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III. Polarimetry
P. Reig1,2★ [image: orcid], D. Blinov1,2★ [image: orcid] and A. Tzouvanou2,3★ [image: orcid]

1 
 
Institute of Astrophysics, Foundation for Research and Technology-Hellas,  71110   Heraklion,  Greece 
 


2 
 
Physics Department, University of Crete,  71003   Heraklion,  Greece 
 


3 
 
 Max-Planck-Institut für Astronomie,  Königstuhl 17,  69117   Heidelberg,  Germany 
 



★  Corresponding authors: pau@physics.uoc.gr; blinov@physics.uoc.gr; tzouvanou@mpia.de


Received: 
23 
January 
2026
Accepted: 
26 
February 
2026
Published online: 10 April 2026
Abstract

Context. Systems known as Be/X-ray binaries form the most numerous group of high-mass X-ray binaries. Their long-term optical and infrared variability reflects the evolution of the circumstellar disk around the luminous companion. This variability manifests photometrically as an excess of flux that increases with wavelength and spectroscopically as line emission. The disk is also expected to generate linear polarization.

Aims. We present a systematic study of the optical long-term polarimetric variability of Be/X-ray binaries using data collected over ten years. Our aim is to characterize the polarimetric properties of these systems and to probe the structure of their circumstellar disks.

Methods. We monitored Be/X-ray binaries visible from the Northern Hemisphere with the RoboPol polarimeter. We performed a careful analysis of the interstellar polarization in the direction of the sources to estimate their intrinsic polarization. We computed Stokes parameters for linear polarization by aperture photometry and corrected them for instrumental polarization.

Results. Optical polarimetric variability is a common trait in Be/X-ray binaries. The variability can be attributed to the Be star’s circumstellar disk. Our polarization analysis confirms previous claims, based on spectroscopic data, that the circumstellar disks in BeXBs are, on average, smaller and more dense than those in Be stars in nonbinary systems. Our data also confirm the presence of highly distorted disks prior to giant X-ray outbursts, although this result is still limited by the lack of simultaneous, well-sampled observations during major X-ray outbursts.
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1. Introduction
Neutron star high-mass X-ray binaries (HMXBs) are accretion-powered binary systems in which the neutron star orbits an early-type (O or B) companion. The luminosity class of the optical companion subdivides HMXBs into Be/X-ray binaries (BeXBs), when the optical star is a dwarf, subgiant, or giant OBe star (luminosity class III, IV, or V), and supergiant X-ray binaries (SGXBs), when they contain an evolved star of luminosity class I–II. In SGXBs, the optical star emits a substantial stellar wind. A neutron star in a relatively close orbit captures a significant fraction of this wind, sufficient to power a bright X-ray source. In BeXBs, the donor is a Be star, that is, a rapidly rotating early-type B star with a gaseous equatorial disk (Reig 2011; Rivinius et al. 2013).
The disk forms when matter is ejected from the stellar photosphere with sufficient angular momentum. This type of disk is referred to as a decretion disk. The ultimate mechanism that lifts material onto the disk remains an open question, but the most likely candidates are a combination of fast rotation and nonradial pulsations (Baade 1992; Rivinius et al. 2013) or magnetic reconnection associated with localized magnetic fields generated by convection (Balona 2003; Balona & Ozuyar 2021). Martin et al. (2025) propose the presence of a boundary layer that connects a geometrically thick disk to a rotationally flattened star. The boundary layer provides the required torque and prevents the ejected material from falling back onto the star. In turn, the decretion disk exerts a torque on the star that slows the Be star’s rotation rate while still allowing decretion to continue.
The physical properties of the disk, such as density or physical extent, depend on whether the mass-outflow mechanism is active. Disks in Be stars form and dissipate, contributing to their long-term optical and IR variability. Because the disk is also the main reservoir of material available for accretion onto the compact object, its evolution is likewise reflected in the X-ray variability of Be/X-ray binaries. The largest-amplitude variations are typically observed on timescales of years, corresponding to the characteristic timescale for disk build-up and dissipation (Jones et al. 2008; Reig et al. 2016; Treiber et al. 2025).
Circumstellar disks in Be stars contribute to both the continuum and discrete (e.g., line) emission; this contribution appears in photometry, spectroscopy, and polarimetry:

	
Disk emission contributes to the overall brightness of the system and affects the photometric magnitudes and colors. The excess continuum radiation is small at short wavelengths (i.e., B band) and increases at longer wavelengths (i.e., H and K bands). The main disk contribution to the V band comes from a relatively small area near the star, whereas the emission area increases for longer wavelengths (Carciofi & Bjorkman 2006). As a result, the color indices increase , and the emission becomes redder as the disk develops.



	
The most prominent feature in the optical spectra of Be stars is the presence of emission lines, particularly those of the Balmer series. The hydrogen lines are optically thick and form in a large part of the disk by recombination. In particular, the Hα line stands out as the primary diagnostic of the disk state (Quirrenbach et al. 1997; Tycner et al. 2005; Grundstrom & Gies 2006). Large-amplitude variations in the strength and profile morphology are associated with structural changes of the circumstellar decretion disk (Reig et al. 2016).



	
The continuum polarization originates from Thomson scattering of initially unpolarized stellar radiation in the disk (Coyne & Kruszewski 1969; Serkowski 1970; Poeckert et al. 1979). Thomson scattering polarizes the radiation perpendicular to the scattering plane. The polarization degree provides information about the number of scatterers (i.e., the density). Consequently, changes in the polarization degree and position angle over time trace the evolution of the disk’s physical structure.




We have monitored the BeXBs visible from the Northern Hemisphere in the optical band with the 1.3 m telescope at Skinakas Observatory (SKO) since 1998, with the aim of investigating the evolution of their decretion disks. The monitoring consists of BVRI photometry and medium-resolution spectroscopy around the Hα line. The results of the photometric study appear in Reig & Fabregat (2015), while those of the spectroscopic observations appear in Reig et al. (2016). Since 2013, following the installation of the RoboPol polarimeter, we have also obtained optical polarimetric measurements of the same sources. The present work constitutes the third part of this series and reports the results of the polarimetric observations.
2. Data acquisition and analysis
2.1. Observations
The data were obtained from the SKO, located on the Ida mountain in central Crete, Greece, at an altitude of 1750 m. We obtained observations with the RoboPol polarimeter attached to the 1.3 m modified Ritchey-Chrétien telescope, an Andor DW436 CCD with an array of 2048 × 2048 13.5 μm pixel size (corresponding to 0.435 arcsec/pixel on the sky), providing a field of view of 13 square arcmin. The camera was cooled to −70°C, ensuring negligible dark current. The default monitoring setup uses a Johnson-Cousins R-band filter. However, observations at other band-passes are possible thanks to a five-slot filter wheel.
RoboPol is a four-channel imaging polarimeter that uses two Wollaston prisms and two nonrotating half-wave plates to produce simultaneous measurements of the Stokes Q and U parameters (Ramaprakash et al. 2019). RoboPol splits the incoming light into two light beams: one horizontal and the other vertical (see Fig. 1 in King et al. 2014). Thus, every point in the sky appears four times on the CCD. In each spot, we measured the photon counts using aperture photometry to calculate the normalized Stokes parameters q = Q/I and u = U/I of linear polarization, where I is the total intensity of the source. A mask in the telescope focal plane optimizes the instrument sensitivity. The absence of moving parts avoids possible errors caused by variations in sky conditions between measurements. Table 1 lists the targets; polarization measurements for each target appear as supplementary material (Appendix D) and are archived in the Zenodo repository1.
Table 1. 
Target list and relevant information.

