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We provide a complete first-principles based discussion of quantum tunneling out of initial states
carrying a conserved Noether charge. Our main result is a simple, unambiguous Euclidean-time
prescription for the calculation of tunneling rates out of such states. By relying on a combination of
the direct approach and the steadyon framework for the evaluation of real-time path integrals, our derivation
offers full transparency of its underlying assumptions, and is independent of any ad hoc generalizations.
This strategy also offers a simple explanation for the emergence of complex saddle points for such systems,
justifying techniques postulated by earlier works. Our analysis furthermore offers the first results for initial
states with both a conserved Noether charge and a nontrivial energy. We first illustrate the main conceptual
points of our analysis for the simple example of a point particle in two spatial dimensions carrying a
conserved angular momentum. Then, we generalize our results to the case of multiple dimensions and an
arbitrary conserved Noether charge, providing an easy-to-implement prescription for the calculation of the
tunneling rate. We furthermore apply our results to the example of a complex scalar field subject to a global
U(1)-symmetry with associated charge. These results provide a reliable foundation for the calculation of

tunneling rates in applications in finite-density and charge-asymmetric systems.
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I. INTRODUCTION

Quantum tunneling is one of the most characteristic
nonperturbative phenomena in all quantum theories. In
quantum mechanics, tunneling describes the exponentially
suppressed propagation of a particle through a classically
forbidden region, providing the basic mechanism behind
phenomena such as a decay and the splitting of quasi-
degenerate levels in double-well potentials [1-4]. In field
theory, it underlies metastable vacuum decay and false-
vacuum transitions, with applications ranging from particle
physics to cosmology [3—6]. These processes have been
extensively studied in the literature, leading to a robust
theoretical understanding of tunneling out of the simplest
false vacuum states in terms of a Euclidean-time picture [7].

However, in a broad range of applications, one is
interested in decay processes occurring at finite energies
or fixed values of conserved quantities, such as angular
momentum in quantum mechanics or Noether charges
associated with a continuous symmetry in quantum field
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theory [8—11]. As noted in several of these earlier works, a
generalization of the familiar Euclidean-time picture that
properly incorporates a nonzero Noether charge appears to
necessitate complex saddle points, in contrast with the
strictly real instantons encountered in the usual treatment of
false-vacuum tunneling [8,10-13].

This behavior can be traced back to the properties of the
Noether charges themselves. In contrast to the energy,
conserved charges of this kind generically become complex
after Wick rotation, and therefore cannot be implemented in
a Euclidean description built solely from strictly real
degrees of freedom [8,12—17]. Consider, for instance, a
conserved Noether charge C associated with a symmetry
along some generalized coordinate 8. Following Noether’s
theorem, C can be obtained from the Lagrange function L
through the simple relation

oL .
00

Thus, C transforms under a Wick rotation ¢ — —ir
as C(0) — iC(d8/dr).

Crucially, this generally requires a genuine complex-
ification of the relevant degrees of freedom, rather than a
mere small complex deformation. In particular, these works
have found that the presence of a conserved Noether charge
forces the instanton component along the cyclic variable to

be strictly imaginary [8,10,11]. Beyond the formal questions
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this raises, such a complexification also introduces the
possibility of additional saddle points. If, a priori, any
complex saddle point were allowed to contribute to the
relevant path integrals, this could lead to a large proliferation
of new solutions, potentially with a significant impact on the
tunneling rate.

A natural framework to understand the emergence of
complex saddle points is offered by the recently developed
steadyon picture [18-21] in combination with the direct
approach to tunneling [7,22]. In combination, these
advances enable us to derive a semiclassical expression
for the tunneling rate from first principles. They allow, in
particular, to evaluate the relevant path integrals directly in
physical time, from which the familiar Euclidean-time
quantities can be obtained through clear, transparent steps.
This is made possible through the introduction of a new
class of complexified solutions to the (regularized) real-
time equations of motion dubbed steadyons. This picture
thus offers a natural setup to develop a reliable under-
standing of the role that complex saddle points seem to play
in the description of tunneling processes in the presence of
conserved Noether charges. Thus, the main purpose of this
article is the application of this picture to develop a
complete first-principles understanding of quantum tunnel-
ing in the presence of such charges, providing a more
robust foundation for results that were previously obtained
through generalization or conjecture.

For concreteness, we discuss two particularly illustrative
examples. First, we consider a point particle in two spatial
dimensions moving in a rotationally invariant potential at
fixed angular momentum. This system captures the struc-
tural mechanism in its simplest form, with angular momen-
tum playing the role of the conserved Noether charge and
the angular variable playing the role of the symmetry
direction. Using this simple example, we will demonstrate
in great detail how the angular momentum of the system’s
initial state propagates through to the complex steadyon,
ultimately leading to a Euclidean-time description with an
imaginary angular variable. Our argument also establishes
that this particular saddle point indeed dominates the
tunneling rate, rather than hypothetical other saddle points
made feasible through the complexification. We then
generalize the emerging Euclidean-time procedure to arbi-
trary dimensions and present step-by-step instructions for
its implementation. Next, we consider the simplest field-
theoretic example with a conserved charge, namely a
complex scalar theory with global U(1) symmetry, for
which we perform a similar analysis. We show that the
appearance of complex Euclidean saddles is not a pecu-
liarity of the mechanical example, but a completely general
consequence of imposing a nonzero conserved charge in
the tunneling problem. Finally, we discuss the generaliza-
tion of these insights to arbitrary tunneling processes
involving conserved Noether charges. This opens the
way to applications in dense relativistic matter with one

or more conserved charges, including quark-matter nucle-
ation and phase conversion in neutron stars and proto-
neutron stars, as well as possible gravitational-wave sig-
natures from first-order QCD phase transitions in core-
collapse supernovae and neutron-star mergers [23-31].
This work is organized as follows. In Sec. II, we provide
a detailed first-principles based derivation of the tunneling
rate and the probability flux determining it to leading order.
For simplicity, we focus on the illustrative example of a
point particle in two spatial dimensions, subject to a
rotational symmetry giving rise to a conserved angular
momentum. This leads us to a compact expression for the
tunneling rate in terms of the theory’s propagator. Then, in
Sec. III, we evaluate this expression in the semiclassical
limit using the steadyon picture. We show, in particular,
how the relevant quantities can be obtained directly through
a simplified Euclidean-time calculation. We summarize our
results in Sec. III C, providing step-by-step instructions for
the leading-order calculation. We furthermore illustrate this
procedure, as well as important steps of our derivation, for a
concrete example. Next, in Sec. IV, we discuss the
generalization of our discussion to quantum field theory.
For concreteness, we focus on the simplest example of
a complex scalar field subject to a global U(1) symmetry.
For the readers’ convenience, we furthermore include
two Appendixes reviewing the WKB approximation
(Appendix A) and important concepts of the wave func-
tional formulation of quantum field theory (Appendix B).

II. TUNNELING RATE AND PROBABILITY FLUX

We consider a point particle moving in a rotationally
invariant potential in two spatial dimensions, V = V(r). To
allow for quantum tunneling, we assume that this potential
has a false vacuum at r = rgy and a lower-lying vacuum at
r = rpy. For simplicity, we let rpy < rry. We will denote
the funnel surrounding the false vacuum circle by F, and its
counterpart surrounding the true vacuum by R.' See Fig. 1.

We can now assume the particle to have a definite energy
E and angular momentum J and be localized predomi-
nantly within the funnel . This corresponds to a resonance
state |E,J), where the complex eigenvalue E can be
rewritten in terms of a real energy E and tunneling rate
I" as E = E —iI'/2. The wave function of such a state is
generally of the form (x|E,J) = ¥z ,(r, ) = Y%y, (r).
Moving forward we will focus on the semiclassical limit in
which I' « E, allowing us to drop I" from our state labels.

A. First-principles derivation

To calculate I' directly, we observe that the probability to
find the particle within F changes with time as

'Note that we will find that the tunneling rate depends to
leading order only on the properties of the barrier between these
two regions, and is well defined even for unbounded potentials.
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FIG. 1.

Ilustration of the mechanical model. A point particle moves in a rotationally invariant potential V(r) with a false-vacuum

circle at r = rpy and a lower-lying true-vacuum circle at r = ryy, with rpy < rpy. The left panel shows the corresponding two-
dimensional potential landscape, together with the false-vacuum region F and the true-vacuum region R. The right panel shows the
radial potential V(r) (solid black) and the effective potential V(r) at fixed angular momentum (dashed black). The points r, and r
denote the turning points of the reduced radial motion relevant for the fixed-angular-momentum tunneling problem. The blue oscillatory
curves are a schematic representation of the semiclassical wave function: oscillatory in the classically allowed regions and exponentially
suppressed under the barrier. They are meant only as an illustration of the semiclassical support of the state, and should not be interpreted

as the literal time evolution of the particle during tunneling.

