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Goal: Parity-breaking (odd viscosity) is common to many systems and
leads to a general type of observable phenomena
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Parity Breaking ‘“‘spinny particles”

Ubiquitous across all scales...

Some possible methods of study:
Odd ideal gasses — collisions of chiral particles,
Kinetic theory [5]

Odd elasticity — stress/strains in chiral crystals [6]

Odd fluids - odd viscosity| [7]

[1] Tan, Tzer Han & Mietke, Alexander & Higinbotham, Hugh & Li, Junang & Chen, Yuchao &
Foster, Peter & Gokhale, Shreyas & Dunkel, J6rn & Fakhri, Nikta. (2021). Odd dynamics of living
chiral crystals. 10.48550/arXiv.2105.07507.

[2] Soni, V., Bililign, E.S., Magkiriadou, S. et al. The odd free surface flows of a colloidal chiral
fluid. Nat. Phys. 15, 1188-194 (2019).

[3] Wells, F., Pan, A., Wang, X. et al. Analysis of low-field isotropic vortex glass containing
vortex groups in YBa2Cu307-x thin films visualized by scanning SQUID microscopy. Sci Rep 5,
8677 (2015).

[4] Weng, H., Dai, X., & Fang, Z. (2015). From Anomalous Hall Effect to the Quantum
Anomalous Hall Effect. arXiv: Materials Science.

[5] Fruchart, M., Han, M., Scheibner, C., & Vitelli, V. (2022). The odd ideal gas: Hall viscosity
and thermal conductivity from non-Hermitian kinetic theory. arXiv preprint arXiv:2202.02037.
[6] Scheibner, C., Souslov, A., Banerjee, D. et al. Odd elasticity. Nat. Phys. 16, 475-480 (2020).
[7] Khain, T., Scheibner, C., Fruchart, M., & Vitelli, V. (2022). Stokes flows in three-dimensional
fluids with odd and parity-violating viscosities. Journal of Fluid Mechanics, 934, A23




Parity Breaking In Plasmas

If Larmor radius is smaller than plasma length scale - Gyro Viscosity Note: Units of n,, are L2/T
Split into two terms, perpendicular to B-field and parallel to B-field [8] l
_vg v e, B Gyro viscosity is like
NaL = 20, Nall = W, Wa = specific angular momentum
Contributes to gyro viscous stress in Braginskii Eq. (B-field along z direction) ovB = my?
R
1 0? %) R mv”
v =
V - — — a V2 all =——= a — Ta \Y% a_ Yaz eB
1 J

(V . ’Tl')z — —na“az . (V X Va),

a1,

Dissipationless, forces always perpendicular to flow and appears in real part of dispersion

[8] Kono, M., and J. Vranjes. "Gyro-viscosity and linear dispersion relations in pair-ion magnetized plasmas." Physics of Plasmas 22.11 (2015).



Active matter

Collection of agents that convert environment energy into directed mechanical motion

bacteria, cells, liquid crystals, Janus particles, active colloids, spinny particles...

Fluid description > properties of active matter captured by viscosity coefficients

Studied extensively in 2D, less so in 3D

Markovich & Lubensky 2021 [9]:

- Coarse-grain collection of complex molecules

- Introduce intrinsic angular momentum density ¢

- Gives parity-broken viscosity in both 2D and 3D

[9] Markovich, T., & Lubensky, T. C. (2021). Odd viscosity in active matter: microscopic origin and 3d effects. Physical Review
Letters, 127(4), 048001.



Possible microscopic descriptions

3D odd viscosity can arise from relaxation of ¢

Zpa’ué r —r*)

which gives “coarse gralned” momentum

1
g(r) =g+ 5V x£

If £ is relaxed, then momentum conservation gives:

N 1
gi +V; (vigi) = —=ViP +nVu; + 5 Ve

with P=P4+0 w

Note:

- Same form as ferrofluid (later)

- 3D odd viscosity is stemming from
angular momentum; common to most 3D
cases, including gyro viscosity

[9] Markovich, T., & Lubensky, T. C. (2021). Odd viscosity in active matter: microscopic origin and 3d

effects. Physical Review Letters, 127(4), 048001.




