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I. INTRODUCTION

Fermi liquids are at once ubiquitous and intellectually rich phases of matter. The char-
acterizing feature of a Fermi liquid is a Fermi surface: a surface in momentum space about
which there are gapless excitations. The presence of a Fermi surface is trivial in the non-
interacting Fermi gas. In interacting systems, however, it instead emerges as a feature of

the low-energy effective model [1].

In this paper the authors ask whether one could realize a bosonic system with gapless
excitations on a surface in momentum space — essentially a bosonic analog of the Fermi liquid.
There are obvious complications right off the bat, namely how such a system would realize
such a surface without degeneracy pressure. Indeed, that this is not a wubiquitous phase
of matter is clearly why it has not received attention earlier. We will put that question
off, however, and seek to answer a more basic question: given a dispersion that realizes
such a manifold, does the low-energy gapless theory survive in the presence of interactions?
Moreover, in the case that it does, what are the properties of such a phase? Specifically, in
what respects does it differ from a Fermi liquid? We’ll then address potential avenues for

realization at the end.

I'll start by giving some version of the punchline, which will really just serve as a roadmap
for the technical details. We will find that the phase is stable in a particular parameter
regime, and therefore it can be realized in principle. The regime in which it is stable is one
in which the low-energy excitations have no overlap with the single-particle operators, i.e. the
system is not analogous to a Fermi liquid when it comes to the existence of quasiparticles.
Nevertheless, the phase is compressible and metallic. There is no analogy to Luttinger’s
theorem [2-4] which relates the volume of the Fermi surface to the total density. This
should be evident from the fact that the Bose surface arises from the UV dispersion, and
is therefore “artificial”. Importantly, however, the relation between the Fermi surface and
the density also implies a relation between the charge and momentum densities in a Fermi
liquid (namely, they’re related by the Fermi velocity). The lack of such a relationship in
the bosonic system leads to a decoupling of the charge and momentum densities, which is

another way of recognizing the absence of quasiparticles.



II. THE FIXED POINT

We’ll now proceed to derive the 2D model. For the majority of this discussion we’ll

consider a Lagrangian that is invariant under the following transformations:
e U(1) charge conservation: ¢(x) — e™"“)(x)
e Translation invariance: ¢ (z) — ¥ (x + p)
e Particle-hole symmetry: ¢ (z) — *(x)

As alluded to in the above, the UV bosons are represented by a complex scalar field, i(z).
The last symmetry is worth commenting on: particle-hole symmetry enforces that the av-
erage density is equal to zero. This seems like a strange choice to make, and indeed later
we’ll be prompted to think about the extension to finite density. For now, however, this is

a useful simplifying assumption. The UV Lagrangian is given by
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Note the absence of a 0, term is due to particle-hole symmetry. It is evident that the kinetic

(—V2 = k) + 1) + Tl (1)

term is minimized along a circle in momentum space of radius kg. This will be referred
to as the Bose surface. The interactions are parameterized by g, which we assume to be
small, and the parameter r < 0 is chosen so that the amplitude of the field ¢ will acquire a
finite expectation value (this is analogous to a negative mass in ¢? theory). It’s also worth
mentioning that the Lagrangian is written in imaginary time, 7 = —it. We will work in
imaginary time coordinates for most of this paper.

What we’ll proceed to do is expand about the Bose surface. From a technical standpoint,
it is useful to break the Bose surface up into discretized square patches of linear dimension
2A, as shown in Fig. 1. The parameter A is the IR cutoff, which we will vary in order
to determine the renormalization group eigenvalues of the couplings. The patch procedure
was originally introduced by Haldane [6] in order to bosonize a Fermi surface in dimensions

greater than 1. The square dimensions are, of course, approximations that are only useful

2rkp
2A

when the number of patches, N = is large (otherwise one should be concerned about
overlap). Within this framework we can expand the UV boson field ¢ about each patch

individually,

1 tkpdy-x x
U(x) = ﬁ;e Uy (x), (2)
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FIG. 1. Patch decomposition of the Bose surface, taken from Ref. [5]. Note the definition of 4 as

pointing radially outward.

thereby defining patch fields 1. (x) whose momenta are presumed to be small in comparison
to the magnitude of the Bose momentum, kg. The discretization procedure is useful because
it is clean and easy to understand; the downside is that the patches themselves are not
physical, which we will have to deal with at various points. In particular, we do not want
any physical quantities to depend on IV, just like they shouldn’t depend on the IR cutoff, A.

What we’ll now find is that, upon expanding the free part of the Lagrangian, the patch
boson fields are “quasi-1D”: to leading order, the dispersion only depends on the component
of the momentum pointing radially outward from the Bose surface. Consider the kinetic term
acting on a single patch field, 1), where we’ll define k| to be the component of the momentum

of 1., that is parallel to 4 and k; to be the perpendicular component. Expanding, one finds

(e 05 ) (g (-9 = K2 ) (€70 (0) = 1 (4 I+ 2205 (000, (0)
() (B).
(3)
The first line is just writing out all the terms in Fourier coordinates, and then the second line
discards all terms of order O(k/kg, k1 /kg). One of our assumptions is that the momenta of

the patch fields 1., are bounded by A < kg, so this limit is appropriate to take. Conceptually

this should be thought of as linearizing about the Bose surface. We are not discarding the
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curvature of the surface altogether, though: it plays a role in decreasing the phase space for
scattering, as in a Fermi liquid, and its effects show up in long-distance correlation functions
(x ~ kg/A?) and in the collective modes. As the renormalization group analysis will only
require evaluating correlation functions at zero spacetime separation, however, we will make
use of the linearized dispersion. It has been shown in analyses of bosonized Fermi liquids
that this is sufficient to derive a variety of properties [7, 8].

With this in mind, we find that the linearized Lagrangian is diagonal in the patch fields
and takes the form £ + £; where

L= 3 u(u02 = uVE 1), ()

and we define V., = 4 - V. As stated above, the curvature of the Bose surface restricts

scattering processes to be in the forward scattering and BCS channels [1]. Thus £; has two

contributions:
1 * *
Lrs = 575 ) Uytagrs (v = 7' )y (5)
e
1 * *
Lpos = N2 Z V3T gres(V = A )y . (6)
e

The couplings themselves should be rotationally symmetric and therefore depend only on
the angular separation between the patches.

The next stage of analysis involves decomposing the fields into an amplitude and a phase.
The reason we do this is that density-density interactions are relevant in 1D, so the diagonal
components of Lgg (along with our quasi-1D dispersion) should tell us that we need a new
representation. The amplitude-phase decomposition is the natural choice [9]. We therefore
take 1, = (ro + r,)e 7 where ry is a constant corresponding to the average value of the
amplitude. The fields ., and ¢, correspond to fluctuations in the amplitude and the phase,
respectively. An important assumption that we will carry forward is that (ro + ) is finite
and independent of +. This is another useful simplifying feature, although we will see in
Sec. III that this does not have to be the case.

We now imagine that we have integrated out all momentum modes outside of the annulus
of width A about the Bose surface. The IR limit will be defined on length scales longer than
the inverse mass of the field r,, which by a classical expansion is easily shown to be vV =2r

in terms of the UV Lagrangian. Within this limit, following the general approach originally



set forth by Haldane [10], we define a field 6, that is dual to the ¢, fields and satisfies

60(00), Vb (y)] = 2170, (x — ) (7)

B

in this long-wavelength limit. We can identify the amplitude of the 1., fields as 4/ po + g—ﬁVﬁw

thereby relating r., to V,0,. These fields transform under the the UV symmetries as follows:

U(1): by (z) = P(x) + o 0,(z) — 0,(x)
Translation invariance: d(x) = ¢(x+ p) + kY - p 0,(x) = 0,(x + p)
Particle-hole: Oy (2) = Pyin(T) 0, (z) = 0yir(2)

Note that the ¢, field picks up the factor from e®*B7 (%) ynder translation. The 0, field,
which can be interpreted as the integrated density, does not transform under translation
because the average density is equal to zero.

Now we expand the free Lagrangian defined in Eq. 4 to quadratic order in the spatial
and temporal derivatives of these fields. We will work primarily in a representation of the
Lagrangian in terms of only the ¢, fields, which is obtained by integrating out the 6, fields.
We're able to do this because the action is quadratic in both the ¢, and 6., fields, allowing
us to switch between representations (for more on this see Sec. C). As alluded to earlier,
this paper concerns itself solely with the form of the resulting IR Lagrangian and not with
the specific relationship between the microscopic (UV) couplings and the IR theory. It is,
however, useful to consider how one might go about doing this. The IR Lagrangian takes

the form £ = Lo + L + L, where

k
0= 47T;77 % (U_l(aTva)Q +v(V 7¢7)2) (8)
k Z 1 (Vv \V/
Ly= 47r]\€2n - (Uflf,;m (67'¢’Y)(a‘r¢’y’) + Ufyy’v ( 7¢7)( 7/¢7’))' (9)

These are the terms that couple the charge densities (0-¢,) and the current densities (V- ),
respectively. The Lagrangian £, comes from the free part of the patch Lagrangian, Eq. (4),
and L; comes from the forward scattering interactions Lrg [11]. These free Lagrangians
define quasi-1D Luttinger liquids with sound velocity v and the Luttinger parameter is n that
live on each patch of the Bose surface. The Lagrangian £; couples the charge and current
densities on different patches, where we can interpret the couplings as Landau parameters

(in a bosonized Fermi liquid theory, these would indeed be the Landau parameters [7, 8]).
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Rotational symmetry dictates that they depend only on v — +'. These equations define the
Bose-Luttinger Liquid (BLL) fixed point. Terms appearing in £; are interactions that do
not simply renormalize the existing phenomenological parameters, but which would induce
some form of symmetry breaking towards a different state. We will discuss this in Sec. III.

