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superfluidity

[Helium II] … possesses a number of peculiar properties, the most 
important of which is superfluidity discovered by P.L. Kapitza…

Landau (1941)
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Kapitza: 1894-1984
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The two-fluid model
Superfluid: quantum ground state, density ρs, velocity vs

no viscosity, no entropy, Euler fluid
Normal fluid: thermal excitations, density ρn, velocity vn, 

carries viscosity and entropy, like a Navier
Stokes fluid

Total density 
ρ=ρs+ρn

Landau: 1908-1968
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“Thus, the well-known invariant called 
hydrodynamic circulation is quantized; 
the quantum of circulation is h/m.”

Onsager (1949)

Onsager 
1903-1976
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Except for a few angstroms from the center of 
the core, the laws obeyed are those of classical 
hydrodynamics [e.g., Biot-Savart].

R.P. Feynman: 1918-1988

If … two oppositely directed 
sections of [vortex] line approach 
closely, … the lines  (which are 
under tension) may snap together 
and join connections a new way …

Prog. Low Temp. Phys. 1, 17 (1955)
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High-intensity vortex structures in 
homogeneous and isotropic turbulence 
(Vincenti & Meneguzzi 1991)

Vortex tangles (“superfluid turbulence”)  by Tsubota, 
Araki & Nemirovskii 2000); pioneering simulations by 
K.W. Schwarz (1985)
Microscopic details of reconnection were explored 
by J. Koplik and H. Levine, Phys. Rev. Lett., 71, 
1375 (1993), by solving the nonlinear Schrödinger
equation with quadratic nonlinearity ─ which is a 
good model for wavefunction in BEC.

not observed until now experimentally
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R.P. Feynman, Prog. Low Temp. Phys. (1955)

technique not suitable for 
visualizing tangled vortices
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A brief history of particle development for cryogenic helium

1. Chopra & Brown (1957)
Hydrogen and deuterium mixture into liquid helium through a heated nozzle, mm size particles which stick to 
end of walls
2. Chung & Crtichlow (1965)
Particle of the size of a few hundred microns
3. Kitchens, Steyert & Taylor (1965)
20-100 μm particles
4. Murakami & Ichikawa (1989) and Nakano & Murakami (1992)
Hydrogen particles of a few microns in size; somewhat uncontrolled; used for LDV
5. White, Karpetis & S (2002) and Donnelly, Karpetis, Niemela, S, Vinen, White (2002)
Polydispersed hollow glass spheres, using sedimentation to select particles of the size of a few microns for 
PIV measurements
6. Celik & Van Sciver (2002); Zhang & Van Sciver (2005)
10μm particles; also micron sized particles for which clustering is a big problem
7. Boltnev, Frossati, Gordon, Krushinskaya, Popov & Usenko (2002)
Dilution of hydrogen with large amounts of helium; can yield submicron particles

What kind of particles?
PIV using neutral particles of frozen mixtures of helium and 

hydrogen, of the order of a micron in size
Bewley, Lathrop & S, Nature 441, 558 (2006); Experiments in Fluids

(to appear, 2007)
Bewley, Poaletti, S and Lathrop, PNAS (submitted), 2007

Greg Bewley
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Panel (a) shows a suspension of hydrogen particles just above the transition temperature.  
Panel (b) shows similar hydrogen particles after the fluid is cooled below the lambda point.  
Some particles have collected along branching filaments, while other are randomly distributed 
as before.  Fewer free particles are apparent in (b) only because the light intensity is reduced 
to highlight the brighter filaments in the image.  Panel (c) shows an example of particles 
arranged along vertical lines when the system is rotating steadily about the vertical axis. The 
spacing of lines is remarkably uniform, although there are occasional distortions of the lattice 
and possible points of intersection. G.P. Bewley, D.P. Lathrop & K.R.S., Nature 441, 558 
(2006). Volume fraction ≅ 3X10−5

