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What is critical slowing down?

e Close to a critical point, correlated regions grow.
e A region of size £ must rearrange collectively.

e The relaxation time is controlled by a single

scale. Halperin, Hohenberg and Ma, PRL 29, 1548 (1972)
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What changes in a rough landscape?

e Disorder creates many metastable configurations.

e Relaxation is no longer motion inside one smooth e
.. (jump over the barrier)
minimum.

e Large regions must cross or tunnel through
barriers. Fiser: PRL 56, 416 (1986)

Quantum path '
(quantum tunneling) %
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activated dynamics
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Why the quantum RFIM?

A minimal model where random fields,
exchange, and tunneling compete.

H= —JZU,-ZJJ-Z— FZJf—Zh;Jf.
(i) i i

J: ferromagnetic ordering [ quantum tunneling hi: quenched
longitudinal random field

Aharony, Gefen, Shapir (1982)

Boyanovski, Cardy (1983)

Senthil (1998)
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Experimental platforms

e Fe,Zn;_,Fy: randomly diluted uniaxial antiferromagnet in a uniform applied field (classical RFIM). (Nash etal. PRE 43 1272
(1990))

e LiHo,Y;_,F4: dilution and transverse field generate effective longitudinal random fields. (Tabei ctal. PRL 97 237203 (2006))
e Mnjs-acetate: transverse field plus distribution of easy-axis tilts realizes an effective RFIM. (wen etal. PRB 82, 014406 (2010))

e Inhomogeneous altermagnets: magnetic field plus random strain can generate a tunable random field. (chakraborty etal.
PRB 112 035146 (2025))

Weak disorder

b

i e Strong disorder

Hus # o
LA O
f 1 /] ﬂﬂ

‘ 1 ‘ I -1
(b) Field-tuned random-field physics in altermagnets. (Chakraborty eta
(a) LiHokY1_xFa: clusters and two-level excitations. (Silevich etal. Nat. Comm. 10 PRB 112 035146 (2025))
4001 (2019))
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experimental clue: very slow dynamics

e Hysteresis and slow relaxation in molecular 14 ' ' ' '
magnets. (Nash etal. PRB 43 1272 (1990)) 12 b
e Tunable relaxation in diluted dipolar Ising 210 r 1
c
magnets. (Wen etal. PRB 82, 014406 (2010)) _Z 8 E
. . . - 5
e Long-lived localized spin clusters in dilute L 6T 1
LiHOXYl_X F4. (Silevich etal. Nat. Comm. 10 4001 (2019)) 3 4 R
X, L ]
Relaxation? 0
-4 -2 0 2 4 6
The theoretical question is not only static criticality, logio [f(Hz)]
but the |ow—frequency clock Activated critical dynamics in a classical RFIM

experiment. (Nash etal. PRB 43 1272 (1990))
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A theoretical clue: localization-like runaways

Dynamical RG flows in disordered quantum systems often run into
localization-like singularities.

Quantum creep

Finite-T Bose glass

A low-frequency approximation produces a A more complete FRG truncation develops a
finite-force “localization transition”. finite-scale singularity.
But this was identified as spurious: tunneling One possible interpretation is MBL-like loss of
requires the dynamics at all frequencies. thermalization, but the fate of the singularity
Gorokhov—Fisher-Blatter, PRB 66, 214203 (2002) [EMENDS @[REM,

Daviet-Dupuis PRL 125, 235301 (2020)

Grison-Dupuis, PRB 113, 174208 (2026)

v

Question: what is the nature of dynamics in the QRFIM?
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From the lattice model to the NPRG

Quantum RFIM

A= —sY ofof — 1 af = S hof
@ i i

Suzuki-Trotter

~N

Continuum field theory

1 A 1 2 roo A 4
sabd = [ [S(V307 4 SAn(=00x + S+ Sa® = htox
x, T |2 2 2 4!

&

€
integration from small to large scales

NPRG

1 @ —1
OkTk = STr | OkRy (rk + Rk)

Quenched disorder

h(x, ) = h(x)

