Mon. Not. R. Astron. Soc. 000, 000–000 (2002) Printed 2 March 2003 (MN L^ATEX style file v1.4)

EQPAIR: Modelling the Emission from a Hybrid Thermal/Non-Thermal Plasma

P.S. Coppi

Yale University, P.O. Box 208101, New Haven, CT 06520-8101, USA

Accepted — –. Received – , —1

ABSTRACT Models of the continuum radiation from accreting hot plasmas typically assume that the plasma heating mechanism produces energetic particles distributed in energy either as a Maxwellian (the “thermal” models) or as an extended power law (the “nonthermal” models). The reality, however, is that neither description is probably accurate. In other astrophysical contexts where we have been able to observe the actual particle energy distributions, e.g. solar system plasmas, and in many particle acceleration theories, the heating mechanism supplies only some fraction of the available energy to very energetic particles. The remainder goes into producing lower energy particles which settle into a quasi-Maxwellian energy distribution. Here, I review the arguments for “thermal” versus “non-thermal” plasmas in accreting black hole systems and discuss the physics and emission properties of “hybrid” plasmas, where the particle distribution energy is approximately a Maxwellian plus a power law tail. Using results from a new emission code, I then show that such plasmas may be relevant to explaining recent observations, particularly those of Galactic black hole candidates in their soft state.

Key words: plasmas — radiation: thermal — radiation: non-thermal — methods: data analysis – gamma-rays: theory

1 INTRODUCTION

DEkool!!!

no SSC Most attempts at modeling the emission from accreting black hole systems typically assume that the particle energy distribution responsible for the emission is either purely “thermal” (i.e., a Mawellian) or purely “non-thermal” (i.e., a power law). This is partly due to the desire for convenience and simplicity, and partly due to our continued ignorance as to when and how non-thermal particles exchange energy and thermalize with neighboring particles. Despite our ignorance and sloth, however, the reality is that Nature probably never makes particle distributions that are strictly of one type or the other. As a concrete example which may be very relevant to the process of black hole accretion, consider solar flares. (Many analogies have been made between magnetic reconnection and flare events in the solar corona, and those that might occur in accretion disk coronae, e.g., Galeev, Rosner, & Vaiana 1979.) The WATCH instrument on the GRANAT satellite has recently collected a large sample of flare events observed at energies above ∼ 10 keV (Crosby et al. 1998). Many of those observations were made in coincidence with the GOES satellite which measures solar flare at lower ∼ keV. While the GOES observations usually can be adequately interpreted in terms of purely thermal emission, in many instances WATCH sees a significant high-energy excess over the emission predicted from the GOES spectral model. In other words, many solar flare events are produced by particle distributions with not only a strong thermal component, but also a significant non-thermal tail: the emitting plasma is a “hybrid” thermal/non-thermal plasma. If the solar corona-accretion disk corona analogy is correct, then something similar may well occur near black hole and could have important consequences for black hole emission models.

The goals of this contribution are to review the arguments for and against the existence of similar particle distributions in the context of accreting black hole systems, to see what the practical consequences of having a hybrid plasma might be, and then finally to ask whether we have any concrete concrete evidence that such plasmas play a role in the observed emission. In §2 below, I examine the theoretical arguments for and against having a purely thermal electron distribution in a black hole accretion disk corona. In §3, I examine some of the consequences of having a hybrid plasma and present model spectra calculated assuming varying amounts of thermal heating and non-thermal acceleration power are supplied to the plasma. In §4, I argue that we may already have strong evidence for hybrid plasmas in the spectra of Galactic Black Hole Candidates, especially in

© 2002 RAS

2 Coppi

spectra obtained during their soft state. I show how a simple phenomenological model based on a hybrid plasma can explain the spectra of Cyg X-1 in its soft, hard, and transitional states in terms of one basic parameter, a critical radius outside of which the accretion disk is a cold Sunyaev- Shakura (1973) disk, and inside of which the disk is a hot, ADAF-like (Narayan & Yi 1995) corona. I summarize my conclusions concerning the importance and relevance of hybrid plasmas in §5.

2 THE ELECTRON ENERGY DISTRIBUTION:

MAXWELLIAN OR NOT?

Consider a relativistic electron with Lorentz factor γ that finds itself in the middle of a low-temperature, thermal bath of background electrons. Will the electron couple to the thermal electrons and share its energy with them before it does something else interesting, e.g., radiate its energy away? If it does, then it is valid to treat that electron and its energy as belonging to the thermal pool of electrons. Before anything else happens, the electron will have exchanged its energy many times with other electrons, which is the requirement for setting up a Maxwellian (“thermal”) energy distribution. Hence, when considering processes that occur on timescales longer than this “thermalization” (energy exchange) timescale, one is justified in assuming that the electron energy distribution at energy γmec^2 is indeed described by a relativistic Maxwellian, N(γ) ∝ γ^2β exp(−γmec^2/KTe) where β is electron’s velocity, and Te is the temperature of the thermal bath electrons. If it does not, then for practical purposes, e.g., computing an emitted radiation spectrum, that electron is decoupled from the thermal distribution. Assuming that the distribution at this energy is a Maxwellian could be quite dangerous. The question of whether a plasma is best described as thermal or “hybrid” (thermal with a significant non-Maxwellian component) thus comes down to how rapid the thermalization process is for energetic electrons.

Unfortunately, the details of thermalization and energy exchange in plasmas are in general poorly understood. Witness the current controversy (see the contribution of Quaetert, this proceedings) on whether accretion disks can support proton and electron energy distributions with different temperatures (one of the key assumptions behind ADAF disk models, e.g. Narayan & Yi 1995). We know of at least one process that will exchange energy between protons and electrons (and similarly between electrons and electrons), namely Coulomb collisions/scatterings where one particle is deflected by the electric field of the other particle. Under the conditions supposed to exist in an ADAF (Advection Dominated Accretion Flow), the rate of energy transfer due to Coulomb collison is not rapid enough and if no other process intervenes, the electrons will lose most of their energy before sharing it with the protons, i.e., the protons and electron distributions will not have the same temperature. But might another energy exchange process be important? Possibly. The electromagnetic force is a long-range one, and plasmas have so-called “collective modes” (involving the coherent interactions of many particles rather than the simple interaction between two particles that occurs in a Coulomb scattering). Under certain conditions, these modes can efficiently couple electrons and/or protons of different energies even when Coulomb scattering (“two body relaxation”) is not important. For an astrophysical example of such collective effects applied to the proton-electron coupling problem see Begelman and Chiueh (1988). (See also Tajima & Shibata 1997 and references contained therein for a recent overview of collective and other processes in astrophysical plasmas.) In solar system plasmas observed directly by spacecraft, we know that some effect like this must be operating since quasi-Maxwellian electron energy distributions are observed even though the Coulomb energy exchange timescales are enormous (since the plasma densities are so low). Similar processes might well be operating in a black hole accretion disk or in a corona above the disk. However, realistic calculations of collective processes are notoriously difficult from first principles, especially near an accreting black hole where we still have a relatively poor understanding of the exact physical conditions. Besides collective processes, we note one other way for electrons to exchange energy, namely via the photon field. If the source is optically thick to photons emitted by an electron, the absorption of those photons by different electrons will effectively transfer energy between the electrons and produce a quasi-Maxwellian distribution. This is the basic principle behind the “synchrotron boiler” of Ghisellini, Guilbert, & Svensson (1988) (see also Ghisellini, Haardt, & Svensson 1998; Svensson, these proceedings), which can lead to hot, quasi-thermal electrons distributions.

If a thermal electron distribution near a black hole can be maintained only by Coulomb collisions, however, we run into a situation similar to that of the inadequate electronproton coupling in ADAFs. In particular, the photon energy density near an efficiently accreting black hole is so high that energetic electrons cool very rapidly due to Compton scattering. To see this, let us make the standard first-order assumptions that the high-energy emission region near a black hole is roughly spherical with a characteristic radius or size R, and that inside this region, the photon and particle distributions are uniform and isotropic. For simplicity, let us also assume that the characteristic energy of photons in the source is significantly less than mec^2 (me is the electron mass, and c is the speed of light) so that Klein-Nishina corrections are not important (which is roughly true for radio quiet AGN and Galactic Black Hole Candidate systems). In this case, the Compton cooling rate for an electron of Lorentz factor γ is then roughly

γ̇comp ≈ − 4 3 γ^2 mec^2 σT cU_{rad}, (1)

where σT is the Thomson cross-section, and U_{rad} is the characteristic radiation energy density inside the source. To estimate U_{rad}, we note that if the source is optically thin, emitted photons will escape the source on a timescale ≈ R/c, the characteristic source light-crossing time. The total luminosity of the source is then

L_{rad} ≈ (Source Volume) × U_{rad} × (c/R), (2)

which, for a spherical source, gives us

U_{rad} ≈ 3 4πR^2c

L_{rad}. (3)

A convenient way to work with the source luminosity is to

EQPAIR: A Hybrid Plasma Emission Model 3

re-express it in terms of the dimensionless “compactness” parameter,

l_{rad} =

L_{rad} R σT mec^3 . In terms of this parameter, the cooling rate is then simply

γ̇Comp ≈ 1 π γ^2l_{rad} ( R c )_{−1} , which gives a characteristic Compton cooling time

t_{cool}(γ) ∼ γ |γ̇Comp|

≈ πγ^{−1}l^{−1}_{rad} ( R c ) . Using the total source luminosity and a lower limit on source size from variability consideration (R/c >∼ ΔTmin), many accreting black hole systems are inferred to have compactnesses l_{rad} significantly greater than one (e.g., see Done & Fabian 1989 for a compilation of AGN compactnesses; for the Galactic black hole candidate, Cyg X-1, the best fit compactness seems to be l_{rad} ∼ 10 − 30, e.g., see §4 below). In other words, one does not have to go to a very high Lorentz factor before t_{cool} ≪ R/c, i.e., before Compton cooling becomes very rapid. Note that if the source is optically thick, then the time it takes photons to leave the source is longer, U_{rad} is correspondingly higher, and the Compton cooling time for an energetic electron is even shorter.

To see if this rapid cooling inhibits electron thermalization, we must compare this cooling timescale with the corresponding timescale for an energetic electron to transfer its energy to a thermal bath of lower energy electrons via Coulomb collisions. For purposes of making a rough estimate, we will assume that the Lorentz factor of the electron is γ ≫ 1 and the thermal electrons are relatively cold (kTe << mec^2). Then the Coulomb “cooling” rate of the energetic electron is simply given by (e.g., see discussion and references in §5 of Coppi & Blandford 1990, also Dermer & Liang 1989),

γ̇_{Coul} ≈ −σT cN_{T h} ln Λ,

where N_{T h} is the number density of thermal bath electrons and ln Λ is the usual Coulomb logarithm, a weak function of the plasma parameters with typical value ∼ 15 − 30 for accreting black hole sources. In terms of the characteristic Thomson (electron scattering) optical depth of the source, τT = σT N_{T h}R, this gives us a Coulomb energy exchange timescale

t_{exch}(γ) ∼ γ γ̇_{Coul} ≈ γ τT ln Λ

(R/c),

which grows with increasing electron energy and eventually becomes longer than the Compton cooling time (which decreases with energy). Setting t_{exch} = t_{cool}, we obtain the Lorentz factor above which electrons cool before thermalizing:

γ_{th} ≈ ( π ln Λ τT l_{rad}

)_{1/2} . For typical values τT ∼ 1 and l_{rad} ∼ 20 and ln Λ ∼ 20, we then have γ_{th} ∼ 2, i.e., if Coulomb collisions are the only energy exchange mechanism, thermalization very quickly becomes ineffective and maintaining a thermal, Maxwellian energy distribution with relativistic temperature kTe >∼ mec^2 is impossible. (See Ghisellini, Haardt, & Fabian 1993 for more discussion along these lines. They also point that t_{exch} can significantly exceed the variability timescale ∼ R/c, again calling into question validity of assuming a single temperature thermal distribution.) For significant compactnesses l_{rad} ∼ 20, note also that the synchroton boiler mechanism is also quenched by the rapid Compton cooling (Coppi 1992) unless the source is strongly magnetically dominated, i.e., the magnetic energy density UB ≫ U_{rad}. This condition might hold if the particle acceleration is due to magnetic flares in an active corona, but this is far from clear yet. If, as in Cyg X-1, we observe photons with energies >∼ mec^2 (511 keV), one must then seriously consider the possibility that they are produced by electrons in the non-thermal tail of a non-relativistic quasi-Maxwellian distribution. One loophole in this argument is that if a plasma is very photon starved (e.g., see Zdziarski, Coppi & Lightman 1990), i.e., if the power supplied to the electrons is much larger than the power supplied to the background photon field, most of L_{rad} will emerge at energies ∼ mec^2. In this case, Klein-Nishina corrections can dramatically decrease the effectiveness of the Compton cooling and thermalization might be effective to much higher energies. The typical AGN and Galactic black hole systems known to date appear not to be so photonstarved, however. Remember also that the Compton cooling rate depends critically on the source luminosity. If the accretion disk radiates very inefficiently as in the ADAF model proposed for the Galactic center (and the black holes at the centers of some elliptical galaxies), then l_{rad} can be quite small and thermalization can be correspondingly effective. For a more detailed discussion of the electron energy distribution in the context of ADAFs, see Mahadevan & Quataert (1997). They note that while the bulk of the electron population may thermalize (especially at low accretion rates), a significant non-thermal, high-energy tail is still likely to be present due to synchrotron cooling effects. Compressional heating effects may also significantly distort the shape of the electron distribution.

