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We develop a time-dependent Schrieffer-Wolff-Lindblad perturbation theory to study effective
interactions for driven open quantum systems. The starting point of our analysis is a given Lindblad
equation, based on which we obtain an effective (averaged) map that describes the renormalization
of both the Hamiltonian and collapse operators due to the drive. As a case study, we apply this
method to the dispersive readout of a transmon qubit and derive an effective disperive map that
describes measurement-induced dephasing and Stark shift for the transmon. The effective map we
derive is completely positive and trace-preserving under adiabatic resonator response. To benchmark
our method, we demonstrate good agreement with a numerical computation of the effective rates
via the Lindbladian spectrum. Our results are also in agreement with, and extend upon, an earlier
derivation of such effects by Gambetta et al. [I] (Phys. Rev. A 74, 042318) using the positive

P-representation for the resonator field.

I. INTRODUCTION

The Lindblad master equation [2, 3] describes the evo-
lution of an open quantum system [4, [5] undergoing
Markovian dynamics and constitutes a generalization of
the unitary description of a closed system. Theoretical
methods for characterizing the Lindblad dynamics [6HS]
of a system are crucial for understanding error processes
and system behavior in the presence of environmental ef-
fects. In the case of unitary evolution, there are a wide
variety of time-independent and -dependent perturba-
tive methods, for example Rayleigh-Schrodinger Pertur-
bation Theory (RSPT) [0HI2], Schrieffer-Wolff Perturba-
tion Theory (SWPT) [13H25], Magnus expansion [26H28],
Dyson series [29] [30], and Multi-Scale Perturbation The-
ory (MSPT) [311 32].

Perturbation theories for open quantum systems fall
into two broad categories based on the treatment of
system-environment interaction: (i) accounting for the
interaction as a perturbation, and deriving effective mas-
ter equations [19, 33, B4], or (ii) adopting a master equa-
tion as the starting point and computing effective inter-
actions [35H39]. Approach (i) provides a more precise
description of the environment as one can relate the ef-
fective relaxation rates to the environment spectral func-
tion. However, the perturbative expansion of this ap-
proach can suffer from divergences near system-drive res-
onances as the zeroth-order system self-energy vanishes,
due to the fact that it is purely real and has no contribu-
tion from the dissipation. Approach (ii) resolves this di-
vergence by regulating the effective interactions through
a non-zero relaxation rate in the starting model. The
limitation, however, is that it cannot account for possi-
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ble corrections to dissipation rates due to the sensitiv-
ity of the environment spectral function on the dynamic
(Stark) shifts of system energies due to Hamiltonian in-
teractions or drive. Here, we develop a perturbation the-
ory based on approach (ii).

In this paper, we extend SWPT [I3H25] to the
level of the Lindblad master equation, a method that
we coin Schrieffer-Wolff-Lindblad Perturbation Theory
(SWLPT). Using SWLPT, we are able to study effec-
tive interactions for a driven open quantum system. This
includes the renormalization of Hamiltonian parameters
due to the interplay between drive and dissipation, as well
as the renormalization or emergence of incoherent mech-
anisms. Our development of SWLPT is time-dependent
which accounts for corrections caused by transients in the
drive pulse. Applying SWLPT to the dispersive readout
of a transmon qubit [40], we derive an effective dispersive
map modeling the low-power behavior of measurement-
induced dephasing and Stark shift. We demonstrate how
such perturbative calculations can be performed in terms
of oscillator (bosonic) modes, which agrees with and ex-
tends the earlier studies that employed two-level descrip-
tions of the qubit [T 15]. Interestingly, under adiabatic
response, we find the effective map to be representable
in Lindblad form, and hence Completely Positive and
Trace-Preserving (CPTP) [41].

The remainder of this paper is organized as follows.
Section [[I] summarizes the generalization of the SWPT
method into SWLPT for studying Lindblad dynamics. In
Sec. [[II} we introduce an approximate dispersive model
for the measurement of a transmon qubit. Section [[V]
provides an effective dispersive map for the system evo-
lution, derived using SWLPT, describing effective Stark
shifts and dephasing rates. In Sec. [V] we compare and
contrast our results with a previous derivation in Ref. [I],
as well as with a numerical computation of the effective
rates. In Sec.[VI] we show the application of SWLPT for
studying the transient dynamics of effective interactions.
Section [VII] provides the summary and future directions.


https://journals.aps.org/pra/abstract/10.1103/PhysRevA.74.042318
mailto:Electronic address: moein.malekakhlagh@ibm.com
mailto:Electronic address: emagesa@us.ibm.com
mailto:Electronic address: lcggovia@ibm.com

The paper is supplemented with seven appendices. Ap-
pendix [A] reviews a method for vectorization of Lindblad
dynamics in terms of an extended Schrodinger-like equa-
tion following Ref. [42]. In Appendix we discuss a dis-
placement transformation on the resonator mode and the
corresponding coherent mean-field response. The main
results of the paper are derived in Appendix [C] where
we obtain an effective dispersive map for readout using
the generalized SWLPT method. In Appendix [D| we
summarize properties of the effective adiabatic disper-
sive map. In Appendix [E] we show that the effective adi-
abatic dispersive map can be expressed in Lindblad form.
In Appendix[F] we analyze the time-dependent nature of
the perturbation and transient dynamics. Appendix [G]
provides perturbative solutions for instantaneous mea-
surement eigenstates.

II. SCHRIEFFER-WOLFF-LINDBLAD
PERTURBATION THEORY

Our development of a time-dependent SWLPT formal-
ism is based on combining two methods: (i) vectorization
and representation of a given Lindbladian in terms of
an extended Hamiltonian [42] 43] (Appendix[A]), and (ii)
generalization of the time-dependent SWPT that was de-
veloped at the Hamiltonian level [I3H25]. In particular,
the backbone of the proposed time-dependent SWLPT
formalism is built upon, and follows closely the notation
of, the time-dependent SWPT in Ref. [21] by two of the
authors.

Given a Lindblad equation

0up(t) = —i[H + Ha(t

+Z’YJ C (1)

with H,, f[d(t), %-D[CA’J-] as the system Hamiltonian,
drive Hamiltonian, and the j** dissipator, respectively,
we are looking for a Schrodinger-like equation

e |W5(t)) = —iHu(t) [25(8)) (2)

where H,(t) is the extended Hamiltonian and |¥,(t))
is the vectorized density matrix. We follow the vector-
ization introduced in Ref. [42]. Assuming the solution
p(t) = >, Pmn(t) |m) (n| is expressed in an orthonor-
mal basis {|n)}, the corresponding vectorized solution is
|W5(t) =D, Prn(t) Imi) In,). Here, [ and r denote the
states of the original (left) and auxiliary (right) copies of
the Hilbert space. Consequently, one finds the extended
Hamiltonian H,,(t) as

Hu(t)

1y o+ 1a s
Hy= ZZ% ( CiaCir = 5C11Ci0 — QCJT',TCJ&T) » (4)

=H(t) —

where H; /r(t) denote independent left and right copies
of the system and drive Hamiltonian, and CAj,l /r denote

the left and right extended collapse operators. Moreover,
the left and right extended operators corresponding to
an arbitrary operator O are defined as O, = O ® I and
O, = I ® O*, respectively (Appendlx

Given the extended Hamiltonian #,(t), we apply a
time-dependent SW transformation, the details of which
depends on the hierarchy of system and drive energy
scales, as well as the quantities we wish to compute.
Based on such a hierarchy, we define bare and interaction
extended Hamiltonians H,,(t) = Ho + ’Hmt( ), and work
in the mteractlon frame with respect to Ho such that

Hi(t) = To () Hine(t)To(t), where To(t) = exp(—iHot).

The effective extended Hamiltonian is defined by a sim-
ilarity SW transformation

Hren(t) = Tow (8)[H1(t) — 0] Tsw(t) | ()
where Tsw(t) = exp[—iG(t)] and G(t) is the generator.
One minor distinction of SWLPT with respect to SWPT
is that G(¢) is not necessarily Hermitian, and thus Tgw (%)
not unitary. However, due to the similar form of the
operator transformations, this does not alter the final
SWLPT equations compared to SWPT. In particular,

writing G(t) = 32, Gn(t) and Hpea(t) = 3, 7:[572}(7‘) as
power series in H(t) and using identities
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with C,[AB = [A,[A[A,[--,B]]] as the n'™ nested
commutator, rosulys in a set of perturbative operator-
valued ODEs for G, (t) and corresponding solutions for
"HY’(H( t) for n > 1 (see Appendix C of Ref. [21] for deriva-
tion).

