Lecture 14

Neutrino-Powered Explosions,
Rotation, and Mixing

For the next 30 years little progress was made though
there were speculations:

Hoyle (1946) - supernovae are due to a rotational
bounce!!

Hoyle and Fowler (1960) — Type I supernovae are due to
the explosions of white dwarf stars

Fowler and Hoyle (1964) — other supernovae are due to thermonuclear
burning in massive stars — aided by
rotation and magnetic fields

Baade and Zwicky, Proceedings of the National Academy
of Sciences, (1934)

“With all reserve we advance the view that a supernova
represents the transition of an ordinary star into a neutron star
consisting mainly of neutrons. Such a star may possess a very
small radius and an extremely high density. As neutrons can be
packed much more closely than ordinary nuclei and electrons, the
gravitational packing energy in a cold neutron star may become
very large, and under certain conditions, may far exceed the ordinary
nuclear packing fractions ...”

Chadwick discovered the neutron

in 1932 though the idea of a neutral
massive particle had been around
since Rutherford, 1920.

The explosion is mediated by neutrino energy transport ....

THE HYDRODYNAMIC BEHAVIOR OF
SUPERNOVAE EXPLOSIONS*

St1rRLING A. COLGATE AND RicHARD H. WHITE
Lawrence Radiation Laboratory, University of California, Livermore, California
Received June 29, 1965

ABSTRACT

We regard the release of gravitational energy attending a dynamic change in configuration to be the
primary energy source in supernovae explosions, Although we were initially inspired by and agree in
detail with the mechanism for initiating gravitational instability proposed by Burbidge, Burbidge,
Fowler, and Hoyle, we find that the dynamical implosion is so violent that an energy many times greater
than the available thermonuclear energy is released from the star’s core and transferred to the star’s
mantle in a supernova explosion. The energy released corresponds to the change in gravitational potential
of the unstable imploding core; the transfer of energy takes place by the emission and deposition of
neutrinos,

Colgate and White, (1966), ApJ, 143, 626
see also
Arnett, (1966), Canadian J Phys, 44, 2553
Wilson, (1971), ApJ, 163, 209
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Preliminary: The neutrino emission

of a young neutron star?
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FiG. 1.—Emergent neutrino luminosities from the period just prior to core
bounce (at 112.6 ms) to ~100 ms after bounce. The curves are (m' electron

Myra and Burrows, (1990), 4pJ, 364, 222

Neutrino luminosities of order 10° are
maintained for several seconds after an
initial burst from shock break out.

At late times the luminosities in each flavor
are comparable though the u - and 7 -
neutrinos are hotter than the electron neutrinos.
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Fi6. 2—Neutrino luminosity L, for the six neutrino types as labeled as a
function of time in the 20 M, supernova model.
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FiG. 3—Mean neutrino encrgy «, weighted by the square of the neutrino
energy for the six neutrino types as a function of time in the 20 M, supernova
model.

Woosley et al. (1994), ApJ,, 433, 229
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Cosmological Neutrino Flux
Ando, 2004, ApJ, 607, 20

TABLE 2
FrLux anp EVENT RATE oF SuPERNOVA RELIC NEUTRINOS

%

Aemer DELEPTONIGRTION

N @iof)

Fruox EvENT RATE
(em™2 s71) [(22.5 kton yr)~']
MoDEL REDSHIFT RANGE Total E, > 113 MeV E, > 193 MeV E, > 10 MeV E, > 18 MeV
Normal Mass Hierarchy
Ll Total 11.7 23 0.46 23 1.0
0<z<1? 4.1(353) 1.6 (70.9) 0.39 (85.2) 1.7 (77.5) 09 (87.5)
l<z<2 4.9 (42.0) 0.6 (26.3) 0.06 (14.0) 0.5 (20.6) 0.1 (11.9)
2<z<3 1.8 (15.1) 0.1 (2.5) 0.0 (0.7) 0.0 (1.7) 0.0 (0.5)
3<z< s 0.6 (5.3) 0.0 (0.2) 0.0 (0.0) 0.0 (0.1) 0.0 (0.0)
4<z< 5 02 (2.1) 0.0 (0.0) 0.0 (0.0) 0.0 (0.0) 0.0 (0.0)
TBP ..o Total 16.1 13 0.14 0.97 0.25
KRT.. Total 12.7 2.0 0.28 1.7 0.53

