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ABSTRACT

Aims. We study the optical spectroscopic properties of Type laegwgva (SN la) 2004dt, focusing our attention on the eartcbp.

Methods. Observation triggered soon after the SN 2004dt discovdoyvall us to obtain a spectrophotometric coverage from-eHY to
almost one year~353 days) after th& band maximum. Observations carried out on an almost daflistzdlowed us a good sampling of the
fast spectroscopic evolution of SN 2004dt in the early tag@e obtain this result, low—resolution, long—slit spestiopy was obtained using
a number of facilities.

Results. This supernova, which in some absorption lines of its egplgcra showed the highest degree of polarization ever medhsa
any SN la, has a complex velocity structure in the outer Eyrits ejecta. Unburnt oxygen is present, moving at velegias high as
~16,700 km s!, with some intermediate—-mass elements (Mg, Si, Ca) mowjugley fast. Modeling of the spectra based on standard tensi
profiles of the ejecta fails to reproduce the observed featwhereas enhancing the density of outer layers signifycamproves the fit. Our
analysis indicates the presence of clumps of high—veldoitgrmediate—mass elements in the outermost layershvidelso suggested by the
spectropolarimetric data.

Key words. stars: supernovae: general - stars: supernovae: indlvi@Na2004dt - method: observational - techniques: specbmis

1. Introduction Chandrasekhar mass, due to accretion of matter from a close

. binary companion (see Hillebrandt & Niemeyer 2000 for a re-
Type la supernovae (SNe Ia) are thermonuclear explosions,pfiyy. The nature of the binary system and the mechanism of
white dwarfs (WDs) mostly originating from ignition of car-ihe explosion are still unsolved problems. Interest in isglv
bon close to the center of the star when it approaches figse questions has strongly increased with the use of SNe la
as distance indicators in cosmology, in particular by thelie
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to merge in less than the Hubble time (Napiwotzki et al. 2004}eﬂ while Su and Simt appear significantly slower. This, to-
searches for semidetached SD systems where a WD close tasther with the polarization data, suggests the presenae of
Chandrasekhar mass is growing by accretion (Maxted, Marghmost spherical O layer with intrusions of intermediatesms

& North [2000); and finally searches for traces of hydrogesiements. While the finger—like structure is typically fdun
(whether deposited on the surface of the exploding WD, resjoure deflagration models of the explosions, Kasen & Plewa
ing in an accretion disk, stripped of the companion, or pres€2005) interpret the presence of Lenoving at high velocities

as circumstellar material) in early SNe la spectra (Lunsiopi  as a signature of the deflagration products brought to the sur
al.[2003). A more direct approach, which is based on a posiee by the rising plume in the model of Plewa, Calder & Lamb
ble identification of the surviving companion of the WD in th€2004), which are compressed and accelerated by the SMeject
central regions of the remnants of the Galactic historidée S after the detonation has been triggered.

la, would also support the SD scenario (Ruiz—Lapuente et 8he expansion velocity of the strongiSabsorption, starting
2004). from ~16,000 km s! at about 10 days maximum light and

Concerning the explosion mechanism, there is genepz_gcreasing_ fast Wi_th time, also suggests that S_N 200f1dt is a
agreement that explosive thermonuclear burning startsthea Nigh-velocity gradient (HVG) event (see Benetti et al. 2005
center of the WD and first propagates subsonically outwar@® confirmed by a preliminary photometric anal_y3|s, and sim-
(deflagration). There is strong debate, though, on whetiter silar 10 other SNe such as SN 2002bo (Benetti et al. 2004),
sonic burning alone can produce both explosions with the 5 tWin SN 2002dj (Pignata et dl. 2005), SN 2002er (Pignata
ical SNe la energies and the chemical stratification reedaye St &l-:2004; Kotak et al. 2005), and SN 2005cf (Pastorello et
the time sequence of SNe la spectra (avoiding, in particul@}2007; Garavini et al. 2007), which have been extensively
excessive mixing of unburnt carbon and oxygen within de served within the same_smentlflc project: “The Phy5|cs_ Qf
layers of the SN ejecta: see Reinecke, Hillebrandt & Niemey&/P€ 1& Supernova Explosions, a European Research Training
2002; Gamezo et al. 2003). Transition to detonation (supgi@t""ork’E (RTN), carried out by the European Supernova
sonic burning propagated by a shock wave) has been involkgdjlaboration (ESC, Benetti et al. 2004).
when burning reaches layers with densities low enough to bur Here we present a series of optical spectra of SN 2004dt,
only partially when they detonate (delayed detonationjsTHrom more than one week before maximum light to almost one
takes place either in a spherical shell (Khokhlov 1991) or kgar after, focusing our attention on spectra obtained @y ea
a point (Livne[1999), but it has to be triggered artificialty i epochs. This is a subsample of the whole data set collected fo
current numerical simulations. Such detonations leavemon SN 2004dt on behalf of the RTN program. The complete data
little of the carbon and oxygen unburnt. Recent 2-D simul&et includes optical and infared photometric data (UBVRi-ph
tions have shown a detonation forming in the outer layers @metry, 58 nights, from -10 te500 days sincé maximum;
an exploding WD when a hot plume rising from afi-@enter JHK photometry, 18 nights, from -8 to 357 days sif&emax-
ignition spreads over the surface and sweeps the unburet m#fium); and optical and infrared spectroscopy (32 nightfien t
rial that, when confined by the strong gravitational fieldy-co optical range, from -10 to 353 days and 5 nights in IR, from
verges to a point (Plewa, Calder & Lamb 2004). Nevertheles8,t0 +16 days sincd maximum), which will be analyzed and
subsequent 3-D simulations do not support this hypothedgliscussed in a forthcoming paper.
even if detonation, triggered by other mechanisms such a¥Vg examine here the peculiarities of SN 2004dt as inferred
pulsation or spontaneous detonation if the turbolent gnisrg from the shape and velocities of the spectral features éefor

high enough, is not completely ruled out (Ropke, Woosley Baximum and attempt to model the spectra from 1-D hydro-
Hillebrand{ 2006). dynamical models of the explosion. We find that the best fits

