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Vortices in P7 -symmetric non-Hermitian superfluid
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Abstract. We discuss the properties of the non-Hermitian 7 -symmetric two—
scalar fields model. We investigate stability areas of this system and proper-
ties of vortices that emerge in the system of two interacting scalar fields. The
phase diagram of the model contains stable and unstable regions depending on
PT -symmetry breaking, which intercross the regions of U(1)-symmetric and
U(1)-broken phases in a nontrivial way. At non-zero quartic couplings, the
non-Hermitian model possesses classical vortex solutions in the 7 -symmetric
regions. We also consider a close Hermitian analog of the theory and compare
the results with the non-Hermitian model.

1 Introduction

Traditional quantum mechanics requires the Hamiltonian to be Hermitian. This condition
guarantees that the energy spectrum is real-valued and the time evolution of the system is uni-
tary. However, as some studies show, the requirement of Hermiticity is optional rather than
mandatory. The Hermiticity condition can be replaced by the requirement that the Hamil-
tonian of the system enjoys the invariance under the combined parity £ and time-reversal
inversion 7~ operation (7 -symmetry) [1, 2]:

H=H"7, ey

This symmetry of the Hamiltonian ensures the real-valued energy spectrum and, conse-
quently, the unitary evolution and stability of the system unless the 7 -symmetry is broken
spontaneously.

Examples of non-Hermitian Hamiltonians with real-valued energy spectrum appeared
long ago in theoretical studies [3—5]. Nowadays, the ideas of non-Hermitian systems have
found their applications in open systems with balanced gain and loss in different branches
of physics, such as optics [6—11], photonics [12-16], superconducting wires [17, 18], PT -
symmetric electronic circuits [19] to mention a few.

In this work, we study vortex topological defects in a bosonic non-Hermitian model. We
consider a model that consists of a pair of scalar fields associated with interacting conden-
sates. The topological solutions in the multicomponent scalar models appear in various sys-
tems ranging from condensed matter to high energy physics. Some of these models can serve
as viable extensions of the Standard Model of fundamental particle interactions [20-23].
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2 P77 -symmetric scalar field theory

We consider a simplest example of a scalar non-Hermitian 7 -symmetric theory which de-
scribes dynamics of two complex scalar fields ¢; and ¢, coupled by a mass matrix M. The
Lagrangian of theory,

L=0,070"D - O M*® — Uy (D), 2)

i

describes the doublet of two scalar fields ® = ( é
2

) subjected to the Hermitian self-interaction

with the potential
Uin®) = A[* + Loll” 3)
We consider a repulsive self-interaction with the quartic couplings 4, > 0.

The non-Hermiticity emerges from the mass matrix of the Lagrangian (2), namely from
the relative sign of its off-diagonal elements:

“

2 2
MZ = mlz m% .
NH = \—mz m

The opposite signs in front of mg # 0 elements correspond to a non-Hermitian theory. The
choice of the identical signs of off-diagonal elements (analytically) transforms the theory to
its Hermitian counterpart with the mass matrix:

2 2
y I LR
Iy, (mg mz). 8
To highlight the difference between these two types of theories, we rewrite their La-
grangians in terms of individual fields:
L = 0,610"91 +0,850" 62 — mi|o1|* — m3|¢al” — m3 (@) 2 — d301)
~dlgil = il 6)

Ly = 0,$,0"$1 + 8,0,8" ¢ — milpil* — m3|dal* — mi(B1¢2 + G361)
~ilpil* = ool @)
Both Hermitian and non-Hermitian models are invariant under the global U(1) transfor-
mation, in which the single phase factor (with a real-valued parameter w) is shared by both
complex scalar fields ¢ and ¢,:
Uul): O(t,x) = (1, x) = “D(1, x) (8)
The non-Hermitian theory (6) is also invariant under a discrete 7 transformation that

consists of the parity inversion # supplemented by the time conjugation 7 :

{ P D(t,x) - D'(1,—x) = 03D(¢, x),
NH : )
T O(t,x) » D' (—t,x) = D*(¢, x).

