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In core-collapse supernovae or compact binary merger remnants, neutrino-neutrino refraction can spawn
fast pair conversion of the type v, 0, <> v, v, (with x = u, 7), governed by the angle-dependent density
matrices of flavor lepton number. In a homogeneous and axially symmetric two-flavor system, all angle
modes evolve coherently, and we show that the nonlinear equations of motion are formally equivalent to
those of a gyroscopic pendulum. Within this analogy, our main innovation is to identify the elusive
characteristic of the lepton-number angle distribution that determines the depth of conversion with the
“pendulum spin.” The latter is given by the real part of the eigenfrequency resulting from the linear normal-
mode analysis of the neutrino system. This simple analogy allows one to predict the depth of flavor
conversion without solving the nonlinear evolution equations. Our approach provides a novel diagnostic

tool to explore the physics of nonlinear systems.
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Introduction.—In neutrino-dense astrophysical environ-
ments, such as core-collapse supernovae and the remnants
of neutron star mergers, neutrinos experience a significant
potential due to the presence of other neutrinos. This
refractive effect strongly impacts the flavor evolution of
the neutrino radiation field and can lead to collective flavor
conversion. While the underlying equations are simple,
their nonlinear nature provides for a rich and sometimes
confusing plethora of solutions [1-4].

One case in point is fast pairwise flavor conversion of the
type v, — v, U, (Where x indicates a generic heavy-lepton
flavor, p or 7), conserving the net flavor content and often
called “fast flavor conversion” (FFC). Neutrino-neutrino
refraction is dimensionally quantified by a typical inter-

action energy O(v/2Gpn,). Specifically, we will use y =

\/iGpn,,e as an overall scale.

Another manifestation of neutrino-neutrino refraction
concerns “slow flavor conversion,” driven by the energy
spectrum and involving flavor exchange between different
energy modes. A typical flavor conversion speed is /wp,
where @ = Am?/2E is the vacuum oscillation frequency
depending on the mass-squared difference Am?” and energy
E. This is defined as “slow” because y > w. The inter-
pretation of the nonlinear evolution [5] as a gyroscopic
flavor pendulum has been long since established [6—10]
and is the archetype for our study.

Fast flavor conversion is a multiangle effect of the flavor
lepton-number densities. While the nonlinear evolution is a
three-flavor problem [11-16], the initial instability is
between one pair of flavors [17-20], in practice v, and
v,. For identical v, and U, distributions, FFC is driven by
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neutrino electron lepton number (ELN) [19,21-24], but it is
straightforward to include nontrivial v, and v, distributions
[15,16,25]. An instability of the flavor field requires the
ELN angular distribution to change sign at least once—it
needs one or more “crossings.” In the slow case, spectral
crossings are required instead [26].

Various methods have been proposed to identify ELN
crossings in hydrodynamical simulations [27-30] and
significant efforts have been devoted to understand when
and where favorable conditions exist for FFC instabilities
in astrophysical environments and related implications [31-
47]. However, despite ELN crossings, only minimal flavor
conversion may occur depending on the initial configura-
tion [48], because it is the exact v, and 7, angular
distribution that determines the ELN crossings and the
final flavor outcome [23,24,31,48-51].

This Letter aims to elucidate under which conditions one
should expect large flavor conversion due to FFC in a
homogeneous and azimuthally symmetric neutrino gas. For
the first time, we provide a simple diagnostic criterion to
predict whether FFC should occur and how much con-
version should be expected, without solving the neutrino
equations of motion (EOMs). In doing so, we rely on a
formal analogy of the EOMs with the ones of a gyroscopic
pendulum [24].

The linear normal-mode analysis [17-20,52,53] has been
widely employed to obtain the growth rate of the flavor
instability. Our main new insight consists of taking full
advantage of this approach and to recognize, for the first
time, the fundamental information provided by the initial
rate of precession as well as by the universal form of the
linear eigenfunction for the angle-dependent flavor
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conversion. Such findings provide crucial new insights into
the physics of nonlinear systems.

Mean field equations.—We describe (anti)neutrinos
through the usual density matrices o(p,7,t) [o(p,T,1)].
The diagonal elements are occupation numbers, whereas
the off-diagonal ones encode flavor coherence. Ignoring
collisions, the commutator EOM for neutrinos is [54]

i(0,+ - Vo5 = [Q 03] + V2Gr[Hz 051, (1)

where vacuum oscillations are spawned by Q; = M?/2E
with M being the neutrino mass matrix. Antineutrinos
require Qr — —Qpf, but as we study FFC we set Qz =0
henceforth, also implying that ¥ = p/E is a unit vector.
The Hamiltonian matrix

&g _ N
Ha—/W(Qq—Qq)(l—vq'v) (2)
represents neutrino-neutrino refraction. The EOMs are
understood in a comoving frame in flavor space such that
refraction on ordinary matter disappears.

One central feature of FFC is that all ¢(p,7,t) and
o(p,7,1), and any linear combination, follow the same
EOM that depends on 7 but not on E. We thus consider the
density matrices for lepton number D; = ¢j — 05, which
we also integrate over energy and normalize to the v,
density. The matrices D; = n,!' [° E*dE/(27%)Dg; thus
defined obey the closed system of equations

i(0,+ ¥ V)D; = u[H;. Dyl. (3)

Here, u = \/EGFnyg is a typical neutrino-neutrino inter-
action energy, whereas H; = [(d?ii/4n)D;(1 — ii - D).