Defining S(e) and N (e) as projections onto an effec-
tive subspace, chosen by the user, and its compliment,
respectively, we find the first-order SWLPT equation as

i) = S(Fu0)) | (7a)
Gi(t) =N (Fu(t)) - (7b)

Higher-order SWLPT equations are derived similarly by
partitioning the remaining contributions at that order
into the subspaces defined by S(e) and N(e). The
second-order SWLPT equations are found as:

L) = S (1610, A ()] - S16:0,61(0)]) , (3a)
Ga(t) = N (il61(0). A (0] = 51610, G1(0]) . (8b)



and the third order as

(1) = S ( = 51610, 62(0)) — 5162(0),61(0)
)

+ 21610, 16 (1), G (0] + 162 (6, Fy (1)) (9)
- %[g}(t), G:(0), F (o)

Gs(t) = N~ 216:(0).6(0)] — &
+ 51610, 600, 6 (0)]) + 16
G0, 600 (0]

Two common scenarios for the choice of S(e) are diago-
nalization [22] 25] and block-diagonaliation [20] 21 24].
In our analysis of dispersive readout in Sec. [[V} we use
the SWLPT formalism for diagonalization, i.e. S(e)
and A (e) refer to projections onto the diagonal and off-
diagonal subspaces, respectively. Moreover, the natural
choice for setting the initial condltlon of the operator-
valued ODEs ‘ and l is to pick G, (t) based
on the particular solutlon ie. mdeﬁnite integration over
the driven contributions of the right-hand side. .
Note that there is flexibility in the definition of Hg
and Hin(t). We conjecture the choice of Hy determines
whether H 1,ef(t) is expressible in Lindblad form at arbi-
trary truncation order. In particular, we face the choices
of (i) including H- of Eq. in Hg, or (ii) breaking and
keeping the diagonal terms >, (—i/2) ’yj( Cl éj l+éT Cir)
in Ho and the collapse terms Z iv,Cj, lC o in Hmt( ).
Following (i), given that 7—[7 is quadratic, Ho can in prin-
ciple be exactly diagonalized using a symplectic (Bogoli-
ubov) transformation, also referred to as the third quan-
tization [43,44]. Here, since both Ho and Hin(t) are ini-
tially in a Lindblad form, it may be possible that SWLPT
Egs. f conserve the Lindblad forms for G,,(¢) and

ﬁgngﬁ(t) at arbitrary order. Understanding what, if any,
further conditions need to be satisfied for this to hold is
an interesting direction for future work.

The pre-SWLPT symplectic transformation, however,
is a challenging computation on its own, especially for
a multimode system, and could lead to a more complex
form of the Hamiltonian interaction in #H;n(¢). Following
(ii), diagonalization of the collapse terms is postponed to
the third order in SWPLT. However, since neither 7:10

nor Hin(t) are in Lindblad forms to begin with, ’H(I"e)ﬂ( t)
is not in general expressible in a Lindblad form elther In
this work, we follow choice (ii) to simplify the perturba-
tive calculations. Importantly, we find that under adia-
batic response [45] and up to the third-order SWLPT it
is still possible to re-express the effective map for disper-
sive readout in a Lindblad form. Thus, while it does not
in general guarantee Lindblad form, in specific cases the
simpler approach (ii) can still be used to derive faithful
descriptions of the relevant physics.
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FIG. 1. Schematic of the measurement setup based on a dis-
persive Kerr model described in Egs. 7. Features of
the bare model and effective map are shown with solid and
dashed lines, respectively. The measurement tone causes a
Stark shift, Ag, and measurement-induced dephasing, with
rate 74, on the qubit, for which we developed the SWLPT
method starting with a Lindblad evolution for the system.

III. MODEL FOR DISPERSIVE READOUT

We consider a transmon qubit [40], modeled as a non-
linear quantum Kerr oscillator, coupled dispersively to a
driven dissipative resonator mode (see Fig. . In the ro-
tating frame of the drive, and under the Rotating-Wave
Approximation (RWA), the system and drive Hamilto-
nian read

. 1
H,=Aggata+ iaadf ataa

(10)
+ AcqéTé + 2xqcatacté
2 Qc t ~ ~
Hq(t) = 2( : (e+él) (11)

where for the normal mode j € {a,c} (a - transmon, c
- resonator), Ajq = w; — wq is the detuning from drive,
Q is the qubit anharmonicity, 2x. is the full dispersive
shift, and Q.(t) is the time-dependent measurement pulse
on the resonator mode.

Furthermore, to model resonator relaxation, we in-
clude the dissipator k.DI[¢] in a Lindblad equation for
the system denisty matrix

Oup(t) = =i |[Hl, + Ha(t), (1) + weDIEpt) ,  (12)

where D[¢]p(t) = ép(t)et — (1/2){éf¢, p(t)} and k. = ke |
is the downward relaxation rate. leen the fact that
at thermal equilibrium k. 4/kcy ~ exp(—hw./KpT),
and assuming a state-of-the-art cryogenic temperature of
T ~ 10-20 mK [40], the upward rate k.4 is negligible.
A few remarks are in order regarding adopting the
dispersive Kerr Hamiltonian as our starting model.
First, in writing Eq. , we assume in principle that
the underlying physical interaction is a transverse qubit-
resonator coupling of the form —g,.(a@ — a)(é — ¢éf). Up
to the leading order in the dispersive limit, i.e. when
|Aue| > Gae, this results in a number-number Kerr in-
teraction with Yo = [aa/(Aac + ae)](g2./Aae) [15) [40)].



Second, the transverse interaction can however lead
to a variety of non-QND (off-diagonal with respect to
the normal qubit mode) interaction forms which can
be computed using normal mode expansion techniques
[25] @7, [48]. Such non-QND contributions have been
shown to result in a renormalization of the qubit energy
relaxation rate [I8, [19] [39], as well as leakage to high-
excitation qubit states [25], [49] [50]. To focus on the main
mechanism behind measurement-induced dephasing, and
not complicate our analytical formulation, we work with
the dispersive Kerr model. For this reason, we also do
not include the resonator-induced Purcell decay of the
transmon qubit [5IH53] in our model, which to lowest or-

der would add a term of the form (guc/Auc)?k.D]a)p(t)
to Eq. .

Third, under a two-level approximation for the qubit,
our dispersive Kerr model is in principle equivalent to
earlier studies based on a dispersive JC formulation
[T, 15]. The dispersive JC interaction form Yq.67¢fé,
however, results in the resonator-frequency offset yqcé'é,
compared to the dispersive Kerr interaction 2yqcafaéte,
which needs to be accounted for in any comparison be-
tween the two models (Sec. [V]).

IV. EFFECTIVE DISPERSIVE MAP FOR
READOUT

We next apply the SWLPT method of Sec. [[]] on the
dispersive readout model of Sec. [[TT] and derive an effec-
tive dipserive map that captures both the induced Stark
shift and measurement-induced dephasing. Moreover, we
show that under adiabatic response, the effective map is
CPTP, and so in the low-power regime, the map can be
considered as a valid quantum channel.

Applying the described vectorization method to
Eqgs. . the correspondmg extended Hamiltonian
readS'H ( ) = Hi(t) —H, (t) +H,., where H;(t) and H,.(t)
are independent copies of the system and drive Hamilto-
nian

1
H;(t) = Aada a4+ 2aaa;ra;a]a]

+ Acathes + 2xaclagele (13)

+QCT“)(éj+é}) =1,

and H, is the corresponding representation of the res-
onator relaxation as

N 1 1
H, = ik (élér — ié;cl — 201[@) . (14)

In such a representation, the left and right modes in
Eqgs. li obey the standard bosonic commutation
relations [dj,d};] = [éj,é};] = §,xZ, with all other com-
mutators being zero, i.e. [4;,ar] = [¢5,¢k] = [G;,¢) =
laj,¢}) = [al,éx) = [al,el] = 0, for j, k € {I,7}.

We then compute an effective extended Hamiltonian
by diagonalizing H,(t) as Hyex(t) = E;alg(t)[’}-lu(t) —
i@t]’faiag(t). The diagonalization transformation ﬁiag(t)
is comprised of three transformations: Tqiag(t) =
Tome®)]To(t)Tsw(t). First, Tpn.(t)] is a coherent dis-
placement of the resonator modes ¢ and é., by 7.(t) and
1 (t), respectively, where 7. (¢) is the classical resonator
response whose evolution is described by the equation

(Appendix :

o) + (iBea+ 5 ) melt) = i

0. (19)

The steady-state photon number is found as n. =
Messl? = (Q/2)%/[A2, + (kc/2)?]. We note that it is
more common to define qubit-state-dependent 7.(t) and
photon number (Refs. [I, I5] and table [[). In our the-
ory, however, such a dependence is accounted for in the
SW expansion. Second, To(t) is the transformation to
the interaction frame with respect to the undriven diag-
onal part of Egs. 7, generated by Ho defined in
Eqs. and (C2b). Third, Tsw(t) = exp[—iG(t)] is
a generalized time-dependent SW transformation as de-
scribed in Sec. [l

Implementing SWLPT up to third order, we arrive at
the following effective extended Hamiltonian under adia-
batic resonator response, where we keep only terms pro-
portional to 7¢(t) and drop its derivatives (Appendix [C):

HI c{-f( ) =

2Xac |nc (t) |2ﬁal - 2Xac|770 (t) |2ﬁar

A 5 AXacne®)
- N Nl + N Nar
Acdl Acdr (16)
4 cl|Tle PO
4 Daekelne()? fatfior
AcdlAcdr

where 14 = djdl and Ng, = &Idr are the left and right

qubit number operators in the effective (diagonal) frame,
and A.q and A4, are qubit-state-dependent resonator-
drive detunings defined as

Acail = Acd - Z% + 2Xacﬁal ) (173)

Aty = Dog + z% + 2Xachar - (17b)
Equation is one of the main results of this paper,
which gives the effective dynamics for the qubit degrees
of freedom. H21.(t) provides the renormalization of
qubit transition frequencies and the accompanying de-
phasing rates as a function of the measurement drive for
the multi-level anharmonic oscillator description of the
transmon qubit, which extends the two-level descriptions
previously studied [Il [15]. See Sec. and Appendix
for the full time-dependent form.

