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Current quantum technologies are at the
cusp of becoming useful, but still face
formidable obstacles such as noise. Noise
severely limits the ability to scale quantum
devices to the point that they would of-
fer an advantage over classical devices. To
understand the sources of noise it is neces-
sary to fully characterise the quantum pro-
cesses occurring across many time steps;
only this would reveal any time-correlated
noise called non-Markovian. Previous ef-
forts have attempted such a characterisa-
tion but obtained only a limited recon-
struction of such multi-time processes. In
this work, we fully characterise a multi-
time quantum process on superconduct-
ing hardware using in-house and cloud-
based quantum processors. We achieve
this by employing sequential measure-and-
prepare operations combined with post-
processing. Employing a recently devel-
oped formalism for multi-time processes,
we detect general multi-time correlated
noise. We also detect quantum correlated
noise which demonstrates that part of the
noise originates from quantum sources,
such as physically nearby qubits on the
chip.
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1 Introduction

The characterisation of noise is a critical require-
ment for the advancement of quantum technolo-
gies. Noise is present in all current quantum de-
vices as they interact with their environment; for
many devices, this includes non-Markovian noise
due to temporal correlations across a multi-time
process. While most current techniques assume
Markovian noise, this assumption fails in realis-
tic quantum devices and non-Markovian noise has
been reported in state-of-the-art quantum com-
puting devices (such as IBM and Google) [1-3],
having a detrimental effect on computation and
fault-tolerance thresholds [4].

Non-Markovian noise is essentially correlated
noise across time. In quantum computing, this
can appear as correlated errors between gates of
a quantum circuit occurring at different times on
the same system. This leads to a noisy quantum
process, even if all its elements have been individ-
ually optimised against noise. A non-Markovian
process can be simulated by adding an environ-
ment that interacts with the system at different
times and goes through a channel in-between.
Non-Markovian noise can be divided into classi-
cal and quantum, depending on the nature of the
channel needed to simulate it; quantum or clas-
sical channel. Classical non-Markovian noise can
originate, for example, from slowly drifting en-
vironmental fluctuations such as noise from elec-
tronics or nearby classical or quantum systems.
Quantum non-Markovian noise requires a quan-
tum system to be the environment that correlates
the different system-environment interactions in
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time.

Traditional approaches to capture
Markovian noise only provide access to two
times of a quantum process through dynam-
ical maps [5-11|]. Beyond this, a number of
experimental techniques designed to reduce non-
Markovian noise have been developed, especially
within spin silicon qubits [12-16], and shown
to increase computational accuracy [12], but all
rely on ad-hoc methods that are not based on
principled characterisation of non-Markovian
processes.

non-

Recently, a formalism was developed that con-
structs a process matriz [17, 18], which encodes
all multi-time correlations in a quantum process.
In this formalism, non-Markovian noise is rigor-
ously captured and can be further investigated
in terms of its nature (quantum or classical) and
amount [19, 20|, as well as memory length and lo-
cation in the device [21] with a prospect of scal-
ability [22] and extending current characterisa-
tion methods to non-Markovian regimes [23]. The
approach has been used in distinct experimental
scenarios, successfully detecting non-Markovian
noise [1, 21, 24-27].

However, full reconstruction of a multi-time
process matrix requires implementing sequen-
tial informationally-complete operations, such as
measure-and-prepare, on the system at every
time step. Based on the assumption that this pro-
cedure requires mid-circuit measurements with a
fast feed-forward of signal—unavailable in current
quantum computing platforms—previous work
did not succeed in performing full tomography
but rather achieved a partial characterisation of
non-Markovian noise, for example through a ‘re-
stricted” process matrix, an object containing
partial information compared to the full process
matrix [27-32].

Here, we implement the first full tomography
of a multi-time quantum process on a super-
conducting qubit and obtain a complete descrip-
tion of its non-Markovian noise. We achieve this
through mid-circuit measurements and a novel
post-processing technique that does not require
a feed-forward mechanism. This allows us to ob-
tain complete data for full process tomography;
something that has not been achieved before. We
use devices from the labs of the University of
Queensland and the cloud capabilities of IBM
Quantum [33]. We measure general and quan-

tum non-Markovian noise in all cases and build a
theoretical model to compare our findings. Our
code and data are publicly available [34]. Our
work offers a robust method for complete char-
acterisation of non-Markovian noise, through the
reconstruction of the full process matrix.