. . . r ined when we artificially raise th nsity of th
From the observational point of view, much can be Iearnt‘aade obtained when we artificially raise the density of the out

) ; : ermost layers, reinforcing the idea that both the veloditycs
about the explosion mechanism from the detailed structfire o y 9 fy
the layers that are just below the surface of the WD when it ex;—————— ) _
plodes. This material becomes rapidly transparent as the SN distinction should be made between high—velocity featdnat
ejecta expand, and a series of early—time spectra is thus rsist through the optical maximum and the “high—velofagtures

. . . ) 'Fs), as the the GalR triplet, commonly seen at very early epochs
quired for studying this phase properly. A recent analy$is %‘L 10 days before maximum light). The high velocities chandxiteg

the d'Str_'bUt'on of the abundances in a large sample of SNetll_@se features, much higher than the photospheric vedscgiiggest
(Mazzali et al [ 2007) suggests that the properties of mbstat these lines (or a component of the photospheric lineifde-
not all, SNe la can be explained by a single explosion scenathched) originate above the photosphere and that they aféeaedt
the delayed detonation. Pre—-maximum spectropolarimédtryphenomena from to the normal photospheric absorption fesit\s
17 SNe la analyzed by Wang, Baade & Patat (2007) strongligcussed by Tanaka et al. (2006), HVFs may be the resultrsfitye
corroborates the delayed detonation model. andor abundance enhancements produced by the explosionatself

Spectra of SN 2004dt taken about 10 days before magi/;the interaction of the SN with the circumstellar mateiiakhis hy-

. . o . pothesis high mass—loss rates are required for the proageoitwith
mum light show a high degree of polarization across some ling, ,.cretion disk (the absence of hydrogen lines in the emég-

(Wang et al._2006), with Si displaying the strongest polarizara weaken this model, but see Gerardy et al. 2004 and Mazzali
tion (~ 2%) while Oris hardly polarized. The velocity structurezgosh). The Ca IR HVF is nicely explained within the gravitation-
is also complex (already noticed by Patat, Pignata & Beneidlly confined detonation (GCD) model by Kasen & Plefva (2005).
2004), with O, Mg, Siu, and Car moving at high veloci- 2 http;/www.mpa-garching.mpg.dertry
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Table 1. Main parameters or SN 2004dt and its host galaxy

SN 2004dt in NGC 799

Parent galaxy: NGC 799

Galaxy type: (R)SB(s)a

Heliocentric Radial Velocity: 5915 knT¥*

Radial velocity (vvir): 5846 km g+

Redshift: 0.01973

Kinematical distance modulus: 3461

R.A.sn (J2000): 0202"125.77

Decsgn (J2000): -0005' 51”.5

Offset from nucleus: 7".0E, 10".5N

Discovery epoch: JB2453228.97(Aug. 1)
Date of B maximum: JB24532403 + 0.5 (Aug. 22%)
Observed magnitude at max:  =B15.33(002)

Amy5(B)obs! 1.21(Q05)

Stretch factor (B): ®1(001)

Galactic Extinction: A =0.010 mag; Ag = 0.109 mag
(B-V) max: -0.03+ 0.0

E(B-V)max: 0.04+ 0.04°

E(B-V)i: 0.11+0.03°

* NED (Nasdipac Extragalactic Database)

* Leda (Lyon-Meudon Extragalactic Database), corrected.f8r
Fig. 1. SN 2004dt in NGC799. Color image obtained by com- infall onto Virgo

bining B,V,R images (80, 50, 40 sec exposure each) obtained Theureau et al. 1998

on Aug. 19th with the 2.2mCafos at Calar Alto Observatory. °* Leda (Lyon-Meudon Extragalactic Database), from wvir and

The dashes indicate the position of the supernova. Ho=70 km s* Mpc™
° Burstein & Heiles 1982

> Schlegel et al. 1998 (we make use of this value)
ture and the line polarization observed are due to clumps of Galactic extinction correction applied
intermediate—mass elements on and above the “photosphere”
of the SN.

at the requested time. Spectroscopy and imaging were darrie
2. Observations and data reduction out at several sites using a number offelient instrumental
configurations. TablE]2 contains the log of the spectroscopi
SN 2004dt (RA: 0202M125.77, Dec: -0005°51".5, J2000) was observations.
discovered on August 11._4_8 UT by Moore & Li (_2004) on be-  pata reduction was performed using standard IRAFo-
half of the LOSEKAITH (Filippenko et all-2001), in the spiral ceqyres for long—slit spectroscopy. All images were bias—
galaxy NGC 799, 7°.0 East and 10".5 North from the galaxy,jyracted and then flat-field corrected using dome flats. The
nucleus (see Figl1 and Table 1 for the main parameters of i\ qround was interpolated by fitting the region on botesid
2004dt and its host galaxy). o _ of the spectrum with a low—order polynomial and then sub-
Spectra of SN 2004dt were obtained immediately on Augyglcteq. Extractions were usually weighted by the variance
12.72 UT atthe ANU 2.3-m telescope (Salvo, Schmldt&Woogased on the data values and a Poif8®D model using the
2004) and on August 13.17 UT at the Calar Alto 2.2-m telein and readout noise parameﬂers
scope (Patat et al.2004). On the basis of these spectra, thegpecira were wavelength—calibrated by means of reference
candidate was classified as a young Type la with some Wz spectra, and the resulting wavelength—calibratedtspec
usual features (Salvo et al. 2004; Patat ef al. 2004). The prq e checked by measuring the position of known bright-nigh
imity of the host galaxy (,_20.01973, Theureay et al. 1998)skylines (usually the [OI] lines at5577 A and16300 A).
the early epoch of the discovery, the peculiar spectral fegq 5| discrepancies have been corrected by applying a rigid
tures, the good position of the SN, easily observable froth boyyif in order to match the skylines wavelengths. The spectr

the northern and southern observatories for a long perf (fyere flux—calibrated using a spectroscopic standard star ob
host galaxy had just appeared from behind the Sun), made SN

2004dt a good target for the ESC. For these reasons targét-httpy/iraf.noao.edu
of-opportunity (ToO) observations were immediately teged. IRAF is distributed by the National Optical Astronomy Obs#ories
Later on, observations were carried out either in servicia or(NOAO), which are operated by the Association of Univeesitfor

target-of-opportunity mode, using the configuration @ Research in Astronomy (AURA), Inc., under cooperative agrent
with the National Science Foundation.

