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ABSTRACT

We present ~v-ray, X-ray, ultraviolet, optical, and near-infrared light curves of 33 y-ray bright
blazars over four years that we have been monitoring since 2008 August with multiple optical,
ground-based telescopes and the Swift satellite, and augmented by data from the Fermi Gamma-
ray Space Telescope and other publicly available data from Swift. The sample consists of 21
flat-spectrum radio quasars (FSRQs) and 12 BL Lac objects (BL Lacs). We identify quiescent
and active states of the sources based on their y-ray behavior. We derive vy-ray, X-ray, and
optical spectral indices, ., ax, and «,, respectively (F, oc %), and construct spectral energy
distributions (SEDs) during quiescent and active states. We analyze the relationships between
different spectral indices, blazar classes, and activity states. We find (i) significantly steeper y-ray
spectra of FSRQs than for BL Lacs during quiescent states, but a flattening of the spectra for
FSRQs during active states while the BL Lacs show no significant change; (ii) a small difference
of ax within each class between states, with BL Lac X-ray spectra significantly steeper than
in FSRQs; (iii) a highly peaked distribution of X-ray spectral slopes of FSRQs at ~ —0.60, but
a very broad distribution of ax of BL Lacs during active states; (iv) flattening of the optical
spectra of FSRQs during quiescent states, but no statistically significant change of a, of BL
Lacs between states; and (v) a positive correlation between optical and ~-ray spectral slopes of
BL Lacs, with similar values of the slopes. We discuss the findings with respect to the relative
prominence of different components of high-energy and optical emission as the flux state changes.

Subject headings: galaxies: active, galaxies: jets, quasars: general, BL. Lacertae objects: general
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1. Introduction

Blazars are active galactic nuclei characterized
by ultra-luminous, broad-band, non-thermal ra-
dio to y-ray continuum radiation, and by irregu-
lar, rapid flux variability across wavebands. They
are divided into two classes, flat spectrum radio
quasars (FSRQs) and BL Lac objects (BL Lacs).
A primary method employed to probe our under-
standing of these objects is to study their spectral
energy distributions (SEDs). Until recently, how-
ever, studies of blazar SEDs have been hindered
by an insufficient number of simultaneous observa-
tions across the spectrum for a large enough sam-
ple of objects to allow a statistical analysis of their
behavior in varying states of activity. A significant
advance occurred with the launch of the Fermi
Gamma-ray Space Telescope. With its sensitivity
and its ability to scan the entire sky every three
hours, the Fermi [Large Area Telescope (LAT)|
(Atwood et al! 12009) provides continuous cover-
age of blazars in the ~-ray regime. One year
prior to the onset of the science mission of Fermi,
we began international, collaborative, multiwave-
length monitoring of 33 blazars at radio to optical
bands. These observations, combined with the
~v-ray data from Fermi and the X-ray, ultravio-
let (UV), and optical data from the Swift space
observatory (Gehrels et al! 2004), as well as mea-
surements with several ground-based instruments,
provide a rich dataset to study the behavior of
these objects. We focus on measurements across
the electromagnetic spectrum, made within 24
hours of each other, at multiple epochs when the
objects are in different y-ray activity states.

Long-term monitoring of blazars reveals vari-
ability of emission best described by a “red noise”
power spectrum, where the amplitude of variations
is greater on longer time-scales (e.g.,
2009; |Chatterjee et all 2012). The light curves
contain periods of relative quiescence interrupted
by sometimes sudden, prominent outbursts with
durations of weeks to several months in one or
more energy bands, as well as more rapid lower-
level fluctuations. These outbursts can vary dra-
matically in both time profile and amplitude.
Critical to unraveling the physics of blazars is
to study how the SED changes between such qui-
escent and active periods. Many studies have
examined a small number of objects in an ac-

tive state, sometimes contrasting activity at dif-

ferent flux levels (e.g., Raiteri et all 2008a, 2012,
Hayashida et al!l2012; MMLOJ) Fewer
(e.g., Raiteri et all 2007, [2008a; Tagliaferri et. all
12_0_08 Palma. et alll2011)) have studied objects in a
quiescent or low ~-ray state. With the increased
sensitivity of instruments and the time coverage
of Fermi, studies of larger samples are beginning
to unveil trends in the behavior of blazars at dif-
ferent ~v-ray activity states (e.g.,
12009; [Abdo et al! 2010L). A statistical analys1s
of SEDs from optical to y-ray wavelengths based
on simultaneous observations at different activity
states for a sample of blazars should, therefore, be
instructive.

A distinctive characteristic of a blazar’s SED is
its two-peaked shape, with one maximum at in-
frared (IR) to X-ray frequencies and the other at
~v-ray frequencies. The shape of the SED, com-
bined with polarization characteristics, provides
considerable evidence that the emission produced
from radio to optical wavelengths is dominated
by synchrotron radiation. If the accretion disk
luminosity is important, it will be seen in the
UV portion of the spectrum. Commonly seen
in other classes of |active galactic nuclei (AGNs)|
the “big blue bump” (BBB) is often less promi-
nent, or even undetectable in blazars, owing to
the strong, relativistically beamed non-thermal ra-
diation. [D’Elia et all (2003) found that the non-
thermal component of the optical/UV emission of
FSRQs accounts for an average of ~ 85% of the
total power. Only in about 9% of the objects
they studied did the thermal component domi-
nate. Signatures of the BBB in FSRQs include
a decrease of the degree of polarization with fre-
quency (e.g.,|Smith et all1986) and a redder color
index at brighter flux states (e.g., m}
11986; Raiteri et all 2012). A number of observa-

tions have indicated that the accretion disk is less

prominent in BL Lacs (e.g., |Ghisellini et al! 2009,
Giommi et. all

). An alternative possibility
for flatter-spectrum emission in the UV region
of some blazars was suggested by
(2005). Studying the spectrum of 0235+164, these

authors see the signature of a second synchrotron
component.

The higher-energy SED is consistent with in-
verse Compton (IC) scattering off photons ei-
ther from inside the jet (synchrotron self-Compton



mechanism, SSC) or external to the jet (exter-
nal Compton mechanism, EC) by relativistic elec-
trons in the jet (e.g., Marscher et alll2010). Other
mechanisms, e.g., proton synchrotron emission
(Bottcher et all 2013), might play a role as well.
In IC models, we expect the spectral slope of high-
energy emission to be similar to the slope of the
synchrotron radiation emitted by the electrons re-
sponsible for scattering seed photons up to high
energies.

The locations of radiative dissipation zones
within the jet and the physical processes in-
volved are still under debate. Polarization and
timing of flares relative to changes in images of
parsec-scale jets of blazars indicate that near-
infrared (NIR) to optical synchrotron flares of-
ten take place near the end of the jet’s acceler-
ation zone (Jorstad et all 2007; Marscher et al
2008). Using Very Long Baseline Array (VLBA)
images, lJorstad et all (2012) conclude that en-
hanced 7-ray emission is produced downstream of
the broad emission line clouds, while others (e.g.,
Tavecchio et all 2010) argue for a sub-parsec ori-
gin, based on short timescales of y-ray variability.
The outbursts, which occur across the electro-
magnetic spectrum, can be caused by shock for-
mations in the jet or other processes that increase
the particle density, magnetic field strength, or
seed photon field, change the magnetic field orien-
tation, and/or enhance the Doppler boosting. The
characteristics of the SED represented by spectral
indices at different wavebands can provide insights
into the interplay between different factors respon-
sible for the outbursts, as well as between different
emission components (e.g., the accretion disk and
jet) and processes (synchrotron, inverse Compton,
and thermal) during active and quiescent states.
These insights will improve our understanding of
the physics and location of energetic phenomena
in blazars.

Here we statistically study how the spectral
indices at v-ray, X-ray, and optical frequencies
change as the flux state varies, as well as whether
the behavior depends on the type of blazar. We
present over four years of data (from early 2008
to late 2012) in 13 frequency bands from NIR to
~-rays. From this compilation, we select epochs of
quasi-simultaneous data at both active and qui-
escent states, compute spectral indices, and ex-
amine the trends and correlations between them.

The sample of blazars and the data reduction are
described in §2. In §3, we define quiescent and
active states and describe the selection of epochs
for our statistical analysis. We describe the com-
putation of spectral indices in §4 and present the
trends and correlations of those indices and in the
relationships between them in §5. Using these sta-
tistical trends, we describe a “typical” quiescent
and active BL Lac object and FSRQ in §6 and
discuss the implications of our results for physical
models. We summarize our findings in §7. An ex-
panded version of this paper with a complete set of
light curves and SEDs for all sources can be found
at www.bu.edu/blazars/VLBAproject.htmll

2. Observations and Data Reduction

2.1. The Sample

Since 2007, we have been collecting multi-
waveband fluxes, polarization measurements, and
radio images of blazars to provide the data for
understanding the physics of the jets (see, e.g.,
Marscher 2012). This study includes 28 of the
original 30 objects selected for the monitoring
campaign, confirmed as y-ray sources by EGRET
(Energetic v-Ray Experiment Telescope) on the
Compton Gamma Ray Observatory, have an R-
band brightness exceeding 18 mag (bright enough
for optical polarization measurements at a 1 — 2
meter class optical telescope without needing ex-
cessive amounts of telescope time), exceed 0.5 Jy
at 43 GHz, and have a declination accessible to
the collaboration’s observatories (> —30°). Three
additional BL Lacs (10554018, 1308+326, and
17494096) and two FSRQs (3C345 and 3C446)
included in this analysis were among those added
when they were detected as y-ray sources by the
Fermi LAT (Abdo et alll2009).

Table [ presents general information about
these 33 blazars. Column 1 is an object ref-
erence number that will be used in plots to
identify each source, column 2 is the object
name as used in this writing, column 3 is an
alternate, commonly used name, column 4 is
the object’s name as listed in the 2FGL cat-
alog (Ackermann et all [2011), column 5 gives
the redshift as reported in the NASA/IPAC
Extragalactic Database (NED7 and columns

Ihttp://nedwww.ipac.caltech.edu


www.bu.edu/blazars/VLBAproject.html
http://nedwww.ipac.caltech.edu

6 and 7 are the right ascension and declina-
tion of the object as retrieved by Simbad and
reported in http://heasarc.gsfc.nasa.gov.
From |Ackermann et al! (2011), we include the
object’s optical classification and the SED clas-
sification in columns 8 and 9, respectively. Of the
33 blazars, 12 have optical classifications as BL
Lacs and 21 as FSRQs. Of the 12 BL Lacs, 5 have
an SED classification (Abdo et all 2010d) of low
synchrotron peak frequency (LSP, < 10'* Hz), 6
as intermediate synchrotron peak frequency (ISP,
between 10'4 and 10'® Hz), and 1 as high syn-
chrotron peak frequency (HSP, > 10*® Hz) blazar.
All of the FSRQs have an SED classification of
LSP.

2.2. Gamma-ray Data

The ~-ray data were obtained by the [[AT]
on board the Fermi Gamma Ray Space Tele-
scope. To construct the ~-ray light curves, we re-
duced the Fermi data using Pass 7 photon and
spacecraft data, the V9r23pl version of the Fermi
Science Tools, and the instrument responses for
the gal 2yearp7v6_v0 and iso_p7v6clean.txt diffuse
source models. All of these are available on the
Fermi website] We modeled the ~-ray emission
between 0.1 and 200 GeV from a given target and
other point sources within a 15-degree radius of
the target. Comprehensive reduction of the data
was first performed with spectral models corre-
sponding to those listed in the 2FGL catalog, typ-
ically with a seven-day bin size. However, because
the power-law photon index in the 2FGL catalog
was computed from the flux collected by Ferm:
over two years (Nolan et all|l2012), and because a
typical blazar spends less than 5% of its time in a
~-ray active state (Abdo et all|2010a), this index
best represents the object in a quiescent state. To
obtain a spectral index for each object while in an
active state (to be defined in §3.1]), we re-reduced
the data during active states, typically with a 1-3
day bin size, using a simple power law model while
allowing the photon index to vary. To obtain a
spectral index during long periods of quiescence
(defined in §3.0)) when only upper limits were ob-
tained with 7-day binning, we re-reduced the data
using extended bin sizes.

%http://fermi.gsfc.nasa.gov/ssc/

2.3. X-Ray Data

The X-ray data, including the photon in-
dex and its uncertainty, were obtained at a
photon energy range of 0.3—10 keV by the
[X-ray Telescope (XRT)| (Burrows et all [2005) on
board the Swift satellite. We reduced the data us-
ing the standard HEAsoft package (version 6.11).
The standard xrtpipeline task was used to cal-
ibrate and clean the events. We selected events
with grades 0—12 in [photon counting (PC)| mode
and 0—2 in [windowed timing (WT)| mode. An
ancillary response file was created with PSF cor-
rection using the xrtmkarf task, and the the data
were rebinned with the grppha task to ensure
a minimum of 10 photons in every newly defined
channel. We fit the spectra with the spectral anal-
ysis tool xspec, using a power-law model with
minimum x? value, and, except for 02354164,
fixing the hydrogen column density (Ng) accord-
ing to the measurements of [Dickey & Lockman
(1990). For 0235+164, a value of Ny of 2.8 x10%!
cm™2 was used to include an intervening z = 0.524
absorber (Madejski et all [1996; |Ackermann et al!
2012). A Monte-Carlo method was used to test
the goodness of fit.

The photon counts of the sources were checked
for pileup. The threshold for pileup is 0.5 counts g1
and 100 counts s1 for [PC] mode and [WT] mode,
respectively. Each event with pileup was indi-
vidually re-examined to remove the center of the
point-spread function (PSF), following the pro-
cess outlined on the Swift websited We created a
new annular source region, determining the inner
radius by modeling the PSF as a King function.
None of the WT mode events exceeded the thresh-
old for pileup.

