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ABSTRACT 

We present multifrequency, quasi-simultaneous spectra for a sample of 11 blazars. The spectral shape of the 
violently variable millimeter to ultraviolet flux is consistent with emission from a very compact single com- 
ponent which becomes self-absorbed at wavelengths longer than ~3 mm. The centimeter emission can be 
attributed to a separate, more slowly varying component. Three out of four optically violent variable (OVV) 
quasars also exhibit evidence of a “UV excess” component. Throughout the millimeter-UV region, the flattest 
spectral slopes, observed when the sources are bright, are all close to —0.7. However, the steepest slopes 
(observed when the sources are fainter) become steeper as one progresses to shorter wavelength. We interpret 
this in terms of successive injections or reaccelerations of electrons in a flaring component, superposed on the 
more slowly varying component which peaks at centimeter wavelengths. We deduce values for the size of the 
flaring regions of 10_3-10_1 pc and magnetic fields of order 1 G. We also deduce that photon energy den- 
sities may dominate over magnetic field energy densities, in which case inverse Compton scattering may be the 
dominant energy loss mechanism in the flaring components. 
Subject headings: BL Lacertae objects — quasars — radiation mechanisms — radio sources: variable 

I. INTRODUCTION 

The highly polarized, violently variable millimeter to ultra- 
violet emission from blazars originates in a compact ( < 1 mas) 
core (Gear et al 1986; Simon et al 1985). The study of the 
millimeter to ultraviolet continuum spectral shape and varia- 
bility of blazars can thus elucidate the emission mechanisms 
operating in these very compact regions. At centimeter and 
longer wavelengths, however, there is generally a contribution 
to the emission from extended (1-10 mas) components. Spec- 
tral decompositions of the radio spectra of blazars by means of 
VLBI observations are thus highly important in order to 
isolate the emission from the compact core. To date such spec- 
tral decompositions have been performed on only a small 
number of blazars, e.g., 3C 345 (Unwin et al 1983). 

The emission from blazars exhibits variability at all 
observed wavelengths, on time scales ranging from roughly 
months at centimeter and longer wavelengths, through roughly 
weeks at submillimeter wavelengths, to roughly days or less in 
the ultraviolet. Because of the relative scarcity of X-ray data 
obtained to date on blazars, the variability time scale at X-ray 

wavelengths is not well determined but observations point to 
different time scales in different sources, ranging from roughly 
months (0735 + 178; Bregman et al 1984) to roughly days (3C 
446; Brown et al 1986). Recent work by Lawrence et al (1987) 
and McHardy and Czerny (1987) indicates that, in at least 
some active galaxies, there are no preferred X-ray variability 
time scales and that the differences in measured time scales 
may in fact be due simply to the varying observational sam- 
pling rates. Thus, simple measures of X-ray variability time 
scales need to be treated with caution. We investigate the 
variability of blazars in detail in a companion paper (Brown 
1989 ; henceforth Paper IV). 

In order to determine the continuum spectral shape of a 
source, it is necessary to obtain quasi-simultaneous observa- 
tions over as wide a spectral range as possible. To this end, we 
have been monitoring since 1982 a sample of 13 blazars in 11 
wave bands between 1 and 1100 pm. The results of this moni- 
toring program up to early 1984 have been discussed in Gear et 
al. (1985, 1986; henceforth Papers I and II, respectively). Sub- 
sequent results are included in this paper. Wherever possible, 
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130 BROWN ET AL. 

we have combined our near-infrared to submillimeter data 
with observations obtained at centimeter, millimeter, and 
optical wavelengths and with centimeter to X-ray data taken 
from data archives and the literature. 

In this paper we present quasi-simultaneous centimeter to 
optical spectra for 11 of the 13 sources discussed in Papers I 
and II. Where possible the spectra also include ultraviolet and 
X-ray data. In each case the quasi-simultaneous spectrum 
which is presented and discussed represents the most complete 
spectral coverage we possess on the source concerned. 

II. OBSERVATIONS 
The criteria for the selection of our sample of sources were 

given in Paper I. Of this sample, 1413 + 135 is not discussed 
here because to date we have obtained very little data on this 
source. The blazar 2251 +158 has also been excluded because 
it is only ~ 10" away from a star, the emission from which we 
suspect may have contaminated some of the near-infrared 
observations. The 11 sources which we shall be discussing are 
listed in Table 1. These sources by no means constitute a full 
sample. However, as Table 1 demonstrates, both BL and Lac 
objects and OVV quasars are well represented, and the sources 
cover a wide range in redshift and luminosity. Thus they 
should be representative of the class of blazars as a whole. 

The reduction of our millimeter to infrared data was 
described in Paper I, while the reduction procedures for the 
centimeter and optical observations were given in Brown et al. 
(1986). Observations at 2.6 and 1.35 cm and 8.1 and 3.4 mm 
were obtained at the Metsahovi Radio Research Station, 
Finland; the reduction procedures are described in Salonen et 
al. (1988). 

IRAS observations were obtained from the IRAS “ Pointed 
Observations” hard copy data archive at the Rutherford 
Appleton Laboratory, UK. The quoted flux densities have 
been converted from the IRAS band fluxes using the 1985 
November absolute calibration (Young et al. 1985). Only 
observations obtained using the DPS macros are included 
here. The absolute calibration of the DPS observations has a 
quoted uncertainty of 2%, 5%, 5%, and 10% at 12, 25, 60, and 
100 /mi, respectively. The uncertainties quoted here are the 
sum of the statistical uncertainties and assumed photometric 
uncertainties of 10% added in quadrature plus the absolute 
calibration uncertainties. 

We have supplemented our data with additional data 
obtained from the literature. Centimeter data were taken for all 
the sources in our sample from Aller et al. (1985). Millimeter 

TABLE l 
Sample 

Source Classification3 Redshift 

0235 + 164   
0420-014   
0735 + 178   
0736 + 017   
0851+202 (OJ 287) 
1253-055 (3C 79) . 
1308 + 326   
1641 + 399 (3C 345) 
1921-293 (OV 236) 
2200 + 420 (BL Lac) 
2223-052 (3C 446) 

B 0.852 
B 0.915 
B 0.424 
O 0.191 
B 0.306 
O, S 0.538 
B 0.996 
O, S 0.595 
B 0.352 
B, S 0.07 
O 1.404 

a B: BL Lac object; O: OVV Quasar; S: Superluminal 
source. 

TABLE 2 
Adopted Values of E(B— V) 

Source E(B-V) 

0235 + 164    0.03 
0420 - 014   0.07 
0735 + 178  0.07 
0736 + 017   0.12 
0851+202   0.02 
1253-055  0.01 
1308 + 326.....    0.01 
1641 + 399     0.00 
1921-293  0.12 
2200 + 420  0.36 
2223-052  0.05 

data were from Salonen et al. (1988). IRAS data were taken for 
0736 + 017 from Landau et al. (1986) and for 3C 345 from 
Bregman et al. (1986). Optical data were taken from Holmes et 
al. (1984), Moles et al. (1985), Bregman et al. (1984, 1986), 
Mufson et al. (1985), Doroshenko et al. (1986), and Landau et 
al. (1986). Ultraviolet data were taken from Worrall et al. 
(1982), Bregman et al. (1984, 1986), Hanson and Coe (1985), 
Malkan and Moore (1986), and Landau et al. (1986). X-ray 
data were taken for O J 287 from Pollock et al. (1985) and for 
3C 446 from Brown et al. (1986). X-ray data on 3C 279 were 
generously given by A. Cavaliere and L. Piro. 

Where necessary, the near-infrared through ultraviolet data 
were corrected for galactic extinction by adopting values for 
E(B- V) predicted by the method of Burstein and Heiles (1982) 
and applying the reddening law of Seaton (1979). No deredden- 
ing has been performed on the near-infrared fluxes of those 
sources for which the effect at these wavelengths is less than 
3%, i.e., within the observational uncertainties. The values 
adopted for E(B— V) are shown in Table 2. Of the 11 sources 
listed in Table 1, only one, BL Lac, shows evidence for signifi- 
cant emission from a host galaxy. It is therefore necessary to 
correct our near-infrared and optical data on BL Lac for the 
(aperture-dependent) contribution from the host galaxy. The 
correction procedure is described in detail in Brown (1988). 
The flux densities calculated for the host galaxy at 17(0.36 /mi), 
B(0.44 /ma), F(0.55 /mi), J(1.25 /mi), H(1.65 /an), K(2.2 /mi), and 
L(3.45 /mi) in various apertures between 6" and 12" are pre- 
sented in Table 3. The uncertainties are difficult to estimate, 
but are of the order of 30% which is assumed here for all 
wavelengths and is added to the observational uncertainty to 
give the total uncertainty of the flux density of BL Lac at the 
wavelength concerned. 

