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CONTENTS 5

Motivations

The traditional description of phase transitions, developed by Landau, relies on the concept
of symmetry breaking. Each distinct phase is associated with a particular symmetry group, and
a phase transition is accompanied by a symmetry breaking, in which the symmetry group of
one phase is the subset of the symmetry group of the other phase. In this way, concepts like
order parameters—quantities that vanish above the critical temperature but acquire a finite value
below it—emerged as the universal hallmark of both classical and quantum phase transitions.
In Landau’s theory, all classical and quantum phase transitions arise from a form of symmetry
breaking.

This well-established paradigm was challenged with the discovery of the fractional Quantum
Hall effect [1], where multiple distinct phases share the same conventional symmetries. Realizing
that such states of matter could not be understood within the symmetry-breaking framework,
physicists began searching for “hidden” quantum orders that could distinguish these phases.

Quantum spin liquids (QSLs) represent a typical setting for these novel ideas in Mott in-
sulators. A QSL is the ground state of a quantum spin system that remains fully symmet-
ric—concerning the symmetries of the underlying lattice and of the Hamiltonian. Consequently,
QSLs exhibit no conventional magnetic order of any kind (e.g. ferromagnetic or antiferromag-
netic). While magnetically ordered ground states usually have bosonic excitations, like the spin-1
magnon, QSLs have fractionalized fermionic excitations, as the spin-1/2 spinons. The splitting of
the bosonic excitation to a pair of fermionic quasiparticles is called fractionalization. Therefore,
the existence of the QSL ground state and the fractionalized excitations is directly measurable
through the dynamical spin structure factor, if at the lowest excitation energies we observe a
continuum (implicating a pair of quasiparticles) instead of a single branch.

A promising approach to characterizing hidden quantum orders at the mean-field level in-
volves the concept of the projective symmetry group (PSG). When the fluctuations beyond
mean-field theory are weak, the mean-field quantum order (protected by the PSG) becomes the
quantum order of the real ground state [2, Sec. 9.9.1]. If the mean-field one-particle energy
spectrum is gapped, the quantum order is called topological order, and is characterized by the
ground state degeneracy [2, Sec. 8. [3]. If the one-particle energy spectrum is gapless, then
the quantum order is characterized by the existence and location (in reciprocal space) of gapless
excitation towers in the dynamical spin structure factor |2, Sec. 9.10.2]. Analogous to symmetry
breaking protecting gapless excitations following Goldstone’s theorem [4, Sec. 6.1], certain PSGs
can protect gapless fermionic excitations and their reciprocal-space locations |2, Sec. 9.10.2]. Ex-
perimentally, the dynamical spin structure factor provides a tool to identify a gapless quantum
spin liquid ground state [2, Sec. 9]. Quantum phase transitions can occur without conventional
symmetry breaking, driven instead by changes in the PSG itself.

One-dimensional spin systems are archetypal examples of quantum spin liquids, where strong
quantum fluctuations suppress all forms of magnetic order. In contrast, stabilizing a quantum
spin liquid in two-dimensional systems is far more challenging and often requires enhanced fluc-
tuations. Such enhancements can be achieved by geometric frustration (e.g., on the triangular
or kagome lattice) or by introducing further-neighbor interactions. Another route is to enlarge
the spin symmetry group, considering SU(N) or Sp(/N) models with N > 2 [5], which increases
quantum fluctuations and thereby helps to stabilize quantum spin liquids.

In this thesis, we seek new avenues to stabilize and characterize two-dimensional quantum
spin liquids by considering models with higher symmetries. We implement a variational method
to characterize excitations in one and two-dimensional SU(3), SU(4), and SU(6) symmetric
Heisenberg models. We will calculate the experimentally relevant dynamical spin structure factor
to facilitate their potential identification. We also show that the SU(6) symmetric Heisenberg
model on the kagome lattice is a likely candidate for a gapless Dirac spin liquid.



Thesis statements

1. T computed the dynamical spin structure factor S(k,w) of the SU(3) Heisenberg chain
variationally using Gutzwiller projected particle-hole excitations of the Fermi sea. I showed
that the low energy spectrum and the distribution of the spectral weights of the SU(3)
Heisenberg chain can be well reproduced by this method, by comparing the S(k,w) to
exact diagonalization results for 18 sites, the two-soliton continuum of the Bethe Ansatz,
and the DMRG results for 72 sites. Detailed analysis of the finite-size effects shows that
the method captures the critical Wess-Zumino-Witten SU(3); behavior and reproduces the
correct exponent, except for the size dependence of the spectral weight in the bottom of
the conformal tower. The extracted velocity of excitations and the central charge are very
close to the exact results. These results are published in Ref. [L].

2. I computed the dynamical spin structure factor S(k,w) of the SU(4) Heisenberg model on
the honeycomb lattice variationally, approximating the ground state by the Gutziller pro-
jected m-flux Fermi sea (motivated by Ref. [6]), called a Dirac spin liquid. I compared these
results with non-interacting mean-field calculations. The two approaches produce qualita-
tively similar results, suggesting that the energy spectrum of the Gutzwiller projected ex-
citations may also be a gapless continuum of fractionalized excitations. Quantitatively, the
Gutzwiller projection shifts the spectral weight from higher to lower energies, thus empha-
sizing the lower edge of the continuum. The ratio of the sums (3 copz Site(K)) / (X keenz 522 (k) =
1 — 1/N shows that the correlations are reduced in the mean-field case, since the charge
fluctuations reduce the value of the quadratic Casimir operator, appearing in the sum rules.
These results are published in Ref. [IL.].

3. I proposed the Gutzwiller projected m-flux Fermi sea (another Dirac spin liquid) as the
ground state of the SU(6) Heisenberg model on the Kagome lattice. To reach this conclu-
sion, I investigated the energetical stability of the Dirac spin liquid (DSL) against pertur-
bations of the mean-field ansatz and confirmed that the DSL remained the lowest energy
singlet state. Furthermore, I found that finite values of the second-neighbor (.J2) and ring
(K) exchange are necessary to destabilize the DSL, highlighting its resilience to further
interactions. These results are published in Ref. [IIL.].

4. To characterize the DSL on the SU(6) kagome lattice, I calculated the dynamical spin
structure factor S(k,w) variationally using Gutzwiller projected particle-hole excitations
of the m-flux Fermi sea, and compared these results with the non-interacting mean-field
calculations. In the SU(6) case, the distribution of the spectral weights in the S(k,w) shows
a much better agreement between the variational and the mean-field calculations than in
the SU(4) or SU(2) cases. I attribute the decreasing difference between the two approaches
to the weakening of the fluctuations beyond the mean-field approximation as the SU(V)
symmetry increases. Based on this similarity, I have studied the S(k,w) in the mean-field
approach for an extensive system with 3888 sites and found that the spectrum is a gapless
continuum, where the gapless towers are centered at the I', IV, M and M’ points in the
extended Brillouin zone. The static spin structure factor S(k) shows increased spectral
weights in the form of triangular-shaped plateaus around the K’ points in the extended
Brillouin zone. The static mean-field and the variational results differ in the sum rules and
in the form of barely noticeable humps appearing in the variational calculations around
the M’ points. The real space spin-spin correlations seem to decay algebraically with the
distance, with a power between 3 and 4, similarly as in the SU(4) case (see Ref. [6]). These
results are published in Ref. [IIL].



Chapter 1

Models and their experimental realiza-
tions

1.1 SU(N) Hubbard model

1.1.1 SU(2) Hubbard model

In metals and band insulators the interaction between the electrons is negligible, so their
energy spectra consist of bands. In both cases, the conduction electrons (if there are any)
are completely delocalized in the material, so their wave functions are Bloch states. If the
Fermi energy is inside a band, the material behaves as a metal, while if it is between two
bands, the material is an insulator (since the conduction band is empty at 7" = 0). However, in
certain materials, such as VoOs3, TiyOg3, SrolrOy4, (BEDT-TTF)2X, the Fermi energy should be
inside a band, yet they are strongly insulating. In these materials, called Mott insulators, the
Coulomb repulsion between the electrons is strong enough to make them localized, destroying the
metallic behavior. The Hubbard model (introduced in Refs. |7, 8, 9])) is the simplest many-body
Hamiltonian describing these materials, encompassing two opposing tendencies:

1. the kinetic energy term (parametrized by the hopping amplitude ¢) tends to delocalize the
electrons into Bloch states, causing a metallic behavior

2. the on-site repulsion term (approximating the Coulomb repulsion) with coupling U > 0
tends to localize the electrons to the lattice sites, leading to a Mott insulator.

Thus, increasing the on-site repulsion from U = 0, at some critical ratio U/t the ground state of
the Hubbard model changes from a metallic state to a Mott insulator [4, Sec. 4]. This quantum
phase transition is called the Mott transition. In the Hubbard model the screened Coulomb
interaction between the electrons is simplified to the shortest possible range, on-site repulsion.
The SU(2) symmetric single-orbital Fermi Hubbard model is defined by the Hamiltonian

,HISJIZI{I?) — —tz Z (CI7UCj7U + H.C.) + UZ’I%;N%& + Z Z EiNj o, (1.1)

(i,7) oe{t} i oe{tl}

T

where ¢, Creates a fermion with spin o € {1,!} in the Wanier state localized at site i, n;, =

c;raci » is the fermion number operator (with eigenvalues 0, 1), and ¢; is the external field at
site 7. Due to the Pauli exclusion principle, the occupation of a site (the eigenvalue of the total

number operator n; = 3 s 13y CI »Ci o) can be at most two.

1.1.2 Generalization to SU(N)

The SU(N) generalization allows for N different "spins" o € {1,..., N} of the particles CZU\O>
(|0) being the vacuum), which will be called flavors. The SU(N) single-orbital Fermi-Hubbard
model is defined by the Hamiltonian

Huup = —t Z (c;rpcj,g +Hec)+U Z Ni,oMNi gl + ngim (1.2)

(i,9),0 i,0'>0 1,0
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which mainly differs from the SU(2) case in the interaction term, since here a site can be occupied

at most by NV particles. The fermion number operator n; , = el still has only two eigenvalues

i,aci,a
0,1, but the eigenvalues of the total number operator n; = Z(J,—Vﬂ CZUCiJ can go from 0 to N.

The Hubbard Hamiltonian Hy, has SU(N) spin rotation symmetry (see Appendix A.2),
because permuting the flavors among each other does not change the Hamiltonian. The SU(N)
spin rotation symmetry can be broken by introducing flavor-dependent hoppings ¢, or flavor-
dependent on-site interactions Us ;.

In the large U/t — oo limit, the leading order perturbation theory of the half-filled (one
fermion per site on average) repulsive SU(2) symmetric Hubbard model gives rise to the anti-
ferromagnetic SU(2) symmetric Heisenberg model in the spin 1/2 irreducible representation (see
section 1.4.1. Similarly, in the large U/t — oo limit, the leading order perturbation theory in t/U
of the SU(N) Hubbard model with m/N < 1 filling (m fermions per site on average, where m is
an integer) results in the SU(N) symmetric antiferromagnetic Heisenberg model. The m/N frac-
tional filling of the Hubbard model determines the irreducible representation of the Heisenberg
model on every site (see section 1.4.2, and appendix A.6).

The SU(N) symmetrical Hubbard model can describe fermionic cold atoms in optical lattices.

1.1.3 Experimental realization with optical lattices

Two counterpropagating interfering laser beams can create a standing wave, and more inter-
fering laser beams can create a standing wave of almost any desired spatial periodicity. Such
standing waves can trap neutral atoms, since the oscillating electric field of the lasers creates
dipole momenta in the atoms, which interact with the electric field. In time average, the atoms
are attracted either toward the high-intensity (antinode) or low-intensity (node) regions of the
standing wave, depending on the applied frequency and the energy levels of the atoms. Thus,
the neutral atoms feel a time-independent periodic potential that follows the spatial pattern of
the laser field intensity, called an optical lattice [10, Sec. 3.1], where the atoms are localized
in the potential wells, separated with potential barriers. Adjusting the frequency, polarization,
and angle of the counterpropagating lasers, one can create almost any lattice geometry. A three-
dimensional cubic optical lattice can be created by three pairs of counterpropagating laser beams
in pairwise orthogonal directions, forming three orthogonal standing waves with orthogonal po-
larizations.

The atoms can tunnel through the potential barriers, corresponding to the hoppings ¢ in
Eq. (1.2). The repulsion between the atoms inside the same potential well corresponds to the
on-site repulsion U. Both U and ¢ depend on the intensity of the laser beams. Increasing the
intensity we increase the potential barriers, therefore we simultaneously decrease t and increase
U [11, 12, 13, 14]. The ¢; describes an additional external potential, which describes the energy
offset of each lattice site [11].

If the intensity of the laser beams is the same in every direction, then the hoppings are equal
in all directions. However, increasing the intensity of the pair of laser beams in one direction
decreases the hopping along this direction, so for large enough intensity, we get almost decoupled
two-dimensional layers [10, 11], simulating the two-dimensional Hubbard model on the square
lattice.

Optical lattices of ultracold alkaline earth metal atoms, achieve near-perfect SU(N = 21 +1)
symmetry originating from the nuclear degrees of freedom. [15]. Here, I represents the nuclear
spin, and N can be as high as 10, as demonstrated with 87Sr isotopes exhibiting SU(10) symmetry
[16, 17]. SU(6) symmetry can be realized by ™3Yb isotopes with I = 5/2 [18, 19, 20, 21, 22, 23,
24, 25, 26, 27]. SU(4) symmetry can be realized by atoms with I = 3/2 [28, 29|. Furthermore, it
is possible to create a Mott insulator using '">Yb isotopes [21], described by the physics of the
SU(6) Heisenberg model.
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A remaining issue is the temperature range achieved in experiments, which might be too high
to compare the measurements with zero temperature calculations.

1.2 Orbital degeneracy, and the Kugel Khomskii model

The Hubbard model can be extended to allow for multlple orbitals at a given lattice site,
giving an extra orbital index a to the fermionic operators c] . In this case, the hopping ampli-
tudes acquire a dependence on the orbital indices as t, o/, and the Coulomb repulsion can also be
different depending on whether two electrons occupy the same orbital (with antiparallel spins),
or are placed on different orbitals (see |4, Sec. 5.4] and Refs. |30, 31, 32|). In the strong repulsion
limit with one electron per site, the low energy effective theory will incorporate exchanges not
only between the same orbitals on nearest neighbors, but also between different orbitals. In the
case of two-fold orbital degeneracy, the low energy effective Hamiltonian can be reformulated in
terms of the Pauli matrices 7%, 7Y, and 77 acting on the orbital degrees of freedom. Thus, the two
orbitals |1) and |2) (called pseudospins) are the eigenstates of the 7% operator with eigenvalues
+1. An example of such a low energy Hamiltonian is

HKK:Z(U+Si'Sj)X (v+a[7+7' + 7 7; H + Jlr? ]> (1.3)
(4,3)

where the coefficients u, v, «, and J; are given in Refs. [31, 32]. The spin part is isotropic due
to the SU(2) spin-rotational symmetry of the underlying two-orbital Hubbard model, but the
orbital part is usually anisotropic because it depends on the relative orientation of the orbital
wavefunctions on nearest neighbor sites. Bilinear terms of S and 7 like S*7%, SY7Y, and S*77 are
absent in the low energy theory, due to the absence of the spin-orbit interactions in the underlying
two-orbital Hubbard model. Since these models were first studied by Kugel and Khomskii in
Ref. [30], these low-energy models are called Kugel Khomskii models.

For the special values of o = J,/2, the orbital part also becomes SU(2) pseudo spin rotational
symmetric. Furthermore, for the fine tuned parameters u = v = 1/4 and 2« = J, = 1 the Kugel
Khomskii model becomes

HKK=Z<i+S¢-Sj>X<i+T~T>, (1.4)
(,3)

which is equivalent to the SU(4) Heisenberg model (discussed in section 1.4.2), since the four
SU(4) spins (in the fundamental representation) are constructed as | 1) ® [1), | |) ® 1), | 1) ®]2),
and | }) ® |2), and the N? — 1 = 15 SU(4) spin operators are constructed as {S¢,7°, S%r%|a,b €

{z,y,2}}.
Unfortunately, the SU(4) symmetric point is never realized in real materials, since the relative
orientation of the orbital wavefunctions on nearest neighbor sites is never optimal. However, in
certain experiments, the Kugel Khomskii model describing the material is close to the SU(4)

symmetric point, for example in magic-angle twisted graphene [33, 34| and metal dichalcogenide
bilayers [35, 36, 37].

1.3 SU(4) Heisenberg model from spin-orbit coupled materials

The Kugel Khomskii model does not involve spin-orbit interactions. However, as argued in
Refs. [38, 39] the strong spin-orbit interaction can give rise to the Kugel Khomskii model exactly
at the SU(4) symmetric point. These arguments hold for a class of materials « — M X3, with
M € {Zr, Hf, Rf} and X € {F, Cl, Br, I, At} where the M atoms form well-separated layers of
almost ideal honeycomb lattices (based on Refs. [40, 41]). In particular, they focused on a—ZrCls,
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Figure 1.1: The left panel shows a single layer of a —ZrCls, where the Zr atoms form a honeycomb
lattice [38]. The right panel (b) shows the octahedral (cubic) environment of the Zr atoms (big
spheres) formed by the Cl atoms (small spheres). The hexagon connecting the Zr atoms is one
of the hexagons shown in the left panel [38]. The middle panel (a) shows the superexchange
pathways, along which the Zr atoms can exchange electrons via the mediation of the CI atoms
[38]. Depending on the yz, zz, or xy planes of the superexchange, the nearest neighbor bonds
in the Zr hexagons are colored by red, light green, or blue, which will be denoted by a, b, and c,
respectively. All these figures were taken from Ref. [38].

though the arguments also work for the other possibilities. As shown in the left panel of Fig. 1.1
the Zr atoms form layers of honeycomb lattices, while the Cl atoms create an octahedral (cubic)
environment for the Zr atoms (see the right panel (b) of Fig. 1.1). Consequently, the five-fold
degenerate d orbitals of the Zr atoms are split by the octahedral crystal field to the two-fold
degenerate e, (the 22 — 32 and 322 — 2 orbitals) and the three-fold degenerate tag orbitals
(the dyy, dy., and d, orbitals) [4, Sec. 3.5]. The Zr atoms have one electron in the d shells,
which remains in the t9, orbitals after the crystal field splitting. Thus, on every lattice site, the
electron can be in two spin states o € {1,]} and three orbitals A = dyy, B = d,., C = d.,. To
simplify the notations used in Refs. |38, 39] we denote the creation operators of these six states
at site j as c}a’o, where a € {4, B,C}, and o € {1,]}. The direct hopping of the electrons
between the d,, dy., and d., orbitals of nearest Zr atoms is unlikely, the electrons are exchanged
between Zr atoms via the mediation of the surrounding Cl atoms, as shown in Fig. 1.1(a), called
superexchange [4, Sec. 5.2]. Consequently, the electrons can only hop between orbitals that are
perpendicular to the plane of the superexchange, and have a large probability to find the electron
around the Cl atoms. In the example shown in Fig. 1.1(a), the superexchange takes place in
the xy plane, therefore the electrons of the Zr atoms can hop between the d,. and d., orbitals
only. Depending on the planes yz, zx, and xy of the superexchange, the nearest neighbor bonds
of the Zr atoms are denoted as a, b, and ¢, respectively, as shown in Fig. 1.1(b). Therefore,
the starting point of Refs. [38, 39| is the six-component Hubbard model with bond-dependent
hoppings, which in our simplified notation reads,

_ t t t
Hozcts ==t | D lpoCico ™ D Geotinet D Chavtine +He.
g <Z7]>a <7‘7]>b (7'7]>C

XYY e (1.5)

j oto'e{t,l} 65 €{A,B,C}

where t is a real-valued hopping parameter, U is the on-site Hubbard interaction, and Z<i,j)a
sums over nearest bonds of type a in Fig. 1.1(b). This Hamiltonian is not SU(4) symmetric, as it
has 6 "flavors", and the hoppings from one orbital to another are bond dependent. However, due
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to the spin independence of ¢t and U, the Hamiltonian has an SU(2) spin rotational invariance.
The six flavors create a six-dimensional on-site Hilbert space, which arises from the product of
the two spins o € {1, ]} and the three orbitals a € {A, B,C}. The strong spin-orbit interaction
o L - S, splits this six-dimensional Hilbert space to a two- and a four-dimensional subspace,
corresponding to the s = % and the s = % irreducible representations, respectively (see Sec. 1.4.1).
Furthermore, the spin-orbit interaction lowers the energy of the s = % four-dimensional subspace,
which is occupied by a single electron (quarter filling) in the case of a — ZrCls. Therefore,
the low energy effective Hamiltonlan can be reformulated using the quartet spinor fermionic
creation operator w;( (in the s = 3 subspace) with components 1/1J r.p0 Where T € {ft,} is the
pseudo orbital index (not the a € {A B,C}), and p € {#, i} is the pseudospin index, so that

wT (1/}] e 1/)] Y J b ¢J b )T, where the components @D;(Tp are defined through the relations

PO (0 i
e = g (T/’j,ma - \/g%u,a)

b (o i
“Bo = g (%w + ﬁ%’»w)

S (16

where the mixing of p = 0 and p = 6 (¢ # o) shows that the spin index o is not the same as
the pseudospin index p. Inserting Eqgs. (1.6) into the Hamiltonian (1.5) we get

Ho-zicl, = — Zw* Lt o Zw* W, (Wi, — 1), (1.7)

where U; ; is a 4 x 4 matrix defined as
Uj=qU=-7"®p" (i,j) , (1.8)

where I is a 2 x 2 identity matrix, 7% and p® (with « e {z,y, z}) are the Pauli matrices acting on

the pseudoorbital (7) and pseudospin (p) indices of ¥l respectively. More precisely, the 7 and

1,7,p7

the p indices determine the eigenvalues of 7% and p® for their simulatneous eigenstate 1/11 - p- For

example the ¢j " ‘:}|O) is an eigenstate of both 7% and p* with eigenvalues +1 and —1, respectively.

The U are unitary and Hermitian, therefore Uji = UZ j = Ui Interestingly, the flux of any
elementary hexagonal plaquette p is H G.jvep Uig = UevbUucUtUbUe = (UUU®)? = —1I4, where
14 is a 4 x 4 identity matrix, corresponding to an Abelian phase 7.

The Hamiltonian (1.7) is still not SU(4) symmetric, as U;; is asymmetric in the quartet
spinor space. However, a local SU(4) gauge transformation v; — g;4;, U;j — g; Umg; leaving
the flux of every hexagonal plaquette invariant, can change the Hamiltonian (1.7) to the form

t U
Ho—zrc1y = —% Zm,ﬂbg% +He + 2 Zﬂ)}% (Ply; — 1), (1.9)
— 7
v i i
-~ TR Z 77’731/}”0 jirp T 2 Z Vi Ciiro Vgt Vi = 1)
J
TG{TT u} mre{M 4}
pe{t.{} pp (i}

which is already invariant under global SU(4) rotations in the quartet spinor space. The 7; ;%1 are
arranged in a way to give a 7 flux for every elementary hexagonal plaquette p as H@’ jyep i = —1.
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The specific form of these local gauge transformations g; and the signs 7; ; are detailed in the
supplementary material of Ref. [38].

The Hamiltonian in Eq. (1.9) is equivalent to a Hubbard model with two-fold orbital degen-
eracy, leading to the Kugel-Khomskii model (1.4) right at the SU(4) symmetric point, which is
equivalent to the antiferromagnetic SU(4) Heisenberg model.

The starting model in Eq. (1.5) assumed that o — ZrCls is formed by well-separated layers
of ideal honeycomb lattices, based on Refs. [40, 41]. However, as pointed out in Ref. [42] the
crystal structure in Refs. [40, 41] may be based on a misassigned powder pattern, so the hon-
eycomb lattices may not be ideal. Furthermore, a recent density-functional theory calculation
suggests that this material might be susceptible to dimerization of the honeycomb layers [43].
Consequently, it is possible that o — ZrCls is not a perfect realization of the SU(4) Heisenberg
model.

Another possibility to realize the SU(4) Heisenberg model was suggested by Kugel and Khom-
skii, in materials having face-sharing MOg octahedra (M is a transition-metal ion) also using
spin-orbital interactions in Ref. [44].

1.4 SU(N) Heisenberg model as a low energy effective model

We introduce the SU(N) symmetric Heisenberg model by comparing it to the well-known
SU(2) Heisenberg model. Therefore, let us first briefly recapitulate the main features of the
SU(2) case, where we also introduce the notion of an irreducible representation.

1.4.1 The SU(2) symmetric Heisenberg model

The Heisenberg model always emerges as an effective theory of an underlying model. For
example, the SU(2) symmetric half-filled Hubbard model with non-degenerate orbitals leads to
the antiferromagnetic SU(2) symmetric Heisenberg model in the U/t — oo limit. Due to the
strong on-site interactions, double occupancy is energetically unfavorable. At half filling, the low
energy on-site Hilbert space reduces to a two-dimensional subspace spanned by the two basis
states | 1) = c$]0> and | |) = i|0), which are called spins. The low energy Hamiltonian turns
out to be the SU(2) symmetric Heisenberg model

HIVE = 73885 =Ty (SES+ SVSY + 8787) (1.10)
(4.9 (.9

where summation is over the (i, j) nearest neighbor sites, and depending on the sign of J, the
interaction is either antiferromagnetic (J > 0), or ferromagnetic (J < 0). If the Heisenberg
model emerges from the SU(2) Hubbard model, then the spin operators are defined as

Lot t
5 =3 <fj,Tfj,¢ T fy,¢fm) ;
y _ G t
Sj=35 ( Finfint fj,ifj,T> )
S'?:}(fo ~ 1) (1.11)
i =5 \Jirlir = 50050 :
which can be abbreviated as
1
_ t
Sj = 9 Z Cj,pag,p’cj,p” (1.12)

pp {4}
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where the 0 with a € {z,y, 2z} are the Pauli matrices. This construction ensures that the spin
operators satisfy the same commutation relations as the %a“ matrices, namely

[S¢, 58 = thsabc (1.13)

They are the generators of the su(2) Lie algebra at site j (we write the algebra with small letters
and the group with big letters), and also the infinitesimal generators of SU(2) spin rotations
(see Appendix A.2). The e, are the Levi Civita symbols €123 = €231 = €312 = +1 and
€391 = €913 = €132 = —1 (the rest are zeros). The spin operators on different sites commute,
therefore they are bosonic operators. From now on, we will set i = 1 for convenience.

In the above-mentioned example, the local Hilbert space of the Heisenberg model was two-
dimensional, spanned by the two basis states | ) = c$|0> and | |) = CUO>, called the spin 1/2
representation |4, Sec. 5.1.5|. However, the on-site Hilbert space of the Heisenberg Hamiltonian
(1.10) can be higher-dimensional, if it emerges from a different underlying model. The on-site
Hilbert space of the Heisenberg model determines the matrices representing the spin operators
and the representation of the Lie algebra.

A representation of the Lie algebra means that we exchange the spin operators for matrices,
which obey the same commutation relations (1.13) as the spin operators (for the connection with
the representations of the spin rotation group, see Appendix A.2). A representation is reducible,
if all the matrices representing the spin operators can be simultaneously block diagonalized
with a basis transformation. If they can not be simultaneously block diagonalized, then the
representation is irreducible. In other words, in a reducible representation, the Hilbert space in
which the matrices of the spin operators act, contains further closed subspaces (closed under the
action of the spin operators). For example, in a six-dimensional reducible representation of the
su(2) Lie algebra, we can simultaneously block diagonalize the 6 x 6 matrices representing the
S*, SY, and S* generators, to 2 X 2 (s = 1/2) and 4 x 4 block matrices (s = 3/2), which can not
be further block diagonalized, so that there is a two- and a four-dimensional closed subspace,
corresponding to a two- and a four-dimensional irreducible representation, respectively. In an
irreducible representation, there are no further closed subspaces. One way to find all possible
irreducible representations (all the smallest closed subspaces) is to find all operators C that
simultaneously commute with all the spin operators because the eigensubspaces of these C are
closed under the action of the spin operators. The C' are called Casimir operators. In the SU(2)
case, the only operator (except for 0 and the identity) commuting with all three spin operators
at site 7 is

CPV =885 = (S7)2 + (SY)2 + (52)%, (1.14)
which can be interpreted as the length of the spin. The irreducible representations of the su(2)

Lie algebra on a given site are the eigensubspaces of the Casimir operator C SU2 ), as these
irreps emerge from the underlying model, the irrep is the same on every site. The eigenvalues of
120 g

integer. s determines the dimension d = 2s+ 1 of the local Hilbert space of a single spin operator,
and the size d x d = (25 + 1) x (2s 4+ 1) of the matrices representing the spin operators in this
irrep. Therefore, s is a label for the irreps of the su(2) Lie algebra. When we talk about the spin
1/2 Heisenberg model, then the spin operators are in the s = 1/2 irrep, represented by the 2 x 2
Pauli matrices 0% (given in Appendix A.3) as S* = %U“ for a € {x,y, z}.

As the spin operators do not commute with each other (see Eq. (1.13)), they can not be
simultaneously diagonalized. The Casimir operator C] U commutes with all spin operators, so
we can always choose a basis, in which we simultaneously diagonalize one of the spin operators
(let us choose S#) and the Casimir operator. These common eigenstates in the irrep labeled with
s are the spin states (or simply spins) |s, m), where m € {—s, —s+1...s}, which form a d = 2s+1

the C’fU@) are s5(s + 1) where s € {0,1,1,2 ...} is either an integer, or a non-negative half-odd
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dimensional basis for this irrep. In the s = 1/2 the spins are the | 1) = |s = 1/2,m = 1/2) and
the | [) =|s=1/2,m = —1/2). A different irrep would be that of s = 1 (appearing in the spin
1 Heisenberg model), where the dimension of the local Hilbert space is 2s + 1 = 3, and the spins
are [s=1,m=1),[s=1,m=0),|s=1,m=—1).

The SU(2) symmetry of the Hamiltonian (1.10) means that it is invariant under the simul-
taneous rotation of all spins around the same axis by the same angle ¢, by the SU(2) operator
U= Hj eS; (see Appendix A.2). Classically, one could argue that the S; - S; depends only
on the relative orientation of two neighboring spins, which is not affected by a rotation that
rotates every spin the same way. Quantum mechanically, we can argue that the SU(2) symmetry
of #H5V(?) (1.10) means UHSVR U1 = HSU(R) | which follows from the commutation of #5V(?)
with the total spin operators (proven in Appendix A.4)

NS Ns NS
St=)_s7, St=>"9Y, S;=)_53, (1.15)
j=1 j=1 j=1

where Ny is the number of lattice sites. These total spin operators also satisfy the commutations
relations (1.13) as [S%,S%] = ihY2°_| £S5, so they are the generators of the Lie algebra of
the total system.

The Casimir operator can also be evaluated on the total system containing multiple spins as

Cf'® =88 = (5%)2 + (%)% + (S3)%, (1.16)

where the eigensubspaces labeled with S (having eigenvalue S(S + 1)) define the irreducible

representations of the su(2) Lie algebra generated by the total spin operators (1.15). This is

useful, because the Hamiltonian H3V() (1.10) commutes with all three components of the total

spin operator in Eq. (1.15) (as shown in Appendix. A.4), therefore it also commutes with CgU(Q).

Consequently, we can search for the eigenstates of the Hamiltonian H° U(2) in the irreps (invariant
. SU(2)

eigensubspaces) of C~ 7.

The connection of the irreducible representations of the Lie algebra on a single lattice site
(labeled by s) to the irreducible representations of the Lie algebra on the total system (labeled
by S) is given by the addition of angular momenta (and the Clebsch Gordon coefficients). In
the simplest case of a two-site system, with the single spins s; = s9 = 1/2, the possible irreps of
the total system are S € {|s1 — sa],...s1+ s2} = {0, 1}, which are the S = 0 singlet (completely
antisymmetric), and the S =1 triplet (completely symmetric) irreps.

A quantum spin liquid ground state is expected not to break any symmetry of the Heisenberg
Hamiltonian, meaning that it should be invariant under all transformations that leave invariant
the Hamiltonian. In particular, the global spin rotational invariance means []; e85 |GS) =
|GS) for any ¢ and any n. As explained in Appendix A.4, the infinitesimal global spin rotations
will leave the [GS) invariant, only if >, 57|GS) = 0 for all a € {x,y, z}. In other words, the |GS)
serves as a basis for an irreducible representation of the total spin operators, where the 1 x 1
matrices representing the total spin operators are all zeros (zeros clearly satisfy the commutation
relations (1.13)). Therefore, the total Casimir operator of this irrep is also 0, defining the singlet
irreducible representation of the Lie algebra of the total system. The claim that the |GS) serves
as a basis for the singlet representation is sometimes rephrased as the |GS) transforms under the
action of the spin operators as a singlet. The |GS) also serves as a basis for the singlet irrep of
the SU(2) spin rotation group, where every spin rotation is represented by ones, as follows from
I, ¢nS;|GS) = |GS). If a wavefunction transforming as a singlet is formed by two spins, then
it must be antisymmetric under the exchange of any two spins (its Young tableau is a column of
two boxes, as explained in Appendix. A.5). In general, a wavefunction transforming as a singlet
must be formed by 2 x L spins (L being a positive integer) since it must be composed of the
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product of completely antisymmetric two-spin wavefunctions (its Young tableau is a rectangle of
two rows and L number of columns, as explained in Appendix. A.5).
The interaction S;-S; in the Hamiltonian (1.10) can be rewritten with the exchange operator
Pi; as
1 1

where 7 is the identity, and the P;; simply exchanges the spins on sites 7 and j. The expres-
sion (1.17) can be verified by matching the action of the two sides on the four possible spin

configurations | 1); @ | 1), | )i @ | 1), [ 1 @[ Dy, [ 1) @] 1);.

1.4.2 Generalization to SU(N)

The SU(N) symmetric Heisenberg model is defined as

N2-1
H= JZT T,=J) > TT}, (1.18)
i.7) (i) a=1

where J > 0 (J < 0) describes antiferromagnetic (ferromagnetic) interaction, the (i,j) are
nearest neighbor sites. The 77 (with a € {1,2,... N2 —1}) are the generalizations of the SU(2)
spin operators (which we will call SU(NV) spin operators) satisfying the commutation relations

N2-1

[T, T =i Z Fare TS (1.19)

The fqpe are the structure constants of the algebra [45] (the analogs of the €44 ), which can be
determined in the way explained in Appendix A.3. The SU(NN) spin operators are the generators
of the su(/N) Lie algebra on site j, and also the infinitesimal generators of SU(/N) spin rotations
(see Appendix A.2). The SU(N) spin operators on different sites commute, therefore they are
bosonic operators.

The SU(N) Heisenberg model can emerge from the SU(N) Hubbard model at 1/N filling
(one fermion per site) at the limit of U/t — co. In this case, the low energy on-site Hilbert space
reduces to an N-dimensional subspace spanned by the SU(N) spins c ,|0) with o € {1... N},
since multiple occupancy is energetically unfavorable, called the fundamental representation. The
spin 1/2 representation of the su(2) Lie algebra is also its fundamental representation, where the
two SU(2) spins are | 1) = HO) and | |) = 1|0) In the case of the SU(N) Hubbard model, the

spin operators are constructed as

N
1
=t Y ot o
o,0'=1

where the %)\“ are the generalizations of the Pauli matrices having sizes N x N, which represent
the spin operators in the fundamental representation. In the SU(3) case, the eight A matrices
are called the Gell-Mann matrices [46], known from particle physics. The construction of the
A% matrices for any N is explained in Appendix A.3, where we also list the eight Gell-Mann
matrices. Just as in the case of SU(2), the SU(/V) Heisenberg Hamiltonian can emerge in different
irreducible representations, not only the fundamental one.

For N > 2, there are multiple operators commuting with all the SU(NV) spin operators, called
Casimir operators. These are functions of the spin operators, and their eigenvalues label the irrep
together. However, there is an equivalent, simpler pictorial way to label the irreps (and calculate
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their dimensions) by Young-tableaux (explained in Appendix A.5), therefore we will not specify
the Casimir operators here. We mention only the quadratic Casimir operator

N2-1
Coy =T5=T;-T; = Y _ T/TY, (1.21)
a=1

with its eigenvalues given in Appendix A.3. The Casimir operators can be simultaneously diag-
onalized together with N —1 SU(NV) spin operators (for SU(2) it is only the S#). Their common
eigenstates provide a basis for a given irrep and will be called SU(V) spins (the analogs of spins).
The number of these SU(V) spins equals the dimension of the local Hilbert space of a single
SU(N) spin operator T} on a given site, which is determined by the irrep (there is no simple
formula as 2s + 1, but the dimension can be calculated from the Young tableau explained in
Appendix A.5).

