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1 INTRODUCTION

ABSTRACT

We present high-angular (0.17—0.35 arcsec) resolution imaging polarimetric ob-
servations of Mrk 231 in the 3.1 um filter using MMT-Pol on the 6.5-m MMT, and in
the 8.7 pm, 10.3 pm, and 11.6 pm filters using CanariCam on the 10.4-m Gran Tele-
scopio CANARIAS. In combination with already published observations, we compile
the 1—12 pm total and polarized nuclear spectral energy distribution (SED). The total
flux SED in the central 400 pc is explained as the combination of 1) a hot (731 + 4
K) dusty structure, directly irradiated by the central engine, which is at 1.6 &+ 0.1 pc
away and attributed to be in the pe-scale polar region, 2) an optically-thick, smooth
and disk-like dusty structure (‘torus’) with an inclination of 48 + 23° surrounding
the central engine, and 3) an extinguished (Ay = 36 + 5 mag) starburst component.
The polarized SED decreases from 0.77 £ 0.14 per cent at 1.2 ym to 0.31 £ 0.15 per
cent at 11.6 um and follows a power-law function, A~°->7. The polarization angle re-
mains constant (~108°) in the 1—12 um wavelength range. The dominant polarization
mechanism is explained as scattering off hot dust grains in the pc-scale polar regions.

Key words: techniques: polarization, techniques: high angular resolution, galaxies:
active, galaxies: Seyferts, infrared: galaxies

line quasar (Boksenberg et al. 1977; Rudy et al. 1985), and it
is the most luminous object within 300 Mpc in the Infrared

Mrk 231 is classified as a Seyfert 1 (Veilleux et al. 1999), the
nearest (z=0.042, D=175 Mpc, 1 arcsec = 800 pc, using H, =
75.0 km s™ kpe™t, Q, = 0.27, Q, = 0.73) broad absorption
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Astronomical Satellite (IRAS) survey (Soifer et al. 2000).
Mrk 231 shows an unresolved core (Matthews et al. 1987;
Keto et al. 1992; Lai et al. 1998; Soifer et al. 2000; Quillen
et al. 2001; Lonsdale et al. 2003; Low et al. 2004) in the near-
infrared (NIR) to mid-IR (MIR) wavelength range with low
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visual extinction, Ay ~ 2 mag (Boksenberg et al. 1977; Jones
& Klebe 1989; Lipari et al. 1994) and Ay ~ 7 mag (Veilleux
et al. 2013) towards the region that obscures the Balmer
lines produced in the broad line region (BLR). A silicate
absorption band at 10 ym with 79, ~ 1.2 indicates much
higher extinction to the MIR emitting region of Ay ~ 20 mag
(e.g. Roche et al. 1983). The upper-limit size of the core is
as small as 0.008 arcsec (6 pc) at 1.1 um using Hubble Space
Telescope (HST) observations (Low et al. 2004), and 0.13
arcsec (104 pc) at 12.5 pm using the 10.0-m Keck Telescope
(Soifer et al. 2000). At the same location as the MIR core,
a compact, <90 pc ~ 0.1 arcsec, vibrationally excited HCN
emission at mm wavelengths was detected (Aalto et al. 2012)
consistent with a hot, dusty, warped inner disk.

Many efforts have been made toward understanding the
physical structures in the core of Mrk 231. Polarimetric tech-
niques offer a powerful tool as they are able to provide infor-
mation far below the angular resolution of the observations.
A multi-wavelength study aimed to disentangle the wave-
length dependence of each polarization mechanism is then
crucial. The ultraviolet (UV) to NIR continuum polariza-
tion of the unresolved core decreases from as high as 20 per
cent in the UV (Smith et al. 1995) to as low as 0.5 per
cent in the NIR (Jones & Klebe 1989). This result is in-
terpreted as dust scattering with modest starlight dilution
within the unresolved core. Further MIR polarization obser-
vations (Siebenmorgen & Efstathiou 2001) using ISOCAM
found a highly polarized (8.6 = 0.9 per cent at 12.0 ym and
6.7 + 0.9 per cent at 14.3 um) nucleus in a 9.6 arcsec (7.7
kpc) aperture. These authors suggested that the dominant
polarization mechanism arises from the passage of radiation
from the central engine through magnetically aligned dust
grains in the torus. The position angle (P.A.) of polarization
of the core rotates from ~130° at far-UV to ~90° in the opti-
cal, remaining almost constant up to the NIR (Smith et al.
1995; Jones & Klebe 1989), whilst a P.A. of polarizations
of 123° + 4° and 126° + 4° at 12 um and 14 pm were
measured by Siebenmorgen & Efstathiou (2001). The simi-
lar P.A. of polarization from UV to MIR strongly indicates
that a single mechanism is responsible for the polarized flux.
However, several interpretations of the dominant polariza-
tion mechanism have been suggested in the literature: 1) core
dominated polarization arising from aligned dust grains in
the torus (Siebenmorgen & Efstathiou 2001), and 2) dust
scattering from the unresolved core (i.e. Smith et al. 1995;
Gallagher et al. 2005). To investigate the physical mecha-
nism responsible for the IR polarization in the core of Mrk
231, further sub-arcsecond angular resolution IR polarimet-
ric observations are necessary.

