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We present a semi-analytic and asymptotically exact solution to the problem of phonon-induced
decoherence in a quantum dot-microcavity system. Particular emphasis is placed on the linear polar-
ization and optical absorption, but the approach presented herein may be straightforwardly adapted
to address any elements of the exciton-cavity density matrix. At its core, the approach combines
Trotter’s decomposition theorem with the linked cluster expansion. The effects of the exciton-cavity
and exciton-phonon couplings are taken into account on equal footing, thereby providing access to
regimes of comparable polaron and polariton timescales. We show that the optical decoherence
is realized by real phonon-assisted transitions between different polariton states of the quantum
dot-cavity system, and that the polariton line broadening is well-described by Fermi’s golden rule
in the polariton frame. We also provide purely analytic approximations which accurately describe
the system dynamics in the limit of longer polariton timescales.

A quantum dot (QD) embedded in a solid-state optical
microcavity presents a fundamental system within cavity
quantum electrodynamics (cavity-QED)Y. The QD exci-
ton couples to an optical mode of the cavity in a manner
well described by the exactly solvable Jaynes-Cummings
(JC) model*®. Within the strong coupling regime there
is a partly reversible exchange of energy, with a period
Tic, between the exciton and the cavity mode, which
gives rise to polariton formation and characteristic vac-
uum Rabi splitting® ™.

Whilst not accounted for in the JC model, there is
significant experimental and theoretical evidenceé®22 to
suggest that phonons play a crucial role in the optical
decoherence of the QD-cavity system. The general phe-
nomenon of phonon-induced dephasing in semiconductor
QDs is well studied; it has been successfully explained
and quantified by the exactly solvable independent bo-
son (IB) model®. This model describes a polaron, formed
from a QD exciton coupled to bulk acoustic phonons#%,
with a characteristic polaron formation time 7yg. The IB
model accounts for the major effect of the non-Markovian
pure dephasing but is known to fail treating the exciton
zero-phonon line (ZPL) broadening®”.

It is natural to draw upon the JC and IB models when
addressing the problem of phonon-induced dephasing in
the QD-cavity system. However, the combination of the
two models presents a significant challenge. Various ap-
proaches to the QD-cavity problem have been suggested
in the literature, ranging from Born-Markov approxi-
mations® ¥ to path-integral methods!#1526730 apnd non-
equilibrium Green’s function techniques®. These ap-
proaches can be broadly divided into perturbative and
non-perturbative methods.

The perturbative methods employ a polaron transfor-
mation followed by a perturbative treatment of the cou-
pling of the phonon-dressed exciton to the cavity mode,
carried out in the 2nd order Born approximation®1
or beyond!  These approaches perform well in cer-
tain parameter regimes but break down, for example,
when the polaron formation time g is comparable to, or
slower than, the exciton-cavity oscillation period of the

polariton 7j¢.

Non-perturbative techniques based on a quasi-
adiabatic Feynman path-integral scheme?® enable accu-
rate numerical solutions but are computationally expen-
sive and provide little insight into the underlying physics.
Nahri et al*® apply a tensor multiplication scheme?® to
the case of a QD-cavity system with super-ohmic spec-
tral density. This technique relies upon a complex algo-
rithm with an “on-the-fly path selection” optimization<.
Glassl et al1¥ present a real-time path-integral scheme?
adapted for a QD in a lossless cavity. Cavity and QD
dampings are included within later work??, but in this
case the exciton-phonon coupling is added phenomeno-
logically.

In this paper, we present a semi-analytic exact solu-
tion of the long-standing problem of the phonon-induced
decoherence of the QD-cavity system. Our approach is
based on the Trotter decomposition with a subsequent
use of the cumulant expansion technique?32531 which
provides a computationally straightforward and physi-
cally intuitive formulation. Being non-perturbative, our
approach treats the effects of the exciton-photon and
exciton-phonon couplings on equal footing, thereby ren-
dering the technique appropriate across the full range of
both coupling strengths, as well as timescales 75 and
Tyc. We additionally provide a physical interpretation of
our findings based on a theoretically rigorous polariton
model.

A key principle of the present method is a separation of
the system Hamiltonian into two exactly solvable parts,
H = Hjc + Hig, described by the JC and IB models
respectively. The JC Hamiltonian has the form (h = 1):

Hjc = wxd'd +weala + g(a’d + d'a), (1)

where d' (a') is the exciton (cavity photon) creation op-
erator, g is the exciton-cavity coupling strength, and wx
(we) is the exciton (cavity photon) complex frequency,

wx,c = Qx,c —iyx.c- (2)

The imaginary frequency component vx (y¢) character-
izes the long-time ZPL exciton dephasing (cavity mode



radiative decay) rate. Note that this non-Hermitian
Hamiltonian Hjc is straightforwardly derived from its
Hermitian analog through the Lindblad dissipator for-
malism, as shown in Appendix[A]

For convenience, the ZPL term from the standard IB
Hamiltonian®? can been included within Hjc, Eq. ,
giving Hip of the form:

Hig = Hpy, +d'dVv, (3)

where H;, is the free phonon bath Hamiltonian and V'
describes the exciton-phonon interaction,

Hpn = qubgbq , V= Z Aq(bg + bT—q) )
q q

Here, b:fl (wq) is the creation operator (frequency) of the
g-th phonon mode and A, is the matrix element of the
exciton-phonon coupling.

It is instructive, at this point, to formally introduce
timescales 7j¢ and 7g associated with the JC and IB
Hamiltonians respectively. The polariton timescale T3¢
characterizes the temporal period of the Rabi oscillations,

27
TIC = Aw ) (5)
where Aw is the polariton line separation. In the absence
of phonons and for the case of zero detuning, Qx = Q¢,
the polariton Rabi splitting is simply twice the exciton-
cavity coupling strength: Aw = 2g.
We define the polaron timescale as

TIB%\/i’]Tl/vS, (6)

where [ is the exciton confinement radius and vy is the
sound velocity, Throughout this work, we take [ = 3.3 nm
and vy = 4.6 x10° m/s. Note that Eq. (6) underestimates
the polaron timescale at very low temperatures (< 5 K) -
see Appendix[E]for further discussion. Physically, the po-
laron timescale characterizes the time to form (disperse)
a polaron cloud following creation (destruction) of an ex-
citon.

Whilst our approach is general and suited for describ-
ing the dynamics of any elements of the reduced density
matrix of the JC sub-system, in this paper we concen-
trate on the most simple and intuitively clear quantity:
the linear optical polarization. For this purpose, it is
sufficient to reduce the basis of the JC system to the fol-
lowing three states: the absolute ground state |0), the
excitonic excitation |X), and the cavity excitation |C).
In this basis, d' = |X) (0] and a' = |C) (0|. The linear
polarization is then given by a 2x2 matrix P(t) with the
matrix elements Pji(t) expressed in terms of the time

evolution operator U(t) as

Pir(t) = ((G1 U () [k))p »

where (...)pn denotes the expectation value over all
phonon degrees of freedom in thermal equilibrium and

U(t) — €inht€7th , (7)

J,k = X, C, see Appendix[A]for details. Here, j indicates
the initial excitation mode of the system and k the mode
in which the polarization is measured. For example, Px x
(Pcc) denotes the excitonic (photonic) polarization un-
der a pulsed exciton (cavity) excitation.

