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p-wave superconductivity in Luttinger semimetals
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We consider the three-dimensional spin-orbit-coupled Luttinger semimetal of “spin” 3 /2 particles in presence
of weak attractive interaction in the [ = 1 (p-wave) channel, and determine the low-temperature phase diagram

for both particle- and hole dopings. The phase diagram depends crucially on the sign of the chemical potential,
with two different states (with total angular momentum j = 0 and j = 3) competing on the hole-doped side,
and three (one j = 1 and two different j = 2) states on the particle-doped side. The ground-state condensates of
Cooper pairs with the total angular momentum j = 1, 2, 3 are selected by the quartic, and even sextic terms in
the Ginzburg-Landau free energy. Interestingly, we find that all the p-wave ground states appearing in the phase
diagram, while displaying different patterns of reduction of the rotational symmetry, preserve time reversal. The
resulting quasiparticle spectrum is either fully gapped or with point nodes, with nodal lines being absent.
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I. INTRODUCTION

Luttinger semimetals are three-dimensional materials,
which due to their strong spin-orbit coupling exhibit band
inversion and the concomitant parabolic dispersion at the
Fermi level [1]. When undoped, the vanishing density of states
leaves the Coulomb interaction unscreened, and the system
is expected to exhibit a non-Fermi liquid ground state [2-6].
When the density of carriers is even slightly finite, on the
other hand, many Luttinger semimetals become superconduc-
tors with sizable critical temperatures [7-9]. The resulting
superconducting phases appear to be unconventional, and the
pairing interaction, the pattern of broken symmetry, quasipar-
ticle spectrum, topological characteristics, and the behavior in
the magnetic field have all been recently under investigation
[10-14]. The main conceptual novelty arises from the fact
that the effective spin of the Luttinger fermions is 3/2. The
total spin of the Cooper pair can therefore assume unusually
large values, and be s = 0, 1, 2, 3. Depending on the angular
momentum / of the attractive pairing channel, Fermi statistics
then constrains the Cooper pairs to assume quantum numbers
(1, s) with [ 4+ s even. Whereas the s-wave state (0,0) would be
quite conventional and fully gapped, the d-wave states (0,2)
[10,12,13] and (2,0) [15,16], due to their multicomponent
nature already are not. In the latter case, for example, one
can show that there are two nearly degenerate BCS ground
state that both break time-reversal symmetry, but have rather
different average magnetization [17]. Competition between
various d-wave states in related systems has also been studied
in the distant [18,19] and recent past [20,21].

In this paper we study the superconductivity of Luttinger
fermions with simplest non-local BCS pairing interaction,
with the attraction in the channel with / = 1. The relevant
p-wave superconducting states then can have the Cooper
pairs with spin s either s =1 or s =3, and allowing for
the possibility that the pairing interaction may be spin
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dependent, we parametrize the interaction in these two chan-
nels with two phenomenological parameters V; and V3,
respectively. We assume the SO(3) rotational invariance, for
reasons of simplicity, but also since we expect that the effect
of long-range Coulomb interaction is in general to make the
parabolic dispersion isotropic at low dopings [2,22]. Total an-
gular momentum of the Cooper pairs with (I, s) = (1, 1) can
therefore be j =0, 1, 2, and with (I, s) = (1, 3), j = 2, 3, 4.
In the weak-coupling approach two immediate questions then
emerge: (1) what is the value of j of the superconducting
ground state at a given V| and V3, and then, (2) for that value
of j, which state in the 2j + 1-dimensional Hilbert space is
the actual ground state? The answer, surprisingly, strongly
depends on the sign of the chemical potential, as already noted
in Ref. [15]; for u© < O (hole doping) the electrons at the
Fermi level have the magnetic quantum number £3/2, and the
computation of the superconducting susceptibility of the nor-
mal state in different superconducting channels shows that the
competition is between the rotationally invariant j = O state,
and the j = 3 states, with the phase boundary between the two
at V3/V, = 7/5. Computing the coefficients of the four inde-
pendent fourth-order terms in the Ginzburg-Landau (GL) free
energy [23] shows then that among the j = 3 states the lowest
free energy right below the transition temperature belongs
to the time-reversal-invariant state (|3, +2) — |3, —2))//2
(Fig. 1), in the standard notation |j, m;), with m; = —j, ...j.
The phase diagram of the j = 3 superfluid is quite intricate
[23] and exhibits eleven different phases. The ground state
that we obtained is symmetric under the cubic group, which
happens to be the largest discrete subgroup of the SO(3) that is
available in its seven-dimensional irreducible representation.
The j = 3 ground state exhibits six point nodes in the quasi-
particle spectrum.

When the system is particle doped and the chemical po-
tential is positive the Fermi level intersects the single-particle
states with the magnetic quantum number £1/2. The main

©2022 American Physical Society
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FIG. 1. The low-temperature phase diagram for negative chem-
ical potential, when the Fermi level intersects the states with the
magnetic quantum number £3/2. There is a phase transition between
the |0, 0) state, which exhibits a fully gapped isotropic quasi-
particle spectrum, and the cubic-symmetric, real state (|3, +2) —
13, —2)/~/2, which exhibits six point nodes.

competition then turns out to be between the j = 1 and the
Jj = 2 states. The interesting new element is that when the
interaction is attractive in both s = 1 and s = 3 channels, and
the parameters V| and V3 are both negative, j = 2 state be-
comes a superposition of (1,1) and (1,3) pairing states [15,24].
From the susceptibility of the normal state one finds that the
T = 0 phase transition between j = 1 and j = 2 states is at
V3/Vi = 7/27. Considering the two independent fourth-order
terms in the GL free energy, we find that the lowest energy
Jj = 1 state is the time-reversal-invariant state |1, 0), which
breaks the SO(3) rotational symmetry down to SO(2), with
the quasiparticle spectrum showing two point nodes located
at the axis of symmetry. On the j = 2 side of the transition
the superposition depends on the ratio V3/V;, and therefore
the coefficients of the three independent fourth-order terms
that determine the lowest energy state [13,18] become func-
tions of this ratio as well. The detailed computation of the
coefficients of the fourth-order terms implies however that
the ground state always preserves the time-reversal symmetry,
but leaves the well-known degeneracy of such “real” states,
which is resolved only by taking the sixth-order terms in the
GL free energy into the account. This finally yields the phase
diagram in Fig. 2, where two time-reversal-symmetric states
emerge: the uniaxal SO(2)-symmetric state |2,0) with the
full but anisotropic gap, and the biaxial, D4-symmetric state
(2, 2) + |2, —2))/\/5, with the point nodes along the D, axis.

The paper is organized as follows. In the Sec. II we define
the Kohn-Luttinger Hamiltonian. In Sec. III the pairing inter-
action in the p-wave channel is introduced, and in Sec. IV
the GL free energy for j =0, 1, 2, 3 is presented. In Sec. V
we set up the one-loop computation of the GL coefficients,
and present the results on the second-order terms in Sec. VI.
The main calculation of the fourth-order terms for j =1, 2, 3
and the sixth-order terms for j = 2 is given in the Sec. VIIL.
Section VIII is the summary and brief discussion of the main
results. Calculational details are presented in the Appendices.
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FIG. 2. The low-temperature phase diagram for positive chem-
ical potential, when the Fermi level intersects the states with the
magnetic quantum number £1/2. The two possible values of the total
angular momentum of the condensate j is either one or two. If the
interaction parameters V; and V; are such that the j = 1 condensate
forms, the superconducting state is the time-reversal-invariant state
|1, 0). When the condensate has j = 2, two superconducting ground
state are possible: the uniaxial nematic state, |2, 0), and the biaxial
nematic state, (|2, —2) + |2, +2))/ﬁ.