Our observational results are presented in Tables 4-9. These 
observations represent an extensive data base which was 

TABLE 3 
Derived Flux Densities (mJy) for the Host 

Galaxy of BL Lac 

Aperture 
Color 6" 8" 10" 12" 

U   0.14 0.18 0.21 0.23 
B   0.50 0.66 0.76 0.82 
V   ... 1.2 1.6 1.8 1.9 
J   5.2 6.8 7.8 8.4 
H    5.7 7.5 8.6 9.4 
K     3.6 4.7 5.4 5.9 
L   2.0 2.7 3.1 3.3 
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TABLE 4 
Submillimeter-Infrared Flux Densities 

Wavelength (/mi) 

Source UT Date 
1.25 

(mJy) 
1.65 

(mJy) 
2.20 

(mJy) 
3.45 

(mJy) 
10 

(mJy) 
20 

(mJy) 
370 
(Jy) 

770 
(Jy) 

1070 
(Jy) 

0235 + 164. 

0420-014. 
0735 + 178. 

0736 + 017. 

0851 + 202. 

1253-055. 

1308 + 326. 

1641 + 399. 

1921-293. 

2200 + 420. 

2223-052. 

1984 Aug 1-3 
1984 Nov 28 
1986 Feb 24 
1984 Apr 18-21 
1984 Nov 28 
1986 Jan 16 
1986 Feb 19 
1984 Apr 18-21 
1984 Nov 28 
1986 Jan 16 
1986 Feb 19 
1984 Mar 8 
1984 Apr 18-21 
1984 Nov 28 
1984 Dec 22 
1985 Jan 5-8 
1985 Feb 22 
1985 Mar 5 
1985 Apr 24 
1986 Jan 16 
1986 Feb 19-24 
1984 Apr 18-21 
1984 Nov 28 
1985 Feb 22 
1985 Apr 24 
1985 Jun 12 
1985 Jun 14 
1986 Feb 19-24 
1984 Apr 18-21 
1984 Aug 1-3 
1985 Feb 22 
1985 Jun 12 
1986 Feb 21-24 
1984 Mar 8 
1984 Apr 18-21 
1984 May 19 
1984 Aug 1-3 
1985 Mar 5 
1985 Apr 24 
1985 Jun 21 
1986 Jan 10-12 
1986 Feb 20-24 
1983 Sep 18 
1984 Apr 18-21 
1984 Aug 1-3 
1986 Feb 23 
1984 Apr 19 
1984 Aug 1-3 
1985 Aug 24-25 
1986 Feb 20-24 
1984 Jul 18 
1984 Aug 1-6 
1984 Oct 14 
1984 Dec 22 
1985 Jun 13 
1985 Jun 20 
1985 Aug 24-25 

1.0(0.1) 

6.6(0.3) 
2.9(0.1) 

7.1(0.4) 
3.5(0.1) 
4.9(0.2) 

2.9(0.1) 
26.7(1.3) 

6.5(0.1) 
3.0(0.1) 
4.0(0.2) 

10.6(0.5) 

16.5(0.8) 

5.1(0.2) 
1.7(0.1) 
2.7(0.1) 
2.3(0.1) 
1.0(0.1) 
1.8(0.1) 
2.2(0.1) 
2.0(0.2) 
2.3(0.2) 

5.6(0.3) 
2.3(0.1) 
0.5(0.1) 
2.5(0.1) 
2.9(0.2) 
3.2(0.2) 
5.6(0.1) 

2.1(0.1) 
2.2(0.1) 

3.0(0.2) 

5.1(0.1) 

14.6(0.1) 
21.4(1.1) 

1.43(0.04) 
1.27(0.02) 
1.30(0.03) 
0.8(0.1) 
0.62(0.03) 
1.30(0.04) 
0.4(0.1) 

1.9(0.1) 3.0(0.1) 

9.8(0.4) 
4.6(0.4) 

13.9(0.5) 
6.9(0.3) 

4.8(0.7) 

24.8(1.4) 
13.8(2.0) 

9.8(0.5) 13.7(0.7) 24.0(2.0) 
5.1(0.2) 
8.3(0.8) 

8.0(0.2) 
13.1(0.4) 

12.5(1.0) 
26.6(1.5) 

4.1(0.2) 6.6(0.3) 11.2(1.3) 
35.9(1.8) 
9.5(0.2) 
4.6(0.2) 
5.9(0.3) 

47.5(2.4) 
12.8(0.2) 
7.1(0.2) 
9.6(0.5) 

82.3(4.1) 
24.8(1.5) 
14.6(1.3) 
17.2(0.9) 

13.9(0.7) 20.0(1.0) 32.4(1.6) 

22.4(1.1) 29.8(1.5) 

7.8(0.2) 11.8(0.3) 
2.9(0.1) 
4.1(0.4) 
3.4(0.2) 
2.3(0.1) 
2.9(0.1) 
3.6(0.2) 
3.0(0.1) 

4.1(0.2) 
7.0(0.4) 
6.0(0.3) 
3.6(0.2) 
4.8(0.2) 
5.8(0.3) 
4.6(0.5) 

7.8(0.4) 
3.4(0.2) 
0.6(0.1) 
3.8(0.2) 
4.3(0.3) 
4.9(0.2) 
8.1(0.4) 

3.1(0.2) 
3.2(0.2) 

11.8(0.6) 
5.3(0.3) 
0.8(0.1) 
5.6(0.3) 
6.6(0.4) 
7.0(0.3) 

12.2(0.39) 

5.1(0.3) 
5.1(0.3) 

4.6(0.2) 7.3(0.4) 

8.3(0.4) 12.9(0.3) 23.0(2.1) 

20.9(0.8) 
29.9(1.5) 

2.1(0.1) 
2.5(0.1) 
1.3(0.1) 
1-1(0-1) 
1.6(0.1) 

27.4(0.7) 
40.5(2.0) 

3.6(0.1) 
3.2(0.1) 
3.7(0.1) 
2.0(0.1) 
1.7(0.1) 
2.1(0.1) 
0.9(0.1) 

41.4(1.9) 
64.6(3.2) 

9.7(0.3) 
7.5(0.7) 

11.2(3.3) 
3.8(0.2) 

<225 

43(10) 

48(12) 

23.7(0.3) 70(15) 
8.6(0.9) <75 

13.4(0.7) 

11.6(0.6) 
14.4(0.7) 
7.6(0.8) 

3.6(0.2) 5.1(0.2) 12.2(1.3) <40 

21.2(1.1) 
10.2(0.5) 

12.6(0.6) 
15.1(1.7) 
15.4(0.8) 
24.0(1.6) 

10.5(0.5) 
8.8(0.4) 

46(9) 

95(18) <260 

70(14) 

90(14) 240(64) 

37(10) 

4.6(1 

160(35) 6.5(1 •8) 

<1.2 

4.9(1.0) 

7.1(1.0) 

1.5(0.4) 
3.9(0.5) 

3.5(0.8) 

<0.6 

1.1(0.3) 

4.6(0.3) 
4.3(1.0) 

5.9(0.9) 

70(L1) 

1.3(0.4) 
2.9(0.3) 
4.1(0.5) 

3.0(0.7) 3.1(0.4) 
1.8(0.4) 

<5.8 

1.0(0.2) 

4.8(0.9) 5.0(0.5) 

5.0(0.9) 
3.2(0.5) 

2.4(0.4) 
3.4(0.7) 
3.5(0.6) 
6.1(1.7) 
9.0(1.9) 

<2.5 

<3.0 

<8 

6.0(0.9) 
3.5(0.4) 

3.6(0.4) 
3.4(0.3) 
3.8(0.4) 
3.8(0.3) 
6.0(0.7) 

<2.1 
2.3(0.5) 
2.5(0.8) 

1.3(0.3) 

5.2(1.1) 

Note.—The observational uncertainties are enclosed in parentheses. 
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TABLE 5 
NR AO Millimeter Flux Densities (Jy) 

Wavelength (mm) 

Source Date 1.3 2.0 3.3 

0235+164. 
0420-014. 
0735+178. 
0736 + 017. 
0851 + 202. 

1253-055. 

1308 + 326. 
1641 + 399. 

1921-293. 
2200 + 420. 