In this paper, we aim to disentangle the physical struc-
ture that dominates the IR polarization in the unresolved
core of Mrk 231. We performed high-angular (0.17 — 0.35
arcsec) resolution imaging polarimetric observations using
the 3.1 pm filter on MMT-Pol in conjunction with the adap-
tive optics (AO) secondary system on the 6.5-m MMT, and
using the 8.7 pm, 10.3 pum, and 11.3 pm filters on Canari-
Cam on the 10.4-m Gran Telescopio CANARIAS (GTC).
We describe the observations and data reduction in Section
2, and the results are presented in Section 3. A polarization
model to account for the IR polarization of Mrk 231 is pre-
sented in Section 4. Section 5 presents the discussion of our
results, and Section 6 presents the conclusions.

Table 1. Summary of observations.

Instrument Date Ac On-Source® FWHM
(yyyymmdd)  (um) (s) (arcsec)
MMT-Pol 20150307 3.1 480 0.14
CanariCam 20150302 8.7 874 0.30
20150302 10.3 728 -
20150302 11.6 1014 0.35

“For the MIR observations, the total on-source time was esti-
mated accounting for the positive and negative images, produced
by the chop-nod technique, on the array.

2 OBSERVATIONS AND DATA REDUCTION
2.1 MMT-Pol: 3.1 ym imaging polarimetry

Mrk 231 was observed on 2015 March 07 using MMT-Pol
(Packham & Jones 2008; Packham et al. 2010, 2012) in con-
junction with the secondary mirror AO system and the f/15
camera on the 6.5-m MMT, Arizona. A dichroic at 15° to
the normal before the aperture window of MMT-Pol reflects
optical light up to a CCD-based wavefront sensor and passes
the IR beam into MMT-Pol at the Cassegrain focus. Thus,
Mrk 231 was used for the AO correction at optical wave-
lengths. MMT-Pol uses a 1024 x 1024 pixels HgCdTe AR~
coated Virgo array, with a pixel scale of 0.043 arcsec pixel ™%,
corresponding to a field of view (FOV) of 44 arcsec x 44
arcsec. MMT-Pol uses a rectangular focal plane aperture,
a half-wave retarder (half wave plate, HWP), and one of
two Wollaston prisms. The rectangular focal plane aperture
provides two non-overlapping rectangular images with an
individual FOV of 20 arcsec x 40 arcsec. In standard po-
larimetric observations, the HWP is rotated to four P.A. in
the following sequence: 0°, 45°, 22.5° and 67.5°. A Calcite
Wollaston is used in the wavelength range of 1—2 ym and a
Rutile Wollaston in the 2—5 pm wavelength range.

Observations at the 3.1 ym (A. = 3.1 pm, AX = 0.1 pm,
50 per cent cut-on/off) narrow band filter of MMT-Pol were
performed. This filter provides the best sensitivity within
the 3—5 pm instrumental filter set of MMT-Pol, and a new
polarimetric measurement from previously published (Jones
& Klebe 1989) observations within the 1—3 pm wavelength
range. The images were acquired in an ABBA dither pattern
with an offset of 10 arcsec in declination, where images per
HWP P.A. were taken in each dither position. The position
of the vertical axis of the array with the North on the sky was
151° E of N. Frame exposures of 5s per HWP P.A. at each
dither position were taken. The observations were performed
during windy conditions, where Mrk 231 observations were
performed in the direction of the on-coming wind and with
a low AO camera frame rate. These conditions degrade the
quality of the AO system. Although subsamples of the obser-
vations were affected by the weather conditions, only those
observations were used with (1) photometric conditions, (2)
locked AO in a complete ABBA, and (3) good image quality,
providing a total exposure time of 480s. A summary of the
observations is shown in Table 1.

The data were reduced using custom IDL routines, and
further analysis using PYTHON. The difference for each cor-
related double sample (CDS) pair was calculated, and then
sky-subtracted using the closest dither position in time to
create a single image per HWP P.A. For each dither po-
sition, the ordinary (o-ray) and extraordinary (e-ray) rays,
produced by the Wollaston prism, were extracted, and then
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the Stokes parameters, I, @), and U were estimated accord-
ing to the ratio method (e.g. Tinbergen 2005). The Stokes I
were registered and shifted to a common position, where the
Stokes @ and U used the same offsets, and then co-averaged
to obtain the final I, @, and U images. Finally, the degree,
P = /Q?+ U?, and the P.A., P.A. = 0.5arctan (U/Q), of
polarization were computed. During this process, individual
photometric and polarimetric measurements were examined
at each dither position for high or variable background that
could indicate the presence of clouds or electronic problems.
Fortunately, no data needed to be removed for these rea-
sons, although some data were removed when the AO guide
was unlocked. In the 3.1 pm filter, we correct by a polar-
ization efficiency of 94 per cent (Shenoy et al. 2015). The
instrumental polarization was measured to be 0.09 £+ 0.05
per cent using the unpolarized standard star, SAO133737,
during the observing run. Its FWHM was measured to be
0.15 arcsec x 0.13 arcsec at P.A. = 70°, using a Gaussian
profile. The measurements of the degree of polarization were
corrected for polarization bias using the approach by Wardle
& Kronberg (1974).