The preceding argument and the current lack of a thermalization mechanism that clearly operates faster than Coulomb collisions are not the only reasons to consider a “hybrid” electron energy distribution, where only the lower energy end is well-described by a Maxwellian. Observationally, for example, the electron energy distributions in solar system space plasmas are never exactly described by Maxwellians and often show significant non-thermal tails. In fact, they sometimes show an energy distribution with two (!) quasi-Maxwellian peaks at different energies, i.e., as if the energy exchange processes are effective only at coupling electrons of similar energy. Also, whenever we see dissipative events, such as solar flares or reconnection events in the Earth’s magnetotail or shocks in the solar wind, we often see direct evidence of significant particle acceleration accompanied by “non-thermal” emission. This particle acceleration, however, is almost never 100% efficient in the sense that all the dissipated power ends up in high energy (non-thermal) particles (e.g., see discussion in Zdziarski, Lightman, & Maciolek-Niedzwiecki 1993). Many theoretical particle acceleration models have an injection “problem” or condition, depending on one’s point of view, where only particles above some threshold momentum, for example, are accelerated to very high energies (e.g., see Benka & Holman 1994 for a simple model of hard X-ray bursts in solar flares, or Blandford & Eichler 1987 for a discussion in the con-

4 Coppi

text of shock acceleration theories). Only above some energy does the relevant acceleration timescale for a particle become significantly shorter than its corresponding thermalization/ energy exchange timescale for that particle. Particles below this energy are tightly coupled and their acceleration simply results in bulk heating of the thermal plasma component – i.e., one creates a hot, hybrid plasma. In accreting black hole systems, the problem of determining exactly what electron energy distribution results from dissipation and acceleration is further complicated by the fact that radiative cooling can be strong and that the dissipation process is highly variable (e.g., the “steady state” spectrum of Cyg X-1 that one fits may really be the superposition of many shot-like events with time-varying spectra, e.g., as explicitly illustrated by Poutanen & Fabian in this proceedings). The most heroic effort to date in terms of incorporating a particle acceleration scenario into a time-dependent code and then actually computing a spectrum is probably that of Li, Kusunose, & Liang (1996). See the review by Li (this proceedings) for some of the more recent results obtained with this code as well as a detailed discussion of the particle acceleration problem. The physics incorporated into this code may ultimately turn out to be overly simple or simply not relevant (given our large ignorance in this problem), but the code nonetheless provides an explicit demonstration of how a “hybrid” energy distribution might arise.

One final complication is that the dissipation rate and non-thermal acceleration efficiency may vary considerably inside the source (as observations by the Yokoh satellite have shown to indeed be the case for solar flares). If the source is only moderately optically thin (τT ∼ 1), escaping photons can traverse the source and sample several regions with different acceleration efficiencies. The effective electron distribution required to produce the observed emission will then be a spatial average over the source and may not be predictable by any (!) standard one-zone particle acceleration calculation. (The same is true if one averages the emission over time – the effective electron distribution is then some time average and depends critically on the variability properties of the dissipation regions.) The bottom line is that spectral modelers should not be surprised to find that their data requires a somewhat “strange” electron energy distribution. Given the increasing quality of data (uncertainties in 2-10 keV X-ray spectra are now down to the few percent level and are often dominated by systematics not statistics), it is frankly amazing that the simple models employed to date have worked as well as they have. (In the next section, though, I will show why this may not be quite as surprising as one might first think.)

3 THE CONSEQUENCES OF A “HYBRID” ELECTRON DISTRIBUTION

Hybrid emission models have been considered for some time in the context of solar flares, e.g., see Benka & Holman (1994), and more recently Benz & Krucker (1999). As the relevant processes and parameters in these plasmas are quite different from those near accreting black holes (e.g., the ambient radiation energy density is much higher in the black hole case), I will not consider these models further here. To make the discussion more concrete, I will show results from one specific incarnation of a plasma model intended for black hole applications, namely a plasma code called EQPAIR (Coppi, Madejski, & Zdziarski 1999) that we have recently developed. The code is an extension of the code of Coppi (1992), which makes no intrinsic assumptions about the electron spectrum other than the lowest energy electrons are in a quasi-Maxwellian distribution.

In terms of the basic physics considered, the code is essentially the same as other codes that have been recently applied to study hybrid plasma emission: Zdziarski, Lightman, & Maciolek-Niedzwiecki (1993), Ghisellini, Haardt & Fabian (1993) and Ghisellini, Haardt, & Svensson (1998), and Li, Kusunose, & Liang (1996). The source geometry assumed in these models is either a disk-corona (slab) geometry (Ghisellini, Haardt & Svensson model), or a spherical geometry (other models). Low energy (UV or X-ray) thermal photons from the accretion disk are assumed to be emitted uniformly inside the source region for the spherical models and enter from the base of the corona in the disk-corona model. The total luminosity of these “soft” photons is parameterized by a compactness parameter ls analogous to l_{rad} (although remember that l_{rad} is defined in terms of the total photon luminosity escaping the source). The spectrum of these soft photons is typically assumed to be a blackbody or disk blackbody (Mitsuda et al. 1984) with characteristic temperature T_{bb}. The main practical difference of the two geometry assumptions is that spherical models do not show the strong “anisotropy break” (e.g., Stern et al. 1995) in the 2-10 keV region that the disk-corona models do. To date, strong evidence for such a break has not been seen.

In the Li et al. model, a turbulent wave spectrum is then specified and electrons from a cool background thermal plasma with Thomson optical depth τp are accelerated by the waves to form the non-thermal tail. The total luminosity supplied to the waves and eventually the electrons is specified by the compactness parameter l_h (L_hσT /Rmec^3 where L_h is the wave luminosity). In the other models, the exact acceleration and heating mechanism for the electrons is left unspecified. Rather, electrons and/or positrons are injected into the source with some fixed (non-thermal) energy spectrum Q(γ) that does not need depend on conditions in the plasma. The typical assumptions are that Q(γ) is either a power law extending from Lorentz factor γmin ∼ 1 − 2 to Lorentz factor γmax ∼ 3 − 1000, a delta function at Lorentz factor γinj ∼ 3 − 1000, or an exponentially truncated powerlaw at some energy γc ∼ 3 − 1000. The total luminosity supplied to the source via these injected non-thermal pairs is parameterized by a compactness parameter l_{nth}. To mimic, for example, an acceleration mechanism with less than 100% non-thermal efficiency, additional power, parametrized by the compactness parameter l_{th}, is supplied to the electrons (or pairs) once they have thermalized. Background electrons which participate in the thermal pool may be present, and in EQPAIR, pair balance is not automatically assumed. (In electron-positron pair plasmas, pair balance means that the total pair annihilation rate in the plasma equals the pair creation rate and is the standard condition used to set the equilibrium density in the source, e.g., see the discussion in Svensson 1984.) Hot electrons and/or positrons are allowed to cool via Compton scattering, synchrotron radiation (so far included only in the Ghisellini et al. 1998 code, which, however, does not include pair processes), Coulomb energy ex-

EQPAIR: A Hybrid Plasma Emission Model 5

change with colder thermal pairs, and bremsstrahlung emission. The energetic photons created by these processes either escape the source, produce pairs on lower energy photons, Compton scatter off more electrons, or are synchrotron selfabsorbed. Pairs that are injected or created in the plasma annihilate away once they have cooled. Any “excess” electrons that were injected (without a positron partner) are assumed to be removed from the system once they thermalize, e.g., via reacceleration, so that no net particles are added to the system except via pair creation. In steady state, the escaping photon luminosity must equal the sum of the various input luminosities, i.e., l_{rad} = l_h +ls where for the codes with no acceleration prescription, l_h = l_{th} + l_{nth}.

To summarize then, the main parameters of a hybrid model like EQPAIR are: (i) l_h = l_{nth} + l_{th}, (ii) ls, (iii) l_{nth}/l_{th}, (iv) the source radius R (which enters into some of the rate coefficients and relates the compactness parameters to absolute source luminosities), (v) τp, the optical depth of the background electron-proton plasma, (vi) the characteristic soft photon energy as specified by T_{bb}, and (vii) the non-thermal electron/pair injection spectrum Q(γ). The usual spectral modeling parameters of Comptonization models, e.g., temperature of the electron distribution, Te, and the total Thomson scattering optical τT , are all computed self-consistently. The main advantages of EQPAIR over other the codes is that: (i) all the microphysics is treated self-consistently without significant approximations (in particular all Klein-Nishina corrections are included, which is crucial), and (ii) it is still fast enough to use for real data fitting (one model iteration takes ∼ 5 − 15 sec on a 300 MHz Pentium II). The code has been ported to XSPEC and incorporates line smearing due to relativistic motion in the disk (as in the “diskline” XSPEC model) and ionized Compton reflection (as in the “pexriv” XSPEC model). (Note that in the current version, the reflected radiation is assumed not to pass back through the emission region as it in fact might in a slab-like disk-corona geometry such as that of Haardt 1993. ) The code will be available for general use once the description/user’s manual paper is (finally) submitted.

******************************** To illustrate the effects of a hybrid electron distribution (or, equivalently, simultaneously accelerating non-thermal particles and heating thermal particles), let us first consider the transition from a purely “non-thermal” plasma (l_{th} = 0) to a mainly thermal one with l_{th} ≫ l_{nth}. This is shown in Fig. 1 where all plasma parameters are kept fixed except l_{th}. The initial plasma configuration has l_{rad} = ls + l_h = 20, which means that Compton cooling of pairs is strong and pair production of gamma-rays on X-rays is moderately important. (The compactness parameter not only measures the effectiveness of Compton cooling, but also the optical depth to photon-photon pair production in the source, e.g., see Guilbert, Fabian & Rees 1983.) Because the nonthermal electrons were “injected” with a fixed Lorentz factor γinj = 10^3, the cooled electron distribution should have been N(γ) ∝ γ^{−2} which should have given a power law photon energy distribution with FE ∝ E^{−0.5}. The deviations from this power law are the result of photon-photon pair production which removes some of the highest energy photons and adds lower energy pairs to the electron distribution (see, e.g., Svensson 1987 for a discussion of how pair “cascading” transforms spectra.) Also visible is a pair annihilation feature at ∼ 511 keV caused by the annihilation of cooled, essentially thermal pairs. Because Compton cooling is so rapid, the pairs do not annihilate or thermalize until they have already lost most of their energy. (The temperature of the cool, thermalized pairs is only ≈ 10 keV.) Hence, the annihilation feature is narrow and has the shape expected from the annihilation of pairs with a thermal distribution. Note an interesting effect. The initially non-thermal plasma has, in fact, already turned itself into a hybrid thermal/nonthermal plasma. Depending on the exact plasma parameters, Compton upscattering of the soft photons by the thermal component can be quite important and will produce a soft X-ray excess (see Zdziarski & Coppi 1991) without having to invoke any additional emission component. In Fig. 1, we see this soft excess emerging and becoming increasingly visible as we increase l_{th} and make the cooled thermalized pairs hotter. Note that as the soft X-ray excess increases, the pair production optical depth for gamma-rays increases correspondingly, and the flux above 511 keV drops. Eventually as we keep increasing l_{th}, by about l_{th} = 50 or l_{th}/l_{nth} = 5, the soft “excess” is no longer really an excess but in fact dominates the entire X-ray spectrum. The spectrum then is essentially that of a thermal plasma except for a pronounced gamma-ray excess and a hint of a broad annihilation line above ∼ 100 keV. Note the behavior of the annihilation line. Even though the importance of pair production continually increases with l_{th} and the annihilation flux is actually always growing, the annihilation feature eventually disappears as it is broadened and downscattered (e.g., see Maciolek- Niedzwiecki, Zdziarski, & Coppi 1995). By l_{th} = 300, the spectrum is very close to that expected from a purely thermal plasma – although a detector with sufficient sensitivity and energy resolution above ∼ 500 keV would still find an excess relative to the purely thermal model since the hybrid gamma-ray does not fall off exponentially. This gamma-ray excess will be key in understanding the effects of having a hybrid plasma on pair balance (see below). In sum, as Fig. 1. shows, the most unambiguous signature of a hybrid plasma would be the presence of excess emission above >∼ 200 keV. Unfortunately, if the hybrid plasma is thermally dominated (l_{th}/l_{nth} ≫ 1), hot, and moderately optically thick (τT ≈ 2 and Te ≈ 75 keV for the l_{th} = 300 model), it becomes very hard to distinguish spectroscopically from a purely thermal one – except at the highest energies >∼ 500 keV. Any firm conclusions, for example, on the nature of the plasma in Cyg X-1’s hard state (which is likely to be thermally dominated, hot, and moderated optically thick) will have to await better detectors in this energy range like Astro E-2 and IN- TEGRAL, although we note that BATSE and COMPTEL may already have detected such an excess (see McConnell et al. 1994, and Ling et al. 1997).

