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We study viscoelastic response in Weyl semimetals with broken time-reversal symmetry. The principal finding
is that topology and anisotropy of the Fermi surface are manifested in the viscoelasticity tensor of the electron
fluid. In the dynamic (interband) part of this tensor, the anisotropy leads to a qualitatively different, compared
with isotropic models, scaling with frequency and the Fermi energy. The components of the viscosity tensor
determined by the Fermi-surface properties agree in the Kubo and kinetic formalisms; the latter, however,
misses the anomalous Hall viscosity originating from filled states below the Fermi surface. The anisotropy
of the dispersion relation is also manifested in the acceleration and relaxation terms of the hydrodynamic
equations providing means to probe the anisotropy in transport experiments.
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I. INTRODUCTION

Experimental discovery of hydrodynamic transport in
graphene [1-9] reignited the interest to electron hydrody-
namics first observed in GaAs heterostructures [10,11]. This
is particularly fascinating since the foundation of electron
hydrodynamics was laid down in the 1960s in the seminal
works of Gurzhi [12,13]. Being an interesting regime with
strong electron-electron interactions, electron hydrodynamics
has several manifestations including the Gurzhi effect [12],
Poiseuille profile of electric current, formation of vortices of
electron fluid; see Refs. [14—16] for a review.

A characteristic and very important property of any fluid
is its viscosity. Viscosity is a rank-4 tensor that relates the
fluid stress to coordinate derivatives of the fluid velocity. In
continuum mechanics, the viscoelastic stress tensor combines
the response to strain (elasticity) and the time derivative of
strain (viscosity); in what follows, we use viscoelastic and
viscous tensors interchangeably. In systems with rotational
invariance, such as most fluids, the structure of the shear
viscosity tensor is fixed by symmetry, and viscous response
is determined only by two coefficients [17]: bulk and shear
viscosities. However, solid-state materials are rarely isotropic
where the rotational symmetry is commonly reduced only to
certain angles of rotation.

Manifestations of anisotropy of the band dispersion in
electron hydrodynamics were considered in Refs. [18-25]. In
anisotropic metals, the reduced symmetry can lead to unusual
viscosity tensors with additional components. Using a lattice
regularization proposed in Ref. [19], the nondissipative Hall
viscosity was analyzed in Ref. [24], however, other com-
ponents of the viscosity tensor and the dynamic viscosity
received less attention.

*Contact author: pavel.sukhachov@gmail.com

2469-9950/2024/110(3)/035133(27)

035133-1

In addition to the anisotropy of the band dispersion, certain
materials allow for the nontrivial topology of their electron
wave functions. Topological aspects of viscoelastic response
were addressed in Refs. [19,20,23,24,26-31]. The main atten-
tion, however, was paid to nondissipative or Hall responses
[19,32-35] in mainly two-dimensional (2D) systems. Three-
dimensional (3D) topological materials exemplified by Weyl
semimetals may also demonstrate nontrivial hydrodynamic
response related to their topology [36—43]; experimental sig-
natures of the hydrodynamic behavior in the Weyl semimetal
WP, were reported in Ref. [44]. As an example of the topol-
ogy manifestation in the viscoelasticity tensor in time-reversal
symmetry (TRS) broken Weyl materials, we mention the
anomalous Hall viscosity determined by the separation of the
Weyl nodes in the Brillouin zone [28]. However, the calcula-
tion of the complete viscoelastic response that goes beyond
the anomalous Hall viscosity, includes both dissipative and
nondissipative parts, and accounts for the Weyl node topol-
ogy in 3D Weyl semimetals as well as their Fermi-surface
anisotropy is still lacking.

In this paper, we fill this gap and calculate the viscoelastic
response of TRS-broken Weyl semimetals. One of our main
findings is that the band structure of Weyl semimetals, exem-
plified by the separation of the Weyl nodes in the Brillouin
zone, and their anisotropy is manifested in both nondissipa-
tive (i.e., anomalous Hall) and dissipative components of the
viscoelasticity tensor. Using the Kubo framework [45], we
calculate both static and dynamic viscoelastic responses in
linearized and two-band models of Weyl semimetals. In our
calculations, we use two formulations of the stress tensor:!

"Two formulations of the stress tensor were recently used in
Ref. [24] for chiral magnetic materials, which realize the so-called
spin-1 fermions.
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the canonical stress tensor, which follows from the coupling
to mechanical strains [27,28], and the Belinfante-like tensor,
which follows from the momentum continuity equation and
includes contributions connected with the internal angular
momentum [19,29]; it also agrees with the result obtained via
Noether’s second theorem. We found that both definitions of
the stress tensor give the same result for the static part of the
viscoelastic response but differ, in general, for the dynamic
part. Physically, this corresponds to two different types of
viscosity and can be probed by different types of observ-
ables: thermal transport and acoustic-phonon dispersion for
the canonical stress tensor and hydrodynamic transport for the
Belinfante-like tensor.

In the kinetic approach, our calculations of the static
electron viscosity agree with those for both canonical and
Belinfante stress tensors. However, being sensitive only to
the Fermi-surface contributions, the kinetic approach ex-
cludes the anomalous Hall viscosity, which has a topological
origin; the latter is reproduced in the Kubo approach. The
results for the dynamic (interband) viscoelastic response show
a more dramatic difference between the two definitions of
the stress tensor: internal degrees of freedom are crucial in
restoring the standard tensor structure of the viscoelasticity
tensor [19,29]. In addition to the viscoelasticity tensor, the
anisotropy of the dispersion relation of Weyl materials quanti-
fied by the separation of the Weyl nodes is also manifested
in acceleration and relaxation terms of the hydrodynamic
equations. In view of their different dependence on the Fermi
energy, these terms can be important in Weyl semimetals with
well-separated nodes leading to the suppression of fluid flow
along the separation vector.

The viscosity tensor can be mapped out via transport mea-
surements akin to those discussed in Refs. [18,23,46]. Such
transport measurements are readily accessible in graphene
[3,4,6,7]; see also Refs. [14,16] and references therein. As
an example of such measurements, we mention the study of
the current magnitude and its profile in crystals cut along dif-
ferent crystallographic directions. Experimentally accessible
signatures of the anisotropy of the viscosity tensor are further
discussed in Sec. III.

The paper is organized as follows: In Sec. II, we summarize
the Kubo framework for viscoelastic response and apply it

J

vap(§2) = .
Muvap (§2) Q+i0

to linearized and two-band models of 3D Dirac and Weyl
materials. We rederive the hydrodynamic equations and cross-
verify the viscosity tensor in the kinetic framework in Sec. III.
The results are discussed and summarized in Sec. IV. A few
technical details are presented in Appendixes A, B, C, D, and
E. Throughout this paper, we use /i = kg = 1.

II. KUBO APPROACH TO VISCOELASTIC RESPONSE
A. Viscoelasticity tensor

Besides the linear response to external electromagnetic
fields, the Kubo approach can be applied to calculating other
responses of the system including the viscoelastic response to
static and time-dependent strain. The viscoelasticity tensor is
defined via the stress tensor 7},, and the strain transformation
generator J,,, (see Appendix A) as follows [45]:

1
nuvaﬂ(g) = m[([TMU(O)’ Jaﬁ(O)D + i3aﬁ (T,u,v)
— 18,0080k " — iCuap (], (1)

where C,,44(2) is the Fourier transform of the stress-stress
correlation function

Cunap(t =) =i Jim Ot = t){[T,, (1), Tp (™"
@

In writing the above expressions, we assumed the long-
wavelength limit, i.e., the response to uniform strains, which
allowed us to set the wave vector of perturbation to zero;
this is explicitly manifested in Eq. (3) below. Unfortunately,
the stress tensor and strain transformation generator are not
uniquely defined and different expressions are used in the
literature. The key issue is the form and structure of the pseu-
dospin angular momentum, which is connected to the internal
degrees of freedom. Furthermore, k ~! = —V (3P/3V )y is the
inverse isentropic compressibility defined as the derivative
of pressure with respect to volume of fluid V taken at fixed
particle number N and € is frequency.”

By using the spectral function A(w; k), see Appendix B for
its definition, in the stress-stress correlator, the viscoelasticity
tensor can be rewritten as follows [45]:

{[<[T,,w<0>, Tag(ON) + i85 (T,) — i8,80pic ']

. /*°° o /*°° oy @) = [@)

o o —w—Q—1i0

oo

Here, f(w) = 1/[e/“™"/T 4 1] is the Fermi-Dirac distribu-
tion function, p is the chemical potential, T is temperature.
Henceforth, to simplify our calculations, we assume the zero-
temperature limit 7 — O unless otherwise stated.

In the following few sections, we calculate the viscoelas-
ticity tensor (3) for linearized models of Dirac and Weyl
semimetals as well as more a realistic two-model of Weyl

d’k
f ) (7, (K)A(w; k)Taﬁ(k)A(w';k)]}. 3

(

semimetals; the corresponding electron energy dispersions for
Weyl semimetals are shown in Fig. 1.

2As is discussed in Ref. [45], it is crucial to subtract the inverse
isentropic compressibility in order to obtain finite bulk viscosity.
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FIG. 1. (a) The 3D dispersion relation ¢ = e(k,, 0, k,) for the
two-band model of Weyl semimetals (26). (b) The 2D dispersion re-
lation €(0, 0, k;) for the two-band model of Weyl semimetals shown
by solid green lines with the dashed lines corresponding to the dis-
persion relation in the linearized model (13). The distance between
the Weyl nodes is 2b = 2/m.

B. Dirac semimetals

As a warm-up, let us start with Dirac semimetals whose lin-
earized Hamiltonian for gapless electron quasiparticles reads

H = diag(H,,H_), H, = Avpo -k, @

where A = = is chirality, v is the Fermi velocity, and o are
the Pauli matrices in the pseudospin space. This Hamiltonian
possesses full rotation symmetry, therefore, we use the follow-
ing strain transformation generator and symmetric Belinfante
stress tensor [47,48]:

1 i
Jutﬁ = - E{xﬁv kot} + g[Vﬁ% ya]v (5)

v
T;w = TF(VOVvkp, + VOVukv)v (6)

respectively. Here, y,, are the standard Dirac-y matrices, xg is
the coordinate operator, {, } is the anticommutator, and [, ] is
the commutator. By calculating the real part of the viscoelas-

ticity tensor in the Kubo approach, Eq. (3), we find

3 4

W
= _e@-2
3200 T s

Re i 5(Q) = [ 8(9)]

2
X (SWS,,ﬂ + 8vabup — 38,“)8&,3). @)

For a rotationally invariant d-dimensional system, the vis-
coelasticity tensor has only two independent components [17]

2
Nuvap = §8uvap + nSh (51‘0‘5"5 + 88000 — Esﬂvaaﬁ).

®)

Comparing with Eq. (7), we obtain the trivial bulk viscosity
¢ = 0 and the following shear viscosity:

3 4

nth = Q—(a(sz —2u) + ad
3207 v;. 157 v;

8(L2). C))

These findings agree with the results obtained in Refs. [31,41].

