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 Non-zero T  (classical) phase transitions of 
superfluids, magnets with `easy-plane’ spins, 
…..in D spatial dimensions 

 T=0 (quantum) phase transitions of bosons 
at integer filling between superfluid and 
insulator in D-1 spatial dimensions 
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Figure 1: Schematic picture of ferro- and antiferromagnets. The chequerboard pat-

tern in the antiferromagnet is called a Néel state.

the role of symmetry in physics. Using new experimental techniques, hidden
patterns of symmetry were discovered. For example, there are magnetic mate-
rials where the moments form a chequerboard pattern where the neighbouring
moments are anti-parallel, see Fig. 1. In spite of not having any net magneti-
zation, such antiferromagnets are nevertheless ordered states, and the pattern
of microscopic spins can be revealed by neutron scattering. The antiferro-
magnetic order can again be understood in terms of the associated symmetry
breaking.

In a mathematical description of ferromagnetism, the important variable is
the magnetization, ~mi = µ ~Si, where µ is the magnetic moment and ~Si the spin
on site i. In an ordered phase, the average value of all the spins is different from
zero, h~mii 6= 0. The magnetization is an example of an order parameter, which
is a quantity that has a non-zero average in the ordered phase. In a crystal it
is natural to think of the sites as just the atomic positions, but more generally
one can define “block spins” which are averages of spins on many neighbouring
atoms. The “renormalization group” techniques used to understand the theory
of such aggregate spins are crucial for understanding phase transitions, and
resulted in a Nobel Prize for Ken Wilson in 1982.

It is instructive to consider a simple model, introduced by Heisenberg, that
describes both ferro- and antiferromagnets. The Hamiltonian is

HF = �J
X

hiji

~Si · ~Sj � µ
X

i

~B · ~Si (1)
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Wilson-Fisher theory

In dimension D = 3, in the low T phase, the symmetry ✓i !
✓i + c is “spontaneously broken”. There is (o↵-diagonal) long-

range order (LRO) characterized by ( i ⌘ ei✓i)

lim
|ri�rj |!1

⌦
 i 

⇤
j

↵
= | 0|2 6= 0 .

We break the symmetry by choosing an overall phase so that

h ii =  0 6= 0
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KT theory

Kosterlitz-Thouless theory in D=2

In spatial dimension D = 2, the symmetry ✓i ! ✓i + c is

preserved at all non-zero T . There is no LRO, and

h ii = 0 for all T > 0.

Nevertheless, there is a phase transition at T = TKT ,

where the nature of the correlations changes

lim
|ri�rj |!1

⌦
 i 

⇤
j

↵
⇠

8
<

:

|ri � rj |�↵, for T < TKT , (QLRO)

exp(�|ri � rj |/⇠), for T > TKT , (SRO)

.

The low T phase also has topological order associated

with the suppression of vortices.
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Figure 3: To the left a single vortex configuration, and to the right a vortex-

antivortex pair. The angle ✓ is shown as the direction of the arrows, and the cores of

the vortex and antivortex are shaded in red and blue respectively. Note how the arrows

rotate as you follow a contour around a vortex. (Figure by Thomas Kvorning.)

by the Hamiltonian,

HXY = �J
X

hiji

cos(✓i � ✓j) (3)

where hiji again denotes nearest neighbours and the angular variables, 0 
✓i < 2⇡ can denote either the direction of an XY-spin or the phase of a
superfluid. We shall discuss this model in some detail below.

Although the GL and BCS theories were very successful in describing many
aspects of superconductors, as were the theories developed by Lev Landau
(Nobel Prize 1962), Nikolay Bogoliubov, Richard Feynman, Lars Onsager and
others for the Bose superfluids, not everything fit neatly into the Landau
paradigm of order parameters and spontaneous symmetry breaking. Problems
occur in low-dimensional systems, such as thin films or thin wires. Here, the
thermal fluctuations become much more important and often prevent ordering
even at zero temperature [39]. The exact result of interest here is due to
Wegner, who showed that there cannot be any spontaneous symmetry breaking
in the XY-model at finite temperature [53].

So far we have discussed phenomena that can be understood using classical
concepts, at least as long as one accepts that superfluids are characterised
by a complex phase. There are however important macroscopic phenomena
that cannot be explained without using quantum mechanics. To find the
ground state of a quantum many-body problem is usually very difficult, but
there are some important examples where solutions to simplified problems give
deep physical insights. Electromagnetic response in crystalline materials is an
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Vortices proliferate
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the role of symmetry in physics. Using new experimental techniques, hidden
patterns of symmetry were discovered. For example, there are magnetic mate-
rials where the moments form a chequerboard pattern where the neighbouring
moments are anti-parallel, see Fig. 1. In spite of not having any net magneti-
zation, such antiferromagnets are nevertheless ordered states, and the pattern
of microscopic spins can be revealed by neutron scattering. The antiferro-
magnetic order can again be understood in terms of the associated symmetry
breaking.

In a mathematical description of ferromagnetism, the important variable is
the magnetization, ~mi = µ ~Si, where µ is the magnetic moment and ~Si the spin
on site i. In an ordered phase, the average value of all the spins is different from
zero, h~mii 6= 0. The magnetization is an example of an order parameter, which
is a quantity that has a non-zero average in the ordered phase. In a crystal it
is natural to think of the sites as just the atomic positions, but more generally
one can define “block spins” which are averages of spins on many neighbouring
atoms. The “renormalization group” techniques used to understand the theory
of such aggregate spins are crucial for understanding phase transitions, and
resulted in a Nobel Prize for Ken Wilson in 1982.

It is instructive to consider a simple model, introduced by Heisenberg, that
describes both ferro- and antiferromagnets. The Hamiltonian is

HF = �J
X

hiji

~Si · ~Sj � µ
X
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~B · ~Si (1)
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Only even (±4⇡, ±8⇡ . . .)
vortices proliferate

All (±2⇡, ±4⇡ . . .)
vortices proliferate



Add terms which suppress single but 
not double vortices…..

eZXY =
Y

i

Z 2⇡

0

d✓i

2⇡
exp

⇣
� eHXY [✓]

⌘

eHXY [✓] = �J

X

hiji

cos(✓i � ✓j)

+
X

ijk`

Kijk` cos(✓i + ✓j � ✓k � ✓`) + . . . . . .

All allowed terms are invariant under a global U(1)
symmetry (✓i ! ✓i + c) and periodic in all the ✓i

(✓i ! ✓i + 2⇡ni, ni integers)
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We rewrite eZXY using the decomposition

 i = Hi�
2
i

where
Hi ⌘ e

i#i and �i ⌘ e
i'i

The idea is that single vortices in  will appear as single vortices
in H, while double vortices in  will appear as single vortices in �.

This decomposition now demands that any action be invariant
under the U(1) gauge transformations

#i ! #i + 2↵i , 'i ! 'i � ↵i

To obtain simple e↵ective actions, we also introduce a U(1) gauge
field Aiµ (µ = 1, 2, 3) which transforms as

Aiµ ! Aiµ +�µ↵i
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We now write down a U(1) gauge theory, ZU(1) consistent the U(1) gauge

invariance and the global symmetry

ZU(1) =

Y

i

Z 2⇡

0

d#i

2⇡

d'i

2⇡

Y

µ

dAiµ

2⇡
exp (�HU [#,', Aµ])

HU [#,', Aµ] = �J1

X

i,µ

cos(�µ#i � 2Aiµ)

�J2

X

i,µ

cos(�µ'i +Aiµ)

�K

X

⇤
cos(✏µ⌫��⌫Ai�)

Our claim is that this is the same theory as eZXY ; in particular

Y

i,µ

Z 2⇡

0

dAiµ

2⇡
exp (�HU [#,', Aµ]) ⇡ exp(� eHXY [#+ 2'])

This result follows from gauge invariance and the global U(1) symmetry, and

can be explicitly established by performing the integrals over Aiµ order-by-

order in K.
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First we examine the phase diagram by taking a
naive continuum limit of HU , and studying the
resulting mean-field theory

L = |(@µ � 2iAµ � ia
ext
µ )H|2 + s1|H|2 + u1|H|4

+ |(@µ + iAµ)�|2 + s2|�|2 + u2|�|4

+K(✏µ⌫�@⌫A�)
2 + Lmonopoles

We have included a fixed external field a
ext
µ which

couples to the current of the global U(1) charge.
The monopoles play a crucial role, similar to those
of vortices in the 2D XY model, and they will
strongly modify the mean-field phase diagram.
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Mean field phase diagram

hHi 6= 0, h�i 6= 0
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Emergent gapless “photon”

Mean field phase diagram
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The emergent “photon” phase is unstable to the

proliferation of monopoles. The monopoles form a

Coulomb plasma with 1/r interactions in 3D, very

similar to the Coulomb plasma of vortices with

ln(r) interactions in 2D. However, unlike 2D, in 3D

there is never a state where monopoles are bound

to antimonopoles. The 1/r interactions are always
Debye screened, and the monopoles are e↵ectively

free. This proliferation of monopoles implies that

there is no emergent gapless photon.
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The topological phase is in the regime s1 < 0 and s2 > 0 in the field theory

L = |(@µ � 2iAµ � ia
ext
µ )H|2 + s1|H|2 + u1|H|4

+ |(@µ + iAµ)�|2 + s2|�|2 + u2|�|4 +K(✏µ⌫�@⌫A�)
2 + Lmonopoles

Perform a boson-boson (i.e. particle-vortex) duality on the boson H, while
(temporarily) treating Aµ as a background field. This leads to a theory of
a dual boson (vortex)  coupled to a dual emergent gauge field Bµ

Ldual = |(@µ � iBµ) |2 + es1| |2 + eu1| |4 +
i

⇡
✏µ⌫�Bµ@⌫A� +

i

2⇡
✏µ⌫�Bµ@⌫a

ext
�

+ |(@µ + iAµ)�|2 + s2|�|2 + u2|�|4 +K(✏µ⌫�@⌫A�)
2 + Lmonopoles

Note that when s1 < 0, then es1 > 0: so both the  and � bosons are
massive. Also, a monopole changes U(1) flux by 2⇡ and this corresponds
to inserting two  bosons (each is a vortex carrying ⇡ flux); therefore

Lmonopoles = �
�
 
2 +  

⇤2�
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Structure of the topological phase
• The topological phase is described by a TQFT:

LTQFT =
i

⇡
✏µ⌫�Bµ@⌫A� +

i

2⇡
✏µ⌫�Bµ@⌫a

ext
�

• The gapped complex boson � carries unit Aµ charge, and global U(1)
charges ±1/2.

• The gapped real boson  carries unit Bµ charge.

• The � and  particles are mutual semions.

• The bound state of � and  is a fermion, which also has mutual
semionic statistics with individual � and  particles.

• This topological order is the same as that of the ‘toric code’, the �
are e particles, and the  are m particles, and �- bound state is the
✏ particle. There is 4-fold ground state degeneracy on a large torus.

• The topological phase can also be identified with the deconfined phase
of an emergent Z2 gauge theory. The � particle has a Z2 electric
charge, the  particle carries Z2 magnetic flux, and �- bound state
is a fermionic dyon.

• The topological phase also describes Anderson’s ‘RVB’ for spin S =
1 antiferromagnets, identified here as a ‘Z2 spin liquid’. The S =
1/2 case is similar, but not identical. An important di↵erence is the
presence of an ’t-Hooft anomaly between translations and the global
U(1) symmetry, which prevents the existence of a trivial SRO phase.

• The transition between the topological phase and SRO phase is de-
scribed by a Ising* theory for  alone. (The * implies that critical
point CFT only includes operators invariant under  ! � .) Ignor-
ing the massive � near the critical point, and integrating Aµ to Higgs
Bµ, we obtain the Ising Wilson-Fisher field theory

LI = |@µ |2 + es1| |2 + eu1| |4 + �
�
 2 +  ⇤2�
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1. Emergent gauge fields and topological 
         order in the 3D XY model

2. Electron doped cuprates
      (A) Simple models of metals with intrinsic  
               topological order

       (B) SU(2) gauge theory of fluctuating  
             antiferromagnetism

3.  Hole doped cuprates
       SU(2) gauge theory with Nh adjoint Higgs fields

        Higgs-confinement transition to a Fermi liquid
   



on, inelastic neutron scattering demonstrate that there is no long-
range antiferromagnetic order for the reduced samples in the dop-
ing range from x ¼ 0:13–0.18 but that the large magnetic fluctua-
tions provide some indications of its role for a possible pairing
mechanism. Although similar studies of antiferromagnetism and
superconductivity are made difficult by the severe difficulties
encountered in their growth, a similar temperature-doping phase
diagram for the IL Sr1"xLaxCuO2 polycrystalline samples has been
gathered by Ishawata et al. [19] from a few rare data in the

literature. The phase diagram already presented in Fig. 3(a) shows
TNðxÞ behaving very similarly to the T0 phase with a very similar
sharp transition between the antiferromagnetic and the supercon-
ducting samples.

In Fig. 5, we compare the phase diagrams of the T0 phase with
that of hole-doped La2"xSrxCuO4 underlining in particular the
extent of the doping range for the antiferromagnetic phase on
the electron-doped side and the very narrow range for cerium
contents with superconductivity. One can also observe the pseu-
dogap line which will be described in Section 4.1 and a zone (in
light blue) where magnetic correlations are strong but long-range
order does not set in as will be discussed in Section 4.5. Despite
an apparent asymmetry in these phase diagrams, the most
important message of this schematic is the presence of
antiferromagnetism and superconductivity on either side, sug-
gesting that the mechanism modifying the electronic properties
and leading to superconductivity is most probably the same for
both types of doping. Of course, there are many differences in
these phase diagrams: for example, the pseudogap signatures in
the physical properties are quite different in electron- and hole-
doped cuprates. There are solid evidence of two-band-like beha-
viours in the transport properties of electron-doped cuprates
while only hole-type carriers are observed for hole-doped cup-
rates (except at very large doping [30]). Moreover, hole-doped
cuprates present a wealth of electronic phases like stripe order,
charge-density waves, . . .[1] that have not yet been confirmed
in electron-doped cuprates and may be absent (and perhaps
irrelevant for the mechanism of superconductivity).

We should underline that Sr in SrCuO2 can be substituted by iso-
valent Ca as shown first by Siegrist et al. [31]. In fact, it was the first
report on the growth of the IL structure in the Sr1"yCayCuO2 system
as the addition of Ca allows one to stabilize the IL crystal structure
and favour the growth of small Ca0.86Sr0.14CuO2 single crystals. We
should underline also that CaCuO2 do exists in the IL structure and
has been inserted successfully in (CaCuO2)n/(SrTiO3)m and
(SrCuO2)n/(BaCuO2)m heterostructures with surprising results like
superconductivity up to 70 K [32,33].

3. Growth and reduction

The growth of T0 and IL electron-doped cuprates is generally
complicated by the stability of other related oxide phases that
compete in the temperature-composition phase diagram.3 These
oxide phases can even be intercalated in the bulk as an epitaxial
layer and are difficult to eliminate completely. In fact, in some
instances, they may appear during the post-annealing process.
Unfortunately, these competing phases can lead to many erroneous
conclusions on the physical properties and extra care has been taken
in recent years to improve the quality of the materials. Moreover, the
post-annealing required for the reduction is tricky as it involves
removing a tiny amount of oxygen in conditions approaching the
decomposition line of the phase. In here, we will simply enumerate
separately the typical route used to grow high quality single crys-
talline samples for the T0 and IL compounds, namely single crystals
and epitaxial thin films. We will then discuss the reduction condi-
tions and the resulting structural impacts.

3.1. T0 single crystal growth

Single crystals of the T0 phase have mostly been grown success-
fully by two different methods: in-flux solidification and travelling-
solvent floating zone (TSFZ). The first group of techniques involves
the directional growth of millimeter size high-quality single crystals

Fig. 4. (a) Temperature-doping phase diagram of Nd2"xCexCuO4 polycrystalline
samples obtained by muon spin resonance [2] showing the Néel temperature TN

and the superconducting transition Tc as a function of doping. (b) Temperature-
doping phase diagram for as-grown (solid circles) and reduced (open symbols)
Nd2"xCexCuO4 single crystals. The solid grey circles result from a shift assuming that
oxygen removal provides additional carriers (electrons). Adapted from Ref. [29].

Fig. 5. Schematic of the phase diagrams comparing hole-doped La2"xSrxCuO4 and
electron-doped Ln2"xCexCuO4. The diagram shows the doping range for supercon-
ductivity (in red), antiferromagnetism (in blue) and T%ðxÞ as the pseudogap line
(Section 4.1). In the light blue region above the superconducting dome, strong
magnetic correlations without long-range order persist (Section 4.5). Adapted from
Ref. [6]. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

3 In the case of thin films, the growth phase diagram involves also oxygen pressure.
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The Hubbard Model

Will study on the square lattice



Fermi surface+antiferromagnetism

We use the operator equation Sa
i = (1/2)c†i↵�

a
↵�ci� (valid on each site i):
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We now integrate out the fermions, and look for the saddle point of the
resulting e↵ective action for �a

i . At the saddle-point we find that the low-
est energy is achieved when �a has opposite orientations on the A and B
sublattices.
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Fermi surface+antiferromagnetism

The electron spin polarization obeys

hSa(r, ⌧)i ⇠ �a(r)

where �a ⇠ eiK·r with K = (⇡,⇡)
the ordering wavevector.
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“Spin-fermion” theory of the Hubbard model

We can (exactly) transform the Hubbard model to

the “spin-fermion” model:

electrons ci↵ on the square lattice with dispersion

Hc = �

X

i,⇢

t⇢
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c†i,↵ci+v⇢,↵

+ c†i+v⇢,↵
ci,↵
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c†i,↵ci,↵ +Hint

are coupled to a magnetic moment order parame-

ter �
a
(i), a = x, y, z

Hint = ��
X
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Metal with “large” Fermi surface

“Spin-fermion” theory of the Hubbard model



Fermi surfaces translated by K = (�,�).

“Spin-fermion” theory of the Hubbard model



“Hot” spots

“Spin-fermion” theory of the Hubbard model



“Spin-fermion” theory of the Hubbard model

Electron and hole pockets in
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FIG. 2 (color). (a) EDCs in-
tegrated in a region near the
!p"2, p"2# position. (b) EDCs
integrated in a region near the
!p , 0.3p# position. (c), (d), and
(e) EDCs from around the puta-
tive LDA Fermi surface for x !
0.04, 0.10, and 0.15 samples, re-
spectively.

spectral weight that develops along the zone diagonal for
the x ! 0.04 sample is gapped by $150 meV. This is
in contrast to near !p, 0.3p# [Fig. 2(b)], where there is
spectral weight at EF for x ! 0.04 doping levels. For x !
0.10, the zone diagonal spectral weight has moved closer
to EF and even stronger EF intensity has formed near
!p, 0.3p#. A weak dispersion is evident along the zone di-
agonal for the x ! 0.10 sample (not shown). At x ! 0.15
there is large near-EF weight and a strong dispersion
throughout the zone as detailed in our previous work
[14,15]. The small chemical potential shift !$150 meV#
seen by x-ray photoemission spectroscopy in NCCO by
Harima et al. [17] in this doping range is consistent with
our result where it appears that the band at !p, 0# moves
on order of this amount when doping from x ! 0 to
x ! 0.15.

Following our previous analysis of the optimally doped
compound [14], we construct Fermi surfaces by integrating
EDCs in a small window about EF !240 meV, 120 meV#
and plotting this quantity as a function of "k (Fig. 3). Con-
sistent with the above observation that spectral weight
along the zone diagonal is gapped for x ! 0.04, one can
see that it is only the states at !p, 0# that can contribute
to low-energy properties. Here, a Fermi “patch” indicates
that there is an extremely low-energy shallow band in this
part of the Brillouin zone. At x ! 0.10, weight at EF with
low intensity begins to appear near the zone diagonal. Near
!p, 0#, the “band” becomes deeper and the Fermi patch
becomes a Fermi surface. At x ! 0.15, the zone diago-
nal region has become intense. The full Fermi surface has
formed and only in the intensity-suppressed regions near
!0.65p, 0.3p# (and its symmetry-related points) at the in-
tersection of the Fermi surface with the antiferromagnetic
Brillouin zone boundary does the underlying Fermi surface
retain its anomalous properties [14].

We can gain more insight by looking at plots of the
EDCs around the putative LDA Fermi surface, as shown in
Figs. 2(c)–2(e). In Fig. 2(c), for x ! 0.04, a large broad
feature is gapped by $150 meV near the zone-diagonal re-
gion. As one proceeds around the ostensible LDA Fermi
surface, the high-energy feature loses spectral weight and

may disappear, while another feature pushes up at EF. It is
this second component that contacts EF near !p, 0.3p# to
form the small Fermi surface (FS) for the x ! 0.04 sample.
Similar behavior is seen in the x ! 0.10 and 0.15 plots;
the lowest-energy features become progressively sharper,
closer to and upon entering the metallic state. The fact
that there are two components supports our conjecture
that at low dopings the material can be characterized by a
small FS or electron pocket around !p, 0# (volume consis-
tent with x ! 0.04) with doping-induced spectral weight
at higher energy elsewhere in the zone. As the carrier con-
centration is increased, the !p, 0# FS deforms and a new
FS segment emerges. It derives from the diagonal fea-
ture progressively moving to EF, as seen by comparing
the bottom EDCs of Figs. 2(c)–2(e). These two segments
connect to form the LDA-like Fermi surface with volume
1.12 6 0.05.
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FIG. 3 (color). Fermi surface plots: (a) x ! 0.04, (b) x !
0.10, and (c) x ! 0.15. EDCs integrated in a 60 meV window
!240 meV, 120 meV# plotted as a function of "k. Data were
typically taken in the displayed upper octant and symmetrized
across the zone diagonal. (d) Panels showing doping dependent
“band structure.” Features are plotted for the doping levels and
momentum space regions where they can be resolved. We do
not include the slight low-energy shoulder of the x ! 0 sample,
as this is probably reflective of a small intrinsic doping level.
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Correlation between Fermi surface transformations and superconductivity in the electron-doped
high-Tc superconductor Nd2−xCexCuO4
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Two critical points have been revealed in the normal-state phase diagram of the electron-doped cuprate
superconductor Nd2− xCexCuO4 by exploring the Fermi surface properties of high-quality single crystals by
high-field magnetotransport. First, the quantitative analysis of the Shubnikov-de Haas effect shows that the weak
superlattice potential responsible for the Fermi surface reconstruction in the overdoped regime extrapolates to
zero at the doping level xc = 0.175 corresponding to the onset of superconductivity. Second, the high-field Hall
coefficient exhibits a sharp drop right below optimal doping xopt = 0.145 where the superconducting transition
temperature is maximum. This drop is most likely caused by the onset of long-range antiferromagnetic ordering.
Thus the superconducting dome appears to be pinned by two critical points to the normal state phase diagram.

DOI: 10.1103/PhysRevB.92.094501 PACS number(s): 74.72.Ek, 71.18.+y, 72.15.Gd, 74.25.Jb

I. INTRODUCTION

In order to clarify the mechanism responsible for high-
temperature superconductivity in the superconducting (SC)
cuprates profound knowledge on the exact nature of the
underlying “normal,” i.e., nonsuperconducting state is manda-
tory. This long-standing issue, however, remains controversial.
Even for the relatively simple case of the electron-doped
cuprates Ln2− xCexCuO4 (Ln = Nd, Pr, Sm, La), where the
SC state emerges in direct neighborhood of a state with
commensurate antiferromagnetic (AF) order, it is not clear
whether the two states coexist and, if yes, to which extent [1].
For example, a number of neutron scattering studies have been
reported, providing arguments both for [2– 5] and against [6]
the coexistence. Angle-resolved photoemission spectroscopy
(ARPES) reveals a reconstruction of the Fermi surface by
a long-range commensurate, Q = (π/a,π/a), superlattice
potential VQ in the underdoped regime, which possibly
survives up to the optimal SC doping level xopt ≈ 0.15 [7– 10].
Magnetotransport studies go even further, indicating the
presence of two types of charge carriers [11– 20] and, hence,
a reconstructed Fermi surface even in the overdoped region of
the phase diagram. Based on the normal-state Hall and Seebeck
effects in Ln = Pr thin films a quantum critical point (QCP)
associated with the Fermi surface reconstruction was proposed
to lie under the SC dome in the overdoped range of the phase
diagram [11,16]. Finally, studies of the power-law temperature
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dependence of the resistivity in Ln = La films [21] have
suggested a QCP at exactly the SC critical doping level xc

on the overdoped side of the phase diagram.
For cuprate superconductors, sample quality or surface

effects are often invoked to explain apparently contradictory
results. Indeed, the crystalline quality and doping homogeneity
may be serious issues for thin films or for large crystal arrays
required, e.g., for neutron scattering experiments. Optical and
ARPES techniques are sensitive to surface properties. In this
respect, techniques based on magnetic quantum oscillations
have obvious advantages: they probe bulk properties and can
be performed on small single crystals, whose high quality is
already ensured by the very existence of quantum oscillations.

The first experiment on magnetoresistance quantum oscil-
lations (Shubnikov-de Haas, SdH effect) in Nd2− xCexCuO4
(NCCO) crystals [18] apparently corroborated the existence of
a QCP hidden under the SC dome on the overdoped side, i.e.,
between xopt and xc. However, subsequent more elaborate SdH
experiments [19,20] have further extended the range in which
the Fermi surface stays reconstructed up to at least x = 0.17,
the highest (though still SC) doping level attainable in bulk
NCCO crystals. Thus, while the existence of one or even more
critical points associated with a Fermi surface reconstruction
in the electron-doped cuprates is generally accepted [1,22– 24],
the question about their location with respect to the SC part of
the phase diagram and their possible relation to the SC pairing
remains open.