Using Trotter’s decomposition theorem, the time evo-
lution operator U(t) can be re-expressed as

TR — 1 iHpnt (,—iHipAt , —iHjcAt\ NV
U(t) = Jlim et (e7Hmltemhed) T, (8)
where At = t/N. We introduce two new operators, M

and W, associated with the JC and IB Hamiltonians,
respectively,

M(tn _ tn—l) = M(At) = e—iHJCAt’ (9)

W(tn, tn—l) — 67;thtne*iHIBAtefinhtn—l’ (10)

where t,, = nAt. Exploiting the commutivity of Hjc and
H,;,, enables us to express the time evolution operator as

a time-ordered product of pairs W M:

N
Uty =T [[ W(tn,ta-)M(tn —tar),  (11)

n=1

where 7 is the time ordering operator. Noting that both
W and M are 2 x 2 matrices in the |X), |C) basis and
that W is diagonal (with diagonal elements W;), the po-
larization Eq. takes the form

Pj (t) = Z U Z MiNiN—l T MizilMilio

iN1=X,C  i1=X,C
X <W1N (t7 tN—l) e Wi2 (tQa tl)Wi1 (t17 O)>ph 5

(12)

where iy = j, i = k, M; ;= [M(At)] and

T lm )

tn
Wi (tn,tn—1) = Texp{—iéinx/ V(T)dT} (13)
th—1

with 6;; the Kronecker delta and V(1) = e!fen™Ve=iHonT,
Further details and intermediate steps are provided in
Appendix[B]

It is instructive at this point to introduce the concept of
a “realization” of the system as a particular combination
of indices i,, within the full summation of Eq. . We
associate with each realization a step-function é(T) being
equal to 0 over the time interval ¢, — t,_1 if i, = C
(the system is in the cavity state |C)) or 1 if 4, = X
(the system is in the excitonic state |X)). An example
realization is given in Appendix[C}] The product of W-
operators for a particular realization can be written as

Wiy (b tx 1) - - Wi, (£1,0) = ’Texp{i/ot V(T)dT} ,
(14)



where V(7) = 6(r)V (7). Now, applying the linked clus-
ter theorem®? for calculating the trace of Eq. over
all phonon states, we obtain

Wiy (ttn-1) -

where
:—*/ dTl/ dT2

is the linear cumulant for the particular realization. Its
explicit dependence on the specific indices i,, of the real-
ization is given by

N N
=3 D bix0ix Kjnmy (17)
n=1m=1

Wi, (ta, t1) Wi, (t1,0)) ,, = €K@, (15)

V(7)) (16)

where

tn tm
K|n m| ——*/ d’Tl/ d’TQ TV Tl) (2)> (18)

tm—1

Note that K),_,, depends only on the time differ-
ence |t, — tm| = Atn — m|.  Furthermore, as
shown in Appendix all Kj,_,, can be efficiently
calculated from the standard IB model cumulant

K(t) = Texp{—z fo dT} (calculation of the latter is

detailed in Appendices [E| and .

Having in mind an application of this theory to semi-
conductor QDs coupled to bulk acoustic phonons, we
use the conditions of the super-Ohmic coupling spectral
density and a finite phonon memory time?®. This per-
mits a dramatic reduction in the number of terms within
the double summation of Eq. . Indeed, we need to
take into account only instances in which |t,, — t,| <
7ig. When selecting At, we must also be mindful of
the requirement imposed by the Trotter decomposition
method: At — 0. In practice, At must simply be small
relative to the period of oscillation between exciton and
cavity states 7jc.

We initially consider the most straightforward appli-
cation of the technique, which will be referred to as the
nearest neighbors (NN) approach.

In the NN approach, we limit our consideration to
|n —m| < 1, selecting At & 715 so as to best satisfy both
aforementioned conditions on At. The summation over
n and m in Eq. is therefore simplified to

N-1

K(t)=6iyxKo+ Y 0i,x

n=1

(Ko +26i, . xK1) . (19)

Crucially, as shown in Appendix|[C] this reduction to a
single summation allows us to re-express Eq. as

P]k =e 7XK0 Z ZGlNZN 1" G1211M1k’ (20)

1N 1
where

Inln—1

e5inX(K0+25i",1XKi) ) (21)

inln—1

Equation can be compactly written in 2 x 2 matrix
form in the |X), |C) basis:

5o (Pxx Pxc\ (€50 0\ Anv_1
o (5 D)= (4 )i o

with G given by

G= (MXXeKUle MXC) . (23)

Mexe™  Mcc
It should be noted that our time step At ~ 71g is too large
to capture the initial rapid phonon-induced decay of the
polarization associated with the phonon broadband?4:2
There is, however, a simple solution to this problem: for
all t < 11, we replace our fixed At with a variable At’ =
t/2. This ensures that K is calculated exactly for all
t < 1ig. Further details on this modification are provided
in Appendix[D]

From the NN result Eq. , one can extract a simple
analytic expression that describes the long-time behavior
of the linear optical response. We use the asymptotic
behavior of the standard IB model cumulant K () in the
long-time regime®4:25,

K(t) = —iQQ,t — S, (24)
where 2, is the polaron shift and S is the Huang-
Rhys factor (the explicit forms of which are provided
in Appendix. This allows us to make the approxima-
tions Ko ~ —iQ,At — S and K1 ~ S/2. In the limit
At =~ 718 < Tjc, this results in a fully analytic long-
time dependence of the polarization (see Appendix for
further details):

P(t) me™S/2e H1e=S/2 (4> mp), (25)

where

~ wx +Q, ge=5/2 A S0
H=(g’;_5/2pg% . S=(0 o) @0

Comparing the long-time analytics for Pj(t), given by
Eqgs. and ., with the exact linear polarization in
the JC model (no phonons), <_j| —iHict k) we see that
the effect of acoustic phonons in this limit (75 < Ty¢)
is a reduction of the exciton-cavity coupling strength g
by a factor of e5/2 and the ZPL weight of the excitonic
polarization by a factor of e®. Additionally the bare
exciton frequency is polaron-shifted: wx — wx + Q.
These facts are consistent with the analytic results of
the IB model and are in agreement with previous ex-
perimental and theoretical works®2, Furthermore, we
note that the form of the modified Hamiltonian H given
by Eq. is exactly the same as obtained after making
the polaron transformation of the full Hamiltonian H.
This work therefore provides a rigorous theoretical basis
for taking this polaron transformed Hamiltonian as the
unperturbed system in the widely used polaron master
equation approaches®1Y,



We now address a general case in which the polaron
and polariton time scales can be comparable, g ~ T3¢,
for example, in the case of a much larger exciton-cavity
coupling g. This implies that we must find a way to re-
duce the time-step At in the Trotter decomposition. We
achieve this by going beyond the NN regime to the L-
neighbor (LN) regime, where L indicates the number of
“neighbors” that we consider, corresponding to the con-
dition |n — m| < L in Eq. (I7). The aforementioned con-
dition At < 15¢ applies equally to the LN regime, and
therefore in this regime we are bound by the constraint
LAt Z 1ig. Importantly, this allows us to treat compa-
rable polaron and polariton timescales provided that we
choose L such that the condition 715 /L < 7¢ is satisfied.

In the LN approach we define a quantity Fi(:_)_,il which
is generated via a recursive relation
FID = Giy.inF™ 27
ir-i1 Z (FATE SUASE SRR Y ( )

using F( ) = i,k as the initial value, where M is de-
fined as before by Eq. @D while G, ...;,; is the LN analog

of Eq. .

