

  galaxies-07-00014




galaxies-07-00014







Galaxies 2019, 7(1), 14; doi:10.3390/galaxies7010014




Article



Two-Temperature Magnetohydrodynamics Simulations of Propagation of Semi-Relativistic Jets



Takumi Ohmura 1,*, Mami Machida 1[image: Orcid], Kenji Nakamura 2[image: Orcid], Yuki Kudoh 3, Yuta Asahina 4 and Ryoji Matsumoto 5[image: Orcid]





1



Graduate School of Science, Kyushu University, 744 Motooka Nishi-ku, Fukuoka 819-0395, Japan






2



Department of Mechanics, Faculty of Science and Technology, Kyushu Sangyo University, 2-3-1 Matsukadai, Higashi-ku, Fukuoka 813-8503, Japan






3



Graduate School of Science and Engineering, Kagoshima University, Kagoshima 890-0065, Japan






4



Yukawa Institute for Theoretical Physics, Kyoto University Kitashirakawa Oiwakecho, Sakyo-ku, Kyoto 606-8502, Japan






5



Department of Physics, Graduate School of Science, Chiba University, 1-33 Yayoi-cho, Inage-ku, Chiba 263-8522, Japan









*



Correspondence: ohmura@phys.kyushu-u.ac.jp







Received: 1 November 2018 / Accepted: 7 January 2019 / Published: 11 January 2019



Abstract

:

In astrophysical jets observed in active galactic nuclei and in microquasars, the energy exchange rate by Coulomb collision is insufficient for thermal equilibrium between ions and electrons. Therefore, it is necessary to consider the difference between the ion temperature and the electron temperature. We present the results of two-temperature magnetohydrodynamics(MHD) simulations to demonstrate the effects of Coulomb coupling. It is assumed that the thermal dissipation heats only ions. We find that the ion and electron temperatures are separated through shocks. Since the ion entropy is increased by energy dissipation at shocks and the Coulomb collisions are inefficient, electron temperature becomes about 10 times lower than the ion temperature in the hotspot ahead of the jet terminal shock. In the cocoon, electron temperature decreases by gas mixing between high temperature cocoon gas and low temperature shocked-ambient gas even when we neglect radiative cooling, but electrons can be heated through collisions with ions. Radiation intensity maps are produced by post processing numerical results. Distributions of the thermal bremsstrahlung radiation computed from electron temperature have bright filament and cavity around the jet terminal shock.
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1. Introduction


Astrophysical jets are highly collimated outflows from celestial objects. In this paper, we study the astrophysical jets produced near compact objects such as black holes or neutron stars. Radio observations have revealed that these jets consist of beams, knots, hotspots, and radio-lobes [1]. Multi-wavelength observations at radio, optical, and X-ray frequencies have enabled us to study the emission mechanisms of spatially resolved jets. The radiation from these jets is mainly produced by synchrotron radiation and inverse Compton scattering by non-thermal electrons accelerated in collisionless shocks [2], but thermal emission contributes to emission from the cocoon surrounding the jet beam [3]. The X-ray emission from the cocoon indicates that the electron temperature in this region should exceed 107 K [4].



The propagation of jets in ambient media has been studied theoretically and numerically since the 1970s. Norman et al. [5] conducted two-dimensional hydrodynamic (HD) simulations of the propagation of light supersonic jets, which exhibited the basic structures of jets such as a bow shock, a terminal shock (a reverse shock), internal shocks, and a cocoon. Recently, jet propagation and its feedback to inter cluster medium has been studied in realistic environments of galaxy cluster by Guo et al. [6,7]. The spacial variation of the propagation velocity of the jet has been reported by analytical methods (e.g., [8,9]) and by numerical simulations (e.g., [10]).



The magnetic field structure of jets has been studied using polarized radiation. Faraday tomography have revealed that jets in 3C273 and SS433/W50 [11,12] have a helical magnetic field. The effects of magnetic fields on the jet dynamics have been examined for both non-relativistic and relativistic jets assuming axisymmetry [13,14,15]. In three-dimensional calculations, jets develop current-driven kink instability (m=1) [16,17]. In addition, some studies compared numerical results with observations [18,19,20].



Previous studies, however, did not focus on thermal non-equilibrium between ions and electrons in optically thin plasmas. When the relaxation time of ions and electrons by Coulomb collisions is longer than the dynamical time, the electron temperature can be lower than the ion temperature partly because electrons are cooled by radiation, and partly because shock waves primarily heat ions. Therefore, the electron temperature becomes lower than the ion temperature under such circumstances [21,22].



Such a two-temperature plasma has been studied extensively in the context of optically thin hot accretion flows in galactic black hole candidates (Shapiro, Lightman and Eardley [23]) and in the jet launching region in low luminosity active galactic nucleis (AGNs). Ressler et al. [24] and Sadowski et al. [25] carried out two-temperature magnetohydrodynamics (MHD) simulations in hot accretion flows. They showed that the electron temperature is several tens of times lower than the ion temperature in radiatively inefficient accretion disks. Although the temperature ratio of the ions and the electrons strongly depends on the microphysics in the jets, some studies show that the electron thermal energy is less than or equal to the ion thermal energy [26,27]. These theoretical results support the existence of a two-temperature plasma. Therefore, the evolution of jets should be studied by applying the two-temperature treatment.



