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In this unit, we discuss quantum simulations and quantum sensing and metrology.
Learning outcomes: You’ll be able to get some glimpses to quantum simulations and quantum
sensing/metrology and be able to explain them.

I. INTRODUCTION

Richard Feynman at the annual meeting of APS in 1959 said, “Atoms on a small scale behave like nothing on a
large scale, for they satisfy the laws of quantum mechanics. So, as we go down and fiddle around with the atoms down
there, we are working with different laws, and we can expect to do different things.” [I]. More than 20 years later in
1981, he gave a lecture on “Simulating physics with computers” and proposed the idea of quantum simulations [2]. He
said, “Nature isn’t classical, dammit, and if you want to make a simulation of nature, you’d better make it quantum
mechanical, and by golly it’s a wonderful problem, because it doesn’t look so easy.”

He pointed out what we still believe is correct: simulating quantum systems with classical computer requires
exponential complexity and proposed to use ‘quantum simulators’ instead for dynamics:

[W(1) = e~ O (0)),
where 7 denotes the integral is time ordered, i.e., in the discretized version

‘\I/(t» — dltlglo eH(t—dt)dteH(t—th)dt L eH(dt)dteH(o)dt‘\I/(O».

Another topic in this unit is quantum metrology. Heisenberg uncertainty principle [3] is one that is concerning
measurement on the position and momentum of a particle, or generally on the two non-commuting observables A and
B

AAAB = |(4[[A, Bl[¢)]/2.

This is where quantum measurement departs from classical measurement. See the link for the historical doc-
uments http://scarc.library.oregonstate.edu/coll/pauling/bond/papers/corr155.1.html| on Heisenberg’s
pre-publication proof sheet of his first paper on the uncertainty principle.

II. QUANTUM SIMULATIONS

Classical Church-Turing thesis [1936]. Earlier discusssions regarding simulations (of classical systems) were
made by Church and Turing, usually referred to as the Church-Turing thesis, which states that, “every function which
would naturally be regarded as computable can be computed by the universal Turing machine.” This means that a
universal Turing Machine can be used to simulate any other “classical computers”. The thesis also defines the notion
of an algorithm that computes a function in terms of such a machine. See Fig. [I] for the illustration of a Turing
machine.

Later, David Deutsch was interested in how quantum computers could fit into the statement of Church and Turing,
and asked “could the laws of physics be used to derive an even stronger version of the Church—Turing thesis?” What
he proposed was that a universal quantum computer (or universal quantum Turing machine) is sufficient to efficiently
simulate an arbitrary finite, realizable physical system. This is referred to as the Church-Turing-Deutsch Principle or
quantum Church-Turing (Deutsch 1985).

Lloyd’s quantum simulator. In 1996, Seth Lloyd [4] showed that Feynman’s 1982 conjecture is correct that
quantum computers can be programmed to simulate any local quantum system (containing few-particle interactions).
Lloyd’s idea is to evolve a quantum computer in small time steps to allow efficient simulation of time evolution and
that the overall time needed grows only polynomially.

In slightly more details, Lloyd considered a set of Hamiltonians

SH = {ﬁ17ﬁ27 e ,Hl},


http://scarc.library.oregonstate.edu/coll/pauling/bond/papers/corr155.1.html
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FIG. 1. Illustration of a Turing machine; taken from Fig. 3.6 of the book by Nielsen and Chuang.
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FIG. 2. Illustration of local interactions on a lattice.

which can be accessible by turning on and off their action on the time evolution of the quantum system. The unitary
operators are thus of the form e*4*, where A is in the algebra generated by Sy. The mathematical tool is the
Suzuki-Trotter decomposition,

et = (eiHlt/” .. eiHlt/")n + Z[Hi7 Hj]tQ/@”) + i E(k),
k=3

>3

where E(k) contains higher-order corrections and it is bounded by ||E(k)|lsup < nl|Ht/n||E,,/k! (the supremum is
maximum expectation value of the operator over the states of interest). The total error in approximating e**? is less
than |[n(e*/™ — 1 — iHt/n)||sup and can be made as small as desired by taking n sufficiently large. He compared
how a quantum simulator works to parking a car, “By going forward and backing up a sufficiently small distance a
large enough number of times, it is possible to parallel park in a space only € longer than the length of the car.”

