

O(t) = e/frRt O~ iHR! (311)

such that fore the system operator A and for by and by, for m # 1 we can write the equations of motion
in the Heisenberg picture such that,

d’ZE” i81(t) +iAS2(4)B] (£) — iASF ()b (¢) 12
B — —icrba () = AS(0) =i T b () G13)
ot
db;ft) = iw b3 (1) +iAST(H) +i;H;Z?JL(f) G14)
dbzt(t) = —iwybm(t) — iH:bi (1) (515)
dbil# = iwmbl, (t) + iHyb3 (t) (316)
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Taking the fourier transformation we get,
2A(2) = &) + % [ 8682z’ - % [ 85z - )iz (317)
A A A A H;,by (2
cbu(z) = ~wnbu(z) ~ Hiyhi(z) = bn(z) = ~ a1 C) (318)
m
A Hy,b? (2
zb}(z) = wwbl,(2) + Hpbi(z) = b, = Z’”_—laf) (319)
m
2b1(2) = —wiby(z) — AS(z ZHmbm (320)
21 (2) = wibf(z) + AST(z) + EH;;IJ,L z) (321)
m
After a little bit algebraic simplification we can write,
)
bi(z—2) = — AS(z=2) (322)
/ |Hm |2
[z—z +wy — mzz+wm:|
Ct(y _ o
bz —2) = AST(z—7) (323)

2
{z—z’—an Zmz|Hm| }

Then after substituting by (z — ) and b} (z — 2') in [317] along with a little simplification we get,

R R A2 s 1 5
zA(z) = 51(z) + e /Sz(z’) o Stz —2)dZ
|:Z —z' - m z—z —wy, zria)m:|
2
A 1 A
+;\—n/5§(z’) 8= (324)
[Z—z’+w1 m = z"iwm]

Now by comparing equation[324] and [309] we can write,

hin|? A?
Y . _| Zj”'_ = (325)
n " {z—z’—(m Zmz|Hm }
|2 A?
and Z | ; | = (326)
z—2z + vy , |H |2
z—ztw - Zmz z—2 +wp
putting z’ = 0 in the above equation we get,
b A2
2 Z' - l - (327)
" [Z — w1 — Zm E—”J,m]
2
and Z Z' ’i”v = A (328)
2
" [z +w =Y., %]
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It is important to note that the two equations written above are not independent of each other. If we
replace z — (—z) in the first equation then we obtain the second one. Then we can write,

)L2

2

(329)
_ Tim |2
=
Substituting z — (w + i€) writing,
o |Hal> A2
W+ i€ — w; ;w—l—ie—wm = il (330)
m w-+ie—vy
We can write that,
, ©do’  Ji(w') A2
WO ) S wtie—w) | (o de @) (331
0 21 (w+ie—w')
Using the fact that,
2 © !
Zﬂ = i/ L),dw’ (332)
~ w+ie—wy 2mJo (w—w +ie)
[ ? 1 /°° Jo(«') /
larl —_— = — ———d
s1m1aryzw+l€_vm 21 Jo (w—w' +ie) @ (333)
. . ® do’ Jo (‘Ul) /
h = _——_—mhm - 4
with 7y + i o (w—l—ie—w’)dw (334)
we can write,
| “do' (@) Ay —id)
(U+l€—(,01— ) E(a}—i—ze—w’)_ 72_1_52 (335)
Now comparing the imaginary part and taking the limit € — 0 we can write,
1 —A?Jo(w)/2
@)= ) 2 (336)
[P [ 1|+ b
Using the fact that,
€
lim ——— = - 7
Py (w—w)?+e? Cat (337)
Such that,
|| o [Cdw’  Jo(w) Jo(w') i
— 1 — 1 — — - —
7= lm2w+ze—vm e0Jo 27 (w—o' +i€) 27r w — w’dw 2]0(“)) (338)
. . |Hn|* . *©dw’  Ji(w') 1
stmiiarly 1% m{;w—kie—wm S0 M 27 (w—w' +i€) 2]1((0) (339)
Now from [336] we can finally write,
4/\210(60)

Ji(w) = (340)

[W’f B(“‘L,dw’} + []o(w)}2

which essentially gives the relation between the Spectral function of the residual reservoir to that of
the bath spectral function before the RC mapping.
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2.3. Heisenberg Equation of motion technique for Fermionic particle mapping case

In this section we will derive the relation between the bath spectral functions before and after
the RC mapping for the fermionic case using the Heisenberg equation of motion technique. In the
fermionic particle mapping we discuss the mapping between the hamiltonians H and Hy such that,

H=Hs+Y vmhém+ Y [mcten + hjehc] (341)
m m
Hsg ="y hmém —2Y_hyeh, (342)
m m
H=Hs+Y vmhém+EY hwéw — Y nich (343)
m m m

HAp = UpAUL = Hs + wdidy + Y wndldy + Ae'dy — Aed} +dT Y Hypdy —di Y Hypdl,  (344)
m#1 m m

While writing the interaction Hamiltonian to maintain the hermiticity we have properly used the
fermionic anti-commutation relation. The for the system operator ¢(t) and &, (t) with the Hamiltonian
H in the first instance, we can write the Heisenberg equation of motion such that with,

O(t) = eftOe 1! (345)

Where O(t) being any arbitrary operator in the Heisenberg representation.

o =i[H,e(t)] =iS(t) =i} hmlm(t) (346)
dégt( ) iumen(t) — il (1) (347)
de(t) _ VS () + it (t) (348)

Where we have defined 5 = [Hg, ¢] such that, S(t) = [Hs(t), é(t)] Taking the Fourier transformation
of the both sides of above equations we get,

28(z) = 5(z) = Y hmlm(z) (349)
en(z) = —2nE) (350)

. e hw|?
26, = S(z) — Z ———8(2) (351)

Now writing the Heisenberg equation of motion for &(t) with the transformed Hamiltonian i.e. Hr we

get,
d‘; (:) = i$(t) — iAdy (t) 2
m#1
d‘f:;t(t) = —iwmdy(t) — iHE () (354)
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Taking the fourier transformation of both sides of the above equations we get,
? Hydy (2)
- _ 355
A (2) z+ W (359)
N P—C) (356)
H"l
izé(z) = i8(z) — iAdy (z) (357)
A A?
z8(z) = S(z) + ; é(z) (358)
[z w1 = L ZﬁZ)lm:|
Now comparing equation [351] and [358] we can write
2 2
T fre-n ]

Now we can write theb terms inside summation in terms of integrals such that,

—Z+ Uy —o0 21T W'z
~z+wm  Jco 2 z+ W

Now replacing z — (—w + ie) with e — 07 at both sides of [359] we get,

) ® do' (W) B A2
[‘“’*l‘?—/_wﬂ(m/—wwe)] = T dd @) (362)
—o0 27 (w'—w-tie)

We can write that,

[ do’ (o) o dw’ Jo(w') i

M) 2 @ —wtie) [ zfo(‘“) (365)
*©do’ (o) dw' Ji(w') )

surularly lll)l’(l) . Em - P / o 27_[ w, ] ( ) (364)

