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;! The discovery of Ising
<" 9 electrons
suggests “spinor” order.
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N p-fold anisotropy becomes
- irrelevant
Jose et al (77) Kosterlitz-Thouless Transition

Can we find a 2D Frustrated Heisenberg model that has an
emergent critical phase? (even though its underlying spin degrees
of freedom have a finite correlation length?)

(Polyakov Conjecture: A. M. Polyakov, Phys. Lett. 59B, 79 (1975)).
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Classically: two decoupled sublattices.
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2D Heisenberg Windmill Model

Classically: two decoupled sublattices.

Order from disorder drives coplanarity introducing a Z¢ anisotropy
ts

H = Hhh + Htt 1 Ht.h‘

Nyg
Hop=Jop Y > Sa(§)Ss(i+0ap) | ®BE€ {t, A, B}

7=1 60;3
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Magnetism, Gravity and String Theory.

X(z,y) = (9,0,9,a)

AR

Magnetization = 4D vector

Regarding (X,y)= (x,1), then X(x,t) defines
a string moving in a 4D “target” space.

1 . .
S = 5 /degij(X(x))ﬁuX’L@MXj

Long-wavelength action = 4D string theory.

Covariance of the action under co-ordinate
transformations in target space means that
the scaling equations must also be covariant.

dS2 = glJ(X) XmdX]

Spinwave stiffness = metric tensor

ab . . 39
d9™ _ 1 pav “Ricci Flow
dl 27

Friedan ‘80, Hamilton ‘81, Perelmann ‘06

The decoupling of the U(1) degrees of freedom
from the SO(3) degrees of freedom is a kind of

compactification from a four to a one dimensional
universe. 19
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Scaling details.

1 . .
S = /d2 (IlQ 1 +IQQ 1 +ISQ2,1> > S = %/d% 9ij [VMXZVMXJ]
+—/d2 804 /de(?onug
dgi; 1 15 line mathematica code for
Al 27 % Ricci tensor

Input Metric Tensor

(sin®(6) (I1sin®(¥) +I2cos?(y)) + I3 cos?(6) sin(e) (I1-12) sin(y) cos(¥) I3 cos(e) ixcos(e) ‘

sin(6) (I1-1I2) sin(y¥) cos(¥) I1 cos? () + I2 sin? (¥) 0 0
I3 cos(6) 0 I3 -

% x cos (8) 0 z



dgij _

dl
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sin(6) (I1-1I2) sin(y¥) cos(¥) I1 cos? () + I2 sin? (¥) 0 0
I3 cos(6) 0 I3 £

X

i x cos (8) 0



FOl‘[i: 1, i<4, i++,

Compute Crls’roFFel Symbol

For[k=1, k<4, ke, (r*),, = = 5 S Y (Vigik + Yk G41 - V5 G )
For[l:l, 1<4, l++,
r[[i, k, 1]] =
& 1 ' .
j_le-gu[[x. 31]
(DIgL[[3, k11, x[[1]]] +D[gl([§, 111, x[[k]]] -
Dlgll[k, 111, x[[311D)]]]

dgq;j B 1

dl

15 line mathematica code for
21 % Ricci tensor

Input Metric Tensor
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X
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Compute Ricci Tensor

Rk

k k k n k n
ij1 =T 41, -T 43,1 +T 3n T 11 =T 1n IT' ij

k
Rij = R jkj

dgi; 1 15 line mathematica code for
dl 27 %Y Ricci tensor

Input Metric Tensor

(sin®(6) (I1sin®(¥) +I2cos?(y)) + I3 cos?(6) sin(e) (I1-12) sin(y) cos(¥) I3 cos(e) %xcos(e) ’

sin(6) (I1-1I2) sin(y¥) cos(¥) I1 cos? () + I2 sin? (¥) 0 0
I3 cos(6) 0 I3 -

i x cos (8) 0

X



For[i=1, 1‘.54’ i++,

Compute Ricci Tensor

Rk

F‘or[k =1, k<4, k++,

Riccill[[i, k]] =
4
D[r[[1, i, k]], x[[1]]] -D[r[[1, i, 1]], x[[k]]] +

1=1

4
2, (xlIm, 1, m}1+T[[1, i, k1] -T[[m, i, 11171, Kk, m]])}]];
m=1

dgi; 1 15 line mathematica code for
dl.  2n Y Ricci tensor
Input Metric Tensor
(sin® (6) (I1sin®(¥) +I2cos?(y)) + 13 cos? () sin(e) (Il -1I2) sin(¥) cos(¥)
sin(6) (I1-1I2) sin(y¥) cos(¥) I1 cos? () + I2 sin? (¥)
gl = I3 cos(8) 0
\ ixcos(e) 0

k k
i1 =T 41,5 - T iy,

k n k n
1 +I 90 T 13 -T 1n ' iy

k
Rij = R jxj

I3 cos(6) i x cos (6) )
0 0
I3 = !
2

2 /



For[i=1, is4, i++, Compute Ricci Tensor

For[kzl’ ksd, ks, Rj51 = T%41,9 - T%44,1 + %0 T™y3 - TF) 044
Riccill[[4i, k]] =

: . R:i: = R5: v
D[r[[1, i, k]], x[[1]]] -D[r[[1, i, 1]], x[[k]]] + i3 ~ ikj

1=1

4
D, (xlIm, 1, m]1+T[[1, i, k1] -T[[m, i, 111 =T[[1, k, m]])]]];
m=1

dgij _ _i o 15 line mathematica COde FOT' This is the renormalization of I3
dl o Ricci tensor

