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ABSTRACT: Non-Abelian vortices arise when a non-Abelian global symmetry is exact in
the ground state but spontaneously broken in the vicinity of their cores. In this case, there
appear (non-Abelian) Nambu-Goldstone (NG) modes confined and propagating along the
vortex. In relativistic theories, the Coleman-Mermin-Wagner theorem forbids the existence
of a spontaneous symmetry breaking, or a long-range order, in 141 dimensions: quantum
corrections restore the symmetry along the vortex and the NG modes acquire a mass gap.
We show that in non-relativistic theories NG modes with quadratic dispersion relation
confined on a vortex can remain gapless at quantum level. We provide a concrete and
experimentally realizable example of a three-component Bose-Einstein condensate with
U(1) x U(2) symmetry. We first show, at the classical level, the existence of S3 ~ S! x §2
(St fibered over S2) NG modes associated to the breaking U(2) — U(1) on vortices, where
S and S? correspond to type I and II NG modes, respectively. We then show, by using
a Bethe ansatz technique, that the U(1) symmetry is restored, while the SU(2) symmery
remains broken non-pertubatively at quantum level. Accordingly, the U(1) NG mode turns
into a ¢ = 1 conformal field theory, the Tomonaga-Luttinger liquid, while the S? NG mode
remains gapless, describing a ferromagnetic liquid. This allows the vortex to be genuinely
non-Abelian at quantum level.
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1 Introduction

Vortices play a prominent role in various areas of physics such as superfluidity, supercon-
ductivity, magnetic materials, nematic liquids, fractional quantum Hall effect, topological
quantum computation, quantum field theory and cosmology. In particular in high en-
ergy physics, much attention has been recently paid to non-Abelian vortices. Such objects
arise when a non-Abelian symmetry is spontaneously broken in the vicinity of the vortex.
The gapless Nambu-Goldstone (NG) modes associated to this symmetry breaking are then
confined on the vortex, where they can propagate.

Non-Abelian vortices were first discovered in supersymmetric gauge theories [1-5] (see
refs. [5-8] for a review), where their presence elegantly explains a long standing problem
about quantum physics in different dimensions, i.e. similarities in the non-perturbative
dynamics of sigma models in 141 dimensions and Yang-Mills theory in 341 dimensions (e.g.
existence of dynamical mass gap, asymptotic freedom, instantons). Non-Abelian vortices
also appear in high density quark matter (in this context also known as color flux tubes) [9—
13] (see ref. [14] for a review). In this case, a Coleman-Weinberg quantum potential arising
on the vortex world-sheet leads to the presence of monopole mesons confined by color flux
tubes [15, 16]. This phenomenon explains a quark-hadron duality between low and high
density QCD, i.e. quarks are confined when monopoles are condensed at low density while
monopoles are confined when quarks are condensed at high density [16]. The examples
mentioned above correspond to relativistic systems. In such cases NG modes acquire mass
gaps through quantum corrections [17, 18] consistently with the Coleman-Mermin-Wagner
theorem [19, 20] which forbids the existence of a spontaneous symmetry breaking or a



long-range order in 141 dimensions. In this sense, non-Abelian vortices studied thus far
in relativistic theories are Abelianized at quantum level [17, 21].

On the other hand, the situation can be different in non-relativistic theories. There
are two kinds of NG modes, type-I and II, with linear and quadratic dispersions re-
spectively [22]. This distinction is deeply connected with the geometry of the space
parametrized by the NG modes [23, 24]; one type-II NG mode corresponds to two bro-
ken generators, while one type-I NG mode corresponds to one broken generator. In the
relativistic case only type-I NG are allowed.