From [362] we can write by comparing the imaginary part of the above equation,

e—Im[/m Lo IC) }z( P (365)

0 27T (w’—w+ie) a? + p2)
fo(w/)
with a +if = / e (366)
Now taking lin(l) of the both sides of the equation and using [363], [364] we can write,
€—
4A% ]y (w
Ji(w) = Jof l (367)

2P 1 ] ]|
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Where we have used the fact that,

() / / 00 / /

—lim Im di ﬂ = lim Im dﬁ ﬂ (368)
e—0 o0 27T (W' —w +i€) €0 o0 27T (w — W' — i€)
® dw'  ei(w) 1

lim I —_— = = 369
S0 ™) 2 (w— w2+ 2 Zh(w) (369)
lim < = 78w — ') (370)

e—0 (W — w')? + €2

3. Quantum Master equation using the Reaction Coordinate mapping

.,
1
1
1

]

esidual
eservoir

pe)

Extended System -

Figure 2. Extended system coupled with the residual reservoir

As mentioned in the earlier context that, the method of reaction coordinate transformation is
used to analytically bypass the situation where the system under consideration is strongly coupled to
the bath. After one step of the reaction coordinate mapping if we want to describe the dynamics of
the extended system (System+R.C) along with the usual weak coupling approximation between the
extended system and the residual environment then it can be described by the usual Born Markov
approximated Master equation popularly known as the Redfield Q.M.E. This will eventually lead
to the markovian dynamics of the extended system which captures the collective information of the
system and some part of the original reservoir which is the reaction coordinate itself but as there is no
restriction over the coupling strength between the system and the reaction coordinate the dynamics
of the system of interest will be strictly non markovian in nature. The reduced density operator of
the system of interest strongly coupled to the bath can be finally obtained by taking the partial trace
over the reaction coordinate states after the reaction coordinate mapping. The mentioned prescription
can be utilized to investigate the dynamics of the systems strongly coupled to the bath as we cannot
write a general master equation to describe the dynamics of such strongly interacting quantum systems.

Here we will consider some examples which describes the modeling of such dynamics of strongly
interacting systems using the reaction coordinate mapping and Quantum master equations describing
the dynamics of the extended system weakly coupled to the residual reservoir. In the first example
we consider a three level atom to be more precise a three level maser connected to two different and
independent bosonic or fermionic reservoirs which are non-interacting and the system is strongly
coupled to both of them such that we will apply the reaction coordinate mapping over bothy the
reservoirs to analyze the dynamics of the extended system and later to extract the dynamics of the
three level atom.

In the second example we will consider the model of the single electron transistor where a spinless
quantum dot is coupled to two fermionic reservoirs independent of each other and at the same time the
quantum dot is also connected to a phonon bath essentially bosonic in nature such that, we will apply
the reaction coordinate mapping over the phonon bath to describe the dynamics of the extended system
in the weak coupling limit. Later we will explore the Reaction Coordinate Polaron Transformation
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method [4]a little bit of extension of the reaction coordinate mapping, with the polaron transformation
followed by the reaction coordinate mapping over the initial hamiltonian.

3.1. Three Level Atom connected to two independent Bosonic Reservoirs

For the present discussion we will assume the baths to be bosonic in nature and derive the master
equation for the extended system in the weak coupling limit and later generalize the results for the
fermionic reservoir case. There are three different configuration to describe the three level atom with
the A type, V type and the Ladder configuration  type. In general we can start with any one of the
configuration and eventually can write the equations for the other types just by inspection but here
we will consider the commonly used A type configuration of the three level atom connected to two
independent non-interacting Bosonic reservoirs characterized by different inverse temperatures say;,
B1, B2 respectively. As the baths are bosonic in nature we can take the chemical potentials of the baths
to be zero.

In the A configuration of the three level atom setup we consider only two allowed transitions and
one transition which is strictly forbidden due to the selection rule. Here we consider that, the three
level atom has three possible states which are generally taken to be the eigen-state of the Hamiltonian.
Let us denote the states by, [m) for m = 1,2, 3. We consider that only transition between |1) <+ |3) and
|2) <+ |3) are allowed by the selection rules but the transition between |1) < |2) is forbidden. Such
that we can think that it has three possible energy eigen-states i.e. three energy levels with the energies
corresponding to them being E,, for m = 1,2,3. Let us alos consider that, E3 > E, > E;. With |1)
being the ground state and |3) being the excited state and just to mention that in the A type atomic
configuration the intermediate state with energy eigenvalue E; and the excited state with Energy
eigenvalue E3 are narrowly degenerate states. As they are the eigen-states of the system hamiltonian
we can write with, Hs |m) = E,, |m) such that due to completeness relation and the orthonormality i.e.
(m|n) = dyy we can write,

Y |m) (m| = I3us (371)
m

Then we can write using the spectral decomposition theorem,
Hs =) Ep |m) (m] (372)
m

The full setup of the three level atom coupled with two independent and non-interacting Bosonic
reservoirs can be modeled by the Hamiltonian,

A = Hg + Hp + Hgp (373)
Hs =) Ey|m) (m| (374)
m
HB = ZHBm = 2 Z VrmBijrm (375)
m r=1m=L,R

Hgp =Y Hsg, = Hsp, + Hsp, (376)
m

H%:zkﬁpwmm@ﬂ 377)
-

Hsp, =Y, [xrzéjgfvrz + K;‘ZSABBL} (378)
T

Here we define the raising and lowering operators connecting the upward and downward transitions
occurring between 1) > |3) described by the set of hermitian conjugate operators 5;; = [1) (3|
and 5;; = [3) (1] and similarly the interplay between the transitions occurring between |2) < |3) is
governed by another set of hermitian conjugate operators 55, = |2) (3| and S3; = |3) (2|. They are
equivalent of the raising and lowering pair 6,6~ for the two level atoms.
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It is important to note that, SAB, S5, are the lowering operators with the hermitian conjugates being
the raising ones. In general for the case of thtree level atom it is usually customary to define then
operators, Sy, = |m) (m| and S, = |m) (n| such that we can write, can write,

Hs = ZEmémm (379)
S5 13) = 1), 8,3 = Sz and S5 = |3) (1] = S5; with S5 [1) = [3) (380)
similarly S5; 3) = |2),S,; = Sp3 and 533 = S5, = [3) (2] with $p3 |2) = |3) (381)

Modelling of this type of Interaction hamiltonians can be done assuming the interaction of the three
level atom with two different incoherent bosonic baths visualized via two different Radiation fields
such that, when the three level atom is interacting with one of the radiation field it allows the transition
between |1) <> [3) only and when the atom interacts with the other radiation field then it will only
allow the transition between |2) < |3) only and in the presence of both of them the other transition
is forbidden. Such interaction Hamiltonian written above can be systematically derived using the
dipolar and rotating wave approximation.

