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Goldstino spectrum in an ultracold Bose-Fermi mixture with explicitly broken supersymmetry
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We theoretically investigate a supersymmetric collective mode called the Goldstino in a Bose-Fermi mixture.
The explicit supersymmetry breaking, which is unavoidable in cold-atom experiments, is considered. We derive
the Gell-Mann—Oakes—Renner (GOR) relation for the Goldstino, which gives the relation between the energy
gap at zero momentum and the explicit breaking term. We also numerically evaluate the gap of the Goldstino
above the Bose-Einstein condensation temperature within the random phase approximation (RPA). While the
gap obtained from the GOR relation coincides with that in the RPA for the mass-balanced system, there is a
deviation from the GOR relation in the mass-imbalanced system. We point out that the deviation becomes large
when the Goldstino pole is close to the branch point, although it is parametrically a higher order with respect to
the mass-imbalanced parameter. To examine the existence of the Goldstino pole in realistic cold atomic systems,
we show how the mass-imbalance effect appears in °Li - ’Li, *°K - *'K, and '"*Yb - 1"*Yb mixtures. Furthermore,
we analyze the Goldstino spectral weight in a '>Yb - 7*Yb mixture with realistic interactions and show a clear
peak due to the Goldstino pole. As a possibility to observe the Goldstino spectrum in cold-atom experiments,
we discuss the effects of the Goldstino pole on fermionic single-particle excitation as well as the relationship

between the GOR relation and Tan’s contact.
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I. INTRODUCTION

Supersymmetry is symmetry with respect to an interchange
between bosons and fermions [1-3]. While the existence of
supersymmetry is expected in the context of particle physics,
evidence or any indications of it have not yet been observed
in high-energy experiments [4]. However, apart from whether
or not supersymmetric partners such as squarks exist in our
world, it is a really interesting problem to explore the conse-
quences of supersymmetry using fermions and bosons, which
are well established in condensed matter physics.

An ultracold atomic gas is currently one of the most
useful systems for investigating quantum many-body phe-
nomena, due to the controllability of physical parameters such
as interaction, density, temperature, and quantum statistical
properties of atoms by use of isotopes [5—7]. In particular, the
Feshbach resonance [8] enables us to investigate this atomic
system from the weak-coupling to the strong-coupling limit
in a systematic manner. In this regard, the supersymmetric
properties of this system have been extensively discussed
theoretically [9-16].
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Recently, Bose-Fermi mixtures with a small mass imbal-
ance between bosons and fermions such as ®Li-Li [17-19],
PK-YK [20], YK -4K [21], Sr-¥Sr [22], ¥Rb-YSr
[23], %' Dy - 192Dy [24], and '*Yb - 174Yb [25,26] have been
experimentally realized. The boson-boson or boson-fermion
interactions in some of the mixtures can be tuned due to
the magnetic Feshbach resonance [18,21,23,27-29]. In this
sense, examining supersymmetry in such cold atomic systems
is promising.

A remarkable feature of supersymmetry in a Bose-Fermi
mixture is the emergence of a Nambu-Goldstone (NG) mode
called the Goldstino [30-34]. While the usual NG mode
propagates as a bosonic mode, the Goldstino behaves as a
fermionic mode. Such a fermionic collective excitation has
also been predicted in quantum electrodynamics as well as
quantum chromodynamics [35-37]. Observation of this col-
lective mode is really important for seeing the supersymmetric
properties in a Bose-Fermi mixture that are realized in a table-
top experiment. Since the Goldstino is a fermionic collective
mode associated with broken supersymmetry, it becomes a
gapless mode when the system possesses exact supersymme-
try. However, explicit supersymmetry breaking such as the
mass imbalance between fermions and bosons is unavoidable
in cold-atom experiments. In this case, the Goldstino has a
finite energy gap associated with the explicit breaking param-
eters. If one can observe the gapped Goldstino and its spectral
properties agree with the results of theoretical analysis, this
should be evidence for the existence of supersymmetry in
these systems. Indeed, the first example of NG bosons in

Published by the American Physical Society


https://orcid.org/0000-0001-5247-7116
https://orcid.org/0000-0001-7534-6418
http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevResearch.3.013035&domain=pdf&date_stamp=2021-01-12
https://doi.org/10.1103/PhysRevResearch.3.013035
https://creativecommons.org/licenses/by/4.0/

TAJIMA, HIDAKA, AND SATOW

PHYSICAL REVIEW RESEARCH 3, 013035 (2021)

particle physics was pions, which are also gapped modes due
to the explicitly broken chiral symmetry associated with the
current quark mass [38].

In this work, we theoretically examine the energy gap
of the Goldstino in a Bose-Fermi mixture with explic-
itly broken supersymmetry. We focus on a few candidates
for nearly supersymmetric Bose-Fermi mixtures, namely,
SLi-"Li, K -#'K, and '3Yb - '"*Yb mixtures. We determine
the thermodynamic properties of weakly interacting mixtures
within the Hartree-Fock mean-field approximation above the
Bose-Einstein condensation (BEC) temperature. By devel-
oping a gap formula for the Goldstino, which corresponds
to the Gell-Mann—Oakes—Renner (GOR) relation in quantum
chromodynamics [39], based on the memory function formal-
ism [40], we show how the explicit supersymmetry-breaking
terms affect the Goldstino gap in these systems. By comparing
it with the numerical results of the random phase approxi-
mation (RPA), we clarify that the effects of the branch point
are significant in the presence of the mass imbalance between
fermions and bosons. Furthermore, we discuss how to observe
the Goldstino gap from the single-particle spectral function
of a Fermi atom. While the previous work done by two of
the authors is dedicated to the two-dimensional system [14]
and the three-dimensional one in the BEC phase [15] with
ideal situations such as supersymmetric interactions, in this
paper we discuss the three-dimensional system with realistic
physical parameters above the Bose-Einstein condensation
temperature Tggc. Furthermore, we consider the case with a
mass imbalance where the fermionic mass is slightly lighter
than the bosonic one. In this case, the effects of the branch
point are more important. We show that, even when the mass
imbalance is small, the peak of the Goldstino disappears and
it is buried in the continuum spectrum if the interaction is too
weak. We also note that there is a work which considered a
mass-imbalanced Bose-Fermi system [13] in which a Bose-
Fermi mixture trapped on an optical lattice was considered,
and the species of atoms were not specified. These points are
improved in this paper.

