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In this article, we propose a simple but general scaling relation between interactions in a gapped bulk
topological matter and gapless interacting surface states. We explicitly illustrate such a generic bulk-boundary
relation (BBR) for a few specific interactions in a topological quantum matter, where we can perform dimensional
reduction of a microscopic bulk theory to project out interacting surfaces. We have examined renormalization
effects of the gapped bulk fermions on the interacting topological surface fermions. As simple applications, we
utilize effective interacting quantum fields implied by BBR to explore feasibility of routes to various fascinating
emergent phenomena on surfaces including emergent Majorana fermions induced by spontaneous symmetry
breaking. We obtain sufficient conditions for these interacting surface phenomena to take place. We have also
found that for given bulk electron-phonon interactions and when € > m, the phonon-mediated interactions on
the surface are strongest if the bulk Debye frequency €2, matches m, the mass gap of the topological matter.
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I. INTRODUCTION

A hallmark manifestation of topology in quantum matter
is the existence of robust or protected boundary states in
many topological quantum matter. One very well known one
is conformal chiral Luttinger liquids along edges of incom-
pressible fractional quantum Hall states (FQHs) [1-3]. It is
generally believed that in topologically ordered states such
as FQHs, there is a general bulk-boundary correspondence
between bulk states and conformal field theory boundaries,
and a boundary offers a unique holographic representation of
complicated interacting bulks.

In relatively more recent studies of topological states
[4-12] that are usually defined in a noninteracting limit, re-
lations between gapped bulks and boundaries become trickier
because of additional axes in the parameter space that can be
further assigned to interactions. A gapped bulk with gapless
surfaces implies that although interactions can be weak from
a bulk perspective and do not deform the bulk matter in topo-
logically nontrivial ways, it is possible that they substantially
reshape noninteracting surfaces. So gapless surfaces that usu-
ally require various symmetry protections are in general much
less robust to interactions because of symmetry-breaking
phenomena.

For topological insulators that have been quite extensively
studied over the last decade or so, if the symmetry breaking
is explicit, say either due to magnetic coating or coating of a
superconducting film that breaks the U(1) symmetry, surfaces
can be gapped and belong to a different class of boundary
states [13—15]. In fact, gapless surfaces can be thought to
be quantum critical near zero magnetic or zero tunneling of
U(1) symmetry breaking fields, and there is a surface quantum
criticality that one can associate with tuning parameters that
break various protecting symmetries.

If all protecting symmetries are fully respected by external
fields, interactions can in principle still lead to spontaneous
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symmetry breaking on surfaces without deforming the gapped
bulk in a nontrivial way. The one-to-one bulk-boundary cor-
respondence, i.e., the holographic principle suggested in
topologically ordered FQHs, therefore does not directly apply
here. For instance, at the simplest level, one can imagine that
a weakly interacting bulk can have either a standard weakly
interacting gapless surface respecting all protecting symme-
tries, or have a strongly interacting surface that spontaneously
breaks one of the protecting symmetries without coated ex-
ternal substrates. In the latter case, topological surfaces are
in a completely different phase so the same bulk can have
at least two very different boundaries further depending on
interactions, especially surface interactions.

It is fascinating that in theory, surfaces can be even topo-
logically ordered and further support fractionalized emergent
new particles if all the protecting symmetries are respected
and if there is no spontaneous symmetry breaking [16-20].
The microscopic origin of such exotic states has not been
fully understood. Numerical simulations of the surface model
suggest that it is unlikely to realize those states with simple
local interactions [21]. Nevertheless, if they occur in topo-
logical surfaces, they must be driven by interactions, possibly
long-range ones.

One very attractive feature of weakly or noninteracting
gapless boundaries, either 1D edges or 2D surfaces, is that
it does not have the standard fermion doubling as in a corre-
sponding bulk 1D or 2D, respectively [22]. If one’s goal is to
utilize very unique boundaries of this type as building blocks
toward the more fascinating and exotic quantum matter with
variable holographic features, then perhaps one key practical
step to take is to further understand how topological surfaces
are interacting. Specifically, as all surfaces are boundaries of
a bulk, one shall anticipate there is a general principle that
connects boundary interactions and bulk ones, hence a bulk-
boundary relation (BBR) of interactions. In this article from
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now on, we will reserve the notion of BBR for this purpose
only and focuses exclusively on the relations between bulk
and surface interactions.

The main object here is to illustrate a simple and practically
very useful BBR that one can apply to construct effective
field theories of interacting surface fermions given the in-
puts of bulk interactions. Specially, we will establish concrete
relations between interaction constants in the effective field
theories of surface fermions and the bulk interactions that are
assumed to be known.

The article is organized as follows. In Sec. II, we will
put forward a hypothesis BBR which relates surface inter-
actions to bulk ones. The hypothesis is based on a simple
phenomenology that all surface interactions shall uniquely
and explicitly depend on bulk interaction constants. When
implemented in topological states, one further notices that
an energy gap of bulk states, m, above which the bulk spec-
trum lies naturally defines an infrared scale (IR) of bulk
dynamics. Therefore at scale m, bulk interactions that are usu-
ally introduced at a much higher ultraviolet scale associated
with the bulk bandwidth W (>> m) follow an infrared renor-
malization flow induced by a set of renormalization group
equations (RGEs).

On the other hand, the mass scale m also defines the spatial
extent of surface states into the bulk interior and can be treated
as a characteristic scale of the momenta perpendicular to the
surface. Therefore, m appears as a natural intermediate energy
scale of gapless surface states around which surface particles
appear and interact. Interacting surface fermions at this scale
m can differ very little from bulk fermions interacting at the
same scale.

We anticipate that the IR flow of RGEs defined in the
bulk can thus be matched with surface interactions defined
at scale A; = m for low-energy gapless surfaces (see Fig. 1).
This general matching condition can be employed to quantify
the principle of BBR and construct interaction constants in
the effective field theories of gapless surface fermions. For a
few concrete interactions, we derive specific relations between
bulk and boundaries. In Sec. III, we further apply a micro-
scopic dimension reduction technique in a few limiting cases
to illustrate the general principle and offer more quantitative
features of the concrete relations. In Sec. IV, we discuss a
specific application of our results to surface spontaneous sym-
metry breaking phenomena that lead to surface topological
superconductivity and emergent Majorana fermions. We fur-
ther apply the same idea to investigate a possibility of making
supersymmetry holographic matter using interacting surfaces.

II. GENERAL PHENOMENOLOGY AND MATCHING
CONDITIONS

As surface states form boundaries of a bulk, it is tempting
and possible to relate effective surface fields to the micro-
scopic bulk interactions in a generic way. Let us consider a
general Hamiltonian

H = Hbulk + Hsurfv
Houk = Houk({Gi}, i =1,...,N;W),
Hsurf = Hsurf({gj}vj =1..., M;Ws)7 (l)

Bulk states

-w

FIG. 1. Schematic of a portion of the energy spectrum of elec-
trons in the bulk (brown lines) and the boundary (green lines) in a
gapped topological insulator. The mass parameter m defines an en-
ergy gap of bulk states. Bulk electrons lie in the range A, € [m, W],
where W is the bulk UV cutoff scale. The boundary states are
gapless and low-energy boundary electrons of our special interests
are approximately within the range of A, € [0, m]. The velocity of
fermions has been set to be unity.

where Hpukurry are the Hamiltonians acting on bulk
(surface) states. {G;},i=1,...,N,and {g;},j=1,..., M,
are two sets of interaction constants specifying bulk and sur-
face interactions, respectively.

As stated before, W is an UV scale for bulk physics which
can be naturally associated with the bandwidth. W; is an UV
scale of surface states which further depend on surface band
microscopic structures as well as types of interactions of in-
terests. And typically, both W and W, are much bigger than
the mass gap m.

The mass gap plays a paramount role in our discussions
of BBR. For the topological states we will focus on, m can
be thought as an IR scale of bulk physics above which all
bulk states lie. On the other hand, the mass gap m € [0, W;]
simultaneously is also a characteristic intermediate energy
scale of gapless surface dynamics because % is set by the
spatial spread of surface states into the bulk interior. So indeed
at this particular scale of m, two-dimensional surface states
appear to be no different from three-dimensional bulk ones
at the same scale. The matching between the IR physics of
the interacting bulk and the physics of interacting gapless
surface states at this special intermediate scale of m is a key
observation that leads to the principle of interaction BBR.