2.2. Instrumental polarization
When light passes through the various optical elements that constitute the optical system (telescope plus polarimeter), a low-level polarization is introduced into the observed radiation. This instrumental polarization appears as an additional polarization signal that requires correction. We accounted for this effect by measuring zero-polarized standard stars observed over multiple years. The average instrumental polarization in the R band is 0.4 ± 0.2%.
The data also require correction to align the rotation of the instrumental q − u plane with respect to the standard reference frame. We achieved this using highly polarized standards, monitored along with the unpolarized standard candidate sample. More details on these two corrections appear in Blinov et al. (2023).
2.3. Field stars
Stellar light travels through the interstellar medium (ISM) before observers detect it. The ISM introduces extra polarization from the nonsphericity of dust grains that align in a preferred direction due to the Galactic magnetic field (Lazarian et al. 2015; Tram & Hoang 2022). To correct for this extra polarization, we observed a number of field stars in the field of view of each target. We selected the field stars based on their proximity in absolute distance to the targets. Vector subtraction removes the interstellar component. The polarization measurements of the field stars appear as supplementary material (Appendix E) and are archived in the Zenodo repository.
2.4. Data analysis
We processed the data using the standard RoboPol pipeline described by King et al. (2014), with modifications presented by Blinov et al. (2021). The pipeline reads the raw images from the telescope and computes the Stokes parameters of the stars in the field of view by means of aperture photometry. It performs five tasks: (i) source identification, (ii) aperture photometry, (iii) calibration, (iv) polarimetry, and (v) relative photometry
The polarization degree (p) is defined as a function of the normalized Stokes parameters as
[image: Mathematical equation: $$ \begin{aligned} p=\sqrt{q^2+u^2}, \end{aligned} $$](1)
with the corresponding uncertainty,
[image: Mathematical equation: $$ \begin{aligned} \sigma _{p}=\sqrt{\frac{q^2\sigma _q^2+u^2\sigma _u^2}{q^2+u^2}}, \end{aligned} $$](2)
where σq and σu are the uncertainties of the individual observations and include the contribution from the instrumental error uncertainty,
[image: Mathematical equation: $$ \begin{aligned} \sigma _q = \sqrt{\left(\sigma _q^\mathrm{obs}\right)^2 + \left(\sigma _q^\mathrm{inst}\right)^2}, \end{aligned} $$](3)
and similarly for u. Unlike u and q, which are unbiased quantities and follow a normal distribution, the polarization degree is biased toward higher values at low signal-to-noise ratios and follows a Rician distribution. Various methods have been suggested for correcting this bias (Simmons & Stewart 1985; Vaillancourt 2006; Plaszczynski et al. 2014). In this work, we use the nondebiased values of the polarization degree, unless stated otherwise.
The electric vector polarization angle (EVPA) is defined as
[image: Mathematical equation: $$ \begin{aligned} EVPA=\frac{1}{2}\, \mathrm {arctan}\left(\frac{u}{q}\right). \end{aligned} $$](4)
Because the EVPA does not follow a Gaussian distribution, we computed the uncertainty σθ numerically, by solving the following integral:
[image: Mathematical equation: $$ \begin{aligned} \int _{-1\sigma _{\theta }}^{+1\sigma _{\theta }} G(\theta ;p_0) d\theta = 68.27\%. \end{aligned} $$](5)
Here, G(θ; θ0; p0) is the probability density followed by EPVA, (Naghizadeh-Khouei & Clarke 1993)
[image: Mathematical equation: $$ \begin{aligned} G(\theta ; \theta _0; p_0) = \frac{e^{-\frac{p_0^2}{2 \sigma ^2_p}}}{\sqrt{\pi }}\left\{ \frac{1}{\sqrt{\pi }}+\eta _0e^{\eta _0^2}[1+\mathrm {erf}(\eta _0)] \right\} , \end{aligned} $$](6)
where [image: Mathematical equation: $ \eta_0 = p_0 \cos 2(\theta - \theta_0)/(\sigma_p \sqrt{2}) $], erf is the Gaussian error function, p0 and θ0 are the true values of p and EVPA, and σp is the uncertainty of p. We refer the reader to Blinov et al. (2023) for further details
3. Results
In this section, we present the results of our polarimetric analysis of the targets (Table 1). Our aim is to investigate whether BeXBs are intrinsically polarized and to study the connection between their long-term polarimetric variability and X-ray activity.
To determine whether a source is intrinsically polarized, we estimated and subtracted the ISM polarization from the observed polarization. various methods assess whether the measured polarization arises entirely from the ISM or whether some fraction is intrinsic to the source. These include multicolor polarimetry, variability analysis, empirical relationships between extinction and polarization degree in the Galaxy, and measurements of the polarization of field stars around the X-ray source.

	
The wavelength dependence of interstellar polarization differs from that of a Be star. Polarization in the ISM obeys the empirical relation given by Serkowski et al. (1975):

[image: Mathematical equation: $$ \begin{aligned} P(\lambda )/P_{\rm max}=\exp [-k \ln ^2(\lambda _{\rm max}/\lambda )] . \end{aligned} $$](7)

The parameter k determines the width or sharpness of the curve. The wavelength at which the polarization is maximum, λmax, is directly related to the size of the dust grains (Coyne et al. 1974; Serkowski et al. 1975) and to the total-to-selective extinction, R = AV/E(B − V) (Whittet & van Breda 1978). The mean value of R = 3.05 corresponds to λmax = 0.545 μm (Whittet & van Breda 1978). A deviation from Serkowsky’s law indicates a certain amount of intrinsic polarization, although it can also result from multiple dust clouds with different properties along the line of sight (Mandarakas et al. 2025). In contrast, the polarization degree of unreddened Be stars peaks in the blue (λ ≈ 0.45 μm) and decreases with wavelength in the range 0.45–0.80 μm (Poeckert et al. 1979; McDavid 2001; Halonen et al. 2013; Haubois et al. 2014).



	
Because ISM polarization is expected to remain constant for a given direction, if a source’s polarization degree is variable, then a fraction of it is intrinsic to the source. However, quantifying the actual amount of intrinsic polarization through variability analysis is not possible unless the system allows for the definition of a zero-level intrinsic polarization. Be stars provide such a method. As mentioned above, polarization in Be stars arises from electron scattering in the circumstellar disk. If the disk is absent, all contributions to the polarization parameters should come from the ISM. We discuss disk-loss events in Sect. 4.1.1.



	
As dust accumulates along a line of sight with increasing distance, the degree of polarization associated with a star also depends on its distance, or equivalently, on extinction. Several authors (Hiltner 1956; Serkowski et al. 1975; Jones 1989; Reiz & Franco 1998; Fosalba et al. 2002; Ignace et al. 2025) have studied the relationship between polarization and extinction. These studies confirm that the ISM polarization fraction increases as the extinction (or distance) increases, albeit with a large scatter. However, these studies are limited to relatively close stars with E(B − V)≲1 mag. The alignment and uniformity of the magnetic field are expected to disappear as the line of sight crosses increasing interstellar dust clouds. The resulting polarization of the most distant objects becomes a function of the cloud parameters (orientation and strength of their magnetic fields). Thus, more distant objects are expected to suffer depolarization. For example, Fosalba et al. (2002) found that the polarization degree as a function of distance shows a maximum for stars at 2 − 4 kpc and then decreases slightly for more distant objects up to 6 kpc. Similarly, using ∼28 000 stars from the catalog of Panopoulou et al. (2025), Ignace et al. (2025) report that the median polarization fraction increases up to ∼1 kpc and then flattens for larger distances.



