DRAFT VERSION OCTOBER 8, 2025
Typeset using IATEX twocolumn style in AASTeX631

Monitoring of 3C 286 with ALMA, IRAM, and SMA from 2006 to 2025: Stability, Synchrotron Ages,
and Frequency-Dependent Polarization Attributed to Core-Shift
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ABSTRACT

We present the results of multi-frequency monitoring of the radio quasar 3C 286, conducted using
three instruments: ALMA at 91.5, 103.5, 233.0, and 343.4 GHz, the IRAM 30-m Telescope at 86
and 229 GHz, and SMA at 225 GHz. The IRAM measurements from 2006 to 2024 show that the
total flux of 3C 286 is stable within measurement uncertainties, indicating long-term stability up to
229 GHz, when applying a fixed Kelvin-to-Jansky conversion factor throughout its dataset. ALMA
data from 2018 to 2024 exhibit a decrease in flux, which up to 4% could be attributed to an apparent
increase in the absolute brightness of Uranus, the primary flux calibrator for ALMA with the ESA4
model. Taken together, these results suggest that the intrinsic total flux of 3C 286 has remained
stable up to 229 GHz over the monitoring period. The polarization properties of 3C 286 are stable
across all observing frequencies. The electric vector position angle (EVPA) gradually rotates as a
function of wavelength squared, which is well described by a single power-law over the full frequency
range. We therefore propose using the theoretical EVPA values from this model curve for absolute
EVPA calibration between 5 and 343.4 GHz. The Faraday rotation measure increases as a function of
frequency up to (3.2 & 1.5) x 10* rad m~2, following |[RM|x v® with a = 2.05 £ 0.06. This trend is
consistent with the core-shift effect expected in a conical jet.
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1. INTRODUCTION

3C 286 is a quasar (z = 0.849; Burbidge & Burbidge
(1969)) classified as a compact steep-spectrum (CSS)
source! (Peacock & Wall 1982; Fanti et al. 1985; O’Dea
1998), characterized by a compact size of less than
15 kpc and spectra that peak at frequencies typically
below 400 MHz (see O’Dea 1998; O’Dea & Saikia 2021,
for reviews). It has been one of the most widely used
calibrator sources in radio observations, as it best satis-
fies the three key criteria for an ideal calibrator: bright-
ness, compactness, and stability. Specifically, it shows a
compact structure at arcsecond scales (e.g., Kus et al.
1988; Spencer et al. 1989; Akujor et al. 1991; Akujor
& Garrington 1995; An et al. 2004), while exhibiting
extended jets in the southwest direction when resolved
with Very Long Baseline Interferometry (VLBI) obser-
vations at milliarcsecond scales (e.g., Wilkinson et al.
1979; Simon et al. 1980; Zhang et al. 1994; Jiang et al.
1996; Cotton et al. 1997; Hirabayashi et al. 2000; Foma-
lont et al. 2000; An et al. 2017).

The flux density of 3C 286 at 0.3-50 GHz has re-
mained stable within a few percent over the past 50 years
(Baars et al. 1977; Ott et al. 1994; Scaife & Heald 2012;
Perley & Butler 2013a, 2017; Myserlis et al. 2018; Ange-
lakis et al. 2019; Komossa et al. 2024). Monitoring ob-
servations of 3C 286 with the Very Large Array (VLA)
from the 1980s to the 2010s show that the total flux
reaches ~30 Jy at ~0.1 GHz and decrease at higher fre-
quencies, while remaining stable over time within 1%
(Perley & Butler 2013a, 2017). Notably, recent Effels-
berg observations of 3C 286 at 2.6-41.3 GHz in 2023
November (Angelakis et al. 2019; Komossa et al. 2024)
confirmed that their total flux measurements at centime-
ter wavelengths are consistent not only with VLA mea-
surements from the 1980s to the 2010s (Perley & Butler
2013a, 2017) but also with other measurements at 1.4—
22.2 GHz from the 1970s (Baars et al. 1977), all within
the Effelsberg measurement uncertainties. This suggests
that the total flux of 3C 286 has been stable at these fre-
quencies for the past 50 years.

Similarly, the fractional polarization has also been sta-
ble at 1-50 GHz for a similar period. Polarimetric mon-
itoring of 3C 286 using the VLA from 1980s to 2010s
found that the fractional polarization remained stable

within 2% (Perley & Butler 2013b). Specifically, it is
9.5% at 1.5 GHz and gradually increases with frequency,
reaching 13.1% at 43.3 GHz (Perley & Butler 2013b).
Effelsberg observations also confirmed the increase in
fractional polarization as a function of frequency, from
10.9% at 2.6 GHz to 12.9% at 14.3 GHz (Myserlis et al.
2018; Komossa et al. 2024). These values are consis-
tent with the VLA measurements within a few percent,
further supporting the stability of the fractional polar-
ization of 3C 286.

The electric vector position angle (EVPA)? (Con-
topoulos & Jappel 1974). is also known to be stable
for a similar period and frequency range (Perley & But-
ler 2013b; Komossa et al. 2024). In addition, it appears
to gradually rotate as frequency increases. For example,
polarimetric observations using the 46-meter Algonquin
Radio Telescope measured x = 33.0° = 0.9° at 6.7 GHz
and y = 31.0° + 1.3° at 10.7 GHz (Bignell & Seaquist
1973). Using the Very Large Array (VLA), Perley &
Butler (2013b) measured the EVPA of 3C 286 at fre-
quencies from 5 to 45 GHz. Specifically, the EVPA val-
ues at five representative frequencies, averaged at each
frequency from 1995 to 2012, gradually rotates as a func-
tion of frequency, from 33° at 5 GHz to 35.8° + 0.1° at
45 GHz (see Table 2 in Perley & Butler 2013b). This
trend is consistent with measurements at both lower
and higher frequencies, such as 29.2° +0.1° at 1.4 GHz
with the MeerKAT telescope (Taylor & Legodi 2024)
and 37.3° + 0.8° at 86 GHz with the IRAM Pico Veleta
30-meter Telescope (IRAM) (Agudo et al. 2012).

However, the stability of 3C 286 at higher frequencies
is less well understood, primarily because the bright-
ness becomes significantly fainter. For example, at
229 GHz, the total flux drops to 0.3 Jy and the po-
larized flux to 0.04 Jy (e.g., Agudo et al. 2012), leading
to larger measurement uncertainties. As a result, the
EVPA values at this frequency measured using instru-
ments such as the IRAM 30-meter Telescope (Agudo
et al. 2012), the Submillimeter Array (SMA) (Marrone
2006; Hull et al. 2016), the Combined Array for Research
in Millimeter-wave Astronomy (CARMA) (Hull et al.
2014; Hull & Plambeck 2015), and the Atacama Large
Millimeter/submillimeter Array (ALMA) (Nagai et al.
2016; Kam et al. 2023) are not well constrained and are
distributed over a relatively wide range, from 33° to 41°.

I Recent studies suggest that 3C 286 can also be classified as a
narrow-line Seyfert 1 (NLS1) galaxy (e.g., Yao & Komossa 2021).

2 In this paper, the EVPA is defined to increase from north toward
east, following the IAU convention



Similarly, the fractional polarization values measured
with these instruments also show considerable scatter,
ranging from 11% to 17%. These substantial uncertain-
ties in EVPA and fractional polarization measurements
at such high frequencies have made it challenging to in-
vestigate their stability and frequency-dependent trends
(see Figure 3 in Hull et al. 2016).

In this paper, we present the result of polarimetric ob-
servations of 3C 286 using ALMA, IRAM, and SMA at
91.5-343.4 GHz, spanning from October 2006 to Febru-
ary 2025. The combined data from these three moni-
toring programs allows for a precise investigation of the
stability and properties of 3C 286 at millimeter and sub-
millimeter wavelengths. In Section 2, we summarize the
data used for the analysis. Results are shown in Sec-
tion 3, and we discuss them in Section 4. A Summary
and conclusions follow in Section 5. We adopt cos-
mological parameters Hy = 73.30 km s~! Mpc~! and
qo = —0.51 £ 0.024 obtained from the Type Ia super-
novae in the local universe (Riess et al. 2022). These
parameters correspond to 2, = 0.327 and Q2 = 0.673
in a flat universe. At a redshift of z=0.849, this leads to
a linear scale of 1 mas = 7.23 pc.