3 Lick Observatory Supernova Search with the Katzman Autamat > Variance weighting is often called “optimal” extractiomse it
Imaging Telescope, produces the best unbiased signal-to-noise estimate diuthén the
httpy/astro.berkeley.edubaitkait.html supernova search 2-D profile (Horne 1986; Mardh 1989).
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served with the same telescope setup and reduced as was the

supernova itself. If spectrophotometric standard starewet F oo ' © | :
available for a given epoch, response curves obtained éor th =30 [~ 54 n
same telescop@strument in another night close in time were.. [ +3.4 i
used. The flux calibration was then checked against the phg- | +38 |
tometry and, when necessary, spectral fluxes were scaled“o L 493 i
match the photometric data. Partial correction for atmesiph : -35 | +143 -
absorption was also applied. Multiple spectra of the SN of; - 4173 .
tained in the same night were combined in order to improve the roteo4 ]
signal-to-noise ratio and almost simultaneous spectraraay N‘m | +26.9 i
different but overlapping spectral ranges were merged togetkgarf40 | +27e |
in a single, more extended spectrum. When the observing cog- | +373 i
ditions were not photometric, spectra coverinfjatent wave- o L +47.2 w i
length ranges were scaled to match in the overlapping regior; - +60.8 .

There was good pre—maximum spectrophotometric cove;% 45 | +1525 ]
age, which is one of the main goals of the European Supernosa i i
Collaboration. In fact, soon after the explosion, Type laeSN | +3535 i
show diferences that are bigger than those at later phases, = .

hence early observations can provide useful hints for under e
i : ; 2000 4000 6000 8000 104

standing the nature of the progenitors and the explosiommec AA]

anism. The spectral evolution of SN 2004dt from day -10 to

day +1 is shown in Fig[R, while the postmaximum spectrgliy 3 gN 2004dt post maximum spectral evolution. Labels as
evolution is shown in Fid.]3. The good temporal coverage ak Fig.I2.

_15F T T T T 1 T Sin 16355 A feature, analogous with SN 2005cf (Garavini et

® @ ® al.[2007), which gradually shifts to the red and becomes nar-

L -10.1
X me rower at later phases. Strong absorption features idehtfe
(TN e

Caun, Siu, Mgn, and Or are also evident. A more careful anal-

-9.1
Iy me i ysis shows that almost all absorption troughs, except fer th

e e S 115454, 5640A, and Sit 14565 A, are highly blueshifted,

-8.7 W\ﬂ\/wi\/
R0 g6 WM as discussed in details in Sddt. 4. A possible line identifina

WM coming from the spectral modeling is shown in Secil 5.1.
-6.6

| -4.6
- WM i 3. Light—curve parameters

-3.8 W
TR g4 WMﬁ The photometric evolution of SN 2004dt will be discussed in
-2 W(\WW 1 detail in a forthcoming paper, while here we report some pre-

T o-1a W(\M T liminary estimates of the relevant photometric parameté&rs
| -0 WM T preliminary analysis of the optical light curves givBgax =
[ +1.0 wf\““\v‘ T 15.33+0.02 on Aug. 229 (JD = 24532403+0.5). The decline
=30 - | 1 | rate after maximum iamys(B) = 1.21+0.05. After the correc-
— — — — tion for the Galactic extinctionAg = 0.109 mag, as measured
2000 4000 ?\(E?\? 8000 1ot by Schlegel, Finkbeiner & Davis 1998), we obtaBH{V)max =
—0.03+0.02, corresponding t&(B—V)max = 0.04+0.04, which

Fig. 2. Early spectral sequence for SN 2004dt. The vertical lifé consistent with negligible reddening. This is derivemhirthe

at 1 = 6150A makes the evolution of the blueshiftednSi rélation B—V)max = 0.09(+0.08)x (Amys—1.1)-0.08(+0.03),
16355 A feature clear. Spectra are restframe. No reddenffgtavilla et al. 2004), which givesg — V)max = ~0.07+ 0.04.
correction has been applied. TBesymbols mark the position According to the Lira relation (Lira_1995), we fing(B —
of the main telluric absorptions, which have been partiegly V)wi = 0.11+ 0.03. The weighted average color excess is
moved. Spectra have been shifted downwards for clarityt(sHr(B — V)awg = 0.08= 0.05. The discrepancies between the two

step= -1). The phase with respect to the maximum of the galues of the color excess can be due to the SN spectroscopic
light curve is shown to the left of each spectrum. peculiarities that fiect the color evolution and make the usual

reddening law fail or lose accuracy. The absence of cleady d

tectable NaD lines in the spectra supports the hypothesis of a
lows us to follow the fast evolution at early times on a dailgmall reddening, if any. In this case the absolute B magaitud
basis. Early spectra exhibit an unusually broad and asynaneat maximum would b8y ~ —19.4 (Hg = 70 km ¢ Mpc™2).

lg(Flux) [erg em2 st A-1] + const
|
A
2
1
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Table 2. Log of the optical spectroscopic observations of SN 2004dt

