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collapse and 
merger 

simulation codes: 
CASTRO/MAESTRO 

SEDONABox 
SpEC 

Spectre

UC Berkeley/NERSC 
U Washington 

shell model 
electroweak 

response codes 
BIGSTICK 

UC Berkeley and UCSD/CASS 

Quantum 
Monte Carlo: 
nuclear EoS 

LANL, U Washington, Ohio U 

stellar 
evolution:  

Kepler 
nucleosynthesis 

networks 

Minnesota, Notre Dame, 
NC State, UC Berkeley 

supernova  
neutrino  

propagation

UCSD, LANL, Minnesota, 
Wisconsin, U Washington 

Nucleosynthesis of heavy elements:
r-process and its astrophysical site

Almudena Arcones
Helmholtz Young Investigator Group

Cas A (Chandra X-Ray observatory) Rezzolla et al.

INT Workshop: The r-process: status and challenges
July 28 - August 1, 2014

beta delayed neutron emission probabilities with the greatest impact 
R Surman 
Union/Notre Dame 
NWBDNE 2013  
2 May 2013 

cold r-process 

Surman & Mumpower, in preparation 

Simulations and HPC



r-process

e. g. Uranium-238 Z=92, N=146 → need lots of neutrons

A(Z,N) + n ↔ A+ 1(Z,N + 1) + γ

A(Z,N) → A(Z + 1, N − 1) + e− + ν̄e

Z

N
rapid neutron capture as compared with beta decay

in order to get the r-process nuclei, prefer a lot of neutrons

Nucleosynthesis	
  –	
  example	
  rapid	
  neutron	
  capture	
  



to understand these environments:
we need the nuclear-neutrino physics

proto neutron
star core

oscillations
neutrinonucleosynthesis

of core
nuclear physics

neutrino

& emission
scattering

shock
outflow

neutrinos

accretion disk

black hole, jet
nucleosynthesis

neutrino oscillations

nuclear physics
of the disk

neutrino

& emission

scattering

standard core core collapse SN compact object merger

Compact	
  Object	
  Neutrino	
  &	
  Nuclear	
  Physics	
  

Single	
  Core	
  Collapse	
  to	
  Hot	
  Neutron	
  Star	
  
	
  
Modest	
  Ini:al	
  Neutron	
  Excess	
  –	
  
evolving	
  toward	
  ??	
  	
  
	
  

Merging	
  Cold	
  Neutron	
  Stars	
  
	
  
Very	
  Neutron-­‐rich	
  ini:ally	
  
	
  –	
  hea:ng	
  and	
  evolving	
  	
  toward	
  	
  
	
  	
  	
  	
  	
  lower	
  n-­‐richness	
  in	
  ejecta	
  ?	
  ?	
  

Event	
  rate,	
  	
  
amount	
  of	
  ejecta	
  right,	
  
troubles	
  with	
  neutrinos	
  

Event	
  rate?	
  
Ejecta	
  mass	
  	
  
per	
  event?	
  



Neutrino physics, dense matter → improved predictions of

r-process astrophysical conditions → FRIB predictions

Predictions of the r-process required mass surface are different in

supernova (top) and mergers (bottom) and within reach of radioactive

beams (right).



Dense Matter Theory for Neutron Star Mergers and Supernovae

Gravitational waves from mergers: Neutron star mass, radius and tidal polarizability directly 
influence the observable waveform and normal mode frequencies of post-merger oscillations.
Supernova neutrino signal: Duration, spectrum, and flavor content of the signal is set by 
neutrino interactions at nuclear densities, and by neutrino oscillations.    
R-process Nucleosynthesis: Composition of the ejecta in supernovae and neutron star 
mergers depends on the neutron star radius, neutrino spectrum, and neutrino oscillations. 
Electromagnetic counterparts: The association between short-GRBs and neutron star 
mergers, and the mechanisms for late-time x-ray,optical and infra-red emission, rely on the 
properties of the hot and dense central engine.     
    