Hydrodynamics

. d
Study of global conserved quantities Q: d—f =0
Gives rise to local conservation laws for density q: d:q + ain? =0

Flux IT{ (g, v;, ...) given by constitutive relation
We focus on mass and momentum:
dep+0;9;, =0 gi = pv;
0tgl+6]Hl] =0 Hl] =pvivj—Tl~j

Ignore any thermal effects, so energy conservation comes automatically

Q=[drq():
mass
momentum
energy
entropy
angular momentum

P = mass density

v; = flow velocity

g; = momentum density
[1;; = momentum flux




Hydrodynamics

Governing equations typically written: d:p + 0;(pv;) =0
thvi = a]Tl] + fl

with material derivative D, = 0; + v;0;

In first order hydro T;; is first order in gradients of velocity: Tij = —06ijP + Niji0k vy + -

Viscosity tensor 7; j, is in general a function of p and 7

Simplifications: - If compressible: P="Py+c?(p—pgy) + -

- If incompressible: d;iv; =0



Viscosity Tensor in 2D

* In 2D compressible fluid a general viscosity tensor n; ;; has 16 independent components

 For isotropic 2D fluids symmetry leaves only 6 unique transport coefficients [10]

Nijir = N(8i;0k1 + 618 — 61i0x1) + (8:6ks + Tei€1 + Ny (€ i1 + €116ix) + Cuij€xy + Th€ijOr

Shear Bulk Rotational Odd/Hall Odd pressure  Odd torque

* In the incompressible limit, and no internal torque (T;; symmetric under i < j)

al‘vl‘ = O, dkl -0

Nijkl = 77(5ij5kl + 5il5jk) + UH(Eik5jl + Ejl5ik) + (noij€r
Tij ~ MijkiOk vy

* To be written as a Hamiltonian system, only n; remains (with constant p)

[10] Monteiro, G.M., Abanov, A.G., & Ganeshan, S. (2021). Hamiltonian structure of 2D fluid dynamics with broken parity. SciPost Physics.



Basic Results in 2D

Odd viscosity has no effect on incompressible bulk:
Dtvi = —aiP + a]O'l] ) Ojj = ve(aivj + ajvi) + Vo(ai”l?; + al*v])

Dtvi = —aiﬁ + vevzvi , P =P — VoW

Thus, if boundary conditions depend only on flow:

» Flow does not depend on v,
» Net force on closed contour is independent of v,

» Net torque depends on change in area

dA
To = ZVOE

Odd viscosity does not produce any drag or lift forces in the incompressible case

[11] Ganeshan, Sriram, and Alexander G. Abanov. "0dd viscosity in two-dimensional incompressible fluids.” Physical review fluids 2.9 (2017): 094101.



Results in 2D

For a compressible ocean (free surface), effects of odd L
viscosity or confined to compressible boundary layer [12] n \

Compressible boundary
layer with vorticity

Irrotational incompressible
bulk

In the nonlinear regime, odd viscosity modifies the KdV

equation and soliton solutions [13] 1 8~y

nint+3nn+h2 1y ¥ Nyze =0
x /—gh o7, e 6 /—gh?’ TTT

If particle number conservation is violated, lift is possible [14]

1 i’
Orp + Ok (pvr) = —E(P — Po)
Ug
Current project: Odd compressible Oseen equation —_—

v=U,X + eu

[12] Abanov, Alexander G., et al. "Hydrodynamics of two-dimensional compressible fluid with broken parity: variational
principle and free surface dynamics in the absence of dissipation." Physical Review Fluids 5.10 (2020): 104802.

[13] Monteiro, Gustavo M., and Sriram Ganeshan. "Nonlinear shallow water dynamics with odd viscosity." Physical Review
Fluids 6.9 (2021): L092401.

[14] Lier, Ruben, et al. "Lift force in odd compressible fluids." Physical Review E 108.2 (2023): L023101.



