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Movie: NS-NS Merger  
(SPH simulation, by A. Bauswein)



Movie: NS-BH Merger  
(SPH simulation, by R. Ardevol, A. Bauswein)



Ejecta Components, Modeling Status

(Hyper-) Massive  
Neutron Star

Black Hole –  
Torus System

delayed collapse

NS-BH NS-NS

NS

NS/BH

prompt  
collapse

GW 

Inspiral

Merger

dynamical/prompt ejecta
→ tidal tails
→ shock-heated
3D, GR, ν-transport, MHD

post-merger ejecta
→ neutrino-driven
→ viscous/MHD driven expansion
→ MHD turbulence
ν-tran, MHD/Vis, 3D, GR

Post-MergerPost-Merger  
Remnant

(Rosswog & Korobkin, Bauswein & Janka, 
Sekiguchi & Shibata, Hotokezaka, Rezzolla, 

Radice, Kiuchi, Foucart, Duez, ...) 

(Fernandez & Metzger, Perego & Martin, 
Siegel, Kiuchi, Ru, Fujibayashi…)



NS-NS NS-BHTypical outflow properties: 

● outflow masses: 
M ~ 0.001 – 0.1 Msun 

● electron fraction: 
    Ye < 0.1 (*) 
● entropy per baryon: 
    s ~ 1 – 30 kB 
● velocity: 
    v ~ 0.2 – 0.4 c

( * : Depends on neutrino 
treatment for NS-NS mergers)

Prompt/Dynamical Ejecta
(as obtained in OJ, Bauswein, Ardevol, Goriely, Janka ’15)



NS-NS NS-BHTypical outflow properties: 

● outflow masses: 
M ~ 0.001 – 0.1 Msun 

● electron fraction: 
    Ye < 0.1 (*) 
● entropy per baryon: 
    s ~ 1 – 30 kB 
● velocity: 
    v ~ 0.2 – 0.4 c

( * : Depends on neutrino 
treatment for NS-NS mergers)

softer EOS yields… 
● larger torus masses (in 

case of collapse) 
● larger outflow masses 
● larger outflow velocities 
  

softer EOS yields… 
● smaller torus masses (in 

case of collapse) 
● smaller outflow masses 
  

Prompt/Dynamical Ejecta
(as obtained in OJ, Bauswein, Ardevol, Goriely, Janka ’15)



NS-NS NS-BH

Typical nucleosynthesis pattern:

➔ sub-solar for A < 140 (*) ➔ solar-like for A > 140

( * : Depends on neutrino 
treatment for NS-NS mergers)

Typical outflow properties: 

● outflow masses: 
M ~ 0.001 – 0.1 Msun 

● electron fraction: 
    Ye < 0.1 (*) 
● entropy per baryon: 
    s ~ 1 – 30 kB 
● velocity: 
    v ~ 0.2 – 0.4 c

Prompt/Dynamical Ejecta
(as obtained in OJ, Bauswein, Ardevol, Goriely, Janka ’15)



Impact of Weak Interactions on  
Dynamical Ejecta in NS-NS Mergers?

➔ ...can be quite significant. Dynamical ejecta may also produce lighter elements 
➔ more simulations with accurate neutrino transport needed

4 Wanajo et al.
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Fig. 3.— Mass fractions outside 150 km from the center vs. Ye

(top) and S/kB (bottom) at the end of simulation for the x-y, x-
z, and y-z planes. The widths of Ye and S/kB are chosen to be
∆Ye = 0.01 and ∆S/kB = 1, respectively.

only, is a consequence of the wide Ye distribution pre-
dicted from our full-GR, neutrino transport simulation.
Note also that fission plays a subdominant role for the
final nucleosynthetic abundances. The second (A ∼ 130)
and rare-earth-element (A ∼ 160) peak abundances are
dominated by direct production from the trajectories of
Ye ∼ 0.2. Our result reasonably reproduces the solar-like
abundance ratio between the second (A ∼ 130) and third
(A ∼ 195) peaks as well, which is difficult to explain by
fission recycling.
Given that the model is representative of NS-NS merg-

ers, our result gives an important implication; the dy-
namical ejecta of NS-NS mergers can be the dominant
origin of all the Galactic r-process nuclei. Other con-
tributions from, e.g., the BH-torus wind after collapse of
HMNSs, as invoked in the previous studies to account for
the (solar-like) r-process universality, may not be needed.
The amount of entirely r-processed ejectaMej ≈ 0.01M⊙

with present estimates of the Galactic event rate (a few
10−5 yr−1, e.g., Dominik et al. 2012) is also compatible
with the mass of the Galactic r-process abundances as
also discussed in previous studies (Korobkin et al. 2012;
Bauswein et al. 2013).