3.1.1. Modeling of the Interaction Hamiltonian for three level atom set-up

The quantized radiation field can be described in general for multi mode case with its electric
field and the free radiation field hamiltonians are given by,

1
EFH =i} ), (2€0V> [ams(t)eik”@Lse‘”‘m'?]éms (382)

m s=+
Hpirg = Y, Y Wmliiysiims (383)
m s=+
Ams () = Amse“nt and af ((t) = af et (384)
1
ER) =i T () dyeen” — b o076 (385)
o = 2€0V ms ms ms

Finally we have written the Electric field operator in the Schrodinger picture with é,s being the
polarization vector. Due to the conservation of the parity we can say that the parity operator and the
Hamiltonian Hg have the simultaneous eigenstates which means each eigenstate of the Hamiltonian
has a definite parity. Here we can construct the parity operator as IT = exp (it |3) (3|) = exp(i75;35;).
Such that, we can write, [H s, fI] = 0. So, the eigenstate of the Hamiltonian will carry either even or
odd parity which enables us to write the interaction hamiltonian of the three level atom coupled to the
radiation field in the dipolar approximation such that,

A

Hatom—field A~ —d-

japth

(7) (386)

3
d= Z m|dm) |m) (m| + di3 1) (3| + di3[3) (1] +drz [1) (2] +diy [2) (1] + 23 [2) (3] + 35 13) (2|
By definition the parity operator defined as, IT = ¢3¢ = (—1)SA1+35A173 it has eigenvalues +1 such

that, we can say I'? = [. Parity operator is an involutory operator. We know that parity operation is
an unitary operation such that, IT'TT = [ such that with TT?> = TT we can write, IT" = TT~!. Due to
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the definite parity of the energy states and the fact that the dipole moment operator being a vector

operator under the parity operation i.e. [1d1TH = —d we can say that,
Dy = (m|d|m) = — (m|T1d1T|m) form = 1,2,3 (387)
with IT|m) = (=1)” |m) form =1,2,3and p = 0,1 (388)
Ay = 0 (389)

Due to the definite parity of the energy states the diagonal matrix elements of the dipole moment
operator in the eigenbasis of the system hamiltonian vanishes and due to hermiticity we can say that,
cfnm = j*mn with, d:,m = <m|d$|n) Now if we neglect the spatial variation of the electric field associated
with the incident radiation in the region where the atom is sitting i.e. throughout the length scale of
the atomic spatial extent which will be off the order of few angstroms or alternatively we can invoke
the long wavelength approximation such that the wavelength of the incident radiation field is very
large compare to the atomic bohr radius of the three level atom under consideration we can further
approximate the interaction hamiltonian in the dipolar approximation as,

Hutom—field ~ _d_" E:(?A) (390)

Where we stick to the fact that along the length scale of the atomic spatial extent the spatial variation
of the electric field is negligible. Now using the definitions of the raising and lowering operators the
expression of the dipole moment operator can be further simplified to,

A
o - -

d = di3S ; + di3S7; + d13S5 + d3355; + d12Sp, + din S (391)

Then putting the expression of the electric field in [390] we can write,

1/2 - R - .
H”f = _iz Z <2(':(;"V> |:(d12'éms)elkm.mam5512 - (dlz-éms)eilkm‘mﬁ;ssliz

m s==+

1/2 - o X . o o
iy Yy ( 22):1/) (d13-8ms) €™ TA8,,sS 3 — (d1z-ms) e FmTaah ST

_

1/2 ¢ .
Wm S N Fan 6e T s N ifFant A
) (do3.6ms )€™ Ay S5y — (d12.ms)e™ """ Ady, S5

1/2
Wm A K T A O+ A ik Ta At O+
< ) (di-8ms) ™" A ms STy — (dip-ms)e " Ay, ST

1/2
Wiy I % oA A Tk A —'E Tast &
) (dT3.€ms)eZ m rAﬂmSSig — (dfg,.ems)e Hm rAamSSig

s—+ 2€0V L
1/2 -
. w 5 A ik Fan A % A ik Faat A
iy n (d§3.ems)e’km "4 85 Soy — (dp3.6ms )€ e at S (392)
M os—a 2€0V L ]

Now if we consider the entire hamiltonian of the atom coupled with the radiation field then it will be,

A= HS + Hfield + Haf = ZEmgmm + Z Z wma:rnsﬁms + Haf (393)
m

m s==+
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Now if we write the interaction hamiltonian i.e. H,  in the interaction picture then there will be some
counter rotating terms. Using the fact that,

eiHStsAi))e*iHSt = SAf e~ Wt with w31 = E3—E (394)
lHStS+ —ifAgt __ S+ iws t (395)
eiHStS\ise*lHSt = Si €7w32t with w3y = E3 - E2 (396)
1H5ts+ —iFgt _ S+ iwsyt (397)
giHstsAl_ze_let = Sl_ze_w21t with wy; = E; — Eq (398)
iAgt &+ ,—iHst _ &+ iwyt

ett's sze st = Slgel“’21 (399)
einigzdfﬁmse*inieldt — ﬁmse_iwmt (400)
eiH/ieldtﬁLSe*iHﬁezdt — ﬁ+ el“’m (401)

we can see that the following combinations produces counter rotating terms which can be dropped by
using the rotating wave approximation for the small detuning cases. We have,

fs (1) S35 (1) &2 s Sye " t@mlt a, (187 (1) ~ ﬁmSS’e’l(“’M*“”") (402)
at (185 (t) = af Shelwntemt gt (1) Sk (1) = at, Shellwatwn)t (403)
s (1) S5 (F) A BysSpze ™ (@atm)t at (1) SE () ~ af, szgel(wsz*wm)t (404)

The only surviving combinations that does not produce counter rotating terms will be,

s ()15 (£) & s Sye ™1 @m=w2)t gt (18T (1) ~ S el (@m—wn)t (405)
s (D)5 (1) & s Spe 1 @m=ws)t gt (1S (1) ~ S el (@m—wst (406)
fms (1) 833 (F) & s Sfpe 1 (Wn=w)t gt (1S (1) = at, Spel(Wn—wn)t (407)

Then after dropping the counter rotating terms in the interaction hamiltonian in the interaction picture
we will convert it back to the Schrodinger picture. Now if we consider that the interaction of the
radiation field with the three level atom only causes the transitions between the states |1) <> |3) which
can be mathematically justified by the fact that with, 12?12 “lps =0= 0723 - €ms then with,

1/2
S w T 2 o
$15 = _1<2€omV> (3 - bms) e’ 74 (408)

we can write the interaction Hamiltonian in the Schrodinger picture in the following form in the
dipolar and rotating wave approximation given by,

A=Y Y (g13am55 + gils*at 513> (409)

m s==+

where, g1 defines the coupling coefficient of the system operator with mth mode of vibration and
sth polarization state of the radiation field. In general if the coupling of the three level atom with the
radiation field does allow all the three types of transition irrespective of the configuration we have
discussed before then then the most general form of the atom field interaction hamiltonian can be
written in the dipolar and rotating wave approximation as,

