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“Euvery theory, whether in the physical or biological or social sciences, distorts
reality in that it oversimplifies. But if it is a good theory, what is omitted is
outweighted by the beam of light and understanding thrown over the diverse
facts.” PAuL A. SAMUELSON
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Perspectives on theory at the interface of physics and biology

William Bialek
Joseph Henry Laboratories of Physics, and Lewis-Sigler Institute for
Integrative Genomics, Princeton University, Princeton NJ 08544
Initiative for the Theoretical Sciences, The Graduate Center,
City University of New York, 365 Fifth Ave, New York NY 10016

Theoretical physics is the search for simple and universal mathematical descriptions of the natural
world. In contrast, much of modern biology is an exploration of the complexity and diversity of
life. For many, this contrast is prima facie evidence that theory, in the sense that physicists use
the word, is impossible in a biological context. For others, this contrast serves to highlight a grand
challenge. I'm an optimist, and believe (along with many colleagues) that the time is ripe for
the emergence of a more unified theoretical physics of biological systems, building on successes in
thinking about particular phenomena. In this essay I try to explain the reasons for my optimism,
through a combination of historical and modern examples.

L INTRODUCTION ena. What is emerging from our community goes beyond
) the “application” of physics to the problems of biology.
X . ‘We are asking physicists’ questions about the phenomena
At present, most questions about how things v ¢ Jie looking for the kinds of compelling answers that
biological systems are answered by experimental ¢ in the traditi 1 £ Dhvsics
ration. The situation in physics is very different, W€ €Xpect in the traditional core of physics.
theory and experiment aro more equal partners. Almost U 57 UURME 11 U s Ui St GusLs i
from the moment that hinlaoy and nhysics hecame sene. ¢ XPect in the traditional core of physics.
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Particulas Brownianas Activas

Interés en sistemas de paticulas activas | ———» | Descripcion estadistica de sistemas
alejados de estados de equilibrio
(Prigogine, Haken,...)

'

Emergencia de fenémenos
colectivos asociados a grados de
libertad internos

bacteria, biological cells,
colloidal biological tissue

particles @
®

10 nm 100 nm 1 pum 10 pm 100 pm 1mm

« Actividad biélogica
« Actividad en sistemas artificiales.
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Ejemplos de sistemas de particulas activas

Artificiales

o Ptocating
Micromotors In Vivo
l nl LN

Zn(s) + 2H{ (lq) — Zn**(aq) + Hylg)
%
N.m 0.5 0:

Golestanian PRLZOOS, NJP2007
Palacci PRL2010,Jiang PRL 2010

@Q. ‘

» Stomach

Particulas activas In Vivo
Gao ACS Nano 2014

Martinez-Garcia PRL2013
Dees Phys. Biol. 2008
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Modelos matematicos de movimiento activo

e Pzribram 1913, demosté que la teoria de Einstein del MB describe el movimiento de
protozoarios.
e Fiirth 1920, usé caminatas aleatorias persistentes para describir el movimiento de
protozoarios.
e La férmula de Fiirth concide con la de Ornstein-Uhlenbeck para el promedio del
cuadrado del desplazamiento.
e En el marco tedrico de PBAs
e Friccidn no lineal (“negative damping”)- Helmholtz, Rayleigh
e "Depot models”
o Naturaleza de las fluctuaciones
e Resulta en un dindmica compleja que parece describir movimiento activo bioldgico
e Propiedades difusivas novedosas de particulas activas libres
e Distribuciones de velocidades no Gaussianas
o Ciclos limite bajo fuerzas de confinamiento (Ebeling, Erdmann
EPJ2000,PRE2002)

3
325 2 L5 05 0 05 1 15 2 25 3

x
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Friccidon no-lineal

0= —y(v)v +£(t)

° : (v
@ “pumping-dissipation”
® v(v) <0siv <w

@ v(v) >0siv >u

I)U(V)

20.0

0.0

T

-20.0

-60.0

-80.0

dissipation
-40.0 umping
1i-(d,s/c)
0.0 0.5 1.0 15

20

Helmholtz-Rayleigh ~(v) = vo(v? — v3)

