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Electronically ordered states that break multiple symmetries can melt in multiple stages, similarly to liquid
crystals. In the partially-melted phases, known as vestigial phases, a bilinear made out of combinations of the
multiple components of the primary order parameter condenses. Multi-component superconductors are thus
natural candidates for vestigial order, since they break both the U(1)-gauge and also time-reversal or lattice
symmetries. Here, we use group theory to classify all possible real-valued and complex-valued bilinears of a
generic two-component superconductor on a tetragonal or hexagonal lattice. While the more widely investigated
real-valued bilinears correspond to vestigial nematic or ferromagnetic order, the little explored complex-valued
bilinears correspond to a vestigial charge-4e condensate, which itself can have an underlying s-wave, d 2_y2-
wave, or dyy-wave symmetry. To properly describe the fluctuating regime of the superconducting Ginzburg-
Landau action and thus access these competing vestigial phases, we employ both a large-N and a variational
method. We show that while vestigial order can be understood as a weak-coupling effect in the large-N approach,
it is akin to a moderate-coupling effect in the variational method. Despite these distinctions, both methods yield
similar results in wide regions of the parameter space spanned by the quartic Landau coefficients. Specifically,
we find that the nematic and ferromagnetic phases are the leading vestigial instabilities, whereas the various types
of charge-4e order are attractive albeit subleading vestigial channels. The only exception is for the hexagonal
case, in which the nematic and s-wave charge-4e vestigial states are degenerate. We discuss the limitations of
our approach, as well as the implications of our results for the realization of exotic charge-4e¢ states in material

candidates.
I. INTRODUCTION

The vast majority of phase transitions can be understood
employing Landau’s concept of a symmetry-breaking order
parameter 7 that acquires a non-zero expectation value (r7) # 0
below a transition temperature 7, — or below a threshold value
of a non-thermal tuning parameter. Fluctuations above T,
encoded in the expectation value of the bilinear 52, can also
be captured within the Ginzburg-Landau formalism via meth-
ods that go beyond mean-field, thus describing observable
phenomena such as para-conductivity and diamagnetic fluctu-
ations above the onset of superconductivity [1-3]. The ver-
satility of the Ginzburg-Landau approach in describing dis-
parate systems without a detailed knowledge of the micro-
scopic interactions involved makes it a powerful phenomeno-
logical method to assess the properties of various correlated
materials.

When the order parameter has mutiple components, 1 =
(71,12, ..), as is the case in magnetic and superconducting
phases, the quantity |5|* is just one of many bilinears of the
general form ; M; ;7 ;, each of which describes a different fluc-
tuation mode (summation over repeated indices is implied).
The matrices M;; defining these bilinears are constrained by
the symmetries of the system, much alike the types of order
parameter 17 allowed are themselves restricted by the same
symmetries. While (|7]|2) is always non-zero, since the bilin-
ear 77;0, /17 j transforms trivially under the symmetry operations
of the system (i.e. it does not break any symmetries of the sys-
tem), the other bilinears n; M;;n; generally have non-trivial
transformation properties. In these cases, <nl~M,~ in j> can be

interpreted as a symmetry-breaking composite order parame-
ter which only acquires a non-zero value below a temperature
T* > T.. When T" is larger than T, there is a range of tem-
peratures 7. < T < T* in which <T][Mij77j> # 0 but () =0,
which defines a so-called vestigial phase [4-6]. This denom-
ination is motivated by the fact that the symmetries broken
by <niMi in j> # 0 correspond to a subset of the symmetries
broken when the primary order parameter acquires a non-zero
value, (n) # 0, i.e. the vestigial phase is a partially-melted
version of the primary phase. Evidently, vestigial order is a
fluctuation phenomena, whose description requires methods
that go beyond the mean-field approximation. More broadly,
vestigial phases are an example of intertwined orders [5], as
the bilinear (niMi in j> and the order parameter () are intrin-
sically connected, notwithstanding the fact that they describe
ordered states with different broken symmetries (for a recent
review on vestigial orders, see Ref. [6]).

The idea of vestigial order is a natural generalization to
electronic systems of concepts typically employed in studies
of liquid crystals. As such, vestigial electronic nematicity has
been widely investigated in a number of correlated materials
[7], such as iron pnictides [8—10], cuprates [4, 11, 12], heavy-
fermion compounds [13], and twisted moiré systems [14]. Be-
yond that, the framework of vestigial phases has also been
employed to describe a broad range of phenomena observed
or proposed to occur in diverse settings [15—-43], from Bose-
Einstein condensates of ultracold atoms in optical cavities [44]
to valence-bond solid phases in quantum magnets [45]. It is
important to emphasize that the concept of a partially ordered
state in itself is not new, as it dates back to investigations



of order-by-disorder phenomena in frustrated magnets [46—
50]. A more extensive literature search reveals that, already in
1988, Golubovi¢ and Kosti¢ employed a large-N approach to
a Ginzburg-Landau model for incommensurate density-waves
to show that partially-ordered states, which they even dubbed
“nematiclike,” are naturally expected to emerge [51]. To the
best of our knowledge, this work, which has somehow re-
mained unknown to much of the community (including us),
obtains for the first time some of the results that would emerge
again in more recent large-N studies of vestigial nematicity in
cuprates and pnictides [4, 8, 10, 52, 53]. Finally, we stress
that our analysis of vestigial order is performed at finite tem-
peratures. Corresponding investigations for the ground state
behavior were performed in Refs. [10] and [54]. AtT =0 itis
also possible that vestigial phases are affected by topological
terms in the collective order-parameter field theory [55].

In this paper, we revisit the issue of vestigial orders of super-
conductors described by two gap functions related by a sym-
metry of the lattice, which we consider to be either tetragonal
or hexagonal/trigonal. Quite generally, systems with multi-
ple coupled condensates provide a fertile ground for compos-
ite orders above T, [56, 57]. While it has been known that
real-valued composite order parameters describing nematic-
ity or ferromagnetism can condense before the onset of two-
component superconductivity [6, 22, 25, 29, 58], the possibil-
ity of vestigial phases characterized by complex-valued com-
posite order parameters, which generally describe charge-4e
condensates [15, 30, 59], has not been as systematically investi-
gated. Recent works focusing primarily on nematic supercon-
ductors in hexagonal lattices have shown that charge-4e order
can indeed be stabilized as a vestigial phase [32, 33, 60]. Here,
we first apply the group-theoretical formalism introduced in
Ref. [6] to the case of two-component p-wave, d-wave, and
f-wave superconductors in a lattice with either fourfold or
sixfold/threefold rotational symmetry. The superconducting
ground states in these cases are either nematic or chiral as it
can be obtained from a straightforward mean-field minimiza-
tion of the Ginzburg-Landau action. By going beyond the real-
valued nematic and ferromagnetic bilinears discussed in Ref.
[6], which transform trivially within the U(1) group but non-
trivially within the lattice point group, our group-theoretical
classification of complex-valued bilinears reveals not only s-
wave charge-4e composite order parameters (which transform
non-trivially within U (1) but trivially within the point group),
butalso even more exotic dy-wave and d,»_,»-wave charge-4e
orders, which transform non-trivially within both the U(1) and
the point groups. Interestingly, inside each of the chiral and ne-
matic superconducting ground states, at least one real-valued
bilinear and one complex-valued bilinear are simultaneously
non-zero, which suggests the possibility of both vestigial ne-
matic/ferromagnetic order and vestigial charge-4¢ order, thus
expanding the list of systems where the elusive quartet con-
densate can potentially be found [15, 16, 30, 32, 33, 59-72].

To further investigate this possibility, we solve the Ginzburg-
Landau action for the two-component superconductor via two
different approaches that go beyond the mean-field approxima-
tion: the large-N method and the variational method. While
both have been widely employed to investigate vestigial phases

arising from the condensation of real-valued composite order
parameters [4, 8, 10, 11, 22, 51-53, 73], they have not been
systematically used to study the competition between vesti-
gial nematic/ferromagnetic and charge-4e orders. We find that
treating all possible vestigial orders on an equal footing is not
possible within the large-N method. This is due to the Fierz
identities relating the different bilinears, which introduce an
unavoidable ambiguity in the decoupling scheme of the quartic
terms via Hubbard-Stratonovich auxiliary fields. By impos-
ing some physically-motivated but ad hoc restrictions on the
decoupling procedure, we obtain the leading and subleading
vestigial instabilities in the parameter space spanned by the ra-
tios between the quartic coefficients of the Ginzburg-Landau
action. Quite generally, we find in every region of the phase
diagram attraction in one real-valued bilinear channel and one
complex-valued bilinear channel, indicating the possibility of
a “cascade” of vestigial phases. Despite the viability of both
channels to form vestigial phases, the leading vestigial insta-
bilities are those associated with the real-valued bilinears, cor-
responding to nematic and ferromagnetic orders, whereas the
vestigial instabilities associated with the charge-4e states are
subleading. The only exception is for the case of a hexagonal
nematic superconducting state, where vestigial nematicity and
vestigial s-wave charge-4e order are degenerate —as previously
reported in Ref. [32].

In distinction to the large-N method, which is controlled yet
limited to the regime of many order-parameter components,
the uncontrolled variational approach is able to describe the
proper number of order-parameter components and hence al-
lows us to treat on an equal footing all possible composite order
parameters. The key limitation of the variational approach is
that it only describes weak, Gaussian fluctuations. The results
obtained from the variational approach largely mirror those
obtained within the large-N approach, with one important dif-
ference. There are regions in the parameter space without any
viable vestigial phase, i.e. the instability channels associated
with the real-valued bilinears and complex-valued bilinears are
all repulsive. In fact, in the variational approach, the vestigial
channels are only attractive when the Landau coefficients of the
squared non-trivial bilinears are at least comparable in magni-
tude with the Landau coefficient of the squared trivial bilinear,
a behavior we dub “moderate coupling.” In contrast, in the
large- N approach, a vestigial instability is present regardless of
how small the coeflicients of the squared non-trivial bilinears
are, which we identify as a “weak-coupling” behavior. Never-
theless, despite these differences, the large-N and variational
methods give the same results outside of these parameter-space
regions in which the variational method gives no (or only one)
vestigial instability. We also discuss under which conditions a
vestigial instability implies a vestigial phase. In doing so, we
find that the most natural extension of the variational ansatz
that also includes the possibility of superconducting order does
not work properly, which exposes a possible limitation of the
variational approach. Finally, we explore the implications of
our results for various candidate two-component superconduc-
tors, such as doped Bi;Ses, twisted bilayer graphene, UPts,
UTe,, Srp,Ru0O4, URu,Si;, KV3Sbs, 4Hb-TaS,, and CaSns.
We also discuss ways in which the subleading charge-4e ves-



tigial instability can be uncovered in these and other systems.

This paper is organized as follows: in Sec. II we em-
ploy a group-theoretical formalism and classify all possible
real-valued and complex-valued bilinears of two-component
superconductors in systems with point groups Dup or Dgp. In
Sec. III, we introduce the Ginzburg-Landau actions associated
with these superconducting degrees of freedom, and re-derive
the mean-field phase diagram in the parameter space spanned
by the quartic Landau coefficients. The properties and hier-
archy of leading and subleading vestigial instabilities of this
model are obtained via a large-N approach in Sec. IV and
a variational approach in Sec. V. Section VI is devoted to a
comprehensive discussion of the results and to the conclusions.
Details about the group-theoretical formalism are presented in
Appendix A, whereas Appendices B, C and D contain further
details about the variational approach.

II. CLASSIFICATION OF BILINEARS

Our starting point is a two-component superconducting
(SC) order parameter, A = (A,A;), which transforms as a
two-dimensional irreducible representation (IR) of the point-
groups Dg4p or Dgh, which describe tetragonal and hexagonal
lattices, respectively. In particular, we have:

tetragonal (Dgp) :  IR(A)=Eg or E,, (1

hexagonal (Dgn) :  IR(A) = Eyg, Eag, Eqy,0r Eyy. (2)

This parametrization can describe the m; = +1 singlet
(dxz,dyz)-wave state (Eg or E1g); the my = =1 triplet (p, py)-
wave state (E, or Ey,); the m; = +2 singlet (dy2_y2,dxy)-
wave state (Eng); the my = £2 triplet (fy2,_y2,, fxyz)-wave
state (Ep,). These states have been proposed in a variety
of materials, such as the tetragonal-lattice SroRuQO4 [74, 75]
and URu,Si; [76-78], the trigonal-lattice AxBi;Ses; with A =
Cu, Nb, Sr [25, 79-83], the hexagonal-lattice UPt3 [84-86],
and the triangular-moiré superlattice twisted bilayer graphene
[14, 58, 87-90].

In this section, we apply the group-theoretical method out-
lined in Ref. [6] to comprehensively identify all bilinear com-
binations formed out of A. While previous works have focused
only on real-valued bilinears, corresponding to nematic and
ferromagnetic vestigial order [6, 22, 29], here we show that
there is an entire family of complex-valued bilinears corre-
sponding to different types of charge-4e superconductivity, of
which the results of Ref. [32] are a special case. A summary
of the results of this section is presented in Table I, with the
bilinears defined in Eqs. (7)-(8).

