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ABSTRACT

Polarization from active galactic nuclei is interpreted as a signpost of the role of magnetic fields in the launch and collimation of
their relativistic radio jets. Here, we report the detection of a clear polarization signal from ALMA observations of the gravitationally
lensed quasar PKS 1830−211 at submillimeter wavelengths (Band 9, 650 GHz). Applying a differential-polarimetry technique to the
two compact lensed images of the quasar, we estimate a fractional polarization of ∼5% for one lensed image, while the other appears
nearly unpolarized, which implies that the polarization activity varies on a timescale of a few weeks. With additional ALMA Band 7
and 8 (between 300–500 GHz) concomitant data, we constrain a Faraday rotation of a few 105 rad m−2. We also observe flux-density
variability of .10% within one hour in Band 9. This work illustrates that a differential analysis can extract high-accuracy information
(flux-density ratio and polarimetry) free of calibration issues from resolved sources in the submillimeter domain.
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1. Introduction

Understanding the origin of polarization from active galactic
nuclei (AGN) and its correlations with the emission across the
electromagnetic spectrum (from radio to γ-rays) is currently one
of the greatest challenges in the observational and theoretical
studies of AGN jets. Polarization is a sensitive probe of magnetic
fields, which may play a critical role in the formation and prop-
agation of the relativistic outflows from AGN. Changes in the
electric-vector position angle (EVPA), which imply changes in
the magneto-ionic conditions, either internal to the jets or in their
immediate neighborhood, have been observed with timescales
from days to months, and from optical (e.g., Kikuchi 1988) to
radio (e.g., Marscher 2008). There is also evidence of EVPA cor-
relations between optical and radio, especially at high frequen-
cies (Algaba 2012), and correlations between EVPA at radio and
γ-ray activity have also been reported (e.g., Marscher 2008)

Given the high magnetic fields and plasma densities close
to the base of the AGN jets (i.e., the place where the accreted
matter is fed into the outflow by means of processes that are
not yet fully understood; e.g., Blandford & Znajek 1977), the
synchrotron emission from these regions is blocked by self-
absorption at low radio frequencies (e.g., Blandford & Königl
1979), which implies the need for observing at higher frequen-
cies (e.g., the millimeter to submillimeter, mm/submm, domain),
to probe the magnetic conditions and processes related to the
onset of relativistic outflows. Hence, polarization observations
are crucial at mm/submm wavelengths for studying AGN jet for-
mation, collimation, and acceleration.

PKS 1830−211 is a gravitationally lensed quasar at a red-
shift of z = 2.5 (Lidman et al. 1999). It shows two bright and
compact images (one NE and the other SW) that are separated
by 1′′ in the sky and are embedded in a patchy circular struc-
ture that is qualitatively similar to an Einstein ring seen at radio
wavelengths (Jauncey et al. 1991). The time delay between the
two images is ∼27 days (Lovell et al. 1998; Wiklind & Combes
2001; Barnacka et al. 2011), with the NE image leading. Strong

polarization (up to ∼20%) has been reported at radio cen-
timeter (Subrahmanyan et al. 1990) and millimeter wavelengths
(Garrett et al. 1998), and a high rotation measure (RM) is
reported at mm/submm wavelengths (Marti-Vidal et al. 2015).
This source is also a strong γ-ray emitter, with several flaring
events reported in recent years by the Fermi-LAT collaboration
(e.g., Abdo et al. 2015).

PKS 1830−211 has previously been observed with ALMA,
primarily to study the molecular absorption arising from the
foreground lensing galaxy (e.g., Muller et al. 2014). However,
we have also used these observations to study the AGN vari-
ability and polarization as a byproduct. Marti-Vidal et al. (2013)
noted rapid and chromatic time variations in the flux-density
ratio between the two lensed images. This is a very sensitive
diagnostic of the AGN variability and is virtually free of cal-
ibration biases and instrumental errors. These variations were
concomitant with a γ-ray flare, and could be explained using a
simplified model of traveling plasmon across the jet current.