=Yy <813 Tatims + 815 S 3ns + 855 S3alms + 855 Salims + 815 Stalims + 815 Suﬁ;s)

m s==+
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with the other interaction coefficients defined as,
w /2 o
815 = _i<2€omV> (i3 - &ms )™ (410)
172 L
w \V2 L
G @)

Now there can be two different situations firstly if the matrix element of the dipole moment operator
say 6?12,11_'23 vanishes then automatically the number of terms in the interaction hamiltonian will
decrease and we get back [409] and alternatively if the polarisation vector of the incident radiation
field is such that, &y, - 5712 = Cus - 523 = O1i.e. the polarization vector being orthogonal to the vectorized
matrix element then also we get the same thing. Now if for the time being we don’t consider the
polarisation degree of freedom of the radiation field then the interaction hamiltonian will be reduced
to,

Hyr =Y (kS50 4+ S35a)) (413)

There is an alternate way to cast the hamiltonian in the similar form. Let us define the new set of
operators b, IS,‘; such that,

Z gl s = Kmby and Z g{”f*a%s = K;B,L (414)
s==+ s==+
Haf = Z (KrSAEIAJr + K;FSAIB,EI) (415)

r

Now we know [dms,ﬁL/s,] = 0, 0sg and [ﬁms, ﬁm/S/:| =0= [ﬁ*ms,ﬁ;,s,} . Based on that if we insist to

satisfy the usual bosonic commutation relations between Em, Efn then with, [Em, B;] = Oun We must

have,

Yo Igis PP =Y lxml? (416)
s==+ m

3.1.2. Quantum Master Equation for the Three Level Atom without Reaction coordinate mapping

At first we will consider the three level atom is weakly coupled to two different radiation fields
(with the polarization degrees of freedom has not been considered) or say two independent bosonic
reservoirs described by the hamiltonian,

H = Hg + Hp + Hsp, + Hsg, (417)
Hs =Y Ey|m) (m| (418)
m
Hp =YY vemit}fem (419)
r m
Hsp, =}, (KnSl*aﬁn + K:aﬁlaﬁil) (420)
r
Hgp, =) (Krz%arz + Kfzgzgﬁ:rz) (421)
T
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Now with the usual assumption that initially the state of the supersystem i.e. the three level atom
coupled with the bosonic reservoirs being uncoupled we can write py(0) = ps(0) ® pp, (0) ® pg,(0).
Now if we assume that,
—piHp —piHp .
pp(0)=—2 ¢ > L with 7, = Tr, {e‘ﬁZHBz} forl =1,2 (422)
Trp, {eﬂlHBz} !

Then after the partial tracing with respect to the bosonic reservoirs at the limit of weak coupling
the dynamics of the three level atom can be described by the Born Markov master equation in the
Schrodinger picture given by,

Pl — o), 5] - % [ 1o, Hpsm © ps, <o>,HSB,,,<s>]HSB,,,] NS

After simplification the above master equation reduces to the usual Lindblad form without invoking
any further approximation apart from the fact that we have neglected the Lamb and Stark shift
Hamiltonian. The final form of the master equation will be,

dps(t)

=1 [ﬁs(t)/ Hs] +rmL[55]ps(8) + 71 (1 +1) LS33]0s(1) +712m2L[535]ps (1) + 72 (2 +1) L[S35] s (1)
(424)

where we have defined, 71 = J1(w31), 72 = J2(w32) along with, 7i; = (w31, T1) and 7ip = 7i(wsp, T).

The average excitation number of the bosonic bath is defined by the usual Bose distribution defined as,

Aw, T) = eﬁ‘"%l (425)
And the lindbladian is generally defined as,
L[G]ps(t) = Gps(1)G" — ;_{G*G ps<t>} (426)
And we have defined the spectral function of the mth bath as,
Jm(w) = Zn; [Krm |20 (w0 — Vym) (427)

Let us consider the situation when the three level atom is coupled to two independent radiation fields
characterized by their hamiltonians such that the coupling of the atom with the first radiation field
then it will lead to the transition between |1) <+ |3) such that the polarization vectors associated with
the radiation field say, &}, satisfies the orthogonality condition, dip - ey =0= dos - él.. And the
interaction of the atom with the other radiation field only allows the transition between [2) > [3)
such that the polarization vector associated with the radiation field will satisfy the other orthogonality
condition dy3 - &2.=0= dy - é2 .. Assuming that the radiation fields has been quantized within the
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cavity of same volume , we can write the hamiltonian of the full set-up; the three level atom coupled to
two distinct radiation fields can be written as,

H = HS + HB + HSB (428)
Hs =Y Ew|m) (m| =Y EnSmm (429)
m m
Hp =YY" Y vinabhisubmsa (430)
m o s==+
Hsp, =), ( Ziémsl%?fmsl + czslﬁfgfaim) (431)
m S=
HSBZ = Z Zi <Cm52§2+3f7m52 + érnsZSABE:nQ) (432)
m s=
Where we have defined,
- /2 o
gmsl =—i <2€no1V> (dTS : é\}ns)elkm.rA (433)
V2 172 =, T2 2
= —i(32%) (@) (434

Again with the same initial assumptions we will get back [424] with the coefficients 71, 72 has to be
written properly such that we can write,

n=r L [ o)l a®sck - sk (435)

n=m ¥ [1ea(ks)Pa®o(ck - wn)dk (436)
s==+

3.1.3. Quantum Master equation for three level atom with Reaction Coordinate mapping

Now, we will discuss the derivation of the quantum master equation for the three level atom
connected with two independent reservoirs which are assumed to be independent and non-interacting.
As we are interested to study the dynamics of the system which is the three level atom in the present
case in the strong system bath coupling regime we will use the reaction coordinate mapping to bypass
the strong coupling case by deriving the quantum master equation for the extended system. In this
scenario the extended system consists of the three level atom and the two reaction coordinates which
has been segregated from the two baths. Due to strong coupling we will not put any restriction over
the interaction coefficient or, coupling coefficient which describes the interaction between the three
level atom and the reaction coordinates while considering the effective system bath coupling. But the
interaction between the reaction coordinate and the residual reservoirs will be assumed to be week
such that the dynamics of the extended system will be markovian which can be described by the
Redfield quantum master equation. Let us consider the fact that, the three level atom is connected to
two bosonic reservoirs characterized by their spectral functions and temperatures T, for « = 1,2 which
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are assumed to be non interacting such that, before the reaction coordinate mapping the Hamiltonian
of the global system can be described by the Hamiltonian,

A=Hs+ ZHBa + ZHSBN (437)

A = ZEm |m) (m| = ZEmSmm with Sy = |m) (m| (438)
Hp = ;;vm wia Dma (439)

Hp, = ;vmaio;az?m (440)

Hgp, = ; (h 15501 + h;1§133;11> (441)

Har, = 7 (h 2S5 + hfn2§2‘313fn2> (442)