1984 Mar 3-6 
1986 Mar 3-6 
1986 Mar 3-6 
1986 Mar 3-6 
1984 Feb 29-Mar 6 
1986 Mar 3-6 
1984 Feb 29-Mar 6 
1986 Mar 3-6 
1986 Mar 3-6 
1984 Feb 29-Mar 6 
1986 Mar 3-6 
1986 Mar 3-6 
1986 Mar 3-6 

5.1(0.6) 

4.6(0.9) 
1.1(0.3) 

3.0(0.7) 
4.2(0.8) 
2.1(0.4) 

<1.3 
3.7(0.5) 

<1.0 
<1.1 

5.8(1.0) 
7.7(0.8) 
3.0(0.4) 
6.1(0.7) 
1.6(0.3) 
6.3(0.8) 
4.5(0.5) 
5.4(0.6) 
2.0(0.4) 

1.8(0.2) 
5.0(0.4) 
1.3(0.2) 
1.7(0.1) 

7.4(0.4) 

7.6(0.5) 
1.4(0.1) 

7.5(0.5) 
6.3(0.4) 
2.0(0.1) 

TABLE 6 
IRAS Flux Densities (mJy) 

Wavelength (/mi) 

Source Date 12 25 60 100 

0235+164  1983 Jul 31 64(18) ... 244(45) 500(150) 
0420-014   1984 Aug 26-31 114(30) ... 286(37) 
0735 + 178  1983 Oct 6-13 79(22) 147(43) 279(42) 

1983 Nov 14 90(25) 197(52) 320(66) 
0851+202  1983 Apr 15-May 30 170(16) 406(48) 790(75) 1475(225) 

1983 Oct 24—Nov 16 252(18) 444(46) 1082(100) 1785(260) 
1641 + 399  1983 Jul 17-Sep 9 123(10) 290(25) 730(60) 1390(200) 
2200 + 420  1983 May 30-Jul 16 120(11) 225(20) 455(40) 
2223-052  1983 Nov 8-11 172(17) 340(40) 915(90) 1935(300) 

obtainable only through the cooperation of a number of 
observing groups. We have chosen to present our results 
uncorrected for galactic extinction or emission from a host 
galaxy, or both, for consistency with the results published in 
Papers I and II and elsewhere in the literature. However, we 
have used the corrected data for plotting the blazar spectra, for 
deriving spectral slopes and as the basis for all conclusions 
drawn in this paper. 

in. RESULTS 

Figure \a-\k shows one quasi-simultaneous spectrum for 
each of the sources from our sample. We have combined into 
one “quasi-simultaneous” spectrum all available radio to 
near-infrared data obtained less than ~1 month apart and 
have added optical to X-ray observations if they were obtained 
within less than 9 days of the near-infrared data. This is inevi- 
tably a compromise: ideally one would wish to produce 
spectra for which the radio through X-ray observations were 
obtained at most a few days apart. However, such a program is 
not at present a practical proposition for a large sample of 
sources, because of limitations on telescope time and the diffi- 
culty of coordinating multifrequency observations involving 
many different wavelength regimes. 

IV. DISCUSSION 

a) Overall Spectral Properties 
The spectra presented in Figure 1 are representative of the 

results obtained from combining quasi-simultaneous centi- 
meter through X-ray data on our sample of sources. They 

illustrate the following important characteristics of the spectra 
ofblazars. 

1. The millimeter to UV blazar spectra shown in this paper 
are smoothly continuous, and in Paper IV we show that the 
millimeter to optical variability is well correlated. We therefore 
believe that the millimeter to optical emission is dominated by 
a single violently variable component. 

2. There are two schools of thought concerning the descrip- 
tion of the overall radio through UV/X-ray continuum energy 
distribution of blazars : that the spectra can be best described 
by a combination of power laws, or, alternatively by a singly 
varying function such as a parabola. Brown (1988) discusses 
this in detail and conclude that the available observational 
data are insufficient to discriminate between the two represen- 
tations apart from some particular examples. But, by Occam’s 
razor, we select power laws, which may be understood readily 
in terms of emission from a power-law energy distribution of 
electrons, while acknowledging that at high frequencies curva- 
ture may be present due to electron energy losses and that 
synchrotron self-absorption will be present at low frequencies 
(see characteristics 3-5). 

3. Spectral steepening generally occurs in the mid/near- 
infrared. Such steepening is usually characterized by a clear 
spectral break occurring over less than two octaves in fre- 
quency (see, e.g., Fig. le, l/i, and li). 

4. In the near-infrared, the spectra of the majority of the 
blazars are well fitted by power laws, with further spectral 
steepening occurring in the optical/ultraviolet. Some sources 
exhibit a high-frequency cutoff, characterized by a spectral 
slope of less than —3 and rapid negative curvature of the 
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TABLE 7 
VLA Centimeter Flux Densities (Jy) 

Source 

Wavelength (cm) 

Date 1.3 20 

0235+164. 

0420 - 014. 

0735 + 178. 

0736 + 017. 

0851 + 202. 

1253-055. 
1308 + 326. 

1641 + 399. 

1921-293. 

2200 + 420. 

2223-052. 

1984 Jul 25 
1984 Nov 16-17 
1985 Oct 26 
1985 Oct 28 
1985 Dec 3 
1986 Feb 24 
1984 Jul 25 
1984 Nov 16-17 
1985 Oct 26-28 
1985 Dec 3 
1986 Feb 24 
1984 Apr 18 
1984 Nov 16-17 
1985 Oct 28 
1985 Dec 3 
1986 Feb 24 
1984 Apr 18 
1984 Nov 16-17 
1985 Oct 28 
1985 Dec 3 
1986 Feb 24 
1984 Apr 18 
1984 Nov 16-17 
1985 Oct 28 
1985 Dec 3 
1986 Feb 24 
1984 Apr 18 
1984 Apr 18 
1984 Jul 29 
1984 Nov 16-17 
1985 Dec 3 
1984 Apr 18 
1984 Jul 25 
1984 Apr 13 
1984 Jul 25 
1984 Nov 16-17 
1985 Oct 26 
1985 Dec 3 
1986 Feb 26 
1984 Apr 13 
1984 Jul 25 
1984 Nov 16-17 
1985 Oct 26 
1985 Dec 3 
1986 Feb 26 
1984 Apr 13 
1984 Jul 25 
1985 Oct 26 
1985 Dec 3 
1986 Feb 26 

1.184(0.015) 
0.840(0.054) 
2.359(0.069) 
1.669(0.033) 
1.180(0.018) 

3.329(0.080) 
5.620(0.183) 
6.78(0.10) 
8.789(0.179) 

1.19(0.231) 
1.857(0.028) 
1.337(0.012) 

1.898(0.340) 
2.237(0.041) 
2.178(0.019) 

3.970(1.103) 
5.656(0.040) 
6.638(0.105) 

2.782(0.084) 
4.142(0.116) 
2.756(0.010) 

11.061(0.373) 

9.341(0.158) 
14.206(0.942) 
10.351(0.351) 
10.351(0.351) 
9.760(0.368) 

2.402(0.053) 
2.440(0.102) 
2.183(0.042) 
1.305(0.035) 
1.790(0.071) 

9.232(0.103) 
5.478(0.156) 
3.961(0.079) 
4.107(0.128) 

1.304(0.005) 1.699(0.010) 1.929(0.016) 
0.824(0.024) 1.030(0.007) 1.511(0.003) 
2.266(0.033) 1.138(0.010) 0.819(0.002) 
1.799(0.015) 1.154(0.004) 0.844(0.002) 
1.496(0.009) 1.146(0.003) 0.824(0.002) 
1.700(0.002) 1.411(0.005) 0.872(0.024) 
4.180(0.078) 3.009(0.076) 1.973(0.053) 
5.172(0.080) 3.375(0.018) 2.153(0.008) 
7.82(0.20) 4.20(0.01) 2.23(0.01) 
9.592(0.114) 4.200(0.008) 
7.02(0.01) 4.794(0.019) 2.354(0.044) 
2.060(0.022) 1.933(0.003) 1.869(0.004) 
1.481(0.116) 1.792(0.013) 1.915(0.013) 
1.999(0.015) 1.606(0.005) 1.697(0.014) 
2.076(0.008) 1.616(0.004) 1.827(0.004) 
1.56(0.02) 1.665(0.006) 1.731(0.032) 
1.948(0.022) 1.907(0.004) 2.135(0.005) 
1.784(0.108) 1.683(0.012) 1.923(0.008) 
2.226(0.022) 2.355(0.008) 2.065(0.004) 
2.238(0.011) 2.119(0.005) 2.002(0.005) 
2.73(0.03) 2.295(0.017) 2.007(0.029) 
7.295(0.062) 3.940(0.006) 2.508(0.005) 
4.907(0.461) 2.592(0.018) 1.780(0.012) 
4.977(0.049) 3.951(0.012) 2.366(0.013) 
5.725(0.036) 3.562(0.009) 2.309(0.004) 
4.54(0.06) 3.078(0.017) 2.451(0.029) 
9.859(0.102) 10.347(0.042) 10.111(0.098) 
3.194(0.017) 
2.747(0.049) 
3.807(0.035) 
3.006(0.008) 

12.723(0.003) 
12.034(0.163) 
9.738(0.056) 

12.464(0.078) 
14.518(0.150) 
14.721(0.286) 
14.721(0.286) 
11.728(0.218) 
2.342(0.013) 
2.789(0.027) 
2.381(0.051) 
2.541(0.018) 
2.264(0.015) 
1.857(0.028) 
8.147(0.057) 
9.118(0.076) 
5.789(0.086) 
4.987(0.054) 
4.069(0.043) 

2.011(0.002) 
2.101(0.005) 
2.180(0.005) 
2.467(0.007) 

12.252(0.022) 
12.403(0.067) 
7.996(0.016) 
8.246(0.044) 
9.120(0.020) 
9.501(0.099) 
9.501(0.099) 

11.796(0.602) 
3.012(0.006) 
2.674(0.014) 
2.833(0.024) 
2.113(0.003) 
1.954(0.002) 
1.910(0.086) 
5.905(0.011) 
5.966(0.028) 
4.921(0.012) 
4.679(0.010) 
4.028(0.057) 

1.472(0.016) 
1.484(0.009) 
1.463(0.013) 
1.57(0.21) 
8.587(0.030) 
8.918(0.042) 
6.842(0.051) 

6.449(0.037) 
7.190(0.033) 
7.190(0.033) 
9.329(0.259) 

2.580(0.012) 
2.566(0.017) 
2.440(0.005) 
2.382(0.005) 
1.702(0.013) 
5.843(0.010) 
5.971(0.024) 
6.087(0.017) 
6.135(0.024) 
6.626(0.054) 

spectrum. Such cutoffs usually occur at ultraviolet or shorter 
wavelengths (see, e.g., 3C 446: Fig. Ik) but may on occasion be 
seen in the near-infrared to optical (e.g., 0235 +164; Fig. la). 