II. KOHN-LUTTINGER HAMILTONIAN

The single-particle Hamiltonian for the electrons in the
normal state is given by the Kohn-Luttinger Hamiltonian [1],
which exhibits doubly (Kramers) degenerate, parabolic en-
ergy bands that touch each other at the I" point of the Brillouin
zone:
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where the summation over index a runs over a =X, Y, z,
u is the chemical potential, and the three matrices X =
(X4, Xy, X;) is the spin—-3/2 representation of the Lie algebra
of SO(3). (The explicit form of the ¥X-matrices can be found
in the Appendix A.) The first term of the Hamiltonian is
particle-hole and SO(3) rotationally symmetric. The second
term breaks the particle-hole symmetry, and the third term
reduces the SO(3) symmetry down to the discrete cubic sym-
metry. We will assume a particle-hole and fully rotationally
symmetric dispersion, and set my = m; = co. We will also
set the mass m = 1/2 hereafter, for simplicity. The Luttinger
Hamiltonian also has the time-reversal and inversion symme-
tries. We suppress the terms, which are of the first or the third
order in X that would break inversion symmetry, and which
are believed to be small perturbation [9].

The energy dispersion is shown in Fig. 3. When the chem-
ical potential lies in the particle band with u > 0, i.e., the
system is electron doped, the states crossing the Fermi level
have the magnetic quantum number +1/2. If the system is
hole doped and u < 0, the states at the Fermi level are with
the magnetic quantum number +3/2. The nature of the single-
particle states that are being paired will become important for
the superconducting phase diagram, as was already shown by
Savary et al. [15].
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FIG. 3. The energy dispersion of the Kohn-Luttinger Hamilto-
nian. The states at the Fermi level are either with the magnetic
quantum number £1/2 or with £3/2, depending on the sign of the
chemical potential.

III. p-WAVE PAIRING

We define next the general rotationally invariant Hamil-
tonian with the BCS pairing interaction between Luttinger
(spin = 3/2) four-components fermions :

3
H=3 v @HY®) + Y VEpa) Y A
P P.q s=0

x Y W @S UY (I @U St (—q)],
i @)

where U is the unitary part of the time-reversal opera-
tor 7, and its explicit form can be found in Appendix A.
For a fixed spin quantum number s, S;,, are the (2s + 1)
four-dimensional Hermitian matrices, which under SO(3)
transform as an irreducible tensor of rank s. A, are coupling
constants. (The precise form of the matrices S; ,, can be found
in Appendix B.) 6, 4 is the angle between the momenta p and
¢, and the interaction can be decomposed as

V(©) =) uPi(cosh), 3)

=0

where P,;(x) are the Legendre polynomials. The interaction is
symmetric under SO.(3) x SOs(3), i.e., under separate rota-
tions in the orbital and in the spin space.

The Fermi statistics implies that for even / only the terms
with s = 0 and s = 2 in the above sum are finite. The [ =
0 and [ = 2 channels were studied earlier [13,17,24]. In this
paper we are interested in terms with odd /, and in particular
with [ = 1. Only the terms with the first rank (s = 1) and third
rank (s = 3) tensors then contribute. One can then rewrite the
Hamiltonian in terms of the pairing matrices that describe the

total angular momentum of the Cooper pair:

s+1 j

M= Zw PHY@+Y Y. Y YV,

P.q s=1,3 j=s—1m;=—j

x Y [¥T @M, U (—p)]
P

x Y [T @U@y (—q)], )
q

where V; = v A, and J () (p) denotes the pairing matrix of
the total angular momentum J, which consists of the orbital
angular momentum / = 1 and the spin s. The pairing matrix
is defined as

IO @= Y {=1my,s,mlj,mpYim (P)Ssm,, (5)

mi+ms=m;

where (I =1,my,s, ms|j,m;) are the standard Clebsch-
Gordan coefficients and Y; ,,, (p) are the three [ = 1 spherical
harmonics. We choose the normalization of the pairing matri-
ces so that when the angular integration is performed, we find

4
/ apTe ), ) )] = ©)

where no summation over the indices is implied and [ dp =

7 dg Jo sin(r)dt [25]. The explicit form of the spher-
ical harmonics and the pairing matrices can be found in
Appendix B.

IV. GINZBURG-LANDAU FREE ENERGY

The interaction term introduced in Hamiltonian (4) leads to
the development of the following order parameters:

AY =" (W @U'IE), @y (—q). (7)

q

A(Y) form a complete set of p-wave superconducting orders.
Although the pairing interaction has the enlarged SO.(3) x
SOs(3) symmetry, the kinetic energy (Luttinger) term has
only the SOy, 5(3) symmetry, and therefore the order parame-
ters with different values of total angular momentum j do not
mix in the ordered phase. We can therefore study the GL free
energy for each value of the angular momentum j separately.
The expansion of the GL free energy for the order parameter
with given j has the form:

FI(A) = FJ(A) + F/(A) + F/(A)+ 0(AY),  (8)

where the quadratic term is defined as

H@ =gt Eaman. o

In general the coefficient rj(””) is a single number, except for

j = 2 when it becomes a two-dimensional matrix. In the later
case we diagonalize this “mixing matrix” and monitor the
lower eigenvalue as a function of temperature. The winning
superconducting order sets in at the highest temperature at
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which some quadratic coefficient, including the lower eigen-
value for j = 2, rU152) becomes negative. This determines the
total angular momentum of the ground state j = j(V}, V,, ).

For each specific j of the Cooper pair, there is 2j + 1-
dimensional Hilbert space of states with different residual
symmetries competing for the ground state. To determine the
ultimate superconducting state one needs to study the higher-
order terms in the GL free energy. The structure of these and
even their number, however, depends on the value of j. The
quartic terms may be written as [23]

F7h = MIAIA) P + M(Al T |A), (10)

F= = qil{AIA) P + ga(AlF2|A) + g3 (AIT1A) P,

(11)

F/= = ci[{AIA)? + o2 (A]jos]A)? + es(AIT]A)
+c4Z} AITTM|A) | (12)

with

(AlA) = ZA Ajm,. (13)
(Alj1A) = ZA,,,Hjm,m jams (14)
(AlTlA) = Z(], mi, J> m]|0a 0)A j,m,-Aj,m/-a (15)
(AITTIA) = Y (Gomy, jom3 2, M) A, Ay (16)

The coefficients a; with a € {X, g, ¢} multiply the square
of the absolute value of the norm of the superconducting
condensate. The coefficients a; are positive, so that the free
energy is bounded from bellow. The signs of other coeffi-
cients can vary. The coefficients a, multiply the square of
the average magnetization of the superconducting state: if
a, < 0, the coexistence of the superconductivity and magne-
tization is preferred, whereas if a; > 0 it is not. Similarly, the
term with a3 that appears when j > 2 governs the preference
for time-reversal symmetry breaking of the superconduct-
ing ground state: if a3 < 0, a “real” state, which preserves
time-reversal symmetry is preferred, whereas for as > 0 time-
reversal symmetry breaking is advantageous. Note that for
Jj = 2 time-reversal symmetry breaking is not synonymous
with magnetization, and states, which are orthogonal to their
time-reversed copies but nevertheless have zero average mag-
netization also exist [13,18,23]. The term that multiplies c4
describes the “nematicity” of the j = 3 state [23]. The signs
and magnitudes of the coefficients a3 4 together determine
the superconducting ground state of the condensate with the
total angular momentum j. The phase diagram for j =2 in
terms of the quartic coefficients of the GL free energy was first
obtained by Mermin [13,18], and for j = 3 by Kawaguchi and
Ueda [23].