The polarized standard star HD38563A was observed in
the 3.1 pum filter to allow us to estimate the zero-angle cali-
bration of the observations. Frame exposures of 3s per HWP
P.A. were taken, with a total of 1 ABBA dither pattern pro-
viding a total exposure time of 40s. The zero-angle calibra-
tion, Af, was estimated as the difference of the measured

P.A. of polarization of our observations, 031,m» = 164° +
5°, and the P.A. of polarization, 03, ,,, = 97°+ 7°, provided

by Whittet et al. (1992). The 63,,, was estimated as the
average of the P.A. of polarization from the B to K filters,
assuming that the P.A. of polarization of the star does not
change with wavelength. Thus, a zero-angle calibration of
Ab3.1pm = 031 ,m — 03.10m = —67° £ 9° was estimated.

Flux calibration was performed using the polarized
standard star SAO133737. We used the magnitudes, 7.700,
7.836, and 7.828 in the J (1.2 pm), H (1.6 pm) and K (2.2
pum) filters by Cutri et al. (2003). Then, the spectral tem-
plate of a B1V type star was used for interpolation, with an
estimated total flux density of 290 mJy at 3.1 pm. Measured
counts from the observations were equated to the flux den-
sity of the polarized star. Finally, the factor mJy counts™*
was estimated and used in the measurement of the flux den-
sity shown in Section 3.

2.2 CanariCam: mid-infrared imaging polarimetry

Mrk 231 was observed on 2015 March 02 using the imag-
ing polarimetric mode (Packham et al. 2005) of CanariCam
(Telesco et al. 2003) on the 10.4-m GTC, Spain. Observa-
tions were taken within the ESO/GTC large program, and
as required by this approved program, all the data were ob-
served in queue mode under photometric conditions and im-
age quality better than 0.6 arcsec measured at MIR wave-
lengths from the full width half maximum (FWHM) of the
standard stars. CanariCam uses a 320 x 240 pixel Si:As
Raytheon array, with a pixel scale of 0.0798 4+ 0.0002 arc-
sec pixel . The imaging polarimetric mode of CanariCam
uses a HWP, a field mask and a Wollaston prism. The Wol-
laston prism and HWP are made with sulphur-free CdSe.
The HWP is chromatic, resulting in a variable polarimetric
efficiency across the 7.5—13 pm wavelength range, that it
has been well-determined (Packham et al. 2008), and the
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polarimetric mode is usable across this wavelength range. In
standard polarimetric observations, the HWP is set in four
P.A. in the following sequence: 0°, 45°, 22.5° and 67.5°. The
field mask consisted of a series of slots of 320 pixels x 25
pixels each, corresponding to a FOV of 25.6 arcsec x 2.0
arcsec, where a total of three slots can be used, providing a
non-contiguous total FOV of 25.6 arcsec x 6.0 arcsec.

The Si2 (A = 8.7 um, AX = 1.1 um, 50 per cent cut-
on/off), Si4 (A. = 10.3 pm, AX = 0.9 pum, 50 per cent cut-
on/off) and Si5 (A. = 11.6 pm, AX = 0.9 um, 50 per cent
cut-on/off) filters provide the best combination of sensitiv-
ity, spatial resolution, and spread of wavelength coverage
for the filter set of CanariCam in the 10 pm atmospheric
window. Thus, these filters were used. Observations were
made using a standard chop-nod technique to remove time-
variable sky background and telescope thermal emission, and
to reduce the effect of 1/f noise from the array/electronics.
In all observations, the chop-throw was 8 arcsec, the chop-
angle was 90° E of N, and the chop-frequency was 1.93 Hz.
The angle of the short axis of the array with respect to the
North on the sky (i.e. instrumental position angle, IPA) was
0° E of N, and the telescope was nodded every 46s along the
chopping direction. Only one slot with a FOV of 25.6 arcsec
x 2.0 arcsec was used in the observations, with the nega-
tive images (produced by the chop-nod technique) within
the same slot. For each filter, two observational sets were
observed. To improve the signal-to-noise ratio (S/N) of the
observations, the negative images on the array were used,
providing the total useful on-source time shown in Table 1.

Data were reduced using custom IDL routines, and fur-
ther analysis was performed using PYTHON. The difference
for each chopped pair was calculated and the nod frames
then differenced and combined to create a single image per
HWP P.A. During this process, all nods were examined for
high and/or variable background that could indicate the
presence of clouds or variable precipitable water vapour.
Fortunately, no data needed to be removed for these rea-
sons. For each observational set, the o- and e-rays, produced
by a Wollaston prism were extracted, and then Stokes pa-
rameters I, Q and U were estimated according to the ratio
method. The Stokes I were registered and shifted to a com-
mon position, where the Stokes @ and U used the same
offsets, and then co-averaged to obtain the final I, @, and
U images. Finally, the degree and P.A. of polarization were
estimated. The instrumental polarization, polarization effi-
ciency and polarization bias were corrected as described by
Lopez-Rodriguez et al. (2014, 2016).

The polarized young stellar object, AFGL 989, was ob-
served at 8.7 um immediately before Mrk 231, with an on-
source time of 73s. AFGL 989 allowed us to characterize the
polarization observations because it is bright, 99.8 Jy, and
polarized, ~2 per cent at 10 pm. The degree of polarization
of AFGL 989, corrected by instrumental polarization and
polarization efficiency at 8.7 pm, was estimated to be 1.5
=+ 0.2 per cent. Our measurement is in excellent agreement
with the degree of polarization of 1.5 & 0.7 per cent at 8.7
pm measured by Smith et al. (2000, see fig. 2). The zero-
angle of P.A. of polarization was calculated as the difference
of the P.A. of polarization from our measurement, § = 86°+
6°, and Smith et al. (2000), 6, = 105°+ 15°, i.e. Abs.rpm =
19°+ 16° at 8.7 um. At other wavelengths, the zero-angle
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was estimated using the wavelength dependence of the P.A.
of polarization by Smith et al. (2000, see fig. 2).

