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1. Supernovae of Type 11

SNII result from core collapse in massive stars once the core has burned Si into Fe and
there is no more energy to be gained by further nuclear fusion reactions. The mass range of
the progentitor stars is wide, from perhaps 8 to 100 M, and hence the characteristics of
the resulting SN, including the luminosity at maximum light, can vary a lot. This makes

SNII much less useful as cosmological probes than other types of SN.

1.1. Maximum Density

The maximum possible density for normal matter is that of the nucleons within an atomic
nucleus, assumed to prevail over the entire volume of the gas. We assume the material is
pure “Fe, and the radius of an atomic nucleus of “°Fe is 3 fermis (1 fermi = 107!3 c¢m).

Then paz = Prue, Where

56(1.6 x 10724
Prue = (4 13) o3

nuc

~ 8 x 10" gm/cm® ~ 10'° gm/cm®

At that high p, one has fully packed nuclear material. The equation of state then becomes

very stiff, and it is difficult to achieve a still higher p.

1.2. Massive Star Evolution (Pre-SN)

The table below, taken from the work of Arnett and collaborators (1989, ARAA, 27,
641), shows that although core H burning in a 20M, star may last 107 yr and core He
burning may last 10° yr, events move very rapidly as nuclear burning involves heavier fuels.
Si burning in the core of such a star takes only 2 days ! This is because the binding energy

difference per nucleon B/A for heavy nuclei does not increase much as A increases, so the
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amount of energy liberated in a typical nuclear fusion reaction is low, while the luminosity

of a high mass star is very large.

Si burning produces Fe. It requires p ~ 5 x 107 gm/cm?3, T ~ 4 x 10° K, and generates in
the core of a 20M, star a photon luminosity of 4 x 103® ergs and a neutrino luminosity
of 3 x 10% ergs; note the very high v luminosities for the latter stages of burning in the
table, L(phot) < L(v) at all subsequent stages after He burning, and very high L,, which

increases rapidly in the later stages prior to core collapse, unlike L(phot).

When Si burning is occuring, the core of the star is effectively a degenerate white dwarf,
with composition mostly Si mixed with some Fe, which is the product of burning Si. The
core has a mass of ~ 1.2M, (close to the Chandrsekhar mass limit for a stable white dwarf

with that chemical composition).

In the normal course of stellar evolution, as fuel in the core of the star is exhausted, the
core undergoes gravitational contraction, it heats up (virial theorem), a new fuel ignites,

raising both 7" and P, contraction stops, and the core expands back out.

For a Fe core, no more energy from nuclear fusion is available, the core contracts
gravitationally, and nominally 7" should increase from this, but the energy loss via neutrinos
is very high, the gas is highly degenerate, and there is no new nuclear source. So this
leads to further contraction, to a decrease in the mean kinetic energy/nucleon, a decrease
in pressure, and finally to collapse when the core becomes dynamically unstable or

M (core) > M(Chandrasekhar) for the appropriate chemical composition (mostly Fe).

1.3. Core Collapse in Massive Stars

The timescale for the collapse phase is very short. Recall that the dynamical timescale 4,

for the Sun is about 1 hour, and gy, ~ 1//Gp. For p ~ 10° gm/cm?®, t4,, < 1 sec. The



Table 1. Burning Stages in the Evolution of a 20M ,, Star

Fuel Pe T, T L(phot) L(v)
(gm/em?®) (10 K)  (yr)  (erg/sec) (erg/sec)
H 56 (0)  0.040  1.0(7)  2.7(38)
He 0.4(2) 019  95(5)  5.3(38) < 1.0(36)
C 2.7(5) 081 3.0(2)  4.3(38)  7.4(39)
Ne 4.0(6) 1.7 3.8(=1)  4.4(38)  1.2(43)
o) 6.0(6) 2.1 5.0(—1)  4.4(38)  7.4(43)
Si 4.9(7) 3.7 2days  4.4(38)  3.1(45)

A(B) denotes A x 105,



CORE-EVOLUTION 103
;117511T|liii\111llilTT'I!TiE!1i1}1.31|{|1r:II‘

M =24M, }/_,,r:' ol \0
Core Evolution : ST

/ 1&_4_,;?"/

SR TR e SNV B VO [ S ey
P~

-
P_,'rill]’lll"';’l!l‘l’lrlvl]

