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e instead of a few coupling constants, follow fonction(s) under RG

wetting transition, interacting fermions,.. ,

e in systems with quenched disorder

may be necessary follow proba distribution

- strong disorder FP of disordered quantum spin chains RSRG

- freezing transitions in some 2D models disordered Coulomb gas

- FRG for disordered elastic systems and random field problems



FRG for disordered elastic
systems

Lectures | and Il; - statics

Lecture Il - dynamics: depinning and creep



program

- model of everything

- simpler model, with and without
- perturbation theory

- functional RG

- results and physics



Periodic object + weak disorder Abrikosov vortex lattice

Bragg Glass: No dislocation decoration
No translational order

B(r) = (u(r) —u(0))?

@ .
B S N“.22
i BT(r)/ag?
d — 3, N — 2 _ o BL(r)/2

Q [
o o® 15 [
[ 3 hi STy

- . 10 - BT(r/BLr)

B(r) ~ AgIn |r| > a3 ‘ oL
1

[ 20 40

10
r/a,

divergent Bragg peaks

prc(x) = poet )

pr(2)pG-(0) ~ ||~
Neutron diffraction
Klein et al. KBaBIiO




Ingredients

- field u(x) deformation

- elastic energy Hel [u] Interactions

- disorder energy Hd?,s[u] substrate impurities

describe: Gibbs equilibrium at temperature T

Plu] ~ e~ HlW/T g = H, + Hy,

want: roughness
u ZL‘C

correlation functions



displacement r—»e RN target space
deformation fie|d ,a’( f)
heigth L"G Rd internal space

u(x) = O is flat ground state

d=1 directed polymer d=2, N=1 interface
« In dimension N magnetic domain wall in 3D

| D=d—+ N
i(x) U(X embedding space
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magnetic DW in 2D film: d=1 N=1

U

d=0 particle in dimension N



Elastic energy u(z) € RY

. ] L z € RY
Helu] =5 [ d% ¢ (Vu) ug = [ dac*u(a)

1 N=1
— §fq Cq2|Uq|2 / ;:/ ddq
q 1BZ (2m)d

1 . i,,J
general = §fq cw(q)uqu_q
periodic objects (cristals) CDW: N=1
In d=3 vortex lattice: N=2 (line cristal)

NV L, o Yy
u(RZQ,z) — u(7T, 2)

p(7.2) ~ po(1 = V - i 4 Y K72,

/ 7




Thermal roughness Uy = / dlwe' ()

H[u] = & [d% ¢ (Vu)? _ !
12 . . / o /1BZ (27)d
=5 [, cq°|ug] N=1 5,00 = (2m)06(q — )
[ Duugu re” el[u]/T 1
Unl q - ) free
< q _q,> [ Due™ etlul/T q2 v propagator
G(q) = T/cq?
((u(z) —u(0))?) =2 [,(1 - cosqz)G(q)
r— 00 o~ %|x|2_d %In x| d=2
~a?=4  flat d>2
— _ 2—d
cL=2y2 ~ T u ~ L6 Cth—T

free field power counting



Disorder energy w(z) € RN

d
random potential V' (, u) v e R

x U(X) z Hdis[u] = /ddx V(az,u(:v))

* *‘
* *
)V %* V(z,u) =0
> X4 V(z,u)V(d ) =6z —2) R(u o u/)

e short range in internal space: point impurities

the function e short range random bond magnetic DW

R(u) is e long range random field Interfaces

e periodic CDW,
vortex lattice(Bragg glass)



Random Bond vs Random Field

“(f”‘)ﬂ How ~ S, Jr = (2, u(z))

| unsatisfied bonds
|

- random bonds .J,. = J + §J,

|
| ﬂl H[u] ~ J length 4+, V(z, u(z))
V(ZC,U) — 5Ja:,u

N _u2/r2
~ f
X - random fields R(u) ~e
w1 () . oy v i hgS;
1 TS B
s i s hihj = g
us ()

o AV =V(z,u) = V(z,u1) = Yu=u] heu

2(R(0) — R(up —u1)) = AVZ = glus — u1]



starting model: summary u(z) SRN
r e R

* U(X) " H = /dd:c g(Vu)Q + V(JZ,U(QZ‘))

