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ABSTRACT

Highly reddened type Ia supernovae (SNe la) with low total-to-selective visual extinction ratio values, Ry, also show peculiar linear
polarization wavelength dependencies with peak polarizations at short wavelengths (A, < 0.4 um). It is not clear why sightlines to
SNe Ia display such different continuum polarization profiles from interstellar sightlines in the Milky Way with similar Ry values. We
investigate polarization profiles of a sample of Galactic stars with low Ry values, along anomalous extinction sightlines, with the aim
to find similarities to the polarization profiles that we observe in SN Ia sightlines. We undertook spectropolarimetry of 14 stars, used
archival data for 3 additional stars, and ran dust extinction and polarization simulations (by adopting the picket-fence alignment model)
to infer a simple dust model (size distribution, alignment) that can reproduce the observed extinction and polarization curves. Our
sample of Galactic stars with low Ry values and anomalous extinction sightlines displays normal polarization profiles with an average
Amax ~ 0.53 um, and is consistent within 30 to a larger coherent sample of Galactic stars from the literature. Despite the low Ry values
of dust toward the stars in our sample, the polarization curves do not show any similarity to the continuum polarization curves observed
toward SNe Ia with low Ry values. There is a correlation between the best-fit Serkowski parameters K and A,.x, but we did not find any
significant correlation between Ry and Ay, Our simulations show that the K—A,,,« relationship is an intrinsic property of polarization.
Furthermore, we have shown that in order to reproduce polarization curves with normal A, and low Ry values, a population of large

(a > 0.1um) interstellar silicate grains must be contained in the dust composition.

Key words. polarization — ISM: general — dust, extinction — supernovae: general — galaxies: ISM

1. Introduction

The motivation to study anomalous sightlines toward highly red-
dened Galactic stars derives from type Ia supernova (SN) obser-
vations that show peculiar extinction curves with very low Ry
values, as well as peculiar polarization wavelength dependencies
(polarization curves).

Past studies that included large samples of SNe Ia showed
that the total-to-selective visual extinction ratio, Ry, of dust
in type Ia SN host galaxies ranges from 1 to 3.5 and is in
most cases lower than the average value of Milky Way dust,
Ry ~ 3.1 (Riess et al. 1996; Phillips et al. 1999; Altavilla
et al. 2004; Reindl et al. 2005; Conley et al. 2007; Wang et al.
2006; Goobar 2008; Nobili & Goobar 2008; Kessler et al. 2009;

*The reduced spectra are only available at the CDS via
anonymous ftp to cdsarc.u-strasbg.fr (130.79.128.5) or via
http://cdsarc.u-strasbg. fr/viz-bin/qcat?J/A+A/615/A42
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Hicken et al. 2009; Folatelli et al. 2010; Lampeitl et al. 2010;
Mandel et al. 2011; Cikota et al. 2016).

Observations of individual highly reddened SNe Ia also
reveal host galaxy dust with low Ry values, for instance,
Ry=2.57*373 for the line of sight of SN 1986G (Phillips
et al. 2013), Ry ~ 1.48 for SN 2006X (Wang et al. 2008),

Ry=120 *02¢ for SN 2008fp (Phillips et al. 2013), and

R{",”‘Y =1.64 +0.16 for SN 2014J (Foley et al. 2014).

Linear (spectro)polarimetric observations of these four SNe
also display anomalous interstellar polarization curves (Patat
et al. 2015), steeply rising toward blue wavelengths. Patat
et al. (2015) fitted their observations with a Serkowski curve
(Serkowski et al. 1975) to characterize the polarization curves.

The Serkowski curve is an empirical wavelength dependence
of interstellar linear polarization:

0 - )
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The wavelength of peak polarization, Ay,,x, depends on the dust
grain size distribution. For an enhanced abundance of small
dust grains, Ady,x moves to shorter wavelengths, and for an
enhanced abundance of large dust grains, it moves to longer
wavelengths. Thus, linear spectropolarimetry probes the align-
ment of dust grains and the size distribution of the aligned dust
grains.

Patat et al. (2015) found that the polarization curve of all
4 SNe display an anomalous behavior, with Apax ~ 0.43 um
for SN 1986G, and Apax < 0.4 um for SN 2006X, SN 2008fp,
and SN 2014J. Because SNe Ia have a negligible intrinsic con-
tinuum polarization (Wang & Wheeler 2008), the anomalous
polarization curves likely have to be associated with the prop-
erties of host galaxies dust. Zelaya et al. (2017) expanded the
sample of 4 SNe Ia investigated in Patat et al. (2015), and pre-
sented a study of 19 type Ia SNe. They grouped the SNe into
the “sodium-sample”, consisting of 12 SNe that show higher
continuum polarization values and interstellar Na I D lines at
the redshift of their host galaxies, and the “non-sodium-sample”
with no rest-frame Na I D lines and smaller peak polarization.
Eight sodium-sample SNe have Ay,,x < 0.4 um, and their polar-
ization angles are aligned with the spiral arms of their host
galaxies, which is evidence that the polarizing dust is likely
located in their host galaxies and aligned due to the magnetic
fields of the host galaxies. The non-sodium-sample SNe are less
strongly polarized, with Ppax < 0.5%, have Ay.x values simi-
lar to the common Galactic dust (with Ap,x ~ 0.55 um), and
their polarization angles do not align with host-galaxy features,
which might be interpreted as the continuum polarization being
produced by the Galactic foreground dust.

It is not understood why these reddened SN Ia sightlines
show such a different polarization profile compared to the typical
Milky Way dust. A natural explanation is that the composition
of dust in the SN Ia host galaxies is different from that in the
Galaxy.

