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C. M. Raiteri et al.: Variability of the blazar 4C 38.41 (B3 1633+382) from GHz frequencies to GeV energies

Fig. 4. Optical flux densities in the R band (top panel), percentage
of polarised flux (middle panel), and polarisation position angle (bot-
tom). Data are from the following observatories: Steward (blue circles),
Crimean (red diamonds), Lowell (black triangles), Calar Alto (green
squares), and St. Petersburg (orange crosses). The ±180◦n ambiguity in
Θ is solved by using only data for which P/σP > 5 and then requiring
that the change across contiguous epochs be ≤90◦.

3. Optical polarimetry, spectropolarimetry,
and spectrophotometry

Polarimetric data for the present paper were provided by the
Steward, Crimean, Lowell, Calar Alto, and St. Petersburg ob-
servatories. The Steward Observatory also supplied spectropo-
larimetry and spectrophotometry data.

Figure 4 shows the behaviour of the observed degree of op-
tical polarisation P, as well as that of the position angle of the
polarisation vector Θ as a function of time. To solve the ±180◦n
ambiguity in Θ, we consider only data for which P/σP > 5
and then require that the change across contiguous epochs be
≤90◦. Visual inspection of the figure reveals that in general pe-
riods of high flux correspond to periods of high polarisation de-
gree, so that there is some correlation between P and brightness,
which is investigated further below. For the polarisation position
angle, there appears to be a smooth rotation of about 200◦ in
0.6 years, from 2008.4 to 2009.0, followed by a further oppo-
site rotation of about 270◦ in 0.6 years, from 2009.2 to 2009.8.
Thereafter, Θ shows only smaller fluctuations between ∼−100◦
and 40◦ in 2010 and 2011. Hence, the 2009 outburst occurred
during a phase of noticeable change in Θ, in contrast to the 2011
one.

Fig. 5. The flux in the observed frame of the C IV (blue squares) and
C III] (red diamonds) emission lines as a function of time (left panel)
and source brightness (right panel). During the period of monitor-
ing, there is little evidence of significant emission-line variability in
4C 38.41. Data are derived from the ongoing monitoring programme
at Steward Observatory.

3.1. Emission lines

With a redshift of z = 1.81, two prominent broad emission-lines
fall within the 4000–7550 Å spectral window that is sampled
by the Steward Observatory spectrophotometry of 4C 38.41:
C IVλ1550 and C III]λ1909. In Fig. 5, we plot the emission-
line fluxes measured on 116 nights from 2008 October to
2012 January against both time and the optical brightness of
4C 38.41. The same trends for the line fluxes are observed as
seen for the Balmer lines in PKS 1222+216 (Smith et al. 2011)
and 3C 454.3 (Raiteri et al. 2008c). That is, the data are consis-
tent with the line fluxes being constant, the scatter in the mea-
surements seen within an observing campaign (about a week
long) being roughly the same magnitude as during the entire
monitoring period. Likewise, the substantial variations in the
equivalent widths of the lines in 4C 38.41 (ranging from −83
to −11 Å for C IV) are consistent with only the continuum hav-
ing varied since 2008 August. The size of the broad-line region
in quasars (Kaspi et al. 2000) and the added delay in variabil-
ity caused by the redshift of the object make significant line
variability impossible on timescales as short as a week, so the
scatter in the data is a reflection of the systematic uncertainties
in the spectrophotometric measurements. The average C IV line
flux is measured to be (3.02 ± 0.28) × 10−14 erg cm−2 s−1. For
C III], the average flux is (1.07± 0.15)× 10−14 erg cm−2 s−1. The
line fluxes were measured by fitting a single Gaussian to the
line profiles. The Gaussian fits yield an average full width at
half maximum (FWHM) of (4800 ± 300) km s−1 for C IV and
(6500 ± 1200) km s−1 for C III]. The large uncertainty in the
measured width of C III] is due to its relatively small equivalent
width, especially when 4C 38.41 is bright, and its larger FWHM
relative to C IV is likely caused by the inclusion of Al IIIλ1858
within the fitted line profile.

