On the Road Toward a Deeper Understanding of Sgr A* and its Environment

R. Schödel^1, R. Genzel^{2,3}, F.K. Baganoff^4, & A. Eckart^{1 ∗}

February 25, 2004

The last two years have been enormously fruitful for our NIR GC research. The NIR camera/AO system CONICA/NAOS at the ESO VLT unit telescope 4 was commissioned in late 2001/early 2002. The excellent imaging quality of the VLT in combination with the Paranal site, where the GC passes close to zenith, and the superb performance of the AO system (with its unique NIR wavefront sensor) are an ideal combination for deep, high resolution (40 milli-arcseconds at 1.7μm) observations of the Milky Way’s nuclear star cluster. Thanks to the new instrumentation we could finally confirm the existence of a stellar cusp around Sgr A*. Also, we can now measure stellar positions with an accuracy of 1 − 2 mas and derive meaningful proper motions of stars within about 40 mpc of Sgr A* with a time base of just two years. Two breakthroughs of the last two years were the determination of the orbit of S2 and the discovery of NIR flares and quiescent emission from Sgr A*. Below, we summarize some of the most important recent results and provide some outlook on the new measurements to come soon. We also report on the first simultaneous NIR/X-ray measurements of the emission from Sgr A*.

1 Confirmation of the Stellar Cusp Around Sgr A*

Due to the inhomogeneous distribution of the few dozen brightest stars in the nuclear cluster the location of Sgr A* does not coincide with the peak of the light distribution (Allen & Sanders, 1986). However, with star counts based on deep, high-resolution NIR NACO/VLT images we could recently show with unprecedented accuracy that Sgr A* is indeed located (to ±0.2^{′′} or about 8mpc) at the very center of the nuclear stellar cluster (Genzel et al., 2003; cf. also Scoville et al., 2003). Furthermore, we confirmed the existence of a stellar cusp within ∼ 1.5^{′′} around Sgr A*, as expected from theoretical considerations (e.g. Bahcall & Wolf, 1977, 1978; Young 1980; Murphy, Cohn, & Durisen, 1991) and indicated in earlier data (Alexander, 1999). The cusp

∗1 I.Physikalisches Institut, Universitt zu Kln, Zlpicher Str.77, 50937 Kln, Germany; rainer, eckart@ph1.uni-koeln.de;^2 Max-Planck-Institut fr extraterrestrische Physik, Giessenbachstrae, 85748 Garching, Germany; genzel, ott@mpe.mpg.de;^3 also: Department of Physics, Le Conte Hall, University of California, Berkeley, California 94720, USA;^4 Center for Space Research, MIT, Cambridge, MA 02139- 4307; fkb@space.mit.edu

follows a density law of the form

ρ(r) = 1.2 × 10^6 ( r 10^{′′} )_{−α} [M_⊙pc^{−3}],

with α = 1.4 ± 0.1 (Genzel et al., 2003). With these numbers, the density is expected to exceed a few times 10^8 M_⊙pc^{−3} at distances ≤ 0.1^{′′} from the central black hole.

We also found new evidence that the stellar population in the cusp has distinctive characteristics compared to the outer cluster: The cusp KLF displays a lack of RC/HB stars and of giant stars, which may be due to mass segregation and/or destruction of stellar envelopes in the dense environment (Genzel et al., 2003). There is also the now well known, enigmatic population of blue, early-type stars (e.g. Genzel et al., 1997; Eckart, Ott, & Genzel, 1999; Figer et al., 2000; Gezari et al., 2002) in the immediate surroundings of the black hole. Only recently, Ghez et al. (2003) could show that one of these stars has indeed the spectroscopic characteristics of an O-type star (confirmed by Eisenhauer et al., 2003). Currently, there exist no satisfactory models on how such stars can form at this location or migrate there during their lifetime. Alternatively, they might be a different class of objects, similar to blue stragglers (see the discussions in Ghez et al., 2003 and Genzel et al., 2003). Slit-spectroscopy is unfortunately notoriously difficult in the extremely dense nuclear star cluster. However, we can hope for breakthroughs with the AO integral-field spectrometer SPIFFI/SINFONI at the ESO VLT, which will be commissioned this year. Understanding the properties of the enigmatic stellar population in the cusp is certainly one of the most intriguing subjects of GC study in the near future, not only for observation (spectroscopy, stellar dynamics), but also for theory (e.g. importance of stellar collisions in the dense cluster with high velocity dispersion).