LL = Livermore group (1998); TBP = Thompson, Burrows and Pinto (2003);
KRJ = Keil, Raffelt, and Janka (2003)
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DSNB Detection Perspectives

The DSNB has not been observed yet. Most stringent limit is from Super-Kamiokande (SK):

¢p. <2.8—-3.0cm 25" forE>17.3MeV

Concept ‘sllleiz‘ detection ex]}erir}mnt fiducial mass everifs )
(MeV) processes (location) (kt) per year
H,0 19.3 - 30 Te (p.m)cT SK (Japan) 22.5 0.25 - 1.40
[17.3 = 30] ve (190, X)e DUSEL WC (USA) 300 3.3 - 18.7
v (0. X)e! MEMPHYS (Europe) 110 1.9-275
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Scintillator |~ 8 — 30 7e (p.m)e’ LENA (Europe) 50 10-54
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NEUTRINO BURST
OBSERVED FEBRUARY 23,1987

o Originated from SN 1987A in the Large Magel-
lanic%loud, 55 kpe distant. First sigua?from su-
pernova (supernova detected optically, neutrino
data then searched).

e Detected in 3 locations - IMB - Cleveland;
Kamiokande - Japan; and Baksan - USSR.

*
e Observed at Kamiokande and IMB - 19 nentrino
events, energies 8 to 40 VeV Taferred neutrino

temperature - 5 MeV. Total neutrino energy in-
ferred at LMC - 2 to 5 x 10°3 erg. Duration about
10 s with most emission during first 3 s.

o Neutrino flux at Earth about 5 x 101° cm-2s-1.
e Observed coming through the Earth!

o Arrival at same time as light puts limits on neu-
trino mass (very small)

K II 2140 tons H,0O
IMB 6400 tons  “

Cerenkov radiation from

v(p,n)e" - dominates
v(e,e)n - relativistic e
all flavors v

less than solar neutrino
flux but neutrinos more
energetic individually.
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At densities above nuclear, the coherent scattering
cross section (see last lecture) is no longer appropriate.
One instead has scattering and absorption on individual

neutrons and protons.

E 2
Scattering: &k =1.0x107° ‘| cm’gm’”
. MeV

Absorption: Kk, =4K

The actual neutrino energy needs to be obtained from a simulation
but is at least tens of MeV. Take 50 MeV for the example here.

Then x,~10""cm” g". Gives [ . ~ 1 mand 7, ~ few seconds.

Neutrino Burst Properties:

2
E, EACL M=15M,
5 R
~3x10% erg R=10km

emitted roughly equally in v, v,,v,,V, v, and v,

Time scale
T ™ [R—zj / :L
lc K,p
k,~10"%cm® gm™ fore, = 50 MeV (next page)
p ~3x10" gmem® = [/~ 30cm R ~20 km
Toig ~ ((ZL()é)lzo ]N S sec Very approximate
30.3%10

Temperature:

E =10 ergs” per flavor

Diff

L =
6T

z%@mm#):nzuMw

for R, = 20 kmand 7, =3 sec
Actually EV is a little bit smaller and
T, 18 a little bit longer but 4.5 MeV
is about right.