Pr(t) = [ @il P

~ /f x| (x|E, J)2e Tt = e TPL(0).  (2)

Using conservation of probability, this implies that

r—_Pr_ Prl), (3)

For both Q€ {F, R}, we can now rewrite these proba-
bilities as

Palt) = / @ (x]e= 1| E, J)(E. J|e]x)

/d2 /dx1/dx2‘PEJ(x1 Vi (x2)

X (xle™ | ry, 1) (ry, o] e™|x)

_/dxl/dx2TE,J(xl)LP*E,J(x2)

X / d?x D (x, t)x; ) D (x, t]x,). (4)
Q

Here, as in the remainder of this article, propagators with no
explicit time label are to be understood as evaluated
at t =0.

To evaluate Py, we can further generalize the strategy
first presented in Ref. [22] and recently extended to
resonance states in Refs. [20,21]. For the final result, see
Eq. (21). Following these works, we define the entrance

radius r, as well as the emergence radius r, via the
conditions
V(I"*):E:V(I"S), I"*Ef, rSER, (5)

Moving forward, we denote the submanifolds with » = r,
and r = r, by X, and X, respectively.

To allow for a straightforward generalization later on, we
first separate the wave functions encoding the initial state
from the time-dependent propagators,

1) = /dzx, /d2X2 We s (x1)PE(x2)
x/dzfop(xf,
R

E/dle/d2x2\PE,J(XI)T*E,J(XZ)pR(xlvx27t)'
(6)

t Xl)D}K:(Xf, t Xz)

To evaluate pg, we furthermore introduce the auxiliary
propagators Dp, Dy and Dy as
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- x(t)=x, .
Prlx, t.lx) = / DxeSM3(Fy [~ 1) for x, €%, and x €F. (7)
x(0)=x;
x(tp)=x .
Dp(xs t7lx,.t,) = / " DxeSN(Gy [x] - 1,) forx;€R and x,€Z,, (8)
x(t,)=x,
- x(’s):xs .
Dp(x, t.]x,,1,) = / DxeSM5(Gy [x] - 1.)8(Fs, [x] —1,) for x,€%, and x.€X.. )
x(t,)=x,

The functional Fy_is defined as mapping any path onto the time it first crosses X, while Gy_maps any path onto the time
it last crosses X,.
These propagators and the original Feynman propagator Dy are related to one another through the decompositions

2n t —

Dty ) = [ dg, [t D(ar. b 1D (1) (10
2n t

DF<xs’t~xi> :/ d(P*/ dt*QF(xs7tx*’t*)DF(x*at*|xi) (11)
0 0

_ 2r Ty _

DF(xs’t.\'|xi):/ d¢*/ dt*QF(xwt|x*’t*)DF('x*’t*|xi)’ (12)
0 0

where again x; € F and x; € R. This form has a clear interpretation: for the particle to move from its initial position x; € F
to some x; €'R, it first needs to cross the submanifold X, at some time 7,, and then X at some z,.
Closely following Ref. [20], we can now apply this decomposition to pg,

Pl t) = [2 &, Dp(x. ) D (x ])

t 2 _ t 2
= [y ["at [T an Deteptlv)Drtrnfn) [at [T aol iyt
R 0 0 0 0
t 2 _ t 2 _
- A i, A dpy Dy (xy. 131 /0 ar, A A, D (). ) x2) D (¥ 4 550 1,). (13)

X5 1) D (x5, £5%2)

where x, = {r,, ¢} and x{ = {r,, ¢} }. In the last line, we have performed the integral over x, by assuming back-tunneling
to be subdominant,

Xg, tg)Dy(xp,t

R X, 1) 2 Dy (¥ 1) (14)

In order to perform the time derivative, we may use the standard identity

t t t I t [
/dts/ dt’sz/ dts/ dt’s—i—/ dtg/ dr,. (15)
0 0 0 0 0 0

We then find
. 27 N ! / 2 / VAR VA
pR(xleZ’t):A d(psDF<xs7t|x1)/O dts/o d(psD}k?(xsvﬂxsatS)Dﬁ}K«“(xsvts|x2)
2 , = , t 2r , _
+/0 d(psD;(xs’t|x2)‘/0 dts/o d(/)sDF(xs’[|xs’ts)DF(xs’ts|xl)
2r _ 2r _
:/) d(pA,DF(XS,[|X1)D?:(XS,I|X2)+A dqgsD;(xmt|x2)DF(xS7t|xl)‘ (16)

We can further decompose the remaining propagators using Egs. (10)—(12),
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2r 2 t _ 2r t
pe= [ an, [ [Fao. | dr*gﬂxs,z\x*,r*>DF(x*,z*|xl>} { [T | dt*Q}E(xs,tlx;,t*)D}(x;,t*IXz)]
0 0

+/ dfﬂs[/ d(p*/dtD (X,

2 t
X, 1, ) Dy (x,, t*|x2)] [/ d(pQ/ dt, Dp(x;,
0 0

rx;,z*>DF<x;,z*|x1>]. (17)

We can now perform the x; and x, integrals in Eq. (6) using another standard identity,

/ ¥y () D (. 1) = W (. 1.). (18)

This gives

PR / d(ps|:/ ng*/dt DF Xgo 1
+/ d%{/ dfﬂ*/de

X*, \PEJ X*, * :| |:/ d¢*/ dt D* ‘xS’

(g0 txe, ) WE s (x00 , } {/ d(p*/ dt.Dp(x,, t]x,, 1) ¥g 5 (XL, *)}, (19)

Kot (20

allowing us to identify the second term as the complex conjugate of the first.
The underlying symmetry of the system can now be made explicit by using the form of the wave function,

Y, (x)

= wg(r)e”’?, and introducing the angular-integrated propagator

Aj(xy, f|”i)E/d(/’iem”"DF(vaﬂxi)- (20)

The propagators A; and A, meanwhile are defined through an analogous relation with Dy replaced by Dy and Dy,
respectively. In terms of these functions, we can express the probability flux as

. 2r t _ t
Py~ / do, [ / dt*AJ(xs,t|r*,t*)wEJ(r*,t*)} [ / dt*éj(xs,t|r*,t*)y/}J(r*,t*)} tec.
0 0 0

2r t _
- / do, [ / AALA (xy. Al s (1
0 0

This result is nonperturbative in the sense that it does not
directly rely on the semiclassical expansion. We have,
however, made several physical assumptions in its deriva-
tion. First, in order to define the radii r, and r; (or,
equivalently, the submanifolds X, and X;), we have
assumed that the wave function is sharply localized within
a region r < r,. For our example of a resonance state, this
localization can be deduced from the WKB form of the
wave function (A11). Second, in Eq. (14), we had assumed
the absence of back-tunneling. For a bounded potential, this
assumption would be violated once a significant fraction of
the probability distribution has been transferred from F to
‘R, implying an upper bound on the physical time [22]. At
the same time, we have made the fourth assumption that
the resonance state acts as an approximate eigenstate of the
Hamiltonian. This assumption is also only justified for
relatively small physical times before it is violated by
nonlinear effects [20]. Together, this implies that Eq. (21) is
only valid for ¢ < f, [22]. Our fifth assumption on the
other hand requires that 7> ., as necessary for the
steadyon to approximately satisfy the relevant boundary
conditions [18]. Thus, the applicability of Eq. (21) can be

r— At)] [/rdAtAj(xs, Atlr )y (rt = At)} +c.c. (21)
0

summarized through the condition 7 < 7 < fy, with the
existence of such a regime posing a nontrivial condition in
itself. The latter is, however, generally satisfied in the
semiclassical limit invoked in the next section.

III. SEMICLASSICAL EVALUATION

In this section, we discuss the implications of Eq. (21) in
the semiclassical limit. In Sec. III A, we evaluate the
tunneling rate to leading order using the steadyon frame-
work. Then, in Sec. III B we show that our results can be
rephrased in terms of Euclidean-time quantities, thereby
significantly simplifying calculations. For the readers’
convenience, we summarize our results together with
step-by-step instructions for the calculation of the tunneling
rate in Sec. III C. Finally, we provide a detailed discussion
of a full example in Sec. III D.