SWLPT also provides a means to perturbatively com-
pute the instantaneous eigenstates (Appendix |Gf). The
effective and initial frames are related via the diago-
nalization transformation Tgiag(t) such that [¥;(t)) =



Taiag(t) [V eq(t)). This mapping makes the role of res-
onator degrees of freedom more explicit. For example,
the effective-frame eigenstate with labels n, = 1 and
ngr = 0 can be expressed in the initial frame up to first

order as (Appendix

2acte(t) [¢f = m: (1)

1— 1 t)) [0ar, 75 (£)) .
Acd_'é%+2Xac ‘alanc( )>| a'ra77¢( )>

(18)

Therefore, up to zeroth order, the left and right resonator
modes are in the coherent states 7.(t) and n}(t), re-
spectively. However, there also exist higher-order qubit-
dependent resonator excitations on top of the coherent
states, implying drive-induced interaction between the
normal qubit and resonator modes. .

Effective time evolution under ?ficﬁ(t), ie.

exp|—i fot dt”;’-ALE}fLH(t’)], referred to as the effective
adiabatic dispersive map, holds desirable properties
(Appendices |§| and . In particular, the spectrum of

Hig(t) obeys:

B ,.()=0, (192)
ad ad*

Enalynar (t) = _Enarfnal(t) ? (lgb)

Im{E (1)} <0, (19¢)

where HI eff( ) [7ar) |nar> = E;‘lf, nar( ) [at) [nar) (Ap-
pendix . Equations (19a)—(19¢c) imply that the map
is TP, Hermiticity—Preserving (HP) and contracting, re-
spectively (Appendix@

Moreover, starting from Eq. and reverting the
vectorization, we can show that the effective adiabatic
dispersive map takes the following Lindblad form (Ap-

pendix [E]):

Pian(t) = —ilHiga(t), Aien(D)] + DICTee(1)] piea(t) -

(20)

The effective Hamiltonian ﬁﬁ‘gﬂ(t), which contains the
first- and second-order Stark shifts, is given by,

HI eff( ) - 2Xac|nc(t)|2ﬁa
_ 4X3c|nc(t)|2(Acd + 2Xacﬁa) ﬁ2 (21)
(Acd + 2Xacﬁa)2 + (Hc/2)2 @’

while the effective collapse operator C, d4(t) models
measurement-induced dephasing;:

4X§CKC|UC(t)‘2ﬁ{ . (22)
cd — 250/2 + 2Xacna

CI eff( ) A

Given that the effective adiabatic map has a Lindblad
representation, it is guaranteed to be CPTP.

On the precision of the SWLPT expansion for readout,
which leads to Eq. , we note that it is in powers of the

collective interaction form 2x,.n.(t), and more reliable
when the interaction is smaller than the underlying tran-
sition frequency detunings, i.e. [2Xacnc(t)] < | (Acgj) | for
j € {l,r} (Appendix . Using the steady-state expres-
sion for 7.(t), and Acdj with the qubit in the first excited
state, one finds:

el < /825 (%) B 20 + (5

(23)

In summary, the SWLPT expansion is more valid for
larger A.q and k., and weaker y,. and Q.. For im-
proved readout, however, a common choice is to drive
in between the two resonances, i.e. A,y = —Xae, making
condition more stringent as [XacQe| < X2+ (Kc/2)2.

V. MEASUREMENT-INDUCED DEPHASING
AND SECOND-ORDER STARK SHIFT

We next provide the leading-order expressions for
measurement-induced dephasing and Stark shift, dis-
cuss the connection with former studies, and demon-
strate good agreement with numerical computation of
such rates.

Following the vectorized notation, the Stark shift
and measurement-induced dephasing are obtained as
the real and imaginary parts of the eigenvalue of
H?fleﬂ(t) in Eq. corresponding to the state |14;) [0gr),
ie. |14) (04| in density matrix notation, as

4X3c(Acd + 2Xac)

S N ok v e v L
(24a)
() ~ 2acie ne(®)? (24b)

(Acd + 2Xac)2 + (HC/2)2

On top of the common 2y,.-per-photon Stark shift,
Eq. contains a second-order correction proportional
to xz. [second term of Eq. ] Such a correction
was less noted in the context of dispersive measurement,
but studied later on for the Resonator-Induced Phase
(RIP) gate [25], [54] [55]. Interestingly, measurement-
induced dephasing is of the same origin and order as
the second-order Stark shift, where one finds 7,(t) =
(1) e/ (Bt + 2 ]AP 1)

Figure [2[ shows Ag and v, as a function of A.4 for
different ratios of |xac|/kc and for time-independent €.
In particular, we observe qualitatively distinct behavior
for 2|Xac| < ke and 2|xae| > Ke. For sufficiently small
[Xacl/Ke, both 74 and Ag demonstrate a single collective
peak centered in the middle of the ground and excited res-
onances at A,y = —Xac [panel (a)]. Enhancing |xac|/ke
results in the splitting of Ag and v, and also a positive
Ag in between the resonances [panel (b)].

Equation for 74 is in agreement with that of
Gambetta et al. [I]. The apparent difference in the ex-
pressions is due to the fact that our starting point is



| [ Gambetta et al. [1] [ This work |
’Measurement—induced dephasing‘ Yo = % (ne+ + ne,—) ‘ Yo (Acd+2i:c)2+(nc/2)2 Ne ‘
‘ Stark shift ‘ As = Xac(Ne,+ + Ne,—) — XaeDe ‘As = |2Xac — (Aj:jgiiz‘;jff;:/)m2] Ne
’ Steady-state photon number |n¢+ = |1, +.5|°> = (Aadis,jf)/gf(m/z)? Ne = [Mess|® = Agfﬁ"(i% ‘

TABLE 1. Comparison between our effective rates [Egs. (24a)—(24b)] and the result of Gambetta et al. [I] [section IV and

Egs. (5.20)—(5.22) and (5.27)]. While not immediately obvious,

the expressions for measurement-induced dephasing and Stark

shift are indeed the same. The apparent difference arises from the different model for the transmon in each study, i.e. anharmonic
oscillator versus two-level system. Moreover, the steady-state distinguishability parameter was defined as D. = 2x2.(1c+ +

ne—)/ (A2 + Xoe + (5c/2)7).

Xac/2m = —0.1, k./27=1.0, Q./27 = 10.0 MHz
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FIG. 2. Measurement-induced dephasing 4 [Eq. ] and
Stark shift Ag [Eq. (24a)], along with qubit-state-dependent
resonator photon numbers, as a function of resonator-drive
detuning A.q. System parameters are set to k./2m = 1 and
Q./2m = 10 MHz. Panels (a) and (b) correspond to xac/27
of —0.1 and —2.0 MHz, respectively. The ground and ex-
cited photon numbers, defined as (Q./2)?/[A2;+ (ke/2)?] and
(Q:/2)%/[(Aca+2Xac)? + (ke /2)?], respectively, are shown for
clarity, despite our distinct perturbative expansion that em-
ploys explicitly only the ground photon number.

the dispersive Kerr model, which models the transmon
qubit as an anharmonic oscillator, while Ref. [I] mod-
els the transmon as a two-level system. Our model can
be mapped to that of Ref. [I] by an offset of yg. in the
definition of A.4 as shown in Fig. Similarly, in the
low-drive-power regime, using the qubit-state-dependent
steady-state photon numbers of Ref. [I] one can obtain
the full Stark-shift we find in Eq. . Moreover, Ta-
ble |l| provides a detailed comparison.