3
1‘] ¥
X * Ve, )V (@, d) =64z — ) R(u — u’
5/ = ( )

A

A !
R(u) —R"(u)
e random bond /\ \ ”
e random field  R(w)— R(0) ¢ y _R"(u) 1

force has SR
correlations U

e random periodic

we want:

R(u) = gcos(2mu/a) (u(z) — u(0))2)




directed polymer d=1

L ‘/,,J random variables on each bond
Er = Z Vi energy of path [
el

find optimal path [ .,

of minimal energy Emin

U
‘ 2
O (Emin — Emin)® ~ 55‘29
Exact results for N=1 { = 2/3 u~x
1
0=>=d—2+4+2¢
3 DP mapped to
Bethe Ansatz n to O KPZ growth in N dimension

Probability theory and Burgers equation



perturbation around thermal FP
power counting f ddxc(Vfu,)z ~ CLd—Q-l-QC assume
— — N
HC%@'S -~ deéd(a:)R(u) -~ LdU_N R(U) = g0 (U)
Hyo = [d%V (z,u) ~ LN )\ = d—NgG

2
PT around thermal FP choose ( = (2 —d)/2

SR disorder irrelevant A < O it d < 2 AND
g

e SR disorder relevant ¢

directed polymer, KPZ growth d =1 N, = 2

- STRONG disorder phase  optimization H_; ~ H ;.
FLORY (p=(4—-d)/(N+4)



Replicas!!!

Ty = / Dage—BHv[u] B=1/T
Hylu] = [ a2 (V)2 + V (2, u(2))

Z‘f'}:/ H Duge PHv w1+ Hyun])

a=1 — TTEZ_B(Hl_I_"_I_Hn)
1 ——
InZy = Iim ;(Zi'} ~1) = Tyre PHrer

e_BH?"ep[ulv"un] — e_B(HV [ul]_l_HV [u?’b])



Replica averages o — /Due_BHV[u]
(u(z)u(y))y = ZLVfDulul(x)ul(y)e_BH[ul]
— z%”'}fng’:l Dugui (z)uq(y)e P UHual+ A+ Hlun]
= (ur(2)u1 (W) oy +..H,

(u(@)u(y))y = limg,o(ur(@)ui(y)) H,.,
= (Ua(x)ua(y)) n=0 implicit

(u(z))y{ul(y))y = 21—2fDulDfu,Qul(x)u2(y)e_5(H[“1]+H[“2])
i

= (ur(2)u2(y))y,+..H,

(u(@))v(uy)v = (ug(x)up(y)) a 7= b n=0implicit



Replicas: summary

6—5H’r6p[ula--un] — e—B(HV[UlH‘--HV [Un])

(O1(u)){O2(u))..{Op(u)) = (O(u1)O(u2)..0(up)) H,.,

(Ua(x» — <u(5€)>
(ua(z)up(y)) = 64pGe(x —y) + G(z — y)

G(z —vy) = {u(z)){u(y)) off diagonal correlations
(disorder)
Ge(z —y) = (u(x)u(y))c connected (thermal)

= (u(z)u(y)) — (u(z))(u(y))



A simpler model | V(z,u) = —f(2)u

f(z) =0
Hy[u] = /dda: (Vu)2 — f(x)u(x) () f(2) = de(x — 2

BHrep — =5 [ Xa(Vua)? =B [, (@) ¥, ua(@)
GICB f(z)a(z) — e% f;c a(m)Q

Hfr'ep %4
2
_ b _r. W
= E/QM(q)abuZ’u_q Map(a) = Z0ab — 7

(ugud) = Gap(q)yy Gap(q) = M(q),;



Cumulants

I F@)a(e)

= exp[X021 21 Juy,..zp £ (1) f(@p)alz1)..a(ap)]