It is perhaps somewhat underappreciated that it is the
energy-integrated lepton-number matrices that drive the
entire FFC dynamics. Solving the EOMs amounts to
the task of finding H;(#). Once it has been found, the
solutions for ¢ and @j or the particle-number densities
S; = 05 + 05 can be determined.

In our case study, we impose several symmetries, the
most restrictive one being that of homogeneity of the initial
setup and the solutions. Dropping the gradient and inte-
grating both sides over [ d*v/4x reveals that the total
lepton-number matrix Dy = [(d*¥/4x)D; is conserved,
meaning that n,, — ny, is separately conserved for every
flavor £ = e, u, and 7. Indeed, FFC does not convert any
net flavor. The corresponding number-density matrix S, is
not conserved. While the total particle number (trace of S))
is conserved, the individual n,, + n;, are not, commensu-
rate with a pair-conversion effect.

As D, is conserved, it causes a global precession on
the right-hand side of Eq. (3) that can be “rotated away” by
the unitary transformation U(#) = exp[—iDyt] as for the

ordinary matter effect. The Hamiltonian matrix
becomes H; = —¥- [(d%i/4n)iiD;. Note that we have
not assumed D, = 0, we have only absorbed its effect
by going to a comoving frame. So we recognize that, in
the homogeneous case, the evolution is entirely driven by
5(r) = [(d*i/4x)uD;(f). While the latter is not con-
served, TrD? is conserved, meaning that the lepton-number
flux, summed over all flavors, is conserved.

As a further simplification, we impose axial symmetry
on the initial setup and the solutions. Measuring v against
the symmetry axis (zenith angle #), we integrate out the
azimuth angle ¢ and define D, = [7(d¢/47w)D; where
v = cos @ is the velocity along the symmetry axis (v is not
|v| = 1) with =1 < v < +1. The flux matrix now has only
one nonvanishing component: D; = [*! dvvD,. A pos-
sible factor 1/2 in front of [*' d cos 6 has been absorbed
in the definition of D,

Last, we consider only two flavors, although three-flavor
solutions can be much richer in the nonlinear regime [15—
17,25]. The corotating EOM thus becomes

iD, = uv[D,,D;] or D,=puvD,xD;. (4)

We here express the 2 x 2 Hermitian D, matrices through
the usual Bloch vectors (polarization vectors) such that
D, = (TrD, + D, - 6)/2 with ¢ a vector of Pauli matrices.
The cross product on the right-hand side reveals that the
length of each D, is conserved. Moreover, D, and |D, | are
conserved. It is D, (z) that drives the motion of the system
and moves like a gyroscopic pendulum [24].
Single-crossed ELN spectra.—Except for small seeds,
our system begins diagonal in the flavor basis where every
D, has only a z component. (We use x, y, and z for
directions in flavor space.) So the initial condition is
represented by what we call the ELN spectrum,

9, = D}

=0 & (n”“‘

—ny, —n, + ”DX)U- (5)
One or more “crossings” (g, changes sign) are necessary
for runaway solutions to exist. This condition is also
sufficient for solutions that may break homogeneity and
axial symmetry [22].

Motivated by the qualitative shape of the ELN angular
distributions near the neutrino decoupling regions, we use a
family of single-crossed distributions defined by

Qce(cos 6) = 0.50, (6a)

1 —cos®

_ 0.1 —(
0cc(cos 0) =045 —a+ Texp[ T

)2
] . (6b)
Here, [* ¢,.d cos @ = 1, whereas the two free param-

eters a € [—0.04,0.12] and b €[0.1,1] determine the
shape and normalization of g, =¢,, — 0., With v = cos 6.
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FIG. 1. Representative ELN distributions g, defined in Egs. (6a)

and (6b) for the shown values of a and b.

Figure 1 shows four representative examples and illustrates
the effect of the ¢ and b parameters.

We have solved the EOMs for the cases A—D specified in
Fig. 1 and show the evolution Dj(¢)/D; in Fig. 2. Recall
that D; = |D,| is conserved, so we really show cos § with
9(¢) the zenith angle of D (¢) in flavor space. Case A has no
instability, in agreement with the results of the linear
stability analysis, whereas B — D show the characteristic
behavior of an inverted pendulum. The waiting time
between dips depends logarithmically on the smallness

of the chosen seeds. The component /(DY) + (D})?
grows exponentially during that period. (For an example,
see Supplemental Material [55]).

In Fig. 3 we show snapshots of the evolution of the entire
spectrum for case B at four times indicated in Fig. 2. So we
can see how the lepton-number flux evolves in time as a
function of » = cos#. All modes evolve coherently and
return to their initial position—the overall evolution
remains periodic within the limits of numerical precision.
The same applies to the analogous evolution of the lepton-
number modes S, (¢).
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FIG. 2. Solutions for the z component (flavor direction) of the
lepton-number flux D7 (¢) for the cases A — D specified in Fig. 1,
where case A has no instability. We show the normalized quantity
cosd = Dj/D,. Its lowest point for each of cases B—D
perfectly agrees with cos 8,,;, predicted in Eq. (13).
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FIG. 3. Snapshots for D3(z) for case B. The time shots are
chosen at #,—, indicated in Fig. 2 between the beginning of the
pendular dip and the maximum excursion.