2 Multi-time quantum process tomog-
raphy

Consistent with our experimental setup, we con-
sider a scenario where a single quantum system
undergoes a sequence of three operations at spec-
ified times, see Fig 1. The purpose of multi-time
process tomography is to extract, from a finite
set of measurements, sufficient information that
allows one to predict the joint probability for any
other sequence of measurements [30, 35, 36]. The
mathematical object that encodes all needed in-
formation is the process matrix—also known as
quantum strategy [37], comb [35], or process ten-
sor [38]—which is a convenient representation of
a quantum stochastic process [39].
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Figure 1: A three-time quantum process involving state
preparation and two gates. The bottom line is the sys-
tem and the top line is the environment. The boxes
A, B and C denote operations on the system at differ-
ent times.

Let us label A, B, and C the times at which the
operations take place. In Figure 1, the bottom
line is the system and the top line is the environ-
ment. The operations are represented by general
completely positive (CP), trace-non-increasing
maps from an input to an output Hilbert space
so that, for example at time A, the joint input-
output space is H4 = HA1 @ HA0. The map can
be expressed in Choi form [40, 41] (see Supple-
mentary Material) as an operator M* € L(H?),

alz
M;“x
outcome, x denotes the setting (i.e., the choice
of operation), and L(H) the space of linear op-
erators over H [42]. For each setting choice
x, a complete set of outcomes defines an in-

strument [43], expressed as a set {M (ﬁx}a such

> 0, where a denotes the measurement
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that », Tra, M;“x = 147, The process ma-
trix is an operator on the joint space of all in-
puts and outputs, WABY ¢ L(HA @ HP @ HY),
WABC > 0, which allows one to calculate arbi-
trary joint probabilities for a sequence of out-
comes a, b, c, given settings x,y, z, through the

generalised Born rule [44]

p(aa ba c | LY, Z) = ﬁ[WABC(MA ®ley®M5z)]

alz
(1)

WABC a5 a “den-

Formally, we can regard
sity operator over time”, where each time instant
corresponds to a pair of subsystems, an input
and an output space. As output spaces encode
the causal influence from an operation to future
ones, the final output space can always be dis-
carded (hence, the final time C has only an in-
put space). Furthermore in our scenario the first
operation is a strong state preparation, which
decorrelates the system from the environment al-
lowing us to discard the first input space Aj.
Thus for our experiment the process matrix is
WABC’ = WAOBIBOCI.

One can reconstruct the process matrix using
similar techniques as for ordinary state tomog-
raphy, namely one can invert Eq. (1) and write
W as a function of the probabilities. A conve-
nient choice for the instruments is projective mea-
surements {Il,|,}, immediately followed by the
preparation of a state p,, which correspond to
operations of the form M;“x = Hf‘; ® pfg, where
Ag denotes transposition on system Ao and re-
flects our choice of convention, consistent with
Eq. (1). At first, it might seem that this type
of measure-re-prepare instrument requires a very
fast information feed-forward and choice of set-
ting: After an ordinary projective measurement,
the system is left in a state that depends on the
measurement outcome. In order to re-prepare a
previously chosen state, one needs to implement a
unitary that depends on the outcome. In typical
devices, measure-re-prepare instruments relying
on conditional gates require specialised hardware
and are not achievable on all systems, due to data
processing constraints. This specific point has
been a bottle neck in all previous work on experi-
mental multi-time process tomography, which re-
sorted to partial reconstruction techniques, based
either on sequences of unitaries with a final mea-
surement [29, 31, 32| or projective measurements
without independent repreparation [28]. In the
next section, we present a method that overcomes

this limitation without any additional technolog-
ical requirement.

3 Multi-time tomography protocol on
a superconducting qubit

The experiment was conducted separately on
two sets of superconducting hardware; an in-
house processor at the University of Queensland,
which will be referred to as ug, and a cloud
processor from IBM Quantum with the moniker
ibm_perth.

The experiment conducted on the uq processor
used two capacitively-coupled flux-tunable trans-
mons on a 5-qubit chip, mounted in a dilution
refrigerator with a base temperature of around
15 mK. Each qubit is coupled to a dedicated res-
onator for readout. Flux lines are used in con-
junction with a magnetic coil fixed to the chip
to control transition frequencies, providing a de-
gree of freedom by which qubit-qubit interaction
strengths can be controlled.