There is an alternative and perhaps simpler view of BBR.
For certain discussions, it is even possible to treat m simply as
an effective UV scale of interacting gapless surface fermions
or Wy ~ m. And we can let the scale transformation generated
by RGEs of surface fermions run from a surface IR scale
of nearly zero energy, with some preassumed interactions,
toward some ultraviolet energies rather than the other way
around. In that case, we can conveniently match the IR ori-
ented flow of the bulk interactions with the UV-oriented flow
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FIG. 2. A cartoon of (a) bulk scale transformation from an UV
scale A, = W to the bulk infrared scale A, = m (red) and (b) surface
scale transformation from an UV scale A; = W, to Ay, = m (red)
to an infrared scale A; << m (blue) of surface fermions in a 3D
momentum space. In (b), the scale transformation is performed only
in the two-dimensional horizontal plane while the vertical momen-
tum remains fixed at a scale similar to m. (a) and (b) suggest a
bulk-boundary matching condition. The effective theories obtained
in (a) and (b) at scale of m (red) appear to be equivalent and so
can be matched to obtain a BBR relation between bulk and surface
interactions. (See the main text for details of BBR.)

of the surface interactions at scale m. The match leads to a
surface theory formulated at the scale m with bare interaction
constants determined by the matching conditions in BBR (see
Figs. 1 and 2).

In more generic situations where W, > m, one can still
apply BBR to construct an effective field theory at an in-
termediate scale m. Once the matching condition has been
employed at scale m, following the UV flow generated by
RGE:s (see further discussion in Sec. IV), one can also easily
further extend the theory to the scale W, which is usually
higher than m, to construct the full surface field theory up to
the UV scale W;. Of course if one wishes, one can also reverse
the flow to scales smaller than m back to infrared when needed
and suitable. In this case, with the effective surface field theory
already fixed at the effective UV scale W, or an intermediate
scale m, one can find out the preassumed near zero energy
theories.

Formally speaking, following the general scheme of renor-
malization and scaling, both bulk and surface fields can be
equivalently redefined at an arbitrary running UV energy scale
A. In the rest of the discussion, for convenience and sim-
plicity, for bulk interactions, A is chosen to be larger than
m, while for surfaces, we restrict our discussion to energy
scales lower than m (although all these conditions can be re-
laxed in general). The effective theories defined at A, 5, where
subscripts b, s are for bulk and surface, respectively, can be

expressed as

s m
Houk = Ai}—bulk({Gi(Ab)» i=1,...,N}, Zi(Ap); < 1),
b

. m
Hant = A Fart (1810 J = Lo ML Zp(A: = > 1),

@)

Here we have defined z as the dynamical critical exponent of
our system which will be set to be z = 1. Fpyi surr are dimen-
sionless and dimensionless coupling constants Gi(Ap), i =
1,...,N, and g;(A,), j=1,..., M, are further introduced
to facilitate discussions below. Their scale dependence on
Ap s can be obtained via the standard renormalization group
analysis and details will be presented later. Z; stands for the
fermion field renormalization which does not play significant
role in our phenomenological discussions and we will mute
from now on.

An important phenomenology here is that bulk interactions
defined at A, = m in Hyyi shall describe, effectively and
precisely, interacting boundary dynamics of Hg,s defined at
Ay = m. One clear piece of evidence for this is that surface
states can merge into bulk spectrum at scale m and there is
no longer a clear separation between bulk and surface states
at that energy scale. Therefore, at least in the case when
N = M and if all bulk interactions adiabatically evolve into
surface counterparts as A, is lowered toward m, one can
anticipate that surface interactions at that UV scale of Ay = m
shall be equivalent to bulk interactions. In this particular case,
we have a rather simple relation at the IR scale A, = m,

g(As=m)=Gi(Ap=m),i,j=1,....N=M. (3)

In more general cases, Eq. (3) shall be replaced by a more
general relation,

gim) =TL({G;m)}, j=1,...,N),i=1,....M, (4

where I1;,i = 1, ..., N, are dimensionless functions that can
be generated by general matching conditions. A schematic
diagram describing this phenomenology is shown in Fig. 3.
Below, we will further illustrate explicitly these functions in a
few cases.

A. Surface Coulomb interactions

Now let us take 3D massive Dirac fermions with Coulomb
interactions as an effective theory for 3D bulk topological
states as the simplest example. Surfaces are then naturally
described by interacting two-component helical fermions,

Houlk = deTK”;[UFUz ®s-p — mox]yp

1
[r —r'|

+ ef / d*rd’r' ) ()Y (r) ¥, (),

Hourt = VF / le‘lﬁfS : Plﬂs

1
Ir —r'|

+é/f”WM®%® iy, (5)

where p is a momentum gradient operator defined either in
a bulk or on the top surface (and we only show one surface
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FIG. 3. The schematic of bulk-boundary relation of interactions.
(a) and (b) illustrate surface fermions interacting with higher-energy
bulk phonons or photons without or with fermion polarization ef-
fects, respectively. A fermion loop in (b) indicates general bulk
renormalization effects that lead to suppression of Coulomb in-
teractions at lower energy scales. (c) illustrates effective surface
interactions in the infrared limit. The bulk-boundary relation prin-
ciple matches (a), (b), and (c) at a mass gap m that effectively defines
a surface bandwidth.

here). ¥ is a creation operator of two-component helical
surface fermions that can be projected out of four component
bulk operators, i.e., ¥ = 774_1,0}: , where P, is a projection
operator. Finally, e;; are surface and bulk charges, respec-
tively; they are identical only at a classical level and can be
drastically different once quantum renormalization effects due
to polarizations are properly taken into account.

Dirac fermions with long-range Coulomb interactions had
been well understood in previous studies of graphene [24-27].
Very similar calculations lead to simple renormalization group
equations for H,, that we list below. We express them in
terms of dimensionless coupling constants for the bulk (b) and
surface (s),

2

e
, = ——,n=b,s. (6)
thn

o

In terms of these dimensionless constants, we have

oo )
?: = cyo, = b, s,
ap(ty = 0) = ap, sty = 0) = a0, @)

where 1, =In A, /A, is a standard dimensionless running
scale defined in terms of A,, n = b, s. Here ¢,, n = b, s, are
constants that do not carry much significance (using Wilson-
Fisher RG analysis [23], we get ¢, = # and ¢, = %).

Note that for o, Ap runs from m up to the ultraviolet scale
Ayo = W while for ag, A, runs below Ay = m because sur-
face states are present below mass gaps. The second line in
Eq. (7) defines the flow initial condition for bulk and sur-
face interactions at their corresponding ultraviolet scales of
A;,() = W, A‘Y() =m.

In this case, there is single interaction constant. We expect
that bulk Coulomb interactions adiabatically evolve into sur-
face ones at matching scale A = m. Therefore,

os(Ay =m) = ap(Ap = m) or

m Apo
aolopy, —) = ——mm——, 8
0( b W) 1+cbaboln% ®)

where we have solved Eq. (7) for bulk interactions to derive
the second line.

The results in Eq. (8) appear to be quite intuitive. It states
that interacting surfaces shall be naturally characterized by the
low-energy effective theory of bulk interactions. In this par-
ticular case, the surface interaction constant is simply equal to
the running coupling constant of the bulk «,(Aj) at matching
scale m. As a consequence, surface interactions (dimension-
less ones) have to be a simple function of two dimensionless
parameters: (1) the bulk interaction constant oy and (2) the
surface “bandwidth” or band gap, m, measured in terms of
bulk bandwidth W. As we will see later, this feature is a
robust one and appears in all the cases we are examining. It
is a simple but remarkable manifestation of the principle of
interaction BBR.

B. Charge and velocity renormalization in bulk and on surface

Although the renormalization equations for bulk and
surface coupling constants o, ; are qualitatively similar, mech-
anisms leading to them are very different. Namely, in the bulk,
both charge and velocity renormalization contribute to the
renormalization of coupling constant «;, while on the surface,
charge renormalization is absent and the renormalization of
the coupling constant « is solely due to the velocity renormal-
ization. The absence of surface charge renormalization effects
is generic of 2D Dirac fermions with Coulomb interactions
and they were studied and pointed out in previous studies of
graphene physics [24-27].