Gi i1 = M; le(le(K0+25i1XK1"'+2511LXKL) (28)
i i .
The polarization is then given by
Pj(t) = e‘SJXKOF(N)CJ (29)

Eqgs.  (27) f present an asymptotically exact solu-
tion for the linear polarization. By extending the ma-
trix size of the operators involved, it is straightforward
to generalize this result to other correlators, such as the
photon indistinguishability1 33534 or to other elements of
the density matrix, such as the four-wave mixing polar-
ization®92,

To directly compare the various implementations of the
Trotter decomposition method, we now apply the above-
described formalisms to a system with realistic QD pa-
rameters*3 in the regime of relatively small QD-cavity
coupling (g = 50 ueV). Figure [1](a) shows the linear ex-
citonic polarization | Px x (t)| calculated according to the
analytic and NN techniques, Eqgs. and respec-
tively. Also shown is the “exact” polarization, calculated
according the L-neighbor implementation, Eq. , with
L = 15. In principle, one must take the limit L — oo for
a truly “exact” solution. For practical purposes, how-
ever, we select finite L based on the desired accuracy;
the 15-neighbor implementation provides a relative error
in polarization of less than 0.1% for the present set of
parameters.

Figure (b) shows the excitonic absorption spectra for
g = 50 peV, calculated according to the above-described
techniques. The absorption may be easily extracted from
the linear polarization by taking the real part of the
Fourier transform of Pxx(t). The long-time behavior
of the polarization is bi-exponential, as is clear from
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FIG. 1. (a) Excitonic linear polarization and (b) absorption
for T = 0 and 50K, calculated in the LN approach with
L = 15 (red thick solid lines), NN approach with L = 1

(black thin solid lines), analytic approximation Eq. (blue
dashed lines) and refined analytics (green dotted line). We use
the realistic parameters of InGaAs QDs studied in?**! and
micropillars studied in*2° (see also Appendix for details)
including g = 50 peV, wx = Qx —iyx with Qx = 1329.6 meV
and yx = 2peV; we = Q¢ — ive with Qc = Qx + Qp,
Qp = —49.8 ueV and vc = 30 ueV. Inset: linear plot of the
absorption with limited frequency range.

Eq. (25)). The absorption spectrum therefore consists of
a well-resolved polariton doublet, described by the eigen-
values w; = Q; —I'; (j = 1,2) of the effective Hamil-
tonian Eq. . Although not accounted for within the
analytic model, there is a rapid initial decay in the po-
larization | Px x (t)|; this short-time behavior correlates to
the phonon broadband (BB) within the absorption spec-
trum. At lower temperatures, the BB is more asymmetric
and the ZPL weight is increased, in agreement with the
IB model. For the parameters selected and T = 50K
B & 3.2ps and Tyc ~ weS/Q/g ~ 57ps (see Egs.
and (6)) alongside Appendices [E] and [F)), so that the NN
approach presents a good approximation in this regime.
As expected, the analytic result Eq. describes the



long-time dynamics well but fails at short times, as it is
clear from Fig.[](a). This is manifested in the absorp-
tion spectrum in Fig.[T](b) as an absence of the BB. To
improve on this shortcoming, we have additionally devel-
oped a refined, fully analytic solution (distinct from the
above-described Trotter decomposition method) which
captures the BB and reproduces the whole spectrum to
very good accuracy in this regime, see the green dotted
line in Fig.[T](b) and Appendix[H|for details of the model.

In regimes of comparable polaron and polariton times
718 ~Tjc (achieved by increasing the QD-cavity coupling
constant to g = 0.6 meV while fixing all other parame-
ters), the NN approach and the analytic approximations
fail, leaving only the LN results. From the latter, we find
that the long-time dynamics of the polarization matrix
remain bi-exponential,

2
P(ﬁ) ~ Zéje_iﬂjt_rjt (t > TIB) ; (30)
7j=1

where Q; (I';) are the polariton frequencies (linewidths)
and C’j are the amplitude matrices.

The linear excitonic and cavity polarizations, |Px x ()]
and |Pgc(t)|, are shown in Fig.(a). There is a pro-
nounced damping of the beating of the two exponentials,
even for zero detuning (shown). This implies that the
two peaks within the absorption spectra now have quite
different linewidths, as is clear from Fig.[2](b).

The observed behavior can be understood in terms of
real phonon assisted transitions between the states of the
polariton doublet?258, The variation in linewidths be-
tween T = 0 K and T = 50 K shown in Fig.|(b) is
clear evidence of the phonon-induced broadening mech-
anism. At T = 0, the high-energy polariton state (2) is
significantly broader than the low-energy state (1) due
to the allowed transition 2 — 1, accompanied by emis-
sion of an acoustic phonon, as illustrated in the left inset
of Fig.[JJ(b). At elevated temperatures both transitions
2 — 1 and 1 — 2, with phonon emission and absorption
respectively, are allowed, giving rise to more balanced
linewidths. The line broadening as a function of temper-
ature T is shown in the inset of Fig.[3

Increasing the exciton-cavity coupling strength g be-
yond 0.6 meV (up to 1.5 meV), we find that the
asymptotic behavior of the polarization retains the bi-
exponential form of Eq., thereby enabling direct
comparison of polariton parameters at various coupling
strengths g. The polariton line splitting Aw = Qs —
and linewidths T'y o are shown against g in Fig.[3| whilst
the behavior of the amplitude matrices C\VLQ with g is
addressed in Appendix[l]

The upper panel of Fig.[3|shows the Rabi splitting Aw
of the polariton lines as a function of g, up to g = 1.5
meV. In the regime of small g, the analytic calcula-
tion of Egs. and predict a phonon-renormalized
Rabi splitting of Aw = 2ge~/2 where S is the Huang-
Rhys factor defined in Appendix[E] This dependence is
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FIG. 2.  As Fig.[]] but for g = 0.6meV and only LN re-

sult shown, for "= 0 (red lines) and 50 K (black lines). The
photon polarization and absorption are also shown (dashed
lines). Insets: (a) the initial polarization dynamics; (b, left)
linear plot of the absorption illustrating the 2 — 1 polariton
transition assisted by phonon emission; (b, right) the relative
error for the parameters of the long-time bi-exponential de-
pendence of Px x (t), Eq. 7 as a function of the number of
neighbors L, taking L = 15 as the exact solution.

indeed observed in the 15-neighbor calculation for cou-
pling strength g below 0.2meV (0.5meV) for T = 50K
(T" = 0). A minor deviation from the analytic formula
prediction of Aw = 2ge~%/2 at small g is due to fi-
nite exciton and cavity lifetimes used in the calculation:
vx = 2peV and yo = 30 ueV. At larger g, the analytic
prediction breaks down, and the Rabi splitting may even
be enhanced by the presence of phonons.