2 Dynamics of the Stars in the Cusp

2.1 Velocity Dispersion Measurements, Anisotropy

In the last decade, measurements of the velocity dispersion in the central star cluster brought strong evidence for the black hole nature of Sgr A* (Eckart & Genzel, 1996, 1997; Ghez et al., 1998; Genzel et al., 2000). However, compared to the recent estimates of the black hole mass through individual stellar orbits, M_{BH} = 3.5 − 4.0 × 10^6 M_⊙ (Schödel et al., 2002; Ghez et al., 2003; Schdel et al., 2003; Eisenhauer et al., 2003), the dispersion measurements resulted in lower mass estimates, around 2.6 × 10^6 M_⊙. Although the reason for this discrepancy is not yet fully understood, we believe that it is most probably due to incomplete sampling of the cluster. A critical assumption of the statistical mass estimators is the availability of a sufficiently complete census of the stellar cluster. Earlier proper motion experiments (Eckart & Genzel, 1996, 1997; Ghez et al., 1998) included just around a dozen high-speed stars in the central cusp due to the use of poorer instrumentation (no AO), smaller telescopes and/or due to conservative approaches in data analysis.

A recent, more rigorous approach by Schdel et al. (2003) resulted in an estimated enclosed dark mass of 3.4 × 10^6 M_⊙. Also, the deep, high-resolution AO GC images obtained with NACO/VLT since early 2002 allow pinpointing the location of the

Figure 1: Left panel: Stellar velocities within 1.2^{′′} of Sgr A*, derived from the NACO 2002/2003 imaging data, superposed on a NACO June 2003 LR deconvolved and beam restored K-band image. The source at the origin of the coordinate system is Sgr A* in a flaring state. Right panel: Histograms of the anisotropy parameter γT R = (v^2_T − v^2_R)/v^2 for the proper motions shown in the left panel. v is the proper motion velocity and vT and vR are its projected radial and tangential components. Stars on radial orbits have γT R = −1, on tangential orbitsγT R = +1 (see Genzel et al., 2000, for a discussion of the anisotropy estimator γT R). Dotted lines: Stars at projected distances < 0.6^{′′} from Sgr A*; solid lines: stars at projected distances < 1^{′′} ; dashed lines: stars at projected distances < 1.2^{′′} .

brighter (m_K ≤ 17) stars within 1^{′′} of Sgr A* with an accuracy of the order ≤ 2 mas, which allows for extracting proper motions with a time base of just two years. The measured proper motions (based on 5 epochs of observations) are shown in the left panel of Figure 1 and represent so-far the most complete sample. The enclosed mass, estimated with a Leonard-Merritt mass estimator is 4.0 ± 0.8 M_⊙.

These recent works support our assumption that the earlier, lower mass estimates were due to incomplete sampling. One must also keep in mind the possible influence of other factors such as the slope of the central cluster (for an ample discussion, see Genzel et al., 2000), which leads to additional correction factors. However, these corrections are of the order ≤ 10%.

Due to the enormous stellar number density in the cusp the nuclear cluster should relax rapidly via two-body collisions and display an isotropic velocity structure. Nevertheless, Genzel et al. (2000) found some indications of a prevalence of radial orbits in the cusp, which could be confirmed by the work of Schdel et al. (2003). Our newest, most complete proper motion data set (about 50 stars within 40 mpc of Sgr A*) still supports the weak (2 − 3σ) but consistent finding of radial anisotropy (right panel in Figure 1). We find an anisotropy parameter ⟨β⟩ = 1 − ⟨σ^2_t ⟩/⟨σ^2_r ⟩ = 0.6 ± 0.05 (Schdel , 2004). Of course, this finding might be due to small number statistics and/or reflect a perhaps random property of just the few brightest stars in the cluster (also, the error might be underestimated due to systematic errors not taken into account). On the other hand, should the anisotropy be confirmed further, it might give us a – not yet understood – clue to the formation of the cusp or some of its constituents.

Figure 2: Left panel: Lucy-Richardson deconvolved and beam-restored high-resolution (FWHM∼ 60 milliarcseconds) near-infrared (2.2μm) image of the central 1^{′′} ×1^{′′} of the nuclear stellar cluster. The image was obtained with CONICA/NAOS at the ESO VLT in June 2003. On this image Sgr A* can be seen in its flaring state as a point source at the origin of the coordinate system. The Keplerian orbits of six stars, as they were determined by a decade of continued observations, are over-plotted onto the image. Arrows indicate the locations of the respective stars and their direction of motion. Right panel: Dotted line: Cumulative probability distribution function of the eccentricities of test particles orbiting a point mass in a spherical, isotropic system. The crosses and their error bars mark the eccentricities measured for the 6 stars S1, S13, S12, S14, S2, and S8 (starting at the lowest eccentricity).

