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Abstract

Galactic cosmic rays are commonly believed to be accelerated at supernova
remnants via diffusive shock acceleration. Despite the popularity of this idea,
a conclusive proof for its validity is still missing. Gamma-ray astronomy pro-
vides us with a powerful tool to tackle this problem, because gamma rays are
produced during cosmic ray interactions with the ambient gas. The detection
of gamma rays from several supernova remnants is encouraging, but still does
not constitute a proof of the scenario, the main problem being the difficulty in
disentangling the hadronic and leptonic contributions to the emission. Once
released by their sources, cosmic rays diffuse in the interstellar medium, and
finally escape from the Galaxy. The diffuse gamma-ray emission from the
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some level, during CR acceleration. If SNRs indeed are the sources of CRs,
they have to convert ∼ 10% of their explosion energy into accelerated par-
ticles. Since the explosion energy of a supernova is a remarkably constant
quantity close to 1051 erg, a rough estimate of the expected gamma-ray flux
from a given SNR can be obtained if one knows the density of the ambient
medium, and the SNR distance. Such estimates fall within the capabilities
of currently operating Cherenkov telescopes [5, 6]. In agreement with these
early estimates, several SNRs have been detected at TeV energies (for re-
cent reviews see e.g. [7, 8]) and, though their detection fits well with the
general scenario described above, the origin of such radiation might still be
leptonic, and thus unrelated to the acceleration of hadronic CRs. In par-
ticular, for the best studied SNR in TeV gamma rays, RX J1713.7-3946 [9],
evidence has been put forward, both from X-ray [10] and GeV gamma-ray
[11] observations, supporting a leptonic origin of the TeV emission. This
does not mean that the SNR RX J1713.7-3946 is not accelerating hadronic
CRs at the level required to explain the flux of galactic CRs, but simply that
the leptonic contribution to the gamma ray production is dominant over the
contribution from hadrons. This may naturally happen if the ambient gas
density is low. On the other hand, the gamma-ray emission detected from
the historical SNR Tycho, seems to favor an hadronic origin [12] (but see [13]
for an alternative interpretation). Further multiwavelength studies of SNRs
are needed in order to find a conclusive evidence of the fact that SNRs, as
a class, accelerate hadronic CRs and are quantitatively able to provide the
measured flux of CRs.

At some stage of the SNR evolution, CRs have to be released into the
interstellar medium. The details of the process of particle escape from SNRs
are still to be fully understood, though it is generally believed that parti-
cles with the highest energies escape first, while particles with lower and
lower energies are gradually released as the SNR shock speed decreases [e.g.
14]. Once escaped, CRs diffuse away from the acceleration site and, before
being dispersed in the galactic CR background, they remain for some time
diffusively confined in the vicinity of the accelerator. The details of CR dif-
fusion in the interstellar medium are also not fully understood (see e.g. [15]
and references therein). However, by assuming that CR diffusion proceeds
isotropically, and that at a given time CRs have diffused away from the source
and fill a region of radius R, it is possible to estimate the average energy den-
sity of CRs as [16]: wCR ≈ 0.55 (WCR/1050erg)(R/100 pc)−3eV/cm3 , where
WCR is the total energy carried by CRs when released by the source. This
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• Extra-galactic (point source)

• ~300-500 / yr

• R ~ 1015 cm, v ~ 10,000 km/s

• Luminosity <= radioactivity

• Optical

• Lopt ~ 1042 erg/s

• absorption-line spectrum
=> emission-line spectrum
(thick => thin)

• Galactic and LMC/SMC

• ~200 in our Galaxy

• R >~ pc, v < 3,000 km/s

• Luminosity <= shock

• Radio-Opt-X-Gamma

• Lx ~ 1037 erg/s

• Synchrotron
+ brems + emission line 

HST, optical Chandra, X-ray
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Fig. 1.5.— Optical(-infrared) quasi-bolometric light curves of Type Ic SNe 1998bw (Patat et al.
2001), 1994I (Richmond et al. 1996), Type Ia SN 1992A, and Type II SN 1999em (Elmhamdi
et al. 2003). The timescale around the peak is a few tens days in Type Ia and Ic SNe. In Type II
SNe, plateau phases lasts until ∼ 100 days after the explosion. After ∼ 100 days after explosion,
the behavior of all types of SNe is similar, which is determined by the decay timescale of 56Co,
and escaping efficiency of γ-ray.

SNe 1998bw, 1994I, 1992A in Fig. 1.5). This is because the SN ejecta is optically thick soon after
the explosion and optical photons are trapped. As a result, the optical radiation from the surface is
delayed.

A typical optical depth of electron scattering in SN ejecta is estimated as following:

τopt = neσR ∼ (3Mej/4πR3mH)σR ∼ (3σ/8πmH)(Mej/EK)t−2 ∼ 104(t/day)−2. (1.4)

Here, we assume Mej = 4/3πR3nemH (ejecta are singly-ionized), and EK = 1/2Mejv2 =
1/2Mej(R/t)2. As typical parameters, ejecta mass and kinetic energy are assumed to be Mej ∼
1M" and EK ∼ 1051 erg. This simple estimate means that the effect of photon diffusion is
important until t ∼ 100 days (Fig. 1.5). The timescale of the LC (τLC) is roughly scaled as
following (Arnett 1982):

τLC ∝ κ1/2M3/4
ej E−1/4

K , (1.5)

109 Lsun
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3 months

1 year

radioactive decay 
56Ni

Optical light curve
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RSN(z) = ρ∗(z)
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Dahlen et al. 2004
Botticella et al. 2008
Bazin et al. 2009
Li et al. 2011
see also Horiuchi et al.  2011

Dust extinction? 
Luminosity function?
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Kinetic energy
E = (1/2) M v2

HST, optical Chandra, X-ray

Mass

Velocity
proper motion

Doppler v
(decelerated)

Doppler v
(free expansion)

Diffusion time Intensity

SN 2005hk at late phase as well as at early phase. In the figure we
assume that B maximum of SN 2005hk occurs 17 days after the
explosion, which gives the best fit of the LC (see also Phillips
et al. 2007).10 The mass of 56Ni derived from the model is some-
what smaller than 0.24M! derived by Phillips et al. (2007). This
discrepancy may be caused by a different distribution of 56Ni
in the ejecta. Since 56Ni in the model in Phillips et al. (2007) is
extended to the outer layers, a part of 56Ni does not contribute to
the optical light. In this paper we call our scaled, less energetic
model E03.

The behavior of the model E03 LC is understood by simple
analysis. If the opacity is assumed to be constant, the timescale
of the bolometric LC (!LC) is scaled as !LC / M 3/4

ej E"1/4
K (Arnett

1982), where Mej is the mass of the ejecta. Therefore, if Mej is
fixed (Chandrasekhar mass), the lower energy gives a slow de-
cline after themaximum. The late-phase evolution of LC is mainly
determined by the optical depth to "-rays. Since the optical depth is
higher for lower energetic ejecta (! / M 2

ejE
"1
K ; e.g., Maeda et al.

2003), the LC of model E03 declines slowly at late phase.
The characteristic parameters of the LC models are summa-

rized in Table 5. In the lower energetic model, unburned C and O
should be abundant, being #0.8 M! in total. The presence of
large amount of unburned C+O is also seen in 3D deflagration
model (Röpke et al. 2006), which is used in Phillips et al. (2007).
Although our model is very simple, it mimics the properties of
the 3D deflagration model. Our model is further verified by
spectral modeling in x 6.3.

6. THE SPECTRUM

6.1. Evolution during Early Phases

The spectral evolution of SN 2005hk during the early phases
is shown in Figures 8Y12. The premaximum spectra (Fig. 8)
show a blue continuum, dominated by Fe iii lines, with weak Si ii
and Ca ii H and K absorption (see x 6.3.1). Comparing the pre-
maximum spectrum with other normal Type Ia as well as pe-
culiar Type Ia (Fig. 9), it is seen that the spectrum of SN 2005hk
is very similar to that of SN 1991T. However, the minima of
the Ca ii H and K, Fe ii, Fe iii, and Si ii lines indicate that SN
2005hk has much lower expansion velocities, which decrease
from #6900 km s"1 on day "6 to #6200 km s"1 on day "4.
The similarity of the premaximum spectrum of SN 2005hk with
SN 1991TYlike events has also been noted by Phillips et al.
(2007) & Stanishev et al. (2007).

The postmaximum evolution of the spectrum of SN 2005hk
is presented in Figures 10 and 12. The spectrum and its evolu-
tion are quite different from that of normal SNe Ia, as can be seen
from Figure 11. The spectrum and its evolution closely matches
that of SN 2002cx (Li et al. 2003; Branch et al. 2004; Jha et al.
2006). The spectrum is dominated by Fe ii and lines due to Co ii,
Na i, and Ca ii are also clearly present (see x 6.3.1). Some Cr ii
linesmay contribute to the absorption around 48008 (Branch et al.
2004). The photospheric velocity decreases to #4000 km s"1

by day +10. The flux in the blue continuum is found to de-
cline steadily, and by day +14, the continuum is quite weak be-
low 45008. This could also be an effect of line blanketing due
to Fe ii lines. The spectrum remains almost unchanged from
day +10 to day +24.
The spectrum of day +62 is very similar to that of day +45,

except for the narrowing of lines (Fig. 12). The lines in the
6500Y6800 8, identified with Co ii (Branch et al. 2004), which
by day +32 started weakening steadily with time (but they could
be C ii; see x 6.3.1).

TABLE 5

Characteristic Quantities of the Models

Model

(1)

EK

(1051 ergs s"1)

(2)

M (56Ni)

(M!)

(3)

M (C)

(M!)

(4)

M (O)

(M!)

(5)

M (Si)

(M!)

(6)

M (Fe group)

(M!)

(7)

W7 (92A)........... 1.2 0.17 0.038 0.12 0.16 0.95

W7 (91bg).......... 1.2 0.088 0.038 0.12 0.16 0.95
E03 ..................... 0.30 0.18 0.36 0.44 0.074 0.45

E008 ................... 0.08 0.09 0.44 0.53 0.053 0.32

Spectra................ . . . . . . <0.011 0.84 0.023 0.44

Notes.—Col. (2): Kinetic energy of the explosion; col. (3): Total mass of 56Ni; col. (4): Mass of C contained in the
ejecta; col. (5): Mass of O contained in the ejecta; col. (6): Mass of Si contained in the ejecta; col. (7): Total mass of
Fe-group elements including 56Ni.

Fig. 8.—Premaximum spectral evolution of SN 2005hk. The phases marked
are relative to date of B maximum. The spectra have been corrected for the
redshift of the host galaxy, but not corrected for the reddening. For clarity the
spectra have been shifted vertically. The telluric lines have not been removed
from the spectra and are marked with a circled plus sign.

10 The rise time of 15 $ 1 days is estimated by Phillips et al. (2007), using 3 #
upper limit at 15 days before Bmaximum. Our model LC assuming the rise time
of 17 days is consistent with the upper limit.
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Figure 2. The observed spectra of SN 2003du at the pre-maximum epochs (black) compared with the synthetic spectra (red). Panels
(a) - (d) show the spectra at −12.8, −10.9, −7.8 and −5.8 days from B maximum, respectively. Line identifications shown in the figures
are made only for the major contributions. The synthetic spectra are reddened with E(B − V ) = 0.01 mag.

