TESTING MODELS FOR THE QUASAR BIG BLUE BUMP VIA COLOR-COLOR DIAGRAMS.

Aneta Siemiginowska, Olga Kuhn, Martin Elvis, Fabrizio Fiore� Jonathan McDowell and Belinda J. Wilkes Harvard-Smithsonian Center for Astrophysics 60 Garden St, Cambridge MA 02138

� Present address: Osservatorio Astronomico di Roma via dell’Osservatorio 5, Monteporzio-Catone (RM), I00040 Italy

April 3, 1995

Abstract

We discuss several models of quasar big blue bump emission in color-color and color-luminosity diagrams. We define several broad passbands: IR (0.8−1.6μm), VIS (4000 − 8000Å), UV (1000 − 2000Å), UV1(1400 − 2000Å) and UV2 (1000 − 1400Å), SX(0.2-0.4 keV). The colors have been chosen to investigate characteristics of the big blue bump: (1) IR/VIS color represents the importance of the IR component and shows the contribution around ∼ 1μm; (2) UV/VIS color shows the slope of the big blue bump: in a region where it dominates a higher value means the bump gets steeper; (3) the combination of IR/VIS/UV colors shows the relative strength of the big blue bump and the IR component; (4) UV1/UV2 color is important as an indicator of a flattening of the spectrum in this region and the presence of the far-UV turn-over. (5) UV/SX tests the relationship between the big blue bump and the soft X-ray component. All colors are needed to investigate the range of model parameters.

We describe the colors for several models: accretion disk models in Schwarzschild and Kerr geometries, single temperature optically thin emission, combination of the main emission model and non-thermal power law or dust, irradiation of the disk surface. We test models against the sample of 47 low redshift quasars from Elvis et al. (1994, Paper I). We find: (1) modified blackbody emission from an accretion disk in a Kerr geometry can successfully reproduce both the luminosities and colors of the quasars except for the soft X-ray emission; (2) no additional components (hot dust or power law) are needed to fit the optical-UV colors when the irradiation of the surface of the disk is included in the model; (3) even modest (10%) irradiation of the surface of the disk modifies significantly the optical colors; (4) the simplest, single temperature, free-free models need either an additional component or a range of temperatures to explain the observations.

Tables of predicted colors for each model family are provided on the AAS CD-ROM.

1 INTRODUCTION

Quasars emit efficiently over a very broad energy range with a significant fraction (Elvis et al. 1994 (Paper I)) of power in the infrared to soft-X-ray band. The most prominent feature in quasar spectral energy distributions is an excess of power, called the big blue bump which extends from ∼1μm into the unobserved far ultraviolet band. Shields (1978) suggested that this feature, observed in 3C273 may be due to thermal emission from an accretion disk around a supermassive black hole. This was the first attempt at identifying a signature of the primary quasar emission. While the generally accepted source of quasar luminosity is the release of gravitational energy in the vicinity of a supermassive black hole, the problem of how this energy is converted into the radiation, and which parts of the spectrum show the primary emission component is still open. The origin of the big blue bump emission and its connection to the primary power engine is disputed - both disk and free-free emission have evidence in their favor (see Czerny vs. Antonucci discussion, IAU Symposium no 159, 1993).

In the past fifteen years a number of efforts have been made to fit the optical- UV data of quasars and so constrain parameters in a variety of models (Malkan 1983, Bechtold et al. 1987, Sun & Malkan 1989, Sanders et al. 1989, Laor 1990, Bechtold et al. 1994, Kuhn et al. 1994). Much of this work focused on the individual objects rather than on examining global properties of the models and data together. While fits to the individual spectra are generally successful, the large number of parameters render them ineffective in constraining or excluding any of the models. Several combinations of model parameters usually yield equally good fits. Also the wide variety of observed strengths and shapes of the big blue bump is not easily seen by examining one object at a time.

The method presented in this paper allows examination of the full available set of data and models simultaneously by means of color-color diagrams. These are valuable in gaining insight to the global properties of data and models. By using fully observed continua (Paper I) we are free to choose constant rest-frame colors, different from the standard photometric, UBVRI, bands, that pick out various features of the quasar continuum (e.g. the strength of the big blue bump, the slope of the UV continuum or the connection between UV and the soft-X-rays). We have constructed colors for sets of models to study how changes in either the model parameters or assumptions (e.g. Kerr vs. Schwarzschild disks) affect the continuum shapes. We make comparisons between the data and two competing models for the blue bump: accretion disk emission and thermal bremsstrahlung. We also discuss the effects of adding other components (a power-law or hot dust) and irradiation of the surface of an accretion disk.

In the next section color-color diagrams are discussed. Section 3 describes the dataset. Section 4 discusses models. In section 5 we compare the models and data.

Section 6 summarizes the conclusions that can be made from this study.

2. COLOR-COLOR DIAGRAMS

Color-color and color-luminosity diagrams have been widely used in studies of populations of stars (Hertzsprung 1905, Russel 1912, 1914), low mass X-ray binary systems (Van der Klis 1989), stellar clusters (Sandage 1957) and galaxies (Tinsley 1973). Applying this approach to quasars has the problem that their large range of redshifts cause any set of observed colors to span a wide range of emitted wavelengths within a given sample. This makes it hard to plot colors of models on the same diagram as the data. Quasars have been analyzed in luminosity vs. spectral index (Wandel & Petrosian 1988, Wandel 1991, Tripp, Bechtold & Green 1994), in colorcolor (Sandage 1973) and in color-luminosity diagrams by Caditz (1993). Caditz (1993) used the readily available U and B bands for samples of quasars (Véron-Cetty & Véron 1989, Boyle et al. 1990) and built color-luminosity plots at two chosen redshifts. He analyzed the colors in the observed frame, transferring models to the correct frequencies. The method is useful, since a large number of objects is accessible from existing catalogs, however, it requires redshift bins to be small, so that there is no major change in the continuum slope within a redshift bin. Furthermore when using standard filter bands the inherently uncertain contribution from any broad emission lines in particular bands has to be taken into account, and some redshifts with large line contributions are thus excluded. Finally, since the same part of the intrinsic spectrum cannot be tracked with redshift, it is not possible to investigate the evolution of the quasar population with this method.

Because we begin with completely sampled continua we are able to use the same rest frame frequencies for all our analyses. The definition of model colors are thus straightforward, as is the interpretation of colors defined at the source, moreover emission lines can be avoided. The biggest effort was preparing the data since we need to transfer all spectra to the correct rest frame frequencies, correct the data for intergalactic reddening and for the contribution from a host galaxy (this is important for low luminosity objects).

The observed big blue bump covers more than two decades in frequency, ∼ 10^{14.5} Hz - 10^{17} Hz (1μm - 0.5 keV), although there is no clear evidence that the far-UV and soft X-ray emission are parts of the same component (Fiore et al. 1994, 1995). An adequate representation of the big blue bump thus requires the use of well separated bands, which must also be broad (Δλ/λ_o ∼ 1) to obtain good signal-to-noise, especially in the UV.

In order to describe the shape of the blue bump component, we define a set of octave wide bands: IR (0.8 − 1.6μm), VIS(4000 − 8000Å), UV (1000 − 2000Å), UV1(1400 − 2000Å) and UV2 (1000 − 1400Å), SX(0.2-0.4 keV). A color is a ratio of luminosities in two bands.

Fig. 1 shows a typical IR-X-ray quasar spectral energy distribution in the rest frame and shows where each color band lies with respect to the big blue bump. From this it can be seen that each color studies particular features of the quasar continuum:

–IR/VIS color shows the contribution around ∼ 1μm;

–UV/VIS color shows the slope of the big blue bump: in a region where it dominates a higher value means the bump gets steeper.

– the combination of IR/VIS/UV colors shows the relative strength of the big blue bump and the IR component.

–UV1/UV2 color is important as an indicator of a flattening of the spectrum in this region and the presence of a far-UV turn-over. Positive values of log (UV1/UV2) indicate flattening in this band.

–UV/SX tests the relationship between the big blue bump and the soft X-ray component.

We do not consider the NUV (2000 − 4000Å) band discussed in Paper I. It covers the near ultraviolet region of the spectrum dominated by the ‘small bump’ of blended Fe II and Balmer continuum emission (Wills, Netzer and Wills 1985).

3. THE DATA SET

We considered the sample of 47 quasars (the ‘UVSX’ sample) described in detail in Paper I. All objects in the sample have:

1) UV spectra (1200 - 3000 Å) from IUE;

2) soft X-ray spectra (0.1-4.0 keV) from the Einstein IPC;

3) spectrophotometry and/or photometry in the optical;

4) photometric data in the infrared;

5) radio data.

The quasars are at low redshift (0.025 ≤ z < 1, mostly around z∼ 0.1) and are bright (m_V <17). The bolometric luminosities (integrated from 10^9 Hz - 10^{18} Hz) of the sample objects range from about 10^{45} erg s�^1 to 10^{47} erg s�^1. We have assumed H_0 = 50 km/s/Mpc, and Ω_0 = 1.