In the bulk, we find the velocity and charge renormaliza-
tions to the one-loop approximation are given by

e’ , 0vF

—— = Cpep€y, B

o = —CppUF; Cpe, Cpp > 0. 9)

Equation (9) leads to Eq. (7) for o, with ¢, = cpe + ¢y Here
Che = # and Cpy = e

One can verify the following solution for the charge and
velocity,

o A = -B

& <Olb(A)) Up (%(A)>

& apo " ro apo ’
Che Chy

where A = ,B=
Che + Chy Che + Chy

and O[b(Ab) = b0

A, B > 0;

_ 10
1+Cb0lb01nAEh (10
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Note that A + B = 1. Taking into account the values of ¢, and
Cpy, We find that A = % and B = %

On surfaces, ¢, = A = 0; hence there is no charge renor-
malization. On the other hand, ¢, = ¢, and B = 1. The
velocity increases logarithmically as low energies are ap-
proached. Similar aspects were discussed in two-dimensional

graphene.

C. Phonon-mediated attractive surface interactions

The next example we will focus on is possible phonon-
mediated attractive surface interactions. For the sake of
simplicity, in this part of discussion, we are going to assume
this is the only way fermions interact and neglect other in-
teractions such as Coulomb ones. In the next subsection, we
will restore other interactions. We will show that again surface
interactions can be simply related to two important aspects of
topological matter (and these are the only two factors relevant
to surface interactions): (1) bulk phonon-interaction constants
Gy (dimensionless) defined at a scale of phonon bandwidth
or Debye frequency 2p; (2) surface state bandwidth m mea-
sured in terms of phonon bandwidth, Qﬂu’ which we assume,
without losing generality, to be less than 1:

Houw = Hy + Hpn + Hi,

Hy = /d%l/fg(v,wcrZ ®S-p— mo)Yp,
Hop = / Prixe) + [Vom),

H; = Gy, / d’rV - gy, ()Ps(r), (11)

Hsurf = VUfr / dzl'l/fjs : Pl/fv

+ g / d*ryr] ()Y (Y] ()Y (r). (12)

Y, and v, are the bulk and the surface Dirac fields, respec-
tively. Here phonon fields are expressed in terms of ¢ and &
which form a pair of canonical dynamical fields, i.e.,

[¢,(r), 7, (r')] = ihd, ,8(r —1'). (13)

The bulk theory when cast at a running UV scale A, can
be characterized by a dimensionless renormalization charge
Gf,,(A,,) = Gf,,AZD”*l)/2 with D, = 3 for bulk; surface inter-
actions on the other hand can be characterized by 2;(A;) =
glAfs_' with dg = 2 for surfaces. Under scale transformation,
they transform according to the following equations;

aGr, Dp—14
= Grp.
a1, 2 v
B - DB+
ot, s I
Gty = 0) = Gppo, 81(t; = 0) = 10, (14)

where again 1, =In(A,/Qp) and f, =In(Ag/m); Ap €
[m, Qp] and A; € [0, m]. It is worth remarking that in this
limit, the one-loop contribution to the RGE of G rpin Eq. (14),
which is of order of G;p, vanishes identically because the

electron-phonon interaction vertex is further proportional to
the momentum transfer. Here and in all other discussions
about the RGE of g;, we always focus on the pairing inter-
action in the particle-particle channel.

As in conventional metals, electron-phonon interactions
mediate an attractive interaction between bulk Dirac fermions.
We can characterize such interactions by a conventional four-
fermion operator in the bulk,

2(Ap) = —G7,(Ap), (15)

where g,(Ap) = gy AL

At A, = Ay = m, we then apply the following matching
condition for g,(A; = m), the phonon-mediated interaction
on the surface:

gi(Ay =m) = g(Ay =m) = =G, (Ap =m).  (16)

This matching condition leads to the following relation be-
tween the surface interactions and the bulk ones,
(o i) =-Ga()"
810\ Gypo, o) = m\q, .
One can obtain Eq. (17) by solving Eq. (14) with its ul-
traviolet boundary condition defined at #, = 0 or A, = Qp.
The structure is anticipated as surface attractive interactions
are mediated by electron-phonon interactions and so gjo is
uniquely set by bulk characterization of phonon fields, Gfpo,
and relative surface bandwidth, m/Qp.

D. A more general case

Now we turn to a semirealistic situation where both
long-range Coulomb interactions and phonon interactions are
present:

Houk = Hy + Hpn + Hi,
Hy = /d3r1ﬁ;(vFUz ®S-p —moy )Py,
Hop = f Prix(e) + [V,

H =Gy, / & - G0 ©s(r)

1
Ir — 1|

+e / Lrd> ey (EY(r) ¥ W),

Hout = v / Pryls - py,

+ 81 / d*ry! ()Y ()Y (0)y,(r)

1
Ir —r|

Ul ()Y ().
(18)

To determine the effective surface field theories in this
case, we again match the renormalization flow of bulk inter-
actions in the IR region near A, = m with the renormalization
flow of surface fermions in its UV region A; =m. As
discussed before, the phonon-mediated interactions can be

+ €2 / d*rd* 'yl (r)y(r)
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(e)

FIG. 4. Diagrams that contribute to the renormalization group
equations in Eq. (20). Solid lines are for fermions, wave lines are for
phonons, and dashed ones for Coulomb interactions. (a) and (b) are
for phonon-electron interactions and (c) and (d) are for Coulomb
interactions; (e) only contributes to the momentum dependence of
fermion-phonon interactions G, and does not directly contribute to
Eq. (20). (The vertex correction and fermion self-energy contribu-
tions are not shown here as they lead to less relevant terms in the
infrared limit and also do not contribute to our analyses.)

conveniently represented by an effective attractive interaction,
8p, defined in Eq. (15). Therefore, BBR suggests a matching
between surface pairing interactions and bulk ones at m, i.e.,
81(As = m) = gp(Ap = m).

More specifically,

a0 = as(Ay = m) = ap(Ap = m),
2o =&1(Ay=m) = =G, (Ay =m). (19)

This can be easily implemented by working out similar
renormalization group equations for bulk interactions G, and
&7 in this case for D, = 3 or a 3D bulk:

3G, Dp—1_ ~
Bab )
o, = CpQy,,

3 Q 3
Grp <z,, —1In WD) = G0 ty = 0) = apo.  (20)

The corresponding Feynman diagrams that result in the above
RGE are shown in Fig. 4. Note that #, is defined as 7, =
In Ap/W and so the boundary conditions for Gy, is set at
t, = In Qp/W # 0. And we have focused on the limit where
Qp K W although one shall find it straightforward to gener-
alize to other limits.

The solutions to Eq. (20) can be obtained and matching
conditions in Eq. (19) lead to

Ao\ Opoy — ) = —— 7
AN 17 1 4 cpapo In %
~ m _G%po m D/,*l
glO(Gf 0 —) = (—) @)
Q) 1+ () In 2]7 N2

When presenting g1 in Eq. (21), we have only kept the
lowest-order contributions in terns of G .

It is worth emphasizing that two different coupling con-
stants enter Eq. (21): (1) oy, the bare coupling constant
defined at A, = W, the bulk UV scale, which results in
the effective surface charges oy, and (2) op(2p) that is
defined as

Ap0

ay(Q2p) = (22)

W 9
1+c;,cxb()an—D

the renormalized coupling defined at Debye frequency Q2p.
And o,(2p) is much less than its bare value «p if
In(W/2p) > 1 and g is of order unity as in solid states. The
latter coupling contributes to attractive interaction strength
Z10 that is further renormalized by Coulomb interactions. But
its contributions can be strongly suppressed when In(W/Q2p)
is much larger than unity, a limit we will focus on in later
discussions of applications. In this special limit, g0 can be
thought to be entirely determined by phonon interactions and
Coulomb interactions play little role.

