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Abstract: We present photometric observations of six radio-loud quasars that were detected by the
COMPTEL gamma-ray telescope. The data encompass seven wavebands in the optical and near infrared.
After correction for Galactic extinction, we find a wide range in optical slopes. Two sources are as blue as
optically-selected quasars, and are likely to be dominated by the accretion disc emission, while three others
show colours consistent with a red synchrotron component. We discuss the properties of the COMPTEL
sample of quasars, as well as the implications our observations have for multiwavelength modelling of

gamma-ray quasars.
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PKS 1622—-297, PKS 22304114, PKS 2251+158)

1 Introduction

Active galactic nuclei (AGN) are powerful emitters in all
wavebands. Emission processes from different parts of the
spectrum in many cases appear to be linked. For exam-
ple, the electrons in the jet which produce the synchrotron
radiation may at the same time upscatter photons into the
X-ray and gamma-ray regime via the inverse Compton
(IC) process (see for example the analysis by Bloom &
Marscher 1996). In order to unravel the contribution from
each emission process, the shape of each distinct emission
component needs to be determined, and the associated
physical parameters measured.

The IC emission is produced by seed photons (inter-
nal, from the jet itself, or external, from the accretion
disc or the emission-line clouds) which are upscattered
by the electrons (or other relativistic particles) in the jet.
The energy of the photons increases by a factor of ~y2,
where y is the Lorentz factor of the relativistic particle.
Consequently, there are two crucial factors that determine
the nature of the IC emission: the maximum energy of
the jet electrons, which determines the turnover frequency
of the synchrotron component; and the typical energy

of the seed photons, which is governed by the relative
strengths of the thermal and non-thermal components.
The optical regime is where these components are both
energetically important, and so a good understanding of
the emission at optical frequencies is crucial for accurate
modelling of the high-energy emission.

Before COMPTEL was shut down in June 2000, this
telescope detected nine blazars in the range 0.75-30 MeV
which were also detected by EGRET in the gamma-
ray regime >100 MeV (Schonfelder et al. 2000; Collmar
2001). For many of the sources in this sample, the data
coverage in the optical/near infrared (NIR) region is very
poor. To better understand this important part of the
spectral energy distribution (SED), six blazars from the
COMPTEL sample, chosen subject to visibility during an
observation period from 27 August to 2 September 2001,
were observed in the photometric bands B, V, R, I, J,
H, and K,,. Basic information for this sample is shown
in Table 1. We note that the redshift for PKS 1622—297
(z =0.815) is taken from the Parkes Catalogue (Wright &
Otrupcek 1990, hereafter PKSCAT90), wherein no refer-
ence is given. No other determination of its redshift has

Table 1. Sample description. E(B-V) values are the Galactic extinction values
from Schlegel et al. (1998)
Name Other RA DEC E(B-V) z
name (J2000) (J2000) (mag)

PKS 0208—512 - 02:10:46.20  —51:01:01.9 0.020 0.999
PKS 0506—612 - 05:06:44.00  —61:09:41.0 0.025 1.093
PKS 05284134 - 05:30:56.36 +13:31:55.0 0.860 2.060
PKS 1622—-297 - 16:26:06.02  —29:51:27.0 0.454 0.815
PKS2230+114 CTA 102  22:32:36.40  +11:43:51.3 0.072 1.037
PKS 22514158  3C4543  22:53:57.75  +16:08:53.6 0.105 0.859
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been made in the literature, and, while we use this value
herein, it should be regarded as potentially suspect.

Detailed models of the multiwavelength spectra of
several of the sources in this sample have been published
in the literature. For example, Mukherjee et al. (1999)
describe a model with both synchrotron and IC emission
components fitted to nine epochs of monitoring data for
the source PKS 0528+-134. While considerable effort has
been expended in fitting the high-energy spectrum (X-rays
and above) of this source, the information in the low-
energy part of the spectrum, from optical to radio energies,
has largely been ignored. Rather than modelling one
source in detail, by considering a modest sample of six
sources more general conclusions can be drawn about the
nature of the emission processes.

As synchrotron emission causes linear polarisation,
optical polarisation measurements can be used to check
the predictions from the modelling. Optical polarimetry
of most of the sources in this sample is available from the
literature. It will be shown that the sources with high opti-
cal polarisation are generally distinguished by their radio
to optical spectral shapes, and are consistent with having a
synchrotron component extending to optical wavelengths.

