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ABSTRACT

The quasar 3C 279was the target of an extensive multiwavelength monitoring campaign from 2006 January through
April. An optical-IR-radio monitoring campaign by the Whole Earth Blazar Telescope (WEBT) collaboration was
organized around target-of-opportunity X-ray and soft �-ray observations with Chandra and INTEGRAL in 2006 mid-
January, with additional X-ray coverage by RXTE and Swift XRT. In this paper we focus on the results of the WEBT
campaign. The source exhibited substantial variability of optical flux and spectral shape, with a characteristic timescale
of a few days. The variability patterns throughout the optical BVRI bands were very closely correlated with each other,
while there was no obvious correlation between the optical and radio variability. After the ToO trigger, the optical flux
underwent a remarkably clean quasi-exponential decay by about 1 mag, with a decay timescale of �d � 12:8 days. In
intriguing contrast to other (in particular, BL Lac type) blazars, we find a lag of shorter wavelength behind longer
wavelength variability throughout the RVBwavelength ranges, with a time delay increasing with increasing frequency.
Spectral hardening during flares appears delayed with respect to a rising optical flux. This, in combination with the very
steep IR-optical continuum spectral index of �0 � 1:5Y2:0, may indicate a highly oblique magnetic field configuration
near the base of the jet, leading to inefficient particle acceleration and a very steep electron injection spectrum. An
alternative explanation through a slow (timescale of several days) acceleration mechanism would require an unusually
low magnetic field of BP 0:2 G, about an order of magnitude lower than inferred from previous analyses of simul-
taneous SEDs of 3C 279 and other flat-spectrum radio quasars with similar properties.

Subject headinggs: galaxies: active — gamma rays: theory — quasars: individual (3C 279) —
radiation mechanisms: nonthermal

Online material: color figures
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1. INTRODUCTION

Flat-spectrum radio quasars (FSRQs) and BL Lac objects are
active galactic nuclei (AGNs) commonly unified in the class of
blazars. They exhibit some of the most violent high-energy phe-
nomena observed in AGNs to date. Their spectral energy distri-
butions (SEDs) are characterized by nonthermal continuum spectra
with a broad low-frequency component in the radioYUVor X-ray
frequency range and a high-frequency component from X-rays to
�-rays. Their electromagnetic radiation exhibits a high degree of
linear polarization in the optical and radio bands and rapid var-
iability at all wavelengths. Radio interferometric observations
often reveal radio jets with individual components exhibiting ap-
parent superluminal motion. At least episodically, a significant
portion of the bolometric flux is emitted in >100 MeV �-rays.
Forty-six blazars have been detected and identified with high
confidence in high-energy (>100 MeV) �-rays by the Energetic
Gamma-RayExperiment Telescope (EGRET) instrument on board
the Compton Gamma Ray Observatory (CGRO; Hartman et al.
1999; Mattox et al. 2001).

In the framework of relativistic jet models, the low-frequency
(radioYoptical /UV) emission from blazars is interpreted as syn-
chrotron emission from nonthermal electrons in a relativistic jet.
The high-frequency (X-rayY�-ray) emission could be either pro-
duced via Compton upscattering of low frequency radiation by the
same electrons responsible for the synchrotron emission (leptonic
jet models; for a recent review see, e.g., Böttcher 2007a), or due to
hadronic processes initiated by relativistic protons coaccelerated
with the electrons (hadronic models; for a recent discussion see,
e.g., Mücke & Protheroe 2001; Mücke et al. 2003).

The quasar 3C 279 (z ¼ 0:538) is one of the best-observed
FSRQs, not least because of its prominent �-ray flare shortly after
the launch of CGRO in 1991. It has been persistently detected by
EGRETeach time it was observed, even in its very low quiescent
states, e.g., in the winter of 1992Y1993, and is known to vary in
�-ray flux by roughly 2 orders of magnitude (Maraschi et al.1994;
Wehrle et al. 1998). It has been monitored intensively at radio,
optical, and more recently also X-ray frequencies, and has been
the subject of intensivemultiwavelength campaigns (e.g.,Maraschi
et al. 1994; Hartman et al. 1996; Wehrle et al. 1998).

Also at optical wavelengths, 3C 279 has exhibited substantial
variability over up to 2 orders of magnitude (R � 12:5Y17:5).
Variability has been observed on a variety of different timescales,
from years down to intraday timescales. The most extreme vari-
ability patterns include intraday variability with flux decays of
P0.1 mag hr�1 (Kartaltepe & Balonek 2007). Observations with
the International Ultraviolet Explorer in the very low activity
state of the source in 1992DecemberY1993 January revealed the
existence of a thermal emission component, possibly related to
an accretion disk, with a luminosity of LUV � 2 ; 1046 erg s�1 if
this component is assumed to be emitting isotropically (Pian et al.
1999). Pian et al. (1999) also identified an X-ray spectral variabil-
ity trend in archivalROSAT data, indicating a lag of �2Y3 days of
the soft X-ray spectral hardening behind a flux increase. Weak
evidence for spectral variabilitywas also foundwithin the EGRET
(MeVYGeV) energy range (Nandikotkur et al. 2007).At low�-ray
flux levels, an increasing flux seems to be accompanied by a spec-
tral softening, while at high flux levels, no consistent trend was
apparent.

