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X-ray morphology of pulsar wind nebulae: the effect of local medium
motion
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The effect of the relative motion of the pulsar wind nebula (PWN) and the local medium on the PWN X-ray morphology is
studied using relativistic MHD modelling. It is shown that even the slow (subsonic) motion may strongly affect the X-ray
appearance of PWNe and the integral flux of their emission. Accounting for the relative motion is also necessary to avoid
misinterpretation of the PWN structure.
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1. Introduction

Pulsar wind nebulae (PWNe) are natural laboratories for studying relativistic magnetized plasma. In particular, by compar-
ing the results of relativistic magnetohydrodynamic (RMHD) modeling with the PWNe observables – spectrum, dynamics,
morphology. The correct interpretation of X-ray morphologies is crucial for understanding plasma processes and patterns
in PWNe.

X-ray morphologies naturally fall into two groups depending on the Mach number of the PWNe motion relative to
their surroundings [1]. At M � 1, nebulae tend to acquire a jet-torus structure with an X-ray morphology determined by
the pulsar parameters – spin-down luminosity, initial pulsar wind magnetization σ0, magnetic axis tilt α, etc. At M ≫ 1,
nebulae drive a bow-shock ahead and acquire a cometary head-tail structure, in which jets and tori are usually crushed by
the ram pressure of an ambient matter stream.

Slow PWNe with M � 1 are usually modeled under assumption of stationary or radially expanding surroundings.
But in fact, moving PWNe in their rest frame usually see the oncoming free stream of surrounding matter. We argue that
the influence of such a stream must be taken into account in order to correctly determine the type of PWN (single- or
double-torus) and to achieve better correspondence of the simulated and actual X-ray morphology of PWNe.

2. Results

2.1. Subsonic motion and PWN morphology

The effect of the free stream on the X-ray morphology is illustrated in figure 1, in panels (1) and (3). Shown are X-ray
maps of the same PWN model, of the same age, viewed at the same aspect, and interacting with the same stream; only
the directions of this stream are opposite, as shown by arrows. This stream is initiated in the entire computation domain
before the PWN begins to evolve. (The RMHD model is built with the PLUTO code [2], with the setup as in [3]).

Clearly, the X-ray appearance of the PWN in panels (1) and (3) is drastically different; see [3] for detail. Depending on
whether the PWN is facing us upwind or leeward, it can exhibit either a Crab-like or Vela-like morphology (these PWNe
are shown in panels (2) and (4)). In the former case, the prominent X-ray features are: steady torus and inner ring of nearly
uniform brightness, transient wisps, and bright SE jet with “sprite” at its base. In the latter case, PWN exhibits two steady
bright arcs, bright NW jet and feeble SE counter-jet. Interestingly, that in both cases, only stream-facing (windward) jets
appear bright, while counter-jets are faint and embedded in a diffuse structure.

Thus, taking into account the ram pressure of the ambient matter stream is important for avoiding misinterpretation
(as single- or a double-torus objects) of those PWNe that are not resolved that well as the Crab and Vela nebulae.

Figure 1: Panels (1), (3): synthetic maps of synchrotron X-ray radiation of the same PWN model (α = 45◦,σ0 =
0.03) of age t = 14 yr, which meets a subsonic flow of the surrounding matter having the same Mach number
(M = 0.7) but opposite direction (shown by red arrows). The PWN model is viewed at the same aspect as the
Crab [4] and Vela PWNe, whose X-ray images are shown in panels (2) and (4), respectively (θview = 120◦; the
position angle is 310◦, north through east).
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2.2. The effect of the motion on the integral flux

The visible difference between the synthetic maps of the Crab-like and Vela-like models shown in Figure 1 translates into
the difference of their integral X-ray fluxes by about (10-15)% (Figure 2). The flux is higher when the nebula is viewed
from the leeward side (the Vela-like case). Both model PWNe exhibit variations of the integral fluxes of ∼ 5% on a year
time-scale, due to reverberations of the torus. Thus, taking the motion into account can also be important for studying the
variability of high-energy emission from PWNe. In particular, the observed variability of the Crab nebula, which may be
related to the fluctuations of the magnetic field in the PWN (e.g., [5], [6]).

Figure 2: The evolution of integral fluxes of
the Crab-like (blue curve) and Vela-like (red
curve) model PWNe from Figure 1 between
t = 12 and t = 17 yr. The fluxes are ex-
pressed through X-ray efficiencies (see, e.g.,
[1]), assuming the distance and the spin-down
luminosity of the Crab pulsar (d ≃ 2 kpc and
Ė = 5 · 1038 erg s−1).

2.3. Double-torus PWN: stationary versus transonic models

Accounting for the relative motion of the X-ray PWN and the surrounding matter also facilitates the interpretation of the
PWN morphology. Let us take the model of the double-torus Vela PWN, which is believed to interact with a transonic
stream of M∼1.3 induced by the reverse shock of the supernova [7]. This model (α = 80◦,σ0 = 0.03) is inflated either (1)
into an stationary medium (“stationary model”), or (2) into an oncoming transonic stream of M = 1.3 (“transonic model”).
In the latter case, the stream is co-aligned with the PWN axis; see [8] for detail. In Figure 3, synthetic X-ray maps for the
cases (1) and (2) are compared to the Chandra X-ray map of the Vela PWN.

It is apparent that the transonic model provides a better match with the morphology of a real nebula. First, the arcs
(Doppler-brightened parts of the tori) are of similar brightness, while in the stationary model the SE torus is much brighter
overall. Second, the NW (windward) torus appears larger than the SE (leeward) one. In Vela, its NW arc has a larger extent
than the SE arc. Third, the far side of the SE torus does not appear that bright as in the stationary model. In Vela, none
of the tori has a bright far side. Fourth, between the bright arcs begins to show the windward jet of the nebula (see [9] for
detail).

Figure 3: Left to right: (1),(2) – synthetic maps of synchrotron X-ray radiation of the double-torus PWN model
(α = 80◦,σ0 = 0.03) for a a “stationary” and “transonic” (M ∼ 1.3) cases; (3) – the Chandra X-ray map of the
Vela PWN. The viewing and position angles are θview = 120◦ and Ψ = 310◦ (E of N) as in the maps in Figure 1.
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