Multi-messenger signals are shaped by dense matter and neutrino physics

Quantum Many-
Body Theory

for EOS, Linear Response, Neutrino 
and Dark Matter Reactions. 

LANL + UW-Seattle + UCB + 
Ohio U.

Neutron Star & Dense 
Matter Phenomenology, 

Transport and Thermal Properties. 
LANL + UW-Seattle + UCSD + 

NCSU+ Ohio U.

Computational Astrophysics 
and Numerical Relativity.

UCB + UCSD +   UW-Seattle 

Neutrino Transport and 
Flavor and Spin Evolution 

LANL + UW-Seattle + UCSD + 
NCSU + Ohio U. + UW-Madison



LANL + UW-Seattle
• EOS with quantifiable errors in Quantum 

Monte Carlo + 2 & 3-body nucleon-
nucleon interactions. 

• Linear response beyond perturbation 
theory, and its relation to transport 
properties of hot and dense matter.     

LANL + Ohio U. + UW-Seattle
• Thermal properties of dense nuclear 

matter and the finite temperature EOS.  
• Phase transitions and their impact on 

neutron star phenomenology. 
• Two- and many-nucleon processes for 

neutrino and dark matter interactions in 
dense matter, and in heavy nuclei.  

• EFT interactions and currents for 
Bremsstrahlung and related processes 
in dense matter. 

LANL + UCSD + NCSU + UW-Seattle + 
UW-Madison

• Unified description of incoherent 
scattering, and coherent flavor and spin 
evolution, of neutrinos at high density      

UCB + UCSD + Ohio U. + UW-Seattle
• Improved treatment of nuclear and 

neutrino microphysics in merger and 
supernova simulations. 

• The impact of improved microphysics on 
the amount and composition of ejecta 
and nucleosynthesis.

• Connecting electromagnetic signals to 
the central engines.   

Research & Collaborations 



Inspiral: 
Gravitational 
waves, Tidal 

Effects & 
Dense Matter EoS

Merger: 
Disruption, NS 

oscillations, ejecta 
and r-process 

nucleosynthesis

Post Merger: 
Ambient conditions  

power GRBs, 
Afterglows, and 
Kilo/Macro Nova

Neutron Star Merger Dynamics 
(General) Relativistic (Very) Heavy-Ion Collisions at ~ 100 MeV/nucleon 

Simulations: Rezzola et al (2013)



Ejecta and GRB afterglow: KilonovaTransient with kilo-nova luminosity (Metzger et al. 2010, Roberts et al. 2011, 
Goriely et al. 2011): direct observation of r-process, EM counter part to GW

Radioactive decay in neutron star mergers

Multi messenger (e.g. Metzger & Berger 2012, Rosswog 2012, Bauswein et al. 2013)

Berger, Fong & Chornock, 2013
Tanaka & Hotokezaka, 2013, Hotokezaka et al. 2013
Grossman, Korobkin, Rosswog, Piran, 2014

Transient with kilo-nova luminosity (Metzger et al. 2010, Roberts et al. 2011, 
Goriely et al. 2011): direct observation of r-process, EM counter part to GW

Radioactive decay in neutron star mergers

Multi messenger (e.g. Metzger & Berger 2012, Rosswog 2012, Bauswein et al. 2013)

Berger, Fong & Chornock, 2013
Tanaka & Hotokezaka, 2013, Hotokezaka et al. 2013
Grossman, Korobkin, Rosswog, Piran, 2014

• Radioactive heavy elements 
synthesized and ejected can 
power an EM signal

Metzger et al.  2010, Roberts et al. 2011, 
Goriely et al. 2011

• Magnitude and color of the 
optical emission is sensitive 
to the composition of the 
ejecta. 
Kasen 2013

Detection of a Kilonova 
Tanvir et al.  2013



Neutrino Mean Free Paths in Dense Matter

Neutrino wavelength is comparable to correlation lengths in the medium.  

