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Adiabatic critical quantum metrology cannot
reach the Heisenberg limit even when
shortcuts to adiabaticity are applied
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We show that the quantum Fisher information attained in an adia-
batic approach to critical quantum metrology cannot lead to the Heisen-
berg limit of precision and therefore regular quantum metrology under
optimal settings is always superior. Furthermore, we argue that even
though shortcuts to adiabaticity can arbitrarily decrease the time of
preparing critical ground states, they cannot be used to achieve or over-
come the Heisenberg limit for quantum parameter estimation in adia-
batic critical quantum metrology. As case studies, we explore the appli-
cation of counter-diabatic driving to the Landau-Zener model and the
quantum Rabi model.

1 Introduction

Quantum metrology [1]| is concerned with harnessing quantum resources following
from the quantum-mechanical framework (in particular, quantum entanglement)
to increase the sensitivity of unknown parameter estimation beyond the standard
quantum limit [2]. This limitation is a consequence of the central limit theorem
which states that if NV independent particles (such as photons or atoms) are used in
the process of estimation of an unknown parameter 6, the error on average decreases
as Var[f] ~ 1/v/N. Taking advantage of quantum resources can further decrease the
average error leading to the Heisenberg scaling of precision Var[f] ~ 1/N |[3] which in
the optimal case becomes the Heisenberg limit Var[d] = 1/N. This elusive limit [4]
has been a subject of intense experimental and theoretical research effort in the
recent 20 years with both optical |5, 6] and atomic [7] systems. Unfortunately, highly
non-classical states are also highly sensitive to decoherence and noise 8, 9] which
often renders quantum-enhanced measurements as proof-of-principle experiments.
To counteract these effects, one can resort to quantum enhanced measurements
without entanglement [10] or critical quantum metrology associated with quantum
phase transitions which received much attention in the recent years [11-21].
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Critical quantum metrology [22| relies on the extreme sensitivity of equilibrium
states near a critical point to small changes of physical parameters. In the vicinity of
a critical point, such as a quantum phase transition, the ground state susceptibility
can diverge leading to a possibility of arbitrarily precise estimation of certain physi-
cal parameters or, in other words, the super-Heisenberg scaling of the sensitivity [23],
i.e., Var[f] ~ 1/N® with x > 1 or overcoming the Heisenberg limit Var[f] < 1/N.
However, if one takes into account the time needed to prepare such critical states, it
turns out that the required time also diverges which is referred to as critical slowing
down. As a result, the sensitivity of estimation in the critical case should be still
bounded by the Heisenberg limit [23]. A natural question that arises is whether one
can use shortcuts to adiabaticity to arbitrarily reduce the time of preparing a crit-
ical state and eventually overcome the Heisenberg limit. Since realizing finite time
adiabatic dynamics comes with an energy cost |24, 25|, energy can then be treated
as a resource in quantum metrology. This can be phenomenologically understood if
one looks at the time-energy uncertainty principle Var[t] > h/Var[E], where Var|[t]
is interpreted as the time a quantum system needs to evolve from an initial to a
final state [26].

Shortcuts to adiabaticity [25] is a framework devoted to finding fast routes to
the final results of adiabatic changes of the system control parameters, and encom-
passes a variety of techniques including invariant based inverse engineering [27],
counter-diabatic driving [28, 29|, the fast-forward approach [30], alternative short-
cuts through unitary transformations [31-33], and optimal control theory [34]. From
the viewpoint of metrology, counter-diabatic driving [35, 36] seems enticing as it
forces the state to be an instantaneous eigenstate of the bare Hamiltonian through-
out the entire process by suppressing any transitions between the system’s eigen-
states during the Hamiltonian dynamics.

In quantum metrology counter-diabatic-like techniques have already been ap-
plied to the estimation of parameters in time-dependent Hamiltonians by forcing
the time-evolved state to maximize the quantum Fisher information at every point
in time [37-39]. However, here we consider the case where the part of the Hamil-
tonian that depends on the unknown parameter is time-independent. Moreover,
we utilize counter-diabatic driving in its traditional sense that is, for ground state
preparation. Specifically, our goal is to drive the system to the ground state near
the critical point of the Hamiltonian starting from an uncritical state. The driving
gives rise to an overall time-dependent Hamiltonian, but the mechanism imprinting
the information about the unknown parameter remains time-independent.

In this work we show that critical quantum metrology cannot beat the Heisenberg
limit if the unitary dynamics required for critical ground state preparation is taken
into account which is often overlooked in studies of critically enhanced metrology
protocols. We therefore argue that given the same amount of time resources regular
quantum metrology always gives rise to better sensitivities than critical quantum
metrology. The latter in general diverges for critical ground state preparation due
to the problem of critical slowing down. To avoid the problem of diverging state
preparation times we consider shortcuts to adiabaticy, specifically counter-diabatic
driving, and apply these tools to two systems studied in the context of criticality and
metrology. The first system is the Landau-Zener model [40, 41| which we treat as
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a toy model for criticality, and the second one is the quantum Rabi model [20, 42].
Subsequently, by a careful analysis of the quantum Fisher information, we argue
why counter-diabatic driving cannot be used to achieve the Heisenberg limit in
critical quantum metrology and in general gives rise to a smaller quantum Fisher
information than purely adiabatic state preparation.