The experiments on the ibm_perth processor
addressed a single qubit on an 8-qubit chip. In
both experiments, the system of interest is a sin-
gle qubit chosen to be a corner qubit on the
chip such that its closest environment is a single
nearby qubit, a case that is studied with model
simulations in the Supplemental Material. In
general, though, all the other qubits are part of
the environment which also comprises any other
degrees of freedom interacting with the system,
as well as classical sources of noise.

To implement the three-time process tomogra-
phy, we set the Pauli operators as our observables
M = {X,Y,Z} and their eigenstates as the in-
put states B = {X;, X_, Y, Y. Z, 7 }.
These form a tomographically (over)
plete basis. We also define a set of op-
erations within a basis gate set G =
{1, BRx(3), Rx(—%), Ry (3), Ry (—%), Rx(m)}.
These operations are, by necessity, sufficient
to prepare and measure all combinations of
basis states and observables. Multi-time process
tomography consists of temporally stacking
two traditional process tomography protocols,
forming a (prepare — process — measure —
prepare — process — measure) protocol, where
preparations are on spaces Ao, Bo, while mea-
surements are on By, Cr. In these experiments,
no operation is performed between each prepa-

com-
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Ons 80 ns 170 ns 250 ns 2250 ns

State preparation pulse
X+, X-, Y+, Y-, Z+, Z-}

Axis rotation pulse
XY, Z}

2330 ns 2420 ns 2500 ns 4500 ns

Measurement pulse

Figure 2: A visualisation of the pulse protocol for the tomography data measured on the uq system. The solid
and dotted line is the system and environment respectively, and the two yellow boxes are the system-environment

interaction.

ration and the subsequent measurement, so the
process is composed of two identity channels
from Ap to Br and from Bp to Cj. Hence, by
‘process’ in the above protocol, we mean that
for times t; and to the system freely evolves
and so the ideal channels realised should be
the identity channels. Tomography aims to
characterise departures from this idealisation,
representing noise in the process due to a
system-environment interaction during the free
evolution. The preparation states are drawn
from B and measurement observables from M,
resulting in |B|?|M|? = 324 unique protocols.
The general form of this protocol is illustrated
in Fig. 2. Together with Fig. 1, we can see
the multi-time quantum process and the times
when we make the operations to gather the data.
Note that the system can in principle interact
with its environment at any time, i.e., during the
tomography operations too. The tomography
protocol does not capture this interaction nor the
potential non-Markovian dynamics arising at the
timescales shorter than the measurement pulse
at B. However, as we show in this work, there
is non-Markovian dynamics to be observed at
larger timescales. In addition, these limitations
are expected to diminish with the development
of hardware to allow for shorter measurement
pulses, or with alternatives to the mid-circuit
measurements. For example, new developments
claim to have achieved characterisation of the
noisy tomography operations as well as the
process [45].

To begin, all qubits were initialised in the
ground state through a standard long wait-time
routine. This is a deterministic operation and
ensures that both system and environment are

decorrelated. The system qubit is then prepared
into some basis state bg € BB using the appropriate
rotation pg € G. This occurs at A. The system
and environment are then left to freely evolve for
time t1.

At B we apply a projective measurement of the
observable mg € M on the system qubit, consist-
ing of some rotation gate rg € G to facilitate mea-
surement of the correct axis, followed by a read-
out signal. The reflected readout signal is then
classified as 0 or 1 and the result is stored in mem-
ory. After the mid-circuit measurement, another
rotation p; € G is applied to prepare a new qubit
state. Conditional on the eigenstate collapse in
the mid-circuit measurement, this operation pre-
pares the system qubit into one of the basis states
bi,by € B. For example, if a protocol measures
mo = X and applies rotation p; = I, the pre-
pared state is either by = X, or by = X_. The
actual prepared state is then identified by check-
ing the result of the mid-circuit measurement. In
this way, we can obtain a complete set of prepara-
tions over all experimental runs without the need
for each prepared state to be chosen determinis-
tically. This simple but critical post-processing
technique is designed to avoid the need for dy-
namic, fast feed-forward control, which would
otherwise be required for conditional operations.
Following these operations, the system and envi-
ronment are left to freely evolve for time t2. In
this protocol, we chose t; and to according to our
simulations (see Supplemental Material). Assum-
ing one more qubit as the environment, the given
experimental parameters of each qubits resonance
frequency, their interaction parameter and their
Hamiltonian, we obtained several pairs of (1, t2)
that maximise non-Markovianity of the process.

