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Helium II -

SUPERFLUID NORMAL FLUID

thermal excitations

@ ~ condensate

e phonons

o related to BEC e rotons (1.5K < T < 2.1K)

@ Ps,Vs @ Pn,Vn
@ no entropy @ entropy s#0
e inviscid v =0 e viscosity v, ~1078m?/s

@ ~ FEuler fluid @ ~ Navier-Stokes fluid
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Helium II vs BECs:

LENGHTSCALES He II BECs
vortex core ap ~1071%m &~ pum
mfp excitations Amfp~107m+10""m | App SD
intervortex distance ¢~10""m+10""m (<D
system size D~10""m+10"m D~ 100um
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Helium II vs BECs:
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Helium II vs BECs:

@ continuum mechanics
_ Ampp
prob

Kn <0.01

o T=1.5K, dyop>0.2 um
o T=21K, dpp>0.02 um

@ > dyop

@ 1> dyrop

solid H/ D, tracking particles
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Helium II -

o topological defects of the superfluid

e one-dimensional structures ay ~ 1A
e /~10%m +10"°m
e D~102m + 10°m

w; =V x v confined to vortex lines s((, t)

Wy(x% 1) = K f §'(¢, 06" x—s((, 1) d¢
<L

circulation quantized, x = h/m= 107"m?2/s

dag

o K 8D xx=s{ 0]
e T e
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@ w; =V xvgconfined to vortex lines s((, 1)

Wy(x% 1) = K f §'(¢, 06" x—s((, 1) d¢
<L

@ circulation quantized, xk = h/m= 107"m?/s

K y{ S’(C,t)X[x—S((,t)]d(
&

° Vs(x, ) =V — x—s(, 03

vortex-lines scattering centres for thermal-excitations

J

mutual friction force F,;s o (v;, —Vy), (§—V)
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Mutual Friction Force F,;:

The rotation of liquid helium 11

II. The theory of mutual friction in uniformly rotating
helium 1t

By H. E. HaLn axp W. F. VINEN
The Royal Society Mond Laboratory, University of Cambridge

Proc. R. Soc. London A 215, 215 (1956)

Mutual Friction in Bosonic Superfluids: A Review

Yuri A. Sergeev’

J. Low Temp Phys 212, 251 (2023)
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Helium II - Mutual friction force

@ pioneering work Hall & Vinen (1956)
o probed lengthscales A > ¢
o friction coefficients calculation
o HVBKEqgs.

@ Schwarz (1978)
e probed lengthscales § < ¢
e no backreaction of vortices on v,
o vu(x, 0=V, ,VFM, 1-WAY

@ Barenghi et al. (1999)
o probed lengthscales § < ¢
e backreaction of vortices on vy,
e v,(x,1) ,VFM + NS, 2-WAY
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Helium-II: models

odeling superfluid helium

sortex spatal Scales
discrotisation
Vortex core size mean inter-vortex box size system size
3 J 4 H
T=0 — -
- )
J
p
Vortex filament
g &
2 Coupled Navier-Stokes
o and vortex filament
g method
£ (FOUCAULT)
K i S
Projected Gross- (HVBK)

Pitaevskii

\

T=217K

Classical fluid (Navier-Stokes)

credits: Giorgio Krstulovic
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FOUCAULT

Fully cOUpled loCAl model of sUperfLuid Turbulence

@ more realistic classical model of F;

@ distribution of F,,; on v, grid points
physically motivated

@ higher parallelisation
solve wider range of scales

USE tools from Classical Turbulence
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[Kivotides, Phys. Rev. Fl. 3, 104701 (2018)]
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: fully coupledlocal model

o classical, low-Reynolds fluid dynamics
[Kivotides, Phys. Rev. Fl. 3, 104701 (2018)]

fpox (v, —8) ~ Stokesdrag
vortex locally ~ cylinder
e Re>»>d>ay

o Re=Vn 8% 45, 404
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: fully coupledlocal model

