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ABSTRACT

We present an analysis of 2.05 um Hubble Space Telescope polarimetric data for a sample of
13 nearby Fanaroff—Riley type II (FRII) 3CR radio sources (0.03 < z < 0.11) that are classified
as narrow-line radio galaxies (NLRG) at optical wavelengths. We find that the compact cores
of the NLRG in our sample are intrinsically highly polarized in the near-infrared (near-IR)
(6 < Pos.um < 60 percent), with the electric vector (E-vector) perpendicular to the radio axis
in 54 per cent of the sources. The levels of extinction required to produce near-IR polarization
by the dichroic extinction mechanism are consistent with the measured values recently reported
in Ramirez et al., provided that this mechanism has its maximum efficiency. This consistency
suggests that the nuclear polarization could be due to dichroic extinction. In this case, toroidal
magnetic fields that are highly coherent would be required in the circumnuclear tori to align
the elongated dust grains responsible for the dichroic extinction. However, it is not entirely
possible to rule out other polarization mechanisms (e.g. scattering, synchrotron emission) with
our observations at only one near-IR wavelength. Therefore, further polarimetry observations
at mid-IR and radio wavelengths will be required to test whether all the near-IR polarization
is due to dichroic extinction.
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1 INTRODUCTION

The orientation-based unified schemes for active galactic nuclei
(AGN; Antonucci 1993; Urry & Padovani 1995) propose that the
quasar continuum light in type-2 radio galaxies is hidden from our
direct view by an obscuring torus at optical wavelengths.

In the case of powerful radio galaxies (PRG), polarimetry obser-
vations provide strong evidence to support the unified schemes. For
instance, optical spectropolarimetric observations of narrow-line
radio galaxies (NLRG) show broad He lines detected in a signifi-
cant number of objects (Antonucci 1984; Goodrich & Cohen 1992;
Tran, Cohen & Goodrich 1995; Ogle et al. 1997; Cohen et al. 1999).

* E-mail: e.ramirez@usp.br
1 Deceased.

These detections are attributed to light from the broad-line region
scattered by material out of the plane of the torus.

Optical polarimetric imaging of Fanaroff and Riley type II (FRII;
Fanaroff & Riley 1974) PRG also shows a centrosymmetric pattern
of polarization vectors contained within a bi-cone structure in seven
out of eight NLRG in the Cohen et al. (1999) sample, including
Cygnus A (see also Tadhunter, Scarrott & Rolph 1990; Ogle et al.
1997). This, together with the detection of broad polarized He lines,
reveals the presence of broad-cone reflection nebulae illuminated
by the AGN.

The direct detection of the unresolved AGN in NLRG is diffi-
cult at optical wavelengths, given the high extinction and the ev-
ident presence of dust (de Koff et al. 1996; Chiaberge, Capetti &
Celotti 1999, 2000, 2002). However, Hubble Space Telescope (HST)
observations of Cygnus A show a clear progression from a dou-
ble V-shape structure detected at optical and shorter near-infrared
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(near-IR) wavelengths, to a compact nuclear source at longer near-
IR wavelengths (Djorgovski et al. 1991; Tadhunter et al. 1999).
More recently, we detected a point-like nucleus at 2.05 pm in
80 per cent of a nearby sample of NLRG (Ramirez et al. 2014), sug-
gesting that the central engine is shining directly through a dusty
torus in these sources, providing evidence for the unified schemes.

It is not only infrared (IR) imaging and spectroscopic observa-
tions that are useful in the study of the central obscuring region in
PRG: the analysis of near-IR polarimetric data also has the potential
to provide important complementary information on the geometry
and intrinsic properties of the central regions. Studies at the K-band
of the nuclear polarization of Centaurus A and Cygnus A show high
core polarizations of 9 £ 1 and 28 + 1 per cent, respectively, with
the electric vector (E-vector) position angle (PA) aligned perpen-
dicular to the radio jet (Bailey et al. 1986; Tadhunter et al. 2000).
A similar configuration is found in 3C 223.1 and 3C 433 at 2.2
and 2.05 pm, respectively: polarization E-vectors perpendicular to
the radio jet axis, in addition to dust lanes orientated perpendicu-
lar to the radio jets (Antonucci & Barvainis 1990; Ramirez et al.
2009). This is consistent with a dichroic! or scattering origin for the
polarization, since such mechanisms can produce polarization PAs
that are perpendicular to the radio jet orientation. In contrast, the
polarization PAs for any synchrotron emission from the inner jets
tend to be parallel to the radio jet orientation (e.g. Lister 2001).

Our detailed study of 3C 433 (Ramirez et al. 2009) suggested that
the near-1R polarization of the core (8.6 &= 1.0 per cent) is produced
by highly efficient dichroic extinction (Ay &~ 15 mag). Moreover, the
polarized core in Cygnus A (28 & 1 per cent; Tadhunter et al. 2000),
could also be explained in terms of in a similar fashion. In addition
to the detection of highly polarized compact core sources, an in-
teresting extended polarization pattern has been detected along one
edge of the bi-cone detected at 2.0 um in Cygnus A (Tadhunter et al.
2000), providing potentially valuable information on the anisotropic
illumination by the AGN and the properties of the obscuring torus
structure. The detected polarization pattern in Cygnus A (Tadhunter
et al. 2000) has been explained in terms of the illumination of
the extended structures by anisotropic near-IR radiation emitted by
the outer parts of a warped accretion disc (Sanders et al. 1989;
Tadhunter et al. 2000). The detection of similar patterns in other
NLRG would support the idea that the near-IR continuum is intrinsi-
cally anisotropic. Such studies constitute a motivation to extend the
polarimetric analysis to a larger sample of radio galaxies.