Accepted in (uantum 2025-12-02, click title to verify. Published under CC-BY 4.0. 4



Finally, at C' we measure our second observ-
able m; € M. In all, the protocol is re-
peated 2 times for each of 324 prepare-measure-
prepare-measure permutations, resulting in ap-
proximately 5.3 x 108 individual shots per pro-
cess characterisation experiment (one on uq and
nine at ibm_perth). This data is shaped into the
number of realised counts we obtain for each per-
mutation. An example is (X4, X_, Y, Z_) de-
noting that at A we prepare the state X, at B
we projectively measure X_ and then re-prepare
Y., and at C' we projectively measure Z_.

After obtaining the data, we are ready to cal-
culate the experimental process matrix. A pro-
cess matrix can written in the Pauli basis, W =
D ikl Qi k10i ® 0j @ 0 @ 0y, where (i,j,k,1) =
[0,3] denotes the Pauli basis 1,0,,0y,0.. From
Eq. 1, we see that if we apply Pauli operations at
A, B, C, their expectation values will be the co-
efficients <UZ‘,O'j,O'k,O'l> = QG jk,l- Hence, we can
reconstruct the experimental process matrix, by
calculating the expectation values of the sigma
terms from the experimental data

1
Wel‘p = E Z <0'1‘,0'j,0'k,0'[>0'z‘ ®U] X o  o].

1,7,k,1

(2)
Weap is the process matrix we construct from the
experimental data, but it typically does not rep-
resent a physical one (it might be non-positive, or
fail the process matrix constraints). This is typ-
ically also the case for quantum state tomogra-
phy, and various methods are used to obtain the
physical state from the experimental one, such
as maximum likelihood estimation. To obtain a
physical process, Wppys, we use SemiDefinite Pro-
gramming (SDP), where we find a positive matrix
that minimises the distance (we used Frobenius
distance) to Wegp. The SDP is the following:

variable Wp,,; Hermitian Semidefinite
minimize Frobenius Norm(Weyp — Wpnys)
(3)
subject to Ly (Wphys) == Wpnys
Tr(Wphys) == 4,
where Ly is an operator that projects a matrix
to the space of valid process matrices [46],
Ly(W)=W +¢, W —goc; W +B,Boc; W
—AoBrBoC; W, (4)
xW =Trx(W @ 1%)/dx,

and the normalisation constraint helps the SDP
to bound the solution. Using the W, we report
in the Results section our findings on tomogra-
phy and non-Markovianity. Note that the step
from a non-physical process matrix to a physi-
cal one is a well-known problematic step in state
tomography, because it does not allow propaga-
tion of SPAM (state preparation and measure-
ment) errors from the data to the physical pro-
cess or state. Prior works have extensively used
Maximum Likelihood Estimation (MLE) for this
step, specifically to go from non-informationally-
complete data to a physical process. Both SDP
and MLE methods have been shown to perform
well in process tomography tasks and has been
shown that for a sample size of ~ 10,000 (as in
our case of 8,000 shots) CVX and ML performed
comparably in [47]. However, both methods, and
other similar attempts, cannot propagate SPAM
errors. For this reason, in the Appendix we ad-
dress the sampling and measurement error and
obtain error bars to our reported results. Further
improvements may be developed in future work
by translating to multi-time process tomography
methods developed for states, for example adapt-
ing gate set tomography to account for SPAM
errors [48].

Our tomography protocol differs from related
works in that we implement full multi-time pro-
cess tomography by reconstructing the full pro-
Concretely, Xiang et al. imple-
ment projective mid-circuit measurements but
limit their analysis to an under-complete set of
POVMs to construct a ‘restricted’ process ma-
trix [28]. Similarly, White et al. restrict their
tomography to only sequences of unitary oper-
ations and final measurement, with reference to
the difficulty of mid-circuit measurement in su-
perconducting processors [30]. Related work by
the same authors extends their analysis to non-
unital maps by introducing an ancillary qubit
and entangling operations, obtaining a separate
class of restricted information known as classical
shadows [29]. Hence, prior works have obtained
non-complete information about the process (re-
stricted process or classical shadows), offering a
partial characterisation of its non-Markovianity.
In this work, we obtain the full process matrix
and provide the first complete characterisation of
non-Markovian noise, which underpins the nov-
elty of our method and findings.

cess matrix.
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4 Results:  Tomography and non-
Markovian noise

Figure 3 provides insight into the qualitative
differences between two experimental (physical)
process matrices, Wy, using data from the in-
house uq processor and from the ibm_perth pro-
The process matrix from ibm_perth is
visually almost indistinguishable from a noiseless
(or Markovian) process with identity channels be-
tween the times A, B and C, while the uq process
maintains the qualitative structure of the identity
channels with evident noise.