Section 2 describes the photometric optical and NIR
data for the six sources. The SEDs in each case are ade-
quately modelled by a power law in Section 3. Finally, in
Section 4 we examine the implications of our observations
for multiwavelength modelling of gamma-ray sources, as
well as the demographics of the sample as a whole.

2 Observations and Data
2.1 Observations

The six blazars were observed in optical bands B, V, R,
and / on the night of 29 August 2001 with the ANU
40 1n telescope at Siding Spring Observatory (SSO). The
exposure time in each band was 300 seconds. The seeing
was typically 2.5”-3”, but conditions were generally
photometric (although the weather did force some breaks
in the observing, and the loss of the B band data
for PKS 1622—-297). Cross-checking of field stars from
Raiteri et al. (1998) enables verification of the photometric
conditions. Observations of standard stars from Graham
(1982) enabled calibration to an absolute magnitude/flux
scale.

Observations inthe NIR bands J, H, and K,, were made
on the nights of 31 August and 1 September 2001 with
the CASPIR (Cryogenic Array Spectrometer/Imager —
see McGregor et al. 1994) instrument on the ANU 2.3 m
telescope, SSO. Each image is a median-combination of
four (or, in the case of the fainter sources, 20) dithered
images of 60 seconds exposure time each (these individual
exposures were: 2 cycles of 30 seconds for J; 6 cycles of
10 seconds in H; and 12 cycles of 5 seconds in K,).

Poor weather on the first night allowed us to observe
only PKS 1622—-297 and two standard stars, but the sec-
ond night had good conditions, allowing us to observe
the remaining sources. The seeing was better than for the
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optical (typically ~1.5”-2") and conditions were gener-
ally photometric. Individual frames where the background
increased due to the presence of cloud were discarded prior
to co-addition. Observations of IRIS standard stars from
the Carter system (Carter & Meadows 1995) were used
for calibration.

2.2 Data

The data reduction was performed in a standard way using
IRAF software. Optical images were bias- and overscan-
subtracted, and then flat-fielded. The flat-field images were
generated from a combination of night sky flats (created
from all object images such that any sources are excluded)
and flats made from exposures of a uniformly cloudy sky.
NIR images were bias- and dark-subtracted, and then flat-
fielded using flats derived from the difference of exposures
of the dome with and without illumination. This removes
telescope emission and improves photometric accuracy.
The sky emission was then subtracted from the individual
images using a median of all dither positions (excluding
those with high background due to cloud), and then the
individual dither positions were added together to produce
the final image.

The photometry was performed using the IRAF
daophot package. The resulting optical and NIR magni-
tudes are shown in Tables 2 and 3 respectively. The errors
quoted are lo errors resulting from the sum in quadra-
ture of the random photometric errors, as calculated by
the daophot package, and the systematic errors that result
from the spread in zero points for the various standard
star observations over the course of the night. The photo-
metry includes corrections for the varying atmospheric
extinction due to the different airmasses of the sources.
For two sources (PKS 0506—612 and PKS 1622—297),
subtraction of nearby stars was required to provide accu-
rate background subtraction for the aperture photometry
(although in no case were the images of the star and quasar
overlapping). Figure 1 plots the observed photometric
SED for each source as a function of observed wavelength.

The magnitudes were converted into fluxes to enable
modelling and plotting of the data. The zero magnitude
fluxes for the optical bands were taken from Bessell,
Castelli, & Plez (1998), while the CASPIR zero magni-
tudes are obtained from a 11200 K blackbody normalised
to F5.(555nm) =3.44x 10”2 Wem =2 pm ! (Bersanelli,
Bouchet, & Falomo 1991). The values of the zero points
are shown in Table 4. Note that although the observations
used the K, filter, they were calibrated according to the
K magnitudes of the IRIS standards without a colour-
correction term, and so have been normalised using the K
band zero point.