	
The most reliable method for estimating ISM polarization is to observe a sample of field stars located at distances similar to that of the source. The measured Stokes u and q of the field stars are then subtracted from the measured polarization of the targets.




In the following sections, we address each of these methods. We show the results for a selected number of targets, chosen as representative cases. Results for all the sources are presented in the Appendices.
3.1. Wavelength dependence
We conducted polarimetric monitoring of the Galactic BeXBs visible from the northern hemisphere in the R band. We also observed several sources in the B, V, and I bands. This multicolor photometry enables, in principle, an investigation of the wavelength dependence of the polarization. In practice, however, due to the scarcity of the data (only four data points) and the limited wavelength range, the analysis did not yield conclusive results. Therefore, we did not pursue this method.
3.2. Measuring variability using the variability diagram
In this section, we study the long-term polarimetric variability. Since ISM polarization is expected to remain constant for a given direction and distance in the sky, and to avoid introducing additional uncertainty inherent to the field stars, we performed the analysis on the data corrected for instrumental polarization only, without subtracting the ISM contribution.
To study variability, we followed the methodology of Blinov et al. (2023), which is based on a statistical test using the cumulative distribution function (CDF) of the polarization data (Clarke & Naghizadeh-Khouei 1994; Bastien et al. 2007). The method compares the theoretical CDF with the empirical distribution function (EDF) using a two-sided Kolmogorov-Smirnov (KS) test. If the p-value of the KS test exceeds a threshold (e.g., p = 0.0027 corresponds to a 3σ confidence level), we consider the star to be nonvariable.
The theoretical CDF for a nonpolarized source normalized by its errors, [image: Mathematical equation: $ \mathcal{P}=\sqrt{(q/\sigma_q)^2+(u/\sigma_u)^2} $], is given by
[image: Mathematical equation: $$ \begin{aligned} CDF(\mathcal{P} )=1-e^{-\mathcal{P} ^2/2}, \end{aligned} $$](8)
and the EDF by
[image: Mathematical equation: $$ \begin{aligned} EDF(\mathcal{P} )=\frac{\mathrm {number \,\,of\,\, observations} < \mathcal P}{{\mathrm {total \,\,number \,\, of\,\, observations}}}, \end{aligned} $$](9)
where q and u are the Stokes parameters. For a polarized star, Eq. (8) does not apply. To avoid this situation, we subtracted the weighted mean values, [image: Mathematical equation: $ \bar{q} $] and [image: Mathematical equation: $ \bar{u} $], to make the source appear unpolarized: (Clarke & Naghizadeh-Khouei 1994; Blinov et al. 2023)
[image: Mathematical equation: $$ \begin{aligned} \mathcal{P} _0 = \sqrt{\left(\frac{q-\bar{q}}{\sigma _q}\right)^2+\left(\frac{u-\bar{u}}{\sigma _u}\right)^2}. \end{aligned} $$](10)
We present plots showing the long-term evolution of the polarization degree (PD) and the EVPA for all targets in Appendix A. Figure 1 illustrates the BeXB RXJ0146.9+6121. The left panels show the evolution of the Stokes parameters u and q, the PD and the EVPA. The upper-right panel displays the q − u plane. In this panel, the black circles correspond to the weighted mean of the source computed yearly, while the red cross represents the weighted mean of the field stars used later to derive the intrinsic polarization. The bottom-right panel compares the theoretical CDF (blue line) and the empirical EDFs for the entire set of observations (i.e., black circles in the evolution plots, black line) and the seasonal weighted mean (red circles, red line). Rather than assuming a given threshold to assess source variability, we provide the p-value derived from the KS test2. Table 2 lists the normal mean and standard deviation of the entire dataset for each BeXB. Columns 10 and 11 show the computed p-value of the KS test. We find that 18 of the 22 sources vary at > 3σ level on timescales of years.
	[image: Thumbnail: Fig. 1. Refer to the following caption and surrounding text.]	Fig. 1. Left: Evolution of the Stokes parameters, polarization degree and angle. Top right: q − u plane. Weighted mean of the source observations (black circles), calculated yearly, and of the field stars (red cross). Bottom right: Empirical distribution function (EDF) of measured polarization using all data points (black line) or the weighted averaged points (red line) compared with expected cumulative distribution function (CDF) of polarization measurements (blue line). The data shown correspond to the BeXB RX J0146.9+6121.



3.3. Extinction
The relationship between polarization degree and extinction shows a large dispersion. For many years, the theoretical upper limit for the optimal alignment efficiency of dust grains with external magnetic fields was P(%) = 9E(B − V) (Serkowski et al. 1975; Reiz & Franco 1998). However, cases in which the observed starlight polarization exceeds the classical upper limit and reaches PV/E(B − V) = 14% are reported (Panopoulou et al. 2019; Bartlett & Kobulnicky 2025). Nevertheless, the observed mean correlation between polarization degree and extinction for data averaged in extinction bins is much smaller and deviates slightly from the simple linear correlation, P(%) = 3.5E(B − V)0.8 (Fosalba et al. 2002).
Figure 2 shows the extinction curves for IGR J06074+2205 and XTE J1946+274 as examples of a well-behaved case, in which the PD increases with distance, and a more complex case associated with a larger and more uncertain distance, respectively. We marked the locations of the field stars and the source according to their distances. We took the extinction data from the dust maps by Green et al. (2019). These figures provide a simple way to estimate the number of molecular clouds to the source, although the distance range over which the data are reliable is limited because of the insufficient number of stars with reddening estimates. This range varies from source to source and is indicated by a vertical dashed line in the figures.
	[image: Thumbnail: Fig. 2. Refer to the following caption and surrounding text.]	Fig. 2. Two representative examples of extinction as a function of distance (data from Green et al. 2019). Data points mark the assumed locations of the stars on the extinction curve, based on their distances; they do not imply extinction values. Distances are from Bailer-Jones et al. (2021). The turquoise circle represents the BeXB, the black circles show the field stars used for the ISM correction, and the blue circles correspond to other field stars. We also indicate the polarization degree (PD) of the field stars. The vertical dashed line marks the region of uncertain extinction.



Table 2. 
Polarization statistics.

