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Detecting a signal at an unknown frequency is a common task, arising in settings from dark-matter
detection to magnetometry. For any detection protocol, the precision achieved depends on the frequency
of the signal and can be quantified by the quantum Fisher information (QFI). To study limitations in
broadband sensing, we introduce the integrated quantum Fisher information and derive inequality bounds
that embody fundamental trade-offs in any sensing protocol. Our inequalities show that sensitivity in one
frequency range must come at the cost of reduced sensitivity elsewhere. For many protocols, including
those with small phase accumulation and those consisting of π pulses, we find that the integrated quan-
tum Fisher information scales linearly with T. We also find protocols with substantial phase accumulation
that can have integrated QFI that grows quadratically with T and prove that this scaling is asymptotically
optimal. These protocols may allow the very rapid detection of a signal with unknown frequency over a
very wide bandwidth. We discuss the implications of these results for a wide variety of contexts, includ-
ing dark-matter searches and dynamical decoupling. Thus we establish fundamental limitations on the
broadband detection of signals and highlight their consequences.
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I. INTRODUCTION

Quantum systems, from atoms to superconducting quan-
tum interference devices (SQUIDs), can be excellent sen-
sors. Indeed, detecting weak signals requires the consider-
ation of quantum effects. Even better, entangled detectors
are well known to be more sensitive than their unen-
tangled counterparts [1]. In practice, quantum sensors
have been used for dark-matter searches, entanglement-
enhanced magnetometry, microwave clocks, and matter-
wave interferometers. [2–11].

The quantum Fisher information (QFI) captures the per-
formance of a parameter estimation protocol [12]. For a
pure state parametrized by θ , ρθ := |ψθ 〉〈ψθ |, the QFI is
[13]

J (θ) = 2Tr
[
(∂θρθ )

2] . (1)

The QFI tells us, via the Cramer-Rao bound [14], how
well an unbiased estimator of θ can approximate its true
value. In particular, given m copies of |ψθ 〉, the variance of
any unbiased estimator θ̂ must satisfy Var(θ̂) � 1/mJ (θ).
This bound can be saturated, so the more quantum Fisher
information a protocol has, the better one can estimate θ
[14].

*ampolloreno@gmail.com

We consider a coupling between the qubit and the signal
as

H(t) = μB cos(ωt + ϕ)Z, (2)

where μ is the magnetic moment of the qubit. For instance,
we may wish to estimate the strength of an ac magnetic
field [15–23]. While we include ϕ in the analysis in Eq.
(7), we omit it for convenience elsewhere.

To gather information about this Hamiltonian, we need
to establish a protocol, which generically consists of
preparing the sensing qubit in an initial state, applying a
time-dependent control sequence, and finally performing a
measurement. The performance of a protocol will depend
on the frequency of the signal ω. For example, preparing
|+〉 followed by free evolution for time T and measure-
ment in the |±〉 basis is optimal for ω = 0 but performs
poorly for ω � 1/T. In fact, we show that trade-offs in
sensitivity at different frequencies are inevitable. We make
this quantitative by considering the integrated QFI (IQFI).

While this may be different than the integrated sensitiv-
ity of a single protocol, it provides an analytically tractable
method of analysis that is tight in many cases of inter-
est, namely weak fields and protocols consisting only of
π pulses. In general, a choice of protocol includes a choice
of measurement basis, as defined above. In the majority of
the examples that we consider in this paper, the optimal
measurement basis is frequency independent, so that the
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optimization over the final measurement in the definition
of the QFI can be ignored. By bounding this integral,
we formalize the idea that there is a fundamental tension
between having sensitivity in different frequency bands.

The longer we observe a signal, the more we can expect
to learn about it. Thus, it is no surprise that the IQFI will
typically grow with the duration T of a protocol. In fact,
we find a number of constraints on how the IQFI grows
with T. First, we find that any protocol starting on the
equator of the Bloch sphere that involves only π pulses
has IQFI of 2πζ 2T, where ζ ≡ μ/� is the inverse gyro-
magnetic ratio of the system being used as a sensor [24].
Second, for an arbitrary protocol with ζBT � 1, the IQFI
is close to 2πζ 2T. Then, we study a particular protocol
that significantly exceeds 2πζ 2T—by continuously driv-
ing a spin with a transverse X field, our protocol has a
peak sensitivity around 2g, with the IQFI scaling quadrat-
ically with time. We further show that the IQFI cannot
exceed quadratic scaling with time, so that this protocol
is in a sense optimal. However, the practical restriction to
the small-signal regime ζBT � 1 is not uncommon, due
in part to phase ambiguities that may arise in the accrued
phase if one begins to leave this regime.

Beyond signal estimation and detection, our results can
be applied to better understand the performance of dynam-
ical decoupling [25–28]. Here, we find that for many
dynamical decoupling protocols, the average (over the ini-
tial state) IQFI is at least linearly proportional to T. As a
result, dynamical decoupling can at best move the noise
sensitivity of a qubit around in frequency space, rather than
eliminating sensitivity at all frequencies. This is reminis-
cent of the filter functions discussed in Ref. [29], which
considers Carr-Purcell-Meiboom-Gill (CPMG) sequences
[30–32], a subset of the protocols considered in this work.

We note that the setting under consideration is differ-
ent from the waveform estimation studied in Ref. [33].
That work studied how to simultaneously estimate a large
number of parameters representing the full time series of
a waveform. We consider the sensing problem of estimat-
ing a single Fourier amplitude, i.e., the systems that we
consider couple to a monochromatic signal B cos (ωt). The
relative simplicity of this setting admits a global analy-
sis of the performance of an arbitrary protocol at different
frequencies.

II. PRELIMINARIES

We consider Hamiltonians of the form given in Eq. (2),
motivated by a spin-1/2 particle in a magnetic field. We
first consider estimation protocols composed of instanta-
neous arbitrary unitary rotations Pi followed by periods of
free evolution. The choice of measurement at the end of
the protocol is assumed to be optimal in the sense that it
maximizes the Fisher information of the resulting classical
probability distribution. For a state starting in the +1 X

eigenstate, we have the final state

|ψ(T,ω, B)〉 = UN−1(tN , tN−1)PN−1 · · · U0(t1, t0)P0|+〉,
(3)

where tN = T and U(ti+1, ti) is the time-evolution operator
under the Hamiltonian in Eq. (2) between times ti and ti+1.