The requirement that the ‘UV’ quasars have more than 300 counts (a signalto-noise ratio better than ∼ 10) in the IPC (Wilkes and Elvis 1987) introduces a bias towards objects with a large amount of X-ray emission relative to the optical and also towards those that are relatively optically bright and nearby.

The collection and reduction of these data are discussed in detail in the ‘Atlas of Quasar Energy Distributions’ (Paper I). Briefly, the steps in the reduction of these data were the following:

1) dereddening by the Galactic value;

2) blueshifting by (1+z) and binning data into line-free frequency bins;

3) subtracting emission lines;

4) subtracting a template host galaxy;

5) time averaging the data within the same frequency bin.

We list all quasars in Table 1. The table gives the common name of the quasar and the name of the associated host galaxy where appropriate, the redshift and typical V magnitude. Each object is given a classification: radio-quiet (RQ) or radio-loud (RL). Following the convention of Véron-Cetty & Véron (1989) and Schmidt & Green (1983), radio-quiet objects with absolute visual magnitude fainter than −23.0 calculated according to their prescription (but using our cosmological parameters) are designated as Seyfert 1 (Sy1); 8 objects in the UVSX sample satisfy this criterion.

7 objects (indicated by a star in Table 1.) from our sample show a soft-X-ray “excess” in the Einstein IPC observations (Masnou et al. 1991). We calculated the soft X-ray (SX) luminosity for these quasars by including only the emission in the soft-X-ray excess component. This component, which can dominate at 0.4 keV was derived by subtracting the contribution from the hard energy power law, which is known to be a separate component (Turner & Pounds 1990) We used the data and spectral parameters given in Masnou et al. (1991).

3.1. Time-variability and averaging.

While most of the data were taken between 1978 and 1988, the full time span is over 25 years, from 1964 - 1989. A potentially severe limitation on our dataset is that the observations are typically not simultaneous, although the optical and ground based IR data were generally obtained within about one month. This problem is worst in the ultraviolet since the amount of variability increases with frequency throughout the UVOIR region (Cutri et al 1985). The magnitude of typical variations is sufficient to contribute to the scatter in the ultraviolet energy distributions.

For about one third of the objects we have observations at two epochs (occasionally more) in a given waveband, so we can make a crude estimate of the degree of variability. The optical and infrared variability is not a serious problem for these ‘normal’ quasars, but in the ultraviolet the variability is significant on timescales of a few years, although typically it is less than a factor of two (Elvis et al., 1994; Kinney et al., 1991).

To generate a single mean energy distribution for each quasar, we have taken an average (in log νF (ν)) of all the data in each frequency bin. This approach gives error bars which account for variability in our non-simultaneous data. In the UV1/UV2 bands when the simultaneous data are available the error bars should be much smaller than we use.

For the IUE data, because of the increased problem of variability and also the widely different S/N among observations, we have been selective in the data we chose to include in the average. Specifically, where simultaneous data from the long (LWP/LWR) and short (SWP) wavelength cameras were available, we have included them and excluded ‘orphan’ LWP/LWR or SWP exposures.

3.2 Luminosities in individual bands.

To characterize the large scale distribution of the energy output of the quasars, we calculate integral luminosites in the set of broad bands defined above (see section 2.). The IR, VIS and UV luminosities are the same as in Paper I. The UV1, UV2 luminosities are new to this paper. The integrals are calculated by running a simple linear interpolation through the data points in log νL_ν space, i.e. connecting the individual points with a power law. The errors indicated in the tables are estimated by performing the integrals using the one sigma high and one sigma low flux values instead of the nominal values. For upper limits we interpolate between detections on either side. The lower of the interpolated value and the upper limit is used as the nominal flux estimate, but the errors are estimated using zero as the lower error bar and the upper limit as the upper error bar. The logarithms of the calculated integral luminosities in units of erg s�^1 are tabulated in Table 2.

The colors are determined by taking the logarithm of the ratio between the luminosities within two bands. The estimated uncertainties are a quadrature sum of the errors in the luminosities.

4.0 MODELS

We consider the main models that have been widely discussed in the literature:

1. An accretion disk.

We consider the standard α-disk models in both Schwarzschild and Kerr geometries (as in Laor & Netzer 1990, Sun & Malkan 1989). We include the modification due to electron scattering and Comptonization of soft photons in the disk atmosphere again for both Schwarzschild (Czerny & Elvis 1987, Maraschi & Molendi 1990) and Kerr geometries. We also investigate irradiation of the disk by an external X-ray source (as in Matt, Fabian & Ross, 1993).

2. Thermal bremsstrahlung (free-free) from a single temperature optically thin cloud (as in Barvainis 1993).

3. The combination of the accretion disk and another component:

a) non-thermal power law (as in Czerny & Elvis 1987, Carleton et al. 1987 );

b) thermal emission from a hot dust (as in Sanders et al.1989; Loska, Szczerba & Czerny 1993).

4. The combination of one temperature thermal bremsstrahlung and another component:

a) non-thermal power law;

b) thermal emission from a hot dust (as in Barvainis 1993).

In the following section we give the details of the construction of each model.

4.1 Accretion Disk.

4.1.1. Local Blackbody Emission.

We assume that the disk radiates locally as a black body, so the total flux depends only on the effective temperature distribution (Shakura & Sunyaev 1973). Equations of the disk structure are taken from Novikov & Thorne (1973) and Page & Thorne (1974) and include the general relativistic treatment of an accretion disk around a black hole in Schwarzschild and Kerr geometries. General relativistic effects on the propagation of light in the vicinity of the rotating black hole (Cunningham 1975) are calculated using the transfer function tabulated by Laor, Netzer & Piran (1990). It takes into account the effect of limb-darkening due to electron scattering in the atmosphere of the disk and the heating of the disk by returning photons (Cunningham 1976).

The inner edge of the disk, R_{in}, is assumed to be the radius of the last marginally stable orbit (e.g. 6GM/c^2 for a Schwarzschild and 1.23GM/c^2 for a maximal-Kerr black hole, where M is the mass of a black hole). The outer radius R_{out} of the disk is more difficult to define. The location of R_{out} determines the frequency at which the emitted flux changes its dependence on frequency, from ν^2, to ν^{1/3} (Frank, King, Raine 1992; Bechtold et al. 1987). Although, for large distances the blackbody temperature is low enough to place the characteristic frequency in the IR band, which is usually dominated by other emission components, the chosen value of R_{out} does affect the computed IR/VIS color of the disk emission (Bechtold et al. 1987). A possible constraint on the extent of the disk might be the radius at which the self-gravity of the disk dominates over the central gravitational force (Laor & Netzer 1989). However, Störzer (1993) has shown that the effective temperature distribution of a self-gravitating disk is similar to the distribution in the standard disk even if the vertical structures are different. We assumed the same outer radius 2500R_S (R_S = 2GM/c^2 is the Schwarzschild radius), in all our models. For the highest central black hole masses (10^9Mfi, 10^{10}Mfi) this radius is located in the region dominated by the disk gravity.

4.1.2. Electron Scattering

For sufficiently high accretion rates, the atmosphere of the disk is dominated by the electron scattering opacity (Shakura & Sunyaev 1973). Such a spectrum is flatter and much harder than that of local blackbody emission from the disk above the critical frequency log ν_{crit} ∼ 15.0 (Novikov & Thorne 1973; Czerny & Elvis 1987; Laor & Netzer 1989, Ross & Fabian 1993). The modification occurs in the ultraviolet part of the spectrum and affects the UV colors. We calculate the spectrum using the method described by Czerny & Elvis (1987) which includes modification to the opacity and Comptonization of soft photons due to the presence of hot electrons in the atmosphere of the disk (Svensson 1984, Czerny & Elvis 1987). The bound-free opacities are included following the Maraschi & Molendi (1990) approximation.

4.2. Irradiation of the Accretion Disk

X-ray spectra of Seyfert galaxies show signatures of reflection off cold, Compton thick material (Mushotzky, Done & Pounds 1993). While there are other possibilities (eg. Guilbert & Rees 1988; Nandra & George 1994), an accretion disk is a natural source for this mirror.

