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T
disordered glassy Is aging a signature of glassiness?
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T
disordered glassy Is aging a signature of glassiness?
No, only of slow dynamics
Ty
Example: Ferromagnet relaxing
t towards equilibrium at T
0 la EQ | NON-EQ EQ
initial state' !

O — Ty - -y S TT,TR

= -- : :

0,08} 4 0 trg (L) t

R quench

<C 0,06} i To—T

1 LA,=300s

£ 0,04 1 T>T. trq < oo = EQ

= 3.a thauunm/

= o02f . _

= L il vl il T<T. teq = o0

10®% 10* 10° 102 107 10° 10" 107 — phase ordering dynamics

_ t/tw T=T.| tag=o00, &(t)~t'?
Vincent at al [cond-mat/9607224] Critical D i e
w“ " — Lritica namics
The older, the slower Y &

Pasquale Calabrese Aging in critical systems



Fluctuation-Dissipation theorem /ratio

CX_y(t7 S) = <¢X(t)¢y(s)>(ronn Correlation

s<t
0

Re—y(t,s) = m(qu(t)) - Response

to(T) <s<t: Ct,s)=Cl(t—s); Re(t,s) =RV (t—s)

dc(r)
dr

TREV() = - FDT
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Fluctuation-Dissipation theorem /ratio

CX_y(t7 S) = <¢X(t)¢y(s)>(ronn Correlation

s<t
0

Re—y(t,s) = m(qu(t)) - Response

to(T) <s<t: Ct,s)=Cl(t—s); Re(t,s) =RV (t—s)

dc)((eCI)
TREN () = ~ & D1 ppy
dr
In general? Fluctuation-Dissipation Ratio [ck e
TR(t,s)
X(t,s) =
() dsC(t,s)
X = lim lim X(t,s) =1if tho(T) < o0
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Fluctuation-Dissipation theorem /ratio

CX_y(t7 S) = <¢X(t)¢y(s)>(ronn Correlation

s<t
0

Re—y(t,s) = m(qu(t)) - Response

to(T) <s<t: Ct,s)=Cl(t—s); Re(t,s) =RV (t—s)

dc)((eCI)
TREN () = ~ & D1 ppy
dr
In general? Fluctuation-Dissipation Ratio [ck e
TR(t,s) T
X(t = =
()= 5.Clts) ~ Ten
X% = lim lim X(t,s) =1if tho(T) < o0
§—00 t—00
77?7 FDT & TD with Teg = T/X™ % oo-range glass
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Model A

Purely dissipative dynamics of an Ising-like order parameter ¢(x, t)
; a. |1 2 1 5 u oy
Statics = H[p] = [ dx 5(8(‘0) + oo’ + e

Equilibrium Dynamics:

at@(Xv t) = _D(;(Z-(l)[ft]) + C(Xv t)

(C(x,t)C(x', t"))y =2Ddé(x — x")o(t —t')

= Prqlp] x e Hlel

msr] =S|y, @] = / dt/ddx {gfzatcp + DL,E(S—H - Dg52]
0

op
Ol = [l 03 5 b= R(t,5) = (o(0)(5)
Out of equilibrium: initial condition at t =0 Pliol
Afl
initial cond. P[c,zo] o ¢~ Holpol ' .
Holpo] = [d9x5 [wo(x) — mo]? o
AL irrelevant

pss'es] = FT with action S[g, @] + Ho[po]



Example: The Gaussian approximation

Rq(t,s) = 0(t— S)e_(q2+’0)(t—s)
1
q’+ o
S
1+ e2a*tn)s

Cy(t,s) [e—(q2+ro)|t—s\ _ e—(q2+ro)(t+s)]

XQ(t>S)
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Example: The Gaussian approximation

Ra(t,s) = e(t—S)e_(q2+’0)(t—s)

Gy(t,s) = 7 i - [e—(q2+ro)|t—s\ _ e—(q2+ro)(t+s)]

1
T 1+ e 20a*tn)s

XQ(t>S)

@ Non critical (rp > 0) = X* =1, i.e. finite toq
@ Critical (n=0),ifq#0=X>*=1

@ Zeromodeq=0= X>*=1/2

@ The only aging mode is the zero mode!
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Example: The Gaussian approximation

Ra(t,s) = e(t—S)e_(q2+’0)(t—s)