In this context we can use either the particle or phonon mapping which are obtained after the unitary
or symplectic transformation but they can be obtained from each other. So, in this present context
as the baths are bosonic in nature we will consider the bosonic particle mapping as the interaction
Hamiltonian of the atom with the baths before the reaction coordinate mapping has been written in
the rotating wave approximation. Such that after the reaction coordinate mapping from both baths we
can write,

HR = HES + ZHRw + HES—R‘X (443)
x

Hps = Hs + Hge, + Hre, + Hs—_re, + Hs_rc, (444)
Hps = ZEm lm) (m| + a4y 4 voada, + Ay (S S01 + S5t ) 4+ Ax(Shan + Spzah) (445)

HR,X = Zwma ma A (446)
m
Hes—r, = Y, <Hm1a{aiml + H:nlﬁldjﬁﬂ) (447)
m
Hes-g, =Y <Hm2ﬁ§dm2 + H,Zzﬁzdlz) (448)
m

Now according to the previous discussion related to the reaction coordinate mapping, the equivalence
condition or, the exactness of the mapping gives the following conditions,

2

Z|hmlx| e / 19 (w)dw for « = 1,2 (449)
:Z|hm,x| 0(w — V), ]a Z|Hm“| 0(w — wyy) fora =1,2 (450)

m

2 (0)
Wiw) = - i ( ) S fora=1,2 (451)
(17 1 Be0] 1 19w
» = 10
Vg = 27;2 /0 W] (w)dw = f}“’]) fora =1,2 (452)
[ 0 a
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Now, as the baths before the reaction coordinate mapping were assumed to be at temperatures Ty, T,
then even after the reaction coordinate mapping the residual reservoirs will also be at temperatures
Ty, T, such that we assume the residual baths being at the thermal state at the initial time with,

e_.BmHRm

fr,, (0) = Z , Zg, = Trg,, {e—ﬁmﬁm} (453)

Now, if the extended system characterized by the Hamiltonian Hgg is weakly coupled with the
residual reservoirs characterized by the hamiltonians Hg, for «# = 1,2 then the dynamics of the
extended system can be described by the Redfield quantum master equation obtained under the
born-Markov approximation. Such that we can write in Schrodinger picture,

Apext(t) _ [ 5 L oo
P%;() :z{pext(t)rHES} _; 0 e

{pext(t) ® Or,, (0), Hes g, (—S)} , HESRW,‘| ds  (454)

Now, if for the time being we assume that the interaction between the original system which is the three
level atom interacts with the two reaction coordinates weekly then even after the reaction coordinate
mapping the dynamics of the extended system can be described by the Lindblad master equation
which can be derived from 454 with the fact that we define any operator say, A in the interaction
picture as,

A (t) = ¢ (HES+20¢ Hre, + X0 ARy ) t At (I:IES""Z:X Hre, +La HRa) b (455)

The master equation in the Schrodinger picture obtained after the reaction coordinate mapping when
both the couplings between the system and the reaction coordinates and that between the extended
system and the residual reservoirs are weak will be,

APyt (t . A  ATAt T A _ Ala 1A
P%;() =1 |:Pext(t)/ HES] + Z'Ymnmﬁ [a:q]Pext(t) + Z')’m (”m + 1)[' [am]Pext(t) (456)

. 1
where £[¢]pext (t) = Epext(t)c" — 2{pext(t),a*@} (457)

In the above equation the sum variable m runs over all the reaction coordinates the number of which is
2 in the present case. We have defined,

Ym = ]‘r(nl)(vm) s iy = 71 (U, Tm) (458)

T (Vi) = 270 Y [ Ho 6 (vin — wrm) (459)
_ 1

ii(w, T) = ] (460)

Where, the spectral functions of the residual reservoirs i.e. ],,(f) (w) has been calculated at the frequency
of the reaction coordinates with 7i(w, T) being the usual Bose distribution function which is the average
excitation number of the residual baths also evaluated at the frequencies of the reaction coordinates
and at their inverse temperatures, (v, T, ) respectively.

Now, if both the baths are fermionic in nature characterized by the chemical potential and the tempera-
tures (py, Ty) for & = 1,2t then also we will obtain the similar type of quantum master equation for
the extended system after the reaction coordinate transformation with both the couplings between
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the system and the reaction coordinates and the same between the extended system and the residual
reservoirs being weak in nature. The master equation will be,

APyt (t . A  ATAt T A N ATA Ta
Pe:ic;( ) = l|:Pext(t)/ HES] + Z'Ymnm[' [a:q]Pext(t) + Z')’m (1 - nm)[' [am]Pext(t) (461)

ol AT A o 4 1. A
with L[¢]pext(t) = ¢ ext ()67 — z{pext(t),c+c} (462)

The only difference is that the reaction coordinates are single fermionic modes with, {ﬁm, ﬁn} =0=
{af,,al} and {4y, a}} = [6,, and the average excitation number i(w, T) will be the Fermi-Dirac

distribution function such that,
1

ePlw—p) —1 (463)

ii(w,u,T)=

Now we can generalize the cases of bosons and fermions by writing down the quantum master
equation for Py (t) in an unified way such that,

Aoyt (t . A ATt A N ATA Ta

pe;;( ) — l[pext(t), HES:| + Z’)’mnmc [ﬂj‘n} pext(t) + Z’)’m (1 + pnm)£ I:ﬂm:lpgxt(t) (4:64)

m m

c ATA A A 4+ 1. o A
with L[] fext (t) = Efext(£)" — z{pext(t),c c} (465)
Such that we can write,
[ﬁman - pﬁnam} =0= [ﬁiﬁ’; - pﬁiﬁ%} (466)
A At O
[aman — panam} = 1dun (467)
1

iy = fi(Vi, Ton) with i(w, T) = (468)

eﬁ(‘U—H) —-p
With, p = %1 for the bosonic and fermionic cases respectively. It is also important to note that, for the
bosonic case we have y = 0 but for the fermionic case the chemical potential is in general non zero.

There is an alternative way to write the master equation which holds for both bosonic and fermionic
reservoir situation. We can see that for both the bosonic and fermionic case with p = £1 we can write,

1+ pity = figyePrVm=tm) (469)

with, u,;, = 0 for the bosonic baths and non zero for the fermionic bath and also different in general for
m = 1,2. Such that we can write,

dpext (t)
dt

=i |:pext(t)/ HES} + E')’mﬁmﬁ [a;Jpext(t) + Z'Ymﬁmeﬁm(u)miym)ﬁ [ﬁm]pext(t) (470)
m m

keeping in mind that the operators 4,, obeys the usual commutation (anti-commutation) relations for
bosonic (fermionic) cases.