The broadening I'; » of the polariton lines is strongly
dependent on the exciton-cavity coupling strength g, as
shown in the lower panel of Fig.[3] Maximal broadening
occurs when the polariton splitting Aw = Qs — 2y corre-
sponds to the typical energy of local acoustic phonons®!
(0.5-1meV for the QDs under consideration). To un-
derstand and quantify this behavior, we make a unitary
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FIG. 3. Upper panel: Deviation of the polariton Rabi split-
ting Aw = Q2 — 21, calculated via the LN model with L = 15,
from the nominal Rabi splitting 2¢ (solid lines), as a function
of the exciton-cavity coupling strength g for zero effective de-
tuning, we = wx +£2p, and two different temperatures, T'= 0
and T = 50K. The deviation of the phonon renormalized
Rabi splitting from the nominal Rabi splitting 2g(e™%/% — 1)
is shown by dashed lines. Inset in upper panel: the calculated
full Rabi splitting Aw (solid line) for g = 50 ueV as a function
of the temperature T, in comparison with 2ge™ /2 (dashed
lines). Lower panel: Linewidths I'1 2 of the lower (solid lines)
and upper (dashed lines) polariton states in Eq. as func-
tions of the coupling strength g, calculated in the LN ap-
proach with L = 15 (thick black and red lines) and esti-
mated according to Fermi’s golden rule (thin blue and ma-
genta lines). Inset in lower panel: temperature dependence of
T'1,2 for g = 50 ueV (black) and 0.6 meV (green).

transformation of the Hamiltonian H = Hjc + Hig,
H—H =YHY™!, (31)

where Y is the 2 x 2 matrix that diagonalizes the JC
Hamiltonian Hjc, comprising of diagonal elements « and
off-diagonal elements +3 (see Appendix for explicit
forms of Y, a and B). In making this transformation,
we move from an exciton-cavity basis (df, a') to a po-
lariton basis (p! ,). The transformed Hamiltonian H’ has
the form, ’

;. wi + &’V
H _( aBV

afV

wWe +ﬁ2v> +th1, (32)

where w; o are the eigenvalues of the JC Hamiltonian
Hjc (see Appendix for explicit forms), V and Hpy, are
defined in Eq. , and 1 is a 2 x 2 identity matrix in the
polariton basis.

From Eq. it is clear that phonon assisted tran-
sitions between polariton states are permitted through
the interaction term aBV(png + pgpl). Concentrating
on this term, the contribution of real phonon-assisted
transitions I'p, to the polariton broadening I'; » can be
understood in terms of Fermi’s golden rule (FGR)?L,

Ton = TNLaw/o, D108 0(FAw —w,),  (33)
q

where ), is the matrix element of the exciton-phonon
coupling for the ¢-th phonon mode, v, is the speed of
sound in the material, Aw is the polariton Rabi splitting,
and Ny /o, is the Bose distribution function (Eq. )
evaluated at ¢ = +Aw/v;. We take the positive (nega-
tive) value of Aw in Eq. for the 1 — 2 (2 = 1)
polariton transition.

Taking the average polariton Rabi splitting Aw of 2g
and approximating « and /3 as o = 8 &~ 1/v2 (valid in the
case of zero detuning, or, more generally, in the regime
g > |wx —wcl), we obtain the following expressions for
the lower (1) and upper (2) polariton line broadenings,

Fl = PO + N2g/vsfph ) (34)

FZ = FO + (Z\]Qg/'uS + 1)th 5 (35)

where 'y = 1/2(vx + ¢ ) is the intrinsic line broadening
due to the long-time ZPL dephasing vx and radiative
decay 7¢, and, for a spherical Gaussian QD model (see

Appendix|F)), Ip, has the form
24212
exp (— 2 ) . (36)

The linewidths I'; o calculated using Fermi’s golden
rule, Eqs. and , are shown alongside the Trotter
decomposition results in the lower panel of Fig.[3] There
is, in general, remarkable agreement between Fermi’s
golden rule and the results obtained from the LN Trot-
ter decomposition method; the small discrepancies may
be attributed to multi-phonon transitions, which are not
accounted for in FGR.

The inset in Fig.[2J(b) demonstrates the quality of the
present calculation at ¢ = 0.6 meV. For the values of L
shown, the error for the parameters of the long-time de-
pendence Eq. decreases exponentially as 2=%/2. The
computational time t. is o< 27, giving an error that scales
as 1/y/t.. Even for large g, the LN result quickly con-
verges to the exact solution, with the relative error of the
polariton linewidths I'; 5 saturating at a level below 1%,
as shown in Appendix[]

In conclusion, we have provided an asymptotically ex-
act semi-analytic solution for the linear optical response
of a QD-microcavity system coupled to an acoustic-
phonon environment, valid for a wide range of system pa-
rameters. Even for large cavity-QD coupling strength g,

B BD_D2
th:g(c v)

27 P03



this solution reveals the dephasing mechanism in terms of
real phonon-assisted transitions between polariton states
of the Rabi doublet. For small g, our approach simplifies
to an accurate analytic solution which provides an in-
tuitive physical picture in terms of polaron-transformed
polariton states superimposed with the phonon broad-
band, known from the independent boson model.
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Appendix A: Derivation of Eq. for the linear
polarization

We take as our starting point the standard definition
of the optical polarization,

P =Te {p(t)c} . (A1)
where the annihilation operator ¢ stands either for the
exciton operator d or for the cavity operator a. Conse-
quently, Eq. has the meaning of the full excitonic
or photonic polarization, respectively. Here p(t) is the
full density matrix of the system, including the exciton,
cavity, and phonon degrees of freedom.

To obtain the linear polarization from Eq. , we
first need to assume a pulsed excitation of the system at
time ¢ = 0, which is described by the following evolution
of the density matrix:

p(04) = e~V p(~o0)e”, (A2)
where p(—o00) is the density matrix of a fully unexcited
system, with its exciton-cavity part being in the absolute
ground state |0) and phonons being in thermal equilib-
rium,

(A3)
(A4)

p(=00) = [0) (0] po ,
= e T e

Here, 8 = (kpT) ™!, and the trace is taken over all possi-
ble phonon states. The perturbation V due to the pulsed
excitation has the form:

V=a(E +¢), (A5)
where « is a constant, and again, ¢ is either d or a, de-
pending on the excitation (feeding) channel.

We assume that the evolution of the full density ma-
trix of the exciton-cavity-phonon system after its optical
pulsed excitation is given by the following standard Lind-
blad master equation

ip =M, p] +ivx (2dpd" —d'dp — pd'd)

+ e (2@,0aJr —atap — paTa) , (A6)

in which the Hamiltonian H = Hjc + Hrp is Hermitian.
Here, Hjc is the JC Hamiltonian Hjc defined by Eq. (1)
in which the complex frequencies

(A7)

wx,c =Qx,c —17x.c Qx.c,7x,c €R,

are replaced by real ones by removing the imaginary
parts: wx,c — Qx ¢. Noting that

[H,p] = Hp—pH* +iyx (d'dp+pd'd)+inc(alap+pa'a),

where H is the full non-Hermitian Hamiltonian defined
on the first page of the main text and H* is its com-
plex conjugate, we may re-express the Lindblad master
equation as

ip=Hp— pH* + 2iyxdpd" + 2ivcapat . (A8)

In the linear polarization, we keep in the full polariza-
tion only the terms which are linear in «. Looking closer,
this implies keeping only |X) (0| and |C) (0| elements of
the density matrix. When the density matrix is reduced
to only |X) (0] and |C) (0| elements, the last two terms
in Eq. vanish, which yields an explicit solution:

p(t) = e (04 )e ™t (A9)

in which H* can actually be replaced by Hpy,. The linear
polarization then takes the form

Pp(t) = —iaTr {e 11 |0) (0] poe™rric) (A10)

Now, dropping the unimportant constant factor —ic and
introducing indices j, k = X, C to replace the operators
¢t and ¢, we arrive at Eq. of the main text.