The SU(N) symmetry of the Hamiltonian (1.18) means that it is invariant under the simul-
taneous rotation of all SU(N) spins around the same axis (given by the unit vector n) with the

TlngTe

2
same angle ¢, done with the SU(IV) spin rotation operator U = Hj ¢i?Ta" i (see Appendix
A.2), as UHU ' = H. The proof is presented in Appendix A .4, relying on the commutation of
H with the N? — 1 components of the total SU(NV) spin operator > T} (aed{l... N2 —1}).

The Hamiltonian (1.18) commutes with all N2 — 1 components of the total SU(N) spin
operator Tt = >, T with a € {1...N 2 — 1}, therefore it also commutes with all Casimir
operators of the total system. Consequently, we can search for the eigenstates of the Hamiltonian
(1.18) in the irreps of the Lie algebra of the total system (generated by the total spin operators),
which are the common eigensubspaces of the Casimir operators of the total system. The relation
between the irreps of the Lie algebra on a single site and the irreps of the Lie algebra of the
whole system is given by the Young tableaux; the simplest cases are explained in Appendix A.5.

As already mentioned in the SU(2) case, a quantum spin liquid ground state must be in-
variant under any global spin rotation as || j e T;|GS) = |GS) for any ¢ and any n, implying
> T7|GS) = 0 for all a € {1. ..N? — 1} (explained in Appendix A.4). In other words, the
|GS) serves as a one-dimensional basis for an irreducible representation of the Lie algebra of the
total system, where every total spin operator is trivially represented with 1 x 1 matrices which
are all zeros, (and every SU(N) spin rotation is represented with ones). Consequently, the total
quadratic Casimir operator

N2-1
Cor=Tp-Tp= > | 17| (D ¢ (1.22)
a=1 \ j J’

will have eigenvalue zero, which uniquely identifies the SU(V) singlet irrep (unlike other irreps)
without the need to specify the eigenvalues of the other Casimir operators. We will abbreviate
the above statements by saying that the |GS) transforms (under the action of the SU(N) spin
operators) as an SU(NV) singlet. In general, a wavefunction transforming as an SU(N) singlet
must be formed by N x L SU(N) spins since it must be a linear combination of L completely
antisymmetrized wavefunctions composed of N SU(N) spins (its Young tableau is a rectangle of
N rows and L columns, as explained in Appendix. A.5).
The T; - T; in the fundamental representation can be expressed by the exchange operator
Pi; as , ,
T; - T; = 5731',]- ~ 3N
similarly as in the SU(2) case (1.17). The Z is the identity operator and the effect of the P;; is
simply to exchange the SU(NN) spins on sites ¢ and j. The P;; also has SU(NN) spin rotational
symmetry, which can be understood even without knowing about the SU(N) spin rotational

T, (1.23)
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invariance of the T; - T; term, since the P; ; makes no difference between the SU(NV) spins (so
rotating them has no effect). Therefore, the SU(N) symmetric Heisenberg model can also be
formulated as

J
H = 2(2%731‘,]', (1.24)
Z7]

up to a constant.



Chapter 2

Quantum spin liquids

In this section, we will first introduce the mean-field theory for quantum spin liquid ground
states |2, Sec. 9.] arising from the SU(N > 2) symmetric antiferromagnetic Heisenberg model
(1.18) in the fundamental representation, then discuss how can we incorporate certain fluctua-
tions beyond the mean-field approximation with Gutzwiller projection, and finally explain the
notion of quantum order differentiating between different quantum spin liquids.

In the case of the SU(2) Heisenberg model, mean-field theory is done by rewriting the spin
operators as S; = (S;) + (S; — (S;)), and hope that the fluctuation §S; = (S; — (S;)) is small.
Thus, writing them back to the Hamiltonian H = JZ@J) S; - S; we can neglect the square
of the fluctuations 6S;68;, arriving at the mean-field Hamiltonian H = —J 3, +(Si)(S;) +
2J>24.;1(8i) - 8;. The expectation values (...) are taken self-consistently in the mean-field
ground state.

However, a quantum spin liquid ground state neither breaks the SU(N) symmetry of the
Hamiltonian (1.18), nor the symmetries of the underlying lattice, implying (S;) = 0 Vj, which
makes the usual mean-field approximation impossible. The magnetic disorder of a quantum
spin liquid ground state means, that the correlation functions of the spin operators in this state
vanish for large distances. In contrast, in a magnetically ordered state, the correlation function
approaches a finite value determined by the ordering pattern.

The way to do a mean-field approximation for a quantum spin liquid is through the projective
construction (also known as the fermionic parton construction). Another type of projective
construction is the bosonic parton construction (or Schwinger boson approach). We will use the
former one because the latter always leads to gapped quantum spin liquids [2, Sec. 9.1].

2.1 Projective construction and mean-field theory

In the SU(2) fermionic projective construction (see [2, Sec. 9.1] and Refs. [47, 48, 49, 50, 51,
52, 53, 54]) the bosonic spin operators are decomposed into a pair of fermionic operators the
same way as we defined them in section 1.4.1

1 t
57 = 2 Z fj,pagvp’fj,p” (2.1)
psp' €{T:4}

where the 0% with a € {x,y, 2} are the Pauli matrices. In the fundamental representation of
su(N), the three Pauli matrices are replaced by the N? — 1 A\® matrices having sizes N x N as

N
1
Tf =5 > HoXeofjor (2.2)

g,0'=1

However, the fermionic operators f;r » - usually referred to as Abrikosov fermions - are not the
same as the fermionic operators c; » appearing in the SU(N) Hubbard model, since writing the
spin operators with both, %Zf,\{a,:l c}va)\fw,cjp, =17 = %Zé\;,zl f]tg)\‘;’a,fj’o,, shows that
there is a gauge redundancy in the definition of f; »- Namely, the fermionic operators can differ

in a site-dependent, but flavor-independent phase fl - = i c}: - since they yield the same spin

operators. More complicated relations between the fermionic operators are also possible (like

18
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flavor mixing gauge transformations shown in Eq. (2.35), the only requirement is that they have
to yield the same spin operators.
In the basis {f;a|0>} with o € {1... N}, the expectation values

1
01T 1 010) = 5 (0] f](,f Ny fiplle 10)= 2Azg (2:3)
p:p H?—/
cr,p f],pf],o- 6p/70/_fj,0/ijp/

where we used that both f; ,|0) = 0 and <O\f;p = 0. Therefore, the states {fJTUIO)} form an
N-dimensional basis for the fundamental representation. Equivalently, we can write

Tefl, Z AL 110, (2.4)

which shows that the action of the spin operator T} on the states { fjo\0>} is equivalent to the
multiplication with the matrix %)\a. In the literature, people abbreviate this by saying that the
states { f; »|0)} transform under the fundamental representation.

When we map the bosonic SU(N) spin operators (in the fundamental irrep) to fermions,
the local Hilbert spaces should map to each other in a one-to-one correspondence, so their
dimensions must be equal. However, the dimension of the former is simply N (the number of
SU(N) spins), while the dimension of the latter is bigger because we can have r € {0,1,... N}
number of fermions on the same lattice site, giving a dimension Er -0 ( ) Just as in the case of
the Hubbard model, one fermion per site corresponds to the fundamental representation of the
Heisenberg model, and different fillings lead to different irreducible representations (see Appendix
A.6). To achieve a one-to-one correspondence with the Hilbert space of the Heisenberg model
in the fundamental representation, we have to impose on the fermions the single occupancy
constraint

N
=> ", =1 (2.5)
o=1

on every site j, where n; is the total fermion number operator. Requiring n; = 1 Vj excludes the
possibility of empty or multiply occupied sites, reducing the dimension of the fermionic Hilbert
space to N. This constraint accounts for the strong on-site repulsion 1 < U/t of the Hubbard
model (1.2), which is also the reason why the Heisenberg Hamiltonian (1.18) appears as an
effective model in the fundamental representation.

Substituting Eq. (2.2) into the Heisenberg Hamiltonian H = J 3, » T;-T; (1.18) we get an

interacting fermionic Hamiltonian (B.4) with terms like fTf f1f | as explalned in Appendix B.
In the mean-field approximation, we replace a pair of fermionic operators with their expec-
tation values (for details see Appendix B),

N
T=2_2 tiflofio (2.6)
(i,4) o=1
where the hoppings ¢; ; can either be determined by the self-consistency equation
N
tij=—J > (FS|f], f;,IFS), (2.7)
o=1

or by minimizing the mean-field variational energy (FS|HMY|FS)/(FS|FS), where |FS) is the
Fermi sea ground state of the mean-field Hamiltonian HMF (2.6). We will determine the ¢; ; by
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minimizing the variational energy given in Eq. (2.14) in the next section. We will call the HM¥
and its hopping structure ¢; ; an ansatz.

Just like the Hubbard Hamiltonian (1.2), the HMY is also invariant under SU(N) spin rota-
tions, because the hoppings ¢; ; are independent of o, and the terms f;r’ o fj’ » do not change the
o as fi o fjﬁ.

In the mean-field approximation, we could take the expectation value of any pair of fermionic
operators, which allows for pairing terms like f;r, - fJT, o~ In the context of the SU(2) symmetric

Heisenberg model, these pairing terms fiT,T f; . transform as a singlet and they appear in the
mean-field Hamiltonians of Zs spin liquids |2, Secs. 9.2.1.1, 9.2.1.2]. However, in the fundamental
representation of SU(N), we would have to take the product of N creation operators to form an
operator transforming as an SU(N) singlet, which is beyond the mean-field description.

2.1.1 The Fermi sea

The Fermi sea is constructed by filling the lowest energy one-particle eigenstates |{qp) =

fj;b ,|0) (which are independent of o, see Eq. (2.27)) of HMF up to the Fermi energy £,(q) < ep
as

N
F) =1 I #i..10. (2.8)

o=1 qb
ep(q)<er
where the ep is determined by the 1/N filling. In principle, the number of particles of different
flavors N, might all differ, satisfying ) N, = N, where Ny is the number of lattice sites.

If N, = Ng/N for all o, and the Fermi sea is non-degenerate (achieved by antiperiod boundary
conditions), then the single-particle eigenstates |{q ) With €,(q) < e are filled with fermions of
every flavor o as Hi,vzl f;b’o\0>, which is antisymmetric under the exchange of any two flavors.
Consequently, the Fermi sea transforms as an SU (V) singlet, represented with a Young tableau of
N rows and Ng/N columns. The eigenvalue of the total quadratic Casimir operator of Eq. (1.22)
is zero for an SU(V) singlet.

We can rewrite the Fermi sea to real space using the basis

N
_ T T T _ gt T T T i
’.’L'> - (r[lfji’,gfjg7g"'fj]5vd7a> |0> - fjllalfj%,lf]]l\rlalfj{V7ijéV7Nf]]]\\]7N7N’O>’ (29)
o=

where j7 is the site of the [-th fermion of flavor o, and I € {1... N, }. In this basis, the coefficients
of the Fermi sea are Slater determinants [4, Sec. 9.2.1]

N N
FS)= (Hslat{jg}f;?’af%’g...f;j.vwa> 0)=>" (Hslat{ja}> |z), (2.10)

{{i7}} \o=l1 z \o=1

where {j7} is the set of sites j7 occupied by fermions of flavor ¢ (the number of sites in such a
set is Ny), and the Z{{jo}} goes through all possible such sets. As multiply occupied sites are
allowed in |FS) the sets of sites {j7} may overlap (e.g. j; = j2 = 5 means that at site 5 there are
two fermions, one with flavor 1 and another with flavor 2). The ordering of fermionic operators
with the same flavor is arbitrary, but must match the order of indices in the Slater determinant

&1(57) &g o &Rk
£2(57) §05) o LUk

Slat{ja} = y (2.11)

Engn(UT) EngnGs) o Engn U, N)
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where &,(j) = <0|fj7g\§n>, and |€,) are the one-particle eigenstates of HMF sorted in energy £;(q),
so that the sets of states {|{,)} and {|{qs)} are the same, and the smaller n index corresponds
to smaller or equal eigen energy e, of |£,).

If the hoppings t; ; are real, then the HMF is time-reversal symmetric, implying that its eigen-
states |{x) and |{_x) are degenerate. Consequently, we can construct real one-particle eigenstates
|£n) as linear combinations of [€x) and |€_k). This choice makes the Slater determinants (2.11)
real, making calculations faster.

2.2 Gutzwiller projection

The mean-field ground state |F'S) of Eq. (2.8) does not satisfy the single occupancy constraint
of Eq. (2.5), as can be seen in Eq. (2.10) from the possible overlap of the sets of sites {j} occupied
by flavor . Consequently, the Hilbert space of fermions does not represent correctly the Hilbert
space of the original Heisenberg model (1.18). The single occupancy constraint (2.5) can be
enforced by the Gutzwiller projector [55], defined as the hermitian operator

N N
Pg = 1;[1 (N]L_l)!nj 1__[2(m —n;), (2.12)

where n; = Zfrvzl f;-rﬁfj,o is the total fermion number operator. The term HTanz(m —n;) gives
zero if the number of fermions on site j is larger than 1, while n; gives zero when there is no
fermion. The factor ﬁ is to get 1 when n; gives an eigenvalue 1, so that Pg really acts as a
projector. As we have a product for each lattice site, the Gutzwiller projector projects to zero
all configuration states |z) defined in Eq. (2.9) where any of the sites is not singly occupied.
Applying the Gutzwiller projector on the mean-field ground state of Eq. (2.10) eliminates all
configurations |z) (2.9) violating the single occupancy constraint (2.5), so that we can write it

similarly as in Eq. (2.10)

N N
Pg|FS) = Z (H Slat{j"}PG f;f,of;rg,a T f;j{7070> 0) = Z <H Slat{j"}PG> [zpPg),

Hi7tpg} No=l1 Tpg \o=1

(2.13)

where |zp,) are of the same form as in Eq. (2.9) with the difference that the sets of sites
{j?} Py occupied by different flavors do not overlap. This equation shows us that any geometrical
transformation commutes with the Gutzwiller projector since it does not matter whether we
first eliminate configurations |z) (2.9) with multiply occupied sites and then apply a geometrical
transformation or do it in the opposite order. Here, we showed it only for the Gutzwiller projected
Fermi sea, but any Gutzwiller projected state can be written in the basis |xp,), so we can repeat
the same argument.

We could have introduced a chemical potential in the mean-field Hamiltonian (equivalent to
fixing the filling), which would have ensured the single occupancy only in average (FS|n;|FS) =1
(even if the chemical potential is site dependent) instead of n; = 1 as in Eq. (2.5). The nj; =1
single occupancy constraint could be achieved by a time-dependent chemical potential (see |2,
Sec. 9.1.1] Eq. (9.1.8)), so that the effect of the Gutzwiller projector is to incorporate the temporal
fluctuations of the chemical potential. Therefore, Pg|FS) is a better approximation for the real
ground state of the Heisenberg Hamiltonian (1.18) than the mean-field ground state |F'S), and
the ¢; ; hoppings of the mean-field Hamiltonian HMY (2.6) are determined by minimizing the
variational energy

(FS|PoH P |FS)
Epgps) =
(FS|Pg PG|FS)

(2.14)



22 CHAPTER 2. QUANTUM SPIN LIQUIDS

(where H is the original Heisenberg Hamiltonian (1.18)), instead of the mean-field variational
energy (FS|HMYF|FS)/(FS|FS). When optimizing the ¢; ; we do not have to care about the overall
magnitude of the hoppings }_; . |ti,;|, because these do not affect the wavefunction Pg[FS), only
the relative ratios t; j/ty, , matter.

As the analytic evaluation of the Gutzwiller projection is too difficult, all expectation values
as Eq. (2.14) in the Gutzwiller projected state are evaluated numerically, within a Monte Carlo
calculation [56, 57]. In a Monte Carlo calculation, we visit configurations |z) of Eq. (2.9) with
certain probabilities, and evaluate the expectation values as (2.14) in these configurations. The
effect of the Gutzwiller projector is to visit only those configurations |z), where the sets of sites
{j?} Py occupied by different flavors o do not overlap, as explained in Appendix J.

In the following, we are going to make frequent citations of sections of the book [2] for easy
comparison with the SU(2) case, where an ansatz is described by the U; ; containing both the
t;; and the SU(2) singlet pairing terms f;},fli [2, Secs. 9.2.1.1, 9.2.1.2]

The Gutzwiller projector (2.12) is a function of the total fermion number operator n; =
ij:l f;-rﬂfj’a, so it commutes with the SU(V) spin operators of Eq. (2.2)

[Pa,T#] =0 (2.15)

; since the T3 have one fT and one f that does not change the eigenvalue of n;. Similarly,

Pq also commutes with the total spin operators T:% = Z;V:SI T;l. Therefore, it also commutes

with all the Casimir operators on any site and also with the total Casimir operators since these
are functions of the T]q and T, respectively. Consequently, applying the Pg on a wavefunction
does not change the eigenvalues of the Casimir operators for that wavefunction. For example,
if the Fermi sea transforms as an SU(V) singlet, identified with the zero eigenvalue of the total
quadratic Casimir operator (1.22), then the Pg|FS) also transforms as an SU(N) singlet. If we
have a set of states that serves as a basis for other irreducible representations, then the set of
these Gutzwiller projected states will also serve as a basis for the same irreducible representation
(see Appendix A.6.3).

2.3 Variational states

One would think that if we want to end up with a variational wavefunction Pg|FS), which
is invariant under all symmetries of the Hamiltonian (1.18) and the underlying lattice, then the
only way to achieve this is by starting from a mean-field Hamiltonian HM¥ with uniform equal
hoppings ; ;.

However, the decomposition of the SU(N) spin operators to fermions (2.2) does not unam-
biguously define the fermionic operators fja, because a site-dependent, but flavor independent
unitary gauge transformation [2, Eq. (9.1.11)]

Gfl, Gt =0yl (2.16)

leaves the SU(N) spin operators in Eq. (2.2) unchanged, since

N N
B 1 o o 1
GTIG™ = 5 Z £i90) f},g AL emio0) figr = 5 Z fitg Xe g fy o = T4 (2.17)
o,0'=1 o,0'=1

These gauge transformations do not affect the Gutzwiller projected wavefunctions, so we can
use them to construct completely symmetric variational wavefunctions Pg|FS), even if the HMF
breaks the symmetries of the lattice (this is the projective symmetry explained in section 2.4).
Different mean-field Hamiltonians yield different completely symmetric variational wavefunctions
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Pg|FS). The optimal wavefunction is then selected by minimizing the variational energy defined
in Eq. (2.14).

In the following two subsections, we present the mean-field Hamiltonians H¥ap (2.6) of the
Dirac spin liquid (DSL) variational states, which give a good approximation of the ground states
of the SU(4) and SU(6) Heisenberg models on the honeycomb and kagome lattices, respectively.
Both of these states share similar features, namely the hoppings t; ; of HMFE are all real, their
absolute values are equal, but their signs are such, that their product around any elementary
plaquette is negative [49, 50]. We can associate a phase t;; = [t;;]e!?"7 to every hopping
( ¢i;j = m for negative hoppings), so that the product of the hoppings involves the sum of
these phases €26 %9 around an elementary plaquette modulo 27. The sum ) (i) ¢ij can
be interpreted as the integral of an imaginary vector potential around an elementary plaquette
which is equal to the imaginary magnetic flux ¢ through the elementary plaquette. In general,
the flux ¢ of a plaquette can be calculated as

= 1] L (2.18)

Iti;l’

(i,5) Eplaquette

In the case of complex hopping, the product should be taken with some orientation, e.g., clock-
wise. For real hoppings the orientation is irrelevant, and one can have only two inequivalent
possibilities, 0-flux and w-flux, corresponding to positive and negative products, respectively.
Therefore, both Dirac spin liquid ansétze have 7 fluxes in every elementary plaquette of their
lattices, see Fig. 2.1 (a) and (c).

The w-flux hopping structure of the mean-field Hamiltonian H]I\)/ISFL (shown in Figs. 2.1 (a)
and (c)) requires at least a doubled unit cell to accommodate the hoppings ¢; ; for both the
honeycomb and the kagome lattices [6, 58]. Therefore in both cases the HN¥& breaks (among
others) the discrete translational symmetry of the underlying lattice in some direction, yet as
explained in the next section 2.4 the Gutzwiller projected variational wave function Pg|nFS)
have all the symmetries of the lattice, justifying the name spin liquid.

Even though the hoppings of the m-flux H]I\)/[SFL could be accommodated in doubled unit cells,
here we choose different hopping patterns requiring quadrupled unit cells, because these have
more beautiful symmetries. The gauge equivalence of these choices is discussed in Appendix F.

2.3.1 The SU(4) n-flux Dirac Spin liquid on the Honeycomb lattice

The SU(4) Heisenberg model on the honeycomb lattice is an example where the m-flux Hll\)/ISFL
(shown in Fig. 2.1 (a)), breaking the symmetries of the lattice, gives a variational wavefunction
with better variational energy (2.14) than the 0-flux HM¥, which has all the symmetries of the
honeycomb lattice. Based on Refs. [6, 59, 60, 61, 62, 63] the 7-flux variational wavefunction is a
good approximation of the ground state of the SU(4) Heisenberg model on the honeycomb lattice,
though there are doubts about a possible gap opening [64, 65]. Although these articles discussed
the m-flux HME with a doubled unit cell, here we will use the HM¥& with the quadrupled unit
cell shown in Fig. 2.1 (a). The equivalence of the two Hamiltonians is discussed in Appendix F.

The honeycomb lattice has two basis sites per unit cell, with basis vectors d4 = (0,0)
and 6p = (0, %), and is periodic under translations by the primitive vectors a; = (1,0) and

ap = (—1/2, \/§/2)7 which span the triangular Bravais lattice R = Rija; + Rsas with Ry, Ro
integers. The number of Bravais lattice vectors is equal to the number of unit cells N¢o, which
equals the number of wave vectors in the reciprocal unit cell (Brillouin zone). The lattice vector
of any site j can be written as rj = R; + d5,, where s; € {4, B} is the sublattice index. The
product of the number of basis sites Ng = 2 and the number of Bravais-lattice vectors N¢ is
always equal to the number of lattice sites Ny = N¢o x Np.



24 CHAPTER 2. QUANTUM SPIN LIQUIDS

1/6 filling

Figure 2.1: (a) and (c) shows the hopping structures of the 7-flux mean-field Hamiltonians
with quadrupled unit cells on the honeycomb and kagome lattices, respectively. The magenta
dashed hexagons denote the quadrupled Wigner-Seitz unit cells. Every white bond is a positive
hopping, and every black bond a negative one, so that the product of the hoppigs around every
elementary plaquette is negative (hence the name w-flux, see Eq. (2.18)). All hoppings have the
same absolute value [t|. (b) and (d) shows the one-particle energy spectrum given by Eqgs. (2.26)
and (2.31) on the honeycomb and kagome lattices, respectively. Every band is doubly degenerate,
except the flat band with ¢ = 2t in (d), which is four-fold degenerate. The single occupancy
constraint (2.5) of the SU(N) mean-field Hamiltonian requires 1/N filling, which fills both band
structures up to the tip of the lowest energy Dirac cones, resulting in Dirac Fermi points (hence
the name Dirac spin liquid).

The quadrupled unit cell of the m-flux HMF shown in Figs. 2.1 (a) breaks the discrete trans-
lational symmetry of the honeycomb lattice, with a remaining symmetry for translations by the
doubled primitive vectors 2a; and 2as, which span the mean-field Bravais lattice

RMF = RMF(2a;) + R} (2a,), (2.19)

with RII\/IF, R%AF integers. Consequently, the number of basis sites in the mean-field quadrupled
unit cell is NgIF =4 x N = 8. Again, the number of lattice sites N; = N(l}/IF X N}E\;/IF, so that
Ng/IF = N¢/4, implying that the number of wave vectors in the mean-field Brillouin zone is a
quarter of the number of wave vectors in the original Brillouin zone (for details see Appendix
H). Thus we will call the mean-field Brillouin zone the reduced Brillouin zone (rBZ).

The lattice vector of any site j can be expressed using the mean-field vectors as

)" =RYT + 6N, (2.20)
J

where S?/IF € {A,B ... H} is the sublattice index of the quadrupled unit cell, with the mean-
field basis vectors 6%}? =04, 5%[}? = 03, élgF =04 + ay, S%F = dp + ay, 51\E/IF =04 + ao,
(SII\T/IF = 5B+a2, 51\G/IF =04+ a + as, (SI\H/IF =0p+a + as.

Using the remaining discrete translational invariance of the m-flux HI\D/ISFL, we can Fourier
transform the fermionic operators as

Tt _ 1 —iq~RMF t
Tjo = Frur gue ; = o el 1o (2.21)

\/ Ng/[F q€rBZ

where we have relabeled site j to R;VIF, s?/IF based on Eq. (2.20), and the wave vectors q are in

the reduced Brilloun-zone (rBZ). This allows us to rewrite the HM¥ in reciprocal space as

N
HME = Z Z Z H%FI;,EMF(q)f;7SMF7o.fq7§MF7a.7 (2.22)

qerBZ o=1 sMF gMF
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where the HEHF ar (Q) 18 the Ng/[F X Ng/IF matrix

0 1 0 0 0 ~1 0 e~?2aar \ |A)

1 0 0 0 ~1 0 —1 0 IB)

0 0 0 ~1 0 1 0 1 |C)

0 0 -1 0 —e2aa 0 1 0 D

t 0 -1 0 —ei2aa 0 —et2qaz 0 0 |\E§  (223)

-1 0 1 0 —e 2qa 0 0 0 IF)

0 -1 0 1 0 0 0 et2a-az |G)

e2aar 1 0 0 0 e~ 2aaz 0 |H)

where the basis states mean |A) = f:; 4.5]0). The effect of the antiperiodic boundary condition
can be thought of as shifting the wave vectors q.

The characteristic polynomial 0 = det <7—[§{{FF§MF (q) — €qISMF7§MF> providing the one-particle
energies €4 simplifies to

0= (cq — 6% + t4'yq)2 , (2.24)

where
Yq =3+ 2cos2q-a; +2cos2q-az + 2cos2q - [a; + az]. (2.25)

The squared form of the characteristic polynomial implies that every eigenvalue is doubly degen-
erate. The quartic polynomial in 4 implies that we will get four energy eigenvalues for every
q, which span four energy bands in reciprocal space, shown in the reduced Brillouin zone of the
quadrupled unit cell (see Appendix H) in Fig. 2.1 (b). The energy eigenvalues can be written as

ep(q) = j:\t\\/3 + /6 —2cos(2q - a;) — 2cos(2q - ag) — 2cos (2q - (a; + az)) (2.26)

where b € {1...8} is the band index, such that b € {1,2} are in the first band, b € {3,4} in the
second, b € {5,6} in the third, and b € {7,8} in the fourth band, due to the double degeneracy
of the eigenvalues.

The one-particle eigenstates of the matrix %ls\{\IAFll"gMF (q) (2.23) can be written as

1 . O MF
0) = > vgps Y BT o), (2.27)
S

\/Ng/[F RMF

where b € {1...8} is the band index, s € {A...H} is the sublattice index, and the complex
numbers vqp s are the coefficients of the eigenstate in the site basis { f(§7s7¢,]0>}, which are nor-
malized as Y, [vqp.s|? = 1. The one-particle eigenstates |£, ) are independent of o (so that the

‘§q7b> = f;,b,o‘0> = qu,b,sf&s,a
S

o index of f;bya can be anything), since the matrix H%AFFEMF (q) of Eq. (2.23) is independent of
.

When we construct the |[7FS) of Eq. (2.8), we create a product state of the lowest energy
one-particle eigenstates of the H]I\)/[gL which have the energies Eq. (2.26) smaller than the Fermi
energy €p. Due to the 1/N filling corresponding to the single occupancy constraint of Eq. (2.5),
only the lowest energy band is filled, so that the Fermi energy is ep = —+/3|t|, where the Dirac
cones touch at q = 0. This is the reason why the Pg|mFS) variational state is called a Dirac
spin liquid (DSL), and it will be the reason for the existence of gapless excitations having linear
dispersion at small energies (see Sec. 6). Since at the Fermi energy e the cross-section of the
bands is only a point, the tip of the Dirac cones, we will call the Fermi energy the Dirac Fermi
point.
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2.3.2 The SU(6) n-flux Dirac Spin liquid on the Kagome lattice

In Sec. 3 we will argue that the Dirac spin liquid state might also be a good approximation
of the ground state of the SU(6) Heisenberg model in the fundamental representation on the
kagome lattice.

In the kagome lattice we have Np = 3 basis sites, with basis vectors § 4 = (0,0), 5 = (1/2,0),
and 8¢ = (1/4,/3/4). The periodicity of the kagome lattice is given by the primitive vectors
a; = (1,0) and ag = (%, @) The mean-field Hamiltonian 7—[]1\)%1 with a quadrupled unit cell
(shown in Fig. 2.1) (c) breaks (among others) the discrete translational symmetry of the kagome
lattice in both directions, with a remaining periodicity in 2a; and 2az. In this quadrupled unit
cell, the number of basis sites is NgIF = 4Np = 12, therefore the reduced Brillouin zone is
again the quarter of the original Brillouin zone. Using this remaining periodicity we can Fourier
transform the fermionic operators just as in Eq. (2.21), and rewrite the HMF to reciprocal space

just as in Eq. (2.22). We end up with the 12 x 12 matrix

0 -1 -1 0 0 -7 0 —» 0 0 0 0
10 -1 0 0 0 1 O 0 0 0 =
1 -1 0 1 0 0 0 0 0 0 -7 0
o 0 1 0 -1 -1 0 0 0 0 7 0
O 0 0 -1 0 -1 0 0 1 -1 0 0
- 0 0 -1 -1 0 0 —rmi 0 0 0 0
Mop@=t1 6" 1 o 0o o o0 0 -1 -1 0 0 -7 |’
g 0 0 0 0 —rF -1 0 -1 0 0 0
o 0o o0 o0 1 0 -1 -1 0 1 0 0
O 0 0 0 -1 0 0 o 1 0 -1 -1
0 0 —rm rm 0 0 0 0 0 -1 0 1
O 0 0 0 0 - 0 0 -1 -1 0

(2.28)
where r; = €/4221 o ry = ¢la222 (the 7 = e~ 221 and 7y = e~K222 gre the complex conjugates).
The characteristic polynomial 0 = det (H%IFF’EMF (q) — €quMF7§MF> providing the one-particle

energies eq, simplifies to
0 = (eh + 4ted — 8t%cq + 2t'yq)” (eq — 20)*, (2.29)

where
Yq = €COs2q - a3 + cos2q - az + cos2q - [a; — az] — 1. (2.30)

The squared form of the quartic polynomial in ¢4 again implies 4 doubly degenerate bands, while
the (eq — 2t)* term gives a four-fold degenerate flat band at €q = 2t, shown in Fig. 2.1(d). Unlike
in the zero-flux case, the dispersive bands are separated by a gap from the flat bands (implying
that the flat band is not topological, unlike in the 0-flux case [66]), and the dispersive bands touch
at Dirac points. Interestingly, the characteristic polynomial of the honeycomb lattice (2.24) can
be mapped exactly to the first term of Eq. (2.29) not containing the flat bands, if we shift the
€q — €q +t of the honeycomb lattice, and we change the primitive vector ap — a; + ag of the
kagome lattice. Therefore, the 4 doubly degenerate energy eigenvalues of the H%F(q) on the

kagome lattice will be simply shifted by ¢ relative to those on the honeycomb lattice (2.26)

2 x degen: e,(q) = —t + |t|\/3j: /6 —2cos2q-a; —2cos2q-ag — 2cos2q - [a; — ag)]
4 x degen: g,(q) = 2t, (2.31)

where in the first row, the band index b € {1...8}, such that b € {1,2} are in the first band,
b € {3,4} in the second, b € {5,6} in the third, and b € {7,8} in the fourth band, while in the
second row b € {9...12}.
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Consequently, this band structure inherits the Dirac cone touchings of the honeycomb lattice.
We call the Pg|nFS) a Dirac spin liquid (DSL) because due to the 1/6 filling, the Fermi energy
is at ep = —t — \/3|t|, where the Dirac cones touch. The equivalent of this DSL ansatz with
a doubled unit cell was proposed as a candidate for the ground state of the SU(2) Heisenberg
model on the kagome lattice [58], which differs only in the filling of the band structure. In
the SU(2) case the 1/2 filling requires filling the one-particle eigenstates in the lowest 3 bands
up to the Fermi energy EEU(Q) = —t + /3|t|, where the highest lying 2 Dirac cones touch (see
Fig. 2.1(d)). Actually, the idea of trying this DSL state as a candidate for the SU(6) case came
from the possibility of changing the filling so that the Fermi energy is lowered to the touching
point of the lowest two Dirac cones, which required 1/6 filling.

It is important to note, that although in the case of the honeycomb lattice the change t — —t
does not influence anything, here it changes a lot, since it changes the fluxes of the triangles from
7 to 0, keeping the 7 fluxes of the hexagons. It also changes the sign of ¢ in the characteristic
polynomial (2.29), which contains ¢ contrary to the characteristic polynomial of the honeycomb
lattice (2.24) containing only [¢|. The effect of the ¢ — —t is to turn the band structure of the
DSL (Fig. 2.1 (d)) upside down, leaving the four-fold degenerate flat band at the bottom. The
1/6 filling fills only half of the flat band, therefore the Fermi energy is inside the flat band, and
the Fermi sea of this ansatz is highly degenerate, making any calculation impossible. In the case
of SU(2), the filling is 1/2 instead of 1/6, so that the Fermi energy is outside the flat band at
the touching of two Dirac cones. Furthermore, in the SU(2) case the ansatz with 0 fluxes in the
triangles and 7 fluxes in the hexagons is equivalent to the DSL ansatz with m-fluxes everywhere
due to a symmetry under a combination of a spin-rotation and a time-reversal transformation
[2, Sec. 9.2.7] [3]), but they are inequivalent in the case of SU(6).

2.4 Projective symmetry and Quantum orders

As mentioned in Sec.2.3 the m-flux hopping structure of HMF shown in Figs. 2.1 (a) and
(c) break the discrete translational symmetry of the underlying lattice for translations Ty and
T, with primitive vectors a; and ap, respectively, meaning that HMF £ TZ—’HMFT; Vfor i e
{1,2}. HM¥ has a remaining translational symmetry for translations with 2a; and 2as, so that
HME = (T)2HME(T; 12 for i € {1,2}. The HMF also breaks the symmetries under the Cq
sixfold rotation and the o reflection, which generate the Dg point group of both the honeycomb
and kagome lattices. Yet, the expectation values (T?) of the SU(N) spin operators (2.2) and
their correlation functions (TZ‘ITJ‘1> will possess all the symmetries of the underlying lattice in
both states |7FS) and Pg|rFS), due to the projective symmetry of HMF for the geometric
transformations (assuming periodic boundary conditions, for APBC see E.2).

As discussed in section 2.3, a site-dependent, but flavor-independent gauge transformation
G f‘;EUG_l = ¢i00) fJT’ »» defined in Eq. (2.16), leaves the spin operators invariant, as shown in
Eq. (2.17). One can use this gauge redundancy of the projective construction to restore the
symmetries of HMF under the geometrical transformations g € {Cg, 0, T1, T2}, by applying suit-
able gauge transformations Gg € {G¢y, Go, GT,, G7,} Which undo the effects of the geometrical
transformations gHMFg~! as

HME = GegH™Mg ' Gt = gnMTg T, (2.32)

so that HMF is invariant under the combined operation g = Gqg, called projective symmetry (see
[2, Sec. 9.4.2] and Refs. [67, 68, 69, 3]). For example, the m-flux HMF on the honeycomb lattice
has a hopping structure (shown in Fig. 2.2(a)) which is not invariant under the translation T
by the primitive vector a;. However, we can change the signs of some f} , on certain lattice
sites j (shown in Fig. 2.2 (b)), to reverse the effect of T; on the hoppings, since changing the
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Figure 2.2: (a) The hopping structure of the m-flux HM¥ on the honeycomb lattice, white and
black bonds correspond to positive and negative hoppings, respectively. (b) The hopping struc-
ture of HMF after the translation Tl’HMFTfl by the primitive vector a;. Since the hopping
structures are different, HM¥ is not invariant under T;. However, we can change the signs of
some f]T’U on certain lattice sites j (shown with the white circles in (b)), to reverse the effect

of T1 on the hoppings, since changing the sign of a fj » is equivalent to changing the signs of
the hoppings connected to site j. These sign changes correspond to the gauge transformation
G',, so that the m-flux HMF is invariant under the combined transformation G, Ty, since G,
reverses the effect of T;.

sign of a f;r . is equivalent to changing the signs of the hoppings connected to site j. These sign
changes correspond to the gauge transformation G,, so that the m-flux HM¥ is invariant under
the combined transformation G, Ty, since G, reverses the effect of Ty (for more details see
Appendix E).