A victory for theory



Back to supernovae:

There were fundamental problems in the late 1960’ s and early

1970’ s that precluded a physically complete description: BBAL 1979

® The explosion was low entropy

® Lack of realistic progenitor models (addressed in the 80s) « Heat  of excited stat
eat capacity of excitead states

EQUATION OF STATE IN THE GRAVITATIONAL COLLAPSE OF

STARS kept temperature low

® Primitive radiation transport or none

H. A. BETHE

® Collapse continues to nuclear

The Niels Bohr Institute, DK-2100 Copenhagen @, Denmark
; nd density and beyond
®Neglect of weak neutral currents — discovered 1974 .. BROWNYY, . APPLEGATEN and 1 M, LATTIMER? y y
NORDITA, DK-2100 Ce n @, Denmark
Received 12 February 1979 ¢ Bounce on the nuclear

repulsive force

considerations, the crucial

® Uncertainty in the equation of state at super-nuclear
densities (started to be addressed in the 80s)

of unity (in units of k),

into the nuclei at higher de

® Possible strong hydrodynamic
explosion - no longer believed

tter densities, at which pc nu are

squeezed out nucleon prevents the appearance of drip nucleons,
q L

which wor
We find that el

ropy
aptured by nuclei, the capture on free protons being negligible in

¢ Inability to do realistic multi-dimensional models
- the current frontier

® Missing fundamental physics (still discussed — flavor mixing?)

v » Y
14 25 Mg J
- t:1.05%
‘THE ASTROPHYSICAL JOURNAL, 295: 14-23, 1985 August | 2
© 95 o et s, et oot U3 past bounce
121~ —
* Ty % 4.5 MeV
REVIVAL OF A STALLED SUPERNOVA SHOCK BY NEUTRINO HEATING 1M —
HaNs A. BETHE I~~~ )
Laboratory of Nuclear Studies, Cornell University S0 - Y |
AND §
JAMES R. WILSON & L
Lawrence Livermore National Laboratory =9 Ve eapture on fij
Received 1984 March 23; accepted 1985 February 5 ; Hot \
S B[ neutron ", P, \ater =1
ABSTRACT ~ star vie
We analyze the mechanism for revival of a stalled supernova shock found by one of us (J. R. W.) in a wakt 2k
computation. Neutrinos from the hot, inner core of the supernova are absorbed in the outer layers, and 7}T~30 MV "“3 phaci =
although only about 0.1% of their energy is so absorbed, this is cnough to eject the outer part of the star and
leave only enough mass-to form a neutron star. The neutrino absorption is independent of the density of 61 3
material. After the shock recedes to some extent, neutrino heating establishes a sufficient pressure gradient to
push the material beyond about 150 km outward, while the material further in falls rapidly toward the core.
This makes the density near 150 km decrease spectacularly, creating a quasi-vacuum in which the pressure is 5
mainly carried by radiation. This is a perfect condition to make the internal energy of the matter sufficient to
escape from the gravitational attraction of the star. The net energy of the outgoing shock is about 4 x 10° A = 5;"5";;
ergs. - = 0.5 MeV -
Subject headings: neutrinos — shock waves — stars: supernovae § = 100-250 l/
3 . . Envelope. =
6 7 8 9

* See also conference proceedings by Wilson (1982) e i
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Herant and Woosley, 1995. 15 solar mass star.
successful explosion.
(see also Herant, Benz, & Colgate (1992), ApJ, 395, 642)

Velocity

Neutrinosphere

Mayle and Wilson (1988)

Energy deposition here drives convection
Bethe, (1990), RMP, 62, 801

—> .. .

|, (see also Burrows, Arnett, Wilson, Epstein, ...)
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Accretion Shock

Inside the shock, matter is in approximate hydrostatic equilibrium.
Inside the gain radius there is net energy loss to neutrinos. Outside
there is net energy gain from neutrino deposition. At any one time there
is about 0.1 solar masses in the gain region absorbing a few percent

of the neutrino luminosity.



Janka et al (2012)

PTEP.