2.4. Swift Optical and Ultraviolet Data

[UV /Optical Telescope (UVOT)| (Roming et al.
2005) data were reduced by using the standard
HEAsoft package (version 6.11) and the calibra-
tion files released in 2011 July. For each object, we
defined a selection region centered on the source
with a standard radius of 5”, except for very faint
objects (e.g., 05284134, 08274243), for which we
chose a 3" radius and performed aperture correc-
tion according to [Poole et all (2008). The back-

Shttp://www.swift.ac.uk/analysis/xrt/pileup.php.


http://heasarc.gsfc.nasa.gov
http://fermi.gsfc.nasa.gov/ssc/
http://www.swift.ac.uk/analysis/xrt/pileup.php

TABLE 1
SOURCES ANALYZED

Ref Object Alternate  2FGL Catalog Optical SED
Num Name Name Name? 2P R.A. 2000° Dec. 2000°¢ Class®*  Class®
(1) (2) (3) (4) (5) (6) (7) (8) 9)
1 3C66A 02194428 J0222.64+4302  0.4447 02 22 39.61 +43 02 07.8 BL Lac ISP
2 02354164 J0238.74+1637 0.940 023838.93 41636 59.3 BL Lac LSP
3 0336-019 CTA26 J0339.4-0144 0.852 03 39 30.94 -01 46 35.8 FSRQ LSP
4 0420-014 0OA129 J0423.2-0120 0.916 04 23 15.80 -01 20 33.1 FSRQ LSP
5 05284134 J0530.84+1333 2.060 053056.42 +133155.1 FSRQ LSP
6 0716+714 J0721.947120 0.300¢ 07 215345 +712036.4 BLLac ISP
7 07354178 J0738.04+1742 0.424 073807.39 +174219.0 BL Lac LSP
8 08274243 0J248 J0830.54-2407 0.940 08 30 52.09 +241059.8 FSRQ LSP
9 0829-+046 J0831.94-0429 0.174 08 31 48.88 +04 29 39.1 BL Lac LSP
10 08364710 J0841.6+4-7052 2.172 0841 24.37 47053 42.2 FSRQ LSP
11 0J287 08514202 J0854.84-2005 0.306 08 54 48.87 420 06 30.6 BL Lac ISP
12 0954+658 J0958.64+-6533 0.368 09 58 47.25 465 33 54.8 BL Lac ISP
13 10554018 4C+01.28 J1058.44-0133 0.890 10 58 29.61 401 33 58.8 BL Lac LSP
14 Mkn421 11014384 J1104.44-3812 0.030 1104 27.31 +4381231.8 BL Lac HSP
15 1127-145 J1130.3-1448 1.184 11 30 07.05 -14 49 274 FSRQ LSP
16 11564295 4C+29.45 J1159.54-2914 0.724 1159 31.83 429 14 43.8 FSRQ LSP
17 12194285 WCom J1221.44-2814 0.102 12 2131.69 +281358.5 BL Lac ISP
18 12224216 4C+21.35 J1224.94-2122 0.432 1224 54.45 42122 46.5 FSRQ LSP
19 3C273 12264023 J1229.14-0202 0.158 1229 06.70 402 03 08.7 FSRQ LSP
20 3C279 1253-055 J1256.1-0547 0.536 12 56 11.17 -05 47 21.5 FSRQ LSP
21 13084326 J1310.6+4-3222 0.996 13 10 28.66 43220 43.8 FSRQ LSP
22 1406-076 J1408.8-0751 1.494 14 08 56.48 -07 52 26.7 FSRQ LSP
23 1510-089 J1512.8-0906 0.360 15 12 50.53 -09 05 59.8 FSRQ LSP
24 16114343 DA406 J1613.44-3409 1.397 16 1341.06 +34 12479 FSRQ LSP
25 1622-297 J1626.1-2948 0.815 16 26 06.02 -29 51 27.0 FSRQ LSP
26 1633+382 4C+38.41 J1635.24-3810 1.814 16 351549 43808 04.5 FSRQ LSP
27 3C345 16414399 J1642.943949 0.593 16 42 58.81 43948 37.0 FSRQ LSP
28 1730-130 NRAO 530 J1733.1-1307 0.902 17 33 02.71 -13 04 49.5 FSRQ LSP
29 17494096 OTo081 J1751.54-0938 0.322 17 5132.82 40939 00.7 BL Lac LSP
30 BL Lacertae 22004420 J2202.844216 0.069 2202 43.29 +42 16 40.0 BL Lac ISP
31 3C446 2223-052 J2225.6-0454 1.404 22 25 47.26 -04 57 01.4 FSRQ LSP
32 CTA102 22304114 J2232.44+1143 1.037 22323642 +114350.8 FSRQ LSP
33 3C454.3 2251+158 J2253.941609 0.859 2253 57.75 416 08 53.6 FSRQ LSP

fAckermann et all (2011).

PInformation taken from the NASA /IPAC Extragalactic Database (http://nedwww.ipac.caltech.edu/)).

“Simbad resolver as reported in http://heasarc.gsfc.nasa.govl

dDanforth et all (2013) set 0.2315 < z < 0.372 (99.7%).
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ground region was defined in a source-free region
with a circular aperture of 20”. Unaligned ex-
posures were individually aligned. All extensions
within an image were summed with uvotimsum
and processed with uvotsource using a sigma
value of five. Only epochs with a summed expo-
sure time exceeding 40 seconds were retained.

2.5. Ground-Based Optical and Near-
Infrared Data

In addition to UVOT data, we used optical data
from eight ground-based observatories. Table
provides the symbol we use to identify each obser-
vatory in light curves and SEDs (column 1), the
identifying color of the observatory in light curves
(column 2), the location of the observatory (col-
umn 3), the diameter of the telescope (column 4),
and the wavebands of the data used in this study
(column 5). References to the data reduction pro-
cedures are listed in the footnotes of the table.

2.6. Dereddening and Flux Conversion

For the UV observations, we dereddened the
fluxes using the [Fitzpatrick (1999) interstel-
lar extinction curve with an R, of 3.1 and
Ax values (Schlafly & Finkbeinerd [2011) as re-
trieved from NED in 2012 November. Optical
and NIR magnitudes were dereddened using the
Schlafly & Finkbeiner (2011) values. Dereddening
of 02354164 is complicated by intervening sources
of dust and optical emission. We followed the pro-
cedure of [Raiteri et all (2008b) to remove the ad-
ditional flux from a foreground galaxy and applied
the extinction values from |[Raiteri et all (2005)
and |Ackermann et all (2012). We converted the
dereddened magnitudes to fluxes using the zero
points and Pickles star spectra conversion factors
from Poole et all (2008) for Swift observations and
Mead et all (1990) for ground-based observations.
For most objects in our sample, the host galaxy
contribution is negligible in the UV. However,
host galaxy contamination was subtracted for two
nearby objects, BL Lacertae and Mkn 421. The
host contribution in the UV is expected to be neg-
ligible for these two sources. We used the R-Band
host galaxy flux values derived by [Nilsson et al.
(2007) and average effective colors for elliptical
galaxies determined by Mannucci et all (2001).
Converting these values as above, we obtained
the dereddened host galaxy flux values, reported

in Table Bl We subtracted these constant values
from the dereddened measured flux.

2.7. Calibration of Near-Infrared through
Ultraviolet Spectra

To determine if any observatory has magnitudes
for a band that are consistently higher or lower
than other observatories, we examined all mea-
surements for all objects, selecting sets of mea-
surements when a minimum of two observatories
observed an object in the same band within the
same day. We restricted the observations to days
when the source was not active in any NIR through
U bands. If an observatory had multiple observa-
tions within a given day, we computed a weighted
mean for each such day and band. We then ana-
lyzed the differences between the fluxes from dif-
ferent observatories for a given band based on dif-
ferent epochs and sources.

Overall, no systematic discrepancies appear to
be present in any band for any observatory, with
the exception of the SMARTS K band; hence,
these data are used with caution. All light curves
were checked for outliers, which were deleted in
the final analysis.

3. Quiescent and Active Epochs

3.1. Properties of Quiescent and Active
States

Our monitoring program has resulted in a suffi-
cient number of quasi-simultaneous measurements
of each object at different frequencies to compute
and compare the spectral indices when objects
were in an active versus a quiescent state. Barring
a few definitions of “bright” or “flares” (see, e.g.,
Abdo et all 12010a; INalewajkd 2013), there is no
standard definition for “quiescent” and “active.”
We define these states based on the weighted mean
flux, (F,), and its weighted standard deviation,

N
(N=1) 3 wi
=

where x; is a measurement with uncertainty oy,
w; = 1/0? is the weight of the individual mea-
surement, and N is the number of observations



TABLE 2
L1sT OF OBSERVATORIES PROVIDING MEASUREMENTS FOR THIS STUDY

Symbol Telescope
Shape Color (Light curves) Observatory (Telescope or Monitoring Program) and Location Diameter Wavebands
Space-based
<o black Fermi Gamma Ray Space Telescope (LAT) Gamma-ray (0.1 GeV — 300 GeV)
A black Swift Space Satellite (XRT) X-ray (0.3 — 10 keV)
A, 0, T black, green, orange Swift Space Satellite (UVOT) UVW1, UVM2, UVW2
A black Swift Space Satellite (UVOT) U, B, V
Ground-based
X indigo Lowell Observatory (Perkins Telescope), Flagstaff, Arizona® 1.83 m B, V,R, I
< light blue Crimean Astrophysical Observatory (AZT-8), Nauchnij, Ukraine® 0.70 m B, V, R, I
v green Observatorio del Roque de los Muchachos 2.00 m R
(Liverpool Telescope), La Palma, Spain®
D dark orange Calar Alto Observatory (MAPCAT), Andalucia, Spain® 2.20 m R
O blue Cerro Tololo Inter-American Observatory (SMARTS), 090 —150m B, V, R, J, K
Cerro Tololo, Chile?
> red St. Petersburg University (LX-200), St. Petersburg, Russia® 0.40 m B, V, R, I
e yellow Steward Observatory (Kuiper and Bok Telescopes), 1.54, 2.30 m \%
Mt. Bigelow and Kitt Peak, Arizona®
X red Istituto Nazionale di Astrofisica (AZT-24), 1.10 m J, H, K

Campo Imperatore, Italyf

2Data reduction is performed with the ESO software package MIDAS; refer to [Jorstad et all (2010).

PData reduction details provided in (2008).

°Monitoring AGN with Polarimetry at the Calar Alto Telescopes (MAPCAT); data reduction details provided in [Agudo et all (2012).

9The Small and Moderate Aperture Research Telescope System (SMARTS) daily monitoring program; refer to http://www.astro.yale.edu/smarts/.
°Data reduction details provided in [Smith et all (2009).

fAZT-24 observations are made within an agreement between Pulkovo Astronomical Observatory, Rome Astronomical Observatory, and Collurania-Teramo Obser-

vatory. Data reduction details provided in |Hagen-Thorn et al )
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TABLE 3
HosT GALAXY CONTAMINATING FLUX

Object and Uncorrected
Measurement  R-Band Flux®
Source  (uncertainty) U

(1) (2) ®3)

Dereddened Host Galaxy Flux
(mJy]

BL Lacertae
Ground-based 1.35 (0.03) 0.23
Swift 1.13 (0.03) 0.19

Mkn 421
Ground-based . .
Swift 6.2 (0.4) 0.6

1.79 261 385 738 9.08 6.84
1.50

5.5 8.0 11.9
4.4

“Nilsson et al! (20071).

NOTE.—Ground-based values are for a typical aperture radius of 7 arcsec, and for Swift,

the typical 5 arcsec radius.

of the source within a given energy band v. All
measurements from all observatories, subject to
restrictions stated in Section 277 and with a self-
imposed minimum of ten measurements within a
band, were used to compute these values. We set
as an upper limit to a quiescent flux level (F,), and
as a lower limit to an active flux level (F,) + 1oy, .
Between these levels, we consider the source to be
in a transitional state. Additionally, we further de-
fine a flaring flux level to be when the flux exceeds
(F,) + 30y,. For Fermi data, we include upper
limits in the computation of (F,), replacing both
the flux and its error with the value of the upper
limit. Table[ presents (F, ), its weighted standard
deviation, and the number of data points used in
its computation for each of the selected frequency
bands for each object.

We restrict our analysis to epochs when v-ray
emission was in a sustained period of either qui-
escence or active flux levels. A flaring flux level
is, by definition, part of an active state. Based
on our typical 7-day binning of y-ray data, we re-
quire a quiescent period to extend a minimum of
21 consecutive days, with upper limits considered
quiescent, and an active period to extend a mini-
mum of 14 consecutive days. As an example, for
7-day binning of Fermi data, a minimum of two
consecutive data points at least 1oy, above (F.)

are required before we consider the source to be in
an active state. Active -ray periods thus deter-
mined initially have been reevaluated using Fermi
light curves computed with the photon index al-
lowed to vary. A minor exception is made for the
active epochs of 1749+096. We allow two active
periods to include epochs when the y-ray measure-
ment fell marginally below, and well within the
uncertainties, of the lower limit for active periods.
To evaluate the state of a source at the other bands
during a given y-ray state, no minimum duration
is imposed.

