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Abstract

A comprehensively theoretical analysis of the broadband spectral energy distributions (SEDs) of large-scale jet
knots in 3C 273 is presented to reveal their X-ray radiation mechanism. We show that these SEDs cannot be
explained with a single-electron population model when the Doppler boosting effect is either considered or not. By
adding a more energetic electron (the leptonic model) or proton (the hadronic model) population, the SEDs of all
knots are well represented. In the leptonic model, the electron population that contributes the X-ray emission is
more energetic than the one responsible for the radio-optical emission by almost two orders of magnitude; the
derived equipartition magnetic field strengths (B.q) are ~0.1 mG. In the hadronic model, protons with energy ~20
PeV are required to interpret the observed X-rays; the B, values are several mG, larger than those in the leptonic
model. Based on the fact that no resolved substructures are observed in these knots and the fast cooling time of the
high-energy electrons does not easily explain the observed X-ray morphologies, we argue that the two distinct
electron populations accelerated in these knots are unreasonable and their X-ray emission is attributed to the proton
synchrotron radiation accelerated in these knots. In cases where these knots have relativistic motion toward the
observer, the super-Eddington issue of the hadronic model can be avoided. Multiwavelength polarimetry and ~-ray

observations with high resolution may be helpful to discriminate these models.

Unified Astronomy Thesaurus concepts: Galaxy jets (601); Active galactic nuclei (16); Non-thermal radiation

sources (1119); X-ray active galactic nuclei (2035)

1. Introduction

The jets of some active galactic nuclei (AGNs) can extend to
kiloparsec through megaparsec scales. The substructures of
these large-scale jets have been resolved in the radio, optical,
and X-ray bands and are defined as knots, hotspots, and lobes
(Harris & Krawczynski 2006, and references therein). The
radio-optical radiation of the substructures in large-scale jets is
believed to be produced by the synchrotron process of
relativistic electrons on account of the polarimetry; however,
the X-ray emission mechanism has been a debated issue since
the detection of X-ray radiation in these substructures (Harris &
Krawczynski 2006, and references therein). The consistency
between the X-ray spectrum and the extrapolation of the radio-
optical synchrotron emission indicates the same synchrotron
radiation origin of X-ray emission (Sambruna et al. 2007;
Zhang et al. 2010, 2018a). But for most substructures, the hard
spectra in the X-ray band require a new radiation component
that is different from the low-energy band, and the inverse
Compton (IC) scattering process has been suggested to explain
the X-ray emission (e.g., Kataoka & Stawarz 2005; Zhang
et al. 2010, 2018a), i.e., the synchrotron-self-Compton (SSC,
Stawarz et al. 2007) model and the IC scattering of the cosmic
microwave background (IC/CMB, Georganopoulos & Kazanas
2003; Abdo et al. 2010; McKeough et al. 2016; Wu et al. 2017;
Guo et al. 2018; Zhang et al. 2018b) model. The X-ray emission
may be produced by the synchrotron radiation of the second
electron population that is different from the radio-optical
emission (e.g., Zhang et al. 2009; Zargaryan et al. 2017; Sun
et al. 2018). It can also be from the synchrotron radiation of

protons in the extended regions of large-scale jets (Aharonian
2002; Kundu & Gupta 2014).

3C 273 is a typical y-ray emitting flat spectrum radio quasar
located at z = 0.158 (Schmidt 1963). Its one-side knotty jet in
the radio band extends to ~21” from the nucleus, but its optical
emission is observed only from 12" outward (Jester et al. 2005;
Uchiyama et al. 2006). The observed morphology at wave-
lengths from 3.6 cm to 300 nm is similar (Jester et al. 2005).
Using ground-based imaging in the radio (Conway et al. 1993),
near-infrared (Neumann et al. 1997), and optical bands
(Meisenheimer et al. 1996; Roser et al. 2000), the radio-IR-
optical continuua are obtained for the hotspot and the brightest
knots, and they can be explained by the synchrotron radiation
of a single power-law electron population (Jester et al. 2005).
On the basis of the deep Very Large Array and Hubble Space
Telescope (HST) observations of the large-scale jet, the excess
near-ultraviolet over the radio-optical synchrotron radiation is
revealed (Jester et al. 2005), thus a two-component model is
necessary to describe the broadband spectral energy distribu-
tions (SEDs) of these substructures. This is further confirmed
by the far-ultraviolet observations at ~150 nm with the HST;
the far-ultraviolet fluxes of these substructures are compatible
with the extrapolation of the X-ray power law down to the
ultraviolet (UV) band (Jester et al. 2007). The optical
polarization is consistent with the radio polarization in degree
and orientation, indicating that the optical emission is likely of
synchrotron origin, like the radio emission (Uchiyama et al.
2006). Zhang et al. (2018a) reported that the broadband SEDs
from the radio to X-ray bands of the large-scale jet knots in 3C
273 cannot be well represented by the radiation of a single-
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Table 1
Parameters in Scenario I: A Single Electron Population
Khnot Ay E, P1 D2 Eiotal r 0 B* By log P, R
(1/eV) (GeV) (erg) (uG) (1G) (erg sh (arcsec)