A. Real-time calculation

In Eq. (21), we have found for the probability flux
controlling the tunneling rate
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. 27 t -
Pas [ an| [ anis o st (ot a0)
0 0

x U)’dmf_xj(xs, Atlr ) (oot — At)} +ec,
(22)
where
Aj(x,, Atlr,) = /drp*e”’/’*DF(xs,Aﬂx*)
Z/d%eu’”* /;:)At)xx DxeSM,  (23)

and similarly for A; and A,. The time dependence of
wg(x,), meanwhile, is determined by our initial
assumption of a resonance state,

weg(rot) 2yg (r.,0) - e . (24)

The real-time path integral in Eq. (23) can now be evaluated
using the steadyon picture developed in Refs. [18-21]. This
|

technique is based on a regularization of the theory through
the introduction of an infinitesimal imaginary part for the
Hamiltonian,

H — (1 —ie)H, (25)
with e being some arbitrary but small constant. This

regularization then also manifests in a complexification
of the action,

S, = (14 ie) Am A’ (7 + 7g7) = (1= 2ie)V (1),
(26)

The complexification also affects the time evolution of the
wave function, which is now given by [20]

Wi (1t = A 2yp,(r,,0) - g7 FUma=eE=a0 1 (07)

Thus, in this regularized theory each of the factors in
Eq. (21) takes the form

t x(At)=x; . . .
FE/O dAl/ng* /(O) Dx elSé'[x]+l]¢*_lE(t_At)_€E(t_At)I/IEJ(}"*,O)

_ t x(At)=x . . o
_ o—iEt—cEt A dAt / de, / o Dy iSbiltilo. +i(l=ie)EAry, (. 0). (28)

To leading order, this expression can be evaluated in the
semiclassical regime through a saddle point approximation
for the three integrals.2 In polar coordinates, extremizing
the exponent with respect to the particle’s trajectory, initial
angle, and Ar amounts to the conditions

0= 228 i) = mr()0°() + (1 = 2 V(7 (0),
(29)
0 =258 2i000) + 7030, (30)
ozdi%se[?,(o]JrJ, (31)
0— %Se[f, 7+ (1 —ic)E, (32)

with the steadyon {7(t),p(t)}. Note that, in addition to
these relations, the steadyon is also subject to the crossing
conditions we introduced around Eqs. (7)—(9).

*For notational simplicity, we do not distinguish between the
stationary phase and saddle point approximations throughout this
article.

We can now first integrate Eq. (30), which gives the
usual conservation of angular momentum,

J = mr2(t)p(t) = const, (33)

with some yet to be determined constant J. Using this
relation, Eq. (29) can be converted to a closed equation for

7(1),
0 = mr(t) — mr(1)@ (1) + (1 = 2ie)V'(7(1))
; J? N
= mr(t) — e + (1 =2ie)V'(7(1))
= mi(t) + (1 — 2ie) Vg (7(1)), (34)
where

1+ 2ie)J 2
(L4207

2

Vealr) = V() + 2 (33)

To determine the remaining integration constant J, we
can now evaluate Eq. (31). As a first step, we consider a
steadyon {7, @} with a fixed final and initial points x; and
x,, respectively. We then introduce an infinitesimal per-
turbation in the initial angle, ¢, — ¢, + 6¢,, which in turn
induces an infinitesimal perturbation in the steadyon,
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{F,@p} > {F+6r,p+5¢}. (36)

This then causes a change in the action,

oL oL

oL

oL
Se[7+ 6r, @ + 8¢ ~ S [F, §] —|—/ [—5r+—5i‘+—5q) +a—,5(p} dt
@

or or

op

oL d oL oL doL oL | oL |
— S.[F.G S s (ZE S\ spldr+Z s %s
{7 "’H/ Kar aror )" T (aq; dta¢> "’} tor r,x+a¢ .,
= [(1 + ie)(mF2p)d@ly: = —(1 + i€)J - 5¢,. (37)

This now allows us to relate the steadyon’s angular
momentum to that of the initial state:

ds, 6, (1—ie)]
d—(p*: —(1 +l€)J:>(1 +l€)J:J: (p(t) :T(t)
(38)

Thus, we find for the action of the steadyon

At m . .
SG[?,(p}:(l—i—ie)A dzE(?2+i2¢2)—(1 —2ie)V(7)
At m, 2

(39)

where 7(t) is the solution of Eq. (34).
To evaluate Eq. (32), we first recall that the initial
velocity in angular direction is fixed by Eq. (38),

5(0) = (1—ie) . (40)

mrs

Next, we can evaluate Eq. (32) using the results of
Ref. [21], which imply that Eq. (32) amounts to setting
the steadyon’s initial velocity through

(1= 2ie)[E-V(r.)] = 232(0)

2

= Z#2(0) + 5 72(0)5(0)

Cm. (1 -2ie)J?

= Erz(O) +Tr£

N %;2(0) = (1 =2i€)[E = Voge(r.)]
—0. (41)

Together, these equations unambiguously determine the
relevant steadyon and thus its action.

So far, we have focused on evaluating the modified
propagator A; together with its associated integral over At.
To understand the dependence of our result on ¢, as
necessary to perform the remaining integral, we first

observe that the saddle point equation for ¢, was equivalent
to setting the angular momentum of the steadyon, whose
conservation followed from the equation for the steadyon’s
corresponding component {. Together, these imply that ¢,
depends on ¢,. This can be made manifest through

_ B Atpe, .
. = —(0s = 0.) + o, =—/0 pdt + ¢,

Aty ]
= —/ —_zdt + Py, (42)
0 mr

where J = (1 —i€)J, as in Eq. (33). The system’s under-
lying symmetry meanwhile implies that the action S, as well
as the integral term in Eq. (42), are invariant under a shift in
@y, as the latter would be compensated for by a shift in ¢,.

As 7 is complex, Eq. (42) implies that a real ¢, generally
corresponds to a complex ¢, and conversely. And indeed,
the periodic features of the steadyon together with the
symmetry underlying the problem suggest that we are free
to shift ¢ by a constant in such a way that either of the two
variable is real. We confirm this explicitly for a concrete
example in Sec. III D. As our arguments so far did not rely
on any assumption on ¢,, we may select ¢, to be real,
reducing the ¢, dependence to a phase. This allows us to
further simplify our expression for F, as given in Eq. (28), as

t
F—/ dArA;(xg, Atlr,)yg (., t — At)
0

—iEt=€E1 ,iS [F.p]+iJp.+i(1=i€) EAtpe Wi (r..0)

_iE(t—Atpcr)wLiJ(/),,.e—eEtwLEeAtpcr exp

~e

= e

x [i (SS[F, @) — (1 — ie) A At””mj—;dzﬂ
xyg(r,,0). (43)

This expression can now be brought to a more compact
form in terms of the Routhian action § R,€.3 We define this

>The integrand of the Routhian action, dubbed the Routhian, is
defined as the partial Legendre transform of the Lagrange
function with respect to a cyclic variable. For more detailed
discussions, see, e.g., Refs. [32-34].

056003-7



GIULIO BARNI and THOMAS STEINGASSER

PHYS. REV. D 114, 056003 (2026)

quantity for the regularized theory through
At -
SgelrJ] = / dtR.(r, i, J) = S.[r,p(r,J)]
0

_ / Y4t do(r ), (44)
0

with @(r, J) as in Eq. (38). For our mechanical system, this
transformation amounts to transitioning to an effective
action for the radial variable constructed using the effective
potential,

At m
SRye[r;J] = (1+l€)/ d[zi'z—(l—Zl.é')Veff(r),
0

(45)
where

J2
-

Ve (r) = V(r) + ;)

(46)
Just as for the purely classical theory, the effective equation
for 7 can be obtained through the variation of this func-
tional, rather than the original action S..

In the overall expression for P the phases cancel,
leading to the more compact expression

P~ e2€E o2 1m(Sk[F)+2EeAt e,

WE.J(r*,O)|2' (47)

To evaluate the expression for I, it now only remains to
calculate the denominator Pr(¢). Taking into account the
deformed Hamiltonian and the resulting time dependence
in Eq. (24), we find

Pri) = [ @ (rn)?
= 6_2“5/ d2x|We s (x,0)]? ~ e72E. (48)
f

The denominator therefore cancels precisely with the first
factor in Eq. (47), removing the dependence on physical
time and leading us to the final leading-order expression

I~ e_2 Im(SR.E[X])J’_ZEGAtper

WE,J(r*v0>|2' (49)

B. Euclidean-time picture

One of the most important features of the steadyon
picture is its ability to yield more easily solvable Euclidean-
time equations in the relevant limits of a vanishing
regulator, ¢ < 1, and a large tunneling time relative to
the system’s typical timescale, 7> . This connection
can be made transparent by observing that the regulariza-
tion (25) can equivalently be assigned to the time variable

rather than the Hamiltonian,

U(t) = exp(—iHt) — exp(—iH (1 — i€) - 1)

regularization

=exp(—iH - (1 —ie)t). (50)
——

Wick rotation

Thus, the regularization can equivalently be understood
as an infinitesimal Wick rotation, # — e~f, as shown
in Fig. 2.