=
e
=
-
-
e
-
-
=
-
-
—
f—
i
=
s
-
.
i
-
-
=

2 3 s 5 8 7 8 BT

logio pe(8/cc) S
Fig. 10.2. Core Trajectories AT !\'}‘iJ g‘{w S R e .
chlw;j athe 815 i

|+ 1 L= L Rl S
m&ﬁf T PStRCK iR I e el T O T L S AT ST R R, T R T LS EANGS e i

P

Fig. 1.— The evolutionary path of a star with 4 to 32 M, in the p — T plane. The various
phases of burning are marked, from He to Si. The axes both have log scales. This figure is

from Dave Arnett’s book “Supernovae and Nucleosynthesis”.



collapse is VERY fast.

The maximum mass of a neutron star is derived from relativistic degeneracy in the same
way as is done for white dwarfs. The result for both is M, /Me = 1.46(2/p.)?. For a
white dwarf, p. = 2 but for a neutron star, g, = 1, so M4, = 5.8 M. If the mass of the
core of the star at the time when Si burning is completed and the core is mostly Fe exceeds
that value, collapse will lead to the formation of a black hole, otherwise a neutron star will

be formed.

Assume we have a 8 M, star at the time of Si burning (the initial mass may have been
substantially larger, mass loss is important at late stages), with a 1.2 M core consisting
of pure Fe. Collapse produces a neutron star. The core mass is unchanged. We calculate
the radius of the neutron star using the mass — radius relationship for non-relativistic
degenerate objects, replacing m, by m,, and setting u. to 2, as u. ~ 2/(1 + X), but there
is no hydrogen left. So in the non-relativistic limit, M/M, ~ 107%(R/Ry)(2/u.)® for

a degerate electron gas (i.e. white dwarfs), and M/M, ~ 5 x 107'(R/R) for neutron
stars. Thus p increases from ~ 10° gm/cm? to p ~ 10 gm/cm3, which is the same as what

we calculated approximately above for p,,.., the maximum possible density for nucleons.

We now estimate the difference in gravitational potential energy between an extremely
compact tightly bound neutron star and a white dwarf (also compact, but not as extreme).
Recall that @ = — ¢GM?/R = — 3.8 x 10 ergs for the Sun. For the stellar core,
AQ ~ GM?/R(ns), since R(ns) << R(WD). AQ ~ 6 x 105 ergs. This is the energy of

the core collapse which is available to power the SN.

Due to the extremely high density, there are a number of phenomena which occur during
core collapse that do not occur in normal stellar interiors. These include: electron capture
by nuclei (p + e~ — n + v,), neutronization, extremely large energy losses from neutrinos,

pair production, photodisintegration and inverse 3-decays. We discuss these in turn below.
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1.4. Photodisintegration

At T > 10° K, photons become very energetic. They are capable of “splitting” an atomic
nucleus when they impact one. We thus could have a reaction v + *Fe <= 13 *He + 4n.

The energy required for this is Q = [13m(*He) + 4m,, — m(*Fe)]c®* ~ 124 MeV.

Recall that T ~ 1.2 x 10* K corresponds to an energy of 1 eV, so for kT = 124 MeV, we

require 7'~ 1.5 x 10'? K, an extremely high T reached only in SN (and the Big Bang).

We can calculate the fraction of the Fe nuclei that are photodissociated.

13,4 13 4 13,14
Ny My, _ 9y gn(04 Cn) 6—124.4 MeV/KT
56 gs6 Cse

where C for each reactant is [2rmkT /h?]*/? and the statistical weights are g, = 2 (2 spin

states for neutrons) and g4 = gs6 = 1 (both in spin 0 ground states).

When p ~ 10° gm/cm® and T ~ 10'° K, the above equation shows that 3/4 of the nuclei
of ®Fe have been photodisintegrated. This is a prelude to full neutronization where with

further electron captures the a particles break up into individual neutrons.

1.5. Neutronization

Neutrons have a higher mass than protons, where [m(n) — m(p)]c* = 1.3 MeV. Normally
neutrons decay into protons on the relatively short timescale of ~900 sec via the reaction

n—p+ e + .