5. A spectral turnover or flattening occurs at millimeter- 
submillimeter wavelengths, with the spectral slope at fre- 
quencies below the turnover ranging from ~0 to ~ 1.5. 

6. The 1-6 cm emission in general exhibits two important 
properties : (a) an excess over the extrapolation of the flattish 
millimeter/submillimeter spectrum and (b) a spectral turnover 
at ~2-5 cm (see Fig. 2). These properties suggest strongly that 

the emission in this spectral region is dominated by a synchro- 
tron emission component (separate from the violently variable 
flaring components dominating at higher frequencies) which 
becomes optically thick at ~2-5 cm. The emission from this 
component would be expected to underlie the flaring emission 
components and may be identified with a “quiescent” emis- 
sion component on which the flaring components are super- 
posed (cf. the behavior of the quasar 3C 273; Clegg et al. 1983; 
Robson et al. 1983). Some variability is in fact seen at centi- 
meter wavelengths, but this may largely be due to variations in 
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Source 

0235+164 

0420-014 

0735 + 178 

0736 + 017 

TABLE 8 
B Band Flux Densities (mly) 

Date 
(U.T.) 

1982 Feb 15 
1982 Feb 21 
1982 Oct 12 
1982 Oct 22 
1982 Dec 19 
1982 Dec 22 
1983 Sep 6 
1983 Oct 4 
1984 Jan 3 
1984 Sep 27 
1984 Oct 26 
1984 Nov 16 
1985 Oct 16 
1985 Nov 13 
1986 Jan 12 
1986 Jan 31 
1984 Oct 23 
1984 Nov 23 
1984 Nov 27 
1984 Dec 29 
1985 Jan 22 
1985 Oct 15 
1985 Nov 9 
1985 Nov 16 
1986 Jan 6 
1986 Jan 31 
1982 Mar 17 
1982 Mar 18 
1982 Nov 24 
1982 Dec 18 
1983 Mar 3 
1983 Nov 2 
1983 Nov 12 
1984 Jan 8 
1984 Mar 1 
1984 Mar 25 
1984 Mar 30 
1984 Oct 23 
1984 Oct 26 
1984 Nov 19 
1984 Nov 24 
1984 Nov 29 
1985 Jan 15 
1985 Jan 22 
1985 Jan 26 
1985 Feb 16 
1985 Feb 19 
1985 Mar 15 
1985 Mar 18 
1985 Mar 19 
1985 Oct 15 
1985 Nov 19 
1985 Dec 11 
1985 Dec 15 
1985 Dec 17 
1986 Jan 6 
1986 Jan 12 
1986 Jan 31 
1986 Feb 3 
1986 Mar 6 
1986 Mar 31 
1982 Mar 17 
1982 Nov 24 
1982 Dec 18 
1983 Mar 3 
1984 Jan 8 
1984 Nov 19 
1985 Jan 22 
1985 Feb 16 

B 

0.6 ± 0.1 
0.5 + 0.1 

0.15 + 0.03 
0.09 ± 0.02 
0.30 + 0.03 
0.38 ± 0.04 
0.20 + 0.02 
0.40 + 0.03 
0.16 ± 0.02 
0.08 ± 0.01 
0.13 + 0.01 
0.06 ± 0.01 
0.08 ± 0.01 
0.09 ± 0.01 
0.08 ± 0.02 
0.08 + 0.01 
0.24 ± 0.07 
0.23 + 0.05 
0.14 ± 0.03 

< 0.6a 

0.20 ± 0.04 
0.41 ± 0.08 
0.29 ± 0.05 
0.27 ± 0.04 
0.45 ± 0.05 
0.22 + 0.02 

3.0 + 0.4 
3.4 + 0.2 
3.0 ± 0.5 
4.0 ± 0.6 
2.0 + 0.3 
2.4 ± 0.4 
2.0 ± 0.1 
1.4 ± 0.1 
2.3 ± 0.1 
1.3 ± 0.2 
1.5 + 0.2 

0.56 ± 0.13 
0.74 ± 0.10 
0.53 ± 0.03 
0.69 ± 0.04 
0.65 ± 0.04 

1.0 ± 0.1 
1.1 ±0.1 
1.6 ±0.1 
2.1 ± 0.1 
1.5 ± 0.3 
2.3 ± 0.3 
2.5 ± 0.2 
1.6 ± 0.2 
2.2 ± 0.2 
3.0 ± 0.2 
3.4 ± 0.3 
3.4 ± 0.3 
3.5 ± 0.1 
2.2 ± 0.2 
2.6 ± 0.4 
2.5 ± 0.2 
2.3 ± 0.3 
1.4 ±0.1 
1.5 ± 0.1 
1.2 ± 0.1 
0.7 ± 0.1 
1.0 ± 0.1 
1.1 ± 0.1 
1.3 ± 0.1 
1.6 ±0.1 

2.3b 

1.5 ± 0.1 

Source 

0851 + 202 

1253-055 

1308 + 326 

Date 
(U.T.) 

1985 Dec 15 
1986 Jan 6 
1986 Feb 2 
1986 Mar 7 
1984 Nov 24 
1984 Nov 29 
1985 Jan 15 
1985 Jan 21 
1985 Jan 26 
1985 Feb 16 
1985 Feb 19 
1985 Mar 15 
1985 Mar 19 
1985 Mar 23 
1985 Apr 10 
1985 Nov 17 
1985 Nov 19 
1985 Dec 11 
1985 Dec 15 
1985 Dec 17 
1986 Jan 6 
1986 Jan 12 
1986 Jan 14 
1986 Jan 31 
1986 Feb 1 
1986 Feb 13 
1986 Mar 6 
1986 Mar 31 
1982 Mar 3 
1982 Mar 18 
1982 Mar 31 
1982 May 16 
1983 Mar 10 
1983 May 12 
1984 Mar 1 
1984 Apr 21 
1984 May 7 
1984 May 20 
1985 Mar 24 
1985 Apr 11 
1985 Jul 10 
1986 Feb 13 
1986 Mar 19 
1982 Mar 18 
1982 Jun 20 
1983 Mar 12 
1983 May 13 
1983 Jun 5 
1983 Jul 6 
1984 Jan 8 
1984 Jan 29 
1984 Feb 9 
1984 Mar 1 
1984 Mar 9 
1984 Apr 5 
1984 Apr 7 
1984 May 20 
1984 Jun 1 
1985 Feb 16 
1985 Mar 20 
1985 Mar 24 
1985 Mar 26 
1985 Apr 17 
1985 Apr 18 
1985 Apr 23 
1985 May 15 
1985 May 17 
1985 May 24 
1985 May 25 

B 

1.3 ± 0.1 
1.4 ± 0.1 
1.2 ± 0.1 
1.1 ± 0.1 

0.80 ± 0.04 
0.37 ± 0.06 

1.3 ± 0.1 
3.1 ± 0.1 
2.5 ± 0.3 
2.6 ± 0.4 
1.9 ± 0.4 
2.8 ± 0.3 
1.6 ± 0.2 
1.7 ± 0.4 
2.0 ± 0.1 
1.1 ± 0.1 

0.89 ± 0.04 
3.8 ± 0.3 
0.9 ± 0.1 
1.2 ± 0.3 
0.8 ± 0.1 

0.77 ± 0.05 
0.76 ± 0.08 
0.42 ± 0.08 

0.9 ± 0.2 
0.95 ± 0.14 

1.5 ± 0.1 
1.8 ± 0.2 
0.5 ± 0.1 

0.56 ± 0.02 
0.6 ±0.1 
1.0 ± 0.3 
1.1 ±0.1 

0.45 ± 0.04 
1.0 ± 0.2 

0.54 ± 0.03 
0.33 ± 0.04 
0.29 ± 0.06 
0.47 ± 0.07 

0.5 ± 0.1 
< 0.7a 

0.8 ± 0.1 
19.7 ± 4.1 
0.7 ± 0.1 

0.37 ± 0.07 
2.1 ± 0.3 
2.0 ± 0.4 
2.4 ± 0.4 
0.9 ± 0.1 
0.5 ± 0.1 
0.7 ± 0.1 
0.7 ± 0.1 
0.7 ± 0.1 
0.7 ± 0.1 
0.7 ± 0.1 
0.8 ± 0.1 
0.5 ± 0.1 
0.6 ± 0.1 
0.9 ± 0.2 
0.5 ± 0.1 
0.6 ± 0.1 
0.6 ± 0.2 
0.4 ± 0.1 

0.40 ± 0.05 
0.42 ± 0.06 
0.34 ± 0.06 
0.48 ± 0.03 
0.45 ± 0.06 

0.6 ± 0.1 

134 
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TABLE 8—Continued 

Source 
Date 

(U.T.) B Source 
Date 

(U.T.) B 

1641 + 399. 