2. DATA
2.1. ALMA

About 40 bright calibrators, known as “grid sources”
and evenly distributed across the sky, are observed with
the 7-m Array at least every two weeks to provide sec-
ondary flux calibrators in addition to solar system ob-
jects (Kneissl et al. 2023). 3C 286, a point-source cali-
brator for the ALMA 7-m Array, has been monitored as
one of the grid sources®. The observations of 3C 286
were performed with a full polarization mode to ob-
tain all four Stokes parameters. The data has been pri-
marily obtained in Band 3 (91.5 and 103.5 GHz) and
Band 7 (343.4 GHz) since May 2018. Data in Band 6
(233.0 GHz) has been obtained less frequently as a com-
plement to the Band 7 data (Remijan et al. 2019). The
observing frequency and monitoring periods are summa-
rized in Table 1.

Observations of the grid sources include a scan of
any available solar system object (SSO), with Uranus
serving as the primary reference (Remijan et al. 2019).

Table 1. Observation log for 3C 286.

Instr. Freq. Period Niot  Npol
[GHz]
(1) (2) (3) 4) (5

91.5 2018 May - 2024 Dec. 207 330
103.5 2018 May - 2024 Dec. 191 330

ALMA
233.0 2018 May - 2024 Aug. 32 73
343.4 2018 May - 2024 Dec. 132 260
IRAM 86 2006 Oct. - 2024 May 106 106
229 2010 May - 2022 Jul. 53 53
SMA 225 2022 Jun. - 2025 Feb. 56 56

NoTE—Columns indicate: (1) instrument, (2) observing
frequency, (3) monitoring period, (4) number of total flux
measurements, and (5) number of polarization
measurements. ‘IRAM’ refers to the IRAM 30-m telescope.

The CASA brightness temperature models for planets
follow the Butler-JPL-Horizons 2012 framework, as ex-
plained in ALMA memo 594 (Butler 2012). Specifically,
the model for Uranus is based on the ESA4 model?,
and other SSOs are used with their flux scales refer-
enced to Uranus within 5% uncertainties (Kneissl et al.
2023). The secondary flux calibrators are automatically
selected through online queries when the observations
are carried out. As a result, the uncertainties originat-
ing from the absolute flux calibration are typically less
than 5% in Band 3 and 10% in Bands 6 and 7 (see Remi-
jan et al. 2019, for more details).

For polarization analysis, we collected data reduced
using the Analytic Matrix for ALMA POLArimetry
(AMAPOLA®). This is a set of CASA-friendly python
scripts to reduce the ALMA polarimetric data, as de-
scribed in Kameno et al. (2023). The dataset has been
validated and used in previous studies of AGN jets such
as M87 (Goddi et al. 2021; Goddi & Carlos 2025) and
0J 287 (Jormanainen et al. 2025), as well as in studies of
radio-quiet AGN (Shablovinskaia et al. 2025), support-
ing the reliability of the polarization measurements.

2.2. The IRAM 80-m Telescope
3C 286 has been monitored with the IRAM 30-m Tele-

3 However, 3C 286 is at low elevations for ALMA (with the max-
imum elevation of 37°) and its flux is relatively weak at higher
frequencies. In addition, its flux calibration primarily relies on
flux transfer from quasars, as its right ascension is opposite to the
main planetary primary calibrators. As a result, it is more diffi-
cult to monitor than typical grid sources and is not used as a flux
calibrator for ALMA, except in Band 1, where limited calibrator
options make it a primary calibrator by necessity.

scope® at 86 and 229 GHz as part of the following three

4 https://www.cosmos.esa.int /web /herschel /calibrator-models
5 https://www.alma.cl/~skameno/AMAPOLA/

6 In the following, the designation IRAM refers to its 30-m tele-
scope.
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programs: the Polarimetric Monitoring of AGN at Mil-
limeter Wavelengths (POLAMI) program (Agudo et al.
2018b,a; Thum et al. 2018), the Monitoring of AGN
with Polarmietry at the IRAM 30-m telescope (MAPI)
program (e.g., Agudo et al. 2011a), and the polarimet-
ric monitoring program of blazar OJ 287 (Agudo et al.
2011b). It was typically observed with 15-20 other
sources. The earlier data obtained from 2006 to 2014
suggested that both total flux and polarization of 3C 286
were stable at these frequencies during the monitoring
period (Agudo et al. 2018b). Here we present all the
data obtained from October 2006 to May 2024 to ex-
tend the period of investigation.

The monitoring of 3C 286 was performed with the
XPOL polarimeter (Thum et al. 2008) installed at the
IRAM. The standard XPOL setup and calibration pro-
cesses summarized in Thum et al. (2008) has been main-
tained throughout the monitoring (e.g., Agudo et al.
2010, 2012, 2018a,b; Thum et al. 2018). The data ob-
tained before Spring 2009 were obtained using the or-
thogonal linearly polarized A100 and B100 heterodyne
receivers only at 86 GHz. These receivers were then re-
placed with the new E090 and E230 pairs of orthogonal
linearly polarized receivers, enabling us to observe at
86 and 229 GHz simultaneously after Spring 2009 (see
Thum et al. 2008; Agudo et al. 2012, for details). The
angular resolution of the telescope corresponds to 28”
and 11”7 at 86 and 229 GHz, respectively.

Each measurement includes a cross-scan pointing cor-
rection for each source, followed by amplitude, phase,
and decorrelation loss calibration. After that, a set of
wobbler switching on-off cycles with a total integration
time of ~8 minutes was conducted (Agudo et al. 2010,
2012). The Kelvin-to-Jansky conversion factor, which
converts antenna temperatures to flux densities, was de-
rived based on the flux of Mars and Uranus measured
from 2006 to 2014 (Agudo et al. 2018b). The Mars
model is based on the Lellouch & Amri model”, which
provides the brightness temperature and flux of Mars for
any frequency and date between 30-5000 GHz and year
1990-2036. For Uranus, the ESA4 model used for the
Herschel Space Observatory mission (e.g., Bendo et al.
2013; Griffin et al. 2013; Orton et al. 2014) was adopted.
Consequently, the conversion factor was determined to
be (6.1+0.1) Jy K~! and (8.6 +£0.4) Jy K~ for 86 and
229 GHz, respectively (Agudo et al. 2018b). These fac-

7 https://www.lesia.obspm.fr/perso/emmanuel-lellouch /mars/

tors were applied to the entire data obtained from 2006
to 20248,

The instrumental polarization was measured during
each session by observing unpolarized sources such as
Mars or Uranus. Since the instrumental polarization
and total power calibration parameters were sufficiently
stable, they were interpolated for the few sessions where
calibrators were not observed (see Agudo et al. 2018b,
for details). To cross-check the results of the polariza-
tion calibration, the Crab Nebula was observed (Agudo
et al. 2018b), as it is well-known for its stable and well-
characterized polarization fraction and angle over a wide
frequency range (e.g., Aumont et al. 2010; Weiland et al.
2011; Wiesemeyer et al. 2011; Ritacco et al. 2018).

The final uncertainty for each total flux density mea-
surement corresponds to a quadratic sum of the statis-
tical uncertainties measured from the on-off cycles, the
uncertainties in the planet models (conservatively con-
sidered as 5%, which typically dominates the final uncer-
tainty), and the uncertainties in the conversion factors
(Agudo et al. 2018b). This leads to average uncertain-
ties in the total flux measurements of 3C 286 of 5.1% at
86 GHz and 5.8% at 229 GHz, respectively.

The uncertainties in the linear polarization fraction
and EVPA of 3C 286 were derived from the statisti-
cal uncertainties in the on-off cycles and the dispersion
of the @Q and U Stokes parameters measured for Mars
and Uranus, typically comparable to (or smaller than)
0.5% for both Q and U Stokes parameters at both 86
and 229 GHz. This results in average uncertainties in
the fractional polarization ({g,,,)) of 0.9% at 86 GHz
and 2.8% at 229 GHz, and average uncertainties in the
EVPA ((gy,)) of 1.1° at 86 GHz and 5.1° at 229 GHz.
We note that the uncertainty in the absolute EVPA mea-
surement is less than 0.5° (Thum et al. 2008; Aumont
et al. 2010) and is therefore negligible compared to the
uncertainties described above.

2.3. SMA

The total flux of 3C 286 has been monitored with SMA
over the past two decades”. However, we do not include
these measurements in our analysis due to inconsisten-
cies in the flux calibration process and transitions from
older solar system models to the CASA-standard mod-
els during the monitoring. These changes may introduce

8 The dataset presented in our paper includes measurements previ-
ously published in Agudo et al. (2012) and Agudo et al. (2018b).
Although different conversion factors were originally applied to
those earlier data, we have reprocessed the entire dataset using
the conversion factor from Agudo et al. (2018b), which is based
on a larger number of observations, to ensure consistency.