In this paper, we show that type-II NG modes confined in the core of a vortex remain
gapless at quantum level, providing a quantum exact non-Abelian vortex. We consider a
concrete example of a three-component Bose-Einstein condensate (BEC) with U(2) x U(1)
symmetry, in which there is partial phase separation between one (immiscible) component
and the other two (miscible) components. Our setup can be realized in experiments of ul-
tracold atomic gases; (Almost) U(2) symmetric two-component BECs were already realized
by ultracold 8"Rb [25] and ?*Na [26] atoms. If one mixes additional atom with repulsive
interaction with these atoms, one can experimentally realize our set-up. In this system,
we find that there appear an S' type-I NG mode and an S? ~ CP! type-II NG mode
in a vortex core. By noting that this vortex acts as a 141 dimensional trap for the two
miscible components, we describe the modes living in the vortex core as a 1+1 dimensional
two-component Bose gas with U(2) symmetry. By studying the exact solution of this sys-
tem through a Bethe ansatz technique, we show that at quantum level the U(1) symmetry
recovers and the U(1) sector can be described by a conformal field theory (CFT) with the
conformal charge ¢ = 1 or a Tomonaga-Luttinger liquid [27, 28]. On the other hand, the
SU(2) symmetry breaking holds at quantum level and the S? NG mode remains gapless,
describing a ferromagnetic liquid [29].

2 Effective Lagrangian approach

We consider a three-component BEC with U(1) x U(2) symmetry. The Lagrangian for the
Gross-Pitaevskii equation is

. . h2 h2
L = ilpley + il — Vi Vi — ~— V0TV, 0
2m0 2m
1 1
+poltoo|* + pl W[ — §Ao!¢0!4 - §>\|‘1’!4 — klvol?[P[?, (2.1)

which is written in terms of the condensate wave functions (i, ¥7), where ¥ is a two-
component condensate. Here, p and pg are chemical potentials, and A (\g) and k are
intracomponent and intercomponent couplings, respectively. The system above has a stable
minimum when Ao\ — xk? > 0. We consider the phase separation between v (immiscible
component) and ¥ (miscible components), with a non-vanishing expectation value for 1y,
which is obtained when poA — pk > 0, pXo — pok < 0 and p?Xg — pdA < 0. In this
situation, the ground state is (v, ¥7) = (v,0,0) with v? = pg/Ao, where the symmetry is
spontaneously broken down to U(2).



In the cylindrical coordinates (r, 6, z), a vortex along the z-axis is given by

(?) = (fO(T’9)629> o =1, (2.2)
90 (7", ‘9)77

with the boundary conditions fo — v and go — 0 at 7 — oo and fy — 0 and gj — 0 at
r — 0, see figure 1. Here, 7 is a two-component complex constant that parameterizes S3,
and identify the NG modes associated with the ground state symmetry breaking U(2) —
U(1) that takes place in the vicinity of the vortex core: U(2)/U(1) ~ SU(2) ~ S3.

We construct a low-energy effective theory of the vortex through the moduli ap-
proximation [30, 31] introducing a world-sheet coordinate (t¢,z) dependence of the

vortex configuration
¢0 f(r,&,z,t)eia t
= = 1. 2.3
(m g(r,0,z,0m(z0 ) " 22

Notice that we have included a world-sheet coordinate dependence on the profile functions
too. This is equivalent to the inclusion of “Higgs” excitations H and h in the calculation:

fr,0,z,t) = fo(r)+ H(r,0,2,t),
g(r,0,z,t) = go(r) + h(r,0, z,1). (2.4)

This modification to the standard approach in deriving effective theories in the relativistic
case is crucial. The field H is a massive bulk mode, while the field h is a lighter non-
propagating mode that contributes to the effective action for the zero-modes 7.

By substituting eq. (2.3) in the Lagrangian we get:

L = ihg*n'
—#[W+1ﬂ+1Wfﬂanﬂ
2mo r2 rz Vo *
h2 12 1 2 2 2 2
g |7 V00 (V0 4 PV
hof? +g” — Shof* — Sh' — w2 (25)

from whose variation one obtains the equations of motion for f and g:

R I1 )
0= T om |:2f_Af:| +pof —Mof? = kfg?
mo [T
) . R
0 = ihgn'n — o [9IVanl? — Ag] + g — Ag® — kg f?. (2.6)

In the derivation of the effective action for the moduli  we will keep only terms up to second
derivatives in the world-sheet coordinates. This allows us to consider an expansion of the
equations above in powers of these coordinates. An important observation is that, thanks
to the (static) equation of motions, the corrections to the effective Lagrangian in eq. (2.5)
enter quadratically at least. This allows us to calculate all terms in the effective action,
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Figure 1. Numerical solution for the profile functions fo and go. p =2, g = A = Ao = 3, kK = 2.3,
m = my.