8.8-Solar mass Progenitor of Nomoto: Neutrino-driven Wind Explosion

Burrows et al ,
2007, AIPC,

937, 370

Explosion energy

<10% erg

Core bounce at
nuclear density

Gravitational instability
of stellar core

Si

Shock
wave

Proto-neution star

Shock stagnation

Accretion

Shock
wave

Proto-naytron star

Explosion Explosion and

nucleosynthesis

Neutrino-
driven “wind"

Proto-neutron star
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Burrows (2005)

ENTROPY
PLOT

TIME (SEC)
0.001

SCALE (xr)
300

15 Solar masses — exploded with an energy of order 10°' erg.
see also Janka and Mueller, (1996), A&A4, 306, 167




ENTROPY
PLOT

TIME (SEC)
0.299

At 408 ms, KE = 0.42 foe, stored dissociation energy is 0.38 foe, and
the total explosion energy is still growing at 4.4 foe/s

Iso-Density Surfaces
Entropy Coloring
Time =-31.5ms
Radius = 7000.00 km

Mezzacappa et al. (1998), ApJ,
495,911.

Using 15 solar mass progenitor
WWO5. Run for 500 ms.

1D flux limited multi-group
neutrino transport coupled to
2D hydro.

No explosion.
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Figure 1: Neutron star velocities and accelerations at one second after core bounce for a

sample of simulations [4]. Differcnt symbols denote different progenitor stars.

Also Helpful

® Decline in the accretion rate and accompanying ram pressure
as time passes

® A shock that stalls at a large radius

| 14000 km 1 F 1200 km |

® Accretion sustaining a high neutrino luminosity as time
. . . . Figure 2: Three-dimensional simulation [7] one second after core bounce. The bright structure
passes (able to continue at some angles in multi-D calculations i surface of constant proton-to-neutron ratio which roughly marks the outer boundarics of
. the neutrino-heated high-entropy bubbles. The dark surface, blown up in the right figure, is
even as the explosion develops). defined by a constant value for the mass flux per unit area and defines a downflow of matter

towards the nentron star, the surface of which is indicated by the black sphere (corresponding
1o a density of 10Mg/em®).

Janka et al. 2012, Prog. Theor. Exp. Phys., 01A309
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Weak explosions for all 6 models in 2D except for 25 solar masses



Janka et al (2012) 25 solar masses — note SASI
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Two plots for north and south polar regions

Challenges

® Tough physics — nuclear EOS, neutrino opacities

® Tough problem computationally — must be 3D (convection
is important). 6 flavors of neutrinos out of thermal equilibrium
(thick to thin region crucial). Must be follwoed with multi-energy
group and multi-angles

® Magnetic fields and rotation may be important
® If a black hole forms, problem must be done using relativistic

(magnto-)hydrodynamics (general relativity, special relativity,
magnetohydrodynamics)

# [£/nucleon]

Outcome sensitive to resolution and initial perturbations —
Couch and Ott (2015)

‘THE ASTROPHYSICAL JOURNAL, 799:5 (12pp), 2015 January 20 Coucr & OrT

nomo 1.00° n3m1 1.00° n5m1 1.00° n13m11.00

500 km
500 km
500 km
500 km

n33m1 1.00" n5m15 1.00" n5m2 1.00° n13m2 1.00

500 km
500 km
500 km
500—km

nOmo 1.02: n5m15 1.02 n13m21.02

500 km
500 km

Figure 1. Volume renderings of specific entropy for several of the 3D simulations at 150ms after bounce. Darker, red colors correspond to specific entropies of
~14 ky baryon~" while lighter, yellow colors correspond to entropies of ~18 ky baryon™!. The blue colors, which highlight the shock surface and the lower-entropy
cooling region near the protoneutron star, correspond to specific entropies of ~5 kg baryon ™. Models with stronger perturbations show higher specific entropies in
the gain layer and a greater shock extension. This is a result of the stronger turbulence and concomitant higher neutrino heating efficiency and turbulent pressure in
these models.

When Massive Stars Die,
How Do They Explode?

