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Active matter

e particles/entities that can consume energy from their
environment and use it to move persistently and
autonomously
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Active matter

e particles/entities that can consume energy from their
environment and use it to move persistently and

autonomously
influenza virus  E. coli euglena tardigrades ants goats
J d $ 1 d J
|1nm |1|Jm |1mm |1m

e emerging collective behavior

(clustering, swarming, communication, ...)
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Modeling active matter at mesoscopic scales

e N interacting, spherical Brownian particles in d =2 or 3
which convert energy from surroundings into directed motion

%i(t) = %F,-(x(t)) + V2D &(t) + vi(2)
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Modeling active matter at mesoscopic scales

e N interacting, spherical Brownian particles in d =2 or 3
which convert energy from surroundings into directed motion

%i(t) = %F;(x(t)) + V2D &(t) + vi(t)

e hard-core contact interactions via steep pair potential U(r),

Fix)=— > F(xi—x;), F(r)= —u’wnﬁ,
J(F#i)

such that U(r) =0 if r > 2R (R: particle radius)
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Modeling active matter at mesoscopic scales

e N interacting, spherical Brownian particles in d =2 or 3
which convert energy from surroundings into directed motion
k(1) = ZF(x(t)) 4 VED&(e) + vi(0)
e collisions with surrounding molecules lead to
— dissipation (friction coefficient )
— random forces ( “thermal fluctuations”),
modeled by Gaussian white-noise processes:
(&(t)) =0
(€ () & () = 656,,0(t — t')
— fluctuation-dissipation relation: D = kg T/~
— overdamped approximation:
inertia negligible compared to friction/dissipation
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Modeling active matter at mesoscopic scales

e N interacting, spherical Brownian particles in d =2 or 3
which convert energy from surroundings into directed motion

xi(t) = %Fi(X(t)) +VAD&(t) + vi(t)

o self-propulsion also erratic, but persistent

— v;(t) independent random processes ( “active fluctuations”)

with correlation function b
o AN a_—|t—t'|/ma
(vi'(t) vj(t')) = 6jj Oy P [e=¢1/m
. . a
— T,: correlation time
— D,: “active diffusion coefficient” (speed/intensity of

self-propulsion)

— effective, phenomenological model,
disregarding details of self-propulsion mechanism
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Irreversibility
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Irreversibility

® macroscopic processes are irreversible
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Irreversibility

® macroscopic processes are irreversible

e microscopic physical laws are (largely) reversible
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Irreversibility

e macroscopic processes are irreversible
e microscopic physical laws are (largely) reversible

e fundamental principle: second law of thermodynamics
AS>0

entropy increases during macroscopic transitions between

equilibrium states
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Irreversibility

e macroscopic processes are irreversible
e microscopic physical laws are (largely) reversible

e fundamental principle: second law of thermodynamics
AS>0

entropy increases during macroscopic transitions between

equilibrium states

— entropy introduces a (thermodynamic) “arrow of time”
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Thermodynamics of irreversibility: passive systems

e irreversibility: log-ratio of path probabilities for forward- and
backward-in-time trajectories/histories,

P
EE I RO

=x(1 —t)
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Thermodynamics of irreversibility: passive systems

e irreversibility: log-ratio of path probabilities for forward- and
backward-in-time trajectories/histories,

P
EE I RO

— purely dynamic measure a priori

=x(1 —t)
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Thermodynamics of irreversibility: passive systems

e irreversibility: log-ratio of path probabilities for forward- and

backward-in-time trajectories/histories,

PO
s R, (D=

— purely dynamic measure a priori

® passive systems:

mﬂ:§mmm+%E&m+>@i

— X related to thermodynamic entropy S via stochastic
energetics and fluctuation theorems [Seifert, PRL 95 (2005)]:

ke(X)y===3S5 (Q: dissipated heat)
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Thermodynamics of irreversibility: passive systems

e irreversibility: log-ratio of path probabilities for forward- and

backward-in-time trajectories/histories,
P T
Y :=In —[{f(t)}::()] , X(t):=x(t—1t)
PH{x(t)} <ol
— purely dynamic measure a priori

® passive systems:

_ 1
xi(t) = ;Fi(x(t)) + V2D &(t) + vie]
— X related to thermodynamic entropy S via stochastic

energetics and fluctuation theorems [Seifert, PRL 95 (2005)]:

kg (¥) = g =S (Q: dissipated heat)

e how does ¥ relate to thermodynamics in active matter?
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Irreversibility in active matter

e active systems:
%i(t) = %F,-(x(t)) + V2D &(t) + vi(t)

o v(t) is usually only an “effective model,”
underlying chemical processes are not observable
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Irreversibility in active matter

e active systems:

. 1

X,'(t) = ;F,'(X(t)) +v2D 6,’(1.’) + V,'(t)
o v(t) is usually only an “effective model,”

underlying chemical processes are not observable

Y =In %ﬁjﬂ is observable irreversibility
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Irreversibility in active matter

e active systems:
%i(t) = %F,-(x(t)) + V2D &(t) + vi(t)

o v(t) is usually only an “effective model,”
underlying chemical processes are not observable

Y =In %ﬁjﬂ is observable irreversibility

o explicitly known for active Ornstein-Uhlenbeck particles
(when v(t) is an Ornstein Uhlenbeck process):

Z_K dt/dt Zx, t)-Fi(t') [6(t — t') — T(t, t')]+ASsys

[LD, Bo, Eichhorn, PRX 9 (2019)]
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Irreversibility in active matter

e active systems:
k(1) = ~F(x(1) + V2D& (1) + vi(1)

o v(t) is usually only an “effective model,”
underlying chemical processes are not observable

Y =In %ﬁjﬂ is observable irreversibility

o explicitly known for active Ornstein-Uhlenbeck particles
(when v(t) is an Ornstein Uhlenbeck process):
Y = F dt/dt le, t)-Fi(t') [0(t —t') = T(t, )] +ASsys
’ [LD, Bo, Eichhorn, PRX 9 (2019)]
e steady-state “irreversibility production rate”:
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Irreversibility for AOUPs

o explicitly known for active Ornstein-Uhlenbeck particles
(when v(t) is an Ornstein Uhlenbeck process):

Z— — dt/dt Zx, Fi( [5(t—t)—r(t, t’)]—i—ASsys
[LD, Bo, Eichhorn, PRX 9 (2019)]

with T(t, t) ~ %/—De"t_”/” asymptotically (7 — o),
Ta

™= A+D,/D
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Irreversibility for AOUPs

o explicitly known for active Ornstein-Uhlenbeck particles
(when v(t) is an Ornstein Uhlenbeck process):

Y= dt/dt Zx, Fi(t) [6(t —t') = T(t, t')]+ASsys
[LD, Bo, Eichhorn, PRX 9 (2019)]

with ['(¢,t') ~ %/—De [t=t'l/7 asymptotically (7 — o),
Ta

™= A+D,/D

e partial integration and 7 — oc:

= —/ dse s/™ Z[ (xi(to) - Fi(to+s)) — (xi(to) - Fi(to—s))],

where ty is an arbitrary reference time and C := 25’2372
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Pressure in active matter

e active systems:
%i(t) = %F,-(x(t)) + V2D &(t) + vi(1)

e pressure p: average force per unit area exerted by the
particles on the container walls
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Pressure in active matter

e active systems:
%i(t) = %F,-(x(t)) + V2D &(t) + vi(1)

e pressure p: average force per unit area exerted by the
particles on the container walls

e caveat: not always a state function [Solon et a/, Nat Phys 11 (2015)],
but here it is
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Pressure in active matter

e active systems:
%i(t) = %F,-(x(t)) + V2D &(t) + vi(1)

e pressure p: average force per unit area exerted by the
particles on the container walls

e caveat: not always a state function [Solon et a/, Nat Phys 11 (2015)],
but here it is

e three contributions: p = po + pint + Pa
— osmotic/ideal-gas pressure: p, = NkgT/V

— interaction pressure: pine = 5u; >, (x; - Fi(x))
— active or swim pressure: p, = 4 > (X - v;)
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Irreversibility as a thermodynamic state function

main result:
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Irreversibility as a thermodynamic state function

main result:

e low density (¢ < 1):