SN 2003du has relatively narrow Si ii lines. To repro-
duce the profile of the Si ii λ6355 line, the mass fraction of
Si is required to be X(Si) ∼ 0.3. The dominant element in
the layers at v > 13000 kms−1 is not Si, but more likely O.
The distribution of Si is discussed in Appendix B.

The mass fraction of S is X(S) = 0.1-0.2 around v =
10000 km s−1. Although the synthetic spectra for the two
earliest epochs show stronger lines than the observations,
the later spectra are nicely reproduced.

Carbon and Oxygen: There is no clear C line in the ob-
served spectra except for the possible C ii λ6578 line at the
emission peak of the strongest Si ii λ6355 line (Stanishev
et al. 2007). We derive an upper limit for the C mass as
M(C) < 0.016 M" at v > 10500 km s−1 (details are pre-
sented in Appendix C). The small mass fraction and mass of
C are consistent with the results of previous work (Marion
et al. 2006; Thomas et al. 2007; Tanaka et al. 2008; Marion
et al. 2009).

The synthetic spectra show a clear O i λ7774 line

around 7500 Å while the presence of such a strong O line is
not that clear in the observed spectra. Although the abun-
dance of O is not well constrained, considering the lower
abundance of C, Mg, Si and S (see above), we conclude that
the dominant element in the outer layers is O. The mass
fraction of O at v > 9400 kms−1 is X(O) = 0.05 − 0.85,
increasing towards the outer layers.

3.2 Maximum Epochs

In Fig. 3, the observed spectra at the epochs from −4 to
+1.2 days since B maximum (black) are compared to the
synthetic spectra (red). The element features present in the
observed spectra are similar to those in the pre-maximum
spectra. At these epochs, the photospheric velocity decreases
from 9050 to 8200 kms−1. The flux of the synthetic spectra
at the line-free region at λ > 6500 Å tends to be overes-
timated because of our assumption of blackbody emission
(see Appendix A1).
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Figure 3. Same as Fig. 2 but at the maximum epochs. Panels (a) - (d) show the spectra at −4.0, −1.9, 0 and +1.2 days from B
maximum, respectively.

Fe-group elements: Around maximum, lines of Fe-group
elements are present, as in the pre-maximum epoch. A larger
amount of 56Ni is required compared with the pre-maximum
epochs to block the emission in the near-UV more effectively.
The mass fraction of 56Ni is X(56Ni) = 0.5−0.7 at v = 8200
- 9050 kms−1.

At maximum epochs, the presence of Fe lines does not
directly indicate the presence of stable Fe because of the
high abundance of the decay product of 56Ni. At B max-
imum (texp = 20.9 days), about 10 % of 56Ni has already
decayed into Fe, and thus an Fe abundance of ∼ 0.05 - 0.07
is the product of the decay of 56Ni. This is much larger than
the abundance of stable Fe required for the pre-maximum
spectra, and thus we cannot distinguish the contribution of
stable Fe.

Silicon and Sulphur: The Si ii λ6355 line becomes nar-
rower. The Si distribution at the outer layers derived from
the line profile in the pre-maximum spectra (Appendix B)
nicely reproduce the maximum spectra. In the spectrum at
maximum, the line ratio of two Si ii lines (λ5879 and 6355,

R(Si ii) in Nugent et al. 1995) is also nicely reproduced,
suggesting the estimates of the temperature and of the ion-
ization are reasonable (Table 1, Hachinger et al. 2008).

The S ii lines around 5500 Å are also reproduced
nicely. Although the photospheric velocity at this epoch is
vph= 8200 - 9050 km s−1, the S ii lines, as well as the Si ii

lines, are mainly formed at v ∼ 10000 kms−1 (see Fig. 1).
The “detachment” of the lines is caused by the ionization
effect, e.g., S iii is dominant near the photosphere while the
fraction of S ii increases towards higher velocities (see Fig.
9 of Tanaka et al. 2008).

3.3 Post-Maximum Epochs

In Fig. 4, the observed spectra at epochs from +4.3 to +17.2
days since B maximum are compared to the synthetic spec-
tra. At these epochs, the contribution from Fe-group ele-
ments is larger than at earlier epochs. The assumption of
blackbody emission becomes unreliable, and results in the
overestimate of the flux at λ > 6500 Å. Although the photo-
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Figure 5. The nebular spectrum of SN 2003du (+376.9 days
from B maximum, black) compared with the synthetic spectra
(color lines). The red solid line shows the best fit model while the
blue dashed line shows the model without central region devoid
of 56Ni.

spectra show too strong high velocity component. They are
caused by the high abundance at v > 15000 kms−1 derived
from the earliest spectra. We believe that the constraints
from the earlier spectra are more reliable because the valid-
ity of the assumptions in the atmosphere is more certain at
those epochs.

4 NEBULAR-PHASE SPECTRA

A spectrum at +376.9 days since B maximum (Stanishev
et al. 2007) is modelled to derive the abundances at the in-
nermost layers. A 56Ni distribution decreasing toward higher
velocities (v

∼
> 10000 kms−1) nicely fits the profile of the

two strongest Fe lines (red line in Figure 5). This is con-
sistent with the constraints from the spectra at the pre-
maximum and maximum epochs.

The innermost layers are dominated by stable Fe. In
particular, stable Fe and Ni dominate the abundance at ve-
locities inside of about 3000 km s−1, accounting for a total
mass of ∼ 0.2M". Most of this is actually stable Fe. Lim-
its to the stable Ni mass can be set by the weakness of the
[Ni ii] emission near 7400 Å. As for stable Fe, this is required
in the innermost regions in order to keep an ionization bal-
ance between Fe ii and Fe iii which allows the shape of the
two strong, Fe-dominated emissions in the blue to be re-
produced, as well as their ratio. The bluer emission, near
4600 Å, is in fact dominated by Fe iii, while the redder one,
near 5200 Å, is dominated by Fe ii.

If a central region devoid of 56Ni is absent (blue dashed
line), both of Fe features look very sharp, unlike the obser-
vations. In order to reduce the flux, the 56Ni distribution
must be limited to a smaller region, and the overall higher
density of the tinner region leads to a lower Fe ionization,
so that the ratio of the two Fe lines in the blue is no longer

correct: the Fe ii-dominated line (near 5200 Å) becomes too
strong, as shown in the model in blue dashed line in Fig-
ure 5. On the other hand, the presence of stable Fe acts as a
coolant, keeping the ionization degree to a level which yields
reasonable line intensities (red line).

5 BOLOMETRIC LIGHT CURVE

The derived abundance distribution is tested against the
bolometric LC (Stanishev et al. 2007). SN 2003du is an ex-
tremely well-observed SN, and the bolometric LC was con-
structed with a small uncertainty, including the contribution
in NIR (Stanishev et al. 2007).

For the modelling, we use a Monte Carlo LC code based
on that developed in Cappellaro et al. (1997). The code fol-
lows the emission and propagation of γ-rays and positrons
from 56Ni and 56Co decay. Both γ-rays and positrons are
treated with an effective opacity (i.e., the positrons are
not assumed to deposit in situ). The opacities adopted are
0.027 cm2 gm−1 for the γ-rays and 7 cm2 gm−1 for the
positrons (Axelrod 1980). For optical opacity, we use an an-
alytic formula introduced by Mazzali et al. (2001a, 2007),
which includes the composition dependence (Fe-group ele-
ments and other elements) and a time dependence (Hoeflich
& Khokhlov 1996).

Fig. 6 shows the comparison between the observed bolo-
metric LC (black squares) and the computed LC (blue line).
The input luminosities for the photospheric-phase spectra
are also plotted (red circles). The model LC matches well
with the observed LC from before maximum until > 1 year.
This suggests that the derived abundance distribution, espe-
cially that of 56Ni is reasonable. The bolometric LC derived
from the synthetic spectra at epochs after maximum devi-
ate progressively from the observational points, reflecting
the increased production of spurious flux redwards of 6500
Å in the synthetic spectra (see Sect. 4).

6 ABUNDANCE DISTRIBUTION AND

INTEGRATED YIELDS

6.1 Abundance Distribution

The abundance distribution derived from the modelling of
the photospheric- and nebular-phase spectra is shown in
Figs. 7 and 8. These two figures show the mass fraction of
each element as a function of mass and velocity, respectively.
For comparison, the abundance distribution of a deflagration
model (W7, Nomoto et al. 1984) is also shown (Figs 7b and
8b). Note the line with “56Ni” represents the mass fraction
of radioactive 56Ni at the time of the explosion (texp = 0),
and that “Fe” and “Ni” denotes only stable elements.

At the innermost layers (Mr < 0.1M", v < 3000
kms−1), stable Fe is dominated (Section 4). This is also
suggested by the NIR spectrum at late phase (Höflich et al.
2004; Motohara et al. 2006). The existence of stable ele-
ments at the innermost layers is consistent with the ex-
plosion model. These elements are synthesized via electron
capture reactions under high density, and thus are typically
located in the innermost layers.

Above the layer of stable elements, there is a 56Ni
-dominated layer (Mr = 0.1-0.9M", v = 3000-10000
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• Nuclear energy production

• E(nuclear) = [1.56M(56Ni) +1.74M(Fe) +1.24M(Si)] x 1051

               ~ (1.56x0.6      + 1.74x0.3   + 1.24x0.3) x 1051

               ~ 1.8 x 1051 erg

• Kinetic energy = Nuclear - binding energy

• E(kinetic) = E(nuclear) -  E(binding energy of WD)
               ~ 1.8 x 1051 - 0.5 x 1051 ~ 1.3 x 1051 erg 

Kinetic energy

MT+11
MNRAS,
410, 1725
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Figure 7. Abundance distribution in the mass coordinate derived from the spectral modelling (a) compared with that of W7 (b). “56Ni”
represents the mass fraction of 56Ni at texp = 0 and “Fe” and “Ni” only represent mass fractions of stable Fe and stable Ni, respectively.
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Figure 8. Same as Fig. 7 but in the velocity coordinate.
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Core-collapse supernovae

Drout et al. 2011, ApJ, 741, 97

The Astrophysical Journal, 741:97 (20pp), 2011 November 10 Drout et al.

Figure 7. Absolute V-band light curves for our Gold SNe Ibc and literature
sample, before correcting for host galaxy extinction. The light curves for engine-
driven SNe 1998bw, 2006aj, and 2009bb are indicated by gray star symbols and
the peak magnitudes are labeled by gray bars.
(A color version of this figure is available in the online journal.)

Figure 8. Absolute R-band light curves for our Gold and Silver SNe Ibc and
literature sample, before correcting for host galaxy extinction. The light curves
for engine-driven SNe 1998bw, 2006aj, and 2009bb are indicated by gray star
symbols and the peak magnitudes are labeled by gray bars.
(A color version of this figure is available in the online journal.)