By starting with a lattice model and studying the response
to strain, one obtains a different strain transformation genera-
tor [27]

Jup = =3x8, ko), (10)

which, compared with Eq. (5), does not contain the pseu-
dospin part. This strain transformation generator leads to a
nonsymmetric canonical stress tensor

o = vryovvk,, an
and, as a result, to a different viscoelasticity tensor

3

Q
C
Re 10p () = 573 O(Q = 2)(Bpabip = Bypbic)

+Ren'p, (), (12)

cf. Eq. (7). Therefore, while the static (intraband) part of
the viscoelasticity tensor is the same for symmetric Belin-
fante and nonsymmetric canonical stress tensors, the dynamic
(interband) part is sensitive to the choice of the stress
tensor.

Since the Belinfante and canonical stress tensor generi-
cally lead to different viscoelastic tensors, cf. Egs. (7) and
(12), it is important to discuss the difference between them.
First, we note a different physical origin of these stress ten-
sors. As we discuss in detail in Appendix A 2, the canonical
stress tensor (11) is defined via mechanical deformations.
Therefore, it is often called the phonon stress tensor. On
the other hand, the Belinfante stress tensor follows from the
momentum continuity equation with additional contributions
due to internal angular degrees of freedom, see Appendix A 1.
Both approaches are also discussed and contrasted in
Refs. [19,24].

These two different stress tensors correspond to two differ-
ent forms of viscosity: the phonon viscosity for the canonical
stress tensor and “momentum” viscosity for the Belinfante
stress tensor. The former is manifested in thermal transport
and acoustic phonon dispersion. The momentum viscosity can
be probed via hydrodynamic transport, see the discussion in
Sec. III. Therefore, these two different definitions of the stress
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tensor are manifested in different types of viscosities and, as
a result, different observables.

C. Linearized model of Weyl semimetals

Now we are ready to address the viscoelasticity tensor in
TRS-broken Weyl semimetals. We start with a simple lin-
earized model which describes two Weyl nodes separated in
momentum space

H =diag(H,,H_), H, = Avpo-(k—Ab), (13)

where, without the loss of generality, we choose the momen-
tum space separation to be along the z direction, b = b,e,.

We first consider the canonical stress tensor. The vis-
coelasticity tensor can be separated into three parts: the static
(intraband) part, the dynamic (interband) part, and the Hall
viscosity. The details of calculations and some intermediate
results are given in Appendix C 1.

The real part of the static part of the viscoelasticity tensor

reads

2 M4
8(2)8,8b,by + ——
(§)8pbube + 157 v}

7
3mvp

Re i 4(Q) =

8(K2)

3

The static part in the linearized model gets an additional
term proportional to ocb, by, see the first term in Eq. (14).
Therefore, the separation vector b modifies the dissipative
components of the viscoelasticity tensor. We cross-verify this
finding in Sec. IID for the two-band model as well as in
Sec. III in the kinetic approach.
The real part of the dynamic viscoelasticity tensor reads
3

1207 v3

2
X <6M58w + 8uabvp — —5,“,80[/3). (14)

Ren Q") =0(Q - 2u>[

nvaf 3‘),3 bl’-ba +

12w vr

1 1
X <8ua5vﬂ — Z(SWS(SW — ZSM&US>}.
(15)

Like the static part, it also contains an additional term pro-
portional to b, b,, see the first term in the square brackets
in Eq. (15). As is easy to see, the limit » — 0 reproduces the
results for the Dirac semimetal obtained in the canonical stress
tensor approach, cf. Eq. (12).

The Hall viscosity is determined by the imaginary part
of trace tr[TM(k)A(a);k)Taﬂ(k)A(w’;k)] in Eq. (3); see also
Egs. (C1) and (C4). In the limit & — 0 and at u =0, we
have

Re 705" (2) = 4 23: €vpla (16)
j=1
where
I,iZl’z = (Suiba3 + 5u35ai)4bﬁ (A2 - b;), (17)
and

3 bz 2 2b§ b?
IW:‘S‘“’H (81+6,2) _ALA1+2AZ+T —5u3€ ,

(18)

where A; and A; are momentum cutoffs. Evidently,
all components are quadratically divergent except for
Naxzy = —b2/(67%).3 In the systems with axial symmetry, the
other independent component of the Hall viscosity is given
by 7yxy. The obtained results agree with those in Ref. [28].
The expressions for €2 # 0 are given in Eqs. (C8) and (C9),
where the 7., component of the viscoelasticity tensor is also
divergent albeit only logarithmically, x2?b, In Qur A, /).

Now let us take into account the internal degrees of
freedom, which lead to the pseudospin angular momentum,
and consider the Belinfante-like stress tensor.* According
to Eq. (13), rotational invariance is preserved only in the
plane perpendicular to the Weyl node separation b, hence,
the fully symmetric Belinfante stress tensor cannot be real-
ized. Therefore, the strain transformation generator and the
Belinfante-like stress tensor read

i

1
Jaﬂ = _E{xﬁa ka} + 8Ca;3[7/ﬁ, )/a], (19)
v
T/w = UFVOVka + C/WTF(VOVMkV - VOVvku)
vV
+Cuv - (Youysby = yovoyshu). (20)

where, for b = be;, coefficients C,3 = C3, = 0 and Cyp =1
with «, B = 1, 2. We verified that the same result for the stress
tensor is obtained directly using Noether’s second theorem,
see the end of Appendix A I and, e.g., Refs. [49-51].

The real part of the static viscoelasticity tensor remains the
same as in the case of the canonical stress tensor, see Eq. (14).
On the other hand, the real part of the dynamic part of the
viscoelasticity tensor is modified:

5
Re n:LBu);,igyn(Q) = {8ﬂa8vﬂ|:l - g(Caﬂ +Cu — Caﬁc,w)}

1 5
_Z(Suﬂaua[l - E(Caﬂ + C;w - Caﬂcuv)i|

Ly e | =62 — 20)
4% [ 1207 v3 .

Q
—— 08,80, b, O(2 —210). 21
+127TUF BOuDy ( ") 2n

As one can see, compared with the viscoelasticity tensor of
Dirac semimetals given in Eq. (7), there are a few terms
related to the additional rotational symmetry of a Weyl
semimetal. Among them, we mention the last term in Eq. (21)
which is linear in €2 and explicitly depends on the separation
vector b.

3The cutoffs in Egs. (17) and (18) are connected with the contribu-
tion of the states below the Fermi surface. Such terms are absent in
lattice models, see, e.g., Ref. [24].

4Unlike isotropic Dirac spectrum, see Eq. (6), rotational invariance
is commonly broken in crystals. Therefore, one should consider the
modification of the Belinfante symmetrization [19] or the Belinfante-
like stress tensor, which takes into account reduced symmetries of a
system.
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FIG. 2. The dependence of components of the real part of the
static viscoelasticity tensor on w/ym; see Eq. (C37) for its explicit
form. The notation 7;;;: 5 stands for dimensionless viscosity, see the
legend.

The Hall viscosity reads
(Q) = (Z_Caﬂ)(Z_CMU)Iuvaﬁ +Co¢/3 (2_C;w)1/u)ﬂot
+ C/w(z - Caﬂ )Iv;wtﬂ + Caﬂc,uvlvuﬁou

(B),Hall

Re Nyvep

(22)

where 1,45 = Z;zl €vpliia With I, given in Egs. (17) and
(18). As in the case of the canonical stress tensor, see Eq. (16),
only 7., is finite for £ = 0; other nontrivial components are
quadratically divergent. According to the structure of coeffi-
cients C,,, Hall components n,;;; and 75;,;; are the same in
both approaches, but #;;.., 1;jii» and 7 ;; are different. Indeed,
for the Belinfante-like stress tensor, we have the following
relations for the Hall viscosity tensor components:

Re (@) = JRen( (@), (23)
Re ng};}}lau(g) —Re n?ﬁ?’Ha”(Q) _ %Re ngﬁ;,ﬂall(g)’ (24)
Re nf>"(Q) =0, 25)

while Re ';"™'(Q) = 0 and Re 52" () # 0. For details
of derivation, see Appendix C 1.

D. Two-band model of Weyl semimetals

To cross-verify the obtained anomalous and anisotropic
parts of the viscoelasticity tensor, we consider the following
two-band model:

H =0 -dk), (26)

where di (k) = vrk,, dy(ky) = vrky, and d,(k;) = V(kf -
m). This model describes a TRS-breaking Weyl semimetal
with two Weyl nodes separated by 2./m along the z direction.

Let us begin with the case of the canonical stress tensor.
The complete result for the real part of the static viscoelas-
ticity tensor is too bulky to be presented in the main text; it
is given in Eq. (C37). We show the dependence of the few
components of the viscoelasticity tensor in Fig. 2. As one can
see from the figure, the static part of the viscoelasticity tensor

Re 1y, 5 (£2) shows no kink-like features at |u| = ym where

two pockets of the Fermi surface merge. This follows from the
fact that parts of the viscoelasticity tensor with @(ym — |u|)
are o<(ym — |it|)>/2, hence they have continuous derivatives.

For small Fermi energy, || < ym, the viscoelasticity ten-
sor acquires a compact form:

w! 2
Re i () = [F (5“'38”“  Buadup 5‘3“”5”‘)
F
u
+——+508,3(8,3 — 8u1 — 8,2)8,48u8
107w " .
wrm
+37-[vF 81435/“181)/3]8(9)7 (27)

where we also substituted 2y ./m — vp. The above vis-
coelasticity tensor deviates from that in the linearized model,
cf. Eq. (14), because expansion in |u| << ym still al-
lows for higher-order anisotropy corrections to contribute to
Re nffita 5(§2). This result shows that the linearized model of a
Weyl semimetal captures only the key qualitative features of
the viscoelastic response, such as the scaling with the chem-
ical potential and the separation between the Weyl nodes.
Numerical values of the components of the viscoelastic re-
sponse tensor, however, can be different in different models
of semimetals. The static part of the viscoelasticity tensor is
also reproduced in the kinetic approach, see Sec. III. Note
that since /m plays the same role as the momentum space
separation b, in the linearized model, there is a correspon-
dence between the third term in the square brackets in Eq. (27)
and a term proportional to ocb,, b, in the linearized model, cf.
Egs. (14) and (27).

In the opposite limit of the Fermi energy away from the
Weyl nodes, || >> ym, we obtain

20l 4
Re 5, 5(2) :8(9){m Supdva — §8W8a5
F

+ (8;11 + 8u2)(8v1 + 8v2)5ua8vﬂ:|

4y 2 P

+ W(sul + 8/42)61)36;/.0581)/3

||/
+ W(S;ﬁ(gvl + 812)8,6008

il 58 (28)
Tz 1/ 2 u30v30,a0vp (-
157y 1207

The inherent anisotropy of the electron energy spectrum of
the two-band model is clearly imprinted in the viscoelasticity
tensor leading to its highly anisotropic form.