J:(ﬂ) N p. [1+o¢)]’

keTa

(Vp: particle volume; ¢ = %: packing fraction)
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Irreversibility as a thermodynamic state function

main result:

e low density (¢ < 1):

29-2v \ Np,
o= (Tﬁp) ?p [1+ O(¢)]’

(Vp: particle volume; ¢ = %: packing fraction)

e high activity (MIPS regime): relation holds approximately
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Irreversibility as a thermodynamic state function

main result:

e low density (¢ < 1):

29-2v \ Np,
o= (Tﬁp) ?p [1+ O(¢)]’

(Vp: particle volume; ¢ = %: packing fraction)

e high activity (MIPS regime): relation holds approximately
e low density and high activity:

2972V, \ N
g = <T7‘ap) Tp [1 + O(¢, Pe_l)}
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Derivation

. N
7 %/0 dse /™ ; [(xi(t0) - Fi(to+s)) — (xi(to) - Fi(to—s))]

key ingredients and assumptions:
e exactly known expression for o for AOUPs
e particles are hard spheres (steep interaction potential)

e “most” interactions are pair collisions (¢ < 1)

main steps:

e replace interaction forces by self-propulsion in correlator:
d—2
Yi(xi(to)-Fi(to£s)) =—25263, (xi(to)vi(to£s)) [1+O(9)]
e evaluate s integral using Novikov's theorem:

Jodse /™ (x(to) - vi(to £ 5)) = ﬁ@ﬁ(to) -vi(to))
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Rewriting

e recall: Fi = 21(7&) F(X,‘ — X_j) with F(—I’) = —F(r)
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Rewriting )

o recall: Fi =3 .y F(xi—x;) with F(—r) = —F(r)
o difference vectors:

— positions: rj := x; — x;

— fluctuations: ajj := a; — o with oj 1= v; + V2DE;
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Rewriting ) .(x;(ty) - Fi(to = s))

o recall: Fi =3 .y F(xi—x;) with F(—r) = —F(r)
o difference vectors:

— positions: rj := x; — x;

— fluctuations: ajj := a; — o with oj 1= v; + V2DE;

— 2ixi(to) - Fi(to £5)) = >, ;(rij(to) - F(rij(to £ 5)))
and
by =3 [Fi— Fjl+a
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Rewriting ) .(x;(ty) - Fi(to = s))

e recall: Fi = Z_/(;él) F(X,‘ — XJ) with F(—I’) = —F(r)
o difference vectors:

— positions: rj := x; — x;
— fluctuations: aj = a; — aj with o == v; + m .

— 2_i(xi(to) - Fi(to £5)) = >_;;(rij(to) - F(rij(to £ 5)))

Fj=2[Fi—Fj]+a

e focus on pair collisions (e.g., low particle density):
at any given time, a fixed particle / interacts at most with one

other particle j

— I",'J' = %F(r,j) + aj
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Rewriting ) _.(x;(to) - Fi(to = 5)) (2)

— 2i(xi(to) - Fi(to £ 5)) = >, ;(rij(to) - F(rij(to £ 5)))

— I’,J = %F(ru) + ajj

Thermodynamic nature of irreversibility in active matter Nordita “Measuring and manipulating ..."” - 11/18



Rewriting " .(x;(to) - Fi(to £ 5)) (2)

— 2i(xi(to) - Fi(to £5)) = >, ;(rij(to) - F(rij(to £ 5)))
— I‘,_, = %F(ru) +a,'j

e decompose into components parallel and orthogonal to rj;:
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Rewriting " .(x;(to) - Fi(to £ 5)) (2)

— 2i(xi(to) - Fi(to £5)) = >, ;(rij(to) - F(rij(to £ 5)))
— I‘,_, = %F(ru) +a,'j

e decompose into components parallel and orthogonal to rj;:

21 1
” = ’YF(rU)+ u, ry = o

o exploit hard-core character of

interactions: rJ ~ 0 during collision
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Rewriting " .(x;(to) - Fi(to £ 5)) (2)

— 2i(xi(to) - Fi(to £5)) = >, ;(rij(to) - F(rij(to £ 5)))
— I‘,_, = %F(ru) +a,'j

e decompose into components parallel and orthogonal to rj;:

21 1
” = ’YF(rU)+ u, ry = o

o exploit hard-core character of

interactions: rJ ~ 0 during collision

— LF(ry) = —Laj x(ry) with x(r) = ©(2R - r)
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Rewriting " .(x;(to) - Fi(to £ 5)) (2)

— 2i(xi(to) - Fi(to £5)) = >, ;(rij(to) - F(rij(to £ 5)))
— I‘,_, = %F(ru) +a,'j

e decompose into components parallel and orthogonal to rj;:

21 1
” = ’YF(rU)+ u, ry = o

o exploit hard-core character of

interactions: rJ ~ 0 during collision

— LF(ry) = —Laj x(ry) with x(r) = ©(2R - r)

— >oi{xi(to) - Fi(to £ 5)) =
~3 ij(ri(to) - a(to % 5)) X(r(to £ 5))
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Rewriting )" .(x;(to) - Fi(to £ s)) (3)

— 2i(xi(to) - Fi(to £5)) =
~3 Xii(ri(to) - ay(to % 5)) X(ry(to £ 5))
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Rewriting )" .(x;(to) - Fi(to £ s)) (3)

— Y ilxi(to) - Fi(to £ 5)) =
— 13 r(to) - (o £ 5)) x(ry(to £ 5))
e inspect
(ri(to) - ceh(to % 5)) x(ry(to £ 5))
= ([ri(to) - nj(to £ 5)][ev(to £ 5) - my(to = 5)] x(ry(to £ ))
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Rewriting )" .(x;(to) - Fi(to £ s)) (3)

— 2_i(xi(to) - Fi(to £5)) =
~3 iejiri(to) - eryto £ ) X(ry(to £ 5))
e inspect
(ry(to) - ejto = 5)) x(r(to £ 5)
= (ry(to) - my(to = )|[exy(to £ 5) - my(to = )] x(r(to0 £ )
e before collision, particles move around freely, hence
orientations of rj; and a; approximately uncorrelated
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Rewriting )" .(x;(to) - Fi(to £ s)) (3)

— 2_i(xi(to) - Fi(to £5)) =
~3 iejiri(to) - eryto £ ) X(ry(to £ 5))
e inspect
(ry(to) - ejto = 5)) x(r(to £ 5)
= (ry(to) - my(to = )|[exy(to £ 5) - my(to = )] x(r(to0 £ )
e before collision, particles move around freely, hence
orientations of rj; and a; approximately uncorrelated

e to initiate and maintain collision, need n;; - ajj < 0
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Rewriting )" .(x;(to) - Fi(to £ s)) (3)

— 2_i(xi(to) - Fi(to £5)) =
~3 iejiri(to) - eryto £ ) X(ry(to £ 5))
e inspect
(ry(to) - ejto = 5)) x(r(to £ 5)
= (ry(to) - my(to = )|[exy(to £ 5) - my(to = )] x(r(to0 £ )
e before collision, particles move around freely, hence
orientations of rj; and a; approximately uncorrelated

e to initiate and maintain collision, need n;; - ajj < 0
— (ry(to) - ae(to % 5)) x(ry(to £ 5))
~ 5 (rij(to) - ajj(to £ 5)) x(rij(to £ 5))  up to errors O(v")
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Rewriting )" .(x;(to) - Fi(to £ s)) (3)

— 2i{xi(to) - Fi(to £+ 5)) =
—3 2icjlri(to) - al-,‘-(fo +5)) x(rij(to = 5))
e inspect

(rj(t0) - evj(t0 £ 5)) x(rj(to % )
= ([rij(to) - mij(to & s)][cvji(to & 5) - njj(to & )] x(rij(to £ 5))
e before collision, particles move around freely, hence
orientations of rj; and a; approximately uncorrelated
e to initiate and maintain collision, need nj; - a; < 0
— (rj(to) - o (to = 5)) x(ri(to + 5))
~ 2k (rii(to) - aj(to £ 5)) x(ry(to £ 5))  up to errors O(12)
— 2_i(xi(to) - Fi(to £ 5))
= —2g 2i<j{rij(to) - evj(to £ 5)) x(rjj(to £ 5))
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Rewriting ) .(xi(ty) - Fi(to = 5)) (4)