(V − R)R10 ≈ 0.20 to 0.44 mag. We conclude that the (V − R)
color evolution observed for SNe Ibc can be exploited as a useful
diagnostic for estimating their host galaxy extinction.

We adopted these extinction-corrected mean colors and their
associated dispersions at ∆t ≈ 10 days as template values and

Figure 9. We extracted the ∆m15 values for our Gold SNe in the V and R bands
and in the R band for the Silver SNe. In each band, we compare the ∆m15
estimates for SNe Ib (thin blue lines), Ic (thin red lines), and Ic-BL (red/black
dashed lines) assuming Gaussian errors. We normalize the summed differential
distributions to unity (thick lines). For comparison, we overplot the summed
differential distributions from the literature sample (Figure 6; dotted lines). The
∆m15 distributions are similar for the literature and P60 samples, across the
sub-classes.
(A color version of this figure is available in the online journal.)

used them to infer the total host galaxy extinction for our P60
sample. To this end, we first constructed (V −R) color curves for
the P60 sample and corrected each for Galactic extinction (see
Table 1). We interpolated over the P60 color curves to estimate
the respective values of (V − R)V 10 and (V − R)R10 for all
Gold SNe and (V −R)R10 for all Silver SNe. By attributing any
residual color excess over the template values to host galaxy
extinction, we derived E(B − V )host estimates for each SN.

As shown in Figures 13–15, the extinction-corrected color
curves for our P60 sample are generally consistent with the
template curves constructed from the literature sample. The
host galaxy extinction values are listed in Table 5, where
the associated uncertainties are dominated by the standard
deviation of the template values at 10 days after V- and
R-band maxima. To ensure consistency with the literature
sample extinction estimates, we similarly adopted a Milky Way
extinction law for the host galaxies.

We combine the E(B − V )host values for the literature and
P60 samples and report a mean extinction of E(B − V )host =
0.36 ± 0.24 mag. Dividing the sample into spectroscopic sub-
classes, we find no evidence for a statistically significant
difference in their host galaxy extinction values. A K-S test
reveals that the probability that SNe Ib, Ic, and Ic-BL are
drawn from the same population of events is !17%. Therefore,
based on our compilation of V- and R-band light curves from
the literature and our P60 study, we conclude that most SNe
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Figure 8. Kinetic energy of the explosion (upper) and the ejected 56Ni mass as
a function of the estimated main-sequence mass of the progenitors for several
core-collapse SNe. The parameters are listed in Table 2 with references. The
progenitor mass of SNe shown in the figure is estimated based on the MMS–Mα

relation by Sugimoto & Nomoto (1980; used in Nomoto & Hashimoto 1988) as
in this paper.
(A color version of this figure is available in the online journal.)

Our hydrodynamic/nucleosynthetic calculations show that a
smaller central remnant is preferred (∼ 1.6–1.8 M", Table 1).

5.3. SN 2008D in the Context of Type Ib/c Supernovae

Figure 8 shows the kinetic energy of the ejecta and the ejected
56Ni mass as a function of the estimated main-sequence mass
for several core-collapse SNe (see, e.g., Nomoto et al. 2006).
The parameters shown in Figure 8 are also listed in Table 2. SN
2008D is shown by a red circle in Figure 8. The ejecta parameters
for other SNe shown in Figure 8 and Table 2 are derived from
one-dimensional modeling as in this paper. Although there is
a systematic uncertainty in the progenitor mass (Figure 1), the
progenitor mass of SNe shown in Figure 8 is estimated based on
the MMS–Mα relation by Sugimoto & Nomoto (1980; used in
Nomoto & Hashimoto 1988) as in this paper. Thus, the relative
positions of SNe in the plots are robust.

The main-sequence mass of the progenitor of SN 2008D is
estimated to be between normal SNe and GRB-SNe (or hyper-
novae). The kinetic energy of SN 2008D is also intermediate.
Thus, SN 2008D is located between the normal SNe and the
“hypernovae branch” in the EK–MMS diagram (upper panel of
Figure 8). The ejected 56Ni mass in SN 2008D (∼ 0.07 M")
is similar to the 56Ni masses ejected by normal SNe and much
smaller than those in GRB–SNe.
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Figure 9. Spectral comparison among SNe 1993J (IIb; Barbon et al. 1995),
1999ex (Ib/c, Hamuy et al. 2002), 2008D (Ib) and 2005bf (peculiar Ib; Anupama
et al. 2005). The epoch for SNe 1993J, 1999ex, and 2005bf is given in the
estimated days from the explosion. Dashed, vertical lines show the position of
the He lines (He i 5876, 6678, 7065) blueshifted with v = 10, 000 km s−1. The
spectra except for SN 2008D are taken from the SUSPECT database.
(A color version of this figure is available in the online journal.)

Figure 9 compares the spectra of SNe 1993J (IIb, Barbon et al.
1995), 1999ex (Ib/c, Hamuy et al. 2002), 2005bf (Ib, Anupama
et al. 2005, Tominaga et al. 2005, Folatelli et al. 2006), and
2008D (Ib). The epoch for SNe 1993J, 1999ex, and 2005bf is
given in the estimated days from the explosion. The explosion
epoch is uncertain up to ∼ 15 days in SN 2005bf (Folatelli et
al. 2006) while it is well constrained in SNe 1993J and 1999ex
(! 2 days, Wheeler et al. 1993; Hamuy et al. 2002).

The spectra of SN 2008D and SN 1999ex are very similar
(Valenti et al. 2008b), while SN 2005bf has lower He velocities.
Although the epoch of SN 2005bf is uncertain, the He line
velocities in SN 2005bf are always lower than 8000 km s−1

(Tominaga et al. 2005). The He lines in SN 1993J are very weak
at this epoch. The Fe features at 4500–5000Å are similar in
these four SNe, but those in SN 2005bf are narrower.

Malesani et al. (2009) suggested that the bolometric LCs of
SNe 1999ex and 2008D are similar. If it is the case (although
some discrepancy is shown by Modjaz et al. 2008b), the
similarity in both the LC and the spectra suggests that SN 1999ex
is located close to SN 2008D in the EK–MMS and M(56Ni)–MMS
diagrams.

Comparison with other Type Ib SNe shown in Figure 8 is
possible only for SN 2005bf although SN 2005bf is a very
peculiar SN that shows a double peak LC with a very steep
decline after the maximum, and increasing He line velocities
(Anupama et al. 2005; Tominaga et al. 2005; Folatelli et al.
2006; Maeda et al. 2007). The LC of SN 2005bf is broader
than that of SN 2008D, while the expansion velocity of SN
2005bf is lower than that of SN 2008D. These facts suggest
that SN 2005bf is the explosion with lower EK/Mej ratio
(Table 2).

see eg., MT+09 ApJ, 692. 1131

!! biased sample !!
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blackbodies, of course. Using the theoretical spectra of
Eastman et al. (1996), I find that the bolometric corrections
derived from Planck functions are !0.2 mag too large for
Teff " 6500 K, about right (#0.1 mag) in the range
5000 $ Teff $ 6500 K, and systematically low for
Teff $ 5000 K. It would be convenient if the LN65 formulae
were rederived with improved corrections.

5. PROPERTIES OF CORE-COLLAPSE SUPERNOVAE

Core-collapse SNe can also be hosted by massive stars
that have lost most or all of their hydrogen-rich envelopes
(SNe Ib), and even most or all of their helium envelopes
(SNe Ic). Therefore, it proves interesting to compare the
physical properties of such objects with those derived from
SNe IIP. A bibliographic search reveals that there are only a
handful of well-studied SNe Ib/c. Table 4 lists such objects

and the corresponding references from which their physical
parameters were obtained.

In general, SNe Ib/c have bell-shaped light curves with a
rise time of !15–20 days, a fast-decline phase of !30 days,
and a slower decline phase at a rate between 0.01 and 0.03
mag day%1. Unlike SNe IIP, the light curves of SNe Ib/c are
promptly powered by 56Ni ! 56Co ! 56Fe. While the peak
is determined by the amount of nickel synthesized in the
explosion, the width depends on the ability of the photons
to diffuse out from the SN interior, which is determined by
the envelope mass and expansion velocity. Therefore, the
early-time light curve provides useful constraints on the
56Ni mass, envelope mass, and kinetic energy (Arnett 1996).
Additional constraints on the kinetic energy come from the
Doppler broadening of the spectral lines. The late-time
decline rate reveals that a fraction of the gamma rays from
the radioactive decay escape from the SN ejecta without
being thermalized and can therefore be used to quantify the
degree of 56Ni mixing in the SN interior. Nomoto et al.
(2000) have modeled SNe Ib as helium stars that lose their
hydrogen envelopes by mass transfer to a binary compan-
ion, and SNe Ic as C/O bare cores that lose their He enve-
lope in a second stage of mass transfer. In both cases they
assume spherically symmetric explosions. Table 4 sum-
marizes the parameters derived from such models for the
seven SNe Ib/c.

Figure 7 shows envelope masses and nickel masses as a
function of explosion energy for the seven SNe Ib/c along
with the 16 SNe II shown in Figure 6. The top panel reveals
that SNe Ib/c appear to follow the same pattern shown by
SNe II, namely, that SNe with greater envelope masses pro-
duce more energetic explosions. The main difference
between both subtypes, of course, is the vertical offset
caused by the strong mass loss suffered by SNe Ib/c prior to
explosion. From the bottom panel it is possible to appreci-
ate that SN 1998bw was quite remarkable in explosion
energy (60 foe) and nickel mass (0.5M&) compared to all of
the other core-collapse SNe. Owing to its extreme energy,
this object has been called a hypernova. SN 1998bw is also
remarkable because it was discovered at nearly the same
place and time as GRB 980425 (Galama et al. 1998). The
Type Ic supernovae SN 1997ef and SN 2002ap are located
far below SN 1998bw in the energy scale (8 and 7 foe,
respectively), yet far above the normal SN 1994I. Despite
their greater than normal energies, neither of these objects
produced unusually higher nickel masses compared to lower
energy SNe Ib/c. Although the statistics are poor, it proves
interesting that both SNe Ib/c and SNe II share the same
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Fig. 6.—Envelope mass and nickel mass of SNe II, as a function of
explosion energy. Filled circles represent the 13 SNe IIP for which I was
able to apply the technique of LN85. The three crosses correspond to SN
1987A, SN 1997D, and SN 1999br, which have been modeled in detail by
Arnett (1996) and Zampieri et al. (2002). The nickel yield for SN 1999br
comes from this paper (Table 2).

TABLE 4

Physical Parameters for Type Ib/c Supernovae

SN Type
Energy

('1051 ergs)
EjectedMass

(M&)
NickelMass

(M&) References

1983I................. Ic 1.0 2.1 0.15 1
1983N ............... Ib 1.0 2.7 0.15 1
1984L................ Ib 1.0 4.4 0.15 1
1994I................. Ic 1.0 0.9 0.07 2
1997ef ............... Ic 8.0 7.6 0.15 2
1998bw ............. Ic 60.0 10.0 0.50 2
2002ap .............. Ic 7.0 3.75 0.07 3

References.—(1) Shigeyama et al. 1990; (2) Nomoto et al. 2000; (3)Mazzali et al. 2002.
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Galactic SN rate
 ~  1 SN / 100 yr ??