In this paper, we present results of magnetohydrodynamics simulations of jet propagation conducted under the two-temperature treatment to study the electron temperature distribution. We examine the influence of Coulomb coupling on the electron temperature distribution, the single temperature results will be compared with the two-temperature results.



This paper is structured as follows. In Section 2, the two-temperature MHD equations and simulation methods are described. Numerical results are presented in Section 3. We discuss the results in Section 4, and give our summary in Section 5.




2. Numerical Method


2.1. Basic Equations


In our work, we assume pure hydrogen plasma. The non-relativistic two-temperature MHD equations are as follows [28]:


∂ρ∂t+∇·(ρv)=0,



(1)






∂(ρv)∂t+∇·ρvv−BB+pgas+B22=0,



(2)






∂E∂t+∇·E+pgas+B22v−BB·v=0,



(3)






∂B∂t=∇×(v×B),



(4)






nTedsedt=+q˙ie,



(5)




where ρ is the total density of the gas defined by ρ=ρi+ρe=n(mi+me)∼nmi, ni,e, ρi,e, and mi,e are the number densities, the mass densities, and the mass of charged particles, respectively. Here, the subscripts i and e denote ion and electron, respectively. The temperature, the velocity, and the magnetic fields are denoted by T, v, and B, respectively. The energy transfer rate from ions to electrons through Coulomb coupling is denoted by q˙ie. The total gas pressure is given by pgas=pi+pe. The total energy density E is given by


E=ϵi+ϵe+12ρv2+B22.



(6)







Assuming an ideal gas, the internal energy of the ions and electrons are given by


ϵi=piγi−1,ϵe=peγe−1,



(7)




respectively, where γ is the specific heat ratio. We choose a constant specific heat ratio; the ion is non-relativistic (γi=5/3) and the electron is relativistic (γe=4/3). The electron entropy per particle can be written in a simple form, se=(γe−1)−1log(pen−γe). The internal energy of the gas mixture is the sum of the electron internal energy and the ion internal energy. Therefore, the effective gas temperature and specific-heat ratio are given by


Tg=12(Ti+Te),



(8)






γgas=1+(γe−1)(γi−1)1+Ti/Te(γi−1)+(γe−1)Ti/Te,



(9)




respectively. The effective specific-heat ratio of the gas mixture is a function of the temperature ratio Ti/Te and is bounded between 4/3 and 5/3.



The energy transfer rate, q˙ie, from ions to electrons per unit volume through Coulomb collisions is [29,30]


q˙ie=32memin2σTclnΛ(kBTi−kBTe)×1K21/θeK21/θi2(θe+θi)2+1θi+θeK11θm+2K01θm(θi>0.2)2π+θi+θeθi+θe(θi<0.2),



(10)




with θm=θiθe/(θi+θe). Here, θi and θe are dimensionless ion and electron temperature defined as Equation (11):


θi=kTimic2andθe=kTemec2.



(11)







The Thomson scattering cross section is σT and the Coulomb logarithm is lnΛ, which is about 20. Modified Bessel functions of the second kind of the i-th order are denoted by Ki.



We assumed axisymmetry and solved Equations (1)–(5) by the conservation form in the (r,z) plane (see Appendix A). The azimuthal components of the vectors are taken into account. We developed a two-temperature MHD code on the basis of CANS+ [31]. CANS+ adopts the HLLD Riemann solver [32], a fifth-order-monotonicity-preserving interpolation scheme [33] and the hyperbolic divergence cleaning method for magnetic fields [34]. We solved the energy equation (Equation (3)) in the conservation form to compute the entropy generation at the shock front. Assuming that all the dissipated energy at the shock front is transferred to ions, we solved the entropy equation for electrons using Equation (5). Here, we followed the method adopted by Kudoh and Hanawa [35] to simulate the two component fluid including thermal plasma and cosmic rays, in which they assume that the cosmic ray fluid is adiabatic at the shock front. We neglected electron dissipative heating at the shock front in this paper. This is a good approximation for HD shocks because the bulk kinetic energy of ions is one thousand times that of electrons. In contrast, electrons can instantaneously be heated around high Mach number collisionless MHD shocks (e.g., Matsumoto et al. [36]). Indeed, this heating process may affect the electron temperature distribution. In this paper, however, we assume that only the ion thermal energy is increased by shocks to focus on the effect of Coulomb coupling. The Coulomb coupling term on the right-hand side of Equation (5) is computed time explicitly by applying the operator split method.




2.2. Numerical Model


A supersonic jet propagating in the z-direction is injected at z=0. We assume that jet injection continues during simulation time. The initial jet radius is r0. The jet velocity and Mach number are vjet=0.38c and Mjet=6, respectively. We assumed that the initial ion and electron temperatures are equal (Te,jet=Ti,jet=1.5×1010 K). The density ratio of the jet and the ambient medium, η, is 0.1. The jet and the ambient medium is assumed to be in pressure equilibrium. Thus, the ambient temperature is about 1.5×109K. We assume that the initial jet beam has the purely toroidal magnetic field Bϕ=binsin4(2πr/r0). The plasma β≡pgas/pmag=2pgas/bin2 is 10 at r=0.5r0. We assume an optically thin plasma. The Thomson optical depth of the jets is τ=κeρ0r0=10−3, where κe is the electron scattering opacity. We adopted κe=0.38cm2g−1.



