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Talk Plan
•  Radial profiles

•  Double Gaussian fit

•  Mean photon energy map

•  Spectral analysis of individual blobs

•  Large scale distribution of apparent velocities

•  Southeastern knots

•  Ion temperatures



Radial Profile Expectations
Optically thin, see both 
front and back halves;
Spherical symmetry

Redshifted

Blueshifted

Red- & blueshifted hemispheres perfectly balanced



Radial Profile Expectations
Optically thin, see both 
front and back halves,
Projected CD location

Redshifted

Blueshifted

Red- & blueshifted hemispheres do not balance



Radial Profiles
Suzaku: Hayato, et al 2010 Chandra: this work

Si-K,Fe-K, 7-13 keV cont.
4 annuli

Fe-L,Si-K, 4-6 keV cont.
12 annuli

Deep LP from 2009



Radial Profiles
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Double Gaussian Fits 
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4 SATO AND HUGHES
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Figure 2. Radial profile of surface brightness, centroid energy and line width. Top, middle and bottom show the Si-K, S-K and Fe-K lines, respectively. We
divided the whole SNR into 12 “Sky" regions. Black curves show the results from Suzaku (Hayato et al. 2010), while the red curves show the Chandra results
from this work. The regions from the innermost region to the outermost are referred to as Sky1–Sky12. Uncertainties are shown at the 90 % confidence level.
Solid (dashed) green lines show the best-fit values of centroid energy from the entire SNR from 2006 (2008) Suzaku observation. Dash-dotted and dotted green
lines show the XMM-Newton results from regions A and B, respectively from Badenes et al. (2006).

Table 3

Best-fit Parameters of the Double Gaussian Model from the Central Regionsa Using Chandra

Widthb Ered Eblue 2�E v? vexp (km s�1) vexp (km s�1)
Lines (eV) (keV) (keV) (eV) (km s�1) (this work) (Hayato et al. 2010)
Si-K↵ 15 1.823±0.003 1.880+0.002

�0.003 57±4 4620±330 4840±340 4730+30
�20

S-K↵ 15 2.393+0.006
�0.009 2.478+0.004

�0.006 87+7
�11 5240+430

�680 5480+450
�700 4660±50

Fe-K↵ 40 6.36±0.02 6.53±0.02 170±30 4000±700 4200±800 4000±300

aFrom within the central 1.410 radius.
bFixed at the appropriate minimum values from the radial profiles (for region Sky 8).

responding to the Doppler-shifted components from the re-
ceding and approaching hemispheres of the expanding shell
of ejecta. Results of the Chandra fits are given in Table 3
for the three species. For the Si+S band the best fit yields
�2 = 146.75 for 92 degrees of freedom and for the Fe band
�2 = 137.32 for 127 degrees of freedom. Figure 3 shows that
the double Gaussian model is a good fit to the spectra data.

For the spectral fits, line widths were fixed at the values de-
termined from the minima in each radial profile. The radial
velocity (v?) was calculated from the average energy of the
red- and blue-shifted components and �E. To convert v? to

the shell expansion speed we needed to correct for the pro-
jection factor over the central 1.410 of the remnant. For Si-K
and S-K, we assumed a spherically symmetric shell extending
over 19000–22000 and for Fe-K, we assumed the shell covered
the radial range 18000–20000. We calculated the projection fac-
tor using the method in section A.1 of Hayato et al. (2010).
We determined projection factors of 0.955 for Si-K and S-K
and 0.948 for Fe-K. For Suzaku, an additional correction was
necessary to account for the flux spreading due to the broad
Suzaku PSF. This can be ignored for the Chandra analysis.

The shell expansion velocities from Chandra are in the
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Figure 2. Radial profile of surface brightness, centroid energy and line width. Top, middle and bottom show the Si-K, S-K and Fe-K lines, respectively. We
divided the whole SNR into 12 “Sky" regions. Black curves show the results from Suzaku (Hayato et al. 2010), while the red curves show the Chandra results
from this work. The regions from the innermost region to the outermost are referred to as Sky1–Sky12. Uncertainties are shown at the 90 % confidence level.
Solid (dashed) green lines show the best-fit values of centroid energy from the entire SNR from 2006 (2008) Suzaku observation. Dash-dotted and dotted green
lines show the XMM-Newton results from regions A and B, respectively from Badenes et al. (2006).