We further validate the SWLPT method with a nu-
merical diagonalization of H, in Egs. f. For a

Xac/2m™ = =2, k./27=1, Q./2m = 10 MHz
Dipersive Kerr - N
T (this work) I,
Dispersive JC
40 - - (Gambetta et al. [1])] !
) |
zv 30 :
ct\1< 1
20 |
2 1
10 !
-10 -5 0 5 10
A.q/2m (MHz)
FIG. 3. Comparison between the expressions for

measurement-induced dephasing in this work and Gambetta
et al. [I] (see also Table [I). They can be mapped by a Xac
shift in the definition of A.q. System and drive parameters
are the same as panel (b) of Fig.

constant 2, H, is time-independent and can be exactly
diagonalized. The real and imaginary parts of the spec-
trum of H, give the renormalization of the frequencies
and dephasing rates for the system. Figure[d]shows a nu-
merical sweep of 2. and the corresponding decay rates,
where we find that the perturbative expression for
¢ captures the low-power dependence very precisely.

VI. TRANSIENT BEHAVIOR OF EFFECTIVE

INTERACTIONS

Our discussion in Sec. [Vl was based on a time-
independent pulse envelope. The SWLPT method, how-
ever, accounts also for the transient dynamics of the ef-
fective interactions. Here, we explore evolution under
the time-dependent T eﬂ( ) of Eq. , as well as an
adiabatic expansion that brings higher-order corrections
in terms of the derivatives of the resonator coherent re-
sponse 7.(t). The latter should be thought of as an in-
dependent expansion used in conjunction with SWLPT
Eqgs. 7. Successive terms in the SWLPT and adi-
abatic expansions characterize how strong and how fast
the interactions (drive) are compared to the transition
frequencies.

Up to the third order in SWLPT, we find ,}:[],eff(t) in
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FIG. 4. (a) Renormalization of the decay rates based on
numerical diagonalization. (b) Comparison between numer-
ical and perturbative expression for v, in Eq. . The
simulation is based on numerical diagonalization of 7:[u in
Egs. 7. System parameters are Aqq/2m = —2005,
Acq/2m = =5, Xac/2m = —1 and k./2r = 1 MHz. The
strongest (). corresponds to approximately 4 resonator pho-
tons. We kept 2 qubit and 14 resonator states in the simula-
tion.

its full time-dependent form as (Appendix

ﬁ[,cﬁ'( ) - 2Xac|77c( )| nal - 2Xac|nc( )| nar
(t)7

4Xac n,U A) al T 4Xac~An T (t)n2 (25)
B, Cour(t
+ Z4Xa,c"</c l6 ( ) + n,l2( ) ﬁalﬁar )

where Am”(t) and Am,.,.(t) are the left and right second-
order time-dependent correlation functions, describing
measurement-induced dephasing and further correction
to the Stark shift, and B, ;-(t) and C,;-(t) are third-
order correlation functions describing the cross (left-
right) interaction similar to a collapse term in a Lind-
blad dissipator. Under adiabatic evolution, we find

An 4t = ne)P/Aca, A%drr() Ine(t)[? /Acdr and

Ba, (1) = Cag,. (1) = (3/2)ne(t)*/(AcarAcar), which re-
duces Eq. to Eq. . Full time-dependent solu-

tions for B, ;-(t) and C, ;.(t) are involved and we refer
the reader to Appendix Here, we discuss the tran-
sients of A, j;(t). Similar results apply to A, ().
Correlation function flm”(t) describes a second-order
effect, generated from a simplified commutator of the

form (i/2)[G1(t), G1(t)] in Eq. , and is found as (Ap-
pendix

Apa(t) = / dt (£ (1) e Ben (=1

—— [ dt'nit)n.(t’
L[t ona

which involves the resonator response 7. at two different
times ¢ and #'. Note that the integrals in Eq. are
indefinite and contract ¢ into a single time variable in
Ay u(t). This is understood as A, ;(t), and the rest of

(26)
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FIG. 5. Transients of the effective interactions based on
time-dependent SWLPT. (a) Resonator response and pho-
ton number, based on a numerlcal solution to Eq. ., for
the SG pulse in Eq. . ) First-order Stark shift, and
second-order effective 1nteract10ns based on the adiabatic ex-
pansion in Eq. . (¢) Comparison of the consequent adi-
abatic terms, i.e. the zeroth, first and second derivative in
Eq. . System and pulse parameters are Aqq/27 = —2005,
Acq/2m = =5, Xac/2m = —1, k/2m = 5, Qc/2m = 50 MHz,
and 7, = 1000, 7, = 100 and o, = 50 ns. The vertical black
dotted line marks the end of the SG pulse, beyond which we
observe residual resonator occupation. Horizontal dashed line
in (a) shows the analytical steady-state photon number that
matches the numerical integration.

the correlation functions in Eq. 7 provide the effec-
tive rates. The effective rotation angles are consequently
computed by a definite integration of the rates over the
pulse duration.

The adiabatic expression for A, ;(t) is the leading-
order contribution, found by integrating only over the
phase factors in Eq. (26]). This can be generalized, using
integration by parts, resulting in a series in terms of the
derivatives of 7.(t) and n}(t) (Appendix [F'1). Keeping

Resonator response



the terms up to 7j.(t) we find:

) = Ing(t)l2 L ()i (;)'A_;?Z ()7e(t)
cdl LRcd

neliE ) F w0 (

203y

Expansion becomes practical when the pulse ramps
are not too sharp compared to the detunings, so that
keeping the first few terms is sufficient. An alternative
for fast ramps is to use a Fourier representation of the
correlation functions (Appendix .

We study the transient contributions in Eq. for a
Square Gaussian (SG) pulse envelope:

A

1e(t) T2 (t)
Al

(27)

-2 T
202 202
—e
- — - 0t
1—e 207
Psg(t) =41 T <t< T —T
) P
B ) A
202 202
e T —e i
—2 y =T St< T,
1—e 202

where 7, 7 and o, are the pulse time, rise time and the
Gaussian standard deviation, respectively. Employing a
numerical ODE solver, we obtain n.(¢) from Eq. for
0. (t) = Q. Psc(t), as well as its higher-order derivatives.
We then substitute the numerical solutions into the ana-
lytical transient expressions in Eq. .

Figure [5| shows the resonator response, the first- and
second-order effective rates, and an adiabatic breakdown
of the effective rates in panels (a)—(c), respectively. The
system and pulse parameters (see caption) are chosen
such that the adiabatic contribution of Eq. is domi-
nant, with weaker corrections from the second and third
terms in Eq. that become relevant only during the
transient ring up/down of the resonator. The resonator
response and the corresponding effective rates demon-
strate three stages of (i) ring up with a possible overshoot
(dependent on resonator-drive detuning), (ii) relaxation
to steady-state, and (iii) ring down with residual occu-
pation that outlasts the control pulse by up to a few
hundred nanoseconds.

We also consider a distinct parameter set in Fig. [6] cor-
responding to measurement cross-talk, in which photons
can leak to a neighboring readout resonator through a
shared feed-line, bus, or Purcell filter. A detailed model
of such a setup is architecture dependent, and in addition
to the two qubits, could include two readout resonators
and a resonator mode describing the bus or Purcell fil-
ter. Here, however, we assume that the cross-talk is dom-
inated by photon transfer via the bus mode so that we
can still model it using the single readout setup, but with
modified parameters. Compared to Fig. [5] we assume a
50 MHz detuning between the neighboring resonator and
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FIG. 6. Transients of the effective interactions for measure-
ment crosstalk. Panels are the same as in Fig. [5] except for
the log scale in panels (b) and (c). System and pulse param-
eters are Ayq/2m = —2050, Acq/27 = —50, Xqc/2m = —1,
Ke/2m =5, Q¢ /2w = 14.2 MHz, and 7, = 1000, 7 = 100 and
or = 50 ns. With respect to Fig. [5} the detuning and drive
amplitude has been changed to -50 MHz, and 14.2 MHz, re-
spectively, equivalent to a photon-transfer cross-talk factor of
1073, i.e. 0.02 steady-state photons.

drive, and a photon transfer ratio of 0.001, correspond-
ing to 0.02 steady-state photons (panel a). In such a
scenario, one finds that the second-order effective rates
are of the order of 0.1 KHz, so that measurement-induced
dephasing on the neighboring qubit is quite weak. How-
ever, the first-order Stark shift cross-talk can be tens of
KHz (panel b). Moreover, due to the larger detuning, di-
abatic corrections are suppressed and the effective rates
approximately follow the form in Eq. proportional
to the instantaneous photon number |n.(¢)|? (panel c).

As the results of Fig. [f] and [] show, there are dia-
batic corrections to the transient Stark shift for pulsed
readout. These corrections are substantial when the res-
onator is driven on resonance, but are heavily suppressed

Resonator response



for detuned resonators. They can be observed experimen-
tally by measuring the induced Z-phase on the qubit, or
its change in resonance frequency during measurement.
While a Stark shift does not impact the qubit being mea-
sured, since ideally it is projected onto a &,.-eigenstate,
it will impact other qubits susceptible to measurement
cross-talk. Thus, carefully accounting for the full mag-
nitude of the Stark shift, including transients, using the
SWLPT technique will be an important design consider-
ation for multiplexed readout.

