A&A 423, 311–319 (2004) DOI: 10.1051/0004-6361:20040273 © ESO 2004

Astronomy & Astrophysics

A look with BeppoSAX at the low-luminosity

Galactic X-ray source 4U 2206+54

N. Masetti^1, D. Dal Fiume^{2,⋆}, L. Amati^1, S. Del Sordo^3, F. Frontera^{1,4}, M. Orlandini^1, and E. Palazzi^1

1 Istituto di Astrofisica Spaziale e Fisica Cosmica – Sezione di Bologna, CNR, via Gobetti 101, 40129 Bologna, Italy e-mail: masetti@bo.iasf.cnr.it 2 Istituto Tecnologie e Studio sulla Radiazione Extraterrestre, CNR, via Gobetti 101, 40129 Bologna, Italy 3 Istituto di Astrofisica Spaziale e Fisica Cosmica – Sezione di Palermo, CNR, via La Malfa 153, 90146 Palermo, Italy 4 Dipartimento di Fisica, Università di Ferrara, via Paradiso 12, 44100 Ferrara, Italy

Received 16 February 2004 / Accepted 16 April 2004

Abstract. A pointed observation of the low-luminosity galactic source 4U 2206+54 was carried out in November 1998 with BeppoSAX. The light curve of 4U 2206+54 shows erratic variability on a timescale of ∼1 h; neither hardness variations nor time periodicities are detected throughout this 67 ks long observation. Thanks to the wide spectral coverage capabilities of BeppoSAX we could observe the source X-ray continuum over three energy decades, from 0.6 to 60 keV. The spectrum could be equally well fitted either with a blackbody plus Comptonization or with a high energy cutoff power law. No iron emission around 6.5 keV was detected, while a tentative detection of a cyclotron resonant feature in absorption is presented. Comparison of the present BeppoSAX data with the information available in the literature for this source suggests that 4U 2206+54 is a close binary system in which a (possibly magnetized) NS is accreting from the companion star wind.

Key words. stars: binaries: close – X-rays: binaries – stars: neutron – stars: individuals: 4U 2206+54 – accretion, accretion disks

1. Introduction

Massive X-ray Binaries (MXRBs) are double systems composed of a compact object, generally a neutron star (NS), orbiting an early-type star and accreting matter from it. In X-rays, MXRBs can be seen as persistently bright, with luminosities greater than 10^{35} erg s^{−1}, or present a transient behaviour characterized by quiescent phases, with emissions around 10^{34} erg s^{−1} or less, followed by intense (up to ∼10^{38} erg s^{−1} at peak) outbursts; in several cases, these outbursts show a periodic trend as a result of the orbital motion of the NS along a highly eccentric orbit (see White et al. 1995; van Paradijs 1995 for a review). Usually, the former group is associated with compact objects steadily accreting from the companion via Roche lobe overflow and/or stellar wind, while in the latter one accretion is discontinuous and occurs when the compact source enters a disk-like envelope around the companion star or, more generally, interacts more closely with the companion as it approaches periastron (e.g., Corbet 1986).

There are however MXRBs which do not fit this classification, i.e. the so-called low-luminosity MXRBs, characterized by their relatively low persistent emission in the X-ray domain (10^{34}–10^{35} erg s^{−1}) compared to those of persistent

⋆ Deceased.

MXRBs and which do not display outbursts. The X-ray source 4U 2206+54 is one of these objects.

It was discovered by Uhuru (Giacconi et al. 1972), was monitored with EXOSAT between 1983 and 1985 by Saraswat & Apparao (1992) who reported aperiodic hard flares from the source lasting a few hundred seconds and producing variations of a factor 3 to 5, and long-term variations of a factor of ∼20 in the 2−10 keV persistent luminosity (≈0.3−5 × 10^{34} erg s^{−1}). These authors also reported a pulse period of ∼400 s, which however has been recently questioned by Corbet & Peele (2001) from a re-analysis of the EXOSAT data as well as of archival RXTE data. Corbet & Peele (2001) further reported, on the basis of ASM observations, a 9.6-d periodicity in the X-ray flux of the source; they also modeled the RXTE spectra obtained on two occasions (March 11 and 13, 1997) using a power law modified with an exponential cutoff. They found a flux decrease by a factor of three (from 3.12 × 10^{−10} to 1.14 × 10^{−10} erg cm^{−2} s^{−1}) between the two pointings. Negueruela & Reig (2001) reanalyzed the RXTE pointing of March 11, 1997 obtaining comparable results; they also confirmed the presence of flares during which they found a positive correlation between source hardness and flux. These authors also did not detect any X-ray pulsation from the object.

The X-ray spectral characteristics of this source are typical of accretion onto a NS from a wind coming from the

312 N. Masetti et al.: A look with BeppoSAX at 4U 2206+54

Table 1. Log of the BeppoSAX observation presented in this paper.

Start day Start time Duration On-source time (ks) (UT) (ks) LECS MECS PDS

1998 Nov. 23 16:02:49 66.6 12.6 33.6 15.2

companion star (Negueruela & Reig 2001), although the hypotheses of an accreting white dwarf (WD: Saraswat & Apparao 1992; Corbet & Peele 2001) or black hole (BH: Negueruela & Reig 2001) were also considered.

The optical counterpart was identified by Steiner at al. (1984) as the early-type star BD +53^∘2790, located at 2.5 kpc from the Earth. This star was subsequently thoroughly studied in its optical-UV spectroscopic properties by Negueruela & Reig (2001) who classified it as a peculiar late O-type active star. No radio counterpart has been detected so far (Nelson & Spencer 1988).