Table 3

Best-fit Parameters of the Double Gaussian Model from the Central Regionsa Using Chandra

Widthb Ered Eblue 2�E v? vexp (km s�1) vexp (km s�1)
Lines (eV) (keV) (keV) (eV) (km s�1) (this work) (Hayato et al. 2010)
Si-K↵ 15 1.823±0.003 1.880+0.002

�0.003 57±4 4620±330 4840±340 4730+30
�20

S-K↵ 15 2.393+0.006
�0.009 2.478+0.004

�0.006 87+7
�11 5240+430

�680 5480+450
�700 4660±50

Fe-K↵ 40 6.36±0.02 6.53±0.02 170±30 4000±700 4200±800 4000±300

aFrom within the central 1.410 radius.
bFixed at the appropriate minimum values from the radial profiles (for region Sky 8).

responding to the Doppler-shifted components from the re-
ceding and approaching hemispheres of the expanding shell
of ejecta. Results of the Chandra fits are given in Table 3
for the three species. For the Si+S band the best fit yields
�2 = 146.75 for 92 degrees of freedom and for the Fe band
�2 = 137.32 for 127 degrees of freedom. Figure 3 shows that
the double Gaussian model is a good fit to the spectra data.

For the spectral fits, line widths were fixed at the values de-
termined from the minima in each radial profile. The radial
velocity (v?) was calculated from the average energy of the
red- and blue-shifted components and �E. To convert v? to

the shell expansion speed we needed to correct for the pro-
jection factor over the central 1.410 of the remnant. For Si-K
and S-K, we assumed a spherically symmetric shell extending
over 19000–22000 and for Fe-K, we assumed the shell covered
the radial range 18000–20000. We calculated the projection fac-
tor using the method in section A.1 of Hayato et al. (2010).
We determined projection factors of 0.955 for Si-K and S-K
and 0.948 for Fe-K. For Suzaku, an additional correction was
necessary to account for the flux spreading due to the broad
Suzaku PSF. This can be ignored for the Chandra analysis.

The shell expansion velocities from Chandra are in the

Fits agree with Hayato+2010

Compare Si vexp with ejecta 
proper motion (Katsuda+2010) 

to yield distance

D = 3.8± 0.3+1.0
�0.7 kpc

µ = (0.267± 0.056)00 yr�1

Chandra ACIS-I

Fe

Si + S



Mean Si-K Line Centroid

Si-K (centroid)
Tycho's SNR

1 arcmin

•  1.6-2.1 keV band
•  Binned spatially:  

Voroni Tessellation 
with S/N=20

•  Values vary from 
1.816 keV (dark) to 
1.879 keV (light)

•  Full range is ~9700 
km/s 

•  Dark outer rim – 
nonthermal emission

•  Dominated by patchy 
features, some also in 
intensity  

 



Spectral Analysis of Individual Blobs
•  Slice Si-K line (RGB)
•  Select 33 knots: 8 

red, 8 blue, 11 low v, 
6 SE knots for NEI 
model fits

•  4 red + 4 blue knots 
joint fits with ACIS-S
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Spectral Analysis of Individual Blobs
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•  Radial velocity robust 
with respect to 
ionization age

•  Systematic v-error: 
~500-2,000 km/s

•  Local background vs. 
sky background: 
increases |v| by 
~1,000-2,000 km/s

Conservative allowed 
range of radial vels:
−7,800 to 5,000 km/s
 



Large scale distribution of apparent velocities

1.860 keV1.851 keV

South
North

South

North

Histogram of the mean photon energy Mean photon energy map of Si-K

Northern half is more blueshifted than southern half, by 
about 2000 km/s.  

Ejecta density variations: result replicated if approaching 
northern quadrant has ~2x higher ejecta density 



Southeastern knotsKnot 1 Knot 2

Knot 4Knot 3

Knot 5 Knot 6
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SE knots and Tycho Light Echo

E
W

N

S

Light-echo (θLE, φLE)

scattering
angle

Observer

θ

φ

Southeastern Knots
(θSK, φSK)

α

•  Light echo is 3o away 
at P.A. 62o

•  Mean of SE knots is 
at P.A. 102o

•  Combine proper 
motion and radial vel 
to find SE knots 
moving at angle 24o 
out of sky plane

•  Direction to light 
echo is ~58o away 
from SE knots  



SE knots and Tycho Light Echo
•  Light echo spectrum 

shows high velocity Ca II 
absorption (fairly common 
in SN Ia and signaling 
some asymmetry)

•  SE knots are likely too far 
away to be responsible for 
the high velocity feature

•  Are other, more typical 
knots the possible source? 