Appendix B shows the individual extinction curves for each source.
3.4. Field stars
The most common method to account for ISM polarization uses field stars. We observed several stars within ∼7 arcmin of each target at comparable distances. Distances were taken from Gaia DR3 (Bailer-Jones et al. 2021). The polarization measurements of the field stars are given in Appendix E (Supplementary material in the Zenodo repository3). The weighted means of the Stokes parameters u and q also appear in the variability plots (Fig. 1). However, this method carries uncertainty because the dust distribution (e.g., orientation of the dust grains) and the number of intervening molecular clouds along the line of sight may be complex (see the right panel in Fig. 2). In addition, some field stars may exhibit nonzero intrinsic polarization, contrary to the assumption of this method that they are intrinsically unpolarized. It is therefore advisable to employ multiple field stars. Owing to this uncertainty, the results of the observations given in the appendix correspond to the measured polarization values, without correction for ISM contribution. This approach allows readers to apply their own selection of field stars for ISM subtraction. Appendix C presents sky charts that identify the target and field stars.
4. Discussion
An objective of this work is to study the evolution of decretion disks in BeXBs through polarization observations. Changes in the polarization angle and polarization degree trace evolutionary changes in the geometry and physical extent of the disk. Electron scattering of unpolarized light generates polarized radiation perpendicular to the scattering plane, which in Be stars coincides with the decretion disk. This occurs because multiple scattering occurs predominantly in the optically thicker equatorial regions. This biases the orientation of the scattering planes of multiply scattered photons toward the equatorial plane (Wood et al. 1996). Therefore, variability in the polarization angle may reveal the presence of warped disks (Reig & Blinov 2018). Likewise, because the polarization degree provides information about the number of scatterers, it can be linked to the disk density.
4.1. Long-term variability
Section 3.2 shows that most BeXBs exhibit polarimetric variability on timescales of years. Only three systems, SAX J2239.3+6116, IGR J01363+6610, and IGR J0158+6713, display stable long-term polarization (< 2σ). However, even in these cases, the standard deviation computed over the entire dataset (Table 2) is significantly greater than the instrument accuracy, which is estimated to be better than 0.015% based on measurements of standard stars. These timescales correspond to the viscous timescale of Be star’s disk evolution. Two natural consequences of the long-term variability associated with disk evolution are disk loss and the occurrence of X-ray outbursts.
4.1.1. Disk-loss episodes
Circumstellar disks in Be stars, and therefore also in BeXBs, are not permanent features. They form, grow, and dissipate on timescales of years. Disk-loss episodes are of paramount importance because they enable the separation of intrinsic polarization from that due to the ISM. In Be stars, linear polarization originates in the circumstellar disk. Thus, in the absence of the disk, the measured polarization must be entirely interstellar in origin. The Hα line is the most reliable indicator of disk dissipation: it changes from emission to a pure absorption profile once the disk has been lost. Consequently, its equivalent width (EW) serves as a robust proxy for the presence or absence of the disk. By convention, EW is negative for emission lines and positive for absorption lines.
Table 3 lists the maximum and minimum EW(Hα) values for the studied targets during the period 2013–2024, which corresponds to our polarimetric campaigns. The spectroscopic data were obtained with the 1.3 m telescope at SKO and are part of a long-term monitoring project4. Three BeXBs underwent disk-loss episodes: IGR J06074+2205, SAX J2103.5+4545, and IGR J21343+4738, while five others showed evidence of highly debilitated disks: 4U 0115+63, RX J0440.9+4431, MXB 0656–072, GRO J2058+42, and SAX J2239.3+6116. Table 4 compares the PD during low optical states, including disk-loss events, with the PD derived from field-star analysis. In general, the agreement is good, especially in cases where the absence of the disk is most evident. For sources with EW(Hα) > 0, it is expected that a small residual disk remains. For RX J0440.9+4431, the suitability of field stars may be questioned because they are located at a greater distance than the target.
Table 3. 
Minimum and maximum Hα equivalent widths.

Table 4. 
Polarization degree during low-optical states (including disk-loss events) and from field-star analysis.

4.1.2. Giant X-ray outbursts
X-ray outbursts in Be/X-ray binaries originate when mass from the Be star’s circumstellar disk transfers to the neutron star. However, the exact transfer mechanism remains unclear. The disks in Be/X-ray binaries are often truncated due to the gravitational effects of the neutron star (Reig et al. 1997a; Negueruela & Okazaki 2001; Okazaki & Negueruela 2001; Reig et al. 2016). This truncation raises the question of how substantial matter transfers to the neutron star to trigger the X-ray outbursts. If the disk is truncated, substantial accretion is only feasible if the disk becomes asymmetric and dense enough to exceed the truncation radius. Current theory suggests that giant outbursts occur when the neutron star captures a significant amount of gas from a warped, highly misaligned, and eccentric Be disk (Martin et al. 2011; Okazaki et al. 2013; Martin et al. 2014). Models indicate that these highly distorted disks enhance mass accretion when the neutron star passes through the warped region. This interaction increases the density and volume of gas available for accretion onto the neutron star, thereby triggering intense X-ray emission.
Observational evidence for warped disks comes from spectral lines. Low inclination systems produce single peak profiles, intermediate inclination systems produce double-peak profiles, and high-inclination systems generate shell profiles (Rivinius et al. 2013). Therefore, if a single source shows all these profiles, and since the spin axis of the Be star is not expected to change on timescales of days, the appearance of different profiles in the same star implies that the disk axis changes direction. In other words, the source hosts a warped precessing disk. Changes in the emission line profile in Be and BeXBs have been interpreted as observational evidence for misaligned disks that become warped in their outer parts (Hummel 1998; Negueruela et al. 2001; Reig et al. 2007; Moritani et al. 2011, 2013).
Further evidence for warped disks should come from the polarization angle, because Thompson scattering polarizes light perpendicular to the scattering plane. Therefore, if the orientation of the disk changes, the polarization angle should also change. Table 5 lists the sources that exhibited a giant (type II) outburst during the period covered by the polarimetric observations. We computed data from the Swift/BAT light curves using the average conversion factors listed in the table footnote. We searched for changes in the polarization parameters during type II outbursts. Figure 3 shows the polarization degree and angle during type II outbursts for the sources that underwent type II outbursts during the observations. The vertical dashed lines mark the peak of the X-ray outburst. The lack of data during many outbursts prevents us from providing strong evidence for warped precessing disks. Nevertheless, we identified promising cases. In addition to 4U 0115+63, previously reported by Reig & Blinov (2018), KS 1947+300, EXO 2030+375 and Swift J0243.6+6124 showed changes in EVPA that coincide with the X-ray outburst.
	[image: Thumbnail: Fig. 3. Refer to the following caption and surrounding text.]	Fig. 3. Polarization degree and angle near a major (type II) X-ray outburst. The vertical dashed lines indicate the peak of the X-ray outburst.



Table 5. 
Type II outbursts during the observation period.