Dedicated flux standard stars were not observed. The
flux calibration was performed using the N-band spectra
observed with CanariCam on the 10.4-m GTC by Alonso-
Herrero et al. (2016b) with typical uncertainties of 10-15%.
Specifically, flux calibration was performed using the spec-
tral points at 8.7 pm, 10.3 pum, and 11.6 pum of the 0.4
arcsec wide slit centred at the peak of Mrk 231. The ex-
tracted fluxes were 1079 mJy, 936 mJy, and 1465 mJy, re-
spectively. Then, measured counts in a 0.4 arcsec x 0.4 arc-
sec simulated slit aperture from our images at each wave-
length were equated to the flux densities from the MIR spec-
tra by Alonso-Herrero et al. (2016b). Finally, the factor Jy
counts™ ! was estimated and used in the measurements of
the flux densities.

3 RESULTS

Figure 1 shows the total flux density images of Mrk 231 in
the 3.1 pm, 8.7 pm, 10.3 pm and 11.6 pm filters. At 3.1 pm,
the elongation, FWHM = 0.38 arcsec x 0.29 arcsec at P.A.
= 27°, does not represent any physical structures of Mrk
231, but this is due to wind buffeting of the telescope and
low frame rate of the AO observations (Section 2.1). In the
MIR, Mrk 231 appears as a point-source core, showing the
first Airy ring (0.28 arcsec, 0.33 arcsec, 0.37 arcsec at 8.7 pm,
10.3 um and 11.6 pm, respectively) at all wavelengths. Our
observations are in agreement with previous MIR imaging
(Matthews et al. 1987; Soifer et al. 1987; Keto et al. 1992).

At all wavelengths, we made measurements of the nu-
clear photometry and polarimetry in a 0.5 arcsec (400 pc)
circular aperture (hereafter, aperture refers to the diame-
ter of a circular aperture) shown in Table 2. This aperture
optimally measures the nuclear flux density of Mrk 231,
and minimizes possible contamination from extended (dif-
fuse) warm nuclear emission and emission from heated dust.
In all cases, photometric and polarimetric errors were esti-
mated as the variation of the counts in subsets of the data.
Figure 2 shows the total flux density, degree of polariza-
tion, P.A. of polarization, and polarized flux density in the
1-13 pm. The JHK photometry observations (red dots) by
Kishimoto et al. (2009), 2—2.5 um spectroscopic observa-
tions (grey dots) using AKARI (Imanishi et al. 2010), and
8—12 pm spectroscopic observation using GTC/CanariCam
by Alonso-Herrero et al. (2016b) are shown in Figure 2. To
increase the wavelength coverage of the polarimetric obser-
vations, allowing us to perform a multi-wavelength polariza-
tion analysis (Section 4) in the 1—12 um wavelength range,
Figure 2 also includes already published 1—-3 pm polarimet-
ric observations from Jones & Klebe (1989).

The degree of polarization decreases from 0.77 + 0.14
per cent at 1.2 ym to 0.31 + 0.15 per cent at 11.6 pum,
although we note that these measurements should be con-
sidered as upper-limits. The P.A. of polarization remains
fairly constant, ~108°, in the 1—12 pm, although a tenta-
tive increase of the P.A. of polarization of ~15° from 1.2
pm to 11.6 pm can be observed. Although the polarization
is not formally detected between 8 and 12 pm, there is no
evidence for increased polarization near the peak of the sil-
icate feature as might be expected if dichroic absorption

Table 2. Photometric and polarimetric measurements of Mrk
231.

Ae Flux density® PP P.A. polarized flux
(pm) (mJy) (per cent) ©) (mJy)

1.2 3544 0.774+0.14 102+6 0.3+0.1
1.6 130£13 0.62+0.12 95+6 0.84£0.3
2.2 192440 0.4640.08 10715 0.91+0.5
3.1 278142 0.44+0.13 105+9 1.24+0.6
8.7 10794108 0.3740.15 11149 442

10.3 936194 0.28+0.21 11616 3+2

11.6 14654146 0.314+0.15  119+16 5+3

aPhotometry: JHK photometry from Kishimoto et al. (2009); 3.1
pm, 8.7 pm, 10.3 pum, and 11.6 pm photometry in a 0.5 arcsec
from this work. PPolarimetry: JHK polarimetry from Jones &
Klebe (1989); 3.1 pum, 8.7 pm, 10.3 pm, and 11.6 pum polarimetry
in a 0.5 arcsec aperture from this work.

by aligned silicate grains made an important contribution
at those wavelengths (Section 4.2). We note that the ISO-
CAM (Siebenmorgen & Efstathiou 2001) measurements of
the degree of polarization, 8.6 + 0.9 per cent and 6.7 4+ 0.9
per cent at 12.0 um and 14.3 pm, respectively, are rather
different when compared with ours. It is complicated to rec-
oncile the low polarization measured with CanariCam with
the ISOCAM results unless any diffuse emission within the
ISOCAM beam is very highly polarized. For example, if the
12 pm polarization is ~8% in a 10 arcsec beam by ISOCAM,
that would require the polarization in the diffuse emission
to be very ordered and very high — probably close to 100%.
Mrk 231 is a point source and at least 90% of the flux in
a 10 arcsec beam comes from the unresolved core. If 10%
comes from diffuse emission, it would need to be an intrinsic
polarization of 90% to give the claimed ISOCAM results.