Given Eq. (3), the QFI tells us how well we can estimate
B. We write J (B|ω) to indicate that Fisher information with
respect to B will in fact depend on the signal frequency ω.
Writing |φ〉 := ∂B|ψ(T,ω, B)〉 and |ψ〉 := |ψ(T,ω, B)〉 the
QFI can be expressed as [13,34]

J (B|ω) = 4(〈φ |φ〉 + Re{〈φ |ψ〉2}). (4)

To understand the total sensitivity of a protocol across all
frequencies, we define the IQFI for a protocol with total
evolution time T as [35]

K(T) =
∫ ∞

0
dωJ (B|ω). (5)

Statistically, one way of understanding the IQFI is as
an unnormalized expected quantum Fisher information
(EQFI) for estimating a magnetic field amplitude at an
unknown frequency with a uniform prior. While there is no
uniform distribution over the positive real line, because the
QFI vanishes at high frequencies, it is possible, in princi-
ple, to establish a cutoff at which the IQFI is approximately
an unnormalized expected quantum Fisher information. As
we show in Appendix A 5, this cutoff is independent of
time and so can be varied independently of protocol dura-
tion. While the EQFI is an interesting statistical quantity,
because this equivalence is only approximate, and because
we are interested in a measure of how the total (unnor-
malized) bandwidth sensitivity of a protocol changes with
time, we consider the IQFI rather than the EQFI. One way
of understanding this distinction is that the former has units
of time while the latter has units of time squared, and so
they measure different physical quantities.

Nevertheless, it is possible to give an interpretation of
our results in the Bayesian setting. For the choice of a
delta function prior, it is known that EQFI grows at most
quadratically with time [34]. In this work, however, we are
interested in understanding the optimal performance of a
protocol given an arbitrary prior. We show that the optimal
performance for the uniform prior is also quadratic in time
and thus for any prior quadratic scaling is also optimal.

To see this, consider the following integral where μ is
the uniform prior, ξ is any other prior, and� is some cutoff
frequency beyond which the QFI and ξ are both negligible:

∫ �

0
dξ(ω)J (B|ω) � M

∫ �

0
dμ(ω)J (B|ω). (6)

In this equation, M = max(ξ(ω))/μ0, where μ0 is the
value of the uniform prior. Any error in this expression is
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independent of time and can be suppressed by increasing
� and so we see that the asymptotic behavior of the EQFI
with a uniform prior provides an upper bound on the EQFI
with any prior.

III. RAMSEY AND π -PULSE PROTOCOLS

Within the family of control sequences consisting of
instantaneous rotations interleaved with free evolution, we
now consider Ramsey spectroscopy, where a qubit is pre-
pared on the equator of the Bloch sphere and allowed
to freely precess. Defining (ti+1, ti) = [sin(ωti+1)−
sin(ωti)]/(�ω), we find |φ〉 = −iζ(T, 0)|ψ〉 and Eq. (4)
gives J (B|ω) = 4ζ 22(T, 0). Defining ζ ≡ μ/�, the IQFI
follows as

K(T) = 4ζ 2
∫ ∞

0
dω
(sin (ωT + ϕ)− sin (ϕ))2

ω2 , (7)

= 2ζ 2T(π − ln(4) sin (2ϕ)). (8)

If ϕ is unknown and therefore random in each experi-
ment, averaging over ϕ gives K(T) = 2πζ 2T, but if ϕ is
known and we wish to maximize the IQFI, we would lock
the experimental sequence to ϕ = 3π/4 to get K(T) =
2ζ 2T(π + ln 4). For convenience, in what follows, we
assume ϕ = 0.

Now consider a protocol applying π pulses at times
t1,. . . , tN = T. At time ti, we apply X , Y, or Z. Addition-
ally, we can apply any unitary that leaves the expectation
value of Z invariant [36]. Then, we have

K(T) = 4ζ 2
∫ ∞

0
dω

(
N−1∑

i=0

(ti+1, ti)

)2

= 2πζ 2T. (9)

K(T) is derived assuming that the system is initialized in
the |+〉 state. If we instead integrate over all initial states,
we find that the average IQFI is given as 4πζ 2T/3. This
average has important implications for dynamical decou-
pling protocols based on π pulses. It shows that for such
protocols, a qubit must maintain a sensitivity to environ-
mental noise over a substantial frequency range. Indeed,
in the presence of white noise, any π -pulse protocol will
leave the qubit equally degraded by the noise. Specifi-
cally, we imagine that a qubit is subjected to a background
power spectrum of magnetic field noise fluctuations the
noise spectrum of which is flat. A lower bound on the IQFI
implies a lower bound on how much of this noise spectrum
the qubit will experience and therefore on its decoher-
ence. For noise with more structure, these protocols do
not allow sensitivity to noise to be eliminated but can sim-
ply move that sensitivity to a frequency range where the
environmental noise is fairly low.

IV. B = 0 BOUND

We now present an argument to bound K(T) at B = 0
and approximately bound K(T) for short times and weak
magnetic fields. Consider protocols with initial state |ψ0〉
and a control Hamiltonian H0(t) in addition to the sig-
nal Hamiltonian H(t). We can then write |ψ(T,ω, B)〉 =
UU |ψ0〉, where U is the time evolution due to H0 and U is
the interaction-picture time evolution, given by

U = 1 − iζB
∫ T

0
cos(ωτ)ZI (τ )dτ + O(B2), (10)

where we use ZI (τ ) to express Z in the interaction picture.
Then, we have

∂B|ψ(T,ω, B)〉
∣∣∣
B=0

= −iζU
∫ T

0
cos(ωτ)ZI (τ )dτ |ψ0〉.

(11)

Substituting into Eq. (4) and integrating, we find that the
IQFI is at most 2πζ 2T. For small B and T, the next term
on dimensional grounds should be O(B2T3), since we can
show that the term linear in B is zero. This dimensional
analysis assumes that there are no other dimensionful
quantities—e.g., if the interpulse spacings are not func-
tions of T, then there may be other terms. Thus we find
that

K(T) � 2πζ 2T + O(ζ 4B2T3). (12)

The full proof is provided in Appendix A 2. This shows
that for small magnetic fields and short times, we should
expect a roughly linear scaling of the IQFI.

V. ENTANGLED-PROBE ADVANTAGE

From standard results [37,38], we expect that entangled
inputs can outperform this bound. Indeed, an n − qubit
Greenberger-Horne-Zeilinger (GHZ) state,

|�〉n = 1√
2
(|0〉⊗n + |1〉⊗n), (13)

accumulates phase n times more rapidly, so that an analo-
gous argument gives IQFI at B = 0 of

K(T) = 2πn2ζ 2T. (14)

Conversely, product input states can be reduced to the
single-qubit example, since J (ρ⊗n) = nJ (ρ), so that for
n qubits starting in a product state, again with B = 0, we
have

K(T) � 2πnζ 2T. (15)

So, while entanglement allows us to increase the coeffi-
cient in front of T, the IQFI still increases linearly with
time.

