Nonequilibrium thermodynamics
for active matter

Jordan M. Horowitz
Nikta Fakhri

| SA BIOPHYSICS
lH Bl Massachusetts ‘ SA COMPLEX SYSTEMS

Institute of IIIIIIIIIIIIIIIIIIII
Active20, KITP, May 5 2020
I I Technology SA PHYS|C§




'+ $-.$/01
%P&'S$H#()*'+,$
1"#$%

! *+*($+,
"#$%8&.()) -
I I 1 11 ﬁ

* (#’"O'(iﬁfl’
RIS

'5(/*1%
1*$('5(
*4"q$
23&



"H$%&" ()*+*&, B(-(.%o($/

"110%4: *@.0/D."%)>@1@%
+4?7@%>"1&@4)A%@/0;;&4B i
88
a2

J0&%D1)012)".2)F"1D%0)56786:)

IHSY68I()*+,
K"4BLM;10%)F"1D%0)58NNO
ES0>&/").@/#:
</1&=0)>"110% » g COA.&/"1&@4

: H W@
X5 o
W)
¢ L
. CD:1)-F<3)56786:

""/|& 012)".2)3/&04/0)56789:
G4B."4H)IE-)56789:



"#$%&' () &+ ,-$*+".[#0+'12

345)6-5"*+74(4*

A-#B"T)H("5+)#)*$)(96+
5979("(94#C

D)6(9EF+)#)*$F+(4+B4+"
-NE-5+(""GC

3"()*9"5+H*4H)*(9)'C



"4 Y& () Yo*+",

P&5&4'(Q)82R N2;=5"82R

H6L&5M2('&6 S5&;@6)SKMM@(5'@9%)'6)B'A'63):

é‘ .,_»2 NB<?(<2('&6%$

IMH"#$%8&$'(&)*+,)-./0

Imzm

JMH"123242'*255&67&+8)_./9 b 0 0.001  0.002 0.003 c 0 0.001 0.002 0.003 0.004
IMH"*255&678*8)-.// ”“(:)‘:L_ 2 e
IMH":2':<6(262(=26 *+#)- /. L . =

i "“’""4 » 's L ‘ By ¢
>'635'?=JMH"*@5<6&R63B267)*+8)-./C N > > 4
+@$%&6$@ >'635'?=JMH *+8)-./D - I
jMH">'635'?:)*+#)__/D 250 -30 -1oX 10 30 50 -50 30 —10X 10 30 50
T E25$B26F<"IMH G+1HI)-.-. ‘ ‘
S : IMH">'635'22)J2(1)*=K$)- -. Fakhri et. al. Science 2014

Battle’, Broedersz’, Fakhri® et al. Science 2016
Gladrow, Fakhri et al. PRL 2016

Li, Horowitz, Gingrich, Fakhri. Nat Comm. 2019
Tan’, Warson’, Gingrich, Horowitz, Fakhri in revision

Tan et al. Sci Adv 2018

e [P Tan, Liu, Miller, Tekant, Dunkel, Fakhri Nat Phys 2020
04@6 >'635 ?M *+,)'-'- Wigbers®, Tan’, Brauns, Frey, Fakhri In revision |




Thermodynamics structures
fluctuations

"45$%8'$()*

01&2%

©
n‘\/%

6./7(&*4%4'(89":2.%)2%";,<==<>

%34%)5.1)

aaaaaaa




"H$%& ()* %o+, -.-/$0,/0BH-.
120,/0%/+&)-3*$5()-6+4#70*2+/(

"HPY&'()*(+ —
ppppp ‘ 2.5 25 5 75 10
e 15
f(% % A-ic U 0.4 wdiss (kBT)
- 8
ey " R 0.3 15nm
g £l :
% Eg P5b i .0‘2
% AMG g 5
B \BICM D'ﬂbléh e
30 nm |

e ' (WIHIF) —9q

,(*-".]  0/%'12%34(0+40%567768
9'):,+<=(%?",%5@AA!8



"H5%&($) Yo+ #- /& (B

"H$%&' ()*&#+,-).1).0,1%/-"#$%&(
20,)'/34*&#5)/6)$)("(.,%)./)%3$#"), 73&*&81&3%)
0,1%/-"#$%&")1,(,19/8&1()&%4/(,()(4,'&6&’)

T 1$58H.()1#).0,)-"#$%&(

- #.868&,()6%3'.3$.&#5);/1+<)
0,$.<)$#-) #.1/4")$*/#5
&#-898&-35%)(./'0$(.&").1$=,"/1&,(

>

B$#)-,#)C1/,'+ DE(4/(&./F0"(&'$SG)HIJIIKL)A,&6,1.<)M,4@)F1/5@)F0"(@)HIINIK




"H %68 () SHY* +,)-. 1. %S

"HSY& H(Y0) "+ #

= # D, #1%48"+&%(

7,40%
vy = =0, U(zt; M) + f + V2DEs
a10:1” 9019645 %;+‘:/}4#"5(<,46( o

e 9"4"[%+%4

-H#'1'01  23%4/,5'#6
T5X0+*"+ B'11'9"+ #(
+39%,4%]

D=1kgT




15t Law: stochastic energetics

—’}/ZCt + | Q’VkBTft (9 U(ZIZ’t, )\t) + f =0

L J \
B I

force due to reservoir external forces

Heat ¢
work due to reservoir 9t T /O VEs =/ 27kBTEs )ds

t
Work wt=/ L Ud" 5 + fdx
0

Energy LU =w; !

