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Resilience of the surface code to error bursts
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Quantum error correction works effectively only if the error rate of gate operations is sufficiently low.
However, some rare physical mechanisms can cause a temporary increase in the error rate that affects many
qubits; examples include ionizing radiation in superconducting hardware and large deviations in the global
control of atomic systems. We refer to such rare transient spikes in the gate error rate as error bursts. In this
work, we investigate the resilience of the rotated surface code to generic error bursts. We assume that, after
appropriate mitigation strategies, the spike in the error rate lasts for only a single syndrome-extraction cycle; we
also assume that the enhanced error rate is uniform across the code block. Under these assumptions, and for a
circuit-level depolarizing noise model, we perform Monte Carlo simulations to determine the regime in burst
error rate and background error rate for which the memory time becomes arbitrarily long as the code block size
grows. Our results indicate that suitable hardware mitigation methods combined with standard decoding methods
may suffice to protect against transient error bursts in the rotated surface code.
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I. INTRODUCTION

Because quantum hardware is intrinsically prone to error,
a large-scale quantum computer will need to be robust against
noise. This can be accomplished by executing an encoded
version of a quantum circuit, where every qubit is replaced by
a logical qubit protected by a quantum error-correcting code
(QECC).

If the error rate does not exceed a critical value, the ac-
curacy threshold, the output of an ideal quantum circuit can
be sampled with arbitrary accuracy by a noisy fault-tolerant
circuit if the code block is sufficiently large. The most studied
candidate QECC for achieving fault tolerance, the surface
code [1,2], has a high threshold and may be implemented
using nearest-neighbor connectivity on a two-dimensional lat-
tice. These features make the surface code well suited for
implementation in a solid-state platform such as a supercon-
ducting circuit with transmon qubits [3,4].

Recent experimental studies of superconducting quantum
processors [5–7] suggest that ionizing radiation may pose
serious limitations on the size of quantum circuits that can be
executed fault tolerantly using these devices. Such ionizing
radiation, for example a cosmic ray muon, can create many
quasiparticles, significantly reducing the qubit T1 time, and
hence greatly enhancing the error rate in a large spatial region
of the device. Because many qubits in a single code block
may be affected, this event can cause an uncorrectable logical
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error. To avoid this catastrophe, one might place the quantum
computer deep underground to suppress the muon flux, or use
a hierarchical error-correction scheme which protects against
events that damage many qubits in a subblock of a larger code
block [8,9]. Here we consider a third option: We envision
that hardware mitigation methods such as quasiparticle traps
[10] limit the temporal extent of the ionization event, and
investigate whether a transient spike in the error rate can be
tolerated by the surface code.

Such error bursts may occur in other platforms aside from
superconducting circuits, and for other reasons than ionizing
radiation. For example, brief episodes of elevated gate error
rates might arise from rare large deviations from average be-
havior in global control systems. Here too suitable mitigation
strategies can alleviate such global control noise. Our results
provide guidance concerning how much mitigation is required
to execute long fault-tolerant quantum computations with high
success probability.

Sustainable threshold and burst threshold

To achieve fault tolerance using surface codes, logical
operations are interleaved with so-called recovery operations.
In each recovery operation, the stabilizer generators [11] that
define the code subspace are projectively measured using a
syndrome extraction circuit. Although syndrome extraction
is noisy and therefore might introduce additional errors, error
correction succeeds with high probability if the error rate is
below threshold and the code block is sufficiently large. We
refer to a single execution of a syndrome extraction circuit
producing one measurement outcome for each stabilizer
generator as a round of syndrome extraction. For the surface
code, in the presence of measurement errors, it is necessary
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to repeat the syndrome extraction circuit a number of times
roughly equal to the code distance d [2]. We refer to this
O(d )-times repetition of the syndrome extraction circuit as
one logical cycle.

In this work, we quantitatively study the resilience of
the rotated surface code decoded with the minimum-weight
perfect-matching (MWPM) decoder under the assumption
that during ionizing radiation events the device is much noisier
than the background error rate for a brief period on the order
of the gate time. For the sake of brevity, we refer to rotated
surface codes as surface codes. We refer to the ionizing radi-
ation events as error bursts and assume that (1) each error
burst occurs within the duration of a single round of syn-
drome extraction and (2) error bursts are rare. Because error
bursts are rare, we may regard them as isolated events; that
is, typically many rounds of syndrome measurement occur
in-between successive error bursts.

We contrast the threshold error rate during error bursts
with the threshold for the background error rate. We refer to
these two values as the burst threshold and the sustainable
threshold, respectively. In the absence of measurement and
gate errors (the code capacity model), all errors are corrected
within a single syndrome-measurement round and, therefore,
in that case the sustainable threshold and burst threshold are
equal. However, when there are measurement errors, the burst
threshold can be higher than the sustainable threshold; while
an excessive number of errors occurring during a burst might
be intolerable if followed immediately by further rounds with
a similarly large error rate, these errors might become cor-
rectable if the error rate following the burst quickly settles
down to its background value. In other words, if the back-
ground error rate is sufficiently low, we might expect the
rotated surface code to be resilient to error bursts with high er-
ror rates up to the burst threshold. In this work, we investigate
the separation between the burst threshold and the sustainable
threshold in a simple noise model. Our main result is a relation
between the values of these thresholds, depicted in Fig. 4.