=1
A 3.1793E45 1230479, 2471092 50704 6.970°E60 1 1 0.657093 116007399 49.36 0.8
Bl 2.5703E44 90039 2597901 56193 2.4731E60 1 1 1.8731 10500339 49.02 0.6
B2 3.5103E45 490780 2.28f8‘82 3.7640:% 9.911E59 1 1 1.075] 440072 48.52 0.8
B3 2.3t0_4E45 510+2%° 2108083 3.9370% 1.1t0_1E59 1 1 L1591 2290+89 47.70 0.6
Cl1 5.871{E45 575479 1907993 4517098 6.6y 3ES8 1 1 15403 1740753° 47.47 0.6
2 7.21)7E45 380740° 1.897002 4251030 7.4703ES8 1 1 21593 14707130 47.45 0.7
DI 9.9+13E45 374413 17635 473738 5.5793Es8 1 1 2,801 1260745 47.32 0.7
D2H3 1.7+03E46 217430 172708 449708 7.07%7E58 1 1 4.4+02 83419 47.27 1.0
H2 40103843 2578 2255503 42703 7.751ES7 1 1 724+ 470439 46.47 0.7
6>1
A 6.87)3E38 112713 2541001 4054049 3.5703B54 224713 17493 8.3752 8.3752 45.77 0.8
Bl 4.5704E38 7247 2.5359000  3.99%01 21301E54 126703 16.6%01 9.8792 9.8793 45.16 0.6
B2 7.8742E38 81+ 2551002 3047313 46702ES4 12370 16.5°01 9.5+%3 9.5+%3 45.36 0.8
B3 1.3103E40 598 2.08+00) 3917912 4.67)2E53 13.67)3 16.9793 467} 46401 44.58 0.6
Cl1 4.2733E39 10471 231499 4571004 1.6701E54 10.2102 15.2792 8. 5*‘” 8.5794 44.85 0.6
C2 3.2104E40 6712 2127530 4244008 1.6+31E54 10.6t8f2‘ 15,5753 6.9703 6.9t8§ 44.84 0.7
D1 2.2+03E40 8672 223409 4763‘}_8; 3.370 E54 8.3592 13. 5*" : 9.8+02 9.8+02 44.94 0.7
D2H3  2.1%02E4] 5313 209700 434709 82703ES4 72707 12.3t8,3 9.0793 9.0703 45.05 1.0
H2 2.5704E41 1671 2197592 43493 2.5102E55 3.7102 7.053 269110 26.9%1% 45.12 0.7
Note.
B < By in the 6 = 1 case and B = B, in the 6 > 1 case; for more details see the text.
electron population, including synchrotron emission, and the §=1/[ — (I% — 1)!/2cos 6], where 0 is the viewing angle

SSC and IC/CMB processes.

In this paper, we use three different models to reproduce the
SEDs in the radio—IR—optical-UV—X-ray bands of nine large-scale
jet knots in 3C 273 to reveal their X-ray radiation mechanism.
The SED data of the nine knots are taken from Jester et al. (2007).
The SED modeling is given in Section 2. A discussion of the
fitting results and a summary are presented in Sections 3 and 4,
respectively. Throughout, Hy = 71kms ' Mpc™!, Q,, =027,
and 2, = 0.73 are adopted.

2. SED Modeling

The Doppler booting effect is critical in modeling the SEDs
of jets. The Doppler factor (6) of the relativistic jet at the parsec
scale in 3C 273 has been estimated using flux-density
variations* at the radio band (Hovatta et al. 2009; Liodakis
et al. 2017) or broadband SED modeling (e.g., Zhang et al.
2014). It was also proposed that the jets would be seriously
decelerated at the kiloparsec scale (e.g., Arshakian & Longair
2004; Uchiyama et al. 2006; Mullin & Hardcastle 2009; Meyer
et al. 2016). Recently, using multi-epoch images observed by
the HST over the past 20 years, Meyer et al. (2016) reported
that the kiloparsec-scale knots in 3C 273 are compatible with
being stationary, with a mean speed of —0.2 &+ 0.5¢ over the
whole jet. Due to the uncertainty of this issue, we model the
SEDs in two cases: without considering the beaming effect
(6=1) and considering the beaming effect (6 > 1). Note that

4 Compared with the variability of the core radiation, the emission of
substructures in large-scale jets almost does not show any variation, which is
also used to estimate the origin of the v-ray emission (e.g., Guo et al. 2018;
Zhang et al. 2018b; Meyer et al. 2019).

and I is the bulk Lorenz factor of the emission region. We take
0 = 3°3 (Hovatta et al. 2009) for all the knots.