The quasar 3C 279 was the first object in which superluminal
motion was discovered (Whitney et al. 1971; Cotton et al. 1979;
Unwin et al. 1989). Characteristic apparent speeds of individual
radio components range up to�app � 17 (Cotton et al.1979;Homan
et al. 2003; Jorstad et al. 2004), indicating pattern flow speeds

with bulk Lorentz factors of up to � � 17. Radio jet components
have occasionally been observed not to follow straight, ballistic
trajectories, but to undergo slight changes in direction between
parsec and kiloparsec scales (Homan et al. 2003; Jorstad et al.
2004). VLBA polarimetry indicates that the electric field vector
is generally well aligned with the jet direction on parsec to kilo-
parsec scales (Jorstad et al. 2004; Ojha et al. 2004; Lister &Homan
2005; Helmboldt et al. 2007), indicating that the magnetic field
might be predominantly perpendicular to the jet on those length
scales.

A complete compilation and modeling of all available SEDs
simultaneous with the 11 EGRET observing epochs has been
presented in Hartman et al. (2001a). The modeling was done us-
ing the time-dependent leptonic (SSC + EIC) model of Böttcher
et al. (1997) and Böttcher & Bloom (2000) and yielded quite
satisfactory fits for all epochs. The results were consistent with
other model fitting works (e.g., Bednarek1998; Sikora et al. 2001;
Moderski et al. 2003) in concluding that the X-rayYsoft �-ray
portion of the SED might be dominated by SSC emission, while
the EGRET emission might require an additional, most likely
external-Compton, component. The resulting best-fit parameters
were consistent with an increasing bulk Lorentz factor, but de-
creasing Lorentz factors of the ultrarelativistic electron distribu-
tion in the comoving frame of the emission region during �-ray
high states, as compared to lower �-ray states (Hartman et al.
2001a). However, such an interpretation also required changes
of the overall density of electrons, and the spectral index of the
injected electron power-law distribution, which did not show any
consistent trend with �-ray luminosity.

Hartman et al. (2001b) have investigated cross correlations
between different wavelength ranges, in particular between op-
tical, X-ray, and �-ray variability. In that work, a general picture
of a positive correlation between optical, X-ray, and �-ray ac-
tivity emerged, but no consistent trends of time lags between the
different wavelength ranges were found.

The discussion above illustrates that, in spite of the intensive
past observational efforts, the physics driving the broadband spec-
tral variability properties of 3C 279 are still rather poorly under-
stood. For this reason, W. Collmar et al. (2008, in preparation)
proposed an intensive multiwavelength campaign in an optical
high state of 3C 279, in order to investigate its correlated radioYIRY
opticalYX-rayYsoft �-ray variability. The campaign was triggered
on 2006 January 5, when the source exceeded an R-band flux
corresponding to R ¼ 14:5. It involved intensive radio, near-IR
(JHK ), and optical monitoring by the Whole Earth Blazar Tele-
scope (WEBT;32 see, e.g., Raiteri et al. 2006; Villata et al. 2007
and references therein) collaboration through 2006 April, fo-
cusing on a core period of 2006 January and February. In order to
illustrate the source’s behavior leading up to the trigger in 2006
January, previously unpublished radio and optical data from late
2005 are also included in the analysis presented in this paper.
X-ray and soft �-ray observations were carried out by all instru-
ments on board the International Gamma-Ray Astrophysics Lab-
oratory (INTEGRAL) during the period of 2006 January 13Y20.
Additional, simultaneousX-ray coveragewas obtained byChandra
and SwiftXRT. These observationswere supplemented by extended
X-raymonitoringwith theRossi X-Ray Timing Explorer (RXTE). In
this paper, we present details of the data collection, analysis, and
results of the WEBT (radioYIRYoptical) campaign. Preliminary
results of the multiwavelength campaign have been presented in
Collmar et al. (2007) and Böttcher (2007a, 2007b), and a final,

32 See http://www.to.astro.it / blazars/webt.
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comprehensive report on the result of the entire multiwavelength
campaign will appear in W. Collmar et al. (2008, in preparation).

Throughout this paper, we refer to � as the energy spectral
index, F� ½Jy� / ���. A cosmology with �m ¼ 0:3, �� ¼ 0:7,
and H0 ¼ 70 km s�1 Mpc�1 is used. In this cosmology, and
using the redshift of z ¼ 0:538, the luminosity distance of 3C 279
is dL ¼ 3:1 Gpc.

2. OBSERVATIONS, DATA REDUCTION,
AND LIGHT CURVES

3C 279 was observed in a coordinated multiwavelength cam-
paign at radio, near-IR, optical (by theWEBTcollaboration), X-ray
(Chandra, Swift, RXTE PCA, INTEGRAL JEM-X), and soft �-ray
(INTEGRAL) energies. The overall timeline of the campaign, along
with the measured long-term light curves at radio and optical fre-
quencies is illustrated in Figure 1. Simultaneous X-ray coverage
with all X-ray/soft �-ray telescopes mentioned above was obtained
in the time frame January 13Y20, as indicated by the gray-shaded
area in Figure 1. Detailed results of those high-energy observa-
tions will be presented inW. Collmar et al. (2008, in preparation).
Table 1 lists all participating observatories which contributed data
to the WEBTcampaign. In total, 25 ground-based radio, infrared,
and optical telescopes in 12 countries on four continents con-
tributed 2173 data points.