The outer parts of the disk are expected to be the most affected by warping effects (Martin & Franchini 2021), while the inner regions, where most of the polarization is produced, would be less affected. Linear polarization signatures arise primarily in the inner parts of the disk, where the density of scatterers is highest (Carciofi 2011; Halonen & Jones 2013b). This may explain the relatively small observed variation in EVPA (≲10°), which would be associated with the precession angle.
Fig. 3 shows that the distorted disk appears to precede the X-ray event. Except for Swift J0243.6+6124, for which no data were available prior to the outburst, the polarization parameters began to vary before the outburst onset in the other three cases. Thus, the presence of a distorted disk seems to be a prerequisite to trigger an X-ray outburst, consistent with theoretical predictions (Martin et al. 2011; Okazaki et al. 2013; Martin et al. 2014).
4.2. Short-term variability
In addition to long-term variations, Fig. 1 (and Appendix A) shows significant scatter, with polarization parameters varying by 10–30% on timescales of a few weeks to months. This behavior has been seen in isolated Be stars (Vince et al. 1995; Draper et al. 2014). The origin of this generally nonperiodic variability is unclear and likely stems from a diversity of phenomena that alter the distribution and density of the light scattering material in the disk. Longer-term phenomena (months) associated with these apparent stochastic jumps in polarization may include a rotating or precessing tilted disk (Marr et al. 2018) or one-armed density waves (Halonen & Jones 2013b; Draper et al. 2014); on much shorter timescales (≲1 day), polarimetric variability may be associated with mass ejection episodes from the Be star into the disk and from stochastic changes in the mass decretion rate (Carciofi et al. 2007; Wisniewski et al. 2010; Carciofi et al. 2025). On intermediate timescales (weeks), orbital modulation may also contribute to the scatter (Kravtsov et al. 2020).
4.3. Comparison with Be stars
The circumstellar disks in BeXBs are, on average, smaller and denser than those of Be stars in nonbinary systems. Evidence for this result comes from both observations (Reig et al. 1997a, 2000, 2016; Zamanov et al. 2001) and theory (Okazaki et al. 2002; Panoglou et al. 2016; Cyr et al. 2017). Disk truncation explains this phenomenon, resulting from the interaction between the disk and the neutron star. The closer the two components of the binary, the stronger the tidal torque exerted by the neutron star on the disk. Systems with short orbital periods (Porb ≲ 50 d) exhibit faster variability (i.e., rapid, irregular changes) than systems with longer orbital periods (see Fig. 1 in Reig et al. 2016). In narrow-orbit systems, the disk is exposed to larger torques from the neutron star, preventing it from reaching a stable configuration for a long period of time. Another example is the correlation between the maximum EW(Hα) and the orbital period in BeXBs (Reig et al. 1997a; Reig 2011). Because EW(Hα) provides a measure of the extent of the disk (Tycner et al. 2005; Grundstrom & Gies 2006), the correlation implies that only wider-orbit systems are able to develop stable and larger disks.
We investigated whether the polarization data agree with these results. For this analysis to be meaningful, the intrinsic polarization must be used. We corrected the measured polarization for the contribution of the ISM, as described in Sect. 3.4. The right panel of Fig. 4 shows the maximum intrinsic polarization degree, P*, as a function of the orbital period, Porb. There is a trend for larger intrinsic PD for wider-orbit systems in BeXBs. Excluding the outlier EXO 2030+375 and the Be/γ-ray binary RX J0240.4+6112/LS I +613035, the correlation is significant, with a correlation coefficient r = 0.66 and a probability that the null hypothesis (that the two variables are uncorrelated) is true of p-value = 0.015. Several factors could contribute to the dispersion in this plot: (i) uncertainty in the ISM polarization estimation, (ii) the dependence of the polarization fraction on inclination angle (Wood et al. 1996; Halonen et al. 2013), and/or (iii) the fact that polarization occurs closer to the Be star than the formation region of the Hα line (Carciofi 2011). In this respect, EW(Hα) provides a better proxy for the extent of the disk, and tidal interaction effects with the neutron star are more apparent. The intrinsic polarization fraction and angle strongly depend on the polarization of the field stars. However, the fact that there is no clear trend (r = 0.26, p-value = 0.34) between the maximum intrinsic polarization and the distance (left panel in Fig. 4) indicates adequate field star selection overall. Nevertheless, a bad representation of the ISM for some individual systems cannot be ruled out. The case of EXO 2030+375 is unique. It exhibits the highest polarization degree ever measured in either a Be star or a BeXB, well above the typical values observed in these systems (see discussion below). One possible explanation for this apparent extreme behavior is the high and spatially complex extinction toward the source. Figure C.1 and Appendix E (supplementary material in the Zenodo repository6) show a substantial variation in degree of polarization in the vicinity of the X-ray source. For instance, we observe clear differences when comparing the spatial locations and polarization degrees of the field stars gfs1 and gfs3, as well as gfs9 and gfs10. In this scenario, the high polarization observed in EXO 2030+375 results from an inaccurate correction for ISM polarization rather than from an intrinsic origin. Reig et al. (2014) proposed an alternative physical explanation for the unusually large PD in EXO 2030+375: they suggested that the high polarization arises from the alignment of nonspherical ferromagnetic grains in the Be-star disk under the influence of the neutron star’s strong magnetic field.
	[image: Thumbnail: Fig. 4. Refer to the following caption and surrounding text.]	Fig. 4. Maximum intrinsic polarization degree as a function of distance (left) and orbital period (right), excluding the outlier EXO 2030+375. The red point corresponds to the Be/γ-ray binary RX J0240.4+6112/LS I +61303.



The scatter is larger among the short-period systems (Porb ≲ 50 d). This trend also appears in the Hα equivalent width versus orbital period diagram (Reig et al. 2016) and in the X-ray band (Reig 2007). A simple explanation is that wider orbit systems can develop stable disks over longer time periods. In contrast, systems with short orbital periods experience stronger and more frequent tidal truncation from the neutron star, preventing the disk from reaching a stable configuration on shorter timescales.
Yudin (2001) performed a statistical analysis of the intrinsic polarization of 497 isolated Be stars covering the entire spectral range. The study found that, for the early-type group (B0-B3), which is the relevant group for comparison with BeXBs, values showed larger scatter, but on average, Be stars in this spectral range exhibited higher polarization. The maximum intrinsic polarization values for B0-B3 stars are PD*(%)≲2%. In the Yudin (2001) sample, only five stars exhibited polarization degrees above 2% (all in the B0-B2 spectral range). The average intrinsic polarization for different spectral subtypes in the Yudin sample was 0.84 ± 0.48% for O-B1.5 and 0.75 ± 0.48% for B2-B2.5.
About half of our BeXB sample displays an intrinsic maximum polarization degree above 2%. Figure 5 shows the normalized histogram of the maximum measured intrinsic PD in BeXBs compared to classical Be stars of similar spectral type range (data from Yudin 2001). Since the polarization degree reflects the number of scatterers, models predict that polarization increases with density, as the number of electrons available for Thomson scattering increases (Halonen & Jones 2013a). Our findings thus support the idea that disks in BeXBs are denser than in isolated Be stars.
	[image: Thumbnail: Fig. 5. Refer to the following caption and surrounding text.]	Fig. 5. Normalized histogram of the maximum intrinsic polarization (corrected for the ISM) for our BeXB sample, excluding the outlier EXO 2030+375, compared with the polarization distribution of classical Be stars of similar spectral type (data from Yudin 2001). The Y axis is computed so that the total area under the histogram equals 1.



5. Conclusions
We performed a systematic study of the polarization properties of BeXBs visible from the Northern Hemisphere to characterized their long-term optical variability and to probe the dynamics and structure of their circumstellar disks. Our findings confirm that BeXBs are intrinsically variable in polarization, with changes in polarization degree and angle directly tracing the evolution of the disk size and geometry. A key result of this work is the confirmation that circumstellar disks in BeXBs are, on average, smaller and significantly denser than those in isolated Be stars. This finding is evidenced by the higher intrinsic polarization values observed in our sample, with approximately half of the targets exceeding the typical maximum polarization of isolated Be stars. This finding strongly supports theoretical models of disk truncation, where the gravitational influence of the neutron star tidally truncates and confines the Be star’s disk. We also find evidence linking giant X-ray outbursts to the presence of warped and precessing disks, where changes in the polarization angle, indicating a distorted disk, appear to be a necessary precursor to those high-energy events.
In conclusion, this study highlights the importance of polarimetry, together with spectroscopy and photometry, as diagnostic tools for investigating the physical mechanisms that govern the behavior of these complex binary systems.

Data availability
The polarization measurements, including q, u, PD, and EVPA, along with their corresponding uncertainties, are available in the Zenodo repository: https://doi.org/10.5281/zenodo.18346735
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Appendix A:  Long-term polarimetric variability of targets
This appendix gives the evolution of the polarization observations of the targets.
	[image: Thumbnail: Fig. A.1. Refer to the following caption and surrounding text.]	Fig. A.1. Left panels: Evolution of the Stokes parameters, polarization degree and angle. Top-right panel: q − u plane. Weighted mean of the source observations (black circles) calculated yearly and of the field stars (red cross). Bottom-right panel: EDF of measured polarization using all data points (black line) or the weighted averaged points (red line) compared with expected (theoretical) CDF of polarization measurements (blue line).
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Appendix B:  Extinction curves
This appendix shows the extinction curves for each individual target.
	[image: Thumbnail: Fig. B.1. Refer to the following caption and surrounding text.]	Fig. B.1. Extinction as a function of distance in the direction of the targets. The turquoise circle represents the target, while the black circles correspond to the field stars that were used to correct for ISM polarization.
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	[image: Thumbnail: Fig. B.1. Refer to the following caption and surrounding text.]	Fig. B.1. Continued.