4. RADIOACTIVE HEATING

The r-processing ends a few 100 ms after the merging.
The subsequent abundance changes by β-decay, fission,
and α-decay are followed up to t = 100 days; the re-
sulting radioactive heating is relevant for kilonova emis-
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Fig. 4.— Final nuclear abundances for selected trajectories
(top) and that mass-averaged (bottom; compared with the solar
r-process abundances).

sion. Figure 5 displays the temporal evolutions of the
heating rates for selected trajectories (top-left) and those
mass-averaged (top-right). For comparison purposes, the
heating rate for the nuclear abundances with the solar r-
process pattern (for A ≥ 90, q̇solar−r; same as that used in
Hotokezaka et al. 2013a; Tanaka et al. 2014), β-decaying
back from the neutron-rich region, is also shown in each
panel. The short-dashed line indicates an analytical ap-
proximation defined by q̇analytic ≡ 2×1010 t−1.3 (in units
of erg g−1 s−1; t is time in day, e.g., Metzger et al. 2010).
Lower panels show the heating rates relative to q̇analytic.
Overall, each curve reasonably follows q̇analytic by ∼

1 day. After this time, the heating is dominated by
a few radioactivities and becomes highly dependent on
Ye. Contributions from the ejecta of Ye > 0.3 are gen-
erally unimportant after ∼ 1 day. We find that the
heating for Ye = 0.34 turns to be significant after a few
10 days because of the β-decays from 85Kr (half-life of
T1/2 = 10.8 yr; see Figure 4 for its large abundance),
89Sr (T1/2 = 50.5 d), and 103Ru (T1/2 = 39.2 d). Heating
rates for Ye = 0.19 and 0.24, whose abundances are dom-
inated by the second peak nuclei, are found to be in good
agreement with q̇solar−r. This is due to a predominance of
β-decay heating from the second peak abundances, e.g.,
123Sn (T1/2 = 129 d) and 125Sn (T1/2 = 9.64 d) around
a few 10 days.
Our result shows that the heating rate for the low-

est Ye ( = 0.09) is the greatest after 1 day with a few
times larger values than those in previous works (with

(Wanajo, Sekiguchi, Shibata, ’14)
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Fig. 2.— Color-coded distributions for density, temperature, Ye, and S/kB (from left to right) on the x-y (lower panels), x-z (positive
sides of top panels), and y-z (negative sides of top panels) planes at the end of simulation.

(after sufficient time) with these values is expected to
be Ye,a ∼ 0.5 (e.g., eq. (77) in Qian & Woosley 1996).
However, neutrino absorption in the fast outgoing ejecta
freezes before Ye reaches Ye,a, resulting in Ye ∼ 0.3–0.4
(yellow-orange spiral arms in Figure 2).
The ejecta mass distributions in Ye and S/kB at the end

of simulation are displayed in Figure 3 for the x-y, x-z,
and y-z planes. We find that the Ye’s widely distribute
between 0.09 and 0.45 with greater amounts for higher
Ye, in which the initial β-equilibrium values (≈ 0.06) have
gone. Non-orbital ejecta have higher Ye’s because of the
shock-heated matter escaping to the low-density polar
regions (Hotokezaka et al. 2013b). The shock heating
results in S/kB up to ≈ 26 and 50 for the orbital and non-
orbital planes, respectively (with higher values for higher
Ye), which are sizably greater than those in Goriely et al.
(2011, S/kB ∼ 1–3) with the Shen’s EOS.