For normalization, we adopted r0=0.01 AU, the ambient gas density ρ0=1.67×19−14 g/cc, and ambient sound speed cs,0=0.02 c, respectively. The normalization time is t0=r0/cs,0=250 s. The jet parameters are summarized in Table 1. The computation domain is (r,z)=(40r0,160r0) and the number of grids is (Nr,Nz)=(1024,2048). We adopt uniform grids in both the r and z directions. We apply the reflection boundary condition at the axis of the jet and the zero-gradient boundary at r=40r0 and z=160r0. We permit the backflow to escape from the boundary at z=0. The absorbing boundary condition is applied at z=0 and r>r0.



We conducted simulations for four models shown in Table 2. For models TWC and TWOC, Equations (1)–(5) are solved to investigate the effects of Coulomb coupling. Model TWC includes the Coulomb coupling term on the right-hand side of Equation (5) and model TWOC ignores it. We present the results for single-temperature calculations conducted by solving Equations (1)–(4). In the single-temperature models, the gas temperature, the internal energy, and the specific-heat ratio are approximated by the ion values. Model ST1 assumes equal electron and ion temperatures. Model ST10 assumes an electron temperature ten times lower than the ion temperature.





3. Numerical Results


3.1. Jet Dynamics


Figure 1 shows the typical jet propagation results for model TWC at t=70t0. The panels show snapshots of the density, absolute velocity, magnetic field strength and plasma β from top to bottom. The numbers on the left-hand side of the color bar show the density and the ratio of the azimuthal magnetic field and the initial field, and the numbers on the right-hand side of the color bar show the absolute velocity and plasma β. The jet dynamics and morphology are similar to those of previous works (e.g., [5]). The Coulomb coupling does not affect the jet dynamics because the total energy does not change by Coulomb collisions. We can identify the bowshock ahead of the jet and the internal shocks in the jet beam. In this paper, we call the region between the bowshock and the contact discontinuity the ’shocked-ambient gas’. A cocoon is formed by the backflow between jet beam and the contact discontinuity separating the jet plasma and the ambient plasma. The back flow has a speed of about 0.1 c. When the jet beam is pinched by the backflow, the deflected flow emanating from the pinched region forms oblique shocks, where the jet speed becomes subsonic [10]. These oblique shocks can be regarded as the secondary terminal shocks formed by the breakup of the jet beam [37]. We can identify three terminal shocks at z=80r0, z=100r0, and z=115r0 for model TWC, and we name the shock at z=80r0 the ’secondary terminal shock’.



The Kelvin–Helmholtz (KH) instability grows between the cocoon and shocked-ambient gas because of velocity shear. The KH instability mixes low-entropy shocked-ambient gas and shocked-heated high-entropy jet gas. The toroidal magnetic fields in the jet beam become stronger ahead of the secondary terminal shock (z>80r0) as a result of the shock compression. The compressed toroidal fields ahead of the secondary terminal shocks are transported to the cocoon with the backflow. The magnetic fields are stored between the cocoon and the shocked-ambient gas where KH vortices accumulate magnetic flux. The plasma β value is around 10 in the cocoon. Therefore, thermal pressure is dominant. Note that poloidal magnetic fields are not generated from the toroidal field because we assumed axisymmetry. When a poloidal field exists, toroidal fields may coil around the surface of the cocoon. Such a helical magnetic field has been found at the Eastern edge of W50, behind the terminal shock of the SS433 jet [11].



In underdense jets, the propagation speed gradually decreases as the jet propagates. In Figure 2, we plot the time evolution of the bowshock and the terminal shock positions along the z-axis for model TWC. The terminal shock is defined as the point closest to z=0 where the beam velocity becomes below 90% of the injection speed. Hence, we identify the secondly terminal shocks after the breakup of the jet beam. We also overplot the analytic results derived by Norman, Winkler and Smarr [38] (dashed) and Zaninetti [9] (solid) in Figure 2. Norman, Winkler and Smarr assume one-dimensional momentum balance between the beam and the ambient gas at the head of jet for the pressure equivalent non-relativistic jet. Results of our numerical simulation agree with the one-dimensional solution (dashed curve) in the early stage t<5t0. The propagation speed gradually decreases because of the multi-dimensional effects [8,9]. Zaninetti obtained the propagation speed by taking into account the multi-dimensional effects and showed that


z∝t3/5.



(12)







Our numerical results agree well with Zaninetti’s formula, especially at t<30t0. We find that the propagation velocity of the secondary terminal shock oscillates at t>30t0.




3.2. Electron and Ion Temperature Distributions


Figure 3 shows the distributions of the electron and ion temperatures with a log scale at t=70t0 for models TWC and TWOC. The electron temperature distributions are significantly different from those of the ion temperature. The temperature in the jet beam increases at internal shocks and jet terminal shocks because energy dissipation occurs at the shocks. Strong ion heating can be seen at the oblique shock at z=70r0 for model TWC and z=85r0 for model TWOC. We call the high ion temperature region ahead of the secondary jet terminal shock the hot spot. The temperature increases because of energy dissipation at the secondary terminal shock, and the hot spot is formed between the secondary terminal shock and the jet head (the contact discontinuity). The propagation speed of the secondary terminal shock is smaller than that of the jet head, and, therefore, the hotspot area increases.