The set of all g satisfying Eq. (2.32) form a group, called the projective symmetry group
(PSG) (see [2, Sec. 9.4.2] and Refs. [69, 3]). The gauge transformations G¢g, G, GT,,GT, for
both the honeycomb and the kagome lattices are listed in Appendix E

We can use the gauge transformations of Eq. (2.16) to create an equivalence relation, as the
following. Two Hamiltonians HMY and H)F are gauge equivalent, if there exists a G such that

HWF = grAF Gt (2.33)

so HYF and HYF are in the same equivalence class. Rephrasing Eq. (2.32), MY is invariant
under the combined transformation Ggg, if HMF and gHMFg=! are gauge equivalent. It is
important to emphasize that not all mean-field Hamiltonians are gauge equivalent, for example,
the 0-flux and the w-flux Hamiltonians can not be connected by gauge transformations, they are
in different equivalence classes. Furthermore, one can construct ansétze of staggered 0 and 7-
fluxes, which again form separate equivalence classes. These equivalence classes are what define
the hidden quantum order of the quantum spin liquid state at the mean-field level [3, 69]. On a
given lattice, all the ansédtze having m-fluxes in every plaquette are gauge equivalent, so that the
quantum order at the mean-field level is the 7m-flux structure of the ¢; ; in Eq. (2.6).

One could ask, how can we exclude the possibility that there exists a gauge transformation
connecting the 0-flux, and 7-flux cases, just because we could not find any? There are simple
ways to exclude this possibility, for example, to compare the one-particle energy spectra, which
are the same for two gauge equivalent mean-field Hamiltonians H)"" = GHMFG~!, since

H11\AF|5é,b> = E(I;/,IIF|£31,I)>
GHlleG_lG\gcl;,b) = EiffG!&é,w

HYTIEL ) = B 1€20), (2.34)
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where ]5(11’1) and |£c21,b> =G |£é,b> are one-particle eigenstates of HM and HY, respectively, with
the same energy Eg/f.

An equivalence class can be characterized by the PSGs of its ansédtze, which are slightly
different for every ansatz within one equivalence class, but they can be connected via gauge
transformations [2, Sec. 9.4.2]. If the mean-field ansatz is stable and the fluctuations are weak
(as explained in the next section 2.5), then the quantum order of the mean-field ansatz might
survive the fluctuations and become the quantum order of the real ground state [2, Sec. 9.9.1],
which is then measurable. In the case of a Dirac spin liquid, the quantum order is measurable
through the gapless excitations of the dynamical spin structure factor at certain wave vectors |2,
Sec. 9.7].

Every element of the PSG is of the form Gg, but these also include pure geometrical trans-
formations like (T1)? and (T2)? (for which the corresponding gauge transformations G(t,y2 and
G (1,2 are identity), and pure gauge transformations as | and —I, which multiply every fermionic
operator by +1 and —1, respectively (the geometrical transformations g for all these are identity).
The pure gauge transformations form a normal subgroup of the PSG called an invariant gauge
group (IGG) [2, Sec. 9.4.2], meaning that the quotient group PSG/IGG = SG contains only the
geometric transformations g. For a quantum spin liquid ansatz, SG is the symmetry group of the
Heisenberg Hamiltonian of Eq. (1.18), containing all symmetries of the lattice. In the literature,
people refer to the quantum spin liquid ansétze through their IGG (in the SU(2) case these are
typically Zy, U(1), and SU(2)), because it turns out that the IGG characterizes the low energy
gauge fluctuations, and determine whether the ansatz is stable against fluctuations, or not (see
[2, Sec. 9.2.2], and Sec. 2.5). Here we will not determine the IGG of any ansatz (so we will not
construct the full PSGs either), because that would require knowing all pure gauge transforma-
tions leaving HMF invariant. However, there might be gauge transformations mixing different
flavors of fermions (in Eq. (2.16) we used only flavor independent U(1) gauge transformations),
which leave the spin operators of Eq. (2.2) invariant, and may also be elements of the IGG (if
they leave invariant the mean-field Hamiltonian as well). In the SU(2) case, the most general
such gauge transformation G € SU(2), which leaves the S*, SY¥, S* spin operators of Eq. (2.2)
invariant, is

. » P -
ol il G (B < (4 ) (). e
fia = ai iy + 05050 fi = aifsy =it fiu i %) \Jj,

J
where |a;|? 4 [b;|? = 1[50, 52| (see the SU(2) projective construction in [2, Sec. 9.2]).

In the SU(2) case, all possible different equivalence classes can be listed by the projective
symmetry group classification [3, 70, 71]. We can not do such a classification for the SU(N > 2)
case here, because that would require constructing the full PSGs (including the full IGGs) of
the ansétze. However, at least certain equivalence classes can be distinguished, for example by
different one-particle energy spectra (see Eq. (2.34)).

2.4.1 Invariance of the Gutzwiller projected state under the symmetries of
the lattice

Here we will show that Gutzwiller projecting the Fermi sea ground states of two gauge equiv-
alent mean-field Hamiltonians results in variational wavefunctions that differ only in a global
phase, and are therefore physically equivalent |2, Eq. (9.1.14))]. In other words, each ansatz in
the same equivalence class results in the same Gutzwiller projected wavefunction, while differ-
ent equivalence classes are believed to give rise to different Gutzwiller projected wavefunctions.
Furthermore, even if a mean-field Hamiltonian is not invariant under some geometrical trans-
formation g, if there exists a combined transformation Ggg leaving HMF invariant, then its
Gutzwiller projected Fermi seas will be invariant under g (up to a global phase).
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If the mean-field ground states |FS1) and |FSy) of the gauge equivalent Hamiltonians HMF
and 7-[12\/[F are non-degenerate, we can show (see Appendix D) that they are related as

|FS2) = G|FSy). (2.36)
Our purpose is to prove that
Pg|FSy) = PoG|FS;) = €Y Pg|FSy), (2.37)

where €? is a global (site and configuration independent) phase, which cancels in every expec-
tation value

(FSy| P T Pg|FSs) = (FS1|Pge T e’ Pg|FS;) = (FSy|PoT{ Pg|FSy), (2.38)

and is thus unphysical. To see how Eq. (2.37) follows let us write the Fermi sea in real space as
in Eq. (2.13)

N
PeGIFS)) = > (Hslat{jg}PGijf’UG1ijgyaGl...ijj.Vs/wGl> Glo),  (2.39)

{]}PG o=1

where the sets of sites {j?}p, occupied by different colors do not overlap. Due to the single
occupancy constraint of Eq. (2.5) the number of fermions is equal to the number of lattice
sites N, therefore the sets {j7}p, are disjoint subsets of the set {1,2...Ng}. Since the gauge
transformation G of Eq. (2.16) is flavor independent, every fermionic operator will bring in
a phase G f};ngl = ¢i¢0) f}:a, and the product of the N fermionic operators will bring in
the product of phases e'®(Mei®(2)  ¢i(No) which is independent of the subsets of sites {j7}
occupied by different flavors. Therefore, these phases can be factored out as the global phase
el = ei?(Deid(2)  ¢i®(Ns) |2 Eq. 9.1.14]. This is unlike in the unprojected case, where the
subsets of sites {77} might overlap, therefore the product of the phases depends on the {j7} (in
case of the m > 1 times occupied site j the phase ¢() will appear as €)™ and the phases
of empty sites will be missing). Furthermore, any Gutzwiller projected state (not just the Fermi
sea) can be written in the real space basis with singly occupied configurations as in Eq. (2.10),
therefore the above arguments can be repeated for any state, implying that Pg eliminates any
gauge transformation of the form (2.16) (in the sense that it converts it to an unimportant
global phase). The claim that the gauge equivalent ansétze give rise to physically equivalent
Gutzwiller projected wavefunctions can also be proven in the case of flavor mixing SU(2) gauge
transformations of Eq. (2.35) |2, Sec. 9.2.1.3|.

Now that we have proven that all gauge equivalent Hamiltonians result in physically equiva-
lent Gutzwiller projected wavefunctions, we can prove that the Gutzwiller projected Fermi seas
are invariant under the geometric transformations g. If Hll\/[F is gauge equivalent to 7-[12\/[F =
gHMFg~! (meaning that HMF is invairant under Glgg), then their ground states are related as
[FS2) = g|FS1) (as argued in Appendix D). However, as the HM and H3Y are gauge equivalent,
we can also use Eq. (2.37) as

e Pg|FS;) = Pg|FSy) = Pg|FS1) = gPc|FS) (2.40)

where in the last step we used that the Gutzwiller projector commutes with any geometrical
transformation g (as argued after Eq. (2.13)). The meaning of Eq. (2.40) is that Pg|FS;) is
invariant under the action of the geometrical transformation g (up to an unimportant global
phase), therefore every expectation value taken in this state will also be invariant under g. To
see this, let us rewrite Eq. (2.40) as Pg|FS;) = e*?g~!Pg|FS;), so that
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(FS1|PeT{ Po|FS1) = (FS1|Page " Tie"?g ™ Po|FS1) = (FS1|PaTy, PalFS1), (2.41)

and similarly for the equal time correlation function

(FS1|PeT{ T} Po|FS1) = (FS1|Page” T} g ‘gl e g Pu|FSy) = <FSl|Png“(i)Tg(j)PG\Fgli.2)
Eq. (2.40) is surprising, because the |F'S) (without Gutzwiller projection) inherits the sym-
metries of HMF | therefore it is not invariant under the geometric transformations Cg, o, T1, To.
In fact, just like HM¥ |FS) is invariant only under the combined transformations
g € {G¢,Cs,Gy0,GT1,T1,GT,T2}. However, as we show in Appendix G, the invariance of HMF
under Ggg implies that

(FS|T{(FS) = (FS|TZ, |FS), (FS|TPTHES) = (FS|TS, T2 [FS), (2.43)

just like for the Gutzwiller projected state.

Antiperiodic boundary condition can spoil projective symmetries for some g, therefore the
Gutzwiller projected expectation values will not be invariant under these g (see Appendix E.2).
However, as it is only a boundary condition, the asymmetries disappear in the thermodynamic
limit.

2.5 What about the fluctuations?

The excited eigenstates of the mean-field Hamiltonian (2.6), which preserve the total particle
number, can be constructed by removing a fermion of flavor ¢ from the Fermi sea, and adding
a fermion of flavor ¢’ on a higher energy band as fli b o |F'S), with €,(q) < ep and

e (q) > ep. These excited states are called particle-hole excitations. The states fli v .o FS)

q,b,o

and f_; ,[FS) are also eigenstates of the mean-field Hamiltonian (2.6), but these do not preserve

the total particle number. In the SU(2) case, both the fli+q7b/,a’|FS> and the f , ,[FS) are called
spinons, so that the particle-hole excitation could be called a two-spinon excitation. In the
SU(N) case, the fli—i—q v.or|F'S) and the f , |FS) could be called a flavoron, and an antiflavoron,

respectively. At the mean-field level, these are true eigenstates of HM¥, so we can call them
quasiparticles.

The SU(N) spin operators are bosonic operators, so when the ground state is magnetically
ordered (e.g. ferromagnetic or antiferromagnetic), the quasiparticles are also bosonic, like the
already mentioned s = 1 magnon in the SU(2) case. The decomposition of the bosonic SU(NV)
spin operators into fermionic operators in Eq. (2.2) is a mathematical formalism, but it allows for
the existence of such fermionic quasiparticles. In the mean-field approximation we neglected the
fluctuations that mediate interactions between the flavorons and the antiflavorons (see Appendix
B). If the interaction between these fermionic mean-field quasiparticles is short-ranged and weak,
then the quasiparticles (excited eigenstates) of the SU(IN) Heisenberg model are similar to the
fermionic mean-field quasiparticles. In other words, the bosonic excited states of the ordered state
are split into a pair of fermionic quasiparticles, which is called fractionalization. In this case,
the existence of fermionic quasiparticles is directly measurable in the dynamical spin structure
factor, since at the lowest excitation energies we will see a continuum (implicating a pair of
quasiparticles) instead of a single branch. On the other hand, if the interactions between the
flavorons and the antiflavorons are strong, then the real quasiparticles of the Heisenberg model
will be their bosonic bound states, so the decomposition of Eq. (2.2) remains a mere mathematical
formalism without any physical content. As an example from the SU(2) case, the s = 1 bosonic
magnon can be thought of as a bound state of two s = 1/2 fermionic spinons.
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The interactions are called short-ranged, when the ratio of the interaction energy and the
kinetic energy goes to zero for large distances (low energy), as explained in the book [2, Sec. 9.1.4].
In this case, the interaction is an irrelevant perturbation in the RG sense, and the mean-field
ansatz is said to be stable. If the ratio of the interaction energy and the kinetic energy goes
to a constant, then the interaction is a marginal perturbation (stability is questionable), and
if it diverges it is a relevant perturbation (the mean-field ansatz is unstable). However, not
even a stable mean-field ansatz is guaranteed to give a good approximation of the real ground
state, because even the short-range interactions might be strong enough to change the ground
state and the excitations. In the SU(2) case, it is argued, that Z3 spin liquids (having an IGG
forming a Z, group [2, Secs. 9.2.6, 9.9.2, 9.9.4], and chiral spin liquids (having fluxes different
from 0 and , achieved by complex hoppings t;; [2, Sec. 9.1.6]) are stable, but even these
have typically short-range interactions which are not weak [2, Sec. 9.8]. However, the interaction
between the fermions can be weakened by enhancing the symmetry of the Heisenberg model from
SU(2) to Sp(2N) [5], which means introducing N copies of both the 1 and | spins [2, Sec. 9.8|.
Consequently, in the large-N limit of the Sp(2/N) symmetric model, the stable and marginal
mean-field ansétze can become the real ground states of the Sp(2/NV) Heisenberg model. However,
our large-N limit is different, since we are interested in the SU(N) symmetric Heisenberg model
in the fundamental representation. In the self-conjugate representation of the SU(NN') Heisenberg
model, some fluctuations were already argued to become weaker with an increasing N [49, 50],
but this is again not the large-/N limit we need. Here we hope that the fluctuations are also
weakened in the SU(N) symmetric large-N limit in the fundamental representation. This is in
agreement with the decreasing difference between the mean-field and the Gutzwiller projected
results presented in the following sections, although the Gutzwiller projection takes into account
only the temporal fluctuations of the chemical potential, and not the interactions between the
fermions |2, Sec. 9.1.1, Eq. (9.1.8)].

Furthermore, in 2-+1 dimensions, field-theoretical arguments involving N species of Dirac
fermions suggest that for N > N,, the Dirac fermions become deconfined, stabilizing the Dirac
spin liquid |72, 73, 74, 75]. However, the precise value of NV, is debated, and the connection with
our models is not fully understood.

As already mentioned in section 2.4, if the mean-field ansatz is stable (and weakly interacting),
the mean-field quantum order protected by the PSG survives the fluctuations, and becomes the
quantum order of the real ground state [2, Sec. 9.9.1]. If the mean-field one-particle energy
spectrum is gapped, the quantum order is called topological order, and is characterized by the
ground state degeneracy [2, Sec. 8.] [3]. If the one-particle energy spectrum is gapless, then
the quantum order is characterized by the existence and location (in reciprocal space) of gapless
excitation towers in the dynamical spin structure factor |2, Sec. 9.10.2|. In Dirac spin liquids,
the measurement of the dynamical spin structure factor serves as an experimental verification of
the quantum order and of the stability of the mean-field ansatz [2, Sec. 9.7]. However, we have
not proven that the m-flux quantum order and its PSG protects gapless fermionic excitations at
certain wave vectors. Yet, the dynamical spin structure factors of the ansétze presented in section
2.3 do have gapless excitations at certain wave vectors. Every ansatz in the same equivalence
class should give the same dynamical spin structure factor, since the SU(N) spin operators are
insensitive to the gauge transformations connecting different ansétze (2.17). It is reasonable to
believe that the PSG should indeed require the existence of gapless excitation towers at certain
wave vectors. Thus, instead of analyzing the fluctuations and the stability of the ansétze, we
present the dynamical spin structure factors of these ansétze in sections 5, 6 and 6, and the
possible ways to experimentally measure them in real systems in section 4.1.



CHAPTER 2. QUANTUM SPIN LIQUIDS 33

2.6 Symmetry breaking quantum phase transitions

Before turning to quantum phase transitions without symmetry breaking, let us first reca-
pitulate Landau’s symmetry-breaking theory. A quantum phase transition happens, when while
tuning some parameter of a Hamiltonian (for example the transverse field h in Eq. (2.44)), the
ground state changes from one state |GS1) to another |GS3), where the first state is invariant
under the transformations g € SGy, while the second is invariant under g € SGo. A symmetry
breaking quantum phase transition means that either SG; C SGo, or SGo C SGy. If SG; C SGo,
then |GSp) is not invariant under some of the transformations g € SGy missing from g ¢ SGj.
The simplest example of such a quantum phase transition is perhaps of the transverse field
ferromagnetic Ising model [76, Sec. 1.4.1]

MHp=-JY 6767 —Jh> 67, (2.44)
(6,3) i

where 6% are the Pauli matrices. Hj; has a discrete Zo symmetry, it is invariant under the
unitary operator U = [, 67, meaning H; = UH U, where U rotates with 7 around the z
axis, since 670707 = —07 and 676707 = 0. There are two phases, separated by a quantum
phase transition. For large h > h. (paramagnetic phase) there is one non-degenerate ground
state |GS1) = [[;| —=)i = %H@ﬂ i + | 1)), which is invariant under U as U|GS1) = |GSy),
so U € SGy. |GS;) is also invariant under all other transformations leaving H; invariant,
like translations, complex conjugation (time reversal), and so on, therefore this phase is called
paramagnetic. Therefore, the symmetry group SGj of |GS;) is just the symmetry group of Hy,
SG; = SGy,. For small h < h. (ferromagnetic phase) #H; has two degenerate ground states,
| 1) =111 i and | }) =TI, | )i, where | 1); and | |); are the two eigenstates of 67. Neither
| 1), nor | |) are invariant under U, meaning that the ground states have lower symmetries
than the Hamiltonian, called symmetry breaking. In this case, it is a Zy symmetry breaking,
so SGo C SGi. Symmetry breaking necessarily brings about ground state degeneracy in the
thermodynamic limit, because the eigenvalue equation H| 1) = E4| 1) can be multiplied with U
as UH| 1) = UE4| 1), and the symmetry of H# under U ([H,U] = 0) implies HU| 1) = E4U| 1).
However, if there is a symmetry breaking, | 1) is not invariant under U, so U| 1) is a linearly
independent state with the same energy eigenvalue ;. In the case of the Ising model, U| 1) = | |)
and U| }]) = | 1). The local order parameter distinguishing the two phases is (GS|67|GS) taken
on any site 4, which is finite in the ferromagnetic phase (where |GS) is either | 1) or | |)) and
zero in the paramagnetic phase.

In #H; (2.44) the broken symmetry was a discrete Z symmetry, so we got two degenerate
ground states connected with the transformation U. However, if the broken symmetry is con-
tinuous, as the SU(N) spin rotation symmetry of the SU(N) Heisenberg model (1.18), then
the number of degenerate states is larger. If the Hamiltonian has only short-range interactions,
then the Goldstone theorem implies that the spectrum has to be gapless (see page 273 in [4,
Sec. 6.1.2]), which can be understood as an infinitesimal excitation turning one ground state to
another. The simplest example is the SU(2) ferromagnetic Heisenberg model, where the degen-
erate ground states are fully polarized, just as for the Ising model, but a small rotation of the
polarization of all spins gives another ground state. Such a small rotation can be achieved with
a magnon having zero wave vector, so there will be gapless excitations at q = 0.

2.7 Quantum phase transitions without symmetry breaking

A quantum phase transition can also happen without symmetry breaking, meaning that
both |GSy) and |GSy) are invariant under the same transformations g € SG, where in case of
quantum spin liquids SG is the symmetry group of the Hamiltonian. What changes from one
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state (phase) to another is some hidden quantum order, which influences measurable quantities,
like the dynamical spin structure factor.

Some of these quantum phase transitions can be described by projective symmetry groups,
provided that both |GS;) and |GS2) are well approximated with the stable mean-field ansétze
|GS1) ~ Pg|FS;) and |GSs) ~ Pg|FSy) with mean-field Hamiltonians HMY and HY| respec-
tively. HMF and HYF can not be gauge equivalent, since then |GS;) and |GSg) would be the
same, so there would not be any quantum phase transition. The mean-field Hamiltonians should
not be confused with the original Hamiltonian H having some coupling, which can be tuned
to change the ground state from |GS;) to |GSg2). For example, H can be the J; — Jy SU(2)
Heisenberg model

Hp—p=J1) Si-Sj+J2 > 8-S, (2.45)

(4,9 (@)

where we can fix JZ + J2 = 1. The mean-field Hamiltonians HMF and H3 are only used
to construct the variational wavefunctions approximating the two lowest energy eigenstates of
H,—J,, namely |GS;) ~ Pg|FS;1) and |GSy) &~ Pg|FSy). For example, let us suppose that HF
and HYF are the 0-flux, and 7-flux hopping Hamiltonians (2.6), respectively. The variational
energy E(Jy/J1) = (FS|PcHP:|FS)/(FS|PaPc|FS) of every ansatz is a smooth function of
Jo/Ji. Thus, we can compare the variational energies Fy_gux(J2/J1) and E;_gux(J2/J1) for
different values of Jo/Ji. The simplest example of a quantum phase transition is when the
variational energy of the 0-flux ansatz is smaller Ey_qux(J2/J1) < Er_fux(J2/J1) for Jo < Joc,
but it becomes bigger Eg_fiux(J2/J1) > Ex_fiux(J2/J1) for Jo > Joc. Thus, Joco is a critical
coupling, where Ey_gux(Joc/J1) = Er—fux(Joc/J1). Therefore, for Jo < Joo the ground state is
approximated by the 0-flux ansatz, while for Jy > Joc by the m-flux ansatz. If these mean-field
ansitze are stable, then their quantum orders become the quantum orders of the eigenstates
|GS1) and |GS2) of H 5,7, so the quantum order is changed at the transition point Joc.

A quantum phase transition is of first order, if the slopes of the variational energies 0F /0.Jo
are unequal at the transition point Joc, and second order, if the slopes are equal (continuous
transition) [5]. In a second order transition the mean-field ansitze HMY and HYF can be con-
nected with a small perturbation as HF = HMF 4+ §HMF which transfers to the hoppings as
t?y ;= t}’ ; + 0t ;. The transition between the 0-flux and the 7-flux ansétze is not second-order,
since the mean-field Hamiltonians can not be connected with a small perturbation. Let us de-
note the projective symmetry groups of HM¥ and HYF by PSG; and PSGa, respectively. In
a second-order transition either PSGa C PSGy, or PSG; C PSGa [5] |2, Sec. 9.5]. Since both
states |GS1) and |GS2) must be invariant under all elements of the symmetry group SG of the
original Hamiltonian, both PSG; and PSGs must contain a combined transformation Ggg for
every element g € SG (otherwise it would be a symmetry breaking quantum phase transition).
Let us denote the invariant gauge groups of the two ansétze with IGG; and IGGg, which satisfy
PSG1/IGG; = SG = PSG2/IGG,. Thus, the condition PSGe C PSG; implies IGGe C 1GG;.
Consequently, the §H breaks some pure gauge transformations Gigg, € IGGq, and the combi-
nations Gigg, Ggg (in every coset of IGG1), where g is not the identity. The possible ways of
lowering the IGG1 of an ansatz to IGGo C IGG; determines all possible second-order quantum
phase transitions at the mean-field level [5].

Finally, we would like to note that there are quantum phase transitions that are not accom-
panied by any symmetry breaking, yet they can not be described by projective symmetry groups
because GS; and GSo may not be described by stable mean-field ansidtze. One such example is
the Mott transition, introduced in section 1.1.1.



Chapter 3

The stability of the SU(6) Dirac spin lig-
uid on the kagome lattice

The SU(2) Heisenberg model on the kagome lattice was argued to be magnetically disordered
[77], therefore we expect the SU(6) Heisenberg model to also exhibit disorder due to increased
quantum fluctuations.

We propose that the ground state of this model may be well described by the Dirac spin-liquid
(DSL) ansatz introduced in Sec. 2.3.2, previously suggested for the SU(2) case [58]. To support
our claim, we search for possible perturbations of the Dirac spin liquid ansatz, meaning that we
modify the hoppings tEjSL of the DSL mean-field Hamiltonian, Hpgr, (k) in Egs. (2.6) and (2.28),
as

ti; =t (14 6t ), (3.1)

where 0 < § < 1, |t;j| = O(1). The Gutzwiller projected ground state of such a perturbed
mean-field Hamiltonian yields a modified wavefunction [, j). We then compute the variational
energy <wt},j‘HW£i,j> / <¢£i,j|1/)£i,j> for the perturbed wavefunctions. If the variational energy of
any perturbed ansatz is lower than that of the DSL, this indicates that the DSL is no longer the
ground state, and we say that the DSL is locally unstable against the perturbations in Eq. (3.1).
If the DSL has the lowest variational energy, then we say that the DSL is energetically stable
against the perturbations considered here.

We note that two forms of stability can be distinguished for a fermionic mean-field ansatz:
energetic stability and quantum field-theoretical stability. The latter requires that interactions
between fermions become irrelevant in the renormalization group sense, leading to deconfined
fermions, as discussed in Sec. 2.5. While we have not explicitly checked quantum field-theoretical
stability for the SU(6) case, the large-IN value is certainly beneficial. For the remainder of this
chapter, ’stability’ will refer exclusively to energetic stability.

3.1 Real-valued L:i,j perturbations of the DSL

There are many ways to perturb the DSL ansatz. Here, we consider only real-valued pertur-
bations periodic in the quadrupled unit cell of 12-sites. These include some valence bond like
patterns discussed in Refs. [78, 79, 75, 80]. As shown in in ref. [IIL.], the symmetry group of
the 12-site unit cell is isomorphic to the Oy group, so the irreducible representations of the tNi,j
can be classified using the character table of the Oy group. We show the hopping structures of
some perturbed ansétze transforming under the irreps of the Oy, group in the first row of Fig. 3.1
and the first column of Fig. 3.2. These real perturbations modify the absolute values of the
hoppings, but leave their signs identical to those of the DSL, keeping the momamo flux structure
unchanged.

We also take advantage of the fact that the center of the O group is the identity and the
inversion that constitute a normal subgroup. Consequently, the irreducible representations of
the Oy, are either even (gerade) or odd (ungerade) under the inversion. The inversion in the Oy,
group corresponds to the twofold rotation Cs around the center of a hexagon in the wallpaper
group, so fCQ(i’j) = +1;; in an even (gerade, g) irreducible representation, and fCQ(M) = —t;; in
an odd (ungerade, u) one. For each irreducible representation, there is a gerade and an ungerade
one.
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In Fig. 3.1 we show the single-parameter ansétze T219 - ng - T 23’g, T. 21g, T, — T3, — T3, Ts,,
and Ay, with the parameter § (here we allow negative 6, which is like multiplying the ¢; ; by
—1). The T219 — ng - Tg’g (first column in figure) coincides with the famous "pinwheel" pattern
in deformed kagome material RbaCugSnFi2 [81]. We do not plot the A4 since it changes the
hoppings uniformly, leaving the wave function equivalent to the DSL.

0
JQ J2 Jg JQ J2

. / 1.5
. / /// 1.0f
I
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’ -1 0 1 1 0 1 1 0 1 1 0 1

Figure 3.1: In the first row, we show the hopping structure of the real perturbations of the Dirac
spin liquid having a single free parameter §. Different shades represent different absolute values
of the hoppings. The empty bonds stand for positive hoppings, while the solid bonds for negative
hoppings (each ansatz has a Toma7my flux structure, just as the DSL). The black bonds have
absolute value 1, the dark red hoppings 1+ 9, and the light reds 1 —§. In the midle row, the red
points show the A(Pa +Px"), the blue points A(Pis), and the green points A(Panq) defined in
Eq. (3.5), while the solid lines are the fitted parabolas. The bottom row shows the local stability
of these ansétze (as explained in sec. 3.2.1), as a function of K and Jo, fixing J; = 1. The DSL
is the lowest energy state in the red region, and the perturbation wins in the blue region. All
these results were calculated for a cluster of 192 sites with APBC.

In Fig. 3.2 we show the two-parameter ansatze —Tllg + ng + Tf’g, Tf'g, ~Tt, +TE,+ T3, T,
le; + ngg, and v1EL + v2E2. To make the comparison of the different ansiitze in Fig. 3.2

unambiguous, we have collected the different hopping amplitudes in Tab. 3.1.

We can identify the —T° fg +T 129 +T 139 ansatz with the David star ansatz studied in [78] for
the SU(2) case. There, it had a single parameter §, which is identical to « = 1 and 8 = 0 in our
notation, so that each bond on the edge of a David star is strengthened as ¢; ; = t%SL(l—F&), while
all other hoppings are weakened as t; ; = tEjSL(l — ) (see Tab. 3.1). Some linear combinations
are equivalent, for example, Tllg — ng + T fg is a David star shifted in as direction. Allowing for
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~Tiy + Tty + T}, 7 A local sfability
[

-1.0 -0.5 0.0
x1072

-1.0 -05 0.0 05
10 Jo

Figure 3.2: In the first column, we show the hopping structure of the real perturbations of
the Dirac spin liquid having two free parameters. Different colors represent different absolute
values of the hoppings listed in Tab. 3.1 for the denoted irreducible representation. The empty
bonds stand for positive hoppings, while the solid bonds for negative hoppings (each ansatz has
a TomATy flux structure, just as the DSL). The second column shows the A(Pig), the third
A(Papa), and the fourth A(Pa + Px") defined in Eq. (3.5), calculated by VMC for a cluster of
192 sites with APBC, the 6 = 0 is the DSL. The effect of the APBC is visible only in the A(Papnq)
of ozE; + ﬁEg (which becomes flat after averaging over all APBC orientations). The contours
of the fitted ellipsoids are shown in light green, while the contours of the data are orange. The
fifth column shows the local stability of these ansdtze (see Sec. 3.2.1), as a function of K and
Ja, keeping J; = 1. The DSL has the lowest energy in the red region and the perturbed ansatz
of the given row in the blue region.

~
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ansatz color relative hoppings t; ;/ tEjSL
red t 1
—Tllg + ng + Tf’g green to~1+4+2(8—a)d
blue ta~1-2(8+a)
dark green 1+ aé
73 light green 1—ad
1g dark red 1486
light red 1—p6
dark green 1+ (28 —a)d
light green 1—(28—a)d
dark red 1+ ad
Tt T+ Th gt red 1—ab
light blue 1+ 28+ a)d
dark blue 1-(28+a)d
dark green 1+ ad
73 light green 1—ad
lu dark red 1+ 86
light red 1—ad
green 1+ (a—p)d
alE}) + B|EZ) red 14236
blue 1—(a+p)d
dark red 14286
light red 1—236
dark blue 1+ (a+B)d
1 2
lBu) + BB gt blue 1— (a+B)6
light green 1+ (a—p)d
dark green 1—(a—pB)d

Table 3.1: The hopping amplitudes for all two-parameter ansétze in Fig. 3.2 are listed in the third
column, with their colors in the second column. The first column is the label of the irreducible
representation of the Oy, group, identifying the perturbed ansatz.
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B # 0, we consider a more general David star ansatz,

£ = tPSY(1 + ad) (3.2a)
te =P [1 = (28 + a)J] (3.2b)
6 =t 1+ (28— @)3], (3.2¢)

shown in the first row of Fig. 3.2. The tZCK denotes the hoppings amplitudes on the edge of

the David star (red bonds in Fig. 3.2), the t - on the interstar triangles (blue) and tQ on the
hexagon within the star (shown by green). After Gutzwiller projecting the ground state of
the David star mean-field Hamiltonian (2.6), only the ratios of the hopping amplitudes remain
essential. Therefore, using the notations ticK = tDSLtZCK, tf] = tD]SLtA, and tO = tDSLtQ, we can
divide with 1+ ad, getting t» = 1, and use tA ~1-2(B4+a)dand to =~ 1 —|—2(6 oz)(S as the two
free parameters (also listed in Tab 3.1), instead of ad and 5. The David star is special because,
for weak ¢t hoppings, the nearly decoupled 12 sites tend to transform as an SU(6) singlet, with a
Young tableau of two columns and six rows (see Appendix A.5). This can be contrasted with the
Ay, configuration, which results in almost decoupled triangles - an ideal starting point for the
trimerized phase of the SU(3) Heisenberg model [82, 83]. Another interesting case is |ty| < |tA|
and [ty| < |to| when the six spins in the hexagon tend to transform as an SU(6) singlet (with
a Young tableau of a single column of 6 boxes) and the spins in the decoupled triangles as the
20-dimensional self-conjugate irreducible representation (with a Young tableau of a single column
of 3 boxes).

In the Tl?’g ansatz, the hopping amplitudes alternate along parallel lines while the rest of the
bonds remain unchanged (shown in the second row of Fig. 3.2). Refs. [78, 79, 79] also considered
this dimerized ansatz for the SU(2) case, setting & = 1 and § = 0. Allowing for 8 # 0 we
consider a more general pattern, for which the hoppings are given in Tab. 3.1.

Both the ungerade David star ansatz —T1, + T2, + T3, and T}, are shown in the third and
fourth rows of Fig. 3.2. They have only two free parameters ad and 6, despite parametrizing
six and four different hoppings, respectively, which are given in Tab. 3.1.

The ansatz lel +v2E2 is shown in the fifth row of Fig. 3.2, for which the hoppings are given
in Tab. 3.1. For v; = 0 and v2 = 1 it describes anisotropic chains with hoppings ¢; ; = tDSL(1—|—25)
along one direction and t; ; = tDSL(l — 0) along the other two. The linear combinations with

= +1/3vy rotate the chains with different hoppings. For v; = 1 and vy = 0, the lines in the
three different directions have three different strengths ¢; ; = tDSL(l + &9), with £ € {—1,0,1}.

Here again, the vo = +1/3v; rotates the unequivalent chains.
For the ungerade E, we show the ansatz ’UlEi—{—UQEZ in the sixth row of Fig. 3.2 and Tab. 3.1.

The A4, A1y, By, I, ansétze are gapless and have a two-fold degenerate Dirac Fermi point
at k = 0, similarly to the DSL. Among the real perturbations, only the 77, and T3, open a
gap. However, for the T7, the gap closes along a curve going through the ty = t7 = ¢ and the
(tr = 0,tgy = —t/v/2) point (shown with the dashed green line in Fig. 3.2), and a Dirac cone
appears. The T1, and T5, have two Dirac Fermi points at non-zero kp and —kp values, each
non-degenerate. In the projective sense, the translational symmetry is restored for the A; and
E ansitze, but they break the point group symmetries. The 71, and T5, keep some of the point
group projective symmetries but break translation symmetries, while the T3, and 715, break both
the translations and point group symmetries.

As we will show in Figs. 3.1 and 3.2, all of these real perturbations increase the variational
energy, so the Dirac spin liquid remains the lowest energy state.
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3.2 Stability of the DSL

The Heisenberg Hamiltonian of Eq. (1.18) is a result of the leading order perturbation theory
of the repulsive Hubbard Hamiltonian of Eq. (1.2) for U/t — co. However, we can incorporate
further terms so that the effective Hamiltonian reads

H=2TI sz‘,j + J2 Z Pij+ K Z (Pijx + ,Pijjl,k)? (3.3)
(,9) ((@.5)) (i,5,k)

where the ((4,7)) denotes second nearest neighbor sites and the P; ;j is the ring exchange

operator acting on elementary triangles (i, 7, k). The J; is of the order % and usually posi-
tive (antiferromagnetic), K oc 5—32, and Jo 5—43 in case it arises from nearest neighbor hop-
pings. Written explicitly, P;; and P are defined through their action on the local basis states,
Pij|0'1>i ® |O’2>j = |02>i X |O’1>j and f)ijk‘0'1>i X ‘0-2>j X |O'3>k = ’0'3>i ® ’0-1>j X |O’2>k, for a fixed ori-
entation of the triangle i, j, k. The variational energy per lattice site of the effective Hamiltonian
(3.3) can be written as

E_ 1 ()
N, TN (i)
= 21 (Prat) + 21a{Pona) + 2K (P + P, (3.4

where the (Pig) is the averaged expectation value of the permutation operator between the
nearest neighbor sites, the (Pa,q) between the second neighbor sites, and (Pa + Px') of the
ring exchange on the triangles. The coefficients consider that there are twice as many first- and
second-neighbor bonds than sites and two triangles for every three sites. The expectation values
of these exchange operators were evaluated by Monte Carlo sampling the wavefunctions [¢) of
the ansédtze discussed in section 3.1, for details see Appendix J. Figures 3.1 and 3.2 show the
expectation values relative to the DSL, i.e.,

A(Pust) = (Pist) — (Pist)DSL (3.5a)
A(Pana) = (Pand) — (Pa2nd)DSL (3.5b)
A(PA+PrY) = (Pa+Pr") — (Pa+PrpsL (3.5¢)

for all ansétze as a function of the perturbation strength. On the one hand, we will see that the
(P1st) is minimal for the DSL for small perturbations for all the ansétze we considered. We call
this the local stability of the DSL. On the other hand, comparing with the expectation values
(Pana) and (Pa +Px") we find that the values of J»/J; and K/.J; needed to destabilize the DSL

are not small, as explained in the next section.