3. THE r-PROCESS

The nucleosynthesis analysis makes use of the thermo-
dynamic trajectories of the ejecta particles traced on the
orbital plane. A representative particle is chosen from
each Ye-bin (from Ye = 0.09 to 0.44 with the interval
of ∆Ye = 0.01 (Figure 3). For simplicity, we analyze
only the x-y components because of the dominance of
the ejecta masses close to the orbital plane. Each nucle-
osynthesis calculation is initiated when the temperature
decreases to 10 GK, where the initial composition is given
by Ye and 1 − Ye for the mass fractions of free protons
and neutrons.
The reaction network consists of 6300 species from

single neutrons and protons to the Z = 110 isotopes.
Experimental rates, when available, are taken from the
latest versions of REACLIB7 (Cyburt et al. 2010) and
Nuclear Wallet Cards 8. Otherwise, the theoretical es-
timates of fusion rates9 (TALYS, Goriely et al. 2008)

7 https://groups.nscl.msu.edu/jina/reaclib/db/index.php.
8 http://www.nndc.bnl.gov/wallet/
9 http://www.astro.ulb.ac.be/pmwiki/Brusslib/Brusslib.

and β-decay half-lives (GT2, Tachibana et al. 1990) are
adopted, where both are based on the same nuclear
masses (HFB-21, Goriely et al. 2010). Theoretical fis-
sion properties adopted are those estimated on the ba-
sis of the HFB-14 mass model. For fission fragments, a
Gaussian-type distribution is assumed with emission of
four prompt neutrons per event. Neutrino captures are
not included, which make only slight shifts of Ye (typi-
cally an increase of ∼ 0.01 from 10 GK to 5 GK).
The hydrodynamical trajectories end with tempera-

tures ∼ 5 GK. Further temporal evolutions are followed
by the density drop like t−3 and with the temperatures
computed with the EOS of Timmes & Swesty (2000) by
adding the entropies generated by β-decay, fission, and
α-decay. This entropy generation slows the temperature
drop around 1 GK (e.g., Korobkin et al. 2012). The ef-
fect is, however, less dramatic than those found in pre-
vious works because of the higher ejecta entropies in our
result.
Figure 4 (top) displays the final nuclear abundances for

selected trajectories. We find a variety of nucleosynthetic
outcomes: iron-peak and A ∼ 90 abundances made in
nuclear quasi-equilibrium for Ye ! 0.4, light r-process
abundances for Ye ∼ 0.2–0.4, and heavy r-process abun-
dances for Ye " 0.2. Different from the previous works,
we find no fission recycling; the nuclear flow for the low-
est Ye (= 0.09) trajectory reaches A ∼ 280, the fissile
point by neutron-induced fission, only at the freezeout of
r-processing. Spontaneous fission plays a role for forming
the A ∼ 130 abundance peak, but only for Ye < 0.15.
Figure 4 (bottom) shows the mass-averaged nuclear

abundances by weighting the final yields for the repre-
sentative trajectories with their Ye mass fractions on the
orbital plane (Figure 3). We find a good agreement of
our result with the solar r-process abundance distribu-
tion over the full-A range of ∼ 90–240 (although the
pattern would be somewhat modified by adding non-
orbital components). This result, differing from the pre-
vious works exhibiting production of A ! 130 nuclei
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Figure 7. (Color online). Abundance distributions of the 4.9⇥ 10�3M� of material ejected in our 1.35–1.35M� NS-NS merger model,

assuming that no weak interactions of free nucleons take place at ⇢ < ⇢
eq

(upper left), only electron and positron captures happen below
⇢
eq

(upper right), and electron and positron captures as well as (anti)neutrino captures a↵ect the Y
e

evolution for ⇢ < ⇢
eq

(Case 1:

upper centre; Case 2: lower centre; Case 3: upper right; Case 4: lower right). The abundance distributions are normalized to the solar

r-abundance distribution (open circles) in the rare-earth peak (A = 165) region.
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Figure 8. (Color online). Mass fraction as a function of

the atomic mass for the matter ejected by our 1.35–1.35M�
NS merger model, including electron, positron as well as

(anti)neutrino captures for Cases 1 and 2 of the neutrino proper-

ties.