o classical, low-Reynolds fluid dynamics
[Kivotides, Phys. Rev. Fl. 3, 104701 (2018)]

o fpx (v,—8) ~ Stokesdrag
e vortexlocally ~ cylinder

e Re>»>d>ay
v,—$
o Re=Vn=81%0 105104
Vn
o fp=D(v,-$) , D= ARPnV

[%—Y—log( ‘Vniv;flao ”
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: fully coupledlocal model

o classical, low-Reynolds fluid dynamics
[Kivotides, Phys. Rev. Fl. 3, 104701 (2018)]

o fpx (v,—8) ~ Stokesdrag
e vortexlocally ~ cylinder
e Re>»>d>ay

v,—$
o Re=Vn =819 155 40
Vn
APV

o fp=D(wv,-8), D= [é—y—log(w"ﬁvjlaﬂ”

OfD+f]+fM =0
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: fully coupledlocal model

o classical, low-Reynolds fluid dynamics
[Kivotides, Phys. Rev. Fl. 3, 104701 (2018)]

o fpx (v,—8) ~ Stokesdrag

e vortexlocally ~ cylinder

e Re>»>d>ay

o Re=Vn =819 155 40
Vn

APV

o fp=D(wv,-8), D= [é—y—log(w"ﬁvjlaﬂ”

OfD+f]+fM =0

@ $=vs+fs x (v,—vy) + s’ x§' x (v, —vy)
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: fully coupledlocal model

classical, low-Reynolds fluid dynamics
[Kivotides, Phys. Rev. Fl. 3, 104701 (2018)]

o fpx (v,—8) ~ Stokesdrag
e vortexlocally ~ cylinder
e Re>»>d>ay

o Re= V2 78l% 105, 104
Vn
APV ]
EE =)

e fp=D(Wv,-8), D=

fD+f]+fM = 0

é:Vs"',BSIX (Vn_Vs)"'ﬁ,s,Xs’ X (Vi —Vg)

o bn X

’

Ps  Vn




: fully coupledlocal model

o classical, low-Reynolds fluid dynamics
[Kivotides, Phys. Rev. Fl. 3, 104701 (2018)]

fpox (v, —8) ~ Stokesdrag
vortex locally ~ cylinder
e Re>»>d>ay

o Re=Vn 8% 45, 404

Vn

e fp=D(Wv,—8) , D=

APV ]
[1-y-log(“4 >0}

OfD+f]+fM =0

@ $=vs+fs x (v,—vy) + s’ x§' x (v, —vy)

LG, CFB, AWB, GK,

o Pn K o = Vi, —S8lao Eur. Phys. J. Plus 135, 547
T T n——
os Vn vy, (2020)
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: fully coupledlocal model

° v,(x,7) self-consistently with NSEqs. + tangle {s;(0)}_, y,

PGy Ry, + f 5(x—$)fs(8)dE |
p £

Vn

ot

On + (V- V)vy,

Vv, = 0
wor1fus(si)
0,1,1) .
A (L1
() winifus(si)
woo1fas(s:) wioifus(si) /¥
(0,0,1) Lo/
.
47 S
Fua (0 o
wor0fas(i) S5
(0,1,0) g (1,1,0)
& wiofas(s:)
. .
o Si—1 [ iy
0,000 @ (1,0,0)

R T
wonofis(5:). w100 (5:)
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: fully coupledlocal model

o v,(x,1) self-consistently with NS Egs. + tangle {si® 1, n,

—%Vp+nV2vn+ Y SIx—si(DIF (05

i=1,..,Np

Vn

ot

On + (V- V)vy,

Vv, = 0

wor1fas(si)
0,1.1)
A (L1
L) wi1fus(si)
woor Fus(s:) wiofus(s:) /7
(0,0,1) (1,0,1), :
-“
4 S
fm?(‘{j'
worofus (i) S5
(0,1,0) i (1,1,0)
wyofus(s:)
) ;
o Si—1 2y
0,00 @ (1,0,0 M’r

)
wooofns(si)e" wioofas(s:)
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: fully coupledlocal model