However, there are alternative explanations. Scattering might
explain the low Ry values as well as the peculiar polariza-
tion profiles. As illustrated by Patat et al. (2015) (see their
Fig. 6), the polarization profile of SN 2006X may, in addition
to the Serkowski component, also have a component induced by
Rayleigh scattering. However, if a light echo propagates through
local dust, we expect to observe variability in Ry and polariza-
tion (Wang 2005), which is usually not the case (see Fig. 4 in
Zelaya et al. 2017). Yang et al. (2017) used observations made
with the Hubble Space Telescope (HST) to map the interstel-
lar medium (ISM) around SN 2014J through light echoes. These
authors observed two echo components: a diffuse ring and a
luminous arc, produced through dust scattering of different grain
sizes. From the wavelength dependence of the scattering opti-
cal depth, the arc dust favors a low Ry value of ~1.4, which is
consistent with the Ry measured along the direct line of sight,
while the ring is consistent with a common Milky Way Ry ~ 3
value.

Another interesting explanation for the peculiar SNe Ia
sightlines is given by Hoang (2017), who simultaneously fit a
two-component (interstellar and circumstellar) extinction and
polarization model to photometric and (spectro-) polarimetric
observations of SNe 1986G, 2006X, 2008fp, and 2014J to inves-
tigate the grain size distribution and alignment functions of dust
along these lines of sights. Hoang (2017) were able to repro-
duce the observational data of SN 1986G and SN 2006X by
assuming an enhanced abundance of small silicate grains in
the interstellar dust only, while in the case of SN 2014J, a
contribution of circumstellar (CS) dust must be accounted for.
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In the case of SN 2008fp, Hoang (2017) found that the align-
ment of small dust grains must be as efficient as that of large
grains, but the existence of CS dust is uncertain. Hoang (2017)
suggested that the enhanced abundance of small silicate grains
might be produced by cloud collisions driven by the SN radi-
ation pressure. Strong SN radiation might also induce efficient
alignment of small grains via the radiative torque mechanism.
However, in the case of alignment via the radiative torque mecha-
nism, the polarization angle alignment with host-galaxy features
remains unexplained.

The aim of this work is to investigate Galactic stars with
low Ry values with spectropolarimetry, in order to possibly find
similarities to the polarization curves observed toward SNe Ia.
Numerical simulations are used to infer general properties of
interstellar dust toward these stars by simultaneously fitting to
extinction curves with low Ry values and normal polarization
curves.

The paper is structured as follows: in Sect. 2 we describe our
sample of stars, in Sect. 3 the instruments and observing strate-
gies, in Sect. 4 we present the data processing and results, in
Sect. 5 the analysis of the observations, in Sect. 6 we run sim-
ulations in order to interpret the observed data, in Sect. 7 we
discuss the results, and finally we summarize and conclude in
Sect. 8.

2. Target sample

We selected our targets from the samples presented by
Mazzei & Barbaro (2008, 2011). Mazzei & Barbaro (2011)
obtained 785 extinction curves for sightlines with E(B —
V) > 0.2 mag (Savage et al. 1985), observed with the
Astronomical Netherlands Satellite (ANS) in five UV bands
(1/2 = 6.46, 5.56, 4.55, 4.01 and 3.04 um™!; Wesselius et al.
1982). They combined the UV observations with Two-Micron
All-Sky Survey (2MASS) observations in the near-infrared J, H,
and K bands, applied a least-squares fit of the standard Cardelli
et al. (1989) extinction curve (CCM) with different Ry values,
and determined the residual differences between the observed
values and best-fit CCM curve at five UV wavelengths. The
curves were classified as anomalous if at least one UV wave-
length deviated by more than 20 from the best-fit standard CCM
curve. Twenty curves with weaker UV bumps and steeper far-UV
slopes (type A), or with stronger bumps and smoother far-UV
rises (type B) compared to their best-fit CCM curve, were ana-
lyzed in Mazzei & Barbaro (2008). Mazzei & Barbaro (2011)
focus on 64 lines of sight for which the corresponding best-
fit CCM curve is always well below (>20) or well above the
observed data (type C curves), with some exception at 1/1 = 3.01
for five curves (see bottom panel of Fig. 1 in Mazzei & Barbaro
2011). They conclude that the sightlines characterized by anoma-
lous type C extinction curves require lower dust abundances than
environments characterized by normal CCM extinction curves.

From these 64 anomalous lines of sight, we selected 14 lines
of sight with the lowest Ry values and observed them with
the FOcal Reducer and low dispersion Spectrograph (FORS?2),
the Asiago Faint Object Spectrograph and Camera (AFOSC),
and the Calar Alto Faint Object Spectrograph (CAFOS). The
observed targets are listed in Table 1. Additionally, we used
archival HPOL data for 3 stars.

3. Instruments and methods

We observed our targets using three different instruments and
telescopes: the FOcal Reducer and low dispersion Spectrograph
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Table 1. Observed stars.