2 Preliminaries

2.1 Quantum metrology

Quantum metrology is based on the quantum theory of estimation [43] which states
that when estimating an unknown parameter 6, the sensitivity Var[f] is limited by
the quantum Cramér-Rao bound [44]

1
Var|f] > —, 1
6] NG (1)
where Zy is the quantum Fisher information (QFI) which for pure states |¢) is
defined as [44]

Ty = 4 (00 |000) — (O001)?) (2)

with dp = 0/060. If the unknown parameter is a quantum phase imprinted via
a coherent dynamical process then § = wT with T being the total time of the
process and w being the unknown Hamiltonian parameter. In this case, the QFI
gains time dependence (Z,, = T*Zy) which means that by performing a long-enough
measurement, under idealistic conditions, one can obtain an arbitrary precision of
estimation. Therefore, the time is considered a resource in quantum metrology.

We now assume that the mechanism imprinting the information about an un-
known parameter w is known and can be described via a Hamiltonian of the form
H = wH,+H,(t), where H,(t) represents a general unknown-parameter-independent
Hamiltonian while wH,, is the term imprinting the information about w (F[w itself
does not depend on w). Starting from an initial state [ig), the time-evolved state
after a time T is given by (we set h = 1 throughout the entire manuscript)

) = Ulaho) = T exp (-i /OT ﬁdt) 4o, (3)

with 7 being the time ordering operator. This allows us to rewrite the expression for
the QFI in the following way Z, = 4 ((¢0|h2|¢0> - (¢o|h|w0>2), where h = iUT9,U.
Moreover, it can be shown that the QFI is upper bounded by [45]

T, = 4 ((wol P2 [} — (ol lvo)?) < AT (ol H2Jo) — (ol Hulto)?) . (4)

For example, for two-mode systems [46] with a fixed total number of particles N,
the right hand side of the above inequality can be maximized by using maximally
entangled initial states which are in a superposition of eigenstates of the operator h
with smallest and largest eigenvalue leading to the celebrated Heisenberg limit (HL)
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Var[w| = 1/NT [44]. However, for non-entangled initial states, the above inequal-
ity gives rise maximally to the standard quantum limit (SQL) Var[f] = 1/v/NT.
Therefore, the quantum-enhanced sensitivity can be used as an entanglement wit-
ness [47-49]. For clarity, throughout this manuscript, we will refer to the above
scenario as reqular quantum metrology and compare this scheme to the case of crit-
ical quantum metrology by carefully taking into account the time resources of either
of the two approaches.

2.2 Critical quantum metrology

Critical quantum metrology takes advantage of criticality associated with continuous
quantum phase transitions, for which in the thermodynamic limit the energy gap
above the ground state closes [50]. The effect of a vanishing energy gap can be
explicitly seen if we calculate the QFI for the ground state [¢(w)) of the Hamiltonian

H(w) = Yo En(w)|thn(w)) (¥n(w)] [51]

5 @A)
L T B -REE ?

which coincides with the real part of the quantum geometric tensor [52|. From the
expression above, it is clear that if the energy gap above the ground state closes,
the QFI diverges due to the vanishing denominator. This property may lead, in
principle, to an arbitrarily high estimation precision in the thermodynamic limit.
However, the critical unknown-parameter-dependent ground state has to be prepared
beforehand. A standard approach to ground state preparation uses adiabatic time
evolution in which an easy-to-prepare ground state is adiabatically evolved into the
desired target ground state through a change in the Hamiltonian parameters. The
adiabatic theorem states that a quantum system will remain in its ground state as
long as it is changed slowly enough such that no excitations occur. However, this
implies that near a quantum phase transition, where the energy gap vanishes, any
change in the system parameters has to be infinitely slow—a behaviour known as
critical slowing down. Therefore, a critical quantum metrology protocol which relies
on preparing a ground state far away from the critical point and subsequently driving
it close to the critical point [20] will inevitably require long preparation times which
is often overlooked when calculating the achievable sensitivities and when comparing
the approach to the reqular quantum metrology scheme. In fact, the QFI in critical
quantum metrology is constrained to a tighter limit than the QFI in the reqular
quantum metrology scheme, which we briefly outline in the following.