Let us do some counting. For N, qubits, the state vector for the system’s wavefunction has 2V« components and
the evolution matrix is of the size 2V« x 2Ne. Thus, to carry out a simulation of a generic quantum system under
time evolution by a classical computer, one needs to spend an exponential time complexity to achieve that.

On the other, using one well-controlled quantum system to simulate another or a quantum model, the complexity
is only polynomial in time. Let us assume that each H; in the accessible set acts on at most dimension m, e.g. on two
qubits m = 4 (see Fig. . The number of operations to simulate e’3*/™ is m? at most [5,6]. Each term is simulated n
times and there are [ such terms, so the total number of operation is inm?2. For a desired total accumulated error €, the
error in each operation should be less than /(Inm?). If the system has the typical nearest neighbor or next-nearest
neighbor interaction, then [ ~ N,. From the expansion (in the Trotter decomposition), the first correction term can
give an error ~ t2/n and we set this to be € and obtain n ~ t?/¢ for the simulated time duration ¢. The duration of
each opeartion is t/n ~ 1/t. So the total discrete real time spent is I(¢/n) xn ~ t. A quantum simulator’s time spent
is proportional to the real time duration of the simulated quantum system.

Note in the above we have assumed that the quantum simulator has access to e*A*

. If this is not accessible, such
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FIG. 3. Illustration of an experiment by Greiner et al. [§].

as in a typical universal quantum computation, where only certain universal gates are available, we need to further
decompose €4t according to the available gate set.

Cirac-Zoller [2012] criteria for quantum simulations. Similar to the DiVincenzo criteria for universal quantum
computation, Cirac and Zoller provided a set of desirata for universal quantum simulations [7].

e Quantum system (bosons or fermions with or without spins): it must contain a large number of degrees of
freedom. Particles may need to be confined in some region of space. [cf. well-defined two-level systems in
DiVincenzo’s.]

e Initialization: we need to be able to prepare (at least approximately) a known quantum state for the system.
[cf. initialized to e.g. zero in DiVincenzo’s.]

e Hamiltonian engineering: It needs to be possible to engineer a set of interactions with external fields or between
different particles, with adjustable values. [cf. universal one- and two-qubit gates in DiVincenzo’s.] They may
involve a reservoir to simulate open-system dynamics. Among the accessible Hamiltonians there should be some
that cannot be efficiently simulated (at present) with classical techniques. [This last one is to ensure certain
quantum advantage.]

e Detection: We need to be able to perform measurements on the systems. This can be individual (i.e. addressing
a few particular sites on the lattice) or collective. Ideally, one should be able to perform single-shot experiments
that can be repeated several times; one would be able to determine not only the average of an observable (S)
but also the average of a function of the observable (f(S)). [This corresponds to the readout in DiVincenzo’s.|

e Verification: Even though there is in no way of efficiently verifying the result if the simulation size is large, one
needs to have a way of increasing the confidence in the result. [We do not have a corresponding criterion in
DiVincenzo’s list.]

How to achieve the last item, verification, is an important question. So far we have very limited tools. We could
for example using exactly solvable models in physics to provide a benchmark. We may also use the simulations in
forwards and backwards in time to see if the end result is the initial state. Or we could develop more powerful and
efficient numerical simulations, such as the Quantum Monte Carlo or tensor network methods.

III. PHYSICAL SYSTEMS AND RECENT EXAMPLES

Superfulid to Mott insulator transition. Arguably the most well-known post-BEC era pioneer paper is the one
by M. Greiner, O. Mandel, T. Esslinger, T. W. Hénsch, and I. Bloch, Quantum phase transition from a superfluid
to a Mott insulator in a goas of ultracold atoms, Nature 415, 39 (2002) []]; see Fig. [3] The authors trap cold atoms
(Rubidium 87) in an optical lattice and vary the trapping depth, which effective changes the ratio of the tunneling (of
a particle from one lattice site to a neighboring one) and the onsite interaction strength ¢/U. The system is effectively
described by the Bose-Hubbard model,

_ AT P 5
H = 7t<‘ ‘> bjb; + ) an(m 1) uan,
7,7 (3 1

which was proposed and studied theoretically way before the experiment.
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FIG. 4. Illustration of an experiment by Jotzu et al. on the topological Haldane model.