Name RA Dec vV B-V Spec. No. of
(J2000) (J2000) (mag) (mag) type Type Telescope  Epochs Comment
BD +23 3762 19454231 +23 59 04.0 9.34 0.62  BO.5III SCI CAHA 1 HD 344880, star in association
BD +453341 2057 02.68 +463244.7 8.73 0.38 BIIL SCI CAHA 2
HD 1337 0017 43.06  +512559.1 6.14 -0.13 09.211+08V SCI CAHA 3 W UMa type
Asiago 2
HD 137569 152620.82 +144136.3 791 —-0.05 BOIlab:p SCI CAHA 2 Post-AGB star (proto-PN)
Asiago 2
VLT 2 free + 4 GG435
HD 144579 16 0456.79 +390923.4 6.67 0.73 G8V unPolStd CAHA 2 High proper motion
Asiago 1
HD 154445 170532.26 —-005331.5 5.61 0.2 B1V PolStd CAHA 2 HR 6353
HD 194092 20220544 +4059 08.2 8.28 0.09 BO.51I1 SCI CAHA 1 Star in cluster
Asiago 1
HD 28446 043201.84 +535439.1 577 0.10 BOII+BOIV/V SCI CAHA 2 Triple star (DL Cam)
Asiago 1
HD 43384 0616 58.71  +23 44273 6.25 0.45 B3Iab PolStd  CAHA 2 Pulsating variable star
Asiago 3
HD 90508 1028 03.88  +48 47 05.7 643 0.60 GOV unPolStd CAHA 1 Double star
Asiago 2
HD 39587 05542298 +201634.2 440 0.60 GOVCH+M unPolStd  Asiago 2 Variable of RS CVn type
HD 54439 07082320 —115108.6 7.68 0.05 B2/311 SCI Asiago 1
VLT 1 free + 1 GG435
HD 14357 0221 10.44 +56 51 56.4 8.52 0.31 B2III SCI Asiago 1 Star in cluster
HD 21291 032904.13 +595625.2 422 041 BOla PolStd  Asiago 1 Pulsating variable star
HD 73420 08363712 —-440448.2 8.85 0.07 B2III/III SCI VLT 1 free + 1 GG435
HD 78785 090824.09 -461513.3 8.60 0.51 B2III SCI VLT 1 free + 2 GG435
HD 96042 1103 40.56 —592559.1 823 0.18 B1(V)ne SCI VLT 2 free + 2 GG435 Emission-line star
HD 141318 155106.80 —-550319.9 577 -0.01 B2IlI SCI VLT 2 free + 2 GG435  Pulsating variable star
HD 152245 16 54 00.48 —403158.2 8.37 0.13 BOIb SCI VLT 1 free + 2 GG435  Star in cluster
HD 152853 16 58 07.93  —45 58 56.5 794 0.1 B2III SCI VLT 1 free + 1 GG435  Star in cluster

Notes. The coordinates, brightness and spectral type were taken from the SIMBAD Astronomical Database. Type indicates if the star is a polarized
standard star (PolStd), unpolarized standard star (unPolStd), or one of our science targets (SCI). No. of Epochs is the number of epochs observed
with a particular instrument: FORS2 (VLT), CAFOS (CAHA), or AFOSC (Asiago).

(FORS2) in spectropolarimetric mode (PMOS) mounted on
the UT1 Cassegrain focus of the Very Large Telescope (VLT)
in Chile; the Asiago Faint Object Spectrograph and Camera
(AFOSC) mounted at the 1.82 m Copernico telescope at the
Asiago Observatory in northern Italy; and the Calar Alto Faint
Object Spectrograph (CAFOS) mounted at the Calar Alto 2.2 m
telescope in Andalusia, Spain.

The characteristics of the instruments and corresponding dif-
ferences in the data reduction are described in the following
subsections.

3.1. FORS2 at the VLT

FORS2 in PMOS mode is a dual-beam polarimeter. The spec-
trum produced by the grism is split by the Wollaston prism into
two beams with orthogonal directions of polarization: ordinary
(o) and extraordinary (e) beam. The data used in this work were
obtained with the 300V grism, with and without the GG435 fil-
ter, and with the half-wave retarder plate positioned at angles
of 0°, 22.5°, 45°, and 67.5° (Program ID: 094.C-0686). The
half-wave retarder plate angle is measured between the accep-
tance axis of the ordinary beam of the Wollaston prism (which
is aligned to the north-south direction) and the fast axis of the
retarder plate.

The data were reduced using standard procedures in IRAF.
Wavelength calibration was achieved using He-Ne-Ar arc lamp
exposures. The typical RMS accuracy is ~0.3 A. The data were
bias subtracted, but not flat-field corrected. However, the effects
of improper correction were minimized by taking advantage
of the redundant number of half-wave positions (see Patat &
Romaniello 2006).

Ordinary and extra-ordinary beams were extracted in an
unsupervised way using the PyRAF apextract.apall procedure,
with a fixed aperture size of 10 pixels. The synthetic broad-
band polarization degree was computed by integrating the total
flux weighted with Bessel’s BVRI passband filters. We binned
the spectra in 50 A bins, in order to obtain a higher signal-to-
noise ratio (S/N), and calculated the Stokes parameters Q and U,
polarization degree P, and polarization angle 8p as a function of
wavelength.

The Stokes parameters Q and U were derived via Fourier
transformation, as described in the FORS2 User Manual (ESO
2015):

0 = 3 I F(6;) cos(46))
U= 2 N-1 F . s (2)
=N 2o F(6)sin(46;)
where F(6;) are the normalized flux differences between the
ordinary (f°) and extra-ordinary (/) beams:
°(0;) — f°(0;)
F(gy = =S )
1) + fe(6))
at different half-wave retarder plate position angles 8; = i%22.5°.
Although FORS?2 is equipped with a super-achromatic half-
wave plate, residual retardance chromatism is present. The wave-
length dependent retardance offset (Af(1)) is tabulated in the
FORS2 User Manual. The chromatism was corrected through
the following rotation of the Stokes parameters:

Qo = Qcos2A0(2) — U sin 2A6(2) 4
Uy = Qsin2A6(2) + U cos 2A6(2) - “)
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Finally we calculated the polarization:

P=+or+ 02 (5)

and the polarization angle:
1
6y = 5 arctan(Uy/ Qo). (6)

The reliability of data obtained with FORS2 is demonstrated
in Cikota et al. (2017a). They used archival data of polarized
and unpolarized stars to test the stability and capabilities of the
spectropolarimetric mode (PMOS) of the FORS2 instrument,
and found a good temporal stability since FORS2 was com-
missioned, and a good observational repeatability of total linear
polarization measurements with an RMS <0.21%. Cikota et al.
(2017a) also found a small (50.1%) instrumental polarization and
fit linear functions to correct Stokes Q and U, which we applied
to the FORS?2 data in this work.

3.2. AFOSC at the 1.82m Copernico telescope

Spectropolarimetry with AFOSC was obtained using a simple
combination of two Wollaston prisms and two wedges, a grism,
and a slit mask of 2.5 arcsec wide and 20 arcsec long slitlets.
This configuration permits measurements of the polarized flux
at four polarimetric channels simultaneously, that is, at angles 0,
45, 90 and 135 degrees, without the need of a half-wave retarder
plate (Oliva 1997). For any given rotator adapter angle 6; , four
fluxes can be measured. We group them into two groups, which
we call ordinary (O) and extraordinary (E). We indicate them as
Joii, feri and foo, fe2;. We used them to indicate the generic
four beams fy, foo and fys, fi35, respectively.

