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We investigate the critical properties of the phase transition towards complex tensor order that has been
proposed to occur in spin-orbit-coupled superconductors. For this purpose, we formulate the bosonic field theory
for fluctuations of the complex irreducible second-rank tensor order parameter close to the transition. We then
determine the scale dependence of the couplings of the theory by means of the perturbative renormalization group
(RG). For the isotropic system, we generically detect a fluctuation-induced first-order phase transition. The initial
values for the running couplings are determined by the underlying microscopic model for the tensorial order.
As an example, we study three-dimensional Luttinger semimetals with electrons at a quadratic band-touching
point. Whereas the strong-coupling transition of the model receives substantial fluctuation corrections, the weak-
coupling transition at low temperatures is rendered only weakly first order due to the presence of a fixed point
in the vicinity of the RG trajectory. If the number of fluctuating complex components of the order parameter is
reduced by cubic anisotropy, the theory maps onto the field theory for frustrated magnetism.
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I. INTRODUCTION

Recent years have witnessed a revolution in the synthesis
and study of three-dimensional superconducting materials with
multiband touching points in the electronic band dispersion.
The modified nature of the electronic degrees of freedom
can lead to exotic or topological superconducting states [1,2].
An example is provided by the half-Heusler superconductors
RPtBi and RPdBi with R a rare-earth-like atom [3,4], where
strong spin-orbit coupling due to the heavy element Bi in-
duces band inversion and quadratic band touching (QBT) near
the Fermi energy so that the electronic degrees of freedom
carry an effective spin % [5-10] and many Cooper pairing
channels with spins ranging from 0O to 3 are possible and have
been studied theoretically [11-22]. Numerous types of other
higher-pseudospin fermions have been proposed to describe
multiband touching points and make this direction of research
on superconductivity particularly rich [23-28].

For three-dimensional systems with an inverted QBT point,
which we refer to as Luttinger semimetals, suitable electron-
electron interactions can induce a superconducting complex
tensor order state describing a condensate of Cooper pairs
with spin 2 [18]. The corresponding order parameter is given
by a complex irreducible second-rank tensor, which can be
represented by a symmetric traceless 3 x 3 complex matrix.
The mean-field phase structure of the model shows both first-
and second-order transitions. In particular, at weak coupling,
the transition is of second order at the mean-field level, and the
corresponding critical phenomena may thus be observable in
the half-Heusler superconductors.

In this work, we address the question of the critical proper-
ties of the complex tensor ordering phase transition. For this we
construct the bosonic field theory for the order parameter close
to the critical point and determine the running of couplings
by means of the perturbative renormalization group (RG). We
find that fluctuations of the complex tensor field significantly
influence the nature of the phase transition. We emphasize
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that the matrix field theory considered here is distinct from
matrix models considered in the context of superfluid He-3
[29] or high-energy physics [30—32] because in these cases the
fluctuating matrix field is not restricted to be symmetric and
traceless. The physics discussed here may also be observed in
spin-2 Bose-Einstein condensates of ultracold atoms [33-36].

Here, we summarize our main findings. The free energy for
the complex tensor ¢ close to the second-order transition is
given by

= Tira! M T 2 (22
F(@) = Su(@'9) + @' $)I" + —-|u(@?)]
+ A3tr(p P ) (1)

with r < (T — T;). The symmetry group of the theory is
SO(3) x U(1). Note that a term tr(¢>), characteristic for real
tensor order describing liquid crystals, is forbidden here due to
the global U(1) symmetry. For r < 0 and generic values of the
couplings {A,,}, the ground state of the theory is determined
from Eq. (1). However, for 13 =0 the expression has an
accidental SO(5) x U(1) symmetry [37] so that the ground
state is determined by additional terms of sextic order in the
field [18]. At the critical point (» = 0), fluctuations of the order
parameter lead to a scale dependence of the couplings {%,,} and
can thereby alter the equilibrium state. To one-loop order we
find a fluctuation-induced first-order transition.

For the complex tensor ordering transition in isotropic
Luttinger semimetals we have A3 = 0 at the mean-field level.
Due to the enlarged SO(5) x U(1) symmetry of the quartic
free energy in this case, one might expect at first sight that a
coupling A3 # 0 cannot be generated by the running of A and
X». However, the field theory for complex tensor order features
a nonstandard kinetic term parametrized by a parameter K
that reduces the symmetry to the physical SO(3) x U(1).
Consequently, the coupling A3 is generated during the RG
flow for K # 0. We find K ~ 1 in Luttinger semimetals at
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the mean-field level, so that the accidental degeneracy of the
quartic theory is lifted beyond mean-field theory.

In superconducting materials such as the half-Heusler com-
pounds, rotation symmetry is reduced by the cubic anisotropy
of the crystal structure. This effect can suppress fluctuations
of the complex tensor order parameter and thereby modify
the critical properties. In particular, whereas the complex
tensor in the isotropic case is described by N = 5 fluctuating
complex components, cubic symmetry can reduce the number
of fluctuating complex components to N = 2,3. For instance,
for YPtBi [14,38-40] we deduce N = 2 from the electronic
band structure [14]. Under certain conditions on the parameters
of the theory that we specify below, the phase transition is then
captured by the O(N) x O(2) symmetric theory for frustrated
magnetism, which also describes the transition of stacked
triangular antiferromagnets, helimagnets, or the dipole-locked
A-phase of He-3 (see Refs. [41,42] for an overview). The
phase structure of this model is highly controversial [41-49],
with contradicting conclusions from perturbative RG, nonper-
turbative RG, Monte Carlo computations, and experiment. In
particular, it has been conjectured that the transition lies in an
exotic chiral universality class [43,44] or that it is of first order.
A detailed discussion of different scenarios is presented below.

This work is organized as follows. In Sec. I we introduce the
complex tensor field theory that captures critical phenomena
close to a second-order or weak first-order phase transition.
In Sec. III we then analyze the running of couplings of the
theory due to fluctuations of the order parameter. In Sec. IV we
elaborate the relevance of our findings for superconductivity
in Luttinger semimetals. In Sec. V we summarize our results
and point out directions for future work. In the Appendices we
present our convention for the representation of Gell-Mann ma-
trices, clarify the difference to matrix models with U(3) x U(3)
symmetry, derive inequalities for tensor invariants, compute
the RG beta functions that are used in the main text, and list
the initial conditions for the flow that describes the transition
in Luttinger semimetals.

II. FIELD THEORY OF COMPLEX TENSOR BOSON

In the following, we construct the field theory that captures
fluctuations of a complex irreducible second-rank tensor boson
close to a second- or weak first-order phase transition. We first
introduce our notation for the two key parametrizations of the
fluctuating field, then derive the Lagrangian for the theory close
to the phase transition, discuss the stable parameter regime
of the model together with how to physically interpret its
instability, and eventually present the modification of the model
due to cubic anisotropy.

A. Field representations

The irreducible second-rank complex tensor field can be
represented in several equivalent ways. In particular, we can
identify it with a complex symmetric traceless 3 x 3 matrix ¢;;
(i,j = 1,2,3) or its five independent complex components ¢,
(a =1,...,5). We employ both parametrizations interchange-
ably, using whichever makes our arguments most transparent.
Here, we briefly summarize the most important relations to
translate between both pictures.

The irreducibility of the tensor ¢ is equivalent to being
symmetric and traceless, ¢;; = ¢;; and §;;¢;; = 0. Under R €
SO(3) it transforms as ¢;; — R;x Rj;¢y;. We can represent ¢
by a symmetric traceless matrix that transforms as

¢ — ROR'. )

Two configurations ¢ and ¢’ are physically equivalent if there
exists an R such that ¢’ = ¢/*RpRT with ¢'® a phase. The
matrix ¢ can be parametrized as

¢1 — %% ¥s 1 @3
¢ = @s —p =592 ¢ | 3)
¥3 P4 %fpz

Here, {¢,} are the five independent complex components of
the tensor. We have

bij = Pa ] 4)
with the five real Gell-Mann matrices {A“} given in Eq. (A1).
They form an orthogonal basis for symmetric traceless 3 x 3

matrices with orthogonality relation tr(A¢A®) = 28,,. More
generally, we define the J symbols

Jab..c = t(A“AP .. A). 5)

Obviously, J, = Oand J,, = 24,;. One easily verifies that J 5,
is invariant under any permutation of its indices.
We collect the components of ¢ in the five-tuple

@ = (91,02, 03,04,05)" € C°, 6)

which transforms under the five-dimensional (¢ = 2) represen-
tation of SO(3): for R € SO(3) we have ¢, — M,;,(R)¢), with
M,(R) = %tr(RAb RTA%). We denote ¢ with a vector arrow
and employ the notation

1617 = @l pas ¢ = Puu. (7

B. Effective action

In this section we construct the most general low-energy
effective action for a complex tensor which is invariant under
SO(3) x U(1) transformations. In order to address the physics
close to the transition, it is sufficient to consider the long-
wavelength limit and the limit of small field amplitudes. We
thus restrict the effective action to terms of second order in
derivatives of ¢ and to terms of at most fourth order in ¢. We
show that the most general such action compatible with the
symmetry group is then given by

K
S = /d3x |:<p;k( — 8V + ﬁjahcdc(_iv)>(ph

+ A6 + Rl @ + X3tr<¢'*¢¢"'¢>} ®)
with the d, functions defined in Eq. (12) below. The upper

critical dimension for this theory is four. For our derivation we
write

S = /dSX(Lkin + Lin), €))

where Ly, and Lj, constitute the kinetic and interaction
parts of the effective Lagrangian, respectively. Remarkably,
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complex tensor order in three dimensions features peculiar
properties in both terms.
The kinetic part of the Lagrangian contains the contribution

w(Vo' - Ve) = (3i¢7)001x) = 2(Ver - Vo) (10)

that is commonly encountered in bosonic field theories. How-
ever, in three spatial dimensions also the term

(3:05)@;¢1) = B9 0p) (A A);; (11)

is compatible with SO(3) x U(1) symmetry. Note that this
term is reminiscent of the term (V - m)? that is admissible for
the three-dimensional Heisenberg model, or (0; 7i4)(9; T jx) for
nematic order described by a real second-rank tensor 7" [50].

We introduce the functions d,(p) = ‘/7§ piPj A?j so that

V3 1
di(p) = T(Pf — Pi), dy(p) = 5(2PZ2 - pi- P?),

d3(p) = V3p.px, da(p) =3p,p., ds(p) =3p.p,.
(12)

The normalization is such that Y0_, d,(p)> = p*. We then
rewrite the right-hand side of Eq. (11) by means of [15]

2 1
pipj (N A") = S p%8ap + —=Japede (@) (13)
J J 3 \/g
Whereas the first term merely results in a shift of the prefactor
of tr(V¢' - V), the second contribution is genuinely different.
We can thus parametrize the most general kinetic part to the
Lagrangian in three dimensions with up to two derivatives as

Lyin = w;‘( — 8V + £Jabcdc(—iV) + 7’3ab><ﬂb, (14)
N&]

where K is a dimensionless parameter. We further included a

quadratic masslike term.

In order to construct the interaction part of the Lagrangian,
we note that terms cubic in the field ¢ are forbidden due to
U(1) invariance. At the quartic level, the four terms that can
be constructed for a symmetric traceless complex matrix are
given by

Q1 = [u(@'$))* = 4161, (15)
0> = (@) = 4157, (16)
03 = tu(p'pp'e), (17
Q4 = tr(¢*¢?). (18)

However, in the case of ¢ being also a 3 x 3 matrix we
additionally have the relation

201+ 0, =203+404. 19)

This can be checked by direct computation or by inserting
A= ¢+ a¢l into tr(A*) = %[tr(Az)]z, which is valid for any
symmetric traceless 3 x 3 complex matrix A, and by reading
off the coefficient of a?>. We may thus eliminate Q, by
expressing it through the remaining three quartic terms. This is
aspecial case of the fact that SO(3) invariance of the interaction

partimplies thatitis a polynomial in the eight invariants [18,51]
L =tw(@'p), L=1t(¢p?), Ir=t(@?),
L=, Is=tu(@")., Iy =@’

L =u(¢"¢). Iy=t(p'¢g'e). (20)

We thus conclude that the interaction part of the Lagrangian
including up to four powers of the field is given by

Liw = 116" + 22|@* + Asue(@90'9). (1)
In our presentation, we often refer to the rescaled couplings
Syd4_
w= o (22)
Qm)?

with dimension d, S; the area of the (d — 1)-dimensional
sphere, and ultraviolet momentum cutoff 2 (see Sec. III).

The Lagrangian Ly, + Ly is constructed to respect
SO(3) x U(1) symmetry of an irreducible second-rank tensor
field ¢. Depending on the parameters of the theory, however,
the symmetry group can be enlarged:

(1) If K =0and X, = A3 = 0, the theory is invariant under
Vo —> Mapp with M € U(S).

(i) If K = 0 and A3 = 0, the theory possesses an enlarged
SO(5) x U(1) symmetry with respect to ¢, — M, With
M € SO(5).

Crucially, if ¢, are the five components of a symmetric
traceless matrix, then ¢, = M@, with either M € U(5) or
M € SO(5) are still viable components of (another) symmetric
traceless matrix. Consequently, the RG flow preserves the
enlarged symmetries in the cases (i) and (ii). This is not so for
the following case: (iii) Set K = 0 and A, = 0. The theory with
quartic terms [tr(¢!¢)]? and tr(¢fp¢!¢) is then reminiscent of
the U(3) x U(3) symmetric matrix models that are well known
in the literature [30-32]. Indeed, the Lagrangian is invariant
under the transformation ¢’ — ¢ = UV with U,V € U(3).
However, the matrix ¢’ will generally not be symmetric
and traceless. Thus, the coupling A, is not prohibited by
symmetry even if initially absent (see Appendix B for a detailed
discussion of the difference of both matrix models). Eventually,
if K # 0, the symmetry of the theory is always reduced to
SO(3) x U(1) due to the kinetic term. We will later see how
the features discussed here manifest in the RG evolution of the
running couplings of the theory.

C. Stability and first-order transition

The consistency of the theory described by the effective
action S requires the parameters K,A; 3 to satisfy certain
inequalities that we derive in the following. If these stability
bounds are not satisfied, S needs to be replaced by a more
elaborate description.

