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Introduction

Light curves:
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thesdCo decay (i.e. 111.23days)

—== The y-rays escape with decreased deposition,
owing to the low mass nature of the ejecta.
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SNelbc late LCs: e-folding time faster than

thesdCo decay (i.e. 111.23days)

owing to the low mass nature of the ejecta.

—==- The y-rays escape with decreased deposition,

% Luminosity evolution in homogously expanding spherical ejecta

point source y —ray deposition from. : *Ni.="Co—"Fe

— Simple y —ray depositionmodel :

Total y—ray opti. depthf: T ock XM ij/ EXt”
The emergent Luminosity: L(t)=L, (t)X[1-exp(-(1))]

v(r,t)=rlt; p(r,t)ocr " (t), and. Cst opacity k. throughout the ejecta

Lo(t): computed on the basis ot radioactive decay properties
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The parametrized SN synthetic spectrum code "SYNOW™

(Jeffery & Branch 1990; Branch 2001; Elmhamdi et al. 2006) )
SYNOW & Resonance Scattering

— intions:
Descriptions v =/t |
) ) ) ) ——— a = absorption
P-Cygni profile formation in an expanding c A ¢ = emission
atmosphere Observer N o = occultation
¥ Spherical symmetry & homologous expansion ‘/\{ j P
+# Sharp photosphere emitting blackbody continuum
+ region of line formation surrounding it.
+ Line-photon interaction is pure resonnance Flux A
scattering U 20 P Cygni Profile:
¥ LTE-excitation for the relative strengths of lines A= SLEVRAEE e
- Absorption trough

of a given ion

—== Input Parameters:

# Tlref] : Opt.depth of the strongest line, reference line, of
the introduced ion.

# Tbb: The underlying blackbody continuum temperature

# Vphot : Velocity at the photosphere

+ Radial dependence of the line Opt.depth:

Exponential :
(x —
Power-law : i GXp( Vlv@)

—> Tocy”
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% SN Ib 19901 spectroscopic evolution:
( Elmhamdi et al. 2004)

Photospheric phase

< No (Sill, H) + Blue continuum + Broad P-Cygni
—== Expanding envelope V(Hel 5876)~13400km/s
—s= SN Ib + near Expl.

4 ~10 days later : expansion & cooling

—s== Fainter continuum
—s== Hel, Call H&K, Mgl] and Fell + narrower P-Cygni

profiles (lower Vexp)

Nebular phase

- T decreases & Shift of the energy to the red

- Emergence of strong nebular emission of [O 1]6300,64A

—s== Spectra dominated by strong and less broad lines
of Mgl],[OI],[Call, Fell & [Fell] with low V.

A. Elmhamdi:

Intensity (arbitrary)

100

80

20

Intensity (arbitrary)

I CallH&K

He |

M (~105d) ]

(~107d)

Ol Call

(~B1d)

(~B4d)

(~18d)

(~29d)

(~70d)

4000

6000
Wavelength (&)

BO0DO

10#

i (~315d)

(~254d)

(~275d)

N [ca 1)
+[o 10

104



HI: Tbb=6000K;V,, ,=10%%m /s
H T(H)=10
Detachment concept:
@ A line 1s said deatched when its “Vmin” 3
is greater than “Vphot” =
has a non-zero opt.depth only down to =
“Vmin”. K
@ The profile of a detached line has a flat-topped Undetached (V. (HI)=10%m /s)
& the absorption minimum is blueshifted by Detached (V. (HI)=12000km/s)
the detachment Velocity Detached (V_, (HI)=15000km /s)
L g [ Sy S
4000 5000 6000 7000 8000

Wavelength (&)
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The sample

—&= Consists of 20 SNe: 16 Type Ib; 2 Type Ic, 1 Type IIb and 1 Type II.
—== Analysis of 45 spectra: Photospheric Phase

Main goals:| Traces of hydrogen in Ib and Ic SNe; H alpha ~ 62504
How hydrogen manifests its presence compared to I[Ib & I

Type Ib: SN 19901

(Elmhamdi et al. 2004 A&A, 426, 963) 00 —————————

Intensity (arbitrary)

O 1 1 1 1 1 L 1 1 1 1 1 1
4000 2000 6000 7000
Wavelength (&)
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Ib1

1:

Synthetic spectrum near max: Vph=12000km/s, Tbb=14000K

Contains 7 lines: Hel, Fell, MglI, OI, Call, Scll and ~6250A feature
attributed to H(X

#The “~6250A” feature: Ambiguity with Sill 6355A, Nel 6402A and CIT 6580A

Vcon(HI)=4000km/s

e
Sell

s
Fell+3ell

SN 19901
¢p~max

§ 60 6500
&= \ f s Veon(CID=5000kny/s
2 | Veon(Hel)=2000km/s
% || 5= =
= l C 3 _
|
| (WAL [
Vo o L
e == 4 _1I A ! S
’ ~|I. 'l|||
[y B g U o
6000 7000 8000 9000

(Elmhamdi et al. 2004

Wavelength ()

Selection criteria to decide on H

== Undetached Nel 6402A is rejected once it
produces too blue absorption for the 6250A
trough or/and various unwanted optical lines.

=== Similar reasoning applies to Si IT 6355A.

== CII 6580A: excluded if higher velocity than
He I (i.e. When Vcont(CII)>Vcont(Hel))

Rk:  We define a parameter called
contrast velocity of the line defined as:
Vcont(line)=V(line)-Vphot
Undetached case: Vcont(line)=0 km/s

A. Elmhamdi: CCSNe photospheric spectra



Evolution from early to later phases
typically the velocities decrease

the lines become even less prominent

At 12d: Vph=10000km/s;Tbb=5500K;Vcon(HI)=5500;Vcon(Hel)=3000km/s

At 21d: Vph=9500km/s; Tbb=5400K;Vcon(HI)=5500;Vcon(Hel)=2500km/s
The other introduced lines are all undetached
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Relative Flux

SN 1991D

Particular Ib events

Particular case: hard to decide
between H(x and Nel:

Vph=4600km/s (low velocity SN); 11 elements in the fit

Hel lines: Vcon=1400kmy/s; + (Hel)=1.8

Top: undetached Nel; T=2

Bottom:Vcon(H )=7400km/s; . 0.46
(0.4

=

SN 1991D
Nel

¢~21d

Nel+Hel ===

H_alpha provides slightly better fit to
the weak 6250A trough, compared
to Nel, however the HI-case fit does not

account for some observed features
especially near 6630A and 6840A

#

Ne I remains hence a strong candidate in this
Tyep Ib object

1
| | | | |
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5000
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Particular Ib events

SN 1999ex

Was classified as Ic and then as intermediate Ib/c rather than a pure Ib (Hamuy et al. 2002):
@ Weak Hel lines; feature around 5700 attributed to Nal
@ The deep 6250A trough was attributed to Sill 6355A

Bymeans of synthetic sp: He I optical lines arewell reproduced by Vph=10000km /s, Thb=5800K

T(Hel )=2.5 Veont ( Hel )=1000km/ s

SN

Relative Flux

1999%ex

Pp~ad

Wavelength (A)

4000 5000 6000 7000 8000 9000 10% 1.1x10%

SN 19899ex
He I-IR lines ¢p~4d

Hel (12845 R)

Hel (18685 A)

Relative Flux

1 I 1 1 | 1 1 | 1 1 I
1.2x104 1.5x104 1.8x<10% 2.1x10%
Wavelength (A)

Good match: Optical-IR Hel lines
Type Ib object
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Relative Flux

As far as the trough around 6250A 1s concerned:

=s= Nel, SiII, CII are ruled out (criteria)

—== Best fit remains H,: Vcont=8000km/s;T =1.5

13d spectrum: Vph=7000km/s; Tbb=5600K
Hel lines: Vcont=1000 km/s; Opt.dep=3.4
HI: Vcont=5000 km/s; Opt.dep=1.6

SN 1999ex

$~4d

Fall+Hel

- - ¥ 5 ooy by
4000 5000 6000 7000 BOOO 9000 10* 1.1x10*
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Particular Ib events

SN 2000H

@ Considered one of the more interesting Ib-c objects.

@ The 6250A trough is very deep!.

