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0. Introduction
SKA-JP Cosmic Magnetism

• ~30 members
• Monthly telecon (2010-, 117th)
• Yearly conference (2012-, 6th)
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0. Introduction
A Review of Magnetism

• ~10 papers/yr
• Akahori+ 2018, 
PASJ, 70, R2
•Magnetic field is 
ubiquitous in the 
Universe!
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Topics on my talk
(our progress in 2018)

Unresolved Problems in Cosmic Magnetism
1. MHD turbulence at a SNR
2. Helical magnetic field of a jet
3. The origin of galactic magnetic field
4. Magnetar and FRB
5. The (magnetized) cosmic web
6. Faraday tomography
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1. MHD turbulence
The origin of cosmic-rays

• Acceleration of CR ß amplification of SNR 
B-field ß development of MHD turbulence
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weighting factors quantifying the contribution from each individ-
ual band image are determined from the entire data set through the
well-defined mathematical process of PCA. The image is con-
ceptually analogous to the hardness ratio images that many X-ray
astronomers use to identify spectral variations with position. The
PCA is a significant generalization of that technique, since it uses
the entire spectral range of a data set.

We found that the Tycho spectral data points, when projected
onto the new principal axes, were distributed in a well-behaved
manner: the points were spread out along, and very nearly parallel

to, the principal axes. The spread of data points along one of the
new principal axes need not correspond uniquely to variations in a
single physical parameter. In our application here, however, we
found that the first principal axis, which accounts for!43% of the
total spectral variation, allows for a simple physical interpretation.
The top right panel of Figure 1 shows the projection of theChandra
data onto this first principal axis (hereafter PC1). Comparison with
the color image suggests that regions appearing light-colored in the
PC1 image correspond to the ‘‘fleecy’’ Si- and Fe-rich emission,
while the dark regions correspond to the hard continuum emission.

Fig. 1.—Top left: Three-color composite Chandra image of Tycho’s SNR. The red, green, and blue images correspond to photon energies in the 0.95–1.26,
1.63–2.26, and 4.1–6.1 keV bands, respectively. Top right: An image of the first principal component (PC1) that separates line-rich emission ( light regions) from
featureless emission (dark regions). The green contour indicates the location of the contact discontinuity. Three spectral extraction regions are indicated. Bottom left:
Continuum (4–6 keV band) image with regions used to determine width of rim filaments indicated. Bottom right: Fe K! line image with continuum (4–6 keV band)
subtracted. The inner contour notes the location of the reverse shock and the outer contour the location of the blast wave. The field of view of each panel is 9A5 ; 9A5.
North is up and east is to the left.
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SNR origin?

Tycho’s Supernova Remnant
(Warren+ 05)



1. MHD turbulence
Stokes I Diagnostics

• Two-point correlation of Stokes I (CI)
• CI provides the power spectrum of MHD turbulence (e.g., Lazarian & Pogosyan 12, Lee+16)

• We found the Kolmogorov-like slope
• Transition at R~0.9 (~contact discount.: Warren+ 05)
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Magnetic energy spectrum in Tycho’s SNR 2201

well-determined observationally. Moreover, there is a controversy
over the shape of the magnetic energy spectrum realized in the SNRs
such as a single power-law (e.g. Goldreich & Sridhar 1995; Cho &
Vishniac 2000b), a broken power-law (e.g. Lazarian & Vishniac
1999; Cho & Vishniac 2000a; Cho & Lazarian 2003; Brandenburg
& Subramanian 2005; Lazarian 2006; Beresnyak, Jones & Lazar-
ian 2009; Inoue et al. 2012; Xu & Lazarian 2016, 2017), and a
spectrum containing several discrete peaks (Vladimirov, Bykov &
Ellison 2009). The uncertainty of the spectrum prevents us from
determining the maximum energy based on the standard scenario.
Therefore, it is important to obtain the spectral slope observationally
to reveal acceleration process of CRs at SNRs.

