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Energies and rates of the cosmic-ray particles
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1) Energy per unit time to maintain Galactic CRs:
Locr = 10494t erg/s = U r ~ 10°° erg /T~ 107 yr
2) Energy per unit time given by supernova explosions:
Ly = 10*2 erg/s = Eqy ~ 10°t erg * Ry ~ 1/30 yrt
- The energy budget can be balanced, if 10% of SN explosion energy goes
into CR acceleration: Lgep/Ley ~ 0.1 (e.g., Baade & Zwicky 1934).

Mounting evidence for SNRs being CR accelerators

f/( SN.1006

./ SN 1006

50" |

)
-42°00" |

J2000 DECUNATION

20 F

1 1 L L L L
15"05™  04™ 3™ 02" o1m oo™ 15h04m 15h02m
. . RA (hours)
J2000 Right Ascension

Radio synchrotron X-ray synchrotron VHE gamma-rays GeV gamma-rays
—> Electrons up to GeV - Electrons up to 100 TeV - Electrons up to 10 TeV - Protons up to GeV

2017/12/18 CTA Workshop @ U. Tokyo 3/32



Nonthermal
Shock ener Thermal energy | +
&Y &Y (CR) energy

* 3/16 mV 2 * 3/2 kT ¢

Thermal Doppler broadening / \

oper motion of a shock

Ho |
_ CR acceleration
efficiency < 30%
for the NE RCW 86

. /

Measurements of CR acceleration efficiencies have been still scarce.
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This allows us to
measure ion
temperatures!!
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Telescope

O Hitomi:

- The 6% Japanese X-ray astronomy satellite
- Successfully launched on 2016/2/17

- Lost its ground contact on 2016/3/26

SXS N 0 X-ray micro-calorimeter (SXS):
© ASTRO-H ‘ - E/AE: ~200@1keV
- Spatial resolution: 1’
- FoV:3'x3’ (6x6 array)
- Dynamic range:
0.2-10 keV
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N132D with Chandra
SXS spectrum with an exposure time of

only 1 hr due to attitude control failure
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X-ray, and gamma-rays

Hitomi Collaborati 2018
- Core-collapse, ~2500 yr old tomi Collaboration )

accepted by PASJ on 2017-12-06
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Fe K (17 counts)

Fe XXVK
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Doppler velocity wrt. LMC:
800 (50--1500) km/s
- Asymmetric ejecta

Opy ™ 11 eV > kT, ~ 150 keV

S K (16 counts)

SXVK
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Doppler velocity wrt. LMC:
-65 (-450--435) km/s
- Swept-up ISM

Oc "~ 4 eV > kT, ~90 keV
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XMM-Newton (RGS) Chandra (H/LETG)
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-N132D (Behar et al. 2001)
- B0O540-69.3 (van der Heyden+2001)

- N103B (van der Heyden et al. 2001)

- DEML71 (van der Heyden et al. 2003)
- 0509-67.5 (Kosenko et al. 2008)
- 0519-69.5 (Kosenko et al. 2010)
- 0506 (Broersen et al. 2011)

However, the RGS spectra are spatially integrated over the entire SNR, and
therefore the interpretations are complicated.
— Bright hot spots in Galactic SNRs should be good sites for RGS spectroscopy.
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Vink et al. (2003)

Chandra view
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Knot’s size ~ 0.4’ (FWHM)
- RGS spectral resolution for O VII ~ 3 eV
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Proper motion measurement gives:
V. = 3000 km/s at a distance of 1.85 kpc
(Raymond et al. 2017 see also Winkler et al. 2003; SK et al. 2013)
—> Expected kT, = 280 (V.. / 3000 km s?1)% keV (@maximum),
which agrees with the RGS measurement (= No energy for CRs).
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No energy is left for the CR acceleration.
However, this may not be true if the plasma was heated by a reverse shock.
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Chandra image
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Chandra’s difference image (2000 - 2007)

2017/12/18

Proper motion measurements:
Voo = 4300 km/s at d = 3 kpc
(SK et al. 2010)

—> Expected ion temperatures:
KT oxygen = 580 (Vgpoe / 4300 km s71)2 keV
(Ooye=4-1 V)
KTe, = 2.0 (V.1 o/ 4300 km s2)2 MeV
(O, = 5.2 eV)

shock
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X-ray intensity
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Obs. date: 2017-08-04
Exposure: 150 ks
PI: B. Williams, Co-I: SK

; C2’s emission profile

| L Il
0 2 4
Off-axis angular distance (arcmin)

17/32



Chandra image

dispers
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Ejecta filament  Ejecta knot
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Observation date:2012-10-20 ONeMg-rich ejecta features
Exposure time:21 ks (Winkler et al. 1985; SK et al. 2008; 2010)
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Lines from the knot and filament are detected!
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Estimate of a forward shock speed

- Line-of-sight velocity: 1500 km/s

*Proper motion: ~0.12 ”/yr (Winkler et al. 1988) = 1260 km/s
= Gas motion: Vo eq gas = SArt(1500°+12602) = 2000 km/s

— Forward shock speed: V. = 4/3 V,; ~ 2500 km/s

shock

kTo =195 (V,,,/2500 km/s)? keV (@maximum, n_t = 0),
which is much higher than the upper limit of kT, < 30 keV
- Extremely high CR acceleration efficiency ?!
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Temperature evolution after shock heating for V = 2500 km/s
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The kT, measured is significantly lower than the value expected at V, ., = 2500

km/s, even if we take into account the Coulomb equilibration.
- An extremely high CR acceleration efficiency (> 85%)?!

However, this may not be true if the plasma was heated by a reverse shock.
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Telescope 0 XARM:

- The 7% Japanese X-ray astronomy satellite
- Tobelaunched in 2021
- Carries X-ray calorimeter & X-ray CCD

O X-ray micro-calorimeter (SXS):
© ASTRO-H - E/AE: ~200@1keV
(Non-dispersive!)
- Spatial resolution: 1’
- FoV: 3'x3’ (6x6 array)
- Dynamic range:
0.5-25 keV
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" XARM calorimeter spectrum (simulation) 3
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Prospects for Cherenkov Telescope Array Observations of the Young Supernova
Remnant RX J1713.7—3946

e CTA will reveal leptonic/hadronic contribution in SNRs,
as well as its spatial distribution.

(a) CTA lepton-dominated case (Ap/Ae=0.01)
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Declination (J2000)

Spatial variation of TeV gamma-rays
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* SNRs are the best candidates for Galactic cosmic
rays. However, the CR acceleration efficiency at
SNR shocks has been rarely measured.

* High-resolution X-ray spectroscopy is a hope to
measure CR acceleration efficiencies.

* Current measurements with gratings onboard
XMM revealed CR acceleration efficiencies
(including upper limits) in a few SNRs.

e X-ray astronomy recovery mission (XARM) will
greatly enhance this field.
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