4 MODELING

We aim to account for the observed total nuclear flux and
polarization of Mrk231 from 1 pum to 12 pum. Specifically,
we need a polarization mechanism that reproduces the mea-
sured degree of polarization decreasing with wavelength and
with the fairly constant P.A. of polarization. The total flux
and polarization modeling are presented in the following sec-
tions.

4.1 Total Flux Modeling

In this section we aim to reproduce the major features of
the 1-12 pm SED of Mrk 231 including our observations,
JHK observations (Kishimoto et al. 2009) taken on UKIRT
with a 1 arcsec aperture, 2—2.5 ym spectrum using AKARI
(Imanishi et al. 2010) with a 7.3 arcsec aperture extraction,
and 8—12 pm spectrum using GTC/CanariCam (Alonso-
Herrero et al. 2016b) with a 0.5 arcsec aperture extraction,
were used to expand the wavelength coverage. As noted in
the introduction, Mrk231 is a point-like source in all wave-
length observed to this date, thus the photometric measure-
ment at each wavelength represents the nuclear source at a
level of >90% independently of the extraction aperture used.
As example, high-spatial resolution K and I’ band imaging
AO observations using Subaru of Mrk 231 show a point like
source (Imanishi & Saito 2014), indicating that the AKARI
observations, within the same wavelength range, describes
the photometry of the central source despite the difference
in angular resolution. This allows us to construct the nuclear
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Figure 1. From left to right: Total flux images of the central 2 arcsec x 2 arcsec (1.6 kpc x 1.6 kpc) in the 3.1 um filter of MMT-Pol,
and in the 8.7 pm, 10.3 pm, 11.6 pum filters of CanariCam. In all cases, contours start at 8¢ and increase as 2", where n = 4, 5, 6, ....
The pixel-scale is 0.043 arcsec pixel =1 and 0.0798 arcsec pixel ! for MMT-Pol and CanariCam, respectively. At 3.1 um, the elongation,
FWHM = 0.38 arcsec x 0.29 arcsec at P.A. = 27°, does not represent any physical structures of Mrk 231, but this is due to wind
buffeting of the telescope and low frame rate of the AO observations. In the MIR, Mrk 231 appears as a point-source with the first Airy
ring (0.28 arcsec, 0.33 arcsec, 0.37 arcsec at 8.7 yum, 10.3 pm and 11.6 pum, respectively) observed at all wavelengths. North is up and
east to the left.
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Figure 2. Total (top-left) and polarized (top-right) flux density, degree (bottom-left) and position angle (bottom-right) of polarization
of the central 0.5 arcsec (400 pc) region of Mrk 231. The JHK data (red circles) by Kishimoto et al. (2009), the 3.1 pm (black square),
8.7 um, 10.3 pm, and 11.6 pum data (green squares) as in Table 2. The 2—2.5 um spectrum (grey dots) using AKARI (Imanishi et al.
2010), and 8—12 pm spectrum (blue dots) using GTC/CanariCam (Alonso-Herrero et al. 2016b) are shown. In total flux: Torus (grey
dashed-line), starburst (blue dotted-line), hot dust component (red dotted-dashed line) and total (black solid line) models are shown.
In polarization: best power-law, P o< A%, fit with a = U.57f8:gg and lo uncertainty (grey shadowed region) is shown. Polarization by
dichroic absorption (blue dashed line) normalized to the 3.1 pm filter, P,pg, is shown.

SED of this object. The selection of models have nine free
parameters and the particular choices are described in the
following subsections.

tion of the clumpy torus in AGN. However, these models do
not account for 1) both the clumpy dust distribution and
an inter-clump dusty component that can co-exist simul-
taneously at the same scales around the AGN (Stalevski

.1.1  2-phase Clumpy Torus Component
4 P by P et al. 2012; Siebenmorgen et al. 2016), nor 2) different dust

It is recognized that clumpy torus models can reproduce the
general features from NIR up to sub-mm wavelengths us-
ing high-spatial resolution observations (e.g. Ramos Almeida
et al. 2009, 2011; Alonso-Herrero et al. 2011; Lira et al. 2013;
Ichikawa et al. 2015). A lot of efforts (e.g. Nenkova et al.
2002, 2008a,b; Honig & Kishimoto 2010), with different lev-
els of sophistication, have been done to obtain a full descrip-
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grain composition rather than the typical ISM dust grains
(MNR; Mathis et al. 1977). We therefore adopt the clumpy
torus model’ by Siebenmorgen et al. (2016), who use a 2-

1 The SED public library of AGN torus models can be found at:
http://www.eso.org/ rsiebenm/agn_models/index.html
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phase clumpy torus structure surrounding the central en-
gine. These models assume a dusty structure composed of
dusty clumps and an inter-clump medium, in both cases as-
suming fluffy grains (Kruegel & Siebenmorgen 1994). The
2-phase models allow us to quantitatively estimate the ratio
of clumpiness and smoothness dusty structure in Mrk 231
through its five free parameters: 1) the inner radius, rin, of
the torus, 2) the volume filling factor of the clouds, 7, cor-
responding to the number of clouds within the 3D model
space, 3) the optical depth of the clouds, 7v a1, 4) the optical
depth of the disk midplane, 7y m, and 5) the viewing angle,
i, measured from the torus axis.