1985 Jun 19 
1985 Jun 20 
1985 Jul 8 
1985 Jul 17 
1986 Feb 13 
1986 Mar 18 
1986 Apr 2 
1986 Apr 11 
1982 May 17 
1982 Aug 14 
1982 Oct 12 
1983 Apr 13 
1983 May 11 
1983 May 12 
1983 Jun 10 
1983 Jul 5 
1983 Jul 15 
1983 Aug 10 
1983 Sep 6 
1983 Sep 31 
1984 Apr 5 
1984 Apr 25 
1984 Jun 2 
1985 Feb 19 
1985 May 17 
1985 May 25 
1985 Jun 24 
1985 Jul 7 
1985 Jul 24 
1985 Sep 8 
1985 Oct 15 
1986 Apr 3 
1986 Apr 12 

0.7 ± 0.1 
0.5 ± 0.1 
0.3 ± 0.1 

0.75 ±0.15 
0.21 ± 0.03 
0.20 ± 0.03 

0.4 ± 0.1 
0.3 ± 0.1 
3.2 ± 0.7 
3.7 ± 0.3 
3.3 ± 0.5 
2.3 ± 0.2 
2.2 ± 0.6 
2.2 ± 0.2C 

1.9 ± 0.2 
1.8 ± 0.2 
1.9 ± 0.3 
1.7 ± 0.3d 

2.1 ± 0.3 
1.7 ± 0.2 
1.2 ± 0.2 
1.3 ± 0.1 
1.4 ± 0.2 

1.22 ± 0.05 
0.8 ± 0.1 
0.9 ± 0.1 
0.7 ± 0.2 
0.8 ± 0.1 
0.9 ± 0.1 
1.2 ± 0.2 
1.0 ± 0.3 
1.1 ±0.1 
1.1 ± 0.1 

1921-293. 

2200 + 420. 

2223-052. 

1982 Sep 14 
1982 Oct 10 
1983 Aug 8 
1983 Sep 28 
1984 Apr 7 
1984 Aug 28 
1985 Jul 22 
1985 Sep 9 
1985 Oct 7 

1982 Aug 14 
1982 Sep 14 
1982 Dec 18 
1983 Jun 11 
1983 Jul 6 
1983 Jul 9 
1983 Aug 9 
1983 Oct 1 
1984 Apr 25 
1984 Jun 2 
1984 Oct 19 
1984 Nov 25 
1985 Jul 22 
1985 Oct 8 
1985 Oct 15 
1985 Nov 6 
1985 Nov 14 

1982 Sep 14 
1983 Jul 12 
1983 Aug 10 
1983 Sep 5 
1983 Oct 1 
1984 May 31 

1.7 ± 0.5a 

1.6 ±0.2 
0.9 ± 0.1 
1.1 ±0.1 
0.9 ± 0.2 

<1.4 
0.25 ± 0.02 

0.5 ± 0.2 
0.34 ± 0.04 

0.7 ± 0.1 
1.0 ± 0.1 
1.2 ± 0.2e 

1.0 ±0.1 
1.2 ± 0.2 
1.2 ± 0.2 
1.6 ± 0.2 
2.2 ± 0.2 
1.4 ± 0.1 
1.6 ± 0.2 
3.3 ± 0.7 
3.1 ± 0.6 
2.9 ± 0.5 
3.3 ± 0.4 
2.5 ± 0.3 
1.9 ± 0.3 
2.5 ± 0.6 

3.2 ± 0.5 
0.6 ± 0.1 
4.2 ± 0.8 
1.9 ± 0.3 
1.4 ± 0.2 

0.44 ± 0.06 
a Poor plate. 
b Eye estimate. 
c U: 1.5 ± 0.1; F: 2.5 ± 0.1. 
d F: 1.8 ±0.1. 
e C/:0.4 ± 0.1; F: 3.0 ±0.3. 

the contribution from the violently variable components. An 
important item for future study will be to determine the 
relationship between the millimeter and the centimeter emis- 
sion with good-quality frequency and temporal domain sam- 
pling. 

7. Many OVV quasars exhibit an optical/ultraviolet excess 
over an extrapolation of the near-infrared continuum, particu- 
larly noticeable when the OVV quasar is in a low state. To 
illustrate this point, we present in Figure 3 near infrared to 
optical spectra for the sources at all epochs for which quasi- 
simultaneous (within <9 days) data are available. Four of the 
five BL Lac objects (0735 +178, OJ 287, OV 236, and BL Lac) 
do not exhibit any excess in the optical at any epoch of obser- 
vation. In contrast, 1308 + 326 does appear to exhibit a slight 
optical excess at one epoch, when very faint. However, three of 
the four OVV quasars (0736 + 017, 3C 279, and 3C 345) do 
exhibit a definite optical excess at most epochs of observation, 
this excess being particularly prominent when the OVV quasar 
concerned is in a low state. 

In the case of the fourth quasar, 3C 446, we lack quasi- 
simultaneous near infrared to optical data when it is in a low 
state. However, as discussed in Brown et al (1986), support for 
an excess being present is provided by the 1964 October UBV 
data of Sandage, Westphal, and Strittmatter (1966) when 3C 
446 was very faint. They found that the spectrum was roughly 

flat at 0.4+-0.36 /an, suggesting that this OVV quasar also 
exhibits an optical excess when in a low state. 

The spectral shape of the optical/ultraviolet excess observed 
in the spectra of 3C 345 and 0736 + 017 has been examined in 
detail (Bregman et al 1986; Malkan and Moore 1986; Edelson 
and Malkan 1986) and has been shown to be similar to that of 
the “blue bump” exhibited by Seyfert 1 galaxies and low- 
polarization quasars. The blue bump has been attributed to a 
combination of Balmer continuum emission and thermal emis- 
sion from an accretion disk of temperature 20,000-30,000 K 
(Malkan and Sargent 1982). An alternative explanation has 
been put forward by O’Dell, Scott, and Stein (1987), who 
suggest that the blue bump may be attributed to synchrotron 
emission from secondary electrons which result from pair cre- 
ation consequent to inelastic collisions of relativistic protons 
with a dense ambient gas. 

It is notable that to date no evidence for the presence of a 
blue bump has been found in the spectrum of a BL Lac object. 
For example, Moles et al (1985) found that the optical con- 
tinua of a sample of 17 BL Lac objects were well reproduced by 
power laws at all epochs of observation, and this was further 
confirmed by the IUE UV data from Ghisellini et al (1986). 
Although our observations indicate that BL Lac objects which 
are in a low state may, on rare occasions, exhibit an optical/ 
ultraviolet excess (e.g., 1308 + 326: Fig. lg\ this excess is small. 
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TABLE 9 
Metsahovi Millimeter/Centimetre Flux Densities (Jy) 

Source 

0235 + 164 

0735 + 178 

0736 + 017 

0851 + 202 

1253-055 

1308 + 326 

1641 + 399 

Wavelength 
Date 
(U.T.) 3.4 mm 8.1 mm 1.3 cm 

1985 Oct 24 
1986 Jan 10 
1986 Jan 16 
1986 Jan 18 
1986 Feb 11 
1986 Feb 17 
1986 Feb 20 
1986 Jan 10 
1986 Jan 16 
1986 Jan 18 
1986 Feb 1 
1986 Feb 14 
1986 Feb 19 
1986 Feb 25 
1986 Apr 6 
1986 Jan 10 
1986 Jan 17 
1986 Feb 25 
1985 May 18 
1985 Oct 24 
1986 Jan 11 
1986 Jan 17 
1986 Jan 18 
1986 Feb 6 
1986 Feb 7 
1986 Feb 11 
1986 Feb 15 
1986 Feb 20 
1986 Feb 21 
1986 Feb 24 
1986 Apr 7 
1986 Apr 13 
1986 Apr 24 
1985 May 19 
1985 Jul 15 
1986 Jan 17 
1986 Jan 18 
1986 Feb 3 
1986 Feb 4 
1986 Feb 22 
1986 Apr 8 
1985 May 16 
1986 Jan 17 
1986 Jan 19 
1986 Feb 3 
1986 Feb 4 
1986 Feb 9 
1986 Feb 25 
1986 Apr 5 
1986 Apr 13 
1985 May 17 
1985 Oct 20 
1986 Jan 10 
1986 Jan 17 
1986 Jan 18 
1986 Jan 19 
1986 Feb 3 
1986 Feb 4 
1986 Feb 10 
1986 Feb 17 
1986 Feb 26 
1986 Apr 8 
1986 Apr 13 
1986 Apr 23 

2.03 

1.12 

6.64 
5.36 

7.21 
8.46 
8.32 
4.77 
3.72 

7.42 
2.59 

1.58 
1.44 
5.20 
6.60 

1.37 

1.49 
1.61 
1.44 

1.07 

1.12 
1.24 
1.12 

1.14 

1.63 

1.57 

3.97 

3.96 
4.86 

5.36 

6.08 

6.52 

8.24 

8.38 

2.04 

2.05 
2.06 

8.99 

9.18 

9.72 
9.29 
9.03 

57 

46 

35 

39 

27 

4.41 

4.74 

19 

11 

6.25 
6.80 
6.04 

2.25 

2.47 

2.28 

10.41 
10.63 

02 

10.71 

136 
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MULTIFREQUENCY OBSERVATIONS OF BLAZARS. III. 137 

TABLE 9—Continued 

Wavelength 

Source 
Date 
(U.T.) 3.4 mm 8.1 mm 1.3 cm 

2200 + 420. 

