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Abstract
We report measurements of linear and circular polarization for the recent comet C/2009 P1 (Garradd) during its approach to the Earth in 2011–2012. Aperture photoelectric observations were carried out on July 29, 2011-April 22, 2012 in the R and WR wide-band filters at the 2.6-m telescope of the Crimean Astrophysical Observatory (Ukraine). Spectropolarimetric measurements of linear polarization in the range 3800–8000 Å and imaging circular polarimetry in the comet continuum filter (λ0 = 6840/90 Å) were also carried out with the SCORPIO-2 focal reducer at the 6-m telescope of the Special Astrophysical Observatory (Russia) on February 2-April 21, 2012. The degree of polarization of light scattered by comet Garradd changes from −2.2 ± 0.2% to 4.9 ± 0.2% at phase angles 13.7° and 35.9°, respectively. These values are in a good agreement with those for dusty comets at the respective phase angles. Left-handed (negative) circular polarization of comet Garradd in the continuum filter was identified. The values of Pc vary noticeably over the coma in the range from −0.03 to −0.08% and from −0.05 to −0.3% on February 14 and April 21, respectively. These results confirm our previous conclusion that the observed circular polarization for comets is predominantly left-handed.

Key words
Cometscomet C/2009 P1 (Garradd)linear and circular polarization
1. Introduction
Polarimetry is a powerful tool for probing the physical properties of cometary dust particles; see numerous examples in Mishchenko et al. (2010) and references therein. One of the ways of studying the properties of cometary dust is a comparison of the polarization phase angle dependence for different comets. For this purpose, we created the Database of Comet Polarimetry (Kiselev et al., 2010) which currently contains polarimetric data for 64 comets. In recent years, new data have been collected for a number of comets. Here, we present the results of linear and circular polarimetric observations of the new comet C/2009 P1 (Garradd) (hereafter Garradd) during its approach to the Earth in 2011–2012.
Aperture polarimetric observations of comets in broadband filters are still more frequent because they allow one to observe fainter objects. Such observations using narrowband cometary filters for bright comets are very effective (see, e.g. Kiselev and Velichko, 1997, 1998), although they lose in the spatial resolution as compared with imaging polarimetry. For distant comets, polarimeters with CCD detectors have an advantage only in their penetrating power over photoelectric polarimeters, because observations of fainter comets are carried out with broad-band filters, and the data refer to the average values for the virtual apertures.
In addition to aperture polarimetry of comet Garradd, we present the results of spectropolarimetric observations of the comet with a long slit. Such observations remain scarce (see, e.g. Harrington et al., 2006). The spatial resolution of spectropolarimetric observations of comets can only be high in the region of coma, determined by the size of the slit, but the high spectral resolution reveals the great advantage of such observations, which is especially important taking into account the complexity of cometary spectra.
Unfortunately, to date, observations of comets are usually performed with polarimeters designed to study star-like objects, and there are practically no polarimeters optimally designed for the study of comets. It is obvious that, under such circumstances, combining instruments with different designs can yield improved results. This is exactly what we have done in our work.

2. Observations
Measurements of linear polarization for comet Gar-radd were carried out at the 2.6-m Shain telescope of the Crimean Astrophysical Observatory (Ukraine) with a single-channel photopolarimeter (Shakhovskoy and Efimov, 1972; Mishchenko et al., 2010) during seven nights from July 29, 2011, through April 22, 2012. The R wideband filter (λ0 = 6400/800 Å ) and the WR filter (5500–7500 Å ) in combination with a 15 arcsec diaphragm were used. The photopolarimeter consists of a motionless Glan prism installed immediately behind an achromatic quarter-wave phase plate rotating with a frequency of ~33 Hz. This enables all four Stokes parameters to be measured quasi-simultaneously according to a modulation formula (Serkowski, 1974). The principle of synchronous detection is used. The intensity components used to compute the Stokes parameters Q,U,V are selected by eight virtual counters (one physical counter) switched on sequentially and accumulate the signal for 16 position angles of each rotation of the phase plate (0°−22.5°, 22.5°−45,…, 337.5°− 360°). The time of a single integration was ~4 s (133 rotations of the quarter-wave plate). One exposure of the comet consisted of 16 integrations. The cumulative observation consisted of 15 to 60 exposures, depending on the brightness of the comet and the observation conditions. The sky background was measured several times during the observations of the comet. Aperture measurements with a large diaphragm are not effective for measuring the circular polarization for comets, so we did not use these observations to determine the Stokes parameter V. The normalized Stokes parameters of linear polarization for a comet are given by the following expressions:[image: A40623_2015_6501001151_Equ1.gif]

