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ABSTRACT

Context. Simultaneous broadband spectral and temporal studies of blazars are an important tool for investigating active galactic nuclei
(AGN) jet physics.
Aims. We study the spectral evolution between quiescent and flaring periods of 22 radio-loud AGN through multiepoch, quasi-
simultaneous broadband spectra. For many of these sources these are the first broadband studies.
Methods. We use a Bayesian block analysis of Fermi/LAT light curves to determine time ranges of constant flux for constructing
quasi-simultaneous spectral energy distributions (SEDs). The shapes of the resulting 81 SEDs are described by two logarithmic
parabolas and a blackbody spectrum where needed.
Results. The peak frequencies and luminosities agree well with the blazar sequence for low states with higher luminosity implying
lower peak frequencies. This is not true for sources in high states. The γ-ray photon index in Fermi/LAT correlates with the synchrotron
peak frequency in low and intermediate states. No correlation is present in high states. The black hole mass cannot be determined
from the SEDs. Surprisingly, the thermal excess often found in FSRQs at optical/UV wavelengths can be described by blackbody
emission and not an accretion disk spectrum.
Conclusions. The so-called harder-when-brighter trend, typically seen in X-ray spectra of flaring blazars, is visible in the blazar
sequence. Our results for low and intermediate states, as well as the Compton dominance, are in agreement with previous results.
Black hole mass estimates using recently published parameters are in agreement with some of the more direct measurements. For
two sources, estimates disagree by more than four orders of magnitude, possibly owing to boosting effects. The shapes of the thermal
excess seen predominantly in flat spectrum radio quasars are inconsistent with a direct accretion disk origin.
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1. Introduction

Active galactic nuclei (AGN) are supermassive black holes at
the center of galaxies that are thought to be powered by accre-
tion (e.g., Antonucci 1993; Urry & Padovani 1995; Abdo et al.
2010a). Radio-loud AGN typically exhibit relativistic outflows
of matter, called jets. Blazars constitute an ideal target for mul-
tiwavelength studies in order to understand their acceleration
mechanisms and their role as potential cosmic-ray emitters.
Blazars are a subclass of radio-loud AGN, with their jets ori-
ented at a small angle to the line of sight (Blandford & Rees
1978). They emit nonthermal radiation across the whole elec-
tromagnetic spectrum (Urry & Padovani 1995) and show strong
variability. Since the possible relationships between their vari-
ability in different bands is unclear, quasi-simultaneous ob-
servations are required for such studies. The radio to γ-ray
spectral energy distributions (SEDs) of these sources gener-
ally show two peaks in a log ν− log νFν representation. The
lower energy peak is generally attributed to synchrotron ra-
diation from relativistic electrons in the magnetic field of
the jet (see Ghisellini 2013, for a review). While both lep-
tonic and hadronic processes likely contribute to the high-
energy peak, their relative contributions remain a deeply inter-
esting open question (Abdo et al. 2011b; Böttcher et al. 2013;
Mannheim & Biermann 1992; Finke et al. 2008; Sikora et al.
2009; Baloković et al. 2016; Weidinger & Spanier 2015). In the
leptonic scenario, the relativistic electrons that produce the
synchrotron emission are assumed to upscatter the photons to
high energies. This process is called synchrotron self-Compton
(SSC). Seed photons from the ambient medium can also con-
tribute by being upscattered to γ-ray energies (Sikora et al.
1994); this consitutes the external Compton (EC) contribution.
In the hadronic scenario (e.g., Mannheim 1993), protons and
electrons are assumed to be accelerated in the jet. Protons in-
teracting with a UV seed photon field (e.g., thermal emission
from the accretion disk) produce pions. Neutral pions decay into
high-energy γ-rays, explaining the high-energy emission.

Based on their optical emission lines, blazars can be sub-
divided into flat-spectrum radio quasars (FSRQs) and BL Lac-
ertae (BL Lac) objects. While FSRQs show broad emission
lines (rest-frame equivalent width >5 Å), BL Lacs typically
show none. A few well-known exceptions include OJ 287
(Sitko & Junkkarinen 1985) and BL Lac (Vermeulen et al.
1995). Blazars can also be categorized by their synchrotron peak
frequency into low, intermediate and high synchrotron peaked
blazars (LSP, ISP, HSP; Padovani & Giommi 1995; Abdo et al.
2010a) with the ISP blazar peak located between 1014 Hz and
1015 Hz. Often, FSRQs exhibit a thermal excess in the optical-
UV range with a temperature of ∼30 000 K (Sanders et al. 1989;
Elvis et al. 1994). This peak, called the “big blue bump” (BBB),
is described as a broad peak, as expected from an accre-
tion disk with a wide range of temperatures (Shields 1978;
Malkan & Sargent 1982). The origin of the BBB is disputed
(Antonucci 2002). Some authors argue for it to stem from the
accretion disk (Shields 1978; Malkan & Sargent 1982), alterna-
tively, free-free emission has been proposed (Barvainis 1993).
The observed temperature of the feature, however, is lower than
what is expected from an accretion disk (Zheng et al. 1997;
Telfer et al. 2002; Binette et al. 2005). The origin of the BBB
could be reprocessed accretion disk emission from clouds near
the broad line region (BLR; Lawrence 2012).

While it is generally recognized that the best way to
study blazars is from (near-)simultaneous broadband data

(Giommi et al. 1995, 2002, 2012b; von Montigny et al. 1995;
Sambruna et al. 1996; Fossati et al. 1998; Nieppola et al. 2006;
Padovani et al. 2006), the lack of available simultaneous data of-
ten dictates the use of time-averaged data. In non-simultaneous
SEDs, physical models can only be poorly constrained.

In addition, elevated levels of flux in the optical/UV,
Fermi/LAT, or very high-energy (VHE) instruments, called
“flares” or “high states”, often trigger follow-up multiwave-
length observations, which lead to the availability of large
amounts of quasi-simultaneous data with a paucity of compa-
rable data in a quiescent state. Instruments observing at VHE
generally have trouble detecting fainter sources (particularly
FSRQs) in quiescent states. An exception is the large cam-
paign on the low state of 1ES 2344+514 (Aleksić et al. 2013).
Other campaigns involving a large number of instruments
are only available for few bright sources, such as 3C 454.3
(Giommi et al. 2006; Abdo et al. 2009; Vercellone et al. 2009;
Pacciani et al. 2010), Mrk 421 (Błażejowski et al. 2005;
Donnarumma et al. 2009; Abdo et al. 2011b; Bartoli et al.
2016; Baloković et al. 2016), Mrk 501 (Bartoli et al. 2012;
Aleksić et al. 2015; Furniss et al. 2015), 3C 279 (Grandi et al.
1996; Wehrle et al. 1998; Hayashida et al. 2015; Paliya et al.
2015), BL Lac (Abdo et al. 2011a; Wehrle et al. 2016),
S5 0716+714 (Rani et al. 2013; Liao et al. 2014; Chandra et al.
2015), and PKS 2155−304 (Aharonian et al. 2009; Abdo et al.
2010a).

In this study we used data from the TANAMI multi-
wavelength project (Kadler et al. 2015) to construct quasi-
simultaneous broadband SEDs for high-energy (HE) γ-ray
bright southern blazars. These SEDs include several epochs
at different flux levels and have good spectral coverage. We
selected the 22 TANAMI blazars that were brightest in the
Fermi/LAT band and constructed a total of 81 SEDs with good
coverage across the entire spectrum. We obtained SEDs in low,
intermediate, and high states for several sources. We used this
large sample of SEDs to study the spectral evolution over time,
the blazar sequence, Compton dominance, fundamental plane of
black holes, and the big blue bump.

The paper is structured as follows. In Sect. 2 we introduce
the sample used and its limitations and describe the multiwave-
length data and their extraction and analysis. We also include the
method of constructing the broadband SEDs, how systematic un-
certainties are treated, and caveats of our method. In Sect. 3 we
present the results from the broadband fits including results per-
taining to the blazar sequence, Compton dominance, thermal ex-
cess, and fundamental plane of black holes. We summarize and
discuss the results in Sect. 4.

Throughout the paper we use the standard cosmological
model with Ωm = 0.3, Λ = 0.7, H0 = 70 km s−1 Mpc−1

(Beringer et al. 2012).