3.1.4. Quantum master equation with strong coupling

Now if the coupling between the system and the reaction coordinates is strong as opposed to
the previous case where we have assumed both A; and A; to be small then only we can deal with the
dynamics of the system in the strong coupling regime where there is no restriction over A,. Then again
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the dynamics of the extended system described by the hamiltonian Hgg can be described by 454. But
now any operator say, A in the interaction picture has to be defined by,

At) = o (Aes iy )t o1 (e o i, )t (471)

Then using 454 and a series of simplifications we finally obtain the quantum master equation which
describes the markovian dynamics of the extended system in the weak coupling limit but captures the
strong system bath coupling through the coupling of the system and the reaction coordinates giving
rise to the non-markovian dynamics of the original system. For the bosonic case the master equation
will be of the following form,

dpext (t)
dt
+iMy [pext(t)raﬂ [Bl - él] ik [pext(t)r‘iz] [BZ - CZ] +id [BI - CH [ﬁext(t)/ﬁl]
+iAy [BY — CI] [Dext(t), d2] + iAq [a1, Pext ()] B + iAo [A2, Pext ()] BY
+iA1 By [aF, Pext ()] + iAaBa (a3, ext ()]

= [pext(t)/ Hext] + 2 ')’mﬁmﬁ [ﬁ:n]pext(t) + Z ')’m(l + ﬁm)ﬁ[ﬁm]pext(t) + Enon—add [PAext(t)]
m=1,2 m=1,2

= i[pext(t)/ Hext] + Z'Ymﬁmﬁ[ﬁjn]pext(t) + Z'}’m(l + ﬁm)ﬁ [ﬁm]pext(t)
m m

(472)
= ﬁLiou [ﬁext(t)] + ‘CADiss—add [pext(t)] + ﬁnon—add [pEXi(t)} (473)

where we have defined,

Loson—ada[Pext ()] = idx [pext (),47] [Br — Cu] +ida [fext (£), 33) [Ba — Co] + i1 [B] — CJ] [fext (1), 1]
+iAo [BY — CI] [Dext (), d2] + iAq [@1, Pext (8)] B + iAo A2, Pext (£)] BY
+iAy By [a], fext ()] + iAaBa (83, Pex (1)]
with Loy [Pext(t)] = i[Pext (t), Hext| the usual Liouvillian part (474)

LADissfadd [pext(t)} = Z'Ymﬂmﬁ [ﬁk]pext(t) + Z(l + T_lm)[i [am]ﬁext(t) (475)

In general we can write,

dext (1) _
pe;;( ) = Dot [ﬁext(t)] (476)
D= ﬁLiou + ﬁDissfadd + ﬁn‘mfadd -

Where, in the above master equation 476 we can see that apart from the additive lindbladian term or,
the dissipator terms we have the non-additive dissipator terms which are essentially non-lindbladian
type. This master equation captures the essence of non-additivity and memory effect which arises due
to the strong coupling between the system and the reaction coordinates which is equivalent to the
strong system-bath coupling. The contribution coming from the non-additive term is encapsulated
within £, 444 [ext(t)]. Now, with the identification, $; = S;; and 5, = $,; and 7i(w, T) =

we have defined the operators Bl, 32, Cl, Cz in the above master equation as follows, o
Bi= [ 59 [T dsh (@)t + (e, T Ay (-s)e (478)

Ar=s) = | T aem IS (1) (479)

S$1(t) = eifest’ g o 1Hest’ (480)

&= [ 59 [Cash(@ye i) (481)
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=[5 / " s (@) [1 4 (w, Ty) | Ag(—s)e (482)
/ dr 2+ g, (1) (483)

Sa(t) = eflest' S~ 1Hest’ (484)

G = [ 59 [Cas (e dx(s) (485)

Where we have simplified the notations with,],gl) (w) = Ja(w) which denotes the spectral functions
of the residual reservoirs. Further simplification of the integrals appearing in the equations starting
from 478 to 485 by the denationalization of Hgg we obtain the following forms of By, By, Gy, G, after
dropping contribution from the principal value part of the integrals as follows,

8y~ Lo (o) Sk |Ea) (Ep § 1Ea) (El i o
E] 1(v)[1+ (v, Th) sz ZZm—l—E——Eﬁ)h(wﬁ"‘)[ +n(w/30u 1)]
(486)
_1 Sup [E2) () (v1)[1 + fi(ny, T 1+ A(wpy, T 487
—Zggw{h v)[1+7i(vy, 1)]_]1(wﬁa)[ + 1(Wga, 1)]} (487)
1)
G5 ;§—i(m TE, Ep) [h (wpa) — ]1(1/1)] (488)
.1 o |Ea) (E | 1 § |Ea) (Egl
Bzz5]2(1/2)[1+ﬁ(Vz,T2)];§—Z(V2+Ea P ZZ 1/2+E7* gﬁ)]z(wﬁ“)[l+ﬁ(wﬁa,Tz)]
(489)
—TZSS’Q'EM{J 21+ a2 )] - )1+ Ao T 490)
2aﬁi(V2+Ea_E) 2(12 2, 12 2(Wpa Bar 12
@ il <Eﬁ| 491
2™ 5 sz |:]2(wﬁa) - ]2(1/2)] (491)
Now if the spectral functions of the residual reservoirs are constant then with J;(w) = T'; and
Jo(w) = T we found,
Bi=1ir ZZM fi(vy, Ty) — i1 (wgq, T1) (492)
By = 2 2 v1+Ea—E5) 1. 11 1(Wga, 11
B l |Etx> <Eﬁ| _ _
By=3T ZZ—UZJFE“ E ){H(Vz,Tz)—nz(wﬁsz)} (493)
¢ =0and $; = s§3) 1) (3| (494)
G =0and $, = 523 = |2) (3] (495)
where Si) = (Eq|$1[Eg) and S13 = (Eu|$2|Eg) with wg, = Ep — Eu (496)
_ 1

It is important to note that for the case of the constant spectral function case the operators C; and
C, vanishes.|E,;) denotes the eigen-states of Hrg corresponding to the eigenvalues E,,. The exact
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expression for By, By, C1, €, considering the principle value contribution and the case where the spectral
function is not constant in general will be,

|Ex) (gl

B, = > sz{]1(wﬁa)[1 +7i(wpa, T1)] — J1(v1)[1 + ﬁ(Ul,Tl)]}

IEw<EﬁI © dw J1(w)[1 + 7w, T1)]
+ZZ_V1+Ea Ep) _wﬂl w—mn :

|Etx> (Egl ® dw J1(w)[1+fi(w,T1)]
-ﬂEZEZ—;;;E;—ﬁng 2T W

(498)

VY IE) (E
= %Z;ﬁ{h(wm)[l + 7w, Tr) — (1)1 +ﬁ(V1,T1)]}

+Zzgﬂa Em/

dw ]1 1—|—ﬁ(w Tl)]
271 (w — wpy) (w — 11)

(499)

E.) (E
B, = % ;% 1/1_|_|E—“><£[|3){]2(w/3a)[1 +7i(wpa, T2)] — a(v2)[1 +7i(v2, Tz)]}

|sz> (Egl ® dw h(w)[1+ii(w,T)]
+122m _OOEZ w—1 :

|Ea> (Egl ® dw h(w)[1+fi(w, T)]
_EZ V2+sz Eﬁ)P ,oo§2 W — Wey :