Appendix C:  Sky charts of field stars
Sky charts of the targets. The field of view is 12.5 × 12.5 arcmin. North is up, East is left. The target is marked in red, while the field stars are marked with blue circles.
	[image: Thumbnail: Fig. C.1. Refer to the following caption and surrounding text.]	Fig. C.1. Sky charts with the identification of the target (red lines) and the field stars (blue circles).



	[image: Thumbnail: Fig. C.1. Refer to the following caption and surrounding text.]	Fig. C.1. Continued.
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	[image: Thumbnail: Fig. 1. Refer to the following caption and surrounding text.]	Fig. 1. Left: Evolution of the Stokes parameters, polarization degree and angle. Top right: q − u plane. Weighted mean of the source observations (black circles), calculated yearly, and of the field stars (red cross). Bottom right: Empirical distribution function (EDF) of measured polarization using all data points (black line) or the weighted averaged points (red line) compared with expected cumulative distribution function (CDF) of polarization measurements (blue line). The data shown correspond to the BeXB RX J0146.9+6121.
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	[image: Thumbnail: Fig. 2. Refer to the following caption and surrounding text.]	Fig. 2. Two representative examples of extinction as a function of distance (data from Green et al. 2019). Data points mark the assumed locations of the stars on the extinction curve, based on their distances; they do not imply extinction values. Distances are from Bailer-Jones et al. (2021). The turquoise circle represents the BeXB, the black circles show the field stars used for the ISM correction, and the blue circles correspond to other field stars. We also indicate the polarization degree (PD) of the field stars. The vertical dashed line marks the region of uncertain extinction.
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	[image: Thumbnail: Fig. 3. Refer to the following caption and surrounding text.]	Fig. 3. Polarization degree and angle near a major (type II) X-ray outburst. The vertical dashed lines indicate the peak of the X-ray outburst.
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	[image: Thumbnail: Fig. 4. Refer to the following caption and surrounding text.]	Fig. 4. Maximum intrinsic polarization degree as a function of distance (left) and orbital period (right), excluding the outlier EXO 2030+375. The red point corresponds to the Be/γ-ray binary RX J0240.4+6112/LS I +61303.
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	[image: Thumbnail: Fig. 5. Refer to the following caption and surrounding text.]	Fig. 5. Normalized histogram of the maximum intrinsic polarization (corrected for the ISM) for our BeXB sample, excluding the outlier EXO 2030+375, compared with the polarization distribution of classical Be stars of similar spectral type (data from Yudin 2001). The Y axis is computed so that the total area under the histogram equals 1.
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	[image: Thumbnail: Fig. A.1. Refer to the following caption and surrounding text.]	Fig. A.1. Left panels: Evolution of the Stokes parameters, polarization degree and angle. Top-right panel: q − u plane. Weighted mean of the source observations (black circles) calculated yearly and of the field stars (red cross). Bottom-right panel: EDF of measured polarization using all data points (black line) or the weighted averaged points (red line) compared with expected (theoretical) CDF of polarization measurements (blue line).
In the text



	[image: Thumbnail: Fig. A.1. Refer to the following caption and surrounding text.]	Fig. A.1. Continued.
In the text



	[image: Thumbnail: Fig. A.1. Refer to the following caption and surrounding text.]	Fig. A.1. Continued.
In the text



	[image: Thumbnail: Fig. B.1. Refer to the following caption and surrounding text.]	Fig. B.1. Extinction as a function of distance in the direction of the targets. The turquoise circle represents the target, while the black circles correspond to the field stars that were used to correct for ISM polarization.
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      Table 1. 

      Target list and relevant information.

      
        


	Source
	Spectral
	V-band
	Pspin
	Porb
	e
	Distance (kpc)
	References



	name
	type
	(mag)
	(s)
	(days)
	
	Gaia DR3
	





	4U 0115+63
	B0.2Ve
	15.4
	3.6
	24.3
	0.34
	
[image: Mathematical equation: $ 5.7^{+0.5}_{-0.4} $]
	[1a], [1b]



	IGR J01363+6610
	B1IV-Ve
	13.3
	–
	–
	–
	5.6 ± 0.4
	[2a], [2b]



	RX J0146.9+6121
	B1Ve
	11.3
	1400
	303?
	–
	2.75 ± 0.15
	[3a], [3b]



	IGR J01583+6713
	B2IVe
	14.4
	–
	–
	–
	
[image: Mathematical equation: $ 5.6^{+0.6}_{-0.4} $]
	[4a], [4b]



	RX J0240.4+6112
	B0Ve
	10.8
	–
	26.5
	0.54
	2.50 ± 0.07
	[5a], [5b]



	Swift J0243.6+6124
	O9.5Ve
	12.8
	9.9
	27.6
	0.10
	
[image: Mathematical equation: $ 5.2^{+0.3}_{-0.2} $]
	[6a], [6b]



	V 0332+53
	O8–9Ve
	15.4
	4.4
	33.8
	0.37
	5.9 ± 0.4
	[7a], [7b]



	RX J0440.9+4431
	B0.2Ve
	10.7
	202.5
	150
	–
	
[image: Mathematical equation: $ 2.44^{+0.08}_{-0.09} $]
	[8a], [8b]



	1A 0535+262
	O9.7IIIe
	9.2
	105
	111
	0.47
	1.77 ± 0.06
	[9a], [9b]



	IGR J06074+2205
	B0.5Ve
	12.2
	373.2
	80?
	–
	
[image: Mathematical equation: $ 6.0^{+0.9}_{-0.6} $]
	[10a], [10b]



	MXB 0656–072
	O9.5Ve
	12.3
	160.4
	101.2
	0.4?
	5.7 ± 0.5
	[11a], [11b]



	XTE J1946+274
	B0-1V-IVe
	16.6
	15.8
	172
	0.25
	
[image: Mathematical equation: $ 12.1^{+2.6}_{-2.2} $]
	[12a], [12b]



	KS 1947+300
	B0Ve
	14.5
	18.7
	40.4
	0.03
	
[image: Mathematical equation: $ 14^{+3}_{-2} $]
	[13a], [13b]



	EXO 2030+375
	B0Ve
	19.5
	41.8
	46.02
	0.41
	
[image: Mathematical equation: $ 2.4^{+0.5}_{-0.4} $]
	[14a], [14b]



	GRO J2058+42
	O9.5-B0IV-Ve
	14.9
	192
	110
	–
	
[image: Mathematical equation: $ 8.9^{+0.7}_{-0.8} $]
	[15a], [15b]



	SAX J2103.5+4545
	B0Ve
	13.9
	358.6
	12.7
	0.40
	
[image: Mathematical equation: $ 6.2^{+0.4}_{-0.5} $]
	[16a], [16b]



	IGR J21343+4738
	B1IVe
	14.1
	320.3
	–
	–
	
[image: Mathematical equation: $ 8.5^{+1.1}_{-0.8} $]
	[17]