Viscosity Tensor in 3D

* In 3D, a general viscosity tensor 1, j; has 81 independent components (compressible case)

« For rotational invariance in a single plane (xy), 19 independent coefficients [15]

I nf
_77R [
0 0
0 0
0 0
0 0
0 0
778,1 = 778,1 775,2 = 778,2
776,2 - 778,2 _775,1 + 778,1

0

775,3 = 778,3
0
0

0

ns —ns
0
0

0 0
0 0
0 0
0 0
&P
v 0
0 0
0 0

0
0

n63 + 103

ns +ng

 Importantly, there exist 2 ‘odd viscosity’ coefficients

778,1 + 775,1
775,2 + 778,2

19,2 102

_7)8,1 - 7)8,1

ny =2D odd viscosity
(transverse)

ng =3D odd viscosity
(longitudinal)

 Underlying microscopic theory determines the precise relation between coefficients

[15] Khain, T., Scheibner, C., Fruchart, M., & Vitelli, V. (2022). Stokes flows in three-dimensional fluids with odd and parity-violating
viscosities. Journal of Fluid Mechanics, 934, A23.



Results in 3D

» Bulk flow is modified (Stokeslet) [15]

0

* Novel “odd” mechanical waves are stable [9]

« Still active area of research; flows without “—2” constraint, and for non- isotropic not understood

[9] Markovich, T., & Lubensky, T. C. (2021). Odd viscosity in active matter: microscopic origin and 3d effects. Physical
Review Letters, 127(4), 048001.

[15] Khain, T., Scheibner, C., Fruchart, M., & Vitelli, V. (2022). Stokes flows in three-dimensional fluids with odd and
parity-violating viscosities. Journal of Fluid Mechanics, 934, A23.



3D Odd Viscosity In Plasmas

Role of gyro viscosity depends on relevant scaling (ordering) of the problem

L

_ R ion Larmor Radius R
L length scale =

« Hall MHD Ordering (large accelerations): gyro viscosity enters with pressure at 2" order

« MHD Ordering (subsonic flows): gyro viscosity enters alone at 2" order

« Drift Ordering: gyro viscosity enters at 2"4 order WITH acceleration and viscosity
2 dVi av ne 2

~Vp+JIxB=06 n7+V-H,_- +b-V-II;" —nuV-V; |
roviscous cancellation:
& , W*,j av Ve:VHe_'_VE -|-V>z<e
n 0‘}, +VIHVV*II +V‘Hl- (VI)WVZ—bHV*IVI/HI

x=-pb- (VxVy;)

[16] Ordered Fluid Equations D. D. Schnack



Magnetic Colloids to Ferrofluids

Magnetic colloids [17]:

» These relatively large (~um) particles show odd viscosity experimentally

» For small particles like Ferrofluids (~nm) these effects ‘washout’

FERROHYDRODYNAMICS

R. E. Rosensweig

Seem to possess all essential ingredients for parity breaking

Is there a version of Ferrofluids that breaks parity?
[18]

[17] Soni, V., Bililign, E.S., Magkiriadou, S. et al. The odd free surface flows of a colloidal chiral fluid. Nat. Phys. 15, 1188-1194 (2019).
[18] Cowley, M. D. "Ferrohydrodynamics. By R. E. ROSENSWEIG. Cambridge University Press, 1985. 344 Pp. £45." Journal of Fluid
Mechanics 200 (1989): 597-99. Print.



Ferrofluids in a nutshell

Colloidal suspension with 3 components

&
§

magnetic particle

surfactant

» 5% Magnetized particles (magnetite, hematite, ~10 nm)
» 10% Surfactant (prevents clumping via Van der Waals)
» 85% Carrier fluid

Regular fluid if no external B field: Brownian Motion randomizes magnetic moments

[19]

Large scale magnetization in the presence of external B field

[19] Ghasemi, Jalal & Jafarmadar, Samad & Nazari, Meysam. (2015). Effect of magnetic nanoparticles on the -
lightning impulse breakdown voltage of transformer oil. Journal of Magnetism and Magnetic Materials. 389. arXiv:2301.07096
10.1016/j.jmmm.2015.04.045.



Ferrohydrodynamics

Deqrees of Freedom

Fluid flow velocity:
Particle rotation rate:

Magnetization:

Pressure:

Fixed Quantities

Applied magnetic field:
Density:

Moment of inertia per mass:

UV = (vx, vy, vZ
a=(9,9,

M = (My, M,
P=P(x,y, Z)
B = (B, By, B,)
p = const.

