
0.0 0.5 1.0 1.5 2.0
t/⌧L

0.0

0.2

0.4

0.6

0.8

1.0

N
tr

a
p

p
/N

p

ap = 4⇠, M = 1, Np = 200

ap = 4⇠, M = 0.25, Np = 200

ap = 4⇠, M = 2, Np = 200

ap = 10⇠, M = 1, Np = 200

ap = 10⇠, M = 1, Np = 80

0.0 2.5 5.0 7.5
0

1

0.0 0.5 1.0 1.5 2.0
t/⌧L

0.0

0.2

0.4

0.6

0.8

1.0

N
tr

a
p

p
/N

p

ap = 4⇠, M = 1, Single trapped

ap = 4⇠, M = 1, Double trapped

ap = 10⇠, M = 1, Single trapped

ap = 10⇠, M = 1, Double trapped

ap = 10⇠, M = 1, Triple trapped

10�3 10�2 10�1 100 101

�ttrap/⌧L

10�7

10�5

10�3

10�1

P
D

F

ap = 4⇠, M = 0.25

ap = 4⇠, M = 1

ap = 4⇠, M = 2

ap = 10⇠, M = 1

/ t�1.67

1.0 1.5
t/⌧L

0

2

|�
|/



�2 0 2

(v � hvi) /c

10�5

10�3

10�1

P
D

F

�5 0 5
(v � hvi) /�v

10�5

10�3

10�1

! < 15 ⌧`/⇡

�10 0 10
(v � hvi) /�v

10�5

10�3

10�1

! > 15 ⌧`/⇡

ap = 4⇠, M = 2

ap = 4⇠, M = 1

ap = 4⇠, M = 0.25

ap = 4⇠, M = 0.13

ap = 10⇠, M = 1

ap = 10⇠, M = 0.25

ap = 10⇠, M = 0.13

Gaussian
/ (v � hvi)�3

vI
s

vC
s

r�

The majority of particles gets trapped and remains 
trapped inside the vortex filaments. 

At large timescales the velocity spectrum is compatible 
with classical lagrangian turbulence7:  

At small timescales the velocity spectrum shows a 
peak due to Magnus effect5 and a scaling compatible 
with vortex reconnections (                      ): 

The PDF of particle velocity, filtered at high 
frequencies, show non-classical power-law tails. 

The initial condition is an ABC flow with 200 particles 
immersed in it. 

We use particles of different masses and different sizes: 

We define the large “eddy turnover” timescale: 

We define the analogous of the classical dissipative 
timescale, where the inter-vortex distance plays the role of 
the Kolmogorov length:

Active particles in free decaying 
quantum turbulence at zero temperature

Umberto Giuriato        Giorgio Krstulovic       
 Université Côte d’Azur, Observatoire de la Côte d’Azur, CNRS, Laboratoire Lagrange, Nice, France

Particles don’t disturb superfluid turbulence

In superfluid helium experiments, particles like 
hydrogen flakes are the main tool used to sample 
quantum turbulence. 1,2 

We study numerically: 
A. Whether the presence of particles modify the     

development of superfluid turbulence. 
B. What is the actual dynamics of particles immersed 

in a tangle of quantized vortex filaments.

Superfluid dynamics
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Motion of particles immersed in a turbulent tangle
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Fraction of particles trapped PDF of the time spent inside vortices 

The presence of particles does not affect dramatically the building-up and decay of 
quantum turbulence.  

The typical picture6 in which the incompressible energy is dissipated into 
compressible and quantum energy is preserved. At the maximum of dissipation the 
inter-vortex distance is minimum and at large scales the vortex tangle is in a 
classical turbulence regime.  

Particles trapped by vortices excite more Kelvin waves, but this does not affect the 
statistical observables.

Large particles are multiply trapped

100 101 102

|!|⌧`/⇡

10�3

10�2

10�1

100

!
2
⌦ |v̂

p
(!

)|2
↵ /✏

m
a
x

/ |!|�1

M = 0.13

M = 0.25

M = 1

100 101 102

|!|⌧`/⇡

10�2

10�1

100

101

102

!
2
⌦ |v̂

p
(!