3.2.1 Calculation of the threshold values of J, and K

To assess the stability of the DSL, we calculated the minimum values of J; and K (fixing
J1 = 1) needed to locally destabilize the DSL in favor of the real perturbations discussed in
Sec. 3.1. Specifically, we determined the threshold values of J and K in the Hamiltonian (3.3)
where the variational energy of the DSL becomes indistinguishable from that of a perturbed
ansatz up to the Monte Carlo error. The results, presented in the last row of Fig. 3.1 and
the last column of Fig.3.2, indicate that the DSL remains locally stable over a relatively large
parameter region.

First, we considered the ansitze with two free parameters. We fitted a quadratic surface
(ellipsoid) to the expectation values of the exchanges X = (Pist), (Pana), and (Pa + P1') for
small § values around the DSL point,

f(ad, B8)x = ax(ad)® + bx(B6)? + 2cxaBs? . (3.6)
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The data sets consisted of 11 x 11 points in the ad, 50 plane, all having a Monte Carlo error,
which we considered in the fitting procedure and transferred to the parameters ax, bx, and cx.
Fig. 3.2 shows the results of this analysis. To facilitate the comparison between the calculated
and fitted values, the contours of the Monte Carlo data are shown in orange, and the contours
of the fitted surface in green (we use the same quadratic contour level spacing for every figure,
both for the contours of the fitted ellipsoids and the contours of the Monte Carlo data). For
the nearest neighbor exchange (Pig), the expectation value is the smallest for § = 0, thus
providing numerical evidence for the local stability of DSL. However, the expectation values of
the second neighbor and ring exchanges show a different picture: the (Pa2,q) can lose or gain
energy depending on the perturbed ansatz, but the (Pa + 73£1> will always gain energy with
perturbations (assuming K > 0).
To calculate the threshold values Js and K, we calculated the curvatures of the ellipsoid

f(aé, ,3(5)]_:; = <a1 + ag + ;GA> (a5)2 + <b1 + by + ;b&) (/85)2 +2 <Cl +co + ;CA> aﬁ52 .

(3.7)
which fits on the variational energy per site E/(2Ny) = (Pigt) + Jo(Pona) + s K(Pa + PA') of
Eq. 3.4. The curvatures are the eigenvalues of the matrix

< Jray + Joas + EGA Jie1 + Joco + KCA ) <3 8)

Jicr + Joco + 3CA J1b1 + Jobs + gbA

If both of these curvatures are positive, then the DSL has the lowest variational energy for these
Jo and K values (red region). If at least one of the curvatures becomes negative, the DSL is
certainly unstable (blue region), since some perturbed ansétze have lower variational energies.
If the curvatures can not be distinguished from 0 up to the Monte Carlo error, then we can not
conclude (white region).

For the ansétze with a single free parameter §, shown in Fig. 3.1, we fit a simple parabola
to AE/Ns instead of a quadratic surface, and the coefficient of the 62 takes the role of the
eigenvalues discussed above. We repeat the same procedure to get the regions of stability.

For the David star shown in the first row of Fig. 3.2, we used to, and ta (given in Tab. 3.1)
instead of ad and B6. For this ansatz, there are sizeable contributions in 6%, so we considered
only a tiny neighborhood around the ¢t = tA = 1 DSL point to fit the quadratic surface. The
energy differences were also tiny, with large relative errors, explaining the large white region.
However, we expect the same local stability figure as we obtained for the ng, where the 6% are
absent. Indeed, the calculations give a smaller relative error in that case and a smaller white
region.

Summary

In this chapter, we showed that the Dirac spin liquid ansatz is energetical stable against its
real-valued perturbations in the quadrupled 12-site unit cell. Furthermore, we found that the
values of the second-neighbor (J2) and ring (K') exchanges necessary to destabilize the DSL are
not small relative to Jp, highlighting its resilience to further interactions. However, our study
cannot exclude an SU(6) symmetry-breaking ground state of some form.

These results were published in Ref. [III.|, where we have also shown that the Dirac spin
liquid is globally stabile against every possible David star ansatz, chiral ansétze in the 12-site
unit cell, and also chiral ansétze in larger unit cells.



Chapter 4

Dynamical spin structure factor

The dynamical spin structure factor gives precious information about the magnetic excitations
and the nature of the ground state of a material. It is always associated with a Hamiltonian,
describing the system of interest. The dynamical spin structure factor at 7' = 0 K is the Fourier
transform of the dynamic spin correlation function

_ (0.0
Sab<k,w) = ]\iB Z elk'((ssés)]\]f'c Z efzk-(RfR)% /OO e’“(GS\Tﬁ’s(O)TI%’g(t)\GS)dt, (41)
$,5 RR

where |GS) is the ground state of the Hamiltonian #, Tl%,g(t) = e*mtTl%,gemt, a,be{l...N?—
1}, the SU(IV) spin operators are taken on sites with lattice vectors R+ &5 and R+ 685, R and R
are the Bravais lattice vectors of the unit cells, ds and d3 are basis vectors, s and 5 are sublattice
indices, N¢ is the number of unit cells and Np is the number of basis sites in a unit cell (the
number of possible sublattice indices), so that Ng x No = N; is the number of lattice sites.
Defining the Fourier transform of an SU(V) spin operator as

[

TY = > e ®ToITh (4.2)
R,s
we can rewrite S%(k,w) as

1 [ 1 />,
sh(lw) = o [ GO TGS i = 3 o [ HGSIT LN TDICS)d
T i
—co 7 —00

(4.3)
where we inserted the identity as Z = > 7 |f)(f| with the sum going through the eigenstates
|f) of the Hamiltonian, so that e/!|f) = eErt|f). Using (f|T2(t)|GS) = (fle”TLe!M|GS)
= ei(EGS_Ef)t<f|T£|GS) and ffooo eiwtei(Bas—Ef)tds — 216(w + Egs — Ey), we get

S (k,w) = Y (GSITF){fITR|GS)é(w — (Ey — Eas)) , (4.4)
f

or for the a = b case

5 (k,w) = D [{fITEIGS)* 6(w — (Ej — Eas)) . (4.5)
f

where the matrix elements |(f|Ti¢|GS)|* are called the spectral weights.

In case of the SU(N) symmetric Heisenberg Hamiltonian (1.18), S%(k,w) = §,,5%(k,w).
Due to the SU(N) spin rotational symmetry of the Heisenberg Hamiltonian (1.18) and its mean-
field hopping Hamiltonian (2.6), the S%(k,w) is the same for all @ € {1...N? — 1} in both
cases. It is convenient to calculate the S®(k,w) only for the diagonal SU(N) spin operators.
Using the convention of the SU(N) spin operators in the fundamental representation presented
in Appendix A.3, the

1 : 1
T _ zk.<R+«ss),( i _ 4 ) 46
k \/ng;e 5 URsafrsn ~ froofras (4.6)

will always be diagonal (the generalization of S?) so that we will calculate S33(k,w).

42



CHAPTER 4. DYNAMICAL SPIN STRUCTURE FACTOR 43

[ reduced BZ B original BZ ] extended BZ

Figure 4.1: The original, extended, and reduced Brillouin zones of the honeycomb (a) and kagome
lattices (b), with the color codes shown at the bottom. The dynamical structure factor is periodic
only in the extended Brillouin zone, because neither the honeycomb, nor the kagome lattices are
Bravais lattices.

If the underlying lattice of the Hamiltonian is a Bravais lattice (having one basis site in its
unit cell N = 1), then the S**(k,w) will be periodic in the original Brillouin zone. However, if
the underlying lattice is not a Bravais lattice (meaning that Np > 1), which is the case of the
honeycomb (Np = 2) and the kagome (Np = 3) lattices, then the S**(k,w) will not be periodic
in the original Brillouin zone, due to the term €% in Eq. (4.2). Instead, the S (k,w) will be
periodic only in the extended Brillouin zone shown in Fig. 4.1 (for an explanation see Appendix
H). Therefore, to have all the information about the S%(k,w), we have to calculate it in the
extended Brillouin zone k € eBZ instead of the original Brillouin zone.

4.1 Measurement of the dynamical spin structure factor in real
materials

The S*(k,w) can be measured, among others, in inelastic neutron scattering, Bragg spec-
troscopy, resonant inelastic X-ray scattering, electron spin resonance, and light absorption ex-
periments.

4.1.1 Inelastic neutron scattering experiments

In inelastic neutron scattering experiments, a small (a few mm?) sample is irradiated with
a beam of unpolarised neutrons of incident wave vectors k;, which are scattered on the sample
and acquire final wave vectors k¢ [84, Chap. 3.]. The momentum of a neutron is p = hk and its
kinetic energy is E = h*k?/(2m), where m is the neutron mass. The conservation of momentum
and energy implies, that the neutron has transferred momentum Ap = fi(k; — k¢) and energy
AE = h?(kiZ — k¢?)/(2m) = hw to the sample, where k = k; — k¢ is called the scattering
vector and AE = hw the energy transfer, these are the arguments of S%(k,w). For |k;j| = |ke]
the AE = 0, this is called elastic neutron scattering. The scattering is inelastic, if the energy
transferred is finite. Such experiments measure the partial differential cross section d2c/(dQdE),
which is the number of neutrons scattered per second per unit incident flux, into a range of solid
angle df) and with a range of energies between E and E + dE. Neutrons are scattered by atomic
nuclei and the total magnetic moments of the electrons (including spin and orbital angular
momentum). The contribution of the atomic nuclei can be separated, and the d%c/(d2dE)
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originating from the total magnetic moments of the electrons turns out to be directly related to
the dynamical spin structure factor S?(k,w). At a sufficiently low temperature, the S%(k,w)
extracted from the experimental data should coincide with the zero temperature expression of
Eq. (4.5).

4.1.2 Bragg spectroscopy for ultracold atoms

Regarding optically trapped ultracold atomic experiments, inelastic neutron scattering is not
possible, but for atoms with spin 1/2, the dynamical spin structure factor can be measured with
Bragg spectroscopy (see Ref. [85, 86|, and for a general description of Bragg spectroscopy [10,
Sec. 14.4]).

In such an experiment, the sample is illuminated with two phase-locked laser beams with
wave vectors k; and ko, and frequencies w; and we, enclosing an angle 6. The atoms absorb
photons from one beam and emit photons into the second beam. Meanwhile, their momenta
change as Apprags = N(ki — ko) and their energy change as AFEgrage = h(wz —w1). The transfer
of momentum can be tuned independently of the energy transfer by changing the angle  between
the two beams.

In the coherent momentum transfer method (CMTM, [87], [10, Sec. 14.4]) the confining
potential is turned off immediately after the application of the Bragg pulses, followed by the
free expansion of the atoms. Using light absorption images at different times after the release of
the atoms (called time-of-flight absorption imaging), it is possible to determine the momentum
ApBrage transferred to a fraction of the atoms, as a function of the AFEpage [10, Sec. 14.2|.
However, this method was initially applied only for the measurement of the dynamical density
structure factor. It was generalized to measure the dynamical spin structure factor of °Li atoms
in the experiment of Ref. [85] (and later used in Ref. [86]), where the two Bragg lasers were
detuned close to resonance. Every SLi atom has two degenerate ground states, labeled as |F =
1/2,my =1/2) and |F =1/2,my = —1/2). In this experiment, the CMTM method was applied
so that ¢y time after turning off the confinement potential a light absorption image was taken
of the atoms in state |[F' = 1/2,my = 1/2). The imaging laser frequency was then rapidly
switched and a second image was taken of atoms in state |F' = 1/2,m; = —1/2), time ¢} after
the first. Taking separate images of each spin state at different times allowed them to measure
the differential center of mass cloud displacement (from which App;age can be calculated), which
is insensitive to fluctuations in the trap position, and the order of the images.

Unfortunately, such measurements were not yet performed for atoms with SU(NV) spins (e.g.
the ™3YD isotopes with SU(6) symmetric nuclear spins mentioned in Sec. 1.1.3).

4.2 S3(k,w) of the mean-field hopping Hamiltonian

The S%(k,w) of Eq. (4.5) can be calculated exactly for the mean-field hopping Hamiltonian
HMF of Eq. (2.6), for any hoppings t;j, which will serve as comparison with the Gutzwiller
projected case (allowing us to interpret the Gutzwiller projected results), and also as a guide for
building the Gutzwiller projected particle-hole excitations in section 4.3.

The exact ground state of the noninteracting M is the Fermi sea |GS) = |FS), (see Eqgs. (2.8)
and (2.27)), and the exact excited eigenstates |f) are particle-hole excitations

fli+q7b’,ofq,b,cr’7TFs>’ (4.7)

where a particle of flavor o and wave vector q is transferred from an occupied band of the Fermi
sea with band index b, to one of the unoccupied bands with band index V', to wave vector k +q.
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In Appendix I (see also Ref. [II.]) we derive the simple formula

2
. 1 . .
Svie(k,w) = N Z Z Z MOty sVabs| X 0 (w—ep(k+q)+ep(q))
5 qerBZ b,b’ se{A,B...}
ey (k+q)>er
ep(q)<er

(4.8)
where the complex numbers vq ;s are the coeflicients of the band eigenstates { chl bo|0)} in the

site basis {f$7s,g|0)} (see Eq. 2.27), normalized as Y, |[vgss|> = 1. The Dirac delta in Eq. 4.5
implies w = Ky — Egs, where both Ey and Egg are sums of the filled one-particle energies, and
they differ only due to the particle-hole excitation of Eq. (4.7), implying w = ey (k + q) — &5(q).

For the m-flux HMF introduced in sections 2.3.1 and 2.3.2, the exact ground state is the
|7F'S), where only the two-fold degenerate lowest band is occupied (see Egs. (2.26) and (2.31)).
As mentioned in sections 2.3.1 and 2.3.2, the 7-flux HM¥ has a quadrupled unit cell (see Fig. 2.1
(a) and (c)), implying that one-particle spectrum is periodic in the reduced Brillouin zone (rBZ),
which is a quarter of the original Brillouin zone, as shown in Fig. 4.1 (for details see Appendix H).
However, the SU(N) Heisenberg Hamiltonian (1.18) does not break any symmetry of the lattice,
therefore the wave vector k in the associated S**(k,w) in Eq. (4.5) has to be in the extended
Brillouin zone of the lattice, as argued in section 4 and Appendix H. To be able to compare the
Saa(k,w) of the m-flux HMF and the S (k,w) of the SU(N) Heisenberg Hamiltonian (1.18),
the wave vector k has to be in the extended Brillouin zone in both cases. Consequently, even if
q € rBZ, k+q will be in the extended Brillouin zone. Since the one-particle spectrum is periodic
in the rBZ, we can turn back the k + q to the rBZ by adding a reciprocal lattice vector Q as
k+q+ Q € rBZ, as explained in Appendix I.

The Siia(k,w) will be gapless due to the term § (w — ey (k + q) + €5(q)), since in the ther-
modynamic limit ey (k+q) = 5(q) when a particle is excited from the top of the Fermi sea (with
b € {1,2}) to the bottom of the Dirac cone in the second band (b’ € {3,4}) (see Figs. 2.1(b),
2.1(d), and 6.2(d)). This happens not only at the relative wave vector k = (0,0) € eBZ (the T
point), but also at the M, M’, and I points of the eBZ, because when turned back to the rBZ,
these are equivalent to k = (0,0) € rBZ, which we will call the I'yjp point (the centers of the red
hexagons in Figs. 4.1(a) and (b), all of which host Dirac Fermi points).

4.3 Variational method: Gutzwiller projected particle-hole exci-
tations

Let us consider first translationally symmetric mean-field Hamiltonians (0-flux case) and Bra-
vais lattices (with one basis site per unit cell), like a one-dimensional chain, the two-dimensional
square and triangular lattices, so we don’t have to carry the sublattice (or band) indices.

4.3.1 Translationally invariant mean-field ansitze on Bravais lattices

Following Refs. [88, 89, 90|, as an analogy of the mean-field particle-hole excitations of
Eq. (4.7), we can define the Gutzwiller projected particle-hole excitations as

K, q,0) = Pefi, o o faolFS). (4.9)
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We can rewrite these states to real space using Eq. (2.27) (which has only one band now, with
Vg1, = 1) as

1 , o
PeliraolaslFS) = 5 3 R W Paf o fry o IFS) (4.10)
R,R/

N
1 i(k R _—iqR’ t
~ Ne T aReTialt | (HSlat{j”}> PG fRolr o)

R,R’ T o=1

where in the second line we have substituted the real space expression of |FS) from Eq. (2.10).
This expression shows us that the configurations |z) giving non-zero weights are those which
have one hole at R and two fermions at R/, so that |2/) = f;{, »JRr »|7) has only singly occupied
sites, otherwise the Gutzwiller projector would kill |z').

Eq. (4.10) also explains why we can not have excitations like fli o fq,0Pc|FS) since these
would have terms like f;r{ oJr o Falz), where Pglx) is a product state of singly occupied sites,
so the f;{ +Jr’ o Falz) have a doubly occupied site at R, and an empty site at R’. Consequently,

the state fE’UfR,7UPglx) violates the single occupancy constraint (2.5), implying that the Hilbert
spaces of fermions and SU(NV) spins would not be mapped to each other in a one-to-one corre-
spondence.

If the mean-field ansatz is stable (the interactions between the fermions are short-ranged
and weak), then the Pg|FS) and the above-defined excitations are expected to give a good
approximation of the low-energy excited eigenstates of the Heisenberg Hamiltonian (1.18). In
other words, the real ground state and its lowest energy excitations are expected to be similar
to the Gutzwiller projected mean-field ground state, and its Gutzwiller projected particle-hole
excitations. However, this qualitative similarity is not expected to give quantitatively perfect
answers, since the fluctuations can cause small changes even if the mean-field ansatz is stable.
Still, the existence and location of the gapless towers in the dynamical spin structure factor
allows the identification of a gapless quantum spin liquid.

Although we call the states in Eq. (4.9) excitations, these states are not eigenstates of the
Heisenberg Hamiltonian (1.18), they are not even all linearly independent. However, in §%*(k, w)
of Eq. (4.5) the |f) must be eigenstates of the Hamiltonian. We can construct approximating
eigenstates, by projecting the Heisenberg Hamiltonian onto the subspace of these Gutzwiller
projected particle-hole excitations as H = (k, q, o|H|k', ¢, o’), and solving the generalized eigen-
value problem H|f) = Ef@\f>, where O = (k, q,0|k/,q’,0’) is the overlap matrix (it appears
because the states |k, q, o) are not orthonormal). These |f) are only approximate eigenstates of
‘H because the subspace of the states |k, q, o) is not closed under the action of H.

We can project the Hamiltonian on a different set of states without changing the energy
eigenvalues Ey or the spectral weights, provided that the new set of states span the same subspace
as the |k,q,0). In other words, transforming the Hamiltonian and the overlap matrices by a
unitary operator U does not change the eigenvalues F, and the eigenstates | f) are simply rotated
as U|f), since UHU'U|f) = E;UOUU|f). If the H and O matrices are evaluated exactly,
we obtain exactly the same eigenvalues Ey and spectral weights for any set of states spanning
the same subspace. Therefore, instead of projecting the Hamiltonian to the states |k, q, o), we
can project it to the real-space states

IR,R',0) = Poff o fr ,|FS). (4.11)

as H = (R, R’,g|7—[|R, R’,Na’) with O = (R, R/, 0|R,R/,¢’), and solving the generalized eigen-
value problem H|f) = E¢O|f) for these matrices. The unitary transformation connecting these
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states with the previous ones can be read off from Eq. (4.10) to be

|k q,0 N Z iktq)R 7;QRI|:R'7 Rl70>' (412)
RR’

Following Ref. [91], we can project out the eigenstates of the translation operator from the
states |R, R/, o), using the projector

1 ik-R’
e Tr/, 4.13
e & T )
where Tr/ = T?ITQRQ is the translation operator translating by the Bravais lattice vector R’ =

Ria; + Rbay, while Ty and T translates by the primitive vectors a; and ag, respectively. This

projector projects a state to the eigensubspace of the translation operator Tgr with eigenvalue
efz'k-R

, since
ik-R’ ik-R’ ik-(R'—R —ik-R ik-R/
TrY MR =Y R Tp g =Y ¢k ® BT, = > MR TR,
R/ R/ R/ R/

(4.14)
where in the third step we changed the summation variable to R’ = R’ + R. Consequently,
applying this projector on the real space state |R,0,0) of Eq. (4.11) results in an eigenstate of
the translation operator, with the hole and the doubly occupied site being separated by R, as

kR, o) MR TR Pa fih o fo 0| FS)

€ZkR TRI‘R 0 J
ﬁZ
R/

Zezk R/PGTR’fRU TR/f070_TI_{}TR/’FS> (415)

\/NT;

Z e PGfR+R' fR' Tr[FS) = et PfoT1+R',afRf,o—\FS>=

= e
vz X

where in the second row we used that the Pg commutes with Tr (as argued at Eq. (2.13)), and
in the last step we used that the |FS) inherits the symmetries of HM¥, which is supposed to
be translationally invariant in this section. These states are connected to the original ones as
k,q,0) = \/7 S p TRk R, o). This relation does not hold for the 7-flux ansatz, because

the 7 flux Fermi sea is not translationally invariant (the |7FS) is discussed in section 4.3.3).

The Heisenberg Hamiltonian (1.18) does not change the eigenvalue of the translation operator
because it is translationally invariant. Therefore, if the Hamiltonian and the overlap matrices
were calculated exactly (which we will call the exact variational method, see Appendix J), then
they would be exactly block diagonal in k as H = (k, q, o|H|K, ¢, 0") = S (k, q, o |H|K,d', o)
and O = (k,q,0|k,q,0") = Sk, q,0lK,q, o’) and similarly for the [k,R,0) states. The
states |R, R/, o) would not yield block diagonal # and O, but they give the same results. How-
ever, if the H and O are evaluated by Monte Carlo sampling (which we will call the Variational
Monte Carlo method, see Appendix J), the Hamiltonian and the overlap matrices will not be
perfectly block diagonal, the matrix elements connecting subspaces with different wave vectors
(which should be zero) will be of the order of the Monte Carlo error. We can significantly reduce
the errors of the Ky and the spectral weights, if instead of solving the generalized eigenvalue
problem for the full Hamiltonian and overlap matrices as H|f) = E;O|f), we solve it separately
for the block matrices H¥ = (k, R, o|H|k,R’,0’) and O% = (k, R, 0|k, R/, 0’) as

HEfX) = EYOM| %), (4.16)
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since this trick eliminates the Monte Carlo errors connecting subspaces of different wave vectors.
This way, the eigenstates {|f)} are separated into the eigensubspaces of the translation operator
exactly, which is useful because the eigenstates giving non-zero overlaps in (f|7?|GS) are those
having wave vectors k (as explained in Section 4.3.4). This is why the states |[R,R’, o) are less
useful in the VMC method since they produce much bigger Monte Carlo results.

4.3.2 Translationally invariant mean-field ansitze on non-Bravais lattices

For a non-Bravais lattice (where the number of basis sites in the unit cell is larger than one),
like the honeycomb (Np = 2) or the kagome lattices (Ng = 3), the states |k, R, o) and |[R, R/, o)
get additional sublattice indices as

R, R, 5,5.0) = Paff , . Jr50FS), (4.17)
and
1 R
k,R,s,5,0) = > e R TRPofE o fr 50 FS) (4.18)
VNG %
1 ik-R’ T
- Ze PGfR+R’SUfR’ §0TR/‘FS>7 (419)
VNG %

where again Tg/|FS) = |FS) for a translationally invariant HMY.

The states |k, q, o) would in principle acquire band indices as |k, q, b, b, o) although we have
not tried using them.

The way to calculate the spectral weights |(f|T32 Po|7rFS)|? for $33(k,w) is discussed in Ap-
pendix K.

4.3.3 m-flux mean-field ansitze

If the mean-field Hamiltonian is not invariant under some translations (as the m-flux M),
then the Tr/|FS) # |FS) for some R/. In this case, Eq. (4.19) becomes more complicated. The
trick (used in Refs. [92, 93], but explained only in Appendix F.3 of the thesis
https://hdl.handle.net/20.500.11767/103865) is that if the HMY is invariant under the combined
transformation G, Tre for any R/, then |FS) inherits this invariance, meaning G, Tr/[FS) =
[F'S) for any R’ (the G, is specified in Appendix E). Furthermore, as argued in section 2.4.1
the Gutzwiller projection eliminates any Gauge transformation (in the sense that it converts it to
an unimportant global phase ¢¥), so we can insert Gy, right before applying Pg in Eq. (4.19)
as

kR, s,5,0) (4.20)

1 I
R /NC Z elk & TR/PGfI];,s,UfO,E,U|7TFS>
R/

ZTN—Cew %: e PG, TR IR 5.0.f0,5.01TFS)

ety A L L
,—NC Z €Zk R PG GTR/ TR/ fl&,s,aTR}GTé, GTR’ TR’f07§7gTR} GTI}L’ GTR’ TR’ |7TFS>
R/

~
DT (R+R/,s) ¢ e (R’,g)f |7FS)
€ R+R/,s,0 € R/,5,0

v

e KR’ it (R+R/,s) —idr  (R'\5) ot
NC Z 61 e TR/ e TR/ PGfR+R’,s,UfR’,§,o|7TFS>’
R/


https://hdl.handle.net/20.500.11767/103865
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where the additional phases TR (BARLS) =107, (RYS) 10 out to be plus minus signs (specified
in Eq. (E.10) of Appendix E) for the 7-flux ansitze Ref. [IL.], and the global phase €¥¥ can be
left off for convenience.

4.3.4 Transformation properties under the action of the SU(N) spin opera-
tors

The spectral weights |(f|T%|GS)|? appearing in Eq. (4.5) are non-zero only if the states |f)
transform under the same irreducible representation as the T)¢|GS).

The T2|GS) is the eigenstate of the translation operator Tgr with eigenvalue e %R since
TrIE|GS) = F Z M BIOITR TR, TR TRIGS) = F Z e (®H0)TE 1 ,|GS)
IGS)
1 LB .
i Y RIRIGITE |GS) = e R RTYIGS), (4.21)
" Rys

where we supposed that the ground state is translationally invariant Tr|GS) = |GS), as expected
from a quantum spin liquid, and we changed the summation variable to R = R + R’.

The translation operators Tr form a commutative group, which has only one-dimensional
irreps labeled by k, where the 1 x 1 matrices representing the translation operators are the
eigenvalues e KR Therefore, the initial statement of this section can be rephrased as the
eigenstates of Tg with different eigenvalues (different k) are orthogonal to each other.

Thus, in the spectral weight |(f|7}¢|GS)|?, we project out the eigenstate of Tr with eigenvalue
e~ R from | f). Therefore, it is reasonable to construct the states | f) as eigenstates of Tg, which
is exactly what we achieve by solving the generalized eigenvalue problem HX|f¥) = Elf‘()k\ X

(4.16) for the block matrices #¥% and OF. In principle, we could solve the generalized eigenvalue
problem H|f) = EO|f) for the full Hamiltonian and overlap matrices even in the real space
basis |R, R/, o) of Eq. (4.11), since the eigenstate of Tg is projected out anyway, but this would
increase the Monte Carlo error.

Furthermore, as explained in Appendix A.6, the states T)?|GS) transform under the N 21
dimensional adjoint representation of SU(N), meaning that the action of the total spin operators
on these states is equivalent to a matrix multiplication

N2-1
TETE|GS) = Z e, T¢|GS), (4.22)

where the (N2 — 1) x (N? — 1) matrices I'¢ ) = ifabe represent the total spin operators T in
the adjoint representation (fup. are the structure constants in Eq. (1.19)). Consequently, the
spectral weight |(f|T2|GS)|* will be non-zero only if there is a part in |f) which transforms
under the same irrep. Here we will argue that the Gutzwiller projected particle-hole excitations
fl]; \Riso fR,’§’5|7TFS> transform under the adjoint representation, implying that the states |f)
transform the same way, since they are linear combinations of the formers.

The |7FS) transforms as an SU(V) singlet, the set of fermionic creation operators { f;{ LR,
{1...N}} transforms under the fundamental representation (here we will denote it as N), while

the set of fermionic annihilation operators {fg, ; ;|0 € {1... N}} transform under the conjugate
representation at site r = R’ + 5 (here we will denote it as N). Therefore, the set of states
{f;rHR',s,afRzg,&’WFSHU’5 € {1...N}} transform under the reducible representation N ® N
(note that here we allow for different o and &, unlike in Eq. (4.20)). This reducible represen-
tation can be decomposed to irreducible representations as N @ N = 1 @ (N2 — 1), where 1

UO'G



50 CHAPTER 4. DYNAMICAL SPIN STRUCTURE FACTOR

denotes the one-dimensional SU(N) singlet, and N2 — 1 the adjoint representation (for an ar-
gument using the Young tableau see Fig. A.1(c)). The meaning of this decomposition is, that
we can form linear combinations from the states { fR ‘R solR 55 TES)|0,0 € {1... N}} which
transform either under the SU(IV) singlet or under the adJomt representatlons Ref. [I |. The state
transforming as a singlet is simply Zi_vzl fE{+R’,s,afR',§,a‘7rFS>7 while as argued in Eq. (A.39) of
Appendix A.6.3,

N2-1 N
TT Z )\ ’flJ:f{-i-R’,s,afR’,s’,o“ ’WFS> = Z F(Cl,b Z )\S,U'f;l+R’,s,afR’,s’,a/ ’ﬂ-FS>’ (423)
o,0'= c=1 o,0'=1

so the states transforming under the adjoint irrep are {Z oo=1 GUfRJrR, solrs55/TFS)|a €

{1...N? —1}}, where A% ; are the N x N matrices representing the SU(N) spin operators in
the fundamental representation. When calculating the structure factor S**(k,w) for a given
a, the spectral weights |(f|7¢|GS)[* will be non-zero, only if the states |f) also transform
under the adjoint irrep, which is ensured if they are formed from the linear combinations of
foazl )\gﬁf;{JrR,’s,UfR,’g’&|7TFS> for the same index a. However, these linear combinations are
formed during the solution of the generalized eigenvalue problem, so we don’t need to deal with
them. For the diagonal generators satisfying )\gp, = 05,0'\g » (Where a can be any of the N — 1

indices of diagonal generators) the states

N
(N? - 1),,k,R,5,8) = > M|k R,s,50) (4.24)

o=1

Lo RAR's) —i R'5
ezk R 61¢TR/( S)e Zd)TR’( 5) AZ’UPGf;JrR/,s’UfR/,g’a‘|7I-FS>

1
Y NC R/,o

transform under the adjoint irrep (since they are linear combinations of the states
ZN >‘o' UfR—i—R/ s O'fR’ 5 U|7TFS>), while the state

N
11,k,R,s,5) =) |kR,s,50) (4.25)

transforms as the SU(N) singlet irrep. For example, in the SU(3) case, the diagonal generators
are

1 0 0 1 1 0 0
M=10o -1 0|, X=—72|01 0 (4.26)
0 0 O V3 0 0 -2
(see Appendix A.3), so we have the states
N
(N*-1)3,k,R,s,5) => (kR,s51) - kR,s,5,2) (4.27)
o=1
and
A}
N?Z_-1)5.kR,s,5 =) — (kR,s51) +kR,s52) —2kR,s,53)). 4.28
I( )g )= 7 (I )+ ) — 2| ) (4.28)
Projecting the Hamiltonian onto the subspaces of these states as
ﬂklNz—Ua = <(N2 —1)4,k, R, 5,5/H|(N? - 1),,k, R, s, ), (4.29)
Ok(N = ((N2-1),,k,R,s,5/(N?2 - 1), k, R, ¢,5),
Hk15<1 k,R,s,5/H|1,k R/, s, 5),
O%! = (1,k,R,s,5]1,k, R, §,7),
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where
0=((N%?-1),,k R,s,5H|1, kR, s,5) and 0 = (N? —1),,k, R, 5,51, k, R/, s',5), (4.30)

not only reduces the sizes of these matrices, but also allows us to separate the approximating
cigenstates | fX) and their energies E}f into subspaces of these irreps, by solving the generalized
eigenvalue problems separately as

. B
k(N 1)a’f&_271) ) = Ef N?_1), Ok(N 1)a|fN2 1. >and

) = Ef 00N f). (4.31)

Due to the SU(N) symmetry, the matrices HeMN* Do and OFMN*~Da gre equal (up to
the Monte Carlo error) for every diagonal generator, so we can reduce the Monte Carlo errors
by averaging these matrices, and solving the generalized eigenvalue problem for the averaged
matrices

~ 1 ~ 2
ooy 1 ZHk,(N ~1),
N -1

Ok (N?-1) Z Ok (N (4.32)
(4.33)

For example, in the SU(3) case, PR (N?-1) % <7—~lk’(N2_1)3 +7:lk7(N2_1)8> and OR(N*-1) —
L (@k,(N2—1)3 _|_C7)k,(N2—1)3).

4.3.5 Calculation of spectral weights |(f|7}¢Pg|GS) for diagonal SU(N) spin
operators

Solving the generalized eigenvalue problem of Eq. (4.16) and Eq. (4.31) gives the approxi-
mating eigenstates

|fk Z ARssa|k7R’5’§?U>’ (434)
R,s,5,0
and .
fhan) = D Anese PIN? = 1)k R, s,5,0), (4.35)
R,s,5,0

respectively. Either of these can be used for the calculation of the weights, as will be outlined
below. However, the construction of these states is not so simple, since the generalized eigenvalue
problem requires the overlap matrix to have only positive (non-zero) eigenvalues, which is not
true, because not all |k,R,s,s,0) are linearly independent, resulting in 0 eigenvalues of the
overlap matrix. This issue can be resolved in a way explained in Appendix (K). In this subsection,
we suppose that this issue was already resolved and have constructed the states | %) or | f(lj\lz_lh).

Following Ferrari et al. [91] and using Eq. (4.6), we can write:

TEPg|FS) = M RIS, PG|FS)

FR,

, 1
ik (R/+85) t '
\/7 R’,s ¢ P 5 (fR’,s,lfR’,s,l - fR/7572fR/7572) |FS>

Zelkd (k,R=0,s,51) - [k,R=0,s,s,2)),

2F
FZ e (N2 —1)3,k,R = 0,s,s) (4.36)
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where in the second row we used that [Tﬂ,ﬁ, Pg] = 0 on any site (see Eq. (2.15)), and we wrote
R = 0, since in the definition of the states |k, R, s,5,0) the R (4.20) is the the relative Bravais
lattice vector separating the fermionic operators flT;L AR50 fR',g,g- Consequently, the overlap in
the spectral weights for $33(k,w) can be expressed as

1
2v/Np

1 k-5 k Ak Nk
= 2\/N73 zs: e 0 Z (AfR”S/,g/J/)*(OR’,S’,E’U’;O,S,S,I - (OR’,S’,E’U’;O,S,S,2)

(f<| T3 P& |FS) Y ek (<fk|k,R —0,55=s5,0=1)— |k, R=0,55=s,0= 2))

R’,s',5 0!
1 . 2 ~ 2
_ ik-ds ka»(N 1)3 * kv(N 1)3
" 9./N Ze Z (AR'7S’,§’,U’ ) OR’,S/,E’O'/;O,S,S,P (437)
B R/,s',5 0’

where the states are ordered in some way, so the R/, s’,5'0’ corresponds to an index ¢ and
the 0, s,s,1 corresponds to another index j so that @Iﬁ, = (7);‘7] To get the correct
spectral weights for S33(k,w), we normalize it to satisfy the sum rule given in Eq. (6.2). The
normalization is needed, because the approximating ground state Pg|FS) is not normalized (|F'S)
is supposed to be normalized, and the action of the Pg decreases its norm). Analogous equations
hold for the spectral weights of S (k,w) for any diagonal generator 7.

