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Abstract: <span>Il will look at two cases of the interplay of geometry (curvature) and topology: <br>(1) 3D Topologica metals. how to understand
their surface "Fermi arcs' in terms of their emergent conservation laws and the Streda formulafor the non-quantized anomalous Hall effect. <br> (2)
The Hall viscosity tensor in the FQHE as alocal field, and its Gaussian-curvature response that allows local compression or expansion of the fluid to
accommodate substrate inhomogeneity.</span>
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Topological Metals

® The Fermi surface of 3D metals can break up into topologically
disconnected sheets

® A sheet of the the Fermi surface of a 3D metal with spin-orbital
coupling can have a non-zero Chern number (total Chern
number of all Fermi surface sheets must vanish)

Weyl points are monopole
sources/sinks of Berry
curvature flux
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® (Intrinsic) Anomalous Hall effect

e Hall effect due to broken time-reversal
symmetry, but not from Lorentz force

® Modern form of Karplus-Luttinger formula

O_r[,-_{b — i / (ngk. Z 71,,,’(k)‘F{"f)(k)
h Jpz (27m)° ' A

n

Berry curvature
occupation factor (antisymmetric)
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® “Dipole moment of Fermi- Surface Berry
curvature in the Brillouin zone

® gauge invariance | @

k[ﬂ > k[«‘ -t (’A/h, BZ boundary term ensures these
-------- . two choices of BZ give same K
¢r S
K K4 —) FdA s |

-~ -
-------

’
sum of Chern numbers ) <

must vanish
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® “Dipole moment of Fermi-Surface Berry
curvature in the Brillouin zone pesessssssacsenascny

® gauge invariance : @

k[ﬂ > k[ﬁ - (’A/h, BZ boundary term ensures these
-------- . two choices of BZ give same K
fl‘ - ~
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sum of Chern numbers ) <
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® Ambiguity in “BZ Berry dipole moment” of
topological metals:

Chern number
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Dipoles differ by G depending on choice of BZ
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® A FermiArc surface state exists to show
the correct dipole!!

FDMH arXiv:1401.0529  as in Weyl points!

on |k,

Er =0.65
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‘ _ly%, i
U — H(Z’ _ Zj)ﬁ He 32 % Laughlin 1983
1

i< j
® elegant wavefunction, describes
topologically-ordered fluid with fractional

charge fractional statistics excitations

® exact ground state of modified model keeping
only short range part of coulomb repulsion

® Validity confirmed by numerical exact diagonalization

30 years later: my answer:
unanswered question: hidden geometry

we know it works, but why?
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but no broken symmetry
® similar story in FQHE:

Erai ® “flux attachment” creates
...... & i s correlation hole
; | gun . ® defines an emergent
R o e Tmmml geometry
: _——— 3 ; ® potential well must be
# strong enough to bind

"""" | electron
® continuum model, but |

similar physics to ® new physics: Hall

Hubbard model viscosity, geometry............
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' (2 quasiparticle N e bt S Y 3
y +?2 quasiholes) 0.5 ’ ¢ kbosonic “roton”
E ‘\\‘_hm_'w ------- SN b, -
h ‘“ ” fermionic R s
L :b'l#‘
roton “roton” &
G 2
Moore-Read B ) = —l
0 0.5 ‘I 1“- j' A"‘- ‘\ Z. (‘ O 1 2 Aflf
. . LN ] A ;
gap «— incompressibility
Collective mode with short-range V1 Collective mode with short-range three-
pseudopotential, I/3 filling (Laughlin state is body pseudopotential, /2 filling (Moore-
exact ground state in that case) Read state is exact ground state in that case)

e momentum /ik of a quasiparticle-quasihole pair is 5
proportional to its electric dipole moment pe hka = €ap Bpe

gap for electric dipole excitations is a MUCH stronger
condition than charge gap: doesn’t transmit pressure!

(origin of Virasoro algebra in FQHE?)
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_ _ Becomes a
® clectron in 2D Landau orbit “fuzzy object”

(bound to 2D surface) after kinetic

| — . energy is quantized
Cyclotron ....e-. magnetic flux

orbit ; * density B normal

! \ to 2D surface == g
-

guiding center |

h 2
ip =
R 5 (|«B|)

[R®, RY] = —if%,

non-commutative geometry
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® Degenerate (flat) Landau levels

H =) U(R; - R)

empt ..
P )’/ i< ]

—e—eo—o—partially occupied

000000020 filled

[R*, RY] = —il}

U(R, — Ry) | quantum dynamics comes
1 from non-commutativity

/ effective Coulomb
repulsion is analytic at
/ origin because of

// smoothing by Landau-
orbit form factor

Pirsa: 14020117 Page 18/25



This is the entire problem\ |
nothing other than this matters! \

—

® H has translation and i = Z U(R; — R;)
Inversion symmetry i<j

[R*, RY] = —il%

f

like phase-space,

[(R* + R%),(RY — RY)] = 0

. ’ZiR’f»} =0 has Heisenberg
n‘( : uncertainty principle
® gentrator of translations and want to avoid
electric dipole moment! this state
N N
[(RY — R%), (RY — RY)] = —2i¢% N 83p

® relative coordinate of a pair of -

particles behaves like a single .
particle two-particle energy levels

Pirsa: 14020117 Page 19/25



Pirsa: 14020117

® Solvable model! (“short-range pseudopotential’)

Ulrio) = (A+ B (55)) e

® |aughlin state

i) =] (af —al) " 10)

1<)

R* +1RY

ail0) =0 ol="7r
Ep =0

J

a;, (JH = 0

maximum density null state

E A
8 symmetric LA+ B

antisymmetric

. B

rest all ()

m=2: (bosons): all pairs
avoid the symmetric
state E2 = 2(A+B)

m=3: (fermions): all pairs
avoid the antisymmetric

state E; =

/2B

))
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® Solvable model! (“short-range pseudopotential™)

Ulria) = (A+B(“55)) e

)
(r12)~

20%

® |aughlin state

vt = H ((J — (LD 0

1<)

R* +1RY

ail0) =0 ol="r
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® usual suggestion: edge states of FQH states
are described by |+1d cft.

® But NO Lorentz invariance! so not cft.

® |+]| cft requires a space-time metric

ds

™\ universal speed
of massless excitations

There is no universal speed of FQH edge modes!
They propagate with different speeds!
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® suggested explanation (later)

seen in
Entanglement

plays  Spectrum
a key role

Virasoro algebra

plays
a key role

QHE

(chiral “gravitational” or
energy anomaly)

conformal fielc

no direct
connection
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