Strong and electromagnetic correlations between hadrons, quarks (if present), 
and leptons alter neutrino transport properties. 

Linear response theory: 

⌫0 or e⌫ ⌫

G(p)

G(p+q)
d� / G2

F Lµ⌫ Im ⇧µ⌫(q0, q)

lepton tensor hadronic polarization tensor

Neutrinos couple to density and spin fluctuations in the medium. 

L = GF ⌫̄(�µ � �µ�5)⌫
X

i

 ̄i(c
i
V�

µ � ciA�
µ�5) i

dressed quasi-particles

dressed quasi-particles

           

dressed vertices



MULTI-PARTICLE EXCITATIONS
• Excitation of 2 particle-2 hole states 

enables pair-processes and larger 
energy transfer during scattering. 

• In strongly coupled systems leads to 
significant smearing of the single 
particle and collective strength. 

• Especially important for the spin 
response because spin is not 
conserved in nuclear interactions. 

• Can enhance the charged current rate 
at small Ye.        

� + n+ n ! n+ n+ �

� + �̄ + n+ n ! n+ n

n+ n ! n+ n+ � + �̄Raffelt & Seckel (1995)



Neutrino	
  Mass/Flavor/Spin	
  Physics	
  	
  
in	
  the	
  Early	
  Universe	
  &	
  Compact	
  Objects	
  	
  	
  
Nonlinear	
  Many	
  Body	
  (1057	
  –	
  1087	
  par?cles!)	
  problem	
  driven	
  by	
  the	
  Weak	
  InteracBon	
  	
  

Solving the algebraic constraints and rearranging the 
remaining integro-differential equations gives the 
following compact form for the QKEs:

Vlasov operator
(convective derivative 

plus force terms)

Vacuum + coherent
forward scattering

Hamiltonian

Flavored Boltzmann
terms with gain-loss

structure

F =

✓
f �
�† f̄T

◆
H =

✓
H H�

H†
� �H̄T

◆

6 x 6 matrix containing 
neutrino and antineutrino 
densities & spin coherence

Usual Hamiltonian, plus helicity 
mixing term of O(m/E)

DF = �i [H,F ] + {CGAIN, 1� F}� {CLOSS,F}

Saturday, April 25, 15

Quantum	
  Kine?c	
  Equa?ons	
  for	
  ν	
  flavor/spin	
  
Vlasenko	
  (NC	
  State);	
  Fuller	
  (UCSD);	
  Cirigliano	
  (LANL)	
  

Balantekin	
  (UW-­‐Madison);	
  Carlson	
  (LANL);	
  Cirigliano	
  (LANL);	
  	
  
Fuller	
  (UCSD);	
  McLaughlin	
  (NC	
  State);	
  Qian	
  (Minnesota);	
  
Reddy	
  (INT/UW)	
  

Coherent,	
  
ν-ν forward	
  sca\ering	
  
implies	
  nonlinear,	
  
collecBve	
  oscillaBons	
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  Carlson,	
  Y.-­‐Z.	
  Q
ian,	
  	
  

Phys.	
  Rev.	
  Le\
.	
  97,	
  241101	
  (2006)	
  astro-­‐ph/0606616	
  

add	
  effects	
  of	
  direc?on-­‐changing	
  sca\ering	
  (1	
  ν in	
  103	
  !!)	
  
the	
  HALO	
  	
  -­‐	
  now	
  we	
  have	
  a	
  boundary	
  value	
  problem	
  
Instead	
  of	
  an	
  ini?al	
  value	
  problem	
  –	
  couples	
  in	
  nuclear	
  composiBon	
  In	
  a	
  new	
  way	
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How large is the Halo effect for free 
nucleons?