In momentum space, the kinetic part of the critical
theory (r =0) is given by the quadratic form Skin =

| &L 05(p) Das(p)ps(p) with

K
Dup(p) = p*8ap + ﬁJabchp). (23)

The long-wavelength approximation of keeping only terms
quadratic in p is a consistent assumption if and only if all
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TABLE I. Stability of the quartic theory described by S requires
the interaction term to be bounded from below. In the table, the
first three columns indicate a positive (+) or negative sign (—) of
the corresponding coupling 1,,, and the fourth column gives the
corresponding stability condition that needs to be satisfied. If a
coupling vanishes, we can use the row with either + or — for that
coupling, and check whether the condition can be fulfilled. (Both
tests yield the same conclusion.) If the stability condition is violated,
higher-order terms in the field need to be included in S.

A Ao A3 Stability condition
+ + + Stable

+ + - A +4x >0

+ — + M4t +3>0
+ — - AM+A+40 >0
~ + + A+ 3h >0

- - + M4t +3a>0
- + - Unstable

- - - Unstable

eigenvalues of the 5 x 5 matrix D(p) are strictly positive
for all p. We determine the eigenvalues to be (1 + %) p?
(doubly degenerate), (1 + %K )p?, and (1 — %K )p? (doubly
degenerate). Consequently, a stable theory needs to satisfy the
condition

3
K| < 2. (24)

Note that in writing Eqs. (14) and (23) we implicitly assumed
the prefactor of p?8,, to be positive so that we can normalize it
to unity by a field redefinition. If this prefactor is not positive,
the theory is unstable for any value of K. Negative directions
of D(p) in momentum space would imply that the ground state
is given by an inhomogeneous field configuration with some
ordering wave vector p, > 0.

In a similar fashion, stability of the field theory requires the
quartic interaction term to be bounded from below: L, (¢) —
+oo for |¢| — oo. In this case, a second-order phase transition
is induced by a sign change of r. Since the field-dependent
terms Q.3 in Ljy are all positive, the stability is determined
by the signs and relative sizes of the couplings A; 3. The
corresponding stability bounds result from the inequalities

0<% < Il 216l* < w@ippip) <4lgl*, (29

which we derive in Appendix C. We summarize the stability
criteria in Table L. If the quartic part of S is not bounded from
below, higher orders in the field expansion need to be included,
which typically implies that the field theory describes a first-
order transition for certain r > 0. For the small-amplitude
expansion to still be a valid assumption, only weak first-order
transitions (with a small jump of the order parameter at the
transition) can be considered.

D. Cubic anisotropy

The two quintessential symmetries of the theory, rotation in-
variance and particle-number conservation, expressed through
the global symmetry group SO(3) x U(1), tightly restrict the

action S for complex tensor theory in three dimensions. We
have seen that the fluctuating second-rank tensor field is bound
to have five complex components ¢, and three quartic self-
interaction constants A » 3. In particular, even if the symmetry-
breaking ground state of the system condenses only, say, one
or two of the components, the fluctuations about this state
still comprise all five components. However, if the rotational
symmetry group SO(3) is reduced by the crystal structure to a
discrete point group, the number of fluctuating components can
be decreased. As we lay out in the next section, this may have
drastic effects on the nature of the complex tensor ordering
phase transition.

We focus here on the important case that rotations are
restricted to the cubic group. We write ¢ = ¢g + ¢r with

¢r= ) nA", (26)
a=1,2

¢r= > XaA“ 27)
a=3,4,5

Then, ¢g is entirely diagonal and ¢ is entirely off diagonal.
Importantly, if ¢ is diagonal (off diagonal), it remains diagonal
(off diagonal) under cubic transformations. The notation is to
indicate that ¢ and ¢t constitute the Eg (“E”) and T, (“T7)
representations of the cubic group.

If the system is only cubic symmetric, the masslike
quadratic term 7|@|? in the Lagrangian generically splits into
the two contributions

relil® + relx1* (28)

At a critical point where rg = 0 but 77 > 0, fluctuations of x
are suppressed by amass rr > 0, and vice versa. Consequently,
alarge difference |rg — rr| can efficiently suppress two or three
components of the fluctuating field. Since tr(¢)]t:¢E¢;£¢E) =
41371* 4 21721 and tr(¢tpropher) = 211 |*, the quartic term Qs
can be expressed in terms of Q; and Q5 in the cubic case. For
the three-component case, however, a further cubic symmetric
quarticterm Qc = Y, _; | Xa 1| x»|* is allowed. Consequently,
after a proper redefinition of the couplings, critical fluctuations
of ¢ and ¢ are described by the effective actions

Sp = / P (=28 + Tl + TP (29)

and

St = / d*x [x;(—vzaab)xb + xlx It + Ralx P

+ XCZ|xa|2|xb|2}, (30)

a<b

respectively. Although, in principle, cubic symmetry allows
for additional kinetic terms similar to the K-dependent con-
tribution in Eq. (14), we omit them here as they likely are
irrelevant at the fixed points of the theory. The actions Sg and
St for Ac = 0 reduce to the N-component model S’ studied in
Sec. IIC with N = 2 and 3, respectively.
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III. RENORMALIZATION GROUP

The effective action S is defined with respect to an ultravi-
olet momentum cutoff scale €2 so that fluctuations of the order
parameter are restricted to momenta p < 2. Fluctuations of
the order parameter are incorporated by successively reducing
2 which results in a running of the parameters of S. If the
bosonic theory is derived from an underlying microscopic
electronic model, the ultraviolet cutoff €2 corresponds to the
infrared cutoff of the electron system. Typically, this infrared
scale is given by temperature T and we have Q ~ T1/2. (We
use nonrelativistic units 7 = kg = 2M = 1 with electron mass
M.) Note that the electron system itself has an ultraviolet
momentum cutoff A delimiting its applicability, often related
to the bandwidth or Debye frequency.

In the following we discuss the RG flow for the running of
couplings of the critical action S (with r = 0) as the ultraviolet
momentum cutoff of the theory is changed from 2 to /b
with b > 1 [52]. In order to address the phase structure of the
theory in three dimensions, we define several deformations of
the theory that can be treated perturbatively close to the critical
dimension of four by an expansion in ¢ =4 —d with 0 <
& < 1. The expansion around four dimensions is complicated
by the fact that S intimately links the dimension of space
to the number of field components and independent quartic
couplings. Therefore, the RG evolution will be discussed for
the following three limits:

(a) The weak-coupling limit of the three-dimensional
model with SO(3) x U(1) symmetry, where the Gell-Mann
algebra and angular momentum integrations are performed for
d=3

(b) The generalization of the model to d dimensions with
SO(d) x U(1) symmetry so that both Gell-Mann algebra and
angular momentum integrations are consistently performed in
d dimensions, with a subsequent & expansion

(c) The extension of the SO(5) x U(1) symmetric model
with K =0 and A3 = 0 to an arbitrary number N of field
components ¢,

The RG flows of the three distinct cases are qualitatively
compatible and thus give an idea of the critical behavior of the
theory. In this section, we focus on discussing the implications
of the RG equations on the phase structure of the model,
whereas the beta functions are derived in Appendix D.

To one-loop order, we only have to determine the fluctua-
tion corrections to the three quartic couplings X » 3. Indeed,
diagrammatically it is clear that at one-loop order there is no
anomalous dimension 7 or change of the parameter K. We can
further assume that the system is fine tuned to the transition
such that » = 0 after fluctuation contributions to r have already
been taken into account. To higher-loop order we expect n > 0
and

dK
dinb

=ngK €29}

with ng < 0 so that K becomes an irrelevant perturbation.
This expectation derives from the behavior of corresponding
couplings in similar models for real order in three-dimensional
Heisenberg or tensor models [50,52]. Therefore, we can treat
K as a small perturbation, which, however, leads to some
qualitative effects.

A. Three-dimensional model

We first consider the three-dimensional action S in Eq. (8),
where the indices of ¢;; take values 7,j = 1,2,3, the field
has five complex components ¢,, and angular integrations
are performed in three dimensions. For K = 0 the one-loop
running of the quartic couplings is given by

A= ek — 18A] — 8hihy — 823 — 180025
— 32003 — 2223, (32)

).Lz = 8)\2 — 12)\1)\2 — 10)\% — 53_6)\.2)\.3 + %)\%, (33)
Ay = ehz — 120143 + 8hohs — 12253, (34)

We rescale the couplings according to A, = ZJ'T—ZQ‘EX,,l and
define im = dA,,/d Inb. We further introduce ¢ in the linear
terms of the flow equations. By formally treating 0 < ¢ < 1
as a small parameter we can address the weak-coupling limit
because any fixed point of the set of the beta functions has
coupling values X,,, = O(¢).

The flow equations (32)—(34) have a couple of remarkable
properties that are related to the symmetries of the theory
when K = 0, which we discussed below Eq. (21): (i) First,
for A, = A3 = 0 we have )'Lz = Xg = 0. Indeed, if these two
couplings vanish for some value of €2, the theory has an
enlarged U(5) symmetry. Consequently, the fluctuations of
this theory cannot generate terms |g>|> or tr(¢p!ppi¢) in the
effective Lagrangian for b > 1, as these terms do not possess
this symmetry. (ii) Similarly, if A3 = 0, we have }\3 = 0, which
can be ascribed to the SO(5) x U(1) symmetry of the theory
with A3 = 0. This also implies that the coupling A3 cannot
change sign during the RG flow since this would require it to
cross the plane of A3 = 0. (iii) Note also that even if A, = 0 at
some scale, the coupling is generated from a term in A, %A%.
This manifests the difference of our model for symmetric
traceless tensors from the field theory for the matrix model
with U(3) x U(3) symmetry, where a nonzero X, is forbidden
by symmetry. Similarly, our flow equations for A, = 0 do not
reproduce those of the matrix model (see Appendix B).

The stability of a fixed point of the RG flow (defined by
Am = O for all m) is determined by the number of relevant
perturbations at the fixed point. We define the stability matrix
at a fixed point A, by

Ok
O [y,

(35)

mn

We denote the eigenvalues of M by {6,,}. A relevant (irrele-
vant) direction in the space of couplings is represented by a
positive (negative) eigenvalue. Since temperature as the only
tuning parameter is needed to fine tune r = 0, a second-order
phase transition is described by a completely stable fixed point
with all 8,, being negative. Although the flow of the parameters
of the kinetic term Ly;, vanishes at the one-loop level, itis fair to
expect them to constitute irrelevant directions when including
higher-loop orders.

The set of Egs. (32)—(34) features two fixed points. The
noninteracting fixed point (A1,A2,A3) = (0,0,0) is completely
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FIG. 1. Flow of the quartic couplings according to
Eqgs. (32)—(34) in the plane spanned by A3 = 0. The flow equations
in the plane A3 = O correspond to those of the N-component model
discussed in Sec. IIIC for N = 5. We parametrize X, in terms of
u = 6(A; + Ap) and v = 12A,. This parametrization is useful because
(i) the coupling v cannot change sign and (ii) the quartic potential is
stable if and only if # > 0. The arrows of stream lines point towards
the infrared, so that b increases along the flow. We observe a runaway
flow towards u < O for all generic initial values of A ,. This signals
that fluctuations induce a first-order phase transition. Trajectories in
the vicinity of the interacting fixed point (u,,v,) = (5,0) are shown
in red.

unstable with (61,6,,63) = (¢,¢,¢). The interacting fixed point
is located at

&
)‘-*,)&*,)\*Z PP s
(A 1wy 2wy A34) <1800> (36)

and thus possesses an emergent U(5) symmetry. It is unstable
in two directions with eigenvalues

(01.62.05) = (— c 8). (37)

&=,
33

The flow of couplings is thus repelled from both fixed points,
leading to a runaway flow in the space of couplings.

The flow in the representative plane spanned by Az = 0 is
shown in Fig. 1. As b > 1 increases, we first observe that
|Xz] increases. This induces a significant running of A;, and
eventually at b = by > 1 the couplings flow into the unstable
region with 1| + A, < 0. The negative sign of A + A, forb >
by signals a fluctuation-induced first-order phase transition:
For r = 0, the assumption of the effective action being of the
form (8) is inconsistent. Instead, a first-order transition occurs
for a certain » > 0, and higher orders in the field need to be
included in the effective action to compute the minimum of the
Ginzburg-Landau free energy.

For K # 0, the symmetry of the theory is reduced to
SO(3) x U(1) and none of the quartic couplings are prohibited
by an enlarged symmetry. The corresponding flow equations
for arbitrary K are displayed in Appendix D. Here, we only
discuss the flow equations for small K, as they exhibit many
of the characteristic features of the full equations. We have

ho=eh — (184 22K — 8+ LKA — 8+ ZBK?)A3 — (12 + T2K%)has

— (32 + B K yns — (B2 4 8 g2
9

135 405

)43 + O(K?), (38)

Ay = ey — KT — (124 38K ny — (10 + KEK2)A3 + 12 K200 — (3 + 32K ks

+ (42 + 488 g 2)32 + O(K?),

135
(39)

Ay =ehy — K2 — 4 +229) — (124 BEH)ahs + (8 4+ $K)aons — (22 + LK) + OK). (40)

15

Clearly, for nonzero K all couplings are generated, even if they are initially absent. Note that K can have both positive or negative
sign. However, since the first corrections are of order K2, there is an accidental symmetry K — —K of the flow for small K.
Expanding the full beta functions further, however, terms of order K3 appear that break this invariance. The behavior for small
K is rooted in the fact that D(p)~! = #]1 + O(K?), and therefore no contribution linear in K can be generated perturbatively
(see Appendix D). For the same reason, terms linear in K cannot appear to any perturbative loop order. If A3 is initially absent, a
negative (positive) coupling A3 is generated if A, /A < p (if Ap /A > p)withp =1 — Lz = 0.293. (We assume here A, /A; < 1
as it is relevant for the applications below.) We generically find that the explicit appearance of K in the beta functions for 4 »
quantitatively modifies the flow of both couplings, whereas the effect of a nonzero value of A3 is small.

The fixed-point structure is only mildly affected by the parameter K # 0. For small K, the interacting fixed point is shifted
towards

1 1142
ry= —|[1—- —=K? K3 41
! 18< 1215 >8+O( ) @1
K2 3 2 3
Aoy = ——& + O(K?), Ay = —e + OK?). 42
2 4058+ (K7), A3 8108+ (K?) (42)
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FIG. 2. Fixed-point structure of the three-dimensional theory with
action S as a function of K. The plot shows the couplings A;, /¢ (blue,
continuous line), 100A,, /¢ (red, short-dashed line), and 10013, /e
(orange, long-dashed line). For better visibility, we magnify A,, and
A3, by a factor of 100. To determine the couplings, we use the full
K -dependent expressions (D29)—(D31), which yield Egs. (38)—(40)
for small K. The eigenvalues of the stability matrix at the fixed point
are §; = —¢ and positive 6, 3 = O(e) for all values of K.