By= 1 “’5|E“><Eﬁ| 14 i(wpe T 1+ fi(vy, Ty)]bi
Z—E;z;m{h(wﬁa)[ + i(wpa, T2)] = Ja(v2) [1 + 71(vy, To)|bigg}

dw ]2 1+1’_l(w Tz)]
+ZZS |E) EIP/ 2 o — o) (w =) (501)

ZZ 1/1+E—>£Eﬁ;) [h (wpa) — ]1(1/1)] (502)

(500)

S |E (Egl ® dw J1(w) ® dw J)(w)dw
ﬂ 1 1
+;§ (v1 + Ex — Ep) [P oo 2T W — 1 -7 mﬂw—wﬁj (503)
zzﬂ[f (w0se) = )] (504
(1 + Ex Eﬁ) 1(wga 1(1

+;§ 1)|E,,¢ E,3|P/ Ji(w) (505)

—vp)(w— wﬁa)
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e (Egl
;ZEW_E’g)[h(ww ]2(1/2)] (506)

S,x |E) (Egl ® dw Jr(w) ® dw Jr(w)dw
B 2 2

+;§1/2+Ea—15ﬁ){73 _wﬁw—vz_P —oomw—wﬁ,x} (507)

)a (Egl
Z ) Vz+E——E;3) {]2(‘0/504) - ]2(1/1)] (508)

J2(w)

+ZZSM§ |Eq) E,gIP/ @i =) (509)

Now, this modified quantum master equation 476 describes the highly non-markovian dynamics of the
system which is the three level atom in our case. We can define the norm of the operators 131, B,, Cl, G,
as the measure of non-markovianity. In general the norm of any operator is denoted by ||A||. In the
master equation the additive terms describe the connection of the system operators and that of the
reaction coordinate as, the operators B;’s and C;’s are system operators. The non-additive dissipators
in the master equation captures the effect of the system’s coupling with the reaction coordinates which
has been assumed to be strong in this case. But,in the additive dissipator like terms which are strictly
lindbladian in nature only describes the rates of upward and downward transitions due to its coupling
with the residual reservoirs which has been assumed to be weak.

Now it is also important to note that, although the above situation has been discussed in the context
of the bosonic reservoirs but still the frequency integral ranges from —oo to co which is not desirable
for the bosons as w cannot be negative in the Bose distribution, so preferably the integral should be
from 0 to oo and also in the case of Bosons the spectral function cant be taken to be a constant with the
frequency integral ranging from 0 to co due to the divergence of the integral. But for the case when
Bw > 1 then the above expressions will be valid even with a constant spectral function and the lower
limit of the integral being fixed at some cut of instead of 0 or even we can keep the lower limit of the
integral to be —oco even when we are dealing with bosons.

As usual we can generalize the above master equation for the case where the reservoirs are fermionic
with some minor changes but there will be no problems while calculating the frequency integrals as
frequency can be negative as well for the fermionic case and the spectral function can be constant.

3.2. Theory of Mesoscopic lead construction

rResidual-Reservoirs  tead oy :

- Residuat Reservoirs EExtended System: System + Lead

®—’@ G——®

In this section we will discuss the aspects of the Mesoscopic lead construction shown in the above
figure which is an example of the generalized reaction coordinate mapping where instead of dealing
with infinite number of bath degrees of freedom we approximate the situation where we need to deal
with only a finite number of bath modes which are called lead modes achieved by the Mesoscopic lead
construction. Now, the number of lead modes required to bypass the problem with reasonably good
approximation is a computational task. The idea is to get rid of the infinite number of bath modes and
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to work with finite degrees of freedom of the bath which will be computationally preferable. Here
in the present context the bath is gain modified as we have done earlier in the case of the reaction
coordinate mapping such that, the original bath after the mesoscopic lead construction consists of the
lead which is a collection of finite number of bosonic or fermionic modes depending on the nature
of the bath before the mapping and the finite number of residual reservoirs having infinite number
of degree of freedom which are mutually non interacting and independent but they are individually
connected to the lead modes which can be either bosonic or fermionic such that the mapping has to
be exact. The above diagram shows the mesoscopic lead construction with only one bath but can be
generalized for finite number of baths as well.

Let us consider the hamiltonian of the system coupled to a single bath before the mapping given by,

A= Hs + HB + HSB (510)
(0]
Hp =Y vmdydm (511)
m=1
Hsg = Y (xmS'dw + xd},S (512)
m=1

Where, S being any arbitrary non hermitian system operator and the interaction hamiltonian is written
in the rotating wave approximation in general. The mesoscopic lead construction establishes the
mapping between the two hamiltonians H and H  such that we can write the hamiltonian of the
system after the mesoscopic lead construction as follows,

Haq = Hewt + Hr + Hig (513)
Hexy = Hs + Hy + Hgp. (514)
Lp
Hy =Y wnidlin (515)
m=1
Lg
Hgp =) [kmﬁ*ﬁm + k;am] (516)
m=1
N LB o0 LB N N
Ar= Y Ar, = Y Y @mbfubrm (517)
m=1 r=1m=1
N oo Lp . .
Ar=Y Y {arma;brm +¢:mb:mam] (518)
r=1m=1

Lg denotes the number of the lead modes which is finite in this case. Now, the exactness condition of
the mapping leads to the following,

o0 Ly
Y [Km_é*dm - K;;dAmSA:| =) [km§+ﬁm + ﬁ,’;a;sﬂ (519)
m=1 m=1
o . Lp =) Lp
Y kmdm =Y R, Y wkpdl, = Y Rl (520)
m=1 m=1 m=1 m=1

Now, the requirement that the commutation (anti-commutation) relations for the bosonic (fermionic)

case will remain intact before and after the mesoscopic lead construction such that with, [aim, d;,} =

+
0= {d;,,d;]
+

directly write,

and {tfm,tﬁl] = [6,yn and {fzm,fzn] =0= [ﬁfn,ﬁﬂ and {dm,ﬂ] = [6n can
+ + +

+

L

) B
Y leml? =Y [ful? (521)
m=1
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Where we have defined the general commutator (anti-commutator) bracket for any two arbitrary
operators A and B as,

[A, B} _ AB+BA (522)
=+

We note that, the mesoscopic lead construction is just an extended and general version of the reaction
coordinate mapping belonging to the category of bosonic or fermionic particle mapping. Now similarly
in the weak coupling limit the dynamics of the extended system can be described by the Redfield
quantum master equation which is coupled to the residual reservoir. Along with that, if we assume
that the coupling between the system and that of the mesoscopic lead is also weak then we can write
the master equation for pey(t) in Schrodinger picture as,

10 0, ] + X5 £ 03] 000)+ 35 (1) i) 529
with £[¢] fext(t) = pext (t)e" — ;{pext(t),e*é} (524)
Along with,

[ﬁmﬁn - pﬁnﬁm} =0= [ﬁjnajl - pﬁ,tﬁ;} (525)
[ama; — pa;am} = [6un (526)
iy = fi(wy, T, n) with ii(w, T, u) = M (527)

We have defined ,
Ym = Jm(wm) , Jm(w) = i (528)

b

The above equation is general for the bosons and fermions with, p = £1 respectively.