J. F. Cherry, A. Friedland, G. M. Fuller, J. Carlson, and A. Vlasenko, Phys. Rev. Lett.108, 261104 (2012), 1203.1607.

�
coherent

⇥ A2 � H
halo

⇥ ⇤A⌅ Anisotropy	
  in	
  neutrinos/maPer	
  :	
  	
  Spin	
  Coherence	
  
neutrino-­‐anBneutrino	
  transforma:on	
  
Like	
  0νββ-decay,	
  depends	
  on	
  absolute	
  ν-mass	
  
Majorana/Dirac	
  character,	
  Majorana	
  phases	
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Initial neutrinos
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Final antineutrinosNetroniza?on	
  burst:	
  
Neutrino-­‐to-­‐an?neutrino	
  
Conversion.	
  Here	
  
neutrino	
  mass=1	
  eV	
  

A.	
  Vlasenko,	
  G.	
  M.	
  Fuller,	
  V.	
  Cirigliano	
  ArXiv:1406.6724	
  

A.~Malkus, J.~P.~Kneller, G.~C.~McLaughlin and R.~Surman, 
 Phys. Rev. D86, 085015 (2012)	
  



The Astrophysical Journal, 731:5 (11pp), 2011 April 10 Arcones & Montes

Figure 1. Electron fraction based on Equation (6) for different neutrino
(x-axis) and antineutrino (y-axis) energies. The black contours correspond to
Lν̄e /Lνe = 1 and the gray contours to Lν̄e /Lνe = 1.1. The symbols show
the electron neutrino and antineutrino energies (ϵνe ≈ 4.1kTνe ) for different
supernova models reported in the literature: square for Woosley et al. (1994),
circle for model M15-l1-r6 of Arcones et al. (2007) (note that these models do
not include red shift corrections which would reduce the neutrino energies close
to the neutron star), triangle for a 10 M⊙ progenitor of Fischer et al. (2010), and
diamond for Hüdepohl et al. (2010), all at 10 s after bounce. Adapted from Qian
& Woosley (1996).
(A color version of this figure is available in the online journal.)

where λi are the reaction rates for the forward and backward
reactions in Equations (3) and (4). Neutrino emission reactions
are negligible in the wind because their rates rapidly drop with
temperature (λpe/ne+ ∝ T 5). Following Qian & Woosley (1996),
the equilibrium initial Ye in the wind is given by

Ye = λνe,n

λνe,n + λν̄e,p

=
[

1 +
Lν̄e

Lνe

ϵν̄e
− 2∆ + 1.2∆2/ϵν̄e

ϵνe
+ 2∆ + 1.2∆2/ϵνe

]−1

. (6)

Here, the neutrino absorption rates are used in a simple form
(Qian & Woosley 1996) without considering weak magnetism
and recoil corrections (Horowitz & Li 1999). Lνe

is the neutrino
luminosity, ϵνe

= ⟨ε2⟩/⟨ε⟩ ≈ 4.1kTνe
is the ratio of mean

squared neutrino energy (⟨ε2⟩) and mean neutrino energy (⟨ε⟩),
and kTνe

is the neutrino temperature in MeV (and similarly
for the antineutrinos), and ∆ denotes the neutron–proton mass
difference. This simple expression gives only an estimate of
the Ye value found by supernova neutrino transport calculations
(Fischer et al. 2010). The neutrino two-color plot shown in
Figure 1 illustrates the dependence of the Ye on the neutrino
energies and luminosities using Equation (6). It also shows
the (anti)neutrino energies obtained 10 s after bounce in wind
simulations reported in the literature. The most recent long-
time supernova simulations (Hüdepohl et al. 2010; Fischer et al.
2010) obtain lower antineutrino energies compared to the earlier
models, leading to proton-rich conditions in the wind.

