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Conclusions

Using a classical fo quantum mapping and, in particular,
a new general relation regarding dynamical correlations,
it is possible fo prove, as a matter of principle, the
existence of

Glassy dynamics, quantum dynamical heterogeneities,
guantum critical jomming, quantum turbulence, and
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Conclusions

Dynamical heterogeneities appear on length scales that
diverge as these systems approach transitions. In glass
transitions, there are usually no easy to ascertain
standard divergent stafic correlation lengths. Relaxation
fimes increase far more rapidly than natural length

scales.
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Dynamical heterogeneities appear on length scales that
diverge as these systems approach transitions. In glass
transitions, there are usually no easy fo ascertain
standard divergent static correlation lengths. Relaxation
fimes increase far more rapidly than natural length

scales.
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The idea in a nutshell:

Classical viscous Quantum many body

< >

system system

Old idea mentioned in statistical field theory textbooks by G. Parisi, J. Zinn-Justin. More recently
looked anew by, e.g., G. Biroli, C. Chamon, and F. Zamponi, Phys. Rev. B 78, 224306 (2008)
and others. Mostly treated as a mathematical curiosity.
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The idea in a nutshell:
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The idea in a nutshell:
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Transform to a bona fide many body quantum
problem




The idea in a nutshell:

The effective quantum Hamiltonian:
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The effective quantum Hamiltonian:
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Transtorm fo a bona fide many body quantum
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The idea in a nutshell:

Classical system: Lero temperature quantum

Temperature 7, > 0 system:

Viscosity v Noise 7: | Effective mass: m; = zz;
cl

Potential energy: Potential energy: |
VN (fla ceey fN) VQuantum ({Z}) = Z 1} [+E(viVN)2 Ml §V?VN}
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Classical system:
Temperature 7., >0

Viscosity v Noise

Potential energy:
W(Z1,...,TN)

Lero temperature quantum

system:
. . {11l Yi
Effective mass: m; T

Potential energy:
1 1 L
VQuantum({x}) 1 Z % [—I_E(VZVN) 11 §v@ VN]
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Classical system: Lero temperature quantum
Temperature 7., >0 system:
Viscosity ~ Noise m  |Effective mass: m; = 2}@'
cl

Potential energy:
VN (fl, e fN)

Potential energy:
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The idea in a nutshell:

Classical system:
Temperature

peosl((}, 1) =

Tcl ZO

Le_ﬁvN({f})
LN

Lero temperature quantum
system:

1 1

Uo({#)) = —= exp(~ g Vn({))

For a symmetric va({z})
this is a bosonic wave-function.
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Classical system:
Temperature
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system:

1 1

Uo({#)) = —= exp(~ g Vn({))

For a symmefric va({z})
this is a bosonic wave-function—.

]

Al

N

11



P — T

Classical system: Lero temperature quantum

Temperature 7., > 0 i

Pervil({a}, 1) = e WU Wo((7) = = expl— g (T

For a symmetric va({})
this is a bosonic wave-funcfion,
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The idea in a nutshell:

Classical system: Lero temperature quantum
Temperature 7T >0 system:
(O1(1)02(0)) (01(£)O02(0))
= (0] O;1(t)e 1 05(0)]0) = (0|01 (0)e” """t 05(0)|0)
Classical correlation function (assuming initial equilibrium) can be written as | Assuming that at fime t=0, the quantum system is in its
an expectation value in quantum ground state. H is the quantum Hamiltonian. ground state |O)
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Dictionary (new result):
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The idea in a nutshell:

Classical system: Lero temperature quantum

Temperature 7., >0 system:
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Classical system: Lero temperature quantum

Temperature 7., >0 system:
(O1(1)O02(0)) (O1(¢)02(0))

= (0[e"01(0)e™02(0)[0) | = ('Ot O5(0))
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Classical system: Lero temperature quantum

Temperature 7., >0 system:
(O1(t)O02(0)) (O1(1)02(0))
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Dictionary (new result):
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Classical system: Lero temperature quantum

Temperature 7., >0 system:
(O1(t)O02(0)) (O1(1)02(0))
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The idea in a nutshell:

Classical system: Lero temperature quantum
Temperature 7., >0 system:
(01()02(0))
— (M0, (0)e HEO4(0)) i0(t)(0] [t O1e~iHt, 0,(0)] |0)

Classical correlation function (assuming initial equilibrium) can be

written as an expectation value in quantum ground state QUG nfum response fUﬂCﬁDﬂ
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Temperature 7., >0 system:
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Dictionary (new result):
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The idea in a nutshell:

Classical system: Lero temperature quantum
Temperature 7., >0 system:
Classical Response function Quantum response function

1 | |
GQuantum(t) i §(Gclassical(2t) 1 Gclassical(_Zt))-




Classical system:

Temperature 7., >0

Classical Response function

Lero temperature quantum
system:

Quantum response function

GQuantum (t)
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Dictionary (new result):