Consider a general order parameter parameter 73 =
(M1, --.,ngimr) that transforms according to the IR T of the
group &. The corresponding bilinear components, denoted by
Cl, with¢=1,...,Nr, can be expressed as

cl=n"My. (3)

Here, M’ is a dimI" x dimI" matrix. Since the component C*
(3) is a scalar, the matrix M¢ has to be symmetric [(M%)T =
M1, which reduces the total number of bilinear components

from dim? T to N, r= % dimI" (1+dimT"). Naturally, these com-
ponents can be grouped into the IRs of the group G according to
the product decomposition '@ I' =T @I'1 @.... The explicit
bilinear components (3) are deduced from the transformation
properties of 57 as shown in details in App. A.

For many condensed-matter systems of interest, the symme-
try group itselfis a product of two groups, G = Gint ® G, Where
Gy is a space group and Gijy is a continuous internal group.
Indeed, this is the case for magnetic materials with negligible
spin-orbital coupling, where Giy = SU(2) corresponds to spin-
rotational symmetry, or superconductors, where Gin = U(1)
is the gauge symmetry. In these cases, it suffices to clas-
sify the matrices associated with the two subspaces separately
and then simply multiply them, enforcing the resulting ma-
trix M¢ to be symmetric. Generally, the resulting bilinear
components can be categorized into four sectors according to
their subspace transformation properties. (i) They are fully
symmetry-preserving, i.e. transform trivially under the opera-
to only one subgroup, i.e. they transform non-trivially within
one group but trivially within the other subgroup. (iv) They
break symmetries related to both subgroups, i.e. they trans-
form non-trivially under the operations of both subgroups.

For our cases of interest, Egs. (1) and (2), it is sufficient to
consider the point groups G, = Dah or G, = Dg rather than the
space group Gy, since we only consider cases where supercon-
ductivity is a uniform order that does not break translational
symmetry. As explained in App. A, a (complex) supercon-
ducting order parameter transforms effectively as a “Nambu”
doublet A = (A, A) under the U(1) symmetry operations, i.e.
according to a two-dimensional representation. We denote this
representation as [y =T'Y @'Y, , with T} denoting the IRs of
the U(1) group and m € {0,+1,+2,...}. More generally, if an
order parameter transforms as 'Y, @ 'Y, _ it corresponds to a
condensate with charge 2me, whose condensation lowers the
continuous U(1) gauge symmetry to a discrete Z,, symme-
try. Thus, in this notation, the two-component superconduc-
tor A = (A1, ;) associated with the lattice IR E; transforms
effectively as the four-component Nambu vector A = (A,A)
according to I' =T'A ® E;. Here, the subscript i is defined as
i={g,u} for Dgy and i = {1g, 2g, 1u, 2u} for Dgy. To identify
the bilinear components, we rewrite the product representation
separately in the two subsectors, namely, the gauge sector and
the latice sector, Q"= (I'Aa ®I'x) ® (E; ® E;). Individually,
they decompose according to

u(l): heh=[jeLers)] e[yl
Dap : E,QF; = [AlgGBBlg@Bzg]S@[AZg]a’ &)
Den: Ei®E;=[A1g®Ex| &[Asy] (6)

K a’
where the subscripts s, @ denote the channels associated with
symmetric and antisymmetric matrices, respectively (details
in App. A). For a one-component superconductor, regard-
less of how it transforms in the lattice sector, the bilinears
are always trivial within the point group. As a result, the
Nr, =3 bilinear components comprise the trivial combination
|A]* and the doublet (A%, A?), which transform according to
Iy and (TY, @T'Y), respectively. While the former corre-



Dan A1y Big  Bog  Azg  yB,. d,2_y2-nematic
F(l)j s pAlg wBig b yB2g dxy-nematic
PA2%: ferromagnetic
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0la WwAie: s-wave charge-de
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—A _B -B Y2 dyy-wave charge-4e
rY, gt ghis yBw Y

Deh  Alg Eze Ang
: - . wh: oy -nematic
F(l)]is \I}A]g \IlEzg _ dxy
I“Ui _ . pAy PA%: ferromagnetic
< YyAs:  s-wave charge-4e
FU A]g E2g . d
2 d gl 2=y wave charge-4e
Y, g g dxy

Table I. The set of Nr = 10 non-zero bilinear components associated with the composite orders of the two-component superconducting order
parameter A = (Ay,Ap) in the cases of a tetragonal lattice (Eq. 1, left panel) and of a hexagonal lattice (Eq. 2, right panel). The rows and
columns of these “multiplication tables" correspond, respectively, to the bilinear decompositions in the U (1) gauge sector and in the point-group
lattice sector (4)-(6). The explicit expressions for the bilinears are given in Eq. (9). Next to each multiplication table, we also identify the
composites according to the type of vestigial order they promote once condensed.

sponds to superconducting fluctuations, which are present at
any temperature, the latter corresponds to a charge-4e super-
conducting order parameter, which, as discussed above, lowers
the continuous U(1) gauge symmetry to a discrete Z; one.

Going back to our two-component superconductors de-
scribed by Eqs. (1) and (2), the symmetric/antisymmetric
matrices resulting from the decompositions (4)-(6) allow us
to identify the Nr = 10 bilinear components shown in Table
I in a straightforward way. To make the notation more trans-
parent, real-valued bilinears (i.e. which transform trivially
within U(1)) are denoted by ¥", whereas complex-valued bi-
linears (i.e. which transform according to FiUz) are denoted
by (", ™); in both case, n denotes the point-group IR of the
bilinear. In the table, the four combinations of bilinears men-
tioned above are highlighted with different colors: a bilinear
that is trivial in both the gauge and lattice sectors is highlighted
in gray; a bilinear that is trivial in the gauge sector and non-
trivial in the lattice sector is highlighted in blue; a bilinear that
is non-trivial in the gauge sector and trivial in the lattice sector
is highlighted in pink; and a bilinear that is non-trivial in both
gauge and lattice sectors is highlighted in purple.

Explicitly, for the D4y, case (1), one obtains the trivial com-
bination P41z = AT70A with Pauli matrices 7 ; the three real-
valued non-trivial bilinears

P =ATrA, W = ATTYA, WAs =ATA, (7)
and the three complex-valued bilinears
phis = ATTOA,  yBis =ATTEA,  yBu =ATT*A (8)

Writing them explicitly in terms of the two SC components
A = (A1, A) yields:

Wi = A+ Ao, Y = AT+ A3,

lPAzg =i (AzA] —AlAz) y

W = AP~ AP, wPe = AT,

Ph2x = A Ay +AsA, pPe =200 (9)

Among the real-valued composite order parameters (7),
P42 corresponds to an out-of-plane ferromagnetic moment

that breaks time reversal symmetry, while W51s and W5
describe electronic nematicity that breaks the tetragonal sym-
metry of the lattice by making, respectively, the two cartesian
axes inequivalent (Bg or d,2_2-nematic) or the two diagonals
inequivalent (B¢ or d,y-nematic). As for the complex-valued
composites in (8), all of them correspond to a type of charge-
4e superconductivity, as explained above. They can be further
classified according to how they transform upon the point-
group operations. Thus, 412 is an s-wave charge-4e super-
conductor while y#1s and y52¢ are, respectively, d,»_,»-wave
and dyy-wave charge-4e superconductors. For later conve-
nience, we introduce the groups of point-group IRs associated
with the real-valued (7) and the complex-valued (8) non-trivial
bilinears,
GR:{A2g’Blg’BZg}v GCz{AlgsBlg,BLg}’ (10)

as well as the full real group G]% = {A14,Gg} containing also
the trivial lattice IR.

In the Dgy, case (2), the only modication required is to com-
bine the two B-channel bilinears into a single E;z-channel
bilinear:

wh = (Phe —@hx) = (ATr7A, —ATT*A),

Yt = (g//Blg, —z//BZg) = (ATTZA, —ATTXA). (1D
To make the presentation more transparent, hereafter we will
only derive the results for the Dyy, case (1) and just mention
the replacements necessary to recover the results for the Dgp
case (2).

III. SUPERCONDUCTING PHASE DIAGRAM:
GINZBURG-LANDAU THEORY

To keep the analysis general, in this paper we use a Ginzburg-
Landau formalism to obtain the phase diagrams of the two-
component superconducting order parameters A = (A, A;) of
Egs. (1) and (2). Since the values of the Landau coeflicients
depend on the microscopic model, we will consider the entire
parameter space spanned by the Landau coefficients. Our only
restriction is that the free energy is bounded, i.e. that the



underlying superconducting transition is second-order. The
Ginzburg-Landau expansion for the superconducting action
can be expressed as (see, for instance, Ref. [91])

S= /rOATA + Sy SNt (12)
X

where the variable x = (7,r) comprises both imaginary time
and position, and the A(x) dependence is left implicit. The
quadratic coefficient is rg = ao(T — Tp) with ag > 0 and Ty > 0
denoting the bare superconducting transition. The gradient
(S#9) and interaction (S™) contributions to the action depend
on the point-group symmetry. For the Dy, tetragonal case (1),
the interaction term is given, in terms of the bilinears (7), by

St = /[u (A1) 4y (PA2) (\PBm)z], (13)
X

where the interaction parameters u, v, and w have to satisfy
u>0,v>—uandw > —u in order for the action to be bounded.
Note that the interaction term can only have squared bilinears
as it must transform trivially. The gradient term, which is
essential to account for order parameter fluctuations, is more
conveniently expressed in momentum space,

ZAT( Herla i f R ) A (1)

S grad _

where we defined the Fourier transform Ay = ‘Z, f dx A(x)e Tk
with the volume V and the variable k = (wp,k) comprising
bosonic Matsubara frequency w, = 27nT and momentum k.
In the continuum limit, the gradient functions in (14) are given

by:

Alg Blg

=do(k3+k3)+dzk2,  f, ¢ =di(ky—k3),
= da2kcky, (15)

T
T

where d; are stiffness coefficients.

The Dgn hexagonal case (2) is obtained by setting w =0
and dy =d; in Egs. (13) and (14), respectively. Note that
for other point groups that have threefold rotational symmetry,
additional gradient terms may be allowed. For instance, for
the trigonal D3q group, which describes the lattice symmetries
of AxBi,Ses, the two extra terms, d32ky k, and d32k , k;, must

be added to £, "¢ and f, >
[25].

Before discussing the emergence of vestigial phases, we do a
mean-field calculation to obtain the superconducting phase di-
agram of the Ginzburg-Landau action in Eq. (12). The results
are well known [91]: minimization of the action gives three
distinct states, as shown in Fig. 1(a). For w,v > 0 the super-
conducting ground state is (A) ~ (1, 1), which we denote as the
dxy-nematic (or Byg-nematic) SC state. It not only breaks the
U (1) gauge symmetry, but also the fourfold rotational symme-
try of D4 by making the two diagonals inequivalent. Indeed,
substituting (A) ~ (1,1) into the real-valued bilinear expres-
sions (7), we find that only the d,-nematic (or B»g-nematic)
composite order parameter (¥52¢) is non-zero in this phase.

Bzg

, respectively, as explained in Ref.

As for the complex-valued bilinears in Eq. (8), two charge-4e
composite order parameters are non-zero in this phase, namely,
the s-wave (1) and the dxy-wave (B,

In the region w < min(0, v) of the parameter space spanned
by the quartic Landau coefficients, the superconducting ground
state is (A) ~ (1,0), which corresponds to a d,>_,>-nematic
(or Bjg-nematic) superconductor. In this case, tetragonal sym-
metry is broken due to the inequivalence between the horizon-
tal and vertical Cartesian axes. The corresponding non-zero
composite order parameters are the d,»_>-nematic (or Big-
nematic) (212 ), the s-wave charge-4e (y412), and the d —y2-
wave charge-4e (yB1¢). Finally, in the region v < min(0,w),
the ground state is the chiral superconductor (A) ~ (1,i). This
is a time-reversal symmetry-breaking (TRSB) phase that re-
spects all symmetries of the tetragonal lattice. The associated
composite order parameters are the ferromagnetic (¥42¢), the
d\>_y2-wave charge-de (yPs), and the dy-wave charge-4e
(Ps).

While it is straightforward to verify which non-trivial bilin-
ears are non-zero by simply substituting the superconducting
solutions in Egs. (7) and (8), valuable insight can be obtained
directly from the interaction action, Eq. (13). Indeed, we can
loosely interpret the interaction action, which is quartic in the
superconducting order parameters, as an effective action that
is quadratic in the bilinears. This suggests, for instance, that
w < 0 should favor the condensation of (¥51z), whereas v < 0
should promote (¥42¢) # 0. At first sight, this oversimplified
analysis would seem to suggest that no composite orders would
condense when w,v > 0. To see why this is not the case, we
use the fact that

(h5) = (1) ()

to rewrite the interaction action as:

+(whs)?, (16)

S [ [twsw) (946 (o) (04) o (22

' (17)
Thus, w > 0 should favor the condensation of (¥52¢). Equa-
tion (16) is an example of a so-called Fierz identity. The

complete list of Fierz identities in our case is:

\PAI& (\Pl’l (\PAI& |w315| \PBZ&)

HEZGR
() = o (P ()< g ()
(18)

The Fierz identities imply that the representation of the inter-
action action (13) in terms of the three bilinear channels ¥4z,
Y42 and WPz is not unique. On the contrary, by inserting
these identities in the interaction action (13), it can be repre-
sented in terms of infinitely many combinations of composite
bilinears. Note that the mean-field results are insensitive to
this choice of representation of the quartic action.