Date JD Epoch Approx. range Telescope Flux Reference
-2400000 [days] [A] +Instrument standard
20040812 53230.22 -10.1 4500-10300 ANU2BBS hr718 M. Salvo
20040812 53230.67 -9.6 3200-8600 CAZCAFOS bd-284211 G. Pignata
20040813 53231.23 -9.1 4000-9700 ANU2:BBS hr718 M. Salvo
20040813 53231.63 -8.7 3250-9150 CAZ.CAFOS bd-284211 G. Pignata
20040815 53233.64 -6.7 3200-10000 CA2CAFOS bd-284211 G. Pignata
20040815 53233.69 -6.6 3600-8900 N@ALFOSC Feigel110 V. Stanishev
20040816 53233.71 -6.6 3100-10200 TNGOLORES - N. de la Rosa
20040816 5323457 -5.7 3200-9600 CAZCAFOS bd-284211 G. Pignata
20040817 53235.69 -4.6 3300-9700 N@ARLFOSC bd-284211 V. Stanishev
20040818 53236.54 -3.8 3200-9800 CAZ.CAFOS bd-284211 G. Pignata
20040819 53237.18 -3.1 3300-9000 ANU2:BBS Feigel110 M. Salvo
20040820 53238.22 -2.1 3300-8800 ANU2:BBS Feigel1l10 M. Salvo
20040821 53239.23 -1.1 3300-8800 ANU2:BBS Feigell10 M. Salvo
20040821 53239.59 -0.7 3400-7700 ASIAG@AFOSC  bd-254655 S. Benetti
20040823 53241.28 +1.0 3500-7200 ANU2.8DBS Feigel1l10 M. Salvo
20040824 53242.28 2.0 3500-7200 ANU2:BBS Feige 110 M. Salvo
20040824 5324259 2.3 3300-9000 N@ALFOSC bd-284211 V. Stanishev
20040825 53243.68 3.4 3300-9100 CAZ.CAFOS bd-284211 G. Pignata
20040826 53244.15 3.8 3250-9150 CAZ.CAFOS bd-284211 G. Pignata
20040831 53249.58 9.3 3300-7900 TN®OLORES  HR9087 N. de la Rosa
20040905 53254.58 14.3 3350-9000 NOALFOSC - V. Stanishev
20040908 53257.63 17.3 3400-7700 ASIAGBAFOSC  bd-254655 N. de la Rosa
20040912 53260.69 20.4 3500-8900 N@ALFOSC - V. Stanishev
20040918 53267.19 26.9 3500-9000 ANUZ:BBS Feige 110 J. Rich
20040919 53268.15 27.9 3500-9000 ANUZ:BBS Feige 110 J. Rich
20040928 53277.58 37.3 3400-9000 N@ALFOSC - V. Stanishev
200410/08 53287.48 47.2 3500-9200 CA22AFOS Feige 110 G. Pignata
20041022 53301.09 60.8 3400-9000 ANUZ:BBS Feige 110 M. Salvo
200501/21-22  53392.80 152.5 3500-8600 CA2QAFOS Feige 34 A. Pastorello
G191-B2B  S. Taubenberger
20050811 53593.78 353.5 4000-8400 VEFORS1 GD50 N. de la Rosa

S. Benetti

* relative to the B band maximum.

* ANU: Australian National University 2.3-m telescope, DB3ouble Beam Spectrograph; CA2.2: Calar Alto 2.2-m teles¢c@AFOS:
Calar Alto Faint Object Spectrograph; NOT: Nordic Optica&lé&scope (2.5-m), ALFOSC Andalucia Faint Object Specaplrand
Camera; TNG: Telescopio Nazionale Galileo (3.6-m), DOL@RBevice Optimized for the LOw RESolution, ASIAGO: 1.8-mp&onico
telescope AFOSC: Asiago Faint Object Spectrograph and €arkeT: ESO Very Large Telecope, Unit Telescope 2 (8.2m)RSQ:
FOcal Reducglow dispersion Spectrograph.

4. Expansion velocities and spectral properties
derived from early spectra

The analysis of the very early (epoeh —10) spectrum
gives the following results. A strong absorption, measwated
13930 A, was initially identified as €14267 A (Mazzali 2001
Branch et al. 2003; Thomas etlal. 2007), implying an expansio
By looking at the early spectra, the peculiar large, asymimetvelocity of about 23,700 knT$. In this hypothesis the other in-
and flat-bottomed $i 16355 A feature is immediately evidenttense Gi 116576- 6583 A transitions are blended with therSi
The comparison of the SN 2004dt spectrum 10 days befai@355 A, which indeed appears very broad and intense and has
maximum with SN 1994D (Patat et al. 1996) at the same epaaf asymmetric absorption trough. On the other hand, these wa
shows the peculiarity of the SN 2004dt spectrum and a higb strong evidence of the 1IC117231 7236 A line (this line,
blue shift of the Sir 16355 A becomes evident, too (Fig. 4)however, is expected to be much weaker, Mazzali 2001). A sec-
The peculiarities of SN 2004dt also persist later on, as shoend hypothesis was that ta8930 A feature was a strong ab-
in Fig. [, where spectra of SN 2004dt affdient epochs are sorption typically attributed to Si 114128,4131A (Pskovskii
compared with those of the normal SN la 1996X (Salvo et d1969), implying an expansion velocity of about 14,500 krh s
2001) and with other two HVG SNe: SN 2002bo (Benetti et abynthetic spectra (see Sddt. 5) can reproduce the obsgrwati
2004) and SN 2002er (Pignata et al. 2004; Kotak et al. 2005).
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_2004dt -9.6 _]
__-_-1994D

-10 |

The Sin 216355A minimum at 6000A gives an expan-
sion velocity of about 16,700 kntsand the Q 17773 A line
(whose minimum is at 7340A) also gives a similar expansion
velocity of 16,700 kms'. The Sin 16355 A expansion velocity
measured for SN 1994D at similar epochs (Patat &t al.|1996) is
significantly lower~ 14,000 km s* at -11 days ané 13,000
km s at -10 days. The CaH&K line is characterized by a
velocity of about 22,500 km-$, equal to the Ca H&K ve-
locity measured for SN 1994D at day -10. In Hig. 6, the Si
16355 A velocity evolution is shown and compared with those
of other SNe la. The fast decline in therSielocity is evident,
and corresponds to a decline ratevof 160+ 15 km st d,
wherev = —Av/At is the average daily rate of decrease in the
expansion velocity after maximum (Benetti et'al. 2005). tizen