V. ONE-LOOP COMPUTATION

The GL free energy is obtained by integrating out the
fermionic degrees of freedom for a constant superconducting-
order parameter, and then by expanding the resulting expres-
sion in powers of the order parameter to the fourth (or, if
necessary, the sixth) order. At the second order in expansion
the following expression is found:

(i) _ Oabdsisy

(5152) — —2K15) 17
g A a7

j.ab

where we consider the case of attractive interaction V; < 0.

K;J,;ff) is given by the expression

A
KO = Tr f Go(—w, —p] ) (P)Go(w, P12 (b),
0

(18)

where Go(w, p) = (iw — Hy)~! is the Green’s function with
the fermionic Matsubara frequency w = (2n + 1) T and the
temperature 7. Its exact form can be found in Appendix A.
The measure of the integral is given by

d3p
/_TZ/ =1 /p<A(27T)3’ 4

neZ eZ

with the ultraviolet cutoff A > u, T
Similarly, the one-loop integral that defines the quartic
order of the Ginzburg-Landau free energy is given by

' ( NN NN
Fl(A) = 4K )Im5% A > *A ; A; - *A;Z, (20)

with
K($1$2M$4) T AG o J(M)T G J(éz)
abed r o(=w, =p)/;,, (P)Go(w, p)J;,, (P)
0

x Go(—w, —=p)J ) (p)Go(w, p)IT) (p). (21)

By inserting different superconducting states in Eq. (20) we
find matching conditions to extract the coefficients a; [13,20]
(see also Appendices C and D).

VI. SECOND-ORDER TERMS OF GL FREE ENERGY

In this section we determine the coefficients of the
quadratic terms of the Ginzburg-Landau free energy, rE“Z),
and the critical temperature for all possible condensates with
j=0,1,2,34.

After performing the finite-temperature Matsubara sum
one can expand the integrand around the Fermi surface of
the normal state, [13] and find the following result for KJ“;;Z)

(Appendix C):

(s152)

c
K](sa122) Jab < +F10g |/’L|) (22)

where c(“;) —cy‘”)(ﬁ » are numerical coefficients corre-

spondmg to different superconducting channels. One finds
the standard Cooper log-divergence with temperature, with
the finite value of the one-loop integral at u = 0 defining the
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TABLE I. The channel-dependent coefficients c; that multiply
Cooper-log.

Cj Cj
(Ls.j) 3/2-bands 1/2-bands
(1,1,0) 2 =
(1,1,1) 0 =
(1,3,3) 2 %5
(1,3,4) = %5

nonuniversal critical interaction V.. For the condensates with
j # 2 when c§5152) = c;ys, the critical temperature is given
by

2 (1 cj|Vs|)} 23)
2|\Vilejo/ 1] V. )|

The order parameter with the largest value of the coefficient
c¢j will therefore have the highest critical temperature, and
will be the one that would form below at T < T ;. The list
of the different values of c; is shown in Table I, which is in
full accordance with the Ref. [15]. For the condensate with
the quantum number j the value of the critical temperature
crucially depends on the sign of the chemical potential u.
Consequently, completely different superconducting phases
are found for positive and negative chemical potentials.

In the special case of j = 2 there exists a mixing of two
different pairing channels, since both spin values s = 1 and
s =3 can yield a Cooper pair with j =2. The quadratic
coefficient of the GL free energy then becomes a matrix. For
the 3/2-energy band we find

1 3 3
o Wil T TRuEt
B = ( s L 24)

Tova® T 70%

T.; = lulexp [—

with x = («/|u|/n2)log(|u|/T). For the 1/2-energy band

1 7 11
Jis) [ M 150" Sovia™ (25)
2 1 150,

TSoviat Al T 700

where we neglected the finite part of the loop integral. The
critical temperature 7, for j = 2 is determined by the highest
temperature for which det (rés‘”)) =0

Let us now compare the different critical temperatures for
the 3/2-energy bands, i.e., when u < 0. We find that the two
channels (1,1,0) and (1,3,3) have the largest coefficients ¢; and

therefore compete in the phase diagram. The phase boundary

J

7P — 16p°1 + p*(30u? — 38w?) + 80p*1u(u* + w?) + 41 (u? +w))

between the condensate with j =0 and j = 3 is at
Vs = 1V). (26)

This phase boundary can be seen in Fig. 1.

In the case of positive chemical potential, u > 0, the two
condensates with the highest critical temperatures have a total
angular momentum of j = 1 and j = 2. The critical tempera-
ture of the j = 2 condensate depends both on V; and V3 and is
given by
2

/4
2VilVal /e
—/9604|V; 2 + 26292|V; | [V3| + 31329|v3|2)].

I j=2 = |l exp[ (98Vi| + 177 V3]

By comparing T j_, with the critical temperature of the j = 1
condensate defined in Eq. (23) we find the phase boundary
between the two phases to be at

Vs = % Vi, 27

as can be seen in Fig. 2.

VII. FOURTH-ORDER TERMS OF GL FREE ENERGY

In the previous section we found that when p < 0, de-
pending on the values of V| and Vj either the condensate
with the quantum number j = 0 or with j = 3 forms at low
temperatures. In contrast, when @ > 0, we find either the
superconducting phase with j = 1 or with j = 2.

For all the superconducting phases with j > O there is a
2j + 1-dimensional Hilbert space of macroscopic quantum
states that compete for the minimum of the GL free energy.
The winner depends strongly on quartic terms order in the GL
free energy, i.e., on the coefficients a; defined in Egs. (10),
(11), and (12).

A j=1

The fourth-order term in the GL free energy is defined in
Eq. (10), where the term multiplying A; denotes the norm
and the term multiplying A, describes the average magneti-
zation of the condensate. For j = 1, there exist two (modulo
rotations) possible states that minimize the free energy [23];
when A, > 0, the state |j, m;) = |1, 0) with minimal (zero)
average magnetization is the minimum, whereas if 1, < 0 the
state |j, m;) = |1, +1) with maximal (unity) average mag-
netization minimizes the free energy. Both states break the
normal state’s symmetry SOy .5(3) down to SO(2). The for-
mer state preserves the time-reversal symmetry, whereas the
latter breaks it maximally.

We find the following one-loop expressions for the coeffi-
cients A; and A, (Appendix C):

AI—TZ/ dp

and

37572 (p® — 2p*(1? — @2) + (12 + 2)’)’

?(53p" + 104p%31 + p* (3044% = 3802) — 4097 (14% + ) — 19(44% + )

(28)

Ay = TZ/ dp

75072 (p® — 2p* (U2 — w2) + (u2 + w,%)z)2

(29)
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FIG. 4. The phase diagram and the actual values of the coefficients of the fourth-order terms in the j = 2 GL free energy ¢, and g3, for
various values of the interactions V; < 0 and V3 < 7V, /27, and for u > 0. The coefficients were calculated assuming 4 = 1 and 7. = 0.1.

Since the j = 1 states appear in the phase diagram only when
the chemical potential intersects +1/2-band, we evaluate the
above one-loop integrals for u > 0. In the weak-coupling
limit, to the leading order in small parameter 7./u we
find [26]
hy = 2y = 010657
375 #w’T?
and both coefficients therefore positive. In the portion of the
phase diagram at u > 0 with the j = 1 state, the actual super-
conducting ground state is the time-reversal-preserving state
[1,0). The energy spectrum of the Bogoliubov-de Gennes
quasiparticles exhibits two point nodes at the axis of the
residual SO(2) symmetry of the state.