Here, we report systematic high-field magnetotransport
studies on high-quality NCCO crystals, which allow us to
precisely locate two critical doping levels in the normal-
state phase diagram of this material and correlate them
with the position of the SC dome. First, by performing
a quantitative analysis of SdH oscillations observed in the
magnetic-breakdown (MB) regime on overdoped samples, we
evaluate the small MB gap "MB ≃ VQ, separating the hole
and electron pockets of the reconstructed Fermi surface, as a
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function of x . The x dependence of the gap is found to mimic
that of the SC critical temperature Tc(x ), both extrapolating
to zero at the same characteristic doping level xc ≈ 0.175.
Second, we present high-field Hall resistance measurements
which, in combination with the SdH data, reveal a large energy
gap emerging in the system right below the optimal doping
level xopt = 0.145. Although the present data alone cannot give
a direct key to the microscopic origin of the detected Fermi
surface transformations, they provide a strong evidence of the
importance of these transformations for superconductivity.

II. EXPERIMENTAL PROCEDURES

The NCCO crystals with Ce concentrations 0.13 ! x !
0.17 were grown using the traveling solvent floating zone tech-
nique, annealed, and characterized as described in Ref. [25].
For each x , several single crystals showing the best residual
resistance ratios and narrow SC transitions were selected. The
electrical leads for magnetotransport experiments were made
using 10- or 20-µm-diameter annealed platinum wires glued to
the crystals using Epotek H20E silver-based conductive epoxy.
The typical contact resistance was ∼1–10 !. Different sample
shapes were chosen in order to optimize the geometrical
configuration for the quantum oscillation and Hall effect mea-
surements, respectively. Quantum oscillations of the interlayer
resistance were measured on samples having a small, ∼0.1
mm2, cross section in the plane of CuO2 layers and a length of
1–2 mm along the c axis, see Fig. 1(a). In the Hall effect studies,
the current was applied along the CuO2 layers. The samples
were prepared in the shape of a thin plate with a thickness of
0.05 mm along the c axis. The width and length of the plates
were 0.2–0.3 mm and 2–5 mm in the a and b directions, re-
spectively [see Fig. 1(b)]. Particular care was taken to achieve
low-resistance electrical contacts between the current leads
and the sample edges, ensuring a homogeneous current flow.

All the experiments were done in magnetic fields perpen-
dicular to the CuO2 layers. Most of the results were obtained
in pulsed magnetic fields. Additionally, measurements in
steady fields at precisely controlled temperatures were done
for evaluating effective cyclotron masses. In the Hall effect
experiments, magnetic-field sweeps of opposite polarities were

FIG. 1. (Color online) NCCO single crystals prepared for mea-
suring (a) the four-point interlayer resistance and (b) the in-plane
Hall resistance. In both cases, thin Pt wires are glued by silver-based
epoxy to the sample surface and the samples are fixed to a sapphire
substrate by Stycast 2850FT (blue).

always made in order to eliminate the even magnetoresistance
component.

III. SDH EFFECT IN THE MB REGIME

A. Experimental results and analysis

Figure 2 shows examples of SdH oscillations in the
interlayer resistance of optimally doped and overdoped
NCCO at T ≈ 2.5 K. For x " 0.15, the oscillations
contain two characteristic frequencies: Fα ≃ 250–300 T
and Fβ ≃ 11 kT. The slow α oscillations are associated
with orbits on the small hole pockets of the reconstructed
Fermi surface [18]. The fast β oscillations reveal a cyclotron
orbit, which is geometrically equivalent to that on the large
unreconstructed Fermi surface and arises from the MB
effect [19,20,26]. The fast oscillations are dominant at high
fields for x = 0.17 and rapidly diminish at decreasing doping.
For x = 0.15, they are about 100-times weaker than the slow
oscillations at the same field strength. At optimal doping,
xopt = 0.145, the α oscillations are ∼20% weaker than at
x = 0.15, whereas the β oscillations are no longer resolvable
above the noise level, #10−4 of the total resistance.

On the qualitative level, the observed behavior is easily
understood as a result of an enhancement of the superlattice
potential VQ, hence, of the MB gap with decreasing x .
Moreover, due to the very good signal-to-noise ratio of
our measurements, the data can be analyzed quantitatively,
allowing us to estimate the MB gap as a function of x . To this
end, we have applied the standard Lifshitz-Kosevich (LK) for-
malism [27,28], additionally taking into account the MB effect.

FIG. 2. (Color online) Black lines: SdH oscillations obtained on
NCCO crystals with different doping levels x at T ≈ 2.5 K. The
data are normalized to the nonoscillating field-dependent background
resistance Rbg. Red lines: fits to the experimental data made as
described in the text. The fitting parameters are given in Table I.
The calculated curves are vertically shifted by a small negative offset
for clarity. Inset in (b): enlarged view of the fast MB oscillations for
x = 0.15 after subtracting the slowly oscillating component.
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• Quantum oscillations show
the presence of small hole
pockets up to a doping
x = 0.175 although anti-
ferromagnetism disappears
near x = 0.14
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• New photoemission measurements at zero magnetic
field show Fermi surfaces in quantitative agreement
with quantum oscillation measurements.

• The energy gap between the electron and hole pock-
ets collapses near x = 0.17 like an order parameter.

• “The totality of the data points to a mysterious or-
der between x = 0.14 and x = 0.17, whose appear-
ance favors the FS reconstruction and disappearance
defines the quantum critical doping. A recent topo-
logical proposal provides an ansatz for its origin.”
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                                arXiv:1811.04992                                                               
Fermi surface reconstruction in electron-doped cuprates  
without antiferromagnetic long-range order
Junfeng He, C. R. Rotundu, M. S. Scheurer, Y. He, M. Hashimoto, K. Xu,    
Y. Wang, E. W. Huang, T. Jia, S.-D. Chen, B. Moritz, D.-H. Lu, Y. S. Lee,         
T. P. Devereaux and Z.-X. Shen

• New photoemission measurements at zero magnetic
field show Fermi surfaces in quantitative agreement
with quantum oscillation measurements.

• The energy gap between the electron and hole pock-
ets collapses near x = 0.17 like an order parameter.

• “The totality of the data points to a mysterious or-
der between x = 0.14 and x = 0.17, whose appear-
ance favors the FS reconstruction and disappearance
defines the quantum critical doping. A recent topo-
logical proposal provides an ansatz for its origin.”
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Spectral function of SU(2) gauge theory with topological order 

      Gap opening and back bending of the bands can be obtained in the absence of long-range order 

and translational symmetry breaking if the system exhibits topological order1,2. Fig. 7 shows an 

example of the calculated spectral function of an SU(2) gauge theory of fluctuating 

antiferromagnetism within the formalism of Ref. 2 for the parameters relevant to our experiments 

on NCCO.  

      The gap opening, band folding and back bending in the simulated spectral function are similar to 

those observed by ARPES, but there are also additional weak features inside the gap which are not 

visible in the experimental data.  

 

Figure 7 | Spectrum of SU(2) gauge theory with topological order. Spectral function 𝐴𝜔(𝑘) (b) 

along a momentum cut through the electron-like pocket (a). The parameters used in the simulation 

are: |𝐻0| = 0.06𝑡0 , 𝑇 = 0.006𝑡0 , Δ = 0.002𝑡0 , t0
′ = −0.45𝑡0 , 𝐽 = 0.1𝑡0 , 𝜂 = 0.003 𝑡0 , 𝑡 = 𝑍𝑡0 =

380meV and doping level of 𝑥 = 0.15. Please refer to Ref. 2 for the SU(2) gauge theory and the 

physical meaning of the parameters. 

Reference:  

1. Sachdev, S., Topological order and Fermi surface reconstruction. arXiv: 1801.01125v3 (2018). 

2. Scheurer, M. S. et al. Topological order in the pseudogap metal.  Proc. Nat. Acad. Sci. 115, 

E3665-E3672 (2018). 
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 237 

Figure 1 | Fermi surface reconstruction in optimal-doped NCCO. a, Schematic diagram of a 238 
reconstructed Fermi surface with electron-like pockets near antinode and hole-like pockets near 239 
node. The dashed lines indicate the antiferromagnetic Brillouin zone. b, Schematic band dispersion 240 
along a momentum cut on the electron-like pocket (near hotspot), marked by the red arrow in (a). 241 
The original dispersion is split into conduction and valence bands by an AFM energy gap. The 242 
reconstructed bands bend back at the AFMZB. c, Schematic band dispersion along a momentum cut 243 
on the hole-like pocket (nodal cut), marked by the blue arrow in (a). The AFM energy gap is slightly 244 
above EF, but the folded band (back-bent hole band) disperses below EF. The gray (dashed) line in 245 
(b,c) represents the original (folded) band.  d-f, the same as a-c, but for the original Fermi surface 246 
without reconstruction. g-i, Photoemission intensity plot (g), second derivative image with respect 247 
to energy (h) and raw energy distribution curves (EDCs) (i) for optimal-doped NCCO, measured along 248 
a momentum cut on the electron-like pocket (near hotspot, labelled by the red arrow in the inset of 249 
h). Conduction and valence bands extracted from the EDCs (blue triangles in i) are also presented in 250 
g (black circles) and h (white circles). The EDC at the AFMZB is shown in red (i). The main band and 251 
folded band are marked by “MB” and “FB”, respectively. j-l, the same as g-i, but for the nodal cut 252 
(labelled by the blue arrow in the inset of h).  253 

S. Sachdev,  arXiv:1801.01125
M. S. Scheurer, S. Chatterjee, Wei Wu, 
M. Ferrero, A. Georges, and S. Sachdev, 
Proceedings of the National Academy of 
Sciences 115, E3665 (2018)
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SU(2) gauge theory of fluctuating 
antiferromagnetism compared with experiment, 
and with numerics on the Hubbard model
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  In a conventional Fermi liquid state, Fermi volume 
must equal (1-p) (mod 2).  
  When the unit cell is doubled by SDW order, total 
Fermi volume must equal (1-p) (mod 1). 
  A state with Fermi volume (-p) (mod 2), but no 

translational symmetry breaking, must have non-
quasiparticle excitations with vanishing energy on a 
torus i.e. emergent gauge fields (bulk topological 
order)

T. Senthil, M. Vojta, and S. Sachdev, Phys. Rev. B 69, 035111 (2004)
M. Oshikawa, Phys. Rev. Lett. 84, 3370 (2000)

Constraints on volume enclosed by the Fermi surface 



1. Emergent gauge fields and topological 
         order in the 3D XY model

2. Electron doped cuprates
      (A) Simple models of metals with intrinsic  
               topological order

       (B) SU(2) gauge theory of fluctuating  
             antiferromagnetism

3.  Hole doped cuprates
       SU(2) gauge theory with Nh adjoint Higgs fields

        Higgs-confinement transition to a Fermi liquid
   



Transforming to a rotating reference frame

We can (exactly) transform the Hubbard model to

the “spin-fermion” model:

electrons ci↵ on the square lattice with dispersion

Hc = �

X

i,⇢

t⇢
⇣
c†i,↵ci+v⇢,↵

+ c†i+v⇢,↵
ci,↵

⌘

�µ
X

i

c†i,↵ci,↵ +Hint

are coupled to a magnetic moment order parame-

ter �
a
(i), a = x, y, z

Hint = ��
X

i

�
a
(i)c†i,↵�

a
↵�ci,� + V (�

a
)

V (�
a
) = s�a

�
a
+ u�a

�
a
�

b
�

b
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For fluctuating antiferromagnetism

(spin density waves (SDW)), we transform

to a rotating reference frame using the SU(2)

rotation Ri

✓
ci"
ci#

◆
= Ri

✓
 i,+

 i,�

◆
,

in terms of fermionic “chargons”  s and a

Higgs field H
a
(i)

�
a
�

a
(i) = Ri �

a
H

a
(i)R

†
i

The Higgs field is the SDW order in the

rotating reference frame.
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The Higgs field is the SDW order in the

rotating reference frame.

�
a
�

a
(i) = Ri �

a
H

a
(i)R

†
i

Note that this is the precise analog of the relation-

ship in the XY model

 = H �
2

The two relations take the same form if we write

�
a

= ( + 
⇤
,�i( � ⇤

), 0)/2

H
a

= (H +H
⇤
,�i(H �H

⇤
), 0)/2

R =

✓
�
⇤

0

0 �

◆
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S. Sachdev, M. A. Metlitski, Y. Qi, and C. Xu, PRB 80, 155129 (2009)

The simplest e↵ective Hamiltonian for the fermionic chargons is
the same as that for the electrons, with the SDW order replaced
by the Higgs field.

H = �

X

i,⇢

t⇢

⇣
 
†
i,s i+v⇢,s

+  
†
i+v⇢,s

 i,s

⌘
� µ

X

i

 
†
i,s i,s +Hint

Hint = ��

X

i

⌘iH
a(i) †

i,s�
a
ss0 i,s0 + V (Ha)

IF we can transform to a rotating reference frame in whichH
a(i) =

a constant independent of i and time, THEN the  fermions in
the presence of (fluctuating) SDW SRO will inherit the small Fermi
surfaces of the electrons in the presence of SDW LRO.
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Transforming to a rotating reference frame



Field Symbol Statistics SU(2)gauge SU(2)spin U(1)e.m.charge

Electron c fermion 1 2 -1

AF order � boson 1 3 0

Chargon  fermion 2 1 -1

Spinon R or z boson 2̄ 2 0

Higgs H boson 3 1 0

TABLE I. Quantum numbers of the matter fields in L and Lg. The transformations under the SU(2)’s

are labelled by the dimension of the SU(2) representation, while those under the electromagnetic U(1)

are labeled by the U(1) charge. The antiferromagnetic spin correlations are characterized by � in (5.3).

The Higgs field determines local spin correlations via (5.12).

A summary of the charges carried by the fields in the resulting SU(2) gauge theory, Lg, is

in Table I. This rotating reference frame perspective was used in the early work by Shraiman

and Siggia on lightly-doped antiferromagnets [89, 90], although their attention was restricted to

phases with antiferromagnetic order. The importance of the gauge structure in phases without

antiferromagnetic order was clarified in Ref. [85].

Given the SU(2) gauge invariance associated with (5.6), when we express L in terms of  we

naturally obtain a SU(2) gauge theory with an emergent gauge field A
a

µ
= (Aa

⌧
,Aa), with a = 1, 2, 3.

We write the Lagrangian of the resulting gauge theory as [85–87]

Lg = L + LY + LR + LH . (5.9)

The first term for the  fermions descends directly from the Lc for the electrons

L =
X

i

 
†
i,s

✓
@

@⌧
� µ

◆
�ss0 + iA

a

⌧
�
a

ss0

�
 i,s0 +

X

i,j

tij 
†
i,s


e
i�

aAa·(ri�rj)

�

ss0
 j,s0 , (5.10)

and uses the same hopping terms for  as those for c, along with a minimal coupling to the SU(2)

gauge field. Inserting (5.6) into Lcn, we find that the resulting expression involves 2 complex Higgs

fields, Ha

x
and H

a

y
, which are SU(2) adjoints; these are defined by

H
a

x
⌘

1

2
�x`Tr[�

`
R�

a
R

†], (5.11)

and similarly for Ha

y
. Let us also note the inverse of (5.11)

�x` =
1

2
H

a

x
Tr[�`R�a

R
†], (5.12)
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For (fluctuating) SDW SRO, we transform to a
rotating reference frame using the SU(2) rotation Ri

✓
ci"
ci#

◆
= Ri

✓
 i,+

 i,�

◆
,

in terms of fermionic “chargons”  s and a Higgs field H
a(i)

�
`�`(i) = Ri �

a
H

a(i)R†
i

The Higgs field is the SDW order in the rotating reference frame.
Note that the transformation to a rotating reference frame is am-
biguous up to a SU(2) gauge transformation, Vi

✓
 i,+

 i,�

◆
! Vi

✓
 i,+

 i,�

◆

Ri ! RiV
†
i

�
a
H

a(i) ! Vi �
b
H

b(i)V †
i .
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Gauge theory of fluctuating antiferromagnetism

SU(2) gauge theory: fractionalize the SDW order parameter into

the Higgs field (H) and the spinons (R); fractionalize the electron

(c) into chargons ( ) and spinons (R). When the Higgs field is

condensed, the  fermions and R bosons are deconfined particles

in an algebraic charge liquid (ACL) state, but with a strong residual

attractive interaction from the tij .
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are labeled by the U(1) charge. The antiferromagnetic spin correlations are characterized by � in (5.3).

The Higgs field determines local spin correlations via (5.12).

A summary of the charges carried by the fields in the resulting SU(2) gauge theory, Lg, is

in Table I. This rotating reference frame perspective was used in the early work by Shraiman

and Siggia on lightly-doped antiferromagnets [89, 90], although their attention was restricted to

phases with antiferromagnetic order. The importance of the gauge structure in phases without

antiferromagnetic order was clarified in Ref. [85].

Given the SU(2) gauge invariance associated with (5.6), when we express L in terms of  we

naturally obtain a SU(2) gauge theory with an emergent gauge field A
a

µ
= (Aa

⌧
,Aa), with a = 1, 2, 3.

We write the Lagrangian of the resulting gauge theory as [85–87]

Lg = L + LY + LR + LH . (5.9)

The first term for the  fermions descends directly from the Lc for the electrons
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and uses the same hopping terms for  as those for c, along with a minimal coupling to the SU(2)

gauge field. Inserting (5.6) into Lcn, we find that the resulting expression involves 2 complex Higgs

fields, Ha

x
and H
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, which are SU(2) adjoints; these are defined by
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and similarly for Ha
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. Let us also note the inverse of (5.11)
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Proceedings of the National Academy of Sciences 115, E3665 (2018)

Gauge theory of fluctuating antiferromagnetism

SU(2) gauge theory: The ACL was used to model
the photoemission and the cluster DMFT results
in the intermediate phase.
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Gauge theory of fluctuating antiferromagnetism

SU(2) gauge theory for FL*: Assume the  and R
form an electron-like bound state, and develop an

e↵ective theory for the Higgs fields and the elec-

trons to describe also the crossover/transition to

the Fermi liquid state on the overdoped side.
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Gauge theory of fluctuating antiferromagnetism
Taking the continuum limit for the Higgs field:

We obtain di↵erent numbers of adjoint Higgs scalars, Nh,

depending upon the spatial dependence of the local spin

correlations:

Neel correlations (electron doped cuprates):

Nh = 1,

K = (⇡,⇡),

H
a
(i) = H

a
1 (r)e

iK·ri

Bidirectional incommensurate correlations (hole doped cuprates):

Nh = 4,

Ky = (⇡,⇡ � �), Kx = (⇡ � �,⇡),

H
a
(i) = Re
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1 (r) + iH
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2 (r)] e

iKx·ri + [H
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Optimal doping for electron-doped cuprates
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SU(2) gauge theory
SU(2) gauge theory with Nh = 1 adjoint real Higgs fields H

a
(a = 1, 2, 3),

and gauge-invariant, electron-like fermions c↵ with a large Fermi surface.
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The fermions do not have Yukawa coupling to the Higgs fields, or a

minimal coupling to the gauge fields: both are prohibited by gauge

invariance. We treat the quartic coupling, � perturbatively.
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Phase diagrams of SU(2) gauge theory
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• Condensation of H
a

breaks SU(2) to U(1)

• U(1) confines because

of proliferation of

’tHooft-Polyakov monopoles

• Monopole action⇠
p
�s,

leading to an

exponentially large

confinement scale
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on, inelastic neutron scattering demonstrate that there is no long-
range antiferromagnetic order for the reduced samples in the dop-
ing range from x ¼ 0:13–0.18 but that the large magnetic fluctua-
tions provide some indications of its role for a possible pairing
mechanism. Although similar studies of antiferromagnetism and
superconductivity are made difficult by the severe difficulties
encountered in their growth, a similar temperature-doping phase
diagram for the IL Sr1"xLaxCuO2 polycrystalline samples has been
gathered by Ishawata et al. [19] from a few rare data in the

literature. The phase diagram already presented in Fig. 3(a) shows
TNðxÞ behaving very similarly to the T0 phase with a very similar
sharp transition between the antiferromagnetic and the supercon-
ducting samples.

In Fig. 5, we compare the phase diagrams of the T0 phase with
that of hole-doped La2"xSrxCuO4 underlining in particular the
extent of the doping range for the antiferromagnetic phase on
the electron-doped side and the very narrow range for cerium
contents with superconductivity. One can also observe the pseu-
dogap line which will be described in Section 4.1 and a zone (in
light blue) where magnetic correlations are strong but long-range
order does not set in as will be discussed in Section 4.5. Despite
an apparent asymmetry in these phase diagrams, the most
important message of this schematic is the presence of
antiferromagnetism and superconductivity on either side, sug-
gesting that the mechanism modifying the electronic properties
and leading to superconductivity is most probably the same for
both types of doping. Of course, there are many differences in
these phase diagrams: for example, the pseudogap signatures in
the physical properties are quite different in electron- and hole-
doped cuprates. There are solid evidence of two-band-like beha-
viours in the transport properties of electron-doped cuprates
while only hole-type carriers are observed for hole-doped cup-
rates (except at very large doping [30]). Moreover, hole-doped
cuprates present a wealth of electronic phases like stripe order,
charge-density waves, . . .[1] that have not yet been confirmed
in electron-doped cuprates and may be absent (and perhaps
irrelevant for the mechanism of superconductivity).

We should underline that Sr in SrCuO2 can be substituted by iso-
valent Ca as shown first by Siegrist et al. [31]. In fact, it was the first
report on the growth of the IL structure in the Sr1"yCayCuO2 system
as the addition of Ca allows one to stabilize the IL crystal structure
and favour the growth of small Ca0.86Sr0.14CuO2 single crystals. We
should underline also that CaCuO2 do exists in the IL structure and
has been inserted successfully in (CaCuO2)n/(SrTiO3)m and
(SrCuO2)n/(BaCuO2)m heterostructures with surprising results like
superconductivity up to 70 K [32,33].

3. Growth and reduction

The growth of T0 and IL electron-doped cuprates is generally
complicated by the stability of other related oxide phases that
compete in the temperature-composition phase diagram.3 These
oxide phases can even be intercalated in the bulk as an epitaxial
layer and are difficult to eliminate completely. In fact, in some
instances, they may appear during the post-annealing process.
Unfortunately, these competing phases can lead to many erroneous
conclusions on the physical properties and extra care has been taken
in recent years to improve the quality of the materials. Moreover, the
post-annealing required for the reduction is tricky as it involves
removing a tiny amount of oxygen in conditions approaching the
decomposition line of the phase. In here, we will simply enumerate
separately the typical route used to grow high quality single crys-
talline samples for the T0 and IL compounds, namely single crystals
and epitaxial thin films. We will then discuss the reduction condi-
tions and the resulting structural impacts.

3.1. T0 single crystal growth

Single crystals of the T0 phase have mostly been grown success-
fully by two different methods: in-flux solidification and travelling-
solvent floating zone (TSFZ). The first group of techniques involves
the directional growth of millimeter size high-quality single crystals

Fig. 4. (a) Temperature-doping phase diagram of Nd2"xCexCuO4 polycrystalline
samples obtained by muon spin resonance [2] showing the Néel temperature TN

and the superconducting transition Tc as a function of doping. (b) Temperature-
doping phase diagram for as-grown (solid circles) and reduced (open symbols)
Nd2"xCexCuO4 single crystals. The solid grey circles result from a shift assuming that
oxygen removal provides additional carriers (electrons). Adapted from Ref. [29].

Fig. 5. Schematic of the phase diagrams comparing hole-doped La2"xSrxCuO4 and
electron-doped Ln2"xCexCuO4. The diagram shows the doping range for supercon-
ductivity (in red), antiferromagnetism (in blue) and T%ðxÞ as the pseudogap line
(Section 4.1). In the light blue region above the superconducting dome, strong
magnetic correlations without long-range order persist (Section 4.5). Adapted from
Ref. [6]. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

3 In the case of thin films, the growth phase diagram involves also oxygen pressure.
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The remarkable underlying ground states of cuprate superconductors 
Cyril Proust and Louis Taillefer, arXiv:1807.0507

Figure 6

Across the quantum critical point. a) Normal-state electronic specific heat in the T = 0 limit
as a function of doping, plotted as Cel/T vs p (red symbols) in Eu-LSCO (squares), Nd-LSCO
(circles) and LSCO (diamonds). From ref. (75). We also show Cel/T in YBCO (blue dots (18))
and in Tl2201 (green dot (76)). The vertical grey lines mark the limits of the CDW phase in
Nd-LSCO, between p = 0.08 and p ' 0.19. b) Normal-state Hall number nH (= V/e RH) in the
T = 0 limit as a function of doping, in YBCO (blue circles (21), p?= 0.19) and Nd-LSCO (red
squares (4), p?= 0.23). We also show nH in LSCO (grey squares (67)) and YBCO (grey circles
(68)) at low doping, and nH in Tl2201 (white diamond (29)) at high doping.

5. PSEUDOGAP PHASE
DOS: Density of
states (NF)

�E: Condensation
energy

Hc1: Lower critical
field

�: Residual linear
term in the specific
heat, C(T ) at T = 0,
purely electronic

The two traditional signatures of the pseudogap phase are: 1) a loss of density of

states (DOS) below p
?; 2) the opening of a partial spectral gap below T

?, seen by ARPES

(Figs. 1c, 1d) and optical conductivity, for example. Here we summarize recent high-field

measurements of the specific heat in the LSCO family (75) showing that there is a large

mass enhancement at p
?. The new data show that the pseudogap does not simply cause

a loss of DOS below p
?; instead, there is huge peak in the DOS at p

? (Fig. 6a) – much

larger than expected from a van Hove singularity (75, 80). We then show how high-field

measurements of the Hall coe�cient reveal a new signature of the pseudogap phase – a

rapid drop in the carrier density, at p?(Fig. 6c). These new properties alter profoundly our

view of the pseudogap phase, and of the strange metal just above it (sec. 6).