Notice that under the action of P transformation ¢; transforms as a true scalar, while ¢,
transforms as a pseudo-scalar.
In the case of the Hermitian theory, the * and 7 transformations are as follows:

H P D(t,x) - D' (1,—x) = (¢, x),
' T:  Ox) > O(—t,x) = D(1,x),

(10)
Notice that both fields ¢; and ¢, behave as true scalars under the parity inversion.
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3 Ground states

In Ref. [24], an analytical study of the ground state of the two-field scalar model (2) has
been done for a particular case when only one field was self-interacting (1, = 0). We extend
this analysis to the case of the most general model in which both scalar fields have nonzero
self-interacting couplings, 4, # 0. Unfortunately, such an extension makes the equations of
motion much more complicated, which does not allow us to obtain analytical solutions. In
our work, we use numerical analysis to find the ground state of the model as well as its P7~
stable regions.

The classical equations of motion can be obtained by the variation of the action corre-
sponding to Lagrangian (6) with respect to the fields ¢} and ¢, respectively:

1%

O¢) + iy +midy + - = 0, an
o’
1%

O¢y + mypy —midy + — = 0. (12)
op’

In the ground state the condensates are coordinate-independent quantities, and Egs. (12),
can be reduced to the non-linear algebraic relations by representing fields ¢, in the radial
form ¢, = v,e:

mfvl +m§vz+2/llv? = 0, (13a)
mivy —miv; + 240y = 0. (13b)
In the case of the counterpart Hermitian model, the theory equations (13) take the following

form:

mfvl + mgvz + 2/llv§ = (14a)
mivy + mlvy + 2403 = 0. (14b)

)

These systems of equations can be solved numerically. Solutions that correspond to the
minima of the energy density of the ground state

Ewo = mivi+mv3 + 0] + L5, (152)
EH,O

2.2 2.2 2 4 4
mivy + myv; + 2msvivy + Av] + Aavy, (15b)

are represented in figure 1.

4 Stability of the ground state of non-Hermitian theory.

To probe the stability of the ground state, we consider weak fluctuations of the scalar fields,
$a = Va + Pu, (16)

with |q3,,| < |vg]l. Next, we build the quadratic fluctuation matrix that corresponds to the

variation of action with respect to the small deviations of the fields about their ground-state
values. The configuration is unstable if this matrix contains at least one negative eigenvalue.
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Figure 1. The upper panel depicts (a) the energy density and the condensates (b) v; and (c¢) v, in the
ground state of the non-Hermitian model (6) with the real-valued mass of the field ¢;. The middle panel
represents the same quantities obtained for the imaginary mass, m? < 0. The lower panel corresponds
to the Hermitian theory (7). All quantities are shown in the units of the absolute value of the mass
parameter, |m;|. In all plots, the quartic couplings for both scalar fields are fixed: 4, = 4, = 1.

In the Hermitian theory, the minimum of energy of the system corresponds to the stable
state as the quadratic fluctuation matrix does not contain negative eigenvalues. In the non-
Hermitian theory, this criterion does not work in general and we are left with the additional
analysis of its fluctuation matrix:

4/llvf+mf 20%/11 mg 0
2022 4 v*+m? 0 m2
2 _ 111 1P 5
M= —m? 0 d03+m5 2034, a7
0 —mg 205/12 4/lzv§+m§

In the U(1) broken phase, this matrix has one zero eigenvalue which corresponds to the
Goldstone mode. In the symmetric U(1) phase, all eigenvalues are generally nonzero.

As it can be seen from figure 2, the ground state of the non-Hermitian model is unsta-
ble in some regions of the parameter space. We interpret these new regions as $7 -broken
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Figure 2. Stability diagrams of the non-Hermitian model in the (m2, m3) plane for the fixed coupling
A1 = 1. The stable regions marked by the blue color and the unstable marked by the red color. The
upper and panels correspond to m? > 0 and m? < 0, respectively. The dark (light) areas denote regions
with non-vanishing (vanishing) condensates.

regions thus providing in our work the extension of the definition of the spontaneously P7~
breaking to the case of the interacting model. In the non-interacting limit, 4;, — 0, the
PT -instability requirement reduces to the standard criterion of the 7 breaking in the non-
interacting model, 4m? > (m?} — m3)*. The system in the 7 -broken regions cannot be used
as a valid prescription of any steady-state in a physical system. On the contrary, the P7 -
symmetric regions are stable zones where the steady-state physics can be realized.