, (30)

B.j=2

In this section, we determine the superconducting ground
state when j = 2, which appears in the phase diagram when
@ > 0. The quartic terms in the GL free energy are given by
Eq. (11), and the signs and the magnitudes of the coefficients
q> and g3 determine the minimum of the free energy as in
Fig. 4 [18,20,23].

The general phase diagram for j = 2 condensate can be
understood in the following way. If g3 > 0 and g, = 0, a state
that breaks time-reversal symmetry maximally, i.e., a state that
is orthogonal to its time-reversed copy, is favored. There are
then two candidate superconducting ground states, namely the
ferromagnetic state |2, +2) and the cyclic state %(|2, =2) +

J

12, +2)) + i%|2, 0). Since the coefficient g, multiplies the
average magnetization of the state, for g3 > 0 and ¢» <0
the ferromagnetic state with maximal average magnetization
(two) wins, whereas for g3 > 0 and ¢, > 0 the cyclic state
with minimal average magnetization (of zero) wins.

Similarly, if g, > 0 and g3 = 0, a state with minimal (zero)
average magnetization minimizes the quartic term. For small
q3 > 0 such a state should also exhibit maximal breaking of
the time-reversal, and the cyclic state therefore minimizes the
free energy for all ¢, > 0 and g3 > 0. For g3 < 0, on the other
hand, the state should be invariant under time reversal, so that
the term that multiplies g3 is maximized. There is a multitude
of such “real” states, and to determine which of the real states
is the ground state the sixth-order terms in the GL free energy
need to be invoked. Finally, when both coefficients g3 < 0 and
q> < 0 there is a phase transition at g3 = 20g; between the
ferromagnetic state and the (sixth-order-term-selected) real
state.

We calculate the coefficients g » 3 by evaluating the appro-
priate one-loop integrals defined in Eq. (20). Special attention
has to be given to the pairing matrices J; ,;, since when
the condensate with j =2 is the ground state, the pairing
matrices J,,,, is a superposition of two different channels
(,s,j)y=(,1,2)and (/, s, j) = (1, 3,2):

-IZ,m_,- = ZJZ(,ln)zj + y‘,(3)

2,mj’

3D

where the coefficient (z,y)" is the zero eigenstate of the
mixing matrix in Eq. (25) at 7 = T. One finds that

66| V3|

, (32)

y =
\/(14|V1| — 1771v41) /9604 1V 2 + 26292[V1[[V3] + 31329]V3 % + 1372|V4[2 — 600|V; ||V3] + 1821 [y 2
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and z = /1 — y2. In the special case where |V;| = |V3|, for example, we find that Jom; = 0.59J2(,In)1/_ + 0-81‘]2(2;, [15]. Using the
pairing matrices in Eq. (31), we find the following expressions for the coefficients g, g2, and g3:

2

A
611=TZ/0 dp P

S [20* (17 (45251y* + 42936714y + 149604y°7>

38587572 (202(12 + p*) + @t + (p* — u2))
+21924+/14yz> + 364567%) — 502(2283y* — 6696+/14y°z 4 3780y%z> — 3276+/14yz> + 3927%))
+ 8up?(9858y* + 76237/ 14y°z + 24262y°2% + 6762/ 14yz° — 18622*) (1 + o?)
+7(4393y" + 1248V/14y°z + 17122y°2% — 168+/14yz* + 45082*) (1? + 0?)? + 5p5(3335y" + 1968v/14y°z
+11074y%2% 4 336/ 14yz> + 13722%) + 8p°(7302y* + 5757/ 14y°z + 28238y%2% 4 3318+ 14yz* — 98z)], (33)

2

A
Z p
=T d
© - /o p771750n2(2w3(p,2 +pH+ a)ﬁ + (p* — Mz)z)z

[2p*(8y*(1337u* + 717wy})

+16v/14y°2(761 4% — 12907) + 14y°2% (21714 + 17010?) + 1344/ Tdyz* (1 + ?) + 492 (691% — ?))
+40up*(1172y* + 338v/14y°z + 196y°2% + 105+ 1dyz® — 49z%) (u? + ?)

+35(628y* + 32v/14y°z — 56y%2% + 497 (11? + w?)? + p*(=5996y" + 384+/14y°z + 27636y°7

+ 53767/ 14yz° — 53412%) + 8up®(—1188y* + 1542v/14y° + 9828y°2% + 483/ 14yz* + 6372%)], (34)

2

A
C]3=TZ/(; dp P

15435072 (202 (12 + p*) + @t + (p* — u2)?)?

[y*(133211* + 27(13321 > 4 20013p* + 82564 p7)

+ 133210 — 31823p® — 77376p® — 4171447 p* + 1651217 p*) — 48+/14y°2(133u* + 202(13314* + 654p* + 363 up?)
+ 133w} + 71p* +452up® + 1028p2 p* + 7261° p?) — 14927 (9149 + 202(91494% — 1023p* + 796411p%)

+ 9149w} + 1813p® + 4856, p° + 593412 p* + 1592814°p?) — 168/ 14yZ* (T + 202 (Tp* + 56p* + 27pp?)

+ 7ok +9p® + 58up® + 31217 p* + 543 p?) — 9824 (= 217p* — 222174 + 181p* — 88up?) — 217ws + 71p°

+752up® — 2220 p* + 1761°p?) ]

At low temperatures we then find ¢; > 0 and

_ 0.106/() VA

;= Lt 36
7= 154350072 T2 (36)

with the functions f;(y) of the mixing as

fi(y) =34401y" + 26436/ 14y°z + 111804y°2”
+ 15624~/ 14y7° + 119567*, (37)

Fr(y) =8(584y* + 404414y’ 7 + 1351y%7?
+ 1264/ 14yz° 4 497%), (38)

25
f(y) = —7(3027y4 + 2892+/14y°z + 13188y%7*

+ 1848y 14yz> + 13727%). (39)

Evidently, g, > 0 and g3 < 0, and the real states minimize the
free energy for any mixing. This is also illustrated in Fig. 4,
where we vary the interactions in the range V; < 0 and V5 <
7V1/27 and plot the representative points, only to find them
always in the lower right quadrant.

In search for the time-reversal-preserving j = 2 ground
state we may first note that all real states can be rotated into a

(35)
(
superposition of the biaxial and uniaxial states as
2112, 42) + 12 -2) + Asf2.0) (40)
N ) 212, 0),

where Ay and A, are both real, and A% + A% =1 [13]. To
determine the real superconducting ground state we study the
sixth-order terms in the GL free energy. Restricting ourselves
to the real states we find it to be a sum of two terms:
FI2mh = [(AIA) P + wiad (a2 -342)% @D

The sign of the coefficient v, decides on the real supercon-
ducting ground state. If v, > 0, the biaxial nematic state with
Ay =1 and A; =0 has the lowest free energy. If v, <0,
on the other hand, the uniaxial nematic state with A; =0
and A, = 1 minimizes the free energy. These two states also
differ in their quasiparticle energy spectrum: in the case of the
uniaxial nematic state we find point nodes along the z axis,
while the biaxial nematic state is fully gapped.

To establish the sign of v, one needs to calculate the sixth-
order term

Fo(A) = =2 Kapeaer AL A AT A AEA (42)
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with the one-loop integral as

A
Kapeder = Tr / Go(—w. —p)J],, Go(@, PMom,Go(—w, —p)J] ,, Go(®@. PMam,Go(—w. —p)]; . Go(@. PVom,.  (43)
9]
At low temperature we find (see Appendix C)
0.00773 f,(y) /I
Uy = TZTf’ (44)
with
£0) 4595157y° + 3369438/ 14y°z + 12731670y*z2 + 1076040+/14y° 2> — 2081520y2z* — 508032+/14yz° — 4061122°
w(y) = — .

