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Type Ia supernovae (SNe Ia) are thermonuclear explosions of white dwarf stars in
close binary systems'. They play an important role as cosmological distance
indicators and have led to the discovery of the accelerated expansion of the
Universe”’. Among the most important unsolved questions* are how the explosion
actually proceeds and whether accretion occurs from a companion or via the
merging of two white dwarfs. Tycho Brahe's supernova of 1572 (SN 1572) is
thought to be one of the best candidates for a SN Ia in the Milky Way’. The
proximity of the SN 1572 remnant has allowed detailed studies, such as the

possible identification of the binary companion®, and provides a unique



opportunity to test theories of the explosion mechanism and the nature of the
progenitor. The determination of the yet unknown’®’ exact spectroscopic type of
SN 1572 is crucial to relate these results to the diverse population of SNe Ia'’. Here
we report an optical spectrum of Tycho Brahe's supernova near maximum
brightness, obtained from a scattered-light echo more than four centuries after the
direct light of the explosion swept past Earth. We find that SN 1572 belongs to the
majority class of normal SNe Ia. The presence of a strong Ca II IR feature at
velocities exceeding 20,000 km s”, which is similar to the previously observed

polarized features in other SNe Ia, suggests asphericity in SN 1572.

The supernova of 1572 marked a milestone in the history of science. Danish
astronomer Tycho Brahe concluded from his accurate observations of the “new star” in
the constellation of Cassiopeia that it must be located far beyond the Moon''. This
contradiction to the Aristotelian concept, that a change on the sky can only occur in the
sub-lunar regime, ultimately led to abandoning the immutability of the heavens. The
classification of SN 1572 has been controversial. On the basis of historical records of
the light curve and colour evolution, SN 1572 has been interpreted as SN Ia of either a
normal or somewhat overluminous type’ or of a subluminous type®. Core-collapse
supernovae of types Ib? or II-L'? have also been suggested to be compatible with the
light curve. Support for a SN Ia has been inferred from X-ray studies of the ejecta
composition'®, 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 remnant'*", raised the opportunity to conduct spectroscopic post-mortems

of historic Galactic supernovae. Such a precise determination of the spectral type long



after the original explosion has recently been performed for the Cassiopeia A

supernova'® and a supernova in the Large Magellanic Cloud".

We obtained Johnson R-band images of the recently identified" light echo fields
of SN 1572 using the 2.2m and 3.5m telescopes at Calar Alto, Spain, on 23 August
2008 and 2 September 2008. One of the fields observed on 2 September 2008, at an
angular distance of d = 3.15° and position angle 62° from the SN 1572 remnant, showed
a bright and extended nebulosity with a peak surface brightness of R = 23.6 +/- 0.2 mag
arcsec? (Fig. 1a). The position of this new emission feature, relative to the previously

reported light echo detection, has shifted away from the SN 1572 remnant.

The region was re-observed using the FOCAS instrument at the Subaru 8.2m
telescope on Mauna Kea, Hawaii, on 24 September 2008 (Fig. 1b). The peak of the
emission with a surface brightness of R = 23.5 +/- 0.2 mag arcsec™ has shifted again
away from SN 1572. The 1.4 +/- 0.2 arcsec shift within 22 days is consistent with a
light echo origin. A long-slit spectrum of the brightness peak of the echo structure at
position RA 00h52m12.79s; Dec +65°28'49".7 (J2000.0) was obtained with FOCAS in
the same night, covering the wavelength range from 3,800 to 9,200 A with a spectral

resolution of 24 A.

The acquired echo spectrum unambiguously shows light of a supernova origin
(Fig. 2): A number of broad absorption and emission features from neutral and singly
ionized intermediate mass elements are detected, all of which are commonly observed
in supernovae'®'®, Type I supernovae are distinguished from those of type II by the
absence of hydrogen, and SNe Ia are further distinguished from type Ib and type Ic
supernovae by a prominent Si II 6,355 A absorption feature at maximum light. This
feature is clearly seen in the SN 1572 spectrum as a deep absorption minimum at 6,130

A with a width of 9,000 km s at half maximum. The absorption minimum of the line



corresponds to a velocity of 12,000 km s, a typical velocity for normal SNe Ia at
maximum brightness'®'®, Other strong features detected in the spectrum are Si II 4,135

A, Fell, FeIll, NaI D+ SilI 5,972 A, O 17,774 A and the Ca II infrared triplet.