This paper is organized as follows: In Sec. II, we introduce
our model and the formulation for thermodynamic quantities
and the Goldstino gap within the GOR and RPA. In Sec. III,
we show and discuss our numerical results within the RPA
on the Goldstino gap in a few Bose-Fermi mixture systems.
Section IV is devoted to discussion of how the Goldstino pole
can affect the fermionic single-particle spectrum, in order to
suggest the possibility of detecting the Goldstino in experi-
ments. We summarize our studies in Sec. V. In Appendix A,
we show the detailed derivation of the GOR relation based on
the memory function formalism. We calculate the Goldstino
spectral function in the free limit in Appendix B to check
the absence of numerical artifacts. In Appendix C, we discuss
the cutoff dependence of the fermionic single-particle spectral
function.

II. FORMALISM
A. Model

We consider a nonrelativistic Bose-Fermi mixture de-
scribed by the Hamiltonian

VZ
H= /d3r¢;(r)(——2 —Mh>¢b(r)
mp
3y i
—i—/d rwf(r)(—sz —,U«f)Wf(")
U, . .
+ % / Lyl e )P, r)

+ Uy / Ery O ), (1)

where (s is the field operator of a boson (fermion) with
mass my(ry and chemical potential pp(s). Uppry) is the cou-
pling constant of a boson-boson (boson-fermion) interaction,
which is assumed to be a contact type. These coupling con-
stants are related to the scattering length apppry as Upy =
(4mapy)/my and Uy = (2w ayyr)/m,, respectively, where m, =
1/(1/mg 4+ 1/my,) is the reduced mass. In this paper, we
measure the interaction strength by using the dimensionless
parameters kjay, and kpayr, where k, = (672N,)!/? is a mo-
mentum scale for the boson density N,. In general, there is
a non-s-wave fermion-fermion interaction such as the dipole-
dipole interaction given by

1
Vir=3 f Ery O U =P ). (2)

Although it is negligible in several Fermi atoms such as °Li
and “°K far away from higher partial-wave Feshbach reso-
nances like a p-wave resonance [41] at low temperature, the
scattering in these higher partial waves would be important at
high enough temperatures [42]. Moreover, the dipole-dipole
interaction would become significant in a '®'Dy - 1Dy mix-
ture with large magnetic dipole moments [24]. In this work,
we consider the case in which these interactions are negligible
for simplicity. We note that the intercomponent interaction
Uy involves a factor 2, in contrast to the intracomponent
interaction Uy, [43]. When my =my, p = puy, and Uy, =
Uy, there is a supersymmetry corresponding to interchange
between bosons and fermions: v, — V¢ and ¥y — .. The
corresponding Noether charges are

0= / d’rq(r), Q' = f d’rq’(r), 3)

which commute with the Hamiltonian, [H, Q] = [H, Q"] = 0.
Here, g(r) = 1//f(r)1/fbT (r) is the local operator that creates the
boson and annihilates the fermion [10]. Unlike the supersym-
metry in relativistic systems, the anticommutation relation
between supercharges is not the Hamiltonian but the total
particle number operator:

(0. 0" = / Ery (Y r) + / Ery, (OYnr). ()

In this sense, the supersymmetry in a nonrelativistic Bose-
Fermi mixture is a different type from that in relativistic
theories. The order parameter of supersymmetry breaking
is the total number density, ({Q,¢'(r)}) = (w;'(r)wb(r)) +
(w}:(r)lpf(r)), which is always broken in a finite-density
system. For a spontaneous breaking of bosonic continuous
symmetry, if the order parameter is expressed as the expec-
tation value of the commutation relation between a charge
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and a charge density, the breaking pattern is called type B
[44-49]. On the other hand, if no such order parameter exists,
the breaking pattern is called type A. The NG modes corre-
sponding to type B typically exhibit a quadratic dispersion.
A typical example of a type B NG mode is the magnon in
a ferromagnet, in which the order parameter is expressed as
the expectation value of the commutation relation between
spins. Replacing the commutator with the anticommuta-
tor, we can identify the supersymmetry breaking pattern as
type B. As in an ordinary symmetry breaking, the supersym-
metry breaking leads to a gapless excitation. If the excitation
can be identified as a single-mode excitation, it is called
the Goldstino. In general, the excitation may be located at a
branch point where a two- or multiparticle continuum starts.
This is especially the case for the noninteracting system,
where there is no Goldstino. The excitation is the particle-hole
one. The interaction plays an important role in the existence
of the Goldstino. In the following analysis, we assume the
existence of Goldstino excitation, and we numerically check it
in the RPA in Sec. III. Since the order parameter is expressed
as the expectation value of the anticommutation relation of
the supercharge and its density, the Goldstino belongs to the
type B mode [44-49], which typically has a quadratic disper-
sion.

In a realistic situation, the supersymmetry is explicitly
broken because all parameters cannot be exactly tuned in ex-
periments. The effect of the explicit breaking can be expressed
as the commutation relation between the Hamiltonian and the
supercharge,

2

s \Y
[H, O] =fd‘r1/f,,‘(r)<x

o + Au) Yr(r)
AU / Eryf OV OwEYE,  ©)
where we define
Ap = ps — iy, ©)

1 1
x= (== —)m = , )
my my my + my

AU = Uy — Uy, (8)

mp — My

These explicit breakings cause a finite gap of the Goldstino,
whose formula is shown in the next subsection.

B. Gell-Mann-Oakes—Renner relation

Pions are the NG bosons associated with the spontaneous
breaking of chiral symmetry in quantum chromodynamics.
The GOR formula relates the pion mass and the current quark
mass that explicitly breaks chiral symmetry [39]. We can gen-
eralize the GOR relation to that of Goldstino in a Bose-Fermi
mixture. For this purpose, we employ the memory function
formalism [40], which is a different formalism from the one
used in the original derivation [39]. The derivation is slightly
technical, so that here we show the only result. For readers
who are interested in the derivation, see Appendix A.

We consider the retarded Goldstino propagator, defined as

TR, 1) = i0(t)(g(r,1), ¢'(0,0))). ©))

After Fourier transformation, we obtain

' p,w)=i f ” dt / dre® =P ({q(r, 1), 7 (0, 0)}).