Finally, in Fig. 4 we show contours of Dj(#)/D1|yn =
c0S duin 10 the plane spanned by a and b overlaid with
contours of the growth rate obtained by the linear normal-
mode analysis [18,19]. Evidently large flavor conversion
does not always correlate with a large growth rate.
Moreover, seemingly similar ELN configurations can cause
very different flavor outcomes.

The coherence of all modes suggests a small number of
underlying degrees of freedom. In fact, by applying the
Gram matrix method [8], we find that our system with
single-crossed ELN spectra is equivalent to three discrete
angle modes, which form a gyroscopic flavor pendulum in
the unstable case (see Supplemental Material [55] for more
details).

Growth rate [u] %10-2

T
ot

FIG. 4. Contour plot of the growth rate in the plane spanned by
the parameters a and b [see Eqs. (6a) and (6b)]. The white
contours represent D7 (f)/Dy |, The locus of vanishing lepton
number (D§ = 0) is marked with a dashed line. We also mark our
configurations A — D. We see that large growth rates do not
always correspond to large flavor conversion.
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Pendulum in flavor space.—The first of the linearly
independent functions suggested by the Gram matrix is the
conserved vector G = Dy = [ dvD,(t) of lepton number.
The second is the lepton-number flux R(¢) = D,(t) =
J dvuD,(t) with conserved length. The third is what we
call J(t) = [dvw,D,(t) with unknown weight function
w,,. They represent a gyroscopic pendulum, if they obey the
EOMs [8]

G=0, R=uJxR, and J=yGxR. (7)
In a mechanical analogy, G represents gravity, R the center-
of-mass position relative to the point of support, J the total
angular momentum, and z~! the moment of inertia. Besides
the conserved G, the EOMs imply four conserved quan-
tities: length R of the radius vector, angular momentum
J,=J-G/G along “gravity,” spin S=J-R/R, and
energy E=V +T=yG-R+ (u/2)J>. Moreover, the
natural pendulum frequency Au is given by 1> = yGR/p.
We here assume that y > 0, a possible negative sign is
absorbed by redefining G = —D,.

We use coordinates where G defines the z direction so
that G = (0,0, G), whereas the pendulum is described in
polar coordinates (8,¢) by R = R(sgc,.s95,.cg) With
s9 = sind and so forth.

Solving the EOMs for 9(7) and ¢(f) in terms of the
conserved quantities is shown in any mechanics textbook or
Appendix B of Ref. [8]. One important simplification is
that we always begin with R parallel or antiparallel to G
without an initial velocity, implying that J|,_, = S|,_,, and
because J, and S are conserved, we may use J, = S.
Moreover, we assume that S is parallel to R and not
antiparallel. One thus finds

2Ac
L, e 2
¢ ’u1+cos8 (82)
. 4(1 = cos 9)?
P =122 2(1=cos9)—c?——————"| (8
W |2(1 = cos §) o TS (80)

where we have expressed the spin, S = 210, in terms of a
parameter ¢ and the dimensionless natural pendulum
frequency A = \/yGR/u. Besides the overall scale y, the
pendulum is fully described by the parameters A and o.

The zenith-angle EOM of Eq. (8) becomes yet more
informative with cg = cosd as independent variable, so
that ¢3 = p?22(1 — cy)*(1 4+ ¢y — 26%). For the right-
hand side to be positive in the neighborhood of ¢y =1,
we obtain ¢ < 1 as a condition for instability. For larger o,
the pendulum is stuck in the “sleeping top position.” In the
unstable case, it nutates between the upright position and a
minimal latitude 9,,;, given by cos 8, = —1 + 262, For
o = 0, it reaches the vertical downward position.

In the linear regime (9 < 1), the solutions (8a) and (8b)
are

@ =uplo and 9= +uiv1-c29. (9)

The pendulum performs a uniform precession, whereas 9
grows or shrinks exponentially, according to whether the
pendulum moves away from the stable position or, after a
full swing, comes back to it.

Normal mode analysis.—To match these parameters with
our full system, we consider the latter in the linear regime.
Initially D7’ = DY + iD; is small, whereas D3 is at its
initial value g,. Thus, the linearized version of Eq. (4) is
(i0, + vDy)Dy’ = vg, [duuD;’. A collective normal
mode would be of the form g,0,e " with @ = wp £
il" being the complex eigenfrequency, where the subscript
P stands for “precession.” The solution is

U9y e—ia)t’ (10)

T =1 T,

where f depends on the initial conditions. Inserting this
back into the linear EOM reveals that @ is fixed by

+1 g, +1 , wp+vD—il
dy—————= dv g,v 5 5=
—1 a)—l— UD] -1 (CUP+ ’UD]) +F

(11)

For convenience, we also provide a step-by-step derivation
in Supplemental Material [55].

The crucial final step is to match the real and imaginary
parts of @ with the corresponding pendulum parameters of
Eq. 9): ¢ =ulo = wp and 9 = £paV1 - 629 = 1.
Inverting these relations and selecting the positive solution
for the second equation only reveals

Db and A= fur T (12)
o=\l =—\/o .
wh +17? p Vo

Hence, the lowest pendulum position is

2
@p

—1+2——.
+ s +17?