014029-3



ANTHONY M. POLLORENO et al. PHYS. REV. APPLIED 19, 014029 (2023)

VI. QUADRATIC SCALING OF THE IQFI

We have seen that π -pulse protocols and protocols with
BTζ � 1 have IQFI that scales no faster than 2πζ 2T. Even
an entanglement-enhanced protocol gives linear scaling
of the IQFI with T, albeit with an improved coefficient.
We now study a simple protocol with the IQFI scaling
quadratically in T.

We consider a continuous-time protocol that applies a
transverse field, �gX , to the sensing qubit. This gives a
full Hamiltonian of

H(T) = �gX + μB cos (ωT)Z. (16)

Assuming that ω ∼ 2g, BTζ � 1 and using the rotating-
wave approximation [39], we find

J (B|ω) ∼ (ζT)2

(1 + (
ω−2g

Bζ )
2)2

, (17)

which we can integrate from ω = g to ω = 3g to obtain a
lower bound of

K(T) � ζ 2T2

⎛

⎝ g

1 + g2

ζ 2B2

+ ζB tan−1
(

g
ζB

)⎞

⎠ . (18)

A detailed derivation is given in Appendix A 3. Represen-
tative dynamics in this regime are shown in Figs. 3 and 4
of Ref. [40].

In Fig. 2, we study this protocol numerically. We
first approximate it by a discrete pulse-based protocol,
described by Eq. (3) and given by Trotterization, that
intersperses instantaneous rotations around the X axis by

B = 0

B = 2 *(0.16) Hz
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FIG. 1. The IQFI (K(T)) for using Xπ/2 pulses. Depending on
the magnetic field strength, we observe a more rapid accumu-
lation of the IQFI. The dashed lines are approximately T and
approximately T2 scalings to guide the eye. For nonzero mag-
netic field, we see that a crossover from quadratic to linear
scaling occurs when BTζ � 1 (where the perturbative results are
valid).

(a) (b)

(c) (d)

FIG. 2. The QFI as a function of the frequency for some pro-
tocols considered in this paper, for different protocol times T [(a)
T = 2 s, (b) T = 4 s, (c) T = 6 s, and (d) T = 8 s], with Bζ = 1
Hz. Ramsey has a large dc QFI, as expected, and very little ability
to detect any ac signal. π pulses, on the other hand, can be used
to measure signals at higher frequencies, as might be expected
from spectroscopy techniques such as CPMG. The gX protocol,
with g = 2π × 1

4 Hz in this example, is seen to be sensitive near
2g. Moreover, it is seen to be sensitive over a broad bandwidth.
The π protocol shown here consists of π rotations about the X
axis, at each integer value of time. The π/2 protocol consists of
π/2 rotations about the X axis, every half second. Similar to the
π protocol, the π/2 protocol has ac sensitivity, as well as more
broadband sensitivity.

periods of free evolution under the magnetic field. For
time T, we can approximate evolution under Eq. (16) by
m periods of free evolution of duration T/m separated by
rotations of angle Tπ/m about the X axis. Indeed, in Fig. 1,
we see quadratic scaling choosing m = 2T. In Fig. 2, we
compare the QFI of the m = T and m = 2T cases with the
gX protocol and a Ramsey protocol, where it is evident that
both the m = 2T protocol and the gX protocol accumulate
IQFI more rapidly than the other two protocols. These dis-
crete protocols with quadratic scaling of the IQFI have the
property that the number of pulses scales with the total time
of the protocol. In fact, this is necessary, as we now see.

Consider that a protocol with N pulses Pi applied
between periods of free evolution Ui. Because 〈ψ |ψ〉 =
1, ∂B〈ψ |ψ〉 = 0, we have 〈φ |ψ〉 = −〈ψ |φ〉. This means
that Re(〈φ |ψ〉) = 0 and so 〈ψ |φ〉2 has a real part that is
nonpositive. Thus, from Eq. (4), we see that

J (B|ω) � 4〈φ |φ〉. (19)

We see that 〈φ |φ〉 = ζ 2∑N
i,j ij Vij = ζ 2�TV�, where

� is a vector the ith entry of which isi ≡ (ti+1, ti). V is
an N × N complex matrix with entries of norm at most 1,
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so its eigenvalues have norm at most N . We thus find

K(T) =
∫ ∞

0
dωJ (ω) � 4

∫ ∞

0
dω〈φ |φ〉

= 4ζ 2
∫ ∞

0
dω�TV� � 4ζ 2

∫ ∞

0
dωN |�|2

= 2πNζ 2T. (20)

We now see that the bound given in Eq. (20) can be used
to show that the IQFI can scale at most quadratically with
time, so that up to a constant, the IQFI of the gX protocol
grows as rapidly as possible in time.

A continuous-time protocol involves a control Hamilto-
nian G that gives a total Hamiltonian of the system:

H(t) = �G(t)+ μB cos(ωt)Z. (21)

We can Trotterize this evolution into a discrete sequence
[41] like those considered in proving Eq. (20). Then, by
linearity of the derivative, we can constrain the derivative
of the Trotterized evolution to be close to the actual deriva-
tive. Using U(t) to refer to the continuous-time protocol
and ε̂′′(t) = ∂BU(t)− ∂BU′(t), we see from Eq. (19),

J (ω) � Jd(ω)+ 8Re(〈+|ε̂′′(T)†(∂BU′(T)+ 4ε̂′′(T))|+〉),

where we use Jd(ω) to denote the QFI of the protocol given
by U′(t). As we show in Appendix A 4, this gives a bound
of

K(T) � 2πζ 2T2

δt
+ α(δt,�,μB, �||G||)T2,

where ||G|| is maximum spectral norm of the control,
maxt�T||G(t)|| and α is a function that controls the error in
approximating the IQFI of the continuous protocol by the
IQFI of the Trotterization. Crucially, it does not depend
on T. This proves that K(T) scales at most quadrati-
cally in time. Thus, our examples with quadratic scaling
are asymptotically optimal in the amount of IQFI that
they accumulate. This bound can be extended to consider
both entangled probes and separable probes, as shown in
Appendix A 5, and thus establishes a fundamental limit on
the broadband sensitivity of detectors.

VII. CONCLUSIONS

The QFI provides an ultimate bound on how well a
quantity can be estimated, in our case the amplitude of
a sinusoid with fixed frequency. Integrating the QFI over
all frequencies, we find fundamental limits on the broad-
band performance of quantum sensors. For tasks such as
axion detection [42], this implies that spectral sensitivity
is a scarce resource that needs to be carefully considered

when designing metrological protocols. While conven-
tional spectroscopy protocols such as Ramsey interferom-
etry and CPMG [30,31] consist only of π pulses and there-
fore linearly accumulate IQFI, we find both continuous and
discrete protocols that quadratically increase this accumu-
lation. Moreover, we show that this is asymptotically the
largest scaling one can achieve.