To reduce Monte Carlo errors we can solve the generalized eigenvalue problem for the aver-
aged Hamiltonian and overlap matrices of Eqgs. (4.33), which yields more precise approximating
eigenstates analogous to Eq. (4.35) and more precise spectral weights as in Eq. (4.37).

! gl !
,s',5'07;0,s,s,1

Summary

In section 4.2, we presented the formula for the calculation of the mean-field dynamical spin
structure factor, dervied in Appendix I. In section 4.3, we introduced the dynamical variational
Monte Carlo method developed in Ref. [90] for the SU(2) case, which makes use of Gutzwiller
projected particle-hole excitations of the Fermi sea. In section 4.3.3, we have constructed the
Gutzwiller projected particle-hole excitations for the m-flux ansétze, which contains additional
gauge phases (presented in Appendix E) relative to the 0-flux case. In section 4.3.4, we gave a
group theoretical argument on why this method can be used for the calculation of the dynamical
spin structure factor for the SU(NN) Heisenberg model with arbitrary N.



Chapter 5

The S%(k,w) of the SU(3) Heisenberg
chain

The SU(3) Heisenberg chain is defined by the Hamiltonian

N J Ns 1
H = JZT'L -Tip1 = JZ ZT“ ﬁ&-l Z (Pi,i+1 — 3I> , (51)

i=1 i=1 a=1 i=1

where we set J = 1 below. The model is exactly solvable in the fundamental representation with
Bethe ansatz and it can be simulated with Density Matrix Renormalization Group (DMRG)
method and quantum Monte Carlo methods without sign problem. Its critical field theory is the
SU(3)1 Wess-Zumino-Witten model [94]. The ground state of the SU(3) Heisenberg chain in the
fundamental representation is well approximated using the Gutzwiller projected Fermi sea of the
uniform hopping Hamiltonian

L 3
:tZZ(fJU l+10 +1cr za) Z2tCOS fkgfka, (5.2)

i=1 o=1 ka e(k)

as was shown by comparing the variational energy per site with Bethe ansatz, and the static
structure factor with quantum Monte Carlo simulation in [95].

Here besides ground state properties, we also calculate the dynamical structure factor $3(k, w)
of Eq. (4.5) at T'= 0, and compare it with exact diagonalization (ED), Bethe ansatz, DMRG,
and conformal field theory (see Ref. [L.]).

First, we calculated the S33(k,w) for a chain of length Ny = L = 18 sites by exact evaluation
of the Hamiltonian and overlap matrices HR R/, and (’)R oR/ o (exact variational method, see
Appendix J). The result is shown in Fig. 5. 1( ) together with the dynamical structure factor
calculated by exact diagonalization (ED), with the help of the standard Lanczos algorithm [96].

The lowest energy excitations are located at wave vectors k = 0 and k = +27/3, which
can be understood from the 1/3 filled one-particle spectrum e(k) = 2t cos(k) of the mean-field
Hamiltonian (5.2) shown in Fig. 5.1(e), where a particle is hopped from the highest energy
occupied state to the lowest energy unoccupied state. The relative wave vectors £k = 0 and
k = 42w /3 of these particle-hole excitations determine the locations of the low-energy excitations
in the mean-field case (see Fig. 5.1(c)). Eventually, in the variational calculation, we get the
low-energy excitations at the same wave vectors. With an increasing cluster size the available
one-particle states move closer to each other, so that the excitation energies of these particle-hole
excitations get smaller. Consequently, in the thermodynamic limit, the mean-field spectrum will
have gapless excitations at wave vectors k = 0 and k = +27/3. To see whether the Gutzwiller
projected spectrum is also gapless, we show the finite-size scaling of the gap A in Fig. 5.2, where
the convergence of LA(L) in the L — oo limit, shows that the gap closes. For these calculations,
we used the averaged Hamiltonian and overlap matrices of Eq. (4.33) to reduce the Monte Carlo
errors.

We also compared the S33(k,w) with the S®(k,w), and as expected from the SU(3) spin
rotation symmetry of the Heisenberg Hamiltonian, the two dynamical structure factors were in
perfect correspondence (72 and T® are the two diagonal SU(3) spin operators, see Appendix
A.3).
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Figure 5.1: (a) Comparing S33(k,w) for a chain of length L = 18 calculated using the exact
variational method (red) and by ED (blue). The area of the circles is proportional to the spectral
weights |(f|T32 Pc|FS)|? (red) and |(f|T|GS)|* (blue). (b) S*3(k,w) and S®8(k,w) for L = 72
calculated by VMC. The green background shows the two soliton continuum (k,w) = (g3, 33)
of the Bethe Ansatz solution, Egs. (5.4) and (5.5), in the thermodynamic limit. In (c) and (d)
we show the mean-field results for chains of lengths L = 18 and L = 72, respectively. (e) The
one-particle energy spectrum e(k) = 2tcos(k) of the uniform HMY in Eq. (5.2), showing how
the particle-hole excitations lead to gapless excitations (in the thermodynamic limit) at relative
wave vectors 0, 27/3 and 47/3 (equivalent to —2m/3). (f) DMRG results for $33(k,w) from
Ref. [97], showing that the distribution of the spectral weights at low energies is similar to that
in panel (b). The dashed lines show the boundaries of the two soliton continuum (5.5) of the
Bethe-Ansatz. The difference in the w spectra is due to different choice of exchange coupling
JoMmrc = V2J in Ref. [97]. Reprinted figure with permission from [Moritz Binder and Thomas
Barthel, Physical Review B, Vol. 102, 014447 (2020)| Copyright (2024) by the American Physical
Society.
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Figure 5.2: Finite-size scaling of the gap A at the

5 , , , , , k = 27/3 multiplied by the chain length L, as a

exact Variaﬁo‘f;ﬁ % function of 1/L. The blue circles show the ED

a5k VME = g gap, the exact variational results are shown with
/Bf_' 9e 2 2 . black crosses, and the VMC results with black
21 JL }¥ + X 1 lines with error bars. The convergence of LA to
= % a finite value in the L — oo implies that the gap
a5k ] closes, since if the gap remained finite, LA would
diverge. The arrow points to mnuga = 4m2/9,

, . . . . . the exact value in the thermodynamic limit using

0 002 004 006 008 0.1 0.2 n = 4/3 and vgs = 7/3, the velocity from the

1L Bethe Ansatz, Eq. (5.7).

We can compare these results with mean-field calculations in Figs. 5.1(c) and (d), where
Eq. (4.8) simplifies to

1
Siie (k,w) = Y > d(w—elk+q) +e(q) (5.3)
e(g)<er
e(k+q)>er

since in the uniform hopping Hamiltonian the eigenstates are simply fli, »|0) and there is only
one band (so vy 11 = 1 in Eq. (4.8)). Eq. (5.3) shows that every excitation has equal spectral
weights, and the excitation energies are simply the differences of one-particle energies w = (k +
q) — e(q). Thus, we expect every circle in Figs. 5.1(c) and (d) to have equal area. However,
certain excitations are degenerate, so their areas sum up. The effect of the Gutzwiller projector
is to shift the spectral weights towards lower energies (giving a much better agreement with ED),
and lowering the range of the excitation energies (the range of w/J in Fig. 5.1(a) is lower than
the range of w/t in Fig. 5.1(c)).

Next, using the VMC method discussed in the previous section and in Appendices J and K,
we calculated the $33(k,w) and S®(k,w) for a chain of length L = 72, shown in Fig. 5.1(b) (the
difference between S33(k,w) and S®(k,w) is barely noticeable). The results can be qualitatively
compared with mean-field theory (shown in Fig. 5.1(d)), DMRG calculations of Ref. [97] (shown
in Fig. 5.1(f)), and with Bethe-Ansatz results (shown as the background in Fig. 5.1(b)).

The elementary excitations from the Bethe-Ansatz solution are two types of solitons, the
3 and the 3, denoting the fundamental and the conjugate irreps of SU(3), respectively, with
dispersions

eg(k) = 3\[ [ 85 —co8 (k’—l— g)} , 0<k< 4?77 , (5.4a)
ez(k) = [ (g ) — cos g} , 0<k< 2% , (5.4b)

in the thermodynamic limit [98]. The two-soliton continuum shown in the background of
Fig. 5.1(b) is spanned by

qd33 = k3 + kﬁ s (55&)
33 = 3(k3) +e3(k3) , (5.5b)

where kg € [0,27/3] and k3 € [0,47/3]. The solitons with £3(k) correspond to particles, and
those with e3(k) are analogs of holes. As mentioned in Sec. 4.3.4, particle-hole excitations
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(including those changing particle flavor like fli ‘a0 fq,g,|FS>) provide a basis for the reducible
representation 3 ® 3, just like the two soliton excitations discussed above.

The interactions between the flavorons fli +qu o [TFS) and the antiflavorons f ,  [7FS) are
hidden in the fluctuations beyond the mean-field solution (B). These interactions could make the
mean-field ansatz unstable, and open a gap. However, from the Bethe-Ansatz solution we know,
that the spectrum is indeed gapless, and the gapless excitation towers are at the same wave
vectors as in the mean-field calculations. Therefore, we conclude that the interactions between
the flavorons and antiflavorons are weak (they are almost the true quasiparticles of the SU(3)
Heisenberg chain), and the simple hopping Hamiltonian (5.2) yields a stable quantum spin liquid
Pg|FS).

Overall, the low-energy spectrum is in good agreement with ED, Bethe-Ansatz, and DMRG
results as well, with the exception of the missing arc around k = m, which would correspond
to two particle-hole excitations in the variational approach and four-soliton excitations in the
Bethe-Ansatz (shown with ws(k) in Fig. 5.1(f)). However, the DMRG results in Fig. 5.1(f) show
that the spectral weight of the four soliton excitations is much smaller than that of the two soliton
excitations, and the distribution of the spectral weights is also similar to those in Fig. 5.1(b) at
low energies.

We would like to remark that the correspondence would not be so good in the SU(4)
Heisenberg chain, which has 4 gapless excitation towers, at k € {0,7/4, 7, 37/4} (see Ref. [99]
Fig. 3.(b)). Three of these at (k € {0,7/4,37/4}) can be reproduced with single particle-hole
excitations of the 1/4 filled Fermi sea, similar to those shown in Fig. 5.1(e), but the tower at
k = m would require two particle-hole excitations. This can be understood as hopping a particle
from one edge of the Fermi sea to the other produces a relative wave vector 7/2, while hopping
two particles gives an excitation of a relative wave vector /2 + 7/2 = 7.

In contrast, the two particle-hole excitations of the SU(3) model do not create new gapless
towers, because hopping two particles from the same edge results in an excitation of wave vector
27 /3 + 27 /3 = 4m /3, which is equivalent to —27/3.

5.1 The low-energy structure of a tower

The SU(3); Wess-Zumino-Witten conformal field theory determines the finite-size scaling of
the spectral weight of the lowest energy peak in a tower as S0 o L=1/3 and the ratios of
the spectral weights of the lowest energy peaks as S(1:0)/§(0.0) = §(0.1) /5(0.0) — §(1.1) /5(1,0) —
S /501 = 9/3 and §(20)/50.0) = §(0.2) /§(0.0) — 5/6 in the thermodynamic limit (for the
notation of the peaks see the inset of Fig. 5.3(a)). The variational approach fails to reproduce
the scaling of the lowest peak, as we observe S(00) oc L=1/4 (see Fig. 5.3(a)), but this does not
contradict the stability of the quantum spin liquid Pg|FS) because even the weak interactions
between the flavorons and antiflavorons may modify the exponents. Surprisingly, the ratios
5(1.0) /5(0.0) ~§(0.1) /5(0.0) - §(20) /5(0.0) " and §(02) /§(:0) approach the correct results (as shown
in Fig. 5.3(b)), but the ratios S(1 /§1.0) and §D /SO seem to be wrong.

Finally, we calculate the central charge ¢, which characterizes the universality class of the
model. According to the conformal field theory [100, 101, 102| , the finite-size scaling of the
ground state energy is given by

E(L) = Le* — 6lch , (5.6)
where c¢ is the central charge and v is the velocity of the excitations, and > = limy_,o, E(L)/L
is the ground state energy density. Bethe-Ansatz provides exact results (see Ref. [98]) for both
the velocity

vBA = g ~ 1.0472 (5.7)



CHAPTER 5. THE S3(k,w) OF THE SU(3) HEISENBERG CHAIN 57

1 . . . . .
0.18 " " ED o ] ' SO0 1oy §10y500) 1o
’ exact variational X 5(0.2),5(0.1) §(20)/5(1.0) g
VMC —— 7] S0 o SLD/SOD 1oy
0.16 A
506 F .
S . Fla =
g 0.14 S B g
= s B8
7 2/3 éb@@ ® c
L oo g i
0.12 ®
® 9 g
g@g g o §
¢ o g
01 1 1 1 1 1 1 1 1 1/2 1 1 1 e 1
10 20 50 100 0 0.02 0.04 0.06 0.08 0.1
L 1/L

Figure 5.3: (a) The log-log plot of the finite-size scaling of the lowest peak S(9) (at wave vectors
+27/3), shown in the inset. The variational means the numerically exact and the VMC the
Monte Carlo evaluations of the H¥ and O¥ matrices in Eq. (4.16), (explained in App. J). Unlike
the exact diagonal (ED) calculations, the variational results seem to follow an L~/ scaling
(the purple line is a guide to the eye), instead of the L~/3 behavior known from the SU(3);
Wess-Zumino-Witten conformal field theory [94] Ref. [I.|. Note the slight downward bending of
the ED data suggesting that the exponent is indeed smaller than —1/4, tending toward —1/3.
(b) The ratios of the spectral weights of the lowest energy peaks should approach the values
§(1,0) /§(0.0) — §(0.1) /5(0.0) — 2/3 and §20)/5(0.0) = §(0.2) /5(0.0) — 5/6 determined by the
SU(3)1 Wess-Zumino-Witten model [94], Ref. [I.]

and the ground state energy density

1 In3
e =-— 1% 0518273 (5.8)

3 6V3 2

in the thermodynamic limit.

The velocity v can be calculated from the dynamical structure factor of the Gutzwiller pro-
jected particle-hole excitations as the slope Aw/Ak of the continuum at & = 0 in the ther-
modynamic limit. In Fig. 5.4 we show the finite-size scaling of the slopes, and the fitting of
the quadratic polynomial vayn(L) = Vgyn bdynL_1 + cdynL_2 yields Ugyn ~ 1.0901 £38 - 1074,
bayn ~ —0.13 £ 0.02, and cqyn ~ —3.5 & 0.15, where vy differs from the exact value (5.7) only
with 4%.

To calculate the central charge, we also need the finite-size scaling of the ground state energy.
We plot the finite-size scaling of the variational energy E = (FS|PoH Pg|FS)/(FS|PgPg|FS) in

e S B TUMC O ] Figure 5.4: Finite-size scaling of the slopes

L12 | exact variational + Aw/Ak of the dynamical structure factor at
T k = 0, where Ak = 2r/L. The + markers
show the exact variational results, the squares

[ fit variational
LI O ED ©O
fit ED

3 1.08 the variation Monte Carlo results, and the cir-
BT cles the exact diagonalization results. We fit-
Vg, —f ted a quadratic polynomial on both the vari-
1041 ] ational, and the exact diagonalization results,
1.02 F ©3 to estimate the thermodynamic limit, which
N , , , , , ] is known to be /3 &~ 1.0472 from Bethe

0 002 004 006 008 01 012 Ansatz calculations [98].
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Fig. 5.5. To extract € and the product ve in Eq. (5.6) we fitted the function b — a/L? on
E/L, shown in Fig. (5.5). From this fit we get the ground state energy density ¢* = b ~
—0.516981 £ 2 - 1076 (with a relative error of 0.3%), and gvc = a ~ 1.1612 £ 3 - 1074, so
ve ~ 2.2178 + 6 - 1074 with a relative error of 6%.

Using Eq. (5.6), the velocity vy ~ 1.0901+8-107%, and the e* = b~ —0.516981+£2-1079,
we get ¢ ~ 2.034 + 0.002, which is within a relative error of 2% to the exact value ¢ = 2 from
the SU(3)1 Wess-Zumino-Witten model [94].

Summary

In this chapter, we computed the dynamical spin structure factor S33(k,w) of the SU(3)
Heisenberg chain with this method. We showed that the low energy spectrum and the distri-
bution of the spectral weights of the SU(3) Heisenberg chain can be well reproduced by this
method, comparing the S(k,w) to exact diagonalization results for 18 sites, to the two-soliton
continuum of the Bethe Ansatz, and DMRG results for 72 sites. Detailed analysis of the finite-
size effects showed that the method captures the critical Wess-Zumino-Witten SU(3); behavior,
and reproduces the correct exponent, except for the size dependence of the weight of the bottom
of the conformal tower. We also calculated the velocity of excitations, and the central charge,
which turn out to be very close to the exact results.

We conclude, that the Pgl) is a stable quantum spin liquid in the sense that the fluctuations
beyond the mean-field approximation are not strong enough to open a gap, as can be seen from
the Bethe-Ansatz solution. However, these fluctuations can modify the exponents, as seems to
be the case in the finite-size scaling of the lowest spectral weight S0
towers at ¢ = £27/3.

These results were published in Ref. [I.|, in which we also calculated the dynamical spin
structure factor of the SU(3) Haldane-Shastry model, which is special, because the Gutzwiller
projected Fermi sea is its exact ground state. Furthermore, we also calculated the single mode
approximation for both the SU(3) Heisenberg model and the SU(3) Haldane-Shastry model,
which gave a slightly worse approximation of the velocity of excitations than the slope of the
dynamical structure factor at k = 0. For brevity, we have not included these additional results
here.

o L~Y* in the gapless



Chapter 6

The S%3(k,w) of the SU(4) and SU(6)
Dirac spin liquids

In the case of the one-dimensional SU(3) Heisenberg chain, we saw that the spectrum of
Gutzwiller projected particle-hole excitations is a gapless continuum, where the location of the
gapless towers can be understood from mean-field theory. Thus, it is reasonable to expect that
the spectrum of the Gutzwiller projected particle-hole excitations will be similar to the mean-
field spectrum even in the two-dimensional case. In sections 2.3.1 and 2.3.2 we saw that the
one-particle spectra of the two-dimensional Dirac spin liquids are gapless, so we expect gapless
towers in the mean-field dynamical spin structure factors, similarly to the one-dimensional case.

The features of the $33(k,w) of the SU(4) and SU(6) Dirac spin liquids on the honeycomb
and kagome lattices are very similar, therefore we will discuss them together. The complica-
tion relative to the one-dimensional case is that $33(k,w) is periodic in the extended Brillouin
zone, while the mean-field band structure is periodic in the reduced Brillouin zone, as shown
in Fig. 6.1(c) (for an explanation see App. H). In the mean-field case, we expect gapless exci-
tations in the thermodynamic limit at all relative wave vectors connecting Dirac-Fermi points,
since these correspond to particle-hole excitations fli b fq7b]7rFS> from the top of the Fermi sea
(b € {1,2}) to the lowest unoccupied states at the bottom of the Dirac cone in the second band
(b € {3,4}), highlighted by the arrow labeled wyr, see Figs. 6.1(d), 6.2(d), and 2.1(d). These
relative wave vectors are all the I', IV, M and M’ points in the extended Brillouin zone.

However, in a finite-size cluster, the antiperiodic boundary condition shifts the available wave
vectors of one-particle states so that no particle can reside at the Dirac-Fermi point. Therefore,
in a finite-size cluster, the lowest energy excitations are not gapless. In the mean-field case,
the finite-size gap corresponds to the energy difference of the one-particle states closest to the
Dirac-Fermi point, see Fig. 6.1(d). As the available wave vectors move closer to the Dirac-Fermi
point with increasing system size, the finite-size gap disappears in the thermodynamic limit as
Ao N2

We show the $33(k,w) for the SU(4) and SU(6) Heisenberg models in Figs. 6.2(a) and 6.3(a),
respectively. The mean-field Syin (k,w) for the SU(4) and SU(6) models are shown in Figs. 6.2(b)
and 6.3(b), respectively. In all cases, we can recognize towers at low energies centered at the T,
I'Y, M, and M’ points in the extended Brillouin zones, at the same wave vectors where we expect
gapless excitations in the thermodynamic limit of the mean-field case. The shape of the energy
spectrum is similar in the mean-field and variational calculations, so it is reasonable to expect that
the variational results would become a gapless continuum in the thermodynamic limit, just as in
the mean-field case. However, the excitations have lower energies in the variational calculations
than in the mean-field results. We show the gapless mean-field spectra in the thermodynamic
limit of the SU(4) and SU(6) models in the backgrounds of Figs. 6.2(b) and 6.3(c), respectively.
The experimental observation of the gapless excitation towers at the I', IV, M, and M’ points
would indicate the stability of the Dirac spin liquid, the existence of fractionalized fermionic
quasiparticles and the existence of the mean-field quantum order.

Comparing the S32(k,w) and S33(k,w) in Figs. 6.5, 6.2, and 6.3, we can see that the
Gutzwiller projector shifts the spectral weights |(f|TPg|FS)|? towards the lower edges of the
continuum, relative to the mean-field spectral weights |(f|T{|FS)|?>. However, this difference
decreases with increasing N, as the distributions of the spectral weights in the SU(6) case are
almost identical for a 48 site cluster shown in Figs. 6.3(a) and (b). These results suggest that the
distribution of the spectral weights becomes identical in the large- N limit of SU(N') models in the

99
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Figure 6.1: (c) The mean-field band structure of the 7-flux HM¥ on the honeycomb lattice
(2.1) shown in the extended Brillouin zone (eBZ) (dashed blue hexagons). The band structure
is periodic in the reduced Brillouin zone (rBZ, shown with red hexagons), which fits multiple
times into the eBZ. There are Dirac Fermi points at the center of every rBZ. The solid arrows
in panel (c) show the gapless particle-hole excitations in the thermodynamic limit, a particle
hops between Dirac-Fermi points (from the tip of the lowest Dirac cone to the tip of the Dirac
cone above it). In panels (a) and (b), we show all Brillouin zones of the honeycomb and kagome
lattices, respectively (see App. H). In the thermodynamic limit of the mean-field calculations,
we expect gapless excitations in Sﬁ’/f’F (k,w) at all relative wave vectors that connect Dirac-Fermi
points (the centers of the red hexagons). These are all the ', I”, M, and M’ points of the eBZ.
Due to the anitperiodic boundary condition, in a finite size cluster, the available wave vectors for
one-particle states are shifted, so that no one-particle state is available at the Dirac-Fermi point.
The available wave vectors are shown with circles on the band structure in panels (c¢) and (d), for
a T2-site cluster on the honeycomb lattice. In panel (d), we show the lowest energy particle-hole
excitations in this 72-site cluster, where the particle is hopped from the highest energy occupied
state to the lowest energy unoccupied state. At the mean-field level, the excitation energy w is
simply the difference of the one-particle energies.
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Figure 6.2: The $33(k,w) calculated by VMC is shown in (a) and the mean-field Sii(k,w) of
Eq. (4.8) in (b), for Ny = 72, along the blue path in the extended Brillouin zone shown in (e). The
area of the circles in (a) and (b) is proportional to the spectral weights. The colors of the circles
and the background in (b) correspond to the colors of the bands of the one-particle spectrum of
Eq. (2.26) shown in (d), where the circles on the bands show the available one-particle states for
the 72-site cluster in the reduced Brillouin zone. In the Fermi sea, the lowest band is completely
filled and the higher energy bands are empty. Both the cyan and the yellow circles in (d) and (e)
show the wave vectors of the available one-particle states (shifted by the APBC), but only the
yellows are the closest to the Dirac-Fermi points located in the centers of every red hexagon (the
reduced Brillouin zones) in panel (e). The blue plusses and the red crosses in (a) and (b) denote
the lowest energy excitations with zero spectral weights transforming as the adjoint | f(k15)3> and

as the singlet | ff) representations (see Eq. (4.31)), respectively. The relative wave vectors on
the T} — M4 — I', path are shown with magenta circles in (e), which are not shifted by the
APBC. The mean-field peaks in (b) are degenerate on this path, because all these relative wave
vectors correspond to moving a particle between the wave vectors closest to Dirac points (marked
with yellow circles). (c) Comparison of the static structure factor S33(k) = [ S33(k,w)dw for
the projected (blue), mean-field (orange), renormalized mean-field (dashed green), and ED (red
diamonds, from Ref. [6]) calculations. The Monte Carlo errors in (a) and (c) are smaller than
the symbol sizes.
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Figure 6.3: (a) the S3(k,w) calculated by VMC for Ny = 48, (b) the S;i(k,w) mean-field
calculations of Eq. (4.8) for Ny = 48 and (c) the Siin(k,w) for Ny = 3888, all along the light
green path in the extended Brillouin zone shown in (d). The area of the circles in (a) and (b)
is proportional to the spectral weights. Both the cyan and the yellow circles in (d) show the
wave vectors of the available one-particle states (shifted by the APBC), but only the yellows are
the closest to the Dirac-Fermi points located in the centers of every cyan hexagon (the reduced
Brillouin zones). The relative wave vectors on the I' — My — I'}, path are shown with magenta
circles in (d), which are not shifted by the APBC. The mean-field peaks in (b) are degenerate
on this path, because all these relative wave vectors correspond to moving a particle between
the wave vectors closest to Dirac points (marked with yellow circles). These excitations remain
degenerate even in larger systems as in (c), but only those at the M, and M’ points remain of finite
spectral weights. We expect gapless towers in real experiments at every M, M’, T and I point
of the extended Brillouin zone since all these correspond to I'yp points (the centers of the cyan
hexagons), where the one-particle spectrum is gapless (see Figs. 6.2(d) and 2.1(d)). In (d), (e),
and (f) we compare the static structure factor S33(k) = [ $33(k,w)dw for the projected (upper
halves in (d) and (e)) and renormalized mean-field (lower halves) cases, both having the same
sum rules. Both show triangular-shaped plateaus around the K’ points, with the difference that
in the projected case, there are humps at the corners of these triangles at the M’ points, as can be
seen in the zoomed figure in (e). In (f), we show the mean-field results without renormalization
(orange), showing the decreased correlations due to charge fluctuations (see Appendix C.1). The
Monte Carlo errors in (a), (d), and (f) are smaller than the symbol sizes.
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Figure 6.4: In the variational calculation, the v/N;A(k) at the M and T' points tend to a finite

value in the Ny — oo limit, indicating that the gap probably vanishes as A(k) o< Ny 1 2, just
like in the mean-field case. If the gap remained finite, /NsA(k) would diverge. Due to the
large Monte Carlo errors, we can not exclude this possibility with certainty, but the data make
such a scenario unlikely. Similarly, the weights at the bottom of the towers at the M’ and M
points probably scale as $33(k, A(k)) o N;I/Q, unlike in the mean-field case, where they scale
as Sia(k, A(k)) oc N; 1. However, the error bars in both cases are too big to draw definitive
conclusions. The straight lines go through the 32- and 72-site results and serve as a guide to the
eye.

fundamental representation. Maybe even the interactions between the flavorons fli b o |TES)

and the antiflavorons f o|TFS) vanish in the large-N limit, just like in the large-N limit of
Sp(2N) Heisenberg models [2, Sec. 9.8]).

We were not able to calculate the S33(k,w) for a cluster larger than 48 sites in the SU(6)
case, because the Monte Carlo errors increase with an increasing SU(N) symmetry. A 48-site
cluster is too small to conclude about the thermodynamic limit, so we calculated the S3:(k,w)
in the SU(6) case for a 3888-site cluster on the kagome lattice (shown in Fig. 6.3(c)). Such
calculation is less useful in the SU(4) case, since the distribution of the spectral weights is less
similar, and Fig. 6.2(a) already gives a feeling about the distribution of the spectral weights in
the thermodynamic limit.

The similarity of the mean-field and variational spectra in finite systems does not prove that
the projected spectrum becomes gapless in the thermodynamic limit. To be sure, we should
analyze the finite-size scaling of the gap shown in Fig. 6.4. The results suggest a A(k)

Ny 1/2 + O(Ns 3/ 2) like scaling, which indicates a gapless spectrum at the M’ and T" points, just
like in the mean-field case. However, the error bars are too large to draw definitive conclusions.
The projected spectrum may be gapped only if the Gutzwiller projector can open a gap. Since
the differences between the projected and mean-field calculations become smaller with increasing
N, if the Gutzwiller projector cannot open a gap in the SU(2) case, we do not expect a gap in
the SU(4) and SU(6) cases either. While we are not aware of a finite-size scaling analysis of
the gap in the SU(2) case, the gapless feature of the projected spectrum is quite convincing in
References [91, 103, 92, 104, 105].

The antiperiodic boundary condition breaks the Dg projective symmetry of the mean-field
Hamiltonian, therefore 53 (k,w) and S3%:(k, w) are only Dy symmetric, as argued in Appendix. E.2.
This can be seen from the differences of the spectral weights at the M} and M}, points at higher
energies in Figs. 6.2(a) and (b). However, since this Dg projective symmetry breaking is due
to the boundary condition, the Dg symmetry of S?3(k,w) and Si2(k,w) is restored in the
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thermodynamic limit.

In the mean-field band structure, the APBC shifts the available wave vectors of one-particle
states (shown with circles in Fig. 6.2(d)), so that no one-particle state is available at the Dirac-
Fermi point. The Dirac-Fermi points are located at the centers of the reduced Brillouin zones,
which we call the I'yyp point. Consequently, the arrangement of the wave vectors around the
I'yr point is Do symmetric, there are remaining reflection symmetries around the dashed green
lines in Fig. 6.2(d) and (e) and the line connecting the I' and I} points in Fig. 6.3(d). The
two highest-energy occupied one-particle states in the vicinity of the Dirac-Fermi point in the
lowest band are located at the two wave vectors closest to the I'yip point (the yellow circles in
Figs. 6.2(e) and 6.3(d)). Similarly, the two lowest energy unoccupied states in the vicinity of
the Dirac-Fermi point in the next band are also located at these wave vectors. A fermion can
hop from these two occupied one-particle states to the two unoccupied one-particle states in four
possible ways, shown with black and magenta arrows in Fig. 6.2(d). All four possible ways of
hopping correspond to different particle-hole excitations with the same excitation energy wys.
Two such particle-hole excitations have relative wave vectors I'yir, the particle jumps upwards
in Fig. 6.2(d), shown with magenta arrows. The other two particle-hole excitations have relative
wave vectors surrounding the I'yp point, shown with the black arrows in Fig. 6.2(d). Thus, two
out of these four particle-hole excitations have relative wave vector I'yp, while the other two
have relative wave vectors surrounding the I'yip point. Therefore, in the mean-field Si’/?F(k,w),
we will have three degenerate excitations around every I'yr point with excitation energy wyr. As
we show in Figs. 6.1, the center of every reduced Brillouin zone is a I'yp point since there is a
Dirac-Fermi point. Therefore, all of the M, M’, T" or I'" points of the extended Brillouin zone are
also I'yr points in the reduced Brillouin zone. Consequently, there are three degenerate points
around every M, M’, T" or IV point in the extended Brillouin zone, which are visible only if we
go through them in the correct direction (specified by the APBC). In the case of the honeycomb
lattice, we can see these excitations along the I’y — Mj — T', path in Fig. 6.2(b), but we see 7
degenerate excitations instead of 3, because each of the I'j, M5, and Iy points is surrounded
with two degenerate excitations (shown with the magenta circles in Fig. 6.2(e)), giving a total
of 9 excitations, but only 7 are visible in this path. In the case of the kagome lattice, we see
these degenerate excitations in the I' — Mg — I', path, here we also have 5 instead of 3 for the
same reason. These excitations are also present in the variational calculation on both lattices
(Figs. 6.2(a) and 6.3(a)), but in these cases, the degeneracy is lifted, the excitations in the I'yp
points have lower energies than the excitations surrounding them.

At the I points, we get high-energy excitations in both the SU(4) and SU(6) cases, originating
from particle-hole excitations CLF/ b€ q7b|7rFS> with a fermion being hopped from the top of the
Fermi sea (b € {1,2}) to the bottom of the higher energy Dirac cone (V' € {7,8}), indicated
by the wps arrow in Fig. 6.2(d). The available one-particle states move towards the Dirac-Fermi
point with increasing system size, so that wp — 2v/3t (from the dispersions (2.26) and (2.31))
in the thermodynamic limit.

Finally, let us turn to the question of whether we get all the gapless towers from single
particle-hole excitations. Let us recall that in the one-dimensional case, we got all the towers
for the SU(3) Heisenberg model (at ¢ = 0 and £+27/3), while for the SU(4), the single particle-
hole states give only the ¢ = 0 and the +7/2 and the tower at the ¢ = 7 originates from two
particle-hole excitations. In the two-dimensional case, the relative wave vectors connecting the
Dirac-Fermi points (the T', I, M, and M’ points) generate a triangular lattice in the reciprocal
space, as can be seen from Figs. 6.2(e) and 6.3(d)). Thus, all the wave vectors of the two
particle-hole excitations are also accessible by single particle-hole excitations.

The stability of the gapless quantum spin liquid, the existence of fractionalized fermionic
quasiparticles, and the mean-field quantum order can be verified through the existence and
location of gapless excitation towers in the experimentally measured dynamical spin structure
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Figure 6.5: The dynamical spin structure factor S33(k,w) of the SU(2) symmetric J; — Jo
Heisenberg model (2.45) on the triangular lattice in the quantum spin liquid regime. These
figures were taken from Ref. [92] (Figs. 8. and 9.). The Figures labeled as "projected" are
the same as the variational calculations (explained in Sec. 4.3) we used in Figs. 6.2(a) and
6.3(a), and those labeled as "unprojected" correspond to the mean-field calculations (explained
in Sec. 4.2) used in Figs. 6.2(b) and 6.3(b) and 6.3(c). We included these figures, to show that the
Gutzwiller projector can create new gapless excitations (the low energy excitation at the K point
of the "triangular lattice-projected" panel), which are not present in the mean-field calculations.
Furthermore, the distribution of the spectral weights differs more than in the SU(4) and SU(6)
cases (shown in Figs. 6.2 and 6.3).

factor. However, we saw that the Gutzwiller projected variational spectrum seems to be gapless
at the same wave vectors as the mean-field calculations. If this was always the case, there
would be no need for the variational calculations for the experimental identification of a gapless
quantum spin liquid. However, this is not always the case, as was shown for the staggered-flux
SU(2) Dirac spin liquid on the triangular lattice, where the Gutzwiller projector creates a gapless
excitation, which is not present in the mean-field case [92] (we show their Figure in Fig. 6.5 for
comparison). What we have to compare with experiments to conclude about the stability of a
gapless quantum spin liquid is the Gutzwiller projected spectrum. We believe that the similarity
of the Gutzwiller projected and mean-field spectra in our cases is due to the increased SU(V)
symmetries.

However, even in the SU(2) case, the Gutzwiller projected spectrum can be very similar to
the mean-field result, as was shown in Ref. [93] (and also included in [92]) on the square lattice,
though the distribution of the spectral weights is very different (we also show this Figure in
Fig. 6.5).

We also compared the finite-size scaling of the lowest energy spectral weights of S5 (k,w)
and S*3(k,w) in the SU(4) case, which seems to be different. Namely, the Syin(k,w) at the
M’ points scales as %Ngl + O (N;2), and at the M points as N1 + O (N;2), while in the
projected case the scaling seems to be 533 (k, A(k)) Ny V24 (’)(Ns_g/2), as shown in Fig. 6.4.
Unfortunately, the large error bars do not allow a more precise determination of the finite-size
scalings.

So far there was no indication that the $33(k,w) calculated by the variational method would
indeed be similar to the real dynamical spin structure factor of the SU(4) Heisenberg model.
Therefore, we compared our results with exact diagonalization (ED) for a small cluster of 16
sites in Fig. 6.6. For the ED, we used periodic boundary conditions, while for the variational
method, we had to impose APBC to make the Fermi sea non-degenerate. The orientation of
the APBC in a (s symmetric cluster causes a simple rotation of the data, but since this cluster
is not Cg symmetric, the orientations of the APBC are not equivalent. For one of the APBC
orientations, (Fig. 6.6(c)) the lowest energy excitations seem to be quite similar to the ED results.
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Figure 6.6: (a) and (b) the Ny = 16 site clusters with different antiperiodic boundaries (dashed
green lines), which reverse the sign of the hoppings they cross. (c) The S33(k,w) for the 16-site
cluster in (a), calculated by variational method (blue circles) and by exact diagonalization (black
circles). The red crosses indicate the lowest energy states transforming as SU(N) singlets, from
which we can see that the variational ground state energy of the |7FS) state is close to the ED
ground state energy, which is at w = 0. (d) The $33(k,w) for the 16-site cluster in (b), in this
case, the agreement is not so good. We expect the sensitivity to the boundary conditions to
decrease with larger clusters. (e) and (f) show the mean-field S33;(k,w) for the clusters in (a)
and (b), respectively. The crosses in panels (c)-(f) show excitations with zero spectral weights.