(13)

cos Ipin =

The equation above crucially links the maximal latitude
reached by the gyroscopic pendulum to the real and
imaginary parts of the complex eigenfrequency w, provid-
ing a way to predict the depth of flavor mixing without
solving the equations of motion. This prediction is in
excellent agreement for all our ELN configurations, see our
examples shown in Fig. 2 for a comparison. We also see
that wp = 0 implies o = 0, leading to complete conversion,
whereas I' = 0 implies ¢ = 1 and the pendulum is stable.
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Conclusions.—For a homogeneous and azimuthally
symmetric two-flavor neutrino gas, we have explicitly
shown that flavor conversion physics strongly depends
on details of the ELN distribution. Similar looking angular
distributions can lead to completely different outcomes.
Notably, the amount of flavor conversion does not directly
correlate with the growth rate obtained from the linear
normal-mode analysis.

Obvious characteristics are the conserved Bloch vector
of the lepton number that we call D, and the one of lepton-
number flux D, with conserved length, and it is also evident
that D (¢) is what drives the evolution of all Bloch vectors
(or density matrices) for individual modes of lepton or
particle number.

The evolution of D;(¢) appears to be equivalent to a
gyroscopic pendulum, with D playing the role of gravity,
suggesting that the third characteristic is what plays the role
of spin or equivalently the total angular momentum J.
However, identifying J as a simple combination of D, =
J dvv" D, is not generally successful [24].

Our main innovation was to match the pendulum
parameters (natural frequency and spin) with the precession
frequency wp and growth rate I' obtained from the usual
normal-mode analysis of the neutrino system. It is impor-
tant to stress that, while attention was usually focused on I,
the previously ignored wp provides the spin and thus allows
one to gain insight on the amount of flavor mixing.

Our work provides new insights and a simple tool to
unveil the rich phenomenology of FFC, shedding light on
the complicated physics of neutrino-dense media and, in
general, nonlinear systems of this type. While our findings
are based on a single-crossed, homogeneous and azimu-
thally symmetric neutrino gas, they could provide a first
step to analytically forecast the amount of flavor conversion
in neutrino-dense astrophysical environments. As such, this
work could have fundamental implications on our under-
standing of neutrino flavor evolution in core-collapse
supernovae and the synthesis of heavy elements in compact
binary merger remnants, where progress is currently halted
by its intrinsic numerical challenges.

We thank Lucas Johns for helpful comments
on our manuscript. We are grateful to the Villum
Foundation (Projects No. 13164 and No. 37358), the
Danmarks Frie Forskningsfonds (Project No. 8049-
00038B), and the Deutsche For-schungsgemeinschaft
through Sonderforschungbereich SFB 1258 “Neutrinos
and Dark Matter in Astro- and Particle Physics.”
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Supplemental Material
Neutrino flavor pendulum reloaded: The case of fast pairwise conversion

In this Supplemental Material, we introduce the multipole decomposition of the EOM and show that the pendulum
equations derived by truncating the multipole equations to the first few multipoles are not always predictive of the
final flavor outcome. Next, we perform a discretization of the ELN angular distribution to three modes and derive
a formal similarity with a pendulum characterized by its natural frequency and spin. We also outline the linear
normal-mode analysis for our homogeneous system and finally provide additional details on our numerical examples.

A. Multipole decomposition

One way to discretize the system of interacting Bloch
vectors D, with v = cosf is an expansion in Legendre
polynomials L;(v) that more generally would appear in
a multipole expansion of Dz before assuming azimuthal
symmetry [1]. Thus, we define the new functions

Di(t) = /+ dv Ly (v) Dy(t) (S1)

-1
that obey the co-rotating EOMs

_ K

Dl 9 (alDl_l + lel+1) x Dy (82)
where a; = 21/(2l + 1) and b = 2(I +1)/(2l + 1). The

EOMs for the first few multipoles are explicitly:

Dy=0, (S3a)
: Dy +2D
Dlzu%xDl, (S3b)

DQ = ? D3 X D1 s (SSC)
: 3D, + 4D

Dy— 2220201 p (S3d)

7

Dy is conserved and D; is the only one that evolves
instantaneously like a precession, i.e., its length is con-
served. The equation for Dj is the first one clearly show-
ing the general structure that a given D) is driven by one
higher and one lower multipole.

This infinite tower of equations can be closed by trun-
cation, assuming that the spectrum has no fine-grained
information. In this case, high multipoles should be con-
sidered to be negligible. Actually, this is a nontrivial
point because it looks like lower multipoles impact higher
ones in the EOMs, so higher multipoles should get excited
from lower ones, even if they were small at first, as also
discussed in Refs. [1, 2].