5.1. Density of states

5.1.1. Condensation energy. One way to access the DOS, NF, is via the superconduct-

ing condensation energy �E, since �E = NF�
2

0/4, where �0 is the d-wave gap maxi-

mum. Experimentally, and in the framework of BCS theory, �E can be measured using

the upper and lower critical fields, Hc2 and Hc1, to get the thermodynamic field Hc via

H
2

c = Hc1Hc2/(ln() + 0.5), given that �E = H
2

c /2µ0. In Fig. 2b, we plot �E/Tc
2 vs p

thus obtained for YBCO (17). We see that �E/Tc
2 / NF drops by a factor 8-9 between

p = 0.18 and p = 0.1, in agreement with the drop reported earlier from an analysis of spe-

cific heat data measured in low fields up to T > Tc in YBCO (71) and Bi2212 (72). Note
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Gauge theory of fluctuating antiferromagnetism
Taking the continuum limit for the Higgs field:

We obtain di↵erent numbers of adjoint Higgs scalars, Nh,

depending upon the spatial dependence of the local spin

correlations:

Neel correlations (electron doped cuprates):

Nh = 1,
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Bidirectional incommensurate correlations (hole doped cuprates):
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<latexit sha1_base64="+kG6GGfXeJCFZJgwBoxCU/BoR3U=">AAAB7nicdVDJSgNBEK1xjXGLevTSGARPQ49MMrkIQS+eJIJZIBlCT6cnadKz0N0jhCEf4cWDIl79Hm/+jZ1FUNEHBY/3qqiqF6SCK43xh7Wyura+sVnYKm7v7O7tlw4OWyrJJGVNmohEdgKimOAxa2quBeukkpEoEKwdjK9mfvueScWT+E5PUuZHZBjzkFOijdS+6Y/QBXL6pTK2XQ97NQdhG1fdSsU1pIKrXs1Djo3nKMMSjX7pvTdIaBaxWFNBlOo6ONV+TqTmVLBpsZcplhI6JkPWNTQmEVN+Pj93ik6NMkBhIk3FGs3V7xM5iZSaRIHpjIgeqd/eTPzL62Y6rPk5j9NMs5guFoWZQDpBs9/RgEtGtZgYQqjk5lZER0QSqk1CRRPC16fof9I6tx1sO7duuX65jKMAx3ACZ+CAB3W4hgY0gcIYHuAJnq3UerRerNdF64q1nDmCH7DePgE5JI7X</latexit><latexit sha1_base64="+kG6GGfXeJCFZJgwBoxCU/BoR3U=">AAAB7nicdVDJSgNBEK1xjXGLevTSGARPQ49MMrkIQS+eJIJZIBlCT6cnadKz0N0jhCEf4cWDIl79Hm/+jZ1FUNEHBY/3qqiqF6SCK43xh7Wyura+sVnYKm7v7O7tlw4OWyrJJGVNmohEdgKimOAxa2quBeukkpEoEKwdjK9mfvueScWT+E5PUuZHZBjzkFOijdS+6Y/QBXL6pTK2XQ97NQdhG1fdSsU1pIKrXs1Djo3nKMMSjX7pvTdIaBaxWFNBlOo6ONV+TqTmVLBpsZcplhI6JkPWNTQmEVN+Pj93ik6NMkBhIk3FGs3V7xM5iZSaRIHpjIgeqd/eTPzL62Y6rPk5j9NMs5guFoWZQDpBs9/RgEtGtZgYQqjk5lZER0QSqk1CRRPC16fof9I6tx1sO7duuX65jKMAx3ACZ+CAB3W4hgY0gcIYHuAJnq3UerRerNdF64q1nDmCH7DePgE5JI7X</latexit><latexit sha1_base64="+kG6GGfXeJCFZJgwBoxCU/BoR3U=">AAAB7nicdVDJSgNBEK1xjXGLevTSGARPQ49MMrkIQS+eJIJZIBlCT6cnadKz0N0jhCEf4cWDIl79Hm/+jZ1FUNEHBY/3qqiqF6SCK43xh7Wyura+sVnYKm7v7O7tlw4OWyrJJGVNmohEdgKimOAxa2quBeukkpEoEKwdjK9mfvueScWT+E5PUuZHZBjzkFOijdS+6Y/QBXL6pTK2XQ97NQdhG1fdSsU1pIKrXs1Djo3nKMMSjX7pvTdIaBaxWFNBlOo6ONV+TqTmVLBpsZcplhI6JkPWNTQmEVN+Pj93ik6NMkBhIk3FGs3V7xM5iZSaRIHpjIgeqd/eTPzL62Y6rPk5j9NMs5guFoWZQDpBs9/RgEtGtZgYQqjk5lZER0QSqk1CRRPC16fof9I6tx1sO7duuX65jKMAx3ACZ+CAB3W4hgY0gcIYHuAJnq3UerRerNdF64q1nDmCH7DePgE5JI7X</latexit><latexit sha1_base64="+kG6GGfXeJCFZJgwBoxCU/BoR3U=">AAAB7nicdVDJSgNBEK1xjXGLevTSGARPQ49MMrkIQS+eJIJZIBlCT6cnadKz0N0jhCEf4cWDIl79Hm/+jZ1FUNEHBY/3qqiqF6SCK43xh7Wyura+sVnYKm7v7O7tlw4OWyrJJGVNmohEdgKimOAxa2quBeukkpEoEKwdjK9mfvueScWT+E5PUuZHZBjzkFOijdS+6Y/QBXL6pTK2XQ97NQdhG1fdSsU1pIKrXs1Djo3nKMMSjX7pvTdIaBaxWFNBlOo6ONV+TqTmVLBpsZcplhI6JkPWNTQmEVN+Pj93ik6NMkBhIk3FGs3V7xM5iZSaRIHpjIgeqd/eTPzL62Y6rPk5j9NMs5guFoWZQDpBs9/RgEtGtZgYQqjk5lZER0QSqk1CRRPC16fof9I6tx1sO7duuX65jKMAx3ACZ+CAB3W4hgY0gcIYHuAJnq3UerRerNdF64q1nDmCH7DePgE5JI7X</latexit>

• Condensation of H
a

breaks SU(2) to U(1)

• U(1) confines because

of proliferation of

’tHooft-Polyakov monopoles

• Monopole action⇠
p
�s,

leading to an

exponentially large

confinement scale
<latexit sha1_base64="lUTSsPZU4oE6nrk6cI/wJ/fqbUU="></latexit><latexit sha1_base64="lUTSsPZU4oE6nrk6cI/wJ/fqbUU="></latexit><latexit sha1_base64="lUTSsPZU4oE6nrk6cI/wJ/fqbUU="></latexit><latexit sha1_base64="lUTSsPZU4oE6nrk6cI/wJ/fqbUU="></latexit>



Nh = 2
<latexit sha1_base64="kDvsngxhS1HNkR5UfWOv+iN2Mcs=">AAAB7nicdVDJSgNBEK2JW4xb1KOXxiB4GnpCkslFCHrxJBHMAskQejo9SZOehe4eIQz5CC8eFPHq93jzb+wsgoo+KHi8V0VVPT8RXGmMP6zc2vrG5lZ+u7Czu7d/UDw8aqs4lZS1aCxi2fWJYoJHrKW5FqybSEZCX7COP7ma+517JhWPozs9TZgXklHEA06JNlLnZjBGF6g8KJawXXGxW3cQtnGtUq1WDKnimlt3kWPjBUqwQnNQfO8PY5qGLNJUEKV6Dk60lxGpORVsVuiniiWETsiI9QyNSMiUly3OnaEzowxREEtTkUYL9ftERkKlpqFvOkOix+q3Nxf/8nqpDupexqMk1Syiy0VBKpCO0fx3NOSSUS2mhhAqubkV0TGRhGqTUMGE8PUp+p+0y7aDbee2UmpcruLIwwmcwjk44EIDrqEJLaAwgQd4gmcrsR6tF+t12ZqzVjPH8APW2yc6qI7Y</latexit><latexit sha1_base64="kDvsngxhS1HNkR5UfWOv+iN2Mcs=">AAAB7nicdVDJSgNBEK2JW4xb1KOXxiB4GnpCkslFCHrxJBHMAskQejo9SZOehe4eIQz5CC8eFPHq93jzb+wsgoo+KHi8V0VVPT8RXGmMP6zc2vrG5lZ+u7Czu7d/UDw8aqs4lZS1aCxi2fWJYoJHrKW5FqybSEZCX7COP7ma+517JhWPozs9TZgXklHEA06JNlLnZjBGF6g8KJawXXGxW3cQtnGtUq1WDKnimlt3kWPjBUqwQnNQfO8PY5qGLNJUEKV6Dk60lxGpORVsVuiniiWETsiI9QyNSMiUly3OnaEzowxREEtTkUYL9ftERkKlpqFvOkOix+q3Nxf/8nqpDupexqMk1Syiy0VBKpCO0fx3NOSSUS2mhhAqubkV0TGRhGqTUMGE8PUp+p+0y7aDbee2UmpcruLIwwmcwjk44EIDrqEJLaAwgQd4gmcrsR6tF+t12ZqzVjPH8APW2yc6qI7Y</latexit><latexit sha1_base64="kDvsngxhS1HNkR5UfWOv+iN2Mcs=">AAAB7nicdVDJSgNBEK2JW4xb1KOXxiB4GnpCkslFCHrxJBHMAskQejo9SZOehe4eIQz5CC8eFPHq93jzb+wsgoo+KHi8V0VVPT8RXGmMP6zc2vrG5lZ+u7Czu7d/UDw8aqs4lZS1aCxi2fWJYoJHrKW5FqybSEZCX7COP7ma+517JhWPozs9TZgXklHEA06JNlLnZjBGF6g8KJawXXGxW3cQtnGtUq1WDKnimlt3kWPjBUqwQnNQfO8PY5qGLNJUEKV6Dk60lxGpORVsVuiniiWETsiI9QyNSMiUly3OnaEzowxREEtTkUYL9ftERkKlpqFvOkOix+q3Nxf/8nqpDupexqMk1Syiy0VBKpCO0fx3NOSSUS2mhhAqubkV0TGRhGqTUMGE8PUp+p+0y7aDbee2UmpcruLIwwmcwjk44EIDrqEJLaAwgQd4gmcrsR6tF+t12ZqzVjPH8APW2yc6qI7Y</latexit><latexit sha1_base64="kDvsngxhS1HNkR5UfWOv+iN2Mcs=">AAAB7nicdVDJSgNBEK2JW4xb1KOXxiB4GnpCkslFCHrxJBHMAskQejo9SZOehe4eIQz5CC8eFPHq93jzb+wsgoo+KHi8V0VVPT8RXGmMP6zc2vrG5lZ+u7Czu7d/UDw8aqs4lZS1aCxi2fWJYoJHrKW5FqybSEZCX7COP7ma+517JhWPozs9TZgXklHEA06JNlLnZjBGF6g8KJawXXGxW3cQtnGtUq1WDKnimlt3kWPjBUqwQnNQfO8PY5qGLNJUEKV6Dk60lxGpORVsVuiniiWETsiI9QyNSMiUly3OnaEzowxREEtTkUYL9ftERkKlpqFvOkOix+q3Nxf/8nqpDupexqMk1Syiy0VBKpCO0fx3NOSSUS2mhhAqubkV0TGRhGqTUMGE8PUp+p+0y7aDbee2UmpcruLIwwmcwjk44EIDrqEJLaAwgQd4gmcrsR6tF+t12ZqzVjPH8APW2yc6qI7Y</latexit>

• There is a global O(Nh) symmetry, and we can define a gauge-invariant order parameter

Q`m = H
a
` H

a
m � �`m

Nh
H

a
nH

a
n

• For u1 < 0, the Higgs condensate is of the form

H
a
1 = (H0, 0, 0) , H

a
2 = (0, 0, 0)

This breaks gauge SU(2) to U(1), and the U(1) confines, as for Nh = 1. But the global
O(2) is broken because

hQ`mi 6= 0

• For u1 > 0, the Higgs condensate is of the form

H
a
1 = (H0, 0, 0) , H

a
2 = (0, H0, 0)

This breaks gauge SU(2) to Z2, leading to Z2 topological order (as in the ‘toric code’).
But now the global O(2) is unbroken because

hQ`mi = 0
<latexit sha1_base64="sZKzWP7FfW08fE9apckb3JfEly4="></latexit><latexit sha1_base64="sZKzWP7FfW08fE9apckb3JfEly4="></latexit><latexit sha1_base64="sZKzWP7FfW08fE9apckb3JfEly4="></latexit><latexit sha1_base64="sZKzWP7FfW08fE9apckb3JfEly4="></latexit>



hHa
` i 6= 0

<latexit sha1_base64="caqoJbDCu2upY7MSYKoucURLFaI="></latexit><latexit sha1_base64="caqoJbDCu2upY7MSYKoucURLFaI="></latexit><latexit sha1_base64="caqoJbDCu2upY7MSYKoucURLFaI="></latexit><latexit sha1_base64="caqoJbDCu2upY7MSYKoucURLFaI="></latexit>

hHa
` i = 0

<latexit sha1_base64="zeEOJ1Q1LpU+nUDmf3hte4r4xjg="></latexit><latexit sha1_base64="zeEOJ1Q1LpU+nUDmf3hte4r4xjg="></latexit><latexit sha1_base64="zeEOJ1Q1LpU+nUDmf3hte4r4xjg="></latexit><latexit sha1_base64="zeEOJ1Q1LpU+nUDmf3hte4r4xjg="></latexit>V (Ha
` )

<latexit sha1_base64="mfipBSBCbo7PkaPoH0vu0C2AXwE=">AAAB9HicdVDLTgIxFO3gC/GFunTTCCa4mXQIMCyJblhiIo8ERtIpBRo6nbHtkJAJ3+HGhca49WPc+TeWh4kaPclNTs65N/fe40ecKY3Qh5Xa2Nza3knvZvb2Dw6PsscnLRXGktAmCXkoOz5WlDNBm5ppTjuRpDjwOW37k+uF355SqVgobvUsol6AR4INGcHaSF6+Vajf4X6Pcn6Z72dzyC65yK06ENmoUiqXS4aUUcWtutCx0RI5sEajn33vDUISB1RowrFSXQdF2kuw1IxwOs/0YkUjTCZ4RLuGChxQ5SXLo+fwwigDOAylKaHhUv0+keBAqVngm84A67H67S3Ev7xurIdVL2EiijUVZLVoGHOoQ7hIAA6YpETzmSGYSGZuhWSMJSba5JQxIXx9Cv8nraLtINu5KeZqV+s40uAMnIMCcIALaqAOGqAJCLgHD+AJPFtT69F6sV5XrSlrPXMKfsB6+wRwUZE8</latexit><latexit sha1_base64="mfipBSBCbo7PkaPoH0vu0C2AXwE=">AAAB9HicdVDLTgIxFO3gC/GFunTTCCa4mXQIMCyJblhiIo8ERtIpBRo6nbHtkJAJ3+HGhca49WPc+TeWh4kaPclNTs65N/fe40ecKY3Qh5Xa2Nza3knvZvb2Dw6PsscnLRXGktAmCXkoOz5WlDNBm5ppTjuRpDjwOW37k+uF355SqVgobvUsol6AR4INGcHaSF6+Vajf4X6Pcn6Z72dzyC65yK06ENmoUiqXS4aUUcWtutCx0RI5sEajn33vDUISB1RowrFSXQdF2kuw1IxwOs/0YkUjTCZ4RLuGChxQ5SXLo+fwwigDOAylKaHhUv0+keBAqVngm84A67H67S3Ev7xurIdVL2EiijUVZLVoGHOoQ7hIAA6YpETzmSGYSGZuhWSMJSba5JQxIXx9Cv8nraLtINu5KeZqV+s40uAMnIMCcIALaqAOGqAJCLgHD+AJPFtT69F6sV5XrSlrPXMKfsB6+wRwUZE8</latexit><latexit sha1_base64="mfipBSBCbo7PkaPoH0vu0C2AXwE=">AAAB9HicdVDLTgIxFO3gC/GFunTTCCa4mXQIMCyJblhiIo8ERtIpBRo6nbHtkJAJ3+HGhca49WPc+TeWh4kaPclNTs65N/fe40ecKY3Qh5Xa2Nza3knvZvb2Dw6PsscnLRXGktAmCXkoOz5WlDNBm5ppTjuRpDjwOW37k+uF355SqVgobvUsol6AR4INGcHaSF6+Vajf4X6Pcn6Z72dzyC65yK06ENmoUiqXS4aUUcWtutCx0RI5sEajn33vDUISB1RowrFSXQdF2kuw1IxwOs/0YkUjTCZ4RLuGChxQ5SXLo+fwwigDOAylKaHhUv0+keBAqVngm84A67H67S3Ev7xurIdVL2EiijUVZLVoGHOoQ7hIAA6YpETzmSGYSGZuhWSMJSba5JQxIXx9Cv8nraLtINu5KeZqV+s40uAMnIMCcIALaqAOGqAJCLgHD+AJPFtT69F6sV5XrSlrPXMKfsB6+wRwUZE8</latexit><latexit sha1_base64="mfipBSBCbo7PkaPoH0vu0C2AXwE=">AAAB9HicdVDLTgIxFO3gC/GFunTTCCa4mXQIMCyJblhiIo8ERtIpBRo6nbHtkJAJ3+HGhca49WPc+TeWh4kaPclNTs65N/fe40ecKY3Qh5Xa2Nza3knvZvb2Dw6PsscnLRXGktAmCXkoOz5WlDNBm5ppTjuRpDjwOW37k+uF355SqVgobvUsol6AR4INGcHaSF6+Vajf4X6Pcn6Z72dzyC65yK06ENmoUiqXS4aUUcWtutCx0RI5sEajn33vDUISB1RowrFSXQdF2kuw1IxwOs/0YkUjTCZ4RLuGChxQ5SXLo+fwwigDOAylKaHhUv0+keBAqVngm84A67H67S3Ev7xurIdVL2EiijUVZLVoGHOoQ7hIAA6YpETzmSGYSGZuhWSMJSba5JQxIXx9Cv8nraLtINu5KeZqV+s40uAMnIMCcIALaqAOGqAJCLgHD+AJPFtT69F6sV5XrSlrPXMKfsB6+wRwUZE8</latexit>

H
a
`

<latexit sha1_base64="blTuuMfg6lmT+9wz37ByoJuvB2A=">AAAB8XicdVDLTgJBEJz1ifhCPXqZCCaeNrMEWI5ELxwxkUcEJLNDAxNmZzczsyaE8BdePGiMV//Gm3/j8DBRo5V0UqnqTndXEAuuDSEfztr6xubWdmonvbu3f3CYOTpu6ChRDOosEpFqBVSD4BLqhhsBrVgBDQMBzWB8Nfeb96A0j+SNmcTQDelQ8gFn1FjpNle9o70OCJHrZbLELfjEL3uYuKRUKBYLlhRJyS/72HPJAlm0Qq2Xee/0I5aEIA0TVOu2R2LTnVJlOBMwS3cSDTFlYzqEtqWShqC708XFM3xulT4eRMqWNHihfp+Y0lDrSRjYzpCakf7tzcW/vHZiBuXulMs4MSDZctEgEdhEeP4+7nMFzIiJJZQpbm/FbEQVZcaGlLYhfH2K/yeNvOsR17vOZyuXqzhS6BSdoQvkIR9VUBXVUB0xJNEDekLPjnYenRfnddm65qxmTtAPOG+f+1mQdw==</latexit><latexit sha1_base64="blTuuMfg6lmT+9wz37ByoJuvB2A=">AAAB8XicdVDLTgJBEJz1ifhCPXqZCCaeNrMEWI5ELxwxkUcEJLNDAxNmZzczsyaE8BdePGiMV//Gm3/j8DBRo5V0UqnqTndXEAuuDSEfztr6xubWdmonvbu3f3CYOTpu6ChRDOosEpFqBVSD4BLqhhsBrVgBDQMBzWB8Nfeb96A0j+SNmcTQDelQ8gFn1FjpNle9o70OCJHrZbLELfjEL3uYuKRUKBYLlhRJyS/72HPJAlm0Qq2Xee/0I5aEIA0TVOu2R2LTnVJlOBMwS3cSDTFlYzqEtqWShqC708XFM3xulT4eRMqWNHihfp+Y0lDrSRjYzpCakf7tzcW/vHZiBuXulMs4MSDZctEgEdhEeP4+7nMFzIiJJZQpbm/FbEQVZcaGlLYhfH2K/yeNvOsR17vOZyuXqzhS6BSdoQvkIR9VUBXVUB0xJNEDekLPjnYenRfnddm65qxmTtAPOG+f+1mQdw==</latexit><latexit sha1_base64="blTuuMfg6lmT+9wz37ByoJuvB2A=">AAAB8XicdVDLTgJBEJz1ifhCPXqZCCaeNrMEWI5ELxwxkUcEJLNDAxNmZzczsyaE8BdePGiMV//Gm3/j8DBRo5V0UqnqTndXEAuuDSEfztr6xubWdmonvbu3f3CYOTpu6ChRDOosEpFqBVSD4BLqhhsBrVgBDQMBzWB8Nfeb96A0j+SNmcTQDelQ8gFn1FjpNle9o70OCJHrZbLELfjEL3uYuKRUKBYLlhRJyS/72HPJAlm0Qq2Xee/0I5aEIA0TVOu2R2LTnVJlOBMwS3cSDTFlYzqEtqWShqC708XFM3xulT4eRMqWNHihfp+Y0lDrSRjYzpCakf7tzcW/vHZiBuXulMs4MSDZctEgEdhEeP4+7nMFzIiJJZQpbm/FbEQVZcaGlLYhfH2K/yeNvOsR17vOZyuXqzhS6BSdoQvkIR9VUBXVUB0xJNEDekLPjnYenRfnddm65qxmTtAPOG+f+1mQdw==</latexit><latexit sha1_base64="blTuuMfg6lmT+9wz37ByoJuvB2A=">AAAB8XicdVDLTgJBEJz1ifhCPXqZCCaeNrMEWI5ELxwxkUcEJLNDAxNmZzczsyaE8BdePGiMV//Gm3/j8DBRo5V0UqnqTndXEAuuDSEfztr6xubWdmonvbu3f3CYOTpu6ChRDOosEpFqBVSD4BLqhhsBrVgBDQMBzWB8Nfeb96A0j+SNmcTQDelQ8gFn1FjpNle9o70OCJHrZbLELfjEL3uYuKRUKBYLlhRJyS/72HPJAlm0Qq2Xee/0I5aEIA0TVOu2R2LTnVJlOBMwS3cSDTFlYzqEtqWShqC708XFM3xulT4eRMqWNHihfp+Y0lDrSRjYzpCakf7tzcW/vHZiBuXulMs4MSDZctEgEdhEeP4+7nMFzIiJJZQpbm/FbEQVZcaGlLYhfH2K/yeNvOsR17vOZyuXqzhS6BSdoQvkIR9VUBXVUB0xJNEDekLPjnYenRfnddm65qxmTtAPOG+f+1mQdw==</latexit>

V (Ha
` )

<latexit sha1_base64="mfipBSBCbo7PkaPoH0vu0C2AXwE=">AAAB9HicdVDLTgIxFO3gC/GFunTTCCa4mXQIMCyJblhiIo8ERtIpBRo6nbHtkJAJ3+HGhca49WPc+TeWh4kaPclNTs65N/fe40ecKY3Qh5Xa2Nza3knvZvb2Dw6PsscnLRXGktAmCXkoOz5WlDNBm5ppTjuRpDjwOW37k+uF355SqVgobvUsol6AR4INGcHaSF6+Vajf4X6Pcn6Z72dzyC65yK06ENmoUiqXS4aUUcWtutCx0RI5sEajn33vDUISB1RowrFSXQdF2kuw1IxwOs/0YkUjTCZ4RLuGChxQ5SXLo+fwwigDOAylKaHhUv0+keBAqVngm84A67H67S3Ev7xurIdVL2EiijUVZLVoGHOoQ7hIAA6YpETzmSGYSGZuhWSMJSba5JQxIXx9Cv8nraLtINu5KeZqV+s40uAMnIMCcIALaqAOGqAJCLgHD+AJPFtT69F6sV5XrSlrPXMKfsB6+wRwUZE8</latexit><latexit sha1_base64="mfipBSBCbo7PkaPoH0vu0C2AXwE=">AAAB9HicdVDLTgIxFO3gC/GFunTTCCa4mXQIMCyJblhiIo8ERtIpBRo6nbHtkJAJ3+HGhca49WPc+TeWh4kaPclNTs65N/fe40ecKY3Qh5Xa2Nza3knvZvb2Dw6PsscnLRXGktAmCXkoOz5WlDNBm5ppTjuRpDjwOW37k+uF355SqVgobvUsol6AR4INGcHaSF6+Vajf4X6Pcn6Z72dzyC65yK06ENmoUiqXS4aUUcWtutCx0RI5sEajn33vDUISB1RowrFSXQdF2kuw1IxwOs/0YkUjTCZ4RLuGChxQ5SXLo+fwwigDOAylKaHhUv0+keBAqVngm84A67H67S3Ev7xurIdVL2EiijUVZLVoGHOoQ7hIAA6YpETzmSGYSGZuhWSMJSba5JQxIXx9Cv8nraLtINu5KeZqV+s40uAMnIMCcIALaqAOGqAJCLgHD+AJPFtT69F6sV5XrSlrPXMKfsB6+wRwUZE8</latexit><latexit sha1_base64="mfipBSBCbo7PkaPoH0vu0C2AXwE=">AAAB9HicdVDLTgIxFO3gC/GFunTTCCa4mXQIMCyJblhiIo8ERtIpBRo6nbHtkJAJ3+HGhca49WPc+TeWh4kaPclNTs65N/fe40ecKY3Qh5Xa2Nza3knvZvb2Dw6PsscnLRXGktAmCXkoOz5WlDNBm5ppTjuRpDjwOW37k+uF355SqVgobvUsol6AR4INGcHaSF6+Vajf4X6Pcn6Z72dzyC65yK06ENmoUiqXS4aUUcWtutCx0RI5sEajn33vDUISB1RowrFSXQdF2kuw1IxwOs/0YkUjTCZ4RLuGChxQ5SXLo+fwwigDOAylKaHhUv0+keBAqVngm84A67H67S3Ev7xurIdVL2EiijUVZLVoGHOoQ7hIAA6YpETzmSGYSGZuhWSMJSba5JQxIXx9Cv8nraLtINu5KeZqV+s40uAMnIMCcIALaqAOGqAJCLgHD+AJPFtT69F6sV5XrSlrPXMKfsB6+wRwUZE8</latexit><latexit sha1_base64="mfipBSBCbo7PkaPoH0vu0C2AXwE=">AAAB9HicdVDLTgIxFO3gC/GFunTTCCa4mXQIMCyJblhiIo8ERtIpBRo6nbHtkJAJ3+HGhca49WPc+TeWh4kaPclNTs65N/fe40ecKY3Qh5Xa2Nza3knvZvb2Dw6PsscnLRXGktAmCXkoOz5WlDNBm5ppTjuRpDjwOW37k+uF355SqVgobvUsol6AR4INGcHaSF6+Vajf4X6Pcn6Z72dzyC65yK06ENmoUiqXS4aUUcWtutCx0RI5sEajn33vDUISB1RowrFSXQdF2kuw1IxwOs/0YkUjTCZ4RLuGChxQ5SXLo+fwwigDOAylKaHhUv0+keBAqVngm84A67H67S3Ev7xurIdVL2EiijUVZLVoGHOoQ7hIAA6YpETzmSGYSGZuhWSMJSba5JQxIXx9Cv8nraLtINu5KeZqV+s40uAMnIMCcIALaqAOGqAJCLgHD+AJPFtT69F6sV5XrSlrPXMKfsB6+wRwUZE8</latexit>