3.2. Continuum flux and colour

The Steward spectrophotometry can be used to examine how
the optical continuum of 4C 38.41 varies with time and flux
as shown in Fig. 2, but avoiding the non-variable emission
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Fig. 6. The continuum colour of 4C 38.41 as a function of the source
brightness. The continuum colour is approximated by the flux ratio of
the two 400 Å-wide bins centred on 4800 Å and 6600 Å in the observed
reference frame.

Fig. 7. The observed degree of optical polarisation plotted against the
brightness of 4C 38.41 in the R band. Data are from the following
observatories: Steward (blue circles), Crimean (red diamonds), Lowell
(black triangles), Calar Alto (green squares), and St. Petersburg (orange
crosses). Only data having P/σP > 5 are included for clarity.

features that fall within the standard photometric-filter band-
passes. Figure 6 shows the colour of 4C 38.41 as a function
of brightness in the R band. The colour is determined by tak-
ing the ratio of the fluxes within two 400 Å-wide bins centred
on 4800 Å (“blue”) and 6600 Å (“red”). Although the spectra
extend to 7550 Å, using a redder measurement would include
uncorrected terrestrial oxygen and water absorption features and
would corrupt the determination of the continuum flux ratio. The
trend in Fig. 6 of the continuum becoming redder as the ob-
ject brightens confirms the broad-band filter results shown in
Fig. 2. Despite a range in wavelength of only 640 Å between
the flux bins in the rest frame of the object, the correlation be-
tween colour and brightness is pronounced, and suggests that the
dominant source of continuum light is different when 4C 38.41
is bright than when the blazar is faint.

Fig. 8. The observed degree of polarisation plotted against the optical
continuum colour (as defined in Fig. 6) of 4C 38.41. The polarisation
and flux ratio measurements are simultaneous, with the polarisation data
being derived from the median value within a 5000–7000 Å bin from
the Steward Observatory spectropolarimetry.

3.3. Polarisation and flux

A strong correlation between the degree of optical linear polari-
sation, P, and the R-band optical brightness is evident from the
data and shown in Fig. 7. Generally, 4C 38.41 is more highly
polarised when bright than when faint. Given the correlation
identified between optical continuum colour and brightness in
Sect. 3.2, the trend observed between P and brightness trans-
lates into a strong correlation between optical colour and degree
of polarisation. This correlation is shown in Fig. 8, with the con-
tinuum flux ratio of the 4800 Å to 6600 Å bins used as the mea-
sure of optical colour. High polarisation in 4C 38.41 is associated
with a redder continuum. This result is further evidence that the
dominant source of continuum flux is different when the object
is bright than when it is faint, as suggested by the observed rela-
tionship between the flux and colour. When bright, 4C 38.41 is
generally optically redder and more highly polarised.

In addition to the degree of polarisation, we searched for
correlations between the polarisation position angle and optical
flux, colour, and P. No apparent correlations were found.

Jorstad et al. (2011) found that at least from June to
November 2009 there was good agreement between the posi-
tion angle of optical polarisation and that of polarisation in the
43 GHz core, and between the general behaviour of P in the two
bands, except for the time when, according to the VLBA images,
a superluminal knot was passing through the core. At this time,
the optical polarization peaked, while P in the core was minimal
and the optical position angle and the position angle in the core
differ by ∼90◦. This implies that the core was optically thick,
most likely due to passage of the knot, which is consistent with
the knot kinematics.