Replica matrix inversion
Mab — A(Sab—|—B —1 - iéab_i

ab A A2
> (Adyp + B)(Coy. + D)

b = ACS4c+ ADY 6+ BCY 6. +BDY
b b c

= §,p if C=1/A AD+ B/A=0

A+B B B 5] cyclic matrix r
B A+B B B A+nB g Up — (w]% Wpy ooy )
B B
A V1, ..Vpp—1 — 6227rp/n
A+ B “p

C+nD=1/(A+nB) ( __)
C=1/A nA—I—nB A




A simpler model 11 Hy[u] = /ddxg(vu)z — f(x)u(x)

Hrep _ 1 /[ﬁé Wy @) =Wl - )
2J¢ T °

T T2 Uqt—q
A B 1/A  —B/A?
G ( ) - 15 | 4
(ug’ug/> = Gap(q)0yy ab\4) = cq? ab | 24
(ug)(ug) = W/(c?q*)d,, (uqug)e = T/(cq®),,
WC = (Uqug) — (ug)(uy)
disorder: thermal:
((u(@) —u(0))?) ~ [ ((u(@) — u(0))2)e ~ a2~
_ 4—d unchanged by disorder
GL = >

will remain true in full model



Simpler model: without

Hylu] = [ d%a2(Vu)? - f(2)u(a)
f(@)f(z") = Wo(x — ')
In given disorder realization:

Hy =FEy+ |/, 5(V(u — umin))Q
e (w(@))y = Umin(@)
Ey = [, fql2/(2c2¢?)

Cv2umin($) = f(x)

q _ 2
mn fQ/ 1 single minimum
<Uq><uq/> — quq//(62q4) no bailrri-er
B 5 4 no pinning
= W/(c“q )5qq’ responds elastically

zero T fixed point



Full model: replicated action

Hylul = [ d'e S(V)? + V(z,u(x))

e_/BHrep[ula--un] — e_B(HV[UlH‘--HV [un])

V(zx,u) =0
Viz,w)V (2, u) = 6%z — 2 R(u — u’)

H

rep d & 1 d
Tp — /d T ﬁza:(Vua)Q—ﬁ[d T %{;R(UCL(ZC)—UZ)(CU))



Cumulants

eT Jx o V(@ ua(@)) _— 0
1
— exp[ ?LZV(ZB,UGJ(LE)) /ZR(Ua(fU) — up(x))

s [ S V@ wa@)V G u)°

’

1 N© V(x, fun(frﬂV(T uL('r’ﬂV(T” fuL(T”nC —l—.]

3|Td jx x/ " Lbd

9 7C
3'T3

/ 2§, uy(e), uee))

Ve, W)V(d, V(" u") = 5d(az—a: )5d(a: —2")S(u, v, ")
S(u+ v, v + v, +v) =85, v, u")



Program..
- perturbation theory S = 50 T+ Sinter S = [pH

Squad

O)g = <Oe_Sim>SO 1 2 \cC
(s = =5y = (O)so = (OSint)so = (0N Sint)so + 5 {057,
e divergences UV cutoff N\ ~ 1/a,

power counting IR cutoff [, 1

2. 2
here:harmonic well q2 o q2 -+ m2 H—+ [ —m~u
xZr
e renormalization - Wilson A; = /\e_l U= U< + u>

Integrate out fast modes U> = UA;, ,<g<N\j— S + §S[u<]

rescale to get fixed form
e HERE: compute renormalized vertices

from effective action I_[u]

obtain mOm [ [u] interms of [ |u] field theoretic



Perturbation theory | T=0

s="rr= [ Y (Vua)+m ——ZR(ua(a:) up())
SO Sznt
R(u) = R(0) + JR"(0)i? +  R"(0)u* +
Squod Fino
=5 f[c(q (LS P L ON P
Inversion
done before —R"(0)

wiu=9 = (udu; 1) =
o (q% + m?)?

quadratic part of action is Larkin random force model



power counting r=br' u= b
£ (Vu)2 =35 [(Vu)2 T =b70T

/1 2 9:d—2—|—2<
R"(0O P2 R (O
T(Q ) fa: UqU}p = T’Q( )fgc’ ugug
M=d+2(—20=4—d—2(
4—d

Squa,d invariant if g — gL = 5
Larkin RF model T=0 fixed point is it stable ?