However, neutrons cannot decay if all the Fermi states allowed for the electron are already
filled up to its maximum energy of 1.3 MeV, where E(tot) = m.c* + Er = mcc* + 1.3 MeV.

So if Er > 1.3 MeV for electrons, the neutron cannot decay. We calculate the required



density, reacalling:

%]1/3 (8/3)’7{103[))7

_ _ 2 2 2 2\2
pr = h[gﬁ Ne = N (pFC) = E(tOt) _(mec)

where the extra factor of 2 in the equation for n,. is for the two spin states and Er is the

Fermi energy.

If p > p(crit), then Er > 1.3 MeV. In such case protons capture electrons (inverse §-decay)
to become neutrons, but the neutrons cannot decay back into protons and electrons. This

is the phenomenon called neutronization.

We calculate the energy required for neutronization. Consider breaking a nucleus of **Fe up
into 56 free neutrons. This is the inverse of the many nuclear reactions that fused 56 p or n
into an iron nucleus. Then Amc? ~ 8 x 10~* ergs/Fe nucleus (from the binding energy of
Fe). One Solar mass of pure “°Fe has 2 x 10%* gm/[56 x 1.6 x 1072* gm /Fe nucleus], so about
2 x 10% Fe nuclei. The total energy required for neutronization is then 1.8 x 10°? ergs. We
also must replace the energy carried off by the neutrinos during the 2 days of Si burning,

which is about 10%° ergs.

The energy released during the collapse due to the difference in gravitational binding energy

(6 x 10° ergs) is more than sufficient to cover these two items.

The pressure at this p and 7' is largely from the degenerate free electrons. If as p increases,
the free e~ are removed in producing the large number density of neutrons, the pressure
may not increase much, if at all, and 7,4 will decrease. It can in this way decrease below

4/3, the critical value for dynamical stability.
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1.6. Neutrino Losses

There are substantial neutrino losses associated with the process of neutronization, 1 for
every proton in a *°Fe nucleus. There are roughly 10°” free electrons in a 1.4M, Fe core,
one for each proton in the Fe nuclei, which produce roughly 10°7 v,. Each neutrino has an
energy of roughly 10 MeV per electron captured, so (recall that 1 eV = 1.6 x 1072 ergs)
this leads to a total emitted energy in neutrinos of about 1052 ergs. The energy emitted via

neutrinos of a SN is larger than that emitted in photons.

The predicted energy of the emerging neutrinos can be found by considering the core
luminosity, L. = 4rR2¢T{. Recall that for a mean free path for v in the core of [, the
escape time is t = R%/(lc). p > 3 x 10" gm/cm? is required for neutrino trapping. In that
case, the density is high enough that the neutrinos cannot just stream out, in which case ¢

would be R./c; the actual escape time is a factor of R/l slower.

This then becomes similar to propagation of light through the star emerging from its
atmosphere, and there is a corresponding neutrino atmosphere surface, which is located 1
mean free path length as calculated for neutrions below the outer surface of the star, much

deeper than the corresponding location of 7 = 1 for photons. We then have:

with [ evaluated for neutrinos in the stellar core. Assuming [ ~ 107*R, we find

10Teff(7/) = <T,>.

We can use the observations of SN 1987A, where the typical observed v had an energy of
about 10 MeV to find that the mean T in the core corresponded to KT ~ 100 MeV, which

corresponds to T ~ 10'%2 K.
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Fig. 2.— A schematic of the core of a massive star just prior to collapse. The surface from

which the neutrinos come is indicated as the v trapping surface. (Figure from KW)
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1.7. Pair Creation

If a photon has energy > 2m.c?, then the usual pair annihilation, e~ + et — 2v can
proceed in reverse, i.e. pair creation. Pair creation reduces 7,4, effectively behaving like
an ionization zone. This can fall below 4/3, which is the value required for dynamical
instability. Once p becomes very high, pair creation is suppressed because the lower energy

states for the electron are all filled.

1.8. Progenitor

In at least two cases (for SN1987A in the LMC and for SN1993J in the nearby galaxy
MS81) the progenitor star (the star before it exploded) was identified through archival

images. In both cases, it appeared to be a luminous supergiant.

