arXiv:astro-ph/0503465 v1 22 Mar 2005

Multiwavelength Observations and State Transitions of an Ultra-luminous Supersoft X-ray Source: Evidence for an Intermediate-Mass Black Hole

A.K.H. Kong Harvard-Smithsonian Center for Astrophysics, 60 Garden Street, Cambridge, MA 02138, USA and MIT Center for Space Research, 77 Massachusetts Avenue, Cambridge, MA 02139, USA M.P. Rupen, L.O. Sjouwerman National Radio Astronomy Observatory, Socorro, NM 87801, USA R. Di Stefano Harvard-Smithsonian Center for Astrophysics, 60 Garden Street, Cambridge, MA 02138, USA

We report the results of Chandra and XMM-Newton observations of an ultra-luminous supersoft X-ray source in M101. M101 ULX-1 underwent 2 outbursts in 2004 during which the peak bolometric luminosities reached 10^{41} ergs s^{−1} . The outburst spectra were very soft and can generally be fitted with a blackbody model with temperatures of 50–160 eV. In two of the observations, absorption edges at 0.33 keV, 0.56 keV, 0.66 keV, and 0.88 keV were found. A cool accretion disk was also found in the 2004 December outburst. During the low luminosity state, a power-law tail was seen up to 7 keV. It is clear the source changed from a low/hard state to a high/soft state. In addition, it showed at least 5 outbursts between 1996 and 2004. This is the first ultraluminous X-ray source for which recurrent outbursts with state transitions similar to Galactic X-ray binaries have been observed. From the Hubble Space Telescope data, we found an optical counterpart to the source. During the 2004 outbursts, we also performed radio and ground-based optical observations. All the results strongly suggest that the accreting object is a > 2800M_⊙ black hole.

1. Introduction

Recent high angular resolution X-ray observations reveal that there are a large number of ultra-luminous X-ray sources (ULXs) in many nearby galaxies. ULXs are luminous (L_X > 10^{39} ergs s^{−1}) non-nuclear X-ray point sources with apparent X-ray luminosities above the Eddington limit for a ∼ 10M_⊙ black hole (BH). While some ULXs have been associated with supernovae, many are thought to be accreting objects with X-ray flux variability observed on timescales of hours to years. A natural possibility is that the compact object is an intermediate-mass black hole (IMBH) with mass of ∼ 10^{2−4}M_⊙ [1]. The origin of such objects remains uncertain. Some ULXs may have a stellarmass black hole with beamed emission [2, 3]. While current observations are inconclusive about the nature of ULXs, recent X-ray observations show that some ULXs have a cool accretion disk (kT ∼ 0.1 keV), suggesting the presence of IMBHs [4, 5].

While the majority of ULXs have X-ray emission from 0.1 to 10 keV, a few ULXs have very soft spectra with no X-ray emission above 1 keV [6, 7, 8], similar to supersoft X-ray sources (SSSs) in the Milky Way. The high luminosities of ultra-luminous SSSs are inconsistent with typical nuclear burning white dwarf models for Galactic SSSs. These ultra-luminous SSSs could, however, very well be IMBHs. Their luminosities and temperatures are consistent with what is predicted for accreting BHs with masses between roughly 100 and 1000 M_⊙. Alternatively, outflows from stellar-mass BHs could also achieve such a high luminosity and low temperature [9].

In this paper, we report a series of Xray/optical/radio observations of the ultra-luminous SSS in M101 (CXOU J140332.3+542103; M101 ULX- 1 hereafter) during the low states and outbursts.