4.1.2  Starburst Component

Imanishi et al. (2010) found 3.3 um polycyclic aromatic hy-
drocarbon (PAH) emission feature using AKARI observa-
tions. This result shows evidence of a starburst component
within the unresolved core of Mrk 231. To account for a
starburst component in the total flux SED, star formation is
represented using the Siebenmorgen & Kriigel (2007) mod-
els? assuming spherical symmetry and an ISM with dust
grain properties similar to the Milky Way. Specifically, we
consider a starburst radius of 0.35 kpc based on the spatial
resolution of our observations, 0.5 arcsec (400 pc), and three
free parameters: 1) total luminosity of the starburst, Lgg,
2) visual extinction, Ay, and 3) the ratio of the luminosity
that is due to OB strs, nos, keeping the hot spot density
constant at nus = 10* cm 3.

4.1.8 Hot Dust Component

We found that the combination of 2-phase clumpy torus
model and starburst component do not reproduce the 1—12
pm SED of Mrk 231. Specifically the observations in the 1-5
pm wavelength region are underpredicted. This infrared ex-
cess is commonly observed in other Type 1 AGN (e.g. Netzer
et al. 2007; Mor et al. 2009; Mor & Netzer 2012; Stalevski
et al. 2012; Gallagher et al. 2015). We introduce a dust emis-
sion component as a blackbody function with a characteris-
tic temperature of Tpp. The final characteristic temperature
of the blackbody component was estimated as the best fit of
a blackbody component in steps of 1 K within the range of
500-1500 K.

4.1.4 Total Model

We obtain the best fit to the observed SED by obtaining the
parameter that minimizes the likelihood, L, as:

obs _ rmod)2
L= Hexp{—( . 2031){)\2 ) } 1)
A

where f2 is the observed SED, f°d is the sum of the 2-
phase clumpy torus models, starburst models, and the hot
dust component, and oobs,» is the uncertainties of the ob-
served SED. The models were normalized to the observed

2 The SED model library of starbursts and ULIRGs can be found
at: http://www.eso.org/ rsiebenm/sb_models/

Table 3. Model parameters obtained from SED modeling.

Component Parameter Value
Clumpy Torus: Tin 7.944.2 x 1017 cm
n 342
TV ,cl 166+130
TV,m 369287
) 48+23°
Starburst: Lsp 1012-7£0.1 Lo
Av 36+5 mag
NoB 40£10%
AGN: Ter 731+4 K

SED at 5 pm. The product runs over each observed wave-
length, A. By simultaneously fitting the 2-phase clumpy
torus models, starburst models, and the hot dust compo-
nent, we obtain the best fit shown in Fig. 2, with the outputs
of the free parameters shown in Table 3.

We also tried a non-thermal component (i.e. syn-
chrotron) instead of the torus model in the total flux SED.
We assumed a power-law as a function of wavelength, but
any combination of hot dust component, starburst and non-
thermal component cannot reproduce the total flux SED.
We can rule out a significant non-thermal component in the
unresolved core of Mrk 231.

Given the number of free parameters using in the SED
modeling, we tried empirical starburst templates from the
Spitzer Wide-area InfraRed Extragalactic survey (SWIRE)
template library® (Polletta et al. 2007) to minimize them
and to study the model dependence. This library includes
the starburst templates of M82, Arp220, IRAS 20551-4250
and TRAS 22491-1808. For all templates, we found similar
contributions of 2-phase clumpy torus, starburst and hot
dust components to those shown in Fig. 2. Moreover, the
1-5 pm wavelength range was needed to be reproduced by
the addition of the hot dust component. We preferred to use
the starburst templates by Siebenmorgen & Kriigel (2007)
because this library is focused on ultra-luminous galaxies
(ULIRGS) and allows us to estimate basic physical parame-
ters of this component.

4.2 Polarization Modeling

The nearly constant P.A. of polarization from 1 pm to 12
pm strongly indicates that a single mechanism is responsible
for polarizing the flux. Only one mechanism of polarization
within the studied wavelength range is assumed.

As noted in the introduction, scattering can reproduce
the degree and P.A. of polarization from UV to NIR wave-
lengths of Mrk 231. To test this mechanism, we assume
a wavelength dependence in the degree of polarization of
Pica x A%, with a = [-4, 0]. We use a Bayesian approach
to infer the family of solutions that can describe the behav-
ior of the degree of polarization with wavelength. In this
case, we use the PyMC3* framework for Python, which has
been successfully applied to a variety of astrophysical prob-
lems (Genet et al. 2010; Barentsen et al. 2013; Wilkins et al.