I = const. (small!)

m

)
\\\
N

/4

arXiv:2301.07096



Malin Idea =
W
Recently:
« Markovich & Lubensky couple £ = IQ to & =V X i ()
—> leads to 3D odd viscosity in active matter systems [9] R
(%
» Relevant for magnetic colloids & large complex molecules >
 Ferrofluid particles are too small; these effects don’t manifest on
hydrodynamic scale [17]
|dea: B
ea:
- - _> _)
Couple magnetization M to w /

[9] T. Markovich and T. C. Lubensky. Odd Viscosity in Active Matter: Microscopic Origin and 3D

Effects. Physical Review Letters, 127, 048001 (2021).

[17] V. Soni, E. S. Bililign, S. Magkiriadou, S. Sacanna, D. Bartolo, M. J. Shelley, and W. T. Irvine. iy

The odd free surface flows of a colloidal chiral fluid. Nature Physics, 15, 1188-1194 (2019). arXiv:2301.07096



21

p = 1 for simplicity

?=1IQis angular momentum density (per particle)

Ferrofluid Hamiltonian ;\
H = /d37“ B%"Ui + ifi&: + %Eiwi + %%‘Mi — M; B; Q

U

y = coupling constant
Markovich & Lubensky

New coupling

1 1 1 D

R = /dgfr[ir/ (Oiv; + 83-1)@-)2 + §I‘ (292; — eijk(‘ﬂjvk)2+ > (M; — Mio)z} / B

Use appropriate Poisson Brackets and dissipation function /
—> derive ferrohydro equations

Note: Don’t need Hamiltonian framework, but convenient for parity breaking (dissipationless) ]
arXiv:2301.07096



Governing Equations

€l

Skip technical details...

Key Physical Steps:

. Fix uniform B field in the z direction

« Small particle size (I goes to zero)

—> particles rotate before magnetization re-adjusts

(contrast to larger magnetic colloids) |

ool

D,v; + 0;P = vV?v; + %Moazwi

T

Unique to 3D flows! No term in standard ferrohydrodynamics

arXiv:2301.07096



Ferrofluids in Hele-Shaw Cells

X

New coupling (Modified Darcy’s Law):

0=0,V, + 0,V,
h? Y x40
h2

— 350, = 1V + S YE7A

4

[20] Elborai, S. & Kim, Do Kyung & He, Xiaowei & Lee, Se-Hee & Rhodes, S. & Zahn, Markus. (2005). Self-forming, quasi-two-
dimensional, magnetic-fluid patterns with applied in-plane-rotating and dc-axial magnetic fields. Journal of Applied Physics. 97.

10Q303-10Q303. 10.1063/1.1851453. arXiv:2301.07096



Darcy’s Law

Incompressible 3D fluid with shear viscosity:

6ivi =0

p(atvi + vjajvi) = OJTU + fl

Tij = _Pdij + n(alv] + ajvi),

Confine fluid between plates with separation h, assume xy variables vary over large scales compared to h:

Vi =

h2
i
12n

v, = 6z(1 —2)V,
v, = 6z(1 — 2)V},
v, =0
P=P(x,y)

Phys. Rev. Fluids 7, 114201 (2022)



Modified Darcy’s Law

Incompressible 3D fluid with general (uniform) viscosity tensor:
E)ivi =0

p(atvi + vj(’)jvi) = GJTU + fl

Tij = —Pd;j + 1ijki 0k vy, %

Same scaling analysis. Remarkably, only four coefficients remain (out of 64 in principle):

Vi=——("")y0;P h= ( y)

Nyzzx Tyzzy

Phys. Rev. Fluids 7, 114201 (2022)



Modified Darcy’s Law

h2 1 . (na:zza: nmzzy>
‘/?: T _E(U )236.7]9 t) o nyzza: nyzzy

Analogous to:
» Flow through anisotropic porous media (symmetric unless parity is broken)

* Ohm’s law with general conductivity (Hall Effect, E ~ ﬁp)

We examine special case of cylindrical symmetry N = Nxzzx = Nyzzy (shear viscosity)

Ne = Nxzzy = ~Nyzzx (3d odd viscosity)
Coefficient 1, is one of the 2 parity odd viscosities associated with 3D cylindrical symmetry

Longitudinal... Not 2D Hall viscosity!