2. Generation of contemporaneous broadband
spectral energy distributions

2.1. Sample selection

The Tracking Active Galactic Nuclei with Austral Milliarc-
second Interferometry (TANAMI1; Ojha et al. 2010 sample in-
cludes ∼100 AGN in the southern sky at declinations below
−30◦. It is a flux-limited sample, covering southern flat spec-
trum sources with catalogued flux densities above 1 Jy at 5 GHz,

1 http://pulsar.sternwarte.uni-erlangen.de/tanami/
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Table 1. Sources used in the SED catalog.

No Source Catalog 3FGL Class. z α δ NH # SEDs
[J2000] [J2000] [1020 cm−2]

1 0208−512 PKS 0208−512 J0210.7−5101 BCUa 0.999b 32.6925c −51.0172c 1.84 8
2 0244−470 PKS 0244−470 J0245.9−4651 FSRQd 1.385e 41.5005d −46.8548d 1.89 2
3 0332−376 PMN J0334−3725 J0334.3−3726 BL Lacd ? 53.5642a −37.4287a 1.54 2
4 0332−403 PKS 0332−403 J0334.3−4008 BL Lacd ? 53.5569c −40.1404c 1.48 4
5 0402−362 PKS 0402−362 J0403.9−3604 FSRQd 1.423 f 60.9740c −36.0839c 0.60 2
6 0426−380 PKS 0426−380 J0428.6−3756 BL Lacd 1.111g 67.1684c −37.9388c 2.09 5
7 0447−439 PKS 0447−439 J0449.4-4350 BL Lach 0.107i 72.3529a −43.8358a 1.24 3
8 0506−612 PKS 0506−61 J0507.1−6102 FSRQh 1.093 j 76.6833c −61.1614c 1.95 4
9 0521−365 PKS 0521−36 J0522.9−3628 BCU 0.055 f 80.7416c −36.4586c 3.58 6
10 0537−441 PKS 0537−441 J0538.8−4405 BL Lacd 0.892k 84.7098l −44.0858l 3.14 6
11 0637−752 PKS 0637−75 J0635.7−7517 FSRQd 0.651m 98.9438c −75.2713c 7.82 4
12 1057−797 PKS 1057−79 J1058.5−8003 BL Lacd 0.581n 164.6805c −80.0650c 6.34 2
13 1424−418 PKS B1424−418 J1427.9−4206 FSRQd 1.522o 216.9846c −42.1054c 7.71 7
14 1440−389 PKS 1440−389 J1444.0−3907 BL Lacd 0.065p 220.9883d −39.1445d 7.83 3
15 1454−354 PKS 1454−354 J1457.4−3539 FSRQd 1.424q 224.3613r −35.6528r 6.60 3
16 1610−771 PKS 1610−77 J1617.7−7717 FSRQd 1.710s 244.4551c −77.2885c 6.76 2
17 1954−388 PKS 1954−388 J1958.0−3847 FSRQd 0.630t 299.4992u −38.7518u 6.43 2
18 2005−489 PKS 2005−489 J2009.3−4849 BL Lacd 0.071v 302.3558c −48.8316c 3.93 2
19 2052−474 PKS 2052−47 J2056.2−4714 FSRQd 1.489w 314.0682c −47.2465c 2.89 2
20 2142−758 PKS 2142−75 J2147.3−7536 FSRQd 1.139w 326.8030c −75.6037c 7.70 2
21 2149−306 PKS 2149−306 J2151.8−3025 FSRQh 2.345 j 327.9813c −30.4649c 1.63 4
22 2155−304 PKS 2155−304 J2158.8−3013 BL Lacd 0.116x 329.7169y −30.2256y 1.48 6

Notes. Columns: (1) source number; (2) IAU B1950 name; (3) 3FGL association; (4) 3FGL catalog name (Acero et al. 2015); (5) classification;
(6) redshift; (7) right ascension; (8) declination; (9) absorbing column (Kalberla et al. 2005; Bajaja et al. 2005); (10) number of SEDs.

References. (a) Skrutskie et al. (2006); (b) Wisotzki et al. (2000); (c) Johnston et al. (1995); (d) Healey et al. (2007); (e) Shaw et al. (2012);
( f ) Jones et al. (2009); (g) Heidt et al. (2004); (h) Véron-Cetty & Véron (2006); (i) Craig & Fruscione (1997); ( j) Hewitt & Burbidge (1987);
(k) Peterson et al. (1976); (l) Beasley et al. (2002); (m) Hunstead et al. (1978); (n) Sbarufatti et al. (2009); (o) White et al. (1988); (p) Jones et al.
(2004); (q) Jackson et al. (2002); (r) Fey et al. (2006); (s) Hunstead & Murdoch (1980); (t) Browne et al. (1975); (u) Ma et al. (1998); (v) Falomo et al.
(1987); (w) Jauncey et al. (1984); (x) Falomo et al. (1993); (y) Fey et al. (2004).

as well as Fermi detected γ-ray loud blazars in the region of in-
terest. These sources are monitored by TANAMI with Very Long
Baseline Interferometry (VLBI) at 8.4 GHz and 22 GHz (X-band
and K-band, respectively). In addition to the VLBI monitoring,
single dish observations are performed at several additional ra-
dio frequencies with the ATCA and Ceduna. These radio obser-
vations are complemented with multiwavelength observations,
primarily with Swift and XMM-Newton in the X-rays, and the
Rapid Eye Mount (REM) telescope at La Silla in the optical. The
TANAMI sample is regularly extended by adding bright sources
newly detected by Fermi/LAT (Böck et al. 2016).

As a result of the good coverage in wavelength and time, the
TANAMI sample is ideal for a study of the behavior of blazar
SEDs. Previous studies include detailed studies of the blazars
2142−758 (Dutka et al. 2013), 0208−512 (Blanchard 2013), and
PKS 2326-502 (Dutka, submitted).

In this paper we study the multiwavelength evolution of the
22 γ-ray brightest TANAMI sources according to the 3FGL cat-
alog (Acero et al. 2015). Our results are therefore representa-
tive of a γ-ray flux-limited sample. The 22 sources are listed
in Table 1. We include the IAU B1950 name, 3FGL associa-
tion, 3FGL catalog name, source classification that we used, the
redshift, right ascension and declination, the Galactic absorbing
column in the direction of the source and, finally, the number
of SEDs that we were able to construct for each of the sources.
Our sample includes nine BL Lac type objects, 11 FSRQs, and
two blazars of unknown type. The brightness of these sources

enabled us to extract Fermi/LAT light curves with 14-day bin-
ning. For some of these sources, these are their first broadband
SEDs in the literature. While an optical classification of most
sources is relatively easy, some sources have contradictory clas-
sifications in different AGN catalogs. These are labeled as blazar
candidates of unknown type (BCU). One example is 0208−512.
In the CGRaBS survey of bright blazars (Healey et al. 2008),
this source was listed as a BL Lac type object in agreement
with the optical classification from the 12th catalog of quasars
and active nuclei (Véron-Cetty & Véron 2006). It was classi-
fied as a FSRQ, however, based on optical emisison lines by
Impey & Tapia (1988). The 5th Roma BZCAT lists the source
as a BZU (blazar of uncertain or transitional type) and describes
it as a transition object, but lists it as an FSRQ (Massaro et al.
2009). Possible misclassifications did not change any of our re-
sults, as we generally did not treat the two populations differently
and find many of the results are not dependent on the source
classification. A redshift of 1.45 is often used for 0332−403
(Hewitt & Burbidge 1987), but Shen et al. (1998) point out that
the origin of this value is unknown. It is further worth noting
that 0521−365 is often not considered a blazar, but regarded as a
transitional object between a broad line radio galaxy and a steep
spectrum radio quasar with a VLBI morphology similar to a mis-
aligned blazar (D’Ammando et al. 2015).

Having selected the sources, we generated contemporaneous
broadband SEDs for observational periods where our sources
were determined to be at a relatively constant level of γ-ray
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activity. These periods are determined using a Bayesian blocks
analysis of Fermi/LAT light curves (Sect. 2.2), for which we
then searched for contemporaneous observations in other energy
bands (Sect. 2.3).

2.2. Fermi/LAT light curve analysis

The lack of simultaneous observation campaigns on most
sources means that we often have to rely on quasi-simultaneous
data when assembling the SED for an AGN. These SEDs are
only representative of the true SED if the data included are from
times when the source emission did not change appreciably.
With the launch of Fermi in 2008, we have access to continu-
ous γ-ray light curves of blazars, which are ideal for identifying
flux states and applying a criterion to separate the data into time
ranges of similar flux.