1 ) i
Gy(t,s) = o (@ +n)[t=s| _ j—(a®+n)(t+s)
Q( ) q2 n ro[ ]
d/2
1 -1 t—s
Nt = s o % —1+<t+5>

@ Non critical (rp > 0) = X*° =1, i.e. finite toq
o Critical (n=0),ifq#0=X>*=1

@ Zeromodeq=0= X>*=1/2

@ The only aging mode is the zero mode!
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Example: The Gaussian approximation

Ra(t,s) = e(t—S)e_(q2+’0)(t—s)

1 2 )
Cy(t,s e~ (@ +rn)lt—s| _ o—(a°+r)(t+s)
Q( ) q2 n ro[ ]
d/2
1 -1 t—s
Nt = s o % —1+<t+5>

Non critical (rg > 0) = X*>° =1, i.e. finite teq
Critical (rp=0),ifg# 0= X*=1
Zero mode q =0 = X*° =1/2

The only aging mode is the zero mode!

“Theorem”: XX, = X2, = X

q
o1 _ J)0.Glts)  J@DRTRGES - x
0" T [(dq)Rq(t,s) ~  [(dq)Rq(t,s) a
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Scaling forms

Ryo(t,s) = Ag (t — s)a(g)g]-‘R(s/t)
Caolt,s) = Acs (t — s)a(z)g]:c(s/t)

At q # 0, the new scaling variable is g“t

a=2-n—-2))z 0 initial-slip exponent psssg)
Ar, Ac non-univ. Fr.c(x) universal, provided F,c(0) = 1
Rq=o(t,s) . .
X(t,s) = Raolt.s) is universal

- aquzo(t, S)
A

e is universal too [Godreche & Luck 00]

_ R
~ Ac(1-0)
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Model (Glauber dyn) | X*°
Random Walk | 1/2
Spherical 2| 1—-2/d
1-dim. Ising 23 | 1/2
2-dim. Ising 21 | 0.26(1)
v @ | 0.340(5)
v 51 | 0.33(2)
.o 61 | 0.33(1)
.o 7 | 0.330(5)
3-dim. lsing 21 | 0.40
3-dim. XY 8 | 0.43(4)
Exact solution, Monte Carlo simulations.

[1] Cugliandolo, Kurchan, Parisi 1994
[2] Godréche, Luck 1999, 2000

[3] Zannetti et al. 1999

[4] Mayer et al. 2003

[5] Chatelain 2003

[6] Sastre, Dornic, Chaté 2003

X
[7] Chatelain 2004
X

[8] Abriet, Karevski 2004
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Model (Glauber dyn) | X*° Two-loop € = 4 — d expansion result:
Random Walk | 1/2
Spherical 2| 1—-2/d x>t
L-dim. Ising 3 | 1/2 2n+2 n+2 [n+2 3(3n+14)
2-dim. lIsing 21 | 0.26(1) w1 Threr| e e b &2
o | 0.340(5)
v 51 | 0.33(2)
v o | 0.33(1)
.o 7 | 0.330(5)
3-dim. lsing 21 | 0.40
3-dim. XY 8 | 0.43(4)
Exact solution, Monte Carlo simulations.

[1] Cugliandolo, Kurchan, Parisi 1994
[2] Godréche, Luck 1999, 2000

[3] Zannetti et al. 1999

[4] Mayer et al. 2003

[5] Chatelain 2003

[6] Sastre, Dornic, Chaté 2003

X
[7] Chatelain 2004
X

[8] Abriet, Karevski 2004
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v 51 | 0.33(2)
.o 61 | 0.33(1)
.o 7 | 0.330(5)
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[7] Chatelain 2004

[8] Abriet, Karevski 2004

Two-loop ¢ = 4 — d expansion result:

(x>)~1
-
n+2 n+2 [n+2 3(3n+14) 5
+ € — 0.041] €
4(n+38) (n+8)2 8 4(n+8)
@ Decreasing function of ¢
@ Decreasing function of n
@ For n = co =the spherical model
e Ate=landn=1= X*~043
0o Ate=2andn=1= X*~0.34
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First message

Surprisingly accurate

ad
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Effective temperature?

If X°° defines an effective temperature
must be observable independent

This has been checked in some simple “glassy” models (ckpo7.sr00] and
in 1d Ising [mbes03]
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Effective temperature?