Note that adiabatic state preparation is still a unitary dynamical process and
hence the final (critical) ground state is obtained via

Wg) = [p(w, g5)) = U(T,w, go. g5) [0}, (6)

where [t) = [1o(w, go)) is the initial state that can in general depend on the un-
known parameter w and g, gy are the initial and final values of a control parameter
g which is adiabatically changed from an uncritical to a critical point of the Hamil-
tonian H = wH,, + H,[g(t)]. The QFI is calculated with respect to the final critical

Accepted in { Yuantum 2021-06-23, click title to verify. Published under CC-BY 4.0. 4



states

1,=4 ((awwﬂ &ﬂﬁf) - <aw¢f| 77Z)f>2) . (7)

If we substitute equation (6) into equation (7) it is straightforward to show that the
expression for the QFT consists of three terms (see Appendix A)

Lo = Z(0,0) + Z(|0.40)) + Zo(8.U, |0uth0)), (8)

where the first term depends only on 9,,U, the second term depends only on |0,10)
and the third term depends both on 8,U and |8,1). However, if the initial state
is not critical itself, as in the protocols studied in this work, the dependence of
the initial ground state on the unknown parameter can be neglected and the QFI
becomes

T, = 4 ((Wolh?[wo) — (ol hlvo)?) , (9)

with h = iU19,U which coincides with the expression for the QFT in equation (4)
and is therefore upper bounded by the same limits, i.e. the SQL for non-entangled
states and the HL for maximally entangled states. However, as was previously
shown, saturating the upper bound in equation (4) requires different states than the
instantaneous ground states of the Hamiltonian H = wH,, + H,[g(t)] [37] and there-
fore critical quantum metrology is always inferior to the optimal regular quantum
metrology scheme when adiabatic ground state preparation is taken into account as
well. Hence, the maximal attainable QFI Z¢ for a critical metrology protocol, i.e.,

when the time evolved state is the instantaneous ground state of the Hamiltonian
H =wH, + H[g(t)] obeys

T, < max 472 (Yol HZlo) — (Yol Hulto)?) (10)

where 7. is the duration of the adiabatic protocol.

2.3 Shortcuts to adiabaticity

Shortcuts to an effective adiabatic dynamics can be realized with several different
techniques [34]. Here, we use counter-diabatic (CD) quantum driving as it ensures
transition-less dynamics [36]. This technique relies on adding an extra term to
the original Hamiltonian H which guarantees time evolution corresponding to the
adiabatic dynamics but within an arbitrary time. The CD term can be chosen as [53]

Hep =i~ |0n (8)) (¢ (D)], (11)

where |1, (t)) are the instantaneous eigenstates of the original Hamiltonian. In
general, the CD term might be non-local [54, 55| and thus often impractical for
experimental realizations. Here, however, we are interested in the fundamental
limitations under idealistic conditions, therefore a possible non-locality of the CD
term does not constitute any issue.
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Note that with the addition of the CD term the unitary evolution according to
equation (3) is altered to

V(T w,@,g5)) = UCD(T,W,@,QOagf)Wd

T A - (12)
~Towp (=i [ (ol + Ala(0] + Fools.a(0]) a ) v
The appropriate CD term ensuring transitionless driving will in general depend on
the parameters of the bare Hamiltonian including the unknown parameter w either
explicitly or implicitly through the chosen ramp function ¢(¢,w). However, the CD
term constitutes a control term that has to be engineered and applied externally
to the system of interest. Therefore, in any experimentally realistic setting the CD
term can only depend on an initial estimate @ of the unknown parameter rather than
on the unknown parameter w itself. The estimate @ has to be updated after each
measurement yielding better control terms and hence giving rise to an adaptive
metrology scheme [37]. The fact that the CD term does not depend on the true
unknown parameter but its estimate @ allows us to include the CD term into the
general time dependent term H,(t) of the Hamiltonian. Therefore, the arguments
of the previous section still hold and the limitation from equation (10) is still valid.
Thus, even if the estimate @ matches the true value of the unknown parameter to
arbitrary precision, i.e. @ = w, and therefore the critical ground state is reached
with perfect fidelity in an arbitrary short time using CD driving, the QFT is still
bounded by the HL. Note that this statement holds for any form of applied optimal
control in which the additional control term only depends on an estimate of the
unknown parameter rather than on the unknown parameter itself. While these
arguments already show that adiabatic critical quantum metrology with and without
CD driving cannot beat or even reach the HL, they do not yet quantify the extent
to how much better or worse one performs over the other. Therefore, we will explore
two different examples in Section 3 comparing the achieved QFT of the reqular and
the critical quantum metrology approach with and without CD driving.

2.4 Fidelity and quantum speed limit

In order to quantify whether a desired target (ground) state [¢/;) is reached, we will
use the fidelity defined as

F = (sl (13)

where |¢;) is the final state obtained after time evolution with the Hamiltonian
H + Hep. We will also refer to the quantum speed limit (QSL) time [56] which for
a general Hamiltonian H is given by [57]

TQsL = max{ Vaf[ 7] o [ (ol ¥ou)] W?Z) arccos | (o) |2} (14)

and constitutes the fundamental maximum rate for quantum time evolution.
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3 Case studies

3.1 Landau-Zener model

The Landau-Zener (LZ) model describes a two-level system in a time-dependent or
controlled field g(t) [58]

