arXiv:astro-ph/0103396 v2 8 May 2001

A NEW MODEL FOR THE THERMAL X-RAY COMPOSITES AND THE PROTON ORIGIN γ-RAYS FROM SUPERNOVA REMNANTS

O. PETRUK Institute for Applied Problems in Mechanics and Mathematics 3-b Naukova St., 79053 Lviv, Ukraine

Abstract Recent nonthermal X-ray and γ-ray observations, attributed to electron emission processes, for the first time give an experimental confirmation that electrons are accelerated on SNR shocks up to the energy ¸ 10^{14} eV. We have no direct observational confirmations about proton acceleration by SNR. Different models of γ-emission from SNRs predict different emission mechanisms as dominating. Only π^o decays created in proton-nucleon interactions allow us to look inside the CR nuclear component acceleration processes. A new model for the thermal X-ray composites strongly suggest that thermal X-ray peak inside the radio shell of SNR tells us about entering of one part of SNR shock into a denser medium compared with other parts of the shell. This makes a TXCs promising sites for γ-ray generation via π^o decays. Detailed consideration of SNR-cloud interaction allows to increase an expected proton induced γ-ray flux from SNR at least on an order of magnitude, that allows to adjust the theoretical π^o decay γ-luminosities with observed fluxes at least for a few SNRs even for low density (no ¸ 10^1 � 10^2 cm�^3) cloud.

1 Introduction

Since SNRs possess high enough energy, their shocks are belived to be a major contributor of both electron and nuclear components of Galactic CRs up to energies 10^{15} eV [5]. SNRs emit in all wavelengths. Their radio emission gives clear evidence about relativistic electrons accelerated on the shock front. Observed nonthermal X-ray emission from several SNRs (SN 1006 [16], Cas A [3], Tycho [4], G347.3-0.5 [17], IC443 [15], G266.2-1.2 [29]) is thought to be also synchrotron, from the shock accelereted electrons with a much higher energy (∼ 10^{13} eV). Observed synchrotron X-ray [16] and TeV γ-ray [33] emission from SN 1006 as well as from G347.3-0.5 [28, 19], by attributing the emission to the synchrotron radiation, gives firm confirmations that electrons are accelerated on the SNR shocks up to energies ∼ 10^{14} eV. The theory of acceleration of CRs on the shock front via the first order Fermi mechanism [5] predicts that the number of electrons N_e involved in the acceleration process is much smaller than the number of protons N_p: N_e(ε)/N_p(ε) = (m_e/m_p)^{(α−1)/2} ≃ 10^{−2} (α is the spectral index of accelerated particles, ε is the energy of particles). Thus, if there are electrons accelereted to such high energies, we should expect that protons with the same high energy have to reveal themselves in observations, too. We have to look for the objects which might emit γ-rays mainly via neutral pion decays.

2 Observations of the fl-rays from SNRs

The visibility of SNRs in Gev and TeV γ-rays was treated in [8, 1]. The main conclusion from the theory is: if SNRs are mainly responsible for the galactic CRs, it may be difficult to observe SNRs by EGRET, but should be possible to detect compact (with angular size ∼ 0.25^′) remnants from a distance less than several kpc in TeV band, with Cherenkov telescopes. Unfortunately, as first results on TeV γ-observations [12] as well as most of the next (G78.2+2.1, W28, IC 443, γ-Cygni, W44, W63, Tycho; see short reveiw in [25]) have given a negative result. Till now TeV γ-rays were observed from only two SNRs.

SN 1006 is the first shell-like SNR detected as a TeV source [33]. Whereas authors in [33] attributed this emission to synchrotron, the emission is tried to be explained by other mechanisms, too. Recent discussion on the origin of TeV γ-rays form SN 1006 [2] shows that a proton origin of γ-rays is possible if distance to the remnant is about 1 kpc and there is a significant compression of gas. Nevertheless other emission mechanisms may not be excluded (see, e. g. [21]). The observations of G347.3-0.5 reported recently [19] also reveal a TeV γ-flux. Authors attributed this emission to inverse Compton scattering of CMBR by shock accelerated electrons and estimate π^o induced contribution as too low, but did not exclude it because of possibility of interactions with a cloud [28].

