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Matter Neutrino Resonances (MNRs) can drastically modify neutrino flavor evolution in astro-
physical environments and may significantly impact nucleosynthesis. Here we further investigate
the underlying physics of MNR type flavor transitions. We provide generalized resonance conditions
and make analytical predictions for the behavior of the system. We discuss the adiabatic evolu-
tion of these transitions considering both Symmetric and Standard MNR scenarios. Symmetric
MNR transitions differ from Standard MNR transitions in that both neutrinos and antineutrinos
can completely transform to other flavors simultaneously. We provide an example of the simplest
system in which such transitions can occur with a neutrino and an antineutrino having a single
energy and emission angle. We further apply linearized stability analysis to predict the location
of self-induced nutation type (or bipolar) oscillations due to vv — interactions in the regions where
MNR is ineffective. In all cases, we compare our analytical predictions to numerical calculations.
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I. INTRODUCTION

Compact object mergers and core collapse supernovae release a significant fraction of their energy in the form of
neutrinos, e.g. [1-7]. These neutrinos play a number of roles, for example they are a key player in determining the
types of nucleosynthesis that come from the winds in these objects, e.g. [8, 9]. Developing further understanding of
neutrino flavor evolution in these environments is necessary for gaining a complete picture of the nature of neutrino
evolution in astrophysical settings. In addition, an understanding of the flavor content of the neutrino spectrum is
essential for determining whether the suitable conditions for the synthesis of various types of heavy elements can be
met, e.g. [10, 11] as well as for extracting the most information from future observations.

Neutrino flavor evolution in dense astrophysical environments is inherently a complex quantum many-body prob-
lem [12-20]. Neutrinos are known to be able to transform from one type to another as they propagate freely in space.
Interactions with the particles in the surrounding environment can drastically modify their flavor evolution with sig-
nificant consequences. The MSW resonance conversion effect is known to be responsible for the neutrino transitions
in the Sun, solving the long standing solar neutrino problem [21-24]. Neutrino interactions with other surrounding
neutrinos can become important in environments with extremely high neutrino densities, such as in supernovae or in
accretion disks above merging compact objects. In these environments, neutrino-neutrino potential can induce col-
lective nutation type flavor transformation effects distinct from the MSW effect [25-27]. At the highest densities, the
quantum many-body nature of the problem can break several commonly utilized assumptions leading to a possibility
of novel effects [17, 18, 20, 28-31].

In this manuscript, we concentrate on a new type of neutrino flavor transformation effect which was observed in the
recent simulations of neutrino flavor evolution above black hole accretion disks [11]. Accretion disks produce mostly
electron type neutrinos and antineutrinos. Antineutrinos have smaller emission disks with respect to neutrinos but
are emitted with a hotter spectrum than that of neutrinos. Therefore, close to the neutrino emission disk antineutrino
flux can dominate over neutrino flux. This is a distinct feature compared to standard proto-neutron star supernova
neutrino scenarios.

In Ref. [11], two new types of neutrino transformations were observed which differ from the known MSW resonance
and the self-induced bipolar transitions. In one of these transformations neutrinos fully convert to other flavors while
antineutrinos return to their original configuration. This transformation was further investigated in Ref. [32] and
was understood to be a consequence of a Matter Neutrino Resonance (MNR) achieved by an active cancellation
of the neutrino-neutrino potential and the background matter contribution. Hereafter, we refer to this type of
transformation as Standard MNR transition. Another type of transformation that was observed in [11] fully converted
both neutrinos and antineutrinos symmetrically. In Ref. [33] numerical studies were performed examining both
Standard and Symmetric MNR and exploring their consequences for nucleosynthesis. Similar effects can occur in other
non-linear systems that exhibit similar features, such as in the presence of neutrino-antineutrino spin coherence [29]
or active-sterile neutrino mixing.

In order to fulfill the MNR condition, the neutrino-neutrino and the background matter potentials are required
to have opposite signs. A characteristic feature of a MNR is that the system can maintain the resonance over



extended period by suitably transforming neutrinos to other flavors. We will present analytic conditions for the
occurrence of MNR by deriving general resonance and adiabaticity conditions. We discuss the adiabatic evolution
of the (anti)neutrino in-medium energy eigenstates. We further demonstrate that analytic expressions, that describe
accurately (anti)neutrino survival probabilities during MNR transition, can be obtained by assuming the separation
of the in-medium energy eigenvalues stay close throughout the transition.

In the presence of large background matter, when MNR transition occurs, the analytic expressions for the survival
probabilities have only a small dependence on the vacuum mixing parameters. However, as discussed in [32] the
presence of MNR transitions does depend on the values of these parameters. Furthermore, the vacuum mixing and
the changing background potentials affect adiabaticity of the evolution impacting the feasibility of MNR transitions.
Here we will investigate the possible effects that the interplay between the vacuum parameters and the variation of the
background potentials can induce. For instance, in the absence of MNR, transitions, neutrinos can undergo collective
self-induced nutation type (or bipolar) neutrino flavor transitions.

Analytic conditions for the occurrence of self-induced effects have been obtained for two-neutrino systems with
simplified (single-angle) geometrical dependence [27, 34-38]. The onset of these self-induced effects has been related
to the presence of an instability. In the context of supernova neutrinos the idea of employing linearized equations
was first pointed out in Ref. [39]. This idea was further developed in Ref. [40] where stability conditions were derived
for the self-induced nutation type flavor transitions allowing to study conditions for the multi-emission angle effects
in the case of two neutrino flavors. Thereafter, linearized stability analysis has been employed in several works,
studying the suppression of collective effects during the accretion phase [41, 42], the effects of realistic emission
angular distributions [43—45], the presence of spurious instabilities due to the numerical inputs [46], the effects of
neutrino scattering outside the neutrinosphere [47], instabilities triggered by flavor oscillation modes [48], the effects
of breaking the axial symmetry [49] and deleptonization asymmetry [50], temporal instabilities [51] and effects of
small scale features [52]. General linearized equations, applicable to arbitrary number of flavors and a general form
of the Hamiltonian, were derived in Ref. [18]. In this manuscript, for the first time, we will apply the linearization
procedure described in Ref. [18] to systems with MNR resonances.