The synchrotron radiation, SSC, and IC/CMB processes of
relativistic electrons (leptonic model) and protons (hadronic
model) are the candidate radiation mechanisms in our analysis.
The radiation region is assumed to be a sphere with radius R,
which is derived from the angular radius and taken from Jester
et al. (2005), as listed in Table 1. The CMB peak frequency at
z=0isveyp = 1.6 x 10" Hz and the CMB energy density in
the comoving frame is UCMB = F Ucmp(1 + 2)* (Dermer &
Schlickeiser 1994; Georganopoulos et al. 2006), where
Uem = 4.2 x 10783 ergem ™. The number distributions of
the electrons and/or protons are taken as an exponential cutoff
power law or a broken power law.

1. Broken power law:

—p,
B e
0
NM(E) = A - . (1)
Eb 2 1 E 2
—_ — E > E,
Eo Eo
2. Exponential cutoff power law:
E —Po [ E <
No(E) = Ag| — exp|l—|—1 | 2
o(E) O(Eo) p (Ec) (2

where Ey = 1TeV. G is fixed to 2, in which the electrons
are accelerated up to 100TeV and beyond and the
maximum energy of electron resulted from the competi-
tion between the acceleration and energy loss rates
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Figure 1. Observed broadband SEDs (circles, bowties, and triangles) of the jet knots together with the model fits (black solid lines) of a single-electron population
(scenario I) for the § = 1 case. The purple solid, dashed—dotted, and dashed lines display the synchrotron radiation, SSC, and IC/CMB components, respectively. The
upper-limit data (red opened triangles) observed by the Fermi/LAT are taken from Meyer et al. (2015).

(Zirakashvili & Aharonian 2007; Aharonian et al.
2017).

We consider three scenarios in our SED fits: a single-
electron population, two-electron populations, and an electron
population plus a proton population. The numerical package of
Naima (Zabalza 2015), which includes a set of nonthermal
radiation models and the spectral fitting procedure, is used in
this paper. The best-fit and uncertainty of the model parameters
are derived via the Markov Chain Monte Carlo (Foreman-
Mackey et al. 2013) method.

2.1. Scenario I: A Single Electron Population

In this scenario, the synchrotron, SSC, and IC/CMB
radiation of a single-electron population are used to reproduce
the broadband SEDs of knots. The radiating electrons are
assumed to have the number distribution seen in Equation (1).
The minimum and maximum energies of electrons are taken as
Eemin = 1MeV, and E. .x = 510 TeV, which respectively
correspond to 7, ~ 2 and 7y ~ 10°, where . is the Lorenz
factor of electrons. If the knots do not have relativistic motions,
ie., 6 =T =1, the IC component is dominated by the SSC
process since the energy density of the synchrotron radiation
photon field (Usy,) is higher than UC'MB. A magnetic field
strength (B) lower than the equipartition value (B.,) is also
needed (e.g., Kataoka & Stawarz 2005; Harris & Krawczynski
2006; Zhang et al. 2010, 2018a), thus we do not take the
equipartition condition into account in this scenario. The free
parameters of the SED modeling are B, Ay, p1, p», Ey,. The SED

fitting results are shown in Figure 1 and the derived parameters
are listed in Table 1. In case these knots have relativistic
motions toward us, i.e., § > 1, the IC/CMB process may
dominate the high-energy emission of the SEDs. The
equipartition condition is usually taken into account to
constrain the model parameters, i.e., the energy density of
relativistic electrons (U.) equal to the energy density of
magnetic fields (Up). Thus, the free parameters in the SED
modeling are 6 (or I'), Ay, p1, ps, Ep. The SED fitting results are
displayed in Figure 2 and the derived parameters are listed in
Table 1.

As illustrated in Figures 1 and 2, although the X-rays
together with the UV emission of knot-A and knot-B1 can be
explained with a single-electron population via the IC
processes for 6 =1 or 6 > 1, the SEDs of the other knots
cannot be represented in this scenario.