Best fit at max with : Vph=11000km /s ; Thb=10000K
Undetached Hel lines with t( Hel )=2
* The 6250A trough is exceptionally broad

Best combination : detached H ocat 13000 km/ s(t=5.3)+undetached Sill

@ The trough remains deep at later phases

SN Z2000H

Fell+Hel+Mgll

Relative Flux

Wavelength (A)

Relative Flux

» Noticeable change: development of
He I lines at 6678 A and 7065A
Vph=6000km/s
Hel: Vcont=2000km/s; Opt.dep=5

@ HI: Vcont=8000km/s;Opt.dep=1.5

@ Strong support from other HI.

SN 2000H

1 I I
4000

i i | i i i i 1 i i i | i
6000 TOO0O 8000 9000 104
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LOG F,(arbitrary)

— If Hypresent what about H g then?

Two factors make Hg barely discernable in type Ib:
1- the optical depth sufficient to fit H, trough is so small that the other
Balmer features are too weak to be unambiguously detectable.
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Type Ic events:
SN 19941

@ Compare the spectrum at max with SSp
~» good match: Vphot=12000km/s; Tbb=7500K
@ No evidence for Hel lines. The ~5800A trough: Nal
@ Concerning ~6200A feature:
~ . Millard et al early spectra: it was difficult to decide
between Sill 6355A and CII6580A.
We test the two possibilities for the spectrum at max:

’ undetached Si II : somewhat blue

detached high-velocity CII (Vcont=8000km/s

We prefer detached CII as the more probable

Fell+Till+Mgll

Relative Flux

=

N 19941

p~mmax

4000

5000

6000 7000 8000 9000
Wavelength (&)
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Type IIb events:

SN 1993J

@ Hybrid SNe: link between Ib-c and IT SNe.

@ 3 epochs:
16d: Vph=9000km/s;Tbb=7800K
good match, except the strong H P-Cygni profile
SYNOW uses resonance scatterig source fct.
Veont(HI)=1000km/s;Opt.dep(HI)=20
H,H and H are clearly discernible
HRI 5876 A undetached with small Nal contribution

24d: Vph=8000km/s;Tbb=7000K
the notch on the H emission component is attribute
to Hel 6678A. Hel are still undetached.

59d: Vph=6000km/s; Tbb=5000K

Hel lines are prominent and undetached

HI Balmer lines becomes weak at this phase
Forbidden emission lines develop: transition to
the nebular pahse

Relative Fﬁﬁx

Hiex

SN 1993J

Hel+Mgll il

Mgl

Ball

4000

2000

6000 7000 8000
Wavelength (&)
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Type 1l events:

SN IIP 1999em

@ Typical IIP features: broad HI Balmer P-Cygni profiles.

@ Two photospheric phases:

9d: Vph=10000km/s;Tbb=10000K
Undetached HI Balmer and He I reproduce the most
conspicuous features superimposed on the “hot”
continuum.
Opt.dep(HI)=15.
As for the case of 1993J, SYNOW can not
reproduce the full observed H for same reasons.

X
41d: Vph=4600km/s;Tbb=6000K
decrease in the expansion velocity
get narrower.

HI slightly detached: Vcont(H )= IOOOkm/ S;

All other lines are undetached.
X

HI P-Cygni

=20

T
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Spectroscopic mass estimates

* Approximate method:
The hydrogen mass required to fill an uniform-density sphere
of radius 'vxt' at an epoch 'td' since explosion : N -5\ 3.2
td in days; V4 in | gskms M (Msun)=(2.38x107")v, ¢, T(H )
eq.l is based on the equation for the Sobolev optical depth for
an expanding envelope (e.g. Castor 1970; Jeffery & Branch 1990)

(eq.1)

eq. 1 1s applied to estimate the amount filling a spherical shell
= corresponding to the FWHM of the H absorption trough.
X

* Results:

SN Ib 19901: ~ 0.02 Msun
SN Ib 1983N : ~ 0.008 Msun
SN Ib 2000H : ~ 0.08 Msun

—=== SN Ib: For arepresentative Opt.dep of 0.5 at day 20 with
A hydrogen mass of 0.015 Msun is estimated

Although non-thermal excitation & NLTE effects may
be also important for hydrogen, this simple approach
seems to give reasonable and LOW estimates
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Discussion:

Velocity behaviour:

Phot. Vel (upper panel):