The manuscript is structured as follows. In Sec. II we describe the two flavor monoenergetic model as well as the
density matrix formalism that we will use. In Sec. III we derive the resonance conditions and the analytical expressions
for the survival probabilities, illustrating the predictive power of our results with systems that exhibit either Symmetric
MNR transitions or Standard MNR transitions. We then consider systems that have MNR resonances but not MNR,
transitions due to the suppression associated with small mixing angles. This analysis can also be used to mimic the
effects of varying background densities. In these cases, we demonstrate the usefulness of utilizing linear stability
analysis to predict traditional bipolar transition regions.

II. THE SET UP
A. The Model

In the following, we will consider a system that can be described by two (anti)neutrino flavors, which are produced
and emitted with a single energy and a single emission angle. Neutrinos are assumed to be produced with a specific
flavor described by an interaction eigenstate (or flavor state) |v¢) (f = e, or 7)'. The propagation eigenstates in
vacuum, |v; ;) (4,7 = 1,2), can be written in terms of the flavor eigenstates as

|v1) = cos by |ve) +sinby |vy)

(1)

|a) = —sin by |ve) + cos Oy |vy)

with the vacuum mixing angle, 6y, determining the relative proportionality of the states. We define the mass-squared
splitting between the neutrino propagation eigenstates in vacuum as dm? = m2 — m?. Similar equations hold for
antineutrinos.

The evolution of the considered system can be described by solving the following equations of motion for neutrino,

1 For a discussion on applicability of this assumption see e.g. Refs. [53] and references therein.



p, and antineutrino, p, density matrices, respectively,?:

.dp dp - ra

where r represents a distance outside the neutrino emission surface from the center of the source object. In flavor
basis the neutrino and antineutrino density matrices are defined, respectively, as

p— (Pee Pex) _ jav, [ by, Oy
Pze Pzxx QZE(IVI |G,VI| ’

ﬁ: ﬁee ﬁez — |aDe|2 aﬁea%:
ﬁre ﬁ:mr a’,; agz |apm| ’

where ac ) is a probability amplitude of a (anti)neutrino being in a given configuration f.
The total neutrino Hamiltonian of the investigated system in the flavor basis, Hg, consists of the vacuum, Hy,, the
background matter, H., and the neutrino-neutrino interaction, H,,,, contrlbutlons.
Hr=Hy+H.+H,, . (4)

The vacuum Hamiltonian is given by

Hy =

Ay ( —cos 20y sin 20y > 5)

"9\ sin20y cos26y

where Ay = dm?/(2E) with neutrino mass-squared splitting in vacuum, §m?, and neutrino energy, E. The background
matter contribution can be written as
(V.0
m=(\0): ©)

where V, = v/2n. is the electron potential arising from the difference between net electron and positron number
densities ne = n_ —nJ. The neutrino-neutrino interactions that couple the evolution of the neutrino and antineutrino
densities are described by

Hyy =p (p—ap”) , (7)

with interaction strength, p,3, asymmetry factor, a, defining the relative difference between the initial v, and 7,
number fluxes and * indicating complex conjugation operation. For antineutrinos the total interaction Hamiltonian
is given by
Hp =Hy - H.—-H:, . (8)
For a derivation of these contributions in the utilized formalism see Ref. [17].
A diagonal contribution can always be extracted from the Hamiltonian without impacting the flavor evolution

described by Egs. (2). By subtracting a common factor 1/2 (Ve + p(pee + poz — &(Pee + pzs))) Diag(1,1) from Eq. (4),
the total flavor basis neutrino Hamiltonian can be written in a symmetrized form as

1 ( —Aycos20y +V.+V, Ay sin 20y + V,&° )

He =5 Apsin20y +V¢ Ay cos20y — (Vo +V))

2 9)

where
Vl/ = Uy (pee — Pxx — a(ﬁee - ﬁm:c)) 9
Vit =20 (pex — APue) -

The antineutrino Hamiltonian is obtained from the above expression by replacing V., — —V,, V,, - —V,, and V* —
—Vre.

(10)

2 For a derivation and listing of underlying assumptions of the utilized approach see Ref. [17].

3 In general, p,, comprises the interaction scale and momentum dependence term: v2G g f(l — p - q) with test and background neutrino
momenta p and q. Neutrino number flux density of a neutrino with flavor f described by density matrix, pp, r, with momentum p, can
be written in terms of neutrino luminosity, L, and average energy, (E), as [d3p/(27)3 pp s = [dEd¢dcos LD(E, 0, ¢)/(47R?(E)),
with energy and angular distribution D, expressed in spherical coordinates with polar angle, 8, and azimuthal angle, ¢.