Appendix B: Trotter decomposition of the evolution
operator

Using the Trotter decomposition, the evolution oper-
ator is presented in Eq. as U(t) = limy_00 Un(t),
where

ﬁN(t) — piHpnt p—iHip(t—ty—1) ,—iHic(t—tn_1) . .

% efiHIB(tnft”,l)efiHJc(tnft”,l) .
« e—iHst1 ,—iHict:
— it p—iHip(t—tn—1) g—iHpntn -1 ,—iHic(t—tn-1) .

w eHontn o —iHis(tn—tn—1) p=iHpntn—1 o —iHjc(tn—tn-1) .

« etHpnt1 g—iHists ,—iHjcty
=Wt tn_1) Mt —ty_y)---

X W (tp,tn1)M(ty —tn_1) - W(t;,0)M(t;), (B1)

where we have used the fact that the operators Hp and
Hjc commute. From the definition of Hig we note that

W(tn, tnfl) _ einhtne_iHIB(tn_tn—l)e_inhtn—l (B2)



is a diagonal operator in the 2-basis state matrix repre-
sentation in terms of | X) and |C):

Wit ts) = (Wx(trgtnl) Wc(t,?,tn_l)) (B3)

with
Wy (tn7 tn—l) — iHpntn e—i(th-i-V)(tn _tnfl)e_inhtnfl ,

We(tn,tno1) = 1.

Using the time ordering operator T, W-matrix element
Wx can be written as

[2%
Wx (tn,tn—1) = ’Texp{—i V(’T)d’l’}, (B4)
tnfl
where V(1) = eflnTVe~#HmT ig the interaction rep-

resentation of the exciton-phonon coupling V', which is
given by Eq. of the main text.

Substituting the evolution operator Eq. into
Eq. (7)) for the polarization P;j(t) and explicitly express-
ing the matrix products gives

Pj (t) = Z Z <WiNMiNiN—1

in-1=X,C i1=X,C
X WiN—lMiN—liN—Q e Min+1inWinMinin—1 e
X WilMi1i0>ph (B5)

with iy = 7 and i9 = k. From here, we note that only
W elements contain the phonon interaction and through
a simple rearrangement of Eq. we arrive at Eq. (12)
of the main text.

Appendix C: Linear polarization in the NN
approximation, including an example realization

The single summation in the cumulant Eq. (19)) allows
us to express, for each realization, the expectation value

in Eq. as a product
Wiy (ttn—1) - Wi, (tn,tn1) - - - Wi, (L2, t1) Wi, (t1,0)) pn
= eéiNxKDe&iN—lx(K0+261NXK1) e
0ipy_1x (Ko+28i, x K1) 6i1X(KO+25i2XK1)_
(C1)

X e - e

It is convenient to introduce

R 5in,1X(K0+25inxK1)’

inin_1 = € (C2)
enabling us to express the expectation values of the prod-
uct of W-operators for a given realization Eq. (C1) as
edinxKop, o ---Ri,, . Inserting this expression into

Eq. , we find

Pji.(t) = edinx Ko Z Z

ino1=X,C  1=X,C

(M; o+ Miyi, Miyig) (Rigin_y -+ Rigiy) -

NiIN-—1

We then join together corresponding M; ;. , and R

elements through the definition of a matrix

Inln—1

Ginin_1 = Mini, Riyi, s (C4)

which transforms Eq. (C3) to

Pir(t) =enxto 37 e BT e 32

iNo1=X,C in_1=X,C  i1=X,C
GiNiN—l T Ginin—l T GizilMilio . (05)
Using the fact that iy = j and ig = k, we arrive at

Eq. which is compactly represented in Eq. as a
product of matrices.

. 11
o(7)
0 +—+ ; LN
N N 7B
0 0 \
t4
K Ko 0
t3 4
T2 0 Ko Ky
to
0 0 0
t1
Ko 0
0
0 t1 t2 t3 ta ts
T1

FIG. 4. Example realization for the NN implementation with
N = 5. In this realization, i1 = X, i2 = C, i3 = X, iq4 = X,
15 = C, as is clear from the step function 6(t) associated with
the given realization, shown on the top.

To illustrate this idea by way of an example, we take a
particular realization for N = 5, provided for illustration
in Fig.[dl In thisrealization, i; = X, iy = C, i3 = X, iq =
X, and i5 = C. Each exponential Oim—1x (KoF20i, x K1) 3y
Eq. can be visualized as an L-shaped portion of the
time grid (color coded in the figure). In the illustrated



realization we have,

Rii, = 6”X(K0+2‘slzxK1) = Ko
Riyi, = Sinx (Ko+20i3x K1) _ ,0 _ p
Riug 6513X<K0+2614XK1) _ €K0+2K1 :
R _ 6514X(K0+25,5XK1) — Ko ,

i514

We then find

Giyi, = Gox = Moxe™,
Giyi, = Gxo = Mxc,

Gigiy = Gxx = Mxxeot?
Gisi, = Gox = Moxe™,

which contributes to the total polarization Eq. .

Note that the condition for the NN approximation to
be valid is also illustrated in Fig.[# All the time moments
of integration for which | — 71| < 713 should be located
within the colored squares, which are taken into account
in the NN calculation of the cumulant.

Appendix D: Calculation of K),_,, from the IB
model cumulant

As is clear from the definition given in Eq. of the
main text, the integral K\,_,, depends only on the dif-
ference |n — m|; it is depicted graphically in Fig. (a).
To find Ky, we set m =n =1,

= K(At),

Fom =y [y n ) TveDve) (D1)

where K(t) is the IB cumulant, which is calculated
explicitly in Appendix below, see Eq. (E5]).

Analogously, to find K; we may set m = 1 and
n = 2 which gives
1 to t1
K=t / dn / dr(TV(r)V(r)), (D2
t1 0

or, by setting m = 2 and n = 1 instead, we obtain the
same result:

1 t] tQ
K1 = —5/ dTl/ dT2<TV(T1)V(T2)> .
0 t1

Eqgs. (D2)) and (D3]) correspond to the squares labeled as
K in Fig.[f] (b). In order to calculate K; from the IB
cumulant, we note that

(D3)

K(2At) = 2K, + 2K;. (D4)

Therefore,

Ky = 5 [K(2At) — 2Ko] . (D5)

N)M—l

(a) s
to
T2
t1
Ko(At)
0
0 t1 to t3
T1
(b) t3
t2
T2 Kl (At) Ko(At)
t1
Ko(At) Ki(At)
0
0 t1 to t3
T1

FIG. 5. Graphical representations of the use of the IB model
cumulant K (t) for finding (a) Ko(At) and (b) K1(At).