We calculated Fermi/LAT (Atwood et al. 2009) light curves
for the time period August 4, 2008 through January 1,
2015 using the reprocessed Pass 7 data (v9r32p5) and the
P7REP_SOURCE_V15 instrumental response functions (IRF;
Ackermann et al. 2012) and a region of interest (ROI) of 10◦.
The data were separated into time bins of 14 d, on which we
perform a likelihood analysis. The input model is based on
point sources from the 3FGL catalog (Acero et al. 2015) and
further includes spatial and spectral templates for the Galac-
tic (gll_iem_v05_rev1) and isotropic (iso_source_v05) diffuse
emission. The first step was to define a criterion for the time
ranges. A wide variety of methods are used for defining quasi-
simultaneity in multiwavelength studies. Some studies utilize
a flux or count rate threshold (Błażejowski et al. 2005), and
other methods include fixed time bins (Giommi et al. 2012b;
Carnerero et al. 2015; Tagliaferri et al. 2015), double exponen-
tial forms that are fit to the light curve (Valtaoja et al. 1999;
Abdo et al. 2010b; Hayashida et al. 2015), and “by eye” defini-
tions (Tanaka et al. 2011; D’Ammando et al. 2013). These meth-
ods are either model dependent or do not take the amount of
variation into account. A source might show strong, nondiscrete
variations during a flare, which are not separated. These varia-
tions are not useful for studying quiescent SEDs either.

We decided to choose time ranges based on a statistical
tool known as the Bayesian blocks algorithm. The Bayesian
block method is nonparametric, i.e., the data are not de-
scribed by a model and evaluated. Local (nonperiodic) vari-
ability in the light curve is found with a maximum likeli-
hood approach by determining change points where the flux
is inconsistent with being at a constant level (Scargle 1998;
Scargle et al. 2013). Using an Interactive Spectral Interpreta-
tion System (Houck & Denicola 2000) adaption of the code
of Scargle et al. (ISIS; 2013, M. Kühnel, available online2), we
found the global optimum division of the light curve into seg-
ments of constant flux. While this assumption of states of con-
stant flux is in reality not correct, as sources rarely vary in a
discontinuous way, this approach is still very powerful in identi-
fying time ranges of source “states” where the flux is at least sta-
tistically constant. Here we adapted a significance of the change
points at the 95% confidence level. Such a relatively low value
was chosen as we want to keep the number of false negatives
(where real changes in flux are missed) low. Introducing a low
number of false positives, where constant flux is seen as a change
point, however, does not harm our analysis. If a constant flux is
interpreted as a change point, it segments the data more than nec-
essary. In the worst case this could lead to two missed broadband

2 http://www.sternwarte.uni-erlangen.de/isis/

spectra if, through the segmentation, the multiwavelength data in
either time range is not sufficient for constructing a broadband
SED. Based on the 95% confidence level, we estimate that out
of the 81 SEDs, only ∼4 are based on a false-positive detection
of a change in flux. The Fermi/LAT light curves are shown in
Appendix A.1. The Fermi/LAT data points are shown in black,
while the segmentation by the Bayesian blocks is shown in dark
gray. The average flux across the whole light curve is shown
in pink. We additionally show available multiwavelength data
above the light curve at the corresponding times of the observa-
tions. Blocks with a sufficient amount of multiwavelength data
are indcated in color and are labeled with Greek letters.

We ensure that the flux at γ-ray energies is statistically con-
stant, but no such criterion can be applied to other wavelengths
because of a lack of good cadence observations. It is possible
that variability in the X-ray, optical, or radio band is missed in
Fermi/LAT and averaged over or completely absent. This effect
might contribute to the problems of broadband fitting. Typically
blazar monitoring has shown that often the largest and fastest rel-
ative changes in flux occur at high and very high-energy γ-rays.
Variability in the radio occurs on much longer timescales, which
is consistent with the outward traveling of material from the base
of the jet and becoming optically thin at different locations.

2.3. Quasi-simultaneous time periods

As a result of the large uncertainty of individual flux measure-
ments in fainter AGN, the Bayesian blocks analysis can yield
segments longer than a year during which the γ-ray flux is found
to be statistically constant. This behavior can hide true variations
in flux. We therefore subdivided Bayesian blocks into a new size
if they are longer than one year, depending on their Fermi/LAT
flux in the time range. The new blocks are at least (2, 5, 10, 25, or
42) × 14 d bins in size, if the Fermi/LAT flux in the time range is
greater than 1×10−6, 0.5×10−6, 1×10−7, or 1×10−8 ph s−1 cm−2,
respectively. This selection of fluxes and time bins accounts
for longer integration time needed for a source with low flux
to obtain a Fermi/LAT spectrum of good quality, and is based
on experience. For a time bin of 370 d duration with a flux of
2 × 10−7 ph s−1 cm−2, for example, the new time range would be
10× 14 d = 140 d. We obtained 370 d/140 d = 2.64 new bins for
this new block size, which means that we subdivided the original
interval into b2.64c = 2 bins with a length of 185 days each.

Time periods that include γ-ray, X-ray, optical, and VLBI
observations are then used for quasi-simultaneous SEDs. Earlier
works have shown that the radio flux varies on longer timescales
than the γ-rays (Soldi et al. 2008). We therefore also included
time periods that have γ-ray, X-ray, and optical data in the same
block, as well as VLBI observations inside the block, or close to
the block start or end. Close to the block is defined as within a
time range t∗start = tblock_start − c and t∗stop = tblock_stop + c, where
c = max{0.6∆t, 50 d} and where ∆t is the length of the block.
The smaller value, 50 d, was chosen because the radio emission
varies on much longer timescales. Therefore, even for a very
short block of 14 days, for example, it is acceptable to use radio
data 50 days prior to the start of the block. For longer time peri-
ods of quiescence, it is acceptable to use VLBI data that is offset
from the start or to stop of the block by 60% of the block length.
The value 60% is arbitrary based on the variability timescales of
the VLBI flux. In the case of the previous example, ∆t = 185 d
and therefore c = 111 d, such that radio data from an interval of
111 d + 185 d + 111 d = 407 d length would be considered. The
considered time range was this large in only a small number of
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sources. In sources with large error bars, considerable time aver-
aging had to be performed to obtain a good quality Fermi/LAT
spectrum. This is why the original sample was limited to ensure
that time averaging is only necessary in a few cases. Thus the
time interval exceeds 365 days in 24 of the 81 SEDs.

Blocks can be divided, according to their average flux ranges,
into three categories: high, intermediate, and low flux states. We
compared the flux in a block with the average flux across the
whole light curve to determine its “state”. Blocks with a flux
between 0.8 and 1.5 of their average flux were labeled as inter-
mediate states. The number of SEDs with the source in the low
state is relatively small. As expected, sources were found to be
close to their average flux most of the time. In the high state, the
large number of triggers on such flaring blazars and the higher
overall source flux allow for better statistics.

2.4. Fitting strategy

Having selected the time intervals with sufficient data, we
extracted broadband spectra for each interval. Broadband
fitting is generally performed on energy flux spectra in the
νFν-representation. This approach is very problematic, however,
especially in the X-ray and γ-ray regime, as the low spectral res-
olution of the instruments used in these bands makes it math-
ematically impossible to recover the source spectral shape and
flux in an unambiguous way by “unfolding” (e.g., Lampton et al.
1976; Broos et al. 2010; Getman et al. 2010). These “unfolded”
flux densities are in general biased by the shape of the spectral
model that was used in obtaining them (Nowak et al. 2005). For
very broad energy bands and strongly energy-dependent spectra,
which are present in blazar spectra, the unfolded flux densities
can be in error by a factor of a few. To avoid these problems,
we used ISIS (ISIS; Houck & Denicola 2000) and treat all data
sets in detector space. ISIS allows us to use data with an as-
signed response function (e.g., Swift/XRT and Swift/UVOT data)
in combination with data that are only available as flux or flux
density, such as the radio data, some of the optical data sets, or
Fermi/LAT data. A diagonal matrix was assigned to those with-
out an available response function. All data modeling was per-
formed in detector space; we use unfolded data only for display
purposes. We use the model-independent approach discussed by
Nowak et al. (2005) for the unfolding. As this approach is still
biased by assuming a constant flux over each spectral bin, the
residuals shown in our figures, which were calculated in detec-
tor space, can disagree with the photon data converted to flux
values.

We further caution that the methods used to obtain the fluxes
in the different energy bands are not identical. The Fermi/LAT
fluxes and most of the optical data points are model dependent,
while the X-ray, Swift/UVOT, and XMM-Newton/OM fluxes are
model independent. These uncertainties should be covered by
the added systematic uncertainties, which are described in the
following.

