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Dual bosonic and fermionic descriptions of gapped Z, spin liquids
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Dual bosonic and fermionic descriptions of deconfined critical point
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I will be using both of these ideas to obtain a better understanding of the Heisenberg

model
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Dualities

¢ Wang et al. propose that CIP! is dual to N,=2 QCD, with an SU(2) gauge group:
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¢ Lgcp can be ‘derived’ from a fermionic parton construction with | |
a m-flux through all plaquettes and with spinons hoping only
between nearest-neighbours. . .
¢ The symmetries are most manifest when Lqqp is expressed in t 1 ¢ :
terms of Majorana fermions: n_?ux phase

Lqcp = itr (X4*D,X) D, X =09,X —iaj,Xo" X, =

E\H

Wang et al. (2016)

‘ | | valley index, v=1,2
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¢ Lqcp has a manifest SO(5) symmetry, X — LX, where L is a 4x4 unitary matrix

+ SO(5) order parameter: n® =tr (XT*X), T*={u" p?* plo” wo¥ pYo?}

Wang et al. (2016 VBS order parameter Néel order parameter

Nahum et al. (2015)
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Proximate phase via the Higgs mechanism
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Proximate phase via the Higgs mechanism

: \ 2 a a
Lqcp = itr (X*y“ lﬁuX — §CLMXO‘ ])

¢ Proximate topological phases can be accessed by Higgsing the SU(2) gauge symmetry:

L = Loop + ®%r (0°XMX) + |9,8% — ie®a? ®°|" — 5 (%)% + - --

7
fermion bilinear ®¢ transforms under the vector
representation
¢ For (®7)#0, the vacuum is invariant under U = exp (590‘% ) gauge group broken to U(1)

+ Two Higgs fields, ® and P1, are needed to obtain a Z, spin liquid:

L;=Lqcp + Lo+ L1

Lo=A® O+ |D,B|" — s®>+ - Li=N® -O,+|D,® " —5®+--




Projective symmetry group

¢ The symmetries act in a non-trivial way in the Higgs phase. For instance,
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Gives the fermions a mass

Wen (2002)
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Projective symmetry group

¢ The symmetries act in a non-trivial way in the Higgs phase. For instance,

_ 1 B
L = itr (Xfy“ [(?MX — §aﬁXax]> + A (DY) tr (axX,qu) 4.
Gives the fermions a mass

+ L does not appear to be invariant under the lattice symmetries:
T, : tr (axX',qu) — tr (Jm)_(,ux,uy,umX) = —tr (O‘xX,qu)
+ This can be undone through a gauge transformation:

Vie : X — Xio?, tr (ax)_(qu) — —tr (J"”X,qu)

The transformations V,G, V, € SU(2), defines the projective symmetry
group, which can be used to classify the spin liquid.

Wen (2002)




Gapped, symmetric Z, spin liquids
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¢ When only bilinears containing up to a single derivative are considered, 5 distinct gapped,
symmetric Z, spin liquids are possible.
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¢ The mean field version of this spin liquid requires a 6" nearest-neighbour terms. In
terms of QCD, it corresponds to the perturbation:

P = A - tr (0 XpY0,0, [02 — 2] X) + -+ G S SR W




PSG 1

L;=Lgop +A®-tr (6 Xp?X) —5|®)° HN &, - tr (6Xi0pX) — 51 |®1° + -+ with 5,5 <0

¢ The mean field version of this spin liquid requires a 6" nearest-neighbour terms. In
terms of QCD, it corresponds to the perturbation:

p=Ae - (@Xwn0, -] X))+ | | /] ||
o O =tr (a)_(iﬁoX) has no lattice analogue 1 ! 1 !
this phase is more energetically favourable s + , . ¢

than mean field theory seems to imply




Comparison with bosonic formulation

Ly=Locp +AP-tr (a)_(,qu) + NP - tr (gXaOX) 4.

¢ 1 is the only spin liquid with a corresponding bosonic
formulation

Essin & Hermele (2011)
Yang & Wang (2016)
Chatterjee et al. (2017)
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Comparison with bosonic formulation

Ly=Locp +AP-tr (a)_(,qu) + NP - tr (gXaOX) 4.

¢ 1 is the only spin liquid with a corresponding bosonic
formulation

Ot = W N =

¢ Further, this spin liquid can be obtained by perturbing
directly about CIP!:

100

pYyHioy,

pY (v*10, — yYi0y)
p? (v5i0y + YYi0y)
¥ (v i0y — VYi0y)

Lp = M P¥epzadozs + h.c. + (0, —i2b,) P|> — s, |P|” + - --

Ly = »Cdcp + Lp

Obtain the same Z, spin liquid when (z) =0, (P) #0

Essin & Hermele (2011)
Yang & Wang (2016)
Chatterjee et al. (2017)




Phase diagram
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Flux response
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Flux response

Ly = itr ()_(v“ [(%X — %aMXUx]) + +mtr (O‘lequ) 4.

¢ Response to insertion of flux: (O(r)) = /d3r (O(r)tr (6" X (r")y* X (') aff(?“/)

1

O =tr ()_(fy”,qu) <tr (Xvu,qu» ~ ;e“’/)‘&,aﬁf

¢ This is exactly the current associated with the U(1), VBS
_ 1 _
n® =tr (XT°X), T*={p" p* po” po¥ no*} Tops = Ftr (X7’ X)
VBS order parameters VBS conserved current

¢ Monopole proliferation results in large fluctuations of the charge @ associated to J, .

which will suppress fluctuations of operators conjugate to @), .e. the order parameters

<tr (X,uZX)> #0 or <tr (X,uxX)> = 0.

Fu, Sachdev, Xu (2011)
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Phase diagram
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Symmetry broken Z, phases
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Chatterjee et al. (2017)

Zs spin liquid C¥,
current loop order

(®2:) #0

A\

Zs spin liquid By,
Ising-nematic order

(@) #0 , (1) =0
(P2;) #0

Ly =Lqep +A® -tr (o Xp!X) — s 1P|
+ )\/(I)l - tr (UX@OX) - §1 ‘(1)1’2
—|—>\//@2i°t1‘ (O'XazX) —52‘(1)2@’24—




Summary

Determined spin liquid states proximate to N=2 QCD (m-flux phase)

Established a nontrivial correspondence between Z, phases surrounding both QCD and

CP!

Determined a fermionic counterpart to the U(1) spin liquid with gapped matter which is
unstable to a VBS

Proposed additional dualities for multicritical points

Thank you!

Phys. Rev. X 8, 011012 (2018)
arXiv:1708.04626