The superconducting phase diagram in the case of a two-
component order parameter defined on the Dgp, lattice accord-
ing to Eq. (2) is obtained by setting w = 0 in Eq. (13) and then
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Figure 1. Mean-field phase diagram, in the parameter space spanned
by the quartic Landau coefficients of Eq. (12), of the two-component
superconducting pairing states of the (a) tetragonal case Dyp, (1) and
(b) hexagonal case Dgp (2). In each phase, we show the relationship
between the two components of the superconducting order parameter,
A = (A1,Ay), as well as all non-zero bilinears defined in Egs. (7)-
(8). Each phase is labeled by the additional symmetry that they
break besides the U(1) gauge symmetry, which could be time-reversal
symmetry (TRS) or a point-group symmetry. In the regions labeled
“unstable” (dark-gray), the action is unbounded.

minimizing the action. There are two distinct ground states,
as shown in Fig. 1(b). For v < 0, we obtain the chiral state
(A) ~ (1,i) and non-zero composite order parameters (P42 )
and (y2¢). For v > 0, the superconducting ground state is the
nematic one, (A) ~ (cosa,sina), which is accompanied by
the non-zero composite order parameters (W22 ), (yA1s) and
(yF2¢). Note that the continuous degeneracy of the nematic
superconducting state, indicated by the angle «, is an artifact of
stopping the Ginzburg-Landau at fourth order. Addition of the

sixth order term Sg = ug¥Pr2-! [(‘I'Ezg’])z - 3(IPE2”"2)2] re-

duces the degeneracy to threefold, as one would have expected
for a system with threefold rotational symmetry [58, 79, 91].
For completeness, we also list the Fierz identities for the Dgp

case, noting that |2 |2 = (‘{‘Ezé”l)2 + (‘PEZg’Z)z,

(i) (/) B, 2(whie)? = ey e
()= () e (19)

The results of this section reveal that each superconducting
ground state is accompanied by several non-zero non-trivial
bilinears. For instance, in the case of the D4y lattice, each su-
perconducting state has one real-valued (corresponding to ne-
maticity or ferromagnetism) and two complex-valued (corre-
sponding to charge-4e superconductivity) non-zero bilinears.

In a mean-field approach, these composite order parameters
condense simultaneously and along with superconductivity.
However, as we discuss in the next sections, fluctuations may
allow them to condense before the onset of superconductivity,
giving rise to vestigial phases.

IV. VESTIGIAL-ORDERS PHASE DIAGRAM: LARGE-N
APPROACH

As discussed in the previous section, it is necessary to go be-
yond the mean-field approximation in order to assess whether
a vestigial phase, characterized by a non-zero composite order
(P") # 0 or (™) # 0, can emerge before the onset of super-
conductivity, i.e. (A) =0. Fluctuations can be accounted for
via different approaches. For instance, renormalization-group
(RG) methods have been widely used to study actions of the
form (12) [10, 92-94]. An interesting outcome of a (4 — &) RG
calculation is that the mean-field phase boundaries obtained
in Fig. 1 remain unchanged [94]. However, to the best of our
knowledge, a consistent RG scheme that treats the vestigial
orders on an equal footing as the primary order has yet to be
established.

Here, we focus on the large-N approach, which has been
widely employed to search for vestigial phases [4, 8, 10, 51—
53]. The underlying assumption is that the number of order
parameter components can be extended from a given value
No (No =2 in the present case) to an arbitrary N > 1. The
key point is that, in the N — oo limit, the partition function
associated with the action (12), Z = /DA exp (=S [A]), can
be computed exactly. The procedure consists of performing
Hubbard-Stratonovich transformations of the quartic terms of
the action by introducing appropriate auxiliary fields. The re-
sulting action is quadratic in the A fields, and the calculation of
the partition function reduces to the straightforward evaluation
of a Gaussian functional integral. The remaining functional
integral over the auxiliary fields can be evaluated exactly in
the N — oo limit via the saddle-point method. This leads
to self-consistent equations for the uniform auxiliary fields,
which can then be solved to determine whether any symmetry-
breaking auxiliary field can condense still in the fluctuating
regime of the A field (for more details on the large-N method,
see Refs. [4, 8, 10, 51-53]). Note that while this method is
controlled in the small parameter 1/N, there is no guarantee
that the physical case Ny is captured by this expansion. While
the large-N method has been previously used to investigate
vestigial phases, the focus has been extensively on the real bi-
linears only. Our goal in this section is to extend this method
to also include the complex bilinears.

By writing the quartic action in the form of Eq. (13), it is
natural to use the bilinears P41z, W42 and Y512 to introduce
the Hubbard-Stratonovich fields. The resulting self-consistent
equations, however, will not bring any information about the
complex bilinears . Self-consistent equations for the lat-
ter could be obtained by exploiting the Fierz identities (18).
But the issue is that these identities can be used to generate
an infinite number of bilinear representations for the quartic
terms of the action, rendering a simultaneous analysis of all



possible vestigial orders intractable. This issue is well known
in Hartree-Fock-like solutions of interacting fermionic Hamil-
tonians, since one only has access to the particular channels in
which the interactions are decomposed. Despite these short-
comings, there is still useful information about the vestigial
orders that can be obtained from the large-N approach, as
we discuss below. Note that some of the results obtained
in this section recover results previously reported elsewhere
[4, 8, 10, 51-53].

A. Derivation of the self-consistent equations

We start by considering an arbitrary representation of the
interaction action in terms of the bilinears of A:

sy [ 2 vncemie S wwre]. o

neGy neGe

Here, the coefficients U,, and u,, which we dub interaction
parameters, are functions of the quartic Landau coefficients u,
v, and w that depend on the particular representation chosen.
For example, for the representation shown in Eq. (13), there are
only three non-zero parameters: U, A = U, U Agg =V andUp,, =
w. Quite generally, only a subset of all possible U,, and u,, will
be non-zero for a given representation. Nevertheless, to keep
the formalism general, we will keep them undetermined for
now. We perform the Hubbard-Stratonovich transformations

T forenlis fir Lerf].

nEGO
l—ﬂfzw " exp[4 / %wnz], (22)
neGe

to decouple the interaction action, which results in the intro-
duction of the auxiliary bosonic fields ®" and ¢". The action
then becomes

1V A 1A
Sn=NSo+5= > A Gl v, (23)
2T L4k Tk

where we_introduced the momentum-space Nambu vector
Ar = (Ax,A_x). Here, Sy depends only quadratically on the
auxiliary fields

= i ZI e Z T Z|¢k|2 (24)

neG neGe

and the Nambu Green’s function is given by

g];]k, = 2?06kk/MA1g +2 Z [fknékk’ +q)sz’] M"

0
neGy

+ Z [¢} 4 (m™)+hec.]. (25)

neGe

where we defined the M, m™ matrices (see Appendix A):

MM =105072,  mhie =007, MM =1V57)2,
MBie =720%2  mBPie =170,
MBx =7%502,  mPr =170, (26)

with 0 = (0* £i0”) /2. The form factors ;" are given by Eq.

(15) and kaz"' =0. Since the action (23) is Gaussian in the
superconducting field A, the corresponding integration in the
partition function can be carried out, leading to an effective
action that depends only on the auxiliary fields

Ser =N{SO+%Trlog (g-‘)}, 27)

where we dropped an unimportant constant. Importantly, the
expectation values of the bilinear combinations W", y" are
directly proportional to the expectation values of the auxiliary
fields via

N
Py =
(") i

D)o, W= (28)

Therefore, we identify the auxiliary fields as composite order
parameters. Note that we carefully distinguish the usual ex-
pectation value obtained by integrating over [D(A,A) and
the expectation value with respect to the auxiliary fields
(O)o = Z(I_)l fZ)(@”,(ﬁ",(ﬁ”) Oexp[—Sef], where Zp is the
contribution to the partition function that depends on the aux-
iliary fields only.

In the limit N — oo, the prefactor N in Eq. (27) justifies
a saddle-point analysis. Technically, this means that we ex-
pand the effective action (27) up to second order around the
homogeneous field values @ and ¢;; that extremize Sef:

Seff » eﬂ|0 22‘/)«

(Xj(X)—XjQ) (Xj/(X )—Xj/()). (29)

(9 Seﬁ

For the sake of compactness, we used a single variable X =
(@",¢",¢") to denote all composite fields. The Gaussian
form (29) allows for a direct evaluation of the expectation
values (28), yielding, to leading order,

(@) = Df, (") = ¢g. (30)
Thus, Egs. (30) and (28) imply that the homogeneous fields
(@, ¢) are the composite order parameters associated with
the non-trivial superconducting bilinear combinations (7)-
(8). By definition, the homogeneous values @} = @6y 0 and

@} = ¢ 0.0 are given by %fgf o =0, yielding the saddle-point

equations
r()—R()Z—ZUAIgHA“‘, (31)
of =20,11", n € Gg, (32)
¢y =2unn", n € Ge. (33)



Here, we have introduced the renormalized mass parameter

Ro=ro+ <1> , as well as the integrals

T T
=— > tr [gk’an] , m'=—>1r [Qk,kmn] , (34)

withn € G?R and n € Gg, respectively. The solution of the cou-
pled saddle-point equations (31)-(33) determines the renor-
malized mass Ry and the set of composite order parameters
(@, ¢y) for a given reduced temperature ro. It is important
to notice that equations (32)-(33) can only have a non-zero so-
lution for (@6‘, ¢6‘) if the corresponding interaction parameter
is negative (U,,u, < 0), i.e. if that particular vestigial-order
channel is attractive.

B. Hierarchy of vestigial orders

The onset of a non-zero (®f,¢;) via a continuous transi-
tion in the regime where the primary order parameter vanishes
implies the existence of a vestigial phase. Of course, if the
composite transition is first-order, it may trigger a simulta-
neous transition in the superconducting channel; we will get
back to this point in Sec. V D. To identify the leading vestigial
instability, we determine the highest critical temperature asso-
ciated with each composite order parameter. This is achieved
by computing the respective composite-order susceptibilities,
which can be evaluated in a straightforward way by means of
the expansion (29):

X(O) (0)
B g 3 yn
= @ A (Ro) =75 (39

14+2Un xyn ZM"XW‘

Xyn (Ro)

Here, we defined the bare susceptibilities as

o) _ oIr" |
Xwn = gqn log=07=0

T
=5 Dlw[gimrgimm],  (36)
k

o _ _
v ogn lag-oy-0

T
:W;tr[ggmngg(m”)w, (37)

with n € Gg and n € Ge, respectively The Green’s function in
the disordered regime is given by gk Gr .k [Ro, Qf =g = 0] .

To make the analysis more transparent, we simplify the gra-
dient terms in Eq. (14) by setting ka“" = kaz“ =0, which is
equivalent to assuming that the superconducting fluctuations
are isotropic in the (ky, k) plane. In this case, g,‘j = G,(z 7950

with G| = [Ro+do (k3 +k3) +d k7|
bilities (36) (37) become 1dent1ca1

! , and all bare suscepti-

0) _ <0> Ty _ T i
Ay = zk:( ) Sndod, Boo O9)

where, in the spirit of the Ginzburg-Landau expansion, we
replaced T by Ty. By solving Eq. (31) for ®f = ¢ = 0, we can
find how the renormalized mass Ry = Ry (rg) > 0 depends on

the reduced temperature ro. The key point is that Ry vanishes
at the (bare) superconducting transition temperature, which
we denote by 7., and increases monotonically as a function of
the reduced temperature for ry > r.. Therefore, X\(yo,,), )(l(/lo,)
+oo at the superconducting transition, which in turn implies
that any negative U,,,u, will cause the susceptibility of the
corresponding composite order parameter to diverge before
the onset of long-range superconducting order, see Egs. (35).
The reduced temperature r;. for which the divergence takes
place is given by Ry (r;) = R, with

R, =T3U? [ (167°d3d.) . (39)

Of course, a similar expression holds for u,. Since Ry is a
monotonically increasing function of ry, it follows that 7 > r..
In fact, ). can be found by substituting Eq. (39) in the self-
consistent equation (31):

" « To Al& \/7>}<
ro=re+Ry+ —— (40)
¢ ¢ 0 27Td()\/_
ToUa,,
=Ry- (A= \[Ryjdo), @)
2m4/dpd,

~2U, 1%, o and the

in-plane momentum cutoff A > */RS /do. Using Egs. (39)
and (41), we can gain insight into which vestigial chan-
nel has the highest critical temperature by determining the
most negative interaction parameter, which we denote by
Unin = min{U,,u,}, since the most negative interaction pa-
rameter will correspond to the largest R;;. The issue is that the
set {U,,uy} is not unique, as it depends on which combination
of Fierz identities (18) is used to rewrite the interaction action
(13) in terms of bilinears. In fact, there are infinite many
{Uy,un} sets, which makes the analysis of determining the
leading vestigial-phase instability within the large-N approach
intractable. To proceed, we exploit the mean-field results ob-
tained in the previous section to impose reasonable restrictions
on the {U,,,u, } sets. We first divide the phase diagram in three
regions, corresponding to each of the three mean-field super-
conducting ground states shown in Fig. 1(a). For each region,
we only allow representations of the interaction action (13) in
terms of the three bilinears that acquire non-zero values for
that ground state. Moreover, we only replace a given bilin-
ear by a combination of other bilinears according to the Fierz
identities.