3.4. Wavelength dependence of the optical polarisation

The striking correlations observed in 4C 38.41 between the opti-
cal flux, colour, and polarisation have been noted in other strong
emission-line blazars (see e.g. Sitko et al. 1985; Smith et al.
1986, 2011) and have been found to be in the same sense. That
is, as objects fade, they become bluer and are generally not as
highly polarised. During optical flares, a redder and more highly
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C. M. Raiteri et al.: Variability of the blazar 4C 38.41 (B3 1633+382) from GHz frequencies to GeV energies

Fig. 9. Left panel: relationship between the ratio of observed polarisa-
tion in the blue to red bins and colour, defined as in Fig. 6. Right panel:
relationship between the difference between the polarisation position
angles in the blue and red bins, and colour.

polarised source of continuum flux appears to dominate the op-
tical continuum. The short (daily) variability timescales and the
power-law spectrum at optical wavelengths of the variable com-
ponent indicate that this is the beamed synchrotron continuum
from the relativistic jet in these sources. As a flaring object fades,
one can wonder whether the trends seen between flux, colour,
and polarisation are simply a reflection of the evolution of the jet,
or if fainter emission contributions, not directly associated with
the beamed continuum, are becoming more dominant. A key to
understanding these trends has been investigations of how the
linear polarisation varies with wavelength. We used 144 avail-
able spectropolarimetric observations of 4C 38.41 obtained be-
tween 2008 October and the end of 2012 January to examine the
optical spectra of P, Θ, and the polarised flux.

Figure 9 shows the ratio of the fluxes in the blue to red bins
(defined in Sect. 3.2) plotted against the ratio of the observed po-
larisation in the same bins. As the blazar becomes bluer (fainter),
the polarisation in the blue tends to be less than P measured
in the red bin. The strength of this wavelength dependence in
P generally increases as the object becomes bluer (fainter), al-
though the low levels of polarisation and flux encountered result
in relatively large uncertainties in P4800 Å/P6600 Å. Figure 9 also
shows the difference between the polarisation position angles de-
termined in the two continuum bins. Most observations are con-
sistent with no wavelength dependence in Θ. This general trend
of Θ being constant in wavelength suggests that there is only a
single source of polarised flux from the jet that dominates at any
given time. If a second non-thermal source of polarised flux that
has a significantly different spectral index and polarisation posi-
tion angle becomes bright enough to compete with the original
source, then a strong wavelength dependence inΘ can occur (see
e.g. Holmes et al. 1984; Sitko et al. 1984), although this does not
seem to happen often (Sitko et al. 1985; Smith et al. 1987; Mead
et al. 1990). Much of the wavelength dependence may of course
be hidden if the sources of polarised flux have similar spectral
indices and/or polarisation position angles within the spectral re-
gion being observed.

To more clearly illustrate the spectral dependence of P for an
object as faint as 4C 38.41, we took a median of the 144 available
polarisation spectra obtained throughout the monitoring period.
This was done by rotating each polarisation spectrum so that all
of the polarised flux is in the q Stokes parameter. That is, the

Fig. 10. The median flux (blue), polarised flux (red), and normalised q′
and u′ Stokes (green) spectra for 4C 38.41. These spectra were compiled
from 144 spectropolarimetric observations of the blazar. The polarised
flux spectrum is derived by multiplying the flux spectrum by q′ and
displays a featureless power-law as expected from a synchrotron source.
The polarised flux spectrum is scaled by a factor of 10 for clarity. See
the text for a full description of the q′ and u′ spectra. Telluric absorption
features are identified with ⊕ symbols.

observed q and u spectra were transformed (rotated) to q′ and u′,
where u′ averages to 0 over the entire spectrum. The resulting
q′ spectra were then scaled to q′ = 0.1 (10% polarisation) within
the 6400–6800 Å bin and then median Stokes spectra were ob-
tained. An important advantage of using q′ instead of P is that
the Stokes parameters have normal error distributions, while P
is biased since it is a positive, definite quantity (e.g. Wardle &
Kronberg 1974).