II. BACKGROUND

We will analyze a noise model which, although highly
idealized, provides a useful caricature of actual errors in
realistic devices. Specifically, we consider a depolarizing-
channel noise model in which the error rate is enhanced
during a burst that lasts for a single syndrome-extraction cy-
cle. Here we briefly sketch two possible sources of such error
bursts, namely, high-energy impact events in superconduct-
ing hardware, and global control noise in atomic, molecular,
and optical (AMO) and other hardware platforms. See Ap-
pendix A for further details.

Ionizing radiation impacting solid-state superconducting
devices has been shown to produce highly correlated error
bursts [7,12–14]. The spatial region affected by such an im-
pact event can be larger than the projected size of surface-code
logical qubits; hence, a spatially uniform error burst is a rea-
sonable representation of the errors induced by these events.
While the error bursts found in current devices typically take
hundreds to thousands of error correction cycles to abate,
mitigation strategies have been proposed that would substan-
tially reduce this timescale [10,15]. Therefore, studies of our

idealized error burst model can illuminate the usefulness of
these mitigation strategies.

Global control is a desirable architectural feature, where a
single control system influences many qubits simultaneously.
For instance, in AMO systems a single laser might facilitate
many gates in parallel, providing very favorable scaling of the
control hardware as the number of qubits grows. However,
noise in a global control system presents a potential single
point of failure, as an aberration in the control signal output
can produce errors on all qubits the signal is applied to. If
substantial deviations in the global control signal are rare and
independent over time, they can be accurately described as
error bursts. Here, too, analysis of our error burst model is
helpful for assessing architectural tradeoffs.

A. Noise model

If an error burst elevates the gate error rate over many
consecutive syndrome extraction cycles, then a logical er-
ror is likely to occur unless the error rate during the burst
is below the surface code sustainable threshold. However,
if error bursts are brief and rare, then additional resilience
may be possible; therefore, we study the case where the
error burst has a limited temporal extent. The rapid re-
turn to the background error rate after the burst might
occur because of effective quasiparticle mitigation strategies
such as gap engineering or because classical control noise
has appreciable high-frequency components. Recent exper-
imental results in a gap-engineered transmon qubit array
[16] have noise characteristics that are qualitatively simi-
lar to the model that we consider here. After mitigations,
Ref. [16] observed large error bursts lasting several syn-
drome extraction cycles in duration. Future mitigations may
result in noise characteristics approaching the model we
consider here.

In a realistic setting one might expect errors in succes-
sive rounds to be correlated; for simplicity we assume there
are no such correlations. Another feature of error bursts is
their large spatial extent; we pessimistically assume that the
elevated error rate during the burst applies uniformly across
the entire surface code block. It would be useful to extend
our analysis to the case where errors in distinct rounds are
correlated and error bursts have limited spatial extent, but we
have not attempted that more general analysis. A recent work
by Chadwick et al. [17] studies optimization of magic state
distillation under a related model of ionizing radiation where
the region of elevated noise has limited spatial extent but very
long temporal extent.

The one-qubit depolarizing noise channel with depolar-
izing rate p applies the identity with probability 1 − p and
one of X , Y , or Z each with probability p/3. Likewise, the
two-qubit depolarizing noise channel with depolarizing rate p
applies identity with probability 1 − p and one of the 15 non-
trivial two-qubit Pauli operators each with probability p/15.

We consider the surface code under two noise models,
phenomenological noise and circuit-level depolarizing noise.
In both cases, we assign a noise parameter p to each round of
syndrome extraction.

In the phenomenological noise model, bit-flip noise (Pauli
X applied with probability p) is applied to all data qubits with
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rate p followed by a round of perfect syndrome extraction.
Finally, all measurement outcomes are flipped independently
with probability p.

In the circuit-level depolarizing noise model, a standard
syndrome extraction circuit is executed [18] where for each
one- (two-) qubit gate in the circuit, the gate is assumed to
execute perfectly followed by one- (two-) qubit depolarizing
noise with rate p. In addition, every data qubit that is idle
in any particular time step undergoes depolarizing noise with
rate p. All measurement outcomes are flipped with probability
p. In addition, to simulate state-preparation error, we apply a
bit-flip error with probability p to each data qubit.

During a round of syndrome extraction where an error
burst occurs, we replace the noise parameter with the elevated
error rate pB. In particular, for the circuit-level depolarizing
noise model, this implies that all gate operations fail with
probability pB within the syndrome extraction round where
the error burst occurs. We refer to the difference between the
background error rate p and the elevated error rate pB as the
burst error rate pB′ where pB′ = pB − p � 0.

The performance of a stabilizer code under such a noise
model can be efficiently simulated using standard open-source
tools such as stim [19].