Type Ia SN
E = 1.0-1.5 x 1051 erg
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<E> = 1051 erg ??
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How to find echoesL82 REST ET AL. Vol. 681

Fig. 1.—Light echo arclets associated with Tycho from field 4821. The
orientation is north up and east to the left and the images are 325! # 250!.
The top panels show the first-epoch image from 2006 October 20 (left) and
the second-epoch image from 2007 December 13 (right). The bottom images
are the difference images between the two top images where white represents
the later (2006 October) image and black the earlier October image. Saturated
bright stars are masked gray. In the bottom panels, the left image is repeated
in the right panel with the motion vectors plotted. Red represents a straight
line fit to the arclet, yellow represents the apparent motion of the arclet, and
blue shows the reverse vector direction. The VR surface brightness in the
brighter arclets is roughly 24 mag arcsec!2. The widths of the echoes are
resolved, and typically 10! across.

Fig. 2.—Arclet vector motions in the region of the Cas A and Tycho su-
pernovae. The vectors are plotted on an image reconstructed from IRAS data
at 100 mm (Miville-Deschênes & Lagache 2005). The panels are 44! # 25!
with north up and east to the right. The green squares show the mosaic fields
where we have at least two epochs and have been searched for arcs in the
difference image. The red circles mark the positions of the three historic SNe
SN 1181, Tycho, and Cas A. There are six clusters of light echoes with apparent
motion vectors pointing back to the Cas A SNR, and six more consistent with
an origin coincident with the Tycho SNR. Panel b shows the average vector
for each light echo cluster. The apparent positions for the points of origin for
the two echo complexes are listed in Table 2, and calculated as average of the
all the pairs of vector crossings (clipped at 3 j), where the large light blue
circles denote the standard deviation of the crossings of all vector pairs in
each echo complex. The yellow circles are centered on the Table 2 mean vector
crossings and the circle sizes show the error in the mean for the vector
crossings.

tober 21–23, 2006 December 16, 2007 October 12–15, and
2007 December 13–15. Exposure times were between 120 and
150 s. The interval between the two epochs for a given field
is at least 53 days and as much as 2 years. We expect echo
arclets to have typical apparent motions of 20!–40! yr , mean-!1

ing a 3 month baseline is sufficient to resolve their apparent
motion. Imaging data were kernel- and flux-matched, aligned,
subtracted, and masked using the SMSN pipeline (Rest et al.
2005a; Garg et al. 2007; Miknaitis et al. 2007). The resulting
difference images are remarkably clean of the (constant) stellar
background and are ideal for searching for variable sources.

3. ANALYSIS

Using the same techniques developed for the LMC echo
searches (Rest et al. 2005b), candidate echo arclets, such as
those shown in Figure 1, were identified by visual examination
of difference images.

We estimated the arc motion directions by eye and plotted
the inverse motion vectors, as shown in Figure 2a. Two echo
complexes were discovered. In the first, we found six clusters
of light echoes with proper-motion vectors converging back to
the Cas A SNR, and in the other, six more echo clusters con-
sistent with an origin coincident with the Tycho SNR. No echo
arclets were detected for SN 1181 during this search, which
also lies within our search area, but in a region of lower 100
mm surface brightness. All light echo features discovered seem
to be associated with either Cas A or Tycho. We have obtained
third- and fourth-epoch images in 2007 for the light echo groups
we detected in 2006, and the light echoes were redetected in
these images.

For a given light echo cluster, the vectors have a spread in
angle of 10! (see Table 1, col. [8]) mainly due to the orientation
of the scattering dust: if the reflecting dust sheet or filament is
confined to a plane perpendicular to the line of sight, the light

echo vector points exactly back to the source. However, if the
dust sheet is inclined or warped, then the tangent to the light
echo arc may rotate with respect to the perpendicular direction
to the remnant position. Provided that the inclinations of dust
filaments in azimuth and in distance are not correlated, the
average vector will still point in the direction of the SNR. For
each light echo cluster, we calculate the average vector (see
Table 1), as shown in Figure 2b. The estimated positions for
the points of origin for the two echo complexes are given in
Table 2 as calculated by the average of all pairs of vector
crossings (clipped at 3 j). The Tycho and Cas A SNR positions
are within the standard deviation of the points of origin and
within 3 j of the average position.

4. DISCUSSION AND CONCLUSIONS

The light echo equation (Couderc 1939)

2r ct
z p ! (1)

2ct 2

relates the depth coordinate z, the echo-supernova distance pro-
jected along the line of sight, to the echo distance r perpen-
dicular to the line of sight and the time t since the explosion
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are the difference images between the two top images where white represents
the later (2006 October) image and black the earlier October image. Saturated
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where we have at least two epochs and have been searched for arcs in the
difference image. The red circles mark the positions of the three historic SNe
SN 1181, Tycho, and Cas A. There are six clusters of light echoes with apparent
motion vectors pointing back to the Cas A SNR, and six more consistent with
an origin coincident with the Tycho SNR. Panel b shows the average vector
for each light echo cluster. The apparent positions for the points of origin for
the two echo complexes are listed in Table 2, and calculated as average of the
all the pairs of vector crossings (clipped at 3 j), where the large light blue
circles denote the standard deviation of the crossings of all vector pairs in
each echo complex. The yellow circles are centered on the Table 2 mean vector
crossings and the circle sizes show the error in the mean for the vector
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subtracted, and masked using the SMSN pipeline (Rest et al.
2005a; Garg et al. 2007; Miknaitis et al. 2007). The resulting
difference images are remarkably clean of the (constant) stellar
background and are ideal for searching for variable sources.

3. ANALYSIS

Using the same techniques developed for the LMC echo
searches (Rest et al. 2005b), candidate echo arclets, such as
those shown in Figure 1, were identified by visual examination
of difference images.

We estimated the arc motion directions by eye and plotted
the inverse motion vectors, as shown in Figure 2a. Two echo
complexes were discovered. In the first, we found six clusters
of light echoes with proper-motion vectors converging back to
the Cas A SNR, and in the other, six more echo clusters con-
sistent with an origin coincident with the Tycho SNR. No echo
arclets were detected for SN 1181 during this search, which
also lies within our search area, but in a region of lower 100
mm surface brightness. All light echo features discovered seem
to be associated with either Cas A or Tycho. We have obtained
third- and fourth-epoch images in 2007 for the light echo groups
we detected in 2006, and the light echoes were redetected in
these images.

For a given light echo cluster, the vectors have a spread in
angle of 10! (see Table 1, col. [8]) mainly due to the orientation
of the scattering dust: if the reflecting dust sheet or filament is
confined to a plane perpendicular to the line of sight, the light

echo vector points exactly back to the source. However, if the
dust sheet is inclined or warped, then the tangent to the light
echo arc may rotate with respect to the perpendicular direction
to the remnant position. Provided that the inclinations of dust
filaments in azimuth and in distance are not correlated, the
average vector will still point in the direction of the SNR. For
each light echo cluster, we calculate the average vector (see
Table 1), as shown in Figure 2b. The estimated positions for
the points of origin for the two echo complexes are given in
Table 2 as calculated by the average of all pairs of vector
crossings (clipped at 3 j). The Tycho and Cas A SNR positions
are within the standard deviation of the points of origin and
within 3 j of the average position.

4. DISCUSSION AND CONCLUSIONS

The light echo equation (Couderc 1939)
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z p ! (1)
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relates the depth coordinate z, the echo-supernova distance pro-
jected along the line of sight, to the echo distance r perpen-
dicular to the line of sight and the time t since the explosion
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Type Ia supernovae are thermonuclear explosions of white dwarf
stars in close binary systems1. They play an important role as cos-
mological distance indicators and have led to the discovery of the
accelerated expansion of the Universe2,3. Among the most impor-
tant unsolved questions4 about supernovae are how the explosion
actually proceeds and whether accretion occurs from a companion
or by themerging of twowhite dwarfs. Tycho Brahe’s supernova of
1572 (SN1572) is thought to be one of the best candidates for a
type Ia supernova in theMilkyWay5. The proximity of the SN1572
remnant has allowed detailed studies, such as the possible iden-
tification of the binary companion6, and provides a unique oppor-
tunity to test theories of the explosionmechanismand thenature of
the progenitor. The determination of the hitherto unknown7–9

spectroscopic type of this supernova is crucial in relating these
results to the diverse population of type Ia supernovae10. Here we
report an optical spectrum of Tycho’s supernova near maximum
brightness, obtained from a scattered-light echo more than four
centuries after the direct light from the explosion swept past the
Earth.We find that SN1572 belongs to themajority class of normal
type Ia supernovae.

The supernova of 1572marked amilestone in the history of science.
Danish astronomer Tycho Brahe concluded from his accurate obser-
vations of the ‘new star’ in the constellation of Cassiopeia that it must
be located far beyond the Moon11. This contradiction to the
Aristotelian concept, that a change on the sky can only occur in the
sublunar regime, ultimately led to the abandonment of the notion of
the immutability of the heavens. The classification of SN1572 has

been controversial. On the basis of historical records of the light curve
and colour evolution, it has been interpreted as a type Ia supernova of
either a normal or somewhat overluminous type7 or of a subluminous
type8. Core-collapse supernovae of type Ib9 or II-L12 have also been
suggested to be compatible with the light curve. Support for the inter-
pretation as a type Ia has been inferred fromX-ray studies of the ejecta
composition13, but the determination of the exact supernova type has
not been possible without spectroscopic information.

The discovery of light echoes from historic Galactic supernovae,
due to both scattering and absorption/re-emission of the outgoing
supernova flash by the interstellar dust near the remnant14,15, raised
the opportunity of conducting spectroscopic ‘post mortems’ of his-
toric Galactic supernovae. Such a precise determination of the spec-
tral type long after the original explosion has recently been performed
for the Cassiopeia A supernova16 and a supernova in the Large
Magellanic Cloud17.

We obtained Johnson R-band images of the recently identified15

light-echo fields of SN1572 using the 2.2-m and 3.5-m telescopes at
the Calar Alto Astronomical Observatory, Spain, on 23 August 2008
and 2 September 2008. One of the fields observed on 2 September 2008,
at an angular distance of d5 3.15u and position angle of 62u from the
SN1572 remnant, showed a bright and extended nebulositywith a peak
surface brightness of R5 23.66 0.2mag arcsec22 (Fig. 1a). The posi-
tion of this new emission feature, relative to the previously reported
light-echo detection, has shifted away from the SN1572 remnant.