We see that there are protocols with IQFI that scales
as both O(ζ 2T) and O(ζ 3BT2), but which is better? It
depends. If the goal is sensitivity to a wide range of fre-
quencies, O(ζ 3BT2) may allow the protocol to work over
a wider frequency band. If the goal is sensitivity to a very
narrow frequency range, O(ζ 2T) protocols may have sup-
port over a small band. Thus, we may see enhancements
when searching for a weak signal over a wide frequency
range. In such a setting, long integration times could give a
quadratic enhancement of the accumulated QFI compared
to the O(ζ 2T) protocols.

Additionally, if Td is a characteristic decoherence time
of the system, then we are practically constrained to T <
Td. Thus, for B � 1/(ζTd) and fixed Td, we also find
ζBT � 1. In these contexts, our results show that sens-
ing should be expected to be limited by the bound of
2πζ 2T. Physically, this corresponds to when the peak
angular excursion of the Bloch vector is much less than
π . For weak fields, if we can sense for long times so
that ζBT �� 1, then we can accumulate quadratically more
IQFI.

The gX protocol is sensitive to frequencies around 2g,
making it an excellent candidate for broadband detection
around a particular frequency. It is an open question how
to design optimal metrological protocols with sensitivity
spread evenly over wide bands. Techniques such as the
GRAPE algorithm [43] may be useful for this task [44].

Many dynamical decoupling protocols consist solely
of π pulses (see, e.g., Ref. [45]). Such techniques may
be described by Eq. (3). Consequently, our results show
that these decoupling strategies are fundamentally lim-
ited—while they can move noise sensitivity, they cannot
remove it. We leave open whether such bounds apply to
arbitrary protocols.

Our key conceptual contribution is the idea that the
IQFI can be used to understand the trade-offs inherent in
broadband sensing. In some cases, this metric provides a
conservation law that can be summarized by the slogan “no
free QFI.” In particular, in the case where the interaction-
picture operator being sensed (ZI (t)) commutes with itself
at all times and in the small-signal limit (ζBT � 1), we
show that the QFI at one frequency ultimately comes at
the cost of less QFI at another frequency. This is also true
for sequences consisting only of π pulses, when the sen-
sor state begins on the equator. Moreover, we show that
for any protocol there is a limited amount of IQFI that can
be accumulated. This demonstrates that while broadband
sensing is possible, there is an upper limit on how wide the
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bandwidth of a given protocol can be if one desires a cer-
tain sensitivity. We do not currently know if other classes
of control protocols yield strict conservation laws and we
leave this to future work.

The bounds on the IQFI that we find on single-qubit
initial states can be extended, via Eq. (15), to arbitrary
separable states due to the additivity and convexity of the
QFI [46,47]. As Eq. (15) applies only to separable probe
states, we can think of it as a kind of standard quan-
tum limit that cannot be exceeded without entanglement.
Indeed, we see that an n-qubit cat state can significantly
exceed the 2πnζ 2T performance of unentangled π -pulse-
based protocols. This points to the possibility of using the
IQFI as a form of entanglement witness, so that the quan-
tum Fisher information at any particular frequency may be
consistent with a separable state but the breadth of such
sensitivity can only be explained by an entangled state.
In general, however, we find that the quadratic-in-time
asymptotic upper bound of the IQFI holds for both separa-
ble and entangled probes. Finally, another interesting open
question is if other transformations of QFI spectra might
generate new insights into broadband sensing limitations.
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APPENDIX

1. Derivation of average IQFI for instantaneous π

pulses

Using the identity

[A, UBU†] = U[U†AU, B]U†, (A1)

we find that the N -pulse QFI is given by

J (ω) = −2Tr
(([

U†
0P†

0U†
1P†

1 · · · U†
N−1P†

N−1ZPN−1UN−1

· · · P0U0,
X
2

]
N−1 + · · · +

[
Z,

X
2

]
0

)2
)

Integrating over all frequencies and using the orthogonality
condition,

∫
dωij = 2π(ti+1 − ti)δij , (A2)

we see that when this square is integrated, it will sum to
be 2πT, so that for a protocol starting in the |+〉 state and

using only π pulses, we find that

K(T) = 2πT. (A3)

We can also average over the input state, denoted with
angle brackets 〈·〉, to find

〈K(T)〉 = 1
4π

∫ 2π

0
dβ
∫ π

0
dα sin (α)2πζ 2T sin2 α, (A4)

where one copy of sin comes from the integration measure
and two copies come from the off-diagonal element of the
density matrix. This gives the result from the main text,

〈K(T)〉 = 4ζ 2π

3
T. (A5)

2. Perturbative expansion to O(B2)

Recall that the pure-state QFI can be expressed as

J (ρ) = 4〈φ |φ〉 + 4Re{〈φ |ψ〉2}. (A6)

As shown in Sec. VI, the second term above is in general
nonpositive and thus if all we seek is an upper bound on the
QFI, we can simply consider the first term. We can write
the time-evolution operator as

U = 1 − iB
∫ t

0
cos(ωτ)ZI (τ )dτ

− B2
∫ t

0
dτ2

∫ τ2

0
dτ1 cos(ωτ2) cos(ωτ1)ZI (τ2)ZI (τ1)

(A7)

+ iB3
∫ t

0
dτ3

∫ τ3

0
dτ2

∫ τ2

0
dτ1 cos(ωτ3) cos(ωτ2)

× cos(ωτ1)ZI (τ3)ZI (τ2)ZI (τ1)+ O(B4), (A8)

where we use ZI (t) to express Z in the interaction pic-
ture. We expand to order B3 because, when differentiated
with respect to B, this yields a term proportional to B2. To
simplify notation, let

U := 1 − iBI1 − B2I2 + iB3I3 + O(B4). (A9)

Then, the time-evolved quantum state will be

|ψ〉 := |ψ(t)〉 = U0U |ψ(0)〉 (A10)

and the derivative of this state is then

|φ〉 := ∂B|ψ〉, (A11)

= ∂B|ψ(t)〉, (A12)
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= ∂B(U0U |ψ(0)〉), (A13)

= (−iU0I1 − 2BU0I2 + i3B2U0I3)|ψ(0)〉 + O(B3).
(A14)

The inner product of this vector with itself is

〈φ |φ〉 = 〈ψ(0)|(+iI †
1 U†

0 − 2BI †
2 U†

0 − i3B2I †
3 U†

0)(−iU0I1

× −2BU0I2 + i3B2U0I3)|ψ(0)〉 + O(B3),
(A15)