The first [9], second [34] and the third [11] EGRET catalogue of the highenergy γ-ray sources among the general categories (solar flare, pulsars, γ-ray bursts, radio galaxy, active galactic nuclei and blazars), include lists of sources for which no identification with objects at other wavelengths is yet surely found. The analysis of possible associations of the SNR positions with error circles of the unidentified γ-sources was first performed in [31]. Analysis of unidentified sources from the third EGRET catalog [23] shows 22 such possible assosiations with probability of being of chance less than 10^{−5}. Some other unidentified EGRET sources might be related to yet undetected SNR [7]. Of course, a part of these remnants have or may have their compact stellar remnants [6], pulsars, which can be responsible for the γ-ray emission. There are 225 known SNRs in our Galaxy [10]. The short history of studies on association of EGRET sources with SNRs may be found in [23].

Up to now, there is no clear observational confirmation that nuclear component of CRs is generated by SNRs. There is only one observation reported as confirmation of this thought [7]. The nature of γ-emission in all observations is very questionable.

There are several emission processes in competition in analysis of observed SNR γ-ray spectra. It depends on the conditions in emission site and on the way to the observer which one will dominate. It is well known that we should have a high number density of target nuclei in order to make the π^o decay mechanism dominate in a model. Therefore, γ-rays from proton-proton collisions are expected from the SNRs which are located near the dense interstellar material and reveal evidence about interaction with it.

3 Thermal X-ray composites. A new model in 3 dimensions

To look for signatures of proton acceleration in SNR, it is interesting to consider a mixed-morphology class of SNRs which is known also as thermal X-ray composites (TXCs). These are remnants with a thermal X-ray centrally filled morphology within the radio-brightened limb. Such remnants were first reviewed in [26]. The authors of [22] argued that they create a separate morphological class of SNR. It is interesting that most of these SNRs reveal observational evidence about the interaction with nearby molecular clouds. There are 7 remnants in the analysis of assosiation of the 2EG sources with SNRs [32]. Four of them (W28, W44, MSH 11-61A, IC443) belong to the class mentioned and interact with clouds.

The authors of [22] have emphasized two prominent morphological distinctions of TXCs: a) the X-ray emission is thermal; the distribution of X-ray surface brightness is centrally peaked and fills the area within the radio shell, b) the emission arises primarily from the swept-up ISM material, not from ejecta. Besides similar morphology, the sample of SNRs also has similar physical properties [22, 20]. Namely, i) the same or higher central density compared to the edge, ii) complex interior optical nebulosity, iii) higher emission measure in the region of X-ray peak localisation, v) temperature profiles are close to uniform. Seven objects from the list of 11 TXCs interact with molecular clouds [22]. Thus, ambient media in the regions of their location are nonuniform and cause a nonsphericity of SNRs.

Two physical models have been presented to explain TXC (see review in [22, 20]). These models are used to obtain the centrally filled X-ray morphology within the framework of one-dimensional (1-D) hydrodynamic approaches. When we proceed to 2-D or 3-D hydrodynamical models, we note that a simple projection effect may cause the shell-like SNR to fall into another morphology class, namely, to become TXC [14]. The main feature of such a SNR is the thermal X-rays emitted from the swept-up gas and peaked in the internal part of the projection. Densities over the surface of a nonspherical SNR may essentially differ in various regions. If the ambient density distribution provides a high density in one of the regions across the SNR shell and is high enough to exceed the internal column density near the edge of the projection, we will see a centrally filled X-ray projection. Thus, this new model strongly suggests that the thermal X-ray peak inside the radio shell tells us that one part of SNR shock has entered into a denser medium compared with other parts. This makes TXCs promising sites for γ-ray generation via π^o decays.

4 SNR fl-rays from decay of neutral ß-mesons

Whereas astrophysical realisations of several emission mechanisms allow us to make conclusions about acceleration of CR electron component on the shock fronts of SNRs, only π^o decay γ-rays [5] give us the possibility to look at the proton component acceleration processes having data in ε_γ ≥ 100 MeV.

