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Abstract

:

We report detailed polarization and single-pulse studies of PSR B0950+08 with the Five-hundred-meter Aperture Spherical Radio Telescope (FAST) at 1250 MHz. Significant bridge emission was observed between the inter-pulse and the main pulse and the height of the bridge decreased with increase in frequency. Our results support the interpretation that both the inter-pulse and the main pulse of this pulsar are from the same magnetic pole. From the relative peak flux density and the relative energy distribution, we conclude that no giant pulse was detected in PSR B0950+08. Our results provide opportunities to study the origin of the emission from PSR B0950+08 and offer new insights into the origins of pulsar emission and bridge emission.
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1. Introduction


PSR B0950+08 (J0953+0755) is a bright pulsar with a pulse period of 253 ms. This pulsar is famous for its bridge emission between the main pulse (MP) and inter-pulse (IP) and its giant pulse (GP) emission. Using the Arecibo telescope, Hankins & Cordes [1] carried out a detailed study of the bridge emission between the MP and the IP of PSR B0950+08 for the first time. They found that the IP of this pulsar was correlated with the MP and that the inter-pulse–main-pulse separation was frequency-independent between 100 and 5000 MHz. Bilous et al. [2] found that the bridge emission was more obvious at low frequencies. These unique physical phenomena of PSR B0950+08 have stimulated research on whether the IP of pulsars comes from a single magnetic pole or opposite magnetic poles. The physical connection between the bridge emission and the MP and IP remains a mystery and the origin of the bridge emission is still unknown.



It is generally believed that the radio emission of pulsars originates from the polar cap region of the neutron star. The study of single pulses can help us to understand the unique physical phenomena in the emission region of pulsars, such as pulse mode change, nulling, sub-pulse drifting, and giant pulses. The pulse mode change is the average profile of pulsars when changed between two or more stable profile shapes [3]. Nulling is a phenomenon in which the pulse disappears in a period of time (usually several thousands of pulse cycles) and can then be detected by the telescope [4]. Sub-pulse drifting occurs where a sub-pulse changes regularly and moves forward or backward at a specific rate in the pulse window [5]. The GP is a short duration, very bright, pulse emission from a pulsar [6,7,8,9,10]. A GP often occurs in narrow phase windows, the energy exceeding the average pulse energy by 10 times or even much more. To date, only 16 pulsars have been detected exhibiting the remarkable GP phenomenon [11,12,13,14,15,16,17]. Generally, the energy distribution of normal pulses follows a normal or log-normal distribution. However, the energy distribution of the GP is different from that of a normal pulse and follows a power-law distribution [18,19]. The difference in pulse energy distribution means that normal pulses and a GP have different emission mechanisms [20,21,22]. The GP of PSR B0950+08 has been reported in a number of papers (e.g., [23,24,25]),with a criterion of 30 times the peak flux density of an average pulse (AP) usually selected as the threshold to judge whether the single pulse is a GP.