= 〈ψ(0)|I †
1 I1|ψ(0)〉 − i2B〈ψ(0)|I †

1 I2|ψ(0)〉
− 3B2〈ψ(0)|I †

1 I3|ψ(0)〉+ (A16)

+ i2B〈ψ(0)|I †
2 I1|ψ(0)〉 + 4B2〈ψ(0)|I †

2 I2|ψ(0)〉
× −3B2〈ψ(0)|I †

3 I1|ψ(0)〉 + O(B3). (A17)

Now we assume, and verify later, that 〈ψ(0)|I †
1 I2|ψ(0)〉 =

〈ψ(0)|I †
2 I1|ψ(0)〉 and 〈ψ(0)|I †

1 I3|ψ(0)〉 = 〈ψ(0)|I †
3

I1|ψ(0)〉, so we have

〈φ |φ〉 = 〈ψ(0)|I †
1 I1|ψ(0)〉 + 4B2〈ψ(0)|I †

2 I2|ψ(0)〉
− 6B2〈ψ(0)|I †

1 I3|ψ(0)〉 + O(B3). (A18)

From our work above, we have J (ρ) � 4〈φ |φ〉. Also,
because J (ρ) is an even function of ω,

∫∞
−∞ J (ρ)dω =

2
∫∞

0 J (ρ)dω := 2Jtot. Thus,

Jtot = 1
2

∫ ∞

−∞
J (ρ)dω, (A19)

� 1
2

∫ ∞

−∞
4〈φ |φ〉dω, (A20)

= 2
∫ ∞

−∞
〈φ |φ〉dω. (A21)

Thus, our task has become to integrate Eq. (A18) over all
frequencies. Let us start with the first term, which we write
out explicitly because the same technique will be applied
to the other terms. We have

2
∫ ∞

−∞
〈ψ(0)|I †

1 I1|ψ(0)〉dω (A22)

= 2
∫ ∞

−∞
〈ψ(0)|

(∫ t′

0
dτ ′ cos (ωτ ′)ZI (τ

′)

)

×
(∫ t

0
dτ cos (ωτ)ZI (τ )

)
|ψ(0)〉dω, (A23)

= 2
∫ ∞

−∞
〈ψ(0)|

(∫ t′

0
dτ ′

∫ t

0
dτ cos (ωτ ′)

× cos (ωτ)ZI (τ
′)ZI (τ )

) |ψ(0)〉dω. (A24)

Now, let us note the following useful fact:

2πδ(τ ′ − τ) =
∫ ∞

−∞
eiω(τ ′−τ)dω. (A25)

With this in mind, we can write

2
∫ ∞

−∞
〈ψ(0)|I †

1 I1|ψ(0)〉dω (A26)

= 2
∫ ∞

−∞
〈ψ(0)|

(∫ t′

0
dτ ′

∫ t

0
dτ

×
(

cosω(τ ′ − τ)+ cosω(τ ′ + τ)

2

)
ZI (τ

′)ZI (τ )

)

× |ψ(0)〉dω (A27)

= 1
2

∫ ∞

−∞
〈ψ(0)|

(∫ t′

0
dτ ′

∫ t

0
dτ
(

eiω(τ ′−τ) + e−iω(τ ′−τ)

+ eiω(τ ′+τ) + e−iω(τ ′+τ)
)

ZI (τ
′)ZI (τ )

)
|ψ(0)〉dω

(A28)

= π〈ψ(0)|
(∫ t′

0
dτ ′

∫ t

0
dτ
[
δ(τ ′ − τ)+ δ(−(τ ′ − τ))

+ δ(τ ′ + τ)+ δ(−(τ ′ + τ))
]

ZI (τ
′)ZI (τ )

) |ψ(0)〉
(A29)

= π〈ψ(0)|
(∫ t′

0
dτ ′
∫ t

0
dτ2δ(τ ′ − τ)ZI (τ

′)ZI (τ )

)

|ψ(0)〉
(A30)

= 2π
∫ t′

0
dτ ′〈ψ(0)|ZI (τ

′)ZI (τ
′)|ψ(0)〉 (A31)

= 2π
∫ t′

0
dτ ′〈ψ(0) |ψ(0)〉 (A32)

= 2π
∫ t′

0
dτ ′ (A33)

= 2π t′, (A34)

where we use the facts that δ(−x) = δ(x), the delta func-
tions δ(τ ′ + τ) = 0 for the range over which we are inte-
grating, ZI (τ

′)ZI (τ
′) = I, and 〈ψ(0) |ψ(0)〉 = 1. Next, we

turn to the second term in Eq. (A18). We have

8B2
∫ ∞

−∞
〈ψ(0)|I †

2 I2|ψ(0)〉dω (A35)

= 8B2
∫ ∞

−∞
〈ψ(0)|

(∫ t′

0
dτ ′

2

∫ τ ′
2

0
dτ ′

1 cos(ωτ ′
2)

cos(ωτ ′
1)ZI (τ

′
2)ZI (τ

′
1)
)

(A36)
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×
(∫ t

0
dτ2

∫ τ2

0
dτ1 cos(ωτ2) cos(ωτ1)ZI (τ2)ZI (τ1)

)

× |ψ(0)〉dω, (A37)

= 8B2
∫ ∞

−∞
〈ψ(0)|

(∫ t′

0
dτ ′

2

∫ τ ′
2

0
dτ ′

1

∫ t

0
dτ2

∫ τ2

0
dτ1

×
∏

i

cos (ωτi)ZI (τi)

)

|ψ(0)〉dω, (A38)

where we abuse notation in attempt to compactly express
the product of cosines and ZI values. As above, the integral
over all frequencies kills one of the time integrals, leav-
ing three. Finally, bounding the expectation value of the
product of ZI values from above by 1, we have

8B2
∫ ∞

−∞
〈ψ(0)|I †

2 I2|ψ(0)〉dω � 16πB2t3. (A39)

Similarly, for the last term, we have

12B2
∫ ∞

−∞
〈ψ(0)|I †

1 I3|ψ(0)〉dω � 24πB2t3. (A40)

Together, this yields an upper bound on the IQFI of

Jtot � 2π t + 40πB2t3 + O(B3) (A41)

3. Derivation of the IQFI under the rotating-wave
approximation

For the protocol governed by the Hamiltonian

H(t)=μB cosωtZ + �gX =
(
μB cosωt �g

�g −μB cosωt,

)
,

(A42)

one can ask what the behavior of the system is near reso-
nance (ω ∼ 2g). In this regime, we can apply the rotating-
wave approximation (RWA) to the system and still capture
the dynamics. Transforming into the interaction frame with
respect to �gX yields the RWA Hamiltonian, given as