This interpretation is also consistent with the deformed
action and resulting equations of motion, which can
similarly be understood as those of the usual theory
analytically extended onto the diagonal contour y, with
z = e~t. Thus, the steadyon can be analytically extended
to the complex-time plane. In the following, we will show
how this observation can be used to map the tunneling rate
onto a familiar, and computationally simpler, Euclidean-
time problem. To do so, we will consider two complex-time
contours besides y,, as depicted in Fig. 2.

First, we consider a contour y,, which can be para-
metrized through z(t) = ¢ with € [0, At,,,], which implies
that furthermore dz = dr and d/dz = d/dr. We will high-
light the projection of the steadyon onto this contour with
an index “cl,” i.e.,
Fa(t)=7(z=1) and @u(1)=p(z=1). (51)
Next, we will consider a contour parallel to the Euclidean-
time axis y,, which we parametrize through z(7) =
Atye, — iz, with 7€ [0, Az, ], where Aty ~ € - At. Along
this contour, dz = —idz and d% =i %. In anticipation of our
later results, we will denote the projection of the steadyon
onto this contour with a label I,

(1) =7z = Atpe, — i7), (52)

P1(7) = Pz = Atper — i7). (53)

To arrive at the Euclidean-time picture, we will now consider
two equivalent approaches: first, we will consider the
effective theory obtained by integrating out the angular
motion using the conservation of angular momentum;
second, discuss the full two-dimensional model, with a
particular focus on the properties of the full instanton
solution.

1. Effective one-dimensional description

In Eq. (49), we found that the tunneling rate is, to leading
order, controlled by the Routhian action, whose variation
yields the equation of motion for the radial component of
steadyon. Starting from Eqgs. (45) and (46) it is straightfor-
ward to identify the regularized Routhian action with the
integral of the corresponding Routhian along y,,
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FIG. 2. Sketch of the complex-time contour deformation and of the corresponding radial profiles. The upper-left panel shows the
complex-time plane and the three contours relevant for the argument. For a system without explicit time dependence, the regularization
of the Hamiltonian underlying the steadyon construction can equivalently be interpreted as an infinitesimal Wick rotation, leading to the
tilted contour y. (green). For fixed ¢, the period Aty is fixed by extremizing the At integral in Eq. (28); the corresponding end point
determines the Euclidean extent Az.,. The tilted contour can then be deformed into a segment along the real-time axis, y, (blue),
followed by a segment along the Euclidean-time axis, y, (orange). The remaining panels show the associated radial profiles: the classical
real-time evolution 7(7) along y, (upper right), the Euclidean profile 7;(7) along y, (lower right), and the full, complex steadyon profile
7(et) along y, (lower left). The reference values r, and r, are indicated in each radial panel.

Swlrid) = [ 65 () ~Vanlrt@). (59

The equation for 7 and its boundary conditions can be
similarly recast in terms of a complex-time variable z,

d*r B}
md_z2 = V(7).
70) =r,, 7(0) =0,
7(Az) = ry, r(Az) =0, (55)

with Az = (1 — ie)Ar." Note that 7(z) is defined along the
diagonal contour y,, and that these boundary conditions are
thus to be understood as defined along this contour. See
Fig. 2. This allows for an immediate projection of the
steadyon onto the two contours parallel to the real and

“Recall that the steadyon, as constructed in Sec. II, generically
only satisfies the boundary condition at Az up to an offset of
O(e). We moreover found the condition At - € > At,,. Thus,
these conditions are only satisfied in the combined limit ¢ < 1
and 1 > Aty 2 Atpe /€.

Euclidean time axes, respectively, as well as the evaluation
of the Routhian action along these contours.

In Ref. [18], it was argued that the projection of the
periodic steadyon onto the real-time contour y, coincides
with the solution of the classical equations of motion
describing a periodic motion within the false vacuum basin
F with turning point r,. This solution satisfies 7 (0) =
r, = Fq(At,,). Moreover, as it emerges as a solution to the
classical equations of motion, its contribution to the overall
action satisfies Im(S,, ) = 0, corresponding to a vanishing
contribution to the tunneling rate.

To understand the dynamics along y,, we first note that
Aty is defined by requiring that 7 (0) = r, = 7 (Atpe),
up to a correction controlled by €, which may be neglected
in the limit € — 0. Thus, we find that the projection of the
steadyon onto y,, 7;(7), is subject to the equation of motion
and boundary conditions

d’r ]

del = Vi (71), (56)
_ _ dr
rl(o) =Ty r1<ATper) Ig, d_‘L'I<0) :O (57)
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We can now immediately recognize this as an equation of
motion and boundary conditions of a familiar (periodic)
instanton in the potential Vg, while the crossing condition
allows us to identify Az, with the Euclidean-time interval
necessary for the instanton to move exactly once from r, to
r,. For the purpose of efficiently calculating the tunneling
rate, this relation can be used as a definition of Az,
directly within the Euclidean-time picture. See Fig. 3. The
complex Routhian action of this solution along y, mean-
while can be identified with the strictly Euclidean action of
this instanton up to a factor of i from the line element. Thus,

S 0] = [ a5 () = Vealr)
- A M ide) [% <i%>2 - veff(f,)}
_i A A [% (g)z + Veff(?,)]

= iSg [ (58)

To relate to the existing literature, we can now also
introduce the bounce solution 7,(z) as the instanton
followed by the particle rolling back from r; to r,, as
shown in Fig. 3. Together with Eq. (49), this allows us to
rewrite the exponent of the tunneling rate as

logI' > —2Im(Sg ¢ [F]) + 2EAT),,
= _2SR,E[?I] + 2EATper
= _SR,E[?b] + 2EATper' (59)

This one-dimensional description is, in fact, sufficient to
understand the full two-dimensional description, also tak-
ing into account the angular coordinate. This can be made
manifest by considering the full Euclidean action,

Instanton

Selr] —/dT% <%>2+§r2 <(31—(£>2+V(r). (60)

This action implies an analogous relation for the conserved
angular momentum as in real time,

m?z(r)i—(p(r) = Jp = const., (61)
T

which in turn gives rise to a potential barrier of the form

_ i
2mr?’

Ve (r) = V(r) (62)
This, however, is only consistent with the result obtained
from the projection of the steadyon if J; = £iJ.

2. Two-dimensional description

To understand the transition from real to Euclidean time
in the full theory, we observe that the regularized action can
also be identified with an integral of an analytic function
along 7.,

S, [1] :/hdzg <j—2)2+%r2<3—(5>2—V(r)} (63)

It is again straightforward to obtain the analytic continu-
ation of this expression, whose corresponding equations of
motion can be identified with the continuation of the
steadyon equations,

&r _[(dp)\? )
md—zz—mr<d—z> +V’(l") :0, (64)
d [ _,dp\

The second of these equations implies a constant angular
momentum throughout the complex-time plane, thus fully

Bounce

—Ver(r)

FIG. 3.

Euclidean radial motion in the inverted effective potential —V (7). Left: the instanton branch crossing once from r, to r, in

Euclidean time Az,.,. Right: the corresponding periodic bounce obtained by continuing the motion back to r,, with total period 2Az,,.,.
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determining ¢(z) as a function of 7 up to a constant. The
latter is again determined by the angular momentum of the
initial state through Eq. (40),

4@ J
20y = .
dz() 2

mre

(66)

Along the real- and Euclidean-time contours, y, and y,,
respectively, this implies

d@cl J
¢ = dr (0) mr2’ (67)
7 =—it = = (O) BT (68)

The Routhian action controlling the tunneling rate, mean-
while, is

m (di\2 m_, [(dp\?2 do

Spp Pl = [ de | =) +57 (o) V() -J
oAUl /y Z2<dz) T <dz) (A=J;
(69)

_ m (dFr\2 m_,[(dp
S J = dz| 5 (=) +572
R,J’f[rl } \/71 Z|:2 (dZ) 2r1<

Altogether, this now again implies that in the appropriate
limits, =21Im(Sg (7, @]) = =28k e[F1, @1] = =Sk £[Po, P5]-
Crucially, this allows us to directly evaluate the projection
of the steadyon onto y, without the need to solve for the
generically more complicated form along ..