The question of how much the details of the electron energy distribution matter is unfortunately somewhat more complicated than the preceeding example would suggest. The real test seems to be whether or not multiple Compton scattering is important. In a typical thermal model with kTe << mec^2, the fractional energy shift per scattering is Δϵ/ϵ ≈ 4kTe/mec^2 ≪ 1. In order to cool the thermal electrons and boost the input photons to sufficiently high energies that the escaping photon luminosity equals the total input luminosity, a photon must scatter many times off the electrons before it escapes. This is particularly true if

6 Coppi

Figure 1. The transition from a non-thermal plasma (l_{th} = 0) to a thermally dominated plasma (l_{th}/l_{nth} = 30). The soft input into the source has a compactness l_s = 10 and has a blackbody spectrum with T_{bb} = 15 eV. The assumed source radius is R = 10^{14} cm, and a background plasma is present with optical depth τ_p = 0.1.

l_h/ls ≫ 1 and a significant energy boost is required to satisfy the energy conservation requirement l_{rad} = l_h + ls. The final emergent spectrum in a thermal model is thus typically composed of many so-called “orders” of Compton scattering. (Each order of Compton scattering is calculated by computing the Compton scattered photon assuming the previous order as the input photon spectrum. The initial soft photon input spectrum is the zero^{th} order.) Since Compton scattering by hot electrons smears out spectral features (an input photon with a given initial energy can be scattered to a range of final energies), the spectrum of each successive Compton scattering order tends to appear smoother. The end result is that any spectral features in the first order of Compton scattering (e.g., due to the choice of electron energy distribution) tend to be washed out and the composite emergent spectrum is usually a rather featureless power law. As shown, e.g., in Rybicki & Lightman (1979), the slope of this power law can be derived by basically knowing only the mean photon energy change per scattering and the mean number of scatterings a photon undergoes before escaping (i.e., the Compton y parameter). If one replaces the thermal electron distribution by another one that gives the same mean photon energy shift per scattering and also insures that the Thomson optical depth of the source remains constant, then to first order, nothing changes in the preceding chain of reasoning and the emergent spectrum will be the same(!). This was noted by Zdziarski, Coppi, & Lightman (1990) in the context of photon-starved plasmas and plasmas with very steep non-thermal injection (Q(γ) ∝ γ^{−Γ} with Γ >∼ 3) extending to a γmin close to unity, and by Ghisellini, Haardt, & Fabian (1993) who showed that the

Figure 2. Comparison of spectra from photon-starved thermal and hybrid models. The solid line is the emergent spectrum from a purely thermal plasma (l_{nth} = 0) with input parameters l_s = 3.0 and l_h = 160. (The other model parameters are R = 10^{15} cm, τ_p = 0, and blackbody soft photon injection with T_{bb} = 5 eV.) The plasma temperature and optical depth derived for this set of parameters is T_e = 114 keV and τ_T = 1.2 The dotted line shows the spectrum obtained for the same model parameters except that now l_{nth}/l_{th} = 4 and Q(γ) ∝ δ(γ −3.6), i.e., the model is a hybrid plasma with low energy electron injection. The dashed line shows the spectrum obtained using the same model parameters as the dotted line, except that now Q(γ) ∝ δ(γ − 1000), i.e., the model is a hybrid plasma with high energy injection.

non-thermal Comptonization spectra produced in plasmas where Q(γ) goes to zero γ > γmax ∼ 2 − 4 are very close to thermal ones where the mean energy per scattering is the same. In other words, as long as most of the electrons in the source are low energy and multiple orders of Compton scattering are important, it makes little difference what energy distribution the electrons have. If non-thermal electron acceleration near the black hole holes is not very effective, i.e., if electrons never reach very high energies (perhaps because the radiative cooling times are so short), this might help explain why objects like Cyg X-1 have thermal-looking spectra in their hard state. It also explains why different hybrid plasma codes can use rather different criteria for deciding when exactly when an electron has thermalized and still end up predicting similar emergent spectra.

As a further illustration of how spectra from different electron distributions can be quite similar if multiple scattering is important, we show in Fig. 2 the spectra produced by a strictly thermal plasma, by a hybrid plasma where the non-thermal electron injection function is a delta function at γinj = 3.6, and by a hybrid plasma where γinj = 1000. For all three plasmas, l_h/ls ≈ 50, i.e., the plasma is photonstarved and multiple scattering is important. The spectra from the thermal plasma and the hybrid, low γinj plasma are rather similar (particularly in the 1-100 keV range), even though no effort was made to tune the non-thermal electron injection (e.g., as in Ghisellini, Haardt, & Fabian 1993) to match the mean photon energy change with that of the thermal plasma. The first key reason for this is that the equi-

EQPAIR: A Hybrid Plasma Emission Model 7

librium plasma parameters are determined by pair balance (τp = 0) and the fact that the electron-positron distribution responsible for the multiple Compton scattering is dominated by pairs created in the source, not the injected ones. If the input electron spectra are at all similar (i.e., have similar mean energies as is the case here), the different pair cascade generations initiated by these electrons tend to converge – leading to similar final electron distributions. The second reason is that when multiple scattering is important, the upscattered spectrum must pivot about/start from the peak energy of the injected soft photon spectrum and then will turn down once the photon energy is comparable to the maximum average energy of the scattering electrons. If the maximum energies of the pairs created in the source are at all similar, then simple energy conservation guarantees that the slopes of the Compton upscattered spectra will be correspondingly similar. For these reasons, the spectrum obtained in the hybrid plasma model with high energy non-thermal electron injection turns out to be amazingly similar (given the radically different injection spectrum) to the other two spectra. The agreement between cases only increases as the plasmas becomes more photon-starved.

While the overall spectra from hybrid plasmas can be quite similar to those from thermal plasmas, hybrid plasmas with pairs are also systematically different from thermal ones in that the larger the excess emission they have at gamma-ray energies (i.e., the higher the typical injection energy of the non-thermal electrons), the lower the characteristic equilibrium temperature of the cooled pairs in the source. (Note the clearly separated Comptonization and annihilation peaks in the dashed spectrum of Fig. 2.) This is because hybrid plasmas with an energetically insignificant high energy electron tail will still produce many more pairs for a given thermalized pair temperature than will a purely thermal plasma. The gamma-ray spectrum in a thermal plasma is a Wien spectrum and cuts off exponentially at photon energies >∼ kTe. As noted above, however, the gamma-ray spectrum in a hybrid model may fall off much more slowly with energy. This means that while the “pair thermostat” of Svensson (1984) still operates in hybrid models (in general, for a given l_h/ls, the higher l_h the higher the density of thermalized pairs and the lower their temperature), the exact plasma parameters it predicts depend critically on l_{nth}/l_{th} and the non-thermal injection spectrum.

To demonstrate this last point, Fig. 3 shows three plots analogous to Fig. 2 of Ghisellini & Haardt (1994). Fig 3a represents exactly the same case as their Fig. 2 and shows contours of constant 2-10 keV spectral index and plasma temperature plotted in the plane of l_h/ls versus l_h for a purely thermal model (with no background plasma present). The two figures agree well given the differences in the microphysics (EQPAIR includes electron-electron bremsstrahlung cooling which is important at low compactnesses.) Fig. 3b shows similar contours, but now the plasma model has a small non-thermal, high-energy (γinj = 1000) component that receives only 2% of the total power provided to the electrons and pairs. While the contours look rather similar in the photon-starved, high compactness region (l_h/ls ≫ 1, l_h ≫ 1) for the reasons explained above, they behave rather differently in the rest of the diagram. Fig. 3c shows what happens when l_{nth}/l_{th} = 4 (the plasma is mainly nonthermal) but the injected electrons are low energy with γinj = 3.6 (the case in our Fig. 2). From the shape of the contours, we see that such a model indeed behaves much more like a purely thermal model. However, there are still considerable differences, e.g., in the predicted spectral index, for l_h/ls, l_h <∼ 10. The lesson here is that while there always seems to be a rough one-to-one mapping between l_h/ls and the observed spectral index (higher l_h/ls gives harder spectra) and between l_h and the thermal electron/pair temperature (higher l_h gives lower temperatures), the details of the mapping are not robust. If one removes the constraint of pair balance by allowing a non-zero τp, the mapping changes even more. When the time comes to extract the physical plasma parameters from the observed spectra, the possibly hybrid nature of the plasma energy distribution can make a significant difference – even if the observed 1 − 200 keV spectrum appears consistent with pure thermal Comptonization. This having been said, figures of the type shown in Fig. 3 and Ghisellini & Haardt (1994) should still be very useful. Given a particular set of assumptions about the plasma, they allow one to immediately zero in on the relevant model parameter space. In this regard, we also direct the reader to the contribution of Beloborodov (1999) where some new analytic approximations for thermal Comptonization are presented.

As a further illustration of the very significant difference even a small number of non-thermal particles can make, consider Fig. 4. When the equilibrium electron/pair distribution has a non-thermal tail, the high energy end of the photon spectrum upscattered by these particles will be a powerlaw. At large enough photon energies, such a spectrum is very different from the Wien tail (exponentially falling spectrum) expected in the case of upscattering by a purely thermal particle distribution. This will eventually be true even if the non-thermal tail and gamma-rays they upscatter have a very steep energy distribution, as in Fig. 4. For large enough source compactnesses, the extra power law gamma rays will pair produce, causing the models with non-thermal injection to contain a much larger number of secondary pairs. Unlike the energy distribution of pairs produced in an equilibrium, purely thermal plasma which has an approximately exponential tail, these secondary pairs will have a power law distribution and can lose a significant fraction of their energy to radiation before coming into equilibrium with the background thermal distribution. The result of the overall greater number of pairs and the extra radiative losses of these pairs is that the distribution of cooled, thermalized pairs in a hybrid model has a lower average energy pair, ie., temperature, than in a purely non-thermal model. This leads to a detectable downscattering break and pair annihilation feature in the emergent spectrum. The presence of a small non-thermal tail could have potentially important consequences for sources like gamma-ray bursts that could be very compact at some stage in their evoluation, e.g., at the end of their fireball stage.

We conclude this section by showing one final example of how only the mean fractional change in photon energy per scattering matters when multiple Compton scattering occurs. In Fig. 4, we set the electron distribution equal to the sum of two Maxwellians, one with T^{lo}_e = 10 keV and one with T^{hi}_e = 100 keV. This might at first seem a silly choice, but it is not. Several authors (e.g., Liang 1991 and Moskalenko, Collman, and Schönfelder 1997) have attempted to explain the possible hard tail in Cyg X-1 via a

8 Coppi

Figure 3. Contours of constant α_x, the 2-10 keV spectral index (dashed lines), and constant θ_e = kT_e/m_ec^2, the dimensionless plasma temperature (dotted lines), in the plane l_h/l_s vs. l_h (see text). The heavy dashed lines represent countours with α_x = 0.6, while the heavy solid lines are contours with θ_e = 0.2. The left panel (Fig. 3a) shows the results for the pure thermal case (l_{nth} = 0). The middle panel (Fig. 3b) shows results for l_{nth}/l_{th} = 0.02, and the rightmost panel (Fig. 3c) for l_{nth}/l_{th} = 0.4. The vertical labels give the value of θ_e for the adjacent solid curve, and the horizontal labels give the value of α_x for the dashed curves. The input energy distribution for the soft photons was a blackbody with temperature kT_{bb} = 10 eV.

Figure 4. Left-hand panel: Equilibrium thermal (l_h = 0) spectra computed using EQPAIR for a range of soft photon compactness, l_s. For all the curves shown, l_{th}/l_s = 2.5. Note that even when the source is very compact (l_s ≫ 1), there is no hint of an annihilation feature. Right-hand panel: Similar plots as for the left panel, except that for the solid curves a very small amount of non-thermal particle injection with l_{nth}/l_{th} = 0.005 and power law spectral index Γ_{nth} = 3 has been added to the model. At high compactnesses, the presence of extra gamma-rays produced by the injected non-thermal pair means that significantly more pair production occurs, the average energy per pair is lower, and a pair annihilation feature nows becomes visible. The dotted curves have the minimum amount of non-thermal pair injection allowed by the code, l_{nth}/l_{th} < 10^{−4}.

multi-zone model where thermal electrons have significantly different temperatures. The idea is that Compton upscattering in the lower temperature zones explains the X-ray emission, while upscattering in the higher temperature zones explains the gamma-ray tail, i.e., that the observed spectrum is basically the sum of two thermal Comptonization spectra.

While a sum of thermal Comptonization spectra may indeed match the observations, there is one potential physical problem with this interpretation. In the hard state of Cyg X-1, it appears that the total optical depth of the source is at best τT ∼ 1 − 2. Thus photons are presumably free to scatter between the different thermal zones, and a uniform

EQPAIR: A Hybrid Plasma Emission Model 9

Figure 5. Comparison of Comptonization spectra produced by thermal electron energy distributions (dotted, dashed, long-dashed curves) versus the spectrum from a hybrid distribution (solid curve) which is the sum of two Maxwellians of different temperature (see text). The dashed-dotted curve shows the input (unscattered) blackbody soft photon spectrum. The parameter τ_T = 1 is the Thomson optical depth of the spherical source region. Spectra are computed using the Comptonization routine of EQPAIR.

bi-Maxwellian electron distribution is not a bad first approximation to this case. What spectrum does one obtain in this case? As shown in Fig. 4, while the overall spectrum does have an extended high enery tail, the overall spectrum is most closely approximated by a single thermal Comptonization spectrum with temperature T^{av}_e ≈ (T^{lo}_e + T^{hi}_e )/2. (This is the temperature of thermal plasma that gives roughly the same photon energy change as in the bi-Maxwellian case.) Adding together a 10 keV and a 100 keV Comptonization spectra in analogy with the way a multi-color disk black body is computed will give a very wrong answer in this case. Note also that a bi-Maxwellian plasma where one component is very hot has a nasty feature that may rule it out in the case of Galactic Black Hole Candidates like Cyg X-1. As we will discuss in more detail below, the fractional change in the energy of a scattered photon is not small if kTe ∼ mec^2. This means the multiple Compton scattering approximation begins to break down, and one can see evidence of the first scattering order – in Fig. 4, a ∼ 0.1 − 0.3 keV deficit of photons relative to a low-energy extrapolation of the 2-10 keV power law.

In conclusion, we remark that if only one or two orders of scattering contribute significantly to the emergent spectrum (e.g., in a non-thermal model that is not photonstarved), then the shape of the spectrum is obviously extremely sensitive to the details of the underlying electron energy distribution. We do not have space to discuss the time-dependent behavior of hybrid models, e.g., low vs. high energy lags and leads, but any such behavior will clearly depend on whether the emergent spectrum is produced in the multiple or single Compton scattering regimes. In a one-zone model, if the spectrum is produced in one scattering (e.g., in non-thermal models), one expects no delay between different photons energies except perhaps for a slight soft lag due to the finite time it takes for electrons to cool and respond to changes in injection (which can be much shorter than R/c and thus hard to observe). If multiple Compton scattering is instead important, one expects to see behavior similar to that seen in standard thermal Comptonization models, e.g., hard lags that increase logarithmically with energy.