B. Decoding surface codes

Surface codes can be efficiently decoded both in theory and
in practice [2,20,21]. The efficient decoding of surface codes
usually relies on a construction known as the decoding graph
containing a vertex for every measured stabilizer generator.
For every independent error e, the decoding graph contains
an edge incident to the vertices corresponding to the flipped
measurement outcomes due to the presence of e. If the error
occurs with probability pe, the edge is assigned a weight
ln 1−pe

pe
. To ensure that the decoding graph is a well-defined

graph, Pauli errors are decomposed into a product of Pauli X
and Pauli Z operators which are assumed to be independent.

In all numerics, we assume knowledge of the time at
which the error burst occurs and update the edge weights
appropriately. This decoding graph for a distance-4 surface
code under the phenomenological noise model is illustrated in
Fig. 1. However, we find that it is easy to infer the presence
of an error burst event by considering the Hamming weight of
the change in syndrome in each round: An error burst with
elevated error rate much higher than background error rate
can be easily distinguished from the background error rate.
Appendix B shows an example maximum-likelihood estimate
of identifying whether the noise in a syndrome extraction
round is drawn from a distribution with one of two error rates.
In a real system, the distribution of the global noise parameter
will have support on many values. Estimation of the noise is
still possible, but it may be the case that a Bayesian framework
with carefully selected prior would be more suitable.

In this work, we use an open source implementation of the
minimum-weight perfect-matching (MWPM) decoder [22] on
the weighted decoding graph derived from the noise model
[19]. While the error-correction performance of surface codes
in the presence of error bursts depends on our choice of the
decoder, we restrict our study to the MWPM decoder for

FIG. 1. Decoding graph for a distance-4 surface code. Black
edges correspond to independent error events. The vertices corre-
spond to the syndrome bits at each spatial position and time. A
syndrome bit v is 1 if the error set contains an odd number of edges
incident to v. The black edges parallel to the x-y plane correspond to
errors on the data qubits of the surface code. The black edges parallel
to the z axis correspond to syndrome measurement errors and are in
the error set if the associated measurement is flipped relative to its
ideal value. The decoding graph also corresponds to the noise model
of the code: To every edge, we can associate an independent random
indicator variable that is 1 if the edge is contained in the error set and
0 otherwise. The surface code undergoes T consecutive rounds of
syndrome extraction with an error burst occurring at round T/2. The
edges in that cycle are marked in red, indicating that the indicator
variables are 1 with enhanced probability during that cycle.

simplicity and leave the comparison with other decoders for
future work.

C. Threshold experiment

We consider the rotated surface code [23] subjected to a
memory experiment of duration T = 2d syndrome extraction
cycles where a single error burst occurs at time T/2 and d is
the surface code distance. We choose T to be 2d to make sure
that the error burst is d time steps away from the boundaries
to prevent boundary effects from affecting the performance of
our fitting Ansatz. Using Monte Carlo sampling, we estimate
the threshold of the surface code under phenomenological
and circuit-level depolarizing noise with rate p including an
error burst at time T/2 with rate pB. The memory experiment
consists of sampling the noise via Monte Carlo sampling with
a final round of perfect readout in the Z basis. A failure is
declared if the eigenvalue of the logical Z operator has been
flipped by the error and correction.

Below the threshold, increasing the code distance exponen-
tially suppresses logical errors whereas above the threshold
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FIG. 2. Sweep of pB′ indicating a threshold for phenomenolog-
ical noise with background error rate p = 2.0%. The error burst
threshold p∗

B′ = 7.050(16)% is indicated by the gray vertical line
with green error bars.

increasing code distance increases the failure rate of the mem-
ory. For each code distance, we run a sweep of the memory
experiment with different values of the background or burst
error rate to observe the characteristic crossing of the logi-
cal failure rates corresponding to the threshold (Fig. 2). To
reduce finite-size effects, in the different limits, low mea-
surement failure rate and low burst error rate, we sweep
the burst error rate and background error rates, respectively.
The threshold estimation method is described in more detail
in Appendix C.

A single error burst is modeled in order to have a well-
defined threshold. However, the conclusions should hold as
long as the surface code distance is much smaller than the
average time between error bursts: In other words, the “cor-
relation length” of the decoding problem under independent
noise is on the order of the surface code distance [2]. In typical
devices, the average time between error bursts is more than six
orders of magnitude greater than the gate time [5], so we are
in this regime for all practical purposes. We observe similar
results in the setting of depolarizing circuit-level noise.

Our main results are shown in Figs. 3 and 4. We find that
the memory is below threshold even for relatively large values
of both the background error rate and burst error rate. This is
the regime of practical interest for near-term devices. We note
that achieving good resilience to both noise sources simulta-
neously is nontrivial since the presence of one noise source
weakens resilience to the other noise source. Our results for
the circuit level depolarizing noise model suggest that, based
on estimates in [10], hardware mitigation and standard fault
tolerance techniques alone may suffice to protect against ion-
izing radiation and global control noise.