2.2 Individual Orbits

The determination of Keplerian orbits of individual stars around Sgr A* in the last two years was an enormous breakthrough. Above all, the orbit of the star S2 has been measured with high accuracy It allowed to exclude dark cluster or fermion ball alternatives to the black hole scenario with high confidence, to measure the black hole mass independent of any statistical assumption, and to locate its position with an accuracy of < 2 mas (Schödel et al., 2002; Schdel et al., 2003; Ghez et al., 2003). Calculating the position (and its uncertainty) of S2 relative to Sgr A* in 2002.3 with the orbital elements given by Ghez et al. (2003, astro-ph/0306130) and by Eisenhauer et al. (2003), we obtain a relative offset of the dynamical center of the first solution from the latter one of 0.0±2.9 mas E and 0.8±2.0 mas N. This means that the two groups’ results are in excellent agreement and that the position of Sgr A* is now known with an accuracy of ∼ 1 milli-arc-second.

Eisenhauer et al. (2003) used the orbit of S2 for the first geometrical determination of the distance to the Galactic Center, R_0. Consistent with earlier indirect distance estimates, they found a value R_0 = 7.9±0.4 kpc and a black hole mass of 3.6±0.6 M_⊙ (including the uncertainty of the distance).

Ghez et al. (2003a) and Schödel et al., 2003/Schödel 2004 determined and/or constrained the orbits of an additional five stars near Sgr A*. Although these orbits are not known as accurately as the orbit of S2, they provide, for the first time, direct – i.e.

without any statistical assumptions – insight into the dynamics of the cluster. As for the distribution of the orbital eccentricities, they agree with an isotropic cluster, but cannot exclude radial anisotropy due to the large uncertainties and due to the limited number of stars with observed orbital motion. We show the cumulative probability function of the eccentricities along with the theoretical distribution for a cluster in the potential of a point mass in the right panel of Figure 2 (taken from Schödel 2004). Schdel et al. (2003) showed that one can generally expect an overall slight bias toward discovering orbits with eccentricities e ≥ 0.9 in the cusp. However, since all the orbits (with perhaps one exception) have semi-major axes a < 20 mpc (Schdel , 2004), they might rather be biased toward lower eccentricities.

The latest development in the analysis of individual orbits is using the available proper motion information to fit all orbits simultaneously and thus gain additional information, e.g. on the proper motion (or rather lack thereof) of Sgr A* relative to the surrounding cluster of stars (see Ghez et al., astro-ph/0306130).

3 Emission from Sgr A*

When observing the GC with the ESO NACO/VLT on the night from the 8th to the 9th of May, 2003, we experienced the perhaps most exciting event since the start of our GC monitoring program in 1991: We observed live on the real-time display how Sgr A* flared within a few minutes by a factor of 5 and faded again rapidly some 40 minutes later (left panel in Figure 3). For more than a decade we had been waiting for an event like this to happen! The position of the flare was coincident with Sgr A*, with an offset of −1.4 ± 3.0 mas in R.A. and −0.2 ± 3.0 in Dec. from the position of Sgr A* as determined from the orbit of S2. In subsequent observations in June we detected another 2 flares and found an additional one in a retrospective analysis of the data from 2002. With a total of four flares observed at wavelengths between 1.7 and 3.8μm we estimated a flaring rate (assuming Poisson statistics) of 2 to 6 flares per day. Also, we detected a variable ’quiescent’ source at the position of Sgr A*. Our results were published in Nature in October 2003 (Genzel et al., 2003a). Independently, A. Ghez and collaborators reported the detection of a variable source at the position of Sgr A* at 3.8μm with the Keck telescope (Ghez et al., 2003, astro-ph/0309076, who also report on more than 6 orbits).

The short rise-and-fall time scales (≤ 5 min) of the flares suggest that they come from within 10 Schwarzschild radii of the black hole. They have durations between 40 and 85 min, similar in scale to the X-ray flares (Baganoff et al., 2001). As for the SED of the flares, it is not well constrained in the NIR regime because we do not have any simultaneous measurements at different wavelengths so far. There is some indications that the flares have a blue color in the NIR regime (Genzel et al., 2003a). Should this prove to be true, then this would pose a serious problem for current theories of Sgr A* emission. In that case, the flares might be related to individual accretion events.