Overall, we took tomographic data for one pro-
cess on the uq processor and nine on ibm_perth
with varying ¢; and t3.  Variations in free
evolution times were explored after simulating
each system with a simple one-qubit environment
model and finding that both general and quantum
non-Markovianity depend highly on these times,
with a particular structure (see Supplementary
Material). While we chose the experimental ¢;, to
that maximise non-Markovianity in the simula-
tion, no such structure was observed in the ex-
periments we conducted.

Given the physical process matrices for each
of the ten processes characterised (broadly de-
noted as Wypys), we aim to detect and quantify
non-Markovianity. To this end, we calculate a
measure of distance of each W), with its clos-
est Markovian process matrix Wj,. We construct
Wi by discarding temporal correlations, combin-
ing the two channels [30, 49|

Cessor.

AoB BoC
Wy =177 @ T, (5)
where TlAOB’ = Trp,c; Wphys and TZBOC’
TerBIthys-

As a measure of distance, we consider the rel-
ative entropy for two matrices W7 and Ws (nor-
malised as states with trace 1),

D(W1||W3) = Tr(W7 logy, Wi — W1 log, Wa), (6)

where Wi = Wppys/ Tr Wppys and Wy =
Wi/ Te Wy, D is 0 for equal matrices and is
Note that the quan-
tum relative entropy determines the asymptotic
probability of distinguishing two states [50, 51],
and this meaning carries over to process matri-
ces. The results for D across the ten processes
are in Table 1. A non-zero value indicates non-
Markovian noise in both platforms for all choices

unbounded from above.

of parameters but stronger on the uq processor.
This is consistent with the appreciably stronger
idle qubit-qubit interaction on this chip.

Evolution General Quantum
(t1,t2) ns D N
(97, 97) 0.2318 +0.0080 0.0215 +£ 0.0024

21.333, 21.333
21.333, 24.889
21.333, 28.444
24.889, 21.333

24.889, 28.444
28.444, 21.333
28.444, 24.889
28.444, 28.444

0.0446 4+ 0.0074
0.0382 4+ 0.0070
0.0471 £ 0.0075
0.0364 £ 0.0068
0.0467 4+ 0.0070
0.0579 4+ 0.0073
0.0540 £ 0.0074
0.0462 £ 0.0069
0.0421 4+ 0.0070

0.0043 £+ 0.0015
0.0044 £ 0.0014
0.0057 & 0.0017
0.0053 £ 0.0016
0.0049 4+ 0.0014
0.0065 £ 0.0015
0.0055 £ 0.0015
0.0059 £ 0.0013
0.0048 £ 0.0014

( )
( )
( )
( )
(24.889, 24.889)
( )
( )
( )
( )

Table 1: The relative entropy (D) and negativity (N') of
the multi-time process matrices reconstructed for each
processor. Each experiment has two periods of free evo-
lution, t; and to. The first row shows the uq data and
the next nine runs were from ibm_perth. The error
bars, obtained in the Appendix, account for sampling
and measurement errors.

A natural subsequent inquiry is whether non-
Markovianity originates from a quantum source;
the value of distinguishing between classical or
quantum environments or memory lies in the
manifestly different dynamics they induce [52—
55]. This can be described as the need for
a classical or quantum channel to simulate the
multi-time process. The quantum nature of non-
Markovianity in the process is captured by quan-
tum correlations across the evolution from A to
B and from B to C [19]. This maps to en-
tanglement across the bipartition ApB;|BoCT in
the four-qubit state representation of the process,
pAoBilBoCr .— W/Tr W . A simple entanglement
criterion is the well-known Positive Partial Trans-
pose (PPT) criterion, which states that if the par-
tial transpose of a state is negative, then the state
is entangled. This criterion yields an easily com-
putable measure of entanglement called the neg-
ativity,