2. X-ray Observations

M101 ULX-1 is one of the most luminous ULXs. It was discovered with ROSAT and was confirmed as a SSS with a blackbody temperature of about 100 eV, with Chandra [7, 10, 11]. During 2000 March, Chandra detected it at L_X ∼ 4 × 10^{39} ergs s^{−1}, and then in 2000 October, its luminosity was around 10^{39} ergs s^{−1}. In 2004, Chandra conducted a monitoring program for M101. Figure 1 (Left) shows the long-term X-ray lightcurve of M101 ULX-1 from 2004 January to 2005 January. M101 ULX-1 was near the detection limit during January, March, and May; the X-ray spectra were harder with a power-law shape (see Figure 1 Right), and the X-ray luminosity was about 2 × 10^{37} ergs s^{−1}, a factor of about 10^2 fainter than that during the outbursts in 2000 [12]. The source was found to be in outburst during the July 5 observation, with an X-ray luminosity of about 7 × 10^{39} ergs s^{−1}. Data taken on July 6, 7, and 8 show that the source was in outburst with a peak bolometric luminosity (for assumed isotropic emission) of about 10^{41} ergs s^{−1} [12]. In general, the X-ray spectra are best described with an absorbed blackbody model with temperatures of ∼ 50−100 eV (see Figure 1). In addition, we found absorption edges at 0.33, 0.57, 0.66, and 0.88 keV in two of the high state spectra. These features may signal

2315

Figure 1: Left: The light curve of M101 ULX-1 in 2004 as observed by Chandra (solid circles) and XMM-Newton (open circles). It is very clear that the source stays at ∼ 10^{37} ergs s^{−1} during the low luminosity state. When it went into an outburst in 2004 July and December, the peak 0.3-7 keV luminosity was near 10^{41} ergs s^{−1} , a factor of ∼ 1000 comparing to the low state. We also show the optical (INT and CFHT) and radio (VLA) coverage in the figure. It is worth noting that the CFHT observation was taken simultaneously with XMM-Newton. Right: Unfolded spectra of M101 ULX-1. The total spectrum, blackbody component, and power-law component are shown in green, red, and blue, respectively. During the 2004 July outburst, the spectra can be fitted with blackbody/disk blackbody model with temperatures of 50-100 eV. In two of the observations, absorption edges at 0.33, 0.57 (July 8), 0.66, and 0.88 keV (July 6) were found. On July 7, the peak bolometric luminosity reached 10^{41} ergs s^{−1} (which is one of the most luminous ULXs). The XMM-Newton spectrum taken on July 23 can be fitted with a blackbody (kT = 53 eV) and a power-law (α = 0.72) model. The combined Jan-May spectrum is similar to the XMM-Newton spectrum, but with much lower luminosities (∼ 10^{37} ergs s^{−1} ).

the presence of highly ionized gas in the vicinity of the accretor (e.g., warm absorber). A DDT XMM-Newton observation was made on July 23 and the luminosity was about 6×10^{38} ergs s^{−1}. A harder X-ray spectrum with a power-law tail (kT = 53 eV and α = 0.72) was seen up to 7 keV. More recently, Chandra observations made in September and November indicated that the source returned to the low state with a powerlaw spectrum and a luminosity of ∼ 2 × 10^{37} ergs s^{−1}. In 2004 December, the source was in outburst again with very soft spectra (kT = 50 − 160 eV) and a peak luminosity of about 10^{41} ergs s^{−1}. During the rise of the outburst, the spectra were supersoft with blackbody temperatures of 40–70 eV. The source showed a cool accretion disk near the peak of the outburst on 2005 January 1. The X-ray spectrum can be fitted with a disk blackbody model with kT_{DBB} = 0.16 keV which is significantly harder than previous supersoft X-ray spectra. The peak luminosity of the 2004 December outburst is about 9 × 10^{40} ergs s^{−1} which is very similar to the 2004 July outburst. A DDT XMM-Newton observation made on 2005 January 8 indicated that the source was in the decline stage (L_X = 6 × 10^{39} ergs s^{−1}) and the X-ray spectrum returned to a supersoft state (kT = 56 eV) [13].

