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We study both noncentrosymmetric and time-reversal breaking Weyl semimetal systems under a strong
magnetic field with the Coulomb interaction. The three-dimensional bulk system is reduced to many mutually
interacting quasi-one-dimensional wires. Each strongly correlated wire can be approached within the Tomonaga-
Luttinger liquid formalism. Including impurity scatterings, we inspect the localization effect and the temperature
dependence of the electrical resistivity. The effect of a large number of Weyl points in real materials is also

discussed.
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I. INTRODUCTION

The realization of linear band crossings in three dimensions
(3D) in the Weyl semimetals are sparking keen interest [1].
This lends credence to the concept of a Weyl fermion [2]
in the context of various condensed matter systems [3.4].
In principle, any solid-state realization should bear time-
reversal symmetry breaking (TRB) and/or inversion symmetry
breaking (IB) [5-9] so as to lift the Kramers degeneracy
and to generate nonzero Berry curvatures. The Weyl point
is interesting as a 3D counterpart of the two-dimensional (2D)
Dirac physics [10], which is also a topologically protected
monopole of the momentum-space Berry phase [11]. Among
others, the chiral magnetic effect [12] as a result of the chiral
anomaly [13-16] is observed as negative magnetoresistance
in Dirac/Weyl semimetals [17,18] once the chiral imbalance
of chemical potential is generated by parallel electric and
magnetic fields.

Some of the intriguing facets of Dirac/Weyl semimetals
mainly come from the unique Landau level formation, dissim-
ilar to that of quadratic electronic bands. The lowest Landau
level, a linearly dispersed chiral mode along the direction of the
magnetic field, is well separated from the higher levels by a cy-
clotron gap o< +/B, whose 2D variant has been vastly explored
in graphene [19]. A further stage is when the (ultra)quantum
limit is achieved [20], enabling the lowest Landau level to play
a major role in shaping the low-energy physics. In this limit,
the magnetic length [z = 1/+/eB (setting /i = 1) becomes
shorter than the Fermi wavelength since the quantized orbit of
electrons shrinks with an increasing B and the lowest Landau
level possesses the majority of population [21]. Remarkably,
it implies a field-induced dimensional reduction [22,23] that
will strongly enhance correlations, hence the advent of the
(quasi-)1D system without electron quasiparticle excitations.
This connects to the long-lasting search for application of
the Tomonaga-Luttinger liquid (TLL) physics [24], including
semiconductor quantum wires [25,26], single-walled carbon
nanotubes [27-29], edge states in fractional quantum Hall
states [30,31], and 2D topological insulators [32,33], and
SO on.

Because of the large cyclotron gap, it is expected and
confirmed that the Dirac/Weyl semimetals can be driven to the
quantum limit at lower magnetic fields than semiconductors
[20]. Due to the instability from electron correlations, one
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possibility is the gap-opening or dynamical mass generation
[34] in the nominally massless semimetal as density waves are
formed [35]. Instead, in this study we will explore a different
scenario for Weyl semimetals at the magnetic quantum limit.

Two minimal models are considered and shown to be
closely related, corresponding to the predicted TRB py-
rochlore iridates [4] and the realized nonmagnetic and 1B
transition metal monoarsenides/monophosphides [1,36—41].
We incorporate long-range Coulomb interactions and show
how the TLL state naturally emerges as a result of singling
out the chiral 1D channels by applying a magnetic field.
Adopting the coherent state basis of Landau levels, the 3D
system is transformed into a lattice of parallel quasi-1D wires
interacting with each other. Focusing on the on-wire effective
model, we investigate the localization effect due to impurity
scatterings. To facilitate experimental investigations, we derive
the temperature dependence of resistivity and show how the
relatively large number of Weyl points in materials affects the
properties.

II. WEYL SEMIMETALS UNDER STRONG MAGNETIC
FIELD

_We start from two minimal lattice models of the form
h(k) =), d;o; with psuedospin o;, realizing the one-pair
TRB and the two-pair IB cases with d, = sink, sink, d, =
sinky sink;, d, = (cosk; — coskg) — 2(2 — cosk; — cosky)
and d, =sink,sink,, d,=sink,, d,=—(cosk;,—
coskp)(cosk, — coskg) —2(2 — cosk, — cosk,), respect-
ively. Based on the Landau quantization solution of a Weyl
Hamiltonian under magnetic field B = B2 (see Appendix
A 1), one can obtain the 1D linear modes in Fig. 1, wherein
any two modes of the same value of velocity are related
by inversion or time-reversal symmetry in the TRB and IB
cases, respectively. As mentioned below, the TRB case can
be directly mapped to part of the more complex IB case; we
henceforth focus on the latter unless otherwise stated and use
the shorthand channel index « = (j,r).

The Weyl points are not necessary to reside along a single
line for a IB material realization. Nonetheless, the model is
adequate to illustrate the key features. The situation in Fig. 1 is
general for a Weyl semimetal up to some reversal of chiralities
and pseudospins. Our theory does not directly rely on this
because, in the Landau level solutions, positions of Weyl points
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FIG. 1. 1D linear dispersions along k. There are two [four] Weyl
points at ko [+kg, & k. ] with topological charges denoted by = for
the (a) TRB [(b) IB] case. We label 1D channels with chirality index
r = R/L, written as r = %1 in the calculation, in both cases and
side index j = %1 only in (b). |1 / |) are pseudospin states. Two
modes at each side in (b) have unequal Fermi velocities vg # v, > 0
in general.

in ky—k, plane do not enter the 1D dispersions but do enter
the spatial-part wave functions, reflecting the large degeneracy.
For the 1D modes, it is the momentum parallel to the quantizing
field that matters.

III. COULOMB INTERACTION

We then need to find the scattering processes. Except
for excluding pseudospin-flip scatterings, the merit of the
long-range Coulomb interaction mainly consists in the fact
that the scatterings accompanied by large momentum transfer
are negligibly small compared to those with nearly zero
transfer. Therefore, we can take into account four types
of forward scatterings without momentum transfer directly
connecting distinct 1D modes, viz., the Coulombic scatterings
(e, 10 [k k)Y Syl W e for a generic k = (j,r) with
running over (j,r), (j, —r),(—j,r),(—j, —r)fori = 1,2,3,4.
This, however, overlooks the Landau level degeneracy, which
also plays an important role since the interaction depends on
both the energy dispersions and the wave functions.

In other words, each Weyl point, under a magnetic field
B, yields not one but many more linear modes of the number
of degeneracy proportional to B, which are identical to the
ones shown in Fig. 1. The degenerate subspace hereof can
be expanded using the over-complete set of coherent state
basis [42,43], which is constructed from the spatially localized

ground state wave function xz_o(F1) = \/%l e~ T1/48" by
B

displacing its center of orbit (guiding center) R along a 2D
square lattice with spacing V2rl 5, where 7, is the coordinate
in the x-y plane.

As detailed in Appendix A 2, this approach to formulating
electron-electron correlations defined in real space provides
us an intuitive and transparent picture. Now electrons at these
coherent states are localized around the guiding centers in the
x-y plane but are relatively unconstrained to move along the
magnetic field (z axis), giving rise to many mutually parallel
quasi-1D wires of the number of degeneracy threading the 2D
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lattice of R. Bach wire inherits four 1D modes in Fig. 1(b). The
salient point is that the scattering processes mentioned above,
which remain intact though, can now have both interwire and
intrawire ones.

One can then express the electron field W(F) =
Y i Xi POV, 5(2)Be, where B, is the pseudospin wave
function. The noninteracting Hamiltonian for all the 1D modes
is therefore given by Hy = Z;«kl 7 SK(kZ)Iﬂ: ﬁ(kz)l//,( #(k2)
with &,(k;) = rv,(k;, — jk;). In the limit of strong mag-
netic fields Iz — 0, using the asymptotic orthogonal-
ity of the coherent states [43], the interaction part

2
takes the form H; = 1Y zs  [dzdy —felos %
1 2 ZRR KK f zaz /(z—z’)2+(R—R’)2
1//T~(z)1// k(Z)K/fT,R (@)W, 5(2'), wherein Coulomb’s constant
k,
R replaces 7, in the potential because of the transverse
confinement at strong fields.