The median q′ and u′ spectra for 4C 38.41 are displayed in
Fig. 10 and identify the likely cause of the general decrease in
the polarisation toward the blue end of the spectrum. In addition
to a decrease in q′ for the continuum at λ <∼ 6000 Å, there are
marked decreases in the polarisation at C IV and C III]. This in-
dicates that the broad emission lines are not highly polarised, if
at all. Indeed, the q′ spectrum appears to be very similar to an
inverted spectrum of a QSO down to the blended He II+O III]
emission feature close to the red wing of C IV and suggests that
the observed wavelength dependence is caused by the dilution of
the polarised flux by an unpolarised spectrum that is similar to
that of an optically selected QSO. The flat, featureless spectrum
of u′ supports the assertion that was made from Fig. 9 that any
wavelength dependence in the optical polarisation position angle
is transitory and typically not strong.

Figure 10 also displays the median flux (Fλ) and polarised
flux (q′ × Fλ) spectra of 4C 38.41. Here, the nature of the source
of polarised flux becomes evident. The median polarised spec-
trum is featureless and well fit by a power-law with a spectral
index −1.25, which is generally redder than the continuum of
the median total flux spectrum. The spectral index of the po-
larised continuum is identical to that of the synchrotron contin-
uum under the assumption that the intrinsic jet polarisation (P0)
is independent of wavelength over this spectral region. Since
the synchrotron power-law is redder than the QSO-like emis-
sion components (broad emission lines + blue continuum), P de-
creases into the blue. The amount of dilution and the strength of
the wavelength dependence of the polarisation are both a func-
tion of the relative brightness between the unpolarised, non-
varying (at least on timescales measured in months to years)
emission from the QSO component and the highly variable
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non-thermal emission from the relativistic jet and its spectral in-
dex. This model not only successfully explains the wavelength
dependence of the observed polarisation, but also explains the
correlations seen in 4C 38.41 between continuum flux, colour,
and level of polarisation because the bluer QSO component con-
tributes more strongly to the optical spectrum when the object
is faint. The same general model has also been shown to ap-
ply to lower-redshift blazars with strong emission lines, such as
3C 345 (Smith et al. 1986), PKS 1546+027 (Smith et al. 1994),
and PKS 1222+216 (Smith et al. 2011). The results for 4C 38.41
extend the evidence of the two-component nature of these types
of blazars into the ultraviolet down to C IVλ1550.

With the polarisation and flux information in hand, it is im-
possible to distinguish the optical spectrum of the object into
polarised power-law synchrotron and unpolarised components
since it is impossible to break the degeneracy between the in-
trinsic polarisation (P0; assumed to be constant with wavelength)
and its brightness unless the SED of unpolarised component is
assumed. The problem, however, is reasonably constrained as
the unpolarised component cannot be so bright that P0 is driven
to excessively high values. The intrinsic polarisation certainly
must be <100%, but P0 < 40–45%, which is the observed max-
imum for blazars (see e.g. Impey et al. 1982; Mead et al. 1990),
is likely to be the upper limit. In addition, given the longer
timescales observed for variations in AGNs that are not blazars,
the unpolarised component cannot be brighter than the optical
photometric minimum observed in the light curves shown in
Figs. 1 and 2 (roughly R ∼ 17.8).

Two methods have been used to break the P0-brightness
degeneracy to estimate the true polarisation of the optical
synchrotron continuum throughout the monitoring period of
4C 38.41. First, the brightness of the unpolarised QSO com-
ponent can be estimated from the strengths of the C IV and
C III] emission lines based on the line-to-continuum flux ra-
tios of a standard template spectrum for radio-quiet QSOs (e.g.
Francis et al. 1991). For C IV, this yields an R-band magnitude
for the QSO component of 17.3, and for C III], R ∼ 18.0. The
discrepancy is caused by the C IV/C III] line ratio in 4C 38.41
differing significantly from the chosen template QSO, which
cannot be explained by reddening. Alternatively, if each spec-
tropolarimetric observation of 4C 38.41 is fit with a combination
of the QSO template and polarised power-law, ignoring the line
fluxes and leaving the non-thermal spectral index, QSO bright-
ness, and P0 as free parameters, we find an average R magnitude
of 17.85 for the QSO. The median spectral index of the polarised
power-law from these 106 fits is −1.6, as compared to −1.25
found from the median spectrum of q′.