Table [B] presents a summary of the ~-ray peri-
ods of quiescence for BL Lacs and FSRQs. The
columns of Table [l are as follows: 1 - the object
name, 2 - the number of quiescent periods, 3 -
the total number of days during which the object
was in a quiescent period (note that this excludes
any days for which the object had a low flux value
but for less than an uninterrupted 21-day period),
and 4—6 - the number of days in the longest un-
interrupted period of quiescence and the dates of
the beginning and end of the longest period, re-
spectively. Similarly, Table [6] presents a summary
of the ~-ray active periods (all active periods are
identified from the data computed with a fixed
photon index): column 1 is the object name, col-
umn 2 is the number of active periods identified



for the object, column 3 is the number of active
periods that have a flux value considered to be in
a flaring state, and column 4 is the total number
of days during which the object was in an active
period. Columns 5—7 list the number of days in
the longest uninterrupted active period and the
dates of the beginning and end of the longest ac-
tive period, respectively. Columns 8—10 give the
maximum flux observed, its uncertainty, and the
central date of the bin, respectively. The spectral
index at the time of measurement of the maxi-
mum flux is listed in column 11. If the maximum
flux was computed using the fixed photon index
in the 2FGL catalog, an “F” is inserted in column
12; otherwise, if the photon index was allowed to
vary, a “V” is inserted in column 12 (see Section
M). Columns 13 and 14 present the ratio of the
maximum flux to (F,) and the uncertainty that
characterizes an amplitude of v-ray variability.

To identify trends based on the class of objects,
we generate a series of plots using the values in
Tables B and [l Histograms of the percentage of
time that each source was in a quiescent or ac-
tive period are presented in Figure [l Note that
measurements in a transitory state or in isolated
quiescent /active states are included in the total
time. BL Lacs and FSRQs show similar behavior.
BL Lacs spend an average of 55 + 20% of their
time in quiescent periods, while FSRQs spend 65
+ 15% of their time in quiescent periods. Time
spent in active periods for BL Lacs is 9 4= 4% and
for FSRQs, 10 &+ 8%. Both averaged 5 + 3 active
periods over the 4.2 years of Fermi measurements
included in this study, and BL Lacs averaged 12
+ 4 quiescent periods and FSRQs 11 £ 5.

Histograms of the longest uninterrupted quies-
cent and active periods for each of the sources
are displayed in Figure Time is in the host
galaxy frame, adjusted for redshift. We checked
the ends of the light curves for the longest unin-
terrupted periods. Four of our objects (0827+243,
09544658, 12224216, and 1622-297), were within
their longest uninterrupted quiescent period at
the start of the Fermi mission and the longest
uninterrupted active period was in progress for
1308+326. Additionally, 4 of our objects (3C279,
3C345, 3C446, and 3C454.3) were within their
longest uninterrupted quiescent period at the end
of the monitoring period for this paper. Thus, for
these objects, our longest uninterrupted periods
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Fig. 1.—: Histograms of the percent of time that
sources were in a 7y-ray quiescent or active @
period. (See text for definitions of periods.) FS-
RQs are red-filled and BL Lac objects, blue-filled.

represent lower limits. No obvious trends exist
for either subclass while in a quiescent state, with
both having wide dispersions. The longest unin-
terrupted quiescent period for most BL Lacs ran
from 68 days (0735+178) to 232 days (1055+018),
but 02354164 and 08294046 had 599 and 543
days, respectively. All but four FSRQs (3C273,
16114343, 0827+243, and 1127-145) had fewer
than 265 days in their longest uninterrupted qui-
escent period, with the length generally equally
dispersed from a minimum of 78 days (3C446).
The longest uninterrupted active periods were also
highly dispersed for both subclasses, with BL Lac
objects generally having a longer uninterrupted
period (ranging from 15 to 95 days and averaging
43 + 27 days) than FSRQs (ranging from 6 to 73



TABLE 4

WEIGHTED MEAN FLUX AND WEIGHTED STANDARD DEVIATIONS (PART 1 OF 3): GAMMA-RAY
THROUGH UVW1 BANDS

0T

Object Fermi ~-ray [phot cm™2 s'l] Swift XRT [erg cm™2 s'l] Swift UVW2 [mJy] Swift UVM2 [mJy] Swift UVW1 [mJy]

Name (Fr) 1-own # Items (Fx) l-owy # Items (Fya) 1-cwyyg # Items (Farao) 1-owpro # Items (Fyw1) 1-owyyq # Items
(1) (2) (3) (4) (5) (6) (7 (8) (9) (10) (1) (12) (13) (14) (15) (16)
3C66A 1.25E-07 6.99E-08 213 4.09E-12 2.15E-12 19 2.313 0.832 16 2.368 0.883 13 3.549 1.320 15
0235+164 1.88E-07 2.74E-07 206 2.28E-12 1.96E-12 91 0.186 0.277 99 0.250 0.384 95 0.292 0.460 99
0336-019 1.23E-07 8.20E-08 213 5 7 6 7
0420-014 1.33E-07 6.81E-08 213 2.62E-12 6.87E-13 16 0.136 0.038 12 0.203 0.078 12 0.243 0.080 13
0528+134 1.10E-07 8.28E-08 216 2.36E-12 1.41E-12 73 0.476 0.177 10 9 0.328 0.195 14
0716+714 2.17E-07 1.38E-07 501 7.60E-12 4.31E-12 103 3.975 2.034 76 4.316 2.107 72 6.080 3.015 83
0735+178 7.08E-08 3.02E-08 212 8.12E-13 3.75E-13 14 0.285 0.127 11 0.339 0.137 10 9
0827243 1.51E-07 1.30E-07 228 2.76E-12 1.85E-12 63 0.241 0.045 44 0.280 0.052 50 0.376 0.071 47
08294046 6.41E-08 3.78E-08 209 1.13E-12 5.74E-13 16 7 7 7
0836-+710 1.58E-07 1.42E-07 208 1.64E-11 4.38E-12 28 0.057 0.008 12 0.077 0.009 11 0.172 0.022 13
0J287 1.05E-07 8.11E-08 209 4.81E-12 2.31E-12 127 1.088 0.464 100 1.170 0.504 90 1.773 0.757 119
09544658 6.86E-08 4.71E-08 209 2.15E-12 1.17E-12 14 0.097 0.046 11 9 0.164 0.067 14
10554018 1.17E-07 6.69E-08 214 2.74E-12 9.51E-13 13 8 5 5
Mkn421 1.79E-07 7.29E-08 219 6.09E-10 1.72E-10 288 11.771 3.668 415 11.924 3.817 402 15.449 5.086 388
1127-145 1.03E-07 6.01E-08 219 5.50E-12 1.74E-12 23 0.217 0.058 19 0.274 0.069 19 0.434 0.100 20
11564295 1.43E-07 1.04E-07 214 1.34E-12 4.73E-13 21 8 8 0.454 0.392 10
12194285 6.03E-08 2.62E-08 219 2.14E-12 1.97E-12 74 1.054 0.510 70 1.119 0.540 68 1.660 0.747 75
12224216 2.02E-07 3.37E-07 213 3.21E-12 7.65E-13 66 1.671 0.417 38 1.554 0.380 41 1.983 0.502 41
3C273 3.14E-07 3.34E-07 214 1.20E-10 4.73E-11 148 24.924 3.002 29 24.202 2.688 23 30.848 2.869 27
3C279 3.43E-07 2.71E-07 208 1.03E-11 2.85E-12 284 0.353 0.454 142 0.400 0.512 136 0.643 0.739 170
13084326 7.38E-08 3.64E-08 219 1.43E-12 9.03E-13 14 0.078 0.055 10 0.120 0.064 11 7
1406-076 8.50E-08 4.02E-08 219 7.14E-13 1.75E-13 20 0.007 0.003 42 0.015 0.007 42 0.036 0.014 46
1510-089 6.11E-07 6.29E-07 214 6.78E-12 1.85E-12 157 0.537 0.244 154 0.615 0.242 141 0.731 0.335 153
16114343 2.02E-08 1.92E-08 219 7 4 4 6
1622-297 9.98E-08 5.61E-08 156 2.23E-12 9.47E-13 39 0.256 0.060 43 0.302 0.092 41 0.282 0.108 47
16334382 2.44E-07 1.87E-07 216 2.29E-12 1.59E-12 72 0.022 0.009 54 0.044 0.018 59 0.160 0.066 60
3C345 1.26E-07 6.56E-08 222 4.76E-12 1.05E-12 27 0.234 0.079 21 0.241 0.090 19 0.327 0.121 23
1730-130 1.82E-07 1.25E-07 213 1.65E-12 6.61E-13 46 0.114 0.045 37 0.182 0.063 25 0.197 0.084 48
17494096 8.39E-08 5.17E-08 233 4.17E-12 3.05E-12 25 0.694 0.994 11 0.548 0.843 11 1.104 1.642 13
BL Lacertae 2.40E-07 1.63E-07 268 1.05E-11 6.78E-12 196 1.117 0.755 182 1.443 1.015 175 2.052 1.334 189
3C446 7.87E-08 4.33E-08 225 9 2 3 2
CTA102 2.05E-07 2.16E-07 324 4.43E-12 2.44E-12 53 0.437 0.306 36 0.514 0.351 32 0.692 0.493 39
3C454.3 7.79E-07 1.58E-06 1214 3.41E-11 3.31E-11 331 0.987 0.465 255 1.222 0.573 251 1.682 0.865 280
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TABLE 4
WEIGHTED MEAN FLUX AND WEIGHTED STANDARD DEVIATIONS (PART 2 OF 3): U - R BANDS

Object U-BAND [mlJy] B-BAND [mlJy] V-BAND [mJy] R-BAND [mJy]

Name (Fy) L-owy # Ttems (Fg) l-owp # Ttems (Fy) 10wy, # Ttems (FR) lowp # Ttems
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13)
3C66A 4.492 1.733 15 5.525 2.170 412 7.090 2.783 590 6.795 2.941 786
02354164 0.507 0.817 82 0.207 0.312 427 0.497 0.750 690 0.523 0.814 1249
0336-019 6 0.412 0.189 13 0.377 0.129 29 0.600 0.242 211
0420-014 0.247 0.072 10 0.441 0.330 78 0.579 0.343 154 0.686 0.653 365
05284134 0.262 0.122 41 0.334 0.093 173 0.334 0.127 203 0.296 0.049 356
07164714 8.111 3.735 79 10.626 4.916 960 14.759 6.199 1112 21.304 9.848 1908
07354178 0.658 0.229 10 0.865 0.240 21 1.218 0.402 94 1.350 0.346 240
08274243 0.415 0.115 45 0.460 0.088 42 0.488 0.105 192 0.481 0.080 276
08294046 7 0.708 0.373 29 1.491 0.754 46 1.726 0.672 149
08364710 0.474 0.039 11 0.582 0.050 67 0.633 0.060 104 0.677 0.094 313
0J287 2.400 0.960 110 3.257 1.381 826 4.669 1.905 1051 5.258 2.260 1215
09544658 0.261 0.099 12 0.491 0.295 182 0.689 0.385 229 0.950 0.552 933
10554018 7 0.355 0.165 11 0.657 0.368 13 0.756 0.238 100
Mkn421 8.914 3.656 10 18.382 6.930 94  19.096 7.779 304  24.475 12.253 263
1127-145 4 0.599 0.153 31 9 0.781 0.076 112
11564295 0.430 0.441 13 0.824 0.932 118 0.397 0.483 94 0.582 0.751 565
12194285 2.102 0.887 73 2.662 1.001 170 3.749 1.394 334 4.729 1.369 304
12224216 1.927 0.448 48 2.074 0.494 50 2.162 0.596 234 2.406 0.853 228
3C273 4 27.088 1.877 423 31.260 2.166 574  31.750 2.366 248
3C279 0.916 1.063 171 0.779 1.040 636 1.632 2.093 817 0.928 0.857 914
1308+326 7 0.143 0.115 20 0.174 0.158 22 0.264 0.147 173
1406-076 0.076 0.024 a7 0.100 0.033 230 0.119 0.036 222 0.144 0.046 286
1510-089 0.963 0.431 147 1.096 0.522 660 1.236 0.759 850 1.347 0.642 1129
16114343 6 0.373 0.028 50 0.358 0.057 54 0.433 0.055 258
1622-297 0.333 0.067 42 0.441 0.100 223 0.756 0.222 232 0.409 0.150 239
16334382 0.332 0.142 56 0.439 0.228 241 0.395 0.235 429 0.470 0.211 717
3C345 0.322 0.162 22 0.474 0.332 220 0.540 0.367 287 0.450 0.207 699
1730-130 0.183 0.083 46 0.331 0.126 272 0.473 0.209 271 0.874 0.470 368
17494096 2.531 2.991 11 2.798 3.591 55 3.213 4.443 79 0.907 0.490 459
BL Lacertae 3.144 2.065 184 4.844 3.021 818 7.710 4.571 1152 13.385 7.517 1318
3C446 5 0.030 0.053 13 0.152 0.035 25 0.216 0.079 188
CTA102 0.806 0.777 33 0.752 0.890 175 1.162 1.446 286 1.046 1.344 794
3C454.3 2.144 1.406 225 2.549 1.728 988 4.061 2.780 1304 3.221 3.090 1578




TABLE 4

WEIGHTED MEAN FLUX AND WEIGHTED STANDARD DEVIATIONS (PART 3 OF 3): I - K BANDS

Object I-BAND [mJy] J-BAND [mJy] H-BAND [mlJy] K-BAND [mlJy]

Name (Fp) l-ow; # Ttems (F 1) 1-0w, # Ttems (Fgr) 10wy # Ttems (Fge) 10w g # Ttems
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13)
3C66A 9.323 3.788 498 12.355 4.022 245 18.191 5.699 238  24.548 7.169 252
02354164 0.933 2.219 469 1.835 2.465 646 2.530 2.837 376 5.122 6.002 547
0336-019 0.773 0.323 33