At this stage, it is useful to consider the difference between this fixed point and the
bosonized Fermi liquid fixed point. The first thing to note is that the parameter 7 is fixed to
be equal to 1 in a Fermi liquid, and we will find that setting n = 1 in a BLL recovers a variety
of canonical Fermi liquid results. The reason for this discrepancy is that quasiparticles are
responsible for both the charge and momentum density in a Fermi liquid, and that is not the
case in the BLL. To see this, it can be instructive to write the Lagrangian £, in Hamiltonian

form:

Ho =

v (W70 4 19,6, (10)

Here one can consider the separate propagation of density (V.0.) and current (V,¢,) fluc-
tuations, with respective velocities vn and v/n. The condition that 7 = 1 means that these
fluctuations propagate at identical speeds, which is related to the fact that the momentum
and charge densities are coupled in the Fermi liquid: the low-energy excitations, quasiparti-
cles, are responsible for the propagation of both. One can also compare to the standard 1D
Luttinger liquid theory results to find that n = 1 corresponds to the free Fermi gas in 1D,
while 1 # 1 corresponds to a generic interacting Luttinger liquid without quasiparticles [9].
We can therefore think of 7 = 1 in the low-energy theory as indicating that it is adiabat-
ically connected to the free Fermi gas. A related point of difference between the BLL and
the Fermi liquid is that there are actually two sets of Landau parameters in the BLL, f, and
fj, which couple the charge and momentum densities (respectively) on different patches. In
a Fermi liquid one would find f, = f; for the same reason stated above. This means that
there are two zero sound modes in the BLL where (in a spinless Fermi liquid) there would

otherwise be one. We will see this in Sec. IV.

III. SYMMETRY AND STABILITY

In order to discuss the stability of this fixed point, we first have to discuss the emergent
symmetry group that it realizes. Perturbations to the fixed point should break this sym-

metry, otherwise they will simply renormalize the existing couplings. Looking at Eq. (8) in
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isolation, one might think that action would be invariant under ¢, (z) — ¢, (z) + fo (7L - @),
whereby each patch phase field is shifted by a function that can depend on the perpendicular
direction in real space. As noted earlier, however, Eq. (8) is uses a linearized dispersion that
does not include the curvature of the Bose surface. While we are ignoring these terms in a
perturbative sense, they are not formally zero and therefore this is not the correct symmetry
group. This means that the transformation cannot be a function of position, so one might
propose ¢, (z) = ¢.(x) + f, where f, can differ from patch to patch. In the low-energy
N — oo limit, this would realize a U(1)*>° symmetry group whereby charge is conserved
at each point on the Bose surface. This, as well, is too large of a symmetry group. Take
the Fermi liquid as an example: while a non-interacting Fermi gas in the thermodynamic
limit explicitly realizes U(1)> in the UV, it is only approzimately realized in the interacting
Fermi liquid. Similarly, the BLL appears to approximately realize the U(1)* group, but
the only U(1) conserved density is the microscopic U(1). To this end, the authors claim
that the correct symmetry group is the loop group, LU(1), which corresponds to the set of
transformations ¢, (x) — ¢, (z) + fs(y) where fs(7) is a smooth function of v. It is worth
underlining the conceptual point — what the authors are doing is defining a symmetry group
that will be well-behaved we increase the number of patches on the Bose surface. The idea
is that, despite the usefulness of the patch decomposition, at the end of the day we should
be able to conceptually mend these patch fields back into a single low-energy field. Trans-
formations allowed under the U(1)*> would make for patch configurations that are singular
(e.g. discontinuous) functions of -y, which are therefore not physical.

Given this, we can now discuss allowed perturbations to the fixed point. The authors

claim that the most relevant perturbation is the BCS pairing interaction,

% Z gBCS(’V - 7/> COS((b'y + Qrin — Oy — ¢'y’+7r)~ (11)

ated
This is a reasonable perturbation as it is invariant with respect to all the UV symmetries
yet it breaks the emergent LU(1) symmetry down into a subgroup of functions fy(7) that
obey fi(7) = —fs(y + 7). That it is the “most relevant” will only be meaningful after the
renormalization group analysis. Before proceeding, however, they note that one might also
think to construct terms that are proportional to cos(f,), which is a common perturbation
to Luttinger liquids (see Appendix E of Ref. [9]). The authors argue, however, that this

is not a legal perturbation to the system because the vertex operator e+, by virtue of the



commutation relations in Eq. (7), creates a vortex in the associated patch field ¢.,. Having a
vortex on one patch field ¢, and not on an adjacent patch field ¢, is a singular configuration,
as one cannot pass smoothly between field configurations of different vorticity. For the same
reason that the emergent symmetry group is LU(1) instead of U(1)*, then, the operators
e%v are not legal perturbations to the BLL fixed point.

The first thing we have to do for the RG analysis is compute some correlation functions.
The correlation function between ¢., fields is trivial if we consider just the Lagrangian Ly,
ignoring the Landau parameters:

Gy (K, w) = (6 (k. @)oo (=K, ) = by — VA

2T VK2’ (12)
As shown in Appendix A, including the Landau parameters gives a correction of order
O(1/N). We can therefore safely ignore their contribution to the ¢¢ correlation function in
the IR limit, as we will be taking A — 0 and N — oo.

Now let’s compute the correlator of the vertex operators, (ei%(x)e_id’“(o)). The first thing
to do is rearrange these a bit. We’ll make use of the fact that (eiX ) = e~ X%)/2 for an operator

A~

with (X) = 0:
( 010 (@) e—i¢7/(0)> — <6i(¢’y(x)_¢7/(0))>
1
—exp (= (00— 0 )" ).

The argument in the exponential is now given by

kodw ) /ei(k"$+w7') -1
2 ) i 14
v A/ (2m)3 w? + v2k? (14)

where we use the result from Eq. (12). The bounds on the momentum integral are [—A, A]?
and the frequency integral is over (—o0o,00). We’ll find that the integral over kj is formally
infinite, so we’ll have to add a small-momentum cutoff 1/L which can be interpreted as
imposing a finite system size. Of course, we will only consider results that are finite as
L — oco. Performing the frequency integral, we are left with
/ Phdw e EHT) — 1 — 1 /A & (eihu </A %i@iklmnkvfl) _ </A ﬂi))
(2m)3  w?+ v2k2 v J_p 27 L 2Tk 1L 27 Ky

(15)

The second integral inside the parentheses clearly just gives In(AL). In order to simplify

things a bit, we add and subtract 1 from the first integrand. This is because the integral
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over the exponential minus 1 actually converges without the system size cutoff 1/L, which

makes things better-behaved as we take L — oc:

A A A
/ %ieiknl‘n—lkwl ~ / %l(eikuxu—\kvﬂ _ 1) +/ %i
1/L 2 kH 0 27 k” 1/L 21 k”

_ _%(m(/\\/xz + (vl + 1/A)2) — In(AL)) (16)

= —%m (%\/xﬁ + (v]7| + 1/A)2>

We therefore have

Pledw e/t ter) — 1 1N dky 1 .
E—— — 1 _ 2 1/A)2 ikix) In(AL) )
/(27T)3 w? + v2k2 27rv/A QW(D(L\/$+(U|T|+ / ))e + In( ))

(17)

As the authors point out, it’s worth considering the limits of this integral prior to expo-
nentiating it. If we have that x; A < 1 then the complex exponential will be approximately
1 for the entire range of integration and the integral over k, just gives a factor of I;* (de-
fined earlier). If z; A > 1, then the integral over the complex exponential becomes a delta
function 6(x,). As the condition z; A > 1 implies x, is finite, this means the integral over
the first term gives zero and the result is proportional to In(AL). Thus, when we remove the
system size dependence by taking L. — oo at the end, we would find that the integral goes
to —oo, and therefore that the vertex correlator vanishes. With this in mind, the authors

propose a simplified form for the vertex correlator:

(7@ ety 5 Sa () exp ( — nln(A\/xﬁ + (v|7] + 1/A)2))

18
_ Oy 0n (1) (18)
(AF - 2)2 + (1 + Av[r[)2)n/2
where the function d, is defined as
1 |zl <A
0 Jz| >A"?