Johns et al. [3] have observed that, if we truncate
Eqgs. (S2) by setting D3 = 0, the lowest multipole equa-
tions in the comoving frame are equivalent to the ones
of a pendulum in the flavor space. Comparing Eqs. (S3)
with Egs. (7) reveals that we should identify R = D; as
usual and J = (Dy + 2D,)/3, implying J = 2D, /3. In
turn, this implies that we may identify G = 2D3/5 and

v = p. We now denote with D,, = DZ|;—¢ the initial val-
ues that are not conserved except for Dy and D,. With
this notation, one finds for the spin S = (Dy + 2D3)/3
and finally

2\ = §D3D1 , (S4a)
S* _ (1/9) (Do +2D5)*
2
= —_—= 4
7T e (8/5) D1 D3 (S4b)

With these identifications, our interpretations agree with
the ones in Ref. [3], noting that they used the symbol o
for what we call S. Hence, the condition for an instability
o < 1 reads

(Do +2D3)* 72

—_— < —. S5

D, Ds 5 (85)

Or, equivalently, the pendulum is locked in its initial con-
figuration if

S2

= - 4 . S6
‘T emin; (50
From the relations I' = pAvV1 — 02 and cosVyi, =

—1 + 202 provided in the main text, these results imply

2D1Ds  (Dy + 2D-)?
I = -
u\/ 5 % ,  (STa)
Dy + 2D5)?
08 Uppin = —1 m (STb)

36 D1 D3

for the initial growth rate and depth of conversion. These
predictions can be compared with those of our numerical
examples, or equivalently, with those from the normal-
mode analysis.

Actually, as a starting point for their pendulum discus-
sion, the authors of Ref. [3] used the second-order equa-
tion

rXT

+Sr=uD1G x 7T, (S8)

where R = Dy, r = R/R, the spin of the pendulum is
S=r- (%DO + %Dg), and G = %Dg,

To show that this second-order equation follows from
our two first-order ones, we write the latter in the form
# =Jxrand J = G x r where y was absorbed in
the definition of time and all other coefficients in the
definition of G. Taking another derivative of the first



equation yields 7 = Jxr+Jx7 and inserting the second
equation for J gives # = (G x7) xr+J x7 = (G-7)r —
G + J x 1, where we have used r? = 1. Now we consider
rx 7 and see that the first term disappears and the second
is G x 7r; the third is v x (J x #) = (r-7)J — (v - J)r.
Noting that 7 is perpendicular to » and r - J = S is the
conserved spin, we find r x #* + .57 = G X r. Reinstating
the original meaning of the variables leads to Eq. (S8).
The advantage is that J no longer appears, but only the
conserved spin.

As already discussed in the main text, for sufficiently
large S, the pendulum is locked in its initial stable con-
figuration and cannot swing away from the flavor axis.
Hence, the pendulum is stable, and we expect that FFC
cannot take place. The pendulum is also in a stable con-
figuration when it is oriented in the same direction as the
gravity vector G.

Figure S1 shows the contour plot of the minimum value
of the lepton-number flux D#(¢) in the plane spanned by
a and b. We can see from Fig. S1 (see also Fig. 4) that we
expect a different flavor outcome as a function of a and
b, with regions of no flavor mixing despite the existence
of an ELN crossing.

In agreement with Ref. [3], our results support that
the outcome of the neutrino flavor qualitatively changes
depending on the relative signs of the [ = 0-3 multipoles.
The relative sign of Dg|i—¢ and Ds|i—¢ determines the

‘Dl(t)/Dllmin t1.0
\

4 1 (>4

\
\
\
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FIG. S1. Contour plot of the minimum value of the lepton-
number flux Df(t)/Dj|i=o in the plane spanned by a and b
(see Egs. 6a, 6b and Fig. 4). The isocontour of the config-
urations with £ = 4 (obtained by truncating the multipole
expansion of the EOM at | = 3) is marked by dashed blue
lines, where the arrows point into the unstable region (¢ < 4).
Due to the limited number of multipoles, this criterion wors-
ens for very peaked angular distributions and does not allow
one to reliably predict the flavor outcome for a general ELN
configuration.

S2

magnitude of S. Secondly, the relative sign of D1 |;— and
Ds|;—¢ also determines whether the pendulum is initially
in a stable (unstable) equilibrium configuration, before it
is perturbed. Our results are also in agreement with the
ones of Ref. [3] for the configurations when gravity plays a
role in stabilizing the pendulum (results not shown here).
Qualitatively, these findings are in agreement with Fig. 3
of Ref. [3] where the relative signs of the multipoles lead
to different growth rates of the flavor instability.

This suggests that it may be enough to rely on the
I = 0-3 multipoles of D, in order to predict the stability
of the flavor pendulum and gauge the amount of flavor
mixing. However, it is important to stress that the errors
induced by truncating the angular-moment expansion at
an arbitrary small [ propagate back to large scale with
major consequences on the overall flavor evolution in the
nonlinear regime [2].

The ¢ = 4 isocontour (dashed blue line) in Fig. S1
shows unstable regions predicted by the pendulum anal-
ysis. We find that in the stable (bottom) part of the
parameter space in Fig. S1, the spin is large enough to
lock the flavor pendulum, not letting it swing away from
the flavor axis. Conversely, in the unstable (top) region
in Fig. S1, S is smaller, allowing r to oscillate. However,
we also find that fast flavor mixing does not occur for all
configurations below the black dashed line representing
the locus where D§ = 0 and the unstable regions do not
coincide with the & = 4 contour.