(p)
. 2;2(0) fx(ua - Ub)p All relevant d<A4l!!

should flow away from Larkin’s random force model




surprise!

Hyep . i 5 5 Q_L B
s="7"= | 5 D (Va4 772 2 Rlua(@)—u@)
— —R"(0)
wlu™? = (udu, 1) =
to ALL orders in perturbation theory !!
in RIIII(O) t
DIMENSIONAL REDUCTION: etc..

observables at T=0 are the same as
the pure model in d’ = d-2 to all orders in PT

here:

2 —d 4 — d
C: -

e Random field Ising model P 2

e CDW: Larkin Efetov 77




Toy DimRed  H(u) = zm?(u — ug)? + V(u)
minimum m(u* — uo) —+ V'(u*) =0 ux(m, ug, V')

us = ug — =V'(us) = ug — 2V'(ug)
—I—#V’V” o ﬁV’(QV”Q + V’V”’) + .

(us — ug)? = #V'(UO)V'(’UJO)-FO = —R"(0)/m?

us —ug + (m + V"(us))Omus = 0
—m + (m + V" (ux))Ougus = 0 mOmux = (ug — u*)auou*

2
mOm (us — ug)? = —gauo(u* —10)> — 2(us — ug)?

MOm (Usx — uo)2 = —2(ux — UO)2



Sophisticated DimRed  parisi-sourlas-Cardy

¢;(x) solution of —V2p(z) + V'(¢(x)) + h(z) =0
O(P;) represented as:
[ DhP() [ DHO($)6(V2p+V () +1)det[ V24V ()]

Written as supersymmetric theory

Correlations identical (non perturbatively)
to pure theory ind-2 atT =0



Why Is DimRed wrong here ?

. o _ 1 -5
« single mode approximation (d=0) H = 2'm uc 4+ V{(u)

“H m > mc A H
iIncrease V several local
- extrema
decrease m (typically)
u u

m2 - V”(u*) changes sign 11 < Mie

- more general —V? -+ V”(QU, ux(x))
Beyond the Larkin length: GLASS

q > 1/Rc
x> Re

For

4—d
u(Re) ~ \/CWRCQ ~ Ty



What does DR compute?

1
0(f(x)) = %:5(33 - 37@')|f,(xi)| f(z;) =0

0(f @) f' (@) = 3 0z — a)sign(f'(x;))

6 Hy/ 6°Hy, N N
-5-5(5¢(x))d6t[5¢5¢]_%:( 1)7io(p(z)—i(2))

N?: number of unstable directions

DR computes average over all extrema gbi,v with weigth (—1)%

- we want average over absolute minimum only quin,V

miin Hl¢;] = Hlbminl



- the problem is highly non linear

- infinity of operators seem relevant

- perturbation theory is TRIVIAL
so It I1s not clear HOW to handle them

Who said glass physics was simple ?

Is there hope ?

e T=0 effective action remains non trivial

e T=0 perturbation theory is non-trivial



Effective action functional

- action Slu] =pBH[u] Z[j] = /DUG—S[u]—ijg%u%

W3] = InZ[j] generates connected correlations
- effective action I [u] Mu] = ju — Wj]
W'l = u

renormalized (proper) vertices

[u] =T[0] + %I_C(j)(q)ugug - %I_(Al)uuuu -+

correlations functions I [w] (fu,gub_q> — [I_(Q)];bl(Q)
are tree diagrams from
1
[ [u] = Splu]l4+ < S;nelu+du] >%’OPI 5 < Sintlu 5u]2 >%§I