In general, all the integrals K, can be found recursively:

Ko = [K«p £ 1A) — (p+ Do
—z_:?(er 1—q)K, (D6)

For all t < 7, we modify our approach by replacing
our fixed At with variable At' = t/(L+1), where L is the
chosen number of neighbors. Accordingly, in this regime
time is discretized into L + 1 tranches. For example, the
NN (L = 1) approach uses a 2 x 2 grid, as shown in Fig.@
Crucially, this ensures that no portions of the K (t) grid
are neglected. We therefore may allow At’ to become
arbitrarily small whilst always exactly calculating K (¢).
Note that this is only valid for ¢ < 7ig: If we were to
extend this approach to t > 7ig then for some values of



2AY
K (At) Ko (At)
At
Ko(At) K1 (At)
0
0 At 2AY

FIG. 6. Adaptation of the grid of Fig.[f| for small time:
t < 1iB. The grey grid illustrates the At discretization used
for t > g (as shown in Fig., whilst the green grid illus-
trates the adapted discretization for ¢ < 7. In this small
time regime and the L = 1 implementation, a 2 x 2 grid is
always used, giving At = ¢/2. More generally, the LN imple-
mentation requires a grid of size (L+1) x (L+1) for ¢t < 7iB.

t our time interval At’ would become too large, and the
accuracy of the calculation would be degraded.

Appendix E: The IB model cumulant and its
long-time behavior, Eq. (24))

The IB model cumulant K () can be conveniently writ-
ten in terms of the standard phonon propagator Dq,

- t t
K(t) = —%/0 dTl/O dTQ Z |/\q|2Dq(7'1 — 7'2), (El)
q

where

iDy(t) = (Tbg() + bL, (1)) [ (0) + 5L, (0)])

= Nye™altl 4 (N, 4 1)e~twalt] (E2)
and N, is the Bose distribution function,
1
No= o1 (E3)

Performing the integration in Eq. (E1f), we obtain
N w
K0 = SN (5 e - 1]
q q

—1] +it> . (E4)

2
w Wy

Converting the summation over ¢ to an integration > g
W [ d®w (where V is the sample volume) and noting

10

that |A,]? may be expressed in terms of the spectral den-
sity function J(w) (see Eq. (F6) in Appendix below),
we re-write Eq. (E4) as

K(t) = /0 " o T(w) (ivg e~ 1]

+Nq7ff1 [e7™r —1] + ) . (E5)

w

In the long-time limit, Eq. (E5)) simplifies to

K(t = o0) = —iQyt — S, (E6)
with the polaron shift
= Jw)
Q,=— dw —= E7
== [ (E7)
and the Huang-Rhys factor
(o)
J
s :/ a7 (an, 1 1)
0 w
< J(w) w
= d th . ES8
/0 Y (2kBT) (E8)

10°
9%
T 1
= 107
G
+ 2
= 10
M
g 107
j=]
g
e
==
107 * * * *
0 2 4 6 8 10
time ¢ (ps)

FIG. 7. IB model cumulant K (t), with its long-time asymp-
totics —iQ),t — S subtracted, as a function of time ¢ for differ-
ent temperatures as given. The parameters used are listed at
the end of Appendix|F] Inset: the phonon memory time 7ip
playing the role of the cut-off parameter in calculation of the
cumulants for different realizations in the LN approach.

Figure [7| shows the cumulant function K(¢) of the
IB model with the asymptotic behavior —i€2,t — S sub-
tracted. The polaron timescale 71g is the time taken for
the remaining part of the cumulant, K (¢) 4+ iQ,t + S, to
drop below a certain threshold value. The choice of this
threshold is dictated by the accuracy required in the cal-
culation: 7ig determines the choice of the minimal time
step in the NN approximation (At ~ 7ig) and the LN
approach (LAt =~ 7ig), and any contributions from the
quickly decaying part of the cumulant K (t) + iQ,t + 5



beyond t = 7ig are neglected in the calculation. Choos-
ing a threshold of 10™*, we see from Fig. that the po-
laron timescale i is approximately 3.25ps at 7' = 5 and
T = 50 K for the realistic QD parameters used in the
calculation (see Appendix. This timescale is, however,
strongly dependent on the exciton confinement length [
and speed of sound in the material v, (set to 3.3 nm and
4.6 x 103m/s respectively to produce Fig. ' We there-
fore define, in Eq. @ of the main text, 7ig in terms of
these key parameters.

At very low temperatures, 7 also becomes
temperature-dependent, as it is clear from Fig.[7} in the
present case 7ig increases to 10ps at T' = 0. The full
temperature dependence of 7yg is shown up to T = 14 K
in the inset of Fig.[7]

Appendix F: Exciton-phonon coupling matrix
element )\, and the spectral density function J(w)

At low temperatures, the exciton-phonon interaction
is dominated by the deformation potential coupling to
longitudinal acoustic phonons. Assuming (i) that the
phonon parameters in the confined QD do not differ sig-
nificantly from those in the surrounding material, and
(ii) that the acoustic phonons have linear dispersion
wg = vs|g|, where vy is the sound velocity in the ma-
terial, the matrix coupling element )\, is given by

qD(q)

A= 29 _ (F1)
! V 2pquV
where p,, is the mass density of the material. Assum-

ing a factorizable form of the exciton wave function,
Ux(re,th) = Ye(re)bn(rn), where ey (r) is the con-
fined electron (hole) ground state wave function, the
form-factor D(q) is given by

D(g) = / dr [Du|tn(0)? — Deltbe(n)?] 97, (F2)

with D, being the material-dependent deformation
potential constant for the conduction (valence) band.
We choose for simplicity spherically symmetric parabolic
confinement potentials which give Gaussian ground state
wave functions:

ven(®) = )3/2exp<—2lg(h)>, (F3)

and thus

q l2q2

Aq == (Dv - Dc) e 1 ) (F4>

20mvsV

taking the case of [, = [, = [ for simplicity.
The spectral density J(w) is defined as

w) = Z A ?(w — wy). (¥5)
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This is equivalent to taking the product of |\,|? with the
density of states in w-space. Switching from the summa-
tion to an integration, as in Eq. , the spectral density
becomes

I

2V W2 =
(2m)203 ™
where ¢ = w/vs and wy = V2vs/l is the so-called

“cut-oft” frequency; it is inversely related to the phonon
memory time, 7ig & 27 /wp, leading to Eq. @

w(D,. — DU)267 >

w,

o

J(w) = |Ag[? , (F6)

472 03

In all calculations, we use | = 3.3nm, D. — D, =
—6.5eV, v, = 4.6 x 103 m/s, and p,, = 5.65g/cm?.

Appendix G: Long-time analytics for the linear
polarization

In this sectlon we derlve the approximate analytic re-
sult Egs. and for the linear polarization P( )
in the long tlme hmlt This approximation is valid for
small values of the exciton-cavity coupling strength g,
which guarantees that the polariton timescale is much
longer than the phonon memory time, 7;c > 7iB. As a
starting point, we take the result for P(¢) in the NN ap-
proach, Egs. and , and use it for At > 7ig. This
condition implies that we can take both Ky and K in the
long-time limit, using the asymptotic formula Eq. :

Ko = K(At) ~ —iQ,At — 5, (G1)

Ky = - (K(2At) — 2K (At)) ~ — (G2)
We would now like to replace the product of N matrices
in Eq. by an approximate analytic expression, taking
the Trotter limit N — oo. To do so, we initially derive
explicit expressions for M and G in the two-state basis

of | X) and |C). From Eq. (9) we obtain

Mxx Mxc\ _ —inae (1—5%0 —apd
(MCX Mcc> —° <—a65 1—a25) (G3)

where w2 are the eigenvalues of the Jaynes-Cummings
Hamiltonian Hjc, 6 = 1 — e_if“’rf"l)m, and o and
make up the unitary matrices Y, Y ! that diagonalize

HJC:
_fwx g\ _v-1fwr 0)\y

mo (5 D)o (4 D)r.
- (g —f) , (@5)