We assumed that the irradiation gives an extra flux component to the viscously generated local flux. The total local flux is described by (Czerny, Czerny & Grindlay 1987; Malkan 1991, Ko & Kallman 1991, Czerny, Jaroszynski & Czerny 1994):

F (R) = F_0 + f_{irr}ηṀc^2 4πR^2 , (1)

where F_0 is the flux generated in the disk; Ṁ is the accretion rate in g s�^1; f_{irr} represents the importance of the irradiation in comparison with the total luminosity, it describes the efficiency with which the available X-ray flux illuminates the disk and includes the dependence on the changes in the disk shape, on the angular change to the X-ray source seen by the particular part of the disk, on the scattering in the corona above the disk etc.; η is the efficiency of converting the gravitational energy into radiation (η is 0.06 for non-rotating and 0.32 for maximally rotating black holes). This approach corresponds to the case in which irradiation is due to the central X-ray radiation scattered in the corona. The form of equation (1) implies the existence of a critical radius beyond which irradiation dominates the locally generated flux in the disk (Ko & Kallman 1991). The critical distance can be calculated (we ignore here the relativistic effects, which can cause an increase in the irradiation (Cunningham 1976)): R_{crit} = 3GM 2f_{irr}ηc^2 = 3 4 1 f_{irr}η R_S (2)

In a simple picture the whole disk can be divided into two parts: an inner part (R<R_{crit}) where the radial effective temperature distribution is dominated by local energy generation (as for the standard disk, T_{eff} (R) ∼ R�^{3/4}); and an outer part (R>R_{crit}) where irradiation changes the temperature distribution: T_{eff} (R) ∼ R�^{1/2}. The two parts emit spectra with different slopes: F^{in}_ν ∼ ν^{1/3} for the inner part, F^{out}_ν ∼ ν�^1 for the outer part. There exists a critical frequency at which the modification to the disk spectrum caused by the irradiation significantly changes the slope of the spectrum compared with that of the original disk. We can calculate this critical frequency from the definition of the blackbody spectrum emitted by each part of the disk using the condition: F_{νcrit} (irr) = F_{νcrit} (disk) (3) and F_{νcrit} = π ∫ R_2 R1 B_ν(T_{eff} (R))RdR (4) where B_ν is the Planck function and the radial temperature distribution is given above. The limits of the integral are given by the inner radius, the critical radius and outer radius of the disk. Then a comparison between the two parts of the disk with their different temperature distributions gives the critical frequency:

ν_{crit} = 1.23 × 10^{16}M�^{1/4}_8 (L/L_{Edd})^{1/4}f^{3/4}_{irr} η^{1/2} Hz (5)

M_8 = M/10^8Mfi, L=ηṀc^2 is a luminosity and L_{Edd} is the Eddington luminosity. Equation (5) shows that irradiation affects the spectrum somewhat more in the case of small central masses. The variability of the high energy radiation will be correlated with the variability of the optical-UV part of the spectrum for small central mass (and presumably low luminosity) objects, while for large mass (high luminosity) objects, no correlation will be present. For example in the case of 10^{10}Mfi (for irradiation factor f_{irr}=0.1, η = 0.34 and L/L_{Edd}=0.3) the critical frequency is log ν_{crit}=14.47 (∼ 1μm) and only the spectrum at lower frequencies will be influenced by irradiation, leaving the optical-UV part dominated by the emission from the disk, while for 10^7Mfi, log ν_{crit}=15.22 (∼ 1800Å ) making the optical-UV spectrum influenced by irradiation.

4.3 Single temperature Thermal Bremsstrahlung

Barvainis (1993) has suggested that the big blue bump is due to optically thin thermal emission. We consider the simplest such case of single temperature thermal bremsstrahlung emission from an optically thin (τ_{eff} = (τ_ν (τ_ν + τ_{es}))^{1/2} < 1), spherical and isothermal cloud. We assume the radius R and density n_e of the cloud to be consistent with an optical depth smaller than 1. The luminosity generated by such a cloud is described by (Rybicki & Lightman, 1979):

L_ν = 9.5 × 10�^{38}V n^2_eT �^{1/2}exp(− hν kT )g_{ff} erg s�^1Hz�^1 (6) g_{ff} is the Gaunt factor which we approximate using the formula from Gronenschild & Mewe (1978). The shape of the spectrum is constant, and the peak of the spectrum is shifted to higher frequencies with increasing temperature. Such a cloud emits in the optical-UV (T^>¸ 10^4K), and for sufficiently high temperatures (T^>¸ 10^6K), also contributes to the soft-X-rays.

4.4 Additional Components

Modeling of the observed IR/optical/UV quasar spectra requires usually more than the one emission component. The emission from an accretion disk is not enough to account for the observed power in our IR band. Two main additional components have been considered in the literature: a non-thermal power law and thermal emission from hot dust heated by the primary continuum. We will consider the direction in which the colors of the basic models can be modified by each of these two components separately. In practice, mixtures of both components may be present.

4.4.1 Power Law

A non-thermal power-law extending from far-IR to the X-ray band was considered by a number of authors (Elvis & Lawrence 1985, Elvis et al. 1986, Carleton et al. 1987, Brissenden 1989, Grossan 1993). There is no compelling evidence for the presence of such a component, however by assuming such an additional power law it is possible to fit the data over a wide range of frequencies with a minimum of free parameters (Fiore et al. 1995).

We define the power law normalization by the ratio: L_{2000}˚_A / L_{3μm}. We use the spectral index (νL_ν ∼ ν�^{αOIR} ) α_{OIR} = 1.23 (^+�0.28 (1σ)) given by the averaged ratio for our sample (Paper I). We discuss the consequences of changing the power law spectral index and normalization on the calculated colors.

4.4.2a. Hot Dust: Optically Thick

There are observational indications that hot dust is located in the nuclear region (e.g. Fairall 9 in Clavel et al.1992; NGC 3783 Glass 1992; GQ Comae in Sitko et al. 1993). Assuming that the luminosity of the big blue bump provides the flux irradiating the dust, we analyze the variations in colors due to emission from a hot, optically thick torus of dust. Since the central continuum is the main source of energy for the dust, its effective temperature at a certain radius depends only on its distance from the continuum source (Barvainis 1990, Laor & Draine 1993). We adopt the relation given by Laor & Draine (1993) for an optically thick, plane parallel dust slab: T_{eff} (R) = T_{max}( R R_{in} )�^{1/2}, (7) where T_{max} is the maximum dust temperature at the inner radius, R_{in}, of the dust. The minimum radius of the hot dust is defined (for a given central luminosity) by the sublimation temperature of the grains present, and depends on their size and the chemical composition. This temperature ranges from ∼900K for silicon to ∼1750K for mixtures of graphite grains. We calculated the spectra emitted by the hot dust assuming evaporation temperatures ranging from 900K to 1750K to define the inner radius of the dust. We assume that the dust is optically thick and we calculate the blackbody emission from a flat disk viewed face-on. This gives a maximum dust contribution at the near infrared frequencies. The outer radius of the dust is defined by the lower temperature cut which we take to be 250K, to put the cut off well outside the IR band. We examine the two component models in the color-color diagrams.

4.4.2b. Hot Dust: Optically Thin

The hot dust in the central parsec can also form an optically thin shell around the central continuum source, causing absorption of the optical-UV continuum (Laor & Draine 1993, Loska, Szczerba & Czerny 1993). The spectrum emitted by the disk (or other source) is reprocessed by the shell of dust. The emergent spectrum depends on the continuum input spectrum, the chemical composition of the dust, the size of dust grains, the size of the dust region, the disk inclination angle. In general our UV band will be affected slightly more than the VIS band. We do not calculate this model since it requires a detailed treatment of the radiation transfer through the dust, which we do not consider. In the figures 2, 3 we show the vector pointing in the direction the colors would change due to the presence of the optically thin dust. The vector shows the reddening given by Laor & Draine (1993) for a spherical shell of dust (graphite+SiC) with E(B-V) =0.033.

5. COLOR-COLOR, COLOR-LUMINOSITY DIAGRAMS

We discuss the color-color and color-luminosity diagrams for each group of models. The primarily diagram is that of VIS/UV1/UV2 because it is most sensitive to the slope of the big blue bump.

5.1 Thermal Bremsstrahlung.

The spectrum of a hot, optically-thin plasma emitting free-free depends on its temperature (Eq.6) and has a well defined shape. We show the change in the VIS/UV1/UV2 colors due to variations in temperature as the dotted line in Figure 2, which also shows the data points. (Error bars that also allow for variability (section 3.1) are plotted in Figure 7). We indicate radio-loud objects with solid triangles and radio-quiet with empty squares. There is no difference in the scatter of the radio-loud and radio-quiet objects in this diagram. The data points are distributed over a larger region than the simple free-free emission can produce.

While optically thin plasmas with temperatures between 5×10^4–10^7 K produce spectra within the observed range of UV1/UV2 colors, they do not simultaneously give the VIS/UV1 colors required by the observations. The theoretical spectra predict a continuum shape which is too flat for some objects and the VIS/UV1 is too large (Fig.2). Adding a non-thermal power law component mainly increases the VIS luminosity and gives a possible explanation for some of the data points. But the objects with VIS/UV1 color smaller than that of pure free-free emission (below log(VIS/UV1)∼ −0.15) are not reachable by this means. The dashed line in Figure 2 shows the colors of the single temperature blackbody emission. Moderate optical depths (0< τ < few) can populate the region between the BB and free-free lines (Collin-Souffrin et al., 1995). Objects with large VIS/UV1 color cannot be accommodated however, and several of these objects have colors that securely place them in this region.

We conclude that an optically thin bremsstrahlung emitting plasma at a single temperature is not an appropriate model for the optical/UV part of the big blue bump, at least for our sample.