The region was re-observed using the Faint Object Camera And
Spectrograph (FOCAS) at the Subaru 8.2-m telescope onMaunaKea,
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Figure 1 | Optical images of the SN 1572 light
echo. a, b, R-band images of the same 1203 120-
arcsec2 area. The corresponding observing
epochs are labelled. The position of the
brightness peak in the first epoch is marked for
reference (red cross). The rectangle shown in
a indicates the location of a previous light-echo
detection15. The vector towards the remnant of
SN 1572 is indicated (arrow). The respective
seeings for a and b were 1.5 and 0.9 arcsec, full-
width at half-maximum. The integration times of
the two images were 20 and 12min, respectively.
Image reduction was performed using standard
methods with the Image Reduction and Analysis
Facility software.
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Type Ia supernovae are thermonuclear explosions of white dwarf
stars in close binary systems1. They play an important role as cos-
mological distance indicators and have led to the discovery of the
accelerated expansion of the Universe2,3. Among the most impor-
tant unsolved questions4 about supernovae are how the explosion
actually proceeds and whether accretion occurs from a companion
or by themerging of twowhite dwarfs. Tycho Brahe’s supernova of
1572 (SN1572) is thought to be one of the best candidates for a
type Ia supernova in theMilkyWay5. The proximity of the SN1572
remnant has allowed detailed studies, such as the possible iden-
tification of the binary companion6, and provides a unique oppor-
tunity to test theories of the explosionmechanismand thenature of
the progenitor. The determination of the hitherto unknown7–9

spectroscopic type of this supernova is crucial in relating these
results to the diverse population of type Ia supernovae10. Here we
report an optical spectrum of Tycho’s supernova near maximum
brightness, obtained from a scattered-light echo more than four
centuries after the direct light from the explosion swept past the
Earth.We find that SN1572 belongs to themajority class of normal
type Ia supernovae.

The supernova of 1572marked amilestone in the history of science.
Danish astronomer Tycho Brahe concluded from his accurate obser-
vations of the ‘new star’ in the constellation of Cassiopeia that it must
be located far beyond the Moon11. This contradiction to the
Aristotelian concept, that a change on the sky can only occur in the
sublunar regime, ultimately led to the abandonment of the notion of
the immutability of the heavens. The classification of SN1572 has

been controversial. On the basis of historical records of the light curve
and colour evolution, it has been interpreted as a type Ia supernova of
either a normal or somewhat overluminous type7 or of a subluminous
type8. Core-collapse supernovae of type Ib9 or II-L12 have also been
suggested to be compatible with the light curve. Support for the inter-
pretation as a type Ia has been inferred fromX-ray studies of the ejecta
composition13, but the determination of the exact supernova type has
not been possible without spectroscopic information.

The discovery of light echoes from historic Galactic supernovae,
due to both scattering and absorption/re-emission of the outgoing
supernova flash by the interstellar dust near the remnant14,15, raised
the opportunity of conducting spectroscopic ‘post mortems’ of his-
toric Galactic supernovae. Such a precise determination of the spec-
tral type long after the original explosion has recently been performed
for the Cassiopeia A supernova16 and a supernova in the Large
Magellanic Cloud17.

We obtained Johnson R-band images of the recently identified15

light-echo fields of SN1572 using the 2.2-m and 3.5-m telescopes at
the Calar Alto Astronomical Observatory, Spain, on 23 August 2008
and 2 September 2008. One of the fields observed on 2 September 2008,
at an angular distance of d5 3.15u and position angle of 62u from the
SN1572 remnant, showed a bright and extended nebulositywith a peak
surface brightness of R5 23.66 0.2mag arcsec22 (Fig. 1a). The posi-
tion of this new emission feature, relative to the previously reported
light-echo detection, has shifted away from the SN1572 remnant.

The region was re-observed using the Faint Object Camera And
Spectrograph (FOCAS) at the Subaru 8.2-m telescope onMaunaKea,
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Figure 1 | Optical images of the SN 1572 light
echo. a, b, R-band images of the same 1203 120-
arcsec2 area. The corresponding observing
epochs are labelled. The position of the
brightness peak in the first epoch is marked for
reference (red cross). The rectangle shown in
a indicates the location of a previous light-echo
detection15. The vector towards the remnant of
SN 1572 is indicated (arrow). The respective
seeings for a and b were 1.5 and 0.9 arcsec, full-
width at half-maximum. The integration times of
the two images were 20 and 12min, respectively.
Image reduction was performed using standard
methods with the Image Reduction and Analysis
Facility software.
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Hawaii, on 24 September 2008 (Fig. 1b). The peak of the emission,
with a surface brightness of R5 23.56 0.2mag arcsec22, has again
shifted away from SN1572. The shift of 1.46 0.2 arcsec within 22
days is consistent with a light-echo origin. A long-slit spectrum of the
brightness peak of the echo structure at positionRA 00 h 52m12.79 s,
dec. 65u 289 49.799 (J2000) was obtained with FOCAS on the same
night, covering the wavelength range from 3,800 to 9,200 Å with a
spectral resolution of 24 Å.

The acquired echo spectrum unambiguously shows light of a
supernova origin (Fig. 2). A number of broad absorption and emis-
sion features from neutral and singly ionized intermediate mass ele-
ments were detected, all of which are commonly observed in
supernovae10,18. Type I supernovae are distinguished from those of
type II by the absence of hydrogen, and type Ia supernovae are further
distinguished from types Ib and Ic by a prominent silicon 6,355 Å
absorption feature at maximum light. This feature is clearly seen in
the SN 1572 spectrum as a deep absorptionminimum at 6,130 Å with
a width of 9,000 km s21 at half maximum. The absorption minimum
of the line corresponds to a velocity of 12,000 km s21, typical for
normal type Ia supernovae at maximum brightness10,18. Other strong

features detected in the spectrum are Si II 4,135 Å, Fe II, Fe III,
Na I D1 Si II 5,972 Å, O I 7,774 Å and the Ca II infrared triplet.

The echo spectrum represents supernova light during an interval
of time around maximum brightness being averaged over the spatial
extent of the scattering cloud. We therefore compared the echo spec-
trumwith the spectra of other type Ia supernovae time-averaged over
the brightness peak of the light curve from 0 to 90 days after explo-
sion. The light-echo spectrum of SN 1572 matches such comparison
spectra of four well-observed normal type Ia supernovae (1994D,
1996X, 1998bu, 2005cf) and a type Ia composite spectrum19 remark-
ably well. Even faint notches observed in normal type Ia spectra at
4,550, 4,650 and 5,150 Å (ref. 18) can be recognized. Values of the
reduced chi-squared value from the comparison range between
x25 1.5 and x25 2.5. The agreement between the spectra indicates
that the scattering dust cloud is homogeneous on a length scale of at
least 90 light days.

We have compared the spectrum of SN1572 with thermonuclear
supernovae of different luminosity. Both sub- and overluminous
type Ia supernovae, such as SN1991bg20 and SN1991T21, respectively,
showed peculiarities in their spectra near maximum light. SN 1991T
lacked a well-defined Si II 6,355 Å absorption feature at maximum
light, although the subsequent evolution was similar to normal
type Ia supernovae. The lack of Si II absorption is visible as an imprint
in the time-averaged spectrum and differs from the strong Si II feature
in our spectrum of SN1572. The class of subluminous objects shows a
characteristic deep absorption trough at a wavelength of 4,200 Å,
attributed to Ti II (ref. 20), near maximum light. Such a feature is
not seen for SN1572. The sub- and overluminous type Ia templates,
obtained in the same way as described in ref. 19 (template spectra
available at http://supernova.lbl.gov/,nugent/nugent_templates.html),
do not provide a good match to our spectrum of SN1572, with respec-
tive values of x25 8.6 and x25 10.1 (Fig. 3).

A well-established correlation between the measured decline
Dm15(B) of the supernova B-band brightness atmaximumand 15 days
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Type Ia supernovae are thermonuclear explosions of white dwarf
stars in close binary systems1. They play an important role as cos-
mological distance indicators and have led to the discovery of the
accelerated expansion of the Universe2,3. Among the most impor-
tant unsolved questions4 about supernovae are how the explosion
actually proceeds and whether accretion occurs from a companion
or by themerging of twowhite dwarfs. Tycho Brahe’s supernova of
1572 (SN1572) is thought to be one of the best candidates for a
type Ia supernova in theMilkyWay5. The proximity of the SN1572
remnant has allowed detailed studies, such as the possible iden-
tification of the binary companion6, and provides a unique oppor-
tunity to test theories of the explosionmechanismand thenature of
the progenitor. The determination of the hitherto unknown7–9

spectroscopic type of this supernova is crucial in relating these
results to the diverse population of type Ia supernovae10. Here we
report an optical spectrum of Tycho’s supernova near maximum
brightness, obtained from a scattered-light echo more than four
centuries after the direct light from the explosion swept past the
Earth.We find that SN1572 belongs to themajority class of normal
type Ia supernovae.

The supernova of 1572marked amilestone in the history of science.
Danish astronomer Tycho Brahe concluded from his accurate obser-
vations of the ‘new star’ in the constellation of Cassiopeia that it must
be located far beyond the Moon11. This contradiction to the
Aristotelian concept, that a change on the sky can only occur in the
sublunar regime, ultimately led to the abandonment of the notion of
the immutability of the heavens. The classification of SN1572 has

been controversial. On the basis of historical records of the light curve
and colour evolution, it has been interpreted as a type Ia supernova of
either a normal or somewhat overluminous type7 or of a subluminous
type8. Core-collapse supernovae of type Ib9 or II-L12 have also been
suggested to be compatible with the light curve. Support for the inter-
pretation as a type Ia has been inferred fromX-ray studies of the ejecta
composition13, but the determination of the exact supernova type has
not been possible without spectroscopic information.

The discovery of light echoes from historic Galactic supernovae,
due to both scattering and absorption/re-emission of the outgoing
supernova flash by the interstellar dust near the remnant14,15, raised
the opportunity of conducting spectroscopic ‘post mortems’ of his-
toric Galactic supernovae. Such a precise determination of the spec-
tral type long after the original explosion has recently been performed
for the Cassiopeia A supernova16 and a supernova in the Large
Magellanic Cloud17.

We obtained Johnson R-band images of the recently identified15

light-echo fields of SN1572 using the 2.2-m and 3.5-m telescopes at
the Calar Alto Astronomical Observatory, Spain, on 23 August 2008
and 2 September 2008. One of the fields observed on 2 September 2008,
at an angular distance of d5 3.15u and position angle of 62u from the
SN1572 remnant, showed a bright and extended nebulositywith a peak
surface brightness of R5 23.66 0.2mag arcsec22 (Fig. 1a). The posi-
tion of this new emission feature, relative to the previously reported
light-echo detection, has shifted away from the SN1572 remnant.