— 2i(xi(to) - Fi(to £ 5))
= 25 Licjlri(to) - ai(to £ 5)) x(r(to £ 5))
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Rewriting ) .(xi(ty) - Fi(to = 5)) (4)

— 2i(xi(to) - Fi(to £ 5))
= —aq 2i<j(rij(to) - ajj(to = 5)) x(rij(to £ 5))
e switch back to absolute positions and fluctuations:
>oi(xi(to) - Fi(to £ 5))
= —g5 >icj [xi(to) - @i(to £ 5)) x(rii(to = 5))
—(xi(t0) - oj(to £ 5)) x(rij(to = 5))]
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Rewriting ) .(xi(ty) - Fi(to = 5)) (4)

— 2i(xi(to) - Fi(to £5))

= —aq 2i<j(rij(to) - ajj(to = 5)) x(rij(to £ 5))

e switch back to absolute positions and fluctuations:
>_i(xi(to) - Fi(to £ 5))
= —g5 >icj [xi(to) - @i(to £ 5)) x(rii(to = 5))

—(xi(to) - aj(to % 5)) x(rij(to £ 5))]

e (---) is steady-state average over all pair configurations,

but x(rij(to £ s)) picks out those where particles overlap
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Rewriting ) .(xi(ty) - Fi(to = 5)) (4)

— 2i(xi(to) - Fi(to £5))

= —aq 2i<j(rij(to) - ajj(to = 5)) x(rij(to £ 5))

e switch back to absolute positions and fluctuations:
>_i(xi(to) - Fi(to £ 5))
= —g5 >icj [xi(to) - @i(to £ 5)) x(rii(to = 5))

—(xi(to) - aj(to % 5)) x(ryj(to + 5))]

e (---) is steady-state average over all pair configurations,
but x(rij(to £ s)) picks out those where particles overlap

e to leading order (up to corrections O(%))
pair distribution is uniform
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Rewriting ) .(xi(ty) - Fi(to = 5)) (4)

— >i{xi(to) - Fi(to + 5))
= —aq 2i<j(rij(to) - ajj(to = 5)) x(rij(to £ 5))
e switch back to absolute positions and fluctuations:
>_i(xi(to) - Fi(to £ 5))
= —g5 >icj [xi(to) - @i(to £ 5)) x(rii(to = 5))
—(xi(to) - aj(to % 5)) x(ryj(to + 5))]
e (---) is steady-state average over all pair configurations,
but x(rij(to £ s)) picks out those where particles overlap
e to leading order (up to corrections O(%))
pair distribution is uniform
— x(rjj) picks out “interaction volume" (sphere of radius 2R):
(xi(to) - cjy;(to £ 5)) x(rjj(to £ 5))
= 202 (xi(t0) - cvyi(t0 £ 5))[1 + O(2)]
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Rewriting ) .(x;(ty) - Fi(to s

o > i{xi(to) - Fi(to £ 5))
= —oq 2icj xi(to) - @i(to £ 5)) x(rii(to = 5))
—(xi(to) - aj(to £ 5)) x(rij(to £ 5))]
o (xi(to) - ej/j(to £+ 5)) x(rij(to £ 5))
= Vo (x,(tg) - 0yt + 5)))[1 + O(2)]
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Rewriting ) _.(xi(to) - Fi(to = 5)) (5)

e > (xj(to) - Fi(to £5))
= =35 > lixi(to) - cxi(to £ 5)) x(ri(to + 5))
—(xj(to) - aj(to £ 5)) x(rij(to = 5))]
o (x (to) aj/j(to £5)) x(rj(to £ 5))
= 208 (xi(to) - vyt + $))[1 + O( )]
— > <x,(t9) Fi(to £5))
_ vpv Siej [(xito) - cvi(to £ 5)))
~(xi(to) - eyi(to £ )] [1 + O()]
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Rewriting ) _.(xi(to) - Fi(to = 5)) (5)

o > i{xi(to) - Fi(to £ 5))
= —oq 2icj xi(to) - @i(to £ 5)) x(rii(to = 5))
—(xi(to) - aj(to £ 5)) x(rij(to £ 5))]
o (x (to) aj/i(to £ 5)) x(rj(to = 5))
= Vo (x,(t) - oy i(to £ 5)))[1 + O(2)]
- Z <X,(t0) Fi(to £s))
= -2 Y [ixi(to) - ailto £ 5))