0420-014 1.456 1.238 112 1.850 0.933 55 2.833 1.632 55 2.821 2.430 55
05284134 0.312 0.037 16 0.627 0.303 233 0.952 0.691 36 1.201 0.873 36
07164714 26.156 12.430 990  22.779 8.237 346  45.092 13.925 137  57.176 21.710 134
07354178 2.121 0.546 75 3.550 0.489 19 5.131 0.630 16 6.830 0.673 16
08274243 0.496 0.146 36 0.602 0.119 18 0.635 0.170 15 0.807 0.302 15
08294046 2.315 0.926 45 3.963 1.110 20 5.867 1.724 16 8.277 1.849 16
08364710 0.770 0.048 22 1.046 0.483 35 1.106 0.612 23 1.502 1.016 21
0J287 7.363 3.002 460 13.000 5.704 407 19.070 6.749 62  35.597 17.029 313
09544658 1.345 0.538 98 2.473 1.193 60 3.917 1.761 54 5.756 3.064 49
10554018 9

Mkn421 32.674 7.614 11

1127-145 5 0.568 0.126 31 9
11564295 1.954 1.868 181 1.288 0.797 33 2.176 1.339 23 4.115 2.980 16
12194285 5.861 1.635 109  10.653 1.798 29 15.241 2.342 27 17.913 2.886 23
12224216 9

3C273 40.046 2.983 214  40.485 2.299 310  54.576 3.834 15 96.516 3.114 16
3C279 1.801 1.276 164 2.721 2.646 416 3.693 2.067 37 8.811 9.013 362
1308+326 0.206 0.098 31

1406-076 4 0.272 0.146 181 0.379 0.144 45
1510-089 1.879 0.938 250 2.393 1.676 444 3.323 1.101 76 8.011 6.008 382
16114343 0.520 0.068 57 0.418 0.062 26 0.631 0.061 25 0.586 0.086 24
1622-297 1 0.887 0.430 189 1.669 1.146 182
16334382 0.707 0.521 261 0.656 0.211 62 0.923 0.338 56 1.292 0.573 49
3C345 1.008 0.806 296 1.312 0.461 67 2.249 0.768 64 3.372 1.233 63
1730-130 4 1.331 0.523 242 3.102 1.635 213
17494096 2.275 1.197 97 8

BL Lacertae 18.983 8.823 750  47.059 10.521 62  71.696 16.745 58  92.027 21.234 59
3C446 8 0.378 0.096 53 2
CTA102 0.795 0.850 176 0.915 0.233 26 0.929 0.285 66 1.372 0.638 63
3C454.3 5.153 4.962 448 4.053 4.680 574 2.924 3.419 141 9.302 12.282 506




TABLE 5
GAMMA-RAY PERIODS OF QUIESCENCE

Number Total Days Longest Quiescent Period
Object of in Al No. of Start End
Name Periods Periods Days Date Date
(1) (2) (3) (4) (5) (6)
3C66A 11 517 133 5931.55 6064.55
0235+164 3 1260 1162  4958.52 6120.55
0716+714 10 431 97  4810.50 4907.52
07354178 17 701 97 5413.55 5511.51
0829-+046 8 889 637  5504.51 6141.54
0J287 14 1051 288  4810.50 5098.54
0954+658 11 1506 267  4684.50 4951.54
10554018 10 854 439  5022.54 5462.51
Mkn421 10 433 84  4858.16 4942.16
12194285 20 715 195 5638.53 5833.53
17494-096 15 1216 175  5194.16 5369.16
BL Lacertae 12 723 189 5439.16 5628.16
FSRQs
0336-019 10 869 491  4691.50 5182.51
0420-014 11 784 370  5344.55 5714.55
0528+134 13 1247 441  4880.50 5321.50
0827+243 5 1399 780 4684.50 5464.50
08364710 7 1072 419  4895.56 5315.52
1127-145 2 1063 1042 5035.54 6078.53
1156+295 17 805 168 5595.51 5763.53
12224216 11 715 253 4684.50 4937.52
3C273 12 792 378  5669.50 6047.50
3C279 6 650 350  5845.00 6195.00
1308+326 12 1080 336  5434.51 5770.53
1406-076 19 1157 210  5980.53 6190.53
1510-089 16 762 112 6050.53 6162.53
16114343 4 1213 940  4683.16 5623.53
1622-297 9 884 401  4683.16 5084.54
1633+382 8 770 238  5860.50 6098.50
3C345 13 1167 399 5791.53 6190.53
1730-130 12 1251 476 4790.52 5266.54
3C446 19 1260 187 6062.16 6249.16
CTA102 12 1064 490  4963.16 5453.16
3C454.3 3 614 477 5708.16 6185.16

NoOTE.—Time has not been adjusted for redshift.
— If two or more quiescent periods have the same longest dura-
tion, only the first is shown.
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TABLE 6

GAMMA-RAY AcCTIVE PERIODS

Number  Number  Total Days Longest Active Period Overall Highest Flux Measured Spec-
Object of Flaring in Al No. of Start End tral (Frmaz) /
Name Periods Periods Periods Days Date Date (Frmaz) l-o Date Index  Source (F) 1-o
(1) (2) (3) (4) (5) (6) (7) (8) (9 (10) (11) (12) (13) (14
BL Lacs
3C66A 10 2 238 70 4916.52 4986.52 7.43E-07  6.54E-08 4969.02 -0.85 F 6.0 3.4
0235+164 1 1 84 84  4691.50 4775.50 1.39E-06 1.27E-07  4728.00 -0.96 Vv 7.4 10.9
0716+714 6 3 105 21 6101.50 6122.50 2.18E-06 1.66E-07 5857.00 -0.91 Vv 10.0 6.4
0735+178 5 3 133 T 6085.55 6162.55 2.50E-07  4.44E-08 6138.05 -1.05 F 3.5 1.6
0829-+046 5 2 119 42 5182.51 5224.51 4.43E-07 7.93E-08 5130.04 -1.09 A% 6.9 4.3
0J287 4 3 147 84 5819.54 5903.54 7.40E-07  8.81E-08 5872.04 -1.14 Vv 7.1 5.5
09544658 3 3 49 21 5665.53 5686.53 3.02E-07  4.40E-08 5641.03 -1.42 F 4.4 3.1
1055+018 6 3 161 42 5623.53 5665.53 5.11E-07 1.54E-07 5648.01 -1.33 Vv 4.4 2.8
Mkn421 5 1 168 98 6099.53 6197.53 8.45E-07  6.53E-08 6124.03 -0.75 Vv 4.7 2.0
12194285 3 1 63 28 4683.16 4711.16 1.88E-07  4.08E-08 4686.66 -1.02 F 3.1 1.5
17494096 4 3 63 21 4683.16 4704.16 3.79E-07  5.41E-08 4686.66 -1.10 F 4.5 2.9
BL Lacertae 9 5 247 91 5691.16 5782.16 9.89E-07 7.41E-08 5708.66 -1.11 F 4.1 2.8
FSRQs
0336-019 8 4 133 21 5532.50 5553.50 4.37E-07  6.96E-08 5550.00 -1.48 F 3.6 2.4
0420-014 7 1 168 56 5175.51 5231.51 4.92E-07  5.70E-08 5221.01 -1.30 F 3.7 1.9
0528+134 3 2 49 21 5805.55 5826.55 5.71E-07 7.19E-08 4723.00 -1.55 Vv 5.2 4.0
0827+243 2 2 119 s 6183.54 6260.54 7.11E-07  8.34E-08 6285.04 -1.30 A% 4.7 4.1
0836-+710 3 2 91 42 5894.01 5936.01 1.61E-06 1.32E-07 5870.05 -1.61 A% 10.2 9.2
1127-145 2 1 63 35 4809.16 4844.16 2.99E-07  5.90E-08 4777.66 -1.61 A\ 2.9 1.8
1156+295 4 3 189 84 5420.51 5504.51 9.55E-07 7.31E-08 5431.01 -1.13 Vv 6.7 4.9
12224216 9 6 350 105 5343.55 5448.55 5.82E-06 1.78E-07 5368.01 -1.08 Vv 28.8 48.0
30273 8 4 273 84 5049.50 5133.50 5.30E-06 3.94E-07 5094.00 -1.40 Vv 16.9 18.0
30279 9 4 287 63 4839.56 4902.56 1.91E-06 7.74E-08 4800.00 -1.20 Vv 5.6 4.4
1308+326 4 3 84 42 4683.16 4725.16 3.59E-07  4.16E-08 4714.66 -1.10 F 4.9 2.5
1406-076 4 1 56 14 4802.16 4816.16 2.08E-07 5.85E-08 5424.01 -1.43 F 2.5 1.4
1510-089 8 6 315 84  4951.54 5035.54 6.37E-06 2.01E-07 5872.03 -1.29 F 10.4 10.7
1611+343 0 0 0
1622-297 2 0 28 14 5294.51 5308.51 2.39E-07 7.62E-08 5368.01 -1.34 F 2.4 1.6
16334382 10 3 357 91 5678.50 5769.50 1.50E-06 1.08E-07 6193.00 -1.25 F 6.2 4.7
3C345 3 2 91 42 4951.54 4993.54  4.32E-07  9.28E-08 4976.04 -1.45 Vv 3.4 1.9
1730-130 2 1 49 35 5490.50 5525.50 9.15E-07 7.37E-08 5501.05 -0.97 Vv 5.0 3.5
3C446 1 0 21 21 4970.16 4991.16 1.64E-07  5.04E-08 4987.66 -1.44 F 2.1 1.3
CTA102 7 4 205 84 6178.53 6262.53 4.11E-06 1.95E-07 6194.03 -1.01 Vv 20.1 21.2
3C454.3 6 5 307 110 5480.16 5590.16 4.16E-05 4.86E-07 5522.04 -1.26 Vv 53.4 108.0

NoTt.—All flux values are in photon cm~™2 s~!. Time is in the observer’s frame, not adjusted for redshift.
— If two or more active periods have the same longest duration, only the first is shown.
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Fig. 2.—: Histograms of the durations of the

longest uninterrupted periods of ~-ray |(a)| quies-
cent or @ active activity, adjusted for redshift.
FSRQs are red-filled and BL Lacs, blue-filled.

days and averaging 30 + 23 days) when converted
to the respective galaxies’ restframes.

We plot the normalized amplitude of flux vari-
ations vs. redshift in Figure Bl Noticeable is the
lack of BL Lacs displaying large amplitudes. The
average normalized amplitudes are 5.5£2.0 for the
BL Lacs and a highly dispersed 10 with a standard
deviation of 12 for the FSRQs. However, with-
out the four quasars exhibiting the largest values
of maximum to mean fluxes (3C454.3, 12224216,
CTA102, and 3C273), the normalized maximum
flux average for FSRQs drops to 5.0 &+ 2.5. If the
BL Lacs displayed such large amplitudes of ~-ray
outbursts at the same rate as the FSRQs, we could
expect, at least, 2 BL Lac objects with large out-
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Fig. 3.— Maximum amplitude of ~-ray varia-
tions achieved by each object (values listed in Ta-
ble [l) vs. redshift. The labels refer to the object
reference number (see Table [I]). The highest am-
plitudes correspond to 3C454.3 (#33), 12224216
(#18), CTA102 (#32), and 3C273 (#19).

bursts. This implies that the process responsible
for activity in the BL Lacs is more uniform, while
the FSRQs appear to have different levels of ac-
tivity.

3.2. Selection of Representative Epochs

To form a well-sampled, representative selec-
tion of data for a statistical study of spectral
indices, we establish minimum requirements for
epochs of data to be extracted for analysis. Be-
cause many objects have multiple epochs that can
be classified as quiescent or active, and in order to
avoid skewing the analysis towards any particular
object, four epochs per object are selected for anal-
ysis for the majority of the sources, two within ~-
ray quiescent periods and two within ~-ray active
periods. Fewer than four epochs are used for ten
sources because of either weak y-ray emission and
insufficient optical-UV data, or lack of simultane-
ity of observations across bands. An ideal epoch
would include a sufficient number of observations
to construct a complete SED and compute spectral
indices for the ~-ray, X-ray, and UV-optical-NIR
regions, although some epochs are accepted with-
out X-ray measurements. Epochs are carefully se-
lected to include a minimum separation of time
between earliest and latest NIR through X-ray ob-
servations, never to exceed 24 hours, resulting in



an average elapsed time of measurements for all
selected epochs of 9.0 hours. Preference is given
to epochs that include a wide range of NIR to UV
wavebands and to epochs containing observations
obtained from the greatest number of observato-
ries to mitigate potential bias introduced by the
use of data from a single observatory.

3.3. Light Curves and SEDs

Figure M presents the light curves of the quasar
16334382 as an example of the data used in the
analysis. (Light curves collected for all objects can
be found in an expanded version of this paper at
www.bu.edu/blazars/VLBAproject.htmll) The
light curves are presented in a series of sub-panels,
with the highest frequency in the top panel and
the lowest in the bottom panel. The energy range
of the y-ray flux is 0.1-200 GeV and of the X-
ray flux, 0.3—10 keV. The observatory making the
measurement is identified by the color and shape
of the symbol. Table [2 presents the legend for
the observatories. As explained in 3.2 up to four
epochs per source were selected for analysis. These
are indicated on the light curve plots by vertical
dashed lines, with each epoch identified by a num-
ber and a color. Quiescent epochs are colored blue
and green, active epochs are yellow and red. Hor-
izontal dotted lines indicate upper limits of quies-
cent states and lower limits of active and flaring
states.