5 SUMMARY AND CONCLUSIONS

In this paper we reported the results of a parametric study
to investigate how �-interactions of free nucleons can a↵ect
the Y

e

evolution and mass distribution in NS merger ejecta
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Figure 9. (Color online). Time evolution of the total radioactive

heating rate per unit mass, hQi (red), mass number hAi (blue),
and temperature hT i (black), all mass-averaged over the ejecta,

for the 1.35–1.35M� NS merger. The solid lines correspond to the

case without �-interactions of free nucleons at ⇢ < ⇢
eq

, the dotted
lines to the case where only e±-captures are taken into account,

the dashed lines to the case where e± and (anti)neutrino captures

for neutrino properties according to Case 1 are included, the dash-
dot lines for neutrinos according to Case 2, the long-dash-dot lines

correspond to Case 3, and the double-dash-dot lines to Case 4.

c� 2015 RAS, MNRAS 000, 1–12

(Goriely, Bauswein, OJ, Pllumbi, Janka '15)
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Figure 5. (Color online). Histograms of fractional mass distributions of the 4.9⇥ 10�3M� of matter ejected in our 1.35–1.35M� NS-NS
merger model as functions of Y

e

at density ⇢
net

, assuming that no weak interactions of free nucleons take place below ⇢
eq

(upper left),

that only electron and positron captures a↵ect the Y
e

evolution for ⇢ < ⇢
eq

(lower left), and including electron and positron captures as

well as (anti)neutrino captures at ⇢ < ⇢
eq

(Case 1: upper centre; Case 2: lower centre; Case 3: upper right; Case 4: lower right).

tificially increased or decreased by factors of 3, rather dif-
ferent results are obtained, as shown in Fig. 6, using the
(anti)neutrino properties of Case 1. As before we start the
expansion evolution at ⇢

eq

with the Y

e

mass distribution
shown in the upper left panel of Fig. 5. Reduced temper-
atures diminish the presence of positrons and thus favor
electron captures compared to positron captures. Moreover,
lower temperatures also lead to a faster freeze-out of e

±

captures during the ejection of the mass elements. Without
neutrino and antineutrino absorptions, lower temperatures
therefore tend to neutronize the ejecta for ⇢ < ⇢

eq

and the
mass distribution becomes more narrow and is shifted to
lower values in the range of 0 < Y

e

<⇠ 0.1 (Fig. 6, upper left
panel). Including neutrino and antineutrino absorptions, re-
duced temperatures have the opposite e↵ect in pushing the
mass distribution to higher values of Y

e

(with a peak above
0.4) compared to the standard-temperature result for Case 1
in Fig. 5 (upper right panel, with a peak of the distribution
between Y

e

= 0.2 and 0.3). This behavior can be understood
by the e�cient recombination of free nucleons to ↵ parti-
cles and heavy nuclei, which strengthens the heavy-nuclei
(↵) e↵ect so that the peak of the distribution wanders to
Y

e

' 0.45. On the other side, increased temperatures re-
duce the electron degeneracy and thus allow for the pres-
ence of higher positron densities, thus enhancing positron
captures on neutrons. In addition, e± captures continue for

a longer period of time along the ejecta trajectories. With-
out (anti)neutrino absorption, these e↵ects shift the Y

e

mass
distribution from the initial one at ⇢

eq

(upper left panel of
Fig. 5) towards higher values of Y

e

. This shift is stronger for
more slowly expanding mass elements and weaker when the
expansion is very fast. Correspondingly, the mass distribu-
tion versus Y

e

at ⇢
net

is very broad and stretches from ⇠0.03
up to a very pronounced maximum close to 0.5, because
the e± capture equilibrium at high-entropy conditions favors
symmetric conditions with respect to neutrons and protons.
Taking into account (anti)neutrino absorption prevents this
dramatic shift towards Y

e

⇠ 0.5, because at large distances
neutrino captures dominate e± absorptions and therefore Y

e

asymptotes to values around Y

⌫1
e

(' 0.31 for Case 1, lower
right panel of Fig. 6). Since the high temperatures favor nu-
cleons and suppress the early formation of ↵ particles and
heavier nuclei, the influence of the ↵ e↵ect is clearly weaker
than in the case of reduced temperatures (compare lower and
upper right panels of Fig. 6). As mentioned above, our calcu-
lations with varied temperatures are not consistent with the
initial Y

e

distributions used at a density of ⇢
eq

, because these
distributions are calculated for the original ejecta tempera-
tures provided by the hydrodynamic NS-NS merger model.
However, Fig. 6 demonstrates that asymptotic values deter-
mined by neutrino capture equilibrium and influenced by
the ↵ (heavy-nuclei) e↵ect are reached for most of the tra-

c� 2015 RAS, MNRAS 000, 1–12



Post-Merger BH-Torus

subrelativistic winds 

BH

(r-process) nucleosynthesis

short GRB

�B

ultra- 
relativistic 

outflow

neutrino 
cooling

neutrino 
heating

(directly after its formation)

Role of neutrinos: 
➔ cool torus and impact the accretion rate! 
➔ determine/alter Ye in outflows! 
➔ possibly launch/contribute to GRB jet! 