47” , the vacuum (relative) permittivity is €y (&), and

IV. CHARGE-CHIRALITY SEPARATED BOSONIZATION

Next we bosonize this system of many interacting quasi-1D
wires [44,45]. As shown in Fig. 1(b), the opposite-chirality
modes do not share the same velocity, which is a bit unorthodox
for conventional bosonized fields combining two chiralities.
The physically transparent way out is to start from the chiral
boson field ¢* that bosonizes a single Weyl fermion in (1 +
1) dimensions, i.e., any on-wire linear mode in Fig. 1(b) is
expressed as ¥, z(z) = Tkﬁeijk,.zeirwg(z) in which « is the
lattice cutoff and Y is the Klein factor (omitted henceforth).
The details are documented in Appendixes A3 and B 1.

Resembling the standard spin-charge separation, it is conve-
nient to separate the charge and chirality degrees of freedom

= (0,000,007 = 311 "Bl ... .07, where H
is the Hadamard matrix This block diagonalizes the ac-
tion matrix in S = 7 Z g,,M ;,, such that M, =

271/3AL
2 . -
%dlag(Mg,p,Mtp p) with Mg,p = [v’ _ 2iw ], M¢'p =
8V, +vt v — e . + _ 2k,
[v, oz o 1, wherein v =wvgpxv, V,= AR
A, =2mlg? is the area of a unit cell of the guiding cen-

ter lattice, and x = (z,Ig,r) = (?J 7) in real space with the
corresponding p = (¢,0,w) = (k,w) in energy-momentum
space. We assume the total volume of the system V = QQ
with the volumes of the Z direction and x-y plane being
Q and 2, respectively. Note that the Coulomb interaction
enters the ¢,-quadratic term since ¢, is directly related to
the total particle density p = —%qup. Following a similar
flow of construction, one observes that the TRB case with
two degrees of freedom, using the standard (¢,60) fields with
¢" = —(¢ —r6), has an action exactly mapped from the
previous My , with (Vo,vt,v",0) — (V4,40,0, — 2w).

We calculate in Appendix A 4 the electron Green’s function
Ge(z,1) = — (T,w,((x)l/fj(O)) of an on-wire 1D mode k for x =
(z,(),r > 0). At the noninteracting limit, it reduces to the free
Green'’s function G, (z,7) = —%k;;[‘)‘”’0{;"”]_1 . For the long-
distance asymptotic behavior of the equal-time correlation,
G (z,0) ~ z77, where, as shown in Fig. 2(a), y increases from

2 .. .
2"""’ characterizing the material-dependent
T Erel

unity with v, =
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FIG. 2. Exponents (a) y and (b) n depend on v, and the number
N of opposite-chirality Weyl-point pairs. Left: TRB case (v = 1).
Right: IB case (vg = 3,v, = 1). Fermi velocities and the interaction

kfh‘?z. y = l and n = 2 for the

strength measured in v, are in units of
noninteracting case.

(via &) strength of the Coulomb interaction. Therefore, the
correlation decays faster than a free one, as expected for a TLL
since single-particle excitations are suppressed.

V. LOCALIZATION IN AN EFFECTIVE 1D WIRE

From now on, in order to take a direct look at the
ID physics emerged as a result of the strong magnetic
field, we derive an effective model for a particular wire.
In the path-integral formalism, aided by auxiliary Lagrange
multiplier fields [46], one can integrate out all the other
fields except the ones on the wire of interest, and thus arrive
at the 1D effective action Sip = 27{}39 X Z;M,;Eq where
g = (q,0), M;=diag(My; Mg;z), with My ; gaining
a complicated form shown in Appendix B 1. Because of
integrating out Q up to the Brillouin zone boundary such
that Q*?A, = 4, V, in a way becomes a renormalized

%ﬁ?”“)], appearing especially in the
estimation of the exponents. Certainly, these complexities
result from the Coulomb interaction between the wire of
interest and all the others.

For a purely 1D system with a long-range interaction, the
dimensionless Luttinger parameter K,, which includes the
interaction effects for the charge sector, would effectively
tend to zero due to the long-range divergence, leading to a
slower decay than power law in the correlation functions.
However, the presence of many 1D wires resultant from
the large degeneracy screens the Coulomb interaction, and
our system will not suffer from a similar divergence [47].
Indeed, denser packing of the wires gives rise to a larger
screening effect, as will be seen when we discuss the multipair
case.

In 1D, the effects of disorder and interaction are
both enhanced, and the resultant localization of electrons
should be much pronounced and manifest in observable
quantities. Therefore, it would be necessary and helpful
to see how the system is affected by the impurities. We

Vg =V, In[1 —
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consider backward scatterings without reversing the side
index since the impurity potential is not to alter the
pseudospin state, i.e., one has the scattering term Hipp =

[dzV@) Y ¥ x@V) + ¥l (¥ rz). After boson-
ization, this becomes  Hipp = f dz V(z) cos ¢,(z) cos
[6,(z) + Akz] where Ak = kg — ki, V(2) = V()= and a
Gaussian disorder with impurity density niy, and potential
V(z) = Y, Vod(z — z;) is considered. The 1D localization
effect can be approached via the perturbative renormalization
group analysis, e.g., for spinless [48] and more complicated
spinful [49] cases. This starts from the delocalized phase
and cannot go deep into the localized phase above the scale
of the localization length L since it will flow to strong
coupling.

On the other hand, directly inspecting the massive localized
phase, the variational method should prevail. Indeed, based on
a charge-density wave picture [50], the phase field pinned
to the impurities competes with its quantum fluctuations
due to the “elastic term” of that field in the bosonized
Hamiltonian. A compromise is achieved when the phase
field adjusts to the random potential over L, which is much
longer than the average distance between impurities. Along
this line of thought, we adopt the self-consistent harmonic
approximation method [51] that is similar to the more general
variational theorem in the path-integral formalism [52]. Each
field variable is decomposed to a classical part responsible
for the compromised pinning and a quantum fluctuating
part. The impurity effects enter via introducing variational
mass terms dependent on L. This approach is good for very
repulsive fermion interactions [45], which is just suitable for
our situation.

Although, due to the influence from other wires, the effec-
tive 1D model becomes involved and lacks a straightforward
Hamiltonian form, it is still possible to evaluate the system’s
energy from the path integral, as shown in Appendix B 2.

Variationally, we find the localization length L o Dimpv%3
where, as one would expect, only Djpp = nimpvg, which fully
characterizes the Gaussian disorder, appears. In the localized
regime n < 3, L remains finite. If n could go beyond 3,
there would be a delocalization transition. However, this is
not possible for our system with only Coulomb interactions
where n(v+,v,) decreases from 2 upon increasing v, from 0
to oo as shown in Fig. 2(b).

As pointed out by previous studies [48,49,53], the insulator-
to-metal transition happens when there is increasingly attrac-
tive interaction where superconducting fluctuations predom-
inate over disorder effects. In our Coulombic system, we
therefore can only observe the enhanced localization effect, in
agreement with another diagrammatic study [54] discussing
a tendency to localization led by interaction and disorder. It
is worth addressing that, although the TLL is induced by the
field, the exponent y or n does not depend on B, dissimilar
to the quadratic band case where the Fermi velocity gains a
B dependence in the first place [43]. On one hand, in the
low-energy regime, we end up with an effective 1D model with
only the B-independent combination Q*?>A, present. This is
not surprising because the guiding center representation we
introduced is in fact used at its continuum limit (/5 — 0) . On
the other hand, this means that, up to the leading order effect at
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the strong-field limit, the system behaves in a way independent
of the field.