2.1. Optical and Near-Infrared Observations

The observing strategy and data analysis followed to a large
extent the standard procedure for the optical data reduction for

WEBT campaigns which is briefly outlined below. For more
information on standard data reduction procedures for WEBT
campaigns see also Villata et al. (2000, 2002, 2004a, 2004b),
Raiteri et al. (2001, 2005), and Böttcher et al. (2003, 2005).
It had been suggested that, optimally, observers perform pho-

tometric observations alternately in the B and R bands, and in-
clude complete (U )BVRI sequences at the beginning and the end
of each observing run. Exposure times should be chosen to ob-
tain an optimal compromise between high precision (instrumental
errors less than �0.03 mag for small telescopes and �0.01 mag
for larger ones) and high time resolution. If this precision require-
ment leads to gaps of 15Y20 minutes in each light curve, we
suggest carrying out observations in the R band only. Observers
were asked to perform bias and dark corrections, as well as flat-
fielding on their frames, and obtain instrumental magnitudes,
applying either aperture photometry (using IRAF or CCDPHOT)
or Gaussian fitting for the source 3C 279 and four recommended
comparison stars. This calibration has then been used to convert
instrumental to standard photometricmagnitudes for each data set.
In the next step, unreliable data points (with large error bars at
times when higher quality data points were available) were dis-
carded. Our data did not provide evidence for significant variability
on subhour timescales. Consequently, error bars on individual data
sets could be further reduced by rebinning on timescales of typi-
cally 15Y20minutes. The data resulting at this stage of the analysis
are displayed in Figure 1 (top).
In order to provide information on the intrinsic broadband

spectral shape (and, in particular, a reliable extraction of B� R
color indices), the data were then dereddened using the Galactic

Fig. 1.—Timeline of the broadband campaign on 3C 279 in 2006, including the optical and radio light curves during the entire campaign period. The gray-shaded area
indicates the period of the INTEGRAL, Chandra, and Swift observations. [See the electronic edition of the Journal for a color version of this figure.]
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extinction coefficients of Schlegel et al. (1998) based on AB ¼
0:123 mag and E(B� V ) ¼ 0:029 mag.33

Possible contaminations of the optical color information could
generally also arise from contributions from the host galaxy and
the opticalYUVemission froman accretion disk around the central
supermassive black hole in 3C 279. However, these contributions
are not expected to be significant in the case of our campaign data:
assuming absolute magnitudes of MV � �23 andMB � �21 for
typical quasar host galaxies at z � 0:5 (e.g., Floyd et al. 2004;
Zakamska et al. 2006), their contribution in theVandB band at the
distance of 3C 279 would be Vgal � 19:5 and Bgal � 21:6, re-
spectively. These are at least about 4 mag fainter than the actually
measured totalB andVmagnitudes during our campaign, and thus
negligible. The possible contribution of an accretion disk can be
estimated on the basis of the thermal component for which Pian
et al. (1999) found evidence in IUE observations during the 1992/
1993 low state of 3C 279. Their best fit to this component suggests
U � 18:6 and B � 21 (and much fainter contributions at lower
frequencies), which corresponds to a contribution of P2.5 % to
the total B and U magnitudes measured during our campaign.
Therefore, both the host galaxy and the accretion disk contri-
bution are neglected in our further analysis.

The only infrared observations obtained for this campaignwere
one sequence of JHK exposures taken on 2006 January 15 with
the 2.56mNOTonRoque de losMuchachos on the Canary Island

of La Palma. The resulting fluxes are included in the SED dis-
played in Figure 8.

2.1.1. Optical Light Curves

The optical (and radio) light curves from 2005 December to
2006 April are displayed in Figure 1. The densest coverage was
obtained in the R band, and the figure clearly indicates that the
variability in theB,V, and I bands closely tracks theR-band behav-
ior. The coverage in theU bandwas extremely sparse and does not
allow any assessment of the U-band light curve during our
campaign. Therefore, the U band is ignored in the following dis-
cussion, and we describe the main features of the variability beh-
avior based on the R-band light curve.

The optical light curves showvariabilitywithmagnitude changes
of typically P0.5 mag on timescales of a few days. The most
notable exception to this relatively moderate variability is the
major dip of the brightnesses in all optical bands right around our
coordinated X-ray/soft �-ray observations in 2006 January (�JD
2,453,742Y2,453,770). In the R band, the light curve followed an
unusually clean exponential decay over 1.1 mag in 13 days, i.e., a
slope of dR/dt ¼ 0:085 mag day�1 or a flux decay as F(t) ¼
F(t0)e

�(t�t0)/�d with a decay constant of �d ¼ 12:8 days.Onlymod-
erate intraday deviations on a characteristic scale of P0.1mag day�1

are superposed on this smooth exponential decay.
In contrast to the smooth decline of the optical brightness

during 2006 January 6Y20, the subsequent rebrightening to lev-
els comparable to those before the dip, appears much more erratic
and involves a remarkably fast rise by �0.5 mag within �1 day

TABLE 1

List of Observatories that Contributed Data to the WEBT Campaign

Observatory Specifications Frequency/Filters Nobs

Radio

Metsähovi, Finland ................................................................ 14 m 37 GHz 70

Medicina, Italy ....................................................................... 32 m 5, 8, 22 GHz 32

Noto, Italy .............................................................................. 32 m 8, 22 GHz 6

RATAN-600, Russia .............................................................. 576 m (ring) 1, 2.3, 5, 8, 11, 22 GHz 138

Crimean Astr. Obs., Ukraine (RT-22)................................... 22 m 36 GHz 7