Most intriguingly, in two flares observed 24h apart in June 2003, we detected 17 min quasi-periodic oscillations (Figure 3, right panel). The oscillations have a frequency that is higher than the orbital frequency at the last stable orbit around a Schwarzschild black hole and suggest that we might have witnessed emission from

Figure 3: Left panel: First detection of a NIR flare of Sgr A* with NACO/VLT on May 9, 2003,in the H-band (1.7μm). The flaring source is easily detected in the right image, that was taken 39 min after the left image. The position of the flare is offset a mere −1.4 ± 3.0 mas in R.A. and −0.2 ± 3.0 in Dec. from the dynamical position of Sgr A*. The star S2 is marked by a cross, the position of Sgr A* is indicated by a white circle. Right panel: De-reddened light curve of a Sgr A* NIR flare on June 16, 2003, observed with NACO/VLT. For comparison, the steady emission of the star S1 near Sgr A* is shown in the plot (red data points). Arrows in the plot of the K-band flare indicate substructure peaks of the flare.

material near the last stable orbit of a Kerr black hole. We determined a lower limit for the black holes spin of a = J/(GM_{BH} )/c = 0.52(±0.1, ±0.08, ±0.08), where G is the gravitational constant, M_{BH} the mass of the black hole, J its spin, and c the speed of light. The errors in brackets include the influence of the uncertainties of M_{BH} , the flare modulation frequency, and the distance to the GC. Should the quasi-periodicity of the flares be confirmed by upcoming observations then we could, for the first time, directly measure fundamental properties of our Milky Way’s central black hole apart from its mass.

A decisive question for the emission mechanism is the relation between the flares at X-ray and NIR wavelengths. In an upcoming paper Eckart, Baganoff, Morris, Schödel et al. report on the first simultaneous near-infrared/X-ray detection of the SgrA* counterpart (Figure 4). The observations were carried out using the NACO adaptive optics instrument at the ESO VLT and the ACIS-I aboard the Chandra X-ray observatory. A fading flare of Sgr A* with >2 times the interim-quiescent flux was detected at the beginning of the NIR observations. This flare was also detected in the X-domain with a 2 - 10 keV luminosity of about 6×10^{33} erg/s. The data therefore represent the first simultaneous NIR/X-ray measurement of the interim-quiescent and flaring state of SgrA*. They find that the flaring state can be conveniently explained with a synchrotron self- Compton model involving up-scattered sub-millimeter photons from a compact source component showing bulk relativistic motion. The size of that component is assumed to be of the order of the Schwarzschild radius. The overall spectral indices α_{NIR/X−ray} (S_ν ∝ν^{−α}) of both states are quite comparable with a value of ∼1.3. Since the interimquiescent X-ray emission is extended, the spectral index for the interim-quiescent state is probably only a lower limit for the compact source Sgr A*. A conservative estimate of the upper limit of the time lag between the end of the NIR and X-ray flare is of the order of 15 minutes.

Figure 4: NIR flux variation of Sgr A* during the coordinated Chandra/VLT observations of the GC by Eckart, Morris, Baganoff, Schödel et al. (in preparation 2004). The X-ray and NIR light curves plotted with a common time axis. X-ray light curve as observed by the Chandra Observatory. Straight solid lines in the inserted box represent the 0.00, 0.01, and 0.02 counts per second levels. The straight dashed line represent the X-ray IQ-state flux density level. The lowest light curve (triangles with error bars) show the fluctuation of the flux in a random region of the image without significant source detection. The observations started on 20 June 2003 at 00:16:51.50 (UT).

4 New Insights Might Wait Around the Corner!

Very soon, the new GC season will start, with several coordinated radio/sub-mm/Xray/NIR observing campaigns readily planned. The key question that will be addressed is the frequency and amplitude of the variability of Sgr A* observed simultaneously at different wavelengths. The new observations will provide essential and strong constraints for theoretical models of Sgr A* accretion and emission.

As concerns NIR observations, we are of course highly interested in measuring the flux of the Sgr A* counterpart at various wavelengths with as little time delay as possible. Polarization measurements will provide additional important information on the accretion flow/ejected material. We feel, however, that currently the most exciting aspect of the black hole emission remains the quasi-periodicity of the flares and strongly hope to confirm it.