T — T ——
Classical system: Lero temperature quantum
Temperature 7., >0 system:
Classical Response function Quantum response function
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The idea in a nutshell:

Classical system:

Temperature 7, > 0

Gclassical =14 eXp[—-(t/T)a]

Lero temperature quantum
system:

— L)% cos Z2

GQuantum = Ae [
4 LI H et
X COS [(—) sin —}

T 2
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Classical system: Lero temperature quantum

Temperature 7., >0 bl
ClQuantum iii Ae(__) LB
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Classical system:
Temperature

Tcl ZO

Gclassical =14 eXp[—(t/T)a]

R

Lero temperature quantum
system:

GQuantum o Ae(—%)acos i
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T 2
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The idea in a nutshell:

Classical system: Lero temperature quantum

Temperature 7, > 0 system:

An identical ¢ — 4t substitution in time ordered exponentials follows for all multiple
order correlation functions
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Classical system: Lero temperature quantum

Temperature 7, > 0 system:
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Classical system: Lero temperature quantum

Temperature 7, > 0 system:

An identical ¢ — 4t substitution in time ordered exponentials follows for all multiple
order correlation functions
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Classical system: C(t) = (5¢(z,0)50(x, 1))

90 v v v n
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Dynamical Heterogeneities:

T ————
Classical system: C(t) = (5¢(z,0)50(x, 1))
Ga(r —y,t) = (0¢(x,t)0¢(z,0)0¢(y,t)d(y,0))
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Classical system:

. Berthier and G. Biroli, RMP 83, 587 (2011)
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Classical system:

Silassical (CT, t) 11|

Xa(?)

1 4 q%&4(%)?

. Berthier and G. Biroli, RMP 83, 587 (2011)
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Dynamical Heterogeneities:
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Dynamical Heterogeneities:
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Quantum system:

90

&’3 -

S 3 8 & & 3 3

" W
¥ -

Set
O(t) = ¢q(t)d—4q(0) — (9q(t))(@—¢(0)

G4 Quantum(t) HH §RG4 classical(it)

1/Z r & 7-‘- —_— r COS 1l
— ¢08( 7 sinl el RN
miilE 1z

6—r/§4 I\ 6—7“/7'

Dynamical heterogeneity density wave
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Quantum system: Set
o Ot) = ¢g(t)6_q(0) — (g (E)) (64 (0)

G4 Quantum(t) i §RG4 classical(it)
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Dynamical heterogeneity density wave




Dynamical Heterogeneities:

T —
Quantum system: Set

| O0= (0640~ (G0

*"' G4 Quantum () = RG34 classical (71)

1/z T HG — —"— cos &
— ¢08( 7 sinl el RN
o /2 1474
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Empirically, in models of classical glass formers: = ~ exp(%¢°)

90 -

ol il 111
Alternate empirical fit: = ~ &
| s o raladl1()]1c

K. Mizuno and R. Yamamoto PRE 84, 011506 (2011)




Dynamical Heterogeneities:

90

80 ) A ' ' . 3 — ()

e o ° ° v—ﬁ
Empirically, in models of classical glass formers: 7 ~ exp(k¢°)

Alternate empirical fit: = ~ &
z ~ 10.8

S 3 8 b & 3 3

o K. Mizuno and R. Yamamoto PRE 84, 011506 (2011)
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Dynamical Heterogeneities:

e o ° ° *ﬁ
Empirically. in models of classical glass formers: 7 ~ exp(k&?)

0= T ; L r—

AR N R 0~ 1.3

- Mtemate empirical fit: 7~ &

K. Mizuno and R. Yamamoto PRE 84, 011506 (2011)
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Empirically, in models of classical glass formers: = ~ exp(%¢°)

o il il
Alternate empirical fit: = ~ &
/ o z ~ 10.8

K. Mizuno and R. Yamamoto PRE 84, 011506 (2011)




Dynamical Heterogeneities:

e o ° ° v—ﬁ
Empirically, in models of classical glass formers: 7 ~ exp(k¢°)

0 ~1.3

Alternate empirical fit: = ~ &
z ~ 10.8

. K. Mizuno and R. Yamamato PRE 84, 011506 (2011)
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Dynamical Heterogeneities:

e T L PTRTTTY

e o ° ° *ﬁ
Empirically, in models of classical glass formers: 7 ~ exp(k&?)