The information available on 4U 2206+54 is therefore not conclusive to understand the nature of the accreting source. In particular, the lack of knowledge of its X-ray spectrum above 30 keV hinders any hypothesis on the presence of a Cyclotron Resonant Feature (CRF) and thus any conjecture on the magnetic field of the accreting source as well as on its nature. Likewise, the poor sampling concerning the soft side of the X-ray spectrum never allowed an accurate estimate of the hydrogen column density N_H; also, this did not allow a sensitive search for a soft component in the emission from this source. Moreover, a further independent check of the presence of a periodic variability (or the lack thereof) in X-rays is also needed.

Therefore, to explore the timing and spectral behaviour of 4U 2206+54 over a broad spectral range, with particular attention to both soft (<2 keV) and hard (>20 keV) X-ray domains, we observed this source with BeppoSAX (Boella et al. 1997a).

The paper is organized as follows: Sect. 2 will illustrate the observations and the data analysis, while in Sect. 3 the results showing the X-ray spectral and timing behaviours of 4U 2206+54 will be reported; in Sect. 4 a discussion will be given.

2. The BeppoSAX pointing

4U 2206+54 was observed between November 23 and 24, 1998, for a total on-source time of ∼67 ks. The source was observed with three of the four coaligned Narrow-Field Instruments (NFIs) mounted on BeppoSAX: the Low Energy Concentrator Spectrometer (LECS, 0.1−10 keV; Parmar et al. 1997), two Medium Energy Concentrator Spectrometers (MECS, 1.5−10 keV; Boella et al. 1997) and the Phoswich Detection System (PDS, 15−300 keV; Frontera et al. 1997). The High-Pressure Gas Scintillation Proportional Counter (HPGSPC, 6−60 keV; Manzo et al. 1997) was temporarily not available between November 18 and 25, 1998: therefore, no data for 4U 2206+54 were obtained with this instrument. The total duration of this BeppoSAX pointing along with the on-source exposure times for each used NFI are reported in Table 1.

Good NFI data were selected from intervals outside the South Atlantic Geomagnetic Anomaly when the elevation angle above the earth limb was >5^∘, when the instrument functioning was nominal and, for LECS events, during spacecraft night time. The SAXDAS 2.0.0 data analysis package (Lammers 1997) was used for the extraction and the processing of LECS and MECS data. The PDS data reduction was instead performed using XAS version 2.1 (Chiappetti & Dal Fiume 1997). LECS and MECS data were reduced using an extraction radius of 6^′ and 4^′, respectively, centered at the source position; before extraction, data from the two MECS units were merged. Background subtraction for the two imaging instruments was performed using standard library files, while the background for the PDS data was evaluated from the fields observed during off-source pointing intervals.

Because 4U2206+54 is located near the Galactic plane and is not a particularly bright X-ray binary, we checked for possible effects induced by Galactic diffuse emission in the PDS data background evaluation. The off-source fields for background evaluation were indeed at different Galactic latitudes (b = −4.^∘0 and b = +1.^∘6) with respect to the source (b = −1.^∘2), so a gradient in the Galactic diffuse emission could potentially be present. However, the count rate difference between the two fields is 0.07 ± 0.06 counts s^{−1}, thus consistent with zero; moreover, this difference impacts on the background estimate by less than 0.5%. Therefore we considered this effect negligible.

3. Results

3.1. Light curves and timing analysis

The 2−10, 2−5 and 5−10 keV MECS light curves of 4U 2206+54 as seen during the BeppoSAX pointing, background-subtracted and rebinned at 300 s, are displayed in Fig. 1. They show substantial random variability (up to a factor ∼10 overall) in the form of repeated flares lasting ∼1 h with internal fluctuations down to timescales of ∼50−100 s.

To see if this erratic behaviour implied spectral changes depending on the source intensity, we computed a hardness ratio between the 5−10 keV and the 2−5 keV count rates and plotted it against the total 2−10 keV count rate. The results are shown in Fig. 2: apparently, there is no dependence of the hardness ratio on the total intensity of 4U 2206+54 in the 2−10 keV range. This result differs from the findings of Negueruela & Reig (2001) who found that the source became harder with increasing X-ray intensity during an RXTE pointing.

Timing analysis on the 2−10 keV data (i.e. where the S/N was highest) was performed with the FTOOLS v5.1^1 (Blackburn 1995) tasks powspec and efold, after having converted the event arrival times to the solar system barycentric frame. The results do not reveal the presence of any kind of periodicity or quasiperiodic oscillation. In particular, we did not detect the 392 s periodicity reported by Saraswat & Apparao (1992), thus confirming the negative findings of Corbet & Peele (2001) and Negueruela & Reig (2001). We get a 90% confidence level upper limit of ∼8% in the amplitude of the signal

1 Available at: http://heasarc.gsfc.nasa.gov/ftools/

N. Masetti et al.: A look with BeppoSAX at 4U 2206+54 313

Fig. 1. Background-subtracted X-ray light curves of 4U 2206+54 in the 2−10 keV (upper panel), 2−5 keV (middle panel) and 5−10 keV (lower panel) ranges as observed during the BeppoSAX pointing. All curves are rebinned at 300 s. Flaring activity on timescales of ∼1 h can be noticed. Times are expressed in hours starting from 00:00 UT of November 23, 1998. Vertical error bars show 1σ confidence level uncertainties for each bin.

in the 2−10 keV light curve induced by the above periodicity, consistent with the results of Corbet & Peele (2001).