VI. TEMPERATURE DEPENDENCE OF RESISTIVITY

In order to relate the system to the most common mea-
surement technique, we study the temperature dependence
of transport. Instead of calculating the conductivity that is
inversely dependent on the scattering, a beneficial way is
to use the memory function method [55,56] and to directly
look at the resistivity, which corresponds to the diagramatic
expansion taking into account both the vertex correction
and the self-energy. Within the lowest order of coupling,
a particular merit in practice is that one can evaluate the
correlation function over the Hamiltonian free of disorder. By
calculating an imaginary-time force-force correlation function
G(t) = —(T; F(z,7)F(z,0)) wherein the force operator F =
[/, Himp] with the current operator j, we find out in Appendix C
that G(t) o« ", whose Fourier transform G(w) o< !~". Then
when the typical energy scale is set by the temperature w ~ T,
the memory function M(w) M x # o« %" and
hence we arrive at a temperature dependence of the resistivity,
o(T) oc T2,

There exists two energy (temperature) scales in this system
[49,57], the localization temperature kgTj, = vp/L and the
discretization temperature kg Tyis = vpnimp, Where we use vp
to denote a typical Fermi velocity. Ty is the borderline
of the correlation effect between impurities, above which
the single-impurity behavior prevails as a limiting resistivity
o(T > Tyis) X Rimp. For our TRB (0 < n <2) or IB (I <
n < 2) system residing in the localized regime, as the temper-
ature decreases, the resistivity will monotonically increase,
in contrast to the n > 2 case where nonmonotonic p(T)
could take place. Once the temperature traverses below Ty;s,
the resistivity follows p(T) o« T"~2 for the dense Gaussian
disorder situation, until the quantum interference from the
disorder becomes more and more important when 7 < Tjqc,
i.e., divergent p(T) o« T"3 dominates at sufficiently low
temperatures [57]. Note that n <2 due to the Coulomb
interaction as shown in Fig. 2(b).

VII. LARGE-N BEHAVIOR

Because of the point group symmetry in solids, exper-
imentally realized Weyl semimetals usually possess many
Weyl points. To bridge the gap between models and more
realistic scenarios, we consider the situation comprising copies
of our previous model. We use N to count the pairs of
opposite-chirality Weyl points in the first Brillouin zone. In
the same spirit, we consider a similar bosonization problem
of many quasi-1D wires with both intracopy and intercopy
Coulomb interactions included, followed by deriving the 1D
model of a single wire.

For the impurity effects, following the previous formalism,
we can take all the intracopy impurity scatterings into account.
By minimizing the total energy excess, we accordingly
obtain an N-dependent exponent ny(v+,v,) that enters the
temperature dependence of resistivity (see Appendix D). On
the other hand, from the action expressed using the replica
method [58], we can make a Wilsonian analysis to develop the
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first-order renormalization group equation for the impurity
strength D;n,,. Both the intracopy and intercopy impurity

scatterings lead to the same form % = (3 = nn)Dimp().
This means, taking all the impurity scatterings into account,
the exponent will just be given by ny.

It is important to note that all the previous conclusions
on Green’s function, localization, and resistivity also hold for
the TRB case with any N, while an even N is for the IB
case. Furthermore, as calculation shows, when vy = v and
N is the same, the two cases share the same y or 1. As
shown in Fig. 2, the multipair yy (ny) decreases (increases)
with N. yy increases from 1 and diverges asymptotically
proportional to /v, /N, while ny ranges from 2 to 2 —2/N
upon increasing v, from 0 to co. This can be understood
with the many-wire picture we rely on. When there are N
pairs, one has the freedom to place the corresponding guiding
center lattices in the x-y plane as uniformly as possible to
form sublattices of the original sparsest one. As previously
mentioned, the Coulomb interaction will be screened by
the wires resultant from any copy. Therefore, the denser
packing of the wires entails stronger screening and weaker
interaction effects. Hence, the exponent 7, although it cannot
exceed its noninteracting value 2, approaches 2 more quickly
when N increases. And when the Coulomb interaction is
extremely strong, ie., v, — oo, the deviation, 2 — ny, is
exactly inversely proportional to N.

VIII. DISCUSSION AND ESTIMATION FOR
EXPERIMENTS

We comment on the difference between the TLL in
Weyl semimetals and in other systems. One is the unique
dispersion structure in Fig. 1 for the noncentrosymmetric
Weyl semimetal associated with particular pseudospins and
unequal Fermi velocities for opposite chiralities. It leads to the
charge-chirality separated bosonization in Sec. IV. The second
remarkable feature is that the Green’s function exponent y
is not directly related to the exponent n for localization and
resistivity, in contrast to the simple formula (K, + Kp_l)/2
in the standard case. This is because in the effective 1D
theory, due to the Coulomb interactions with other chiral wires,
the action S;p contains rather complex momentum-frequency
dependence [Eq. (B9) of Appendix B 1]. Furthermore, the
presence of many Weyl points has its unique role in the
exponent functions.

Itis argued that the contribution from possibly present small
Fermi pockets can be disguised as the characteristic negative
magnetoresistance of Weyl semimetals [59]. Alongside, one
possible concern might arise for the reality of our system
when one considers linearizing around Fermi pockets in
normal metals. First, we emphasize that, compared with
normal metals, the dominance of the lowest Landau level
herein provides a natural realization of 1D linear dispersions
rather than the linearizing approximation. Consequently, we
mentioned that Fermi velocities and hence the exponents
no longer depend on the magnetic field. Second, the unique
structure of the linear modes and presence of multiple copies
of Weyl points are general for noncentrosymmetric Weyl
semimetals. They affect the form of the bosonized Hamiltonian
and hence the 1D effective model and accompanying exponent
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functions, which are the focus of our work. On the other
hand, arbitrary normal metals are in general hardly expected
to imitate the same situation with linearized small Fermi
pockets. In summary, we would regard the properties reported
here as predictions to be experimentally confirmed in known
Weyl semimetal materials, rather than decisive evidence for
identifying Weyl semimetals.

Finally, let us estimate the exponent of the Weyl semimetal
TaP, which, as known to date, might have the simplest stucture
of Weyl points and is beneficial to revealing the physics of
interest [38,41]. Among all the 12 pairs of Weyl points therein,
8 pairs well separated in momentum space off the k, = 0 plane
are found to locate at the chemical potential, while others lie
rather lower, possibly leading to only 8 pairs determining the
low-energy physics. We thus set N = 8 and take the typical
values of Fermi velocities and relative permittivity [41,60],
vg =2 x 10° m/s, v, = 1 x 10° m/s, & = 10, and hence
vy = 0.35 x 10° m/s, and get ny = 1.83. Experimentally, to
observe this, one should keep the temperature or frequency
lower than the cyclotron gap to assure the dominance of the
1D channels.
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APPENDIX A: WEYL SEMIMETAL WITH COULOMB
INTERACTION

1. A model Weyl semimetal under magnetic field

As a preliminary, let us first turn on an external magnetic
field B = B for a general Weyl Hamiltonian ), €;/ik;0;,
in which ¢; = &1 and we assume a velocity equal to unity
for simplicity. To solve this, we resort to the commuta-
tion relation between gauge invariant mechanical momenta
[px,py]l = —iheB derived from Peierls substitution, /ik; —
p; = —iho; + eA;, i = x,y. Resembling a harmonic oscil-
lator, one can define b = (p; —ip,)/Ep and bf = (px +
ipy)/Ep satisfying [b,b'] = 1 where Ep = +/2/ie B. Then the
two-by-two Hamiltonian can be easily solved, giving rise to
eigenenergy E, = +/nEg”> + E.%, n > 1 with E. = Jik.. In
addition to this, we get one more intriguing zero mode that
is essential to the chiral anomaly, Ey = —x E,, which does
not shift with respect to the external magnetic field. The
charge of the Weyl point is given by [11] x = sgn[e€2€3] and
the pseudospin part of wave function reads |}) = (0,1)T or
[1) = (1,0)T for €;e; = %1, respectively. Also, the separation
between eigenenergies scales as +/B instead of linear in B for
the quadractically dispersed electrons. The major consequence
is that, in the presence of an external magnetic field, a 1D
linearly dispersed mode along the Z direction is created, whose
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separation from other higher-energy eigenstates is larger than
that of quadratic electrons. This suggests that, by turning on
an adequate magnetic field, one can drive the Weyl fermion
system to the quantum limit and the low-energy physical
properties will depend mainly on the 1D mode singled out.