This procedure yields a small number of {U,,u,} sets.
For instance, in the region of the phase diagram bounded
by v,w > 0, where the dy,-nematic superconducting state
(A) ~ (1,1) is the ground state, we find three sets U =
{UA,g, Uy, ua,» uBzg} given by:

where we explicitly inserted r. =

U ={u+v,-w,w-v,0}, U={u+w,—v,0,v—w},
U ={u+v+w,0,—v, —w}. (42)

They can be rewritten in a more compact form by introducing
a parameter € € {0,1, 2~}
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Figure 2. Large-N phase diagrams for the leading and subleading vestigial-order instabilities associated with a primary two-component
superconducting phase in a system with tetragonal D4y, symmetry (panels a,b) and hexagonal Dgp, symmetry (panels c,d). As in the mean-field
phase diagram of Fig. 1, the parameter space is that spanned by the quartic Landau coefficients of Eq. (12). The vestigial charge-4e instabilities
are always subleading with respect to either the vestigial nematic or the vestigial ferromagnetic instability, except in the region v > 0 of the
hexagonal phase diagram, where the vestigial s-wave charge-4¢ phase and the vestigial nematic phase are degenerate.

UAlg =u+ev+ew, UB2g =—€ew—e€v,

MAlg :E(W_V)’ uBzg :E(V_W)’ (43)
where € = 1 —€. A straightforward comparison of the mini-
mum values of the three sets in the v,w > 0 range gives Upi, =
-w € {UBZg’ up,,t for w>v and Unin = —v € {Up,,, ta,, }
for w < v. At first sight, these results seem to suggest that
the vestigial dy,-nematic phase is degenerate with the vesti-
gial dyy-wave (s-wave) charge-4e phase for w > v (w < ).
However, this is not the case because U Alg is different in
the two situations. Consider for concreteness w > v: while
Unin = Usp,, = -w is from the set U, for which Ua,, =u+v,
Unin =Up,, =—W is from the set U3, for which Ua,, =u+v+w.
Now, as shown in Eq. (41), the vestigial-phase transition tem-
perature r. depends on Uy, : the larger Uy, , is, the smaller r;
is. Therefore, because U A SUFV+W from set U5 is larger
than U A =U+V from set U, the d,-nematic phase is the
leading vestigial instability of the system, while the d,-wave
charge-4e phase is the sub-leading vestigial instability. The
situation is analogous for w < v, where the d,-nematic phase
is the leading vestigial instability and the s-wave charge-4e
phase, the subleading one. We verified the validity of this
semi-quantitative argument via a direct computation of r;.

The other regions of the phase diagram can be analyzed in
a similar fashion. In the region w < min(0,v), whose mean-
field ground state is the d2_>-nematic superconducting state
(A) ~ (1,0), the three relevant sets of interaction parameters
are parametrized by:

UA]g=u+ev, UBIgzw—gv, UA|, = —€V, UB, =€V,

(44)

V-—w

where € € {0, 1, } Finally, in the v < min(0,w) region,
associated with the TRSB chiral superconducting ground state

(A) ~ (1,i), the sets of interaction parameters are given by:

UA1g=u+ew, UAzgzv—gw, Up,, = —€W, Up, = €W,

(45)

w—v

with € acquiring the values {0, L= } The resulting phase
diagrams in Fig. 2(a)-(b) for the leading and subleading ves-
tigial instabilities are obtained by computing the maximum
transition temperature of each vestigial phase, considering the
sets of interaction parameters {U,,u,} given above. In all
cases, the real-valued composite order parameters give the
leading vestigial instability and the complex-valued ones, the
subleading vestigial phases.

The same analysis can be performed for the case of a two-
component superconducting order parameter in a hexagonal
system with point group Dgp, whose mean-field phase diagram
was shown in Fig. 1(b). In the v < 0 region, for which the
mean-field ground state is the chiral superconductor, there are
two relevant sets of interaction parameters:

{UAIg =Uu, UAZg ZV},

Similar to the tetragonal case, in the hexagonal case the real-
valued composite order parameter — the ferromagnetic (‘I‘ Ase >
— wins over the complex-valued composite order parameter —
the d-wave charge-4e (WEZ&’ > In the phase-diagram region
where the nematic superconductor is the mean-field ground
state, v > 0, there are three sets:

{UA,g SU—V,UE, =v} . (46)

{UA]g = M+V, UE2g = _V}’ {UAlg :u+v’ uAlg = _V} 3

{UA]gzu—v,uEzgzv}. (C))

Interestingly, in this regime, there is a degeneracy between the
vestigial nematic and s-wave charge-4e states, as previously
reported in Ref. [32]. The resulting phase diagrams for the
leading and subleading vestigial instabilities are shown in Fig.
2(c)-(d).



V. VESTIGIAL-ORDERS PHASE DIAGRAM:
VARIATIONAL APPROACH

The inability of the large-N approach to treat on an equal
footing all possible composite order parameters motivates us
to consider in this section an alternative method: the varia-
tional approach. Although such an approach, which has been
previously employed to study real-valued composite orders
[11, 22, 73], is uncontrolled, it allows one to determine the
leading and subleading vestigial instabilities of the system of
the action (12) in a much less biased way. The method is
based on a trial action Sy that contains the variational parame-
ters. The underlying principle relies on the general (convexity)
inequality [95]

(e 4y > A, (48)

To apply it to our problem, we rewrite the partition function as

z- [pAabeS=z(eS) - @)
where (O)q denotes the expectation value with respect to Sy,
1 -

(OY = =— / D(AA) 0 e, (50)
2o

and Zp = f D(A,A) e is the partition function of the trial
action. Applying the relationship (48) to Eq. (49) leads to the
inequality F' < F, between the actual free energy F = T log Z
and the variational free energy

Fy = -Tlog Zo+T{S - So)o. 1)

The remaining task is to minimize the variational free energy
F, with respect to the variational parameters to find the optimal
solution under the constraints imposed on the trial action Sp.
The success of this method crucially depends on the chosen
ansatz for S.

A. Gaussian variational ansatz

One commonly used variational ansatz is a Gaussian trial
action [11, 22, 95]. In this work, we employ the most general
form of this ansatz by introducing a variational parameter to
each of the possible bilinear combinations (7)-(8). In particu-
lar, the trial action is given by

In% AF 1A
=57 2 MG A, (52)
k

where, as in the previous section, we introduced Ar =
(Ax,A_r), with A = (A1, Az). The trial Green’s function

has a similar form as Eq. (25), with Ry = ro+ @1z and
fB]g Bzg

f =0:

Gl = (R +fAla)MA1a+2Zq>"M"+Z (¢"m"+H.c.).
neGg neGe

(53)
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It is important to highlight the differences with respect to
the large-N approach in Sec. IV: in that case, the quanti-
ties ®", ¢" were auxiliary bosonic fields introduced via a
Hubbard-Stratonovich transformation of the interaction action
(13), which in turn depended on the representation of the latter
in terms of the bilinears. As a result, only a few fields could
be introduced simultaneously, which was the main limitation
of the large-N approach. On the other hand, in the variational
approach, because @, ¢ are variational parameters, we can
introduce all of them simultaneously. The matrices M", m"
are those defined in Eq. (26).

Having set up the Gaussian trial action (52), it is straight-
forward to derive the variational free energy (51); details are
presented in Appendix B. We obtain the free energy density
fv =F,/V (up to an unimportant constant)

T .
= ﬁ;trlog (6% ‘) +2 [ro=Ro+Ua,, 118 | 1418

—22 [®"-U,[1"] 11"

neGg

—Z [(¢"—upn™) 7" +c.c.],

neGg

(54)

where the integrals 1", 7" are the same as those defined in Eq.
(34); we repeat their definitions here for the sake of clarity:

T T
=— > w[GiM"], n"=—= ) tr[Gm"]. (55)

In contrast to the large-N approach, here the interaction pa-

rameters {U,,,u,} are all simultaneously non-zero and unam-

biguously defined:
UA]g =3u+v+w,

UAj,, =U—V+W, UAzg =u+3v—w,

UB]g =u—-v+3w, ug,, =u+v+w,

UBzgzu—v—w, up,, =u+v-w. (56)

B. Free-energy minimum

We now proceed to minimizing the free energy density f,
in Eq. (54) with respect to the variational parameters, which
we collectively parametrize as X; € {Ro,db",¢",¢3"}, where
the vector X has dimension L = dimGﬂ% +2dimGe. It is con-
venient to interpret the free energy as an implicit function of
the integrals 1" and 7, which are themselves functions of X;,
ie. I1" (Ry, ®",¢",4") and 7" (Ry, @",¢",¢"). As we show
in Appendix B:

af
0X;

=0. (57)

1", an

As a result, the full derivative is given by

PR AONCT o Y
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Figure 3. Variational phase diagrams for the leading and subleading vestigial-order instabilities associated with a primary two-component
superconducting phase in a system with tetragonal Dyp, symmetry (panels a,b) and hexagonal Dg}, symmetry (panels c,d). The parameter space
is that spanned by the quartic Landau coefficients of Eq. (12). The only difference with respect to the large-N phase diagrams of Fig. 2 is the
existence of regions where there is no vestigial instability (white region) or no subleading vestigial instability (light-gray region). Outside of

these regions, the variational and large-N results agree with each other.

where we defined V,, = v and Vp =

. . on"
ation gives:

6fV

an

An explicit evalu-

Va,, =2(ro—Ro)+4Uy4, TT, (59)
V, = =2@0" +4U,I1", neGg, (60)
\7n:—¢"+2un7r", n € Ge. 61)

Upon introducing the L-dimensional vectors V and $ with
Vi € {Va,,. Va.v", 7"} and P; € {1412, 11", 1", 7"}, Egs. (58)
can be expressed as a matrix equation

L

4 _ > PV, (62)

. . A oP; A
with the matrix elements $;; = 55*. Because the matrix #

is generically non-singular, i.e. det® # 0, the linear set of
equations (62) is only solved by the trivial solution V =0,
which is equivalent to:

ro—Ro=—2U4, 1%, (63)
" =2U,11", n € Gg, (64)
¢" =2u,n", n € Ge. (65)

Recall that IT" and 7" are functions of all variational fields
Ro,@",¢". These are the self-consistent equations that de-
termine the variational free-energy minimum. Although they
have the same functional form as the large-N equations (31)-
(33), the key difference is that the interaction parameters are
unambiguously determined by Eq. (56). We end this section
by noting that the variational parameters are indeed the com-
posite order parameters. Upon a direct computation of the
bilinear expectation values, we find (see Appendix B),

_ o 1 a9 1
<1PZ:0>_2HVL - U_nQn’ <(!/Z:()>_27rn - Z(pna (66)

for n € Ggr and n € Gg, respectively. These expressions agree
with those obtained for the large-N approach, Eq. (28), upon
setting N =2.

C. Hierarchy of vestigial instabilities

It is now straightforward to find the leading and subleading
vestigial instabilities of the system by linearizing the self-
consistent variational equations (63)-(65) in the composite
fields @",¢" independently. To leading order, the integral

expansions become I1" ~ — Xé,?f ®" and 7" ~ — /\(l(pon) ¢" where

the bare susceptibilities X.(I,O,,) and )(l(ﬁo,,) are defined in Egs. (36)
and (37). Substituting these expressions in the self-consistent
equations leads to the following instability condition in a given
channel:

0=1+2u,x'? (67)

0= 142U, x) o

where X},fff = ,\/l(po,,) is given by the same expression as in Eq.
(38). With the instability conditions (67) and the first varia-
tional self-consistent equation (63) having the same functional
structure as in the previous section, we also recover the same
critical reduced temperature r}.:

ToUa,,

re=Rg- nyad (A—\/RS/do),

with R} =T U [ (162°d}d.), and similar for u,, cf. Eq. (39).

While the expression for the critical reduced temperature
(68) is the same as in the large-N approach [Eq. (41)], we
emphasize two important differences: (i) the interaction pa-
rameters U,,, u,, are unambiguously defined for all channels in
Eq. (56) and (ii) the interaction parameter Uy, is the same for
all channels. Consequently, we can find out the leading and

(68)



subleading vestigial instabilities by identifying the smallest
and second smallest negative interaction parameters U,,, u,.

The resulting phase diagram for the leading vestigial insta-
bility is presented in Fig. 3(a). When compared to the large-N
phase diagram of Fig. 2(a), the key difference is that the vari-
ational phase diagram displays a region near the origin where
no vestigial order is present [white region in Fig. 3(a)]. This
result was previously found in Ref. [22] and is also consistent
with the findings of Ref. [73]. It can be understood by taking
the v, w — 0 limit in Eq. (56), which yields U,, =u,, =u > 0,
implying that all vestigial channels are repulsive. In contrast,
none of the Uy, u, sets obtained in the large-N approach had
a contribution from u, which is the coefficient of the squared
trivial bilinear (‘I‘AIH)2 o (A2 + |A2|2)2 in the original ac-
tion (13). As such, u penalizes large-amplitude superconduct-
ing fluctuations. In the variational approach, such an energy
penalty must be overcome by the energy gain of condensing a
non-trivial bilinear, which depends on combinations of v and
w. Consequently, there are threshold values for the interaction
parameters Uy, u, below which no vestigial order emerges.