In models TWC and TWOC, the ion temperature in the hot spot is ten times higher than the electron temperature. Electron heating by Coulomb collision is not efficient in the jet beam and the hot spot because electron density is low. In contrast, electron heating via Coulomb collision is important in the cocoon where the electron density is higher than the beam and the hotspot. Figure 1 shows that the gas density in the cocoon increases downstream of the hot spot (smaller z). The gas density increases because the KH vortices mix the backflowing plasma and the shocked ambient medium. Since the gas pressure in the cocoon balances with the ambient pressure, ion temperature and electron temperature in the cocoon decrease unless they are heated. Figure 3b shows that, in model TWOC, the electron temperature in the cocoon decreases and becomes comparable to the electron temperature in the shocked ambient medium. On the other hand, in model TWC, electrons can be heated by Coulomb collisions. Therefore, the electrons in model TWC are hotter than those in TWOC in the cocoon. When the radiative cooling is negligible, the Coulomb collision determines the distribution of the electron temperature. The adiabatic expansion does not significantly affect the electron temperature in the cocoon. Since the gas density changes from 0.1ρ0 (the initial jet gas density) to 0.01 ρ0 (the cocoon gas density), the temperature reduction rate by adiabatic expansion is (ρ/ρ0)γe−1=0.11/3=0.46. Since the electron temperature in model TWOC is smaller than this, it indicates that the electron temperature decreases in the cocoon by other mechanisms such as the gas mixing in the cocoon.





4. Discussion


4.1. Comparison with Model ST


In this section, we compare model TWC with model ST. Figure 4 shows the electron temperature distribution for model ST. The upper and lower panels display the results for model ST1 and model ST10, respectively. Figure 5a plots the temperature distribution along the jet beam, and Figure 5b shows the radial distribution of the temperature averaged in the hotspot (80r0<z<100r0). The curves show the distribution of Ti (red) and Te (blue) for model TWC, and the electron temperature for model ST1 and model ST10. The temperature distribution for model ST1 is similar to the ion temperature for model TWC. However, the ion temperature for model TWC is 20% higher than the electron temperature for model ST1 in the hotspot because the ions receive all the dissipative energy at the shocks. Therefore, electrons are overheated in model ST1. Conversely, although the electron temperature for model ST10 is a good approximation for electron temperature in the hotspot, the temperature of the cocoon is lower than the electron temperature for model TWC (Figure 3a).



In model TWC, the shocks heat only the ions, and a hotspot is formed in the jet terminal region. The high temperature shocked ion gas is transported to the cocoon, and the electrons with their injection temperature move with ions. In the cocoon, the electron temperature is determined by the balance between heating by Coulomb coupling and cooling by gas mixing. We find that the electron temperature stays around 109.5 K in the cocoon by Coulomb coupling. In contrast, when solving single-temperature MHD equations, electron temperature is too high unless we assume electron temperature is much less than ion temperature. In the latter case, however, the electron temperature in the cocoon becomes much less than that in model TWC and TWOC. Therefore, it is inaccurate to estimate the electron temperature distribution from single-temperature calculations. In other words, the single-temperature approximation is inapplicable to study propagations of high Mach number, low density jet.




4.2. Bremstrahlung Images of Jets


In this section, we calculate radiation intensity maps of the thermal bremsstrahlung radiation. Only the thermal bremsstrahlung is considered. The bremsstrahlung emissivity εbrmes is assumed to be proportional to ρ2Te. We follow the analysis of Scheck et al. [39]. The radiation intensity map is obtained by three steps. First, we calculate the bremsstrahlung emissivity. Second, we convert the 2D axisymmetric cylindrical coordinates to 3D Cartesian coordinates. Finally, we sum the emissivity along the line of sight direction (the viewing angle is 90∘ from the jet axis):


Ebrems=∫ϵbrems(x,y,z)dy.



(13)







Figure 6a shows the radiation intensity map at t=40t0 for model TWC. The radiation from the ambient gas and the shocked-ambient gas is stronger than that from the jet because bremsstrahlung emissivity is proportional to the square of the density. The radiation intensity map is similar to the radio image of the ring around Cyg X-1 [40]. The radio ring around Cyg X-1 is considered to be due to the bremsstrahlung radiation. However, the ambient density and pressure in model TWC is too large except the region close to the central compact object. The ambient temperature of the radio emitting region in Cyg X-1 is around 104 K, which is much lower than T∼109.5 K in model TWC. We expect that the temperature after propagation longer than the end of simulation will be the same as the observed temperature.



Therefore, we exclude the bremsstrahlung emission from the ambient matter following the procedures adopted by precedents (e.g., [10,39]). Figure 6b shows the radiation intensity maps computed by setting ϵbrems=0 when Te<Te,amb at t=40t0 (top) and t=70t0 (bottom). The black contours in both panels show z-velocities of 0.38c, 0.34c, and 0.32c. At t=40t0, the size of the hot spot between the jet secondary terminal shock and the contact discontinuity separating the ambient plasma and jet plasma is small. The jet head which corresponds to the hotspot in AGN jet observations is the brightest. The cavity is formed behind the strong terminal shock. Since the mean density of the cocoon increases as z decreases, the jet is brighter near the injection point of the jet. The electron temperature remains higher than ambient temperature via Coulomb collision. Since the mean density in the cocoon becomes higher, the intensity increases with decreasing z. At t=70t0, the jet is brightest at the jet head. The hotspot size grows with time, and intensively radiating filament appears in the hotspot. Moreover, the radiation for model TWC is brighter than that at t=40t0 around the root of jet.