4 AN APPLICATION OF A HYBRID MODEL TO GALACTIC BLACK HOLE CANDIDATES

Until now, we have mainly discussed hybrid plasma models in a theoretical context. Is there any observational evidence that they may be important? In Active Galactic Nuclei (AGN), the situation is still unclear. Radio-loud AGN probably have X-ray emission that is contaminated by strongly non-thermal emission from a jet, and they will not be considered here. (The emission region in a jet environment may be very different from that near the black hole.) For radio-quiet AGN, the composite Seyfert spectra compiled by OSSE (e.g., Gondek et al. 1996) favor a spectral cutoff at an energy ∼ 300 − 500 keV. An equally good fit to the composite spectrum is obtained using either a purely thermal model or a purely non-thermal model with either steep power law injection or a low γmax (maximum electron injection energy), i.e., the energy coverage and statistics of the composite spectra are not sufficient to distinguish between pure thermal, hybrid, or pure non-thermal models. It is also not clear, however, how representative the composite spectra are. For example, Matt (this proceedings) reports on a BeppoSax Seyfert sample that shows considerable variation in the cutoff energies, from ∼ 70 keV in NGC 4151 to beyond ∼ 200 keV in several objects. The strong break in NGC 4151 favors a purely thermal or hybrid model (e.g., Zdziarski, Lightman, & Maciolek-Niedzwiecki 1993), but fits to other individual objects are inconclusive.

The situation is potentially more interesting for Galactic Black Hole Candidates. Power law emission extending beyond 511 keV has definitely been detected by OSSE during the “soft state” of these objects (e.g., Grove et al. 1998, Gierlinski et al. 1999), and in objects like Cyg X-1, we have observed several spectral state transitions from the “soft” to the “hard” state and back (e.g., see Liang & Nolan 1984, Cui et al. 1997). Here, I will focus on Cyg X-1 as a test case since the object always seems to be bright, and hence considerable data has been collected on it. Figure 5, taken from Gierlinski et al. 1999, shows a montage of spectra obtained during the soft, hard, and intermediate (transitional) states of Cyg X-1. Simultaneous, broadband data of this quality has had and will continue to have (as the instruments improve) an important impact on our understanding of this object. Until simultaneous 10-100 keV observations were available, for example, it was impossible to constrain the contribution to the overall spectrum from a Component reflection component since the amplitude of this component depends critically on the hard tail (>∼ 100 keV) of the spectrum. Also, it was impossible to tell how the bolometric luminosity varied with

10 Coppi

Figure 6. Spectral states of Cyg X-1. The hard state spectrum shown consists of simultaneous Ginga and OSSE observations taken on June 6, 1991 (Gierlinski et al. 1997) and an overlapping, longer duration observation taken by Comptel between May 30-June 8, 1991 (McConnel et al. 1994). The intermediate state spectrum was obtained by RXTE on May 23 1996. The soft state spectrum was obtained by ASCA and RXTE on May 30, 1996 and by OSSE from June 14-25. The spectral data have been rebinned for clarity. The solid lines show the best fit EQPAIR models to each of the states. See Gierlinski et al. 1999 for more details on the data and model fit parameters.

the state of the source, and it was difficult to constrain the parameters of the Comptonizing cloud that was supposed to be responsible for the spectrum (at least in the hard state).

Using simultaneous Ginga-OSSE data, however, Gierlinski et al. (1997) was able to show that the standard static disk-corona slab geometry was ruled out for Cyg X-1’s hard state because: (i) no “anisotropy break” was seen, (ii) the Xray spectrum was very hard indicating that the source was photon-starved with l_h/ls > 1 (in the disk-corona geometry the soft reprocessed photon luminosity is comparable, i.e., l_h ∼ ls), and (iii) the solid angle covered by the reflecting matter substantially less than 2π, the value expected in the disk-corona where the corona extends uniformly over the disk. They suggested that a source geometry consistent with these would be one like that of Shapiro, Lightman, & Eardley (1976), with a central, hot source surrounded by a cool, thin accretion disk (e.g., see Fig. 9). Relying on a composite Cyg X-1 spectrum made of non-simultaneous data, Dove et al. 1997 came to a similar conclusion.

Hard state data of this type in combination with broadband data on the transition to the soft state also led to new suggestions for the overall accretion disk/corona geometry in Cyg X-1. The data of Zhang et al. (1997) showed that the bolometric luminosity in fact did not change significantly (<∼ factor two) during the recent hard-soft state transition. Because the luminosity of the blackbody component in the soft state was comparable to hard photon luminosity in the hard state, and because a thermal Comptonization model for the hard tail required a low Compton y parameter (a combination of low temperature and/or optical depth), Poutanen, Krolik, & Ryde (1997) proposed that the state transition was simply a change in the state of the accretion disk: the power dissipated in the corona dropped as the inner edge of the cool disk moved inwards, correspondingly increasing the

Figure 7. Simultaneous RXTE and OSSE observations of Cyg X- 1 in the soft state on June 17, 1996. The curves show the various model components. The continuum is computed using EQPAIR. The parameter τ = 0.25 and 2.5 is the optical depth of the background electron plasma. Energy is supplied only to non-thermal electrons (l_{th} = 0), which are injected with a steep power law with number index Γ ≈ 3 (see Gierlinski et al. 1999 for more details). Cooled electrons thermalize and share their remaining energy with the background plasma electrons.

soft photon luminosity. As the cool region of the disk spread inwards, the fraction of the coronal emission intercepted by the cool disk increased (e.g., as the disk penetrated into the coronal region), causing the observed increase in the relative amplitude of the Compton reflection component. Esin et al. (1998) proposed a rather similar model, where the inner radius of the cool disk is interpreted as the transition radius between the Sunyaev-Shakura disk solution and the ADAF solution. While the Poutanen, Krolik & Ryde model is more phenomenological and the discussion in Esin et al. is framed in the more physical context of ADAFs, both models are essentially the same, with the key free parameter controlling the “state” of the system being the location of the inner edge of the cool disk/the disk transition radius (something not currently well-understood). Both models also share the significant shortcoming that neither can simultaneously fit the low-energy (1-10 keV) and high-energy (300+ keV) data in the soft state. This has not been completely appreciated and is one of the strongest arguments for the presence of a hybrid plasma.

The reason both models fail is that they rely on purely thermal Comptonization to produce the observed spectrum. The X-ray spectrum above ∼ 2 keV (e.g., in the RXTE data) appears to be a rather steep power law that joins smoothly onto the dominant blackbody component at ∼ 1 keV (e.g., see Fig. 5). A Comptonization model fit to data below ∼ 30 keV will give something like 30 − 40 keV as the best fit electron temperature in the model. At first sight, a low temperature like this is exactly what one wants since in the soft state, less energy is being dissipated in the corona and there are more soft photons to cool on. Unfortunately, such a low temperature also predicts an exponential cutoff in the upscattered spectrum starting at ∼ 3kTe ∼ 100 keV. Such a cutoff is not seen in the OSSE data for the soft spectra of Galactic Black Hole Candidates, which in some cases clearly extend to at least 500 keV and above (see Grove et al. 1997, 1998). Recently Gierlinski et al. (1999) has taken OSSE data for Cyg X-1 and tried to make as simultane-

EQPAIR: A Hybrid Plasma Emission Model 11

Figure 8. The Comptonization spectra produced by a thermal plasma with temperature 200 keV in a spherical source with Thomson optical depth τ_T = 0.1. The input soft photon blackbody spectrum has temperature kT_{bb} = 0.15 keV. The solid line shows the result obtained using the EQPAIR Comptonization routine. From top to bottom, the histograms respectively show results from a Monte Carlo Comptonization code of M. Gierlinski where photons are injected at the center of the sphere, throughout the sphere according to the distribution n(r) ∝ sin(kr)/r of Sunyaev & Titarchuck (1980), and uniformly throughout the sphere. The dot-dashed line shows a power law with energy spectral index α_x = −1.5 (typical of what is observed in the Cyg X-1 soft state), and the vertical lines delineate the ∼ 300 − 500 keV region where most (but not all!) Galactic Black Hole Candidate observations run out of statistics.

ous fits as possible to lower energy ASCA and RXTE data. Figure 6 shows an example of joint RXTE-OSSE data that indicates no strong break out to ∼ 200 keV. In order to produce such a unbroken spectrum, the temperature of the Comptonizing electrons must be comparably high. We illustrate this in Fig. 7, where we show the Comptonized spectrum from electrons with temperature 200 keV. At >∼ 10 keV, this spectrum has the right slope to match the soft state spectrum, and it starts cutting off exactly when the statistics of most detectors become very poor, i.e., it looks like an acceptable model. However, notice the large photon deficit at ∼ 1 keV (briefly mentioned above). The deficit occurs because the mean fractional energy change a blackbody photon undergoes in one scattering is Δϵ/ϵ ∼ 4kTe/mec^2. For kTe = 200 keV, this exceeds unity and implies that one can begin to see the shapes of the individual Compton scattering orders, particularly the first one. (Approximating the blackbody soft photon distribution as delta function at energy ϵ_{bb}, there are few upscattered photons between ϵ_{bb} and ∼ 2ϵ_{bb} since Δϵ is so large – hence we see a deficit.) Note the good agreement between the EQPAIR result and the Monte Carlo simulations shown there. (When making Comptonization calculations, especially using a kinetic code like EQPAIR, one has to be very careful not to create spurious features similar to this one by using an approximate Compton redistribution function that does not spread scattered photons sufficiently in energy.) Such a feature is real and generic to high temperature Comptonization models – and is strongly ruled out by data like that of Fig. 6 at the many sigma level. (Remember, flux determinations in the keV range are now good down to the ∼ few percent level.) The discrepancy with purely thermal models is probably even greater because Gierlinski et al. (1999) have averaged together several days of soft state OSSE data and find that any cutoff must be at energies >∼ 800 keV(!).

If the soft state is not the result of purely thermal Comptonization, what are the alternatives? First, one might interpret the lack of a ∼ keV deficit as implying the existence of “excess” emission. By superposing emission from two spatially distinct regions (or else one runs into the problems discussed in the previous section if photons can sample both regions), one can in principle reproduce the observed spectrum using a low temperature and a high temperature region. One then needs to explain, however, where the extra component comes from and why it has the temperature and optical it does. Another possibility that has recently been revived by Titarchuk and collaborators in the context of Galactic Black Hole Candidates is that of bulk Comptonization (e.g., see Blandford & Payne 1981, Colpi 1988, Schrader & Titarchuk 1998, Titarchuk & Zannias 1998; Psaltis, in this proceedings). The rationale for invoking bulk Comptonization during the soft state is that the soft photon density appears to increase dramatically during the soft state, strongly cooling the coronal electrons responsible for the hard state emission. If there is quasi-spherical accretion near the black hole, then cold infalling coronal electrons could acquire substantial velocities v ∼ c, and Comptonization using the large bulk inflow velocity of the electrons (as opposed to their assumed smaller thermal motions) could give rise to power law spectra like those observed in the soft state.

While elegant, this interpretation may also have significant problems fitting data, particularly in the case of Cyg X-1. One of the key difficulties is again how to produce unbroken power law emission well beyond 511 keV (mec^2). As a first order estimate of the location of the high energy break in the bulk Comptonization spectrum, Titarchuk, Mastichiadis, & Kylafis (1997) give ϵ ∼^4_ṁ mec^2, where ṁ = Ṁc^2/L_{Edd} is the mass accretion rate measured in units of the Eddington luminosity and the scattering electrons are assumed to be radially free-falling. However, to have a predicted X-ray spectral index in the observed range (αx ∼ 1.5 − 1.8) apparently requires a very high mass accretion rate, ṁ >∼ 4 (Titarchuk & Zannias 1998). The first order estimate thus predicts a strong break in the Comptonized spectrum at energy ϵ <∼ mec^2. It is currently still not clear, though, how good this first order estimate is. As pointed out in Titarchuk, Mastichiadis, & Kylafis (1997), the second order terms in their equations tend to push their cutoff to higher energies. However, their treatment and essentially all other treatments until now have worked in the diffusion approximation and used the Thomson cross-section with a down-scattering correction instead of the full Klein- Nishina cross-section. As in the case of standard thermal Comptonization, when electron and photon energies exceed ∼ 0.1me c^2, the results obtained with these approximations

12 Coppi

become suspect. In particular, in the Klein-Nishina limit, Compton scatterings with the more energetic (higher velocity) electrons are reduced, and scattered photons tend to keep traveling along their original direction, e.g., into the black hole. In addition, even moderately relativistic electron velocities (v >∼ 0.3) will strongly collimate incoming radiation along the inflow direction. Gravitational redshift effects when infall velocities are v/c ∼ 0.9 also do not appear to have been included thus far and might further lower the break energy. I also note that the soft state temperature Esin et al. find for the central ADAF region is still ∼ 40 keV, i.e., it is not that low at all. Standard thermal Comptonization effects may still dominate over bulk Comptonization ones, and at the very least, may cause a significant deviation from a power law spectrum. Although a better calculation is required for a definitive answer, right now it seems difficult to produce a spectrum beyond 511 keV (mec^2) via bulk Comptonization. How serious a problem is the low predicted break energy? In most Galactic Black Hole Candidates, the typical data above ∼ 200 keV are not good enough to say anything. In Cyg X-1, however, we have a clear indication from OSSE data that the spectrum continues unbroken to at least ∼ 800 keV. Although the Cyg X-1 data is not quite as certain at energies higher than this due to possible source confusion, as noted above there is a strong indication that the spectrum continues to several MeV. If correct, this would seem to strongly rule out the bulk Comptonization hypothesis, for Cyg X-1 at least. Break energy aside, bulk Comptonization models have one other serious problem fitting Cyg X-1. Gierlinski et al. (1999) finds that the ASCA/RXTE-OSSE data above ∼ 10 keV is not well-fit by a power law and requires excess emission in the ∼ 10 − 30 keV range. Together with the presence of an apparent iron line and edge, this strongly suggests the presence of reflection by with a covering factor Ω/2π ∼ 0.7, i.e., half the hard X-ray flux hits a cool disk. Such a covering factor is natural in a corona-over-disk geometry, but it is not obvious how to arrange this in the bulk Comptonization scenario.