up the the second order in the world-sheet coordinates, by just calculating corrections to
the profile functions up to the first order. As can be seen by inspecting eq. (2.6), first
order corrections will only involve time derivatives of the moduli . We proceed using the
following expansion:

9= g0+ il g1 + O(7,0?),
f = fo+ihn'n fi + O(0%,82). (2.7)

We first consider the zeroth order, corresponding to the static case, and study the vortex
profile functions fy and gg. The equations for these two functions correspond to those in
eq. (2.6) without the world-sheet derivatives. A numerical example can be seen in figure 1.
We can see how the vortex built in the immiscible component acts as a one dimensional
trap for the two miscible components. This is the first crucial observation of our paper.
The asymptotic behavior of the profile functions can be found analytically by studying the
expansion fo =v —df, go = dg of eq. (2.6) from which we get:

f 1 1
~ 1V — T ————har
0 2\/,[10)\0 r2
C1 —r

[—Aop + Kfto
_— 2.8
VT Ao (28)

go ~ —=¢€ ’ v

As common in systems with only global symmetries, the profile function fj for the conden-
sate supporting the winding decays polynomially. On the other hand the expression above
shows the profile function for the trapped components gg decays exponentially. This is our
second important observation. The exponential decay allows us to search for normalizable
zero-modes propagating on the vortex line, so that the 141 effective action is finite on an
infinite volume.



We proceed now to the calculation of the effective action with the derivation of the
higher order corrections f; and g;. The expansion of eq. (2.6) in powers of the world-
sheet coordinates gives new differential linear equations for the variables f; and g; (see
appendix A). Since these equations are linear in the first order corrections, fi(r) end g;(r)
depend only on the zeroth order profile functions fy and gg. Their numerical evaluation
can be found in figure 2 in appendix A. Substituting the expressions g = go + iin'n g1 and
f = fo +ihln'y f1 in the original Lagrangian (2.5), and remembering to keep track of the
second order terms only, we obtain:

) . R
L = ihgin' + K 1 (n'n)? — %gg\vznﬁ

K = —(poff + 1gt — 3xofoff — 3Xgogs — 4k fogofigr — kg ft — kf391).  (2.9)

The effective action is obtained after integrating over the transverse direction r, this can
be easily done numerically with the knowledge of the profile functions fo1 and go1. The
whole calculation has assumed only a derivative expansion in powers of the world-sheet
derivatives, keeping terms up to the second order:

k. h? .
Leg = ailintn — aT\Vﬂ]!z — BR*(n'n)?
m
a = / 27T7“drg(2), I3 :/ 2mrdrK . (2.10)
0 0

Since the function gg is exponentially decaying, the coefficient « is finite. Moreover, notice
that the first order correction ifigon'n is exponentially small at large distances, which
implies that also the functions f; and g; decay exponentially. As a consequence, the
coefficient 3 is finite and of the same order of . This means that the effective action is
finite and the zero modes are truly confined on the vortex. The coefficients v and 5 have
been calculated numerically in appendix A for the special choice of parameters shown in
figure 1.

In order to see the dispersions of the NG modes, we recall that the geometry of the
NG modes is $% ~ S' x S2, where S! is fibered over S? ~ CP!. To make this structure
explicit, we take a parameterization

n=e%n (2.11)
with nfn = 1, where ¢ and n parametrize S' and S2. Then, the effective Lagrangian can

be rewritten as

5 (n'n — n%)) 2

Log. = —BR2 (@ -~z

h? i 2
—_——— _ 2t _ T
a2m <8ch 2(n d.n — 0n n)>
+2iah(ni — nfn) — ah—2 ((8 n)? — (n' n)2> (2.12)
2m z z Y



which shows that ¢ and n are type-I and II NG modes with linear and quadratic dispersions,
respectively. Here, remarkably n describes one type-II NG mode corresponding to the two
broken generators of S2. In addition, there appears one type-II translational zero mode
corresponding to two broken translational symmetries [32].