2223-052  

Flux uncertainties . 

1985 Aug 14 
1985 Aug 30 
1985 Oct 24 
1985 Dec 1 
1986 Feb 2 
1986 Feb 11 
1986 Feb 17 
1986 Feb 19 
1986 Feb 25 
1986 Apr 8 
1986 Jan 11 
1986 Jan 17 

1.09 
1.69 
1.29 
1.28 

1.59 

0.30 

1.68 
1.66 
1.72 

2.05 

3.36 

0.20 

1.68 

1.60 

3.67 
0.20 

8. The X-ray spectra often exhibit an excess over an 
extrapolation of the near-infrared/ultr a violet continuum with 
a flatter spectral slope (e.g., 3C 446: Fig. Ik). However, the 
spectrum of OJ 287 presented here (Fig. le) is consistent with a 
continuation of the near-infrared to ultraviolet continuum, 
with some spectral steepening occurring between the near- 
infrared/ultraviolet and X-ray wavelength regimes. Marashi et 
al. (1986) discuss X-ray properties of blazars in detail, however, 
our samples contain only two common sources. 

The combination of spectral properties of 1-4 listed above 
indicates that the centimeter to ultraviolet emission of blazars 
originates from at least two synchrotron components. Self 
absorption of the synchrotron flux occurs at low frequencies, 
while radiative energy losses affect the electrons at high fre- 
quencies, resulting in the observed spectral steepening. The 
high-frequency cutoff which is sometimes observed can be 
attributed to a high-energy cutoff in the electron energy dis- 
tribution. Additional evidence for the synchrotron origins of 
the centimeter to ultraviolet flux is provided by the high 
polarization and violent variability seen throughout this wave- 
length region. The flux variations can be understood in terms 
of recurrent injections/reaccelerations of the emitting electrons 
with subsequent radiative decay (see also Paper II). The 
optical/ultraviolet excesses seen in the spectra of blazars, par- 
ticularly when they are in a low state, are indicative of one or 
more separate (and probably nonsynchrotron) emission com- 
ponents which may be concealed when the violently variable 
“ flaring ” emission is in a high state. 

The 1984 February X-ray spectrum of OJ 287 shown in 
Figure le appears to be the high-frequency tail of the variable 
millimeter-optical synchrotron spectrum, while the X-ray 
spectra of 3C 446 and 3C 279 are consistent with inverse 
Compton emission from the electrons responsible for the syn- 
chrotron radiation. In particular, the X-ray spectral slope of 
roughly —0.8 observed in 3C 446 is in agreement with the 
slope of —0.75 expected from a population of relativistic elec- 
trons of power-law energy distribution N(E) = KE~2 5. We 
shall show in § IVb that the near-infrared to ultraviolet spectra 
of the blazars are indicative of such an electron energy dis- 
tribution. 

b) Spectral Indices in the Far-Infrared to Ultraviolet 
The spectral index of a power-law spectrum is given by 

d(log Fv)/d(\og v) and corresponds to the slope of the spectrum 
on a log flux density versus log frequency plot. In Table 10 are 

presented the maximum, minimum, and mean spectral indices 
for each source obtained from our data set for (a) the far/mid- 
infrared (~ 10-1100 jum), (b) the near-infrared (~l-5 pm), (c) 
the optical, and (d) the ultraviolet wavelength regions. Of 
course, the maximum and minimum spectral indices shown 
can, strictly speaking, be regarded only as lower and upper 
limits, respectively: however, Table 10 demonstrates some very 
interesting trends for the spectral slopes of the blazars as a 
class in the various wavelength regions. 

1. The mean spectral slope observed in the near-infrared 
wavelength region is steeper than that observed in the far/mid- 
infrared. This result reflects the presence of the mid/near- 
infrared spectral break noted previously. In the near-infrared 
to ultraviolet the mean spectral slope generally exhibits further 
steepening, except for those sources whose spectra show evi- 
dence for an optical/ultraviolet excess (see number 4 below). 

2. In the far/mid-infrared, the maximum and minimum 
spectral indices, amax and amin, observed for the whole sample 
are approximately —0.7 and approximately —1.4, respectively. 

3. In the near-infrared, amax for the sample is again roughly 
— 0.7 but amin is steeper than that observed in the far/mid- 
infrared at roughly —1.9. 

4. As noted previously, the spectra of OVV quasars in 
general exhibit an optical/ultraviolet excess over an extrapo- 
lation of the near-infrared spectrum. The optical spectra of 
OVV quasars which are in a low state are not well fitted by 
power laws, and the derived spectral indices are significantly 
flatter than those obtained when the quasars are brighter. Thus 
for these sources it is difficult to derive the optical spectral 
slope of the power law synchrotron emission. If we consider the 
BL Lac objects only, the value obtained for amax in the optical 
is roughly —0.7, the same as observed at lower frequencies. 

The sources for which the steepest observed spectral slope 
coincides with rapid spectral curvature suggestive of a high- 
frequency cutoff are indicated in Table 10. If we exclude these 
sources, we obtain a value for amin of roughly —2.2 in the 
optical, similar to the value obtained in the near-infrared. 
(Note: the source for which the greatest number of measure- 
ments of the optical spectral index have been obtained, 
1308 + 326 [33 observations taken from a histogram presented 
in Mufson et al. 1985] virtually spans the range in optical 
spectral index displayed by the sample as a whole, with 
-2.0<a< -0.7.) 

5. In the ultraviolet amax is roughly —0.8, similar to the 
value obtained at longer wavelengths. amin is approximately 
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Fig. 1.—(a-k) Quasi-simultaneous multifrequency spectra of 11 blazars. Error bars are shown where the observational uncertainties exceed 10%. The epochs of 
observations are: 0235, 1983 August; 0420, 1983 March; 0735, 1983 September; 0736, 1983 March; OJ 287, 1984 February; 3C 279, 1984 February; 1308, 1986 
February; 3C 345,1983 September; OV 236,1983 August; BL Lac, 1983 August; 3C 446,1983 November. 
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— 2.2, similar to the values obtained in the near-infrared and 
optical wavelength regions. 

V. INTERPRETATION 

Our results suggest that the emission from blazars can be 
understood in terms of a multicomponent model : 

(1) a “quiescent” emission component, which domi- 
nates the centimeter emission, the variation of which is 
responsible for the long-term (roughly of years) variations 
observed at these wavelengths. This component extends to 
shorter wavelengths where it is masked by component 2; 

(2) a violently variable “flaring” emission component 
which dominates the millimeter to ultraviolet emission, 
and which rises and decays on a time scale roughly of days 
to weeks; 

(3) an additional emission component which is possibly 
thermal in origin and is observed in the optical/ultraviolet 
spectra of OVV quasars. 

As discussed in Papers I and II, there is convincing evidence 
in favor of relativistic beaming in blazars. The fact that VLBI 
maps show the presence of jet-like structures in superluminal 
sources has led to a growing consensus that these VLBI struc- 
tures reveal the orientation of a relativistic jet which is directed 

Fig. 2.—Spectra of nine blazars for which we have quasi-simultaneous 
centimeter through infrared data. The separate centimeter component is 
clearly visible for most of the sources. Error bars are shown when the observa- 
tional uncertainties exceed 10% and the ordinate is labeled in factors of 10. 
Observations dates were 0420, 1983 March; 0736, 1983 April; OJ 287, 1983 
April; 3C 279,1983 March; 1308,1984 February; 3C 345, 1983 April; OV 236, 
1984 August. Dashed line shows a reasonable extrapolation from otherwise 
well sampled data in frequency space. 
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Fig. 3b 
Fig. 3.—{a-f) Quasi-simultaneous near-infrared to optical spectra of nine blazars. The optical excess over a power law extrapolated from the infrared can be 

clearly seen in the case of the OVV quasars 0736, 3C 345, and 3C 279 when they are in a low state. The BL Lac object 1308 may represent an intermediate case. Error 
bars are shown where the observational uncertainties exceed 10%. 

toward the observer and which is responsible for the observed 
beaming. 