We can now proceed with the renormalization group analysis. First let’s define the rules
of the game, as they are slightly different than the conventional approach [1]. We will
integrate out modes within the annulus sA < ,/kg + w?/v?2 < A where s is a parameter
slightly less than 1. This involves only two of the three spacetime dimensions, which is

intentional because the free action Sy does not depend on k. As a result, our patches will
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no longer be squares in momentum space after mode elimination. Thus our next step is to
increase the number of patches N — N’ = N/s so that they are now square with dimension
sA x sA. When changing the IR cutoff, we want to be sure that we’re not changing anything
about the UV theory. That is to say, the UV boson field ¢(z) should not rescale under the
renormalization group. As the number of patches changes, then, this implies that the patch

fields will rescale as follows:

) = L eikB’:/'LB zk:B'y T
¥(x) m; (e FZ (Vsuy(2)) (20)

where the primed quantities are those obtained after the patch rescaling. Now let’s consider

the BCS pairing term in the language of these patch fields:
Lpcs = Zw Yl rgos(y — PLENALATS (21)

We can see immediately that the rescaling of the patch fields will cancel out with the rescaling
of N. We can therefore ignore the rescaling of N when considering the representation in
terms of the ¢, and 6., fields (which will not rescale).

Consider that the action is generically of the form S = [ d®r £ where I take d*r = d*zdr.
When computing the scaling dimension of some interaction under RG, one usually compares
the value to the number of spacetime dimensions. For example, in 2 4+ 1D one might find
that the scaling dimension of an operator is given by the parameter y, and therefore the
relevance or irrelevance of the operator under RG is determined by seeing whether —3 + x
is positive or negative. The negative sign comes from the fact that a uniform rescaling of
spatial dimensions takes us from d*r — s73d3r’. The reason for being so explicit about this
is that, although we are in 2 4+ 1 spacetime dimensions, only two of those dimensions are
being rescaled under mode elimination. The remaining dimension, along 7, , is also rescaled
but that rescaling is compensated by a proportionate increase in the number of patches. We
will therefore compare the scaling dimension of the operator to —2 as opposed to —3, which
reflects the fact that the free Lagrangian Lo is effectively 1 + 1-dimensional [12].

With that out of the way, let’s get to the mode elimination. We are now working with
the IR fixed point, Eq. (8), and the perturbation defined in Eq. (11). As L, is diagonal in
Fourier space, we can define ¢, = qbi + ¢5 where the former have momenta and frequencies
in the annulus defined above. These are the fast modes that we will integrate out. The

procedure will be to compute effective contributions to the action, obtained by expanding
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the path integral and then re-exponentiating. It is convenient to represent both operations
in the form of a cumulant expansion, which gives an expression for the effective action after

renormalization:
Sersld=] = So[¢~] + (3S[¢™ + ¢7])> + %(<5S[¢< + 0715 = (6S[¢° +¢7]2) +.... (22)

The term Sp[¢p<] is just the free action after removing the ¢~ modes, which requires no
averaging. Notationally, (...)s means averaging over the fast modes. The term 45 is the

contribution of the BCS pairing term to the action,

3500] = 53 Y mes(r 1) [ @1 €08 (63(1) + Graalr) = 0(0) = Dyaslr). (23

e
The tree-level RG exponent is obtained by computing the second term in Eq. (22). To do
this, we expand the cosine (I use the quantity ¢, ./(r) to represent the sum of all terms

inside the cosine):

1 | |
0S[p= + 97 = ON?2 Z gecs(y =) / d*r (GWW’ () 4 e~y (T))
o (24)
= > gmes(r— ) / Py (ewjﬁ, (1) 95/ (1) | =i, () e—ij,(m)

e
This latter step is legal because the Lagrangian is diagonal in Fourier space, so all these terms
commute. Now we integrate out the ¢~ fields, which amounts to taking the expectation value
of the expression in parentheses with respect to these fields (i.e. using the action e ). This
gives us the expectation value of the vertex operator. We then use the identity from earlier

to obtain

1 ! —Liw> ()2
(0S[¢p= +¢7])s = Nz ZQBCS(’Y -7 /d?’r cos(5 . (r))e 20l M%) (25)

e
The expectation value in question is straightforward. The expectation value of two ¢,
fields on different patches is zero, so we're left with ((¢>_,(r))*) = 4((¢7(r))?). The latter

expectation value is

(7)) = / d dy / dky 2mly

sA (27T)2 _A 27T (.U2 ‘I‘Uzkﬁ

— 2m / T / " b (26)
aa (2m)%|al J «

= —nln(s)
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The integration bounds on the dw dkj integral mean that we're integrating the annulus
defined earlier. In the second line I switch to polar coordinates, absorbing a factor of v.
The integration of momenta in the perpendicular direction is trivial, giving a factor of I, *.
We don’t change the bounds on that integral to +sA because the equivalent operation is
accomplished by reparameterizing the patches to be squares (which, it is assumed, we do

after mode elimination). Inserting this result into the above expression, we find

(0S¢~ +¢7])s = 52’7% ZgBCS(7 - /d3r cos(¢3 /(1)) (27)

0Bl

Now we can determine the tree-level scaling of the parameter ggcs. Again, note that from
a simple rescaling of the spacetime dimensions (z, = /s, w — w/s), which is necessary
to ensure that the integrals run over the same values after mode elimination, we pick up a

factor of s72. We therefore find

o 1 / / /
0Sess ~ 0 S gnes(y =) [ @ cos(5 (1), (28)

vy

This, of course, looks just like the definition of S in the first place except without any of

2n—2 t

the fast modes and multiplied by an overall factor of s"~=. Replacing s = e~ where t is

referred to (in this paper) as the RG time, we define a new coupling ggcs(t,y) that depends

on the parameter t. We are interested in the limit £ — oo, which would correspond to taking

A — 0. We find

dgscs
dt

gses(t,7) = gsos(0,7)e* ™ — = (2 —2n)gncs (29)

From this we can immediately read off the RG eigenvalue, 2 —2n. Ast — oo, the sign of this
eigenvalue determines whether the perturbation will increase or decrease. If it decreases, then
there is a low-energy scale at which it can be ignored altogether — it is formally “irrelevant”.
Thus, for n > 1, the RG eigenvalue is negative and the Bose-Luttinger liquid is stable to
the BCS pairing interaction. We can also see now that additional symmetry-breaking cosine
terms, which would have to contain the sum of more than four ¢, fields, would be less
relevant than the BCS pairing term.

It is now worth refocusing attention on the fact that, for a Fermi liquid, analogous
bosonization schemes yield n = 1. Thus one would find that the BCS coupling is marginal

at tree level [1]. This is not strictly true for the BLL as 7 is not fixed. If it were the case
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that n = 1, however, one must continue the calculation to one-loop order to determine how
it rescales under RG. We perform this calculation in Appendix B, finding the familiar result

dgt
%CS =(2— 277)9%308 - C(Q%acs)2 (30)
where C' > 0 is a constant and we decomposed the angular dependence of gpcs(y) into

harmonics,
IBes = / dvy cos(yl)ges (7). (31)

Due to Bose symmetry we must have gpcs(v) = gsos(y + ), which implies that | € 2Z.

In the case that n = 1, like the Fermi liquid, we would therefore find that the sign
of ghog determines its relevance: positive couplings are marginally irrelevant and negative
couplings are marginally relevant. In the case that the BCS coupling is marginally relevant,
the harmonic gsog that is most negative will determine the resulting spontaneous symmetry
breaking. If we define ¢ = ¢, & ¢, 1x, the authors claim that (¢3) would acquire a finite
expectation value. This comes from the fact that the BCS pairing perturbation breaks down
the LU(1) symmetry group into a subgroup of transformations characterized by smooth
functions that obey fy(7) = —fs(y + 7). This will result in pairing between ¢, and ¢,
analogous to the BCS pairing leading to superconductivity. The pairing occurs in the ng;r
channel because it is invariant under these transformations. As ¢ is not, it will not be
gapped out by pairing interactions [13]. The resulting state should still have a Bose surface
that is described in the IR by the ¢ fields. Formally this would be equivalent to a BLL
where the UV bosons were represented by real scalar fields. As such, there would be no U(1)
charge conservation (which must be the case, as ¢, is not charged under the microscopic
U(1)) and the real bosonic fields would obey @, (z)* = @, .(x). The authors demonstrate
that the low-energy theory for a real bosonic system takes the same form as the one for the

complex bosonic theory and is stable for n > 4/3.

IV. PHENOMENOLOGY

Let’s now dive into the features of the fixed point, where we’ll be able to make a closer
comparison to the 2D Fermi liquid. The first thing we’ll look at is the specific heat. In the
absence of Landau parameters we have N independent, decoupled Luttinger liquids. Each

Luttinger liquid Hamiltonian is diagonalized in a basis of massless bosons with dispersion
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w = vk,. Consider one such patch. The low-energy Hamiltonian is of the form

1 < dk
Hy = UE Z ]k7|a27ak7 — U/ 2_7:’kv|az~,akv (32)
k'Y

—00

where ay., are bosons on patch v and we took the continuum limit. The specific heat of this
system is given by C' = 0(H,)/0T. We can easily write the expectation value at fixed T

using (ng) = np(7T) where ng is the Bose-Einstein distribution function. We find

(H+) (2) (33)

:% —

v/°° kldk  T* [* T2€
W€ 1y fy et =1 mw
where ¢ is the Riemann-Zeta function and £(2) = 72/6. The specific heat due to a single
patch is therefore
o(H,) T
Cip = —(- = —. 34
P oT 3v (34)
Given this fact, we should interpret the 1D specific heat as a specific heat density in 2D. In

order to find the specific heat, we should also integrate along the transverse direction (along
the circumference of the Bose surface) in momentum space. As the patches are decoupled,

the integral is trivial:

o dk’J_ . 27T]{?B . WT]{B
Cov = | G = CipTp = T (3)

This should be compared to the specific heat of the Fermi liquid, C' = én(T /Tr) — the
results are parametrically equivalent. Note in both expressions I set Boltzmann’s constant
equal to 1 (not to be confused with the Bose momentum kg).

