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<latexit sha1_base64="DxnKjcNT5qYPSCthKa0C8lMHzMU="></latexit>

! Ñ 8 ! 8

<latexit sha1_base64="Xb+6mrK5rJ7pewpYL4pKyUdrL50="></latexit>

{ ! Ñ; ! ! } = 2ÜÑ!

Majorana representation:
<latexit sha1_base64="I1YtQTTjb2PYxVvKrBmfdxSgEzw="></latexit>

! ü = ibü c

! üþ = ibü bþ



KitaevÕs 16-fold way of anyon theories
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É can realize all 16 topological SCs: 
[Chulliparambil, É, LJ, Tu, PRB Õ20]

Hamiltonian:
<latexit sha1_base64="Vuw82c19YIzrxx4hVXBW8QIfpuI="></latexit>

H = K
X

! i j "â

0

@! â
i ! â

j +
2q+3X

þ= âm+1

! âþ
i ! âþ

j

1

A

Cli! ord algebra:

Fractionalization:

<latexit sha1_base64="xouCeA5kTzGLUDQgTFXu93xmka4="></latexit>

with
h

öui j ; ÷H
i

= 0 ! static Z2 gauge Þeld!

<latexit sha1_base64="3BtLB7I8P8Oz2iaX6uqZJiXJawk="></latexit>

H !" ÷H = iK
X

! i j "â

öui j

0

@ci cj +
2q+3X

þ= âm+1

bþ
i bþ

j

1

A

Representations:

É
<latexit sha1_base64="RJpdbMxF9xbjJMxr00DBX4nk3JY="></latexit>

âi 4 ! 4
<latexit sha1_base64="jCJOHwzux1nn1yGJ7ZzfDeKfSKw="></latexit>

! ü 2 ! 2
<latexit sha1_base64="DxnKjcNT5qYPSCthKa0C8lMHzMU="></latexit>

! Ñ 8 ! 8

<latexit sha1_base64="Xb+6mrK5rJ7pewpYL4pKyUdrL50="></latexit>

{ ! Ñ; ! ! } = 2ÜÑ!

Majorana representation:
<latexit sha1_base64="I1YtQTTjb2PYxVvKrBmfdxSgEzw="></latexit>

! ü = ibü c
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Spin + orbital + É degrees of freedom:

<latexit sha1_base64="R/leg20Ncd0l0wTRVDnbqkz0xR8="></latexit>

! ü 2 ! 2

É

<latexit sha1_base64="k/noN6rfv99+7Rph3C6dDBfmSuE="></latexit>

! ü ! Þþ = âi 4 " 4
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Spin-orbital representation:

<latexit sha1_base64="ywitt4x3PoSFBoXIDIcAab6dhuc="></latexit>

â1 = ! y ! Þx = ib1c

â2 = ! y ! Þy = ib2c

â3 = ! y ! Þz = ib3c

â4 = ! x ! 1 = ib4c

â5 = ! z ! 1 = ib5c

Spin + orbital + É degrees of freedom:

<latexit sha1_base64="R/leg20Ncd0l0wTRVDnbqkz0xR8="></latexit>

! ü 2 ! 2

É

<latexit sha1_base64="k/noN6rfv99+7Rph3C6dDBfmSuE="></latexit>

! ü ! Þþ = âi 4 " 4
<latexit sha1_base64="11qFyXTK+D/Gt9I4i00/RqQmuEU="></latexit>

! Ñ 8 ! 8
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<latexit sha1_base64="ywitt4x3PoSFBoXIDIcAab6dhuc="></latexit>

â1 = ! y ! Þx = ib1c
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â5 = ! z ! 1 = ib5c

Spin + orbital + É degrees of freedom:

<latexit sha1_base64="R/leg20Ncd0l0wTRVDnbqkz0xR8="></latexit>

! ü 2 ! 2

É

<latexit sha1_base64="k/noN6rfv99+7Rph3C6dDBfmSuE="></latexit>

! ü ! Þþ = âi 4 " 4
<latexit sha1_base64="11qFyXTK+D/Gt9I4i00/RqQmuEU="></latexit>

! Ñ 8 ! 8

Example (square lattice): 

2 itinerant fermions

[Nakai, Ryu, Furusaki, PRB Õ12]

[Yao, Zhang, Kivelson, PRL Õ09]

É recover known model for j = 3/2 spin liquid:

XY spin

Kitaev orbital

<latexit sha1_base64="DtC8+V+zG46VAYDgZKk7dI4fKi8="></latexit>

HK = K
X

! i j "â

(! x
i ! x

j + ! y
i ! y

j ) ! Þâ
i Þâ

j

<latexit sha1_base64="5Tu7QLbKmvSbzMNXUtw1L+b74eQ="></latexit> X

! "

"# iK
X

! i j "â

öui j
`
ci cj + b5

i b5
j

«



Kitaev-Ising spin-orbital model

Ising perturbation:

0

Kitaev spin-orbital liquid

b4

c

<latexit sha1_base64="ujNgnNR7HpAUHUUapaS1EZsBElQ="></latexit>

Jz=K

! 1

! 1! 1

+1+1

+1

Ising spin order

<latexit sha1_base64="Poz6t+aI8o6Zbd8TnNKdvfI3hN0="></latexit>

H = HK + Jz
X

! i j "

! z
i ! z

j ! 1 i 1 j



Kitaev-Ising spin-orbital model

Ising perturbation:

0

Kitaev spin-orbital liquid

b4

c

<latexit sha1_base64="ujNgnNR7HpAUHUUapaS1EZsBElQ="></latexit>

Jz=K

! 1

! 1! 1

+1+1

+1

Ising spin order

Parton representation:

hopping parameter t  =
 2K

"  ßux

nearest-neighbor repulsion V = 4Jz

Spin-orbital model !  interacting fermions on ! -ßux lattice

Ground-state ßux pattern: 
[Lieb, PRL Õ94]

<latexit sha1_base64="mCcaSQUaqlrb2bGoWlqDodesyrY="></latexit>

electron densityf
  f

<latexit sha1_base64="rDUMAlJlWk7meEgQfz6n1++dJOI="></latexit>

H !"
X

! i j "

h
2Ku i j (f

 
i fj + f  

j fi ) + 4 Jz(ni # 1
2 )(nj # 1

2 )
i

<latexit sha1_base64="VAe5gVQxjTfqzJVZA73aZR/eLOw="></latexit>

f = 1
2 (c + ib5)

<latexit sha1_base64="Poz6t+aI8o6Zbd8TnNKdvfI3hN0="></latexit>

H = HK + Jz
X

! i j "

! z
i ! z

j ! 1 i 1 j



Spinless fermions on ! -ßux lattice: QMC
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Dirac semimetal Charge density wave

V/ t

(V/ t)c = 1.281(2)

[Wang, Corboz, Troyer, NJP Õ14] 
[Li, Jiang, Yao, NJP Õ15] 

[Hu" man & Chandrasekharan, PRD Õ17; PRD Õ20] 
É
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É

Spin-orbital model:

0

Kitaev spin-orbital liquid Ising spin order

Jz/ K

b4

c ! 1

! 1! 1

+1+1

+1

(Jz/ K)c = 0.642(2)

Gross-Neveu-! 2*

[Seifert, Dong, Chulliparambil, Vojta, Tu, LJ, PRL Õ20]

Gross-Neveu-! 2 universality: [LJ & Herbut, PRB Õ14] 
[Ihrig, Mihaila, Scherer, PRB Õ18] 

[Erramilli et al., JHEP Õ23] 
É 

N = 8:  [Wang & Meng, arXiv:2304.00034]

<latexit sha1_base64="imLDaqA8SyIOoe5uKZGhvnoVfuo="></latexit>

1=! = 1 :12(1), Ó! = 0 :51(3)
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<latexit sha1_base64="L6rRn/x8jjiw8y8nn0JYemAWOws="></latexit>

(2 )T

<latexit sha1_base64="XdABBhYkt8Z1qs+mL82meUYuC2o="></latexit>! T

<latexit sha1_base64="U4M2Ii0O3rGKsh7YT157BpegCS4="></latexit>

1=
p

Nstopological ÒcopiesÓmissing in GN*

<latexit sha1_base64="FKbIVUr+iw5JACiref1+RBpWIMw="></latexit> !
i
!