2.3 Galactic Extinction

Values for the Galactic extinction, taken from the
maps of Schlegel, Finkbeiner, & Davis (1998) are
included in Table 1. For two objects, PKS 05284134 and
PKS 1622—297, the extinction is large due to their location
close to the Galactic plane. We note that Zhang et al. (1994)
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Table 2. Optical magnitudes and dates of observation. For each source, the first row shows
the observed magnitudes, while the second row shows the magnitudes after correction for

Galactic extinction (see text)

Source B \% R 1 UT date
PKS0208—512 16.27+£0.04 15.80+£0.03 1543+£0.03 14.94+£0.03 29 Aug 2001
16.18 £0.04 1573£0.03 15.38+£0.03 14.90+0.03
PKS0506—612 17.67+£0.07 17.25+£0.05 16.88+£0.04 16.62+£0.05 29 Aug 2001
1756 £0.07 17.17+£0.05 16.82+0.04 16.57+0.05
PKS 05284134 20.76£0.23 19.53+£0.15 18.98+£0.11 17.94+£0.11 29 Aug 2001
17.04+023 16.744+0.15 16.72+£0.11 16.25+0.11
PKS 1622—-297 — 18.84+0.33 18.294+0.25 17.88+0.24 29 Aug 2001
— 17.37+033 17.094+0.25 16.99+0.24
PKS2230+114 17.20£0.05 16.82+0.03 1643+£0.04 16.03£0.04 29 Aug 2001
16.89+0.05 16.594+0.03 16.24+£0.04 15.89+0.04
PKS2251+158 1534+0.05 14.83+0.01 14.43+0.03 13.88+0.03 29 Aug 2001
1488+0.05 14.49+0.01 14.154+0.03 13.674+0.03

M. T. Whiting et al.

Table 3. NIR magnitudes and dates of observation. For each source, the
first row shows the observed magnitudes, while the second row shows the
magnitudes after correction for Galactic extinction (see text)

Source J K UT date

PKS0208—512 13.77+0.03 12.934+0.01 12.18+0.02 1 Sept 2001
13.75+£0.03 1292+0.01 12.174£0.02

PKS0506—612 16.68 +0.04 16.07+0.03 15.16 £0.05 1 Sept 2001
16.66 £0.04 16.06+£0.03 15.15+0.05

PKS0528+134 16.994+0.09 16.164+0.06 15.26+0.07 1 Sept 2001
16.21+0.09 15.66+0.06 14.94+£0.07

PKS1622—-297 1645+0.03 1594+£0.03 1531£0.03 31 Aug 2001
16.04+£0.03 15.68+0.03 15.14+0.03

PKS 22304114 15254+0.05 14.484+0.04 13.73£0.06 1 Sept 2001
15.18+0.05 14.44+0.04 13.70+0.06

PKS 22514158 13.064+0.03 12.144+0.01 11.31£0.03 1 Sept 2001
1296 +0.03 12.08+0.01 11.27+0.03

found evidence for excess absorption over the Galactic
value for PKS 0528+ 134 from X-ray observations, which
would imply a larger E(B — V) value than that from
Schlegel et al. (1998) (and hence a larger correction to
the observed magnitudes). For our analysis, however, we
just use the Galactic value.

The values of E(B — V) were transformed to an
absorption A, for each photometric band using the con-
version factors given in Schlegel et al. (1998). These
absorption values were then subtracted from the observed
magnitudes to give the extinction-corrected magnitudes,
and both sets of data (raw and corrected) are included
in Tables 2 and 3. The photometric extinction-corrected
SEDs for each object have also been plotted in Figure 1.

3 Model Fitting

Each of the extinction-corrected SEDs has been fitted by a
power law, given by f5 (1) oc A%, using a x >-minimisation

method. The fit is deemed ‘acceptable’ if the reduced x 2
(i.e. x2/v, where v is the number of degrees of freedom
in the fitted model) is below the 99% confidence level.
For the power-law model fitted to seven data points, v =15
and the acceptance threshold is 2 = 13.08. A fit with a x>
value greater than this is rejected (with 99% confidence).
The resulting fits are shown in Figure 1, and the fitted
parameter values — the spectral index « and the reduced
chi-squared value x2/v — are shown in Table 5.