III. RESULTS
A. Resonance and Adiabaticity Conditions

First we will derive equations to predict the location of the Matter-Neutrino Resonance (MNR). Then we proceed
to derive equations to predict the anticipated behavior of the flavor evolution at the resonances by introducing a
generalized adiabaticity parameter. The symmetrized flavor basis Hamiltonian, Eq. (9), can be diagonalized using a
unitary SU(2) rotation matrix Ups:

A
Ul HeUy = TMDiag(—l, 1) = Hyr (11)

(=)
where H); is the instantaneous in-medium eigenbasis Hamiltonian with (anti)neutrino energy eigenstates £A ;. The
eigen-energies define the (effective) in-medium mass-squared splitting, dm? s

2
) :5meff _
~2E

\/ (AV cos 20y — (V. + V,,))2 + (AV sin 20y & V;w) (AV sin 20y & er) , (12)

with parenthesis indicating the differences in case of antineutrinos.
The most general form of the rotation matrix (or in-medium mizing matriz) Ups can be written as

_ (1 0 cosfy sinfyy elfim 0
Unr = (0 e iom ) (—SineM cos Oy ) ( 0 elBam : (13)

where 0); is the in-medium mixing angle and das, S1am,2m are in-medium phases. The flavor composition of in-
medium eigenstates, |v;p) (i = 1,2), is obtained from the corresponding expression in vacuum, Eq. (1), by replacing
the vacuum mixing angle, 8y, with the in-medium angle 6,,;. The flavor Hamiltonian Hp can then be written in
terms of the in-medium quantities as

AM( — cos 20 sin29Mei‘5M) . (14)

Hp =UyHyUl, = =2 | ;
F=UnHuUy 2 sin 20,679 cos 20,
Notice that this expression is independent of the S phases. The expressions for the flavor basis Hamiltonian in
Egs. (9) and (14) give the following relations for the in-medium quantities:

Ay cos 20y = Ay cos 20y — (‘/e + V,,) R

. i . (15)
Aprsin20p,e°M = Ay sin 20y + V77 .

Combining the above relations one obtains the following equations for the in-medium mixing angle, 6,;, and phase,
5 M-

Veoc
tan 20y + —~——
i6ar _ an 2oy Ay cos 20y

e+ ’
Ay cos 20y
ViR - Ve Tm[Ve®]

' oAy sin20y + Ver + VEe | 2Ay sin 20y + Re[Ver]

tan 26 e
(16)

tan 5]»[ =

The resonance condition is readily determined from above as:
(Ve + V) |r=rp = Ay cos 20y (17)

where R indicates that the quantities are evaluated at the resonance location r = rgr. This equation allows one to
determine the expected location of MNR.



Neutrino flavor evolution at a resonance depends on how the resonance is crossed. We quantify the crossing behavior
by defining an adiabaticity parameter, -y, similarly as in Ref. [37]*:

|An|
0y, ;sin20y chM (18)
dr 2 dr

with the in-medium mass-squared splitting, Ay; from Eq. (12). The rate of change of the in-medium mixing is given
by

dH,. dA
dHM _ A dI‘ Hee dI‘ (19)
dr 2AM|H‘3$| ’
and the rate of change of the in-medium phase by
dHZ" dHR¢
Re Im
d5M _ Hez dr Hez dr (20)
dr |Hex|? ’
where
H. = AV CoSs 26V - (Ve + Vu) 5 (21)

H., = Ay sin20y + V;°

are, respectively, the diagonal and the off-diagonal elements of the flavor basis Hamiltonian in Eq. (9) with V,, and
Vet given by Eq. (10)°.

If the rate of change of the in-medium mixing is much smaller with respect to the splitting of the energy eigenstates
(v > 1), neutrino stays on its in-medium eigenstate. In this case, we refer the evolution as being completely adiabatic.
At the other extreme, if neutrino jumps to the other in-medium eigenstate, the evolution is said to be completely non-
adiabatic (y < 1). The adiabaticity of the resonance crossing in our systems can be evaluated by applying expressions
for the in-medium quantities in Egs. (12) and (16) to the definition of the full adiabaticity parameter from Ref. [37].
At a location of the resonance the adiabaticity parameter becomes:

B 2A2%, sin 20,
TEZ Ty, v
dr dr

(22)

r=TR

In case of no flavor transformation, at the location of resonance Aj; reduces to its vacuum contribution Ay sin 26y,
such that, utilizing relation Eq. (15), in the above expression A2, sin 20/ |,—,, = A%, sin? 20y .

While the expression for the adiabaticity parameter, v in Eq. (18), can be used to indicate whether a neutrino
stays on its in-medium mass eigenstate or not, another measure of adiabaticity can be obtained by comparing the
in-medium mass eigenstate to the actual state of the system. The more similar these are, the more adiabatic the
system is. To make this comparison we will calculate the survival probability of the neutrinos and compare it to the
projection of the in-medium mass eigenstate onto the original neutrino flavor.

If a neutrino stays on its in-medium eigenstate, one can write the probability of finding a neutrino with a flavor f
from the in-medium state, |v;pr), as

P(vylvine) = Kvslvian)|? - (23)

Again, in case of completely adiabatic evolution, the above probability should match the neutrino survival probability.
Utilizing the relations in Eq. (15), the probability of finding an electron neutrino from an in-medium eigenstate |v1s)

4 Notice that in Ref. [37] the authors defined a non-adiabaticity parameter I', which is the inverse of our definition: v = 1/T.
5 The superscripts Re and Zm refer to real and imaginary components of the given matrix element, respectively.



can be expressed as

P(VE‘Vlz\/f) = ‘<Ve‘V1M>|2 :C082 0M

1 (1+ Avcos29V(Ve+Vy))

2 Ay (24)
\/ 1+ [tan 26,/]
where
ftan 29M|2 _ (Ay sin 20y + V%) (Ay sin 20y + V7€) ’ (25)

(Ay cos20y — (V. + V,))?

with neutrino-neutrino interaction potential, V,,, and the off-diagonal contribution, V,¢*, given by Eq. (10). In the
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next two subsections, we study adiabaticity in systems that exhibit MNR type transitions.