3 The SWIRE templatea library can be found at:
http://www.iasf-milano.inaf.it/ polletta/templates/
swire_templates.html

4 PyMCS3 is available at: https://github.com/pymc-devs/pymc3
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2013; Waldmann & Pascale 2014; Lopez-Rodriguez 2016).
PyMC3 is a Python module for Bayesian statistical model-
ing and model inference using Markov chain Monte Carlo
(MCMC) algorithms. This Python module uses the No-U-
Turn Sampler (NUTS; Hoffman & Gelman 2011), a Hamil-
tonian MCMC that avoids the random walk behavior and
sensitivity of other MCMC algorithms by taking series of
steps through a first-order gradient information. The imple-
mentation of this algorithm allows a high-dimensional target
distribution to converge more quickly than other methods,
such as Metropolis-Hastings or Gibbs sampling. Thus, for
the example in this section, the joint distribution using the
default settings of PyMC3 was used.

Using this Bayesian approach, the sampling was carried
out using one free parameter, «, with an uniform distri-
bution in the range of [-4, 0] as a prior distribution with
25000 samples (with a burn-in length of 1500 samples). The
most probable inference is shown in Fig. 2, where the 95%
confidence interval around the median of the family of so-
lutions is shown as grey shadowed regions. The posterior
distribution of o with the mode and +1o0 are estimated as
a=-057%8.

We also investigate the expected IR polarization in
terms of dichroic absorption. We follow a similar procedure
as described by Lopez-Rodriguez et al. (2016, Section 4.3).
In general, a Serkowski curve (Serkowski et al. 1975) up to 8
pm followed by a typical extinction curve of Ry = 5.5 in the
8—12 pm is assumed. This composition takes into account
the silicate feature at MIR wavelengths, that, if not used,
would lead to the expected MIR polarization being under-
estimated by a factor >10. This composite absorptive com-
ponent, P,ps, is then normalized to the 3.1 um polarization
measurement (Fig. 2). Although the absorptive component
can explain the 3—12 pm polarization (within the uncertain-
ties), it over-predicts the polarization at wavelengths shorter
than 3 pm. This behavior was also found by Jones & Klebe
(1989). If the absorptive component dominates in the core
of Mrk 231, it should produce a change in the P.A. of po-
larization, however this is not consistent with the observed
constant P.A. of polarization from UV to MIR, unless the
P.A. of the absorptive and scattering components are in the
same direction. Thus, we can rule out dichroic absorption
component in the core of Mrk 231.

5 DISCUSSION
5.1 Physical components in the central 400 pc

In the 1—5 pm, the dominant emission arises from a hot, 731
+ 4 K, dust component. The relation of dust grain tempera-
ture and distance from the central source is rpc = 1.3L%'\5,’46
T;?'ssoo (Barvainis 1987) in pc, where Luyv 46 is the luminos-
ity of the central engine at UV wavelengths in units of 104
erg sfl7 Tq,1500 is the dust grain temperature in units of
1500 K. Using the UV luminosity of Luyy = (2.74 £+ 0.4) X
10** erg s™' (Muiioz Marin et al. 2007), a distance of rpe =
1.6 £ 0.1 pc is estimated. The mass of dust associated with
the hot dust component can be estimated approximately, as
it depends on the unknown dust grain composition and size
distribution. The luminosity of individual graphite grains
is given by Lg ;g = 4ma’71Qu B, (Ta) erg s~' Hz ™' (Barvai-
nis 1987), where a is the dust grain radius, Q. = qmv” is
the absorption efficiency of dust grains, and B, (Tq4) is the
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Planck function for a dust grain of temperature Tq. We take
a = 0.05 pm, and in the NIR, gir = 1.4 x 1072 and v =
1.6, yield Q, = 0.033 at 3.1 pm. Using the observed flux
density at 3.1 pm of 278 + 42 mJy and 260 mJy extracted
from the hot dust component, we estimated Ng = 1.12 x
10*° number of grains in the 0.5 arcsec (400 pc) core of Mrk
231. Given typical interstellar grains (MNR, Mathis et al.
1977) a grain density of p = 2.26 g cm™> (Barvainis 1987)
is assumed, and the mass of dust in the 0.5 arcsec (400 pc)
aperture is estimated to be Mq = Ngr Vg p = 6.7 £ 2.2 Mg.

As the torus emission, which includes its own hot dust
emission from directly radiated clouds, is already accounted
for the 2-phase torus component, and the BLR is dust-free
within typical scales of 0.3 pc, we attribute the hot dust
component at a distance of rpc = 1.6 = 0.1 pc to the pc-
scale polar regions. This hot dust component can also be
part of the known outflows (Feruglio et al. 2015; Morganti
et al. 2016; Veilleux et al. 2016) in Mrk231. This hot dust
component has been previously suggested 1) to reproduce
the NIR emission in a sample of type 1 AGN (Netzer et al.
2007; Mor et al. 2009; Mor & Netzer 2012), and 2) as a
dusty wind launched from the inner part of the torus that
account for most of the IR emission in several AGN (Hénig
& Kishimoto 2010; Hénig et al. 2012, 2013; Gallagher et al.
2015).