We find that the fitted power laws can be sepa-
rated into two groups. Three sources — PKS 0506—612,
PKS 05284134, and PKS 1622—297 — are quite blue
(although PKS 0506—612 is a poor fit, as discussed below,
and should probably not be included in this group). These
slopes are the same as those found at the blue end
of the distribution of fitted slopes for the Parkes Half-
Jansky Flat-spectrum Sample (PHFS) quasars in Whiting,
Webster, & Francis (2001). A natural interpretation of
such blue slopes is that they are due to emission from the



The Optical Emission from Gamma-Ray Quasars 199

QI 0208-512 0506-612 0528+134
_ T T T T T T T = < T T L T . — T .
‘C_)E I a=-0.82 7 - N | I a==2.05 | ::, I a=-2.13
-I—’\ C X/v=027 ] Tg 2F X/v=1121 3 ,I_’\ ‘C_>§_ 2 /v=2.52 _
IS B 1 C ] £ L ]
I ) < r E 3 C ]
(T‘ TO_— = (\I‘ [fo] I i (? r T
E = 1 B L I
- 1 2 2 EEN=] 3 ; E
o r b o< C ] o< C ! 3 ]
o [ 1 r ¥ C J
To L] . SR . -.E.....l L
puus 0.5 1 2 0.5 1 2 0.5 1 5
1622—-297 2230+114 22514158
<+ T T T T L | T - T T T T T T | T = F T T T T T | T =
TR a=-1.90 | i a=-1.36 L a=—1.12 |
= 2F /=085 3 < | X¥/v=0.74 | f“'f—: Y2 /v=1.15
€ ] g‘{ £ = 3
o 1ot e EREN :
D 1 - ] I ]
E 5 £ ] £ | 1
s 1 1= | ==
I ] =2 o 9F E
: of E - ]
S | L TE ] A L v vy ]
0.5 1 5 0.5 1 2 0.5 1 2

A (um) A (um)

N (um)

Figure 1 Photometry and model fits for sources. The observed photometry is shown by the red solid symbols, whereas the photometry
corrected for Galactic extinction is shown with the open symbols. The error bars shown are 1o . The fit to the corrected photometry is shown by
the line, with the parameters of the fit (power law index and reduced- x ) indicated in the corner of each plot. Note that each plot has a vertical

scale spanning two decades, although the range is different for each source.

Table 4. Filters used, with their central
wavelengths and the zero magnitude fluxes
used for flux conversion

Filter = Flux of zero magnitude A
star (F,, Wem™2 pm™1)  (um)

Table 5. Results from power law fits to the extinction-

corrected data. An asterisk indicates a fit rejected at

the 99% confidence level. Also shown are polarisation

measurements from Impey & Tapia (1990). Both their

measurements, and the maximum polarisation that they
found in the literature, are shown

B 6.32 x 10°8 0.44 Source o 2 p ) pma (%)

1% 3.63 x 1078 0.55

R 2.18 x 10~8 0.70 PKS0208—512 —0.82  0.27 115 11.5

I 1.13 x 10~8 0.88 PKS0506—612 —2.05 11.21* 1.1 1.1

J 3.11 x 107° 1.239 PKS0528+134 —2.13 2.52 0.3 0.3

H 1.15 x 1072 1.649 PKS 1622—297 —1.90 0.55 - -

K 4.10 x 10710 2.192 PKS2230+114 —1.36 0.74 7.3 10.9
PKS2251+158 —1.12 1.15 29 16.0

accretion disc. This would be expected for high-redshift
sources such as PKS 0528-+134, as the observed optical
emission is probing the rest-frame UV.

The remaining three sources have much redder optical
slopes. Again comparing to the PHFS sources in Whiting
et al. (2001), we find that these slopes are in the mid-
dle of the distribution, corresponding to sources with
synchrotron-dominated spectra.

One source had a poor fit: PKS 0506—612. There is
a large offset between the optical and NIR points, giv-
ing what appears to be substantial spectral curvature.
However, it is likely that the source has faded in the three
days between the two observations — if the spectrum is a

smooth continuum then a reduction in flux of ~1 mag is
implied. This also implies the intrinsic spectrum is a red
power law of slope ~1.3. A similar, albeit much weaker
effect is seen in PKS 0528+134, although this could also
be due to the I band data having excess emission over
the power law continuum. Contamination by the Mg
emission line (which would appear at Agps = 0.86 pm) is
a likely origin of this excess.