1
_FullSimplify [ -~ Riccill([3, 3]] ]
7T

132 - (11 = I2)?
AnIlI2

Input Metric Tensor

(sin®(6) (I1sin®(¥) +I2cos?(y)) + I3 cos?(6) sin(e) (I1-12) sin(y) cos(¥) I3 cos(e) i x cos (6) )
sin(6) (I1-1I2) sin(y¥) cos(¥) I1 cos? () + I2 sin? (¥) 0 0
gl = I3 cos (6) 0 I3 : '
\ i x cos (8) 0 ';‘ Iy |



For[i=1, is4, i++, Compute Ricci Tensor

For[k =1l ks, kesy R i1 = T¥51,9 = T¥44,1 + Tyn Ty - 10 Ty

Riccill[[1i, k]] = .
. a X P2y J

k
). [D[r[[l. i, k11, x[[1]1] -D[T[[1, i, 111, x[[k]]] + Rij = R ixj

1=1

4
D, (xlIm, 1, m]1+T[[1, i, k1] -T[[m, i, 111 =T[[1, k, m]]))]];
m=1

dgij _ _i o 15 line mathematica COde FOI" This is the renormalization of I3
dl o Ricci tensor

1
-Fullsimplify[a—-Riccill[[3,3]]]
7T

132 - (11 = I2)?
A1l 12




For[i=1, is4, i++, Compute Ricci Tensor

For[k =1, k<4, ks, R*jj1 = T 51,5 - T 35,1 + T4 T 15 - T1n T4
Riccill[[i, k]] =
. a & LA
. . Ri: = Rf:v.
p[r[[i, 1, k]], x[[1]]] -D[T[[1, 1, 1]], x[[k]]] + ij = % ikj
1=1
4
D (clm, 1, m]1*T[[1, i, k1] -T[[m, i, 1]]«T[[1, k, m]])}]];
m=1
dgij _ _i o 15 line mathematica COde FOT' This is the renormalization of I3
dl o Ricci tensor .
~FullSimplify [ — Riccill[[3, 3]] ]
2
132 - (11 = I2)?
dl,  (L—I)°’ -1} (17 — 12) K? 471112
dl Am Lyl 1671513 (L, — 47 )
dl (I, — I3)* — I3 (17 — I3) K
dr il > <2
113 167113 (L, — 47 )
dly _ (h—1I)" -3
d Al I
al, K2

W _].67'(']1]2



For[i=1, is4, i+, Compute Ricci Tensor

F°r[k =1lr k<4, ks, Rjj1 = T 41,5 - T 35,1 + T n T 13 - T3 Ty
Riccill[[i, k]] =
4 a U ,JA"J
: . Ri: = R5: ..
D[r[[1, i, k]], x[[1]]]-D[T[[1, 1, 1]], x[[k]]] + 1] © ikj
1=1
4
D, (rlim, 1, m]]«T[[1, i, k]] -T[[m, i, 111 +T[[1, k, m]])]]];
m=1
dgij L _i o 15 line ma’rhema’rica COde FOT' This is the renormalization of I3
dl o Ricci tensor .
~FullSimplify [ — Riccill[[3, 3]] ]
2 7t
132 — (I1 - I2)?
dl,  (L—I)°’ -1} (17 — 12) K? 471112
dl ALyl 1671513 (L, — 47 )
dl (I, — I3)* — I3 (17 — I3) K
dl B Al 1 + 2 K2
113 167113 (L, — 47 )
dly _ (h—1I)" -3
. AT I
a, _
dl N ].67'(']1[2

Detailed Analysis: Decoupling of U(1) Degrees of Freedom for all
flows.



Poincare Conjecture

Every simply connected, closed 3-manifold is homeomorphic to the 3-sphere.

For compact 2-dimensional surfaces without boundary, if every loop can be &-
continuously tightened to a point, then the surface is topologically
homeomorphic to a 2-sphere (usually just called a sphere). The Poincaré

conjecture asserts that the same is true for 3-dimensional spaces.

23
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Friedan ‘80, Hamilton ‘81, Perelmann ‘06

2D Heisenberg #

Trivially connected: Polyakov
collapse of stiffness to Zero
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Friedan ‘80, Hamilton ‘81, Perelmann ‘06

T
2D Heisenberg # Windmill Heisenberg

- Ji/In(J1/d2)

X
X
§ Powerlaw

| ok

Trivially connected: Polyakov ~ Non-trivially connected: ,, 1 e-state Clock
collapse of stiffness to Zero U(1) stiffness survives.