Before generalizing these results, we want to highlight an
important technical aspect of our discussion: we found that
an initial state with a nonvanishing angular momentum
inevitably leads to an instanton whose associated cyclical
variable, the angle ¢, is strictly imaginary. This is the
mechanical realization of the general fixed-charge pre-
scription previously used in the field-theory literature, e.g.,
in Refs. [8,10-13]. From the point of view of our
discussion, this result is indeed not surprising. In the
steadyon picture, semiclassical solutions are complex by
default. The description in terms of Euclidean-time instan-
tons only arises through a projection, which can indeed lead
to an imaginary solution.

C. Summary and Euclidean-time procedure

Our discussion so far allows us to directly calculate, to
leading order, the tunneling rate out of a state of non-
vanishing but fixed energy and angular momentum. We

dp;\? - (7)
—1> —| = iSrE rla(PhJ]

As for the previous case, we first consider the projection of
the steadyon onto y,. Along this contour, Egs. (64) and (65)
again reproduce the classical dynamics, thus leading to a
strictly real action, Im(S,,) = 0.

Along the Euclidean-time contour y,, Egs. (64) and (65)
simply reproduce the Euclidean-time equations of motion,

d-r _ (dp _
wadt-mm (@) -vim=o. (0
d _,d@; (68) __dg; .

The Routhian action along this contour similarly reprodu-
ces the Euclidean action up to a factor of i,

- f( o)

12 (72)

have shown that the resulting expression can be directly
evaluated within the familiar Euclidean-time picture, where
it takes the form

F ~ e_z(SRAE[Fl;J]‘f’EATpcr)

w(r.t=0)2  (73)

If the conserved Noether charge can be easily integrated
out, Eq. (73) can be evaluated through the following steps.
In the following, we denote by ¢ any cyclic variable of an
arbitrary mechanical system and by J its corresponding
Noether charge, while r = {r!, ..., ¥V} represents all non-
cyclical coordinates.

(1) Integrate out the cyclic variable by inverting the
defining equation of its associated Noether
charge, J = 0L/d¢.

(2) Absorb the Noether charge-dependent term into the
potential, V(r) — Vg (r).

(3) Construct the Euclidean-time Routhian action Sy g
as

Atper o
Suelrid] = [ e gyt V), (74
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where the Noether charge is identical to that in the
initial state, and g;; denotes the metric in the

submanifold spanned by the noncyclical variables r.
(4) Identify the submanifolds X, and X through the
initial state’s energy E using the conditions

Vr.eF, r,€R.

(75)

Veff(r*) =E= Veff(rs)

Recall that F was defined as the basin of attraction
of the false vacuum, while R denotes the region into
which the particle tunnels. See Fig. 1.

(5) Solve the Euclidean equation of motion for r with
vanishing initial velocity,

d2g; 70 V(7
AR UL

dr;
dr

0) =0

(76)
(6) Read off Az, as the Euclidean time when 7; reaches
ry for the first time.
(7) Evaluate Sp in Eq. (74) as the Euclidean-time
Routhian action Sk g of 7;.

D. Detailed example

To make the general discussion fully explicit, we now
consider the simplest nontrivial model: a particle of unit
mass in two dimensions, subject to the rotationally invari-
ant potential

1 A
V(r)= Ema)zr2 - Zr“, Vei(r) =

(77)

where, for simplicity, in the explicit examples below we
choose the parameters such that w/m = A/m> = 1 so that

Steadyon trajectory and Euclidean projection

energies are measured in units of m, while distances and
times are measured in units of m~'. In the same con-
ventions, the angular momentum is dimensionless, since
J = mr?q and therefore [J] = 1 in natural units, where a
itself is dimensionless. As in the previous sections, it is
convenient to work in polar coordinates (r, @), so that the
conserved quantity is the momentum conjugate to the
symmetry direction a. To allow for a numerical treatment
of the steadyons, we furthermore choose the particle’s
energy and angular momentum in these dimensionless units
as J = 0.1 and E = 0.101m (for which mr, = 0.375), i.e.,
only slightly above the value of the effective potential in the
false vacuum. This corresponds to well-separated entrance
and emergence radii and will ultimately give rise to a
numerically well-controlled finite Euclidean time interval.

Following the structure of our discussions so far, we now
first construct the relevant steadyon solutions explicitly,
keeping track of both variables. We then demonstrate the
evaluation of the tunneling rate directly in Euclidean time.

In order to obtain a concrete solution for the steadyon,
we first make the additional choice ¢ = ﬁ. For our
concrete potential, the steadyon then emerges as solution
to the equations of motion and initial conditions

0=Ft)—F1)p2(1) + (1 = 2ie)(m*F(r) — m*F (1)),
7(0) =r,, 7(0)=0
(1—ie)-J i
¢(t) - mFZ(t) (p(Atpel'> O’ (78)

where the last choice is made possible by the rotational
invariance of the system. It is now straightforward to solve
these equations numerically, leading to the solutions
depicted in Fig. 4. We furthermore determine Af.. as
the time when the steadyon first satisfies |F(f) — r,|> < e,
yielding mAt,, = 333.6. Using these solutions, we find
the exponent of the tunneling rate

Angular evolution along the steadyon

44 — Rerg(t) Ty r(et) -t 1004
—— 0.1Imry(t) Ts /_,,,——"/ i 75 ]
_ ey 11 HIEE —— Repu(l)
T o ST I L{ o5 20 Im (1)
IS T i 1
o 251 = HM — 20Imp(et)
Y (SIS S S — I 01
VS e L B
—9.51 m | /\ T —251
» 330 335
0 50 100 150 200 250 300 0 50 100 150 200 250 300

mt

FIG. 4. The steadyon solution and the Euclidean instanton for the same fixed angular momentum J. Left: the radial degree of freedom
7(t), to be compared with the instanton obtained from Eq. (81), shown in the red solid line. Right: the angular degree of freedom ¢(7),

together with the Euclidean-time instanton obtained from Eq. (82).
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log(I") = =2 1m(Sg [, @: J]) + 2EeAty,
— —1.452 4 0.673 = —0.779. (79)

Having a concrete solution available, it is also straight-
forward to represent it in terms of the Cartesian coordinates

x = rcos(ep), y = rsin(g). (80)

We present the corresponding trajectories in Fig. 5. This
representation also highlights an important subtlety of the
semiclassical solutions dominating the tunneling. Neither
the steadyon, nor its corresponding instanton describe an
actual physical motion. In particular, the final position
(rg, @,) is not to be understood as the position where the
particle appears at the time ¢. Instead, these solutions are
merely an unphysical technical tool for the evaluation of the
path integrals determining the tunneling rate. The appa-
rently large excursion in Cartesian variables is therefore not
a pathology, but simply a reflection of the nature of the
semiclassical solutions.

We can now repeat the same calculation directly in
Euclidean time, again keeping track of both variables. We
can first solve the effective equation of motion for the
angular degree of freedom, for which we recover the familiar
Euclidean instanton equations in the effective potential,

<L) =o. (81)

1.5

1.01

0.51

0.0

Re [my(t)]
Im [my(t)]

—0.51

—1.0+

—1.51

-2.0 . . :
-2 -1 0 1 2
Re [ma(t)]

The angular variable is then reconstructed from the fixed-J
condition,

do, o J
E(T):—l_ 7 (82)

which again highlights the general statement that the variable
conjugate to the conserved quantity becomes imaginary in
Euclidean time.

The resulting Euclidean instanton is shown in Fig. 6. The
top left panel displays the radial profile 7(z), obtained from
the reduced one-dimensional problem (81). The top right
panel shows the corresponding angular variable recon-
structed from (82). As anticipated by the general discus-
sion, the radial degree of freedom behaves as an ordinary
bounce in the effective potential (77), while the angular
variable is purely imaginary. This is the most direct
manifestation, in the present model, of the fact that the
fixed-J Euclidean saddle does not lie on the naive real slice.
As for the steadyon, we determine mAz,,, = 3.329 as the
Euclidean time when the instanton 7;(z) first reaches r,.

From these Euclidean-time solutions, it is now straight-
forward to again calculate the exponent of the tunneling
rate. We indeed find agreement with the value obtained
through the real-time computation up to a deviation of

order €:
log(r) >~ _2SR,E[?17 @1, J} + ZEATper
= —1.45140.672 = -0.779. (83)
2.0
1.5+ 300
1.0+ 250
0.0 g
150 :
—0.51
100
—1.01
15 50
—2.0 T T T 0
-2 -1 0 1 2

Im [ma(t)]

FIG. 5. Projection of the steadyon onto the original two-dimensional plane using the Cartesian parametrization (80). Left: the real part
of the trajectory. Right: the imaginary part. These panels are not to be interpreted as literal particle motion in real space; rather, they
visualize how a regular saddle in adapted variables becomes a complex configuration when expressed in the original coordinates.
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Euclidean radial trajectory
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Euclidean angular variable
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FIG. 6. Euclidean fixed-J instanton for the illustrative quartic potential (77) at J = 0.1. Upper left: radial profile mr(z), interpolating
from r, to r,. Upper right: Euclidean angular variable ¢(7), whose real part vanishes while the imaginary part evolves nontrivially, as
implied by the fixed-angular-momentum condition (82). Lower panels: projection of the same solution onto Cartesian variables,
showing the real and imaginary parts separately. The dashed circles indicate the radii r, and r,.