H
a
`

<latexit sha1_base64="blTuuMfg6lmT+9wz37ByoJuvB2A=">AAAB8XicdVDLTgJBEJz1ifhCPXqZCCaeNrMEWI5ELxwxkUcEJLNDAxNmZzczsyaE8BdePGiMV//Gm3/j8DBRo5V0UqnqTndXEAuuDSEfztr6xubWdmonvbu3f3CYOTpu6ChRDOosEpFqBVSD4BLqhhsBrVgBDQMBzWB8Nfeb96A0j+SNmcTQDelQ8gFn1FjpNle9o70OCJHrZbLELfjEL3uYuKRUKBYLlhRJyS/72HPJAlm0Qq2Xee/0I5aEIA0TVOu2R2LTnVJlOBMwS3cSDTFlYzqEtqWShqC708XFM3xulT4eRMqWNHihfp+Y0lDrSRjYzpCakf7tzcW/vHZiBuXulMs4MSDZctEgEdhEeP4+7nMFzIiJJZQpbm/FbEQVZcaGlLYhfH2K/yeNvOsR17vOZyuXqzhS6BSdoQvkIR9VUBXVUB0xJNEDekLPjnYenRfnddm65qxmTtAPOG+f+1mQdw==</latexit><latexit sha1_base64="blTuuMfg6lmT+9wz37ByoJuvB2A=">AAAB8XicdVDLTgJBEJz1ifhCPXqZCCaeNrMEWI5ELxwxkUcEJLNDAxNmZzczsyaE8BdePGiMV//Gm3/j8DBRo5V0UqnqTndXEAuuDSEfztr6xubWdmonvbu3f3CYOTpu6ChRDOosEpFqBVSD4BLqhhsBrVgBDQMBzWB8Nfeb96A0j+SNmcTQDelQ8gFn1FjpNle9o70OCJHrZbLELfjEL3uYuKRUKBYLlhRJyS/72HPJAlm0Qq2Xee/0I5aEIA0TVOu2R2LTnVJlOBMwS3cSDTFlYzqEtqWShqC708XFM3xulT4eRMqWNHihfp+Y0lDrSRjYzpCakf7tzcW/vHZiBuXulMs4MSDZctEgEdhEeP4+7nMFzIiJJZQpbm/FbEQVZcaGlLYhfH2K/yeNvOsR17vOZyuXqzhS6BSdoQvkIR9VUBXVUB0xJNEDekLPjnYenRfnddm65qxmTtAPOG+f+1mQdw==</latexit><latexit sha1_base64="blTuuMfg6lmT+9wz37ByoJuvB2A=">AAAB8XicdVDLTgJBEJz1ifhCPXqZCCaeNrMEWI5ELxwxkUcEJLNDAxNmZzczsyaE8BdePGiMV//Gm3/j8DBRo5V0UqnqTndXEAuuDSEfztr6xubWdmonvbu3f3CYOTpu6ChRDOosEpFqBVSD4BLqhhsBrVgBDQMBzWB8Nfeb96A0j+SNmcTQDelQ8gFn1FjpNle9o70OCJHrZbLELfjEL3uYuKRUKBYLlhRJyS/72HPJAlm0Qq2Xee/0I5aEIA0TVOu2R2LTnVJlOBMwS3cSDTFlYzqEtqWShqC708XFM3xulT4eRMqWNHihfp+Y0lDrSRjYzpCakf7tzcW/vHZiBuXulMs4MSDZctEgEdhEeP4+7nMFzIiJJZQpbm/FbEQVZcaGlLYhfH2K/yeNvOsR17vOZyuXqzhS6BSdoQvkIR9VUBXVUB0xJNEDekLPjnYenRfnddm65qxmTtAPOG+f+1mQdw==</latexit><latexit sha1_base64="blTuuMfg6lmT+9wz37ByoJuvB2A=">AAAB8XicdVDLTgJBEJz1ifhCPXqZCCaeNrMEWI5ELxwxkUcEJLNDAxNmZzczsyaE8BdePGiMV//Gm3/j8DBRo5V0UqnqTndXEAuuDSEfztr6xubWdmonvbu3f3CYOTpu6ChRDOosEpFqBVSD4BLqhhsBrVgBDQMBzWB8Nfeb96A0j+SNmcTQDelQ8gFn1FjpNle9o70OCJHrZbLELfjEL3uYuKRUKBYLlhRJyS/72HPJAlm0Qq2Xee/0I5aEIA0TVOu2R2LTnVJlOBMwS3cSDTFlYzqEtqWShqC708XFM3xulT4eRMqWNHihfp+Y0lDrSRjYzpCakf7tzcW/vHZiBuXulMs4MSDZctEgEdhEeP4+7nMFzIiJJZQpbm/FbEQVZcaGlLYhfH2K/yeNvOsR17vOZyuXqzhS6BSdoQvkIR9VUBXVUB0xJNEDekLPjnYenRfnddm65qxmTtAPOG+f+1mQdw==</latexit>

Confinement

Nh = 2
<latexit sha1_base64="kDvsngxhS1HNkR5UfWOv+iN2Mcs=">AAAB7nicdVDJSgNBEK2JW4xb1KOXxiB4GnpCkslFCHrxJBHMAskQejo9SZOehe4eIQz5CC8eFPHq93jzb+wsgoo+KHi8V0VVPT8RXGmMP6zc2vrG5lZ+u7Czu7d/UDw8aqs4lZS1aCxi2fWJYoJHrKW5FqybSEZCX7COP7ma+517JhWPozs9TZgXklHEA06JNlLnZjBGF6g8KJawXXGxW3cQtnGtUq1WDKnimlt3kWPjBUqwQnNQfO8PY5qGLNJUEKV6Dk60lxGpORVsVuiniiWETsiI9QyNSMiUly3OnaEzowxREEtTkUYL9ftERkKlpqFvOkOix+q3Nxf/8nqpDupexqMk1Syiy0VBKpCO0fx3NOSSUS2mhhAqubkV0TGRhGqTUMGE8PUp+p+0y7aDbee2UmpcruLIwwmcwjk44EIDrqEJLaAwgQd4gmcrsR6tF+t12ZqzVjPH8APW2yc6qI7Y</latexit><latexit sha1_base64="kDvsngxhS1HNkR5UfWOv+iN2Mcs=">AAAB7nicdVDJSgNBEK2JW4xb1KOXxiB4GnpCkslFCHrxJBHMAskQejo9SZOehe4eIQz5CC8eFPHq93jzb+wsgoo+KHi8V0VVPT8RXGmMP6zc2vrG5lZ+u7Czu7d/UDw8aqs4lZS1aCxi2fWJYoJHrKW5FqybSEZCX7COP7ma+517JhWPozs9TZgXklHEA06JNlLnZjBGF6g8KJawXXGxW3cQtnGtUq1WDKnimlt3kWPjBUqwQnNQfO8PY5qGLNJUEKV6Dk60lxGpORVsVuiniiWETsiI9QyNSMiUly3OnaEzowxREEtTkUYL9ftERkKlpqFvOkOix+q3Nxf/8nqpDupexqMk1Syiy0VBKpCO0fx3NOSSUS2mhhAqubkV0TGRhGqTUMGE8PUp+p+0y7aDbee2UmpcruLIwwmcwjk44EIDrqEJLaAwgQd4gmcrsR6tF+t12ZqzVjPH8APW2yc6qI7Y</latexit><latexit sha1_base64="kDvsngxhS1HNkR5UfWOv+iN2Mcs=">AAAB7nicdVDJSgNBEK2JW4xb1KOXxiB4GnpCkslFCHrxJBHMAskQejo9SZOehe4eIQz5CC8eFPHq93jzb+wsgoo+KHi8V0VVPT8RXGmMP6zc2vrG5lZ+u7Czu7d/UDw8aqs4lZS1aCxi2fWJYoJHrKW5FqybSEZCX7COP7ma+517JhWPozs9TZgXklHEA06JNlLnZjBGF6g8KJawXXGxW3cQtnGtUq1WDKnimlt3kWPjBUqwQnNQfO8PY5qGLNJUEKV6Dk60lxGpORVsVuiniiWETsiI9QyNSMiUly3OnaEzowxREEtTkUYL9ftERkKlpqFvOkOix+q3Nxf/8nqpDupexqMk1Syiy0VBKpCO0fx3NOSSUS2mhhAqubkV0TGRhGqTUMGE8PUp+p+0y7aDbee2UmpcruLIwwmcwjk44EIDrqEJLaAwgQd4gmcrsR6tF+t12ZqzVjPH8APW2yc6qI7Y</latexit><latexit sha1_base64="kDvsngxhS1HNkR5UfWOv+iN2Mcs=">AAAB7nicdVDJSgNBEK2JW4xb1KOXxiB4GnpCkslFCHrxJBHMAskQejo9SZOehe4eIQz5CC8eFPHq93jzb+wsgoo+KHi8V0VVPT8RXGmMP6zc2vrG5lZ+u7Czu7d/UDw8aqs4lZS1aCxi2fWJYoJHrKW5FqybSEZCX7COP7ma+517JhWPozs9TZgXklHEA06JNlLnZjBGF6g8KJawXXGxW3cQtnGtUq1WDKnimlt3kWPjBUqwQnNQfO8PY5qGLNJUEKV6Dk60lxGpORVsVuiniiWETsiI9QyNSMiUly3OnaEzowxREEtTkUYL9ftERkKlpqFvOkOix+q3Nxf/8nqpDupexqMk1Syiy0VBKpCO0fx3NOSSUS2mhhAqubkV0TGRhGqTUMGE8PUp+p+0y7aDbee2UmpcruLIwwmcwjk44EIDrqEJLaAwgQd4gmcrsR6tF+t12ZqzVjPH8APW2yc6qI7Y</latexit>

Phase diagrams of SU(2) gauge theory

Higgs

s

u1 < 0

• Condensation of H
a

breaks SU(2) to U(1),

which confines

• Broken O(2) symmetry,

hQ`mi 6= 0.
<latexit sha1_base64="I1BUbLbESpmZ3sU6ck4QiKR7tkA="></latexit><latexit sha1_base64="I1BUbLbESpmZ3sU6ck4QiKR7tkA="></latexit><latexit sha1_base64="I1BUbLbESpmZ3sU6ck4QiKR7tkA="></latexit><latexit sha1_base64="I1BUbLbESpmZ3sU6ck4QiKR7tkA="></latexit>

Possible
Deconfined
critical

SU(2) gauge
theory

<latexit sha1_base64="39cWGTj3DZqaMQNTo81eorEwojM="></latexit><latexit sha1_base64="39cWGTj3DZqaMQNTo81eorEwojM="></latexit><latexit sha1_base64="39cWGTj3DZqaMQNTo81eorEwojM="></latexit><latexit sha1_base64="39cWGTj3DZqaMQNTo81eorEwojM="></latexit>



hHa
` i 6= 0

<latexit sha1_base64="caqoJbDCu2upY7MSYKoucURLFaI="></latexit><latexit sha1_base64="caqoJbDCu2upY7MSYKoucURLFaI="></latexit><latexit sha1_base64="caqoJbDCu2upY7MSYKoucURLFaI="></latexit><latexit sha1_base64="caqoJbDCu2upY7MSYKoucURLFaI="></latexit>

hHa
` i = 0

<latexit sha1_base64="zeEOJ1Q1LpU+nUDmf3hte4r4xjg="></latexit><latexit sha1_base64="zeEOJ1Q1LpU+nUDmf3hte4r4xjg="></latexit><latexit sha1_base64="zeEOJ1Q1LpU+nUDmf3hte4r4xjg="></latexit><latexit sha1_base64="zeEOJ1Q1LpU+nUDmf3hte4r4xjg="></latexit>V (Ha
` )

<latexit sha1_base64="mfipBSBCbo7PkaPoH0vu0C2AXwE=">AAAB9HicdVDLTgIxFO3gC/GFunTTCCa4mXQIMCyJblhiIo8ERtIpBRo6nbHtkJAJ3+HGhca49WPc+TeWh4kaPclNTs65N/fe40ecKY3Qh5Xa2Nza3knvZvb2Dw6PsscnLRXGktAmCXkoOz5WlDNBm5ppTjuRpDjwOW37k+uF355SqVgobvUsol6AR4INGcHaSF6+Vajf4X6Pcn6Z72dzyC65yK06ENmoUiqXS4aUUcWtutCx0RI5sEajn33vDUISB1RowrFSXQdF2kuw1IxwOs/0YkUjTCZ4RLuGChxQ5SXLo+fwwigDOAylKaHhUv0+keBAqVngm84A67H67S3Ev7xurIdVL2EiijUVZLVoGHOoQ7hIAA6YpETzmSGYSGZuhWSMJSba5JQxIXx9Cv8nraLtINu5KeZqV+s40uAMnIMCcIALaqAOGqAJCLgHD+AJPFtT69F6sV5XrSlrPXMKfsB6+wRwUZE8</latexit><latexit sha1_base64="mfipBSBCbo7PkaPoH0vu0C2AXwE=">AAAB9HicdVDLTgIxFO3gC/GFunTTCCa4mXQIMCyJblhiIo8ERtIpBRo6nbHtkJAJ3+HGhca49WPc+TeWh4kaPclNTs65N/fe40ecKY3Qh5Xa2Nza3knvZvb2Dw6PsscnLRXGktAmCXkoOz5WlDNBm5ppTjuRpDjwOW37k+uF355SqVgobvUsol6AR4INGcHaSF6+Vajf4X6Pcn6Z72dzyC65yK06ENmoUiqXS4aUUcWtutCx0RI5sEajn33vDUISB1RowrFSXQdF2kuw1IxwOs/0YkUjTCZ4RLuGChxQ5SXLo+fwwigDOAylKaHhUv0+keBAqVngm84A67H67S3Ev7xurIdVL2EiijUVZLVoGHOoQ7hIAA6YpETzmSGYSGZuhWSMJSba5JQxIXx9Cv8nraLtINu5KeZqV+s40uAMnIMCcIALaqAOGqAJCLgHD+AJPFtT69F6sV5XrSlrPXMKfsB6+wRwUZE8</latexit><latexit sha1_base64="mfipBSBCbo7PkaPoH0vu0C2AXwE=">AAAB9HicdVDLTgIxFO3gC/GFunTTCCa4mXQIMCyJblhiIo8ERtIpBRo6nbHtkJAJ3+HGhca49WPc+TeWh4kaPclNTs65N/fe40ecKY3Qh5Xa2Nza3knvZvb2Dw6PsscnLRXGktAmCXkoOz5WlDNBm5ppTjuRpDjwOW37k+uF355SqVgobvUsol6AR4INGcHaSF6+Vajf4X6Pcn6Z72dzyC65yK06ENmoUiqXS4aUUcWtutCx0RI5sEajn33vDUISB1RowrFSXQdF2kuw1IxwOs/0YkUjTCZ4RLuGChxQ5SXLo+fwwigDOAylKaHhUv0+keBAqVngm84A67H67S3Ev7xurIdVL2EiijUVZLVoGHOoQ7hIAA6YpETzmSGYSGZuhWSMJSba5JQxIXx9Cv8nraLtINu5KeZqV+s40uAMnIMCcIALaqAOGqAJCLgHD+AJPFtT69F6sV5XrSlrPXMKfsB6+wRwUZE8</latexit><latexit sha1_base64="mfipBSBCbo7PkaPoH0vu0C2AXwE=">AAAB9HicdVDLTgIxFO3gC/GFunTTCCa4mXQIMCyJblhiIo8ERtIpBRo6nbHtkJAJ3+HGhca49WPc+TeWh4kaPclNTs65N/fe40ecKY3Qh5Xa2Nza3knvZvb2Dw6PsscnLRXGktAmCXkoOz5WlDNBm5ppTjuRpDjwOW37k+uF355SqVgobvUsol6AR4INGcHaSF6+Vajf4X6Pcn6Z72dzyC65yK06ENmoUiqXS4aUUcWtutCx0RI5sEajn33vDUISB1RowrFSXQdF2kuw1IxwOs/0YkUjTCZ4RLuGChxQ5SXLo+fwwigDOAylKaHhUv0+keBAqVngm84A67H67S3Ev7xurIdVL2EiijUVZLVoGHOoQ7hIAA6YpETzmSGYSGZuhWSMJSba5JQxIXx9Cv8nraLtINu5KeZqV+s40uAMnIMCcIALaqAOGqAJCLgHD+AJPFtT69F6sV5XrSlrPXMKfsB6+wRwUZE8</latexit>

H
a
`

<latexit sha1_base64="blTuuMfg6lmT+9wz37ByoJuvB2A=">AAAB8XicdVDLTgJBEJz1ifhCPXqZCCaeNrMEWI5ELxwxkUcEJLNDAxNmZzczsyaE8BdePGiMV//Gm3/j8DBRo5V0UqnqTndXEAuuDSEfztr6xubWdmonvbu3f3CYOTpu6ChRDOosEpFqBVSD4BLqhhsBrVgBDQMBzWB8Nfeb96A0j+SNmcTQDelQ8gFn1FjpNle9o70OCJHrZbLELfjEL3uYuKRUKBYLlhRJyS/72HPJAlm0Qq2Xee/0I5aEIA0TVOu2R2LTnVJlOBMwS3cSDTFlYzqEtqWShqC708XFM3xulT4eRMqWNHihfp+Y0lDrSRjYzpCakf7tzcW/vHZiBuXulMs4MSDZctEgEdhEeP4+7nMFzIiJJZQpbm/FbEQVZcaGlLYhfH2K/yeNvOsR17vOZyuXqzhS6BSdoQvkIR9VUBXVUB0xJNEDekLPjnYenRfnddm65qxmTtAPOG+f+1mQdw==</latexit><latexit sha1_base64="blTuuMfg6lmT+9wz37ByoJuvB2A=">AAAB8XicdVDLTgJBEJz1ifhCPXqZCCaeNrMEWI5ELxwxkUcEJLNDAxNmZzczsyaE8BdePGiMV//Gm3/j8DBRo5V0UqnqTndXEAuuDSEfztr6xubWdmonvbu3f3CYOTpu6ChRDOosEpFqBVSD4BLqhhsBrVgBDQMBzWB8Nfeb96A0j+SNmcTQDelQ8gFn1FjpNle9o70OCJHrZbLELfjEL3uYuKRUKBYLlhRJyS/72HPJAlm0Qq2Xee/0I5aEIA0TVOu2R2LTnVJlOBMwS3cSDTFlYzqEtqWShqC708XFM3xulT4eRMqWNHihfp+Y0lDrSRjYzpCakf7tzcW/vHZiBuXulMs4MSDZctEgEdhEeP4+7nMFzIiJJZQpbm/FbEQVZcaGlLYhfH2K/yeNvOsR17vOZyuXqzhS6BSdoQvkIR9VUBXVUB0xJNEDekLPjnYenRfnddm65qxmTtAPOG+f+1mQdw==</latexit><latexit sha1_base64="blTuuMfg6lmT+9wz37ByoJuvB2A=">AAAB8XicdVDLTgJBEJz1ifhCPXqZCCaeNrMEWI5ELxwxkUcEJLNDAxNmZzczsyaE8BdePGiMV//Gm3/j8DBRo5V0UqnqTndXEAuuDSEfztr6xubWdmonvbu3f3CYOTpu6ChRDOosEpFqBVSD4BLqhhsBrVgBDQMBzWB8Nfeb96A0j+SNmcTQDelQ8gFn1FjpNle9o70OCJHrZbLELfjEL3uYuKRUKBYLlhRJyS/72HPJAlm0Qq2Xee/0I5aEIA0TVOu2R2LTnVJlOBMwS3cSDTFlYzqEtqWShqC708XFM3xulT4eRMqWNHihfp+Y0lDrSRjYzpCakf7tzcW/vHZiBuXulMs4MSDZctEgEdhEeP4+7nMFzIiJJZQpbm/FbEQVZcaGlLYhfH2K/yeNvOsR17vOZyuXqzhS6BSdoQvkIR9VUBXVUB0xJNEDekLPjnYenRfnddm65qxmTtAPOG+f+1mQdw==</latexit><latexit sha1_base64="blTuuMfg6lmT+9wz37ByoJuvB2A=">AAAB8XicdVDLTgJBEJz1ifhCPXqZCCaeNrMEWI5ELxwxkUcEJLNDAxNmZzczsyaE8BdePGiMV//Gm3/j8DBRo5V0UqnqTndXEAuuDSEfztr6xubWdmonvbu3f3CYOTpu6ChRDOosEpFqBVSD4BLqhhsBrVgBDQMBzWB8Nfeb96A0j+SNmcTQDelQ8gFn1FjpNle9o70OCJHrZbLELfjEL3uYuKRUKBYLlhRJyS/72HPJAlm0Qq2Xee/0I5aEIA0TVOu2R2LTnVJlOBMwS3cSDTFlYzqEtqWShqC708XFM3xulT4eRMqWNHihfp+Y0lDrSRjYzpCakf7tzcW/vHZiBuXulMs4MSDZctEgEdhEeP4+7nMFzIiJJZQpbm/FbEQVZcaGlLYhfH2K/yeNvOsR17vOZyuXqzhS6BSdoQvkIR9VUBXVUB0xJNEDekLPjnYenRfnddm65qxmTtAPOG+f+1mQdw==</latexit>

V (Ha
` )

<latexit sha1_base64="mfipBSBCbo7PkaPoH0vu0C2AXwE=">AAAB9HicdVDLTgIxFO3gC/GFunTTCCa4mXQIMCyJblhiIo8ERtIpBRo6nbHtkJAJ3+HGhca49WPc+TeWh4kaPclNTs65N/fe40ecKY3Qh5Xa2Nza3knvZvb2Dw6PsscnLRXGktAmCXkoOz5WlDNBm5ppTjuRpDjwOW37k+uF355SqVgobvUsol6AR4INGcHaSF6+Vajf4X6Pcn6Z72dzyC65yK06ENmoUiqXS4aUUcWtutCx0RI5sEajn33vDUISB1RowrFSXQdF2kuw1IxwOs/0YkUjTCZ4RLuGChxQ5SXLo+fwwigDOAylKaHhUv0+keBAqVngm84A67H67S3Ev7xurIdVL2EiijUVZLVoGHOoQ7hIAA6YpETzmSGYSGZuhWSMJSba5JQxIXx9Cv8nraLtINu5KeZqV+s40uAMnIMCcIALaqAOGqAJCLgHD+AJPFtT69F6sV5XrSlrPXMKfsB6+wRwUZE8</latexit><latexit sha1_base64="mfipBSBCbo7PkaPoH0vu0C2AXwE=">AAAB9HicdVDLTgIxFO3gC/GFunTTCCa4mXQIMCyJblhiIo8ERtIpBRo6nbHtkJAJ3+HGhca49WPc+TeWh4kaPclNTs65N/fe40ecKY3Qh5Xa2Nza3knvZvb2Dw6PsscnLRXGktAmCXkoOz5WlDNBm5ppTjuRpDjwOW37k+uF355SqVgobvUsol6AR4INGcHaSF6+Vajf4X6Pcn6Z72dzyC65yK06ENmoUiqXS4aUUcWtutCx0RI5sEajn33vDUISB1RowrFSXQdF2kuw1IxwOs/0YkUjTCZ4RLuGChxQ5SXLo+fwwigDOAylKaHhUv0+keBAqVngm84A67H67S3Ev7xurIdVL2EiijUVZLVoGHOoQ7hIAA6YpETzmSGYSGZuhWSMJSba5JQxIXx9Cv8nraLtINu5KeZqV+s40uAMnIMCcIALaqAOGqAJCLgHD+AJPFtT69F6sV5XrSlrPXMKfsB6+wRwUZE8</latexit><latexit sha1_base64="mfipBSBCbo7PkaPoH0vu0C2AXwE=">AAAB9HicdVDLTgIxFO3gC/GFunTTCCa4mXQIMCyJblhiIo8ERtIpBRo6nbHtkJAJ3+HGhca49WPc+TeWh4kaPclNTs65N/fe40ecKY3Qh5Xa2Nza3knvZvb2Dw6PsscnLRXGktAmCXkoOz5WlDNBm5ppTjuRpDjwOW37k+uF355SqVgobvUsol6AR4INGcHaSF6+Vajf4X6Pcn6Z72dzyC65yK06ENmoUiqXS4aUUcWtutCx0RI5sEajn33vDUISB1RowrFSXQdF2kuw1IxwOs/0YkUjTCZ4RLuGChxQ5SXLo+fwwigDOAylKaHhUv0+keBAqVngm84A67H67S3Ev7xurIdVL2EiijUVZLVoGHOoQ7hIAA6YpETzmSGYSGZuhWSMJSba5JQxIXx9Cv8nraLtINu5KeZqV+s40uAMnIMCcIALaqAOGqAJCLgHD+AJPFtT69F6sV5XrSlrPXMKfsB6+wRwUZE8</latexit><latexit sha1_base64="mfipBSBCbo7PkaPoH0vu0C2AXwE=">AAAB9HicdVDLTgIxFO3gC/GFunTTCCa4mXQIMCyJblhiIo8ERtIpBRo6nbHtkJAJ3+HGhca49WPc+TeWh4kaPclNTs65N/fe40ecKY3Qh5Xa2Nza3knvZvb2Dw6PsscnLRXGktAmCXkoOz5WlDNBm5ppTjuRpDjwOW37k+uF355SqVgobvUsol6AR4INGcHaSF6+Vajf4X6Pcn6Z72dzyC65yK06ENmoUiqXS4aUUcWtutCx0RI5sEajn33vDUISB1RowrFSXQdF2kuw1IxwOs/0YkUjTCZ4RLuGChxQ5SXLo+fwwigDOAylKaHhUv0+keBAqVngm84A67H67S3Ev7xurIdVL2EiijUVZLVoGHOoQ7hIAA6YpETzmSGYSGZuhWSMJSba5JQxIXx9Cv8nraLtINu5KeZqV+s40uAMnIMCcIALaqAOGqAJCLgHD+AJPFtT69F6sV5XrSlrPXMKfsB6+wRwUZE8</latexit>
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Phase diagrams of SU(2) gauge theory

Higgs

s

u1 < 0

• Condensation of H
a

breaks SU(2) to U(1),

which confines

• Broken O(2) symmetry,

hQ`mi 6= 0.
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Multi-universality
of a Landau-allowed

transition ?
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• There is a global O(Nh) symmetry, and we can define a gauge-invariant order parameter

Q`m = H
a
` H

a
m � �`m

Nh
H

a
nH

a
n

• For u1 < 0, the Higgs condensate is of the form

H
a
1 = (H0, 0, 0) , H

a
2 = (0, 0, 0)

This breaks gauge SU(2) to U(1), and the U(1) confines, as for Nh = 1. But the global
O(2) is broken because

hQ`mi 6= 0

• For u1 > 0, the Higgs condensate is of the form

H
a
1 = (H0, 0, 0) , H

a
2 = (0, H0, 0)

This breaks gauge SU(2) to Z2, leading to Z2 topological order (as in the ‘toric code’).
But now the global O(2) is unbroken because

hQ`mi = 0
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Confinement

Nh = 2
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Phase diagrams of SU(2) gauge theory
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SU(2) gauge
theory
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u1 > 0

• Condensation of H
a

breaks SU(2) to Z2,

leading to Z2

topological order.