2.2. Scenario II: Two-electron Populations

In this scenario, we add another electron population and try
to explain the broadband SEDs with the synchrotron radiations
of two-electron populations, i.e., an exponential cutoff power-
law electron population (Equation (2)) plus a broken power-law
electron population. The minimum and maximum energies
of electrons in the two-electron populations are taken as
Eemin = 1 MeV and E ox = 510 TeV. We assume that the
two-electron populations are totally independent (see also
Zargaryan et al. 2017; Sun et al. 2018) and riskily assume that
the two radiation regions of an individual knot have the same
size with Ry = R, = R to calculate the equipartition magnetic
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Figure 2. Same as Figure 1, but for the model fits of a single-electron population (scenario I) for the 6 > 1 case.

field strength, i.e., Up = U,. The two synchrotron components
are calculated under the equipartition condition. For 6 = 1, the
free parameters of the SED modeling are Ag, po, E., A1, P1, P25
E,. The SED fitting results are shown in Figure 3 and the
corresponding SSC and IC/CMB contributions of two-electron
populations are also presented in Figure 3. The (fitting
parameters are reported in Table 2.

In the § > 1 case, the model loses the constraint on the §
value since there is no observation of the IC component in
these knots. We adopt 6 = 3.7 (the variability Doppler factor in
Liodakis et al. 2017) and 6 = 3°3 (Hovatta et al. 2009), and
thus obtain I' = 2, which is consistent with I' < 2.9 by
assuming that the large-scale jet knots are packets of moving
plasma with an upper limit of 1c¢ (Meyer et al. 2016). In this
case, the free parameters of the SED modeling are Ao, po, E.,
A1, p1, P2, Ep. The SED fitting results are shown in Figure 4 and
the corresponding SSC and IC/CMB contributions of two-
electron populations are also presented in Figure 4. The fitting
parameters are listed in Table 2. The model can reproduce the
broadband SEDs of knots in both the 6 = 1 and § > 1 cases.

2.3. Scenario Ill: An Electron Population Plus a Proton
Population

It was suggested that the X-ray emission of large-scale jets in
some AGNs may be from the synchrotron radiation of protons
(e.g., Aharonian 2002; Kundu & Gupta 2014). We thus try to
explain the X-ray emission with the synchrotron radiation of
the accelerated protons in these knots, i.e., the synchrotron
radiations of an exponential cutoff power-law electron popula-
tion (Equation (2)) and a broken power-law proton population
(Equation (1)) are considered in this scenario. The minimum

and maximum energies of electrons and protons are
Eemin = 1 MeV, E . = 200TeV, E, i, = 100 TeV, and
Ep max = S EeV, respectively, where the minimum energy of
protons roughly results in equal numbers of electrons and
protons in the knots. The equipartition magnetic field strength
is calculated with Up = U, + U,, where U, is the energy
density of nonthermal protons. In the 6 =1 case, the free
parameters of the SED modeling are Ao, po, Ec, A1, P15 P2, Ep-
The SED fitting results are shown in Figure 5 and the
corresponding SSC and IC/CMB contributions of the electron
population are also presented in Figure 5. The fitting
parameters are listed in Table 3.

The 6 > 1 case, following our approach for scenario II, we
also adopt 6 = 3.7, 0 = 3°3, and I = 2 in the SED modeling.
Since the derived equipartition magnetic field strengths (as
listed in Table 3) of knots are smaller than 1 mG, which
conflicts with the condition that the energy loss of protons is
dominated by the synchrotron cooling (see Section 3), we take
B = 5 mG (see also Aharonian 2002) for all knots. In this case,
the free parameters of the SED modeling are A, po, Ec, A1, P1,
D2, Ep. The SED fitting results are shown in Figure 6 and the
corresponding SSC and IC/CMB contributions of the electron
population are also presented in Figure 6. The fitting
parameters are given in Table 3. The SEDs of knots can be
represented by the model in either the 6 = 1 or § > 1 case.

3. Discussion

The above analysis shows that although the X-rays together
with the UV emission of knot-A and knot-B1 can be explained
with a single-electron population via the IC processes (Scenario
I), in both the § = 1 and 6 > 1 cases, the broadband SEDs of
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Table 2
Parameters in the Scenario II: Two-electron Populations
Knot Ao E. po A Ey 14 P Eotal Beg1 Beg2 logP,
(1/eV) (GeV) (1/eV) (TeV) (erg) (nG) (1G) (erg sh
=1