As discussed in Poutanen & Coppi (1998), an easy way to avoid all the problems mentioned is simply to allow the Comptonizing plasma to be a hybrid one, with a non-thermal tail. This introduces an extra parameter, the ratio of thermal heating to non-thermal acceleration power, but allows disk transition scenarios like those of Poutanen et al. and Esin et al. to go through largely unchanged. As shown by the solid lines in Fig. 5 and 6, the hybrid model (EQPAIR) including Compton reflection and relativistic line smearing can fit the broadband data extremely well (χ^2 per d.o.f ∼ 1) in all three states of Cyg X-1, including the “intermediate” transitional one. To see how far we could push the hybrid model, we also applied it to public RXTE data on GRS 1915+105 and also were able to obtain a good fit, e.g., see Fig. 8 (although that data only extends to ∼ 150 keV). We are not aware of another type of model that can currently do this. This is slightly surprising given the quality of the ASCA/RXTE data in the 1-20 keV range and may indicate that the crude assumptions made in the EQPAIR model (e.g., that the source is homogeneous, isotropic, and static) are true to first order. A detailed discussion of the model fits to Cyg X-1 and their physical implications (e.g., constraints on the importance of electron-positron pairs) can be found in Gierlinski et al. (1999).

Figure 9. A fit to public RXTE data on GRS 1915+105 using the hbyrid model, EQPAIR. The main fit parameters are l_s = 20, l_h/l_s = 0.19, and l_{nth}/l_h = 0.58. The background plasma electron optical depth was τ_p = 0.176, and non-thermal electrons were injected from γ_{min} = 1.3 to γ_{max} = 1000 with number index Γ = 3. The reflecting material subtended a solid angle Ω/2π = 1.1 as seen from the source. The soft photon input was a multi-color disk blackbody (“diskbb”) with temperature kT_{mdbb} = 1.56 keV. The reduced χ^2 for the fit was 1.02 for 208 degrees of freedom. The various model components used and shown are the same as in Fig. 6.

Figure 10. A schematic diagram showing the source geometries envisioned in the Poutanen & Coppi (1998) model for the Cyg X-1 transition. In the hard state, the inner part of the disk puffs up and acts as a hot, Comptonizing corona. (Or alternatively, see text, the hard state could simply represent a significant increase in the dissipation rate of accretion power in a corona above.) The hot inner disk/corona is surrounded by a cool Shakura-Sunyaev disk which is the source of the soft seed photons which enter the inner Comptonizing region. Non-thermal electrons are also injected into the hot inner region by an unspecified acceleration mechanism. Some of the escaping Comptonized photons are intercepted by the disk and Compton reflected back to the observer, producing the fluorescent iron line, the iron edge, and the reflection “hump” at ∼ 10 − 30 keV. In the transition to the soft state, the edge of the cool disk moves inwards, perhaps very close to the last marginally stable orbit, and penetrates into the inner coronal region. Because the hot region of the disk is now mostly gone, the thermal power effectively supplied to the corona is very small. Only the nonthermal accelerator continues to make a significant contribution to the corona’s power.

EQPAIR: A Hybrid Plasma Emission Model 13

I conclude by showing results a simple phenomenological model which gives roughly the right fit parameters for the states (see Poutanen & Coppi 1998 for more details). The source geometry we envision is along the lines of that shown in Fig. 9. The total power supplied to the disk and the hot coronal region remains roughly constant during the state transition, i.e., l_{rad} = ls + l_h is constant. As in the Poutanen et al. and Esin et al. models, we assume a transition radius rtr which marks the boundary between a cool outer disk and a hotter inner disk/corona. We also assume that the sum of soft luminosity from the disk, Ls ∝ 1/rtr , and the thermal dissipation rate in the corona, L_{th} ∝ 1 − 1/rtr , remains approximately constant during transitions. In addition to thermal dissipation in the corona, we will assume a central source of non-thermal electrons with acceleration luminosity, L_{nth}. (Note that if the source turns out to have a relatively low compactness, the non-thermal acceleration could also occur in a more extended region that does not change size. One will obtain quite similar spectra to those shown here.) For simplicity, we take L_{nth} to be constant (its value is not that well-constrained in the hard state). In the soft state, essentially all the power goes into accelerating non-thermal electrons. The density and temperature of the thermalized electrons/pairs responsible for the excess emission at ∼ a few keV are determined self-consistently.

Although we have interpreted the state transition as a change in the location of the inner edge of the cool disk, note that this interpretation is in fact not unique. The arguments used in Gierlinski et al. 1997 apply only to models where the corona is static, i.e., there is no bulk motion of coronal electrons. As discussed in Beloborodov (1999), this is rather unlikely given the strong radiation fields likely to be present and also given the highly dynamic, flaring nature of the emission. (The possibility of winds arising from the surface of disks has also been discussed for some time, e.g., see Narayan & Yi 1995, Blandford & Begelman 1998 in the context of ADAF-type solutions; and Woods et al. 1996 for a numerical calculation of X-ray heated winds and coronae from accretion disks.) When the electrons acquire even relatively small outflow velocities (v/c >∼ 0.2), this is enough to make their upscattered radiation significantly anisotropic (see Beloborodov). Even if a cold disk extends all the way in to the last marginally stable orbit and is directly under the corona (e.g., the slab disk-corona geometry again), this anisotropy means that fewer hard photons reach the disk, i.e., the inferred covering fraction (Ω/2π) of the Compton reflecting material will be low. If most of the accretion power near the black hole is dissipated in the corona above the disk rather inside the disk, then this also means the disk underneath the corona will be very cold and will emit few soft photons, i.e., the coronal plasma will be photon-starved. (This is in contrast to the static corona of Haardt & Maraschi 1993 where half the hard X-ray flux hits the corona and is reprocessed, implying a soft photon luminosity comparable to the hard photon luminosity.) In other words, if there is bulk motion in the corona, then there is no need to have a transition from a cool to a hot disk. Rather, we might have a transition from a cool to a cooler disk. In this case, the transition radius in our model is to be interpreted as the boundary between the region where most dissipation occurs inside the disk and the region where (for some reason) most dissipation occurs outside the disk, in the corona. As long

[ht]

Figure 11. Simulations of the Cyg X-1 spectral transition using the hybrid pair model, EQPAIR. The starting point is the best fit to the hard state data. Keeping l_{rad} = l_s + l_h constant and using some simple scaling laws for l_s, l_{th}, l_{nth} and τ_p (see Poutanen & Coppi 1998), we obtain the sequence of spectra covering the transition between the hard and soft states as a function of the transition radius, r_{tr}. (Large r_{tr} gives the hard state; low r_{tr} gives the soft state.)

as the coronal outflow velocities are not too large, the results are quite similar to those of the central hot sphere-disk geometry of Figure 9.

5 EQPAIR CODE DESCRIPTION

5.1 Included Physical Processes and Their Treatment

The acceleration mechanism in the current version is assumed to “pick up” only a fixed number of low-energy electrons and/or positrons, i.e., we do not consider “pair loading” scenarios where all the low-energy electrons and positrons in the source participate in the acceleration, and for example, the mean injection energy of the accelerated particles scales inversely with the total number of electrons and/or pairs.

5.2 Model Parameters

The parameters for the full EQPAIR XSPEC model are given below in approximate order of decreasing importance:

(i) l_h/ls : The ratio of the “hard” to “soft” compactnesses, i.e., the ratio of the power supplied to the accelerated electrons/pairs in the source to the luminosity of soft photons entering the source region. This determines the overall hardness of the upscattered photon spectrum. If pair production, Coulomb cooling, or bremsstrahlung effects are not important, models with the same l_h/ls will have spectra with the same shape (e.g., Fig. 12 for 0.1 < ls < 10). When l_h/ls ≫ 1, the source is said to photon-starved and multiple orders of Compton scattering often contribute significantly to the equilibrium spectra. The thermalized particle

14 Coppi

distribution will have a high, often relativistic (kTe ∼ mec^2) temperature. For l_h/ls ≪ 1, the thermalized particle distribution typically will have a low (kTe ≪ mec^2) temperature. If the model is primarily non-thermal (i.e., power is primarily supplied to accelerated particles with a powerlaw distribution), the upscattered photons typically undergo a single Compton interaction before escaping. In this case, the upscattered photon distribution directly reflects the shape of the electron distribution. This should not depend on l_h/ls since cooling is dominated by scatterings off the previously unscattered, injected photons. In this limit, the main effect of changing l_h/ls is simply to change the normalization of the upscattered spectrum. For a primarily thermal model (where the bulk of the power goes into heating the thermalized particles), the upscattered spectrum pivots about the peak of the injected soft photon energy distribution and has a slope that scales with l_h/ls (the lower l_h/ls, the steeper the spectrum.)

(ii) ls : The value of the soft photon compactness. This determines the importance of photon-photon pair production and alternative cooling processes for the electrons/pairs. If ls ≫ 1, the source is “compact” (optically thick for escaping gamma-rays) and photon-photon production is very important. The non-thermal cooling of electrons/pairs is usually dominated by Compton up scattering of soft photons, and the thermal background particles will have a low energy equilibrium temperature which, if the pair density is high, can result in a narrow, potentially observable pair annihilation feature and a downscattering break at 100 <∼ E < 511 keV. For ls ≪ 1, Compton cooling tends to become inefficient compared to Coulomb cooling and bremstrahlung cooling and this leads to a distortion of the low-energy electron/pair spectrum (e.g., Fig. 12) The thermalized particle will tend to be hotter. For convenience in plotting the various emission components of the model, if this parameter is set to a negative value, the soft compactness will be set to the absolute value of this parameter and the model will return only the spectrum of the non- Comptonized black body component.

(iii) T_{bb}: If the parameter value is positive, the incident soft photon distribution will be a multicolor disk blackbody as given by the diskbb XSPEC model of Mitsuda et al. (1984), with the temperature at the inner edge of the accretion disk set to T_{bb} (measured in eV). If the parameter value is negative, the incident photon distribution will instead be computed using the diskpn XSPEC model of Gierlinski et al. (1999), where T_{bb} (again measured in eV) now corresponds to value of Tmax for the pseudo-Newtonian disk model.

(iv) lnt/l_h : The fraction of the total power supplied to energetic particles that goes into accelerating non-thermal particles. A purely non-thermal particle acceleration model has lnt/l_h = 1, while a purely thermal model where all the power goes into heating the thermal particle pool has lnt/l_h = 0.

(v) τp : The Thomson scattering depth, measured from the center to the surface of the scattering region, that comes from the ionized electrons in the background plasma assumed to exist in the scattering region. This plasma provides the initial pool of seed particles for the non-thermal acceleration process. For a purely thermal model with no pair production, the electrons in this plasma are the only particles that are heated and produce a thermal Comptonization spectrum with Thomson optical depth τT = τp. When pairs are produced, the total optical depth of the thermalized scattering electrons/pairs will be τT ≥ τp.

(vi) R : The physical size (radius) of the spherical scattering region measured in units of centimeters.

(vii) γmin : The minimum Lorentz factor of the energetic electrons/pairs produced by the non-thermal acceleration process assumed to be operating in the source. The value of γmin should be ≥ 1.3, the value for the model’s lowest non-thermal energy bin.

(viii) γmax : The maximum Lorentz factor of the energetic/pairs produced by the non-thermal acceleration process assumed to be operating in the source. The value of γmax should be ≤ 10^4, the value of the model’s highest nonthermal energy bin.

(ix) Γinj : If the parameter has a negative value, the nonthermal accelerated particle spectrum is assumed to be a mono-energetic at the Lorentz factor given by the parameter γmax. If the parameter value is positive, the non-thermal acceleration spectrum is assumed to be a powerlaw extending from minimum Lorentz γmin to maximum Lorentz factor γmax.

(x) pairinj : If the parameter is set to zero, the accelerated particles are assumed to be electrons accelerated out of the thermal particle pool. If the parameter is set to unity, the accelerated particles are assumed to consist of electrons and positrons with the same number densities and energy distributions, i.e., pairs.

(xi) cos θi : The cosine of the inclination of the reflecting material (assumed to be a slab/disk) with respect to our line of sight. This and the following four parameters are identical to the parameters of the XSPEC pexriv reflection model, which is built into

(xii) R : The fraction of the scattering region’s emission that is intercepted by the reflecting material. This fraction is normalized so that if the region emits isotropically over an infinite slab, the parameter has the value R = Ω_{ref} /2π = 1, where Ω_{ref} is the solid angle subtended by the reflector as viewed from scattering region. For convenience in plotting the various emission components of the model, if the parameter is set to a negative value, the reflection fraction of the model will be set to the absolute value of the parameter and the XSPEC will return only the source’s reflected spectrum.

(xiii) [F e/H] : The relative abundance of iron in the reflecting material, measured in solar units.

(xiv) [> He/H] : The relative abundance of elements heavier than Helium, measured in solar units.

(xv) T_{disk} : The temperature of the reflecting (disk) material, measured in Kelvins.

(xvi) ξ : The ionization parameter of the reflector. Physically, it should be set to ξ = 4πFion/n, where Fion is the 5 eV - 20 keV ionizing flux seen by the reflector, and n is the density of the reflecting material.

(xvii) β : This and the following two parameters are the same as for the diskline XSPEC model (see Fabian et al. 199X). The shape of the diskline emission line spectrum

EQPAIR: A Hybrid Plasma Emission Model 15

corresponding to these parameters is convolved with the source’s reflected spectrum to approximate the effects of relativistic smearing, e.g., on the iron edge, due to the motion of the reflecting material (assumed to be on locally Keplerian orbits). The disk’s reflection emissivity is assumed to be a power law in radia with an index given by the parameter β. (xviii) Rin : The inner radius of the reflecting material (disk), measured in units of Rg = GM/c^2 (the gravitational radius for a black hole of mass M).

(xix) Rout : The outer radius of the reflecting material (disk), measured in units of Rg = GM/c^2 (the gravitational radius for a black hole of mass M).