2 A 9(@),

HLZ = E(Tx + (2>0'Z. (15)
where A is the level splitting for ¢ = 0, and &; is the ith Pauli matrix. Being a
single-particle system, the LZ model does not exhibit a quantum phase transition,
however, it features an avoided crossing at ¢ = 0 and can therefore be considered as
a toy model for criticality [59, 60]. The instantaneous ground state of the LZ model

is given by

_ /ATE A
\/29 A2+g)+2A2 \/Zg VATE ) + 202

|tho) = 1), (16)

and the QFI with respect to an unknown parameter, which we set to A, is calculated
to

T g

A (AQ +92)27 (17)
by using the definition from equation (2). We plot the dependence of the QFI on
the control parameter g in figure 1(a), where we have set A = 0.05 for the unknown
parameter. The QFI reaches its maximum value Zn = 1/(4A?) close to the point of
the avoided crossing at g = A and diverges for (A, g) < 1. The divergent behavior
of the QFI seems promising and suggests that arbitrary high sensitivities can be
realized. However, achieving these high sensitivities requires the preparation of the
critical ground state in the first place, which will inevitably suffer from the critical
slowing down. Therefore, when comparing the critical quantum metrology scheme
to the reqular scheme we also have to take into account the amount of time it takes
to prepare the critical state. In what follows we assume that the initial state of the
system is the ground state with g > A, i.e. the spin-down state |¢) = | ] ), and
subsequently the control field g(t) is adiabatically decreased to reach the ground
state at ¢ = A. The required time for adiabatic state preparation with the LZ
Hamiltonian of equation (15) can be lower bounded by the QSL time which for the
LZ can be calculated according to [61, 62]

A

cos(Gan.) = tvalv o). (1)

where [1)g) and |¢;) is the initial and target ground state, respectively. Figure 1(b)
shows the QSL as a function of g and illustrates the critical slowing down close to
the avoided crossing.

The QFT for a single-particle system in the regular quantum metrology setting
under optimal conditions is given by the SQL (for the LZ model the SQL is also the
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HL since N = N? = 1) which for the LZ model takes the simple form IZQL =T7
with 7" being the total evolution time [40|. Figure 1(c) compares the QFI attained in
the critical quantum metrology framework [equation (17)] to the SQL (black-dashed
line) when using the same time resources, i.e. Zx*" = 7qsr.(¢)%. The performance
of critical quantum metrology in comparison to the SQL becomes worse as g is
decreased towards the point of the avoided crossing. Hence, given the time it would
take to prepare a critical ground state, one always achieves higher sensitivities by
performing regular quantum metrology (under ideal conditions) in the same amount
of time.

(a) (b)

1001 30
< | )
N 90 &15
04 ‘ 0+ :
0 5 10 0 5
g/A g/A

Figure 1: Panels (a) and (b) present the QFI Zxn and the QSL time gy, for the LZ model
as a function of g/A, respectively. Panel (c) shows the QFI normalized to the square of the
QSL time (solid red line) and the SQL (dash-dotted black line). In the simulations we set
A = 0.05.

Note that the QFI from equation (17) asymptotically reaches the SQL for g > A.
The SQL (the maximum QFI) is obtained when the evolved state is in a super-
position of eigenstates with highest and lowest eigenvalue of the operator h =
iUTOAU at all times [37]. In the limit g > A, ie. far away from the avoided
crossing, the required time for adiabatic state preparation and therefore the QSL
time become arbitrarily small. Hence, the operator h can be approximated as
h = iexp(iAG,Tqst./2)0a exp(—iA&,Tqst/2) + O(tdgL) ~ 6.7qst/2. Therefore,
the state maximizing the QFI is the spin-down state which happens to also be the
ground state of the LZ model for g > A. For that reason, optimal regular quantum
metrology becomes equivalent to our critical quantum metrology approach in the
limit of small evolution times 7" < 1/A and g > A.

The results above suggest that the critical slowing down near the avoided cross-
ing prevents the QFI to reach or overcome the SQL. Therefore, we now consider
a shortcut to adiabaticity, specifically CD driving, which allows to prepare a (crit-
ical) ground state in arbitrary short times. We add the CD term Hep to the LZ
Hamiltonian ensuring effective adiabatic dynamics for any control field g(t) [28]

g gmA
o0 = oA+ g o

where the dot notation ¢(¢) indicates a time derivative. As mentioned previously the
CD term involves the parameter A and is therefore not exactly realizable when the
parameter is unknown. Therefore, the parameter A in the CD term is replaced by
an initial estimate A which is then updated adaptively after each measurement [37].
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The ramp function ¢(t) can be chosen arbitrarily and therefore we set g(t) = go —
(go—gy¢)(t/T)Y° which is fast when the energy gap is large and becomes slower close
to the avoided crossing. In the following we focus on preparing the ground state at
gs = A for which the QFI is maximal and set A = A = 0.05 which corresponds to
the ideal case where the estimate of the unknown parameter coincides with the true
value.