B. Numerical Results

In this section, we use the expressions from the previous section to solve the evolution equations by numerical
integration and use the results to determine the adiabaticity of the evolution of a neutrino in a Symmetric MNR,
system. We illustrate our results with an example which is configured to capture the primary features and the relative
scales of the symmetric MNR systems that were first seen in [11, 33]. We consider a scenario where the neutrino
potential starts negative and becomes positive, with an explicit parametrization of p,, = 10000 [Ay] and the initial
ve and 7, asymmetry factor, a(r) = a + br, with a = 1.3 and b = —0.048 with distance expressed in units of inverse
vacuum scale [A']. The matter potential is assumed to be constant: V. = 1000 [Ay/].

Using the above parametrization, we numerically solve the evolution equations, Egs. (2), assuming an inverted
neutrino mass hierarchy, Ay = —1, and a vacuum mixing corresponding to the measured value of 6,3; 6y = 0.15.
In Fig. 1, we plot the diagonal element of the neutrino density matrix in Eq. (3), corresponding to the neutrino
survival probability, as the dashed red line. We also use the numerical solutions of Egs. (2) to determine the electron
flavor component of the in-medium mass eigenstate and plot the corresponding probability, Eq. (24), shown as the
orange solid line in Fig. 1. Here, we can see that the numerically computed survival probability and the probability of
finding an electron neutrino from the in-medium eignestate match well over long timescales. However, over a shorter
timescale, we can see oscillations in the numerical in-medium state solution that do not appear in the true state as
determined from the numerically computed survival probability. From this, we can infer that the system is adiabatic
over long timescales and nonadiabatic over shorter timescales.

Using the numerical solutions of Egs. (2), we also calculate the adiabaticity parameter, v in Eq. (18), over both
scales. This parameter requires information about the off-diagonal components of the density matrices in Eq. (3)
which we have plotted in the bottom panel of Fig. 1. In order to compute the adiabaticity parameter, we also need to
compute the derivatives in Egs. (19) and (20). To determine the adiabaticity over the entire length of the transition
we use values of the derivatives in Eqgs. (19) and (20) averaged over the length of the entire transition. This procedure
yields v = 2. To determine the adiabaticity over the shorter timescale seen in Fig. 1, we again calculate the average
derivatives, but this time over one fourth of the visible oscillation scale seen in the top panel of Fig. 1. For this
smaller scale, we find that the adibaticity parameter has a significantly smaller value, v =~ 0.06. Thus, our test for the
adiabaticity using Eq. (18), predicts (barely) adiabatic behavior over long scales and non-adiabatic behavior on the
shorter scale. We note that the derivative of the phase, Eq. (20), becomes larger in the smaller scale case, however,
in both the larger and the smaller timescales, the derivative of the in-medium mixing angle, Eq. (19), dominates the
denominator in the expression for the adiabaticity parameter, Eq. (18).

C. Analytical Expressions for the Survival Probabilities

We now consider two different analytic methods to predict the survival probability during a MNR transition. Neither
of these methods use the numerical integration of the evolution equations described in the previous section. First, we
demonstrate that analytical expressions for the neutrino during MNR transitions can be obtained by assuming that
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FIG. 1: (Color online) Numerical results for the elements of the neutrino density matrix obtained by numerically solving the
evolution equations Eq. (2). Top figure: v. survival probability, P,, (red), and a probability, P(ve|viam), given by Eq. (24)
(orange lines) of finding an electron neutrino from in-medium eigenstate, 1. Bottom figure: real and imaginary components
of the off-diagonal neutrino density matrix elements. Here we have considered the Symmetric MNR model (see text for details)
in inverted neutrino mass hierarchy, Ay = —1 with vacuum mixing angle 6y = 0.15.

the in-medium energy values stay close throughout the transition. Then, we show that another, similar expression



can be obtained by assuming that a neutrino remains on its in-medium eigenstate during the MNR transition. We
will compare both of these probabilities with the numerical solutions presented in the previous subsection.

1. Vanishing In-medium Splitting Assumption

The separation of the in-medium neutrino energy eigenvalues defines the in-medium mass splitting, Ay, given by
Eq. (12). Assuming that at some point during the evolution the in-medium eigenvalues become very close, this “gap”
reaches its minimum when Aj; = 0. By inspection of Eq. (12) one obtains two conditions, one for the flavor diagonal
contributions:

Ay cos20y — (V. +V,) =0, (26)
and another one for the flavor off-diagonal contributions:
Aysin20y + V% =0 (or Aysin26y + V7 =0) . (27)

The first condition, Eq. (26), is equivalent with the resonance condition Eq. (17).

The second condition, Eq. (27), reduces to the conditions found in Ref. [32] for the off-diagonal terms in the limit of
vanishing vacuum contribution®. Neglecting the vacuum terms, in Ref. [32] the above conditions were used to obtain
analytical expressions for the electron (anti)neutrino survival probabilities when the MNR conditions are fulfilled:

1 2_R2-1
PyeEpee:<1+a >7

2 2R
(28)
p =5 L1 @R
ue—pee—Q 2R )

where R = V,/u, is the ratio of the neutrino-electron and neutrino-neutrino interaction scales. These equations were
found to be in excellent agreement with the numerical results in Ref. [32] during the MNR transition.

We compare the numerically calculated Symmetric MNR transition probability with the analytic prediction, Eq. (28)
in the top left of Fig. 2 for the same Symmetric MNR system as in Fig. 1. From the figure we can see that the analytic
prediction, stemming from the assumption of maintaining a small “gap” between the instantaneous eigenvalues closely
tracks the numerics.