One could argue that we should have chosen the same boundary conditions for the two methods,
so if we had chosen periodic boundary conditions for the ED, then we should have also used
PBC for the variational method. However, choosing APBC for the variational method means
multiplying by —1 the fermions that are beyond the boundary, and this sign change cancels from
the definition of the spin operators in Eq. (2.2), so the boundary condition of Heisenberg chain
remains periodic.

In the SU(4) case, we also found that at low energies, the local Sitn(w) = Yy [ Siia(k,w)
within a tower above the M and M’ points is proportional to the degeneracy (the number of
particle-hole excitations with the same w), ignoring finite-size corrections. Consequently, the
Jo S (w)dw’ ox w* and from this the S§fx(w) o< w? follows. However, the matrix elements in
Eq. (4.8) are not all equal at a given w.
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6.1 The static spin structure factor

The static spin structure factor at zero temperature is defined as

Saa(k — ZZ —ik-( R+6) ik-(R+85 )<GS|T¢1 Ta |GS>
RS R,
(@S|, TE|GS) = / S99k, w) o, (6.1)

where we approximate |GS) with the Pg|rFS) for the Heisenberg model (variational method),
and |7FS) in the mean-field case.

In the SU(4) case, both the projected S33(k) and the mean-field S3i:(k) have maxima only
at the M’ points in the form of a hump (see Fig. 6.2(c)). In the SU(6) case, both $33(k) and
S332(k) have triangular-shaped plateaus around the K’ points (see Fig. 6.3(d)), with the corners
located at the M points. The difference between S33(k) and S32:(k) in the SU(6) model is that
the former has small humps at the M’ points (shown in the zoomed panel of Fig. 6.3(e), and in
Fig. 6.3(f)), similarly to the SU(4) case.

The shapes of S33:(k) (the orange curves in Figs.6.2(c) and 6.3(f)) are similar to the shapes
of the Gutzwiller projected S33(k), with a difference in their normalizations, meaning that the
correlations are reduced in the mean-field case. The normalization of the Fourier transformed
spin operators in Eq. (4.2) and the static structure factor in Eq. (6.1) (consistent with the
normalization of the dynamical structure factor in Eq. (4.5)) implies the sum rules

Nj C Nj
> s80= 3 [destk NkZN22—1 o, (6.2)

keeBZ keeBZ

and

> Sk = Y /de ]ka N(“;Z % (1 - 117) , (6.3)
keceBZ keeBZ

as derived in Appendix C (see also Ref. [II.]), where Nk is the number of wave vectors in the ex-
tended Brillouin zone, Cy and CS/IF are the quadratic Casimir operators of the Heisenberg model
and its mean-field theory, Ny = %NS on the honeycomb lattice, and Ny = %NS on the kagome
lattice. The relative factor (Y ycopz Siir(K)) / (Xkeenz S22 (k)) = 1 — 1/N comes from the
different values of the quadratic Casimir operators CM¥ = Cy (1 — %), as argued in Appendix
C.1. The eigenvalue of the quadratic Casimir operator is determined by the irreducible repre-
sentation of the Heisenberg model, which depends on the local Hilbert spaces. In the Gutzwiller
projected treatment every site is singly occupied corresponding to the fundamental representa-
tion, so Cy = (N? —1)/(2N) (as derived in App. A.3). However, in the mean-field approach,
any site can be simultaneously occupied by multiple fermions, mixing different irreducible rep-
resentations (for details see App. C.1). Thus, the charge fluctuations of the mean-field approach
violate the single occupancy constraint of Eq. (2.5) and reduce the correlations. However, even
though the multiple occupancy persists for any IV, the difference between the sum rules vanishes
in the large-INV limit, showing the decreasing difference between the mean-field and Gutzwiller
projected results with an increasing N.

We can divide the S3d:(k) with (1 — 1/N), so that the sum rule of this renormalized
S33a(k)/(1 — 1/N) is the same as that of the projected $33(k). The renormalized S3i(k)/(1 —
1/N) is shown with dashed light green in Figs. 6.2(c) and 6.3(f), and in the upper halves of
Figs. 6.3(d), and 6.3(e). Comparing the renormalized mean-field S33:(k)/(1 — 1/N) with the
Gutzwiller projected S3(k), we can see that the differences are much smaller in the SU(6) case
than in the SU(4) case, again indicating that the projected and mean-field calculations become
equal in the large-N limit.
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Figure 6.7: In the left panel we show on a logarithmic scale the decay of the SU(4) spin correla-
tions (Pys — 1/4)(—1)%/2 = 30(nFS|PgTST; Pa|nFS)(—1)%/2 of the SU(4) Heisenberg model on
a zig-zag chain of the honeycomb lattice, taken from Ref. ([6]). In the right panel we show the
logarithm of the SU(6) spin correlations |S(r)| = 3222, |(mFS|PoTy Ty Pg|mFS)| of the SU(6)
Heisenberg model on the kagome lattice calculated by VMC (solid lines with error bars) as a
function of the logarithm of distance. In both panels, the approximately linear decay of the
correlation function on the log-log scale suggests a power-law dependence on the distance, but
perhaps the achievable distances were not large enough to see the exponential decay. On the
right panel, we also plot the mean-field correlation function |Syr(r)| = 225:1 (mFS|Ty T3 |mFS)|
with dashed-lines, which is known to approach a o< r~* decay for large . The colors of the
right panel encode different directions: the red along the edges of the triangles and the blue in
the directions crossing the centers of the hexagons. We average over equivalent directions to
eliminate the anisotropy effect of the antiperiodic boundary condition. The absolute values of
S(r) take care of the alternating sign structure along the edges of the triangles (we put empty
circles for S(r) > 0). At the same time, S(r) is always positive along the directions through the
centers of the hexagons. The mean-field results are negative for all » > 0. The dotted lines with
r~3 and r—* are guides for the eye. In both panels, the VMC results seem to decay algebraically
with a power between 3 and 4, while the mean-field correlations of a Dirac spin liquid always
approach a oc 7~% decay.

The mean-field static spin correlation function decays as a power law [(rFS|T2TZ|nFS)|
lr — ¥|~* at large enough |r — ¥|, which is typical for every system with a Dirac-Fermi point
[49, 106] Ref. [II.]. We also calculated the static spin correlation function in the Gutzwiller
projected Fermi sea |[(7FS|PeTITE Pg|rFS)| in the SU(6) case, shown in the right panel of
Fig. 6.7. In the left panel of Fig. 6.7, we show the |(7FS|PcT!T¢ Pe|nFS)| in the SU(4) case,
taken from Ref. [6]. In both cases, the decay seems linear in log-log scales, suggesting a power
law decay, just as in the mean-field case (S(r) = cr™® — InS(r) = Inc — alnr). However, we
can not exclude that the cluster sizes were not large enough, and the real decay is exponential.
The exponential decay is usually accompanied by a gapped spectrum, while a power law decay
is usually accompanied by a gapless spectrum. We plotted the finite size scaling of the finite size
gap of the Gutzwiller projected spectrum in the SU(4) case in Fig. 6.4, which suggests a gapless
spectrum, but again, due to the large Monte Carlo errors, this is not a proof. The steepness
of the line in the log-log plot determines the exponent of the power law decay, and in both the
SU(4) and the SU(6) cases the steepness seems to be between —3 and —4, so that the decay of
(mFS|PaTaTE P |wFS)| seems to be proportional to |r — r|~® with a power 3 < o < 4. Again,
in the mean-field approximation we get a = 4 in both the SU(4) and SU(6) cases.

What really matters is not the decay of |(nFS|PcTT¢ Pe|nFS)|, but instead the decay of
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[(GS|TETE|GS)|, where |GS) is the ground state of the SU(/N) Heisenberg model in the funda-
mental representation. If [(GS|TATE|GS)| also decays as a power law, then the spectrum of the
SU(N) Heisenberg model should be gapless, and if the gapless towers are at the same locations
as in the variational calculation, then the Pg|nFS) is stable. However, even if Pg|nFS) is stable,
and both [(7FS|PaTeTEPg|rFS)| o |r — v|~* and [(GS|T4T¢|GS)|  |r — ¥|~# decay as power
laws, their exponents might be different oo # 5. The reason for this is that the interactions be-
tween the flavorons fli +qp o [TFS) and the antiflavorons f ,  [7FS) (hidden in the fluctuations
beyond the mean-field approximation) can change the exponent, even if these interactions are
weak, and the mean-field ansatz is stable.

In the SU(4) case, the humps at the M’ points correspond to a short-range four-sublattice
order, as shown in Ref. [6]. In the SU(6) case, the alternating sign structure of the static spin
correlation function in the directions r; — r; along the edges of the triangles (shown with the
empty circles in Fig. 6.7) can be reproduced by 216:1 ¢y (i)

, where kM; are the wave vectors
of the M’ € eBZ points.

Summary

We computed the dynamical spin structure factor S33(k,w) of the SU(4) and SU(6) Heisen-
berg models on the honeycomb and kagome lattices, respectively. For these variational calcu-
lations, we approximated the ground state by the Gutzwiller projected m-flux Fermi sea, and
the excited states by Gutzwiller projected particle-hole excitations of the m-flux Fermi sea, as
explained in section 4.3. We compared these variational results with non-interacting mean-field
calculations. The two approaches produce qualitatively similar results, suggesting that the energy
spectrum of the Gutzwiller projected excitations may also be a gapless continuum of fractional-
ized excitations (see Figs. 6.2 and 6.3), with the gapless towers located at the M, M, T and T
points of the extended Brillouin zone.

Quantitatively, the Gutzwiller projection shifts the spectral weight |{ f|T3|7FS)|? from higher
to lower energies, thus emphasizing the lower edge of the continuum. The distributions of the
mean-field and variational spectral weights show a much better agreement in the SU(6) case than
in the SU(4) case. We attribute the decreasing difference between the two approaches to the
increased SU(N) symmetry. However, while in the SU(4) case we could calculate the S33(k, w)
variationaly for a 72-site cluster, in the SU(6) case we were limited to a cluster of 48-sites. Relying
on the similarity of the variational and mean-field calculations in the SU(6) case, we calculated
the S33(k,w) in the mean-field approach for an extensive system with 3888 sites, to assess the
thermodynamic limit.

In the mean-field approach of the SU(4) case, we obtained the 1/r* decay of the spin corre-
lation function, and the local correlations show S33:(w) oc w? behavior.

For both the SU(4) and SU(6) cases, the static spin structure factor $33(k) = [ dwS?3(k,w)
has maxima at the M’ points of the extended Brillouin zone. However, in the SU(6) case, there are
increased weights in the form of triangular-shaped plateaus around the K’ points of the extended
Brillouin zone, which are not present in the SU(4) calculations. The differences between the
static variational and mean-field calculations are the reduced sum rules and the reduced maxima
of the mean-field results.

The ratio of the sums (3 ycopz Site(K)) / (X keenz 52°(k)) = 1 — 1/N shows that the cor-
relations are reduced in the mean-field case. As argued in Appendix C.1, the reason is that the
charge fluctuations reduce the value of the quadratic Casimir operator, appearing in the sum
rules. However, even though the charge fluctuations persist for any N, the difference between
the mean-field and VMC sum rules vanishes in the large-N limit.

The real space spin-spin correlations decay algebraically with the distance, with a power
between 3 and 4, similarly as in the SU(4) case Ref. [6].
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These results were published in Refs. Ref. [II.] and Ref. [III.].



Appendix A

Details of the SU(/V) spin operators: the
generators of the su(/N) Lie algebra

A.1 Rotations in 3D, the SO(3) group and the so(3) Lie algebra

Before calculating the SU(V) spin rotation operator, let us recapitulate the properties of
classical rotations. In this section, we follow sections 1.3 and IV.2 of the book [107].

A rotation operator R is expected to preserve the norm of a vector r, in the sense that
I r = (Rr)T - (Rr) = (rTRT) - (Rr) and also the angle between any two vectors u and v,
which depends on their inner product u’ - v = (Ru)” - (Rv) = (u'RT) - (Rv), implying that
R must be orthogonal RTR = Z (giving the O in SO(3)). The condition that R must be
orthogonal does not uniquely specify rotations because reflections also satisfy RT'R = Z. Taking
the determinant of this relation det(R?R) = det(R”) det(R) = (det(R))? = det(Z) = 1, so
that det (RT) = +1. To uniquely specify rotations, we have to add the condition det(R) = +1
(giving the S in SO(3) as "special") because the det(R) = —1 specifies reflections. The set of
orthogonal operators with unit determinants form the SO(3) rotation group. So far, we have
been talking about rotation operators. When we take a set of matrices satisfying the same
multiplication relations as the rotation operators, then we have a representation of the rotation
operators with matrices. The size of the matrices representing the SO(3) rotations depends
on the representation. An irreducible representation is when the rotation matrices can not be
simultaneously block diagonalized with basis transformations. In the fundamental representation
(sometimes called defining representation) of SO(3) these become 3 x 3 matrices, describing the
rotation of vectors in 3 dimensions (3 linearly independent vectors serve as a basis for this irrep).

The condition to have det(R) = +1 also allows us to use Taylor expansion for the infinitesimal
rotation around the identity as

R(¢) =T + A+ O(4?), (A1)

where ¢ is a small angle. A reflection with det(R) = —1 can not be continuously connected to
the identity. R have to satisfy the orthogonality condition in every power of ¢,

R - R=(T+pA+0*) (T + A+ O($?) =T + o(AT + A) + O(¢?), (A.2)

so AT = — A must hold, meaning that A is antisymmetric (and real since R is real). Any finite
rotation R can be separated into a series of many small rotations as R(6) = R(6/m)"™, where
6 is not a small angle, but for a large m, 6/m is small. Therefore, we can use the expression of
the infinitesimal rotations as

m

R(0) = lim R(f/m)™ = lim <I+ 9.4) =exp (6.A). (A.3)
m—00 m—roo m

We can take a set of real antisymmetric matrices {B;} serving as a basis, so that any real

antisymmetric matrix can be written as their linear combination A = 37, B;. To know how

many such matrices we need, we have to count how many independent real numbers A can have.

Its diagonal has zeros (since A; ; = —A,; ;), and the off diagonals satisfy A; ; = —A; ;. Therefore,

only three real numbers are independent, so we can choose the three matrices

00 0 0 0 1 0 —1 0
Bi=[00 -1| Bo=[0 00| Bs=[1 0 0 (A.4)
01 0 ~1.0 0 0 0 0
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as a basis. If we further express the real antisymmetric matrices B; = —i£; with hermitian
matrices ﬁ; = L;, then the £; become the operators of angular momentum (divided by %) L,/h,
L,/h and L,/h. These satisfy the commutation relations [L;, Lj] = ih ), €; j x Ly, so they are
the generators of the so(3) Lie algebra. With these, we can write an infinitesimal rotation (with
angle ¢) and a finite rotation (with angle 0)

R(p) =7+ 2¢anﬁj + O(¢2) R = exp ;HanLj , (A.5)
J J

therefore the L; are also called infinitesimal generators of rotations. The norm y In;|? can be
melted into @, so that we can interpret the Zj njL;j = n - L as the inner product of the unit
vector n (specifying the axis of rotation through the right-hand rule) with the vector operator
L.

Eq. (A.5) shows that the sizes of the matrices of angular momenta L; and the size of the
rotation matrices R are the same. In the fundamental irrep of SO(3) every matrix is 3 dimen-
sional. However, higher-dimensional irreps of SO(3) exist labeled by the integer j, where the
dimension is given by d = 2j + 1, which equals the number of basis states for this irrep. The
three-dimensional fundamental irrep has j = 1, with basis vectors [j = 1,m = 1), [j = 1,m = 0),
|7 =1,m = —1), where m is the eigenvalue of L?. For a general j the basis states can be labeled
with m € {—j...j} integers, and serve as a basis for both the rotation matrices (forming the
SO(3) group) and the angular momentum operators L;, L, and L, (being the generators of the
so(3) Lie algebra). The main point is that even though the number of generators L,, L,, and L,
came from the number of linearly independent 3 x 3 hermitian matrices (which turns out to be
3), it remains the same for any irrep j, regardless of its dimension. In other words, the number of
generators Ly, Ly, and L, is always deduced from the fundamental irrep of a given algebra (and
group), and remains the same for any other irrep, only the dimension of the matrices increases.
The number of generators changes, if we change the group (and the algebra with it), for example

to SO(N > 3).

A.2 Spin rotations and the SU(V) group

In the preceding section, we presented the SO(3) group of rotations and its so(3) Lie algebra,
to be able to compare the followings with something well known. In this section, we follow
section IV.4. of the book [107].

SU(N) spins are the wave functions that serve as a basis for the local Hilbert space of the
SU(N) Heisenberg model in a given irreducible representation (see Sec. 1.4.2 and Appendix A.5).
In the fundamental representation, there are N such wave functions, which can be taken to be
{C;U|0>|G € {1...N}}, where C;L‘,a are the fermionic creation operators of the SU(N) Hubbard
model (1.2) on site j. The rotation of a wavefunction |¢)) by an operator U is expected to leave
invariant its norm (|y)) = (|UTU|¢)), and the inner product of any two wavefunctions |¢) and
|9) as (¥|¢) = (Y|UTU|¢), therefore the U has to be unitary (giving the letter U in SU(N)),
meaning UU = Z. Taking the determinant of this relation we get det(UTU) = det(UT) det(U) =
| det(U)|? = det(Z) = 1, implying that det(U) = €'¥ is a phase. Similarly, as in the case of SO(3)
rotations, we expect an SU(N) rotation to be continuously connected to the identity because an
infinitesimal rotation is almost like doing nothing. Therefore, we will set det(U) = +1 (giving
the letter S in SU(N), as "special"). Unitary operators with unit determinants form the SU(N)
group, describing the transformations of wavefunctions with the properties we expect from an
SO(3) rotation. The det(U) = +1 condition allows us to use Taylor expansion for an SU(V)
rotation with the infinitesimal angle ¢ as

U(p) =T+ oA+ O(¢?), (A.6)
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where the unitarity condition
UlU = (Z+ ¢A+O0(¢*) (T + pA+ O(¢%) =T + ¢(AT + A) + O(¢?) (A7)

requires AT = —A, so that A" is antihermitian. Writing A = iBB the B becomes hermitian. We
can write a finite SU(N) rotation U(f) as a sequence on infinitesimal SU(V) rotations, and use
the above expansion to get

: m : 0\ .
U(f) = Tr}gnoo(U(H/m)) = nlgnoo <I + 2m8> = exp (i6B) . (A.8)
We can use the relation det exp(A) = exp(Tr A) as +1 = det U = det[exp (i0B)] = exp (i6 Tr B),
to deduce TrB = 0. Therefore, we can take a basis of traceless hermitian operators {7}, in
which basis we can write B = ), n,7*. The number of linearly independent basis operators
{T*} is equal to the number of independent real numbers in an N x N traceless hermitian matrix.
There are N real numbers in its diagonal, and (N2 — N)/2 complex numbers in its upper right off-
diagonal (the lower left off-diagonals are the complex conjugate of these), where every complex
number is counted as two independent real numbers. The traceless condition reduces the N
independent real numbers in the diagonal by one, so in total there are N — 1 +2(N? — N)/2 =
N?2—1 independent real numbers. For example, in the su(3) Lie algebra we have 32 —1 = 8 linearly
independent operators {7}, which are called the Gell-Mann matrices [46], presented in Appendix
A.3. These matrices can be constructed in different ways, one of them is presented in Appendix
A.3. Independently of their choice, the T matrices are called the generators of the su(/N) Lie
algebra, and they satisfy the commutation relations [T, T%] = iy . fareT€ of Eq. (1.19). The
reason for this is that the commutator [T, T?] is itself antihermitian ([7¢, T°|" = [(T®)T, (T*)T] =
[T, 7% = —[T*,T") and traceless (Tr[T%,T°] = TrT°T® — Tr T*T® = 0), therefore it can be
written as a linear combination of the antihermitian traceless matrices i1, where fu;. are the
coefficients in the linear combination. Of course, the f.;. depends on the particular construction
of the T*. In summary, an infinitesimal SU(NV) rotation with a small angle ¢, and a finite SU(V)
rotation with an angle # can be written with the generators T as

N2-1 N2-1
U(¢) =T +i¢ > naT*+0(¢?) U0) =exp (0 > nT*| . (A.9)
a=1 a=1

These equations show that the sizes of the matrices of the generators T* and the matrices of
SU(N) rotations U are the same in any representation. The number of generators 7% was
determined in the fundamental irrep of the su(N) Lie algebra (which is also the fundamental
irrep of the SU(N) group), but it remains the same for any other irrep of su(V), only the size of
the matrices T is changed.

The norm Zflvjl_l |ng|? can be melted into the angles ¢ and 6, so that Zivjl_l nd*=mn-T
can be interpreted as the inner product of the unit vector n (specifying the axis of SU(N) rotation
in an N2 — 1 dimensional spin space through the right-hand rule) and the vector operator T.

Eq. (A.9) expresses the rotation of a single SU(N) spin, the simultaneous rotation of all
SU(N) spins around the same axis n with the same angle ¢ is given by the SU(N) operator
U= vazsl e Ti where j is the site index.

A.3 The matrices representing the SU(/N) spin operators in the
fundamental representation

As argued in Appendix A.2; the generators of the su(N) Lie algebra in the fundamental
irreducible representation form a basis in the space of N x N traceless hermitian matrices,
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therefore there should be N2 — 1 generators. These can be constructed in different ways, here
we follow the convention from section V.3 of the book [107] and [108]|. In this convention, the
generators are orthonormalized as

1
Te 7T = 50ab, (A.10)

where Tr ATB can be viewed as an inner product in the vector space of matrices. Furthermore,
we set the generators S*,SY,S% of the su(2) Lie algebra to be S* = %0“ in the fundamental
representation, where o are the Pauli matrices

ax_<(1) é),ay_<? Bi>,az_<(1) _01). (A.11)

In case of su(3), the 32 — 1 = 8 generators are again of the form S¢ = 5A%, where in this
convention the A® are

010 0 —i 0 1 0 0
M=[1 0 0] X=[|i 0 0 M=[0 -1 0
000 0 0 0 0 0 0
001 00 —i
M=[000] XM=[0oo0 0 : (A.12)
1 00 i 0 0
000 00 0 10 0
N=10 01 )\7:OQ—i >\8:%01 0
010 0 i 0 00 —2

called the Gell-Mann matrices [46]. The first three Gell-Mann matrices are simply the Pauli
matrices complemented with zeros, they form an su(2) subalgebra of su(3). The A!, A* and \® in
the first column are basically ¢* in the 1 — 2, 1 — 3 and 2 — 3 sectors, respectively. Similarly, the
A2, A% and \7 contain the o¥ in these sectors. If we had three diagonal matrices containing the o*
in these sectors, then the su(3) algebra would be equal to the product of three non-overlapping
su(2) subalgebras as su(2) ® su(2) ® su(2). However, there are only two diagonal matrices A3
and A8, therefore these su(2) subalgebras overlap, and their missing ¢* like matrices are linear
combinations of A3 and A8,

From the su(3) case above, we can deduce how to construct the generators T = %)\“ in
the fundamental representation of any su(N) Lie algebra in this convention. First, take the A\*
matrices in the fundamental irrep of the su(/N — 1) Lie algebra and complete every matrix with
one row and one column of zeros. Then, add ¢ and ¢¥ in all possible sectors which were not
included yet. The number of diagonal matrices should be N —1 in the su(/N) Lie algebra, so when
complementing the matrices of su(N — 1) to su(N), we have to add one more diagonal matrix.
Let us denote the indices a of the diagonal matrices A* as D(n), so that n € {1...N — 1}, and
the D(n) iterates through the diagonal indices (for example, in the su(3) case D(1) = 3, and
D(2) = 8). The new diagonal matrix APY=1) should be orthogonal to all previous diagonal
matrices as Tr A\PV-DA\P(M) — ( with n < N — 1, which is easily achieved by setting its first
N —1 diagonal elements to 1. Then we make it traceless by setting the last element to —(N —1),
and finally normalize the matrix so that it satisfies Tr \P(N=DAP(N=1) — 9 (the normalization
of the A\* follows from Eq. (A.10) after dividing both sides with 4).

In reality, we first construct the matrices A in the fundamental representation, which deter-
mine the structure constants fup. through the commutation relations

Lya Lyl = 'Nilf Lye (A.13)
9 72 =1 it abc2 ) .
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and then we build in these matrices into the operators 17" = %Zma, f;{o)\‘;’g, o of Eq. (2.2),
to get the same commutation relations for the T® as for the %)\a. Consequently, the structure
constants fu5. depend on the specific construction of the matrices A\*. For the construction
described here, the structure constants of the su(2) Lie algebra are the Levi Civita symbols
€123 — €231 — €312 — —|—1 and €391 — €213 — €132 = —1 (all others like €112 are zeros), while in the

su(3) case, these are
23 =1 (A.14)

1
147 _ _ p156 _ (246 _ 4257 _ 345 _ _ £367 _ ©
R e S A e S

f458 — f678 _ @7
2
where the ones not listed are zeros.

Once the fu. were fixed, the matrices A\* of all the other irreducible representations are
constructed in a way to satisfy the commutation relations (A.13) for the same fg., and their
spin operators are constructed in some basis by building the A% into their definitions.

The eigenvalue of the quadratic Casimir operator Cy = Zi\zl— Lpaa of Eq. (1.21) is diagonal
in every irreducible representation (since the eigenvalues of the Casimir operators determine the
irrep), which can be written as Cy = CoI. We can get the eigenvalue Cy by taking the trace
Tr C'Q = C9TrI = Cad, where d is the dimension of the irrep. In the fundamental representation
d = N, and using the normalization of spin operators TrT%T? = %(5@71, of Eq. (A.10) we get

TrCy = SV T Ty o7 = (N2 - 1)/2, so

NZ_1

=N

(A.15)

In the su(N) case there are N — 1 simultaneously diagonal matrices (A and A% in the
su(3) case), which means that the simultaneous eigenstates of these diagonal matrices can be
parametrized by N — 1 quantum numbers |mp(y),...mpv—1)) (in the su(3) case these states
have quantum numbers |mg, mg)). These states are what we call SU(N) spins in section 1.4.2.
In the su(2) case, the only quantum number is m, which forms the states |j,m) in the irrep
labeled by j. The irrep label is not written explicitly in the |mp(y), ... mpn—1)), it would either
involve the eigenvalues of all Casimir operators or the young tableau of the irrep. The range
of the mq,...my_1 quantum numbers depends on the irrep, just as in the su(2) case, where
m € {—j...j}. In the fundamental representation of su(3) these eigenstates (the su(3) spins)
are |mg = 0, mg = —%% |ms = %,mg = ﬁ> and |ms3 = —%,mg = ﬁ), which form a triangle
(called weight diagram) in the space where the horizontal axis is m3 and the vertical axis is
msg. In the fundamental representation of su(/N) the number of states [mp), ... mpv—_1)) is N,
spaning the N dimensional Hilbert space of this irrep.

The non-diagonal matrices can be separated into [N2 — 1 — (N — 1)]/2 = N(N — 1)/2 pairs
(the 0% and 0¥ in a given sector) to form raising and lowering operators similar to ST and S,
with the difference that these do not raise or lower the single value m, but the N — 1 quantum
numbers myq,...my_1 simultaneously. In the su(3) case, these are the followings:

Iy =T +4T? Vi =TT Vi =T5+4T7, (A.16)
which have the following commutation relations with the diagonal 72 and T8:
3 3 1 3 1
[T ,I:t] = j:_[j: [T ,Ui] = :|:§U:|: [T ,V:t] = igvi (Al?)

(T8, 1] =0 (T8, U] = i\fUi (T8, Vy] = i‘fvi. (A.18)
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Consequently, the operators It, Uy and Vi iterate between the simultaneous eigenstates |ms, mg)
of A3 and \® as

Ii|lms, mg) o |m3 £ 1,mg)

V3

1
Uyg|ms, mg) o< |ms F 2018 + 7) (A.19)

V3

1
Vi|ms, mg) o< |mg £ 5 M8 + 7%

in any irreducible representation of su(3).

A.4 SU(N) spin rotational symmetry of the Heisenberg model

The SU(N) symmetry of the Heisenberg Hamiltonian (1.10) means that it is invariant under
the simultaneous rotation of all SU(NV) spins around the same axis n with the same angle ¢,
which is done by the global SU(N) spin rotation operator U = H;V:H e Tj (see the end of
Appendix A.2) as

Ns Ns
UHU ' = [ e Tn ][ e =, (A.20)
1 =1

which is equivalent to [U, H] = 0.

Before turning to the proof, let us mention why is this symmetry important. Firstly, we have
seen in Sec. 2.6 that if the ground state is not invariant under some transformation U, which
leaves the Hamiltonian invariant (called symmetry breaking), then the ground state must be
degenerate. We also saw that breaking a continuous symmetry can lead to gapless excitations
due to the Goldstone theorem. If the ground state becomes ferromagnetic or antiferromagnetic,
then the continuous SU(N) spin rotation symmetry is broken, and the operator U can transform
one ground state into a linear combination of the others.

Secondly, if the ground state does not break any symmetry, it is also invariant under any
global SU(N) spin rotation as U|GS) = |GS). As shown in Appendix A.2, an infinitesimal SU(N)
spin rotation can be Taylor expanded around the identity (A.9), so we can do the same with the
global SU(N) spin rotation

N,
U(g) = H Gion T, _ ion 0 Ty ign Ty _ €i¢zi\f;1naT; (A.21)
j=1
for p < 1 as
N2-1
U(g) =T +i¢ > n'Tf+ 0(¢%), (A.22)
a=1

where T} = Zj\[:sl Tj“. We can choose the axis of rotations n so, that it points into the direction

of one of the SU(N) spin operators, say T°, simplifying the above equation to
U(p) =T +idTh + O(¢?). (A.23)

Consequently, U(¢)|GS) = |GS) for any U implies T%|GS) = 0 for any b. Therefore, the total

quadratic Casimir operator Zivjl_ ! T#T4 (1.22) also takes on an eigenvalue 0, so that the ground

state transforms as an SU(NV) singlet.
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Now let us turn to the proof of [U, H] = 0 for the global SU(N) spin rotations U defined in
Eq. (A.21) for any axis of rotation n and any angle ¢. It is helpful to expand the exponential to

a power series
n
o0

. N2-1 o
U = ¢®Xa=1 naTf — Z T ) Z , (A.24)

n=0

If T% commutes with H for all @ € {1...N? — 1}, then every power of 7% commutes with ,
and so will U.
The Heisenberg Hamiltonian (1.18) can be rewritten as

H = JZ Z TaTa _ Z Z Ta+Ta (Tia)Z _ (1—1]{1)2)
a=1 a=1

7.7 a]

3 Z (02 irj — Cai — C”Q,j) : (A.25)
(Z )
since the SU(N) spin operators on different sites commute. The > (T)? = T;-T; = Cy; is the
quadratic Casimir operator on site i (1.21), while 35 (T} + T})* = Tyy; - Tiyj = Cayj is the
quadratic Casimir operator of the subsystem composed of sites ¢ and j. In the commutator

N. N,
a ~ a J A A A J 2 a A N ~
[T7, H] = ZTz Y ZC'Q,z‘+j — Oy —Cqj| = 5 Z Z[Tl ,Coivj — Cay — Ca ]
=1 (i) (i) 1=1
J A A N A A ~
=3 S DD 17, Coi — Coi — Coy) +[TF + T, Coigj — Co — Cayl | . (A26)

The CAYQ’i trivially commutes with 77 (since i # j), but it also commutes with T}, because the
Casimir operators at site ¢ commute with all 7}* (see Sec. 1.4.2). The only terms which do not
commute are [T, Ca,4] # 0 and [7}@,6272'+j] # 0. However, the sum of the spin operators
commutes [T} + T, Coiri] = ST + T¢, (TP + TP)?] = 0, since Cyiv; is a Casimir operator
on the subsystem of sites ¢ and j.

Thus, we conclude that [T%,H] = 0 foralla € {1... N>—1}, implying [U, H] = 0 (equivalently
to Eq. (A.20)), so that the Heisenberg Hamiltonian has global SU(NV) spin rotation symmetry.

A.5 Young tableaux

As mentioned in Sections 1.4.2, and 2.1, the set of states {fZU\OHU € {1...N}} form an
N dimensional basis for the fundamental representation of SU(N), meaning that the spin op-
(see Eq. (2.3)), and the basis

states transform under the fundamental representation as 77 f;’ -0) = Za, AN, o f /10) (see
Eq. (2.4)).

If we take the product of r such states on some sites ji,7jo...Jj,, we get a multiparticle
wavefunction f] . f;ﬁar |0). The set of these states for o1,02...0, € {1... N} forms an

erators are represented by the matrices (0[f; ;17 f} ,10) = 2ae

o0’

T
Jt, Ulfj270'2 o
N" dimensional basis for a reducible representation of the su(/N) Lie algebra. In this reducible

representation, the total SU(N) spin operators 22:1 T7 are represented by N" x N matrices,
with the matrix elements given by

T
O Fizps = Frope | DT | i on o L 10). (A27)
j=1
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These matrices can be simultaneously block diagonalized by a basis transformation, decompos-
ing the reducible representation to a direct sum of irreducible representations. Such a basis
transformation means taking the linear combinations of the r-particle product states as

N
Z 1/}}7170'2,...UT f]l,al f_]g,g'g ° f]T,UT ‘ > <A28)

01,02,...0p=1

%)

where ¢ € {1...N"}. As claimed in the books [107, Sec. IV.4] and [109, Sec. 8.4], we get a
decomposition to irreducible representations, if we symmetrize or antisymmetrize in every flavor
index o. In the su(2) case, constructing all symmetrized or antisymmetrized multiparticle wave-
functions reproduces the basis states of any irrep appearing 1n the Clebsh Gordon decomposition.

The simplest example is the product of two particles f i, o) 2, 02|0>, which can be antisym—

metrized as —(fj1 Ulfpm - ﬁmfj2 +,)|0) or symmetrized as —(f]1 Ulfj2 o T fj1 o j2 Ul)]O)
In the su(2) case, where both o1,09 € {1,2}, antisymmetrization gives |¢!) = ﬁ(f;,l o~
f]T1 2fj,1)|0) (usually denoted as 1/v2(] 14) — | 1)), which is the one—dimensional basis of
the s = 0 singlet irrep, while symmetrization yields the three states [¢?) = fjh 1.110)s |93)

St o 1] of ] 0100 and [o6%) = f1 5 7] 510 (usually denoted as | 1), 1/v2(| 1)+ 41)),
and | [])), forming the three-dimensional basis for the s = 1 triplet irrep. The sets {|!)} and
{192, [1), |¥*)} transform separately under the action of the spin operators S*, S, and SZ.
Thus, the 4 x 4 matrices representing the spin operators in the basis of product states are block
diagonalized to 1 x 1 and 3 x 3 blocks in the basis of {|1!), [¢?),]¥?), [1)*)}. The set of 1 x 1
block matrices form the singlet irrep and the set of 3 x 3 block matrices form triplet irrep. The
sites j1 and jo are arbitrary for the singlet, but j; # jo for the two triplet irrep.

In the su(3) case, 01,00 € {1,2,3}, so we get multiple states even after the antisym—
metrization of two-particle wavefunctions, since we have |[¢1) = (fﬁ, fj% le, fj% )|0),

¥ = %(f}l,gf;‘;,g - f}l,g fi,2)10), and [3) = %(f;hlf;%;; - fj173fj2’1)]0>. To form a basis
for the su(3) singlet, we have to antisymmetrize a 3-particle wavefunction as ( f;1 1 f]]; 9 f]TS g+

T T T T T T ot
f]h f]2, fjs +f]17 fj2,3fj31 f]h fJ27 fjs, f]l, fJ27 f337 fj1,2fj2,1fj373)‘0>' Symmetrlzatlon

of two-particle Wavefunctionb yleldb 6 1ndependent linear combinations in the su(3) case, namely

f}hlf;&l‘o% fJT J272’0> ]17 32,3|0> ( J1,2 fj2, f]h J2,2 )|0> ( Jji1,3 fj2, f]l, }2,3)’0% and

(f;1,2f;273 + fj1,3fj272)|0>, the set of which form the six-dimensional basis for an irreducible rep-
resentation of su(3).