The full expression for the real part of the dynamic vis-
coelasticity tensor is given in Eq. (C38). We plot a few of its
components in Fig. 3. As one can see, there is no kink-like
feature in the dynamical part of the viscoelasticity tensor at
Q = 2ym. Indeed, as follows from Eq. (C38), the interband
parts of the viscoelasticity tensor are oc(2ym — Q)*F1/2 with
a > 1. Hence, the derivatives are continuous. The absence of
a kink-like feature in the dynamical part of the viscoelasticity
tensor differs from that of, e.g., optical conductivity studied
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FIG. 3. The dependence of components of the real part of dy-
namic viscoelasticity tensor on 2/2ym; see Eq. (C37) for its explicit
form. The notation ﬁiyv’; p stands for dimensionless viscosity, see the

legend. We used the canonical stress tensor.

in Ref. [52]. The latter shows a well-pronounced kink at
Q = 2ym originating from the van Hove singularities of the
density of states.

For Q « 2ym, we have the following expression for the
interband part of the viscoelasticity tensor:

dyn o Q3 1 1
Re nuvaﬁ(g) - m Spabup — Z‘Suﬂ‘Sva - Z(Suvsaﬂ
F

Qm Q3
3 6;1,38v38/wt 61);3

8,380
+ Ou3Ouaup 12w vp + 4807 vy

3

Q
— ———=6,3(8y1 +812)8,ab0p |O(2 —21),
80703 u3(8v1 +812)8, ,9] ( 1)
(29)

where we also replaced 2y /m — vg. As with the static part,
the viscoelasticity tensor expanded in 2/(2ym) in the two-
band model is not equivalent to that in the linearized model
even in the vicinity of the Weyl nodes.

In the opposite limit of large frequencies 2/(2ym) > 1,
we obtain

Ren

dyn (Q) ~ yl/z(sul + 8#2)81)38#0181;/‘3 Q7/2
pvap 23127 vk
7(8/41 + 8/42)(81)1 + 5v2)8ua8vﬂ Q5/2
720827y /202
58;&(8\;] + sz)s;wzgvﬁ Q3/2
33642 y3/2
_ (8/1.[38\)0( + alw(saﬁ) Qj/z
36042y 1202

838v38,abp Q5/2

(2 —-2u). (30
60327y 1202 ] ( w). (30)

As one can see, the dynamical viscoelasticity tensor acquires
dependence on fractional powers of €2; this is similar to the
fractional powers of © in Eq. (28). These results show that
both static and dynamic parts of the viscoelasticity tensor can
be used to probe the anisotropy of the Fermi surface.

For the Hall viscosity, we find

3
Renfih () = Y €jupll,. (31)
j=1

where

L5 = (8,380 + 8puida3)

e yiA2 N YAIAL  yimA] B 2y2m/?
1072v2  127%vp 67207 157202
(32)
and
245 2 A3
YA Yy mA
Bo=8| 0 +8.0)— < <
poe M |:( #l “2)( 20720 6mPvz
yAgAJ_ yimPA,  ymA. Ay Ay*md?
247 2vp 4m2v2 8m2vp 157202
1 3 32
+ 8M3Tj'[2(AZ —2m ) 5 (33)

with A and A, being momentum cutoffs.

A similar type of divergence is present in the Hall conduc-
tivity for the two-band model. Indeed, for @ = 1 = 0, o 3HE
reads )

e [k vid. :fAr dk. d. _ A, Jm
w Qr)® 2¢ A 872 |d|  Am? 2m?
(34)

This linear divergence in the above expression originates from
the flux of the Berry curvature at k — oo. This is a peculiarity
of the model at hand, Eq. (26), and is absent in lattice models,
where the flux through the whole Brillouin zone vanishes. The
subtraction

AHE _, —AHE AHE AHE

Oy 7 O0xy =0y — Oy _ (35)

allows us to remove the divergent background term and obtain
the anomalous Hall conductivity consistent with that in the

linearized model

FAHE _ _@

=3 (36)

Since the integrands of the Hall conductivity and Hall
viscoelasticity have similar structure, see the last term in
Eq. (3), the background contribution of the same origin should
be subtracted from the viscoelastic tensor (31), too. The
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FIG. 4. The dependence of the components 7;;;; and n;;;; of the
real part of dimensionless dynamic viscoelasticity on €2/2ym for
the canonical (solid lines) and Belinfante-like (dashed lines) stress
tensors.

corresponding coefficients I,'ia in Egs. (32) and (33) read

) 2,03 2,5/2
—i=1.2 y mA 2y“m

T = (8,5380i + 8yuiba -

pa = Ousbi 0y 3)<6n2v,% 157[211%)

A3 m3/2
Z
:(8u38ai +8m6a3) 2472 - 3072 y (37)

2. A3 2.2
-3 y'mA;  y m A,
Ipwt :8N0‘ [(8;11 + 8;;2)( 67'[21)[2; - 47_[21)%
ymA, A + 4)/2m5/2 5 m3/?
87 2vp 157202 " 62

247w 1672

32 32
8
+ 15712> W | OY

where we used 2y ./m — vr in the second expressions to
compare with linearized model. Like in the linearized model,
see Eq. (18) and the discussion after it, the only finite com-
ponent is also 7,.;; = —m*?/(67?). The other components
are cubically divergent, unlike the quadratic divergence in the
linearized model.

For the Belinfante-like stress tensor, the corrections to the
dynamic and static parts of the viscoelasticity are given in
Egs. (C48) and (C37), respectively. Like in the linearized
model, the static part is the same for both definitions of the
stress tensor, see Eq. (C54) for the discussion of the differ-
ence. As for the dynamic part, n;;;; and 7;;; components
differ from the results of the canonical stress tensor case.
For n??i)j, the dependence on 2/(2ym) is modified, but the
scaling for small and large frequencies €2 remains the same. In
addition, nff;i becomes positive. We compare the components
of the dynamic viscoelasticity tensor for Belinfante-like and
canonical stress tensors in Fig. 4.

The corrections to the Hall part of the viscoelasticity
tensor are given in Eq. (C39). As in the linearized model,

Af mA;
=8;wz (8M1+8M2) —

_ml/ZAZAL
1672

components 1.; and 7;,;; are the same for canonical and
Belinfante-like stress tensors. On the other hand, components
Nijzz» Nijii are different

Re /() = jRe Q). (39)
Reni(€) = JRen (), (40)
Re (). (Q) =0, (41)

ijzz
while Re nﬁg(ﬂ) = 0and Re nEjCZ)Z(Q) # 0. For details of cal-
culations, see Appendix C 2.

Thus, the nontrivial topology of the Weyl semimetals is
manifested in the viscoelastic response leading to anoma-
lous Hall terms. These results agree with the findings in
Refs. [28,53] extended here to the case of the two-band model.

III. KINETIC APPROACH TO VISCOSITY AND
HYDRODYNAMIC EQUATIONS

In this section, to gain deeper insight into the role of the
band structure in the viscoelastic and transport responses of
Weyl semimetals, we derive the hydrodynamic equations of
motion, i.e., the continuity and Navier-Stokes equations, for
the linearized and two-band models of Weyl semimetals. We
focus on the role of the Fermi-surface anisotropy and band
structure topology. The latter is quantified by the separation
between the Weyl nodes. We show that the anomalous part
of the viscoelasticity tensor does not appear in the standard
approach based on the Boltzmann equation [54,55]. Indeed,
the stress-stress response used in Sec. II and current-current
response are not guaranteed to give the same results for the
fluid viscosity;> see Ref. [57] for the corresponding discussion
in graphene. As we demonstrate below, while the “matter”
terms, i.e., components of the viscosity tensor determined by
the Fermi-surface properties, agree in the Kubo and kinetic
formalisms, the topological terms are absent in the latter. We
trace this difference to the contribution of the filled states be-
low the Fermi surface: while these states affect the viscoelastic
response, only the Fermi-surface properties determine the vis-
cosity of the electron fluid flow in the kinetic approach. A
similar situation is realized for the anomalous Hall effect or
Chern-Simons contributions in the electric current; see, e.g.,
Ref. [58] for a detailed discussion.

Since the derivation of the hydrodynamic equation follows
the standard scheme and is straightforward, we leave it to
Appendixes D and E. In what follows, we present the key
results and discuss the physics behind them. Among our major
findings are the manifestation of the shape (anisotropy) and
structure (separation of the Weyl nodes) of the Fermi surface
of Weyl semimetals in the hydrodynamic equations.

SFor Galilean-invariant systems, one can derive microscopic ex-
pressions for the viscosity tensor by equating the current-current
response functions and the coefficients in the current response to a
vector potential [56]. The connection to a more rigorous approach
based on the stress-stress correlation function follows from the fact
that the current density is proportional to the momentum density,
therefore, its time derivative is proportional to the divergence of the
stress tensor.
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Using the linearized model of a Weyl semimetal (13), we first derive the following set of inviscid hydrodynamic equations:

2
ohpt,r)+ V. [u(t, r)p(t,r)+ e—[b X E]] =0, 42)
252
u(z,r) 1 u(z,r)
0 [w(t, r)—s— +v(,r)(u@,r) - b)b} 4+ VP(t,r)+ p(t,r)E = —;[w(t, r)—— +v(t, r)(u@,r) - b)b}, (43)
Vg VF
oe(t,r)+ V- [ult,r)w(,r)] =0, (44)

where w(t,r) = €(t,r) + P(¢,r) = 4€(t,r)/3 is the enthalpy density, P(¢,r) = €(t,r)/3 is the pressure. Assuming 7T — 0,
et,r) = u*(t,r)/(4m%v}) is the energy density and v(z, r) = u?(t, r)/(w>v}) is the density of states.

In the case of the two-band model (26), we have

dp(t, 1)+ V - [u@t, r)p(t, 1)+ j*1 =0, (45)

) |:w(t, 00 LA .- ez)ez} + VPt 1)+ p(t, 1)E = —% |:w(t, PLULUN o ez)ezj|, (46)
U Vg

oe(t, r)+ V- [ult,r)w(,r)] =0, a7

where the expressions for j*HE and A(r,r) are given in
Egs. (D16) and (D19) respectively. Note that the Weyl nodes
are separated along the z axis in the two-band model (26); this
corresponds to b = be, in the linearized model.

The general structure of the zero-order hydrodynamic
equations is preserved for both linearized and two-band
models. However, the anisotropy of the Fermi surface
leads to the appearance of terms ov(¢, r)[u(z,r) - b]lb and
xA(t, r)[u(z, r) - e.]e, under in time derivative (acceleration)
and dissipative terms of the Euler equation. We note that,
in view of weaker compared with w(¢,r) dependence of
v(t,r) and A(t,r) on the chemical potential (¢, r), these
new terms are expected to play an important role for Fermi
energies approaching Weyl nodes. In particular, at T — 0,
w(t, r)/[v(t, r)b?] ~ (pr/b)?; for Weyl materials with well-
separated Weyl nodes, (pr/b)* < 1.

Let us now discuss the electron fluid viscosity, which
affects the left-hand side of Eq. (46) via the term
—n;jki VjViur(t, r). The viscosity tensor 7; i in the linearized
model reads

e 5181 + 8y — 28,18
Nijki —FG(I,I')< i+ 8udjx — R k/)
Tee v%v(t, r)
3

see Appendix E 1 for the derivation. In the case of the two-
band model of Weyl semimetals, the viscosity tensor is given
by Eq. (E12). By comparing terms at §(£2) in Eq. (14) and at
7., in Eq. (48), we find the exact correspondence between the
static (intraband) parts of the dissipative viscoelastic response
in the Kubo and kinetic approaches. However, the kinetic ap-
proach misses the topological Hall part of the viscoelasticity
tensor and is insensitive to the internal degrees of freedom
that may affect the Hall viscosity. These results underline
important restrictions of the standard kinetic formalism.