III. RESULTS

A. Thresholds

We begin by studying the threshold behavior of sur-
face codes in a memory experiment of duration T = 2d

FIG. 3. Phase diagram of the surface code under phenomenolog-
ical noise. The x axis and y axis indicate burst and background error
rates, respectively. The light tan area indicates a noise rate that is
above threshold while the dark blue area indicates a noise rate below
threshold. Data points are connected by a blue dashed line as a guide
to the eye. Previously known limiting behavior in the p → 0 and
pB′ → 0 limits is drawn as a red dashed line, indicating upper bounds
on the threshold error rates.

where a single error burst occurs at time T/2 and d is
the surface code distance. We verified that similar thresh-
old estimates are obtained when the duration is longer
than T = 2d .

The statistical mechanics mapping for such an error model
[2,24] corresponds to a three-dimensional (3D) random-bond
Ising model with increased disorder along a two-dimensional

FIG. 4. Phase diagram of the surface code under circuit-level de-
polarizing noise. The x axis and y axis indicate burst and background
error rates, respectively. The light tan area indicates a noise rate that
is above threshold while the dark blue area indicates a noise rate
below threshold. Data points are connected by a blue dashed line as a
guide to the eye. Previously known limiting behavior in the pB′ → 0
limit is drawn as a red dashed line indicating an upper bound on the
threshold error rate.
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(2D) surface immersed in the bulk. Related models have
been considered previously in the context of noisy lattice
surgery [25], where the elevated error rate occurs at the
interface between surface code blocks, and quantum com-
munication [26], where the elevated error rate characterizes
noisy Bell pairs shared by nodes in a quantum network.
We present the phase diagram under phenomenological noise
in Fig. 3. Notably, we find that the surface code is stable
to even large error bursts at finite background error rates
which a priori is not a given. That is, the presence of
additional errors accumulating at a small rate does not sig-
nificantly harm the ability to recover from a large amount
of preexisting errors. Quantitatively, under phenomenological
noise, the presence of an error burst with burst error rate
pB′ = 7% only depresses the sustainable threshold from ≈3%
to ≈2.7%.

A question of practical relevance is the setting where er-
ror bursts occur at a fixed rate �. After each error burst,
the residual population of qubit errors settles back down to
the background value after about d syndrome measurement
cycles. Thus, for d � 1/�, the rare event regime, the actual
resilience to error bursts is captured well by our idealized
setting in which only a single error burst is considered. But
in the opposite regime where d � 1/�, a second error burst
is likely to occur before the effects of the previous error burst
have fully relaxed. Indeed we expect that in the thermody-
namic limit d → ∞, � = const, there may not be a stable
phase with pB > p. However, d is only required to increase
polylogarithmically with the size of the computation, so a
polynomial increase in 1/� leads to an exponential increase
in the size of circuit that can be executed while remaining in
the rare event regime.

By performing a similar study for circuit-level depolarizing
noise, we obtain the phase diagram in Fig. 4; here too we find
that the threshold background error rate is relatively stable
when the burst error rate is not too high. Notably, though,
the threshold burst error rate has a stronger dependence on
the background error rate than for the phenomenological noise
case. A reasonable hypothesis is that this distinct behavior
exhibited by the two phase diagrams occurs because in the
circuit-based noise model a larger portion of the errors intro-
duced during the burst remain extant in the following rounds.
Thus, the background error rate must be reduced accordingly
to prevent the error population from surpassing what the de-
coder can handle.

To validate this explanation, we evaluate a proxy for
the density of errors by computing the marginal expected
value of syndrome measurements averaged over a spatial
slice, as shown in Fig. 5. The effect of the burst on the
error population is clearly confined to a single time slice
in the phenomenological noise model, but the error density
remains elevated for two consecutive time slices in the circuit-
level depolarizing noise model. This effect arises because
some of the errors produced in the burst are not detected
until the following syndrome extraction cycle. These sur-
viving errors from the burst are augmented by additional
errors which occur at the background error rate in the fol-
lowing cycle, explaining the stronger combined effects of
burst errors and background errors revealed by the phase
diagram.

FIG. 5. Marginal expected value of syndrome bits averaged over
each time slice in a surface-code memory experiment with an error
burst. The marginal syndrome bit value is a proxy for the density
of errors in a syndrome extraction cycle. Here the code distance is
d = 3, and 20 rounds of syndrome extraction are shown, with an
error burst in the 11th round. The background error rate is p = 0.1%
and the elevated error rate is pB = 1%. The effect of the error burst is
confined to a single syndrome-extraction cycle for the phenomeno-
logical noise model; however, it extends into the following syndrome
extraction cycle for circuit-level noise because some errors occurring
during the burst are not detected until the following round.

B. Teraquop footprint

In order to quantitatively estimate the effect of error bursts
on the amount of resources required to execute large circuits
under circuit-level depolarizing noise, we estimate the ter-
aquop footprint [27]. Roughly, the teraquop footprint is the
space overhead required to execute a circuit of size 1012 such
that the probability of success is roughly 1/e. This is achieved
by a logical failure rate of 10−12.

