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Neutrino physics changes the
outcome of element synthesis

e tidal ejecta e disk/hypermassive NS outflow

e collisional ejecta e outflow from viscous heating
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- accretion disc hot HMNS

v-driven wind

fig. from Bauswein et al 2013
fig. from Perego et al 2014



Neutrino physics matters for the
outcome of element synthesis

Does all the r-process material in the galaxy come
from neutron star mergers?

Which r-process elements do neutron star
mergers make?

r-process: rapid neutron capture process of element synthesis.



Electromagnetic counterpart to

the neutron star merger GW signal

Kilonova 85517a bolometric light curve
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kasan DUEgests lanthanides were made in the merger.



Where are the lanthanides?
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Whether you can get to fissioning nuclei or
not depends on the number of neutrons
avallable for capture
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Decaying nuclel leave an imprint (in
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How many neutrons were captured?

Effects both light curve and abundances



The weak interaction matters

How neutrinos influence nucleosynthesis

Neutrinos change the ratio of neutrons to protons

Ve +M — P+ €

Ve +p—n+tet




How much does it matter?
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Flavor matters for nucleosynthesis

Neutrinos change the ratio of neutrons to protons
Ve +M — p+e
Ve +p—n+et
Oscillations change the spectra of v.s and v.s
Ve < Uy, Vr
Ve <5 Uy, Uy
Mergers have less v, v+ than v, and 7,

— oscillation reduces numbers of 1., 17,



Wil neutrinos transform in mergers?

Answer, almost certainly, Is yes

density v,/ density anti-ve
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Neutrinos can be described by a
density matrix

Additional informatiot
about the phase

e
Pee Pex

>k
Pex Pzxzx
AN
Tells you how likely you are to

measure neutrino as electron type Tells you how likely you
are to measure neutrino

in an x (mu or tau) state

p:



Neutrinos can oscillate
(flavor transform)

Collision
term

Convective derivative Hamiltonian

For more complete quantum kinetic equations see work by Cirigliano, Fuller, Volpe, ...



Hamiltonian creates non-linearity

H = Hvac =+ HM + HSI Do _ gy
H=H,,. — Hy — H§ 22 1,

N

Neutrinos see a potential due
to other neutrinos

Neutrinos see a potential due to the matter

Flavor and mass are not the same



Where and how these
transformations might occur

fast flavor region
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Transformation closest to the
emission: “fast flavor”

Fast flavor:

fastest transitions when inverse fluctuation wavelength (k) is
similar to the difference in number density between neutrinos

and antineutrinos
and
there is a “crossing”

(Sawyer, Friedland, Johns, Fuller, Balantekin, Patwardhan, Suliga, Wu and many more)



Crossings in BNS remnant

Grohs et al 2022



Fast flavor oscillations above a BNS
merger with moments using FLASH

(Grohs et al 2022)
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Growth and saturation,
BNS, moments vs PIC

1500 neutrinos
per cell

Flavor equilibration

2 moments
per cell

Grohs et al 2022



Growth and saturation,
BNS, moments vs PIC

Grohs et al 2022
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Collisions

Collisions: scatterings which change energy,
momentum, type of particle

Collisions damp out “mixed” states and send
the neutrino system toward pure flavor states
(or Not! shalgar et al, Johns et al)



A neutrino In a mixed state under
the influence of collisions
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Evolution of flavor vector due to collisions, Fig. from Richers et al, 2019



Conclusions

We need to understand neutrinos in astrophysical
systems to accurately many observables. This involves
solving the quantum kinetic equations in astrophysical
environments

To keep mind: Astrophysical objects will make better
laboratories for neutrino physics if we make progress on
understanding systems with large numbers of neutrinos

Looking to the future

Baha'’s talk on Wednesday Jonah’s talk earlier today
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