This is an important qualitative distinction between the
large-N and variational results: in the former case, vestigial
order is a weak-coupling effect, in the sense that it emerges for
any |v|,|w| < u, whereas in the latter case it is a moderate-
coupling effect, as it requires |v|,|w| ~ u. Outside the white
region of the phase diagram of Fig. 3(a), the large-N and vari-
ational phase diagrams predict the same leading instabilities,
which are all related to the condensation of real-valued com-
posite order parameters. The fact that two different methods
give the same results in these regions provides strong sup-
port for the emergence of vestigial phases in these parameter
ranges.

The subleading vestigial instabilities can be readily obtained
by computing the second smallest negative interaction param-
eters U, u, from Eq. (56) in the (v/u, w/u) parameter space.
Fig. 3(b) shows the resulting phase diagram. Besides the white
region near the origin where no vestigial instability can take
place, there is a wider light-gray region in which the system
displays no subleading vestigial instability. Outside of these
regions, the phase diagram agrees with that obtained in the
large-N approach [Fig. 2(b)], consisting of complex-valued
charge-4e composite order parameters with different angular
momentum.

Extension of this analysis to the case of a Dg, hexagonal
two-component superconductor parameterized by Eq. (2) is
straightforward. In this case, the interaction parameters are
given by:

UA,g=3u+v, UA, =U—V, UA2g=u+3v,

UEzg =u-v, Up,, =U+V. (69)

The phase diagrams corresponding to the leading and sub-
leading vestigial instabilities are shown in Figs. 3(c)-(d). Sim-
ilarly to the D4y, tetragonal case, there are regions of the phase
diagram in which no vestigial channel is attractive (white re-
gion) or only one vestigial channel is attractive (light-gray
region). Outside of these regions, the phase diagrams agree
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with those obtained with the large-N approach, see Figs. 2(c)-
(d). Interestingly, there is no subleading vestigial instability on
the v < 0 side of the phase diagram, where only the real-valued
ferromagnetic composite order parameter can condense. On
the v > O side, the vestigial nematic instability is always de-
generate with the vestigial s-wave charge-4e instability, since
Ug,, = ua,,. Such a degeneracy, which was also present in
the large-N approach, has been attributed in Ref. [32] to a
hidden discrete symmetry of the Ginzburg-Landau action that
permutes operators in the gauge and in the lattice sectors.

D. Vestigial instabilities versus vestigial phases

It is important to emphasize that the phase diagrams in
Figs. 2 and 3 show the parameter regimes in which there
are attractive vestigial instabilities, which onset at a (reduced)
temperature . that is larger than the superconducting transi-
tion (reduced) temperature in the absence of vestigial order,
rc. This is a necessary but not sufficient condition to ensure
the emergence of a vestigial phase preceding the primary su-
perconducting phase. The reason is because of the feedback
effect of the condensation of the composite order parameter on
the superconducting fluctuations, which renormalizes the su-
perconducting transition temperature to larger values, 7. > r,.
Thus, a vestigial phase characterized by (¥"*) # 0 or (") #0
while (A) = 0 requires r} > 7.

Within the variational approach, it would seem straight-
forward to consider a modified ansatz with Ay replaced by
Ay — & in the trial action (52), where & = (61,6,) denotes the
superconducting variational parameter. The issue is that, even
for a simple one-component superconductor, which does not
have any vestigial orders, such a variational ansatz gives a
first-order superconducting transition. For completeness, this
analysis is presented in Appendix C; the formulas for the two-
component case are given in Appendix D. The bottom line
is that this unphysical result indicates that the modified trial
action is not appropriate to describe the onset of superconduc-
tivity, let alone the joint onset of superconducting and com-
posite orders. Additional work will be necessary to design an
appropriate ansatz. We note that a non-mean-field first-order
superconducting transition was also found in the seminal work
[96], where gauge-field fluctuations were considered within a
large-N approach. It was later realized that this effect holds
only for type-I superconductors [97—-100]. Whether these re-
sults are related to the issues encountered in the variational
approach remains to be determined.

Despite this shortcoming, one can still assess whether the
condition . > 7. is self-consistently satisfied by the varia-
tional equations (63)-(65), which are identical to the large-N
equations (31)-(33). In this formulation, 7. is signaled by the
vanishing of one of the eigenvalues of the Green’s function
(53) [or, equivalently, (25)] evaluated at zero momentum, i.e.
det g,;jo (7¢) = 0. That condition ensures that the supercon-
ducting susceptibility is divergent. When only one of the com-
posite order parameters condenses, say @, the latter condition
is met when Ry = |®"|. Therefore, as long as the vestigial phase

transition at r; is second order, i.e. ®" (ro — (r}) ") — 0, the



vestigial instability will not trigger a simultaneous supercon-
ducting instability, implying that a vestigial phase emerges.
Even if the vestigial phase transition is first-order, a vestigial
phase appears as long as the jump of the composite order pa-
rameter is not too large, |A®"| < R, with Rj given by Eq.
(39). The determination of whether the vestigial phase tran-
sition is second-order or first-order requires solving the non-
linear equations (63)-(65). While a systematic analysis of this
problem is beyond the scope of our work, important insight
can be gained from previous studies of the equivalent large-N
equations (31)-(33).

For the tetragonal D4y, case, the large-N equations for a
single composite order parameter were analyzed in detail in
Ref. [10] in the context of magnetically-driven nematicity
and, before that, in Refs. [8, 51]. The outcome of the coupled
vestigial and primary transitions was found to depend not only
on the quartic Landau coefficients, but also on stiffness coef-
ficients dy, d,. Essentially, systems that are more anisotropic,
i.e. withd,/dg < 1, tend to display vestigial phases over wider
parameter ranges.

A small modification of the model leads to more “universal”
results, in the sense that they depend only on the ratio between
the quartic Landau coefficients. In this modified version of

the model, the anisotropic gradient term ka]g in Eq. (15) is

replaced by an isotropic term ka'g =dok?, but the dimension-
ality of the system d is allowed to assume fractional values
2 <d < 3. As shown in Ref. [10] (see also Ref. [51]), for
a given vestigial instability with attractive effective interac-
tion U, < 0 or u, <0, there are three different regimes for
the coupled vestigial and superconducting phase transitions,
which we denote here as: (i) type-I split transitions, in which
case the vestigial and superconducting instabilities are split
and second-order; (i) type-II split transitions, in which case
the vestigial and superconducting instabilities are split but one
of them is first-order; (iii) simultaneous transition, in which
case there is a single first-order vestigial plus superconduct-
ing transition. The system’s regime depends only on the ratio
|Un|/Ua,, and the dimensionality d according to [10]:

Un
Unl _

3-d, type-I split, (70)
Ag
|U,| 6-2d .
3-d<——x< , type-II split, 71
U S Goar bl (71)
U, 6-2d . .
Ul ———, simultaneous transitions. (72)
Ua,, 6—-d

Of course, similar expressions hold for [u,|/Ua,,. The
key point is that a vestigial phase only exists in the type-I
split and type-II split regimes. In Fig. 4, we include the
phase boundaries set by Eqgs. (70)-(72) separating these three
regimes in the variational phase diagram of Fig. 3, for the case
d =2.4. Clearly, there is a wide region in parameter space
where the vestigial instability leads to a vestigial phase. Note
that, upon increasing the dimensionality d, the lines move
closer to the origin, which decreases the area of the phase
diagram where vestigial phases exist. In the fully isotropic case
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Figure 4. Variational phase diagrams of Fig. 3 for the tetragonal
Dy case with the phase boundaries |Uy| /U 4 1¢ = 3—d (dotted line)
and |Uy| /UAIg = (6-2d)/(6 —d) (dashed line) that determine the
three different regimes for the coupled vestigial and superconducing
transitions (see main text): two split second-order transitions (labeled
type-I split); two split transitions with one of them first-order (labeled
type-1I split); one simultaneous first-order transition. For concrete-
ness, here we set d =2.4.

d =3, vestigial phases are absent, as noted in Refs. [10, 51].

For the hexagonal Dgp, case, the vestigial nematic transition
is that of a 3-state Potts-model, which is first-order above its
upper critical dimension dypper < 3. This problem was ana-
lyzed in Ref. [25] for a system with lower trigonal point-group
symmetry D34, which has the additional stiffness coefficient d3
discussed below Eq. (14). A wide regime where vestigial ne-
matic order emerges was reported for a sufficiently anisotropic
system. Note also that even in the dark-gray regions of the
phase diagrams in Figs. 2 and 3, where the bare supercon-
ducting transition is itself first-order, it is in principle possible
for a vestigial phase to be stabilized. However, our formalism
does not allow us to access these regions.

More broadly, the fact that there is more than one attractive
vestigial channel suggests that it is in principle possible for
the system to have sequential vestigal instabilities, giving rise
to a cascade of vestigial phases. The aforementioned issues
with the modified Gaussian variational ansatz that includes a
non-zero superconducting order parameter make a quantitative
analysis challenging. On a qualitative level, it is interesting to
note that, in the cases studied here, there is always a symmetry-
allowed trilinear coupling between one real-valued and two
complex-valued bilinears. Specifically, for the D4, case, there
are three such trilinear couplings with coefficients 1;,

Si=y [ (yhgPeaghegte), (13)
S =1 /TBzg (¢A1g&32g _H;Alngzg) , (74)
X
S =15 /lPAzg i (IZBZngIg _I;Blngzg) i (75)
X
whereas for the Dgp case there is only one:

S =1 / yh (zﬁA‘gnﬁE“’ +¢7A1gx/fE2g) . (76)



Because of these couplings, if the complex-valued compos-
ite order parameter associated with the subleading instability
condenses inside the leading vestigial phase, it will necessarily
trigger a non-zero complex-valued composite order parameter
associated with the third channel. However, as Fig. 3(b) or
Eq. (69) shows, this third channel is always repulsive. Due to
this parasitic effect, the system would incur an energy penalty
if the subleading attractive complex-valued order parameter
were to condense inside the primary vestigial phase.

VI. DISCUSSION AND CONCLUSIONS

In summary, we employed a group-theoretical formalism to
classify and investigate all possible vestigial orders that emerge
in two-component superconductors in systems with fourfold or
sixfold/threefold rotational symmetry. Our focus was to treat
on an equal footing the widely investigated real-valued ferro-
magnetic or nematic bilinears and the little-explored complex-
valued bilinears that describe s-wave, d,2_ y2-wave, and d -
wave charge-4e condensates. The large-N and variational
calculations that we performed reveal that the real-valued
vestigial-order instabilities are always the leading ones, al-
though the complex-valued vestigial-order channels are at-
tractive over wide regions of the parameter space spanned by
the quartic coeflicients of the phenomenological Ginzburg-
Landau action. Only in the particular case of a hexagonal
system with quartic coefficient v > 0 we found degenerate ne-
matic and charge-4e vestigial instabilities, as first pointed out
in Ref. [32]. In all other cases, the charge-4e composite order
was found to be subleading with respect to the ferromagnetic
or nematic composite orders.

Our systematic comparison between the controlled large-N
method with the uncontrolled variational method revealed im-
portant caveats of both approaches in their ability to describe
vestigial phases. The large-N method does not offer a way to
treat on an equal footing all possible real-valued and complex-
valued bilinears, whereas the variational method faces difficul-
ties to account for the instability of the primary superconduct-
ing order parameter. Notwithstanding these shortcomings, we
found wide regions in the parameter-space where the hierarchy
of instabilities obtained from both methods agreed with each
other, giving us confidence on the reliability of these findings.
One important qualitative difference between the two methods
is that, in the large-N approach, the emergence of vestigial or-
ders is a weak-coupling effect, in that the Landau coefficients
of the non-trivial squared bilinears can be much smaller than
the coefficient of the trivial squared bilinear. On the other
hand, in the variational approach, it is a moderate-coupling
effect, in that the non-trivial coefficients need to be compara-
ble to the trivial coefficient in order for the vestigial channels
to become attractive. This difference stems from the distinct
ways in which large-amplitude fluctuations are energetically
penalized in each scenario. Because both methods have in-
trinsic limitations — the physical N in our problem is not large
and the variational action ansatz is arbitrary — it will be inter-
esting to exactly solve this model via Monte Carlo simulations
to elucidate the validity of each approach. Previous Monte
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Carlo calculations on a related Ginzburg-Landau model seem
to be qualitatively consistent with the large-N results [101].

We note that, by setting ka“" = kaz”' =0in Eq. (14), the
phase diagrams obtained in this work neglected the in-plane
anisotropic gradient terms that are allowed in the Ginzburg-
Landau action. Inclusion of these terms is expected to cause
minor changes in the phase boundaries. The most important
impact would be on the degeneracy between the nematic and
charge-4e orders in the v > 0 region of the phase diagram of
the hexagonal system. Interestingly, in the large-N approach
of Ref. [32], these additional gradient terms were shown to
remove the degeneracy by actually favoring the charge-4e ves-
tigial phase. A more important effect not considered here,
which has been little explored in the broader context of super-
conducting vestigial orders, is the coupling to the electromag-
netic gauge fields. These should be particularly relevant for
nearly-2D systems, where phase fluctuations can play a more
important role than amplitude fluctuations. A recent work
showed that the phase boundaries of the mean-field phase di-
agrams shown in Fig. 1 are fundamentally changed when
corrections due to electromagnetic fluctuations are included
[102]. Their impact on the onset of vestigial phases deserve
further investigations.