3 Quantum exact gapless modes

In the effective theory approach, we have obtained gapless modes at classical level. In order
to discuss whether these modes remain gapless quantum mechanically, we should take into
account massive modes and quartic interaction. As we have noticed, the vortex in the
first component can be seen as a trap for the second and third components, resulting in
two-component Bose gases with U(2) symmetry in 1+1 dimension. Here, we study such
two-component Bose gases at quantum level.

Two-component Bose gases with U(2) symmetry in 141 dimension are also known as
Yang-Gaudin model [33, 34]. Including a nonlinear interaction, the Hamiltonian in units
of h%/(2m) is given by

H = /@(Za\ya\p Mp+Ap> (3.1)

o=1,2

where p = \I/:L\IIU is the density, and L is a system size along the z-direction. The
effective parameters A and p can be related to the original parameters through a renormal-
ization group, but here we do not need explicit relations. Since there is no spin-dependent
coupling, the Hamiltonian has U(2) symmetry in which we can use the Bethe ansatz tech-
nique [28, 35]. The resultant Bethe ansatz equations are [36, 37] (See appendix B)

kL = 2nl; — < kl) + Z@ <2k N 2l5> (3.2)
o, = Z@ <2l > f‘; ( ) (3.3)

where ©(z) = 2tan~!(x), and N and M represent the total number of the particles and
particle number for the component “2”, respectively. k; and [, are called quasimomenta
and isospin rapidities originating from SU(2) symmetry in the system. I; and J, take
integer or half-integer values, depending on whether N — M is odd or even. Then, the total
energy and momentum are given by

N N
E=) (ki-p), P=) k. (3.4)
j=i j=1
By using I; and J,, the ground state can be characterized as [36]

{L}={-(N-1)/2,--- ,(N—-1)/2}, M =0. (3.5)



In the thermodynamic limit, the above Bethe ansatz equations are then reduced to

11 A Mo(k)
k)=—+— dk' ——————— 3.6
Pk) 27T+7T/_A A+ (k— k)% (36)

where p(k) is the density of quasimomenta, and cut-off A is determined by the density of
the system N/L = fi\A p(k). This equation corresponds to that in Lieb-Liniger gas [38,
39]. Thus, as far as S! sector is concerned, the low-energy excitation is linear gapless
characterized by the ¢ = 1 CFT while there is no BEC. In addition, M = 0 means that the
ground state is ferromagnetic, which is consistent with a general theorem that a ground
state of spinful bosons without spin-dependent interaction is always polarized [40] .

We next consider the nature of the isospin excitation originating from S? manifold.
Although analytic results can be obtained for weak and strong coupling limits, we need to
numerically determine it for general couplings. To this end, we consider a dressed energy

formalism in the Bethe ansatz [28]. In our model, we can obtain

1A Aeo (k)
k) =K —p+ = | d¥
(k) “+7r/_A N+ (k— k)2’

R e Aeo(K)
o) = =5 | Wt e 35

where p is the chemical potential and we introduced the dressed energy e.(k) and e4(l),

(3.7)

each of which represents S' and S? excitations. The derivation of the above equations is
given in appendix B. In the low-energy isospin excitation, an isospin rapidity [ is related
to the real momentum of the isospin excitation p as follows:

p= /_AA dk' p(K') [@ (2]“/;21) + n] . (3.9)

By solving a couple of the above equations, we can confirm that the isospin excitation is
gapless quadratic one [36, 37]. This indicates that a type-II NG mode, called a magnon,
emerges for the isospin sector due to a spontaneous symmetry breaking of SU(2).

4 Summary and discussion

We have shown that a non-Abelian vortex remains non-Abelian at the quantum level
when trapped NG modes are of type-11, e.g. the low-energy behavior of the NG modes is
robust against quantum fluctuations. We have worked out an explicit example of a three
component BEC with U(2) x U(1) symmetry. At the classical level, there appear in the
141 dimensional low-energy effective theory of the vortex both type I and IT NG modes. ¢
and n, with linear and quadratic dispersions respectively, are associated to the fiber S' and
the base S? of the moduli space S ~ S! x S? | where S? is associated with the symmetry
breaking induced by a vortex solution U(2) — U(1). At quantum level, however, the U(1)
symmetry is recovered while ¢ remains gapless with a linear dispersion. On the other hand,
the symmetry breaking SU(2) — U(1) holds at quantum level and n remains gapless with
a quadratic dispersion. We then should interpret the type-I NG mode ¢ as the c =1 CFT



mode at quantum level since there is no BEC, that is, a Tomonaga-Luttinger liquid. At
the same time, the type-II NG mode n remains at quantum level and is interpreted as a
ferromagnetic liquid.