The Power Spectral Density (PSD) obtained with this analysis is characterized by red noise and shows no significant deviations from the shot-noise behaviour, similarly to that found by Negueruela & Reig (2001). The rms variability of the 2−10 keV light curve is ∼40% in the 10^{−3}–1 Hz range, with no significant differences when only the softer (2−5 keV) or the harder (5−10 keV) band is considered, in agreement with the result, presented above, that no spectral dependence as a function of the total source intensity is found.

3.2. Spectra

To perform spectral analysis, the NFI pulse-height spectra were rebinned to oversample by a factor of 3 the full width at half maximum (FWHM) of the energy resolution and to have a minimum of 20 counts per bin, such that χ^2 statistics could reliably be used. Data were then selected, for each NFI, in the energy intervals in which sufficient counts were detected from the source and for which the instrument response function was well determined. This led us to consider the spectral interval 0.6−4 keV for the LECS, 1.8−10 keV for the MECS and 15−60 keV for the PDS. We then used the package xspec (Dorman & Arnaud 2001) v11.0 to fit the resulting broad band energy spectrum.

Fig. 2. Hardness-intensity diagram for 4U 2206+54 during the BeppoSAX pointing. No significant trend of the 5−10 keV/2−5 keV hardness ratio with increasing 2−10 keV intensity is found. Error bars show 1σ confidence level uncertainties for each point.

We included in all fits described here an interstellar photoelectric absorption column, modeled using the Wisconsin cross sections as implemented in xspec (Morrison & McCammon 1983) and with solar abundances as given by Anders & Grevesse (1989).

314 N. Masetti et al.: A look with BeppoSAX at 4U 2206+54

Table 2. Best-fit spectral parameters for 4U 2206+54. Quoted errors are at 90% confidence level for a single parameter. Quantities in square brackets are frozen at the indicated value. Luminosities, corrected for interstellar Galactic absorption, are computed assuming a distance d = 2.5 kpc and are expressed in units of 10^{34} erg s^{−1}.

(1) (2) (3) (4) Parameter PL+HighEcut BrokenPL BB+compST BB+compST+CRF χ^2/d.o.f. 245.0/219 233.3/219 228.9/218 225.0/217 N_H^a 0.88^{+0.21}_{−0.19} 0.86^{+0.20}_{−0.16} 0.81±0.21 0.77^{+0.20}_{−0.18} Γ 0.95^{+0.11}_{−0.14} 0.99^{+0.10}_{−0.12} – – Γ_2 – 2.03^{+0.12}_{−0.11} – – E_{cut} (keV) 4.3^{+0.6}_{−0.5} 5.6±0.4 – – E_{fold} (keV) 10.6^{+2.7}_{−2.0} – – – N_{PL} (×10^{−3}) 3.6±0.6 3.7^{+0.7}_{−0.5} – – T_{BB} (keV) – – 1.63^{+0.12}_{−0.16} 1.61^{+0.10}_{−0.17} R_{BB} (km) – – 0.15^{+0.03}_{−0.02} 0.15±0.02 T_e− (keV) – – 9^{+9}_{−3} 19^b τ – – 9^{+5}_{−3} 7^{+3}_{−4} N_{Comp} (×10^{−3}) – – 3.3±1.1 3.0^{+1.0}_{−0.8}

E_{CRF} (keV) – – – [35] W_{CRF} (keV) – – – [10] δ_{CRF} – – – 1.4^{+1.6}_{−1.1}

L_{0.5−2 keV}^c 0.65 0.67 0.67 0.63 L_{2−10 keV} 3.15 3.10 3.09 3.09 L_{10−50 keV} 3.01 3.95 3.74 3.50

a In units of 10^{22} cm^{−2}. b Poorly constrained.

c This value was computed by extrapolating the best-fit models down to 0.5 keV.

When performing the spectral fits, normalization factors were applied to LECS and PDS spectra following the crosscalibration tests between these instruments and the MECS (Fiore et al. 1999). These factors were constrained to be within the allowed ranges during the spectral fitting.

The BeppoSAX data (Figs. 3 and 4) clearly show continuum emission both above 30 keV and below 1 keV. To the best of our knowledge this is the first time that X-ray emission outside the 1−30 keV range is reported from this source.

Motivated by the results obtained in Sect. 3.1, and to further test the dependence (or lack thereof) of the 4U 2206+54 spectral shape on the total source intensity, we created two time windows: one in which the source was above 0.3 counts s^{−1} in the 2−10 keV band (“high state”) and the other characterized by the source being below 0.3 counts s^{−1} (“low state”) in this energy range. We then accumulated the spectra over these two windows and compared them by using the best-fit models in Table 2 (see the analysis of time-averaged spectra below). As expected, given the results in Sect. 3.1, no significant parameter variations (with of course the exception of the model normalizations) were found between these high- and low-state spectra of 4U 2206+54 for any of the tested best-fit models.

Fig. 3. Average 0.6−60 keV X-ray spectrum of 4U 2206+54 obtained with the BeppoSAX NFIs and fitted with a photoelectrically absorbed PL. The best-fit model is shown as a continuous line. Clearly, this model (with a reduced χ^2 = 1.7) does not provide an acceptable description of the spectral data, particularly below 2 keV and above 10 keV, as seen in the panel reporting the residuals.