1. Logical error rate

To separately extract the background logical failure rate
and logical failure rate due to error bursts, we run two memory
experiments A and B. Experiment A is a standard D logical-
cycle memory experiment using a distance-d surface code
with background error rate p and background logical error
rate qd (p). In the regime D � 1 and assuming the failure for
each logical cycle is independent and identically distributed
distributed [28], the failure probability p̃d,A(p, D) of the mem-
ory experiment is related to the failure probability per logical
cycle by the following fitting Ansatz in Ref. [29]:

2 p̃d,A(p, D) ≈ 1 − [1 − qd (p)]D. (1)

The error rate approaches 1
2 as D → ∞ because a correc-

tion selected uniformly at random has probability 1
2 of being

in the same equivalence class as the error.
In memory experiment B, we use the same noise model

except we inject an error burst with error rate pB in the
( D

2 )th logical cycle. If the logical cycle containing the error
burst fails with probability qd,B(pB, p), then we can ex-
tend the Ansatz in Eq. (1) to express the failure probability
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FIG. 6. Logical quantum circuit for memory experiment B with
W logical qubits and D logical cycles such that W D = 1012. Uncol-
ored blocks are logical cycles that only suffer from the background
error rate and fail with probability q̃d (p). Red blocks are logical
cycles in which an error burst occurs; these fail with probability
q̃d,B(pB, p).

p̃d,B(pB, p, D) in memory experiment B as

2 p̃d,B(p, D) ≈ 1 − [1 − qd,B(pB, p)][1 − qd (p)]D−1. (2)

In other words, we attribute all excess logical failures in
experiment B to the presence of the error burst, allowing
separate determinations of the background and burst logical
error rates. Using Eqs. (1) and (2), we estimate qd (p) and
qd,B(pB, p), finding that these quantities approach constant
values independent of D, denoted q̃d (p) and q̃d,B(pB, p), when
D is large. A more extended discussion of finite-size effects
from finite duration memory experiments can be found in
[29], Appendix D. We extrapolate q̃d (p) and q̃d,B(pB, p) to
large d , and correspondingly small logical failure rates, in or-
der to estimate the teraquop footprint. A memory experiment
with a moderate error burst rate is illustrated in in Fig. 6. The
low error rate extrapolation is explained in greater detail in
Appendix D.

2. Failure model

If the average number of logical cycles between error
bursts is τ � 1, the probability PL(pB, p) of a logical failure
per logical cycle qubit is approximately

PL(pB, p) ≈ 1

τ
q̃d,B(pB, p) +

(
1 − 1

τ

)
q̃d (p). (3)

FIG. 7. Teraquop footprint for background error rate p = 0.1%
as a function of the burst error rate pB′ for various values of the mean
time τ between error bursts. The burst error threshold in the limit
p → 0 is indicated as a vertical dashed line.

We assume a surface code of distance d requires a total
of 2d2 qubits including ancilla qubits [30]. We define the
teraquop footprint as the total number of physical qubits
(including ancilla qubits) per logical qubit of the mini-
mum distance surface code that achieves a logical error
rate of 10−12.

If a logical cycle takes about 10 µs, then an error burst
occurring once per minute corresponds roughly to τ ≈ 107.
In Fig. 7, we show the teraquop footprint as a function of
the mean time between error bursts τ and the error burst rate
when the background error rate is p = 10−3. We provide fit
parameters used for the teraquop footprint estimate in Table I
in the Appendix.

Notably, an error burst rate an order of magnitude above
the background error rate does not appreciably affect the
teraquop footprint. However, performance quickly degrades
beyond this point. At low background error rates, the teraquop
footprint is also relatively insensitive to further reduction in
the background error rate.

IV. DISCUSSION AND CONCLUSION

We have shown that rotated surface codes are resilient
to rare “error bursts” in which the physical error rate is
briefly enhanced. Such error bursts have many potential
sources and become relevant once the frequency of burst

TABLE I. Fit parameters for circuit-level depolarizing noise with elevated error rate pB = 2.5% and five different values of the background
error rate p. Here log10 q̃d = c[q̃d ] + dm[q̃d ], and log10 q̃d,B = c[q̃d,B] + dm[q̃d,B]. All confidence intervals are two standard deviations.

Background error rate (%) c[q̃d ] m[q̃d ] c[q̃d,B] m[q̃d,B]

0.08 −1.77(3) −0.421(7) −0.902(5) −0.0459(7)
0.12 −1.655(13) −0.343(4) −0.872(5) −0.0459(6)
0.18 −1.531(7) −0.267(2) −0.847(5) −0.0420(6)
0.27 −1.419(4) −0.1856(7) −0.827(6) −0.0342(6)
0.40 −1.311(2) −0.1069(3) −0.833(8) −0.0188(7)

022450-6



RESILIENCE OF THE SURFACE CODE TO ERROR … PHYSICAL REVIEW A 113, 022450 (2026)

events becomes comparable to the inverse of the duration
of the longest computation wall time we wish to con-
sider (e.g., days to weeks). Because such events are rare
they may escape notice in experiments with insufficient
runtime. Superconducting qubit devices stand apart in that
error bursts originating from ionizing radiation have been
directly detected. But in a variety of quantum platforms en-
gineering constraints favor control signals shared by many
qubits. This engineering convenience carries the risk of po-
tential error burst failure modes which should be understood
and mitigated.