As K is increased further, A, and A3, remain comparably

small. However, in the extreme limit the fixed-point couplings
vanish: A,,, — 0 as |K| — % The stability of the fixed point
is not changed qualitatively due to K, as it always features one
irrelevant direction with 8; = —¢, and two relevant directions
with positive 6, 3 = O(g). The behavior of {1,,} as a function
of K is displayed in Fig. 2.

B. d-dimensional model

In this section we study the RG evolution of a complex
tensor field close to its critical dimension of d = 4. The
corresponding action for an irreducible second-rank tensor
under SO(d) x U(1) is given by

ld —1
Sd = [ddx [w:( - 5abV2 + K 7Jahcdc(_iv)>(ph

+ 21191 + 221@%1* + g3tr(p ' pd ) + gatr(ep! 2¢2>].
(43)

We parametrize the tensor as ¢;; = ¢, A?j withi,j =1,....,d,

and a,b,c=1,...,N;, where N; = &2(‘”2) is the number

of real Gell-Mann matrices in d dimensions [50]. We define

d a
d.(p) = ‘/mpipjl\jj (44)

sothat Y d? = p*. When computing perturbative corrections
derived from S, the angular momentum integrals can be
computed in d dimensions. In the interaction part of S; we
account for the fact that tr(¢p2¢?) is not a function of the
remaining three quartic terms when d > 3. For this reason,
we labeled the quartic couplings by {g,,} to distinguish them
from {A,,}.

The action S;—4 consistently lifts all the algebraic and
analytic properties of the three-dimensional model to four di-
mensions. In particular, for the number of field components ¢,

to be consistent with a second-rank tensor in four-dimensional
space, we need to replace the N3 =5 components of the
original model by N4y = 9 components. The nine Gell-Mann
matrices in four dimensions are given in Eq. (A2). The
extension from five to nine functions d,(p) was first employed
by Abrikosov in order to perform an ¢ expansion for the
three-dimensional fermionic QBT system [5].

The RG evolution of the quartic couplings for small ¢ and
to leading order in K are given in Eqgs. (D48)-(D51) in the
Appendix, where we rescale the couplings according to g,, =
# 2. The leading order in K is again found to be O(K?). In
four dimensions, stability of the kinetic operator requires —1 <
K < 2. Analogous to the three-dimensional model, for K = 0,
the couplings g3 and g4 cannot be generated from g; and g, if
initially absent because the theory has an enlarged SO(N,) X
U(1) symmetry for g3 = g4 = 0. For K # 0, however, both
couplings are generated even if initially absent.

The fixed-point structure of the flow equations is analogous
to the behavior of the three-dimensional model S discussed
in the previous section. We have the noninteracting fixed
point (g1, 82,83,84) = (0,0,0,0), which is completely unstable
with (61,6,,03,04) = (¢&,¢,¢,¢). An interacting fixed point with
enlarged U(9) symmetry is found for

e
*382%383x:84%) — _,0,0,0 . 45
(815:824:834:84x) (26 ) (45)
with stability eigenvalues
(61,62.03.64) = (—¢, &, &, 5E)- (46)

It thus constitutes a four-dimensional analog of the interacting
fixed point of the three-dimensional model in Eq. (36). Hence,
both the structure of the beta functions and the fixed points
of the RG flow obtained here are similar to those obtained in
Sec. IITA. This supports the results obtained for the three-
dimensional model and the conclusions drawn from them.
Since the d-dimensional model with d > 3 has four quartic
terms instead of three, it is difficult to directly physically
interpret the running of couplings for d > 3 in the context of
superconductors.

C. N-component model

From the findings of the previous sections, we conclude
that in order to make the critical properties of S particularly
transparent, it is advantageous to focus on the plane spanned by
(A1,A2,A3,K) = (A1,A2,0,0) in coupling space. RG trajectories
within this plane are protected by symmetry to stay within this
plane. We generalize the setup to N field components ¢, by
considering the action

s = / AUl (VD + MGl + R @D

with a = 1,...,N. The system described by §’ is invariant
under SO(N) x U(1) transformations.

We study the running of the couplings A; ; of S’ by means
of an & expansion around d = 4 dimensions. After rescaling
of the couplings according to A, = 8;+2)_‘m we obtain the flow
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equations
A= ek — 2(N 4+ 4)23 — 81k — 812, (48)

ha = Ay — 12014y — 2NA3. (49)

For N =5 we recover the flow equations of Sec. IITA for
K =0 and 13 = 0. Similarly, the flow equations of Sec. III B
for K =0 and (g1,22,83,84) = (A1,12,0,0) are obtained for
N =09.

The set of Eqgs. (48) and (49) has the following fixed-
point structure as N is varied. The noninteracting fixed point
(A1,A2) = (0,0) is repulsive with (6;,6,) = (¢e,¢). For all N
there exists an interacting “Heisenberg” fixed point “H” with
U(N) symmetry at

H: (A, Ao = (ﬁ@ (50)
with
(61,6,) = (—S,N—_zs). 51)
N+4

We recognize this fixed point to be the generalization towards
N field components of the interacting fixed points found in
Sec. IIA (N =5) and Sec. IIIB (N =9).

The fixed point H is stable for N < 2 and unstable for
N > 2. The change in stability at N = 2 can be understood
from a stability exchange with yet another fixed point of the
system. Indeed, the flow equations feature two more fixed
points B; and B, with couplings

— N 3

B, :(Al*,m:(f = 5 g’;h5>a, (52)
N -3

Byt (ura, ) = (f:h 5 At S)e, (53)

where f =48+ N(N—-4), g=NN+1)—-12, &=
/48 — 24N + N2, h=3f+ Ng > 0. The fixed points
By, are real for 48 —24N + N? >0, which requires
either N <433 —+/6) =220 or N > 43+ +6) =218
components of the field. As these critical values of N are
approached from below or above, respectively, the fixed
points By and B, collide (§ = 0) and mutually annihilate
each other. For N =2, fixed point B; coincides with H
Ay = %, A2, = 0) and exchanges stability with it. We have
the following stable fixed points as N varies:

(1) For N < Ny, four fixed points exist, only H is stable.

(2) For Ny < N < N_, four fixed points exist, only Bj is
stable with A,, < 0.

(3) For N_ < N < N, only the Gaussian and Heisenberg
fixed points exist, and none of them is stable.

(4) For Ny < N, four fixed points exist, only B, is stable
with A, > 0.

To one loop order we have Ny = 2 + O(¢)and N» = 4(3 +
V/6) + O(g). The correlation length exponent v is given by

I N+1 1

=+ —— A+ A+ O 54
v > + > 1« T 772 + O(&) (54
so that for H we obtain v = % + 48]\,114)8 + O(e?), which is the

exponent at the Wilson-Fisher fixed point of the O(2N) model,

whereas the fixed points By and B; lie within a distinct “chiral”
universality class, as pointed out first by Kawamura [43,44].
The anoglalous dimension for N = 2 at both H and B, reads
asn =g+ O(e?) [47], and the susceptibility exponent at H
is related to v and 7 via the scaling relation y = v(2 — n) =
2v 4+ O(s2).

The coincidence of the fixed points H and B; for N = 2 and
their instability for N > 3 indicates that higher-loop terms in
the RG beta functions play a crucial role for the cases N =
2,3 that are relevant for superconductors with cubic anisotropy.
The fixed-point structure of $’ has been investigated in the
context of frustrated magnetism. To see the correspondence
write ¢, = \/%(Ua +it,), so that

1 1
S = / d%x (Eaa(—vz)a,, + Ef‘,(—vz)ra

A+ 22)
4

which coincides with the spin model given by

1 - - ji -
§ = f dx (5 > G (VI + 5 D (52)

+ ﬁ (W - ¥p)* — V23] (56)

@+ 7P 4 LlG - 7 — 62?2]), (55)

upon identifying 1}1 =0, 1}2 =7 witha,f =1,2, and @i =
6()_»1 + )_»2), V= 125\2.

The spin model in Eq. (56) constitutes an O(N) x O(2)
symmetric field theory that has been approached from various
theoretical and experimental directions. The three-loop ¢
expansion yields [41,45]

Ny =2 — ¢+ 1.29¢2 + O(3), (57)
N_ =2.20—0.57¢ + 0.99¢% + O(&?), (58)

N, = 21.80 — 23.43¢ + 7.09¢2 + O(&*). (59)

We observe rather bad convergence properties to this loop
order. The six-loop perturbative RG in fixed dimension d = 3
predicts stable fixed points for both N = 2,3 with u,,v, > 0
[46], although this is in conflict with three-loop order results in
the same scheme. Note that the fixed points in fixed dimension
d = 3 need not be smoothly connected to H and B, , that are
described by Egs. (57) and (58). The predicted fixed points
for N = 2,3 correspond to second-order phase transitions
with universal exponents, and since they feature A, # O,
they are in the chiral universality class. As is carefully dis-
cussed in Refs. [42], there exists strong evidence conflicting a
second-order phase transition, crucially, a negative anomalous
dimension in Monte Carlo results, and distinct experimental
systems that observe some scaling, but with nonuniversal
exponents. Based on these observations and a study with the
nonperturbative RG, it is then argued that the transition is first
order but with an extended regime of scaling because of the
proximity of a complex fixed point close to the RG trajectory.

For the cubic anisotropic system with N =3 the addi-
tional quarticterm Ac 3, .y [xa 15> = 2 (X1 = 3, Xal)
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introduces a further marginal operator that influences the RG
flow. In particular, for A, = 0 the system may feature a stable
fixed point with cubic symmetry [41]. For the applications that
are relevant here, however, we have A, £ 0. For a discussion
of the three-loop ¢ expansion of the model with A;, ¢, see
Ref. [53]. The nonperturbative RG flow of the O(3) x O(2)
symmetric model with Ac = 0 and its relevance for experi-
ments with spin-1 Bose-Einstein condensates has been laid
out in Refs. [48,49].

IV. SUPERCONDUCTIVITY IN LUTTINGER SEMIMETALS

In this section we discuss the significance of the structure
of the RG flow for the complex tensor order superconducting
transition in Luttinger semimetals. For this purpose, we first
derive the initial conditions for the bosonic RG flow from
the underlying fermionic model at the mean-field level. We
then discuss the implication of the running of couplings for
the phase transitions of the system. Then, we investigate the
influence of cubic anisotropy.

The Lagrangian for spin-% Luttinger electrons at an
isotropic three-dimensional quadratic band-touching point
with local short-range interactions is given by

Ly = ¥'[8; +do(—=iV)ye — nl¥ + g yasy )W T yas )
+ 84 Yayas U@ Tyas va ), (60)

with ¢ a four-component Grassmann spinor, {y,} a set of five
anticommuting 4 x 4 Dirac matrices such that y; ; 3 are real
and yy4 s are imaginary, ys45 = iysYs, and coupling constants
gs and gq. The chemical potential is denoted by w. We use
units such that iz = kg = 2M = 1 with electron mass M. The
Lagrangian for the electrons is defined with respect to an
ultraviolet momentum cutoff A. A transition towards complex
tensor order is induced for g =0 and g4 = —g < 0. At
nonzero temperature 7 > 0 we can integrate out the fermions
on the mean-field level to obtain a Ginzburg-Landau theory for
the order-parameter field A, = (VT y4s5v.9).

When integrating out the fermions, we generate kinetic
terms for the field A,(t,x), which result in fluctuations of the
order-parameter field close to the second-order phase transition
with (A,) = 0. The corresponding Ginzburg-Landau effective
action in the isotropic case is given by

1/T
So = / dt/d3x (A; [raab + Z84pd; — X84,V
0

Y ) - -
+ ﬁJabcdc(—zw] Ap +qilA* +q2|A2|2). ©61)

This bosonic theory is defined with respect to an ultraviolet
momentum cutoff Q ~ T1/2 that we identify with the tem-
perature of the microscopic fermionic theory. The coefficients
rX,Y,Z,q,,q, are functions of g,u,T,A and are given in
Appendix E. Importantly, no quartic term Q3 is generated at
the mean-field level so that the quartic theory has an accidental
SO(5) x U(1) symmetry. Since temporal fluctuations with fre-
quency w, = 2nnT (n € Z)are suppressed forn # 0, the fluc-
tuations close to the transition are T independent: A,(7,X) =
> Au(x,n)e’™ = A, (x). The critical theory with cutoff

can then be written as

K
So = /d3x ((p:[ — 8V + TZJabcdc(—iV)}Oh

+Agl@lt +Xm|¢2|2), (62)

where we applied a field redefinition ¢, o« T~*/*A,,. From this
expression for Sg the initial values of the couplings K (b) and
Ai12,3(b) for b =1 can be read off. We explicitly construct
Eq. (62) from Eq. (61) in Appendix E, where we also give the
expressions for the initial values used in the following.

At the mean-field level, the fermion system with gg = 0 and
g4 = —g < 0 features two qualitatively distinct second-order
phase transitions towards complex tensor order, which we refer
to as the strong- and weak-coupling transitions, respectively.
The mean-field phase diagram is discussed in Ref. [18]. The
strong-coupling transition appears for couplings succeeding a
critical value g > g, and for high relative temperatures 7, ~
A?. In particular, it persists for u = 0. It features A < 0
and thus real nematic order develops at the transition. The
weak-coupling transition, on the other hand, only appears for
finite chemical potential © > 0, at exponentially small critical
temperatures T, < [, and for arbitrarily weak coupling g. Due
to Axq > 0 at this transition, genuinely complex orders that
break time-reversal symmetry are energetically favored. We
thus conclude that the strong- and weak-coupling transitions
are initialized, respectively, in the lower and upper half-planes
of the flow diagram for u = 6(A; + A;) and v = 124, shown
in Fig. 1.

We first study the strong-coupling transition for 4 = 0 with
critical temperatures T./A? > 0.291. (For smaller 7./A? the
mean-field transition is of first order.) In this regime we find
Ag ~ 1 and Ay ~ —1 so that ug = 6(A1g + A2q) = 0 and
Kq ~ 0.5. Consequently, a negative coupling X3 is generated
during the flow. The effect of the nonzero A3 onto the running
of A;» is negligible. In particular, due to the large value of
[X2q| the flow trajectories rapidly enter the instability region
of u(b) < 0 for b > by with by ~ 1. As a result, a first-order
transition is induced due to fluctuations. The flow is depicted
in Fig. 3.