1-particle irreducible diagrams
cannot be disconnected by cutting a line



Property

1
Mu] = fz M1 [ua] — 2—22 Mo lua, up] + -+ gne replica part

a
IS unchanged by disorder

Milua) = [ e(a? +mPugu,

C,m are uncorrected

invariance of disorder by wuq(x) — uq(x) + ¢(x) set c=1

Definition :

R(ua — up) = M2[ua(z) = ua, up(z) = up)

renormalized disorder defined from g=0

below bare disorder denoted RO(U)



perturbation theory for [ []

]_/T 1/T2 1/T3 3-replica

= = +Q +4> + L) +-

vanishes at T=0 —+ 1> 2 loop

higher power In

e =4 —d

only left: 1
> /q (¢ + m?)?

Log divergent in d=4




q

Detalls 'O'

2(2T2)2abcd z,x!

(R(ug — up + dug(x) — dup(x)) R(ue — ug + Suc(x') — 5ud(x')))
T /

51, 5 TNy — 5, 4 ig(x—a')
(Fua()dus(a)) = bap | e




R(u) = Ro(u)+(; RG>~ RE) RE(0))1()+O(R3)

Tl Skl g 1A
—Jeni@+m»2 " ¢

Bi(w) = m~ T R(um ™)

—mOm R(u) = (e — 4¢)R(u) + (R (u)

o () +IR"(w)2 — B"(u)R'(0) + O(R?)
[=1In(1/m) 2
~ In L I
qu_q|q:O — _R A(LO) — —R”(O)m_(d_l_QC)
m

ulu=1 = ¢~ T2 f4(q/m)



FRG via Wilson: mode elimination

split fast and slow uq(x) = u> () + duq(x) N = e_l/\

< _ iqx,.a — qx, . a
u () —/ e' 1y dug(x) —/ ey
. q<Ni4-a1 4 N+ ar<g</N !
. < T
notations Ug — Ua as, b — -
Ugh -= Ua — Up (Oug0U_ ) su 5ab/\25qq’

[

| 3 (RiCuy+ Sy Riluty + uz)hs,
= / ZRz+dl(ua,b) — Ry(ugp)

g —
o ou 2T2
; :5 Ripa(w) — Fuw) = GR'(w)? —~ R'()R(0)) d1

—€

2(2T2)2

= AgdIN e

O Ry (u) —( R (u)? — R}/ ()R] (0N ¢



FRG via Wilson: rescaling

r = /\l_li u = /\Z_Cfb /\l — €_l/\
11y T S R PR, ~ o d—242(
2T/d x(Vu)c= >, /d (V) T = T/\l

Uyp -— Ug — Up

Z / Az R(u,;) = — 272 Z / AR (i)
R(@) = AT R(A; @)
O R (u) —( R} (u)? — R} (u) R/ (0))A;

O R (u) = <e—4c>R+cuR'+§R"<u>2—R”<u>é”<o>

o = —0T _R"0) _,_
[+l l (ug)(u—q) = —q”4( )/\l ‘ 2C56161’
~R(0) = —R"(0)g~+2V

74 %47 stopRGat [ =1[0"=1In(A/q)

(Ug)(U_g) =



Analysis of FRG equation T1=0

~ ~ ~ 1 _ ~ ~ D.Fisher 86
OR(u) = (e=4Q)R4-CuR'+> R"(u)?~R"(u) R"(0)
start with R(u) analytic Uqti—g = —R"(0)q~ (4120
8;R"(0) = (e — 2¢)R"(0) recover DR (1, = ¢/2
R"(0) = eR"'(0) + R"'(0)*  R"™(0) =00 m=m7
R(u) becomes non-analytic at u=0 beyond Larkin scale
_ N - 4 CuUsp
—R"(u) —R"(u) B"(0t) £ 0

/\ N o)
U U

8, R"(0) = (e — 2¢)R"(0) +R"(0T)? non analytic FP possible
with ¢ # ¢/2




FRG fixed points !
A — (o ANDC N LD 1 B N2 DI N\D AN
U — \t_"I'S}IL\U/}TSU/R \u/}_r vl \Ll/} — Il \U/}IL \U}

1) Random PERIODIC disorder:

—> choose (pp = 0

_ b
R(u) = a — iuz(l —u)?