18 — T
S S ®2004dt
4000 5000 6000 7000 = 2002er
wavelength [A] — ;?ggzko 1
T 16 A 1994D
Fig.4. Comparison among spectra of SN 2004dt (solid line) ¢ i%ggggn 1
and SN 1994D (dashed line) 10 days before maximum. To A o 1999ee |
be noticed the very dfierent blue—shift of the Si 16355A fea- = * 1996X 7
tures and the more similar blue—shift of the $5640A lines. - 14 ]
Significant diferences are present in the 3800-4200A region. = i
§ i}
~ 12 —
without using C, thus rejecting the first hypothesis and suipp § |
ing the Si line identification. = i
“ 10 '(% .
t i ]
LIS
A N s FE VI S
‘ 0 20 40
,M b Days (since B max)
S L NV\MWW 1 Fig.6. The Sin 16355 A expansion velocity evolution as de-
+ sl _ duced from the position of the absorption minimum, compared
= /W with other SNe and with the expected evolution foffefient
o W metallicities (solid line, topx10 solar metallicity; middlex1;
T ozme 1| bottom:x0.1) obtained by Lentz et al. (2000).
o W
(9]
g1 96X, +22 | et al. [2000) computed the 16355 A expected velocity evo-
= M lution in SNe la by varying the metallicity in the+® layer
E - MMWO o | in the standard deflagration model W7 (Nomoto, Thielemann
B - i - & Yokoi 1984; Thielemann, Nomoto, & Yokai 1986). The ex-
=~ L 02er, +20 pected trends for 3 ffierent metallicities are also shown in Fig.
15 _| [6. The high expansion velocity of SN 2004dt, as well as those
N N B of SN 2002bo or SN 1984A, cannot be reproduced even with
4000 6000 8000 10¢  unreasonable high metallicity values, since the unmixed W7
A[A] model predicts no Si at velocities higher thai 5,000 km s?.

The evolution in time of the $i 16355 A line shape is shown in

Fig.5. Comparison among spectra of SN 2004dt, SN 1996Kjg.[7. The line shows a wide flat-bottomed profile until some

SN 2002bo and SN 2002er at thre@elient epochs (premaxi- days past maximum, the first spectrum with a narrower profile
mum, maximum, postmaximum).

being the one taken at about 2 weeks past maximum.
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Fig. 7. Evolution with time of the Sit 16355 A (left panel) and

7

Table 3. Expansion velocities from the 8i6355A, Car H&K,
or Sin 3860A and Si 5640A absorption

Su 115454 5640A (right panel). Vertical lines at 6150 and*gg

5500A are shown to guide the eye.

Phase Si 6355 H&K* Sin 3860 Su 5640
[day] [km s [km s [km s7Y] [km s7Y
-10.1 16750 (235) - 12230 (531)
9.6 16650 (235) 22690 (227) 16150 (233) 12390 (266)
9.1 16560 (330) - 15610 (233) 11750 (372)
87 16460 (330) 22160 (227) - 11800 (266)
6.7 16180 (330) 22000 (379) 15460 (388) 11380 (213)
6.6 15940 (330) 21550 (379) 14990 (388) 11270 (213)
6.6 16040 (330) - - 11270 (266)
57 15850 (471) 21630 (379) 15070 (388) 11060 (372)
-46 15570 (707) 21630 (379) 15070 (388) 10740 (160)
3.8 15330 (471) 21320(379) 14760 (388) 10470 (266)
3.1 14860 (471) 21550 (758) 14990 (777) 10370 (213)
21 15330 (471) 20710(379) 14140 (388) 9993 (266)
1.1 14860 (471) 20710 (379) 14140 (388) 9834 (266)
-0.7 14670 (330) 20260 (379) 13670 (388) 9568 (266)
+1.0 14620 (471) 20340 (379) 13750 (388) 9036 (532)
+2.0 13920 (471) 19650 (379) 13050 (388) 9036 (266)
+2.3 14060 (471) 19800 (379) 13200 (388) 9036 (213)
+3.4 12640 (943) 19580 (531) 12970 (543) 8505 (372)
12690 (471) 19500 (379) 12890 (388) 8877 (266)
12270 (235) 19650 (379) 13050 (388) 8133 (532)

+14.3 10610 (330) - - -
+17.3 10140 (471) - - -
+20.4 9435 (235) - - -
+26.9 8963 (471) - - -
+27.9 8727 (330) - - -
+37.3 9057 (235) - - -

* see discussion is Seft. 4

hypothesis. Moreover, the comparison of the spectra witlea t
oretical model (discussed in Sddt. 5) reinforces this sgtyn

pothesis. Ca H&K contamination by Sir has already been
suggested by Kirshner et al. (1993), who pointed out that the
Sin 43858 is fainter, but comparable, to the CH&K feature,

and by Nugent et al.(1997), who suggested that the “spKt’ ju
blueward of the Ca H & K feature visible in both the observed

Fr—T 717 { T 1T 1T 7T { L B | { LN B B | { T T T 7T [7
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L E = 2002er |
. 4 2002bo
- 25 | E e 1984A
v e A 1994D
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Fig.8. The Car H & K expansion velocity as deduced from the

Days (since B max)

spectrum at maximum of SN 1994D and the corresponding W7
synthetic spectra, could likely be explained by a blend Bitin
A3858. Lentz et al.[(2000) confirmed the identification of the
blue wing with the Sir line. Several other SNe, as for exam-
ple SN 1990N, SN 1996X, and probably SN 1998bu, and SN
2003du show this contamination, too (Stanishev et al. 2006)
SN 2004dt expansion velocities for 18i16355A, Sin

position of its minimum, compared with those of other SNe. 113856,3863A, and Ca H&K are tabulated in Tabld]3.

The large uncertainties are mainly due to the wide and flat—
bottomed profile of the lines. The Bi115958,5979A feature