)|2
↵ /✏

m
a
x

ap = 4⇠ ap = 10⇠

/ |!|�1

M = 1, late

M = 1, straight

M = 1

M = 2

M = 0.25

M = 0.13

Velocity frequency spectrum Probability density functions of the particles velocity

!Magnus =
3

2

⇢1ap
M e↵

p

�
<latexit sha1_base64="Gjk6sD6QtMfbYzK2TgaYJbmWvTQ="></latexit>

vrms =

r
2EI

kin(t = 0)

3
<latexit sha1_base64="WTNRr9Him8G/GN9E6dcjATTGrOs="></latexit>

⌧L =
L/2

vrms
,

<latexit sha1_base64="LE+AFGW0U0Bd5llXnP6/hIWRiNA=">AAACDXicbVDLSsNAFJ3UV62vqEs3g1VwITWpgiIIBTcuuqhgH9CEMJlO2qEzSZiZFErID7jxV9y4UMSte3f+jZO2C209cOFwzr3ce48fMyqVZX0bhaXlldW14nppY3Nre8fc3WvJKBGYNHHEItHxkSSMhqSpqGKkEwuCuM9I2x/e5n57RISkUfigxjFxOeqHNKAYKS155pGjUOLV4Q10AoFwWj+rZunIczhSA8FTwWWWnXpm2apYE8BFYs9IGczQ8MwvpxfhhJNQYYak7NpWrNwUCUUxI1nJSSSJER6iPulqGiJOpJtOvsngsVZ6MIiErlDBifp7IkVcyjH3dWd+pZz3cvE/r5uo4MpNaRgnioR4uihIGFQRzKOBPSoIVmysCcKC6lshHiCditIBlnQI9vzLi6RVrdjnler9Rbl2PYujCA7AITgBNrgENXAHGqAJMHgEz+AVvBlPxovxbnxMWwvGbGYf/IHx+QMvipui</latexit>

ap = 4⇠, ap = 10⇠
<latexit sha1_base64="1DVvLsfkJU+bFR2LnXtmJlTsEEQ=">AAACFHicbVDLSsNAFJ34rPUVdelmsAiCUpJa0I1ScOOygn1AE8JkOmmHziTpzEQsoR/hxl9x40IRty7c+TdO2ixs64ELh3Pu5d57/JhRqSzrx1haXlldWy9sFDe3tnd2zb39powSgUkDRywSbR9JwmhIGooqRtqxIIj7jLT8wU3mtx6IkDQK79UoJi5HvZAGFCOlJc88RZ7DkeoLnsbjq6rzSM+c4TBBXThj2JZ2PLNkla0J4CKxc1ICOeqe+e10I5xwEirMkJQd24qVmyKhKGZkXHQSSWKEB6hHOpqGiBPpppOnxvBYK10YREJXqOBE/TuRIi7liPu6M7tTznuZ+J/XSVRw6aY0jBNFQjxdFCQMqghmCcEuFQQrNtIEYUH1rRD3kUBY6RyLOgR7/uVF0qyU7fNy5a5aql3ncRTAITgCJ8AGF6AGbkEdNAAGT+AFvIF349l4NT6Mz2nrkpHPHIAZGF+/+xCewA==</latexit>

⌧` =
�
`2/✏

�1/3
<latexit sha1_base64="seVmGfztl0ILcUXNs4mWEdfF44U=">AAACFXicbZBNS8NAEIY39bt+VT16CRZBQdqkCnpRCl48VrAqNGnZbCft0s0m7E6EEvonvPhXvHhQxKvgzX/jtuag1RcWHt6ZYXbeIBFco+N8WoWZ2bn5hcWl4vLK6tp6aWPzWsepYtBksYjVbUA1CC6hiRwF3CYKaBQIuAkG5+P6zR0ozWN5hcME/Ij2JA85o2isTunAQ5p2PBDi1BMQ4t4Y27WqB4nmIpae4r0+7rczt3o46pTKTsWZyP4Lbg5lkqvRKX143ZilEUhkgmrdcp0E/Ywq5EzAqOilGhLKBrQHLYOSRqD9bHLVyN41TtcOY2WeRHvi/pzIaKT1MApMZ0Sxr6drY/O/WivF8MTPuExSBMm+F4WpsDG2xxHZXa6AoRgaoExx81eb9amiDE2QRROCO33yX7iuVdzDSu3yqFw/y+NYJNtkh+wRlxyTOrkgDdIkjNyTR/JMXqwH68l6td6+WwtWPrNFfsl6/wLzSZ6n</latexit>

