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Abstract: Turbulent radiation flow is ubiquitous in many physical systems where light-matter interaction becomes relevant. Photon bubble
instabilities, in particular, have been identified as a possible source of turbulent radiation transport in astrophysical objects such as massive stars and
black hole accretion disks. Here, we report on the experimental observation of a photon bubble instability in cold atomic gases, in the presence of
multiple scattering of light. A two-fluid theory is developed to model the coupled atom-photon gas and to describe both the saturation of the
instability in the regime of quasi-static bubbles and the low-frequency turbulent phase associated with the growth and collapse of photon bubbles
inside the atomic sample. We also employ statistical dimensionality reduction techniques to describe the low-dimensiona nature of the turbulent
regime. The experimental results reported here, along with the theoretical model we have developed, may shed light on analogue photon bubble
instabilities in astrophysical scenarios. Our findings are consistent with recent analyses based on spatially resolved pump-probe measurements.
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Cold atoms as astrophysics simulators

Cold atoms in MOTs = effective plasmas
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Cold atoms as astrophysics simulators

Cold atoms in MOTs = effective plasmas
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Cold atoms as astrophysics simulators

Astrophysics: we assume a polytropic equation of state
Hi~ind

“Star” equilibrium: Generalized Lane-Emden equation 0 = n/n
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H. Tergas and J.T. Mendonga, PRA 88, 023412 (2013)
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Cold atoms as astrophysics simulators

Astrophysics: we assume a polytropic equation of state
P~nY

“Star” equilibrium: Generalized Lane-Emden equation 0 = n/n
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Cold atoms as astrophysics simulators

Theory Experiments

il e |
f}/czdc(cm dc)—ﬂaﬂ_o

0 15 0 el 3 0 =
—pd a] ) Al e =28 11O LIT 2 =20 IO D!

1.5
i 0 0 0
Siili{1d Bt BT B s o e S B R e KR 2
2 % Radius (mm)
g V-
=013
=
oT
1.1
1
0 0.2 0.4 0.6 0.8 il
Universal parameter & Radius (mm) Radius (mm) Radius (mm)

J. D. Rodrigues et al, PRA 93, 023404 (2016)

Pirsa: 22070022 Page 8/31



Photon bubbles

Astrophysics: Radiation
trapping leads to slow diffusion
of light inside massive stars

Scape time: 7 ~ 1000 years

T Cold atoms: Radiation trapping due

to multiple scattering of photons (near
resonance)
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G. Labeyrie et al, PRL 91, 223904 (2003)
G. Labeyrie et al, Ap.P.B 81,1001 (2005)
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Photon bubble instability

Mendong¢a—Kaiser instability: radiation diffusion
near resonance causes density instabilities in the atoms
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Photon bubble instability

Mendon¢ca—Kaiser instability: radiation diffusion
near resonance causes density instabilities in the atoms
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Photon bubble instability

Mendong¢a—Kaiser instability: radiation diffusion
near resonance causes density instabilities in the atoms
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Oscillating bubbles, Re(w) # 0

Looking for instabilities near the plasma mode: w ~ w, + 6, with § < w,
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Static bubbles, Re(w) = 0

Purely growing modes, |Im(w)| < w;

Im(w) = % — (Dog* +70)
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Static bubbles, Re(w) = 0

Purely growing modes, |Im(w)| < w;

Im(w) = % — (Dog* + 7o)
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Photon bubble instability threshold

The threshold for the MK instability can be described in terms of
the local “intensity curvature”
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Photon bubble instability threshold

The threshold for the MK instability can be described in terms of
the local “intensity curvature”
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Photon bubble instability threshold

The threshold for the MK instability can be described in terms of
the local “intensity curvature”
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Experimental evidence I

Our first attempt to observe photon bubble turbulence (3D case)
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Experimental evidence I

Our first attempt to observe photon bubble turbulence (3D case)

Photon Bubble Turbulence in Cold Atomic Gases
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Experimental evidence I
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Experimental evidence I

First attempt to observe photon bubble turbulence: integrated (3D case)
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Experimental evidence I

We could observe three different regimes
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Experimental evidence I: 3D imaging

Transition from static to oscillating bubbles (turbulence)

v)
I I I I I I
5 08l s
G i no 7
’D b 4
E 0.6 i |
posf —
% 02F 1 1 T
a v [ P
0 ; 0.8 [ .
3 E
Radius (mm) 0.6 | ML
' [ PBT ]

o
NN
™

o
[\~
T

[1-QSB

l=}
T

Atom Depletion dn/ny

P [T il R L

-3 -2.5 -2 -1.5 1 e 3
Detuning 4 (I')

J.D. Rodrigues et al, Atoms 10, 45 (2022)

Pirsa: 22070022 Page 24/31



Experimental evidence II: 2D imaging

Second attempt: a direct (2D) observation of the bubbles
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Experimental evidence 1I: 2D imaging
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Experimental evidence 1I: 2D imaging

Calibration of the pump time: outer atoms are pumped away and OD saturates.
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Experimental evidence 11

Turbulence signature 1: fluctuations become stronger near resonance
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Experimental evidence 11

Second attempt: a direct (2D) observation of the bubbles

Turbulence signature 2: spatial auto-correlation emerges
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Experimental evidence 11

Auto-correlation: comparison with the photon bubbling theory
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