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v Compact regions with a high radio/X-ray flux
at the end of the AGN jets

v'Strong jet-terminal shocks
v'Final destination of accretion process

v¥'Non-thermal emission from relativistic
electrons

v'Synchrotron radio emission
v'Inverse-Compton X-ray emission
v Typical spectral indexa = 0.5 — 1

¥ Flux density E, < v™¢

v One of the most promising candidates for
ultra-high energy cosmic rays

v E > 102 eV (Hillas 1984, Kotera & Olinto,2011)
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Particle acceleration in the hot spots

» Turbulence acceleration
(Fermi-ll/stochastic acceleration)

* Hard spectrum: a < 0.5
* No observational evidence
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> Diffusive shock acceleration
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The west hot spot of Pictor A

» The radio galaxy Pictor A

Synchrotron spectrum of the west hot spot of Pictor A
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Radio and optical data alone appears to be consistent
to the standard diffusive shock acceleration
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Infrared search for the turbulence
acceleration

» Mid-IR data with

WISE (3.4 um) Herschel/SPIRE (350 um)

mJy/beam

The west hot spot of Pictor A
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ALMA/ACA observation

» Sub-mm image with ALMA/ACA
ALMA/ACA
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v ALMA/ACA observation
v'Band 8 (405 GHz, 740 um)
v'Beam size: 3.1 arcsec

v'Conducted on July 26, 2022

v A sub-mm source detected at the position of
the west hot spot.

vF,(405 GHz) = 80.7 + 3.1 mly

v'Positional coincidence
v ~75 mas to the radio peak
v ~310 mas to the WISE source

v'No sub-mm contaminating source

v Far-infrared emission probably originates in the
west hot spot itself.
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PIctor A

nfrared excess from the west hot spot of

¥ The mid-to-far infrared data exhibit a clear
excess over the main synchrotron component.

v'A deviation from the standard picture.
v The sub-mm flux with ALMA/ACA is found to be

unaffected by the infrared excess.
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Synchrotron spectrum of the west hot spot of Pictor A
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PIctor A

nfrared excess from the west hot spot of

¥ The mid-to-far infrared data exhibit a clear
excess over the main synchrotron component.

v A deviation from the standard picture.

v The sub-mm flux with ALMA/ACA is found to be
unaffected by the infrared excess.

¥ The infrared excess is described with a broken
power-law model subjected to a high-
frequency cut off.
v'Aa = 0.5 (i.e., cooling break): consistent to

continuous energy injection accompanied with a
significant radiative cooling.

¥ The low-frequency spectral index of the
excess component (& = 0.06 + 0.35) is
unattributable to the diffusive shock
acceleration.
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Synchrotron spectrum of the west hot spot of Pictor A
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A signature of the turbulence acceleration
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Substructures as a possible origin of the
infrared excess
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Substructures as a possible site of the turbulence acceleration

2023/12/15 THE 32ND TEXAS SYMPOSIUM ON RELATIVISTIC ASTROPHYSICS: ACCRETION PROCESSES 9




Magnetic field for the infrared excess

v'Magnetic field estimated from cooling break

s . )
Magnetic field from Cooling break v B3 = Zmam;;—v SD~2y,"! (e.g., Inoue & Takahara 1996)
¥ m,: electron mass
S~ e
. \ ¥ ar: Thomson cross section
_ 10 T~ v v: flow speed
QO
= \ ¥ ¢: speed of light
| ~ \ ¥ D: region size
= \ ¥ Mutual balance between the radiative cooling and
"*3 dynamical/adiabatic timescales
§ 100]  amplification v Successful application to hot spots (Isobe et al. 2017, 2020,
ob x2 — 30 \\ Sunada et al. 2022)
= ~_
&B{E* . wenis |E ¥ Derived magnetic field: B = 0.86 — 7.2 mG
D% bB fcne :)r \’k v vp = 0.9722%x 102 Hz for the excess component.
, ™ ,S ructunes v A factor of 2 - 30 higher than the minimum-energy
10! 102 magnetic fields (Miley 1980).
Diameter D [pc] ¥ Bpe = 0.28 — 0.48 mG for the substructures

¥ Consistent to the magnetic field amplification via the
magnetic turbulence (e.g., Inoue et al. 2009, Mizuno et al.
2011).

2023/12/15 THE 32ND TEXAS SYMPOSIUM ON RELATIVISTIC ASTROPHYSICS: ACCRETION PROCESSES




Summary

v Hot spots of radio galaxies
v Compact regions with a high radio/X-ray flux at the terminal of the AGN jets

v Particle acceleration via the diffusive shock acceleration (the standard picture)

v The turbulence acceleration as another important acceleration process in the hot spots.
v A possible signature is expected in the sub-mm to infrared range, thanks to its spectral hardness.

¥'Investigation into the multi-wavelength data of the west hot spot of Pictor A.
¥ The radio and optical data alone are consistent to the standard diffusive shock acceleration.
v The sub-mm to infrared data with ALMA/ACA, Herschel/SPIRE and WISE data reveals a significant excess in the infrared range.

¥ The spectrum of the infrared excess is successfully described with a broken power-law madel. This spectral shape is consistent to a
particle acceleration under a continuous energy injection accompanied with a radiative cooling.

¥ The spectrum of the infrared excess below the break (& = 0.06 + 0.35) is not ascribed to the standard diffusive shock acceleration
(e > 0.5). The hard spectrum of the infrared excess favors a turbulence acceleration.

v The VLBI image reveals 100 pc-scale substructures within the west hot spot. The substructures are proposed to be an origin of the
infrared excess.

v By assuming that the substructures are the origin of the infrared excess, the magnetic field strength for the infrared excess is evaluated
as B = 0.86 — 7.2 mG from the break frequency (i.e., the cooling break).

