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Introduction

Imaging analysis

Spectral analysis

● Eriksen et al. discovered the synchrotron X-ray “Stripe” in 
Tycho’s supernova remnant (SNR) [1] 

‣ Spacing by   that corresponds to the gyroradii of 
PeV protons 

‣ Some theoretical works propose models [e.g., 2,3] 

‣ Their theoretical origin is still open. 
● We analyzed the stripe with the Chandra data taken in 2003, 

2007, 2009, and 2015

lgap ∼ 8′ ′ 
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Fig. 1. (a) Difference image between 2003 and 2015 in the 4–6 keV band. The green box corresponds to the region shown in panels (b), (c), and (d).
(b) Zoom-in view of the yellow box in panel (a). (c) Same as panel (b) but with guides for identification of notable features overlaid. (d) Exposure-
corrected Chandra ACIS images of Tycho’s SNR in 2003, 2007, 2009, and 2015. The energy band is 4–6 keV. The regions S1–S9 and R1–R5 are those
for the spectral analysis. The Ref region is used for estimating the parameters for the thermal component of the emissions of the stripes. In all the
panels, the unit for the color scale is 10−8 ph s−1 cm−2. (Color online)

over the years in this region. We also found hints of the
proper motions of the faint stripes in the direction perpen-
dicular to the shock normal.

Figure 2b shows projections in the azimuthal direction
from the rectangular region in figure 2a, which includes the
brightest stripe (S7 in figure 1c). The sharp and broad peaks
correspond to the rim and the stripe, respectively. Both
peaks clearly are moving outward with time as already
suggested by the difference image in figure 1a. We first mea-
sured the proper motion of the rim. Artificially shifting the
profile in 2003, we calculated χ2 between the shifted profile
in 2003 and the observed profile in 2015 in the range of 66′′–
90′′, and searched for a shift that gives the minimum χ2. As
a result, we obtained a velocity of 0.′′29 ± 0.′′01 yr−1, which
can be translated into 3400 ± 100 km s−1 with a distance

of 2.5 kpc assumed (Zhou et al. 2016). We note that
Williams et al. (2016) reported a proper motion consis-
tent with ours (the region we analyzed roughly coincides
with their Reg13). Measurement of the proper motion of
the stripe, on the other hand, was found to be difficult
because of its time-variable shape. A closer look at the
profiles plotted in figure 2b suggests that the peak corre-
sponding to the stripe becomes narrower in 2015 than in
2003. This is more clearly visible in the smoothed profiles
presented in figure 3. In this figure, we shifted the pro-
file in 2003, assuming a velocity of 0.′′29 yr−1, which is the
measured value for the rim. The locations of the peaks are
roughly consistent with each other, leading to the conclu-
sion that the proper motion of the stripe is at the same level
as the rim.
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sured the proper motion of the rim. Artificially shifting the
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Figure1. (a) Difference image the 
in 4–6 keV band of Tycho between 
2003 and 2015. (b) Zoom-in view 
of the yellow box in (a).

(a) (b)

● Figure 1 shows the flux change in Tycho. 
● Most of the features show a proper motion by the expansion 

of the SNR. 
● However, some changes of the stripe feature cannot 

simply be account for the expansion.
Reference

● Time variability of the stripe 

‣ Fig. 3 shows the best- 
fit parameters of the  
power-law model 

‣ A significant variation  
between each stripe  
and time variabilities  
in each year 

‣A strong anti-correla- 
tion                              [1] K. A. Eriksen et al., 2011, ApJL, 728, L28 

                             [2] A. M. Bykov et al., 2011, ApJL, 735, L40 
[3] D. Capriorli and A. Spitkovsky, 2013, ApL, 765, L20

● We analyzed spectra extracted from nine regions (S1–
S9 in Fig. 2) of the stripe structure in each year. 

● Fitting model 

‣ Thermal rad.: 2 non-equilibrium ionization 

‣ Non-thermal rad.: power law ← Time variable
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Fig. 5. Relation between the surface brightness and the photon indices
in the stripes. The data points from each stripe are plotted in different
colors. The color tint indicates the epochs of the data points. (Color
online)

S3 are lower in 2003 than in the other years. The stripe
S7 underwent a flux brightening from 2003 to 2007 and
then decayed. In the case of S9, a continuous flux increase
was observed from 2003 to 2015. The images in figure 1
furthermore indicate that not only the bright stripes but
also much fainter structures are also variable.