Topological Haldane model. In cold atoms, not only bosons can be cooled, fermions can also be used to study
low-temperature phases. An experimental paper by G. Jotzu, M. Messer, R.Desbuquois, M. Lebrat, T.Uehlinger, D.
Greif, and T. Esslinger, Experimental realization of the topological Haldane model with ultracold fermions, Nature
515, 237 (2014) [9], cools *°K Potassium atoms trapped in a optical lattice. They realize the so-called toplogical
Haldane model, which is a milestone theoreitcal work on the Chern insulator and later topological insulators; see
Fig. [l The model is described by the Hamiltonian,

H=> ticle;+ Y e®otiele; + Aap ) elei
(i) (i) ieA

The above two experiments use ultracold quantum gases. They have high degree of controllability, novel
detection possibilities and extreme physical parameter regimes (compared to solid-state systems); see Bloch, Dalibard
& Nascimbene, Nat. Phys. 2012 [I0]. There are other physical systems, such as trapped ions [see Blatt and Roos,
Nat. Phys. 2012 [11]], NV diamond centers [12] [13], photonics [14] [15], and superconducting qubits. [I6HI§].

We list the remaining works mentioned in the lecture:

e “Probing many-body dynamics on a 5l-atom quantum simulator,” H. Bernien, S. Schwartz, A. Keesling, H.
Levine, A. Omran, H. Pichler, S. Choi, A. S. Zibrov, M. Endres, M. Greiner, V. Vuleti¢, and M. D. Lukin,
Nature 551, 579-584 (2017) [19].

e “14-Qubit Entanglement: Creation and Coherence,” T. Monz, P. Schindler, J. T. Barreiro, M. Chwala, D. Nigg,
W. A. Coish, M. Harlander, W. Hénsel, M. Hennrich, and R. Blatt, Phys. Rev. Lett. 106, 130506 (2011) [20].

e “Engineered two-dimensional Ising interactions in a trapped-ion quantum simulator with hundreds of spins,”
J. W. Britton, B. C. Sawyer, A. C. Keith, C.-C. J. Wang, J. K. Freericks, H. Uys, M. J. Biercuk, and J. J.
Bollinger, Nature 484, 489-492 (2012) [21].

e “Observation of a many-body dynamical phase transition with a 53-qubit quantum simulator,” J. Zhang, G.
Pagano, P. W. Hess, A. Kyprianidis, P. Becker, H. Kaplan, A. V. Gorshkov, Z.-X. Gong, and C. Monroe, Nature
551, 601-604 (2017) [22].

e “Observation of a discrete time crystal,” J. Zhang, P. W. Hess, A. Kyprianidis, P. Becker, A. Lee, J. SMith, G.
Pagano, L.-D. Potirniche, A. C. Portter, and C. Monroe, Nature 543, 217-220 (2017) [23].

e “Observation of a discrete time-crystalline order in a disordered dipolar many-body system,” S. Choi, J. Choi,
R. Landig, G. Kucsko, H. Zhou, J. Isoya, F. Jelezko, S. Onoda, H. Sumiya, V. Khemani, C. von Keyserlingk,
N. Y. Yao, E. Demler, and M. D. Lukin, Nature 543, 221-225 (2017) [24].
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e “Spectroscopic signatures of localization with interacting photons in superconducting qubits,” P. Poushan, C.
Neill, J. Tangpanitanon, V. M. Bastidas, A. Megrant, R. Barends, Y. Chen, Z. Chen, B. Chiaro, et al., J.
Martinis, Science 358, 1175-1179 (2017) [25].

e “Quantum supremacy using a programmable superconducting processor,” F. Arute, K. Arya, [...], J. M. Mar-
tinis, Nature 574, 505-510 (2019) [26].

A. QuEra’s platform

The company QuEra, created by researchers at Harvard and MIT, has built a 256-atom analog quantum simulator,
called Aquila. Their system utilizes Rydberg atoms, which we have explained in an earlier unit. The Hamiltonian is

HO) 5~ 00 A -
- :zj: 12 <e¢1(t)|0j><1j‘+€ ¢](t)|1j><0j|)—;Aj(t)nﬁrzvjknjnk’

i<k

where |0;) is the ground state, |1;) is some Rydberg state with a large principal quantum number, and 7; = 0]0;)(0;| +
1|1;)(1;| refer to qubits in a position i of space. The interaction term V;; is long-ranged and decays with a power law
(6th order) w.r.t. to the distance |7; — |, and is the reason of the Rydberg blockade mechanism, which induces a
positive energy cost if two excitations get too close. In particular,

Vi = LG’
% — x|

and when two atoms are both in the Rydberg state, the coefficient gets applied where Cjg is the interaction strength,
defined as 27 x 862690 MHz - um®. Using the Rydberg blockade, it is possible to create a checkerboard pattern of
|0) and |1) states (or more precisely, superposition of two possible patterns and perhaps others with much smaller
amplitudes).