Using the Rajkot radio telescope, Singal et al. observed PSR B0950+08 at 103 MHz and detected one million pulses [19]. They found that there was high energy variability at low frequency (which is usually considered as a GP) and that single pulses with energy 100 times greater than the average pulse energy accounted for about 1% of the received single pulses. Subsequently, Cairns et al. [26] reported that the single pulse emission of PSR B0950+08 exhibited several components, such as GP emission, giant micro-pulse emission, and other components. The energy of these emission components follows the power-law distribution, with the power-law index differing between them. It is difficult to clearly distinguish GP and giant micro-pulses based on observations of PSR B0950+08 at low frequency with insufficient observation time; observations at high frequencies are very important to enable such conclusions to be drawn. Smirnova [27] analyzed single pulses of PSR B0950+08 at 112 MHz and found that the maximum peak flux density of a single pulse reached 15,240 Jy and that the energy of this single pulse exceeded the average pulse energy by a factor of 153. Singal and Vats [28] observed PSR B0950+08 continuously for about 10 months at 103 MHz and found that the frequency of incidence of GPs of this pulsar was the highest among known pulsars. The flux density level of the continuous GP fluctuated rapidly and the frequency of the incidence rate of these GPs for observations for consecutive days underwent a large change. Tsai et al. [25] reported the detection of GP emission of PSR B0950+08 simultaneously at 42 and 74 MHz in 12 h of observations using the first station of the Long Wavelength Array, LWA1. They detected 275 and 465 GPs at 42 and 74 MHz, respectively; the flux density of the GP was considered to be more than 10 times that of the average pulse (AP). The cumulative distribution of the pulse intensity of GPs followed the power law. The Amsterdam-ASTRON Radio Transient Facility and Analysis Centre (AARTFAAC) was used by Kuiack et al. [23] to observe PSR B0950+08 with variable height and detected extreme GPs at 58.3 and 61.8 MHz. These authors obtained some samples of 275 pulses, of which the brightest pulses were one order of magnitude brighter than the pulse reported by Tsai et al. [25] at 42 and 72 MHz, consistent with the results obtained from the previous long-term observation at 103 MHz. In previous studies on GPs, it was found that their rate and fluence distribution were different. The GP rate was found to be highly variable, from 0 to 30 per hour; only two three-hour observations accounted for approximately half of the pulses detected in the 96 h of observation. Recently, based on observations at 55 MHz (NenuFAR) and 1.4 GHz (Westerbork Synthesis Radio Telescope), Bilous et al. [2] concluded that PSR B0950+08 did not emit GPs and pointed out that the previously reported GP emission in PSR B0950+08 may have been caused by using the non-contemporary average flux density to normalize the GP energy [2]. The issue of whether PSR B0950+08 has GP emissions or not mainly reflects the fact that the previous observation sensitivity was too low to precisely determine its average profile component. Hence, it is necessary to carry out a high-sensitivity polarization observation on PSR B0950+08 to provide better observational evidence to determine its emission mechanism.



In this study, we used the unique advantages of the FAST telescope to carry out a detailed single-pulse polarization analysis on PSR B0950+08. The observations and data processing undertaken are shown in Section 2. In Section 3, we present the observation results, mainly including the average polarization profile and single-pulse characteristics, which are discussed in Section 4 and summarized in Section 5.




2. Observations and Data Processing


We observed PSR B0950+08 with the Five-hundred-meter Aperture Spherical Radio Telescope (FAST) in Guizhou Province, China, on 26 November 2019 (corresponding to MJD 58812). The data were collected by the central beam of a 19-beam receiver with a central frequency of 1250 MHz and recorded by a digital backend based on the Reconfigurable Open-architecture Computing Hardware-version2 (ROACH2) [29] with four polarizations. The corresponding bandwidth was 400 MHz, the frequency channel was 4096, and the sample interval was 49.152- μ s. A total of 14,232 single pulses were obtained during 1 h of observation. A stable noise signal with a period of 0.201326592 s was injected by a single diode to calibrate the data.



For the offline data process, the detailed processing steps were as follows: Firstly, based on the timing ephemeris provided by PSRCAT-V1.57 [30], we folded the data using the DSPSR [31] to obtain single-pulse profiles with 1024 phase bins for each pulse. Secondly, we automatically removed the radio-frequency interference (RFI) in the frequency domain and removed 5 % of the band-edges using the median smoothed difference algorithm of the PAZ plugin of the PSRCHIVE software package [31]. Thirdly, the polarization was calibrated using the PAC plugin of the PSRCHIVE software package. Finally, to investigate the frequency dependence of the pulse profile, we split the profiles into three unequal sub-bands using the PAZ plugin.




3. Results


3.1. Average Profile


A large number of observations previously undertaken have indicated that the average radio pulse profile of PSR B0950+08 is composed of IP and MP components [1,2]. Hankins and Cordes [1] found, using the Arecibo telescope, that the average pulse profile of PSR B0950+08 involved obvious bridge emissions between the IP and the MP at 400 MHz. Cairns et al. [26], using the Parkes telescope, found the precursor component before MP was 400–1400 MHz. Recently, Bilous et al. [2] carried out multi-band observations of the pulsar using the NenuFAR and Westerbork Synthesis radio telescopes and found that there was a certain frequency dependence on the separation of the precursor from the MP and that the separation at low frequencies was larger than at high frequencies. In addition, the bridge emissions between the IP and MP varied with frequency and the intensity of emissions at lower frequencies was stronger than at high frequencies.