The data reduction approach performed for the instruments
entering our analysis is as follows:

Fermi/LAT: We calculate Fermi/LAT spectra for the individual
time periods as determined from the Fermi/LAT light curve.
The adopted systematic uncertainty of the flux is 5%, due to
approximations in the instrumental response function (IRFs)
and uncertainties in the PSF shape and the effective area3.

3 http://fermi.gsfc.nasa.gov/ssc/data/analysis/LAT_
caveats_p7rep.html

In addition, to show the average γ-ray flux, our SED figures
also show unfolded spectra from the 3FGL, which cover the
time period 2008 August to 2012 July.

Swift/XRT: Swift (Gehrels et al. 2004) data are from a TANAMI
fill-in program and were supplemented with archival data.
The data were reduced with the most recent software pack-
age (HEASOFT 6.17)4 and calibration database. For the
windowed timing/photon counting mode a systematic uncer-
tainty of 5%/10% has been adopted following Romano et al.
(2005).

XMM-Newton/pn and MOS: Data from the three CCDs on
XMM-Newton (Turner et al. 2001; Strüder et al. 2001) were
reduced using the SAS 14.0.05. According to the official cal-
ibration documentation6, uncertainties in the absolute flux
calibration are up to 5%, which we used as the systematic
uncertainty for the pn detector and the MOS cameras.

Swift/UVOT: The UVOT data are from the same observations
as the Swift/XRT data. They were reduced with the most
recent version of HEASOFT using standard methods. The
systematic uncertainty for the Swift/UVOT detector is 2%.
Contributions to the uncertainty include the change in fil-
ter sensitivity, i.e., the effective area. The uncertainty due
to coincidence loss is less than 0.01 mag (less than 1%;
Breeveld et al. 2005; Poole et al. 2008; Breeveld et al. 2010,
2011).

XMM-Newton/OM: The systematic uncertainty of the XMM-
Newton/OM was determined to be ∼0.1 mag. This value does
not include the uncertainty in the zero points. We therefore
used 3% as an estimate of the combined systematics7.

SMARTS: SMARTS is an optical/IR blazar monitoring pro-
gram using the SMARTS 1.3 m telescope, and ANDICAM at
CTIO (Bonning et al. 2012). This program monitors bright
southern Fermi/LAT blazars on a monthly basis. The pho-
tometric systematic uncertainty for the SMARTS program
is ∼0.05 mag with deviations up to 0.1 mag. We therefore
used 0.07 mag for the systematic uncertainty, but it does
not include the uncertainty in the zero points. Bonning et al.
(2012) uses the zero points given by Persson et al. (1998)
and Bessell et al. (1998) for the J filter, which gives a
value of 1589 mJy. Buxton et al. (2012) use the value from
Frogel et al. (1978) and Elias et al. (1982), which is given as
1670 mJy. We used the value by Elias et al. (1982).

REM: Based on photometry, the systematic uncertainty is
0.05 mag (R. Nesci, priv. comm.). This value does not in-
clude the uncertainty of the zero points.

VLBI: TANAMI VLBI observations were performed with the
Australian Long Baseline Array (LBA) in combination with
telescopes in South Africa, Chile, Antarctica, and New
Zealand at 8.4 GHz. Details of the correlation of the data,
the subsequent calibration, imaging, and image analysis can
be found in Ojha et al. (2010). We used the TANAMI core
fluxes in our multiwavelength analysis, which excludes flux
contributions from the extended jet in the case of noncom-
pact sources. Contributions to the SED at X-ray and γ-ray
energies is expected to originate from the inner regions, close
to the base of the jet. Core radio fluxes are therefore expected
to be representative of the same region as the high-energy

4 http://heasarc.nasa.gov/lheasoft/
5 http://xmm.esac.esa.int/sas/
6 http://xmm2.esac.esa.int/docs/documents/
CAL-SRN-0321-1-2.pdf
7 http://xmm2.esac.esa.int/external/xmm_sw_cal/calib/
rel_notes/index.shtml
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data. The statistical errors of VLBI flux measurements are
currently not well determined. We added a conservative 20%
flux uncertainty that covers statistical and systematic errors.
TANAMI VLBI observations are supported by flux-density
measurements with the Australia Telescope Compact Array
(ATCA; Stevens et al. 2012) and the Ceduna 30 m telescope
(McCulloch et al. 2005).

For optical instruments with no estimate of the zero point uncer-
tainty, we added an additional 5% uncertainty.

Data from the following instruments are shown in the SED
figures in Appendix A to better illustrate the average spectral
shape of the sources. They were not included in the spectral fits
since no time selection was possible on these data sets.

INTEGRAL: Spectra for two of the 22 sources were in-
cluded from the HEAVENS online tool (Winkler et al. 2003;
Walter et al. 2010). The data are dominated by Poisson statis-
tics and no systematic errors had to be added.

Swift/BAT: BAT data are based on updated 104-month BAT sur-
vey maps (see Baumgartner et al. 2013, for a description of
the BAT survey). No calibration uncertainty for the flux val-
ues are given for the Swift/BAT instrument. We added an un-
certainty of 0.75% to the Swift/BAT data, following the un-
certainty quoted by Baumgartner et al. (2013) for broadband
BAT light curves.

Wide-Field Infrared Survey Explorer (WISE): data from the
ALLWISE catalog (Wright et al. 2010) are in the infrared
waveband. Contributions to the photometric uncertainty of
WISE data include source confusion (negligible outside the
Galactic plane), uncertainty in zero points and in background
estimation, and uncertainty of the photometric calibration
(∼7%8; Wright et al. 2010). The uncertainty of the zero
points depends strongly on the filter. It lies between 4
and 20% (for W4)9. We used an average uncertainty of
14.5% and apply the correction factor appropriate for a
Fν ∝ ν

−1 spectrum in the conversion of magnitudes to fluxes
(Wright et al. 2010).

2MASS: the 2MASS point source catalog (PSC; Skrutskie et al.
2006) photometric uncertainty is hard to determine, as the
data were taken over many months, with varying weather,
seeing, atmospheric transparency, background, and moon-
light contamination. The average uncertainty is quoted as
0.02 mag for bright sources above a Galactic latitude of
75◦10. we used a systematic uncertainty of 0.05 mag to ac-
count for other latitudes. This value does not include sys-
tematic uncertainties of the zero points.

Planck: we included the aperture photometry val-
ues from the Planck Catalog of Compact Sources
(Planck Collaboration XXVIII 2014) for information
purposes only. Above 100 GHz, sources outside the Galactic
plane have a contamination from CO of up to 6%. The
photometric calibration uncertainty is less than 1% below
217 GHz and less than 10% at frequencies between 217 GHz
and 900 GHz (Planck Collaboration XXVIII 2014). We
added an uncertainty of 10% to the Planck data to account
for the CO contamination and the photometric calibration
uncertainty.

8 http://wise2.ipac.caltech.edu/docs/release/allsky/
expsup/sec6_3b.html
9 http://wise2.ipac.caltech.edu/docs/release/allsky/
expsup/sec4_4h.html
10 http://www.ipac.caltech.edu/2mass/releases/allsky/
doc/sec2_2.html

2.5. Fitting the broadband spectrum

The aim of this paper is to obtain an overall understanding
of the spectral behavior of our source sample and how it de-
pends on primary source parameters. Physical models often have
the problem of a large number of unknown parameters such
as the black hole mass, jet properties, etc. (e.g., Böttcher et al.
2013), which lead to significant correlations between individ-
ual parameters. We describe the data with the empirical logpar
model (Massaro et al. 2004), a parabola in log Fν-log ν-space.
The logpar model

S (E) = K
(

E
E1

)−a+b log10(E/E1)

ph/cm2/s (1)

is parametrized by its normalization K, the photon index a at the
energy E1, and the curvature of the parabola b at energy E1.