Neutrino energies depend on the temperature of the medium
in the region where neutrinos decouple from matter. This region
is known as the neutrinosphere and its location is different for
each neutrino flavor and energy. Inside of the neutrinosphere,
neutrinos are in the thermal equilibrium by charged-current re-
actions (Equations (3) and (4)). Outside of it, neutrinos escape
while their temperature stays almost constant and approximately
equal to the temperature at their neutrinosphere. Because neu-
trons are more abundant than protons in the neutron star, elec-
tron neutrinos continue interacting to larger radii and thus to
lower temperatures than antineutrinos (εν̄e

! ενe
). The µ and

τ (anti)neutrinos interact only via neutral-current reactions and
decouple at smaller radii, therefore their energies are larger.
During the first seconds after the explosion, the proto-neutron
star deleptonizes and the amount of protons in the outer layers
decreases. The electron antineutrino energies are thus expected
to get higher than the electron neutrino energies leading to an
increase of the ratio εν̄e

/ενe
. New hydrodynamical simulations

including detailed neutrino transport (e.g., Hüdepohl et al. 2010)
show that this simple picture is not valid as the spectra of elec-
tron neutrinos and antineutrinos are rather similar, probably due
to neutral-current reactions that act in a similar way on all neu-
trino flavors and become more important as the neutron star
cools (Hüdepohl et al. 2010; Arcones et al. 2008). If electron
neutrino and antineutrino energies are similar, the neutron-to-
proton mass difference favors a value of Ye > 0.5 (as shown in
Figure 1) by reducing the antineutrino absorption rate relative
to the neutrino rate.

It should be noted that some uncertainty remain in the
calculation of the neutrino spectra. At the high temperatures and
densities of the outer layers of the proto-neutron star, there may
also be a non-negligible abundance of light nuclei: 2H, 3H, and
3He (Arcones et al. 2010). These details in the composition are
not included in state-of-the-art supernova simulations, although
neutrino interactions with these light nuclei have an impact on
the neutrino spectra and thus on the Ye (Arcones et al. 2008).

2.2. Wind Simulations

In order to accurately calculate the integrated nucleosynthe-
sis in neutrino-driven winds, the evolution of the supernova
ejecta has to be followed for several seconds using hydrodynam-
ical simulations. Such long-term modeling is currently difficult
since the supernova explosion mechanism is not yet well under-
stood (Janka et al. 2007; Nordhaus et al. 2010) and it is com-
putationally expensive to perform long-time, multidimensional,
systematic studies for different progenitor stars, as would be de-
sirable in nucleosynthesis studies. Ways to overcome these prob-
lems include using parametric steady-state wind models (e.g.,
Thompson et al. 2001) and forcing an explosion by artificially
changing neutrinos properties (Messer et al. 2003; Fröhlich et al.
2006a, 2006b; Arcones et al. 2007; Fischer et al. 2010). The evo-
lution of the outflow is rather independent of the details of the
explosion mechanism, but depends more on the evolution of
the neutron star and on the neutrino emission. Therefore, such
approximations are a good basis for nucleosynthesis studies. Al-
though steady-state wind models cannot consistently describe
hydrodynamical effects (like the reverse shock and multidimen-
sional instabilities), both approaches agree in the wind phase
(Arcones et al. 2007).

For the nucleosynthesis studies in this paper, trajectories,
i.e., density and temperature evolutions, from Arcones et al.
(2007) were used. These simulations are based on Newtonian
hydrodynamics (Scheck et al. 2006; Kifonidis et al. 2006) with
general relativistic corrections for the gravitational potential
(Marek et al. 2006) combined with a simplified neutrino trans-
port treatment (Scheck et al. 2006), which is computationally
very efficient and reproduces the results of Boltzmann transport
simulations qualitatively. The neutrino spectra are assumed to
follow Fermi–Dirac distributions with spectral temperatures dif-
ferent from the local matter temperature in general. The central
part (ρ ! 1013 g cm−3) of the proto-neutron star is replaced by
a Lagrangian inner boundary placed below the neutrinosphere.
This reduces the computational time and is justified in part due
to the uncertainties in the high-density EoS. The evolution of

3

FIG. 5. Similar to Fig. 3, but for a baseline simulation with conditions s/k = 30, τ = 0.1 s, and

Ye = 0.35.

and Ye = 0.4, with abundances given by the short dashed green line in Fig. 2, is an example

of this. The neutron abundance for this simulation is shown as a function of decreasing

temperature in Fig. 6, as compared to the two example simulations described above that

do show weak r-processing. Without any neutrons available for late time neutron captures,

we see essentially no neutron capture rate sensitivity measures F greater than one for these

trajectories.

