RevMexAA (Serie de Conferencias), 27, 228–229 (2007)

RELATIVISTIC JETS WITH TIME-DEPENDENT INJECTION VELOCITIES

J. C. Hidalgo^1 and S. Mendoza^2

RESUMEN

Presentamos un modelo balístico de la propagación de una superficie de trabajo asociada a un jet relativista. Utilizando leyes de conservación simples de masa y momento lineal en la superficie de trabajo, obtenemos una descripción total del flujo del jet parametrizado por la velocidad inicial y la inyección de masa.

ABSTRACT

We present a ballistic description of the propagation of the working surface of a relativistic jet. Using simple laws of conservation of mass and linear momentum at the working surface, we obtain a full description of the jet flow parametrised by the initial velocity and mass injection.

Key Words: GALAXIES: JETS — GAMMA RAYS: BURSTS — HYDRODYNAMICS — ISM: JETS AND OUTFLOWS — QUASARS: GENERAL

1. INTRODUCTION

The apparent superluminal knots observed along the relativistic jets of quasars and microquasars are usually interpreted as shock waves moving through the jet. It is not perfectly understood what is the mechanism that can generate internal working surfaces that move along an astrophysical jet, but it is generally accepted that the formation of these shocks is produced by a variation on the ejection flow velocity of the jet material (see for example Raga et al. 1990, and references within).

In this work we present a full relativistic generalisation of the non–relativistic one dimensional dynamical description of internal working surfaces made by Cantó et al. (2000) that can easily be applied to the most energetic jets associated with quasars, microquasars and GRB’s.

2. DYNAMICS OF RELATIVISTIC WORKING SURFACES

To follow the evolution of the working surfaces, we consider a source ejecting material in a preferred direction x with a velocity u(τ) and a mass ejection rate ṁ(τ), both dependent on time τ.

Once the material is ejected from the source, we assume it will flow in a free-stream fashion (see e.g. Raga et al. 1990). The formation of a working surface is studied as the intersection of two distinct parcels of material ejected at times τ_1 = 0 and τ_2 = Δt labelled by their flow velocities u_1 = u(τ_1)

1Astronomy Unit, School of Mathematical Sciences, Queen Mary, University of London, United Kingdom.

2Instituto de Astronomía, Universidad Nacional Autónoma de México, D.F., México.

Fig. 1. When a fast velocity flow 2 moves over a slow velocity flow 1, a working surface moving with velocity vws is generated as a result of the interaction.

and u_2 = u(τ_2) = u_1 + α Δt respectively (see Figure 1). If α > 0, the second parcel will eventually reach the first parcel. At the time τ_2, the distance between the parcels is u_0Δt and thus the time t_m (measured in the reference frame of the source) when both parcels merge is given by

t_m = 1 α u_1γ^2 (u_1) { 1 − u^2_1 c^2 − αu_1Δt c^2 } , = u_1 α { 1 − γ^2αu_1Δt c^2 } , (1)

where γ^{−2}(u) := 1 − u^2/c^2 represents the Lorentz factor of the flow with velocity u. The working surface is formed at a distance d_f = u_1(t_m + Δt) from the source. 228

HYDRODYNAMICAL SCALING LAWS 229

Following the non–relativistic formalism first proposed by Cantó et al. (2000), we assume that the working surface is thin and that there are no mass losses within it (e.g. by sideways ejection of material (see Falle & Raga 1993, 1995)). Using the freestreaming condition, we can then calculate the position x_{ws} of the working surface from the downstream flow x_{ws} = u_1(t − τ_1), (2)

or from the upstream flow

x_{ws} = u_2(t − τ_2). (3)

On the other hand, since the flow is free– streaming, the velocity of the working surface is given by the velocity v_{ws} of it’s centre of mass, which is determined by (Landau and Lifshitz 1994)

v_{ws} = 1 M_γ ∫_{τ2} τ_1 γ (u(t)) ṁ(t)u(t)dt, (4) where the weighted mass M_γ ejected between times τ_1 and τ_2 is

M_γ = ∫_{τ2} τ_1 γ (u(t)) ṁ(t)dt. (5) With this velocity, the position of the working surface is given by xws = (t − τ2)vws + 1 Mγ ∫_{τ2} τ1 γ (u(t)) ṁ(t) u(t) (t − τ2) dt. (6) For a given value of position x_{ws}, expressions (2), (3) and (6) establish a relation between the times τ_1 and τ_2. The other is used to eliminate t. Taking τ_2 as a parameter, we can construct the position and velocity of the working surface as a function of τ_2 and calculate relevant quantities such as the energy available on the working surface.

To calculate the amount of energy radiated as the working surface moves, we take into account the energy E_0 the material had when it was ejected, i.e.

E_0 = ∫_{τ2} τ_1

ṁ(τ) γ (u(τ)) c^2dτ, (7)

and the energy E_{ws} of the material inside the working

J. C. Hidalgo: Astronomy Unit, School of Mathematical Sciences, Queen Mary, University of London, Mile End Road, London E1 4NS, United Kingdom (c.hidalgo@qmul.ac.uk).

S. Mendoza: Instituto de Astronomía, Universidad Nacional Autónoma de México, Apdo. Postal 70-264, Distrito Federal 04510, México.

surface, which is given by

E_{ws} = mγ_{ws}c^2, (8)

where the Lorentz factor γ_{ws} of the working surface material is given by γ^{−2}_{ws} = 1 − v^2_{ws}/c^2.

If we assume now that the energy loss along the jet, E_r = E_0 −E_{ws}, is completely radiated away, then the luminosity L = dE_r/dt of the working surface given by L = ṁ(τ_2)c^2 dt/dτ_2 { γ_{ws} + m M_γ γ^3_{ws}γ_2 c^2 ( v_{ws} u(τ_2) − v^2_{ws} ) − γ_2 } − − ṁ(τ_1)c^2 dt/dτ_2 dτ_1 dτ_2 { γ_{ws} + m M_γ γ^3_{ws} γ_1 c^2 ( v_{ws}u(τ_1) − v^2_{ws} ) − γ_1 } , (9) where the Lorentz factors γ^{−2}_{1,2} := 1 − v^2(τ_{1,2})/c^2 and we keep τ_2 as a free parameter in this expression.

3. CONCLUSION

We have shown how a full relativistic solution can be constructed to the problem of a ballistic working surface travelling along an astrophysical jet. Our main goal is to find analytic and numerical solutions to equation (9) so that we can compare with actual observations of high–energy jets. This will be published elsewhere soon.

We would like to thank Jorge Cantó and Alex Raga for discussions about their non-relativistic work. We also appreciate the comments made by William H. Lee, Xavier Hernandez and Enrico Ramirez-Ruiz about the possible relativistic solutions to the problem. JCH acknowledges financial support granted by CONACyT (179026). SM gratefully acknowledges support from DGAPA (IN119203-3) at Universidad Nacional Autónoma de México (UNAM).

REFERENCES Cantó, J., Raga, A. C., & D’Alessio, P. 2000, MNRAS, 313, 656 Falle, S. A. E. G., & Raga, A. C. 1993, MNRAS, 261, 573 . 1995, MNRAS, 272, 785 Landau, L. D., & Lifshitz, E. M. 1994, Course on Theoretical Physics Vol. 2, The Classical Theory of Fields, (4th ed.; Oxford: Pergamon Press) Raga, A. C., Binette, L., Canto, J., & Calvet, N. 1990, ApJ, 364, 601