Furthermore, Marti-Vidal et al. (2015) noted that it is possi-
ble to recover some source polarization information, even from
standard dual-polarization observations (i.e., not designed for a
full-polarization study), using the polarization-wise ratio of the
intensity ratios between the two lensed images; a quantity that
we called Rpol,

Rpol =
1
2

(
RXX

RYY
− 1

)
with RXX =

S XX
NE

S XX
SW

, (1)

where S i
k is the flux density of the k-th source image, mea-

sured from the ith polarization channel (i.e., either the X or Y
orthogonal polarizer of the ALMA receivers). Rpol is related
to the difference in polarization between the NE and SW
images, which can depend on frequency and time (i.e., source
intrinsic variations) and on parallactic angle (instrument-related
variations).

With a set of observations close in time (i.e., within a day,
to limit the impact of intrinsic source variability) and at several
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Table 1. Summary of the ALMA observations of PKS 1830−211 in May-June 2015.

Date Time range Parallactic ALMA Frequenciesa Feed angleb Flux/Bandpass
(UTC) angle (◦) band (GHz) (◦) calibrator

2015 May 14 06:31:59.9–06:56:17.5 260–257 B8 403.5, 401.5, 413.8, 415.5 0 Titan/J1924−292
2015 May 19 07:10:30.7–08:17:17.0 230–100 B9 647.7, 649.9, 651.7, 653.6 −180 Titan/J1924−292
2015 May 19 10:22:56.5–10:46:44.4 102–101 B7 327.0, 337.1, 339.0 −53.6 Ceres/J1924−292
2015 May 20 08:17:14.6–08:38:54.3 100–99 B8 428.5, 430.3, 440.6, 442.4 0 Titan/J1924−292
2015 Jun 06 04:23:14.4–04:43:52.1 261–261 B8 480.2, 482.0, 492.2, 494.0 0 Titan/J1924−292

Notes.(a)Frequencies at the center of each 1.875 GHz wide spectral window. (b)Angle of the X and Y polarizers with respect to the alt-az axes of
the antenna mount.

frequencies, it is furthermore possible to measure the Faraday
rotation, RM, from the changes of Rpol in both frequency and
parallactic angle, ψ. Liu et al. (2016) also used dual-polarization
ALMA submm data to measure RM of a few 105 rad m−2 for
Sgr A*. However, their method (i.e., standard Earth-rotation
polarization synthesis) relied strongly on the stability of the
antenna amplitude gains, whereas a differential approach (i.e.,
based on relative intensities) is independent of gain variabil-
ity and hence more robust. In addition, Hovatta et al. (2018)
recently reported the first ALMA full-polarization measure-
ment of RM, with RM also of a few 105 rad m−2 for 3C 273
at 1 mm. For PKS 1830−211, Marti-Vidal et al. (2015) derived
even higher RM ∼ (1−2) × 107 rad m−2 (values not corrected
for redshift) between sky frequencies of 250 GHz and 300 GHz.
Such high RMs imply a high magnetic field in the sub-parsec
region close to the base of the AGN jet.

Here, we report on ALMA dual-polarization observations of
PKS 1830−211 taken in Band 9 (650 GHz; 2.3 THz corrected
for redshift), spanning about one hour on the target and cov-
ering a wide range of parallactic angles (∆ψ ∼ 120◦). Based
on these observations, we use the flux-density ratios between
lensed images to analyze the short-term (intra-hour) source vari-
ability, and we use the ψ dependence on Rpol to analyze the
source polarization. In addition, we use complementary obser-
vations at Bands 7 and 8 (at frequencies between 300 and
500 GHz) to constrain the Faraday rotation. In the next section,
we describe our observations and analysis approach. In Sect. 3
we present and discuss our results. In Sect. 5 we summarize our
conclusions.

2. Observations and data analysis

The observations were carried out with the Atacama Large Mil-
limeter/submillimeter Array (ALMA) in dual-polarization mode
between May and June 2015 in the frame of different projects aim-
ing at detecting various molecular species in the z = 0.89 galaxy1

located in front of PKS 1830−211 (e.g., Muller et al. 2014). A
summary of the datasets is given in Table 1.