IV. COMBINED RESULTS

The neutron capture rate sensitivity study procedure was repeated for the approximately

ninety astrophysical trajectories chosen for this investigation. Of these, 55 show some signif-

11

FIG. 3. Sensitivity measures F (bottom panel) resulting from a sensitivity study in which each

neutron capture rate in the A ∼ 80 region is varied by a factor of 100. The baseline simulation

has conditions of entropy s/k = 10, timescale τ = 0.2 s, and electron fraction Ye = 0.3, with final

abundance pattern plotted with the red line of Fig. 2. The top panel shows the abundances at the

point in the simulation where the neutron-to-seed ratio is one (at the onset of freezeout). The two

boxed nuclei, 78Zn and 81Zn, are singled out for further analysis.

capture rates were varied.

The resulting sensitivity measures from a single sensitivity study are shown in the bottom

panel of Fig. 3 for an astrophysical trajectory with entropy s/k = 10, timescale τ = 0.2 s,

and electron fraction Ye = 0.3. These conditions are similar to those that may be obtained

in the winds from the accretion disk formed in a compact object merger27,31. The final

abundance pattern for this baseline simulation is a good match to the solar A ∼ 80 region

7

Connection to nuclear 
experiment and FRIB 

Surman, Mumpower, Sinclair, Jones, Hix, 
McLaughlin (2014) 

Arcones & Montes (2011), adapted 
from Qian & Woosley (1996) 

Ye,eq 

Our proposed dense matter and 
neutrino flavor transformation 
calculations will clarify the range of 
nucleosynthesis possible in supernovae 
and mergers. From there we will work 
to identify the key nuclear data 
uncertainties that influence the most 
likely nuclear pathways in each 
environment. 



	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  

                         	



                                         	


	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
   

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  

              George M. 	

UCSD	
  –	
  Simons	
  Array	
  

neutrino	
  mass	
  and	
  neutrino	
  physics	
  
will	
  be	
  key	
  science	
  drivers	
  for	
  Stage	
  IV	
  Cosmic	
  Microwave	
  Background	
  

Stage IV CMB (⇠ 500,000 detectors):

15meV sensitivity for ⌃m⌫ at 1�.

0.02 sensitivity for Ne↵ at 1�.

Balantekin,	
  Fuller,	
  McLaughlin,	
  Gardner	
  

Neutrino	
  Mass	
  

Radia?on	
  Energy	
  
Density	
  –	
  
Neutrino	
  energy	
  spectrum	
  



history	
  of	
  the	
  early	
  universe	
  through	
  weak	
  decoupling/freeze-­‐out,	
  BBN,	
  γ-­‐decoupling	
  

T ⇠ 1MeV; t ⇡ 1 s

T� ⇡ 0.2 eV; t ⇠ 3⇥ 105 yrs

⌫e + n ⌦ p+ e�

⌫̄e + p ⌦ n+ e+

n ⌦ p+ e� + ⌫̄e

energy	
  exchange	
  
between	
  ν’s,	
  plasma	
  

n/p-­‐ra:o	
  

⌫ � ⌫/e± scattering +	
   )Z p+N n ⌦ A (Z,N) + �

nuclear	
  reac:ons	
  

freeze-out from NSE

measure	
  Neff	
  &	
  helium	
  abundance	
  to	
  of	
  order	
  1	
  percent	
  	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  and	
  	