At last, surface interactions with d; = 2 follow the simple
equations of

081 <, Csfp .
= (dy — l)gl + 3_fpg% + Csg¥s81,
ot Vp
Bozs 2 8517 -
= c,05, — = —c,adp,
Bts sUs ot sUUF

gl(tx = 0) = gl()v a‘v(ts = 0) = 50, T)F(tx = 0) = Vo,
(23)

where surface interactions at a UV scale A; = m, g7, a5 have
already been specified in Eq. (21). We find that ¢;, =0 as a
consequence of absence of charge renormalization. Because
D increases logarithmically in the IR limit, the quadratic term
for the B function of g, is less relevant in the infrared limit.
Howeyver, in the later discussions in Sec. IV, when Coulomb
interactions are screened by an external metal, we can set
¢sfp/UF to be 1 because in that case, there is no logarithmic
growth in velocity v and renormalization effects in UF can
be neglected.

Solutions to Eq. (23) can be adopted as a guiding prin-
ciple for discussions on possibilities of emergent surface
topological superconductivity and surface Majorana particles
induced by attractive interactions or spontaneous symmetry
U(1) breaking. They further provide valuable insight into the
feasibility of making supersymmetric holographic matter via
surface fermions.

But before we apply the principle of BBR to understand
these issues, we will further present a more quantitative im-
plementation of BBR via a method of dimension reduction.
The principle naturally emerges as results integration over the
degree of freedoms perpendicular to surfaces. Readers who
are not interested in this special technology and a microscopic
verification of BBR can skip the next section and go straight
to Sec. IV for the main predictions of BBR.

III. DIMENSIONAL REDUCTION

So far, we have introduced the general pedagogy of the
interaction bulk-boundary relation based on the renormaliza-
tion group methodology. In this section, we further establish
the BBR using the technique of dimensional reduction (DR).
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Using this technique, one can also explicitly take into account
the renormalization effect of bulk electrons on the surface field
theory. In other words, the dimensional reduction technique
will provide microscopic details of the bulk-boundary match-
ing conditions stated at the beginning of the previous section.

In this technique, we let bosonic fields (photons or
phonons) that mediate interactions between bulk or surface
electrons be in the 3-dimensional bulk. Surface fermions have
finite spatial extension along the z axis, which is perpendicular
to the topological insulator (TI) surface. Because the surface
fermions have finite spreads into the interior of the bulk, the
bulk bosons can mediate the interactions in the surface. This
setup captures the essential features of interactions between
boundary fermions and bulk bosonic fields. Later on, we inte-
grate out the degrees of freedom perpendicular to the surface,
thus replacing the 3-dimensional bulk theory with an effective
2-dimensional surface field theory.

In the first part, we discuss the dimensional reduction of the
domain wall fermions mediated by the bulk boson fields at the
tree level. Then, we take into account the polarization effect
of bulk electrons on the respective bulk phonon and Coulomb
fields. Thereafter, the dimensional reduction is then again
performed on the renormalized action of the domain wall
fermions to the lowest order in the bulk interaction strengths.
Finally, we compare the result from dimensional reduction
with that from the RGEs, derived in the previous section using
matching conditions at the bulk-boundary matching scale m.
We find that the results obtained in two different approaches
match, proving that BBR implemented through matching con-
ditions at the mass scale provides an efficient way to take into
account the effect of bulk polarization on surface interactions.

A. Domain wall model

The domain wall model for surface fermions is defined as
follows: consider that the TI surface is at the z = 0 plane. The
spatial profile of bulk mass is then

+m, 0<z< 400,

-m, —oo<z<0O. (24)

m(z) = {
Throughout our calculations, we ignore the edge effects on
the surface physics, which means that the periodic boundary
conditions are applied on the 2D surface. By plugging this
mass function to the massive Dirac equation and solving it,
we obtain the wave function corresponding to domain wall
fermions given by

1
ik, .r
et 0 m _m
Wi (@i + = ﬁ 0 U—e o 1l
F
:l:eld)kl

m -l
Wo(r i+, /—e . (25)
Vr

Here k| = (ky, ky), r1 = (x, ), and the angle ¢, = tan™! Z—‘
W,(r,) is the 4-component spinor wave function confined to
the 2D surface. Also, vy is the bare value of Fermi velocity.
The dispersion relation for the states is given by Ei(k) =
Fvp|k,|. Itis evident that the domain wall fermions are local-

ized near the surface at z = 0, with the bulk mass term m being

the localization parameter. In the limit of m — o0, the domain
wall state evolves itself into an ideal surface state with no tail
end in the bulk. In the opposite limit where m — 0, the bulk
gap closes, and the surface states get hybridized with the bulk.
In other words, there is no more bulk-boundary distinction.
Thus the domain wall model for boundary electrons has the
advantage that one could tune the localization of surface states
as a function of the bulk mass term. Closing the bulk gap
automatically merges the bulk and surface states.

Let us now write down the free field theory of domain wall
fermions and 2D surface fermions. For this purpose, we shall
define a pseudospin space with the 4 x 4 matrices &y, E,, and
E, as the generators. These matrices have the definitions

[
=
|

1
= E(stx - aysy)v Ey = E(sty + aysx)»

2
|

1
= 5 (050 + 00s2), (26)

where o, (0 = x,V,7) and s, (@ = x, y, z) are Pauli matrices
defined in the particle-hole and the spin-1/2 spaces, respec-
tively. It can be shown that the matrices E;, E,, and E,
satisfy the SU(2) algebra given by [E;, &;] = 2i¢; jx Ey. In this
Hilbert space, the respective actions have the form

Siu = [ @rdr ], e.0i0 + ive 0,
+ivp Bydy + ivpd; + m(2) |Yaw (r, 1),
S = fdzrdt wl(e, O, + ivp Exd, + ivr 8,0, ]y (x, 1),

27

where m(z) has the form given in Eq. (24). Hence w;w de-
scribe 4-component gapless domain wall fermions defined in
the 3D bulk while v describes 4-component gapless surface
fermions defined in the 2D surface. Thus the only difference
between them is that the domain wall fermions have a finite
spatial extension to the bulk which allows them to interact
with the bulk Coulomb and the phonon field.

B. Dimensional reduction I

In this subsection, we write down the bare action that
defines the interaction between the domain wall fermions. The
repulsive interaction between domain wall fermions is medi-
ated by the Coulomb potential and the attractive interaction by
phonons, the quanta of lattice vibrations. This 3-dimensional
theory is then mapped into an effective 2D surface theory
by integrating out the degrees of freedom perpendicular to
the surface. Thereafter, we look at the limit of the resulting
surface theory which can lead to superconducting pairing and
study the behavior of the two interactions at the tree level.
Following this, we find out a relation between the dimension-
less bulk and the surface coupling constants, thus verifying
the bulk-boundary matching conditions stated in Eq. (21) at
the tree-level limit.

The dynamics of domain wall fermions subject to the
phonon-mediated interaction and Coulomb repulsion are
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governed by the field theory:
S = def + Se—ph,int + Scou,inl:

Se-phim = —G%, / dErd’ drdt’ ) (v, ) Yan(r,t)
Keopn (0 — 1,8 =Y (0, )Wan (X', 1),  (28)
Seonin = — / drd di g, (v, g (r, 1)

2
€

—y (O (1), (29)
Ir —r'|
where K,_,;,(r,t) is the phonon propagator in the bulk of
the topological insulator. In momentum space, it has the
expression

2.2

Keepn(@, @) = 22 (30)
—pn(q, w) = —————.

e=p w2 — v[% e

Here v, is the phonon velocity. As discussed in the start of
the section, the effective surface action is derived by integrat-
ing out the degrees of freedom perpendicular to the surface.
That is,

00
SZD = / dz [def + Se—ph,int + Scou,int]
—00

2D 2D 2D
= 'Ssurf + Se—ph,int + Scou,int' (31)
The interaction term is now
Sezfph,im = — / d*r d*v' dr dt’ 1#:(1', DY(r, 1)

K2, =1t — Oyl ) 1), (32)
SczoDu,im = _/d2rd2r/ dt i (e, t)y(r, t)

Kom(® =9 (, )y, 1), (33)
where Kezf)ph(r,t) is now the effective phonon propagator

on the 2D surface. Similarly, K22 (r) is the effective surface

Coulomb propagator. In the momentum space, they have the
form given by

Kez?},h(qulv w) =

2
= f°° %( M’ ) ai+a 34)
fp e 2T\ P+ M? Cs_zz_qi_qzz,

“dg. [ M> \° 1
Kb :eZ/ —Z< > , 35
war=a| sHaow) gra &

where M = i—m

In the integpral expression, the contribution from the domain
wall model (qg’fﬁ )? is in fact a regularization term that helps
us get rid of ultraviolet divergences if any. If we take the limit
of M — oo, the domain wall wave function converges into a
strictly surface term. In the case of the Coulomb propagator, it
is evident from Eq. (35) that this integral is not UV divergent
and hence is independent of m. Therefore, we could safely
take the large-M limit and ignore the regularization term.