In Fig.[8 the Car H&K velocity evolution is shown and gives an expansion velocity ef 14,300 km s?, and if we as-

compared with those of other SNe la. However, thet &K

sume the line at 4395A to be §i14565 A, we obtain a lower

feature could be dominated by the blended $i3856,3863A velocity: 11,200 km s! (to be compared with the17,000 km
line, while the Sit 14130A is well-separated. In this cases™ of the Sin 16355 A). If the Sim identification is correct, it
the corresponding i 113856,3863A velocity is significantly could be proof of high ionization temperature in the ejettee

lower (< 16, 150 km s1) than the one computed for Gad&K,

Mg 11 14481 A minimum gives an expansion velocity of 17,900

and more like to the Si 16355 A values, thus supporting thiskm s1, similar to the other HVFs. Thei8115454,5640A (the
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typical “W” feature) gives a velocity of about 12,000 kmts As shown by Nugent et al. (1995), there is a correlation be-
significantly lower than what is measured for ther8hes. The tween the rati®R(Sin) of the depth of the Si 15972A and St
evolution of this feature with time is shown in Fig. 7; it ca@ b 16355A absorption troughs near maximum with the decline
followed until ~4 days after maximum and has disappeared gpeed of the B light curve (i.e. the luminosity), in the sense
the next available spectrum taken about 2 weeks after matkiat higher values oR(Sim) correspond to subluminous, fast—
mum. The lower velocities measured fomSil4565A and Si  declining events (but the correlation fails fams(B) < 1.2,
A15454,5640A suggest that these ions are mainly present iBenetti et al_ 2004). We measur&¢Sin)~ 0.16 (day+1). This
lower—velocity region with respect to i Can, O1, and Mgn.  value, together with the estimatesfy5(B) = 1.21 falls within

The Su 15454,5640A velocity evolution is shown in Figl 9the HVG supernova area in tfR§Sim)—Amys(B) plot (Fig.[I0,
Interestingly enough in this plot, SN 2004dt is not one of theee also Benetti et al. 2005). This result is also confirmed by

0.8 T T T T T T T T T T T T T
LA S B B B B B ) B B | & 04dt
L . . r m83G 1
16 @Sgg%dt — A02Z2bo
3 R er i 97b T ]
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Days (since B max)

Fig.10. R(Sin) vs. AmysB for SN 2004dt and a sample of
$Ne shown for comparison. Filled symbols refer to HVG SNe,
starred symbols to FAINT SNe, and all the others to LVG SNe,
as defined in Benetti et al. (2005).

Fig.9. The Su 15640 A expansion velocity as deduced from it
minimum, compared with those of other SNe.

extreme objects as in the previous plots (ElglJ6, 8), and it is

quite similar to SN 2002er, and SN 1994D (see also[Big. 4). the v — Amys5(B) plot (Fig.[11, see also Benetti et al. 2005) in

The Cau IR triplet gives a velocity of about 16,500 kmwhich the HVG, low—velocity gradient (LVG) and faint SNe

s™1, but there is a hint of a bluer component whose minf' € se_parated better than in Figl 10. : o

mum at~ 8000A corresponds to an expansion velocity of This PlOt shows that SN 2004dt ha§ the h|gheam our
21,000 km s'. These values can be compared to the velocj mple V= %6(_& 15ﬁ' Also, the evolution OW(S'“) (F|g..
measured for the two components and at similar phases IS very similar to .the HVG SNe as shown in Benetti et
SN 2002dj (17,700-27,600 knt’sat -11 days), SN 2001e|?'_ (2005). I_n f:onclu5|on, SN 2004dt seems to belong to the
(17,100-23,800 kms at -9 days), SN 2003du (15’500_22’50({1|gh—velocny SNe _Ia, such as SN 2002bo (Benetti et al.
km s at -11 days), SN 2003kf (12,600-23,500 Kkt st 2004), SN_ZOO.ZdJ (Pignata et al. 2005) or SN 2002er (Kotak
-9 days), SN 2002er (15,600-23,100 kit st -7 days), SN et al.[2005; Pignata et al. _2004). Nevertheless, SN 2004dt
2002bo (14,900-22,100 kntsat -8 days), and SN 2003Cgal§o shoyvs some pecullgrltles ywth respect to the HVG SNe
(12,700-22,000 km$ at -8.5 days) (data from Mazzali et aI.(F'g'E’ FigLT left panel), in particular the £(16355) feature

20054). Like SN 2004dt, all these objects show HVFs in tI?Smains broader and probably visible for a Ionger time than
Cau IR triplet. HVFs are best detected in very early spect gr most of HVG SNe % 28d). However, even if they are

(Qarller than~ ,1 Week.beforeB maX|mum) in the Ca IR 6 the most similar obiect to SN 2004dt is SN 1983G=(125+ 20,

triplet but also in the Si 16355A line. They are supposed tzeneti et all 2005). More recent measurements show that ENG

arise from abundance or density enhancements (sed_5ect. 3ay haveswell above 100, and in particular SN 1983G is character-
ized byv ~ 148 (Benetti, private communication), slighlty higherrtha
the value reported in the plot, and closer to SN 2004dt value.
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evolution can be féected, as mentioned in SeCt. 3 (see also

T { T T T T { T T T T { H
| ®04dt A99by Benetti et al. 2004).

I =83G X91bg |
L .gé‘gg%ggf_ﬁ i Even _if th(_e present work is focused on the early spectral
150 ®81B 386G | evolution, it is worth short comment here on the very last

i spectrum in our sample, taken almost one year after maximum
H g (day +353). At this phase, when the ejecta have become thin
8 and transparent to radiation, spectra are usually dondrate
r ,_i;IH% 1 the strong emission lines of Rg[and Fe [u] originating from
100 - . the radioactive decay ofNi into stable®®Fe through®®Co

w(SilI)

T (Kuchnei 1994).
T Figure[I3 shows the comparison of a late spectrum of SN
}—@ 2004dt with spectra of other SNe at a similar phase (SN
1996X, Salvo et al._2001; SN 1986G, Cristiani et[al. 1992;
SN 1991T, Gomez & Lopez 1908; SN 1998bu, Cappellaro et
al.[2001; SN 1992A, ES®Asiago SN archive; SN 2002bo,
1 ESO+Asiago SN archive, Benetti et al. 2004). In spite of the
i paucity of Fe—group elements observed at early epochs, as
0 e T discussed in Sedi] 5, this nebular spectrum apparently show
1 A 1;’ 2 all the expected iron features, suggesting that iron-group
s elements were prevalent in the inner layers. At late phakkes S
%004dt, resembles SN 2002bo (Benetti ef_al. 2004), which is
In fact another HVG SN, but it also shows some peculiarities
at deserve further investigation, such as thenig Fe [u]
Ine ratio, with the Ferfi] 1 ~ 4700A and Feif] 1 ~ 5300A
features with similar peak intensity, and an intriguing e [
A ~ 4400A feature that is particularly strong. The late spéctra
éavolution of SN 2004dt will be analyzed and discussed in more
rlegtail in a forthcoming paper.