Two parabolas were necessary to describe the low and high-
energy hump. This continuum is modified by absorption and ex-
tinction (tbnew and redden, respectively) and by a blackbody
component where necessary. The final model in ISIS-syntax is

Nph(E) = (logpar(1) + logpar(2)

+ blackbody(1)) · tbnew(1) · redden(1) (2)

where Nph(E) is the photon flux. The curvature and slope of the
logarithmic parabolas are strongly correlated. When deriving the
peak frequency and peak flux/luminosity and their respective er-
rors, error propagation overestimates the resulting uncertainty of
these parameters. The resulting errors are often larger than the
values, thus conveying no useful information, as it is very un-
likely that the peak error is larger than more than two orders
of magnitude. The error bars have therefore been omitted from
the plots in the results section where they are not useful. We esti-
mated the true uncertainty by shifting the peak position and com-
paring the χ2 values. For sources with good to average coverage,
the total uncertainty is small (∼half an order of magnitude). The
total uncertainty is one order of magnitude for sources with miss-
ing coverage close to the peak. This is shown in the lower left
corner of the corresponding figures. It is harder to determine the
uncertainty for the Compton dominance, and we conservatively
estimate an order of magnitude.

The blackbody(1) component in Eq. (2) describes the
BBB, an excess at optical to ultraviolet wavelengths that was
first seen in 3C 273 (Shields 1978). In some sources (e.g., Seyfert
galaxies, and some BL Lac objects) with weak continuum emis-
sion, the emission of the host galaxy is not outshone by the
nonthermal continuum emission (e.g., NGC 4051, Maitra et al.
2011). This feature is very similar in shape to the BBB, but
located at lower energies, corresponding to lower temperatures
of ∼6000 K. The origin of the BBB at higher temperatures of
∼30 000 K is still debated. In many studies of blazar SEDs, the
BBB is treated as background to the nonthermal emission and
is often assumed to be the accretion disk. Typically this feature
is visible in FSRQs (Jolley et al. 2009, and references therein).
In this work, we modeled the BBB emission with a single-
temperature blackbody. In a few cases, a multi-temperature
blackbody diskbb model, i.e., emission from an accretion disk
with T (r) ∝ r−3/4 (Mitsuda et al. 1984; Makishima et al. 1986) is
required to describe the BBB shape. Figure 1 shows an example
of the complete model.

Because of the very distinct features imposed by interstellar
absorption in the X-ray band, in our spectral fits we first deter-
mined the hydrogen equivalent column, NH, from a power law
fit to the X-ray data only. Such a simple absorbed power law fit
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Fig. 1. Broadband spectral model of 0402−362 with two logarithmic
parabolas including reddening and absorption (blue), a dereddened and
reddened blackbody (red, red dashed), and the total unabsorbed model
(black).

worked well in almost all of the cases and no source with a large
excess above the Galactic NH was found. In the final broadband
fits, we fixed the absorbing column NH to the value determined
by the best fit to the X-ray data or to the Galactic 21 cm value.
The Galactic absorption was used if the best-fit χ2 was high, or
the best-fit value consistent with the Galactic 21 cm value. As the
extinction at infrared, optical, and UV wavelengths is due to the
same material that absorbs X-rays, we modeled the optical ex-
tinction based on the NH value that is used for the X-ray data,
converting it to AV from X-ray dust scattering halo measure-
ments of Predehl & Schmitt (1995) as modified by Nowak et al.
(2012) for the revised abundance of the interstellar medium. This
approach worked very well, contrary to many works that require
an optical extinction correction that is separate from the X-ray
modeling. We speculate that this is because these investigation
used the original Predehl & Schmitt (1995) formulae and there-
fore obsolete abundances.

We caution that a possible uncertainty exists in the fit to
the X-ray data, which often have large errors (∼50%) as a re-
sult of short exposure observations by Swift/XRT. The Galactic
value from the LAB survey has an uncertainty of ∼30%, due to
stray radiation, unresolved structures, and the assumption of op-
tical transparency (Kalberla et al. 2005). An additional problem
is that the X-ray modeling assumes a fixed (Galactic) abundance,
which might be the wrong assumption for the absorption in the
host galaxy.

Occasionally, the lack of data necessitated some parameters
to be fixed at a typical value in order to find a good fit, espe-
cially for high-peaked BL Lac sources, where the peak of the
high-energy hump lies above Fermi energies and is not cov-
ered by our data. It was not possible in these cases to constrain
the curvature of the parabola well from the data. Further, be-
cause of scarce data around the peak frequencies (typically in
the sub-mm and MeV range), the exact spectral shape of the two
bumps is unclear. Although the two log-parabolas work remark-
ably well here and an averaged spectrum of 3C 273 (Türler et al.
1999) is remarkably parabola-like in shape, some physical mod-
els predict steep bends or additional components (Mannheim
1993; Böttcher et al. 2009). In addition, in a few cases, such as
1424−418, the parabola shape did not describe the data well, es-
pecially the high-energy hump, as the X-ray spectrum is harder
than what is expected from the parabola fit.

We use a χ2 approach to determine the goodness-of-fit. This
method is not statistically sound, as the errors on the VLBI
data are only estimated and they are likely too large. In relative

terms, the (reduced) χ2 values still give a good estimate of the
goodness-of-fit, but are not indicative of an absolute goodness-
of-fit, i.e., in the probability of the model.

3. Results and discussion

Based on the methods outlined above, we fitted all 81 spectra
with the spectral model of Eq. (2). Of the 22 sources 12 have
more than two quasi-simultaneous SEDs, and ten have only two
quasi-simultaneous SEDs. The fit results are listed in Table A.1.
The table shows that even though the logarithmic parabolas are
not a physical model, they can describe the broadband behav-
ior very well, reaching low χ2 values. While this does not in-
dicate the probability of the model, the relative reduced χ2 val-
ues give an estimate of the goodness-of-fit. It is surprising that
they reach low values as many instruments are not flux cross-
calibrated. We note that FSRQs tend to have an index that is
too soft to describe the Swift/XRT and Fermi/LAT spectrum per-
fectly. In some sources the LAT spectrum constrains the curva-
ture of the parabola well, for which the X-ray spectral indices are
too soft (see, e.g., 1424−418). The reason for this behavior might
be from a spectral break in the MeV energy range. Other possi-
bilities include an accretion disk component in the soft X-rays or
a pion decay signature at MeV energies.

We find one source, 2005−489, with a peculiar excess in
the hard X-rays above 5 keV, which can be described with a
thermal blackbody, but likely only due to a lack of data above
10 keV. It might be possible to explain this with a hadronic
proton-synchrotron signature, but the origin is as yet unclear (see
Sect. 3.5).

In the following sections we describe the behavior of individ-
ual parameters in greater detail. For some sources the redshift
is unknown. While all broadband SEDs are modeled without
k-corrections, the analysis, e.g., of source fluxes or peak posi-
tions often requires knowledge of the redshift. Sources without
redshifts are therefore not included in the results, unless noted
otherwise.

3.1. The peak positions

3.1.1. Blazar sequence

The blazar sequence posits that more luminous blazars have
lower peak frequencies (Fossati et al. 1998; Ghisellini et al.
1998). While it is heavily debated (e.g., Giommi et al. 2012a,b),
it is generally observed for most sources with known redshift,
although sources with low luminosities at low peak frequen-
cies have been found (Nieppola et al. 2006; Meyer et al. 2011;
Giommi et al. 2012a). Sources at high luminosities and high
peak frequencies are still missing, however, possibly owing to
the lack of redshift information. Meyer et al. (2011) propose
a modified blazar sequence, where more luminous blazars are
more efficient at accretion. Sources with lower peak luminosi-
ties and higher peak frequencies than expected are interpreted as
misaligned, leading to a shift in the peak.

Figure 2 shows the k-corrected peak frequencies and peak
luminosities for all 20 sources in our sample for which a red-
shift measurement is available. The synchrotron peak results are
consistent with the blazar sequence with a gap between 1014

and 1015 Hz. This gap was also seen in 3LAC (Ackermann et al.
2015) and was named the Fermi blazars’ divide (Ghisellini et al.
2009). See Sect. 3.2 for a further discussion of this feature.

We also find one source, 0521−365, with a lower peak
frequency and peak luminosity than expected from the blazar

A130, page 7 of 26

http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201628595&pdf_id=1


A&A 591, A130 (2016)

Unknown
FSRQ
BL Lac

101610141012

1050

1048

1046

1044

1042

102610241022

1050

1048

1046

1044

1042

νpeak,sync [Hz]

ν
L

ν
,p

e
a
k
,s
y
n
c
[e
rg

/
s]

νpeak,HE [Hz]

ν
L

ν
,p

e
a
k
,H

E
[e
rg

/
s]

Fig. 2. Peak frequency (k-corrected) and peak luminosity for the syn-
chrotron peak (left) and the high-energy peak (right). The estimated un-
certainty is given in the lower left corner for sources with average cov-
erage (orange) and for SEDs with a lack of data near the peak position
(gray).
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Fig. 3. “Inverted blazar sequence”: HE peak luminosity (left) vs. peak
synchrotron frequency (k-corrected) and vice versa (right). The esti-
mated uncertainty is given in the lower left corner for sources with av-
erage coverage (orange) and for SEDs with a lack of data near the peak
position (gray).

sequence. It is interesting to note, but likely a coincidence, that
the peak of this source is perpendicular to the blazar sequence at
the location of the gap.

