The following news brief supports the press release "Scientists Follow Doomed Matter on a Ride Around a Black Hole," presented at the HEAD-AAS meeting in New Orleans, Louisiana, on September 9, 2004.
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The Light-Bending Model:  A New Understanding of the Dance of Energy, Matter and Time Near a Black Hole
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In a long observation of a particularly bright and active black hole galaxy, our colleague Kazushi Iwasawa and we estimated the mass of the central black hole using a new analysis technique.  In essence, we derived a mass by plugging in the measurements for the energy of the light from matter orbiting close to a black hole, its distance from the black hole, and the time it took to orbit the black hole.  This third element -- the orbital period, like a planet circling a star -- has been the missing link in black hole mass calculations.  
An active black hole region is flush with light, particularly X-ray radiation close to the black hole.  Discerning where the light is emitted and then following that patch as it orbits the black hole is a complicated task, for this region is tiny compared to the host galaxy.  The resolution needed to image such activity is upwards of a million times greater than what the Hubble Space Telescope can muster.  We instead rely on X-ray spectroscopy, a graph of light energy.  Yet a second complication is the way the black hole's gravity distorts light like a funhouse mirror, which can render the spectra incoherent. The following paragraphs describe our process of analyzing spectra of light from near a black hole, taking in a fuller account of gravitational effects predicted by Einstein.

THE BACKGROUND:  Black holes are extremely compact objects representing the endpoint of the evolution of the most massive stars. Their boundary is called event horizon, and gravity there is so strong that nothing, not even light, can be sent from within the event horizon towards the outside world: particles and light are trapped within the event horizon by the strong gravitational field. Therefore, as opposed to stars, the "surface" of a black hole (the horizon) does not emit light, justifying the name given to this most exotic astrophysical object. 

Even if it does not emit light, a black hole can manifest its presence through emission from matter spiraling into it under the effect of its strong gravity. According to Einstein's theory of general relativity, the spacetime in the immediate vicinity of the black hole is warped and distorted depending on the mass and spin of the black hole. Matter and light travel in this warped spacetime, and signatures are imprinted in the light that we can observe.

One crucial result of the past decade of X-ray astronomy has been the detection of relativistic signatures in the X-ray spectra of accreting black holes. Neutral iron atoms in the gas orbiting the black hole, illuminated by a source of X-rays, absorb the illuminating radiation and re-emit fluorescent light at the energy of 6.4 keV giving rise to an emission line in the X-ray spectrum. If the iron atoms producing the line orbit close to the black hole, relativistic effects produce a characteristic skewed and broad iron line profile extending at much lower energies than 6.4 keV because light looses part of its energy to beat the gravitational attraction of the black hole in its journey to our telescopes.   

The iron line profile and its variability strongly depend on the extreme conditions close to the black hole and provide therefore a very powerful diagnostics of the accretion flow and of the spacetime geometry in the strong field regime of general relativity, where the relativistic effects are the strongest. A broad iron line is indeed observed in many accreting black hole systems, the most remarkable case being the active galaxy MCG-6-30-15, which is believed to harbor a supermassive black hole at its center. A very broad line is also observed in the black hole candidate XTE J1650-500 in our own Galaxy (the Milky Way), and in other systems.

THE NEW RESULTS:  The variability properties of the broad iron line in MCG-6-30-15, XTE J1650-500, and in other accreting black holes contradict the predictions of the simplest models and represent a puzzling challenge for our understanding of the X-ray emission mechanisms from such objects.

The simplest picture comprises matter accreting into the black hole in the form of an accretion disc. The disc is illuminated by some X-ray source above it, which produces also the X-ray continuum, and the illuminated iron atoms in the disc produce the iron line. The straightforward prediction of such a simple model is that the continuum and the iron line should vary together: an increase of the observed continuum by, say, a factor of two implies that the disc is illuminated twice as much; and therefore twice as many iron line photons should be emitted from the disc, which would be detected. Recent X-ray observations, however, have shown that the broad iron line does not always respond to the continuum variations, therefore challenging the simple theoretical picture.

But standard models do not take into account that general relativity affects not only the emission from the disc (the iron line) but also the X-ray continuum emission. Light from the X-ray source above the accretion disc has to fight its way against the gravitational attraction of the black hole. Gravity's pull depends on the distance of the X-ray source from the black hole: The closer to the source, the harder for light to escape the black hole's gravity. If the X-ray source is close to the black hole, much of the emitted light is bent towards the black hole and cannot reach our telescopes. This yields a dramatic reduction in the continuum that we observe. Even a small change in the distance of the source from the black hole produces large variations in the continuum and the contribution of gravitational light bending to the X-ray variability is so strong that it cannot be neglected. 

When these effects are taken into account, the iron line is no longer expected to follow the continuum changes. We have shown that the iron line can remain constant despite large variations in the continuum. The line is predicted to follow the continuum variations only when the continuum level (the flux) is very low. This is precisely what is observed in two most puzzling cases. MCG-6-30-15 has been observed twice by the XMM-Newton observatory, and the iron line is found to respond to the continuum at low flux levels, while the line is almost constant at higher fluxes. Three observations of the black hole candidate XTE J1650-500 by the Italian-Dutch satellite BeppoSAX have shown that the iron line behaviour is the same also in this much smaller accreting black hole. Other supermassive black holes in distant galaxies (NGC 3516, 1H0707-495) also exhibit properties that are well understood in terms of the extreme conditions close to the black hole.

Our model, the so-called "light bending model," provides new insights in our understanding of both supermassive black holes (up to billions times the mass of the Sun) and black hole candidates in the Milky Way (with a mass of about 10 times that of the Sun). It shows that the distortions of spacetime close to a black hole, predicted by the Einstein's theory, have observable effects not only on the iron line but also on the X-ray continuum. The agreement between model predictions and X-ray observations indicates that we are probing the innermost regions around black holes and putting to test Einstein's theory of general relativity with unprecedented accuracy. 

So far, Einstein proves to be right.