It is widely recognized for interstellar medium (ISM) that the
two-point correlation function of synchrotron intensities reflects
statistical nature of turbulent magnetic field including the spectral
slope of magnetic energy (e.g. Getmantsev 1959; Chepurnov 1998;
Cho & Lazarian 2010; Lazarian & Pogosyan 2012, 2016, see also
Akahori et al. (2018) for a review). This correlation analysis, how-
ever, suffers from the uncertainty of the geometry of the emission
region because of the projection effect. In other words, the corre-
lation function reflects not only the structure of the magnetic field
but also the geometry of the emission region. Therefore, the geom-
etry must be determined separately to obtain the spectral slope of
magnetic energy. Fortunately, the emission region of young SNRs
is often a spherical shell (e.g. Dickel, van Breugel & Strom 1991;
Reynoso, Hughes & Moffett 2013). Thus, if we select arbitrary
points on a concentric circle of an SNR image, the depth of the
emission region along the line of sight through the points is con-
stant. This means that we can exclude the geometrical effect from
the correlation function. As a result, the derived correlation function
depends only on the spectral slope of magnetic energy.

In this paper, we explore the spectral slope of magnetic energy
in Tycho’s SNR by applying the correlation analysis. This paper is
constructed as follows. In Section 2, we briefly explain our analysing
method and the application for Tycho’s SNR. The results are shown
in Section 3, and we discuss the origin of magnetic field structure
in Tycho’s SNR in Section 4.

2 A NA LY SIS O F M AG NETIC FIELD
C O R R E L AT I O N

To extract magnetic field correlation, we consider the second-order
correlation function of the synchrotron intensity per frequency Iν
on the circle S centred on the SNR centre. The function is given by

C
(2)
Iν ,S(λ) =

!
S
Iν(X)Iν(X ′)d2 X!

S
d2 X

≡ ⟨Iν(X)Iν(X + λ)⟩X,S , (2)

where X = (x, y) is the two-dimensional sky position and λ =
X ′ − X is the position vector of two separated sky positions X and
X ′ = X + λ (see the appendix for detail). Here, we select X and
X ′ = X + λ from the region

S(X, R) =
"

X
## (R − δ)2 ≤ f (x, y) ≤ (R + δ)2$ , (3)

with f(x, y) = (x − xc)2 + (y − yc)2, where (xc, yc) is the centre
of the SNR, R is the radius of the circle we are interested in, and
δ ≪ R is the width. Note that although the correlation function

maximum energy of CR protons because it depends on emission models
(see Archambault et al. 2017).

Figure 1. Radio synchrotron (Iν ) images of Tycho’s SNR. σtycho = 5.3 ×
10−5 Jy beam−1 is the image noise level. x and y axes are in units of the
number of pixels (one pixel size is 0.4 arcsec). The origin of the coordinates
(J2000) for Tycho’s SNR is (R.A., Dec.) = (0h25m19.s1, +64◦08′23.′′0). The
regions enclosed by coloured lines (white, red, purple, green, blue, light
blue, yellow, and orange) indicate Iν ≥ 3σTycho at each concentric circle
(R = 1.00 RSNR, 0.97 RSNR, 0.94 RSNR, 0.91 RSNR, 0.88 RSNR, 0.85 RSNR,
0.82 RSNR, and 0.79 RSNR).

C
(2)
Iν ,S(λ) is defined in a two-dimensional space, it is mostly repre-

sented as one-dimensional function owing to the condition δ ≪ R,
that is, the domain of definition of C

(2)
Iν ,S(λ) is much elongated in

the azimuthal direction. For Kolmogorov-like turbulent field, the
one-dimensional correlation function shows the scaling relation of
λ2/3 (e.g. Kolmogorov 1941).