While the positions of the high-energy peak seem to gener-
ally follow the blazar sequence, the spread is much wider, which
is consistent with expectations from a SSC model. When “invert-
ing” the blazar sequence by looking at the synchrotron peak fre-
quency versus the HE peak luminosity, it still follows the blazar
sequence. The opposite is not true (Fig. 3). The HE peak fre-
quency vs. the synchrotron luminosity shows a rising and falling
slope (or a V-shape flipped on the horizontal axis), which, when
going back to the regular blazar sequence, might also be visible
there.

Figure 4 shows the blazar sequence separated by the activity
of the source at a given time. The upper panel shows the lo-
cation of the synchrotron peak, and the lower panel shows the
position of the high-energy peak. Both panels are separated into
low, intermediate, and high states. We find that in the intermedi-
ate state (and possibly in the low state), the sources follow the
blazar sequence (Fig. 2). In the high state the synchrotron peak
results are inconclusive and seem to scatter. We find, as previ-
ously seen, that high-peaked BL Lac objects show a much lower
occurrence of large outbursts in HE γ-rays, and our sample in-
cludes no high-peaked SED (above 1014.5 Hz) in a high state.
Even when we take this lack of data into account, the blazar
sequence slope of the high-energy peak in the high state is dras-
tically different from the intermediate state, possibly showing an
increase in peak frequency with peak luminosity.
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Fig. 4. Peak frequencies and peak luminosities, separated into low, in-
termediate, and high states for the synchrotron peak (top row) and high-
energy peak (bottom row). While the low and intermediate states fol-
low the blazar sequence for both peaks, the high-energy peak in both
states show a peculiar, almost inverted behavior, although the number
of sources (especially BL Lacertae objects) is too low for any conclusive
evidence. The estimated uncertainty is given in the lower left corner of
the left panels for sources with average coverage (orange) and for SEDs
with a lack of data near the peak position (gray).

To see whether this behavior is statistically significant,
we also looked at individual behavior. We find that in the
intermediate state the high-energy peak tends to move to-
ward lower frequencies, while it moves toward higher fre-
quencies in high states. This behavior is discernible for the
sources 0521−365, 0537−441, and 1454−354. For 0208−512,
0332−376, 0426−380, and 0402−362 only one of the effects
is visible, likely because of a lack of data (see Fig. A.2). No
disagreeing trends were found for the other sources, but some
SEDs lack information from all states, for example, 0402−362
only has two high state SEDs, so no information about the peak
shift is available. While this behavior has not been documented
for a large sample, a “harder-when-brighter” trend is often seen
in the X-ray spectra of flaring blazars and other AGN con-
sistent with a peak shift to higher frequencies (Zamorani et al.
1981; Avni & Tananbaum 1982; Pian et al. 1998; Vignali et al.
2003; Emmanoulopoulos et al. 2012). For a number of flaring
Fermi/LAT sources, a hardening of the spectral index has also
been observed (Abdo et al. 2010c,d), which might be useful in
the future for discriminating between intermediate and flaring
states, though no physical explanation is readily available.

3.1.2. Spectral index and peak position

The correlations between the spectral indices seen in Fermi/LAT
and Swift/XRT and the synchrotron peak frequency, are docu-
mented well in the 3FGL catalog (Acero et al. 2015). Correla-
tions with the high-energy peak are less studied. All spectral in-
dices are shown in Fig. 5, and in Fig. 6 they are separated into
low, intermediate, and high states. The top panel of the figure
shows the synchrotron peak frequency versus the XRT and LAT
indices, while the lower panel shows the high-energy peak fre-
quency versus the XRT and LAT indices. It is interesting to note
that the LAT index shows varying behavior in the bottom panel
of the top plot (synchrotron peak frequency) in Fig. 6, depending
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Fig. 6. Synchrotron (top) and HE (bottom) peak frequency vs. the pho-
ton index seen by Swift/XRT (top) and Fermi/LAT (bottom) separated
by low, intermediate, and high states.

on source state, but not in the bottom panel of the bottom plot
(HE peak frequency). This change in the high state is consistent
with a difference in synchrotron and high-energy peak behavior
of the sources. In the low and intermediate states, the LAT index
shows a correlation with the synchrotron peak frequency, indica-
tive of correlated processes. The data seems more scattered for
SEDs in the high state. This change is indicative of a change in
the jet properties during a high state, such as an acceleration of
the jet flow (Marscher et al. 2010).

3.1.3. Compton dominance and the blazar sequence

Giommi et al. (2012b) suggest that the blazar sequence is due
to the selection bias of the observed samples. The sources miss-
ing in the blazar sequence are expected to peak in the optical/UV.
These sources should be the brightest among the optical-selected
blazars. Giommi et al. (2012b) argue that these sources are dom-
inated by jet emission in the optical, making it nearly impossi-
ble to determine their redshift spectroscopically. The argument
is therefore that these sources exist, and are known, but no lumi-
nosities are available. Therefore, Finke (2013) uses the Compton
dominance, Fpeak,HE/Fpeak,sync, a redshift independent quantity to
verify the existence of the blazar sequence, and also finds a lack
of sources at high peak frequencies and luminosities.

While we might miss low luminosity sources in the
TANAMI sample, we would expect to have found sources with
high luminosities at high peak frequencies if they exist. These
are expected to be bright and have hard spectral indices in
Fermi/LAT. As our sample is representative of a γ-ray flux-
limited sample, it is possible that we miss bright sources peaking
in the optical if their Compton dominance is low, i.e., if their
high-energy peak is faint, possibly even fainter than the syn-
chrotron peak.

Consistent with earlier findings (Giommi et al. 2012b; Finke
2013), Fig. 7 shows that there is a redshift-independent correla-
tion between the ratio of the peak fluxes and the peak frequency.
The sequence can be explained physically by increasing power
leading to larger external radiation fields and a larger Compton
dominance. Higher Compton scattering leads to faster cooling
and a lower cutoff of high-energy photons, possibly explaining
the observed blazar sequence.

Looking at the state separated behavior (Fig. 7, bottom and
top right), while the number of SEDs in the high state is low, the
behavior during high states is different from the low and interme-
diate states. As for the blazar sequence, the low and intermediate
states are consistent with expectations from the blazar sequence
and FSRQs at higher Compton dominances. In the high state,
the Compton dominance shows a large scatter. We further gener-
ate the Compton dominance for the bolometric fluxes, instead of
the peak flux. The bolometric fluxes are calculated by integrat-
ing over each of the two best-fit parabola functions separately
(Fig. 8). The patterns in Figs. 7 and 8 are very similar. While the
scatter is lower when using bolometric fluxes, it shows that the
peak position is a reliable tracer of the bolometric flux.

3.2. The Fermi blazars’ divide

In the blazar sequence and Compton dominance a large gap is
visible, which seems to separate FSRQs and BL Lac objects be-
tween 1014 and 1015 Hz. This gap has also been seen in the 3LAC
(Ackermann et al. 2015) and is now named the Fermi blazars’ di-
vide, as first discussed by Ghisellini et al. (2009). These authors
propose a physical difference in these objects with a separation
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Fig. 7. Top left: Compton dominance for all SEDs for all sources
(no k-correction). The blazars’ divide is particularly strong; only few
sources are found between 1014 and 1015 Hz. Top right and bottom: same
as above, but SEDs are separated into low, intermediate, and high states.
The estimated uncertainty is given in the lower left corner of the top
right panel in gray.
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Fig. 8. Top left: bolometric Compton dominance for all SEDs for all
sources (no k-correction). The blazars’ divide is particularly strong. Top
right and bottom: same as above, but SEDs are separated into low, inter-
mediate, and high states. The estimated uncertainty is given in the lower
left corner of the top right panel in gray.

of objects into low and high efficiency accretion flows. In our
γ-ray flux limited sample, however, this separation is much
stronger than in the 3LAC, suggesting a contribution of selec-
tion effects. These selection effects can contribute in the same
way as to the blazar sequence, i.e., we would expect a lack of
redshifts in objects peaking in the optical range (1014–1015 Hz),
which would show a featureless spectrum due to a dominant jet
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Fig. 9. Histogram of observed blackbody temperatures for all SEDs.
Blackbody temperatures at ∼6000 K (indicated in gray with a vertical
line) very likely represent a detection of the host galaxy. A temperature
of 30 000 K is indicated with another vertical gray line.

component. Furthermore, the extinction in the UV and far UV, as
well as the photoelectric absorption of soft X-rays in our Galaxy,
hamper the detection of blazars peaking in this energy range,
which are exactly those peak frequencies missing in the blazars’
divide. We expect that this can fully explain the Fermi blazars’
divide and is also consistent with observations of black hole bi-
naries, which do not show a gap between accretion states.