But the integral involving the bulk phonon propagator
is UV divergent. Hence, we must use the regularization
term to integrate out the g, momentum resulting in a linear
dependence of m. After taking all these into account, the
effective surface propagator for phonon-mediated interaction
and Coulomb interaction at the tree level turns out to be

Kezf)ph(quj_, w) =

2 2142 2
G2 M g VM0
2_22\| % 7 |
4(w? — v2g7) (Mvp+ fu2q2 _wz)
(36)
2D 6}27
Kou(qu) = 2. 37

KD the 2D surface Coulomb propagator, turns out to be
proportional to q% as expected, where ¢, is the in-plane
momentum.

As the main application of phonon-mediated interaction
of Kezf)ph is superconductivity, we restrict ourselves to the
limit where the energy exchanged between the electrons in
the scattering process is less than energies of the most dom-
inating phonons. These exchange processes of phonons also
lead to pairing near a Fermi surface [28]. On taking the limit
® K vpq 1, m, the second term in the brackets in Eq. (36) can
be ignored in comparison to the first term, resulting in a rather
simple form,

2D ~ Giym vyt
K= (g, o) ~ or o U,Z;‘Ii. (38)

Thus the momentum and frequency dependence of the 2D
surface propagator are the same as its 3D bulk counterpart.
It is well known that the phonon-mediated interactions are
mostly dominated by phonons near v,q; ~ 2p, In the low-
energy window where w < m < 2p, we thus arrive at

2
Gfpm

K2 (@, vpq0) ~ ——L2, (39)

ZUF
2D ¢
Kow(ql) = 2. (40)
We find that, in this limit, the effective surface phonon
propagator is short-ranged in space. Upon comparing the sur-
face action in Eqgs. (32) and (33) with the interaction terms
of the surface Hamiltonian H,s written down in Eq. (18), one
finds that the surface coupling constants can be related to their
respective surface propagators as

K22 (@, v,q.0) = g1, qLKom(qL) =¢;. (41)

Using this relation, one can connect the bulk and the sur-
face coupling constants of the respective interactions. When
represented in a dimensionless form using the scaling anal-
ysis, the bare values of the surface and the bulk coupling
constants are found to be related in the following way at the
tree-level limit,

G> 2 52
= — _ fpo (ﬂ) ~2 — eﬁ 42
glO 2 QD ’ eSO 2 k] ( )
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where  g10 = g(A; = m), G}po = Gi-p(Ab = Qp),
EE(AS = m), and 5,270 = é,%(Ab = W) are defined as the bare
values of the dimensionless surface and the bulk coupling
constants. Thus, apart from a trivial factor of 1/2, we are
able to verify the matching conditions between the respective
surface and bulk interaction strengths stated in the previous
section [Eq. (21)] up to the tree-level limit.

Upon dimensional reduction, one also finds that the
low-frequency limit of the phonon-mediated interaction po-
tential between surface fermions is attractive and short-ranged
in space. Thus, if the Coulomb interaction is sufficiently
suppressed in the long-wavelength scale, one can have a
superconducting ground state on the topological insulator sur-
face. In the subsequent subsections, we study the effect of bulk
charge polarization on surface interactions using the diagram-
matic method followed by dimensional reduction (DR).

52
€50 =

C. Bulk renormalization effect

The Coulomb and phonon fields could further interact
with massive Dirac fermions in the bulk, resulting in a series
of electron-hole excitations and quantum renormalization ef-
fects. Here we study the one-loop renormalization effect due
to bulk electrons on the boson fields. Later, we will perform
dimensional reduction of the domain wall fermions mediated
by these dressed boson fields. The theory after dimensional
reduction turns out to be an UV theory of the surface, which
includes the quantum corrections to the bulk-boundary match-
ing conditions written in the previous section at the tree-level
limit [Eq. (42)].

The field theory of bulk electrons of the topological state is
governed by the action

Slgirac = /dSI‘dl‘ %j(r, t)(iat + iUFﬁ : % - ﬂm)%(l’, t)7

(43)

where p and 71 are 4 x 4 matrices and are defined in terms of
the Dirac gamma matrices as p = y°y and n = y°. Here m is
the mass gap of the bulk spectrum and vr is the Fermi velocity
of the electrons. Note that the Dirac field v,(r, t) defined here
is a 4-component spinor and satisfies the anticommutation
relations.

The interaction between the bulk electrons is governed by
the action

Sb = Sh u,int + Sb

int co e—ph,int’
where
Seouint = ~ / d’rd’c di g (v, D), 1)
2
€ Fog /
/ wb (r ’ Z‘)lpb(r ’ t)’ (44’)
[r —r'|
Sh =-G> [ &Prd’ drdrt ¥i(x,0)¥
e—ph,int — fp Al b(rs t)

Keepn (0 — 1,8 = OY (0 )W (0, 1), (45)

Both the electric charge and the Fermi velocity can get
renormalized in a 3-dimensional bulk state. As said before,
in this section, we will present the standard one-loop renor-

(a)

(b)

FIG. 5. Feynman diagrams for (a) bulk charge polarization ef-
fects due to Coulomb interactions and (b) contributions of Coulomb
interactions to renormalization of electron-phonon coupling con-
stant. Dotted and wiggly lines denote respectively Coulomb and
phonon fields. Solid lines stand for bulk electron propagators.

malization. In this approximation, it is sufficient to use just
the bare value of Fermi velocity. This is because the effects
of Fermi self-energy renormalization will show up only in the
higher-order contributions to the bulk charge renormalization.

The charge polarization (see Fig. 5) term to the one-loop
order in the electron bubble has the form [23]

8 m2+ﬁ(1—ﬂ)v%qz}
I(q) = 27_[va/(; dppl ,B)ln|: m2+B(1—B)W?2 )
(46)

Note that v here is the bare value of the Fermi velocity. The
renormalization condition imposed is that the bulk renormal-
ized charge must equal its bare counterpart at the bulk cutoff
scale W, i.e., [1(vzg> = W?) = 0. Since we are more inter-
ested in the case where the energy scale W is much greater in
magnitude than the bulk mass m, the bulk polarization term
takes the simple form

A ! m* + (1 — B)vpqg*
znva/odﬂﬁ(l_ﬁ)m[ B(L— pW? }

I(q) ~
47)

As a result of the polarization, the bulk electric charge gets
renormalized and hence becomes a function of spatial mo-
mentum [see Fig. 5(a)], given by

2
G\ — (48)
1 —Tl(q)

where 612;0 is the bare charge of the bulk electrons at cutoff
scale W.

We have seen in the previous section that the Coulomb
field can renormalize the electron-phonon interaction vertex.
The corresponding one-loop Feynman diagram is shown in
Fig. 5(b). The renormalized bulk electron-phonon coupling
constant has the form

el(q) =

Gf 0
G R 49
7@ = T (49)
I1¢P"(q) has the same loop structure as the charge polarization
but with the UV cutoff set at Debye frequency, 2p, and G0
is the bare value of the coupling constant at the cutoff scale.
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That is,

2 1

€b(QD)/ -

s | 4BBA—B)

| [m2+ﬁ(1—ﬂ)v%qz}

n .
B - P12,

' (q) =

(50)

In both II(q) and H”’h(q), there is a standard logarithmic
dependence on m in the limit of zero momentum q = 0.

D. Dimensional reduction II

Now we shall come back to talk about the domain wall
fermions of the surface. We have learned that the polarization
effect of bulk fermions renormalizes the respective inter-
action strengths. These dressed boson fields could mediate
interactions between domain wall fermions, as shown in the
schematic diagram in Fig. 3. Following the same procedure as
was done in the previous subsection, we perform dimensional
reduction of the renormalized theory, to arrive at the effective
surface theory. The resulting surface field theory has the form

S i = — / d*rd®v dtdt' ¥l , OY(r, 1)

o) dq M? 2
2D — 2 / aq: ( )
cou(ql) b0 27 qzz + M2 qi +C]§

v2 (4 +42)

J

[e%) dq'r M2 2
K (q., o) =G> / —“( )
o ) o 2m \@4+M? ) ? — v2(4 +42

where the zeroth-order terms Ki?;%)(q 1), K30 (q, ) are the
D

same as K*- (1) and K2P0)(q, ) derived in the previous
subsection and their exact expressions were given in Egs. (36)
and (37), respectively.