Recent polarization measurements of compact radio sources 
indicate that the magnetic fields are largely turbulent (Jones et 
al. 1985). OJ 287,3C 345, BL Lac, and 3C 454.3, however, show 
clear evidence for a net magnetic field direction in the compact 
“core” aligned orthogonal to the direction of the observed 
VLBI structures and thus to the axis of the inferred relativistic 
jet (Jones et al. 1985; Brindle et al. 1986). BL Lac appears to 
develop orthogonal fields during some outbursts, a phenome- 
non which Jones et al. (1985) suggest may result from shock 
compression of the magnetic field. 

This evidence suggests a scenario where the quiescent emis- 
sion component is identified with emission from the bulk of a 
relativistic jet aligned close to the line of sight, while the flaring 
components arise in smaller regions of enhanced emission 
within the jet which result from local injections or reaccelera- 
tions of the emitting electrons. [Reacceleration of electrons 
could be the result of the passage of a shock through the jet 
(see, e.g., Marscher and Gear 1985).] 

a) Centimeter Emission 
The centimeter to near-infrared spectra shown in Figure 1 of 

two sources, 3C 345 and BL Lac, are consistent with a single 
emission component with a slow turnover due to self- 
absorption occurring at millimeter to centimeter wavelengths. 
However, as discussed in § IV, the centimeter emission in 
general exhibits an excess over an extrapolation of the milli- 

meter spectrum and a turnover at ~2-5 cm, strongly sugges- 
tive of the presence of an additional spectral component which 
dominates the centimeter emission. Due to the violent variabil- 
ity of the blazars, it is not surprising that this “quiescent” 
component is rarely, if ever, observed at millimeter to ultra- 
violet wavelengths. 

b) Millimeter-Ultraviolet Emission 
We can compare the range of the spectral index a observed 

in the various wavelength regions above the spectral turnover 
with theoretical predictions of the value of a for optically thin 
synchrotron emission from a population of relativistic elec- 
trons of power-law energy distribution N(E) = KE~S. The 
“canonical” value of s, corresponding to that deduced for 
many galactic and extragalactic sources, is ~ 2.5. The spectral 
slope of optically thin synchrotron emission from such a popu- 
lation of electrons, whose energy distribution is unmodified by 
energy losses, is (1 — s)/2 » —0.75. This slope is in agreement 
with the flattest slopes observed at far-infrared to ultraviolet 
wavelengths (apart from the slopes derived for the optical/ 
ultraviolet spectra of OVV quasars which exhibit a “blue 
bump ”). 

If the electrons lose energy radiatively while experiencing 
continuous injection into, or reacceleration in, a magnetic field, 
then at low frequencies, where energy losses are not important, 
the spectral slope is roughly —0.75. Above a break frequency 
vb radiation losses steepen the spectrum to a slope of —5/ 
2 æ —1.25 (Kardashev 1962). Alternatively, if the electrons 
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experience an instantaneous burst of injection or reaccelera- 
tion, and subsequently lose energy radiatively, the spectrum 
steepens at a break frequency v'b from its initial slope of 
(1 — s)/2 to a slope of —(2s + l)/3 » — 2 (Kardashev 1962). 

If we attribute the flare events which are seen in the emission 
of blazars to repeated injections/reaccelerations of the emitting 
electrons which subsequently decay radiatively (see also Paper 
II), the spectral index of the optically thin flux would be 
expected to vary between approximately —0.75 and approx- 
imately — 2. In the absence of a high-frequency cutoff, this 
range of spectral index is indeed observed at near-infrared to 
ultraviolet wavelengths. If a high-energy cutoff occurs in the 
electron energy distribution, a high-frequency cutoff is 
observed in the spectrum, and in this case, of course, amin is 
steeper than — 2. 

The minimum spectral slope in the far/mid-infrared is flatter 
than —2. We attribute this to the longer electron lifetimes in 
this wavelength region (see below). A new flare is likely to 
occur before the far/mid-infrared spectral slope has steepened 
to —2, with the emission from the new component subse- 
quently dominating the spectrum. 

Obviously, variability studies are required to understand 

more fully the emission mechanisms of blazars. However, the 
quasi-simultaneous spectra do suggest strongly that the behav- 
ior of the optically thin violently variable millimeter/ 
submillimeter to near-infrared emission of blazars can be 
explained in terms of simple synchrotron theory, ruling out 
any necessity for the introduction of more exotic emission 
mechanisms. 

The fact that the infrared to ultraviolet fluxes of blazars are 
seen to vary together on a time scale of days to weeks (see, e.g., 
Paper II; Holmes et al 1984) indicates that the flaring regions 
are small (r æ 10_3-10-2 pc), where r is approximately the 
radius of the flaring region. There is in general evidence for a 
smooth radial dependence of the magnetic field B and electron 
number density ne in these regions; however, since the regions 
are small we shall use the slab-geometry approximation of 
Burbidge, Jones, and O’Dell (1974). As pointed out by 
Bregman et al (1984), the slab model is useful even when the 
approximation of homogeneity is not valid, as it provides 
average values of the magnetic field and electron number 
density, weighted by the regions of plasma which contribute 
most strongly to the emission. 

We follow the method of Paper I to obtain approximate 
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values for r for our sample of blazars and use the slab approx- 
imation to obtain estimates for B. Table 11 presents values for 
r and B, calculated for the quasi-simultaneous spectra present- 
ed in § II. We have assumed that the mean angle 0 between B 
and the line of sight to the observer is ~.7t/2; this assumption is 
valid if the magnetic field is largely turbulent, as suggested by 
the observational evidence (Jones et al 1985). 

Table 11 shows that typically r~ 1013-1015 m (~10-3- 
10“1 pc) and B ~ 1 G. Thus the flaring regions are small, as 
indicated by the variability time scale, with strong magnetic 
fields. 

Again following the methods set out in Paper I, we can also 
obtain estimates for the magnetic, photon, and particle energy 
densities, w(m), w(ph), and u(e). Estimate u(e) depends on the 
characteristic Lorentz factor yl of the relativistic electrons radi- 
ating at the low-frequency cutoff, vh which is not directly 
observable. However, it is possible to restrict the possible range 
of u(e) since Wardle (1977) set a lower limit of ~ 50 on yt and, in 
addition, yt < ym, where ym is the characteristic Lorentz factor 
of the electrons radiating at the turnover frequency vm [u(e) is 
not very sensitively dependent on y* ; a change in yt from 50 to 
200 results in a reduction of u(e) by only a factor of ~2], 

Values of u(m) and w(ph) and the possible range of u(e) have 
been estimated for each of our quasi-simultaneous spectra and 
the results are presented in Table 12. The uncertainties 
involved in this analysis are large. In particular, w(ph) is quite 
sensitively dependent on the bulk Doppler factor @ of the 
emitting electrons, for which we assume a value of 5 (see Paper 
I; Madau, Ghisellini, and Persic 1986). Should @ ~ 5 not be a 
good assumption, w(ph) may differ by up to one order of mag- 
nitude from the value obtained here. In addition, should the 
assumption of 6 ~ %ß not be valid, the value of B may also be 
greater than that obtained here by up to one order of magni- 
tude. However, it does seem clear that the relativistic electrons 
dominate the energy density of the flaring regions [u(e) > u(m), 
w(ph)], although the dominance is not as overwhelming as is 
indicated for more extended regions (see, e.g., Burbidge et al. 
1974). In addition, our results indicate that probably 
w(ph) > u(m): thus inverse Compton radiation is a very impor- 
tant, possibly the dominant, energy loss mechanism in these 
regions. 

Given u(m) and w(ph), it is possible to estimate vb, the break 
frequency expected a time T after the commencement of a flare, 
by assuming that the radiative cooling time of the electrons 
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TABLE 10 
Maximum, Minimum, and Mean Spectral Indices in the Far-Infrared to Ultraviolet* 

Source Far/Mid-IR Near-IR Optical UV 
0235+164: 

Maximum 
Minimum . 
Mean   

0420 - 014: 
Maximum 
Minimum . 
Mean   

0735+178: 
Maximum 
Minimum . 
Mean   

0736 + 017: 
Maximum 
Minimum . 
Mean   

0851 + 202: 
Maximum 
Minum ... 
Mean   

1253-055: 
Maximum 
Minimum . 
Mean   

1308 + 326: 
Maximum 
Minimum . 
Mean   

1641 + 399: 
Maximum 
Minimum . 
Mean   

1921-293: 
Maximum 
Minimum . 
Mean   

2200 + 420: 
Maximum 
Minimum . 
Mean   

2223-052: 
Maximim 
Minimum 
Mean   

-0.74 + 0.04 
-1.0 ±0.2 

-0.9(6) 

-1.23 ±0.04 
-1.3 ±0.2 

-1.2(2) 

-0.77 ± 0.05c 

-0.88 ± 0.05c 

-0.7 ± 0.1 
-1.0 ±0.1 

-0.85(7) 

0.9 ± 0.3 
-1.1 ±0.1 

-1.0(2) 

—0.9 ± 0.1c 

-0.8 ± 0.1 
-1.06 ±0.04 

-0.95(7) 