Kilonova



“ALCAR” Neutrino Transport Module   
Radiation-hydro with Boltzmann solver too expensive! 

Our approach: 
➔ Energy-dependent two-moment scheme with local closure (M1 scheme) 

← energy density

← momentum density

← pressure

evolution 
equations

approximate algebraic 
closure relations (e.g. “Minerbo closure")

(OJ, Obergaulinger, Janka 
'15, MNRAS, 453, 3386)

Saves two degrees of freedom of nu-phase space! 
BUT: Limited accuracy in optically thin regions



Comparison Between M1 and Ray Tracing 
Nucleosynthesis from compact binary mergers 29
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Figure A1. Comparison of the neutrino
radiation field emerging from the con-
figuration of model M3A8m3a5 at t =
50ms as computed with the ray-tracing
scheme (labeled RT) and with the algebraic-
Eddington-factor method (labeled AEF).
Panels (a), (d) show color coded the energy-
integrated energy densities, E, and Pan-
els (b), (e) the (absolute values of) flux
densities, F , of electron neutrinos for both
schemes, while in Panels (c), (f) the respec-
tive relative di↵erences of the latter quan-
tities between both schemes are depicted.
The arrows in Panels (b) and (e) indicate
the flux-density vectors multiplied by 4⇡r2

scaled such that the maximum arrow length
corresponds to ⇠ 4⇥1053 erg s�1. The mean
energies, ", listed in Panels (a), (b) are com-
puted as ratios of luminosity to total num-
ber flux, both calculated as integrals of the
corresponding flux densities over a sphere
at radius r = 300 km. The luminosities,
L, are given on top of Panels (b) and (e).
Panels (g), (i) show the net heating and
cooling rates due to �-processes with both
electron-neutrino species, Q⌫ . Finally, Pan-
els (h), (j) display the electron fractions for
local neutrino-capture equilibrium, Y ⌫

e . The
yellow line in each panel demarcates the net
cooling from the net heating region, i.e. it
coincides with Q⌫ = 0.
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Figure A1. Comparison of the neutrino
radiation field emerging from the con-
figuration of model M3A8m3a5 at t =
50ms as computed with the ray-tracing
scheme (labeled RT) and with the algebraic-
Eddington-factor method (labeled AEF).
Panels (a), (d) show color coded the energy-
integrated energy densities, E, and Pan-
els (b), (e) the (absolute values of) flux
densities, F , of electron neutrinos for both
schemes, while in Panels (c), (f) the respec-
tive relative di↵erences of the latter quan-
tities between both schemes are depicted.
The arrows in Panels (b) and (e) indicate
the flux-density vectors multiplied by 4⇡r2

scaled such that the maximum arrow length
corresponds to ⇠ 4⇥1053 erg s�1. The mean
energies, ", listed in Panels (a), (b) are com-
puted as ratios of luminosity to total num-
ber flux, both calculated as integrals of the
corresponding flux densities over a sphere
at radius r = 300 km. The luminosities,
L, are given on top of Panels (b) and (e).
Panels (g), (i) show the net heating and
cooling rates due to �-processes with both
electron-neutrino species, Q⌫ . Finally, Pan-
els (h), (j) display the electron fractions for
local neutrino-capture equilibrium, Y ⌫

e . The
yellow line in each panel demarcates the net
cooling from the net heating region, i.e. it
coincides with Q⌫ = 0.
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Post-Merger BH-Torus Remnant

Typical ejecta properties: 

● outflow masses: 
~ 5-20% of torus mass 

● electron fraction: 
    Ye ~ 0.1-0.3 
● entropy per baryon: 
    s ~ 10 – 30 kB 
● velocity: 
    v ~ 0.05– 0.1 c 

● small neutrino-driven 
component 

● dominant viscous 
component



Disk Properties
    2 main evolutionary phases:  
➔ first few 100 ms: "Neutrino-dominated accretion flow" (NDAF) 
➔ neutrino cooling balances viscous heating 