4.3. Electron Heating through the Various Physical Mechanisms


In this section, let us discuss the dependence of numerical results on heating and cooling processes. In the simulation presented in this paper, we considered shock heating of ions by solving the conservation form of energy equations combined with the equation for electron entropy taking into account only the Coulomb collision. We adopted this approach to illuminate the effects of the Coulomb coupling. In astrophysical plasma, magnetic reconnection and turbulent cascade of energy can heat not only ions but electrons. The fraction of the various dissipative electron heating, fe, is determined by microphysical processes. Preceding works for two-temperature MHD simulations of hot accretion flows [26,41] adopt a sub-grid prescriptions, which are based on the results of the gyrokinetics simulations (H10) [42] and particle-in-cell (PIC) simulations of fast magnetic reconnection (R17) [43], to calculate fe. Kawazura, Barnes and Schekochihin [44] carried out numerical simulation using a hybrid fluid-gyrokinetic model, and updated the results of H10 (K18).



We estimate the electron heating rate using model K18 and R17. First, the K18 model shows a strong dependence of the ratio of ion pressure to the magnetic pressure βi. In our simulation, since βi∼10 everywhere in jets, we expect that the heating ratio Qi/Qe is greater than 10 using Equation (2) in K18. Therefore, more than 90% dissipated energy will heat ions.



Next, we discuss for the magnetic reconnection model R17. The heating fraction fe is sensitive to the magnetization parameter, σw defined as the ratio of fluid enthalpy and magnetic energy. Since ion gas is non-relativistic in the regime of interest for our simulations (Ti∼1010–1011 K), non-relativistic reconnection heating rate is fe=0.14 independent of βi. Therefore, most of the dissipation energy goes to the ions in both models. In summary, our main result that electrons are mainly heated by Coulomb coupling do not change.



We further discuss instantaneous electron heating at shocks. Since efficiency of electron heating strongly depends on Mach number, upstream plasma β, and the angle between magnetic field and the shock normal vector, the post-shock electron temperature is hard to be determined uniquely. Guo et al. [45,46] obtained the post-shock electron temperature in perpendicular low Mach number shocks (4<βi<32 and 2<Ms<5 where Ms is sonic Mach number). These results indicate that the ratio of electron and ion temperatures, Te/Ti, decreases in proportion to the sonic Mach number downstream of the shock, and the temperature ratio becomes much smaller than 0.2 when Ms>5. Therefore, we anticipate that electron heating is insufficient at shocks because the shocks are β∼10 and Ms∼6 in our simulations.





5. Conclusions


We have carried out two-dimensional, two-temperature MHD jet propagation simulations to clarify the effects of different ion and electron temperatures. Our simulations are based on the kinetic-energy dominant jet model (e.g., Norman et al. [5]).



Our main result is that the electron temperature is 10 times lower than the ion temperature in the hotspot and the cocoon because the ion entropy is increased by energy dissipation at shocks and the Coulomb collisions are inefficient. In the downstream region of the cocoon, the mean gas density becomes higher because KH instability mixes the shocked ambient gas and the gas in the cocoon. Since the Coulomb collision rate is enhanced in the cocoon, the electrons can stay hot (Te∼109.5 K) by energy transfer from ions to electrons via Coulomb collisions. Because of the lack of radiative cooling, the jet propagation is similar for both the one-temperature and two-temperature models We compare the propagation speed of our simulation results with the analytic results. Our numerical results agree well with the analysis by Zaninetti [9]. The magnetic fields in the jets are amplified by the compression at the secondary terminal shock, and the magnetic fields are stored between the cocoon and the shocked-ambient gas. These coiling magnetic fields have been observed using polarization analysis at radio wavelengths in W50/SS433 eastern ear [11].



The intensity maps of the bremsstrahlung radiation demonstrate the importance of the two-temperature treatment. The jet is brightest at head, and bremsstrahlung radiation is dominant in the downstream region of the cocoon because the electrons can stay in high temperatures by Coulomb collisions. A low density region appears behind the jet terminal shock.A bright region appears in the jet head between the jet terminal shock and the contact discontinuity separating the jet and the ambient medium. Since the distance between the terminal shock and the contact discontinuity increases with time, the size of the hot spot increases. Therefore, radiation cavity appears around the jet terminal shock at early simulation times. The hotspot size grows with time, and intensively radiating filament appears around the hotspot.



Numerical results depend on heating and cooling processes, especially on the electron heating, which depends on microphysics. We considered three electron heating models which are the turbulent damping model (K18) based on the gyrokinetics simulations, the fast magnetic reconnection model (R17), and the shock heating model. All three models indicate that ions are heated more efficiently than electrons unless the low-beta jets are injected.