They allow users to define how many atoms and where they will be located. Then the users design time profiles
for the three parameters, Rabi frequency €(t), phase ¢(t) and detuning A(t). At the end, the system measures the
excitations (which atom is at which state 0 or 1). At this point, it is still limited and there is no individual addressing,
except setting the initial location of atoms. (This in some sense reminds us of D-Wave’s quantum annealers.)

IV. QUANTUM METROLOGY

For two non-commuting observables (Hermitian matrices) A and B, they standard devitions obey
AAAB > (][4, Bl[¢)]/2,

where AA = /(A?) — (A)2. The most studied example is the uncertainty between the position z and the momentum
p of a particle, [#,p] = ih, which implies that AxAp > h/2. Heisenberg initially regarded this as a relationship
between the precesion of a meaurement and the disturbance it creates. However, from the derivation, the correct
interpretation should be these are intrinsic uncertainties, namely, “if we prepare a large number of quantum systems
in identical states, 1), and then perform measurements of A on some of those, and of B in others, the statistical
uncertainties satisfy above inequality.”

Although Heisenberg’s original idea is intuitive, it is not rigorous. A recent experiment was carried out by Rozema
et al. [Phys. Rev. Lett. 109, 100404 (2012)] [27] that uses weak measurement and shows that the original precision-
disturbance relationship can be violated. In classical mechanics, measurement of position and momentum or speed
can be made separately and arbitrarily precise and there is no fundamental limit. In quantum mechanics, however,
the act of measurement changes the system (i.e. some kind of quantum backaction), and thus repeated measurement
cannot obtain initial properties, for example, observing the location of a particle ‘localizes’ the particle or collasping
the particle’s wavefunction. That is one reason why the measurement precision and disturbance is not easily quantified
simulatenously in an experiment and a weak measurement is needed. But it is possible to formulate some uncertainty
relation between measurement precision and disturbance, but one needs to carefully define measurement noise and
disturbance and or introduce new inequality, see e.g. Ozwa, Ann. of Physics. 2004 [2§] and Hofmann, Phys. Rev. A
2013 [29].
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Deriving the uncertainty principle. Consider two Hermitian operators A and B: A" = A and Bf = B. We
rewrite

1 1 L 1
AB = 5(AB + BA) + 5 (AB — BA) = {4, B} + 5[4, B],

evaluate the expectation value with respect to a wavefunction |v),

(WIABI) = 5 (WA, BY) +3 (WI[A, Blb) =« +yi

real pure imaginary

Thus we have

(WI[A, Bll)* = (Y| ABI¢)]* < (0| A2[4) (| B2[v),

1 1
Z1 WA, BH)E + 5]

where we have used the Schwarz inequality |a@- b2 < |@|2[b|2. By replacing A by A — (A) and B by B — (B), we arrive
at

1
/WA, BIl)[* < (|(A = (A)?[¥) (¥1(B - (B))*[¢),
which gives the celebrated uncertainty relation.

Standard quantum limit. Let us consider a particle involving in time. Its wavepacket will expand and the
uncertainty in its momentum or veleocity is

Av = Ap/m > h/(2mAx),
and the deviation on the position is

It

Az(t) ~ Az + 5 AL

If we minimize this with respect to Az, we obtain the standard quantum limit,

ht ht
Az =—— =1/—.
( )SQL Qm(Al‘)SQL 2m
This seems to suggest a limit on how well one can measure the position.
When we consider the phase and number uncertainty, we have

[0, N] =i — A¢ > 1/(2AN) > 1/Nyy,

where in the last inequality we have used the AN < Nio. This seems to suggest the limit on the accuracy to measure
the phase, which is usually referred to as the Heisenberg limit: the uncertainty in measuring a phase is limited by the
total number of photons used.