—{xi(to) - aj(to £ 5)))] [1 + O(12)]
Vp

e packing fraction: ¢ = N

Thermodynamic nature of irreversibility in active matter Nordita “Measuring and manipulating ..."” - 14/18



Rewriting ) .(x;(ty) - Fi(to s

o > i{xi(to) - Fi(to £ 5))
= —oq 2icj xi(to) - @i(to £ 5)) x(rii(to = 5))
—(xi(to) - aj(to £ 5)) x(rij(to £ 5))]
o (xi(to) - aj/j(to £ 5)) x(rij(to = s))
= &\/Vpb‘i(to) “ay/i(to £ 5)))[1+ O(2)]
— Z,(X:(to) Fi(to+s))
= 2 T xi(to) - et £ 5))

—{xi(to) - aj(to £ 5)))] [1 + O(12)]
Vp

e packing fraction: ¢ = N

o first term: sum over j gives factor %
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—(xi(to) - aj(to £ 5)) x(rij(to £ 5))]
o (xi(to) - aj/j(to £ 5)) x(rij(to = s))
= &\/Vpb‘i(to) “ay/i(to £ 5)))[1+ O(2)]
— Z,(X:(to) Fi(to+s))
= 2 T xi(to) - et £ 5))

—{xi(to) - aj(to £ 5)))] [1 + O(12)]
Vp

e packing fraction: ¢ = N

o first term: sum over j gives factor %

e second term: (x;- ;) = O(%) — overall O(¢?)
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Rewriting ) _.(xi(to) - Fi(to = 5)) (5)

e > i{xi(to) - Fi(to £ 5))
= —oq 2icj xi(to) - @i(to £ 5)) x(rii(to = 5))
—(xi(to) - aj(to £ 5)) x(rij(to £ 5))]
» (eito) -t £ 5)) (it £ 5)
= 20 (xi(t0) - aiyj(to £ 5))[L + O()]
— 2 <X:(to) Fi(to £ s))
= 2 [xilt) - ei(to £ 5)))

—{xi(to) - aj(to £ 5)))] [1 + O(12)]
Vp

e packing fraction: ¢ = N

o first term: sum over j gives factor %
e second term: (x;- ;) = O(%) — overall O(¢?)

— > i(xi(to)Fi(toEs))=— 2";% >_ixi(to) ai(to+5)) [1+0(0)]
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Integrate over time delay s

o recall: 0 = %fooodse_s/” > i(xi(to) - [Fi(to+s) — Fi(to—s)])
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Integrate over time delay s

o recall: o = %fooodse_s/‘r* ZI—<X,'(to) - [Fi(to+s) — Fi(to—s)])
— to leading order in ¢,

d—2 0
o= 2 d Cqszi:/o dse /™ [(xi(to) - cvi(to+5)) — (xi(to) - xi(to—s))]
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Integrate over time delay s

o recall: o = %fooodse_s/‘r* ZI—<X,'(to) - [Fi(to+s) — Fi(to—s)])
— to leading order in ¢,

d—2 o0
o= 2 d Cqszi:/o dse™*/™ [(xi(to) - cti(to+s)) — (xi(to) - @ti(to—5))]

e Novikov's theorem [Novikov, Sov. Phys. JETP 20 (1965)]:

— unbiased Gaussian stochastic process a(t)
— functional Fla](ty) of a(t) up to time ty
— (Flal(to) a(t)) = [ ds (a(t)a(s) (el )
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Integrate over time delay s

o recall: o = %fooodse_s/‘r* ZI—<X;(to) - [Fi(to+s) — Fi(to—s)])
— to leading order in ¢,

d—2 o0
o= 2 d Cqszi:/o dse™*/™ [(xi(to) - cti(to+s)) — (xi(to) - @ti(to—5))]

e Novikov's theorem [Novikov, Sov. Phys. JETP 20 (1965)]:

— unbiased Gaussian stochastic process a(t)
— functional Fla](ty) of a(t) up to time ty
— (Flal(to) a(t)) = [ ds (a(t)a(s) (el )