(10)
The energy gap is obtained from the pole of I'R(p, w)
in the complex @ plane. Since we are interested in the
zero-momentum gap of Goldstino, hereafter we take p = 0.
The memory function formalism systematically decomposes
' (w) into the form

—N

M) = ——
o+ QL+ id(w)

an

where N = (w;(r)wf(r)) + (w;'(r)lpb(r)) is the total number
density. ®(w) and Q = ({[H, O], qT(O, 0)})/N are called the
dynamic and static parts of the memory function. We do not
show the explicit form of ®(w); the important point is that
®(w) is parametrically higher oder compared with € with
respect to the explicit breaking term (see Appendix A for
more details). Therefore, at the leading order of the explicit
breaking term, the energy gap wg is expressed as

weg = ngR = —

{[H, 01, 4'(0,0))). 12)

1
A
We emphasize that this formula works for any supersymmetric
Hamiltonian with a small explicit breaking term and local
interactions because we have not employed the specific form
of the Hamiltonian. The gap is linearly proportional to the
explicit breaking term, whose property can be understood as
type B breaking [44—49]. In contrast, type A breaking predicts
that the gap is proportional to the square root of the explicit
breaking term. We note that although the dynamic part ®(w)
is higher order, it might not be small if there is a singularity in
®(w). As shown later, this is the case when the branch point
is close to wZOR.

For the Hamiltonian, (1), that we employ in the present
paper, using Eq. (5), we obtain

{[H. Q1. ¢"(r, 0)} = 2~ [{V2y] ") n(r) + ¥ L) V21 ()]
2m, f

+ ALY OPb(r) + Y)Y ()]

— AU, () (D) ¥ (r)

+ 29 (P (Y () (). (13)
Therefore, the Goldstino gap in the present model is given by

X
2m,N

WS8R = _Ap —

[V, () + ¥ f )V (r)]

AU o
+ T[W” Y, (DY) Yp(r))

+ 200 VOV Y )]
2AU

=—-Ap+ x(&) + T(V),

where U = (Upy + Upp)/2. Here (€) and (V') are the average
kinetic and interaction energy of one particle per volume:

(14)

() = l<w*<r>_—vzw ")+ ¥ ()=
TN\ o, T AL

2
1//f(r)>, s)

m,
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V)=~ gw"(r)w*(r)w (r)¥(r)
TN\ 2 e TR

+UY; (r)x/rb(r)w}(r)wf(r>>. (16)

Here, we take the limits of x — 0 (m;, — my) and AU — 0
(Upp — Upy) to suppress the higher-order breaking terms be-
ing proportional to x2 and AU? when we define (£) and (V)
in Egs. (15) and (16). These parameters can also be expressed
by the pressure P(T, i, my, my, Uy, Upr) as a function of T,
M, mg, My, Ubb, and Ubf:

1 oP oP
& = —(m— Py 17
& m, <mf8mf +mb8m;,> an
(V)y=-U op + op (18)
N Wy Uy )

We note that this result is correct up to first order in
explicit symmetry breaking, and we did not use any
approximations such as the RPA in its derivation. We
also note that the expectation values of the local opera-
tor (wg (r)w;(f)(r)lpb(r)wb(f)(r)) in zero-range models are
known to be associated with the so-called Tan’s contact
Cbb(bf) [50—53] as

_Ul Gy Chp
V= e}

The universal relations with respect to this quantity are ex-
pected to hold even in the weakly repulsive case [54,55].
Indeed, Cy; is analytically obtained within the mean-field Bo-
goliubov theory at T = 0 in Refs. [54] and [56]. The GOR
relation is therefore rewritten as

AU Cb C
GOR f bb

w =—Au+ EY+2—

X( ) |:( s abf)2 ( JIabb)zi|

N

1 apr app\ [ Cor . Cpp
= —Au+ €+—( ——) =L,
wFxiE) 27N \2m, my a,%f a;,

(20)

Since Tan’s contact can be observed precisely, this rela-
tion is also useful to address the Goldstino properties in
recent experiments. However, a strong repulsive interaction
beyond the present weak-coupling mean-field approximation
generally involves an effective range correction acting as a
momentum cutoff to avoid an ultraviolet divergence in a
three-dimensional system [57,58]. In this case, one has to
extend Eq. (20) to a relation with the effective ranges of the
interactions. It is particularly important to develop the relation
between the GOR relation and the high-momentum tails of the
distribution functions [51], which is left for future work. In
this paper, we restrict ourselves to the weak-coupling regime.
Since we assume a homogeneous case with translational sym-
metry, we can take r — 0 taking V2 in the terms in (£).
We also note that the GOR relation derived in this paper is
valid both below and above the Bose-Einstein condensation
temperature Tggc. To address the BEC phase below Tggc, one
has to take the mean-field term associated with the condensate
into account [59]. In this paper, we consider the normal phase
above Tgc for simplicity.

C. Mean-field approximation

In this paper, we employ the weak-coupling mean-field
approximation to calculate the Goldstino gap by using the
GOR relation, (14). At a weak coupling, the thermal aver-
age with respect to the interaction term in Eq. (14) can be
approximated as

(W W) ()0 (r)) > 2N, 1)
(Y (P (P () ~ NNy, (22)
where the particle number densities Ny are obtained as
d’q
Ny = / S mED, 23)
d*k :
Ny = / mnf(g,{ ), (24)

where nyr)(x) = 1/(exp(x/T) F 1) is the Bose (Fermi) distri-
bution function. Here we have defined £, = ¢*/(2my) — wp +
=} and E,‘(f =k/Q2mg) — s + %7 The Hartree shift 3}/,
is given by ' '

2} = 2UpNpy + UpsNy, (25)
= = UpyNp. (26)
Substituting Egs. (23) and (24) into Eq. (14), one obtains
wg™® = —Ap + x(E)ur + 2N, AU. 27)
Here, we have defined
1 d’k K2
Owr=— | —— b N—. 28
(E)ur N (27.[)3 [nh(é:k) + ny (é:k )] 2m, (28)

In particular, in the mass-balanced case (m;, = my) relevant
for a ¥Sr - Rb mixture, one finds

wg® = —Ap + 2N, AU. (29)

Our result agrees with the result in Ref. [12] obtained in a
tight-binding model. We note that Eq. (29) obtained in the
normal phase is different from the result in Ref. [16], which
considered the BEC phase at zero temperature. We also note
that in the mean-field approximation one can obtain Tan’s
contacts as Cpy = 16w2a; .NyN; and Cp, = 167%a7, N7. One
can reproduce Eq. (27) by substituting them into Eq. (20).