With appropriate mitigation methods, the burst event can
be brief; furthermore, the burst error rate, though higher than
the background error rate, may not be so high as to render
quantum error correction ineffective. We find that if the mean
time between error bursts is much larger than the duration
of a full logical cycle, and if the burst error rate is below
the burst threshold, then the overhead cost of error correction
is rather insensitive to the burst error rate. For reasonable
parameters (10 µs logical cycle, 1 min−1 mean time between
bursts, background error rate p = 0.1%), we find that if the
elevated error rate is 15 times larger than the background error
rate, then the teraquop footprint increases by less than a factor
of 2 compared to the case without any burst errors.

In our computations, we assumed that the decoder knows
the time step in which a burst error occurs. This assumption
is reasonable because the elevated error rate during the burst
is easily detected in the syndrome measurement history. Fur-
thermore, we expect the decoder to perform nearly as well
even when prior information about the time of the burst is not
provided.

Our studies have been limited to the surface code, but
we anticipate that qualitatively similar results apply when
using other families of quantum low-density parity-check
codes. Our conclusions bolster the hope that, given appro-
priate mitigation strategies that diminish the temporal extent
and strength of error bursts, deep quantum circuits with
valuable practical applications can be executed reliably on
fault-tolerant quantum computers.
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APPENDIX A: SOURCES OF ERROR BURSTS

Here, we discuss in more detail two motivating cases of
error sources in specific hardware implementations that are
modeled well as error bursts, namely, quasiparticle bursts in
superconducting qubit platforms, and global control noise in
AMO and other platforms.

1. Quasiparticle bursts from high-energy impact events

When ionizing radiation (for example, a cosmic ray muon
or gamma radiation) interacts with the chip substrate, large
amounts of energy are deposited (100 keV–1 MeV), which
quickly radiates outwards in the form of high-energy phonons
[7,12]. When these phonons impinge on the superconducting
qubit material, they break Cooper pairs and produce Bogoli-
ubov quasiparticles. The quasiparticles can diffuse through
the qubit and tunnel through the Josephson junction, where
they can absorb the qubit energy. This tunneling process
severely limits the T1 relaxation time of the qubits, lead-
ing to a substantial increase in the error rate. Due to the
rapid ballistic transport of high-energy phonons through the
substrate, these elevated error rates are experienced over a
large area, comparable to the size of current superconducting
qubit arrays.

The error rate returns to normal when the quasiparticle
population density relaxes to its background value. Quasi-
particles disappear as they recombine to form Cooper pairs,
releasing phonons. These phonons escape slowly off the de-
vice, producing long recovery timescales between 100’s of
microseconds [12] and 10’s of milliseconds [7,13,14]. Re-
combination requires two quasiparticles to interact, and such
interactions become less frequent as the population thins out;
therefore, the recombination rate declines as the density is
reduced, and as a result the quasiparticle density decreases
only polynomially with time [31].

Various mitigation strategies have been proposed [10] and
implemented. Phonon trapping [15] aims to down-convert
phonons to a frequency lower than the qubit superconducting
gap, preventing quasiparticle generation in the qubits. Quasi-
particle trapping [32] aims to concentrate the quasiparticle
populations away from the qubit Josephson junction, limiting
the errors induced by the elevated quasiparticle population and
aiding recombination. These mitigation strategies can enhance
the speed of recovery to normal performance to the extent
that only a single round of error correction is affected [32].
While the spatial extent of the error burst is not infinite, and
may be significantly improved by these mitigation strategies,
a uniform error burst over all qubits represents a worst case
for QEC performance.

2. Global control noise

Implementing gates in quantum computation experiments
requires precise time variation in Hamiltonian parameters. To
ease engineering challenges, it is frequently the case that a
single device is utilized in some step of the control electron-
ics for the control of many qubits (e.g., shared microwave
sources, arbitrary waveform generators, lasers). Such sharing
of resources makes the system formally not fault tolerant, but
it may be reliable enough for practical purposes. Since the
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FIG. 8. (Top) Illustration of hypothetical global control parameter g with periodic pulses (e.g., envelope of laser amplitude modulation).
The ideal value is indicated in blue while orange indicates a trace with white noise added [independent in time, marginals distributed as
N (0, σ 2 = 9 × 10−4)]. This is the “best” case scenario as such noise is well behaved and has low tail weight. (Bottom) Histogram of the
deviation � of the integrated signal within a pulse from the ideal value, taken over 105 pulses. Note the logarithmic Y axis. In the discussion
of the behavior of �, the region |�| � �∗ is illustrated as a yellow shaded region, while a “never exceed” value of � is illustrated as a red
shaded region. Due to the unbounded nature of the noise, arbitrarily large deviations can be encountered.

time-varying Hamiltonian control parameter is a real number
(analog), the deviation in the control system from the ideal
output is also characterized by a real number which is time
varying and in principle unbounded.