From a broader theoretical standpoint, our work reveals that
there is a larger and relatively unexplored landscape of vestigial
orders that can potentially be realized in systems whose sym-
metry group G = Gint ® G 1s the product of a space group and
an internal group. Here, we focused on the complex-valued
charge-4e bilinears of superconductors, which transform non-
trivially under the internal group Gin = U(1). In magnetic
systems, with internal group Gin = SU(2), the bilinears that
transform non-trivially would be vector and tensorial compos-
ite order parameters. A well-known example of the latter is the
spin-nematic order parameter, which has been proposed to be
realized in certain frustrated magnets [103, 104]. While other
types of vestigial tensorial spin orders were briefly discussed
in Ref. [6], a systematic investigation has not been performed.
Of course, the independent classification of magnetic bilinears
in terms of IRs of Giy = SU(2) and G is only meaningful if the
spin-orbit coupling is weak, which may constrain their realiza-
tion in actual materials. These considerations for non-trivial
vestigial phases are also relevant for systems with emergent
continuous symmetries — such as twisted bilayer graphene,
which under certain conditions is described by a model with
emergent spin-valley SU(4) or U(4) @ U(4) symmetry [105—
108].

Because vestigial phases are fluctuation-driven phenomena,
they are most likely to be observed in low-dimensional and/or
unconventional superconductors, since the fluctuation regime
of conventional BCS superconductors is very narrow. In this
regard, several materials have been recently reported or pro-
posed to be multi-component nematic or chiral unconventional
superconductors, making them natural candidates to search for
vestigial orders. This is the case for the doped topological in-
sulator AxBi;Se3, with A = Cu, Nb, Sr, which has a nematic
superconducting ground state [25, 79-83]. Recent experi-
ments have found strong evidence for a vestigial nematic or-
der preceding the superconducting phase [109, 110]. Twisted



bilayer graphene has also been shown to display nematic su-
perconductivity [14], and hints of a possible vestigial nematic
phase were observed in anisotropic transport measurements.
CaSnj3 [111] and few-layer NbSe; [112, 113] are other exam-
ples of materials whose pairing states are accompanied by bro-
ken lattice rotational symmetry; however, at least in the latter,
the data does not favor an interpretation in terms of a multi-
component superconductor. The heavy-fermion material UPt3
is a well-established candidate for chiral two-component f-
wave superconductivity [84-86], which could host vestigial
orders as well. The same holds for other compounds where
time-reversal symmetry-breaking (TRSB) superconductivity
has been reported, most notably SrpRuQ4 [74, 75], URu,Si;
[76-78], pressurized KV3Sbs [114], and 4Hb-TaS, [115] (fora
more comprehensive list, see Ref. [116]). In these cases, how-
ever, it remains unsettled whether the observed TRSB arises
from a symmetry-enforced two-component superconducting
order parameter. In 4Hb-TaS,, recent Little-Parks [117] and
critical field [118] experiments provide strong support for such
a scenario. On the other hand, in Sr,RuQ4, which has been
recently proposed to be a two-component singlet supercon-
ductor [119, 120], the observation of nodal quasi-particles
and the lack of specific heat signatures across the second su-
perconducting transition have been interpreted in terms of an
accidental degeneracy between two one-component supercon-
ductors transforming as different IRs [121, 122]. Itis important
to emphasize that vestigial phases can emerge even in cases
where the degeneracy between two superconducting orders is
not symmetry-enforced, but accidental, as discussed in Ref.
[29]. One superconductor where this might be the case is
UTe,, which was also reported to spontaneously break time-
reversal symmetry [123]. Since its orthorhombic Doy, point
group does not support two-dimensional IRs, a TRSB super-
conducting state would require two nearly degenerate states;
however, whether UTe; is a single or two-component super-
conductor remains unsettled [124]. Signatures consistent with
a vestigial TRSB order have been recently reported in K-doped
BaFe;As; [125], whose ground state has been proposed to be
a TRSB s+is state [126, 127].

Overall, our work significantly expands the class of sys-
tems where the elusive charge-4e condensates may be realized
[15, 16, 30, 32, 33, 59-72]. Experimentally, recent mag-
netoresistance oscillation data in the kagome superconduc-
tor CsV3Sbs have been interpreted as signatures of charge-4e
and charge-6e states above the onset of charge-2e order [128].
Based on our formalism, vestigial charge-6e order would likely
require a three-component superconductor to be the ground
state. A superconducting order parameter that transforms as
a three-dimensional irreducible representation is only allowed
in cubic crystalline point groups. Alternatively, as discussed
in Refs. [16, 129], higher-order composite charge-6e order can
arise from pair density-waves with wave-vectors M and K in
hexagonal crystalline point groups. Theoretically, it has been
previously shown that pair-density waves [15, 16], coupled
U(1) xU(1) superconductors [59], and hexagonal nematic su-
perconductors [32, 33] are good candidates to display vestigial
s-wave charge-4e order. Our results reveal that, in fact, there
are normal-state instabilities in the charge-4e channel in any
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two-component superconductor. Interestingly, this instability
is not restricted to the s-wave channel, but includes also ex-
otic d-wave charge-4e states, whose properties deserve further
theoretical investigations. The main issue is that, except for
the case of a hexagonal nematic superconductor, the various
vestigial charge-4e instabilities found here are subleading with
respect to the vestigial nematic or ferromagnetic instabilities.
One way in which this hierarchy of vestigial instabilities can be
reversed is via disorder, as previously discussed in Ref. [32]
in the context of hexagonal nematic superconductors. Quite
generally, the type of disorder that is most detrimental for
a given ordered state is a random distribution of conjugate
fields of the corresponding order parameter — also known as
“random-field” disorder [130]. Charge-4e order parameters
are generally protected from random-field type of disorder, as
their conjugate fields are not present in crystals or devices. In
contrast, random strain and, to a lesser extent, diluted mag-
netic impurities, are present in many realistic settings, acting
as random-field disorder for the nematic and ferromagnetic or-
der parameters, respectively. The ability to control these types
of disorder could enable the stabilization of the subleading
vestigial charge-4e states. Even in a perfectly clean system,
the presence of a subleading attractive charge-4e instability
should be manifested in the collective excitations of the lead-
ing vestigial phase, opening another route to access this elusive
state of matter.
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Appendix A: Group-theoretical formalism

In this Appendix, we present the group-theoretical frame-
work that yields the results presented in Sec. II of the main
text for the bilinears of the two-component superconducting
order parameters in Eqs. (1)-(2), which live in the product
group G =U(1) ® G, with G, = D4n or G, = Den. The ap-
proach is the same as in Ref. [6], but generalized to include
complex-valued bilinears.

We start by studying a standard one-component supercon-
ductor with order parameter A. All bilinears are trivial under
the operations of the point group, since the product of two
one-dimensional IRs always yields the trivial IR Aj,. Thus,
it is enough to focus on the transformation properties of the
unitary group G = U(1), whose IRs we denote by I/ , with
m={0,+1,+2,...}. If the order parameter A transforms ac-
cording tothe IRT° 51 then its complex conjugate A transforms
asT” f]l . Thus, the reasonable representation of the order param-

eter is given through the “Nambu” vector A= (A,A), which



transforms according to the two-dimensional representation
I'a=TY% &I'Y,. This notation becomes more transparent if
we consider the U(1) symmetry operations as rotations in the
complex plane:

RA"\ _[cosg —sing | [ RA
IN ) 7\ sing cosgp NI

The transformation relation (A1) can be (block-) diagonalized
upon application of the unitary matrix
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which leads to the relation

(AD)

A" =Ra(p)A. (A2)
Here, Ra(¢) = Ri1(9) @R_1(¢) and Ry (p) = ™% is the
transformation matrix associated with the IR F,Ln] , see Table
II. The transformation relation (A2) demonstrates that the ro-
tation of the two real components (RA, JA) in the complex
plane is properly described by means of the Nambu vector A
transforming as ['.

Next, we consider bilinear combinations of A. From the
decomposition of the product representation (4), ['a ® 'y =
21“([)] &) (Ffz &) FEJZ), there are two bilinears associated with the
trivial sector and two with the m = +2 (i.e. charge-4¢) sector.
The bilinears can be written as

cm = EA A, (A3)
with the 2 X2 matrices A’ acting in Nambu space. These
matrices 4™ are defined implicitly through the transformation
condition
Ri (@A Ra(9) = Run(@)A™, Vo €[0,2m).  (Ad)
Applying this condition, we find the matrices shown in Table II.
Inserting these matrices into Eq. (A3), we obtain the N, =3
bilinear components
C(+2) — A2’ C(—Z) — A2’

cO=AP, (A5)

transforming according to T'Y, Fi]z, and FYZ, respectively.
While the antisymmetric matrix associated with the trivial
IR Fé] \a yields a vanishing bilinear (A3) in the present case,
it plays a role when multiple groups are involved, as it can be
paired with another antisymmetric matrix.

We now proceed by constructing the bilinears of a real-
valued two-component order parameter 5 = (171,72 that trans-
forms according to the IRs E, and E, of the point group
Gp =Dap orthe IRs E1g, Eag, Eyy, and Ey, of the point group
Gp = Degn. The bilinears are defined as

Cn,l — I]TTn’lI], (A6)
where n denotes the IR within the product decompositions in
Egs. (5) and (6) (see also Table IT) and [ = 1,...,dimn. Like
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Table II. (left) The character table of the unitary group U(1) and its
IRs F,Ln] , m € Z. (middle-left to right) Matrices associated with the
bilinear decomposition in the cases of the one-component SC [Egs.
(A4) and (4)] and of two-component real-valued order parameters
transforming as two-dimensional IRs of the point groups Dy and

Den [Egs. (A7), (5) and (6)].

in the U(1) case, the associated 2 x 2 matrices 7"/ are defined
implicitly through the transformation condition

RE ()T Re, ()= Y Ru(@u ™, VeeGy, (A7)
l/

where R, (g) denotes the transformation matrix for the group
element g within the IR n. Solving this equation gives the
matrices shown in Table II. Consequently, the bilinears (A6)
become

Dan: CMe=ni+n3, CPs =ni—nj, CPs =2mm, (A8)

Den: Chs =mi+my, €% = (i —m,=2mm).  (A9)
Note that the antisymmetric matrix associated with the Ay,
bilinear yields zero, i.e. C4% =0.

We are now in position to derive the bilinears of the two-
component superconducting order parameter A = (A1, A;) of
Egs. (1)-(2) by combining the bilinear decompositions ob-
tained for the groups U(1) and G, studied above. Let us start
with the G, = Dan case; as explained before, the supercon-
ducting order parameter is given in the Nambu representation
by A= (A, &)T, where the four-component “vector” A trans-
forms as the representation I =I'p ® E; of the symmetry group
G =U(1) ® Dgy. The bilinears are given by

1

cmn —
2

AT amena, (A10)
where A" and 7" act on the Nambu (i.e. gauge) and the E;
(i.e. lattice) sectors, respectively. Since these matrices are
defined implicitly by the conditions (A4) and (A7), they are
the same matrices shown before in Table II. Thus, to identify
the bilinear components C (m).n 411 we need to do is construct a
“multiplication table” according to the bilinear decompositions
in the two sectors:

I'el'=(I'AQ®TA) ®(E;®E;)
=2y oT% oY) ® (A1g ® Ase ®Big ® Bag) .

Such a multiplication table is given in Table I of the main text.
Out of the 16 possible bilinear combinations, only Nr = 10
components are non-zero. Inserting the matrices into Eq.
(A10) gives



YAz = AP+ |AgE wtte= AT+ AL, WA = iAA —TA A,
W= AP = Ao, yPie = AT - A,

WB2 = A\ Mg+ AoAp, YP2=2A A, (Al1)
where we have employed the same notation as in the main
text, i.e. real-valued bilinears (m = 0) are labeled as ¥" and
complex-valued ones (m = +2), as (¥"*,y"). The expressions
(A11) are identical to those in Eq. (9) of the main text. Al-

. . N )
ternatively, one can exploit the property A = AT o to rewrite
the bilinears (A10) as

g = AT MmA, y" = A mnA. (A12)
Here, the matrices M", m" are defined as:
MAe =10072,  mAe =10, MA% =1Y07)2,
MBie =720%2 mBie =107,
MBx =102, mPBx =10, (A13)

with o* = (0* £i0”)/2, which gives Eq. (26) in the main
text. This is the notation used in Secs. IV and V of the
main text. The case G, = Dgn can be treated in the same
way. The only change is that the bilinears denoted by W25,
WB2 and B, y B2, which in the Dgp case transform as two
separate one-dimensional IRs, combine to transform as the
same two-dimensional IR, WF2¢ = (WB1z, —WhB2x) and Y2 =
(yB1s, —yB2s). All bilinears of the Dgy, case are also displayed
in Table I.