In this paper, we present near-IR polarization measurements for a
sample of FRII NLRG taken with the HST. The sample and observa-
tions are described in Section 2, and the data reduction is presented
in Section 3. In Section 4, we analyse the polarimetric data, and
report the degree of intrinsic nuclear polarization, as well as evi-
dence for extended polarization structures. We examine the possible
origin of the core polarizations in Section 5, and finally, discussion
and conclusions are given in Sections 6 and 7, respectively.

2 SAMPLE AND OBSERVATIONS

The sample comprises all 10 NLRG at redshifts 0.03 < z < 0.11
in the 3CRR catalogue (Laing, Riley & Longair 1983) classified as
FRII (Fanaroff & Riley 1974) sources based on their radio morphol-
ogy; we label this sample as the ‘complete sample’. In addition, we
have analysed archival observations of 3C 293, 3C 305 and 3C 405

! Dichroic extinction is the selective attenuation of light passing through a
medium that contains dust grains aligned by a magnetic field.
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(Cygnus A) extracted from the Mikulski Archive for Space Tele-
scopes. They are included because these are the only other 3C PRG
at similar redshifts observed with HST/Near Infrared Camera and
Multi-Object Spectrometer (NICMOS) at 2.05 pm in a similar way
to our complete sample. These three additional objects, along with
the 10 objects in the main sample, comprise an ‘extended sample’
of 13 3CR radio galaxies, all located in the Northern hemisphere.

Dedicated HST polarimetric observations were obtained with
the Near Infrared Camera and Multi-Object Spectrometer 2 (NIC-
MOS?2), through the three long polarimeter (POL-L) filters, centred
at 2.05 pum. The principal axes of the three polarizers are offset
by ~60° from each other (Viana et al. 2009). NICMOS2 has a
field of view of 19.2 x 19.2 arcsec. The observations of the com-
plete sample were made during Cycle 13, between 2005 April and
2006 June (GO 10410, principal investigator, PI: Tadhunter). The
observations were executed in multiple accumulate mode.”

The observations for GO 10410 were taken with the standard
X-STRIP-DITHER-CHOP pattern (Viana et al. 2009). The spacing of the
chopin the Ydirection was 31.5 to 35.5 arcsec, and the dither spacing
in the X direction was 0.9 arcsec. A total on-galaxy integration time
of 1024 s (4 dithers of 256 s each: ~(.5 orbits in total) for each POL-
L filters was achieved, with the exception of the relatively bright
source 3C 433, for which shorter exposure times and more dithers
were used in order to avoid saturation (4 dithers of 16 s each, and 12
dithers of 64 s each, for each POL-L filters; more details in Ramirez
et al. 2009). Similar off-galaxy background exposures were used to
facilitate accurate background subtraction without compromising
the signal-to-noise ratio in the nuclear regions of the galaxies.

For 3C 293 and 3C 305 we used archive data from programme
GO 7853 (PI: Jackson). These data were taken on 1998 August
19, using NICMOS?2 with the POL-L filters at 2.05 pm, and were
made by executing a NIC-SPIRAL-DITH pattern with 2 points in steps
of 3.5 arcsec (Viana et al. 2009), achieving an on-galaxy exposure
time of 2176 s per POL-L filter.

For 3C 405, the observations were taken from programme GO
7258 (PI: Tadhunter; see details in Tadhunter et al. 1999, 2000).
These observations were executed on 1998 December 16 in the same
fashion as the GO 10410 programme: using coordinated parallel
exposures observations as part of a chop process. The polarimetric
observations with POL-L filter of 3C 405 were executed with a
FOUR-CHOP pattern with chop steps of 32.5 arcsec in 28 exposures:
14 on the sky and 14 on the source, with a total on-source exposure
time of 2688 s in each of the POL-L filters (14 exposures of 192 s
each).

The HST observational details are presented in Table 1. The HST
provides an actual spatial resolution of 0.22 arcsec (and a theoretical
spatial resolution of 0.21 arcsec) at 2.05 wm. This is much better
than achieved in routine ground-based observation without adaptive
optics. Moreover, the point spread function (PSF) is more stable
in space than it is from the ground — an important advantage for
polarimetric imaging. The low redshifts of the objects in the sample,
and the HST polarimetric capabilities, allow the measurement of the
near-IR core polarization at unprecedented resolution — on the 150
to 850 parsec scales depending on redshift.?

2 Multiple accumulate mode (multiaccum) is a pre-defined sequence of mul-
tiple non-destructive readouts exposures, used to cope with saturated pixels
and cosmic rays, and to increase the dynamic range of the observations, i.e.
increase the charge capacity of the pixels.

3 Throughout this paper, the following cosmological parameters are as-
sumed: Hy = 70kms~! Mpc™!, @y = 0.3, and 2, = 0.7.
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Table 1. HST observation details. The column POL-L NICMOS2
(NIC2) gives the exposure time for each of the three POL-L filters
at different angles.