Infrared

Roque (NOT), Canary Islands.............................................. 2.56 m J, H, K 3

Optical

Abastumani, Georgia (FSU) ................................................. 70 cm R 127

ARIES, Naintal, India............................................................ R 63

Belogradchik, Bulgaria .......................................................... 60 cm V, R, I 75

BOOTES-1, Spain ................................................................. 30 cm R 151

Catania, Italy.......................................................................... 91 cm U, B, V 33

Crimean Astr. Obs., Ukraine ................................................. 70 cm B, V, R, I 47

SMARTS, CTIO, Chile ......................................................... 90 cm B, V, R 33

Kitt Peak (MDM), Arizona, USA ........................................ 130 cm U, B, V, R, I 190

Kitt Peak (MDM), Arizona, USA ........................................ 240 cm R 77

Michael Adrian Obs., Germany ............................................ 120 cm R 9

Mt. Lemmon, Arizona, USA................................................. 100 cm B, V, R, I 214

Mt. Maidanak (AZT-22), Uzbekistan.................................... 150 cm B, V, R, I 44

Osaka Kyoiku, Japan............................................................. 51 cm V, R, I 494

Roque (KVA), Canary Islands .............................................. 35 cm R 75

Roque (NOT), Canary Islands.............................................. 256 cm U, B, V, R, I 7

SARA, Arizona, USA ........................................................... 90 cm B, V, R, I 242

Tenagra, Arizona, USA ......................................................... 81 cm B, V, R, I 19

Torino, Italy ........................................................................... 105 cm B, V, R 3

Tuorla, Finland....................................................................... 103 cm R 84

33 See http://nedwww.ipac.caltech.edu.
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on January 27 (JD 2,453,763). Unfortunately, the detailed shape
of this fast rise was not well sampled in our data set. If this was a
quasi-exponential rise with a slope of dR/dt � 0:5 mag day�1, it
would correspond to a rise timescale of �r � 2:2 days.

2.2. Radio Observations

At radio frequencies, 3C 279 was monitored using the 14 m
Metsähovi Radio Telescope of the Helsinki University of Tech-
nology at 37 GHz; the 32 m radio telescope of the Medicina
Radio Observatory near Bologna, Italy, at 5, 8, and 22 GHz; the
32 m antenna of the Noto Radio Observatory on Sicily, Italy, at
8 and 22 GHz; the 576 m ring telescope (RATAN-600) of the
Russian Academy of Sciences at 1, 2.3, 5, 8, 11, and 22 GHz;
and the 22 m RT-22 dish at the Crimean Astrophysical Obser-
vatory, Ukraine, at 36 GHz.

The Metsähovi data have been reduced with the standard pro-
cedure described in Teräsranta et al. (1998). The resulting 37 GHz
light curve is reasonably well sampled during the period 2006
mid-JanuaryYmid-March. Inspection by eye in comparison to the
optical light curves displayed in Figure 1 appears to indicate that
the optical and 37GHz light curves follow similar variability pat-
terns with a radio lead before the optical variability by �5 days.
However, a discrete cross-correlation analysis between theR-band
and 37GHz radio light curves did not reveal a significant signal to
confirm this suggestion.

Also included in Figure 1 are the radio light curves at 5, 8, and
22 GHz. For details of the analysis of data from the Medicina
and Noto radio observatories at those frequencies, see Bach et al.
(2007). As already apparent in Figure 1, most of the data at fre-
quencies below 37 GHzwere not well sampled on theP3 months
timescale of the 2006 campaign, and any evidence for variability
did not show a discernable correlation with the variability at higher
(radio and optical) frequencies.

All radio data contributed to this campaign are stored in the
WEBTarchive (see theWEBTWeb site34 for information regard-
ing availability of the data). Radio data at all observed frequen-
cies have been included in the quasi-simultaneous SED for 2006
January 15, shown in Figure 8. Given the generally verymoderate
radio variability at frequencies below 37 GHz, a linear interpo-
lation between the two available data points nearest in time to
2006 January 15 was used to construct an estimate of the actual
radio fluxes at that time.

3. OPTICAL SPECTRAL VARIABILITY

In this section we describe spectral variability phenomena,
i.e., the variability of spectral (and color) indices and their cor-
relations with monochromatic source fluxes. We concentrate
here on the optical spectral variability as indicated by a change
of the optical color. In particular, our observing strategy was
optimized to obtain a good sampling of the B� R color index as
a function of time. Since our data did generally not indicate sub-
stantial flux changes on subhour timescales, we extracted B� R
color indices wherever both magnitudes were available within
20 minutes of each other. Figure 2 shows the B� R color history
over the entire campaign, compared to the B- and R-band light
curves. Overall, there is no obvious correlation between the light
curves and the color behavior of the source on long timescales.
However, two short-term sequences attracted our attention: there
is a sequence of brightness decline accompanied by a spectral
hardening (declining B� R index) around JD 2,453,750 (2006
January 14), and another sequence of a brightness increase ac-
companied by a spectral softening around JD2,453,790Y2,453,806
(February 23YMarch 11). However, we caution that incomplete

Fig. 2.—Light curve of the B and R magnitudes and the B� R color index of 3C 279 over the duration of the entire campaign.

34 See http://www.to.astro.it / blazars/webt.
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sampling, in particular in the B band, may introduce spurious
effects.