The echo spectrum represents supernova light over an interval of time around
maximum brightness being averaged through the spatial extent of the scattering cloud.
We therefore compared the echo spectrum with the spectra of other SN Ia time averaged
over the brightness peak of the light curve from 0 to 90 days after explosion. The light
echo spectrum of SN 1572 matches such comparison spectra of four well observed
normal SNe Ia (1994D, 1996X, 1998bu, 2005cf) and a SN Ia composite spectrum'
remarkably well. Even faint notches observed in normal SN Ia spectra at 4,550, 4,650
and 5,150 A'® can be recognized. Values of the reduced chi-squared (x?) from the
comparison range between x*= 1.5 and y*>= 2.5. The agreement of 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 SN 1572 with thermonuclear supernovae of
different luminosity. Both sub- and overluminous SNe Ia, such as SN 1991bg* and SN
1991T* respectively, showed peculiarities in their spectra near maximum light. SN
1991T lacked a well-defined Si II 6,355 A absorption feature at maximum light, though
the subsequent evolution was similar to normal SNe Ia. The lack of Si II absorption is
visible as an imprint in the time-averaged spectrum and different to the strong Si II
feature in our spectrum of SN 1572. The class of subluminous objects shows a
characteristic deep absorption trough at a wavelength of 4,200 A, attributed to Ti II%,
near maximum light. Such a feature is not seen for SN 1572. The sub- and
overluminous SNe Ia templates, obtained in the same way as described by ref. 19, do
not provide a good match to our spectrum of SN 1572 with values of x> = 8.6 and x* =

10.1, respectively (Fig. 3).



A well established correlation between the measured decline Ami5(B) of the
supernova B-band brightness at maximum and 15 days later has been successfully used
to calibrate the absolute brightness of SNe Ia*. Applying the range of 1.0 < AmI5(B) <
1.3 obtained from the four comparison SNe Ia yields an absolute brightness of My =
-19.0 +/- 0.3 mag (H, = 72 km s* Mpc™). Historical records indicate a maximum
brightness between my = -4.0 mag and my = -4.5 mag. Accounting for interstellar
foreground extinction (Av = 1.86 +/- 0.2 mag®) this places SN 1572 at a distance of
3.8 49 kpc. This is larger than the currently most quoted range between 2.3 and 2.8
kpc. However, it is interesting to note that 3.8 kpc is consistent with the non-detection
of the remnant at y-ray energies® and the distance to the reported surviving binary
companion of SN 1572, If this discovery of the companion is confirmed it would

provide evidence for a single-degenerate scenario.

An interesting difference between the spectra of SN 1572 and those of normal
SNe Ia is a deep absorption feature at 7,980 A in the vicinity of the Ca II infrared triplet
(Fig. 2). While normal SNe Ia, including SN 1572, show a photospheric absorption
minimum of the Ca II infrared triplet at a velocity of 13,500 km s™, the additional sharp
absorption in SN 1572 corresponds to a high velocity component of the Ca II triplet at a
velocity of 20,000 — 24,000 km s. Further absorption is detected up to a velocity of
30,000 km s*. High velocity (HV) components have been shown to be ubiquitous in
early spectra of SNe Ia®*, however they are often mixed with the photospheric
absorption. To our knowledge, a feature as strong as that observed in the SN 1572
spectrum has only occasionally been detected in SN Ia spectra, e.g. in SN 2001el. Its
spectrum showed a HV Ca II feature at a velocity of 20,000 - 26,000 km s that was
kinematically distinct from the photospheric Ca II absorption®?. For SN 2001el
spectropolarimetric observations®** have demonstrated that the HV Ca II feature is the
result of an aspherical explosion. Thus the similarity of the Ca II HV features of SNe

1572 and 2001el suggests that the asphericity of SN 1572 is also similar to that of SN



2001el. The asphericity could be either due to accretion from a companion or an effect

of the explosion.