Source Obs. ID  Filter exp. time (s) Date PA_V3
POL-L NIC2 (©)

3C33 10410 1024 2005-07-10 67.8

3C98 10410 1024 2005-08-28 79.2

3C 192 10410 1024 2005-06-15 282.3
3C 236 10410 1024 2005-06-15 278.6
3C2717.3 10410 1024 2005-08-03 272.8
3C285 10410 1024 2005-11-21 143.6
3C 321 10410 1024 2005-08-22 2775
3C 433 10410 832 2005-08-22 343.8
3C 452 10410 1024 2006-06-15 64.4

4C 73.08 10410 1024 2005-04-21 300.9
3C293 7853 2176 1998-08-19 265.5
3C 305 7853 2176 1998-07-19 292.1
3C 405 7258 2688 1997-12-15 214.9

3 DATA REDUCTION

All raw NICMOS/HST data were processed using the standard NIC-
MOS pipeline calibration software caLnica (Thatte et al. 2009). The
CALNICA pipeline removes instrumental signatures and cosmic ray
hits, and combines the multiple readouts when observed in multi-
accum mode. Subsequently, we further reduced the caLNicA output
with Image Reduction and Analysis Facility (IRAF),* median com-
bining the dithers on the source, and the dithers on the sky, with
MmcoMBINE. The combined sky frame was then subtracted from the
combined source frame. Possible remaining hot pixels and detector
quadrant features were removed by hand using the cLEAN task in the
FIGARO package of the STARLINK software library.

To obtain the measurements of polarization degree (P) and
E-vector PA we applied the following steps.

(i) The mean and standard deviation in units of counts per second
of the intensity in each POL-L filter image were measured (whether
measured in individual pixels or apertures). For those objects with
just two dither images (namely 3C 293 and 3C 305), this approach
is not statistically correct, and to estimate the uncertainty a combi-
nation of the detector read noise and the Poisson noise in the signal
in each dither position was considered.

(i1) The Stokes parameters, I, U and Q, were solved from the
matrix of the linear system for the three polarizers using a purpose-
written Interface Description Language (IpL) routine that we wrote
following the procedures of Sparks & Axon (1999). We used the
high-accuracy transmission coefficients for the POL-L filters deter-
mined for post-NICMOS cooling system observations by Batchel-
dor et al. (2009) for objects observed after 1998 December 31,
and the pre-NICMOS cooling system coefficients for the observa-
tions taken before 1998 December 31 (Hines, Schmidt & Schneider
2000).

(iii) P and PA were calculated using the relationships P =
V0?4 U?/I and 6 = Ltan"'(U/Q). To get the PA, the aper-
ture position angle [APPA from the image headers (APPA=
PA_V3 — 405°)] had to be subtracted from 6. The orientations of
the NICMOS camera relative to the celestial frame of the observa-

4 1RAF is distributed by the National Optical Astronomy Observatory, which

is operated by the Association of Universities for Research in Astronomy,
under cooperative agreement with the National Science Foundation.

tions (PA_V 3), which must be subtracted from the calculated PA,
are given in Table 1.

4 POLARIMETRIC ANALYSIS

4.1 Nuclear polarization: aperture polarimetry

To measure the nuclear polarization, aperture photometry of the
galaxies was performed using several circular apertures of different
radii centred on the nucleus using the pHOT task in IRAF. The central
position of each galaxy was estimated by fitting a 2D Gaussian
profile to the 2.05 um deep image. The Stokes parameters were
solved for each concentric aperture following the prescription of
Sparks & Axon (1999), as described in Section 3. The variations
of P and PA with aperture radius are presented for each source in
Fig 1. Inmost cases, the degree of polarization shows a decrease with
increasing aperture size, while the polarization PA shows relatively
little variation. This is indicative of dilution of the core polarization
by unpolarized starlight towards the outer parts of the galaxies.

The core polarization was considered to be that measured in an
aperture of 0.9 arcsec diameter (6 pixel radius), centred on the
nucleus. This aperture size was chosen because it contains the first
Airy ring (diameter of first Airy ring is ~0.6 arcsec), is not sensitive
to small errors in the spatial alignment between data taken with the
three POL-L filters, and does not contain too much of the light of
the extended stellar halo of the host galaxy.

The measured polarization estimates given by the relation P =
v/ 0% + U?/I are biased towards non-zero polarization (Clarke &
Stewart 1986; Sparks & Axon 1999). Since P =/ Q%+ U?/I,
negative values of Q and U will always give a positive length of
the P vector, resulting in a residual observed polarization (Clarke
& Stewart 1986). This bias affects targets with low signal-to-noise
ratio, P/o < 3, resulting in the measurement of polarization even
when the source is truly unpolarized. The distribution function for
the polarization, P, and the true polarization, Py, obeys a distribution
governed by a Ricean distribution (Rice 1945):

F(P, Py) = Pe (PR (P Ry), (1)

where Iy(PPy) is the zero-order Bessel function (Clarke & Stewart
1986; Sparks & Axon 1999). On the other hand, the instrumental po-
larization of NICMOS2 at 2.05 pm, caused by the optical path in the
telescope and NICMOS, gives an upper limit of 0.6 & 0.1 per cent
which affects the polarization of targets with polarization lower
than ~1 per cent (Batcheldor et al. 2009). Overall, a good polariza-
tion detection requires P/o > 3 and P > 0.6 per cent.

Polarization has been detected with P/o > 3 confidence in 9 out
of the 13 sources. For 3C 236 and 3C 277.3 (P°* = 1.0 £ 0.4 and
2.1 £ 0.9, respectively) the detected polarization is marginal, with
2 < P/o < 3. Therefore, the results for these two low polarization
sources must be taken with caution. For 3C 452 and 4C 73.08
(P = 1.9 % 1.6 and 0.6 £ 0.7 per cent, respectively) we find
P/o < 2 —too low to be considered significant detections of near-
IR polarization. We have corrected these four sources using the
mean Ricean bias (see Table 2). However, 3C 452 and 4C 73.08
sources are not considered in the remaining analysis. Moreover, the
measured polarization of 4C 73.08 is the only one with <0.6 per cent
— the estimated level of instrumental polarization — another reason
for this source not to be considered further. Therefore, significant
P > 20 polarization is detected in 8 out of 10 objects in the complete
HST sample, and 11 out of 13 objects in the extended sample.
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Figure 1. Polarization measured at 2.05 pm through apertures of increasing radius. Polarization (P) at the top and position angle (PA) at the bottom.