At the weak-coupling transition for g — O and 7./ < 1,
we have A = 212 > 0. In this regime we have Ko = 0.86
and due to the ratio Ayo/A1q = % being larger than 1 — Lz =
0.29 a positive coupling A3 is induced. The initial values of
A1 are tiny so that the flow is initialized close to the two
fixed points and the flow of A3 has a quantitative but small
influence on the other two couplings. The RG trajectories are
repelled from the fixed points and eventually flow into a region
of instability, again indicating a fluctuation-induced first-order
transition. However, due to the small initial values, the running
couplings X, (b) stay in a region of parameter space with stable
quartic potential for a sufficiently long RG time b < by with
by ~ 10. The slowing down of the flow in the stable region
results from the vicinity of the interacting fixed point. Further,
this proximity of the RG trajectory to the interacting fixed point
might yield a certain range of temperatures where scaling is
observed, despite the transition being of first order. The flow
is visualized in Fig. 4.
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FIG. 3. Strong-coupling transition in isotropic Luttinger
semimetals. Upper panel: the solid lines, from top to bottom,
show the scale evolution of the running couplings A,(b) (blue
line), A3(b) (magnified by a factor of 10, orange line), A,(b) (red
line). They rapidly enter the region of (—,—,+) in Table I and
the stability criterion is violated because A; + A, + %)Lg < 0 for
b > by ~ 1, indicating a fluctuation-induced first-order transition.
The dashed lines show the result of integrating the flow for K =0
(same color scheme), which constitutes a reasonable approximation.
Lower panel: the solid line represents the evolution of the couplings
u = 6(A; + Ap) and v = 12, projected onto the plane with A3 =0
(see Fig. 1 for comparison). Arrows point towards the infrared. The
dashed line again constitutes the flow when setting K = 0. In the
latter case, the instability is indicated by u < 0. In the plots we chose
T/A?* = 0.3 as the sole input parameter and set & = 1.

The size of the scale b, at which the flow enters the region of
instability gives an indication on the temperature range where
critical fluctuations are important and the size of the jump
of the order parameter. For by >> 1, as occurs for the weak-
coupling transition with by ~ 10, only the temperature interval
|T — T.| ~ T./b} in the vicinity of the transition temperature
shows the fluctuation-induced first-order transition. Outside
this temperature range, mean-field theory gives a solid estimate
of the size of the order parameter. The jump of the order
parameter is thus delimited by the mean-field value for the
gap Avr ~ |T — T,| to be AMF/bS. Consequently, both the
critical region and the order-parameter jump are very small at
the weak-coupling transition and it may thus appear continuous
in experiment or numerical simulation. If b, is not particularly
large, as in the case of the strong-coupling transition, a similar
estimate is more difficult to make. In fact, as we expound in
the following section, the strong-coupling transition should

Weak-coupling transition
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FIG. 4. Weak-coupling transition in isotropic Luttinger semimet-
als. The color and line scheme is chosen as in Fig. 3 for the
strong-coupling transition. Therefore, we focus on pointing out the
differences here. Upper panel: the flow enters the regime of (—,+,+)
in Table I after a relatively long RG time b. An instability is signaled
by A + %)L_; < 0 for b > by ~ 10. Due to the large value of b, the
fluctuation-induced first-order transition is only weak. Lower panel:
the slowing down of the flow before entering the region of instability
can be explained by the flow trajectory being close to the interacting
fixed point (red mark). This proximity, in contrast to the flow in Fig. 3,
is induced by the small initial couplings. The dashed line representing
the flow for K = 0 deviates more significantly since the interacting
fixed point for K = 0 is further to the right in the plot (see Fig. 2). In
the plots we choose 1/A? = 0.4 and T/ = 0.005, which are values
motivated from half-Heusler superconductors [18], and set ¢ = 1.

for several reasons rather be treated with a method that
incorporates both fermionic and bosonic fluctuations on an
equal footing such as the functional renormalization group.
The quartic coupling A3 # O that is generated during the
RG flow removes the accidental SO(5) x U(1) symmetry
of the quartic mean-field free energy. Since the effect is
small, however, we can treat A3 as a small correction such
that the signs of the couplings A, determine whether the
order parameter is real (|52| = |A|2) or genuinely complex
(A? = 0), and the sign of A3 determines the energy of distinct
states within this manifold of potential ground states. For the
strong-coupling transition, we have A; > 0 and A, < 0 and
real orders are favored, so that the additional quartic term
X303 — 2X3|A|* does not lift the degeneracy of different real
configurations. Instead, as laid out in Ref. [18], the sextic terms
in the free energy favor the uniaxial nematic state with A =
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A(0,1,0,0,0). For the wegk—coupling tgansition with A, Ay >
0, the manifold of states A satisfying A% = 0 is energetically
degenerate for A3 = 0. If A3 > 0, O3 needs to be minimized
which corresponds to Q3 — $|A[* and A = %(l,i,0,0,0).
In contrast, for A3 < O, 93 neecls to be maximized, which
corresponds to Q3 — 4|A|* and A = %(I,0,0,0,i) [37].

In the presence of cubic anisotropy, the Lagrangian in
Eq. (60) receives an additional contribution

a

Laniso = WT ((3 : Zsada(_iv)ya) Y, (63)

with dimensionless parameter § € [—1,1] and s, = —1 and
5345 = +1. (We follow the conventions of Ref. [15].) For
nonzero 8, the quadratic mass term for ¢ splits into two
distinct contributions rg and rr for 77 and X as in Eq. (28).
Evaluating the expressions in Eqs. (E7) and (E8) we find
that small § < O favors N = 2 fluctuating components, and
small § > 0 favors N =3 fluctuating components. These
statements are true for both the strong- and weak-coupling
transitions [see Eqs. (E21)—(E28)]. From the band structure
of YPtBi given in Ref. [14] we determine § = —0.19 [18],
which is considerably small and negative, so that the number
of fluctuating components is likely reduced to N = 2. The
critical theory is then described by the O(2) x O(2) symmetric
effective action Sg given in Eq. (29). The phase structure of
this model has been discussed at the end of Sec. III C. Note that
due to A » > 0, the couplings for the weak-coupling transition
are within the domain of attraction of the proposed chiral fixed
points for N = 2,3 with u,,v, > 0 [46], if they exist.

V. SUMMARY AND OUTLOOK

In this work, we have analyzed the critical properties of the
complex tensor ordering phase transition in three dimensions.
In the following, we summarize our findings and point out
directions along which the present calculations should be
improved in future studies.

To capture the critical fluctuations of the complex tensor
field, we derived the low-energy effective action for the bosonic
order-parameter field and studied the scale dependence of its
couplings by means of the perturbative RG. We observed
that both the kinetic and interaction terms of the bosonic
Lagrangian feature peculiar features that are not commonly
encountered in O(N) models for phase transitions. These
features result both from the three dimensionality of space and
the irreducibility of the tensor field. Since they are intimately
tied to the three-dimensional setting, the perturbative RG close
to the critical dimension of four is somewhat problematic.
Studying three complementary models for the critical field
theory, however, we found qualitatively consistent results in
all three of them, which gives us some confidence on their
reliability (within the confines of perturbation theory).

For the isotropic system with N =5 fluctuating com-
ponents we found that, although mean-field theory for a
particular microscopic model of complex tensor order may
predict a second-order phase transition, fluctuations of the
order parameter induce a first-order phase transition. However,
since the flow equations permit an unstable interacting fixed
point, RG trajectories that are initiated in its vicinity might

show a slowing down of the running of couplings, so that
the corresponding transition is only weakly first order and
might appear continuous in experiment, with an extended
temperature range that shows scaling behavior of observables.
The absence of a weak-coupling fixed point in the plane
spanned by (A1,A,A3) is in agreement with other studies on the
N-component model S’, which do not find an attractive fixed
point for N = 5.

We have further shown that cubic anisotropy reduces the
number of fluctuating components of the order-parameter field
to N = 2,3 and that the associated critical field theories are
identical to those of frustrated magnets. The critical properties
of the latter, on the other hand, are still debated among the
experts in the field, and the question on the order of the
transition essentially remains open.

When the bosonic theory is derived from the underly-
ing microscopic model for isotropic Luttinger semimetals,
it describes critical phenomena at the putative second-order
phase transitions towards complex tensor order derived in
Ref. [18]. We have shown that both the strong- and weak-
coupling transitions of the model become of first order due
to fluctuations, the second one, however, only weakly so. We
have further shown that cubic anisotropy reduces the number of
field components to N = 2,3, and for YPtBi the microscopic
parameters are such that N =2 and the flow is initialized
for small u,,v, > 0. It thus lies within the attractive domain
of the proposed chiral fixed point of the O(2) x O(2) model
and experiments on the second-order phase transition in the
half-Heusler compound may thus contribute to the outstanding
question of the critical physics of this model.

Our analysis indicates that the phase structure of complex
tensor order is determined by the strong-coupling regime of
the model because both (i) the runaway flow of couplings and
(ii) the potential existence of additional strong-coupling fixed
points in the plane (i;,X2,X3) is related to physics outside
the perturbatively accessible domain. In order to improve
on the results presented here, it is thus necessary to apply
genuinely nonperturbative methods such as classical Monte
Carlo computations [41,54,55] or the functional renormal-
ization group (FRG) [56-64]. Both methods can explicitly
resolve the first-order transition and the jump of the order
parameter at the transition because they allow to track the
RG flow of higher-order terms in the field beyond the quartic
level and their applicability is, in principle, not limited to the
weak-coupling regime. In particular, our derivation of the RG
beta functions presented in Appendix D can be generalized to
the local potential approximation of the exact FRG equation
by means of a few suitable modifications. A definite answer
to the existence of the chiral fixed points in the cubic models
for frustrated magnetism may eventually be obtained from the
conformal bootstrap approach [65-67].

In our application to the microscopic Luttinger semimetal
we first integrated out the fermion fluctuations on the mean-
field level and then incorporated bosonic fluctuations. This
procedure is a good approximation for the corresponding
weak-coupling transition, where the effect of bosonic fluctua-
tions is small and we have a clear separation of energy scales
where fermionic or bosonic contributions to the phase structure
are important. At the strong-coupling transition, however, we
find a strong renormalization of the quartic self-interaction
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with a divergence of the runaway flow for b = by ~ 1. For this
transition, it would thus be more reasonable to simultaneously
integrate out fermionic and bosonic fluctuations to account for
their mutual coupling and feedback. The FRG could be used
as a tool to resolve this interplay as has been demonstrated
in related models for relativistic [68—74] and nonrelativistic
field theories [75-77], where the finite-temperature phase
structure including both first- and second-order transitions was
addressed. A generic obstacle of the simultaneous inclusion of
fluctuations of fermions and bosons in this setting consists in
the regulator dependence that sets the relative scale between
the fermionic and the bosonic cutoffs. This effect influences
predictions for observables in any finite truncation, although
the effect is typically small [78-80].
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APPENDIX A: GELL-MANN MATRICES

In this Appendix we give the explicit representation of
real Gell-Mann matrices {A“} in three and four dimensions
that is used in this work. Generally, the matrices are sym-
metric traceless and normalized such that tr(A%A?) = 26,,.
In d dimensions, they are d x d matrices. They constitute an
orthogonal basis for symmetric traceless matrices, and every
symmetric traceless matrix M can be represented as M =
M A with M, = %tr(M A“). In particular, this decomposition
can also be applied if the matrix M has complex entries.

In three dimensions, the five real Gell-Mann matrices read
as

1 0 0 e 0
Al=[0 =1 0], A*’=— 0 -1 0],
0 0 0 V3\o 2
0 0 1 0 0 0
A=10 0 0 0o 0 1],
1 0 0 01 0
0 1 0
A=1|1 0 0 (A1)
0 0 0

Note that the first two matrices are diagonal, whereas the
last three matrices are off diagonal. In four dimensions, the
corresponding nine matrices are

1 0 0 0 -1 0 0 0

v o =1t 0o 0o] o 1[0 -1 0 o0

A=1lo o0 of=FHlo o 2 o)

0 0 0 0 0O 0 0 0
00 1 0 00 0 0
Ao |00 00 00 1 0
|t o o of 01 0 0]
00 0 0 00 0 0

01 0 0 00 0 1
s [t 000l s [oo0 0 o0
AM=1o 0 0 o] =0 0o o o
00 0 0 1 0 0 0
00 0 0 00 0 0
o {o o o0 o] 5 [0 0 0 1
A=1o 0 0 1] 2 =|o 0o 0o o
00 1 0 01 0 0
1 0 0 0
1{o -1 o o
9—_
AM=F%lo o -1 o (A2)
o 0 0 3

We define the J symbols through Eq. (5). Note that since the
trace is cyclic, J,p. . is invariant under a cyclic permutation of
its indices. Furthermore, since tr(A) = tr(AT) and the matrices
{A“} being symmetric we have
CACAY) =t ([ACAY ...

APAY = Jae. bas

A(‘Ad]T)
(A3)

Jab. ca = t(A“A" ..
=tr(AYA°. ..

so that the J’s are also invariant under reversing the order
of their indices. These two operations exhaust all possible
permutations of three indices and therefore the order of indices
in J,p. 18 irrelevant.

Most values of J,;. vanish. In three dimensions, the nonva-
nishing ones are

2 2
1112=—ﬁ, Jizs =1, Ji =—1, Jzzz=ﬁ,
1 1 2
Jozz = ﬁ’ Joag = ﬁ, Jass = —ﬁ, Jus = 1. (A4)

Note that J,;. f d,(q)dy(q)d.(q). See Appendix C of
Ref. [12] for a general discussion of properties of Gell-Mann
matrices and d, functions in d dimensions.

APPENDIX B: RELATION TO U(@3) x U(3) SYMMETRIC
MATRIX MODELS

In this appendix we clarify the difference of our model (and
the corresponding RG flow) to the U(3) x U(3) symmetric
matrix model of Refs. [30-32] more explicitly. For this,
consider an arbitrary 3 x 3 complex matrix ® described by
the effective action

S[0] = /d3x[%tr(vq>T.Vq>)+ %[tr(dﬂ@)]z

+ u3tr(q>fq>q>fq>)]. (B1)
Then, S is invariant under the U(3) x U(3) transformation
®—> & =UdVT with U,V e U(3). Furthermore, since
a term u|tr(®?)|*> breaks this symmetry, the coupling
u, cannot be generated from u; 3 if it is initially absent:
U, =0 = u, =0.