R (w) = b(é (1 — )
b=¢/6

UgU—q ~ —R"(0)q™¢

(u(z) — u(0))? = Agin |z




Physics of the Cusp: metastability
2 2
< ToyRG"  H =102+ "y 4 Vit up)

Heff[u] = I\/Iinuf H[u,uf]

A

V(U+Uf) degenerate \\/i(u)\/
states

RS u+u, “shock” u

o 4 4 & o & u F(u) = —V'(u) jumps
F(u) — F(u') is finite if shock between U and ¢’

occurs with probability p ~ |u — u’| (uniform proba density )

R"(u) — R"(0) ~ (F(u) — F(u'))? ~p ~|u— /|

* Linear cusp in —R”(u) in many limits: large N, d=0 “toy model”,
-relations to Burger’s turbulence (d=1)
e Mode minimization (T=0) produces shocks in effective action

- temperature T=0 smoothes the cusp 9 ~ [’



0 = (e—4¢)R(u)+CuR (u)+Z 7 (w)”~ (u)R"(0)
2) RANDOM FIELD disorder: R(u) ~ olul

—> mustchoose (pr = ¢€/3 o_ %ufi" + R"(R" — R"(0))
fy R @ =0 —R'=5Py/) yo1-my="

3) RANDOM BOND (SR) disorder:  R(u) — 0 |u| = oo
shooting method (pp = 0.20829804¢

F _6 c
(RB=g SC= g (gract(e =3) =2/3



Higher |OOpS PLD,K.Wiese,P.Chauve 2001
BB (w) = (6—4C)R—I—Cu]?’—l—%ﬁ"(u)2—fﬁ"(u)ﬁ”(O)
-I-%R’"(u)Q(R”(U) — R”(o))—%é”’(OﬂQR”(u)

e random bond

Cpp = 0.20829804¢€ + 0.006858¢7

d= 1 one loop two loop exact

e=23 0.625 0.687 0.666

e random field CRF — 6/3



N components and RSB

1
e Mezard Parisi: Hyqr = E/QGab(q)ug“ub_q
- Replica Gaussian variational approx. (RSB)
-for SRdisorder ( =(p =(4—-d)/(4+ N)

- solution exact for LR disorder and N = o0

= Balents Fisher:  to order € any N

() —

O R(u) = (e—4¢) R(u)+Cu; R (u)+- Ry (u)*— Ry
€

CSR =

e PLD Wiese
- obtain FRG equation forall € N = oo and 1/N

solution yields CUSP
In one to one correspondence with (full) RSB in Mezard-Parisi

recover MP with no need for spontaneous RSB



Conclusion of statics

- problems with contructing perturbative RG
for disordered elastic systems

- one loop FRG at T=0 appears as a way
to solve them (evade dimensional reduction)

- physical results reasonable, compares well
with replica RSB

- similar approach for random field spin models

- higher loops, finite T approach and
full consistency of the method
are not yet fully resolved



Dynamics

velocity v

o o o= L/(T 1)

applied
force f

statics depinning

v (f = fe)f
- depinning transition
e equilibrium dynamics

“near equilibrium” dynamics: creep



Equation of motion
Hlu] = [ d%a[Z(Va)? + V (@, u(@)))

oH

D, 1) = — s €@ ) +

(&(z, )@ 1)) = 20T x — a')o(t — ')

noru(x,t) = CV2U(CI3, O+F(x,u(x, t))+E(x, )+ f

friction elastic force random thermal external
pinning force noise force

F(z,u) =0,V (x,u) A(uw) = —R"(u)

F(z,w)F(z' v = 6w — 2 )A(u — )