This discrepancy is due to the fact that, for very
forward-peaked distributions, the £ criterion worsens, see
the lower region below the D§ = 0 line. Moreover, we
can see a sudden transition to large flavor mixing in the
proximity of the D§ = 0 line, not predictable by the &
criterion. These deviations of the numerical results from
the £ = 4 constraints are due to the fact the high-l mul-
tipoles (with [ > 3) are relevant and do affect the flavor
stability. As a consequence, it is difficult to asses, a priori,
when the pendulum approximation proposed in Ref. [2]
should hold.

B. Flavor pendulum of three modes

The coherence of all modes suggests a small number
of underlying degrees of freedom that can be diagnosed
using the Gram matrix G;; = :12 dt D, (t)- Dy, (t) [4]. Tt
is calculated for our discrete set of numerical D,,, (t) with
i=1,...,n for a convenient, but arbitrary, time interval.
The rank of G that we call N 4 1 reveals the number of
independent functions. The system always has one time-
independent solution in the form of Dy = Y"1 | D,,(t),
thus N is the number of independent dynamical func-
tions. For our single-crossed examples we always find
N = 2. Hence, we conjecture that single-crossed ELN
spectra provide solutions that are equivalent to two dy-
namical degrees of freedom, equivalent to three discrete



angle modes.

To study a system of three discrete modes we note
that another way to combine the D, is to use angular
moments of the v = cos 6 distribution defined as

+1
M, :/ dvv" D, . (S9)
-1

Here M is the same as Dy and M; = D; is the flux.
The EOM is

M, = M, x M . (S10)

Once more we see immediately that My is conserved,
whereas the dipole M; performs an instantaneous pre-
cession around the second moment and thus its length
M, = |M;] is conserved. The length of the other mo-
ments is not conserved. The Legendre polynomials (see
Appendix A) are one combination of the moments that
is based on an orthogonal set of functions, whereas the
v™ are linearly independent, but not orthogonal.

The EOMs should be discretized to be solved numer-
ically. We will see that the evolution is coherent among
the D,, meaning that neighboring modes have similar
evolution and do not develop large differences over time.
In this sense, representing the spectrum with a small dis-
crete set of modes v; with ¢ = 1,..., N should provide a
good proxy to the true solution. Moreover, in our axially
symmetric case, there are no spurious instabilities [5, 6].

Notice, however, that we need a minimum of three
discrete bins (or “beams”) to obtain nontrivial results.
As in the continuous case, the overall lepton number
Dy = Zfil D,, is conserved and D; = Zi\; v; D, has
conserved length. So if N = 2 the only possible solution
is a precession of Dy around Dgy. For N > 3, there exist
instabilities and pendulum-like solutions.

Next we consider the simplest homogeneous case that
can provide an instability, i.e., the general three-mode
case consisting of three Bloch vectors D,, with veloci-
ties v; with ¢ = 1, 2 or 3. The corresponding angular
moments are M, = Z?Zl v'D,,. In turn, we can ex-
press the three D,, in terms of the moments. We have
only three D,, modes, so there are only three linearly
independent moments.

We can express any moment in terms of three others.
We use the lowest ones and close the tower of EOMs with
M3 = vivavs Mo + (v1 + v + v3) My

— (’011)2 + v1v3 + 'UQ’Ug)Ml .

(S11)

To find this result, we first expressed the three D,, in
terms of the first three moments, and then inserted these
expressions in the definition of Mj3. Then the tower of
EOMs for the moments is

M,=0,

M, = uM, x M, |

M, = uMs x M,
= M[Ul’Ug’USM() + (v1 +v2 + ’1)3)M2] x My .(S12¢)

(S12a)
(S12b)

S3

We see that we can add any multiple of M; to My with-
out changing the second equation. Specifically we use

Mé = M2 — (’Ul + Vo + ’Ug)Ml
= —(v2 +v3)v1 Dy, — (v1 +v3)v2 Dy,
— (Ul + 1}2)1}3DU3 s (813)

providing the EOMs

My, =0, (S14a)
M, = uM} x M , (S14b)
My = pvivavs My x My . (S14c)

These are the pendulum equations in the form of Eq.
7 with the identification G = M, (gravity), R = M;
(pendulum radius), J = M} (angular momentum), and
the coupling constant v = pvivevs. If vivsvs of the cho-
sen beams is negative, we instead identify G = — M, to
ensure a positive 7.

These results imply A\?> = vjvgvsMyM; for the square
of the natural pendulum frequency, whereas the spin is
S =J, = My — (v1 + v2 + v3) M7, where we use My =
M3 =0, recalling that the length of My is not conserved.
The condition for instability is S% < 4\? or explicitly

[MQ — (’Ul + v + ’03)M1]2 < 4‘U1U2U3M0M1| . (815)
So none of v; must vanish and, of course, the lepton
number M, and lepton-number flux M; both must be
nonzero. To have three modes in the first place, all three
D7, must be nonzero, so all six parameters of our model
must be nonzero. The quantity representing the angu-
lar momentum is complicated and does not suggest any
simple extension to a continuous spectrum.

For given pendulum parameters we can find an equiva-
lent three-mode system. The reverse transformation ap-
plied to the initial configuration provides

. S + v1 M7 + vav3 My

vy = , S16a

g (Ul - Uz)(v1 - Us) ( )

gy = S+ va My + viv3 Mo ’ (S16b)
(v2 —v1)(v2 — v3)

gvs _ S —+ U3M1 —+ Ul’UQMO ’ (Sl6C)

(v3 — v1)(v3 — v2)

where we have used J, = S and the spectrum of discrete
modes is g,, = D} |t=o.