• Unbroken O(2)

symmetry, hQ`mi = 0.
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Nh = 3
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• For u1 < 0, the Higgs condensate is of the form

H
a
1 = (H0, 0, 0) , H

a
2 = (0, 0, 0) , H

a
3 = (0, 0, 0)

This breaks gauge SU(2) to U(1), and the U(1) confines, as for Nh = 1, 2. The global O(3)
is broken to O(2) and

hQ`mi 6= 0

• For u1 > 0, the Higgs condensate is of the form

H
a
1 = (H0, 0, 0) , H

a
2 = (0, H0, 0) , H

a
3 = (0, 0, H0)

This breaks gauge SU(2) to Z2, leading to Z2 topological order (as in the ‘toric code’).
But now the global O(3) is unbroken because

hQ`mi = 0
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u1 < 0

• Condensation of H
a

breaks SU(2) to U(1),

which confines

• O(3) symmetry broken

to O(2), hQ`mi 6= 0.
<latexit sha1_base64="97IPecLN4TbKPrPzZaLEB2t/UjE="></latexit><latexit sha1_base64="97IPecLN4TbKPrPzZaLEB2t/UjE="></latexit><latexit sha1_base64="97IPecLN4TbKPrPzZaLEB2t/UjE="></latexit><latexit sha1_base64="97IPecLN4TbKPrPzZaLEB2t/UjE="></latexit> Multi-universality

of a Landau-allowed
transition ?

<latexit sha1_base64="TcVMxyLtug0T+39cJECSHeEQvAo="></latexit><latexit sha1_base64="TcVMxyLtug0T+39cJECSHeEQvAo="></latexit><latexit sha1_base64="TcVMxyLtug0T+39cJECSHeEQvAo="></latexit><latexit sha1_base64="TcVMxyLtug0T+39cJECSHeEQvAo="></latexit>



Nh = 3
<latexit sha1_base64="5CY0LaABpOLrHVLJwDzrP11G1R4=">AAAB7nicdVDJSgNBEK2JW4xb1KOXxiB4Gnp0kslFCHrxJBHMAskQejqdpEnPQnePEIZ8hBcPinj1e7z5N3YWQUUfFDzeq6KqXpAIrjTGH1ZuZXVtfSO/Wdja3tndK+4fNFWcSsoaNBaxbAdEMcEj1tBcC9ZOJCNhIFgrGF/N/NY9k4rH0Z2eJMwPyTDiA06JNlLrpjdCF+i8Vyxh2/WwV3UQtnHFLZddQ8q44lU95Nh4jhIsUe8V37v9mKYhizQVRKmOgxPtZ0RqTgWbFrqpYgmhYzJkHUMjEjLlZ/Nzp+jEKH00iKWpSKO5+n0iI6FSkzAwnSHRI/Xbm4l/eZ1UD6p+xqMk1Syii0WDVCAdo9nvqM8lo1pMDCFUcnMroiMiCdUmoYIJ4etT9D9pntkOtp1bt1S7XMaRhyM4hlNwwIMaXEMdGkBhDA/wBM9WYj1aL9brojVnLWcO4Qest088LI7Z</latexit><latexit sha1_base64="5CY0LaABpOLrHVLJwDzrP11G1R4=">AAAB7nicdVDJSgNBEK2JW4xb1KOXxiB4Gnp0kslFCHrxJBHMAskQejqdpEnPQnePEIZ8hBcPinj1e7z5N3YWQUUfFDzeq6KqXpAIrjTGH1ZuZXVtfSO/Wdja3tndK+4fNFWcSsoaNBaxbAdEMcEj1tBcC9ZOJCNhIFgrGF/N/NY9k4rH0Z2eJMwPyTDiA06JNlLrpjdCF+i8Vyxh2/WwV3UQtnHFLZddQ8q44lU95Nh4jhIsUe8V37v9mKYhizQVRKmOgxPtZ0RqTgWbFrqpYgmhYzJkHUMjEjLlZ/Nzp+jEKH00iKWpSKO5+n0iI6FSkzAwnSHRI/Xbm4l/eZ1UD6p+xqMk1Syii0WDVCAdo9nvqM8lo1pMDCFUcnMroiMiCdUmoYIJ4etT9D9pntkOtp1bt1S7XMaRhyM4hlNwwIMaXEMdGkBhDA/wBM9WYj1aL9brojVnLWcO4Qest088LI7Z</latexit><latexit sha1_base64="5CY0LaABpOLrHVLJwDzrP11G1R4=">AAAB7nicdVDJSgNBEK2JW4xb1KOXxiB4Gnp0kslFCHrxJBHMAskQejqdpEnPQnePEIZ8hBcPinj1e7z5N3YWQUUfFDzeq6KqXpAIrjTGH1ZuZXVtfSO/Wdja3tndK+4fNFWcSsoaNBaxbAdEMcEj1tBcC9ZOJCNhIFgrGF/N/NY9k4rH0Z2eJMwPyTDiA06JNlLrpjdCF+i8Vyxh2/WwV3UQtnHFLZddQ8q44lU95Nh4jhIsUe8V37v9mKYhizQVRKmOgxPtZ0RqTgWbFrqpYgmhYzJkHUMjEjLlZ/Nzp+jEKH00iKWpSKO5+n0iI6FSkzAwnSHRI/Xbm4l/eZ1UD6p+xqMk1Syii0WDVCAdo9nvqM8lo1pMDCFUcnMroiMiCdUmoYIJ4etT9D9pntkOtp1bt1S7XMaRhyM4hlNwwIMaXEMdGkBhDA/wBM9WYj1aL9brojVnLWcO4Qest088LI7Z</latexit><latexit sha1_base64="5CY0LaABpOLrHVLJwDzrP11G1R4=">AAAB7nicdVDJSgNBEK2JW4xb1KOXxiB4Gnp0kslFCHrxJBHMAskQejqdpEnPQnePEIZ8hBcPinj1e7z5N3YWQUUfFDzeq6KqXpAIrjTGH1ZuZXVtfSO/Wdja3tndK+4fNFWcSsoaNBaxbAdEMcEj1tBcC9ZOJCNhIFgrGF/N/NY9k4rH0Z2eJMwPyTDiA06JNlLrpjdCF+i8Vyxh2/WwV3UQtnHFLZddQ8q44lU95Nh4jhIsUe8V37v9mKYhizQVRKmOgxPtZ0RqTgWbFrqpYgmhYzJkHUMjEjLlZ/Nzp+jEKH00iKWpSKO5+n0iI6FSkzAwnSHRI/Xbm4l/eZ1UD6p+xqMk1Syii0WDVCAdo9nvqM8lo1pMDCFUcnMroiMiCdUmoYIJ4etT9D9pntkOtp1bt1S7XMaRhyM4hlNwwIMaXEMdGkBhDA/wBM9WYj1aL9brojVnLWcO4Qest088LI7Z</latexit>

• For u1 < 0, the Higgs condensate is of the form

H
a
1 = (H0, 0, 0) , H

a
2 = (0, 0, 0) , H

a
3 = (0, 0, 0)

This breaks gauge SU(2) to U(1), and the U(1) confines, as for Nh = 1, 2. The global O(3)
is broken to O(2) and

hQ`mi 6= 0

• For u1 > 0, the Higgs condensate is of the form

H
a
1 = (H0, 0, 0) , H

a
2 = (0, H0, 0) , H

a
3 = (0, 0, H0)

This breaks gauge SU(2) to Z2, leading to Z2 topological order (as in the ‘toric code’).
But now the global O(3) is unbroken because

hQ`mi = 0
<latexit sha1_base64="A6fm79Rp880/ToMJFi/qMjP+s80="></latexit><latexit sha1_base64="A6fm79Rp880/ToMJFi/qMjP+s80="></latexit><latexit sha1_base64="A6fm79Rp880/ToMJFi/qMjP+s80="></latexit><latexit sha1_base64="A6fm79Rp880/ToMJFi/qMjP+s80="></latexit>



hHa
` i 6= 0

<latexit sha1_base64="caqoJbDCu2upY7MSYKoucURLFaI="></latexit><latexit sha1_base64="caqoJbDCu2upY7MSYKoucURLFaI="></latexit><latexit sha1_base64="caqoJbDCu2upY7MSYKoucURLFaI="></latexit><latexit sha1_base64="caqoJbDCu2upY7MSYKoucURLFaI="></latexit>

hHa
` i = 0

<latexit sha1_base64="zeEOJ1Q1LpU+nUDmf3hte4r4xjg="></latexit><latexit sha1_base64="zeEOJ1Q1LpU+nUDmf3hte4r4xjg="></latexit><latexit sha1_base64="zeEOJ1Q1LpU+nUDmf3hte4r4xjg="></latexit><latexit sha1_base64="zeEOJ1Q1LpU+nUDmf3hte4r4xjg="></latexit>V (Ha
` )

<latexit sha1_base64="mfipBSBCbo7PkaPoH0vu0C2AXwE=">AAAB9HicdVDLTgIxFO3gC/GFunTTCCa4mXQIMCyJblhiIo8ERtIpBRo6nbHtkJAJ3+HGhca49WPc+TeWh4kaPclNTs65N/fe40ecKY3Qh5Xa2Nza3knvZvb2Dw6PsscnLRXGktAmCXkoOz5WlDNBm5ppTjuRpDjwOW37k+uF355SqVgobvUsol6AR4INGcHaSF6+Vajf4X6Pcn6Z72dzyC65yK06ENmoUiqXS4aUUcWtutCx0RI5sEajn33vDUISB1RowrFSXQdF2kuw1IxwOs/0YkUjTCZ4RLuGChxQ5SXLo+fwwigDOAylKaHhUv0+keBAqVngm84A67H67S3Ev7xurIdVL2EiijUVZLVoGHOoQ7hIAA6YpETzmSGYSGZuhWSMJSba5JQxIXx9Cv8nraLtINu5KeZqV+s40uAMnIMCcIALaqAOGqAJCLgHD+AJPFtT69F6sV5XrSlrPXMKfsB6+wRwUZE8</latexit><latexit sha1_base64="mfipBSBCbo7PkaPoH0vu0C2AXwE=">AAAB9HicdVDLTgIxFO3gC/GFunTTCCa4mXQIMCyJblhiIo8ERtIpBRo6nbHtkJAJ3+HGhca49WPc+TeWh4kaPclNTs65N/fe40ecKY3Qh5Xa2Nza3knvZvb2Dw6PsscnLRXGktAmCXkoOz5WlDNBm5ppTjuRpDjwOW37k+uF355SqVgobvUsol6AR4INGcHaSF6+Vajf4X6Pcn6Z72dzyC65yK06ENmoUiqXS4aUUcWtutCx0RI5sEajn33vDUISB1RowrFSXQdF2kuw1IxwOs/0YkUjTCZ4RLuGChxQ5SXLo+fwwigDOAylKaHhUv0+keBAqVngm84A67H67S3Ev7xurIdVL2EiijUVZLVoGHOoQ7hIAA6YpETzmSGYSGZuhWSMJSba5JQxIXx9Cv8nraLtINu5KeZqV+s40uAMnIMCcIALaqAOGqAJCLgHD+AJPFtT69F6sV5XrSlrPXMKfsB6+wRwUZE8</latexit><latexit sha1_base64="mfipBSBCbo7PkaPoH0vu0C2AXwE=">AAAB9HicdVDLTgIxFO3gC/GFunTTCCa4mXQIMCyJblhiIo8ERtIpBRo6nbHtkJAJ3+HGhca49WPc+TeWh4kaPclNTs65N/fe40ecKY3Qh5Xa2Nza3knvZvb2Dw6PsscnLRXGktAmCXkoOz5WlDNBm5ppTjuRpDjwOW37k+uF355SqVgobvUsol6AR4INGcHaSF6+Vajf4X6Pcn6Z72dzyC65yK06ENmoUiqXS4aUUcWtutCx0RI5sEajn33vDUISB1RowrFSXQdF2kuw1IxwOs/0YkUjTCZ4RLuGChxQ5SXLo+fwwigDOAylKaHhUv0+keBAqVngm84A67H67S3Ev7xurIdVL2EiijUVZLVoGHOoQ7hIAA6YpETzmSGYSGZuhWSMJSba5JQxIXx9Cv8nraLtINu5KeZqV+s40uAMnIMCcIALaqAOGqAJCLgHD+AJPFtT69F6sV5XrSlrPXMKfsB6+wRwUZE8</latexit><latexit sha1_base64="mfipBSBCbo7PkaPoH0vu0C2AXwE=">AAAB9HicdVDLTgIxFO3gC/GFunTTCCa4mXQIMCyJblhiIo8ERtIpBRo6nbHtkJAJ3+HGhca49WPc+TeWh4kaPclNTs65N/fe40ecKY3Qh5Xa2Nza3knvZvb2Dw6PsscnLRXGktAmCXkoOz5WlDNBm5ppTjuRpDjwOW37k+uF355SqVgobvUsol6AR4INGcHaSF6+Vajf4X6Pcn6Z72dzyC65yK06ENmoUiqXS4aUUcWtutCx0RI5sEajn33vDUISB1RowrFSXQdF2kuw1IxwOs/0YkUjTCZ4RLuGChxQ5SXLo+fwwigDOAylKaHhUv0+keBAqVngm84A67H67S3Ev7xurIdVL2EiijUVZLVoGHOoQ7hIAA6YpETzmSGYSGZuhWSMJSba5JQxIXx9Cv8nraLtINu5KeZqV+s40uAMnIMCcIALaqAOGqAJCLgHD+AJPFtT69F6sV5XrSlrPXMKfsB6+wRwUZE8</latexit>

H
a
`

<latexit sha1_base64="blTuuMfg6lmT+9wz37ByoJuvB2A=">AAAB8XicdVDLTgJBEJz1ifhCPXqZCCaeNrMEWI5ELxwxkUcEJLNDAxNmZzczsyaE8BdePGiMV//Gm3/j8DBRo5V0UqnqTndXEAuuDSEfztr6xubWdmonvbu3f3CYOTpu6ChRDOosEpFqBVSD4BLqhhsBrVgBDQMBzWB8Nfeb96A0j+SNmcTQDelQ8gFn1FjpNle9o70OCJHrZbLELfjEL3uYuKRUKBYLlhRJyS/72HPJAlm0Qq2Xee/0I5aEIA0TVOu2R2LTnVJlOBMwS3cSDTFlYzqEtqWShqC708XFM3xulT4eRMqWNHihfp+Y0lDrSRjYzpCakf7tzcW/vHZiBuXulMs4MSDZctEgEdhEeP4+7nMFzIiJJZQpbm/FbEQVZcaGlLYhfH2K/yeNvOsR17vOZyuXqzhS6BSdoQvkIR9VUBXVUB0xJNEDekLPjnYenRfnddm65qxmTtAPOG+f+1mQdw==</latexit><latexit sha1_base64="blTuuMfg6lmT+9wz37ByoJuvB2A=">AAAB8XicdVDLTgJBEJz1ifhCPXqZCCaeNrMEWI5ELxwxkUcEJLNDAxNmZzczsyaE8BdePGiMV//Gm3/j8DBRo5V0UqnqTndXEAuuDSEfztr6xubWdmonvbu3f3CYOTpu6ChRDOosEpFqBVSD4BLqhhsBrVgBDQMBzWB8Nfeb96A0j+SNmcTQDelQ8gFn1FjpNle9o70OCJHrZbLELfjEL3uYuKRUKBYLlhRJyS/72HPJAlm0Qq2Xee/0I5aEIA0TVOu2R2LTnVJlOBMwS3cSDTFlYzqEtqWShqC708XFM3xulT4eRMqWNHihfp+Y0lDrSRjYzpCakf7tzcW/vHZiBuXulMs4MSDZctEgEdhEeP4+7nMFzIiJJZQpbm/FbEQVZcaGlLYhfH2K/yeNvOsR17vOZyuXqzhS6BSdoQvkIR9VUBXVUB0xJNEDekLPjnYenRfnddm65qxmTtAPOG+f+1mQdw==</latexit><latexit sha1_base64="blTuuMfg6lmT+9wz37ByoJuvB2A=">AAAB8XicdVDLTgJBEJz1ifhCPXqZCCaeNrMEWI5ELxwxkUcEJLNDAxNmZzczsyaE8BdePGiMV//Gm3/j8DBRo5V0UqnqTndXEAuuDSEfztr6xubWdmonvbu3f3CYOTpu6ChRDOosEpFqBVSD4BLqhhsBrVgBDQMBzWB8Nfeb96A0j+SNmcTQDelQ8gFn1FjpNle9o70OCJHrZbLELfjEL3uYuKRUKBYLlhRJyS/72HPJAlm0Qq2Xee/0I5aEIA0TVOu2R2LTnVJlOBMwS3cSDTFlYzqEtqWShqC708XFM3xulT4eRMqWNHihfp+Y0lDrSRjYzpCakf7tzcW/vHZiBuXulMs4MSDZctEgEdhEeP4+7nMFzIiJJZQpbm/FbEQVZcaGlLYhfH2K/yeNvOsR17vOZyuXqzhS6BSdoQvkIR9VUBXVUB0xJNEDekLPjnYenRfnddm65qxmTtAPOG+f+1mQdw==</latexit><latexit sha1_base64="blTuuMfg6lmT+9wz37ByoJuvB2A=">AAAB8XicdVDLTgJBEJz1ifhCPXqZCCaeNrMEWI5ELxwxkUcEJLNDAxNmZzczsyaE8BdePGiMV//Gm3/j8DBRo5V0UqnqTndXEAuuDSEfztr6xubWdmonvbu3f3CYOTpu6ChRDOosEpFqBVSD4BLqhhsBrVgBDQMBzWB8Nfeb96A0j+SNmcTQDelQ8gFn1FjpNle9o70OCJHrZbLELfjEL3uYuKRUKBYLlhRJyS/72HPJAlm0Qq2Xee/0I5aEIA0TVOu2R2LTnVJlOBMwS3cSDTFlYzqEtqWShqC708XFM3xulT4eRMqWNHihfp+Y0lDrSRjYzpCakf7tzcW/vHZiBuXulMs4MSDZctEgEdhEeP4+7nMFzIiJJZQpbm/FbEQVZcaGlLYhfH2K/yeNvOsR17vOZyuXqzhS6BSdoQvkIR9VUBXVUB0xJNEDekLPjnYenRfnddm65qxmTtAPOG+f+1mQdw==</latexit>

V (Ha
` )

<latexit sha1_base64="mfipBSBCbo7PkaPoH0vu0C2AXwE=">AAAB9HicdVDLTgIxFO3gC/GFunTTCCa4mXQIMCyJblhiIo8ERtIpBRo6nbHtkJAJ3+HGhca49WPc+TeWh4kaPclNTs65N/fe40ecKY3Qh5Xa2Nza3knvZvb2Dw6PsscnLRXGktAmCXkoOz5WlDNBm5ppTjuRpDjwOW37k+uF355SqVgobvUsol6AR4INGcHaSF6+Vajf4X6Pcn6Z72dzyC65yK06ENmoUiqXS4aUUcWtutCx0RI5sEajn33vDUISB1RowrFSXQdF2kuw1IxwOs/0YkUjTCZ4RLuGChxQ5SXLo+fwwigDOAylKaHhUv0+keBAqVngm84A67H67S3Ev7xurIdVL2EiijUVZLVoGHOoQ7hIAA6YpETzmSGYSGZuhWSMJSba5JQxIXx9Cv8nraLtINu5KeZqV+s40uAMnIMCcIALaqAOGqAJCLgHD+AJPFtT69F6sV5XrSlrPXMKfsB6+wRwUZE8</latexit><latexit sha1_base64="mfipBSBCbo7PkaPoH0vu0C2AXwE=">AAAB9HicdVDLTgIxFO3gC/GFunTTCCa4mXQIMCyJblhiIo8ERtIpBRo6nbHtkJAJ3+HGhca49WPc+TeWh4kaPclNTs65N/fe40ecKY3Qh5Xa2Nza3knvZvb2Dw6PsscnLRXGktAmCXkoOz5WlDNBm5ppTjuRpDjwOW37k+uF355SqVgobvUsol6AR4INGcHaSF6+Vajf4X6Pcn6Z72dzyC65yK06ENmoUiqXS4aUUcWtutCx0RI5sEajn33vDUISB1RowrFSXQdF2kuw1IxwOs/0YkUjTCZ4RLuGChxQ5SXLo+fwwigDOAylKaHhUv0+keBAqVngm84A67H67S3Ev7xurIdVL2EiijUVZLVoGHOoQ7hIAA6YpETzmSGYSGZuhWSMJSba5JQxIXx9Cv8nraLtINu5KeZqV+s40uAMnIMCcIALaqAOGqAJCLgHD+AJPFtT69F6sV5XrSlrPXMKfsB6+wRwUZE8</latexit><latexit sha1_base64="mfipBSBCbo7PkaPoH0vu0C2AXwE=">AAAB9HicdVDLTgIxFO3gC/GFunTTCCa4mXQIMCyJblhiIo8ERtIpBRo6nbHtkJAJ3+HGhca49WPc+TeWh4kaPclNTs65N/fe40ecKY3Qh5Xa2Nza3knvZvb2Dw6PsscnLRXGktAmCXkoOz5WlDNBm5ppTjuRpDjwOW37k+uF355SqVgobvUsol6AR4INGcHaSF6+Vajf4X6Pcn6Z72dzyC65yK06ENmoUiqXS4aUUcWtutCx0RI5sEajn33vDUISB1RowrFSXQdF2kuw1IxwOs/0YkUjTCZ4RLuGChxQ5SXLo+fwwigDOAylKaHhUv0+keBAqVngm84A67H67S3Ev7xurIdVL2EiijUVZLVoGHOoQ7hIAA6YpETzmSGYSGZuhWSMJSba5JQxIXx9Cv8nraLtINu5KeZqV+s40uAMnIMCcIALaqAOGqAJCLgHD+AJPFtT69F6sV5XrSlrPXMKfsB6+wRwUZE8</latexit><latexit sha1_base64="mfipBSBCbo7PkaPoH0vu0C2AXwE=">AAAB9HicdVDLTgIxFO3gC/GFunTTCCa4mXQIMCyJblhiIo8ERtIpBRo6nbHtkJAJ3+HGhca49WPc+TeWh4kaPclNTs65N/fe40ecKY3Qh5Xa2Nza3knvZvb2Dw6PsscnLRXGktAmCXkoOz5WlDNBm5ppTjuRpDjwOW37k+uF355SqVgobvUsol6AR4INGcHaSF6+Vajf4X6Pcn6Z72dzyC65yK06ENmoUiqXS4aUUcWtutCx0RI5sEajn33vDUISB1RowrFSXQdF2kuw1IxwOs/0YkUjTCZ4RLuGChxQ5SXLo+fwwigDOAylKaHhUv0+keBAqVngm84A67H67S3Ev7xurIdVL2EiijUVZLVoGHOoQ7hIAA6YpETzmSGYSGZuhWSMJSba5JQxIXx9Cv8nraLtINu5KeZqV+s40uAMnIMCcIALaqAOGqAJCLgHD+AJPFtT69F6sV5XrSlrPXMKfsB6+wRwUZE8</latexit>

H
a
`
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u1 > 0

• Condensation of H
a

breaks SU(2) to Z2,

leading to Z2

topological order.

