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Black Hole Accretion Disks

Two types of disks

e compact objects mergers

e collapsars - collapse of a rotating massive star
Neutrinos have implications for

e dynamics

e nucleosynthesis



Stellar Collapse Disks: Collapsars

jet punches out of star

/

e Failed Supernova

e oo much rotation  aecretion disk

for real collapse &
bounce
black hole

Accretion disks form in rare types of core collapse supernovae.
Neutrinos from the disk may provide some of the energy required to

power a jet.



Compact Object Merger Disks

figure from Karobkin 2012 figure from Karobkin 2012



Compact Object Merger Hypermassive Neutron Star and Disk
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Fig. from Perego et al 2014



Neutrino and Nuclear Physics in Disks

black hole, jet
nucleosynthesis
outflow

neutrino oscillations
neutrinos

accretion disk ; } I

@ % neutrino

nuclear physcs / \ \\ scattering

of the disk o
& emission




Accretion Disk v, temperatures

from postprocessing of a Ruffert and Janka disk
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Neutrinos from v, and v, emitting disks

Characteristics

e primarily v, and v, for collapsars, dominated by v,, v, for compact

object mergers
e similar spectra to supernovae
e emitted from a fairly different geometry
e emission surface for neutrinos is larger than for antineutrinos
e antineutrinos have higher temperature than neutrinos

e merger disks emit more antineutrinos than neutrinos



Neutrino Oscillations above disks




Oscillation Equation

Modified wave equation

a Sm> sm? _:
ihciwy _ Ve+ VI — 24—E cos(20) Vo4 T8 Sl2n(29) "
dr VP + 9 sin(20) Vo=V + 22 cos(20)
® w — (wev le«)
o 547%2 vacuum contribution

e |/, matter potential
e V2 VY neutrino self interaction potential

e Survival Probability: P, = ||, if ¥ = (1,0) initially




Common Types of Oscillations

Modified wave equation

ihci¢y — Ve + V& — 2 cos(20) VP + 2 sin(20)
dr Vot 54% sin(26) —Ve—V2 + % COS

Sm> a . '
o S >> V., VJ : vacuum, terrestrial

o V.~ M MSW, solar

2 .
o 4> 9 collective, supernovae

(20)
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Matter Neutrino Resonance above a Merger Disk

neutrino and antineutrino emitting surfaces are the same
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solar, or terrestrial type oscillation Fig. from Malkus et al 2014



Resonance transition occurs close to disk

H
L}

Q0

N

© o o o
(@)

N

. Survival Probability

o,
=
ol

=
OI
=
»
T1

=
OI

IPotential|(erg)

[EEY

OI
=
0

'19 L L L llllll L L L llllll

1x10° 1x10° 1x10"
Progress (cm)

10

In the region of the transition expect free nucleons, so
VG —|_ n — p _l_ 6_ and DG —|_p — N _I_ 6_|_ W||| be afFeCted Fig. from Malkus et al 2014



Neutrino Oscillations: scales

Modified wave equation

ihciwy _ Ve 4+ VI — ﬁ COS(Z@) Vo ome 8111(29) "
dr Vo om s1n(26’) V=V + o 008(26’)

Scales in the problem:

m2
4E

e vacuum scale 2
e matter scale V. o« GpN,(r)
e neutrino self-interaction scale V,, o« Gp N, x angle — G N * angle

V., has some subtleties. At short distance V,, term is roughly constant,

at large distance it declines roughly as 1/r*



What's different about neutrinos from

compact object mergers?

Antineutrinos outnumber neutrinos, so the unoscillated neutrino self

interaction potential V' = N, .rr — Ny .44 Is negative.

Note: Noerp = Nuerf— Nuyery 80
V3= Nogeff — Nugert) = Nogerr — Noyerf)



Neutrino-Matter Resonance Transition
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Bottom panel shows potentials. Dotted green line indicates negative

potential. Oscillation occurs at crossing of V., and V&, Fig from Malkus et al 2014



Analytic Description: “Matter Neutrino Resonance”

e System finds a resonance where V¢ 4 V. ~ 0 and then tries to

maintain a position there

e In order to maintain the resonance the neutrinos change flavor
VVCL X N,/,eff,unosc(ZP,,e — 1) — Nﬁ,eff,unOSC(ZPDG — 1) where P is
survival probability

e Adiabaticity - time to complete transition must be greater than

u L] ] 2 .
time needed to change flavor: limit on 54% sin 26

e The sum of flavor isospin vectors is restricted (approximately) to 2
direction.



Phenomenological Prediction: "Matter Neutrino Resonance”

(0? =) (r)* Ve (r)?

Poo ™ v V2
(@@= (1) 4 Ve(r)?
Pﬂe ~ 4aVe (r)py, (1) + 1/2

a ~ Ny, effunosc/No. effunosc 1S the asymmetry and
ty ~ Ny, eft.unosc 1S the scale of the neutrino self interaction potential

Now compare analytic prediction with numerical calculation



Neutrino-Matter Transition: Predictable Behavior
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Prediction suggests that sufficient v, v-

flux will shut off the resonance transition
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Numerical calculation confirms this. Frig from Malkus et al 2014



Symmetric vs. Standard Matter Neutrino

Resonance Potentials

Neutrino emitting surface is larger than the antineutrino emitting surface
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Symmetric Matter Neutrino Resonances

come from geometric effects

Recall V' o< Ny effunosc(2P,, —1) — Np effunsoc(2P5, — 1)
Negg ~ flux * (1 — cos )

(1 — cos ) evolves differently for v, and 7, if the emission surfaces

are different sizes

potential can switch from negative to positive due to this

geometric effect



Potential (erg)

Symmetric MNR: occurs when

v, and v, surfaces are different sizes
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Symmetric MNR flavor transformation maus et aiin prep
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Survival Probability

Symmetric MNR transitions are adiabatic:

neutrinos follow instantaneous eigenstates

Figure from Daavid Vaananen
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Collapsar type disks have both types of MNR

Collapsar type disks are globally deleptonizing, i.e. neutrinos
outnumber antineutrinos when you are far from the disk:

V= Nyefrr — Npepr >0

But, they can be locally leptonizing, i.e. near the disk surface
antineutrinos can outnumber neutrinos:

Vl/a — ijeff,unosc o ND,eff,unosc < 0

Again the geometric effect: along a neutrino trajectory, the potential
starts negative and then switches sign.

Neutrino-matter resonance point occurs near switch-over point



Flavor transformation above a collapsar disk

figure from Malkus et al 2012
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Upper panel: solid red - electron neutrino survival probability
Upper panel: dashed red - electron antineutrino survival probability



Accretion Disk Nucleosynthesis

red - no oscillations, blue - oscillations

Malkus et al 2012



Preliminary: Calculation with 3-D Geometry

Uses neutrinos from Perego’s hypermassive neutron star and disk
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Figure by Yonglin Zhu



Survival Probability

Potential (erg)

Prelimary: Oscillation Probability
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Conclusions

Disk neutrinos exhibit a unique flavor transformation phenomenon
We call this a matter-neutrino resonance transition
We've found two types, symmetric and standard

This transition can change the result of wind nucleosynthesis

dramatically

More to be considered, e.g. multi-angle effects