Let us now discuss experimentally relevant ways to probe
the anisotropic viscosity and dissipation. A direct method
would be to study the flow of electron liquid in channels cut
along different crystallographic directions. For example, one
can consider a I'-shaped channel cut from a single crystal.

bibiji, (48)

(

Along one of the arms of the channel, the flow of electrons
is directed along the crystallographic direction corresponding
to the separation of the Weyl nodes along the flow velocity.
The other arm of the channel should be prepared such that the
flow velocity is perpendicular to the separation vector. In this
case, according to Egs. (42) and (48), the fluid viscosity and
dissipation rate will be different in the different arms of the
channel. This is manifested in the redistribution of the electric
current density in the channel.

To show this, let us use Eq. (48) and obtain the steady-
state Navier-Stokes equation for incompressible fluids at low
velocities

— noAu(r) —n;Afu(r) - blb

n l[ﬂzu(r) +v(u(r) - b)b] =pE. (49
T vg

Here, no = t..w/5, 1 = v% T..v/3, and, for simplicity, we
used the linearized model (13). At the surfaces of the channel,
we assume the no-slip boundary conditions with vanishing
tangential components of velocity w(r; =0, L) = 0. The so-
lution to Eq. (49) which captures the cases of flow withu || b
and u L b reads

2 cosh (&2
wy(r) = L pE| 1 - cosh (Fr) Z*L“) , (50)
wp cosh (ch)

where w;, = w + v%vbﬁ, Aoy = (ViT(no + bﬁm)/wb)‘/2 =
(150317, [3w + 5vFvb?]/[w + vEvb* )2 is the Gurzhi
length, and r, is the coordinate normal to the channel. As one
can see from Eq. (50), the chiral shift b affects the profile of
the fluid velocity by enhancing the Gurzhi length; the fluid
velocity profile becomes more parabolic-like at larger Ag p,
e.g., when vivbi > w. Therefore, the separation between
the Weyl nodes can be inferred from the curvature of flow
profiles.

Another manifestation of the nontrivial Fermi-surface
structure of Weyl materials quantified by the distance between
the Weyl nodes is suppression of the flow velocity along
the separation direction u || b. Indeed, as one can see from
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Eq. (50), the fluid velocity is suppressed as ~bj/py., which
can be a large factor for Weyl semimetals.

The electron fluid viscosity is also manifested in the dy-
namical response. For example, due to an interplay of viscous
and inertial properties of the electron fluid as well as the
boundary conditions, a nonuniform, double-peak profile of
the electric current appears in a channel [59,60]. The current
profile is manifested in a stray magnetic field surrounding the
channel. In the case of anisotropic viscosity and I'-shaped
channel, the double-peak profile may be observed in one
arm (smaller viscosity) but not in the other (larger viscosity).
Another possible signature would be a different decay rate of
hydrodynamic collective modes propagating along different
crystallographic directions.

In passing, we note that high-quality channels of Weyl
semimetals can be prepared via focused ion beam etching;
see Ref. [61] for the use of this technique for PdACoO, and
Ref. [62] for the Weyl semimetal WP;.

IV. DISCUSSION AND SUMMARY

Employing the Kubo formalism and chiral kinetic theory
approach, we calculated the viscoelasticity tensor in Weyl
semimetals with broken time-reversal symmetry paying spe-
cial attention to the manifestation of topology of electron
states in Weyl semimetals and their Fermi surface anisotropy.
In the Kubo formalism, we found that, in addition to the
anomalous Hall viscosity discussed in Ref. [28], the nontrivial
band structure of Weyl semimetals affects the dissipative part
of the viscoelasticity tensor.

The nondissipative topological part of the viscoelasticity
tensor, namely, the anomalous Hall viscosity, see Egs. (16)
and (31), shares a similar origin with the Chern-Simons con-
tributions to electric current in the anomalous Hall effect in
Weyl semimetals and originates from the filled states below
the Fermi surface; see, e.g., Ref. [58] for the corresponding
discussion. Such contributions are captured in the Kubo ap-
proach and do not affect the responses solely determined by
the Fermi-surface properties, such as those obtained in the
kinetic formalism.

One of the main advances of our work is in clarifying
the impact of the nontrivial shape (anisotropy and Weyl node
position) of the Fermi surface on viscoelastic properties of
linearized and two-band models of Weyl semimetals, see
Secs. II C and II D, respectively. The Fermi-surface anisotropy
is manifested in a rich structure of both static and dynamic
parts of viscoelasticity tensors, see Eqgs. (14), (15), and (21)
for the linearized model and Egs. (27)—(30) for the two-band
model.

The static (intraband) part of the viscoelasticity tensor con-
tains additional terms determined by the momentum space
separation of Weyl nodes, see Eqs. (14) and (27). Despite
being related to the distance between the Weyl nodes, these
terms originate from the shape of the Fermi surface rather than
the nontrivial topology of electron wave functions. In partic-
ular, they are captured in both Kubo and kinetic approaches.
The anisotropy of the two-band model is manifested in the
unusual fractional scaling with the Fermi energy if the latter
is large compared with the energy at which the Fermi-surface
pockets merge; see Eq. (28).

The dynamic (interband) part of viscosity contains linear
and cubic in frequency terms in both linearized and two-band
models, see Egs. (21) and (29), respectively. The nonlinearity
of the two-band model strongly modifies dynamic viscos-
ity for larger frequencies exceeding the energy at which the
Fermi-surface pockets merge. In this case, the interband vis-
coelasticity tensor contains fractional powers of frequencies
Q32 Q3?2 and Q7/%; see Eq. (30). Such a scaling may be
manifested in dynamic responses such as those involving
time-dependent flows, see the end of Sec. III for the corre-
sponding discussion.

In our calculations, we employed two definitions of the
stress tensor: the canonical stress tensor, which follows from
the coupling to mechanical strains, and the Belinfante-like
tensor, which follows from the momentum continuity equa-
tion and includes contributions connected with the internal
angular momentum. Both definitions of the stress tensor lead
to the same result for the static part of the viscoelastic re-
sponse but differ for the dynamic part. These two stress
tensors correspond to different types of viscosity. They are
manifested in different types of observables: hydrodynamic
transport for the Belinfante-like tensor and thermal transport
and acoustic phonon dispersion for the canonical stress tensor.

In addition to viscosity, the anisotropy of the dispersion re-
lation of Weyl materials is also manifested in acceleration and
relaxation terms of the hydrodynamic equations, see Egs. (43)
and (46). The new terms are determined by the separation
of the Weyl nodes and are parametrically larger compared
with other terms in the vicinity of the charge neutrality point.
We found no discussion of these terms in the literature. The
proposed structure of the viscosity tensor and the new terms in
the hydrodynamic equations can be investigated via transport
measurements such as those in crystals cut along the different
crystallographic directions or in a I"-shaped channel discussed
at the end of Sec. III. In particular, we expect a parametrically
slower flow along the Weyl node separation direction. Fur-
thermore, the current profile of such flow should have a more
pronounced parabolic shape.

Studies of the intra- and interband viscoelastic responses of
the Fermi arc surface states or other topological materials such
as multifold or spin-1 semimetals [63] are also interesting
and will be reported elsewhere. Another possible extension of
the present work is to investigate the viscoelastic response of
the anisotropic spin-polarized Fermi surfaces of altermagnets
[64].
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APPENDIX A: STRESS TENSOR

1. Stress tensor and strain transformation generators in continuum models

In this section, we derive the stress tensor in the continuum model. Under deformations quantified by the displacement vector
u(x, t), coordinates transform as x — X' =x+u(x, 1) ¥ x+e, %xu, which can be rewritten in terms of homogeneous but
time-dependent invertible matrix A(¢) with positive determinant

x = A()x. (Al)

The matrix A(¢) is expressed in terms of the strain tensor A(#) as A(t) = exp [A(¢)] = 1 + A(¢) + o()). This allows one to obtain
the following transformed wave function ¥ (x, ) — ¥, (X, 1):

(X, t) =vdet Ay (AX,t) = Y (x,t) — iAW<£6,w + ixvai>1ﬁ(x, t)+ o))
X

2
=¥ X, 1) —irLn ¥ (X, 1) + o). (A2)
If a system has additional symmetries, the strain transformation generator J,, is modified as [29]
Juv = Ly + L3, (A3)

In other words, the generators of infinitesimal rotations are the operators of the total angular momentum which includes
pseudospin accounting for internal degrees of freedom.
By using the strain transformation

S(t) = e H e = I — i () + o), (A4)
the transformed Hamiltonian can be represented as
1 .08 . Ay
Hy() =S@HS (1) + 155 =H —idp @O, Hl + TJ,W, (AS)
where [, ] means the commutator. The above relation leads to symmetric Belinfante-like stress tensor®
0H .
T;w = _3)»,w ZI[J;L\M H]. (A6)

The same result for the stress tensor can be obtained using Noether’s second theorem, see Refs. [49-51] for a recent
discussion. For the Lagrangian density £, which is a function of the field v, invariant with respect to the local coordinate
transformation

X, — x;L =x, + &, (x), (A7)
Noether’s second theorem implies
(D" Y] — gL} =0, (A8)
where
0 oL oL
DHY = — —Y + 8(o . A9
A TN [aw L TERE “”)} (A9

The variations of the spinor field under the symmetry transformation (A7) read
i op
8 =7 (0udp)o™ .
- i -
8y = — Z(%éﬁ)wa‘*ﬁ,
i
8(8, ) = Z(aas,s)a“ﬁ(auw) — (0,6M)(3¥),

8B = — i(aaéﬁ)(amﬁ)oaﬂ — Q€M) (A10)

where /" = L[y#, p"].

SFor isotropic systems, it is equivalent to the Belinfante-Rosenfeld stress-energy tensor [47,48].
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Let us apply the Noether’s second theorem to derive the energy-momentum tensor for the linear model of Weyl semimetal
(13). The corresponding Lagrangian density is

LIV, U] =y, id" + ysb)]y,  b* =(0,b). (A11)
Assuming b = be,, the Lagrangian L is invariant under the following local transformation:
e'(x)=a' + w;xz,
E(x)=d" + wix',
£ =a, (A12)

where w? = —w) and a** = const. Hence, coefficients D*” are given by
i -
DIyl = i yayshio v (818 +858)),
- i . v v
DY) = — o [y (0" + ysb1Y (5763 + 88Y),
YAy LT Val I‘A;w H"ov "Qv
DYl =iy (") — 29y o Buu)(8]'8) +8)9Y),

and the energy-momentum tensor is

7 s TV 1~ v i - v v v v

T =DM [y] — gL =iy (") - {wa, 1@y + S Lo, mslbw}(éi‘% +88)) gL (AlD)
By using the field equations for ¢ and performing the Fourier transform, we finally obtain the energy-momentum tensor

Ty = vovok + 3[00vuks — Yovuky + (buyovuys — buyorvys)1(8]65 + 85'8Y). (A15)

The result coincides with the stress tensor in Eq. (20).