5.2 Accretion Disks.

We calculated colors for the following model parameters: black hole masses (10^6Mfi, 10^7Mfi, 10^8Mfi, 10^9Mfi, 10^{10}Mfi), accretion rates (0.01Ṁ_{Edd}, 0.1Ṁ_{Edd}, 0.3Ṁ_{Edd} and 0.8Ṁ_{Edd}; where Ṁ_{Edd} is an accretion rate which corresponds to the Eddington luminosity) and inclination angles (cosθ = 0.1, 0.25, 0.5, 0.75, 1).

5.2.1 Degeneracy between mass and accretion rate in the Standard Disk Models.

Figure 3 shows, on the same scale as figure 2, the loci of the standard accretion disk models emitting locally as a blackbody represented by the solid (Schwarzschild) and dashed-dot (Kerr) lines in VIS/UV1/UV2 colors. The marks on the lines mark different central masses and accretion rates at a constant inclination angle, cosθ=0.75. A degeneracy between mass and accretion rate is visible: the same point on the curve can be explained by different combinations of central mass and accretion rate. This degeneracy can be understood quite simply. The shape of the spectrum is defined by the combination of mass and accretion rate

(_˙ M M 2 ) (where Ṁ is in the units of Mfiyr�^1) which is related to the characteristic frequency at which the spectrum peaks in a νF_ν plot. It can be shown (Novikov & Thorne 1973, Czerny & Elvis 1987) that the total radiated spectrum peaks at the frequency:

log ν_{peak} = 19.55 + 0.25 log ( Ṁ M^2 ) (8) for the Schwarzschild geometry and at:

log ν_{peak} = 20.07 + 0.25 log ( Ṁ M^2 ) (9) for the Kerr geometry. (M is in [Mfi] and Ṁ is in [Mfi yr�^1]) This is only true for disks emitting locally as blackbodies. The shape is then constant, determined by the combination of mass and accretion rate and only the peak moves with the frequency.

Figure 3 shows also the data. As for the free-free model, the simplest disk model is represented by a line in the color-color diagram and cannot reproduce the full range of colors, especially these at large VIS/UV1. However, we need to include more physics in the disk models (Czerny 1994). We consider some additional physics below.

5.2.2. Inclination

Disk inclination changes the observed colors strongly because of the effects of general relativity. The changes due to inclination in the Kerr geometry are much larger than in the Schwarzschild case because the disk extends to smaller numbers of Schwarzschild radii. We show only the Kerr case below. Figure 4 shows the spread in VIS/UV1/UV2 colors resulting from changing the disk inclination angle in the Kerr geometry (cosθ= (0.1, 0.25, 0.5, 0.75, 1.), where 0.1 corresponds to the disk seen almost edge-on, and 1 corresponds to face-on).

The range of colors covered is much wider at large M (∼10^{10}Mfi) than at small M (∼10^7Mfi). However, there is no combination of mass and accretion rate which gives a spread in colors away from the narrow region in Figure 4. Changes in inclination do not help to produce the observed colors.

5.2.3. Electron Scattering and Comptonization

In Figures 5, 6 we plot model loci in the VIS/UV1/UV2 colors when the electron scattering and Comptonization in the disk atmosphere for two geometries are included. The degeneracy between accretion rate and central mass now disappears. For higher accretion rates (Ṁ^>¸ 0.1) the models move away from the line defined for local blackbody emission from the disk (Fig.3). The opacity due to free electrons is more important for high accretion rates when the disk is hot, while for Ṁ^<¸ 0.1Ṁ_{Edd} there is no change in the colors compared to a disk radiating a local blackbody.

The modification due to electron scattering and Comptonization moves low energy photons (mainly blue and UV) to higher frequencies (extreme UV and soft- X-ray). This flattens the spectrum (in νL_ν sense) and makes the turn-over in the far UV less sharp. The resulting spectrum covers a much wider range of colors. For large masses (^>¸ 10^9Mfi) the change (due to free electrons) of the VIS/UV1 color in comparison with the local blackbody disk is larger than for the small central mass (^<¸ 10^8Mfi), where mainly the UV1/UV2 color is modified. This is because a disk around a small central mass has a higher maximum temperature for the same accretion rate than that around a large black hole. It peaks in the far-UV and Comptonization modifies that part of the spectrum which lies outside the discussed bands.

The Figures 5,6 show also the data. The modified blackbody range of VIS/UV1/UV2 colors spans the data better, particularly for lower black hole masses in a Schwarzschild geometry. Depending on the geometry the best range of the central mass is between 10^7Mfi – 10^8Mfi for a Schwarzschild geometry and 10^8Mfi–10^{10}Mfi for a Kerr. There are still objects with very high VIS/UV1 color which cannot be explained by this model.

5.2.4. Summary of Disk Models.- Outlying Points.

So far we have discussed only the VIS/UV1/UV2 colors, which are the most important for studying the accretion disk models. We show the area of the VIS/UV1/UV2 plane covered by accretion disk models in Fig. 7. We also plot the data for our sample of quasars including conservative error bars which account also for variability (see section 3.1). There are two regions of colors corresponding to accretion disk models in Schwarzschild and Kerr geometries. The areas include the colors reachable for any combination of the accretion disk parameters (central mass, accretion rate, inclination). Most of the data points are located inside the regions covered by the models which is generally encouraging for disk models. However, there are 10 objects outside both regions, and modifications to a pure accretion disk are needed to explain these points. It is important to be sure there is no problem with the data in these cases. In particular the errors on the UV1/UV2 color resulting from the IUE observations are usually large and there is the problem of the non-simultaneity of the optical and UV observations which affects the VIS/UV1 color.

Also interesting is a group of four of the 10 objects with a high VIS/UV1 color. These are so called “weak bump” quasars (McDowell et al 1989). In each of the following figures they form a separate group. PHL 909 is a high luminosity, radioquiet quasar. PHL 1657 (PKS2135-147) is a radio-loud object in a rich cluster. Mkn 705 and I Zw 1 are lower luminosity active nuclei; Mkn 705 in particular is affected by uncertainties in host galaxy starlight subtraction. Correct starlight subtraction has moved Mkn 876, previously suggested to be a weak bump quasar (McDowell et al. 1989), into the central group of objects.

Positive values of log(UV1/UV2) indicate the presence of the turn-over in the spectrum. The frequency of the turn-over is important as it gives information on the mass and accretion rate for a particular accretion disk model. From Eqs.8,9 and the definition of UV1 and UV2 bands, the range of appropriate combinations for the turn-over to be located inside the color band is between −17.48^<¸ log(Ṁ/M^2)^<¸ − 16.3 for the Schwarzschild and −19.56^<¸ log(Ṁ/M^2)^<¸ − 18.36 for the Kerr disks.

There are a few objects with positive UV1/UV2 colors (Mkn 589, PHL909, Q0050+124, Q0134+329, Q1803+676, Q0026+129). However, all of them have large uncertainties and the turn-over is not clearly visible in their spectra. All objects with positive values are interesting for further studies since they are the most probable candidates for observations of a turn-over. The turn-over may be also caused by the internal absorption as may happening in the BAL quasar PG1416-129. This quasar has small error bars and a high UV1 luminosity and it is the best candidate to study.

Radio-loud and radio-quiet objects cover the same range of colors.

5.2.5 Color-Luminosity Diagram

Luminosity gives an extra constraint which allows us to recognize better the features of the models and understand their capability to reproduce observations. For example the mass-accretion rate degeneracy present in the color-color plots (Fig.3) for local blackbody emission from accretion disks disappears partially in the colorluminosity diagram. Nevertheless, there are still regions of color-luminosity space in which a single point may be modeled by several different combinations of central mass, accretion rate and inclination.

Figs. 8,9 show the UV1/UV2 color vs. luminosity in the UV2 band (L_{UV 2}). This choice of color is similar to that used by Caditz (1993). In Fig.8 we plot the models for the accretion disk with local blackbody emission in the Kerr geometry. The change in the inclination for each mass with constant accretion rate (Ṁ =0.8 Ṁ_{Edd}) is indicated by the open symbols. The change due to different accretion rates for a given inclination angle (cosθ=0.75) is indicated by the filled symbols.

In Fig. 9 we show the modified blackbody emission from the accretion disk in the Kerr geometry. The UV1/UV2 colors are higher which corresponds to flattening of the spectrum in this band. The data points are all located well inside the region described by blackbody disk models. Large masses for the central black hole are preferred, but in general the agreement is surprisingly good. However, the UV1/UV2 color spans only a very narrow frequency region covering only the peak of the big blue bump. Interestingly the local blackbody emission seems to explain the data better than the modified blackbody. However, by comparing this figure to the color-color diagram (VIS/UV1/UV2, Fig.3) it is clear that while UV1/UV2 is well described by the disk model the VIS/UV1 color is not.

These two figures are the very similar to diagrams in Tripp, Bechtold & Green (1994) (also Wandel & Petrosian, 1988), which were useful for studying variability patterns of two Seyfert galaxies, NGC 5548 and NGC 3782. Tripp et al. show that the observed variability is consistent with changing an accretion rate and constant central black hole masses, for both objects. Our data allow us to make a similar analysis for 3C273. In Figure 10 we plot all available data for this quasar binned in one year periods. The variability path of 3C273 is consistent with changes in accretion rates and the constant mass. However, it is also consistent with temperature changes in the free-free model.