A natural question is how can we deal with the uncertainty? [See, e.g. Giovannetti, Lloyd & Maccone, Science
06, 1330 (2004) [30].] First, we can monitor only one out of a set of incompatible observables. But this creates
large uncertainty in the other noncommuting observable(s). Secondly, we can employ a quantum state in which the
uncertainty in the to-be-monitored observable is small (at the cost of a very large uncertainty in complementary
observables even before measurement). But there are also errors in addition to the systematic errors. Typical source
of errors are environment-induced noise from vacuum fluctuations (the so-called shot noise) and dynamically induced
noise in e.g. the position measurement of a free mass (the so-called standard quantum limit). But these do not seem
be a fundamental limit.

Mach-Zehnder interferometer. We have seen the Mach-Zehnder interferometer in Unit 01 in the context of
Vaidman’s ‘interaction-free’ measurement. You have also seen that the intensity in the two ports oscillate with the
unknown phase, I; = Iycos?(¢/2), and I, = Iysin®(¢/2). This can be verified by measuring the intensity, which
is equivalent counting the clicks from photo-detectors. If photons are independent then, the uncertainty in the
normalized intensity is

A(I; — 1) /Iy = sin pA¢ x 1/VN.
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FIG. 5. Illustration of the Mach-Zehnder interferometer and estimation of a phase ¢; see, e.g., https://en.wikipedia.org/
wiki/Mach-Zehnder_interferometer.

[Generation by Afek, Ambar& Silberberg, Science 2010]
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FIG. 6. Illustration of an experiment by Afek, Ambar & Silberberg, Science 2010 [37], to achieve the Heisenberg limit.

The uncertainty in the phase induced by the sample is limited by the number of photons used (i.e. the shot-noise
limit). We will come back to this system later using the quantum Fisher information [3TH33].

One natural question is, “Can the shot-noise limit be overcome?” Such a question was studied long ago, see e.g.
Caves, PRD 1981 [34]; Barnett, Fabre, Maitre, Eur. Phys. J. D (2003) [35], where it was shown that by using the
squeezed vacuum in the original vacuum (no-input) port, one can achieve an uncertainty

A¢ o< 1/N3/4,

Later in the development of quantum sensing and metrology, it was shown that this uncertainty can be further
improved using entangled states to the Heisenberg limit, i.e., A¢ « 1/N; see Dowling, arXiv:0904.0163 [36].
The main idea is as follows. If we can create the so-called ‘NOON’ state, which is a two-mode entangled state,

INOON) = (|N4,05) + (04, N3))/V2.
Then a phase shift in one arm takes the state to
(€™N?|Na,0p) + 104, N5))/V2.

If one can interfere the two paths, e.g., after beam splitting only measure N-photon detection, then the interference
has N times faster oscillation, |1 + V|2 /4, which can reach the Heisenberg limit; see an experiment in Fig. @

Fisher information: classical and quantum. For this part, we refer the readers to Ref. [38]. Let’s begin with the
classical part.

Classical part and Cramer-Rao bound. The goal of this discussion is to estimate an unknown parameter 6 and
to estimate the uncertainty. Given a 6, the measurement that gives some value x is assumed to follow a probability
distribution f(z|f). From a given reading x;, then we estimate the value of 6 to be ¢(x1). With sufficient statistics,
we obtain the exact value

() = / d f(2]0)t(x) = 6.


https://en.wikipedia.org/wiki/Mach-Zehnder_interferometer
https://en.wikipedia.org/wiki/Mach-Zehnder_interferometer
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The Fisher information is to quantify how the log likelihood function varies with the unknown parameter,

10)= [ drfa) (8logf(m|9>>2=<<§010gf(x|9>2> .
6

The so-called Cramer-Rao bound on the variance of the estimation ¢ for n independent samples or experiments is
given via the Fisher information,

1
A%t > .
L2010

Proof.
First, let us consider ngumple = 1 and introduce the covariance between two functions g(z) and h(z):

Covlg, h] = ((g = (9))(h = (1))).

Specializing this to the conditions (i) ¢(x) whose average is (t) = 6 and (ii) 9L(z|0)/00 [with L(z|0) = log f(x|0)]
whose average is 0:

/dxf(x|0 L(z|0) = /dw— (x|0) = 889(1) =0,

we have

Covle(a), 5Ll = ((tx) — ) (5L (+16) ~ 0) = {t(o) g Llalo)) = [ do t(w) 5 7(010) = 25 [ do t(2)al6) = 1.