The intrinsic degree of the core polarization is underestimated
by these initial measurements because unpolarized starlight dilutes
the intrinsic polarization (under the assumption that the starlight is
unpolarized). Also, the relatively large aperture may lead to some
geometrical dilution of the polarization due to the combination of
polarizations with different PA, leading to lower net polarization.
To estimate the contribution of starlight relative to AGN light in
the nuclear aperture (/y..s/Iaon), We measured the total flux en-
closed in a 0.9 arcsec diameter aperture for the host galaxy after
PSF subtraction (/g,; see Ramirez et al. 2014, for details about
the PSF subtraction), and the PSF flux within same size aperture
(IaoN)- Using this fraction, we estimated the intrinsic polarization,
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P™ = P(1 + Iyus/Iaon). The PA of the E-vector is unaffected by
the starlight.

The measured and intrinsic core polarization and PA in the
0.9 arcsec diameter aperture are presented in Table 2. The uncer-
tainty in the intrinsic polarization is estimated from the uncertainty
in the measured polarization, as well as the estimated uncertainty
in the fractional contribution of starlight in 0.9 arcsec aperture. The
measured polarization ranges between 1 and 9 per cent. After apply-
ing starlight correction as described above, the intrinsic polarization
ranges between 6 and 60 per cent. This substantial increase follow-
ing correction from starlight is due to the strong contribution to
the flux from the underlying background galaxy hosting the AGN.

§ 444, 466475 (2014)
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Table 2. Near-IR polarizations of the nuclei of nearby 3CR FRII radio sources.
P: polarizations measured through a 0.9 arcsec diameter (6 pixel radius) apertures
corrected for Ricean bias. P™: intrinsic nuclear polarizations of the unresolved

point sources (assuming starlight unpolarized). PAL: E-vector position angle. PA?,

position angle of the radio jet. APAR

—jet*

et

offset between the E-vector and radio jet.

The ‘L’ indicates perpendicularity within £20°.

Source Ppercent  P™ per cent PAL PAJ-Oel APA]%fjel
3C33 3.1+07 17.6 £4.0 97.3 £ 16.1 19+4 78 £ 17L
3C98 1.7+0.3 605+ 112 121.54+79 23+3 82+ 8L
3C 192 09+0.2 >54.0 65.1+7.0 120£5 5549
3C 236 09+04 56+25 55.1 £13.1 125+£5 70+ 141
3C2773 20+09* 360+166 43.0+72 1565 67+9
3C 285 27+0.7 162 +42 141+55 80+ 3 66 £ 6
3C 321 1.6 £0.3 >32.8 68.0£9.3 123+6 55+11
3C433 7.0+0.2 9.8 +0.8 83.0+23 168+2 85431
3C 452 14+1.6" 66+76 178.5 £ 8.5 81+2 -
4C73.08 04+07° 59496 20.5 £ 13.5 70+3 -

3C 293 1.44+03 435+158 12394102 9545 29+ 11
3C 305 1.5+£02 31.5+£52 1276 £100 55+5 73+ 111
3C 405 83+£0.6 >34.7 31.2+£6.7 105+2 744+71

Notes: 2 < P/o < 3.? P/o < 2. These have been corrected for Ricean bias.

Typically, the AGN contributes <20 per cent in the nuclear aperture
(except 3C 433 with a contribution of ~70 per cent; see Ramirez
et al. 2014). Note that, for cases in which we lack a significant
detection of a nuclear point source at 2.05 pm (namely 3C 192, 3C
321 and 3C 405: Ramirez et al. 2014), we can only derive lower
limits for the near-IR polarizations of their nuclei.

Regarding the PA of the E-vectors, it has been found that, for 4
out of 8 (50 per cent) of the sources in our complete HST sample
with significant near-IR polarization, the polarization E-vector is
perpendicular to the radio jet axis within +20°, while in 6 out of 11
(54 per cent) sources in the extended sample, the E-vector is close
to perpendicular to its radio jet axis (see Table 2). For the rest of
the sources, the E-vector is not perpendicular to the radio axis: their
offset ranges between 29° and 67°.

We have used Kolmogorov—Smirnov test (Kolmogorov 1933) to
test the null hypothesis that the distribution of the PA differences
between the E-vectors and the radio jet axes (APAE_J'C[) is, in fact,
drawn from a uniform distribution of PA differences. We find that we
can reject this null hypothesis at a 99 per cent level of significance,
i.e. there is a 1 per cent chance that the distribution of APAp_., is
drawn from a uniform distribution.

—jet

4.2 Spatially resolved polarimetry

Near-IR imaging polarimetry has the potential to penetrate the cir-
cumnuclear dust and trace structures on a kpc scale. To investigate
possible extended polarization structures, a software package is
available through the Space Telescope Science Institute (STScI)
that produces polarization coefficient images (I, U and Q) from im-
ages taken with NICMOS (Mazzuca & Hines 1999). Nevertheless,
we have developed our own IDL routine to allow a better manipu-
lation of the images. This DL routine also executes binning of the
images, solves the Stokes parameters, estimates P and PA (with
their respective errors), and maps the P-vectors over the intensity
image.