The VIS/UV color covers a wider range of frequencies. We plot the relation between the VIS/UV color and the UV luminosity for accretion disk models in the Kerr geometry in Fig. 11. Different central masses are shown in the figure (10^7Mfi- 10^{10}Mfi). Open circles represent the range of change in color and luminosity due to inclination for a given accretion rate (Ṁ = 0.8Ṁ_{Edd}). The change due to accretion rate variations is indicated by the filled circles and is plotted for one inclination only (cosθ=0.75). The area covered by accretion disk models for a big black hole mass (^>¸ 10^9Mfi) is much larger than for small masses. Models with large central mass and low accretion rate can explain most of the data points located in this plot.

Color-color diagrams do not require the information about cosmological parameters for the model colors since we use rest frame luminosities. However, the calculated object luminosities used in color-luminosity diagrams do require an assumption on H_0 and Ω_0. Since we considered only low redshift objects there is no visible difference between various parameter values. However, for high redshift objects the change in parameter values causes a large change in the luminosities. We indicate in the Fig.11 the direction of the expected luminosity change for z=0.5 when H_0 = 100 km s�^1 Mpc�^1, and Ω_0=0.

5.3 Irradiation of the Accretion Disk.

When the accretion disk is irradiated by an external X-ray source the effective temperature distribution is modified. For typical parameters this causes significant changes only in the VIS band luminosity. The range of colors available for the irradiated disk is indicated in Fig. 12 by two solid lines with the filled squares. The points indicate the central mass and accretion rate which are the same as in the pure disk case. The largest modification is expected for large central mass and quite large fraction of the irradiating flux. However, even small irradiation gives much more flexibility to the model than the emission from the hot dust (see §5.4.2).

Figure 13. shows the change in VIS/UV1/UV2 colors due to irradiation of the disk by an external source. The largest modification to the colors compare to pure disk colors is in the VIS/UV1. This is because the outer parts of the disk (with the correct effective temperatures to contribute to the V band luminosity) are irradiated the most. The VIS/UV1 color changes more than the UV1/UV2 showing the importance of the irradiation at lower frequencies. For low central masses even a small fraction of irradiation (< 0.1) changes the VIS/UV1 color significantly. For large masses the effect can be noticed only when the irradiated flux is strong (e.g.

∼0.5 in our parameterization).

The limit for our model is given by the critical radius. For a given value of irradiated flux and parameters of the disk the critical radius becomes smaller than the inner radius of the disk. Then the entire disk surface is irradiated significantly and our simple approach is not valid. We indicate the maximum allowed color change by the dotted line in Fig. 13.

5.4 Additional Components

While the luminosity from an accretion disk can produce all of the optical, ultraviolet and possibly that soft-X-ray part of the spectrum (see section 5.5), it is not sufficient to account for the near infrared emission. Other sources of emission must be added when extending the modeling of quasar continua into this range. Thermal dust emission from a torus in the nuclear region and non-thermal power laws are the extra components most discussed (Elvis & Lawrence 1985, Carleton et al. 1987, Fiore et al. 1995, Laor & Draine 1993)

5.4.1 Additional Power Law.

Figure 14 shows how the VIS/UV1 and UV1/UV2 colors are modified when an underlying power law is added to the accretion disk spectrum (Kerr, local blackbody emission). The direction of changes in the colors resulting from different power law normalizations and spectral indices is indicated. The main change is in the VIS/UV1 color and is due to increase of VIS luminosity. Adding the power law to the free-free emission moves the free-free line in the same direction as in the disk case.

The changes in the longer wavelength VIS/UV/IR colors are larger. Figure 15 shows the relation between VIS/UV and UV/IR model colors. All three types of emission (single blackbody, free-free, sum of blackbodies and modified blackbodies) generate a similar continuum in this wide range of frequencies and are all represented by the solid line. Naturally, the location along the line depends on the parameters of the particular model. A large mass gives lower UV/IR colors than a small central mass. The points on the line can be represented by a combination of central mass and accretion rates. We have calculated the range of accretion rates corresponding to 0.01-0.8Ṁ_{Edd}.

In Fig. 15 we indicate the change in colors resulting from adding a non-thermal power law to the accretion disk emission or free-free emission. Spectral slopes and normalizations of the power law are indicated in Fig. 15. The change is strong and clear for the IR band. The magnitude of this change depends on the assumed powerlaw slope and normalization. There is a region of allowed power law slopes for our sample of quasars. The data points are indicated by solid triangles (radio-loud) and empty squares (radio-quiet), and most of them have a log(UV/IR) color larger than

0. There are, however, a few objects with a low UV/IR color (log(UV/IR)∼0). These are weak bump quasars (McDowell et al., 1989).

5.4.2. Hot Dust Emission

The contribution from dust becomes important for lower frequencies, logν <14.5. In Fig. 16. we plot the IR/VIS/UV colors for the composite spectra where the emission of the optically thick dust is added to the emission from an accretion disk in the Kerr geometry. We plot three curves for the models with the maximum dust temperature of 1750K, 1500K and 1100K. The most data points are located in the region for the dust temperature being moderate ∼1100K. The highest temperature used in our model is definitely too high. The lowest considered 900K does not give much contribution to the IR band. The best temperature range is between 1000K-1300K.

The dotted line in Fig. 16 shows modification to the color by hot dust with the temperature of 1100 K added to the free-free emission. The free-free luminosity is normalized to 10^{43}ergs s�^1 in the UV. This normalization constrains a location of the dust inner radius. Modifications to the color are the same as for the hot dust added to the disk emission. With higher dust temperatures the model line is moving further out of the region where the most data points are located.

Re-radiation of the central continuum by emission from the hot dust can give enough luminosity to account for the infrared luminosity and UV/IR color. There exists however a well known problem (Sanders et al. 1989) in explaining the V band luminosity when the spectrum is composed only from an accretion disk and hot dust emission since dust cannot emit significant flux in this band. We illustrate the problem in Fig. 12 by the relation between VIS/UV color and the UV band (L_{UV} ) luminosity. The solid line connecting the filled triangles represents the emission from the accretion disk in Kerr geometry for different central mass (10^6Mfi - 10^{10}Mfi), the same accretion rate (Ṁ = 0.3Ṁ_{Edd}) and inclination angle (cosθ= 0.75). The dashed line shows the maximum change in the VIS/UV color due to a hot dust component with a maximum evaporation temperature of 1750K. The range of colors reachable with this modification is small, especially for large central masses. For most objects there must be a third component added to the disk emission to explain the color.

This result is similar to the result of Sanders et al. (1989). The spectrum in the optical-UV for the large sample of PG quasars was not possible to fit with the two emission components only, accretion disk and a hot dust. They needed one more extra component in the optical part to explain the data. Sanders et al. (1989) assumed the free-free emission from the hot gas originated through the sublimation of a hot dust. If added this will modify the VIS/UV color in the direction of the data points in Fig 14.

5.5 X-ray vs. optical-UV relation

The question of whether the soft X-ray “excess” below ∼0.5keV is the tail of the optical-UV blue bump is still open. The correlation between the soft X-ray slope and the ratio of the UV to 2 keV flux found recently by Walter & Fink (1993) in the sample of 50 quasars observed by ROSAT PSPC can be interpreted as evidence for a link between soft X-ray and optical-UV emission. Laor et al. (1994) reported a similar correlation in a sample of 10 optically selected low redshift quasars. This sample being optically selected, does not suffer from a potential selection bias in the Walter & Fink sample (that it is soft X-ray selected and includes only the brightest quasars in the ROSAT All Sky Survey). From other studies (Fiore et al. 1995) the link between optical-UV and soft X-rays is not clearly established.

In this section we use the color-color diagrams to test this link. Figure 17 shows the UV1/UV2 color plotted against the UV/SX color for both the model predictions and the Einstein IPC observations of 7 objects from our sample (see section 3). The range of UV/SX colors available for the disk and free-free models is large, while the spread in the UV1/UV2 color is narrow. It is possible then to constrain more tightly the range of parameters required for the model to explain the UV and soft-X-ray part of the big blue bump simultaneously. Having the VIS/UV together with the UV/SX allows us to compare the requirements. However, the spread in the VIS/UV is larger than that predicted by models. An extra component (e.g. power law or irradiation) can increase the value of VIS/UV color. We should note however, that the observed spread can also be caused artificially by using non-simultaneous optical-UV data. Also the IPC “SX” values are not optimal for this kind of study. PSPC data are better (Fiore et al. 1995). The EUVE observations could also be used for further studies.

6. DISCUSSION

We have considered how each of the models covers the range of observed colors across the whole of the IR-optical-UV-X-ray part of the spectrum. All the colors and the luminosity are useful in constraining the parameters. We did not consider any far IR band mainly because our data are not good enough to study all objects in the sample in this band. Also we include the dust contribution in a very simple form. Any discussion of the colors of the hot dust in the far IR requires a more highly developed modeling, which is beyond the scope of this paper.