1.9. Ejected Material

The outer layers of a massive star undergoing core collapse do not collapse. We found
above that the collapse time is less than 1 sec. The core radius prior to collapse is that of a
white dwarf, ~ 1072R,. But the total stellar radius is perhaps 10 R based on the scaling
we found earlier, R oc M%™. The timescale for the outer parts of the star to find out about
the collapse is ~ R/cs, where ¢ is the speed of sound in the gas. But ¢, = \/’Y?/P For
the outer parts of the star, ¢, ~ 107 cm/sec. It will thus take 7 x 10 /107 = 7 x 10* sec
for the outer parts of the star to be aware of the collapse of the stellar core. This is a factor
of more than 10° times longer than the duration of the collapse, so even if our rough guess

for ¢, is off by 100, it does not matter.

So the core collapses very rapidly while the outer parts of the star hang suspended over it.
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Much of the material in the outer parts of the star may subsequently fall onto the core,
while much material may be ejected by the explosion that follows. The exact mechanism of

the explosion/ejection of material (shocks presumably) is not well understood.

The SN produces large amounts of Fe-peak elements Co, Fe and Ni, some of which end up
being ejected. The initial Ni decays with a 6.1 day half life into **Co, which decays with
a 77 day half life into *Fe, a stable nucleus. After the shocks of the initial SN explosion
(which determine the early time light curve) have faded away, these radioactive decays
power the SN, and we can predict the late time luminosity of the SN directly from their
energy input, as is shown in the figures. Furthermore we can directly detect strong emission
lines of Fe, Ni and Co in the optical, IR and 7-ray spectra of SN to establish the presence

of a substantial amount of Fe-peak nuclei.

Once the SN fades below detectability, we should see the remnant (a pulsar or a neutron
star). The search for the remnant of SN 1987A has not yet yielded a detection of such,
which is somewhat surprising. But neutron star remnants have been detected for some
Galactic SN, some of which are seen as pulsars, with a few detected in deep images as
point sources. (See the paper “Limits on the Detection From the HST on a Point Source
in SN 1987A” by Graves et al, 2006, which also includes a table of the Galactic remnant

detections.)

The expansion of the remnant can be measured through comparison of a set of images
taken over several years — this yields the velocity of the debris, not of the initial SN, which
is determined from the width of spectral features near maximum light. The former is about

3000 km/sec for SN 1987A, while the latter is closer to 25,000 km/sec in most cases.

The ejected material will contain lots of light elements such as C, N, O, Mg, etc from
the onion skin outer layers of the star, which represent the ashes from previous epochs of

nuclear burning, and which are ejected in their entirety, as well as some Co, Fe and Ni from
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the region closer to the core. This ejected material will mix with the ISM (which may also
contain much material previously lost from the star). This forms the supernova remnant,
a large complex region around the SN which can be studied in detail with spectroscopy at
various wavelengths. The ejected material will enhance the heavy element content of the
ISM and thus of the next generation of stars that form from this gas. The details of this
depend on the mass cut for fallback, the initial mass of the star and the mass lost prior to

core collapse. as well as on the energy of the SN.
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Figure 5 Bolometric light curve of Supernova 1987A. Points are inferred from data obtained
at the Cerro Tololo Inter-American Observatory [CTIO (172, 306, 307)] and the South
African Astronomical Observatory [SAAO (90, 91, 344)]. The dashed line would be the result
of the 100% conversion of the decay energy of 0.075 M 5 of *Ni (and later *Co) to the forms
of radiation detected by CTIO and SAAOQ (ultraviolet, optical, and infrared). The increasing
difference in slope between CTIO and SAAQ values has been identified with a difference in
cutoff, which allows Ca II 8542 emission lines to be included in SAAO but not CTIO (238).
In what follows we graph only the SAAQ data for clarity. At late times, X rays and gamma
rays escape from the supernova and the data fall below the dashed line.