9 http://smal.sma.hawaii.edu/callist /callist.html
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Figure 1. Total flux (top), fractional polarization (middle), and EVPA (bottom) of 3C 286 obtained with ALMA at 91.5,
103.5, 233.0, and 343.4 GHz. The horizontal dotted lines represent the average values at each frequency.

systematic offsets in the flux scale that are difficult to
quantify reliably. Consequently, we only included recent
data which were calibrated using a consistent process
and model under the SMAPOL!’ (SMA Monitoring of
AGNs with POLarization) program.

SMAPOL is a program initiated in 2022 June to reg-
ularly monitor the polarization properties of 40 AGN
jets that exhibit both prominent polarization and high-
energy activities (Myserlis et al. 2025). 3C 286 has been
monitored approximately every 2 weeks to cross-check
the polarization calibration. The observations were con-
ducted in full polarization mode using the SMA polar-
ization receiver system (Marrone 2006; Marrone & Rao
2008) and SWARM correlator (Primiani et al. 2016).
The separation between the center frequencies of the
lower sideband (LSB) and upper sideband (USB) was set
to about 20 GHz, centered at 225 GHz. The bandwidth
of each sideband is 12 GHz, consisting of six chunks with
a bandwidth of 2 GHz.

10 https:/ /lweb.cfa.harvard.edu/sma/Newsletters/pdfFiles/
SMA _NewsJan2024.pdf

During the observations, compact sources suitable for
flux calibration were occasionally observed for 3-5 min-
utes. Their fluxes were calibrated mostly using SSOs
such as Uranus, Neptune, Titan, Ganymede, and Cal-
listo (Gurwell et al. 2007). As described in Section 2.1
and 2.2, the ESA4 model (Butler 2012) was also used
to calibrate the flux of SSOs measured with the SMA.

The initial data calibration such as flagging, bandpass,
cross-receiver delays, complex gains, flux calibration,
and RL-phase offset was performed using the MIR soft-
ware package ', and the instrumental polarization was
calibrated with the MIRIAD (Sault et al. 1995). The
resulting fractional polarization and EVPA of 3C 286
have mean uncertainties of 2.8% and 2.0°, respectively.

24. VLA

The stability of 3C 286 at 1-50 GHz allows us to inves-
tigate the spectral flux density across centimeter to mil-
limeter /submillimeter wavelengths by utilizing histori-
cal measurements at centimeter wavelengths. For this

I https://Iweb.cfa.harvard.edu/~cqi/mircook.html
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Table 2. Total flux measurements and best-fit parameters for 3C 286 using ALMA, IRAM, and SMA.

Instr. v S, os, (es,) Co c1 AS, R
[GHz] [Jy] [yl [yl [x107° Jy/day] [Jy] Oyl [%]

(1) (2) (3) (4) (5) (6) (7)

91.5 0.802 0.029 0.033 —1.16 = 0.31 0.820 £ 0.006 —0.028 —4

ALMA 103.5 0.717 0.025 0.032 —0.66£0.30 0.726 £0.005 —-0.016 —2
233.0 0.309 0.016 0.027 —-146+0.73 0.333+0.013 -0.037 —-11

343.4 0.204 0.021 0.031 —1.33+£0.27 0.224+£0.005 —-0.033 -15

IRAM 86 0.900 0.047 0.046 —0.33£0.26 0.890+£0.004 —-0.021 -2
229  0.328 0.047 0.019 0.58 £0.18 0.325+0.003 +0.027 +9

SMA 225 0.322 0.052 0.039

NOTE—Columns indicate: (1) unweighted mean total flux, (2) the standard deviation of the total flux, (3) the average
measurement uncertainty, (4)—(5) the best-fit parameters for Equation 1, (6) the amplitude of the flux decrease during the
monitoring period, and (7) the percentage flux change observed during the monitoring period, as determined from the best-fit
parameters. Across all frequencies, the median total flux values agree with the mean values within 1-2%.

comparison, we adopted the total flux measurements us-
ing VLA at 1-50 GHz (Perley & Butler 2013a), along
with polarization measurements from the same instru-
ment. Specifically, we took the EVPA measurements at
5, 15, 25, 33, and 45 GHz from Table 2 in Perley &
Butler (2013b), representing the weighted mean of mea-
surements obtained at each frequency from 1995 to 2012.
The fractional polarization values were taken from Ta-
ble 5 of Perley & Butler (2013b), corresponding to mea-
surements at 1.5, 4.9, 8.4, 15.0, 22.5, and 43.3 GHz for
epoch 2000.0 in the same reference.

3. RESULTS
3.1. Total flux

In Figure 1, we present the total flux, fractional po-
larization, and EVPA of 3C 286 measured with ALMA
at four frequencies: 91.5, 103.5, 233.0, and 343.4 GHz.
Notably, the total flux appears to gradually decrease
over time, exhibiting fluctuations on short timescales.
For example, the total flux at 91.5 GHz obtained before
MJD 59000 lies mostly above the total flux averaged
over the entire monitoring period. In contrast, the to-
tal flux measured after MJD 60000 falls generally below
this average, suggesting a decreasing trend.

To investigate this in further detail, we divided the
ALMA data into three groups: the first, obtained be-
tween MJD 58230 and 59000, referred to as Period I,
the second, obtained between MJD 59200 and 59900,
referred to as Period II, and the third, after MJD 60100,
referred to as Period III. Indeed, the average total flux
values decrease at all frequencies from Period I to Pe-
riod IIT (Figure 2), albeit the magnitude of the decline
is comparable to the standard deviations of each period
(see Table 7 in Appendix A).

Year
2018 2020 2022 2024
® 91.5 GHz
103.5 GHz
0.9
o« ¢ (') 20 )
LD 2 Q@ Q @
ool TGt a.
- S &5 000 © o2 e
I P T aa % gij ________
0.7 1 b 4 *
=
= 06
X
5 0.401 ® 233.0 GHz
L ® 343.4 GHz
0.351
030 T $ - Qs (0
0.25 1
020=»""""§é ------------------ gi"""*""gﬂ ---------
0.151
58000 59000 60000 61000
MJD

Figure 2. The total flux of 3C 286 measured with ALMA
in Band 3 (top) and Bands 6 and 7 (bottom). Filled cir-
cles without error bars represent the full dataset. Larger
highlighted circles with error bars indicate the average flux
and the standard deviation at each frequency (Table 7), dis-
played at the median date of the corresponding period: Pe-
riod I (MJD 58200-59000), Period II (MJD 59200-59900),
and Period III (MJD > 60100). Shaded regions correspond
to these three periods. Dashed horizontal lines indicate the
mean flux values over the entire monitoring period.
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Figure 3. Total flux (top), fractional polarization (middle), and EVPA (bottom) of 3C 286 obtained with IRAM at 86 and
229 GHz and SMA at 225 GHz. The horizontal dotted lines represent the average values at each frequency. Note that the y-axis

scales are identical to those in Figure 1.

To further investigate the long-term trend in the
ALMA data, we fitted all the total flux measurements
at each frequency with the following function:

SV = Co X (t — 58000) + (1)

where S, is the total flux in Jy, and ¢ is the observation
date in MJD. The best-fit parameters are summarized in
Table 2, indicating that the flux has decreased by 2%-—
15% over the ALMA monitoring period. The decrease
of 4% at 91.5 GHz and 2% at 103.5 GHz might not be
significant given the typical measurement uncertainty
of 5% in Band 3 (Remijan et al. 2019). However, the
declines of 11% at 233.0 GHz and 15% at 343.4 GHz
exceed the typical uncertainties of 10% in Bands 6 and 7.

In contrast, the total flux measurements obtained with
IRAM do not exhibit any clear decreasing trend at both
86 and 229 GHz (Figure 3). The best-fit parameters
derived from fitting the IRAM data at 86 GHz to Equa-
tion 1 suggest that the secular flux change from 2006 to
2024 (AS,) is smaller than the change observed in the

ALMA data at 91.5 GHz from 2018 to 2024 (Table 2).
Furthermore, the flux at 91.5 GHz expected from the
spectral index derived using IRAM measurements at 86
and 229 GHz (see Section 4.1) is 0.84 Jy. This is 5%
larger than the 0.80 Jy measured with ALMA at the
same frequency (see also Figure 4).