A 8.210TE40 16453, 2.63 1.5703B41 2513 2461053 29175042 1.671ES7 15744 7578 4571
B1 6.5704E40 1378 2.59 2.2+02E40 6213 2.6310%2 3.15 9.6+04E56 16843 12678 45.63
B2 3.7+03E40 25249 2.75 8.5703E41 44401 1725396 2.83+00% 2.4+01E57 21643 14+ 45.90
B3 1.4703E40 308-13 2.76 1.350{E41 6.297 1035598 3.265508 1.1X){E57 2203 9.9%0] 45.67
C1 1.7500E42 17618 2.22 1.3701E40 2.8%92 2.7379%2 3.2675019 9.217E56 104+, 179420 45.62
2 1.9701E41 193§ 2.57 6.2+31E40 1.9494 2.5175% 3.0410:04 1.6431E57 2041 807¢, 45.80
DI 3.1401E41 1747} 2.54 24701E41 3458 2207582 3.1470%8 1.671E57 212%) 2972 45.78
D2H3 3.0103E41 15743 2.66 2.8701E41 16591 2.39001 3.19190:58 6.8703E57 25613 5112 46.26
H2 2.7+01E40 702793 2.89 3.4701E40 32401 2.53+0%2 3.564093 1.0%31E58 54443 6613 46.59
6=737

A 6.170-1E39 170 2.63 1.210-E40 3072, 2.4415% 318503, 11¥31E56 42.640% 19.2+19 45.17
Bl 4.7+07E39 13643 2.59 1.6*01E39 10677 2,630 3.15 6.8703ES5 452792 334198 45.08
B2 2.5701E39 25917, 276  64M0ZE40 49702 1.78%005 2887004 1 ot0lEse  60.77)2 40433 45.40
B3 4.3701E39 2321 2.6 2.050E40 5.8703 1.705:0¢ 3.1840:92 4.6701E55 46.2793 3.2101 44.92
Cl 7370140 17143 2.3 2.1104E39 1.9%91 2.590%3 3.14+0%2 4.4%03E55 332792 3143 44.89
2 1.7434E40 1847 2.55 4.7*01E39 12594 251559 3.00509 1.2401E56 535407 225419 45.25
DI 2.3701E40 1757} 2.54 3.670{E40 3.6701 1967003 311559 1.2501E56 58.1797 4.6703 45.25
D2H3 1.4%01E40 16971 2.71 2.17)1E40 17491 2.37091 3174998 5.8701E56 754791 12.5793 45.79
H2 1.9701E39 70431 2.89 2.4 E39 3.0404 2534092 3.55+098 7.6+02E56 14843 17.77%9 46.07
Note.

 po is not fixed during SED fits, but the derived errors are ~0.01 and thus are not shown in the table. p, of knot-B1 is fixed as the average value of other knots.
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Table 3
Parameters in the Scenario III: An Electron Population Plus a Proton Population
Knot A() EC Poa Al Eb P1 pZa Ec,lolal Ep,m[al Bb Beq long 1OgR)
(1/eV) (GeV) (1/eV) (PeV) (erg) (erg) (nG) (nG) (erg sh (erg sh

§=1

A 2.071E38 36.6193 2.66 4973 B47 284703 2.247991 262759 9.5701E53 9.17)1E59 420419 4204119 42.50 48.48
Bl 9.1751E37 25.5+04 2.67 4.4102E48 540130 2.63+00! 3.07 4.8*01E53 6.0101E59 5280439 528039 42.33 48.43
B2 2.7+01E38 7243 2.76 5.7t8_§E45 30.7+9% 177591 2.9340:03 1.9701ES1 4.3%01E59 2880730 2880739 39.80 48.15
B3 5.4t8;§1~:38 612758 2.59 3.1t8;}1~:44 313719 15770901 3.2179% 7.2701ES0 1.271ES9 238878, 238878, 39.50 47.74
C1 6191E39 23.9792 2.31 3*+01E49 29.779% 2,769 3.16199 2.740:1E53 8.0701E59 6086715 6086715 42.08 48.55
C2 1 2*0 'E39 36.57%7 2.51 2. 9+ 'E48 14,9193 2. 54*83{ 29610 gg 1.4731E54 71591 E59 4541713 454113 42.72 48.43
DIl 3.5701E39 51.1793 2.54 2.4:)_]1545 23.2703 172591 312599 2.9701ES1 2.3%01E59 2601746 2601746 40.05 47.95
D2H3 1.4731E39 43.8703 2.7 5.5101E48 14.4102 2,519 3.1375% L1F31ESS 1.6101E60 4000439 400039 43.46 48.63
H2 1.2731E39 33.0794 2.9 4.2101E46 20.9799 2,089 3.37°5% 6.5102E55 2.3+01E59 2587+18 2587+18 44.40 47.94
§=137