In obtaining Eq. (28) we have not assumed that the neutrino remains on an in-medium eigenstate, only that
the eigenvalues come close together. However, we demonstrated numerically in the previous section that the long
timescale behavior of the system can, on average, be adiabatic. Therefore, in the next section we derive an expression
assuming that the state of the system remains similar to the in-medium eigenstate.

2. Adiabatic Assumption

In an adiabatic assumption, one assumes that the projected probability of finding a certain type of (anti)neutrino
from a given in-medium eigenstate equals to the (anti)neutrino survival probability given by the diagonal element of
the (anti)neutrino density matrix. Rewriting Eq. (24), we find

Ay cos20y — Ve — Vi (pee, Pee))
AM(peev pee; Pexs /_)em) '

1
Pee — F)l,e ~ P(V€|Z/1M) = = (1 + (29)

2

and a similar expression for antineutrinos. A conservation rule exists relating the diagonal and the off-diagonal density
matrix elements that places a further constraint on Eq. (29):

2Re(per))? + [-2Tm(pes))* + (2pec —1)? = 1. (30)

6 In Ref. [32] the conditions were written in neutrino flavor isospin formalism (NFIS) [54]: sz,y &~ —a3s,y. In addition, the conservation
rule s2 +s§ +52 = 1/4 expressed in neutrino flavor isospin (NFIS) formalism translates to [2 Re(pez)]? +[—2Zm(pex)]? + (2pec —1)% =1
in the density matrix formalism utilized in this manuscript (similarly for antineutrinos).



with, again, a similar equation for antineutrinos. If we wish to find a solution to Eq. (29) subject to the conservation
rule Eq. (30) we need a third condition. It was suggested in Ref. [54, 55] that adiabatic solutions can be defined
as those which have a negligible off-diagonal imaginary component, Zm(p.;). Typically during a symmetric MNR,
transition the off-diagonal imaginary component averages to zero over the entire transition. An example of this can
be seen in the bottom panel of Fig. 1. If we require Zm(p.,.) = 0, and further neglect terms proportional to sin 26y,
a simple closed form analytic expression can be obtained

1 2 2717 2
Pyezpee—(1+a K ( 6)>7

2 2R(1—¢)
2. P2 (1_ )2 (31)
P = 1 1+ +R—(1—¢)
ve = Pee =5 2aR ’

with € = 2Ay cos 20y /(Ve + Ay cos 20y/). In the limit of a large background matter contribution, V. > Ay, € can be
neglected and these equations reduce to the MNR expressions for the (anti)neutrino survival probabilities obtained
by assuming a vanishing separation between the in-medium eigenvalues, Eq. (28). Egs. (31) are particularly useful
when the scales (vaccuum, matter and neutrino potentials) in the problem come close together and the imaginary
components of the density matrix can be neglected. We illustrate the usefulness of Eq. (31) in section IIIF by
considering a system where interaction scales are close to each other. In the next section, we will explore the
generality of our findings by discussing two distinct systems in which MNR transitions can take place.

D. Discussion of Symmetric and Standard MNR Transitions

In this section we further investigate our MNR conditions described in the previous sections. We consider two
scenarios: one that produces a Standard MNR transition as described in Ref. [32], together with the simplest system
exhibiting Symmetric MNR motivated by the results presented in Ref. [11] (see Region (III) in Figure 5 of [11]).
A characteristic feature of the Symmetric MNR region is that the initial neutrino-neutrino potential starts with a
negative sign (antineutrinos dominate close to the neutrino emission) and changes its sign to positive (neutrinos
dominate further out) [33]. This is different than the Standard MNR transition region where the neutrino-neutrino
potential always remains negative [32].

Therefore, we introduce two models, A and B, that capture the essential features of a Symmetric and a Standard
MNR transition, respectively. The parameters of model A were also used in Fig. 1. Repeated here, they are p, =
10000 [Ay] and a(r) = a+br, with a = 1.3 and b = —0.048. The matter potential is kept constant at V., = 1000 [Ay].
For the model B, we use the same parameterization as in [32]: 1, (r) = 10000 e~"/1°[Ay], a = 4/3 and V, = 1000 [Ay/].
In both of these models, r represents distance in units of inverse |Ay|. We have defined Ay so that it is +1 for the
normal hierarchy and —1 for the inverted hierarchy. Consistent with available estimates for the placement of MNR in
compact object mergers and core collapse supernova accretion disks [11, 33], we have chosen models where p,, >> Ay
throughout the transition.

Model A B
Ay +1 +1
Ve [Av] 1000 1000
o [Av] 10000 10000 e~"/10
o 1.3 —0.048 r 4/3

TABLE I: Chosen parameter values for the Symmetric model (Model A) and the Standard model (Model B): vacuum scale,
Ay (41 for normal, -1 for inverted neutrino mass hierarchy), background matter potential, V¢, neutrino-neutrino interaction
strength, p,, and the v. and 7. asymmetry factor, a.

In our calculations, we assume neutrinos to be produced as pure flavor states. We follow the evolution of
(anti)neutrinos by solving the evolution equations in Eq. (2) with the following initial conditions for the neutrino
and antineutrino density matrices in Eq. (3):

po—p(r0)<(1) 8)/3(7“0)—‘0- (32)
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Taking Eq. (32) and substituting it into Eq. (10) provides information about what V,, would be in the absence of any
oscillation, i.e. V'"%¢ =, (1 — a).