Following Uchiyama et al. (2007), Uchiyama and
Aharonian (2008), and Okuno et al. (2020), we can esti-
mate the magnetic field strength of the emitting region if we
attribute the brightening to production of relativistic elec-
trons through acceleration and the flux decay to decrease of
electrons emitting synchrotron X-rays. Assuming diffusive
shock acceleration, we can write the acceleration timescale
as

tacc = 4η
( ε

keV

)0.5
(

B
400 µG

)−1.5 ( vsh

3400 km s−1

)−2
yr, (1)

where η (≥ 1) is the so-called “gyrofactor,” ε is the syn-
chrotron photon energy, B is the magnetic field strength,
and vsh is the shock velocity. We assumed vsh = 3400 km s−2

according to our proper motion measurement in subsection
3.1. The synchrotron cooling timescale can be given as

tsyn = 4
( ε

keV

)−0.5
(

B
500 µG

)−1.5

yr. (2)

Since we observed flux changes in a timescale of several
years, the above equations lead to the conclusion that the
magnetic field in the stripe region is ∼500 µG. We note here
that this estimate would have some uncertainties. The above

equations assume that electrons with a certain energy emit
monochromatic synchrotron photons, which is not true in
reality and hence produces uncertainties.

The 3D location of the stripes would be key information
in the discussion of their physical origin. In the above mag-
netic field strength estimation, we implicitly assumed that
the stripes are on the projected blast waves of the SNR.
In this case, proper motion of the stripes should appear
to be slower than the expansion velocity since only the
transverse velocity component is observed. The transverse
velocity is calculated to be 0.′′25 yr−1, assuming spherical
shell expansion with a velocity of 0.′′29 yr−1 (subsection
3.1). We found the difference of the two values is too small
to be measured with the present data, considering the fact
that the morphology of the stripe is also changing with time
(figure 3). On the other hand, if the stripes are located inside
the shell, or far downstream of the blast waves, the trans-
verse velocity of the stripes can be different from the above
case. The proper motion of some structures perpendicular
to the shock normal (figure 1b) would be in favor of this
scenario. Models proposed in literature place the stripes in
different locations (see, e.g., Bykov et al. 2011; Malkov et al.
2012; Caprioli & Spitkovsky 2013; Laming 2015). A future
Chandra observation at another epoch would be needed to
measure the proper motion of the stripes precisely enough
to give meaningful comparison with that of the blast waves,
which is a key to pinning down the line-of-sight locations
of the stripes.

Our spectroscopy of each stripe at each epoch has
revealed anti-correlation between surface brightness and
photon indices (figure 5). In order to see whether or not
the synchrotron-dominant rim emission has a similar anti-
correlation as well, we extracted spectra from regions R1–
R5 defined in figure 1d. Since thermal emissions are negli-
gible in these regions, we fitted the spectra with an absorbed
power law and plotted the result in figure 6 together with
those from the stripes as observed in 2009. In contrast to
the stripes, the data points from the rim do not show a
significant anti-correlation. Also, the rim emission is softer
than the stripes with photon indices of # = 2.7–2.9 as com-
pared to # = 2.1–2.6 of the stripes. This is consistent with
the result by Lopez et al. (2015), who found the hardest
>10 keV emission with NuSTAR in the west of the SNR
coinciding with the location of the stripes.

Then what makes the spectra of stripes harder? Since
the X-ray band corresponds to the cutoff region of a syn-
chrotron spectrum, photon indices reflect the cutoff energy
(ε0): a harder spectrum means a higher ε0 and vice versa. Let
us first discuss the case in which stripes are associated with
structures of the blast wave region although distinct spectra
characteristics between the stripes and blast waves (figure 6)
make this case less likely. According to the NuSTAR result
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peaks clearly are moving outward with time as already
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sured the proper motion of the rim. Artificially shifting the
profile in 2003, we calculated χ2 between the shifted profile
in 2003 and the observed profile in 2015 in the range of 66′′–
90′′, and searched for a shift that gives the minimum χ2. As
a result, we obtained a velocity of 0.′′29 ± 0.′′01 yr−1, which
can be translated into 3400 ± 100 km s−1 with a distance

of 2.5 kpc assumed (Zhou et al. 2016). We note that
Williams et al. (2016) reported a proper motion consis-
tent with ours (the region we analyzed roughly coincides
with their Reg13). Measurement of the proper motion of
the stripe, on the other hand, was found to be difficult
because of its time-variable shape. A closer look at the
profiles plotted in figure 2b suggests that the peak corre-
sponding to the stripe becomes narrower in 2015 than in
2003. This is more clearly visible in the smoothed profiles
presented in figure 3. In this figure, we shifted the pro-
file in 2003, assuming a velocity of 0.′′29 yr−1, which is the
measured value for the rim. The locations of the peaks are
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Figure2. Chandra images in 4–6 keV band taken in 2003, 2007, 2009, and 
2015. Green ellipses and cyan boxes are spectral analysis regions.

Figure3. Relation between surface bright-
nesses and photon indices in the stripes.

Interpretaion of the time-variabilities

● Brightening → increase of relativistic electrons 
through acceleration. 