Figure presents SEDs for 0716+714 and
16334382 as examples. (SEDs for all objects can
be found in an expanded version of this paper at
www.bu.edu/blazars/VLBAproject.htmll) The
SEDs display the flux data for each selected epoch,
with the frequency adjusted to the rest frame of
the host galaxy. Information about the selected
epochs is given in Table [7] where column 1 is the
object name, column 2 is the identifying epoch
number (corresponding to the number displayed
on the light curve plot), column 3 is the date of
the earliest NIR — X-ray observation within the
epoch, column 4 is the elapsed time in days be-
tween the earliest and the latest NIR — X-ray
observations of the epoch, column 5 is the date of
the center of the Fermi binned record, and column
6 is the bin size for that record. Columns 8-20 in-
dicate the activity state of the object at different
bands during the epoch: “Q” is quiescent, “A”
is active, “F” is flaring, and “T” is transient. A
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dash indicates that although we had some data
available for the band, there were fewer than 10
measurements and we did not compute (F,). If
there are multiple observations at a particular
waveband, the activity state is determined based
on the weighted mean of the observations.
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Fig. 4—: Light curves at different wavebands from NIR to ~v-ray frequencies, with 16334382 presented
as an example. Energy range of the v-ray flux is 0.1-200 GeV and for X-ray flux, 0.3—10 keV. Symbols
identify telescopes used in measurements (see Table [2)). Horizontal dotted lines on the light curves indicate
the upper limit for quiescent states (blue) and lower limits for active states (green) and flaring states (red).
Vertical dashed lines indicate specific epochs of interest, each designated with an identifying number located
in the lowest panel. [Light curves collected for all objects can be found in an expanded version of this paper
at www.bu.edu/blazars/VLBAproject.html|
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Fig. 5.—: SEDs for 0716+714 and 1633+382, shown as examples. Each epoch retains the identifying color
and epoch number as displayed with vertical dashed lines on the light curves. The symbols (but not the
color) refer to the observatory making the measurement (see Table 2]). Frequency is adjusted to the object’s
rest frame. For convenience, o, and a4 are shown if Swift X-ray data are available at the epoch. [SEDs for
all objects can be found in an expanded version of this paper at www.bu.edu/blazars/VLBAproject.html]

7 20 1 ]
T i 0716+714 E 1633+382 1
T H 1 oF = x =
o 15¢ . E T T :
§ | ] i I S S
(@) : : E A 1
= _1 [ |
8 10+ 8 : b
g\ : : E ' 4 E
o [ ] F 4 ]
S 05f 1 -2F ]
* S r —— (1) RID =4882.0, a = -1.224 +/- 0.012, Std Dev of Data = 0.039{ [ —— (1) RID =5400.3, a = -0.698 +/- 0.018, Std Dev of Data= 0.096]
LL = (2) RJID =5587.5, a = -1.200 +/- 0.001, Std Dev of Data = 0.035{ C (2) RID =6135.4, a = -0.885 +/- 0.031, Std Dev of Data = 0.084]
= L (3) RID =5859.5, a = -1.231 +/- 0.001, Std Dev of Data = 0.082] b (3) RID =5744.0, a = -1.559 +/- 0.009, Std Dev of Data = 0.025]
g [ —— (4) RID=6121.5, a =-1.223 +/- 0.006, Std Dev of Data= 0.005| C (4) RID =5034.5, a = -1.211 +/- 0.020, Std Dev of Data = 0.116]
= o0o0oL.®, , 1, , .1 R VYV B , U WM W] -3t .& . H, |1, . , 41, R,V ,B_,u , wimw ]
14.4 14.6 14.8 15.0 15.2 146 148 150 152 154 156
log v[HZ] (rest frame) log v[HZ] (rest frame)
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servatory (see Table ). The frequency band of the observation is denoted immediately above the X-axis.
Frequencies are adjusted for redshift.
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TABLE 7

ErocHS SELECTED FOR STUDY

Non-~v Observations

Fermi Obsvs.

Object Epoch Earliest Date Elapsed Mid-Bin Bin Activity State of Frequency Band
Name Number Within Epoch Timespan Date Size G X w2 M2 w1 U B \%4 R I J H K
(1) (2) (3) (4) (5) 6 (8) (9) (10) a1 12 (13) (14) (15 (1e) (17 as) (19
3C66A 1 5784.410 0.129 5781.048 7.0 Q Q Q Q Q Q Q Q Q Q Q Q Q
2 6185.907 0.965 6187.048 7.0 Q Q Q Q Q
3 4744.658 0.763 4744.000 7.0 F A A A T T T T A T
4 5390.561 0.977 5479.999 7.0 A A A A A F F A
02354164 1 5087.774 0.052 5087.996 7.0 Q Q Q T T T Q Q
2 5128.683 0.192 5130.009 7.0 Q T Q Q Q Q Q
3 4729.762 0.393 4731.000 3.0 F T A A A A F F F F
4 4758.502 0.970 4758.000 3.0 F F A A F A F F F F F F
0336-019 1 4711.555 0.032 4714.500 5.5 Q T Q Q
2 4917.231 0.109 4894.500 60.0 Q - - - - - Q Q
3 5832.461 0.466 5831.644 7.0 A T A T T
4 5858.888 0.016 5859.644 7.0 F A F A A
0420-014 1 5124.447 0.469 5123.009 7.0 Q T T T Q
2 5508.897 0.964 5512.509 32.5 Q Q Q Q Q Q Q Q Q
3 5217.245 0.082 5214.009 7.0 A F F F F
4 5899.334 0.015 5900.048 7.0 A T T T Q
0528+134 1 5120.762 0.201 5122.000 7.0 Q Q Q Q T Q
3 5825.600 0.407 5823.048 7.0 A T T A A
0716+714 1 4882.182 0.371 4882.000 3.0 Q Q Q Q Q Q T Q
2 5587.747 0.631 5588.000 3.0 Q Q Q Q Q Q Q Q Q Q
3 5859.502 0.529 5860.000 3.0 A T T T T T T T T F
4 6122.279 0.007 6183.000 3.0 A F F A A
07354178 1 5503.001 0.628 5501.009 7.0 Q Q Q Q - Q Q Q T T
2 6011.277 0.347 6012.048 7.0 Q T A T
3 6070.398 0.244 6068.048 7.0 A F A A - A A A A
08274243 1 4767.528 0.501 4759.500 30.0 Q Q Q Q
2 5503.630 0.365 5509.500 30.0 Q A Q T Q Q T T A A A
3 6198.701 0.585 6201.041 7.0 A A A A A A A F
4 6284.264 0.039 6285.041 7.0 F F A A A A
0829046 1 5663.736 0.006 5655.510 30.0 Q T Q Q Q
2 6089.713 0.010 6090.541 30.0 Q A - - Q
3 5234.339 0.020 5235.044 7.0 A F A A
0836+710 1 5624.396 0.024 5627.028 14.0 Q Q T T
2 6020.937 0.011 6023.506 7.0 Q T T T T A T Q
3 5869.336 0.348 5870.047 7.0 F T T Q Q Q
4 5923.485 0.731 5926.047 7.0 F F T T T T T Q A
0J287 1 5296.542 0.837 5298.024 7.0 Q Q T T T T T T T T Q Q
2 5340.494 0.852 5340.024 7.0 Q Q Q Q Q Q Q Q Q Q Q Q
3 5129.847 0.567 5130.044 7.0 A A T T T T T T T T A A
4 6038.508 0.833 6040.041 7.0 A A A A A A A
09544658 1 4766.685 0.918 4774.500 60.0 Q Q Q Q Q Q Q
2 4781.697 0.006  4774.500  60.0 Q Q Q Q
3 5636.232 0.384 5634.028 7.0 A A F A
4 5667.827 0.539 5669.028 7.0 F A A A A
10554018 1 5305.329 0.571 5306.542 30.0 Q Q - - - - T Q Q
2 6046.729 0.022 6047.028 7.0 Q Q Q Q
3 5664.801 0.007 5662.010 7.0 A A A A -
4 5709.314 0.041 5711.010 7.0 A A - - - - F A
Mkn421 1 5306.337 0.010 5305.011 7.0 Q Q Q Q
2 5729.351 0.017 5732.028 7.0 Q Q Q Q
3 5319.355 0.024 5319.011 7.0 A F Q Q Q Q Q
4 6123.294 0.017 6124.028 7.0 F A A A
1127-145 1 5193.997 0.214 5184.542 30.0 Q T T T T - Q -
2 5926.442 0.353 5933.528 30.0 Q Q T T Q A A
11564295 1 5674.348 0.030 5676.028 7.0 Q Q Q Q Q
2 6038.659 0.785 6040.028 7.0 Q A - T A A T
12194285 1 5272.809 0.038 5270.011 7.0 Q A T T Q Q Q Q
2 5988.436 0.151 5991.028 7.0 Q Q Q Q Q Q Q Q Q
3 4877.816 0.010 4875.655 7.0 A T A A A A A A
4 4884.913 0.014 4882.655 7.0 A F A A A A A A
12224216 1 5672.522 0.345 5675.992 7.0 Q T Q Q Q Q Q Q Q
2 6025.625 0.011 6026.048 7.0 Q Q Q Q Q Q Q Q
3 5317.278 0.161 5319.009 7.0 F Q T T
4 5369.145 0.223 5368.009 7.0 F Q A A A A A A A
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TABLE 7— Continued

Non-+ Observations

Fermi Obsvs.

Object Epoch Earliest Date Elapsed Mid-Bin Bin Activity State of Frequency Band
Name Number Within Epoch Timespan Date Size G X w2 M2 w1 R I H K
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19)
30273 1 5295.660 0.896 5298.000 7.0 Q T Q Q Q Q Q
2 6045.359 0.491 6044.000 7.0 Q F T T Q Q Q Q
3 5207.592 0.264 5206.000 7.0 A A T Q Q T
4 5272.526 0.459 5276.000 7.0 F T T Q Q Q A
3C279 1 4966.580 0.940 4969.042 7.0 Q Q Q Q Q Q Q Q Q Q
2 6011.463 0.398 6009.504 7.0 Q T Q Q Q Q T Q A
3 4898.744 0.798 4899.057 7.0 A Q Q Q Q Q Q Q T T A T
4 5665.659 0.600 5669.028 7.0 A A Q Q Q Q T Q A T A T
13084326 1 5302.082 0.386 5305.011 7.0 Q Q Q Q
1406-076 1 5294.737 0.007 5298.011 7.0 Q T Q T Q
2 5354.102 0.646 5354.011 7.0 Q Q A Q Q T Q T A
1510-089 1 5714.774 0.754 5718.028 7.0 Q Q Q Q Q Q Q Q Q
2 6064.552 0.923 6068.028 7.0 Q T Q T T Q Q T Q A
3 4918.487 0.476 4917.655 7.0 F T T T T T A A A A A
4 5747.276 0.093 5746.028 7.0 P Q Q Q Q Q Q Q T
16114343 1 5252.722 0.341 5256.011 7.0 Q - - - - - Q T
2 5832.201 0.419 5830.028 7.0 Q Q T T Q
1622-297 1 4745.490 0.005 4758.155 30.0 Q Q Q T Q Q
2 5350.951 0.728 5354.011 7.0 Q T T A T A T T
3 5205.473 0.251 5298.011 7.0 A A T Q Q A T Q T Q Q
16334382 1 5400.397 0.762 5402.000 7.0 Q Q Q Q Q Q Q Q Q Q Q
2 6135.430 0.911 6137.000 7.0 Q Q Q Q Q Q Q T Q Q
3 5744.449 0.387 5745.000 7.0 F F A A A A A F F F
4 5034.519 0.212 5038.000 7.0 A T A A A T T T A
30345 1 5826.277 0.420 5820.528 18.5 Q Q Q Q Q
2 6036.932 0.587  6044.528  44.0 Q Q Q Q Q
3 5067.109 0.269 5067.042 7.0 A Q Q Q Q Q Q T A T
4 5110.554 0.669 5109.042 7.0 A Q T T T T T T A T
1730-130 1 4980.711 0.156 4983.022 7.0 Q Q T Q Q Q
2 5376.704 0.005 5375.046 7.0 Q A Q Q T T
3 5433.603 0.734 5431.046 7.0 A F F F
4 5494.502 0.002 5494.046 7.0 A F F A A
17494096 1 6070.825 0.092 6072.155 30.0 Q A -
2 6135.326 0.125 6132.155 30.0 Q Q Q A T
3 5427.240 0.185 5428.655 7.0 A T Q Q Q F A
4 5502.790 0.803 5505.655 7.0 A A Q Q Q Q Q Q A
BL Lacertae 1 5033.523 0.419 5036.655 7.0 Q T Q Q Q Q Q Q Q
2 5503.691 0.191 5505.655 7.0 Q T Q Q Q Q Q Q Q
3 5707.822 0.078 5704.048 7.0 F T A A A A A A
4 6029.555 0.163 6030.506 7.0 A T A A A A A A A
3C446 1 5341.606 0.073 5351.155 30.0 Q - - - A T
2 5825.797 0.775 5817.155 30.0 Q A A -
CTA102 1 5126.709 0.047 5127.655 7.0 Q Q Q Q Q
2 5828.375 0.696 5827.655 7.0 Q Q Q Q Q Q Q Q Q Q
3 6191.256 0.248 6194.030 7.0 F A T T T T T T T A
4 6245.244 0.594 6243.030 7.0 F F A A A A F
3C454.3 1 5729.702 0.840 5729.655 1.0 Q Q
2 6180.576 0.836 6181.655 7.0 Q Q Q Q Q Q Q Q Q Q
3 5167.194 0.340 5165.042 7.0 F F A A A A A A A F A
4 5522.276 0.604 5522.042 7.0 F A A A A A F F F
NOTE.—Activity States: Q - Quiescent; T - Transitory; A - Active; F - Flaring; Blank - No data; “~” - Insufficient number of observations to calculate a mean flux value.