At 233'? and 343.4 GHz, the decrease in the total flux
(AS,) measured with ALMA from 2018 to 2024 exceed
their standard deviations and measurement uncertain-
ties (Table 2). In contrast, no such decreasing trend is
identified in the IRAM data at 229 GHz over the longer
period from 2010 to 2022 (see also Agudo et al. 2012,
2018b). One explanation to consider for the discrepancy
between the ALMA and IRAM data would be the in-
creasing brightness of Uranus (e.g., Kneissl et al. 2023),

12 We do not use the SMA data to test the flux stability of 3C 286,
as its monitoring period from June 2022 to February 2025 is too
short for a reliable investigation.
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which has been used as the primary flux calibrator for
ALMA.

Thanks to its brightness and relatively small angular
size of ~3 arcseconds, Uranus has been used as a pri-
mary flux calibrator at millimeter/submillimeter wave-
lengths based on the ESA4 model, which assumes its
absolute brightness is constant over time. However, its
large obliquity of 82° causes the sub-Earth latitude to
vary over time, leading us to see Uranus’ polar and equa-
torial regions alternately. Notably, the brightness tem-
peratures of Uranus’ north and south poles are higher
than that of its equatorial region (e.g., Briggs & An-
drew 1980; Jaffe et al. 1984; de Pater & Gulkis 1988;
Berge et al. 1988; Molter et al. 2021; Akins et al. 2023).
This implies that the brightness temperature of Uranus
would alternate between its maximum and minimum ev-
ery 21 years, given its 84-year orbital period around the
Sun (e.g., see Figure 9 in Fletcher (2021)). This vari-
ation is expected to be further amplified by the ring

around Uranus, which becomes brighter when the polar
regions are oriented toward Earth (Butler 2012).

This has been confirmed through long-term monitor-
ing observations. The last solstice during which the
south pole of Uranus was toward Earth was in 1986,
while the last equinox was in 2007. Accordingly, the
brightness of Uranus increased from the mid-1960s to
mid-1980s, then decreased until the mid-2000s, showing
fluctuations on short timescales (e.g., Klein & Turegano
1978; Klein & Hofstadter 2006; Perley & Butler 2013a;
Kramer et al. 2008). After the last equinox in 2007, the
north pole of Uranus has been rotating into our view and
will be fully oriented toward Earth by the next solstice
in 2028. Accordingly, we expect that the brightness of
Uranus has been increasing since 2007.

Figure 5 shows the flux of Uranus monitored with
IRAM at 86 GHz since 2006. It exhibits periodic in-
crease and decrease as expected from the seasonal vari-
ation in the distance between Earth and Uranus. If the
intrinsic brightness of Uranus has indeed increased, the
residual flux, defined as the excess flux relative to the
model, should have been rising during the monitoring.
Notably, the residual flux binned over 1000-day intervals
shows an increasing trend'. A fit using Equation 1 to
the entire residual flux indicates a systematic increase
of 6.6%=+1.5% from 2006 to 2024, albeit the magnitude
of the increase is comparable to the average uncertainty
in the residual flux of 4.8%. Furthermore, the ratio of
the brightness of Uranus to Neptune, monitored with
ALMA from 2018 to 2024, also suggests that the bright-
ness of Uranus has increased by 4% during the monitor-
ing period'* (Kneissl et al. 2023). These results suggest
that the ESA4 model, which assumes constant bright-
ness for Uranus, needs to be modified. This, in turn,
suggests that brightness variations in Uranus could par-
tially account for the apparent decrease in the flux of
3C 286 measured with ALMA.

In fact, Uranus has not been observed together with
3C 286, as their Right Ascensions are nearly opposite.
This indicates that the brightness of Uranus may not
have been directly used to scale the flux of 3C 286. How-
ever, even when no Uranus data were used to directly
calibrate the flux of 3C 286, any flux correction fac-
tors derived from other SSOs that deviate by more than
5% from those derived from Uranus were excluded from

13 This trend is the inverse of that observed from 1985 to 2005,
when the brightness of Uranus was decreasing from solstice to

equinox (e.g., Figure 2 in Kramer et al. 2008).

14 However, we also note that the flux scaling factors derived from
Uranus and Neptune as seen by ALMA is in agreement within

2% since 2022 (Kneissl et al. 2023).
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Figure 5. Top: The total flux of Uranus measured with IRAM at 8 GHz. The blue dashed curve represents the ESA4 model.
Bottom: The residual flux, i.e., the excess flux relative to the model normalized by the observed flux, is shown with cross marks.
The light blue points represent the average residual flux in 1000-day bins. The blue dashed line represents the best-fit lines to
the entire residual flux. The ESA4 model appears to agree best with the data around 2017.

the flux calibration process (Kneissl et al. 2023). Con- of the decrease in Band 6 and 7 exceed 10%. This im-
sequently, only SSOs flux measurements that provided plies that additional factors may contribute to the dis-
correction factors consistent with those from Uranus crepancy, such as non-linear atmospheric variations of
within 5% were used. Uranus (e.g., Orton et al. 1986; de Pater et al. 1989;
In contrast, IRAM did not use the recent flux of Griffin & Orton 1993) or instrumental effects. These
Uranus for flux calibration. As explained in Section 2.2, issues will be investigated further in future studies.
the Kelvin-to-Jansky conversion factor for IRAM was es- In summary, the brightness of Uranus has likely been
timated using observations of Mars and Uranus between increasing since 2007 possibly due to the gradual rota-
2006 and 2014. The observed fluxes of these planets were tion of its north pole into our view. This could partially
scaled to their models: the Lellouch & Amri model for contribute to the apparent decrease in the flux of 3C 286
Mars and the ESA4 model for Uranus (Butler 2012). Al- measured with ALMA, for which Uranus was used as the
though the IRAM data also adopted the ESA4 model, it primary flux calibrator. Taking these factors into ac-
was used for the data obtained from 2006 to 2014 when count, we conclude that the total flux of 3C 286 is nearly
Uranus was relatively close to equinox in 2007, and were constant at frequencies up to 229 GHz throughout the
applied to the entire data. As a result, the IRAM data 20-year monitoring period (Table 2). In addition, these
depend only weakly on the fluxes of Uranus'®. results suggest that the ESA4 model may need to be re-
Nevertheless, the change in the brightness of Uranus vised to account for the brightness variation in Uranus
alone cannot fully account for the decreasing trend ob- caused by its pole rotation.
served in the ALMA measurements, as the magnitudes Regarding the ALMA flux calibration, a flux decrease

of 3C 286 of up to 4% could be attributed to this bright-
ening of Uranus, as already noted by Kneissl et al.

15 Given that the ESA4 model appears to agree best with the data (2023) H th dditi 1 d b di
around 2017 (Figure 5), the IRAM flux measurements could have ) Owever, .e addi l.ona ecrease observed 1u
been underestimated by ~ 2% at 86 GHz, although their stability Band 6 and 7 may arise from instrumental effects, short-
remains intact. term variations intrinsic to Uranus and 3C 286, or a com-
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Table 3. Polarization measurements and best-fit parameters for 3C 286.

EVPA Fractional polarization
Instr. v Xv  Oxy (Exu) Co c1 [Ax|  mu om, (Em,) Co c1 |Am]
[GHz] [] [] [ [x107*°/day] (°] 1 %] (%] (%] [x107° %/day] [%] (%]
1 @ 3 (4) (5) © 1) 2 (4) (5) (6)
91.5 36.2 29 24 —7.204+0.48 38.23+0.10 2.5 14.3 0.9 0.8 7.85 £ 4.56 14.14 £0.11 0.3
103.5 36.3 1.5 1.2 —4.37+0.57 37.48+0.12 1.5 145 1.1 0.9 —-3.75+5.04 14.58+0.12 0.1
ALMA 233.0 36.7 2.7 2.0 —4.89+1.24 38.24+0.28 1.7 15.7 1.8 1.0 —10.024+10.24 16.30+0.25 0.3
343.4 38.3 5.5 3.8 —1.58+0.80 39.25+0.19 0.5 16.2 2.8 1.8 —24.15+£9.20 16.944+0.23 0.8
IRAM 8 37.0 2.7 1.1 —1.554+0.66 36.934+0.10 1.0 14.0 1.9 0.9 22.36 £4.99 13.77+0.08 1.4
229 35.0 9.6 5.1 10.65+4.45 35.20£0.10 4.9 145 54 2.8 74.26 +£27.09 14.55+£0.40 3.4
SMA 225 372 3.0 2.0 - - - 159 1.2 2.8 - - -

NOTE—The columns indicate (1) unweighted mean, (2) standard deviation, (3) average of the measurement uncertainties,
(4)—(5) the best-fit parameters derived using Equation 1, and (6) the changes observed during the monitoring period for each
instrument at each frequency, as determined from the best-fit parameters. Across all frequencies, the median EVPA and
fractional polarization agree with the mean values within 0.4° and 0.3%, respectively.

bination of both. Continued monitoring of both 3C 286
and Uranus along with other SSOs will help clarify the
origin of the flux decrease.