(xx) zsource : The redshift (cosmological or gravitational) of the source region. The spectrum returned by the model will be shifted down in energy by a factor (1 + zsource).

5.3 Simplified Versions of EQPAIR

Depending on data quality and the type of source and its spectral state, the full machinery of EQPAIR may not be needed, e.g., for Galactic sources one often discovers that a pure thermal model with minimal pair production provides a perfectly adequate description of the data. If one wants to fit a long data train to, say, measure the electron temperature variations, it makes no sense use to use EQPAIR. Accordingly, we have provided two simplified versions of EQPAIR, eqtherm and compth, that have all non-thermal processes stripped out of them and do not treat photon-photon pair production (i.e., they should only be used for sources with compactness ls <∼ 10). These models (especially compth) can be several to many faster times faster than EQPAIR. The difference between the two models is the set of input parameters. Like EQPAIR, eqtherm iteratively finds the selfconsistent equilibrium solution corresponding to the amount of power supplied to the scattering region’s hot electrons (l_h) versus the amount of power to the soft target photons (ls). In other words, given l_h and ls, the model solves for the equilibrium electron temperature, Te. compth instead is designed to be a drop-in replacement for standard models like compbb and just has Te as its main input parameter. The model’s computed spectrum could then be integrated over to determine l_h/ls. (Note that for pure thermal Comptonization, the shape of the spectrum is independent of ls). Some consider the eqtherm approach more physically motivated since in some sense l_h and ls are the more fundamental (observable) source parameters. However, since compth does not have to iterate to find the the equilibrium electron temperature, it is in practice much faster than eqtherm.

Since these models are essentially fancy thermal Comptonization models, one might wonder what advantages if any they have over the several other XSPEC Comptonization models already available, e.g, compbb, compst, comptt, or compps. The main advantage of the models presented here is that they continue to work reasonably well (see §6) even in the regime of moderately relativistic to relativistic electron temperatures. Good accuracy in this regime, for example, is crucial in modeling the hard state spectra of Galactic Black Hole Candidates, which appear to require temperatures kTe >∼ 100 keV. In addition, the models can treat reflection effects. These are also important in fitting black hole spectra and are not considered by most of the alternatives. We note that while a Comptonization spectrum to zeroth order looks like an exponentially truncated power law, there can be significant deviations from this shape, especially where the hard power law joins onto the soft photon distribution. Using the simplified eqtherm/compth models could therefore give better fits than using the standard pexriv/pexrav reflection models which assume the reflector sees a truncated power law continuum. (Remember, though, that EQPAIR’s reflection routine is taken from pexriv, so that the only the difference between these models is the shape of the illuminating continuum.) The compps model (Poutanen & Svensson 1996) is probably the most accurate and flexible model for thermal Comptonization currently available in XSPEC (it can model different source geometries), and it also includes reflection. While eqtherm and compth are not as accurate as compps, for some applications compth may have still sufficient accuracy and can run significantly faster than compps.

5.4 The XMC Monte Carlo Code

As part of the EQPAIR release, we also include a Monte Carlo code (xmc) for computing Comptonization in a spherical atmosphere with an essentially arbitrary electron spatial and energy distribution. The assumption of electron isotropy is still made, however, and because spherical symmetry is assumed, all quantities are only a function of radius from the center of the sphere. In the released version, the energy range for photon and electron energies is the same as that of EQPAIR, although this range can be easily changed inside the program. The motivation for building this code was to allow an accurate exploration of the effects of density and temperature inhomogeneities and non-Maxwellian energy distributions on the final Comptonized spectrum, and thus provide a set of benchmark comparisons for EQPAIR. Some of these benchmarks are presented and discussed below in §6. The code is built to be quite general, however, and may have other uses besides generating EQPAIR comparisons. For example, the code keeps track of the photon travel times and can be used to compute the time response of the atmosphere to an impulsive injection of seed photons. (The code was used for the Monte Carlo computations shown in Maccarone, Coppi, & Poutanen 2000.) We encourage exploration using the code as the results sometimes run counter to the common lore, e.g., placing a hot plasma next to a cold plasma does not automatically result in a Comptonization spectrum that is the sum of that from the cold plasma alone and that from the hot plasma (see §6).

The Monte Carlo code itself is potentially worth exploring as it is quite flexible and parts of it may be useful building blocks for other codes. For example, the probability distributions required to simulate scattering events are derived by the table lookup technique. That is, if ξ be a uniform random number on the open interval (0, 1) and if p(x) is the probability for some event to have an outcome between x and x + dx, then one tabulates the cumulative probability distribution P (x) =

∫_x x0 p(x′)dx^′ at enough values to accurately derive the inverse function P^{−1}(ξ). Letting xi = P^{−1}(ξi) for a set of random numbers ξi then produces a set of xi with the desired probability distribu-

16 Coppi

tion p(x). The advantage of such an approach is that it is completely general and, for example, Maxwellian and hybrid electron energy distributions can be handled in exactly the same manner. One does not need to think up special comparison/rejection functions, for example, to efficiently produce the desired probability distributions – a process that can be quite time consuming. The disadvantages of the table lookup procedure are similar to those of the EQPAIR code. To have sufficient accuracy, quite large tables must be kept in main memory and they must be searched efficiently. However, the memory requirements, ∼ 100MB for the xmc code, are within easy reach of even desktop computers, and with today’s large cache memories, a search of over adjacent array elements can be quite competitive with Monte Carlo techniques that rely on the evaluation of analytic functions. (For example, the Klein-Nishina cross-section contains a logarithm, and most semi-analytic Monte Carlo sampling schemes thus involve the computation of a logarithm, which is a relatively expensive operation.)

The algorithm behind the Monte Carlo code is quite straightforward. A photon is injected into the spherical scattering region at a desired location. (The released code only treats the case of central photon injection at radius r = 0, but it is easy to implement other radial photon injection distributions.) The scattering region is then divided up into a suitably large number of radial zones. In the present version of the code, there are 101 radial zones that are spaced logarithmically in radius to allow treatment of power law electron density distributions. (The locations of the radial zones can of course be changed to better treat other types of density distributions.) The photon then propagates in a straight line to the surface of the sphere, and for every radial zone that the photon crosses crossed, a cumulative interaction probability is incremented by an appropriate amount. This cumulative probability is then compared to a random number to determine in which radial zone the photon scatters. Once the interation zone is determined, more random numbers are drawn and compared to lookup tables to determine the incoming angle and energy of the scattering electron and the outgoing angle and energy of the scattered photon.

To improve the Monte Carlo statistics for rare scattering events, a variance reducing photon “weighting” scheme is employed. For every photon, the probability for the photon to escape the scattering region, pesc, is computed, and a “fractional” photon with weight pesc times the original photon’s weight is added to the distribution of photons escaping the source. Then, the weight of the photon being followed is reduced by the factor (1−pesc), the probability of scattering inside the source, and the photon is forced to interact inside the source. The process is repeated until the weight of the photon drops below some suitably low threshold value, e.g., ∼ 10^{−8}. Rare events that involve the photon scattering, say, ten times inside the source are therefore guaranteed to be simulated, and this very significantly boosts the accuracy at the high energy end of the Comptonization spectrum. (By definition, when multiple scattering is important, the photons emerging at large energies are the ones that have scattered many times.) The Monte Carlo spectrum shown in §XX were typically generated with only a few million photons, and this would have been impossible without the variance reduction scheme.

5.5 Fitting Caveats and Hints

As discussed in §6, the relative amplitudes of the first few orders of Compton scattering are very geometry dependent (e.g., depending on whether soft photons enter the source uniformly, from the outside, or from its center). A simple photon escape probability formalism like the one used here cannot handle all the possible cases. Because of this and the fact that the emission region may only cover a small fraction of the soft photon source (e.g., imagine a small coronal region at the center of a large disk, as in Figl. 10), the EQPAIR should typically be used in combination with an additional diskbb/diskpn model (the choice should match the choice of soft photon source made in EQPAIR). The normalization of this extra blackbody component should be allowed to float independently, but the component’s temperature, T_{bb}/Tmax, should be tied to EQPAIR’s T_{bb}/Tmax. This mimics a variable soft photon source covering factor and can compensate for some escape probability formalism errors, like an incorrect fraction of photons that escape the source unscattered. When fitting a real spectrum, one must also often add in a gaussian or relatively smeared emission iron Kα line as well a multiplicative absorption model like wabs or zwabs (for galactic or intrinsic source absorption respectively).

The combination of EQPAIR, which already has many parameters, with additional models leads to an overall fitting model that is rather unwieldy. As is typical for complex fitting problems, blindly issuing the XSPEC ”fit” command with all possible parameters allowed to float will be a recipe for frustration. The recommended procedure is to instead freeze as many parameters as possible to reasonable initial values and then begin to unthaw them one by one only after the best fit has been obtained using the minimal initial set of free parameters. Although it depends on the precise application, a good starting set of free (“thawed”) XSPEC parameters is l_h/ls, lnt/l_h, and τp. As discussed above, energy conservation implies that l_h/ls is the ratio of the escaping hard (upscattered) photon luminosity to the input soft photon luminosity. l_h/ls is thus the main parameter determining the overall shape of the model spectrum. The other two parameters allow the program to fine tune the curvature and high energy cutoff of the model spectrum by adjusting the relative importance of Comptonization by thermal vs. nonthermal electrons. The best fit obtained only with these free parameters will probably not statistically acceptable, but it usually puts the XSPEC fitting routine into the portion of parameter.

If one is fitting a hybrid or non-thermal model, the next parameter to thaw is probably the power law injection index, Γinj , for the accelerated electrons/pairs. This will further tune the slope of the non-thermal tail. The overall fitting process will be sped up if one can make a good initial guess for Γinj . If the overall spectrum is not very hard (spectral index αx >∼ 1, corresponding to l_h <∼ ls) and Compton scattering by non-thermal electrons is going to be important, then photons typically do not scatter many times before leaving the source region. In this case, the resulted upscattered photon spectrum has a spectral index Γ/2. If the observed spectral index is αx, then this parameter should have an initial frozen value of 2αx. If the observed spectrum is hard, i.e., αx < 0.5, and this is not due to strong photoelectric absorption, then the photon must scatter multiple

EQPAIR: A Hybrid Plasma Emission Model 17

times before escaping the source. If the scattering occurs off non-thermal electrons and the observed spectrum shows a cutoff well below 511 keV, then the typical energy of a scattering must not be very large, i.e., the electron injection spectrum should be steep (Γ >∼ 3) and should extend to low energies (Lorentz factor γmin ∼ 1).

After obtaining the best fit with Γinj , one should probably try to let the soft photon compactness, ls, float. Fig. 12 shows how the computed photon spectrum and the underlying pair/electron energy distribution respond to changes in ls. The main effects are that for large ls, the source becomes compact and gamma-rays pair produce, while for small ls, cooling of non-thermal pairs becomes inefficient compared to bremmstrahlung and Coulomb cooling off the background thermal particles. When pair production is important (large ls,) the overall spectrum softens as the power originally in gamma-rays is transferred to X-ray energies (see also Fig. 1) and a pair annihilation feature appears at ∼ 511 keV. When Coulomb and bremsstrahlung cooling are important (small ls,) the equilibrium distribution of non-thermal electrons/pair deviates significantly from a power law as does the energy spectrum of photons they upscatter. With good broadband data, the “distortion” of the spectrum for large and small ls can be used to bracket the overall compactness of the source and, if the source luminosity is known, to constrain the source size , R. If one only has good data over a restricted range, e.g., from ∼ 3-15 keV as sometimes happens with RXTE, the spectrum in this range is approximately a power law for most values of ls ((Fig. 12). In this case, the constraints on ls will be very weak as the observed power law slope can be always be fit by adjusting Γinj , the electron/pair power law injection index. Letting ls float will mainly prove to be a significant waste of fitting time. If the source is not expected to be very compact, e.g., as is the case for Galactic Black Hole Candidates, then the best recourse may be simply to leave the soft photon compactness frozen at ls = 1 and state clearly that this has been done.

If one only wants to fit a thermal Comptonizaton model using the full EQPAIR code (not the simplified eqtherm/compth versions which treat only thermal Comptonization), then lnt/l_h should frozen to a very small but non-zero value. A value of lnt/l_h = 0, is in principle allowed but can sometimes cause convergence problems for l_h and ls large. When the source compactness is large, gammarays in the Wien tail (high energy end) of the Comptonized spectrum will pair produce, slightly changing the equilibrium temperature of the thermalized pair distribution. Although the change is slight, the Wien tail is exponententially sensitive to the pair temperature, and undamped oscillations in thermal pair distributions parameters can result. Setting lnt/l_h to a small value will often stop the oscillations by introducing a very small non-thermal gamma-ray tail that does not depend sensitively on the thermal distribution paramters. A value lnt/l_h ∼ 10^{−8} is often sufficient to stop the oscillations and will have a negligible impact the emergent spectrum and the best-fit model parameters.

If one instead wants to fit a purely non-thermal model, then in principle one just freezes lnt/l_h = 1. However, then one must be careful how the equilibrium number density of thermalized pairs/electrons is determined. If one sets the parameter pairinj to zero, ie., one only wants to model electron acceleration and not the injection of non-thermal pairs into the source region, then if the model parameters are such that very few pairs are produced in the source, the density of cooled pairs is essentially undetermined and can oscillate, preventing code convergence. This is because we assume that in steady state, the number of accelerated electrons equals the rate at which they cool and thermalize, i.e., cooled electrons are instantly reaccelerated and make no net contribution to a background of thermalized electrons/pairs (e.g., see LZ87). If few pairs are produced in the source, then the equilibrium density of thermalized electrons/positrons must be determined mainly by processes not included in the code, i.e., one must therefore specify by hand a non-zero value for τp, the optical depth of the background plasma. Even if the source is compact and significant numbers of pairs are produced, the code may still occasionally oscillate. In this case, it is advisable (as in the case of lnt/l_h = 0) to set taup to a very small but non-zero. If the injected particles are assumed to be pairs (pairinj = 1), then there are no ambiguities and the equilibrium density of background thermal is determined by pair balance (the requirement that the annihilation rate of thermal pairs should equal the total pair creation rate in the source).