An intuitive understanding of the above is as follows. As far as the low-energy physics
is concerned where S! and isospin sectors are expected to be separated, the kinetic Hamil-
tonians in S' and isospin sectors are Lorentz and Galilei invariant, respectively, thanks to
their dispersion rules. Then, while the spontaneous symmetry breaking in the S* sector is
forbidden by the Coleman-Mermin-Wagner theorem, there still exists a linear gapless mode
since the fixed point of the system is the so-called Tomogana-Luttinger liquid where all of
the interactions that can yield gaps in the system are irrelevant. On the other hand, the
spin sector is purely non-relativistic in the sense that Lorentz symmetry does not emerge
even in the low-energy physics. Since one of the conditions of the Coleman-Mermin-Wagner
theorem is Lorentz invariance, spontaneous symmetry breaking in the isospin sector is not
forbidden and the type-II NG mode remains at the quantum level as prescribed by the
NG theorem.

We can also consider the case where the U(2) symmetry is explicitly broken to U(1)2,
but the trapped components are still miscible. This can be obtained with an additional
term of the type —Ling = A12|¥1|?|Wa|? + %)\11\\1/1|4 + %)\22|\112|4, where Ao is smaller
than intracomponent couplings in Aj; and Mgy (the U(2) symmetric case corresponds to
A1 = A2 = A1z = ).

At the classical level, this symmetry is spontaneously broken in the vortex core and two
type-I NG modes are trapped in the vortex. At the quantum level, the U(1)? symmetry is
recovered and there are two Tomonaga-Luttinger liquids as far as the so-called Tomonaga-
Luttinger parameter in the isospin sector is greater than 1 (See appendix B).

It is straightforward to extend our model to an (N + 1)-component BEC with
U(N) x U(1) symmetry. There appear NG modes SV~! ~ §' x CPN~1 where S! and
CPN~=1 are type-I and II NG modes at the classical level. At the quantum level, the
U(1) symmetry is recovered with the Tomonaga-Luttinger liquid, while the SU(N) sym-
metry remains broken and CPV~! modes remain as type-II NG modes, as ensured by the
Eisenberg-Lieb theorem [40].

Finally, fate of type-II NG modes localized on domain walls [41, 42] and skyrmion
lines [43] in the presence of quantum effects is one interesting future problem to explore.
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Figure 2. Numerical solution for the first order corrections to the profile functions fy and go.
=2, =A= X =3, k=2.3, m=my.

A Derivation of the effective action
Assuming the following derivative expansion for the profile functions as explained in the text

g = go+iln'n g + O(2,62),
f = fo+itn'n fi + 07, 02).

we obtain the following equations:

h 1
0=—5— {Qﬁ - AJ‘@ + pof1 — 3N S f1 — kf195 — 2k fogog
mg |7
h? 9 2
0=go— o [—Ag1] + ng1 — 3Aggg1 — kg1 fy — 2K90 fo fi. (A1)

Since the non-homogeneous term in the effective action is exponentially small, the functions
f1 and g7 are also exponentially small. A numerical solution for these quantities is shown
in figure 2. Using eq. (2.10), we can evaluate numerically the coefficients o and K. Using
the values of the parameters as indicated in the figures captions, we have, for example:

a=0.684, B=1.00, (A.2)

where we have taken h = m = 1.

B Derivation of Bethe ansatz equations

Here we sketch a derivation of the Bethe ansatz equations in two-component bosons, which
can be solved by the so-called nested Bethe ansatz method. Our derivation is based on one
in ref. [35], which discusses the Fermionic Hubbard model.