A similar trend was recently observed in a multiwavelength
WEBT campaign on the quasar 3C 454.3 (Villata et al. 2006),
where it could be interpreted as a ‘‘little blue bump’’ due to the
unresolved contribution from optical emission lines in the�2000Y
4000 8 wavelength range in the rest frame of the quasar, in par-
ticular from Fe ii and Mg ii (Raiteri et al. 2007). In order to test
whether such an interpretation would also be viable in the case of
3C 279, we have compiled several simultaneous snapshot optical
continuum (BVRI ) spectra at various brightness levels (Fig. 3).
All measurements for each individual spectrum displayed in
Figure 3 have been taken within�20 minutes of each other. Only
the spectrum of January 15 shows a significant deviation from a
pure power law in the B band, and in that case there was simul-
taneous U-band coverage, which matched a straight power-law
extrapolation of the VRIJHK spectrum. If the spectral upturn
toward the blue end of the spectrum were due to an unresolved
Mg ii /Fe ii line contribution, it should emerge even more clearly
in the January 24 spectrum, which is characterized by a lower op-
tical continuum flux level than the January 15 spectrum. There-
fore, the compilation of spectra in Figure 3 does not provide any
support for the existence of an essentially nonvariable continu-
um component at the blue end of the spectrum. For this reason,
we believe that the color changes that we found in our data are in
fact intrinsic to the blazar jet emission.

Figure 4 illustrates our impression from Figure 2 that there is
no clear overall trend of source (R band) brightness with optical
spectral hardness. However, the figure clearly illustrates that the
scatter of the B� R color index is significantly larger at larger
source brightness, indicating that spectral variability ismore likely
to occur when the source is bright. Specifically, for R > 14:5, the
data is consistent with a roughly constant value of B� R ¼ 1:09,
corresponding to a spectral index of �0 ¼ 1:9 for a power-law
continuum spectrum with F�;0½Jy� / ���0 . At brightness levels
R < 14:5, spectral variability by �(B� R)P 0:35, correspond-
ing to ��0P 0:85, is observed.

In Figure 5 we focus on two �1 month optical flares, around
2006mid-JanuaryYmid-February and late FebruaryYlateMarch,
as indicated by the gray-shaded segments 1 and 2, respectively,

in Figure 2. The number labels in the color-magnitude diagrams
in Figure 5 indicate the time ordering of the points.While there is
no obvious trend discernible in segment 1, segment 2 suggests
the presence of a spectral hysteresis pattern: the spectral softening
around JD 2,453,790Y2,453,806 (February 23YMarch 11), men-
tioned above, precedes the main brightness increase. Subse-
quently, the optical continuum hardens while the source is still in
a bright state. We need to caution that, due to the poor sampling
of the B-band light curve during segment 2, the significance of
the tentative hysteresis found heremay be questionable. However,
such hysteresis would naturally lead to a B-band time lag behind
the R band, for which we do find evidence at 3.9 � from a discrete
correlation function analysis as described in the following section.

To our knowledge, such a spectral hysteresis has never been
observed at optical wavelengths for any flat-spectrum radio qua-
sar. It is reminiscent of the spectral hysteresis occasionally seen
at X-ray energies in high-frequency peakedBLLac objects (HBLs;
e.g., Takahashi et al. 1996; Fossati et al. 2000; Kataoka et al.
2000). However, the spectral hysteresis observed in the X-rays
of HBLs is generally clockwise (i.e., spectral hardening precedes
flux rise; softening precedes flux decline), and can be interpreted
as the synchrotron signature of fast acceleration of ultrarela-
tivistic electrons, followed by a gradual decline on the radiative
cooling timescale (e.g., Kataoka et al. 2000; Kusunose et al. 2000;

Fig. 4.—Color-magnitude diagram for the entire campaign period.

Fig. 5.—Color-magnitude diagrams for the two time segments marked in Fig. 2,
with time ordering indicated by the numbers in the two panels.

Fig. 3.—Snapshot optical (BVRI ) continuum spectra for five epochs during
our campaign. All measurements for each individual spectrum were taken within
�20 minutes of each other. [See the electronic edition of the Journal for a color
version of this figure.]
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Li & Kusunose 2000; Böttcher & Chiang 2002). In our case, the
direction of the spectral hysteresis is counterclockwise (i.e., spec-
tral softening precedes the flux rise; spectral hardening precedes
flux decline). Possible physical implications of such hysteresis
phenomena will be discussed in x 6.

4. INTERBAND CROSS-CORRELATIONS
AND TIME LAGS

The result of an occasional counterclockwise hysteresis in
3C 279, as found in the previous section, immediately suggests
the existence of a characteristic time lag of higher frequency be-
hind lower frequency variability. In order to investigate this, we
evaluated the discrete correlation function (DCF; Edelson &
Krolik1988) between the R band and the other optical light curves.
In our notation, a positive value of the time lag�� would indicate a
lag of the R-band light curve behind the comparison light curve.
As mentioned earlier, the radio (and near-IR) light curves are too
sparsely sampled and yielded no significant features in the
DCF. Figure 6 shows the DCF between the R band and the V
band (top) and the B band (bottom), using a sampling timescale
of �� ¼ 1 days. We have done the same analysis using various
other values of �� , which yielded results consistent with the ones
described below. We chose to show the results for �� ¼ 1 days
because they provided the best compromise between dense time-
scale sampling and reduction of error bars.

The DCFs reveal clear correlations between the different op-
tical wave bands, with peak values around 1. This confirms our
previous impression from inspection by eye, that the variability
patterns in all optical wave bands track each other very closely.