Appendix B: Derivation of the Variational free energy

In this Appendix, we derive the expression for the varia-
tional free energy (54) and the corresponding self-consistent
equations presented in Sec. V. The Gaussian trial action (52)
is given by

1V
o=ﬁZAkgk Ay, (B1)

with the inverse Green’s function G, ! introduced in Eq. (53)
and repeated here for convenience:

Gi' =2(Ro+ ) MM 2 Y @M+ Y (G Hee ).
neGg neGe

(B2)
Our goal is to compute the variational free energy (51), or
equivalently, the variational free energy density:
T T
fv=—=—V10gZ0+V<S—SO>0, (B3)

where the expectation values are taken with respect to the trial
action Sy as introduced in Eq. (50), and Zp = / D(AAN) e 5o,

17

For completeness, we also reproduce the initial action S =
S@ 4 gint, Eq. (12), with the second- and fourth-order con-
tributions:

\% " N
S =2 3 Ry (o) MMeAs, (B4)
k

Sint — /[M (IPAI‘L{)2+V (IPAzg)2+W (‘PBlg)z]’ (BS)

X

where, in line with the ansatz (B2), the non-trivial fluctuations
kalg = kazg =0 have been set to zero. In the following, we
compute separately the three contributions to the free energy
density (B3):

T T
N =- logZo. W2 =v<3(2)—30>0,

T .
‘)(4) — ‘_/ <Sll’lt>0 . (B6)

Before doing so, we emphasize the absence of the ambiguity
caused by the Fierz identities (18) which posed a problem to
the large-N method. The interaction action (B5) only enters
into the variational free energy through the contribution f, @,
Here, however, because the expectation value is a linear map,
the Fierz relations are still intact. More explicitly, if we would
choose the interaction representation as in Eq. (17), we would
compute

=3 [l () o (e,

—w <(\PBZS)2>O]. (B7)
Meanwhile, the insertion of the Fierz relation
(P52) = (W)’ - (PPe)" = (94)°, (BS)

reduces the expression (B7) to the free energy contribution that
follows from the representation (B5). The same is true for any
other interaction representation. In other words, all interaction
representations lead to the same result, and, for convenience,
we choose to work with the representation (BS).

The evaluation of the Gaussian integral in the partition func-
tion gives

z=[] [det (VTg,;l)]fl/z, (B9)
k

and thus, the first free energy contribution becomes

(0) Z tr log (gk ) .

Here, we dropped an unimportant constant and used the iden-

tity log det (G ') =trlog (G ).
To derive the second- and fourth-order contributions in (B6),
it remains to evaluate the expectation values

(;z()}o:;(A;MnAk)O, (wgz())(]:;(&mnak)o,

(W97, Yo = 2 (A" Baag) (B M"Aio-y) )
k,k’

(B10)

(B11)



Such expectation values containing products of Az can con-
veniently be computed by means of a conjugate field j; =
(J > J —) linearly coupled to the gap function via

AT ~
Sj=—ZJkAk (B12)

Then, using the new partition function
ol[J] =/D(A,&) e~ 50=S (B13)

the expectation value of any function (Ai,k
ponents Ai, « 1s given by
5 ) Zo[J]

(F(Aik))o = T((Sfi,k Zo (0]

The Gaussian integral evaluation of (B13) can be performed
in a straightforward way. Upon exploiting the Nambu- space

identities Ay = S*A”,, ]k—S Jorand G71=S* (67 ) s,
with the 4 x 4 matrix $* = 7%, we find:
Zolj]

Z10] —eXP( ijgkﬁ),

with Zp [0] = Zo given in Eq. (B9). Then, exploiting the
aforementioned Nambu-space identities one finds the expecta-
tion value

) of the gap com-

(B14)

(B15)

PN § 6 Zoljl T ji
(Af A o= ——— =—6rrG], (Bl16)
k=T (5]1*1( (5]] v -ZO [0] -0 Vv k
(AiiA;, k/>o-—6k _vGl'sy, (B17)
and similarly,
NP T2 X J'lox
Areh i hs Ao = Vz{ék Ok SLGLGLIST,
+61k0p GG 46k ou p Gl G }
(B18)

The summation over doubly occurring indices is implied. As
the trial action (B1) is chosen to describe the system above the
superconducting regime only, one obtains (A )y = 0. Note that
the fourth-order expectation value (B18) could alternatively be
computed using Wick’s theorem

(ABCD) =(AB){CD)+(AC){BD)+(AD){(BC),

and the expressions (B16)-(B17).
For the bilinear expectation values in (B11), one directly
obtains

<‘P" (B19)

=2I1",
q= 0>0

<zp;‘:0>0 =2r",
with the integrals defined in Eq. (55), or explicitly repeated

T T
== ) uwlGM"], n"=_—= ) w[Gim"]. (B20)
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The corresponding second-order contribution to the free en-
ergy density in (B6) becomes

P =2(r0- Ro) 1M =2 3 @' = Y (977" + "),
neGg neGe
(B21)

The fourth-order free energy contribution in momentum space
is explicitly given by

OBl

+w <\11318\P31g>0].

foety)
0

(B22)

Using the derived expressions (B18) and (B11), an individual
term in (B22) can be simplified:

Z(lpglyfq>0 =4(M"?+2u [M"GM"G] .

q

(B23)

Here, we used the relation S* (M”)TS" = M", and defined
G= % >k Gk To further simplify the above relation, we invert
the Green’s function matrix (B2),

Ge=2) GiM"+ > [gh(m") +gim"], (B24)
nea? neGe
R
with the elements defined through
Gy =t [M"Gi] /2, gy =tr[m"Gr] /2. (B25)
Note that the matrices are orthogonal with
1
tr[M" M) = St [(m™) ] = Gy,
tr [M"'m™] =tr [m"'m™] =0 (B26)

After momentum summation the Green’s function matrix
(B24) is expressed in terms of the integrals (B20),

Vzgk_ZZH"M"+Z [7" (m™)" +7"m"].

neGY neGe

(B27)

Because the matrices M4z, M42s and MBiz either commute
or anti-commute with all other matrices M", m", the matrix
combination M"GM" inside the trace in Eq. (B23) simplifies
to M"GM" = % G. The Green’s function G is still of the same
type as Eq. (B27) but certain symmetry channels have acquired
a relative minus sign, dependent on which particular matrix
M™ was at play. This has two important consequences. First,
because of the orthogonality of the matrices (B26), the trace in
Eq. (B23) only generates non-mixed terms of the sort (IT")? or
|7"*|?. Second, the relative minus signs are responsible for the
eventual interaction parameter combinations within the given
symmetry channels.

While M4 commutes with all matrices, MA2 and MBs
commute and anti-commute according to



MBis

MB2 ] -0,
mAiz *
M=

MB2 ] =0.
mBs *

B
mPle
[MAzg,(mBzg )]_ =0,

mAie
I:MBlg’( mBlg ]_ :0’

Let us exemplify the outlined ideas on one of the fourth-order
free energy terms in (B22):

-

-

vy (W whi) = av(e) v [M s gueg
q

= 6v (142 )4+ 20 (A1) > = 20 (181¢)* - 2y (11 P2¢)?

—2v \ﬂA‘8|2+2v |nB1e |2+2v |ﬂ32g|2. (B28)
Finally, inserting the expression (B28), and the respective two
other terms into the fourth-order free energy density (B22) we
obtain

=2 3T U, ) Y 2uy P, (B29)

neGy neGe

with the effective interaction parameters

UAlg =3u+v+w, UAj,, =U—V+W, UA2g =u+3v—-w,

UBlg =u—v+3w, up,, =u+v+w,

UBzg:u—v—w, Up,, =u+v-w, (B30)

repeated in Eq. (56) of the main text. Combining Eqgs. (B10),
(B21), and (B29) then gives the variational free energy (54) of
the main text, which we repeat here for convenience:

T .
fo= ﬁzk:trlog (gk 1) +2 [ro—Ro+Ua,, 1415 | 1415

—22 [@”—Unn"]n"—Z[(¢"—unn")ﬁ"+c.c.].

neGgp neGe

(B31)
Now, let us briefly prove the relation (57) of the main text,

af

=0, B32
e (B32)

17, an
>

stating that the partial derivative of the variational free energy
(B31) with respect to any of its variational parameters X; €
{Ro, o, ", &"} vanishes if [1" and 7" are kept constant. The
relation (B32) can directly be read off using the derivative

24, X; =Ry
o T _ 211" X; € {@"}
2 LN ( 1): : . (B33
axizvzklrog G o Xelgy o D)
a" ,XiE{(ﬁn}

Therefore, we obtain Eq. (B32), and the minimization of the
variational free energy follows the steps explained in Sec. V B.
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We finish this Appendix by demonstrating that the expecta-
tion value of a bilinear reduces to its expectation value with
respect to the trial action within the variational approach, i.e.
we derive Eq. (66) of the main text. The expectation values of
the (uniform) bilinears are given by:

(wio) =2 (Rimas). (wio) =) (Bem"Ae). B34)
k x

To proceed, we introduce the external conjugate fields ¥’ and
(vg»95) that couple linearly to the bilinear combinations via:

Sy== > W - > W+ (B35)
neGg neGe
The new partition function
Z'= / D(A,A) e 5757, (B36)

allows for a direct computation of the above expectation values

B dlogZ¥

<‘PZ=0> - e Yo=yn=0" <wg=0> - oy

oy

YO":yg:O’

(B37)

for n € Gr and n € Gg, respectively. We rewrite the new
partition function (B36) to systematically correctly embed it
into the framework of the variational approach, cf. Eq. (49),

Z¥ =Y (e (SSny, (B38)
where (O}g denotes the expectation value with respect to Sp+
Sy,

0y = [ZOY]’] /@(A,A)Oe*&)*sh (B39)

and Z) = [ D(A,A) e=575 is the associated partition func-
tion. Now, we employ the convexity inequality (48) on the
expression (B38), to derive the corresponding variational free
energy in the presence of the external field,

T T

Sl == 108 Z) + (S =St (B40)
The derivative of the free energy (B40) with respect to the
conjugate field gives the bilinear expectation values (B37). To
compute these derivatives, we note that Sy +Sy only depends
on the variable combinations ®" = @" — %Yg’ and ¢" = ¢" —
2‘1, yi- Correspondingly, we c}eﬁne fvf = fY- % <Sy>g such
that f:,Y also only depends on ®" and ¢". Then, derivatives of
the type (B37) vanish by construction, for example:

afy _Of) 99" __Taf _

Yy lyp=yp=0 9dn Y] lyyp=yp=0 V90"




Thus, rewriting the free energy (B40) as £ = fY + L (Sy){ is
convenient as only its second term contributes to the expecta-
tion values (B37). With Sy being already linear in (Y, yg, 7)),
see Eq. (B35), the derivatives are straightforwardly evaluated:

<‘P‘r’l=0> - <T2:0>0 =2, <l//:1!=0> - <$Z:0>0 =2
(B41)

Here, we inserted the previously derived expressions (B19).
As expected, within the Gaussian variational approach, the
expectation values of the bilinears reduce to their trial expec-
tation values.

Appendix C: One-component superconductor in the variational
approach

As discussed in the main text, the straightforward extension
of the variational ansatz to include the possibility of long-
range superconducting order yields unreasonable results. The
issue is not particular to vestigial phases or to multi-component
superconductivity, as it emerges already in the simpler case of
a one-component superconductor, indicating that this is likely
a drawback of the variational ansatz itself. In this Appendix,
we show that the variational ansatz applied to a one-component
superconductor gives a first-order superconducting transition.

The action describing this system is given by

Vv n Alg 4
S:T;Ak(r(ﬁfk ”)Ak+/xu|A| ,

with the gradient term the same as before. For a one-
component superconductor, the Nambu basis &k = (Ak,ﬁ_k)
has only two components. As an additional variational param-
eter, we introduce the non-zero expectation value of the super-
conducting order parameter, § = |§|e'#, which in the Nambu
basis becomes 8 = (6,5). The modified variational trial action
is given by:

(ChH

So = %; Z;:‘ (AZ - 8"'5,{,0) 6! (Ak - 85,(,0) N (e7)

Since there are only two bilinears allowed in this case, dAie =
Ro—ro and ¢*12, the Green’s function simplifies to

Gil=2 (R0+ka“") MAis 4 [ps (mis) T +He],  (C3)
with the 2 x 2 matrices MA1s = %0'0 and m4's = oc~. For
convenience, we parameterize the inverted matrix by

_ Mg rA Alg (AT
Gi =261 MAis + [gk (m™1e) +H.c.] ()
and introduce DAz = §' MA1s§ = |6]? and dA1s = 6 mAisg =
62. To obtain the variational free energy, we follow the same

steps as detailed in App. B. The only two technical differences
are the fact that now the superconducting order parameter 0
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is non-zero, and that we want to derive an expression for the
superconducting susceptibility y. To accomplish the latter,
we introduce an external conjugate field hi = (hg,h_g) that
couples to the uniform superconducting order parameter in the
action via:

Sp=—Abhg. (C5)

Then, the partition function subjected to the external field,

Z[h] = / D(AA) eSS, (C6)

allows for a direct evaluation of the superconducting suscepti-
bility:

i = % {8k o)~ (A} (A2). )

h=0

The incorporation of the new partition function (C6) into the
variational framework follows the same logic outlined in the
previous section, around Eq. (B38). Correspondingly, the
variational free energy—in the presence of the external field
h—becomes

T T
Folh] == log Zg + (S = So)g (C8)
with expectation values defined as
%=1z / D(AR) 05, (C9)

and the  associated
[ D(AA) e=50=5n,

The calculation of the free energy density (C8) is tedious but
straightforward. For convenience, we show the intermediate
results

partition  function ~ ZJ =

24 = exp 3 i+ | [ [aea (e )]
k

Zg[]] T AT  asx AT[a T &
_ T s SRR T |
Zi exp Vzkljkgkjk+1k[5+v§oho] ., (C10)

where we introduced an auxiliary field j; similar as in Eq.
(B12) that allows for the direct computation of expectation
values. For example, one obtains