3.3. Single Electron Transistor

The single electron transistor can be mathematically modeled by a single spinless quantum dot
[5] connected to two different independent and non-interacting fermionic reservoirs and at the same
time connected to a phonon bath which is bosonic in nature. All the three baths are independent and
non-interacting such that the entire system can be described by the Hamiltonian of the following form,

A= HS + Hel + th + Hs,el + HSfph (529)
As = wod'd (530)
Hy =YY vimcléem (531)
r m
As 4=Y Y [Krmd“*érm + K;kméjmdﬂ (532)
r m
. 1. X
Ay = 5 ; {p%ﬂ + w%nxfn} (533)
. t 7 o T
Hs_pp = —d'dY hpty + (d'd)*y_ 2 (534)
m m wm
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The last term in Fg_ ph is essentially treated as the system renormalization term which is generally
dropped while deriving the quantum master equation for the system but it can be absorbed in the
hamiltonian of the system itself with,

o0 = 2;12 n (535)
Such that we can write,
H = Hg + H + Hpy, + Hs (536)
Ay, = ;; [;a%n + @2 (R — h’;d“fdﬂ (537)
A, = ; ; Vel Crm (538)
As ., = 2 ; [K,md“*é,m + K;‘majmai} (539)

Now if we apply the reaction coordinate mapping for the phonon bath then after the reaction coordinate
mapping the hamiltonian will become,

A 1[4 A
A = wydtd + ZZVrmCrmCrm + ZZ [Kymd rm + 15, Et d} > [Plz + Q%Xﬂ
1 . A PN
+5 Y {P,ﬁ + Q%nxﬂ — AodtdXy — Xy Zcmxm + = 2 d*d)z (540)
m#1
603 1 1A .
— (wo + —2 )d“*d + ZZVrmCrmCrm + ZZ [K,md Crm 4 15t d} +3 [Plz + Q%Xﬂ
1 o« o N A N
+= Y [P,Zn + Q%ZX;] —Aod'dXy — X1 Y CruXim (541)
2 m#1 m
= H/xt + szrmcrmcrm + ZZ {Krmd Crm + K* A+ A:| + 3 Z |:P2 + Q2 X2:| - X] Zcmxm (542)
m

Where we have defined the extended system which comprises of the single spinless quantum dot
coupled with the reaction coordinate such that,

A, = whdtd + % [1312 + Q%X%} — AodTdXy (543)

503

where w) = wp + — >

(544)

Finally writing the operators X,, and P, in terms of new pairs of bosonic creation and annihilation
operators (&, d},) such that with,

1 1
. 1 \2[, 4] A A\ [+ .
X = (20,n> {um + aL],Pm = z(zm) [afn — am} (545)
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we can write,
A=H,+ ZZvrméImc}m + YN | kemd e + Ky 8hd
r r m
+) szf i — (A +8%) Y Hy (8, + a}) (546)
m#1 m
A, = wid'd+Qata—Ad'd(a+a") (547)
H = Hpyy + Hey + Hs_o + HRhE + Hre-re (548)
= ), Onitnfn Hrc—ge = —(2+2") Y Hon(m + (549)
m#1
14+ = woi'd + Hye + Hs_gc (550)
HArc = Qa'a, As pc = —Ad'd(a+a") (551)

Where we have denoted the residual phonon bath hamiltonian by quh, re and Hgc_gE describes the
interaction of the reaction coordinate and the residual phonon bath hamiltonian. Where we have

A _ Cn
\/(;70) and H,, = NCTomok

renamed 41 = 4 and )y = Q) such that the frequency for the reaction coordinate is (). Just to mention

redefined the interaction coefficients respectively as, A = We have also

that the exactness condition of the reaction coordinate mapping gives,

d“*thmxm =Aod'dXy = Aj= th (552)

Along with the other conditions establishes before in the section of reaction coordinate mapping given
by,

O204p = Y Wi AumApm (553)
m

Now as we can see that due to the interaction between the quantum dot and the reaction coordinate the
Hamiltonian of the extended system i.e H’,, is not diagonal. So in order to diagonalize the Hamiltonian
24

ext
the Hamiltonian H!,,. Let us define,

we can use a specific unitary transformation called the Polaron transformation which diagonalizes

U = exp l:?)d,\flj(ﬁ - ﬁf)} (554)

such that it satisfies the unitarity condition i.e. Ut = [ which can be readily understood from the
fact that the fermionic creation and annihilation operators commutes with the corresponding bosonic
counterparts. Then with the unitary transformation of H.,, with U it can be made diagonal such that,

Aext - UHéxtu+ (555)

UA., 0" = UAUT + UARcUt + UAs_gcU? (556)

UAsUT = whd'd (557)

UHRcU" = QUa™UT0a™ Ut = O [ﬁ + gd“hi] {a* + gdﬂi} (558)
982 ot ot il st 2A s s

LIHS_RCU =-Ad'd|a+a" + ﬁd d (559)

UA., U = whdtd + Qata - d“*d @odtd + Q (560)
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Where we have introduced the redefined quantum dot frequency denoted by, @ defined as,
A? 1w h2, A2
S A S e B
@ =wp— "5 =W~ 5 ; 20 (561)
And we have used the B.H.C equality such that with,
eABe = B [A, B] ro {A (4, B]} . (562)

Now with, A = %dmrdA (a— fl+) and B = 4 we get, [A, Bl = 63“07 such that due to the commutation

of the fermionic operators with the bosonic operators we can write [A, [A, B]} = 0 such that, we can

directly write,

Uata’ = at + %d“*ci (563)
Uall' = a+ %d“*ci (564)

Such that the diagonalized Hamiltonian of the Extended system obtained after the Reaction Coordinate
polaron Transformation is given as,

AP, = @yd'd + Qata (565)

As we can see that

frequency @y and the Hamiltonian of the reaction coordinate such that the energy spectrum of the

D is separable and can be written as the sum of

¢ is just the sum of the hamiltonians of the quantum dot with a modified

diagonalised hamiltonian is readily obtained. As H
the micro-hamiltonians of the quantum dot and the reaction coordinate then the energy eigenvalues
will be the sum of the energy eigenvalues of the quantum dot and that of the reaction coordinate
which is equivalent to a 1D harmonic oscillator, such that due to the fact that, (d*d)?> = d'd i.e. the
fermionic number operator is idempotent then it can have only eigenvalues 0 and 1 respectively and
the eigenvalues of the reaction coordinate Hamiltonian will be n() apart from the zero point energy

term. Such that the energy eigenvalues of HZ, will be,

ext
ES = @op + nQ (566)
where, p can be either 0 or, 1 and 7 goes from 0, 1, .., co.
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