Having set up both models we have one last choice to make which is the vacuum mixing angle. In this section
we take the value of the vacuum mixing angle to be consistent with 613: 6y = 0.15 [56]. We can now turn to our
results, which are presented in Figs. 2 and 3. In the top panels of these figures we show the comparison of analytic
and numerical results for the Symmetric (Fig. 2) and Standard (Fig. 3) cases for the inverted and normal hierarchies.
In all four top panels, the analytical results match well with the numerical results for the survival probabilities and
the transition starts at the resonance location as predicted.

The analytical results were derived from the assumption that the difference between the instantaneous in-medium
eigenvalues was close to zero. We verify the appropriateness of this assumption in the middle panels in these figures
where we plot the difference of the in-medium mass eigenvalue. We see that this difference, 2 Ay, approaches zero.
Another prediction, given in Eq. (26), was that the neutrino-neutrino potential V,, will mirror the matter potential
V.. As can be seen from the bottom panels in these four figures, V,, deviates strongly from the value it would take on
if no oscillation occurred, V"%, and tracks V. as expected.

E. Sensitivity to the Vacuum Mixing - Linearized (In)stability Analysis

The models that have been studied in the previous literature (see Ref. [32]), fulfill the MNR conditions outlined
in Section III. However, in realistic accretion disk scenarios one expects a variety of conditions that can impact the
occurrence of MNR type transitions. According to Eq. (22), which describes the adiabaticity at the location of a
resonance, the presence or absence of the resonance transition depends on the interplay of the vacuum parameters
and the background density gradients. In previous literature, the measured values for the vacuum mixing parameters
have ensured a successful MNR transitions in the considered scenarios. Either reducing the mixing angle or steepening
the neutrino and/or matter profiles will shut off the MNR transition. While the vacuum mixing angles are measured,
the density gradients of the neutrino and matter profiles in the astrophysical environments are uncertain. The effect of
varying density gradients can effectively be mimicked by reducing the vacuum mixing angle. In addition, active-sterile
mixing can also induce MNR type transitions. The possible active-sterile mixing angles are currently unknown and
their exact values can impact sterile neutrino induced MNR transitions. For simplicity, in this section we illustrate
the interplay of the vacuum parameters and the background density gradients by reducing the vacuum mixing angle.

In Figs. 4 and 5 we present the results for our Symmetric (Model A in Table I) and Standard MNR, system (Model
B) with a reduced vacuum mixing of 6y = 0.001. It can be seen from the top panels of these two figures that no
transition begins at the initial MNR resonance position (first dashed line). From the middle panels, we also see that
the difference of the in-medium mass eigenvalues does not hover around zero between the dashed lines, as it would
during a MNR transition. Due to the small value of the vacuum mixing, the resonances are non-adiabatic. However,
looking again at the top panels, we see that in the inverted hierarchy transitions do take place at other locations.
These are self-induced nutation type transitions similar to the type found in core collapse supernovae.

The onset of the self-induced effects has been related to the presence of an instability [18, 39, 40]. In the following,
we will apply the linearized stability analysis procedure outlined in Ref. [18] to describe conditions for neutrino flavor
instability in systems which have MNR resonances. In order to study the stability of the systems we consider here, it
is sufficient to consider the following 2 x 2 stability matrix (see Appendix):

g ( Az B 7 (33)
By Asp
with
A1p =HY) — H3y + (p9, — '0(1)1)87 )
P12
0H1
By :(0(2)2 - P?1)ﬁ )
5 (34)
o \OH2

Ay =H3, — HY, + (7Y, — P55)
OHo1
8012

)

0p21

b

B21 :(ﬁ% - ﬁgQ)
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FIG. 2: (Color online) Comparison of numerical results with analytical predictions in the Symmetric MNR model assuming
vacuum mixing angle 6y = 0.15 (model A). Left (right) figures display the results in normal (inverted) mass hierarchy, Ay =
+1(—1). Top figures: Survival probabilities for v, (solid) and 7. (dashed-dotted lines) with a comparison of numerical results
(red) with analytical prediction given by Eq. (28) (green lines). Middle figures: Comparison of MNR assumption, Ay = 0
(light gray line), with numerically computed in-medium eigenvalue difference (purple line), utilizing Eq. (12) and numerical
results for the neutrino and antineutrino densities. Bottom figures: Contributions to the total neutrino Hamiltonian, Eq. (9):
Vacuum (blue), background matter potential, Ve (cyan), neutrino self interaction potential, V;, (solid red line) as well ag V"¢
(dashed red line). During MNR transition, neutrino-neutrino potential actively cancels the background matter contribution
and should be compared with —V,. Vertical dashed lines represent the resonance locations according to Eq. (17).

where p¥ is given by Eq. (32) and the system is initially described by the Hamiltonian H® = Hj; with p = p°, that
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FIG. 3: Comparison of numerical results with analytical predictions in the Standard MNR model (model B) assuming vacuum
mixing angle 6y = 0.15. Lines are as described in Fig. 2.

is, by Eq. (11) with neutrino and antineutrino density matrix elements given according to Eq. (32):

) ) (=) ) 2
HYy, —HY =AY = \/(AV cos 20y = (Ve + p(1— a))) + A% sin? 20y ,

O0H15 O0H15

= Hv — = M, 35
o O J (35)
8ﬁ21 6H21

= — = /Jl,a .