However, in order to remove possible instrumental problems
(i.e., imperfect beam splitting, flat fielding, etc.) it is convenient
to obtain at least two sets of data. This can be achieved by rotat-
ing the instrument by 90 degrees with respect to the sky, so that a
pair-wise swap between the corresponding polarimeter channels,
0 to 90 and 45 to 135 degrees, is performed.

The final Q and U were obtained via the Fourier
approach:

0 = § 3%y (F1:c08(26;) — Fa;sin(26;) o
U =+ 2 (F1,isin(26;) + Fa;cos(26))

where N is the number of rotator adapter angles, 6; = gi, and Fy;
and F,; are normalized flux ratios:

- _ Joni—Jfevi
Fi;= Sori+feri (8)
F,. = Jori=feai -
207 fopitfrai

Finally, we calculated the polarization degree and angle as
given in Egs. (5) and (6) respectively.

3.3. CAFOS at the Calar Alto 2.2 m telescope

CAFOS is a dual-beam polarimeter, similar to FORS2 in PMOS
mode, composed of a half-wave retarder followed by a Wollas-
ton prism that splits the incoming beam into an ordinary and
an extra-ordinary beam. The data processing is as described for
FORS?2 in Sect. 3.1.

The CAFOS instrument was characterized in Patat &
Taubenberger (2011). They used polarized standard starsto
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quantify the HWP chromatism, which causes a peak-to-peak
oscillation of ~11 degrees. From observations of unpolarized
standard stars, they found an instrumental polarization likely
produced by the telescope optics, which appears to be addi-
tive. The instrumental polarization is ~0.3% between 4000 Aand
8600 A, and grows to ~0.7% below 4000 A. Tt can be removed
by subtracting the instrumental components in the Q—U Stokes
plane. After correcting for the HWP chromatism and instrumen-
tal polarization, Patat & Taubenberger (2011) concluded that an
accuracy of ~0.1% can be reached with four HWP angles and a
sufficient S/N.

4. Data processing and results

The data were obtained with FORS2 in eight different nights
between 2014-10-10 and 2015-02-06 (Program ID: 094.C-0686),
with CAFOS in the night of 2015-04-29, and with AFOSC in
five nights at three observing runs starting on 2015-02-09, 2015-
03-09, and 2016-08-02.

4.1. Standard stars

We investigate the accuracy and reliability of the instruments
using unpolarized and polarized standard stars. Cikota et al.
(2017a) used archival data of eight unpolarized standard stars
observed at 40 epochs between 2009 and 2016 to test the sta-
bility and capabilities of the spectropolarimetric mode (PMOS)
of the FORS2 instrument. They showed that the polarization
degree and angle are stable at the level of <0.1% and <0.2
degrees, respectively. They found a small (<0.1%) wavelength-
dependent instrumental polarization and derived linear functions
for the Stokes Q and U, which we applied to the observed
Stokes parameters. In this paper, we therefore focus on unpo-
larized and polarized standard stars observed with CAFOS and
AFOSC.

Two unpolarized standard stars (HD 144579, and HD 90508),
and two polarized standard stars (HD 154445 and HD 43384)
were observed with CAFOS. We did not find any significant
instrumental polarization in the CAFOS observations, and the
polarization values are consistent with the literature. The results
are given in Sect. A.1.

We used observations of three unpolarized standard stars
to investigate possible instrumental polarization of AFOSC:
HD 90508, HD 39587 and HD 144579; and three polarized stan-
dard stars to test the reliability: HD 43384, HD 21291, and
HD 198478. We did not detect any significant instrumental polar-
ization, but the polarization degrees of polarized stars observed
at different epochs vary by ~0.3%. The inconsistencies might be
caused by diffraction of light from the edge of the slit (see Keller
C.U. in Trujillo-Bueno et al. 2002, p. 303) or by an inaccu-
racy of the instruments rotation angle (see Bagnulo et al. 2017).
The results are given in Sect. A.2.

4.2. FORS2 science data

FORS?2 is the most stable instrument used in this work, and
we are confident that the data gained with FORS2 are accurate
and can be used as reference for comparison to other instru-
ments (see Cikota et al. 2017a). Eight stars with anomalous
extinction sightlines were observed with FORS2 (see Table 1).
HD 54439 was also observed with AFOSC, and HD 137569
was observed with all three instruments, FORS2, CAFOS, and
AFOSC, which we briefly discuss in this section. HD 78785,
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Fig. 1. Weighted averages of observed polarization curves for all sci-
ence targets, derived with different instruments. The red circles show
observations performed with FORS2, blue triangles with CAFOS, green
squares with AFOSC, and left-pointing purple triangles with HPOL.
The full lines denote the Serkowski fits, as parametrized in Table 3.

HD 141318, HD 152853, HD 152245, HD 73420, and HD 96042
were observed only with FORS2.

We extracted the spectra and calculated the polarization
dependencies as described in Sect. 3.1. The correction for the
instrumental polarization determined in Cikota et al. (2017a) was
also applied to Stokes Q and U. The targets have been observed
with and without the GG435 filter. The GG435 filter blocks the
blue light and thus prevents the second order spectrum. How-
ever, the effect in polarization is very small, and significant
only for very blue spectral energy distributions and when mea-
suring line polarization (Patat et al. 2010). For our reddened

targets, the second-order polarization is negligible. Therefore,
for wavelengths 4 > 4250 A, we calculated the weighted mean
of all epochs, and for wavelengths 4 < 4250 A, we calculated
the weighted mean of all epochs taken without the GG435 fil-
ter. We then merged both ranges to one polarization spectrum
and parameterized it by fitting a Serkowski curve (Eq. (1)) to
the data. The individual results can be found in Table C.1. The
polarization dependencies are shown in Fig. 1, and the Serkowski
parameters are given in Table 3.