This raises the question of the correct figure of merit for
reliability. A failure corresponds to a large deviation in a
control signal such that the executed gate is very far from
the ideal gate. If such a failure occurs in a component used
for global control, the resulting error burst may be fatal for a
fault-tolerant quantum memory [33].

Let g denote a global control parameter that controls the
execution of many gates in parallel in an error-corrected quan-
tum memory, and let � ∈ R denote the deviation of g from its
ideal value. Naively, to ensure good performance, one might
require that |�| � �∗ be satisfied with high probability in
each syndrome extraction step for some suitably small �∗.
However, if the memory is sufficiently resilient to brief error
bursts, then occasional large excursions of g with |�| signif-
icantly larger than �∗ (but not too much larger) can also be
tolerated. This weaker control requirement is easier to achieve
in practice. We illustrate an example trace of g in Fig. 8 and
the distribution of integrated deviation for each control pulse.

For illustrative purposes, we proceed to describe how rare
error bursts might arise from global control in an optical
tweezer array, and to note that other quantum computing
architectures have similar vulnerabilities.

In platforms based on atomic, molecular, and optical
(AMO) physics, global control is often very natural due to
the resource-intensive nature of coherent light sources. Here,
we describe the control method of a particular neutral atom
quantum computing experiment reported on in [34], but one
can expect similar error mechanisms to be present in other
experiments.

Evered et al. [34] report on a high-fidelity (≈99.5%) en-
tangling gate in a quantum computing experiment based on
neutral rubidium-87 atoms trapped in optical tweezers. The
qubit computational basis is formed by the two hyperfine
states |0〉 = |F = 0, mF = 0〉 and |1〉 = |F = 0, mF = 2〉.
Entanglement of two nearby atoms can be realized by trans-
ferring the |1〉 state to a state with high principal quantum
number known as a Rydberg state. These excited states have
strong interactions such that, after returning to the qubit sub-
space, the state |11〉 accumulates a phase while |00〉, |10〉, and
|01〉 do not.

In [34], the physical entangling gate is applied to all atoms
in a predetermined region by shining 420-nm and 1013-nm
laser light modulated by an acousto-optic modulator over
the course of approximately 200 ns. This corresponds to a
two-photon transition to an n = 53 Rydberg state via an in-
termediate state from which the laser light is detuned. Such
a gate scheme naturally lends itself to scaling up because
the control degrees of freedom are mostly independent of the
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number of atoms in the gate region. However, variation in the
pulse shape may cause a large global error on all atoms in
the gate zone. For example, intensity noise can change the
two-photon Rabi frequency, leading to over- and under-
rotation and a final state that is not completely in the qubit
subspace (i.e., a coherent leakage error). For moderate values
of the rotation error, this deviation from ideal control results
in an error burst affecting many qubits.

Because such error bursts are rare events, it is difficult
to detect them directly except by running an error-correction
experiment or some other specialized experiment that gathers
a large amount of data. We are not aware of any dedicated
search for error bursts in AMO platforms performed to date,
but imminent experiments running full-scale quantum error
correction are likely to provide instructive quantitative infor-
mation about the nature and rate of such correlated errors.

A fundamental question is that of mitigation strategies after
identifying a global noise source. As global noise sources
are highly setup specific, the mitigation strategy will also
be setup specific. Our numerics provide a guideline for how
much mitigation is necessary. Using the previous example of
laser intensity noise on a global gate, closed loop control may
suffice for low-frequency (slowly varying) noise. For high-
frequency noise, a time-multiplexing strategy where gates are
only done on subsets of atoms at a time may suffice. One could
also take advantage of the long coherence time of atomic
platforms and “pause” the computation until the noise returns
to an acceptable range.

Correlated gate errors resulting from global control are
not unique to AMO platforms; in particular, spin-qubit ar-
chitectures frequently rely on global control. For instance,
in nitrogen-vacancy center qubits in diamonds, architec-
tures commonly feature global optical and microwave control
signals [35–37]. Similarly, in electron spin qubits, global mi-
crowave or DC electrical control is a common architectural
feature [38–40]. In all of these cases, classical control noise
can induce fidelity correlations among gates performed in
parallel, and rare large deviations of control signals from their
ideal values could cause error bursts.