The correlator was set up with spectral windows 1.875 GHz
wide, and channel spacings of 0.977 MHz or 1.953 MHz. For
this work, which focuses on the quasar continuum, the channels
with molecular absorption lines were flagged and the remain-
ing channels were used to build the continuum. The data were
calibrated within the CASA2 package, following a standard pro-
cedure. The bandpass response of the antennas was calibrated
from observations of the bright quasar J 1924−292. The absolute
flux calibration was scaled from Titan or Ceres, using the Butler-

1 Acting as both lens and absorber.
2 http://casa.nrao.edu/

JPL-Horizons 2012 model. The flux-density measurements of
J 1924−292 were cross-checked with the values from the ALMA
calibrator database (obtained from extrapolation of Band 3 and
7 measurements after determining the spectral index) and the
consistency was on the order of 10%, that is, within the ALMA
expectations of 10–20% for absolute flux accuracy in Bands 7–
9. The gain solutions were then self-calibrated on the contin-
uum of PKS 1830−211, integration-based (6 s) for the phases
and scan-based (∼3−5 min) for the amplitudes. In the calibra-
tion, we solved for common gain solutions for the two orthogo-
nal polarizers.

After calibration, the flux densities of the two lensed images
of PKS 1830−211 were extracted using the CASA-python task
UVMULTIFIT (Marti-Vidal et al. 2014) by fitting a model of
two point sources to the interferometric visibilities. After check-
ing for consistency of the fitting of the XX and YY Band 9
visibilities observed on 2015 May 19, a clear polarization sig-
nal was identified from the difference of the recovered flux
density between the two polarizers. This signal was also evi-
dent in the CLEANed images of the quasar. The approximately
one-hour observations covered a wide and continuous range of
parallactic angles between 100 and 230◦. For further investi-
gations, in particular to test variations with parallactic angle,
the data were binned on short time intervals of a few minutes.
Even on these short time bins, the high sensitivity and good
instantaneous uv-coverage of ALMA allow us to derive sensi-
ble visibility-fit solutions. Although the observations were origi-
nally not designed for a polarization study, the differential polar-
ization method eventually allows us to retrieve some polariza-
tion properties of the quasar. The related results are discussed in
Sect. 3.1.

Unlike Band 9 data, observations at other frequencies do not
offer a large parallactic angle coverage. Still, as for the Band 9
data, we have binned them in short intervals of few minutes
on source and performed the same visibility-fitting analysis to
check for the stability of the method and source intrinsic varia-
tions. Results are shown in Sect. 3.2.

3. Results

3.1. Band 9 data

The measured flux densities of the NE and SW images, their
flux ratio, and Rpol for the Band 9 dataset are shown in Fig. 1 as
a function of the parallactic angle, ψ.

First, Fig. 1a shows a clear polarization signal from the NE
image (i.e., different flux densities in XX and YY depending
on the parallactic angle, ψ) that is not seen in the SW image
(Fig. 1b). Since the angular separation between both images
is only 1′′ in the sky (i.e., much smaller than the primary
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Fig. 1. Panel a: flux density of the NE image (in XX and YY polar-
ization products, as well as in Stokes I); panel b: flux density of the
SW image (same products as those of NE shown in panel a); panel c:
flux-density ratios between NE and SW; panel d polarization ratio, Rpol
(see text). All quantities are shown as a function of parallactic angle, ψ,
rotated by the feed angle of the Band 9 receivers at ALMA, βB9.

beam of ∼10′′ of the ALMA antennas), it is difficult to explain
this different behavior as instrumental and/or atmospheric
effects.

On the other hand, the SW image seems to be nearly unpo-
larized (i.e., the flux densities in XX and YY are compatible
with those in Stokes I across the range of ψ) and its flux density
clearly increases in time compared to the relatively constant flux
density of the NE image. Here, we note that while the absolute
flux accuracy of the Band 9 data is expected to be on the order of
20%, the relative flux accuracy of the data points in Fig. 1b and
c depends only on the instrumental/atmospheric stability across
the field of view.

In Fig. 2 we show Band 9 images for two values of the
parallactic angle (i.e., the first and the last time bins in the obser-
vations). The polarization signal in the NE (as well as its depen-

dence on ψ) can be clearly seen from the difference between the
XX and YY images.