In this study, we carried out radio observations of PSR B0950+08 at 1250 MHz. Figure 1 shows the average polarized pulse profile of PSR B0950+08. Panel (a) shows the position angles of the linear polarization (PPA), panel (b) shows the average pulse profile, while panels (c) and (d) indicate ×100 and ×1000 times the extent for panel (b), respectively, where the pulse profile has been normalized. The average profile of the pulsar is mainly composed of IP and MP components (for ease of comparison with previous work, we continue to use this name in the following discussion). We also detected a significant bridge emission component between the MP and IP (see panels (c) and (d) of Figure 1) at 1250 MHz. Furthermore, from the pulsar longitude   50 °  –  360 °  , we detected an obvious PPA swing, while components other than the PAA swing were not detected (this area corresponds to the off-pulse window and is represented by a gray region). The shape of the PPA swing was similar to that reported in [32] (see Figure 1 in [32]).



The linear polarization intensity of PSR B0950+08 varies greatly in the pulse longitude of IP and MP. The leading component of IP has a low linear polarization intensity, while the tail component in IP has a strong linear polarization intensity. Similarly, the linear polarization of the leading component of MP is weaker than its trailing component. The circular polarization also varies significantly; its sign is negative in the MP and positive in the IP and the conversion of the sign occurs at the lowest point of the bridge emission. The insert in panel (d) shows the extent of the off-pulse window of the average pulse profile (the green square region). Obviously, the off-pulse window is dominated by noise. The horizontal magenta dotted line in the insert of panel (d) indicates that the pulse intensity is zero. The off-pulse window exhibits noise-like fluctuations. This indicates that there is an off-pulse window in PSR B0950+08, rather than emission in the entire pulse longitude. Our results support the interpretation that the pulse emission of PSR B0950+08 comes from the same magnetic pole (e.g., [1]).




3.2. The Frequency Dependence of Bridge Emission


It is very important to study the properties of bridge emission for investigate its emission geometry for pulsars with MP and IP (for example, whether the MP and IP emissions come from a single magnetic pole or double magnetic poles). PSR B0950+08 is known for its bridge emission. However, limited by the sensitivity of the telescope used, previous observations only detected weak bridge emission between the MP and the IP [1]. Recently, Bilous et al. [2] found that the bridge emission of PSR B0950+08 is evolving with the observation frequency and becomes more significant at low frequencies (20–80 MHZ). The high sensitivity of FAST provides a unique opportunity to study the characteristics of the bridge emission.



To study the frequency dependence of the bridge emission, we divided the bandwidth into three narrow-band frequencies, with corresponding center frequencies of 1105, 1225, and 1370 MHz. The bandwidths corresponding to these three frequencies were 110, 130, and 160 MHz, respectively. Here, the different bandwidths of the three frequencies were due to the elimination of the narrow-band RFI. Figure 2 shows the evolution of the bridge as a function of the three center frequencies. Panel (a) shows the average pulse profile at the three center frequencies. Panel (b) is ×100 times panel (a). The insert of panel (b) shows the extent of bridge emission. It is clear that the intensity of the bridge emission decreases when the frequency increases. This is consistent with the result of [2], i.e., that the bridge emission of PSR B0950+08 is more pronounced at low frequency. In addition, the intensity of the IP is also frequency-dependent, since it decreased with increase in frequency.