50 — —

Fig. 11. vvs.AmysB for SN 2004dt and a sample of SNe showi
for comparison. Filled symbols refer to HVG SNe, starred sy
bols to FAINT SNe, and all the others to LVG SNe, as defin(%
in Benetti et al.[(2005).

kinematically diferent from normal SNe la, their photometri
properties, such as the peak luminosity and the light—cu
decline Amys), do not show any peculiarity, although the color

5. Spectral modeling

06— T T T The availability of early SNe la spectra, whose number is in-
®04dt ®03kf < 96X 1 creasing thanks to observationdlcgts, such as t_he ones per-
:8531; gg?dlu gggg 1 forme_d by the I_Eurqpean Supernova Cpllaboratlon, _shows that
205b5 GS0ee MBOB the high—velocity line features are quite common in SNe la
¢84A O98bu (Mazzali et all 20054a; Benetti et al. 2005; Garavini et aDZ)0)
but most objects only show high—velocity components in some
lines, preferentially in Si and Car lines. SN 2004dt seems to
be an extreme case. All lines of the early time spectra, éxcep
for sulfur, have prominent high—velocity absorptions. E@x
is strongly d@ected, which is very unusual. In order to find
physical explanations of these aspects from a more theateti
point of view, spectral synthesis calculations were penfex.
We used a Monte Carlo code to calculate synthetic spectra. A
detailed description of the code can be found in Abbott & Lucy
(1985), Mazzali & Lucy[(1993), and Lucy (1999). Another ex-
tension of the Abbott & Lucy’s[(1985) code was developed
for premaximum spectral analyses of SNe la (Ruiz—Lapuente
19924; Ruiz—Lapuente et al. 1992b). Recently, the Lucy 9199
~15 —10 _5 0 code was enhanced in order to derive the distribution of abun
Days (since B max) dances in SNe la ejecta allowing detailed supernova tomogra
phy (Stehlé 2004; Stehle et al. 2005).
Fig. 12. Premaximum temporal evolution of t#Siu) param- Here the analysis is focused on an early spectrum and on
eter for SN 2004dt and a sample of SNe shown for comparis@nother one near maximum light. The early epochs are best—
Filled symbols refer to HVG SNe, open symbols to LVG SNeuited to examining the outer parts of the ejecta, hence the
as defined in Benetti et al. (2005). high—velocity components of the absorption lines. Sinae th

0.5 —

04 —

R(SilI)

02 - & )
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and 23,000 km¥ — were introduced. These velocities corre-

ﬁf)ond to the main regions wherdfdrent lines were detected.
Two discrepancies between the model and the observations

Fig. 13. Comparison of late spectra (1 year past maximum)
of different SNe, including the peculiar SN 1991T and S
L986G. At this phase, SN 1991T and SN 1998 bu have not ygt, o ;gent. first, except for thenSW-—feature, all synthetic

been #ected by the light echo contamination (Schmidt et 3lnes are redder than the observed ones, or at least lackmabso
1994; Cappellaro et a.2001). Spectra have been nOrma"%%(isintheirblue wings. Second, there is,almostnmzﬂisorp-
and shifte_d for cIarity_. The phase with respect to the mamimu[.?n at 5970A, and the Si line at’4560A is too strong, which
of the B light curve IS shown close to the name. SN 2004 uggests that the model temperature is too high. Thelf@es
spectrum has been slightly smoothed. are formed near the photosphere, where the temperaturgyis ve
high, while Siu lines are formed farther out, where the temper-

SN ejecta have not yet expanded very much, the outer Iay@f'gre i,s Iowgr. Using a standard denlsity profile Ieayes_ _tde :
are still dense enough to produce significant absorptions. mass in regions above 15, 000kms* to produce significant

Models for both epochs are initially based on the W7 deﬁl_bsorptlons. Oxygen is singly ionized at low velocitied, the

sity profile (Nomoto et al. 1984), which is taken as the stmﬁdasnong Oline at 7772 Ais absent in the model, due to the low

; o 1 X .
departure model. The bolometric luminosity, the radiushef t density at velocities 17,000kms”, where its main observed

inner boundary (“photosphere”), and the abundances are aggorption occurs. Only theiSW-feature ¢ 5630 A) can be

termined iteratively to achieve the best match to the Omr\jeproduced fairly well. These lines are comparably weak and
spectrum are formed near the photosphere. Therefore, they do not show

significant high—velocity absorption.

The maximum light spectrum was assumed to have an
5.1. Standard density profile epoch from explosion o, = 17.7d. The photospheric ve-

. . locity had decreased to 9200 kmtsso the model luminosit
The spectrum at .day_ '9'6.'5. chosen for modeling the ea\rl\ﬁés)(/jetermined to be legl. = 43.04 (erg s'). Figurd1h showg
2?50?";5:3\/(;\/\\//2'; F':gﬂirft,eltr\l/;thf? O?rlfjtjsegrtuhrg ;heaatrclt) at the original W7 model (dashed line) behaves as at i ear
Inout distganceA a 32 61) was téken from the L on—Meudontlme' The overall flux shape is reproduced well, but mostline
E)E)tra alactic Dat_ab E’ ther iNbut parameters ylike the time'e too weak compared with the observed spectrum. Again, the
9 put p ; etemperature near the model photosphere is high enough that

since explosiontgy, = 9.1d) and reddeningg(B - V) = . o "
0.0f), were derived from the observations. The dashed Iine?r'f Mg, and Fe are doubly ionized. Therefore, the transitioin

. s : . singly ionized species are too weak in the synthetic spattru
Fig. (1 shows the bestl fitting model. The derived l.um'.nOS'fQé’een best in Si 13860A, 4130A, and 6355 A. Consequently,
Is logiol. = 4287 (ergs’), and the photospheric radius is IO'the Simr 14560 A line is too strong compared with the observed
cated at 14,500knT$. To account for the high—velocity com- g P

. e.
ponents, three shells in the outer layers — at 18,000, 20,0 The two spectral synthesis models show that the deep,
7 httpy/cismbdm.univ-lyon1.f-ledg blue—line absorption cannot be reproduced by simply irzrea