[ErdmannPRE2002,ErdmannEJP2000]

Schienbein-Gruler v(v) = vo(1 — vo/v)

@ Simetria rotacional = (v) =0
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Modelo de repositorio

Fuerza disipativa F ;55 = —yov + de(t)v
Dindmica del repositorio

é=q(r) — ce(t) — h(v)e(?)

q(r) = qo y h(v) = d v

est = qo/(c+ dv?)
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Limite de rapidez constante

|v| = v
Evidencia experimental: [S Bazazi,Collective motion and cannibalism in locust
migratory bands 2008. H U Bdeker, Quantitative analysis of random ameboid motion.

2010. Li Dictyostelium motility as persistent random motion 2011.] ]

Dindmica de peatones [Buchmueller 2007]

Purpose o)
Business 1.61
Leisure 1.10

Commuting 1.49
Shopping 1.16

Difusién anémala: Particulas en medios heterogeneos Chepizhko PRL2013
Persistencia en sistemas de particulas bajo influencia de torcas aleatorias
Radtke PRE 2012

Migracién de fotones en medios dispersivos Polishchuk PRE1996, Ramakrishna
1JMP2002
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Movimiento activo

Run-and-tumble particles

Active Brownian particles

PRL 106, 230601 (2011)

PHYSICAL REVIEW LETTERS

week ending
10 JUNE 201

EPL, 101 (2013) 20010
doi: 10.1209/0295-5075/101/20010

Brownian Motion with Active Fluctuations

Pawel Romanczuk'™* and Lutz Schimansky-Geier

1
v =—vy(v)v+e, n), ¢ = ;eqp - (1),

na([) = Vzvau(t)eh + ‘\lzDgofqp(r)ecp

wuw. epljournal .org

When are active Brownian particles and run-and-tumble particles
equivalent? Consequences for motility-induced phase separation

M. E. Cates? and J. TAILLEUR?

P(r,u) = =V - [vugp(r,u)] + V[ D, Vut(r, u)]

/1/11“11 aqQ/’,

+V(DV(r,u)) — ap(r,u)
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Ecuacién de transporte general

%P(w,v,t)—i—v-VP(w,v,t) = /d3U' [K(v]v) — K(V'|v)] P(z,v',t)
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Trayectorias Individuales de particulas activas

Momentos de la distribucién espacial

300 b

& 200

ALZ jum

100

00 05 10 15 20 25 30

at fsec At /sec

Howse et al. Phys. Rev. Lett. 2007

A

©

okl

MSD [um?]
>

©

o .
123 456 7 8 9 10 000 005 0.10_015 020 0.25 0.30
Time [s] Time [s]

Jiang et al. Phys. Rev. Lett. 2010

Chenouard et al. Nature Methods 2014

Zheng et al. Phys. Rev. E 2013
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Distribucion de posiciones, msd, kurtosis

PHYSICAL REVIEW E 88, 032304 (2013)

Non-Gaussian statistics for the motion of self-propelled Janus particles: Experiment versus theory

Xu Zheng,' Borge ten Hagen,>* Andreas Kaiser,”> Meiling Wu,? Haihang Cui,® Zhanhua Silber-Li," and Hartmut Léwen?

50

10

O
e
o

o
2

t=0.1s t=0.55

e

Probability

o
o
&

0

dy = 208 pm

0 100 ol

is =5 25 0
Ax[pm]

102 10! w0 w0

0.004

2
£0.002-
&
0.001"
o T -08
=15 =10 - 0 - 10 15 -80 —60 —40 -20 0 20 40 60 80
Ax [um] Ax[pm] .
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Ecuaciones de Langevin 2D

d d

Lat) =wo(t) + &), elt) = Ealt).
6 = (cos p(1),sin o (1)
(€r) = (€R) =0

(&ir(t)€r(s)) =2Dpo(t — s); (Er(t)Er(s)) = 2Dad(t — s)
Dp = kpT/6mna coeficiente de difusién translational
Dq, coeficiente de difusién rotational

7 viscosidad del fluido

Escala de tiempo: D;Zl \
Escala de longitud: v0D51 /‘ \
Inv. no. de Péclet: Dy = DpDq /v ‘ k;:;/
Particulas Janus [Pallaci PRL 2010] g ~
Dol ~0.9s7!