(a) (b) (¢)
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Figure 2: The effect of CD driving on the QFI for the LZ model. The system is prepared in
the spin-down state and then time evolved to the ground state at gy = A = 0.05 close to the
avoided crossing. Panels (a) and (b) show the QFI Zx as a function of time duration T' of
the drive expressed in the units of A in log-log scale (left) and log-linear scale (middle). The
dashed red curve is the QFI for a sole ramp (without adding the CD term) while the solid blue
line is the QFI for a ramp with CD driving. The dashed-dotted black line represents the HL.
In the adiabatic limit, i.e. for large evolution times T', the QFI attains the previously predicted
value (solid black line). Panel (c) displays the fidelity F between the final time-evolved state
and the target ground state for both cases of driving (with and without CD term) as a function
of time.

As shown in figure 2(c) with the addition of the CD term the target ground
state is indeed reached with unit fidelity in arbitrary short times (blue line) while
driving without the CD term (dashed-red line) gives rise to excited states for short
ramps away from the adiabatic limit. The QFI on the other hand now explicitly
depends on time and is plotted in figure 2(a),(b) for both cases of driving with
and without the CD term. The critical quantum metrology scheme performs again
considerably worse than the SQL (black dashed-dotted line) even though the critical
ground state can be prepared in much shorter times [see figure 2(a)]. Moreover, the
achieved QFI quickly goes to zero for small evolution times and is able to surpass
the previously calculated value of the QFT in the adiabatic limit (black solid line)
only for intermediate times [see figure 2(b)]. Therefore, regular quantum metrology
operated close to the SQL outperforms critical quantum metrology also in this case
when using CD driving and hence when avoiding the problem of critical slowing
down. Before discussing these results in Section 4, we first analyze a more complex
system that, unlike the LZ model, exhibits a quantum phase transition.
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3.2 Quantum Rabi model under the Schrieffer-Wolff transformation

The quantum Rabi model is a finite-component system composed of a single two-
level atom interacting with a single bosonic mode

Horu = Adta + 20} + g (a' +a) o (20)
where A is the frequency of the bosonic field represented by its creation and annihi-
lation operators af and @,  is the energy splitting of a two-level atom represented
by Pauli matrices 6;, and ¢ is the coupling parameter between the bosonic field
and the two-level atom. In the limit of A/Q — 0, which can be considered as the
thermodynamic limit [63], the quantum Rabi model exhibits a superradiant phase
transition at g. = vAQ that can be harnessed in critical quantum metrology [20].
To obtain an analytical expression for the QFI we need to compute the ground
state of the system in an analytical form which is difficult for the general case |64, 65].
However, in the suitable limit of A/ — 0, the system can be diagonalized with the

help of the Schrieffer-Wolff transformation Usw = exp{i(g/2Q)(al +a)é,} which up
to O(A/A/Q) terms leads to

P N N Q 2 2
P o Aata L A PSP S
Usw HoraUbw = Hsw =~ Adfa+ 6.+ o (a' +a) 5. (21)
This effective model (for clarity we will keep referring to it as the quantum Rabi

model) can be diagonalized and the ground state is given by
o) = S(©)[0) @ |1), (22)

where S(€) = exp{(£/2)(al)2 — (¢*/2)a2} is the squeeze operator with £ = —In{1-
(9/g:)*} being the squeezing parameter which is real only for ¢ < g.. The latter
condition restricts the validity of this ground state to the normal phase. Although
an effective model for the superradiant phase can be derived [20], in what follows we
will focus on the normal phase only. Given the analytical expression for the ground
state we can compute the QFI with respect to an unknown parameter which we
assume to be A. Near the critical point the QFI becomes [20]

1
- 32A%(1 —g/ge)*

VAN (23)
The QFI diverges at the critical point g = g., where an arbitrarily large precision can
be achieved [see red curve in figure 3(a)|. Similarly to the LZ case, the QFI above
is attained when the (critical) ground state is prepared adiabatically. To include
the required time resources for reaching a specific target ground state, we again
use the QSL as a lower bound to the adiabatic evolution time. In the following we
assume that the initial state is always given by the ground state of the Hamiltonian
at g = 0, i.e. the vacuum state of the field and the spin-down state |0) ® |}). The
QSL time for achieving the ground state of the Hamiltonian for a different value
of g can be calculated according to the bang-off protocol (see Appendix C for a
detailed derivation) in which first a quantum kick is applied such that g7,,, = 2AQ
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and gf, e Thang /0 = —In(1 — (g/g.)?)/2, and subsequently one waits for a time
Tog = 7/(4A) with gog = 0, where Thane and Tog is the duration of the bang and
off time, respectively. The QSL is then given by 7qsr, = Thang + Tog and plotted in
figure 3(b).