N =| Y n = RA g

where p = p(AoBI)T‘BocI, where T denotes par-

tial transposition (it can be on either of the two
subsystems, ApB; or BpCr), and \; are the
eigenvalues of p [56]. Any value strictly larger
than zero is a signature of entanglement. In state
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Wu q, Markovian

Figure 3: A visualisation of the absolute valued entries (z axis) with the phase as colour, of the full 16x16 multi-time
process matrix (z and y axis are running across the 2 dimensions of the matrix), constructed with tomographic data
from the uq and the ibm_perth processor. The adjacent subfigures depict the closest Markovian process matrix.

space, negativity is upper bounded by the maxi-
mally entangled state (% for four qubits), roughly
two orders of magnitude larger than in our mea-
surements. However, the process matrix space
is smaller than the state space due to the extra
causality constraints, and an operational mean-
ing is still an open problem.

Quantum multi-time correlations are observed
on each processor, but are markedly enhanced
on the uq processor. This is consistent with
the increased interaction strength observed be-
tween the system qubit and its primary interact-
ing ‘memory’ qubit on the uq processor. The
negativities reported over the nine ibm_perth
runs all lay within each others’ credible intervals,
indicating that the quantum non-Markovianity
present in each process was effectively invariant
across the (t1, to) landscape explored. In all
measurements, the reported uncertainty denotes
95% credible intervals determined by bootstrap-
ping techniques (in the Appendix), accounting for
sampling noise as well as experimental measure-
ment noise.

In summary, we observe and quantify non-
Markovian general and quantum dynamics with
high confidence on both uq and ibm_perth

processors, highlighting the relevance of corre-
lated noise in the design of future mitigation
techniques. Our results demonstrate the practi-
cality of our methods for characterising this noise.

5 Conclusion

We report the first experimental full tomogra-
phy of a multi-time quantum process on a su-
perconducting qubit. We implement mid-circuit
measurements and overcome the need for a feed-
forward mechanism with a new post-processing
technique. We implement ten three-time pro-
cesses using an in-house superconducting pro-
cessor and a cloud processor from IBM Quan-
tum. We characterise the processes using the
process matrix formalism and provide a measure
of their non-Markovian noise; both general and
stemming from quantum correlations across time.
We find that non-Markovian noise is present in
all cases, with a significant proportion originat-
ing from genuine quantum correlations. A com-
parison with a simple system-environment model
indicates that the influence of nearest-neighbour
qubits is not sufficient to account for all the ob-
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served quantum non-Markovianity.

Non-Markovian noise can arise from slowly
drifting environmental fluctuations, such as from
electronics, material defects and even other quan-
tum systems, e.g., idling qubits on a supercon-
ducting chip. These are ubiquitous in current
day systems and could become fidelity-limiting
if not properly mitigated. Our results demon-
strate the capacity of our methods to fully de-
scribe multi-time processes in any platform with
mid-circuit measurement capabilities and confi-
dently measure and characterise non-Markovian
noise.

Finally, multi-time quantum process tomogra-
phy bears similar limitations and challenges as
ordinary quantum-state tomography, for exam-
ple idealised characterisation of measurements
and preparations, stability of the experimental
platform across multiple experimental runs, and
exponential complexity in the number of time
steps/qubits. While such issues are only a mi-
nor concern in the demonstration we have pre-
sented, which involves small, well-characterised
devices, they can become substantial roadblocks
for larger-scale applications and will need to be
addressed in future work. While some work
has been done to adapt mitigating strategies
from quantum state tomography to partial or
restricted multi-time tomography [29, 31|, it is
an open direction to apply related techniques to
complete tomography experiments, as presented
here.
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Appendix: Device characteristics, er-
rors and simulation

Experimental devices

The primary device used was a superconducting
quantum processor consisting of five flux-tunable
transmons, fabricated by Quantware [57]. Sys-
tem characteristics of the transmon we performed
multi-time tomography on (‘System’) and the
dominant interacting transmon (‘Memory’) are
provided in Table 2. These characteristics include
T1 and T2, the relaxation and dephasing life-
times. The ‘System’ qubit only has one nearest-
neighbour coupling to the ‘Memory’ qubit, which
in turn is coupled to two other qubits. Charge
lines and flux lines to each qubit permit XY
control and frequency tunability respectively. A
common feedline couples to individual dedicated
resonators for each transmon qubit. Typical gate
fidelities on this device are 99.5%, while readout
fidelity is around 93%.