° v,(x,7) self-consistently with NSEqs. + tangle {s;(0)}_, y,

ov, On .
— 2 i
Pn|r+ WnVIVp| = == ZVp+nVivp+ Y Slx—si(0If(D5;
p =1oNp
Vv, = 0
wif(s)
o l,U(”u,X (0,1,1) .
1 ... “"lllfn-‘»(sl)
— woo1fus(si) wiorfus(si) /%
° Z Weny = 1 (0,0,1) won/ i
{ux=0 4
; AT Sitp
@ nearest neighbours £ (50
tri-linear extrapolation mututio] 7 Si
b4 - (1,1,0)
o Filtering ri0fas(s)
° movin‘g avg Npjeer points Oy M
o Gaussian kernel 0,00 @ (1,0,0) -
wooofus(s:)e” wigofas(s:) v

0 = NgjerAXx



Classical modeling of Fys
00000000

: fully coupledlocal model

@ physically consistent regularisation

@ active matter systems
strongly localised response of
point-like agents
e particles (PIV, PTV)
o bacteria
e swimmers
[Gualtieri et al. , J Fluid Mech 773, 520 (2015)]
[Gualtieri et al. , Phys Rev F12, 034304 (2017)]

@ Re~107%4+107°

@ generation localised vorticity w,

o diffused by viscosity v,
[LG et al., Eur. Phys. J. Plus 135, 547 (2020)]

o\

MO

€R
/




Process 0

Vn (X, tn)

ical modeling of Fys
00000000

iProcess 1}

Y
{si(tn)} isTORED)

s ({si(tn-r)}) » {siltn-r)},
glx = {si(ta-r)}.€r]

I [Eags. (41) - (44)]

Fs(X,ta)

MPI

[Futecn

16000.




CI:

cal modeling of Fp5

0O00000e0

Process 0

Vn (X, tn)

e v,(x,1) on 5123

e past: 1283 (40%)

MPI

iProcess 1}

Y
{si(tn)} isTORED)

s ({si(tn-r)}) » {siltn-r)},

glx = {si(tn-r)}.€r]
I [Eags. (41) - (44)]

Fs(X,ta)

———————| Fus(x,tn)

MPI

Jime: 2317,

16000.
Jaopo. &

Normal fluid enstrophy



CI. modeling of Fy
00000000

Process 0 iProcess 1
\

{s:(tn)} s1omn
fus({si(tn-r)}) ; {si(ta-r)} .
b= it el

U [Eqs. (41) - (44)]

Fs(X,ta)

Vn (X, tn)

oo

Jime: 2317,

e v,(x,1) on 5123
e past: 1283 (40%)
o N, ~2x10°

e wider range of scales




Classical modeling of Fys

0O000000e

Shrinking vortex ring in quiescent normal fluid

Imaging quantized vortex rings in superfluid
helium to evaluate quantum dissipation

[Tang et al, Nat Comms 14, 2941 (2023)]

d 150 "
Tuning range:
2W model
S2W model
’E‘1OO E
2

® Exp. data \
—— Best fit (S2W)
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Helium II -

e He Il thermically driven ) v
- heater placed in a channel 2 SISV

n
- 0 U l
- AT = Ap=psAT 5}3@5"‘?}?‘,&“

S
1072
1073 }.75/3 AN
N

~e
m \\\

1074 \
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N
\\
107° -
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He II Thermal Flows
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o He Il thermically driven
- heater placed in a channel
- AT = Ap=psAT
- normal fluid transports heat , v,, = v;
- Vps =V —Vs=q/(Tpss)
- Laminar-TI-TII

® Giamx VT , Gurx vrl/m

@ Dissipation Excess
En(k) ~ k_m, m>5/3
[Gao et al., Phys Rev B (2017)]

o TI-TIItransition
[Tough, Superfluid Turbulence (1982)]

@ large turbulent intensity
[Gao et al., Phys Rev B (2017)]

> v
Cao,) YY)

1074 \
N
N
\\
107° -
10 10? r 10° 10

[Barenghi et al., Sci Rep (2016)]
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Helium II -

Motivations

Helium IT counterflows studied since 1957, nonetheless:

statistics of v, fluctuations
more information needed on v; (profiles)

only coarse-grained information on L(x)

© ©6 ©0 ©

more insight is needed to interpret
Particle Tracking Velocimetry Exps.