To compare the QFI in the critical quantum metrology scheme of equation (23)
to the HL of reqular quantum metrology, we first need an expression for the latter,
which requires some extra considerations. The quantum Rabi model does not con-
serve the number of photons and the ground state itself exhibits a different number
of photons depending on the coupling parameter g. The HL can be computed for
every g by calculating the maximal sensitivity that can be achieved in single mode
phase estimation [66] for a state with a fixed average number of photons (n), which
turns out to be the squeezed vacuum state, i.e. the ground state of the quantum
Rabi model. The HL is then given by Zn = 8T%((n)? + (n)) where T is the total
evolution time. The HL after setting the time T to the previously computed QSL
time 7qgr,(g) required for ground state preparation in critical quantum metrology
is shown as a black dashed-dotted line in figure 3(a),(c). In contrast to the LZ
model, if we could adiabatically evolve the quantum Rabi model within the QSL
time, it would be possible to overcome the HL for states close to the critical point
at g ~ g.. We have to keep in mind though that the QSL time is a very optimistic
lower bound on the actual required adiabatic evolution time. Hence, the achievable
HL (black dashed-dotted line) when considering the true time resources of adiabatic
state preparation will likely be larger than the QFT (red solid line) computed from
equation (23). However, these general considerations serve as a benchmark result
and naively suggest that reducing the time of reaching the critical ground state
might indeed lead to a potential advantage of critical quantum metrology for the
quantum Rabi model.

10°
150 a9
S z =
10 & 120 t\?l
1074 90 0
0.0 0.5 1.0 0.0 0.5 1.0 0.0 0.5 1.0
9/9e 9/9c 9/9c

Figure 3: QFI Zx for the quantum Rabi model. Panel (a) presents the QFI as a function of
g/ g for the case of critical parameter estimation (solid red line) and the HL for the case of
regular quantum metrology that could be potentially achieved if the protocol lasted for 7qgsr,(9)
(black dashed-dotted line). Panel (b) depicts the QSL time 7qgr,. Panel (c) shows the QFI of
critical quantum metrology (solid red line) normalized to the HL (black dashed-dotted line).
In the simulations we set A = 0.01 and € = 100. The maximal value of g shown in the plots
is 0.99¢c.

Therefore, we next consider adding the appropriate CD term to the Hamiltonian
(see Appendix B for a derivation) given by

o gi) [y
Hep = zm [(aT) —a } : (24)
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In contrast to the LZ model, the CD term for the quantum Rabi model does not
explicitly depend on the unknown parameter A (or an estimate A thereof). The
dependence on the unknown parameter enters only through the expression for the
critical coupling g. = V/AQ that we have to insert into the ramp function which we
choose to be g(t) = \/t/iT g.. We again consider the ideal case where the estimate

matches the value of the unknown parameter, i.e. A = A = 0.01.

Figure 4(b) shows the achieved target ground state fidelities when driving the
system with and without the CD term and indicates that critical ground state prepa-
ration can be reduced to arbitrary short times with the addition of the CD term as
expected. However, the computed QFI for either of the driving protocols [plotted in
figure 4(a)| is not able to overcome the HL (black dashed-dotted line) and reaches
the adiabatic limit (solid black line) only for very large driving times. Together
with the example of the L.Z model these results confirm that shortcuts to adiabatic-
ity cannot be used to saturate or beat the HL and therefore inevitably lead to lower
sensitivities than performing optimal reqular quantum metrology using the same
amount of time resources.

(a) 100 (b)
8 d . —
10 ,/‘/ — CD /’
" —= noCD !/
g 0P == K 0.96 N
2% !
1074 ,&° /
& , 0920 ===="
1072101 100 107 107 10721071 100 10t 102
AT AT

Figure 4: The effect of CD driving on the QFI Zx for the quantum Rabi model. In panel (a),
the solid black line corresponds to the previously predicted adiabatic limit of the QFI for large
driving times T', the dash-dotted black line is the HL as a function of the evolution time T,
the dashed red line is the QFI for a sole ramp (without adding the CD term), and the solid
blue line is the QFI for a ramp with CD driving. The black dotted line indicates a 7% scaling
of the QFI. Panel (b) shows the achieved fidelities F between the final time-evolved states
and the target critical ground state as a function of time. In the simulations we set A = 0.01,
Q =100, and gf/g. = 0.9.

4 Discussion

The arguments presented in Sections 2.1 and 2.2 show that critical quantum metrol-
ogy cannot yield better sensitivities than optimal regular quantum metrology given
the same time resources even when shortcuts to adiabaticity are applied which we
illustrated using the two examples of the LLZ and the quantum Rabi model. How-
ever, it does not yet explain why in these two cases critical quantum metrology using
CD driving performs considerably worse away from the adiabatic limit, i.e., why the
achievable QFT goes to zero for short evolution times even though the target ground
state is always reached with almost unit fidelity. In the following we will provide an
intuitive explanation for the poor performance of CD driving in quantum metrology.