• Unbroken O(3)

symmetry, hQ`mi = 0.
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• For u1 < 0, the Higgs condensate is of the form

H
a
1 = (H0, 0, 0) , H

a
`>1 = (0, 0, 0)

This breaks gauge SU(2) to U(1), and the U(1) confines, as for Nh = 1, 2. The global
O(Nh) is broken to O(Nh � 1) and

hQ`mi 6= 0

• For u1 > 0, the Higgs condensate is of the form

H
a
1 = (H0, 0, 0) , H

a
2 = (0, H0, 0) , H

a
3 = (0, 0, H0) , H

a
`>3 = (0, 0, 0)

This breaks gauge SU(2) to Z2, leading to Z2 topological order (as in the ‘toric code’).
But now the global O(Nh) is broken to O(Nh � 3)⇥O(3), and

hQ`mi 6= 0
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u1 < 0

• Condensation of H
a

breaks SU(2) to U(1),

which confines

• O(Nh) symmetry

broken to O(Nh � 1),

hQ`mi 6= 0.
<latexit sha1_base64="ZMr6i3DhdfdcRtknO3mukOFZWbw="></latexit><latexit sha1_base64="ZMr6i3DhdfdcRtknO3mukOFZWbw="></latexit><latexit sha1_base64="ZMr6i3DhdfdcRtknO3mukOFZWbw="></latexit><latexit sha1_base64="ZMr6i3DhdfdcRtknO3mukOFZWbw="></latexit>
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Nh � 4
<latexit sha1_base64="YKt0TQBb0okec5mpuqcVK9dgS7s=">AAAB8XicdVDLSgNBEJyNrxhfUY9eBoPgaZmVTTbHoBdPEsE8MAlhdtJJhszOrjOzQgj5Cy8eFPHq33jzb5w8BBUtaCiquunuChPBtSHkw8msrK6tb2Q3c1vbO7t7+f2Duo5TxaDGYhGrZkg1CC6hZrgR0EwU0CgU0AhHFzO/cQ9K81jemHECnYgOJO9zRo2Vbq+6Q9wewB32u/kCcf2ABGUPE5eU/GLRt6RISkE5wJ5L5iigJard/Hu7F7M0AmmYoFq3PJKYzoQqw5mAaa6dakgoG9EBtCyVNALdmcwvnuITq/RwP1a2pMFz9fvEhEZaj6PQdkbUDPVvbyb+5bVS0y93JlwmqQHJFov6qcAmxrP3cY8rYEaMLaFMcXsrZkOqKDM2pJwN4etT/D+pn7kecb1rv1A5X8aRRUfoGJ0iDwWogi5RFdUQQxI9oCf07Gjn0XlxXhetGWc5c4h+wHn7BMSykFQ=</latexit><latexit sha1_base64="YKt0TQBb0okec5mpuqcVK9dgS7s=">AAAB8XicdVDLSgNBEJyNrxhfUY9eBoPgaZmVTTbHoBdPEsE8MAlhdtJJhszOrjOzQgj5Cy8eFPHq33jzb5w8BBUtaCiquunuChPBtSHkw8msrK6tb2Q3c1vbO7t7+f2Duo5TxaDGYhGrZkg1CC6hZrgR0EwU0CgU0AhHFzO/cQ9K81jemHECnYgOJO9zRo2Vbq+6Q9wewB32u/kCcf2ABGUPE5eU/GLRt6RISkE5wJ5L5iigJard/Hu7F7M0AmmYoFq3PJKYzoQqw5mAaa6dakgoG9EBtCyVNALdmcwvnuITq/RwP1a2pMFz9fvEhEZaj6PQdkbUDPVvbyb+5bVS0y93JlwmqQHJFov6qcAmxrP3cY8rYEaMLaFMcXsrZkOqKDM2pJwN4etT/D+pn7kecb1rv1A5X8aRRUfoGJ0iDwWogi5RFdUQQxI9oCf07Gjn0XlxXhetGWc5c4h+wHn7BMSykFQ=</latexit><latexit sha1_base64="YKt0TQBb0okec5mpuqcVK9dgS7s=">AAAB8XicdVDLSgNBEJyNrxhfUY9eBoPgaZmVTTbHoBdPEsE8MAlhdtJJhszOrjOzQgj5Cy8eFPHq33jzb5w8BBUtaCiquunuChPBtSHkw8msrK6tb2Q3c1vbO7t7+f2Duo5TxaDGYhGrZkg1CC6hZrgR0EwU0CgU0AhHFzO/cQ9K81jemHECnYgOJO9zRo2Vbq+6Q9wewB32u/kCcf2ABGUPE5eU/GLRt6RISkE5wJ5L5iigJard/Hu7F7M0AmmYoFq3PJKYzoQqw5mAaa6dakgoG9EBtCyVNALdmcwvnuITq/RwP1a2pMFz9fvEhEZaj6PQdkbUDPVvbyb+5bVS0y93JlwmqQHJFov6qcAmxrP3cY8rYEaMLaFMcXsrZkOqKDM2pJwN4etT/D+pn7kecb1rv1A5X8aRRUfoGJ0iDwWogi5RFdUQQxI9oCf07Gjn0XlxXhetGWc5c4h+wHn7BMSykFQ=</latexit><latexit sha1_base64="YKt0TQBb0okec5mpuqcVK9dgS7s=">AAAB8XicdVDLSgNBEJyNrxhfUY9eBoPgaZmVTTbHoBdPEsE8MAlhdtJJhszOrjOzQgj5Cy8eFPHq33jzb5w8BBUtaCiquunuChPBtSHkw8msrK6tb2Q3c1vbO7t7+f2Duo5TxaDGYhGrZkg1CC6hZrgR0EwU0CgU0AhHFzO/cQ9K81jemHECnYgOJO9zRo2Vbq+6Q9wewB32u/kCcf2ABGUPE5eU/GLRt6RISkE5wJ5L5iigJard/Hu7F7M0AmmYoFq3PJKYzoQqw5mAaa6dakgoG9EBtCyVNALdmcwvnuITq/RwP1a2pMFz9fvEhEZaj6PQdkbUDPVvbyb+5bVS0y93JlwmqQHJFov6qcAmxrP3cY8rYEaMLaFMcXsrZkOqKDM2pJwN4etT/D+pn7kecb1rv1A5X8aRRUfoGJ0iDwWogi5RFdUQQxI9oCf07Gjn0XlxXhetGWc5c4h+wHn7BMSykFQ=</latexit>

• For u1 < 0, the Higgs condensate is of the form

H
a
1 = (H0, 0, 0) , H

a
`>1 = (0, 0, 0)

This breaks gauge SU(2) to U(1), and the U(1) confines, as for Nh = 1, 2. The global
O(Nh) is broken to O(Nh � 1) and

hQ`mi 6= 0

• For u1 > 0, the Higgs condensate is of the form

H
a
1 = (H0, 0, 0) , H

a
2 = (0, H0, 0) , H

a
3 = (0, 0, H0) , H

a
`>3 = (0, 0, 0)

This breaks gauge SU(2) to Z2, leading to Z2 topological order (as in the ‘toric code’).
But now the global O(Nh) is broken to O(Nh � 3)⇥O(3), and

hQ`mi 6= 0
<latexit sha1_base64="8hosc9QGJZxc2CffiEeDlRRjsUA="></latexit><latexit sha1_base64="8hosc9QGJZxc2CffiEeDlRRjsUA="></latexit><latexit sha1_base64="8hosc9QGJZxc2CffiEeDlRRjsUA="></latexit><latexit sha1_base64="8hosc9QGJZxc2CffiEeDlRRjsUA="></latexit>



u1 > 0

• Condensation of H
a

breaks SU(2) to Z2,

leading to Z2

topological order.

• O(Nh) symmetry

broken to

O(Nh � 3)⇥O(3), hQ`mi 6= 0.
<latexit sha1_base64="9RRaVHyj/0hvwtoT4nAraFpgxWY="></latexit><latexit sha1_base64="9RRaVHyj/0hvwtoT4nAraFpgxWY="></latexit><latexit sha1_base64="9RRaVHyj/0hvwtoT4nAraFpgxWY="></latexit><latexit sha1_base64="9RRaVHyj/0hvwtoT4nAraFpgxWY="></latexit>

hHa
` i 6= 0

<latexit sha1_base64="caqoJbDCu2upY7MSYKoucURLFaI="></latexit><latexit sha1_base64="caqoJbDCu2upY7MSYKoucURLFaI="></latexit><latexit sha1_base64="caqoJbDCu2upY7MSYKoucURLFaI="></latexit><latexit sha1_base64="caqoJbDCu2upY7MSYKoucURLFaI="></latexit>

hHa
` i = 0

<latexit sha1_base64="zeEOJ1Q1LpU+nUDmf3hte4r4xjg="></latexit><latexit sha1_base64="zeEOJ1Q1LpU+nUDmf3hte4r4xjg="></latexit><latexit sha1_base64="zeEOJ1Q1LpU+nUDmf3hte4r4xjg="></latexit><latexit sha1_base64="zeEOJ1Q1LpU+nUDmf3hte4r4xjg="></latexit>V (Ha
` )

<latexit sha1_base64="mfipBSBCbo7PkaPoH0vu0C2AXwE=">AAAB9HicdVDLTgIxFO3gC/GFunTTCCa4mXQIMCyJblhiIo8ERtIpBRo6nbHtkJAJ3+HGhca49WPc+TeWh4kaPclNTs65N/fe40ecKY3Qh5Xa2Nza3knvZvb2Dw6PsscnLRXGktAmCXkoOz5WlDNBm5ppTjuRpDjwOW37k+uF355SqVgobvUsol6AR4INGcHaSF6+Vajf4X6Pcn6Z72dzyC65yK06ENmoUiqXS4aUUcWtutCx0RI5sEajn33vDUISB1RowrFSXQdF2kuw1IxwOs/0YkUjTCZ4RLuGChxQ5SXLo+fwwigDOAylKaHhUv0+keBAqVngm84A67H67S3Ev7xurIdVL2EiijUVZLVoGHOoQ7hIAA6YpETzmSGYSGZuhWSMJSba5JQxIXx9Cv8nraLtINu5KeZqV+s40uAMnIMCcIALaqAOGqAJCLgHD+AJPFtT69F6sV5XrSlrPXMKfsB6+wRwUZE8</latexit><latexit sha1_base64="mfipBSBCbo7PkaPoH0vu0C2AXwE=">AAAB9HicdVDLTgIxFO3gC/GFunTTCCa4mXQIMCyJblhiIo8ERtIpBRo6nbHtkJAJ3+HGhca49WPc+TeWh4kaPclNTs65N/fe40ecKY3Qh5Xa2Nza3knvZvb2Dw6PsscnLRXGktAmCXkoOz5WlDNBm5ppTjuRpDjwOW37k+uF355SqVgobvUsol6AR4INGcHaSF6+Vajf4X6Pcn6Z72dzyC65yK06ENmoUiqXS4aUUcWtutCx0RI5sEajn33vDUISB1RowrFSXQdF2kuw1IxwOs/0YkUjTCZ4RLuGChxQ5SXLo+fwwigDOAylKaHhUv0+keBAqVngm84A67H67S3Ev7xurIdVL2EiijUVZLVoGHOoQ7hIAA6YpETzmSGYSGZuhWSMJSba5JQxIXx9Cv8nraLtINu5KeZqV+s40uAMnIMCcIALaqAOGqAJCLgHD+AJPFtT69F6sV5XrSlrPXMKfsB6+wRwUZE8</latexit><latexit sha1_base64="mfipBSBCbo7PkaPoH0vu0C2AXwE=">AAAB9HicdVDLTgIxFO3gC/GFunTTCCa4mXQIMCyJblhiIo8ERtIpBRo6nbHtkJAJ3+HGhca49WPc+TeWh4kaPclNTs65N/fe40ecKY3Qh5Xa2Nza3knvZvb2Dw6PsscnLRXGktAmCXkoOz5WlDNBm5ppTjuRpDjwOW37k+uF355SqVgobvUsol6AR4INGcHaSF6+Vajf4X6Pcn6Z72dzyC65yK06ENmoUiqXS4aUUcWtutCx0RI5sEajn33vDUISB1RowrFSXQdF2kuw1IxwOs/0YkUjTCZ4RLuGChxQ5SXLo+fwwigDOAylKaHhUv0+keBAqVngm84A67H67S3Ev7xurIdVL2EiijUVZLVoGHOoQ7hIAA6YpETzmSGYSGZuhWSMJSba5JQxIXx9Cv8nraLtINu5KeZqV+s40uAMnIMCcIALaqAOGqAJCLgHD+AJPFtT69F6sV5XrSlrPXMKfsB6+wRwUZE8</latexit><latexit sha1_base64="mfipBSBCbo7PkaPoH0vu0C2AXwE=">AAAB9HicdVDLTgIxFO3gC/GFunTTCCa4mXQIMCyJblhiIo8ERtIpBRo6nbHtkJAJ3+HGhca49WPc+TeWh4kaPclNTs65N/fe40ecKY3Qh5Xa2Nza3knvZvb2Dw6PsscnLRXGktAmCXkoOz5WlDNBm5ppTjuRpDjwOW37k+uF355SqVgobvUsol6AR4INGcHaSF6+Vajf4X6Pcn6Z72dzyC65yK06ENmoUiqXS4aUUcWtutCx0RI5sEajn33vDUISB1RowrFSXQdF2kuw1IxwOs/0YkUjTCZ4RLuGChxQ5SXLo+fwwigDOAylKaHhUv0+keBAqVngm84A67H67S3Ev7xurIdVL2EiijUVZLVoGHOoQ7hIAA6YpETzmSGYSGZuhWSMJSba5JQxIXx9Cv8nraLtINu5KeZqV+s40uAMnIMCcIALaqAOGqAJCLgHD+AJPFtT69F6sV5XrSlrPXMKfsB6+wRwUZE8</latexit>

H
a
`

<latexit sha1_base64="blTuuMfg6lmT+9wz37ByoJuvB2A=">AAAB8XicdVDLTgJBEJz1ifhCPXqZCCaeNrMEWI5ELxwxkUcEJLNDAxNmZzczsyaE8BdePGiMV//Gm3/j8DBRo5V0UqnqTndXEAuuDSEfztr6xubWdmonvbu3f3CYOTpu6ChRDOosEpFqBVSD4BLqhhsBrVgBDQMBzWB8Nfeb96A0j+SNmcTQDelQ8gFn1FjpNle9o70OCJHrZbLELfjEL3uYuKRUKBYLlhRJyS/72HPJAlm0Qq2Xee/0I5aEIA0TVOu2R2LTnVJlOBMwS3cSDTFlYzqEtqWShqC708XFM3xulT4eRMqWNHihfp+Y0lDrSRjYzpCakf7tzcW/vHZiBuXulMs4MSDZctEgEdhEeP4+7nMFzIiJJZQpbm/FbEQVZcaGlLYhfH2K/yeNvOsR17vOZyuXqzhS6BSdoQvkIR9VUBXVUB0xJNEDekLPjnYenRfnddm65qxmTtAPOG+f+1mQdw==</latexit><latexit sha1_base64="blTuuMfg6lmT+9wz37ByoJuvB2A=">AAAB8XicdVDLTgJBEJz1ifhCPXqZCCaeNrMEWI5ELxwxkUcEJLNDAxNmZzczsyaE8BdePGiMV//Gm3/j8DBRo5V0UqnqTndXEAuuDSEfztr6xubWdmonvbu3f3CYOTpu6ChRDOosEpFqBVSD4BLqhhsBrVgBDQMBzWB8Nfeb96A0j+SNmcTQDelQ8gFn1FjpNle9o70OCJHrZbLELfjEL3uYuKRUKBYLlhRJyS/72HPJAlm0Qq2Xee/0I5aEIA0TVOu2R2LTnVJlOBMwS3cSDTFlYzqEtqWShqC708XFM3xulT4eRMqWNHihfp+Y0lDrSRjYzpCakf7tzcW/vHZiBuXulMs4MSDZctEgEdhEeP4+7nMFzIiJJZQpbm/FbEQVZcaGlLYhfH2K/yeNvOsR17vOZyuXqzhS6BSdoQvkIR9VUBXVUB0xJNEDekLPjnYenRfnddm65qxmTtAPOG+f+1mQdw==</latexit><latexit sha1_base64="blTuuMfg6lmT+9wz37ByoJuvB2A=">AAAB8XicdVDLTgJBEJz1ifhCPXqZCCaeNrMEWI5ELxwxkUcEJLNDAxNmZzczsyaE8BdePGiMV//Gm3/j8DBRo5V0UqnqTndXEAuuDSEfztr6xubWdmonvbu3f3CYOTpu6ChRDOosEpFqBVSD4BLqhhsBrVgBDQMBzWB8Nfeb96A0j+SNmcTQDelQ8gFn1FjpNle9o70OCJHrZbLELfjEL3uYuKRUKBYLlhRJyS/72HPJAlm0Qq2Xee/0I5aEIA0TVOu2R2LTnVJlOBMwS3cSDTFlYzqEtqWShqC708XFM3xulT4eRMqWNHihfp+Y0lDrSRjYzpCakf7tzcW/vHZiBuXulMs4MSDZctEgEdhEeP4+7nMFzIiJJZQpbm/FbEQVZcaGlLYhfH2K/yeNvOsR17vOZyuXqzhS6BSdoQvkIR9VUBXVUB0xJNEDekLPjnYenRfnddm65qxmTtAPOG+f+1mQdw==</latexit><latexit sha1_base64="blTuuMfg6lmT+9wz37ByoJuvB2A=">AAAB8XicdVDLTgJBEJz1ifhCPXqZCCaeNrMEWI5ELxwxkUcEJLNDAxNmZzczsyaE8BdePGiMV//Gm3/j8DBRo5V0UqnqTndXEAuuDSEfztr6xubWdmonvbu3f3CYOTpu6ChRDOosEpFqBVSD4BLqhhsBrVgBDQMBzWB8Nfeb96A0j+SNmcTQDelQ8gFn1FjpNle9o70OCJHrZbLELfjEL3uYuKRUKBYLlhRJyS/72HPJAlm0Qq2Xee/0I5aEIA0TVOu2R2LTnVJlOBMwS3cSDTFlYzqEtqWShqC708XFM3xulT4eRMqWNHihfp+Y0lDrSRjYzpCakf7tzcW/vHZiBuXulMs4MSDZctEgEdhEeP4+7nMFzIiJJZQpbm/FbEQVZcaGlLYhfH2K/yeNvOsR17vOZyuXqzhS6BSdoQvkIR9VUBXVUB0xJNEDekLPjnYenRfnddm65qxmTtAPOG+f+1mQdw==</latexit>

V (Ha
` )

<latexit sha1_base64="mfipBSBCbo7PkaPoH0vu0C2AXwE=">AAAB9HicdVDLTgIxFO3gC/GFunTTCCa4mXQIMCyJblhiIo8ERtIpBRo6nbHtkJAJ3+HGhca49WPc+TeWh4kaPclNTs65N/fe40ecKY3Qh5Xa2Nza3knvZvb2Dw6PsscnLRXGktAmCXkoOz5WlDNBm5ppTjuRpDjwOW37k+uF355SqVgobvUsol6AR4INGcHaSF6+Vajf4X6Pcn6Z72dzyC65yK06ENmoUiqXS4aUUcWtutCx0RI5sEajn33vDUISB1RowrFSXQdF2kuw1IxwOs/0YkUjTCZ4RLuGChxQ5SXLo+fwwigDOAylKaHhUv0+keBAqVngm84A67H67S3Ev7xurIdVL2EiijUVZLVoGHOoQ7hIAA6YpETzmSGYSGZuhWSMJSba5JQxIXx9Cv8nraLtINu5KeZqV+s40uAMnIMCcIALaqAOGqAJCLgHD+AJPFtT69F6sV5XrSlrPXMKfsB6+wRwUZE8</latexit><latexit sha1_base64="mfipBSBCbo7PkaPoH0vu0C2AXwE=">AAAB9HicdVDLTgIxFO3gC/GFunTTCCa4mXQIMCyJblhiIo8ERtIpBRo6nbHtkJAJ3+HGhca49WPc+TeWh4kaPclNTs65N/fe40ecKY3Qh5Xa2Nza3knvZvb2Dw6PsscnLRXGktAmCXkoOz5WlDNBm5ppTjuRpDjwOW37k+uF355SqVgobvUsol6AR4INGcHaSF6+Vajf4X6Pcn6Z72dzyC65yK06ENmoUiqXS4aUUcWtutCx0RI5sEajn33vDUISB1RowrFSXQdF2kuw1IxwOs/0YkUjTCZ4RLuGChxQ5SXLo+fwwigDOAylKaHhUv0+keBAqVngm84A67H67S3Ev7xurIdVL2EiijUVZLVoGHOoQ7hIAA6YpETzmSGYSGZuhWSMJSba5JQxIXx9Cv8nraLtINu5KeZqV+s40uAMnIMCcIALaqAOGqAJCLgHD+AJPFtT69F6sV5XrSlrPXMKfsB6+wRwUZE8</latexit><latexit sha1_base64="mfipBSBCbo7PkaPoH0vu0C2AXwE=">AAAB9HicdVDLTgIxFO3gC/GFunTTCCa4mXQIMCyJblhiIo8ERtIpBRo6nbHtkJAJ3+HGhca49WPc+TeWh4kaPclNTs65N/fe40ecKY3Qh5Xa2Nza3knvZvb2Dw6PsscnLRXGktAmCXkoOz5WlDNBm5ppTjuRpDjwOW37k+uF355SqVgobvUsol6AR4INGcHaSF6+Vajf4X6Pcn6Z72dzyC65yK06ENmoUiqXS4aUUcWtutCx0RI5sEajn33vDUISB1RowrFSXQdF2kuw1IxwOs/0YkUjTCZ4RLuGChxQ5SXLo+fwwigDOAylKaHhUv0+keBAqVngm84A67H67S3Ev7xurIdVL2EiijUVZLVoGHOoQ7hIAA6YpETzmSGYSGZuhWSMJSba5JQxIXx9Cv8nraLtINu5KeZqV+s40uAMnIMCcIALaqAOGqAJCLgHD+AJPFtT69F6sV5XrSlrPXMKfsB6+wRwUZE8</latexit><latexit sha1_base64="mfipBSBCbo7PkaPoH0vu0C2AXwE=">AAAB9HicdVDLTgIxFO3gC/GFunTTCCa4mXQIMCyJblhiIo8ERtIpBRo6nbHtkJAJ3+HGhca49WPc+TeWh4kaPclNTs65N/fe40ecKY3Qh5Xa2Nza3knvZvb2Dw6PsscnLRXGktAmCXkoOz5WlDNBm5ppTjuRpDjwOW37k+uF355SqVgobvUsol6AR4INGcHaSF6+Vajf4X6Pcn6Z72dzyC65yK06ENmoUiqXS4aUUcWtutCx0RI5sEajn33vDUISB1RowrFSXQdF2kuw1IxwOs/0YkUjTCZ4RLuGChxQ5SXLo+fwwigDOAylKaHhUv0+keBAqVngm84A67H67S3Ev7xurIdVL2EiijUVZLVoGHOoQ7hIAA6YpETzmSGYSGZuhWSMJSba5JQxIXx9Cv8nraLtINu5KeZqV+s40uAMnIMCcIALaqAOGqAJCLgHD+AJPFtT69F6sV5XrSlrPXMKfsB6+wRwUZE8</latexit>
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`