D. Random phase approximation

We compare the results of the GOR relation with the RPA
calculation to see the effects of continuum and higher-order
correction in the explicit breaking term. In Ref. [13], it is
reported that the imbalance of the hopping amplitude in the
lattice model (which corresponds to the mass imbalance in
the present case) generates the continuum mode in addition to
the Goldstino pole, within the RPA. In this work, we address
how the GOR relation works in the presence of such a con-
tinuum. We consider the series of fermion-boson bubble I1
diagrammatically described in Fig. 1. The explicit form of the
Goldstino propagator I'® reads

[(p, ®)

'p, o =,
(P ) l—l—Ubfl'I(p, a))

(30)
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FIG. 1. Feynman diagrams for the Goldstino propagator I" con-
sisting of RPA series of boson-fermion bubble I1. The solid (dashed)
line and the black dot represent the fermion (boson) propagator and
the boson-fermion interaction Uy, respectively.

where
&k np(5) +m(80,)

N(p, w) = — .
P, ) Q)Y w+is+&)_,—&

€29

is a bubble diagram with respect to the fermion-boson ex-
change. Here § is an infinitesimally small value. In the
numerical calculations, § is taken to be 1073¢, in this paper.
Here &, = (6m>N,)*3/(2my) is the energy scale associated
with the boson density N,. We note that the continuum is
generated when the kinematics of 1 to 2 scattering is possible
for multiple w due to multiple k:

o+E_,=E.
For p=0 and x > 0, the branch point is located at
wpp = E({ — &) = —Ap+2AUN, — UpsN. There is a con-
tinuum spectrum for w > wpp. Since wpp can be written as
wpp = W3R — x (E)ur — UpsN, @ = wEOR is always in the
continuum for x > 0. In contrast, when x < 0, the contin-
uum spectrum exists for o < wpp. Thus, © = @O is in the
continuum when UpsN < —x (E)ur.

The Goldstino gap is obtained by the zero point of the
denominator of I'f(0, w), ie., 1+ UpsT1(0, w) = 0. In the
mass-balanced case, one can analytically estimate the Gold-
stino gap from

0 =14 Uy I1(0, ws)

(32)

&k ny (&) + ns(80)
27) wg +i8 + Au —2AUN, + UysN
w6 + Ap — 2AUN,

= , 33
wg +i6 + Ap — 2AUN, + UpysN (33)

=1—Uy

and therefore

wg = — A+ 2N,AU. (34)

We note that the k dependence completely vanishes from
Eq. (32) at p = 0, and therefore the width of the continuum
becomes 0. Equation (34) coincides with the GOR relation
given by Eq. (29) [13-15]. Beyond the RPA, there will be
corrections coming from interactions between quasiparticles.
Since the differences in chemical potentials and interactions
simply induces a shift of the Goldstino pole, the supersym-
metric collective mode can be confirmed experimentally by
checking the interaction and chemical potential dependences
of the gap in a weakly interacting mass-balanced mixture.

On the other hand, in the presence of the mass imbalance
between bosons and fermions, there is a correction to the GOR
relation, which is parametrically higher order in the explicit
breaking term. However, the correction may not be small if

the branch point is close to wSOR. To see this, we parametrize
the denominator of T'R(0, w) as

1+ Uy TI(0, w) = U N [0 — g™ = d(@)], (35
where
- 1 [ &%k :
@) =5 | Gyl E) +m(&)]
— k2 - :
" [w+ Ap — xk*/(2m,) — 2AUN,] C36)

w +i8 — xk?/(2m,) — wgp

®(w) plays a role similar to that of the dynamic part of
the memory function defined in Eq. (A12), although the
definition is different. At @ = wZR, d(wSR) is explicitly
proportional to x:
1 d’k
2 (& b
X ]V (27'[ )3 [nf (gk ) + nh(gk)]

[k2/(2m,) — (E)ur]
wSR — wgp — xk?/(2m,) + 8

Do) =

(37

From this expression, the correction in the X2 order is
evaluated as

2 3

= GOry .. X 1 d’k
cb(wG )— N 3
UyNN/J (2r)

k% \2
X ((Eyur — ) .
(( JHF 2
We can estimate the scale of ®(wSR) as x*(E)3/(UpsN),
where the integral of (()ur — k%/2m,)? is estimated to be
(E)3. Since x (E)ur ~ @SR and wgp ~ UpyN for a small
explicit symmetry-breaking case, we obtain

[ (&) + o (&0)]

(38)

GOR
®G

% GOR GOR
D(wg ") ~ wg -
BP

(39)

Similarly, we can estimate the nth order in x as of or-
der wSOR|wWEOR /wpp|"~!. This expansion breaks down if
|a)gOR /wsp| is not small even though y < 1.

When x > 0, there is a contribution from the imaginary
part of ®(wEOR) to the dispersion relation, which can be
analytically evaluated as

- T d’k
o) =7 [ L gl) + )
K> 2
X <2m - (5)HF>
k2
X S(ngR — wpp — X 2mr>
Uy <2m,Ube>3 (E)ur
= 4x x X UpsN
x [nr(]) + (&), (40)
where k= \/2m,(a)80R — wpp)/X =

V2m(E)ur + 2m,UpsN/x. We see that the factor x 3
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FIG. 2. Ratio between fermionic and bosonic number densities
Ny /N, with different interactions as functions of the temperature T’
in (al) °Li-"Li, (b1) K -*'K, and (c1) '?Yb-""*Yb Bose-Fermi
mixtures with Ay = AU = 0. (a2), (b2), and (c2) show the bosonic
chemical potential w, in systems corresponding to (al), (bl), and
(c1), respectively. In these plots, i, is divided by the energy scale &,
characterizing N, as &, = k} /(2my), where k, = (6712Nb)%. Tgrc is
the BEC temperature.

appears in contrast to the previous order estimate
o~ X2 If the ngR is far from wpp, more precisely, if
(wSOR — wpp) > xT, the imaginary part is exponentially
small by the factor exp[—(wEOR — wpp)/(xT)], so the order
estimate ® ~ x? is still valid.

Since the mass-imbalance effect is generally unavoidable
in actual cold-atom experiments, in the following we focus
on the mass-imbalanced effect on the gap by taking s =
and Ujy = Uy, unless otherwise specified. As realistic can-
didates, we consider °Li-"Li, K -*'K, and 'Yb-'"*Yb
mixtures. Even in these systems, it is generally difficult to
control Uy and Uy, independently. However, in the case of
®Li-"Li and “°K -*'K mixtures, the boson-boson scattering
length ap, = (mpUyp)/(41) can be tuned due to the magnetic
Feshbach resonance [28,29], while the boson-fermion one
apy = (m,Upy)/(4m) is almost independent of the magnetic
field (noting that a;y =2.16 nm [18] and ar =5.13 nm
[20] in Li-"Li and *°K-*'K mixtures, respectively). In
13Yb - "*Yb mixtures, two scattering lengths are precisely
determined as a,; = 7.34 nm and a;, = 5.55 nm [60].