Dp ~ 0.34 um?/s p=
vo &~ 0.3 —3.3 um/s (5

Dp =~ 0.035 - 4.2
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Dy=0.001
——— D,=000316
——— Dy=001
—— D,=00316
Zo. ——— Dy=01
Resultados numéricos: B oate
. e B
Esquema de integracion — By=10
Euler-Cromer explicito
Paso de integracién 0.001

Promedio sobre 10° trayectorias,

Pasos totales de integracién x10° & 2
Condiciones iniciales: o; =0, %%
@i € [07 27T]
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Resultados numéricos

Dot = 0.01, 0.1, 1.0, 10.0, 100.0; Dp = 0.001

NA K
ol TR
\>/< 10°F 7
1

RNl
V > 6

10%F X

o 5
10*F ?
-6 |
10 / t\ L L L N L L L
10" 107 10° 10° 10* 10* 107 10° 10°
Dot Dt

Dp = 0.001, 0.00316, 0.01, 0.0316, 0.1, 0.316, 1.0
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Ecuacidon de Fokker-Planck

P(z, p,t) = (6(z — =(t))d(¢ — ¢(t)))
P(x,p,t) + vo0 - VP(x, 0, 1) =

_ %@R(t)é(w — x(1))8(p — (1))
— V- (&p(t)6(x — x())6( — (1)),
Teorema Furutsu-Novikov (n(t) F[n(t)]) = (0F[n(t)]/on(t))

0
ot

;P(az, o, t) +vov - VP(x,0,t) =

82
2
DBv P(ma@at) +D§267%02P($7907t)'

Dp = 0: Ramakrishna 2002, FJS LA Gémez-Nava PRE 2014; Dg #0y
confinamiento: Sandoval y Dagdug PRE 2014
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Descripcién reducida de particulas activas

Po(IE,t) =

2

n=-—oo

27
dp P(x, p,t)

0

1 ~ .
P(k7gp,t) = — Z pn(k:,t)e_(DBk2+DQn2)tel’ntp7

. 2T _ )
Pallet) = ePPEHPa [ 4 Bk i, e,
0

— jerarquia infinita de ODEs acopladas

4z _
dtpn =

donde k, + ik, = ke*?
Note que [FJS, Sandoval 2015]

2m
PO(LI}, f) =
0

_U?O'lk' e—DQt [€2nDQt —16 ~ —2nDqt 160 ~ ] .

€ pn—1+ € € pn+1

dp Pl@,p,t) =|(@m)" [ dPheoe Dok Gk, )
P - [ 2za ’ ’ a _ o s
o(w,t)—/ x (:cfz,t)po(:c,t), (w,t)—m,

el propagador translacional de difusién en dos dimensiones.
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Coneccidn con la hidrodindmica fluctuante

- 1 O )
Plhio,t) = 5= 3 Bnlk,t)e (PR +Dandteing,

n=—oo

P(k,p,t) = e~ DBE™ [Z)(k, t) + e DotV (k,t) - o+ e 2Pty . W(k,t) - & + ..

campo escalar de densidad
~ 1 _
o(k,t) = —po(k,1),
2
el campo vectorial V (k, t)

~ 1 ~
Vi (K, t) :E [p—l(k7 t) +p1 (kv t)] )
~ . ~
Vy(k,t) =-— [p1(k, t) — p-1(k, )],
21
el campo tensorial de rango dos, simétrico y de traza cero W(k,t)
= = 1 .
Wag(k,t) = —=Wyy(k, t) = on [D2(k, t) +P-2(k, t)],

= & ¢ =
Way(k,t) = Wya(k, t) = o [p2(k,t) — P—2(k,1)]
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0 _
at?