The flux-density ratios obtained for each polarizer separately,
RXX and RYY (Fig. 1c), clearly encode the polarization signal from
the NE, since the SW is nearly unpolarized. We note that the YY
flux densities in the SW seem to be slightly lower than those in
XX at all times. This may be related to a small gain-amplitude bias
between X and Y at all antennas. However, this systematic does
not affect the flux-density ratios, which are, by construction, free
of any bias in the absolute flux-density calibration, as well as any
instrumental and/or atmospheric effects (e.g., Marti-Vidal et al.
2013; Marti-Vidal & Muller 2016). For instance, the flux density
clearly decreases for the NE and SW images around ψ ∼ 20◦.
(Figs. 1a,b), which does not appear in the flux ratios (Fig. 1c)
and therefore indicates an instrumental/atmospheric origin. The
NE/SW flux-density ratios in Stokes I show a clear change in all
the observations (this is directly related to changes in the SW flux
density). On the other hand, the ratios in XX and YY are symmet-
rically distributed around those in I, which occurs when at least
one image in the lens is polarized (Marti-Vidal et al. 2015). In
Fig. 2 we also show the difference in Stokes I between the first
and last time bins. The different sign in the time evolution of the
NE and SW flux densities is clear evidence of the fast changes
found in the NE/SW flux-density ratio.

Last but not least, we show the variations of the polarization
ratio, Rpol, in Fig. 1d. The quantity Rpol is independent of either
gain-amplitude biases or variability in Stokes I at any (or both) of
the images (Marti-Vidal et al. 2016), so that it only encodes infor-
mation about the difference in polarization between the two lensed
images. In this case, since the SW image is unpolarized, Rpol is
directly related to be absolute polarization of the NE image.

In summary, the NE image shows a relatively stable flux den-
sity over the duration of the Band 9 observations, but with a clear
polarization signal, while the SW image appears nearly unpolar-
ized, but shows a steady increase in flux density of ∼10% in one
hour.

3.2. Band 7 and 8 data

In order to complement the Band 9 results discussed in the previ-
ous section, we have retrieved all other ALMA data observed in
May–June 2015, and performed the same polarimetric analysis.
We show the spectrum of the two lensed images in Fig. 3. Both
spectra can be fit with the same spectral index, α = −1.2 ± 0.2,
taking the flux density as Fν = F0

(
ν
ν0

)−α
.

The results of the polarimetry analysis are presented in Fig. 4.
For clarity, we have scaled the flux densities of the NE and SW
images to their values normalized to a common frequency of
650 GHz (using the fitted α = −1.2). Unfortunately, the available
data are sparse in time and only cover a time range shorter than
the time delay (∆t ∼ 27 d) of the system. They also only cover a
very narrow parallactic angle range each. Nevertheless, they shed
some light on the intrinsic activity of the quasar.

The first epoch (MJD 57156; 2015 May 14) shows a flux ratio
R ∼ 1.5, close to the expected quiescent ratio (i.e., the lens geo-
metric magnification ratio between the two images), as well as
a negligible polarization ratio, Rpol ∼ 0. The two images thus
seem to be in the same polarization state (i.e., either both images
are unpolarized or the fractional polarization is the same for both
images, including the same EVPA).

The next epoch (MJD 57161; 2015 May 19) corresponds
to the Band 9 observations that we described in the previous
section. The NE image is clearly polarized, judging from the
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Fig. 2. Left and center panels: Band 9 Stokes I images (contours) and differences between images from polarizers XX and YY (colors) for two
parallactic angles (at the start and end of the observations). The contours are spaced logarithmically between 0.5% (dashed contour is at −0.5%)
and 95% of the absolute Stokes I peak (i.e., the peak intensity among all observations). Right panel: difference in Stokes I between the first and
last time bins (contours are linearly spaced at intervals of 0.2 times the maximum difference). The FWHM of the restoring beam is shown in the
lower left side of each image (forced to 0.25 as in all images).
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Fig. 3. Spectrum of the NE and SW image, taken from Bands 7 to 9.

ψ-dependent flux-density ratio between in XX and YY images.
On the other hand, the SW image does not show any polarization
signal: the flux density of SW in both polarizations (XX and YY)
evolves in time in the same way.

In the following visit (2015 May 19 in Band 7, i.e., just about
three hours after the Band 9 observations), the NE is still clearly
polarized, whereas the SW image remains unpolarized. The fact
that we obtain the same qualitative behavior from data taken with
two independent receiver bands and within a few hours indicates
that our technique is robust. The polarization ratio, Rpol, in Band 7
has the opposite sign of the polarization in Band 9, while the ψ
angle is very similar in the two observations. The reason for this
difference in Rpol is that the feed angle of the Band 7 receivers,
in the frame of the antenna mounts, is different than that of the
Band 9 receivers. If we take into account the difference between
the feed angles of the receivers (see Table 1), the Band 7 and
Band 9 polarization ratios do agree with one single self-consistent
source-polarization model (Fig. 5, top).