— |

Neutron Star Neutron Star Black Hole
+ + +
Neutrinos Rotation Rotation

Colgate and White (1966)

Arnett Hoyle (1946) Bodenheimer and Woosley (1983)
Wilson Fowler and Hoyle (1964) Woosley (1993)
Bethe LeBlanc and Wilson (1970) MacFadyen and Woosley (1999)
Janka Ostriker and Gunn (1971) Narayan (2004)
Herant Bisnovatyi-Kogan (1971)
Burrows Meier
Fryer Wheeler
Mezzacappa Usov All of the above?
etc. Thompson
etc

10 20 35M,



The answer depends on the mass of the core of helium
and heavy elements when the star dies and on its angular
momentum distribution.

| iy
| gpp o b"
1)) [ /i

Burrows et al 2007, Ap.J, 664, 416

m156 3.14 bp10
B-Field

i

me = 855.5 ms
adius = 3000.00 km

Rotationally Powered Models

Common theme:

Need iron core rotation at death to correspond to a
pulsar of < 5 ms period if rotation and B-fields are to matter.
This is much faster than observed in common pulsars.

A concern:
If calculate the presupernova evolution with the same efficient

magnetic field generating algorithms as used in some core collapse
simulations, will it be rotating at all?

3D, GR-MHD

“Leakage scheme” for neutrinos

Mosta, Ott, et al (2014)

Does not produce explosion or jets during time followed



Assuming the emission of high amplitude ultra-relativistic

MHD waves, one has a radiated power
P~6x10% (1 ms/P)* (B/10" gauss)® erg s
and a total rotational kinetic energy

E, ~4 x 107 (1 ms/P)’* (10 km/R)* erg

For magnetic fields to matter one thus needs magnetar-like
magnetic fields and rotation periods (for the cold neutron
star) of < 5 ms. This is inconsistent with what is seen in
common pulsars. Where did the energy go?

Aside: Note an interesting trend. Bigger stars are
harder to explode using neutrinos because they
are more tightly bound and have big iron cores.

But they also rotate faster when they die.

Table 4: Pulsar Rotation Rate With Variable Remnant Mass®
b Gravitational®  J{(Mpary ) BE Period?

Mass Baryon

(M) (Mo) (10%ergs) (10%erg)  (ms)
12My 138 1.26 5.2 2.3 15
15Mg 147 1.33 7.5 2.5 11
20My 171 1.52 14 3.4 7.0
2B5My 1.8 1.66 17 41 6.3
35Mg 2,30 1.97 4 6.0 3.0

@ Assuming a constant radius of 12 km and a moment of inertia 0.350M R? (Lattimer & Prakash
2001)

*Mass before collapse where specific entropy is 4 kg/baryon Magnetic torques as
“Mass corrected for neutrino losses described by Spruit, A&,
INot corrected for angular momentum carried away by neutrinos 381, 923, (2002)

¢ Became a Wolf-Rayet star during helium burning

Table 5: Periods and Angular Momentum Estimates for Observed Young Pulsars

current initial Jo

pulsar (ms)  {(ms) (ergs)

PSR J0537-6910 (N157B, LMC) 16 ~10  8.8x10%

PSR B0531421 {crab) ......... 33 21 4.2x10%
PSR, B0540-69 (LMC) ......... 50 39 2.3x10¥
PSR B1509-58 ................ 150 20 4.4x107

Mixing During
the Explosion



out.

=|Rayleigh-Taylor instability and mixing
AL AL L N N E B BN B SN B B B =
3x10% [— _
- — H eavelope -
Bx10® - = ]
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.E -
I i

30

The Reverse Shock and Rayleigh-Taylor Instability:

The Sedov solution (adiabatic blast wave)

For p=Ar®
1 1
— fo5 I 50 [0-3)/(-0)
Voo = A E0t w<5
— —_ 1
w=3 — v, . =constant R
Rg=| — v = dimension of space

w<3 — v, slowsdown oA

1,2,0r3
o = const = f(v)
Korobeinikov (1961)

w>3 = v, speeds up
If pr’ increases with radius, the shock will slow down.