We therefore considered the average spectrum of 4U 2206+54 given that no hints of variation in the spectral shape during the BeppoSAX pointing were suggested by the inspection of the color-intensity diagram of the source

N. Masetti et al.: A look with BeppoSAX at 4U 2206+54 315

Fig. 4. Left panel: average 0.6−60 keV X-ray spectrum of 4U 2206+54 obtained with the BeppoSAX NFIs and fitted with a photoelectrically absorbed BB plus Comptonization. The best-fit model is shown as a continuous line. Right panel: unfolded BeppoSAX photon spectrum fitted with this same model. The two components are indicated with short-dashed (BB) and long-dashed (Comptonization) lines, while the overall model is again indicated with a continuous line.

Fig. 5. Comparison among the residuals obtained with the best-fit models listed in Table 2. Names associated with each panel refer to Cols. 1–4 of this table.

(reported in Fig. 2). Table 2 reports the models and parameters thereof that best fit the spectral data. Figure 5 shows instead the data residuals associated with each of the best-fit model presented in Table 2.

A possible concern in considering the average spectrum might rise from the fact that, during the BeppoSAX observation, the source was strongly variable; the NFIs may thus have sampled different subsets of the light curve during the pointing. This could have introduced spurious spectral distortions. However, given that the intercalibration factors among the three instruments were in the allowed ranges even when they were left free to vary during the spectral fits, we are confident that this did not produce any effect on the averaged BeppoSAX spectrum.

We first tried to fit the overall 0.6−60 keV spectrum of 4U 2206+54 detected by the BeppoSAX NFIs by using a simple power law (PL). The results, as shown in Fig. 3, are clearly unsatisfactory, with a reduced χ^2 = 1.7, an excess at low energies below 2 keV and a deficit at high energies above 10 keV. So we applied the phenomenological model made of a PL modified by a high-energy exponential cutoff. This is considered the “classical” way of describing the X-ray spectra of MXRBs (e.g., White et al. 1983a). As in Negueruela & Reig (2001), an acceptable fit − see Col. 1 of Table 2 – was obtained.

A similarly good fit, as reported in Col. 2 of Table 2, was also achieved using a broken PL. Other simple models such as blackbody (BB), disk-blackbody (DBB; Mitsuda et al. 1984) and thermal bremsstrahlung (TB) provided instead poor fits.

We then tried to fit the spectrum by using a more physical description. Given that simple models failed, we tried a composition of two models. The best results were obtained considering a BB plus a Comptonization model. For the latter, we used the first-order modelization by Sunyaev & Titarchuk (1980; compST in xspec). In this case also, an acceptable fit was achieved; this case is shown in Fig. 4, and its parameters are in Col. 4 of Table 2. The fit a DBB instead of a BB makes the compST parameter τ unconstrained.

A description of the BeppoSAX spectrum made by using the more accurate and complex Comptonization model by Titarchuk (1994; compTT in xspec), with either the addition of a BB or not, failed to provide a sound value of N_H: this was always unacceptably (i.e., up to two orders of magnitude) lower than the Galactic one, which is N^G_H = 0.59 × 10^{22} cm^{−2} according to Dickey & Lockman (1990); this model could not

316 N. Masetti et al.: A look with BeppoSAX at 4U 2206+54

constrain all the Comptonization (and BB, if present) parameters. Nonetheless, the best-fit values of the compTT parameters were consistent with those obtained from the Comptonization component in the best-fit BB+compST model listed in Table 2: this suggests that the failure of the compTT model is more likely due to its complexity compared to the overall quality of the spectrum, rather than to a completely wrong description of the source spectral shape. In this case also, the addition of a DBB to the compTT makes the model even more unstable.

We also performed a fit of the data with the xspec models raymond, mekal and vmekal, which describe the emission from a hot diffuse gas (Raymond & Smith 1977; Mewe et al. 1985). All these descriptions provided a poor description of the overall spectral shape (that is, returning a reduced χ^2 ∼ 1.5 in all cases), as already noted by Negueruela & Reig (2001) from the analysis of RXTE data. We note that, by adding a BB with kT_{BB} ∼ 1.6 keV to any of these models, the fit becomes formally acceptable; in this case, however, the temperature of the emitting diffuse gas is uncomfortably large (>60 keV) and unconstrained. So we consider this spectral modelization not viable. A similar result was obtained when considering a BB+TB model.

An attempt to use complex absorbers to describe the low-energy part of the spectrum was also made, given that 4U 2206+54 may be a system in which part of the absorption is intrinsic (Negueruela & Reig 2001). However, fits performed with a partial covering absorber did not improve the spectral description and did not allow us to constrain either the additional N_H or the covering percentage (around 5−6 × 10^{22} cm^{−2} and 60−65%, respectively). The use of an ionized absorber instead of a neutral one did not produce any significant difference in the fit results. These findings were practically independent of the chosen basic model (Comptonization or PL).

No evidence for an iron emission line around 6.5 keV was found: we obtained upper limits (at 90% confidence level) to the equivalent width of <56 eV, <65 eV and <156 eV to the equivalent width in case of a line with narrow (0.1 keV), broad (0.5 keV) and very broad (1 keV) FWHM, respectively. These values are largely independent of the chosen best-fit model.