The region was re-observed using the Faint Object Camera And
Spectrograph (FOCAS) at the Subaru 8.2-m telescope onMaunaKea,

1Max-Planck-Institut für Astronomie, Königstuhl 17, 69117 Heidelberg, Germany. 2Institute for the Physics and Mathematics of the Universe, University of Tokyo, Kashiwanoha 5-1-5,
Kashiwa, Chiba 277-8568, Japan. 3Department of Astronomy, Graduate School of Science, University of Tokyo, Hongo 7-3-1, Bunkyo-ku, Tokyo 113-0033, Japan. 4SUBARUTelescope,
National Astronomical Observatory of Japan, 650 North A’ohoku Place, Hilo, Hawaii, USA. 5European Space Agency, Space Science Department, Keplerlaan 1, 2200 AG Noordwijk,
The Netherlands.

a 2 September 2008

00:52:18 00:52:14 00:52:10 00:52:06
65

° 
29

′ 3
0′

′
65

° 
29

′ 0
0′

′
65

° 
28

′ 3
0′

′
65

° 
28

′ 0
0′

′
D

ec
lin

at
io

n

b 24 September 2008

00:52:18 00:52:14 00:52:10 00:52:06
Right ascension, J2000 (h:min:s)

Towards
remnant

Figure 1 | Optical images of the SN 1572 light
echo. a, b, R-band images of the same 1203 120-
arcsec2 area. The corresponding observing
epochs are labelled. The position of the
brightness peak in the first epoch is marked for
reference (red cross). The rectangle shown in
a indicates the location of a previous light-echo
detection15. The vector towards the remnant of
SN 1572 is indicated (arrow). The respective
seeings for a and b were 1.5 and 0.9 arcsec, full-
width at half-maximum. The integration times of
the two images were 20 and 12min, respectively.
Image reduction was performed using standard
methods with the Image Reduction and Analysis
Facility software.
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Distance to Tycho’s SNR

distance modulus 
 = [m(obs) - extinction] - M(abs)
 = (-4.0 ~ -4.5 mag)
  - (1.86 +- 0.2 mag)
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Figure 5. (a) 1.7–5 keV and (b) 5–8 keV spectra of regions 1 (black) and 4 (red) with the best-fit double Gaussian models.

due to limited photon statistics. We fixed the ratio of δE1/δE4
to C1/C4 following Table 2. The widths and intensities of the
red- and blueshifted lines in regions 1 and 4 were all linked to
each other. Figure 5 shows the individual components of the
best-fit models. The reduced χ2s and dof were 1.47 (1430) for
1.7–5 keV and 0.96 (415) for 5–8 keV band spectra.

As a second step, we have also fitted all the spectra of regions
1, 2, 3, and 4 at the same time in exactly the same manner just
described. Here, our aim was to verify that the model was valid
for all four regions and also to improve the photon statistics. The
ratios of energy difference among regions 1, 2, 3 and 4 were fixed
as δE1:δE2:δE3:δE4 = C1:C2:C3:C4. The parameters obtained
from the fits are consistent with those obtained for regions 1 and
4, and within the systematical errors. The reduced χ2s and dof
were 1.55 (3028) and 1.06 (970) for 1.7–5 keV and 5–8 keV band
spectra, respectively. The best-fit parameters are summarized in
Table 3.

6.3. Expansion Velocities

We translate δEi into v⊥i using Equation (1), and then
convert to vexp using Equation (2) and Ci (Table 2). The derived
velocities are summarized in Table 3. We note that the vexp
of the Fe Kα emission in Table 3 does not correspond to
the line-of-sight velocity measured in Furuzawa et al. (2009),
because the vexp represents the expansion velocity in which the
projection effect and point spread function effect have properly
been taken into account. Meanwhile, the v⊥1 is the value that
should correspond to the line-of-sight velocity measured in
Furuzawa et al. (2009), 3040+310

−240 km s−1. Our measurement of
v⊥1 and the line-of-sight velocity measured in Furuzawa et al.
(2009) agree well each other. The vexp derived from Si Heα
and Heβ are consistent with each other. Therefore, we conclude
that the systematic uncertainty of the Si-edge in the response is
small enough to determine the velocity. The expansion velocity
obtained from the Heα blends of Si, S, and Ar is clearly higher
than that obtained from the Fe Kα blends.

7. DISCUSSION

Based on the analysis of spatially resolved spectra, we
have demonstrated that (1) the ejecta shell is expanding in
a generally spherical and symmetric manner, and (2) the
expansion velocities of the IME ejecta are significantly higher
than that of the Fe Kα emitting ejecta. These results then allow
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Figure 6. Estimates of the distance to Tycho’s SNR (Schwarz et al. 1980, 1995;
Chevalier et al. 1980; Albinson et al. 1986; Smith et al. 1991; Ghavamian et al.
2001; Ruiz-Lapuente 2004; Ruiz-Lapuente et al. 2004; Krause et al. 2008; Völk
et al. 2008).

us to discuss the distance to Tycho’s SNR, the ejecta segregation,
and the reverse shock velocity.

7.1. Distance to Tycho’s SNR

Using Chandra high-resolution images of Tycho’s SNR
obtained in 2000, 2003, and 2007, Katsuda et al. (2009)
measured the expansion rates of both the forward-shocked and
the reverse-shocked ejecta. They found that the mean proper
motion of the Si-rich layer is µ ∼ 0.′′25 yr−1. This is consistent
with the result Hughes (2000) had derived using ROSAT data.
Combining with our expansion velocities of 4700±100 km s−1

(Table 3), we obtained a range of the distance to the SNR
of D = (4.0 ± 1.0)(v/4700 km s−1) (µ/0.′′25 yr−1)−1 kpc.
The relatively large uncertainty is mainly due to the azimuthal
variation of the proper motion of the ejecta. Our result is the
first estimate of the distance to Tycho derived solely from X-ray
observations.

The distances inferred by previous studies are shown in
Figure 6. The distance of around 2–3 kpc estimated by modeling
the observed Hα line spectra (green in Figure 6) has been most
widely cited thus far, but is model-dependent. Krause et al.
(2008) recently derived a larger distance of 3.8+1.5

−1.1 kpc, based
on the SN peak luminosity estimated by the observed optical
light-echo spectrum. Our estimate is consistent with the result
from Krause et al. (2008).

Hayato et al. 2010



A promising method (future)

L82 REST ET AL. Vol. 681

Fig. 1.—Light echo arclets associated with Tycho from field 4821. The
orientation is north up and east to the left and the images are 325! # 250!.
The top panels show the first-epoch image from 2006 October 20 (left) and
the second-epoch image from 2007 December 13 (right). The bottom images
are the difference images between the two top images where white represents
the later (2006 October) image and black the earlier October image. Saturated
bright stars are masked gray. In the bottom panels, the left image is repeated
in the right panel with the motion vectors plotted. Red represents a straight
line fit to the arclet, yellow represents the apparent motion of the arclet, and
blue shows the reverse vector direction. The VR surface brightness in the
brighter arclets is roughly 24 mag arcsec!2. The widths of the echoes are
resolved, and typically 10! across.

Fig. 2.—Arclet vector motions in the region of the Cas A and Tycho su-
pernovae. The vectors are plotted on an image reconstructed from IRAS data
at 100 mm (Miville-Deschênes & Lagache 2005). The panels are 44! # 25!
with north up and east to the right. The green squares show the mosaic fields
where we have at least two epochs and have been searched for arcs in the
difference image. The red circles mark the positions of the three historic SNe
SN 1181, Tycho, and Cas A. There are six clusters of light echoes with apparent
motion vectors pointing back to the Cas A SNR, and six more consistent with
an origin coincident with the Tycho SNR. Panel b shows the average vector
for each light echo cluster. The apparent positions for the points of origin for
the two echo complexes are listed in Table 2, and calculated as average of the
all the pairs of vector crossings (clipped at 3 j), where the large light blue
circles denote the standard deviation of the crossings of all vector pairs in
each echo complex. The yellow circles are centered on the Table 2 mean vector
crossings and the circle sizes show the error in the mean for the vector
crossings.

tober 21–23, 2006 December 16, 2007 October 12–15, and
2007 December 13–15. Exposure times were between 120 and
150 s. The interval between the two epochs for a given field
is at least 53 days and as much as 2 years. We expect echo
arclets to have typical apparent motions of 20!–40! yr , mean-!1

ing a 3 month baseline is sufficient to resolve their apparent
motion. Imaging data were kernel- and flux-matched, aligned,
subtracted, and masked using the SMSN pipeline (Rest et al.
2005a; Garg et al. 2007; Miknaitis et al. 2007). The resulting
difference images are remarkably clean of the (constant) stellar
background and are ideal for searching for variable sources.

3. ANALYSIS

Using the same techniques developed for the LMC echo
searches (Rest et al. 2005b), candidate echo arclets, such as
those shown in Figure 1, were identified by visual examination
of difference images.

We estimated the arc motion directions by eye and plotted
the inverse motion vectors, as shown in Figure 2a. Two echo
complexes were discovered. In the first, we found six clusters
of light echoes with proper-motion vectors converging back to
the Cas A SNR, and in the other, six more echo clusters con-
sistent with an origin coincident with the Tycho SNR. No echo
arclets were detected for SN 1181 during this search, which
also lies within our search area, but in a region of lower 100
mm surface brightness. All light echo features discovered seem
to be associated with either Cas A or Tycho. We have obtained
third- and fourth-epoch images in 2007 for the light echo groups
we detected in 2006, and the light echoes were redetected in
these images.

For a given light echo cluster, the vectors have a spread in
angle of 10! (see Table 1, col. [8]) mainly due to the orientation
of the scattering dust: if the reflecting dust sheet or filament is
confined to a plane perpendicular to the line of sight, the light

echo vector points exactly back to the source. However, if the
dust sheet is inclined or warped, then the tangent to the light
echo arc may rotate with respect to the perpendicular direction
to the remnant position. Provided that the inclinations of dust
filaments in azimuth and in distance are not correlated, the
average vector will still point in the direction of the SNR. For
each light echo cluster, we calculate the average vector (see
Table 1), as shown in Figure 2b. The estimated positions for
the points of origin for the two echo complexes are given in
Table 2 as calculated by the average of all pairs of vector
crossings (clipped at 3 j). The Tycho and Cas A SNR positions
are within the standard deviation of the points of origin and
within 3 j of the average position.

4. DISCUSSION AND CONCLUSIONS

The light echo equation (Couderc 1939)

2r ct
z p ! (1)

2ct 2

relates the depth coordinate z, the echo-supernova distance pro-
jected along the line of sight, to the echo distance r perpen-
dicular to the line of sight and the time t since the explosion
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Type Ia supernovae are thermonuclear explosions of white dwarf
stars in close binary systems1. They play an important role as cos-
mological distance indicators and have led to the discovery of the
accelerated expansion of the Universe2,3. Among the most impor-
tant unsolved questions4 about supernovae are how the explosion
actually proceeds and whether accretion occurs from a companion
or by themerging of twowhite dwarfs. Tycho Brahe’s supernova of
1572 (SN1572) is thought to be one of the best candidates for a
type Ia supernova in theMilkyWay5. The proximity of the SN1572
remnant has allowed detailed studies, such as the possible iden-
tification of the binary companion6, and provides a unique oppor-
tunity to test theories of the explosionmechanismand thenature of
the progenitor. The determination of the hitherto unknown7–9

spectroscopic type of this supernova is crucial in relating these
results to the diverse population of type Ia supernovae10. Here we
report an optical spectrum of Tycho’s supernova near maximum
brightness, obtained from a scattered-light echo more than four
centuries after the direct light from the explosion swept past the
Earth.We find that SN1572 belongs to themajority class of normal
type Ia supernovae.