III. NUMERICAL RESULTS
A. Thermodynamic quantities

First, we discuss when the system explicitly breaks the
supersymmetry with respect to only the mass imbalance,
namely, U,y = Uy, and puy = pup, but my, # my. Figure 2 shows

the fermionic number density Ny and the chemical potential
wp = py for three cases with a fixed bosonic number density
N,, at which the two conditions above are realized. The Bose-
Einstein condensation temperature Tggc is identified by the
Hugenholtz-Pines relation [61]

wp — 2UppNp(T = Tgec)
— UpyNy(T = Tggc) = 0. 4D

My — Xp =

We see that Ny is smaller than N at low T. The qualita-
tive temperature dependence of these quantities is unchanged
among °Li-"Li, K - K, and *Yb - '*YDb mixtures. While
the chemical potential can be precisely obtained through the
density profile measurement in recent cold atomic experi-
ments [62—64], it is not in every case. These results on number
densities would be helpful for one trying to realize a nearly
supersymmetric mixture.

This behavior can be understood as follows: In the nonin-
teracting case, u, = 0 at Tggc and up is negative above Tpgc.
In the presence of interactions, the chemical potential is effec-
tively shifted to fi rp) = rp) — (b) due to the Hartree shift.
As iy, is fixed from N, and T, which is negative, u, becomes
larger as the interaction strength increases and eventually
becomes positive. On the other hand, p, is positive in the
low-temperature regime even in the absence of repulsions due
to the Fermi-Dirac statistics. Therefore, in the weak-coupling
case, Ly = (p would take a positive and small value. As N is
an increasing function of fi s, which is proportional to .z, Ny
needs to be much smaller than N, in order to realize py = p.
This situation is similar to that of so-called Bose polarons
[65—71], where impurity atoms (which correspond to fermions
in the present case) are immersed in a bosonic medium. If
we increase the interaction, Ny becomes larger and finally
exceeds N,.

We note that at stronger coupling, the system may be un-
stable against phase separation [72]. At T = 0, the mixture

is expected to become unstable when kpap, < 7 mb"fr’;n ; (Mo N )3

at Uy, = Upy in Ref. [72]. Since the parameter regimes we
con51der in this paper are 0.3 < Ny/N;, < 1.2 (see Fig. 2) and

7 174
5 < oy +mb < 34 this stability condition can be estimated
as kpap, < 1.6. Furthermore, as usual, such an instability is

weakened at finite temperature due to thermal fluctuations.
Therefore, although we do not explicitly address this condi-
tion, we assume that the homogeneous phase is realized.

B. Spectral properties of the Goldstino

Using the thermodynamic quantities shown in Fig. 2 and
the GOR relation given by Eq. (27) and the RPA equation,
(30), we calculate the Goldstino gap above Tggc as shown in
Fig. 3. In the RPA calculation, we have defined wR™ as the
energy where the Goldstino spectral weight Ag(p = 0, ) has
a maximum, where

Ag(p, 0) = ImI'R (p, w), (42)

so that it can be defined in the case where the pole has a finite
imaginary part. In the case of “°K-*'K and '*Yb-!"Yb
mixtures at kpap, = 0.2, one can find that the GOR pre-
dictions show good agreement with the RPA calculation.
In fact, one can check that the values of the expansion
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FIG. 3. The Goldstino gap w¢ calculated by the GOR (solid
lines) and RPA (dashed lines) with AU = Au = 0. For °Li-’Li
mixtures, we plot wg at different interaction strengths, kpay, = 0.2,
0.4, and 0.8. We also show wg in K - *'K and '*Yb - 7*Yb mixtures
at kyay, = 0.2.

parameter estimated in Eq. (39) are small: [0SR /wpp| =
9.6 x 1072 and |a)gOR/a)Bp| =2.2x 1072 in “K-4K and
173Yb - 74Yb mixtures, respectively, at T = Tggc. Also, we
see that wSOR /e, is quite small. This behavior can be quali-
tatively understood in the following way: The second term in
Eq. (27) gives the term which is proportional to x (£)ur/€p,
in @SR /¢;,. Assuming that the factor (€)ur/¢) is not far from
unity, one can make an order estimate of @3°R /¢, by checking
x. Indeed, the values x = 1.2 x 1072 and x = 2.9 x 1073
in K -*'K and '*Yb-!"*Yb mixtures explain the order of
magnitude for SR /g,,.

Although we do not show the numerical results explicitly
at stronger supersymmetric couplings, this agreement is un-
changed in these mixtures. In this regard, we conclude that
the mass-imbalance effect in these systems is negligibly small
in this temperature region. To confirm the existence of the
Goldstino, exploring the interaction and density dependences
of the Goldstino gap given by Eq. (29) is suitable. We note
that thermodynamic quantities such as the chemical potential
were observed precisely within a relative error of less than 4%
in a recent cold-atom experiment [62—64].

On the other hand, the mass-imbalance effect on the Gold-
stino gap in ®Li- "Li mixtures with x = 1/13 is not so small
compared to the other two systems. In fact, the values of
the expansion parameter, |wSOR /wpp| = 0.621, 0.308, and
0.151, for kpay, = 0.2, 0.4, and 0.8 at T = Tggc are not small
compared with those in “*K - #'K and '?Yb - '"*Yb mixtures.
We note that the difference between the GOR and the RPA
is accidentally small at kpap, = 0.2. This is just a coinci-
dence caused by the singular behavior of the branch point.
Figure 4 shows the RPA spectral weight Ag (p, @) of the Gold-
stino at T = Tggc, kpap, = 0.2, and finite momentum. While
Ag(p, w) in K -*K and '3Yb-'"#Yb mixtures exhibits
a sharp peak associated with the supersymmetric collective
mode around o = 0, this peak in a °Li - "Li mixture is greatly
broadened due to the branch point at weak coupling. We note
that the Goldstino spectrum merges with the continuum at

-0.5

0.25°

—0.25(
C
-0.50

0.1 2 0.3

0.
plk,

FIG. 4. Calculated Goldstino spectral weight Ag(p, w)ep/Ny
within the RPA in (a) °Li-"Li, (b) K -*'K, and (¢) '*Yb-'*Yb
Bose-Fermi mixtures at 7 = Tggc. Parameters are set at k,a,, = 0.2
and AU = Ap =0.