The  custom-built  open-source library
sqdtoolz [58] is used to orchestrate the ar-
ray of high-precision instruments required to
execute control protocols on our quantum pro-
cessor. This includes the synchronised generation
and timing of microwave-frequency pulsed sig-
nals for control and measurement, a continuous
microwave-frequency pump signal for travelling
wave parametric amplifier (TWPA) [59] opera-
tion and a stable DC signal for frequency tuning
purposes.

Experiments are also performed on the cloud
7-qubit quantum processor ibm_perth, as pro-
vided by IBM Quantum [33]. This system offers
increased coherence times and gate fidelities at
the expense of frequency control. Transmon
characteristics can be found in Table 3. Gate
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Characteristic || System qubit | Memory qubit
SPF 5.97 GHz 5.03 GHz
w 5.11 GHz 5.03 GHz
g12 N/A 11 MHz
A 14 ps 10 ps
Ts 1.8 us 6 us

Table 2: The characteristics of the major interacting
transmon qubits in the uq processor. SPF is symmetry
point frequency, w is the operational frequency, gio is
the coupling to the system, T} is relaxation time and
T5 is dephasing time. The system qubit is operating at
a transition frequency (w) far from its symmetry point
frequency, which increases its sensitivity to flux noise and
in turn reduces T5.

fidelities are reported at 99.95%, and readout
fidelity at 97.5%.

Characteristic || System qubit | Memory qubit
w 5.16 GHz 4.98 GHz
912 N/A 3 MHz
Ty 207 ps 102 ps
Ty 295 us 113 us

Table 3: The characteristics of the major interacting
transmon qubits in the IBM cloud processor. For this
system, we have no control over frequency and therefore
no control over interaction strength.

Error estimation

The credible intervals reported in Table 1 in the
main text, were calculated using a parametric
bootstrapping method. Bootstrapping a stan-
dard deviation for some metric 9()2' ) relies on
the assumption that the relative frequency of
the measured X is representative of the under-
lying distribution which X is drawn from. In our
case, X is a measured set of shot probabilities,
which may look something like {00: 0.7773, 10:
0.1738, 01: 0.0421, 11: 0.0068}, where, 00 for
example corresponds to the probability of get-
ting the plus state in both measurements at B
and C. We also address the measurement er-
ror. A number p in the Table 4 means that with
probability p the measurement of the correspond-
ing eigenstate is correctly reported as that eigen-
state. So 1 — p is the missclassification proba-
bility. For example a measurement of (X,,Y_)

would be reported as (X;,Y,) with probability
0.964 x (1 — 0.912) = 0.085. For ibm_perth the
characteristics of the two measurements were the
same. We resample 8000 shots from a combina-
tion of simulated measurement errors given in Ta-
ble 4 and a multinomial distribution using the ob-
served relative frequencies, over 1000 trials, cre-
ating a set of bootstrapped results X;. The simu-
lated distribution of the metric of interest is then
evaluated as 0(X;) and twice the standard de-
viation of this distribution is used to calculate
the 95% credible interval of the reported metric
0(X). This technique is designed to account for
both shot noise in the finite-sample estimates of
observables and to give an estimation of the im-
pact of measurement errors. It does not account
for systematic error at the hardware level (e.g.
gate miscalibration). Finally, we rely on bias cor-
rection in the bootstrapping process; the sample
mean of the metric §(X;) was in general not equal
to the measured §(X) (sometimes outside of the
credible interval).

-+ state — state
uq my 0.964 0.914
mo 0.945 0.912
ibm_perth mi&meo 0.976 0.973

Table 4: Estimated measurement error probabilities for
the two measurements my and my at B and C.

Simulated process

o = ] P

Figure 4. A three-time quantum process involving state
preparation and two gates acting on both systems.

E>

Bi f Bo
(i)

In both platforms used, the qubit we probe be-
longs to a larger multi-qubit array. The particular
qubits we choose each have one nearest-neighbour
qubit, with which they are directly coupled, as
well as additional distant qubits (two or more de-
grees of separation), with which interactions will
be weaker. We therefore take the simplest model
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of our environment to be that of the single cou-
pled qubit, as shown in Fig. 4. This interaction
can be described by the Hamiltonian [60]

w w
H = —1(]l®0z)+72(az®]l)+912(0'+®0_+a_®cr+),

2

(8)
where w2 are the resonance frequencies of the
system and memory qubit, respectively, and o _
are the creation and annihilation operators, re-
spectively. Then the free evolution of system-
memory (the environment) is expressed as U =

et where t is the time of the evolution.
To write the process matrix for our system,
we start with writing the terms: the initial state