VII. SUMMARY AND OUTLOOK

We introduced a natural generalization of the SWPT
method to be applicable to Lindblad dynamics, a
method that we have called SWLPT. Our construction
of SWLPT adopts the same effective frame transforma-
tions as in the Hamiltonian problem, but applies it to
a Schrodinger-like (vectorized) equation for the density
matrix. The adopted vectorization [42] unfolds the Lind-
bladian into left and right modes that obey the standard
commutation relations, which aligns well with SWLPT
that provides corrections in terms of nested commuta-
tors. This being said, depending on the problem of in-
terest, other equivalent constructions of SWLPT should
be possible, either directly for the denisty matrix, i.e.
without vectorization, or using distinct vectorizations.

To benchmark the SWLPT method, we considered a
Kerr-oscillator model for the dispersive measurement of a
weakly anharmonic transmon qubit. Applying SWLPT,
we derived an effective map that captures the low-power
behavior of the Stark shift and measurement-induced de-
phasing for the qubit, in agreement with earlier literature
[1]. The developed SWLPT method is time-dependent,
so that it describes the transients of the effective interac-
tions as well. We introduced equivalent representations
of the transient correlation functions in the time and
Fourier-domains, as well as a representation in the adia-
batic limit. In particular, the adiabatic expansion acts as
a bridge between time-dependent and time-independent
perturbation theories.

An interesting outcome of employing SWLPT for the
transmon readout setup was the possibility of deriving
an effective map that is CPTP, and hence a valid quan-
tum channel, under adiabatic response. We note that,
unlike SWPT that always leads to an effective unitary
time-evolution operator, for SWLPT the CPTP property
seems to depend on the choice of the zeroth-order gener-
ator and particularly the treatment of the collapse terms.
We conjecture that performing a symplectic diagonaliza-
tion of the collapse term, prior to SWLPT, will lead to
CPTP forms for the effective map at arbitrary truncation
order. Further study is needed for understanding general
properties of the time-dependent SWLPT method be-
yond our readout example, and to establish under what
conditions it or related techniques produce an effective
map that is CPTP.
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Appendix A: Vectorization of Lindblad dynamics

We review the correspondence between a given Lind-
blad equation and an equivalent Schrédinger-like equa-
tion using a vectorization [42] 43] in terms of left (orig-
inal) and right (adjoint) copies of the system Hilbert
space.

Consider a Lindblad evolution for the density matrix

p(t) as

0up(t) = ~ilH, + Ha(t). )] + 3 DIC o) . (A1)

where H, and Hy(t) are static and drive Hamiltonian,
«v; is the relaxation rate corresponding to the collapse
operator C;j and D[C}]p = C']ﬁé’;r - (1/2){CA’JCA’j, P}

Lindblad Eq. can be mapped into an effective
Schrédinger-like equation by extending the Hilbert space
via an auxiliary copy of the original system that encodes
the adjoint states. Given a solution for the density matrix
in terms of a system basis {|n)} as

)= punlt) Im) (n] ,

mn

(A2)

with pmn(t) = (m| p(t) [n), the corresponding vectorized
wavefunction is defined as

Z pmn

with subscripts [ and r denoting the left and the right
sectors.
In this vectorization,

Eq. (Al) is equivalent to

|ml |n7“> 9

(A3)

the Lindblad dynamics in

0c|Wp(1)) = —iHu(t) \ (1) (A4)
where the extended Hamiltonian 74, (t) takes the form:
ﬁu (t) = ,Hl(t) - 7:[7" (t) + 7:[7 ) (A5)

1.
Hy= ZWJ ( jaCir — *C Cyl - QCJT,TCJ',T> - (A6)



Here, #;(t) and H,(t) represent the left and the right
copies of the overall Hamiltonian H, + ﬁd(t), and
7:[7 is a representation of the dissipators. Note that
each dissipator consists of diagonal decay contribution
(—i/2)y; (CAJT é e —&-CT lCJ 1) and off-diagonal collapse con-
tribution i’ijjJCj’T. Therefore, it is only the collapse
terms that directly couple the left and right sectors.

In Eqgs. 7, the left and right extended opera-
tors corresponding to an arbitrary operator O are defined
according to [42]

O W) =¥4,)
@r ‘\I’ﬁ> = |\II[;OT> .

Requiring the vectorized notation to give the same
matrix elements as the density matrix notation, i.e.

(ATa)
(ATDb)

(1 (K| O 1¥5) = (jlOplk) and (j| (k| Or ¥, ) =
(j] pOT |k), leads to
O=0®1, (A8a)
O, =1x0* (A8D)

Two remarks are in order. First, there is flexibility in
the definition of the right extended operator in Eq. ,
where it is more common to use O, |¥,) = |V, [43,144].
Our convention leads to the standard commutatlon rela-
tions [O,, Of] = [0y, O ], in contrast to having a minus
sign when following the other convention as [O,, Of] =
—[0, (’A);r], and is favorable in terms of bookkeeping given
our use of SWLPT which is based on nested commutators
(Appendix [C]).

Second, the vectorization in Eq. follows Ref. [42]
where we work with an equivalent extended Hamiltonian.
However, this should only be thought of as a represen-
tation of the Linbdladian, i.e. Eu = ZH This choice
again is motivated by the use of the same SWPT equa-
tions that was developed at the Hamiltonian level [I8H25].

Appendix B: Displacement transformation of the
resonator mode

In this appendix, we apply a displacement transforma-
tion on Egs. f to account for the classical mean-
field response of the resonator mode. The displacement
transformation is defined as

Tolne(t)) = e

with 7.(t) and n}(t) as the coherent displacement of the
left and the right resonator modes:

—ne(t)ér gne s()el—ne(t)er ’ (B1)

Thme)&aTpne(t)] = & + ne(t) ,
Thne(t))e, Tone(t)] = & +ni(t) -

(B2a)
(B2b)

Moreover, Tp[n.(t)] is unitary and obeys T;, [n.(t)] =
Thlne(t)] = Tol=nc(0)].
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Using Eqs. (B2a)—(B2b)), the displaced extended
Hamiltonian is obtained as

Huais(t) = 7'5 [Me(®)][Hu(t) — 0 Tp[ne(1)] - (B3)
Our first step in the diagonalization of H,(t) is to set
the coefﬁments of the terms that are linear in ¢, c}L, Cr
and ¢l in Eq. ( to zero. The four conditions all result
in the same equatlon for n(t) (and similarly for n*(¢) by
complex conjugation)

1e(t) + (idea + 52 ) melt) = —30.(0), (B)

which is equivalent to the classical response of a driven-
dissipative harmonic oscillator under RWA. Based on
Eq. (B4)), the steady-state resonator photon number is

|2
+ (re/2)]

In the displaced frame, the extended Hamiltonian can
be written as

|7707ss|2 = (B5)
4[A%;

Huais(t) = Hiais(t) — Hyais(t) + Hoe (B6a)

with the left and the right sectors as

Hl,dis (t) = Aadajal + iaaaja;alal
+ Acadfer + ixaca}azéjél (B6b)
+ 2Xa0|776( )| al ap

+ [2Xaen (D are + He.|
N . 1 ..
Hr.ais (t) = Aaclajrar + iaaaTaTarar

+ ACdC CT + 2Xaca ar TCT

+2Xa6|776( )|2 fa
[2Xac77c( )a a,¢, + H. C] .

(B6c)

Note that the displaced Hamiltonian is diago-
nal with respect to the qubit subspace, but off-diagonal
due to two distinct contributions. The first is a time-
independent dissipative coupling due to the collapse term
ikeC-¢;, and the second is the time-dependent nonlin-
ear number-quadrature coupling terms in the last line
of Egs. (B6b)—(B6c|). The goal of SWLPT is to derive
an effective (block) diagonal model that accounts for the
effects of these off-diagonal terms perturbatively.

Appendix C: Schrieffer-Wolff-Lindblad Perturbation
Theory for dispersive readout

In this appendix, we use time-dependent SWLPT to di-
agonalize the displaced extended Hamiltonian (B6al). We



treat both off-diagonal interaction terms on equal footing
by keeping them in the extended interaction Hamiltonian
’}Clint (t) = 2Xac|nc(t)|2&j&l - 2Xac|nc(t>‘2dj:&

+ {2)(@077:(15)(1[ 161 + 2Xaene(t)a) ¢

(C1)

{2Xac776( )& arCp + 2Xac77c( ) T,aré:[}
+ 1KC1Cp

Time-independent diagonal terms are accounted for in
the zeroth-order extended Hamiltonian Ho = Hj;0 — Hro:

~ i 1 TN
Hio = Aadajal + §aaa?a}alal
p (C2a)
+ (B - z?) &ler+ 2xactiaseler
N e 1 T
H,o = Aadaiar + iaaaiaiarar
(C2b)

e\ o - e s
+ (Acd + Z?C) elén 4+ 2xqealanéle, .