3. Optical Observations

M101 ULX-1 is located near star forming regions in a spiral arm. Figure 2 shows a far UV (1350– 1750 Angstroms) image of M101 taken with GALEX. While GALEX cannot detect M101 ULX-1 because of the sensitivity and confusion, the ultra-luminous SSS is about 10^{′′} away from a bright UV source. Based on the position provided by Chandra, we searched for optical counterpart of M101 ULX-1 in archival Hubble Space Telescope (HST) data. The region of M101 ULX-1 was observed with HST using Wide Field Planetary Camera 2 (WFPC2) and Advanced Camera for Surveys (ACS) in 1994, 1995, and 2002. After reducing the data with standard procedures and correcting the astrometry of the HST and Chandra images, we found a blue object (V = 23.8, B − V = −0.2) within the 0.6^{′′} Chandra error circle (Figure 3). At the distance of M101 (d=6.7 Mpc), the absolute magnitude corresponds to M_V = −5.3. The magnitudes and colors of the blue star are consistent with an OB star. During the 2004 July outburst, we performed a series of target-of-opportunity observations at groundbased optical telescopes (see Figure 1 and 3). These observations included WIYN 3.5m, the 4.2m William

2315

Figure 2: GALEX far UV (1350–1750 Angstroms) image of M101. The blue circle is the location of M101 ULX-1.

Herschel Telescope (WHT), the 2.5m Isaac Newton Telescope (INT), and the 3.6m Canada-France-Hawaii Telescope (CFHT). Unfortunately, WIYN and WHT observations were affected by bad weather and bright moon. M101 ULX-1 was barely detected in the INT images but was clear seen in the CFHT images even under very bad seeing (Figure 3). It is worth noting that the CFHT observations were performed simultaneously with XMM-Newton. These are the first simultaneous X-ray/optical observations for an ULX. During the 2004 December outburst, we also performed an optical follow-up observation with the WIYN 3.5m on 2005 January 17 and M101 ULX-1 was clearly detected.

4. Radio Observations

After the discovery of the outburst of M101 ULX-1 in 2004 July with Chandra, we observed M101 ULX- 1 under target-of-opportunity time with Very Large Array (VLA) D-array at 4.86 (14 arcsec resolution) and 8.46 GHz (8.4 arcsec resolution; Fig. 4) for about 1.5 hours on 2004 July 21. There is no radio counterpart with a 3σ detection limit of 0.075 mJy/beam at 8.46 GHz. We also searched for the radio emission from archival VLA data. In the 2002 May 7 A-array 1.4 GHz (1.5 arcsec resolution) data, the source was not detected in the 6-hour observation but there is a 2σ hint of a source about 1^{′′} away from M101 ULX- 1; the 3σ detection limit of the observation is 0.075 mJy/beam.

5. Discussion

M101 ULX-1 is a very unique ULX. It has a very soft blackbody spectrum during outburst while it has a hard power-law tail in the low state. It also has recurrent outbursts which provide an excellent opportunity to explore a totally new variability timescale for an ULX. Only a handful of transient ULXs have been detected. This may be due to the lack of repeated observations of nearby galaxies. M101 ULX-1 is the only ULX that has been observed regularly with Xray telescopes. Hence, rapid multiwavelength followup observations become possible and meaningful. The X-ray/optical/radio observaitons of M101 ULX-1 reported here is the first and only rapid follow-up observations for an ULX.

Although over 100 ULXs have been discovered [1], only a handful of sources have L_X ∼> 10^{41} ergs s^{−1}, assuming isotropic radiation [14, 15, 16, 17]. A luminosity this high is difficult to achieve in an X-ray binary unless the accretor has a mass greater than roughly 10 M_⊙. We do have evidence that M101 ULX- 1 is likely to be an X-ray binary, since its luminosity has been observed to change by a factor of ∼> 10 on a time scale of hours [7, 11]. While it is possible that our luminosity estimates are higher than the true luminosity, the effects that lead to overestimates, such as beaming, or various anisotropies, tend to change estimated luminosities downward by a factor of roughly 10. Its unusually high bolometric luminosity (10^{41} ergs s^{−1}), coupled with its short-time-scale time variability, therefore make M101 ULX-1 a good candidate for an accreting IMBH. For instance, anisotropic X-ray emission can result super-Eddington luminosity for a stellar-mass BH [2]. However, in order to achieve such a high luminosity for a stellar-mass BH, extreme beaming is required and the disk is expected to be much hotter. Similarly, the temperature of radiation pressure-dominated accretion disk model proposed is too high [18]. The pure blackbody spectrum also makes relativistically beaming unlikely [3].