finite momenta even in *°K -*'K and '*Yb - "*Yb mixtures.
Figure 5(a) shows Ag(p =0, w) at zero momentum in a
®Li-"Li mixture at T = 1.16Tggc. With increasing supersym-
metric interaction kyay, (= 2m_rrf,.abf since we take Uy, = Upy),
one can see the crossover from the regime where the singular-
ity associated with wgp is dominant to the coexistence of the
sharp Goldstino pole and continuum plateau. It is possible to
check the sharp Goldstino peak also at finite momentum, from
the spectral function at kpap, = 0.8 plotted in Fig. 5(b). While
in the noninteracting case (kpaz, = 0) a kink structure can be
found around w = 0, it originates mainly from the tip of the
continuum, as one can see in Appendix B. We note that the
contribution at @ < 0 in the noninteracting case is an artifact
associated with the small imaginary part i§ = 10 3g,i. We
also note that some of the analysis above in a tight-binding
model was done in Ref. [13], but this is the first time that
we got results for gases of realistic Bose-Fermi mixtures.
Figure 6(a) shows a comparison of the Goldstino gap from the
GOR relation vs the RPA calculation (corresponding to Fig. 5)
in a °Li-"Li mixture at T = 1.16Tggc. If we increase kpap,
(and simultaneously kyaps such that Uyr = Uyp), one finds
that the two results approach each other around kpap, = 0.6.
In this regime, as shown in Fig. 5, a sharp Goldstino peak
appears since the branch point is separated from the pole. We
also plot ®(wS°R)/wSOR given by Eq. (37) in Fig. 6(b). Since
@(ngR) represents the higher-order corrections included in
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FIG. 5. (a) Goldstino spectral weight Ag(p = 0, w) at zero mo-
mentum in a °Li-’Li mixture at T = 1.16Tsec and A = AU =0
with kyap, = 0, 0.2, 0.4, 0.6, and 0.8. (b) Contour plot of Ag(p, w) at
kbabb =0.8.

the RPA, the GOR relation is expected to be valid in the region
where ®(wSR)/wEOR is small. In this sense, one can obtain
the strong intensity of the Goldstino pole even in °Li-"Li
mixtures in the presence of relatively strong interactions. Such
a condition in this case can be expressed as x (£) <« UpsN.
From Fig. 6(b), one can confirm that the coincidence of wZOR
and wRPA at kpap, ~ 0.2 in Figs. 3 and 6(a) is accidental due
to Re®(wEOR) = 0. We note that the Lee-Huang-Yang correc-
tions may become important in the relatively strong repulsive
regime [73]. Indeed, this leading quantum correction on 15/
is known to be proportional to (kbabb)% in a single-component
Bose gas at T = 0. A self-consistent framework beyond the
present mean-field approximation would be required to obtain
the Goldstino gap quantitatively at kpap, = 1.

Furthermore, in Fig. 7 we plot Ag(0, w) in a '*Yb-174Yb
mixture with realistic interactions given by apr/am =
7.34/5.55 [60], at T = Tpgc and py = pp. A sharp peak in
the Goldstino pole emerges at a positive energy, whereas
there is a small peak in the continuum in the negative-energy
region. The continuum is quite small compared to the case of
the ®Li-"Li mixture shown in Fig. 5. We have checked that
the GOR relation shows excellent agreement with the pole
position in this case. If we increase N, [namely, the coupling
parameter kpap, = (6712Nb)éabb with fixed ay,], the Goldstino
pole becomes distinct since the continuum goes to the lower-

0.15 ‘ ‘ ‘

0.1

b
S

0.05f 4 §

i CLi-"Li, T=1.16Tsxc
9 t t t t (b)

1 L
i / ./'
A GOR
A f\;/ ICDN(ngR)I/ngR—,
o Re®(w8OR)/wg ™ - - -
|J' Im®D(wGOR)/ IR — .
'20 025 05 075 1 1.25
kyag,

FIG. 6. (a) Comparison of the Goldstino gap wg between the
GOR and the RPA and (b) ®(wEOR)/wER given by Eq. (37) in a
Li-7Li mixture at T = 1.16Tggc and Au = AU = 0.

energy region. This result indicates that observation of the
Goldstino gap in '>Yb - 7*Yb mixtures is quite promising.

10 ‘

-
o
N

AG(O,CO)Sb/Nb

02 0 02 04
W/,

FIG. 7. Calculated Goldstino spectral weight Ag(p = 0, w)&, /N,
within the RPA in a '>Yb- "*Yb Bose-Fermi mixture at 7 = Tgpc
and Ap = 0. Interaction parameters are chosen to reproduce the
experimental ratio ayy/ay, = 7.34/5.55 [60]. The sharp peaks at
positive energy are the Goldstino poles.
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FIG. 8. Self-energy diagram for supersymmetric fluctuations as-
sociated with the RPA Goldstino propagator I". Solid (dashed) lines
represent fermion (boson) propagators Gzl(f) with the Hartree shift
ZJH(,)). Black dots show the boson-fermion coupling Uy;.

IV. FERMIONIC SINGLE-PARTICLE SPECTRUM

In this section, in addition to the Tan’s contacts shown
in Sec. II, we discuss how to detect the Goldstino gap in
cold-atom experiments. One promising way is via the single-
particle excitation spectrum of a fermion as discussed in the
BEC phase [15]. In the normal phase, we consider the self-
energy X;(p,iwg) diagrammatically drawn in Fig. 8, where
we = (20 4+ 1) T is the Matsubara frequency of fermions.
The explicit form of X /(p, iwy) is given by

= d’k
Xr(p, iwe) = _szfT Z / mr(k, iwy,)

n=—0o0

x Gl(p —k, iw — iw,), (43)

where GE(p, i) = 1/(idoy —S;’) is the Hartree Green’s
function of a boson. Here, @, = 2kxT is the Matsubara
frequency for bosons. We obtain the single-particle Green’s
function Gy (p, iw,) as

1
iwy — 51{ — Xp(p, iwy)

Gy(p, i) = (44)

The fermionic single-particle spectral function is obtained as
Ap(p, w) = —LImG,(p, iwy — o + i8).

Figure 9 shows the calculated Af(p — 0,w) in a
1B3Yb -174Yb mixture at T = Tgrc with realistic interactions,
that is, kpap, = 0.3 and ayr/ap, = 7.34/5.55 [60]. One finds
that As(p — 0, ) contains a double-peak structure due to
the self-energy correction. In the absence of such a correc-
tion, only a single fermionic pole is located at w = 5;_)0 =
—(tts — UpsNyp). In the numerical calculation, we take a finite
momentum cutoff, A = 2k;, in Eq. (43). We note that the
double-peak structure in As(p — 0, w) is left qualitatively
unchanged by the value of A (see also Appendix C). We
examine the qualitative structure of As(p, @) by focusing on
the Goldstino pole and using an approximate form of I as

z
Tk, iw,) ~ —=5
iw, — Eg

(45)
where Ej, = k? /(2mg) + wg is the Goldstino dispersion. Zg
and mg are the wave-function renormalization and the ef-
fective mass of the Goldstino, respectively. Their analytical
expressions are obtained in the supersymmetric case at T =
0 [15]. By using this expression, we can analytically per-
form the summation of the fermion Matsubara frequency in

2 T T
| -UyNy)
/@1.5— : wgPA g
3 |
T
s,
005

w/ey,

FIG. 9. Fermionic single-particle spectral function Af(p —
0, w) at the zero-momentum limit in a '>Yb-'"*Yb mixture at
T = TBEC with k;,a,,,, =0.3 and a;,,»/a;,;, = 734/555 [60] In the
numerical calculation, we take the momentum cutoff A = 2k;. Dot-
ted and dashed vertical lines represent the fermionic pole position
S;Lo = —(uty — UysN,) within the mean-field theory and the Gold-

stino gap " obtained from the RPA analysis.