A
= —, G6
o /A2+92 ( )

g
_— G7
P (@7)
w1,2 wx +weo + \/92—|—52, (GS)



with A = /62+ g% — 4§ and § = 12 (wx —wg). Sub-
stituting the expression for M given by Eq. 1} into
Eq. , and using Egs. (G1) and (G2), we find
G- Mx xefot2K Myq

Mexef  Mee

—iQ, At 2

e (€A1 — 325) —afd
~e <_e—zQpAt—Sa65 1—a26/" (GQ)

Now we use the fact that At < 75¢ (which is equivalent
to Jwa — w1]At <« 1). We also assume that the polaron
shift , is small, so that |Q,|At <« 1. Working within
these limits is equivalent to taking the Trotter limit At =
t/N — 0. Keeping only the terms linear in At in the
matrix elements, we obtain

5 o —iw At |4 Q, + 2w afway
Gre [1 1At (aﬁwgle_s 2w ) | (G10)

where wy; = wo —wp and 1 is a 2 x 2 identity matrix.
From Eq. (G4)) and the fact that o® + 32 = 1 we find

52(w2 - wl) =Wx — Wi,
?(wy —wy) = we — wi,

af(wy —w1) = g.
This allows us to re-write Eq. (G10]) in the following way

G = e 1A 1 1(1 4 iwy At) — iAL (wX o9 ﬂ .
ge el

Now, we diagonalize G:

G=2zAz7t, (G11)
where the transformation matrix has the form
5 eS/2 0 Q B
z=(% V) (59, (612

in which the second matrix diagonalizes a phonon-
renormalized JC Hamiltonian H, as defined in Eq. ,

= (wx +Q, ge 5/
= (o

(56 )62

The matrix of the eigenvalues A in Eq. |i then takes
the form

A = eminit [1 — At (“’1 o w1 o Ewlﬂ . (G1y)

Coming back to the NN expression for the polarization

Eq. 7

(G13)

(G15)

A Ko Ay oA N
P(t) = (60 ‘f) NG,

12

we note that G~ ~ 1 and M ~ 1 in the limit At — 0,
and also e0 ~ e~ (still keeping the condition At >
718). We then obtain in the long-time limit ¢ 2 p:

(G16)

A ) ) IR
P(t) _ e—zwlt <€0 (1)) ZANZ—l )

_ Finally, we take the limit N — oo in the expression
AV using an algebraic formula

lim (1+£)N:ez.

N—oo N
Introducing
x=—i(0 —w)t,
y = —i(wy —wi)t,
we find

_|_

lim AY = lim (1

N —o0 N—o0

N
L 0
1+ 4%

—iwit
= eiwlt € ' Q~
0 efzwzt

Substituting Eq. (G17) into Eq.(Gl6) we arrive at
Eq. of the main text.

& O

(G17)

Appendix H: Refined full time analytic approach

The analytic solution derived in Appendix|G|is suited
only for describing the optical polarization at long times
t 2 7B, so that any information on the evolution at
short times, which is responsible for the so-called phonon
broadband observed in the optical spectra of quantum
dots, is missing. To improve on this, we derive a refined,
purely analytic approach which properly takes into ac-
count both the short and long time dynamics, providing
a smooth transition between the two regimes.

We again start with the general formula Eq. for the
linear polarization, writing it in a matrix form using the
two basis states | X) and |C):

P(t) = (U(1)) . (H1)
Note that the expectation value in Eq. is taken over
the phonon system in thermal equilibrium, and the 2 x 2
evolution matrix operator U(t) has the form:

U(t) — einhte—th — e—iH‘]cteiHlte—th, (H2)
where
Hy = Hjc + Hpnl, (H3)
10
H_H1+<0 0)1/7 (H4)

with Hjc (Hpn and V) defined in Eq. (Eq. ) of
the main text. We apply the polariton transformation,



defined in Eq. (G4)), to Eq. (H2]) for the evolution operator
U(t),

U(t) _ S}—le—iHoteiﬁlte—thff’ (H5)
where Hy is a 2 x 2 matrix of eigenvalues of Hjc,
(W 0
m=(0) (116
and
H =YHY '=Hy+ Hpl, (H7)
H=YHY'=Hy+ Hul+QV, (HS)
s o (1 0\ o1 [a? ap
QY<0 O)Y <a5 ﬂz). (119)

We now define a reduced evolution operator, U(t), such
that Eq. (H5) may be re-expressed as

Ut) =Y te Hot(t)y (H10)

Expressing U(t) as an exponential series,

_ . t
U(t) = etfhite=Ht — Texp {—2/ Hmt(t’)dt’} ,
0
(H11)
where
Hin(t) = €™ (H — He ™ = Q)V (1),
with individual interaction representations of the polari-
ton and phonon operators: Q(t) = etHotQe~iHot and
V(t) = etfetVe~iHont  The expectation value of U(t)
then becomes an infinite perturbation series:

(H12)

(O() =1+ (—i)? / dt, / 4200 Qt) (V (1) V (8))
4. (H13)

Using Wick’s theorem, all of the expectation values split
into pair products. For example,

(V(t1)V (t2)V (t3)V (ts)) = D(t1 — t2) D(t3 — t4)
+ D(t1 — t3)D(ta — t4) + D(t1 — t4)D(t2 — t3),

where

D(t—t") = (V()V(H)) =D [Ag|*iDy(t —t')
q

is the full phonon propagator, see Eq. (E2).
It is convenient to introduce the bare polariton Green’s

function
A0 (1) = Ggo) (t) 0
0 ¢

—iwit 0
o ()" )

13

where 6(t) is the Heaviside step function. Then the full
phonon-dressed polariton Green’s function G(t), which is
related to the polarization matrix via

Pt) =Y 1Gt)Y (H15)
satisfies the following Dyson’s equation:
G(t) = GO)
/ dtl/ dto GOt —t1)5(t) — t2)G(t2) -
(H16)

Note that this equation is equivalent to the perturbation
series Eq. . Here, the self energy ¥ is represented
by all possible connected diagrams such as the 2nd and
4th order diagrams sketched in Fig.[8 which are given by
the following expressions:

S(t—t) =GVt — ) QD(t —t')
/ dtl/ dtz QG Ot —11)Q

x GO (t; — 1) QG (t — )Q

X [D(t = t2)D(t — t') + D(t ) Dt ~ t2)]}
+ (H17)
N
Z = 1/ \\ + 1/ 1/ \\ \\
1 ; 1 ; 1 ; ;
t t t t1 to t
+o P N+
I’ l’ \ \
" ; - 4

FIG. 8. Second and fourth order diagrams contributing to the
full self energy. Solid lines with arrows (dashes lines) represent
the polariton (phonon) non-interacting Green’s functions.

Equations and are exact provided that all
the connected diagrams are included in the self energy.
No approximations have been used so far.