A 1.2101E36 16.2751 2.63 4. 5*0 1E45 20.6713 2.28%591 2,685 1.971ES2 6.2101E57 5000 34813 41.40 46.92
Bl 1.3791E36 12.4t8_% 2.59 3.2+02E46 400t§8 2,635 3.07 2+01E5) 45%91E57 5000 45674 4133 46.90
B2 5.871E35 28.7704 2.76 8. 8+ SE43 15.870% 1.897001 2.9970% 2470149 2.0101E57 5000 19573 38.51 46.42
B3 9.371E35 22.5%93 2.6 4.6f8‘2E41 1083 1431991 3.197913 5410148 3.711ES6 5000 1307} 37.98 45.81
Cl 2.1791E37 13.3401 2.3 L1731E47 15,7404 2,755 3. 15*88} 6.67)1E51 7.2401E57 5000 57973 41.07 47.11
C2 5. 6*8 }E36 19.0503 2.55 1.6701E46 71583 2534001 2955901 3.2701E52 4.1 tg,}E57 5000 34773 41.69 46.80
DIl 8.2701E36 19.0194 2.54 2.3704E43 s.stm 179591 3.10599! 2.3101E49 9.17)1ES6 5000 1637} 38.54 46.14
D2H3 5.8+01E36 206101 2.71 1.1791E46 72403 2.40400! 3.1650:04 2471ES3 6.0101E57 5000 245143 42.41 46.80
H2 2.0+01E36 12.2+01 2.89 1.7+02E44 54417 207591 3.2875% 8.020-1E53 7.8737E56 5000 151%] 43.08 46.07
Notes.

 po is not fixed during SED fits, but the derived errors are ~0.01 and thus are not shown in the table. p, of knot-B1 is fixed as the average value of other knots.

bpg— Beq in the 6 = 1 case, but B = 5 mG the 6 > 1 case; for more details see the text.
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Figure 6. Same as Figure 1, but for the model fits of an electron population plus a proton population (scenario III) for the § > 1 case. The purple and blue lines display
the radiation components from the electron population and the proton population, respectively.

the other knots cannot be represented in this scenario. In this
scenario, the predicted y-ray flux is normally much higher than
the upper limits set by Fermi/LAT observations, such as that
seen in knot-A. This is also a reason to rule out the IC/CMB
model for the large-scale jet of 3C 273 (Meyer et al. 2015). The
SED of knot-B1 apparently can be represented in this scenario,
but the derived B value is 1.83 uG in the 6 = 1 case, which is
much lower than the derived equipartition magnetic field
strength of B,y = 10.5 mG. Zhang et al. (2018a) suggested that
using the SSC process to explain the X-ray emission of large-
scale jet substructures would result in an extremely high jet
power. We estimate the powers of the nonthermal electrons
using P, = 7R’T"%cU, (see also Zargaryan et al. 2017 for the
large-scale jet knots), and find that P, ranges from 3.0 x 10*
t0 2.3 x 10" ergs™' in the § = 1 case for the knots (as shown
in Table 1). The black hole mass of 3C 273 is 10%%M_, (Gu
et al. 2001) and the corresponding Eddington luminosity is
6.2 x 107 ergs ', P. is ~10% erg s~ for knot-B1, which is
far beyond the Eddington luminosity of the source. In the § > 1
case, a large ¢ value (6 = 16.6) is required to model the SED of
knot-B1. This value is comparable with the derived variability
Doppler factor of 6 = 17 for a parsec-scale jet in Hovatta et al.
(2009), but is much larger than that reported by Liodakis et al.
(2017, 6=3.7), and even larger than the core-jet value of
6 =74+ 0.9 derived by SED fitting (Zhang et al. 2014,
2015). Therefore, Scenario I could not provide a reasonable
explanation for the SEDs of knots.

The scenario of two-electron populations (Scenario II) can
represent the SEDs in either the 6 = 1 or § > 1 case. Figure 7
illustrates the distributions of the derived parameters along the
jet. We do not find any evolution feature for the parameters.

The medians of E. and E, are ~170 GeV and 4 TeV,
respectively, indicating that the electrons are -effectively
accelerated. ch)te that the synchrotron cooling time of electrons
6mmic*
orcE.B?’
estimated from ct oo ~ 3850EeleeVB;§ kpc, where the electron
energy (E. tev) is in units of TeV and magnetic field strength
(B,g) is in units of G. The high-energy electrons cannot travel
more than 1kpc before exhausting their energies owing to
synchrotron cooling, and thus the electrons should be
accelerated in situ. Except for knot-B2 and knot-B3, p, and
p1 of other knots are roughly consistent with the particle
acceleration and cooling in shocks, hence the acceleration
mechanisms of the two-electron populations may be the same.
One can find that B.q; of knot-H2 is higher than other knots.
The substructure H2 in fact is historically labeled a hotspot and
has a higher flux ratio of radio to X-ray than other knots. As
reported by Zhang et al. (2010, 2018a), the observed
luminosity ratio of radio to X-ray can help distinguish between
hotspots and knots. In this scenario, P, is from 4.2 X 10® to
3.9 x 10*ergs™ in the § = 1 case and from 7.8 x 10* to
1.2 x 10*ergs™' in the of § > 1 case among the knots.
Although it has been suggested that the X-ray emission could
be from the synchrotron radiation of an additional shock-
accelerated electron population (Hardcastle 2006; Jester et al.
2006; Uchiyama et al. 2006; Zargaryan et al. 2017), it is not
known what physical process could produce the second
electron population in a single radiation region. Although
there is some observational evidence of the complex morphol-
ogies of the knots in 3C 273 (e.g., Jester et al. 2005), no
compact subcomponent, similar to in the hotspot of Pictor A