Here we discuss some general implications and give conclusions for the models.

6.1 Single temperature Bremsstrahlung Emission.

The models do not have the flexibility needed to explain all the observed colors (all the VIS/UV1/UV2 colors fail), even when an extra component (power law or dust) is added. The shape of the optical-UV spectrum (and colors) is determined by the temperature of the optically thin plasma and is fixed. The range of observed VIS/UV colors is too wide to be explained as a single temperature thermal bremsstrahlung emission. The uncertainties in the data include variability and it is notable that the observed optical variations are smaller than the UV. This generates a spread of the VIS/UV color for a given source, which is hard to explain in this model.

We tested a relation between the soft-X-ray excess and optical-UV band. A very narrow range of model temperatures (7×10^5K−10^6K) is required for the observed UV/SX colors to be explained by a single temperature free-free model. For this temperature region the UV1/UV2 color range is smaller than the observed range of colors. Fiore et al. (1995) concluded the same for a sample of 6 objects observed by ROSAT PSPC. Their sample requires the temperature of the hot plasma to be between 1.5×10^6K–5 × 10^6 K to fit the observed slopes of soft-X-ray excesses. The models that could fit the observed soft-X-ray slopes underpredicted the optical-UV luminosities. The temperatures in Fiore et al. are higher than in our case, as ROSAT PSPC data constrain the slope of the soft-X-ray excess much better than the Einstein IPC data.

The single temperature free-free models are not adequate to explain the observed colors for the quasars in our sample. Multi-temperature models need to be examined. Models that predict the run of emission measure with temperature are needed to limit the number of free parameters in such models. Accretion disk models provide such a formulation in the optically thick case.

6.2 Accretion Disks

The disk models have more flexibility than the single temperature free-free or blackbody models and the envelope of colors produced by both the Kerr and Schwarzschild models match quite well the observed values (Fig. 7). The spread of colors results from a number of parameters such as mass, accretion rate, inclination angle and a choice of geometry. However, there are some points outside the model range. An additional component is needed. The simplest set of local blackbody emission disk models cannot explain the dispersion of the VIS/UV, UV1/UV2 colors (Fig.2,3,4). Modified blackbody models (Fig. 5, 6) provide more dispersion in the same sense as the data but not sufficient.

The full span of observed big blue bump colors are reproduced in models with a large central black hole masses (^>¸ 10^9Mfi), while only a small area in the color-color diagrams is covered by the models with a small black hole mass (^<¸ 10^8Mfi) (Fig. 3-7).

The color-luminosity diagram gives an extra constraint on model parameters. Local blackbody models work better than modified blackbody models. They can explain all the data points in the UV1/UV2 vs. L(UV2) diagram, while modified blackbody models predict too large a UV1/UV2 color for a few objects in our sample.

Disk emission alone cannot explain both optical and X-ray colors (Fig.17), but the IPC data contain big uncertainties because of their poor spectral resolution. The UV/SX color demonstrates the diagnostic value of the soft (^<¸ 0.5 keV) X-ray region. Improved spectral resolution is needed to investigate further. ROSAT PSPC spectra may be of some use (Fiore et al. 1994, 1995). For a few objects with exceptionally low foreground obscuration EUVE spectra (Marshall et al. 1995) will provide strong discriminant (Puchnarewicz et al. 1995).

6.3 Irradiation of the Accretion Disk:

We have investigated variations in the colors resulting from the irradiation of the disk by an external source. Such irradiation has been much used lately to explain the spectral “humps” seen in X-ray spectra beginning at ∼10 keV (George & Fabian 1991 and references there). We find irradiation at^>¸ 10% of the disk flux produces major changes in the optical luminosity and so in the VIS/UV colors (Fig. 12, 13) and not just in the X-ray region as generally assumed (for example by Matt, Fabian & Ross (1993)). This influence on the optical-UV provides an additional self-consistency test of these models, and should be included in all irradiation models for the X-ray spectra in which the optical-UV part has to be emitted by the same cold medium.

Irradiation of the disk surface can explain the observed range of the VIS/UV1 colors for our sample of quasars (Fig. 12, 13). For some extreme cases the irradiation flux needs to be large (^>¸ 50% of the flux generated locally in the disk). However, a few objects (‘weak bump’ quasars, McDowell et al. 1989) with the largest VIS/UV1 colors still need more contribution in the VIS band than can be given by irradiation.

The critical radius and frequency defined in section 4.2.2 have interesting observational consequences: the variability of the high energy radiation will be correlated with the variability of the optical-UV part of the spectrum for low luminosity objects, while for high luminosity objects, no correlation will be present.

Effects of irradiation should be considered self-consistently over the whole range of frequencies of the big blue bump.

6.4 Additional Components:

In the absence of irradiation (or other additional physics) all pure models both disk and free-free give almost a single line in the IR/VIS/UV color planes. The observed IR/VIS colors thus require an additional component for all models. We tested two possibilities: hot dust emission and non-thermal power law components. We can constrain the evaporation temperature of the hot dust for our sample of objects to 900-1500 K. The whole range of observable VIS/UV colors can be achieved with the sum of any pure disk or free-free model and a non-thermal power law. However, this non-thermal power law has no strong physical meaning.

6.5 Outlier Quasars

The color-color and color-luminosity diagrams allow us also to identify unusual objects. The majority of quasars from our sample are located in small regions in the color-color diagrams, but there are few objects which are outliers from these ‘common’ colors: for example ‘weak bump’ quasars, or quasars with UV1/UV2 > 0 which indicates a turn-over in their spectra. These outliers are of extreme importance for models since their colors require extreme sets of parameters to explain them. If the turn-over is intrinsic to the primary emission component, then the maximum temperature of the thermal component may be calculated. When it is caused by absorption (internal to the quasar or extragalactic) then studies over a broad range of frequencies are needed in order to understand the characteristics of the absorber.

7. CONCLUSIONS

From the present study we can conclude that:

(1) Modified blackbody accretion disk models can reproduce both the luminosities and the colors of the quasars in our sample, except for soft X-rays. However, to do this requires that the Kerr geometry applies for some objects, while the Schwarzschild geometry applies for others. Either geometry alone needs an additional component to fit ∼ 25% of the sample. PSPC and EUV spectra should help in testing the models for the optical-X-ray connection.

(2) An additional power law helps to explain the optical-UV color for disk models, but is not needed when the irradiation of the disk is included in the model.

(3) Even modest (10%) irradiation is an important contribution to the disk models. Including irradiation in the disk may provide a good model for the optical-UV-X-ray spectra. A self-consistent treatment in optical and X-rays is needed when irradiation is used to explain “Compton humps” in X-ray spectra.

(4) The simplest, single temperature, free-free models need additional components or a range of temperatures to cover the observed colors. A prescription for emission measure vs. temperature is needed.

(5) The best range of the optically thick hot dust temperature is between 900-1500 K and 1750 K is definitely too high. More detailed modeling of the reddening caused by the optically thin shell of hot dust is needed to estimate self-consistently its effect on the IR-optical-UV colors.

(6) The reality of the spread in colors is crucial to modeling. Thus outlier quasars in the color-color diagrams are of great importance. Detailed follow up observations of both ‘weak bump’ and ‘UV-turnover’ candidates are needed.

We thank Ari Laor for kindly providing us with his transfer function code for the Kerr geometry. The numerical code to calculate disk spectra was developed from the original version provided by Bożena Czerny. We also thank the referee Jill Bechtold for her comments, which improved the paper. This work was supported by NASA grants NAGW-2201 (LTSA), NAG5-1872, NAG5-1883 and NAG5-1536 (ROSAT), and NASA contracts NAS5-30934 (RSDC), NAS5-30751 (HEAO-2) and NAS8-39073 (ASC).

Figure Captions

Figure 1. The Quasar Spectral Energy Distribution of NAB0205+024 with the indicated luminosity bands.

Figure 2. VIS/UV1/UV2 color diagram. Lines represent different models: dotted line - single temperature free-free emission, empty triangles on the dotted line indicate the temperatures; 5×10^4, 10^5, 10^6, 10^7 K; dashed line - single temperature blackbody (open diamond shows the temperature of 4×10^4 K). Radio-loud quasars are indicated by filled triangles and radio-quiet by empty squares. The vector of modifications expected due to the hot optically thin dust for E(B-V)=0.033 is indicated by an arrow.

Figure 3. VIS/UV1/UV2 color diagram. Lines represent different models: solid line - accretion disk in Schwarzschild (SAD) and dash-dot line - in Kerr (KAD) geometries with local blackbody emission for a range of central black hole masses (10^6Mfi - 10^{10}Mfi) and accretion rates (0.01-0.8 Ṁ_{Edd}), for one inclination angle cosθ=0.75. The two values of accretion rates, 0.1Ṁfi and 0.8Ṁfi, are shown for each mass (crosses for 10^6Mfi, squares for 10^7Mfi, triangles - 10^8Mfi, circles 10^9Mfi and three angle stars[216z for 10^{10}Mfi: for this mass we also give 0.01Ṁ_{Edd} point). Radioloud quasars are indicated by filled triangles and radio-quiet by empty squares. The vector of modifications expected due to the hot optically thin dust for E(B-V)=0.033 is indicated by an arrow.