HD 137569 is an interesting case because it has relatively
high reddening E(B — V) ~ 0.40 mag (Mazzei & Barbaro 2011),
but its polarization degree is consistent with zero (Fig. 1). Its
mean Stokes Q and U are —0.07 + 0.05% and 0.01 + 0.03%.
HD 137569 was also observed with CAFOS and AFOSC, and
the results are consistent with the FORS2 observations. Further-
more, HD 137569 is a spectroscopic binary with a period of
529.8 days, and shows observational signatures normally seen
in post-AGB stars (Giridhar & Arellano Ferro 2005). This is
interesting, because sightlines to post-AGB stars usually show
continuum polarization (Johnson & Jones 1991).

4.3. CAFOS science data

Six stars with anomalous extinction sightlines were observed
with CAFOS. HD 1337 and HD 28446 were also observed
with AFOSC, and HD 137569 was additionally observed with
both FORS2 and AFOSC (see also Sect. 4.2). BD +453341,
BD+233762, and HD 194092 were observed only with
CAFOS.

After the beam extraction using the apextract.apall proce-
dure of PyRAF, we binned the spectra into 100 A wide bins and
calculated the polarization as described in Sect. 3.3. Finally,
we fit the Serkowski curve in the range between 3800-8600 A.
The individual results are listed in Table C.2. The polarization
dependencies are shown in Fig. 1, and the Serkowski param-
eters are listed in Table 3. Below we discuss the interesting
cases.

4.31. HD 1337

HD 1337 is a close spectroscopic binary star, with a period
of 3.52 days (Pourbaix et al. 2004), and may be surrounded
by a common-envelope, where significant dust amounts may
be produced (L et al. 2013). HD 1337 has a constant polar-
ization degree of ~0.55%. The CAFOS observations are also
consistent with the AFOSC observations, which confirms the
polarization wavelength independence (see Fig. 1). In this case,
the Serkowski fit is not meaningful.

4.3.2. HD 194092

For HD 194092, the polarization observed by CAFOS follows a
Serkowski curve until 7250 A, when it starts to steeply increase
from p ~0.5% to p~2% at 8650 A. The steep increase is
not present in the AFOSC observations and is an artifact that
we cannot explain. Thus, we fit the Serkowski curve in the

range from 3800-7250 A, and find Aay = 5728 +235 A, pmax =
0.64 +0.01% and K = 1.46 + 0.47.

4.4. AFOSC science data

Six stars with anomalous extinction sightlines have been
observed with AFOSC. HD 28446, HD 1337, and HD 194092

A42, page 5 of 21


http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201731395&pdf_id=0

A&A 615, A42 (2018)

were also observed with CAFOS and HD 54439 with FORS2,
while HD 137569 was additionally observed with CAFOS and
FORS?2 (see also Sect. 4.2). HD 14357 was observed only with
AFOSC. i

We extracted the beams from 3400-8150 A using the same
standard procedures in IRAF as for the extraction of FORS2 and
CAFOS spectra, binned the data to 100 A wide bins, and calcu-
lated the polarization as described in Sect. 3.2. The polarization
spectra from 3500-8150 A were fitted with a Serkowski curve,
excluding the range from 7500-7700 A, which is contaminated
by the telluric O, line.

The unpolarized standard stars are consistent with zero,
which implies that there is no significant instrumental polar-
ization (Sect. A.2). However, based on the measurements of
the polarized standard stars HD 43384 and HD 21291 (see
Sect. A.2), which show a negative offset compared to the lit-
erature values, we conclude that the accuracy of the polarization
measurements is within ~0.4%. HD 28446 and HD 54439 show
an offset of ~—0.1% compared to the results achieved with
CAFOS and FORS2, respectively, while the measurements of
HD 1337 are consistent with the CAFOS measurements, and the
measurements of HD 137569 are consistent with the FORS2 and
CAFOS measurements (Fig. 1). The individual results are listed
in Table C.3.

HD 14357 is the only AFOSC target that has no common
observations with another instrumoent. From the Serkowski fit,
we determined A = 4942 £ 31 A, pmax = 3.69 £ 0.01% and
K =0.91 + 0.04. Based on HD 43384 and other polarized stars,
the Amax and K values are probably accurate, while there might
be a negative offset, $0.4%, to the true value of ppax.

4.5. HPOL science data

We found archival data for HD 1337 (which was also observed
with CAFOS and AFOSC), and three additional stars of
the Mazzei & Barbaro (2011) sample in the University of
Wisconsin’s Pine Bluff Observatory (PBO) HPOL spectropo-
larimeter (mounted at the 0.9 m {/13.5 cassegrain) data set. All
targets were observed prior to the instrument update in 1995,
when HPOL was providing spectropolarimetry over the range
of 3200 A to 7750 A, with a spectral resolution of 25 A. A half-
wave plate was rotated to eight distinct angles to provide the
spectropolarimetric modulation (Wolff et al. 1996).

The HPOL data are available in the Mikulski Archive for
Space Telescopes (MAST) at the Space Telescope Science Insti-
tute. They include the Stokes parameters Q and U, and the error
as a function of wavelength.

We calculated the polarization and polarization angle using
Egs. (5) and (6), and fit a Serkowski curve to the data (Eq. (1)).
The results are given in Table 3.

4.6. Literature science data

We found polarization measurements in the literature (Coyne
et al. 1974; Serkowski et al. 1975) of eight stars of the Mazzei &
Barbaro (2011) sample. Three of the stars have been observed
in this work with FORS2, AFOSC, or CAFOS, and for two
stars, we found archival HPOL data. The stars were observed
with broadband polarimeters and were characterized by fitting
the Serkowski curve (Table 2). However, because the authors
assumed a fixed K =1.15, we could only partially use the mea-
surements from Coyne et al. (1974) and Serkowski et al. (1975)
in our further analysis.
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Table 2. A, and P, from the literature.