5793913125

(45)

Unlike the functions f;(y) in Eqs. (37)-(39), the function f,(y) changes sign. The change of sign occurs at y = 0.4547, which
corresponds to the ratio of the interaction parameters |V3|/|V;| = 0.38445 > 7/27, at which therefore there is a further transition

between the uniaxial and biaxial nematic states (see Fig. 2).

C.j=3

In this section we assume v < 0, and determine the superconducting ground state when j = 3 by using the previously derived

general phase diagram for j = 3 GL free energy of Ref. [23].

The fourth-order terms in the GL free energy for j = 3 are given by Eq. (12). The coefficients ¢; are given by the following

one-loop expressions (Appendix D):

b 4pP(194p° — 1677p°u + T15p*(5p? — @?) — 3003p”u(u® + @?) 4 1001(1” + »)?)
a=TL ), . de)
n Y0 750757 %(p8 — 2p*(u? — @?) + (U2 + ©?)?)?
A 2103378 — 4500605 + 11440p% (712 + 30?) — 683542 (112 + w?) + 23023(4% + )
=T Z dp ’ 7
o J0 9009007‘[2(p8 — 2p4(M2 _ 602) + (M2 4 w2)2)2
G TZ/Ad 8p2(479p% — 2067p% 1 + T15p* (S + 30*) — 3003p* (2 + @?) + 1001(u? + w?)?) "
B —Jo 2252257 2(p8 — 2p*(u? — ?) + (U2 + w?)?)? ’
“_r Z/ dp P2(9977p% — 38454p° 11 + 13156p* (5> + 3w?) — 55770 u(u? + w*) 4+ 19019(u? + w?)?) o
B 0 75075072(p8 — 2p*(u? — w?) + (u? + w?)?)? .

As before, after performing the sum over Matsubara frequen-
cies and the momentum integral, at low temperatures we find

72 0.10657 +/ 2
L

143 3272 T? 5 7

We find therefore that ¢; > 0, and c3/c; =5, c4/c1 =7/2,
and c¢3/cqy = 10/7. As can be seen in Fig. 6(a) of Ref. [23],
for example, these numbers place the system a bit below the
phase boundary between the phases “E” and “D”, which lies
at ¢3/c4 = 5/3 in our notation. The j =3 ground state is
therefore the phase “D”, i.e.,

C1

1
—= (13, +2) - 13, =2)). 61y
V2
This superconducting condensate is symmetric under cubic
transformations, and respects time reversal. The quasiparticle
energy spectrum of this state exhibits six gapless points at

(1 + (A2/12))7{(0,0, £1), (0, £1,0), (1,0, 0)}.
VIII. SUMMARY AND DISCUSSION

In conclusion, we obtained the phase diagram of the rota-
tionally invariant Luttinger semimetal with weak attraction in

(

the [ = 1 (p-wave) channel. The total angular momentum of
the superconducting phases that appear at low temperatures
depends on the sign of the chemical potential, with the further
selection of the ground state provided by the fourth-order and
the sixth-order terms in the GL free energy. While the residual
spatial symmetry of the five possible ground-state condensates
varies, the feature common to all is the preservation of the
time-reversal symmetry, and the absence of nodal lines in the
quasiparticle spectrum.

When the pairing interaction is spin independent, the two
interaction parameters are equal; V|, = V3, and the supercon-
ducting ground state is |0, 0) on the hole-doped, and |2, 0)
on the particle-doped side. In either case the quasiparticle
spectrum features the full gap, albeit an anisotropic one in the
latter case. This may be contrasted with the condensate with
s = 2 that results from the attraction in the / = 0 channel [13],
which at u = 0 at least has the same quantum numbers j = 2
and m; = 0, and the same symmetry, but as all other real states
in that case exhibits lines of gapless excitations. Furthermore,
when the weak attraction is in the [ = 0 (or [ = 2) channel,
the phase diagram is independent of the sign of chemical po-
tential, and the s = 2 (s = 0) ground state at a finite chemical
potential breaks time-reversal symmetry [13,17]. All of these
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features stand in stark contrast to the p-wave ground states we
discussed in this paper. On the other hand, the preservation of
the time reversal and the concomitant full gap in the excitation
spectrum was found before in the SOy (3) x SOs(3) - symmet-
ric GL free energy for the / = 1, s = 1 matrix-order parameter
that pertains to *He, when the order parameter is restricted to
Jj = 2[19]. This result resembles what we find quite generally
for the p-wave states in the Luttinger semimetal.

While we find the quasiparticle spectra to be either gapless
or with a full gap, depending on the particular p-wave ground
state, no ground state showed a line of gapless points. Our ex-
plicit computation of the energy spectra is in agreement with
general arguments of the Ref. [16]. At weak coupling there is
in general always just one particular value of j that becomes
favored below the critical temperature, i.e., the condensate is
never a linear combination of states with different j, unless
the system is accidentally right at the boundary between two
different phases. We have not checked the quasiparticle spec-
trum at such special cases of attractive interaction. It is not
inconceivable that some such linear combinations may yield
lines of gapless points, as suggested by the penetration depth
data in YPtBi [9] for example, but this would seem to require
special tuning. Generic minima of the weak-coupling GL free
energy, bothinthecases (! =0,s =2, j=2)and (I =2, s =
0, j = 2) (d-wave) studied earlier, and in the present case of
general attraction in the / = 1 case (p-wave) do not show this
feature, however.

We expect our results for the competition between states
with different j to be typically in agreement with the weak-
coupling RG flows, as it is the case with many other
weak-coupling mean-field treatments of competing instabil-
ities. There could be exemptions, however, such as in the case
of mixing of two j = 2 channels, for example.
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APPENDIX A: THE LUTTINGER HAMILTONIAN AND
THE GREEN’S FUNCTION

The celebrated Luttinger-Kohn Hamiltonian is [1]:

1(5 Pz
Hy —(sz—(p~2)2>+————u, (A1)

~ 2m 2mg  2my

where the X = (%,, Z,, ZZ)T-matrices are the spin—3/2 rep-
resentation of the Lie algebra of SO(3) and have the form

0 V32 0 0

V3/2 0 1 0
L= 1 0o V32 (A2)

0 0 V3/2 0

0 —v3 0 0

i[v3 0 -2 o0
Y, =~ A3
Y7210 2 0 V3| (A3)

0 0 V3 0

T = (A4)

1
2

coow
cor~o
I
—_

This Hamiltonian can be rewritten in terms of the real £ = 2
spherical harmonics d,(p), and the Dirac matrices y,, which
obey the Clifford algebra {y,, y»} = 284 [2]:
5
da(P)Va P’ di(p)y1 +da(p)y2
Hy, = P A =
0 Z 2m + 2my + 2my

— 1. (A3)

a=1
The spherical harmonics are given by
V3 1

dip) = (L= p), @) =520 ri-p))

ds(p) = V3pep.,  da() = V3pyp.,  ds(p) = V3p.py,

while the corresponding Dirac matrices are

00 1 0 1 0 0 0
(o 0 o0 1 o -1 0 o
=11 0 0o o] »=lo o -1 of
01 0 0 0 0 0 1

(A6)
01 0 0 0 —i 0 0
{1 0 0o o0 i 0 0 0
B=1o o o —1]" “=lo o o il
0 0 —1 0 0 0 —i 0
0 0 —i 0
0 0 0 —i
0 i 0 0

One advantage of expressing the Hamiltonian in terms of the
Dirac matrices and spherical harmonics is that the Green’s
function has a simple analytic expression, which is

io—d,(pP)ys+ 1

— (i — -1 _
Go(w,p) = (iw —Hy)™" = ot —p

(A8)

where we set mg = m; = oo, and 2m = 1.