The same disorder realization extends along the imaginary-time direction.
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e multicopy formalism

[ same disorder h(x) ]

Disorder-averaged effective action

M{¢a}] =Z/ Yi[da(x, 7)] copy a: ¢a(x, T) ~1: one copy
_Z Z/ ,72[4)3 x,7), db(x, )] copy b: ¢p(x,7") 72: two copies
copy ¢: ¢e(x, ") ~3: three copies
Pl b0 ]+ (comr & ot )
a;:/x 7,7l 7!
.

e 714 average effective action. ‘T, 7', 7" are independent

® Yp>2 ki disorder cumulants.

e Quenched disorder makes higher cumulants multilocal in
imaginary time.
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Strategy at T =0

Fluctuations around this .
Assume " ted point R 5 Check consistency
. - ixed point are quantum
the T = 0 fixed point is ¢ d Are quantum corrections
. . . . . . 5
the classical RFIM fixed point flow o#Fk(w) irrelevant in the static sector?

[ yes = assumption self-consistent J

Static fixed point — quantum dynamics — consistency
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1) Start from the classical RFIM fixed point

Tarjus & Tissier 2004-2012

known scaling
classical RFIM l

1 .
Y1,kl¢a] = > ¢aFi(0-)Pa ‘ Cla§51cal RFIM ’
v fixed point
" dynamics” J'
1
+ 5 2(9:)(Va)" + Un(#5) ‘ Uk, Ziy D ’

V2.k[ba 6] = Padp Ar(9a, bb) : Fi(w) !
—,_/ )

_______________

renormalized disorder

Yp>3,k =0.

Fixed-point scaling

b=kTT0,  Ui=Ku, Ze=kT"z,  Ap= k@0,
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0 is crucial for the RFIM fixed poi

0 encodes physics of metastability

Jumping between metastable states:

A) many small rearrangements of spins

B) one large rearrangement of spins

Nonperturbative FRG
Below dDRZ

d > dpr : d. analytic
= dimensional reduction Parisi & Sourlas, PRL 43, 744 (1979)

dp

0x(sp, 0p) = 64.0(p) + 04,1 ()[0¢p| + - - -

= A)
Cusp:
d < dpr : J. cuspy P
= dimensional reduction breaks = B) e DR is broken spontaneously
y
Tarjus & Tissier, 2004-2012 en 7& n (3 Independent critical
Tarjus, Baczyk & Tissier, PRL (2013) exponents)
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2) The cusp drives the dynamics

At the fixed point: N
6!( [¢07 5¢] '," ‘\‘
8:(,69) ~ dx,0(9) + ,1(9)|06] + - -- AR
,'.I |“‘
fluctuationless fixed point . Y
sharp cusp 7 ! ! \
quantum fluctu- ,:" : \ ‘\‘
ations at finite k v ! ! N
round the cusp _ [ [ S~o
1 — 0¢
boundary layer Kk — 0
Kk —» 0
large curvature Dangerously irrelevant quantum fluctuations
692)(0, 0) They disappear from the fixed point, but control how

the cusp is approached.
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2) The frequency sector feeds back on itself

Asymptotic flow

1 Ot R; ,w
oiFi(w) = — A20,0) [ Rl ) .
4 a | (Ruk(g, w) + ¢2Zk + U}’ + Fi(w))
_ 9:R1,«(q, 0)
(Rik(9,0) + ¢2Z + U}')?

How we solve the problem:

e F is a full function of w
— 2 q w? 2 @ w2
® Rl,k(q,UJ)—Ozok 2050<p+;g> + ark sl(p’u_;g>

e The frequency regulator must follow the running scale of Fj(w) ~ R,‘fyn(w) ox k*.
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How does the dynamical kernel flow?