Because the spatial resolution of HST is 0.22 arcsec at 2.05
pm (equivalent to ~3 pixel sampling in NICMOS?2), it is difficult
to distinguish polarization structures within a 3 x 3 pixel box.
Therefore, to be sure of the degree of extended polarization, each

POL-L filter image was binned using a 3 x 3 pixel box. The value
given to each pixel in the new low-resolution image was set to be
the sum of the original 9 pixels in the 3 x 3 pixel box. After the
binning process, the Stokes parameters were solved for each new
pixel of the lower resolution image.

Apart from the jet knots detected in 3C 293 by Floyd et al. (2006),
and the extended polarization detected in 3C 405 by Tadhunter et al.
(2000), we have not found clear evidence for extended polarization
in any of the sources in the complete or extended sample. Fig. 2
shows our polarization maps for 3C 293 and 3C 405. For confirma-
tion of the correct operation of this in-house developed software,
we compared the polarization pattern to the results of Tadhunter
et al. (2000) for Cygnus A, which were obtained using different
software.

For the case of 3C 293, the near-IR jet comprises three knots run-
ning from west to east, following the radio jet counterparts (Bridle,
Fomalont & Cornwell 1981). We measured slightly lower polariza-
tion than that reported by Floyd et al. (2006) for the three knots:
whereas Floyd et al. (2006) measured 15 per cent polarization for
all three knots, we measured 12 per cent for the farthest knot and
~5 per cent for the other two (see below). Following the nomencla-
ture for the knots in Floyd et al. (2006) (E1 is the farthest knot from
the core, E2 is at intermediate distance, and E3 is the nearest one),
we obtained the following results:

Ppy =126 £1.3 percentand PAg, =24.2 +26;
Pr, =5.0+£0.5 percentand PAg, =84.8£7°9;
Pp3;=47+£05 percentand PAg; =70.0£5%4.

Furthermore, we found an offset of ~30° between our PAg; and
that reported by Floyd et al. (2006, PAgs; = 40°), while the other
two knots are consistent, with an offset <15° (PAg; = 10 £ 10° and
PAE, =70 £ 10°; Floyd et al. 2006). However, our measurements
of the polarization PAs of jet knots are similar to the polarization
angles measured at shorter radio wavelengths, where the Faraday
rotation effects are minimized (Akujor et al. 1996). Akujor et al.
(1996) present 22 and 15 GHz polarimetric maps observed with
Very Large Array of the core and jet of 3C 293. Unfortunately,
Akujor et al. (1996) do not give numbers for the PA, but report
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Figure 2. The 2.05 pm HST polarization maps (E-vector) for 3C 293 (left) and 3C 405 (right, Cygnus A), produced with our in-house pL routine. The maps
are consistent with those of Tadhunter et al. (2000) for Cygnus A and Floyd et al. (2006) for 3C 293, which were obtained using different software. The red
arrows indicate north and east. The length of the longest polarization vector represents 30 per cent, and the polarization vectors are only plotted for P/o > 5.

In each case, the field size is 3 x 3 arcsec.

that, at high frequencies (22 GHz), the E-vectors run parallel to the
jet (Akujor et al. 1996). By examining the jet PA in their 22 GHz
image, we found consistency with our results.

5 EXAMINATION OF THE POLARIZATION
MECHANISMS

The polarization of the near-IR light could be produced by three
mechanisms: (i) dichroic extinction; (ii) non-thermal synchrotron
radiation; or (iii) scattering of the light by dust or electrons in the
near-nuclear regions. In this section, we analyse each case critically.

5.1 Dichroic extinction

It is possible that the sources with a point source detection are
dominated by dichroism, given that in such sources we may be
observing the sources shining directly through the foreground dust
in the torus (point sources are detected at 2.05 wm in 3C 33, 3C 98,
3C 236, 3C 277.3, 3C 285, 3C 293, 3C 305, 3C 433, 3C 452 and
4C 73.08; Ramirez et al. 2014).

Under the assumption that the intrinsic polarization is due to the
dichroic mechanism, the optical extinction versus near-IR polariza-
tion relation can be used (Jones 1989) to deduce the Ay required to
obtain the measured P™. Jones (1989) took measurements of 2.2
pum polarization of individual stars from the literature, and found a
good correlation between the linear polarization and the interstellar
extinction. The stars that he analysed are extinguished by interstellar
dust, and were chosen to be those without signs of intrinsic polar-
ization, or polarization due to scattering. Our near-IR polarization
estimates, and the mean optical extinction estimates for each object,
are plotted on the dichroic efficiency curve of Jones (1989) in Fig. 3.
The filled circles in Fig. 3 represent the mean Ay measurement es-
timated using the four different techniques in Ramirez et al. (2014,
excluding the derived optical extinction based on the silicate ab-
sorption line, which gives low extinction values), and the error bars
are the upper and lower values in the range of Ay estimated using

100 [ T LU T TTTTTT T LU T \\\HL

50 —

i 3C 405 i

| 3C 321 |
S
Ex
A

10 - n

i 3C 236 ]

5 - —

/
Il \\\\H‘ \\\\\l( Il \\\\H‘ Il L1111l
0.01 0.1 1 10 100

Tk

Figure 3. The dichroic efficiency curve (Jones 1989). The solid and dashed
lines represent the theoretical maximum and mean empirical dichroic ef-
ficiency, respectively. The symbols represent the mean extinction Ay esti-
mated by independent methods for the 3CR radio galaxies (see Ramirez
et al. 2014).