4. Computation of Spectral Indices

Optical Spectral Index

In the optical bands, we fit the blazar spectrum
by a power law of the form

S, x v, (2)

where S, is the radiative flux density at frequency
v and «, is the spectral index at optical wave-
lengths. We note that the optical spectrum that
we fit with a single power law can include multi-
ple components (emission lines, BBB, synchrotron
radiation), the implication of which will be dis-
cussed in Section[fl To compute a,, we perform a
weighted linear least-square fit using the IDL rou-
tine LINFIT, combining all data available in the
UV—-NIR range unless there is an obvious break
in the power law in either the NIR or UV bands.
We retrieve the slope and its error and report these
as a, and o4, respectively. Examples of the fit
are shown in Figure [6] for two objects.

Because we assume the model to be linear, test-
ing the goodness of the fit to the model in the usual
sense is not very meaningful in this case. The
weighted x? statistic would be quite large given
the small value of many of our uncertainties. To
provide some measure of the “goodness of fit,” we
compute the standard deviation of the data, o,
using .

o = mz(yi -9)% (3)
where N is the number of data points, y; =
log S,, and gy is the computed best-fit value
(Bevington & Robinson 12003), with two parame-

ters determined from the fit.
X-Ray and Gamma-Ray Photon Indices

Both the X-ray and ~v-ray spectral indices are
computed from the power-law photon index, I, as
a =T+ 1. For vy-ray observations, I'; is derived
differently depending upon whether the epoch cor-
responds to a quiescent or an active state. For qui-
escent epochs, we extract from the 2FGL catalog
(Nolan et all2012) the photon index and its un-
certainty. (Note: the spectra of some sources were
also fit with a log parabolic model, in which case
the uncertainty in a, is not given in the 2FGL
catalog and, therefore, is not listed in the table.)
For active states, we calculate I',, values from the
photon and spacecraft data (see Section 2.2]).

21

Broadband Spectral Slopes

Two additional spectral indices are of interest
to our study: the slope between optical and X-ray
frequencies, a,;, and the slope between X-ray and
-ray energies, ;4. We use the weighted mean of
the fluxes in V band for the optical emission. If
no V-band observations are available, preference
is given to measurements in the R, J, B, UVM2,
or UVW1 bands, in that order. We use X-ray and
~-ray emission at 1 keV and 0.5 GeV, respectively,
to represent the high energies.

The computed spectral indices for all objects
are summarized in Table B column 1 is the ob-
ject name, column 2 is the identifying epoch num-
ber (corresponding to the number displayed on
the light curve plot), column 3 is the date of the
earliest observation (among X-ray - NIR measure-
ments) within the epoch, columns 4—9 are a, ax,
and «,, and their respective 1-o uncertainties, col-
umn 10 provides the number of UV—optical -NIR
observations included in the computation of «,,
and column 11 lists the standard deviation of the
data relative to the best-fit line (the measurement
of the “goodness of fit” of the spectral slope for
a,). Columns 12—15 are o, and agg and their
respective 1-o uncertainties. Column 16 indicates
the frequency band used in the computation of o,
if no V-band observation is available.
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COMPUTED SPECTRAL INDICES

TABLE 8

Object Epoch Earliest Non-~ # UV-opt- Std. Dev. ao
Name Number Obsv.in Epoch any Tany ax Cag ao Tao NIR pts of Data o Caon azg Cazg Band
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16)
3C66A 1 5784.410 -0.912 -1.559 0.253 -1.292 0.002 14 0.007 -1.503 0.026 -0.780 0.012

2 6185.907 -0.912 -1.044 0.019 6 0.022

3 4744.658 -0.893 0.085 -1.971 0.129 -0.872 0.001 10 0.057 -1.443 0.010 -0.757 0.005

4 5390.561 -0.746 0.098 -0.811 0.004 8 0.059
0235+164 1 5087.774 -1.124 -1.120 0.338 -1.586 0.013 6 0.017 -1.130 0.047 -0.769 0.022

2 5128.683 -1.124 -1.791 0.009 10 0.122

3 4729.762 -0.990 0.078 -1.237 0.460 -1.726 0.003 8 0.084 -1.409 0.051 -0.674 0.024

4 4758.502 -1.056 0.087 -1.679 0.174 -1.627 0.002 10 0.081 -1.115 0.018 -0.812 0.008
0336-019 1 4711.555 -1.475 0.072 -0.260 0.051 5 0.001

2 4917.231 -1.475 0.072 -0.924 0.677 -0.366 0.030 4 0.022 -1.154 0.063 -0.860 0.029

3 5832.461 -1.104 0.217 -1.009 0.023 9 0.001

4 5858.888 -1.225 0.130 -0.948 0.023 4 0.007
0420-014 1 5124.447 -1.298 0.028 -1.330 0.025 11 0.003

2 5508.897 -1.298 0.028 -0.984 0.367 -0.807 0.031 7 0.049 -1.038 0.050 -0.811 0.023

3 5217.245 -0.870 0.132 -1.146 0.073 6 0.007

4 5899.334 -1.369 0.196 -1.616 0.065 4 0.030
0528+134 1 5120.762 -1.545 -0.719 0.030 9 0.025

3 5825.600 -1.545 -0.446 0.029 7 0.039
07164714 1 4882.182 -1.077 -1.159 0.136 -1.224 0.012 11 0.039 -1.517 0.020 -0.873 0.009

2 5587.747 -1.077 -1.436 0.309 -1.200 0.001 11 0.035 -1.591 0.031 -0.771 0.014

3 5859.502 -0.962 0.086 -1.450 0.119 -1.231 0.001 11 0.082 -1.489 0.013 -0.737 0.006

4 6122.279 -1.013 0.135 -1.223 0.006 5 0.005
0735+178 1 5503.001 -1.047 0.035 -1.294 0.481 -1.519 0.007 9 0.035 -1.502 0.065 -0.754 0.031 R

2 6011.277 -1.047 0.035 -1.477 0.017 5 0.011

3 6070.398 -1.374 0.248 -1.223 0.379 -0.975 0.006 7 0.033 -1.246 0.037 -0.808 0.017
0827+243 1 4767.528 -1.674 0.070 -0.548 0.070 6 0.010

2 5503.630 -1.674 0.070 -0.697 0.108 -0.482 0.013 7 0.038 -1.001 0.018 -0.937 0.008

3 6198.701 -1.268 0.229 -0.577 0.095 -0.890 0.011 3 0.000 -1.080 0.014 -0.801 0.007

4 6284.264 -1.304 0.097 -0.703 0.178 -0.974 0.031 4 0.083 -1.046 0.039 -0.770 0.015 UvM2
08294046 1 5663.736 -1.181 -1.729 0.011 4 0.036

2 6089.713 -1.181 -0.430 0.454 -1.501 0.015 3 0.038 -1.444 0.081 -0.804 0.037

3 5234.339 -1.217 0.273 -1.596 0.011 5 0.006
0836+710 1 5624.396 -1.948 0.073 -0.629 0.039 4 0.001

2 6020.937 -1.948 0.073 -0.468 0.102 -0.282 0.022 3 0.006 -0.797 0.021 -1.016 0.010

3 5869.336 -1.607 0.081 -0.438 0.095 -0.904 0.114 3 0.003 -0.766 0.014 -0.790 0.007 J

4 5923.485 -1.609 0.172 -0.451 0.085 -0.453 0.023 5 0.067 -0.714 0.013 -0.928 0.006
0J287 1 5296.542 -1.232 0.043 -1.259 0.163 -1.338 0.002 19 0.075 -1.426 0.017 -0.863 0.008

2 5340.494 -1.232 0.043 -1.279 0.173 -1.528 0.003 11 0.032 -1.347 0.020 -0.848 0.009

3 5129.847 -1.392 0.176 -0.885 0.069 -1.582 0.002 12 0.038 -1.339 0.010 -0.821 0.005

4 6038.508 -1.229 0.164 -1.425 0.002 20 0.016
09544658 1 4766.685 -1.415 0.067 -1.329 0.022 7 0.017

2 4781.697 -1.415 0.067 -1.242 0.062 3 0.022 J

3 5636.232 -1.076 0.218 -1.805 0.020 16 0.116

4 5667.827 -1.292 0.253 -1.769 0.071 17 0.037
10554018 1 5305.329 -1.217 0.039 -0.998 0.408 -1.509 0.019 8 0.074 -1.164 0.050 -0.860 0.023

2 6046.729 -1.217 0.039 -1.438 0.015 5 0.001

3 5664.801 -1.243 0.190 -1.418 0.008 4 0.007

4 5709.314 -1.434 0.252 -0.718 0.179 -1.581 0.009 6 0.023 -1.248 0.023 -0.799 0.011
Mkn421 1 5306.337 -0.771 0.012 -0.521 0.046 5 0.001

2 5729.351 -0.771 0.012 -0.575 0.055 4 0.000

3 5319.355 -0.770 0.089 -1.061 0.012 -0.419 0.063 4 0.000 -0.717 0.004 -1.166 0.002

4 6123.294 -0.747 0.046 -0.587 0.024 4 0.000
1127-145 1 5193.997 -1.697 0.051 -0.388 0.111 -0.646 0.012 4 0.049 -1.120 0.021 -0.953 0.010

2 5926.442 -1.697 0.051 -0.665 0.559 -0.331 0.018 4 0.031 -1.001 0.048 -0.957 0.025 J
11564295 1 5674.348 -1.295 0.027 -1.112 0.043 5 0.018

2 6038.659 -1.295 0.027 -0.584 0.528 -1.216 0.024 17 0.008 -1.345 0.102 -0.775 0.048
12194285 1 5272.809 -1.019 0.034 -1.704 0.252 -0.911 0.003 7 0.019 -1.348 0.028 -0.908 0.013

2 5988.436 -1.019 0.034 -1.622 0.440 -1.264 0.004 7 0.009 -1.554 0.043 -0.837 0.020

3 4877.816 -0.965 0.156 -1.686 0.441 -1.022 0.002 6 0.055 -1.550 0.040 -0.786 0.019

4 4884.913 -1.470 0.205 -1.776 0.170 -0.973 0.002 6 0.049 -1.402 0.016 -0.848 0.008
12224216 1 5672.522 -1.231 -0.592 0.254 -0.146 0.004 6 0.013 -1.359 0.035 -0.787 0.016

2 6025.625 -1.231 -0.814 0.484 -0.040 0.005 4 0.017 -1.364 0.086 -0.748 0.040

3 5317.278 -0.982 0.035 -0.828 0.237 -0.305 0.009 3 -1.377 0.036 -0.521 0.017 R

4 5369.145 -1.078 0.024 -0.669 0.258 -0.363 0.004 6 0.094 -1.473 0.036 -0.482 0.017
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TABLE 8— Continued