First-order correction. Here we shall solve for K22 (q )
and K??;I/l)(q 1, w), the lowest-order quantum corrections to
the bare propagators corresponding to the Coulomb and
phonon-mediated interaction, respectively. Even though the
complete solution of the momentum integral is cumbersome,
we limit ourselves to the case where the magnitude of the
in-plane momentum is close to the bulk mass gap and the
phonon frequency set to small, i.e., the static limit. The theory
after performing dimensional reduction will manifest itself as
the UV theory of the surface. Since the mass gap m is the UV
cutoff of the surface theory, it is justified to take the in-plane
momentum to be of the order of bulk mass. The static limit
suggests pairing interactions that we will be interested in. In
other words, the first-order quantum correction to the surface
propagators at the mass scale and the static limit manifest as
the first-order correction to the bare values of their respective
surface coupling constants,

2D(1 2(1
QL @D lvpgom = €.
2D(1 1
KZPONAL, ©)lupg,mmano = 8ig- (56)

K22 =t — 0yl () 1),
Som i = — / d*rd* dt (v, )Y(r, 1)

K2 — oyl y,a', 1), (51)

where k2P (X1, 1) and K2P (r,) differ from the bare surface
propagators defined in Sec. III B in such a way that these are
obtained by performing dimensional reduction on the dressed
bulk propagators, that take into account the bulk renormaliza-

tion effect [defined in Egs. (47) and (50)]:

[ dq 62 1
K = / Tk , 52
w @)= ] o TN qi + 42 2

00 dq M2 2
2D _ z
K@, ) = / o (m)
- 2
G%ﬂo v% (qi + qzz )
[1 — erh(q)]” @* — v3(q2 + 42)

Computing this integral is quite tricky. So, let us look for
expansions that help us get the lowest-order corrections to the
bare result. In this case, we perform a perturbative expansion
of the denominator in powers of the bare bulk coupling con-

(53)

2
e . .
stant ULFU This results in

[14T(q) +...] = K2Pqu) + KRV (@) +...., (54)
) (120" (@) + ... ]=K20) (@) + K220 @) + ..., (55)

(

After integrating out g, one finds the exact analytical form
2(1)

of e’ and g(ll0 as
2 2
2 _ 60 G0 [ln m ]
= =—7—|ln— 4+ 1.2611{, 57
0T D entup LW 7)

(1 Gl e2(2p) [

m
- In = 1.06874]. 58
810 21)]: 37‘[21)]: n + ( )

Qp

Details of the calculation is shown in the Appendix.

E. Comparison with RG results

In this section so far, we have used the technique of di-
mensional reduction to project the renormalized bulk theory
onto the surface. Thereafter, we have derived the lowest-
order quantum correction due to the bulk electron polarization
to the surface field theory. In this subsection, we will look
at the surface coupling constants derived in the previous
section using RG techniques and compare them with the re-
sults from dimensional reduction. At the beginning of Sec. II,
we have stated that the effect of bulk interaction can be taken
into account for the surface theory by demanding that the
bulk and the boundary coupling constants must satisfy the
matching condition at the energy scale at which the bound-
ary connects with the bulk, which in this case is the bulk
mass m. Our objective of introducing the technique of di-
mensional reduction was to provide microscopic details of
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these bulk-boundary matching conditions in the case of a 3D
topological state.

The bulk-boundary matching condition is written down in
Eq. (21). Expanding the relation to the first order in the bulk

Coulomb interaction strength %, we arrive at
=2 m =2 25 m
ES()(e'h(),W) :eb() 1+mlnw+ ,
52
2 m )2 { é.(2p) m
- + In—+4...[.
fro ( QD [ 37T2'UF QD
On the other hand, from Egs. (42), (57), and (58), the
dimensionless surface coupling constants derived via the di-

mensional reduction technique to the lowest order in quantum
corrections are

L~ m
810<Gfp0v Q_D> =-

(59)

~2(0) ~2(1)

2
€50 = €50 +esO +...

1 surf | TIbulk | Qo
] |
1 ]
1 12

(a) ; G0
1 1
' l
" :
1 >/I
m QD w
A
11 surf : TTbulk— cuy

(b)

2

F

w

) )
— @[1 + 6:;1} (1nﬁ+ 1.2611) +]

= o+ + -
__G§p0(1)21
T2 \Qp

+1.06874)+...],

BQ) (| m
37'[21}1: QD
(60)

where the dimensionless form of the bulk coupling constants
at their respective UV cutoff scales has the definitions &,y =
ey and Grpo = Grpo(E2) P72, respectively, with D =3
for bulk. Similarly, for the bare surface coupling constants,
éo=¢eypand g =g 10(,’%)“’?’1 with d; = 2 for the surfaces.

Thus we find that, except for a numerical factor, the
dimensional reduction technique nicely recreates the RG re-
sults obtained by imposing the matching conditions at the
bulk-boundary matching scale m. Thus, we show that the
bulk-boundary correspondence indeed naturally emerges as a
result of integrating over the degrees of freedom perpendicular
to the surfaces.

To conclude, in this section we utilized the technology of
dimensional reduction to show that the bulk-boundary match-
ing conditions at the matching scale are an efficient way to
take into account the bulk renormalization effect on the sur-
face field theory. It should be noted that since the bulk mass m
is the UV cutoff scale for surface fermions, renormalization
effects due to surface fermions come into the picture once
the energy scale is further brought down towards an infrared
regime of the surface theory. The RG flow of the surface cou-
pling constants as a result of surface fermion renormalization
has been written down in Eq. (23) in the previous section.

IV. APPLICATIONS

For a three-dimensional topological bulk, a natural limit
for us to focus on is when W, the bulk bandwidth
that can be associated with the UV scale of Coulomb
interaction, is much higher than either the surface “band-
width” or band gap m or Qp, the Debye frequency

m Qp W
A
T surfl | TI bulk @0
I ~2
1 IGfPO
|
(© !
I |
|
|1
»/1
m QD \VY%

FIG. 6. Schematic of renormalized Coulomb interactions (green
curve) and phonon-mediated interactions (blue one) vs the running
scale A in the renormalization equations. In (a)—(c), we characterize
the surface bandwidth with a mass gap m, bulk phonon bandwidth
Qp, and bulk fermion bandwidth W. (a) The limit of W ~ Qp >
m; (b) the limit of W > Qp, m; (c) the limit of W > Qp ~ m. In
(c), Coulomb interactions further turn into dipole interactions when
A < m because of a screening metal. Here « is the bare Coulomb
coupling constant [see Eq. (7)] and Gf,,o the dimensionless electron-
phonon one [see Eq. (14)].

that sets the bandwidth of phonons. As seen in previ-
ous sections, this can result in substantial suppression of
long-range Coulomb interactions at lower energy windows of
m or p due to strong renormalization effects.

However, even if phonon-mediated interactions dominate
at the scale of Qp due to strong suppression of long-range
Coulomb interactions, long-range Coulomb interactions are
represented by marginal surface operators and can still be-
come dominating again at asymptotic regimes where A, <
m, Qp, as evident from the schematic plot of the RG flow
shown in Fig. 6(a). This hinders the emergence of surface
topological superconductivity and other related interaction
phenomena. The path suggested below involves two key in-
gredients.

(i) A route to avoid this issue of long-range Coulomb
interaction is to further add a metal on top of surfaces to
effectively reduce long-range Coulomb interactions into a
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3D metal substrate

.1 s

:d Tl surface i-q
FIG. 7. An illustrative picture representing the effect of a metal
substrate on top of a topological insulator (TI) surface.

dipole-dipole one (see Fig. 7). A Similar idea was proposed
in a previous study [34]. Surface dipole-dipole interactions
are represented by an irrelevant operator that scales down
much faster than phonon-mediated interactions. So at least
asymptotically, surfaces can then interact mainly via phonon-
mediated interactions. One shall anticipate that there shall
be spontaneous U(1) symmetry breaking leading to surface
topological superconductivity that supports emergent quan-
tum Majorana particles [30,31].