Hawaii, on 24 September 2008 (Fig. 1b). The peak of the emission,
with a surface brightness of R 5 23.5 6 0.2 mag arcsec22, has again
shifted away from SN 1572. The shift of 1.4 6 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 position RA 00 h 52 m 12.79 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 absorption minimum 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 D 1 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-
trum with 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
x2 5 1.5 and x2 5 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 SN 1572 with thermonuclear
supernovae of different luminosity. Both sub- and overluminous
type Ia supernovae, such as SN 1991bg20 and SN 1991T21, 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 SN 1572. 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 SN 1572. 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 SN 1572, with respec-
tive values of x2 5 8.6 and x2 5 10.1 (Fig. 3).

A well-established correlation between the measured decline
Dm15(B) of the supernova B-band brightness at maximum and 15 days
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Figure 2 | Spectrum of SN 1572 and comparison spectra of normal type Ia
supernovae. 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 (l, 5000 Å) and red (l. 5000 Å).
Total integration time was 4 h: 2.5 h for the red channel and 1.5 h for the blue
channel. The spectrum was extracted from a 2.8 3 2.0-arcsec2 aperture
(position angle 81u) positioned at the echo brightness peak and then binned
to a resolution of 11.2 Å per pixel and smoothed by taking a moving average
over five pixels. Flux calibration was performed against the standard star
G191B2B, which was observed at comparable airmass. The uncertainty in
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 was then corrected for the colour dependence of
the scattering process for a scattering angle of h 5 84u and de-reddened for a
foreground extinction of AV 5 4.2 mag. The scattering angle of h 5 84u
results from the light-echo geometry: because all echo emission at a given
epoch is located on an ellipsoidal sphere with the Earth and SN 1572 at 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 5 460 6 45 light yr and h 5 90u6 5u, respectively. For a
larger distance of 3.8 kpc, the scattering angle is smaller, h 5 67u, leading to a
slightly redder corrected spectrum. However, a slight increase of the adopted
foreground extinction by DAV 5 0.08 mag compensates for this effect. The
comparison spectra have been obtained from the time average of light-curve-
weighted spectra at days 25, 24, 22, 12, 14, 110, 111, 124, 150, 176 for
SN 1994D and days 29, 24, 11, 19, 118, 140 for SN 2001el (refs 26, 27).
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Figure 3 | Comparison of SN 1572 with type Ia supernovae of different
luminosities. Spectral templates of subluminous, normal and overluminous
type Ia supernovae are shown in comparison with the spectrum of SN 1572.
The spectrum of SN 1572 has been corrected for a scattering angle of h 5 84u
and a foreground extinction of AV 5 4.2 mag as described for Fig. 2. The
comparison spectra have been derived as the time averages of spectral
series19 over days 0–90 after explosion and scaled to the spectrum of
SN 1572. Specific features typical of the three subtypes are indicated. For the
comparison with the intrinsically redder subluminous template, the
spectrum of SN 1572 was de-reddened for a foreground extinction of
AV 5 3.9 mag.
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Ion Temperatures
•  Convert to temperature 

(ignoring turbulence)

•  Measured at the outer edge 
of the ejecta – far 
downstream of the reverse 
shock – has experienced 
strong post-shock evolution

•  1D hydro model at CD:
 Tion ~ 0.9 MeV,   Te ~3.4 keV
•  Observed:
Tion ~ 1.2 MeV,   Te ~1.3 keV

 

�th =
Ea

c

r
kTa

ma

Parameter Si S Fe
Min. width (eV) 12.6 15 41

T (MeV) 1.20±0.15 1.1±0.5 0.5 ~ 3

Chandra observations could be fitted equally well by thermal
and nonthermal models. In our integrated XMM-Newton spectra,
however, we have found that thermal models for the continuum
always underpredict the flux above 8 keV (e.g., see Fig. 2 in
Bravo et al. 2005). This is revealed by the higher effective area of
XMM-Newton at high energies, and it constitutes yet another
argument in favor of the predominantly nonthermal origin for
the shocked AM emission advocated in Warren et al. (2005).

7. SPATIAL MORPHOLOGY OF THE LINE EMISSION

Although the focus of this paper is on the spatially integrated
X-ray emission from the Tycho SNR, the spatial distribution of
this X-ray emission also contains interesting information that
can shed light on the properties of the SN ejecta and the SNR
shocks. In Paper II, for instance, we proposed that partial colli-
sionless heating at the reverse shock could explain why the Fe K!
emission peaks interior to Fe L in both Tycho (Hwang&Gotthelf
1997) and Kepler (Cassam-Chenai et al. 2004). We note that
partial collisionless electron heating has been required by all the
models that have shown some level of success in reproducing the
spatially integrated spectrum of the Tycho SNR in xx 5 and 6. We
want to conclude our study by doing a preliminary comparison be-
tween our models and the spatial distribution of the line emission
in the Tycho SNR.