Let us exemplify with the noncentrosymmetric Weyl
semimetal model presented in the main text, which has the
mimimum of Weyl points according to the Nielson-Ninomiya
theorem. It is straightforward to get the low-energy Weyl
Hamiltonians of the form Ak - ¢ around the four Weyl points
0,0, — kg), (0,0, — k), (0,0,kz), (0,0,kz) from left to right
along the k, axis, whose d vectors read

(—sinkgrAky,,Aky, cos kg sinkg Ak;),

(—sink; Ak, Aky, — coskgr sink; Ak;),

(sinkp Ak,,Aky, cos kg sink Ak;),

(sinkgr Aky,Aky, — coskgy sinkg Ak;),
respectively, wherein coskg; is a shorthand for cosk; —
coskr and these momenta are the deviations from the
corresponding Weyl points. For any corresponding Weyl

Hamiltonians #,(k), the zero-mode eigenenergy and wave
function under the magnetic field are

eclke) = rv Gk, — jk;) (A1)
and
1 . .
P2 = J—ﬁe’(kz—fkf”ﬁj (A2)

wherein B;_+; = |1 / |) and  is the system length along 2
direction.

2. Coulomb interaction between quasi-1D wires

For the 1D linear modes singled out by an external magnetic
field, we classify the possible scattering processes due to
the Coulomb interaction. Consider a Coulombic two-body
scattering (1,210 |4,3>CJ{C§C3C4 from electron states labeled
as 4,3 to 1,2, one can find all the possible processes, for a
fixed state «; = (ji,r;) of electron 1, by listing all the cases
of ei]/r ==, i =4,2,3, which are defined by j; =€} js =
€3 jo = €3 j3 and r| = €jrq = €5ry = €4r3. This will include
forward scatterings, backward scatterings, and Umklapp scat-
terings at special fillings. It can also be reorganized to meet
the current algebra classification used for Hubbard rung chains
[61] except that we do not need to include spin-dependent
scatterings in the current problem. The four types of forward
scatterings in the main text can be denoted by (] € ,€3) and
(e4,€5,€5):

I R G o)
2 - —
@ (H+.H) =) A3
B =)
@ =) -

In addition to this, we need to handle the Landau level
degeneracy. By displacing the center of orbit R, one can get
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other eigenstates of an annihilation operator,

1 ef[(afﬁ)%rzz'a x R1/415*

G NeTT)
B

where 7 is the coordinate in the x-y plane. These are just the
coherent states localized around R. We can use this basis to
expand the electron field operator

W) =Y xgFOVEQ),
R

(A4)

(AS5)

in which the on-wire electron field is expressed using four
possible 1D modes,

Vi@ =Y ¥, ;@B (A6)

Similarly, one can also define W(r) = 3", W, (¥), in which the
electron field of mode « is

W) =Y x;gFOV (B (A7)
R

Conventionally, the on-wire electron field of a particular
mode « has its Fourier expansion v, 3(z) = ﬁe”@zzﬂk #(k2).
For conciseness, here we stick to « to distinguish different
1D modes although the pseudospin wave function S only
depends on the side index j. An important aspect of the
coherent states is that they are not orthogonal, albeit over-
complete. Instead, one can attain an asymptotic orthogonality
(XiFDIxp (L) — 27158%(R — R')whenlg — 0 while for
a discrete lattice of R it becomes X DIxp (L)) — Sk i
We will use this relation to arrive at the quasi-1D bosonized
Hamiltonian in the following. This corresponds to the limit
of strong magnetic fields such that the magnetic length I is
much smaller than the characteristic |1$ — I_é’|, which should
be valid for the long-range interaction we consider. In terms of
this, the Coulomb potential admits an approximation U (|F —

=/ e? &2 e =
7)) = o = , where r|

N G=PHELFLR - J(Z:z')2+(§—ﬁf)2
is replaced by the guiding center R since the deviation
away from the wire is negligibly small due to the transverse
confinement. We will refer to this as U(z-,R-) wherein
z-=z—-7Z,R_.=R—-R.

From Eq. (A1), the noninteracting Hamiltonian for all the
1D modes is given by

Hy=Y" / dz ] (@ec(—i8 )Y, 7(2)
KR

= 3 etk kv, 7K.

/ck:k

(A8)

With Eq. (A5) and the asymptotic orthogonality, the Coulomb
interaction part of the Hamiltonian takes the form (up to
unimportant chemical potential terms)

H = 5/d7d7/U(|? AN AN TN UGN TG,
1 / e =/ - -
=5 Z ] /dzdz U(F =7 D{xz FOlxz, L)
RiR,R3Ry
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x (X, FO e, FOW g Vg, OV (g (2)

1
=§Z/dz dz/U(z_,R_)llf,g(Z)wg(z)w;,(z’)wk,(z’),
RR’

(A9)
Then, using Eq. (A6), one can further reduce it to
1
=5 / dzdZUG R Y (BulBe)
RR’ K1K2K3K4
(BB, s @V z@V¥,! 5@V 7 ()
1
=3 Z / dzd7U(z_,R_)
RR'
(A10)

XY w:ﬁ(Z)’\”KE(Z)Eﬁj,ﬁ,(Z/)lﬂ,(,ﬁf(z’),

wherein the inner products between pseudospin states are
evaluated for the four types of scatterings [Eq. (A3)] we
mentioned.

3. Bosonization

Now we are ready to study the system of many interacting
quasi-1D wires through the bosonization method. As noted in
the main text, in order to handle the unequal chiral velocities,
we make use of the more original chiral boson field ¢* = @/
that bosonizes a Weyl fermion in (1 4 1) dimensions. One has
the commutation relation for the same wire,

[V (2),¢" ()] = i2nré(z — 2), (A11)
and the electron density
1
" = —Vo~, (A12)
2

in which the wire index R is omitted.

Henceforth, as suggested by the aforementioned strong-
field limit /5 — 0, we will rely on the continuum expressions
for the guiding center lattice ﬁ, e,y P= i f dR. Then the
bosonized form of Eq. (A8) becomes

1 o
HO = EZ/dZ Ur(V(pﬁ)
KR

1

- 2
-t vt

1 2 Kk K
= AV %:vrq PEe s,

(A13)

where the gradient operator only applies to coordinate z
henceforth. On the other hand, the interaction part (Eq. (A10))
can be divided to four parts H; = ), H; with

1
=32 |
KRR’

_1 1 Z 1 \/d"d-’/U( R)V K()v Ki(/)
=20y - A2 rdriu(z—,R)Vep(2)Ver (2

dzdz'U(z—,R)p%(2)p’s (7
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1 47req SV
_2(27.[)22142 Zq +Q2 %% (pflz

S Sk (A14)
4 Al \% : k2 k —k
in which g = 2 and Eq. (A12) and the Fourier transform of

the Coulomb potentlal are used in the second and the third
equalities, respectively. The index i signifies the ith scattering
in Eq. (A3) and accordingly «; = (j,r), (j, —r), (—j,r),
(—j, —r) fori =1,2,3,4 respectively. Using Eq. (All), we
are ready to write down the action of this system in Euclidean
spacetime:

B L —ir . . B
S:Z/O drdrg(p"(r,t)STVgo’((r,t)—}—/‘ dt H

0
| et

1

4nBALV s
K K 8 K Ki
9 [( kz) —p‘pp+ﬁ Z (p—p(ppi“
i=23,4
1 - -
=m Z‘ﬂ;wp(ﬂpv (A15)
L5

wherein ¢ = (¢, ...,¢")T and the Fourier expansion is
defined as ¢(F,7) = (BV)"2 Yio @,e!®7=¢?_ The action
matrix

Vg — 3 Ve Ve Ve
V VL + 2 V Vv,
2 g q g g
W, =q v, v, Ve — 2 v, (Al16)
Ve Ve Ve VvV, + 5
with Vg(k) = ]f—z, V, = v, + V,, and z, which can equal i w for

instance, is a generic complex frequency not to be confused
with the coordinate z in real space. Note that we have used
the fact that ¢ (7, 1) is real. This can be block-diagonalized by
transforming to new fields,

2 fr -rj].
_(pR gL 4R 4L\T _ 2
S _(6 59 9¢ 7¢ ) - 2|:_[ _Ii|(p’
upon which the action becomes
1 2l R AL VR — 0 oR
= — q [9 ,9 ]_[;|: z L
27TﬂAJ_V Xp: |: 0 v + 7 0 »

R .L 2V, +vg— 2 2V, o
+[¢ v¢ ]P[ 2Vg q 2Vg+UL+§ ¢L ) .

(A18)

(A17)

QN

On the other hand, for the TRB case, working in the standard
(¢,0) fields with 9" = —(¢ — r0), we have

_ 1 2 2Ve+v  z/q||¢
T 2mBALV Xp:q [‘/”9]"’[ 2/ v ][GL
(A19)
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Transformation (A17) is nothing but combining fields of
different side index j,

0" =30 =7, ¢ =3+, (A20)
which is useful in the current problem since 1D modes with
only different side index j share the same velocity, in much the
same way as chirality index r does in the standard case where
opposite-chirality fields are combined. The new commutation
relations read

[VO'(2),0"()] = [V¢'(2),¢" ()] = inrd(z — ). (A21)
It is worth noting that, compared with the more standard action
of the simplest bosonization case, the Berry phase term in
Eq. (A15) or (A18) appears in the diagonal and is half of
the value expected from the corresponding commutation rule,
Eq. (A11) or (A21). This is because a chiral boson field and

its spatial derivative are not independent.

4. Green’s function

In this subsection, let us calculate the Green’s functions
of the chiral electrons. Feeding the new bosonic fields given
in Eq. (A20), we have the electron Green’s function of 1D
mode «,

~Ge () = (Te ()Y (0)
eijkrz ir(iQ" r . ear r
= Y (Tte”(]e =) ,—ir(j6"—¢ )(0))
eijkrz ! g 2 2 .
= — 20" @)= OF +[¢"()—¢" ()] )e:tln@(fr)’
2ra

(A22)

where we use the Debye-Waller formula for quadratic action
and the fact that 6 and ¢ fields are decoupled. The exponential
with a Heaviside step function ®(—t) can be dropped since
we will simply focus on the 7 > 0 case. In addition, we
only consider the correlation on a particular W1re and set

= 0 without loss of generality, i.e., x = (z, 0, 7). After
lengthy calculations presented in Append1x A4a, we obtain
the electron Green’s function

-1
o+vT—1irz|?2
o

eijk,z
—G(2,7) = (T Y] (0)) = o [

1 4Vt prw®

o+ S(w+ A7) —irz] 2 @
<I1| - ,

A=
(A23)
where  w* = Jor@VF+vt), V)= ﬁ. At the
long-distance  (z > «) limit, G,(z,0) ~z77  where
ot arw
y=la4y, ety 1 0 o on

the other hand, if one only wants to extract the correct y value
instead of some concrete form of the general Green’s function,
one can turn to another approach, sketched in Appendix A 4b.
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a. General form

We can invert the action Eq. (A18) to get the propagators

<¢r_p¢;> — BALV q2Vy+v_,) +zr ’ (A24)

—rq(z — 2o,)’ —q(z—2z4)(z—2z_)

where zg, = rqv, and z = %[v’ £+ JvT(@8V, +vt) ] with v¥ = vg £ v, > 0. Separating the prefactors, residues at the three
AV+vT+ar S vT 8V, +ut f A —=0and A —

204/ v+ 8V +vT)

(r,6,) =mBALYV

oles are Res! = =L and Res’ = =+, respectively. The correlation functions are
p A g A p y

([6"(x) — 6"(0)]%) (ﬂv)zkz " 00 ACx - p), (A25a)
([6"(x) = ¢"(O))) = ﬂV)Zqu P,)A - p), (A25b)

wherein A = A(x - p) =2 —2cos(qz — w,T) =2 — 2cos(qz + izt). For Eq. (A25a), we can perform the summation over
bosonic matsubara frequencies as follows:

1
=P Z Resgns(zo,) = —f ) Resyl1 + 2np(zo.)],
_HI(Z - z()r)
qWn g>0
where z is understood as iw,, np is the bosonic distribution and we take n — 07, but the result remains the same for n — 0~.
To control the convergence at Rez < 0 and Rez > 0 we use bosonic weighting functions, 1 + n(z) and nz(z), respectively.

Then we have

1 . . . .
D T ¢ T = B Yo Resyll +np(zon)le T = B Y Resg{[1 + np(zon) e T+ np(zor)e” Y,
o —rq(z — zo) - =
1 . . . .
—————— T = B Y "Resgnp(zo)e T = —B ) " Resping(zo)e T 4 [1 4 np(zo,)]e T,
q;n _VQ(Z - ZOr) ; 0 q2>(; 0

and we arrive at

1 . Boos )
Z —  AGr-p)=-28 ZResg[nB(zo,)AzO, F1 -] 225 0p Z Respr(1 — 9377200y - (A26)
qown _rQ(z - ZOr) ¢>0 4>0
where A,, =2 — 2cos(qz + iz, 7). Similarly, for Eq. (A25b), we have (summing only over A = %)

Z q2Ve +v_,) + zr 0z

—q(z—z.)z—z_ ) =-F ZRes;nB(z;\) =P Z Res) [1 + 2np(z)],

q.x q>0,A

Z q2Vy +v_;) +zr pidiTz _

_ r iqz—12;,
—q(z—z )z —z_) B ZRes/\[l +ng(zy)le

qgi

=B Z Resi {[1 + nB(Z)\)]eiqutzk + nB(Zx)efiqurrzl}’
g>0,A

Z q(zv +v_,) +zr e—iqz+rzx —

T —B Y Resinp(z)e 4% = —f " Res] (np(z1)e T 4+ [1 4 np(z)le ),
e —

qr q>0,1
and we arrive at

Z q2Ve+v_,) +zr
“—q(z—2z:)(z—2-)

ﬁ~><x>

A(r-p)=—2B Y Resj[np(z)A; +1— €] —= —28 Y Resjr(l — ™4™,

q>0,A q>0,1
(A27)
Combining Egs. (A24), (A25a), and (A26), we obtain the correlation function of the 6 field
-2 . N .
<[9r(x) _ 9}’(0)]2) — TJT Z Res{)[”B(ZOr)AZQV + 1 — el(]Z—fZ[)r /3 oo Z ReSOr(l r(qu—fZUr))’ (A28)

q>0 q>0
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in which summation 6 1= % is used. Combining Eqgs. (A24), (A25b), and Eq. (A27), we obtain the correlation function of
the ¢ field,