APPENDIX B: ERROR BURST DETECTION

Here, we show that a priori knowledge of the time at which
an error burst occurs is not necessary. The presence of an error
burst can be inferred directly from the syndrome. We will
prove bounds on the probability of a false positive or false neg-
ative in a toy model using a maximum likelihood estimator.
For simplicity, consider a subset of vertices V in a decoding
graph contained in a single time slice such that each vertex
has w fault locations incident to it and no two vertices in V
are adjacent. Then, suppose that each fault location contains
an error with the background error probability p while during
an error burst it contains an error with probability pB > p less
than 1

2 .
The assumption of uniform noise and degree can be

straightforwardly relaxed, and the subset of vertices can
be found by exploiting structure in the decoding graph. If the
decoding graph is sparse, one can also find a greedy approxi-
mate solution to the maximum independent set problem [41].

We wish to determine whether, at an arbitrary time
t , there was an error burst. Define p1 = ∑�w/2�

i=1

(
w

2i−1

)
p2i−1(1 − p)w−2i+1, p2 = ∑�w/2�

i=1

(
w

2i−1

)
p2i−1

B (1 − pB)w−2i+1

to be the marginal probabilities that an odd number of faulty
edges are incident to a fixed vertex of V . Let q taking values in
{p1, p2} be the random variable corresponding to the marginal
flip probability of syndrome vertices in V at time t . Let x be
the syndrome bit string. Since the vertices of V were picked
such that they are independent, the Hamming weight |x| is a
sufficient statistic. The maximum likelihood estimate of q is

q̂ = argmaxq̃∈{p1,p2} ln Pr (|x| | q = q̃)

= argmaxq̃∈{p1,p2}[|x| ln q̃ + (n − |x|) ln(1 − q̃)].

The maximization problem can be conveniently rewritten in
terms of the log-likelihood ratio �(|x|):

�(|x|) =
[
|x| ln

p1

p2
+ (n − |x|) ln

1 − p1

1 − p2

]
.

The value of q̂ is then

q̂ =
{

p1, �(|x|) � 0
p2, �(|x|) < 0.

Let D(a||b) = a ln a
b + (1 − a) ln 1−a

1−b be the Kullback-Leibler
divergence between two Bernoulli distributions with parame-
ters a and b, respectively. Employing a Chernoff bound on |x|,
we have an upper bound on the probability of a false positive

Pr(q̂ = p2 | q = p1) = Pr(� < 0 | q = p1) (B1)

= Pr

( |x|
n

> α | q = p1

)
(B2)

� e−nD(α||p1 ), (B3)

where α = ln 1−p2
1−p1

ln p1(1−p2 )
p2 (1−p1 )

∈ (p1, p2). Likewise, we can upper

bound the probability of a false negative:

Pr(q̂ = p1 | q = p2) = Pr(� � 0 | q = p1) (B4)

= Pr

( |x|
n

� α | q = p2

)
(B5)

� e−nD(α||p2 ). (B6)

To pick some representative parameters, for p = 0.01,
pB = 0.1, n = 100, and w = 10, the probability of false neg-
atives and false positives is at most 10−4.

APPENDIX C: ESTIMATION OF THRESHOLD VALUES
FOR THRESHOLD EXPERIMENTS

To obtain the phase diagrams in Sec. III A, we perform
memory experiments (2 × 106 samples) with surface-code
distances between d = 13 and 27 with T = 2d syndrome
extraction cycles and an error burst after the dth syndrome
extraction cycle.

For the high pB portions of the phase diagram, we adopt the
same fitting strategy as Wang et al. [42] and perform a fit of
the logical error rates as function of pB (p fixed) to a quadratic
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FIG. 9. Plot of overall logical error rate against number of logical
cycles for background error rate p = 0.0013, elevated error rates
pB = 0 and 0.015, and distance d = 3. The dashed lines are obtained
with our Ansatz stated in Eqs. (1) and (2) using qd and qd,B values for
D = 25 logical cycles.

function in a scaled variable:

PL(x) = A + Bx + Cx2, (C1)

where x = (pB − p∗
B)d1/ν0 for code distance d , constants

A, B,C, and some critical exponent ν0.
We determine the burst threshold p∗

B′ by fitting the values
to (C1) and then subtracting the background error rate from it.

When the background error rate p is high, we adopt an
alternate approach in order to mitigate large finite-size effects.
The procedure is nearly identical to the standard procedure,
but pB is held fixed and p is swept. The fitting Ansatz (C1) is
performed with pB replaced by p.

FIG. 10. Logical error rates for various values of the background
error rate p, the elevated error rate pB, and the code distance d .

APPENDIX D: LOW ERROR RATE EXTRAPOLATION

To study the subthreshold behavior, we first determine the
logical error rates obtained from memory experiments with
various values of p and pB and number of logical cycles D
between D = 5 and 25, obtaining the results plotted in Fig. 9.
We derive the values for qd and qd,B for different values of
d , p, and pB by using Eqs. (1) and (2). We observe that qd

and qd,B approach constant values as D → 25 and set q̃d = qd

and q̃d,B = qd,B for D = 25. We fit the plotted points corre-
sponding to different q̃d and q̃d,B in Fig. 10 to the expression
log10 q̃d = cq̃d + dmq̃d , and similarly for log10 q̃d,B. The pa-
rameters determined by the fits shown in Table I were used
for the teraquop footprint estimate.
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