We can use data from the literature to support the
interpretation of the different optical slopes. Synchrotron
radiation is intrinsically highly polarised, and so a signif-
icant net polarisation from a source is a good indication
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Figure 2 Comparison of the COMPTEL sample with the PHFS, with the black line representing the PHFS and the red line
and points representing the COMPTEL sources. (a) Cumulative redshift distributions. (b) Cumulative distributions of 2.7 GHz

radio luminosity.

that the emission is dominated by synchrotron emission.
Impey & Tapia (1990) measured polarisation for five of
the sources (excluding PKS 1622—297), and their val-
ues are also shown in Figure 5. It can be seen that the
three sources with red optical slopes are the sources that
have been observed to exhibit high optical polarisations,
indicating a likely synchrotron origin for the emission.

4 Discussion
4.1 Demographics

All the sources we have studied here are radio-loud, flat-
spectrum quasars (FSRQs). We would like to know how
typical these objects are compared to other FSRQs, or
whether they are exceptional in some way that would
explain their gamma-ray emission. We examine here two
properties — the redshift and the radio luminosity —
and compare it to a sample of flat-spectrum radio-loud
objects. For this comparison sample we use the PHFS
(Drinkwater et al. 1997), a sample of southern, radio-
bright, flat-spectrum objects. We also include in this
discussion the COMPTEL sources that we did not observe:
PKS 12224216 (z=0.435), PKS 1226+023 (3C 273,
z7=0.158), and PKS 1253—-055 (3C 279, z =0.536). Note
that the latter two sources are also in the PHFS.

The cumulative redshift distributions for both sam-
ples are plotted in Figure 2a. Note that we have excluded
from the PHFS distribution the 33 objects with no known
redshift. These objects include a few BL Lac objects,
which have no emission line from which to measure a
redshift, but are mostly optically faint, meaning no suit-
able spectrum has been obtained. The COMPTEL sample
tends to be biased towards lower redshift values, with
only one source at high redshift z > 1 (PKS 05284134 at
z="2.07, Hunter et al. 1993). This is likely to be a conse-
quence of the sensitivity of the COMPTEL detector, with
sources at suitably high redshift not being bright enough
at gamma rays for detection. We do note, however, that a
Kolmogorov—Smirnov (K-S) test shows that the distribu-
tions are different only at the 90% confidence level (the
probability that they are the same is 9.9%).

Figure 2b shows the cumulative distributions of the
radio luminosity for both samples. This is calculated
from the 2.7GHz fluxes from PKSCAT90 (assuming
Hy=75kms~ ! Mpc™! and gp=0.5). We see that the
COMPTEL sources tend to have, on average, higher radio
luminosities than the PHFS sources (there is a difference
in average luminosity of 0.56 dex, or a factor of ~3.6).
Again, however, a K-S test shows this is not very signifi-
cant (the probability that the distributions are different is
12.6%). We can, however, discuss the trends shown in the
graphs.

Even though, as we see from the redshift distribution,
the COMPTEL sample lacks the high-redshift sources
(which one would expect to be more luminous than
low-redshift sources in a flux-limited sample), the average
radio luminosity of this sample is still greater than that of
the PHFS. This implies that the sample selected at gamma
rays lacks sources of low radio luminosity. This is proba-
bly an indication that a certain radio luminosity is required
for a source to be active at high-energy gamma rays.

4.2 Multiwavelength SEDs

In Figure 3 we plot the multiwavelength (radio to gamma-
ray) SEDs constructed from published data, as well as the
new data presented herein. Two epochs of radio obser-
vation are shown. One set of data (indicated by the
asterisks) is from PKSCAT90, while the second (indicated
by crosses) is from Kovalev et al. (1999). The latter
does not include PKS 0208—512 and PKS 0506—612.
The optical/NIR data (from this paper) have been cor-
rected for Galactic extinction. The X-ray data come from
Brinkmann, Yuan, & Siebert (1997). The ‘bowtie’ rep-
resents the twin constraints given by the errors on the
total 0.1-2.4keV flux and the spectral slope. (Note that
the constraints on the slope for PKS 1622—297 are rather
poor.) The COMPTEL data, taken from Schonfelder et al.
(2000), are indicated by the four points between 1020 Hz
and 10?2 Hz. The horizontal error bars indicate the energy
range of each bin, while the vertical error bars indicate the
flux error. Upper limits (20') are indicated by arrows. The
final point is the EGRET datum from the Third EGRET
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Figure3 Broad-band SEDs for the six sources discussed in this paper. See text for references for each dataset. Upper limits (i.e. non-detections)
for the high-energy data are indicated by arrows. Note that the different sets of observations are in general not simultaneous.