. Ao E{ BrE2
of the environment p¥*, the channel T, °~1 77

and the second channel TQB oF3 CrEs (see Fig 4),
where the superscript 1" denotes partial transpo-
sition. To obtain the process matrix, we combine
the terms with the link product and trace out all
the environment systems

AoET B E; N

E BoEICIE3
W:TI“E17E2,E3(p 1 *Tl 2

T2 )7

(9)
where p1 = |0) because all qubits on the chip
are initialised to the ground state, TlA oE1BrB2 _

[[UHAOElBIE2 and T2BoEgCIE3 _ [[U:I:IBOEQCIEE}’

and [[U]] is the Choi form of U, without the par-
tial transposition.

Chot matriz definition: The Choi matrix
MAr4o ¢ L(HAT @ HAO), isomorphic to a CP
map MA : L(HA) — L(HA9) is defined as
MAAo = [T @ M(|[1)1|1)]”, where Z is the
identity map, [1) = Y3 [jj) € HAT @ HAY,

{] j)}jifl is an orthonormal basis on H47 and T
denotes matrix transposition in that basis and
some basis of HA0.

Link product definition: W*™? = p% x TY* =
[(p” @ 1¥%) (17 ® TV?)].

We see that the free evolution, U, depends on
the parameters of the Hamiltonian, wi, w2, g1,2,
and the times ¢; and ¢y for which the interac-
tion lasts. Hence, our process matrix will also de-
pend on these parameters, W(wi,ws, g1,2,t1,t2).
To simulate the process on uqg, experimental pa-
rameters were measured to be as given in Table 2,
and we scan t1 and to from 85 to 115 ns, captur-
ing the 97 ns process conducted in the experi-
ment. In the experiment, we chose t; = to = 97
ns because in the simulation these times max-
imised non-Markovianity. For the process on

0.0008
0.0006

D 0.0004

0.0002
0.0000

0.0003
0.0002
0.0001
0.0000

Figure 5: Simulated (a) Relative entropy and (b) Neg-
ativity values for the ibm_perth processor over a range
of free evolution times t1 and ts.

ibm_perth, the parameters were fixed at the val-
ues available in Table 3, and we scan t; and t5
between 17 and 33 ns, capturing the permuta-
tions of ¢, = [21.33,24.89,28.44] ns and ty =
[21.33,24.89,28.44] ns conducted in the experi-
ment, which are centered around a peak of non-
Markovianity in the simulation. The ibm_perth
process simulation yielded the results in Fig. 5.
We obtained a similar structure for the uq pro-
cess.

According to these results, the experimen-
tal runs where evolution times are t; = to =
24.89 ns should maximise both metrics of non-
Markovianity on ibm_perth, while other settings
(t1 = 21.33 ns and to = 28.44 ns) should be
close to fully suppressing non-Markovian dynam-
ics. In practice, both metrics were observed to be
smeared across the free evolution times scanned.
This is not a particularly surprising result when
contrasting the simplicity of the coupled-qubit
environment described in Eq. 8 to the complexity
of current-day quantum hardware, including but
not limited to the extra qubits on each chip.

A point of some interest is the comparison of
the maximum D and N predicted in simulation
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max(D) max(N)
uq measured  0.2301 0.0216
simulated  0.0613 0.0229
ibm_perth measured 0.0560 0.0060
simulated  0.0007 0.0003

Table 5: The maximum values observed for the relative
entropy (D) and negativity (A) across the experimen-
tally measured (across the runs of Table 1 of main text)
and simulated processes.

(across a reasonable (t1, to) range) to the values
observed in the experiment. A summary of these
is provided in Table 5. The qualitative structure
of the simulated values matches the results pre-
sented in this work and are reasonable quanti-
tatively on the uq processor. Both metrics are
heavily underestimated on the ibm_perth proces-
sor. This is not an unusual result; the Hamilto-
nian presented in Eq 8 is certainly missing sev-
eral terms, both characterisable (e.g. other qubits
on the chip) and unknown. Hence, although the
naive model is a reasonable first-order approxi-
mation, our results show that we can probe more
complex dynamics than we can simulate, mak-
ing our methods a powerful tool to detect non-
Markovian noise.
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