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ABSTRACT

The origin of Ultra-High-Energy Cosmic Rays is still unknown, and Active Galactic
Nuclei have been proposed as candidates to accelerate these particles. Using the
well-resolved radio emission from radiogalaxies 3C 105 and 3C 445 we investigate
the standard assumption that the distribution of non-thermal electrons has a maxi-
mum energy cutoff due to the synchrotron cooling. We show that as a consequence
this would lead to an unphysically large number density in the hotspot. This result
has important implications for the origin of Ultra-High-Energy Cosmic Rays.

Keywords: Ultra-high-energy cosmic rays — diffusive shock acceleration —synchrotron
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1 INTRODUCTION

Ultra-high-energy cosmic rays (UHECR) are charged particles detected on Earth with en-
ergy higher than 10'® eV. The origin of these particles is still unknown. The very upper
limit to the maximum achievable energy was estimated by Hillas (1984) by assuming that
the maximum displacement of a charged particle by an electric field is the size of the sys-
tem L. The Hillas energy, or the maximum energy achievable by a particle with charge Zgq,
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(V) (L) (—B_)
10 (c)(kpc)(lOOuG) eV, M

B = 77 ()
Hillas — Zq B\c

where B is the magnetic field and v the velocity of the plasma. We see that for compact

objects a strong magnetic field is required, while for a weak field the source should be

extended enough. White dwarfs, active galactic nuclei, galaxy clusters, and radio galaxies
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Table 1. From left to right, we list the name of the source, the redshift (z), the scale (in kpc arcsec™!),
the distance (in Gpc), the radio spectral index a, the steepness of the relativistic electrons energy
distribution s = 2@ + 1, and the proton to electron energy density ratio a.

Source z scale d a s a

3C 105 0.089 1.642 04017 0.8 2.6 451
3C445 0.0562 1.077 02479 0.75 25 6.58

are candidates to accelerate UHECRs. In this work, we study the hotspots in the termination
region of radiogalaxy jets.

Araudo et al. (2016) [A16] showed that the maximum energy of particles accelerated
in the hotspots of FR II radiogalaxies is ~ 10 TeV, and therefore much smaller than the
energy of UHECRs. Based on theoretical and observational constraints, and for a sample of
sources (3C 105, 3C 195, 3C 227, 3C 403, and 3C 445), [A16] demonstrated that at least the
plasma density is unreasonably large, hotspots cannot accelerate UHECRs. In the present
contribution, we consider the southern hotspots in 3C 105 and 3C 445.but considering the
substructures in the hotspots.

2 THE CASES STUDY 3C 105 S AND 3C 445 S

We select the southern hotspots in radioagalaxies 3C 105 and 3C 445 from where high
resolution radio data taken with the Very Large Array (VLA) are available in the literature.
Parameters used for the analysis are listed in Table 1.

3C 105 South

Radiogalaxy 3C 105 is located at redshift z = 0.089. At radio frequencies (8.4 GHz), three
knots denoted on Fig. 1 as S1, S2, and S3 are resolved in the southern hotspot (Migliori
et al., 2020).

3C 445 South

Radiogalaxy 3C 445 is located at redshift z = 0.05623. The southern hotspot 3C 445 South
has two components at 22 GHz, denoted as SE and SW for Eastern and Western knot,
respectively (Orienti et al., 2020). SE is well-resolved and sufficiently larger and brighter
than the SW knot. The latter has a compact radio-loud part and is surrounded by the large
cloud of the radio fainter emitting matter, which is neglected in our analysis.
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Figure 1. Left: Southern hotspot of radiogalaxy 3C 105 at 8.4 GHz. The three knots are denoted as
S1, S2 and S3. Credit: Mack et al. (2009). Right: The hotspot complex 3C 445 South at 22 GHz.
Eastern and Western components are denoted as E, W, respectively. Credit: Orienti et al. (2020)

3 EQUIPARTITION MAGNETIC FIELD

We estimate the intensity of the magnetic field separately for every knot of the hotspot. By
assuming equipartition between the non-thermal electron and magnetic energy densities,
which means U, Nt = Upag, We obtain

Bg’eq Ee,max s+l
o = Uenr = f EN.(E)AE, « B, , 2)
T E

e,min

where N, = K, (s)E,* is the power-law energy distribution of the non-thermal electrons and
E . min and E, m,x are the minimum and maximum energies of the electron distribution. Note
that s > 2 in all the sources in our sample, and therefore most of the energy is contained in
the low-energy part of N,. We assume E, min = 50m,c?.