An exciting opportunity would be to use other SN 1572 light echo spectra, in
different spatial directions, to construct a 3-dimensional spectroscopic view of the
explosion. This will enable us to determine from observations of a single supernova to
what extent spectroscopic diversity can be readily explained by pure geometry effects.
Such observations will further constrain the asphericity suggested by our spectrum. In
case the HV Ca II feature is caused by a single clump®, no such feature is expected to
be observed in different space directions. Alternatively, the HV Ca II feature could be
caused by the interaction with the circumstellar disk of the binary progenitor, in which

case the feature might be observed also in other directions®.

An intriguing possibility to determine an independent geometrical distance to the
SN 1572 remnant is to search for echoes with the highest degree of polarization and
measure their angular distance from the remnant, as recently performed for other echoes
around a Galactic variable star’. Since the linear polarization of the scattered light is
highest for a scattering angle of 90°, such echoes must be located at a linear distance of
¢ % t from the SN 1572 remnant, where ¢ corresponds to the speed of light and ¢ to the

time since the original explosion.
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Captions

Figure 1. Optical images of the SN 1572 light echo. Panels a) and b) show R-
band images of the same area of 120 x 120 arcsec2. 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 detection™. The vector towards the remnant
of SN 1572 is indicated (arrow). The seeing for panels a) and b) was 1.5 and
0.9 arcsec, FWHM, respectively. Integration times of the two images were 20

and 12 min. Image reduction was performed using standard methods with IRAF.
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Figure 2. Spectrum of SN 1572 and comparison spectra of normal SNe la.
Important spectral features are marked. The spectra are plotted logarithmically
in flux units and shifted for clarity. The spectrum was obtained with two grisms
in the blue (150+L550 for A<5000A) and red (300B+Y47 for A>5000A). Total
integration time was 4 hours; 2.5 h for red and 1.5 h for blue channel. The
spectrum was extracted from a 2.8 arcsec x 2.0 arcsec aperture (position angle
PA = 81°) positioned at the echo brightness peak and then binned to a
resolution of 11.2 A pixel” and smoothed by a moving average over 5 pixels.
Flux calibration was performed against the standard star G191B2B that was
observed at comparable airmass. The uncertainty of the flux calibration is 15%.
Atmospheric A-band and B-band absorptions were removed using the stellar
spectrum of a K star observed in the same slit as the echo. The spectrum has
then been corrected for the colour dependence of the scattering process for a
scattering angle of 8 = 84° and de-reddened for a foreground extinction of Ay =
4.2 mag. The scattering angle of 8 = 84° results from the light echo geometry:
Since all echo emission at a given epoch is located on an ellipsoidal sphere with
the Earth and SN 1572 in its foci the echo geometry can be accurately
determined. For a distance range to the Tycho remnant of 2.3 — 2.8 kpc the
distance and scattering angle of the echo knot are d = 460 +/- 45 light yr and 6
= 90 +/- 5° respectively. For a larger distance of 3.8 kpc the scattering angle is
smaller, 6 = 67°, leading to a slightly redder corrected spectrum. However, a
slight increase of the adopted foreground extinction by AA, = 0.08 mag
compensates for this effect. The comparison spectra has been obtained from
the time average of light curve weighted spectra at days (relative to maximum
brightness) -5, -4, -2, +2, +4, +10, +11, +24, +50, +76 for SN 1994D and days
-9, -4, +1, +9, +18, +40 for SN 2001el** and from days -20 through 70 for the

normal SN la template™.
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Figure 3. Comparison of SN 1572 with SNe la of different luminosities. Spectral
templates of subluminous, normal and overluminous type la SNe are shown in
comparison with the spectrum of SN 1572. The spectrum of SN 1572 has been
corrected for a scattering angle of 8 = 84° and a foreground extinction of Ay =
4.2 mag as described for Fig. 2. The comparison spectra have been derived as
the time average of a spectral series' over days 0-90 after explosion and
scaled to the spectrum of SN 1572. Specific features typical for the three
subtypes are indicated. For the comparison with the intrinsically redder
subluminous template, the spectrum SN 1572 was de-reddened for Ay = 3.9

mag.
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Figure 1
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Figure 2
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Figure 3
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