0 ~ _ ~
aVi + voeP2tik; 5+ Eoe_DQt ik;W;; =0,

= Wao + %0 D2t i(kyVy — kyVy) + 2DoWos = 0,

o+ Le=Dat k.. — 0,

2 Way + %OeDﬂt i(kaVy + kyVa) + 2DqWay = 0,

Oro(x,t) + V- J(x,t) =0, J(x,t) la transformada inversa de Fourier de
J(k,t) = (vo/2)e PtV (k,t).

o ~ 2 t —
aVi(k,t) + wvoeP2tik; o(k,t) + %%2/ dse 3Pet=9) V(g s) = 0,
0
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Soluciones explicitas para g(k,¢€) y ‘N/(k,e) en el dominio de Laplace,

o(k,0
alk. = —5 0
- €+ Dq + M
€ +4Dq
~ —ikjvg  _
Vi(k,e) = W@(ka € — Dq),
€+ m
La corriente J(k, €) se obtiene de J(k,¢) = (v9/2)V (k. ¢ + Dg)
J(k,e) = —U—gik ! 727 0K, €).
2 e+ Do+ 3145;1

con lo que se concluye una relacién constitutiva non-Fickiana
v2 t
J(x,t) = —EOV/de/ dsi(x —y,t — s)o(y, s),
0

- 4D
Y(k,t) = g~ 5Dat/2 [; sin wk + cos wyt
w

wi = v3k?/2 — 9D% /4.
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Solucién aproximada para py

Régimen difusivo 3Dt > 1

d _ v ., _ o~ 0~
&Po _ 7?0“7{:6 Dqt [e 20p_1 + 620171] 7
d _ , 0~
apil _ 7”7201143 [ Dat Fibg | o~ 5]—)53/(,#:191):*:2]
d? d v DA
dt2p0 + Dq dt = k:2 ,T‘)/‘ )(7“7‘”( 205 + e /),2).

02
— Oupo(x,t) + Dadipo(x,t) :§V2po(az7t)

Ecuacién del telegrafista [Porra et al. PRE1997]
Dqt — o0, ec. de difusién, D = v2/2Dq.
Dt < 1, ec. de onda con velocidad ¢ = vo/\/i.
Con solucién en Fourier
~ ~ Dgq .
Po(k,t) = po(k,0) e~ Pat/2 2 Sinwyt + cos wyt
2wy,
con w? = v2k%/2 — D2 /4
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Promedio del cuadrado del desplazamiento

(@2(t) = —V3 [e=PBF 150 (k, 1))

k=0
(22(t)) = 4Dt + (x2(t))o

2
;?@2(75»0 + DQ%@%»O =

<(x-<x>)>>

o (o84 + Kol + B0t
2 k\"Vx y )P0 k=0 1 @

{Vi [(kx — iky)?P_2 + (kz + iky)?P2] }, _,

2
@) + Do (@7 (1) = 27

(@*(t)) = 4;—% Kf)B + %) Dqt — % (1 - efDntﬂ
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Do a tiempos mas cortos

En el régimen 5Dt > 1, (modos de Fourier n = 0, £1,4+2) —

d vy _ . ~ . ~
b0 = —506 Dot [(iky + ky) p-1 + (iky — ky) P1]
d . . - _ . ~
b = —%eDQt [(iky & ky) Do + e~ *P2 (iky F ky) Paa]

d ~ Vo D . =~
ﬁpﬂ = —563 of (thy £ ky)PiL

2
dupo(,t) + Dadypo(,t) = v3 V2 fot ds ¢(t — s)po(x, s) + e~ *PolQ(x)
Ecuacion del telegrafista generalizada
¢(t) = 36(t) — Doe~*Pat

Q@) = 3 dip [629 (92 +18,)? + 712% (8, — 10,)* — (62 + 2) | P, 9,0).

(e +4Dgq)(e + Do) + v3k? /4
(e +4Dgq) [e2 + Dqe + (3/4)v3k2] — vZDgk?’

po(k,€) =
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Bo(k,t) = e~ DB tpg (K, t) — Bo(k, €) = po(k, e + Dpk?)