L

[Schuler, Hesselmann, Whitsitt, Lang, Wessel, LŠuchli, PRB Õ21]

Gross-Neveu-! 2 Gross-Neveu-! 2* (schematic)

É testable in future simulations
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Hamiltonian:
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3 itinerant fermions
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Hamiltonian:
<latexit sha1_base64="QKo69N8x2NKxOXrqx3wkqbKpOz8="></latexit>

H = K
X

! i j "â

~! i á~! j ! Þâ
i Þâ

j + J
X

! i j "

~! i á~! j ! 1 i 1 j

Phase diagram:

<latexit sha1_base64="jtgPZD7Cs3WH3LKtBTa4dgyreUw="></latexit>

!c!
iA

~LciA " #= !c!
jB

~LcjB "

Òspin density waveÓ

0

Kitaev spin-orbital liquid SO(3) Kitaev liquid

J/ K

3 itinerant fermions<latexit sha1_base64="jqBEswa9RGDhkPctEGul2Czd6cg="></latexit>| {z }
<latexit sha1_base64="piBEkQOgKx1TlZXkDo069fXGaDU="></latexit>
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with [öui j ; H ] = 0 still static!

spin-1 matrices
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E! ective Þeld theory:

ÒGross-Neveu-SO(3)Ó

<latexit sha1_base64="yb8H1p1b/lTzvdkMRkseGm9ykbs="></latexit>

S =
Z

d2~xdÞ
h

ø â Ñ@Ñ + g ~Õá ø (12 ! ~L) 
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Gross-Neveu-SO(3)* criticality
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FRG (sh)

1/ exp., [1/1]

exp., [1/ 2]

exp., [0/ 3]

FRG (lin)

FRG (sh)

2.0 3.02.5 3.5 4.0
0.0

1.0

2.0

1/

4.0

exp., [1/ 2]

FRG (lin)
FRG (sh)

FRG (sh)

exp., [2/ 1]

1/ exp., [0/ 2]

1/ exp., [1/ 1]

2.0 3.02.5 3.5 4.0
0.0

1.0

2.0

N = 3 1/ $ "% " #

4 ! ! expansion na•ve 0.97516 0.39181 0.17234
[1/ 2] 0.94472 0.40086 0.16458
[2/ 1] sing. 0.36989 0.18622
[0/ 3] 1.09000 n.-e. n.-e.

1/N expansion na•ve 2.67318 0.49833 Ñ
[1/ 1] 0.89397 0.46276 Ñ
[0/ 2] sing. 0.51074 n.-e.
na•ve Ñ Ñ 0.22116
[1/ 2] Ñ Ñ 0.12337
[2/ 1] Ñ Ñ 0.22716
[0/ 3] Ñ Ñ n.-e.

FRG Taylor linear 1.1901(10) 0.38781(6) 0.15068(8)
sharp 1.209(4) 0.3434(5) 0.1966(6)

pseudospectral linear 1.18974 0.38781 0.15072
sharp 1.20465 0.34340 0.19649

Critical exponents from É 

¥ 4 - " expansion @ 3 loop 

¥ 1/ N expansion @ O(1/ N2) 

¥ Functional RG @ LPAÕ

[Ray, Ihrig, Kruti, Gracey, Scherer, LJ, PRB Õ21]
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Hamiltonian:
<latexit sha1_base64="VWpadvAcUOkX6fUysve2GhI97PY="></latexit>

H = ! t
X
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c 
iÐcjÐ ! J

X

i

Ò
c 
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~LÞz

ÐÐ! ciÐ!

Ó2
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... with SO(3) ! UÐ(1) ! Uc ! Z2 symmetry
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# = 1
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! " c 
1c2# Òinterlayer coherenceÓ

<latexit sha1_base64="cf9+cJ+f1q4G7IKJWw03gmDPsJc="></latexit>

! " c  ~Lc# ÒSO(3) semimetalÓ

J/ t
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! 1=! = 0 :906(35)

<latexit sha1_base64="E1Xo2UTYbLCuyud9jez1/fDaRsg="></latexit>
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[Liu, Vojta, Assaad, LJ, PRL Õ22 (EditorsÕ Suggestion)]
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(1) Fractionalized quantum criticality 

(2) Frustrated spins and spin-orbitals 

(3) Square-lattice Kitaev-Ising spin-orbital model 

(4) Honeycomb-lattice Kitaev-Heisenberg spin-orbital model 

(5) Conclusions
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Square-lattice Kitaev-Ising spin-orbital model: 

[Liu, Vojta, Assaad, LJ, PRL Õ22]

[Seifert, Dong, Chulliparambil, Vojta, Tu, LJ, PRL Õ20]
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