IV. GENERALIZATION TO FIELD THEORY

In the following, we generalize our earlier arguments to
the simple field-theoretic example of a complex scalar field
¢ subject to a global U(1) symmetry, described by the
action

Slg. ) = / o p -V (84)

The symmetry becomes manifest in the local polar para-
metrization

in terms of which the action reads

. 1 ﬂ2 ﬂ2
Slp,a) = [ d*x Eaﬂpa“p—l-?aﬂad“a—V 5| (86)

The associated Noether current is

oL
- = ploH 0, H = 7
= S o ' =0, (87)
and the conserved charge is
Q:/d3xj°(X)- (88)
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In the remainder of this section, we first discuss how our
earlier derivation can be generalized to the case of quantum
fields in the language of wave functionals. Then, in
Sec. IV B, we focus on the semiclassical evaluation of
the tunneling rate.

A. Field wave functional

Starting from an initial state of definite charge Q, the
relevant amplitude may be written schematically as

Aol MIE.] = / D W olbIDs . Alld).  (89)

where Wy [¢;] is the initial wave functional, D the usual
real-time propagator and X, the field-theoretic generaliza-
tion of its mechanical counterpart. The exact analog of the
mechanical angular coordinate is not the local phase field
a(x), but rather the global coordinate ® along the U(1)
orbit in the full space of field configurations. Locally, one
may therefore introduce adapted coordinates on configu-
ration space of the form

¢i(x) = e©yi(x:Y), (90)

where ©, parametrizes the global U(1) orbit and Y4
denotes the remaining coordinates transverse to it. This
decomposition is conceptually different from (85): the pair
(p, ) consists of local fields defined pointwise in physical
space, whereas (®,Y4) are coordinates on the infinite-
dimensional space of field configurations. Since the con-
served charge Q is the generator of the global U(1)
symmetry, a finite rotation of the field configuration by

©; acts on the state through U(®,) = €2 For an initial
state in a fixed-charge sector, Q|¥,) = Q|¥,), this
immediately implies

ol = Pole®xi] = ' COuyY. (91)
Thus, in complete analogy with the factor ¥/« in quantum
mechanics, the exponent acquires a boundary term propor-
tional to Q0;, and the corresponding fixed-charge func-
tional is the configuration-space Routhian

SR:S—/dtQG). (92)

At this abstract level, the analogy with the mechanical
problem is exact. The transverse coordinates Y4 are,
however, highly nonlocal functionals of the fields, which
can in general not be constructed explicitly. More details
can be found in Appendix B.

An essential feature of the semi-classical approach is that it
allows for leading-order calculations without detailed knowl-
edge of the wave functional. While in this section, we only
focus on the most straightforward case in which the charge is
directly encoded in the initial state, it is important to keep in

mind that this scenario is not necessarily universal. In finite-
temperature systems, for instance, the initial state would be
described by a density matrix, while the charge would be
enforced through an additional projector involving a Lagrange
multiplier [10,11,13]. Towards the end of this section, we
briefly discuss the connection between our prescription and
such a Lagrange-multiplier based formulation.

B. Tunneling at fixed Q in QFT

To highlight the effects of the Noether charge, we restrict
ourselves to tunneling out of a state with minimal energy
but non-vanishing charge Q. This is the direct analogue of a
local minimum in a fixed-Q sector, and allows us to set

E=0, Aty — 0. (93)
The choice E = 0 ensures that the Euclidean action remains
finite in the infinite-period limit.

A natural example of such an initial state is a metastable
Q ball. Its stationary form is

o(t,x) = !L\/%) et (94)

where @ plays the role of the quantity conjugate to the
conserved charge. The corresponding fixed-charge energy
functional may be written as

E, = E+o {Q _ / P j%)} . (95)

Extremizing E, is equivalent to extremizing the usual
three-dimensional reduced functional

shiol = [@xgor+v(Z)-Sr o9

whose equation of motion is

p'(0)=0,  p(r—o0)—0. 97)

We denote the corresponding solution by p,. For our
purposes, this configuration plays the same role as r, in
the mechanical problem. The target set X is now replaced
by a submanifold of field configurations whose reduced
energy functional vanishes,

0=Ulp) = [ Vo + ViaF) Yoex. (o9

>For discussions of the direct approach and its generalization
to field theory, see Refs. [7,22,35].
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The initial charge density is then
J=(wp3(r).0.0.0), (99)

exactly mirroring the role of the fixed angular momentum
density in the mechanical example.

For practical calculations, it is convenient to replace the
abstract configuration-space Routhian by an equivalent
local formulation in terms of the fields p and a. This is
achieved by introducing the quantity conjugate to the fixed
charge as a Lagrange multiplier directly in the path integral.
In other words, the local field-theory version of the fixed-Q
Routhian is nothing but the constrained action obtained by
enforcing the charge condition

0= /d3xp2d, (100)

with a Lagrange multiplier @. In the present context, @
plays the same role as in the mechanical discussion: it is the
variable conjugate to the conserved charge, and for the
stationary Q-ball background it coincides with the fre-
quency appearing in (94).

Starting from the regulated real-time action

2

1
S.[p.a] = /dtd3x§p2 +%a2

— (1= 2ie) G (Vp)? +%2(V“)2 * V<p72>>
(101)

a convenient local implementation of the fixed-charge
condition is obtained by introducing the quantity conjugate
to Q as a Lagrange multiplier directly in the path integral.
In this representation, one works with the constrained
functional

Se.lps @] = S.[p. o] + / dta)[Q— / d3xp2a]. (102)

Thus, the local field-theory version of the fixed-Q Routhian
is nothing but the regulated action supplemented by the
Lagrange multiplier term imposing the charge constraint.
Explicitly, after completing the square in the time derivative
of the phase,

1 2 2

SR_SL{),a;w]:/d“x {5/)2—1-%((1—0))2—%0)2

—(1=2ie) G(WV +p§2<v")2 v <%2> H

—l—/dth.

(103)

Varying with respect to @ reproduces the fixed-charge
condition. Varying with respect to p and « then yields the
local steadyon equations

0= p(x) = p(x)(a(x) = w)* + p(x)a’ + (1 - 2ie)

< [~a90 + ot Va2 + v (220 a0

0 =9,[p*(x)(a(x) - w)] = (1 = 2ie)V - [p*(x)Va(x)],
(105)

wpA(r) = (1 + i) [d(x)p> (W] (106)

together with

P(X)|imoo € Xy
(107)

Pz =pu(x).  P(x)lizo =0,

To leading order, the tunneling rate is controlled by the
imaginary part of the corresponding complex Routhian
action,

' ~exp[-2Im Sy [p. @; ]]. (108)
Exactly as in the mechanical problem, the same quantity
may be evaluated more directly in Euclidean time by
projecting the steadyon onto the contour vy, see

Sec. III B. In the fixed-charge representation, the corre-
sponding Euclidean Routhian action is

SMMﬂM=&mm+/WwP—/fw%4,

(109)
with
3.1 2 1 2, P 2
Selp.pl = | drd xi(a‘fp) +§(Vﬂ) +?(aﬂ3)
P I
+ (VB2 + V(= ). (110)
2 2
After completing the square,
2 2 2
p p o’
— — | ——=p". 111
Y(3)-v(3)-27 o
Varying with respect to @ gives
0= /d3xp2 0.p. (112)

The Euclidean equations are then
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0=~02p—V2p+p(0.f — w)* - po?

+p(VB)* +pV’ (%2> (113)

0= 0,[p*(0.8 — w)] + V- (p*V), (114)
with boundary conditions
p(r— ) =0, p'(0)=0,
0.4(0) =, p(0) = p..

In the notation of the original complex phase, this corre-
sponds to

(115)

a;(7,x) = iB,(r,x), 0.2;(0) = —iw.  (116)
The Euclidean twist is
n=Ap; = Bi(+00) — p(—00), (117)

so that the Euclidean Routhian may also be written as

Se.rlpr Bil = Selpr Brl +nQ. (118)

The leading semiclassical exponent, therefore, takes the
form

I ~exp [=2Sg rlpr, Bi]] = exp [=2(Sg(ps, Bi] +nQ)).
(119)

To connect with the notation commonly used in the fixed-
charge literature, we introduce the operator ® as
g pr(x) Bi(x) 7 ® pr(x) —Bi(x)

X) = ———e"! N X) =——=—e "I .