3.2. Polarization

In contrast to the total flux, no secular changes are
observed in the fractional polarization and EVPA mea-
sured with ALMA (Figure 1). We compared the av-
erage fractional polarization and EVPA values across
Period I-III, as we did for the total flux to investigate
their variability. The results show that the fractional
polarization and EVPA values remain constant across
Period I—III, within their standard deviations and av-
erage measurement uncertainties (see Table 8 and 9 in
Appendix A). Furthermore, the best-fit parameters de-
rived using Equation 1 indicate that any potential sec-
ular changes in both EVPA and fractional polarization
during the monitoring period are smaller than or compa-
rable to their standard deviations and/or uncertainties
at all frequencies (Table 3). This suggests that there are
no significant trends exceeding the measurement uncer-
tainties.

This finding is consistent with the IRAM monitoring
over a longer period. The potential secular variations in
the IRAM data, also derived using the best-fit parame-
ters to Equation 1, are likewise smaller than or compa-
rable to their standard deviations and/or uncertainties
at both 86 and 229 GHz (Table 3).

Likewise, long-term monitoring observations with
ALMA and IRAM suggest that both EVPA and frac-
tional polarization of 3C 286 have remained nearly
constant over the last ~20 years. This stability

allows us to obtain the fractional polarization and
EVPA values with unprecedented accuracy at millime-
ter /submillimeter wavelengths by stacking all the data.
Therefore, we provide the weighted mean of the EVPA
and fractional polarization, as well as the total flux, as
the reference values for 3C 286 (Table 4).

In Figure 6, we present the reference values for the
EVPA and fractional polarization of 3C 286, along with
the values measured with VLA at 5-45 GHz (Perley &
Butler 2013b). Notably, both quantities commonly ex-
hibit a gradual change as a function of frequency: the
EVPA gradually rotates, while the fractional polariza-
tion increases across the range from 5 to 343.4 GHz.
These trends, especially at millimeter/submillimeter,
were unclear in the past due to insufficient monitor-
ing periods and limited number of measurements, which
hindered testing stability and prevented achieving the
signal-to-noise ratio required for robust analysis (see
Figure 3 in Hull et al. 2016). Our analysis with the
ALMA, IRAM, and SMA data have revealed that the
trends in both fractional polarization and EVPA indeed
extends up to 343.4 GHz.

We note that the reference EVPA from TRAM at
229 GHz appears to deviate from the trend observed in
the reference EVPA values obtained with other instru-
ments. This is probably because the EVPA uncertainty
for IRAM is larger than that for ALMA and SMA. As
shown in Table 2 and Figure 3, the EVPA measurements
with IRAM at 229 GHz shows much larger scatter com-
pared to the other instruments. Moreover, the average
of the EVPA uncertainties for IRAM at 229 GHz is 5.1°,
while the standard deviation of those measurements is
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Figure 6. The reference values for the EVPA and fractional polarization of 3C 286 obtained with ALMA, IRAM, SMA (this
work), and VLA (Perley & Butler 2013b) in the observing frame. Blue, magenta, red, and green colors represent the ALMA,

IRAM, SMA, and VLA data, respectively.
Table 4. Reference values for 3C 286

Instr. v [GHz] Sy [Jy] x [°] m [%)]
91.5 — 36.74 £0.03 14.32 +0.03
ALMA 103.5 — 36.57 £0.04 14.50 = 0.04
233.0 — 37.14 £0.06 16.07 +0.07
343.4 — 38.93 £0.08 16.37 +£0.07
IRAM 86 0.892 £0.004 36.84 £0.10 13.83£0.08
229 0.323 £0.003 35.75+£0.64 14.48 £0.38
SMA 225 - 38.26 £0.22 15.81 £0.37

NoTE—The weighted mean values and their standard
uncertainties for the total flux, EVPA, and fractional
polarization measurements. We provide reference values for
the total flux based solely on the IRAM data, where flux
stability is confirmed.

9.6°. This discrepancy suggests that the EVPA uncer-
tainties for IRAM may have been underestimated. Since
the uncertainties in Figure 6 are based on those uncer-
tainties, the actual EVPA uncertainty for IRAM would
be larger than what is shown.

4. DISCUSSION
4.1. Synchrotron cooling

The stability of 3C 286 across centimeter to millime-
ter /submillimeter wavelengths enables a detailed inves-
tigation of its spectrum by combining data from cen-
timeter to millimeter wavelengths. For the frequen-
cies higher than those covered by VLA, we use only

the IRAM measurements to determine the spectral in-
dex, as the ALMA flux appears to vary with differ-
ent rates in different frequency bands. The spectrum
steepens at higher frequencies, resulting in a spectral
break where the spectral index o (defined by S, o v~%)
changes between lower and higher frequency ranges (Fig-
ure 7). Specifically, the spectral index between 3 and
50 GHz, where the flux nearly follows a simple power-
law, yields a spectral index of @ = 0.712 4+ 0.003. In
contrast, the spectral index between 86 and 229 GHz is
a = 1.039 £ 0.008 (Table 5). This difference in spec-
tral index between the two frequency ranges leads to a
spectral break at 67.2 + 1.2 GHz'S.

Such a spectral break can be attributed to the pro-
cess of synchrotron cooling (or aging), which refers to
the process by which the spectrum of synchrotron ra-
diation changes over time as the electrons lose energy
via radiation (e.g., Kardashev 1962; Pacholczyk 1970;
Jaffe & Perola 1973). This process results in a steep-
ening of the synchrotron spectrum at high frequencies,
as higher-energy electrons lose energy more rapidly than
lower-energy electrons. For example, a relativistic elec-
tron with total energy E = ym.c? moving in a magnetic
field radiates energy at a rate proportional to the square
of its energy (Rybicki & Lightman 1979)

E
P= Cth x E*B? (2)

16 As described in Section 3.1, if the IRAM flux measurements
were underestimated by ~ 2%, the break frequency is shifted

to 71.4 GHz.
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Figure 7. The spectral flux density of 3C 286 between 1
and 229 GHz. The black and magenta data points show
the total flux measured with VLA (Perley & Butler 2013a)
and IRAM, respectively. The gray and magenta dashed lines
show the best-fit to the total flux measured with VLA and
IRAM, respectively. The black and gray arrows on the x-axis
indicate the break frequency at 67.2 GHz and a potential
break frequency at 3.6 GHz (see Section 4.2), respectively.

where F is the total energy of the electron and B is
the magnetic field strength. This suggests that higher-
energy electrons lose their energy more rapidly when the
magnetic field strength is constant over time. In addi-
tion, an electron emits most of its energy near the criti-
cal frequency v, above which the synchrotron spectrum
fades away, and which is proportional to the square of
its energy (Rybicki & Lightman 1979)

ve x E*B. (3)

This indicates that higher-energy electrons lose most of
their energy at higher frequencies (Condon & Ransom
2016). Likewise, the fact that both the energy loss rate
and critical frequency are proportional to E? suggests
that the depletion of high-energy electrons steepens the
spectrum at these higher frequencies more rapidly. This
scenario aligns well with the spectral steepening at mil-
limeter /submillimeter wavelengths observed in 3C 286.

Such spectral steepening is widely observed in vari-
ous types of synchrotron emitting sources, including the
Active Galactic Nuclei (AGN) jets classified as Fanaroff
& Riley class IT (e.g., Fanaroff & Riley 1974; Myers &
Spangler 1985; Alexander & Leahy 1987; Machalski et al.
2009, 2010; Harwood et al. 2013), the Compact Steep
Spectrum (CSS) sources (e.g., Murgia et al. 1999; Mur-
gia 2003; Orienti et al. 2004), pulsar wind nebula, and

Table 5. Spectral index and break frequency.