Its soft spectrum in the high state is another important piece of evidence. An accretion disk around a very massive BH is expected to produce supersoft X-ray emission [19]. If we used the 90% lower limits of the inner disk temperature derived from the disk blackbody fits, the BH mass is estimated to be > 2800M_⊙ [20]. This is consistent with prior work on IMBH models for ULXs [1]. It also complements other work on evidence for cool disks in ULXs that has also been considered as evidence for IMBH models [4, 5] although a power-law component usually contributes a significant fraction of X-ray emission. Indeed, M101 ULX-1 showed a cool accretion disk spectrum (kT_{DBB} = 0.16 keV) during the December outburst. Furthermore, the high state luminosity is approximately 16% of the Eddington luminosity for a 6000 M_⊙ BH; we therefore expect the inner disk to be optically thick, which is consistent with the IMBH interpretation.

The state changes of M101 ULX-1 span a luminosity range larger than a factor of 1000. M101 ULX- 1 was first detected by ROSAT in 1996 November

2315

Figure 3: Upper Left: HST/ACS B band image (900s) of the field near the SSS. The image has been corrected for astrometry using 2MASS catalog. The 0.6^{′′} Chandra error circle is indicated. The B magnitude is about 23.6. Lower Left: HST/WFPC2 U band (F336W) image (1200s) of the same field. The U magnitude of the source is about 22.3. Upper Right: CFHT g^′ band image (600s) of the same field. The image was taken simultaneously with XMM-Newton on 2004 July 23. Lower Right: CFHT u^′ band image (600s) of the same field.

[21], with an extrapolated unabsorbed 0.3–7 keV luminosity of 8 × 10^{38} ergs s^{−1} (blackbody model with N_H = 10^{21} cm^{−2}, kT = 75 eV). Higher absorption (3 × 10^{21} cm^{−2}) would imply a luminosity up of 4 × 10^{39} ergs s^{−1}. The source was not detected in other ROSAT observations [21]. In a 108 ks ROSAT HRI observation taken in 1996 May/June, we can set a 3σ detection limit at 6.8 × 10^{37} ergs s^{−1} (power-law model with N_H = 1.2×10^{20} cm^{−2} and α = 2). Setting the N_H at 1.5 × 10^{21} cm^{−2}, the luminosity limit becomes 1.5×10^{38} ergs s^{−1}. In 2000 March and October, Chandra detected the SSS in the very soft state with luminosities of ∼ 10^{39} ergs s^{−1} [7, 11]. In 2002 June, XMM-Newton observed M101 and did not detect the SSS [22]. We re-analysed the image and found that the SSS may be barely detected with possible contamination from nearby sources. We derived the 0.3–7 keV luminosity of the SSS as ∼ 10^{37} ergs s^{−1}, by assuming a power-law model. The source was also in the low state between 2004 January and May with luminosity of ∼ 10^{37} ergs s^{−1}. It is clear that the SSS has had at least 5 major outbursts (L_X > 10^{39} ergs s^{−1}). On the other hand, the very low luminosities (∼ 10^{37} ergs s^{−1}) during 2002 and 2004 indicate that the source was in the low state. The source varies by as much as a factor of 1000 between the low state and the high state. This amplitude is even greater than many Galactic BHs. Remarkably, the source also shows spectral changes. It is very clear that there is a power-law component (α = 1.4) in the composite low state spectrum, while the high state spectra are supersoft. The XMM-Newton observation taken during the decay of the July outburst revealed that the blackbody component was still strong and there was a very hard power-law tail, similar to the low state. In addition, the source showed spectral change during the 2004 December outburst. During the peak of the outburst, the X-ray spectrum changed from a supersoft spectrum to a quasisoft spectrum [23]. It is clear that the spectrum was significantly harder than typical outburst supersoft spectra. This is the first and only ULX for which recurrent outbursts with state transitions similar to Galactic X-ray binaries have been observed.