t = 0
<latexit sha1_base64="A4LIqfApEl7NUAwjTOgKLC1IGV0=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9KIUvHisaD+gDWWz3bRLN5uwOxFK6E/w4kERr/4ib/4bt20O2vpg4PHeDDPzgkQKg6777aysrq1vbBa2its7u3v7pYPDpolTzXiDxTLW7YAaLoXiDRQoeTvRnEaB5K1gdDv1W09cGxGrRxwn3I/oQIlQMIpWesBrt1cquxV3BrJMvJyUIUe9V/rq9mOWRlwhk9SYjucm6GdUo2CST4rd1PCEshEd8I6likbc+Nns1Ak5tUqfhLG2pZDM1N8TGY2MGUeB7YwoDs2iNxX/8zophld+JlSSIldsvihMJcGYTP8mfaE5Qzm2hDIt7K2EDammDG06RRuCt/jyMmlWK955pXp/Ua7d5HEU4BhO4Aw8uIQa3EEdGsBgAM/wCm+OdF6cd+dj3rri5DNH8AfO5w/QdY15</latexit>

t = 1.3 ⌧L
<latexit sha1_base64="TWMexoMtJ/JWYr4A246KEp3WYKU=">AAAB9HicbVBNS8NAEN34WetX1aOXxSJ4kJC0gl6UghcPHirYD2hC2Ww37dLNJu5OCiX0d3jxoIhXf4w3/43bNgdtfTDweG+GmXlBIrgGx/m2VlbX1jc2C1vF7Z3dvf3SwWFTx6mirEFjEat2QDQTXLIGcBCsnShGokCwVjC8nfqtEVOax/IRxgnzI9KXPOSUgJF8uHbtqnfuAUm7991S2bGdGfAycXNSRjnq3dKX14tpGjEJVBCtO66TgJ8RBZwKNil6qWYJoUPSZx1DJYmY9rPZ0RN8apQeDmNlSgKeqb8nMhJpPY4C0xkRGOhFbyr+53VSCK/8jMskBSbpfFGYCgwxniaAe1wxCmJsCKGKm1sxHRBFKJiciiYEd/HlZdKs2G7VrjxclGs3eRwFdIxO0Bly0SWqoTtURw1E0RN6Rq/ozRpZL9a79TFvXbHymSP0B9bnDz1SkRg=</latexit>

t = 8.1 ⌧L
<latexit sha1_base64="QhhbXdt683/0sLns6OPtE9YqLzo=">AAAB9HicbVBNS8NAEN34WetX1aOXxSJ4kJBUwV6UghcPHirYD2hC2Ww37dLNJu5OCiX0d3jxoIhXf4w3/43bNgdtfTDweG+GmXlBIrgGx/m2VlbX1jc2C1vF7Z3dvf3SwWFTx6mirEFjEat2QDQTXLIGcBCsnShGokCwVjC8nfqtEVOax/IRxgnzI9KXPOSUgJF8uK7arnfuAUm7991S2bGdGfAycXNSRjnq3dKX14tpGjEJVBCtO66TgJ8RBZwKNil6qWYJoUPSZx1DJYmY9rPZ0RN8apQeDmNlSgKeqb8nMhJpPY4C0xkRGOhFbyr+53VSCKt+xmWSApN0vihMBYYYTxPAPa4YBTE2hFDFza2YDogiFExORROCu/jyMmlWbPfCrjxclms3eRwFdIxO0Bly0RWqoTtURw1E0RN6Rq/ozRpZL9a79TFvXbHymSP0B9bnD0UckR0=</latexit>

⌦
|v̂p(!)|2

↵
/ |!|�1,

<latexit sha1_base64="7YQ5mMnR+125Xa5fYV2BS8M/MPY="></latexit>

vrec /
p

/|t� t0|
<latexit sha1_base64="UWDUX2K2+cY5ZdjvTawaUPJktzA=">AAACE3icbVDLSgNBEJyNrxhfqx69LAZBBONuFPQkAS8eI5gHZMMyO5kkQ2Z3xpneQNjkH7z4K148KOLVizf/xsnjoIkFDUVVN91doeRMg+t+W5ml5ZXVtex6bmNza3vH3t2rapEoQitEcKHqIdaUs5hWgAGndakojkJOa2HvZuzX+lRpJuJ7GEjajHAnZm1GMBgpsE/6gR9h6KooVZSMfKmEBOHrBwWp38NS4rMhnELgDkeBnXcL7gTOIvFmJI9mKAf2l98SJIloDIRjrRueK6GZYgWMcDrK+YmmEpMe7tCGoTGOqG6mk59GzpFRWk5bKFMxOBP190SKI60HUWg6x/freW8s/uc1EmhfNVMWywRoTKaL2gl3QDjjgJwWM0EAHxiCiWLmVod0scIETIw5E4I3//IiqRYL3nmheHeRL13P4siiA3SIjpGHLlEJ3aIyqiCCHtEzekVv1pP1Yr1bH9PWjDWb2Ud/YH3+ACcxn40=</latexit>