As discussed above, the Comptonized spectra produced by thermal electron distributions and non-thermal ones can look very similar if one is in the multiple scattering regime. If one is trying to place constraints on the fraction of luminosity going to non-thermal vs. thermal electrions (lnt/l_h), then one has to be quite careful if the data being fit do not extend over a sufficiently broad range of energies (especially to energies >∼ 300 keV where the differences between thermal and non-thermal models are typically most evident). Model parameters sets that are mostly thermal or non-thermal may in fact give comparable goodness of fit values, but they often represent local minima that are well-separated in goodnessof-fit surface. If XSPEC falls into one, it often will not find the other minimum. In other words, if one obtains a good thermal Comptonization fit with lnt/l_h ∼ 0 and then uses the XSPEC error command to constrain lnt/l_h ∼ 0, the results may sometimes be very misleading since the error command never finds the non-thermal solution. To be safe, one should do two XSPEC fits, one starting with lnt/l_h ∼ 0 as the initial guess and one starting lnt/l_h ∼ 1. If the final fit values are similar, only then can one be sure about constraints on lnt/l_h ∼ 1.

A further numerical consideration is that when the source is very compact (l_h >∼ 100), the source optical depth τT typically becomes large (τT ∝ l^{1/2}_h , see ZCL90) and many cycles of Compton scattering followed by pair production must be iterated over to converge to the correct solution. In other words, the code slows down considerably. If one is sure the relevant compactness of the model will not be that large, the fit will be sped up considerably

Depending on the exact model regime, some parameters are never well-constrained and their values should be frozen to ensure the fit process converges quickly. (XSPEC sometimes gets stuck, oscillating between nearly degenerate parameter values.) A prime example is the soft photon compactness, ls, just discussed. Another parameter that is sometimes ill-constrained is kT_{bb}, the temperature of the soft photon blackbody. As shown in Sunyaev & Titarchuk (1980), for example, when the electron temperature is nonrelativistic and kT_{bb} ≪ mec^2, the index of the power law pro-

18 Coppi

Figure 12. Response of pair plasma to changes in source compactness. Left-hand panel: The same as Fig. 7 of Gierlinski et al. (1999), except that the contribution from electron/positron bremsstrahlung (dashed curve) is explicitly shown for the lowest compactness (bottommost) spectrum. From bottom to top, the soft compactness, l_s, of the EQPAIR model ranges from l_s = 0.01 to l_s = 1000 in factor 10 increments. The ratio of total electron to soft photon compactness is kept fixed at l_h/l_s = 0.3 for all the models shown, as are the values of all the other parameters: l_{nth}/l_h = 0.9, τ_p = 0.3, Γ_{inj} = 3, γ_{min} = 1.3, and kT_{bb} = 0.4 keV. At low overall compactnesses (l_s ≪ 1), Compton cooling of non-thermal pairs becomes inefficient compared to the bremsstrahlung and Coulumb losses they undergo when interacting with the background thermal electrons and positrons. This significantly modifies the equilibrium electron distribution (righthand panel) and the emergent spectrum. At high compactnesses (l_s ≫ 1), Coulomb and bremsstrahlung losses become unimportant, but now pair production of gamma-rays becomes significant. This again leads to observable spectral differences. These differences can be used to bracket the compactness and thus the size of the source (assuming the source luminosity is known). The right-hand panel shows the electron energy distribution corresponding to the model spectra shown in the left-hand panel. The solid, dotted, short-dashed, long-dashed, dot-dashed, and long-short dashed curves respectively correspond to the soft photon model compactnesses l_s = 0.01, 0.1, 1, 10, 100, 1000.

duced by thermal Comptonization does not depend strongly on kT_{bb}. Similarly, if one is dealing with non-thermal Compton scattering (and pair production is not important), then the index of the Compton upscattered power law does not depend strongly on kT_{bb}. In other words, if the bulk of the soft photon energy distribution falls below the observing energy window, then this parameter is also poorly constrained and should be frozen. This is often the case, for example, when fitting RXTE data to the hard states of Galactic Black Hole Candidates since the useful RXTE low energy response extends to only 2 − 3keV, while the black body temperatures inferred from other experiments with a good lowenergy response are only ∼ 0.1 keV. In regards to kT_{bb} and instruments with poor low energy response, we note that the photo-electric absorption column (nH ) that is usually included in fits can be degenerate with kT_{bb}. (High or low values of nH can sometimes be compensated for by using correspondingly high or low value of kT_{bb}, i.e., the individual parameters nH and kT_{bb} may not be well-constrained.)

In sum, the best procedure to follow in fitting is to freeze as many parameters as possible to determine the rough parameter regime one is in. Only then should one thaw and play around by hand with other parameters to see if they are indeed important. Often times, as discussed, they are not and they should be left out of the automated fitting process.

5.6 Obtaining the Code

The code should be incorporated into future releases of XSPEC and automatically available. However, the code is constantly being updated. The latest version and documentation may always be found at http://www.astro.yale.edu/coppi/eqpair. Since considerable work has gone into developing this code, if the code proves useful, an acknowledgment citing this paper would be greatly appreciated. Bug reports and suggestions for improvements should emailed to coppi@astro.yale.edu.

5.7 Published Applications of EQPAIR

One of the best ways to learn how to use EQPAIR is to see what others have done with it. The following published references may be prove useful: Gierlinski et al. (1999),

EQPAIR: A Hybrid Plasma Emission Model 19

6 LIMITATIONS AND APPLICABILITY OF THE EQPAIR MODEL

The main limitation of the EQPAIR model is the fact that it is based on a steady-state, one zone code where all particle distributions are uniform in space and time and isotropic in angle. This means that one cannot model at all source geometry and anisotropy effects like those which lead to the production of the 2-10 keV “anisotropy break” in the slabcorona models (e.g., see Stern et al. 1985). Quantities like the fraction of soft photons from some outside source (e.g., a disk) that enter the emission region must also be put in by hand. In addition, in a one zone model it is impossible to have exponential attenuation of a spectrum, e.g., due to pair production of gamma-rays emitted at the center of a spherical region filled with X-ray target photons. In this case, if the gamma-ray pair production optical depth is τγγ (measured from the center to the surface of the sphere), the observed gamma-ray flux should be attenuated by the usual exp(−τγγ ). The escape formalism employed here, however, only attenuates it by a factor 1/τγγ , the correct result when gamma-rays are emitted uniformly throughout the spherical region. Finally, one cannot handle any gradients, e.g., such as might arise when photons enter the source region from the outside (e.g., Fig. 10) or due to localized flare events. When a spectrum is fit with EQPAIR, the parameters obtained therefore represent averaged quantities (both spatially and temporary). Because of this and the fact that quantities like the inferred Thomson optical depth from a Comptonization fit can vary significantly depending on the exact scattering geometry (e.g., source vs. slab), not too much weight should be given to the exact values of the parameters. As a concrete example, the n = 1 model in Fig. 13 has a total Thomson optical depth τT = 1. This model’s electron density is not constant with radius, however, and the uniform density, spherical Comptonization model that best matches its upscattered spectrum only has τT = 0.5 (See also Fig. 14 for another example of how averaging over source gradients affects the apparent best fit parameters.) Rather than the values of the parameter, it is probably the trends seen between the fits of different states and sources that are most important.

If understanding the precise values is important for an application, one can experiment with a more realistic Monte Carlo code like xmc to see what kind of parameter mapping exists between the more complex physical model and EQ- PAIR. The EQPAIR model generally gives spectra and parameter values that match well Monte Carlo results from a spherical region where electrons move isotropically and have constant density, and photons enter the source isotropically from the center (e.g., see Fig. 8, Fig. 15, Fig. 16). The spectra and values agree best when τT <∼ 1. For τT >∼ 1 and/or electron temperature kTe >∼ 511 KeV, Fig. 15 and 16 show that there can be some problems with EQPAIR’s computation of the spectrum. The systematic deviations from the Monte Carlo results are usually largest at the low energies, specifically in the part of the spectrum due to the first few orders of Compton scattering. This is the part most sensitive to the source scattering geometry. As a concrete example, let us consider the kTe = 2 MeV, τT = 3 cases shown in Fig. 16. Because the electron temperature is so high, the first Compton scattering that a soft photon undergoes typically

Figure 13. Effects of a spatially varying electron temperature. The solid histograms show Monte Carlo thermal Comptonization spectra (computed with xmc) computed for spherical models where the electrons at radius r < r_t have a temperature T_{e,lo} = 10 keV, and electrons at r > r_t have T_{e,hi} = 100 keV. (r_t = 1.0 corresponds to the surface of the spherical scattering region.) The scattering region has a total radial optical depth τ_T = 1, the electron density is constant with radius, and soft photons are injected at the center of the region. For comparison, the dotted curves show one-temperature Comptonization spectra computed with EQPAIR, with the model parameters optimized to produce a close match to the Monte Carlo spectra. [Respectively for r_t = 0, 0.5, 0.8, 0.9, and 1.0, the EQPAIR model parameters are (T_e = 90 keV, τ_T = 1.1), (T_e = 100 keV, τ_T = 0.75), (T_e = 125 keV, τ_T = 0.35), (T_e = 100 keV, τ_T = 0.23), and (T_e = 10 keV, τ_T = 1.0).] As in the case of the bi-Maxwellian temperature distribution (Fig. 4), none of the Monte Carlo spectra can be fit as a linear superposition of T_{e,lo} = 10 keV and T_{e,hi} = 100 keV spectra.

boosts it to a much higher energy, i.e., it is no longer counted as a soft photon. The observed soft photon distribution will Unlike some other codes, EQPAIR does not have problems at high energies because its approximation to the thermal Compton scattering kernel is very good and photons at energy ∼ mec^2 basically free stream out of the source (i.e., the effective optical depth becomes small and the escape probability works well).

We have experimented with different escape probabilities, but we found none that one works perfectly and the one employed

One drawback of EQPAIR and the other codes (except for Ghisellini et al. 1998 which calculates the Compton upscattered spectrum from the corona by solving the radiative transfer equation in a slab geometry) is the use of an escape probability to handle the radiation transfer. This is a potentially serious limitation when the optical depth τT ∼ 1 and the electron temperature is high, >∼ 100 keV. However, as noted in Coppi (1992), the errors are typically less than

20 Coppi

the uncertainties introduced by our ignorance of the exact source geometry, e.g., are the soft photons actually emitted in the center of the corona or do they enter the corona from some outer, cool region of the disk (as in Poutanen, Krolik, & Ryde 1997)? Fig. 8 below shows an explicit comparison of the EQPAIR output versus the output from a Monte Carlo simulation with three different soft photon injection scenarios. The optical depth in that calculation is low (τT = 0.1) but the temperature is rather high (kTe = 200 keV), and the agreement is quite reasonable.

One final caveat on using EQPAIR to fit observed spectra is that the spectrum it produces is of course a steadystate one, while the real spectra that are being fit are typically time integrations over many flares.

slow!

general plasma Not the same as compps. transitiation makes oversablle difference no geometry.

one zone nature ¿¿¿isotropic photon¡¡¡ slab geometry not too bad for current data because problems often occur at highest energies, bad S/N parameters taken with grain of salt, some kind of average, geometry could be different, etc. tau ¡ 1 always o.k., beyond that problems.

flip side is that one can learn about stuff this way.

7 DISCUSSION AND CONCLUSIONS

Most attempts at modeling the emission from accreting black hole systems have typically assumed the underlying particle energy distribution is either a Maxwellian (“thermal”) or a power law (“non-thermal”). While such an assumption may be convenient analytically, it is no longer required given the advent of powerful computers, and more importantly, it is does not appear to be well-justified. There are several examples in Nature, e.g., the phenomenon of solar flares, where it is clear the underlying distribution is neither a Maxwellian nor a power law, but rather a quasi- Maxwellian at low energies with a high-energy approximately power-law tail. This is exactly the type of particle energy distribution that is often predicted by theoretical particle heating/acceleration models. (The acceleration process typically kicks only a few particles in the high energy tail of the particle distribution to much higher energies.) Re-examining the process of electron thermalization under the physical conditions likely to be found near a black hole, we find that the thermalization timescales are likely to be quite long – unless some (unknown) collective plasma process is more effective than two-body Coulomb collisions at exchanging energy between electrons. In particular, because the radiation field is likely to be very intense near an accreting black hole, the Coulomb relaxation time for even moderately relativistic electrons may be much longer than the relevant cooling times. Depending on the exact plasma parameters, they may also be longer than the characteristic source variability time. Thus, the old arguments made against thermal models still stand. These arguments were largely brushed aside and forgotten when it became clear many of the classical non-thermal sources like NGC 4151 (an AGN that was supposed to have strong MeV emission) in fact showed strong spectral cutoffs at ∼ 100 keV energies and had spectra that could be succesfully fit using purely thermal Comptonization models.

Figure 17. Effects of different spatially varying injection functions.