Radiative cooling, bremsstrahlung radiation, synchrotron radiation, and inverse Compton scattering are ignored in our work, but these effects are important for jet dynamics and comparisons with observations. We should consider the following factors: the effect of the background environment, 3D effects, and the effect of dissipative heating at scales smaller than the MHD grid-scale. Our ultimate goal is to obtain simulation results that can be directly compared with observations of radio and X-ray jets.
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Appendix A. Conservation Form


The two-temperature MHD Equations (1)–(5) can be arranged in conservation form as follows:


∂U∂t+∇·F=S,



(A1)






U=ρρvBeρse,F=ρvρvv+pTI−BBvB−Bv(e+pT)v−B(v·B)ρsev,S=0000miq˙ie/Te,



(A2)




where U and F denote the state and flux vectors, I is a unit matrix, S is source term, and total energy, e, is given by


e=ϵi+ϵe+12ρv2+12B2,



(A3)




pT=pi+pe+pmag is total pressure and se is the electron gas’s entropy. The electron gas entropy per particle is given by


se=(γe−1)−1log(pen−γe).



(A4)









References


	



Marchenko, V.; Harris, D.E.; Ostrowski, M.; Stawarz, Ł.; Bohdan, A.; Jamrozy, M.; Hnatyk, B. Novel Analysis of the Multiwavelength Structure of the Relativistic Jet in Quasar 3C 273. Astrophys. J. 2017, 844, 11. [Google Scholar] [CrossRef][Green Version]

	



de Vries, M.N.; Wise, M.W.; Huppenkothen, D.; Nulsen, P.E.J.; Snios, B.; Hardcastle, M.J.; Birkinshaw, M.; Worrall, D.M.; Duffy, R.T.; McNamara, B.R. Detection of non-thermal X-ray emission in the lobes and jets of Cygnus A. High Energy Astrophys. Phenom. 2018, 478, 4010–4029. [Google Scholar] [CrossRef][Green Version]

	



Kino, M.; Kawakatu, N.; Ito, H.; Nagai, H. High energy emission from AGN cocoons in clusters of galaxies. Astron. Nachr. 2009, 330, 257. [Google Scholar] [CrossRef]

	



Smith, D.A.; Wilson, A.S.; Arnaud, K.A.; Terashima, Y.; Young, A.J. A Chandra X-Ray Study of Cygnus A. III. The Cluster of Galaxies. Astrophys. J. 2002, 565, 195–207. [Google Scholar] [CrossRef]

	



Norman, M.L.; Winkler, K.H.A.; Smarr, L.; Smith, M.D. Structure and dynamics of supersonic jets. Astron. Astrophys. 1982, 113, 285–302. [Google Scholar]

	



Guo, F. On the Importance of Very Light Internally Subsonic AGN Jets in Radio-mode AGN Feedback. Astrophys. J. 2016, 826, 17. [Google Scholar] [CrossRef]

	



Guo, F.; Duan, X.; Yuan, Y.F. Reversing cooling flows with AGN jets: Shock waves, rarefaction waves and trailing outflows. Mon. Not. R. Astron. Soc. 2018, 473, 1332–1345. [Google Scholar] [CrossRef]

	



Zaninetti, L. Classical and relativistic conservation of momentum flux in radio-galaxies. Appl. Phys. Res. 2015, 7, 43–62. [Google Scholar] [CrossRef]

	



Zaninetti, L. Classical and Relativistic Flux of Energy Conservation in Astrophysical Jets. J. High Energy Phys. Gravit. Cosmol. 2016, 1, 41–56. [Google Scholar] [CrossRef]

	



Mizuta, A.; Yamada, S.; Takabe, H. Propagation and Dynamics of Relativistic Jets. Astrophys. J. 2004, 606, 804–818. [Google Scholar] [CrossRef][Green Version]

	



Sakemi, H.; Machida, M.; Akahori, T.; Nakanishi, H.; Akamatsu, H.; Kurahara, K.; Farnes, J. Magnetic field analysis of the bow and terminal shock of the SS 433 jet. Publ. Astron. Soc. Jpn. 2018, 70, 27. [Google Scholar] [CrossRef]

	



Asada, K.; Inoue, M.; Uchida, Y.; Kameno, S.; Fujisawa, K.; Iguchi, S.; Mutoh, M. A Helical Magnetic Field in the Jet of 3C 273. Publ. Astron. Soc. Jpn. 2002, 54, L39–L43. [Google Scholar] [CrossRef][Green Version]

	



Komissarov, S.S. Numerical simulations of relativistic magnetized jets. Mon. Not. R. Astron. Soc. 1999, 308, 1069–1076. [Google Scholar] [CrossRef][Green Version]

	



Koessl, D.; Mueller, E.; Hillebrandt, W. Numerical simulations of axially symmetric magnetized jets. I–The influence of equipartition magnetic fields. II–Apparent field structure and theoretical radio maps. III–Collimation of underexpanded jets by magnetic fields. Astron. Astrophys. 1990, 229, 378–415. [Google Scholar]

	



Lind, K.R.; Payne, D.G.; Meier, D.L.; Blandford, R.D. Numerical Simulations of Jets and Other Astrophysical Flows. Bull. Am. Astron. Soc. 1989, 21, 1158. [Google Scholar]

	



Moll, R.; Spruit, H.C.; Obergaulinger, M. Kink instabilities in jets from rotating magnetic fields. Astron. Astrophys. 2008, 492, 621–630. [Google Scholar] [CrossRef][Green Version]

	



Mizuno, Y.; Lyubarsky, Y.; Nishikawa, K.I.; Hardee, P.E. Three-dimensional Relativistic Magnetohydrodynamic Simulations of Current-driven Instability. III. Rotating Relativistic Jets. Astrophys. J. 2012, 757, 16. [Google Scholar] [CrossRef]