At first sight, § appears to correspond to the theory
described by S in Eq. (8) when X, = 0. This, however, is
not the case since for a symmetric traceless matrix ¢, the
transformed matrix ¢’ = U¢V' is no longer symmetric and
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traceless, so that the U(3) x U(3) transformation was not an ad-
missible operation. To make the situation more transparent, we
parametrize ® by its N = 9 complex components according to

9
=3 (B2)
a=1

where X% =A% for a=1,...,5 with the real 3 x3
Gell-Mann matrices from Eq. (Al), X¢ =
employ the additional imaginary Gell-Mann matrices

\/;13, and we

0 0 i 0 0 O
=0 o of, =0 0o i,
—i 0 0 0 —i O
0 i 0
»2=|-i 0 0 (B3)
0 0 0

The completeness of the set {2} to represent any complex 3 x
3 matrix results from the fact that we can uniquely decompose
each such matrix into a diagonal, symmetric-traceless, and
antisymmetric-traceless part. Introduce further the H symbols

Hyp o =t(ZEP .. X9, (B4)

The action and partition function for the U(3) x U(3)
symmetric model are then given by

Siel1 = f d’x(CF (V) + u1(CF ) + usHupeal L85 Ca)
(B5)

and
7= / D¢ De*e S, (B6)
respectively. In contrast, S purely in terms of ¢, reads as

Sle] = / P (=V)0n + M (@ 00) + Aol Patal?

+ A3 Jabea Py o P Pa) (B7)

with partition function

Z = f Dy Dg*eSI1, (B8)

The irreducibility of ¢ is fully incorporated by the J,p.4 vertex
in the quartic term of S. In this representation it is then obvious
that the SO(3) x U(1) and U(3) x U(3) symmetric models
differ in two crucial aspects: first, the former comprises five
fluctuating complex components, the latter comprises nine
fluctuating complex components. Second, they explicitly
differ in the vertices A3 J,pcq and us Hypeq that enter the quartic
terms Astr(¢pf o) and ustr(dT O DT D), respectively.

As a proof of principle we derive the flow equations for the
U(N¢) x U(N¢) symmetric model for Ny = 3 by means of the
procedure outlined in Appendix D. For this we replace 1| —
uy, hy — uy =0, A3 — u3, and Jopeq — Hypeq in Eq. (D15).
Note, however, that the identities for the J symbols given below
Eq. (D15) are no longer valid, so that the full expressions
have to be inserted, that is, 2J,cpq0 = Hucpa + Hepaa and

4Jabcd g Habcd + Hadcb + chad + Hcdab' Equations (D]2)—
(D14) remain valid. Summing over nine complex components
and rescaling the couplings by a constant prefactor, we obtain

U = &uy —?u%—4u1u3—u§, (B9)
uy =0, (B10)
ﬂ3 = U3z — 2u1u3 — lel% (Bll)
This agrees for Ny = 3 with the expressions

N? +4 4N,
i = eu; —Lu%——fulm—u%, (B12)

3 3

2N

L't3 = U3z — 2M1M3 — Tfu% (B13)

given in Ref. [30].

APPENDIX C: INEQUALITIES FOR TENSOR INVARIANTS

In this Appendix we derive the inequalities (25). The first
two, 0 < |¢?|*> < |¢|*, are obviously true. For the remaining
two, one notes first that every square matrix ¢ can be written
in polar decomposition as

¢ = HU, H Hermitian, U unitary. (C1)

We briefly recall the proof of this fact. First, note that ¢¢! is
Hermitian and non-negative, so there is a diagonal matrix D?
with non-negative entries, and a unitary V, such that ¢¢f =
vD*vt =DV VDV = H? The matrix H := VDV
is Hermitian and positive semidefinite. Typically, ¢ (and thus
H) will be invertible. In these cases define U := H ’lqb, which
is unitary. In general, even for singular ¢, the singular value
decomposition guarantees that there are unitary V, W such that
¢ = VDWT and, consequently, U = VW,

The Hermitian matrix H is characterized by three non-
negative eigenvalues (hy,h,,h,). We have

B1* = Lol o)? = Lw(HAP = L[n2 + nd + h2]
)

For the remainder of this appendix we normalize |@|* = 1 so
that h? + h3 + h3 = 2. We then find

tr(p'ppip) = tr(H*) = (h} + h3 + h3)
= (t+h3+[2-m=m]).  (©3

The minima and maxima of this expression can readily
be determined in the planar area 0 < h% + h% < 2.
For (hy,hs,h3) = 4/2/3(1,1,1) we have minimal value
tr(p'ppiep) = 3. The maximal value tr(¢p'ppip) =4 is
obtained when two of the h; vanish, say, (hj,hy,h3) =
0,0, ﬁ). In the derivation of the minimal and maximal values
for this quartic invariant we only used the decomposition in
Eqg. (C1), so that the finding is true for any square 3 x 3 matrix
not necessarily symmetric or traceless.

Note that in the same manner, the maximal and minimal
values of the sextic invariant |tr(¢>)|? can be derived. Since for
every symmetric traceless 3 x 3 matrix we have

tr(¢>) = 3det(¢), (C4)
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we have
|te(@D)]* = 9hTh3h; = OhTh5(2 — b — h3).  (C5)

We used here det(HU) = det(H)det(U) and |det(U)| =1
for U unitary. The maximal value |tr(¢*)]* = % is obtained
for (hi,hy,h3) = +/2/3(1,1,1). The obvious minimal value
|tr(¢p%)|> = 0 is obtained for ¢ being singular (i.e., noninvert-
ible), which means that at least one of the /; vanishes.

APPENDIX D: DERIVATION OF RENORMALIZATION
GROUP EQUATIONS

In order to compute the running of the quartic couplings, we
employ here the general formula for the one-loop correction to
the effective potential AU (¢), which constitutes an economic
way to access the beta functions for K # 0. The running of cou-
plings can equivalently be derived from standard perturbation
theory [52]. We also performed this approach with agreeing
results, but will not present it here. We define the effective
potential as the part of the effective Lagrangian that does not
depend on derivatives of the field. A saddle-point expansion of
the path integral (see for instance the lecture notes [64]) then
yields the “trace-log formula”

/
AU@) = 3 [ G 6.0 o)
q
where G~1(¢,q) is the inverse perturbative propagator in the
presence of a spatially constant background field ¢. It is related
to the second functional derivative of S[¢] by means of

528
S @sona) W = 81 = Gy (6.8 @~ ).
825 -1 (d) /
S o [ =91 = 0, 6. 08 @~ a). D2)

and

—1 —1
G = (gf‘f o ) (D3)
gw*so gw*w*

The trace in Eq. (D1) sums over all internal field degrees of
freedom, which here comprises (¢,,¢). The presence of the
background field allows us to conveniently take derivatives
of AU(¢), which, in this way, serves as generating function
for the one-loop corrections of all couplings of the effective
potential. For instance, we have

dAU
09,

We define the momentum-shell integration by means of

Q
dqq®" ). (DS
/( = G L d00™ [ o o)

The angular momentum integration will be carried out in either
three or four dimensions, depending on the model.

In order to compute the running of the quartic couplings,
we first determine

G~ 1((15 Q9

—t / G20V py

*AU
a(pika(pika(pl 8(;01 $=0

1= (D6)

_ AU (D7)
91091093092 |5

= 84;[] . (D8)
0910930904005 |5

Writing U = A1|¢|* + X2|¢>|* + A3tr(ppgT¢), we identify

Iy = 4A%; + 4A%, + 8423, (D9)
L =2Ak + A%, (D10)
Iy = —4A%s, (D11

where AX,, is the one-loop correction to A,,. The linear set
of equations (D9)-(D11) can be inverted and we eventually
obtain

Ak = %12 + %13, (D12)
Al =1L =1L+ 11, (D13)
Aks = —3h. (D14)

Since the one-loop correction depends on b, we can define
running couplings 4,,(b) = %,,(1) + AX,,(b) and the renor-
malization group flow A,, = dX,,(b)/d Inb. As we increase
b, we successively lower the cutoff of the theory and thereby
include fluctuations at high momenta to obtain an effective
infrared theory.

We first derive the flow equations for the quartic couplings
for K = 0. We have

Gl (¢.q) = ( 225»2(?2)’:5? (q* + 2;;12|¢|2)8ab>
(g% + 221181*)8up 2202(9")8ap
( Mk, 2019505 + 4X2<pa<0}§)
201909}, + 4020501 201 PaPs
(2):»#:(#2 Jacbd 4):»3§0c¢§ Jabcd> ' (DI15)
Ar30 Qatabca  2A30cPaacha

In the last line we employed Jeaap + Jebda = 2Jacha and
Javed + Jader + Jebaa + Jedab = 4Japea, Which follows from
the fact that we can cyclic permute the indices of J,; . and
reverse their order (see Appendix A). We have

34AU ’ Zg 1 2g—
_ =—tr| G G
09509, 00004 |4 2 Jqg 09;09, 09094
1 1921 952Gt
— —tr/ G g G 9’9
2 Jqg  09;09: 09,004
1 rooargTh 9g!
- —tr/ G g G *g
2 Jq 09;09s 0¢,0¢.
(D16)
with G = G(q) = G(¢ = 0,q). We used that the field depen-
dence of G~ is purely quadratic in the components ¢,, so that

derivatives of G~! with respect to three or more fields vanish
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identically. For ¢ = 0 we can easily invert G~ to obtain

L0 b
Gap(q) = ?< 0 ) DI7)

Bab

Furthermore, given the explicit expression in Eq. (D15), it is easy to determine the second derivatives of G~! and eventually
perform the contractions by hand or with Mathematica. We arrive at

5 , 116 52 452, 1
= —8{ 9AT + 10A 122 + 925 + —A1As + = Aoh3 + —— A3 —, (D18)
3 3 9 q 4
104 _ 32, 128 "1
= 493+ 4R ihy + 403+ —Rihs + - Aaky + —— A —, (D19)
3 3 3 6 7
6. i, S|
L= ?,\3(% —6J2+31%3) | —. (D20)
q 9

Using f 2712 Q7 ¢Inb for ¢ — 0, rescaling the couplings according to X, = #Q’a)_»m, we arrive at the one-loop flow
equations (32) (34).
Now, we determine the flow equations for arbitrary K. The sole change in the formulas is that we have to replace ¢>38,, in the
off diagonal of G~! in Eq. (D15) by
Day(@) = 4380y + = Jupede(@) (D21)
ab = ab —=Jabclc
V3

from Eq. (23). Since this term is independent of the fields, it does not effect the vertices 3>G~!/d¢? that enter the expressions for
I, » 3. However, the additional kinetic term contributes to the propagator. We have

0 D(g)™!
G(q):<D<q>-‘ i ) b2

where D(q)~! is the inverse of the 5 x 5 matrix D(q). Here, we can employ the general formula for the inverse of an invertible
5 x 5 matrix D given by

D= ( [(trD) 6(trD)2tr(D2)+3[tr(D2)]2+8(trD)tr(D3)_6tr(D4)]ﬂ5
det(D)

3 2 3 1 2 2 2 3 4
- 8[(mD) = 3@D)(D?) +2u(DH]D + (D)’ — t(DH]D? — D)D* + D ) (D23)

(The formula follows from the Cayley-Hamilton theorem.) For D = D(q) from Eq. (D21) we obtain

det(D) = 753 +2K)3 — 2K)*(3 + K)*q'"°, (D24)
tr(D) = 542, (D25)

tr(D?) = §(45 + 14K *)q*, (D26)

tr(D?) = §(45 + 42K> — 2K*)¢°, (D27)
tr(D*) = §-(405 4+ 756K* — 72K° + 50K *)¢"®. (D28)

The angular dependence introduced by the term proportional to K makes the loop integration more involved. However, since the
determinant is rotationally invariant, no angular dependence appears in the denominators. Consequently, the angular integration
can be carried out explicitly and yields simple rational coefficients in the beta functions. The full beta functions for K # 0 are
found to be

1
353 + 2K)*(3 — 2K)*(3 + K )?
—72(2835 + 1890K + 1197K?* + 1308K > + 484K *)h Ay — 216(945 + 630K — 189K? — 124K° + 12K*4)A3

— 288(4725 4 3150K + 966K> 4+ 1200K°> + 592K )i A3 — 96(8505 + 5670K + 1197K? + 1644K> + 772K H)Arn3
— 16(48195 + 32130K + 19089K* +21036K°> + 10004K *)A3], (D29)

j”l =¢eAr +

[—18(25515 + 17010K + 1953K* + 3372K° + 2228K )i}
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1

Jo = ek
2=t S K (B 2K PG 1 K )

[-36K>(189 + 180K + 52K*)A;

—108(2835 + 1890K — 231K?* — 52K > + 116K*)A11y — 18(14175 + 9450K 4 2961K > 4 3660K > + 1748K*)A3
+48K%(441 + 420K + 52K A ia3 — 24(19845 + 13230K — 1449K? — 204K> + T16KH)As23

+16(19845 + 13230K + 3024K* +4056K° + 1216K)A3],

. |
iy = e
3= St 3 2K PG — 2K)PG + K

(D30)

[-162K*(3 +2K)(7 + 2K)(A] — 40142 + 213)

— 108(2835 4 1890K — 189K? — 12K> 4+ 92KH)A A5 + 216(3 + K)(315 + 105K + 52K *)Ashs

—36(29295 + 19530K — 1029K* + 756K + 1052K*)A3].

When expanding to quadratic order in K, we obtain Eqs. (38)—
(40). Note that since the beta functions diverge as |K| — 2,
the fixed-point couplings vanish accordingly to yield a solution
of A; = 0. This behavior is visible in Fig. 2.

The computation of the flow equations for the four-
dimensional model S;—4 in Eq. (43) follows the same steps
as for the three-dimensional model. We therefore only discuss
the necessary modifications. First, note that in order to project
onto the four couplings g, in

U =al¢" + 22181 + &:tr(d po ¢) + atr(p 9%,
(D32)

we need four terms /,,,. We choose

1 a'Ay 4Ag +4Ag, +8Ags + 8Ag
| = T m vn o~ = 8 82 83 84,
091091091091 |4 1
(D33)
I*AU

8 8
=2Ag + -Ag3 + - Aga,

2T 99709109500 |40 3 3
(D34)
*AU i} _
3= e = —4Ag; +2Ag,  (D35)
3901 8‘/’38‘P43§05 $=0
*AU _
i= | =2Ag.  (D36)
093097091096 | y—
which leads us to
Agi = 3h+ 35— L, (D37)
A =1ih =L+ 1L - 1L, (D38)
Agy=—ih+ 1L, (D39)
Ay = 314 (D40)

In Eq. (D15) we add a term proportional to g4 according to

o (B LR
ab ,q) = S(2) [5(2) ]* s

A YaPp

(D41)

(D31)

[
with

Sézﬁpb = (¢° + 281161")8as + 2810a0; + 48320505

+4g3¢:¢d‘]ubcd + 2g4‘pj§0d(~lacbd + Jacdb)’

(D42)
S = 2810505 + 28280 @")" + 283070} Jucha

+ g4(p:§0;(Jabcd + Jbacd)- (D43)

The computation of G(q) requires to invert the 9 x 9 matrix

3 -
Dap(@) = ¢°8ar + K/ g Javede(@) =: G%8ap + 8Dup(q).
(D44)

Analogous to Eq. (D23), the general formula for the inverse
of a9 x 9 matrix D is of the form D~! = detl(D) S aDk,

where the coefficients k are functions of tr(D") with n < 8.
We expand D! to quadratic order in K. For this we employ

D" = (q*1g + 5D)"

(

nn—1
=q”"1y +ng*" V8D + — )q2<"*2>51)2 + O(K?).