the four different techniques in Ramirez et al. (2014). According
to Jones (1989), Fig. 3 shows a clear trend for polarization to be
higher for larger optical depths. The trend he found can be fitted by
a power law (dashed line), with a slope of 0.75, following a relation
given by

Py =2.231,)%, )
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where 7x = 0.09Ay is the optical depth at K band, derived using
A, = 1.0867,, and the extinction law A, oc A~17 (Mathis 1990).
The maximum polarization percentage curve (solid line in Fig. 3) is
the upper envelope to the data following the relation Pp,x = 5.4 Pk,
where Pk is the polarization given in equation (2). In fact, this curve
follows the theoretical relation given by (Jones 1989)
(€ —e ™)

Poax = 100m, 3)
where 7, = t¢(1 — 1)/(1 + 1) and 7 is the dichroic efficiency of
the dust grains: the ratio between the extinction perpendicular to
the dust’s long axis and the extinction parallel to the dust’s long
axis, typically in the range 0.87—0.93. We set n = 0.875 — equiva-
lent to the maximum interstellar polarization found by Serkowski,
Mathewson & Ford (1975) and Jones (1989).

From Fig. 3, we find that, in general, our results are consistent
with a dichroic origin for the polarization only in the case of max-
imum dichroic efficiency. The exceptions are 3C 98, 3C 192, 3C
277.3 and 3C 293, for which even the case of maximum dichroic
efficiency cannot reproduce the high level of intrinsic polarization.
It is worth mentioning that the correction for starlight for 3C 192 is
the largest in the sample (P™ = 60P). The estimated dichroic ex-
tinction for 3C 433 (see Ramirez et al. 2009) and 3C 405 (Tadhunter
et al. 2000) fits very well with the mean of the other extinction esti-
mations. For the rest of the sources, the dichroic efficiency must be
at the upper limit deduced for stars in the Milky Way, regardless of
how the level of extinction is estimated.

It is important to consider the uncertainty in the estimation of
intrinsic polarization. The sources of error are the polarization mea-
surement itself, and the estimation of the starlight dilution. In most
of the cases, the AGN contributes <20 per cent to the light in the nu-
clear aperture of 0.9 arcsec diameter (6 pixel radius). The starlight
dilution is least in 3C 433 (<30 per cent). This source falls on the
maximum dichroic efficiency curve in Fig. 3, providing evidence
for a dichroic origin of the polarization (see Ramirez et al. 2009).
Because the rest of the sources are consistent with 3C 433, this also
provides evidence for a dichroic origin of the polarization for the
sources.

The relatively high dichroic efficiency can be explained in the
following way: when we observe stars with large extinction in our
Galaxy we may be observing them through several clouds, each
with a different alignment of the dust grains, resulting in a low net
polarization. Most of the stars used to derive the dichroic efficiency
curve by Jones (1989) could have the same problem. Hence, if
the magnetic field in the torus is coherent, we could obtain higher
efficiency than the average for stars in the Galaxy.

Furthermore, the PAs of the E-vectors provide information about
both the dust properties and the magnetic fields in the torus (e.g.
Packham et al. 2007; Lopez-Rodriguez et al. 2013). The nuclear
E-vector of the AGN is close to perpendicular to the radio axis in 4
out of 8 (50 per cent) sources in our complete HST sample, and in 6
out of 11 (54 per cent) sources in the extended sample (see Table 2).
Given that dust grains tend to align their longest axis perpendicular
to the magnetic field, this is evidence for the presence of a coherent
toroidal magnetic field aligning elongated dust grains in the torus,
leading to the measured orientation of the E-vector.

5.2 Synchrotron radiation

It remains the possibility that, at 2.05 pm, the flux may be con-
taminated by non-thermal radiation. It has been suggested that the
intrinsic spectral energy distributions (SEDs) of the synchrotron

core sources might follow a power law that declines between the ra-
dio and the mid-IR wavelengths (Dicken et al. 2008), or a parabolic
shape® (Landau et al. 1986; Leipski et al. 2009; van der Wolk et al.
2010). By extrapolation to the near-IR it is then possible to deter-
mine whether the flux of the AGN at 2.05 um is contaminated by
synchrotron emission.

In order to address this issue, it is necessary to examine the
SEDs, and in particular the synchrotron radio core fluxes, to extrap-
olate to the near-IR. A power law is assumed for this extrapolation.
Measuring the slope between the 5 GHz radio core measurements
(Alexander, Brown & Scott 1984; Giovannini et al. 1988; Liuzzo
et al. 2009) and the millimetre (870 um) wavelength measurements
(Quillen, Almog & Yukita 2003) for each radio galaxy, it is possi-
ble to extrapolate the near-IR wavelength. Then, by comparing the
extrapolated flux with the de-reddened 2.05 um core fluxes, we can
estimate the contamination from a non-thermal emission.

The complete near- to far-IR SEDs including the radio and mil-
limetric fluxes from the literature, are presented in Fig. 4 (radio
core fluxes at 5 GHz from Giovannini et al. 1988, except 3C 277.3:
Liuzzo et al. 2009, and 3C 405: Alexander et al. 1984). Notice that
there are sources in which a radio to millimetre slope had to be as-
sumed because of the lack of millimetric core measurements (3C 33,
3C 192, 3C 285 and 3C 433), or because of the given upper limits to
the millimetric flux (3C 98 and 3C 321). For these sources, the radio
(5 GHz) to millimetre (870 pm) slopes were assumed to be equal
to the slope deduced from photometry of unobscured type-1 radio
galaxies given in Quillen et al. (2003). Quillen et al. (2003) used
their millimetric continuum observations at 870 um of a sample of
38 radio galaxies from the 3CRR sample (Laing et al. 1983), and
core fluxes at 5 GHz, to calculate the radio to millimetre spectral
indices of 23 sources, of which 8§ are type-1. Using these data, we
estimate a median spectral index of a3, = 0.21 & 0.1(F, oc v™¢)
for type-1 radio sources.