	



Jones, T.W.; Ryu, D.; Engel, A. Simulating Electron Transport and Synchrotron Emission in Radio Galaxies: Shock Acceleration and Synchrotron Aging in Axisymmetric Flows. Astrophys. J. 1999, 512, 105–124. [Google Scholar] [CrossRef][Green Version]

	



Aloy, M.A.; Müller, E.; Ibáñez, J.M.; Martí, J.M.; MacFadyen, A. Relativistic Jets from Collapsars. Astrophys. J. 2000, 531, L119–L122. [Google Scholar] [CrossRef]

	



Nakamura, M.; Tregillis, I.L.; Li, H.; Li, S. A Numerical Model of Hercules A by Magnetic Tower: Jet/Lobe Transition, Wiggling, and the Magnetic Field Distribution. Astrophys. J. 2008, 686, 843–850. [Google Scholar] [CrossRef][Green Version]

	



Takizawa, M. A Two-Temperature Model of the Intracluster Medium. Astrophys. J. 1998, 509, 579–586. [Google Scholar] [CrossRef]

	



Mahadevan, R.; Quataert, E. Are Particles in Advection-dominated Accretion Flows Thermal? Astrophys. J. 1997, 490, 605–618. [Google Scholar] [CrossRef]

	



Eardley, D.M.; Lightman, A.P.; Shapiro, S.L. Cygnus X-1 - A two-temperature accretion disk model which explains the observed hard X-ray spectrum. Astrophys. J. 1975, 199, L153–L155. [Google Scholar] [CrossRef]

	



Ressler, S.M.; Tchekhovskoy, A.; Quataert, E.; Chandra, M.; Gammie, C.F. Electron thermodynamics in GRMHD simulations of low-luminosity black hole accretion. Mon. Not. R. Astron. Soc. 2015, 454, 1848–1870. [Google Scholar] [CrossRef][Green Version]

	



Sa̧dowski, A.; Wielgus, M.; Narayan, R.; Abarca, D.; McKinney, J.C.; Chael, A. Radiative, two-temperature simulations of low-luminosity black hole accretion flows in general relativity. Mon. Not. R. Astron. Soc. 2017, 466, 705–725. [Google Scholar] [CrossRef]

	



Chael, A.; Rowan, M.; Narayan, R.; Johnson, M.; Sironi, L. The role of electron heating physics in images and variability of the Galactic Centre black hole Sagittarius A*. Mon. Not. R. Astron. Soc. 2018, 478, 5209–5229. [Google Scholar] [CrossRef]

	



Ryan, B.R.; Ressler, S.M.; Dolence, J.C.; Gammie, C.; Quataert, E. Two-temperature GRRMHD Simulations of M87. Astrophys. J. 2018, 864, 126. [Google Scholar] [CrossRef]

	



Oda, H.; Machida, M.; Nakamura, K.E.; Matsumoto, R. Thermal Equilibria of Optically Thin, Magnetically Supported, Two-temperature, Black Hole Accretion Disks. Astrophys. J. 2010, 712, 639–652. [Google Scholar] [CrossRef]

	



Stepney, S.; Guilbert, P.W. Numerical FITS to important rates in high temperature astrophysical plasmas. Mon. Not. R. Astron. Soc. 1983, 204, 1269–1277. [Google Scholar] [CrossRef]

	



Dermer, C.D.; Liang, E.P.; Canfield, E. Luminosity enhancement factor for thermal Comptonization and the electron energy balance. Astrophys. J. 1991, 369, 410–421. [Google Scholar] [CrossRef]

	



Matsumoto, Y.; Asahina, Y.; Kudoh, Y.; Kawashima, T.; Matsumoto, J.; Takahashi, H.R.; Minoshima, T.; Zenitani, S.; Miyoshi, T.; Matsumoto, R. Magnetohydrodynamic Simulation Code CANS+: Assessments and Applications. arXiv, 2016; arXiv:1611.01775. [Google Scholar]

	



Miyoshi, T.; Kusano, K. An MHD Simulation of the Magnetosphere Based on the HLLD Approximate Riemann Solver; AGU Fall Meeting Abstracts; American Geophysical Union: Washington, DC, USA, 2005. [Google Scholar]

	



Suresh, A.; Huynh, H.T. Accurate Monotonicity-Preserving Schemes with Runge Kutta Time Stepping. J. Comput. Phys. 1997, 136, 83–99. [Google Scholar] [CrossRef]

	



Dedner, A.; Kemm, F.; Kröner, D.; Munz, C.D.; Schnitzer, T.; Wesenberg, M. Hyperbolic Divergence Cleaning for the MHD Equations. J. Comput. Phys. 2002, 175, 645–673. [Google Scholar] [CrossRef][Green Version]

	



Kudoh, Y.; Hanawa, T. Approximate Riemann solvers for the cosmic ray magnetohydrodynamical equations. Mon. Not. R. Astron. Soc. 2016, 462, 4517–4531. [Google Scholar] [CrossRef][Green Version]

	



Matsumoto, Y.; Amano, T.; Kato, T.N.; Hoshino, M. Stochastic electron acceleration during spontaneous turbulent reconnection in a strong shock wave. Science 2015, 347, 974–978. [Google Scholar] [CrossRef] [PubMed]