1S tepol = and the electron travel distance can be
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(Tingay et al. 2008; Zhang et al. 2009), is observationally
resolved in the knots to support two radiation regions. Due to
severe synchrotron cooling, the high-energy electrons that
contribute the X-ray emission could not propagate far from
their birth/acceleration places. Consequently, the X-ray
morphologies of these knots should be like point-sources,
unless there are multiple compact regions inside the knots to
accelerate electrons, as expected by the multi-zone leptonic
model.

The scenario of an electron population plus a proton
population (Scenario III) also reproduces the SEDs of knots
well. In the 6 = 1 case, E. of the electron spectra narrowly
clusters at 24-72 GeV while E, of the proton spectra is in the
range of 14-32 PeV, except for knot-B1 with E,, ~ 540 PeV,
Le., v ~ 107, where 7y s the Lorentz factors of protons. The
X-ray spectrum of knot-B1 perfectly agrees with the extrapola-
tion of its optical-UV spectrum, as displayed in Figure 5, thus a
large peak energy is presented in the broadband SED and results
in a large E,. In the 6 > 1 case, the derived equipartition
magnetic fields of knots are smaller than 1 mG (as listed in
Table 3) and B = 5mG is taken in our SED fitting. Hence, the
knots would deviate from the equipartition condition if the X-ray
emission is dominated by the synchrotron radiation of protons.
We also illustrate the distributions of the derived parameters
along the jet in Figure 8 and do not find any evolution feature for
the parameters. In this scenario, the powers of radiation particles
are dominated by the powers of nonthermal protons (P,), which
is estimated using P, = mR*T*cU,. P, ranges from 5.5 x 10" to
43 x 10"®ergs ' inthe § = 1 case and ranges from 6.5 x 10*
to 1.3 x 10*"ergs™" in the 6 > 1 case. It seems likely that the

jet powers derived on large scales using the hadronic model
parameters are super-Eddington in the 6 = 1 case. However, one
can see that the total energies of radiation particles for these
knots are significantly reduced in the presence of a relativistic
bulk flow (see also Aharonian 2002).

For Scenario IIl, a maximum proton energy of 5EeV is
required to explain the X-ray emission of the knots. Rachen &
Biermann (1993) reported that protons can even be accelerated
by the mildly relativistic jet terminal shocks up to 100 EeV in
hotspots with a magnetic field of ~0.5 mG and size of ~1 kpc.
The observations with the very long baseline interferometry
technique have demonstrated that the blazar jets are accelerated
to relativistic velocities (e.g., Lister et al. 2009, 2019), thus they
could produce strong shocks in the ambient medium. These
shocks have been confirmed to propagate to kiloparsec scales
in powerful (Nulsen et al. 2005; Simionescu et al. 2009; Gitti
et al. 2010; Croston et al. 2011) and even less powerful jets
(Kraft et al. 2007; Perucho et al. 2014, and references therein).
Protons can also be accelerated to extremely high energies at
the jet shear boundary layer (Ostrowski 1998). Hence the
protons in large-scale jet knots can be accelerated up to
several EeV.

Note that ultra-high-energy cosmic rays (UHECRs) above 1
EeV have a predominant extragalactic origin component (e.g.,
Pierre Auger Collaboration et al. 2013; Aab et al. 2018), in
which the energy range of 10'8-10'83 eV is dominated by
protons (Abbasi et al. 2017; Schroder et al. 2019), and AGNSs,
especially blazars, may have UHECR origins. The escape time
and the synchrotron cooling time of the high-energy protons
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(Aharonian 2002), respectively, are

fese = 4.2 X 10°) 7 BugREEfg' yr, A3)