Object Epoch Earliest Non-v # UV-opt-  Std. Dev. ao
Name Number  Obsv.in Epoch ay Tony ax Cay ao cag NIR pts of Data Qo Caom azg  Cag Band
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16)
30273 1 5295.660  -1.616 -0.658  0.043  -0.458  0.004 8 0.024  -1.236 0.006  -1.035 0.003
2 6045.359  -1.616 -0.564  0.070 4 0.041
3 5207.592  -1.431  0.074  -0.664  0.026  -0.422  0.003 4 0.019  -1.165 0.004  -0.915 0.002
4 5272.526  -1.492  0.088  -0.693  0.044  -0.494  0.003 9 0.010  -1.223 0.005  -0.898 0.003
3C279 1 4966.580  -1.340 -0.797  0.131  -1.696  0.007 12 0.040  -0.924 0.017  -0.862 0.008
2 6011.463  -1.340 -0.550  0.178  -1.578  0.008 12 0.102  -1.115 0.028  -0.895 0.013
3 4898.744  -1.419  0.083  -0.875  0.215  -1.770  0.006 13 0.036  -1.096 0.028  -0.742 0.013
4 5665.659  -1.908  0.152  -0.665  0.092  -1.747  0.005 16 0.054  -1.081 0.014  -0.763 0.006
13084326 1 5302.082  -1.222 -0.250  0.718  -1.517  0.206 3 0.002  -1.159 0.171  -0.757 0.081 R
1406-076 1 5204.737  -1.429  0.064 -0.851  0.042 4 0.045
2 5354.102  -1.429  0.064  -0.742  1.843  -1.401  0.104 4 0.012  -1.134 0.180  -0.779 0.084
1510-089 1 5714.774  -1.388 -0.489  0.587  -0.628  0.008 8 0.022  -1.213 0.083  -0.727 0.039
2 6064.552  -1.388 -0.835  0.422  -0.721  0.006 14 0.041  -1.150 0.073  -0.770 0.034
3 4918.487  -1.244  0.025  -0.394  0.139  -1.104  0.004 17 0.161  -1.309 0.021  -0.550 0.010
4 5747.276 ~ -1.268  0.046  -0.585  0.146  -0.710  0.007 9 0.026  -1.201 0.021  -0.573 0.010
16114343 1 5252.722  -1.307  0.171  -0.443  0.578  -0.461  0.059 4 0.003  -1.208 0.092  -0.920 0.042
2 5832.201  -1.307  0.171 -0.422  0.014 11 0.023
1622-297 1 4745.490  -1.339  0.067 -0.647  0.043 4 0.010
2 5350.951  -1.339  0.067  -0.397  0.557  -0.466  0.026 5 0.026  -1.283 0.056  -0.791 0.026
3 5205.473  -1.423  0.230  -0.301  0.399  -0.490  0.025 6 0.082  -1.114 0.042  -0.782 0.020
16334382 1 5400.397  -1.410 -0.637  0.546  -0.698  0.018 6 0.096  -1.073 0.064  -0.760 0.029
2 6135.430  -1.410 -0.859  0.581  -0.885  0.031 8 0.084  -1.055 0.090  -0.777 0.042
3 5744.449  -1.155  0.058  -0.562  0.223  -1.559  0.009 9 0.025  -1.109 0.046  -0.708 0.021
4 5034.519  -1.270  0.084  -1.118  0.446  -1.211  0.020 4 0.116  -1.052 0.044  -0.721 0.020
30345 1 5826.277  -1.489  0.056 -1.438  0.030 7 0.033
2 6036.932  -1.489  0.056 -1.493  0.062 7 0.005
3 5067.109  -1.073  0.174  -0.859  0.135  -1.515  0.017 8 0.022  -1.090 0.022  -0.782 0.010
4 5110.554  -1.319  0.334  -0.578  0.246  -1.291  0.024 5 0.027  -1.193 0.028  -0.770 0.013
1730-130 1 4980.711  -1.488 -0.937  0.019 6 0.058
2 5376.704  -1.488 -1.520  0.027 5 0.073
3 5433.603  -1.440  0.103 -2.385  0.134 4 0.006
4 5494.502  -1.132  0.087 -1.061  0.074 3 0.001
17494096 1 6070.825  -1.243 -1.536  0.012 7 0.030 R
2 6135.326  -1.243 -1.717  0.028 8 0.018
3 5427.240  -1.267  0.198  -0.422  0.179  -1.767  0.025 9 0.060  -1.404 0.026  -0.766 0.012
4 5502.790  -1.394  0.148  -0.579  0.141  -2.066  0.014 7 0.007  -1.155 0.024  -0.853 0.011
BL Lacertae 1 5033.523  -1.261 -0.957  0.182  -1.745  0.005 9 0.012  -1.350 0.019  -0.854 0.009
2 5503.691  -1.261 -0.854  0.112  -1.694  0.006 8 0.021  -1.323 0.015  -0.884 0.007
3 5707.822  -1.240  0.074  -0.790  0.157  -1.640  0.002 7 0.022  -1.486 0.019  -0.749 0.009
4 6029.555  -1.070  0.083  -0.913  0.083  -1.619  0.002 7 0.052  -1.506 0.010  -0.772 0.005
3C446 1 5341.606  -1.436  0.053 0.217  0.825  -0.650  0.087 3 0.006  -1.030 0.123  -0.857 0.057
2 5825.797  -1.436  0.053 -0.679  0.025 4 0.006
CTA102 1 5126.709  -1.538 -0.254  0.011 7 0.011
2 5828.375  -1.538 -0.377  0.158  -0.413  0.005 16 0.008  -1.150 0.024  -0.820 0.011
3 6191.256  -1.006  0.034  -0.616  0.084  -1.108  0.005 18 0.034  -1.098 0.014  -0.619 0.007
4 6245.244  -1.396  0.080  -0.514  0.120  -1.409  0.008 6 0.055  -1.177 0.019  -0.760 0.009
3C454.3 1 5729.702  -1.379 -0.566  0.140  -0.889  0.007 9 0.115  -1.151 0.022  -0.752 0.010
2 6180.576  -1.379 -0.984  0.357  -1.053  0.010 9 0.092  -1.163 0.051  -0.842 0.024
3 5167.194  -1.344  0.023  -0.584  0.039  -1.352  0.001 9 0.031  -0.972 0.006  -0.749 0.003
4 5522.276 ~ -1.259  0.010  -0.602  0.040  -1.548  0.003 6 0.041  -1.057 0.007  -0.630 0.003




5. Trends and Correlations of Spectral In-
dices

5.1. Distributions of Spectral Indices

Figure [1 presents distributions of the spectral
indices a,, ax, and a,, and the spectral index
between these regions, o, and a.4. We compute
a mean of each spectral index from our selected
epochs for each class in each state. The results are
summarized in Table The standard deviation
is a good indicator of the spread of the indices.
We consider a deviation within + 0.35 (~ 20%
of the approximate spread of all indices) to be a
sufficiently narrow spread to indicate a “preferred”
value for the index.

For «,, only BL Lacs in a quiescent state main-
tain a preferred value. For ax, both the quiescent
and the active FSRQs exhibit small deviations,
with a preferred value of ~ —0.6, as expected if
the X-ray emission is produced via inverse Comp-
ton scattering by relatively low energy electrons
that also emit synchrotron emission at millimeter-
submillimeter (mm-submm) wavelengths. Active
BL Lacs have a significant scatter in ax, with
some values as steep as —2. This can be explained
by a synchrotron origin of the enhanced X-ray
emission in some BL Lacs. Quiescent BL Lacs
exhibit a preferred value of —1.2, which suggests
that the quiescent X-ray emission is a mixture of
IC and synchrotron emission.

Both quiescent and active states of both
classes exhibit a preferred value of the ~v-ray
spectral index. The BL Lacs show little dif-
ference in «, between quiescent and active
states. |Ackermann et all (2011)) found a simi-
lar mean value for BL Lacs with a range from
—0.90 to —1.17, depending upon the SED clas-
sification (LSP, ISP, HSP). The FSRQs show
a modest flattening of o, during active states.
Ackermann et all (2011) computed a mean value
for FSRQs of —1.42 + 0.17 for a much larger sam-
ple, which falls between the average values of a.
during quiescent and active states.

Both quiescent and active states of both classes
exhibit preferred values of the spectral index be-
tween the optical and X-ray and between the X-
ray and ~-ray regimes. The preferred values of
Qo change little within each class between states,
while they are different for the two classes. The
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preferred values of o, are similar for the BL Lacs
and FSRQs within the 1o uncertainty, indepen-
dent of the state.

5.2. Change of Spectral Indices between
States

To study the change of spectral indices between
states, we compute the difference between the
spectral indices of quiescent and active states for
each object (between the means of « in the cases
of two quiescent and two active states identified).
Histograms of these differences are presented in
Figure The FSRQs tend to have a separation
between quiescent and active states in both op-
tical and ~y-ray spectra, while the differences be-
tween states for the BL Lacs tend to be equally
distributed. Of the active FSRQs, 80% have a
flatter average ~-ray spectrum, with a weighted
mean difference from the average quiescent spec-
trum of 0.16. (Some caution must be applied in
this case, however, because I'y is allowed to vary
for the active states, while we use a fixed value
taken from the 2FGL catalog for each object in
quiescent states.) [Abdo et all (2010b) found a
weak “harder when brighter” effect for all FS-
RQs and BL Lacs except the HSP subclass, as
had been previously suggested by |Ghisellini et al
(2009) for both classes when comparing some mea-
surements from Fermi and EGRET. For our sam-
ple of blazars, a significant “harder when brighter”
effect is seen in the v-ray spectral index for FS-
RQs, but the BL Lacs show no propensity towards
a flatter or steeper spectrum, nor is there any ob-
vious trend with SED class.

Of the quiescent FSRQs, 73% tend to have flat-
ter optical spectra than during active states, while
there is no statistical difference for a, of BL Lacs
between the two states. The difference in behav-
ior of «, for FSRQs implies an important con-
tribution of the emission from the accretion disk
(BBB) to the optical quiescent radiation, while
accretion disk emission in BL Lacs seems to be
too weak to play a significant role in the SED.
In support of this latter point, the average value
of o, of ~ —1.4 in active and quiescent BL Lacs
indicates dominance of synchrotron emission dur-
ing all states. This conforms with the prediction
of IGiommi et al! (20124), who simulated SEDs of
blazars with a varying mix of Doppler-boosted ra-
diation from the jet with emission from the ac-
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Fig. 7.—: Distributions of spectral indices for quiescent and active states: @ optical, @ X-ray, y-ray,
[(d)] optical — X-ray, and [(e)] X-ray — y-ray. FSRQs are plotted in red; BL Lac objects in blue.

TABLE 9
MEAN VALUES OF SPECTRAL INDICES

Quiescent Active

Spectral Index BL Lac FSRQ BL Lac  FSRQ

(1) (2) (3) (4) (5)
aO
Average Value —1.4 -0.8 —1.4 -1.1
Standard Deviation 0.3 0.4 0.4 0.5
ax
Average Value —-1.2 —-0.60 -1.2 —-0.63
Standard Deviation 0.3 0.27 0.5 0.18
Oy
Average Value —1.12 —1.46 -1.13 -1.31
Standard Deviation 0.17 0.17 0.23 0.22
Qox
Average Value —1.40 —-1.13 -1.32 —-1.11
Standard Deviation 0.14 0.13 0.22 0.17
Qzg
Average Value —0.83 —-0.84 —-0.81 -0.73
Standard Deviation 0.05 0.09 0.11 0.12
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Fig. 8.—: Distribution of difference of spectral
indices between quiescent and active states for BL
Lac objects (left, blue) and FSRQs (right, red),
panels (a) and (d) for ay, (b) and (e) for ax, and
(c) and (f) for a,.

cretion disk, broad-line region, and light from the
host galaxy, and found strong dominance of the
jet emission in BL Lacs.

The differences of the X-ray spectral indices of
FSRQs between states are equally distributed with
a negligible mean of 0.001, as is evident in Figure
[Be. This suggests that the same mechanism(s) is
(are) employed for the X-ray production in FS-
RQs, independent of the state. In BL Lacs, the
IC X-ray spectrum generally has a slope flatter
than —1, whereas the slope is generally steeper for
X-ray synchrotron radiation (e.g. [Bregman et al.
1990).

The very broad scatter of ax (quiescent) -
ax (active) for BL Lacs indicates: (i) an increase
in the contribution of synchrotron emission dur-
ing active states for some BL Lacs (e.g., 3C66A,
the largest positive difference); (ii) flattening of
ax at active states for another group of BL Lacs
(e.g., OJ287, the largest negative difference) that
corresponds to an increase of the contribution of
IC emission; and (iii) no change of ax for the
rest of BL Lacs. Although we cannot correlate
the behavior with the SED subclasses of BL Lacs
due to an insufficient amount of statistical data,
the BL Lacs of the LSP type tend to have flatter
X-ray spectra during active states.
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5.3. Relationships Between Spectral In-

dices

We examine relationships between the spec-
tral indices at the different wavebands. Figures
@ 00 01 & show dependences between o,
and oo, o, and ax, ax and o,, and between
0or and agg, respectively, for all blazars in the
sample. The complete set of all plots in color
and labeled with object and epoch numbers can
be found in an expanded version of this paper
at www.bu.edu/blazars/VLBAproject.html. We
have computed Spearman’s rank correlation co-
efficients between different spectral indices for
the entire sample, as well as for different classes
and states. We have used the IDL routine
R_Correlate to test the significance of the cor-
relation coefficients. The results are presented in
Table M0 with the number of data points in the
computation and the rank correlation coefficient
and its significance given for each relationship.

The ay—c, Plane: Figure[@reveals a striking dif-
ference between the quiescent BL Lacs and FS-
RQs: a BL Lac object with a flatter a, has a
flatter o, , while for the quasars a modest anti-
correlation between the indices is observed. The
correlation analysis (Table [[0) confirms a highly
significant positive correlation between o, and
«, of the BL Lacs independent of the state, and
suggests a weak anti-correlation between o, and
a, of the quiescent FSRQs at ~88.5% confidence
level. The latter effect disappears in active FS-
RQs. We associate flattening of a,, in FSRQs with
increasing importance of the BBB contribution to
the optical emission when the synchrotron flux de-
creases. If we assume that a pure synchrotron op-
tical spectral index correlates with ., as in the
case of the BL Lacs, then the anti-correlated be-
havior between o, and o, for the quiescent FS-
RQs implies that quasars with a stronger BBB
have a softer optical synchrotron spectrum. This
is supported by the case of 3C273, in which the
BBB dominates the optical-UV SED, while the
synchrotron spectral index, as measured for the
linearly polarized emission, is very steep, —1.7
to —2.7 (Smith et all 1993). However, the steep
optical synchrotron index found for the quasar
3C454.3 during the prominent ~v-ray outbursts,
ad" ~ —1.7, is significantly steeper than a, ~
—1.3 (Jorstad et all[2013); this implies that rela-
tivistic electrons that emit IR synchrotron radia-
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tion rather than optical emission are responsible
for y-ray production.

There are outliers in Figure [9] that are impor-
tant to mention. Quasar 1730—130 at epoch 3
and BL Lac object 17494096 at epoch 4 (both
active states) have extremely steep optical spec-
tra (—2.4 and —2.1, respectively), and a follow-up
study of additional active epochs of these objects
could be enlightening. Active epoch 4 of 3C279
has a steep y-ray spectrum (—1.9), while all epochs
of 12224216 are located in the flat optical—flat -
ray region of both the active and quiescent FSRQs.

The ay—ax Plane: Figure shows a distinct
separation in the o, — ax plane for the two
classes of blazars, with only a slight overlap. This
is obviously driven by the separation of X-ray
spectral index values between classes as discussed
in §611 Combining classes yields strong anti-
correlations for both active (Fig. [[0c) and quies-
cent (Fig. [[Od) states. Quiescent BL Lacs show a
strong anti-correlation between o, and ax, that
becomes very weak for active BL Lacs (Table [IT]).
In general, for a blazar in our sample, steeper ax
pairs with flatter a.y. Within IC mechanisms for -
ray production, this suggests that for sources with
a synchrotron origin of X-rays (fully or partly),
lower-energy relativistic electrons participate in
~-ray production (those that generate IR-optical
synchrotron emission), while for sources with X-
rays via IC mechanisms, higher-energy relativis-
tic electrons should be involved in 0.1—-200 GeV
~-ray production (those that produce optical-UV
synchrotron emission).