On the following day (MJD 57162; 2015 May 20), observa-
tions were taken in Band 8 at a ψ angle very similar to that at
the end of the Band 9 observations. The difference in feed angles
between these two bands is 180◦, which (in terms of differential
polarimetry) does not introduce any rotation in Rpol. We recovered
very similar flux-density ratios at both bands and all polarizations,
as well as the same Rpol. This again confirms the robustness of our
differential-polarimetry technique.

In the final epoch (MJD 57179; 2015 June 6), the Band 8
observations recover a very similar flux density for the NE image
as in the previous visit, whereas the SW flux density has increased
notably (note also the lower flux density ratio, around 1.45).
Regarding the source polarization, Rpol has a lower value, which
may be related either to a lower fractional polarization in the NE
image or to projection effects that are due to the different ψ angle,
and/or variations in the EVPA during the two-week time span
between the observations.

4. Discussion

4.1. Polarimetry and submm Faraday rotation

At any given frequency, ν, the polarization ratio, Rpol, is a function
of the parallactic angle,ψ, the feed rotation at the antennas,βν, and
an angle φ0, related to the difference between the EVPAs of the
lensed images (Marti-Vidal et al. 2015, 2016):

Rpol = pd cos
[
2(ψ + β + φ0)

]
, (2)

where pd is the differential polarization between NE and SW
(or the absolute fractional polarization in NE, given that SW is
unpolarized). In our case, since the polarization of SW is neg-
ligible, the differential polarization corresponds to the absolute
polarization of NE (Marti-Vidal et al. 2016). The best-fit model
given by Eq. (2) is shown in Fig. 1, overplotted on the observed
Rpol values in Band 9. We estimate a fractional polarization of
pd = (4.9 ± 0.1)% and an EVPA of (80.3 ± 1.3) deg. for the NE
image.

Given the good parallactic-angle coverage of the Band 9
observations and the quality of the fit of the Rpol model (Fig. 1(d)),
we can fix the differential polarimetry parameters in Band 9 (i.e.,
pd and φ0 in Eq. (2)) and fit for RM in the NE image by adding
the Rpol measurements in Bands 7 and 8. The Rpol model for the
multi-frequency data is given by (Marti-Vidal et al. 2015)

Rλ
pol = pd cos

(
2(ψ + β + φ0 + RM(λ2 − λ2

0))
)
, (3)

where λ0 is the central wavelength at Band 9 and λ is the wave-
length at which Rλ

pol is measured. Combining the observations
from May 19 and 20 (summarized in Table 1) and assuming a
negligible change in the EVPA during this time range (∼1 day),
we estimate RM = (2.3 ± 0.6) × 105 rad m−2. The data and
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Fig. 4. Same quantities as in Fig. 1 for all the ALMA data observed in May-June 2015, but as a function of time and with the flux densities normalized
to a common frequency of 650 GHz, assuming a fixed spectral index of α = −1.2 (see Sect. 3.2). The band corresponding to each epoch is shown
in the top plots.

best-fit model are shown in Fig. 5. Short-timescale EVPA vari-
ability could affect our estimates of the rotation measure by
δRM = δEVPA/∆(λ2), where ∆(λ)2 is the difference in wave-
length squared between measurements. We note, however, that
the observations at the extreme frequencies (Band 7 and 9), which
provide the strongest constraint to the RM, were taken within only
three hours. Our measured RM could then be mimicked by an
EVPA change of a few degrees within three hours (i.e., a rate of
∼ 20−30 degrees per day), although this scenario would be at odds
with the position of the Band 8 point (observed one day after) in
Fig. 5.

We note that the fitted RM is far lower than the values reported
by Marti-Vidal et al. (2015). The maximum EVPA rotation across
Bands 7 to 9, corresponding to the fitted RM, is only about ∼4◦.
The detection of RM in these data is thus only tentative (the fitted
value is still compatible with zero at a 4σ level). The main rea-
son for the high relative uncertainty in RM is the poor parallactic-
angle coverage of the data at Bands 7 and 8 as compared to Band
9, which does not allow us to use the ψ dependence of Rpol (i.e.,
the local slope of the sinusoid in Eq. (3), at each frequency ν) to
derive a more accurate estimate of the EVPA differences among
the frequencies.