<latexit sha1_base64="blTuuMfg6lmT+9wz37ByoJuvB2A=">AAAB8XicdVDLTgJBEJz1ifhCPXqZCCaeNrMEWI5ELxwxkUcEJLNDAxNmZzczsyaE8BdePGiMV//Gm3/j8DBRo5V0UqnqTndXEAuuDSEfztr6xubWdmonvbu3f3CYOTpu6ChRDOosEpFqBVSD4BLqhhsBrVgBDQMBzWB8Nfeb96A0j+SNmcTQDelQ8gFn1FjpNle9o70OCJHrZbLELfjEL3uYuKRUKBYLlhRJyS/72HPJAlm0Qq2Xee/0I5aEIA0TVOu2R2LTnVJlOBMwS3cSDTFlYzqEtqWShqC708XFM3xulT4eRMqWNHihfp+Y0lDrSRjYzpCakf7tzcW/vHZiBuXulMs4MSDZctEgEdhEeP4+7nMFzIiJJZQpbm/FbEQVZcaGlLYhfH2K/yeNvOsR17vOZyuXqzhS6BSdoQvkIR9VUBXVUB0xJNEDekLPjnYenRfnddm65qxmTtAPOG+f+1mQdw==</latexit><latexit sha1_base64="blTuuMfg6lmT+9wz37ByoJuvB2A=">AAAB8XicdVDLTgJBEJz1ifhCPXqZCCaeNrMEWI5ELxwxkUcEJLNDAxNmZzczsyaE8BdePGiMV//Gm3/j8DBRo5V0UqnqTndXEAuuDSEfztr6xubWdmonvbu3f3CYOTpu6ChRDOosEpFqBVSD4BLqhhsBrVgBDQMBzWB8Nfeb96A0j+SNmcTQDelQ8gFn1FjpNle9o70OCJHrZbLELfjEL3uYuKRUKBYLlhRJyS/72HPJAlm0Qq2Xee/0I5aEIA0TVOu2R2LTnVJlOBMwS3cSDTFlYzqEtqWShqC708XFM3xulT4eRMqWNHihfp+Y0lDrSRjYzpCakf7tzcW/vHZiBuXulMs4MSDZctEgEdhEeP4+7nMFzIiJJZQpbm/FbEQVZcaGlLYhfH2K/yeNvOsR17vOZyuXqzhS6BSdoQvkIR9VUBXVUB0xJNEDekLPjnYenRfnddm65qxmTtAPOG+f+1mQdw==</latexit><latexit sha1_base64="blTuuMfg6lmT+9wz37ByoJuvB2A=">AAAB8XicdVDLTgJBEJz1ifhCPXqZCCaeNrMEWI5ELxwxkUcEJLNDAxNmZzczsyaE8BdePGiMV//Gm3/j8DBRo5V0UqnqTndXEAuuDSEfztr6xubWdmonvbu3f3CYOTpu6ChRDOosEpFqBVSD4BLqhhsBrVgBDQMBzWB8Nfeb96A0j+SNmcTQDelQ8gFn1FjpNle9o70OCJHrZbLELfjEL3uYuKRUKBYLlhRJyS/72HPJAlm0Qq2Xee/0I5aEIA0TVOu2R2LTnVJlOBMwS3cSDTFlYzqEtqWShqC708XFM3xulT4eRMqWNHihfp+Y0lDrSRjYzpCakf7tzcW/vHZiBuXulMs4MSDZctEgEdhEeP4+7nMFzIiJJZQpbm/FbEQVZcaGlLYhfH2K/yeNvOsR17vOZyuXqzhS6BSdoQvkIR9VUBXVUB0xJNEDekLPjnYenRfnddm65qxmTtAPOG+f+1mQdw==</latexit><latexit sha1_base64="blTuuMfg6lmT+9wz37ByoJuvB2A=">AAAB8XicdVDLTgJBEJz1ifhCPXqZCCaeNrMEWI5ELxwxkUcEJLNDAxNmZzczsyaE8BdePGiMV//Gm3/j8DBRo5V0UqnqTndXEAuuDSEfztr6xubWdmonvbu3f3CYOTpu6ChRDOosEpFqBVSD4BLqhhsBrVgBDQMBzWB8Nfeb96A0j+SNmcTQDelQ8gFn1FjpNle9o70OCJHrZbLELfjEL3uYuKRUKBYLlhRJyS/72HPJAlm0Qq2Xee/0I5aEIA0TVOu2R2LTnVJlOBMwS3cSDTFlYzqEtqWShqC708XFM3xulT4eRMqWNHihfp+Y0lDrSRjYzpCakf7tzcW/vHZiBuXulMs4MSDZctEgEdhEeP4+7nMFzIiJJZQpbm/FbEQVZcaGlLYhfH2K/yeNvOsR17vOZyuXqzhS6BSdoQvkIR9VUBXVUB0xJNEDekLPjnYenRfnddm65qxmTtAPOG+f+1mQdw==</latexit>
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<latexit sha1_base64="39cWGTj3DZqaMQNTo81eorEwojM="></latexit><latexit sha1_base64="39cWGTj3DZqaMQNTo81eorEwojM="></latexit><latexit sha1_base64="39cWGTj3DZqaMQNTo81eorEwojM="></latexit><latexit sha1_base64="39cWGTj3DZqaMQNTo81eorEwojM="></latexit>

Nh � 4
<latexit sha1_base64="YKt0TQBb0okec5mpuqcVK9dgS7s=">AAAB8XicdVDLSgNBEJyNrxhfUY9eBoPgaZmVTTbHoBdPEsE8MAlhdtJJhszOrjOzQgj5Cy8eFPHq33jzb5w8BBUtaCiquunuChPBtSHkw8msrK6tb2Q3c1vbO7t7+f2Duo5TxaDGYhGrZkg1CC6hZrgR0EwU0CgU0AhHFzO/cQ9K81jemHECnYgOJO9zRo2Vbq+6Q9wewB32u/kCcf2ABGUPE5eU/GLRt6RISkE5wJ5L5iigJard/Hu7F7M0AmmYoFq3PJKYzoQqw5mAaa6dakgoG9EBtCyVNALdmcwvnuITq/RwP1a2pMFz9fvEhEZaj6PQdkbUDPVvbyb+5bVS0y93JlwmqQHJFov6qcAmxrP3cY8rYEaMLaFMcXsrZkOqKDM2pJwN4etT/D+pn7kecb1rv1A5X8aRRUfoGJ0iDwWogi5RFdUQQxI9oCf07Gjn0XlxXhetGWc5c4h+wHn7BMSykFQ=</latexit><latexit sha1_base64="YKt0TQBb0okec5mpuqcVK9dgS7s=">AAAB8XicdVDLSgNBEJyNrxhfUY9eBoPgaZmVTTbHoBdPEsE8MAlhdtJJhszOrjOzQgj5Cy8eFPHq33jzb5w8BBUtaCiquunuChPBtSHkw8msrK6tb2Q3c1vbO7t7+f2Duo5TxaDGYhGrZkg1CC6hZrgR0EwU0CgU0AhHFzO/cQ9K81jemHECnYgOJO9zRo2Vbq+6Q9wewB32u/kCcf2ABGUPE5eU/GLRt6RISkE5wJ5L5iigJard/Hu7F7M0AmmYoFq3PJKYzoQqw5mAaa6dakgoG9EBtCyVNALdmcwvnuITq/RwP1a2pMFz9fvEhEZaj6PQdkbUDPVvbyb+5bVS0y93JlwmqQHJFov6qcAmxrP3cY8rYEaMLaFMcXsrZkOqKDM2pJwN4etT/D+pn7kecb1rv1A5X8aRRUfoGJ0iDwWogi5RFdUQQxI9oCf07Gjn0XlxXhetGWc5c4h+wHn7BMSykFQ=</latexit><latexit sha1_base64="YKt0TQBb0okec5mpuqcVK9dgS7s=">AAAB8XicdVDLSgNBEJyNrxhfUY9eBoPgaZmVTTbHoBdPEsE8MAlhdtJJhszOrjOzQgj5Cy8eFPHq33jzb5w8BBUtaCiquunuChPBtSHkw8msrK6tb2Q3c1vbO7t7+f2Duo5TxaDGYhGrZkg1CC6hZrgR0EwU0CgU0AhHFzO/cQ9K81jemHECnYgOJO9zRo2Vbq+6Q9wewB32u/kCcf2ABGUPE5eU/GLRt6RISkE5wJ5L5iigJard/Hu7F7M0AmmYoFq3PJKYzoQqw5mAaa6dakgoG9EBtCyVNALdmcwvnuITq/RwP1a2pMFz9fvEhEZaj6PQdkbUDPVvbyb+5bVS0y93JlwmqQHJFov6qcAmxrP3cY8rYEaMLaFMcXsrZkOqKDM2pJwN4etT/D+pn7kecb1rv1A5X8aRRUfoGJ0iDwWogi5RFdUQQxI9oCf07Gjn0XlxXhetGWc5c4h+wHn7BMSykFQ=</latexit><latexit sha1_base64="YKt0TQBb0okec5mpuqcVK9dgS7s=">AAAB8XicdVDLSgNBEJyNrxhfUY9eBoPgaZmVTTbHoBdPEsE8MAlhdtJJhszOrjOzQgj5Cy8eFPHq33jzb5w8BBUtaCiquunuChPBtSHkw8msrK6tb2Q3c1vbO7t7+f2Duo5TxaDGYhGrZkg1CC6hZrgR0EwU0CgU0AhHFzO/cQ9K81jemHECnYgOJO9zRo2Vbq+6Q9wewB32u/kCcf2ABGUPE5eU/GLRt6RISkE5wJ5L5iigJard/Hu7F7M0AmmYoFq3PJKYzoQqw5mAaa6dakgoG9EBtCyVNALdmcwvnuITq/RwP1a2pMFz9fvEhEZaj6PQdkbUDPVvbyb+5bVS0y93JlwmqQHJFov6qcAmxrP3cY8rYEaMLaFMcXsrZkOqKDM2pJwN4etT/D+pn7kecb1rv1A5X8aRRUfoGJ0iDwWogi5RFdUQQxI9oCf07Gjn0XlxXhetGWc5c4h+wHn7BMSykFQ=</latexit>



hHa
` i 6= 0

<latexit sha1_base64="caqoJbDCu2upY7MSYKoucURLFaI="></latexit><latexit sha1_base64="caqoJbDCu2upY7MSYKoucURLFaI="></latexit><latexit sha1_base64="caqoJbDCu2upY7MSYKoucURLFaI="></latexit><latexit sha1_base64="caqoJbDCu2upY7MSYKoucURLFaI="></latexit>

hHa
` i = 0

<latexit sha1_base64="zeEOJ1Q1LpU+nUDmf3hte4r4xjg="></latexit><latexit sha1_base64="zeEOJ1Q1LpU+nUDmf3hte4r4xjg="></latexit><latexit sha1_base64="zeEOJ1Q1LpU+nUDmf3hte4r4xjg="></latexit><latexit sha1_base64="zeEOJ1Q1LpU+nUDmf3hte4r4xjg="></latexit>V (Ha
` )

<latexit sha1_base64="mfipBSBCbo7PkaPoH0vu0C2AXwE=">AAAB9HicdVDLTgIxFO3gC/GFunTTCCa4mXQIMCyJblhiIo8ERtIpBRo6nbHtkJAJ3+HGhca49WPc+TeWh4kaPclNTs65N/fe40ecKY3Qh5Xa2Nza3knvZvb2Dw6PsscnLRXGktAmCXkoOz5WlDNBm5ppTjuRpDjwOW37k+uF355SqVgobvUsol6AR4INGcHaSF6+Vajf4X6Pcn6Z72dzyC65yK06ENmoUiqXS4aUUcWtutCx0RI5sEajn33vDUISB1RowrFSXQdF2kuw1IxwOs/0YkUjTCZ4RLuGChxQ5SXLo+fwwigDOAylKaHhUv0+keBAqVngm84A67H67S3Ev7xurIdVL2EiijUVZLVoGHOoQ7hIAA6YpETzmSGYSGZuhWSMJSba5JQxIXx9Cv8nraLtINu5KeZqV+s40uAMnIMCcIALaqAOGqAJCLgHD+AJPFtT69F6sV5XrSlrPXMKfsB6+wRwUZE8</latexit><latexit sha1_base64="mfipBSBCbo7PkaPoH0vu0C2AXwE=">AAAB9HicdVDLTgIxFO3gC/GFunTTCCa4mXQIMCyJblhiIo8ERtIpBRo6nbHtkJAJ3+HGhca49WPc+TeWh4kaPclNTs65N/fe40ecKY3Qh5Xa2Nza3knvZvb2Dw6PsscnLRXGktAmCXkoOz5WlDNBm5ppTjuRpDjwOW37k+uF355SqVgobvUsol6AR4INGcHaSF6+Vajf4X6Pcn6Z72dzyC65yK06ENmoUiqXS4aUUcWtutCx0RI5sEajn33vDUISB1RowrFSXQdF2kuw1IxwOs/0YkUjTCZ4RLuGChxQ5SXLo+fwwigDOAylKaHhUv0+keBAqVngm84A67H67S3Ev7xurIdVL2EiijUVZLVoGHOoQ7hIAA6YpETzmSGYSGZuhWSMJSba5JQxIXx9Cv8nraLtINu5KeZqV+s40uAMnIMCcIALaqAOGqAJCLgHD+AJPFtT69F6sV5XrSlrPXMKfsB6+wRwUZE8</latexit><latexit sha1_base64="mfipBSBCbo7PkaPoH0vu0C2AXwE=">AAAB9HicdVDLTgIxFO3gC/GFunTTCCa4mXQIMCyJblhiIo8ERtIpBRo6nbHtkJAJ3+HGhca49WPc+TeWh4kaPclNTs65N/fe40ecKY3Qh5Xa2Nza3knvZvb2Dw6PsscnLRXGktAmCXkoOz5WlDNBm5ppTjuRpDjwOW37k+uF355SqVgobvUsol6AR4INGcHaSF6+Vajf4X6Pcn6Z72dzyC65yK06ENmoUiqXS4aUUcWtutCx0RI5sEajn33vDUISB1RowrFSXQdF2kuw1IxwOs/0YkUjTCZ4RLuGChxQ5SXLo+fwwigDOAylKaHhUv0+keBAqVngm84A67H67S3Ev7xurIdVL2EiijUVZLVoGHOoQ7hIAA6YpETzmSGYSGZuhWSMJSba5JQxIXx9Cv8nraLtINu5KeZqV+s40uAMnIMCcIALaqAOGqAJCLgHD+AJPFtT69F6sV5XrSlrPXMKfsB6+wRwUZE8</latexit><latexit sha1_base64="mfipBSBCbo7PkaPoH0vu0C2AXwE=">AAAB9HicdVDLTgIxFO3gC/GFunTTCCa4mXQIMCyJblhiIo8ERtIpBRo6nbHtkJAJ3+HGhca49WPc+TeWh4kaPclNTs65N/fe40ecKY3Qh5Xa2Nza3knvZvb2Dw6PsscnLRXGktAmCXkoOz5WlDNBm5ppTjuRpDjwOW37k+uF355SqVgobvUsol6AR4INGcHaSF6+Vajf4X6Pcn6Z72dzyC65yK06ENmoUiqXS4aUUcWtutCx0RI5sEajn33vDUISB1RowrFSXQdF2kuw1IxwOs/0YkUjTCZ4RLuGChxQ5SXLo+fwwigDOAylKaHhUv0+keBAqVngm84A67H67S3Ev7xurIdVL2EiijUVZLVoGHOoQ7hIAA6YpETzmSGYSGZuhWSMJSba5JQxIXx9Cv8nraLtINu5KeZqV+s40uAMnIMCcIALaqAOGqAJCLgHD+AJPFtT69F6sV5XrSlrPXMKfsB6+wRwUZE8</latexit>

H
a
`

<latexit sha1_base64="blTuuMfg6lmT+9wz37ByoJuvB2A=">AAAB8XicdVDLTgJBEJz1ifhCPXqZCCaeNrMEWI5ELxwxkUcEJLNDAxNmZzczsyaE8BdePGiMV//Gm3/j8DBRo5V0UqnqTndXEAuuDSEfztr6xubWdmonvbu3f3CYOTpu6ChRDOosEpFqBVSD4BLqhhsBrVgBDQMBzWB8Nfeb96A0j+SNmcTQDelQ8gFn1FjpNle9o70OCJHrZbLELfjEL3uYuKRUKBYLlhRJyS/72HPJAlm0Qq2Xee/0I5aEIA0TVOu2R2LTnVJlOBMwS3cSDTFlYzqEtqWShqC708XFM3xulT4eRMqWNHihfp+Y0lDrSRjYzpCakf7tzcW/vHZiBuXulMs4MSDZctEgEdhEeP4+7nMFzIiJJZQpbm/FbEQVZcaGlLYhfH2K/yeNvOsR17vOZyuXqzhS6BSdoQvkIR9VUBXVUB0xJNEDekLPjnYenRfnddm65qxmTtAPOG+f+1mQdw==</latexit><latexit sha1_base64="blTuuMfg6lmT+9wz37ByoJuvB2A=">AAAB8XicdVDLTgJBEJz1ifhCPXqZCCaeNrMEWI5ELxwxkUcEJLNDAxNmZzczsyaE8BdePGiMV//Gm3/j8DBRo5V0UqnqTndXEAuuDSEfztr6xubWdmonvbu3f3CYOTpu6ChRDOosEpFqBVSD4BLqhhsBrVgBDQMBzWB8Nfeb96A0j+SNmcTQDelQ8gFn1FjpNle9o70OCJHrZbLELfjEL3uYuKRUKBYLlhRJyS/72HPJAlm0Qq2Xee/0I5aEIA0TVOu2R2LTnVJlOBMwS3cSDTFlYzqEtqWShqC708XFM3xulT4eRMqWNHihfp+Y0lDrSRjYzpCakf7tzcW/vHZiBuXulMs4MSDZctEgEdhEeP4+7nMFzIiJJZQpbm/FbEQVZcaGlLYhfH2K/yeNvOsR17vOZyuXqzhS6BSdoQvkIR9VUBXVUB0xJNEDekLPjnYenRfnddm65qxmTtAPOG+f+1mQdw==</latexit><latexit sha1_base64="blTuuMfg6lmT+9wz37ByoJuvB2A=">AAAB8XicdVDLTgJBEJz1ifhCPXqZCCaeNrMEWI5ELxwxkUcEJLNDAxNmZzczsyaE8BdePGiMV//Gm3/j8DBRo5V0UqnqTndXEAuuDSEfztr6xubWdmonvbu3f3CYOTpu6ChRDOosEpFqBVSD4BLqhhsBrVgBDQMBzWB8Nfeb96A0j+SNmcTQDelQ8gFn1FjpNle9o70OCJHrZbLELfjEL3uYuKRUKBYLlhRJyS/72HPJAlm0Qq2Xee/0I5aEIA0TVOu2R2LTnVJlOBMwS3cSDTFlYzqEtqWShqC708XFM3xulT4eRMqWNHihfp+Y0lDrSRjYzpCakf7tzcW/vHZiBuXulMs4MSDZctEgEdhEeP4+7nMFzIiJJZQpbm/FbEQVZcaGlLYhfH2K/yeNvOsR17vOZyuXqzhS6BSdoQvkIR9VUBXVUB0xJNEDekLPjnYenRfnddm65qxmTtAPOG+f+1mQdw==</latexit><latexit sha1_base64="blTuuMfg6lmT+9wz37ByoJuvB2A=">AAAB8XicdVDLTgJBEJz1ifhCPXqZCCaeNrMEWI5ELxwxkUcEJLNDAxNmZzczsyaE8BdePGiMV//Gm3/j8DBRo5V0UqnqTndXEAuuDSEfztr6xubWdmonvbu3f3CYOTpu6ChRDOosEpFqBVSD4BLqhhsBrVgBDQMBzWB8Nfeb96A0j+SNmcTQDelQ8gFn1FjpNle9o70OCJHrZbLELfjEL3uYuKRUKBYLlhRJyS/72HPJAlm0Qq2Xee/0I5aEIA0TVOu2R2LTnVJlOBMwS3cSDTFlYzqEtqWShqC708XFM3xulT4eRMqWNHihfp+Y0lDrSRjYzpCakf7tzcW/vHZiBuXulMs4MSDZctEgEdhEeP4+7nMFzIiJJZQpbm/FbEQVZcaGlLYhfH2K/yeNvOsR17vOZyuXqzhS6BSdoQvkIR9VUBXVUB0xJNEDekLPjnYenRfnddm65qxmTtAPOG+f+1mQdw==</latexit>

V (Ha
` )

<latexit sha1_base64="mfipBSBCbo7PkaPoH0vu0C2AXwE=">AAAB9HicdVDLTgIxFO3gC/GFunTTCCa4mXQIMCyJblhiIo8ERtIpBRo6nbHtkJAJ3+HGhca49WPc+TeWh4kaPclNTs65N/fe40ecKY3Qh5Xa2Nza3knvZvb2Dw6PsscnLRXGktAmCXkoOz5WlDNBm5ppTjuRpDjwOW37k+uF355SqVgobvUsol6AR4INGcHaSF6+Vajf4X6Pcn6Z72dzyC65yK06ENmoUiqXS4aUUcWtutCx0RI5sEajn33vDUISB1RowrFSXQdF2kuw1IxwOs/0YkUjTCZ4RLuGChxQ5SXLo+fwwigDOAylKaHhUv0+keBAqVngm84A67H67S3Ev7xurIdVL2EiijUVZLVoGHOoQ7hIAA6YpETzmSGYSGZuhWSMJSba5JQxIXx9Cv8nraLtINu5KeZqV+s40uAMnIMCcIALaqAOGqAJCLgHD+AJPFtT69F6sV5XrSlrPXMKfsB6+wRwUZE8</latexit><latexit sha1_base64="mfipBSBCbo7PkaPoH0vu0C2AXwE=">AAAB9HicdVDLTgIxFO3gC/GFunTTCCa4mXQIMCyJblhiIo8ERtIpBRo6nbHtkJAJ3+HGhca49WPc+TeWh4kaPclNTs65N/fe40ecKY3Qh5Xa2Nza3knvZvb2Dw6PsscnLRXGktAmCXkoOz5WlDNBm5ppTjuRpDjwOW37k+uF355SqVgobvUsol6AR4INGcHaSF6+Vajf4X6Pcn6Z72dzyC65yK06ENmoUiqXS4aUUcWtutCx0RI5sEajn33vDUISB1RowrFSXQdF2kuw1IxwOs/0YkUjTCZ4RLuGChxQ5SXLo+fwwigDOAylKaHhUv0+keBAqVngm84A67H67S3Ev7xurIdVL2EiijUVZLVoGHOoQ7hIAA6YpETzmSGYSGZuhWSMJSba5JQxIXx9Cv8nraLtINu5KeZqV+s40uAMnIMCcIALaqAOGqAJCLgHD+AJPFtT69F6sV5XrSlrPXMKfsB6+wRwUZE8</latexit><latexit sha1_base64="mfipBSBCbo7PkaPoH0vu0C2AXwE=">AAAB9HicdVDLTgIxFO3gC/GFunTTCCa4mXQIMCyJblhiIo8ERtIpBRo6nbHtkJAJ3+HGhca49WPc+TeWh4kaPclNTs65N/fe40ecKY3Qh5Xa2Nza3knvZvb2Dw6PsscnLRXGktAmCXkoOz5WlDNBm5ppTjuRpDjwOW37k+uF355SqVgobvUsol6AR4INGcHaSF6+Vajf4X6Pcn6Z72dzyC65yK06ENmoUiqXS4aUUcWtutCx0RI5sEajn33vDUISB1RowrFSXQdF2kuw1IxwOs/0YkUjTCZ4RLuGChxQ5SXLo+fwwigDOAylKaHhUv0+keBAqVngm84A67H67S3Ev7xurIdVL2EiijUVZLVoGHOoQ7hIAA6YpETzmSGYSGZuhWSMJSba5JQxIXx9Cv8nraLtINu5KeZqV+s40uAMnIMCcIALaqAOGqAJCLgHD+AJPFtT69F6sV5XrSlrPXMKfsB6+wRwUZE8</latexit><latexit sha1_base64="mfipBSBCbo7PkaPoH0vu0C2AXwE=">AAAB9HicdVDLTgIxFO3gC/GFunTTCCa4mXQIMCyJblhiIo8ERtIpBRo6nbHtkJAJ3+HGhca49WPc+TeWh4kaPclNTs65N/fe40ecKY3Qh5Xa2Nza3knvZvb2Dw6PsscnLRXGktAmCXkoOz5WlDNBm5ppTjuRpDjwOW37k+uF355SqVgobvUsol6AR4INGcHaSF6+Vajf4X6Pcn6Z72dzyC65yK06ENmoUiqXS4aUUcWtutCx0RI5sEajn33vDUISB1RowrFSXQdF2kuw1IxwOs/0YkUjTCZ4RLuGChxQ5SXLo+fwwigDOAylKaHhUv0+keBAqVngm84A67H67S3Ev7xurIdVL2EiijUVZLVoGHOoQ7hIAA6YpETzmSGYSGZuhWSMJSba5JQxIXx9Cv8nraLtINu5KeZqV+s40uAMnIMCcIALaqAOGqAJCLgHD+AJPFtT69F6sV5XrSlrPXMKfsB6+wRwUZE8</latexit>

H
a
`

<latexit sha1_base64="blTuuMfg6lmT+9wz37ByoJuvB2A=">AAAB8XicdVDLTgJBEJz1ifhCPXqZCCaeNrMEWI5ELxwxkUcEJLNDAxNmZzczsyaE8BdePGiMV//Gm3/j8DBRo5V0UqnqTndXEAuuDSEfztr6xubWdmonvbu3f3CYOTpu6ChRDOosEpFqBVSD4BLqhhsBrVgBDQMBzWB8Nfeb96A0j+SNmcTQDelQ8gFn1FjpNle9o70OCJHrZbLELfjEL3uYuKRUKBYLlhRJyS/72HPJAlm0Qq2Xee/0I5aEIA0TVOu2R2LTnVJlOBMwS3cSDTFlYzqEtqWShqC708XFM3xulT4eRMqWNHihfp+Y0lDrSRjYzpCakf7tzcW/vHZiBuXulMs4MSDZctEgEdhEeP4+7nMFzIiJJZQpbm/FbEQVZcaGlLYhfH2K/yeNvOsR17vOZyuXqzhS6BSdoQvkIR9VUBXVUB0xJNEDekLPjnYenRfnddm65qxmTtAPOG+f+1mQdw==</latexit><latexit sha1_base64="blTuuMfg6lmT+9wz37ByoJuvB2A=">AAAB8XicdVDLTgJBEJz1ifhCPXqZCCaeNrMEWI5ELxwxkUcEJLNDAxNmZzczsyaE8BdePGiMV//Gm3/j8DBRo5V0UqnqTndXEAuuDSEfztr6xubWdmonvbu3f3CYOTpu6ChRDOosEpFqBVSD4BLqhhsBrVgBDQMBzWB8Nfeb96A0j+SNmcTQDelQ8gFn1FjpNle9o70OCJHrZbLELfjEL3uYuKRUKBYLlhRJyS/72HPJAlm0Qq2Xee/0I5aEIA0TVOu2R2LTnVJlOBMwS3cSDTFlYzqEtqWShqC708XFM3xulT4eRMqWNHihfp+Y0lDrSRjYzpCakf7tzcW/vHZiBuXulMs4MSDZctEgEdhEeP4+7nMFzIiJJZQpbm/FbEQVZcaGlLYhfH2K/yeNvOsR17vOZyuXqzhS6BSdoQvkIR9VUBXVUB0xJNEDekLPjnYenRfnddm65qxmTtAPOG+f+1mQdw==</latexit><latexit sha1_base64="blTuuMfg6lmT+9wz37ByoJuvB2A=">AAAB8XicdVDLTgJBEJz1ifhCPXqZCCaeNrMEWI5ELxwxkUcEJLNDAxNmZzczsyaE8BdePGiMV//Gm3/j8DBRo5V0UqnqTndXEAuuDSEfztr6xubWdmonvbu3f3CYOTpu6ChRDOosEpFqBVSD4BLqhhsBrVgBDQMBzWB8Nfeb96A0j+SNmcTQDelQ8gFn1FjpNle9o70OCJHrZbLELfjEL3uYuKRUKBYLlhRJyS/72HPJAlm0Qq2Xee/0I5aEIA0TVOu2R2LTnVJlOBMwS3cSDTFlYzqEtqWShqC708XFM3xulT4eRMqWNHihfp+Y0lDrSRjYzpCakf7tzcW/vHZiBuXulMs4MSDZctEgEdhEeP4+7nMFzIiJJZQpbm/FbEQVZcaGlLYhfH2K/yeNvOsR17vOZyuXqzhS6BSdoQvkIR9VUBXVUB0xJNEDekLPjnYenRfnddm65qxmTtAPOG+f+1mQdw==</latexit><latexit sha1_base64="blTuuMfg6lmT+9wz37ByoJuvB2A=">AAAB8XicdVDLTgJBEJz1ifhCPXqZCCaeNrMEWI5ELxwxkUcEJLNDAxNmZzczsyaE8BdePGiMV//Gm3/j8DBRo5V0UqnqTndXEAuuDSEfztr6xubWdmonvbu3f3CYOTpu6ChRDOosEpFqBVSD4BLqhhsBrVgBDQMBzWB8Nfeb96A0j+SNmcTQDelQ8gFn1FjpNle9o70OCJHrZbLELfjEL3uYuKRUKBYLlhRJyS/72HPJAlm0Qq2Xee/0I5aEIA0TVOu2R2LTnVJlOBMwS3cSDTFlYzqEtqWShqC708XFM3xulT4eRMqWNHihfp+Y0lDrSRjYzpCakf7tzcW/vHZiBuXulMs4MSDZctEgEdhEeP4+7nMFzIiJJZQpbm/FbEQVZcaGlLYhfH2K/yeNvOsR17vOZyuXqzhS6BSdoQvkIR9VUBXVUB0xJNEDekLPjnYenRfnddm65qxmTtAPOG+f+1mQdw==</latexit>

Confinement

Phase diagrams of SU(2) gauge theory

Higgs

s

Possible
Deconfined
critical

SU(2) gauge
theory

<latexit sha1_base64="39cWGTj3DZqaMQNTo81eorEwojM="></latexit><latexit sha1_base64="39cWGTj3DZqaMQNTo81eorEwojM="></latexit><latexit sha1_base64="39cWGTj3DZqaMQNTo81eorEwojM="></latexit><latexit sha1_base64="39cWGTj3DZqaMQNTo81eorEwojM="></latexit>

Nh = 4
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

• Condensation of H
a

breaks SU(2) to U(1) or Z2.