We have chosen two models for this comparison, DDTc
("AM ¼ 2 ; 10"24 g cm"3, # ¼ 0:03) and b30_3d_768 ("AM ¼
2 ; 10"25 g cm"3, # ¼ 0:01). Both models have a similar
amount of collisionless electron heating at the RS, but their ejecta
structures are very different (layered vs. well mixed), and the
order-of-magnitude difference in "AM places them at very differ-
ent evolutionary stages. At the age of Tycho, the RS has heated
#1.0 M$ of ejecta in model DDTc, but only #0.5 M$ in model
b30_3d_768. However, physical conditions in the shocked ejecta

are qualitatively similar (see Figs. 8 and 9); " and net increase
monotonically from RS to CD, but Te has local maxima at the CD
(due to collisional heating in the plasma over time) and close to the
RS (due to collisionless heating at the RS).
Taking advantage of the superior spatial resolution of Chan-

dra, we have produced radial profiles for the emission in three
spectral bands, using data from the ACIS-I CCD detectors: 0.8–
0.95 keV (Fe L), 1.63–2.26 keV (Si K, including Si He!, Si
He#, and Si Ly!), and 6.10–6.80 keV (Fe K!). The data are
from the #150 ks observation described in Warren et al. (2005)
and were extracted from the same region B whose spatially in-
tegrated spectrum we have used throughout the present work.
For the Fe K! profile, the underlying continuum was subtracted
as in Warren et al. (2005). In Figure 10, we plot the three line
emission profiles alongside the predictions from the two models.
The model profiles have been scaled so the position of the RS
coincides with the 18300 radius found byWarren et al. (2005; first
vertical dotted line in Fig. 10), which is equivalent to placing
each model at the distance DRS listed in Table 6. The model pro-
files have also been normalized to the peak value in the data for
each energy band. From the spectra presented in Figure 7, it is clear
that model DDTc produces the correct spatially integrated flux in
each of the three spectral bands (forNH ¼ 0:55 ; 1022 cm"2), but
model b30_3d_768 does not.
Our one-dimensional models look very different from the data,

in part because they do not extend to the observed radius of the
CD,with the radius of the outermost ejecta falling#10% short for
model DDTc and#20% short for model b30_3d_768. There are
several processes that we have not included in our simulations and
could increase the radial extent of the ejecta, but the morphology
of the CD and its power spectrum seem to indicate that Rayleigh-
Taylor instabilities (RTI) are the dominant mechanism in the
Tycho SNR (see xx 4 and 7.3 and Fig. 6 in Warren et al. 2005).

Fig. 8.—Radial structure of the shocked ejecta in model DDTc ("AM ¼ 2 ; 10"24 g cm"3, # ¼ 0:03) at the age of the Tycho SNR. (a) Radial distribution of
density " and specific internal energy "; (b) mean number of electrons per ion, Z̄, with an indication of the ejecta layers dominated by Fe, Si-S, and C-O; (c) electron
and ion temperatures; (d ) ionization timescale. The positions of the RS and CD are outlined by the limits of the temperature plots in (c).
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Summary
•  Radial profiles of intensity, line centroid, and line width of Si, S, 

and Fe with Chandra
•  generally consistent with previous work
•  deep minimum in line width profile at ~3.4’
•  expansion velocity of shell 4840±340 km/s; D=3.8±0.3 +1

-0.7 kpc
•  Si-K line center map shows large centroid shifts (~60 eV) 

with largest range near center and variation on scales of 
arcseconds to arcminutes

•  Spectral analysis with NEI models shows radial velocity 
measurement is robust to other spectral parameters (e.g., 
ionization age) that can influence line centroids
•  velocity range: −7,800 to 5,000 km/s

•  Observed ion temperatures of Tion ~ 1.2 MeV consistent with 
1D models

•  SE knots likely unrelated to high velocity feature in light echo

 



Outlook
This project was initiated in anticipation of Hitomi SXS 
observations of Tycho’s SNR.  

 Hitomi was sadly lost in March 2016

Our Chandra study shows the richness of the science that can 
be extracted from the kinematics of SNRs and Chandra can still 
do more (before Athena or a Hitomi-like recovery mission)

Chandra HETG has observed Cas A (Lazendic+2006) and 
G292.0+1.8 (Bhalerao+2015) and Kepler is awaiting 
observation this cycle (PI: S. Park).

Hopefully more SNRs will be observed with Chandra HETG.

 



The End



The View to the Light Echo

Compact Si-rich knots, with well defined radial velocities, exist along the 
line of sight to the light echo.
No peculiar abundance knots (like those in the SE) along this l.o.s.

To light echo FeL/SiK/Cont Velocity