Parallel to the work on Sgr A* we will of course continue our analysis of the stellar population and its dynamics. Possibly, the coming season will see the first SIN-

FONI/SPIFFI/VLR AO integral-field spectroscopic observations of the Sgr A* cluster that will provide a wealth of new and essential information on the nature and 3Ddynamics enigmatic population of apparently young stars near the black hole.

References

Alexander, T. 1999, Ap.J., 527, 835 Allen D.A., & Sanders, R.H. 1986, Nature, 319, 191 Baganoff, F.K., Bautz, M.W., Brandt, W.N., Chartas, G., Feigelson, E.D., Garmire, G.P., Maeda, Y., Morris, M., Ricker, G.R., Townsley, L.K., & Walter, F. 2001, Nature, 413, 349 Bahcall, J.N., & Wolf, R.A. 1976, Ap.J., 209, 214 Bahcall, J.N., & Wolf, R.A. 1977, Ap.J., 216, 883 Eckart, A., Ott, T., & Genzel, R. 1999, A&A, 352, L22 Eisenhauer, F., Schödel, R., Genzel, R., Ott, T., Tecza, M., Abuter, R., Eckart, A., & Alexander, A. 2003, Ap.J., 597, L121 Figer, D.F., Becklin, E.E., McLean, I.S., Gilbert, A.M., Graham, J.R., Larkin, J.E., Levenson, N.A., Teplitz, H.I., Wilcox, M.K., & Morris, M. 2000, Ap.J., 533, L49 Genzel, R., Eckart, A., Ott, T., & Eisenhauer, F., 1997, MNRAS, 291, 219 Eckart, A., & Genzel, R. 1996, Nature, 383, 415 Eckart, A., & Genzel, R. 1997, MNRAS, 284, 576 T., Eisenhauer, F., Hofmann, R., Lehnert, M., Eckart, A., Alexander, T., Sternberg, A., Lenzen, R., Clnet, Y., Lacombe, F., Rouan, D., Renzini, A., & Tacconi-Garman, L. E. 2003, Ap.J., 594, 812 Genzel, R., Pichon, C., Eckart, A., Gerhard, O. E., & Ott, T. 2000, MNRAS, 317, 348 Genzel, R., Schdel, R., Ott, T., Eisenhauer, F., Hofmann, R., Lehnert, M., Eckart, A., Alexander, T., Sternberg, A., Lenzen, R., Clnet, Y., Lacombe, F., Rouan, D., Renzini, A., & Tacconi-Garman, L. E. 2003, Ap.J., 594, 812 Genzel, R., Schödel, R., Ott, T., Eckart, A., Alexander, T., Lacombe, F., Rouan, D., & Aschenbach, B. 2003a, Nature, 425, 934 Gezari, S., Ghez, A.M., Becklin, E.E., Larkin, J., McLean, I.S., & Morris, M. 2002, Ap.J., 576, 790 Ghez, A., Klein, B. L., Morris, M., & Becklin, E. E. 1998, Ap.J., 509, 678 Ghez, A., Duchêne, G., Matthews, K., Hornstein, S.D., Tanner, A., Larkin, J., Morris, M., Becklin, E. E., Salim, S., Kremenek, K., Thompson, D., Soifer, B.T., Neugebauer, G., & McLean, I. 2003, Ap.J., 586, L127.

Ghez, A., Becklin, E. E., Duchêne, G., Hornstein, S.D., Morris, M., Salim, S., & Tanner, A. 2003, Astron. Nachr., 324, S1, 527.

Murphy, B.W., Cohn, H.N., & Durisen, R.H. 1991, Ap.J., 370, 60

Schödel, R., Ott, T., Genzel, R., Hofmann, R., Lehnert, M., Eckart, A., Mouawad, N., Alexander, T., Reid, M. J., Lenzen, R., Hartung, M., Lacombe, F., Rouan, D., Gendron, E., Rousset, G., Lagrange, A.-M., Brandner, W., Ageorges, N., Lidman, C., Moorwood, A. F. M., Spyromilio, J., Hubin, N., & Menten, K. M. 2002, Nature, 419, 694

Schdel, R., Ott, T., Genzel, R., Eckart, A., Mouawad, N., & Alexander, T. 2003, Ap.J., 596, 1015

Schdel, R. 2004, PhD Thesis, submitted.

Scoville, N.Z., Stolovy, S.R., Rieke, M., Christopher, M., & Yusef-Zadeh, F. 2003, Ap.J., 594, 294

Young, P. 1980, Ap.J., 242, 1232