Fig. 3.— The bolometric light curve for SN 1987A up to 700 days after the explosion. The
dashed line is that predicted based on radioactive decays of 0.08 M of *Ni decaying to
%Co and then to *Fe. (Figure from review by Arnett et al, 1989, ARAA, 27)
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Figure | Luminosities and radioactive energy sources of SN1987A. Solid curve—total
radioactive power, L, (1) (assuming initial abundance ratios [*’Co/**Co], = 1.5[*"Fe/**Fe],
and [**Ti/**Co], = 1.0[**Ca/*°Fe],). Dashed curve—radioactive power deposited in envelope
(cf Woosley et al 1989). Thin solid lines and dashed curves show contributions from individual
isotopes to total luminosity and deposited power, respectively. Observed U to 20 um lumin-
osities and V-magnitudes are from Suntzeff et al (1992).
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Fig. 4— The predicted luminosity of SN 1987A at late times compared to that predicted

from radioactive decays. (Figure from review by McCray et al, 1989, ARAA, 31)
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Figure 2 Fractions, f, = Lu/Ln. of total radioactive power that emerge in various bands,
where L, is given by Figure 1. U to M data are from Catchpole et al (1987, 1988, 1989)
and Whitelock et al (1988, 1989, 1991). X rays and gamma rays: solid curve—inferred by
Chugai (1990); dot-dashed curve—model by Kumagai et al (1989); data are from Leising &
Share (1990), Sunyaev et al (1990), and Kurfess et al (1992). Infrared continuum from dust:
Whitelock et al (1989), Dwek et al (1992), Meikle et al (1993), Wooden et al (1993). UV
(1150-3200 A)—Panagia & Gilmozzi (1991). Upper solid curve—bolometric luminosity
including X rays and gamma rays.

Fig. 5.— The predicted luminosity of SN 1987A with the contributions over various
wavelength regimes indicated. Note the importance of dust at late times. (Figure from

review by McCray et al, 1989, ARAA, 31)
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Figure 9 The projected future bolometric light curve (363) based upon a model (@) in which
only radioactivity contributes or () in which an additional central energy source equal to
10 or 100 times that of the pulsed emission of the Crab pulsar (assumed to be 5 x 10 erg
s~') is present. An additional source having the total spin-down power of the Crab (about
100 L ) 15 already excluded. Data from the South African Astronomical Observatory up
lo day 700 shows a marked deviation below the calculated curve, which alrcady includes
time-dependent gamma-ray transparency. Perhaps clumping is indicated. As this paper goes
to press, the late-time bolometric emission is becoming difficult to determine accurately
owing to substantial emission in the M-band and longer wavelengths.

Fig. 6.— The search for a remnant in SN 1987A. Predicted light curves for radioactive
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Figure 10 The infrared spectrum of SN [987A, taken in mid-April 1988 (410 days) from

the Kuiper Airborne Observatory, showing the presence of many heavy elements created in
the explosion (350).

Fig. 7.— The infrared spectrum of SN 1987A take 410 days after the explosion. Note the
presence of unepectedly strong lines of Ni and of Co, which normally are not detectable.

(Figure from review by Arnett et al, 1989, ARAA, 27)
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SN B87A

Figure: "WFFC2 image of SI 1987 A and its neighborhood, taken with the FE14%W () filter on 1934 September 24 (day 2770)

Fig. 8.— The debris from the explosion of SN 1987A viewed at late time (day 2770),
as seen by WEFPC2 on HST
with a F814W filter (see www.stsci.edu/stsci/meetins/shst2/puncs.html). The expansion
velocity of the debris measured with a time sequence of images is ~3000 km/sec. The rings
represent material ejected from the aging star prior to the SN that were ionized by the UV
photons from the SN event — they are not part of the actual SN ejecta, which at the time
this image was obtained, was still very small in apparent diameter. Note that the previous

ejection episodes must have been highly aspherical.
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Fig. 9.— The light echo of SN1987A as seen in 1988, from Crotts, 1988, ApJL, 333, L51.

This allows study of the ISM and previously ejected material around the SN.
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2. Type Ia Supernovae

SNIa are very different from SNII. Their spectra show no signs of hydrogen. Their spectra
and light curves are more homogenous, and they are more luminous, than are SNII. It is for
these reasons that SNIa have become important tools for cosmology, behaving as standard
candles that can be identified and monitored for 100 days or more on the ground out to

redshifts near 1 and to even larger redshifts from HST.

The lack of H in their spectra means that the progenitor star of a SNIa must have lost
its entire outer enveolope down to the radius at which H has been converted into He. This

is only possible at late stages of stellar evolution.
No neutron star remnant has been detected for any SNIa.