Name

Amax P max

(A) (%)

Reference

HD 2619
HD 37061
HD 168021
HD 284465
HD 2268684
HD 2183234
HD 78785“
HD 141318

4900 + 100 4.82 £ 0.32
6300 + 400 1.63 +0.19
5900 + 100 2.13 +£0.03
5500 + 100 2.01 +0.10
5000 + 100 5.04 + 0.25
5200 + 200 1.95 +0.14
5800 + 224 4.05 £ 0.04
5700 + 100 2.42 + 0.08

Coyne et al. (1974)
Coyne et al. (1974)
Serkowski et al. (1975)
Coyne et al. (1974)
Coyne et al. (1974)
Coyne et al. (1974)
Serkowski et al. (1975)
Serkowski et al. (1975)

Notes. @ Also observed with FORS2. @ Also observed with AFOSC.
© Also observed with CAFOS. @ Also observed with HPOL.

Table 3. Final Serkowski parameters.

Serkowski parameters

Name Telescope Amax Pmax K
(A) (%)

HD 137569¢ VLT ~0.1

HD 54439 VLT 4859 + 129 0.77 £ 0.01 0.97 +0.10
HD 73420 VLT 5465 + 175 0.38 £ 0.01 1.04 +0.21
HD 78785 VLT 5732 +8 390 +0.01 1.25 +0.01
HD 96042 VLT 5109 + 124 0.61 +0.01 0.84 + 0.09
HD 141318 VLT 5719 + 17 2.45 +£0.01 1.19 = 0.03
HD 152245 VLT 6169 + 33 0.96 + 0.01 1.41 +0.07
HD 152853 VLT 5584 +46 1.69 + 0.01 1.30 = 0.07
BD +23 3762 CAHA 4965+ 61 2.23 +0.01 0.92 + 0.06
BD +45 3341 CAHA 5166 + 31 3.05 +0.01 1.00 = 0.05
HD 1337¢ CAHA ... 0.55+0.01 ...

HD 28446 CAHA 4865+ 76 2.10+0.01 0.70 + 0.07
HD 194092 Asiago 5884 + 107 0.74 + 0.01 1.09 + 0.18
HD 14357 Asiago 4942 +31 3.69 + 0.01 0.91 +0.04
HD 226868 HPOL 4425 + 262 4.83 £ 0.04 0.57 £ 0.14
HD 218323 HPOL 4837 + 128 1.89 + 0.01 1.00 + 0.20
HD 217035 HPOL 5309 + 126 1.83 + 0.02 0.88 + 0.23

Notes. Y HD 137569 and HD 1337 have constant polarization curves
that could not be fit with a Serkowski curve.

5. Data analysis

Figure 2 shows the sample of 15 anomalous sightlines (listed
in Table 3, excluding HD 137569 and HD 1337), compared to a
sample of Galactic stars observed by Whittet et al. (1992) and a
sample SNe Ia from Patat et al. (2015) and Zelaya et al. (2017;
see Appendix B).

Mazzei & Barbaro (2011) used models of Weingartner &
Draine (2001, hereafter WDO1) and the updates by Draine & Li
(2007) to compute grain-size distributions for spherical grains
of amorphous silicate and carbonaceous grains consisting of
graphite grains and polycyclic aromatic hydrogenated (PAH)
molecules. As described in Mazzei & Barbaro (2011), they best-
fit the extinction curves with models as described above (Sect. 2)
to derive the properties of the dust in terms of dust-to-gas ratios,
abundance ratios, and small-to-large grain size ratios of carbon
and of silicon. They excluded HD 1337 (a W UMa type variable)
and HD 137569 (a post-AGB star) from their analysis before per-
forming the modeling because of the extremely low CCM Ry
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Fig. 2. Stars with anomalous extinction sightlines in the A,,,x-K plane.
Blue shows stars with anomalous sightlines observed with FORS?2 (cir-
cles), CAHA (right pointing triangles), AFOSC (squared), and HPOL
(left-pointing triangles). The solid blue line represents the linear best
fit to the sample, and its 1o~ deviation (dotted). The dashed black line
traces the Whittet et al. (1992) relation and its 30~ uncertainty (dotted).
For comparison, a sample of SNe Ia from Patat et al. (2015) and Zelaya
et al. (2017; see Appendix B) are marked with stars and red contours,
which indicate the 10 and 20 o confidence levels for SN 2008fp and SN
20147.
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Fig. 3. Comparison of our sample of stars with anomalous extinc-
tion sightlines (blue symbols) to the Whittet et al. (1992) sample (gray
squares) and the LIPS sample (Bagnulo et al. 2017, red circles). The gray
ellipses represent 1-50° confidence levels for the Whittet et al. (1992)
sample. The dashed black line traces the Whittet et al. (1992) relation
and its 1o uncertainty (dotted).

values of these sightlines, Ry ~ 0.6 and Ry ~ 1.1, respectively,
which are well outside the range explored by CCM extinction
curves.

We combined the A, values from this work with the results
of WDO1 best-fit models of Mazzei & Barbaro (2011, their
Table 4), and computed the Pearson correlation coefficient, p,
and the p-value for testing the non-correlation between A« and
their derived dust-to-gas ratio (5—:), carbon and silicon abun-

dances compared to solar values (C%, sST;)’ Ry value, the ratio

between reddening and total hydrogen column density (—E(f,;‘/)),
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Fig. 4. Rsi— A, relationship. The red dots represent stars observed with
FORS2, AFOSC, and CAFOS, and the black dots show seven additional
measurements from HPOL or from the literature. The red dashed line is
the linear least-squares fit to the red dots, and the black solid line is the
linear least-squares fit to all data.

and small-to-large grain size ratios of carbon (R¢) and silicon
(Rsi)- They considered grains as small if their size is <0.01 um,
and otherwise as large. We note that a detailed analysis and dis-
cussion of the WDO1 best-fit model results for the whole sample
of 64 anomalous sightlines is given in Mazzei & Barbaro (2011).