As discussed in the main text, from a single-crossed
spectrum g, we can obtain the pendulum parameters o
and A and thus the corresponding spin S = 20\ as well as
the coupling parameter -, defined to be positive, and we
have My = [ dvg, and My = [ dvvg,. In this way, four
of the six parameters are given that determine a three-
mode realization of the same pendular motion. The nat-
ural pendulum frequency (in units of ) is given by \? =
wl% +T'? and in our three-mode case A\? = vivousMoMi,
implying vivavy = (w3 + I'?)/(MoM;). On the Lh.s.,



|v1vavs| < 1, suggesting that wd + I'? < |MoM;|. In our
numerical examples this condition is certainly fulfilled,
but it is not mathematically obvious if this is generally
true for any single-crossed spectrum that exhibits an in-
stability. If it were not the case, a three-mode realization
of the motion would not be possible.

Assuming this to be the case for a given g, we can
choose the three-mode representation such that v; = —1,

vg = +1, and v = u with —1 < w < +1. Then the
equivalent three-mode system is given by
2 F2
S=2wp and u= _% (S17)
and
S — M1 + ’U,Mo
=" "" S18
g'U— 1 2(1+U) Y ( a’)
*S — ’U,Ml =+ MO
v=u — y 18b
g T (S18b)
S —+ Ml — UM()
p—t] = ————————— 1
Gv=+1 2(1 — U) (S 8C)

In summary, we have found that three discrete modes
behave like a stable or unstable flavor pendulum, the lat-
ter being described by only two parameters, the natural
frequency A and spin S. Conversely, for a given pendulum
with these parameters we can identify a two-parameter
family of three-mode realizations.

C. Explicit solution for continuous spectrum

If a single-crossed spectrum g, produces a coherent
pendulum-like solution, we have seen that the motion of
D;(t) can be understood as a pendulum with parame-
ters that can be extracted from g, without solving the
EOMs. We have also seen that in this case the Bloch
vectors D, (t) are functions that one should be able to
express as linear combinations of only three independent
functions. We have seen in Supplement B that we can
identify three functions that we now call P,,(t) that re-
produce the same pendulum with D;(t) = Pi(t). (In the
corresponding discussion for slow modes these functions
were called “carrier modes” [4].) These three functions

solve the EOM
P, = uv;P, x P . (S19)

We now transform the three functions to produce a
continuous spectrum by virtue of

(S20)

The first factor was included to avoid a singularity when v
equals one of the discrete velocities. These new functions
fulfill the original EOM

0P, = pvP, x P, (S21)

S4

as one can easily verify by inserting the definition of P,
and using Eq. (S19). We may further define the unit
vectors

P,
P, |

with a possible sign change such that p?|;—o = 1. There-
fore, the solutions for the original modes are simply
D, (t) = gops(t).

To summarize, if the spectrum g, reveals, in the lin-
ear regime, an instability we can construct the nonlinear
solution for D;(t) in the form of a pendulum, obtain
three modes that produce the same pendulum motion,
and construct the explicit solution for D, (t) and any
other Bloch vector that follows the same EOM as D, (t).
In other words, the pendulum solution suggested by the
information from the linear equations indeed fulfills the
original EOMs also in the nonlinear regime.

D. Normal-mode analysis

In the main text, we have briefly sketched the normal-
mode analysis in the homogeneous case, leading to an
eigenvalue equation that is very simple. However, it is
also instructive to arrive at this result beginning with the
inhomogeneous equations and taking the homogeneous
limit in the end. The final result is the same, but it
is nevertheless reassuring that there is no hidden issue
of non-commuting limits. In principle, of course, this is
just a step-by-step account of what can be found in the
literature in various forms.

Our starting point is the two-flavor EOM, assuming
axial symmetry, before taking the homogeneous limit:

z(@t + v@z)Dv = /,L[Do, DU] — ,U,[Dl,’UDU] . (823)
Here Dg = [dvD, and Dy = [dvvD, and we use the
notation [ dv = fjll dv as in the main text. We here keep
explicitly the first term on the r.h.s. without going to a
co-rotating frame because we are interested in the real
part of the dispersion relation that should be carefully
distinguished from the overall precession caused by this
neutrino-neutrino matter term which we follow carefully.

We recall that, in terms of the Bloch vector compo-
nents, the lepton-number density matrices are

b _L(Di D\ _gu(s Sy
v 2 \D¥* —-D? 2 \SF —s,)°

where DIY = D7 +1DY and the complex conjugate DY* =
D% —iD¥. The ELN spectrum is the initial g, = DZ|1—¢
and is assumed not to depend on space. In other words,
we assume the initial setup to be homogeneous, but the
solutions are allowed to be inhomogeneous. The diagonal
and off-diagonal normalized components s, and S, follow

(S24)



our older notation and are not related to the particle-
number matrices.