2. Canonical stress tensor in tight-binding model
Let us provide a different derivation of the stress tensor. We start with the following tight-binding Hamiltonian on cubic lattice
[27,28]:

- 1 )
Hy = 7 Z C;r(ll‘VOVj — ryo)ciyj + (m + 3r) Z cjyoci + ZblC,TVOVIVSCi + Hc, (A16)
bi i il
where j labels the six next nearest neighbors of the site i. Strains lead to the following changes in hopping parameters:

r— r(1 — Buj;), (A17)
auj
tyoy; — t l—ﬁ;a—x}m , (A18)
where u,,, = du, /ox,. By using Eqgs. (A17) and (A18) in Eq. (A16), we obtain

N N 1 . 1
Hy=Ho+ 5 ZC,TU< — Bujjvoy; — B Z”jj’VOVj’)CHj +3 chrﬂujjyociﬂ

iJ J'#i iJ
+ (m —rp Zu,-,-) ch'yoc,- + Z bicl yoyiyse; + Hee. (A19)
j i il

Then, by using the standard definition of the stress tensor

~

. oA, (A20)
ny — 81/!,“, uw:()’
we find
T = _g Z clityoyy — 8, ¥0)City — B8y Z clyoe; + He. (A21)

l
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By performing the Fourier transform, taking the continuum limit, i.e., setting the lattice constant a to zero, a — 0, and replacing
ta — v, we obtain canonical stress tensor for the linearized model

T;w = ,BUkuVOJ/w (A22)

It corresponds only to the orbital part of the strain transformation generator in (A3), i.e., L,,,.
By performing the Fourier transform and projecting out the high-energy states, Hamiltonian (A16) can be reduced to the
Hamiltonian of the two-band model: H = o - d(k), see Ref. [28] for details. The corresponding stress tensor is

= Bk,0,(d,)o, (A23)

where d, = vk, d, = vk,,andd, = (b, —m) —
for the two-band model defined in Eq. (26).”

p- +b kz2 in the notation of Ref. [28]. Thus, we obtained the canonical stress tensor

APPENDIX B: SPECTRAL FUNCTION

The retarded (+) and advanced (—) Green’s functions read
i
G(w£1i0,k) = , Bl
(=0, = o 0~ Hk) B
where w is frequency (measured in energy units), u is the chemical potential, k is momentum, and H (k) is the Hamiltonian.
The spectral function is defined as the difference between the advanced and retarded Green’s functions at vanishing chemical
potential

A(w; k) = %[G(a) +i0,k) — G(w — i0, K)],,—o. (B2)

For the linearized model with broken TRS, see Eq. (4), the spectral function is given by A(w; k) =), __ 1+2“" ® A; (w; k),
where T, acts in the nodal space and

Lo (k= ab)][8(w — ex1) — 8(o + £x1)]. (B3)

1
Ay(w;k) = 5[8(60

Here, ek, = vr|k — Ab| is the dispersion relation of quasiparticles with chirality A.
Similarly, for the two-band model with H (k) = (o - d(k)), we obtain

1 1
Alw; k) = 5[3(0) —&)+éw+ea)l + E[S(w — &) — 8(w + ex)]H (K), (B4)

where g = |d(K)|.

APPENDIX C: VISCOELASTICITY TENSOR IN THE KUBO APPROACH

The viscoelasticity tensor is defined in Eq. (3). Its real part reads

ImCMmﬂ(Q)

Re 1,00p(2) = + w3 (QUM([T,,,,(0), J, 5 (0)]) + 8,4(T,,,) — Suvdapc ™" — Re Cruuap ()]

+°° o flw) — f(o)
:—vp/ / dw /(2 )3 17T, (K)A(w; K)T, 5 (K)A(w'; K)]

o —w—Q

+00
= / dolf(®) — flo+ Q)] / o )3Retr[T (KA(@; KT, 5 (KA + 2 k)]

+00 +00
+718(Q)v.p./ da)/ dw ’f(w) f(w)f(z Re T, (A k)T, 5 (KA K]

+00

d3
+718(S2)8a,3/ da)f(a))/mtr[Tw(k)A(a);k)] —nS(Q)K_ltSwSaﬂ

—0Q

+00 d3k
+ 18(R2) /_Oo da)f(a))/ (2n)3lmtr{[TW,Jaﬂ]A(a);k)}

=1l () + nffﬁa,gmz) F s () 4 My () = TSR 800805 + Moy (). (C1)

In the subsequent sections, we calculate n o ,3(9) in the linearized and two-band models of Weyl semimetals.

"Compared with Ref. [28], we changed sign at d..
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1. Linearized model of Weyl semimetals
In the linearized model, we start with the following strain transformation generator:
Joup = __{xﬁsk 1+ Caﬂ[yﬂ Yal,
whose second term includes the generic form of internal angular momentum. The corresponding stress tensor is
Ty = vevorvk, + C;Lv%(VOVMkv — Yoyvku) + Cuu%(yomysbu — Y0¥v¥sbu).

The canonical stress tensor (A22) is reproduced by taking C,g = 0.
By using the following expression for the imaginary part of the trace:
3
F[8(w + ex.2)8(@' — ex3) — 8(@ — ek 1)8(0 + £x)]
K,

Im tr[7,,, (K)A(e; K) T (K)A(@' k)] = D 2 42
A

X [Ca,g(Z - C,u.v)(kj - )\.bj)kﬁk,,_éuaj + CMV(Z - Caﬁ)(kj - A,bj)kakueuﬁj
+ Ca,gCM,,(kj — )\bj)kﬂkveuaj + (2 — Ca'g)(z — C;w)(k] — )\bj)kakp,evﬁj]s
we obtain the first term in Eq (C1),

+oo +oo _
Nl () = —vp f f RAC b iCR / Gy 1T, AW KT, s (OA @' )]

o —w—Q

= (2 - Caﬁ)(z - C/LU)I;waﬂ + Caﬂ(z - C;w)l;wﬂa + C;w(z - Caﬂ )Iv;wzﬁ + Caﬂcuvlvp,ﬂa-

Here

HVOlﬂ - z :EJVﬁ noe?

and
. . U%(kj — )Lbj)kakM
=3 / Gy Use) = Flaal gL s,

For u = 0, we obtain

L35 = (8603 + 8,130ai)

Q2 /[ 2upA. 1
[3A2—b2+—<1n or "+—>},

127'[2 2vF Q 3

and

@n)* Jo 8Q2

in ([ 2vplk, — Ab,| 1 K2 [in ([ 2vplk, — Ab,|
x|:7+tanh'<+ = gurlk = Abil |+ 855" 7+tanh' +

b, , 202 Q2 : Q2 2up A, 1
S;wz4 P (6//_] ‘|‘8u2) ALAZ +2Az + T - @ +8/L3 —g + 121)12: In Q — 8 s

where A and A, are momentum cutoffs

U3 2 +00 A QZ _ 4U2 (k7 _ )\b—r)z
IELQ :8;“;( Z _F / d¢/ dk )\(k — b ) (6 L+ 8M2) J— F\"z z
A

3)

(C2)

(€3

(C4)

(C5)

(Co)

€N

(C8)

(€9

Combining the expressions for r; e ﬁ(Q) and 7,,,,4(€2), and using the following expression for the real part of the trace:

Re tr{ 7, (K)A(w; K) Top (K)A(0'; K)]
=> %{[5(60 — ek)8(@0" + ek5) + 8w + ek 3)8 (@ — ek )]
x
X [8ypkaky (2 — Cop)(2 — Cuv) + Suakpk, Cop(2 — Cpuy) + 8,upkakyCruv (2 — Cop) + 81akphkyCopCrnl
+ %[5(0) — k) — (@ + e )[8(0 — e i) — 8(0 + ex )]

X [(2 - Caﬂ)(z - C;w)(kv - )\bv)(kﬂ - )‘bﬂ)kaku + Cotﬁ(z - C,uv)(kv - )‘bv)(kot - )\ba)kﬂku

+ (2 - Caﬁ )pr(kp, - )‘-blt)(kﬁ - )‘-bﬁ )kakv + Caﬁcpw(kp_ - )‘-blt)(ka - )\ba )kﬁkv] } ’
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we derive
T +o0
77I(ngwﬂ(Q) + nfv)aﬁ(Q) =g /_ do[f(w) — f(w+ Q)]/ any ——5Retr[7,,(K)A(w; K)T, ﬂ(k)A(a) + @;Kk)]

+oo +o0 _
+n5(sz)vp/ / do ’f(”) f(w)fa Re T, (04 (@; KT, 5 (K)A(@'; k)]

Q3
=0(Q - M){ m I:B;wt(svﬁ< - _(C ap C/Lv - Caﬂc;w)>

1 5 1 Q
- ZSuﬂava(l - E(Caﬂ + C/w - aﬂc;w)> 6/1,1)8aﬂi| + 48—[(2 Cotﬂ)(z - C/w)gvﬂbuba

+ Ca[ﬁ(z - C/w )‘Svabubﬁ + (2 - Caﬂ )C/w8/tﬂbvba + Cozﬁcuvfs/wbvbﬂ]}

2

"
127v 5(9)[(2 - Caﬁ)(z - C;/.v)svﬂbptba + Caﬂ(z - C/w)avabubﬁ + (2 - Caﬂ)cuv(sptﬁbvba
F

+
4

120

4 4
"
5(9)(8 5Cu — 5Cop + 5C1Cap ) uabup — WS(Q)(SMV&Yﬂ‘ (C11)

+ CopCrivbuabrbgl + 8(9)(5C,“, + 5Cup — 5CuvCap — 28,00
u
1207

Here, we subtracted the contribution of completely filled states in terms with §(£2).

The fourth n(4v)a ﬂ(Q) and fifth ¥ ~! terms in Eq. (C1) are

+

+00 4
10y @) =8y [ dof(@) / K T 00A @3 K)] = 508805
oo 12 vy
oy i p?P w (C12)
K = — — = (€ —_— =,
v de  9n?v}

where we also subtracted the contribution of completely filled states and used

+00 d ,bL
€= / dof (@) f Sl A@; K] = (C13)
,oo Vg
[T (KA(@: K)] = Y S—[S(a) — ex1) — 8(o + e ) lkuky + Cuvh(kyuby — kyby) — Ak, by 1. (C14)
k,

A

Here, « is the isentropic compressibility at fixed particle number, V and P are volume and pressure, and € is the energy density.
The last term in the last line in Eq. (C1) reads

+
N () =7t6(Q)Im/ da)f(a))/ ——tr{[T,,. J,s]A(@:k)}

=48(Q)

4
1< C;w - Caﬁ + Cp.vCoz,B 2— C;w + Caﬂ - Cp.ucaﬁ
8pad 8,88va |, Cl15
12703 ( 2 patvp & 2 nh (C13)

where we subtracted the contribution of completely filled states and used
2
iv
{0 (K), Jeg A @3 )} = 3 —E 180 = e13) = 80 + 1)
T Ek.h

Cu Cy v
x { ; (k. — by ko Sp + —'3<1 ; )[(k,3 — Abg)k, 8y — (kg — Abg )k, 8,51

2
+(1-

CapCpuv
+ ,\%[(kﬂ — Abg)bySue — (kg — Aba)bySup — (kg — Abp)bydye + (ke — xba)bﬂavﬂ]}.