HRWA = 1
2

(
μB �(2g − ω)

�(2g − ω) −μB

)
, (A43)

and the time-evolution operator is URWA(t) = exp(− i
�

HRWAt
)
. We take μ = � = 1 to simplify the expres-

sions, then add the prefactors in at the end of the calcula-
tion to restore dimensional consistency. Doing so gives a
final state of the form

|ψ(t)〉RWA = URWA(t)|+〉, (A44)

=

⎛

⎜⎜⎜⎜⎜
⎝

cos
(

1
2 t
√

B2+(ω−2g)2
)
−

i(B+2g−ω) sin
(

1
2 t
√

B2+(ω−2g)2
)

√
B2+(ω−2g)2√

2

cos
(

1
2 t
√

B2+(ω−2g)2
)
+

i(B−2g+ω) sin
(

1
2 t
√

B2+(ω−2g)2
)

√
B2+(ω−2g)2√

2

⎞

⎟⎟⎟⎟⎟
⎠

, (A45)

:= a|0〉 + b|1〉, (A46)

where we identify

a =
cos

(
1
2 t
√

B2 + (ω − 2g)2
)

− i(B+2g−ω) sin
(

1
2 t
√

B2+(ω−2g)2
)

√
B2+(ω−2g)2√

2
, (A47)

b =
cos

(
1
2 t
√

B2 + (ω − 2g)2
)

+ i(B−2g+ω) sin
(

1
2 t
√

B2+(ω−2g)2
)

√
B2+(ω−2g)2√

2
, (A48)

for simplicity. Further defining ∂B[a] := c and ∂B[b] := d allows the QFI of estimating B from this final state, J (ω) =
4〈∂Bψ(t) |ψ(t)〉2 + 4〈∂Bψ(t) |∂Bψ(t)〉, to be expressed as

J (ω) = 4
[
(c∗a + d∗b)2 + c∗c + d∗d

]
, (A49)
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= B2t2

B2 + (ω − 2g)2
+

4 sin2
(

t
√

B2+(ω−2g)2

2

)

(B2 + (ω − 2g)2)2
− t2B2(ω − 2g)2

(B2 + (ω − 2g)2)2
(A50)

+
2B2t(ω − 2g)2 sin

[
t
√

B2 + (ω − 2g)2
]

(B2 + (ω − 2g)2)5/2
−

B2(ω − 2g)2 sin2
[
t
√

B2 + (ω − 2g)2
]

(B2 + (ω − 2g)2)3
. (A51)

Now, we can attempt to find the antiderivatives of each term. Denoting the IQFI as K(ω), we find

K(ω) = 1
2

Bt2
(

tan−1
(
ω − 2g

B

)
+ B(ω − 2g)
(B2 + (ω − 2g)2)2

)
(A52)

+
∫

dω

⎡

⎢⎢
⎣

4 sin2
(

t
√

B2+(ω−2g)2

2

)

(B2 + (ω − 2g)2)2
+

2B2t(ω − 2g)2 sin
[
t
√

B2 + (ω − 2g)2
]

(B2 + (ω − 2g)2)5/2

−
B2(ω − 2g)2 sin2

[
t
√

B2 + (ω − 2g)2
]

(B2 + (ω − 2g)2)3

⎤

⎦ , (A53)

� t2
(

B
2

tan−1
(
ω − 2g

B

)
+ B2(ω − 2g)

2(B2 + (ω − 2g)2)2

)
(A54)

+
∫

dω
[

4
(B2 + (ω − 2g)2)2

+ 2B2t(ω − 2g)2

(B2 + (ω − 2g)2)5/2
− B2(ω − 2g)2

(B2 + (ω − 2g)2)3

]
, (A55)

K(ω) = t2
(

B
2

tan−1
(
ω − 2g

B

)
+ B2(ω − 2g)

2(B2 + (ω − 2g)2)2

)
+ I(t), (A56)

where we let I(t) represent the integral. When integrated,
the result is at most linear in t. Focusing on the first
term, which dominates for T � 1, we can evaluate the
antiderivative to recover the expression in the main text.
The RWA holds in a frequency band around the resonant
peak, which we take to be ω = g to ω = 3g. Evaluating
the antiderivative over this band, we obtain

K(T) � BμT2
(

Bgμ
B2μ2 + g2 + tan−1

(
g

Bμ

))
. (A57)

Restoring dimensional consistency, we obtain the expres-
sion from the main text:

K(T) � ζ 2T2

⎛

⎝ g

1 + g2

ζ 2B2

+ ζB tan−1
(

g
ζB

)⎞

⎠ . (A58)

4. Proof of O(T2) IQFI scaling for continuous-time
protocols

As in the main text, consider a sensing protocol defined
by a time-dependent control G(T). In particular, the full

Hamiltonian that we are considering is

H(T) = �G(T)+ μB cos (ωT)Z. (A59)

We can Trotterize the evolution into a discrete sequence
[41], which will look like those considered in the proof
above, with some step size δt. The evolution will be

U′(T) = T ei
∫ Nδt
(N−1)δt dtG(t)eiζBN Z · · ·T ei

∫ δt
0 dtG(t)eiζB1Z

+ O(δt2) (A60)

with k = [sin (ωkδt)− sin (ω(k − 1)δt)]/(�ω), Nδt =
T, and where T denotes the time-ordering operator, which
is necessary because in general G(t)will not commute with
itself at all times. The number of pulses, N , in the discrete
protocol described in Eq. (A60) gives, to zeroth order,

∫
dωJc(ω) � 2πζ 2T2

δt
, (A61)

for all δt. There are, however, error terms from the Trot-
ter expansion that we need to propagate through the
IQFI—this is what we do now. By linearity of the deriva-
tive operator, we can also constrain the derivative of the
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Trotterized evolution to be close to the derivative of the
actual evolution. In particular, we have that

U(T) = U′(T)+ ε̂′(T) (A62)

∂BU(T) = ∂BU′(T)+ ε̂′′(T), (A63)

where ε̂′′(T) = ∂Bε̂
′(T) is the B derivative of the error term

in the Trotter expansion. Then, we see from Eq. (19) that

Jc(ω) � Jd(ω)+ 4(〈+|ε̂′′†(T)∂BU′(T)

+ ∂BU′†(T)ε̂′′(T)|+〉 + 〈+|ε̂′′(T)†ε̂′′(T)|+〉)
(A64)

= Jd(ω)+ 8Re(〈+|ε̂′′(T)†∂BU′(T)|+〉)
+ 4〈+|ε̂′′(T)†| ε̂′′(T)|+〉). (A65)

We analyze the integrals of the error terms piecewise, first
up to a frequency � > 0. The derivative of the first-order
Trotterized evolution defined above is

∂BU′(T) = −iζ
N−1∑

j =0

j P0U0 · · · Pj ZUj · · · PN−1UN−1.