V1 — s [GHZ} [ Vbr [GHZ] Shr [JY]
(1) (2) (3) (4)
3-50 07120003 4294 19 12401
86-229  1.039 + 0.008

NOTE—The columns indicate (1) frequency range, (2) the
spectral index, (3) the break frequency, and (4) the total
flux at the break frequency in each period.

supernova remnants (e.g., Reynolds & Chevalier 1984;
Bock & Gaensler 2005; Reynolds 2009; Bucciantini et al.
2011; Lyutikov et al. 2019). The spectral steepening in
3C 286 also aligns well with the characteristics of CSS
sources, the class to which 3C 286 belongs.

4.2. Synchrotron age and magnetic field strength

The presence in the data of the break frequency vy,
allows us to estimate the age of the source. Assuming
(i) a continuous injection model, where new relativistic
electrons with a power-law energy distribution are con-
tinuously injected to the synchrotron-emitting source!'”,
(ii) no expansion of the emitting source, and (iii) con-
stant magnetic field strength, the time elapsed after the
formation of the emitting source, gy, (in Myrs), can be

expressed as (Murgia et al. 1999; Murgia 2003):

BO.5 1
Teyn = 1610 syn (4)
Y Biyn + Béup [V (1 + 2)]00

where Bgyy, is the average magnetic field strength in the
emitting region (in 4G), Bomp = 3.25(14-2)? is the mag-
netic field strength equivalent to the cosmic microwave
background (in pG), and vy, is the break frequency (in
GHz). We estimate the average magnetic field strength
in the emitting region by assuming the equipartition
condition, in which the total energy is minimized and
the energy densities of relativistic particles and mag-
netic fields are approximately equal (Govoni & Feretti
2004). Then the equipartition magnetic field strength is
given by:

247
Beq = | = &(a,vy,v2)(1+ k)Y (vopumg )/

(1+Z)(12+4a)/7(10[m7;[y})4/7(d[kpc])—4/7}

2

1/2

arcsec

()

17 The standard shape of the synchrotron spectrum below the crit-
ical frequency is well explained by the continuous injection of
relativistic electrons (Kardashev 1962; Murgia et al. 1999).



where « is the spectral index, £(a, v1,12) is the equipar-
tition parameter tabulated in Table 1 of Govoni & Fer-
etti (2004) for the frequency range from 10 MHz to
100 GHz, k is the ratio of energy in relativistic pro-
tons to that in electrons, z is the redshift, Iy is the
total flux at frequency v (in mJy), € is the solid an-
gle of the emitting region (in sr), and d is the source
depth (in kpc). We adopt &(a, vy, ve) = 1.23 x 10712
which is given for o ~ 0.7 between the turnover and
break frequencies (Govoni & Feretti 2004), and the to-
tal flux of I4=7.297 Jy at v,=4.885 GHz'® (Perley &
Butler 2013a). Given that the total flux of 3C 286 at
this frequency is dominated by emission within 50 mas
from the core (e.g., Zhang et al. 1994; Jiang et al.
1996; Cotton et al. 1997; An et al. 2017), we adopt a
source size of 50 mas. This corresponds to a depth of
d = 3.6 x 107! kpc, assuming a spherical geometry for
simplicity. Assuming an energy ratio between electrons
and protons of k£ = 1, as commonly adopted in the liter-
ature, these parameters yield an equipartition magnetic
field strength of Beq~4.4 mG'?. This value appears to
align with those observed in other sources. For example,
the magnetic field strengths of 4.4 mG are smaller than
the magnetic field strength of 10 ~* G typically found in
the vicinity of the supermassive black holes (e.g., Kino
et al. 2015; Event Horizon Telescope Collaboration et al.
2021; Paraschos et al. 2021, 2024; Ro et al. 2023; Kino
et al. 2024; Lisakov et al. 2025), but larger than or com-
parable to those found in radio lobes (e.g., Hardcastle
et al. 2002; Murgia 2003; Isobe & Koyama 2015). These
results suggest that our estimated equipartition mag-
netic field strength is reasonable, as it reflects an aver-
age value derived from the emission across the entire jet
of 3C 286.

Substituting the magnetic field strength of 4.4 mG
into Equation 4, we derive the age of 3C 286 to be
Toyn=450 years. Given that the source size of 50 mas
corresponds to 362 pc, this age implies an average ap-
parent speed f[,,, = 2.6. However, these apparent
speeds are significantly faster than the apparent speed
Bapp = 0.6 £0.5 observed in the inner jet at 5 mas from
the core (An et al. 2017). Moreover, this is also faster
than the typical speeds observed in CSS sources, which
are generally on the order of Bap, = 0.1 (e.g., Giro-

18 Beq varies by less than ~6% when using other values of Iy at
frequencies between 1-40 GHz in Table 9 in Perley & Butler
(2013a).

19 k can vary between 1 and 1836, depending on the locations or con-
ditions of the emitting regions (e.g., Kino et al. 2012; Kawakatu
et al. 2016). However, adopting k = 1836 changes Beq by only
several factors (Beq = 31 mQG), indicating that Beq is not highly
sensitive to the choice of k.
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letti & Polatidis 2009). This discrepancy suggests that
the spectrum may not represent the age of the entire
jet, but instead may partially represent the age of elec-
trons that were accelerated in situ as the jet propagates
through the ambient medium. This, in turn, implies
that the overall spectrum may not be fully explained
by a one-zone synchrotron model and may instead re-
quire a more complex, multi-zone interpretation. For
example, the break at 67 GHz may be predominantly
caused by the inner jet, which has a size of ~5 mas,
rather than by the entire jet structure. If so, the dis-
crepancy can be reconciled by introducing an additional
break frequency at ~3.6 GHz (Figure 7). Specifically, if
the 67 GHz break traces synchrotron aging in the inner
jet while the 3.6 GHz break corresponds to the outer
jet at 50 mas, the inferred synchrotron age of the outer
jet becomes 1950 years. This corresponds to an average
apparent speed of B.pp = 0.6, which is more consistent
with the speed observed in the inner jet of 3C 286 and in
other CSS sources. Future VLBI monitoring could help
test this scenario by spatially resolving the spectral evo-
lution along the jet.

4.3. EVPA rotation as a function of frequency

As shown in Section 3.2, our monitoring of 3C 286
revealed that its EVPA gradually rotates as a function
of frequency (Figure 6). We suggest that this frequency
dependence can be explained by the opacity effect. Ac-
cording to the Blandford & Konigl (BK) conical jet
model, the core is defined as the region where the jet
plasma becomes optically thin, i.e., where the optical
depth reaches 7 ~ 1 (Blandford & Konigl 1979). In
this model, the observed core position r, shifts toward
the physical jet base at higher frequencies v, following
r, o v~ P this phenomenon is referred to as core-shift
(Lobanov 1998). Core-shift has been widely observed in
various types of AGN jets including radio galaxies (e.g.,
Hada et al. 2011; Haga et al. 2015; Paraschos et al. 2021;
Park et al. 2021), blazars (e.g., O’Sullivan & Gabuzda
2009; Okino et al. 2022; Yi et al. 2024), and narrow-line
Seyfert 1 galaxies (Hada et al. 2018).

Core-shift is also observed in 3C 286. Previous VLBI
observations consistently identified two bright knots
within ~5 mas from the core: one is C1, which is con-
sidered as the VLBI core, and the other one is C2, the
closest downstream component located at 5 mas from
Cl1 (e.g., Zhang et al. 1994; Jiang et al. 1996; Cotton
et al. 1997; Nagai et al. 2016; An et al. 2017). Notably,
the separation between C1 and C2 becomes larger at
higher frequencies between 2-15 GHz, suggesting that
the position of C1 shifts closer to the black hole as fre-
quency increases (Nagai et al. 2016). If the direction of
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Figure 8. The blue, magenta, red, and green dots repre-
sent the EVPA measurements from ALMA, TRAM, SMA,
and VLA, plotted as a function of wavelength squared, re-
spectively. The gray dashed line represents the best-fit to
the EVPA values.

the magnetic field gradually changes with optical depth,
it could explain the observed EVPA rotation with fre-
quency (Agudo et al. 2012; Nagai et al. 2016).