(ii) In the limit we are interested in, the Debye frequency
Qp is larger or much larger than the mass gap m, i.e.,
Qp = m. Once identifying surface interactions at the scale
m via matching conditions in BBR, one can extract the bare
interaction constant g;(A; = Qp) (dimensionful) or g,(2p)
(dimensionless one) via tracking the UV flow of RGEs from
the intermediate scale m to Qp.

If we focus on the weakly interacting limit, the proce-
dure mentioned above is particularly straightforward. The
bare interaction constant is simply related to 2;(m) via
21(Qp) = 21(m)/m®»~'. Then z(Qp), the dimensionless
phonon-mediated interactions at A; = Qp, are linearly pro-
portional to the interactions defined at matching scale Ay = m
that had been obtained via the BBR. This relation also follows
the RGEs in Eq. (65) obtained for surface fermions but in
the limit when & term is muted to neglect weak surface
renormalization effects, i.e., following a tree-level scaling.

Therefore, one finds that

QD d;—1
81(Ay = Q2p) = 81(As = m)(—)
m
m \ Dv—ds
“Gn(g) (61)

where d; = 2 is the dimension of surfaces and D, = 3 is the
bulk dimension.

For the purpose of realizing surface topological super-
conductivity and possible supersymmetry surface holographic
matter, one can further optimize phonon-mediated surface
interactions by choosing a topological bulk so that

m~Qp L W. (62)

By doing so, one can achieve an optimal phonon-mediated
interaction for given bulk fermion-phonon interactions, i.e.,

~ m
BiAs = 20) = 20(Gp 5= 1) = Gl (63)

Compared with the general result in Eq. (21), g is equal
to G%po in this limit, where all other suppression factors
due to ﬂD < 1 are simply reduced to unity, a maximum
value. So in the limit Qp > m and for a given dimension-
less electron-phonon interaction constant G2 ., the surface
attractive interaction reaches a maximum when m ~ Qp. In-
tuitively, one can relate the matching of surface bandwidth
m with Debye frequency €2p to one kind of dynamic reso-
nance. All the three cases mentioned above have been plotted
schematically in Fig. 6. Figure 6(c) shows explicitly how
dynamic resonance and metal screening result in the enhance-
ment of phonon-mediated surface interaction and suppression
of surface Coulomb repulsion, respectively. Below we will
focus on this limit only.

Construction based on points (i) and (ii) leads to the fol-
lowing effective field theories for interacting surfaces:

Hourt = VF / dzrsz PV
+ g1 / d eyl (0, ()Y (0)Y(r)

+p§/d2rd2r/¢ (r)wv(r) — /|3‘(ﬂ () (r').

(64)

Under scale transformation, the dimensionless coupling
constants, §; = g A%~! and p? = ez(A ./m)?, transform ac-
cording to the following one-loop renormalization group
equations (f; = In A /m),

02
=(d; —1)g 27,
3 = )31+ 8
315
=2p;,
ats pf
g1t; = 0) = g, po(t; = 0) = &, (65)

Below we are going to discuss implications of the principle of
BBR by utilizing solutions to Eq. (65).

A. Surface topological superconductivity and Majorana
fermions

If surfaces are dominated by phonon-mediated interac-
tions, topological superconductivity can naturally emerge
in the presence of finite chemical potential i via conven-
tional spontaneous U(1) symmetry breaking. This can happen
even in weakly interacting limits (although practically finite
temperature measurements can put certain low bounds on
interactions). If surfaces are weakly interacting, then Eq. (23)
leads to the following simple solution for Ay < m,

N (A N 5 (A
81(Ay) =8| — ), or ps(Ag)=¢ét — ) . (66)
m m

It is evident that if we choose to work with crystals with m ~
Qp K W, a sufficient condition to realize surface topological
superconductivity via interactions is

Xp0

g10 > oy, Or Gfrpo > (67)

1—‘r—CbOtb()1I'lz7
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where the second inequality in terms of bulk interaction pa-
rameters is obtained by applying Eq. (21).

The effective field theory that describe emergent topolog-
ical superconductivity phenomena and Majorana field hosted
in surfaces can be

Hourt — uN =

v/dzrxf(—ﬂl@eyxs-V—rz®syA—ury®]I>Xs

+em / dryl (1), @ Ix, ()] (r)7, @ Ix,(r).
(68)

Here XST = (X1t> X14> X2t» X2y) are four-component spinful
Majorana fermion fields that form a natural representation
of two-component surface fermions. In Eq. (68), we assume
that the surface is oriented normal to the y direction. t,,
o =x,Y, 2, act on a subspace spanned by subscript indices
1,2 and s,, @ = X, y, Z, act on spin indices 1, |. And y; fields
satisfy the standard algebra of real fermions,

x @) = xI'@), (%), @)} =1 RL8(r —r'), (69)

where two unity matrices are defined for two subspaces in-
troduced above, respectively. In presenting Eq. (68), we have
restricted ourselves to density-density interactions although it
is possible to include other interactions such as spin-density
interactions. Detailed dynamics induced by other interactions
are not quite relevant to our current discussions of surface
topological superconductivity and will be presented in a sep-
arate article in preparation.

Topological surface superconductivity belongs to a class
of symmetry-protected states [29-31] and it is stable with
respect to weak interactions represented by gy,. Finite pairing
amplitude A in Eq. (68) induced by any weak interactions at a
finite chemical potential, u, is driven by the standard Cooper
instability as in metals. On topological surfaces, this not only
breaks U(1) symmetry spontaneously but further results in
emergent relativistic Majorana fields. On the other hand, if A
is taken to be zero, Eq. (68) has an additional U(1) invariance
under a rotation around 7, axis. We identify it as a global U(1)
symmetry of surface complex fermions and the theory restores
U(1) symmetry as anticipated.

B. Supersymmetry surface holographic matter

It is perhaps more interesting to consider the limit of
strongly interacting surfaces. This limit is associated with
a phenomenon of emergent supersymmetry suggested and
studied before in a few different condensed matter systems
including topological surfaces [32-38]. Supersymmetry states
are conformally invariant and can be easily identified with
scale-invariant solutions of effective surface field theories we
are examining. Indeed, Eq. (65) has a strong-coupling fixed
point at [39]

g =-Wd,—D. (70)

We identify it as a quantum critical point (QCP) for
transitions from a weakly interacting gapless topological sur-
face to a gapped topological surface superconductor due
to spontaneously U(1) symmetry breaking at zero chemi-
cal potential or u = 0. The effective surface theories for
such a QCP can be obtained from Eq. (68) by setting
A=u=0,ie.,

Vv
Heurt = /dzrxbrﬂ ®e, xs- TXS

+ gm / d’rlx! (1)t ® s, x:(0)x] (070 @ sy x5(r)

+ xI ()7, ® 5, x5(0)x] ()T ® 5, 15(1)]. (71)

Here we have used a representation for 4-fermion
operators that is most convenient for discussions
on symmetries. In this representation, surfaces are
invariant under a U(l) rotation generated around t,, i.e.,
Ug) = €%/,

As stated in the previous subsection, this is an emergent
U(1) symmetry that can be identified with charge conserva-
tion. One can show explicitly this describes surface complex
fermions near a supersymmetry QCP. Equation (70) implies
that in the vicinity of strong coupling,

Gl = (dy — 1), (72)

one can anticipate surfaces become a conformal field theory
state with supersymmetry.

V. CONCLUSIONS

In conclusion, we have put forward in this article a general
bulk-boundary relation of interactions and have illustrated its
application in a few concrete limits. We have also investigated
this principle in a diagrammatic-based dimensional reduction
approach. This general principle has been employed to under-
stand the conditions for spontaneous symmetry breaking to
occur on topological surfaces. We further discuss a potential
route to supersymmetric matter via strong electron-phonon
interactions and additional metallic screening of long-range
Coulomb interactions. It is possible to apply the principle to
other approaches to topological surface symmetry breaking
phenomena. We plan to explore this direction in the near
future.
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APPENDIX

Here we describe the step-by-step solution to the g,
momentum integral in Egs. (54) and (55) which con-
tributes to the quantum correction to the effective surface
Coulomb and phonon propagators, respectively. Let us
solve for the correction term to the Coulomb propagator
first.
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Ticye

FIG. 8. Keyhole contour, with branch cut at i3.