Selection effects are able to explain the blazars’ divide, while
the argument is less clear for the blazar sequence, which is found
even in the Compton dominance, which is redshift independent.
While selection effects can explain many of the observed fea-
tures, it is peculiar that no source has been found at high peak
frequencies and luminosities so far.

3.3. The big blue bump

It is generally believed that the thermal excess seen in many
FSRQ objects and in a small number of BL Lac objects is
the thermal emission from the accretion disk (Shields 1978;
Malkan & Sargent 1982). An alternative model explains the
BBB with free-free emission from the hot corona of the super-
massive black hole (Barvainis 1993). While no conclusive ev-
idence for either theory has been presented, several problems
with the accretion disk scenario have been noted, namely, the
temperature, ionization, timescale, coordination problems (see
Lawrence 2012 for a summary). The temperature problem states
that the observed temperatures at ∼30 000 K are too low for what
would be expected (∼76 000 K). Lawrence (2012) proposes a re-
processing of the accretion disk emission by clouds in the BLR
and is able to explain all four problems.

Concerning the temperature, our results are consistent with
what has been previously found (Zheng et al. 1997; Telfer et al.
2002; Scott et al. 2004; Binette et al. 2005; Shang et al. 2005).
The temperature remains below ∼32 000 K for all sources. Some
BL Lac objects exhibit temperatures of ∼6000 K (see Fig. 9,
shown with a gray vertical line). Such cold blackbodies are very
likely emission from the host galaxy, which would support the
theory of a weak disk and inefficient accretion in BL Lac objects.
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Table 2. Parameters of the fundamental plane of black hole.

Reference d e f νradio Source population
[GHz]

Merloni et al. (2003) 1.28 ± 0.15 0.77 ± 0.17 9.40 5.0 Quasars, LINERs, Seyferts
Körding et al. (2006) 1.28 ± 0.30 0.73 ± 0.20 10.49 5.0 Quasars, LINERs, Seyferts
Gültekin et al. (2009) 0.48 ± 0.17 0.24 ± 0.16 0.83 5.0 Seyferts, Transition Objects, Unclassified Objects
Bonchi et al. (2013) 1.47 0.57 ± 0.07 24.43 1.4 Type 1 and Type 2
Nisbet & Best (2016) 1.45 ± 0.22 0.94 ± 0.18 8.01 1.4 LINERs
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Fig. 10. Spectral energy distribution of the α state of 2142−758, with
the best-fit single temperature blackbody (purple) and best-fit multitem-
perature accretion disk spectrum (red).

Gravitational redshifting decreases the observed temperature,
but even taking this effect into account would only slightly in-
crease the temperatures by ∼3000 K, which is still nowhere near
the expected temperature for an accretion disk.

In general, the spectral shape of the thermal excess is also
inconsistent with an accretion disk origin. For all SEDs, the
thermal excess can be described well by a single temperature
blackbody. For an accretion disk extending from a few to sev-
eral hundreds or thousands of gravitational radii a large range
in temperature would be expected because of the r−3/4 tempera-
ture profile of accretion disks with further slight stretching of the
spectrum by gravitational redshifting. Figure 10 shows that the
shape is reasonably constrained by Swift/UVOT. The red curve
shows the spectrum expected from a simple multitemperature
accretion disk. This diskbb model is not able to describe the
narrow shape or a single temperature blackbody (purple line in
Fig. 10). While this evidence is not conclusive owing to the low
spectral resolution of the UVOT, it is nevertheless indicative of
a more complex disk structure, which might be puffed up and
warped or truncated, leading to changes in the thermal emission.
Further theoretical and observational studies are necessary to de-
termine the origin and shape of the BBB.

3.4. The black hole mass, MBH

We study how the properties of the SED depend on the black
hole mass. The fundamental plane of black holes (Merloni et al.
2003; Gallo et al. 2003; Falcke et al. 2004; Körding et al. 2006;
Gültekin et al. 2009, 2014; Plotkin et al. 2012; Bonchi et al.
2013; Saikia et al. 2015; Nisbet & Best 2016, and references

therein) relates the radio and X-ray luminosity to the black hole
mass,

log
(

MBH

M�

)
= d log

(
Lradio

erg s−1

)
− e log

(
LX-ray

erg s−1

)
− f . (3)

The parameters d, e, and f depend on the source populations.
Table 2 lists typical recent values for AGN. Here Lradio is the ra-
dio flux density measured at the frequency νradio listed in Table 2,
while LX-ray is the X-ray flux in the 2−10 keV band. We caution
that the radio luminosities listed are not “real” luminosities, as
the differential flux at the given radio frequency is simply multi-
plied by 4πd2

L, instead of using an integrated flux in a waveband.
Black hole mass measurements, based on measurements of

the BBB (for FSRQs) and variability arguments (BL Lacs),
only exist for 8 of the 20 sources in our sample and are taken
from Ghisellini et al. (2010). We note that for some sources
different black hole mass measurements exist (e.g., 0208−512;
Stacy et al. 2003) that vary by an order of magnitude. We there-
fore use the fundamental plane to estimate the black hole mass
and compare the estimates with measurements, where available.
We use the distance-corrected radio flux density from the best-
fit parabola model at the same frequency as used in each of the
studies. The X-ray, 2–10 keV luminosity is taken from the sep-
arate fit to the X-ray data. We use all SEDs from this work and
the corresponding X-ray and radio luminosities (where a redshift
measurement is available, see Table 1) and calculated estimated
black hole masses following Merloni et al. (2003), Körding et al.
(2006), and Nisbet & Best (2016). Our results are presented in
Table 3. For the results from Gültekin et al. (2009), we use
Eq. (4) in their paper, with the parameters listed in Eq. (6), where
a linear regression was performed to find an equation for an es-
timate of the black hole mass. For sources with more than one
SED, the black hole mass estimates are averaged. The masses
before averaging scatter depend on the source state with a maxi-
mum factor of 5 between the lowest and the highest estimate.

All estimates, except those using the parameters from
Bonchi et al. (2013), are lower than the measured values, and the
largest offset is that from the Merloni et al. (2003) parameters.
Applying the relation by Bonchi et al. (2013) gives a very good
agreement (less than a factor of 3) with the measurement values
for several sources such as 0208−512, 0537−441, 1057−797,
and 1454−354. The largest difference is seen between the mea-
surement and estimate for 0447−439 with four orders of magni-
tude between the estimate using the Bonchi et al. (2013) param-
eters, and six orders of magnitude using the Merloni et al. (2003)
parameters.

While a large scatter is observed for the fundamental plane
(Nisbet & Best 2016), it probably does not explain a difference
of four or six orders of magnitude. A possibility is that the
relativistic boosting affects the observed masses in supermas-
sive black holes, but not the Galactic black holes. However, this
would imply that the intrinsic black hole masses in some of the
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Table 3. Black hole masses as measured and as estimated from the fundamental plane of black holes.