8 due to the discrepancies in the observed reddening distilsseingd the abundances, especially because H\ffezanot just a
Sect[3 and the absence of clearly detectable, M@ assumed the few lines but almost all lines — including Q17772A. Since
reddening to be negligible. more absorption at higher velocities is necessary andasarg
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SN 2004 dt - Day -1.1

[ee]

oo at the early epoch. All lines are shifted bluewards. The Si

Model normal density -—- | |lines at 3856 A and 6350A are comparable to the observa-
Model w. density blo 1

~
T

tions. Fan at 4420 A comes in and dominates the feature ob-
served at~ 4250 A. The Sin complex at 4560A is still a lit-
tle bit too strong but represents the observed line much bet-
ter. A fairly strong absorption near 4750A is caused by Si
5041, 5056 A. In the model it appears to be formed at velaitie
that are too high. The same applies to the maim f8ature at
6350 A, which is blue—shifted with respect to the observetio
Even with an increased density, there is not enough absprbin
mass to reach the depth of tha @7772 A line. Also the Ca
IR-triplet is underestimated in the model. A higher Ca abun-
dance, however, would also increase the absorption depth of
Can,H&K, which is already too strong.
3000 4000 5000 6000 7000 8000 9000 ~ 14  From the analysis using synthetic spectra, it can be
A [A] concluded that SN 2004dt contains an unusually high Si
Fig.15. Observed spectrum and corresponding model ghundance, since almost every prominent feature in the
SN 2004dt at day-1.1 usingE(B — V) = 0.0, = 3461, spectra is dominated by transitions of this element. This
texp = 17.7d. applies not only to the early epochs but also to the spec-
trum near maximum light, when usually Si high—velocity
components tend to disappear. Even the deep feature near
the abundances in the outer regions is néficent, the other 3700A, which is normally Ca,H&K in most SNe la, is

possibility is to increase the density. Plausible reasonsfi  gominated by Si transitions. On the other hand, only very

w S (&3] o
T T T T

F) [10 5 ergsicm2 A1)

N
T

i
A

enhanced density are be discussed later. little Fe-group elements are found in SN 2004dt. The outer
layers (14500kms'< v < 20,000kms?) contain 0.5% by
5.2, Enhanced density profile mass of Fe-group elements, and even in deeper layers between

9200km st and 14,500 kms only 12% can be found, where
To improve the models, the density at high velocities was iPiNi and>Fe begin to dominate in other SNe la.
creased in steps until the line absorptions could be remexiu
both in depth and velocity. Furthermore, attention was paid  The analysis of the observations has already shown the sig-
keeping the density profile smooth and similar to the originaificant high—velocity absorptions in almost every line eptc
shape of the W7 profile. We also tried to keep the abundan¢esthe Su and Sim lines. Modeling those spectra has con-
at reasonable values, i.e. similar to the values that agplyfirmed that, and proved that models with classical density pr
other “normal” SNe la. The best match was achieved by addifiigs do not contain enough material in their outer regiorngto
0.26 M, above 16,000 knTs in a spherically symmetric shell. produce the observations. Objects like SN 20044t cleadysh
The dotted line in Fid._14 shows the model, using the saritethe spectral features théfects of 3-D structures in the ex-
input parameters and abundances as before, but with therhigianding ejecta, and so, they are a very strong hint of asgieri
density. The improvements compared to the model withogkplosion scenarios.
a density enhancement are striking. The combined feature of
Cam,H&K, and Sin 13856 A, as well as the $i14130A line,
are reproduced very well, both in absorption depth and vtgloc
The Mgn 14481 A line is somewhat too shallow, but now it isSN 2004dt clearly dfers from most ‘normal’ SNe la with re-
at the correct wavelength. fiiat 14560 A is strongly reduced spect to line velocities. The observed high—velocity apton
compared with the low—density model, while theiSi5045A  can be reproduced in synthetic spectra only when the dessity
line is deeper and fits the observations very well. Thea®- increased significantly above 15,000 km s? with respect to
sorption between 5090 A and 5660 A is slightly weaker, butritodels that fit the spectra of less extreme HVG SNe (Stehle
still is at the right place, and a significant absorption dwe &t al. 2005). Global enhancement may be a property of the
Sin 15960 A is visible. Lower temperatures in the outer layerexplosion or the result of interaction with circumstellaa-m
in comparison with those near the photosphere, allow thés literial (CSM) (Gerardy et al._2004; Mazzali et al._2005b). In
to be formed. The main Si feature,i8at 16350 A, is still not both cases, a spherically symmetric situation is unlikelgen-
deep enough, but the model shows the high—velocity commity enhancement would require a mas$.26 My, while the
nent that is not present in the low—density model. Tfieat of added mass in the case of interaction would be even larges sin
an increased density can be seen nicely fori@772A. This the CSM would probably be dominated by elements such as
line was completely absent in the model without a density eA-andor He. A possibility is that the outer ejecta are shaped
hancement, but now the model matches the observed line fg-rising finger-like structures produced in the burning and
file almost perfectly. that these may interact with CSM. The ubiquitous presence of
The model near maximum light shows a similar chanddVFs in the earliest spectra of SNe la (Mazzali et al. 2005a)
when the density is increased in the same way as for the modek reproduced by 3-D spectrum synthesis models assuming

6. Discussion and conclusions
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a limited number of blobs (6 to 12) of large angular size aktknowledgements. This work has been supported by the European
v ~ 18000-25000 km &1 (Tanaka et al, 2006). If one such blobkCommunity’s Human Potential Program under contract HPRIN-C
happened to cover the early-time photosphere of SN2004dt202-00303, “The Physics of Type la Supernovae”.

most completely, the observed line profiles may be recoverdfis work is based on observations collected at the 2.3nsdefee

while the total mass of high-velocity material would notegd 2t the Siding Spring Observatory (SSO, Australia), at tizen2tele-
01M scope at the Centro Astrondmico Hispano Aleman (CAHA,igpa
~ U. o}

) ) ) at the 3.6m Telescopio Nazionale Galileo (TNG, La Palma,aBan
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