 (1)

where N is the number of photoelectron pulses accumulated by the ith counter during the full time of the observation of the comet (without sky background), and N is the number of photoelectron pulses accumulated by the eight counters. The instrumental polarization parameters qinst and uinst were determined from observations of unpolar-ized standard stars. Correction for the zero-point of the position angle of the polarization plane Δθ was obtained using observations of standard stars with well-known large interstellar polarization. Standard stars were taken from Serkowski (1974) and Hsu and Breger (1982). The instrumental parameters qinst and uinst did not exceed 0.15 ± 0.05% in the filters used and were excluded from the polarization parameters for the comet. The zero-point of the position angle of the polarization plane was stable within 0.2°. The final average values of the degree of linear polarization and position angle of the polarization plane of comet are calculated according to the following expressions:[image: A40623_2015_6501001151_Equ2.gif]

 (2)


The random polarization errors were estimated from the following formula (Shakhovskoy and Efimov, 1972):[image: A40623_2015_Article_6501001151_Equ3.gif]

 (3)

where τ is the ratio of the accumulation times for the comet and the background sky, and R is the ratio of the average pulse rates for the comet and the background sky. Another estimate of the errors is obtained as the standard deviation of random variables for separate measurements of the Stokes parameters qi and ui (Shakhovskoy and Efimov, 1972). The greater of the two average errors (from the statistics of photoelectrons and the dispersion of polarization parameters) serves as the estimate of the error of polarization parameters σq,com and σu,com. The final errors of comet polarization parameters include the errors of instrumental polarization σq,inst and σu,inst.[image: A40623_2015_6501001151_Equ4.gif]

 (4)

The results of the measurements of linear polarization for comet Garradd are given in Table 1, which lists: the date of observations, the degree of linear polarization Pr with respect to the scattering plane and its mean error σ
                  P
                , the position angle of the polarization plane θ and its mean error σ
                  θ
                , the size of the area (diaphragm) projected at the comet, the position angle of the scattering plane ϕ, the phase angle α, the heliocentric distance r and the geocentric distance Δ of the comet, and the spectral filter. The values Pr are linked to the quantities P through the relation Pr = P cos 2(θ − (ϕ ± 90°)). The sign in the parentheses is chosen to ensure that 0° ≤ ϕ ± 90° < 180° (Chernova et al., 1993).Table 1.The results of aperture observations of linear polarization for comet C/2009 P1 (Garradd).


	Date, UT 20011/2012
	Pr ± σ
                              P
                            %
	θ±σ
                              θ
                             deg
	Area km
	ϕ deg
	α deg
	r AU
	Δ AU
	Filter

	July 29.048
	−2.21 ± 0.23
	37.6 ± 2.9
	17232
	211.6
	13.70
	2.482
	1.584
	WR

	Aug 29.975
	−0.27 ± 0.10
	110.8 ± 10.7
	15274
	120.5
	20.91
	2.188
	1.404
	WR

	Sep 26.786
	2.37 ± 0.08
	0.7 ± 1.0
	17929
	89.3
	30.87
	1.954
	1.648
	R

	Sep 28.825
	2.65 ± 0.25
	176.4 ± 2.7 153.4 ± 3.2
	18179
	87.6
	31.14
	1.938
	1.671
	R

	Oct 26.729
	2.51 ± 0.28
	153.4 ± 3.2
	21432
	64.1
	30.28
	1.741
	1.970
	R

	Mar 24.924
	1.67 ± 0.13
	58.6 ± 2.3
	15296
	147.1
	28.02
	1.988
	1.406
	WR

	Apr 22.813
	1.60 ± 0.17
	13.0 ± 3.1
	21606
	107.7
	26.71
	2.237
	1.986
	WR




The long-slit spectropolarimetric measurements of linear polarization in the range 3800–8000 (the dispersion is 2 Å px−1 in the V band), as well as imaging circular polarime-try in the RC narrow-band cometary continuum filter (λ0 = 6840/90 Å), were carried out with the SCORPIO-2 focal reducer at the 6-m BTA telescope of the Special Astrophysical Observatory on February 2-April 21, 2012. These were the first measurements of cometary polarization ever attempted with this telescope and this instrument, so we describe these measurements in more detail.
In the spectropolarimetric mode of the instrument, an achromatic half-wave phase plate and a Wollaston prism are installed before a grism. The Wollaston analyzer splits images of the ordinary and extraordinary rays by 5°. For fixed positions of the λ/2 phase plate 0°, 45°, 22.5°, and 67.5°, a series of pairs of spectra I (λ)o and I (λ)e in mutually perpendicular polarization planes is obtained at the exit of the spectrograph. In general, when the orientation of the principal axes of the analyzer ϕ and the vector direction maximum speed phase plate θ are arbitrary, measured up to the transformation of rotation values of the Stokes parameters U, Q the linear polarization is given by the relations:[image: A40623_2015_6501001151_Equ5.gif]
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The true values of the Stokes parameters are as follows:[image: A40623_2015_6501001151_Equ6.gif]