	Cep X–4
	B1-2Ve
	14.3
	66.3
	–
	–
	
[image: Mathematical equation: $ 7.2^{+0.68}_{-0.6} $]
	[18]



	4U 2206+54
	O9.5Ve
	9.8
	5550
	19.2
	0.15
	
[image: Mathematical equation: $ 3.2^{+0.2}_{-0.1} $]
	[19a], [19b]



	SAX J2239.3+6116
	B0Ve
	14.4
	1247
	263
	–
	
[image: Mathematical equation: $ 7.3^{+0.7}_{-0.5} $]
	[20a], [20b]



	IGR J22534+6243
	B1Ve
	15.3
	46.7
	–
	–
	
[image: Mathematical equation: $ 8.9^{+1.4}_{-0.9} $]
	[21]





      

      
Notes. Distance from Bailer-Jones et al. (2021). [1a] Negueruela & Okazaki (2001); [1b] Raichur & Paul (2010); [2a] Reig et al. (2005b); [2b] Tomsick et al. (2011); [3a] Reig et al. (1997b); [3b] Sarty et al. (2009); [4a] Wang (2010); [4b] Kaur et al. (2008); [5a] Aragona et al. (2009); [5b] Zamanov et al. (2013); [6a] Wilson-Hodge et al. (2018); [6b] (Reig et al. 2020); [7a] Negueruela et al. (1999); [7b] Doroshenko et al. (2016); [8a] Reig et al. (2005a); [8b] Ferrigno et al. (2013); [9a] Haigh et al. (2004); [9b] Grundstrom et al. (2007); [10a] Reig et al. (2010); [10b] Chhotaray et al. (2024); [11a] Yan et al. (2012); [11b] Nespoli et al. (2012); [12a] Verrecchia et al. (2002); [12b] Marcu-Cheatham et al. (2015); [13a] Galloway et al. (2004); [13b] Liu et al. (2025); [14a] Parmar et al. (1989); [14b] Wilson et al. (2008); [15a] Wilson et al. (1998); [15b] Kızıloǧlu et al. (2007); [16a] Baykal et al. (2000); [16b] Reig et al. (2004); [17] Reig & Zezas (2014); [18] Bonnet-Bidaud & Mouchet (1998); [19a] Corbet et al. (2007); [19b] Blay et al. (2006); [20a] in’t Zand et al. (2001); [20b] Reig et al. (2017); [21] Esposito et al. (2013).



    

  
    
      Fig. 1. 

      
        [image: Fig. 1. Refer to the following caption and surrounding text.]
      

      
        Left: Evolution of the Stokes parameters, polarization degree and angle. Top right: q − u plane. Weighted mean of the source observations (black circles), calculated yearly, and of the field stars (red cross). Bottom right: Empirical distribution function (EDF) of measured polarization using all data points (black line) or the weighted averaged points (red line) compared with expected cumulative distribution function (CDF) of polarization measurements (blue line). The data shown correspond to the BeXB RX J0146.9+6121.

      

    

  
    
      Fig. 2. 

      
        [image: Fig. 2. Refer to the following caption and surrounding text.]
      

      
        Two representative examples of extinction as a function of distance (data from Green et al. 2019). Data points mark the assumed locations of the stars on the extinction curve, based on their distances; they do not imply extinction values. Distances are from Bailer-Jones et al. (2021). The turquoise circle represents the BeXB, the black circles show the field stars used for the ISM correction, and the blue circles correspond to other field stars. We also indicate the polarization degree (PD) of the field stars. The vertical dashed line marks the region of uncertain extinction.

      

    

  
    
      Table 2. 

      Polarization statistics.

      
        


	Source
	PD(%)
	σPD(%)
	EVPA (°)
	σEVPA (°)
	q
	σq
	u
	σu
	p-value (all)
	p-value (mean)





	4U 0115+63
	3.66
	0.39
	110.6
	3.1
	−0.0275
	0.0041
	−0.0241
	0.0038
	3.2 × 10−16
	6.2 × 10−08



	IGR J01363+6610
	7.59
	0.21
	108.4
	0.8
	−0.0607
	0.0019
	−0.0456
	0.0024
	7.1 × 10−01
	1.3 × 10−02



	RX J0146.9+6121
	5.20
	0.17
	103.6
	1.1
	−0.0462
	0.0015
	−0.0238
	0.0021
	1.6 × 10−05
	2.6 × 10−10



	IGR J0158+6713
	10.31
	0.27
	110.4
	0.7
	−0.0781
	0.0025
	−0.0673
	0.0028
	4.2 × 10−01
	9.8 × 10−01



	RX J0240.4+6112
	1.22
	0.17
	138.0
	4.1
	0.0013
	0.0018
	−0.0121
	0.0017
	4.8 × 10−29
	1.1 × 10−14



	Swift J0243.6+6124
	3.77
	0.18
	110.7
	1.3
	−0.0282
	0.0020
	−0.0249
	0.0014
	4.5 × 10−02
	9.6 × 10−05



	V 0332+53
	3.57
	0.23
	115.1
	1.8
	−0.0229
	0.0021
	−0.0274
	0.0024
	2.2 × 10−08
	9.8 × 10−06



	RX J0441.0+4431
	1.88
	0.21
	155.8
	3.1
	0.0125
	0.0018
	−0.0141
	0.0023
	1.0 × 10−12
	7.3 × 10−08



	1A 0535+26
	0.79
	0.19
	0.3
	5.1
	0.0079
	0.0019
	0.0001
	0.0014
	1.1 × 10−10
	3.3 × 10−10



	IGR J06074+2205
	6.12
	0.38
	159.0
	2.0
	0.0454
	0.0017
	−0.0410
	0.0054
	1.3 × 10−10
	2.0 × 10−06



	MXB 0656-072
	2.15
	0.18
	142.6
	4.9
	0.0056
	0.0038
	−0.0207
	0.0016
	6.8 × 10−08
	1.5 × 10−15



	XTE J1946+274
	1.77
	0.36
	31.2
	5.4
	0.0082
	0.0032
	0.0157
	0.0037
	1.1 × 10−17
	1.1 × 10−03



	KS 1947+300
	2.62
	0.23
	23.0
	2.5
	0.0182
	0.0021
	0.0189
	0.0025
	4.8 × 10−13
	8.1 × 10−03



	EXO 2030+375
	19.06
	1.38
	41.2
	1.7
	0.0250
	0.0116
	0.1889
	0.0139
	8.3 × 10−19
	1.5 × 10−10



	GRO J2058+42
	4.69
	0.33
	67.3
	2.0
	−0.0329
	0.0031
	0.0334
	0.0035
	1.6 × 10−11
	8.6 × 10−05



	SAX J2103.5+4545
	1.64
	0.24
	4.9
	4.0
	0.0161
	0.0024
	0.0028
	0.0023
	4.4 × 10−21
	4.6 × 10−06



	IGR J21343+4738
	1.61
	0.28
	41.6
	4.1
	0.0019
	0.0023
	0.0160
	0.0028
	1.8 × 10−08
	6.9 × 10−09



	Cep X–4
	2.16
	0.20
	17.6
	3.0
	0.0177
	0.0018
	0.0124
	0.0025
	2.1 × 10−13
	1.9 × 10−02



	4U 2206+54
	4.07
	0.20
	41.4
	1.2
	0.0051
	0.0017
	0.0404
	0.0020
	5.9 × 10−15
	6.0 × 10−05



	SAX J2239.3+6116
	7.38
	0.22
	62.8
	0.9
	−0.0429
	0.0026
	0.0601
	0.0020
	9.4 × 10−02
	5.4 × 10−02



	IGR J22534+6243
	5.23
	0.33
	67.2
	1.8
	−0.0366
	0.0037
	0.0374
	0.0030
	2.7 × 10−05
	3.9 × 10−02





      

      
Notes. Mean and standard deviation. The p-value indicates variability. The EVPA is defined in the 0–180° interval.