The information that slowing is occuring will propagate inwards

as a decelerating force directed towards the center. This force

is in the opposite direction to the density gradient, since the density,

even after the explosion, generally decreases for the material farther

Velocity (cm/s)

Example:

For constant density and an adiabatic blast wave.

The constants of the problem are £, , and p. We seek
a solution r (¢, E, ., p). Assume that these are the only
variables to which 7 is sensitive.

2
. m cm
Units E g—z

©

1/5
dr 2 E B L.
== = Z | Zwidal | 35 which is our @=0 case
dt 5 P
He Corc
sno'—w—-,—,—s“. LA L L L o o e
100y .

e Shock Propagation

20 Mg

oo

4x10°"

ax10° |

Reverst shock
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¥ (em)

210° A R U i A 3x10% 25 solar mass supernova, 1.2 x 103! erg explosion
20x10'3 -45
9
1.5x10 -5.0
15x1013
o
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s Log10 Density (g/cm?) Diagnosing an explosion
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Kifonidis et al. (2001), Ap.JL, 531, 123
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i Left - Cas-A SNR as seen by the Chandra Observatory Aug. 19, 1999
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i The red material on the left outer edge is enriched in iron. The greenish-white
r = region is enriched in silicon. Why are elements made in the middle on the outside?
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a00x10'? as0x10'?  soox10' 85010 1ooxa0™  1.08x10™ Right - 2D simulation of explosion and mixing in a massive star - Kifonidis et
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PSR J0437-4715
PSR 4101248307
PSR J1046-4509

PSR J1713+07
PSR B1o02-07

PSR J1804-2718

PSR B1855+00

PSR J2019+2425

Neutron star masses (2007):

et T —

3 ot PSR B1618+49

— o PSR B1518+49 companion
PSR B1634+12

PSR B1534+12 companion
PSR B1813+18

PSR B1913+18 companion
PSR B2127+11C |
PSR B2127+11C companion
PSR B2303+48 |
PSR B2303+46

T—AAJf;? -‘. —

k-3 ---lo

'Iiéﬁs'o’lire?al,‘Sc[ence, 307,
4_33‘92, (2005) find compelling
evidence fora 1.68 solar

mgass, neutron star in Terzian 5
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Neutron star mass (M,)
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1
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Vertical line is at
1.35+ 0.04 M,

If in the models the mass cut is

taken at the edge of the iron core

the average gravitational mass for
for stars in the 10 — 21 solar mass
range is (12 models; above this black
holes start to form by fall back):

1.38£0.16 M,

If one instead uses the S =4
criterion, the average from 10 —
21 solar masses is

1.45+0.18M,,

From 10 to 27 solar masses the
average is

1.53+£0.22 M

Binary membership

Caveats< Minimum mass neutron star

Small number statistics

Neutron star masses (2015):

Baryonic Mass
1 1.3 1.4 1.5 1.6 1.7 1.9 Observed
MBS Schwab 2010
. OM, <M<10M,
18 B 10M,<M<13M,
EE 13M,<M<15M,
B 15M,<M<18 M,
6L ml 18M, <M< 120 M,
I
a8
4l Sukhbold et al (2015)
2F
qA 1.2 1.3 14 1.5 1.6 1.7

TABLE 2. INTEGRATED STATISTICS (SEE § 4.2 FOR DESCRIPTIONS)

Cal. E (erg)x10°'M; (Mg) Mg (Mg) Mg (Mg) Muia (Mg) SN%  (SN> 20)%
W15 0.70x 1051 1.539 1.368 0.044 0.055 63 8.7
Wis 0.74x 1051 1.544 1.368 0.047 0.058 64 10.0
W20 0.60x 1051 1.544 1.368 0.049 0.040 49 4.0

N20 0.89x10°1  1.543 1.368 0.053 0.071 71 14.8