The supernova of 1572marked amilestone in the history of science.
Danish astronomer Tycho Brahe concluded from his accurate obser-
vations of the ‘new star’ in the constellation of Cassiopeia that it must
be located far beyond the Moon11. This contradiction to the
Aristotelian concept, that a change on the sky can only occur in the
sublunar regime, ultimately led to the abandonment of the notion of
the immutability of the heavens. The classification of SN1572 has

been controversial. On the basis of historical records of the light curve
and colour evolution, it has been interpreted as a type Ia supernova of
either a normal or somewhat overluminous type7 or of a subluminous
type8. Core-collapse supernovae of type Ib9 or II-L12 have also been
suggested to be compatible with the light curve. Support for the inter-
pretation as a type Ia has been inferred fromX-ray studies of the ejecta
composition13, but the determination of the exact supernova type has
not been possible without spectroscopic information.

The discovery of light echoes from historic Galactic supernovae,
due to both scattering and absorption/re-emission of the outgoing
supernova flash by the interstellar dust near the remnant14,15, raised
the opportunity of conducting spectroscopic ‘post mortems’ of his-
toric Galactic supernovae. Such a precise determination of the spec-
tral type long after the original explosion has recently been performed
for the Cassiopeia A supernova16 and a supernova in the Large
Magellanic Cloud17.

We obtained Johnson R-band images of the recently identified15

light-echo fields of SN1572 using the 2.2-m and 3.5-m telescopes at
the Calar Alto Astronomical Observatory, Spain, on 23 August 2008
and 2 September 2008. One of the fields observed on 2 September 2008,
at an angular distance of d5 3.15u and position angle of 62u from the
SN1572 remnant, showed a bright and extended nebulositywith a peak
surface brightness of R5 23.66 0.2mag arcsec22 (Fig. 1a). The posi-
tion of this new emission feature, relative to the previously reported
light-echo detection, has shifted away from the SN1572 remnant.

The region was re-observed using the Faint Object Camera And
Spectrograph (FOCAS) at the Subaru 8.2-m telescope onMaunaKea,
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Figure 1 | Optical images of the SN 1572 light
echo. a, b, R-band images of the same 1203 120-
arcsec2 area. The corresponding observing
epochs are labelled. The position of the
brightness peak in the first epoch is marked for
reference (red cross). The rectangle shown in
a indicates the location of a previous light-echo
detection15. The vector towards the remnant of
SN 1572 is indicated (arrow). The respective
seeings for a and b were 1.5 and 0.9 arcsec, full-
width at half-maximum. The integration times of
the two images were 20 and 12min, respectively.
Image reduction was performed using standard
methods with the Image Reduction and Analysis
Facility software.
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centuries after the direct light from the explosion swept past the
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vations of the ‘new star’ in the constellation of Cassiopeia that it must
be located far beyond the Moon11. This contradiction to the
Aristotelian concept, that a change on the sky can only occur in the
sublunar regime, ultimately led to the abandonment of the notion of
the immutability of the heavens. The classification of SN1572 has

been controversial. On the basis of historical records of the light curve
and colour evolution, it has been interpreted as a type Ia supernova of
either a normal or somewhat overluminous type7 or of a subluminous
type8. Core-collapse supernovae of type Ib9 or II-L12 have also been
suggested to be compatible with the light curve. Support for the inter-
pretation as a type Ia has been inferred fromX-ray studies of the ejecta
composition13, but the determination of the exact supernova type has
not been possible without spectroscopic information.

The discovery of light echoes from historic Galactic supernovae,
due to both scattering and absorption/re-emission of the outgoing
supernova flash by the interstellar dust near the remnant14,15, raised
the opportunity of conducting spectroscopic ‘post mortems’ of his-
toric Galactic supernovae. Such a precise determination of the spec-
tral type long after the original explosion has recently been performed
for the Cassiopeia A supernova16 and a supernova in the Large
Magellanic Cloud17.

We obtained Johnson R-band images of the recently identified15

light-echo fields of SN1572 using the 2.2-m and 3.5-m telescopes at
the Calar Alto Astronomical Observatory, Spain, on 23 August 2008
and 2 September 2008. One of the fields observed on 2 September 2008,
at an angular distance of d5 3.15u and position angle of 62u from the
SN1572 remnant, showed a bright and extended nebulositywith a peak
surface brightness of R5 23.66 0.2mag arcsec22 (Fig. 1a). The posi-
tion of this new emission feature, relative to the previously reported
light-echo detection, has shifted away from the SN1572 remnant.

The region was re-observed using the Faint Object Camera And
Spectrograph (FOCAS) at the Subaru 8.2-m telescope onMaunaKea,
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Figure 1 | Optical images of the SN 1572 light
echo. a, b, R-band images of the same 1203 120-
arcsec2 area. The corresponding observing
epochs are labelled. The position of the
brightness peak in the first epoch is marked for
reference (red cross). The rectangle shown in
a indicates the location of a previous light-echo
detection15. The vector towards the remnant of
SN 1572 is indicated (arrow). The respective
seeings for a and b were 1.5 and 0.9 arcsec, full-
width at half-maximum. The integration times of
the two images were 20 and 12min, respectively.
Image reduction was performed using standard
methods with the Image Reduction and Analysis
Facility software.
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Figure 7. Color rendition of the V838 Mon light echo on 2002 December 17,
prepared from the HST B, V , and I images listed in Tables 1 and 2. Note the
prevalence of blue outer edges and red inner ones, which arise as a consequence
of the echo geometry and the time behavior of the outburst light, as described
in the text. The image is 90′′ high and has north at the top and east on the left.
(A color version of this figure is available in the online journal)

Figure 6 shows that, for almost any assumed distribution of
clumpy dust, the LOS at a larger projected separation x from the
star corresponds to light emitted earlier in the outburst. Thus,
since the earliest light was much bluer than light emitted toward
the end of the outburst (see Figure 5), we generally expect to
see outer blue rims in the light echo.

Figure 7 shows a color rendition of the 2002 December 17
observations prepared by one of us (Z.L.) by combining the
images in B (F435W), V (F606W), and I (F814W).16 This
representation bears out beautifully the expectation described
above, since it shows numerous outer blue rims throughout the
light echo. This color information will allow us to determine
three-dimensional depths for the dust clouds, which will be
done in a separate paper.

4.3. Quantitative Source Functions for the Echo

In order to model the polarization distribution of the echo, we
began by combining the light-curve data given in Section 4.1
and plotted in Figure 5 with the three-dimensional geometry
described in Section 4.2 and illustrated in Figure 6, to produce a
set of source functions. These are two-dimensional functions
(projected distance from the star and LOS distance), with
rotational symmetry assumed for the third dimension. The
source functions were then integrated along the LOS to produce
simulated polarization and intensity curves for comparison with
the actual data.

For each LOS at each radius at each of the four epochs, we
first established the range of z distances that corresponded to
the beginning and end of the outburst, as shown in Figure 6.
This z range was then divided into equally spaced sampling

16 The color representation is available at
http://hubblesite.org/newscenter/archive/releases/2005/02/image/f/.

Figure 8. Source functions for the V838 Mon light echo, illustrated for a
particular stellar distance (6.1 kpc) and epoch (2002 December 17). In each
panel the source functions are represented by brightness as functions of the
projected x distance from the star, and z depth in the line of sight on a linear
distance scale from the largest time lag (bottom of each panel) to the smallest
lag (top of each panel). The top panel shows the illumination function from the
outburst light curve; the middle panel also includes the dust-scattering function;
and the bottom panel adds the polarization function. See the text for details.
Such source functions were constructed for all four epochs and for a large range
of plausible stellar distances.

points, each of which corresponds to a particular time during
the outburst. Next we interpolated in the light curve to determine
the flux illuminating each of these z volume elements (“voxels”).
The illuminating flux is given by L(t)/4πd2, where L(t) is the
luminosity of the star at time t and d is the distance of the voxel
from the star.

Figure 8 gives an illustration of the steps in the calculation of
the source functions. The top panel shows a representation of
the illumination function for the 2002 December 17 epoch. The
horizontal axis is the projected distance from the star, and the
vertical axis corresponds to the distance along the z axis toward
the observer, plotted on a linear distance scale from the largest
time lag at the bottom to the smallest lag at the top. As illustrated
in Figure 6, the physical length along the z axis increases from
left to right. The thin, nearly horizontal stripe at the bottom of
the illumination function corresponds to the initial sharp spike in
the light curve, and then moving up we see the subsequent dip in
brightness, followed by a second brightening and then the final
fading. The distortion of the light curve, especially noticeable
at small projected x distances, is due to the parabolic geometry
of the echo.

Next we included the angular dependence of the efficiency
of light scattering off small particles. We adopted the usual

V838 Mon
d = 6.2 +- 1.2 kpc

614 SPARKS ET AL. Vol. 135

Figure 12. Linear polarization degree plotted as a function of scattering angle,
as derived for the 2002 December data and assumed distances of 8 kpc (inner
curve), 6 kpc (middle noisy curve), and 4 kpc (outer curve). If V838 Mon lies
at a distance of 4 kpc, peak linear polarization occurs at a scattering angle of
∼110◦. If it is at a distance of 8 kpc, the peak is at an angle of ∼75◦. For
reference the smooth curve shows a standard Rayleigh polarization curve given
by p/pmax = (1 − cos2 θ)/(1 + cos2 θ), with pmax = 0.5, which peaks at a
scattering angle of 90◦.

and scattering functions described above. We then plotted the
observed degree of polarization against this mean scattering
angle. Figure 12 shows examples of empirical scattering curves
derived for assumed distances of 4, 6, and 8 kpc from the 2002
December data. It is apparent from Figure 12 that the effect
of the assumed distance on the polarization scattering function
is indeed to move the location of the peak. For reference we
also show the Rayleigh phase function as a smooth curve in
Figure 12.

We fitted parabolas to the peaks of the phase functions,
using only polarization values p > 0.3, in order to derive the
locations of the peaks as a function of the assumed distance.
The results are shown in Figure 13, which again shows that
the derived distance decreases with increasing θmax. To estimate
the distance geometrically, we return to the basic assumption
that polarization maximizes at a scattering angle of 90◦. The
2002 December curve (solid line in Figure 13) intersects
90◦ for a distance of 6.07 kpc. The 2002 September data
(dashed line) give a nearly identical distance of 6.12 kpc. We
may ask how robust is our assumption that the polarization
maximum occurs at 90◦. Laboratory measurements of a variety
of mineral dust particles typically give polarization maxima
in the range 90◦–100◦ (Dumont 1973; Muñoz et al. 2002),
while cometary dust is found empirically to have a maximum
polarization of about 30% at about 90◦ (Moreno et al. 2002 and
references therein). Theoretically, White (1979) used Mie theory
to calculate the scattering properties of the Mathis et al. (1977)
grain distribution. His analysis yields θmax values between 88◦

and 95◦ at wavelengths of 6,000–6,500 Å. On this basis we
adopt θmax = 90◦ ± 5◦ as a reasonable estimate of the angle of
maximum polarization and its systematic uncertainty.