Ef(p, la)g) as

k1 —np(Epi) + (&)

2r(p,iwg) = thfZG an )

, . (46)
iwg — Ep_g — é,f
Furthermore, near T = Tggc it was suggested that one can use
the so-called static approximation where nb(é,f ) has a dom-
inant contribution at &',f = 0 [74]. For qualitative illustrative
purposes, we use this approximation and obtain
Uy Z6Np

Xp(p, iwe) 2 —

e 47
iwg — Ep “47)

Finally, the fermionic spectral function As(p — 0, w) at the
zero-momentum limit reads

Ap(p—> 0,0) =a;8(w —E;) +a_8(w—E_), (48)
where
wG — iy + UprNy
E, =
2
- — UpsNp\ 2
i\/(&)G"'Mfz bf h) _I_Ul%fZGNb (49)
and
— UyrN,
v = we + Uy bf Vb (50)

17
: \/ (wg + 1y — UpeN,)? + 4Ub2fZGNb

This double-peak structure is due to the level repulsion be-
tween the one-particle fermion excitation and the Goldstino
pole in A(p — 0, w). This level repulsion enlarges the sep-
aration between the fermionic pole —(uy — UprNp) and the
Goldstino pole wRPA. One can estimate wg from E+ and a..
Indeed, in cold-atom experiments, radio-frequency spectro-
scopies are employed to observe single-particle excitations

013035-9



TAJIMA, HIDAKA, AND SATOW

PHYSICAL REVIEW RESEARCH 3, 013035 (2021)

[75]. If the interaction and chemical potential dependences of
the low-momentum excitation spectra are observed, one can
estimate wg from them.

We note that, while we have employed the RPA diagram
associated with the fermion-boson bubble resummation given
in Fig. 8, fermion-boson ladder diagrams with a many-body
T matrix may also appear at the same order [76]. Indeed, the
latter diagrams play a crucial role in Bose polarons with at-
tractive interspecies interactions [67] and show an ultraviolet
divergence (see Appendix C). This beyond-mean-field correc-
tion would be important to predict more quantitative features
of fermionic single-particle excitations in the presence of the
Goldstino. However, since we consider the repulsive interac-
tions, the ladder diagram in our model does not involve a sharp
pole, which is associated with two-body bound molecules in
the strongly attractive case, as shown in Refs. [57] and [58] for
repulsively interacting two-component Fermi gases. Thus, we
expect that our results would correctly capture the qualitative
structure of Ay (p — 0, w).

V. SUMMARY

To summarize, we have theoretically investigated the
gapped Goldstino mode in an ultracold atomic Bose-Fermi
mixture with explicitly broken supersymmetry. We have
shown the gap formula for the Goldstino (GOR relation) by
using the memory function formalism. Using this relation, we
calculate the Goldstino gap at the first order of the explicit
symmetry breaking and compare it with the numerical re-
sults obtained within the RPA. We have confirmed that in the
absence of a mass imbalance between fermions and bosons,
the Goldstino gap obtained by the GOR relation coincides
with that in the RPA. We have also discussed the relationship
between the derived GOR relation and the Tan’s contact. At
the current stage, a !> Yb - '74Yb mixture is the strongest can-
didate for detecting the Goldstino. Indeed, using experimental
values of scattering lengths and mass ratio, we show that the
Goldstino pole has a strong intensity in this mixture. While the
mass-imbalance effect in °K - 'K and !> Yb - 174 Yb mixtures
is negligibly small even in the weak-coupling regime, that in
a ®Li-"Li mixture induces broadening of the Goldstino pole
due to the singularity around the branch point in fermion-
boson bubbles through the infinite sum of bubbles in the
RPA. However, if we increase the interactions, the Goldstino
pole becomes sharp even in this case since the branch point
is well separated from the Goldstino pole. Finally, we have
discussed the possibility of observing the Goldstino gap from
the single-particle excitation of a Fermi atom. We show the
qualitative structure of the spectral function near T = Tggc
and predict the modification of the dispersion due to the cou-
pling between the free branch and the Goldstino pole at low
momenta.

To further address realistic experimental situations, it is an
important problem to investigate the radio-frequency spectra
and the momentum-resolved photoemission spectra of the
Fermi atom in the present mixtures. In this case, we have
to consider the inhomogeneity due to the trap potential. In
addition, exploring other approaches to seeing the Goldstino
gap, such as nonequilibrium dynamics [77,78], is also an
interesting future direction.
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APPENDIX A: MEMORY FUNCTION FORMALISM

In this Appendix, we show the detailed derivation of
Eqg. (11) based on the memory function formalism [40]. This
formalism is useful to describe the Langevin dynamics of slow
variables such as the hydrodynamic degrees of freedom. We
would like to obtain the equation of I'?(w) with the form

(w+ Q+i®(w)(w) = —N, (A1)
where €2 and N are constants, and ®(w) is a function of w.
In the language of the memory function formalism, K(w) =
i2 — ®(w) is called the memory function; i€2 and ®(w) are
the static and dynamical parts of the memory function. The
corresponding generalized Langevin equation reads

(0, —i2)0() + / dr'd@ —t)0(') = R(@), (A2)
0

where we have introduced the noise R(r) that satisfies
(Q@)R(t")) = 0. We do not give the explicit relation between
Eq. (Al) and Eq. (A2), which can be shown by using the
projection operator method [79,80]. Equation (A1) has a sim-
ilar form to the Schwinger-Dyson equation in quantum field
theory. Roughly speaking, 2 + i®(w) corresponds to the self-
energy, and 2 and ® give the gap and dissipation, respectively.
The purpose here is to express 2, N, and ®(w) by correla-
tion functions. For this purpose, we introduce the Liouville
operator £ as Lg = [H, ¢] such that we can express ¢(r, t)
as q(r,t) = e“'¢q(r, 0). This enables us to rewrite Eq. (10)
atp=0as