Op12 Ho 0p21
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Then, the elements of the stability matrix become (in the limit 6y — 0):

Ap=—(Ay = Ve —p,(1 - ) — p

AQI = (AV + V; +:u‘l/(1 - Oé)) + Qflly,
(36)
Bz = apy
B21 = —Hv .
Instability conditions are obtained by solving the eigenvalues, A, of the stability matrix:
[S—Al=0. (37)
A complex value for the eigenvalue indicates an unstable mode. The stability matrix has eigenvalues
1 - = —
A= 3 A+ Ag = \/(A12 — A21)2 +4B12Bo | . (38)
The system is unstable if eigenvalues become imaginary, that is, if
(A12 — Agl)z + 4312321 <0. (39)

This stability analysis predicts the conditions under which the system becomes unstable to small perturbations. In
the context of self-induced collective effects, the stability analysis gives the conditions for the on-set of self-induced
flavor transformations. In the normal mass hierarchy (NMH), eigenvalues of the stability matrix in Eq. (38) are always
real. Hence, the system is flavor stable and no flavor transformation occur. In the inverted mass hierarchy (IMH),
eigenvalues of the stability matrix become imaginary. The region where the eigenvalues become imaginary for Models
A and B is shown as the shaded region in Figs. 4 and 5. The system has an unstable region and exhibits self-induced
nutation type transformations in this region.

F. Sensitivity to the Interaction Scales

In this section we provide an example that demonstrates the predictive power of our new analytic expression in
Eq. (31) obtained by utilizing the adiabatic assumption, Eq. (24), and neglecting the imaginary component of the
off-diagonal density matrix element

In Fig. 6 we have considered the same Symmetric MNR system as described in section III B with reduced neutrino-
neutrino interaction strength, p,, = 100 [Ay], and matter potential, V, = 10 [Ay]. Similarly as in Fig. 1, in the top
panel, we illustrate the numerically calculated electron neutrino survival probability and a projected electron neutrino
probability associated with the in-medium eigenstate, v17, Eq. (24). We can see that the in-medium mass eigenstate
tracks the true state of the system over long timescales, as anticipated. In addition, the projected eigenstate solution
also better tracks the system over smaller timescales which was not seen in our previous examples where the matter
potential was much larger than the vacuum scale. We calculate the adiabaticity parameter, v in Eq. (18), over both
scales and find it to be above 200 for the long (transition) scale and around 50 for the shorter (visible large oscillation)
scale, indicating an adiabatic evolution at both scales.

In the bottom panel we also plot the off-diagonal contributions to the density matrix. Again, we find that the
off-diagonal imaginary component is nearly zero on average. Therefore, we proceed to use the analytic expression
for survival probabilities corrected by the vacuum contribution, Eq. (31), which we plot with dot-dashed line in the
top panel. We see that the analytic expression works well on long timescales and correctly predicts the location of
resonance conversion to be around 10 [A};']. If we were to neglect the vacuum contributions and predict the behavior
of the survival probability using Eq. (28), the transition would be expected to take place between 5 [A};'] and 8 [A'].
The analytic expression in Eq. (31), while it accurately predicts the location of the transition, does not do quite as
well describing the small scale behavior as does the numerically calculated projection of the in-medium state using
Eq. (24). This is because in the analytic prediction the imaginary off-diagonal terms are neglected, and it is these
terms that give rise to the oscillations seen in the survival probability.
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FIG. 4: (Color online) Comparison of numerical results with analytical predictions in the Symmetric model assuming small
vacuum mixing angle fy = 0.001 (other parameters as in Model A described in Table I). The figure labels and lines plotted are
as in Fig. 2. Due to the very small vacuum mixing no flavor transitions take place at the MNR resonance locations (vertical
dashed lines). The shaded area represents the instability region according to Eq. (39) (visible only in inverted mass hierarchy
(IMH) as the normal mass hierarchy (NMH) is flavor stable, see Section IIIE for more details). The instability analysis correctly
predicts the location of the self-induced nutation type neutrino flavor transitions.
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Fig. 4. The instability region present in IMH (the shaded area) appears after the MNR region (between vertical dashed lines).
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IV. CONCLUSIONS

In this manuscript we have studied neutrino systems of interest in astrophysical environments, such as compact
object mergers, that have the potential to exhibit Matter Neutrino Resonances (MNRs). During MNR transitions
the neutrino-neutrino potential actively cancels with the background matter contribution. This can render neutrino
flavor transitions at high densities close to the cores of their sources. Therefore, MNRs are of keen interest for
nucleosynthesis and also potentially affect the dynamics of the environment.

Using models of monoenergetic neutrino gases, we have provided general resonance conditions applicable to MNR,
transitions. We have shown that the MNR criteria can be obtained by assuming a small separation of the neutrino
in-medium energy eigenstates during the transition. These criteria lead to analytical expressions for neutrino survival
probabilities that accurately describe the neutrino flavor evolution during MNR transitions. Furthermore, by assuming
an adiabatic evolution, we have derived new analytic expressions for the neutrino survival probabilities that can be
applied when the neutrino interaction and the vacuum mixing scales become closer to each other and no evolution
occurs in the imaginary off-diagonal density matrix. This offers a powerful tool to predict a location of resonance
conversion effects at low background matter potentials when MNR conditions are not fulfilled.

While MNR, was originally discussed as a mechanism which leaves neutrinos converted but antineutrinos in their
original configuration, we have discussed that MNR transitions can also fully convert both neutrinos and antineutrinos
in some cases. Although the final flavor content is different, these symmetric transitions are described in the same
way as the standard MNR transitions.

In the systems we have studied, the presence of a MNR transition suppressed the type of self-induced flavor
transformation that has been studied in the context of core collapse supernovae. This is because the required initial
conditions at the instability point were not met. In order for MNR transitions to take place, the vacuum mixing
has to be sufficiently large. In our example models, the measured value of the ‘reactor’ neutrino mixing angle 6,3 is
sufficient to trigger the MNR transitions. However, smaller angles and/or steeper potentials will suppress these MNR,
transitions.