 (6)


The final degree of linear polarization and the position angle of the plane of polarization were calculated from relations similar to Eq. (2). The long-slit observations were carried out with a 3 arcsec × 6 arcmin slit oriented at a position angle of 217.1° and thus perpendicular to the extended Sun-comet radius vector on February 2, 2012.
For the measurement of circular polarization, a λ/4 phase plate is introduced in the beam for two angles 0° and 90°. In this case, the circular polarization of the Stokes parameter V is found from the following relation:[image: A40623_2015_6501001151_Equ7.gif]

 (7)


In the direct image mode of the instrument, instead of the spectra I (λ)o and I (λ)e, images of the comet obtained in ordinary and extraordinary rays are used. A detailed description of the instrument and the reduction procedure are given by Afanasiev and Moiseev (2005, 2011) and by Afanasiev and Amirkhanyan (2012), respectively. Information about the geometric condition of observations and the exposure times is given in Table 2. We can briefly summarize that the comet was observed in the range of phase angles 13.7°-35.9°. The heliocentric and geocentric distances changed within the ranges 1.647–2.492 A.U. and 1.386–1.966 A.U., respectively.Table 2.Observational log of comet C/2009 P1 (Garradd). The 6-m telescope at the SAO.


	Date, UT 2012
	r AU
	Δ AU
	α deg
	Filter/region Å
	Exp s

	Feb 2.085
	1.647
	1.533
	35.87
	3800–8000
	600

	Feb 14.089
	1.709
	1.386
	35.29
	6840/90
	720

	Apr 21.833
	2.228
	1.963
	26.81
	6840/90
	840





3. Results and Discussion
3.1 Linear polarization
The phase-angle dependence of linear polarization obtained for comet Garradd is shown in Fig. 1. This figure also displays the value of linear polarization Pr = 4.9 ± 0.2% obtained from spectropolarimetric observations of the comet at the 6-m BTA telescope on February 2, 2012. The polarization degree was averaged over a 3 × 10 arcsec (3336 × 11118 km) area centered at the nucleus in the R band of the spectrum. For comparison, the figure also shows the mean phase-angle dependence of polarization for dusty comets (i.e., comets with a high dust-to-gas ratio) (Mishchenko et al., 2010 and references therein), the polarization data and their fit for the unusual dusty comet C/1995 O1 (Hale-Bopp) (Kiselev and Velichko, 1997), and phaseangle dependence of polarization for molecular emissions (Mishchenko et al., 2010 and references therein).[image: A40623_2015_6501001151_Fig1.jpg]
Fig. 1.Phase-angle dependence of linear polarization for comet Garradd compared with the typical polarization for dusty comets, the unusual dusty comet C/1995 O1 (Hale-Bopp), and molecular emissions.