Note that a different grouping of terms is possible. Keep-
ing the collapse term ir.¢;¢, in Hg ensures the Lindblad
form for both Ho and Hins(t). The tradeoff, however, is
an off-diagonal zeroth-order generator Ho, that can be di-
agonalized using symplectic transformations [43, 44] (see
the end of Sec. [[I] for further discussion).

To simplify the perturbation, we work in the interac-
tion frame with respect to Hg via the similarity transfor-
mation:

eiﬁgt[ﬁo + ﬁint (t) . Z-at]efi’fftot

(t) —iﬁot (CS)

— eZHUtHint

Note that Ho is not Hermitian due to the diagonal
terms in the dissipator. Therefore, exp(£iHot) is not a

unitary transformation. More specifically, exp(—i—i?:[ot)
and exp(—iHot) contain terms that gain (decay) in time.

Since ﬂint(t) is off-diagonal only with respect to the
resonator operators, it is sufficient to obtain the following
interaction-frame transformations:

ei?:lotélefﬂ:lot *lAcdltél (C4a)
emoté;e_mot = élTeiA“‘“t , (C4b)
ei?:lotére—i”:lot — eiAchtéT , (C4C)
eiHotgte=itot — ot o=ibeart (C4d)

with the operator-valued detunings Acdl and Acdr de-
fined as

N .Re AT A
Acar = Acq — Z? + 2Xaca;al , (C5a‘>
Avar = Aoy + z% + 2Yaedlan . (C5b)
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Using Eqgs. -, the interaction-frame extended
Hamiltonian H 1( ) is found as
7:[1( t) = 2Xac|ne(t )|2al a1 — 2Xac|ne(t)| &id
+ [2xacnc( i agére et 4 2x oo (t)aage

iA

[2)(@0776( )a Qe et 4 2y ¥ (t )a arcle” '

+ incélére_m“dlteﬂAmt .

1. First order

Based on Eq. (7a]), up to the first order, the effective ex-
tended Hamiltonian contains the 2x,.-per-photon Stark
shift for the left and the right qubit modes as

Ay da() = 2xaelne(O)Paf a1 — 2xaclne(t)Pafar . (CT)
According to Eq. , the first-order generator Gi(t) is

found as the indefinite integral of the rest of the off-
diagonal terms in Hj(t) as

Gl(t) / dt'2xaen i (t )alalcle iAcart!
t - A 7
+ / At 2x aene(t)a agéf etdeart
t . ,
- / dt'2x acne(t')a) arépe' ot (C8)
t - A ’
- / dt'2xaen (1)l a,éle™Beart

t N R
1iooaa o —iDAeqit’ +iAoget
+ dt'ik.¢;Cre e

2. Second order

Note that since 74! I CH( ) is independent of the resonator
mode, and Gi(t) is off-diagonal only with respect to
the resonator modes, we find [G; (t),?’:[ggﬁ(t)} = 0, from

which we conclude that [Gi(t), H(t)] = [Ql(t),él(t)].
This simplifies the second-order SWLPT equations f

to
= 5(516:(0).6:(07) .
= N (51610, 6:(])

Substituting Eq. (C8]) into Eq. (C9a)) and further sim-
plifying gives

(C9a)

Ga(t) (C9b)

(C10a)



where we have organized the contributions in terms of
the left-only and the right-only sectors. The correpond-
ing second-order operator-valued correlation functions
A, u(t) and A, () encode the dependence of the ef-
fective interactions on the drive through 7.(t) as

2 1
Anyll(t) = ?/ dt 770( ) ( ) ZAcdl(t t')
1 (C10Db)
= lAcdl(t ')
"9 / ' :
N 1
An rr (t) = 2—2 / dt nc( )nc( ) 'LAcdr(t t )
(C10c)

Moreover, we find Go(t) as the off-diagonal contribu-
tions according to Eq. (C9b)) as

Galt) =

]_ t t/ - A ’ " - A 1"
—5/ dt'/ dt/IQXaCliC’I]C(t’)d;&lérelACdl(t —t") giBcart

1 ¢ tl : A ’ " - A /
+ § / dt// dt//QXllCK;CnC(t//)&j&léTe_ZACdl(t —t )elACdrt

/dt// A" 2 acken ()il cre 1 Bean (' —t") gmiBcart”

_7/ dt/ dt/I2Xac’€Cnc( )

Note that, up to the second order, the collapse term
[last line of Eq. (C8)] does not lead to a renormalization
of the effective Hamiltonian. It will, however, appear at
the third-order SWLPT through nested commutators.

(C11)

3. Third order

Using similar relations as for the second order, we
first simplify the third-order effective SWLPT equa-
tlons leen the form of Hi(t), Gi(t), and Go(?) in

[

Egs. , , and (| , one finds Ql() Hi(t)] =
[gl(),gl()], [Ga(t), H ()] = [G(1),G and

1(t)],
(i/2)[G1(1), [G1(£), G1 ()] = [G1 (1), Ga(1)]. Using these re-
lations Eq. reduces to

H(0) = S (51610, 0] + 60, 61(9]) - (€12

Both contributions in Eq. (C12)) lead to a cross interac-
tion between the left and the right sectors proportional to

(a]a;)(afa,). In particular, the first term can be written
compactly as

(51610, a(0) = B () afan) @la,)

(C13)

%(QXLLC)QH

lAuh (t —t”) —iAcdlt/
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with the third-order correlation function B, () defined
as

B,

3

~—~
~

=
M1l

+

—_—
\\ﬁ\\

~+

dt”n: (t/)nc(t)eiAcdl(t—t”)e—iACdr(t’—t”)

ISy
x

=Y
-

—iAcar (t—t”)ez’ACd,.(t—t/)

Sy
S

dt" % (" )ne(t")e

_|_

N)\»—l N~ N~ N

dt”nc(t,)n: (t)eiAch(t/*t”)e*iAcdr(t*t”)

ISy
x

Y
Y

dt//nc(t/)nz (t//)e—iAcdl(t—t’)eiACd,.(t—t”) ]
(C14)
The second term in Eq. (C12) takes a similar form

(5190 610)]) = 5 xae i Coan(t)afan) il
(C15)

dt’

with a distinct third-order correlation function C, ;. (t) as

én7lr(t) =
1 t tl A ’ " A 7"
4+ / dtl/ dtllnc(t/)n:(t)eiAcdl(t —t )e—iAcd-p(t—t )
1 / dt / dt//nc( //),'7C (t) —zAcdl(t —t'") —zACdT(t t')

/dt/ dt"n’(
—f/ dt/ dt"n’(
(C16)

Putting the contributions together, the third-order effec-
tive Hamiltonian reads

(2Xac)?K

(QXaC) K Cn i (t )(agdl)(&:[dr) .

o(t)e iACdl(tft”)efiAcdr(tlft”)

) iAcar (t_t/)eiAcdv' (t'—t")

W T

CD\N
—
Q
—_
\]
S~—

[\’)\s.

4. Adiabatic approximation

We next discuss adiabaticity and provide adiabatic ap-
proximations to the effective interactions in Egs. ,
, and . For instance, consider the
second-order correlation Amll(t) in Eq. . We can
apply an adiabatic expansion in 7%(t)/ A,q via integra-
tion by parts:

5 1 |ne(t))? ()2 ()0 (t
Ay = L[BOF 0 o (@)
20L—iAq 1A A2,
2 - x
_m®F | (i)
Acar Azdz

(C18)



Therefore, under adiabatic evolution, An,”(t) takes the
form of photon number over Acdl and is valid when

fie(8)] << | (Acar) .

Applying adiabatic approximation to the correlation
functions in Egs. (C10b)—(C10¢), (C14) and (C16) we
find

2
A2 (1) = "’;( ) , (C19a)
cdl
2
Asd (1) = O (C19b)
cdr
2
Bed (1) = AmeO (C19¢)
’ 2AcdlAcdr
2
cad (1) = 2dneWE (C19)
’ QACdlACdT

where the superscript “ad” denotes the lowest order adia-
batic term. Employing the adiabatic expressions (C19a])—

li H3 §4a(t) can be written compactly as

=+ 2Xac"'76( )|2al a; — 2Xa6|77€( )‘ Tar

HI cf‘f( )
AXaclNe
08 1 Eebe0)
A('dl Acdr
4 cl|le ata Nsata
+i Xac’ka ‘77 ( )| (a;al)(alar) )

AcallAcdr (CQO)

Alternatively, inserting the explicit expressions for A
J

2Xac [A?zd (Kc )2] [(Acd + 2XacNat) (Aca + 2Xachar) + (%)2] (Nal — Nar) \m(t)|2
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and A4, in Eqgs. 1'1) into Eq. 1

HI eﬁ‘( ) = +2Xac|ne(t )|2al ar — 2Xac|ne(t )|2&Tdr
4aCC A, +2aca—|—m62 2
Xacle(®)|*(Acd + 2Xach; /)(alaz)

(Acd + 2Xacal CL[) (’ic/2)
42 c Ac 2a('ATAr7'c2
 AGDLOP B+ e —if2)
(Acd + 2Xacarar) ( /2)2 (021)
+ Z-4X§c’{c‘77c(t)|2(Acd + 2Xac al + 'LK/C/2)
[(Acd+2Xachdl) ( c/2) ]
Acd + 2Xacalay — 2
(Bot  Dochule ~0elB) 31 )al ).
[(Aca + 2Xacrar)? + (ke/2)?]

