DEEP XMM-NEWTON OBSERVATIONS OF THE X-RAY EMISSION FROM PSR B1706-44

K.E. McGowan^a J.A. Kennea^b F.A. Córdova^c C. Ho^a T. Sasseen^b W.T. Vestrand^a

aLos Alamos National Laboratory, MS 436, Los Alamos, NM 87544, USA

bUniversity of California, Santa Barbara, CA 93106, USA

cUniversity of California, Riverside, CA 92521, USA

PSR B1706-44 is a young, energetic pulsar which emits pulsed X-ray and gamma-ray emission at the 102 ms radio period. We present the first results from analysis of a 90 ks observation of PSR B1706-44 taken with XMM- Newton. The pulse profile is broad and single-peaked, with a pulse fraction of 22 ± 4 %. We find that the spectra can be well-described by a blackbody plus power law model with NH = 5.5 × 10^{21} cm^{−2}, kT = 0.157^{+0.007}_{−0.008} keV and Γ = 1.77^{+0.11}_{−0.10} . The emitting radius determined from the model fit is 1.2±0.1 km which indicates that the emission is from a hot spot, and not the whole neutron star.

1. Introduction

PSR B1706-44 is a 102 ms radio pulsar [1] which is known to display glitches [2]. Pulsed emission is seen at the radio period in gammarays [3,4] and in X-rays [5]. PSR B1706-44 is one of several sources with spin down ages 10^4–10^5 yrs which are referred to as Vela-like pulsars, due to their apparent similar emission properties. The pulse profile for PSR B1706-44 is broad and single peaked in both the gamma-ray and X-ray energy bands. We note that the light curve of Vela in the gamma-ray range shows two peaks [6], and at least three in the X-rays [7,8]. Particular characteristics of the Vela-like pulsars are that the pulse profiles at different energies are shifted in phase with respect to each other, and the high energy spectra differ from the non-thermal spectra of the Crab-like pulsars.

The spectrum of PSR B1706-44 from Chandra was found to be well-fit with a two component model, with a blackbody temperature of T = 1.66 × 10^6 K and a power law index of Γ = 2.0 [5]. A blackbody radius of R = 3.6±0.9 km determined from the model parameters led Gotthelf et al. (2002) to suggest that the emission was from a hot spot, or that an atmospheric model was required to decrease the temperature and therefore increase the radius.

Archival Chandra data was also used to show that PSR B1706-44 has an X-ray pulsar wind nebula [9]. These data were combined with radio observations to argue that the pulsar is associated with the supernova remnant G343.1-2.3 [9]. Further evidence of which was presented by Bock & Gvaramadze (2002).

In this paper we report on XMM-Newton observations of PSR B1706-44. Results from the timing and spectral analyses are presented in the following sections.

2. Observations

PSR B1706-44 was observed by XMM-Newton for ∼ 40 ks on 2002 March 12, and ∼ 46 ks on 2002 March 13, as a part of the Guaranteed Time program. The following analysis utilises data from the EPIC PN and MOS detectors. The PN was operated in small window mode to minimize the effects of pile-up. MOS1 was operated in full window (imaging) mode, while MOS2 was operated in timing mode to obtain better temporal resolution.

Event files filtered on photon event pattern were used to maximise the signal-to-noise. The data were reduced using SAS v5.3.0 and XSPEC v11.1. For the temporal analysis we consider data within 0.2–15 keV, and 0.3–10 keV for the spectral analysis.

3. Temporal Analysis

We have derived a predicted pulse period at the epoch of our XMM-Newton observations for PSR B1706-44, using the radio measurements [11,5] and assuming a linear spin-down rate. It

Figure 1. H-test periodograms for the PN data of PSR B1706-44 (top panel) and PSR J0538+2817 (bottom panel) showing the presence of a large peak at ∼ 102.1 ms.

is possible however that glitches could alter the period from the predicted value. Therefore we searched for a pulsed signal in the PN and MOS2 data over a wider frequency range centered on the predicted value of P ∼ 102.4776 ms.

The PN and MOS2 data were barycentrically corrected. We generated periodograms using the H-test [12]. The advantage of this test is that it makes no assumptions about the binning or the spectral shape of the light curve, and internally optimizes the number of harmonics to use.

A large peak at 102.10 ms was found in the Htest periodogram for the PN data of PSR B1706- 44 (Fig. 1, top panel). However, the folded light curve indicated that this value did not represent a true periodicity. Analysis of PN data for another pulsar, PSR J0538+2817, revealed a similarly strong peak at 102.09 ms (Fig. 1, bottom panel). A study of the timing of the EPIC PN camera demonstrates that a number of aliases are produced due to dead time effects in the readout of the detector [13]. We conclude that the large

Figure 2. H-test periodograms for the PN data of PSR B1706-44 taken on 2002 March 12 (top panel) and 2002 March 13 (bottom panel). Both show a peak at ∼ 102.477 ms which is consistent with the predicted period.

peaks observed in the pulsar data are instrumental in origin. We therefore searched for periodicities in the data of PSR B1706-44 over a narrower frequency range.