⌦
|v̂p(!)|

2
↵
= B✏!�2, B = O(1)

<latexit sha1_base64="7J1nJUW6Uq3XPhuvunxdjfpCp6c="></latexit>

ap = 4⇠
<latexit sha1_base64="nvJi5436Ir6q0DUJQKM5+NkRnoY=">AAAB+nicbVDLSgMxFM34rPU11aWbYBFclZla0I1ScOOygn1AZxgyaaYNTTJDklHL2E9x40IRt36JO//GTDsLbT0QOJxzL/fkhAmjSjvOt7Wyura+sVnaKm/v7O7t25WDjopTiUkbxyyWvRApwqggbU01I71EEsRDRrrh+Dr3u/dEKhqLOz1JiM/RUNCIYqSNFNgVFHgc6ZHkWTK9bHiPNLCrTs2ZAS4TtyBVUKAV2F/eIMYpJ0JjhpTqu06i/QxJTTEj07KXKpIgPEZD0jdUIE6Un82iT+GJUQYwiqV5QsOZ+nsjQ1ypCQ/NZB5TLXq5+J/XT3V04WdUJKkmAs8PRSmDOoZ5D3BAJcGaTQxBWFKTFeIRkghr01bZlOAufnmZdOo196xWv21Um1dFHSVwBI7BKXDBOWiCG9ACbYDBA3gGr+DNerJerHfrYz66YhU7h+APrM8fYieUEA==</latexit>

ap = 10⇠
<latexit sha1_base64="rBSvsx9a6vkHEIU6NosidSyj8ZI=">AAAB+3icbVDLSsNAFJ34rPUV69LNYBFclaQKulEKblxWsA9oQphMJ+3QmUmYmUhLyK+4caGIW3/EnX/jpM1CWw8MHM65l3vmhAmjSjvOt7W2vrG5tV3Zqe7u7R8c2ke1ropTiUkHxyyW/RApwqggHU01I/1EEsRDRnrh5K7we09EKhqLRz1LiM/RSNCIYqSNFNg1FHgc6bHkWZLfuI43pYFddxrOHHCVuCWpgxLtwP7yhjFOOREaM6TUwHUS7WdIaooZyateqkiC8ASNyMBQgThRfjbPnsMzowxhFEvzhIZz9fdGhrhSMx6aySKnWvYK8T9vkOro2s+oSFJNBF4cilIGdQyLIuCQSoI1mxmCsKQmK8RjJBHWpq6qKcFd/vIq6TYb7kWj+XBZb92WdVTACTgF58AFV6AF7kEbdAAGU/AMXsGblVsv1rv1sRhds8qdY/AH1ucP0YCURw==</latexit>

No particles

L = 341⇠
<latexit sha1_base64="u3FndOtccF+tVwNavNWzEkbOvWM=">AAAB73icbVA9SwNBEJ3zM8avqKXNYhCswl0S0EYJ2FhYRDAfkBxhb7OXLNnbPXf3xHDkT9hYKGLr37Hz37hJrtDEBwOP92aYmRfEnGnjut/Oyura+sZmbiu/vbO7t184OGxqmShCG0RyqdoB1pQzQRuGGU7bsaI4CjhtBaPrqd96pEozKe7NOKZ+hAeChYxgY6X27WWl6nWfWK9QdEvuDGiZeBkpQoZ6r/DV7UuSRFQYwrHWHc+NjZ9iZRjhdJLvJprGmIzwgHYsFTii2k9n907QqVX6KJTKljBopv6eSHGk9TgKbGeEzVAvelPxP6+TmPDCT5mIE0MFmS8KE46MRNPnUZ8pSgwfW4KJYvZWRIZYYWJsRHkbgrf48jJplktepVS+qxZrV1kcOTiGEzgDD86hBjdQhwYQ4PAMr/DmPDgvzrvzMW9dcbKZI/gD5/MH0KGPKA==</latexit>
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