Their suggested origin is a thermonuclear explosion on a C+0O white dwarf near
the Chandrasekhar mass, which somehow receives additional material to reach a mass
higher than that limit. The ignition of fuel in a degenerate white dwarf could produce an
detonation similar to a bomb. The white dwarf origin imposes a very limited mass range
for SNIa progenitors, and helps ensure the observed uniformity of their properties. Since
the progenitor star is suspected to be a white dwarf, i.e. of very low luminosity, it is no

surprise that no progenitor star has been identified for any SNIa in a nearby galaxy.

There have been two suggested mechanisms to achieve SNIa. The first involves
accretion from some companion object, while the second involves the merging of two white
dwarfs in a close binary system. This merging is sure to happen due to loss of energy via
gravitational radiation. At present, given the continued uniformity observed for SNIa events
even as the samples of well studied objects grow larger, the accretion model onto a single

white dwarf seems to be favored.

The late time light curves show the characteristic declining exponential one expects
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from input of energy from radioactive decays discussed earlier for SNII. SNIa light curves

and spectra can be modelled fairly well.

The spectra of SNIa show the presence of some light elements (Ca, Si) as well as the
Fe-peak elements. Thus the early models assuming a detonation wave sweeping over the
entire star at the speed of sound have been ruled out, as in this case all the stellar matter

would have been converted to Fe-peak elements.
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Fig. 10.— The spectra of two local SNIa. Note the absence of hydrogen and the very broad
lines of Ca and Fe. The narrow Ha line is coming from circumstellar or interstellar material

around the SN, not from the SN itself. (from Aldering et al, 2006, ApJ)
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Fig. 11.— Optical spectra of a collection of local and intermediate redshift SNIa are

compared, shifted to the rest frame of each.
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Fig. 12.— Multi-color light curves for the nearby SN 2002bo from the UV to the IR. Figure
from Krisciunas, Suntzeff, et al, 2005, ApJ.
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Fig. 1 Observed light-curves points of the SN Ia SNL5-04D3fk
in gag. ryg, fy and zyy bands, along with the multi-color light-
curve model (described in Section [3.1). Note the regular sam-
pling of the observations both before and after maximum light.

With a SN redshift of 0.358, the four measured pass-bands lie
in the wavelength range of the light-curve model, defined by

resi-frame U7 to & bands, and all light-curves points are there-
fore fitted simultanecusly with only four free parameters (pho-
tomeiric normalization. date of maximum, a stretch and a color
parameter).
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Fig. 22— The Hubkble diagram mmcluding the SNe presented in this study, using schd
symhbaols, and those of Riess et al. {1995) and Tonry =t al. (2003}, using open aymbals. Error
bars correspond to 1o, The upper panel shows the standard diagram., including the curves
corresponding to the luminosity distances for umiverses with various paramsters, as given
in the legend. The lower panel shows the differential Hubble diagram, where the ordinats
corresponds to the difference between the distance moduli observed (for SMe) and computed
(for models) with the empty universe. The legend for line types is the same as in the upper

panel.

Fig. 14.— The Hubble diagram for SNIa showing how they are used as standard candles for
cosmology. This Fig. is from “HST and Ground Based Observations of SNla...” Clocchiatti,
Schmidt, Filippenko..., 2006.
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3. SN Searches

In the 1940s, Fritz Zwicky searched for SN using the Palomar Schmidt, which he had built
specifically for this purpose. Now, with the importance of SNIa for cosmology, an enormous
effort is going into finding and characterizing SN, with the required spectroscopic follow up

concentrating mostly on SNIa.
Among the ongoing surveys are:

(Local Surveys) Nearby SN Factory (detection and spectroscopic followup, uses digital
image survey at Palomar Schmidt), Carnegie SN project (IR light curves and optical

spectroscopy), SDSS SN Survey - just starting up
(Distant SN):

Supernova Legacy Survey (CFHT) in their first year’s operation of a planned 5 years
they found 71 high redshit SN Ia with the Megacam at the CFHT using repeated imaging

of four 1 sq deg fields in 4 bands. Extensive followup with Keck and VLT for spectroscopy.
ESSENCE: a 5 year ground based project to detect 200 SN Ia 0.2 < 2 < 0.8

Many other such surveys, both ground based and space based (proposed Dark Energy

Mission) are in the planning or early implementation phases.