We find a peak at P = 102.477670^{+0.000759}_{−0.000600} ms (Fig. 2, top panel) in the PN data from 2002 March 12, and a peak at P = 102.477603^{+0.000654}_{−0.000557} ms (Fig. 2, bottom panel) in the 2002 March 13 PN data. The periods found are consistent, within errors determined from the 68% uncertainty range, with each other and the predicted pulse period. We do not find a significant peak near the predicted period in the H-test peri-

Figure 3. PN light curve of PSR B1706-44 from 2002 March 12 observation folded on the period found from the H-test for the same observation, P = 102.477670 ms. Phase zero corresponds to the epoch of the radio peak, T_∘(MJD) = 2451585.3410392671.

odograms for the MOS2 data, the reason for which is uncertain at this time.

4. Folded Light Curve

We folded the PN data on the periods found from the H-test periodograms. We modelled the folded light curves with a sinusoid. We find χ^2_ν values of ∼3 for the fits, indicating that the pulse profiles are asymmetric.

The light curve from the 2002 March 12 observation has a higher signal-to-noise than the 2002 March 13 observation, and the former is shown in Fig. 3. The pulse fraction for the 2002 March 12 light curve is 22 ± 4% which is in excellent agreement with the pulse fraction found from the Chandra data of 23 ± 6% [5]. As in Gotthelf et al. (2002), we find that the peak of our X-ray pulse is consistent with the radio pulse arrival time.

5. Spectral Analysis

We extracted spectra of PSR B1706-44 within a radius of 30^{′′} from the MOS1 and PN data. The spectra were re-binned to ensure a minimum of 15 counts in each energy bin. The background spectra, which were subtracted from the source spectra, were extracted from an annulus around PSR B1706-44. We created the corresponding photon redistribution matrix (RMF) and ancillary region file (ARF). We modelled the spectra with XSPEC, fixing N_H at 5.5 × 10^{21} cm^{−2}, the value determined from the Chandra data [5].

The Chandra spectrum of PSR B1706-44 was found to require a two component model to be fit, with a blackbody temperature of 1.66^{+0.17}_{−0.15} × 10^6 K and a power law index of Γ = 2.0 ± 0.5 [5]. We find that our XMM-Newton spectra can also be well-fit with a blackbody plus power law model, with kT = 0.157^{+0.007}_{−0.008} keV and Γ = 1.77^{+0.11}_{−0.10}, with χ^2_ν = 1.01 for 884 d.o.f (Fig. 4).

From our model fits we find a blackbody temperature at infinity of T = (1.82^{+0.08}_{−0.09}) × 10^6 K, which is consistent within errors to the Chandra results. As the distance to PSR B1706-44 is uncertain we have used a nominal distance of 2.5 kpc in our calculations. We find an X-ray luminosity of 1.2 × 10^{33} ergs s^{−1} in the 0.3–10 keV band, and a blackbody luminosity of 6.5 × 10^{32} ergs s^{−1}. The radius of the emitting region, corrected for the gravitational redshift parameter, assuming a mass and radius for the neutron star of 1.4 M_⊙ and 10 km respectively, is 1.2±0.1 km.

It is difficult to reconcile this radius with the whole neutron star. While the uncertainty in the distance to PSR B1706-44 effects the determined radius, we would need to place the pulsar at an unacceptably large distance to have an emitting radius which is consistent with the expected neutron star radius.

It has been suggested that fitting with an atmospheric model could decrease the predicted temperature and lead to an increase in the area of the emitting region [5]. We note that taking into account the characteristic age of 1.75×10^4 yrs for PSR B1706-44 we find that our model temperature is higher than that predicted from the standard cooling curves for a neutron star [14,15].

We fit the MOS1 and PN spectra from 2002 March 12 and 13 with a pure-H, non-magnetised atmospheric model [16,17]. We fixed N_H = 5.5 × 10^{21} cm^{−2}, the mass and radius of the neutron star were fixed at 1.4 M_⊙ and 10 km, respectively. We find that the atmospheric model does not fit the spectra well with χ^2_ν = 2.6 for 886 d.o.f. While this suggests that the atmospheric model can be ruled out, we note that the model we have used is non-magnetised, and with B = 3×10^{12} G for PSR B1706-44 the applicability of this model

Figure 4. PN and MOS1 spectra of PSR B1706-44 (top panel). The solid line is the two component blackbody and power law model. The bottom panel shows the residuals of the model fit to the data.

is questionable. Further studies with a magnetic model must be performed to address this.