The estimate of the QSO brightness based on the strength
of C IV can be ruled out, as it would make the overall R-band
light curve difficult to explain because 4C 38.41 often becomes
fainter. The estimates based on C III] and the model fits are con-
sistent with the observed light curve. The intrinsic polarisation of
the synchrotron continuum is given by P0 = Pobs × Fobs/(Fobs −
FQSO), where Pobs and Fobs are the observed polarisation and
flux within the R filter bandpass. In Fig. 11, the intrinsic polar-
isation is plotted against the brightness of the blazar, assuming
R = 17.85 for the unpolarised QSO component. Similar results
are obtained if R = 18 is assumed, but with smaller correc-
tions being required between the observed and intrinsic polarisa-
tions. The correction of P for the non-beamed nuclear emission
greatly lessens the correlation between P and optical brightness
displayed in Fig. 7. The correlation is not completely destroyed
as there are no cases of P <∼ 5% being observed when 4C 38.41
is in a major optical outburst, but P0 approaching 20–30% can

Fig. 11. The intrinsic polarisation of the optical synchrotron emis-
sion P0 (red filled symbols) as a function of the brightness of 4C 38.41.
For comparison, the observed polarisation measurements (Fig. 7) are
also shown (blue empty symbols). Correcting P for unpolarised emis-
sion from a QSO-like component with R = 17.85 yields P0 (see text).

occur when the object is near its faintest flux levels during the
monitoring period.

4. Long-term observations at radio and millimetre
wavelengths

We analysed radio data provided to the GASP project by the
Submillimeter Array (SMA, 230, 275, and 345 GHz8) and by
the radio telescopes of Medicina (5, 8, and 22 GHz), Metsähovi
(37 GHz), Noto (38 and 43 GHz), and UMRAO (4.8, 8.0, and
14.5 GHz). Additional data at 86 and 230 GHz were supplied
for this paper by the IRAM 30 m telescope9. We also collected
archival data, which were supplied by the SMA (230 GHz),
Medicina (5, 8, and 22 GHz), Metsähovi (37 GHz), Noto (5,
8, 22 and 43 GHz), and UMRAO (4.8, 8.0, and 14.5 GHz)
telescopes, as well as 22, 37, and 87 GHz data acquired with
the Metsähovi and Crimean radio antennas and published in
Salonen et al. (1987) and Teräsranta et al. (1992, 1998, 2004,
2005). The long-term radio light curves of 4C 38.41 at the best-
sampled wavelengths are displayed in Fig. 12, starting from
JD = 2 449 500. The radio flux densities are compared with the
optical R-band ones.

The variability maximum amplitude (Fmax/Fmin) decreases
with decreasing frequency (with the exception of the 230 GHz
light curve, which lacks data before 2002), suggesting that the
corresponding jet emitting regions become larger. The shape of
the major event in 2001–2003, clearly visible at 37, 22, and
14.5 GHz, changes with wavelength: it shows two peaks of
similar intensity at 22 GHz, while at 37 (14.5) GHz the first
(second) peak prevails. It is hard to say whether we are seeing
here the evolution of a single event, or rather the effect of two
overlapping events. Cross-correlation of the 37 and 14.5 GHz

8 These data were obtained as part of the normal monitoring pro-
gramme initiated by the SMA (see Gurwell et al. 2007) as well as part
of a dedicated programme by Ann Wehrle.
9 IRAM 30 m data were acquired as part of the POLAMI
(Polarimetric AGN Monitoring with the IRAM-30 m-Telescope) and
MAPI (Monitoring AGN with Polarimetry at the IRAM-30 m-
Telescope) programmes. Data reduction was performed following the
procedures described in Agudo et al. (2006, 2010).
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