• The U(1) cases confine, while

the Z2 cases have Z2 (toric

code) topological order.

• One or more global sym-

metries are broken in all cases.
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>



hHa
` i 6= 0

<latexit sha1_base64="caqoJbDCu2upY7MSYKoucURLFaI="></latexit><latexit sha1_base64="caqoJbDCu2upY7MSYKoucURLFaI="></latexit><latexit sha1_base64="caqoJbDCu2upY7MSYKoucURLFaI="></latexit><latexit sha1_base64="caqoJbDCu2upY7MSYKoucURLFaI="></latexit>

hHa
` i = 0

<latexit sha1_base64="zeEOJ1Q1LpU+nUDmf3hte4r4xjg="></latexit><latexit sha1_base64="zeEOJ1Q1LpU+nUDmf3hte4r4xjg="></latexit><latexit sha1_base64="zeEOJ1Q1LpU+nUDmf3hte4r4xjg="></latexit><latexit sha1_base64="zeEOJ1Q1LpU+nUDmf3hte4r4xjg="></latexit>V (Ha
` )

<latexit sha1_base64="mfipBSBCbo7PkaPoH0vu0C2AXwE=">AAAB9HicdVDLTgIxFO3gC/GFunTTCCa4mXQIMCyJblhiIo8ERtIpBRo6nbHtkJAJ3+HGhca49WPc+TeWh4kaPclNTs65N/fe40ecKY3Qh5Xa2Nza3knvZvb2Dw6PsscnLRXGktAmCXkoOz5WlDNBm5ppTjuRpDjwOW37k+uF355SqVgobvUsol6AR4INGcHaSF6+Vajf4X6Pcn6Z72dzyC65yK06ENmoUiqXS4aUUcWtutCx0RI5sEajn33vDUISB1RowrFSXQdF2kuw1IxwOs/0YkUjTCZ4RLuGChxQ5SXLo+fwwigDOAylKaHhUv0+keBAqVngm84A67H67S3Ev7xurIdVL2EiijUVZLVoGHOoQ7hIAA6YpETzmSGYSGZuhWSMJSba5JQxIXx9Cv8nraLtINu5KeZqV+s40uAMnIMCcIALaqAOGqAJCLgHD+AJPFtT69F6sV5XrSlrPXMKfsB6+wRwUZE8</latexit><latexit sha1_base64="mfipBSBCbo7PkaPoH0vu0C2AXwE=">AAAB9HicdVDLTgIxFO3gC/GFunTTCCa4mXQIMCyJblhiIo8ERtIpBRo6nbHtkJAJ3+HGhca49WPc+TeWh4kaPclNTs65N/fe40ecKY3Qh5Xa2Nza3knvZvb2Dw6PsscnLRXGktAmCXkoOz5WlDNBm5ppTjuRpDjwOW37k+uF355SqVgobvUsol6AR4INGcHaSF6+Vajf4X6Pcn6Z72dzyC65yK06ENmoUiqXS4aUUcWtutCx0RI5sEajn33vDUISB1RowrFSXQdF2kuw1IxwOs/0YkUjTCZ4RLuGChxQ5SXLo+fwwigDOAylKaHhUv0+keBAqVngm84A67H67S3Ev7xurIdVL2EiijUVZLVoGHOoQ7hIAA6YpETzmSGYSGZuhWSMJSba5JQxIXx9Cv8nraLtINu5KeZqV+s40uAMnIMCcIALaqAOGqAJCLgHD+AJPFtT69F6sV5XrSlrPXMKfsB6+wRwUZE8</latexit><latexit sha1_base64="mfipBSBCbo7PkaPoH0vu0C2AXwE=">AAAB9HicdVDLTgIxFO3gC/GFunTTCCa4mXQIMCyJblhiIo8ERtIpBRo6nbHtkJAJ3+HGhca49WPc+TeWh4kaPclNTs65N/fe40ecKY3Qh5Xa2Nza3knvZvb2Dw6PsscnLRXGktAmCXkoOz5WlDNBm5ppTjuRpDjwOW37k+uF355SqVgobvUsol6AR4INGcHaSF6+Vajf4X6Pcn6Z72dzyC65yK06ENmoUiqXS4aUUcWtutCx0RI5sEajn33vDUISB1RowrFSXQdF2kuw1IxwOs/0YkUjTCZ4RLuGChxQ5SXLo+fwwigDOAylKaHhUv0+keBAqVngm84A67H67S3Ev7xurIdVL2EiijUVZLVoGHOoQ7hIAA6YpETzmSGYSGZuhWSMJSba5JQxIXx9Cv8nraLtINu5KeZqV+s40uAMnIMCcIALaqAOGqAJCLgHD+AJPFtT69F6sV5XrSlrPXMKfsB6+wRwUZE8</latexit><latexit sha1_base64="mfipBSBCbo7PkaPoH0vu0C2AXwE=">AAAB9HicdVDLTgIxFO3gC/GFunTTCCa4mXQIMCyJblhiIo8ERtIpBRo6nbHtkJAJ3+HGhca49WPc+TeWh4kaPclNTs65N/fe40ecKY3Qh5Xa2Nza3knvZvb2Dw6PsscnLRXGktAmCXkoOz5WlDNBm5ppTjuRpDjwOW37k+uF355SqVgobvUsol6AR4INGcHaSF6+Vajf4X6Pcn6Z72dzyC65yK06ENmoUiqXS4aUUcWtutCx0RI5sEajn33vDUISB1RowrFSXQdF2kuw1IxwOs/0YkUjTCZ4RLuGChxQ5SXLo+fwwigDOAylKaHhUv0+keBAqVngm84A67H67S3Ev7xurIdVL2EiijUVZLVoGHOoQ7hIAA6YpETzmSGYSGZuhWSMJSba5JQxIXx9Cv8nraLtINu5KeZqV+s40uAMnIMCcIALaqAOGqAJCLgHD+AJPFtT69F6sV5XrSlrPXMKfsB6+wRwUZE8</latexit>

H
a
`

<latexit sha1_base64="blTuuMfg6lmT+9wz37ByoJuvB2A=">AAAB8XicdVDLTgJBEJz1ifhCPXqZCCaeNrMEWI5ELxwxkUcEJLNDAxNmZzczsyaE8BdePGiMV//Gm3/j8DBRo5V0UqnqTndXEAuuDSEfztr6xubWdmonvbu3f3CYOTpu6ChRDOosEpFqBVSD4BLqhhsBrVgBDQMBzWB8Nfeb96A0j+SNmcTQDelQ8gFn1FjpNle9o70OCJHrZbLELfjEL3uYuKRUKBYLlhRJyS/72HPJAlm0Qq2Xee/0I5aEIA0TVOu2R2LTnVJlOBMwS3cSDTFlYzqEtqWShqC708XFM3xulT4eRMqWNHihfp+Y0lDrSRjYzpCakf7tzcW/vHZiBuXulMs4MSDZctEgEdhEeP4+7nMFzIiJJZQpbm/FbEQVZcaGlLYhfH2K/yeNvOsR17vOZyuXqzhS6BSdoQvkIR9VUBXVUB0xJNEDekLPjnYenRfnddm65qxmTtAPOG+f+1mQdw==</latexit><latexit sha1_base64="blTuuMfg6lmT+9wz37ByoJuvB2A=">AAAB8XicdVDLTgJBEJz1ifhCPXqZCCaeNrMEWI5ELxwxkUcEJLNDAxNmZzczsyaE8BdePGiMV//Gm3/j8DBRo5V0UqnqTndXEAuuDSEfztr6xubWdmonvbu3f3CYOTpu6ChRDOosEpFqBVSD4BLqhhsBrVgBDQMBzWB8Nfeb96A0j+SNmcTQDelQ8gFn1FjpNle9o70OCJHrZbLELfjEL3uYuKRUKBYLlhRJyS/72HPJAlm0Qq2Xee/0I5aEIA0TVOu2R2LTnVJlOBMwS3cSDTFlYzqEtqWShqC708XFM3xulT4eRMqWNHihfp+Y0lDrSRjYzpCakf7tzcW/vHZiBuXulMs4MSDZctEgEdhEeP4+7nMFzIiJJZQpbm/FbEQVZcaGlLYhfH2K/yeNvOsR17vOZyuXqzhS6BSdoQvkIR9VUBXVUB0xJNEDekLPjnYenRfnddm65qxmTtAPOG+f+1mQdw==</latexit><latexit sha1_base64="blTuuMfg6lmT+9wz37ByoJuvB2A=">AAAB8XicdVDLTgJBEJz1ifhCPXqZCCaeNrMEWI5ELxwxkUcEJLNDAxNmZzczsyaE8BdePGiMV//Gm3/j8DBRo5V0UqnqTndXEAuuDSEfztr6xubWdmonvbu3f3CYOTpu6ChRDOosEpFqBVSD4BLqhhsBrVgBDQMBzWB8Nfeb96A0j+SNmcTQDelQ8gFn1FjpNle9o70OCJHrZbLELfjEL3uYuKRUKBYLlhRJyS/72HPJAlm0Qq2Xee/0I5aEIA0TVOu2R2LTnVJlOBMwS3cSDTFlYzqEtqWShqC708XFM3xulT4eRMqWNHihfp+Y0lDrSRjYzpCakf7tzcW/vHZiBuXulMs4MSDZctEgEdhEeP4+7nMFzIiJJZQpbm/FbEQVZcaGlLYhfH2K/yeNvOsR17vOZyuXqzhS6BSdoQvkIR9VUBXVUB0xJNEDekLPjnYenRfnddm65qxmTtAPOG+f+1mQdw==</latexit><latexit sha1_base64="blTuuMfg6lmT+9wz37ByoJuvB2A=">AAAB8XicdVDLTgJBEJz1ifhCPXqZCCaeNrMEWI5ELxwxkUcEJLNDAxNmZzczsyaE8BdePGiMV//Gm3/j8DBRo5V0UqnqTndXEAuuDSEfztr6xubWdmonvbu3f3CYOTpu6ChRDOosEpFqBVSD4BLqhhsBrVgBDQMBzWB8Nfeb96A0j+SNmcTQDelQ8gFn1FjpNle9o70OCJHrZbLELfjEL3uYuKRUKBYLlhRJyS/72HPJAlm0Qq2Xee/0I5aEIA0TVOu2R2LTnVJlOBMwS3cSDTFlYzqEtqWShqC708XFM3xulT4eRMqWNHihfp+Y0lDrSRjYzpCakf7tzcW/vHZiBuXulMs4MSDZctEgEdhEeP4+7nMFzIiJJZQpbm/FbEQVZcaGlLYhfH2K/yeNvOsR17vOZyuXqzhS6BSdoQvkIR9VUBXVUB0xJNEDekLPjnYenRfnddm65qxmTtAPOG+f+1mQdw==</latexit>

V (Ha
` )

<latexit sha1_base64="mfipBSBCbo7PkaPoH0vu0C2AXwE=">AAAB9HicdVDLTgIxFO3gC/GFunTTCCa4mXQIMCyJblhiIo8ERtIpBRo6nbHtkJAJ3+HGhca49WPc+TeWh4kaPclNTs65N/fe40ecKY3Qh5Xa2Nza3knvZvb2Dw6PsscnLRXGktAmCXkoOz5WlDNBm5ppTjuRpDjwOW37k+uF355SqVgobvUsol6AR4INGcHaSF6+Vajf4X6Pcn6Z72dzyC65yK06ENmoUiqXS4aUUcWtutCx0RI5sEajn33vDUISB1RowrFSXQdF2kuw1IxwOs/0YkUjTCZ4RLuGChxQ5SXLo+fwwigDOAylKaHhUv0+keBAqVngm84A67H67S3Ev7xurIdVL2EiijUVZLVoGHOoQ7hIAA6YpETzmSGYSGZuhWSMJSba5JQxIXx9Cv8nraLtINu5KeZqV+s40uAMnIMCcIALaqAOGqAJCLgHD+AJPFtT69F6sV5XrSlrPXMKfsB6+wRwUZE8</latexit><latexit sha1_base64="mfipBSBCbo7PkaPoH0vu0C2AXwE=">AAAB9HicdVDLTgIxFO3gC/GFunTTCCa4mXQIMCyJblhiIo8ERtIpBRo6nbHtkJAJ3+HGhca49WPc+TeWh4kaPclNTs65N/fe40ecKY3Qh5Xa2Nza3knvZvb2Dw6PsscnLRXGktAmCXkoOz5WlDNBm5ppTjuRpDjwOW37k+uF355SqVgobvUsol6AR4INGcHaSF6+Vajf4X6Pcn6Z72dzyC65yK06ENmoUiqXS4aUUcWtutCx0RI5sEajn33vDUISB1RowrFSXQdF2kuw1IxwOs/0YkUjTCZ4RLuGChxQ5SXLo+fwwigDOAylKaHhUv0+keBAqVngm84A67H67S3Ev7xurIdVL2EiijUVZLVoGHOoQ7hIAA6YpETzmSGYSGZuhWSMJSba5JQxIXx9Cv8nraLtINu5KeZqV+s40uAMnIMCcIALaqAOGqAJCLgHD+AJPFtT69F6sV5XrSlrPXMKfsB6+wRwUZE8</latexit><latexit sha1_base64="mfipBSBCbo7PkaPoH0vu0C2AXwE=">AAAB9HicdVDLTgIxFO3gC/GFunTTCCa4mXQIMCyJblhiIo8ERtIpBRo6nbHtkJAJ3+HGhca49WPc+TeWh4kaPclNTs65N/fe40ecKY3Qh5Xa2Nza3knvZvb2Dw6PsscnLRXGktAmCXkoOz5WlDNBm5ppTjuRpDjwOW37k+uF355SqVgobvUsol6AR4INGcHaSF6+Vajf4X6Pcn6Z72dzyC65yK06ENmoUiqXS4aUUcWtutCx0RI5sEajn33vDUISB1RowrFSXQdF2kuw1IxwOs/0YkUjTCZ4RLuGChxQ5SXLo+fwwigDOAylKaHhUv0+keBAqVngm84A67H67S3Ev7xurIdVL2EiijUVZLVoGHOoQ7hIAA6YpETzmSGYSGZuhWSMJSba5JQxIXx9Cv8nraLtINu5KeZqV+s40uAMnIMCcIALaqAOGqAJCLgHD+AJPFtT69F6sV5XrSlrPXMKfsB6+wRwUZE8</latexit><latexit sha1_base64="mfipBSBCbo7PkaPoH0vu0C2AXwE=">AAAB9HicdVDLTgIxFO3gC/GFunTTCCa4mXQIMCyJblhiIo8ERtIpBRo6nbHtkJAJ3+HGhca49WPc+TeWh4kaPclNTs65N/fe40ecKY3Qh5Xa2Nza3knvZvb2Dw6PsscnLRXGktAmCXkoOz5WlDNBm5ppTjuRpDjwOW37k+uF355SqVgobvUsol6AR4INGcHaSF6+Vajf4X6Pcn6Z72dzyC65yK06ENmoUiqXS4aUUcWtutCx0RI5sEajn33vDUISB1RowrFSXQdF2kuw1IxwOs/0YkUjTCZ4RLuGChxQ5SXLo+fwwigDOAylKaHhUv0+keBAqVngm84A67H67S3Ev7xurIdVL2EiijUVZLVoGHOoQ7hIAA6YpETzmSGYSGZuhWSMJSba5JQxIXx9Cv8nraLtINu5KeZqV+s40uAMnIMCcIALaqAOGqAJCLgHD+AJPFtT69F6sV5XrSlrPXMKfsB6+wRwUZE8</latexit>

H
a
`

<latexit sha1_base64="blTuuMfg6lmT+9wz37ByoJuvB2A=">AAAB8XicdVDLTgJBEJz1ifhCPXqZCCaeNrMEWI5ELxwxkUcEJLNDAxNmZzczsyaE8BdePGiMV//Gm3/j8DBRo5V0UqnqTndXEAuuDSEfztr6xubWdmonvbu3f3CYOTpu6ChRDOosEpFqBVSD4BLqhhsBrVgBDQMBzWB8Nfeb96A0j+SNmcTQDelQ8gFn1FjpNle9o70OCJHrZbLELfjEL3uYuKRUKBYLlhRJyS/72HPJAlm0Qq2Xee/0I5aEIA0TVOu2R2LTnVJlOBMwS3cSDTFlYzqEtqWShqC708XFM3xulT4eRMqWNHihfp+Y0lDrSRjYzpCakf7tzcW/vHZiBuXulMs4MSDZctEgEdhEeP4+7nMFzIiJJZQpbm/FbEQVZcaGlLYhfH2K/yeNvOsR17vOZyuXqzhS6BSdoQvkIR9VUBXVUB0xJNEDekLPjnYenRfnddm65qxmTtAPOG+f+1mQdw==</latexit><latexit sha1_base64="blTuuMfg6lmT+9wz37ByoJuvB2A=">AAAB8XicdVDLTgJBEJz1ifhCPXqZCCaeNrMEWI5ELxwxkUcEJLNDAxNmZzczsyaE8BdePGiMV//Gm3/j8DBRo5V0UqnqTndXEAuuDSEfztr6xubWdmonvbu3f3CYOTpu6ChRDOosEpFqBVSD4BLqhhsBrVgBDQMBzWB8Nfeb96A0j+SNmcTQDelQ8gFn1FjpNle9o70OCJHrZbLELfjEL3uYuKRUKBYLlhRJyS/72HPJAlm0Qq2Xee/0I5aEIA0TVOu2R2LTnVJlOBMwS3cSDTFlYzqEtqWShqC708XFM3xulT4eRMqWNHihfp+Y0lDrSRjYzpCakf7tzcW/vHZiBuXulMs4MSDZctEgEdhEeP4+7nMFzIiJJZQpbm/FbEQVZcaGlLYhfH2K/yeNvOsR17vOZyuXqzhS6BSdoQvkIR9VUBXVUB0xJNEDekLPjnYenRfnddm65qxmTtAPOG+f+1mQdw==</latexit><latexit sha1_base64="blTuuMfg6lmT+9wz37ByoJuvB2A=">AAAB8XicdVDLTgJBEJz1ifhCPXqZCCaeNrMEWI5ELxwxkUcEJLNDAxNmZzczsyaE8BdePGiMV//Gm3/j8DBRo5V0UqnqTndXEAuuDSEfztr6xubWdmonvbu3f3CYOTpu6ChRDOosEpFqBVSD4BLqhhsBrVgBDQMBzWB8Nfeb96A0j+SNmcTQDelQ8gFn1FjpNle9o70OCJHrZbLELfjEL3uYuKRUKBYLlhRJyS/72HPJAlm0Qq2Xee/0I5aEIA0TVOu2R2LTnVJlOBMwS3cSDTFlYzqEtqWShqC708XFM3xulT4eRMqWNHihfp+Y0lDrSRjYzpCakf7tzcW/vHZiBuXulMs4MSDZctEgEdhEeP4+7nMFzIiJJZQpbm/FbEQVZcaGlLYhfH2K/yeNvOsR17vOZyuXqzhS6BSdoQvkIR9VUBXVUB0xJNEDekLPjnYenRfnddm65qxmTtAPOG+f+1mQdw==</latexit><latexit sha1_base64="blTuuMfg6lmT+9wz37ByoJuvB2A=">AAAB8XicdVDLTgJBEJz1ifhCPXqZCCaeNrMEWI5ELxwxkUcEJLNDAxNmZzczsyaE8BdePGiMV//Gm3/j8DBRo5V0UqnqTndXEAuuDSEfztr6xubWdmonvbu3f3CYOTpu6ChRDOosEpFqBVSD4BLqhhsBrVgBDQMBzWB8Nfeb96A0j+SNmcTQDelQ8gFn1FjpNle9o70OCJHrZbLELfjEL3uYuKRUKBYLlhRJyS/72HPJAlm0Qq2Xee/0I5aEIA0TVOu2R2LTnVJlOBMwS3cSDTFlYzqEtqWShqC708XFM3xulT4eRMqWNHihfp+Y0lDrSRjYzpCakf7tzcW/vHZiBuXulMs4MSDZctEgEdhEeP4+7nMFzIiJJZQpbm/FbEQVZcaGlLYhfH2K/yeNvOsR17vOZyuXqzhS6BSdoQvkIR9VUBXVUB0xJNEDekLPjnYenRfnddm65qxmTtAPOG+f+1mQdw==</latexit>
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• Condensation of H
a

breaks SU(2) to U(1) or Z2.

• The U(1) cases confine, while

the Z2 cases have Z2 (toric

code) topological order.

• One or more global sym-

metries are broken in all cases.
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• Condensation of H
a

breaks SU(2) to U(1) or Z2.

• The U(1) cases confine, while

the Z2 cases have Z2 (toric

code) topological order.

• One or more global sym-

metries are broken in all cases.
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There are multiple order parameters for di↵erent broken symmetries
(Note: spin rotations are preserved and there is no SDW order)

• Ising nematic order
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• Charge density wave (CDW) order at wavevectors 2Kx,y
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• Charge density wave (CDW) order at wavevectors Kx ±Ky
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• (Modulated) scalar spin chirality
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Phase diagram of SU(2) gauge theory for hole-doped cuprates
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Broken symmetries and topological order in the Higgs phase
Optimal doping for hole-doped cuprates

Phenomenologically attractive state with
uni-directional CDW, Ising-nematic, and scalar

spin chirality order:
H

a
x = sin ✓(0, 0, 1), Ha

y = cos ✓(1, i, 0)
i.e. short-range collinear spin correlations along x,
and short-range spiral spin correlations along y.
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• Cuprates are described across optimal doping by the Higgs-
to-confinement crossover/transition of a SU(2) gauge theory
with Nh adjoint Higgs fields coupled to a large Fermi surface
of gauge-neutral electrons.

• Electron doped cuprates are described by Nh = 1. In this
case, there is no phase transition, only a crossover. The un-
derdoped cuprates are described by the Higgs regime, while
the overdoped Fermi liquid is the confinement regime.

• Hole doped cuprates are described by Nh = 4. In this case,
a phase transition must occur, at least in the absence of dis-
order. The Higgs phase is characterized by:

– Stable Z2 topological order, or U(1) topological up to
an exponentially large length scale

– One or more broken symmetries involving Ising-nematic,
CDW, and scalar spin chirality.
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order. The Higgs phase is characterized by:

– Stable Z2 topological order, or U(1) topological up to
an exponentially large length scale

– One or more broken symmetries involving Ising-nematic,
CDW, and scalar spin chirality.
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– One or more broken symmetries involving Ising-nematic,
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