In addition to this explanation, we should consider
Faraday rotation, which causes the EVPA to rotate as
a function of frequency when it passes through mag-
netized plasma. The amount of rotation is given by
Ax = RMM?, where ) is the observing wavelength and
RM is Faraday rotation measure. The RM is given by
RM= 8.1 x 10° fLos neB dl, where n. is the electron
density (in cm~?), B is the magnetic field strength (in
Gauss), and [ is the path length (in parsec) along the
line of sight (Rybicki & Lightman 1979; Trippe 2014).
If the core-shift effect is observed, the RM at the core is
expected to increase as a function of frequency, follow-
ing |RM| o v* with n, o< d~%, where v is the observing
frequency, a is a power-law index in the electron density
distribution, and d is the distance from the jet base (e.g.,
Jorstad et al. 2007). This is because we would see a re-
gion closer to the jet base at higher frequencies due to
the core-shift effect, where one may expect higher par-
ticle densities and stronger magnetic field strength. In
case of the BK conical jet expanding conically, we may
expect (1) a power-law electron density distribution as a
function of distance from the core n, o< d~* with a = 2,
(ii) a path length proportional to the distance from the
core dl o d, (iii) dominance of the toroidal magnetic

field B o< d~!, and (iv) energy equipartition deore o< 71,

10°
_____ |[RM| o 12:05+0.06 f,/
< 1044 a
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//I/,
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10 102

Frequency (GHz)

Figure 9. RM values as a function of geometrical mean
frequency for 3C 286 in its rest frame. Each RM value was
calculated using the best-fit EVPA values at adjacent VLA
and ALMA frequencies, plotted at the geometrical mean fre-
quency of the pairs. The gray dashed line represents the
best-fit to the RM values.

leading to |[RM| «x v* with ¢ = 2 (e.g., Lobanov 1998;
Jorstad et al. 2007; Park et al. 2018; Hovatta et al. 2019).

We present the EVPA values?? of 3C 286 measured
with VLA, ALMA, TIRAM, and SMA as a function of
the square of the wavelength in Figure 8. This allows
us to examine how the RM varies with frequency, as the
slope between two data points in the EVPA-A? plot is
proportional to the RM. The EVPA of 3C 286 barely
rotates as a function of the square of the wavelength at
centimeter wavelengths, especially at frequencies below
10 GHz (Perley & Butler 2013b). This suggests that the
RM of 3C 286 is nearly negligible at these frequencies,
as indicated by the relation Ay oc A2RM. However, the
EVPA gradually rotates from 33° to 39° as frequency
increases from 5 to 343.4 GHz. In particular, the EVPA
tends to rotate more rapidly at shorter wavelengths, in-
dicating more rapid increase in RM. This behavior is
consistent with what is expected from core-shift.

To investigate the frequency dependency of the RM
in more detail, we fit all the EVPA values with a single
power-law function of the form

20 We did not include x = 29.2° at 1.4 GHz obtained with MeerKAT
in the RM calculation, due to its frequency-dependent uncertain-
ties of up to 3° (see Figure 2 in Taylor & Legodi (2024)). Includ-
ing this measurement could introduce a systematic deviation in
the fit and lead to an inaccurate RM estimate, particularly given
that it lies orders of magnitude farther in wavelengths squared
compared to the other data points.
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Table 6. The RM of 3C 286 calculated from the best-fit EVPA at representative frequencies.

21 Vo Vmean,obs |RMobs| Vmean,rest |IRMrest|

[GHz] [GHz] [GHz| [rad m™?] [GHz] [rad m™?]
5 15 8.7 (6.540.7) x 10° 16.0 (2.340.2) x 10*
15 23 18.6 (3.6 +£0.8) x 10 34.3 (1.240.3) x 10?
23 33 27.5 (8.041.9) x 10 50.9 (2.840.7) x 10?
33 45 38.5 (1.6 +0.5) x 10? 71.3 (5.6 + 1.7) x 10?
45 86 62.2 (4.0 4 0.6) x 107 115.0 (1.440.3) x 10°
86 103 94.1 (9.9+6.4) x 102 174.0 (3.5+£2.6) x 10°
103 233 154.9 (2.5+0.4) x 10 286.4 (8.6 £1.7) x 10*
233 343 282.7 (9.1 +3.8) x 103 522.7 (3.2+1.5) x 10*

NoTE—The RM values obtained between adjacent pairs of frequencies. Vmean,obs and Vmean,rest T€present the geometrical mean
frequency of the adjacent frequency pairs in the observing and rest frames, respectively. |RMobs| and |[RM,est| indicate the
absolute values of the RM in the observing and rest frame frequencies, respectively.

log(x) = k log(A\?) + C (6)

where x is the EVPA, and A is the wavelength in
centimeter (Figure 8). The resulting coefficients from
the weighted fit are & = —0.016 + 0.002 and C =
1.547 + 0.003. Using these coefficients, we sample the
EVPA values along the best-fit curve at ten represen-
tative frequencies and calculate the best-fit RM values
between adjacent pairs. Since these model EVPAs along
the best-fit curve are derived from a fit to multiple data
points, their statistical uncertainties are smaller than
those of individual EVPA measurements by a factor of
the square root of the number of EVPA measurements.
We find that the absolute value of the RM between 5 and
343 GHz increases from 6.5 rad m~2 to 9100 rad m—2
in the observing frame. This corresponds to an increase
from 23 rad m~—2 to 32000 rad m~2 in the rest frame,
where the rest frame RM is defined as

|RMrest| = (1 + Z>2 ‘RMObS| (7)

with [RM,est| and [RMops| denoting the rest frame and
the observing frame RMs, respectively (Table 6). These
RM values are significantly larger than the previously
reported values for 3C 286, which were believed to be
close to zero, but falls within the typical range observed
in CSS sources (see Taylor et al. 1992; Luedke et al.
1998; Mantovani et al. 2009, 2013).

In Figure 9, we present the absolute values of RM as
a function of frequency in the rest frame. The best-
fit line represents |[RMgore,|o0¢ v® with the power-law
index a = 2.05 = 0.06, which is consistent with the the-
oretically expected value of a = 2 for the BK conical
jet model. This supports the interpretation that the
observed EVPA rotation as a function of wavelength

squared is primarily due to the core-shift effect in a con-
ical jet (Nagai et al. 2016).

Given that the observed EVPA values are not only
well-described by a single power-law function over three
orders of magnitude in wavelength squared, but are also
consistent with a straightforward physical explanation
(core-shift effect in a conical jet), we propose using the
theoretical EVPA values from this model curve for ab-
solute EVPA calibration between 5 and 343.4 GHz.

4.4. Depolarization mechanism

In Figure 10, we present the fractional polarization of
3C 286 as a function of wavelength squared from 1.5 GHz
to 343.4 GHz. The fractional polarization increases as
the wavelength decreases, with the rate of increase is
more rapid at shorter wavelengths. This behavior closely
mirrors the EVPA rotation, which also becomes more
rapid at shorter wavelengths (Figure 8). Such a trend
can be naturally explained with the reduced effect of
depolarization due to Faraday rotation, as we explain in
the following.

If the foreground plasma is not uniform within an
instrumental resolution element, the EVPA passing
through different plasma regions will undergo different
magnitudes of Faraday rotation, resulting in depolariza-
tion when these different EVPAs are averaged within
the instrumental beam (e.g., Burn 1966; Sokoloff et al.
1998; Pasetto et al. 2018). Consequently, higher frac-
tional polarization is expected at shorter wavelengths,
where Faraday rotation is less effective. This is because
EVPA rotates following Ay oc A2RM. Although RM in-
creases at shorter wavelengths, the magnitude of the in-
crease in RM is smaller than the decrease in wavelength
squared, resulting in a reduced depolarization effect. For
example, as A\? decreases by a factor of 4706, from 5 to
343 GHz, the RMy,s increases by only 1400, from 6.5 to
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Figure 10. The blue, magenta, red, and green dots rep-
resent the fractional polarization measured with ALMA,
IRAM, SMA, and VLA, plotted as a function of wavelength
squared. The gray dashed line represents the best-fit to the
fractional polarization values.

9100 rad m—2. This indicates that the decrease in wave-
length squared is larger than the increase in RM, sug-
gesting that Faraday depolarization is reduced at shorter
wavelengths. These observation results align well with
depolarization caused by Faraday rotation.

Motivated by the EVPA distribution, we fit the frac-
tional polarization values with a single power-law func-
tion of the form:

log(m) = k' log(\?) + C’ (8)

where m denotes the fractional polarization and A is
the wavelength in centimeters. Notably, the fractional
polarization, spanning four orders of magnitude in wave-
length squared, is well-described by a single power-
law function with coefficients ¥’ = —0.047 + 0.001 and
C’ = 1.108 £ 0.001 (Figure 10). This closely resem-
bles the EVPA distribution, which is also well fitted
with a single power-law, suggesting that at shorter wave-
lengths, less efficient Faraday depolarization entails the
increase of the fractional polarization.