— with a(t) = ¥ (t) and Fla](to) = x*(to):
/0 ds e~/ (x;(to)- cui(toks)) = ——T2— (xi(to)-vi(to))

Vit £l
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Integrate over time delay s

o recall: o = %fooodse_s/‘r* ZI—<X;(to) - [Fi(to+s) — Fi(to—s)])
— to leading order in ¢,

d—2 o0
o= 2 d Cqszi:/o dse™*/™ [(xi(to) - cti(to+s)) — (xi(to) - @ti(to—5))]

e Novikov's theorem [Novikov, Sov. Phys. JETP 20 (1965)]:
— unbiased Gaussian stochastic process a(t)
— functional Fla](ty) of a(t) up to time ty
— (Flal(to) a(t)) = [ ds (a(t)a(s) (el )
— with a(t) = ¥ (t) and Fla](to) = x*(to):
dse™*/™ (x;(to)-aj(to+s)) = —————(x;(t0) vi(to))
/0 Vi+3%+1

_ o2 - (272%) Np
— 0=95p f<XI'V:>—<kBTa -
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High-activity limit

® main assumption:
irreversibility predominantly produced during pair collisions,
justified for small ¢
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® main assumption:
irreversibility predominantly produced during pair collisions,
justified for small ¢

e observation:
at high activity (D, > D), particles form clusters at larger ¢
(“motility-induced phase separation”, MIPS)
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e observation:
at high activity (D, > D), particles form clusters at larger ¢
(“motility-induced phase separation”, MIPS)

e particles in bulk essentially at rest, do not contribute to
irreversibility (since o ~ (x; - Fj))
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irreversibility predominantly produced during pair collisions,
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e observation:
at high activity (D, > D), particles form clusters at larger ¢
(“motility-induced phase separation”, MIPS)

e particles in bulk essentially at rest, do not contribute to
irreversibility (since o ~ (x; - Fj))
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High-activity limit

® main assumption:
irreversibility predominantly produced during pair collisions,
justified for small ¢

e observation:
at high activity (D, > D), particles form clusters at larger ¢
(“motility-induced phase separation”, MIPS)

e particles in bulk essentially at rest, do not contribute to
irreversibility (since o ~ (x; - Fj))

—» main contribution to irreversiblity from dilute regions

with dominating pair collisions
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High-activity limit

® main assumption:
irreversibility predominantly produced during pair collisions,

justified for small ¢

e observation:
at high activity (D, > D), particles form clusters at larger ¢
(“motility-induced phase separation”, MIPS)
e particles in bulk essentially at rest, do not contribute to
irreversibility (since o ~ (x; - Fj))
—» main contribution to irreversiblity from dilute regions

with dominating pair collisions

— at high activity (MIPS regime), also expect

_[2972V,\ Np,
T\ Then T
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Numerical simulations

low density (¢ < 1):  high activity (Pe > 1/MIPS):

N 5 N 2472\/
r=cMPpio@) o e and o = " Pprog) (o= )
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Numerical simulations

low density (¢ < 1):  high activity (Pe > 1/MIPS):

N 5 N 2d72v
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Numerical simulations

low density (¢ < 1):  high activity (Pe > 1/MIPS):

_ 2d72 Vp

o= c%[l—i—O((b)] o= cha and o = c#[H—O(gb)] (C = T )
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Summary and outlook

e irreversibility is function of thermodynamic state variables:

B 29-2v \ Np,
o= (Tﬁp) - [1+ O(8)]
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— exactly known expression for o for AOUPs
— essentially hard-core interactions
— dominating pair collisions (¢ < 1 or Pe > 1)
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Summary and outlook

e irreversibility is function of thermodynamic state variables:

B 29-2v \ Np,
o= (Tﬁ,p) - [1+ O(8)]

e key ingredients and assumptions:

— exactly known expression for o for AOUPs
— essentially hard-core interactions
— dominating pair collisions (¢ < 1 or Pe > 1)

— higher-order corrections?
— similar relations for other models of active particles?

— macroscopic description of thermodynamic processes involving
active matter?

arXiv:2308.03625 Thank you!
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Phase diagram (d = 2)
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