Equations - are the main results of this Ap-
pendix. The real and imaginary parts of {2 7 d +(t) provide
the shift in qubit frequency and its dephasmg rate due
to the readout drive.

) we find

Appendix D: Properties of the effective dispersive
map in the adiabatic regime

The effective adiabatic dispersive map for the vector-
ized density matrix is given by

(Wl a()) = e o WHTal) |95 a(0)) (D1)

where due to the diagonal form of {2 T 4 +(t) time-ordering
is trivial and hence is dropped. In this appendix, we
analyze the effective adiabatic dispersive spectrum, from
which we prove desirable properties for the map such as
TP and HP. Moreover, in Appendix[E] we show that the
map can be expressed in a Lindblad form, and hence is
also CP.

1. Effective adiabatic dispersive spectrum

We define the effective adiabatic dispersive spectrum
as eigenvalues of 'HI d4(t) in Eq. (C21):

ﬁ??eff(t) |”al> nar) = Ef{fl,nm (t) Inar) ‘na7> . (D2)

Given the diagonal form of Eq. 1| we find Ef;jl,nw (t)
immediately as

Re{E}], .. (1)} =

Ee

|:(Acd + 2Xacnal)2 + (

2X20K/C [AQd + (HL) ] (a1 — nar)2 |776(t)‘2

)2} |:(Acd + 2Xaear )’ + (%)2] ’ (D3a)

: (D3b)

Im{Enaz,nM (t)} = - [

(Acd + 2Xacnal)2 + (%)2} |:(A6d + 2Xacnar>2 + (%)2}



where the real and imaginary parts give the shift in
the transition frequency and the dephasing of state
[Pai) [Nar). Setting ng = 1 and ng,. = 0 recovers Ag

and 7, in Eqgs. (24a) and (24b)) of the main text.
Based on Egs. (D3al) D3 ID3b)), the spectrum obeys the

conditions:
By, (t)=0, (D4a)
ad ad*
B na, () = —E5 " () (D4b)
Im{E3, . (1)} <0, (D4c)

using which we prove some desirable properties for the
map in the following subsections. Figure [7] shows the
low-excitation spectrum based on Egs. (D3a)—(D3b) and
for a constant time-independent photon number.

2. Effective dispersive time evolution

Given an arbitrary initial effective density matrix, we
can express it in the vectorized form as

Z pnalvnar [Mar) [nar)

Nal,MNar

| p, eff (D5)

Based on the

diagonal form of H? T d+(), the solution at time ¢ reads

i ad
—1f dt'E
0 nals"ar
p,eff E pnaz,nm .

Nal,Nar

where pn \na, are the matrix elements.

|pad

(D6)

Undoing the vectorization, using Eqs. . the so-
lution for the dens&ty matrix is found as

. t ad
prdy = pad e o M e ) ) (g

Nal,Nar

(D7)

The time-evolution phase factors in Eq. (D7) can be
expressed as

- rt ad
el Jo dt'E} (t)

Ngl:Mar

_ efif; dt'Re{ E2d ("}

nglsNar
. (D8)
< et Jo dt'Im{E (')} )

Based on Eq. 1' where Im{Eadl o, (1)} <0, we find

that individual matrix elements of p2d(¢) decay in time
and hence the map is contracting.

3. Trace preservation

To prove trace preservation, we need to show

—3 ad
ana;na fO ' Ena na t ) = ana,na : (Dg)
However, we found in Eq. (D4a) that ng’na (t) = 0. This

means that not only is the trace is preserved, as defined
in Eq. , but also individual diagonal elements of the
density matrix pffi’na are conserved.

) 1na2) [nar) -
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0.0j >k
/:] [ * Ina)na) *
s _0'25 121} [1e) |1a1)|2az)
& -0.4} sk %
>; |1a )loar) 0a lar
Y |0a1) 1az)
2 0.8
— |2a1)|°ar) |0a1)|23r) 1
-1.08k ‘ K
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FIG. 7. Effective adiabatic dispersive spectrum in

Egs. ( m ID3b)) corresponding to ng, ner € {0,1,2}. Sys-
tem parameters are set to Acq/2m = =5, Xac/2m = —1,
ke/2m = 1 MHz, and |n.|*> = 10. Spectral properties (ID4al)-

(D4c)) are clearly visible.

4. Hermiticity preservation
Taking the Hermitian conjugate of Eq. @ we find

AadT Z adx +i [Lat padx
pnalanare ¢ abrmar

Nal,Nar

*) ‘nar> <nal| .

(D10)

Given that the initial density matrix is Hermitian, i.e.

P e = Pt (D11)
and using Eq. 1) we rewrite padT(t) as
~ad _ td ad +
pZﬁT Z an,nal o Ay im0 () [nar) (Nat] -
Nal,Nar
(D12)

Swapping the dummy indices n,; and n,,. in Eq. (D12)),
we find that ﬁg?g (t) = p*4(t) and hence the map is Her-
miticity preserving.

Appendix E: Lindblad form of the effective
dispersive map in the adiabatic regime

In this appendix, starting from Eq. , we show
that the effective adiabatic dispersive evolution can be
rewritten in terms of an effective Lindblad evolution. To
this aim, we group the terms in Eq. as follows. The
first line and the real part of the second line provides the
effective Hamiltonian or the coherent evolution, while the
imaginary part of the second plus the third line contains
the incoherent evolution.



The incoherent part in Eq. (C20]) can be expressed as

' 72
)
_*4X3c"56|770(t)|2 Mol
2 A car]?
. a9
) 7
—SAXE Fene(t)]? =2 (E1)
2 |Acd'r|2

2 ﬁal ﬁar

Acdl Acdr
To match Eq. (E1) to a Lindblad dissipator of the form
i[CatCar — (1/2)C),Car — (1/2)C1,Car] (in the vectorized
notation), we can define the following collapse operators:

+i4X2c’£C|7IC(t)|

N n
Cu=v 4XacK/C|770( )‘ o ) (E2a)
A('dl
Car = /Do P22 (E2b)
cdr

Reverting the vectorization, using Eqgs. (A7a)—(A7D)),
we arrive at the following effective Lindblad dynamics:

Pian(t) = —i[Higa(t), pien(D)] + DICTee(1)]piea(t) -
(E3)

The coherent part is generated by a Hamiltonian con-
taining the first- and second-order Stark shifts

i = 2Xaclne()*a
G e (Aca 4 2Xacha) . 42 (E4)
(Bea + 2xachia) + (/27
while the incoherent part accounts for measurement-

induced dephasing in terms of the effective collapse op-
erator

2 25
Ax2 Kene(t)?g (E5)

Cad t) =
Ieff( ) Acd - iHC/2 + 2Xacﬁa ’

for which we have that C, = C'ﬁgff(t) ® I and C,, =

C’ad*( ) as required. Given the Lindblad form, we
conclude that the effective adiabatic dispersive map is
CPTP.

Appendix F: Transient behavior of effective
interactions

In this appendix, starting from the time-dependent
form of the effective extended Hamiltonian, we ana-
lyze the transient behavior and dependence on the pulse
shape.

Putting the time-dependent contributions of Ap-
pendix together we find Hjea(t) as

,?:tl,eff(t) = 2Xac|77¢:( )‘Qnal 2Xac|nc(t)|2ﬁar
- 4X§CA77’”( )nal + 4X3c"zl77ﬂ”7‘ (t)ﬁgr

B  Con@®].
MG()+ "’;()namw,

(F1)

+ i4x§cmc [
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with A, ; o an (t) and én ir(t) given in
Eqgs. m ClOc Cl4 and (C16] -, respectively.

We note that we Con51der three ways to compute the
time-dependent correlation functions: (i) integrals in
time-domain, as found by the solutions to the SWLPT
ODEs [Egs. (ClOb) C10d)), (C14) and (C16))], (ii) adi-
abatic expansion, which brings corrections in terms of
the pulse shape derivatives, and (iii) Fourier representa-
tion, which connects the response directly to the Fourier
transform of the input pulse. The first step is to obtain
the solution for the resonator response 7.(t), based on
Eq. , either analytically or numerically. In the fol-
lowing, we discuss the adiabatic expansion and Fourier
representation of the correlation functions.