Cuwv CapCrv
; )(kv - Ab\))kaauﬂ + /34 £ [(kﬁ - )"bﬁ)kusua - (kot - )Vba)kvau,ﬂ]

(C16)
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By combining terms in Egs. (C5), (C11), (C12), and (C15), we obtain the viscoelasticity tensor whose different components
are given in Egs. (7), (12), (14), (15), (21), and (22).

2. Two-band model of Weyl semimetals
In this section, we consider a two-band model of Weyl semimetals with the Hamiltonian H (k) = o - d(k), where d =
{veky, vrky, )/(kz2 — m)}. The strain transformation generator and the stress tensor are

1 i
J(xﬁ = _E{xﬁa ka}+ gcaﬂ[aﬁa Ua]» (C17)

and
Tup = 0ikadp(d;) + 3Cop(dpoy — duop), (C138)

respectively. For the canonical stress tensor, Cpg = 0.

In what follows, we focus on the viscoelasticity tensor for the canonical stress tensor; terms related to the internal degrees of
freedom oC,g will be discussed at the end of this section.

To calculate the viscoelasticity tensor (C1), we use

{7, (KA(w; k)] = %[5(60 —&x) — 8(w + &x)ld;0, (dik,., (C19)
k
1 Cuv
Im tr{[T;ws Jaﬂ]A(w; k)} = g[a(w - Sk) - 8(0) + Ek)] {dikaaﬁ [k,uav (dl)] + 5 [kaaﬁ (dv )du - kﬂaa(du)dv]

Cchaﬁ
4

Co
+ Tﬂ[kp.av(dﬂ)da - kvap.(da)dﬂ] + (3vﬁdadp, - (Su.ﬁdadv + (Su.adﬁdu - ‘Suadﬁdu)}y
(C20)

Re tr[7,,, (K)A(0; K) Ty s (K)A(0 k)] = [8(0 — ex)3( + k) + 8(w + ex)d (0 — &x)] {kakuaﬂ(di)av(di)

C Cuv
+ %ﬂ[kudﬁ 9y (do) — kydo 0y (dp)] + %[kadvaﬁ (dy) — kady 9(d,)]

CopCuv

+ T((Suadl)dﬁ - (Svadﬂdﬁ - 5uﬁdvda + (Suﬂdﬂda)}

1
+ gjkakudia,s(di)djau(dj)[S(w —ek) = 8(w + e[8(0 — ex) — (' + )], (C21)
k

and

d(w — ex)d(w’ + ek) — 8(w + ex)d (@' — ex)
€k

Im tr[ 7., (K)A(0; K) T (K)A(0; k)] = |:dikak/,¢ 9y (di)9p(dy )éxir

C, Cuv
+ Tﬁkudiav(dj)(dﬁejia —dy€jig) + %kadiaﬁ(dj)(dvemj —dy€yj)

CusCov
+ %di(emdvdﬂ — €uipdvdy — €vigd,dp + euiﬁdﬂda)]. (C22)
For the first term in the last line in Eq. (C1), we obtain

Pk 21 -0(ul — &) >

l - .
M () = V.p. Gre Ao ke (dp)np = > €upllys (C23)
=1
where
; d’k 20 O(ex — |ul)
i=1,2 F

2 el 0.(d. ik, C24
ne Qr) ex  4ef — Q2 () (€24

d*k 2v} O(ex — |ul)
L, = £ dokok,. C25
e Qr) e 4ef—2 T (€25
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At Q2 =0and u = 0, we find

- &’k v3d.(d;) 1
127 = Suabai + 8uibe f “oa 5k
L (8u360i + 8iba3) Qry 2e 2k

= (8,380i + 8,i803) | — ViA YAIAL L yimA3 B 2y2m’/?
S 10m2vf 12720 672vf 157202 |’

(C26)
3, .2 245 2,3 3
B, =5 %%‘; [(3#1 + aﬂ)%kﬁ + 8M3k§] = 5a [(%1 + aﬂz)(— 25;2\5% + J;ﬂ";A; )2/::;;: .
2 2 2,502
‘Zfzugz - )/Z:\;vtl * ?;nz ;) 3 121 T (A2 = 2m 3/2)}7 (C27)
where A and A, are momentum cutoffs.
In the mterband part of nwaﬁ(Q) + nfﬁaﬁ(ﬂ), we have
7m0 (Q) = —9(9 2,@/ o )35(9 25k){k k8,510, (d)T? — ﬁkakﬂdﬁaﬂ(dﬁ)duav(du)}
= O(Q — 2p) (1™ — ey, (C28)

Here, we used the fact that in the model at hand, d; = d;(k;), and, therefore, 9,,(d,) = 9,(d,)8,,,. The integrals I (inter) 4 g¢inten)
read

flnen _ 1

2 400 5 ) )
= d dk kyk,6,5[0,(d,)]"O(Q° —4d
32712”;/0 ¢/_oo ckakyi8up19, ()20 ( ?)

2
we=2_gp  8mvp

30
2 Q Zym - Q
x [(392 +2ymQ — Syzmn/wﬁz — ©Qym— G2 —2yme - 8y’m®) | 2 }
y 14
8,38, Zym + & Zym =8
- [@ nt Qf\/WZI —eCym - 2)ym -2 L}
14

2y
_ y8v3(5ul + 6/42)

5 [2ym+ Q s [2ym — Q
- (4ym —5Q)2ym+ Q)? [ —— — OQym — Q)(4ym + 5Q)2ym — Q)* | ————
10502 2y

 Suadup { (81 + 8,2) Bur + 812)

2y
258,3(8 ) 2 Q 2 —Q
+ Vid3(8u1 + 812) Qy Q) cym+ 82 OQym — Q)Q2ym — Q) cym— 3 7 (C29)
6y 2y
and

1 2 +o0 1
(inter)
= L /0 ¢ /_  dhehokudsdp(@dn)d,0,(d)O(@ — 4d)

2222 _
vk =" —d;

1

(8,58 - BunBs + (Bt -+ 812)(Bu1 + B2 )uaboa]—— | @ym + ). [ 2X €2
= T 5~ va v« v v aOva m - A~
22 |1 ywOocp 0L T B2 ROV T 02 Opaue gy | 1Y 2y

2 2 2 2 [2ym— Q2 ) 2
X (16y"m? = 20ym@ +72%) — ©Qym — )Qym = Q) | TE—=(16y’m’ + 20ymS + 727
y
Q2 2 Q 2ym — Q
+ 838iabuadup s |:(2ym + Q) /% — OQym — Q)Q2ym — Q) /%}

— (8,1 + 8,2)8038 10008 386007 |:(256y*m3 —320y2m*Q + 148y mQ* — 45Q3)2ym + Q)?
F

2ym+ 2_9
" W ~ ©Qym — Q)(@6y’m’ + 320y °m’Q + 148y mR” + 452))2ym — Q) | 7 ]
’ 14
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v2 [2ym + Q
— 8ﬂ3(5V1 + 8‘)2)8#0‘8‘)/3@ |:(2]/m + 9)2(4’}/1’}’[ — SQ) T — @(Zym - Q)(Zym — 9)2
2ym — Q
x (4dym 4 582) [ (C30)
Y

Subtracting the divergent contribution of the filled states, the intraband part of nl(fv)a 5(82) + nl(fv)a 5(§2) reads

d’k f(ex) — f(—&x)
Qn)? K

=8(Q)(ll(inlra) _ Iz(intra))’ (C?)l)

N () = 8() v.p.

1
{kakp,avﬂ [av(dv)]2 - ?kakudﬁaﬂ (dﬂ)dvav(dv)}
k

where

2m)* [d(k)| " v} 105

ym + |l ym — |l
+ (|ul + ym)>(3lu| — dym) — O(ym — |uh(ul — ym?*3lul + 4”"”7
V28,3(8,1 + 812) m+|ul m—|ul
4 PO T O 0 2m52 4 () + ym)? | L L @ym — (] — ymy? [ L
15y 4 4
48,38 m+ | m— |l
20805 o3 4 (4 ym)® | P @ pm — () — ym)? [T
35 y y
8y (Su1 +68u2)813 m+ |l
- % — 8y m® 4 (Il + ym)* @ym — slul) [ Y2 @(m — ju)(ul — ym)y?
945v;. %
——
X (4ym + 5|u|) VTW'“ (C32)

I(intra) = d3k 1 dv av (dv)k d,B aﬁ (dﬁ)
2 - 3 " o«
Q) [dE)| ~ [d(k)| |d(k)|

A Pk 1 Oup 4 200 0 O 10
[ _ o ————kyuka 805 (3,(d,))* O (|| — |d(K)]) = By { (81 + 8,2)(8u1 + 812) |:g 3,7/

and

Ol — ldk)])

1

TVZ |l

ym+ |ul ym— |u

[12luly3 2 (Ul + ym)* (el — Zym)‘/T = Oym = lu Al = ym) (Il + 2ym), [ ===
207 m+ || m— |l
+ o3, s O +auz>8w5vﬁ[ Taly?m® 4 (el ym? [ @Grm = e ym =l [
4 372 3 [ym+|u 3 Jym—|ul
+ 375 0u30v38uadup | — Olpaly m = + 3|l (el + ym) Y O(ym — |u)3|pl(pl — ym) Y

8y [ym+ 1u]
* 2650z On +5u2)5v35ua5w|:_88V4m9/2|ﬂ|+(5N« — 12ymlu] + 16y*m*)(|ul + ym)’ VT

+O(m — DK + 12ymlul + 16y>m*)(ul — ym)® | ym%'“' } } (C33)
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The fourth and fifth terms in the last line in Eq. (C1) are

N (Q) =78(Q)8 / d—%i[f(su—f(—sk)]da (d)k
o f af (27_[)3 P iodi)Kky,

2 ym+ |ul
= 8(2)8,0845 | 8y>m’* — 2(4ym — 3 yrmr
105702 (2)8,080 | 8y°m (ym+ )" (dym —3|ul) »
m— |ul
=@y m = ) rm = [l ym 4+ 3|l [ | = 73 @bdas.

k=P +a), (C34)
where @ = dP/de = dP/du[de/dpu]~" and

+00 d3k
€= /_ dof(w) / (zn)3tr[H(k)A(a);k)]=

o0

m+ |p m— |
x [T . +O(ym — lu))Sy "’ + 4y m ) + ymp? — 15|u ), [ | (C35)

For the last term in the last line in Eq. (C1), we have

d*k fex) — f(—ex)

21 )3 &k

057 [ —16y°m"? + 8y’m® — 4y m? || + 3ymp?® + 15|u)?)
F

N () =T8(RQ) / ( diky 91k, 0, (d)]