(D45)

Now, since tr(§ D) = 0 this implies

(

—1
w(D") = 9¢*" + %)q”"fz)tr(w% +OK?)

= 3(3 + %n(n - 1)K2>q2” + O(K?), (D46)

where we used tr(§ D?) = 3K?¢*. Further,

det(D) = (1 — 3K%)q"® + O(K?). (D47)
We observe that the absence of terms linear in K in D!
is related to tr(§D) = 0, which results from Za Joapr = 0.
Since the latter equation holds for any dimension d [12], the
leading contributions to the beta functions in any d and to any
perturbative loop order is O(K?). [Note that the determinant
can also be expression in terms of tr(D") due to the Cayley-
Hamilton theorem.] Performing the angular integrals involved
in [, in Egs. (D33)—(D36) in four dimensions and rescaling
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the couplings according to g,, = #gm, we eventually arrive at

g1=eg1— (26 + 2K?) gl — 8 +8KHgi1g — (8 + 5 K%)g3 — (72 + 20K ?)g183 — 4K (3283 + 8284)
— (56 4+ 28K ?)g3 — (40 + 42K*)g1g4 — (48 + 56K )g3gs — (24 + LK?) g} + O(K?), (D48)

g =¢&g — (12 + 23—6K2)g1g2 — (18 + 18K2)g§ — %K2g1g3 — (4 +4K>)grg3 — (2 + %Kz)gg — §K2g1g4
— (36 + 1K) 2284 — (4 + 4K 7)g3g4 — (18 + FK?)gi + O(K?), (D49)

g3 =eg3— +K*(g7 +283) — (12 +9K*)gig3 + 2K?grg3 — (44 + 1K) g3 + 1K?g184 — (8 + 6K *)gogs
+ (8 +8K)g3gs — (8 + 2K?) g} + O(K?), (D50)

84 = 684 — éKz(glz +4g18 + 2g§) + §K28183 — (16 + 3—38](2)8283 + (12 + %Kz)gg - (12 + %Kz)glg“
— (8+ ¥ K?)gogs — (40 + 32K ?)g384 — (8 + 6K g7 + O(K?). (D31

APPENDIX E: INITIAL VALUES FOR LUTTINGER SEMIMETALS FROM MEAN-FIELD THEORY

In this Appendix we summarize the initial values for the bosonic RG flow that is deduced from the mean-field theory for
Luttinger electrons at a three-dimensional quadratic band-touching point.

The coefficients in Eq. (61) are determined from the fermion-fermion loop (see Fig. 5 and Ref. [18]). After performing the
angular momentum averaging we have

1A A —2g3 + 8q* —21? 1
= 4 T 90 59 1% N ED
1072 2 2 21 2 2 2 502
g 10m% Jg (95 + @ = w?][a5 + @+ w?]  5q
a1 = /A 2q; + a5 (- 9" +41°) + 34° — Fq' 1 + 24 (E2)
- ) !
0 [45 + (@* — w?] [45 + (@* + w?]
_ /A —q3 + @3 ($q* —20%) — Hq® +2¢% 1> — .
- ) i
o 45+ @@= w?] 4+ @+ n?]
g2 /“ Sq5 + g3(=26q"* + 10p%) + ¢* — 6g* > + 5* -
- ‘ :
> Jo [45 + (4% = w?] [ + (4% + 7]
A > 2]2 5 S (25q5 + g88q” + 5013) + ¢ (—62¢® + 198¢* 1> +0)
15Jo (g3 +(¢* — w*]'[4d + (g% + n)?]
+q2(—48¢"2 — 90g° u? + 252"t — 501°) — 3¢"° + 18¢'2u% — 52¢° 1t + 62¢* u® — 254%), (E5)
S > 6316 > (995 + g3(19¢* +91®) + q2(11¢° +30¢*11® — 9u*)
35Jo g8+ @ — w?T'[ad + @+ w?]
+q12_11q81‘£2+19q4ﬂ4_9“6)' (Eé)

It is a remarkable feature of the three-dimensional theory that no quartic term tr(¢T¢¢*¢) o Japea AL AR AT Ay is generated
from the fermion loop at the mean-field level. In the presence of a small cubic anisotropy 6 # O the mass terms are given by
rg = (r +ay) and rr = (r 4+ a) with

1 A 44%(35q8 + g2 (38¢* + 42u%) 4+ 3¢ — 10g* 12 +7uY) 11
70 a n (96 + (¢* = w?] [g5 + (¢ + )] 35q

! N — 4% (~7q8 + 432q* + 14p%) + 9¢° — 30g* 4> + 21*
a = 5_A+5/ [TZ 359" (=740 + 4524 ©)+9q q K )
q n

} + O5%), (E7)

1
by + —2} +0(%).  (E8)

[0 + (@ — 12T [ + (@® + w?] Tq
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These two expressions are obtained along the lines of Ref. [12]. The frequency and momentum integration are parametrized as

A A o0 A ) 1
...):=T .. =T d E9
/Q( ) Z/q( ) :ZOO/O ‘”<2n)3f§,2‘ ) (E9)

The frequency integration is replaced by a summation over
fermionic Matsubara frequencies gy = w, = 2w (n + 1/2)T
due to 7 > 0. This yields an infrared regularization of the
expressions.

In order to make the transition from quantum to classical
scaling from Eq. (61) to (62) and to read off the initial values
of the boson RG, we keep a general dimension d, while
eventually setting d = 3. The temperature 7' defines a refer-
ence momentum scale that we denote by k = T''/2. The field
A, scales like A, ~ T = k>. The remaining couplings scale
like r ~ T%, qm ™~ T%, X,Y,Z ~ T, Consequently, we
introduce dimensionless scaling functions f according to

1 A i )

r=—— + T fr(u/ A%/ T), (E10)
g 1072

Gn = TF f, (u/ N2/ T), (BI11)

Z=T% f2(u/A*u/T), (E12)

X =T fy(u/Au/T), (E13)

Y =T°% fy(u/N%u/T). (E14)

For the critical theory (r = 0), temporal fluctuations are sup-

pressed by T > 0 and we can neglect the T dependence of the
1 .

field A,. Consequently, fO/T dr(...)= %(. ..) in Eq. (61),

and we arrive at

So = fddx<szbAj|:— FxSar V2 + %Jabcdc(—iV)}Ab

d=8 = d—8 -
+T7 f A+ T fq2|A2|2>. (E15)

(a) (b)

FIG. 5. Loop integrations that yield the mean-field expressions
for the coefficients of the free energy in Eqs. (E1)—(E8). Here,
a straight line represents a fermion propagator and a wiggly line
denotes an insertion of A, or A* with vertices yssy, [18]. The
contribution depicted in (a) results in the terms r,a;, and X,Y,Z
that are quadratic in the boson field, whereas diagram (b) generates
the quartic contributions g 5.

(

For the cases considered here, fy > 0 so that we can perform
a field redefinition according to
d—6

0a=T %/ fxAq,. (El16)

The action expressed in terms of ¢, reads as

So = / dix (@[—aabw 4 ﬂ—g‘hbedﬁ(—w)}%

+ T2 (fu /)18 + TV(fqz/f§)|¢'2|2>. (E17)

This action is the starting point for our classical field theory
for the complex tensor boson. We identify the initial values

(/A% u/T)

= , E18
= /N T) (E18)
o SaQT e fu, (/A2 T)
mQ — 4 5 2
2m) fxGu/A2,u/T)
Sa (T\7 fo.t/A>1/T)
= - —_————. E19
@) <Q2> O

In particular, Azo = 0 since this coupling is not generated
from the fermionic mean-field theory. We already rescaled
the quartic couplings according to Eq. (22). Note that the
field and quartic couplings scale as ¢, ~ T A, ~ kT and
A ~ T3 ~ k44 as appropriate for a classical bosonic field
theory. Note further that when identifying temperature as the
ultraviolet cutoff for the bosonic theory we have Q2 = T, so
that the initial values for the couplings become

2
- Sa_ fan W/ A"/ T) (E20)

Qm)y! fy(u/A%u/T)
We use the expressions for Kq and A,,q in Egs. (E18) and
(E20) for the analysis in Sec. IV.

Next, we discuss the influence of the anisotropy & on the
mass terms. For the strong-coupling transition we set u = 0
and consider the expressions

re=r+8-T'"f,(T/A*) + O, (E21)

re=r+8- T2 f (T/A* + O?) (E22)
with suitably defined dimensionless functions £, (T/A?) ex-
tracted from Eqs. (E7) and (E8). In the region of interest
T/A? > 0.29 we find

Ffu(T/A?) > f,(T/A%) > 0. (E23)
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Consequently, rg < rp for small § < 0, whereas rp < rg for
small § > 0. Hence, § < 0 suppresses fluctuations of y, lead-
ing to N = 2 fluctuating complex components, whereas § > 0
suppresses fluctuations of 7, leading to N = 3 fluctuating
components.

We arrive at the same conclusion for the weak-coupling
transition. In this case, it is sufficient to consider the logarithmic
divergence of the mass terms as y = /7T — oo. In analogy
to Eq. (E10), we define

_ s 11 12 2
(11—8 A+46-T fal(/’L/A ,M/T),

702 (E24)

ay=—=8——A+68-T"?fo,(u/Au/T).  (E25)

1472

The behavior for large y is then given by

1
Frp/A%y) = 75=5(=030 —05logy)y'”,  (E26)
fu (/A% y) — 10n2(-1.54+0.75 logy)y'/?,  (E27)
1
Far(/A2,y) > 55 (118 =025 log y)y'/*  (E28)

as y — oo. The divergence of logy dominates all other
contributions and the corrections to the mass terms can be
deduced from the sign of log(y)y'/? on the right-hand sides
of Eqs. (E26)—(E28). We observe that again rg is reduced for
small § < 0, whereas rt is reduced for § > 0.

[1] M. Sigrist and K. Ueda, Phenomenological theory of unconven-
tional superconductivity, Rev. Mod. Phys. 63, 239 (1991).

[2] M. Smidman, M. B. Salamon, H. Q. Yuan, and D. F
Agterberg, Superconductivity and spinorbit coupling in non-
centrosymmetric materials: A review, Rep. Prog. Phys. 80,
036501 (2017).

[3] S. Chadov, X. Qi, J. Kiibler, G. H. Fecher, C. Felser, and S.-C.
Zhang, Tunable multifunctional topological insulators in ternary
Heusler compounds, Nat. Mater. 9, 541 (2010).

[4] B. Yan and A. de Visser, Half-Heusler topological insulators,
MRS Bull. 39, 859 (2014).

[5]1 A. A. Abrikosov, Calculation of critical indices for zero-gap
semiconductors, Zh. Eksp. Teor. Fiz. 66, 1443 (1974) [Sov.
Phys.—JETP 39, 709 (1974)].

[6] J. M. Luttinger, Quantum theory of cyclotron resonance in
semiconductors: General theory, Phys. Rev. 102, 1030 (1956).

[7] S. Murakami, N. Nagaosa, and S.-C. Zhang, SU(2) non-Abelian
holonomy and dissipationless spin current in semiconductors,
Phys. Rev. B 69, 235206 (2004).

[8] E.-G. Moon, C. Xu, Y. B. Kim, and L. Balents, Non-Fermi-
Liquid and Topological States with Strong Spin-Orbit Coupling,
Phys. Rev. Lett. 111, 206401 (2013).

[9] L F. Herbut and L. Janssen, Topological Mott Insulator in Three-
Dimensional Systems with Quadratic Band Touching, Phys. Rev.
Lett. 113, 106401 (2014).

[10] W. Witczak-Krempa, G. Chen, Y. B. Kim, and L. Balents,
Correlated quantum phenomena in the strong spin-orbit regime,
Annu. Rev. Condens. Matter Phys. 5, 57 (2014).

[11] P. M. R. Brydon, L. Wang, M. Weinert, and D. F. Agterberg,
Pairing of j = 3/2 Fermions in Half-Heusler Superconductors,
Phys. Rev. Lett. 116, 177001 (2016).

[12] I. Boettcher and I. F. Herbut, Superconducting quantum critical-
ity in three-dimensional Luttinger semimetals, Phys. Rev. B 93,
205138 (2016).

[13] D. F. Agterberg, P. M. R. Brydon, and C. Timm, Bogoliubov
Fermi Surfaces in Superconductors with Broken Time-Reversal
Symmetry, Phys. Rev. Lett. 118, 127001 (2017).

[14] H. Kim, K. Wang, Y. Nakajima, R. Hu, S. Ziemak, P. Syers,
L. Wang, H. Hodovanets, J. D. Denlinger, P. M. R. Brydon,
D. F. Agterberg, M. A. Tanatar, R. Prozorov, and J. Paglione,
Beyond Triplet: Unconventional Superconductivity in a Spin-3/2
Topological Semimetal, arXiv:1603.03375.

[15] 1. Boettcher and I. F. Herbut, Anisotropy induces non-Fermi-
liquid behavior and nematic magnetic order in three-dimensional
Luttinger semimetals, Phys. Rev. B 95, 075149 (2017).

[16] C. Timm, A. P. Schnyder, D. F. Agterberg, and P. M.
R. Brydon, Inflated nodes and surface states in supercon-
ducting half-Heusler compounds, Phys. Rev. B 96, 094526
(2017).

[17] L. Savary, J. Ruhman, J. W. F. Venderbos, L. Fu, and P. A.
Lee, Superconductivity in three-dimensional spin-orbit coupled
semimetals, Phys. Rev. B 96, 214514 (2017).