➔ ejecta (mainly) driven by neutrino-heating 
➔ Ye in ejecta determined by neutrino captures

time = 50 ms



Disk Properties
    2 main evolutionary phases:  
➔ subsequently: "Advection-dominated accretion flow" (ADAF) 
➔ viscous heating dominates neutrino cooling 

➔ ejecta (mainly) driven by viscous effects 
➔ Ye in ejecta determined by electron/positron captures

time = 2 s



Combined nucleosynthesis yields 
(OJ, Bauswein, Ardevol, Goriely, Janka '15, MNRAS 448, 541)

➔ DISK ejecta (mainly A ~ 90 - 140)

➔ PROMPT ejecta (mainly A ~ 140 - 210)

➔ DISK + PROMPT ejecta

➔ nicely recovers the full mass range A > 90 

➔ BH-torus ejecta could be significant source 

of intermediate mass elements with 90 < A 

< 140 



Magnetic fields?
➔ …are essential for angular momentum transport and MHD-driven Jet 
➔ Major challenges: 

• need 3D because of anti-dynamo theorem 
• need high resolution to resolve relevant scales 

                                                                                 (see talks by Siegel and Tchekovskoy) 
➔ 2D M1-MHD simulations (not sufficient to obtain long-term ejecta): 



Magnetic fields?
➔ Can the Magnetorotational instability grow in remnants of NS-mergers? 

• In NS remnants: slowed down by neutrino-viscosity and -drag 
• In BH-torus remnants: ideal growth

(Guliet, Bauswein, OJ,  
Janka, ’16)

MRI in neutron star mergers 3
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Figure 1. Azimuthally averaged radial profiles in two snapshots
taken 5ms (black lines) and 15ms (red lines) after the collision
of the NSs. Shown is the density (top), temperature (middle) and
rotation frequency (bottom). The exponential fit to the angular
frequency profile at the early time is shown with a black dashed
line (equation 1). The blue solid line in the bottom panel shows
the rotation frequency profile defined by equation (16), while the

dashed blue line shows the power law profile Ω = Ω1 (r/r1)
−3/2

for comparison. The rotation profile of equation (16) approxi-
mates the behavior of the models with the highest maximum of
Ω in Figure 11 of Hanauske et al. (2016) (their models APR4-
M125 and APR4-M135).

tion even for a Kerr metric (Araya-Góchez 2002; Gammie
2004; Yokosawa & Inui 2005).

3.1 MRI with neutrino viscosity (diffusive regime)

On lengthscales longer than the mean free path of neutri-
nos, neutrino diffusion induces a viscosity. We estimate it
by using the approximate analytical expression obtained by
Keil et al. (1996)

ν = 1.2× 1010
(

T
10MeV

)2 (
ρ

1013 g cm−3

)−2

cm2 s−1, (2)

where ν is the kinematic viscosity, ρ is the density and T
the temperature. This expression was successfully compared

viscous MRI
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Figure 2. Top panel: radial profile of neutrino viscosity in the
equatorial plane. Bottom panel: wavelength of the most unsta-
ble MRI mode in the viscous regime computed using equation 7
(dashed line) compared to the mean free path of heavy lepton neu-
trinos (solid lines). The two snapshots are shown in black (5ms
after the collision of the NSs) and red (15ms after the collision of
the NSs).

to a direct calculation of the neutrino viscosity using the
neutrino distribution from a numerical simulation of pro-
toneutron star formation with elaborate neutrino transport
(Guilet et al. 2015). The viscosity we estimate from the sim-
ulation outputs is shown in the upper panel of Figure 2: it
increases strongly with radius from ∼ 107 cm2s−1 in the in-
ner core of the HMNS to ∼ 1011 − 1012 cm2s−1 near the
surface of the HMNS1.