Scaling picture of depinning

J < Jfe = fec J > Je
pb v >0
§ ~ (f - fC)_V
Y w ~ 5dep
critical blocked configuration moving

veou/T~ ETE N (= f) B=w(z =)
cVou~ (f — fe) v=1/(2—=2¢)



expected renormalisations

nopu(e,t) = cVeu(z, t) + F(z,u(z,t)) + f

uncorrected

corrections to friction

77N

LZ—2

|

corrections to
pinning force
correlator

A(u)

yields C

corrections
produce

_fc



Dynamical action

/ Due ot @Umt[(n8t_cv2)uaj t— F(SC ’U,mt) &-Clit]

-~ H(S(U:ct . USOl’LL)
take thermal and disorder averages

S =¢5 S; o
0 T Sint So = ftwwt(nat — CVQ)ua;,t "’]Tu;,;t
£

1 + iUy f

Simt = —5 / ity Ay = g Fo(t = 1)
£r

/DﬂDu UgtUW 4! e_S — (umtuw/t/) — Ca:—a:’,t—t’

5<Ua:t> correlation

=R
6f£l§‘lt,

<ua:t7:a33’t’>8 — r—x' t—t’

response



perturbation theory

So = /t gt (N0 — Cvz)ucc,t — T (iligt)?
£ZT

U U R — 1 Zﬂ‘ U
- 5] T Gwm + g2 ]
Nl iw—+ cq T
. 2
. 5 Ryt = 0~ 10(t)e T t/n
—iw +cq” 0 T
- - qu _ i
n2w2 + c2¢%
1 S
Sint = ——/ Pt 0 Ut N (U — Uy )
2 Jxtt!
Uat t t / Ryt R
H ler o q,t1,t] HTh el
*— i i 1
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Dynamical FRG 1" =0

! ! ! [ ! !

SA(w) AWA"(uw) — AO)A(u) — A (u)?

98 ) = (=20 A +CA () - (G A2-AA(0)"

2
thus to one loop QZA(U) — —dd—zalf?(u)
U

to all orders if R(u) analytic

Are there several univ class at depinning ?

assume it goes to random field...

Narayan Fisher conjecture Cdep — 6/3 is EXACT



.~

dynamical quantities >xt/

—1 o
(Ut 1T O (Ut — Uy + V(E — 1)) v — 0T

2 Jaxtt!

— - LUt /t—t/>o Ry=0—t/ [A,(O_l_) ‘|‘A”(O+)(t — t’)@tum + ]

. .~ .~ PR~ nPg—2P
— tzua:tdfc + 110N Ot Uyt /t at ™1
x

1 1
6fe=-A'0") [ 5 an=-na"(0") [ 5
qq qq
2

8l|n'r]=2—z—ﬁ”(0+) z=2—§e—|—..



one loop depinning : summary

cusp One loop: Nattermann et al. 92 Narayan Fisher

[A(w)

good points: scaling, exponents

predicts a threshold force

U fc ~ |A,(O+)|

BUT: for quasi-static depinning v — 0T
one loop theory is NOT consistent

B -function for force correlator /\ (U) — —R”(U)
same as statics

— where is irreversibility ?
how many univ class?

e conjectures random bond — random field

Cdep — 6/3

Narayan Fisher

j numerics ?



Two loop depinning

PLD,K.Wiese,P.Chauve 2001

A A7\ / ~ A\ A . /AQ ! A A N\
O\u) — (€ —20)A T (A — \7 T—AaAnv))
1 A
+(A"2(A - A0))" + SA(0T)? A" (u)
)\de — . L L
P - different from statics: irreversibility recovered
Astat = —1 /A =0

e single FP for RB,RF

Cdep = —(1+4+0.1433¢+ ..) > (nF



NUMEriCS new high precision algorithm by Rosso and Krauth
Find exact critical string configuration on cylinder Ld X M

Analytic
d  One-loop Two-loop {A2 { A4
| | .44 1.26%0.01 0.635%+0.005
2 2/3 0.86 0.753+0.002 0.45%+0.01
3 1/3 0.38 0.355+0.01 0.25+0.02
1 5 \I ] ]
+ h\‘.H 10r _DER_cl:u?ng; Eﬁd Usadel
U 1"\‘\‘\-\ +\"\\\-\ I::] LG | N
% NN . _
0.5 - w B 0.4 i
ol l
=T M 0.2 e
0 | | — - 0.0 - trc !
/// L . ( 6
1 // 2 3 4 d
—~ _ Roters and Usadel
e d