With a peak bolometric luminosity ≈ 10^{41} ergs s^{−1}, it is likely that IMBH is the central engine of the system. Interestingly, the blackbody component is al-

2315

Figure 4: VLA observations of M101 ULX-1 with 4.86 GHz (14 arcsec resolution; Left) and 1.4 GHz (1.5 arcsec resolution; Right). The cross is the Chandra position of M101 ULX-1.

ways seen while the power-law component becomes stronger when the source is at lower luminosities. It may indicate that the power-law component is due to Comptonization of soft photons [24]. The photon index is, however, harder than that of Galactic BHs in the low state (α ∼ 1.7). None of the Galactic BHs has similar spectrum [25]. The closest example is Galactic microquasar V4641 Sgr for which the photon index was measured to be between 0.6 and 1.3 [25, 26].

Another important feature of our X-ray spectral fits is the presence of absorption edges, which we found at 0.33, 0.57, 0.66, and 0.88 keV in two of the high state spectra. These are consistent with C V, N VI, N VII, and O VIII edges. We note, however, that the 0.33 keV edge may be due to calibration of the ACIS-S near the carbon edge around 0.28 keV. These features may signal the presence of highly ionized gas in the vicinity of the accretor (e.g., warm absorber), and may be consistentwith an outflow from the source. In fact, outflow models have been suggested for ULXs in which the soft component of some ULXs is due to outflow of a stellar-mass BH [9]. Similar argument to explain the super-Eddington luminosity of M101 ULX-1 [11]. However, the new data which reveal the changes of temperature and bolometric luminosity, the extremely high luminosity, and the state transition of the source will be difficult to explain by such a model. It remains a puzzle that we saw different edges in the two observations, possibly related to the geometry of the system. Nevertheless, outflows from IMBHs may be expected.

It is also interesting to note that similar absorption edges are expected and have been observed in white dwarf (WDs) systems such as the recurrent nova U

Sco [27], CAL 87 and RX J0925.7–4758 [28]. SSS radiation with luminosities in the range from 10^{37} ergs s^{−1} to roughly the Eddington limit for a 1.4 M_⊙ WD are expected for nuclear burning WDs [29]. Indeed, such models have been proposed to explain SSSs in the Galaxy and Magellanic Clouds. Note, however, that neutron star and BH models have also been proposed. The high state luminosity of this source is almost two orders of magnitude larger than that of any other known SSS, and it rules out steady nuclear burning on hot WD models as an explanation for M101 ULX-1. A similar argument can be made for neutron star models. A nova explosion could explain some features of the data. It is not favored, however, because the photospheric radius and lack of hard radiation at the peak of the outburst have no obvious explanation.

We expect that at least some of the ULXs involving IMBH accretors are transients [2, 30]. The required condition is that the donor must be a massive star (∼> 5 M_⊙) in regions of young populations. M101 ULX- 1 satisfies these conditions. The colors of the optical counterpart are consistent with an OB star. More recent optical observations suggest that the optical counterpart is a B supergiant with a mass of 9−12M_⊙ and the optical spectrum indicates that M101 ULX-1 is consistent with a high-mass X-ray binary [31]. The source is also very close to star forming regions in a spiral arm as indicated in Figure 2.

It may be impossible to conclusively establish, using current technology, that any X-ray source in an external galaxy is an IMBH. A system like M101 ULX-1 is therefore particularly valuable, because it provides 5 different pieces of evidence that together make a consistent argument in favor of an IMBH interpretation.

2315

Its high-state luminosity, its short-time-scale variability, its soft high-state spectrum, its pronounced spectral changes, and the high-mass companion all suggest that M101 ULX-1 is a strong IMBH candidate.

Acknowledgments

This work was supported by NASA grant NNG04GP58G. A.K.H.K. acknowledges support from NASA grant GO3-4049X from the Chandra X-Ray Center, and would like to thank XMM-Newton project scientist Norbert Schartel for granting our DDT request. We would also like to thank Matthew Jarvis (INT), Christian Veillet (CFHT), Chris Benn (WHT), Richard Green (NOAO), and George Jacoby (WIYN) for granting the target-of-opportunutiy time. This work is based on observations obtained with XMM- Newton, an ESA mission with instruments and contributions directly funded by ESA member states and the US (NASA). The National Radio Astronomy Observatory is a facility of the National Science Foundation operated under cooperative agreement by Associated Universities, Inc.