Van den Broeck/Esposito Physica A (2002); Seifert, Rep. Prog. Phys. (2012)

10



"% $9%6&'()*+,-%)*., (/"*0+12
"#"$%&'$(")*$&+,(-./)0"
| 55 = q/T
1,8#2(")*$&+,
St(X¢) = ! Kg In pr(X¢)
3)*$&+,(+$8&45-*'&)

71)(4")( 8$8"-Q3H+&H*&(H#-]  <(=>?7>@A(L"B"$*C(I"+D(:$&0D(;. #D(=>76>@

66



S8 & (&)

"HSYOHE (H")*++
* - #.%/'(%#%0*-*#'
(#-y)

P[]

1*2*#_'_*'(#")*_'__'_
-BO* A2 ()"

P )

56



"HB%&' ()" (+&,-.*-&,/%0+'  (*1'+2*

'&&"3"&%'4'5'+.
"HE%&" ()& +H*$HY -(#." [0

P 5136 t}

~—— — €

e
Plxg

1*$-#9%)2%-3(%//"4"15%6%& Y62
["&SHYA" ("-#/, TRL"$5*/"(,) ( Y5#%-3*%5.$6%& Yo# 2

¢ = D(PHF’)

$4"/$3"("-#],72 _
7/,'*+#%,- I '[” ) \/ D[XE] P[XB] |n P[XB]

P[x5] o

S, "H#H($&<(=>;(?@AABC



"HEY&("S R+, (). [+ + 5"

number of rotations

Time



"H%&-S.
&S)*+" %" #%
&'(
5%

_ */O
#E%&'()*+)(*,

"Var( Ji )

1.%'

2(-'3)43((/,
A,'2(-,

J




Precision costs energy

Thermodynamic uncertainty relation

- Var(J,) _ 2ks
J2 Ty

K energy

dissipation

relative
i -
uncertainty

Currents: particle, energy, distance...
Tightest: near equilibrium, heat fluctuations

Gingrich/JMH/Perunov/England PRL (2016); JMH/Gingrich PRE (2017)
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16



" 5% ()"

"HS%&' ()*+),+-"./&-.&0$,+&$.1-.$/

1-$+2".3, 45%-'$%+&!67&89:;<=

>"*-$.32&"&@"($*)(, %&@"+"%/

1-$+2".3, 4A,%,+45%-'$%+&BC&&5+,+C&DF*0C&89:;E=

>/+-@,+$&F-1/-G,+-". &'%" @&*)%%$.+&'()*+),-

7-4'%# 4H-.1%-*340&'(),+C&IJ" @ @C&89:9:=

) 5 0 &P .F

D,.-3,.F,.4H)G+,4K%-/0.,@)%+0?&I67&89:9: _ 20(% \x i1 F=or| /™

L+/)M"AN+@$*0,.+45,1 #,&,%P-80:9:= $ s Tt e

R)4R"4S,/$1,#,&!6>T&;:; T&U9;V<&89:9:= & . AN N
g: /1o-f .

2 05 . e
0.0 @] :
0.0 0.2 0.4 0.6 0.8 1.0

Temperature ratio T_/Ty,



"#3$%E&

"HS6&"($)"Yox+ H#-./&, ($)H00*+) &) "V #+*" ($8.1)
0+&, *2#+3) 0+ )SH/ ("*1") "% + #-.1&,(3)
&SSHAI" (15)&1#/5)(/-(6(-4& 1) "HS%&" ($)"+&T*$"#+

|()#*+ -
1 (& (#)H0) "HEY&" () Yo+ #-.1&, () "H#HL')"H)

S, 1<) H*=4(1(>+(4,),&" " +)#:*[)*2)
(/"(S%™)(/"#)"%*),*$3%&/ (", )#0)-("(;&"(#))

89



"#$%E&'()*(+(P,-

I"#$%&' :6&0:#6
"##$%& ()&*+$,-").+/01.0)'2 D:E)*&="*6%".01BC5
()*)+',-./%".O,12345 4"*)%,*:)6+".6 138"‘:.,!*"6)*5

-&3.4543+)&$,67!2

2*"0$"&),6&%$0).&6
789:%"®:$..< 1=>75
80)09:$;/0'$,6712
@)8,A$8,1BC5

FG



Review articles

"#$%8&" ($) "% + #-./&,($

0&/)-*1) 1+#*$B4'5H# ("#6]%.'($886)9:;6)=<)>?@:AB

I*(C*+"6)D*5E) 7+#FE)7%.'E)GAB):?<@@:)>?@:?B

H&+1./'2(8//E)D*JE)K#/-E)L&™'E)7%.'E) ?@)M?N?@::B
O/C#+,&" (#/)"%*+,#-./1&,($

7&++#/-8"# 31&F&P&)Q&"E)7%.'E)::6ININ)>?@:AB
RY%*+,#-./1&,($)S/$*+"&(/" )+ T&" (#/'

"t 3U(IF+($%))Q&"E)7%. Ef2@)A?@?@B
AV5*+(,*/"

K(T(W*7BX)G6)@7?: @A:)>?@:GB