We first consider N particle wavefunction as

SN

V(x1, - ,ZN; 01, ,0ON) = ZAUQl“'UQN (kpyy--- ,kpN)elzJ:l FritQ;  (B.1)
{P}

1§xQ1 §$Q2"'§$QN§L7 (B'2)

where {P} denotes possible permutations. From the continuity of the wavefunction and
its first derivative at equal positions as x1 = x2, we have

AO’Ql"' 10Q;0Qi417 QN (kpl’ ) kp¢+17 kpia T >kpN)
—iA
- kp, — kpioy + i)\AJQl"' 0Q;:9Q 41" QN (Fpis - s Ky, Fpias +Kpy)
i i1
+kp — kp oy TIA O—le’o—Qi+l’aQi"”UQN( p1> > VP VPt » PN :
i it
We next introduce
‘km? T 7kpN> = Z AO’QIH"O'QN (kplv T 7kpN)’0-17 T aUN)? (B'4)
{os}=1.1
and
—iA x
y (a,b) — ¢ T 1) B5
@)= raltoal (B.5)
|O—1, PR 70b7 O-CH ... 7UN>7 f— H(a’7b) 0’17 e 70-0,7 O'b’ PR )O—N>7 (B.G)

with the identify operator I. Then, eq. (B.3) can be expressed as

Y(a’b)(kpi - kpiﬂ)‘kpu T ’kpiv kpz'+1 T ’kpN> = |kp1a e 7kpi+1a kp' e vkpN>' (B'7)

(3

We next consider the periodic boundary condition: W(zy,---,zi—1,1, %11, ,ZN) =
\If(l‘l, T, L+ 1, mig, e ,SUN). Then,

Aoq,aqy (kpys o kpy) =
e Asey o0y 00, Fpar s Kpx ). (B.8)
By substituting the above into eq. (B.4), we have
N-2
|kp17"' vkpzv> = et H X(I’N_j)(km - kpN—j)‘kp17 e ’kpN>’ (B.9)
j=0
XUHR) () = MUK Y R (g), (B.10)
By introducing
N-1
S= [ XNk, — kpy_,)
j=1
= — XNk — kpy) - X @D (e, — Ky, ) TI@D, (B.11)

~10 -



which satisfies
-2
Tr,S = — [ XON D (ky, — kpy ), (B.12)

we have
|kP1 e kPN> = _eikplLTraS|km T kpzv)' (B.13)

By using Pauli matrices, we have

. 1 , ,
x@iq_1.) = —AIT(@9) N & TO)
B 1 (I =1 —iX/2)]; —i)o5 /2 iAo
B TEEN i)\crj+ (I —=1; —iA/2)]; +iXo5 /2
(B.14)
with l; = kp, —i)\/2 since
2 2JJ Ij —03/2
We next introduce the so-called transfer matrix
T@1) = X@N I —1y) - X@D1 = 1)
A(l) B(1)
= . B.16
(om D(1) (B16)
By considering a “vacuum” state as |vac) = |1,---,1), we obtain
N :
l; — i\
= B.17
(I)|vac) ]l;‘[l<l—l —i—z)\) |vac), ( )
C(l)|vac) = 0, (B.18)
-
D(l = — : B.19
() vac) j]z]l(l_ljm)\va@ (B.19)
Since Y(@?) and T(® satisfy the celebrated Yang-Baxter relation
YD1 — @)@ @70 (1) = T ()T 1)y @D (1 - p), (B.20)
it is straightforward to show the following commutation relations:
B()B(u) = B(u)B(0), (B.21)
l—p—1iA iA
A(WB() = —= LBUAG) + 7 Br)AQ), (B.22)
—1l—iA i\
D(u)BU) = H= 2 BOD() + 2B D). (B.23)

- 11 -



We finally put the following ansatz for the wavefunction:
gy -+ k) = B1) -+ Bllag) lvac). (B.24)

By substituting the above into eq. (B.13) and wusing the commutation rela-
tions (B.21), (B.22), and (B.23), we obtain the following Bethe ansatz equations:

o — k41 k l —i)\/2

ik L l B

:_” B.2
¢ k — Kk — A ﬂk:]—lg—ki)\/Q’ ( 5)

—i\/2 —lg —iA
= — B.26
Hz o Hz EYPEEY (B.26)
Finally, by taking the logarithm of the above equations, we obtain egs. (3.2) and (3.3).