4.1 Estimations on the ß^o decay fl-ray luminosity

Luminosity of an SNR in π^o decay γ-rays in ε ≥ ε_{min} /6 band is [31, 13]:

L_γ = cσ_{pp} 6 n_N W_{cr}. (1)

where ε_{min} ≈ 600 MeV is the minimal proton kinetic energy of the effective pion creation, cross section σ_{pp}(ε) is close to the mean value σ_{pp} = 3 · 10^{−26} cm^2, n_N is the mean number density of target nuclei and W_{cr} is the total energy of cosmic rays in the SNR with ε ≥ ε_{min}. There are different estimations of the efficiency ν of the flow’s kinetic energy transformation into the energy of accelerated particles: W_{cr} = νE_o. We take acceptable value ν = 0.03. Thus, in the first approach, the theoretical estimation on the π^o decay γ-luminosity of any SNR is L^{≥100}_γ = 6.3 · 10^{33}n_oν_3E_{51} erg/s,

where ν_3 = ν/0.03, E_{51} is the energy of supernova explosion E_o in the units of 10^{51} erg, n_o = n^o_N /1.4 is the average hydrogen number density within SNR which equals to average hydrogen number density of the ambient medium in the region of an SNR location, in cm^{−3}.

The real situation is more complicated. Often only a part of SNR interacts with a denser ISM material. There are factors which increase CR energy density ω_{cr} [13]: 1) The CRs are not uniformly distributed inside an SNR; most of CRs are expected to be in a thin shell near the shock front where most of swept-up mass is concentrated. 2) The reverse shock from interaction with dense cloud also increases the energy density of CRs. These factors enhance ω_{cr} in the region of interaction [13]:

ω_{cr} ≈ 1.7 ( γ γ − 1 )_{3/2} ω_{cr} , (2)

where CR energy density in the region of interaction is ω_{cr} = W_{cr}/V_{int} and ω_{cr} = W_{cr}/V_{snr}. This gives ω_{cr} ≈ 6.6 ω_{cr} for γ = 5/3.

If we put W_{cr} = ω_{cr}V_{int} into (1), we obtain with (2) that for any SNR

L^{≥100}_γ = 1.7 · 10^{35}ηn_oν_3E_{51} erg/s (3)

where η = V_{int}/V_{snr}, n_o is the number density of the ambient medium before the shock wave in the region of interaction, γ = 5/3. We have to take into account that region of interaction is not extended to the region before the shock, since the energy density of CR should be considerably lower outside the SNR [5, 13]. It is easy to estimate η following the consideration in [13]:

η = 0.18μ^2 √ ξ, μ ≤ 0.2, (4) where ξ = n_o/n_o, μ = R_{int}/R , R_{int} is the avarage radius of the surface of interaction, R is the avarage radius of SNR.

Thus, considering the hydrodynamic process of SNR-cloud interaction in details, it is possible to increase the expected π^o decay γ-ray flux by 26ηξ ≃ 0.2ξ^{3/2} times, i. e., up to few orders of magnitude. This is enough e.g. for explanation of TeV γ-rays from SN1006 as a result of decays of neutral pions [33]. Additional factor increasing the effectivity of π^o meson production is instability of contact discontinuity between the SNR and the cloud material which mixes the media with high energy particles and target nuclei [13]. This factor should also be considered in future.

4.2 Nucleonic origin fl-rays from MSH 11-61A

SNR G290.1-0.8 (MSH 11-61A) is located in the southern hemisphere. The distance to the remnant, 7 kpc, is obtained from the optical observations [24], but not yet confirmed by X-ray observations [30]. X-ray and radio morphologies [27, 35] make the SNR a member of TXC class. In the direction to MSH 11-61A lies the γ-ray source 2EG 1103-6106 (3EG J1102-6103) [32, 23]. Is it possible to consider observed flux of the EGRET source directed toward the MSH 11-61A as π^o decay γ-ray emission?

The γ-flux from the source 2EG 1103-6106 in the EGRET band ε_γ = 30 ÷ 2 · 10^4 MeV is approximated as [18]

S_γ = (1.1 ± 0.2) · 10^{−9} ( ε_γ 213 MeV

)_{−2.3±0.2} photon

cm^2 · s · MeV . Thus, the luminosity of the source in ε_γ ≥ 100 MeV band is respectively

L^{≥100}_{γ,obs} = 4 · 10^{34} d^2_{kpc} erg/s.