3.3. The Single Pulse


In low-frequency observations, the high variability of the single pulse flux density and the energy of PSR B0950+08 is generally considered to result from GP or giant micro-pulses (e.g., [13,19,26,28,33]). However, based on observations at two widely separate frequencies, 55 MHz and 1.4 GHz, Bilous et al. [2] concluded that the single pulse of PSR B0950+08 was more similar to a normal pulse than the GP. The GP are usually defined as single pulses whose energy exceeds 10 times the average pulse energy or whose peak flux density exceeds 30 times the average pulse profile peak flux density [2,34]. The pulse energy for the GP usually follows a power-law distribution, while the pulse energy of normal pulses follow a normal or log-normal distribution [20]. A similar phenomenon occurs for the giant micropulses, in which the flux density is obviously greater than the typical value at unique pulse phases, but the overall integrated flux density of the profile is roughly the same [35]. This phenomenon has been detected in several young pulsars, such as the Vela pulsar and PSR J0901-4624 [21]. The energy density of the giant micro-pulses also follows a power-law distribution. Therefore, to verify whether PSR B0950+08 has a GP, we obtained the distribution of the relative peak flux density and the relative energy of the single pulse, respectively.



Figure 3 is the distribution of the relative peak flux density, and   I  S i n g l e   /  I  < A P >   , where   I  S i n g l e    is the peak flux density of each single pulse and   I  < A P >    is the peak flux density of the average pulse profile. It is obvious that the single pulse peak flux density of PSR B0950+08 is less than 20 times the average flux density across the entire on-pulse window. This is less than the peak flux intensity required to define a GP. Figure 4 is the distribution of the relative energy,   E / < E >  , of 14,232 single pulses. Here, E is the energy of each single pulse and   < E >   is the average energy of the whole on-pulse window. Obviously, E is less than six times   < E >  , which does not meet the criteria for a GP. Moreover, the off-pulse region (solid black line) follows the expected normal distribution and the on-pulse region follows a log-normal distribution, with the magenta dashed line being the best-fitting curve. This indicates that the energy distribution is consistent with the normal pulse. Therefore, our observation did not detect a GP at PSR B0950+08.





4. Discussion


As one of the earliest discovered bright pulsars with IP, PSR B0950+08 has been extensively studied for its average profile and single pulse features [35]. Previous research showed that the PPA of PSR B0950+08 varied from IP to MP. The PPA rotates continuously from IP to MP via bridge emission for a total rotation of nearly   180 °   (e.g., [1]). The initial interpretation of the   180 °   separation between IP and MP was that the pulsar may have an orthogonal geometric structure. The MP is generated in one polar cap and the IP in the other [36]. In addition, the IP can also be explained by a single magnetic pole model, where the IP and MP can occur in two possible scenarios [37,38,39]. In the first scenario, the emission in phase accounts for a large portion of the period; the IP and MP are from the two edges of the very wide emission beam. In the second scenario, the pulsar emits in a narrow emission beam, with the magnetic axis of the pulsar close to the rotation axis and the line of sight near the rotation axis. In the framework of orthogonal geometry, there is no bridge emission between IP and MP. However, our observations showed that there was an obvious bridge emission between the IP and the MP of PSR B0950+08 [1,2]. This conflicts with an orthogonal geometry interpretation and supports the single-pole model.



To date, it has been difficult to determine the origin of bridge pulses and whether they represent different pulse populations. Cairns, Iver H. [26] speculated that the bridge emission might be related to the giant micro-pulse of the pulsar, which was confirmed for the Vela pulsar [40]. Although bridge pulses can easily exceed the average emission in their respective phases, they are much weaker than MP or IP single pulses. In addition, they are easily overlooked using the standard practice of only investigating individual pulses in the pulse window. We expect more sensitive observation to provide further information on bridge pulses.