. s ZIj) - T .
Ay =— =0 =6 (6 - h) Cl1
(Ao 5. 2! » k,0 +V§oo (C11)
s o ZUl

xR h
<A:'<,kAJ'J<'>O =

Tix i Zh |

T i PO
_ ji
= =0k Gy +0k.00k 00, ;On.j»

v (C12)

with 3;, =6+ %goizo, and similarly for higher order terms.
Eventually, one arrives at the expression for the variational



free energy (C8). For convenience, we separate the field-
dependent and field-independent parts, f, [k] = fO+6 £ with
9= £,[0], and 6 £ = f,[h] - f,[0]. The first part is given
by

1T
fo= 37 2 log (6i")+ [ro = Ro+ 21 | 1
k

Lif.a A\ =A | PSR SN ON
_5[(¢ e —um ‘8)77 ‘g+c.c.]+§6 (‘KO +E‘DO )6,
(C13)
with the integrals:
M = - Dw[Gemh] = 4 2.6 (C14)
Ve Ve ¢
(C15)

T T A
e = V;H [Gem™s] =5 S =,

and the 2 X 2 matrices:

7(0_1 = (r0+4uHA‘8) 2MA1z 2y [ﬁA‘gmA‘g +H.c.] ,
(C16)

Dy =8uDMs MA1e +2u [dMem™s +Hee | . (C17)

The field-dependent part becomes

Sfh = —‘T/—iizg[go— %go (7(0‘1 +4uDA1gMA1x)go]i10
+‘T/—zu(ﬁggo(?)z—‘Z/izg[]l—go(q(()—u%z)o—l)]&
(C18)

Here, terms of the order O(h3 ) are neglected as they do not
contribute to the susceptibility (C7). In between, we used the
identity 8 D718 = 12u (DA1¢ )7,

Let us now minimize the free energy (C13) with respect
to the variational parameters. The corresponding derivatives
have the same structure as Eq. (58). The saddle-point equa-
tions for the variables X; € {Ro, q)A‘g s (]EA‘g} becomes:

ar? Ol ontie  _ grhis
vy, L - __ =~ =0, (Cl
ax; e Tax, Ve Tay VA oy (C19)
with:
af\f) Ay Al
VAlgz—aHA]gzro—RoMu(n c+D g), (C20)
aflﬁ) 1 TA| ~Aly JA |
VAlgzmz—zﬂﬁ “>+u(7r e +d 1"). (C21)

The saddle-point equation related to the variational parameter
¢ is given by:

dfv [ -1 1 —1] S
—_ = = K, +=D 0=0. (C22)
dé 0 3 0
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Above T., we can set 0 =0, which automatically solves the
saddle-point equation (C22). Moreover, since the matrix en-
capsulated by Eq. (C19) is non-singular, the saddle-point equa-
tions above T, give Va, =va, =0. Interestingly, v A, =0
can only be solved by ¢4s =0, since u > 0. Thus, a single-
component superconductor does not support a vestigial charge-
4e order.

Below T., while the matrix encoded in Eq. (C19) re-
mains non-singular, there is an additional constraint imposed
by Goldstone’s theorem, which reduces the number of vari-
ational parameters from 3 to 2 by imposing a condition
Ro =Ry ((I>A18,¢Alg) . To see that, we need to first calculate
the superconducting susceptibility. From the field-dependent
free energy density (C18), we can directly compute both the
superconducting expectation value, as well as the supercon-
ducting susceptibility (C7). One obtains

(Ro) = [1—go(7<51+%951)]3=8, (C23)

Vv ~_
=X =Go-GoDy ' Go, (C24)
where, in the first line, we inserted the saddle-point equation

(C22) and, in the second line, we defined the matrix

Dyl =6, +5 " + D!

=V, 2MY 1% +2 [y, mA's +He ] (C25)

Note that, above the superconducting transition temperature,
where the saddle-point equation gives Va,, =va,, =0, we
have @6 1= 0, thus recovering the expected result % x = Go,
where the susceptibility only diverges if detG; ' = 0. For later
convenience, we “rotate” the susceptibility to the basis of real
and imaginary components of Ag. This is accomplished by
performing a unitary transformation

U 1(1
b= "=
Vil

Inside the superconducting phase, Goldstone’s theorem re-
quires the transverse component of the susceptibility (C24)
to be divergent at all temperatures, which translates into one
eigenvalue of G ! being constrained to be zero. Diagonalizing
the inverse Green’s function matrix gives

xp=UlxUp,  with _'i ) . (C26)

| A_ O 1 1 e lpa

U'g, U—( 0 A+)’ U_E(—e““ | ) (C27)
where Ay = Ry + |¢A'S | are the eigenvalues and the phase ¢ 4 is
defined according to g1z = |¢pA1s |e!¥A. Since Ry > 0, only the
eigenvalue A_ can vanish, leading to the constraint Ry = |12 |
inside the superconducting state. As a result, Ry and ¢?'s
are no longer independent, which must be taken into account
when minimizing the variational free energy. The saddle-point
equation is then given by:

af, — of) + af) ORy
derie — 9gAie IRy R dgpAie

=0, (C28)



with a similar expression for ¢4z, Using the fact that
ARy /015 = %e"‘/’A, we can recast the saddle point equation
as:

odfy o dfY T .~
ip 4 ip v _ _ 17+ _
e Ad¢A‘g te Ad(};Alg = —2Vtr[2)o V4 ]—0,

(C29)

where we introduced
+ AL lxl Apent o - A
Z =Z§k[2M ls ——+e'YA(m '8)Wie YAm ‘g]gk.
T 2
(C30)

Using the Green’s function parametrization (C4) and the prop-
Alg Alg| i . o
erty g, '€ = —|gk ¢ |e"/’A, the expressions above simplify to:

. . 2
7t [ZMA“” rolPA (mAlg)’r_l_e—upAmAlg]Z(GAlg |g?1g |) ,
k

e
(C31)
7- = [ei¢A (mAIg)T_e—iwAmAlg]Z[(Gﬁlg)2_|g?1g|2].
* (C32)
Substituting them back in Eq. (C29) gives:
0=Va,, +va, € +7a,, 6%, (C33)
0=va,,e —T4, €794, (C34)

which, together with Eq. (C22), defines the saddle-point equa-
tions below T.

Before proceeding, let us compute explicitly the supercon-
ducting susceptibility y. First, we note that the unitary matrix
U in Eq. (C27) also diagonalizes the matrix Z~)O‘ in Eq. (C25),

U'Dy'U = diag (V,0), (C35)
where we used Eqs. (C33)-(C34) and defined
V=V, —va, €% —a,e % (C36)

Using Eq. (C35), the application of the same unitary matrix
U (C27) simplifies the superconducting susceptibility given in
Eq. (C24),

\% U di (A_—V 1 )UT
—y =U diag| ———, — .
T~ E\TAZ A,

Upon rotating it to the basis of real and imaginary components
of the gap, i.e. upon computing y; in Eq. (C26), we find:

v (A_—V 1 ) 0_(A_—V_ 1

CoSQA Singa
— = + .
b 272 2A+)( )

T 2AZ  2A, 7 sinps -cospa

We now choose to condense the superconducting order param-
eter along the real axis, i.e. we choose a real 6. Then, accord-
ing to Goldstone’s theorem, the susceptibility associated with
the real component (longitudinal susceptibility) has to be fi-
nite, whereas the susceptibility associated with the imaginary
component (transverse susceptibility) has to be divergent at all
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temperatures below T.. Of course, the Goldstone mode will
end up gapped via the Anderson-Higgs mechanism, which is
not included in our model since there is no coupling to the
electromagnetic fields in the action. Because A_ =0 inside
the superconducting state, a vanishing transverse susceptibility
can only be achieved by setting the charge-4e order-parameter
phase ¢4 = 0. In this case, we find

\%4 . 1 A_-V
T (pa=0)= dlag(— ) (C37)

AT A2

Note that inclusion of the charge-4e parameter ¢1s is essential
to ensure that the longitudinal and transverse susceptibilities
are different.

Moving on to the superconducting saddle-point equation
(C22) for the case of a real ¢, we note that the unitary matrix
U (C27) also diagonalizes the matrix D ' (C17), yielding
UTD;'U=2us? (20" -c%). Since K; ' =Dy ' + G, - Dy .
and using the fact that U diagonalizes all three matrices D!,
Gy I, and Dy ! the saddle-point equation (C22) simplifies to:

dfv -1, -1 2 -3
=0= Dy -6
aé" [go o 73 0]

. 4 N
0= diag(A_ +V=Zush A, —4u62) b4 (C38)

where 3d =U'd =26 (0,1)T. Thus, a non-trivial solution
exists only when the second diagonal matrix element of Eq.
(C38) vanishes. Imposing this condition, we find:

» AL Ro

T du 2’ (€39
where, in the last step, we used the facts that Ay = Rp+ |¢A‘g|
and Ry = |¢A18 | The parameter Ry is given by the remaining
two saddle-point equations (C33) and (C34). Since ¢4 =0,
¢™15 is real, and thus the saddle-point equation (C34) is au-
tomatically satisfied. As for the first saddle-point equation
(C33), we obtain:

ro=—Ro—2u (ZHA‘&’ - |7TA1"" |) . (C40)
where

Ay

Ro+f, ¢
M4s (Ry) = ZZ%, (Cat)

VR f)f
Al _ T Ry

|x e (Ro) | = Vz—mg' (C42)

k (2R0+ka1g)fk

Equation (C40) is an implicit equation for Ry as a func-
tion of the temperature ro. To proceed, we note that, ac-
cording to Eq. (C40), a second-order superconducting tran-
sition is signaled by the vanishing of Ry. It is therefore
convenient to define the reference temperature rg by setting

Ro =0 in Eq. (C40), yielding r§ = —4u 412 (Ry = 0), where



M4 (Ry=0)=L ¥, (ka‘g)fl. Note that the last integral is

infrared-divergent in d = 2, reflecting Mermin-Wagner theo-
rem. Introducing érg =ro—rS , we rewrite Eq. (C40) as

6rg =—Ro—2u [2IT*1% — 21141 (R = 0) — |||, (C43)
where it holds érg (Rg = 0) = 0, by construction. In order for
the superconducting transition to be second-order, it must hold
that 2R < 0, which implies 227 <0. A straight-

dbry |6r0:0 ) . JRy IRy=0
forward calculation gives

T 1
=—1+6u— ) ——
Ro=0 MV; Alg

(£)>

which contains an infrared divergent integral for d < 4. This
means that for d < 4, the derivative (C44) is always positive
and, thus, the superconducting transition is not second-order,
but first-order for this variational ansatz.

651‘0
0Ry

(C44)

Appendix D: Two-component superconductor in the variational
approach

In this Appendix, we show how the formulas presented in
App. C are modified in the case of a two-component super-
conductor. We demonstrated in App. C that the Gaussian
variational ansatz does not correctly capture the supercon-
ducting transition, as it always leads to a first-order transition.
Nonetheless, for the sake of completeness, here we summarize
the description of the two-component superconductor below
T..

The derivation follows the same steps outlined in App. B,
and in particular, App. C. Extending the trial action (B1) as
done in Eq. (C2), we include the superconducting variational
parameter 6= (6,6)7 with 6 = (61,6,). For later convenience,
we introduce the symmetry-classified bilinear combinations:

A

D=6 M"$, d"=6'm"38, (D1)

forn e G% and n € G, respectively. Because the supercon-
ducting order parameter is now non-zero, the variational free-
energy density (B31), acquires an additional contribution f,
ie. fi, = fu+fs. In close analogy to the one-component
superconducting case [cf. Eq. (C13)], this extra contribution
evaluates to

| IS BRI
fs=56 [7<0‘+6@0‘]5, (D2)
where we introduced the 4 X 4 matrices
D5 =>20,0"M" + Y wy [d"m"+d"(m™)], (D3)
neGyY neGe

Ky = (ro+2Ua, 14 20 4 3" 4u, 117 M
neGg
+ Z 2uy, [ﬁ"m"+ﬂ"(m”)T] . (D4)

nEGC
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Note the relationship:
u(DA12) 4y (D42 ) 4w (DP1s)? = %8*@5‘8. (D5)

Due to Eq. (D2), the partial derivatives in the free energy
minimization (58) acquire an explicit 6 dependence:

af
VAI& = [ﬂ—[—Alg =2 (l’()—R())+2UA1g (ZHA]S +DA'8) , (D6)
dfy n n n
Va= S = 2207420, (21" +D"), (D7)
0 _ _
Vp = 6% =—¢" +u, 27" +d"), (D8)

for n € Ggr and n € Gg, respectively. Variation of the free
energy with respect to ¢ yields:

df, 1.
b _ (%' +=D5")é =0. (D9)

*

dé 3

For the superconducting susceptibility, after a somewhat
tedious derivation similar to that in App. C, we find

14 <
X =Go=GoD; ' Go, (D10)
where
Dyt =-6,"+K; '+ Dy (D11)
NS (vn(m")1'+v,,m"), (D12)

nEG% neGe

and with V,,, v,, given in Egs. (D6)-(DS).

As explained in App. C, to properly describe the SC state,
one has to ensure that the transverse susceptibility remains
divergent below T,.. Consequently, one has to ensure that one
eigenvalue of G, ! always vanishes below T, which leads to an
additional constraint Ry = Ry (D", ¢™). Being subjected to this
constraint, the free energy f, can be minimized. For a given
superconducting ground state, saddle-point equations similar
to Egs. (C33)-(C34) are obtained.
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