&Pk fe) = f(=e)
=78(Q) / (Zn)3f ‘ 8f {1 + 812 )02k ke + Su3d a5k, B, (A1)

4y Bu1 + 8u2)u3
9457 v},

§ [64”"19/2 — (2w’ — 26ymlul + 52y ym + uly? [V
14
ym— |u
— O(ym — )32y m® + 26y m|u| + 5u*)(ym — |ul)* | T} (C36)

The complete expressions for the static and dynamic parts of the viscoelasticity tensor read

=m8(82)8,80va P + 8,36,3m8(82)8,,00,8P — 3(2)8,a00p

3(2) 2
7tv12p|u| 315

m+ | m— |l
x (ym + m|>2,/VT — O(ym — )4y m? + 10ymlu + Tpu2)(ym — |u|>2‘/VT
2u? ym+ il ym — |l
+ 83838 advp—— | (ym + ), [ ——— — O(ym — |u)(ym — |u])* | ————
15 1% y
V7 2 ym+ |u| 5
—8,3(8,1 + 8v2)8ua8uﬁm (ym+ )" 2ym — 5|ul) T —Oym— [u)(ym— |u|)
[ym — |ul 4y o Jym+|ul
2 5 —_— = (6 6,2)6138 4000 ——— _
x (2ym + 5|ul) , :| (801 + 8,.2)8,38,, ﬁ3465v% |:(ym+|u|) >
m— |l
x (32y°m® — 80y m?|u| + Tdymu* — 45|ul’) — O(ym — |ul)(ym — |u|)2‘/ yom - .

x (32y°m* 4 80y m’ |l + T4y mp® + 45|u|3>} ] — 78(Q)8,08ap(1 + )P, (C37)

Re nslal (Q) —

nvaf {[auﬁ(sva + 8uv8aﬂ + (8/41 + 8#2)(&)1 + 8\12)8/40{81)/3]

[(4y2m2 — 10y m|u| + Tu*)
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and

2ym+ Q
2y

2ym—Q
+OQym — Q)2ym — Q)AL + T2ymQ? + 48y2m>Q + 64y °m?) % }
Vo 2y

Suaup (St + 8,2)(Sv1 + 812) 2 e 22 2y [2ym+ Q2
— @2 Q) (16 —20ymQ + 72 _
X 50407 2207 Gym+ Qy oy = 20ymS+ 79\,

2ym — sz} 8,800 + 8,000

uvap

Ren™ (Q) = { |:(2ym + Q)49 — T2y mQ? + 48y m> Q2 — 64y m?)

—OQym — Q)2ym — Q)*(16y*m* + 20ymQ + 7Q?)

2y 25207 vz Q2

2 Q 2 — Q| 6,6088,36,
Hlaym+ @ [T o0ym — )@ym — ) [ pa2vpOi3 O
2y 2y 607 vy

2ym+ Q

+ |:(2ym + Q)(16y*m* — 12ymSQ + 25Q?%) - OQRym — Q)

x Qym — Q)(16y*m? + 12ymS + 25Q?)

2Vm - Q Suaauﬁau3(8vl + 61}2)
2y 16807y 22

+ [y(zym + Q)3 (16y*m*> — 28y mQ + 15Q2)

2Vm —Q |6 a8v 8\)3(8 1 + 8 2)
16y2m? + 28y mQ + 15Q2 paCop T3t Cl T 22I Loy — 2p),
x (1677 +28ym + 152, == A6 0] (@ —2u)

2ym + Q
2y

respectively.

—OQRym—QyQRym—Q)°

(C38)

Let us calculate terms determined by the internal degrees of freedom, i.e., terms proportional to o«C,g with o, B =1, 2; we
use the in-plane rotational symmetry of the model to fix C,3 = C3, = 0. At & = u = 0, the correction for the Hall viscosity

reads

Reanall (Q) = (](1) _ I(l)

(1 (1)
nvap nvap /1,1)/30() + (] -1

afuv aﬁvu) + (1(2) - 1(2)

2) 2)
wvaf — TuvBa vaﬂ +1

vuﬁrx)’

where

k1
@ _ . e —
I,LLUO(,B —Caﬁ (27_[ )3 4812 kudtdﬁ 8v(du)e\mx - C(xﬁ |:5u.ﬁ (5,31 + 6,32)(80118\)2 8a25v1)

3 yzAf yAgAl yzmAg _ymA AL yimPA,  2y*md?
407202 48x%vp  127%v:  167%up 8w2v2 157202

ZA3 A3A 2, A3 2,,5/2
+ 80613802081 — 5a18/32)< 14 YAZAL 14 z 1% ’

— Z —
207207 247%vp  127%v;  157%vi

k1
s = CapCuy —€piadidpdy, = CoapCpiuyp(Sp1 + 852)(a182 — Sa2by1)

I(
)} 8s;

n

B yzAg yAg’AL yzmAg’ _ ymA A _ yimPA,  yimd?
80m2v2  96m2vp  24m2v:  R2xvp  16x20E 1572k )
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After subtraction discussed in the paragraph before Eq. (37), we have

+(1)
1 e —Caﬁ|: 1p(8p1 + 8p2) (801812 — 5a25v1)<—

y’mAl | ymA AL yPmPA. 2yPm 5/2)

127202 167 2vp 8m2v 157202
- 8,0803(8u2851 — 8a1842) yimaL |, yiml? (C42)
nvOv3 02081 «1082 1271_21)1% 15712”12: P
2 3 2.2 2...5/2
7® y'mA; ymA AL yTmTA; ym
=CuCu8,5(8 1) 818 Sa2d — — C43
Tvap = CapCrunbup Op1 + 8p2)Carby = 0 “”( 24x2v;  Rplvp - l6r?v: 15770} ()
The correction in the dynamic part reads
510 (2) = SO - 2m/ o )38(9 2|d(k>|){ 2L 9 (de)) = Kiudad, (dp)]
v CO( v
5 [kad,dp(d,) — kod, d5(dy)] + ’34 2 Suadvds — 8yod,ds — 8,pd,dy + 5Uﬁdﬂda)}. (C44)
Here, there are the following two types of integrals:
e — / &’k ——kyudy0,(dp)8(2 — 2|d(K)|) = Suadup [(3 +8,0)(801 + 812) + 8,438,131
(2 )3 B 2407 nl n2 vl v2 n30v3
2 Q 2 - Q
x [(392 +2ymQ — 8y2m?) /W;—Jr —OQym — Q)32 — 2ymQ — 8y°m?) /y"z’—}
Y Y
= 8,66up[ (81 + 6,2) (601 + 812) + 6,36,3181(2), (C45)
and
4 d3k (8,01 + 8,2) 2ym+ Q
1“'““)_z R de8,55(2 — 21d(K)]) = Suadup | L2 (302 4 2y m@ — 8y2m?), | XL T
4 2y 83( [d(K)]) = 8,068 240702 (32" +2ym Yy m°) 2y
2 —-Q 83 Q
—0Qym— Q)3 — 2ymQ — 8y2m?) | X + (392  SymQ + 32y%m?), | LIS
2y 4807 2y
5 5 o [2ym — Q
— OQ2ym — Q)(3Q" + ymQ + 32y“m”) e = 8uabupl(Bu1 + 8,2)81(R2) + 8,:382(£2)]. (C46)
Hence,
n® Cu  Cap
/waﬁ(Q) - (S/Aﬁava Suaavﬂ)e)(gz - 2#) T + 2 [((Sul + 5u2)(5vl + 81}2) + 5;L?x(su}]gl(g)
C vCo C.Cy
B0+ 8:2)81(R) + 8,382(R)] = T [G0r +812)81 () + 81382 1. (C47)
The rotational symmetry with respect to the z axis allows us to set C3, = C,3 = 0 and simplify the result:
n Cun Gy CnCy
Re(sni};aﬁ(ﬂ) = (6uﬂ8va - (Sua‘svﬁ)@(g - 2#)(% + Tﬂ - NT,S) ((SMI + 5;},2)(8\;1 + 6,0)g1(2), (C48)
where g1 (€2) follows from Eq. (C45).
The corrections to the static part read
d’k O(u| — |d(K)|)
) (Q) =78 “”kda kod,8,8)35(d
81,,05(82) =78(R) V. any 00| ( uwp — kad, 8,p)08(dg)
Co CiCe
+ Tﬁ(kﬂd,gam ~ kududup)d(dy) + P (8adyds — 8vudydy — 8,pdydy + av,gdﬂdo,)}, (C49)
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and
d’k O(u| — 1dK)])
(5) y,u
Q) =7w8(Q ko0g(dy)d, — kgdy(dy)d,
81505 () ”()/(2 a0 5 [k B (e )y — k() ]
C, CCqy
—i——zﬁ [kuav(dﬂ)da—kvau(da)dﬁ]—i‘—lu;‘. ﬂ(SUﬂdadu — 8updady + 8adpd, — 616dpd,,) . (C50)

The integrals here are

5" = Ik _1 dudn(dp)O] — 10D = 2 15,0 4 5,001+ 812) + 8,3603]
(27T)3 |d(k)| i B 471”12: nl n2 vl v2 n30v3
8 ym+ |
{ 05 [8y3 = Qulymy*Aym =31, | === = OCym — [ul)(ul = ym)”
ym—|ul || _
x (dym + 3|ul) T = 8,a0up[ (8,1 + 8,2)(8u1 + 812) + 8,368,351 f1(10), (C51)
and
- &Prk1 )
I(lmrd) — d 8\; ® — 1d(k — /L(X vB $ 81, 8 3 7/2 _ 2
h 27y —Id(k)| O(ul —1dk)]) = e (81 + ;2)— y'm (Il + ym)
[ym — |ul [ym — ||
x (dym — 3|ul) Y O(ym — |l — ym)*(dym + 3|ul) T}
4 372 4 2 2 2 ym+ |ul
+8u3—— 105 — 48y m"'" + 24y m” — Bym|u| + 3u )| + ym) - O(ym — |ul)
2 2 2 ym— |ul _
X 24y m” + 8ym|u| +3u”)(u| — ym) — (= 8uabupl (Bt + 82) f1 (1) + 8,3 ()] (C52)
Hence,

505 (Q) + 810, 5 (Q) = 8(9){ P (S8 — SupSa)[(Bu1 + 8,2)(Bu1 + 812) + 8385311 (1)

C

+ %(auﬂam — 8088, [(Spu1 + 8,2)(Su1 + 812) + 8,380,311 (1)
Cuvcaﬂ

+ ((Su,otavﬂ - 8\)(18“/3)[(8\}1 + 8U2)f1 (/’L) + 6v3f2(:u)]
Cp,vca

ﬂ ((Su,ot‘svﬁ ava(suﬁ)[((sul + SuZ)fl (,bL) + 6#3]02(“)] } . (CSS)

Employing the rotational symmetry of the system to set C3, = 0, the correction to the static viscoelasticity tensor due to the

internal degrees of freedom reads

Ay Caﬂ
2

Resn (Q) = a(sz)(

nvaf

- Cuvcaﬁ) (‘Suﬁlsva - 8vﬁ8p_a)(8ul + 8[L2)(8V1 + 6\)2)fl (M) (C54)

It is straightforward to see that for certain strain transformation generators, i.e., C,, = 1 or C,, = 0 at u, v = 1, 2, the internal

degrees of freedom do not affect the viscoelasticity tensor, Re (Snffi‘a 5(€2) =0.