Most recent study on MSH 11-61A [30] gives the parameters of the object presented in Table 1 (different for different distance assumed). There are also values of ξ in the table which allow to adjust the expected luminosity of MSH 11- 61A in π^o decay γ-rays with observed flux from the source 2EG 1103-6106. We see that moderate number density ∼ 150 cm^{−3} of cloud located near the one region of the remnant is enough to explain the luminocity of 2EG 1103-6106,

Table 1: Parameters of MSH 11-61A [30], luminosity L^{≥100}_{γ,obs} of 2EG 1103-6106 and estimations on the proton origin γ-luminosity of the SNR. Presented values of ξ allow us to satisfy condition L_{γ,obs} = L_γ .

d, Age t, R, E_{51}, n_o, L^{≥100}_{γ,obs}, L^{≥100}_γ /ξ^{3/2}, ξ, kpc 10^4 yrs pc 10^{51} erg cm^{−3} 10^{36} erg/s 10^{32} erg/s 10^2

10 1.3 18 1 0.27 4 3.2 5 7 0.9 13 0.4 0.27 2 1.3 6

by protons accelereted on the shock front of MSH 11-61A. Note, if we take ν ≃ 0.1 − 0.2 [1] instead of the value used here, ν = 0.03, the density of cloud needs to be only ∼ 20 ÷ 40 cm^{−3}. It is interesting that the same consideration allows also to adjust the π^o decay γ-luminosity of the source 2EG J0618+2234 (3EG J0617+2238) directed toward IC 443 with the luminosity of this SNR [13].

5 Conclusions

We may expect that nucleonic component of CRs accelerated on SNR shocks have to reveal itself in observations. Which SNRs might emit γ-rays mainly via neutral pion decays? Presented model for TXCs makes the members of this class very promising candidates for the π^o decay γ-ray sources since a central thermal X-ray peaked brightness might be evidence for density gradient and high density in one of the regions before SNR shock. CR distribution inside SNR is not uniform; most of CR should be confined in a relatively thin SNR shell. CRs are accelerated not only by the forward shock, but also by the reverse one. Consideration of these factors causes an enhancemnent of the π^o decay γ-ray flux of at least on an order of magnitude. This allows us to adjust the theoretical flux with observed one in at least few cases. So, we have enigmatic situation. There are the class of prospective sources. Theory can fit the π^o decay γ-ray fluxes. Why we do not have many direct observations of such γ-rays in order to confirm theoretical predictions about CR generation by SNRs? The question remains open.

Acknowledgements. This work was partially supported by INTAS through grant 99-1065. Author is thankful to the organizers for support which allows him to participate in the Course.

References

[1] Aharonian, F., Drury, L., Voelk, H. (1994) GeV/TeV gamma-ray emission from dense molecular clouds overtaken by supernova shells, A&A 285, 645.

[2] Aharonian, F., Atoyan, A. (1999) On the origin of TeV radiation of SN 1006, A&A 351, 330.

[3] Allen, G., Keohane, J. et al. (1997) Evidence of X-Ray Synchrotron Emission from Electrons Accelerated to 40 TeV in the Supernova Remnant Cassiopeia A, ApJ 487, L97.

[4] Ammosov, et al. (1994) Synchrotron emission from type I supernova remnants, Ast. Let. 20, 157 [5] Berezinskii V., Bulanov S., Dogiel V. et al. (1990) Astrophysics of cosmic rays, North Holland, Amsterdam.

Gaisser T. K. (1990) Cosmic rays and particle physics, Cambridge University Press, Cambridge.

[6] Chevalier R.A. (1996) Compact Objects in Supernova Remnants // Supernovae and Supernova Remnants (Proceedings IAU Coloquium 145, May, 24-29, 1993), Cambridge University Press, Cambridge, pp.399-406.

Jones, T., Jun, B., Borkowski, K., et al. (1998) 10^{51} Ergs: The Evolution of Shell Supernova Remnants, PASP 110, 125-151.

[7] Combi, J., Romero, G., Benaglia, P. (1998) The gamma-ray source 2EGS J1703- 6302: a new supernova remnant in interaction with an HI cloud? A&A 333, L91.

[8] Drury, L., Aharonian, F., Voelk, H. (1994) The gamma-ray visibility of supernova remnants. A test of cosmic ray origin, A&A 287, 959.

[9] Fichtel, C., Bertsch, D. et al. (1994) The first energetic gamma-ray experiment telescope (EGRET) source catalog, ApJ Suppl. 94, 551.

[10] Green D.A. (2000) ‘A Catalogue of Galactic Supernova Remnants (2000 August version)’, Mullard Radio Astronomy Observatory, Cavendish Laboratory, Cambridge, United Kingdom (available on the World-Wide-Web at

http://www.mrao.cam.ac.uk/surveys/snrs/)

[11] Hartman, R., Bertsch, D. et al. (1999) The Third EGRET Catalog of High-Energy Gamma-Ray Sources, ApJ Suppl. 123, 79.