The linear regime consists of the off-diagonal elements
being small compared with the diagonal ones, in normal-
ized form meaning that |S,| < 1 and the expansion is in
powers of S,. Taking the z-components at their initial
value, the off-diagonal EOM is

[2’ (Or +v0,) — (Ao — vAl)]Sv = —,u/dugu (Su — vuSu) ,

(S25)
where Ag = uDg and Ay = uDy = uD%|i—o.

For a normal-mode analysis we seek plane-wave solu-
tions of the form S,(t, z) = Q, e "*~K2) where Q,, de-
pends on the wave vector (2, K) and K is the wavevector
in the z direction. The EOM in Fourier space thus is

(@~ Ag) — o(K ~ A9)]Qu = =1t [ dugu(Qu — vu@u)

—— ——

w k
(S26)

In the absence of interactions (u = 0) the only solutions
are w = vk, which are “under the light cone” defined by
w = k, and have eigenfunctions @, = d(w — vk). For
nonzero u, these non-collective modes continue to exist
with a more complicated singular @, [7].

In addition, collective modes appear which either have
a real w > k or a complex w without restrictions on k.
As a function of v, the r.h.s. of Eq. (S26) has the form
a — bv, where a and b are numbers that depend on the
spectrum and on the solution, but not on v. Therefore,
the eigenfunction is of the form

a—bv
Q’U - m7 (827)
implying
a—by= —/duGua “hu—vula—by) o gog
w — uk

where we have now absorbed p in G, = i gy.
This equation must be true for all v, so we have two
equations that can be written as

(3 )@
T/
Here the “moments” are
I, (w, k) = /du G, ” —nuk' (S30)
The dispersion relation follows from
detTl = (Ig +1)(I, — 1) — I} = 0. (S31)

Once we have found w(k) we can determine the eigen-
function up to an overall factor, i.e., for a chosen a we
can find b or the other way around.
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FIG. S2. Same as Fig. 2, but for the evolution of the trans-
verse components (flavor direction) of the lepton-number flux,

|DTY| = +/(D%)? + (DY)? for the unstable cases B-D.

There is a nontrivial relation between the moments
defined in Eq. (S30) as can be seen by the following ma-
nipulations:

Ao = /duGu - /duGuLUk —wly — kI, (S32)
w — uk
and likewise

A1 = /duGuu = w[l — ]4}]2. (833)

Therefore, two of Iy, I; and I can be eliminated from
the determinant condition Eq. (S31) which thus can be

written in three alternative forms in terms of only one of
them. One case is

~ Ao(wH+ Ao) + k(k+ Ay)
To(w, k) = wo(w+A00) - k(k+A11)

(S34)

The physically homogeneous case K = 0 implies that k =
—A1. Therefore, the determinant condition simplifies to

wlo(w, —Al) = AO (8353)

and with Egs. (S32) and (S33) implies
Il (w, —Al) = 0, (83513)
Ig(w, 7A1) =1. (S35C)

If we insert these results in Eq. (S29) we see that the
second equation is fulfilled for any a and b, whereas the
first equation requires a = 0. Therefore, we conclude that
in the physically homogeneous case, the eigenfunction
has a = 0 and thus is proportional to v with an arbitrary
coeflicient b £ 0.

We thus recover the result derived in the main text
where we started directly from the homogeneous EOM.
In terms of physical variables, the eigenvalue is deter-
mined by (Q— Ag)Io(2—Ag, —A1) = Ap. Here as always
going to the co-moving frame in flavor space amounts to
absorbing Ay in 2 — w = Q— Ag and not setting Ag = 0.



TABLE 1. Solutions for the complex eigenfrequencies of our
benchmark ELN configurations A-D (see main text).

Case Ag A1 w4+ = wp i’ o oS Umin
[1/100]  [p/100]  [p2/100]

A —1.2666 —4.2666 stable — —

B +0.7334 —4.2666 0.1828 +£0.1291¢ 0.817 -+0.335

C +0.7388 —3.2728 0.2047 £ 0.05847 0.962 +0.849

D +4.7334 —5.2665 1.0743 +£1.1121¢ 0.694 —0.034

E. Further analysis of our numerical examples

The solutions for the complex eigenfrequencies for our
examples A-D (see main text) are summarized in Ta-
ble I. The analytical results are in excellent agreement
with the numerical ones, as was already shown in Fig. 2
in the main text. In Fig. 52, we show the evolution of the
zy component that grows exponentially until the nonlin-
ear regime is reached. The “wiggles” around the lowest
points reflect the initial conditions (the small seeds) that
excite all modes, but only the unstable one subsequently
grows exponentially.

In order to highlight the periodic nature of the motion,
we show in the upper panel of Fig. S3 a phase diagram
(9,9) derived from our solutions ¥(t) and ¥(¢). The mo-
tions continue to trace out their respective tracks.

To illustrate the pendulum motion quantitatively, we
show 92 as a function of ¥ in the bottom panel, once
more derived from the numerical solutions 9(t) and 9(t).
From Eq. 8b we glean that the motion is equivalent to a
mass point with kinetic energy 92 that moves in a poten-
tial which is the negative of the r.h.s., so the numerically
found ¥? as a function of ¥ maps out the potential given
on the r.h.s. of Eq. 8b. With the pendulum parame-
ters shown in Table I, the predicted curves are plotted
as dashed lines, once more confirming the perfect agree-
ment.
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