APPENDIX D: DERIVATION OF INVISCID HYDRODYNAMIC EQUATIONS

In this section, we derive the inviscid hydrodynamic equations by using the chiral kinetic theory [65-68]. We follow the
standard approach discussed in Refs. [54,55]; see also Refs. [36,41] for a similar derivation in Weyl semimetals. The viscosity
is considered in Appendix E.
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The Boltzmann kinetic equation has the form
af (. A\, (¢ f
k-— )= Dl
9t + ( al') + < 9k col{f}’ ( )

where f = f(¢,r, k) is the distribution function and I.,/{f} is the collision integral. In the absence of magnetic fields, the
semiclassical equations of motion are [66,67]

F=vi —e[Ex Q] and k= —¢E, (D2)

where vy = dke is velocity and €2 is the Berry curvature which determines the anomalous velocity.
We assume the hydrodynamic ansatz for the distribution function with the fluid velocity u(z, r)®

1

Bk = e T (D3)
where 1 = % corresponds to electron (7 = +) and hole (n = —) states and T is the temperature. In the linear response regime
lu] < vp, we can expand the distribution function in |u]

S0 e k)~ £ r k) — @, r) - kK)o, V¢, r, k). (D4)
For simplicity, we consider the momentum-relaxing scattering in the relaxation-time approximation,
TRl G (D3)

T

1. Linearized model of Weyl semimetals

For the linearized model of Weyl semimetals, the kinetic equation for each Weyl node with chirality A = % reads

8tf)n,n + (Vk - ﬂe[E X Qk,n]) : Vf)\.,ﬂ - ﬂe(E : 3p)fk,n - Icol{f)»,n}v (D6)

where ek ; = vr|k — Ab|, vk = dkéx; = vr(k — Ab)/|k — Ab|, and €; , = [An(k — Ab)]/[2|k — Ab[*].
To obtain hydrodynamic equations, we calculate moments of the Boltzmann equation. For the charge continuity equation, we
average Eq. (D6) over momentum and sum over Weyl nodes as well as particle and hole states. We obtain

2
pt.T)+V - {u(z, 1)o@t 1) + ——[b x E]} =0, (D7)
272

where the charge density is

pn= 35 [ Gnent =5
A= 7

A=% 7

Ln( M =3 v3 p(p? + 72T, (D8)
F

where Li,(x) is the polylogarithm function.
The Euler equation is obtained by averaging the Boltzmann equation with the quasiparticle momentum Kk,

8t|:w(t,r)u( )+v(t r)(u(t,r) - b)bi| + VP(t,r) + p(t,r)E = ——|: (t,r) ué, )+v(t r)(u(,r) - b)bi| (DY)

F F
where w(t,r) = €(t,r) + P(t,r) = 4¢(t, r)/3, the energy density is

T L 1 7
) _ /TN _ 4 2. 252 144
6-22/( sekifin = =2 D Gy s )——4n2v%<ﬂ + 207 T +15nT), (D10)
A= 7 A=% 1
and we introduced the shorthand notation
1 L

Finally, for the energy continuity equation, we average the Boltzmann equation with the quasiparticle energy & ;,

e, r) + 4V - [u(r, re(t, )] = 0. (D12)

8The distribution function (D3) satisfies the electron-electron collision integral. This form is also known as the Callaway ansatz [11,69].
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2. Two-band model of Weyl semimetals

For the two-band model of Weyl semimetals, see Eq. (26), the Berry curvature is given by

A(k) - 13, d(K) x 8, d(K)]
Qi = N€imn - . D13
e HladoP e

To simplify our results, in what follows, we consider the case of vanishing temperature 7 = 0. Then the charge continuity
equation acquires the following form:

dpt,t)+ V- [ut, r)p,r)+j*E] =0, (D14)

—Z o _ esign) | o o o2y |y
p /(2 )3 nef, 157202 Gu +ymlu| —2y“m”) 5
ym — |l
—@(ym—|u|>(3u2—ymm|—2y2m2>,/T : (D15)

e A,
22:/(2 Pl &l = o ted, eyE)R?_ﬂ)

+s1gn(u)<f y";L"’“' /V’"j'“'m(y |u|>y";@|'”"/ym;'“'>}, (D16)

and we used Faraday’s law to construct the full derivative. The Euler equation reads

u(z,r)
—

F

where

u(z, r)

2
F

0 |:w(t, r) + A(t, r)(u(t,r) - ez)ezi| + VP(,r)+ p(t,r)E = ——[ (t,r) +A(t, r)(u(t,r) - ez)ez], D17)

where w = € + P and

1 ym+ |l
m— |u|

+O(ym — )@y m® + 4y m? || + 3ymyu® — 15|u|3>‘/VT , (D18)

d3k d;0;(d;)k; 2 ym+ |l

P = ORI £0) 83m7/2 m4+ 24]’)’1—3
Zﬂ:/(zﬂ)a—m(k)' 1 = S0z | e e
ym— ||

—®(Vm—IMI)(Vm—|M|)2(4ym+3lul),/T : (D19)

Zm m—+ 205 m— 32705
=yl (ym ] +4- 6M —O(ym — up( Y a6 oo
307 %v; y v2m y y2m ym

Finally, the energy continuity equation reads

de(t,r)+ V - [ult, )wt,r)] = 0. (D21)

Equations (D14), (D17), and (D21) correspond to Egs. (45), (46), and (47) in the main text, respectively.

APPENDIX E: DERIVATION OF VISCOSITY IN THE KINETIC APPROACH

To determine the viscosity of electron fluid, one has to consider the first-order correction to the distribution function f; (¢, r, k)
due to the electron-electron scattering. By following the standard approach [54,55] and using the relaxation-time approximation,

035133-23



HERASYMCHUK, GORBAR, AND SUKHACHOV PHYSICAL REVIEW B 110, 035133 (2024)

we obtain the following first-order in 7., < T correction to the distribution function:

8yt 1K) = =T/ + (vic — nelE x 2,1 V£V) = ne(E - a /")

—(vi = nelE x 2,1 - V[(u(t,r) - k)3, £,"]) + (neE - d[(ut, v) - K)o, £, ]) }. (E1)
Viscosity enters the Euler equation, see Eq. (D9) or (D17), as the following term on its left-hand side:
—ijkt VjViu(t, r). (E2)

To obtain such a term, we focus only on terms with two spatial derivatives of u(z, r). Furthermore, we rewrite the time derivative
in Eq. (E1) as

O fW = —[k - du(r, )], f“” + [, )]0 f, ~ —V - [u(t, w(t, r)]d, f,. (E3)

Then, collecting the relevant terms in Eq. (E1), we obtain the following part of the distribution function responsible for the
electron viscosity:

8yt 1K) = ooV - [u(t, O)w(t, 1)]3 /" + (vic - V[u@, r) - k])d,, /1) (E4)

The subsequent derivations of the hydrodynamic equations follow the same steps as in Appendix D. Viscosity-related terms
originate from the second term in the kinetic equation (D6). After performing the averaging over momenta, we have the following
integrals:

3
Iy =Tee Z/ %k(vk VUV - [ue, pyw(t, 010}, (ES)

I =Te Z / s ——k(vic- V)[vic- V@u(r, 1) - K)d,, £]. (E6)
In the following two sections, we calculate these integrals in linearized and two-band models of Weyl semimetals.

1. Linearized model of Weyl semimetals

Let us start with the linearized model (13). The integrals in Egs. (ES) and (E6) are

1 2
Tise) =1yney + 150

4
(vise) = Teeg V(V [ulr, e, 1)) — Zee 7 Alu(t, 1)e(r 1)]
— rge%V(V [a(, v)e(t, r)]) — reeb%A[(u(t, r)-bupv(t,r)]. (E7)

Therefore, linearizing in deviations from local equilibrium €(¢, r) = € and v(¢, r) = v, we obtain

Teev[f

2
Nijki = (81k511 + 8idjx — 35ij5k1) + bibidj;. (E8)

Tee
15
2. Two-band model of Weyl semimetals

Let us consider the two-band model of Weyl semimetals defined in Eq. (26). Leaving only terms with the second-order
derivatives of u, integrals (E5) and (E6) read

92 07w
ey = Tt Zae/ KU = Tew ¥ (V Wi, (E9)
i0Xj

9%u d’k
(2) k
I(Vlsc) ei—axjax[ Tee Z/ mk, vjkkv18(|,u| — |d(k|)

d*k | d;d;(d; ) d,al(d,)
= - —— ki S(Iul = ld(K)]). (E10)
ax]ax, Z/ Qry ' d®)| A
Evaluating the integral in Eq. (E10), we obtain
@ :—e-ﬂf— [88 )1 + 81,8k + (81 + 82)(8;1 + 8,2)848 1= | @y — 10ymip] + 7u2)
(visc) laxjaxl 27[21)1;' | il O jk ijOkl 1 i2 1 j2)0ik9jl 315 )/ ymiu w

m+ | m— |ul
x (ym + |u|)2‘/VT — O(ym — ) dym? + 10ymiu| +Tu®)(ym — mWVT
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42 m+ |l m— ||
+ 8028308 = [(merI I)‘/VT—G)(ym—IMI)(Vm—IMI)Z VT

- 13(811 + 8]2)81k5/l

2v 2
o [(ym+m|>2<2ym Siuby| P — 0/ — b — 1)

m— | 8y ym+ |ul
s @ym+5\ul) | LS (i1 + 82083008 1 —r— | (ym + |u)? | L
y 3465 y

x(32y°m® — 80y m? || + Tdymu* — 45|u*) — O(ym — |u))(ym — |u|)*

ym — |l

The final result for the viscosity tensor in the two-band model is given by

Tee
Nijkl =—
772UF|M|

{[31151k + 80k + (81 +82)(8;1 + 8]2)51k511]

(32y°m® + 80y m? || + Tdymu® +45|u) | . (E11)

5 4y*m* — 10y m|u| +7u?)

ym+ |u ym — |
x (ym+ mWT — O(ym — |u)@y*m* + 10ymlu| + Tu?)(ym — |u|)2,/T
2u? m+ |l m— |l
+ 83838051 | (ym + 1u)? | L @ ym — () (ym — ) | L
15 1% y
2 2 ym+ | 2
— 8:3(8;1 + 8,2)8xd ;1 —=— 105 (ym + |u))*ym — 5|ul) — O(ym — |ul)(ym — |ul)

[ym—|ul 4y
x(2 5 — | = (5 6i2)0130ik0 i | ————~
Qym +5|ul) ” (8i1 + 812)8 30k 11346511%

x(32y°m?

ym— |u|
14

(32y’m’ + 80y m? || + Tdymu® + 45|ul?)

(ym + m%/@

— 80y 2m? || + Tdymp® — 45|ul*) — O(ym — |u)(ym — |u|)?

— Tee0i 0k P(1 + 0. P). (E12)
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