6. Phase Resolved Spectroscopy

To investigate whether or not PSR B1706-44 displays spectral variations as a function of phase we concentrated on the PN data from 2002 March 12 as a test case. We fit the spectrum with a blackbody plus power law model with N_H fixed at 5.5 × 10^{21} cm^{−2}. We then created source spectra in 4 phase intervals, and created the corresponding background spectra for each phase bin. We fit each spectra with the two component model above. All parameters were fixed at the best-fit values except the overall normalisation which was allowed to vary. We determined the ratio of the average spectral model to the spectrum in each phase interval.

The resulting ratios in the 4 phase intervals are shown in Fig. 5. It is clear that the average spectral parameters do not fit the phase binned spectra well at high and low energies. This suggests that the background spectra we extracted are not optimised for this analysis. If any spectral variations are present in the data they will be masked. A method in which the full background is utilised as opposed to the phase selected background will be investigated in a future work.

7. Summary

We find pulsed X-ray emission from PSR B1706-44 at a frequency consistent with the predicted period. The pulse profile is broad and single-peaked, with a pulse fraction of 22 ± 4%. Pulsed X-rays can be emitted via one of two mechanisms: non-thermal emission due to relativistic particles produced either in regions above the polar caps of the neutron star or in the outer gaps. Thermal emission produced at the stellar surface due to the initial cooling of the neutron star, or reheating of the polar caps by backflowing particles. Our pulse profile does not rule out either model. The gamma-ray pulse profile is also broad and single peaked, further studies of

Figure 5. The ratio of the average model spectrum to the spectra of PSR B1706-44 in 4 phase bins.

this non-thermal emission and comparison with our X-ray measurements will help to determine the emitting region in PSR B1706-44.

We find that the spectra of PSR B1706-44 can be well-fit with a blackbody plus power law model with kT = 0.157^{+0.007}_{−0.008} keV and Γ = 1.77^{+0.11}_{−0.10}. This is in good agreement with the values found from Chandra data [5]. We calculate an emitting radius of 1.2±0.1 km.

The temperature determined from our two component model fit is higher than that predicted from the standard cooling models [14,15]. In an attempt to decrease the fitted temperature, which would lead to an increase in the emitting radius, we fit our spectra with an atmospheric model. However, the poor fit determined indicates that our spectra are well-described by a blackbody plus power law model. The size of the emitting region indicates that the emission is from a hot spot, and not the whole neutron star.

The phase resolved spectroscopy results are inconclusive and more analysis is needed to determine whether the spectra vary as a function of phase.

REFERENCES

1. Johnston, S., Lyne, A.G., Manchester, R.N. et al.

1992, MNRAS, 255, 401.

2. Johnston, S., Manchester, R.N., Lyne, A.G. et al.

1995, A&A, 293, 795.

3. Thompson, D.J., Arzoumanian, Z., Bertsch, D.L.

et al. 1992, Nature, 359, 615.

4. Thompson, D. J., Bailes, M., Bertsch, D.L. et al.

1996, ApJ, 465, 385.

5. Gotthelf, E.V., Halpern, J.P., Dodson, R. 2002, ApJ, 567, 125.

6. Kanabach, G. et al. 1994, A&A, 289, 855. 7. Strickman, M.S., Harding, A.K., de Jager, O.C.

1999, ApJ, 524, 373.

8. Pavlov, G.G. et al. 2000, AAS Meeting 196, #37.04.

9. Dodson, R., Golap, K. 2002, MNRAS, 334, 1. 10. Bock, D.C.-J., Gvaramadze, V.V. 2002, A&A, 394, 533.

11. Wang, N., Manchester, R.N., Pace, R.T. et al.

2000, MNRAS, 317, 843.

12. de Jager, O.C., Raubenheimer, B.C., Swanepoel, J.W.H. 1989, A&A, 221, 180.

13. Kuster, M., Kendziorra, E., Benlloch, S. et al.

2002, (astro-ph/0203207).

14. Page, D. 1998, in The Many Faces of Neutron Stars, ed. R. Buccheri, J. van Paradijs, & M.A. Alpar (Dordrecht: Kluwer), 539.

15. Slane, P.O., Helfand, D.J., Murray, S.S. 2002, ApJ, 571, 45.

16. Pavlov, G.G., Zavlin, V.E., Sanwal, D. 2002, (astro-ph/0206024).

17. Zavlin, V.E., Pavlov, G.G., Shibanov, Yu. A.

1996, A&A, 315, 141.

ACKNOWLEDGEMENTS

This work is based on observations obtained with XMM-Newton , an ESA science mission with instruments and contributions directly funded by ESA Member States and NASA. The authors acknowledge support from the Institute of Geophysics and Planetary Physics (IGPP) program at LANL and NASA grants S-13776-G and NAG5-7714.