@ Best fit results + 1987A data for comparison (Fell 5018A)
@ Low velocity behaviour of SNe II (87A & 99em) at earllyﬁ 20

and intermediate epochs mr .I phl_ot,_ \,rle]. . gﬁgﬁ.m IP) 1
@ SN Ic 941 & IIb 93J: follow similar high vel. Behaviour £ . SNeaih
@ SNe Ib: display different velocity evolution. S ol s e n I - kel
—s==— The scatter increases at intermediate phases ; - . P PR
around ~20d: as high as 5000 km/s e O . X
can be due to data paucity outside that time range =~ 2 | B =
0 # SNelb
3 Vi (He) / Vg ® SN2aJ —
2 o, o SN8%em
Contrast Vel. (middle & lower panels): S g #
o 2 & <" & # o # & =
@ SNe I1&I1b: HI slightly detached £ Led A )
@ SNe Ib: HI highly detached 8 4 g ™ o ¢ .
—s== Vcont increases within the first ~15d, reaching B Ittt
values as high as 8000km/s. Then follows almost 8 10k Vm(Hﬂ) py (in 10% km s71) y
canstant evolution. > oo 4 wmp e @
—== Up to ~60d: SNe Ib have HI down to 11000-12000km/s _ | ik 8 ® |
SNIIb 93] has HI down to 8000km/s o
SNe II appear to have HI down to even lowe Vel. " « .
(~5000km/s for SN 99em) e e L L.
-20 0 20 40 80 80

Days (relative to maximum)
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Line Optical Depth

Optical depths:

@ Hy in Ib SNe: very small optical depths
independently of “Vcont” and the phase
contrary to SNe IIb 93] & II 99em

H, 6563A:

Discussion:

]
4 SNe Ib
/N SNe Ib/
87M € c
T(O I) ® B SN 99em -
® SN 93]
i ® SNe Ic
4 - A
AN
| VY &
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A Le @
0 1 | 1 [ i i i 1 i i i | | | | | | | i
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] A A
-
T
2 2 'y
@ LY
H A
g AdA
Q i‘
2 J
g I\ 4
L5

0 10 20
Line Optical Depth
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Ol 7773A

@ Not easy to draw conclusions. Need for example
to populate with more Ic objects.

@ At intermediate epochs however, SNelb tend to concentrate
in low opt.dep region. SNIc 87M displays the deepest profile.
SNe 93J&99em are events with the lowest opt.dep.

Stonger & deeper permitted oxygen.: might indicate
SNelc are less diluted by the presence of He envelope.
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Discussion:
Oxygen issue in CCSNe:

@ Oxygen lines: more prominent for a “naked” C/O progenitor core.

@ Two observational facts reinforce this belief:

—t— Forbidden lines, especially [O1]6300,64A, seem
to emerge following the sequence:

Ic SNe: 87M&941 ~1-2 months o10
(Filippenko 97; Clocchiatti et al. 1996)

Ib SNe: 901 ~ 70 days (Elmhamdi et al. 2004)
& earlier in other Ib objects
1Ib SNe: ~62 days in 93] (Barbon et al. 1995)
& ~80 days in 96¢b (Qiu et al. 1999)
Il SNe: ~150days in 87A (Catchpole 1988)
& ~ 130 days in 92H and 99em
(Clocchiatti et al 1996; ElImhamdi et al. 2003)

0.15F

SNI98IM Typele o =

=

[y o

bor SN 1985F Type Ib

[z
[=]

1of

|

SN 19931 Type IIb

T TP P e e

£, ( 1ot ergs slem™? ;zfl)

SN 19861 Type II

6500 7000 7500 8000 8500 9000

—s==- 7 /- The nebular emission line [01]6300,64A looks Rest Wavelength (4)
decreasing in breadth following the above SNe order. (Matheson et al. 2001)
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Oxygen issue in CCSNe:

Discussion:

(Elmhamdi & Danziger 2006, in preparation)

-J CCSNe sample study: the evolution of L([OI]) at the nebular phase
approximately follow the bolometric light curves (in IIP decays later than Ibc SNe)

direct evidence that the dominant source of ionization
and heating is y-rays from the radioactive decay of s€ o
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Discussion:
Oxygen issue in CCSNe:

-J CCSNe sample study: the evolution of L([OI]) at the nebular phase
approximately follow the bolometric light curves (in IIP decays later than Ibc SNe)

direct evidence that the dominant source of ionization
and heating is y-rays from the radioactive decay of s€ o

—s==- Translate this into Oxygen mass:

L([01])=n(Moxyl Mex)X L(*Co) | (¢4-2)
(Elmhamdi et al. 2003)

efficiency of transformation of energy deposited
in Oxygen into the [OI] radiation.
Moxy : mass of Oxygen.
Mex : the “excited” mass in which the bulk of

radioactive energy is deposited
L(Co): radioactive energy input (M, o/ 11.230)

n:

Moxy/ 87A=1.5-2 Msun (Fransson et al. 93)
IIP SNe — Similar :n, Mex

Log L (erg s71)

(Elmhamdi & Danziger 2006, in preparation)

40 T T T T T T T T T T T T T T T T T T
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Discussion:
Oxygen issue in CCSNe:

-J CCSNe sample study: the evolution of L([OI]) at the nebular phase

(Elmhamdi & Danziger 2006, in preparation)

approximately follow the bolometric light curves (in IIP decays later than Ibc SNe)

direct evidence that the dominant source of ionization
and heating is y-rays from the radioactive decay of s€ o

—s==- Translate this into Oxygen mass:

L([01])=n(Moxyl Mex)X L(*Co) | (¢4-2)
(Elmhamdi et al. 2003)

efficiency of transformation of energy deposited
in Oxygen into the [OI] radiation.
Moxy : mass of Oxygen.
Mex : the “excited” mass in which the bulk of

radioactive energy is deposited
L(Co): radioactive energy input (M, o/ 11.230)

n:

Moxy/ 87A=1.5-2 Msun (Fransson et al. 93)
IIP SNe — Similar :n, Mex

Ibc SNe
M, =10°XD’X F ([01])xexp(2.28/T4)

(eq. 3)
Uomoto 1986)

-

T4: temperature of the oxygen-emitting gas (in 104 K)
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Discussion:

Oxygen issue in CCSNe:
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Mms {M@)

[O/Fel=logl10(O/Fe) star —logl10(O/Fe) sun
log10(O/Fe) sun=0.82; Andres & Grevesse (1989)

40

(Elmhamdi & Danziger 2006, in preparation)

@ Having in hand estimates of oxygen and
iron (basically from light curves analysis)
use them as indicative of the CCSNe
progenitors ?
By means of: [O/Fe]|

@ Compared to initial mass according to CCSNe
models:

SNell WW95 : Woosley & Weaver 1995
TNH9S : Thielemann, Nomoto & Hashimoto 1996
No97 : Nomoto et al. 1997
SNelbc

@ Observation-based results:
—==- Two separate concentration regions
—s [ ower masses for SNelbc

A. Elmhamdi: CCSNe photospheric spectra



Main Conclusions:

@ Hydrogen is present in “almost™ all type Ib objects:

—= “almost” because: Ne I remains a possibile alternative in only 2 cases
—=- Low optical depths of H,

—=— Low masses ~ 10-2 10-3 Msun

— e H hardly discernible in type Ib: low ( g (X) & high contrast velocity.

» Hydrogen manifests its presence in different ways within CCSNe:
—== Always confined to a detached high-velocity shells in Ib SNe
+ incomplete P-Cygni profiles +low + increasing contrast velocity in time
contrary to what found for type I1b & II events.

@ We describe some interesting properties related to oxygen in CCSNe:
—== QOptical depths, from our fits, of the OI 7773A.
—== Appearance of the [OI] 6300,64A following the order: Ic-Ib-IIb-I1I
—= L([OI]) evolution & the possibility to recover oxygen masses.
—=- Combined with Ni estimates [O/Fe] .vs. Mms using empirical
theoretical models for yields in CCSNe.
We found two separate regions (for SNell & SNelbc)

_>

A. Elmhamdi:



Open Questions

1/- Why we have imprints from hydrogen always once helium is identified ?
(question to people dealing with stellar evolution theory!!!)

2/- SNe 19941, 1996aq, 1999ex & recently the Ic-hypernova 2005bf: presence of hydrogen?
Did type Ic SNe have hydrogen too?

How we may explain situations where the events have traces of hydrogen
and no clear helium lines?

Can this be related to differences in Hel excitation? Ni distribution? Mixing?

Could these excitation conditions be the main raison for spectroscopic differences
between type Ib and Ic SNe?

Surely more observations and more interest to

type Ibc SNe, especially sample studies, NLTE
treatement are needed ......