Then we will use the Cauchy-Schwarz inequality,

A%g A?h = ((g = (9))*) {(h = (h))*) = [{(g — {g))(h — (),

noting that

8
A —L=1
SL=1(6),
we obtain (for n samples)
1
A2t > ————— .
- nsamplel(e)

Quantum part. In this case we use a quantum state p that is under some quantum operation ®y, as illustrated
in Fig. [7] i.e.

po = Po(p).

We want to estimate the parameter 6 and calculate the lower bound on its variance. How do we generalize the classical
case? How do we generalize OL(x|0)/06 (where L(z|0) = log f(x]0))? Intuitively f(x|0) ~ pg (which is defined more
precisely being measured w.r.t. an operator I, ), then

0 dpe
20 log f(x]0) ~ 9/[)9ND9.



XII1-9

Thus, we expect

I1(0) = <<§9 log f(x@)) > = Tr(peDj).
6

It turns out that Dy is defined more precisely via

0
97 = {pe, Do} /2 =: A

where we also define a quantity A and use the notation of the anticommutator {P,Q} = PQ + QP.
The Quantum Fisher information is thus

IQ(p7 9) = Tl"(png).

From this, we expect the corresponding quantum Cramer-Rao bound to be

A > — —
nsampleIQ (P, 9)

We will not show the proof, but we note that f(x|0) = Tr(pell,) and the proof should proceed as the classical one.

Unitary process. Let us now consider ®y to be a unitary process,
po =U@)pUT(0), UH) =e ¢,
The quantum Fisher information, by definition, is
Iq(p.0) = Tr(pp Dj).
From the definition of A, we have

Aiy = (i10po/061j) = (15 (poDa + Dopo)l)
and we can choose specifically |i)’s to the eigenbasis, pg|j) = A;|j). Thus
Aij = %()\i + Aj)Dij,
which leads to

(1|0pg/00|7)
Dy _22 |Apiix| 1) ]

In our case study where @4 is unitary, the eigenspectrum of py is the same as that of p, and we have that the
Quantum Fisher information is independent of 6, (noting dpy/00 = —i[G, pe))

Aj)?

Io(p,6,G) —QZﬁWdGUO ; P—Z)\ﬁo (dol,

where the subscript 0 is used to denote the original eigenbasis. The detailed derivation is left as an exercise, but we
have the following,

Io(1¥),6.G) = 4((W|G2|v) — (BIGIY)*) = 4(AG)?,
A > —— -

nsampleIQ (P, 9)

Example. Coherent state: We have seen the coherenct state in an earlier unit, which is a good description of lasers.

p = la)al, ale) = ala)
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FIG. 8. Illustration of an interferometer and estimation of phases; Tan and Jung, arXiv:1909.00942 [3§].

We want to see how good it is for the estimation of a unknown phase. Plugging it into the Fisher information, we
find that I = |a|? is proportional to the average number of photons.

Fock states: these are fixed photon-number states,

p=In)(nl, aln) = v/nin).

It is easy to see that

and hence these states are not useful for estimating the phase, as it will gives very large uncertainty, At ~ 1/,/Ig.

Superposition: What if we consider a superposition of two number states, say, the vaccum and |n)?

p =)l 1) = (10) +|n))/V2

It is straightforward to show that

IQ = n2,

which achieves the Heisenberg limit, as At ~ 1/n.

When the input is pure and there are multiple parameters. We have seen that for a single parameter case,

0
o) = U(O)¥), [0pve) = %Wa%
the quantum Fisher information for a pure state has a much simpler expression:

1o(19),0) = 4({0atpe|091be) — |(10|0ptbe)[?).

We can generalize this to multiple parameters and define the following quantum Fisher ‘matrix’:

(Iq)i,; = 4Re({0o,10|09,10) — (¥0|0p,10) (0, 00|10)).-

We note that the quantum Fisher ‘matrix’ (or ‘metric’) was recently used in the gradient decent approach for
the VQE algorithm. See e.g. “Simultaneous Perturbation Stochastic Approximation of the Quantum Fisher
Information,” by Julien Gacon, Christa Zoufal, Giuseppe Carleo, Stefan Woerner, Quantum 5, 567 (2021) at
https://quantum-journal.org/papers/q-2021-10-20-567/| [39] and “Fisher Information in Noisy Intermediate-
Scale Quantum Applications,” by Johannes Jakob Meyer, published in Quantum 5, 539 (2021), https://arxiv.
org/pdf/2103.15191.pdf [40], with a perspective article by K. Bharti at https://quantum-journal.org/views/
qv-2021-10-06-61/ [41].