In the case of isolated (phonon-decoupled) polariton
states, all of the matrices are diagonal and the problem
reduces to the IB model for each polariton level, having
an exact analytic solution which we exploit in our approx-
imation. For the two phonon-coupled polariton states
treated here, the exact solvability is hindered by the fact
that the matrices Q and G(©)(¢) do not commute for any
finite time ¢. However, in the timescale |wq — walt < 1,

Eq. (H14) may be approximated as GO (t) ~ 0(t)e~*1t1
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FIG. 9. Absorption spectra for g = 50 ueV, T'= 5K, and zero
detuning, calculated in the LN approach with L = 15 (red
thick solid lines), NN approach with L = 1 (black thin solid
lines), long-time analytic approximation (blue dashed lines)
and refined analytics (green dotted line). Other parameters
used: Qx = 1329.6meV, vx = 2pueV, Qc = Qx + ), with
Qp = —49.8 ueV, and yc = 30 ueV.

and thus G(O)(t) approximately commutes with Q, so for
example,

QGO (t — 11)QG (t — 1)QG ) (1, — 1)Q
~ QGO (t — YOt — t1)0(t1 — t2)0(ty —t'),

using Q2 = Q Clearly, this approximation is valid if
Tyc > 1. In this case we obtain

50 - (7" oty

where X;(t) is the self energy of an isolated polariton
state j, which contributes to the corresponding IB model
problem

(H18)

GIP(t) = G (1)
+ / " an / h 2GS (= 11)35(h — 12)GP (t2) |
o (H19)
having the following exact solution:
G (t) = G (t)eR ) (H20)
where the cumulant K(¢) is given by Eq. . Equa-
tion then allows us to find the self energies in fre-

quency domain:

(H21)

where X, (w), G;O) (w), and G§B (w) are the Fourier trans-

forms of X,(¢), G;O) (t), and G’%B(t), respectively. The
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FIG. 10. (a) Excitonic linear polarization and (b) absorption
for g = 50 eV, T = 5K, and nonzero detuning, calculated
in the LN approach with L = 15 (red thick solid lines), NN
approach with L = 1 (black thin solid lines), analytic ap-
proximation (blue dashed lines) and refined analytics (green
dotted line). Other parameters used: Qx = 1329.6meV,
vx =2peV, Q¢ = 1329.45meV, and y¢ = 30 ueV.

full matrix Green’s function (and hence the polarization)

is then obtained by solving Dyson’s equation (H16) in
frequency domain:

-1

Gw) = [1 - G(O)(w)i(w)} GO (W), (H22)
where G and ¥ are given, respectively, by Egs.
and (H18), with self energy components provided via
Eq. (H21)) by the IB model solution Eq. .

An obvious drawback of the above analytic model is
that it does not shows any phonon-induced renormaliza-
tion of the exciton-cavity coupling due to the interac-
tion with the phonon bath. This is a consequence of the
present approach not properly taking into account the
cumulative effect of self-energy diagrams of higher order,
for which the approximate commutation of matrices @
and G (¢) is not valid. But we know from the IB model
that its exact solution in the form of a cumulant includes
a nonvanishing contribution of all higher-order diagrams
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FIG. 11. As Fig.[I0 but for 7' = 50 K.

of the self energy series (for realistic phonon parameters
of semiconductor quantum dots). This significant prob-
lem can, however, be easily healed through use of the
large time asymptotics obtained in Appendix[G} We in-
troduce by hand one minor correction: we replace the
exciton-cavity coupling ¢ in the bare JC Hamiltonian by
the renormalized coupling strength ge=5/2 in the follow-
ing way

-S
e (7))
g wc g wc

As in Eq. (H15), we can express the Fourier transform of
the polarization as

pa= (") (% e (5 ) (0 9):
(H24)

where the matrices containing & and § diagonalize a sym-
metrized Hamiltonian Hjq:

(H23)

(H25)
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Note that the first and last matrices of Eq. (H24]) arise as
a result of the replacement of the adjusted Hamiltonian
in Eq. (H23) with its symmetrized version Hyc. We see

that é(w) in Eq. 1D is the analog of Eq. 1) with a
replacement o = &, 8 —= 3, w12 — W1 ,2.

For Pxx(w) and Poe(w) the solution Eq. (H24]) gives
the following simple explicit expressions:

@GV () + B2GY (W)

P = - H26
xx (W) b() ; (H26)
a2 32 G(O)(w)é(o)(w)
Pcc(w)(— + 5 > =,
GPPw)  GP(w) D(w)
(H27)
where
_ GOWwW) | G (w)
D(w) = a* =2 + B2 22 H28
“=ome e M
and G‘go)(w) and GﬁB(w) are, respectively, the Fourier
transform of G§O)(t) = O(t)e ' and GP(t) =
GO (t)e" @,

Figures[9] [L0|(b) and[L1](b), as well as Figure[I|(b) of the

main text, demonstrate a very good agreement between
the refined analytic solution and the exact result provided
by the full LN approach (with L = 15). In addition
to the case of zero detuning at low temperature (T =
5K) presented in Fig.@ we also show in Figs. and
both low and high temperature results for a non-zero
detuning of 0.1 meV (the exact parameters are given in
the captions).

Appendix I: Polariton parameters and discussion of
errors

Having shown the behavior of the real polariton fre-
quencies wi 2 and linewidths I'y o in Fig. of the main
text, we provide for completeness the amplitudes of
the bi-exponential fit Eq. in Fig. This fig-
ure addresses both excitonic and photonic polarization,
Pxx and Pge (black and red respectively), compar-
ing results from the full calculation in the 15 neigh-
bor approach (symbols) and the analytic approximation
Eq. (lines).

Figure shows the error in calculation of the
linewidths I'; » via the Trotter decomposition as func-
tion of the coupling strength g. This error was estimated
as the arithmetic average of the errors for L = 13 and
14, treating L = 15 as “exact” solution. We see that the
relative error reaches small values of 1075 for g = 50 ueV
and scales as o« g3 up to g = 0.5meV in agreement with
the ¢ dependence of the phonon linewidth contribution
Ty shown in Eq. (36). Above ~ 0.5meV, the error satu-
rates at a level below 1%. Whilst this gives a qualitative
picture of the behavior of the error with exciton-cavity



0.65
Ci Cy
Axx['i:fun ‘
analytic
— 0.60
7 full
g Acc (i al
E — analytic
£ 055
o
E 0o
0002882000,
0.50 2 Siseersorrns
........ .............2°ﬁnnnuauuauauu
T=0
0.45 |
0 0.5 o 3]
g (meV)
1.0
— 0.8H S
9 P
wn
[
=
= 0.6
g u”uannﬁaﬁiii;g:égulii%
< " .l.uo
T =50K
0.2 . |
0.0 3 . |

g (meV)

FIG. 12. Polariton amplitude coefficient |A1| (]A2]|) as a func-
tion of the quantum dot-cavity coupling strength g for (a)
T =0 and (b) T = 50 K shown for the full calculation by full
squares (open circles) and for the long-time analytic model
by full (dashed) lines. Insets zoom in the region of small g,
where the analytic model predicts significant changes of the
amplitudes with g.

coupling strength g, one can obtain a more precise esti-
mate of the error by using the exponential dependence
on L, which is demonstrated for g = 0.6 meV in the inset
to Fig. 2(b) of the main text. Deviation from the expo-
nential law and a quicker reduction of the error at larger
L seen in the inset is a natural consequence of taking
the L = 15 calculation as exact when evaluating the rel-
ative error; if we were to take the true exact solution,
we would anticipate a continuation of this exponential
trend. One can obviously further refine the estimate of
the error by making an extrapolation of all the values of
the long-time dependence Eq. (26) to L — oo, using the
observed exponential law.
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FIG. 13. Estimated relative error in polariton state linewidths
I'i2 at T=0 K and T'=50 K, using the LN approach with
L =13, 14 and 15.
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