In the case of an instantaneous outburst, it can be shown
that the actual distance is given exactly by D = D90(1 +
cos θmax)/ sin θmax, where θmax is the actual scattering angle for

Figure 13. Derived scattering angle for peak polarization as a function of
distance. The solid line shows the result for the 2002 December data, and the
dashed line for the 2002 September data. The dotted curve is the analytic solution
for an instantaneous outburst with D90 = 6.1 kpc. The horizontal dotted line
shows a 90◦ scattering angle, which intersects both observed curves at a distance
of 6.1 kpc.

maximum polarization and D90 is the distance derived assuming
θmax = 90◦. We overlay this function in Figure 13 for D90 =
6.1 kpc, where it may be seen that this analytical expression
is very close to the numerical model. In the neighborhood of
θmax = 90◦, the derived distance decreases by 1.7% for each
one-degree increase in θmax.

Thus, if the peak polarization were to occur 5◦ on either
side of 90◦, the derived distance would change by about
9%, corresponding to a distance range of 5.5–6.7 kpc. This
conclusion is robust to the cut-off polarization degree assumed,
as might be expected from the smooth and roughly parabolic
nature of the phase curves, as shown in Figure 12.

Next we tried the experiment of adopting the polarization
phase function implied by the 2002 September observations,
and then using it to predict the spatial distribution of polarization
for the scattering-angle distribution at the time of the 2002
December observation. The results are nearly independent of the
distance and are shown in Figure 14, which tests how consistent
the polarization profiles derived at the two epochs are. In fact,
the consistency between the predicted and observed curves is
remarkably good.

In Figure 15 we show the polarization phase curves derived
from the 2002 September and December data for an adopted
distance of 6.1 kpc, corresponding to θmax = 90◦. The two phase
curves are nearly identical, which lends considerable confidence
to our analysis methods.

As shown in Figure 15, we fitted parabolas to the two phase
functions, using only the portions with p > 0.3. We then used
the parabolic phase functions to predict the spatial polarization
profiles at the 2002 September and December epochs. Figure 16
compares these predictions with the actual data. The fit to the
observed peaks is excellent.

5.4. The First and Fourth Epochs

Polarization observations in the F606W filter were also
obtained in 2002 May and 2005 December, as described in

Sparks et al. 2008
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図 5.2: TMT + AO(補償光学)、TMT AO なし、すばる望遠鏡並びに JWST との感度比較図。それぞれ (a)

点源に対する撮像、(b) 点源に対する分光、(c) 広がった天体に対する撮像、(d) 広がった天体に対する分光、
(e) 点源に対する輝線撮像、(f) 広がった天体に対する輝線分光の場合の観測感度を表している。1時間の観測
で S/N=10 となる場合の天体の明るさを示しており、図中で下に行くほどより暗い天体を観測できることに対
応している。
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Figure 1. HST image of the Balmer-dominated filaments in the northeastern
part of Tycho’s SNR. The WFPC2 detector with F656N filter was used. The
inset shows an Hα image toward Tycho’s SNR from a ground-based telescope
(KPNO). The area observed by the HST is marked.

the filaments (between δ = 64◦08′40′′ and δ = 64◦09′20′′). This
extension is more clearly demonstrated by the Hα brightness
profiles from the cuts along the shock normals as seen in
Figure 3. The profiles show a bright emission peak of thickness
!0.′′5, which is the emission from neutral hydrogen excited in
the postshock area. The small bumps around offsets −1.′′8 and
0.′′7 are likely due to the projection of fainter tangencies of the
rippled SF to the line of sight. The Hα emission slowly falls off
not only toward the downstream but also toward the upstream
direction. In the downstream, the Hα emission is emitted within
a very narrow region behind the shock as neutral hydrogen is
rapidly ionized. Thus, we consider that the downstream emission
is likely a projection of the curved SFs. Some of the upstream
emission could be, in principle, attributed to a similar projection
effect. However, Figure 2 shows that the SF in this region does
not show any significant curvature, and it is difficult to devise
a shock geometry that explains both upstream and downstream
emission. Figure 4 shows emission profiles along different cuts,
and the upstream emission components are similarly seen. The
upstream emission is also seen faintly in the profile of cut 01
where the shock surface is apparently convex (see Figure 2),
and a projection effect is not likely to explain the upstream
emission. Therefore, we propose that the faint emission from
the upstream region represents the emission mostly from the
neutral hydrogen atoms excited in a shock precursor, and the
effect of shock geometry makes only a minor contribution.

3. MODELING THE PRECURSOR EMISSION

To estimate the physical properties of the precursor, we model
the observed spatial Hα emission profiles (Figure 4). We first
try a simple toy precursor model. We assume an SF located at
x = x0 with increasing x toward downstream. The Hα emission
from the postshock region is assumed to be confined to a region
of thickness w with a uniform emissivity. In the precursor, the
Hα emissivity peaks at the SF and decreases exponentially away
from the SF. The profile is written as

y =






0 if x − x0 > w
Fw−1 if 0 " x − x0 " w
Ff L−1e(x−x0)/L if x − x0 < 0,
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Figure 2. (a) Hα image of knot g, one of the brightest Balmer-dominated
filaments in Tycho, taken by KPNO 2.1 m telescope. (b) HST image of the same
region. The black rectangles are regions from which the brightness profiles are
extracted.
(A color version of this figure is available in the online journal.)

Table 1
Fit Parameters from the Toy Precursor Model

Region f L (′′) w (′′) χ2/dof

Cut 01 1.4+0.3
−0.2 2.5+0.7

−0.5 0.42+0.06
−0.05 206/170

Cut 02 0.72+0.06
−0.06 1.2+0.1

−0.1 0.31+0.02
−0.02 170/182

Cut 03 0.57+0.04
−0.03 0.70+0.06

−0.05 0.35+0.01
−0.01 258/182

Cut 04 0.93+0.04
−0.03 0.87+0.05

−0.05 0.39+0.02
−0.02 220/182

where F is the total Hα flux from the postshock region,
L is the precursor length scale, and f is the flux ratio of
the precursor to the postshock region. The variation in the
downstream region could be modeled with a curved geometry
of the shock. However, we find that the observed variation
cannot be adequately fit by shocks of a simple geometry.
Instead of introducing arbitrary fit parameters to describe the
structure along the line of sight, we simply assume plane-
parallel shocks and ignore the data where the model deviates
from the observation. As long as L is sufficiently smaller than the
local curvature radii of the shocks, the plane-parallel assumption
will not significantly affect the estimated precursor parameters.
As evident from Figure 2, the profiles require multiple shock
components projected along the line of sight. To minimize the
number of free parameters, we assume that shocks have the
same profile shape, i.e., parameters f, L, and w are tied among
multiple shocks for a given profile cut from Figure 2. The model
profiles are Gaussian smoothed to account for the instrumental
profile.

The fits are shown in Figure 4 and the results are summarized
in Table 1. We find that the Hα flux from the precursor region is
comparable to that of the postshock area (f ∼ 1), with L around
1′′, corresponding to 3 × 1016 cm at the assumed distance of
2.1 kpc to Tycho (Kamper & van den Bergh 1978; Ghavamian
et al. 2001). The thicknesses of the postshock emitting area are

0.5-1 
arcsec
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Figure 3. Hα brightness profile across the shock normal extracted from cut 04. The bright narrow peak is believed to correspond to the emission from the narrow
region of the immediate postshock area. The emission extends up to 4′′ toward upstream, which is interpreted as emission from the shock precursor. The small bumps
in the profile (marked with small vertical bars) are likely the projection of other SFs.
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Figure 4. Hα brightness profiles across the shock normals in different regions
marked in Figure 2. The profiles are fitted with multiple components of toy
precursor models. The gray area represents the accumulated emission from all
models, and the solid lines represent emission from projected individual shocks.

around ∼0.′′3. A relatively large L of ∼2′′is found in cut 01,
but this is likely to be overestimated due to the much stronger
local curvature of the shock in this region. We also note that for
profiles in cuts 02 and 03, where the structure of the overlapping
shocks is quite complex, the fitted precursor parameters are
somewhat sensitive to the assumed baseline and also the number
of shock components. These can cause ∼20%–30% systematic
uncertainties on the fitted parameters.

We now consider a more realistic precursor model that
assumes an exponential temperature profile (similar to the above
toy model) in the precursor. The model calculates the ionization
of hydrogen atoms throughout the shock and the emissivity of
Hα and Lyβ lines. The radiative transfer of the Lyβ line is
computed using the Monte Carlo technique to account for the
Hα enhancement by Lyβ trapping. The model has been utilized
by Wagner et al. (2009) to interpret the result of Lee07. We adopt
the parameters used in Wagner et al. (2009): the shock velocity of
2000 km s−1, the preshock density of 1 cm−3, and the preshock
neutral fraction of 0.85. More details of the model and the input
parameters can be found in Wagner et al. (2009). The extensive
discussion of the detailed modeling and associated uncertainties

is beyond the scope of this Letter, and here we simply present a
brief summary of the results. For cuts 02, 03, and 04, we estimate
peak temperatures in the precursor Tpeak = 80,000–100,000 K,
and the precursor length scale L = (5–7) × 1016 cm. As in
the toy model, a larger length scale is required for cut 01. The
estimated length scales of the precursor are generally larger than
those estimated from the simple toy model. This is because the
Hα emissivity is sensitive to the temperature, i.e., the emissivity
profile increases more rapidly than the temperature profile, thus
effectively reducing the length scale. We note that the precursor
parameters are in agreement with the results of Wagner et al.
(2009), while the length scale is slightly larger.

4. ORIGIN OF THE PRECURSOR

The existence of a thin precursor has been suggested from
previous observations. The spectral profiles of the Hα narrow
component trace the velocity distribution of the gas entering
the shocks, and those observed in SNRs have widths 40–60
km s−1 (e.g., Smith et al. 1994; Sollerman et al. 2003). This
is too large for the temperature of the ambient gas, as all the
hydrogen would have been ionized at the implied temperature
and no Balmer filament should exist. Instead, the observed
line width is suggested to represent the gas heated in the
precursor, which is thin enough for the preshock neutrals
not to be completely ionized. Also, the observed flux ratio
of the Hα broad component and the narrow component was
sometimes found to be smaller than what models predict (e.g.,
Ghavamian et al. 2003; Rakowski et al. 2009), and the excessive
narrow component emission was attributed to the contribution of
emission from the precursor (Ghavamian et al. 2001; Rakowski
et al. 2009).

The characteristics of the precursor revealed by our HST ob-
servations are consistent with results from previous observa-
tions. The peak temperature in the precursor may be relatively
higher than the temperature implied by the line width of the Hα
narrow component. However, the temperature we modeled is the
electron temperature, which might not be in equilibrium with
the neutral hydrogen atoms. Also, the velocity profiles of the
Hα emission could deviate from a Gaussian profile (Ghavamian
et al. 2001; Lee et al. 2007; Raymond et al. 2010), and a simple
line width may not be an adequate temperature indicator. Our
observations show that the emission from the precursor is a sig-
nificant contributor to the Hα narrow component. We estimate
that the precursor emission may contribute up to 30%–40%

HST
0.18 arcsec

HSTKPNO

At 4 kpc
1     arcsec = 6 x 1016 cm
0.1  arcsec = 6 x 1015 cm
0.01 arcsec = 6 x 1014 cm

1 arcsec
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