Phys. Rev. Fluids 7, 114201 (2022)



Exp 1: Channel Flow

» Misalignment between flow and pressure gradient

@ = arctan <E>
n

» Transverse force on channel walls

Yy =R

F = 2n.V,(RLR)

Q <«

« Hall Analogy:

Transverse electric field E,, is required to
maintain vertical current

Phys. Rev. Fluids 7, 114201 (2022)



Exp 2: Expanding Bubble

Laplacian Growth, well studied
Polubarinova-Galin equation:

oOP n = o
. VP | )
( ot n?+ 773' | ) 0Q(t)

Modification to cusp formation time

Circulation at infinity gives measure of parity odd-odd terms

ne dA

T ~
n? +n2 dt

[21] Singularities in nonlocal interface dynamics, B. Shraiman and D. Bensimon,
Phys. Rev. A 30, 2840(R) — Published 1 November 1984

[21]

Phys. Rev. Fluids 7, 114201 (2022)



Exp 3: Saffman/Taylor Instability

» Perform linear stability analysis on free surface of the form:

H(x,t) = eRe (e 1)

* Interface boundary conditions
- Kinematic: V,, continuous & matched with interface
- Forces: P continuous

X
» Constraint on asymptotic flow angle
) _ @D
0 = arctan (77* (1)77* ) 9
1 v
» Modified stability condition 5
A (77(1) _ 77(2))

rl(l) + TI(Z)

 Parity-odd terms introduce more stable regions in the parameter space
Phys. Rev. Fluids 7, 114201 (2022)



Applications

Facilitates the measurement of parity-odd viscosity coefficients in active

matter systems, especially useful for complex biological systems

[22]

[23]

[22] Circularly confined microswimmers exhibit multiple global patterns, Alan Cheng Hou Tsang and Eva Kanso, Phys. Rev.
E 91, 043008 - Published 13 April 2015

[23] Active matter invasion of a viscous fluid: Unstable sheets and a no-flow theorem, Christopher J. Miles, Arthur A. Evans,
Michael J. Shelley, and Saverio E. Spagnolie, Phys. Rev. Lett. 122, 098002 - Published 4 March 2019



Experimental Setup

(a) without parity breaking (b) with parity breaking

No coupling = no circulation (yes or no result) arXiv:2301.07096



Quantum Superfluids

Fluid behavior of many-body quantum system
Map complex wavefunction y to hydrodynamic variables

Constraint on vorticity w = V X ¥

\ortex solutions > density fluctuations important (compressible)

Typical Prescription: Y = \/ﬁeie v; = E 9,0
m
fluid-like equations: d:p + 9;(pv;) =0
0 pDv; = 0;Tij + f;
T;; = _5ij P+ 0ijpOrvy + -+ “Quantum Pressure”

P_hZVZ\/ﬁ
-~ 2m \Jp

Helium-4
Superconductivity

Ultra cold atomic gases
Bose-Einstein condensates

Fractional quantum Hall

Polaritons




Fractional Quantum Hall Effect

ISTA
 Collective behavior of 2D electron system in strong magnetic field ="
« Laughlin states admit fluid description Jf(?— G 2
= =
Start with Chern-Simons-Ginzburg-Landau action : T
. h? hv
ScsaL = /d% [zhcpTth) — — \D d° — V(|®]?) — Ee‘“)‘”’a‘ua)\a,ﬂ

where @ is bosonic matter field, A, is external electromagnetic field, a,, is statistical Chern-Simons field

Define velocity:

v; =2 (0;0 +a; + £A; + $297n)

arXiv:2305.16511



Fluid Equations

Charge and Momentum conservation:
on + 0; (nv;) =0

eB 1
Opv; + v;0;v; + —€;;0; — —0; 15 =0
t 7 m 77 mn Y
Hall Constraint:
i ity!
veB N (‘3 oin . m P 2D Odd Vlsgosny.
n_ 1 E'L U f—
2rh 4w orh Vo~ 5