In Fig. 4, we compare the power-law extrapolations with the
mean de-reddened near-IR (2.05 pm) core measurement estimated
by the four different techniques in Ramirez et al. (2014, not includ-
ing the method based on the silicate absorption line, which gives
low extinction values), to estimate the non-thermal contamination.
Based on Fig. 4, and taking into account the uncertainties in the de-
reddened fluxes, it is possible that a non-thermal component makes
a significant contribution at 2.05 pm in some sources. For instance,
examining the extreme cases, the extrapolated flux for 3C 236, 3C
293 and 3C 277.3 falls far above the de-reddened near-IR core flux
(see Fig. 4), therefore, a significant contribution from non-thermal
component is possible. On the other hand, 3C 285 and 3C 433
are expected to have no contribution from a polarized non-thermal
component, given that the synchrotron extrapolation falls below the
de-reddened near-IR flux. The other cases are not so clear.

A complication is that we do not know exactly what the intrinsic
SED of the synchrotron emission is doing in the near-IR range
of the spectra. Therefore, the power-law extrapolation of radio and
millimetric fluxes to near-IR wavelengths is a conservative approach
for the following reasons.

() It is not clear where the non-thermal component turns over
due to the ageing of the electron population. If the turnover occurs

3 The possibility of a parabolic SED shape, that is actually observed in some
quasars (e.g. van der Wolk et al. 2010), cannot be tested for our sample
objects because we do not have sufficient radio/sub-mm data to make an
accurate parabolic fit.
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Figure 4. SEDs of the radio galaxies in the extended sample from radio t

o the near-IR wavelengths. The filled circles represent the AGN core fluxes. The

open squares represent the mean de-reddened 2.05 pm fluxes (using Ay estimated by the different techniques in Ramirez et al. (2014), except the technique
based on the silicate absorption line). The dotted line represents the Infrared Spectrograph (IRS)-Spitzer data (Dicken et al. 2012). The open circles represent
Infrared Array Camera (IRAC) photometric measurements and the radio fluxes from the literature. The dashed open circles are the Infrared Astronomical

Satellite (IRAS) mid-IR fluxes from the literature to compare with our measu

rements. The dashed line is the power-law extrapolation from 5 GHz to the near-IR

wavelengths. We have used the type-1 radio galaxies synchrotron power-law slope (ozgm = 0.21; Quillen et al. 2003) for cases in which this slope could not be
directly measured. In cases that have actual measurements of the spectral index between the 5 GHz and millimetre wavelengths (870 pm), those were used for

the extrapolation.

in the infrared, the non-thermal component will have a steeper slope
from millimetre to near-IR wavelengths.

(ii) Because of the possible parabolic shape (and the possible
synchrotron ageing cut-offs), the simple power-law extrapolations
are likely to provide an upper limit on the synchrotron contribution
at near-IR wavelengths.

(iii) Synchrotron emission might not follow the same power law
at near-IR wavelengths. Actual measurements of the SEDs in some
core-dominated Blazar sources (e.g. 3C 273), show a rapid decline
by around two orders of magnitude from radio to near-IR wave-
lengths (Dicken et al. 2008).
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Overall, with the exceptions of 3C 285 and 3C 433, we cannot rule
out the idea that a non-thermal component produces the measured
core polarization. However, the measured PAs of the polarization
vectors at 2.05 um, relative to the radio axis, are not what would
be expected for synchrotron radiation. The polarization vectors in
the synchrotron cores of radio galaxies (Antonucci 1984; Lister
2001; Marscher et al. 2002) tend to be parallel to the direction
of the radio axis. In none of the sources in the extended sample
is this the case (see Table 2): the offsets between the E-vectors
measured at near-IR wavelengths and the radio jet axes are >50°
in 10 of the 11 cases with significant polarization (the exception
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is 3C 293 with an offset of 29 4 11°), and 6 are perpendicular to
within +20°.

To further investigate the possibility that the non-thermal jet emis-
sion makes a significant contribution to the fluxes and polarizations
of the near-IR core sources, we require measurements of the PAs
of the polarizations in the radio cores of the individual sources in
our sample. This will allow direct comparisons to be made with
the near-IR core polarizations. Preferably, the radio polarization
measurements should be made at high radio or sub-millimetre fre-
quencies, in order to avoid the effects of Faraday rotation and de-
polarization.

5.3 Scattering

Regarding scattering, the situation is more complicated because of
the different possible scattering regions. The aperture size used to
measure the core polarization has a diameter of 0.9 arcsec (6 pixel
radius), equivalent to a physical size of ~2 kpc for z & 0.1 (the
highest redshift of the sample). Within this aperture, scattering from
several components could be present: from the far inner wall of the
torus, from the outer parts of the torus, from an extended nebula (like
in 3C 405, where there is extended polarization; Tadhunter et al.
2000), or from a reflecting cloud just above the torus. Because of
the unresolved nature of the core sources, it is not possible to isolate
particular components, making it difficult to rule out scattering as a
mechanism.