Next we consider compressibility. In terms of the density-density correlation function,
X,(k,w), we have that the compressibility & is given by x = x,(k = 0,w — 0). Density fluc-
tuations are defined in terms of 0.¢, in Ly (rather than V,6,, as would be conventional in a
Hamiltonian formulation). The leading-order contribution to the density-density correlation

function is

i) = 2( o) T o k). (k) (30

Here the Landau parameters will make an O(1) contribution, so we’ll want to keep them
in. For the purpose of this density-density correlation function, however, we only have
to consider the zeroth Fourier mode of the Landau parameter f,SO). This is because the

parameter f;(y —~') does not contribute to the ¢¢ correlation function at k = 0 and y,, is
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proportional to

7 D6 (0.), 6 () = (o, 0)en( ) (37)

where ¢y = [ g—ng,y is the zeroth Fourier mode. This makes physical sense because this is
the only conserved density in the problem, as discussed in the stability section. Making use

of the correlation function computed in Appendix A,
D (6, w), b (k) =

¥
Oyt 1 1 CL)Qf(O)
2monly ( o & ) (38)
% w? + vk N (w4 02k2) (w? +v?k2) 1 4 f,go)]w]/ 02+ 022

Now (after evaluating that Kronecker delta function) we take the sums to integrals, restoring

some factors of N:

d 1 d/ 1 2 ¢(0)
_>27TU77ZAN/_7(2 22_/1 2 212V 2 & 212 (o)wjp )
21 \w? + v2k2 21 (w? + v2K3) (w? + v2k3) 1 + £19|w]/Vw? + v2k2

(39)

Given that we’re only interested in the k = 0 value of the correlator, it will save us a lot of

trouble to just set k, = 0 throughout. Both integrals are then trivial, giving us

5 ) (40)

1+ f3”

S (61(0.), 6 (0. )

¥

2munly N (
= SO (4
w

Collecting terms, we find

Xpp(0,w) = dmonl N( L >2 (1 7’ ) kg ( ! ) (41)
s = 470 A - - Y
o 4t N 1+ £ Ao\ 1+ £

where in the last equality we used the fact that [, = N/kp. There is of course no need to

take the w — 0 limit obtain x. Compare this result to the Fermi liquid result, x = %ﬁ%,
0

and we can see that the effect of the Landau parameters is the same.

Now let’s work out the dispersion of the zero sound modes. As stated in the Introduction,
charge and momentum are carried by separate fields. This means we’ll have two collective
modes to work out — one for the ¢, fields and one for the 0, fields. We'll find that these
are related to the two independent Landau parameters. Here we’ll make an assumption

that the Landau parameters take constant values — in principle it would be possible to get
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contributions from higher angular momentum modes if we do not assume this. Then we

have the Lagrangian

47TN772¢7 <U w (5W + fp) Ukvkw’ (5w’ +%fj))¢'y’- (42)

Note that, contrary to what we’ve done up until now, we’re working with real frequencies.

We can derive the equation of motion for ¢, by requiring that §£/0¢, = 0:
1
0= (CUQ - U2]€,2y)¢7 + N Z (wap — U2k7k7/fj)¢,y/. (43)
,y/

Now we rearrange and sum over -, explicitly deriving the equation of motion for the zeroth

Fourier component, ¢q:

d 1 d
¢0:—/%(m>/21( pr—UQk ky f])¢ (44)

The f; term vanishes upon reversing the order of integration and integrating over vy (the
integrand is of the form cos(7)/(1 + cos?(7))). Thus the integral over 7/ is trivial, taking
¢ — ¢o. The ¢g’s then drop out, giving us the condition

dy 1 |wl f,
1 = — 2 —_— - — L . 45
Wfp/27r<w2_v2k3) /—w2_/02k2 ( )
Thus we find

fo=— 1—<%>2€(—1,0) = w:ﬂpre(—l,O). (46)

w V1-1f3
The zero sound mode is only defined for —1 < f, < 0 and has a dispersion w > v|k|.

In order to solve for the other zero sound mode, we want to rewrite the Lagrangian in

terms of the 6, fields. I show how this is done in Appendix C and quote the result,

_ ksn 1 -
= AxN Z 0 ( w? (8 + fp) VKo (8 + ny)) 0, (47)
where the dual Landau parameters are given by f, = —5 + f and f; = —1 JJ:’} The calculation

is equivalent to the one above, so we can see from inspection that the 6y zero sound mode
exists for —1 < fp < 0 (i.e. for f; > 0 in terms of the original parameters) with a dispersion
w = vlk|/4/1— fg The general storyline is that couplings between the charge densities,
0-¢, give rise to collective phase modes (¢g), while couplings between current densities,

0,0, give rise to collective density modes (6p).
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We now move to a calculation of the real-space correlation function at large separations.
The authors’ section on this seems unnecessarily complicated. The basic idea is that, at
large spatial distances x ~ kg/A?, we need some way of accounting for the curvature of the
Bose surface. We will therefore want a decomposition in terms of infinitesimal patches such

that we can integrate over v. We define new patch fields

W(z,7) = / ;ljr kBT (1, 7) (48)
which are similar to the previous patch fields 1., except that they are only supported on an
infinitesimal sliver of momentum space in the 4, direction. Again we’ll decompose these into
ggv and 57 fields to represent the low-energy fluctuations. The correlation function between
vertex operators €% is equivalent to the result of Eq. (18) while taking A; — oo, which

amounts to taking d,(z,) — 1. Thus the correlation function is completely independent of

the coordinate x . We can then solve for the correlation function between UV bosons:

Wity = [ 51 [T DY w2, 7t (0))

/ / sz'y z zd)w(x,q—)e—iqng (0)> (49)

/ etkeya

s (2 +v 7'2)77/2

where we have omitted overall factors (and, to be clear, the integral over 4 runs from —7
to m). Now the authors make a useful approximation. The quantity kgx ~ (kg/A)? > 1
so the integrand will oscillate rapidly at points for which cos(y) is changing as a function
of v (we've taken x, = xcos(y)). We can therefore restrict our attention to the points
where cos(y) is stationary, v = 0,%m. At these points cos(y) ~ 1, so we can make this
approximation in the denominator and take it to be independent of v. We therefore obtain,

for large separations,
J()(kB.Z')
(22 + v272)n/2

(W (@, 791 (0)) ~ (50)

where Jy(z) is a Bessel function of the first kind. Setting 7 = 0, we expand the Bessel

function for large arguments to get the asymptotic form

(o, st (0)) ~ EBE ) 51

If one were to take n = 1 and kg — kp, this would be same asymptotic form observed in

Fermi liquids: the correlation functions oscillate with a frequency set by the Bose momentum,
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offset by a 7/4 phase shift. The UV bosons have a correlation function that decays more
quickly with distance than the patch field bosons (which have correlations that fall off as
~ x~") due to destructive interference from different parts of the Bose surface.

Finally, to further characterize this phase of matter, we will determine whether it is a
metal, a superfluid, or an insulator. We follow the procedure set out in Ref. [14]: minimally
coupling to a gauge field and then taking static limits. The formal procedure will be to
integrate out the ¢ fields and obtain an effective action for the gauge field, A, before taking
the limits. The coupled Lagrangian is

k _ .
= ey 7 (06, = 4 4 (Va6 A-9)), (52)

L[A]

where the authors show that this is equivalent to coupling the field A directly to the zeroth
Fourier mode, ¢y. Again this makes sense because this is the only Fourier mode charged
under the microscopic U(1) symmetry. We immediately proceed to integrate out the ¢,

fields. We’ll do this explicitly, defining S = % > L9y

. k’B 2 -1 _ 2 — A 2
S, = —47”7 d°x dr (v (8457 AT) + U(vv¢v A 7) )
k d’k d _ .
- 4:77 / (%);) (07 (woy = Ar)" + 0 (kyéy — A -4)°) (53)

kg [ d?k dw 1 on 1o . ny 2
= e (27)3 ((U w” +vk3)o5 = 2(vT WA, + vk Ay)o, + v AT + UAW)'

We now complete the square by adding and subtracting a term quadratic in A, such that one
could perform a trivial Gaussian integral over the ¢, fields in the path integral. Removing

this purely quadratic term, we obtain the effective Lagrangian for the A field:
kg A’k dw 1 49 9 vt 9 9
S’Y = 47”7 / (271-)3 (U A‘r + UA'Y — m(zqulﬁyv + ATW) . (54)
Cleaning this up a bit, we can pull out an effective Lagrangian in terms of A:
kpv [ dy A2w?® + AZK2 — 2A, A kyw
N 4mn o w? + 1;2/@% '

Leg[A] (55)

Note that we took N — oo above such that we integrate over v. We’ll work in the Coulomb
gauge, imposing k - A = 0. Thus, if we identify k, = kcos(7), then we should take A, =
Asin(y). The Lagrangian therefore takes the form

kv / dy (Awsin(y) — A,k cos(7))?
~4mn ) 2m w? + v2k? cos?(7)

kv [ A2 1 A2
() e (v )
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where § = vk /w.