In terms of these fields, the Euclidean action takes the
compact form

(120)

Sp = / e Px(0,d,0,H° + V(@) (121)

Accounting for differences in notation, this reproduces the
same complex Euclidean ansatz encountered in earlier
fixed-charge analyses such as Refs. [8,10,11].

Although we have used a metastable Q ball as our
reference example, the same construction applies much more
generally. In particular, one may equally well start from a
homogeneous charged background, or from any other
metastable configuration carrying a fixed global charge,
and study the nucleation of a charged bubble under the same
constraint. See, for example, [8,11]. Crucially, all these
examples are captured by our formalism, differing exclu-
sively through the form of the initial profile p, and the target
set 2.

V. CONCLUSIONS

We have studied tunneling out of initial states carrying a
conserved Noether charge in both quantum mechanics and
quantum field theory. By relying on the steadyon picture
based on the direct approach, we were able to derive the
tunneling rate entirely from first principles and evaluate the
resulting real-time path integrals. Our derivation makes
fully transparent the regimes of validity of our result as well
as the underlying assumptions. Moreover, it offers a clear
understanding of the emergence of complex saddle points
found by earlier works. We find, in particular, that this is a
generic feature of tunneling out of charged states.

We first performed the complete calculation in full detail
for the simplest suitable mechanical system, a point particle
in two spatial dimensions carrying a conserved angular
momentum. On a formal level, this amounts to a rotation-
ally invariant potential and an initial wave function which
depends on the angular variable exclusively through a
phase. When integrating over the suitable starting points of
semi-classical tunneling process, this phase manifests
through an initial condition on the steadyon’s angular
velocity, allowing us to relate its angular momentum to
the corresponding quantum number of the initial state.
When performing the integral over the suitable end points
of the semiclassical dynamics, the same factor can be recast
as a correction to the potential, allowing us to recover the
familiar angular momentum barrier and corresponding
effective potential. Crucially, by evaluating the relevant
path integrals through this real-time technique, we were
able to simultaneously account for the initial angular
momentum and allow for energies elevated above the false
vacuum of the effective potential. Following earlier works
on the steadyon picture, we have shown that our result can
be rephrased in familiar Euclidean-time language. We
found that on this level, the tunneling process can be
described entirely in terms of the radial motion upon
replacement of the Euclidean action by its Routhian
counterpart, which arises naturally from our earlier dis-
cussions. This leads to a simple prescription for the
calculation of tunneling rates which can be easily applied
to many systems.

In field theory, the conserved quantity is not a local
mechanical momentum, but a spatially integrated Noether
charge of the form

C= /dd‘]xjo(x). (122)

Using the language of wave functionals, we have shown
that many of our calculations can nevertheless be applied in
a straightforward manner in this new context. The main
difference occurs only during the semi-classical evaluation
of the relevant path integrals, where the nonlocal form
of the conserved charge prevents a direct elimination of
the cyclical degree of freedom in favour of this charge.
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We have shown that this problem can be circumvented
through the use of an integral constraint. Finally, just as for
the quantum mechanical case, we have shown that the
tunneling rate can equivalently be understood in the
familiar Euclidean-time picture.

Our results point towards several natural applications of
significant phenomenological relevance. Our discussion in
Sec. 1V, for instance, can be immediately applied to the
analysis of vacuum decay in the presence of metastable
charge solitons such as Q balls [10]. It moreover offers a
path towards the detailed understanding of phase transitions
in dense relativistic matter, where conserved charges can be
expected to have a significant impact [11]. In systems such
as neutron stars, proto-neutron stars, or merger remnants,
one expects nucleation and phase conversion to occur in
media characterized by conserved baryon number, lepton
number, or other approximately conserved composition
variables on the relevant time scales. In such situations, the
appropriate semiclassical problem is precisely of the type
studied here, rather than the standard neutral false-vacuum
bounce.
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APPENDIX A: WKB APPROXIMATION FOR THE
WAVE FUNCTION

Our derivation of the tunneling rate in Sec. II relied on
the condition that the wave function of the considered
particle is localized within the false vacuum basin F
through » < r,. In this appendix, we use the WKB
approximation to show that for a resonance state with
energy E and angular momentum J - 7, this point can be

defined through the condition V4(r,) = E. To make fully
transparent the importance of the semiclassical limit, we
will restore 7 throughout this discussion.

As established in Sec. II, the wave function of the state
|E,J) is of the form

e (r ) = eyp (). (A1)

The radial part of the wave function, yg ;(r), is an
approximate eigenfunction of the dimensionally reduced
Hamiltonian

n2J? n?
— A +—+V(irnN=-——A \%4 ,
'm r+2mr2 + (r) 'm r+ eff(r)

(A2)

where the radial component of the Laplace operator is given
by

(A3)

so that the (approximate) Schrodinger equation for the
wave function y ;(r) becomes

2

I3 1
“om (U//E/J + ;U//E,J> +Ver(r) wepy~E-yg;. (A4)

This equation can be further simplified by introducing a
rescaled wave function pg ;(r) = \/r - wg ;(r). In terms of
this new function, Eq. (A4) can be rewritten as

2

n
~ gt + (VO +

n(J2—-1/4
(22/)> “Peg=E-ppy.
mr

(AS)

This equation can now be identified with the Schrodinger
equation for a resonance state in one spatial dimension,
subject to the modified potential

R2(J? = 1/4) 2

V() = V) + 5 = V) - <. (A6)

2mr
In the semiclassical limit of interest for our purpose, we can
now neglect the last term, leading us to recover the one-
dimensional WKB picture for the rescaled wave function
pey- Equation (AS) can therefore be solved through the
usual technique, which we review for completeness.
We start by choosing the ansatz

ppy(r) = Ng e /n, (A7)
with some normalization constant A ;. Through this
ansatz, Eq. (AS5) can be rephrased as an equation for the
phase function a(r),
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ihaty ;= (g )? =2m(Verr(r) — E).  (A8)
The semiclassical limit then suggests to expand af ; as a
series in f, ag; = af ; + hay; + .... Doing so allows us
to translate Eq. (A8) to a straightforward-to-solve differ-
ential equation for a,

2m(E = Vegr(r)) (A9)

(@) =

= o), (r) = j;/dr 2m(E = V(1))

= :i:i/dr\/Zm(Veff(r) —E).

Together with Eq. (A7), this is sufficient to determine the
leading-order behaviour of the wave function,

(A10)

C, exp [%fdr\/m}+czexp [_%fcwm} 0O<r<r,

Wes(r)~  Csexp | =4 [ dry/2m(Veg(r) — E)]
Cyexp [;’ [ dr/2m(E - veff(r))}

where we have neglected next-to-leading terms as well as
corrections to this form near the turning points r, and r;.
Equation (A1l) is indeed sufficient to understand the
localization of the wave function: for r < r,, the lead-
ing-order radius dependence of the wave function is
restricted to its phase, allowing for a large probability
within this region. For r, < r < ry, the wave function
decays exponentially, with the semiclassical limit corre-
sponding to a parametrically large exponent. Thus, the
wave function can, again in the semiclassical limit, be
considered to be localized within the region r < r,.

APPENDIX B: FIXED-CHARGE TUNNELING IN
CONFIGURATION-SPACE COORDINATES

In this appendix, we reformulate the fixed-charge tun-
neling problem on a more abstract and geometric level,
making fully explicit its analogy with the quantum-
mechanical discussion. The basic idea is to view a
relativistic field theory as a mechanical system on an
infinite-dimensional configuration space. From this per-
spective, the treatment of a fixed conserved charge follows
the same structural logic as the treatment of a fixed angular
momentum in ordinary mechanics. In particular, one may
locally introduce coordinates on configuration space
adapted to the symmetry orbits, separating the direction
generated by the symmetry from the transverse directions.
This perspective is standard in geometric formulations of
field theory and is closely related, in a more physics-
oriented language, to the use of collective coordinates and
moduli-space variables. For general discussions along these
lines, see Refs. [36,37].

Throughout this appendix, we assume that the initial
state is already in a sector of fixed conserved charge Q.
Thus, unlike the projector-based or constrained-functional

r.<r<ry, (All)

ri <r

N

|

derivations used in the main text, the fixed-Q condition is
now encoded directly in the wave functional of the initial
state. We will show in the following that this naturally leads
to the emergence of the analogue of the Routhian, in
complete parallel with the quantum-mechanical case.