One solid conclusion from the previous subsection is that the
RM in May 2015 is much lower than the values on 2012/2014
reported by Marti-Vidal et al. (2015). If we were to have the
same RM in the observations reported here, the differences in
EVPA from Band 7 to 9 would have been as large as 600◦.

(i.e., almost two turns in phase). The maximum RM reported
by Marti-Vidal et al. (2015) was so high that Rpol changed even
across the spectral windows within each tuning (see their Fig. 1).
This spectral dependence of Rpol was indeed the main constraint
on the order of magnitude of the RM reported in Marti-Vidal et al.
(2015); the effect of the feed angles among the bands was sec-
ondary and only affected the RM estimates by a factor 2−3
(Marti-Vidal et al. 2016).

However, we did not find this Rpol behavior in the 2015 data
(see our Fig. 6). This is another clear indication of the (much)
lower RM for these epochs. According to Eq. (2), the change of
Rpol as a function of λ2 (for a fixed ψ) is

dRpol

dλ2 = R′pol = 2RM pd sin
(
2RM(λ2 − λ2

0) + α
)
, (4)

whereα = 2(ψ+β+φ0). If we approximate the maximum observed
Rpol (in absolute values, Rmax

pol ) to its upper bound (i.e., Rmax
pol ∼ pd)

and λ ∼ λ0, we have

R′pol

Rmax
pol
∼ 2RM sinα. (5)

Although this equation is independent of pd, it only gives us
a rough (order-of-magnitude) estimate of RM. The peak of Rpol is
indeed related to the point where the derivative is null, whereas
the derivative is maximum when Rpol is minimum (in absolute
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Fig. 5. Top panel: data at Bands 7, 8, and 9, observed between May 19
and May 20, together with the best-fit rotation-measure model. Bottom
panel: χ2 as a function of RM (log scale in base 10).

value). On the other hand, if we approximate R′pol/R
max
pol ∼ 2RM,

we assume that the measurements are taken at α ∼ π/4.
In other words, we cannot derive the exact value of RM from

a snapshot observation alone, even if we detect a variation of Rpol

with λ2. To retrieve the RM, we also need a good coverage of par-
allactic angle,ψ. We can, however, still constrain the order of mag-
nitude of RM from Eq. (5).

In Fig. 6 we show the slopes of the relative change in Rpol (i.e.,
R′pol/R

max
pol ), for the epochs reported by Marti-Vidal et al. (2015)

and for the data reported here. These values have been obtained by
fitting a linear model in λ2 space to each frequency configuration
at each epoch. The difference between epochs is clear: the slopes
in 2012−2014 are higher than the values obtained in 2015. For the
epochs reported in Marti-Vidal et al. (2015), there are some detec-
tions of non-zero slopes at several σ, whereas all measurements
for 2015 are compatible with zero.

We also note that the lowest frequencies reported here
correspond to Band 7 (∼330 GHz), whereas Marti-Vidal et al.
(2015) also reported observations in Band 6 (∼250 GHz), for
which the fractional bandwidth is ∼30% wider (and the RM
accordingly imprints larger Rpol variations across the frequency
coverage).

High RM variability (Asada et al. 2008; Lico et al.
2014; Beuchert et al. 2018, e.g.), on the order of a year in
blazars like Mrk 421, and even RM with sign reversals (e.g.,
O’Sullivan & Gabuzda 2009; Gomez et al. 2011; Lico et al.
2017) have been observed in several AGN. The dramatic changes
that we have observed in the RM of PKS 1830−211, covering
several years, are therefore not surprising.
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4.2. Short-timescale variability

The NE/SW flux-density ratio in Stokes I, RI , decreases in time
during the Band 9 observations, from a value of∼1.75 (at 7:10 UT)
to ∼1.60 (at 8:17 UT). This is a change of ∼10% in RI , almost
completely related to the change in flux density of SW (Figs. 1b
and 4), although there is signature of weak variability in NE as
well (Figs. 1a and 2 right). Unfortunately, there is no way to decou-
ple more precisely how much of the RI variation is due to each one
of the two lensed images.