If MNR resonances are ineffective, neutrinos can still undergo self-induced flavor transitions. We have applied
a general linearization procedure to our Symmetric and Standard MNR models and constructed a stability matrix
allowing us to study the flavor stability in these models. In symmetric scenarios, the instability region lies within
the MNR resonance region. Thus, if the MNR, transition is suppressed, self-induced flavor transition will still occur
within the resonance region in the case of the inverted hierarchy. In standard scenarios, the instability region comes
after the MNR resonance region.

In an astrophysical system, the exact location of transitions is of significance in determining the impact on dynamical
evolution of the environment and conditions for nucleosynthesis. Further investigations are required in order to
understand the consequences of neutrinos encountering Matter Neutrino Resonances in more realistic scenarios.

Acknowledgments

We thank J. Kneller and A. Malkus for useful discussions. This work was supported in part by U.S. DOE Grants
No. DE-FG02-02ER41216, DE-SC0004786 and DE-SC0006417. During completion of this manuscript another work
investigating the underlying physics of the Standard MNR transitions appeared on the arxiv [55].

V. APPENDIX: LINEARIZED (IN)STABILITY ANALYSIS

The (anti)neutrino flavor evolution of our models is described by Eq. (2). Therefore, the evolution of an ij element
of the (anti)neutrino density matrix is given by

.dpij
lidr] = g (Hikprj — picHyj)
k
i (40)
.dpij . _ 5
= Ek (Hixprj — picHrj)

where indices ij refer to the ij element of the corresponding matrix. The above set of evolution equations can be
linearized by considering a time dependent small amplitude variation, §p, around the initial configuration, p°, and a
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corresponding variation of the density dependent Hamiltonian, §H, around the initial Hamiltonian H:

pij =py; + Opij . with dpi; = pi;e" + He. and

H;; :H?j +0H;; , with 0h;; = Hj; e " + He. ,

(41)

where pj;, H}; are the variation amplitudes and w describes the variation frequency.

In the case of self-induced collective neutrino effects, the small amplitude variations around the initial configuration,
pi; in Eq. (41), are induced by the off-diagonal elements of the (anti)neutrino density matrix. According to our
convention, the off-diagonal neutrino Hamiltonian matrix element H;; (¢ # j) depends on the neutrino density matrix
element p;; and on the antineutrino density matrix element p;;. By retaining only the contributing terms, the variation
amplitude of the neutrino Hamiltonian due to the variation of the (anti)neutrino densities can be written as

OH.:. OH.:.
Hi; = Z ( L+ o ﬁ;k-) . (42)
el Opri Opi

The initial configuration is described by the in-medium Hamiltonian that is obtained by diagonalizing the flavor
basis Hamiltonian at the initial time. Neutrino mixing is modified in-medium as described by Eq. (16). Hence,
with large interaction potentials, the in-medium eigenstates initially coincide with flavor states. Therefore, the initial
system is described by

[H®, %] =0, (43)
and the initial configuration can be written as

Substituting Egs. (41), (42) and (44) into the evolution equations, Eq. (40), collecting the positive frequency modes,
e " (1 < j), and neglecting the higher-order corrections from [0/, dp], one obtains the following eigenvalue equations

wply =Y { [(H;? — H)6idj + (09 — p?) kj] P+ (0] — ) 8@;: pik} :
k<l
_ _ 45
o 70 0 0 0 3Hji ~/ -0 0 aHji ’ ( )
WP, :Z (Hy — H})oudjk + (pi — Pj) 95 P+ (i — Pj) ) Pkl ( »
k<l Plk Pkl

with eigenvalues w and eigenvectors (,5 ”_ There exist two sets of eigenvalue equations, one for w and another one for
its complex conjugate which can be obtained by collecting the e™“ ™ modes.
If the eigenvalues w € Re, system has a stable solution with collective oscillation modes

Pij = 2p}j COSWT . (46)
where wg represents the synchronized oscillation frequency with oscillation amplitude 2p;j. On the other hand, if
w € Im, the variations can grow exponentially, indicating that the system has become unstable and the linearized
equations no longer serve as a good approximation. In the context of self-induced collective neutrino effects, instability

indicates the on-set of the nutation type (or bipolar) oscillations.
The linearized eigenvalue equations, Egs. (45), can be written in a compact matrix form by introducing Stability

matriz, S:
/ /
(2)(2)

A B
S_<BA> , (48)

where
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with elements

OH,;;
Aijrr = (H = H)oub50 + (0§ — p?)TJ :
Pkl
_ _ O0H j;
Aijw = (H) — H))0udji + (0] — ) 8_” ,
Pk (49)
175 7 ) 8ﬁlk )
_ OH.::
Biiw = (0 = p° I
7,k (pz pg) apkl

(Aj<B) are N x N matrices with N = 0.5ny X (ny — 1) X ng X ny X Ny where ny,ng, ny, niy; are the number of
neutrino families, neutrino energies, angular modes and initial conditions, respectively, while p’ and p are in turn
N-dimensional vectors of variation amplitudes.

Instability conditions are obtained by studying the eigenvalues of the stability matrix as discussed in Section ITTE.
In case of two (anti)neutrino flavors with single energy and emission angle, the system can be decomposed into two
subsystems described by a subsystem with (1,2) element of the neutrino density matrix linked to (2,1) element of
the antineutrino density matrix and another subsystem described by the complex conjugates of the corresponding
elements. The two subsystems have identical stability conditions. This consideration leads to the form of the stability
matrix as shown in Eq. (33).
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