— 1.18 ± 0.04b 

-0.8 ±0.1 
-0.9 ± 0.1 

-0.8(3) 

-0.76 ± 0.03 
-1.1 ±0.1 

-0.9(4) 

—1.25 ± 0.03b 

-1.8 ±0.1 
-1.6(6) 

-1.0 ±0.1 
-1.3 ±0.1 

-1.1(2) 

-0.7 ± 0.2 
-1.5 ±0.1 

-1.2(9) 

-1.2 ±0.1 
-1.7 ±0.1 

-1.4(6) 

-0.7 ± 0.1 
-1.6 ±0.1 

-1.2(20) 

-1.3 ±0.1 
-1.9 ±9.1 

-1.7(9) 

-1.1 ±0.1 
-1.5 ±0.1 

-1.7(9) 

-1.05 ±0.02 
-1.74 ±0.05 

-1.5(19) 

-1.3 ±0.1 
-1.5 ±0.1 

-1.4(3) 

—0.9f(6) 

-1.22 ± 0.03 
-1.9 ±0.1 

-1.6(8) 

-2.9 ± 0.1b 

-4.8 ± 0.1b 

-3.9(7) 

-0.7 ± 0.3 
-3.3 ±0.1b 

-1.7(14) 

-0.5 ± 0.1d 

-1.6 ± 0.1d 

-0.9(4) 

-1.1 ±0.1 
-1.8 ±0.2 

-1.3(29) 

—0.6 ± 0.1c,d 

- — 0.7e 

~ —2.0e 

--1.3C(33) 

-0.8 ± 0.1d 

-1.5 ±0.1d 

-1.2(4) 

-1.6 ±0.2 
-2.2 ± 0.2 

-2.0(4) 

-0.5 ± 0.2 
-2.1 ±0.3 

-1.5(11) 

-1.5 ±0.1 
- 2.0 ± 0.2 

-1.7(4) 

-1.8 ± 0.1c 

-0.8 ± 0.1 
-1.9 ±0.1 
-1.4(13) 

-1.2 ± 0.1d 

-2.1 ±0.2 
-1.8(6) 

-1.7 ±0.3 
-2.2 ± 0.4 

-2.1(4) 

* At least three data points have been used to calculate each spectral index. The number of epochs of 
observation used to derive the maximum, minimum and mean spectral indices is shown in brackets after 
the mean. 

b Spectral curvature present. 
c Spectral index available for one epoch only. 
d Shows an optical/UV “ bump.” 
e Taken from a histogram presented in Mufson et al. 1985. 
f All the near-infrared observations of BL Lac are consistent with this spectral slope. 
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which radiate predominantly at vb is ~ T. 
B<2) 

Vfc(Hz) ~ 4 x 1015[w(m) + «(ph)]'2 —— T~2 , (1) 
(1 + z) 

where T is measured in seconds, B in G, and u(m) and u(ph) in J 
m-3. The values for u(m) and w(ph) shown in Table 12 indicate 
values for vb of ~ lO11-!!)14 Hz and ~ 10lo-1013 Hz expected 1 
week and 4 weeks, respectively, after the commencement of a 
flare. Equation (1) is valid in the case of continuous injection or 

reacceleration of electrons (see Kardashev 1962). Observations 
of blazars indicate that prolonged injection/reacceleration of 
electrons can take place over a period of up to ~ 3-4 months 
(see e.g., Glassgold et al. 1983; Barbiéri et al 1985). If, however, 
the injection/reacceleration were to cease after a few days, vb 
would evolve to lower frequencies somewhat faster than sug- 
gested by equation (1). 

As discussed in § III, a spectral turnover/flattening, attribut- 
able to self-absorption of the synchrotron flux, is generally 
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TABLE 11 TABLE 12 
Estimated Sizes and Magnetic Fields for the 

Flaring Regions of Blazars 

r B 
( x 1014 m) (G) 

0.7 
1.8 
2.4 
1.1 
3.0 

12 
3.7 
4.1 
2.8 
0.2 

20 

1.4 
1.0 
0.5 
0.6 
0.5 
0.2 
0.4 
0.6 
0.7 
1.5 
0.2 

Source 

0235+164. 
0420 - 014. 
0735 + 178. 
0736 + 017. 
0851 + 202. 
1253-055. 
1308 + 326. 
1641 + 399. 
1921-293. 
2200 + 420. 
2223-052. 

Estimated Energy Densities for the Flaring Regions of Blazars 

u(m) «(ph) u(e) 
Source (xlO_3J/m"3) (xlO_3J/m_3) (xlO_3J/m-3) 

0235 + 164  0.1 3.0 60 < u(e) < 1100 
0420 - 014   0.04 1.4 20 < u(e) < 380 
0735+178  0.01 0.1 1.3 < u(e) < 20 
0736 + 017  0.01 0.1 1.2 < u(e) <15 
0851 + 202...  0.01 0.06 0.6 < u(e) < 9 
1253-055  0.001 0.01 0.2 < u(e) < 2.3 
1308 + 326  0.005 0.1 5 <u(e)<S5 
1641 + 399  0.01 0.2 2 <u{e)<35 
1921-293.  0.02 0.2 1.2 < u(e) < 20 
2200 + 420   0.1 1.6 9 < u(e) < 120 
2223 - 052  0.001 0.02 1 < u(e) < 20 

observed in the spectra of blazars at ^lO^-lO12 Hz. For 
sources in which vfc < v*,, we might expect the entire sub- 
millimeter to optical spectrum to exhibit a slope consistent 
with emission from electrons whose energy distribution is 
steepened by radiative energy losses (a < —1.2). 

Spectral breaks are indeed often observed in the spectra of 
blazars between ~1012 and 1014 Hz. In addition, the sub- 
millimeter to optical spectra of those sources which show no 
evidence for a mid-near-infrared spectral break do generally 
exhibit spectral slopes of approximately —1.2, suggesting that 
vb< vm. The rough agreement between these observational 
results and the range of values we have calculated for vb is 
encouraging, supporting the conclusion that the submillimeter 
to ultraviolet emission of blazars is synchrotron emission from 
a single, compact component and suggesting that the values 
which have been estimated for u(m) and «(ph) are reasonably 
close to the true values. Thus the slab-geometry approximation 
appears to yield a reasonable description of the conditions 
prevailing in the flaring regions of blazars. 

Using the method of Marscher and Gear (1985), we obtain 
cooling times of less than a few days at 3 jum and roughly 
weeks at 100 /un, for both the synchrotron and the inverse 
Compton emission. These derived time scales support a sce- 
nario where the near-infrared to ultraviolet emission can 
exhibit significant decay and spectral steepening between flare 
events occurring once every 1-3 months, while the far/mid- 
infrared emission exhibits more modest variability. 

Of the quasi-simultaneous spectra presented in this paper, 
only two sources, 0736 + 017 and OV 236, exhibit 
submillimeter/millimeter spectral slopes which approach the 
optically thick slope of 2.5 expected from a homogeneous syn- 
chrotron source. For the most part the blazars exhibit rela- 
tively flat submillimeter/millimeter spectral indices of ~ 0-0.6. 
(Subtraction of a possible underlying component which 
becomes self-absorbed at centimeter wavelengths and has an 
optically thin spectral slope of approximately —0.75 does not 
in general result in appreciable steepening of the optically thick 
spectral index.) Flattening of the optically thick spectrum can 
result from inhomogeneity in the magnetic field and particle 
density of the emission region or the occurrence of continuous 
injection/reacceleration of the emitting electrons, or both 
(Paper I; Marscher and Gear 1985; Peterson and Dent 1973). 

A similar analysis of the centimeter spectra yields approx- 
imate values for r and B for the quiescent regions of blazars. 
We obtain r ~ 1016 m and B ~ 10“2 G. 

For a source at a redshift of 0.5, and assuming H0 = 100 km 
s-1 Mpc-1, the values derived above for the quiescent and 
flaring regions give angular diameters of ~10-3 and 10_4", 
respectively, indicating that the flaring regions are probably 
not at present resolvable using VLBI observations but that the 
quiescent regions may be resolvable, especially using milli- 
meter VLBI observations (resolution ~ 10 “4"). 

VI. CONCLUSIONS 

1. We have obtained a large amount of data on a sample of 
11 blazars through monitoring programs performed at centi- 
meter to optical wavelengths. The continuum spectral shape of 
these sources indicates the presence of at least two synchrotron 
components, one of which becomes self-absorbed at less than 3 
mm, one at ~ 2-5 cm. 

2. OVV quasars generally show evidence for optical/ 
ultraviolet excesses which can be identified with the presence of 
one or more additional spectral components, possibly thermal 
in origin, such as have been proposed to account for similar 
excesses seen in the spectra of low-polarization quasars and 
Seyfert 1 galaxies. 

3. The range of spectral index observed at far/mid-infrared, 
near-infrared, optical, and ultraviolet wavelengths can be 
explained in terms of emission from a power-law energy dis- 
tribution of electrons N(E) = KE~2 5, which experience recur- 
rent bursts of injection/reacceleration and subsequently lose 
energy radiatively. 
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