-2

Vv

(¢ (x) — ¢"(O)]) = 3" Resi[ng(zi)A, +1—¢ Lndad oHiazTE)),

é,q>0,k

fgimrm] 5 Z Res/ A(1 —

Qq>0)»

(A29)

At the zero temperature limit (8 — 00), it is possible to proceed by turning the momentum summation to an integral with a
lattice cutoff factor e~*¢. Thus,

o 1 — ertiaz=rzor) a+vT—irg
([6"(x) — 6" (O)) = f dge* =In - .
0 q o
which is valid since & + v, > 0. On the other hand, for the much more complex ¢ correlation, it is necessary to resort to some
approximations. The Q integral is not within the reach of analytic solution. Concerning the low-energy property of this system,

the typical value of momentum ¢ should be negligibly small compared to the momentum Q of the guiding center lattice. Hence

(A30)

we replace V, = & by V; = o7
the momentum. This enables us to perform the ¢ integration

([¢"(x) — ¢ (O))

Z / dq Resa(1 — Mi437T2)) e~ = Z g 5 In 2
w* o

- for the moment so as to relieve us of the Q integral, where Q* is some characteristic value of

4V i+ vt +arw* a4 T(wr+rv7) —ir

< (A3

A

which is valid since & + F(w* + Av™) > 0 and we define w* = /v*(SVg* + v*). Finally, combining Egs. (A22), (A30), and
(A31), we arrive at the electron Green’s function written in the beginning.

b. Asymptotic form

For the asymptotic behavior at long distance of the on-wire
Green’s functions, it is convenient to rely on the effective 1D
model in Appendix B 1. Combining Eqs. (B1) and (A22), one
has

0, + r8,)(0)]7)
(A32)

Ge(2) o exp [ — (3B, +ro))(2) —
+ Ny + rd;)(@) — (@, + rd,)O)]P)].

As shown above, the 6 part gives a trivial exponent % We thus
simply apply the method in Appendix C to the ¢ part:

exp [~ 33 {{[9(2) = Do ()] + 7y (1) — p, (O1)*)]
=exp [—31({[¢(2) — B O + [py (2) — ¢, ()
+2r([$p(2) — ¢, (0)][¢y(2) — P (O])]. (A33)
Previewing the notation in Appendix B2a, the result is y =
3+ %foh H“B’cosu ory=1+2L f duAZCOCSM for r =
F1 where C' = ZUi cos w. In fact, y is independent to « and

increases with v, from unity. Similarly, for the TRB case, we
have

gr(z) I <e—i(r¢—0>(z)ei(r¢—0)<0))
=exp[ — 1(([¢(2) — P(O)]* + [0(2) — O(O)]*)
— 2r{[p(2) — p(O][O(z) — HON))], (A34)

which also gives a y > 1 increasing with v,.

APPENDIX B: IMPURITY EFFECT ON AN EFFECTIVE 1D
WIRE

1. Effective 1D Luttinger liquid system

The charge-chirality separated basis can be attained by
combining the opposite-chirality fields in Eq. (A17) or

[
Eq. (A20)

- H 0] 1| H -=-H]|.
¢ = (9p79X7¢ps¢x)T = |:O H:|§ = §|:—H _Hj|(p?
(BD)

wherein H = [} _11] is the order-2 Hadamard matrix. The
new commutation relations read

[VO0,(2).0,(2)] = [V§,(2),0,(z)] = i2n8(z — ). (B2)

The total particle density of all modes is given by

1
p ===V, (B3)
T

which can be easily seen from Eq. (A12). Upon the new fields
¢, the action of the system, Eq. (A15) or (A18), is transformed
into

1 - -
=—§ M
2mBALV S EpMplp

1 2 vt v —2|Tp
S— i AP I
2nBALV > 4 v — = v 0y ,

q

8V, +vt v — =
+[¢p,¢x]_p[vg_;’_z v ; q}[ﬂ ] (B4)
q Xdp

as shown in the main text.

Now we are ready to derive the effectice 1D model of
the system. This can be done, without loss of generahty, by
integrating out the fields except the ones §o(z T)= {(z R ,T)
on a particular wire at R. We introduce auxiliary fields
M(z,7) and write the partition function in the path-integral
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formalism as
z / DEDIDT e~ 'S+ dzdr (2. 1) oz 0)~T @ RO}

_—iOR >

Ept 5 Zog)

_ [ hgit o Dttt
(B5)

wherein we introduce a shorthand notation ¢ = (g ,) for the
1D energy-momentum space. We then integrate out ¢ to obtain
(omitting the determinant prefactor)

zZ= f DL D% e il 5 Lo My Tatsalifal (B
Finally, by integrating out A, we get
Z= / Dty e Timmariu(ZeM;) 00 gy
We thus arrive at the 1D effective action,

Sip =5 ﬁQZfW &> (B8)

where M; = %(ZQ M;l)_l, M, is given in Eq. (B4), an£1
we neglect the subscript O of the fields. Fortunately, this Q
summation can be done analytically in the continuum limit
as an integration. Using polar coordinates, the radial part
of this 2D integral should be cut off at a certain Q* of the
size of the 2D first Brillouin zone. In fact, it can be fixed by
requiring that the effective model return to the original model
at the noninteractiong limit since the many 1D wires become
completely decoupled, which simply gives Q** = 3% The
result is a block-diagonal M = diag(My, M) with (0m1tt1ng
the subscript g)

M q> vt v — 2q_z
CT gy vt |
q
vt (qui—2z)(qu_i+2)—2qv™—22)*vy v — 22
My = | =G vFug 7 |,
4 v — Zq—z vt
(B9)
wherein
v Vo] +2Z
vy = vgIn [1 (=4 ‘)(Ci ! )] (B10)
2g%vtu,

8 2
) Q*Z - Q*ZAL
% is understood as the original g getting

Henceforth, we denote v, = = % and thereby

the new vy =
renormalized to g’ by the logarithmic factor.

2. Localization length

Now we have obtained an effective TLL model, Eq. (BS),
upon which we would consider the impurity effect. To begin
with, we expand the fields in the impurity Hamiltonian
around their slowly varying classical parts 6, — 9;1 +6,,
¢p — d)f)l + ¢,. Because of the unbounded fluctuation of the
fields, we have to use the normal ordering formula cos ¢ =:
cos ¢ : (cos ¢) for a generic field ¢. For a quadratic theory, the
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cosine product in the impurity Hamiltonian is approximated
as

y[1=3(97 = (97) + 6, = (62))] cos ¢ cos (6] + Akz).

(B11)
where y is defined as

y = e—%(<¢>§>+(9,§)>. (B12)
Because of the homogeneity of the 1D spacetime, y is a
constant, as we will see below. Obviously, it introduces two
mass terms to the action matrices in Eq. (B9) in a self-
consistent manner. For the compromised pinning, as implied
from the impurity Hamiltonian, while d);l should always
maximize | cos ¢S, 6 directly affected by impurities will

lmp
L 9
Nimp 1s the impurity density. This is to say that the impurity
Hamiltonian, using Eq. (B11), will be replaced by

Py
—‘/%Voyfdz[l — =

As a whole, these considerations lead to an impurity action
(the two mass terms) added to Eq. (B8) or (B9),

give rise to a coefficient of the energy gain, — where

—(e2)+6; - (6]

(B13)

Sip =S+ . ,BQK Z(¢p ~iPp.q +6p,-3955), (Bl4)
wherein A =,/%“™Vyyr. In Appendix B2a, the self-
consistency condition Eq. (B12) is solved to give

ﬂ;l
Yy = (@vtAY- 4(471])0 / me) , (B15)

in which A = ™!

is the momentum cutoff, n = 1y + 1y,
with g =1, ng = nlﬁ(vi,vg). These are the most important
exponents discussed in the main text, for which a mathematical
discussion is given in Appendix B 2 c.