1. Evaluation of K22M(q )

cou

It was already mentioned in the main text that in the case of the Coulomb propagator, the momentum integral is UV

convergent. Therefore the regularization term (2 ,+M2 )?> can be safely ignored by taking the limit of M — oo (where M = 2an).
This results, in the first-order correction term, to have the form given by
et dq,
RaP@) = 53 - Mgz, g:) (A1)

2n2vp ) 2m gf + 42

4 d 1 2 U2 2 + 2

— e [ L [Cappa ] e O] (A2)
2m2vp 27 q7 + 4% Jo B(1 — BW? w2

The integral has a branch cut at g, = +i #12713) + qi. Likewise, it has poles at g, = Fiq, .Therefore, the contour is chosen

in such a way that the integral runs from —oo to oo through a real line and the branch cut is from i /#ﬁ_ﬁ) + ¢4 to ico. This
F

type of contour is called the keyhole contour, shown in Fig. 8. The integral can be split into

+00
f _ / + f Tl + g (A3)
—00 R

Here I, is the integral through the imaginary axis just along the right side of it, while /s is the integral just along the left
side. The integral over the curve R and & will vanish in the limit R — oo. Therefore, we are left with Lef, + Iiigne and the contour
integral on the left-hand side, where we could use a residue theorem easily to solve them. The left-hand side is given by

d : 1 2 2(,2 2 1 2
7{ x ln[ LA Ui +q1)} L P L (Ad)
27 g7 +q2 LB —pHW? w2 2q. B —pHw?

Now, we focus on the integrals along the branch cut. First, let us call the branch cut pointas § = |/ —=5— ﬁ (1 5t 7 < . Then L and

ILign; are given by

is d 1
g = / 9: L ing. - is) + 2mil, (AS)
o 27 q1 +¢7
ioo dqz 1
Lt = — ———In(g; — i8). (A6)
left /MS B qi T qz2 q:
Adding these two, we get
s
dg. 1 1 ot
Ly Dese = —2mi =——1In—+ , A7
right 1 Lieft 7”‘/;8 " QL+qz 2q. n—5— (AT)

where ;- = \/(v, =
ThlS result defines the bare theory of the surface fermions interacting via Coulomb field. Since the UV cutoff of surface theory

is the bulk mass m, we can set the in-plane momentum vpq, ~ m. In this limit, the constant q% ~ / 3 (11_ 5 + 1. Thus the branch
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cut integral becomes

Iright + Ileft R _T n (A8)

The first-order correction to the surface Coulomb propagator as a result of the bulk electron renormalization attains the
asymptotic form

2D(1) ~ <o m
CIL/CCOU (quL)|qume ~ Tm[ln W + 12611], (A9)
where the number 1.2611 is a result of the following integration,

1
,/m-i-l*l—l

1
1.2611 = 3/ dpp(1 — p)| In ~n g -p)|. (A10)
0

2. Evaluation of Kfl_)i,lh) (qu)

It is to be noted that unlike the Coulomb integral, we must include the regularization term since the integral is UV divergent.
This is evident from the expression for the effective phonon propagator in the 3D bulk given in Eq. (30), whose dimension is
zero. Therefore, the first-order quantum correction to the surface phonon propagator has the form

2 2 2 2(,2 2
(Qp) [da.( M vi(q] +4?)
2P _ % z p Ty , All
o_ph (41) o 2w \Z+ M) -3+ ) (vrq1, Vrq;) (A1)
_ (@) déh( M2 )2 vp(al + &) /‘dﬁ s —ﬁ)ln[ n vi (gl +q§)}
2 27 \ g2 +M? wz—v,z,(qzl+q§) 0 B(1 — B3, Q2

2

"
B(1 — B,

2
() [dg.( M vy(41 +42)
n2vp 2r \ @2 +M?) ? —v2(q} + ¢

1
) /O dpB(l—p)ln

2 2 2 2
L %) dqz( M? ) (gt +42) AL2)

w2vp 2 g2+ M?

[1 N viB(1 - B2 + qi)].

m2

1
/ dBp(l—p)n

2 _ 2(g2 2
= (¢l +42) Jo
In the last step, we have written the log expression as a sum of two terms for reasons that will be clear soon. Both the terms

have poles in the upper half plane at g, = i /v%qi — w?, £iM. While the first term is smooth except for the poles in the complex

plane, the second term has a branch cut at g, = i /#IZ—B) + qi. Solving the first term will give a logarithmic correction to the
F

bare propagator, with the log term being a ratio of the UV cutoff scales for the surface and the bulk, given by m/Q2p. The second
term could be solved only by using a branch cut integral just as in the previous case. Let us call the integral expression to be 7,

po [da( MY wlddta) |1 i - Bia +a)
) 2 4 M2 2 _ 2(2 n 2 :
T \Yg; w vp(ql—i—qz) m

(A13)

Consider the same keyhole contour given in Fig. 8. The integral over the curve R will vanish in the limit R — oo. The
left-hand side is just the sum of the residues of the integrand at ¢, = i /c]2L - ‘1‘)’—22 and ¢, = iM+/1 — € which is given by
P

C_ygdqz( M (1 —€) )2 vj(41 +42) ln[Hv}%ﬁ(l—ﬂ)(ﬁwi)} (Al4)
e \@2 +M>(1—€)) ?—v3(q} +¢2) m?
2
M| 28 = M2 M2 v2B(1 —
= § w? qu o ? .- 2 P 2 + P 2 ]n I:l + Fﬂ(’,nz IB)(qi—Mz)}
won T\ -g) (M- %)
3 o 2 2
M- 2 1 1 1-—
w7 - 1n[1+—v”8( ﬂ)w—]
w2 > = 2 m2 UZ
g A\M-Ja-g) (M -k) '
’ P
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M| 28 7 M M 48(1 - B)
4| @ L2 T @ 2 > o2 + > o 2 B(1-B) , o o (AL5)
g_QL U_IZI_QL M + ql—g M — ql—g 1+FT(C]J_—M)
And the sum of the integrals along the branch cut, Lefy + Lign, is given by
[ dgq M? 2 qz +q2
Dest + Lighe = —27”/ 2—2( 5 2> — L 5 £ 5 (A16)
i 2MNG;HMT) % — (g1 +42)
2 ?
Mm* [ * Lo oM 13—\/%—7;
= — —1In n
‘;L;—quer ‘;L;—quer 2M TS M g fa e s /qi—%f
Mz—qi 1 §+M ) 1
1 _ - . Al7
T oM (2M2n8—M M82—M2>} (A7)

The resulting solution will define the first-order quantum correction to the bare theory of the surface fermions interacting via
lattice phonon field. Since the UV cutoff of surface theory is the bulk mass m, we can set the in-plane momentum vgg, = m.
Also the phonon frequency is set to w =~ 0, the limit which supports superconducting pairing. In this limit, the sum of the residues
of the keyhole contour, whose full expression is given in Eq. (A15), attains the limiting value

M M 38(1—pB)
C~——In[1-38(1- —_—— AlS8
I =360 =Pl = (A18)
Similarly, the sum of the integrals along the two sides of the branch cut become
Iright + et =

1 1 1
M| e tltl  aomtl (A19)

Z In — 1 i .
s t1-1 mapta—l

The solution of the integral denoted by I given in Eq. (A13) is obtained by subtracting the integral along the branch cuts from
the sum of the residues. Thus, we have

I = C — hett — Ligne

M / 1 2
=——2In|2+ [I1+———— | +InBd—-)— i| (A20)
4[ ( ﬂ(l_ﬁ)> 1+%/ﬁ+1

Finally, let us write down the first-order correction to the surface phonon propagator as a result of the bulk electron renormaliza-
tion,

G% om eX(Qp)r. m
2D(1) ~ £p0 »\8éDp
’Ce—ph (o, UFqJ.)'w%O,UF‘ILzm ~ —Wm[ln —D + 1.06874 .. .], (A21)

where the numerical constant 1.06874 is the result of the following integration,

1
1-06874=6/ dﬂﬂ(l—ﬁ)[ln <2+ 1+;> —In\/B(1—-pB)— 1 2 }
0 +1

1 —
pa=p L+3\ 5w
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