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Natural swarms: experiments
Statics
Dynamics



Swarms of midges

Diptera: Chironomidae and Diptera: Ceratopogonidae
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[Attanasi et al. PLOS Comp. Biology 2014]



Space correlations

Swarms are not a gas of insects
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[Attanasi et al. PLOS Comp. Biology 2014]

» rg~ 20-30cm, r; ~ 5cm, r. ~ 2-5cm, swarm size ~ 1m
> 7y is not quite
» Is rg large?



Space correlations are scale-free

When looking at swarms of different size, o grows as L

Midges

log N

[Attanasi et al. Phys. Rev. Lett. 2014]
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Space-time correlations

C(r,t) = (dv(rg,to) - dv(ro + r,to + 1))
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Dynamic scaling

Critical slowing down
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» Swarms obey scaling hypothesis 7, = k=*g(k¢)
» 2~ 1.37+£0.11 = unknown universality class



Underdamped relaxation

natural swarms
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Theory
Field theories with alignment
Field theory with alignment and activity
The missing ingredient: inertia



A theory of natural swarms

Must account for:
> Scale-free correlations (static scaling)
» Critical slowing down (dynamic scaling) with z ~ 1.37 £ 0.11

» Underdamped dynamics (damped oscillations)

Required ingredients:
1. Ferromagnetism (alignment)
2. Activity

3. Inertia



Ferromagnetism
classical ferromagnet

do

i J%:nijaj + &, lo| =1, & : Gaussian noise
l coarse-graining
model A:
o OH
Y _.r
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A\ yyi
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bare coupling Wilson-Fisher FP

z /2 Vs Zexp = 1.37+0.11 [Hohenberg, Halperin, Ma 1972]



Activity

Vicsek: active ferromagnet

ClO'Z'

dt = JZnU({x})aj +§i,
ij

da:i . '

di = Vo0;.

l coarse-graining
Toner-Tu (1998) field theory (active model A)

oH
Div = —Fm — VP +¢(x,t),

dp+V(pv) =0

Material derivative Dy = 0y + A(v - V).



Incompressible Toner-Tu

continuous transition

The field-theory version of the (incompressible) Vicsek model

0
a—;} +Av-V)v =TV?0 +T'rv + Tuwv’v + VP + €,

noise: (£, (x,t)Ep(2’,t)) = 26 (x — 2')3(t — t')dap
Incompressibility condition V - v = 0 fixes pressure P.

[Chen, Toner, Lee, New J Phys 2015]



Incompressible Toner-Tu

continuous transition

The field-theory version of the (incompressible) Vicsek model

)
ait’ +A(v-V)v =TV2 + Trv + Tuvv + VP + €,

noise: (& (x,t)Ep(x’,t)) = 2T6(x — 2')3(t — t')dap
Incompressibility condition V - v = 0 fixes pressure P.

Hohenberg-Halperin model A plus activity



Incompressible Toner-Tu

continuous transition

The field-theory version of the (incompressible) Vicsek model

?;Z +AMv-V)v =TV?v + I'rv 4+ Tw’v + VP 4 €,

noise: (€q(x,t)Ep(x’ 1)) = 206 (x — 2')5(t — t')dap

Incompressibility condition V - v = 0 fixes pressure P.

stirred fluid [Forster, Nelson and Stephen PRA 1977] plus alignment



Incompressible Toner-Tu

continuous transition

The field-theory version of the (incompressible) Vicsek model

0
8—1; +Av-V)v =TV?0 +T'rv + Tuwv’v + VP + €,

noise: (& (x,t)Ep(x’,t)) = 2T6(x — 2')3(t — t')dap
Incompressibility condition V - v = 0 fixes pressure P.

Note \#£1, T #T
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[Chen, Toner, Lee, New J Phys 2015]
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Dispersion relations

Clue to missing inertia

natural swarms purely relaxational - Vicsek model
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w ~ ck 4+ iDk?, vs  w~ iDk?



Theory of dynamic critical phenomena
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An introductory review of the central ideas in the modern theory of dynamic critical phenomena is
followed by a more detailed account of recent developments in the field. The concepts of the conventional
theory, mode-coupling, scaling, and the group are introduced and are
illustrated in the context of a simple cxample—the phase separation of a symmetric binary fluid. The
renormalization group is then developed in some detail, and applied to a variety of systems. The main
dynamic universality classes are identified and characterized. It is found that the mode-coupling and
renormalization group theories successfully explain available experimental data at the critical point of pure
fluids, and binary mixtures, and at many magnetic phase transitions, but that a number of discrepancies
exist with data at the superfluid transition of *He.
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Inertia
Model A vs model G

ov — g x oH _F(SH + ey h),
CLI +&(z, 1) gt g’ft :55;5[
ot v o gs _ ot ont

5 g X 5o A(5 + &s(x, 1),

Reversible dynamics generated by Poisson brackets

{Sm UV} = 9€uv~y Uy, {Sm 51/} = 9€uvyWy,

The spin s(x,t) is the generator of the rotations of the primary field v(x, t).
Spin is conserved {s,H} =0, A = AV

Model G has »z = 3/2 and w = iDk? 4 ck.



Active model G

or coarse-grained inertial spin model (ISM)
Add activity to model G:
ov 0H OH

§:+Q’UX5737F5 +£U(w t) 8t’U—>Dt'U:at’v+/Y’U(’U
Os 57-[ oH
Our theory:
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DtS(S t) g T_AT+ES($ t)

V-v=0

(Small) dissipation A = n 4 AV?
H = [dx [% (Vv)? + $rv? + 2ot + %sQ]

-V)v,
Ors = Dis = Ors + (v - V)s,



RG flow

At 1 loop




New dynamic critical exponent
Alignment + activity + inertia

activit inerti
2, s~ 173 M~ 1.35

z2 2

Zep = 1.37 £ 0.11



Numerical simulations

Inertial spin model
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Conclusions

» Midge swarms live near a critical point:

» velocity correlation length scales with size,

> velocities are disordered.
» Swarms obey dynamic scaling: the correlation length rules dynamic behavior.
» The dynamic critical exponent z is different from known dynamic models.

> Values of z:
> ey = 1.37£0.11
> ZRG — 1.35
> zam = 1.35+0.04
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