(A66)

Noting that |k| � 2T/N for a uniformly spaced pulse
sequence, this gives

∥∥∥∥

∫ �

0
ε̂′′(T)

(
− iμ

�

) N−1∑

j =0

j P0U0 · · · Pj Uj · · · Pn−1Un−1

∥∥∥∥

(A67)

� μ

�
maxω<�

∥∥ε̂′′(T)
∥∥
∫ �

0

N−1∑

j =0

|j | ‖P0U0

· · · Pj Uj · · · Pn−1Un−1
∥
∥ (A68)

� μ

�
maxω<�

∥∥ε̂′′(T)
∥
∥
∫ �

0

N−1∑

j =0

2T/N (A69)

= 2μ
�

maxω<�
∥∥ε̂′′(T)

∥
∥�T, (A70)

Similarly,

4
∫ �

0

∥∥ε̂′′(T)†ε̂′′(T)
∥∥ � 4maxω<�

∥∥ε̂′′(T)
∥∥2
� (A71)

where the maximum is over ω, on which the error term
implicitly depends. Then, we have, for the last two terms

in Eq. (A65),

8
∥∥∥∥

∫ ∞

0
Re(ε̂′′†(T)∂BU′(T))

∥∥∥∥ � 16μ
�
�Tmaxω<�

∥∥ε̂′′(T)
∥∥

+
∥∥∥∥

∫ ∞

�

8Re(ε̂′′†(T)∂BU′(T))
∥∥∥∥ (A72)

and

4
∫ ∞

0

∥∥ε̂′′(T)†ε̂′′(T)
∥∥ � 4maxω<�

∥∥ε̂′′(T)
∥∥2
�

+ 4
∫ ∞

�

∥∥ε̂′′(T)†ε̂′′(T)
∥∥ . (A73)

ε̂′′(T) is at worst proportional to T, since the error in
a time step δt is independent of T (it is proportional to
‖[�G(t),μB cos (ωt)Z]‖ δt2), and there are N = T/δt times
steps. Furthermore,

∥∥∂BU′(T)
∥∥ =

∥∥∥∥∥∥

−iμ
�

∑

j

j P1U1 · · · Pj Uj · · · PnUn

∥∥∥∥∥∥

� μN/(�ω) = μT/(δt�ω), (A74)

so we need only understand
∥∥ε̂′′(T)

∥∥ at high frequency,
where ‖·‖ is the spectral norm. To this end, con-
sider the error in time step δt given in Ref. [48] as
U′(tk, tk−1)F(tk, tk−1), where U′(a, b) is the Trotterized
evolution from time a to time b and

F(tk, tk−1) =
∫ tk

tk−1

C(v, tk−1)F(v, tk−1)dv (A75)

C(tk, tk−1) = exp (i
∫ tk

tk−1

G(s)ds)
† ∫ tk

tk−1

du

× exp (i
∫ u

tk−1

A(s)ds)
†

(A76)

× [A(u), �G(tk)] exp (−i
∫ u

tk−1

A(s)ds)

exp (−i
∫ tk

tk−1

G(s)ds), (A77)

where A(s) = μB/(�) cos (ωs)Z. Thus, to lowest order in
1/ω,

exp (−i
∫ u

tk−1

A(s)ds) = exp(iBZ(cos (ωu)

− cos (ωtk−1))/ω) ≈ I − i
μB
�

Z(cos (ωu)

− cos (ωtk−1))/ω, (A78)
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so that the relevant integrals over u are

∫ tk

tk−1

du cos (ωu) = (sin (ωtk)− sin (ωtk−1))/ω (A79)

∫ tk

tk−1

du cos (ωu)(cos (ωu)− cos (ωtk−1)) (A80)

= (2δtω + sin (2tk−1ω)− 4 cos (tk−1ω) sin ((tk−1 + δt)ω)

+ sin (2(tk−1 + δt)ω))/(4ω). (A81)

Plugging these in, we find

C(tk, tk−1) = μB
�
((sin (ωtk)− sin (ωtk−1))/ω)

(exp (i
∫ tk

tk−1

�G(s)ds)
†

[Z, �G(tk)]

× exp (−i
∫ tk

tk−1

�G(s)ds)) (A82)

+ i2ζ 2B2

4ω2 ((2δtω + sin (2tk−1ω)

− 4 cos (tk−1ω) sin ((tk−1 + δt)ω)

+ sin (2(tk−1 + δt)ω)) (A83)

× (exp (i
∫ tk

tk−1

�G(s)ds)
†

Z[Z, �G(tk)]

× exp (−i
∫ tk

tk−1

�G(s)ds)) (A84)

+ (exp (i
∫ tk

tk−1

�G(s)ds)
†

[Z, �G(tk)]Z

× exp (−i
∫ tk

tk−1

�G(s)ds)))))), (A85)

where we only keep the lowest-order correction terms. By
inspection, we see that there is no way for a T dependence
to enter for higher-order terms and, moreover, we see that
for ω large enough (� >> μB/�), the terms are both inte-
grable over ω and arbitrarily small. We are interested in N
times the B derivative of this error, where the extra factor
of N is because the total error accumulates at worst as N
times the step-wise error. But now we are done, since this
shows that for all ε > 0 there is an�(||G||, B, δt) such that
in total we have a bound of

∫
dωJc(ω) � 2πζ 2T2

δt
+ (c(� ‖G‖ ,μB, δt)

+ ε(� ‖G‖ ,μB, δt))T2 = 2πζ 2T2

δt
+ α(� ‖G‖ ,μB, δt)T2, (A86)

where we denote two parts in the coefficient of the sec-
ond term—one coming from the lowest-order contribution
to the right tail of the QFI and one coming from the
inaccuracy in this approximation. So in total we see that∫

dωK(T) ∈ O(T2). We see, furthermore, that this argu-
ment generalizes to arbitrary entangled probes. The B
derivative of the time evolution is maximized on entangled
inputs and contributes a factor of n, the number of qubits.
To see this, note that Eq. (A66) for n qubits is instead

∂BU′(T) = −iζ
N−1∑

j =0

k=n−1∑

k=0

j P0U0

· · · Pj Z(k)Uj · · · PN−1UN−1, (A87)

where the new index (k) denotes the Z operation on the kth
qubit and the other operators are generalized to their natu-
ral multiqubit counterparts. Similarly, the Trotter error has
a factor of n because it is proportional to the sum of Z(k)

and so the B derivative of the Trotter error also is propor-
tional to n. Because both terms in the QFI are quadratic in
|φ〉, we find a factor of n2 as in the GHZ-state example,
giving a total bound of

∫
dωK(T) ∈ O(n2T2) for n qubits.
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[32] Ł. Cywiński, R. M. Lutchyn, C. P. Nave, and S. Das Sarma,
How to enhance dephasing time in superconducting qubits,
Phys. Rev. B 77, 174509 (2008).