Accepted in { Yuantum 2021-06-23, click title to verify. Published under CC-BY 4.0. 12



The expression for the QFI Za = 4 ((Oat0¢|0at)s) — (Oaths]1hs)?) can be rewritten
as

4 _ _
Ta=lim = (1- s, A B gy (T, 6 + 5.8, 00)F), (29)
where ¢ is an infinitesimal change of the unknown parameter A. Thus, the QFI
reaches its maximum value when the overlap of the final states |1;(T, A, A)) and
¢ (T, A+ 5,A)) is minimal which corresponds to a larger distance between these
quantum states in the A-parameter space and therefore an enhanced sensitivity (see
figure 5 for an illustration). For adiabatic processes (hence large evolution times 7T'),
the CD term becomes irrelevant, and both of the time-evolved states |¢;(7T, A))
and [¢r(T, A+ §)) in equation (25) will be ground states of their respective final
Hamiltonians. However, for short evolution times the CD term gains importance
ensuring that [ (T, A, A)) is the ground state when A = A is set appropriately.
The state [1¢(T, A + 6, A)) on the other hand is no longer the ground state of the
Hamiltonian at A + ¢§. In fact, the CD term pushes the final state closer to the
target ground state of the Hamiltonian at A = A for which it has been designed
for. This leads to an increase in the overlap of the two time-evolved states and in
turn the QFI decreases illustrated by the blue line in figure 5. Hence, for shorter
evolution times 7', the effect of the CD term will be larger, giving rise to smaller
distances of the final time-evolved quantum states in the parameter space of the
unknown parameter and therefore a lower sensitivity.

However, these results do not necessarily imply that shortcuts to adiabaticity
are not useful in the context of quantum metrology or critical quantum metrology
is impractical. Shortcuts to adiabaticity and related techniques can be employed to
prepare suitable initial states [67, 68] or to lead a quantum state through a quantum
path that maximizes the QFI [37]. In certain cases CD driving can still be beneficial
and can give rise to a higher QFI than driving without any additional control (see
figure 4). On the other hand critical quantum metrology might be useful in cases
where the optimal conditions for reaching the HL in the reqular quantum metrology
setting cannot be easily achieved experimentally. Critical quantum metrology will
also be advantageous if the initial state of the system of interest is already (close to)
the critical ground state and therefore the associated time resources for preparing
a critical state can be neglected which however, is not often the case in real experi-
mental setups. The oft-cited super-Heisenberg scaling in critical quantum metrology
achievable in critical quantum metrology Za ~ N>2 [69] derives from the fact that
the QFI is calculated without considering the adiabatic protocol time. When this
time duration is included [20, 23|, the apparent super-Heisenberg scaling vanishes
and the sensitivity is limited by the HL Zn < N2T2.

5 Conclusions

In this work, we have shown that the HL achievable in regular quantum metrology
also poses an upper bound for the attainable QFI in critical quantum metrology
when the preparation of the critical ground state is taken into account as well.
However, as reaching the HL requires different states than instantaneous eigenstates
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Figure 5: The QFl Za can also be interpreted as a distance between quantum states in the
parameter space of the unknown parameter A [44]. In the case of adiabatic state preparation
(red-dashed lines), the final quantum states |¢)(A, g¢)) and [¢)(A + 6, gf)) reached after time
evolution using the unknown parameter A and A + ¢ respectively, are always the ground states
of the corresponding Hamiltonians. Hence, the QFl can be computed through a considera-
tion of the final (critical) Hamiltonian and its ground state alone. Yet, the time needed to
adiabatically prepare the ground state at the critical point will in general diverge. Therefore,
counter-diabatic driving is employed to reduce the time of reaching the final target ground
state [¢)(A, 7)) (blue solid lines). However, the time evolved state [1)(A + 8, A, g7)) when
the unknown parameter is shifted by ¢ is no longer the ground state of the corresponding
Hamiltonian, but rather a state moved closer towards the target ground state |1)(A, g¢)) for
which the CD term was designed for. This gives rise to a larger overlap between those quantum
states and in turn to a smaller QFI.

of a critical system, optimal reqular quantum metrology is always superior to critical
quantum metrology given the same amount of time resources. We confirmed that
previous reports |20, 69] on beating the HL in critical quantum metrology are a
consequence of neglecting the time required to prepare a critical state [23]. We
have also shown that shortcuts to adiabaticity, specifically counter-diabatic driving,
cannot be used to reach or overcome the HL, although they allow the critical ground
state to be prepared in arbitrary short times. In fact, for the two examples considered
here, CD driving in general leads to lower sensitivities than performing adiabatic
quantum metrology without any extra control.
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A Quantum Fisher information in critical quantum metrology

In our critical quantum metrology scheme the system of interest is driven from
the uncritical ground state of a Hamiltonian H (A, g;) to the critical ground state
of a Hamiltonian H (A, g¢), where A is the unknown parameter to be estimated,
and g;, g5 are the initial and final values of the control field g(t), respectively (g
is close to the critical point). The final state can therefore be calculated via the
corresponding unitary evolution operator

[s) = [95(A. g5)) = U(T, A, g0, 95) [o(A, g0)) (26)

with |¢o(A, go)) being the unknown-parameter-dependent initial ground state and
T the total evolution time. Inserting the expression above into the definition of the
QFI Ih=14 (<8A¢f|8A¢f> - <8A¢f|¢f>2) and using h = iUTaAU, yields
Ta =4 ((Wolh®[to) — (ol hlo)?)