1. Amplitude in terms of the initial wave functional

We consider a complex scalar field with action

NUXMES /d“x 0, p = V(p*d). (B1)
The transition amplitude from an initial state of fixed

charge Q to a final field configuration ¢, at time A¢ can be
written as

Agldy MMz = / DY, ol IDr b, Arl].  (B2)

where W, [¢;] is the initial wave functional and

P(o1.x) =4, (x

Dyl Algh] = / "D exp (iSlg)  (B3)

$(0.x)=¢;(x)

is the usual real-time kernel.

The fixed-charge assumption means that ¥, transforms
as an eigenfunctional of the global U(1) generator. If the
initial configuration is rotated globally as

¢i(x) — eigff’i(x)» (B4)
the wave functional transforms as
lPQ[eiefﬁi] = eiQelPQ (] (BS)
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This is the field-theory analog of the factor /¢ in the
mechanical problem.

The global U(1) symmetry acts on the full field
configuration, not pointwise on an independent mechanical
coordinate. Therefore, the natural coordinate conjugate to
the total charge Q is not the local phase field a(x), but a
global coordinate on configuration space.

To make this explicit, we regard the field theory as a
mechanical system on the infinite-dimensional configura-
tion space C of field profiles ¢(x). The U(1) symmetry
generates one-dimensional orbits in C,

p(x) > ep(x).

Locally on C, we may introduce coordinates adapted to
these orbits:

(B6)

p(x) = eOp(x:Y), (B7)
where © parametrizes the global U(1) orbit and Y* denotes
a complete set of coordinates transverse to it. The label A is
generally infinite dimensional.

It is important to distinguish this decomposition from the
local polar parametrization

(B8)

The pair (p, @) consists of local fields defined pointwise in
physical space. By contrast, (0, Y4) are coordinates on the
space of full field configurations. In particular, ® is a single
global coordinate, whereas a(x) is a local field.
Using (B7), the measure over initial configurations can
be written locally as
D¢, = dO;DY,J[Y}). (B9)

where J[Y,] is the Jacobian associated with the change of
coordinates on configuration space. Equation (B5) then
implies that

Y5[0,,Y;] = eiQO"ll/Q[Yi]' (B10)
The amplitude (B2) thus becomes
AQ[¢S? AZ|Z*]

:/dG)iDYiJ[Yi]eiQ@il//Q[Yi]DF[(l’s’At|®iaYi]- (B11)
3.

i

2. Semiclassical exponent and boundary contribution

In the semiclassical approximation,

Do, At]®;, Y] ~exp (iS[©, Y]), (B12)

where S[0, Y] denotes the action evaluated on the relevant
saddle connecting the initial configuration labeled by
(©;,Y;) to the chosen final configuration. The amplitude
then takes the form

+logwolY;] +log J[Y}]). (B13)
The variation with respect to ®; yields
0 oS
0= (5[,Y]+ 00,) = +0. (Bl4)

00, Fe)

Since O is the coordinate along the global symmetry orbit,
its canonically conjugate momentum is the total Noether
charge. Thus,

0§

a@j = _Qsadd’ (BIS)
and the saddle condition enforces
Qsadd = Q (B16)

Exactly as in the mechanical problem, the term Q0; is a
boundary contribution associated with the cyclic coordi-
nate. Up to a final-state phase that cancels in the tunneling
rate, it may be rewritten as

00, = —/m dtQo, (B17)
0

so that the relevant semiclassical exponent is governed by

Sg[®.Y;0] = S[@, Y] - Am dtQ®. (B18)

This is the exact analogue of the mechanical Routhian
action.

3. Configuration-space Lagrangian and
reduced Routhian

We now derive the explicit configuration-space form of
the action. Using

p(x) = p(x:Y). =3Oy +x). (BLY)

we find
PP =02y P +i®( 'y — 7 x) + [7*.  (B20)

The spatial gradient does not depend on O,
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Vol = |Vy

2, (B21)

and similarly V(¢*¢) = V(r*y).
The full Lagrangian can therefore be written as

L(©,Y;0.Y) = %I[Y]G)z + A Y]V A0

eume-oy e
where
AYVA =i / Ex(ry = 17x), (B24)
%GAB[Y}YAYB = / Pxpg, (B25)
Uly) = / SA(VilP+Vien). (B26)

Here, U[Y] is the static energy functional, while Z[Y],
A4[Y], and G4p[Y] are the natural geometric data on the
reduced configuration space.

Since O is cyclic, the conjugate momentum is conserved,

oL oL . .

— = B27
00 00 (B27)

This momentum is precisely the total Noether charge,

Pg = 0. (B28)
At fixed charge, the semiclassical exponent contains the
boundary contribution Q®; inherited from the transforma-
tion of the initial wave functional. Up to an analogous final-
state term, which is irrelevant for the present discussion,
this can be rewritten as

00, — — / Y i 06, (B29)
0

The stationary-phase problem is therefore governed not by
the original configuration-space Lagrangian L, but by its
partial Legendre transform with respect to the cyclic
coordinate ®, namely the fixed-Q Routhian

R(Y,Y;0)=L(0©,Y;0,Y) - 00, (B30)
where © is eliminated using Eq. (B27). Solving Eq. (B27)
then leads to

. 0= Ay
0= T (B31)
Substituting into Eq. (B30), we obtain
R(Y.¥:0) = 3 Gy [¥]¥4¥8 ~ U]Y]
1 o
—Tm(Q—AA[Y}Y )7 (B32)

This is the exact field-theory counterpart of the reduced
fixed-J Routhian in quantum mechanics.

4. Equations of motion at fixed charge

The reduced action is

At .
SR[Y;Q]:/ dtR(Y,Y; Q).

0

(B33)

The fixed-charge equations of motion are therefore the
Euler-Lagrange equations for the transverse configuration-
space coordinates,

d 6R OR

o = B34
drsy4 Y4 (B34)

Using Eq. (B32), this becomes

d . A . 1 .o
0= [GABYB +7A(Q —ACYC)} ~504GcV Y €
+9 U+la ! (Q—AcY©)?
A B A T C

1 . .
-2 (0 = AcYC)0, AV, (B35)
where 0, = §/5Y4. This is the reduced equation of motion
for the fixed-Q tunneling problem in configuration-space

coordinates. The corresponding evolution of the cyclic
coordinate is obtained from Eq. (B31).

5. Steadyon and Euclidean formulations

Up to this point, the discussion in this appendix is
independent of the chosen time variable. In the steadyon
formulation, the original action is replaced by its regulated
version S,

SrelY; 0] = / dtR.(Y,Y;Q), (B36)

with the regulated Routhian R, (102).
The steadyon equations are then the Euler-Lagrange
equations associated with R,
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d 5R, OR.
dtsyr  syAr

(B37)

together with the fixed-charge relation obtained from the
analog of Eq. (B27).

The leading tunneling exponent is controlled by the
imaginary part of the regulated Routhian action evaluated
on the relevant steadyon saddle,

logI' ~ =2Im Sg . [Y; Q). (B38)
If the initial state carries a nonvanishing energy E, the usual
additional term proportional to the Euclidean traversal time
is recovered exactly as in the mechanical discussion.

Upon analytic continuation to Euclidean time, the same
construction yields the Euclidean Routhian action,

SpalY: 0] = / deRp(Y.0.Y:0).  (B39)

If ®; denotes the Euclidean continuation of the cyclic
coordinate, then

Spr=3Sg+ / dr Q0,0. (B40)
For a configuration with total Euclidean twist
n = AOg, (B41)
this becomes
Ser = Sg+10. (B42)

The Euclidean equations of motion are the Euler-Lagrange
equations associated with Rz, namely

d S8R,  ORg
— £ __TE_y, B43
drs(0,YA) YA (B43)

and the leading tunneling exponent takes the form

6. Relation to the mechanical case

The above construction is completely identical to the
quantum-mechanical one. The only difference is that, in
ordinary mechanics, the reduced coordinates Y4 are finite
in number, while in field theory they label an infinite-
dimensional configuration space. In this sense, quantum
mechanics is simply the O + 1-dimensional version of the
same structure.

For instance, in 0+ 1 dimensions, a single complex
scalar reduces to an ordinary particle in two real dimen-
sions,

(1) = ﬂ el

7 (B45)

with

1 2 oL
L==i24+—¢p2-V(r?/)2 =—=r%p. (B4
STV, T=50= P (B46)

The reduced fixed-J Routhian is then obtained exactly as
above by eliminating ¢ in favor of J. The field-theory
construction presented here is therefore not merely analo-
gous to the mechanical one, but its exact infinite-dimen-
sional generalization.
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