  
deuterium	
  abundance	
  (~	
  2%	
  precision	
  with	
  30-­‐m	
  class	
  telescopes)	
  

z ⇡ 1100

z ⇠ 3

T ⇠ 10 keV; t ⇠ 3 hours

low	
  precision	
  :	
  	
  
connect	
  epochs	
  by	
  using	
  baryon	
  density	
  and	
  Neff	
  	
  
as	
  sole	
  determinants	
  of	
  BBN	
  

high	
  precision	
  –	
  Stage	
  IV	
  
connect	
  epochs	
  by	
  using	
  Neff	
  
and	
  transport/QKE-­‐derived	
  
neutrino	
  energy	
  distribu?on	
  func?ons	
  
and	
  consistent/evolving	
  n/p	
  	
  	
  

Sets	
  up	
  restric:ve	
  probe	
  of	
  neutrino	
  sector	
  and	
  other	
  BSM	
  physics	
  
	
  
e.g.,	
  “Majorana	
  Neutrino	
  Magne?c	
  Moment	
  and	
  Neutrino	
  Decoupling	
  in	
  Big	
  Bang	
  Nucleosynthesis”,	
  
N.	
  Vassh,	
  E.	
  Grohs,	
  A.	
  B.	
  Balantekin,	
  G.	
  M.	
  Fuller	
  ,	
  Phys.	
  Rev.	
  D	
  92,	
  125020	
  (2016).	
  
	
  
Coupled	
  Boltzmann/QKE	
  neutrino	
  transport	
  and	
  weak	
  and	
  nuclear	
  reac?ons	
  in	
  weak	
  decoupling/
BBN	
  –	
  E.	
  Grohs,	
  G.	
  M.	
  Fuller,	
  C.	
  T.	
  Kishimoto,	
  M.	
  W.	
  Paris,	
  A.	
  Vlasenko	
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Physics of dark sectors 

The Nuclear Physics of Dark Matter

Dark Photon, Dark Z, …
Self-Interacting DM (EFT)
Composite DM (+Inelastic)

Sterile Neutrinos

Fixed Target Experiments
(JLab, FNAL)

Nuclear Responses WIMP-like: UV <-> IR  
Direct Detection EFT 
EM (+ inelastic) responses 
for non-“WIMP”searches

QCD matching
RNG (+ EW) evolution

LANL, KentuckyUCB, LANL, Kentucky

 Kentucky, LANL, UCB, UCSD

Lattice QCD (LANL, LLNL)

Milky Way Evolution 
(cf. Stellar Feedback)

Fixed Target Experiments (JLab, FNAL)





Chemical	
  evolu:on	
  of	
  dwarf	
  galaxies	
  -­‐-­‐-­‐	
  	
  

-­‐-­‐	
  hangs	
  on	
  many	
  of	
  the	
  nucleosynthesis	
  objec:ves	
  of	
  our	
  proposal	
  
-­‐-­‐	
  insights	
  into	
  the	
  effec:veness	
  of	
  baryonic	
  feedback	
  
-­‐-­‐	
  insights	
  into	
  the	
  nature	
  of	
  dark	
  maPer	
  and	
  the	
  origin	
  of	
  structure	
  	
  



Our	
  collabora:on	
  has	
  a	
  strong	
  record	
  of	
  
mentoring	
  young	
  scien:sts,	
  	
  
many	
  of	
  whom	
  are	
  now	
  leaders	
  in	
  the	
  field	
  
	
  
-­‐-­‐	
  see	
  list	
  in	
  proposal	
  
	
  
-­‐-­‐	
  aPract	
  the	
  best	
  young	
  people	
  to	
  our	
  field	
  
	
  
-­‐-­‐	
  golden	
  opportunity	
  to	
  grow	
  our	
  field	
  	
  
	
  	
  	
  	
  compelling,	
  exci:ng	
  science	
  


