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» Experimental results on superfluid turbulence in He 3 B

« New class of superfluid turbulence: Onset of turbulence
independent of the Reynolds number.

» Results of numerical simulations
» Theoretical model for vortex instability

« Competition between multiplication and removal of vortices.

 Mutual-friction controlled onset of turbulence.



Supertluid turbulence. Results.
[ Finne et al., Nature 424, 1022 (2002)]

@ Q QB pr&ase
0 oundary @
SHe-B QzQ
AB phase
boundar
T vortex 0 y
vortex-free super- seed loop b
flow in initial state 3He-B

Y- 1 | 2 5 ‘
O kel Y
1.5 n "an :-. i Q) 3 a ° DE“E%
LR TR &,
vortex tangle e R @ oe B vortex loop
in transient state ~ 1:4/"." ¥ EEERT §“anﬁ’f;°u meilel  expanding
w | ° - ° ! = d g a o
§ ° . t. 05 3 o5 3 ¢
813 Ce ket gl nuﬂm%é
c - . P g
[ | o Q
. " W N ° 4B 8
EAEEE N A Na»
(Y o.gﬁ' : of
s | % b
p=29.0 bar o o §
1.1+ o regular % o @ 2
= turbulent | 8

L L L { L I

04 045 05 055 06 065 07 075

equilibrium rotation with e vortex line
vortex lines in final state turbulent  <——  regular in final state



Forces on vortices

Magnus force

FM — KRpPs (VS_VL) X Z

Force from the normal component

+kpsd' Z X (Vi — VL)
Circulation quantum
k= 2mh/m"

Mutual friction parameters d, d’



Force balance for rectilinear vortex
FM1+ N =0

VL:V3+a/(Vn—V3)+(X2>< (Vi — Vs)
Hall and Vinen mutual friction parameters
d p 1—d
o= oL l—a' = 5 5
d° 4+ (1 —-d') dc+ (1 —d)
Important parameter

a d
1—ao 1—4d
Mutual friction force on the superfluid

q:

Fs, = — Z FM — —npkpsa (Vs — vp) + nLﬁ;psa’ [Z X (Vs — Vn)]
Li



Numerical simulations

e The evolution is integrated from (Schwartz 1988)

A point on the vortex axis s = s(&,t), where £ is the arc
length, s’ = 9s/0¢, § = ds/dt = v,

The local superfluid velocity vg includes all the Biot-Savart
contributions

K [ (s
sl( )— %47r /LZ |

The boundary conditions with image vortices are used.

— 1) X ds;

S; —I‘|3

e \ortex interconnections for crossing vortices.



Numerical results: High temperatures, high friction

Rotation velocity

2 =0.21 rad/s

“Superfluid Reynolds number”

UsR
Re;, = > = 30

K
Temperature and the correspond-

ing MF parameters

T=08T.,, q=8.4

Evolition time




Numerical results: Low temperatures, low friction

Rotation velocity and Reynolds
number

2 =0.21 rad/s, Res = 30

Temperature and MF param-
eters

T=0417., ¢q=0.19
Evolution time

tfin = 160 s




Numerical stmulations of vortex evolution
n a rotating container

1=0.4 T,
g=0.19




Model for the onset of turbulence

[N.K., PRL 92, 135301 (2004)]

Vortex velocity
VL:(l—a/)VS—aCDvaS, QJS:VXVS
a and o are the mutual friction parameters.

Competition between vortex multiplication and their
extraction into the bulk.

n ~ £=3 is the 3D vortex density, ¢ is a loop size,

L = ¢n ~ =2 is the line density.

Multiplication due to collisions and reconnections
h+ = A’l)L”nQeQ = L+ ~ (1 — a/)vsL3/2

Extraction due to inflation

b ~vp | ~ovs = Lo~ —avsL3/2



In total
[ =15y+L_=puL3?
Here
B=A(l-d)-Ba=(1-a)B(g—q),
(8%

11—

The superfluid velocity vs >~ Us — vg.

Gge = A/B ~ 1, 1—a' >0

q

The counterflow velocity Us.
The self-induced velocity vg ~ /€ ~ kL1/2.

Finally,

= 8 [UsL3 — w17

Similarly to the Vinen equation, (Vinen 1957).



Other approach: the vorticity equation

Navier—Stokes equation

Z—:+VM:VXW+VV2V,¢0=VXV

The vorticity equation
ow

E=V><[V><w]—|—uv2w

In superfluids: mutual friction force instead of viscosity

an = —a’ps[vs X ws] —|— O&ps[d)s X [QJS X VS]]

OWg

ot
Avarage over random vortex loops assuming wg ~ kL

= (1 —-a')V x [vs X ws] + aV x [@s X [ws X Vs]]

dL/dt = BvsL3/%2 = 3 [USL3/ 2 _ K;LQ}
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Mutual friction parameters in He-3 B
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[ Hook, Hall, et al. (1997)]

Microscopic theory
[NK, Rep. Prog. Phys. (2002)]

1 1-d 1-4d;

— = = WQTeff
q (@ dH

Distance between the CdGM bound
states in the vortex core

wo ~ A?/Ep
Effective relaxation time
Topt ~ T (Te) exp(—A/T)
Thus

g ~ woterr ~ (A/Te)? exp(A/T)



Vortex instability

Finally

dL OF 1 53 2 5/2]
—=_"" F=8|=kL3-ZUL

dt oL B3~ 5 °

Two regimes of evolution:

e >0, i.e., qg<gqc low T.
Stable solution

Lmaz ~ USQ/HJQ > Lo =20 /k

= Instability towards turbulent vortex
tangle.

e 30, i.e., g>qc higherT.
Stable solution

L — 0

= NoO multiplication.
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Superfluid turbulence in other systems

« He-3 A: High vortex friction; g>>1 except for very low
temperatures 7<<T,.
No turbulence.

« Superconductors: High vortex friction; g>>1 except for
very clean matenials, [>>(E. /T )&, and low temperatures.
No turbulence.

* Superfluid He II: Low vortex friction: g<<1 except for
temperatures very close to 7, .
Unstable towards turbulence.



Future projects in supertluid turbulence

AB phase
boundary

| T I T I /_ J T
T=058T, b
Q=1.54 rad/s

vortex-free super-
flow in initial state

Most challenging problems:
» Evolution and decay of
developed superfluid

turbulence.

» Interconnection between
superfluid and classical
turbulence

vortex tangle
in transient state
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Summary

Onset of superfluid turbulence is independent of velocity for Re,>>1.

Turbulence inducing (inertial) and stabilizing (dissipative) terms in the
dynamic equation have the same scaling.

Competition between inertial and dissipative terms is controlled by
mutual friction.

Low friction regime is turbulent while high friction regime is not.
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