● Acceleration timescale: 

  
● Darkening → decrease of electrons emitting 

synchrotron X-rays due to cooling 
● Cooling timescale: 

  
● The magnetic field is amplified to 400–500 μG (?)

Comparison with the rimPublications of the Astronomical Society of Japan (2020), Vol. 72, No. 5 85-8

Fig. 6. Comparison of the relation between the stripes (red) and the rim
(blue). The data points plotted here are from the observations in 2009.
(Color online)

by Lopez et al. (2015), the highest photon energy of
synchrotron emission in Tycho’s SNR seems to be limited by
its age (= acceleration time). Given that, the cutoff energy
depends both on the shock velocity and on the magnetic
field strength as ε0∝vsh

4B3 (Lopez et al. 2015). Thus, the
hard spectra of the stripes can be ascribed to fast shock
velocity and/or strong magnetic field of the region. Con-
sidering the peculiar morphology of the stripes, it would
be rather unlikely that only a fast shock velocity accounts
for the hardness. Instead, it would be more probable that
the magnetic field is amplified in the stripes through, for
example, the resonant (Skilling 1975) or non-resonant (Bell
2004) cosmic-ray streaming instability. The problem about
this scenario is that we cannot explain the short time vari-
ability of the stripes at the same time. The timescale of the
variability expected in the age-limited case would be of the
order of the age of the SNR, ∼100 yr, which is much longer
than observed. One of the possible solutions that can recon-
cile the result by Lopez et al. (2015) with the variable stripe
emissions would be that synchrotron emissions of most of
the regions are age-limited whereas those right at the stripes
are loss-limited with the amplified magnetic field.

If the stripes are not projections of blast waves but are
located far downstream of the shock, the hard spectra are
somewhat puzzling. After being accelerated at the blast
wave, electrons are transported downstream through advec-
tion or diffusion. While being transported, ultra-relativistic
electrons lose energy via severe synchrotron cooling loss,
which makes the electron spectrum and thus synchrotron
X-ray spectrum softer. Such softening is indeed observed

in Tycho’s SNR by Cassam-Chenaı̈ et al. (2007) with
Chandra. One of the possible mechanisms to make the
synchrotron spectra harder in the stripes is boosting syn-
chrotron photon energy with a strong magnetic field. Since
synchrotron photon energy (ε) is related to parent elec-
tron energy (Ee) as ε∝BEe

2, a stronger magnetic field can
make the synchrotron cutoff energy higher and thus syn-
chrotron spectra observed with Chandra harder. In addi-
tion, if compressible waves/turbulence is present in the
stripes, stochastic acceleration may occur and electron
spectra would become even harder. We note that Zhang
(2015) studied such a scenario theoretically.

In either case of the two discussed above, it would
be very challenging to also explain the anti-correlation
between surface brightness and photon indices (figure 5).
The result would indicate only a small number of parame-
ters are responsible for the temporal and spatial variation of
the stripe emission, otherwise such a tight anti-correlation
would not appear. Another fact to note about the result
in figure 5 is that the surface brightness is similar between
stripes. This suggests that line-of-sight depths of the stripes
are similar to each other, under an assumption that the nine
stripes have similar magnetic field strengths and relativistic
electron densities. If so, it would be more natural to con-
sider that the stripes are shaped like spheroids rather than
thin sheets.

5 Conclusions
Using Chandra data obtained in 2003, 2007, 2009, and
2015, we searched for temporal and spatial variation of syn-
chrotron radiation of the stripes in the southwestern region
of Tycho’s SNR in a more systematical way than the work
by Okuno et al. (2020). Our imaging analysis revealed time
variability of the emission in this region. Analyzing spectra
of nine bright stripes, we found significant time variabili-
ties not only of the stripe S1 previously reported by Okuno
et al. (2020) but also of other stripes S2, S3, S7, and S9.
If we attribute the flux increase to production of X-ray
emitting electrons through diffusive shock acceleration and
the flux decrease to synchrotron cooling of electrons, the
observed time variabilities indicate that the magnetic field
is amplified to ∼500 µG. The spectra of the stripes were
found to be harder (" = 2.1–2.6) than those of the rim
(" = 2.7–2.9), which would also be explained by amplified
magnetic fields and/or stochastic acceleration in the stripes.
Another finding is a tight anti-correlation between the sur-
face brightness and photon indices of the stripe emission,
which would indicate that only a small number of parame-
ters control the temporal and spatial variation of the stripe
emission.

D
ow

nloaded from
 https://academ

ic.oup.com
/pasj/article/72/5/85/5892602 by 08749000 user on 02 July 2021

Figure4. Comparison of the relation be-
tween the stipe (S1–S9) and the rim (R1–R5)

● The stripes are significantly 
harder than the rim. 

● It might be explained by 
amplified magnetic fields 
and/or stochastic acceler-
ation in the stripe.