Given this expression we will set A, = 0 and take limits of w — 0 and £ — 0 in both
orders. The limit in which w = 0 first corresponds to transverse response (analogously,
think of B = V x A remaining finite while £ = 0A/0t goes to zero), and therefore a finite
value to this limit will correspond to a finite superfluid density. This is analogous to the
Meissner effect. Specifically, the effective Lagrangian in this limit will be equal to %DSA2
where superfluid weight Dy = mng/m [14] and n; is the superfluid density. In this expression
above, this limit corresponds to £ — oo, in which case Lg[A] — 0: the Bose-Luttinger
Liquid is not a superfluid.

The opposite limit, where k£ = 0 first, can be thought of as the response to a DC electric
field. The result in this limit is equivalent to the above result except with D, replaced
by D = mn/m, the Drude weight (n is the density of charge carriers). The Drude weight
is the prefactor to the delta function contribution to the low-temperature conductivity,
o(w) = Dé(w) + 0reg(w). This delta function peak at zero frequency is a characteristic

of (clean) metals at zero temperature, when the scattering lifetime diverges. This limit

kB UA2 .
8y

corresponds to & — 0 and Lqg[A] — the Bose-Luttinger liquid is a metal! From this
we can extract the Drude weight of the Bose-Luttinger liquid, D = kgv/4n. One might look
at this result and attempt to pull out an effective mass m = kp /v and effective carrier density
n = k%/4mn (as the authors do), but seeing as these quantities don’t show up anywhere else

I'll let the reader draw their own conclusions.

V. FINITE DENSITY

Up until now, we have been discussing a particle-hole symmetric UV theory with zero
background density. If our result that the BLL is a compressible, metallic phase of matter
is to be sensible, we should determine that these results hold at fixed density.

Particle-hole symmetry enforced that the Lagrangian could only contain a 92 term — no

single time derivatives, 0.. A Lagrangian at fixed density would instead take the form

=0 (= O+ g (- = 1))+ Sl (57

8mk?,

Note that the squared time derivative has been removed here. This is because, with a single

time derivative, we have to rescale space and time by different factors of A’/A under the
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renormalization group. Essentially we have to fix the rules of the game so that the free
Lagrangian is invariant under rescaling. If we had kept both the 92 and O, terms in and
rescaled w and k by one power of A’/A, then we would find that the 0, term grows faster
than the V? term. This would mean that our kinetic term is irrelevant, which we don’t
want. We therefore rescale w by (A/A’)? (which is to say that we use a dynamical exponent
z = 2) in order to ensure that the kinetic term is marginal. Under this rescaling, we would
then find that the 0 term is irrelevant — and thus, it is not included in Eq. (57).

The analysis of this Lagrangian is very similar. We can clearly expand in terms of different
patch fields, 1, as before. We assume p > 0 (equivalent to r < 0 in Eq. (8)), so we can
then expand each v, in terms of amplitude and phase fluctuations. These can be rewritten

in terms of the conjugate variables 6., and ¢.,

k )
by (x) = 4/ po + ivveV e, (58)

We might now worry about how 6 transforms under translation, 6(z) — 0(x + u) + ,':—;f? - L.
This is because 0(x) is the integrated density (it’s gradient corresponds to density fluctua-
tions), so with a finite average density it must change as a function of position. The fixed
point Lagrangian and the most relevant perturbations are not altered by this, however, so
this doesn’t change any of our analysis. Expanding Eq. (57) in these variables leads to a

Lagrangian of the form
5 1 kg 9
Lo= N Z %V'y@'y&@y + B(V495)
gl

b3 2 (00 = UT20)(T80) + 00l = ) (T00) (V0 ) 69

We get no (9,¢,)? term because there is no 9? term in the UV Lagrangian. Instead, the
0, term gives us a coupling between V.0, and 0,¢,. If we were now to integrate out the
6, fields, we would find that the (V,6,)(0-¢,) term would simply rescale the term coupling
0;¢., on different patches (i.e. it would just change the definition of the vector b discussed in
Appendix C). In the absence of a (9,¢,)* term, then, the form of the effective Lagrangian
for the ¢ fields would be

5 k / '
Lolé) = ooy 2 v(Vo8)"+ 4;21}2 > (f (9,69, 6)+0 ] <vv¢7><vwf¢y>).
e

Y

(60)
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At this point the authors make a physical argument. Based on the results we have
already derived, we know that the (0,¢)? terms lead to charge stiffness in the Lagrangian.
Furthermore, it was already shown that the Landau parameters only make an O(1/N)
contribution to the correlation function. Thus, the Lagrangian above has no terms making
an O(N?) contribution to the charge stiffness. This should trouble us because N flows under
RG, so it is as unphysical as the cutoff A. In particular, as the correlation function will be
N-dependent to leading order, we will derive scaling exponents that are N-dependent. We
should not find that physical observables depend on NN, just as we should not find that they
depend on A. On the basis of this observation, the authors deem it imperative to keep the
02 term in the UV Lagrangian, even if it is irrelevant.

This may seem a bit far-fetched, but let’s see how it plays out. Consider a new UV
Lagrangian given by
Am? 1

2 0t g

Lo @~ (- 92— 1)) + 2l (61)

As stated from the outset, under the z = 2 RG scaling the parameter \ is irrelevant. Keeping
it in, however, it contributes a (9,¢,)? term to the IR Lagrangian. Notice, now, that the
single time derivative term renormalized the charge density coupling term ~ (0-¢,)(0r¢,)
after we integrated out the 6, fields. This term rescales in the same way as the (0;¢.)?
under RG with any dynamical exponent. This means that, although A was an irrelevant
coupling the UV Lagrangian with z = 2 scaling, we find that it has precisely the same
scaling dimension as the 0. in the IR Lagrangian. For that reason, we should keep the
02 term in the UV Lagrangian with finite density, and the IR Lagrangian assumes a form
identical to Egs. (8) and (9). Our prior analysis of the fixed point therefore applies just as
well at finite density.

VI. 3+ 1D FIXED POINT

At this point we have finished the analysis of the 2 + 1D model. This section is meant
to assure the reader that the exact same analysis can be carried out in 3 + 1D. We consider
the same UV Lagrangian in Eq. (1). The patch decomposition goes through in an identical
manner, where the patches are now cubes of volume A? and are labeled by a unit vector 4.

There are a total of N = 47wk%/A? patches. We again break up the UV boson fields 9 (z)
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into patch fields. Expanding the kinetic energy term again yields a quasi-1D dispersion,
which takes us to the same patch Lagrangian given by Eq. (4). The kinetic terms we discard
will differ in 3D, but those should not affect our analysis to leading order. There are also
additional scattering processes that are allowed in 3D (non-forward scattering), but these
will always be less relevant than the BCS coupling [1].

Now we make the same amplitude-phase decomposition and rewrite the Lagrangian in
terms of ¢, and 0, fields. As our patch Lagrangian is of the same form, it should be no
surprise that the fixed point Lagrangian is also identical. The derivation of the correlation
functions from Sec. III follows through in exactly the same manner. The only difference is

that we have two directions perpendicular to 4, so we instead find

; — Oy OA (21 1)00 (T 2)
ity (@) =ity (0)y , Oy OA(TL1)ONTL 2 o
(e ‘ ) (A% - 2)2 + (1 4 Avr)?)n/? (62)

with 5 (x) functions constraining both transverse displacements (by my definitions x ;,
x) o and 4 - 7 are the lengths of the three orthogonal components of ).
Turning to the question of stability, the most relevant perturbation is again the BCS

pairing term:
% Z gBCS (ﬁ/ : fA}/> COs (Qb’y (T) + ¢’Y+7T(T) - ¢7/ (T) - ¢’y’+ﬂ' (T)), (63)

where it should be understood that v and v+ indicate antipodal points on the Bose surface.
The first point to make is a rehashing of a point emphasized in Sec. III: even though there are
four spacetime dimensions in this problem, the rescaling of two of the momentum directions
(/23 11 and i 1.2) will be cancelled out by a proportionate increase in the number of patches,
N. This means that the scaling dimension of the operator cos(y., ) in the 3D case should
still be compared to 2 rather than 4, as was the case in the 2 + 1D problem. With that
remark, the tree-level stability analysis is identical to the 2 4+ 1D problem (as we are only
eliminating modes from the effective 14 1D problem) and gives an RG eigenvalue of 2 — 2.
Thus, the 3 + 1D BLL fixed point is stable for n > 1, just as in 2D.