Figure 4. The colors of the accretion disk (Kerr) emission (constant accretion rate Ṁ = 0.3Ṁ_{Edd}) when the inclination angle is changed from edge-on to face on: different central mass - 10^7Mfi dotted line, 10^8Mfi short dash, 10^9Mfi long dash, 10^{10}Mfi dotlong dash. Radio-loud quasars are indicated by filled triangles and radio-quiet by empty squares.

Figure 5. The colors of the modified blackbody accretion disk (Kerr) for different mass (10^7-10^{10}Mfi) and accretion rates (0.01-0.8 Ṁ_{Edd}), but constant inclination angle (cos θ = 0.75). Radio-loud quasars are indicated by filled triangles and radio-quiet by empty squares.

Figure 6. The colors of the modified blackbody accretion disk (Schwarzschild) for different mass (10^7-10^{10}Mfi) and accretion rates (0.01-0.8 Ṁ_{Edd}), but constant inclination angle (cos θ = 0.75). Radio-loud quasars are indicated by filled triangles and radio-quiet by empty squares.

Figure 7. The regions of colors covered by pure Schwarzschild (SAD, inside dotted line region) and Kerr (KAD, inside long dashed region) accretion disk models. The single temperature free-free model for temperatures as in Fig.2 is indicated by the solid line (F-F).

Figure 8. UV1/UV2 color vs. Luminosity (UV2) for local blackbody disk models (Kerr). Open symbols show the effect of the inclination for the constant accretion rate (Ṁ = 0.8Ṁ_{Edd}). Filled symbols indicate the colors and luminosities for different accretion rates but one inclination (cos θ = 0.75). Dashed lines indicate the range of UV1/UV2 color for free-free emission. Stars shows the observed colors and luminosities.

Figure 9. UV1/UV2 color vs. Luminosity (UV2) for modified blackbody disk models (Kerr). Open symbols show the effect of the inclination for the constant accretion rate (Ṁ = 0.8Ṁ_{Edd}). Filled symbols indicate the colors and luminosities for different accretion rates but one inclination (cos θ = 0.75). Dashed lines indicate the range of UV1/UV2 color for free-free emission. Radio-loud quasars are indicated by filled triangles and radio-quiet by empty squares.

Figure 10. UV1/UV2 color vs. Luminosity (UV2) showing the modified blackbody disk models as in Fig. 9. The stars indicate 3C273 data points binned into one year periods.

Figure 11. VIS/UV vs. UV luminosity - local blackbody emission from accretion disk (Kerr). Open symbols show the effect of the inclination for the constant accretion rate (Ṁ = 0.8Ṁ_{Edd}). Filled symbols indicate the colors and luminosities for different accretion rates but one inclination (cos θ = 0.75). The arrow shows the change in the luminosity due to the difference in H_0 and Ω_0 for an object at z=0.5. Radio-loud quasars are indicated by filled triangles and radio-quiet by empty squares.

Figure 12. VIS/UV vs. UV luminosity diagram. The lower solid lines with marked filled triangles indicate the emission from pure accretion disk model (Kerr, local blackbody) for different mass and the same accretion rate (Ṁ = 0.3Ṁ_{Edd}) and inclination angle (cos θ = 0.75). Dashed line - modification due to the hot dust with the maximum temperature of 1750 K. Dotted lines with the filled squares show the effect of irradiation. Radio-loud quasars are indicated by filled triangles and radio-quiet by empty squares.

Figure 13. VIS/UV1/UV2 colors. Modifications to the pure disk colors (local blackbody) due to irradiation is shown for three values of irradiation factor f_{irr} 0.01, 0.1 0.5. Dotted line indicate the limit due to the critical radius. Radio-loud quasars are indicated by filled triangles and radio-quiet by empty squares.

Figure 14. VIS/UV1 vs. UV1/UV2 colors for two component model: accretion disk with non-thermal power law and free-free model with non-thermal power law.

Figure 15. VIS/UV vs UV/IR colors for the accretion disk and with added nonthermal power law. Power laws have the same spectral index (1.23) but different normalization. Radio-loud quasars are indicated by filled triangles and radio-quiet by empty squares.

Figure 16. VIS/UV vs. UV/IR colors for the accretion disk and accretion disk with the added emission from the hot dust with the different maximum temperatures: 1100K, 1500K, 1750K. The dotted line represent the hot dust plus free-free emission for the dust with 1100K (the points on the line indicate different free-free temperatures: 5×10^4K, 10^5K, 10^6K, 10^7K). Radio-loud quasars are indicated by filled triangles and radio-quiet by empty squares.

Figure 17. UV/SX vs. VIS/UV colors for a set of accretion disk models (modified blackbody): Kerr - solid line, Schwarzschild - dashed lines. The lines connect points with different accretion rates but the same mass and cos θ = 0.75. The points indicate parameter values for the models which are located inside the range of plotted colors. The arrows shows the direction of the increasing accretion rate or temperature (for free-free models). The dot-dashed line show the free-free colors. The temperature is indicated by the solid triangle. Stars show the data point of Masnou et al. (1991).

REFERENCES

Antonucci, R. 1994, in Multi-wavelength Continuum Emission of AGN, Proceedings of 159^th IAU Symposium, Ed. T.J.-L.Courvoisier and A.Blecha, Kluwer, Dordrecht, p.301.

Barvainis, R. 1993, ApJ, 412, 513 Barvainis, R. 1990, Ap.J., 353, 419.

Bechtold, J., Czerny, B., Elvis, M., Fabbiano, G. & Green, R. F. 1987, ApJ 314, 699. Bechtold, J., Elvis, M., Fiore, F., Kuhn, O., Cutri, R.M., McDowell,J.C., Rieke,M., Siemiginowska,A., Wilkes, B.J., 1994, AJ, 108, 374.

Boyle, B. et al. 1990, MNRAS, 243, 1. Brissenden, 1989, Ph.D Thesis. Caditz, D., 1993, ApJ, 404, 539.

Carleton, N. P., Elvis, M., Fabbiano, G., Willner, S. P., Lawrence, A. and Ward, M.

1987, Ap.J., 318, 595.

Clavel, J., et al. 1992, ApJ, 393, 113 Collin-Souffrin, S., Czerny, B., Dumont, A.-M & Życki P.T., 1995, in preparation Comastri, A., Setti, G., Zamorani, G., Elvis, M., Giommi, P., Wilkes, B.J., & McDowell, J.C.M. 1992, ApJ, 384, 62 Cunningham, C. T. 1975, Ap.J., 202, 788. Cunningham, C.T. 1976, ApJ, 208, 534 Cutri, R. M., Wiśniewski, W. Z., Rieke, G. H. and Lebofsky, M. J. 1985, Ap.J.,296, 423.

Czerny, B., 1994, in Multi-wavelength Continuum Emission of AGN, Proceedings of 159^th IAU Symposium, Ed. T.J.-L.Courvoisier and A.Blecha, Kluwer, Dordrecht, p.261.

Czerny, B., Czerny, M. & Grindlay, J.E. 1986, ApJ, 311, 241. Czerny, B. & Elvis, M. 1987, Ap.J., 321, 305.

Czerny, B., Jaroszyński, M. & Czerny, M. 1993, MNRAS, 268, 135 Elvis, M. & Lawrence, A. 1985, in Astrophysics of Active Galaxies, ed. J.S.Miller, Mill Valley, CA; University Science Books, p.289 Elvis, M., Green, R.F., Bechtold, J., Schmidt, M., Neugebauer, B.T., Soifer, B.T., Matthews, K., & Fabbiano, G. 1986, ApJ, 310, 291 Elvis, M., Wilkes, B.J., McDowell, J.C., Green, R.F., Bechtold, J., Willner, S.P., Polomski, E. & Cutri, R. 1994, ApJ Supp., 95, 1 (Paper I).

Fiore, F., Elvis, E., McDowell, J.C., Siemiginowska, A., Wilkes, B.J 1994, ApJ, 431, 515.

Fiore, F., Elvis, E., Siemiginowska, A., Wilkes, B.J., McDowell, J.C., & Mathur, S.

1995, ApJ, in press (August 10).

Frank, J., King, A. R. and Raine, D. J. 1992, Accretion Power in Astrophysics, Cambridge University Press.

George, I.M. & Fabian, A.C., 1991, MNRAS, 249, 352. Glass, I.S., 1992, MNRAS, 256, 23P.

Gronenschild, E.H.B.M. & Mewe, R. 1978, A&AS, 32, 283. Guilbert, P.W. & Rees, M.J. 1988, MNRAS, 233, 475 Hertzsprung, E., 1905, Zur Strahlung der Sterne (Giants and Dwarfs). Z. Wiss.