If X°° defines an effective temperature

must be observable independent

This has been checked in some simple “glassy” models (ckpo7.sr00] and
in 1d Ising [mbes03]
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X
X
Pasquale Calabrese Aging in critical systems



Effective temperature?

If X°° defines an effective temperature
must be observable independent

This has been checked in some simple “glassy” models (ckpo7.sr00] and
in 1d Ising [mbes03]
Is it true in general??

@ At Gaussian level yes!!
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Effective temperature?

If X°° defines an effective temperature
must be observable independent

This has been checked in some simple “glassy” models (ckpo7.sr00] and
in 1d Ising [mbes03]
Is it true in general??

@ At Gaussian level yes!!

@ Including fluctuations, not anymore:
1 2n+2
X = - |1-
E 2 ( 3n+38 )

1 13n+16
X = Z(1-
T 2< 12 n+38 )
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Effective temperature?

If X°° defines an effective temperature
must be observable independent

This has been checked in some simple “glassy” models (ckpo7.sr00] and
in 1d Ising [mbes03]
Is it true in general??

@ At Gaussian level yes!!

@ Including fluctuations, not anymore:

1 2n+2
X = - |1-
E 2 ( 3n+38 )
1 13n+16
X¥ = Z|1-
T 2 < 12 n+38 )
@ Again they agree with other approaches
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Evolution from an ordered state |: General
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Evolution from an ordered state |: General

M(t) ~ t=B/vz

R(t,s) = Ag (t—s)’ (g)efp(s/t, t/to)

/o

—1 .
to = Anmy non univ.

o=0+a+3/(vz) univ

g
If mp = o0 ie, s,t >ty =R(t,s) = ag(t — s)? (é) fr(s/t)

Is 6 a new exponent?
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Evolution from an ordered state |: General

M(t) =0 M(t) ~ t=B/vz

R(t,s) = Ag (t —s)’ (E)QFR(s/t) R(t,s) = Ag (t—s)’ (g)efp(s/t, t/to)

/o

—1 .
to = Anmy non univ.

o=0+a+3/(vz) univ

g
If mp = o0 ie, s,t >ty =R(t,s) = ag(t — s)? (é) fr(s/t)

Is & a new exponent? No § = —(36/vz
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Evolution from an ordered state |: General

M(t) =0 M(t) ~ t=B/vz

R(t,s) = Ag (t —s)’ (E)QFR(s/t) R(t,s) = Ag (t—s)’ (g)efp(s/t, t/to)

/o

—1 .
to = Anmy non univ.

o=0+a+3/(vz) univ

g
If mp = o0 ie, s,t >ty =R(t,s) = ag(t — s)? (é) fr(s/t)

Is & a new exponent? No § = —(36/vz
= for long times: (a) mg = 0 (b) mo # 0 ~~ crossover
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Evolution from an ordered state: Results | winguc

2D Ising
g
<
N“’J
w
< §
G *
B/(vz) ~0.058 L
1076 6=15 e
6 =1+B(6+2)/(vz) ~ 1.98 P
10—7 i i
1 10 100

t/s

X
X
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Evolution rdered state: Results | g uc

2D Ising
1
_ S I T
3 = X = 0.73(1 o
x = 0.6 MC ( ) 2
g 5
< 8 04 aaaoe=
T i 3
© B8/(vz) = 0.058 b S | M= 0.33(1)
105} =15 Iy )
¢=1+pB(6+2)/(vz) ~1.98 H HH 0
10-7 Pl 0
1 10 100 0 02 04 06 08 1
t/s s/t
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Evolution from an ordered state: Results | winguc

Calt, s) s2°/2)

2D Ising

1
P Py v
N X5 =0.73(1 °
< 06} ¢ W My=0_,0° -
S =0,
= o=
f] 04 a0 Mo =1,5=10 —+—
Y o Mo=1,5=20
) ¥ T & Xgp=0.33(1)  Mo=1ls=40 % -
sl B2 =005 L 0.2 Mo=1,5=80 - &
107 =15 ; Mo =0,5=10
6=1+p(6+2)/(vz) =~ 1.98 P 0 Mo=0,5=20 ©
-7 i i
10 1 10 100 0 0.2 0.4 0.6 0.8 1
t/s s/t

Field Theory

X = % —0.023¢

that at d =2 is ~ 0.75 [OK]

X
X
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Evolution from an ordered state: Results |l teisenbers uc

The evolution is governed by the competition of two different
modes longitudinal (||Mp) and transverses (L Mp)

The initial distribution Ho[po] = [d?x5[¢o(x) — mo]* does not correspond to a
low T state at h =0, but only to a state at any T in a non-zero magpnetic field
In the ordered phase the transverse modes are massless (Goldstone theorem)

Longitudinal scaling as for Ising. Transverse scaling for My — oc:

R(t,s) = ah(e— )7 (3) " s/

Is 0, new?