So we find that pretty much everything is the same. We shouldn’t expect that this
is the case for everything, however. In particular, one would expect there to be a few
phenomenological differences between 2D and 3D. The one the authors mention is the UV
boson correlation function, which should have a slightly different asymptotic form. We can

again imagine breaking up the Bose surface into infinitesimal chunks that we’ll integrate
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over. We already solved for the correlation function, and we know the correlation function
of the qgv variables living on the infinitesimal slivers will be identical except that they will

be completely independent of the transverse directions x, ; and x, 5. We therefore find

(W (@, 7)9"(0) / / gkt %%(N)e_ic%'(o))
(64)

/ 1kB'y T
e (2 +v 72)’7/2
Now note that dv is a solid angle over the Bose sphere. Picking the polar axis along & and

defining polar and azimuthal angles 6 and ¢, respectively (apologies for the overlap with

field variable names), we can rewrite this as

(wle 0O ~ [ do deosto) e L

1 eikaz
- /_ & (65)
sin(kpr)

We took 7 = 0 in the last step. We still see spatial oscillations at kg, but the phase has
shifted by /4 from the 2D case. We also get more destructive interference by integrating

patch contributions over a sphere rather than a circle, so the correlator falls off more quickly

than in 2D.

VII. EXPERIMENTAL REALIZATION

This paper proposed the existence of a novel form of matter, so an important question to
address is where we might look to find it. I will briefly address some possibilities, although

there are far more questions than answers in this section.

A. Metallic Helimagnet

These are ferromagnetic materials such as manganese monosilicide (MnSi) and iron ger-
manide (FeGe) whose spins align in a helical pattern at low temperatures. The origin of
this spiral pattern is the Dzyaloshinskii-Moriya (DM) interaction, which is an interaction
between spins of the form [ S (V x §) By applying pressure, it has been observed that

MnSi exhibits a phase transition from the ferromagnetic phase with this helical spin ordering
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to a paramagnetic phase with partial long-range magnetic ordering [15]. More specifically,
the DM interaction induces spiral ordering of spins which, due to other spin-orbit interac-
tions, is locked along the reciprocal-space direction Q = (111) in the ferromagnetic phase.
In Ref. [15] this is determined by neutron diffraction measurements. Upon crossing the fer-
romagnetic transition, one would assume that the magnitude of the magnetic moment (and
hence the spiral ordering as well) should vanish. Instead, the authors measure scattering
intensity across a small sphere in momentum space. Rather than localized Bragg-like peaks,
they find that the scattering intensity is (not quite uniformly) smeared out. They interpret
this as the same spiral order parameter whose magnitude survives above the ferromagnetic
transition, but whose direction is no longer pinned in reciprocal space. The state is there-
fore paramagnetic (insofar as it is decidedly not ferromagnetic) but possesses some kind of
pseudo-long-range order. Additionally, in this region the material displays non-Fermi-liquid
behavior with a resistivity that vanishes as 7%/2 [16].

As this result is indicative of a bosonic excitation living on the surface of a sphere in
momentum space, the authors of Ref. [5] claim that it could be described by the 3 4+ 1D
BLL fixed point. They then proceed to show that coupling the BLL to a free electron gas
would lead to a resistivity proportional to T, indicating that a BLL with n = 3/2 (which is
within the stable n > 1 regime) could describe the observed results. While I have not found
evidence that this phenomenon has been widely observed in other metallic helimagnets, it

raises the possibility of a condensed matter environment that may host BLL-type physics.

B. Spin-Orbit Coupled Bosons

A proposal that the authors only cursively address here but has been mentioned else-
where [17] is the use of spin-orbit coupled bosons to realize this dispersion relation. Such
systems have already been engineered in cold atoms through Raman dressing of the hyperfine
atomic energy levels (these hyperfine levels can be considered pseudospin states) [18-22]. It
has been determined that the lower band of Rashba spin-orbit coupled bosons (whose cou-
pling is of the form ~ p’- &) would have minima along a circle in 2+ 1D [23] and a sphere in
341D [24]. This system would therefore appear to realize the UV Lagrangian in Eq. (4). In
general it is non-trivial to engineer this Rashba coupling because the Raman-dressing scheme

more naturally realizes some combination of Rashba and Dresselhaus couplings. This would
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FIG. 2. Plot of the localized and itinerant bands (first panel) and the exciton dispersion relation

resulting from an onsite interaction term. Taken from Ref. [25].

mean that the dispersion relation tends to be anisotropic, having a single minimum in mo-
mentum space (e.g. Fig. 2 of Ref. [18]). With that said, nothing precludes the generation of
a nearly-isotropic dispersion relation. Although the authors of Ref. [5] claim that the BLL
would be stable to weak perturbations of the circular Bose surface, it is unclear how it would
fare if the dispersion minima were nearly but not completely degenerate. Such a system
would otherwise be an ideal candidate for realizing the BLL, as cold atom systems could

realize the low-density, weakly-interacting limit about which we expanded in this paper.

C. Excitons in Spin-Orbit Coupled Fermi System

One might also imagine that excitons, bosonic bound states of particles and holes, could
realize the BLL fixed point. To that end, Ref. [25] studies exciton formation in so-called
Kondo insulators. Kondo insulators are materials in which itinerant electrons hybridize
with localized spins to form a heavy band insulator. The specific material they consider is
samarium hexaboride, SmBg. They model the system by considering itinerant d electrons
that hybridize with localized f electrons due to stong spin-orbit coupling. The d and f bands
are shown in the first panel of Fig. 2. Note that they already possess a ring-like dispersion due
to the spin-orbit coupling. One can imagine that excitons would form along the ring where
the bands are closest. Furthermore, they show that the density of states is peaked near these

band edges — a further indication that the system would be susceptible to exciton formation.
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The authors then consider a Hubbard-like interaction between f electrons, which can lead
to the formation of excitons. Considering just the terms contributing to exciton formation,
they find the exciton dispersion shown in the second panel of Fig. 2. This dispersion has,
again, a nearly degenerate ring of minima at fixed quasimomentum. The authors find that
the lattice lifts the degeneracy, so in this particular setup one would again have to reckon
with the question raised in the section above.

There are a few other matters that further complicate the exciton proposal. One question
would be the nature of interactions between excitons, which have proven challenging to
understand [26]. Our approach to the BLL involved weak, short-ranged UV interactions.
This seems like a reasonable approximation for neutral particle-hole pairs, but without a
proper accounting it is unclear what complications might arise. Another would be the
role of a finite lifetime: while the authors demonstrate that the BLL fixed point does not
require U(1) charge conservation, it would not be outlandish to imagine that decay and

recombination processes might change our analysis.

D. Bosons on a Honeycomb Lattice

A particularly clean example of a dispersion with such degenerate minima is a honeycomb
lattice with nearest-neighbor and next-nearest-neighbor hopping. Others have studied hard
core bosons on this lattice [27-29] which maps onto a frustrated XY model. It has been
argued that this model realizes a Bose metal phase where the momentum occupation displays
a peak in a circular Bose surface. The authors of Ref. [5] attempt to distinguish the BLL
from a Bose metal insofar as the BLL is a more generally formulated on the notion of a Bose
surface hosting collective gapless modes. With that said, the realization in Sec. IV that the
BLL is metallic, and thus an example of a Bose metal, muddies the distinction.

Solving for the bands is simple, but if one doesn’t want to bother with that there’s a
clean form written out in Ref. [27]. Three examples are shown in Fig. 3 for ¢y/t; = 0.18,
0.25 and 0.4. The honeycomb lattice with next-nearest-neighbor hopping has minima along
a distorted ring centered about k = 0 for 1/6 < to/t; < 1/2. As t»/t; approaches 1/2,
however, the ring begins to develop sharp corners that would be incompatible with our
analysis. Conversely, the ring better approximates a circle closer to t3/t; = 1/6 but the

effective harmonic potential in the radial direction decreases in magnitude. Decreasing this
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t/t=0.18

FIG. 3. Plots of the lowest band on a honeycomb lattice with nearest-neighbor hopping ¢; and
next-nearest-neighbor hopping t3. Shown are plots for ¢2/t; = 0.18, 0.25, and 0.4. A blue line

indicates the position of the degenerate minima.

harmonic trapping would effectively mean that one would have to work at smaller densities
and interaction strengths in order to be justified in flowing to the IR fixed point we identified.
With that said, we did not derive bounds on the allowed densities and interaction strengths
for which this analysis is valid. Furthermore, results indicating the presence of a Bose surface
in strongly-interacting systems should bolster one’s confidence in this platform’s ability to
host a BLL. One should also consider this model compared to the others presented up
until now. This appears to be the only model presented where the distortions to the UV
Bose surface are in the radial direction, yet the ring of minima are precisely degenerate. It
seems likely that radial distortions would be a less severe approximation of the dispersion
envisioned here. Optical honeycomb lattices have been realized before [30, 31|, although I

was not able to find a reference that implemented next-nearest-neighbor hopping.