[12] Hillas (1995) Proc. 24th ICRC, Inv., par. and highl. papers, p.701. [13] Hnatyk, B., & Petruk, O. (1998) Supernova Remnants as Cosmic Ray Accelerators, Condensed Matter Physics 1, 655 [available also as preprint astro-ph/9902158].

[14] Hnatyk B., Petruk O. (1999) Evolution of supernova remnants in the interstellar medium with a large-scale density gradient. I. General properties of the morphological evolution and X-ray emission, A&A 344, 295.

[15] Keohane, J., Petre, R. et al. (1997) A Possible Site of Cosmic Ray Acceleration in the Supernova Remnant IC 443, ApJ 484, 350.

[16] Koyama, K., Petre, R. et al. (1995) Evidence for Shock Acceleration of High- Energy Electrons in the Supernova Remnant SN:1006, Nature 378, 255. Willingale, R., West, R. et al. (1996) ROSAT PSPC observations of the remnant of SN 1006, MNRAS 278, 749.

[17] Koyama, K., Kinugasa, K. et al. (1997) Discovery of Non-Thermal X-Rays from the Northwest Shell of the New SNR RX J1713.7-3946: The Second SN 1006? PASJ 49, L7.

[18] Merck M., Bertsch D. L., et al. (1996) Study of the spectral characteristics of unidentified galactic EGRET sources. Are they pulsar-like? A&A Suppl. 120, 465.

[19] Muraishi, H., Tanimori, T. et al. (2000) Evidence for TeV gamma-ray emission from the shell type SNR RX J1713.7-3946, A&A 354, L57.

[20] Petruk, O. (2001) Thermal X-ray Composits as an Effect of Projection, A&A accepted [astro-ph/0006161] [21] Reynolds, S. (1996) Synchrotron Models for X-Rays from the Supernova Remnant SN 1006, ApJ 459, L13.

[22] Rho J., Petre R. (1998) Mixed-Morphology Supernova Remnants, ApJ 503, L167.

[23] Romero, G., Benaglia, P., Torres, D. (1999) Unidentified 3EG gamma-ray sources at low galactic latitudes, A&A 348, 868.

[24] Rosado, M., Ambrocio-Cruz, P. et al. (1996) Kinematics of the galactic supernova remnants RCW 86, MSH 15-56 and MSH 11-61A, A&A 315, 243.

[25] Rowell, G., Naito, T. et al. (2000) Observations of the supernova remnant W28 at TeV energies, A&A 359, 337.

[26] Seward, F. D. (1985) Comments Astrophys. XI 1, 15.

[27] Seward F. (1990) Einstein Observations of Galactic supernova remnants, ApJ Suppl. 73, 781.

[28] Slane, P., Gaensler, B. et al. (1999) Nonthermal X-Ray Emission from the Shell- Type Supernova Remnant G347.3-0.5, ApJ 525, 357.

[29] Slane, P., Huges, J. et al. (2001) RXJ 0852.0-0462: Another Nonthermal Shell- Type SNR (G266.2-1.2), ApJ 548, 814.

[30] Slane, P. et. al., in preparation [31] Sturner S., Dermer, C. (1995) Association of unidentified, low latitude EGRET sources with supernova remnants, A&A 293, L17.

[32] Sturner S. J., Dermer C. D., Mattox J. R. (1996) Are supernova remnants sources of > 100 MeV γ-rays? A&A Suppl. 120, 445.

[33] Tanimori, T., Hayami, Y. et al. (1998) Discovery of TeV Gamma Rays from SN 1006: Further Evidence for the Supernova Remnant Origin of Cosmic Rays, ApJ 497, L25.

[34] Thompson, D. J., Bertsch, D. et al. (1995) The Second EGRET Catalog of High- Energy Gamma-Ray Sources, ApJ Suppl. 101, 259.

Thompson, D. J., Bertsch, D. et al. (1996) Supplement to the Second EGRET Catalog of High-Energy Gamma-Ray Sources, ApJ Suppl. 107, 227.

Kanbach, G., Bertsch, D. et al. (1996) Characteristics of galactic gamma-ray sources in the second EGRET catalog, A&A Suppl. 120, 461.

[35] Whiteoak J.B., Green A. (1996) The MOST supernova remnant catalogue (MSC), A&A Suppl. 118, 329.