C Derivation of dressed energies

For general N and M, the ground state energy can be expressed as
N
1 hN
E/L = — k — puN — hM + —

A Q
= / dk(k* — 4+ h/2)p(k) — h/ dlo(l), (C.1)
—A

-Q
where h is a magnetic field, and o (1) is the density of the isospin rapidities. From the Bethe
ansatz equations, we can show

Ak 1) = ok, 1) + K, K, 1) 0K, 1) (C.2)
where
plk,1) = (p(k),o(1)", (C.3)
plk,1) = (1/(2m),0)7, (C.4)
" 1 )\2+(I?—k’)2 (A/2);i{13—l/)2
K(k,1: K1) = — v B\ : (C.5)
O2P+T—F)? N7

and ® means the integral over the same variables.
We next introduce

go(k,1) = (K* — n— h/2,0)T. (C.6)
Then, the ground state energy can be rewritten as
E/L =& ®p,
= ) ®F, (C.7)
where &= (e.(k),es(1))7 is the dressed energy. This satisfies
E=&+K'®¢ (C.8)
which is nothing but egs. (3.7) and (3.8).

- 12 —



D Tomonaga-Luttinger liquid in two-component Bose gases

Here, we consider the following Hamiltonian in two-component bosons,
h2 t T A T 2 T T
H= [dz)_ 5, 0UOWs — WiV, + S (WL W,)? | + mW 0y W, (D.1)

Here, we are interested in the miscible case, that is,

A > K, (D.2)
A> 0. (D.3)

In what follow, we consider the situation that two components have the same density,
p1 = p2. Then, we can apply the bosonization to this “bosonic” system. In the bosonization
for bosons [27], we can use the following bosonization

1 vzl A .
vl = <Po - wU) DY 62”’””0””“‘5”)‘”“], (D.4)
7T
p==%1
1 )
po = WU, = <P0 - Wwa) +po Y Hrrormoa), (D.5)
p==1

where ¢, and 6, are conjugate fields in the bosonization.
By applying the above dictionary to the our Hamiltonian, we have

1
H — /d:p > [uuKu(veuF + ““(V%)Q] +2np3/dxc082f2¢a, (D.6)
2 = K,

where we introduce

¢p = \}5(% + ¢2), (D.7)
b = %wl — ), (D.5)

and the similar relations for ¢ fields. Here, u, is the velocity and K, is the so-called
Luttinger parameter, and they are given by

K
Ky=—n (D.9)
V1+kK/mu
[ — (D.10)

V1—kK/mu’
up, = u\/1+ kK /mu, (D.11)

up, = u\/1 — kK /mu, (D.12)

_ /TP

K = A (D.13)
Y

U=\ (D.14)
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As can be seen from the above bosonization Hamiltonian, if there is no coupling
between up and down particles (v = 0), the Hamiltonian is quadratic, which is called
Tomonaga-Luttinger Hamiltonian.

In the presence of k, we also have cos ¢,, and therefore physics becomes non-trivial.
To see what happens in the presence of this coupling, we can consider the renormalization
group analysis, which is one of the most powerful approaches in one dimensional world. By
applying the perturbative renormalization group in the above Hamiltonian, we have the
following renormalization group equations [27],

dE-(D) _ s ()EZ(0)

= R, (D.15)
d’;gl) = (2 — 2K, (1))&(D). (D.16)

We note that the above are essentially equivalent to renormalization group equations in
the so-called BKT transition. We can easily check that cos ¢, is locked since x flows to
strong coupling if K, < 1 while cos ¢, is irrelevant if K, > 1.

In a weakly-interacting bosonic system, we naturally expect that K, > 1, and therefore
the fixed point is the Tomonaga-Luttinger liquid phase. Namely, even if we consider the
quantum fluctuations, we still expect that the low-energy excitations in the system are
linear gapless.

Open Access. This article is distributed under the terms of the Creative Commons
Attribution License (CC-BY 4.0), which permits any use, distribution and reproduction in
any medium, provided the original author(s) and source are credited.
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