[18] I. Boettcher and I. F. Herbut, Unconventional Superconductivity
in Luttinger Semimetals: Theory of Complex Tensor Order and
the Emergence of the Uniaxial Nematic State, Phys. Rev. Lett.
120, 057002 (2018).

[19] W. Yang, T. Xiang, and C. Wu, Majorana surface modes of
nodal topological pairings in spin-% semimetals, Phys. Rev. B
96, 144514 (2017).

[20] B.Roy, S. A. A. Ghorashi, M. S. Foster, and A. H. Nevidomskyy,
Topological superconductivity of spin-3/2 carriers in a three-
dimensional doped Luttinger semimetal, arXiv:1708.07825.

[21] J. W. F. Venderbos, L. Savary, J. Ruhman, P. A. Lee, and L.
Fu, Pairing states of spin-3/2 fermions: Symmetry-enforced
topological gap functions, arXiv:1709.04487.

[22] 1. Mandal, Fate of superconductivity in three-dimensional dis-
ordered Luttinger semimetals, arXiv:1710.08428.

[23] H. Isobe and L. Fu, Theory of interacting topological crystalline
insulators, Phys. Rev. B 92, 081304 (2015).

[24] L.Liangand Y. Yu, Semimetal with both Rarita-Schwinger-Weyl
and Weyl excitations, Phys. Rev. B 93, 045113 (2016).

[25] H. Isobe and L. Fu, Quantum critical points of j = % Dirac
electrons in antiperovskite topological crystalline insulators,
Phys. Rev. B 93, 241113 (2016).

[26] M. Ezawa, Pseudospin 3/2 fermions, type-II Weyl semimetals,
and critical Weyl semimetals in tricolor cubic lattices, Phys. Rev.
B 94, 195205 (2016).

[27] M. Kharitonov, J.-B. Mayer, and E. M. Hankiewicz, Universality
and Stability of the Edge States of Chiral-Symmetric Topological
Semimetals and Surface States of the Luttinger Semimetal, Phys.
Rev. Lett. 119, 266402 (2017).

[28] P. Tang, Q. Zhou, and S.-C. Zhang, Multiple Types of Topologi-
cal Fermions in Transition Metal Silicides, Phys. Rev. Lett. 119,
206402 (2017).

064504-19


https://doi.org/10.1103/RevModPhys.63.239
https://doi.org/10.1103/RevModPhys.63.239
https://doi.org/10.1103/RevModPhys.63.239
https://doi.org/10.1103/RevModPhys.63.239
https://doi.org/10.1088/1361-6633/80/3/036501
https://doi.org/10.1088/1361-6633/80/3/036501
https://doi.org/10.1088/1361-6633/80/3/036501
https://doi.org/10.1088/1361-6633/80/3/036501
https://doi.org/10.1038/nmat2770
https://doi.org/10.1038/nmat2770
https://doi.org/10.1038/nmat2770
https://doi.org/10.1038/nmat2770
https://doi.org/10.1557/mrs.2014.198
https://doi.org/10.1557/mrs.2014.198
https://doi.org/10.1557/mrs.2014.198
https://doi.org/10.1557/mrs.2014.198
https://doi.org/10.1103/PhysRev.102.1030
https://doi.org/10.1103/PhysRev.102.1030
https://doi.org/10.1103/PhysRev.102.1030
https://doi.org/10.1103/PhysRev.102.1030
https://doi.org/10.1103/PhysRevB.69.235206
https://doi.org/10.1103/PhysRevB.69.235206
https://doi.org/10.1103/PhysRevB.69.235206
https://doi.org/10.1103/PhysRevB.69.235206
https://doi.org/10.1103/PhysRevLett.111.206401
https://doi.org/10.1103/PhysRevLett.111.206401
https://doi.org/10.1103/PhysRevLett.111.206401
https://doi.org/10.1103/PhysRevLett.111.206401
https://doi.org/10.1103/PhysRevLett.113.106401
https://doi.org/10.1103/PhysRevLett.113.106401
https://doi.org/10.1103/PhysRevLett.113.106401
https://doi.org/10.1103/PhysRevLett.113.106401
https://doi.org/10.1146/annurev-conmatphys-020911-125138
https://doi.org/10.1146/annurev-conmatphys-020911-125138
https://doi.org/10.1146/annurev-conmatphys-020911-125138
https://doi.org/10.1146/annurev-conmatphys-020911-125138
https://doi.org/10.1103/PhysRevLett.116.177001
https://doi.org/10.1103/PhysRevLett.116.177001
https://doi.org/10.1103/PhysRevLett.116.177001
https://doi.org/10.1103/PhysRevLett.116.177001
https://doi.org/10.1103/PhysRevB.93.205138
https://doi.org/10.1103/PhysRevB.93.205138
https://doi.org/10.1103/PhysRevB.93.205138
https://doi.org/10.1103/PhysRevB.93.205138
https://doi.org/10.1103/PhysRevLett.118.127001
https://doi.org/10.1103/PhysRevLett.118.127001
https://doi.org/10.1103/PhysRevLett.118.127001
https://doi.org/10.1103/PhysRevLett.118.127001
http://arxiv.org/abs/arXiv:1603.03375
https://doi.org/10.1103/PhysRevB.95.075149
https://doi.org/10.1103/PhysRevB.95.075149
https://doi.org/10.1103/PhysRevB.95.075149
https://doi.org/10.1103/PhysRevB.95.075149
https://doi.org/10.1103/PhysRevB.96.094526
https://doi.org/10.1103/PhysRevB.96.094526
https://doi.org/10.1103/PhysRevB.96.094526
https://doi.org/10.1103/PhysRevB.96.094526
https://doi.org/10.1103/PhysRevB.96.214514
https://doi.org/10.1103/PhysRevB.96.214514
https://doi.org/10.1103/PhysRevB.96.214514
https://doi.org/10.1103/PhysRevB.96.214514
https://doi.org/10.1103/PhysRevLett.120.057002
https://doi.org/10.1103/PhysRevLett.120.057002
https://doi.org/10.1103/PhysRevLett.120.057002
https://doi.org/10.1103/PhysRevLett.120.057002
https://doi.org/10.1103/PhysRevB.96.144514
https://doi.org/10.1103/PhysRevB.96.144514
https://doi.org/10.1103/PhysRevB.96.144514
https://doi.org/10.1103/PhysRevB.96.144514
http://arxiv.org/abs/arXiv:1708.07825
http://arxiv.org/abs/arXiv:1709.04487
http://arxiv.org/abs/arXiv:1710.08428
https://doi.org/10.1103/PhysRevB.92.081304
https://doi.org/10.1103/PhysRevB.92.081304
https://doi.org/10.1103/PhysRevB.92.081304
https://doi.org/10.1103/PhysRevB.92.081304
https://doi.org/10.1103/PhysRevB.93.045113
https://doi.org/10.1103/PhysRevB.93.045113
https://doi.org/10.1103/PhysRevB.93.045113
https://doi.org/10.1103/PhysRevB.93.045113
https://doi.org/10.1103/PhysRevB.93.241113
https://doi.org/10.1103/PhysRevB.93.241113
https://doi.org/10.1103/PhysRevB.93.241113
https://doi.org/10.1103/PhysRevB.93.241113
https://doi.org/10.1103/PhysRevB.94.195205
https://doi.org/10.1103/PhysRevB.94.195205
https://doi.org/10.1103/PhysRevB.94.195205
https://doi.org/10.1103/PhysRevB.94.195205
https://doi.org/10.1103/PhysRevLett.119.266402
https://doi.org/10.1103/PhysRevLett.119.266402
https://doi.org/10.1103/PhysRevLett.119.266402
https://doi.org/10.1103/PhysRevLett.119.266402
https://doi.org/10.1103/PhysRevLett.119.206402
https://doi.org/10.1103/PhysRevLett.119.206402
https://doi.org/10.1103/PhysRevLett.119.206402
https://doi.org/10.1103/PhysRevLett.119.206402

IGOR BOETTCHER AND IGOR F. HERBUT

PHYSICAL REVIEW B 97, 064504 (2018)

[29] G. E. Volovik, The Universe in a Helium Droplet (Clarendon,
Oxford, 2003).

[30] R. D. Pisarski and F. Wilczek, Remarks on the chiral phase
transition in chromodynamics, Phys. Rev. D 29, 338 (1984).

[31] R. D. Pisarski and D. L. Stein, Critical behavior of linear ®*
models with G x G’ symmetry, Phys. Rev. B 23, 3549 (1981).

[32] J. Berges and C. Wetterich, Equation of state and coarse
grained free energy for matrix models, Nucl. Phys. B 487, 675
(1997).

[33] M. Ueda and M. Koashi, Theory of spin-2 Bose-Einstein con-
densates: Spin correlations, magnetic response, and excitation
spectra, Phys. Rev. A 65, 063602 (2002).

[34] H Mikeld, Y Zhang, and K-A Suominen, Topological de-
fects in spinor condensates, J. Phys. A: Math. Gen. 36, 8555
(2003).

[35] M. Ueda, Topological aspects in spinor Bose-Einstein conden-
sates, Rep. Prog. Phys. 77, 122401 (2014).

[36] K. Tiurev, T. Ollikainen, P. Kuopanportti, M. Nakahara, D. S.
Hall, and M. Méttonen, Three-dimensional skyrmions in spin-2
Bose-Einstein condensates, arXiv:1711.01155.

[37] N. D. Mermin, d-wave pairing near the transition temperature,
Phys. Rev. A 9, 868 (1974).

[38] N. P. Butch, P. Syers, K. Kirshenbaum, A. P. Hope, and J.
Paglione, Superconductivity in the topological semimetal YPtBi,
Phys. Rev. B 84, 220504 (2011).

[39] T. V. Bay, T. Naka, Y. K. Huang, and A. de Visser, Superconduc-
tivity in noncentrosymmetric YPtBi under pressure, Phys. Rev.
B 86, 064515 (2012).

[40] M. Meinert, Unconventional Superconductivity in YPtBi and
Related Topological Semimetals, Phys. Rev. Lett. 116, 137001
(2016).

[41] A. Pelissetto and E. Vicari, Critical phenomena and
renormalization-group theory, Phys. Rep. 368, 549 (2002).

[42] B. Delamotte, D. Mouhanna, and M. Tissier, Nonperturbative
renormalization-group approach to frustrated magnets, Phys.
Rev. B 69, 134413 (2004).

[43] H. Kawamura, Phase transition of the three-dimensional Heisen-
berg antiferromagnet on the layered-triangular lattice, J. Phys.
Soc. Jpn 54, 3220 (1985).

[44] H. Kawamura, Renormalization-group analysis of chiral transi-
tions, Phys. Rev. B 38, 4916 (1988).

[45] S. A. Antonenko, A. 1. Sokolov, and K. B. Varnashev, Chiral
transitions in three-dimensional magnets and higher order €
expansion, Phys. Lett. A 208, 161 (1995).

[46] A. Pelissetto, P. Rossi, and E. Vicari, Critical behavior of
frustrated spin models with noncollinear order, Phys. Rev. B
63, 140414 (2001).

[47] A. Pelissetto, P. Rossi, and E. Vicari, Large-n critical behavior
of O(n)x O(m) spin models, Nucl. Phys. B 607, 605 (2001).

[48] T. Debelhoir and N. Dupuis, Simulating frustrated magnetism
with spinor Bose gases, Phys. Rev. A 93, 051603 (2016).

[49] T. Debelhoir and N. Dupuis, First-order phase transitions in
spinor Bose gases and frustrated magnets, Phys. Rev. A 94,
053623 (2016).

[50] L.Janssen and I. F. Herbut, Nematic quantum criticality in three-
dimensional Fermi system with quadratic band touching, Phys.
Rev. B 92, 045117 (2015).

[51] G. De Matteis, A. M. Sonnet, and E. G. Virga, Landau theory for
biaxial nematic liquid crystals with two order parameter tensors,
Continuum Mech. Thermodyn. 20, 347 (2008).

[52] I. Herbut, A Modern Approach to Critical Phenomena
(Cambridge University Press, Cambridge, England, 2007).

[53] S. A. Antonenko and A. I. Sokolov, Phase transitions in
anisotropic superconducting and magnetic systems with vector
order parameters: Three-loop renormalization-group analysis,
Phys. Rev. B 49, 15901 (1994).

[54] M. Campostrini, M. Hasenbusch, A. Pelissetto, P. Rossi, and E.
Vicari, Critical exponents and equation of state of the three-
dimensional Heisenberg universality class, Phys. Rev. B 65,
144520 (2002).

[55] M. Campostrini, M. Hasenbusch, A. Pelissetto, and E. Vicari,
Theoretical estimates of the critical exponents of the superfluid
transition in “He by lattice methods, Phys. Rev. B 74, 144506
(2006).

[56] C. Wetterich, Exact evolution equation for the effective potential,
Phys. Lett. B 301, 90 (1993).

[57] J. Berges, N. Tetradis, and C. Wetterich, Nonperturbative renor-
malization flow in quantum field theory and statistical physics,
Phys. Rep. 363, 223 (2002).

[58] J. M. Pawlowski, Aspects of the functional renormalisation
group, Ann. Phys. (NY) 322, 2831 (2007).

[59] H. Gies, Introduction to the functional RG and applications to
gauge theories, Lect. Notes Phys. 852, 287 (2012).

[60] B. Delamotte, An Introduction to the nonperturbative renormal-
ization group, Lect. Notes Phys. 852, 49 (2012).

[61] P. Kopietz, L. Bartosch, and F. Schiitz, Introduction to
the Functional Renormalization Group (Springer, Berlin,
2010).

[62] W. Metzner, M. Salmhofer, C. Honerkamp, M. Volker, and
K. Schoenhammer, Functional renormalization group approach
to correlated fermion systems, Rev. Mod. Phys. 84, 299
(2012).

[63] J. Braun, Fermion interactions and universal behavior in strongly
interacting theories, J. Phys. G: Nucl. Part. Phys. 39, 033001
(2012).

[64] I. Boettcher, J. M. Pawlowski, and S. Diehl, Ultracold atoms and
the functional renormalization group, Nucl. Phys. Proc. Suppl.
228, 63 (2012).

[65] R. Rattazzi, V. S. Rychkov, E. Tonni, and A. Vichi, Bounding
scalar operator dimensions in 4D CFT, J. High Energy Phys. 12
(2008) 031.

[66] S.El-Showk, M. F. Paulos, D. Poland, S. Rychkov, D. Simmons-
Duffin, and A. Vichi, Solving the 3D Ising model with the
conformal bootstrap, Phys. Rev. D 86, 025022 (2012).