“)

where n = 1 is the gyrofactor in the Bohm limit, B,,g is the
magnetic field strength in units of mG, Ry, is the size of knots
in units of kpc, and E, is the proton energy in units of 10'° eV.
If the protons are cooled down by the synchrotron radiation
before escape, then B,iGszpC n~! > 34. Taking a knot size of
~1kpc in the Bohm regime 1 = 1 requires B > 3 mG. As
listed in Table 3, the derived equipartition magnetic field
strengths cluster at 2.4-6.1 mG in the 6 = 1 case, and the knots
are larger than 1 kpc, so the high-energy protons that contribute
to the X-ray emission would be cooled down by the
synchrotron radiation before escape. However, the derived
equipartition magnetic field strengths of knots would be smaller
than 1 mG in the 6 > 1 case, hence the knots would deviate
from the equipartition condition if the X-ray emission were
dominated by the synchrotron radiation of protons. Note that
the cooling times of the pp and p~y interactions are much longer
than the escape time and the proton synchrotron cooling time,
and the plasma density in knots should be at least 0.1-1 cm >
for the effective pp interaction (Aharonian 2002), hence the
synchrotron radiation of secondary electrons is not considered
in this paper.

The X-ray emission of knot-A was previously explained
with proton synchrotron radiations (Aharonian 2002; Kundu &
Gupta 2014). Aharonian (2002) assumed the continuous
injection of relativistic protons with a constant rate during the
jet age (3 x 10" yr; see also Kundu & Gupta 2014). They
derived a total energy of protons of ~10°° ~ 10%%erg and the
corresponding proton acceleration rate is L, = 10% ~ 104
Kundu & Gupta (2014) proposed that the X-ray fluxes of knot-
A originate from the proton synchrotron radiation (6 = 1) and
obtained L, ~ 10°-10* erg s by assuming the jet age of
1.4 x 107 yr. Recently, Kusunose & Takahara (2018) used a
photohadronic model to explain the X-ray emission of knot-A
with the proton energy of 10°'-10°% erg. They estimated the
proton power with L, ~ E} o1/ (3R/c) ~ 10% ergs™', where
3R/c is the escape time of protons, and reported that the proton
power can be lowered down to nearly Eddington power if the
core photons are more beamed toward the X-ray knots than
toward the line of sight. Chen (2018) also reported that the jet
powers of some blazars may be super-Eddington. These results
are consistent with ours. However, the super-Eddington issue
could be relaxed by cutting down the low-energy protons,
which are incapable of producing the observable photon flux,
and might be avoided in the § > 1 case (see also Aharonian
2002).

As illustrated in Figure 3, the predicted fluxes in the GeV—
TeV band by the SSC and IC/CMB processes of the two-
electron populations are low; even in the 6 > 1 case (Figure 4),
the predicted fluxes in the 7-ray band still cannot be detected by
the available y-ray detectors. As reported by Aharonian (2002),
if the X-ray emission of large-scale jets is really dominated by
the proton synchrotron, the most energetic protons with
energies greater than 10'° eV may eventually escape the jet,
which would result in different y-ray emission characteristics
depending on the magnetic field strength of the environment.
Hence, the detection of «-ray emission around the knots would

tyn >~ 1.4 x 10BEE" yr,
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help exclude and constrain the radiation mechanism of the
X-ray emission in large-scale jets.

4. Summary

Based on a comprehensively theoretical analysis of SED
modeling, we suggested that the SEDs from the radio to X-ray
bands of the large-scale jet knots in 3C 273 cannot be
represented well with the synchrotron, SSC, and IC/CMB
radiation of a single electron population when the Doppler
boosting effect is either considered or not. We then considered
two synchrotron radiation components to explain the broad-
band SEDs of knots, from two independent electron popula-
tions (the leptonic model) or from an electron population plus a
proton population (the hadronic model). Both models can
represent the broadband SEDs of knots well. However, there is
no observational evidence that different zones to accelerate two
distinct electron populations. Particularly, the electrons with
high energy that contribute X-ray emission have very short
cooling times, thus it is hard to explain the observed X-ray
morphologies of knots. In this respect, protons lose energy very
slowly, thus their acceleration sites do not have to be within the
emission sites. The proton synchrotron radiation model results
in high jet powers, so-called “super-Eddington” jet powers.
However, this issue might be avoided if these knots have
relativistic motion toward the observer (see also Aharonian
2002). We also note that the knots may deviate from the
equipartition condition if the X-ray emission is dominated by
the synchrotron radiation of protons in the § > 1 case. The
predicted ~-ray fluxes by the leptonic model through the IC
process are very low, so the detection of -ray emission from
knots in the future would help with examining models.
Multiwavelength polarimetry observations with high resolution
together, with the constraints on the magnetic field strength by
Faraday rotation measurements, may shed light on the issue of
particle acceleration and the emitting volume of particles.
Further observations are required to confirm or rule out
different models.
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