[LG et al, arXiv:2501.08309 (2025) ]
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COUNTERFLOWS:

\wn x)[*
l’gzls) =0.27cm/s 0 QKx) = —5— ] llglzs) =0.94cm/s

167 ,ll
A

LW =7.2x10%cm™2 ® Avplx,2) = T o I¥=11x10%*cm™?
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T=1.5K v =0.27cm/s v? =0.94cm/s
10°
102
é 10
a
10 15 1’)‘-815
@ 0,~20,

o 512 =1i—T7 ° 0.>0. o bUi=1f

@ 0,>0y
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T=15K v =0.27cm/s

o 7, = 6m/|kLIn(L"?ay)|

e T¥=~1,/10
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T=1.5K v =0.27cm/s

_’/ﬂﬂﬁm——f—'

avi
-0.15 -0.10 -0.050 00 0050 0.10 0.15

wV =190um < ¢ =370um

f X — 80| |6V ,|* dxdz
— S

ow
f 6%, dxdz o w? =140pm < ¢® =94um
S
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o straight vortex ay < R,

@ Re~107°
e Ax<ag/Re
U 5
—
 —

[Lamb, Hydrodynamics (1932)]
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o straight vortex ay < R,
@ Re~107°
e Ax<ag/Re
_u o V=U+tv
° Ua L opsvv?
—v=—= v
— AL

[Lamb, Hydrodynamics (1932)]
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o straight vortex ay < R,

@ Re~107°
e Ax<ag/Re
_u o V-Usv
o U 9 L opsvv?
—v=—= v
e oz 0 p
(Lamb, Hydrodynamics (1932)] o far field correction

in 3D Stokes
@ 2D necessary !

eforr — a
error ~ —log(Re)™!
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Oseen’s classical solution:

r>> day/ Re

wiwma
<0050 0025 0000 0025 0050
I

7 2
o w= COReSinge—E(l—COSG) g ") v;': CO ge_r‘% —TO,
\/ T \/ r
2 G /n il
o Cy=- =——/z0e *
0= 05—y —log(e/2) ° U Foe
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Oseen’s classical solution: far field solution,
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signature of wakes

o ‘fast particles’ = v

@ ‘slow particles’ = v}

[Yui et al., Phys Rev Lett 129, 025301 (2022)]
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signature of wakes

IET T AT WTT T T

I L l |
] (1] 3 LU 5 1
Mormalized vertical velocity

._
[

[Svancara et al, JEM 911, A8 (2021)]
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signature of wakes

o vj(s) = &1 (U5 + U (8)) + £2V5(8)
@ e1+ex=1, &(1), &2(7)

® OUi(s) = €10V () + €201;,(s)
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signature of wakes

VE(S) = 1 (07 + 17,(8)) + £2U2(8)

e1+e2=1, (1), 1)

Ovi(s) = €10 V5 (S) + £2017,(8)

o F(A) =[61(s)]> =-23x107*
o F(2)=-1.8x10"*
o L) =-8x107"1

WAKE SIGNATURE!
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CONCLUSIONS
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@ probe the Iordanskii force f; ?

@ v, can be described as

o uniform flow
+
o 2D flow structures
- vortex dipoles

- parabolic wakes
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Application to systems and

e fermions: hydrondynamic description at core level?

@ neutron stars:

dissipative motion of vortices
intrinsic spin down by viscosity

add a pinning mechanism
[Antonelli & Haskell, MNRAS 499, 3690 (2020)]

how to relate macrosopic hydrodynamics to mesocale
quantised vortex dynamics
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Helium II -

Peter Stasiak
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