[67] F. Kos, D. Poland, D. Simmons-Duffin, and A. Vichi, Precision
islands in the Ising and O(N) models, J. High Energy Phys. 08
(2016) 036.

[68] D. F. Litim, C. Wetterich, and N. Tetradis, Nonperturbative
analysis of the Coleman-Weinberg phase transition, Mod. Phys.
Lett. A 12, 2287 (1997).

[69] J. Berges, N. Tetradis, and C. Wetterich, Coarse graining and
first order phase transitions, Phys. Lett. B 393, 387 (1997).

[70] B.-J. Schaefer and J. Wambach, The phase diagram of the quark-
meson model, Nucl. Phys. A 757, 479 (2005).

[71] A. Eichhorn, D. Mesterhdzy, and M. M. Scherer, Multicritical
behavior in models with two competing order parameters, Phys.
Rev. E 88, 042141 (2013).

[72] 1. Boettcher, T. K. Herbst, J. M. Pawlowski, N. Strodthoff, L.
von Smekal, and C. Wetterich, Sarma phase in relativistic and
non-relativistic systems, Phys. Lett. B 742, 86 (2015).

064504-20


https://doi.org/10.1103/PhysRevD.29.338
https://doi.org/10.1103/PhysRevD.29.338
https://doi.org/10.1103/PhysRevD.29.338
https://doi.org/10.1103/PhysRevD.29.338
https://doi.org/10.1103/PhysRevB.23.3549
https://doi.org/10.1103/PhysRevB.23.3549
https://doi.org/10.1103/PhysRevB.23.3549
https://doi.org/10.1103/PhysRevB.23.3549
https://doi.org/10.1016/S0550-3213(96)00670-0
https://doi.org/10.1016/S0550-3213(96)00670-0
https://doi.org/10.1016/S0550-3213(96)00670-0
https://doi.org/10.1016/S0550-3213(96)00670-0
https://doi.org/10.1103/PhysRevA.65.063602
https://doi.org/10.1103/PhysRevA.65.063602
https://doi.org/10.1103/PhysRevA.65.063602
https://doi.org/10.1103/PhysRevA.65.063602
https://doi.org/10.1088/0305-4470/36/32/302
https://doi.org/10.1088/0305-4470/36/32/302
https://doi.org/10.1088/0305-4470/36/32/302
https://doi.org/10.1088/0305-4470/36/32/302
https://doi.org/10.1088/0034-4885/77/12/122401
https://doi.org/10.1088/0034-4885/77/12/122401
https://doi.org/10.1088/0034-4885/77/12/122401
https://doi.org/10.1088/0034-4885/77/12/122401
http://arxiv.org/abs/arXiv:1711.01155
https://doi.org/10.1103/PhysRevA.9.868
https://doi.org/10.1103/PhysRevA.9.868
https://doi.org/10.1103/PhysRevA.9.868
https://doi.org/10.1103/PhysRevA.9.868
https://doi.org/10.1103/PhysRevB.84.220504
https://doi.org/10.1103/PhysRevB.84.220504
https://doi.org/10.1103/PhysRevB.84.220504
https://doi.org/10.1103/PhysRevB.84.220504
https://doi.org/10.1103/PhysRevB.86.064515
https://doi.org/10.1103/PhysRevB.86.064515
https://doi.org/10.1103/PhysRevB.86.064515
https://doi.org/10.1103/PhysRevB.86.064515
https://doi.org/10.1103/PhysRevLett.116.137001
https://doi.org/10.1103/PhysRevLett.116.137001
https://doi.org/10.1103/PhysRevLett.116.137001
https://doi.org/10.1103/PhysRevLett.116.137001
https://doi.org/10.1016/S0370-1573(02)00219-3
https://doi.org/10.1016/S0370-1573(02)00219-3
https://doi.org/10.1016/S0370-1573(02)00219-3
https://doi.org/10.1016/S0370-1573(02)00219-3
https://doi.org/10.1103/PhysRevB.69.134413
https://doi.org/10.1103/PhysRevB.69.134413
https://doi.org/10.1103/PhysRevB.69.134413
https://doi.org/10.1103/PhysRevB.69.134413
https://doi.org/10.1143/JPSJ.54.3220
https://doi.org/10.1143/JPSJ.54.3220
https://doi.org/10.1143/JPSJ.54.3220
https://doi.org/10.1143/JPSJ.54.3220
https://doi.org/10.1103/PhysRevB.38.4916
https://doi.org/10.1103/PhysRevB.38.4916
https://doi.org/10.1103/PhysRevB.38.4916
https://doi.org/10.1103/PhysRevB.38.4916
https://doi.org/10.1016/0375-9601(95)00736-M
https://doi.org/10.1016/0375-9601(95)00736-M
https://doi.org/10.1016/0375-9601(95)00736-M
https://doi.org/10.1016/0375-9601(95)00736-M
https://doi.org/10.1103/PhysRevB.63.140414
https://doi.org/10.1103/PhysRevB.63.140414
https://doi.org/10.1103/PhysRevB.63.140414
https://doi.org/10.1103/PhysRevB.63.140414
https://doi.org/10.1016/S0550-3213(01)00223-1
https://doi.org/10.1016/S0550-3213(01)00223-1
https://doi.org/10.1016/S0550-3213(01)00223-1
https://doi.org/10.1016/S0550-3213(01)00223-1
https://doi.org/10.1103/PhysRevA.93.051603
https://doi.org/10.1103/PhysRevA.93.051603
https://doi.org/10.1103/PhysRevA.93.051603
https://doi.org/10.1103/PhysRevA.93.051603
https://doi.org/10.1103/PhysRevA.94.053623
https://doi.org/10.1103/PhysRevA.94.053623
https://doi.org/10.1103/PhysRevA.94.053623
https://doi.org/10.1103/PhysRevA.94.053623
https://doi.org/10.1103/PhysRevB.92.045117
https://doi.org/10.1103/PhysRevB.92.045117
https://doi.org/10.1103/PhysRevB.92.045117
https://doi.org/10.1103/PhysRevB.92.045117
https://doi.org/10.1007/s00161-008-0086-9
https://doi.org/10.1007/s00161-008-0086-9
https://doi.org/10.1007/s00161-008-0086-9
https://doi.org/10.1007/s00161-008-0086-9
https://doi.org/10.1103/PhysRevB.49.15901
https://doi.org/10.1103/PhysRevB.49.15901
https://doi.org/10.1103/PhysRevB.49.15901
https://doi.org/10.1103/PhysRevB.49.15901
https://doi.org/10.1103/PhysRevB.65.144520
https://doi.org/10.1103/PhysRevB.65.144520
https://doi.org/10.1103/PhysRevB.65.144520
https://doi.org/10.1103/PhysRevB.65.144520
https://doi.org/10.1103/PhysRevB.74.144506
https://doi.org/10.1103/PhysRevB.74.144506
https://doi.org/10.1103/PhysRevB.74.144506
https://doi.org/10.1103/PhysRevB.74.144506
https://doi.org/10.1016/0370-2693(93)90726-X
https://doi.org/10.1016/0370-2693(93)90726-X
https://doi.org/10.1016/0370-2693(93)90726-X
https://doi.org/10.1016/0370-2693(93)90726-X
https://doi.org/10.1016/S0370-1573(01)00098-9
https://doi.org/10.1016/S0370-1573(01)00098-9
https://doi.org/10.1016/S0370-1573(01)00098-9
https://doi.org/10.1016/S0370-1573(01)00098-9
https://doi.org/10.1016/j.aop.2007.01.007
https://doi.org/10.1016/j.aop.2007.01.007
https://doi.org/10.1016/j.aop.2007.01.007
https://doi.org/10.1016/j.aop.2007.01.007
https://doi.org/10.1007/978-3-642-27320-96
https://doi.org/10.1007/978-3-642-27320-96
https://doi.org/10.1007/978-3-642-27320-96
https://doi.org/10.1007/978-3-642-27320-96
https://doi.org/10.1007/978-3-642-27320-92
https://doi.org/10.1007/978-3-642-27320-92
https://doi.org/10.1007/978-3-642-27320-92
https://doi.org/10.1007/978-3-642-27320-92
https://doi.org/10.1103/RevModPhys.84.299
https://doi.org/10.1103/RevModPhys.84.299
https://doi.org/10.1103/RevModPhys.84.299
https://doi.org/10.1103/RevModPhys.84.299
https://doi.org/10.1088/0954-3899/39/3/033001
https://doi.org/10.1088/0954-3899/39/3/033001
https://doi.org/10.1088/0954-3899/39/3/033001
https://doi.org/10.1088/0954-3899/39/3/033001
https://doi.org/10.1016/j.nuclphysbps.2012.06.004
https://doi.org/10.1016/j.nuclphysbps.2012.06.004
https://doi.org/10.1016/j.nuclphysbps.2012.06.004
https://doi.org/10.1016/j.nuclphysbps.2012.06.004
https://doi.org/10.1088/1126-6708/2008/12/031
https://doi.org/10.1088/1126-6708/2008/12/031
https://doi.org/10.1088/1126-6708/2008/12/031
https://doi.org/10.1088/1126-6708/2008/12/031
https://doi.org/10.1103/PhysRevD.86.025022
https://doi.org/10.1103/PhysRevD.86.025022
https://doi.org/10.1103/PhysRevD.86.025022
https://doi.org/10.1103/PhysRevD.86.025022
https://doi.org/10.1007/JHEP08(2016)036
https://doi.org/10.1007/JHEP08(2016)036
https://doi.org/10.1007/JHEP08(2016)036
https://doi.org/10.1007/JHEP08(2016)036
https://doi.org/10.1142/S0217732397002363
https://doi.org/10.1142/S0217732397002363
https://doi.org/10.1142/S0217732397002363
https://doi.org/10.1142/S0217732397002363
https://doi.org/10.1016/S0370-2693(96)01654-1
https://doi.org/10.1016/S0370-2693(96)01654-1
https://doi.org/10.1016/S0370-2693(96)01654-1
https://doi.org/10.1016/S0370-2693(96)01654-1
https://doi.org/10.1016/j.nuclphysa.2005.04.012
https://doi.org/10.1016/j.nuclphysa.2005.04.012
https://doi.org/10.1016/j.nuclphysa.2005.04.012
https://doi.org/10.1016/j.nuclphysa.2005.04.012
https://doi.org/10.1103/PhysRevE.88.042141
https://doi.org/10.1103/PhysRevE.88.042141
https://doi.org/10.1103/PhysRevE.88.042141
https://doi.org/10.1103/PhysRevE.88.042141
https://doi.org/10.1016/j.physletb.2015.01.014
https://doi.org/10.1016/j.physletb.2015.01.014
https://doi.org/10.1016/j.physletb.2015.01.014
https://doi.org/10.1016/j.physletb.2015.01.014

CRITICAL PHENOMENA AT THE COMPLEX TENSOR ...

PHYSICAL REVIEW B 97, 064504 (2018)

[73] J. Borchardt, H. Gies, and R. Sondenheimer, Global flow of the
Higgs potential in a Yukawa model, Eur. Phys. J. C 76, 472
(2016).

[74] J. Borchardt and B. Knorr, Solving functional flow equations
with pseudospectral methods, Phys. Rev. D 94, 025027 (2016).

[75] P.Jakubczyk, W. Metzner, and H. Yamase, Turning a First Order
Quantum Phase Transition Continuous by Fluctuations: General
Flow Equations and Application to d-wave Pomeranchuk Insta-
bility, Phys. Rev. Lett. 103, 220602 (2009).

[76] P. Strack and P. Jakubczyk, Fluctuations of Imbalanced
Fermionic Superfluids in two Dimensions Induce Continuous
Quantum Phase Transitions and Non-Fermi-Liquid Behavior,
Phys. Rev. X 4, 021012 (2014).

[77] 1. Boettcher, J. Braun, T. K. Herbst, J. M. Pawlowski, D. Roscher,
and C. Wetterich, Phase structure of spin-imbalanced unitary
Fermi gases, Phys. Rev. A 91, 013610 (2015).

[78] D. Schnoerr, 1. Boettcher, J. M. Pawlowski, and C. Wetterich,
Error estimates and specification parameters for functional
renormalization, Ann. Phys. (NY) 334, 83 (2013).

[79] 1. Boettcher, J. M. Pawlowski, and C. Wetterich, Critical temper-
ature and superfluid gap of the unitary fermi gas from functional
renormalization, Phys. Rev. A 89, 053630 (2014).

[80] J. M. Pawlowski, M. M. Scherer, R. Schmidt, and S. J.
Wetzel, Physics and the choice of regulators in functional
renormalisation group flows, Ann. Phys. (NY) 384, 165
(2017).

064504-21


https://doi.org/10.1140/epjc/s10052-016-4300-9
https://doi.org/10.1140/epjc/s10052-016-4300-9
https://doi.org/10.1140/epjc/s10052-016-4300-9
https://doi.org/10.1140/epjc/s10052-016-4300-9
https://doi.org/10.1103/PhysRevD.94.025027
https://doi.org/10.1103/PhysRevD.94.025027
https://doi.org/10.1103/PhysRevD.94.025027
https://doi.org/10.1103/PhysRevD.94.025027
https://doi.org/10.1103/PhysRevLett.103.220602
https://doi.org/10.1103/PhysRevLett.103.220602
https://doi.org/10.1103/PhysRevLett.103.220602
https://doi.org/10.1103/PhysRevLett.103.220602
https://doi.org/10.1103/PhysRevX.4.021012
https://doi.org/10.1103/PhysRevX.4.021012
https://doi.org/10.1103/PhysRevX.4.021012
https://doi.org/10.1103/PhysRevX.4.021012
https://doi.org/10.1103/PhysRevA.91.013610
https://doi.org/10.1103/PhysRevA.91.013610
https://doi.org/10.1103/PhysRevA.91.013610
https://doi.org/10.1103/PhysRevA.91.013610
https://doi.org/10.1016/j.aop.2013.03.013
https://doi.org/10.1016/j.aop.2013.03.013
https://doi.org/10.1016/j.aop.2013.03.013
https://doi.org/10.1016/j.aop.2013.03.013
https://doi.org/10.1103/PhysRevA.89.053630
https://doi.org/10.1103/PhysRevA.89.053630
https://doi.org/10.1103/PhysRevA.89.053630
https://doi.org/10.1103/PhysRevA.89.053630
https://doi.org/10.1016/j.aop.2017.06.017
https://doi.org/10.1016/j.aop.2017.06.017
https://doi.org/10.1016/j.aop.2017.06.017
https://doi.org/10.1016/j.aop.2017.06.017