VIII. CONCLUSIONS

In this paper we have demonstrated the stability of a novel phase of matter. The Bose-
Luttinger liquid is a state with gapless excitations along a surface in momentum space,
analogous to a Fermi liquid. The similarity extends to many of its phenomenological prop-
erties: the BLL is a compressible, metallic phase with a T-linear specific heat; it has Landau
parameters coupling different charge and momentum densities on the Bose surface; and the
UV boson correlation function exhibits spatial oscillations at a period set by the Bose mo-
mentum. As the Bose surface itself does not arise due to degeneracy pressure, however,
there is no clear analog of Luttinger’s theorem. This means that charge and momentum

densities in the BLL are in principle decoupled, which implies the existence of two zero
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sound modes instead of one as well as a continuously-tunable parameter n that controls the
decay of correlation functions as well as a variety of other properties. More broadly, this
means that excitations of the BLL fixed point are not quasiparticles. They should instead
be understood as collective density modes, as one would find in a Luttinger liquid.

It is not obvious where one would look to realize this phase of matter. The precisely de-
generate and circular dispersion minimum posited in this paper arises in the lower band
of Rashba spin-orbit coupled bosons, but Raman-dressing procedures generally lead to
Dresselhaus-type contributions as well that would complicate the matter substantially. The
authors claim that a BLL fixed point might describe exotic partial long-range magnetic order
in the paramagnetic phase of metallic helimagnets, leading to non-Fermi-liquid behavior in
the resistivity. While their model can arrive at a resistivity with the same low-temperature
scaling, there is a substantial amount of uncertainty on this point. In general it would appear
that cold atom systems, with the ability to control interactions and engineer superlattices

and artificial spin-orbit coupling, are the best option for realizing this phase.

Appendix A: Landau Parameter Correction to Correlation Function

As mentioned above, in the absence of £ the Lagrangian £, is diagonal in the ¢, fields

and we have

' 2mun
GZ)'Y (k,w) = <¢7(k,w)¢7,(_k,w>> —5 monly

g ) —
2 4+ UQI{Z?Y

(A1)

where k, = 4 - k. Note that the authors define the perpendicular length scale of the
patch fields ;1 = i\A df—; = A/m = kg/N for convenience. Now let’s see how the Landau
parameters affect this result. This is in general a considerably more complicated calculation,
so we'll just take f;m/ = f, to be a constant and f] 7" = 0. We write the Lagrangian out in

Fourier space,

1
47TN7;Z¢’Y v 0k3)8 o+ v W) by (A2)

This equation is of the form ¢, M, ¢,. We must invert the matrix M to obtain the prop-
agator, so let’s break it down into two parts: M = B + aC where C' is an N x N matrix

where every value is 1/N and B is diagonal. The strategy here will be to perform a power
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expansion and sum the terms to all orders:
(B+aC)"' =B (—aCB™" (A3)
k=0

Clearly to zeroth order we recover the result above:

2monly

—17(0) __
B0 = b

Y

= 27TvnlAG25W/. (A4)

It’s not hard to see that, to second order, we simply have the product of the two G?Y terms:

2
w
(B9, + B, = 27umla (G6,, — ]\ff’ G2aY). (A5)

vy

Given that fact, the crucial observation is that each successive multiplication by (—aCB™)
multiplies the previous term by (— %wQ fo Zw” GE)Y//). This becomes quite clear once realizing
that aC' B! is composed of identical rows of the form [aCB™ ], = %aﬂprg,. This gives

us the following expression:

o 2 o0
GW (k,w) Z = 2wonly (G Oy — w]\{pGgGg, (Z ( — %uﬂfﬂ Z Ggu)l))
= =0 ~
(A6)

At this point things look like a mess. Our next task is to perform the sum over 4", absorbing

the factor of NV to turn it into an integral:

1 1
0
— 7 - — . A
ZG /27T w2 + v2k2 COSQ(’)/) |w| /02 +—U2k2 ( 7)

Now we can perform the sum over [ in isolation,

= el Y 1
;( \/w2+v2k2> _1—i—fp\w\/\/w2+v2k27 (48)

and by inserting that back into the original formula we arrive at

/ 1
G (k,w) = 2munly | G26 , e prOGO )
) ( ) 77A< Oy gl 71+fp|w|/ W2 £ v2k2
2
:27rv771A< 25%7%2 _% 2 2k21 2 2.2 - fp2 5 2)'
w? + v2k2 (w? +v2k2) (W2 + v2k2) 1 + f,|w|/Vw? + v2k

(A9)

Thus, like the Fermi liquid, the Landau parameters affect the correlation function only at

order 1/N. Seeing as N will grow as we reduce the cutoff, we are prompted to set the
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Landau parameters equal to zero for the majority of our calculations. The exception will
be in the discussion of certain phenomenological properties for which they make an O(1)
contribution. It’s also worth mentioning that this is also a feature of Fermi liquids. That
Landau parameters only contribute to the correlation functions (and, importantly, to the
self energy) at order 1/N is related to the fact that Landau parameters cannot destabilize

the Fermi liquid unless they are “sufficiently singular”.

Appendix B: One-Loop RG

We want to calculate the correction at one loop, which means calculating the quantity

((3S[¢= + ¢7]%)= — (8S[6= + ¢7)2) (B1)

N | —

which appears in the cumulant expansion in Eq. (22). The full term looks like

1
—7(2) = m Z gBCS(% _72)9B08(73 —74)/6537"1/d37“2 X

Y1,72,73,74

(<cos<%m (1)) c05( 91 (r2)) — {€08(r1 <n>>><cos<eo73,m<r2>>>). (B2)

Separating the cosines into complex exponentials, we can rewrite the term in parentheses as

1 X (femmrctsnnten - (oo} enont) (B3)
e, /=%

where one should recall the definition

P12 (1) = D3y (1) + Dy (1) — Doy (1) — i (7). (B4)

The key thing to note here is that if none of the ~; are equal then the first term is cancelled
by the second term. This would correspond to a disconnected diagram. Similarly if v; = o
or y3 = 74 but no other terms are equal, the term in parentheses evaluates to zero (it’s also
true that ¢, ,,(r) = 0 when 71 = ;). The terms that will renormalize the interaction term
will therefore have either v; or v, equal to either 3 or 4. There are four such choices,
each of which are equivalent because the cosine is an even function. I'll just multiply by the
factor of 4, rename the external indices v and 7/, and rename the internal index «. This

corresponds to the following Feynman diagram:
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Let’s consider one such term.

1 Z <<€ietp%a(r1)€ietpaﬁ/(7’2)> . <eie<p7,a(r1)><€ieapaﬁ/(r2)>) —

1 >

5 CcOos (90’?,(1(7“1) + SO;’Y' (7’2)) (<ei§0$,a(7"1)6i90a’,y/(7“2)> _ <6i<p$’a(r1)><€i<pzﬂ/(7"2)>>

1 ; —3 r ; —1 T
+ 5 €08 (¢5alr1) — 90577,(7“2)) <<ewia(r1)e oy 2)> — (M7l (e o 2)>> (B5)

Here I just show that we expand the ¢ fields into fast and slow components and then take
the expectation value with respect to the fast variables. The expectation values are pure
real so we can then recombine the cosine of the slow variables as shown.

At this point I will take the liberty to say that we only want to consider the first term
on the right hand side for this particular choice of a. The reason is that the expectation
values connecting fields at r; and 7o will constrain the difference between these positions to
be O(1/A), which we’ll see explicitly. It therefore makes sense to expand in r = r; — o,
a relative coordinate. This will furthermore be sensible because the expectation values
connecting r; and ry only depend on their relative position, r. We can naively see that

expanding

<P7<,a(7“1) + @5,7/ (7’1 + 7”) = ¢§ (7"1) + ¢§+7r(7"1) - ¢c<y<rl) - ¢6<y+7r(7”1)
— 5 (r1+71) = b5 (ri+7) =65 (r 1) — 95 (ri + 1) (B6)

to leading order in r gives

Pralr) + @5 (r+7) = @5 (r1) + O(r). (B7)
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This is the general strategy. If we had considered one of the complex exponentials where
€ # € then we would have taken the cosine with the minus sign instead in order to perform
the same expansion. We will not consider the behavior of the other term as it clearly
generates a term that sums eight ¢ fields and therefore is generically less relevant than the
original BCS term at tree level.