We note that various depolarization models which
relate fractional polarization to wavelength have been
studied in both theoretical studies (e.g., Burn 1966;
Cioffi & Jones 1980; Tribble 1991; Sokoloff et al. 1998;
Melrose & Macquart 1998; Yushkov et al. 2024) and ob-
servational analyses (e.g., Mantovani et al. 2009; Farnes
et al. 2014; Pasetto et al. 2018, 2021; Park et al. 2019)
to explore the properties of the region where Faraday
rotation occurs, such as whether the rotation is internal

or external to the emitting region, the geometry of the
region (e.g., slab or sphere), the number of plasma lay-
ers, and complex structure of the magnetic fields within
the plasma. However, those models are primarily suited
for optically thin cases, whereas the emitting regions
in 3C 286 are partially optically thick, exhibiting the
core-shift effect. In addition, the higher fractional po-
larization observed at shorter wavelengths may also con-
tribute to more ordered magnetic fields in regions closer
to the black hole (Nagai et al. 2016), further compli-
cating the investigation of the Faraday rotating me-
dia. We expect that future theoretical studies based
on our observations or polarimetric observations with
VLBI at millimeter/submillimeter will provide a more
detailed understanding of the origin of Faraday rotation
in 3C 286 by resolving the optically thin and thick re-
gions of the jet.

5. CONCLUSIONS

In this paper, we have reported the results from the
monitoring observations of 3C 286 using three instru-
ments: ALMA at 91.5, 103.5, 233.0, and 343.4 GHz,
IRAM at 86 and 229 GHz, and SMA at 225 GHz.

The total flux measured with TRAM is nearly con-
stant throughout the monitoring period from 2006 to
2024, whereas the ALMA flux measurements show de-
creasing trends during its monitoring period from 2018
to 2024. This discrepancy can be partially related to a
4% increase of the brightness of Uranus, which serves
as the primary flux calibrator for ALMA. This increase
may result from the gradual rotation of Uranus’ north
pole into our view, as it is brighter than the equato-
rial regions, thereby increasing the integrated bright-
ness temperature of Uranus. However, the ESA4 model
used in ALMA flux calibration does not take into ac-
count such time-dependent variations of brightness. In-
stead, ALMA also monitors other SSOs such as Nep-
tune and Mars, and adopts flux scaling factors derived
from them only when they agree with the scaling fac-
tor from Uranus within 5%. As a consequence, the flux
of other sources including 3C 286 may likely be scaled
down within these limits, which could lead to an ap-
parent gradual decrease in the flux of 3C 286 measured
with ALMA. Therefore, we conclude that the flux of
3C 286 has remained nearly constant within the IRAM
measurement uncertainties over the past ~20 years.

The average total flux measured with IRAM at 86 and
229 GHz corresponds to a spectral index of 1.039+0.008,
which is steeper than the spectral index of 0.71240.003
observed between 3 and 50 GHz. This steeper spectrum
at higher frequencies can be explained by synchrotron
cooling - a process in which higher-energy electrons lose



energy more rapidly through synchrotron radiation than
lower-energy electrons. As a result, the spectrum ex-
hibits a break at 67.2 + 1.2 GHz.

The age of the jet, derived from the equipartition mag-
netic field strength of 4.4 mG and the break frequency
of 67.2 GHz, is 450 years under the continuous injec-
tion model. This corresponds to an average apparent
speed of B.pp = 2.6, given the size of the source of
50 mas. However, this is significantly faster than the
typical speeds observed in CSS sources, implying that
the spectrum may not be explained by a one-zone syn-
chrotron model.

We have also investigated the polarimetric properties
of 3C 286. Both the EVPA and fractional polarization
are stable from 86 GHz to 343.4 GHz over the past
~20 years. This is in agreement with the stability at
frequencies lower than 50 GHz confirmed with previous
studies. Notably, the EVPA gradually rotates with fre-
quency, from 33.0° + 1.0° at 5 GHz to 38.9° £ 0.1° at
343.4 GHz. This gradual EVPA rotation as a function
of frequency can be explained by the core-shift effect.
For example, a gradual change in the magnetic field
direction with optical depth, as suggested by previous
studies, could account for the EVPA rotation.

Alternatively, it can also be explained with Faraday
rotation, without requiring magnetic fields that gradu-
ally change direction with optical depth. Specifically,
the EVPA rotation is observed to be more rapid at
shorter wavelengths, indicating that the RM increases
at shorter wavelengths. We performed a power-law fit-
ting to the EVPA values from 5 to 343.4 GHz and found
that the RM increases from 23 to 32000 rad m~2 in the
rest frame. This is the first time such an increase in the
RM has been observed for 3C 286. Moreover, the RM
increases with frequency, following a power-law relation
of RM¢ore o v® with a = 2.05 + 0.06. This result aligns
with the power-law index of a = 2 expected for the core-
shift effect in the BK conical jet model, suggesting that
the observed EVPA rotation in 3C 286 can be explained
in this framework.

Given that the EVPA values are not only fitted well
with a single power-law over three orders of magnitude
in wavelength squared, but also aligns with a physical
explanation based on the core-shift effect in a conical
jet, we propose using the theoretical EVPA values pro-
vided by the model curve for absolute EVPA calibration
between 5 and 343.4 GHz.

Meanwhile, the fractional polarization gradually in-
creases with frequency, from 8.6% at 1.1 GHz to 16.4%+
0.1% at 343.4 GHz. Notably, it follows a single power-
law as a function of wavelength squared, similar to the
trend found in the EVPA distribution. This implies that
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the higher fractional polarization at shorter wavelengths
may result from reduced depolarization caused by Fara-
day rotation, as its effect diminishes at shorter wave-
lengths. In addition, more ordered magnetic fields in
regions closer to the central black hole could also con-
tribute to the higher fractional polarization at shorter
wavelengths.
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Table 7. Total flux measurements with ALMA.

Period 1 Period II Period II1

v N S, s, <8su> N Sy os <Esy> N S, s, <Esu>
[GHz] (1) (2) (3) (4) n 2 6 @ n @ 6 @
91.5 53 0.812 0.036 0.034 65 0.805 0.020 0.031 62 0.788 0.025 0.032
103.5 54 0.723 0.024 0.034 62 0.719 0.018 0.029 49 0.709 0.027 0.033

233.0 7 0.320 0.019 0.033 12 0.311 0.014 0.027 11 0.302 0.012 0.024
343.4 32 0.220 0.021 0.021 36 0.205 0.016 0.021 51 0.193 0.018 0.043

v

NoTE—Total flux measurements in units of Jy. Period I, II, and III cover MJD 58200 to 59000, MJD 59200 to 59900, and MJD
after 60100, respectively. The columns indicate (1) the number of data, (2) total flux in units of Jy, (3) standard deviation of
total flux, and (4) average measurement uncertainty.

Table 8. EVPA measurements using ALMA.

Period 1 Period II Period II1

v N X ox  (ex) N X ox  (ex) N X ox  (ex)
[GHz] (1) (2) (3 @) @O @ ) @ @O @ ) @
91.5 72 36.87 1.12 1.23 124 36.43 1.54 1.42 78 35.75 2.36 2.03
103.5 72 36.77 1.38 1.40 124 36.90 1.47 1.59 78 34.87 2.37 2.44
233.0 9 36.89 2.00 2.02 34 36.14 3.28 2.19 15 37.14 1.16 1.63
343.4 64 38.65 8.06 4.95 111 38.13 5.26 3.91 53 38.31 2.53 2.97

NoTE—Same as Table 7 but for EVPA.

Table 9. Fractional polarization measurements using ALMA.

Period 1 Period II Period II1

v N m  om (em) N m  om  (em) N m  om (em)
GH7l 1) 2 3 & (O @ B @& O @ 6 &
91.5 72 14.24 0.60 0.66 124 14.39 0.90 0.79 78 14.29 0.67 0.94
103.5 72 14.37 0.83 0.75 124 14.70 1.41 0.90 78 14.25 0.97 1.10
233.0 9 1555 0.93 1.03 34 1530 241 0.93 15 16.31 0.54 1.02
3434 64 16.24 3.25 2.04 111 16.01 2.58 1.78 53 1591 1.69 1.52

NoTE—Same as Table 7 but for fractional polarization.

A. THE TOTAL FLUX, FRACTIONAL POLARIZATION, AND EVPA OF 3C 286 MEASURED WITH ALMA

In Table 7, we present the average total flux, standard deviation, and average measurement uncertainty of the total
flux of 3C 286 as measured with ALMA during Period I, II, and III. Table 8 and 9 are the same as Table 7 but for
EVPA and fractional polarization, respectively.
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