0 ~1.3

S Alternate empirical fit: = ~ &3
S Lo 2~ 10.8

K. Mizuno and R. Yamamoto PRE 84, 011506 (2011)
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Dynamical Heterogeneities:

e o ° ° w
Empirically, in models of classical glass formers: 7 ~ exp(k¢°)

0 ~1.3

Alternate empirical fit: = ~ &
z ~ 10.8

o w o® o e ® @ P ow o K. Mizuno and R. Yamamoto PRE 84, 011506 (2011)




Physical consequences for quantum systems:

Classical glass formers:

Empirical Vogel-Fulcher-Tamman law for
relaxation fimes

a1 n e (| milel

Gclassical 1T Aexp[—(t/T)a}

L. M. Martinez and C. A. Angell, Nature 410, 663 (2001)
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Classical glass formers:
‘ Empirical Vogel-Fulcher-Tamman law for
relaxation times
S o H(T) = o /T
/ . R G e AGXP[_(t/ T)a}

L. M. Martinez and C. A. Angell, Nature 410, 663 (2001)
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Glassy zero temperature quantum dynamics:

0 S0,(1473)
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By mapping fo quantum system,

" an identical form as the effective mass
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Glassy zero temperature quantum dynamics:
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Classical jamming of hard particles:

Temperature 4 :
unjammed i (pJ Il p)_0°7,
/:Shgar stress T~ (pg— p)_3'3
1/Densi§ J T. Hatano, PRE 79, 050301 (R) (2009)
A.J. Liv and . R. Nagel, Nature 396, 21 (1998) ThUS, F~EE 2 A8

Al

26



Classical jumming of hard particles:

Temperature

unjammed

Shear stress
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Physical consequences for quantum systems:

Temperature 4 By our mupping fOI‘ ’[he
i unjammed dynamics, similar results
| N 4 appear for the dual zero
/_ Shear stress
A femperafure quantum
1/Dendity system of hard core bosons.
A.J. Liv and S. R. Nagel, Nature 396, 21 (1998) A gZ >~ 4.6
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Quantum critical jamming:

T —————
Temperature | By our mapping for the
unjammed dynamics, similar results
/
/Shéar ... appear for the dual zero
A temperature quantum
1/Dendity system of hard core bosons.
A.J. Liv and S. R. Nagel, Nature 396, 21 (1998) eI é-z >~ 4.6
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Quantum critical jamming:

Temperature

unjammed

Shear stress
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Also appears in lattice systems where particles have an effective cor

(“2DN3", “3DN2" models)

L. Rotman and E. Eisenberg, PRL 105, 225503 (2010); H. Levit, Z. Rotman, and E. Eisenberg, PRE 85, 011502 (2012)




Classical jamming on a lattice:

D — T ———

Also appears in lattice systems where particles have an effective cor

(“2DN3", “3DN2" models)

L. Rotman and E. Eisenberg, PRL 105, 225503 (2010); H. Levit, Z. Rotman, and E. Eisenberg, PRE 85, 011502 (2012)




Classical jamming on a lattice:

W—_--L ——-—ﬁ

Also appears in lattice systems where particles have an effective cor

(“2DN3", “3DN2" models)

L. Rotman and E. Eisenberg, PRL 105, 225503 (2010); H. Levit, Z. Rotman, and E. Eisenberg, PRE 85, 011502 (2012)




Bose Hubbard type model with no external disorder

From our mapping the square (or cubic) lattice systems

(23) z vJ
U — 00, Vi; — 00 forlattice sites i and j that are less than four (or three steps apart)

may have a similar transition .ﬁ
Lo
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Bose Hubbard type model with no external disorder

From our mapping the square (or cubic) lattice systems
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Quantum critical jamming:

I — T

Bose Hubbard type model with no external disorder

From our mapping the square (or cubic) lattice systems

(27) z vJ
U — 00, Vi; — 00 forlattice sites i and j that are less than four (or three steps apart)
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may have a similar fransition I X 1""
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Bose Hubbard type model with no external disorder

(37) 2

]

Hard core bosons may be mapped to spins, orbital pseudo-spins, ...
Spins can be expressed as fermi bilinears, ...,
Quantum critical jamming of BEC dimers, ...
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Quantum critical jamming:

Bose Hubbard type model with no external disorder

(37) 2

]

Hard core bosons may be mapped to spins, orbital pseudo-spins, ...
Spins can be expressed as fermi bilinears, ...,
Quantum critical jamming of BEC dimers, ...




Our mapping may be invoked also for standard
equilibrium classical transitions with dynamical
exponents to derive zero temperature quantum
counterparts. Similarly, classical turbulence and other
dynamic phenomenon have quantum counterparts.




Our mapping may be invoked also for standard
equilibrium classical transitions with dynamical
exponents to derive zero temperature quantum
counterparts. Similarly, classical turbulence and other
dynamic phenomenon have quantum counterparts.




Turbulence, standard transitions, et al. :

e R

Our mapping may be invoked also for standard
equilibrium classical transitions with dynamical
exponents to derive zero temperature quantum
counterparts. Similarly, classical turbulence and other
dynamic phenomenon have quantum counterparts.
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Conclusions

Dynamical heterogeneities appear on length scales that
diverge as these systems approach transitions. In glass
transitions, there are usually no easy to ascertain
standard divergent stafic correlation lengths. Relaxation
fimes increase far more rapidly than natural length

scales.
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