The scattered light from comets is the superposition of radiation from dust particles and gas molecules. Because of the complexity of cometary spectra, it is difficult to identify the continuum completely free of molecular emissions (Arpigny, 1995), especially for broad-band filters. At phase angles close to 90°, the polarization of light scattered by dust is 25° (Kiselev and Rosenbush, 2004) and is much greater than that for resonance fluorescence of molecules, ~8% (Le Borgne and Crovisier, 1987). Thus, a gaseous contamination causes depolarization of the observed continuum. The contamination is small for dusty comets, but can be significant for gassy comets (i.e., comets with a low dust-to-gas ratio), such as comet Encke (Jockers et al., 2005). Moreover, the dust-to-gas ratio for comets is larger in the near-nucleus region of the coma. All of this leads to significant scatter of polarization data from ~8% to ~20% at large phase angles (α ~ 90°) for comets with low dust-togas ratios (see, e.g., figure 4.2 in Mishchenko et al., 2010). Therefore, there is no good fit for polarization data of the gassy comets, while for the majority of dusty comets the phase dependence of polarization can be represented by the average curve.
Furthermore, some comets exhibit activity in the near-nuclear region of coma in the form of jets, the polarization of which can be higher (Hadamcik et al., 2013). The aperture measurements partly level the difference. In any case, because of differences in activity and dust/gas ratio, or other causes, the linear polarization value of comets may be highly dependent on the aperture.
As one can see in Fig. 1, the aperture polarization of comet Garradd (taking into account the observational errors) is close to that for dusty comets in the range of the observed phase angles 14°–31°. The minimal degree of polarization is Pr = −2.2 ± 0.2% at the phase angle 13.7°, while the average minimum of the negative polarization for dusty comets is ~ − 1.5% at a phase angle of ~ 10° (Kiselev and Rosenbush, 2004). Unfortunately, our data at ~ 25°–31° pertain to the phase angles where the polarization for dust differs slightly from that for gas emissions. Based on these aperture observations, nothing can be said about the depolarizing effect of the gas. Nevertheless, spectropolari-metric observations performed at the phase angle 35.9° with the 6-m telescope on February 2 showed that the degree of continuum polarization is considerably larger than that for molecular bands. Therefore, on the basis of all polarization data, comet Garradd can be classified as being dusty. This is confirmed by direct spectroscopic data. The intensity and linear polarization degree for comet Garradd as a function of wavelength are shown in Figs. 2(a) and (b). Panels (c) and (d) display the integral intensity and the degree of linear polarization of the comet as a function of wavelength in the 3 × 10 arcsec area from the center of the comet. As one can see, the comet had a strong continuum and relatively weak C2, C3, and NH2 emissions. A small depolarization of continuum due to the C2, C3, and NH2 emission contamination can be seen in panel (d). The degree of polarization increases weakly with wavelength, which is typical of the majority of dusty comets at these phase angles (Kiselev et al., 2008).[image: A40623_2015_6501001151_Fig2.jpg]
Fig. 2.Panels (a) and (b) display intensity and linear polarization for comet Garradd as a function of wavelength at a phase angle of 35.9° on Feb 2, 2012. Panels (c) and (d) display the integral intensity and the degree of linear polarization of the comet as a function of wavelength in the 3 × 10 arcsec area from the center of the comet. The position angle of the slit was 216.1°, implying that the slit was oriented perpendicularly to the extended Sun-comet radius vector.





3.2 Circular polarization
Figure 3 (left panels) shows the relative distribution of intensity over the coma of comet Garradd in the red continuum filter 6840/90 Å on February 14 (upper panel) and April 21 (bottom panel) of 2012. The intensity contours are at 0.03, 0.04, 0.06, 0.08, 0.1, 0.15, 0.2, 0.3, 0.4, 0.6, 0.8 of the maximum flux for the two observation dates. The right-hand panels show robust average circular polarization in 20-px-wide (~7″ at the comet) circular apertures as a function of the distance from the nucleus of the comet. As one can see, the circular polarization for comet Garradd is left-handed (negative). By definition, circular polarization is left-handed (−Pc, negative) when the electric vector rotates anticlockwise, as viewed by an observer looking in the direction of light propagation (Mishchenko et al., 2002). The observed values of Pc vary noticeably over the coma (increasing in absolute value towards the periphery of the coma) in the ranges from ~ -0.03 to ~ −0.08% and from ~ −0.05 to ~ −0.3% on February 14 and April 21, respectively. The results obtained are in a good agreement with those for comets Halley, Hale-Bopp, S4 (LINEAR), Q4 (NEAT), Schwassmann-Wachmann 3, Tuttle, and Tempel 1 (Rosenbush et al., 2008 and references therein). The detection of left-handed circular polarization for the comet Garradd has confirmed our previous conclusion that the observed circular polarization for comets is predominantly left-handed (Rosenbush et al., 2007, 2008).[image: A40623_2015_6501001151_Fig3.jpg]
Fig. 3.Distribution of the intensity (left panel) and degree of circular polarization (right panel) over the coma of comet Garradd on February 14, 2012 (upper panel) and April 21, 2012 (bottom panel) in the red continuum filter 6840/90 Å. The intensity contours are at 0.03, 0.04, 0.06, 0.08, 0.1, 0.15, 0.2, 0.3, 0.4, 0.6, 0.8 of the maximum flux for the two observation dates. The robust average circular polarization in 20-px-wide (~7″ at the comet) circular apertures is shown as a function of the distance from the nucleus of the comet. The angle of 1 arcsec corresponds to 1005 km and 1424 km at the comet on February 14 and April 21, respectively.




There are three mechanisms potentially responsible for circular cometary polarization: (a) multiple scattering in an asymmetric medium; (b) scattering by non-spherical aligned particles; and (c) scattering by optically-active particles. These mechanisms are discussed in detail by Rosenbush et al. (2007; see also references therein). The latter mechanism is of a special interest. In this case, circular polarization results from intrinsic properties of the dust particles, e.g., chirality of its molecules. However, all the above mechanisms face difficulties when applied to describe the circular polarization for comets. Although cometary circular polarization may shed light on fundamental processes of planetary and life formation, observations of cometary circular polarization are still extremely rare. This factor enhances the value of observations of each new comet, especially those performed with more advanced techniques.
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