() = i({r()Q, 4" (0, 0)}), (A3)

where r(w) = —i/(w + L£). Using the identity —iwr(w) =
1 + iLr(w), we obtain

—iwlR(0, w) = iN + i({r(@)iL0, ¢' (0, 0)}), (A4)

where

N = (W) + (W) ) (AS)
is the total number density. We now introduce the memory
function K (z) such that

K(@)'*0, w) = i({r(@)iLQ, ¢"(0,0)}). (A6)
By construction, this satisfies (0 — iK(w))['*(w) = —N. We
would further like to decompose K (w) into the static part i<2,
which is responsible for the gap, and the dynamic one ®(w),
which is responsible for the dissipation. Multiplying Eq. (A6)
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by —iw and using Eq. (A4) and —iwr(w) =1+ ilr(w),
we obtain

K(@)[iN + i({r(@)iLQ, ¢"(0, 0)})]
= i({iL0O, ¢"(0,0)}) + i({r(@)(iL)*Q, ¢"(0,0)}). (AT)
From Eq. (A6), the left-hand side of Eq. (A7) can be

written as

INK(w) + i {r)ilQ, ' (0, 0)})%. (A8)

i
'R0, w)
Substituting Eq. (A8) into Eq. (A7), we obtain K(w) =
iQ — ®(w) with

1
iQ = (L0, q'(0,0)}), (A9)
1
P(w) = —N<{r(w)(i£)2Q, q'(0,0)})
1 i . i 2
+ Nm({r(w)zﬁg, q'0,0)%  (A10)

Noting the relation

i

({iLA, BY) = —gtre "{[H, A], B}
_ =l pu A
= o {A,[H,Bl} = —({A, iLB)}),
(A11)
we can express the dynamic part as
1
®() = 5 ({r(@)iLQ, iLq"(0,0)})
1
+ 5 (r(@icQ, q'(0,0)})
i .
x m({r(w)Q, iLq"(0,0)}). (A12)

In summary, the retarded Green function satisfies Eq. (Al),
which corresponds to the generalized Langevin equation,
(A2). The coefficients and function are given by Egs. (AS),
(A9), and (A12).

Let us check the order of Q2 and ®(w) with respect to the
explicit breaking term. Since both static and dynamic parts are
proportional to iLQ = i[H, Q], K(w) vanishes if the super-
symmetry is exact. Therefore, ® = 0 becomes the pole. When
the supersymmetry is explicitly broken by a small parameter,
[H, O] ~ €, the static part is i2 ~ €, while the dynamic part
is ®(w) ~ €% as shown in Eq. (A12). Therefore, at leading
order in €, we can neglect ®(w). We note that we also as-
signed [H, ¢'(x, t)] ~ €. Precisely speaking, there is the other
contribution of order 1, the divergence of the supersymmetric
current V - j in [H, g'(x, t)]. This vanishes in the correlation
function at p = 0. Atleading order in €, we find the pole, (12).

APPENDIX B: ANALYTICAL RESULTS IN A
NONINTERACTING MIXTURE

To check that the numerical procedure to include the in-
finitesimal imaginary part i$ in the analytic continuation does
not cause a serious numerical artifact, we investigate the Gold-
stino spectral function in the free limit. In the noninteracting
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FIG. 10. Comparison of Ago(0,®w) in a noninteracting
®Li-"Li mixture at T = 1.387pgc with 1, = uy obtained from
Eq. (B2) (dashed curve) and the numerical result with § = 1073,
(solid curve).

case, the spectral weight A o(p = 0, w) reads

k(&) +ng ()
QrY o+ Ap+ i — xk2/2

_ / ~ k;i" [no(&0) + s ()]

2
X 8(w+Au—X%> 6 — 0). B1)

AG_()(O, a)) = —Im

By performing momentum integration, we can obtain the an-
alytical expression of Ag(0, w) as

1
Ago(0, ) = FG’((J))\/6
X 2

1 1
X - +
et

(B2)

at Au = 0. If we take x — 0,A6.0(0, w) diverges atonly v =
0, which indicates that the continuum has vanishing width at
Zero momentum.

It can be understood also from the sum rule [14,15],
[ dwAg(p, w)/m = N: At finite w, A, vanishes at x — 0,
due to the exponential factor. Therefore, to satisfy the sum
rule, the existence of divergence at w = 0 is implied.

In Fig. 10 we show a comparison between Eq. (B2) and the
numerical result with § = 10~3 in a noninteracting °Li- "Li
mixture at 7 = 1.38Tggc. From this, we find that the effect
of § is small for the maximum of A¢ (0, w). While the finite
contribution at w < 0 in the numerical calculation originates
from the finite 8, we confirmed that this also does not affect
our main results.
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FIG. 11. Fermionic single-particle spectral function A¢(p — 0,
w) at different momentum cutoffs, A /k, = 1.5, 2, 2.5, and 3. Other
parameters are the same as in Fig. 9.

APPENDIX C: ULTRAVIOLET CUTOFF DEPENDENCE OF
THE FERMIONIC SINGLE-PARTICLE SPECTRAL
FUNCTION

The fermionic self-energy X((p, iw, — w + id) analyti-
cally continued to the real frequency reads

|k|<A d3k [e'9)
Yi(p,w+1id) = szf/ W/ dzAg(k, 2)
1= ns(2) +npE) )

: b
w+id—z— —k

(CI)

Figure 11 shows the calculated As(p — 0, w) with dif-
ferent cutoffs A. One can see that the lower sharp peak
is quantitatively shifted toward the lower-energy side with
increasing A. We emphasize, however, that the double-
peak structure is qualitatively unchanged by the value
of A.

On the other hand, the particle-particle ladder diagram,
which is not considered in this work, is known to exhibit an
ultraviolet divergence. The many-body 7 matrix responsible
for this scattering process is given by

Ubf

Tusk, iw,) = ——————| C2
(ke feon) = 0 L o) ()
where
;
o PISA - Bp 1 —np(E, ) +10(82,14)0)
Lk, iw,) = — 27 ) . f b
(27) lw, — El',+k/2 - S_p+k/2

(C3)

is the lowest-order particle-particle correlation function.
Tus(k, iw,) and mixing of the ladder and bubble diagrams
may appear in the self-energy corrections in addition to
Eq. (43). One can see that Eq. (C3) involves an ultraviolet
divergence. In this case, the relation between Uy and ay; is
replaced by

m, 1 my A

= — . C4
27ra;,f U],f + 7'[2 ( )

Here, the cutoff A, which is proportional to an inverse effec-
tive range [58], should be finite to reproduce the finite ay;.
These ladder and finite-range corrections remain as future
work for more quantitative descriptions of A¢(p, w).
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