We study Tycho’s SNR using the correlation function. We anal-
yse a 1.4 GHz image, which is published in Williams et al. (2016),
obtained by Very Large Array: project VLA/13A-426 (PI J. W. He-
witt). Fig. 1 shows the image. The synthesized beam size (angular
resolution) is 1.92 arcsec and the image pixel size is 0.4 arcsec.
The image noise level is σTycho = 5.3 × 10−5 Jy beam−1. Suppos-
ing that the distance to Tycho’s SNR is d = 4 kpc (Hayato et al.
2010; Katsuda et al. 2010), 1 arcsec ≈ 0.02 pc(d/4 kpc). We cal-
culate the intensity centroid from pixels with Iν ≥ 3σ Tycho at the
rim of SNR, and set the centre of concentric circles at the cen-
troid: (R.A., Dec.) = (0h25m19.s1, +64◦08′23.′′0). It mostly agrees
with the geometrical centre derived from the X-ray image (Ruiz-
Lapuente et al. 2004): (R.A., Dec.) = (0h25m19.s9, +64◦08′18.′′2).
We analyse eight concentric circles with radii, R = 1.00 RSNR

(white), 0.97 RSNR (red), 0.94 RSNR (purple), 0.91 RSNR (green),
0.88 RSNR (blue), 0.85 RSNR (light blue), 0.82RSNR (yellow), and
0.79RSNR (orange), where RSNR = 632 pixels ≈ 253 arcsec ≈ 5 pc
is the SNR radius. The width of each circle is set to be δ =
0.0091RSNR.

Errors on the correlation function are evaluated from the lower
and upper limits of C

(2)
Iν ,S . There are pixels having weak signals of

Iν < 3σ Tycho. We regard such weak signals as noise. Meanwhile,
if we assign a pseudo-signal of 3σ Tycho to those pixels, we obtain
the maximum value of the correlation function. We regard it as the
upper limit. Similarly, if we assign zero to those pixels, we obtain
the minimum value as the lower limit. We regard these limits as the
errors of C

(2)
Iν ,S .

MNRAS 480, 2200–2205 (2018)
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Resolution~2”~0.04pc@4kpc



1. Shock of Turbulence
A story of development
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Pre-shock ISM
(upstream)

Shocked ISM
(downstream)

Ejecta
(downstream)

forward
Shock
R=1

contact
discontinuity

R~0.9

Strong B-field amplification à
Richtmyer-Meshkov instability 
(RMI) driven turbulence 
(super-Alfvenic)

A Kolmogorov slope
à Goldreich-Sridhar (1995) 
Critically-balanced trans-
Alfvenic turbulence MA ≈ 1

BISM ≈ 3 μG
Vsh ≈ 3000 km/s
MA ≈ 100

Leakage of 
cosmic-rays and 
Bell instability?
(Bell 04)

Rayleigh-Taylor 
instability (RTI) 
driven turbulence
à flatter slope?

lRMI ~ 0.2 R

Want to resolve rg,knee ~ 0.01 pc (E/1015.5 eV)(B/100 μG)-1

=0.5” à SKA!



2. Helical magnetic field
W50/SS433 System

• The jet looks like a helix
• How does the jet travel into the interstellar space? 
• What is the real structure (ring, helix)?
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W50

SS433

Jet axis

Dubner et al. (1998)

Blundell & Bowler (2004)

SS433

100 ly

Toroidal Magnetic Field (Asahina+ 2014)

Terminal shock



2. Helical magnetic field
ATCA Polarimetry
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2. Helical magnetic field
Expected Structure

• Need more resolution (arcsec @ GHz) & 
sensitivity & imaging quality

à SKA!
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Jet

Helical structureTerminal shock
Well-aligned 
magnetic field

Helical structure
(South filament)



3. The origin of GMF
Galactic-B: MRI-Parker

• Origin of Galactic disk/halo MF
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3. The origin of GMF
Vis. of Simulation
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Machida,TA+18b

Wavelength-independent DP

E-vector
angles

Diff. Faraday
rotation DP

Beam DP

No
pol?