Now we are at the stage to look at the energy of this
massive system due to the presence of many impurities. First
of all, the penalty in elastic energy from the distortion of
6 is estlmated as [50] Eea = [dz Ag,(VO)? = Ay, 3L2§2

where Ay, = 27r 4+ Second, from Eq. (B14), we need to
estimate the difference in ground state energy, A E, between
the impurity system and the original one. This usually turns
out to be straightforward if one maps the bosonic action to
many harmonic oscillators. However, this becomes intractable
for our complex effective model, Eq. (B9), where canonical
commutation relations get distorted. Instead, in Appendix
B2b, we directly calculate the free energy from the path
integral of Eq. (B14), which equals the ground state energy
at zero temperature. Combining AE with other constant
parts in Eq. (B13), we arrive at an energy gain A& =

'%Voy Q(1 — 7). Last, the total energy excess density due
to the impurities reads ¢ = (E¢j, + AE) / 2, whose variation

with respect to the localization length, 2 o = 0, gives

L & Dy 7. (B16)
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a. Solving the self-consistency equation
Two positive constants gy,qs are defined through A =

,/"%Voyn = %v*qu = %v*qé. For clarity, we use different
subscripts, although gg = g¢. From this new action, on can

easily obtain the needed correlation functions

—vt
0, _:0,:)= Q
(0.-20.q) = 7P (z — qu)(gu_, +2) — —v+2q§
4
<¢p,—¢}¢p,(}> =npQ 15 (B17)

”+(q42> + 4k* 5= c)’

where for the more complex ¢-field case, we change to the
polar coordinates defined as k = (q,;%) = (kcos jt,k sin w)
with z = iw and the dimensionless functions A = ;’—1 coS L —
isinu, B= %‘cosu—{—isin,u, and C = Z%COSZM. For

vy, which is originally expressed as vy = v,In[l +

AB

oo (R ], in the low-energy regime where 5—22 <1

2 AB)"

Q*Z

we can take vy = v, In[1 + zlg—] Hence, vy = vg/(14) no

longer depends on the varlable k. In addition, it is convenient
to define f(u) = The space-time correlation functions

AB—C'
appearing in Eqs. (B11) and (B12) can then be calculated as
follows:.
(6,(z.7)°) = 9)22 p.~i%.3)

T / dw —vt
Q) 2m (z — qui)(qu_i +2) — o]

T vt

\/(qvl +qu_1)? + givt?

_1/A 1

2 )

A q2+q92
A+,/q; + A2

A )
in which we use the zero-temperature limit to perform the
frequency summation. The momentum cutoff A =, in
general, is much larger than g4,q in the introduced masses.
Therefore, if necessary, Eq. (B18) can be approximated as

=In (B18)

2 2A
(0p(z,7)°) =In —. (B19)
qde
For the ¢ field, we similarly have
(pp(z.7)) = ﬂg)z Z ($p.-3%p.3)
1 da) 4
=5 [ da5— 2 2 AR
2 2 U+(‘1 + 4k* 5= c)
2w 4
= o- d:“*/ 2p2
q¢ + 4k {55%)
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| 1n(1+’q‘—£4f(u))

— d
o o T arw

1 P A
—F —,vy,v, ).
2 q4 +5%

Again, for a very large momentum cutoff A > gy, it is
approximated as

(B20)

(p(z,7)") = lﬁ(vi,vg)ln Z—A, (B21)
T d¢

where F(ve,vy) = [ digry s inspected with care in
Appendix B2c. Feeding Eqs. (B19) and (B21) to the self-
consistency equation (B12), we have

2AN\"™ (2AN\™
-2
=) &)
90 q¢
where 1y =1, ng = %F and we also define n = ny + ng.

Recalling the definition of gy,qy, this is further solved to give
Eq. (B15).

(B22)

b. Energy gain of the system

Applying the path-integral formula to a generic action
matrix M,

b _ Z/@Ee—ﬁ&%wig’ (B23)

at zero temperature, the energy of the system is given by

2

1 1
E = —Eln U <(nﬂQ)4DetM5) Jq

=_2/

[( Sy DM Iy ] (B24)

where J, = g* is a Jacobian since the current field variables Z
do not directly lead to energy, dissimilar to what momentum
and position do for a harmonic oscillator action. In fact, all the
factors except the determinant inside the logarithmic function
will cancel out when calculating energy difference.

From the full action, Eq. (B14), now expressed as

/ 1 21 Mg 0 )
Sip = . ,BQZ§ [ 0 M/¢1|§§q’

we can calculate the determinants

(B25)

2
/ q
DetMj ; = E[4(qv1 —2)(qu_1 +2) + v g}],

/ —
DetM(P’q =

v k2 cos? <4I<2A2B2

2).  (B26
16 AB—c+q¢) (B26)

Similarly, for the original pure system, Eq. (B8), we have
DetMy z, DetM,y z by setting g9 =g, =0 in Eq. (B26).
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Then, using Eq. (B24), we have the difference in energy
_ %Z / g_:(mmet/\/t;ﬁ] — In[DetM, ;1)
q
_ 12/ do . 4(qvi —2)(qv_i +2)+v*7g}
2e7) I 4(qv1 — z)(qv-1 + 2)
= %% i dq%(\/qz +4; —lq1)
- %lﬁ [qg in ATVETHA qu:JrAz + A(,/q92+A2—A):|.

(B27)
And for the more complex ¢ part, we have

AEs = / / —(ln[Det/\/l/ 71— In[DetM,, z1)

/2” /dkz AF ) + a5
(471)2 AR f(w)

2 +/ d[ F(Av v>+Y} (B28)
TR Do\ gy "

in which Y = [; 7 du A2 Inl +(A—24 F(u)™". Similar to

Egs. (B19) and (B21) for a large momentum cutoff A, we
easily have ¥ = g, 2F. Now, combining AE = AEy + AE,
with other constant parts in Eq. (B13), i.e., using Eqs. (B19)
and (B21), we can write down the system’s energy gain,

AE = —@Voyﬂ[l + %((¢ﬁ) + (93))} +AE
= _\/Tpvoysz + g;—A(\/m - A)+§;;Y
- —@Vo)’ﬂ + g?;: G | (f;; 2 F

where the approximation of large A is only used in the third
line.

(B29)

c. F function
Let us briefly summarize the properties of the function
F(vi,v,) = 02” d,u,m introduced in Eq. (B21). Recalling
the definitions after Eq. (B17) in Appendix B2a, f(un) =

2p2 o M
2B and A= Y cosp—isinp, B="cosu+isinp,
C =22 sin’ p, and vy = —v, In[1 + 22—, we see it is

2 1

a complex integral. Nonetheless, notlclng Im AB o sin2u,
we are ready to prove f(%- — u) = f*(5 + u), wherein
m € Z, which immediately shows the reality of F as one
would expect for the physical exponent 1y = %F . Further-
more, I as a bounded function of v, (lﬂi) is monotonically
decreasing (increasing). Specifically, F (;’—i — 0)=m and
F(% - 00)=0
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For the multipair situation, the definition of v, is altered
to Eq. (D1). All the above considerations still apply except
that the lower bound gets augmented to FN(ﬁ—i — 00) =
%n. Certainly, for any particular values of the arguments,
FN(vi,vg) is larger than the single-copy one, F(vi,vg).