References

[1] Miller, M. C., & Colbert, E. J. M. 2004, International Journal of Modern Physics D, 13, 1 [2] King, A. R., Davies, M. B., Ward, M. J., Fabbiano, G., & Elvis, M. 2001, ApJ, 552, L109 [3] Körding, E., Falcke, H., & Markoff, S. 2002, A&A, 382, L13 [4] Miller, J. M., Fabbiano, G., Miller, M. C., & Fabian, A. C. 2003, ApJ, 585, L37 [5] Miller, J. M., Fabian, A. C., & Miller, M. C. 2004, ApJ, 614, L117 [6] Fabbiano, G., King, A. R., Zezas, A., Ponman, T. J., Rots, A., & Schweizer, F. 2003, ApJ, 591, 843 [7] Di Stefano, R., & Kong, A. K. H. 2003, ApJ, 592, 884 [8] Kong, A. K. H. & Di Stefano, R. 2003, ApJ, 590, L13 [9] King, A. R. & Pounds, K. A. 2003, MNRAS, 345, 657

[10] Pence, W. D., Snowden, S. L., Mukai, K., & Kuntz, K. D. 2001, ApJ, 561, 189 [11] Mukai, K., Pence, W. D., Snowden, S. L., Kuntz, K. D. 2003, ApJ, 582, 184 [12] Kong, A. K. H., Di Stefano, R., & Yuan, F. 2004, ApJ, 617, L49 [13] Kong, A. K. H. 2005, ATel, 409 [14] Matsumoto, H., Tsuru, T. G., Koyama, K., Awaki, H., Canizares, C. R., Kawai, N., Matsushita, S., & Kawabe, R. 2001, ApJ, 547, L25 [15] Gao, Y., Wang, Q. D., Appleton, P. N., & Lucas, R. A. 2003, ApJ, 596, L171 [16] Davis, D. S. & Mushotzky, R. F. 2004, ApJ, 604, 653 [17] Soria, R. & Motch, C. 2004, A&A, 422, 915 [18] Begelman, M. C. 2002, ApJ, 568, L97 [19] Di Stefano, R., Primini, F. A., Kong, A. K. H., & Russo, T. 2004, ApJ, astro-ph/0405238 [20] Makishima, K., et al. 2000, ApJ, 535, 632 [21] Wang, Q. D., Immler, S., & Pietsch, W. 1999, ApJ, 523, 121 [22] Jenkins, L. P., Roberts, T. P., Warwick, R. S., Kilgard, R. E., & Ward, M. J. 2004, MNRAS, 349, 404 [23] Di Stefano, R., & Kong, A. K. H. 2004, ApJ, 609, 710 [24] Wang, Q. D., Yao, Y., Fukui, W., Zhang, S. N., & Williams, R. 2004, ApJ, 609, 113 [25] McClintock, J. E., & Remillard, R. A. 2003, in “ Compact Stellar X-ray Sources”, eds. W.H.G. Lewin and M. van der Klis, Cambridge University Press. (astro-ph/0306213) [26] Miller, J. M., Fabian, A. C., in’t Zand, J. J. M., Reynolds, C. S., Wijnands, R., Nowak, M. A., & Lewin, W. H. G. 2002, ApJ, 577, L15 [27] Kahabka, P., Hartmann, H. W., Parmar, A. N., & Negueruela, I. 1999, A&A, 347, L43 [28] Ebisawa, K., et al. 2001, ApJ, 550, 1007 [29] van den Heuvel, E. P. J., Bhattacharya, D., Nomoto, K., & Rappaport, S. A. 1992, A&A, 262, 97 [30] Kalogera, V., Henninger, M., Ivanova, N., & King, A. R. 2004, ApJ, 603, L41 [31] Kuntz, K. D., Gruendl, R. A., Chu, Y., Chen, C.- H. R., Still, M., Mukai, K., & Mushotzky, R. F. 2005, ApJ, 620, L31

2315