4 — 2
La curtosis k = 4%, (x4(e))r = (%%k%) Po(k,e)‘kzo

w00 =2 23 [0 (B + )" = B ot (120
Q

4
87 4 49 1
+ 2 {— —30Dqt (1 + 5@4@5) = 5e*Dﬂt + —e*wﬂt} .

Dg L2 144
Dp =0 Dp = 0.001
T " T Diffusive regime
g 8 et e
K g
7 i
7L
6 -
5k I 6
4 : !
Ballistic regime /k x Numerical simulations 5F LN y
27 \b) . 5 Fourier modes approx. L .
3 -7 m — = — 3 Fourier modes approx—| o A 10
2-d wave equation 4 et
2 | J | L L L
1 1 -4 -2 0 2

0 2 4 10°

5]
107 10 107

1y 10 DQt
FJS Gémez-Nava PRE 2014
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Resultados: difusidn rotacional + translacional

Kurtosis (Gaussiana k = 8)—

K g

[FJS Sandoval 2015]

--- water

—=-1.25 % H,0,
08 - - -25%H,0,
——5 % H,0,
-1
10 107" 10° 10'

Resultados experimentales para pariculas

Janus, Zheng et al. PRE 2013
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Resultados: difusion rotacional + translacional

t=01s | =055

Probability
°
R

0.01

00 1S -25 [
Ax [1m] Ax[um]
0012
001 =25 | 0004t = t=10s
20008 Zooos
3 3
50,006 2
8 © 0,002/
0,004 &
0002 L
o ol 2
215 10 5 0 5 10 15 -80 60 40 200 20 40 60 80
Ax [pm] Ax [pm]
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Particulas activas sujetas a torsién, caso 3D

d d
20 = v o) +&r(t), -0
Procesos estocdsticos multiplicativos

d . .
avx(t) = &R,y (t)vz (t) - fR,z(t)'Uy (t)

3 50(0) = €, (03(0) ~ &2 (1050

2 520 = R 2 (D2 (1) — £,y (D00

_ _ D
do(t) = — @ dt + & (t)dt

do(t) = %dt
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Ecuacidon de Fokker-Planck

%P(m, Q,t) + Q- VP(x,Q,t) = DgV?P(x, d,t)+

1 0 (. ,0 1 o A
Da [sin@@@ (Sm989> * sin29(9902] P(@,9,8)+

uaas (79) Ple. 0] -
7 &) P(e, 0,0

Q = (sin f cos ¢, sin O sin @, cos )

~ | .-
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d -
—P(k,Q,t) + ivgQ2 - k P(k,Q,t) = —Dpk?P(k,d,t)+

ot
1 0 9 1 02 A
Dq [5111089 (sm989> o sin298g02] P(k,v,t)+
s,

5, Pk 2.0)

— T0=—

Considere la expansion

k ﬂ t Z Z Pm k t —[Dpk?+Daon(n+1)+irom]t Ym(ﬂ)

n=0m=—n

Y, (€2) armédnicos esféricos
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d i . ’
P”l k, t _ E E —I)Q[n (n"+1)—n(n+1)]t ,—ito(m —m,)t><
dt ( wo €

n'/=0m’'=—n’

[aavy @iy @),
Reglas de seleccion: 6, n/+10m, (m!,m’+1}
(n+m+2)(n+m+1)
2n+1)(2n+3)

[(n—m+2)(n—m+1)
(2n +1)(2n + 3)

n+m-+1 (n7m+1)]1/22ik }

d - 0 . s
—~ pm — 56*2Dsz("+1)t pﬂrﬁl } e—zmt(ky + ikz)

+Pm1

1/2
i1 } e 0 (ky — ike)

pm (
~ Pt [ (2n +1)(2n + 3)

)

)

vo on pm (n )(
=g {P”Jrll [ (2n — 1)(2n D)

1)71/2
)} e~ 0t (I + k)

+Pm1

n—1

{m+mm+m7n

1/2
iT(th 7kz
(Cn—1)(@n+1) ] o7 (ky — tk)

mmm+mrmm%

+ Py [(2n —1D)(@2n+1)
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d2 d . v? .
7 — P (k,t) + 2179(7}90 (k,t) = ?OkQP(?(k:,t)+
9\ 1/2 _ . ) .