1012

T T T T T T T
— F(w) :
o - exp(k) 0 _
1077 ety + 1,0 ‘

Key message

The flow of Fi(w) is not uniform in

frequency. 106 i
3 10° : E
e at UV F/\ ~ w? S B
L
v 10° \ E
o we(k)~ e k°
1079 -
= 1079 -
wSwe(k) = Fr~e W —
Tl MR AT PRI T | PR |
107° 1074 102 1072 1071 10° 10t
)

w> wc(k) = F~k*

One function, two scaling regimes.
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The activation exponent ¥V (w < w,(k))

v

[ F ~ ek7 wa T T T T T
6F i
0‘@+2—77, 7—=0,C1'<CIDR7 4 n
0(6—2)\)+2—77, TZO,dZdDR, AQ ok i
V= S
ey T >0,d < dpr, = — ©=3.6-10"%
< or — ©=26-10%8 T
- — w=19-102%
© —2), T > 0,d > dpr, Ll AP |
— w=44.10°
— ©=6.6-107
d | O(=Vrs0) | Y1001 | V70,0=2 -4 7 T e=80-10°% 4
3| 145 2.89 4.35 ; , , [ Ink™) - const
4 | 1.81 3.58 5.39 0.0 0.5 1.0 15 2.0
5 | 1.997 3.952 5.949 ~Ink)

Controlled flow, not a runaway
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e scaling exponent sz (w > wc(k))

o [~ k*

e F remembers the UV shape

—00,
—o(© —2)),

=

T =0,d < dpr,
T =0,d > dpr,
T>0,d<dDR,

0.00F

— 2\ T>0,d>d C
n—+2A, >0,d > dpr CJ...""..".,,,,""W y
~0.25- AhdaL o .
vvvvv"’v",y,"‘ ‘"7,' ;
| ey, oo ¥
-0.50 ‘ :_“;:O'_;‘ _— '""""v,v “‘"‘_Y:
d| © *T>0 HT=0,0=1 | #T=0,0=2 omsfv Teos v . ;
5 ¥ T=0.001 v . 3
3 | 145 | —0.009 | —1.45 | —2.90 SN e ]
R n=-0 v, v, ;
4| 181 | —003 | -181 | -3.01 g g N Ty
B A4 y
5 | 1.997 | —0.004 | —1.097 | —3.993 e
Baad vy
-1.75F vvv»wvvwvvwvv"vv-vvvw"'"
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3) Criterion of consistency

We show that W > 0 implies:

e A is rounded in a boundary
layer that shrinks to 0 as
k—0

e Simplified equation for Fy is
asymptotically correct

6
5 - -
4
3F i
2
— Wo=1
- — Wo=2 |
! — Wrso
""" dor
O """ d,=6
1 1 1 1 1 1
3.0 3.5 4.0 4.5 5.0 55 6.0
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How to get localization mathematically?

6 T T T
Scenario A) sl
e Derivative expansion of the dynamic kernel Ak
e Even with the special regulation the divergence -
Zabk
appears T
P == 2r
— —P2 —P:
o Fi,= <P1(F1 = kpZ )) h, p1,p2 >0
1 -
£)2.0

Scenario B)

e Dynamic kernel as a full function of w

e The special regulator is not used but a standard
one o k27"

= ¥ — —00.
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————— V>0

Additional frequency regulator

scaling like
F o k*

Cusp rounding

Activated dynamics

Simplified flow of F ] g
o wSwe(k)=Fn~e w’

B:F o A
o w>wl(k) = F~k*
— Kk — 0 T

Full frequency dependence
F=F(w)

Where could it appear?
e Pinned elastic manifolds and quantum creep.
e Bose glass and Mott glass problems?
e Possible warning for localization-like finite-scale singularities in FRG flows.
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Conclusions

The QRFIM static criticality is controlled by the classical RFIM zero-temperature fixed point.

Quantum fluctuations are dangerously irrelevant but dynamically essential.

They round the cuspy disorder cumulant in an anomalous boundary layer.
e The rounded cusp generates the flow of the full dynamic kernel Fy(w).

With an adapted frequency regulator, the flow gives activated dynamics rather than localization.

Analytical predictions of the activation exponent W and the dynamic kernel scaling s

arXiv:2606.31663
balogQ@ifs.hr
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