X
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Evolution from an ordered state: Results |l teisenbers uc

The evolution is governed by the competition of two different
modes longitudinal (||Mp) and transverses (L Mp)

The initial distribution Ho[po] = [d?x5[¢o(x) — mo]* does not correspond to a
low T state at h =0, but only to a state at any T in a non-zero magpnetic field
In the ordered phase the transverse modes are massless (Goldstone theorem)

Longitudinal scaling as for Ising. Transverse scaling for My — oc:

R(t,s) = ah(e— )7 (3) " s/

Is 0 new? No, 0, = —(/vz
Gaussian X2° =2/3 #4/5

X
X
Pasquale Calabrese Aging in critical systems



Evolution from an ordered state: Results |l teisenbers uc

The evolution is governed by the competition of two different
modes longitudinal (||Mp) and transverses (L Mp)

The initial distribution Ho[po] = [d?x5[¢o(x) — mo]* does not correspond to a
low T state at h =0, but only to a state at any T in a non-zero magpnetic field
In the ordered phase the transverse modes are massless (Goldstone theorem)

Longitudinal scaling as for Ising. Transverse scaling for My — oc:

R(t,s) = ah(e— )7 (3) " s/

Is 0 new? No, 0, = —(/vz
Gaussian X2° =2/3 # 4/5: No T.q even at Gaussian level
For n — o0, exactly solvable X>° = d/(d + 2)

Xz
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Evolution from an ordered state: Results |l teisenbers uc

The evolution is governed by the competition of two different
modes longitudinal (||Mp) and transverses (L Mp)

The initial distribution Ho[po] = [d?x5[¢o(x) — mo]* does not correspond to a
low T state at h =0, but only to a state at any T in a non-zero magpnetic field
In the ordered phase the transverse modes are massless (Goldstone theorem)

Longitudinal scaling as for Ising. Transverse scaling for My — oc:

R(t,s) = ah(e— )7 (3) " s/

Is 0 new? No, 0, = —(/vz
Gaussian X2° =2/3 # 4/5: No T.q even at Gaussian level
For n — o0, exactly solvable X>° = d/(d + 2)

What about low T quench??

Xz
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...what has been looked at ...

o Purely dissipative dyn (Model A), O(n) GLW:
e n =1 anisotropic magnets/alloys
e Vn lattice spin models with Glauber dyn
~ X%(mg = 0)[2L]: OK w. MC Ising 2d & 3d and XY 3d
~ Teg 777
~+ Critical surfaces out-of-equilibrium [only MF]
~s X°(mg # 0)[1L]: OK w. MC Ising 2d

e Conserved dyn (Model B) scalar GLW

e some uniaxial ferromagnets
o Ising model with Kawasaki dyn
~ 1L X5 ger B > Xifoder o1 OK with MC Ising 2d [ckrT04]

@ Other dyn: Model C [1L], Model A dilute Ising [1L] (spoa,
Model A 3

X
X
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...what should be looked at. ..

? More realistic dynamics...

e magnets = Models J,G (A)
o fluids = Model H (B)
e helium = Model F,F’

... waiting for experiments!

? Purely dynamical critical points (contact processes, direct
percolation, Reaction-diffusion etc...)

? Slow dynamics at QCP A [slowly]

X
X
Pasquale Calabrese Aging in critical systems



...what should be looked at. ..

? More realistic dynamics...

e magnets = Models J,G (A)
o fluids = Model H (B)
e helium = Model F,F’

... waiting for experiments!

? Purely dynamical critical points (contact processes, direct
percolation, Reaction-diffusion etc...)

? Slow dynamics at QCP A [slowly]

Take-home message:

FT is a viable approach to investigate aging phenomena at critical
points!

Ref: P. Calabrese& A. Gambassi, J.Phys.A 38 (2005) R133-R193 &
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And after the “famous last words" ...

X
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And after the “famous last words" ...

At 4 pm at Kriterion for
university farewell
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