Source MBH MBH,Merloni MBH,Koerding MBH,Gültekin MBH,Bonchi MBH,Nisbet Ledd
[ M�] [M�] [M�] [M�] [M�] [M�] 1046 [erg s−1]

0208-512 8.8 5.7 ± 0.9 6.7 ± 1.0 7.4 ± 0.4 8.8 ± 1.3 4.06 ± 0.04 9.1
0244-470 5.1 ± 2.6 6.2 ± 2.7 7.2 ± 1.2 8 ± 4 3.08 ± 0.24
0402-362 5.2 ± 2.7 6.3 ± 2.7 7.3 ± 1.3 8 ± 4 2.9 ± 0.4
0426-380 8.6 6.0 ± 1.3 7.0 ± 1.5 7.6 ± 0.6 9.1 ± 1.9 4.49 ± 0.04 5.2
0447-439 8.8 2.5 ± 2.0 3.4 ± 1.5 6.2 ± 1.0 4.3 ± 2.5 0.3 ± 0.5 7.8
0506-612 5.7 ± 1.5 6.7 ± 1.6 7.4 ± 0.7 8.8 ± 2.1 4.14 ± 0.05
0521-365 3.6 ± 1.2 4.6 ± 1.1 6.6 ± 0.6 5.6 ± 1.6 1.67 ± 0.17
0537-441 9.3 6.4 ± 1.1 7.4 ± 1.4 7.7 ± 0.5 9.8 ± 1.7 5.05 ± 0.04 26.0
0637-752 5.7 ± 1.5 6.7 ± 1.6 7.5 ± 0.7 9.2 ± 2.1 4.409 ± 0.027
1057-797 8.8 5.8 ± 2.5 6.8 ± 2.8 7.5 ± 1.1 9 ± 4 4.27 ± 0.04 7.8
1424-418 6.0 ± 1.1 7.1 ± 1.2 7.6 ± 0.5 9.0 ± 1.5 3.98 ± 0.06
1440-389 1.9 ± 2.0 2.8 ± 1.4 5.9 ± 1.1 3.7 ± 2.5 −0.1 ± 0.5
1454-354 9.3 6.0 ± 1.8 7.0 ± 2.0 7.6 ± 0.8 9.2 ± 2.6 4.567 ± 0.009 26.0
1610-771 5.9 ± 2.6 6.9 ± 2.8 7.5 ± 1.1 9 ± 4 4.35 ± 0.08
1954-388 5.7 ± 2.5 6.7 ± 2.8 7.4 ± 1.1 9 ± 4 4.408 ± 0.017
2005-489 8.7 3.1 ± 2.7 4.0 ± 2.2 6.4 ± 1.3 5 ± 4 1.1 ± 0.5 6.5
2052-474 6.1 ± 2.6 7.1 ± 2.9 7.6 ± 1.1 9 ± 4 4.39 ± 0.06
2142-758 5.5 ± 2.6 6.5 ± 2.7 7.4 ± 1.2 9 ± 4 3.85 ± 0.13
2149-306 5.3 ± 1.6 6.3 ± 1.6 7.4 ± 0.8 8.9 ± 2.2 3.58 ± 0.13

Notes. All values are given as log10(M). Columns: (1) IAU B1950 name; (2) MBH from Ghisellini et al. (2009); MBH estimated after (3)
Merloni et al. (2003); (4) Körding et al. (2006); (5) Gültekin et al. (2009); (6) Bonchi et al. (2013); (7) Nisbet & Best (2016); and (8) Edding-
ton luminosity for the measure black hole mass, assuming isotropic emission. The black hole mass estimates include the uncertainties from the
parameters, not the uncertainties in luminosities, as these are much smaller.

AGN are much lower than previously believed. The uncertain-
ties on the parameters of the fundamental plane are large; these
are represented in the large uncertainties of the black hole mass
estimates.

3.5. The strange SED of 2005−489

In general, all SEDs are described well by two log parabo-
las and a blackbody to describe the excess. A well-known
VHE emitter, 2005−489 (Aharonian et al. 2005) is the only
source with a strong deviation from this model. Piner & Edwards
(2014) presented VLBI data of the source. The multiwave-
length SED was studied several times (Kaufmann et al. 2009;
H.E.S.S. Collaboration et al. 2010), with the H.E.S.S. Collabo-
ration arguing about a hard, separate spectral component emerg-
ing in the X-ray observations in September 2005. This is in
agreement with our results of the source during a high state.
While over most of the energy range it shows a nonthermal
parabolic behavior, its X-ray behavior in the high state (α) seems
to be inconsistent with a leptonic model. In the low state (β), the
photon index Γ = 2.28 ± 0.12 perfectly fits the parabolic shape;
we note that the 104-month averaged BAT data point seems to
indicate a small excess above a pure power law. While this is
not conclusive, the photon index Γ = 1.70 ± 0.04 in the high
state is inconsistent with the parabolic model (and a synchrotron
model as well). The excess is reminiscent of a hadronic proton-
synchrotron signature in the spectrum, while the LAT data might
also show a dip in the spectrum, possibly due to a hadronic pion
decay signature. While this evidence is not conclusive, it is the
first source to show a clear deviation with a large difference in the
photon index within a time span of less than two years. A caveat
of this SED is the long time range over which the data were av-
eraged in LAT, but it does not explain the change in index and
the inconsistency between the Swift/UVOT and Swift/XRT data.

4. Summary and conclusions

We have studied a mainly γ-ray selected sample of southern
blazars in the framework of the TANAMI project. We chose the
22 Fermi/LAT brightest sources from the TANAMI sample. This
approach allowed us to use the LAT light curves with a Bayesian
blocks algorithm to determine states of statistically constant flux.
For time ranges with quasi-simultaneous data in the X-ray and
radio band, we constructed broadband SEDs. We show that a
“harder-when-brighter” trend is observed in the high state of the
high-energy peak, shifting it to higher frequencies. The Comp-
ton dominance that we find is in agreement with previous results
from the literature. When separated by source state, the Comp-
ton dominance in the high state shows a larger scatter and no dis-
cernible trend. We further study the bolometric Compton dom-
inance using the integrated fluxes of peaks fit with parabolas.
The scatter in this bolometric Compton dominance is lower, but
it shows that the peak flux is a reliable tracer of the bolometric
flux.

We study the temperature range and shape of the BBB. We
find that the temperatures are consistent with previous results,
showing temperatures that are too low for the expected accre-
tion disk emission. It can possibly be explained by reprocessing
the accretion disk emission by BLR clouds, which is also able
to solve other problems. We also find that unexpectedly a single
temperature model can best explain all BBBs, which is incon-
sistent with an accretion disk origin. It is unclear whether this is
true for all blazars. No detailed model exists for a more realistic
accretion disk that might be thick and/or warped. It is unclear
how this would change the expected thermal emission.

We further study the fundamental plane of black holes as a
tool for estimating black hole masses. We find that the parame-
ters by Bonchi et al. (2013) for many sources are in good agree-
ment with the black hole masses from Ghisellini et al. (2010),
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while this is not the case for other parameter estimates (those
from Merloni et al. 2003; Körding et al. 2006; Gültekin et al.
2009; Nisbet & Best 2016), however the uncertainties are dom-
inated by systematic effects and are very large. This shows that
choosing the source population introduces selection effects. For
a few sources, such as 0447−439, the measured mass is not in
agreement with any of the parameters with a very large offset
of greater than four orders of magnitude. We suggest that this
might be due to boosting effects. This result would imply, how-
ever, that some AGN black hole masses are much lower than
previously suspected.
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Appendix A: Results: Light curves and SEDs

A.1. Fermi/LAT light curves
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Fig. A.1. Fermi/LAT light curves for all sources with a known redshift, from August 4, 2008 up to January 1, 2015. A Bayesian blocks analysis
was performed on the data and is shown in dark gray. The horizontal pink line shows the average flux over the full light curve. Observations by
Swift, XMM-Newton, REM, SMARTS, Ceduna, ATCA, or VLBI are indicated with a line at the corresponding time. Blocks with sufficient data
for a broadband SED are shown in color and labeled with Greek letters. The colors correspond to the colors used in the broadband spectra.
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Fig. A.1. continued.
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Fig. A.1. continued.
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Fig. A.2. Fermi/LAT light curves for both sources without a known redshift, from August 4, 2008 up to 2015 January 1. A Bayesian blocks analysis
was performed on the data and is shown in dark gray. The horizontal pink line shows the average flux over the full light curve. Observations by
Swift, REM, Ceduna, and VLBI are indicated with a line at the corresponding time. Blocks with sufficient data for a broadband SED are shown in
color and labeled with Greek letters. The colors correspond to the colors used in the broadband spectra.
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A.2. Broadband spectral energy distributions
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Fig. A.3. Broadband spectral energy distributions of all sources with a redshift in the log log νFν representation. For sources with more than 3
states with sufficient data, the plots were split into two parts to ensure that the SEDs are easily visible. Fit models are shown in dashed lines if
archival data had to be included in the fit. For sources with a thermal excess in the optical/UV, a blackbody was included (dotted). The instruments
(including their spectral range) are shown above the spectrum. The colors correspond to the colors used in the light curve. The best -fit reduced χ2

value is shown at the bottom right for every state. Residuals are shown in the lower panel. The spectra have not been k-corrected.
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