There are outliers in the a, — ax plane that
include three BL Lacs that are well known TeV
sources: 12194285, 3C66A, and Mkn421. Among
the FSRQs, the quasars 3C279 and 0836+710 are
distinguished by the steepness of their v-ray spec-
tra. Additionally, the first quiescent epoch of
3C446 is isolated in the region of flat X-ray spec-
tra (ax = 0.22), although the uncertainty in the
index is high.

The ax—a, Plane: Figure [[Th shows a strong
anti-correlation between ax and a, for BL Lacs,
independent of activity state, with a high con-
fidence level (see Table [[0). According to the
discussion in §5.1] values of o, of the BL Lacs
should represent pure synchrotron spectra. The
observed anti-correlation and steepness of ax, up
to —2.0, imply that in BL Lacs with the hardest
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optical spectra, the X-ray emission is produced via
the synchrotron mechanism. These are the TeV
sources Mkn421, 1219+285 and 3C66A mentioned
above. As the optical spectrum softens, the contri-
bution from IC mechanisms to the X-ray emission
increases. In general, there is no overlap between
the BL Lacs and FSRQs in Figures [[Ic,d), since
the FSRQs have flatter values of a,, indicating the
presence of the BBB, and uniformly flat values of
ax that point to IC mechanisms for X-ray pro-
duction. However, some active BL Lacs with the
flattest ax form a continuation of the sequence of
active FSRQs into the steepest «, values. These
are among the brightest BL Lacs at radio wave-
lengths, 17494096, BL Lacertae, 10554018 and
0J287. Three quiescent quasars with the steepest
«, values form a continuation of the quiescent BL
Lac sequence into the flattest ax values (3C 279,
13084326, and 1406—076), which most likely have
weaker BBB emission with respect to the jet emis-
sion than for the other FSRQs.

The aop—0zg Plane: An anti-correlation is ex-
pected in this plane if 1) the X-ray flux varies with
much higher amplitude than do the optical and -
ray fluxes, or 2) the optical and y-ray fluxes vary
in unison while the X-ray flux is relatively stable in
many of the sources. Neither case commonly oc-
curs (see Table ). According to Table [I0 there is
a statistically significant anti-correlation between
0oz and agg for active BL Lacs. However, the
anti-correlation is driven by the spectral indices
of Mkn 421, which is the only HSP source in our
sample. The rest of the BL Lacs show very small
scatter in the values of ag4, with slightly flatter
values during active states. Table [9] shows that
the average values of a,, of FSRQs are similar
to those of BL Lacs. The stability of oy, follows
from the high ratio of y-ray to X-ray frequencies,
the logarithm of which is in the denominator of the
X-ray — ~v-ray spectral index calculation. In this
context, the line of active quasars in Figures[12b,c
with o, flatter than —0.7 is especially interest-
ing, since these are the quasars with the strongest
amplitude of y-ray activity: 12224216, 1510-089,
CTA102, 3C454.3, and 0836+710 (see Figure ().
The line shows a clear anti-correlation between
Qo and agg, which corresponds to case 2 above
and implies that the v-ray and optical fluxes have
significantly larger amplitudes of variation than
that of the X-ray emission. This is not expected
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SPEARMAN’S RANK CORRELATION (p)

TABLE 10

a~ and a, a~ and oy oz and a, Qgg and Qoz

n p Signif. n p Signif. n p Signif. n p Signif.
(1) 2 6 (4) (5) (6 (7 ®) 9 (10) (1) (12) (13)
BL Lac Quiescent 24 0.572 0.004 13 -0.776 0.002 13 -0.676 0.011 13 -0.269 0.374
BL Lac Active 22 0.473 0.026 14 -0.442 0.114 14 -0.631 0.016 14 -0.732 0.003
All BL Lacs 46  0.504 3.6E-04 27 -0.556 0.003 27 -0.648 2.6E-04 27  -0.395 0.041
FSRQ Quiescent 40  -0.253 0.115 24 -0.055 0.799 24 0.105 0.625 24 -0.437 0.033
FSRQ Active 28  0.029 0.883 21 -0.239 0.297 21 0.113 0.626 21 -0.458 0.037
All FSRQ 68 -0.258 0.034 45  -0.134 0.379 45  0.078 0.609 45  -0.289 0.054
All Quiescent 64 -0.445 2.3E-04 37 -0.594 1.1E-04 37  0.405 0.013 37 -0.238 0.156
All Active 50  0.086 0.552 35 -0.428 0.010 35  0.060 0.731 35 -0.216 0.212
All 114 -0.256 0.006 72 -0.499 8.3E-06 72 0.233 0.049 72 -0.180 0.129

NOTE.—n: number of indices included in the computation; p: rank correlation coefficient; Signif: the two-sided significance level.
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if the SSC mechanism is responsible for both the
X-ray and v-ray emission, since in this case the
value of a;, should remain stable across activity
states. The significant difference in the amplitude
of X-ray and v-ray activity might be caused by
different seed photons being scattered by the rel-
ativistic electrons: synchrotron from the jet for
X-rays (SSC) and external for y-rays (EC). Alter-
natively, the X-ray variations could be smoothed
out by longer timescales of energy losses of the
relatively low-energy electrons participating in 1C
X-ray production. There is a clear separation be-
tween the BL Lacs and FSRQs with respect to
values of ay,, especially for the quiescent blazars
(Figure [[20): the FSRQs possess flatter a,, val-
ues than those of BL Lacs. This supports the con-
clusion that different X-ray emission mechanisms
operate in the BL Lacs and FSRQs, as pointed out
in the analysis of the ax—a, plane.
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6. Discussion: Implications for Emission
Models

The analysis of spectral indices in each wave-
band and the relationship between these indices
allow us to describe a “typical” BL Lac object or
FSRQ and contrast the results by activity state
within each class. Table [[I] summarizes statisti-
cally significant results from this exercise.

Our findings suggest that the optical emission
of a “typical” BL Lac object is strongly domi-
nated by synchrotron radiation at any state, in-
dependent of SED classification. This implies
that any emission from the accretion disk is weak
in BL Lacs, consistent with the polarimetry of
BL Lacs showing no evidence for the wavelength-
dependent polarization expected when the essen-
tially unpolarized BBB contributes substantiall
to the optical-UV emission (e.g.,
1991; [Smith [1996).

The X-ray emission from BL Lacs is a mixture
of synchrotron and IC radiation. The statistically
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TABLE 11
“TYPICAL” QUIESCENT OR ACTIVE OBJECT
“Typical” BL Lac “Typical” FSRQ
Quiescent Active Quiescent Active
(1) 2 () (4) (5)
Mean value:
Qo —14+£0.3 high dispersion  high dispersion  high dispersion
ax —-1.2+0.3 high dispersion —0.60 £+ 0.27 —0.63 £ 0.18
Oy —1.124+0.17 —1.13£0.23 —1.46 £0.17 —1.31+0.22
Qoz —1.404+0.14 —1.32 +£0.22 —1.13+0.13 —1.11+0.17
Qg —0.83 £ 0.05 —0.81 £0.11 —0.84 £ 0.09 —0.73+£0.12
Correlation probability:
ay and a, 99.6% 97.4% 88.5% (anti) ns
ay and ax 99.8% (anti) 88.6% (anti) ns ns
ax and a, 98.9% (anti) 98.4% (anti) ns ns

96.3% (anti)
10 £ 8%
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10 £12

NOTE.—ns: not significant.
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significant correlation between «, and ax implies
that the contribution of IC emission to the ob-
served X-rays increases as the optical spectrum
softens, especially for active BL Lacs. The op-
tical and ~-ray spectral indices are correlated at
> 97% confidence level. No difference in values
of a, between quiescent and active states is ob-
served, which implies that the same mechanism
is responsible for quiescent and flaring y-ray emis-
sion. The modest amplitude of v-ray activity, with
small scatter across the BL Lac sample, favors
the SSC mechanism for y-ray production, while
slightly flatter values of o, relative to a, imply
that relativistic electrons radiating at both optical
and IR wavelengths are involved.

A “typical” FSRQ has a flatter optical spec-
trum in quiescent than in active states, which can
be attributed to the importance of the contribu-
tion of the BBB to the optical-UV continuum (e.g.,
Smith et all 1988; |Giommi et al. 12012h). The
wide dispersion of optical spectral indices is then
due to diversity in the relative strength of the
BBB among FSRQs rather than to variations in
the slope of their synchrotron spectra. We antici-
pate that once the BBB component is subtracted,
the residual synchrotron spectral index will show
a smaller scatter in «,, as in BL Lacs, and also as
is the case for o, for both the BL Lacs and FS-
RQs. A modest anti-correlation between o, and
«, for the quiescent FSRQs implies a possible con-
nection between the properties of the BBB and
jet if the anti-correlation is driven by the contri-
bution of the BBB to the optical emission. The
latter is probable, since the anti-correlation dis-
appears during active states. In this scenario,
a quasar with a stronger BBB has softer optical
synchrotron and ~-ray spectra in quiescent states.
The ~-ray spectrum of an FSRQ flattens during
active states, which implies more efficient acceler-
ation of relativistic electrons if the v-rays originate
via IC mechanisms. This should cause flattening
of the optical synchrotron spectra during active
states as well. However, to test such an assump-
tion and a possible connection between BBB and
jet properties, pure synchrotron optical spectra of
FSRQs should be extracted from the observations
by subtracting the BBB spectrum from the con-
tinuum.

We find a uniform preferred value of ax ~
—0.6, among the FSRQs that is the same as the av-
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erage spectral index of blazars measured at wave-
lengths of 0.8 to 4 mm (Giommi et all 2012h).
This supports the hypothesis that IC scattering
from relativistic electrons emitting synchrotron ra-
diation at mm-submm wavelengths is responsible
for X-ray production in a typical FSRQ, indepen-
dent of the activity state. Whether the X-rays are
from the SSC or EC mechanism, or a combina-
tion of the two, might depend on the blazar and
its activity state. The large dispersion in the am-
plitude of «-ray activity, and the anti-correlated
behavior between a4 and ay, for the FSRQs dis-
playing the highest amplitude of y-ray outbursts,
require different mechanisms of y-ray production
during different activity states. There is most
likely a mixture of SSC and EC emission, with
a dominance of external IC during the highest ~-
ray states, as has been modeled for some blazars
(e.g., Bonnoli et all[2011; Wehrle et all|2012).

7. Summary

We have assembled—and de-reddened at NIR,
optical and UV wavelengths—observational mea-
surements obtained from 2008 through 2012 of 33
blazars by ten ground- and space-based observato-
ries. We have computed a mean flux value for each
frequency band for each source and used these val-
ues to determine whether the object was in a qui-
escent or active state in each band. The state
of the object in the y-ray band was the basis for
defining quiescent and active periods. The fre-
quency and length of quiescent and active periods,
and the maximum flux achieved during active peri-
ods, were compared between the BL Lacs and FS-
RQs. Up to four epochs per source were selected
for further analysis of spectral indices at ~y-ray,
X-ray, and, optical wavelengths. All IR through
X-ray observations selected for an epoch were ob-
tained within a 24-hour period, with an average
span of 9.0 hours. We find significant diversity in
the properties of the BL Lacs and FSRQs in each
spectral regime analyzed:

1. The FSRQs exhibit the highest amplitude of
~v-ray activity, while the duration of an av-
erage active period in the source frame is
similar for the FSRQs and BL Lacs. On
the other hand, the fraction of time when
a quasar is dormant exceeds that of a BL
Lac object by ~10%, with less scatter.



2. Comparison of the behavior of «, between
activity states suggests weak accretion disk
emission in the BL Lacs, while the contribu-
tion of the BBB to the optical emission of
the FSRQs dominates quiescent states.

3. The lack of significant variations in ~y-ray
spectral indices of the BL Lacs between ac-
tivity states, the relatively low ratio of v-ray
to synchrotron luminosity, and the good cor-
relation between o, and a,, implies that the
same inverse Compton mechanism — most
likely SSC — is responsible for the y-ray pro-
duction at different activity states.

4. The anti-correlation between o, and o,
for the FSRQs during the most extreme ac-
tivity at y-ray energies suggests that the
SSC mechanism is insufficient to explain the
enhanced ~v-ray flux in these objects. Hence,
the EC mechanism for y-ray (but not nec-
essarily X-ray) production is favored by the
data.

5. The analysis of X-ray spectral indices in-
dicates that the X-ray emission of the BL
Lacs is a mixture of synchrotron and inverse
Compton radiation. IC scattering dominates
during active states of the LSP BL Lacs,
while IC scattering by < 1 GeV electrons
can explain the entire X-ray emission of the
FSRQs at any state.

The relationships among the various spectral
indices therefore imply strong connections be-
tween the emission at pairs of wavebands: mm-
submm and X-ray for FSRQs and LSP BL Lacs,
optical and X-ray for ISP and HSP BL Lagcs,
and IR-optical and ~-ray for FSRQs and LSP
BL Lacs. These connections should be apparent
in timing studies of multi-waveband light curves
of blazars. We are in the process of compiling
such light curves over a sufficiently long time span
(~ 5 years) to test whether the predictions of such
correlations are fulfilled.
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Supplemental Material

The following plots combine panels a — d of
Figures[@ — M2 with each data point labeled with
object and epoch numbers, included in this version
for your convenience.

An expanded version of this paper with a com-
plete set of light curves, SEDs, and labeled spec-
tral index relationship plots for all sources can be
found at|www.bu.edu/blazars/VLBAproject.html.
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