The resulting DCFs have then been fitted with a symmetric
Gaussian, F0e

�(���0)
2/(2� 2). This analysis yields nonzero offsets

of the best-fit maxima, �0 at the�3Y4 � level. Specifically, we find
�0 ¼ (�1:14 � 0:48) days for the V band and �0 ¼ (�3:75 �
0:96) days for theB band. This indicates a hard time lag of higher
frequency variability behind the variability at lower frequencies
in the BYVYR frequency range. However, this trend does not con-
tinue into the I band. This is illustrated in Figure 7, where we plot
the best-fit time lags as a function of photon frequency. However,
we need to add a note of caution: the rather sparse sampling of the
B- and V-band light curves leads to large error bars on the DCFs.
Clearly, alternative, more complex representations, e.g., multiple

Gaussians and/or asymmetric functions, will also provide ac-
ceptable fits to the observed DCFs and may lead to different
quantitative results concerning the involved time lags. Future
observations with denser B- and V-band sampling are needed in
order to test the robustness of the trend found here.
The hard lag found in this analysis may be physically related

to the�2Y3 day time lag of the soft X-ray spectral index behind
the flux in ROSAT observations of 3C 279 in 1992 DecemberY
1993 January (Pian et al.1999). Possible physical interpretations
will be discussed in x 6.

5. BROADBAND SPECTRAL ENERGY DISTRIBUTION

The most complete broadband coverage of 3C 279 during our
campaignwas obtained on 2006 January 15. On that day, the only
near-infrared (JHK ) exposures were taken with the NOT, and
simultaneous radio observations at 5, 8, 22, and 37 GHz were
available as well. This is also within the timewindow of the X-ray
and soft �-ray observations, although in most cases, a meaningful
extraction of spectral information required the integration over
most of the high-energy observing period, 2006 January 13Y20
(Collmar et al. 2007). The total snapshot SED composed of all
available radio, near-IR, optical, X-ray, and soft �-ray observa-
tions around 2006 January 15 is displayed in Figure 8, where all
near-IR and optical data are taken within�1/2 hr of UT 05:00 on
January 15. The figure compares the 2006 January SED to pre-
vious SEDs from the bright flare during the first EGRET ob-
serving epoch in 1991 June, the low state of 1992December/1993
January (both SEDs adapted from Hartman et al. 2001a), and a
previous multiwavelength campaign around INTEGRAL AO-1 ob-
servations of 3C279 in a lowstate in 2003 June (Collmar et al. 2004).
While the optical (presumably synchrotron) emission com-

ponent clearly indicates that the source was in an elevated state
compared to previous low states, the simultaneous X-rayYsoft
�-ray spectrum is perfectly consistent with the low-state spectra
of 1992/1993 and 2003. This is a very remarkable result and will
be discussed in detail in a companion paper about the results of
the entire multiwavelength campaign (W. Collmar et al. 2008, in
preparation).
The NIRYoptical continuum can be very well represented by a

single power law with a spectral index of �0 ¼ 1:64 � 0:04,
corresponding to an underlying nonthermal electron distribution
with a spectral index of p ¼ 4:28 � 0:08, if the optical continuum
is synchrotron emission. As already pointed out in Hartman et al.
(2001a) for a comparison between various EGRET observing

Fig. 7.—Best-fit time lag of theR band vs.B,V,R, and I bands, as a function of
frequency.Fig. 6.—Discrete correlation functions between V and R (top), and B and R

(bottom), respectively. The solid curves indicate the best fit with a symmetric
Gaussian. This leads to a best-fit maximum correlation at �0 ¼ (�1:14 � 0:48)
days for theV band and �0 ¼ (�3:75 � 0:96) days for theB band, indicating a lag
of the V- and B-band light curves behind the R band.

BÖTTCHER ET AL.974 Vol. 670



epochs over�10 yr and confirmed by our campaign data on time-
scales of weeksYmonths (see x 3), the optical spectral index in 3C
279 does not show any systematic correlation with the brightness
state of the source, and Figure 8 indicates that in our high-state
observations of 2006, the continuum spectral slope is not sig-
nificantly different from the slopes observed in the low states of
1992/1993 and 2003.

6. DISCUSSION

In this section, we discuss some general physical implications
and constraints that our results can place on source parameters.
In the following discussion we parameterize the magnetic field
in units of Gauss, i.e., B ¼ 1BG Gauss, and the Doppler boosting
factor D ¼ �½1� �� cos �obs�ð Þ�1

in units of 10, i.e., D ¼ 10D1,
where � is the bulk Lorentz factor of the emitting region, �� c is
the corresponding speed, and �obs is the observing angle. The char-
acteristic variability timescale is of the order of 1 to a few days, so
wewrite t obsvar � 1t obsvar;d . In the same sense, we parameterize the time
lag of the B band behind the R band as � obs

BR � 1� obs
BR;d days with

� obs
BR;d � 3. The observed variability timescale yields an estimate
of the size of the emitting region, R � 1015R15 cm through RP
cD/(1þ z)t obsvar . We find R15P17D1t

obs
var;d .

