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Introduction

e Anomalous heat conduction in low dimensions

heat conductivity [fq, — OO in system size L — OO

e Theoretically discussed since the 70s

« Becomes possible to experiment in recent years



Nanowire

« Pseudo 1D system: Length~ um >> Diameter~nm

L1/3

Experiment: L. Yang, et.al., Nature nanotechnology (2021)
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e 2D lattice

Graphene
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Heat conductivity of Graphene

Experiment: X. Xu, et.al. Nature Communications(2014)
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k ~ log L



Theory Tor annarmonic chain
Spohn, J. stat. mech(2014); arXiv:1505.05987v2 [cond-mat.stat-mech]

anharmonic chain in 1D

(Pi5 qi)

NN

Hamiltonian:

H:Z fo | V(q'i—l—l_%) ,

2m

Example:

V(z) = ax® + bz’ + cz?,



Fluctuating hydrodynamics (FHD)

Hydrodynamic variables: energy €, momentum g stretch Z

For V(z) # V(—z)and nonzero pressure P # 0

Dissipation Conservative noise

Ore — O, (Deaxe — D101+ Pg+ (0, P)lg + (5’6P)eg) = &,

1
019 0u(~Dydhg + P) + @1P)e+ HOFPIP +-- ) =

Ol — aacg = 0,



-OM of Normal modes

(e,9,1) = (7,07, ¢")

Diagonalize

Sound mode

(8?5 T 063833 _ D88£)¢0 T Alaw(gbggba) T AZaw(gbO@U) T = 507
Cross terms

O-_——7

heat mode

(0r — Dod2)d° + ) oD (¢7¢7) = £°,




Spohn's argument

(at + O'Csaat — Dsa;%)qba + Alax(qbaéa) + )\zam(¢0¢cr) T = 509

Neglect all cross terms

Overlap will be small in long-time limit
| \




Burgers eq. with sound velocity

(O + 0Cs0 — Dsa;%)gbg + A0, (¢0797) = &7,

KPZ class

(¢° (x + ocst, )7 (2,0)) ~ t~ /7

z=3/2,



-xponents of heat conductivity and current

Energy current:

Jo o< ¢7¢7  (Je(t)Je) ~ t1/7,

Heat conductivity:

L/cs
. N/ Gt (1)) ~ LAY 2 =32,
0

consistent with the Nanowire experiment



with Space-reversal symmetry

There is discrepancy to observed exponent

For even potential and zero pressure
Viz) =V (-2), P =0,

Distribution function

Peq(q) = % exp|—5) (V(q'i—l—l —q;) + P%) ,

Peq(q) = Peq(—q), |




Some interactions vanish by reversal symmetry
(at + 0¢s0r — Dsa:%)gba + Alax(gbagba) + )\2658(?50(50) T = 507

1

(0y + 00y — D02)d7 + 2000, (0 07) = €7,
(0r — Dod2)d° + ) oA (¢797) =&,




Sponn's argument

No Diagonal term

(0 + 0cs0p — Ds02)¢" + 20087 = 17,

Still Neglect cross term
(super rough approximation!)

Linear equation— trivial exponent z=2



Nontrivial exponent from MD

L. Wang, L. Xu, and H. Zhao, Phys. Rev. E 91, 012110 (2015)

Even potential V(x) = —x* and zero pressure

1
kTN

0.6

(JJt+0)~ T

Energy current correlation cy(o) =

~ 1077 u N-128 T
-, o N=256 » N=8192 ®, i
&) % Tty Ty
2] 4 NSSIZ e Nel6384 e el TaTWS
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(Lt 4096 e N=131072 0§ i




Current status

Without space reversal symmetry ~2/3 2/3

With reversal symmetry ~0.6 1/2

No accountable analysis



What we do

« Wilson Renormalization Group (RG) of Spohn’s FHD

e Numerical simulation

(0 + 00y — Ds0%) % + 2000, (0 97) = £°,
(0r — Do02)d° + ) oAIL(¢7¢7) = £°,



Wilson RG

Integrate out the component in the wavenumber shell
o (k) n A —O6A < |k| <A,

RG eq. for parameters

O\ 0D,
_Aa_A_"" _A - ...




Path integral action
Free part:

1 o oy ( 0 Gi ) (¢°
fo= [ deda (0 = )(G; —2Da8§) (w>
™ :Auxiliary field

Inverse of Green function:

GR A T __(875 —+ O{CSaa;) — Daag




Interactions and diagram

L = /da;‘dt _)\aw"@x(gbogba) + 2)\0770833@“(50)-

Two vertices: =-=---- < + ____<

7 i— P i— {7 0o




Self energy and vertex correction

Selfe energy

/7 /
/7 /
/
Vertex correction More diagrams appear
7 ’




RG equation at 1-loop calculation

O\ 868 _.

—A—:

Dimensionless parameters:

- 2 C
A2 — A E — 5 — &
mD2A’ ° "D ’
S

_A%:




Nontrivial Fixed point and exponent

A* — 5 TE — 17 c=20
Cg ]
Dynamic exponent g — —,
2
) —0.66
A <J€(t)<]e> ~ 1

MD result: t_0'6



Parameter flow around fixed point

« Repulsive along sound velocity

Cs

Does scaling depend on sound velocity?

¥

D v




Numerical simulation of FHD
(0 + 00y — D0 + 2000, (0 07) = £,
(0r — Dod2)d° + ) oA (¢797) =&,

|
(¢°(x,t)¢" (,0))
(07 (x + ocst, 1) (2,0))



Time evolution without noise

hl Cboi— ¢O':_

0
Part of Cb propagates by
nonlinear interaction

I Spohn’s argument fails




Scaling at zero sound velocity

¢, =0.0,D,=D,=1.0, T= 1.0, dt = 0.004

heat mode

L =256
L =512
L =1024
L = 2048
L = 4096
- L =8192
I t—z,f'S

_[_

t_2/3 :consistent with RG



Scaling at Tinite sound velocity

¢.=1.0,Dy=D,= 1.0, T = 1.0, dr = 0.004
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Scaling at intermediate sound velocity

Dy=D,=10,T=10,d=0004 Cg=0.5

L=8192:¢c, =05 mm— ‘

sound mode

L=28192:c,=0.5 m—
—2/3

3/

heat mode

(@7 (x + ocst, t)p? (z,0))



Two scaling exponents

0.0 0.2 0.5 0.8 1.0
Cs %
sound mode ﬁﬁ

heat mode Mﬁ




Missing another Tixed point?

C
_/ z2=5/37
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Summary

« Anharmonic chain with space reversal symmetry

Cs

e Wilson RG of FHD

<Je (t)Je> ~ %3

« Numerical simulation
0.0 0.2 0.5 0.8 1.0
Cq %
sound mode ﬁﬁ
hea‘t mode Mﬁ
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