Stress Tensor: /
2

h? h
Tfij — (V — nV’ — e ) 52'3' — _’I’L (E?;kak’l}j -+ ejké’ivk)

arXiv:2305.16511



Polaritons

Exciton-Polaritons created when light modes (photons) hybridize with

quantum well excitons. [24]
Resulting quasiparticles are bosonic

If a condensate is formed, described by wavefunction ¥ in 2D

—> admits a fluid description
System is inherently out of equilibrium, so no action principle
Goals: Find fluid description of 2D polariton system

Drag and lift forces on impurities or obstacles?

[24] Sedov, E., Lukoshkin, V.A., Kalevich, V.K., Savvidis, P., & Kavokin, A.V. (2021). Circular polariton currents with
integer and fractional orbital angular momenta.
[25] Michael D. Fraser

[25]



Wavefunction Description

Start with generalized Gross-Pitaevskii Equation (nonlinear Schrodinger) given by

h? 1
iho, U = —2—v2+V(F)+amf\2+aRnR \D+%(Rn3—fy)\lf,
m

where

m = effective polariton mass

V(r") = obstacle potential
« = polariton-polariton interaction coupling
arp = polariton-exciton interaction coupling
R = stimulated scattering rate from reservoir to polariton mode
~v = polariton decay rate
P(r) = pumping intensity

vx = exciton decay rate.

For this work, assume pumping intensity is uniform and constant




Fluid Description

. o 07 h 1
\Ij(t7 T) — \/p(tp r ) € o(t.T) Ui = — <ai9 T %Eijajp)

gGPE splits into real and imaginary pieces which are fluid type equations:
R R
Op + 0; (pvi) = —phy (1 — —p) —p
VX 0.4
pDv; = 0,1 + pfi

where the stress tensor and force are:

= —— [1— 5,07 — Ve — —p (B} + B,
j 2m< o ,@() iP €ij P /0( Vi + zv])

1
fi=—=0,V

m



Concluding Thoughts

Parity breaking appears in many physical systems (active fluids, plasmas, superfluids)
Odd viscosity, in 2D and 3D encapsulates these properties in a fluid description
Observable effects and common between systems (edge dynamics in 2D, bulk spiral in 3D)

3D effects, in general, are not well understood

Thanks for your time...Questions?



	Slide 1: Parity-Broken Fluids: Theory and Applications
	Slide 2: Outline    
	Slide 3
	Slide 4: Parity Breaking “spinny particles”
	Slide 5: Parity Breaking in Plasmas
	Slide 6: Active matter
	Slide 7: Possible microscopic descriptions
	Slide 8: Hydrodynamics
	Slide 9: Hydrodynamics
	Slide 10: Viscosity Tensor in 2D
	Slide 11: Basic Results in 2D
	Slide 12: Results in 2D
	Slide 13: Viscosity Tensor in 3D
	Slide 14: Results in 3D
	Slide 15: 3D Odd Viscosity in Plasmas
	Slide 16: Magnetic Colloids to Ferrofluids
	Slide 17: Ferrofluids in a nutshell
	Slide 18: Ferrohydrodynamics
	Slide 19: Main Idea
	Slide 20: Ferrofluid Hamiltonian
	Slide 21: Governing Equations
	Slide 22: Ferrofluids in Hele-Shaw Cells
	Slide 23: Darcy’s Law
	Slide 24: Modified Darcy’s Law
	Slide 25: Modified Darcy’s Law
	Slide 26: Exp 1: Channel Flow
	Slide 27: Exp 2: Expanding Bubble
	Slide 28: Exp 3: Saffman/Taylor Instability
	Slide 29: Applications
	Slide 30: Experimental Setup
	Slide 31: Quantum Superfluids
	Slide 32: Fractional Quantum Hall Effect
	Slide 33: Fluid Equations
	Slide 34: Polaritons
	Slide 35: Wavefunction Description
	Slide 36: Fluid Description
	Slide 37: Concluding Thoughts