A starburst component within the 0.5 arcsec (400 pc)
is required to reproduce the features observed in the 2—5
pm AKARI observations (Imanishi et al. 2010). In the
8—12 pm, the moderate silicate feature in absorption is re-
produced by the starburst component. Although the torus
model alone cannot reproduce the 9.7 pm silicate feature,
a contribution of the torus is necessary to reproduce the
SED. Our findings are in agreement with a recent study by
Alonso-Herrero et al. (2016a), they found that the central
0.4 arcsec MIR emission of Mrk 231 can be explained as
a contribution of 90% of AGN emission, 6% of star forma-
tion and 4% of stellar contribution from the host galaxy.
Alonso-Herrero et al. (2016a) performed a spectral decom-
position using DEBLENDIRS (Herndn-Caballero et al. 2015)
with the same spectrum used in our study. Based on the 2-
phase torus model, the torus has an inclination of 48 4 23°,
consistent with a Type 1 AGN, with a filling factor of n =
3 + 2 clouds within the full 3D model space. This indicates
that the 2-phase clumpy torus is dominated by a disk-like
dusty component (smooth torus).

We interpret the several physical components of Mrk
231 within the 0.5 arcsec (400 pc) as a combination of ther-
mal components in the following manner: 1) a hot dust com-
ponent directly irradiated by the central engine and emit-
ting most of the emission in the 1—5 ym wavelength range,
which it is located in the pec-scale polar regions, 2) an opti-
cally thick, smooth and dusty structure (torus) with an in-
clination of 48 + 23° surrounding the central engine, and 3)
a starburst component, with a total luminosity of 1012701
Le, at a distance <400 pc, is responsible of the 3.3 yum PAH
emission and the 9.7 um absorption feature.

5.2 Mechanism of polarization

The most plausible explanation of the measured polariza-
tion is that the polarization arises from scattering off dust
grains in the unresolved core of Mrk 231. We found a wave-
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length dependence of the polarization as P o A“, with
a = —0.57135%. This component can explain the increase of
the degree of polarization as high as ~20% in the UV wave-
length range (Smith et al. 1995; Gallagher et al. 2005). Given
that the polarization is observed from UV to IR, the scat-
tered material is composed by small, <0.1 pm, dust grains.

Based on our total flux SED modeling, the hot, 731
+ 4 K, dust structure located in the pc-scale polar regions
can explain the scattered material producing the polariza-
tion of Mrk 231. As Mrk 231 is a Type 1 AGN, only the
hot dust component in our LOS is observed, which favors
the asymmetric distribution in the polar regions. This inter-
pretation is consistent with previous studies (i.e. Schmidt
& Miller 1985; Smith et al. 1995; Gallagher et al. 2005)
suggesting that the nuclear polarization arises from a dust
component close to the central engine of Mrk 231. Recent
UV observations by Veilleux et al. (2016) found broad blue-
shifted near-UV absorption lines overlapping with far-UV
emission lines, which indicates the presence of a dusty high-
density and patchy broad absorption line screen covering
~90% at a distance of <2—20 pc. Feruglio et al. (2015)
found an ultra-fast nuclear wind with dominant components
along the south-west to north-east direction, which suggest
a wide-angle biconical geometry. It is tentative that these
dusty winds, which are almost perpendicular (Fig. 17, Fer-
uglio et al. 2015; Morganti et al. 2016) to our measured P.A.
of polarization, can produce the scattered polarization. Al-
ternatively, a direct view of a sub-parsec warped disk in the
central region of Mrk 231 can also give rise to polarization
by scattering (e.g. Cygnus A, Tadhunter et al. 2000) due to
its asymmetric geometry, however further details about this
geometry is very complex to provide and presents a multi-
degeneracy problem.

Could other polarization mechanisms contribute to our
observations? Synchrotron emission as the dominant polar-
ization can be immediately eliminated due to 1) the lack
of a non-thermal component in the total flux SED, 2) the
variation of the polarization as a function of wavelength,
and 3) by the similar polarization of the emission lines and
surrounding continuum in the optical and UV (e.g. Smith
et al. 1995). Interstellar polarization can also be ruled out
due to 1) the overall polarization strength expected to be <
0.1%, and 2) that the polarization increases up to UV wave-
lengths which is not consistent with the typical Serkowski
curve (Serkowski et al. 1975) by dichroic absorption.

6 CONCLUSIONS

‘We present, for first time, the combination of sub-arcsecond
imaging polarimetric observations of Mrk 231 at 3.1 pum us-
ing MMT/MMT-Pol and 8.7 pm, 10.3 pym and 11.6 pym us-
ing GTC/CanariCam. We found a decrease in the degree of
polarization with increasing wavelength, while the P.A. of
polarization remains constant. To put physical constraints
on the polarization mechanism, we combine our total flux
and polarimetric observations with previous 1—2 um imag-
ing observations, and 2—5 pum spectroscopic observations us-
ing AKARI.

Based on our modeling of the 1—-12 pm total flux SED,
several physical structures in the central 400 pc of Mrk 231
can be explained as follows: 1) a hot dust component di-

rectly irradiated by the central engine and emitting most of
the emission in the 1—5 pym wavelength range, which it is
located in the pc-scale polar regions, 2) an optically thick,
smooth and dusty structure (torus) with an inclination of
48 + 23° surrounding the central engine, and 3) a starburst
component, with a total luminosity of 10127401 Lp, at adis-
tance <400 pc, is responsible of the 3.3 pum PAH emission
and the 9.7 pm absorption feature.

The most plausible explanation of the measured polar-
ization in the core of Mrk 231 is that it arises from scattering
off hot dust grains from an asymmetric distribution within
the unresolved core. The hot, 731 4+ 4 K, dust structure lo-
cated in the pc-scale polar regions can explain the scattered
material producing the polarization of Mrk 231.
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