Kohn-Luttinger Hamiltonian commutes with the antiuni-
tary time-reversal operator T = U/C, which consists of the
unitary matrix U and complex conjugation K. The unitary
part of the time-reversal operator in the above representation
is defined as [10]

U = iyays. (A9)

Evidently, T2 = —1, and the Kohn-Luttinger Hamiltonian de-
scribes a fermion with half-integer spin.

APPENDIX B: PAIRING MATRICES

In this section we provide explicit expressions of the pair-
ing matrices J/(kn)q, The pairing matrices are defined as

T @ =D (Limy, Scmgljm )Ly (DS, (B1)

my+mi=m;
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where (Lim;, Spmy|jm;) are the Clebsch-Gordan coefficients
and L, ,, are the spherical harmonics of L = 1. The spherical
harmonics are given by

1 p.+ip,
Li = _E% (B2)
Lio="12%, (B3)
p
1 p,—1i
Li_i= 72% (B4)

The matrices Sk, denoting the spin s =1 or s = 3 of the
Cooper pair are defined in the following subsection.

1. s = 1 and s = 3 matrices

To find the matrices for s = 1 and s = 3 spin, we define
first the ladder operators [27]:

Sp = (B +1i%y), (BS)

S_ = (3, —i%,). (B6)

With the help of the ladder operators, the three matrices for
s = 1 can be defined as

1
S = —ﬁ&r, (B7)
S0 =X, (B3)

1
i1 = 8- (BY)

The seven matrices for s = 3 can be then obtained by using
the fact that they transform as a third-rank irreducible tensor
under SO(3):

[S_. Sjml = /(i +m)(j —m+ DS 1. (B10)
which yields

S3.43 = ?(&,03, (B11)

S3,42 = %[5—, 83,431, (B12)

Syi1 = J%[s, Ss4al. (B13)

830 = %[5—, 83,411, (B14)

Ss1=—57 .. (B15)

S3-2=—S} 5. (B16)

S33=—5] 5. (B17)

We then find the following expressions for the pairing
matrices.

2. (1,1,j)-channel
j=0:

Jé,](; = (L1,-181,41 + L1 4151,-1 — L1,0S10).  (B18)

1
V15

j=1
1= s - LS, ®19)
s ff
1
)
Lo = 77(L1,+151,—1 —Li1S141),  (B20)
)
il = ff(Ll 0S1,—1 — L1,-151,0)- (B21)
j=2
o= Lys B22
242 = ﬁ 1,151,15 (B22)
1
)
a1 = \/—\/—(Ll 0811+ L1,+181,0), (B23)
J2(,]0) = ﬁ(Ll,lSl‘—]+2L14OSI,0+L],—ISI,1)s (B24)
B = L—(Ll 0811 + L1,-151,0), (B25)
s \/_\/_
0 1
]2’_2 = %Ll,flsl,fl- (B26)
3. (1, 3, j)-channel
j=2
S, = 5L1,—1S3,+3 - aL1,053,+2 + 5L1,+153,+1,
(B27)
@ 10 2 1
S = 21Ll 183,42 — 5L1,053,+1 + %LIA—ISS,Os
(B28)
1
Jz(i; = %(ﬁLl,—lsi-&-l — /3L 08350 + V2L 4185._1),
(B29)
79 1/mL S 2,/2L Sy1 4 =L, S
25 =y prle852 = 2y 57LieSs - 7 1,-153,0
(B30)
5 5 1
7 =\/jL S35 — ) —L1.0S3.—2 4/ —L1._153._1.
222 7141933 1 1,093,—2 + TR
(B31)
j=3:
I = (L1.+ls3,+2 —V3L1oS5.43),  (B32)

o 1[5 1 1
S, = 3 §L1,+1S3,+1 — —=L1,053,42 — §L1,71S3,3,

V3
(B33)
5
3) 3 1 1
J=- 3 Ly 18342 mL1,053,+1 + ELI +153.0,
(B34)
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1
13(,3(; = E(LIA—ISS,—I — L1, 183,11)s (B35)
5
JP —\/;L Sy 2t — Ly oSy 1 — ——Ly 18
3 7 L1832 Wi 1,083,-1 N 3,05
(B36)
5
i, T S SOY SIS (1
7L14185-3 ﬁ1032 5 L1851
(B37)
V3 1
I = 010853 — L1185 2. (B38)
’ 2 2
j=4:
¢24=LbH&ﬁy (B39)
Jﬁ)rg = (L1,053,+3 +V/3Li 1185 42), (B40)
1 1 /15
Jflz = %<§L1,153,+3 +V3L10S3 12+ TL1,+1S3,+1),
(B41)

5
(3)
Jig = 7L1,7153,+2 + TL1,053,+1 +/ ﬁL1,+1S3,07
(B42)

N E 2 3
Tio =y plr-1Ss ﬁLLoSm +y S

(B43)
\/E \/E <
IO =Y 1850+ Yl L0851 + 4/ —Li_1S3.0.
41 5 b 3,2+ 5 Lo 3,-1+ 21930
(B44)
1 /1 J15
IO = —L 1155 _ 301085 24+ ——L; 1851 ),
4,22 ﬁ<2 1+1 3,3+«/_1,0 3,2+ 7 b1, 1)
(B45)
1
I = S LS+ V3L aSi0). (B46)
I = L1183 (B47)

APPENDIX C: LEADING-ORDER-CALCULATION OF THE
COEFFICIENTS

1. Second-order coefficient

The one-loop integrals K;fa‘ZZ) defined in Eq. (18) have the
following structure:

A
f'ab(pv wn)
K‘a =T 2 Js ,
b Xn:/o POl =+ 2 )[(P + 17 + 2]

(CH

V] and w, = 0 as

which can be approximated around p =

Kjab— fjab(\/m O)TZ/

4p — ul? + 2]
(C2)
After performing the Matsubara sum, we obtain
K. — fj,ab(v|u|, 0) /A p* tanh |p -
.,le - - 5 5 - 5 .
! e Ip? — |l
., 0 A/|m
f, v (/| 1], )[A+ |/
82
2 tanh | 14l 21
X <w _ 1>i| (C3)
lp* — 1|
and use
or 22 ylz2 — 1] ] <8ey2 )
tanh —1(—>1lo C4
/0 [Iz2 Y ) g y) (C4)
for y — oo. This leads to Eq. (22)
&W) m
Ky =5 ( +/lullog — ) (C5)
with the nonuniversal critical interaction
1 8e? 2
= A+l log (C6)
and the numerical coefficient
(v.?z) fj,ab(\/ |M|’ 0)772 (C7)
Cjab = 814> :
2. Fourth-order coefficients
All coefficients a; have the following structure:
A
fi(p, wn)
a=T Z/ 8 4(,,2 2 2 2\2)?2
o (P =2 - ep) + (Wt ep))
(C8)
’ a)n = O
= JIul ) ©9)

dé  fi(p
Z/ 2Vl 16pt (82 + w2)’

where the change of variable & = p> — |u| was made. After
performing the Matsubara sum for finite temperatures, we find

HWL0) 1T
T Tz/ dé§ g(§), (C10)
withé = &/T and
sinhz — z
) = S F o (/2) (C11)