The effect of viscosity on the linear growth of the MRI

is controlled by the viscous Elsasser number Eν ≡
v2
A

νΩ (e.g.
Pessah & Chan 2008; Longaretti & Lesur 2010; Guilet et al.
2015), where vA ≡ B/

√
4πρ is the Alfvén speed with the

magnetic field strength B. For Eν < 1, viscosity affects sig-
nificantly the growth of the MRI: as a result the growth rate
is decreased, and the wavelength of the most unstable mode
becomes longer. Typical conditions inside the HMNS lead
to the following estimate of the viscous Elsasser number at

1 We define the surface of the HMNS as the location beyond
which the rotational support exceeds the pressure support. It is
located at a radius of about 20 km.
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 Neutrino viscosity (on length scales longer than 
neutrino mean free path):

 Neutrino drag damping rate (on length scales 
shorter than neutrino mean free path):

4 Guilet et al.

a radius of ∼ 5− 10 km

Eν ∼ 8× 10−4

(

B
1012 G

)2 ( ρ
4× 1014 g cm−3

)−1

×

(

Ω
6000 s−1

)−1 ( ν
4× 107 cm2 s−1

)−1

. (3)

Viscosity therefore has a large impact on the linear growth
of the MRI, unless the magnetic field is significantly stronger
than the surface field of normal pulsars or another mecha-
nism significantly amplifies an initially weak field. The criti-
cal strength of the magnetic field below which viscous effects
become important (at which Eν = 1) is

Bvisc =
√

4πρνΩ

= 3.5× 1013
(

ρ
4× 1014 g cm−3

)1/2 ( ν
4× 107 cm2 s−1

)1/2

×

(

Ω
6000 s−1

)1/2

G. (4)

The dispersion relation governing the growth of the
MRI in the presence of viscosity reads (Lesur & Longaretti
2007; Pessah & Chan 2008; Masada & Sano 2008)
[(

σ + k2ν
)

σ + k2v2A
]2

+κ2 (σ2 + k2v2A
)

−4Ω2k2v2A = 0, (5)

where σ is the growth rate, k the wavenumber, and κ the

epicyclic frequency defined by κ2 ≡ 1
r3

d(r4Ω2)
dr .

In the asymptotic limit Eν ≪ 1, the growth rate
and wavelength of the most unstable mode can then be
expressed as (Pessah & Chan 2008; Masada & Sano 2008;
Masada et al. 2012)

σ =

(

qEν

κ̃

)1/2

Ω = 90

(

B
1012 G

)(

ρ
4× 1014 g cm−3

)−1/2

×

(

ν
4× 107 cm2 s−1

)−1/2 (
Ω

6000 s−1

)1/2

s−1, (6)

λ = 2π
(ν
κ

)1/2

= 390
( κ
6000 s−1

)−1/2
(

ν
4× 107 cm2 s−1

)1/2

cm, (7)

where κ̃ ≡ κ/Ω =
√

2(2− q) is the dimensionless epicyclic
frequency, and q ≡ −d logΩ/d log r = 0.5 in the numerical
estimates. In contrast to the inviscid case, the wavelength
of the fastest growing mode is independent of the magnetic
field strength and it is longer than it would be without vis-
cosity. The growth rate on the other hand is reduced and is
proportional to the magnetic field strength. The MRI there-
fore requires a minimum magnetic field strength in order
to grow on a given timescale. The minimum magnetic field
necessary for the MRI to grow at a minimum growth rate
σmin is (Guilet et al. 2015)

Bmin =

(

4πρκ̃ν
qΩ

)1/2

σmin, (8)

= 1012
( σmin

100 s−1

)

(

ρ
4× 1014 g cm−3

)1/2

(

ν
4× 107 cm2 s−1

)1/2 ( Ω
6000 s−1

)−1/2

G. (9)

The viscous regime is valid if the wavelength of the

drag MRI

     
102

103

104

105

106

107

dr
ag

 d
am

pi
ng

 ra
te

 (s
-1
) t=5 ms

t=15 ms

0 10 20 30 40
radius (km)

100

101

102

103

104

M
RI

 g
ro

wt
h 

ra
te

 (s
-1
)

drag MRI
ideal MRI

Figure 3. Top panel: Radial profile of the neutrino drag damp-
ing rate (solid lines) compared to the angular frequency (dashed
lines). Bottom panel: growth rate of the MRI including (solid
lines) or neglecting (dashed lines) the impact of neutrinos. The
black and red lines correspond to the early and late times, respec-
tively.

fastest growing mode is larger than the neutrino mean free
path. Figure 2 (lower panel) shows that this is indeed the
case inside the HMNS but not in the surrounding torus.
In that figure, the mean free path of heavy lepton neu-
trinos (which give the most restrictive constraint among
the neutrino species) is estimated using the scaling relation
lν = 104(ρ/1013 g cm−3)−1(T/10MeV)−2 cm (Guilet et al.
2015).