© 2002 RAS, MNRAS 000, 000–000

EQPAIR: A Hybrid Plasma Emission Model 21

Figure 14. Effects of varying electron density. The left-hand panel shows Monte Carlo thermal Comptonization spectra computed using the xmc code. The temperature of the scattering electrons is T_e = 100 keV and is constant throughout the spherical scattering region. The electron density, instead, varies as a powerlaw with radius from the center of the sphere, i.e., n_e(r) ∝ r^{−n}. For all three histograms shown, the total scattering optical depth, measured along the radial direction from the center of the scattering sphere to its surface, is τ_T = 1. Soft (unscattered) photons are assumed to start at the center of the sphere. For the cases with n = 1 and n = 2 (where the density formally diverges at the center), the density is assumed to be constant for r < r_{core} ≈ 3 × 10^{−5}r_{sphere}, where r_{sphere} is the radius of the scattering region. This means the n = 2 and n = 0 spectra actually turn out to be quite similar since in the n = 2 case most of the scatterings occur at r ∼ r_{core}, i.e., in an approximately constant density region (as in the n = 0 case). For comparison, the dotted curve shows a Comptonization spectrum computed using EQPAIR with parameters T_e = 90 keV and τ_T = 1.1. In the right-hand panel, we compare the n = 1 calculation of the left-hand panel (solid histogram) with an n = 0 Monte Carlo calculation (solid curve) with parameters T_e = 100 keV and τ_T = 0.5. As noted in Kazanas, Hua, & Titarchuk (1997), the resulting spectra are very similar if one only considers the parts of the spectra (E > 1 keV) due to photons which have upscattered several times. For comparison, the dashed curve shows the EQPAIR Comptonization spectrum with parameters T_e = 100 keV and τ_T = 0.5.

Now that we are seeing hints that the emission in Galactic Black Holes Candidates indeed extends to much higher energies (albeit at much lower levels than previously thought), “hybrid” models involving both thermal particle heating and non-thermal particle acceleration are beginning to creep back. One of the strongest cases for the existence of a non-thermal particle distribution near black holes is the “soft’ spectral state of Galactic Black Hole Candidates. In this state, one sees very strong, quasi-blackbody emission at ∼ 1 keV, with a steep ∼ power law tail extending to at least ∼ 511 (mec^2) in several objects. Particularly in the case of Cyg X-1, such emission is very hard to explain either via pure thermal Comptonization or bulk Comptonization in the accretion flow. This still has not been completely appreciated. Data from future missions with improved sensitivity in the ∼ 500 keV - 1 MeV range (e.g., INTEGRAL and Astro- E) should be conclusive in determining the importance of non-thermal particles.

If we relax the assumption that the energy distribution of the Comptonizing electrons is a strict Maxwellian, then many problems go away. Using a hybrid plasma code like EQPAIR, we have seen that the spectrum of a black hole binary in the soft state (and in the other spectral states as well) can easily be modeled, e.g., see Gierlinski et al. 1999.

With the proviso that there is always some small amount of non-thermal acceleration going on (compared to the total source luminosity), models that explain the Cyg X-1 state transitions in terms of a moving transition radius between cold and hot disk phases appear to work fairly well. We do note, though, that these models only attempt to explain the time-averaged spectra. What such a time-averaged spectrum and the deductions one makes from such a spectrum have to do with reality is not completely clear yet, particularly if this time-averaged emission is the superposition of many individual flare events, e.g., as discussed by Poutanen & Fabian (1999) as well as Mineshige & Negoro (1999). However, assuming non-pathological scenarios, the time-averaged spectra probably are telling us us about the mean electron heating rate, averaged over time and individual flares (see §6, especially Fig. 17,18).

If we follow theoretical prejudice and assume that particle energy distributions are indeed not completely thermal, then we must explain why so many black hole sources still manage to look so thermal. Clearly, one part of the answer must be that the efficiency with which power is channeled into relativistic electrons (Lorentz factors >∼ 10) is relatively low. Why this should be depends on the unknown details of the acceleration mechanism. Another part of the

22 Coppi

Figure 15. Comparison of thermal Comptonization spectra computed using the xmc Monte Carlo code with those computed using EQPAIR (the xscompth model). The Monte Carlo calculations assume central photon injection and are shown by the solid histograms. The EQPAIR calculations are shown by the dotted lines. In each panel, the spectra are shown for three optical depths, τ_{es} = 0.1, 1, and 3 (with the higher optical depth cases corresponding to higher fluxes at the high energy ends of the spectra.) The optical depth, τ_{es}, is measured radially from the center of the sphere to the surface of the sphere, and the scattering electron density is assumed uniform throughout the sphere. The soft photon temperature is 10^{−3} keV for the left-hand panels (the case of relevance to AGN) and 1 keV for the right-hand panels (the case of relevance to binaries).

EQPAIR: A Hybrid Plasma Emission Model 23

Figure 16. The same as Figure 15, except with higher electron temperatures.

answer, however, may have to do with Comptonization and pair plasma physics. If a source photon gains most of its energy in a single scattering event before escaping, then clearly the emergent radiation spectrum depends critically on the underlying scattering electron energy spectrum. However, if multiple Compton scattering is important, i.e., a photon gains its energy in several small steps before it escapes, then the exact details of the energy distribution turn out not to matter. To first order, if the scattering electrons have the same mean energy, be they thermal or non-thermal, then they tend to produce the same mean energy change in aS scattered photon, which results in a spectrum with the same shape. (One can imagine doing a Fokker-Planck expansion of the relevant equations.) The details of the distribution typically only matter at the high-energy and low-energy tails of the output spectrum. The types of sources where mul-

24 Coppi

Figure 18. Comparison of a time-averaged thermal Comptonization spectrum with an equilibrium, steady-state Comptonization spectrum. The time-averaged spectrum was computed using a simplified, time-dependent version of the EQPAIR code that treats only thermal Comptonization and bremsstrahlung and does not include pairs. The soft photon compactness was kept constant at l_s = 1, while the thermal electron compactness, l_{th}(t), varied in the manner shown by the solid curve in the left-hand panel. The time-averaged value of the thermal compactness is < l_{th}(t) >= 4. The corresponding time-response of the plasma’s electron temperature, θ = kT_e/m_ec^2, is shown by the dotted curve in the same panel. (The temperature values has been rescaled for clarity. The large temperature spike at t ∼ 0 is due to the initial conditions. ) The solid curve in the right-hand panel shows the time-averaged spectrum obtained by integrating the instantaneous escaping spectrum over time. The short-dashed and dotted curves in that panel show respectively the instantaneous escaping spectra at t = 18 (when l_{th} = 1.6, i.e., has a low value) and at t = 31 (when l_{th} = 6.6, i.e., a high value). For comparison, the long-dashed curve in that panel is the equilibrium spectrum computed assuming l_s = 1 and l_{th} =< l_{th}(t) >= 4. While the instantaneous spectra are very different and in general are not well-fit by equilibrium spectra, note the good agreement between the time-averaged and equilibrium spectra.

tiple Compton scattering is most important are those that are relatively photon-starved, i.e., where the power supplied to electrons is much larger than the power initially supplied to the low energy target photons. In this case, as long as the bulk of the heated/accelerated electrons do not have Lorentz factors >∼ 2 − 3, it is largely irrelevant whether the electrons thermalize or not before they cool. (Note that if the source is very optically thick to gamma-ray pair production, and many generations of pair cascading are important, then the condition that most electrons have low Lorentz factors is automatically guaranteed – even if the accelerated electrons which initiate the cascading have high initial energies.) To model Cyg X-1 completely, for example, we may need a non-thermal power law source of energetic electrons. To match the data, however, the non-thermal acceleration must also produce a very steep power law in energy, i.e., most of the power resides in the lowest energy electrons. If we add such a particle distribution to, say, a hot background thermal plasma distribution, and then make the source photon starved, we will see virtually no difference in the final spectrum, except perhaps at the highest energies, >∼ 200 keV. (For connoisseurs of pair plasmas, though, note that differences in the high energy photon spectrum can mean big differences in the pair balance and the pair thermostat.) It is probably no accident, then, that the photon-starved hard state of Galactic black holes looks so thermal, while the photon-rich soft state does not.

We note further that if the source is only moderately optically thick (τT <∼ 1) and not too compact (ls ∼ 10), then the emergent spectrum will still tend to resemble the spectrum from a one zone, one temperature thermal Comptonization model (like EQPAIR) even when the source region has significant temperature and density gradients, both in space and time. In this case for example, and perhaps contrary to intuition, the Comptonization spectrum from a cold thermal region surrounded by a hot, e.g., boundary layer, will not be a low temperature Comptonization spectrum plus a high energy excess, i.e., the sum a low temperature Comptonization spectrum plus a high temperature Comptonization spectrum. Rather we see a single Comptonization spectrum where the effective electron temperature corresponds to the mean electron temperature seen by the photons as they scatter between the hot and cold regions. In other words, even though the attempt has been made, spectra showing clear high energy tails and excesses may not be easily explained by purely thermal models. In sum, whether we realize it or not, hybrid plasmas may be all around us!

EQPAIR: A Hybrid Plasma Emission Model 25

Figure 19. The same as in Fig. 19 except for even more extreme (artificial) square-wave thermal compactness variations. Here, the time-averaged value of the thermal electron compactness is < l_{th}(t) >= 20, and the soft photon compactness is again l_s = 1. The instantaneous spectra in the right-hand panel are shown at times t = 12 (dotted curve, l_{th} = 2.5) and t = 28 (short-dashed curve, l_{th} = 40.) Again, note the relatively good agreement between the equilibrium (long-dashed curve) and the time-averaged spectrum (solid curve).

REFERENCES

Begelman, M.C. & Chiueh, T. 1988, ApJ, 332, 872 Benka, S. & Holman, G. 1994, ApJ, 435, 469 Benz, A.O. & Krucker, S. 1999, A&A, 341, 286 Beloborodov, A.M. 1998, ApJL, 510, 123 Blandford, R.D. & Begelman, M.C. 1998, submitted to MNRAS

(astro-ph/9809083) Blandford, R.D. & Eichler, D. 1987, Phys. Rep., 154, 1 Blandford, R.D. & Payne, D.G. 1981, MNRAS, 194, 1041 Colpi, M. 1988, ApJ, 326, 223 Coppi, P.S. & Blandford, R.D. 1990, MNRAS, 245, 453 Coppi, P.S. 1992, MNRAS, 258, 657 Crosby, N., Vilmer, N., Lund., N., & Sunyaev, R. 1998, A&A,

334, 299 Cui, W. et al. 1997, ApJ, 484, 383 DeKool, M. & Begelman, M.C. **** Dermer, C.D. & Liang, E. 1989, ApJ, 339, 512 Done, C. & Fabian, A.C. 1989, MNRAS, 240, 81 Dove, J.B., Wilms, J., Maisack, M., & Begelman, M.C. 1998, ApJ,

487, 759 Esin, A. et al. 1998, ApJ, 505, 854 Galeev, A.A., Rosner, R., & Vaiana, G.S. 1979, ApJ, 229, 318 Ghisellini, G., Guilbert, P., & Svensson 1988, ApJL, 335, L5 Gierlinski, M. et al. 1997, MNRAS, 288, 958 Gierlinski, M. et al. 1999, MNRAS, FIX*** Ghisellini, G., Haardt, F., & Fabian, A.C. 1993, MNRAS, 263, L9 Ghisellini, G. & Haardt, F. 1994, ApJL, 429, L53 Ghisellini, G., Haardt, F., & Svensson, R. 1998, MNRAS, 297, 348 Gondek, D. et al. 1996, ApJ Grove, J. E., Kroeger, R. A. and Strickman, M. S., “The Transparent Universe”, Proc. 2nd INTEGRAL workshop, (ESA SP- 382, 1997), p.197.

Grove, E. et al. 1998, ApJ, 500, 899 Guilbert, P.W., Fabian, A.C., & Rees, M.J. 1983, MNRAS 205, 593 Haardt, F. & Maraschi, L. 1993, 413, 507 Haardt, F. 1993, ApJ, 413, 680 Li, H., Kusunose, M., & Liang, E.P. 1996, ApJL, 460, 29 Liang, E.P. 1991, ApJ, 367, 470 Liang, E.P. & Nolan, P.L. 1984, SSRev, 38, 353 Ling, J.C. et al. 1997, ApJ, 484, 375 New LING!!! Ling, J.C. et al. 1997, ApJ, 484, 375 Mahadevan, R. & Quataert, E. 1997, ApJ, 490, 605 Maciolek-Niedzwiecki, A., Zdziarski, A.A., & Coppi, P.S. 1995, 276, 273 Mitsuda, K. et al. 1984, PASJ, 36, 741 Moskalenko, I.V., Collmar, W., & Schönfelder 1997, in Proc.

4th Compton Symposium (AIP, New York 1998), astroph/9707213 McConnell, M.L. et al. 1994, ApJ, 424, 933 Narayan, R. & Yi, I. 1995, ApJ, 452, 710 Poutanen, J., Krolik, J.H., & Ryde, F. 1997, MNRAS, 292, 21 Poutanen, J. & Coppi, P.S. 1998, Physica Scripta, T77, 57 (astroph/9711316) Poutanen, J. & Fabian, A.C. 1999, MNRAS, 306, L31 Poutanen, J. & Svensson, R. 1996, ApJ, 470, 249 Rybicki, G. & Lightman, A.P. 1979, Radiative Processes in Astrophysics, John Wiley & Sons: New York.

Schrader, C. & Titarchuk, L. 1998, ApJL, 499, 31 Shapiro, S., Lightman, A.P., & Eardley, D.M. 1976, ApJ, 204, 187 Shakura, N.I. & Sunyaev, R.A. 1973, A&A, 24, 337 Stern, B. et al. 1995, ApJL, 449, 13 Sunyaev, R.A. & Titarchuk, L.G. 1980, A&A, 86, 121 Svensson, R. 1984, MNRAS, 209, 175 Svensson, R. 1987, MNRAS, 227, 403

26 Coppi

Tajima, T., & Shibata, K. 1997, Plasma Astrophysics (Frontiers in Physics, 98), Perseus: New York.

Titarchuk, L., Mastichiadis, A., & Kylafis, N.D. 1997, A&AS, 120, C171 Titarchuk, L. & Zannias, T. 1998, ApJ, 493, 863 Woods, D. et al. 1996, ApJ, 461, 767 Zdziarski, A.A., Coppi, P.S., & Lamb, D.Q. 1990, ApJ, 357, 149 Zdziarski, A.A. & Coppi, P.S. 1991, ApJ, 376, 480 Zdziarski, A.A., Lightman, A.P., & Maciolek-Niedzwiecki, A.

1993, ApJL, 414, 93 Zhang, S.N. et al. 1997, ApJ, 477, L95