For scattering, the polarization angles are expected to be per-
pendicular to the radio axis in the torus wall and reflecting cloud
cases, as observed in most objects (the PAs of the polarization vec-
tors of 6 sources are perpendicular to within £20°). If the point
sources are dominated by scattered AGN light, the actual AGN will
be entirely hidden at near-IR wavelengths, implying that the ex-
tinction estimates from Ramirez et al. (2014), might substantially
underestimate the true extinction to the AGN through the torus.

In this context, we note that a scattered near-IR component has
been suggested by Baldi et al. (2010) to explain the 1.6 um flux
excesses in NLRG-FRII galaxies. The near-IR (1.6 pm) core fluxes
have been found to strongly correlate with the radio core fluxes
(Baldi et al. 2010): FRI objects follow a linear correlation, while
broad-line FRII objects fall above the correlation. The near-IR ex-
cess in the broad-line FRII galaxies compared with the FRI and FRII
classified as weak-line radio galaxies is attributed to the presence
of direct emission from an accretion disc component. However, the
near-IR core luminosities of the FRII NLRG fall somewhere be-
tween the near-IR core luminosities of FRI and broad-line FRIIs
(Baldi et al. 2010). This characteristic of the NLRG has been in-
terpreted as being due to total obscuration of the direct light of the
quasar at near-IR wavelengths, coupled with a significant scattered
quasar component that enhances the near-IR core luminosity.

6 DISCUSSION

The nuclear and extended polarizations at 2.05 pm have been anal-
ysed for the sources in the complete and extended samples of radio
galaxies. It has been found that the sources do not show any signif-
icant extended polarization, apart from the well-known cases of 3C
293 (Floyd et al. 2006) and 3C 405 (Tadhunter et al. 2000). On the
other hand, the nuclei are intrinsically highly polarized at near-IR
wavelengths in most of the cases (except for 3C 452 and 4C 73.08).

We could be observing direct light from the AGN shining through
a dusty torus, especially in those sources showing a clear presence
of an unresolved point source at 2.05 pm (in 10 out of 13 sources;

Ramirez et al. 2014), making it plausible that the polarization in
those sources is due to dichroic mechanism. If this is the case (po-
larization by dichroic mechanism), then the dust grains must be
aligned in a toroidal magnetic field in the torus. A toroidal mag-
netic field can have an important role in regulating the accretion
of material feeding the black hole (Lovelace, Romanova & Bier-
mann 1998). Furthermore, a toroidal magnetic field could confine
the torus’ height against internal thermal pressure (Lovelace et al.
1998). This would enable the existence of smaller and denser tori
like those observed directly in interferometric observations (e.g.
Elitzur 2008, and references therein). However, the polarization
could also be a result of a combination of the scattered flux and
dichroic mechanisms, and it is impossible to distinguish the two
components.

With additional polarimetry observations at other near- or mid-
IR wavelengths, it might be possible to use the modified Serkowski
curve (Serkowski et al. 1975) for the infrared range (P oc A~'%; Mar-
tin & Whittet 1990), to distinguish between the dichroic, scattering
or synchrotron polarization mechanisms. While dichroic extinction
is strongly dependent on wavelength, following a A~'® relation,
the intrinsic polarization induced by scattering or synchrotron is
only weakly dependent on wavelength. If the dichroic mechanism
dominates, we can assume the empirical infrared curve P oc A~ '#
(Martin & Whittet 1990) to estimate the degree of polarization, P,
at 10 pm. In this way, we predict a mid-IR polarization that is a
factor of 17 lower than the near-IR polarization. For instance, we
expect to measure polarization at the P = 0.5 per cent level at 10 pm
for the core of 3C 433. On the other hand, if scattered AGN light
or synchrotron emission dominate across all near- to mid-IR wave-
lengths, we should expect negligible wavelength dependence of the
polarization in this wavelength range. In this case, the polarization
at 10 um should be similar to that at 2.05 pm.

7 CONCLUSION

In this paper, the potential of near-IR polarimetric studies for in-
vestigating the structures of the circumnuclear tori in radio galaxies
has been demonstrated. In particular, such studies have the potential
to give us information about the orientation of the dust grains and
hence the geometry of the magnetic field in the torus. The main
conclusions of this paper are as follows.

(i) After applying a correction for starlight, we find that the in-
trinsic polarizations of the compact near-IR sources of the radio
galaxies in our sample range between 6 and 60 per cent. The nuclear
polarization is measured at the >2¢ in 11 out of 13 (85 per cent) for
the HST extended sample, and at the >30 in 9 out of 13 (69 per cent)
for the same sample.

(i1) The extinction required by the maximum dichroic efficiency
is consistent with the extinction estimated by the four different tech-
niques discussed in Ramirez et al. (2014). This consistency suggests
that the high nuclear polarization is due to dichroic extinction (ex-
cept for 3C 293, which is more likely to have a non-thermal compo-
nent), the product of elongated dust grains aligned in a magnetized
torus in the nuclear region of the galaxy.

(iii) The PAs of the E-vectors in 6 out of 11 (54 per cent) sources
in our HST sample are perpendicular to the radio jet axis within
420°. The E-vectors are not aligned parallel to the radio axis in any
case; the E-vector and the radio jet axis are offset by >29° in all
cases. This provides evidence for the presence of a coherent toroidal
magnetic field aligning the dust grains.
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In summary, we find that the 2.05 wm unresolved nuclei in some
NLRG are intrinsically highly polarized (6—60 per cent), with the E-
vectors perpendicular to the radio axis in 54 per cent of the sources.
If the polarization is produced by dichroic extinction, then the
mechanism must have its maximum efficiency, a product of dust
grains aligned in a toroidal magnetic field in the torus.
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