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I. Quantum noise limit and Heisenberg limit
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Achieving the Heisenberg limit
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Making quantum limits relevant

1

Optimal sensitivity: Aw ~ —

T'N

The serial resource, T, and
the parallel resource, N, are
eguivalent and
Interchangeable,
mathematically.

The serial resource, T, and
the parallel resource, N, are
not equivalent and not
Interchangeable, physically.

Information science
perspective
Platform independence

Physics perspective
Distinctions between different
physical systems




Working on T and N
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Making quantum limits relevant. One metrology story
Resources

e Overall measurement time 7 or inverse bandwidth (the *classical
serial resource’)

e Coherent interaction time T for an individual probe (the “quantum
serial resource’)

e Rate R at which systems can be deployed (RT = n is the “‘classical
parallel resource” )

e Entanglement within each probe consisting of N systems (IV is
the “quantum parallel resource”)

Problem

Given 7 and R, a decoherence rate [, and a marginal “cost” ¢ for

each nonclassical photon, what is the best strategy for estimating
frequency w = ¢/T7

The answer has been worked out (in the case ¢ = 0) for squeezed-
state optical interferometry and for Ramsey interferometry with phase
decoherence: The quantum resources—extended coherent evolution
and entanglement—are useful only if '~ < 1 and Rt > 1. Other
situations await analysis.



ITI. Beyond the Heisenberg limit
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Beyond the Heisenberg limit

The purpose of theorems In
physics iIs to lay out the
assumptions clearly so one
can discover which
assumptions have to be
violated.
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Improving the scaling with N without entanglement.
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Improving the scaling with N without entanglement.
Two-body couplings
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Nonlinear BEC Ramsey interferometer

8"Rb atoms cooled to spatial ground state
in hyperfine level |FF = 1; Mp = —1). Other
relevant hyperfine level is |FF = 2; Mp = 1),
which sees the same trapping potential.

e 7/2 transition.

e Atoms in |1) see nonlinear phase shift
%(glln%—l—glgnmg), and atoms in |2) see

nonlinear phase shift %(glgnlnz + g22m3),
where g;, = 47Thzajk/m.

e 7/2 transition.

_ e Measure number of atoms in |1) and |2).

a11 = 100.40a0 , az> = 95.00a0 , aio> = 97.66ap

~(a11 — a22) = 2.70a0, 3(a11 + az2) — a12 = 0.04ao

Nearly pure NJ, coupling to measure v = %(911 — g22)



Two-component BECs

Isotropic, harmonic trap with bare ground-state width rg
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Two-component BECs

Isotropic, harmonic trap with bare ground-state width rg

critical atom \ _ , _ To
( number >_Nc_1+6a

Renormalization of scattering strength

N N-—1\Y5 g g [Np—1\%°
0 Ny —1 ?“]?{7 7“8 N —1
A’Y ~ 1/N9/10

Let’s start over.



Two-component BECs

Anisotropic, nonharmonic trap: d dimensions loosely confined by a
power-law potential V = %qu, with bare ground-state width rg ~

(h?/mk)Y/at2); D = 3 — d dimensions tightly confined in a harmonic
potential with bare ground-state width pg < ro.

critical atom T0 [ PO b 1, d=1,
=Ny~ 1+8—(=) ,  Ba=<Vr/4, d=2
number a \ 7o 1/6 d = 3.

Renormalization of scattering strength

T_NN (N_]_)l/(d‘l-Q) g N g (NL_l)d/(CH'Q)
0 Ny, —1 pOD'rle pODfrg N —1

A~y ~ 1/N(d+3q)/2(d+q)



Two-component BECs:
Renormalization of scattering strength
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A. B. Tacla, S. Boixo, A. Datta, A. Shaji, and C. M. Caves, “Nonlinear interferometry with Bose-Einstein condensates,” in preparation.



Two-component BECs

Anisotropic, nonharmonic trap: d dimensions loosely confined by a
power-law potential V = %krrq, with bare ground-state width rg ~

(h?/mk)Y/at2); D = 3 — d dimensions tightly confined in a harmonic
potential with bare ground-state width pg < ro.
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=Ny~ 1+8—(=) ,  Ba=<Vr/4, d=2
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Two-component BECs:
Integrated vs. position-dependent phase

d =
N = 1000
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A. B. Tacla, S. Boixo, A. Datta, A. Shaji, and C. M. Caves, “Nonlinear interferometry with Bose-Einstein condensates,” in preparation.



Two-component BECs for quantum metrology

? Perhaps ?
With hard, low-dimensional trap or ring

Losses ?
Counting errors ?

Measuring a metrologically relevant parameter ?

S. Boixo, A. Datta, M. J. Davis, A. Shaji, A. B. Tacla, and C. M. Caves, PRA 80,
032103 (2009); A. B. Tacla, S. Boixo, A. Datta, A. Shaji, and C. M. Caves,
“Nonlinear interferometry with Bose-Einstein condensates,” in preparation.