Following the suggestion by Corbet & Peele (2001) we then tried to look for a signature of a highly magnetic field NS, through the search for a CRF in absorption, in the high-energy part of the BeppoSAX spectrum. To do this, we used the cyclabs multiplicative model (Mihara et al. 1990; Makishima et al. 1990) in xspec. The limited S/N ratio above 15 keV prevented us from fully exploring this possibility; however, to limit the number of free parameters introduced by this addition to the spectrum description, we chose to freeze the line energy and width. The latter was fixed to a value typical of magnetic NSs in MXRBs, i.e. 10 keV (e.g. Orlandini & Dal Fiume 2001), while we made the former vary between 10 and 60 keV in steps of 5 keV among the fits. We found that only in the case of the BB+compST model a CRF with a best-fit line energy of 35 keV was justified – see Col. 4 of Table 2 –, albeit at a 2σ confidence level only, according to the results obtained by running an F-test. The other best-fit models in Table 2 (broken PL and high-energy cutoff PL) are not improved by the addition of a CRF. Thus, given all the assumptions and the uncertainties described above, we regard this CRF identification as tentative only.

Assuming a distance to 4U 2206+54 of 2.5 kpc (Steiner et al. 1984) and using the models described above for the average spectrum of the source, we can evaluate the unabsorbed luminosities of the source in the 0.5−2 keV, 2−10 keV and 10−50 keV bands for each best-fit model. These values are reported in Table 2. The ratios between the BB and Comptonization contributions in the BB+compST model in the three X-ray bands above are 0.17, 1.98 and 0.07, respectively.

4. Discussion

The BeppoSAX observation of 4U 2206+54 reported in this paper allowed us to study the properties of the source in great detail, and for the first time, in the 0.6−60 keV range. The source exhibited an average 2−10 keV unabsorbed luminosity of 3.1 × 10^{34} erg s^{−1} during this pointing, thus comparable with the “high-state” emission observed by Saraswat & Apparao (1992) in 1983 and 1985 from EXOSAT data, but ∼10 times brighter than that observed by these authors in 1984, and a factor ∼10 fainter than during the 1997 RXTE pointing (e.g., Negueruela & Reig 2001). Thus the source can vary by about 10 fold, and as much as a factor of ∼100, on year-long timescales. This can also be seen in Fig. 1 of Corbet & Peele (2001), where the entire RXTE/ASM 1.5−12 keV light curve of 4U 2206+54 between years 1996 and 2001 is shown. The periodogram in Fig. 2 of these authors shows a peak at a frequency of ≈4 × 10^{−3} d^{−1}: if real, this would indicate the presence of a further (superorbital?) periodicity of ≈250 d in the system.

On much shorter time scales, the 2−10 keV light curve shows flares of remarkable (a factor ten) intensity variations lasting about 1 h, with finer variability down to timescales of 50−100 s. This flaring emission does not appear to imply spectral variation correlated with the intensity. Moreover, the PSD analysis indicates that the variable X-ray emission from the source is due to a stochastic phenomenon. These long- and short-term variability characteristics point to an explanation for this X-ray activity as due to random inhomogeneities in the accretion flow onto a compact object (e.g. van der Klis 1995).

The colorless variability result obtained from our BeppoSAX data is at odds with that found by Saraswat & Apparao (1992) and by Negueruela & Reig (2001). The explanation for this is not clear. Concerning the findings by Saraswat & Apparao (1992) this discrepancy can be due to slight secular variations of the source hardness ratio in observations separated in time by about two years: indeed, if one considers the 1983 and 1985 EXOSAT data in their Fig. 4 separately, no significant hardness-intensity dependence is observed. As regards instead the discrepancy with the data from the RXTE pointing in Negueruela & Reig (2001) it may be possible that this hardness-intensity dependence becomes more evident at larger source luminosities.

Moreover, the PSD of BeppoSAX data does not show any periodicity in the 10^{−3}–1 Hz range. We thus independently confirm the results by Corbet & Peele (2001) and Negueruela & Reig (2001) that no ≈400 s X-ray modulation comes from 4U 2206+54.

N. Masetti et al.: A look with BeppoSAX at 4U 2206+54 317

X-ray spectroscopy with BeppoSAX can help us in better understanding the accretion dynamics as well as the nature of the accretor. Indeed, we obtained for 4U 2206+54 an unprecedented simultaneous spectral coverage of the 0.6−60 keV range. Our results show that the “classic" model generally used to fit the X-ray spectra of MXRBs hosting an accreting NS (White et al. 1983a) works very well, as in the case of the March 1997 RXTE data. In these observations the spectral parameters N_H, Γ, E_{cut} and E_{fold} were in the range 1.12−1.71, (2.7−4.6) × 10^{22} cm^{−2}, 5.3−7.3 and 10.5−17.3, respectively, with the values at the lower edge of the interval holding at low source fluxes (Corbet & Peele 2001).

However, when we compare our best-fit parameters with the RXTE spectral findings obtained when the source flux was highest (corresponding to a 2−10 keV luminosity of 2.3 × 10^{35} erg s^{−1}), we see that in our data (i) the spectral slope Γ is substantially harder; (ii) both characteristic energies of the model, E_{cut} and E_{fold}, are lower by a factor ∼2; (iii) the hydrogen column density N_H is lower by a factor ∼6. Comparison with the lower-intensity RXTE observation (which implies a 2−10 keV luminosity of 8.5 × 10^{34} erg s^{−1}) shows a consistency with the BeppoSAX data barring the N_H value, which is still ∼3 times higher in the RXTE results.