To include protons in our calculations we consider that the energy density in non-thermal
protons is U, = aU,, where a = (m,/m,)* /%, m, and m, are the electron and proton
mass, respectively. Then the total equipartition magnetic field can be determined from
Beq = V1 + aBege, given

Beg = £(s) Cony B (& )f G 3)
“ar 10-3*erg s~! cm=3 Hz"! GHz) *

where €y, = 4rd?S , V=" is synchrotron emissivity per unit frequency, v is the observed
frequency. Constant £(ss) in case of 3C 105 corresponds to value 96, and 106 otherwise.
To calculate the volume V of the emitting regions at the given observed frequency, from
Fig. | we estimate the minor axis /i, and areas of each knot of the hotspots. In Table 2 we
list the values of Iy, V, and Beq for all the sources in our sample.
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Table 2. Observed and derived parameters of the hotspots. From left to right, we list the name of the
source and the non-thermal component in the hotspot, the observed frequency v and measured flux
density S,, the projected size S and the minor axis /,, the volume V, the equipartition magnetic
field By and ny, (see Eq. 7).

Source  Comp. y S, S Lmin \% Beg Nmin
[GHz]  [mlJy] [”x"] [kpc] [kpe’] [uG] [cm™]

3C 105 S1 8.4 184 1.30x0.59 097 1.052 198 0.61
S2 8.4 372 1.68x0.94 1.54 3422 267 450

S3 8.4 260 2.20x1.20 198 7.387 198 184

3C445 SE 22 1424 2.63x091 051 0201 229 0.44
SW 22 292 1.02x0.15 0.08 0.002 512 0.83

4 SYNCHROTRON COOLING AND THE PLASMA NUMBER DENSITY

Hotspots in the termination shocks in radiogalaxy jets show a cutoff of the synchrotron
spectrum in the optical-IR band, i.e. at v. ~ 10'® — 10" Hz. From the cutoff of the syn-
chrotron spectrum we estimate the maximum energy of accelerated electrons Lang (2013)

drmec  [ve. % 0.5 B \*
E, e = MoC> < S~ 0.3( ¢ ) TeV. 4
m SN T3 B 10%Hz) \100.G) ¢ @)

It is commonly assumed in the literature that E, max is determined by synchrotron cooling
(Prieto et al., 2002), with a timescale foynchr ~ 450/(Eg,masz). By equating facc = fsynchr
where tyc = 20D/v§h is the acceleration time via diffusive shock acceleration, we obtain
that the diffusion coefficient is

V2 Va2 [y -05( B \ 19
Dy. =307 —2 _ — 638 1o3°(ih) ( c ) 2671, 5
> e max B ¢ ) \10"Hz 00,6, ™° )

We assume the shock velocity vgy, = ¢/3 in our calculations.

The diffusion coefficient is defined as D = Ac/3, where A = rg /s is the mean-free path
in the small scale diffusion regime, r, is the mean-free path, and s is the scale-length of the
magnetic turbulence. The minimum value of s is the ion skin depth ¢/wy;. Therefore, by
considering s = ¢/wp; we obtain that the maximum value of the diffusion coefficient is

Dinax = 1 ~—3><1028( Ve )( " )0'5 B_\" cm?s™! (6)
max = 37 @pi = 1041z \em=3/)  \1004G '

If E,max is determined by synchrotron cooling, then the condition D;. < D, needs to
be satisfied. By following the procedure described in [A16], we determine the minimum
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Figure 2. The log-log plot of a lower limit of the number density 7.y, for the cutoff frequencies v, in

the vicinity of typical values. We use B = B.y. Curves from sources 3C 105 S1 and 3C 105 S3 are
overlapping.

plasma density in the hotspot to satisfy the condition D, = Dpax giving

3
v\ v 3 B -
min = 5.3 x 10* (—) ( ) 3. 7
" ¢ ) \1ovnz) \100uG) ™ @

In Fig. 2 we plot ny, as a function of the cutoff frequency v.. We chose the vicinity of
the typical cutoff frequencies v, ~ 10'% — 10'> Hz (Orienti et al., 2012)). The values we
obtained are far above the typical range of values for the hotspots number density.

5 CONCLUSIONS

Our calculations indicate that electron’s maximum energy might not be determined by syn-
chrotron cooling because this assumption leads to unreasonably large values of the lower
limit for the plasma number density np,;, (see Tab. 2). For comparison upper limit for
plasma number density in Cyg A and 3C 475 is n ~ 10™*cm™ (Dreher et al., 1987).

Araudo et al. (2016) and Araudo et al. (2018) proposed that electrons maximum energy
cutoff in the hotspots of radiogalaxies is due to escape downstream of a quasi-perpendicular
shock. In this case, the maximum energy of protons is £}, max = E¢ max. In this context, the
maximum achievable energy of protons in the hotspot of the radiogalaxies 3C 105 S and
3C 445 Sis E, max ~ TeV and therefore these hotspots can not accelerate UHECR. In a more
general context, Bell et al. (2018) showed that relativistic shocks are unable to accelerate
UHECRs.
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