Catalog (Hartman et al. 1999), using their approximation
to generate a 400 MeV flux density by multiplying the
catalogued flux by 1.7. Note that the observations pre-
sented here are not simultaneous.

The SEDs provide an interesting glimpse of the range
of different spectral shapes present in radio-loud quasars.
The optically-red sources, particularly PKS 0208—-512
and PKS 22514158, show optical-NIR SEDs that can
quite easily be connected to the radio data, as would be
expected if both regimes are dominated by synchrotron
emission from the relativistic jet.

For other sources, however, it is less obvious what,
if any, connection exists between these two regimes. For
instance, the K band flux of PKS 1622—297 is approx-
imately equal (on a vF), scale) to the 20 GHz flux from
Kovalev et al. (1999), while the spectral index in the
two regimes is approximately the same. This, however,
should not be surprising if we attribute the optical emis-
sion to the accretion disc, as it will then not be the
same component as the radio emission. In such a pic-
ture, the synchrotron emission from the jet has turned
over somewhere in the infrared, leaving the accretion disc
emission to dominate the optical. Note that the flux level
atradio frequencies is approximately equal for all sources,
whereas the redder sources tend to be brighter in the opti-
cal/NIR, indicating the presence of an additional emission
component.

Clearly, while the non-thermal processes (i.e. syn-
chrotron and IC) are undoubtedly important for the radio

and high-energy emission, the optical regime is not always
going to be dominated by them. This was shown in the
detailed study of the optical/NIR properties of radio-loud
quasars by Whiting et al. (2001), which found that a large
fraction of sources showed no evidence for non-thermal
synchrotron emission at optical wavelengths. The observa-
tions of strong emission-line spectra and low polarisation
in the optical for the blue objects in this sample also back
this up.

This raises an important issue when it comes to mod-
elling the multiwavelength SEDs of such objects. Detailed
models do exist in the literature, and are used with
good effect to model the high-energy emission (X-rays
through gamma rays). See, for instance, Mukherjee et al.
(1999) for modelling of the multiwavelength spectra of
PKS 0528+134. However, many of these models do not
take the lower-energy (i.e. radio through optical) data
fully into account. As an example, we refer the reader to
Figures 8 and 9 of Mukherjee et al. (1999), where the
model flux in the optical goes in the opposite direction to
the data. This seems to be due to the fitted models not fully
taking into account the presence of significant emission
from the accretion disc.

This is an important issue, since if the thermal accretion
disc emission is dominating the optical, the synchrotron
emission in that frequency range is much less than pre-
viously assumed. This will then affect the derived values
for the Lorentz factors, which affect the generation of the
gamma rays via the IC process.
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The photon density at the jet of the seed photons is
another key parameter for calculating the IC luminosity.
For a given observed total optical flux, this parameter will
be different for synchrotron-dominated and thermally-
dominated spectra, and its spectral shape will differ
as well. This will alter the predicted shape of the IC
emission.

It can be seen, therefore, that a good understanding of
the makeup of the optical emission is crucial for accurate
modelling of the high-energy emission. This is something
that needs to be considered for future multiwavelength
campaigns involving high-energy observations and sub-
sequent modelling, particularly with the advent of new
gamma-ray telescopes such as INTEGRAL and GLAST.

5 Conclusions

We have observed six COMPTEL-detected quasars at
optical and NIR wavelengths, and we present photometry
in seven wavebands, corrected for Galactic extinction.

We find large differences in the optical properties
between the sources. Two of the sources have intrinsi-
cally blue optical SEDs, and are likely to be dominated by
thermal emission from an accretion disc. A further three
have much redder optical slopes, and are more likely to
be dominated in the optical by non-thermal synchrotron
emission from the relativistic jet.

This identification of accretion disc emission in some
gamma-ray sources has important implications for the
sources’ broad-band modelling. It implies both that the
thermal emission is stronger and the non-thermal emission
weaker in the optical regime than previously considered,
indicating that broad-band models used to explain the
high-energy emission will need to be revisited, particularly
as far as the optical regime is concerned.
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