The (comoving) energies of electrons emitting synchrotron ra-
diation at their characteristic peak frequencies in the R and B
bands are

�R ¼ 3:7 ; 103 BGD1ð Þ�1=2;

�B ¼ 4:5 ; 103 BGD1ð Þ�1=2: ð1Þ

The steep underlying electron spectrumwith p ¼ 4:5, inferred
from the steep optical continuum, might indicate that the entire
optical spectrum is produced by electrons in the fast-cooling re-
gime. This implies that the radiative cooling timescale of electrons
emitting synchrotron radiation in the optical regime is shorter than
the characteristic escape timescale of those electrons. The re-

spective timescales in the comoving frame, t 0esc and t 0cool, can be
written as

t 0esc � �
R

c
P5:7 ; 105�D1t

obs
var;d s;

t 0cool ¼
�

�̇rad
� 7:7 ; 107B�1

G ��1(1þ k)�1 s; ð2Þ

where � � 1 is the escape timescale parameter (as defined in the
first line of eq. [2]), and k is a correction factor accounting for
radiative cooling via Compton losses in the Thomson regime in a
radiation field with an energy density u0rad � ku0sy. Requiring that
the cooling timescale is shorter than the escape timescale, at least
for electrons emitting in the R band, leads to a lower limit on the
magnetic field:

BkBc � 1:3 ; 10�3(1þ k)�2��1(t obsvar;d)
�2 G; ð3Þ

which does not seem to pose a severe constraint, given the values
of B � a few G typically found for other FSRQs and also for 3C
279 from previous SED modeling analyses (e.g., Hartman et al.
2001a).

Another estimate of the comovingmagnetic field can be found
by assuming that the dominant portion of the time-averaged
synchrotron spectrum is emitted by a power-law spectrum of
electrons withNe(�) ¼ n0VB�

�p for �1 � � � �2; here, VB is the
comoving blob volume, and we use p ¼ 4:5 as a representative
value inferred from the optical continuum slope. The normali-
zation constant n0 ¼ ne(1� p)/ð�1�p

2 � �1�p
1 Þ is related to the

magnetic field through an equipartition parameter eB � u0B/u
0
e (in

the comoving frame). Note that this equipartition parameter only
refers to the energy density of the electrons, not accounting for a
(possibly dominant) energy content of a hadronic matter com-
ponent in the jet. Under these assumptions, the magnetic field
can be estimated as described, e.g., in Böttcher et al. (2003). Tak-
ing the �F� peak synchrotron flux f sy

	 at the dimensionless syn-
chrotron peak photon energy 	sy � Epk;sy/(mec

2) � 3 ; 10�7 as
�10�10 erg cm�2 s�1, we find

BkBeB � 1:86D
�13=7
1 e

2=7
B (t obsvar;d)

�1 G: ð4Þ

This constitutes a more useful and realistic magnetic field es-
timate than equation (3). If, indeed, the optical emission is syn-
chrotron emission from a fast-cooling electron distribution, then
electrons have been primarily accelerated to a power-law distri-
bution with an injection index of q ¼ p� 1 ¼ 3:5. This is much
steeper than the canonical spectral index of q � 2:2Y2:3 found
for acceleration on relativistic, parallel shocks (e.g., Gallant et al.
1999; Achterberg et al. 2001), and could indicate an oblique mag-
netic field orientation (e.g., Ostrowski & Bednarz 2002; Niemiec
& Ostrowski 2004), which would yield a picture consistent with
the predominantly perpendicular magnetic field orientation ob-
served on parsec scales (Jorstad et al. 2004;Ojha et al. 2004; Lister
& Homan 2005). The observed hard lag (B vs. R) may then be the
consequence of a gradual spectral hardening of the electron ac-
celeration (injection) spectrum throughout the propagation of a
relativistic shock front along the jet. Such a gradual hardening of
the electron acceleration spectrum could be the consequence of the
gradual build-up of hydromagnetic turbulence through the rel-
ativistic two-stream instability (see, e.g., Schlickeiser et al. 2002).
This turbulence would harden the relativistic electron distribu-
tion via second-order Fermi acceleration processes (Virtanen &

Fig. 8.—Simultaneous snapshot spectral energy distributions of 3C 279 at
various epochs. Data pertaining to the multiwavelength campaign in 2006 January
are plottedwith red triangles. All IR and optical data were takenwithin�1/2 hr of
UT 05:00 on 2006 January 15; the X-ray and soft �-ray data represent the time-
averaged spectra throughout the respective observing windows in 2006 January,
which included January 15 for all instruments. Model fits to the EGRET P1 and
P2 SEDs are calculated using a time-dependent leptonic (SSC + EC) jet model,
and taken fromHartman et al. (2001a). The 2003 June SED is from Collmar et al.
(2004). [See the electronic edition of the Journal for a color version of this figure.]
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Vainio 2005). Such a scenario would imply a length scale for the
build-up of turbulence of

�r � c� obs
BR D�=(1þ z) � 5:6 ; 10�2� obs

BR;dD1�1 � 0:2 pc

for the characteristic values of 3C 279.
Alternatively, the acceleration process could become more

efficient along the jet if the magnetic field configuration gradually
evolves into amore quasi-parallel one, on the same length scale of
�0.2 pc as estimated above. However, this scenario might be in
conflict with the predominantly perpendicular magnetic field
orientation seen in the jets of 3C 279 on pc scales.