3.2 MRI with neutrino drag

At wavelengths shorter than their mean free path, neu-
trinos induce a drag force of the form −Γv, where Γ is
a damping rate depending on the neutrino distribution
and opacity (Jedamzik et al. 1998; Thompson et al. 2005;
Guilet et al. 2015). We compute the neutrino drag damping
rate from the simulation outputs using the scaling obtained
by Guilet et al. (2015)

Γ = 6× 103 (T/10MeV)6 s−1. (10)

The dispersion relation governing the growth of the
MRI in the presence of neutrino drag is (Guilet et al. 2015)
[

(σ + Γ) σ + k2v2A
]2

+ κ2 (σ2 + k2v2A
)

− 4Ω2k2v2A = 0. (11)

The neutrino drag impacts significantly the MRI when Γ !
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➔ first detected 1967 by VELA satellites 
➔ since then ~ few 100 suggested possibilities for 

➔ central engines 
➔ since BATSE: must be of cosmological origin 
➔ source is moving highly relativistically 
➔ natural suggestion: jet from rotating compact object 
➔ long bursts (T>2s): connection to death of massive stars 
➔short bursts (T<2s) still mysterious, most likely from NS mergers 

Gamma-Ray Bursts

(NASA)



 Popular central engine scenarios
➔ neutrino-pair annihilation

- neutrinos tap gravitational energy of disk 
  e+-e- pairs thermalize → thermal fireball 
- efficiency of converting gravitational energy into 
  jet energy? 
- baryon loading in the funnel? 

➔  Blandford-Znajek process 
- B-field taps rotation energy of central BH 
   → Poynting-dominated jet 
- efficient only for large-scale poloidal B-fields 
- can large-scale fields be produced and 
  sustained? MRI? Dynamo? 

➔  magnetar spin-down emission 
- B-field taps rotation energy of central NS 
  → Poynting dominated jet 
- is dipole model applicable? 
- consistent with short burst timescale? 

(Hirose+ '04)

(Metzger+ '11)



➔ Suggested models: 

➔neutrino pair annihilation 

➔Blandford-Znajek process 

➔magnetar dipole emission  

Necessary conditions for the jet to explain sGRB: 
• Total energy: E~1048–1050 erg 
• Lorentz factor: Γ~10-100 

EM Counterparts: Short Gamma-Ray Bursts

 ???

Tested using for the first time 
time-dependent neutrino-
hydrodynamics simulations

(OJ, Obergaulinger, Janka, 
Bauswein ApJ, 816, L30)



Geometry of Dynamical Ejecta

NS-NS NS-BH

(Bauswein et. al. '13) (Just et. al. '15)

(Hotokezaka et. al. '13)



Symmetric NS-NS Merger

➔ baryon loading in the funnel too high, no jet launched



Asymmetric NS-NS Merger

➔ jet is successfully launched, but then dissipates most of its kinetic 
energy into cloud of dynamical ejecta



NS-BH Merger
➔ no dynamical ejecta in polar regions → jet can expand freely 
➔ however, energy too low to explain majority of sGRBs



Summary

➔ neutrinos can have strong impact on Ye, ejecta mass, remnant cooling, MRI, and jet 
➔ r-process nucleosynthesis: 

• for neutrino-driven winds (from HMNS or disk): energy-dependent neutrino 
transport inevitable 

• for viscous-like winds: maybe no transport needed, leakage sufficient 

• for dynamical ejecta from NS-NS: e-dependent nu-transport desirable 

• for dynamical ejecta from NS-BH: nu-transport probably negligible 
➔ jets: 

• neutrino annihilation probably not the main agent, but could help clearing the 
funnel 

• for accurate annihilation rate: e-dependent nu-transport desirable 
➔ MRI in the remnant: 

• slowed down by neutrinos in the HMNS 
➔ still major challenge to combine nu-transport with GR and MHD but major steps have 

been taken by various groups 
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It could be worse…

(Just et al, in prep)
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➔ … in (2D) core-collapse supernovae small 
modifications in the nu-transport can decide if star 
explodes or not 