The intensity of a GP is powerful. The early study of the Crab pulsar found that some single pulses exhibit strong fluctuations in intensity and that the pulse intensity distributions exhibit a bimodal distribution (following a log-normal distribution for very weak single pulses intensities and a power-law distribution for strong single-pulse intensities) [22,41]. The Crab pulsar is prone to generate GPs; the initial statistical criterion for finding a GP is whether the pulse intensity distribution follows a power-law distribution. Similar phenomena have also been observed in other pulsars (e.g., [11,14,15,16,19]). Kazantsev et al. [42] reported that the generation of GPs from the Crab pulsar may be caused by the coherent instability of the plasma near the magnetic equator of the light cylinder (LC). Due to cyclotron instability, the radiative waves are amplified at frequencies close to the electron cyclotron harmonics. Although the emission region of the GP origin is still unknown, the pulse phase window seems to be associated with the components of the average profile, which is thought to be comprised of caustic radio waves emitted close to the LC. The high magnetic field strengths on the LC for the GP pulsars may be important for their emission mechanism (e.g., [43]). Depending on the magnetic field   B lc   in the beam, GPs are usually generated from the strong magnetic field in the light beam, which occurs in some young pulsars and millisecond pulsars [13]. The magnetic field for PSR B0950+08 on the LC was calculated by Bilous et al., using the standard dipole magnetic field model, who found that the magnetic field on the LC of this pulsar was several orders of magnitude smaller than for other GP pulsars [2].



A large number of observations have indicated that PSR B0950+08 emits GPs at low frequencies (e.g., [19,26,27,34]). Recently, Bilous et al. [2] observed PSR B0950+08 at 55 MHz and 1.4 GHz and detected significant bridge emission, but no GP was detected. This can be attributed to the fact that only the energy of a part of the integrated pulse profile was selected to normalize the single pulse energy in previous GP studies. However, the existence of the bridge emission component makes it necessary to treat the main pulse, the inter-pulse, and the bridge component, as a whole. This will cause the value of the relative energy to be smaller than in previous reports. Using a similar method as Bilous et al. [2], we did not find any single-pulse whose peak flux density exceed 30 times the average pulse profile, or the relative energy of single-pulses that exceeded 10 times the average energy. Therefore, the intensity of the relative peak flux density and the energy of this pulsar did not meet the standard of GP. Our results also indicate that the energy distribution of PSR B0950+08 follows a log-normal distribution. This is similar to the energy distribution of normal pulses. Our results confirm that PSR B0950+08 may not have emitted GP. However, we cannot rule out that PSR B0950+08 does not emit GP (e.g., [28]) during this period. We expect to obtain more FAST observation time in the future to assess further whether this pulsar emits GP.




5. Summary


In this paper, we presented polarization observations of PSR B0950+08 with FAST at 1250 MHz. Our main findings were:



(1) A significant bridge emission between the inter-pulse and the main pulse was detected.



(2) The intensity of the bridge emission decreased with increase in frequency.



(3) The interpretation that both MP and IP emissions of B0950+08 are from the same magnetic pole was supported.



(4) There were no giant pulses detected in our observations.



Our results provide opportunities to investigate the origin of the emission from PSR B0950+08, as well as offering new insights into the origin of pulsar emission and bridge emission. However, much work remains to be undertaken to enable us to fully understand the emission mechanism and the structure of the magnetosphere of radio pulsars.
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Figure 1. The polarized profile of PSR B0950+08. Panel (a) is the linear polarization position angle. Panel (b) is the polarized profile (the black, red and blue solid lines represent the total intensity, the linearly polarized intensity and the circularly polarized intensity, respectively). Panel (c) indicate ×100 times the extent for panel (b). The bottom panel shows the extent of the off-pulse window of the average pulse profile (the green square region of panel (d)). 
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Figure 2. The frequency dependence of the average pulse profile. The average pulse profiles at 1105, 1225, and 1370 MHz are shown in the (a) panel with the black, red and magenta lines, respectively. The bottom panel is the extended green square region of panel (b). 
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Figure 3. The distribution histogram of the pulse peak flux density. The peak flux density of each single-pulse (  I  S i n g l e   ) was normalized by the peak flux density of the average pulse profile (  I  A P   ). 
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Figure 4. The relative energy distribution histogram of PSR B0950+08. The solid red and black lines represent the on-pulse and off-pulse regions, respectively. The energy of each single pulse was normalized by the average pulse energy. The magenta dashed line is a log-normal distribution fitted to the relative energy of all the pulses. The cyan dotted line in the insert panel is the off-pulse distribution. 
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