T=0 : creep

velocity v

A

b o= L/(T 1)

applied
force f

fe

statics depinning

e equilibrium dynamics

“near equilibrium” dynamics: creep



Qualitative argument for creep

Assume: < small f: limited by typical nucleation event

e near equilibrium, activated dynamics over optimal barrier

e /T U =RY — fuR% ~gp F* w~ RS

!

RD-2+2C_fR D+{ B ”([)
) =
U~f_” d+¢— ¢
b =0=d— 2+ 2(eq
¢ = Ceq B 0
—_ = 5 C

Q: What happens after jump ?



i,  1=0 statics, equilib. Dynamics

nT e ::
LUyt i

A (u) = e A—AR_A"(A-A(0)) + T1A" ()
c=0 Tl — Toe_el

1A (u) D) — A_o(u)

except in thermal boundary layer U ~v Tl

uw A(u) = A%0) —T;f(u/T))

T flz) = \/1 + al(0T)22° — 1
17

remains analytic Balents,Chauve, TG,PLD



Exponential growth of time scales

A (u
() A(w) remains analytic
but curvature is blowing up
U N 1 ol L@
L A0~ ==
D Tl TO TO
17

3{ Innp = —A”(O)
(not rescaling time)

LY/T

—(

CREEP LAW

= T ==
barriers grow as UL ~J Lq’b /l,b — (9



one loop FRG at
non zero velocity and temperature

Chauve,Giamarchi,PLD

Sﬁﬂ&?

Au)= ,}L\;(u{?g"’),

(cAjet!)?

dlnN=2—¢— f e SsA"(s\),
s=>0

olnT=€e—2—-2{+ f e SsNA"(s\),
s =0

Jf = e(z-‘u“c,f\ﬁf e SA'(s\),

s =0

~—
!

IN(u)=(e—2O)A(u)+ (ul' (u)+ TA"(u)

+J e_“'_“'f(5”(1{){&[(5’ —S5)A\]
s>05">0

—A[u+(s"—s)AP}=A"(u—s'"N)A'(u+s\)

+A[(s"+)N[A(u—s"N)—A"(u+s\)]),



one loop FRG, v=0 and T=0 : creep physics
Chauve,TG,PLD 98

Larkin thermal saturation , depinning Edwards-Wilkinson

b0 L l Iy 1 ly [
[=InR

follow RG flow of A;(w), ny, 17, f]

e derive creep law

Ry e new depinning regime

Ry ~ T_Jf_)\ Rt < R< Ry

suggest fast deterministic motion

e statistics of nucleation events
'  which scales equilibrate ?




Conclusion

e T=0 FRG allows to describe statics and depinning

e non analyticity of effective action crucial to obtain
correct T=0 physics (glass, pinning, depinning threshold)

e statics and v=0+ depinning differ only at two loop
feedback of non-analytic terms crucial to distinguish both

e quantitative predictions for large class
of experimentally relevant systems

e temperature formally irrelevant but plays crucial role for

rounding of the cusp: determines barriers and thermal creep

e open questions, application to quantum problems



FRG for guantum problems

e disorder is independent of time

correlated in “time direction”
Imaginary time, Matsubara, path integral
e Balents Europhys. Lett. 24 489 1993

e TG, PLD, Orignac cond-mat/0104583

Keldysh

e Ghorokhov, Blatter, Fisher cond-mat/0205416



further works on FRG

e connection with droplet theory of glasses

consistency of T=0 FRG (to all loops)

Balents, PLD, cond-mat/0408048

e ultra-broad distribution of relaxation times, barrier fluctuations

calculation of frequency dependence of response function

Balents, PLD, Phys. Rev. E 69 061107 (2004)