The strongest correlation we found between An,.x and Ryg;,
with a correlation factor of p = 0.50, and the p-value for test-
ing non-correlation of p = 0.10, while there is no correlation
between Ay.x and other parameters (o < 0.25). We also added
three stars observed by HPOL and three stars from the litera-
ture (Coyne et al. 1974; Serkowski et al. 1975) to the sample and
repeated the same correlation tests. These additional stars have
anomalous extinction sightlines (Mazzei & Barbaro 2011), but
higher Ry values than our observed sample (see Table 4). After
including the three HPOL observations and three stars from lit-
erature, the Rsi — Amax correlation factor drops to p = —0.06.
The Rs; — Amax correlation is shown in Fig. 4. However, these
results should be taken with care because when we fit the data,
we assumed no uncertainty in Rs;. This may be problematic
because the realistic uncertainty in the model quantities should
be considerable, probably larger than in A, Which is a sim-
ple measurement. In this way, the fit is strongly driven by the
few stars with very low Ay errors. The relationship is further
discussed in Sect. 7.7.

6. Dust properties inferred from simulations

The properties of dust grains toward the considered stars were
obtained in Mazzei & Barbaro (2008), where the authors per-
formed theoretical model fitting to the anomalous extinction
curves. The authors found that to reproduce the anomalous
extinction, silicate grains must be concentrated in small sizes of
a < 0.1 um (see also Mazzei & Barbaro 2011). Such small sili-
cate grains cannot reproduce the normal A, that is measured. In
this section, we therefore infer the essential dust properties (i.e.,
size distribution and alignment) by fitting both extinction curves
with low Ry values and normal polarization curves. The results
are used to interpret the A,,x—K relationship, the deviation of K
from the average value from a sample of “normal” Galactic stars,
and to test the relationship between Rg; and Apqx-
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6.1. Dust model and observational constrains
6.1.1. Dust model: size distribution

We adopted a mixed-dust model consisting of astronomical sil-
icate and carbonaceous grains (see Weingartner & Draine 2001,
hereafter WDO1). The same size distribution model was also
used in Mazzei & Barbaro (2011). We assumed that grains
have oblate spheroidal shapes, and let a be the effective grain
size defined as the radius of the equivalent sphere with the same
volume as the grain.

Following WDO01, the grain size distribution of dust compo-
nent j is described by an analytical function:

dnﬂ,-
nuda

Cifa i
=Dja)+ —|—| F(a:B},a:49)G(a;a;,ac;), 9
a at’j

where a is the grain size, j = sil,carb for silicate and car-
bonaceous compositions, D;(a) is the size distribution for very
small grains, a; j, a.,; are model parameters, and C; is a constant
determined by the total gas-to-dust mass ratio.

The coefficients F and G read

F(a;Bj,a,;) = 1+ pjala,jfor g; > 0, (10)
F(a:Bj.ar;) = (1 - Bjala, ;)" for B; <0, (11)
and

G(asapj,ac ;) = 1fora <a, (12)
G(a:a,j ac)) = exp(-[(a - a,)/ac,T’) fora > a;. (13)

The term D; = 0 for j = sil. For very small carbonaceous
grains (i.e., PAHs), Dj(a) is described by a log-normal size
distribution containing a parameter b¢ that denotes the frac-
tion of C abundance present in very small sizes (see WDO1 for
more detail). Thus, the grain size distribution is completely
described by a set of 11 parameters: «;,;,a;,acj,and Cj,
where j = sil, carb for silicate and carbonaceous compositions,
and bc.

6.1.2. Dust model: alignment function

Let f,; be the fraction of grains that are perfectly aligned with
the symmetry axis a; along the magnetic field B. The fraction
of grains that are randomly oriented is thus 1 — fy;. To parame-
terize the dependence of fy); on the grain size, we introduce the
following function:

3
fali(a; Aalis fminv fmax) = fmin + [1 — eXp (_ai) :|(fmax - fmin) 5

ali

(14)

where a,; describes the minimum size of aligned grains, fiax
describes the maximum degree of grain alignment, and fin
accounts for some residual small degree of alignment of very
small grains. This alignment function reflects the modern under-
standing of grain alignment, where large grains are efficiently
aligned by radiative torques (see, e.g., Hoang & Lazarian 2016)
and small grains are weakly aligned by paramagnetic relaxation
(Hoang et al. 2014).
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6.2. Extinction and polarization model
6.2.1. Extinction

The extinction of starlight due to scattering and absorption by
interstellar grains in units of magnitude is given by

AQ) s dn;
o = 1086 > f cm(a,A)(% da,

H
where Cey, is the extinction cross-section, dmpin and dma are the
lower and upper cutoffs of the grain size distribution, and Ny is
the total gas column density along the sightline.

(15)

Jj=sil,carb

6.2.2. Polarization

Modeling the starlight polarization by aligned grains is rather
complicated because it requires a detailed knowledge of the
orientation of grains with the magnetic field and the magnetic
field geometry along the line of sight. Specifically, a realistic
modeling needs to take into account the nutation of the grain
symmetry axis 4; around the angular momentum J, the pre-
cession of J around B, and the distribution function of the
cone angle between J and B (Hong & Greenberg 1980; see
Voshchinnikov 2012 for a review). However, an analytical distri-
bution function for the cone angle is not known for the popular
alignment mechanism by radiative torques (see Lazarian et al.
2015 and Andersson et al. 2015 for latest reviews). Therefore
we adopted a picket-fence (PF) alignment model to compute the
polarization, as used in previous works (Kim & Martin 1995;
Draine & Allaf-Akbari 2006; Draine & Fraisse 2009; Hoang
et al. 2013, 2014). The essence of the PF model is as follows.