The results of points (i) and (ii) above may reflect an actually different spectral shape due to a different emission level from the source with respect to that observed in the March 1997 RXTE data. Indeed, Table 1 of Corbet & Peele (2001) shows that Γ (which they indicate as α in their paper), E_{cut} and E_{fold} appear to inversely correlate with the source flux, and a simple computation indicates that the source gets harder as the flux increases. Therefore, it appears that there is a switch to harder source spectra when 4U 2206+54 overcomes a threshold luminosity with a value lying somewhere between 1 × 10^{35} and 2 × 10^{35} erg s^{−1}. Unfortunately, in the light of the above data, we cannot say if this transition occurs smoothly or in the form of a “parameter jump”.

Instead, we believe that the N_H measurement obtained with BeppoSAX is substantially different and more reliable thanks to the better spectral coverage at low energies afforded by the BeppoSAX LECS. Indeed, if we consider only our data above 2.5 keV, we obtain that N_H = 2.5^{+0.9}_{−1.0} × 10^{22} cm^{−2}. Thus, in our opinion the N_H value obtained with BeppoSAX should be considered as the correct one. We note that the order-of-magnitude difference in flux between the BeppoSAX and the RXTE 2−10 keV measurements cannot be explained by the different N_H estimate, which at most may account for a flux difference of about 30% only.

This new value of N_H, (0.8−0.9) × 10^{22} cm^{−2}), compares much better with the Galactic value along the 4U 2206+54 line of sight (0.59×10^{22} cm^{−2}) and with the optical V-band reddening value (A_V = 1.6) given by Negueruela & Reig (2001): although the empirical relation between A_V and N_H by Predehl & Schmitt (1995) implies the presence of further hydrogen local to the source, the difference is now to within a factor of two, and not an order of magnitude as from the previous N_H estimates. This alleviates the conundrum, stressed by Negueruela & Reig (2001), of the non-detection of iron emission in presence of very optically thick material around the X-ray source.

Concerning this issue, our observation allowed us to put tighter upper limits on the presence of any X-ray Fe emission with respect to the one determined by EXOSAT (Gottwald et al. 1995).

The spectrum description by means of a more physically sound model, namely a BB+Comptonization, again points to the presence of a very compact object as the accretor: the spectral shape and the temperatures of the BB and the Compton cloud would suggest that the system most likely harbours a NS. Indeed, the presence of a WD in 4U 2206+54 is basically ruled out because of the X-ray spectral shape, which is completely different from that observed by e.g. Kubo et al. (1998) and Owens et al. (1999) in the system γ Cas, which is thought to host a WD. A better comparison between 4U 2206+54 and systems hosting a WD might come if we consider magnetic cataclysmic variables, such as intermediate polars (see e.g. de Martino et al. 2004 and references therein). However, these objects have spectra with a BB temperature ≈30 times lower than found in 4U 2206+54, and practically no emission detectable above 30 keV. Thus, the high BB temperature of 4U 2206+54 is not compatible with that of a WD surface, which is expected to mainly emit in the UV rather than in the soft X-rays; additionally, the detection of X-ray emission up to 60 keV can hardly be explained by assuming a WD as the accretor in this system.

The same line of thought applies to disfavour a BH interpretation: the Comptonization component has a temperature and an optical depth unusual for a BH in its low-hard state and hosted in a MXRB (e.g. Frontera et al. 2001). So, all the above points to a NS as the accreting object in this system, even if no pulsations were ever detected.

Several observed properties of the source are naturally explained by the accreting NS model. Concerning the X-ray luminosity, accretion onto the NS from a stellar wind emitted by the O9.5V companion star can easily fit the observations: following Frank et al. (1992), if we assume that the companion emits ≈10^{−6} M_⊙ in the form of a wind, one needs to hypothesize an accretion efficiency η_{acc} ≈ 10^{−5} to produce a luminosity L ≈ 10^{35} erg s^{−1}. This value of η_{acc} may possibly be on the low side of the allowed values for accretion from stellar wind in close systems; however, according to Perna et al. (2003), if corrections to the standard formulae used to estimate the wind accretion rates are introduced, the accretion efficiency drops substantially.

Alternatively, as already suggested by Corbet & Peele (2001), partial accretion inhibition due to the “propeller effect” (Illarionov & Sunyaev 1975; Stella et al. 1986), according to which the magnetosphere of the NS acts as a barrier to accretion of matter onto the NS surface, can be at work. A fraction of the wind matter can nonetheless flow along the magnetic field lines and eventually can reach the NS surface.

As regards the secular X-ray variability over a timescale of ≈1 year, we suggest that this might be due to modulations in the wind density, such as density waves produced by pulsations of the companion star envelope.

In spite of all the above, the NS interpretation rises some problems. In particular, as it evidently appears from Table 2, the BB radius. Clearly, a size of ∼150 m is not acceptable if we assume that the whole NS surface is responsible for the

318 N. Masetti et al.: A look with BeppoSAX at 4U 2206+54

BB X-ray emission. In order to correct for approximations in the BB model application to X-ray data, the hardening factor f (Shimura & Takahara 1995), defined as the ratio between the color and the effective BB temperatures, can be introduced. This leads to a corrected BB radius equal to f^2 · R_{BB}. However, we should assume that f ∼ 8 to regain the correct BB size for a NS (∼10 km), while common values for f are around 1.7 (Merloni et al. 2000) and extremes do not exceed ∼3 (Borozdin et al. 1998). A further possible explanation for the small BB emitting area size, assuming isotropic emission from the NS surface, is the following: because of cooling and backwarming effects the spectrum at the NS surface, if fitted with a “classic” BB model, can lead to the net result of underestimating the emitting area by as much as 2 orders of magnitude (London et al. 1986).