The hard lag in the optical regime may also be indicative of a
slow acceleration mechanism, with an acceleration timescale of
the order of the observedB versusR lag. This would imply an ac-
celeration rate of

�̇A � �B � �R
�BR

� 6:8 ; 10�2(� obs
BR;d)

�1 D1

BG

� �1=2

s�1: ð5Þ

In this scenario, electrons could only be accelerated to at least �B
if the acceleration rate of equation (5) is larger than the absolute
value of the radiative (synchrotron + Compton) cooling rate cor-
responding to equation (2). This imposes an upper limit on the
magnetic field:

BPBacc � 0:42D
1=3
1 (� obs

BR;d)
�2=3(1þ k)�2=3 G: ð6Þ

This can be combined with the estimate in equation (4) to infer a
limit on the magnetic field equipartition parameter:

eBP eB;acc � 5:8 ; 10�3D
23=3
1 (� obs

BR;d)
�7=3(t obsvar;d)

7=2(1þ k)�7=3:

ð7Þ

Based on this equipartition parameter, one can use the magnetic
field estimate of equation (4) to estimate the total amount of
comoving energy contained in the emission region at any given
time:

E 0
e �

4

3

R3 u

0
B

eB
� 2:5 ; 1049D�4

1 � obs
BR;d(t

obs
var;d)

�1=2(1þ k) erg:

ð8Þ

Assuming that the bulk of this energy is dissipated within the
characteristic variability timescale, one can estimate the power
in relativistic electrons in the jet:

Ljet �
E 0
e

t 0var
� 4:5 ; 1043D�5

1 � obs
BR;d(t

obs
var;d )

�3=2(1þ k) erg s�1:

ð9Þ

Previous modeling works of the SEDs of FSRQs in general
and 3C 279 in particular indicated characteristic magnetic field
values of a fewGauss, in approximate equipartitionwith the ultra-
relativistic electron population. The unusually low equipartition
parameter in equation (7) could therefore pose a problem for the
slow-acceleration scenario. Note, however, the very strong de-
pendence of eB on the Doppler factor (/ D23/3). A Doppler fac-
torD � 20 could account for equipartition parameters of the order
of 1. Also, the energy requirements of equations (8) and (9) seem

reasonable, and there does not appear to be a strict argument that
would rule this scenario out.
Another scenario one could think of would be based on a de-

creasing magnetic field along the blazar jet, leading to a gradually
increasing cooling break in the underlying electron distribution.
This would require that the cooling timescale for electrons emit-
ting synchrotron radiation in the optical regime would be equal to
or longer than the escape timescale. Thus, the inequality in equa-
tion (3) would be reversed. This would require unreasonably low
magnetic fields. Furthermore, this scenario would be in conflict
with the typically observed unbroken snapshot power-law con-
tinuum spectra throughout the optical-IR range. Therefore, this
idea may be ruled out.

7. SUMMARY

We have presented the results of an optical-IR-radio moni-
toring campaign on the prominent blazar-type flat-spectrum radio
quasar 3C 279 by theWEBTcollaboration in 2006 JanuaryYApril,
around target-of-opportunity X-ray and soft �-ray observations
with Chandra and INTEGRAL in 2006 mid-January. Previously
unpublished radio and optical data from several weeks leading
up to the ToO trigger are also included.
The source exhibited substantial variability of flux and spec-

tral shape, in particular in the optical regime, with a characteristic
timescale of a few days. The variability patterns throughout the
optical BVRI bands were very closely correlated with each other,
while there was no significant evidence for a correlation between
the optical and radio variability. After the trigger flux level for the
Chandra and INTEGRALToOs was reached on 2006 January 5,
the optical flux decayed smoothly by 1.1 mag within 13 days,
until the end of the time frame of the X-ray and �-ray observa-
tions. The decay could be well described by an exponential decay
with a decay timescale of �d ¼ 12:8 days. The flux then recovered
to approximately the predip values in a much more erratic way,
including a �0.5 mag rise within �1 day.
A discrete correlation function analysis between different op-

tical (BVRI ) bands indicates a hard lag with a time delay increas-
ing with increasing frequency, reaching�3 days for the lag of B
behind R. This appears to be accompanied by a single indication
of counterclockwise spectral hysteresis in a color-intensity dia-
gram (B� R vs.R). Thus, spectral hardening duringflares appears
delayed with respect to a rising optical flux. There is no con-
sistent overall trend of optical spectral hardness with source
brightness. However, our data indicate that the source displays a
rather uniform spectral slope of �0 � 1:9 at moderate flux levels
(R > 14:5), while spectral variability seems common at high flux
levels (R < 14:5).
The occasional optical spectral hysteresis, in combination with

the very steep IR-optical continuum spectral index of �0 � 1:5Y
2:0, may indicate a highly oblique magnetic field configuration
near the base of the jet, leading to inefficient particle acceleration
and a very steep electron injection spectrum. As the emission re-
gion propagates along the jet, a gradual hardening of the primarily
injected ultrarelativistic electron distributionmay be caused by the
gradual build-up of hydromagnetic turbulence, which could lead
to a gradually increasing contribution of second-order Fermi ac-
celeration. This would imply a length scale of the build-up of
hydromagnetic turbulence of �r � 0:2 pc.
An alternative explanation of the hard lag may be a slow

acceleration mechanism by which relativistic electrons are ac-
celerated on a timescale of several days. However, even though
this model can plausibly explain the observed variability trends
and overall luminosity of the source, it requires an unusually low
magnetic field in the emitting region of BP0:2 G, unless rather
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high Doppler factors of D20 are assumed. Such a small magnetic
field would be about an order of magnitude lower than inferred
from previous analyses of simultaneous SEDs of 3C 279 and other
flat-spectrum radio quasars with similar properties.
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