5 Vortices at finite couplings

Both Hermitian and non-Hermitian two-field models possess vortex solutions at finite values
of the quartic couplings 4; and 1,. We consider examples of the static vortex solutions of the
classical equations of motion assuming the form of the scalar fields

ba(r, 0) = v fu(r)e™, a=1,2,

where r and 6 are the radial coordinates in the (x1, x,) plane and n € Z is the vorticity of the
solution.

The classical equations of motion are given by the following system of differential equa-
tions for the profile functions:

it n?

T+ == = S A = mifir) - m§j—ffz(r) -2 ff = 0, (18)
’ 2
10+ 2D ) - mipr) + M) =205 = 0. (19)
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The equations on the profile functions in the counterpart Hermitian model are as follows:

2

(r)— m]fl(r)+ms fZ(V) 2/llvlf1 = 0, (20)

2"(}’) + fz(r)

fl(r) 2/1202f2 = 0. 201

Using the numerical analy51s, we confirm the existence of the stable vortex solutions in the
regions characterized by U(1)-broken symmetry and, simultaneously, obeying $7 -unbroken
symmetry. In all other regions the stable vortex solutions do not exist.

An example of the profile functions for a set of coupling constants is shown in figure 3(a).
The radial functions feature a linear rise close to the origin which turns into an exponentially
slow approach to the corresponding vacuum expectation values at large distances. These
properties mark the generic behaviour of all solutions that we have analyzed.
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Figure 3. Panel (a) repreients the profile functions of the elementary n = 1 vortex solution at the mass
parameters m3 = |m?| and m5 0.1]m?| with m? < 0 and the equal quartic couplings 2; = A, = 1. Panels
(b) and (c) represent the Hermitian and non-Hermitian vortex energies respectively vs. the off-diagonal
mass squared mg in different stability areas: (b) mg = —m% corresponds to the border of the stable and

unstable regions and (c) m3 = 2.5m> < 0 resides within the stable region of figure 2(g).

We show the vortex energies in both Hermitian and non-Hermitian theories in, respec-
tively, in figure 3(b) and figure 3(c) in different areas of the phase diagram for the same val-
ues of the quartic couplings. While the vortex energies in the Hermitian and non-Hermitian
versions trivially coincide with each other at ms = 0, their behaviour starts to differ from each
other with the growth of the off-diagonal mass ms.

6 Discussion and conclusion

Our work considers the non-Hermitian model of two self-interacting complex scalar fields.
Due to the P7 -symmetry, this theory can describe open systems that exchange energy with
an environment via gain and loss processes. It is the 7 -symmetry that provides an exact
balance between the gains and losses, thus ensuring the stability of the ground state of the
system.

The phase diagram of the non-Hermitian model and its comparison to the Hermitian coun-
terpart are shown in figures 1 and 2, respectively. The Hermitian theory is stable in the whole
parameter space. It has the U(1) broken phase with non-vanishing condensates everywhere
except the line m5 0. In contrast, the phase diagram of the non-Hermitian theory has
complicated patterns (figure 2) enriched by the intersections of 7 -symmetric (stable) and
PT -broken (unstable) regions with U(1) symmetric and broken regions (with vanishing and
non-vanishing condensates, respectively). This difference is caused by the nontrivial solu-
tions of equations of motion in the case of 7 -symmetric self-interacting theory. The notion
of the spontaneous 7 -breaking is generalized to the interacting model.
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Similarly to the Hermitian theory, its non-Hermitian analog possesses the vortex solu-
tions, stable only in the $7 -broken regions. We have investigated the vortex profiles and
energies and found that the properties of single vortex solutions in the non-Hermitian case
are qualitatively similar to the Hermitian ones, apart from the difference in the stability re-
gions imposed by the £7 symmetry in the non-Hermitian model.
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