~10 mK above Tλ

~10 mK below Tλ

50 years later…
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Feynman’s rule
nt ≅ 2000Ω

s

s

s√3



Copyright K.R. Sreenivasan 2007



Copyright K.R. Sreenivasan 2007

sphere is trapped by vortex

For a discussion of interaction between the fluid and particles in He II, 
see Sergeev, Barenghi & Kivotides, Phys. Rev. B 74,184506 (2006); 
the simulations shown are by these authors.
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sphere escapes vortex
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The ratio of the mutual friction force per unit length of a vortex to the drag on a 
particle trapped on the line. At about 2.17 K, the particle drag is equal to mutual 
friction if neighboring particles are about ten diameters apart.
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~100 diameters apart,
a few percent effect!



Copyright K.R. Sreenivasan 2007

o

t > tot = to

’ ’

The cores of reconnecting vortices at the moment of reconnection, t0, and after 
reconnection, t > to. The small circles mark the positions of particles trapped on 
the cores of the vortices. The arrows indicate the motion of the vortices and 
particles.  We measure the distance between two particles at different times. 
Critical element in numerical simulations; for the classical case, see Kerr & 
Hussain, Physica D 37, 474 (1989).
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a

b

c
1 mm

Each series of frames in (a), (b) and (c) are images of hydrogen particles suspended in liquid helium, 
taken at 50 ms intervals. Some of the particles are trapped on quantized vortex cores, while others are 
randomly distributed in the fluid. Before reconnection, particles drift collectively with the background flow 
in a configuration similar to that shown in the first frames of (a), (b) and (c). Subsequent frames show 
reconnection as the sudden motion of a group of particles. In (a), both vortices participating in the 
reconnection have several particles along their cores. In projection, the approaching vortices in the first 
frame appear crossed.  In (b), particles make only one vortex visible, the other vortex probably has not 
yet trapped any particles. In (c), we infer the existence of a pair of reconnecting vortices from the sudden 
motion of pairs of particles recoiling from each other. 

movie



Copyright K.R. Sreenivasan 2007

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
0

2

4

6

8

10

12

14

16

18

scaling exponent

co
un

t
candidate reconnections  
random pairs (normalized)

Histogram of the scaling exponents for the data in previous figure, as well as those found 
for randomly chosen particle trajectories.  We normalized the histogram for the random-pair 
data to have the same area beneath it as the histogram for the experimental data.  The 
mean value of the scaling exponents for the candidate reconnections is ½, as indicated with 
a vertical dotted line. 

σ’(t) ~ (t-t0)α

dimensional analysis
α = 0.5
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v = κ(t − t0)0.5

p(v) ~ |v|−3

from AR06 by Paoletti
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Particles are not always passive tracers!
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Summary remarks
1. Using helium as working fluid, it has been 

possible to extend parameter regimes of 
classical fluid dynamic experiments as never 
before.

2. Using neutral particles of hydrogen-helium 
mixture, it has been possible to visualize 
superfluid vortex lines and rings, and study 
their properties such as reconnection and 
decay.

3. These particles are not always passive so 
there is more work to be done. Interesting 
problems of particle-vortex interactions need 
to be studied further.
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Niemela, Skrbek, S & Donnelly, Nature 404, 837 (2000) 
Slightly revised: Niemela & S, J. Low Temp. Phys. 143, 163 (2006)

[Pioneers: Threlfall (Cambridge); Libchaber, Kadanoff and coworkers (Chicago)]

Latest theoretical bound for the exponent (X. Wang, 2007): 1/3 for Pr/Ra = O(1) 

(Previous work on bounds: Howard, Malkus, Constantin, Doering, …)
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What next?
1.Dynamics of superfluid turbulence 
(with Donnelly, Niemela, Skrbek, Vinen)

2. Superfluidity of He3 and turbulence
3. Turbulence of condensates
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Thank you for 
your attention