	



Asahina, Y.; Ogawa, T.; Kawashima, T.; Furukawa, N.; Enokiya, R.; Yamamoto, H.; Fukui, Y.; Matsumoto, R. Magnetohydrodynamic Simulations of a Jet Drilling an H I Cloud: Shock Induced Formation of Molecular Clouds and Jet Breakup. Astrophys. J. 2014, 789, 79. [Google Scholar] [CrossRef]

	



Norman, M.L.; Winkler, K.H.A.; Smarr, L. Propagation and morphology of pressure-confined supersonic jets. In Astrophysical Jets; Ferrari, A., Pacholczyk, A.G., Eds.; Astrophysics and Space Science Library: Berlin, Germany, 1983; Volume 103, pp. 227–250. [Google Scholar]

	



Scheck, L.; Aloy, M.A.; Martí, J.M.; Gómez, J.L.; Müller, E. Does the plasma composition affect the long-term evolution of relativistic jets? Mon. Not. R. Astron. Soc. 2002, 331, 615–634. [Google Scholar] [CrossRef][Green Version]

	



Gallo, E.; Fender, R.; Kaiser, C.; Russell, D.; Morganti, R.; Oosterloo, T.; Heinz, S. A dark jet dominates the power output of the stellar black hole Cygnus X-1. Nature 2005, 436, 819–821. [Google Scholar] [CrossRef][Green Version]

	



Chael, A.; Narayan, R.; Johnson, M.D. Two-temperature, Magnetically Arrested Disc simulations of the jet from the supermassive black hole in M87. arXiv, 2018; arXiv:1810.01983. [Google Scholar]

	



Howes, G.G. A prescription for the turbulent heating of astrophysical plasmas. Mon. Not. R. Astron. Soc. 2010, 409, L104–L108. [Google Scholar] [CrossRef]

	



Rowan, M.E.; Sironi, L.; Narayan, R. Electron and Proton Heating in Transrelativistic Magnetic Reconnection. Astrophys. J. 2017, 850, 29. [Google Scholar] [CrossRef][Green Version]

	



Kawazura, Y.; Barnes, M.; Schekochihin, A.A. Thermal disequilibration of ions and electrons by collisionless plasma turbulence. arXiv, 2018; arXiv:1807.07702. [Google Scholar]

	



Guo, X.; Sironi, L.; Narayan, R. Electron Heating in Low-Mach-number Perpendicular Shocks. I. Heating Mechanism. Astrophys. J. 2017, 851, 134. [Google Scholar] [CrossRef][Green Version]

	



Guo, X.; Sironi, L.; Narayan, R. Electron Heating in Low Mach Number Perpendicular Shocks. II. Dependence on the Pre-shock Conditions. Astrophys. J. 2018, 858, 95. [Google Scholar] [CrossRef][Green Version]








[image: Galaxies 07 00014 g001 550]





Figure 1. Top to bottom: The gas density, the jet absolute velocity, the toroidal magnetic field normalized by the injection field bin, and plasma β for model TWC at t=70t0. 
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Figure 2. Time evolution of the bowshock and the terminal shock positions along the z-axis for model TWC. Analytic lines by Norman, Winkler and Smarr (dashed) and Zaninetti (solid) are also plotted. 
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Figure 3. (a): the distribution of the electron temperature (top) and ion temperature (bottom) for model TWC at t=70t0; (b): same as (a), but for model TWOC. 
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Figure 4. The electron temperature distributions with a log scale for model ST1 (top) and model ST10 (bottom) of model ST at t=70t0. 
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Figure 5. Distribution of Ti (red) and Te (blue) for model TWC, and the electron temperatures for model ST1 (black solid) and model ST10 (black dashed). (a): the temperature distribution along the jet axis; (b): the radial distribution of the temperature averaged in the hotspot (80r0<z<100r0). 
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Figure 6. (a) the radiation intensity map at t=40t0 for model TWC; (b) the radiation intensity maps of the jet and cocoon computed by setting ϵbrems=0 when Te<Te,amb at t=40t0 (top) and t=70t0 (bottom). The black contours show the contour of z-velocities of 0.38 c, 0.34 c, and 0.32 c. 
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Table 1. List of jet parameters.
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	Parameter
	Value





	τ
	10−3



	η (=ρjet/ρamb)
	0.1



	vjet
	0.38 c



	Mjet
	6



	Tjet,i,e
	1.5×1010 K



	Tamb,i,e
	1.5×109 K



	βjet (=2pjet/B2)
	10
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Table 2. Parameters of numerical models.
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	Model Name
	Approximation
	Coulomb Coupling
	γi
	γe
	Ti/Te
	Eqs.





	TWC
	Two-temperature
	Yes
	5/3
	4/3
	Self consistent
	(1)–(5)



	TWOC
	Two-temperature
	No
	5/3
	4/3
	Self consistent
	(1)–(5)



	ST1
	Single-temperature
	-
	5/3
	-
	1
	(1)–(4)



	ST10
	Single-temperature
	-
	5/3
	-
	10 *
	(1)–(4)







-: The gas temperature and the specific-heat ratio are approximated by the ion values in One-fluid models. *: The electron temperature of ST10 is calculated by postprocesing the ion temperature of ST1.
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