¥ The estimated magnetic field is by a factor of 2 — 30 times higher than the minimum-energy magnetic field. This high magnetic field is
consistent to the picture of the magnetic-field amplification by the turbulence.
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Infrared and
hot spot of Pictor A

sub-mm study of the west
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Abstract

In order to investigate the far-infrared excess detected from the western hot spot of the radio galaxy Pictor A with
the Herschel observatory, submillimeter photometry is performed with the Atacama Compact Array (ACA) of the
Atacama Large Millimeter/submillimeter Array at Band 8 with the reference frequency of 405 GHz. A
submillimeter source is discovered at the radio peak of the hot spot. Because the 405 GHz flux density of the
source, 80.7 4 3.1 mly, agrees with the extrapolation of the synchrotron radio spectrum, the far-infrared excess is
suggested to exhibit no major contribution at the ACA band. In contrast, by subtracting the power-law spectrum
tightly constrained by the radio and ACA data, the significance of the excess in the Herschel band is well
confirmed. No diffuse submillimeter emission is detected within the ACA field of view, and thus, the excess is
ascribed to the western hot spot itself. In comparison to the previous estimate based on the Herschel data, the
relative contribution of the far-infrared excess is reduced by a factor of ~1.5. The spectrum of the excess below the
far-infrared band is determined to be harder than that of the diffusive shock acceleration. This strengthens the
previous interpretation that the excess originates via the magnetic turbulence in the substructures within the hot
spot. The ACA data are utilized to evaluate the magnetic field strength of the excess and of diffuse radio structure
associated with the hot spot.

Unified Astronomy Thesaurus concepts: Radio hot spots (1344); Relativistic jets (1390); Non-thermal radiation
sources (1119); Fanaroff-Riley radio galaxies (526); Magnetic fields (994); Radio interferometers (1345)
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v'Isobe et al. 2023, ApJ, 953, 76

v ALMA ACA Detection of Submillimeter Emission
Associated with the Western Hot Spot of the
Radio Galaxy Pictor A

v'Isobe et al. 2020, ApJ, 899, 17

v'Herschel SPIRE Discovery of Far-infrared Excess
Synchrotron Emission from the West Hot Spot of
the Radio Galaxy Pictor A

v'Isobe et al. 2017, ApJ, 850, 193

v" Mid-infrared Excess from the West Hot Spot of
the Radio Galaxy Pictor A Unveiled by WISE
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Spectrum of the turbulence acceleration

> Comparison between the diffusive shock
and turbulence accelerations
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v’ Spatial spectrum of the magnetic turbulence
v |6B?|, x k71 (1< q<2)
v’ k: spatial wavenumber of the turbulence
v’ Spectrum of the accelerated electrons
v Number density: N(g,) « g,7P « y~P
v’ Spectralindex:p =q — 1
v’ Synchrotron spectrum
v" Flux density: F, cc v=¢

v’ Spectral index: a = pz;l
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Importance of ALMA/ACA observations

v The large Herschel/SPIRE beam m.ly_bg;:l)n
v'23.9 arcsec @ 350 um (856 GHz) . “ """""""" ’10'(6881(1)03 --------- .
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Future studies with ALMA and JWST

> Direct sub-mm/infrared imaging of the substructures for direct evidence

i Synchrotron spectrum of the west hot spot of Pictor A
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* Requirements — —
* Beam size: AB=100 mas ALMA Capability JWST capability
e Max. recoverable size: 3 arcsec C3 + C6 configuration at Band 8 Simulated JWST NIRCam
. (Pola;rimetry) ' C5 + C8 configuration at Band 6 image at A =2 mm
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Filament associated to the west hot spot

» Sub-mm image with ALMA/ACA » GHz radio image
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(Saxton et al. 2002; Mizuta et al. 2010).
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Cooling break of the filament

v'Synchrotron spectrum in the GHz range
v'Synchrotron flux is significantly detected

v F,(8.44 GHz) = 0.80 *+ 0.04 Jy

10" ~——— BPL model
VLA data § f
% ¥'The spectrum of the flamant is consistent to the

ALMA upper limit (measured)
picture of the back/lateral flow plasma

SPIRE upper limit (estimated)
o+
v a=082%0.06
v Agree with the index of the west hot spot

» Synchrotron spectrum of the filament

Spectral Ensrgy Distribution
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¥ Constraint on the cooling break
v'Upper limit on the ALMA flux
v F,(405 GHz) < 15 mly
Vv, < 8x10° Hz
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Magnetic field of the filament

i v'Magnetic field estimated from the cooling break
2
1” = 688 kpC L1 v B3 = —27nim2ev CD_ZVb_1
T
(z = 0.0350) -
05 v'Region size
v Case 1 (back flow case): D = 5" = 3.44 kpc
-0.25 ¥ Distance from the hot spot along the jet
v Case 2 (lateral flow): D = 9" = 6.19 kpc
r0.13 ¥ Distance from the hot spot orthogonal to the jet
0,062 v Constraint on the magnetic field:
v Case 1: B > 280 mG
0.031 v Case 2: B > 190 mG
¥ Cooling break for the filament: v, < 8x10° Hz
0.015
v Minimum-energy magnetic field of the filament
0.0069 ¥ Bye~30 mG
0.003 v'Possible magnetic-field amplification via the turbulence

v B/Bpe =5 — 10
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