At low temperatures the integral converges and one obtains

(/T 0) 0.10657

i = C12
32| |92 Tcz ( )
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3. Sixth-order coefficients

The two coefficients v; and v, possess the following
structure:

filp, )
(202(u? + p*) + 0t + (p* — uz)z)3

A
Vv = T Z/
n Y0
(C13)

In the weak-coupling limit, the leading-order result in small
parameter 7./ is determined by

1
v X , 0T / (C14)
fe Z 21t 640 (€2 + w2)’
fz(\/_, 0 1 T
with £ = £/T and
52) = 3sinh(z) — z(ztanh (%) + 3) C16)

16z°(cosh(z) + 1)
|

For small temperatures we therefore find

fi(\/12,0)0. 00773
Vi =
64M]3/2 ZTCS

(C17)

APPENDIX D: MATCHING CONDITIONS

The quartic order of the Ginzburg-Landau free energy is
defined by the one-loop integral

E7(A) = 4K 5150 AL AP A ABD (DY)
with
A T
KUs) =Ty /Q Go(—w, —p)J ) (p)Go(w, )2 ()

x Go(—w, —p)J 5 (p)Go(w. p)J ) (p). (D2)

Jjima

In the next section we demonstrate how the above expres-
sion is related to Egs. (10)—(12).

Lj=1

To find the sign and magnitude of A; » defined in Eq. (10),
we evaluate Eq. (D2) for two different states. The first state
is the real state |1, 0) with the pairing matrix J1 o» While the

second state is |1, 4+-1) with the pairing matrix Jl(}ll. We find

F(A|10)—TZ/

and

F, (A|1+1>)—TZ/

Upon inserting these two states into Eq. (10), we obtain the following matching conditions:

(02821 — 38p* + 80up?) + 4loof — (u+ P2’ (—41p% + Tp* + 2up%)) (D3)
375m2(202 (12 + p*) + w0} + (p* — u2)?)?

2(42H _ 38p +40Mp )+ 21(1) + (u +P ) (21M + 13]7 - ZILP )) (D4)
45072 (202 (12 + p*) + o} + (p* — u2)?)?

F41(A|I,O)) — A-l (DS)

F41(A|1,+1)) = )\1 + )th (D6)

which yield the Egs. (28) and (29).

2.j=2

To determine the coefficients g;, we choose the states |2, 0), |2,2) and |2, 1) and define the coefficient g, = g3/5. The

matching conditions of these states are given by

F}(Apo) = q1 + 4o,
Fl(Apay) = q1 + 4q,

F}(Apny) =q1 + ¢,

which yields

a1 = H(—F}(Ap2) +4F (Apy)),
a2 = H(F{(Ap2) — FA(Ap)).

qu %[3F4 (A|20)+F4 (A|22)_4F4 (A\Zl )]

D7)
(D8)

DY)

(D10)
(D11)

(D12)
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with

[72

22021 + ph) + of + (0 — 12)’)

A
FX(A =T / d 6p* (w2 ( — 939y* + 118564/ 14y°7
w(Apoy) ; ; P771750n 2[ P (@ ( y y

— 7826y%2 + 7784/ 14yz> + 46062*) + 5147 (4643y* + 4080+/14y’z + 17178y%2> + 1176+/14y7°
+55862*)) + 80up*(2178y* + 1089+/14y*z + 2065y°2> + 1239+/14yz> — 5887%) (11* + w?)
+7(10689y* + 1584+/14y°z + 15946y°2> — 504+/14yz> + 120542) (12 + w?)* + p°(1527y*
+16272v/14y°z + 85358y%2% + 1848+/14y2° + 67627%) + 1611p°(2466y* + 440114z
+23989y%2> + 2709+/14yz> — 4704z%)], (D13)
, A _pz
FilBpa) =T Z/o dp385875n2(2w3(y,2 + )+ @t + (p — p2))?
+9576y%2% 4 6356+/14yz* — 6867%) + p2(66643y* 4 67288+/14y°z + 210392)%2 + 24612+/14y7>
+432182%)) — 8up? (21578y* + 11003v/14y°z + 26222y%2% + 7812v/14yz* — 23522*) (1 + w})
—7(10673y* + 1568v/14y°z + 16562y°2% — 168v/14yz> + 49982%) (1® + w?)? — p*(4683y*
+10608+v/14y°z + 110642y%2* + 12432+/14yz* — 38227%) — 81p°(4926y* + 8841147
+47894y%7% + 4284+/14y2* + 11762%)], (D14)

[ — 20" (3w} (19y* + 9784V 14y’

p2

22} + ph) + o) + (0 — 1))

A
Fi(Apy) =T / d 204 (112(101198y* + 980481437
(e Z o “P7117507 s 20 (e ' '

+329602y°2% + 45192v/14yz* + 76293z%) — 3w2(5698y* — 21632+/14y°z + 4662y°2>
— 11368v/14yz” + 13232%)) + 8up?(25576y" + 16936+/14y°z + 49504y%2* + 14049/ 14y
—3969z%)(14* + w?) + 7(11926y* + 26567/14y°z + 33964y°2* — 336+/14yz° + 92612*)

x (1* + w))? + p*(27354y* + 20064+/14y°z + 138376y°2* + 8736+/14yz” + 8379z%)

+8up®(13416y* + 13056+/14y°z + 66304y%2> + 7119v/14yz” + 441%)]. (D15)

For the sextic order, we choose the real states \/%(|2, +2) 4|2, —2)) and |2, 0), and find the following matching conditions:
F2(A =1,A,=0) =y, (D16)

FI(A1=0,0, =1) = v + %v,, (D17)

with
A
F2 (A =1,A,=0)=T f dp
o ’ Z o V173817393757 (

+ 1818672+/14y°z + 24967565y 2> + 98280+/14y°7> + 23374470y%z* — 1353576+/14y7°
+23029022°) + 1?(377751751y° + 738633264~/ 14y°z + 6372678585y + 1772998920+/14y° 7

-

3p%(65w%(1322251y°
202(u? + p*) + o} + (p* — u2)2)3[ (650

+3520792590y°* — 207035976~/ 14yz” + 8653540142°%)) + 2414 p° (13w}, (3459534y°
+8171271+/14y°z + 46236715y 2> + 8805930+/14y° 2% + 35585760y%z* + 56783161/ 14y7°
—93906542°) + 151%(7992198y° + 10796899+/14y°z + 70702135y*z> + 18477410/ 14y°7

+31885280y%z* + 8335292/ 14yz° — 112922462°)) + 195p* (11* + w?) (1102 (28165)°
+518688+/14y°z + 36925y" 2% + 795480~/ 14y°2* — 186690y%z* + 311640+/14yz° + 2284382°)

+ 1219893187y + 18064800+ 14y°z + 92444835y*2% + 20433000/ 14y°2> + 96783330y z*
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and

A
F2 (A =0,Ay=1)=T / dp
; Z i

which yields

A
v1=TZ/ d[)
n 0

—1007832v/14yz> 4 236772902°)) + 51481 p* (512558y° + 293047+/14y°z + 1153355y
+479010v/14y°2* + 337120y°* + 3776924/ 14yz> — 1872782°) (11* + w?)? + 715(1009801y°
+2446567/14y°z + 2270835y 2% + 194040v/14y°2* + 2438730y%z* — 95256+/14yz° + 13521062°)
x (1? + w?)® + p'2(27974687y° + 55081728+v/14y°z + 1162083195y 2% + 399538440+ 14y’
+162521730y°7" — 104354712/ 14yz° + 1416747782°) + 36p' (6703346y° + 16793049+/14y%7

+206611685y"z> + 60932270+/14y°2* + 74879840y°z* + 6595204/ 14yz° — 292174262°)] (D18)

—p?