In order to perform this expansion, we have to normal order the cosine. This is done [9]
by taking cos(¢) =: cos(¢) : e~2(%") where the colons denote normal ordering. This will be

an expectation value taken with respect to the slow fields inside the cosine. Note as well

from the main text that

N | —

i —ip~ (7
(7a)c %v“>>:exp(— <(90§,a(7"1)+90§,7/(T2))2>>- (B8)

If we combine the exponentiated expectation value from normal ordering with this factor,

one finds that

e ( -

This follows from the fact that (¢,¢,) o< d,,. We can now write out the first term of

(500r0) + 95 (20 ) e5p ( = J07lr) + 2,00

DO | —

= exp (= H{(pralrs) + ar ). (B9)

Eq. (Bb) as
1 T T
5 : COS (90’77(1(7"1) + (pé/y/ (712)) : 67%<(<p"/,0¢(r1)+¢a,,\// (7"2))2> (1 _ €<(p$,06( 1)(1027,7/( 2)>) . (Blo)

The problem now amounts to solving for these two expectation values. Let’s consider the

expectation value of the fast fields. First we use the fact that £, is diagonal in v to simplify:

(07.a(r1)ea 1 (r2)) = ={bg (r)og (r2)) = (Paix(r1)dayr(r2)). (B11)

We then use the same manipulations from Sec. III to find

A dw dk A dk ei(k-x—l—wﬂ-)
(¢ (r1) 2 (1r2)) = 2mnula / I / =

sA (27T)2 —_A 27T W2 +'U2kfﬁ

o X a)/A dw dky cos(kjz) + wT)
AU OATL sa (2m)? w2+v2kﬁ

N A dq T
=27 dp(2]) /SA )] /_7r df cos(qrq cos(6))

A
d
N / 9 5 ara)
sA |Q|

(B12)
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I did a few things there. In the first line we took

A .
dk, . : ) A A
ZA/ 2_7: ez(k.:c—I—wT) _ el(kaH—I—wT) (%) ~ ez(kuz“-i-wfr)d/\(xj_) (B13>
A 1

where §, is defined in Eq. (19). This essentially fixes x; ~ 1/A. I then changed variables

to ¢ = /kﬁ + w?/v? and defined the cosine in terms of r, = , /xﬁ + v272. Note that this

variable r, is the magnitude of the relative coordinate, v — ro. For s very close to 1 we can

approximate the integral and obtain
(9 (r1)¢a (r2)) = —nln(s)Jo(Ara)da(2]). (B14)
If we define s =1 — v where 0 < v < 1, this gives us
(1 - e<‘pia(7"1)90z,7'(r2)>) ~ —2nuJo(Ary)da(z%). (B15)

The Bessel function is peaked near r, = 0, motivating us to expand in small r, (which
should be ~ 1/A).
Now we come to the other expectation value, which ostensibly looks like a problem.

Expanding, we get

((Pra(r1) + @any (r2))*) = (@5(r1)) + (8542 (r1)) + (D5,(r2)) + (63 4(r2))
+{(@a(r1) = a(r2))?) + ((Patn(r1) = Gasn(r2))?). (B16)

We already computed the a-dependent terms, approximating the exponentiated result in
Eq. (18). The problem is that the expectation value of ¢* has a non-integrable divergence

for small momenta. Inserting a finite system size,

1 ) Phdw 1
—5(@(7‘1) ) = _WWZA/ (2m)? w? + v2k2
_ L / b dky (B17)
27 Ji 1k
= —%nln(AL).

This would imply that the relevant term from Eq. (B5) takes the form
= (AL)™*" 0a(2]) Jo(Ara) Go(r) Goyx(r) :cos (95,(r1) + @5 (r2)) - (B18)

where I refer to the result of Eq. (18) as GY(r) and r = r; — ry is the relative coordinate.

It’s actually the case that G%(r) = G2

o+

(r), so this could be simplified further. This term
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looks like it vanishes upon taking L. — oco. Proceeding as if everything’s fine, however, we
can now expand the cosine as prefaced earlier. The leading-order contribution gives us back
the COS(QO,?,Y,) of the original interaction. Only that’s not exactly what it gives back — what
we really have is : COS(QO,?,Y/) :, which we can’t compare directly to the original term. We
therefore have to invert the relation we used to normal-order the cosine. Using the fact that

Ly is diagonal in the patch fields, we have that
o2 (5% _ =269 _ (A'L)~2". (B19)

This means that the factor we are absorbing is precisely the factor that would have caused
the entire result to vanish! Combining, we obtain the familiar factor (AL)~*"(A'L)*" = s*".

Changing variables of integration [ d*ry [ dPry — [ d®rq [ dPr so that we integrate over
the relative coordinate, we find that the net contribution to I, which I'll call I®® because

we threw some terms away, is

1 1 ,
719 ~ Vi Z 3 ZgBCS(y — a)gpes(a—7) /d3r1/d37’><
7Y a
(— nv 21 5x(27) Jo(Ary) (Gg[(r))2 Cos ((,0?77/(7"1))). (B20)

Rearranging,

1 s S ( [ cos (gp;ﬁ,(m)) 9
(e S mestr —adscsto =) [ saet) o) (@07 ). o)

The first thing to note is that there’s an extra factor of 1/N because we got rid of the second
sum with a delta function. This won’t be a problem, however, because the integral over 9
gives a factor of 2/A due to the smeared out delta function. Recall from the definition of N
that 1/NA = 1/7kp. The remaining terms in the integral are functions of Az and AvT, so
we can rescale the integral and obtain a constant times 1/vA2. Interestingly it doesn’t seem
like I'll be able to get rid of this factor... I'm not sure if this is correct. We can now define

a positive constant C' where
C = sz/dzr JO(AT’.Y)(G,[;(T))Z (B22)
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is independent of A and v as discussed (and is therefore invariant under rescaling). Rescaling

the 71 spacetime dimensions gives a factor of s72. We collect terms to find

I ~ _% s % > (% > gses(v — a)gpes(a — ’Y')) (/dgﬁ cos (90577'(7"1)))-

” ’ (B23)
We have essentially recovered the desired form. Define C' = Aﬁ% > 0 for convenience where
A denotes any numerical factors I've ignored up until now. Note in our definition of an RG
time, s = e ¢ where t < 1, we would identify that 1 — s = v = t. The general equation for
the coupling constant flow under RG is then

(2—

gsos(t,7 — ') — gBos (0,7 — ') = e® 20 gpag (0,7 — )

~ do
- 6(2_2’7)t0t/ o gBos(0,7 — a)gres(0,a —~')  (B24)

Note that I've taken N — oo and turned the sum over « into a product. What is typically
done now is to rewrite the functions ggcs(t,7) as an infinite sum of harmonics so that we

can turn the convolution into a product. The harmonics are defined as

dy
shes = [ 52 cos(t) gnes (1) (B25)

where [ € 27 due to Bose symmetry. The above equation now takes the form

ghes(t) = 72t (ghg(0) — Ct(ghes(0))?). (B26)

Taking the derivative of both sides with respect to ¢ yields

gfacs(t) 2-2n)t (1 Ay 2 X (2=2m)t (] 2
== (2 277)6( ™ (gBCS(O) - Ct(QBCS(O)) ) — Cel=20) (gBCS(O)) .

s (B27)

Now using the definition of ghg(t), we plug that into the above equation to remove all
dependence of ghg(0). The resulting equation is then expanded to linear order in ¢, which
is assumed to be infinitesimal. Discarding terms O(t) yields the beta function for the

harmonics,

dgl N
%CS = (2 - 277)9%308 - C(QECS)Q- (B28)
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Appendix C: Obtaining the Dual Lagrangian

I found it easiest to begin thinking about this by considering a multi-component Luttinger

liquid Hamiltonian,

u

=5 >, <%(V7¢w) Oy + £2.) (Voyr) + K (V40,) (65 + f2.) (Vv’gv’)>- (C1)
e

Note that this isn’t intended to be equivalent to Ly — the argument should be general. This

Hamiltonian is of the form
H= Z vﬁbv (V va ) (Vvev)ngf(Vv’ev’))- (C2>

There are two ways to write out the action [9] depending on which fields we’ll want to

integrate out:

S, = /O ’ / A’z Z (— @%(vvey)(af%)aw + 7—[) (C3)
Sp = / dr / d%Z( V) (0705) 8 +’H> (C4)

When considering Sy, as I've suggestively defined it, we would naturally want to integrate
out the 0, fields; vice versa for Sp. In order to do this, we want to complete the square.

Take S, as an example. Considering just the relevant terms, we have
7
Z(VVQW)M'?W’(V’Y'QW') - %(vvev)(arﬁbw’)‘svﬁ" (C5)
e

This is an equation of the form ¥ Mx — 2b"x where M = M7 is a symmetric matrix. This

can be rewritten as
"Mz — 2072 = (x — M) M(z — M~b) — b M1, (C6)

where we have completed the square. The first term can now be integrated out because,
in the exponentiated action e~ that appears in the path integral, it is a simple Gaussian
integral. The effective action now contains a term coupling 9;¢, on different patches, and
the matrix connecting these patches is given by (M?)~! times some constants (which we

absorbed into our definition of b). Specifically, we find that

So= [t [ 200 )08 0c0) + (V00 (V6)) (D)
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B
so= [ ar | d%(4—;@9»[<M¢>—1Jw<afey> - (Vﬂw)Mﬁw'(Vv@v’O (C8)

Given this relationship, it is straightforward to switch between the effective Lagrangian
Ly and the dual Lagrangian by just inverting the matrix coupling each sector (charge or

momentum). The last thing we need to know is a trick given in the paper:

1\ 1 f,
<5%v’ + pr) - 5%7’ N 1+ fp (CQ)

Given this, the dual Lagrangians are

1
Llg] = 47TN772¢7 <U w* (d + fP) UKy (8 +ij))¢’y’a (C10)

kpn _ 1 1
— 4:]\/- Z ‘gw (U 1w2 5’}/"1’ + pr) - kayk,yl ((57,}/ + ij))@y, (Cl]_)
where we define dual Landau parameters
~ f] _ fp
T 1Lt =~ C12
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