The alternative to solve this shortcoming is to assume that the emission is not isotropic, i.e. that the accreting matter is either forming a disk around the compact object or is funneled onto the NS magnetic polar caps.

The first possibility appears unlikely because accretion in this system is most probably occurring via stellar wind emitted from the companion star. This comes from assuming that the 9.6 d periodicity determined by Corbet & Peele (2001) is the orbital period of the system and that the masses of the two components are 1.4 M_⊙ for the NS and M_∗ = 19 M_⊙ (Lang 1992) for the O9.5V companion, as spectroscopically identified by Negueruela & Reig (2001). With these values, the Roche lobe radius of the companion is R_L ∼ 32 R_⊙, thus much larger than the radius of a O9.5V star, which is R_∗ ∼ 7.8 R_⊙ (Lang 1992). Thus, because the wind has very low intrinsic angular momentum, a large accretion disk is unlikely to be formed with this accretion mechanism. As remarked in the previous section, the use of a DBB model instead of a BB produces more unstable fits to our X-ray dataset.

Alternatively, a magnetically-driven accretion scenario can be considered: in this case, one needs the magnetic field of the compact object to be strong enough to form two accretion columns. Indeed, the tentative detection of a CRF indicating the presence of a ≈10^{12} Gauss magnetic field (see Orlandini & Dal Fiume 2001) associated with the NS would suggest this possibility.

A further indication that the BB emission is indeed anisotropic (i.e., confined on a fraction of the NS surface) comes from the estimate of the size r_{seed} of the region emitting the Comptonization seed photons. Following the prescription by in ’t Zand et al. (1999) for the computation of r_{seed} and assuming that the Comptonization seed photons in 4U 2206+54 are produced by the BB (therefore kT_{seed} ∼ 1.6 keV) we obtain that r_{seed} ∼ 0.12 km. This estimate is in quite good agreement with our independent determination of the BB emission region radius (see Table 2), thus suggesting that indeed the BB emitting area covers only a fraction of the NS surface.

However, as no X-ray pulsations are detected from this source, the magnetically-driven accretion interpretation needs at least one of the following possibilities to be tenable: an angle between NS spin and magnetic axes close to zero, or a very low inclination angle for the system. In this latter case, even if we assume a non-zero but small (e.g., few degrees) angle between the NS magnetic field and spin axes, the system geometry is such that we could continuously see X-ray radiation from a single polar cap of the NS. Clearly, the emission will not be modulated by the NS rotation in this case also.

This of course means introducing a fine tuning of the system parameters: however, a similar scenario has been proposed to explain the absence of pulsations from 4U 1700−37 (White et al. 1983b) and, more recently, from 4U 1700+24 (Masetti et al. 2002), which are believed to host an accreting NS. For 4U 1700+24 Galloway et al. (2002) further supported this description by finding a small amplitude (1 km s^{−1}) Doppler periodicity of ∼400 d in their optical spectroscopic data: this period, earlier suggested by Masetti et al. (2002) from timing analysis of RXTE/ASM data, is quite likely produced by the orbital motion of the system.

A test for the low-inclination hypothesis of 4U 2206+54 can come by determining, or at least by putting tight constraints on, the orbital Doppler shift of the companion star: indeed, assuming the system parameters discussed above, we find that the orbital velocity of the companion is v_{orb} ∼ 20 km s^{−1}; we note that this value is consistent with the scatter of the system radial velocities measured by Abt & Bautz (1963) from optical spectra.

Thus, summarizing, and despite the problems encountered in the analysis of the observational data on this source, the picture emerging is that 4U 2206+54 is a low-luminosity system composed of a NS and a “normal” blue main-sequence star; the NS is accreting from the wind coming from the companion and is orbiting it in a possibly low-inclination orbit. Tentative evidence of a strong magnetic field from the NS is found, but deep spectroscopic observations, e.g. with INTEGRAL, of the hard X-ray tail of this source are needed to confirm (or disprove) this. Long-term variations in the X-ray flux from the source can be explained as due to oscillations in the wind density, possibly induced by slow pulsations of the companion star envelope. This hypothesis can be tested with long-term spectrophotometric monitoring of the optical counterpart.

Acknowledgements. This work has made use of the ASI Science Data Centre Archive at ESA/ESRIN, Frascati, of the NASA’s Astrophysics Data System and of the SIMBAD database, operated at CDS, Strasbourg, France. BeppoSAX was a joint program of Italian (ASI) and Dutch (NIVR) space agencies. This research has been partially supported by ASI. We are grateful to the anonymous referee for his/her comments which helped us to improve this paper.

References

Abt, H. A., & Bautz, L. P. 1963, ApJ, 108, 1002 Anders, E., & Grevesse, N. 1989, Geochim. Cosmochim. Acta, 53, 197 Blackburn, J. K. 1995, in Astronomical data analysis software and systems IV, ed. R. A. Shaw, H. E. Payne, & J. J. E. Hayes (San Francisco: ASP), ASP Conf. Ser., 77, 367 Boella, G., Butler, R. C., Perola, G. C., et al. 1997a, A&AS, 122, 299 Boella, G., Chiappetti, L., Conti, G., et al. 1997b, A&AS, 122, 327 Borozdin, K., Revnivtsev, M., Trudolyubov M., Shrader C., & Titarchuk, L. 1999, ApJ, 517, 367