1738173937572 (12 + 2)? — 2p* (12 — w?2) + pb)>

[3p°(117y°(4602891 4>

+5740150?2) + 1444/14y°z(57085371% + 1092065w?2) + 1365y*z> (4847253 14> + 130946502)
+2520v/14y°23 (692527 14% + 851507 + 490y°z* (7566047 1> + 2838355w?7) — 2352+/14y2°

x (114811p* + 4101507 + 6862°(1516423u” + 26643507 )) — 8up®( — 54y°(7616157u>
+2579083w2) — 459v/14y°z(1107053u% + 736827w?) — 315y*22(1022249714% + 630202307)
— 1890v/14y°7% (46236914% + 18651 1w?) — 8820y°z* (1518312 + 1416090?) — 882+/14yz’°

x (46177117 + 268749w7) + 6862°(8752931% + 605787w7)) + 195p* (1* + w;) (27¥°

x (75456914% — 2651?) + 5768/14y°2(321944° + 106590?) + 105y*z%(9212434% + 991 10?)
+25207/14y°2 (820747 + 361907 + 490y°z* (20313502 — 4301w?) — 2352+/14y2° (11894
— 1111w?) + 6862°(390894% + 5269w2) ) — 1716up*( — 1512378y° — 906237+/14y°z
—3801105y*2> — 1409310v/14y°2* — 792820y°z* — 1223922/14yz° + 8115382°) (1* + w?)?
+715(985257y° + 2725924/ 14y°z + 2180115y*22 + 264600/ 14y°7> 4 2450490y z*

— 190512/14yz° + 14522622°) (11? + 2)® + 5p'?(11635299y° + 24002784+/14y°2
+277481295y* 2% + 782384404/ 14y° 2> + 32570790y%z* — 22431024~/ 14yz° + 323442142°)

— 12up'"( — 38287782y° — 67827123+ 14y°z — 673045695y*7> — 180862290/ 14y°2>

— 183172780y°z* — 25635918+/14yz” + 1014299022°)], (D19)

—p?

= [30° (6507 (1322251y° + 1818672v/14y°z

1738173937572 2w (12 + p*) + wi + (p* — u2))

+24967565y" 2% + 98280+/14y°z* + 23374470y°z* — 1353576/ 14y + 23029022°) + p*(377751751y°

+738633264+/14y° 7 + 6372678585y*2% + 1772998920+/14y°2 + 3520792590y°z* — 207035976+ 14y’
+8653540142°) ) + 24 p® (1307 (3459534y° + 8171271/ 14y°z + 46236715y*2* + 8805930v/14y°7

+35585760y%z* + 5678316/ 14yz° — 93906542°) + 1514%(7992198)° + 10796899+/14y°z + 70702135y

n

+ 18477410v/14y° 2> 4 31885280y%z* + 8335292+/14yz° — 112922462°)) + 195p* (u? + w?) (1102 (28165y°

+518688+/14y°z + 36925y"2% + 795480+/14y° 2> — 186690y%z* + 311640+/14yz° + 2284382°) + 1*(19893187)°

+ 18064800+/14y°z + 92444835y*2% + 20433000/ 14y°2* + 96783330y%z* — 1007832/ 14yz> + 23677290°))
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+ 5148 p*(512558y° + 293047+/14y°z + 1153355y*2% + 479010v/14y°2® + 337120y°2* + 377692/ 14y — 1872787°)
X (12 4 @2)? + 715(1009801y° + 2446567/ 14y°7 + 2270835y*2% + 194040/ 14y* 2> + 2438730y%7* — 95256+/14y7°
+13521062°) (11 + ?)* + p'?(27974687y° + 55081728+ 14y°z + 1162083195y*2% + 399538440/ 14y° >
+162521730y°z* — 104354712/ 14y2° + 1416747782°) + 3640p'°(6703346y° + 16793049+/14y°z + 206611685y*7*

+60932270+/ 14y’ 2> + 74879840y’ 7" + 6595204~/ 14yz’ — 292174267°)] (D20)
and
2
v="T Z / P <[30° (117 (40196624y° + 20849016+/14y°z
0 5793913125n2(2a)5(u2 + M) + o + (P — 12))

+60955440y* 2> — 6957720+/14y° 2> + 46642610y%z* — 15749874~/ 14yz° + 437280412°) — 6502 (72256)°

— 150168+/14y°z — 632800y*z% — 57960+/14y°2* + 494410yz* + 32634v/14yz° — 1272532°))

+4p° (3902 (55752y° + 250308+ 14y°z + 2332120y*2> + 116340+/14y°2° — 1780170y%z* + 19977314y
—6324922°) + 1 (25811784y° + 11138436+/14y°z + 19245240y*2% + 21196980/ 14y — 47844090y%7*

+ 16096941/ 14yz° — 46149964z°)) + 195p* (12 + ?) (4y° (30011 4> — 23837w?) + 72+/14y°2(1663 1> + 1507w?)
+140y*2 (76531 + 113307) + 1680+/14y°2* (371% + 550;) + 245y°2*(2809u” — 5507 )

— 2646+/14y2° (169u% + TTw?) + 3432°(2287u” + 803w?)) — 8581p” (12648y° — 13548+/14y°z — 170520y*2

+ 13860+/14y°2® + 109270y%z* — 45423v/14yz> + 1248522°) (1? + w?)? — 715(2y* + 72°)(3068y* — 3492¢/14y°z
+602)%7% + 3402/ 14yz> — 35772%) (14* + ?)? + p'*(7550452y° + 16233048/ 14y + 56330820y*2*
—2086560v/14y°z* + 83055y%z* — 1950102+/14yz” + 50115732%) + 64p'°(9088872)° + 8723988+/14y°z

+26605320y*22 — 967260+ 14y*z* — 20733370y%z* + 2925153/14yz° — 68888122°)]. (D21)
3.j=3
Using ¢, = ¢2/7 and ¢g = c¢3/7, we find the following matching conditions:

F}(Aj3) = c1 + 9, (D22)

3 4
Fi(Apoy) =c1+co + 3C6- (D23)
F(A = 2 D24
i ( %(I3,+3)+|3,—3))) = €1t Ca 1568 (D24)
F(Ap42) = c1 +4c. (D25)

The functions are given by
17017 (1 + w?)? +4576p* (13u* 4 4w?) — 50622up* (u* + »?) + 6823p° — 32370up
F3(Apsy) =T Z/ n)’ ( 7) (1* + ;) ]

6006072 (202 (12 + p*) + @t + (p* — n2)?)? .
(D26)

)

F}(Apo) = TZ / 1,2 [23023 (4% + )? + 286p* (28547 + T1e]) — 686400p” (1 + ) + 8459p* — 4336811
R p 37537572 (202 (u? + p*) + o + (p* — u?)?)?
(D27)

Ej (A'f(|3+3)+|3 3)))

TZ/ PP[17017(u? + w2)* + 572p*(10514% + 31w?2) — 506221p* (12 + w?) 4 6611p® — 3237014p°]
- 12012072 (202 (12 + p*) + wf + (p* — pu?)?)?

., (D28)
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P?[7007(u? + w?2)? + 572p* (431 + 9w?) — 20878 p? (1* + w?) +2533p% — 13026p°]

A
F(Ap4y) = TZ[O dp

45045;12(2603(;1,2 +pt) + ot + (p* — ;1,2)2)2

(D29)
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