Example. See Fig. [§| for the illustration.

G = (ata—b'b)/2


https://quantum-journal.org/papers/q-2021-10-20-567/
https://arxiv.org/pdf/2103.15191.pdf
https://arxiv.org/pdf/2103.15191.pdf
https://quantum-journal.org/views/qv-2021-10-06-61/
https://quantum-journal.org/views/qv-2021-10-06-61/
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Io([),0,G) = 4((¥|G?|v) — (¥|GlY)?) = 4(AG)2.

There are two modes, and G introduces a phase difference between the two modes. We will send separately coherent
states into these,

@) @ 18), dla) = ala),b|8) = BI5).
We find that the use of coherent states (in two modes) leads to the shot-noise limit,
Iq =l + 8%
However, if we send in a NOON state:
INOON) = (|N4,05) + 04, N5))/V?2,
we find that
Ig = N?,

showing that we can achieve the Heisenberg limit.

V. POTENTIAL APPLICATIONS

Waveform of a weak classical force. The fundamental limit of detecting random forces needs to account for the
quantum nature of measurement; see a recent paper for further discussions [42].
Gravitational waves. In recent years, we have witnessed advancement in LIGO’s experiments that have detected
many events generating gravitational waves. These are a feat of metrology (and physics and engineering) on their
own. LIGO was using coherent light (lasers) in the Michelson-Morley interferometer setup and has recently moved
to the use of squeezed states (which we probably have not actually defined in this course) to enhance its detection
sensitivity so as to detect fainter signals.

We learned previously that a coherent state |a) is an eigenstate of an annihilation operator a: ala) = aja), and
the coherent state is an infinite superposition of number states, i.e.,

o) = e~lol*/2 3 2 1n).

n!
n=0

Its standard deviation of any two conjugated quadratures analogus to x and p is equal to each other and saturates
the uncertainty relation AxAp = /2. A one-mode squeezed state is

|€) = e&78%/2-6(@1/2) 0y

This squeezed vacuum is composed of an infinite superposition of even number states and has one quadrature with
Ag < 4/h/2 (depending on the phase of the complex number &), therefore the name squeezed. Given the smaller Ag,
then it is possible to achieve better measurement than the coherent state for certain observables. There is a news
about “LIGO surpasses the quantum limit” https://www.ligo.caltech.edu/news/1igo20231023, which I assume
is the standard quantum limit we discussed earlier. One of the earliest papers is Ref. [43].

Dark matters? Another great interest in applying quantum metrology is the detection of the dark matter. Surprising,
this unknown matter consists of about 26.8% of the whole universe (in terms of energy) and, in contrast, the ordinary
matter (that we and our world are made of) is only about 5%. Unfortunately, dark matter does not interact with
the ordinary matter, except through gravity (which is how it was discovered). It is thus not known how to detect
them in labs. There are many theoretical proposals of what could constitute dark matter, such as weakly interacting
massive particles (WIMPs), sterile neutrinos (a forth one beyond the known three associated with electrons, muons
and tauons) and axions. Different types of dark matter likely require different technology of detection. Could quantum
information and technolgoy help? Researchers have begun investigating whether quantum states of light can help; for
example, Backes et al. found that squeezed states of light may enhance search for dark matter axions [44]. Another
group of scientists (Dixit et al.) found that using superconducting qubits, it is possible to enhance the low mass
bosonic dark matter (such as the axion or hidden photon) by a factor of 1,300 [45]. It is expected more works using
quantum metrology for dark matter search will appear and one hopes that dark matter could be found and studied
in the lab someday.


https://www.ligo.caltech.edu/news/ligo20231023
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VI. CONCLUDING REMARKS

In this unit, we have discussed quantum simulations and quantum sensing and metrology.

It is a good time to check whether you have achieved the following Learning Outcomes:
After this Unit, You’ll be able to get some glimpses to quantum simulations and sensing and metrology and to explain
them.

Suggested reading: Richard Feynman’s paper “Simulating Physics with Computers”, Int. J. Theor. Physics, vol
21, n0.6/7, p467-488 (1982) [2].
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