P(P/I>1%)



3. The origin of GMF 
Vis. of Simulation
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Machida,TA+18b

P(P/I>1%)

Wavelength-independent DP

E-vector
angles

Diff. Faraday
rotation DP

Beam DP

No
pol?

• Need sensitivity à SKA!



4. Magnetar and FRB
Similarity and Difference
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Enoto+17

ASKAP UTMOST
GBT Parkes
Arecibo

Shannon+18

• Coherent emission
• months vs msec
• Spectral index

• MRB & RFRB ~ -0.5?
• PSR & FRB ~ -2?



4. Magnetar and FRB
Radio Loud magnetar

• PSR J1745-2900 (at GC)
• Variation of the spectral index?
• An intrinsic property or an environmental effect?
• The environment similar to the repeating FRB?
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P=3.76 s
B=2*1014 G

Work in progress ...

Eie+in prep.



http://www.physics.usyd.edu.au/~bmg/fig_sgr_snr.gif

4. Magnetar and FRB
The origin of magnetars

• Origin = Supernova
• Standing accretion shock 
instability (SASI) & fast 
rotation & strong dynamo 
= strong B-field?

• SGR0501+4516
• SNR HB9？ (d=1-2kpc)
• SKA’s NS astrometry
should be a breakthrough
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Missing
linkVERA22GHz

Upper limit



5. The Cosmic Web
Intergalactic Magnetic Field
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Early Universe

Seed
inflation, transition
recombination
reionization

Large-Scale 
Structure

Seed
shock・instability

Amplification
compression, dynamo

Galaxies

Amplification
compression, dynamo

Seed
shock・instability

Leakage
winds, jets, ram pressure

References
Ryu+11;Widrow+11
Dolag+98; Ryu+08; 
Dubois & Tessier 08
Donnert+09; Vazza+18
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Std. Cosmology
Observation Galaxies, clusters, HI, Lyα, OVI WHIM?

Cosmic Baryon Budget
MOND?

Is the standard cosmology correct?



• DM: WHIM (z<1) and Void (z>1) are predominant
• RM: Primary ICM, secondary WHIM
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5. The Cosmic Web
Linearly polarized FRB

18ΛCDM (Ωm0=0.27,ΩΛ0=0.73, H0=70)

TA+16



• DM: WHIM (z<1) and Void (z>1) are predominant
• RM: Primary ICM, secondary WHIM
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5. The Cosmic Web
Linearly polarized FRB

19ΛCDM (Ωm0=0.27,ΩΛ0=0.73, H0=70)

TA+16



5. The Cosmic Web
Optimum Frequency

• Stokes QU à Fourier transformà Faraday spectrum
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Quality of reconstruction 
depends on λ2 coverage

↓
Assumption: we have data:
1.4 GHz, 1.6 GHz, 2.7 GHz

We studied the optimum 
frequency of P band

for the study of WHIM’s RM?

TA+18c;18d

Lines for 10% 
error detection 
(3σ)

thick

thin

Typical
MW thickness

Case toward the 
north galactic pole

Obs. data Faraday
tomography Reconstruction real

MW
FRB

WHIM



6. Faraday Tomography
Data Challenge
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20182015



6. Faraday Tomography
Data Challenge
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FWHM=22.26 rad/m2

Miyashita,TA+18

MCMC local minimum (i.e. specific 
intrinsic pol. angle difference)
à extra meaningless component

Unresolved.
Essential difficult



Summary
• MHD Turbulence

• Two-point correlation (Shimoda, TA+ 2018) 
• Helical Magnetic Field

• Polarization angle and tomography (Sakemi, TA+ 2018)
• Depolarization of Galaxies

• Depolarization (Machida, TA+2018ab)
• Magnetar and FRB

• Spectral index and astrometry (Lee, Akahori+ in prep.)
• The Cosmic Web

• Polarized FRB and optimum frequency (TA+16;18c;18d)
• Faraday Tomography

• QU-fitting (Miyashita, TA+ 2018)
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