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(1) Context
(2) Experimental setup
(3) Phonon pair creation and non-separability of the phonon pair

(4) First experimental result
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Chatrchyan et al., (2021) Analog cosmological reheating in an ultracold Bose gas, Phys. Rev. A 104, 023302.

Garcia-Bellido, J. (1999). The origin of matter and structure in the universe. Philosophical Transactions of the
Royal Society of London. Series A: Mathematical, Physical and Engineering Sciences 357.1763 (1999): 3237-3257.



EXASI%REYS Analogy : simulating the early universe in our lab
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Production of a He* BEC
with ~10° atoms every 10

seconds
Metastable Helium 4 Cigar shape BEC in a
crossed dipole trap
= Simple atomic structure . « wy= 70 Hz
= No hyperfine structure | * w; =13kHz
= [nternal energy of
20 keV
= Recoil speed of 9 cm/s 45 cm Detection of individual
at 1083 nm atoms using a MCP (micro-
k / channel plate)
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The physicsis 1D ® = ®y(r,t) X (1 + d(z,1)) : ® dewsity of the BEC
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Robertson, S., Michel, F., Parentani, R., 2017. Controlling and observing nonseparability of
phonons created in time-dependent 1D atomic Bose condensates. Phys. Rev. D 95, 065020.
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Phonon pair creation
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- 4, is the annihilation operator for collective excitations (phonons or quasi-particles)

 When 9.0, = 0: k and —k modes evolve independently from each other

 When 9,Q; # 0: mixing between k and —k modes
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Robertson et al, 2017.. Phys. Rev. D 95, 065020.
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Jasukula et al., 2012. Acoustic Analog to the Dynamical Casimir Effect
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charLes  Non-separability of the phonon pair
l\ ciarces - Non-separability of the phonon pairs

In the experiment, we count the number of atoms arriving of the detector
and compute

9Pk, —k) = ( ApA_g: )/ (R MA_)

Noting that i}, = ,JE a, and using Wick contraction

2
(A A} = (ray @%@kl ) = nn_ge + (@di)|? +W-k>l

——

if the state is separable : < ngn_yg

Non separability criteria

gD (k,—k) > 2

Busch, X., Parentani, R., 2013. Dynamical Casimir effect in dissipative media: When is
the final state nonseparable? Phys. Rev. D 88, 045023.
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« Longer acquisition
« Try to modulate the effective mass of the atoms using a lattice
 Study the creation dynamics of the phonon pairs

« Check the non-separability criteria assumptions : Bragg diffraction +
interferometer

 Study the time evolution of the phonon pair correlations / entenglement,
the time evolution of the re-thermalization

10
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l\ E%gﬁ From the Gross-Pitaevski to Bogoliubov-de Gennes
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The perturbative field follows the A

———0_d 5+ pt
Bogoliubov - de Gennes equation [0cp 2m zzP + g1 (@ + P7)

91(t) ~ 1/0%(t)

Robertson, S., Michel, F., Parentani, R., 2017. Controlling and observing nonseparability of 13
phonons created in time-dependent 1D atomic Bose condensates. Phys. Rev. D 95, 065020.
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1. Fourier Transform
2. Bogliubov transformation
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 a, is the annihilation operator for collective excitations (phonons or quasi-particles)

 When 0,Q, = 0: k and —k modes evolve independently from each other

« When d:Q; # 0: mixing between k and —k modes

Robertson, S., Michel, F., Parentani, R., 2017. Controlling and observing nonseparability of
phonons created in time-dependent 1D atomic Bose condensates. Phys. Rev. D 95, 065020.
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e o —i0,Q,, /20 [ Gk | ,  ginik?
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4, is the annihilation operator for collective excitations (phonons)

 When d:Q; = 0: k and —k modes evolve independently from each other

« When d,Q; # 0: mixing between k and —k modes

Why do we create phonons?
Define the number of phonons with momentum k : n, = (ala,)

a,(t) = a(t) x a,(0) + B() xa’,(0)

+0ifd.Q, #0
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4, is the annihilation operator for collective excitations (phonons)

 When d:Q; = 0: k and —k modes evolve independently from each other

« When d:Q; # 0: mixing between k and —k modes

Why do we create pairs of phonons ?

Define the number of phonons with momentum k : n;, = (&,t&k)

Show that
0¢(ng —n_g) =0

“

k2
2m

>2
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“EZA&E\? Supplement : checking the non-separability criteria

c c = cos(¢p)a +sin(¢p) b

ng = (c*c) = cos(¢)? ata + sin(¢)? bTh + cos psin (a™b + bTa)

- Check that this term is zero.
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