Photog. 3. Eng. trans. (1960) in: Source book in astronomy, ed. Shapley, Harvard University Press, Cambridge.

Kinney, A.L., Bohlin, R.C., Blades, J.C., & York, D.G., 1991, ApJS, 75. 645 Ko, Y.-K. & Kallman, T.R., 1991, Ap.J., 374, 721.

Kuhn, O., Bechtold, J., Cutri, R., Elvis, M. & Rieke, M., 1995, ApJ, 438, 643. Laor, A. 1990, MNRAS, 246, 396 Laor, A. & Draine, B.T., 1993, ApJ, 402, 441. Laor, A. & Netzer H. 1989, MNRAS, 238, 897 Laor, A., Netzer H. & Piran T. 1990, MNRAS, 242, 560 Loska, Z., Szczerba, R. & Czerny, B., 1993, MNRAS, 261, 63.

Malkan, M.A. 1991, in “Structure and Emission Properties of Accretion Disks”, C.

Bertout, S. Collin, J-P. Lasota & J. Tran Than Van eds. (Frontieres: Gif sur Yvette Cedex), p. 165 Malkan, M. A. 1983, Ap.J., 268, 582. Marshall, H. et al. 1995, Ap.J. submitted Maraschi, L. & Molendi, S. 1990, ApJ, 353, 452 Masnou, J.-L., Wilkes, B.J., Elvis, M., McDowell, J.C., & Arnaud K.A. 1992, A&A, 253, 35 Matt, G., Fabian, A.C., & Ross, R.R. 1993, MNRAS, 264, 839 McDowell, J. C., Elvis, M., Wilkes, B. J., Willner, S. P. Oey, M. S., Polomski, E., Bechtold, J. and Green, R. F. 1989, ApJL, 354, L19.

Mushotsky, R. F., Done,C., & Pounds, 1993, ARAA Nandra, K. & George, I.M., 1994, MNRAS, 267, 974 Novikov, I. D. & Thorne, K. S. 1973, in Black Holes, ed. by C. DeWitt and B.

DeWitt, Gordon and Breach, New York. Page, D. N. & Thorne, K. S. 1974, Ap.J., 191, 499. Pier, E.A. & Krolik, J.H., 1992, ApJ, 401, 99.

Pounds, K.A., Nandra, K., Steward, G.C., George, I.M. & Fabian, A.C., 1990, Nature, 344, 132 Puchnarewicz E., Mason, K.O., Siemiginowska, A. & Pounds, K., 1995, MNRAS, in press.

Ross, R.R. & Fabian, A.C. 1993, MNRAS, 261, 74 Ross, R.R., Fabian, A.C. & Mineshige, S. 1992, MNRAS, 258, 189 Russel, H.N. 1912, Proc. Amer. Phil. Soc. 51, 569. Russel, H.N. 1913, Science 37, 651.

Rybicki, G. B. & Lightman, A. B. 1979, Radiative Processes in Astrophysics, Wiley, New York.

Sandage, A. 1957, Ap.J., 125, 422. Sandage, A. 1973, Ap.J., 180, 687.

Sanders, D. B., Phinney, E. S., Neugebauer, G., Soifer, B. T. & Matthews, K. 1989, Ap.J., 347, 29.

Schmidt, M. and Green, R. F. 1983, Ap.J., 269, 352. Shakura, N. I. & Sunyaev, R. A. 1973, A&A, 24, 337. Shields, G. A. 1979, Nature, 272, 706.

Sitko, M., Sitko, A.K., Siemiginowska, A., Szczerba, R. 1993, ApJ, 409, 139 Störzer,H., 1993, A&A, 271, 25.

Sun, W.-H. & Malkan, M.A. 1989, ApJ, 346 68 Svensson. R., 1984, MNRAS, 209, 175. Tinsley, B.A. 1973, Ap.J., 186, 35.

Turner, J. L. & Pounds, K. A. 1989, MNRAS, 240, 833. Tripp,T.M., Bechtold, J. & Green, R.F. 1994, Ap.J. 433, 533. Van der Klis, 1989, ARAA p27.

Vérnon-Cety, M.P. & Vérnon, P., 1989, A Catalogue of Quasars and Active Galaxies, 4^{th} ed. ESO, Scientific Report No.7.

Walter, R. & Fink, H.H. 1993, A&A, 274, 105 Wandel, A. & Petrosian, V. 1988, ApJ, 329, L11. Wilkes, B. J. and Elvis, M. 1987, Ap.J., 323, 243. Wills,B.J., Netzer, H. & Wills, D., 1985, ApJ, 188, 94.

APPENDIX A: Luminosities in the Color Bands

TABLE 1A: ACCRETION DISK MODELS (Kerr, Local Blackbody)

mass [Mfi] Ṁ /ṀEdd (0.8-1.6 μm) (4000-8000Å) (1400-2000Å) (1000-1400Å) (1000-2000Å) 10^6 0.1 40.62 41.10 41.54 41.73 41.89 10^6 0.3 40.87 41.40 41.86 42.06 42.22 10^6 0.8 41.08 41.65 42.15 42.35 42.50 10^7 0.1 42.02 42.43 42.86 43.03 43.19 10^7 0.3 42.32 42.75 43.19 43.37 43.53 10^7 0.8 42.57 43.03 43.48 43.67 43.82 10^8 0.1 43.37 43.76 44.15 44.28 44.46 10^8 0.3 43.68 44.08 44.49 44.65 44.82 10^8 0.8 43.96 44.37 44.79 44.96 45.12 10^9 0.1 44.69 45.07 45.39 45.44 45.65 10^9 0.3 45.02 45.40 45.76 45.85 46.05 10^9 0.8 45.30 45.69 46.08 46.20 46.39 10^{10} 0.01 45.30 45.59 45.46 45.12 45.56 10^{10} 0.1 46.01 46.36 46.52 46.42 46.71 10^{10} 0.3 46.34 46.70 46.95 46.93 47.18 10^{10} 0.8 46.63 47.00 47.31 47.35 47.57

cosθ = 0.75 for all the models. Values are logarithm of luminosity in units of erg s�^1

TABLE 2A: ACCRETION DISK MODELS (Kerr, Modified Blackbody)

mass [Mfi] Ṁ /ṀEdd (0.8-1.6 μm) (4000-8000Å) (1400-2000Å) (1000-1400Å) (1000-2000Å) 10^7 0.1 41.95 42.44 42.89 43.08 43.23 10^7 0.3 42.20 42.74 43.22 43.38 43.55 10^7 0 .8 42.40 43.00 43.50 43.64 43.82 10^8 0.1 43.36 43.78 44.19 44.32 44.50 10^8 0.3 43.66 44.10 44.51 44.60 44.80 10^8 0.8 43.90 44.38 44.76 44.81 45.03 10^9 0.1 44.71 45.10 45.43 45.44 45.67 10^9 0.3 45.03 45.43 45.72 45.72 45.95 10^9 0.8 45.30 45.70 45.92 45.89 46.14 10^{10} 0.1 46.03 46.38 46.52 46.39 46.70 10^{10} 0.3 46.36 46.71 46.82 46.75 47.02 10^{10} 0.8 46.63 46.96 46.99 46.92 47.20

cosθ = 0.75 for all the models. Values are logarithm of luminosity in units of erg s�^1

TABLE 3A: ACCRETION DISK MODELS (Schwarzschild, Modified Blackbody)

mass [Mfi] Ṁ /ṀEdd (0.8-1.6 μm) (4000-8000Å) (1400-2000Å) (1000-1400Å) (1000-2000Å) 10^7 0.1 41.89 42.35 42.67 42.74 42.95 10^7 0.3 42.15 42.67 43.05 43.16 43.35 10^7 0.8 42.36 42.93 43.39 43.53 43.71 10^8 0.1 43.28 43.64 43.83 43.76 44.03 10^8 0.3 43.59 43.99 44.26 44.26 44.50 10^8 0.8 43.84 44.29 44.63 44.68 44.89 10^9 0.1 44.59 44.88 44.80 44.49 44.91 10^9 0.3 44.93 45.25 45.33 45.14 45.48 10^9 0.8 45.22 45.58 45.76 45.64 45.94 10^{10} 0.1 45.83 46.02 45.42 44.80 45.46 10^{10} 0.3 46.20 46.44 46.14 45.67 46.20 10^{10} 0.8 46.52 46.80 46.69 46.33 46.78

cosθ = 0.75 for all the models. Values are logarithm of luminosity in units of erg s�^1

TABLE 4A: FREE-FREE MODEL

T [K] (0.8-1.6 μm) (4000-8000Å) (1400-2000Å) (1000-1400Å) (1000-2000Å)

5�10^4 42.85 43.07 42.74 42.53 42.96

10^5 42.72 42.99 42.90 42.85 43.18 10^6 42.61 42.93 43.03 43.11 43.37 10^7 42.56 42.91 43.06 43.16 43.41

Values are logarithm of luminosity in units of erg s�^1. Model luminosities are normalized to the avarage luminosity of our sample at log ν=14.5

32

33

34

35

36

37

38

39

40