Monte-Carlo simulations

B. Jeevanesan, P. Chandra, P. Coleman, P. Orth
Phys. Rev. Lett. 115, 177201 (2015) .

RG phase diagram
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Phase diagram
RG phase diagram
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Phase diagram

Monte-Carlo phase diagram
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B Monte-Carlo simulations provide unbiased
verification of long-wavelength picture.
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b
dg™ — 1 Rab
dl 2T
Friedan ‘80, Hamilton ‘81, Perelmar T
— Ji
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X
X
§ Powerlaw
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X

6-state Clock
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dg®® 1
9 :__Rab

dl 27

Friedan ‘80, Hamilton ‘81, Perelmar

1
S= [dr|=¢%,, — —
7'29919 27T

¢ Realization of mapping of
RG into time. (cf AASCFT)

R

‘Scaling= time evolution in a higher dimension

| | | |

1 10 100

1000
T

— Ji

J1/In(J1/J2)

(D

Powerlaw

X
X
X
X
T X
/6 ‘ %
6-state Clock




‘Scaling= time evolution in a higher dimension

b
dga _ _iRab ‘ ‘ ‘ ‘
dl 2T 1 10 100 1000
Friedan ‘80, Hamilton ‘81, Perelmar T
0S 1
5qab :O:gab__Rab
g B 1 2 1 ] 1 J1
S= [|dr|=9¢"%4,, — —R
_ 9 g Yab o _

¢ Realization of mapping of

RG into time. (cf AASCFT) - Ji/In(d1/d2)

Can this mapping of
renormalization onto time be
generalized?

Powerlaw

X
X
X
Tz6 Tx %

6-state Clock
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How a chance
conversation with a
particle physicist
colleague led to a new

idea about
superconductivity.
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--------------------------‘
S(/,O ) )
'NpPd Al T, = 4.5K (Aoki et al,2009) SN
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4f Rare Earth
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No double occupancy: strongly correlated
Residual valence fluctuations induce AFM Superexchange.
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Many things are possible at the brink of magnetism.
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Anderson U (Anderson 1959)
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Heavy Fermions + Kondo X

x ~ 1/(T +0)
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Heavy Fermions + Kondo Electron sea
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J. Kondo, 1962



Heavy Fermions + Kondo Electron sea

x ~ 1/(T+6)

X Curie Weiss
... Susceptibility
-y

Spin (4f,5f): “Quark”of
heavy electron physics.

Resistance/Resistance(T=0 Celsius) x 10000

(from W.J. de Haas and G.J. van den Berg,
Physica vol. 3, page 440, 1936)

300 -

Low temperature resistivity of
280 F AY

H=Y exc|,cxo+J S-50)
ko
J. Kondo, 1962



Heavy Fermions + Kondo Electron sea

Spin (4f,5f): “Quark”of
heavy electron physics.

Scales to
Strong Coupling

H = Z EkCI{aCka

ko
J. Kondo, 1962
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Resistance/Resistance{T=0 Celsius) x 10000

(from W.J. de Haas and G.J. van den Berg,
Physica vol. 3, page 440, 1936)
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: “Kondo temperature”
Heavy Fermions + Kondo —ooron e X

L] v ~ 1/(T +6)

Curie Weiss

s
~
-
-

Spin (4f,5f): “Quark”of ]
heavy electron physics. —

B Resistance/Resistance{T=0 Celsius) x 10000

(from W.J. de Haas and G.J. van den Berg,
Physica vol. 3, page 440, 1936)

300 —
Low temperature resistivity of
Au

280
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Heavy Fermions + Kondo Electron sea “Kondo temperature”

@5
_

&—10 v~ 1/(T +6)
Curie Weiss

Susceptibility

Kondo Effect: Spin screened by
conduction electrons: entangled

t= 41

Scales to 01
Strong Coupling

Weak coupling

H — Z EkC;r{aCkU

ko
J. Kondo, 1962



Kondo Effect: Spin screened by
conduction electrons: entangled
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The remarkable case of NpPdsAl>
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The remarkable case of NpPdsAl>

T [001]

o NpPdAl, T = 4.5K
' |

3
=
5 20 <
L, ¢
-
= | <
&S g i ) | j ‘,
S — ¢ ¢ ¢
g e Pt C &
0 , | .
0 100 200 300

—

Temperature (K) [010]

4.5K Heavy Fermion S.C
NpA|2Pd5

Aoki et al 2007



The remarkable case of NpPdsAl>
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The remarkable case of NpPdsAl>
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The remarkable case of NpPdsAl>
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Large first order jump in magnetization at Heo.
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Large first order jump in magnetization at Heo.
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Large first order jump in magnetization at Heo.

200 Signals a release of the local moment
from the condensate.
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Composite pairing Hypothesis.
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Emery and Kivelson 1992
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Real-space structure of pair Extreme Resilience
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Electrons hybridize with Ising 5f state to form
Heavy Ising quasiparticles.
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Thank You.