N. Masetti et al.: A look with BeppoSAX at 4U 2206+54 319

Chiappetti, L., & Dal Fiume, D. 1997, The XAS Data Analysis System, in Proc. of the Fifth international workshop on data analysis in astronomy, ed. V. di Gesù, M. J. B. Duff, A. Heck, M. C. Maccarone, L. Scarsi, & H.-U. Zimmermann (Singapore: World Scientific Pub.), 101 Corbet, R. H. D. 1986, MNRAS, 220, 1047 Corbet, R. H. D., & Peele, A. G. 2001, ApJ, 562, 936 de Martino, D., Matt, G., Belloni, T., Haberl, F., & Mukai, K. 2004, A&A, 415, 1009 Dickey, J. M., & Lockman, F. J. 1990, ARA&A, 28, 215 Dorman, B., & Arnaud, K. A. 2001, Redesign and reimplementation of XSPEC, in Astronomical data analysis software and systems X, ed. F. R. Harnden Jr., F. A. Primini, & H. E. Payne (San Francisco: ASP), ASP Conf. Ser., 238, 415 Fiore, F., Guainazzi, M., & Grandi, P. 1999, Technical Report 1.2, BeppoSAX scientific data center, available online at: ftp://www.sdc.asi.it/pub/sax/doc/software_docs/ saxabc_v1.2.ps Frank, J., King, A. R., & Raine, D. J. 1992, Accretion power in astrophysics (Cambridge: Cambridge Univ. Press) Frontera, F., Costa, E., Dal Fiume, D., et al. 1997, A&AS, 122, 357 Frontera, F., Palazzi, E., Zdziarski, A. A., et al. 2001, ApJ, 546, 1027 Galloway, D. K., Sokoloski, J. L., & Kenyon, S. J. 2002, ApJ, 580, 1065 Giacconi, R., Murray, S., Gursky, H., et al. 1972, ApJ, 178, 281 Gottwald, M., Parmar, A. N., Reynolds, A. P., et al. 1995, A&AS, 109, 9 in ’t Zand, J. J. M., Verbunt, F., Strohmayer, T. E., et al. 1999, A&A, 345, 100 Illarionov, A. F., & Sunyaev, R. A. 1975, A&A, 39, 185 Kubo, S., Murakami, T., Ishida, T., & Corbet, R. H. D. 1998, PASJ, 50, 417 Lammers, U. 1997, The SAX/LECS Data Analysis System User Manual, SAX/LEDA/0010 Lang, K. R. 1992, Astrophysical Data: Planets and Stars (New York:

Springer) London, R. A., Taam, R. E., & Howard, W. M. 1986, ApJ, 306, 170 Makishima, K., Mihara, T., Ishida, M., et al. 1990, PASJ, 365, L59 Masetti, N., Dal Fiume, D., Cusumano, G., et al. 2002, A&A, 382, 104

Merloni, A., Fabian, A. C., & Ross, R. R. 2000, MNRAS, 313, 193 Mewe, R., Groenschild, E. H. B. M., & van den Oord, G. H. J. 1985, A&AS, 62, 197 Mihara, T., Makishima, K., Ohashi, T., Sakao, T., & Tashiro, M. 1990, Nature, 346, 250 Mitsuda, K., Inoue, H., Koyama, K., et al. 1984, PASJ, 36, 741 Morrison, R., & McCammon, D. 1983, ApJ, 270, 119 Negueruela, I., & Reig, P. 2001, A&A, 371, 1056 Nelson, R. F., & Spencer, R. E. 1988, MNRAS, 234, 1105 Orlandini, M., & Dal Fiume, D. 2001, Hard X-ray tails and cyclotron features in X-ray pulsars, in X-ray astronomy, ed. N. E. White, G. Malaguti, & G. G. C. Palumbo (Melville, NY: AIP), AIP Conf. Proc., 599, 283 Owens, A., Oosterbroek, T., Parmar, A. N., et al. 1999, A&A, 348, 170 Parmar, A., Martin, D. D. E., Bavdaz, M., et al. 1997, A&AS, 122, 309 Perna, R., Narayan, R., Rybicki, G. R., Stella, L., & Treves, A. 2003, ApJ, 594, 936 Predehl, P., & Schmitt, J. H. M. M. 1995, A&A, 293, 889 Raymond, J. C., & Smith, B. W. 1977, ApJS, 35, 419 Saraswat, P., & Apparao, K. M. V. 1992, ApJ, 401, 678 Shimura, T., & Takahara, F. 1995, ApJ, 445, 780 Steiner, J. E., Ferrara, A., Garcia, M. R., et al. 1984, ApJ, 280, 688 Stella, L., White, N. E., & Rosner, R. 1986, ApJ, 308, 669 Sunyaev, R. A., & Titarchuk, L. 1980, A&A, 86, 121 Titarchuk, L. 1994, ApJ, 434, 570 van der Klis, M. 1995, in X-ray binaries, ed. W. H. G. Lewin, J.

van Paradijs, & E. P. J. van den Heuvel (Cambridge: Cambridge Univ. Press), 252 van Paradijs, J. 1995, in X-ray Binaries, ed. W. H. G. Lewin, J.

van Paradijs, & E. P. J. van den Heuvel (Cambridge: Cambridge Univ. Press), 536 White, N. E., Swank, J. H., & Holt, S. S. 1983a, ApJ, 270, 711 White, N. E., Kallman, T. R., & Swank, J. H. 1983b, ApJ, 269, 264 White, N. E., Nagase, F., & Parmar, A. N. 1995, in X-ray binaries, ed. W. H. G. Lewin, J. van Paradijs, & E. P. J. van den Heuvel (Cambridge: Cambridge Univ. Press), 1