In the case of su(N), to form a basis for the su(V) singlet representation, we have to antism-
metrize an N particle wavefunction. We can not antisymmetrize more then N particles because
we get 0, but we can symmetrize any number of particles. We can antisymmetrize subsets of a
2N particle wavefunction, so that we antisymmetrize in two subsets of N particles, which also
forms a one-dimensional basis for the su(/N) singlet representation (an example of this being the
decoupled David star in chapter 3).

Hybrid symmetrization and antisymmetrization procedures are also possible, for example, we
can symmetrize first in the first two flavors o7 and o9, and then antisymmetrize in the flavors
o1 and o3 (which will destroy the symmetric feature in o1 and o2). In the su(3) case, the set of
these hybrid three-particle wavefunctions forms a basis for the adjoint irreducible representation.

Due to the connection of the SU(N) group and the su(N) Lie algebra in Eq. (A.9), the set of
states forming a basis for a given irrep of the su(/V) Lie algebra also forms a basis for the same
irrep of the SU(N) group. In general, the basis for every irreducible representation of the su(N)
Lie algebra and the SU(N) group can be constructed by multiparticle wavefunctions.

In the books [107, Sec. IV.4] and [109, Sec. 8.4], the basis of each irreducible representation
is formed by tensors. These tensors can have many upper and lower indices. Depending on



APPENDIX A. DETAILS OF THE SU(N) SPIN OPERATORS: THE GENERATORS OF
THE SU(N) LIE ALGEBRA 79

the convention, a tensor of r lower indices and no upper indices is equivalent to an r particle
wavefunction. Antisymmetrizing N — 1 lower indices is equivalent to introducing an upper
index, therefore any tensor can be rewritten only with lower indices, and is thus equivalent to
a multiparticle wavefunction. Antisymmetrizing N — 1 particles on the same lattice site can be
thought of as a hole, so that on the same site the upper indices can be analogies of the holes.
However, we can also antisymmetrize N — 1 particles residing on different sites, so we can have
upper indices which are not analogs of holes. For the sake of clarity, we will not talk about
tensors with upper and lower indices, only multiparticle wavefunctions.

A.5.1 Young tableau: a pictorial representation of symmetrization and anti-
symmetrization

In the following subsections, we follow section 8.4 of the book [109]. Every flavor index
o of the multiparticle wavefunction corresponds to a box, so the number of boxes is equal to
the number of particles. The r boxes of the r particle wavefunction are arranged in a way
to represent the symmetrization and antisymmetrization procedure of the ¢ indices, what we
call a Young tableau (the Young tableaux is the plural). For the boxes in the same row the
corresponding ¢ indices are symmetrized, while for the boxes in the same column the ¢ indices
are antisymmetrized. We can not antisymmetrize more than N indices, therefore we can not
have more than N boxes in a column. A single column of N boxes corresponds to the completely
antisymmetric wavefunction, forming a one-dimensional basis for the SU(N) singlet irrep. All
the rows must be arranged to the left, and every row must have less or equal number of boxes
than the row on top of it.

We first label the boxes with the ¢ indices starting from the top row in increasing order to
the right (as o1, 02...07), following with the second row (o741, 0742...0y)) and so on. Next,
we symmetrize the multiparticle wavefunction in the indices of each row separately. Finally, we
antisymmetrize the multiparticle wavefunction in the indices in the columns separately (which
destroys the previous symmetrization).

A.5.2 Pictorial calculation of the dimension with a Young tableau

In this subsection, we follow section 8.4 (ii) of the book [109]. As already stated, the linear
combinations of the elements of the r particle wavefunction form a basis for an irreducible
representation. The number of linearly independent linear combinations is the dimension of the
irreducible representation (it determines the sizes of the matrices representing the SU(N) spin
operators in this irrep). The dimension can be written as a ratio of two numbers, which are both
calculated from the Young tableau (for specific examples see Fig. A.1(a) and (b)). For this, we
draw the shape of the Young tableau in both the numerator and the denominator, and we fill
each box with one integer. In the denominator, the number in a given box is the number of
boxes below it (in the same column) plus the number of boxes to the right of it (in the same
row) plus 1 (see Fig. A.1(a) and (b)). In the numerator, we start from the leftmost box in the
top row, and we write IV in it. Next, we write integers in descending order in the boxes below it
(so in the first column we will have the integers N, N —1, N —2 ... from top to bottom). Then,
we fill the boxes in every row, starting from the leftmost box (which was already filled) to the
right, and we write in integers in ascending order. The first row will contain the numbers N,
N +1, N+ 2... from left to right. The second row will have N — 1, N, N 4+ 1,..., the third
row N —2, N —1, N,... always in ascending order from left to right. Finally, the dimension
of the irreducible representation is the product of all the numbers in the Young tableau of the
numerator divided by the product of all the numbers in the Young tableau of the denominator.
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(a) An example for the dimension of an irrep:

N [ N+1[N+2] 6 [ 4] 1
N-1 | N 4 2 — NZ#N+D*(N+2)*(N-1)**(N-2)*(N-3)
N-2 | N-1 3 1 - 6%42%3%)
N-3 1

(b) The dimension of the adjoint representation:

N | N+1] N [ 1]
N-1 N-2
— N+1)! -
N-1 boxes N-2 N-3 — % =(N+1)*(N-1)=N*-1

[ ]
(c) The simplest decomposition to irreps:
_ l:l:l In the SU(2) case these are
EI ® EI -_ @ the singlet and the triplet irreps
(d) Decomposition of the product of conjugate and fundamental irreps:
conjugate  fundamental adjoint singlet

|
N-1 boxes _ ® l:l — N-1 boxes _ @

N boxes

[] [ ]

Figure A.1: (a) An example for the calculation of the dimension of an irrep, the basis for this irrep
is formed by hybridly symmetrized and antisymmetrized eight-particle wavefunctions (rows show
symmetrization, columns antisymmetrization). The rules for the calculation of the dimension
are given in Appendix A.5.2

(b) The Young tableau of the adjoint representation has a column of N — 1 boxes and an
additional box in the first row. Its dimension is N? — 1. (c) The direct product of the conjugate
and fundamental irreps is reducible, therefore we can decompose it to a direct sum of irreps with
a basis transformation (symmetrization and antisymmetrization). The irreps appearing in the
decomposition can be constructed by adding the single box of the fundamental representation to
the Young tableau of the conjugate representation in all possible ways. There are only two ways
to do this while keeping a valid Young tableau, resulting in the singlet and the adjoint irreps.



APPENDIX A. DETAILS OF THE SU(N) SPIN OPERATORS: THE GENERATORS OF
THE SU(N) LIE ALGEBRA 81

A.5.3 Decomposition of a direct product of two Young tableaux

In this section, we follow section 8.4 (iii) of the book [109]. The direct product of two
irreducible representations is reducible, so it can be decomposed into the direct sum of irreducible
representations. In other words, if the 71 particle wavefunctions |¢*) with i € {1...d;} form a
dy dimensional basis for the first irreducible representation, and the ro particle wavefunctions
|¢7) with j € {1...dy} form a dy dimensional basis for the second irreducible representation,
then the 71 X ro particle wavefunctions |1*) ® |¢/) form a basis for the d; x do dimensional
product representation, which is reducible. The decomposition to irreducible representations
means a basis transformation (symmetrization or antisymmetrization), which simultaneously
block diagonalizes every SU(N) spin operator. The symmetrized or antisymmetrized linear
combinations transform separately under the action of the SU(NN) spin operators, so that we can
represent these linear combinations by Young tableaux too. There are rules for the decomposition
of a direct product of two arbitrary Young tableau to a direct sum of Young tableaux, but these
rules are quite complicated [109, Sec. 8.4 (iii)|. Here, we consider only a simple case, where
the first Young tableau can be arbitrary, but the second is a single box forming a basis for the
fundamental representation. In the decomposition to irreps, we get all possible Young tableaux
which can be formed by adding a box to the first Young tableau. In the simplest case, both
Young tableaux are single boxes. Then there are only two possibilities: we either antisymmetrize
or symmetrize these two indices, resulting in a single column of two boxes or a single row of
two boxes, respectively. In the case of SU(2), a box is a spin 1/2, antisymmetrization leads to
the singlet irrep (a column of two boxes) while symmetrization to the triplet irrep (a row of two
boxes), as shown in Fig. A.1(c). Another simple but important example is, when the first Young
tableau is a column of N —1 boxes (conjugate irrep), and the second is a single box (fundamental
irrep). In this case, there are only two possibilities to add a new box: we either add it to the
bottom, getting a column of N boxes (singlet irrep), or we add it to the first row (adjoint irrep).
We can not add the box to any other row than the first because in a legal Young tableau any
row must have less or equal number of boxes than the row about it. Both the conjugate and
the fundamental representation are N dimensional, so their direct product is N x N = N?
dimensional, matching the sum of the dimensions of the one-dimensional singlet representation
and the N2 — 1 dimensional adjoint representation (see Figs. A.1(b) and (d)), appearing in the
decomposition.

A.6 Other irreducible representations of SU(N)

As stated in Appendices A.2 and A.3 the number of generators of the su(N) Lie algebra is
always N2 — 1, but the size of the matrices varies among different irreducible representations
(irreps). The size of these matrices corresponds to the dimension of the Young tableau of the
given irrep. In the case of the fundamental irrep, the Young tableau is a single box, meaning that
the basis of this irrep is N dimensional, so the generators are represented by N x N matrices.
Thinking in terms of the repulsive SU(N') Hubbard model in the U/t — oo limit, the fundamental
representation of the Heisenberg model emerges from the 1/N filling of the Hubbard model (with
one fermion per site on average).

A.6.1 The conjugate representation

The conjugate representation has the same dimensionality N and the same eigenvalue of the
quadratic Casimir operator (A.15) as the fundamental representation, but its Young tableau is
a column of N — 1 boxes, instead of a single box. Thinking in terms of the repulsive SU(V)
Hubbard model in the U/t — oo limit, the conjugate representation emerges from the (N —1)/N
filling corresponding to N — 1 fermions per site (as having one hole at every site on average). In
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the SU(2) case, the two representations are the same since one fermion per site is the same as
one hole per site.

A.6.2 The self-conjugate representation

Another frequently used irrep in the literature is the self-conjugate representation of su(V)
represented by a Young tableau of a column of N/2 boxes (self-conjugate because N — N/2
boxes give the same). Therefore, this irrep exists only for even N. In terms of the repulsive
Hubbard model, it emerges from the half-filled case, with N/2 fermions per site on average. The
one-dimensional basis of the SU(NV) singlet is formed by the antisymmetrization of N fermions (a
column of N boxes in the Young tableau). Therefore, the basis function of the singlet irrep can be
formed by combining two lattice sites with the basis functions of the self-conjugate representation
(forming a dimer) for any N, since the decomposition of the product of two identical Young
tableaux with a column of N/2 boxes will contain a Young tableau of a column with N boxes.
In contrast, for the formation of a basis function of an SU(N) singlet from the basis functions
of the fundamental representation we have to combine N singly occupied sites since we have to
take the product of N single boxes, to be able to construct a column of N boxes. For this reason,
people frequently use it in the SU(NN) expansion because it is possible to form a basis for the
SU(N) singlet with two sites only for any N.

A.6.3 The adjoint representation

The adjoint representation is N2 — 1 dimensional and is represented by a Young tableau
shown in Fig. A.1(b). In the following, we will show that the matrices representing the to-
tal SU(NV) spin operators Ti¢ = Zjv:sl T3 in this irrep are given by the structure constants of
Eq. (1.19) as A}, = —ifape (see "The adjoint representation of SU(N)" in [107, Sec. IV .4]).
As we will show, the (N? — 1) x (N? — 1) matrices Ap. are written in the basis of states
{T}|GS), T2|GS) .. .Tlivzfl\GSﬂ, where T} = ﬁ YR eik'(R"’éS)Tﬁ’s from Eq. (4.2), and the
ground state |GS) of the antiferromagnetic SU(N) Heisenberg model is supposed to transform as
an SU(N) singlet, implying T%|GS) = 0 for any a € {1... N?—1}. In the literature it is common
to say that the states T)?|GS) transform under the adjoint representation, or that they belong
to the adjoint representation. The adjoint transformation is significant for the calculation of the
spectral weights |(f|T2|GS)|? in the dynamical spin structure factor of Eq. (4.5), as discussed in
section 4.3.4.

First, let us calculate the commutator [T, 7], where we will use that T = Zj\f:sl T3¢ =Ty

as
T2, 1Y) = (1. T = > O Rd he®id e b (A.29)
R,R,ss
N2-1
= > MBI5p gl s Z FabeThes (A.30)
RRss
N2-1 N2-1

=1 Z fachelk (R+ds)pe  — Z fapeTi- (A.31)

Using this commutator, we can calculate the action of the total SU(/V) spin operators T on the
basis states {T}}|GS), TZ|GS) .. .TliVQ_1|GS)}, as

N2-1 N2-1
THTR|GS) = [T, 1Y) |GS) + TR THGS) = > ifac TEIGS) = Y T4, TEGS)  (A.32)
S~—— ~—— S~~~

. c=1 c=1
7 Zc fabcTﬁ 0 Fg,b
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The above equation shows, that in the basis of states {T3}|GS), TZ|GS) .. .T£2_1|GS>} the T
is represented by the matrix I'* having matrix elements I'?, = if, .. From now on, let us
abbreviate the basis states as |a) = T?|GS), so Eq. (A.32) simplifies to

N2-1 N2-1
THY) =i Y farele) = Y Teple). (A.33)
c=1 c=1

As we will show below, the I'* matrices represent the total SU(NN) spin operators T:% in the
adjoint irreducible representation. Thus, the above equation shows that the states |b) = T} IIZ]GS>
transform under the action of the total SU(IV) spin operators T'¢ as the adjoint irrep, since the
action of T is equal to the multiplication with the matrix I'*. In the literature, this is often
abbreviated as the states T2|GS) transform under the adjoint irreducible representation.

We can derive the commutation relations of these I matrices from the commutation relations
of the T, since

N2-1 N2-1
[T, Th]|c) = T¢ > Ty ld) —T% Y TG |d)
d=1 d=1

1 N2-1 N2-1 N2-1

N2—

= > Tac ) Tlale)= > Ti. Y Tldle) (A.34)
d=1 e=1 d=1 e=1
N2—

= [Fav Fb]e,c|€> (A35)

2-1 N2-1 N2-1

= fapdTHle) =i Y fapa Y T2 le), (A.36)
d=1 e=1

where in the last row we used the Lie algebra [T:¢, %] = zzgjl_ ! fapaTE. Comparing the third
and the fourth rows above, we get

N2-1

[re, I‘b]&c =1 Z fa,b,dricy (A.37)
d=1

showing that the I'* matrices satisfy the same commutation relations as the T:%, so the set of I'?
matrices forms a representation of the su(N) Lie algebra. The number of basis states T)?|GS)
is equal to the number of generators N? — 1, so the I'* are (N? — 1) x (N? — 1) matrices and
the dimension of this representation is d = N? — 1. These matrices form the adjoint irreducible
representation of su(V) [107, Sec. IV.4].

A.6.3.1 Particle-hole excitations

Similarly, a basis for the adjoint representation can also be formed by the following linear
combinations of real-space-particle-hole excitations
{Zi\;—,:l )\g’c—,f;rHR/’S’UfR,,g’&|7rFS>\a € {1...N?—1}}, where the X\ ; are N x N matrices repre-

senting the SU(NN) spin operators in the fundamental representation (see Appendix A.3). To show
this, we will follow the same steps as for the states T}}|GS), since |7FS) is also an SU(N) singlet.
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a — _ 1 N T a
First, using T = ZR e R ST IR me,:l fﬁ,g,p)\P,P’fﬁ,g,p” we calculate the commutator

N N
I R Y PP IR S Vbhinot
T "JR+R/,s,0/R/,s 0’ 2 Rgp pp 5p° '"JR+R/,s,0/R/,s 0’
o,0'=1 p,p'=1 o,0'=1
1 N N
b T T
52 Z Z )\PP/)\UU |:ff{7§7pfﬁ,’g’p/’fRJrR/,s,o'fR’,s’,o“}
R,5 p.p'=10,0'=1
N N
EZZ Z 35,5000 fis 5 — Op 505 500 p I f
2 & PP O'O' RR+R’ 5,8%0,0" )R 50/ R/ ,8' 0! R/ R"S:570p/R+R/,s,0' R 5,p
R,§ P

N
b
Z )‘ZaAao’fRJrR’spr’s o
1 N
_ b T b T
T2 Z <)\go¢)‘aa fR-l—R’,&ofR’,s’,U 2/\00‘)\30 fR+R’1S,JfR’75/7U,>

o0’ ,a=1

l\')\»i
||M2 “

N | =

N N
E E O'O’ a p’fRJrR’safR/s N4
pl: :

N
1
SE S PO RTINS A e

a'o" 1

. 2_ .
2 Z]\L ! fu.bc)‘; o!

Z fabc Z >\ ’f;[{—i-R/,s,afR’,s’,a” (A38)

o,0'=1

where we used the commutation relation [1)\a, 5 ] =1 Z

P T fabeA A€ of Eq. (A.13). Using the
above commutator we get

N
b
TS Z Moo fhir s ool TFS) = (T8, 3" N i s ofrgor]  |TFS)
o,0'=1 o,0'=1

ZZC flfabcz A¢

n
o,0/'=1"¢,0/ fR+R’,S,J‘fR/,s’,J/

U; )‘0 e fR+R’,s,afR’,s’,0" Tr% ’TFFS>

0
N2-1

- Z Zfabc Z )\UO'/fR+R’SUfR/s o’ |7TFS> (A39)

c=1 o,0'=1
ey

equivalently to Egs. (A.32) and (A.33), from which Egs. (A 36) and (A.37) follow the same way as

in the previous section, so the basis states |a) = fova/ 12507 fR VR’ .s.0/R ¢ o fOrm a basis for the

(N?=1)x (N?=1) %, = i fap matrices. In other words, the states Zg o'=1 Ng.o fR+R’ sol R/ 5 o0
also transform under the adjoint irreducible representation.



Appendix B

Mean-field theory in the projective con-
struction

Substituting the fermionic decomposition T}* = %Zfr\{a’zl fla)\ﬁ’gl i o of Eq. (2.2) into the
. . . NZ-1
Heisenberg Hamiltonian H = J -, » >, T{'T}" of Eq. (1.18) we get

N2-1 N
TR 3 ED SRR N ED Syt (B.1)
(i,j) a=1 a,f=1 %e 1

N N2-1

J a
- ZZ Z Z A5 e fzﬁfjvfje’

(i,5) a,B,7,e=1 a=1

which can be simplified using the relation [108§]

N2-1 5
> ey = 200,05, —  da80ne (B.2)
to
J N 1 X
5 Z Z fiafi,ﬂf]‘!-,ﬂf',a - N Z flj;afi,af‘]—!;ﬁfj’[? <B3)
<7'7.7> a,f=1 a,f=1
[ N
J i 1
=32 (Hadiafistia) N
(i,j) [B=1

where in the second step we used that Egﬁ:l fiafi,afjﬁfjﬁ = n;n; = 1, due to the single
occupancy constraint of Eq. (2.5). It will be convenient to change the order of fermionic operators

. N
as flofishlslia = Hlafigbas = flatiallshi s where again 305 1 flofig0ap = ni = 1.
Taking out the minus sign, the Heisenberg Hamiltonian can be written as

J al 1
H - _5 g]:) a%;1 (flaf],af;[}fl’ﬁ) + N -1 <B4)

It is important to emphasize that Eq. (B.4) together with the single occupancy constraint
n; = 1 of Eq. (2.5), is an ezact mapping of the Heisenberg Hamiltonian (1.18) to interacting
fermions.

To obtain the mean-field approximation, let us first rewrite a pair of operators with their
expectation value plus the fluctuation around the expectation value (in the hope that the fluc-
tuation is much smaller than the expectation value) like fiafja = (fj,afj,a> + 5(fiafj7a) where

the fluctuation is (] £;.0) = flofjo = (Flatsads and similarly £, o = (1] 55 5) +0(1] 5f: 5)-
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Substituting these expressions into Eq. (B.4) we get

M=) > % [hatia) + 00T fi)] [(1lati) + 0a5:0] + 37 1)
1,j) Q,p=

=—*Z( Z raLiad Lot )+ Ll )8 s fg) + 0 W ) UL s i)
(i,5) a,B=1

+0(fl ot 0)0(F] 5 fs ) + % - 1)’
(B.5)

which is still an exact mapping of the Heisenberg Hamiltonian (1.18). The mean-field approxi-
mation is obtained by neglecting the second order term in the fluctuations o fZT afj.0)0( f; sfip)s
assuming that it is small, and taking all expectation values (...) = (FS|...|FS) in the ground
state |F'S) of the mean-field Hamiltonian. Dropping all constants, the mean-field Hamiltonian is

:_72 Z { JOé f;ﬂfzﬁ)+5(fzaf]a)<f;ﬁf”8>:| (B6)
(i,4) a,B=1
- _72 Z [ Ja f]TBf’Lﬁ <fz'1;afj,a><f},ﬂfi’ﬁ>
(4,3) o,8=1
il flatin) = ot (Lot (B.7)

Leaving away the constants (...)(...) gives us two terms, which are identical, up to an index
change a < 3, giving a factor of 2. The resulting Hamiltonian

zz( DIUNRITNY (3:)

) B=1

ti,j

allows for the identification of the hoppings, as given in Eq. (2.7).



Appendix C

Sum rules

As we stated in Egs. (6.2) and (6.3), the sum rules are different in the projected and the
mean-field cases. This section shows how the charge fluctuations affect the sum rule in the mean-
field case for a general SU(IV) model in the fundamental representation. The sum rule is defined
as

> SBk) = > (GS|T?TE|GS) (C.1)

keeBZ keeBZ
Z Z —ik-(R+85—R—35) <GS‘TR5 g‘GS>,
keeBZ N
Rs

where we inserted the expression of Eq. (4.2). Using the relation
> e MR = Ny s, (C2)
keeBZ

where Ny is the number of wave vectors in the extended Brillouin zone, we get

Z 533 <GS|TRSTRS|GS> (CB)
keeBZ N R.s
N2-1
Nk 1 Nk
=N 2N 1 Zl (GS|T Tk o[ GS) = N2 - (GSICom,5[GS),

) S

where in the second row we assurned that the ground state does not break the SU(N) sym-
metry, so (GS|Tﬂ7sbe{7S|GS> = N2 12 <GS|T§ sIR s|GS) for every b € {1...N%? - 1}
(i.e., it transforms as an SU(NV) singlet). The expression Zévjl_ ! TR IR s is the quadratic
Casimir operator C’2,R75 of Eq. (1.21), so Eq. (C.3) is general and allows for different irreps
on different sites. In case of the SU(NN) Heisenberg model in the fundamental representation,
GS|Tg (T} |GS) = (N2 —1)/2N on every site, as shown in Eq. (A.15). Thus, the sum rule of
the Heisenberg model reads

Ny

N
33 ¥k
> P = 2 (O8I mlGS) = k.

keeBZ R,s

(C.4)

As argued in the following section, we get the same sum rule, if we make the approximation
|GS) &~ Pg|FS). As argued in Appendix H, Ny = %NS for the honeycomb lattice, while Ny = %NS
for the kagome lattice.

C.1 Mean-field sum rule

In the case of the mean-field hopping Hamiltonian of Eq. (2.6), the value of the quadratic
Casimir operator is reduced due to the charge fluctuations in |FS). To calculate its precise value
let us substitute the fermionic projective construction of the SU(N) spin operators (Eq. (2.2))
into the Casimir operator

N2-1 N2 1
G=Y b S S At ©5)
a=1 a=1 o,8,
v,e=1
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where we omit the site indices for convenience. Using the completeness relation Zévjl_ ! A2 6)‘%76 =
200,608,y — %5%55%6 of Eq. (B.2) we get

N2-1 N 1 1
Z TT = Z <2clcwciyca — QJVCLCQCTYC,‘/) . (C.6)
a=1

Rearranging the order of the fermionic operators results in

N2-1
A N +1 N +1
CQ=R75 = Z TRs R,s — 2 NR,s — IN n2R75, (C7)

where nr s = fovzl C;FE{SUCRSG is the total fermion number operator on the site with lattice

vector r = R + 5. The value of ng s determines the irreducible representation on a given site
(see Appendices A.6 and A.5), so we get the eigenvalue of the quadratic Casimir operator of

this irrep. On a singly occupied site (ngs = 1), the quadratic Casimir operator takes on the

same value N;]Q L as in the fundamental representation of SU(N). This is not surprising, since

the states C’}r{ ,|0) form a basis for the fundamental representation. The Gutzwiller projector

enforces smgle occupancy, so (FS|PgCyr «Pg|FS) = 22N , and we get the same sum rule (C.4)
as for the SU(N) Heisenberg model in the fundamental representation, just as we stated in
Eq. (6.2).

However, to calculate the mean-field expectation value Z N UHNFS|TE [ TE |FS), we have to
consider all the possible occupations with their probabilities. Consequently,7the |F'S) without
Gutzwiller projection mixes different irreducible representations, so that |F'S) is not an eigenstate
of the Casimir operators. Since the fermions are uncorrelated in the mean-field approach (i.e.,
each flavor of fermions occupies a site independently of the other flavors), the probability that r
fermions occupy a site is determined by the binomial distribution Phipom () = (N ) p (1 —p)Nr,

r

where p = 1/N is the probability that one of the flavors occupies this site. Thus

A N+1 N+1
OME | — (FS|Cop.|FS) = (FS| ( 2 ) FS)

9 "Rs T ToN MR

N

N+1 N+1,
— Pinm -
Zb°(r)<2r 2NT>

() 0-3)

for any site with indeces R, s. The above equation shows that the deviation from the proper value
of the quadratic Casimir operator in the fundamental representation is a factor 1 — % We note
that this is an average, as the probability of multiply occupied sites (r > 1) is non-zero even in
the large-N limit, since the binomial distribution Phinom () approaches the Poisson distribution
with parameter A = Np = 1. Substituting the CM¥ from Eq. (C.8), to the general formula in
Eq. (C.3) we get

> S Z 71Ok = 5 (1— N), (C.9)

keeBZ

just as stated in Eq. (6.3).



Appendix D

Relation between the ground states of
gauge equivalent mean-field Hamiltoni-
ans

In this appendix, we prove that if we take two gauge equivalent (2.33) Hamiltonians
H = gHMF G, (D.1)
which are further related by some invertible operator O as
HYF = on}Fo 1, (D.2)
then their ground states |FS;) and |FSg) are related as
|FS2) = O|FSy), (D.3)

provided that both |FS;) and |FS2) are non-degenerate.
If O = @G, then Egs. (D.1) and (D.2) are the same.
To prove Eq. (D.3), we start from the two eigenvalue equations

HY'F|FS1) = Epg 1 |FSy) (D.4)

and
HYF|FSy) = Epgy|FS2). (D.5)

We can use Eq. (D.2) as

Y [FSo) = OHYF O FS,) = Epgy|FSs)

HYF O FSy) = Epg 0 ! [FSy) (D.6)
where in the second row we multiplied from the left with O~!. If we showed that E%Fl = EPMSFQ,

then comparing the last equation above with the eigenvalue equation (D.4), the non-degeneracy
of |[FS1) would imply that |[FSg) = O~1|FSs). To prove E%/[SFJ = EPMSF,Z’ it is enough to show that
the one-particle energy spectra of the gauge equivalent 7_[11\/11? and 7—[12\/[F are the same (which is
shown in Eq. (1 2.34)), since the mean-field ground state energy is just the sum of the one-particle
energies below the Fermi energy cp.
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Appendix E

(Gauge transformations for projective sym-
metries

The projective symmetry HMF = GggHMFg*IGg1 of Eq. (2.32) can be rewritten for the
hopping Hamiltonian (2.6) as

Zztabfaofba Zzt,JGggff,, fio8 Gy (E.1)

ab)O‘ 1 (’L]U 1

(i,5) o=1
-1 -1
_ZZ%G% g(i),o g Gg g(g)aGg
(z] U 1
— (Z: zjlt”e i))fg(i),Ufg(j),ae_i¢g(g(j)) (E.2)
’Lj o

Since the coefficients of a given pair of fermionic operators

fg,o fb,o’

must be equal, there must be a nearest neighbor pair of sites (a,b) = (g(i),g(j)), for which

tan By = tige @Dl g o emitEl)

ta,bfaT,Ufb’g = tgfl(a)’g,l(b) RIS a)f;rpfb’oe—i(bg(b)

6—i¢g(a)ta’bei¢g(b) = tg—l(a),g_l(b)v (E?))

where in the second row we relabeled the indices as a = g(i) and b = g(j). The meaning of
Eq. (E.3) is that HM¥ is invariant under a combined transformation Ggg, if the effect of g on
the hoppings can be reversed by the gauge phases. For real hoppings, the phases of the gauge
transformations can also be chosen to be real as e??(@) = +1 = ¢7¥:(@) 5o we will call them
gauge signs. These gauge signs can be transferred to the hoppings, so the gauge transformation
GfaT,oG_l = ff;r,g changes the signs of the hoppings ¢,; that are connected to site a. The
gauge signs for the generators of the space group formed by the Dg point group (C¢ and o)
and the elementary translations (T12), are shown in Fig. E.1, for both the honeycomb and
the kagome lattices, supposing periodic boundary conditions (for APBC see Appendix E.2).
We can figure them out easily in the following way. We start from an arbitrary lattice site
astart (in Fig. E.1 we started from sublattice A), and we choose not to change the sign of the
fermionic operator faTSmmg, meaning that its gauge sign is set to e!®s(@start) — 4] (this choice
can be changed at the end by multiplying every fj,g with minus signs simultaneously). First,
we look at the transformed hoppings ,,,,.,» connected to site asqr+ and compare them with the
original hoppings tg—1(4,,,,.),g~1(5)> Which were not yet affected by g. If a hopping was changed
(tastare,d 7 tg- Hastare) g1 (b b)), then the fermionic operator at site b must be multiplied with a

minus sign as €'?s() = —1, to reverse the change of the hopping as e‘“f’g(asm”)t mbeid)g(b) =
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~tasrarb = tg—1(astare),g—1(b)- Lhis way we can determine the gauge signs e~ () at the nearest
neighbor sites b of agqrt. Next, we repeat the same procedure for the nearest neighbor sites of
b, and iterate it until we go through the entire cluster.

The label of the sites j can be changed to the Bravais lattice vector R = Rja; + Rsas
(specifying the unit cell of site j) and the sublattice index s. In the case of the honeycomb lattice,
the gauge signs can be reformulated as e'¢c(Fs) = (—1)& | @11 (Ros) — (_1)fates  pidmy (Ros) —
(—1)FrtBatEs and eito(Ros) — (—1)& Ut +H(Ri+DR where s € {A, B}, €4 = 0, and &5 = 1.
The gauge signs of the translations can also be given with the plane waves 912 (o) e Qra2r
where Q; = (m,v/37) and Qy = (7, —/37) are wave vectors at the M’ points of the extended
Brillouin zone, because these also give the same gauge signs as above, when evaluated on the
lattice vector r = R + d, of a given site. In the case of the kagome lattice, the gauge signs of
translations can be reformulated as e’?T1(B:s) — (—1)F1 and e¢12(B5) — (—1)f1+R2 and also as
e PTi(Rs) — /D cos(Qq - — m/4) and ¢T2(B9) = \/2cos(Qy - v + 7/4), where Q1 = (m,7/v/3)
and Q; = (—m,7//3), provided that r are lattice vectors.

E.1 Gauge transformations for combined geometrical transfor-
mations

We call combined geometrical transformations those which are not generators of the space
group, meaning neither elementary translations (T;2) nor generators of the point group (Ce,
o). The gauge transformation of a combined geometrical transformation can be figured out
from the gauge transformations of the generators of the space group. Let us first consider
a simple combined transformation gijgo (where both g; and gy are some generators of the
space group). The gauge transformation Gg, g, should reverse the effect of gigs as Hur =
G g€182HMr(g1g2) 1G,L . We can find out the form of the gauge phases of Gg,q, by the

g182°
consecutive application of Gg, g1 and Gg,g2 as

Hur = Gg 81 (Gg,82Hure; |Gy, ) 81 ' Gy, (E.4)
which transfers to the hoppings as

o0 @) it @80) (55

T — t. . g (8182(4)) ige, (82(1)) ff
tavbfaﬁfb,a tije ¢ fglgz(i)ﬂfgl&(j),a
ei¢g1g2(glg2(i)) e_i¢g1g2(g1g2(j))

Any geometric transformation g can be decomposed into a product of the generators of the space
group as g = g1g2 . .. gr. The gauge transformation for this product can be figured out the same
way as above, which turns out to be

€i¢g1g2~-~gL (glg2---gL(j)) — ei¢g1 (g1g2---gL(j))€i¢g2 (g2g3---gL(j)) . 67;9{)81‘71 (gLflgL(j))ei(bgL (gL(])) (E6)

Specifically, the translations Tr/ with Bravais lattice vectors R’ = Rja; + Rbay can be written

as a product of the elementary translations T/ = T?lTézZ, where the order of T1 and Ts does
not matter. In this case, the gauge transformation is

¢ (T ) i, (TATI20)) | iom (TTS200) ibmy (T2G)) | gibm, (THU)) gibrs (T30)) idmy (T20),
(E.7)
which looks complicated, but for the specific forms e*¢T1 (Ros) — (—1)afitbiRatads apd ity (Ros) —
(—1)2FatbeRatels (which applies on both the honeycomb and the kagome lattices, as shown at
the end of the previous subsection) the above equation can be simplified. As mentioned in the
previous subsection, the site index can be equivalently replaced with the Bravais lattice vector
ioTg, (Tr/ (4)) i, (T (Rys))

of the unit cell and the sublattice index as j <> (R,s), so e =e
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Figure E.1: In the leftmost column we show the hopping structure of the m-flux HMF of the Dirac
spin liquid ansatz discussed in sections 2.3.1 and 2.3.2. The white and black bonds represent
positive and negative hopping amplitudes, respectively. On the remaining figures, we show
the gauge transformations Gy Eq. (2.16) reversing the effect of the corresponding geometrical
transformations g, assuring that the 7-flux HM¥ is invariant under the combined transformations
Ggg (see Egs. (2.32) and (E.3)). As the hoppings are real, the gauge phases of the gauge
transformations (2.16) become gauge signs. The lattice sites where the fermionic operators
acquire minus signs are marked with white circles. These minus signs can be transferred to the
surrounding hoppings, therefore the gauge transformations flip the signs of all those hoppings,
which are connected only to a single white circle. The purple bonds are visualizing the effect of
the geometrical transformations. The purple dashed hexagons show the quadrupled Wigner-Seitz
unit cell.
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T BARYS)  When we apply Ta at site j <> (R, s) the Bravais lattice vector R = Rja; +

Roay is shifted with as as R 4 as, so the coordinate Ry is raised with 1. Similarly, the
action of Tp shifts with aj, so it raises the coordinate Ry with 1. In Eq. (E.7) we first
shift site j by To R, times, so we get (—1)a2R1+b2(R2+11)+025S x (—1)afitba(Rat2)tets o ...
(—1)e2fatba(RatRy)teads — (_1)la2Ritbo Rateads] Ry +bs Sz, Next, starting from site Tfé (7) we
apply T R} times, and we get (—1)®(FatD+bi(RatRy)tends o (_q)ar(Bit2)+bi(RatRy)terls o ...