First, the oblate grain is assumed to be spinning around
the symmetry axis 4; (i.e., having perfect internal alignment).
The magnetic field B is assumed to lie in the plane of the sky
Xy with BJX, and the line of sight is directed along Z. There-
fore, the polarization cross-section contributed by the perfectly
aligned grains is C, — C, = (C} — C) fai , where Cj and C, are
the cross-section for the incident electric field parallel and per-
pendicular to the symmetry axis, respectively (see Hoang et al.
2013). Of (1 — fu;) randomly oriented grains, the fraction of
grains that are aligned with X, §, Z are equal, of (1 — fy;)/3. The
total polarization produced by grains with &,||Bis then C, - C, =
(Cy = Co)(fai + (1 = fai)/3). The polarization by grains aligned
with &1y is (1 — fui)/3(Cy — C1)/3. Thus, the total polarization
cross-sectionis C, — C, = (C) — C)[(1 + 2fui) — (1 = fup)]/3 =
Cpnlfali~

Because graphite grains are not aligned with the magnetic
field (Chiar et al. 2006; Hoang & Lazarian 2016), we assumed
that only silicate grains are aligned, while carbonaceous grains
are randomly oriented. Therefore, the degree of polarization of
starlight due to differential extinction by aligned grains along the
line of sight is computed by

JZC) I el Y dnsi

(16)

‘min

where C;gl is the polarization cross-section of silicate oblate
grains, and fy; is given by Eq. (14). Here we take Cex and Cpo
computed for different grain sizes and wavelengths from Hoang
et al. (2013).

We note that magnetic fields may be varying for the different
stars. However, we here do not attempt to infer a dust model for
each specific sightline. Instead, we only attempt to infer the gen-
eral features of dust size distribution and alignment functions for
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Table 4. Observational data and results of modeling

Mazzei & Barbaro (2011) Wegner (2002)

Name Sp. E(B-V) CCMRy Ry fg Sp. E(B-V) Ry Amax Amax Reference

(mag) (mag) (A)
HD 54439 B21I1I 0.28 213+041 198 0.82 B1V 0.28 2.88 4859 =129 This work (VLT)
HD 73420 B2Iv/III  0.37 247+032 224 23 . . ... 5465 + 175 This work (VLT)
HD 78785 B2II 0.76 255+017 229 34 B2II 0.67 3.08 5732+8.2 This work (VLT)
HD 96042 09.5V 048 197 +£024 187 52 B1V 0.41 3.05 5109 + 124 This work (VLT)
HD 141318 B21I 0.30 195+0.18 177 3.6 5719 = 17 This work (VLT)
HD 152245 BOIII 0.42 225+029 202 3.7 BOIb 0.31 2.95 6169 + 33 This work (VLT)
HD 152853 B2Iv/III  0.37 250+033 219 091 5584 + 46 This work (VLT)
BD+23 3762 BO.SIII  1.05 247 +0.12 215 13 4965 + 61 This work (CAHA)
BD+45 3341 BI1II 0.74 246 +0.17 222 2.84 5166 + 31 This work (CAHA)
HD 28446 BOIII 0.46 246 +£026 220 16 4865 = 76 This work (CAHA)
HD 194092 BO.SII  0.41 250+030 218 3.6 ... ... ... 5884 + 107 This work (Asiago)
HD 14357 B2I1 0.56 231+021 212 14 B1.5II  0.49 2.88 4942 + 31 This work (Asiago)
HD 226868  BOIb 1.08 320+014 278 3.3 BOIb 1.03 3.32  4424.6 +262.4 (This work, HPOL)
HD 218323 BOIII 0.90 255+015 230 2.6 4836.7 + 128.2  (This work, HPOL)
HD 217035 BOV 0.76 277018 244 0.5 5309.3 + 125.9  (This work, HPOL)
HD 2619 BO.SIII  0.85 255+015 234 35 4900 = 100 Coyne et al. (1974)
HD 37061 B1V 0.52 450+038 3.82 0.8 B0.5V 047 4.14 6300 = 400 Coyne et al. (1974)
HD 168021 BOIb 0.55 3.15+027 274 0.02 5900 + 100 Serkowski et al. (1975)

Notes. Spectral type (Sp.), E(B — V) and CCM Ry, Ry, and Rg; are taken from Tables 1 and 4 of Mazzei & Barbaro (2011). The Sp. and E(B — V)
values in Mazzei & Barbaro (2011) are taken from Savage et al. (1985). CCM Ry is determined by fitting the IR observations with the CCM
extinction curve, while Ry is determined from the best-fit of WDO1 model to all observed data (see Mazzei & Barbaro 2011). For comparison,
cols. 7-9 report Sp., E(B — V), and Ry values for seven common stars from Wegner (2002).

this group of stars with anomalous Ry and normal Ap,,«. Detailed
modeling for each specific star is beyond the scope of this paper.

6.3. Numerical modeling and results
6.3.1. Numerical method

Inverse modeling has frequently been used to infer the grain
size distribution of dust grains in the ISM of the Milky Way
(Kim & Martin 1995), and in nearby galaxies (e.g., Small Magel-
lanic Cloud (Clayton et al. 2003). Draine & Fraisse (2009) used
the Levenberg-Marquart (LM) method to infer both the grain
size distribution and alignment function of interstellar grains in
the Galaxy characterized by the typical values of Ry = 3.1 and
Amax = 0.55um. A simulation-based inversion technique was
developed in Hoang et al. (2013, 2014) to find the best-fit grain
size distribution and alignment function for interstellar grains in
the SNe Ia hosted galaxies with anomalous extinction and polar-
ization data. Although the Monte Carlo simulations demonstrate
some advantage (e.g., problem with local minima), its conver-
gence is much slower than the LM method. Thus we adopted the
LM method for our modeling.

The goodness of fit of the model F,q to observed data Fops
is governed by X% , which is defined as follows:

N — )2
X%‘ = Z (Fmod(/lt) FObS(/ll)) (17)

Ferr(/li)2 ’

where Fe.(1) is the error in the measurement at wavelength A.
When we assume the same errors at all wavelengths, the total
x? can