1. Adiabatic expansion

Consider the second-order correlation An’j ;(t) as

q 1 ! * A (—t
Ay i (t) = 27/ dt'n.(t)nk(t)e Acaj(t—t")
1 [t y (F2)

/ e—zAcdj(t—t’) 7

with j € {l,r}. The idea for an adiabatic expansion is
to compute the integrals via integration by parts, which
leads to a series expansion in terms of the derivatives of
nelt) and 1 (1),

In particular, the integral in the first line of Eq.
can be expressed as

A o0 )ndl?c(t) A
dt'nf(t)e "Pedi " e=iBeait (F3
/ () g . (F3)

In finding Eq. (F3)), we use integration by parts:

t A ’
/ dt'n; (¢)e™ St =

tdtl * (¢! 1 d —iApait’ _
. (t) AL dl e = (F4)
cdj
U:A(t) efiAcdjt . /t dt’ } an(t/)efiAcdjt’
77:Acdj 77;Acdj dt’

and repeat to infinite order.

Using Eq. , and similarly for ft dt'n.(t'

we express A, ;;(t) as

) etibdeat’

n drni(t
App(t) = L 32 DS
T (Cideg)n
LS () () e
24 = (—HA Nias ’

(F5)




The first few terms in the adiabatic expansion (F5|) are

An,jj (t) = ng(td)E + ne(t)nz (;) A;?Z‘ (t)7e(t)
cdy v cdj
RO )+ 0iet) (| net)iiz )
2A§d1 A édj .

(F6)

The first and the second terms are referred to as the
dynamic and geometric contributions [54].

The accuracy of the adiabatic expansion depends on
the effective gap | (Acg;) |, which in turn depends on A4,
2Xqac and k., and their relation to the time scale of the
pulse ramp. Similar adiabatic expansions can be derived

for B, 1 (t) and C,, 1, (t).

2. Fourier representation

An alternative representation of the correlation func-
tions can be found in the frequency domain. We define
the Fourier and the inverse Fourier transforms as:

flw) = [ - dt f(t)e ™t (F7a)
=[5 T F et (F7b)

7h), A, j;(t) can be written as

Using Eqgs. -

/°° dw/oo dw’

l:(w +w' + 2Acdj)nc (w)ﬁc(w )efi(wfw')t
2(w + Acgj) (W' + Acg)

(F8)

)

for j € {l,r}. In writing Eq. (F8), we grouped and sim-
plified the contributions in terms of a common Fourier
basis exp[ (w w’)t]. Similarly, the Fourier representa-
tion of Bn 1r(t) reads

0=

77 lr o - 2

{ W = w+ 3(Acar — Acar)]ii (w)iie(w') ei(ww’)t} _
Q(W + Acdl)(w/ + Acdr)(Acdl - Acdr)

(F9)

For én,lr(t) we find

/°° dw/oo dw'’

Coir
{ cdl - 2Acdr — W)Wc( )ﬁc(wl)
+

—i(w—w’)t

W + Acdl (JJ + Acdr)(Acdl - Acd'r)
(zAcdl Acdr +Wl)f7:( )7e(w")

: e—i(w—w/)t} ]
(w +Acdl)(w +Acd7‘)( cdl — Acd?")
(F10)
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We note that, based on Eq. (B4]), the resonator re-
sponse 7.(t) has the following explicit solution in the
Fourier domain

w) = —o Fi1
Tele) 2(w — Acao) (F1D)
where Qc(w) is the Fourier transform of the input pulse
and A.go = Acq — ike/2. Therefore, the Fourier repre-
sentations (F8)—(F10) can also be directly expressed in
terms of the Fourier transform of the drive pulse Q.(w).

Appendix G: Instantaneous eigenstates

Following the methods introduced in Appendices [A] [B]
and [C] we have computed an effective diagonal generator
for the evolution. In particular, in this effective frame,
states of the resonator are integrated out. Here, we pro-
vide the representation of the corresponding eigenstates
in the starting frame, i.e. rotating frame of the drive,
which makes the role of the resonator modes more ex-
plicit.

Note that our diagonalization employed three interme-
diate transformations: (i) displacement transformation
of the resonator mode, (ii) transformation to the inter-
action frame, and (iii) SW transformation:

,tiiag(t) = 7AdD [nc( ,TSW( )

with 7p[n.(t)] given in Eq. t) being the interac-
tion frame with respect to Eqs 1 2a 1.) and Tsw( )
solved for perturbatively in Appendix [C]

Using Eq. ( . we re-expressed the starting (rotating
frame of the drive) vectorized Lindblad dynamics,

(G1)

() = i1 195(1)) = 0, (G2)
in the effective frame as
T ®) [Flut) = 0| Tasag () Ty () [05(8)) = 0. (G3)

Therefore, the starting and effective vectorized density
matrices are related via

U5(1)) = Taiag(t) [Wp.en(t)) - (G4)

Consequently, the eigenstates of the extended Hamilto-
nian H,(t) are represented in the rotating frame of the
drive as

Wt 1010 men (£) = 7—diag(t) Nat, ct) [Mars ner) 5 (G5)
where the right hand side is the number basis in the ef-
fective (diagonal) frame.

The SW transformation Tgw (t) can be computed per-
turbatively as

Tow(t) = e 790 = T —iGy(t)



with G1(t) and G(t) given in Eqs. (C8) and (C11)), re-
spectively. Using the lowest order adiabatic expansion,
under which ’H?fieﬁ«(t) in Eq. (C21)) was derived, we find

724 (t) as

Aixd (t) _ ZQX(I;CUZ( ) 72Acdlta]‘a’lcl
Acql
. Z-QXLLACUC( ) zApd,taTd éZr
Acqr
+ i2X(fch( ) piBeart ilaé (G7)

cdr
— 2X0ic77: (t) e—lALth&Idrél
Acdr

4 — e — ei(Acdr cdl)télé

Acdr - Acdl
and G34(t) as
2Acdl - Acdr
AcdrAcdl(Acdr - Acdl)

2Acdr - Accll
AcdrAcdl(Acdl - Acdr)

lAch taTalc,«

di (t> = XacRele (t)

—1Acd1t ata.e

- Xac“cn: (t)
(G8)

As explicit examples, we provide expressions for the
eigenstates that correspond to the computational sub-
space of the qubit in the rotating frame of the drive.
Up to the zeroth order in SWLPT (keeping only Z
in Eq. (G6)), the resonator degrees of freedom are in
the coherent state characterized by 7.(t). Higher-order
processes, however, can create/annihilate resonator ex-
citations depending on the qubit state according to
Eqgs. . Using Eq. (| , and up to the second
order in SWLPT we find |\Iloil %(jl 0ur.0., (£)) @S

,ad *
(W o () = 0at,7e(8)) [0ar, m2(8)) 5 (G9a)

implying that when the qubit is in the ground state, the
coherent resonator state remains an eigenstate of the ex-

tended dispersive Hamiltonian. For |\I'§i)l’,g(jhow,o” (1)),
however, we find

W o () = [Lat, 7e(t)) [Oar, 75 (1))
2Xaee() [ = 2 (1))

C A — 0%+ 2Yae

2t ()l - n)]
[Bod — 0% + 2xao?

Lat, 0e(t)) [Oars 1 ()

_|_

[Tat, ne(t)) [0ar, 77: ),
(G9b)

a,arcy .
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where the second and the third lines come from
—iGy(t) and —(1/2)G%(t), respectively. Similarly,
|‘I’0a,,7,gc,,,1w,ocr (t)) reads

2),ad *
(W () = 10at, 7e(8)) | Lar 12 ()

* éT — Ne
_ QXXZ—S"[ - 2’7 ) 1042, 7 (£)) [Lar, 75 ()

2Xa('n* ( ) [ 777C( )]2
[Acd +i% + 2Xac]2

|0at; me()) [Lars n2(2)) -
(G9c)

Lastly, |\IJ al,Ocz 1,0, (1)) 1s found as

(2),ad
| 1a1,0ct51ar,0cr

t)> - |]-al7776( )> \Lmﬂ?ﬁ(t»
2Xac770 [ - 77c
Acd — i 2 + 2Xac
. 2Xacnc( ) [ Cr _nC( )}
Acd + Z& + 2Xac
2
2Xa('77(‘ |:Cl - T](' t)]
(A d_Z 2 +2Xac)
2
2Xacnc (t) Cr — Uc(t) *
,K[ 2] ‘1ala770(t)> |1a7"a77c(t)>
(Acd +15 + 2Xac)
DM [ = nz )] [ef = ne®)]
(Acd + 2Xac) + (%)2
X |1al7 Wc(t» |1ar7 T):(t» .

(
)14
[Lat,71e(D)) [Lar, 72 ()

|1ala 770<t)> |1CLT7 77:(75»

+ Lty 7e(t)) [Lar, i (1)) (GOd)
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