    

  
    
      Table 3. 

      Minimum and maximum Hα equivalent widths.

      
        


	Source
	Min.
	Max.
	N



	
	EW(Hα)
	EW(Hα)
	





	4U 0115+63
	+0.3
	–12.1
	51



	IGR J01363+6610
	–47.0
	–74.7
	33



	RX J0146.9+6121
	–6.3
	–15.4
	64



	IGR J01583+6713
	–59.0
	–73.9
	23



	RX J0240.4+6112
	–9.3
	–14.5
	22



	SWIFT J0243.6+6124
	–4.6
	–11.1
	39



	V 0332+53
	–4.0
	–10.5
	33



	RX J0440.9+4431
	–1.6
	–12.8
	40



	1A 0535+262
	–8.3
	–22.1
	22



	IGR J06074+2205
	+2.6
	–11.4
	31



	MXB 0656–072
	–3.2
	–19.0
	21



	XTE J1946+274
	–33.6
	–44.6
	30



	KS 1947+300
	–7.1
	–16.5
	40



	EXO 2030+375
	–
	–
	–



	GRO J2058+42
	–0.7
	–13.9
	60



	SAX J2103.5+4545
	+3.1
	–5.6
	53



	IGR J21343+4738
	+3.0
	–8.9
	51



	Cep X–4
	–47.7
	–55.0
	29



	SAX J2239.3+6116
	–0.8
	–21.9
	58



	IGR J22534+6243
	–2.8
	–39.9
	20





      

      
Notes. The analyzed period is MJD 56445–60645. Typical errors in EW(Hα) are ≲5%. The symbol N denotes the number of measurements.



    

  
    
      Table 4. 

      Polarization degree during low-optical states (including disk-loss events) and from field-star analysis.

      
        


	Source
	PD (%)
	PD (%)
	Low state



	
	low states
	field stars
	(MJD)





	4U 0115+63
	3.6 ± 0.1
	2.6 ± 0.1
	59000–59500



	RX J0440.9+4431
	2.3 ± 0.1
	3.0 ± 0.1
	56300–56700



	IGR J06074+2205
	6.5 ± 0.1
	5.5 ± 0.1
	57950–58050



	MXB 0656–072
	2.2 ± 0.1
	2.3 ± 0.1
	59000–60000



	GRO J2058+42
	4.4 ± 0.1
	2.5 ± 0.1
	59700–60500



	SAX J2103.5+4545
	1.6 ± 0.1
	1.6 ± 0.1
	59700–59830



	IGR J21343+4738
	1.3 ± 0.1
	1.4 ± 0.1
	56500–57300



	SAX J2239.3+6116
	7.2 ± 0.1
	5.8 ± 0.1
	57000–57800





      

    

  
    
      Fig. 3. 

      
        [image: Fig. 3. Refer to the following caption and surrounding text.]
      

      
        Polarization degree and angle near a major (type II) X-ray outburst. The vertical dashed lines indicate the peak of the X-ray outburst.

      

    

  
    
      Table 5. 

      Type II outbursts during the observation period.

      
        


	X-ray source
	Start
	End
	Peak
	BAT flux(2)
	Flux(2),(3)
	LX(1),(2),(4)



	
	(MJD)
	(MJD)
	(MJD)
	(ct/cm2/s)
	(mCrab)
	(erg s−1)





	XTE J1946+274
	58275
	58325
	58283
	0.035
	159
	3.56 × 1037



	KS 1947+300
	56548
	56691
	56610
	0.071
	323
	8.48 × 1037



	EXO 2030+375
	59406
	59547
	59465
	0.125
	568
	3.73 × 1037



	GRO J2058+42
	58545
	58614
	58569
	0.050
	227
	2.86 × 1037



	4U 0115+63
	57306
	57342
	57318
	0.100
	455
	2.30 × 1037



	4U 0115+63
	57958
	57997
	57971
	0.064
	291
	1.47 × 1037



	4U 0115+63
	60028
	60070
	60042
	0.150
	682
	3.45 × 1037



	Swift J0243.6+6124
	60092
	60204
	60136
	0.260
	1182
	4.97 × 1037



	V 0332+53
	57185
	57311
	57234
	0.220
	1000
	5.41 × 1037



	RX J0441.0+4431
	59935
	60080
	59977
	0.500
	2273
	2.04 × 1037



	1A 0535+26
	59149
	59213
	59172
	2.420
	11 000
	5.54 × 1037





      

      
Notes. (1) Assumed distances from Table 1; (2) Energy range 15–50 keV, at the peak of the outburst; (3) 1 mCrab = 0.000220 ct cm−2 s−1; (4) 1 mCrab = 1.3 × 10−11 erg s−1 cm−2.



    

  
    
      Fig. 4. 

      
        [image: Fig. 4. Refer to the following caption and surrounding text.]
      

      
        Maximum intrinsic polarization degree as a function of distance (left) and orbital period (right), excluding the outlier EXO 2030+375. The red point corresponds to the Be/γ-ray binary RX J0240.4+6112/LS I +61303.

      

    

  
    
      Fig. 5. 

      
        [image: Fig. 5. Refer to the following caption and surrounding text.]
      

      
        Normalized histogram of the maximum intrinsic polarization (corrected for the ISM) for our BeXB sample, excluding the outlier EXO 2030+375, compared with the polarization distribution of classical Be stars of similar spectral type (data from Yudin 2001). The Y axis is computed so that the total area under the histogram equals 1.

      

    

  
    
      Fig. A.1. 

      
        [image: Fig. A.1. Refer to the following caption and surrounding text.]
      

      
        Left panels: Evolution of the Stokes parameters, polarization degree and angle. Top-right panel: q − u plane. Weighted mean of the source observations (black circles) calculated yearly and of the field stars (red cross). Bottom-right panel: EDF of measured polarization using all data points (black line) or the weighted averaged points (red line) compared with expected (theoretical) CDF of polarization measurements (blue line).

      

    

  
    
      Fig. A.1. 

      
        [image: Fig. A.1. Refer to the following caption and surrounding text.]
      

      
        Continued.

      

    

  
    
      Fig. A.1. 

      
        [image: Fig. A.1. Refer to the following caption and surrounding text.]
      

      
        Continued.

      

    

  
    
      Fig. B.1. 

      
        [image: Fig. B.1. Refer to the following caption and surrounding text.]
      

      
        Extinction as a function of distance in the direction of the targets. The turquoise circle represents the target, while the black circles correspond to the field stars that were used to correct for ISM polarization.

      

    

  
    
      Fig. B.1. 

      
        [image: Fig. B.1. Refer to the following caption and surrounding text.]
      

      
        Continued.

      

    

  
    
      Fig. B.1. 

      
        [image: Fig. B.1. Refer to the following caption and surrounding text.]
      

      
        Continued.

      

    

  
    
      Fig. C.1. 

      
        [image: Fig. C.1. Refer to the following caption and surrounding text.]
      

      
        Sky charts with the identification of the target (red lines) and the field stars (blue circles).

      

    

  
    
      Fig. C.1. 

      
        [image: Fig. C.1. Refer to the following caption and surrounding text.]
      

      
        Continued.
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