+ 4 ((9atol0atbo) — (Oatholto)’)

+4((vo] (9a07) ' [ont) + (0sv0| 0T (9a0) [er)) - 27)

+2 (o] (9aT") U [t60 ) (9athol o)

= Ia(0a0) + Za(|0at0) + Za(9aU, |0ath0)),

If the initial ground state |¢)g) is far from the critical state, its dependence on the
parameter A is negligible, i.e. [0aty) ~ 0, and the QFI becomes

Ta ~ 4 (ol h*[o) — (wolhlin)?) (28)

Furthermore, if the time-evolution is adiabatic, that is, it follows the instantaneous
ground state of the bare Hamiltonian H (A, g(t)), we obtain

Ta = 4 (ol R®|tbo) — (wolhlo)?)

(29)
= 4 ((0aGS(A, 97)[05GS(A, g)) — (9aGS(A, g7)|GS(A, 97))°) ,

where |GS(A, g7)) denotes the (critical) ground state of the Hamiltonian H(A, g;).

B Bang-off protocol for the critical ground state preparation of
the quantum Rabi model under the Schrieffer-Wolff trans-
formation

The ground state of the quantum Rabi model is a squeezed vacuum state which is
squeezed along the real axis of the Husimi Q) function defined as [71]

Q(a) = —(alpla), (30)
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where p is the density operator of the system which for pure states [¢)) becomes
p = |Y)v| and |a) is a coherent state of the field. A squeezed vacuum state can be
obtained from the quantum Rabi Hamiltonian by performing a proper pulse with the
control parameter g. In order to make this explicit, let us rewrite the Hamiltonian

. 0 2 2
A = Adtat So.+ 5 (" +a) o
2 (31)
_natar s +g((af)2+a2+2am+1)&.
27T 10 2

Since the initial state is a spin-down state (an eigenstate of the &, operator), the &,
operator can be replaced by —1, and the resultant constant terms can be dropped
giving rise to

a
4 . 0.20
E 0 : 5 0.12
I : N 0.08
—4 : 0.04
—4 -2 0 2 4 ’ 0.00
Re{a}

Figure 6: Husimi Q functions illustrating the bang-off protocol for critical ground state prepa-
ration. Panel (a) displays the initial vacuum state. Panel (b) shows the squeezed state after
the bang step of the protocol which is not squeezed along the real axis and therefore does not
yet correspond to the target ground state. Thus, during the off-step of the protocol a rotation
of m/4 around the origin is applied yielding the critical ground state as shown in panel (c).

3 g 1 g’ 12 2
H—(A—)aa—m(a +a>. (32)

If we set g = V2AQ, the first term vanishes, and we end up with a Hamiltonian

N A
_ B (a2 a2
H=-3 (a™+a?), (33)
which leads to a squeezing operator
U(t) = exp ité (dm + &2) = exp <1 (z*&2 - z&m)) = 5(z) (34)
2 2 ’
where z = re, with r = tA and ¢ = —7 being the squeezing amplitude and

squeezing direction, respectively. The ground state wavefunction of the quantum
Rabi model is

o = e (5 (€07 —62) ) ) o4, (35)
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with £ = —3 ln{l (9/9.)?}. In order to prepare an equally squeezed state one has
to set tA = —3In{l — (g/g.)?}, and subsequently rotate the squeezed state such
that it is squeezed along the real axis of the Husimi ) function. The rotation can
be performed by turning off the control field such that the Hamiltonian becomes

H = Aata, (36)
for a time such that tA = 7/4. Therefore, the QSL time for this bang-off protocol

is given by 7qs1, = (7r/4 —1In{1— (g/gC)Q}) /A. Note that —1 In{1—(g/g.)*} > 0.
The sequence preparing the critical ground state is presented in figure 6.

C Counter-diabatic driving for the quantum Rabi model under
the Schrieffer-Wolff transformation

The CD term for the shortcut to adiabaticity can be calculated as

Hep = ZZ [In n(t)] = (n()] 2(t)) [n(t)) {n(t)] } (37)

where |n(t)) = |¢,(t)) is the instantaneous eigenstate of the bare Hamiltonian and
|n(t)) is its time derivative. We have

) = s (@) = @ In(o) (39)

and therefore the overlap

5
n> (39)

—{n

(& cosh(r) + af sinh(r))2 n>
= f(t)(2n + 1) [sinh(r) cosh(r) — sinh(r) cosh(r)] = 0,

vanishes, where we have set f(t) = g(t)g(t)/{[4(g? — ¢*(t)]} and used
ST(€)aS(€) = acosh(r) — ate’ sinh(r), (40)

with £ = re” = 1{In(1 — ¢?(¢)/¢?)|e'™ in our case. Using the completeness relation
S, |n(t)) (n(t)] = I of the instantaneous eigen-basis the CD term finally reads

g 909 T o
Hep = zm [(aT) —a } . (41)
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