Lectures at ECNU, Shanghai China, October 2019

“Spin squeezing for quantum metrology”
Alice Sinatra

Laboratiore Kastler Brossel, Ecole Normale Suprieure, Paris France

In the two lectures, I will introduce the concept of spin squeezing and its interest
for quantum metrology. As a physical example I will consider the one-axis twisting spin
squeezing process that occurs in a two-component interacting Bose-Einstein condensate.
For this example I will present two-mode analytical calculations and a more advanced
analysis of the limitations due to decoherence and finite temperature. Always within the
frame of the one-axis twisting Hamiltonian, I will also introduce entangled states beyond
spin squeezing, such as Schrodinger cats and their sensitivity to decoherence.

1. Entangled states for quantum metrology
(a
(b

) Spin squeezing
)

(c) Frequency measurement using a maximally entangled state
)
)

Frequency measurement by Ramsey sequence

(d) Phase estimation, Fisher information, Hellinger distance

(e) Quantum Fisher information

2. Entangled states by interactions in bimodal BEC

Non-linear Hamiltonian
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Squeezing by non-linear dynamics

Squeezing limit in presence of decoherence

D~

Microscopic description: dephasing due to particle losses

Schrodinger cats by non-linear dynamics
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Fidelity of the cat state generation in the presence of losses
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Fidelity of the cat state generation at finite temperature
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Experimental results

From 2016 Review of Modern Physics, Non-classical states of atomic ensembles: fun-
damentals and applications in quantum metrology, L. Pezze, A. Smerzi, M. Oberthaler,

R. Schmied, P. Treutlein
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[1] Sackett et al., 2000
[2] Meyer er al., 2001
[3] Leibfried et al., 2003
[4] Leibfried et al., 2004
[5] Leibfried er al., 2005
[15] Monz et al, 2011
[29] Bohnet er al., 2015

BOSE-EINSTEIN CONDENSATES
[6] Estéve ef af., 2008
[10] Gross et al, 2010
[11] Riedel e af., 2010
[16] Liicke e al., 2011
[17] Hamley ef al., 2012
[19] Berrada et &l , 2013
[20] Ockeloen er al., 2013
[22] Strobel er al., 2014
[24] Muessel et al., 2014
[25] Muessel et al., 2015
[30] Kruse et al., 2016
COLD THERMAL ATOMS
[7] Appel et al., 2009
[#] Leroux ef al, 2010a
[9] Schleier-Smith et al., 2010
[12] Leroux et al., 2010b
[13] Louchet-Chauvet ef al., 2010
[14] Chen et al., 2011
[18] Sewell et al., 2012
[21] Sewell et al., 2014
23] Bohnet et al., 2014
[26] Barontini ef al., 2015
[27] Hosten et al., 2016a
[28] Cox et al., 2016

FIC. 2 Summary of experimental achievements. Cain over the standard quantum limit (Afsqr)? = 1/N achieved
experimentally with trapped ions (black symbols), Bose-Einstein condensates (red) and cold thermal ensembles (blue). The
gain is shown on logarithmic [left, dB, 10log,,(Afsqr/A#)?] and linear [right] scale. The solid thick line is the Heisenberg
limit (AfuL)? = 1/N2. Stars refer to directly measured phase sensitivity gains, performing a full phase estimation experiment.
Circles are expected gains based on a characterization of the quantum state, e.g. calculated as (A#)? = ¢2 /N, where £3 is the
spin-squeezing parameter, or as (Af)2 = 1/Fg, where Fq is the quantum Fisher information, see Sec. II. Filled (open) circles
indicate results obtained without (with) subtraction of technical and/or imaging noise. Every symbol is accompanied by a
number (in chronological order) giving the reference reported in the side table. Here N is the total number of particles or, in
presence of fluctuations, the mean total.
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