(5) iTo%)e_QDQt [e”“t(ky — k) BT — e 0t (g, + ikz)Pll] T
v0\2 _6p 8\'/? 267 2 52 2i 252
(3) e~6Dqt (ﬁ) [e* 0% (ky + ik )2 P5 + €270 (ky — ikz)? Py ] -

2\ 1/2 ) . ) R
) (E) dik; [e770% (ky + ko) P + €770% (ky — ko) P ] +

VN2 4N\ 1/2 .
(12)? e-svar (4?) 2 (K2 + k2 — 2k2) PY

Si 79 = 0:

msd: (z%(t)) = 6Dg [t -5 (- e—QDQt)]

cuarto momento: (x(t)) =

vy [3(Dat)? — 2 Dqt — e=2PatDqt + 2 (1 — e~2Pat) — L (1 — e=6Dat)]
Q
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<(x-<x>)>>

Gaussian

['Spherical shell

g Wavelike palisic

. =00
. P-100
€= 1000
— Andytic Torque0.0
- T=100D=0001

(

1+72/12
1+TO§/4

)

102

10°

Dyt
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Generalizacién a D dimensiones (parte activa)

fo(r,t) = 22— Gaussiana

- AD’r‘D_1

W i E(D _ 1)% = V3 fp(r,t),

~+

Solutions of the Spherically Symmertic

‘Wave Equation in p + ¢ Dimensions ' . . . .
3 The spherical wave equation in p + ¢ dimensions

We consider a flat space with coordinates ({y.....4. 7y, ...2,) and search for solutior
the wave eq., which depend only on r = /S, 27 and 7 = /S, 2. They have to fu

W. Bietenholz and J.J. Giambiagi
Centro Brasileiro de Pesquisas Tisicas (CBPT)
Rua Dr. Xavier Sigaud 150
22290-180 Rio de Janeiro, RJ
Brazil
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(@ (1) = 2th 1 oF({1,1}, {2, D}, —11)].

S G0
2 2 -
t)y = 2d!(ct e
(@) (ct) nz:%(n—kd)!(n—FQ)
(@2 (1)) ~ 2 x(1- 325 +..), 1t <1
2 2
(@ (1)) = 245t [1 - 2o 4 Inat +} ~ 24t 4t > 1 — D = 2/7.
Ye = 0.57721566490. .. es la constante de Euler-Mascheroni

T
4 Diffusive regime ~ t

d_(@2(1) AN |
2c2 1 _ Nt
1 %Qt—;(l—e vt)} Nif
(] |
2 4 - JEn (-] o
3 8 t—2[En(—t) -1+
% (1 — ef’Yt)] } 10°F i e
Ballistic regime ~ {
2 0 2
En <x> — e+ Ina + E1 (a), A P
Ei(z) = [dtet/t
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En progreso ...

‘ Efectos de confinamiento: paredes rigidas

Efectos de potenciales
atrapamiento

- _ || Efectos de inhomogeneidad
espacial en la actividad
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Conclusiones y comentarios finales

@ Se extendié el estudio de particulas Brownianas en alineamiento al caso de
interaccién de corte alcance. Diferencias "sutiles" respecto a las caracteriisticas
observadas en el MV. Realizar un estudio basado en ecuaciones hidrodinamicas
es necesario.

@ Se extendié el método para analizar sistemdticamente las soluciones para la
densidad de probabilidad marginal Py(x,t), de la parte activa, a la situacién
donde las particulas también estdn sujetas a fluctuaciones en su traslacién.

@ La coneccién del método empleado con la descripcién dada por la hidrodindmica
de fluctuaciones fue exhibida explicitamente en dos dimensiones.

@ Un andlisis similar fue extendido al caso de tres dimensiones espaciales, en el
que se considerd los efectos debidos a fuerzas externas de torsién.

@ Una ecuacién para la distribucién de posiciones, debida a la parte activa, es
propuesta fenomendlogicamente y captura cualitativamente los resultados
encontrados en simulaciones numeficas.
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