APPENDIX C: TEMPERATURE DEPENDENCE OF
RESISTIVITY

First of all, we need to derive the force operator
used in the memory function method. Feeding the par-
ticle density Eq. (B3) to the continuity equation V -
Jj+ g—‘;, we can express the current as j = %8,(1),,. Start-
ing from the ¢ part of the noninteracting Hamilto-
nian HY = [ EQTI(V$,)? + (V) + 207 (V$,)(Ve,))
obtained from Eq. (B4) or (B8) by setting v, =0, one
can apply the Heisenberg equation to get j = %[H‘b,qbp].
Recalling the commutation relation (B2), we get the current
operator j = ——[v*V(pX +v Vq)p] Thus, using the impu-
rity Hamiltonian, the force operator is given by

F =j,Hmpl = ivtV(z)sin ¢,(z) cos[0,(z) + Akz]. (Cl)

To calculate the memory function M, we need the
imaginary-time force-force correlation function

G(r) = —(T: F(z,1)F(z,0))

2 (VVNT, sing, sing,)
x (T; cos (0, + Akz)cos (0, + Akz)), (C2)

wherein we suppress the arguments for simp11c1ty First, the
Gaussian disorder correlator (V(2)V(z)) = 2( 2 D imp- FOT
the other parts, applying the Debye-Waller formula we have

(sin ¢, (z,7) sin¢,(z,0))
- %efa(%(z,r)fm(z,()))z) =Lt An) ™,

(cos [0,(z,T) + Akz] cos[0,(z,0) + Akz])

= L3 0eD-0,cOR — Lot ary ™  (C3)
wherein we suppress the time-ordering operator for simplic-
ity. The complete force-force correlation function and the
concomitant analytic continuation are formidable to obtain,
especially for the complicated ¢, part. Nevertheless, as shown
below, if one restricts the goal to only extracting the power law
dependence on temperature, one can calculate the correlation
functions on the exponents approximately to directly find the
T dependence as shown in Eq. (C3).

By setting g9 = g = 0 in Eq. (B17), it is straightforward
to obtain the needed correlation functions in momentum space
for the action (B8). Then we can calculate in the following
way

([0,(z, r) — 0,(z,001%)

(B V)2 Z

0,52 —2coswrt)

(2 — coswrt)

T vt
=" [|agdo—r—
(27r)2/ 1 k2 AB
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v d*k ! [2 — 2cos (kvT T sin w)]
= — 2 - vtrsi
4 Vt2AB ”
:L m dM/Adkl — cos (kvt T sin )
27'[ 0 0 kAB
! 2”a' ! Cin(AvT T sin )
=— ——Cin in
2w )y “MaB vorsmp
1 [ 1
=5 \ duﬁln(AvJ“tsinu)
2 - +
=—F(v4,v, = 0)In(Av™7) (@]
T
and
([p(z.7) = 6,(2,001)
1
z(ﬂT)z Zq: (p.—30p.5)(2 — 2 cos wT)
vt . i
ZE W[Z—Zcos(kv Tsin )]
_ 1 Z”du//\dkl—cos(kv*rsinu)
27 J, 0 kf(u)
! 2nd ! Cin(Avtz sin p)
=— n in(Avttsinu
27 Jo S
1 2
=— du In(Av* T sin p)
27 Jo fw)
2 -
=—F(vy,v,) In(AvT 7). (C5)
T

For both of the above cases, we perform the ¢ summation as
a 2D integral in a similar manner to Eq. (B20). We introduce
the special cosine integral [62] Cin(x) = fox 1_‘;—"”dz‘, whose
asymptotic form is Inx. In the next-to-last line we use this
asymptotic form for the large cutoff A. We also drop the
sin u inside the logarithm to get the last line since it does not

contribute to the exponent of t that relates to the temperature.

APPENDIX D: CALCULATION FOR THE MULTIPAIR
CASE

For each copy, we will have a corresponding set of Z‘
fields as defined by Eq. (B1). For the whole %-copy IB

system (N is even), we can think about the 4% X 4% action

matrix equally divided as % X % blocks indexed by two

copy indices. It comprises % parts of single-copy action (B4)
along the block diagonal. In addition, due to the intercopy
Coulomb interaction, we get off-diagonal coupling 2q2vg
between each pair of ¢, ., ¢, Where v,v’ are copy indices.
Then, by integrating out the wires in the same manner as in
Appendix B 1, we arrive at the effective 1D model. Taking
all the intracopy impurity scatterings into account amounts
to self-consistently introducing mass terms to each diagonal
block.

To relieve the burden of notation, we will, when nec-
essary, denote & = (qu; — 2)(qv-; +2) = kv A B(w),
a=A(u)B(u), and b = coszu% in this section. First of

PHYSICAL REVIEW B 95, 205143 (2017)

all, upon obtaining the effective 1D model, the off-diagonal
interaction between different copies will renormalize the
quantity v, in a different manner compared with Eq. (B10):

e
|, D1
2%q2v+vg:| ©h

where N appears in the denominator inside the logarithm.
Accordingly, the F function will be altered to Fyy as stated
in the main text or Appendix B2c. Note that it is not the
same as the substitution v, — Nv, with F(vi,vg) becoming
F (v4+,Nvg). Then we need to solve the self-consistency
equation as previously done in Appendix B2a. Because
the various copies are on the same footing, the mass terms
introduced can be taken to be the same in the first place.
Therefore, it is unnecessary to keep track of the copy index
unless otherwise stated. The (6,0,) correlation functions take
the same form as Eqs. (B17) and (B18) while the (¢,¢,)
correlation functions turn out to be rather different from
Egs. (B17) and (B20):

Vg = U, In |:1 +

(¢p.*?j¢p,t})
4vt[e(4e + v+2q£) —q*vtuy(8e + Nv+2q£)]
(4 + v*zq;) [e(4e + v+2q£) - Nq2v+3qévgr]
41 = o)
vt(4k%a + qdz))

=npQ

= 1pQ (D2)

Then we can calculate

1
(pp(z, 7)) = G D (bo-itna)
q

vt (4k2a + q3)

d + 2b
M4a2 4 a—Nb-1

daA? 2b(a — Nb)
qq% a—Nb—-1

4aA?
xIn|1+ | )
g3(a — Nb)

For a very large momentum cutoff A >> g, it is approximated
just as

8k2b
_v / ) du / ' dk24(1 ~ Gavorawa)
8w 0 0
2 1

1
_277,' 0

x1n|:1+

(D3)

1 m a—2b 42

2
b,(z, - du—1n | ==
Ptz T)) 27 /og 4a? n|: ‘Iq% :|

- 2
= —Fy(vs,vg)In —. (D4)
T q¢

Now we turn to estimate the total energy excess of the
system. Similar to what has been done in Appendix B2b,
we need the determinants of the action matrices of the whole
system, M% and M3, for the massive one and the original one,
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respectively:
q 2 N5 (4 2 2 4e? 2 2 (%)ZNENH
(1 + 2(4 + o .__\3) &
Det M (4) (4e +v*7qy) (4) (4 +vtg ) <8_quv+vg, +v q¢), DetM e Nglotuy (D5)
The difference in ground state energy is
DetMZ  v+Q N
0 2 10 0 2
AE = Zln De; (471)2[ (g F°+ 7Y% + <3 - 1>(q¢F +Y°) + [q; F(Nvg) + Y(Nvg)]], (D6)
and the other part from the constant terms reads
/ N ”lmp L 2 N ([ [Nimp VIR0,
E =—— [—Vyy = 0 =——|,/—Voy$2 F F . D7
2 oy |: + 2(<¢p> +< P)) 2 L oysd+ (47.[)2 [qé) +Q¢ N(Ug)] (D7)

Here, F and Y follow the definitions in Egs. (B20) and (B28) and we omit the first slot of arguments v... F° or Y simply means
setting the second argument v, to zero. The subscript of Fy means it uses the multipair vy in Eq. (D1), the same as Fy introduced
in Appendix B 2 c. Similar to the spirit of Appendix B 2, if we approximate these functions at a very large cutoff A, after some
lengthy manipulations, we arrive at the concise expression

, N [nimp nw
AE=AE+E =—— |2yyal1- 1), DS
+ VI Voy ( 4> (DB)

which shares the same form as Eq. (B29) and hence guarantees the same conclusion as Eq. (B16) with a new exponent

ny =14 L Fy(vs,vy).
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