If the NE flux density did not vary, so that the residual in the
difference in Stokes I between the first and last time bins (blue
spot seen in Fig. 2 right) is only due to instrumental/atmospheric
instability during the observations, then the SW image varied
its flux density at an average rate of ∼15 mJy per hour (i.e.,
∼10%, the rate for RI). This value should be taken as an upper
limit to the actual intrinsic variability of SW, because we can-
not rule out any simultaneous anticorrelated variation of NE
either.

In contrast, the Band 7 and 8 datasets do not show obvious
short-term variability (Fig. 4). However, their observing time span
was typically a factor 2−3 shorter than in the Band 9 data, which
makes it more difficult to detect significant changes.

Intra-hour variability in the mm/submm emission from
PKS 1830−211 was previously reported by Marti-Vidal et al.
(2013) for Band 7 (300 GHz), based on rapid (intra-hour) vari-
ations of about 3% in the NE/SW intensity ratio. According to
the model proposed there, the Band 7 observations were taken
very close in time to an event of matter injection into the jet
base, seen in the SW image (the same event, but occurring
∼27 days before in the NE image, was responsible for the vary-
ing ratios at the previous epochs). Unfortunately, the time and
frequency coverage of the observations reported here is not as
good as those presented by Marti-Vidal et al. (2013), which pre-
vents us from conducting a deeper study of the intrinsic vari-
ability of the source. Nevertheless, this new case of episodic
variability seen in Band 9 establishes the recurring submm
activity of PKS 1830−211, which makes it the ideal target for
a study of AGN variability at unprecedented accuracy in the
submm.

According to the Fermi-LAT light-curve of PKS 1830−211,
there was no apparent gamma-ray activity at the time of our
ALMA observations. We note, however, that the gamma-ray emis-
sion started to steadily increase shortly after our observations,
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covering a factor ∼5 in photon counts in about 200 days (taken
from the Fermi monitoring database3).

5. Summary

We reported the analysis of ALMA continuum data of the quasar
PKS 1830−211 at submillimeter wavelengths (Bands 7, 8, and
9, with a sky frequency range from 330 to 650 GHz, i.e., up
to 2.3 THz redshift-corrected frequencies), taken in May–June
2015. The Band 9 data, which cover a wide parallactic-angle
range, show a clear polarization signal, which motivated us to
conduct this work. Applying a differential-polarization method
(Marti-Vidal et al. 2016), we were able to retrieve some polariza-
tion information from the two lensed images of the quasar, even
though the data were not taken in full-polarization mode. Our
results can be summarized as follows:

– We find a fractional polarization of ∼5% for the NE image of
PKS 1830−211, while the SW image appears nearly unpolar-
ized. Since both images have a time delay of about 27 days,
this is evidence of polarization variability on a timescale of a
few weeks.

– Comparing the Band 9 observations with concomitant Band 7
and 8 data, we find self-consistent polarimetry results for the
two lensed images. This self-consistency allows us to con-
strain the Faraday rotation measure, RM, up to a few times
105 rad m−2, at submm wavelengths. However, the RM accu-
racy is limited, which prevented us from performing a detailed
analysis of its physical implications. In any case, this value is
much lower than the RM previously reported for this source
in 2012–2014 (Marti-Vidal et al. 2015), and it indicates strong
variability in the source polarization properties.

– In addition, we find evidence of rapid flux-density variability
(.10%) in the SW image within the approximately one-hour
time span of the Band 9 observations. Such intra-hour vari-
ability is absent at other bands (the data were taken at different
times and with a shorter observing time span, however), but
has been previously noted in 300 GHz data (Marti-Vidal et al.
2013).

– Altogether, PKS 1830−211 shows evidence for submm vari-
ability on timescales of hours to years.

The current generation of mm/submm instruments ushers in a
golden age for high-precision submm-wave AGN polarimetry.
The use of the differential method, which is virtually free of
calibration issues, pushes the accuracy of submm polarimetry
even further, providing us with the opportunity of probing the

3 https://fermi.gsfc.nasa.gov/ssc/data/access/lat/msl_
lc

magneto-ionic conditions in AGN regions extremely close to
their central engines. In this context, PKS 1830−211 has already
proven to be the ideal target for this type of studies.
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