[33] M. Tsang, H. M. Wiseman, and C. M. Caves, Fundamental
Quantum Limit to Waveform Estimation, Phys. Rev. Lett.
106 (2011).

[34] S. Pang and A. N. Jordan, Optimal adaptive control for
quantum metrology with time-dependent Hamiltonians,
Nat. Commun. 8 (2017).

[35] Note that the integral in Eq. (5) always exists, since the
QFI is bounded and asymptotically we have J (ρω) ∼
(
∑N−1

i=0 i)
2 ∼ 1/ω2.

[36] Consider a π rotation about the axis halfway between the
X and Y axes, given by exp (−i π

2
√

2
(X + Y)).

[37] M. J. Holland and K. Burnett, Interferometric Detection of
Optical Phase Shifts at the Heisenberg Limit, Phys. Rev.
Lett. 71, 1355 (1993).

[38] J. J. Bollinger, W. M. Itano, D. J. Wineland, and D. J.
Heinzen, Optimal frequency measurements with maximally
correlated states, Phys. Rev. A 54, R4649 (1996).

[39] L. Allen and J. H. Eberly, Optical Resonance and Two-
Level Atoms (Courier Corporation, New York, 1987),
Vol. 28.

[40] Z. Chen, J. G. Bohnet, J. M. Weiner, and J. K. Thomp-
son, General formalism for evaluating the impact of phase
noise on Bloch vector rotations, Phys. Rev. A 86, 032313
(2012).

[41] D. Poulin, A. Qarry, R. Somma, and F. Verstraete, Quan-
tum Simulation of Time-Dependent Hamiltonians and the
Convenient Illusion of Hilbert Space, Phys. Rev. Lett. 106,
170501 (2011).

[42] D. Budker, P. W. Graham, M. Ledbetter, S. Rajendran,
and A. O. Sushkov, Proposal for a Cosmic Axion Spin
Precession Experiment (CASPEr), Phys. Rev. X 4 (2014).

[43] N. Khaneja, T. Reiss, C. Kehlet, T. Schulte-Herbrüggen,
and S. J. Glaser, Optimal control of coupled spin dynam-
ics: Design of NMR pulse sequences by gradient ascent
algorithms, J. Magn. Reson. 172, 296 (2005).

[44] J. Liu and H. Yuan, Quantum parameter estimation with
optimal control, Phys. Rev. A 96 (2017).

[45] G. S. Uhrig, Keeping a Quantum Bit Alive by Opti-
mized π -Pulse Sequences, Phys. Rev. Lett. 98, 100504
(2007).

[46] X. N. Feng and L. F. Wei, Quantifying quantum coherence
with quantum Fisher information, Sci. Rep. 7, 1 (2017).

[47] G. Tóth and I. Apellaniz, Quantum metrology from a quan-
tum information science perspective, J. Phys, A: Math.
Theor. 47, 424006 (2014).

[48] J. Huyghebaert and H. De Raedt, Product formula meth-
ods for time-dependent Schrodinger problems, J. Phys. A:
Math. Gen. 23, 5777 (1990).

014029-12

https://doi.org/10.1021/acsphotonics.9b00250
https://doi.org/10.1103/PhysRevLett.124.230504
https://doi.org/10.1103/PhysRevD.23.1693
https://doi.org/10.1016/0375-9601(67)90366-0
https://doi.org/10.1016/0375-9601(95)00269-9
https://doi.org/10.1103/PhysRevLett.72.3439
https://doi.org/10.1063/1.4773241
https://doi.org/10.1103/PhysRevLett.123.250502
https://doi.org/10.1038/nphys566
https://doi.org/10.1063/1.3491215
https://doi.org/10.1063/1.2943282
https://doi.org/10.1038/nphys2070
https://doi.org/10.1126/science.1216821
https://doi.org/10.1038/ncomms2332
https://doi.org/10.1088/0026-1394/13/4/005
https://doi.org/10.1103/PhysRevLett.82.2417
https://doi.org/10.1103/PhysRevLett.90.037901
https://doi.org/10.1103/PhysRevA.80.032314
https://doi.org/10.1103/PhysRevLett.97.150501
https://doi.org/10.1038/nphys1994
https://doi.org/10.1063/1.1716296
https://doi.org/10.1103/PhysRev.94.630
https://doi.org/10.1103/PhysRevB.77.174509
https://doi.org/10.1103/physrevlett.106.090401
https://doi.org/10.1038/ncomms14695
https://doi.org/10.1103/PhysRevLett.71.1355
https://doi.org/10.1103/PhysRevA.54.R4649
https://doi.org/10.1103/PhysRevA.86.032313
https://doi.org/10.1103/PhysRevLett.106.170501
https://doi.org/10.1103/physrevx.4.021030
https://doi.org/10.1016/j.jmr.2004.11.004
https://doi.org/10.1103/physreva.96.012117
https://doi.org/10.1103/PhysRevLett.98.100504
https://doi.org/10.1038/s41598-016-0028-x
https://doi.org/10.1088/1751-8113/47/42/424006
https://doi.org/10.1088/0305-4470/23/24/019

	I. INTRODUCTION
	II. PRELIMINARIES
	III. RAMSEY AND -PULSE PROTOCOLS
	IV. B=0 BOUND
	V. ENTANGLED-PROBE ADVANTAGE
	VI. QUADRATIC SCALING OF THE IQFI
	VII. CONCLUSIONS
	ACKNOWLEDGMENTS
	A. APPENDIX
	1. Derivation of average IQFI for instantaneous  pulses
	2. Perturbative expansion to O (B2)
	3. Derivation of the IQFI under the rotating-wave approximation
	4. Proof of O(T2) IQFI scaling for continuous-time protocols

	. References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile ()
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 5
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /PDFX1a:2003
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    33.84000
    33.84000
    33.84000
    33.84000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    9.00000
    9.00000
    9.00000
    9.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV <>
    /HUN <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames false
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks true
      /AddColorBars false
      /AddCropMarks true
      /AddPageInfo true
      /AddRegMarks false
      /BleedOffset [
        9
        9
        9
        9
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