(— 1)@ BrtR)+bL(Ro+ Ry Ferds — (_1)[alRl+b1(R2+R§HleS]RH“lZﬁ:lm. Therefore, Eq. (E.7)

simplifies to

. R R/
TR (R+R/,s) (-1) [a1 R1+b1 (Ra+Rb)+c1€s| Ri+ar 3oL m x (—1) [a2R1+b2 Ro+co&s|Ry+b2 37,21 n

_ (_1)[a1R1+b1(R2+R’2)+c1§S]R’1+a1(1+R’1)R/l/Q % (_1)[agRl+b2R2+02§5]R’2+b2(1+R’2)R’2/2
(E.8)

where in the second row we used the formula S,, = (a1 + a,)n/2 for the sums of both arithmetic
series 27 m and 3272 . The sums of these series (1+ R})R, /2 and (1 + R,)R}/2 are both
even, since either R} or R} + 1 is even (similarly for Ry). Every even power of (—1) is +1, so it
can be ignored. Ignoring all even terms, we get

ei(’bTR’ (R+R’,8) _ (_1)[a1R1+b1(R2+R’2)+01§5]R’1 % (_1)[&2R1+b2R2+0255}R/2
_ (_1)[a1R1+b1(R2+R’2)+C1£s]R'1+[a2Rl+b2R2+C2§s]R’2 (EQ)
At the beginning we claimed that the order of the T1 and Tg in Eq. (E.7) is unimportant, but
reversing the order of T1 and Ts in Eq. (E.7) yields a different expression as the one above, due to
the term by R, R}. However, the additional gauge signs appearing in the expression of Gutzwiller-

projected particle-hole excitations of the |[7FS) in Eq. (4.20) turn out to be independent of the
order of Ty and Ty, since the term by R, R} falls out as

10Ty (RAR5) —ir, (R)5) _ (—1) [a1 R1+b1 (Ra+Rb)+c1€s| R +laz R1+ba Ra+cabs] RY

X

(_1) [blR’2+61€§]R'1+[C255}R/2

(_1)[a1R1+b1R2+01 (§S+E§)}R/1+[CLQR1+62R2+CQ (Es+£§)]R,2

. H - H
For the specific forms o (Ros) _ (—1)f1tes (a1 =1,b; =0, ¢c; = 1), !9 (Rs) (—1)FatRatss
K
(ag =1, bg = 1, ¢co = 1) on the honeycomb, and ot (Rs) (=) (ay =1,b, =0, ¢; =0) and
K
10y (Ros) (—1)frtR2 (g5 =1, by = 1, c3 = 0) on the kagome lattices, we get

9T BAR s) —iof (R's) (—1)Fa+H(EHE R+ R+ Ro(€x+60) Ry

9T BAR s) —iof (R'.5) (= 1)[BIRG+{Ri+ Ra R (E.10)

respectively.

E.2 The effect of antiperiodic boundary condition

We impose antiperiodic boundary conditions as shown in Figs. 2.1(a) and (c), and Fig. E.2(a),
which changes the sign of the hoppings crossing one of the cluster’s boundaries. After these
sign changes Eq. (E.3) will still hold for the Ty translations and the two reflections about the
antiperiodic boundary and perpendicular to it (the two reflections generate the Dy point group,
which also includes a Cq rotation), but it will no longer hold for the T, Cs and the remaining
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Figure E.2: A cluster containing four quadrupled unit cells (shown with dashed magenta
hexagons) of the Dirac spin liquid ansétze shown in Figs. 2.1(a) and (c), where the black and
white bonds represent negative and positive hopping amplitudes, respectively. In the left panels
we show the effect of the antiperiodic boundary condition (APBC) (the green line), which flips
the sign of the hoppings t; ; crossing it (highlighted in green). In the right panels the translation
operator T7 shifts the hoppings by the primitive vector a;. For periodic boundaries, the gauge
transformation G??C shown in Fig. E.1 restores the original hopping configuration, according to
and Eq. (E.3). However, due to the APBC, we must modify the gauge transformation so that
it restores the hopping configurations shown on the left panels. To do so, we change the G??C
so that we reverse the signs of the fermionic operators on the sites highlighted with green. The
resulting gauge signs of G%PBC are shown with white-filled circles, which can be transferred to
the surrounding hoppings. In other words, the signs of the hoppings on the bonds connected to
a single white circle are flipped.
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reflections if we use the same gauge transformations as we used in the case of periodic boundary
conditions. However, we can satisfy Eq. (E.3) for T; if we multiply by —1 the gauge phases
¢110) at the locations marked by green circles in Fig. E.2(d). Regarding the Cg rotations and
the reflections about the other axis, we could not find any gauge transformation restoring their
effect. Indeed, the numerical calculation of the structure factor confirms the Dy point group
symmetry for antiperiodic boundary conditions, providing further support for the absence of
gauge transformations that would restore the full Dg point group.

Note that the boundary conditions of the fermionic operators do not affect the periodic
boundary condition of the spin operators, as can be understood from Eq. (2.2).



Appendix F

(Gauge equivalence of doubled and quadru-
pled unit cell ansatze

As stated in Sec. 2.3, the m-flux HMF requires at least a doubled unit cell to accommodate the
hoppings creating the m-fluxes. In all articles we found, people used the doubled unit cell ansatz
shown in the second column of Fig. F.1, for both the honeycomb, and the kagome lattices [6, 58|.
The doubled unit cell ansétze are gauge equivalent to the quadrupled unit cell ansétze shown in
the first column of Fig. F.1, but the gauge transformation connecting them requires the change
of the boundary conditions (PBC«++»APBC) for certain cluster sizes. The gauge transformation in
a cluster containing a single quadrupled unit cell requires a change in the boundary conditions,
as shown in the second column of Fig. F.1. However, the gauge transformation in a cluster
containing four quadrupled unit cells does not involve the change of the boundary conditions,
as shown in the third column of Fig. F.1. Repeating the quadrupled unit cell an odd number of
times in the directions of the primitive vectors requires the change of the boundary conditions,
while repeating it even times does not involve any change.

We applied the ansatz with the quadrupled unit cell on both lattices, to construct the gauge
transformations G¢, and G, restoring the Cg and some o symmetries as in Eq. (2.32). These
gauge transformations can be constructed for PBC, but if we impose APBC, the gauge trans-
formations G¢, and G, do not exist anymore, so the Cg and some o projective symmetries are
broken (see Appendix E.2).

As the quadrupled unit cell ansatz with PBC yields a degenerate Fermi sea, we are forced to
impose APBC. Therefore, the doubled unit cell ansatz, which yields a non-degenerate Fermi sea,
must be gauge equivalent to the quadrupled unit cell ansatz with APBC. Consequently, if the
doubled unit cell ansatz for given boundary conditions gives a non-degenerate Fermi sea, then it
is not possible to construct the gauge transformations restoring the Cg and some ¢ symmetries.
These gauge transformations could be constructed, if we changed the boundary conditions, but
then the Fermi sea would become degenerate.

The number of energy bands in the mean-field spectrum (see Egs. (2.26) and (2.31)) is equal
to the number of basis sites, therefore the number of energy bands in the quadrupled unit cell
ansatz is twice as much as in the doubled unit cell ansatz. However, as these are gauge equivalent,
they are expected to have the same energy spectrum (see Eq. (2.34), which is possible only by
doubling the degeneracy of every energy band. The number of available one-particle states in
the whole reduced Brillouin zone will not be different, because even if the energy bands of the
quadrupled unit cell are doubly degenerate, its reduced Brillouin zone is half as big as that of
the doubled unit cell ansatz with non-degenerate bands (see Appendix H.3).
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quadrupled unit cell old doubled unit cell
ansatz with PBC ansatz with APBC
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Figure F.1: The gauge equivalence of the quadrupled unit cell ansatz (first column) and the old
m-flux ansatz with doubled unit cell (second and third columns). The magenta dashed hexagons
denote the quadrupled Wigner-Seitz unit cells. The gauge transformation connecting these an-
sdtze is tricky, because for certain clusters it involves the change of the boundary conditions
from periodic to antiperiodic as shown with the green dashed lines in the second column. The
signs of the hopping amplitudes intersected by the APBC are switched. The sites on which the
gauge transformation changes the signs of the fermionic operators are denoted with green circles.
These gauge signs can be transferred to the surrounding hoppings, so a hopping (not intersected
by the APBC) changes sign if only one of the connected sites is green.

-



Appendix G

Invariance of the expectation values of
spin operators in the mean-field ground
state

Here we will prove Eq. (2.43). If the mean-field ground states |FS;) and |FS2) of the gauge
equivalent Hamiltonians Hll\/[F and H%/IF are non-degenerate, we can show (see Appendix D) that
they are related as |[F'Sy) = G|FS;) given in Eq. (2.36).

As the SU(NV) spin operators T} are insensitive to gauge transformations (2.17), their expec-
tation values and correlations functions in the states |F'S;) and |FS3) are equal, since

(FS1|T§[FS1) = (FSo|GTFG 1 FSy) = (FSo|T|FSy) (G.1)
and

(FS1|T{ TS FS1) = (FSo|GTY TG FSs) = (FSo| GT{ G ' GT G |FSg) = (FSo| T/ T |FSy),
(G.2)
where we inserted the idendtity as Z = G~'G. Now let us choose the two Hamiltonians so that
’Hllv[F is gauge equivalent to Hg/IF = g?—[llvng_l (so that Hll\/[F is invariant under Ggg). Due to the
construction of HYW their ground states are related as |[FSy) = g|FS;) (as argued in Appendix
D), so following the same steps as above we get

(FS1|T|FS1) = (FSa|gTi'g ™" [FSa) = (FSo| Ty, |FS2), (G-3)

and
(FS\|TET2|FS,) = (FSolgTig g0 [FSa) = (FS,|T2, T2 [FSy). (G.4)

Comparing these equations with Egs. (G.1) and (G.2), we can conclude that
(FSo| T3 |[FS2) = (FSo|Tg;|[FS2), (FSo|TiT}|FSe) = (FSo| Ty Ty(;|FS2), (G.5)
and using |FSq) = g|FS1)
(FS1|Tg-r () [FS1) = (FS1|T[FS1), (FS1[Tgia T (5 [FS1) = (FS1TYT}[FSy), (G.6)

which is just the same after relabeling the sites as i’ = g~1(i).
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Appendix H

Brillouin zones: original, extended, re-
duced

H.1 Original Brillouin zone

Bravais lattices have only one basis site in their unit cell (Np = 1), two-dimensional examples
are the square and the triangular lattices. In these lattices every lattice site can be connected by
translations by Bravais lattice vectors R = Rja;+ Roas, where a; and as are the primitive vectors
of the lattice and Rj, R are integers. The reciprocal lattice, describing the periodicity of the
direct lattice, is also a Bravais lattice with primitive vectors by and b, defined by b.-a; = 27é. 4
with ¢,d € {1,2} in two dimensions. Therefore, the reciprocal primitive vectors by and bg are

-1
the rows of the matrix i aj ag> . Namely, for the primitive vectors a; = (1,0), and ay =

(—1/2,4/3/2), we get the reciprocal primitive vectors by = (27, 27/+/3), and by = (0,47//3).
The Brillouin zone is the Wigner-Seitz unit cell of the reciprocal lattice.

H.2 Extended Brillouin zone

In non-Bravais lattices, the unit cell has more than one basis sites (Np > 1), which we will
label by letters in every unit cell. The set of a given type of basis sites (e.g. the sites with label
A) form a Bravais sublattice (which is independent of the choice of the type of basis site), so
the Bravais lattice connects the unit cells. A reciprocal lattice always describes the periodicity
of a Bravais lattice, so we can not take the reciprocal lattice of a non-Bravais lattice. Instead,
we can take the reciprocal lattice of the Bravais lattice connecting the unit cells, which will have
less information than the direct lattice, because it does not contain the sublattice structure. The
Brillouin zone of the Bravais lattice connecting the unit cells will be called the original Brillouin
zone, or simply Brillouin zone, shown with the dark grey hexagons in Fig. H.1(c) and (d).

However, there is a way to construct a reciprocal lattice, which contains all the information
of the direct lattice, even if it a non-Bravais lattice. To do so, we should take the reciprocal
lattice of a different (artificial) Bravais lattice, which has smaller lattice spacing, so that we
can connect the lattice sites of the direct lattice with translations by the lattice vectors of this
artificial Bravais lattice. Clearly, this artifical Bravais lattice will have additional lattice sites
even where the original direct lattice had no lattice sites, but at least all the lattice sites of the
direct lattice will also be lattice sites of the artificial Bravais lattice. Specifically, we can associate
artificial triangular Bravais lattices to both the honeycomb and the kagome lattices, by putting
additional lattice sites in the centers of the hexagons, as shown in Fig. H.1(a) and (b). The
resulting artificial triangular lattices have smaller lattice spacings and different primitive vectors
than the original triangular lattices connecting the unit cells of the honeycomb, and kagome
lattices. Namely, if we choose the primitive vectors of both the honeycomb and kagome lattices
tobea; = (1,0), ag = (—1/2,/3/2), then the primitive vectors of the artificial triangular lattices
become &l = (1/2,v/3/4), a¥l = (0,1/v/3) and aff = (1/2,0), af = (—1/4,/3/4), which have
been shrinked as |aZf| = %\ad] and |af| = 3|ay|, respectively. The corresponding reciprocal
primitive vectors of the original Bravais lattice are by = (27,27/+/3), and by = (0,47 /+/3), and
for the artifical triangular lattices b = (47,0), b4 = (—27,2v/37) and bX = (4x,47//3),
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2a,

(a) <> (b)
%} JAVAVAVAVA
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[ reduced BZ
B original BZ
[ extended BZ

Figure H.1: (a) and (b) shows the artificial triangular lattices associated to the honeycomb, and
kagome lattices, respectively. These triangular lattices contain every lattice site of the original
lattice, so their reciprocal lattice will contain all information about the original lattices. (c) and

(d) show the original, extended, and reduced Brillouin zones, with the color code shown between
(c) and (d).
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b = (0,87/+/3) (shown in Fig. H.1(c) and (d)), which have been elongated as [b¥| = v/3|b,|
and |bX| = 2|b.|, respectively. Consequently, the areas of the Brillouin zones of these artificial
triangular lattices are three and four times bigger than those of the original Brillouin zones of
the honeycomb and kagome lattices, respectively. Therefore, we will call them the extended
Brillouin zones (eBZ), shown with the light grey hexagons in Fig. H.1(c) and (d).

H.3 Reduced Brillouin zone

The m-flux mean-field Hamiltonians of sections 2.3.1 and 2.3.2 break the translational invari-
ance of the original lattice, requiring quadrupled unit cells to accomodate the hoppings. The
hopping structure is periodic only in this quadrupled unit cell, so the primitive vectors get dou-
bled. The Bravais lattice consists of vectors R = R12a; + Re2a9, where R and Ry are integers.
Consequently, the primitive vectors of the reciprocal lattice bll\/IF and bIQVIF get halved relative
-1

to the original ones, since they are the rows of the matrix % 2a1|2as . Thus, the area of

the Brillouin zone of this reciprocal lattice is the quarter of the area of the original Brillouin
zone, and we will call it the reduced Brillouin zone (rBZ), shown with the red empty hexagons
in Fig. H.1(c) and (d).



Appendix I

Derivation of Sl?{/?fF(k, W)

In this section, we will derive the formula (4.8) for a general mean-field Hamiltonian Hyr,
with any unit cell and any band structure, supposing that the Fermi sea |FS) fills complete
bands (so that the Fermi energy is not inside an energy band). This derivation was presented in
Ref. [IL].

The Bravais lattice vectors of the mean-field Hamiltonian Hyr may be different from those
of the original lattice, since the accommodation of the hoppings can require enlarged unit cells,
like in the case of the m-flux Hyp with a quadrupled unit cell (see Fig. 2.1), where the Bravais
lattice vectors are RMF = RMF(2a;) + R)F(2ay) with RMF, RMF integers (see Eq. (2.19)).
For simplicity, we will leave away the MF superscripts and subscripts everywhere (except in
S332(k,w)) in this section.

Substituting T2 = \/LNT D> Rs€ etk (R+45) (fRS 1/Rsa fE{’S’QfRJ’Q) from Eq. (4.6) into 533 (k,w)
(4.5), we get

2

1
Sl%/?F(h ﬁ ‘ Z e/t (RH0) f’fRs 1fR31 f;r{,s,sz7s,2|FS> 6(w+ Eps — Ef), (L1)

where the ) g sums over all mean-field Bravais lattice vectors, and the Z sums over all mean-
field sublattice indices s € {A, B,...}. Using flT,MS’U = ﬁ > qerz €4 Ryl o of Eq. (2.21)
(where N¢ is the number of mean-field unit cells), we obtain

2

1 1 . |
S (k OU) N Z NC Z e k-ds Z e (k—q'+q) R§<f|f:;/,3,1 wsl = f(-;/7372f 78’2|FS>
f

S
q,q'€rBZ R

X 5((,0 + Erg — Ef) , (1.2)

where q and ¢ are wave vectors in the reduced Brillouin zone (rBZ), but k can be anywhere in
the extended Brillouin zone (eBZ), see the argument in Sec. 4.2. The sum 3 g e!K~4+9)R would
usually lead to dx_q/+q,0, but that happens when all wave vectors are restricted to the rBZ, see
Appendix F of the Solid state physics book of Ashcroft and Mermin. Repeating that derivation,
the sum ) ge ik—a'+a)R jg 1ot modified by adding a Bravais lattice vector Ry to every R as
Stk q/+q) R — yop eilk=a'+a)(R+Ro) gince it corresponds to relabeling the Bravais lattice
vectors (due to periodic or antiperiodic boundary conditions). Consequently, the ¢i(k—a'+a)Ro
must be equal to 1 for any Bravais lattice vector Rg. This is possible only if

k—-q+q=Q, (1.3)

where Q = Q1M + Qb (see Appendix H.3) is a reciprocal Bravais lattice vector, with Q1
and Q9 integers. In the usual case, when all wave vectors are in the rBZ, Q must be zero, since
that is the only reciprocal Bravais lattice vector in the rBZ. However, in our case, Q can be
anywhere in the eBZ, allowing for more possibilities. If we restrict both wave vectors q and q’
to the rBZ, then rearranging Eq. (I1.3) we get ¢’ = k + q — Q, meaning that Q is the reciprocal
Bravais lattice vector, which maps back the wave vector k 4+ q to the rBZ. Therefore, we get
YR gilk—a'+a)R — Ncbg x+q-q- We will hide the wave vector Q and write everywhere only
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k + q, which is meant to be mapped back into the rBZ. Consequently,
1 k-0 ’
Sife(low) = g 2| 2 D hrasifast = ferasafasalFS)| 8w+ Brs = Ey) .
f s q
(1.4)

The one-particle eigenstate of Hyp with wave vector q and energy e,(q) can be written as
Fhol0) = 3 vqbsfdscl0) (see Bq. (2.27)), where b € {1...Np} is the band index, and
Np is the number of basis sites in the rnean -field unit cell. Inverting this relation we have

N :
f&s,glm Zb 1 Vs, bch;bo—| ) = Db Vabs qba‘0>’ where we used that the matrix composed
of the coefficients vq s is unitary, namely Vg, i, b= v . From these relations, we get
Np
.I.
ferqsofasolFS) = <Z Ukt q,bl,s fk+q,b a) (Z Uq,bﬁfq,b,g) [FS).
b=1 b=1

Therefore, we can write

2
51:\3/“[3F(k7 w

k-85 Z Z T T
' Ult+q,b’,qu7b75<f‘fk+q,b’,1 q,b,1 fk+q,b/,2 q,b,2‘FS>
a by

X 0(w+ Erg — Ef) . (L5)

The states |1) = fli—t—q,b’,l qp1lFS) and [2) = f£+q7b,72 q.b.2/F'S) are multiparticle eigenstates of
Hmr, which are non-zero only if b and b are such, that e,(q) < ep and ey (k+q) > ep (meaning
that a particle is hopped out of the Fermi sea), since in |FS) only the bands below the Fermi
energy ey are filled, see Eq. (2.8). Specifically, for the |7FS) discussed in sections 2.3.1 and 2.3.2,
be {1,2} and b’ > 2 (see Egs. (2.26) and (2.31)). With these notations, we can rewrite the overlap
in Eq. (1.5) as (f|1) — (f]2). Since the particle-hole excited eigenstates of HMF are orthogonal
to each other, all the |f) giving non-zero overlaps must either be equal to |1) or they must be
equal to |2). If |1) = |2), then we get zero anyway, what happens when k = 0, and b = b'. Thus,
all |f) eigenstates giving non-zero overlaps, must be single particle-hole excitations of the form

If) = k+q b qb [F'S), and the 3, can be replaced by >°5_; 53 g Zb’,sb/ (ktq)>ep 2ubes( (@) <er”
Consequently, we get

<f‘ (f11+q7b71 q,b’,1 f11+q7b72 q’bljg) ’FS> = (1 - 5k,05b,b’)5(~1,q557b55/,b/(6&,1 - (55,2)7 (16)

which kills the sums > >, in Eq. (I.5). The sum Zg,:l together with the term 51 — d52
gives a factor of 2 since the absolute value squared is the same for both ¢ = 1, 2. Eventually, the
dynamical spin structure factor in the mean-field case becomes

Siir N Z Z Z Z estsUkJFq,b/s abs| XO0(w+Eps—Ey), (L7)

se{A,B,... }
Egr (k+q)>€F £z (f})<EF

Both the Epg and Ey are sums of the filled one-particle energies, and they differ only in the

ep(q) that was changed by the single-particle-hole excited eigenstate |f) = fli+q v ola ba| S).

This excited state removes the particle with energy €;(q) from the Fermi sea, and puts it into
the one-particle state with energy ;,(k + q). Therefore, Ey — Egs = ¢;,(k + q) — £3(q), so we
can change the Dirac delta to 0(w + Ers — Ef) = §(w —¢j,(k + q) +;(q)).

Finally, we can leave off the "notation for convenience, ending up with Eq. (4.8).



Appendix J

Monte Carlo sampling

An expectation value of a quantity B can be written as
(B) =Y B(x)P(x), (J.1)
x

where P(z) is some probability distribution, and B(z) is the value to be averaged for all possible
configurations x. Every probability distribution must satisfy P(z) > 0 Vo and ) P(z) = 1.
This allows us to use Monte Carlo sampling to evaluate such an expectation value, by sampling
the configurations with probabilities P(z). We can sample the configurations x with these
probabilities using the Metropolis algorithm [110]|. For such an algorithm, we need to construct
some elementary steps that do not change the configuration x very much, we use pair exchanges
of fermions between randomly chosen sites ¢ and j. We start from a random configuration z, and
propose a new configuration by randomly choosing a pair of sites for the pair exchange. Every
pair is proposed with the same probability, and we accept the proposed configuration with the
acceptance probability

IHCO /
Az — 2y ={ P(x)’ if P(z) < Pla), (1.2)
1, if P(z') > P(x).

If the configuration 2’ was accepted, then we propose a new randomly chosen configuration from
this state, and iterate this process. If we start from a random configuration, then we need to
perform some warmup steps before counting the B(x) to the average, because we can start from
a configuration having a very small probability, so counting it to the average would increase
the error. After applying some warmup steps, the frequency of sampling a configuration is
proportional to its probability P(z) (called thermalization), so averaging the quantities B(x) for
many configurations will give an estimate of the expectation value (B). The more configurations
we sample, the better the estimate of (B) becomes. We can characterize how good this estimate
is, by the Monte Carlo error (the way to estimate the Monte Carlo error is presented in Appendix
J.3).

Usually, people determine the number of warmup steps necessary to achieve thermalization
by calculating the autocorrelation time of some quantity. Here we use a different approach, we
believe that the sampling was already thermalized after a few times N, accepted pair exchanges
(we emphasize the word accepted), where Ny is the number of lattice sites. We believe so,
because starting from a random permutation of the numbers 1... Ny, we can reach any other
permutation with only Ny pair exchanges (Fisher-Yates shuffles).

Similarly, when we average B(x) for different configurations z, to be able to estimate the
Monte Carlo errors correctly, we need to average the values of B(z) on uncorrelated configurations
x. Since an elementary step (the pair exchanges) does not change the configuration much, the
configurations connected with a single elementary step can not be considered to be uncorrelated.
For this reason, calculations of B(z) should be done after many elementary steps, when the new
configuration is already not correlated with the previous one. Using the argument of Fisher-Yates
shuffles again, we believe that N, pair exchanges are enough to get an uncorrelated configuration.

In some cases, we can use Monte Carlo sampling to estimate sums that are not written in
the form of Eq. (J.1), by defining something to be a probability distribution.
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J.1 Sampling of the static properties

The expectation value of some quantity B in the state |¢)) can be expressed in the form of
Eq. (J.1) as

(Bl _ | »
W S @) 2Pl )

_ meyw)(x!Blwﬂxlw
= s E L ElBl) el

1./

=) (a|Blz)P(x) (J:3)

where we inserted the identity as I = ) |z) (x| many times, and in the second row we supposed
that B is diagonal in the basis {|z)}. In the last step we defined the probability distribution
P(z) = [(z[¢)*/ (X (@' |[¥)]?) (clearly satisfying P(z) > 0 Vo and >, P(z) = 1). When we
calculate the ratio of the probabilities in Eq. (J.2), we do not need to calculate the denominator
of P(z) = [(z|v)|?/ (X, [('[¢)[?), since P(a')/P(z) = |('|¢)[*/|(z|¢)[>. If we use the basis of
product states defined in Eq. (2.9) as configurations, and the state [¢) is a Gutzwiller projected
Fermi sea (see Eq. (2.13)), then the (x|¢) is a product of slater determinants of every flavor,
so the ratio |(2/|¢)|?/|(z[w)]? involves only the slater determinants of those flavors which were
changed in the pair exchange. The update of a Slater determinant in which only the k-th column
was changed can be done efficiently with the Sherman-Morrison formula ([111, 112])

det A =det A AT Aj, (J.4)
J

where A and A are the old and new Slater matrices, respectively. This efficient update also
requires the storage and update of the inverse of the Slater matrix

A_l . det AA_l

Fd o det AR

3 A7l det A _

Al A7 TR T TNT A J5
2,] 2,7 det A Z il Lk ( )

l

Furthermore, the Monte Carlo sampling of the configurations makes possible the easy application
of the Gutzwiller projection, since all we have to do is to consider only singly occupied product
states of the form (2.9), which were denoted as |zp,) in Eq. (2.13). In the product basis of
states like (2.9) the total fermion number operator n; = Zfrv:l f;r o i, is diagonal, therefore the
diagonal spin operators (which can be expressed with the total ‘fermion number operator) are
also diagonal (see Eq. (2.2)), allowing us to calculate (FS|ngZ’Z~3T]3PglFS) = 1(FS|Pg(ni1 —
ni’Q)(an — nj72)Pg|FS>.

J.2 Sampling of the dynamical structure factor

In order to evaluate the matrices H% = (k, R, o|H|k,R’,0’) and #* = (k,R,o|H|k, R/, o’)
(where we have hidden the indices s,5 of the states (4.20) for simplicity) we first insert the
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identity operator I =) |x)(z|
Hi om0 = kR, olz)(z[Hk R, o)

x
Okor o = Y (kR olz)(z|k, R, 0"), (J.6)
x
where the orthonormal basis {|x)} is formed by the product states |z) of Eq. (2.9), with the
constraint that every site must be singly occupied (denoted as |zp,) in Eq. (2.13)) to account
for the action of Pg in Eq. 4.20.

For small system sizes (see Figs. 5.1(a)) the expressions above can be evaluated exactly by
going through each configuration |x) of the Hilbert space and calculating (x|H|k,R,o) and
(x|k,R, o). This is what we called the exact variational method in Sections 4.3 and 5.

However, for larger system sizes the direct evaluation becomes difficult, as the size of the
Hilbert space grows exponentially. Instead, one can use a Monte Carlo method to evaluate the
Hamiltonian and overlap matrix Eqs. (J.6) by random sampling the states |z). To make the
sampling efficient, we have to introduce a probability distribution P(z), which should not be
small for the configurations for which the quantities (z|H |k, R, o) and (z|k, R, o) are not small.
In other words, if P(x) is very small for a configuration Z, then this configuration probably will
not sampled, and the values (Z|H|k,R, o) and (Z|k,R, o) will not be counted to the average,
even if they are big. The simplest way to introduce the probability distribution P(z) is the
reweighting technique, in which we multiply and divide Egs. (J.6) by P(z) as

/ /
7:[11%0.11/’0/ = Z <k\’/Rﬂx> <x‘7-i|/lLleo- >P($> s

Z<k ,R,o|z) (z|k, R, o)
VP PG

meaning that we can use P(z) for the importance sampling of the configurations z, and calculate
the quantities KRuolm) @MleRe) ) g GeRole) @kR0h) 1,0 syeraged. P(x) must satist
b VPG@) /P VPG \/P@) & (@) Y

P(x) > 0Vz and ), P(x) = 1, otherwise we can not use it for importance sampling (not even
if we use the Metropolis algorithm). The normalization condition would be a problem, because
when we introduce some P(z) we have to divide it with its norm to get P(z) = P(z)/ Y, P(z'),
which we can not calculate due to the enormous size of the Hilbert space. This would not be
a problem for the importance sampling, because the Metropolis algorithm needs only the ratios
P(2')/P(x), but the P(x) appears even in the quantities to be averaged. Luckily, the matrices
HX and OK are used in the generalized eigenvalue problem HX|fX) = EIJfOk|fk>, implying that
we can multiply both #¥ and O¥ with the same number (which must be independent of x)
without changing the E}‘ or the | f¥). Therefore, we can multiply both with the norm 3, P(z')

to get the unnormalized P(z) in the denominators as

e B Z k,R,o|z) (z|H|k, R, o

HR,O’,R/,UI -_— F F

<k R,o|z) (z|k, R, o )

e M e (15)

The probability distribution P(x) can be chosen in many ways, before presenting our choice
we give a brief overview of the choices used in previous papers. In Refs. [88, 89|, Li and Yang
chose the probability distribution

P(z), (J.7)

k _
OR,G,R’,U’ -

>P>

Do ok, a,0)f

k() —
P = s ka0l

(J.9)
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also followed by [90], where the states |k, q,0) = PGfqu »Ja,o|FS) were introduced in Eq. (4.9).

This probability distribution was used to sample the block matrices H¥ and O¥, which meant a
separate Monte Carlo simulation for each k.

On the other hand, Ferrari et al. [91] sampled according to the weight of |x) in the approxi-
mating ground state,

| (x| P6|FS)?

> (@] Pe|FS)[?”
where (x| Pg|FS) is a product of real Slater determinants (2.10). The advantage is the ability to
sample all the block matrices H¥ and O¥ simultaneously. Furthermore, the terms

P(z) =

(J.10)

(z|H|k,R,0) Z ar (THP I v o fre o |FS) (J.11)
(x| Pa|FS) \f (x|Pg|FS) '
and
<:c\Pg|FS \F Er - '

appearing in the expressions (J.8) can be calculated very efficiently using the Sherman-Morrison
formula, since they reduce to quotients of real Slater determinants (2.11) which differ in a single
column only. However, configurations which are important for the excited states, but unimpor-
tant for the ground state will be sampled rarely: the |{x1|Pg|FS)| > |(x2|Pg|FS)| condition does
not imply [(x1 |k, R, o)| > |(z2]k, R, 0)| nor [(x1|H|k,R,0)| > [(z2|H|k,R,o)|. Thus, the |z2)
may be just as important for some excited states as |z1) is for the ground state, yet it will be
sampled with a much smaller probability.

Mei and Wen used an importance sampling similar to (J.10), with the difference of working in
the subspace of S% = 1, and replacing the Pg|FS) with the lowest energy mean-field particle-hole
state in this subspace [113].

We used the probability distribution

maxgr R/ |(z|R, R/, 0)|

P(z) = J.13
(z) >, maxg R0 |(z|R, R/, 0)|’ (7.13)
where the states
IR,R',0) = Poff , fr,IFS) (J.14)
were introduced in Eq. (4.11).
As noted in Sec. (4.3) these states are connected with the states |k, R, o) as
k,R,0) = \FZ *RR+ R\ R/, o). (J.15)

Therefore, if the weight maxg r/» |(z|R, R’, 0)| is small for a given configuration |z), the weights
|{(z|k, R, o)| will also be small Vk, R. Since the weights (x|k, R, o) appears in both H* and Ok,
if maxg r/ - |[(z|R,R’, 0)| is small, the contribution of this configuration to the matrices HX% and
OF will also be small, implying that every important configuration will be sampled with large
probability.

The choice of the maximum norm in (J.13) is arbitrary. Any norm of (z|R, R/, o) is suitable
for importance sampling. The norm in Eq. (J.13) is a special case of the p-norm

1/p
(Zirreo | (@R R 0)P)
1/p’
e (Cirno @R R, 0)P)

P(z) = (J.16)
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with p = co.

On the one hand, this importance sampling is slower than that of Eq. (J.10) used by Ferrari
et al. in Ref. [91], since in each elementary step we have to calculate the NN? elements of
(z|R,R/,s,5,0) (here we have taken back the hidden sublattice indices). But these elements
are products of Slater determinants out of which one differs from those in (x| Pg|FS) in a single
column only, so they can be calculated efficiently using Eqgs. (J.4) and (J.5), provided that the
inverse matrix exists (which is not always the case). On the other hand, the configurations that
are important only for some of the states |k, R, o, but are not important for the Pg|FS), are
sampled with higher probabilities.

As already mentioned, the numerator ) maxg/ r o |(z|R',R",0)| of Eq. (J.13) is inde-
pendent of |z) and it multiplies both the % and the OK, so it falls out from the generalized
eigenvalue problem, and we do not have to measure it at all. Thus, the measurement of H¥ and
OK for a given configuration |z) consists of calculating the quantities

(x|H|k, R, o) (3.17)
\/maXR’,R”,a |<$|Rla Rlla UH
and
{zlk R, 0) (J.18)

\/IH&XR/,R//J |<1}’RI, RH, O'>| ’

The difficulty is in measuring (z|H |k, R, o), since (z|k, R, o) can be calculated from (z|R, R/, o)
using Eq. (J.15), and (z|R, R/, o) was already calculated during importance sampling,.

J.3 Estimation of Monte Carlo errors

We run the program typically a hundred times for each system size. Let us denote the number
of runs by M(N,) for a system with N sites. In the i*® run we obtained the subaverage Q;(N),
and we have M (N;) runs so i = 1,..., M(Ns). The total average

M(Ns)
(Q(N,)) = Z Qi(Ns) (3.19)

is the result of the MC calculation, with the standard error

M(Ns)pr). _
UQ(NS):\/zi:iw 1000 - QUi 020

M(Ns) - 1]

We plot the above standard errors in the figures.

Some quantities were calculated by fitting functions to the data and optimizing the parameters
of the functions by the non-linear least squares method, using scipy.curve fit. The errors of the
optimized parameters were estimated by passing the og(Ns) of the data we wanted to fit on,
setting the flag absolute sigma = True, and taking the square root of the returned variance.

For the estimation of the error of the central charge (in Sec. 5) we used the error propagation

formula
= (3 (B) 021

where in our case A = vc and B = v.




Appendix K

Details of the generalized eigenvalue prob-
lem

Not all of the states (4.9) or (4.20) are linearly independent. The linear dependencies show
up as zero eigenvalues of the overlap matrix. To solve the generalized eigenvalue problem, the
overlap matrix has to be positive definite (it can not have zero eigenvalues), therefore we have
to perform a basis transformation to remove the numerically zero eigenvalues. This could be
problematic if some of the positive eigenvalues of the overlap matrix were so small, that we
could not distinguish between positive eigenvalues and zero eigenvalues, due to the Monte Carlo
error. Fortunately, the positive eigenvalues of the overlap matrix are separated from the zero
eigenvalues with a gap of many orders of magnitude.

To eliminate the zero eigenvalues of the overlap matrix, following Appendix F.2 in the PhD
thesis https://hdl.handle.net/20.500.11767 /103865, we first diagonalize O¥ as

0" = U okuyk, (K.1)

where 0% is a diagonal matrix containing the sorted eigenvalues of O¥ in decreasing order, and U
is the matrix having the eigenstates of OX in its columns, in the order of the corresponding eigen-
values in OF. The eigenstates of O¥ in the columns of ¥ are expressed in the basis of Gutzwiller
projected particle-hole excitations (4.20) as |k, R, 5,5, 0) = DR/ s 5o U§7S7§7U’R,’s,7§,’g,|k, R/ s, 3, o).
Next, we calculate HE = utkFkyk (which is not diagonal) and we reduce both H* and O to the
subspace of positive eigenvalues. To achieve this, if @k has n, zero eigenvalues, then we remove
the n, last rows and the n, last columns of ﬂk and @k (meaning that we eliminate the last n,

R

= S— . . =7k -~k .
states |k, R, s, §,0)). Denoting the reduced matrices as H =~ and O R we solve the generalized

eigenvalue problem
kR —k, —=~kR 5k
HTf) =070f). (K.2)

. . . . =k, . . .
This way, we get the approximating eigenstates |f ) in the reduced basis of the eigenstates of
the overlap matrix as

-k —f:k 1 - =
|f >: Z Al];,,s,§,0|k7Ra575ao-> (KB)

R,s,5,0
To get the approximating eigenstates in the original basis |k, R, s, 3, o) given in Eq. (4.34), we first

. —fk . . .
complete the coefficients AQ 5,50 With n; zeros, so that we take back the eliminated eigenstates
|k, R, s, 5,0) in the subspace of zero eigenvalues, and use

—k —f,k k _
|f > = Z AR,S7§,O'UR,S,§,O',R’,s’,g’,o"‘k7Rl?8/73/7OJ>
R,s,s5,0

R’ s',5 0’

= Y A%k R,s,50). (K.4)

R,s,5,0

This means, that the coefficients in Eq. (4.34) are given by

£k o —fk k
Afssoe = D ARssollfssoRr.sso (K.5)

R/,s’,5 0!
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